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FOREWORD TO THIS SERIES OF PAPERS

The three papers to follow provide evidence for a new theory of
intestinal absorption of solutes. It is proposed that the presence
of glucose or amino acids in the intestinal lumen activates con-
traction of the perijunctional actomyosin ring in the apical region
of epithelial cells, thereby opening tight junctions to permit mass
transport of nutrients by solvent drag through paracellular chan-
nels. According to the new theory, the primary role of Na-cou-
pled active transport is to provide the osmotic force for convec-
tive (absorptive) flow and to trigger contraction of cytoskeletal
- proteins. At luminal concentrations of glucose or amino acids
normally present after a meal, mass transport by solvent drag
becomes the major mechanism for absorption of hydrophilic nu-
trients.

The evidence to be presented derives from three indepen-
dent lines of inquiry, each of which is described in a separate
paper. Although the approaches and techniques are different in
each paper, the results are mutually supportive and provide a
unified theory which can explain well-known phenomena that
could not be explained by previous theories.

The first,paper is based on the clearances (steady-state
transepithelial fluxes per unit concentration) of inert solutes of
various sizes from the small intestines of anesthetized animals in
the presence and absence of glucose. From the results we calcu-
late the fraction of fluid absorption which passes paracellularly
and the dimensions of channels in a theoretical porous mem-
brane having the same permeability to inert molecules as the
glucose-activated intestinal epithelium. From simultaneous mea-
surements of glucose we also calculate the relative contributions
of solvent drag, active transport and back-diffusion to the net
flux of glucose at any given rate of fluid absorption and luminal
concentration.

The second paper addresses the question of whether Na-
coupled transport increases solvent drag solely by virtue of its
effects on fluid absorption or whether it also opens epithelial
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junctions. Transepithelial impedances were measured in isolated
intestinal segments perfused with oxygenated fluorocarbon
emulsions. Addition of small concentrations of glucose or amino
acids to the luminal perfusate induced two- to fourfold decreases
of impedance at all frequencies tested. Half-maximal changes of
impedance occurred at 2-3 mM, which is close to the X, for
active transport. Impedance as a function of frequency was inter-
preted in terms of junctional resistance, lateral space resistance
and capacitance (surface area) of basolateral membranes. The
absolute value of junctional resistance in the glucose-activated
segment agrees well with that predicted from the permeabilities
to inert solutes measured in the first paper. The absolute capaci-
tance agrees well with that predicted from exposed membrane
area as measured in the third paper of the present series. The
results support the theory that surface area of lateral membranes
and dimensions of epithelial cell junctions are regulated by the
concentration of nutrients in the intestinal lumen. It is shown
also that this regulation is reversibly dependent on concentration
and is sensitive to oxygen tension.

In the third paper we explore the structural correlates of the
impedance and permeability changes induced by glucose or
amino acids. With the aid of new techniques of perfusion and
fixation we show that the functional changes are associated with
profound changes in ultrastructure as revealed by light micros-
copy, transmission electron microscopy and freeze-fracture
techniques. Addition of glicose or amino acids induces junc-
tional dilatation and disruption of stand/groove compartments in
the zonnulae occludens accompanied by expansion of lateral
spaces and condensation of actomyosin in the perijunctional
ring. The anatomical results correlate well with the observed
effects on permeability and impedance; they provide support for
the hypothesis that activation of Na-coupled solute transport
triggers the contraction of cytoskeletal elements to open intercel-
lular channels.

Contribution of Solvent Drag through Intercellular Junctions to Absorption of Nutrients
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Summary. The lumen of the small intestine in anesthetized rats
was recirculated with 50 mi perfusion fluid containing normal
salts, 25 mM glucose and low concentrations of hydrophilic sol-
utes ranging in size from creatinine (mol wt 113} to Inulin (mol wt
5500). Ferrocyanide, a nontoxic, quadrupally charged anion was
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not absorbed; it could therefore be used as an osmotically active
solute with reflection coefficient of 1.0 to adjust rates of fluid
absorption, J,, and to measure the coefficient of osmotic flow,
L,. The clearances from the perfusion fluid of all other test sol-
utes were approximately proportional to J,. From L, and rates of
clearances as a function of J, and molecular size we estimate (a)
the fraction of fluid absorption which passes paracellularly (ap-
prox. 50%), (b) coefficients of solvent drag of various solutes
within intercellular junctions, (c) the equivalent pore radius of
intercellular junctions (50 A) and their cross sectional area per
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unit path length (4.3 cm per cm length of intestine). Glucose
absorption also varied as a function of J,. From this relationship
and the clearances of inert markers we calculate the rate of ac-
tive transport of glucose, the amount of glucose carried paracel-
Jularly by solvent drag or back-diffusion at any given J, and
luminal glucose concentration and the concentration of glucose
in the absorbate. The results indicate that solvent drag through
paracellular channels is the principal route for intestinal trans-
port of glucose or amino acids at physiological rates of fluid
absorption and concentration. In the absence of luminal glucose
the rate of fluid absorption and the clearances of all inert hydro-
philic solutes were greatly reduced. It is proposed that Na-cou-
pled transport of organic solutes from lumen to intercellular
spaces provides the principal osmotic force for fluid absorption
and triggers widening of intercellular junctions, thus promoting
bulk absorption of nutrients by solvent drag. Further evidence
for regulation of channel width is provided in accompanying pa-
pers on changes in electrical impedance and ultrastructure of
Jjunctions during Na-coupled solute transport.

Key Words intestinal absorption - paracellular pathways -
solvent drag - epithelial permeability + intercellular junctions -
molecular sieving

L. Introduction

Epithelia in the small intestine, renal proximal tu-
bules and gall bladder are classified as “‘leaky” be-
cause of their low electrical resistance and high
permeability to monovalent cations [23, 51).
Freeze-fracture techniques [8, 9] indicated that in-
tercellular junctions (zonulae occludens) may pro-
vide paracellular shunt pathways that could account
for the low electrical resistance and small transmu-
cosal voltage during active sodium transport [23,
50, 52}. The presence of paracellular pathways in
various in vitro preparations of intestines contain-
ing glucose can also be demonstrated by trans-
epithelial passage of extracellular markers ranging
in size from sorbitol to inulin {17, 39, 40, 53]. It is
not generally supposed, however, that paracellular
pathways provide a major route for intestinal ab-
sorption of hydrophilic nutrients such as glucose or
amino acids, although this possibility was stated
clearly in a review by Crane [11]. In the present
paper and in two accompanying papers we provide
evidence that absorption of fluid, initiated by Na-
coupled active solute transport, can account for a
large fraction of normal glucose or amino acid trans-
port by solvent drag through intercellular channels
in the epithelia of the small intestine. Our interest in
this problem was aroused by the observation that
certain muramyl peptides derived from normal in-
testinal bacteria exert their characteristic biological
activity after oral administration. Specifically, syn-
thetic muramyl dipeptide of molecular weight 495
has pyrogenic and somnogenic effects after either
intravenous or oral administration [33], and we

wished to find out if this highly polar compound is
actively transported from the intestinal lumen to
blood. To this end we perfused the small intestines
of anesthetized rats with a balanced salt solution
containing acetylmuramyl-L-alanyl-p-isoglutamine
(MDP). Glucose (25 = 5 mM) was added to stimu-
late fluid absorption [18] and as a marker known to
be actively transported. Phenolsulfonpthalein
(PSP), polyethylene glycol (PEGyyp) or inulin were
added as reference 'markers to which the intestinal
epithelium is allegedly impermeable [7, 29, 48]. We
soon found, however, that not only MDP but also
the reference markers disappeared from the perfu-
sion fluid at rates that varied greatly with rate of
fluid absorption but relatively little with molecular
size [46]. Previous investigators have noted that ex-
cised intestinal sacs or dissected flat preparations of
intestinal wall are slightly permeable to large inert
substances such as PEG or inulin, provided that
glucose or amino acids are present in the incubation
medium [39, 53].

In the present paper we show that in the intact
glucose-activated intestine lipid insoluble solutes
ranging in size from creatinine (mol wt 113) to inulin
(mol wt 5500) are carried by solvent drag from lu-
men to blood through negatively charged paracellu-
lar channels which exclude completely the passage
of a relatively small quadrupally charged anion (fer-
rocyanide}. From the results we estimate the pro-
portion of absorbed fluid which passes through in-
tercellular junctions, the width of channels which
could account for observed coefficients of osmotic
drag and osmotic flow and the contribution of pas-
sive paracellular convection to normal intestinal ab-
sorption of glucose and other biologically important
substances.

II. Materials and Methods

A. OPERATIVE PROCEDURES AND PERFUSION
TECHNIQUES

Rats weighing 250-400 g (Charles River) were anesthetized with
pentothal, 30 mg/kg. A T-tube was placed in the trachea and the
carotid artery cannulated with PE10 tubing leading to a strain
gauge manometer. The intestines were exposed and a soft sili-
cone inflow cannula inserted about 5 ¢cm into the duodenum to-
wards the ligament of Treitz. The ileum was ligated near the
cecum and incised proximal to the ligature; the intestinal con-
tents were then gently flushed with about 200 ml warm saline. A
silicone outflow cannula was then introduced in the ileun about
20 cm from the cecum. The perfusion thus included all of the
jejunum plus the proximal half of the ileum; the total length of
intestine perfused was usually 50-80 cm out of a total of 90-110
cm of small intestine. The wet wt of the empty rat intestine is
about 6 g per 50 cm length.
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The ionic composition of control perfusion fluid was NaCl
7.25 glliter, NaHCO, 2.1 g/liter, KCI 0.3 g/liter, MgCl, - 6H,0
0.2 g/liter, CaCl, 0.22 g/liter. The concentration of ghicose was
usually 25 = 5 mm, maintained by constant infusion of about 1.5
mmol/hr to compensate for absorption and metabolism. The per-
fusion fluid was recirculated through the jejeunal-ileal segment
by a Sigmamotor Model 120 eccentric disc operating on a loop of
rubber tubing. Fluid was pumped at the rate of 3 = 1 ml/min from
a 50-ml graduated cylinder through a 38°C water bath to the
duodenal cannula. The reservoir was submerged in ice to mini-
mize bacterial degradation of organic solutes. Fine adjustment of
inflow temperature to 38 = 1°C was made with an electric coil
heater at the entrance to the cannula. The outflow was returned
to the cold reservoir at a height of 2-4 cm above the inflow in
order to maintain a small positive pressure within the intestine at
all times. Perfusion pressure at the inflow was recorded continu-
ously by strain gauge; it oscillated sinusoidally from about 2 to 8
cm H,0 with each revolution of the Sigmamotor pump, thus
stirring the intestinal contents. Any mechanical impediment to
flow through the intestine became manifest as an increase of
inflow pressure, and steps were taken to correct the disturbance.
This was important because the rate of absorption of fluid was
measured by the rate of decrease of volume in the reservoir, it
being assumed that the volume of the intestine would be constant
if the mean intraluminal pressure remained constant,

B. INTESTINAL DIMENSIONS

The initial volume of the perfused segment was determined by
indicator dilution, usually using PSP as the indicator. For this
purpose the initial inflow was adjusted to 4 ml/min and the out-
flow collected without recirculation in 2-min intervals for 16 min
starting from the moment when PSP was first observed at the
transparent inflow cannula. The mean transmural pressure was
maintained at 4 * 1 cm H,0 by adjustment of outflow pressure.
Sixteen minutes sufficed to reach a steady-state concentration of
PSP in the outflow so that dilution volume could be estimated
from measured concentrations and volumes of inflow and out-
flow samples. The initial volume of the intestinal segment was
taken as the distribution volume of PSP less the volume of can-
nulae and connecting tubing. At the end of each experiment (usu-
ally 3—4 hr) the volume of each segment was measured by direct
drainage; usually the initial and final volumes agreed within 5 ml
and the average was used for calculating rates of absorption of
fluid per unit intestinal volume. In 21 experiments the mean ini-
tial volume calculated from indicator dilution was 0.20 = 0.055
(sp) ml per cm length; the drainage volume at the ends of the
same experiments averaged 0.20 = 0.054 m! per cm. The internal
radius calculated from this volume was 0.25 cm. The area of the
serosal surface was estimated from the diameter of segments
filled with fluid at 4 cm H,O pressure; the average o.d. measured
by micrometer was 0.65 cm, corresponding to 2.0 cm? per cm
length. This value is not significantly different from that reported
in histological studies by Fisher and Parsons [20]. However, it is
significantly larger than serosal areas of dissected intestines
mounted as flat tissue; when intestinal segments are slit longitu-
dinally and placed on filter paper they may contract to less than
50% of their intact area. The wet wt of the empty rat intestine
was 0.128 = 0.013 g per cm length; this value agrees almost
exactly with the tissue volume calculated from the difference
between outside and inside diameters. For purposes of the
present paper we shall assume that a 50-cm length of rat intestine
weighs 6 g, contains a volume of 10 ml and has a serosal area of

100 cm?. Permeability coefficients of biological membranes are
usually expressed per unit surface area, but this has little mean-
ing for intestinal epithelium in which the surface area of the
microvilli is many times greater than the histological surface of
the mucosa and the permeability of plasma membrane is entirely
different from that of intercellular junctions. In order to compare
individual experiments with each other and with literature val-
ues, we will express permeability coefficients per cm length of
intestine or per cm? serosal surface.

C. ANALYTICAL METHODS, CALCULATION OF
NET FLux RATES

Glucose was measured by glucose oxidase (Worthington Bio-
chemicals), ferrocyanide by hydrogen peroxide [5], creatinine by
the Jaffé reaction and inulin or PEG from labeled compounds
(New England Nuclear). A G10 Sephadex column was used to
verify homogeneity of inulin or PEG in perfusion fluid or in
samples of urine. The amount of solute in the intestinal perfusate
at any time was calculated as the product of volume x concentra-
tion; net flux rates were calculated as the loss of solute from the
perfusate over time after making second-order corrections for
loss in the samples.

II1. Results

PART A. IMPERMEABILITY OF THE INTESTINAL
Mucosa To FERROCYANIDE

Na,Fe(CN)¢ - 10 H,O forms the quadrupally
charged anion Fe(CN);™ (mol wt 212) in solution.
The osmotic activity coefficient of a 10 mm solution
in 0.15 M NaCl is 0.78 (~39 mOsmMm) as determined
by freezing point. Ferrocyanide has been used intra-
venously for renal clearance studies in animals [3,
56) and in man [38]. We have found that the per-
fused rat intestine is impermeable to ferrocyanide in
concentrations of 1-20 mM; there is no detectable

- loss during four hours or more of continuous recir-

culation of the fluid through the intestinal lumen. In
contrast, uncharged solutes such as creatinine or
inulin are cleared from the perfusion fluid at rates
that depend on the rate of fluid absorption as shown
in Part B below. Ferrocyanide therefore has an os-
motic reflection coefficient of 1.0 and is an ideal
solute for use in measuring L,, the coefficient of
hydrodynamic conductance (otherwise known as
the coefficient of osmotic flow).

Figure 1 shows the reversible effects of 10 mm
ferrocyanide in reducing rate of fluid absorption in
the glucose-activated intestine of an anesthetized
rat. Figure 2 summarizes results from several such
experiments, showing how the rate of fluid absorp-
tion varies as a function of osmolality of ferrocya-
nide in jejeunal-ileal segments. The slope of the re-
gression line, AJ,/A mOswM, is —0.177 for segments
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MEASUREMENT OF COEFFICIENT OF OSMOTIC FLOW
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Fig. 1. Effects of 10 mm ferrocyanide on rate of fluid absorption
and on clearances of creatinine and PEG from rat smal] intestine
in vivo (Segment length ca. 85 cm). This experiment illustrates
the reversible effects of ferrocyanide on fluid absorption, the
impermeability of the epithelium to ferrocyanide and the method
for determination of L,, the coefficient of osmotic flow, shown in
Fig. 2 ,

containing 10 ml fluid, thereby defining the overall
coefficient of osmotic flow. When expressed in cgs
units this value becomes 0.38 x 1070 cm? sec™!/
dyne - cm~? per cm length of segment or 0.19 X
1071 cm? sec™!/dyne - cm~2 per cm? serosal surface.
This value of L, agrees almost exactly with the
value found by Naftalin and Tripathi [40] who used
large impermeant polyethylene glycol molecules as
the osmotically active solutes in flat sheets of mu-
cosa from rabbit ileum. However, it is severai-fold
greater than values for L, estimated by previous
investigators using salt [14, 15, 25] or mannitol {22,
54] as the ‘“‘impermeant’’ solute. As shown by
Naftalin and Tripathi [40] and also in the present
paper, the intercellular junctions are highly perme-
able to uncharged solutes the size of mannitol, and
the composite osmotic reflection coefficient of the
intestinal epithelium to such molecules is only
about 0.2. L, determined as above is a “‘lumped”’
coefficient, which describes hydrodynamic conduc-
tance through a very small area of large aqueous
channels (intercellular junctions) in parallel with hy-
drodynamic plus diffusional conductance through a
very large area of plasma membrane (microvilli). In
Part B below we show how to estimate the propor-
tion of total fluid absorptive flow that passes
through the intercellular channels, thus defining the
L, for these channels separately.

PART B. PARACELLULAR TRANSPORT OF INERT,
LirPI1D-INSOLUBLE SOLUTES

Figure 3 summarizes clearances of creatinine, PSP,
PEGyg and inulin as a function of rate of fluid ab-

Jv cm>hr! per 10m! contents

. o
Lp:0.18em>hf! mOsM ' per 10cm contents
~100% of contents per 56 mOsM per hr
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~0.19 2100 cm® sec"/dyne)u:m'2 per cm serosa
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Fig. 2. Coefficient of osmotic flow, L,, as estimated from effects
of ferrocyanide on fluid absorption. Data from four experiments
using the protocol illustrated in Fig. 1. Values of J, are expressed
per 10 ml intestinal volume. When converted to cgs units the
value for L, is 0.38 X 10-'"°cm? sec~'/dyne cm~? per cm length or
0.19 X 107" per cm? serosal surface. This value is not signifi-
cantly different from that found by Naftalin and Tripathi {40]
who used 20 kD PEG instead of ferrocyanide as the osmotically
active solute

sorption, J,. Clearances are defined as net steady-
state transmural flux rates per unit concentration in
the intestinal perfusate. Variations of J, in the range
7-15 ml hr! were the result of individual differ-
ences between different experiments during perfu-
sion with balanced salt solutions containing 20-30
mM glucose; fluid absorption rates in the range 0.5~
7 ml hr~! were produced experimentally by addition
of osmotically active, inert solute (usually ferrocya-
nide) to the perfusate. Regression lines and correla-
tion coefficients, r, are shown; some of the correla-
tion coefficients are as low as 0.75, but there is little
doubt that clearances of these solutes are approxi-
mately proportional to rates of fluid absorption and
only slightly dependent on molecular sizes in the
range shown. Similar results, expressed in the same
units (but not explicitly as clearances) were ob-
tained by Whittembury et al. [58] who used su-
crose, inulin and dextrans to demonstrate solvent
drag through the gall bladder epithelium of guinea

pigs.

Interpretation of Clearance data. Proportion of
Fluid Flow through Paracellular Junctions.
Dimensions of Aqueous Channels in a Porous
Membrane having the Same Coefficients of
Solvent Drag, Hydraulic Conductance and
Electrical Resistance as the Intestinal Epithelium

Presentation of results in terms of directly mea-
sured clearances and rates of fluid absorption per 10
ml intestinal volume as in Fig. 3 provides a simple
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estimate of the percentage of intestinal contents ab-
sorbed per hour, and this information is useful for
estimating the proportions of glucose or amino
acids that are carried by the paracellular route after
a normal meal as described in Part D below. How-
ever, Fig. 3 provides little direct insight into the
biophysical properties of the paracellular channels.
In the following paragraphs the primary data of Fig.
3 are analyzed in terms of molecular sieving to esti-
mate the dimensions of paracellular channels which
could account for observed clearances as a function
of flow, for the observed coefficient of osmotic flow
described in Part A and for the observed electrical
resistance of junctional channels described in the
accompanying paper [44].

Contributions of diffusion and solvent drag to
the flux of inert solutes through porous membranes
can be described in the form proposed by Kedem
and Katchalsky [32] and widely used in textbooks
and reviews [12, 16, 31, 49].

Jy = oRT(¢y ~ c2) + (I — o)), (1)

where J, = flux rate of solute, s, J, = flow of sol-
vent, oRT = diffusional permeability coefficient,
(1 — o) = coefficient of solvent drag, ¢, ¢c» = con-
centrations of s at the two ends of the channel, and
¢ = mean concentration of s in the channel =
(¢ + )2,

Equation (1) does not take account of unstirred
layers which may be present near the surface of
absorptive cells or between microvilli near the en-
trance to tight junctions. Equation (1) is almost
identical with the Molecular Sieving Equation first
used for studies of capillary permeability [42] and
renal glomerular permeability [43]. wRT is synony-
mous with D'A,/Ax in the equation of molecular
sieving and (1 — oy) is synonymous with D‘/D
where D' is the restricted diffusion coefficient and
A,/Ax is the cross sectional area per unit path length
of the channels. The latter terminology 1s useful for
evaluating channel dimensions as described below.
Inspection of Fig. 3 shows that diffusive flux, wRT,
is negligible relative to solvent drag. Thus the clear-
ances of all the solutes shown in Fig. 3 approach
zero at low rates of fluid absorption, J,. If diffu-
sional transport were significant, the lines relating
clearance rates to fluid absorption would intercept
the clearance axes at positive values; in fact, all the
intercepts are close to zero or even slightly nega-
tive. For the case of these inert solutes, Eq. (1)
becomes

Jy = = op)Jilc; + 2. ()
The flows and concentrations in Eq. (2) refer to

channels which allow passage of both solvent and
solutes. However, in intestinal epithelia which ac-
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Fig. 3. Clearances of creatinine, PSP, PEGy and inulin as a
function of fluid absorption rates from rat small intestine per-
fused in vivo. Data from multiple clearance periods in each of 25
rats. Regression lines and correlation coefficients, r, are shown

tively transport ions and organic solutes some of the
absorbed fluid must accompany the actively trans-
ported solutes intracellularly without passing
through the intercellular channels which allow pas-
sage of the inert solutes shown in Fig. 3.

For inert solutes Eq. (2) becomes

(cy + ¢3)

. ©)

Jo=Juer = (1 = ap)dy

where ¢; refers to concentration of s at the distal
end of the intercellular channel. Solving Eq. (3) for
¢y we have

; (1 - O'f)
=T )

Equations (3) and (4) and the experimental data of
Fig. 3 define within narrow limits the fraction, f, of
total fluid absorption which takes place through
paracellular channels. Thus from Egs. (3) and (4)

- - . (-ag) 1.
Jo=Ccr = —opf 1, [c, + —————(1 o cl] = 2. (5)
Differentiating Eq. (5) we have
dC, (1 — oy) ©)

dr, T+ o

For the case of creatinine (Fig. 3), dC,/dJ, = 0.46
whence

oy (creatinine) = (f — 0.46)/(f + 0.46). )
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Fig. 4. Coefficients of solvent drag and restricted diffusion as
function of equivalent molecular and pore radii, a,/r.. This fig-
ure, together with the molecular data of the insert, is included for
convenience of readers who wish to apply the theory in detail.
The curves are drawn from tabular values in reviews by Crone
and Christensen [12] and by Curry [16]

1t follows from Eq. (7) that the fraction of total ab-
sorptive flow that takes place through intercellular
channels must exceed 0.46; otherwise oy would be
negative. This is equivalent to stating that flow
through paracellular channels must be at least as
large as the creatinine clearance; otherwise it would
be necessary to assume that creatinine is trans-
ported transcellularly. On the other hand, an upper
limit to the fraction of paraceliular flow is set by the
fact that any channel large enough to allow an inulin
clearance of 29% of J, (Fig. 3) will exert little re-
striction on the passage of creatinine. For inulin,
Eq. (7) becomes

dCin/d], = 0.29 = 0.46(1 — op)/(1 + oy)
whence (O’f)]N =0.73.

Wl

Reference to Fig. 4 shows that this requires an
equivalent pore radius of at least 50 A, which would
offer negligible resistance to passage of creatinine
(or ~ 0). Therefore f must be very close to 0.46. In
the following analysis we take 0.5 as the fraction, f,
of total absorptive flow that passes through paracel-
lular channels. Substitution in Eq.(7) of f = 0.5 and
the observed values of dC,/dJ, shown in Fig. 3 leads
to values for (1 — oy) of 0.97, 0.85, 0.81 and 0.79,
respectively, for creatinine, PSP, PEGyyg and inulin
as listed in Table 1. If the coefficients of solvent
drag were calculated in the usual way from the Ke-
dem-Katchalsky equation [Eq. (2)] on the assump-
tion that ¢, = J,/J, then the composite (whole mem-

brane) coefficients of osmotic drag would be
respectively 0.79, 0.66, 0.58 and 0.63 and there
would be no simple solution for equivalent channel
size as described below. (1 ~ oy) is a well-known
function of the ratio of molecular radius, a4,, to
equivalent pore radius, r,, or slit width, w,. This
function, together with relevant values for molecu-
lar radii and diffusion coefficients, is reproduced in
Fig. 4 from Tables published in reviews by Crone
and Christensen {12] and by Curry (16]. The corre-
sponding values of equivalent pore radius are 46,
25, 52 and 52 A for creatinine, PSP, PEGyg and
inulin, respectively. The discrepant value of 25 A
for PSP may be ascribed to its negative charge at pH
7.4; for this reason PSP is not suitable for estima-
tion of pore size and the value is placed in parenthe-
ses in Table 1. Values of r., obtained frgm creati-
nine, PEG and inulin are all close to 50 A and this
value is selected for calculation of pore area per unit
path length, A,/Ax, as follows.
From Poiseulle’s Law

JUAP = fL, = A,/Ax + r2/8n

or

8nL,f

I

A, Ax =

L, was evaluated in Part A and found to be 0.38 x
1079 cm sec3/dyne cm~? per cm length of intes-
tine, whence A,/Ax = (8)(0.007)(0.38 x 107'9)(0.5)/
(50 x 107#%)? = 4.3 cm per cm of segment. This value
for A,/Ax in paracellular junctions agrees well with
the value estimated independently from electrical
impedance as described in the accompanying paper
[44]. Impedance analysis showed that the electrical
resistance of interceltular junctions per cm length of
glucose-activated perfused rat intestine is 7 Q, cor-
responding to A,/Ax of 6.8 cm in junctions filled
with perfusion fluid having a specific resistance of
48 OQ-cm at 38°C. Thus it is possible to predict
(within 40%) the electrical resistance of intercellular
junctions from measured coefficients of hydraulic
conductivity and solvent drag of inert, uncharged
solutes. Further support for the values of channel
dimensions determined as above comes from stud-
ies of glucose transport described in Part D below.

PArRT C. FLUID ABSORPTION AND CLEARANCES IN
THE ABSENCE OF LUMINAL GLUCOSE

Table 2 shows that fluid absorption in the absence of
luminal glucose is only about 50% of that in the
glucose-activated system. Clearances of creatinine,
PEG and of inulin were greatly reduced and were
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Table 1. Permeability coefficients and estimated dimensions of intercellular junctions in the small
intestine (midgut) of the rat

Creatinine PSP PEG o0 Inulin
Clearance, ml hr! 0.46J, — 0.22 0.37J, — 0.65 0.34J, — 0.25 29J, - 0.21
per 10 m] segment
(1 - o) 0.97 (0.83) 0.81 0.79
Fey A 46 (25) 52 52
L,, cm? sec™'/dyne cm™? 0.38 x 107'% per cm length or 0.19 x 10'° per cm? serosal area
A /AX, cm 4.3 (from permeability)

Per cm length 6.0 (from impedance)

Table 2. Perfusion with or without glucose?
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J, Ce Crec Cix
With glucose 8.8 = 0.6(15) 4.1 = 0.515) 2.6 = 0.2(8) 2.4 + 0.4(14)
Without glucose 4.6 £ 0.4(14) 1.4 = 0.3(14) 1.6 = 0.3(11) 1.2 = 0.3(13)

# Fluid absorption (J,)} and clearances (C) ml hr~' per 10 ml contents. Means = se (N clearance

periods).

too small to allow estimates of permeability coeffi-
cients and dimensions of intercellular channels by
the methods described in Part B. However, in an
accompanying paper [44] it will be shown by impe-
dance techniques that the area per unit path length
of intercellular junctions in glucose free media is
less than half that in glucose or amino acid-acti-
vated preparations.

Although no exogenous glucose was added to
luminal perfusate in the experiments of Table 2 des-
ignated ‘‘without glucose,”” this did not preclude
glucose from reaching the epithelial transport sys-
tem via the blood. The possibility that residual fluid
absorption during perfusion with glucose-free per-
fusion shown in Table 2 is associated with transport
of glucose derived from blood is considered in the
discussion section.

The effects of glucose on clearance of creati-
nine from the gastrointestinal tract can be demon-
strated, at least qualitatively, in normal unanes-
thetized rats. For this purpose rats were starved for
24 hr and then given 50-100 mg of exogenous creati-
nine by stomach tube at 5 p.m. They were then
placed in metabolism cages over a fraction collector
for urine and given access to either 20% glucose or
to water. Absorption of creatinine during the subse-
quent 15 hr was measured from its urinary excretion
after correcting for endogenous creatinine excre-
tion. Ten rats with access to glucose excreted 53 x
2.4% (sE) of the exogenous load in 15 hr; the same
rats given access to water instead of glucose ex-
creted 37 = 2.3% of the load. The difference is sig-
nificant at the P < 0.01 level and provides some
assurance that the results of experiments on per-

fused intestines of anesthetized rats can be applied
to normal animals.

PAarRT D. INTESTINAL ABSORPTION OF GLUCOSE

It was shown by Fullerton and Parsons [24] that
absorption of glucose from perfused rat intestine is
a function of rate of fluid absorption and of luminal
concentration. The concentrations used were from
28 to 246 mm or 10- to 50-fold greater than the half-
saturation (K,,) value for active transport. At a con-
centration of 246 mm the absorption rate of glucose
was fourfold greater than at 28 mMm, a result clearly
incompatible with a glucose carrier having a K,,, of 5
mM. The experiments of Fullerton and Parsons de-
pended on individual variations of J, in different
experiments. We have extended the range of varia-
tion of J, experimentally through the use of ferrocy-
anide as described in Parts A and B above.

Figure 5 shows the total steady-state transmu-
cosal flux, J7, of glucose as a function of fluid ab-
sorption rate, J,, in perfused jejunal-ileal segments
of 16 anesthetized rats. Each point is based on mea-
surements made during 30-90 min of perfusion.
Variations of J, in the range 6-12 mil hr~! are the
result of differences between individual rats per-
fused with balanced salt solutions containing 20-30
mM glucose; fluid absorption rates in the range 1-6
ml hr! were produced experimentally by addition
of osmotically active solute (ferrocyanide) to the
perfusate. The concentration of glucose in the recir-
culating perfusion fluid was maintained approxi-
mately constant in the range 20-30 mM by infusion



130 J.R. Pappenheimer and K.Z. Reiss: Absorption of Nutrients by Solvent Drag

L2F NET FLUX
JT,mM hr“ X
1. OF per|Ocm?® contents < y
~ 100 cm? serosa X7 xx”
PR
x  xX X
08% /, X x
”
r'd
rd
0.6er « +7x X
s X
X’/’
04r (Glucoselperfusate = 23+ 5mM
0.2F- s
Jy , cm> hr!
1 1 i i L -

0 2 4 6 8 10 i2

Fig. 5. Net glucose flux vs. fluid absorption from rat small intes-
tines perfused in vivo. Data from steady-state measurements in
16 rats. The dashed line drawn through the experimental points
conforms to the theoretical analysis of glucose flux described in
the text and illustrated semi-diagrammatically in Figs. 6 and 8

of glucose at a rate estimated to match the rate of
loss by intestinal absorption and metabolism. This
concentration of glucose is 5- to 10-fold greater than
the K,, for carrier-mediated active transport of glu-
cose. Therefore the dependence of glucose trans-
port on rate of fluid absorption shown in Fig. 5 can-
not easily be attributed to changes in active
transport. The dashed line drawn through the ex-
perimental points conforms to the theoretical analy-
sis of glucose flux described below and illustrated
semi-diagrammatically in Figs. 6 and 8. It is not
significantly different from a straight line drawn
through the same experimental points but a linear
regression cannot be resolved into the components
of glucose flux illustrated in Fig. 6. The following
components of total transmucosal flux of glucose,
Jr, can be calculated from Fig. 5 and the results
obtained in Part B, summarized in Table 1.

1. J4 Rate of Active Transcellular Glucose
Transport

2. Jsp Rate of Transport of Glucose by Solvent
Drag through Intercellular Junctions

3. Jsaifusion—Rate of Back Diffusion of Glucose
from Lateral Intercellular Space to Lumen at Ab-
normally Low Rates of Fluid Absorption

4. co—Concentration of Glucose in Mixed Ab-
sorbate ( Paracellular + Transcellular) and Its Con-
tribution to the Driving Force for Fluid Absorption

1 and 2: Rate of Active Transport J, and of
Solvent Drag Jsp

In the in vivo preparation with intact blood supply
there is no accumulation of transported glucose in

mM hr?!

Jr
1.0’- TOTAL NET FLUX
(measured)
.8f
/
6k Ja, ACTIVE TRANSPORT
4k Jgldrag) , SOLVENT
DRAG
oL JuMETABOLISM \
0 Y — T ] JV’ |
2 4 6 _8 10 I12mlhr
...2 - \
Jg {diff) , DIFFUSIONAL
a BACKFLUX

K
)]
(=

(GLUCOSE] =23 mM

LUMEN

Fig. 6. Components of glucose flux, calculated as described in
text from measured total flux (J5, Fig. 5) and the clearances of
inert solutes (Fig. 3). Flux rates are expressed per 10 ml lumen
volume (approximately 50 cm length or 6 g wet wt). The contni-
bution of solvent drag is relatively small in this example because
the concentrations of glucose in the perfusates were only 23 + 4
mM; under physiological conditions the luminal concentration of
glucose may exceed 300 mM and the contribution of solvent-drag
exceeds that of active transport as shown in the discussion sec-
tion (see Figs. 7 and 8)

the tissues as there is in in vitro isolated segments
[4, 18, 19]. Thus in the steady state

Ja =Jr — Ju — Jsp t Jsdittusion )]

where Jy, is that part of apical flux used in intracel-
lular metabolism and all other subscripts are defined
above. We assume that metabolic rate is about 15%
of Jr at normal rates of fluid absorption as found by
Atkinson et al. [2] in vivo and by Leese and Mans-
ford [34] in everted sacs. Reference to Fig. 5 shows
that this is equivalent to 0.12 mM hr~! per 6 g wet wt
(or per 10 ml intestinal volume). The active compo-
nent of transport is then

Jy=Jr—-0.12 - Jsp + Jsditrusion MM hr! per 10 ml
intestinal volume 9

At normal or high rates of Jy back diffusion is negli-
gible and Jgp can be estimated, at least approxi-
mately, from the clearances of inert solutes of com-
parable size. Thus the experimentally determined
relations between clearances and Jy for creatinine
(mol wt 113) and for PSP (mol wt 342) were respec-
tively (Fig. 3)
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Ccrea!inine = (.46 Jy — 0.22
and
CPSP = (.37 JV - 065

Interpolating to the mol wt of glucose we have Jsp
= Cuucosey¢t = (0.43Jy ~ 0.34)c;. From Fig. 5 we
see that when Jy = 10 ml hr™! and ¢; = 0.023 mM
mil~! then Jr = 0.93 mMm hr~! whence J, = 0.93 —
0.12 — (0.43 x 10 — 0.34) X 0.023 = 0.73 mM hr™ ..
This value may be compared with the mean value of
0.75 mMm hr~! found by Barry, Matthews and Smyth
[4] in everted sacs of comparable weight. The con-
tribution of solvent drag to glucose transport is
small relative to active transport under the condi-
tions of our experiments where luminal concentra-
tions of glucose do not exceed 30 mm (Fig. 6 or 8).
However, the flux of glucose (or other nutrients) by
solvent drag through paracellular channels is pro-
portional to luminal concentration, c;, and normal
values of ¢; may exceed 300 mMm after a meal. Under
these conditions solvent drag through paracellular
channels may account for the major fraction of in-
testinal absorption of glucose and amino acids as
described in the Discussion section below.

3. Rates of Back Diffusion. JSgusion

At low rates of fluid absorption such as those pro-
duced by addition of osmotically active solute (fer-
rocyanide) to the lumen, the paracellular back diffu-
sion of glucose may not be neglected; this is
because active transport into the interceliular
spaces may raise the concentration, ¢3, of glucose at
the distal ends of the junctional channels to values
that greatly exceed the lumen concentration, thus
creating a concentration gradient for diffusion in the
direction opposite to solvent drag. The magnitude
of this back diffusional flux at any given rate of fluid
absorption may be estimated as follows from the
data of Fig. 5 and Table 1

Jsdittusion = J1 — Jm — Ja— Cglucosecl =Jr - 0.12
- 0.73 — (0.43J, — 0.34) x 0.023.

Figure 6 shows the components of transmucosal
glucose flux which could account for the depen-
dence of flux on rate of fluid absorption as deter-
mined experimentally (Fig. 5 and [24]). When Jy is
reduced to 2 ml hr™! the diffusional back flux is 0.4
mM hr~! or more than 50% of the rate of active
transport from lumen toward blood.
Back-diffusion of glucose from lateral spaces to
lumen also occurs after inhibition of active glucose

transport by phlorizin ([6] and M. Lucas, personal
communication).

4. Concentration of Glucose in Absorbate and Its
Contribution to the Driving Force for Fluid
Absorption

The concentration of glucose in mixed absorbate
(paracellular + transcellular) is ¢; = (Jr — S/ /..
At normal rates of fluid absorption (J, = 8 ml hr™!)
and taking ¢; = 23 mM as in our experiments, the
value of Jr is 0.85 mm hr~! (Fig. 5) whence ¢; =
(0.85—0.12)/8 = 0.091 mM ml~! (91 mMm) or approx-
imately 4% luminal concentration. To this must be
added equimolecular (or 2X equimolecular) Na* co-
transported with the glucose at the apical surfaces
and extruded with anion at basolateral surfaces.
Even with an overall membrane osmotic reflection
coefficient of 0.2 or less, this concentration gradient
is sufficient to account for normal rates of fluid ab-
sorption as shown in Fig. 2. It could also contribute
to the high tissue Na* and osmolality found in intes-
tinal villi in the presence of glucose {30].

IV. Discussion

A. ABSORPTION OF GLUCOSE

It has been known for more than 50 years {3, 35]
that rate of absorption of glucose from the small
intestine is more or less proportional to concentra-
tions up to 300 mM or more. The optimal concentra-
tion for maximal rate of absorption in rats, cats and
rabbits is said to be 750 mM [37]. According to Cum-
mins [13] the absorption of glucose from human in-
testine is almost proportional to luminal concentra-
tions up to 500 mm. In reviews by Parsons and
Prichard [47], Crane {10, 11] and by Fordtran and
Ingelfinger [21] there are numerous references to
apparent K,,s in vivo of 100 mM or more. An illus-
trative example from the literature is reproduced
here as Fig. 7 because of its importance to our
present thesis that solvent drag is a major route for
absorption of nutrients after a normal meal. Figure
7 shows that in normal human subjects the rates of
absorption of glucose or galactose are roughly pro-
portional to luminal concentrations from 28-280
mM (0.5-5 g/100 ml) and that absorption of fructose
is 90% of glucose absorption at a concentration of
250 mM. The authors state that *‘K,,”” for glucose is
150 mMm and offer no explanation for the fructose
data. More recent work by Thomson [55] on iso-
lated intestinal epithelia of rabbits shows that the
K, of the active component of transport is 2-3 mm
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Fig. 7. Absorption of glucose, galactose and fructose in normal
subjects. Figures in brackets indicate number of subjects in each
group. [Reprinted by permission from Clin. Sci. 27:371-379,
copyright 1964, The Biochemical Society, London]

but that transport continues to increase rapidly in
proportion to concentration above 10 mm. Similar
results have been described by Bolufer et al. [6]
who used galactose in perfused segments of rat duo-
denum or jejunum. Such data are not easily ex-
plained in terms of molecular mechanisms for car-
rier mediated transport in which the affinity
constant is of the order of 5 mM; they are consis-
tent, however, with the values for coefficients of
solvent drag, paracelilular channel dimensions, frac-
tion of fluid flow through paraceilular channels and
glucose transport summarized in Table [ and Figs.
3, 5 and 6 of the present paper. In our experiments
the glucose concentration in luminal perfusate was
always less than 30 mM so that the contribution of
solvent drag to total glucose flux was small as illus-
trated in Fig. 6. After feeding, however, the concen-
tration of glucose in chyme from the small intestine
of rats is in the range 50-500 mm [35]. Similar val-
ues have been reported for human intestinal chyme
[7, 21]. According to our results, the contribution of
solvent drag to glucose absorption at a concentra-
tion of 300 mM and a normal J, of 8 ml (per 10 ml
intestinal contents) is given by

Js = Ccy = (0.43J, — 0.34)c,
= (0.43 x 8 — 0.34) X 0.3 = 0.96 mm hr™!

as compared with 0.73 mm hr~! for active transport.
Figure 8, based on our present results, shows the
relative contributions to glucose absorption of sol-
vent drag and active transport at physiological
ranges of luminal concentration and at a moderate

rate of fluid absorption (8 ml hr~! per 10 ml intesti-
nal contents in rat). Diffusional backflux of glucose
at this rate of fluid absorption is negligible (Fig. 6).
The data of Holdsworth and Dawson [28] and of
Thomson {55] indicate that the proportion of glu-
cose transport due to solvent drag is even greater in
humans and in rabbits than in rats. The role of ac-
tive transport in transfer from lumen to blood may
be of more importance for the absorption of nutri-
ents from low conceéntrations in the lower jejunum
or ileum. From the point of view of energetics it is
obvious that mass transport of glucose by solvent
drag is far more efficient than by active transport,
especially at the high concentrations of glucose nor-
mally found in the duodenum and upper jejunum
after feeding. The only energy required for passive
transport by solvent drag is that used in overcoming
viscous resistance to fluid flow; it is otherwise inde-
pendent of solute concentration or flux rate. The
efficiency, expressed as mols transported per calo-
rie, increases almost in proportion to concentration
or flux rate.

Absorption of amino acids was not investigated
in these experiments; nevertheless, it follows from
the data on creatinine and glucose that absorption
of amino acids and small, incompletely hydrolyzed
peptides by solvent drag through paracellular chan-
nels will be at least as important as it is for glucose.
It has been pointed out repeatedly that products of
protein digestion are absorbed in the form of incom-
pletely hydrolyzed peptides as well as in the form of
free amino acids [26, 27). For most common amino
acids, as for glucose, the “‘K,,,”’ for active transport
determined in everted sacs is in the range 1-10 mMm
[see Wiseman [59] for review). However, the con-
centrations of amino acids [41] or small peptides [1]
in intestinal chyme following a normal meal far ex-
ceed the concentrations which saturate the active
transport systems. In accompanying papers on im-
pedance [44] and ultrastructure [36] we show that
amino acids, like glucose, trigger the opening of in-
tercellular junctions for transport by solvent drag.

B. ROLE oF DIFFUSION IN PARACELLULAR
TRANSPORT

Our experiments indicate that steady-state diffusion
of inert hydrophilic solutes from lumen to lateral
spaces through intercellular channels is normally in-
significant at all luminal concentrations. The coeffi-
cients of osmotic drag through the junctions are so
close to unity for all small, inert, uncharged solutes
that no significant concentration gradients for diffu-
sion can be maintained across the junctions. In the
case of actively transported solutes such as glucose
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or amino acids, the steady-state concentrations at
the distal ends of intercellular junctions and in total
absorbate will always be higher than luminal con-
centrations, thus providing a concentration gradient
for osmotic flow on the one hand and for back-diffu-
sion on the other. Our data and their interpretation
indicate that this gradient is sufficient to provide a
significant force for fluid absorption but is normally
too small to cause significant back-diffusion through
the area per unit path length of the junctions.

Significant back-diffusion of glucose through
the junctions can, however, be demonstrated under
special, abnormal experimental conditions such as
(i) when absorption of fluid is prevented by adding
an osmotically active solute to the lumen without
interfering with active transport as in Figs. 5 and 6
or (ii) under nonsteady-state conditions by blocking
active transport and fluid absorption while concen-
tration of glucose in lateral spaces is still high {6].
Under normal conditions, however, our results in-
dicate that the dimensions of intercellular channels
are such that solvent drag, rather than diffusion, is
the predominate mechanism for paracellular trans-
port.

C. COEFFICIENTS OF SOLVENT DRAG IN A
CoMPOSITE MEMBRANE

Equation (1) describing diffusion and solvent drag
through porous membranes was derived for mem-
branes in which flow of both solvent and solute take
place through the same channels. This is not the
case for organized membranes such as endothelia or
epithelia, and there have been numerous modifica-
tions of Eq. (1) to predict composite coefficients of
solvent drag or osmotic reflection in membranes
having a distribution of channel sizes such that sol-
vent but not solute can traverse some of the chan-
nels. The problem has recently been reviewed in
detail by Curry [16].

The treatment of this problem given in the
present paper is new, and we believe it avoids an
erroneous assumption made implicitly in previous
treatments, namely that the concentration of solute
at the downstream side of the membrane is uniform.
In endothelia, where water flow emerging from cap-
illary plasma membranes is everwhere within a few
micrometers of solutes and water passing through
interendothelial slits this assumption may be valid,
although there is no strong evidence for it. How-
ever, in epithelia it is improbable that the concentra-
tions of solutes emerging from zonnulae occludens
are equal to their average concentration in total ab-
sorbate as assumed, for example, by Whittembury
et al. [58]. In order to solve the problem it is neces-
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Fig. 8. Proportions of total glucose absorption carried by active
transport and solvent drag in perfused rat intestine when fluid
absorption is 80% of intestinal volume per hour (normal absorp-
tive state). Values are calculated as in Part D, paragraphs 1--3.
The contribution of solvent drag exceeds that of active transport
at concentrations above 250 mMm

sary to determine c; at the distal end of the solute
channel. This we have done from the clearance data
and the theoretical development of Egs. (3) to (7).
The concentrations, ¢}, of inert solutes determined
in this way are all much closer to ¢, than are the
average concentrations in total absorbate, which is
diluted by fluid containing no solute at a point far
from the distal ends of the intercellular junctions.
This treatment of the problem should be applicable
to the general case of composite biological mem-
branes in which concentrations of solutes emerging
from permeant channels differ from their concentra-
tions in mixed fluid on the distal side of the mem-
brane as a whole.

D. CLEARANCE OF LLARGE INERT SOLUTES

The relatively large clearances of PSP, PEGygg, and
inulin at high rates of fluid absorption came as a
surprise and indeed we originally added these sub-
stances on the supposition that they would not be
absorbed and could be used as reference markers
for absorption of the muramyl dipeptides we were
investigating. The assumption that PEG or inulin do
not penetrate the epithelium is based largely on per-
fusion of the intestinal lumen with glucose-free salt
solutions [7, 48] in fasted animals or man. Under
these circumstances the rate of fluid absorption and
the clearances of all inert solutes from luminal fluid
are greatly reduced as shown in the present paper
(Table 2). In the presence of glucose, however, sev-
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eral previous investigators have noted that inert
markers ranging in size from sorbitol to inulin can
penetrate the epithelium of isolated intestinal seg-
ments or flat sheets {17, 39, 40, 53]. The possibility
exists, therefore, that activation of the glucose
transport system might not only increase rate of
fluid absorption but in addition increase the width of
intercellular channels, thus increasing permeability
to large solutes and promoting absorption of nutri-
ents by solvent drag. In accompanying papers on
electrical impedance [44] and ultrastructure [36] of
intestinal epithelial we provide evidence that this
latter mechanism does indeed exist and plays an
important role in determining the permeabilities
summarized in Table 1 of the present paper.

E. CoerFICIENT OF OsMmoTic FLow: ROLE OF
Na-CouprLED SOLUTE TRANSPORT IN FLUID
ABSORPTION

The fact that intestinal epithelium is impermeable to
ferrocyanide (mol wt 212) while it simujtaneously
allows the passage of PEG or inulin suggests that
intercellular channels bear a high negative charge.
Ferrocyanide passes rapidly through glomerular
membranes {3, 56] or through peripheral capillary
membranes {45]. Our measurements of L,, based on
reduction of fluid absorption by ferrocyanide, are
considerably larger than those found by previous
investigators who used salts [14] or mannitol [22,
54] as the osmotically active solute on the assump-
tion that their osmotic reflection coefficients are
1.0. The value of L, which we have found using
ferrocyanide (Figs. 1 and 2, Table 1), combined with
our estimate of glucose concentration in the absor-
bate, suggests that active glucose transport may
provide the principal driving force for normal intes-
tinal absorption of fluid. This would account for the
well-known stimulation of fluid absorption by Na-
coupled solute transport.

The question as to whether glucose or other
actively transported substrates are required for ab-
sorption of fluid is a controversial one which is cen-
tral to understanding the mechanism of absorption
of nutrients. Several investigators [14, 17, 25, 53]
state that in vitro preparations of intestinal epithelia
fail to transport fluid from mucosa to serosa in the
absence of glucose. On the other hand, Barry et al.
[4] found that everted sacs immersed in glucose-free
media can continue to absorb fluid for 20-30 min.
This discrepancy may be resolved, at least in part,
by the presence of residual glucose in tissue fluids.
In excised intestine there is sufficient residual glu-
cose in tissue fluids to last for 15-20 min (see Sec-
tion B of Ref. 44) and data from everted sacs are

usually obtained during the first 20-30 min after im-
mersion in glucose-free solutions {4]. In the case of
intact preparations, such as described in the present
paper, there is a constant supply of glucose from
plasma (5-6 mm) to epithelial cells via facilitated
passive transport through basolateral membranes.
Since K, for glucose transport is less than S mM it is
not unreasonable to suppose that the steady-state
supply from blood is sufficient to keep the apical
Na-coupled glucose transport system running at a
low rate, even though no detectable glucose may
appear in the luminal perfusate. Residual absorp-
tion of fluid in the absence of mucosal glucose may
therefore be associated with a residual supply of
glucose from tissue stores (in vitro) or from blood
(in vivo). In any case it appears that sodium and
glucose together provide most or all of the osmotic
force for fluid absorption, thus providing an effi-
cient mechanism for mass transport of all hydro-
philic nutrients (including glucose itself) by solvent
drag through intercellular channels which admit
passage of solutes of mol wt 5000 Daltons or more.
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