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ABSTRA CT The rate of passive absorption into the
intestinal mucosal cell is determined by at least two
major diffusion barriers: an unstirred water layer and
the cell membrane. This study defines the morphology
and permeability characteristics of these two limiting
structures. The unstirred water layer was resolved into
two compartments: one behaves like a layer of water
overlying the upper villi while the other probably con-
sists of solution between villi. The superficial layer is
physiologically most important during uptake of highly
permeant compounds and varies in thickness from 115
to 334 Am as the rate of mixing of the bulk mucosal
solution is varied. From data derived from a probe
molecule whose uptake was limited by the unstirred
layer, the effective surface area of this diffusion bar-
rier also was determined to vary with stirring rate
and equaled only 2.4 cm' 100 mg-' in the unstirred con-
dition but increased to 11.3 cm' 100 mg-' with vigorous
mixing. This latter value, however, was still only 1/170
of the anatomical area of the microvillus membrane.
With these values, uptake rates for a number of pas-
sively absorbed probe molecules were corrected for
unstirred layer resistance, and these data were used to
calculate the incremental free energy changes associated
with uptake of the -CH2- (- 258 cal mol'), -OH
(+ 564), and taurine (+ 1,463) groups. These studies,
then, have defined the thickness and area of the un-
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stirred layer in the intestine and have shown that this
barrier is rate-limiting for the mucosal uptake of com-
pounds such as fatty acids and cholesterol; in addition,
the lipid membrane of the microvillus surface has been
shown to be a relatively polar structure.

INTRODUCTION

Adjacent to every biological membrane there exist
lamellae of water through which movement of solute
molecules is determined only by diffusional forces. Such
an unstirred water layer may, in certain circumstances,
exert a major portion of the total resistance encoun-
tered by a solute during its movement from the bulk
extracellular water phase into the cell interior. While
the effects of unstirred layers on various transport
processes has been appreciated for a number of years
(1-9), their profound influence upon absorption across
the intestine has only recently been emphasized. It has
been shown, for example, that the aqueous diffusion
barrier in the small intestine may cause marked altera-
tions in the kinetics of active transport (10) and lead
to significant underestimations of passive permeability
coefficients (11-13). In addition, the unstirred layer,
and not the cell membrane, may be rate-limiting for
absorption of such physiologically important compounds
as fatty acids and steroids (13, 14).
To correct for unstirred layer effects upon active and

passive transport processes so that the permeability
characteristics of the limiting lipid membrane may be
more precisely described, it is essential, therefore, that
the dimensions of the diffusion barrier be accurately
defined. In previous work with relatively flat mem-

branes, it was usually assumed that the unstirred water
layer is of uniform thickness and has a surface area
equivalent to that of the underlying membrane. It is
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obvious that such assumptions cannot be applied to a
tissue with so complex an anatomy as the intestinal
mucosa. While we have obtained preliminary esti-
mates of the dimensions of the unstirred layer in the
intestine of the rat (10), the techniques employed
were not sufficiently+ sensitive to allow precise measure-
ment of solute absorption and thickness of the diffusion
barrier when the stirring rate could be altered in a
systematic and reproducible manner.
To obviate some of these problems, we have recently

designed a new chamber that allows measurements to
be made under more precisely controlled conditions
(15). Using this chamber, we have undertaken the
present studies in rabbit jejunum in an attempt (a) to
define the nature of the diffusion barrier in the small
intestine; (b) to measure accurately the thickness of
that portion of the unstirred water layer that overlies
the transport sites on the villi under different condi-
tions of stirring; (c) to quantify the effective surface
area of this aqueous diffusion barrier at different rates
of mixing; (d) to define the relative resistance to
uptake contributed by the unstirred water layer and
the microvillus membrane during absorption of a series
of solute molecules into the mucosal cell; and, finally,
(e) with these various experimentally determined
values, to calculate the passive permeability coefficients
for a series of fatty acids, alcohols, and bile acids and
the incremental free energy changes associated with
the addition of various substituent groups to the probe
molecules.

METHODS
Chceicals. Unlabeled and 1-14C labeled saturated fatty

acids and alcohols were all > 99% pure as supplied by
Applied Science Labs, Inc., State College, Pa. [1-'4C] Glu-
cose and [1-'4C]galactose were obtained from New England
Nuclear, Boston, Mass., and unlabeled glucose and galac-
tose came from Sigma Chemical Co., Inc., St. Louis, Mo.
[24-'4C]Bile acids were obtained from Mallinckrodt Chem-
ical Works, St. Louis, Mo., and unlabeled bile acids were
supplied by Steraloids, Inc., Pawling, N. Y. The purity of
these latter compounds was checked by thin-layer chroma-
tography (16-18). [G-3H]Dextran (mol wt 15,000-17,000)
from New England Nuclear was used as a nonpermeant
marker to estimate adherent mucosal fluid volume. All other
compounds were of reagent grade.

Tissue preparation. 2-2.5-kg albino New Zealand rabbits
were killed by decapitation. A segment of the upper half
of the jejunum, usually 10-15 cm in length, was rapidly
removed and rinsed with cold saline. The intestine was
then opened along the mesenteric border, and the mucosal
surface was thoroughly flushed with a jet of cold saline
from a syringe to remove visible mucus and detritus. Cir-
cular pieces of intestine were then cut out and mounted
as a flat sheet in incubation chambers described in detail
elsewhere (15). Basically, in these chambers the circular
sheets of jejunum were clamped between two plastic plates
so that the serosal and mucosal surfaces were exposed to
separate incubation solutions through apertures in the plates

1 cm in diameter. The volume of the serosal compartment
was small, whereas the intestinal mucosa was exposed to
a large volume of buffer in a beaker, which was mixed by
a magnetic stirring bar. After the tissue was mounted,
the chambers were placed in beakers containing Krebs-
bicarbonate buffer at 4°C and constantly oxygenated by a
stream of 5% C02 in oxygen. 1.2 ml of Krebs-bicarbonate
buffer was added to the serosal compartment. The mounted
tissue preparations were kept at 4°C in buffer until used
in the various experiments. Before incubation, each chamber
was transferred to an identical beaker containing oxy-
genated Krebs-bicarbonate buffer at 37°C for a preincuba-
tion period of 5 min to allow the tissue to equilibrate at
this temperature. The preincubation and incubation solu-
tions were mixed at identical stirring rates with circular
magnetic bars, and stirring rates were precisely adjusted
by means of a strobe light: stirring rates are reported in
this paper as the revolutions per minute at which the stir-
ring bar was driven. These same chambers were used for
measurement of both the thickness of the unstirred water
layer and unidirectional uptake rates of various probe
molecules. In a few studies, gallbladder was mounted in
these chambers and handled identically.

Measutrenment of unstirred zeater layer thickness. The
thickness of the unstirred water layer was measured ac-
cording to the method of Diamond (19). Briefly, the tech-
nique consists of measuring the change in the transmural
potential difference caused when the mucosal surface of
the intestine suddenly is exposed to a hyperosomotic solu-
tion. The time required to achieve half the new steady-
state potential difference, t.,' is a function of the thickness
of the unstirred water layer, d, and the diffusivity of the
molecule used to induce the change in potential difference,
D. Thus, the thickness of the unstirred water layer can
be calculated from the formula

(1)
In the derivation of this equation, Diamond (19) empha-
sizes that it is applicable only when the solute is diffusing
up to a membrane surface considered, for practical pur-
poses, to be an infinite plane, when d and D are essentially
independent of the composition of the bulk perfusion solu-
tion, and when the concentration-dependent change in po-
tential difference occurs very rapidly relative to the ti of
the electrical transient. Each of these points will be dealt
with in subsequent sections.
To measure the tP values, the transmural potential differ-

ence was monitored continuously by means of salt bridges
placed in the serosal and mucosal compartments of the
chamber and connected via calomel half-cells to a voltmeter
and rapid response chart recorder. To induce a change in
the potential difference, the chamber was rapidly trans-
ferred from the preincubation solution to another beaker
where a solute such as sucrose had been added to the Krebs-

'Abbrcviationis Used in this paper: C,, concentration of
the probe molecule in the bulk aqueous phase; Ct, con-
centration of the probe molecule at the aqueous-microvillus
interface; D, free diffusion coefficient; d, thickness of the
unstirred water layer; J, rate of uptake of the probe mole-
cule normalized to square centimeter of membrane; Jd,
experimentally determined rate of uptake normalized to
tissue dry weight; P, permeability coefficient; S., effective
surface area of the microvillus membrane; Sw, effective
surface area of the unstirred layer; ti, time required to
achieve half the steady-state potential di fference.
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bicarbonate buffer to increase its osmolality. After the
new steady-state potential difference was achieved, the
chamber was transferred back to the preincubation solu-
tion: thus, the t~ could be measured repeatedly for the
build-up and decay of the change in potential difference in
the same tissue preparation. These values were used to
calculate the effective d under different experimental cir-
cumstances, and these thicknesses are reported in microm-
eters.

lMeasutremzent of unidirectional flix.r rates. The method
for measurement of unidirectional flux rates with this
chamber has been described in detail elsewhere (15).
Briefly, after preincubation of the intestinal sample for
5 min at 370C, the chamber was transferred to another
beaker containing buffer to which both the '4C-labeled probe
molecule and 3H-labeled nonpermeable marker had been
added. The tissue was incubated for exactly 6 or 8 min,
after which the incubation was terminated by rapidly re-
moving the chamber from the solution and rinsing it for
approximately 2 s in cold saline. The exposed mucosal
tissue was then cut out of the chamber with a circular
steel punch, divided into two pieces, and blotted on filter
paper, after which each half was placed in a tared counting
vial. The tissue was dried in an oven overnight and the
dry weight determined. The sample was then saponified
with NaOH. Scintillation fluid was added, and radioactivity
was determined by means of an external standardization
technique to correct for variable quenching of the two
isotopes (20). When uptake of volatile compounds was
measured, this technique was modified slightly. After in-
cubation, the wet weight of each half of the tissue specimen
was determined and one piece was then dried for deter-
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mination of tissue dry weight in the usual manner. NaOH
was added to the other half, the vials were capped tightly,
and the tissue was solubilized in a metabolic shaker at 370C
for 20 min. The vials were then cooled in a refrigerator
at 4°C for 30 min and scintillation fluid was added. The
dry weight of the solubilized sample was obtained from
the dry weight: wet weight ratio, calculated from the dried
sample of each pair. The rate of uptake (Jd) was then
calculated after correcting the total tissue '4C radioactivity
for the mass of the probe molecule present in the adherent
mucosal fluid: these rates are expressed as the nanomoles
of the probe molecule taken up into the mucosa per minute
per 100 milligrams dry weight of tissue.

It should be emphasized that in previous experiments
(15), we have shown under the conditions of these ex-
periments (a) that the unstirred water layer in the rabbit
jejunum becomes uniformly labeled by the marker com-
pound within 6 min even when unstirred, (b) that the
rate of tissue uptake is linear with respect to time and,
further, this function extrapolates to zero at zero time,
(c) that tissue uptake is linear with respect to the con-
centration in the bulk buffer phase of passively absorbed
compounds, (d) that essentially none of the probe molecules
utilized in this study is lost into the serosal compartment
in incubations of up to 10 min, and (e) that the presence
of high concentrations of bile acids in the bulk solution
does not alter the permeability characteristics or histology
of the rabbit mucosa.

Determination of niucosal surface area. To determine
several parameters of the anatomical mucosal surface area,
three pieces of rabbit jejunum from five rabbits were
mounted in the chambers and incubated in Krebs-bicarbo-
nate buffer for 5 min. One segment was then dried over-
night to determine tissue dry weight. The two other pieces
were fixed in Bouin's solution, imbedded in paraffin, and
cut either transversally or longitudinally. The mucosal sur-
face area was then measured by the method of Fisher and
Parsons (21).

RESULTS

2 Initial experiments were designed to evaluate five tech-
nical features of the application of the Diamond method
to intestinal use. First, as shown in Fig. 1A, the change
in the steady-state potential difference induced by ex-

o posure of the jejunal mucosa to hyperosmotic solutions0 15 30 45 was linear with respect to the sucrose concentration in
INCUBATION TIME, min the mucosal perfusate up to 200 mM. Hence, in all sub-

ady-state potential differ- sequent experiments a sucrose concentration of 150
fter exposure of the mu- mM was utilized to measure d. Second, since it was
Lte buffer made hyperos- necessary to measure repetitively these electrical tran-
cremental change in the sients in the same intestinal specimen, it also was
icubation of the tissue at
sucrose in the mucosal important to evaluate the effect of repeated exposure
for specimens obtained of the mucosal surface to hyperosmotic solutions. As

the change in the steady- shown in Fig. 1B, the change in the steady-state
in the same samples of potential difference induced by 200 mM sucrose was

h 200 mpM sucyrose over essentially constant for 50 min. Third, when the in-
s each tissue sample was testine was exposed to hyperosmotic buffer containing
until a new steady-state 150 mM sucrose, the ti of the electrical transients
usually about 4 min, and averaged 12.2+0.7 s (Table I), while the tt for the

Meabn valuesrl SEM for decay of the potential difference back to its base-line
value equaled 13.9±0.9 s when the tissue was returned
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TABLE I

d in Rabbit Intestine Aleasured with Different
Probe Alolecules

iProbe molecules D X 106 t1

cm2 *s s pmn

NaCl 20.3 5.240.2 166±2.8 (11)
Urea 17.3 5.4±0.3 154±5.0 (17)
Pentaerythritol 10.2 8.8±0.2 154±1.5 (5)
Alanine 9.3 8.7 ± 1.0 146i9.7 (3)
Mannitol 9.3 10.4±0.7 157±5.0 (15)
Sucrose 7.0 12.2±0.7 149±4.1 (16)
Raffinose 5.8 14.0±1.4 143±6.7 (16)

Electrical transients were measured in jejunal specimens after
30 min of preincubation at 370C at a stirring rate of 500 rpm.
The diffusion potential for NaCI was measured by substituting
mannitol isosmotically for NaCi in the mucosal solution to
give a serosal/mucosal gradient of 2: 1; all other measurements
were made with a concentration of 150 mM of the various
probe molecules in the mucosal perfusate. Diffusion coeffi-
cients were determined as described in reference 13. The
figure in parenthesis shows the number of separate intestinal
preparations used in each experiment. Mean values± 1 SEM
are given for the tj and thickness of the unstirred water layer.

to isomotic buffer. In all subsequent experiments, only
the ti values for the build-up of the new steady-state
potential difference are reported.

Fourth, in theory the use of sucrose in the intestine
to generate a change in potential difference across the
mucosa might be invalid, since this compound is hy-
drolyzed at the brush border, liberating monosacchar-
ides, which in turn could conceivably alter electrical
potentials generated by active transport processes in
the microvillus membrane. If this were the case, the
electrical transient would be a complex function not
related in a simple linear fashion to the concentration
of the test molecule at the interface. To test the validity
of using sucrose, therefore, potential difference changes
were induced with several other compounds. As shown
in Table I, the t2 obtained with each different probe
molecule varied inversely with its respective free dif-
fusion coefficient, so that the calculated values of d
were all essentially the same. Hence, there was no evi-
dence that the use of sucrose introduced an artifact into
the system.

Finally, in initial studies, rhythmic muscular con-
tractions of the mounted jejunal specimens were grossly
evident. These contractions introduced artifacts into
the tracings of the electrical transients, as can be seen
in the example shown in Fig. 2A. However, if the
Krebs-bicarbonate buffer in the serosal compartment
was replaced by an isotonic solution containing 26
mM potassium, the muscular contractions were in-
hibited but the ti was unaltered (panel B). In a

series of such paired experiments, it was found that
hiigh-potassium serosal fluid did not change the cal-
culated value of d or the value of Jd for several probe
molecules. Hence, in all subsequent experiments dealing
with measurements of d, muscular contraction was in-
hibited with potassium.

Experiments were next undertaken to characterize
the unstirred water layer in a variety of experimental
circumstances. The effect of the duration of incubation
at a constant stirring rate of the mounted intestinal
sI)ecimen on the diffusion barrier was first evaluated.
As seen in Fig. 3A, after only 5 min of incubation at
370C, the unstirred layer had an apparent thickness of
230± 18 jsm at a stirring rate of 500 rpm; however,
with more prolonged incubation in Krebs-bicarbonate
buffer, d became progressively smaller until a constant
value of approximately 155 Acm was achieved at 30
min of incubation. This finding was in contrast to
measurements made simultaneously in the rabbit gall-
bladder where, at the same stirring rate, d remained

> 4
E
ILu
0 3
z
Lu

IL 2
U-

zo
Lu

0l- L

A.

3

o

B.

t, .9*.

4,;

0 10 20 30 40 0 10 20 30 40
INCUBATION TIME, s

FIGURE 2 The effect of inhibition of muscular contraction
of the bowel wall on the tj of the electrical transient for
the change in the potential difference across the jejunal
wall caused by sudden exposure of the mucosa to a hyper-
osmotic perfusate. Paired specimens of rabbit jejunum were
preincubated at 37°C for 30 min with their mucosal sur-
faces exposed to Krebs-bicarbonate buffer. The serosal
compartment of one sample of each pair was filled with
Krebs-bicarbonate buffer (A) while the other was filled
with an isosmotic solution of NaCl (128 mM) and KCl
(26 mM). After this preincubation period the chambers
were rapidly transferred to a new mucosal solution of
Krebs-bicarbonate buffer made hyperosmotic by addition
of 150 mM sucrose, and the change in the transmural po-
tential difference was recorded. The diagrams in this figure
represent actual tracings found in one representative pair
of intestinal specimens transferred to the hyperosmotic
solution at time 0. As can be seen, the irregular artifacts
in the tracing of the electrical transient caused by mus-
cular contractions (A) were essentially abolished in the
specimen whose serosal surface was exposed to the solution
with a high potassium concentration: however, the observed
ti for the electrical transients and the magnitude of the
change in the steady-state potential difference were the
same in the two experimental situations.
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FIGURE 3 The effective d determined repeatedly in rabbit
jejunum and gallbladder incubated in Krebs-bicarbonate
buffer. In these studies, d was measured by suddenly trans-
ferring each tissue specimen from Krebs-bicarbonate buffer
to buffer made hyperosmotic by the addition of 150 mM
sucrose: the stirring rate was kept constant at 500 rpm
in all studies. After the electrical transient was recorded
and the tj determined, the tissue was returned to isosmotic
Krebs-bicarbonate buffer until the next measurement was
made. A: measurements of d were made repeatedly in
jejunum and gallbladder incubated in buffer at 37°C from
the time the tissue was mounted in the chambers. B: paired
jejunal specimens from the same animal were preincubated
in Krebs-bicarbonate buffer at either 4°C or 37°C for 30
min, at which time the specimen preincubated in the cold
was transferred to buffer at 37°C. Repetitive determinations
of d were then made in both types of preparations. Mean
values±1 SD are shown for 15 jejunal specimens in each
group and for 8 gallbladders.

constant at about 150 Am throughout the period of
observation.
Not only did the calculated values of d change in

the intestine during a 30-min incubation period, but
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FIGURE 4 The effect of preincubation for 30 min at 37°C
on the morphology of the electrical transients. This figure
shows the effect of preincubation of the intestine for 30
min at 37°C on the morphology of the electrical transients:
two representative tracings are shown superimposed. The
change in potential difference was measured in the same
sample of jejunum after 5 min and 30 min of incubation
at 370C in Krebs-bicarbonate buffer. As is apparent, essen-
tially the same change in the steady-state potential differ-
ence was achieved, but the two curves have markedly
different tj values.

in addition the morphology of the electrical transients
was also significantly altered, as can be seen in the
two examples reproduced in Fig. 4. After a 30-min
incubation, the electrical transient rapidly reached a
maximum value and remained constant thereafter. In
contrast, in intestine incubated only 5 min, the transient
had an initial rapidly rising phase followed by a very
prolonged linear upsweep until a constant steady-state
potential difference was finally achieved at about 5 min.
Again, this contrasted with the findings in the gall-
bladder, where the electrical transients at any time
during the incubation were of the type seen in intestine
after a 30-min incubation.
These findings suggested that some structural altera-

tions might be taking place in the intestinal specimens
during prolonged incubation that indirectly were influ-
encing the morphology of the unstirred layer. As shown
in Fig. 5, this was found consistently to be the case.
After 5 min of incubation (panel A) the central lac-
teals (CL) were barely visible, and the individual villi
were separated by wide intervillus space (IVS). After
30 min of incubation, however, the central lacteals
were widely dilated, causing the villi to swell laterally
and obliterate the intervillus spaces. It should be
noted, however, that the mucosal cells were intact in
both instances. In this manner, then, the highly con-
voluted jejunal mucosa was in essence transformed
into an essentially flat surface similar in morphology
to that of the gallbladder.

This morphological change could have resulted from
solute and water transport into the tightly clamped
piece of intestine or, alternatively, from nonspecific
damage from repeated exposure to the hyperosmotic
test solutions. To differentiate between these two possi-
bilities, samples of jejunum were preincubated in Krebs-
bicarbonate buffer for 30 min at a stirring rate of 500
rpm at either 40C or 370C; d was then measured re-
peatedly, as shown in Fig. 3B. In the intestine pre-
incubated at 370C, the villi were swollen, the intervillus
spaces were closed, and the unstirred layer had a
constant thickness of 150 A'm. In contrast, in the speci-
mens preincubated at 40 C to inhibit solute and water
transport, the intervillus spaces were open (as in
Fig. 5A) and d equaled approximately 240 Am: with
continued incubation at 370 C, however, d fell to 160
Am as histological examination revealed progressive
swelling of the villi.
These findings, therefore, were consistent with the

view that the value of d measured in intestine incu-
bated at 370C for 30 min represented the effective
thickness of a superficial layer of unstirred water
overlying the upper villi, whereas the value measured
in tissue incubated for only 5 min represented a mean
value of a very complex unstirred layer, consisting of
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FIGURE 5 The effect of time of tissue incubation at 370C on the morphology of the
mucosal surface of the jejunum. Histological sections were made of paired jejunal specimens
preincubated at 370C for either 5 min (A) or for 30 min (B). As can be seen, the inter-
villus spaces (IVS), open at 5 min, became obliterated after 30 min of incubation because
of marked dilatation of the central lacteals (CL).

the superficial component plus a deep component inter-
digitated between the lateral surfaces of the villi. The
next series of studies, therefore, was designed to
evaluate how the thickness of each of these components
varied with the rate of stirring of the bulk mucosal
solution. As seen in Fig. 6A, in specimens incubated
5 min and subjected to stirring rates of less than 400
rpm, so much time was required to reach a new steady-
state potential difference that accurate ti values could
not be determined. At higher stirring rates, however,
the apparent mean thickness of the total unstirred layer
decreased from approximately 300 Am to 220 Am. The
superficial component was 334 Am thick in the unstirred
condition, and this value decreased in a nearly linear
fashion to 160 Am as the stirring rate was increased
to 400 rpm: at higher rates of mixing, however, d
approached an essentially constant value of approxi-
mately 110 Am. Again, for comparison, the relation of
d in the gallbladder to stirring rate is shown in Fig.

6B. It is apparent that the results obtained for the
superficial component in the intestine are essentially
superimposable upon those obtained with the gall-
bladder.
To be able to use these data in calculations involving

unstirred layer effects, it was necessary to define which
values approximated the thickness of the unstirred layer
overlying the physiologically important sites of ab-
sorption on the villi. To this end, uptake rates for a
variety of probe molecules were measured at a stirring
rate of 600 rpm in pairs of intestinal samples, one in-
cubated for 5 min and the other for 30 min at 370
before determination of Jd. As seen in Table II, for
nine passively absorbed probe molecules of widely
varying permeation rates, there were no significant
differences in the rates of uptake into jejunal samples
whether the intervillus spaces were open ( 5-min pre-
incubation) or closed (30-min preincubation). There
was, however, slight depression of uptake of the two

Dimensions of the Diffusion Barriers in the Intestine 723



E

(n

z

H

I

L-J

cc'
a

LU
ct

cn
z

A. B.

IBladder

0 300 600 900 1,200 0 300 600 900 ,2OO
STIRRING RATE, rpm

FIGuRE 6 The effect of the stirring rate of the bulk mu-
cosal solution on the effective thickness of the superficial
and total unstirred water layer in the jejunum. d was mea-
sured at stirring rates that varied from 0 rpm to 1,200 rpm
in paired specimens of jejunum preincubated at 37°C for
either 5 min or 30 min (A). For comparison, the thickness
of the unstirred water layer also was measured at these
same stirring rates in the gallbladder (B). Mean values
± 1 SD are shown for tissues from six animals in each
group.

actively transported sugars when the intervillus spaces
were occluded. These data strongly suggest that under
the conditions of these studies, most absorption, or
at least most passive uptake, takes place in the upper
portions of the villi and, therefore, the thicknesses de-
termined for the superficial component of the unstirred
layer are most appropriate in the mathematical treat-
ment of absorption data.
To obtain transport data that would allow calculation

of the permeability characteristics of the microvillus
membrane as well as of the effective surface area of
the unstirred water layer, two sets of flux rate mea-
surements were next obtained. First, based on paired
intestinal specimens, Jd values, normalized to a bulk
phase concentration of 1 mM, were measured for a
series of fatty acids, alcohols, and bile acids: these
measurements were made in one specimen at a stirring
rate of 0 rpm and in the other at 600 rpm. The
results of these studies are given in columns 1 and 3 of
Table III. Second, with decanol, a substance whose
uptake is limited by the unstirred layer, as the probe
molecule, uptake rates were measured at a series of
different stirring rates. These values of Jd are shown
in Fig. 7A and are plotted against the mean value of d
for the superficial unstirred layer appropriate for the
degree of stirring at which each uptake rate was mea-
sured (Fig. 6A and Table IV).

Finally, with histological preparations of jejunal
specimens incubated identically, three different param-

eters of the anatomical surface area were determined
and are given in the lower section of Table IV. 100
mg dry wt of jejunum contained a mucosal cell surface
area of 78.9 cm2. Assuming that the microvilli increased
this area by a factor of 24 (22) the actual area of the
luminal cell membrane was approximately 1894 cm2'
100 mg-'. The minimum flat surface overlying the villus
tips, i.e., the area of the circular opening in the cham-
ber, equaled 3.2 cm2* 100 mg-'.

DISCUSSION
As a molecule is passively absorbed from the bulk
aqueous solution of the intestinal contents into the
cytosol of the mucosal cell, it must cross two major
diffusion barriers: the unstirred water layer external
to the cell and the protein-lipid membrane of the
microvilli. The rate of movement, J., of the molecule
across the unstirred layer is given by the formula

J = (C1-CA) (D/d) (2)

where C1 and Cs equal the concentration of the solute in
the bulk aqueous phase and at the aqueous-microvillus
interface, respectively, D is the free diffusion coefficient

TABLE II
Effect of Preincubation. for 30 Min on Active and

Passive Jejunal Uptake

Jejunal uptake after preincubation

Test molecule 5 min 30 min

nmol min- .100 mg-1
Active

Glucose 178.7±19.1 133.3i11.0
Galactose 178.1±417.6 153.3416.8

Passive
FA 2:0 10.0±41.2 10.8±1.5
FA 6:0 23.0±2.0 26.6±3.4
FA 8:0 23.7i1.3 19.7±2.7
FA 10:0 69.8±t3.4 63.4±4.4
FA 12:0 132.6i4.2 130.8±8.2
Taurocholate 1.0±0.3 1.3±0.4
Taurodeoxycholate 5.4±0.9 4.2 ±0.8
Cholate 16.6±1.4 17.0±0.4
Deoxycholate 32.1 ±3.6 32.7 ±2.8

Paired samples of jejunal mucosa were preincubated at 37°C
for either 5 or 30 min before determination of absorption rates.
Rates of uptake of glucose and galactose were measured from
mucosal solutions containing 15-mM concentrations of these
sugars. All other uptake rates were measured at 0.25-1.0 mM
concentrations of the test molecules; however, uptake rates
were all normalized to a concentration of 1.0 mM. Solutions
were stirred at 600 rpm. There were 10 pairs of jejunal samples
used in each experiment. Mean value±1 SEM are given.
FA, fatty acid.
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TABLE I II
Uptake Rates for Various Test Molecules at Two Different Stirring Rates

Stirring rate 0 rpm Stirring rate 600 rpm

Jd Jd X1-
Test molecule Jd -J X 10-' Jd D

nmol -min-' nmol cm-2 nmol min-I Mmo Ccm-2
.100 mg91 *100 mg-, *100 mg-, *100 mg-,

Saturated fatty acids (FA)
FA 4:0 (15) 17.8±0.2 24.5 21.441.4 29.5
FA 5:0 (9) 11.7±0.9 17.9 16.2i1.7 24.8
FA 6:0 (20) 15.3±0.7 24.3 25.1±1.9 39.8
FA 7:0 (9) 10.2±1.1 16.6 23.4±-0.9 38.2
FA 8:0 (8) 12.0±1.3 21.1 27.4±4.8 48.2
FA 9:0 (9) 15.7±1.3 29.4 44.9±1.0 84.0
FA 10:0 (11) 24.9±2.2 49.4 64.0±2.6 127.0
FA 12:0 (8) 32.242.6 71.5 125.9±6.4 276.5

Saturated alcohols (Alc)
Alc 6:0 (4) 32.1±1.8 46.1 100.7i2.7 144.7
Alc 8:0 (4) 43.243.9 72.7 206.5±13.9 347.6
Alc 10:0 (4) 37.2±1.1 71.3 433.7±10.6 830.9
Alc 12:0 (4) 35.2±3.0 76.1 369.8±15.2 800.4

Bile acids
Taurocholate (10) - 1.3 ±0.4 3.9
Taurodeoxycholate (10) - 4.2 ±0.8 12.3
Cholate (10) - 17.0±0.4 45.0
Deoxycholate (10) - 32.7 42.8 85.2

Jd were determined from solutions containing 0.25-1.0-mM concentrations of the test mole-
cules, but all were normalized to a concentration of 1.0 mM. In these experiments one of a
pair of jejunum samples from one animal was incubated at a stirring rate of 0 rpm while the
other was incubated at a stirring rate of 600 rpm. To calculate the quantity Jd/D, values of
D for the fatty acids, bile acids, and alcohols were obtained as described in Ref. 13. The figure
in parenthesis gives the number of paired observations. Mean values± 1 SEM are shown.

for the molecule, and d represents the effective thick-
ness of the aqueous diffusion barrier. The rate of move-
ment of the molecule across the microvillus membrane
equals

1= (P) (CS) (3)
where P is the permeability coefficient of the passively
absorbed molecule.

It is apparent from Eq. 3 that any description of the
permeability characteristics of the microvillus mem-
branes in terms of P requires knowledge of the con-
centration of the probe molecule at the aqueous-lipid
interface, i.e., at Ct. By rearranging Eq. 2, this value
can be calculated by the formula

Cs = Cl-J(d/D) (4)

where the term J(d/D) represents the reduction in the
concentration of the probe molecule caused by the
resistance that it encounters in traversing the unstirred
water layer. However, in this as well as in the pre-

ceding equations, the flux term, J, must have the units
of mass-unit time-area (in centimeters)'. Experi-
mentally determined flux rates, however, commonly
are normalized to tissue dry or wet weight, unit length
(in the case of intestine), unit protein or DNA, or
the area of the membrane exposed in a particular in-
cubation chamber. In none of these instances, there-
fore, are the flux rates normalized to the proper surface
area term: such values, therefore, cannot be substituted
directly into these various equations.

In the present studies, the experimentally determined
uptake rates, Id, have the units nanomoles minuted
100 milligrams dry weightr. To utilize such data to
correct for unstirred layer resistance, it is necessary
to know a conversion factor that gives the effective
surface area of the unstirred water layer through
which a particular mass of probe molecules moves, i.e.,
the area of the unstirred layer overlying an amount
of jejunum having a dry weight of 100 mg. For the
purposes of this study we have designated this con-
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FIGURE 7 The effect of the stirring rate of the bulk mucosal solution on the uptake of

[1-"C]Qdecanol into the jejunum and on the effective surface area of the unstirred water

layer. Decanol absorption was measured at five different stirring rates that varied from
0 to 800 rpm. A: the Jd of this compound are plotted against the determined d appropriate
for each particular rate of stirring as taken from Fig. 6A and Table IV. The dashed line
shows the theoretical values of Jd as a function of the d, if the surface area of this diffusion
barrier, Sw, remained constant at all degrees of stirring. B: the mean values of Sw.l at each
rate of stirring calculated from the experimental data on decanol uptake as described in the
text. The experimental values in A represent mean+1 SEM for five animals.

TABLE IV
S, in the Jejunum Compared to the Anatomical

Surface Area of the Mucosa

SW at different stirring rates

Stirring
rate d SW

rpm pm cm2 100 mg-,

0 334±16 2.4
200 262413 4.4
400 160±6 7.7
600 137±3 11.7
800 125±4 11.3

Anatomical area of the jejunum

Parameter Area

cm2 .100 mg-,

Minimum flat surface 3.2
Mucosal surface 78.9
Mucosal surface + microvilli 1,894.0

S.O were calculated as described in the text from data on the
uptake of decanol at different stirring rates. Values for d at
these same stirring rates also are shown and are derived from
the data shown in Fig. 6A. Anatomical surface area parameters
were measured from incubated specimens as described by
Fisher and Parsons (21). The minimum flat surface area

corresponds to the area of the circular aperture in the re-

taining plate of the incubation chamber. The other two values
correspond to the area of the mucosal surface without and
with the microvilli taken into consideration.

version factor as So and it has the units square centi-
meters per 100 milligrams. Thus, in calculations of
movement of solute across the aqueous diffusion bar-
rier, it is apparent that the term Jd/Sw is equal to J,
since by this manipulation the experimentally deter-
mined flux rates can be reduced to the appropriate
units, i.e., nanomoles * second1 *centimeters2. Eq. 4,
therefore, can be rewritten

C2= C- (Jd) (d)
(Sw)(D)

(5)

Similarly, in calculations dealing with movement of
probe molecules across the microvilli, it also is neces-

sary to know the effective surface area of this mem-

brane. For this purpose we have designed the term
Sm to represent the area of lipid membrane across

which an observed flux, Jd, has occurred in an amount
of jejunum equivalent to 100 mg dry wt. By appropriate
substitution of this constant into Eq. 3 and after re-

arranging terms, the permeability coefficient for a

particular passively absorbed solute is given by the
expression

P = Jd
(C2) (Sm)

(6)

It is apparent from these considerations that an accu-

rate appraisal of the permeability characteristics of the
microvillus membrane in the intestine cannot be under-
taken without precise information on the thickness of
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the unstirred water layer, d, the effective surface area
of the unstirred layer, S., and the effective surface area
of the microvillus membrane, Sm.

Initial experiments in the present study, therefore,
were designed to investigate the nature and dimensions
of the unstirred water layer. Preliminary measure-
ments suggested that the diffusion barrier was several
hundred micrometers thick. However, the intestinal
mucosa contains two structural elements, mucus and
glycocalyx, overlying the microvillus membrane that
could conceivably lead to artifacts in determination of
d. If either of these elements slowed diffusion of the
probe molecule up to the lipid membrane, it would
result in an overestimation of the thickness of the un-
stirred layer. However, several lines of evidence sag-
gest that this is not the situation. For example, if
some structural element outside the cell membrane con-
tributed significant resistance to free diffusion of the
test molecules, then one might reasonably expect that
this barrier would discriminate among molecules of
different size or charge. As seen in Table I, this was
not the case: the diffusion barrier did not discriminate
between molecules whose molecular weight varied from
26 to 600 daltons and which were either charged or
uncharged. Furthermore, unstirred water layers of
similar dimensions have been found in other biological
membranes, such as gallbladder (6, 19), which have
much less prominent mucus and glycocalyx layers, and
in artificial membranes that have no mucus or glycocalyx
at all (23). We have concluded, therefore, for the
purposes of all subsequent calculations, that the dif-
fusion barrier is in fact principally a layer of unstirred
water.
The applicability of the Diamond method for mea-

surement of the functional thickness of the unstirred
layer depends critically upon the validity of several
assumptions with respect to the characteristics of this
barrier in the intestine (19). First, the properties of
the unstirred layer must not change with alterations
in the composition of the bulk perfusate. As noted in
Table I, this appears to be the case, since d was essen-
tially constant under all circumstances tested. Second,
D for the probe molecule used to induce the change
in potential difference must be essentially constant
throughout the concentration range utilized. Again this
was true in the present experiments. For example, D
for sucrose in 150 mM NaCl only varies from 6.9 X 106
cm2 s' at infinite dilution to 6.2 X 10' cm2* s-1 at 150
mM-a variation that would not introduce a quantita-
tively significant error into the calculation of d (24).
Third, any permeability changes in the membrane in-
duced by the build-up of the concentration of the
probe molecule at the interface must occur very rapidly
relative to the time-course of the electrical transient.

The fact that d measured under isosmotic conditions
from the electrical transient of the diffusion potential
generated from a NaCl gradient was nearly the same
as the values obtained with all of the other probe mole-
cules again suggests that this condition was met in the
intestine.
The fourth assumption inherent in the derivation of

Eq. 1 is that the probe molecule diffuses from the bulk
solution up to a flat membrane considered for practical
purposes to be an infinite plane. Obviously this condi-
tion is not met when the intervillus spaces are open.
After 30 min of incubation, however, when the inter-
villus spaces are fully occluded, four lines of evidence
suggest that the intestinal mucosal surface could be
considered as an essentially flat plane similar in mor-
phology to the mucosa of the gallbladder. First, the
gradual decrease in d seen during the incubation of
jejunum (Fig. 3A) was very likely the result of
obliteration of the deep components of the unstirred
layer as the villi swelled and was not related to other
nonspecific effects of prolonged incubation, since un-
stirred-layer thicknesses measured simultaneously in
the gallbladder were unchanged throughout this period
of observation. Gallbladder epithelium lacks villi: thus,
in contrast to the situation in the intestine, even
though submucosal edema developed in these speci-
mens, essentially no change should occur in the di-
mensions of the overlying diffusion barrier. Second,
beyond 30 min of incubation, d approached a constant
value essentially the same as that measured under the
same conditions in the gallbladder (Fig. 3A). Third,
as seen in Fig. 6, the thickness of the diffusion barrier
overlying jejunum preincubated for 30 min diminished
in response to increased stirring of the bulk mucosal
solution, as in the gallbladder. This was true in terms
of both the profile of the curves relating d to stirring
rate and the absolute values of d at any particular rate
of mixing. Finally, the morphology of the electrical
transients, as seen in Fig. 4, changed during the 30-
min period of incubation. Initially, they manifested a
long terminal linear phase compatible with diffusion
of the probe molecules down the long channels between
villi, whereas after 30 min of incubation, the transients
resembled those anticipated when the sucrose was dif-
fusing up to a flat membrane and which, in fact, were
consistently seen in recordings from gallbladder.
We have concluded, therefore, that the ti values of

the electrical transients measured in jejunal specimens
preincubated for 30 min can be translated into valid
measurements of the thickness of the superficial un-
stirred water layer overlying the upper villi. In addi-
tion, since the data reported in Table II indicate that
passive uptake of a variety of probe molecules occurs
in this same region of the intestinal villi, we have

Dimensions of the Diffusion Barriers in the Intestine 727



further concluded that these measurements provide the
appropriate values of d for use in considerations of
passive transport processes in the intestine: as shown
by the lower curve in Fig. 6A, these values vary from
334±16 Am in the unstirred situation to 112±12 ,Am
at a high stirring rate of 1,200 rpm.
The next problem of major importance was to arrive

at values for SW and, further, to establish whether this
parameter, like d, varied with the stirring rate. Such
information can be obtained from the values of d
given above and the passive flux rates determined for
the various probe molecules and shown in Table III.
By substituting the quantity Jd/S. for J in Eq. 2, this
expression may be rewritten.

Jd/SW = (Cl- CS) (D/d) (7)
This equation has two unknowns, Ce and S.. However,
in the special circumstance where 1d is measured for a
probe molecule whose uptake is totally limited by the
unstirred water layer, Cs becomes essentially equal to
zero and can be deleted from the equation; hence,
after solving for S., we obtained the following ex-
pression.

SW = ( )d)(d)8)
(Cl)(D)(8

This equation, then, allows calculation of Sw in terms
of the known quantities fd, d, Cl, and D; it must be
emphasized, however, that this expression yields valid
values only when Id is measured for a probe molecule
that penetrates the microvillus membrane very much
faster than it moves across the unstirred water layer,
i.e., a molecule that has a value of P »> D/d. Such
molecules can be identified in Table III by dividing
the observed value of 1d for each compound by its ap-
propriate free diffusion coefficient, as has been done in
columns 2 and 4. As is apparent, as one goes from
the more polar to the less polar members of these
homologous series, the rate of penetration of the cell
membrane becomes much greater than the rate of dif-
fusion across the unstirred water layer and, therefore,
Id becomes proportional to D and the quantity Jid/D
reaches a constant value. In the unstirred situation,
four compounds achieved an essentially constant value
for this quantity in the range of 71.3-76.1 nmol cm-'
100 mg-': these included the 12:0 fatty acid and the
8: 0, 10: 0, and 12: 0 alcohols. At a stirring rate of
600 rpm, however, where unstirred layer resistance
was much less, only the 10: 0 and 12: 0 alcohols pla-
teaued at a constant value. Thus, since decanol uptake
was clearly limited by the unstirred layer in both the
unstirred and stirred situations, this probe molecule
was used to quantify SW.

To this end, decanol uptake was systematically mea-
sured at stirring rates varying from 0 to 800 rpm. In
this range of stirring, the superficial unstirred layer
varied in thickness from 334 to 125 i'm, as tabulated
in Table IV. If the effective surface area of the un-
stirred layer remained constant at all stirring rates,
then decanol uptake should vary in an inverse, linear
manner with d: this theoretical relationship is illus-
trated by the dashed line in Fig. 7A. It is apparent,
however, that the experimentally determined values
progressively deviated from the theoretical values as
the stirring rate was increased and the effective thick-
ness of the unstirred layer decreased: this finding in-
dicated that the effective surface area of the unstirred
layer also was altered by stirring.
By substituting these values of 1d for decanol at each

of the five stirring rates, along with the appropriate
values of d for the superficial unstirred layer in Eq.
8, the effective surface area, Sw, was calculated to vary
from 2.4 to 11.3 cm2. 100 mg-' as the stirring rate was
varied from 0 to 800 rpm (Table IV).

These values may now be compared with several
parameters of the anatomical surface area in these
same jejunal samples. In the unstirred situation where
d is very large, it would be anticipated that decanol
would be totally absorbed at the villus tips and, there-
fore, would traverse a minimal surface area of the
unstirred layer. As seen in Table IV, this was the
case: S. equaled 2.4 cm2 100 mg-', which corresponds
almost exactly to that portion of the minimum flat
anatomical surface area (3.2 cm2. 100 mg~1) occupied
by villus tips. At the other extreme, at a stirring rate
of 800 rpm SW increased so as to correspond to ap-
proximately 1/7 of the mucosal surface of the villi,
i.e., SW equaled 11.3 cm2. 100 mg-1 versus a mucosal
surface area of 78.9 cm2. 100 mg-1.

These data, then, provide information concerning the
dimensions of the unstirred diffusion barrier in the
small intestine which allows several major conclusions
of physiological importance to be drawn about passive
absorption into the mucosal cell. These conclusions deal
with the relative resistance encountered by different
solutes in crossing the unstirred water layer and the
lipid-protein membrane of the microvilli.

First, it is apparent that there is a large group of
solutes of major physiological importance capable of
penetrating the cell membrane much faster than the
unstirred water layer. This conclusion derives from the
data presented in Fig. 8: in this diagram the natural
logarithm of Id of each fatty acid and alcohol given in
Table III divided by its appropriate D has been plotted
against chain length. In this type of plot those mem-
bers of the homologous series whose uptake is limited
by diffusion through the unstirred water layer will
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manifest no increase in Jd/D with increasing chain
length, i.e., the slope will equal zero. In contrast, those
molecules whose uptake is predominantly limited by the
cell membrane will show an increase in Jd/D that is
essentially log-linear with chain length: this relation-
ship exists because the addition of each -CH2-O group
to the molecule increases the permeation rate of the
cell membrane by a constant factor (25). As is apparent
in Fig. 8, at the high stirring rate where unstirred
layer resistance is low, uptake of fatty acids 7: 0
through 12: 0 is principally limited by the cell mem-
brane. The short chain-length fatty acids 4: 0, 5: 0, and
6: 0 manifest higher rates of uptake than would be
anticipated from a linear extrapolation of the relation-
ship for the longer chain-length fatty acids. Such de-
viant behavior has been found for a number of other
low molecular-weight, very polar compounds in a
variety of epithelial membranes, and may result from
movement of these molecules through low-resistance
shunt pathways between cells or because of some un-
usual permeability characteristic of the microvillus
membrane itself (13, 25-30). Uptake of the alcohols is
much more rapid than the corresponding acids: how-
ever, the relative increase in permeation for the addi-
tion of each -CHO- group is the same up to decanol.
At this point, the unstirred layer apparently becomes
rate-limiting. As shown in Fig. 8A, in the unstirred
situation where unstirred layer resistance is much
greater, this diffusion barrier becomes rate-limiting to
mucosal uptake of octanol and all longer chain-length
alcohols and even for the 12:0 fatty acid. When the
unstirred layer becomes totally rate-limiting, C2 must
equal essentially zero. In this special case, the limiting
value of Jd/D can be calculated by rearranging Eq. 8.
With the values of d and S. from Table IV appropri-
ate for a stirring rate of 0 and 600 rpm, JdID equals
72 X 103 nmol*cm-2 100 mge and 854 x 10' nmol*cm'.
100 mg', respectively. These limiting values are shown
as dashed lines in Fig. 8.
The major conclusion to be drawn from these con-

siderations is that the unstirred water layer, and not
the microvillus membrane, is rate-limiting to the up-
take of long-chain fatty acids and other nonpolar com-
pounds, such as cholesterol. While the limiting value
of Jd/D has not yet been measured in vivo, several
lines of indirect evidence would suggest that the value
of the ratio S./d is very low, so that unstirred layer
resistance is high in the intact animal. It is apparent,
therefore, that variations in lipid absorption among
different animal species or in different disease states
may reflect, in part, variations in unstirred layer re-
sistance. Furthermore, the precise role of the bile acid
micelle in facilitating lipid uptake must be explained in
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FIGURE 8 The relationship between the rates of uptake of
a homologous series of fatty acids and alcohols and the
number of carbon atoms in each compound. In these two
panels the In of the quantity Jd/D X 10' determined for a
series of fatty acids and alcohols (Table III) is plotted
as a function of the chain length of each compound. A and
B show such data in the unstirred and stirred (600 rpm)
situation, respectively. In addition, the two limiting values
have been calculated, as described in the text, which denote
the maximum rates of passive uptake at the two stirring
rates that any compound can achieve: at these rates the
unstirred water layer becomes absolutely rate-limiting to
absorption.

terms of overcoming the resistance of this diffusion
barrier (31).
The second major set of data that can be derived

from these studies concerns the permeability charac-
teristics of the microvillus membrane as expressed in
terms of the absolute permeability coefficients for a
number of probe molecules, and in terms of the in-
cremental free energies of solution associated with the
addition of various substituent group to the probe mole-
cules. By using Eq. 5, the concentration of each test
molecule at the microvillus interface was calculated
from the 14 values measured at a stirring rate of 600
rpm (Table III) with values of 11.7 cm'- 100 mg1 and
137 ym, respectively, for S. and d: these values of
C. are shown in the second column of Table V.' By

'In the preceding calculations dealing with diffusion-
limited uptake, the values of d and S. given in Table IV
are appropriate, since they were derived specifically for
the situation where Cs for the probe molecules approached
0. It does not necessarily follow, however, that these values
are appropriate for molecules whose uptake is primarily
membrane-limited, so that C, more closely approaches Cl
than 0. It is reasonable to assume, therefore, that for these
compounds S.O might be slightly greater than 11.7 cm2'100
mge. However, as is apparent in Eq. 5, the correction
factor depends upon the ratio of d to S., not necessarily
the absolute value of either of these: thus, for the condi-
tions assumed above, d/S. equals 1.17 X 10' 100 mg-cm-,.
If a larger surface area is involved in the absorption of
these less permeant compounds, then it is likely that the
mean value of d also would increase as the molecules
move further down between villi, so that the ratio would
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correcting each flux rate for the appropriate value of
C2, the first set of permeability coefficients, shown in
the third column of Table V, were obtained. These
values, however, are normalized to 100 mg tissue dry
weight: in order to obtain P values normalized to the
area of the microvillus membrane, a value for Sm was
required. If the effective surface area of the unstirred
water layer in this experimental circumstance equals
11.7 cm' 100 mg-', and if the microvillus folds in-
creased the area of the mucosal cell membrane by a
factor of 24, then Sm should equal approximately 208.8
cm2. 100 mg-1 (22). With this value, the second set
of permeability coefficients, shown in the last column of
Table V, were obtained. Obviously this calculation as-
sumes that all of the microvillus membrane partici-
pates in this absorptive process. The calculated perme-
ability coefficients, therefore, are minimum values.
The permeability characteristics of the intestinal

brush border also can be described in terms of the
relative effect on permeation of the addition of specific
substituent groups to the probe molecules. For ex-
ample, when the logarithm of either set of permeability
coefficients is plotted as a function of chain length for
the fatty acids 7: 0 through 12: 0 and the alcohols 6: 0
and 8: 0, the slopes of the best fit straight lines corre-
spond to an average increase in P by a factor of 1.52
for each -CH2- group added to the chain. This,
in turn, equals an incremental free energy change,
8AFw,1, of - 258 cal mol-' (25). By the permeability
data for the four bile acids, the addition of a -OH

remain relatively constant. The validity of this assumption
and the magnitude of the potential errors inherent in these
calculations can be tested by determining the effect of rea-
sonable variations in d/S. on the semilogarithmic plot of P
against chain length for the fatty acids 7: 0 through 12: 0:
the corrected value of this ratio should yield a straight line
relationship. Consider first the situation, where d/S. is
two-fold greater, i.e., equals 2.34 X 10' 100 mg-cm-'. This
situation is very unlikely, since it would imply that these
less permeant molecules are transversing an unstirred layer
where either Sw is smaller relative to d or, alternatively,
where d is disproportionately larger relative to S., than
is true for molecules whose uptake is completely diffusion-
limited. Indeed, when this value is used, in P is not linear
with respect to chain length but rather the curve turns
sharply upward, indicating an inappropriate overcorrection
for unstirred layer resistance. The more likely possibility
is that d/S. is less than 1.7 X 10' 100 mg-cm', since this
would imply that for these molecules S.o should be increased
by an amount disproportionately larger than the appropriate
increase in d. However, even when S. is assumed to be
two-fold larger so that d/S. equals 0.59 X 10' 100 mg-
cm'1, the calculated permeability coefficients are reduced
only slightly below those given in Table V. Hence, while
there is some uncertainty as to the values of d and S
that are appropriate for passively absorbed molecules of
low permeability, this uncertainty introduces only minor
errors into the calculations of P.

TABLE V
Calculation of Corrected Permeability Coefficients

(Jd) (d)

Test molecule (S.) (D) C2 P P X 106

mM mM nmol minl cmM-s-'
* 100 mg-'

Saturated fatty acids (FA)
FA 4:0 0.03 0.97 22.4 1.79
FA 5:0 0.03 0.97 16.7 1.33
FA 6:0 0.05 0.95 26.4 2.11
FA 7:0 0.04 0.96 24.4 1.95
FA 8:0 0.05 0.95 28.8 2.30
FA 9:0 0.10 0.90 49.9 3.98
FA 10:0 0.14 0.86 74.4 5.94
FA 12:0 0.32 0.68 185.1 14.77

Saturated alcohols (Aic)
Alc 6:0 0.16 0.84 119.9 9.57
Alc 8:0 0.40 0.60 344.2 27.47

Bile acids
Taurocholate 0.00 1.00 1.3 0.10
Taurodeoxycholate 0.01 0.99 4.2 0.34
Cholate 0.06 0.94 18.1 1.44
Deoxycholate 0.11 0.89 36.7 2.93

To calculate P for the various probe molecules, the experimentally deter-
mined Jd obtained at a stirring rate of 600 rpm, shown in the third column
of Table III, were corrected for unstirred layer resistance as described in
the text. The correction term for the unstirred layer effect, (Jd) (d)/ (Sw) (D),
shown in the first column, was calculated with a value of 11.7 cm2. 100 mg-
for Sw and 137 gm for d (Table IV). D was obtained as described in ref 13.
The calculated concentrations of each probe molecule at the aqueous-lipid
interface, i.e., at C2, is given in the second column. Two different sets of P
were calculated and are shown in the third and fourth columns. The first
group was normalized to tissue dry weight. These were calculated for each
probe molecule by dividing its Jd value at 600 rpm (Table III) by its con-
centration at the interface, C2. In the second group, the P were normalized
to the surface area of the microvillus membrane and were calculated by
dividing each permeability coefficient in the third column of this table by
Sm, estimated to equal 208.8 cm2- 100 mg-' in this experimental circum-
stance, and reducing the units to cm-s-1.

group reduced the rate of uptake by a factor of 0.40
(5AFw.1, + 564 cal mol1) while the substitution of
the taurine group for the carboxyl function diminished
permeation by a factor of 0.093 (85FW b1, + 1,463 call
mol'). Finally, in going from an R-H2COH group to
R-COO-, uptake was reduced by a factor of 0.15
(&AFW 1) + 1,162 cal mol`). Thus, the microvillus
membrane of the rabbit jejunum, like several other
epithelial surfaces recently studied, is a relatively polar
structure: more polar, in fact, than bulk isobutanol (6,
12, 13, 25). 3

'The rate of passive penetration of a cell membrane is
determined primarily by the membrane: water partition co-
efficient of a particular solute molecule (25). The relative
polarity, therefore, of a particular biological membrane
can be judged by comparing the effect of a substituent
group on permeation of that membrane with the effect of
the group on the lipid: water partition coefficients of the
probe molecule with various bulk solvents. For example,
the addition of an -OH group to a molecule will reduce
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These permeability characteristics for the jejunum
may be compared with those of another tissue in this
species, since Smulders and Wright have recently re-
ported an analysis of both the relative and absolute
permeability characteristics of rabbit gallbladder (6).
These authors found that the gallbladder epithelium
also behaves as if it is more polar than isobutanol:
the addition of a -OH group to a probe molecule, for
example, reduced permeation by a factor of only 0.49.
In addition, the absolute permeability coefficient for
1,6-hexanediol, corrected for the surface area of the
luminal epithelial membrane, was 4.6 X 10' cm s'
while in the jejunum this compound would have an
expected permeability coefficient of 3.8 X 106 cm s'.'
Thus, in both relative and absolute terms these two
epithelial surfaces are very similar. Whether these per-
meability features are characteristic of all mammalian
membranes or are peculiar to epithelial surfaces remains
an unanswered question of critical importance.

Finally, it should be emphasized that while the values
of SW and d derived from these studies are appropriate
for considerations of passive absorption, they cannot be
utilized for correction of unstirred layer effects on ac-
tive transport processes in the intestine. It seems a
reasonable possibility that active transport sites may
be distributed over an area of the mucosal surface
different from that involved in passive absorption, so
that the mean values of S. and d would differ from
those quoted above. Because of the significant effects
that unstirred layers may have on the kinetics of active
transport (10, 32), however, it is of critical importance
that techniques be developed to establish appropriate
values for SW and d for carrier-mediated processes.

its partitioning into isobutanol, ether, and olive oil by a
factor of 0.197, 0.033, and 0.011, respectively (25). Thus,
that the addition of this substituent group reduces the
permeability coefficient for probe molecules in the jejunum
by a factor of only 0.40 indicates that the microvillus mem-
brane is even more polar than isobutanol.
'The permeability coefficient of 1,6-hexanediol reported

by Smulders and Wright in gallbladder equaled 6.4 X 10'
cm' s1 when the flux rate was corrected for unstirred layer
resistance and normalized to the area of the chamber (6).
However, they estimated that the mucosal folds increased
the surface area by a factor of 14; therefore P for this
compound normalized to the surface area of the cell mem-
brane equals 4.6 X 10- cmI s'. These data also allow a
comparison between the functional surface areas of the
two membranes. In the gallbladder there was 14 cm2 cell
surface/cm2 exposed epithelium. In the jejunum Sm was
considered to equal 208.8 cm2 100 mg-; since the incubation
chamber aperture had a surface area of 0.79 cm2 and held,
on the average, 25 mg dry wt of tissue, this corresponds to
66 cm' absorbing cell surface/cm2 of exposed tissue. The
permeability coefficient for 1,6-hexanediol in jejunum was
calculated by assuming that the addition of one more -OH
group to hexanol would reduce its P value (9.57 X 101
cm s'1) by a factor of 0.40.
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