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Summary. Water and electrolyte movement in the jejunum of normal sub-
jects and patients with sprue was measured during perfusion with isotonic
electrolyte solutions. Normal subjects absorbed water, sodium, and po-
tassium. By contrast, in patients with sprue (seven with adult celiac sprue
and one with tropical sprue) who had diarrhea and steatorrhea, these sub-
stances were secreted into the intestinal lumen. This indicates that the
jejunal mucosa of these patients was in a secretory state with respect to water
and electrolytes.

A method is presented for detecting abnormalities in the effective pore size
in disease states. The method is based on the principle of restrictive diffu-
sion and involves measuring the simultaneous diffusion rates of solutes of
different molecular size. Since the method does not depend on measurement
of water flow in response to osmotic pressure gradients, it can be used in
disease states in which absorption and secretory processes involving water
may be abnormal.

The ratio of urea to tritiated water diffusion in the jejunum of normal
subjects averaged 0.8, compared to 0.2 in patients with sprue. This indi-
cates a marked decrease in the effective pore size of the jejunal mucosa in
sprue. This conclusion was strengthened by the finding that erythritol and
L-xylose, which are somewhat larger solutes than urea, are essentially non-
absorbable in small bowel involved with sprue.

Introduction

Malabsorption of water and electrolytes is a
well-known feature of sprue. It is not clear,
however, whether this is due simply to decreased
mucosal surface area of small bowel mucosa, or
whether specific alterations of permeability and
transport processes are also involved. The de-
velopment of intestinal perfusion techniques offers
a means for studying this problem.
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The present experiments were designed to ex-
amine two aspects of the functional characteris-
tics of the intestinal epithelium in sprue: first, the
ability of the intestine to absorb water and elec-
trolytes from an isotonic perfusion; and second,
the permeability of the intestinal mucosa to water
and nonelectrolytes. At the outset, we recognized
that permeability to water and nonelectrolytes is
likely to be deranged in sprue because of the
marked decrease in the surface area that is char-
acteristic of this disease. In addition, however,
sprue may alter intestinal permeability by chang-
ing the length, size, or number of water—filled pores
in the intestinal cell membranes.

In previous studies in normal subjects we mea-
sured effective pore size by comparing bulk wa-
ter flow across the intestinal mucosa induced by
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perfusion of solutions made hypertonic with sol-
utes of different molecular size (1). Preliminary
data indicated that this method is subject to large
. errors in sprue because of very low rates of wa-
ter flow in response to osmotic pressure gradients,
and because sprue mucosa was found to be in a
secretory state with respect to water and electro-
lytes. We have therefore developed a different
method for detecting abnormalities in pore size
that is not affected by these technical problems.
The method is based on the principle of restric-
tive diffusion [as developed by Renkin (2)] and
involves measuring the simultaneous diffusion
rates of solutes of different molecular radii. Thus,
a membrane with a small effective pore size will
readily discriminate between a small and a larger
solute, so that the diffusion ratio of the large rela-
tive to the small solute will be low. If, on the
other hand, the same two solutes are exposed to
a membrane with a larger pore size, less discrimi-
nation will occur, and the solute diffusion ratio
will be higher, and approach 1 as the size of the
pore increases. If the diffusion of the different
solutes is measured simultaneously, such variables
as surface area, number of pores, pore length,
variations in flow rate, and variations in intestinal
motility will cancel out when results are expressed
as a ratio. Under these conditions, the ratio will
be a function principally of the effective size of
the diffusion channels.

The present studies, conducted in patients with
severe and moderate sprue, have demonstrated
abnormalities of both intestinal transport processes
and intestinal permeability that cannot be attrib-
uted to abnormalities of surface area or intestinal
motility. We found that perfusion of isotonic
electrolyte solutions elicits a secretory response
in patients with sprue, in contrast to normal sub-
jects, and that this abnormality is not corrected
by adding glucose to the test solutions. In addi-
tion, the diffusion rates of L-xylose, erythritol,
and urea are disproportionately reduced relative
to the diffusion of tritiated water. This increased
selectivity suggests that there is a marked de-
crease in the effective pore size of sprue mucosa.

Methods

Nine patients with adult celiac sprue and one with
tropical sprue were studied. Data on manifestations of
the disease, degree of steatorrhea and small bowel dila-
tation, xylose test, mucosal biopsy, and response to
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gluten—free diet are given in Table I. Control subjects
were normal volunteers, ages 21 to 70 years, without
evidence of gastrointestinal disease. .

In all subjects test solutions, containing a volume
marker, polyethylene glycol (PEG) (6), were infused
into the small intestine at 9 ml per minute through the
proximal opening of a triple-lumen tube (1, 7) that had
been previously checked fluoroscopically to ascertain its
position. After a 30-minute equilibration period, per-
fusates were collected continuously for 1 hour at points
10 and 40 cm distal to the site of infusion, via the other
openings of the tube. Water and solute movement within
the test segment between the two collecting sites was
determined by methods that have been previously de-
scribed (1, 7).

Normal subjects and patients were studied sequen-
tially with three test solutions, each designed to mea-
sure a specific aspect of water and solute movement.
1) The first period was used to measure net water and
electrolyte absorption from an isotonic electrolyte solu-
tion containing 140 mEq per L of sodium, 5 mEq per
L of potassium, 110 mEq per L of chloride, and 35 mEq
per L of bicarbonate. In some experiments 20 mM glu-
cose was included in the perfusion solution, and the con-
centrations of sodium and chloride were reduced slightly
to maintain isotonicity with plasma.

2) The second test period was used to measure solute
diffusion ratios. The theoretical background and prin-
ciples of this technique are described in the Appendix.
Test solutions contained 15 mM urea labeled with urea-
“C, 15 mM vL-xylose, and either 15 mM erythritol la-
beled with tritium, or 0.2 mc of tritiated water (THO).
Sodium chloride was added to make the solution isotonic
to plasma. The absorption rates of solutes of different
molecular radii (THO, 1.5 A; urea-**C, 2.3 A; erythri-
tol-*H, 3.2 A; r-xylose, 3.5 A) (8) were measured in
the test segment between the proximal and distal col-
lecting sites (7), and the diffusion ratio of solute pairs
was determined by Equation 8 in the Appendix.

3) The third period was used to measure the filtration
coefficient of the intestine, by a previously described
method (1). Briefly, this involves measurement of net
water movement into the intestinal lumen in response
to perfusion of isotonic electrolyte solutions made hyper-
tonic by addition of mannitol. In calculating the re-
sults in sprue patients, we subtracted net water move-
ment during isotonic perfusion (determined from the first
study period) from water movement observed during hy-
pertonic perfusion in order to determine the amount of
water flow in response to the osmotic gradient per se.
A similar correction is not necessary in normal subjects
since net water movement during perfusion with iso-
tonic electrolyte solutions is negligible compared to the
high rate of water flow in response to osmotic pressure
gradients.

Additional studies on restrictive diffusion

The effect of antidiuretic hormone (ADH) on solute
diffusion ratios in the normal intestine was studied by
measuring diffusion rates during two sequential test
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TABLE I
Clinical data on patients with sprue

Degree of
dilatation Degree of
of small Xylose test abnormality
Age and Duration of Degree of bowel by Normal by mucosal Response to gluten—
Patients  sex Primary manifestations illness steatorrhea X ray (3) >5 (4) biopsy (5) free diet
years g/5 hours
Fle 30 F Diarrhea, weight loss, 10 years Severe Mild Not done Severe Dramatic improvement
lethargy
Blu 57 M Diarrhea, weight loss >20 years Severe Moderate 2.4 Severe on 3 No response after 18
with inter- separate months; no response
mittent occasions to folic acid; im-
severe exac- proved on adrenal
erbations steroid therapy
Cad 33 F Diarrhea, weight loss, 10 years Severe Moderate 2.5 Severe Definite improvement
anemia
Flo 50 M Diarrhea, weight loss Several years  Severe Mild 1.7 Severe Dramatic improvement
Beh 40 M Diarrhea, potassium de- 7 months Severe Moderate 1.2 Severe Dramatic improvement
ficiency, weight loss
Gum 55 M Diarrhea, bleeding tend- Many years Severe Moderate 1.1, 1.0, 0.9 Severe Dramatic improvement
ency, weight loss
Dic 48 F Emaciation, diarrhea >20 years Severe Marked 0.7 Severe Diarrhea improved but
patient died 1 month
after study due to
ileal ulcer with per-
foration and peri-
tonitis
War 38 M Fatigue, weight loss (12 2 months None None 2.5,2.9 Moderate Definite improvement
pounds), megaloblastic
and iron deficiency
anemia
San 30 F Macrocytic anemiaof 5 years None None 3.3 Moderate Dramatic improvement
pregnancy, osteomalacia
Vin 35 M Diarrhea, weight loss, 8 months Moderately None 19,16 Moderate None after 2 months;
anorexia, contracted severe complete remission
in the Philippines on folic acid
periods. Before and during the first period the sub- moved, blotted, and weighed, and then their contents

jects were in a state of water diuresis, induced by in-
fusion of water into the intestine 75 cm below the col-
lection point of a double-lumen tube. In addition, 3%
glucose in water was given intravenously at a rate of
600 ml per hour. Solute perfusion was not started until
urinary osmolality was less than 100 mOsm per kg.
After the first study period, infusion of water into the
small intestine was discontinued, and the intravenous
infusion was changed to 5% glucose in water with
aqueous Pitressin. The latter was given at a rate of
200 mU per hour during the second test period, which
was defined as starting 30 minutes after the Pitressin
infusion was begun. Solute diffusion ratios were de-
termined by comparing PEG and solute concentrations
in the infused test solution and in the perfusate collected
25 cm distally (Appendix, Equation 8).

In vitro studies

a) Cellulose dialysis tubing. Solute diffusion ratios
were measured in 15-cm lengths of Visking cellulose
tubing. The tubing was tied at one end with silk su-
ture, and 2 ml of normal saline solution containing ra-
dioisotopes of the solutes to be studied was injected into
the bag. The other end was tied with silk and dipped
into normal saline solution, blotted, weighed, and then
returned to the saline bath. After 10 to 30 minutes, de-
pending on the solutes being studied, the bags were re-

were emptied into test tubes and subsequently counted.
The ratio of the diffusion of solute pairs was calculated
by methods described in the Appendix. The solutes
used in these experiments were tritiated water, urea-“C,
tritiated erythritol, and tritiated d-xylose.

"b) Toad bladder. The effects of aqueous Pitressin
(ADH) on solute diffusion ratio of tritiated water and
urea-*C were studied with the technique described by
Bentley (9). The bathing solution was that used by
Bentley, and the incubation period was 2 hours. In
three experiments, the bathing solution had no ADH dur-
ing the first test period, and during the second period
this hormone was added to the serosal media in a con-
centration of 5 mU per ml. In one experiment this order
was reversed. Diffusion ratios were calculated as de-
scribed in the Appendix.

Analytical methods

PEG was determined in duplicate by the method of
Hyden (10). In our hands this method is reproducible
within % 2% on duplicate testing. 1-Xylose was measured
by the method of Roe and Rice (11) and osmolality by
freezing point depression; sodium and potassium were
analyzed by flame photometer and tritium and *C by
counting in a Packard Tri-Carb liquid scintillation
spectrometer,
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Results

Net water and electrolyte movement during perfu-
sion with isotonic electrolyte solutions

During perfusion with isotonic electrolyte solu-
tions, normal subjects absorbed an average of
1,551 pl per hour per cm of water and 207 and 19
pEq per hour per cm of sodium and potassium,
respectively. By contrast, as shown in Table II,
all patients with celiac sprue and steatorrhea se-
creted both water and sodium into the intestinal
lumen, and all but one secreted potassium. Mean
water secretion was 2,328 pl per hour per cm,
mean sodium secretion was 278 pEq per hour per
cm, and mean potassium secretion was 14 uEq per
hour per cm. The two patients with celiac sprue
without steatorrhea showed essentially zero net
water movement, but both absorbed sodium nor-
mally (205 and 172 pEq per hour per cm). One
absorbed potassium, and the other demonstrated
zero net potassium movement. The patient with
tropical sprue secreted water, sodium, and potas-
sium in amounts comparable to those seen in pa-
tients with celiac sprue with steatorrhea.

It has been previously shown that the presence
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of glucose in the jejunum of normal subjects
stimulates sodium absorption from electrolyte solu-
tions (12). To see whether a similar effect oc-
curs in sprue, we carried out additional studies on
patients Vin, Dic, and Gum. The jejunum of
these patients was perfused with an isotonic elec-
trolyte solution containing 20 mM glucose. The
presence of glucose did not affect the secretion of
sodium, potassium, or water. The secretory rates
were approximately the same with and without
glucose in the perfusate.

Measurement of osmolality and sodium and po-
tassium concentrations in fluid collected from both
collection tubes in normal and sprue patients dem-
onstrated that osmotic gradients and sodium and
potassium concentration gradients between gut
lumen and plasma were not present during these
studies. Gross inspection of the fluid collected
from the sprue patients did not reveal any differ-
ences from normal subjects. The perfusate of
three sprue patients was analyzed for hexosamine,*
and no differences were found between normal and
sprue subjects.

1 The analysis was performed by Dr. J. Donald Smiley.

TABLE II

Net water and electrolyte movement, filtration coefficient, and urea/THO diffusion ratio in
jejunum of patients with sprue and in normal subjects*

Diffusion ratio Filtration

Water Sodium Potassium THO/urea coefficient
. ul/hr/cm uEq/hr/cm uEg/hr/cm ul/mOsm/hr/cm
Adult celiac sprue
With diarrhea
and steatorrhea
Fle 43,800 +480 +43 41
Blu +1,880 +216 +14 8
Cad +3,360 +448 -2 4
Flo +-4,000 +443 +24 0.13 35
Beh 41,600 + 97 -5 0.09 9
Gum + 800 4120 + 6 0.20 17
Dic + 858 +139 + 8 0.21
Mean 42,328 +278 +14 0.16 - 19
Without diarrhea
or steatorrhea
War - 36 —172 0 161
San 0 —205 -7 0.22 127
Tropical sprue
Vin 42,640 +381 +33 0.28 18
Normal (n = 10) —1,551 —207 —19 0.82 135
(Range) (—198--2,178) (—30--300) (—8-—59) (0.66-0.88) (69-195)

* THO = tritiated water; — = absorption; 4 = secretion.
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TABLE III
Restrictive diffusion in cellulose membranes ( Visking)

Unstretched tubing

Stretched tubing

No. ex- No. ex-
peri- Average Pore peri- Average Pore
ments ratio Range of ratio size ments ratio size
A A

Urea/THO 6 0.7473 0.7000-0.7840 14.0 1 0.6319 9.7
Erythritol/urea 5 0.6429 0.6225-0.6734 12.0 2 0.4576 9.6
L-Xylose /urea 4 0.6368 0.6124-0.6603 14.8 1 0.4312 9.5
Average 13.6 9.6

Restrictive diffusion

A series of in wvitro studies was performed to
determine the sensitivity of the relative diffusion
rates of different solutes to changes in pore size
of artificial and biologic membranes. Cellulose
dialysis tubing, with and without longitudinal
stretching [which decreases effective pore size
(13)], and the toad bladder with and without
Pitressin were chosen for study.

Cellulose bags. The pore radius of Visking cel-
lulose tubing was determined with three pairs of
solutes, and the results are given in Table III.
Pore radius, calculated by Renkin’s (2) equation
for restricted diffusion, ranged from 12.0 A with
urea and erythritol to 148 A with urea and
xylose. These results are in good agreement with
those reported by Renkin (2).

Diffusion ratios were also measured in cellulose
bags that had been stretched longitudinally; this
procedure has been shown by Craig and Konigs-
berg to decrease the effective pore size of cellulose
membranes (13). Results of four experiments in
four different stretched bags are shown in Table
II1. It is evident that the diffusion ratio of each
solute pair decreased, which is compatible with a

decrease in effective pore radius of the stretched
bag.

Toad bladder. As shown in Table IV, ADH
increased the diffusion of both THO and urea
through the toad bladder. However, the percent-
age increase in urea diffusion was greater than that
of THO. Consequently, the solute diffusion ratio
in each of the four bladders was increased by ADH,
indicating an increase of the effective pore radius.

These in vitro studies indicate that solute dif-
fusion ratios are sensitive to changes in the ef-
fective pore size of membranes and suggest that
the principle of restrictive diffusion may be use-
fully employed in studying permeability charac-
teristics of the intestine.

Human small intestine

a) Diffusion ratios of different solute pairs in
the normal small intestine. Three pairs of solutes
were studied: THO and urea, urea and erythritol,
and urea and L-xylose. Mean results in the je-
junum (Table V) were as follows: urea/THO,
0.82; erythritol/urea, 0.50; L-xylose/urea, 0.31.

The reproducibility of this technique in indi-
vidual subjects was assessed by measuring solute

TABLE IV
Solute diffusion in toad bladder

No ADH* ADH
Diffusion Diffusion
Bladder THO ab- Urea ab- ratio THO ab- Urea ab- ratio
no. sorptiont sorption urea/THO sorption sorption urea/THO
% % % %
1 47.1 8.3 0.142 76.5 24.8 0.209
2 56.8 7.2 0.108 76.5 21.0 0.167
3 69.7 13.3 0.121 91.4 30.6 0.157
4 54.5 3.5 85.8 24.4 0.151

0.073

* ADH = antidiuretic hormone.

t The term absorption denotes disappearance of solute from the lumen of the toad bladder during a 1-hour study

period.
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TABLE V
Diffusion ratio for solute pairs in normal jejunum

Diffusion ratio
No.

studies Mean Range
Urea/THO 10 0.82 0.66-0.88
Erythritol/urea 8 0.50 0.42-0.57
L-Xylose/urea 14 0.31 0.21-0.38

diffusion ratios during two sequential test pe-
riods. The results, shown in Figure 1, demon-
strate excellent agreement between the two test
periods. Furthermore, it is evident that perme-
ability of the small bowel mucosa, as measured by
this technique, does not change during two per-
fusion periods.

To establish whether the blood level of ADH
affects pore size of the human intestine, we mea-
sured solute diffusion ratios during sequential
test periods, the first during water diuresis (uri-
nary osmolality < 100 mOsm per kg), the sec-
ond during intravenous infusion of ADH, at a rate
of 200 mU per hour. That this amount of ADH
was sufficient to exert a biologic effect was dra-
matically evident in each subject by a marked re-
duction in urine flow and an increase in urinary
osmolality. The results in the intestine, shown in
Figure 2, demonstrated no effect of ADH on sol-
ute diffusion ratios. Furthermore, ADH did not
change the absolute rate of absorption of THO,
urea, erythritol, or L-xylose. For instance, in the
jejunum, where most of these studies were done,
mean absorption rates before and after ADH
were as follows: THO, 59.3 and 56.9%; urea,

1.0} o—e Erythritol : Urea
o--=e L~ Xylose : Urea
o8l oo Urea: THO
Diffusion o mrm— e
Ratio osel
4 '\.
04}
o2t
st 2nd
Study Study
F16. 1. REPRODUCIBILITY OF SOLUTE DIFFUSION RA-

TIOS IN THE HUMAN SMALL INTESTINE DURING SEQUEN-
TIAL TEST PERIODS. THO = tritiated water.
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o—e Erythritol : Urea
e---e L - Xylose : Urea

1.0t oo Urea: THO
e ® o lleum
o8} ffw e Jejunum
Diffusion

Ratio O8f

o4}

o2t

Water ADH
Diuresis

Fi1c. 2. EFFECT OF ANTIDIURETIC HORMONE (ADH),
INFUSED INTRAVENOUSLY, ON SOLUTE DIFFUSION RATIOS IN
THE HUMAN SMALL INTESTINE.

62.9 and 62.4; erythritol, 44.3 and 464; and
L-xylose, 25.6 and 29.5. Likewise, ADH did not
influence absorptive rates or diffusion ratios of
these solutes in the ileum.

It proved impossible to accurately measure dif-
fusion of L-xylose and erythritol in the ileum be-
cause absorption of these solutes was negligible
in this area of the small intestine. This is in- ac-
cord with our previous finding that the reflection
coefficient of erythritol and xylose approaches 1.0
in the ileum (1). However, urea and THO were
absorbed in the ileum to an extent that made it
possible to compute diffusion ratios with this solute
pair. The data in Table VI compare jejunal and
ileal absorption rates of urea and THO and the
diffusion ratio of this solute pair. It is evident
that THO absorption was only slightly less in the
ileum than in the jejunum (56 compared to 60%),
but that urea absorption was markedly less in the
ileum than in jejunum (20 compared to 52%).
This selective decrease in ileal urea absorption
caused the solute diffusion ratio to be much less
in the ileum than in the jejunum.

Since we hoped to use solute diffusion ratios as
a measure of intestinal permeability in diarrheal
diseases, in which abnormalities of water move-
ment are likely to occur, it was important to see
whether variations in the direction and magnitude
of water movement affect the diffusion ratios.
Therefore, diffusion ratios in the jejunum were de-
termined under experimental conditions in which
net water movement was manipulated over a wide
range by the addition of varying amounts of man-
nitol to the test solution. Although water move-
ment varied from an absorption rate of 5,700 to a
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TABLE VI
Absorption rates and solute diffusion ratios of THO and urea

Urea absorption

THO absorption Diffusion ratio

suggéts Mean - Range Mean Range Mean Range
% % % %

Normal jejunum 10 52.2 44-64 60.1 51-74 0.82 0.66-0.88
Normal ileum 8 19.7 13-29 55.7 32-81 0.34 0.17-0.52
Sprue with ste-

atorrhea

(jejunum) 5 8.5 6-13 40.5 29-54 0.21 0.09-0.28
Sprue without

steatorrhea

(San, jejunum) 1 30.3 76.6 0.22

secretion rate of 7,200 ul per hour per cm, mean
flow rate in the intestinal segment was kept con-
stant during all of these studies by methods that
have been previously described (1). These results,
given in Figure 3, demonstrate that absorption of
THO and urea is accelerated by high rates of wa-
ter absorption and depressed by high rates of wa-

60
Solute Absorption
Rate
%

40

20

1.2F

Diffusion Ratio gl « ©
Urea : THO v °

4r

1 1
+2000 O ~-2000
4
N
Rate Of Water Movement uL/hr./cm

. .
+6000 ~6000

Fic. 3. EFFECT OF DIRECTION AND MAGNITUDE OF NET
WATER MOVEMENT ON ABSORPTION OF UREA-“C Anp THO
(UPPER PANEL) AND ON THE UREA: THO DIFFUSION RA-
TI0 (LOWER PANEL) IN THE NORMAL JEJUNUM. Water
movement was manipulated by addition of varying
amounts of mannitol to test solutions, and mean flow
rate during different rates and directions of water move-
ment was controlled by methods previously described
(1). Water absorption is indicated by a minus sign,
secretion by a positive sign. Regression lines are cal-
culated by the method of least squares. For compara-
tive purposes, the mean water absorption or secretion
rate during perfusion with isotonic electrolyte solutions
is indicated by N for normal subjects and S for sprue
patients.

ter secretion. The urea: THO diffusion ratio,
however, is not altered by the rate or direction of
water movement.

b) Diffusion ratios in the jejunum of patients

‘with sprue. Calculation of diffusion ratios using

xylose and erythritol was impossible in patients
with sprue because the absorption rates of these
solutes were negligible. Only the ratios of urea
to THO gave interpretable results in these pa-
tients. Unfortunately, this was not recognized
in advance, so that urea/THO diffusion ratios
were not measured in patients Fle, Blu, and Cad.
Compared to the jejunum of normal subjects,
patients with sprue had reduced absorption rates
of both THO and urea (Table VI). However,
urea absorption was reduced much more dramati-
cally (8.5 compared to 52.2% in normals) than
was THO absorption (40.5 compared to 60.1%).
Thus, each patient with sprue who was studied
with this solute pair had a marked reduction of
the solute diffusion ratio. Even in San, who had
sprue by mucosal biopsy but no diarrhea or steator-
rhea, the diffusion ratio was markedly reduced,
0.22.2 :

Filtration coefficient

The filtration coefficient for normal subjects
was determined by measuring water movement
across the intestinal mucosa in response to hyper-

2The possibility that intestinal urease activity was
modifying the apparent absorption rate of urea was ex-
cluded by incubating labeled urea in collected perfusate.
After 2 hours of incubation at 37° C, there was no evi-
dence of urea breakdown. Even if there had been
greater urea breakdown in the patients with sprue, the
result would be to falsely elevate the diffusion ratio and
could not account for the observed differences between
patients with sprue and normal subjects.
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osmotic solutions containing mannitol. As shown
in Table II, normal subjects had a mean filtration
coefficient of 135 pl per mOsm per hour per cm
(range, 69 to 195) in the upper jejunum. In pa-
tients with sprue a correction had to be made for
the basal secretory state of the epithelium in this
disease, which was documented above. When this
correction was made, by subtracting basal secre-
tion from water movement observed during per-
fusion with hyperosmotic solutions containing
mannitol, very low filtration coefficients were cal-
culated for each of the seven patients with steator-
rhea. On the other hand, the two patients with
celiac sprue without steatorrhea (both of whom
had only a moderately severe mucosal lesion by
jejunal biopsy) had filtration coefficients that fell
within the normal range.

Discussion

These studies demonstrate several abnormal
characteristics of the jejunal mucosa in sprue that
probably contribute to water and electrolyte losses
in this disease. First, during jejunal perfusion of
patients who had severe celiac sprue by mucosal
biopsy and who had diarrhea and steatorrhea clini-
cally, water, sodium, and potassium were added to,
rather than absorbed from, the perfusate. Similar
results were noted in one patient with tropical
sprue. Since the osmolality and ionic composition
of the perfusate were the same as those of plasma,
net water and electrolyte movement cannot be at-
tributed to solute concentration gradients or to os-
motic pressure gradients between intestinal con-
tents and blood. These results therefore indicate
that the jejunal mucosa of these patients is in a
secretory condition with respect to water and
electrolyte movement, the amount secreted being
even greater than the amount of these substances
that is absorbed in normal subjects. Addition of
glucose to the perfusion solution, which in normal
subjects stimulates jejunal absorption of sodium
and water (12), had no demonstrable influence on
the secretion of water and electrolytes in patients
with sprue.

The specific cells involved in this secretory
process are, of course, unknown. Trier has shown
by electron microscopy that the undifferentiated
crypt cells of normal jejunum secrete material
into the crypt lumen in response to intravenous
pilocarpine (14), and perhaps these cells, which
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are relatively increased in sprue, are responsible
fof the water and electrolyte secretion we ob-
served. However, Trier’s histochemical studies
suggested that the secretory granules of normal
undifferentiated crypt cells were composed at
least in part of a neutral polysaccharide-protein
complex, whereas analysis of the intestinal per-
fusate in sprue failed to show a high concentra-
tion of hexosamine,

In contrast to the patients with severe celiac
sprue by mucosal biopsy, two subjects with only a
moderately severe mucosal lesion by biopsy who
did not have diarrhea or steatorrhea absorbed so-
dium and potassium normally, although water ab-
sorption was not so rapid in these patients as in
the normal subjects.

The secretory condition of the sprue intestine
makes it difficult, if not impossible, to accurately
appraise the intrinsic permeability characteristics
of the jejunal mucosa in this disorder by tech-
niques that were previously used in normal sub-
jects (1). We therefore attempted to study per-
meability in sprue by measuring the relative dif-
fusion rates of solutes of differing molecular radii,
a method that has several technical advantages
over the previous technique. For instance, mea-
surement of relative diffusion rates requires only
a single perfusion of an isotonic solution con-
taining two solutes of different molecular radii,
rather than two sequential perfusions with hyper-
tonic fluids. This allows permeability measure-
ments to be carried out in a shorter period of time
and obviates the necessity of giving intravenous
fluids to prevent shifts in blood volume, blood
flow, and so on, secondary to gut perfusion with
hypertonic fluids. In addition, studies carried
out within a given intestinal segment are highly
reproducible, as shown in Figure 1. This is al-
most certainly related to the fact that diffusion
rates are measured simultaneously, and therefore
variations in the length and area of the intestine
exposed to the test solution, and variations.in in-
testinal motility (as might occur during sequen-
tial perfusions), cannot influence the results. Fi-
nally, since this method is not dependent on the
measurement of water flow in response to osmotic
gradients, it can be used in disease states in which
absorptive and secretory processes involving wa-
ter and electrolytes may be abnormal, which would
invalidate the previous method.
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In vitro studies with cellulose membranes, and
with the toad bladder, with and without ADH, in-
dicate that changes in membrane permeability can
be detected by measuring relative diffusion rates
of different solutes. Furthermore, the markedly
lower diffusion ratio of urea to THO in the nor-
mal ileum than in the jejunum is in excellent
agreement with our previous study in normal sub-
jects in which we found, by a different technique,
that ileal pore radius is less than half that in the
normal jejunum (1).

The principal difficulty associated with the use
of diffusion ratios as a means of estimating the

. size of diffusion channels arises from the use of
tritiated water as one of the solutes. In the je-
junum the diffusion ratios of erythritol : urea and
L-xylose : urea give a calculated effective pore size
of about 9 A, which closely approximates that ob-
tained in our previous studies (1); by contrast,
the urea: THO, erythritol: THO, and r-xylose:
THO diffusion ratios all give a very large calcu-
lated effective pore size (greater than 20 A). A
similar discrepancy has been observed by Solomon
and co-workers (8, 15) and by us (16) when the
coefficient for diffusion of THO and the osmotic
flow of water are compared in the intestine; cal-
culated pore size by this method gives values of
30 to 40 A, whereas calculations on the basis of
reflection coefficients of nonlipid—soluble nonelec-
trolytes in both the rat and human give values of
4 to 9 A. These observations indicate that diffu-
sion of THO across the intestinal epithelium (but
not across toad bladder or cellulose membranes)
is restricted to a greater degree than would be
predicted from its molecular size. Possibly this
relates to the fact that diffusion coefficients of
solutes in water within pores are not known and
cannot be assumed to be equal to the diffusion co-
efficient in free solution, as is emphasized in the
Appendix. Unfortunately, only the urea: THO
diffusion ratio can be accurately measured in the
lower small intestine of normal humans and in the
jejunum of sprue patients because of the extremely
low diffusion rates of erythritol and L-xylose in
these areas of intestine. However, since the rela-
tive change in this diffusion ratio accurately re-
flects the known differences in the jejunum and
ileum of normal subjects, in the toad bladder with
and without ADH, and in cellulose membranes
with and without stretching, its use to indicate di-
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rectional changes in effective pore size in disease
states seems justified.

In the jejunum of patients with sprue, we found
that, compared to normal subjects, the absorption
rate of THO was only moderately decreased,
whereas the absorption of urea, xylose, and eryth-
ritol was markedly impaired. For instance, the
ratio of urea to THO diffusion in normal subjects
was 0.8, but in sprue it was only 0.2.

Although patients with sprue were secreting
water into the lumen (against the direction of dif-
fusion), whereas the normal subjects were absorb-
ing water, the data in Figure 3 indicate that
neither the direction nor magnitude of water flow
alters the urea: THO diffusion ratio. Conse-
quently, the markedly lower ratio in sprue patients
cannot be attributed to directional differences in
water movement and must represent some struc-
tural change in the membrane. As indicated in
Equation 8 of the Appendix, a selective reduction
in urea diffusion relative to tritiated water diffu-
sion could be due either to a reduction in pore size
or conceivably to an increase in structural orien-
tation of water within the pores (i.e., more ice-
like). The effect of water structure on the relative
diffusion rates of different solutes, however, has
not been studied. In addition, it seems unlikely
that water in pores will become more icelike with-
out a concomitant change in pore size. Conse-
quently, it seems most likely to us that the reduc-
tion in the diffusion ratio is due to a diminution in
the average effective pore size of sprue mucosa,
although the complexity of the small intestinal
mucosa precludes the calculation of a precise
dimension.

A decrease in average pore size might occur in
at least two ways. First, if all the solute mole-
cules penetrate the membrane exclusively through
a uniform set of pores, a fall in the solute diffusion
ratio from 0.8 to 0.2 would indicate a marked de-
crease in the radius of these aqueous channels.
Since the rate of THO diffusion was only modestly
decreased in sprue, this would suggest that the
relatively large pores of the normal jejunum had
been changed to a greater number of small pores
in sprue, an event that would not produce a
marked decrease in THO diffusion but which
would significantly decrease the diffusion of the
larger solutes and markedly restrict bulk water
flow in response to osmotic pressure gradients.
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A similar circumstance has been suggested in the
toad bladder, where the action of ADH is pic-
tured as reversibly making several small channels
into one large pore (17). Second, if the jejunal
barrier contains two sets of pores (either in the
same membrane or in two adjacent membranes),
one for THO diffusion and one for the diffusion
of the larger solutes, our data are compatible with
a decrease in the number of the larger pores while
the smaller channels are left intact. From a func-
tional point of view, however, this is the same as
decreasing the size of the uniform set of pores.
A decrease in effective pore size of the jejunal
mucosa in sprue would be expected to significantly
influence absorptive processes in the involved
areas of the gut. For example, water movement
in response to osmotic pressure gradients (which
is the major mechanism of water movement across
biologic membranes) is approximately propor-
tional to the fourth power of the radius of pores
in a membrane., Water movement is, therefore,
very sensitive to changes in pore size, and a de-
crease in pore radius of sprue mucosa would be
expected to make a major contribution to the re-
duced filtration coefficient noted in these patients
(Table IT).* In addition, passive movement of
sodium chloride, which may be an important
mechanism of salt absorption in the proximal hu-
man small intestine, would be expected to be
markedly reduced in areas of the intestine where
effective pore size is reduced. Finally, passive
absorption of nonelectrolytes would be reduced
in areas where membrane pore radius is decreased.
For instance, absorption of xylose, which has a
molecular radius of 3.5 A, would be dependent to
a large extent on the effective size of pores of the
mucosal cell membranes. Small pore radii in
sprue would, therefore, account for the fact that
xylose absorption is almost always markedly de-
creased in this disease. It is interesting that the
patient San in the present study absorbed xylose

3 The only exception to the association between di-
minished diffusion ratio and decreased filtration coeffi-
cient is in patient San, who had a urea/THO diffusion
ratio of 0.22 but a normal filtration coefficient. It is
noteworthy, however, that the absolute rate of THO
diffusion was greater than normal (Table VI), sug-
gesting that there might have been enough increase in
the number of pores to counteract the effects of dimin-
ished pore size and thus maintain a normal filtration
coefficient.
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very poorly even though she had no diarrhea or
steatorrhea. It seems likely that this was due to
a decrease in the effective pore size of her jejunal
mucosa, as evidenced by a urea/THO diffusion
ratio of 0.22 (compared to 0.82 in normal
subjects).

Taken in toto, these studies suggest that pa-
tients with celiac and tropical sprue, who have
steatorrhea and diarrhea, secrete water and elec-
trolytes and have a markedly reduced effective
pore radius of jejunal mucosa compared to nor-
mal subjects. There is no reason to believe that
these defects are interdependent. The two pa-
tients with “moderate” celiac sprue by biopsy who -
did not have diarrhea or steatorrhea did not se-
crete water and electrolytes, but, like those with
steatorrhea, they had a marked decrease in effec-
tive pore radius.

One other observation of the present study de-
serves comment. When antidiuretic hormone
(ADH) was given intravenously to normal sub-
jects undergoing water diuresis, the diffusion ra-
tio of urea/THO, erythritol/urea, and rL-xylose/
urea did not change. Furthermore, the absolute
absorption rate of these solutes was not altered
by the ADH infusion. These findings suggest that
the permeability barrier of the small intestine is
not under the control of the posterior pituitary
gland.

Appendix

In a given length (!) of intestinal segment (from =10
to I=1), perfused at a constant rate, a steady state will
be achieved in which the luminal concentration of solute
at any specified point is constant with time. However,
the luminal concentration changes with respect to distance.
The amount of substance diffusing per unit time (dN)
out of a small segment (dl) of perfused intestine is given
by the expression,

IN=-D2 aca [1]
AX ’
where D is the diffusion coefficient of the solute in free
solution, A is the effective diffusion area per unit length
of intestine, AX is the membrane thickness, and AC the
concentration difference of the solute across the mem-
brane (luminal concentration — plasma concentration).

If movement of an isotope is measured, it can be as-
sumed that the plasma concentration is always zero, and
AC becomes equal to the luminal concentration (C).
Since C=N/V, where N =amount of solute flowing by
per unit time and V = volume flowing by per unit time,
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Equation 1 becomes

dN =-D % % dl, which on rearrangement gives [2]
dN A d
N~ DPaxv L31

V is not constant along /, but changes in some indetermi-

nate way as a function of length [V(»], depending on ab-

.sorption or secretion of fluid or mixing with secretions

entering the test segment from higher in the intestine.

This means that the integral of 3 is indeterminate.
0

N=pA[& [4]

The diffusion rates for a single substance, therefore,
cannot be determined with certainty. However, if two
substances (Ni, N:) are incorporated into the perfusate
so that the function [V(»] is identical for both, the ra-
tio of the two diffusion rates can be obtained:

N,° A rd
In<—=D1-% | —
n N1 1 AX V(z)' and
N2 _ A, [ dl

nR, =Pax | vy

£s]

L6l

The terms (dl/Va and AX are identical in Equations
5 and 6.

The effective diffusion areas (Ai, A:) for two water—
soluble solutes depend not only on the number and size
of the channels in the membrane available for diffusion,
but also on the size of the diffusing molecule. There-
fore, in a membrane with a fixed number and size of
diffusion channels or pores, the effective diffusion area

(A, A: and so on) is different for every solute. Di-
viding Equation 5 by 6 gives
N1°)
In|
N.. A,D
1./ _ Ay [7]

N2\  A.D,
In (N—z) '

The quantity of the two solutes entering (N.°, N;°) and
leaving (N, N:) the test segment can be calculated from
their inflow and outflow concentrations and the concen-
tration of a nonabsorbable volume marker (PEG).
Therefore, Equation 7 becomes

n ( :PEG]C{’)
[PEGFC:/) _AD;

n (;PEG:Q,_o = A:Dy

[PEGI'C:

[8]

Renkin (2) has derived equations for restricted dif-
fusion through a membrane whereby the ratio Ai/A: for
a given solute pair can be used to calculate equivalent
pore size of the membrane. This calculation assumes
that the diffusion coefficient (D, and D.) through the
water in the pore is the same as that in free solution.
However, since water in the pore may not be in a fluid
state (17), this assumption may be unjustified. For ex-
ample, if water in pores were in a highly organized (ice-

- two diffusion rates are expressed as a ratio.
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like) state, the diffusion coefficients for all solutes would
be reduced (18). Moreover, the diffusion coefficients
for large solutes conceivably might be reduced dispro-
portionately to that of smaller solutes, although this
latter point has not been studied experimentally. In ad-
dition, the diffusion ratio for a solute pair diffusing across
a complex membrane such as the intestinal mucosa will
be a function of several different sets of pores in several
different diffusion barriers rather than a single set of
homogeneous pores. For these reasons, no attempt was
made to assign a precise dimension to the pores. A
change in the diffusion ratio, however, can be used to
indicate directional changes. For example, if the dif-
fusion rate of a large relative to the diffusion rate of a
small solute were reduced, this would indicate either a
decrease in the average effective pore size or possibly an
increase in the state of organization of water filling the
pores. From a functional point of view, however, either
of these two changes would have the effect of increas-
ing the selectivity of the membrane.

As indicated in the Methods, the experiments in the
present study were performed by perfusing a length of
intestine with a triple-lumen tube. The perfusion solu-
tion was infused through the most proximal opening, and
samples were collected through two more distal openings.
Analysis of the fluid collected from the most proximal col-
lecting site permitted correction to be made for mixing
with intraluminal contents. Thus, any change in the
concentration of PEG and solute between the proximal
and distal collecting sites must represent movement of
solute and water across the wall of the intestine. How-
ever, as indicated in Equations 5, 6, and 7, the effect of
mixing with intraluminal contents cancels out when the
For this
reason, it is immaterial whether the concentration of the
solute and PEG from the distal sample is compared with
that in the proximal sample or that in the infused test
solution.

Acknowledgments

We wish to express our appreciation to Drs. Robert
M. Donaldson, Jerry Trier, Kermit Knudsen, Marshall
Sparberg, Odell Hargrove, and Callum Bain for allow-
ing us to study their patients. We are also grateful to
Stephen Morawski and Charlotte Douglas for expert
technical assistance and to Carolyn Arnold for her as-
sistance in preparation of the manuscript.

References

1. Fordtran, J. S., F. C. Rector, M. F. Ewton, N. Soter,
and J. Kinney. Permeability characteristics of the
human small intestine. J. clin. Invest. 1965, 44,
1935.

2. Renkin, E. M. Filtration, diffusion, and molecular
sieving through porous cellulose membranes. J.
gen. Physiol. 1954, 38, 225.

3. Rubin, C. E, and W. O. Dobbins III. Peroral bi-
opsy of the small intestine. A review of its diag-
nostic usefulness. Gastroenterology 1965, 49, 676.



298

4. Fordtran, J. S, P. H. Clodi, K. H. Soergel, and

10.

. Lindemann, B., and A. K. Solomon.

F. J. Ingelfinger.
special
d-xylose.

Sugar absorption tests, with
reference to 3-O-methyl-d-glucose and
Ann. intern. Med. 1962, 57, 883.

. Laws, J. W.,, H. Shawdon, C. C. Booth, and J. S.

Stewart. Correlation of radiological and his-
tological findings in idiopathic steatorrhoea. Brit.
med. J. 1963, 1, 1311.

. Jacobson, E. D., D. C. Bondy, S. A. Broitman, and

J. S. Fordtran. Validity of polyethylene glycol in
estimating intestinal water volume. Gastroenterol-
ogy 1963, 44, 761.

. Cooper, H., R. Levitan, J. S. Fordtran, and F. ]J.

Ingelfinger. A method for studying absorption
of water and solute from the human small intes-
tine. Gastroenterology 1966, 50, 1.

Permeability
of the luminal surface of intestinal mucosal cells.
J. gen. Physiol. 1962, 45, 801.

. Bentley, P. J. The effects of neurohypophyseal ex-

tracts on water transfer across the wall of the
isolated urinary bladder of the toad Bufo marinus.
J. Endocr. 1958, 17, 201.

Hyden, S. A turbidometric method for the determi-
nation of higher polyethylene glycols in biologic
materials. Ann. roy. agricul. Coll. Swed. 1955, 22,
139.

11

12.

13.

14.

15.

16.

17.

18.

FORDTRAN, RECTOR, LOCKLEAR, AND EWTON

Roe, J. H,, and E. W. Rice. A photometric method
for the determination of free pentoses in animal
tissues. J. biol. Chem. 1948, 173, 507.

Malawer, S. J.,, M. F. Ewton, J. S. Fordtran, and
F. J. Ingelfinger. Interrelation between jejunal
absorption of sodium, glucose and water in man.
J. clin. Invest. 1965, 44, 1072.

Craig, L. C.,, and W. Konigsberg. Dialysis studies.
ITI. Modification of pore size and shape in cel-
lophane membranes. J. phys. Chem. 1961, 65, 1966."

Trier, J. S. Studies on small intestinal crypt epi-
thelium. II. Evidence for and mechanisms of
secretory activity by undifferentiated crypt cells
of the human small intestine. Gastroenterology
1964, 47, 480.

Curran, P. F,, and A. K. Solomon. Ion and water
fluxes in the ileum of rats. J. gen. Physiol. 1957,
41, 143.

Fordtran, J. S, F. C. Rector, Jr., T. W. Locklear,
and M. F. Ewton. Unpublished observations.

Hays, R. M., and A. Leaf. The state of water in the
isolated toad bladder in the presence and absence
of vasopressin. J. gen. Physiol. 1962, 45, 933.

Eigen, M. The protonic charge transfer in hydro-
gen bonded systems in Hydrogen Bonding, D.
Hadzi, Ed. New York, Pergamon, 1959, p. 429.

ANNOUNCEMENT OF MEETINGS

The American Federation for Clinical Research will hold its Twenty-
fourth Annual Meeting in Atlantic City, N. J., in the Pennsylvania Room,
Haddon Hall, on Sunday, April 30, 1967, at 9:00 a.m. Joint sectional
meetings with The American Society for Clinical Investigation will be held
on Sunday afternoon at Chalfonte-Haddon Hall, and additional meetings
sponsored by The American Federation for Clinical Research will be held

on Sunday evening.

The American Society for Clinical Investigation, Inc., will hold its
Fifty-ninth Annual Meeting in Atlantic City, N. J., on Monday, May 1,
at 9:00 a.m., in the Pennsylvania Room, Haddon Hall, and will join The
American Federation for Clinical Research in simultaneous sectional meet-
ings on Sunday afternoon, April 30, at Chalfonte-Haddon Hall.

The Association of American Physicians will hold its Eightieth
Annual Meeting in Atlantic City, N. J., in the Pennsylvania Room, Haddon
Hall, on Tuesday, May 2, at 9:30 a.m., and in the Vernon Room on

Wednesday, May 3, at 9:30 a.m.



