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Alimentary tract and pancreas

In vitro determination of small intestinal permeability:
demonstration of a persistent defect in patients with
coeliac disease
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SUMMARY Previous methods for measuring intestinal permeability involve the urinary
measurements of various poorly digested sugar or inert poly(ethylene glycol) polymers after their
oral administration. The results reflect a variety of gastrointestinal parameters including transit
time, mucosal surface area and transfer, mesenteric blood and/or lymphatic flow and renal
function, as well as mucosal permeability. A new in vitro method for direct measurements of
mucosal permeability to three probes is described and permeability is shown to be inversely
related to the molecular weight of the probe molecule. Using this technique, a persistent increase
in mucosal permeability to certain probes (molecular weight less than 1500 daltons) has been
shown in patients with coeliac disease in whom treatment by strict gluten withdrawal has been
accompanied by restoration of intestinal histological normality. It is suggested that this finding
represents a primary defect in this syndrome.

There is considerable interest in the question of
altered intestinal mucosal permeability in various
gastrointestinal disorders. 1-6 Investigation of this
phenomenum has normally involved urine collec-
tions after oral administration of poly(ethylene
glycol) polyers1 or of various sugars.2 3 The results
are influenced by the rate of gastric emptying,
luminal dilution, intestinal transit time, mucosal
surface area, mucosal transfer, blood and/or
lymphatic flow, renal excretion as well as mucosal
permeability. Not surprisingly, conflicting results
have been obtained and this has led to the general
view that intestinal permeability is paradoxically
increased to high but decreased to low molecular
weight compounds in coeliac disease. These changes
are claimed to be transient, returnini to normal
after treatment by gluten withdrawal.7
We have developed an in vitro method for

determining intestinal permeability which
overcomes many of the aforementioned problems.
Using this technique, we have shown that permea-
bility is inversely related to molecular size of the
probes and have shown increased jejunal permea-
bility in untreated coeliac patients. Histologically
normal mucosa from patients treated for long
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periods by gluten withdrawal showed a persistent
increase in permeability. It is suggested that this
defect may be a primary abnormality, allowing
gluten peptides access to the mucosa and thus
initiating pathological reactions in susceptible
individuals.

Methods

CONTROL SUBJECTS
Thirteen patients undergoing routine gastro-
intestinal investigation, but in whom no significant
intestinal pathology was subsequently found, served
as a control group. Their mean age was 47 years
(range 18-81 years). The jejunal biopsy in each case
was histologically entirely normal.

PATIENTS WITH COELIAC DISEASE
Patients with coeliac disease were divided into two
groups depending on the severity of the histological
findings in their jejunal biopsies, malabsorption
indices and their symptomatic status. One group of
eight patients showed severe partial or subtotal
villous atrophy with histological findings of marked
inflammatory cell infiltration of the lamina propria
and epithelium, and degeneration of the
enterocytes. These patients were either recently
diagnosed or were symptomatic and had admitted to
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recent gluten ingestion. Their mean age was 57 years
(range 38-76 years). The other group of seven

patients had made excellent recovery after gluten
withdrawal. All were asymptomatic on questioning.
Histological changes ranged from normal to minimal
partial villous atrophy. None had increased numbers
of inflammatory cells in the lamina propria and all
had healthy looking surface epithelium with a well
defined brush border, and all but two had normal
intra-epithelial lymphocyte counts. Their mean age
was 38 years (range 17-64 years) and mean duration
of treatment was 11 years (range 6 months to 23
years, Table).

Intestinal biopsies were obtained with an adult
Watson biopsy capsule, under radiological
guidance, just distal to the ligament of Trietz. A
portion of the biopsy was sent for histological
examination and the remaining tissue was divided
into 2-6 mg pieces and incubated at 37°C for up to
15 minutes in an oxygenated physiological medium.9
No more than two minutes elapsed from retrieving
the sample until the start of incubation. Three
extracellular fluid markers were added to the
medium, selected on the basis of their different
molecular weight and their relative inability to cross
the normal jejunal surface mucosa. The probes were

(14C)-hydroxy methyl inulin (mol wt 5200) (0-2
nmol/l), (57Co)-cyanocobalamin, (mol wt 1240) (5
nmol/l) and 51Cr-EDTA (mol wt 340) (5-10 nmolI1)
(Amersham International, Amersham, Bucks).
Duplicate tissue samples from each patient were

removed after three, five, 10 and 15 minutes
incubation except in three of the patients with
untreated coeliac disease where the 15 minute
incubation was not possible because of lack of
tissue. After incubation the samples were washed in
1 ml of the physiological medium for three seconds
on a Vortex mixer, blotted and weighed. The tissue
radioactivity (5tCr, 57Co) was counted directly in a

Wallac 1280 gamma counter. The sample was then
combusted in a Packard Tri-Carb sample oxidiser
and the trapped 14C02 counted in a Wallac 8100
liquid scintillation counter. The amounts of each
marker entering the tissue was calculated:
cpm/mg tissue
cpm/,l medium
- that is, ,ul medium/mg wet weight of tissue

Wilcoxon's rank sum test was used for statistical
analysis. These studies were approved by the
Harrow Health Authority Ethical Committee.

Results

The Table shows the results of morphometric
analysis from both groups of patients with coeliac
disease and with control subjects. Mean mucosal
height and crypt depth was measured as described
by Slavin et allo and intra-epithelial lymphocyte
counts were as described by Ferguson and Murray.'1

The relapsed patients had markedly raised intra-
epithelial lymphocyte counts while all the treated
patients had normal counts except for two who had

Table Clinical details, intra-epithelial lymphocytes and morphometric analysis ofjejunal mucosafrom treated and
relapsed patients with coeliac disease

Mean Mean Lymphocytesl
Duration of mucosal crypt Mucosal crypt 100 enterocyte

Sex Age treatment height (,um) depth (,um) ratio nuclei

Normal range 323-553 78-181 2-87-611 <40

Control subjects 292-614 89-180 2-94-4-42 <38

Patients with M 38 396 174 2-28 108
coeliac disease M 42 329 276 1-19 65
in relapse F 48 469 370 1-27 78

F 51 367 322 1-14 57
F 62 496 317 1-57 66
M 66 351 289 1-22 56
F 75 445 319 1-40 62
F 76 344 250 1-38 55

Patients with F 64 6 months 388 159 2-44 49
coeliac disease F 52 3 yrs 440 182 2-42 52
in remission F 32 7 yrs 453 118 3-84 35

F 38 8 yrs 503 170 2-96 34
M 17 15 yrs 364 114 3-17 35
F 41 20 yrs 319 92 3-47 34
M 24 23 yrs 408 98 4-12 24
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mild elevation. The mucosal height/crypt depth ratio
reflects the degree of villous atrophy. Two of the
treated patients had a slightly abnormal ratio and
the other five were normal.

Figs. 1, 2, and 3 show the mean ± SEM uptake
for (14C)-inulin, (57Co)-cyanocobalamin and 51Cr-
EDTA by the control subjects and the two groups of
patients with coelic disease. There was rapid
equilibration of the probes by the tissue within three
minutes, followed by a slower entry phase. Tissue
uptake was significantly increased for all markers in
the relapsed patients. Patients in remission had a
significant increase in tissue uptake of (57Co)-
cyanocobalamin and 5tCr-EDTA but the uptake of
('4C)-inulin did not differ significantly at any time
point from control patients.
The tissue uptake tends to be greater in samples

from untreated patients compared with treated
patients but there is variable overlap of the values.
Discrimination between controls and patients with
coeliac disease is shown in Fig. 4 where tissue
uptake from each subject is shown after 10 minutes
incubation.

Figure 5 shows the relationship between tissue
uptake and the molecular weight of the probes on a
semi-logarithmic scale. There is an inverse linear
relationship in controls between the tissue uptake
and the molecular size of the probe. This also holds
true for the patients with coeliac disease in
remission. Moreover the slope of the line is
increased suggesting that there is a proportionally
greater increase in tissue permeability to 5'Cr-
EDTA compared with that of 14C-inulin, in samples
from the coeliacs.
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Fig. 1 Tissue uptake (mean ± SE) of ('4C)-inulin from 13
control subjects (0), seven patients in remission (0) and
eight relapsed patients (U) with coeliac disease. Tissue
uptake was significantly greater in samples from relapsed
patients compared with controls at all times (p<005).
There was no significant difference between treated patients
and controls.
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Fig. 2 Tissue uptake (mean ± SE) of(57Co)-
cyanocobalamin. Symbols as in Fig. 1. Treated and
relapsed patients differed significantly from controls
(p<O.OJ) at all times. Patients in relapse differed
significantly from patients in remission (p<O.O5) at all times
except at 5 minutes.

Analysis of the data from individual patients with
coeliac disease in relapse and remission showed no
significant correlation between the number of intra-
epithelial lymphocytes and permeability changes.
Neither was there a correlation between the
morphometric results and permeability.

Discussion

The studies reported in this paper describes a new in
vitro technique for measuring intestinal permeability
which overcomes many of the promblems of in vivo

0
Time (minutes)

Fig. 3 Tissue uptake (mean ± SE) of51Cr-EDTA.
Symbols as in Fig. 1. Treated and relapsed patients differed
significantly from controls (p<O0OJ) at all times. Patients in
relapse did not differ significantly from patients in remission
except at3 minutes (p<005).
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51Cr E DTA methods in current use. The technique has been
nin used to show enhanced jejunal permeability in

patients with coeliac disease and has shown that this
* abnormality persists even when the mucosa has
. returned to histological normality after gluten

withdrawal.
The probes used in these experiments are not

absorbed to a significant extent by the normal
jejunal mucosa. The rate of uptake in control tissue

. will therefore be determined largely by the cut
non-mucosal surface area. Jejunum from patients
with untreated coeliac disease are in part character-
ised by broadening and fusion of the villae, without

. a change in the thickness of the lamina propria. On a
weight basis, the cut non-mucosal surface area is
relatively reduced. If enterocyte integrity was
preserved one would expect a slight decrease in the
rate of uptake of the probes by coeliac mucosa.
Because of the inflammatory cell infiltration of the
lamina propria which could conceivably change the
permeability properties of the cut non-mucosal

0.e surface, tissue from untreated patients may not be
-A4 2 directly comparable with normal.

Tissue from treated patients was, however, histo-
v logically normal and showed a striking and a

Coetiac selective increase in the rate of uptake for

Co)- cyanocobalamin and Cr-EDTA. The most likely
minutes explanation for this observation is that there is
n of duplicate enhanced uptake through the epithelial layer by

coeliac patients. This has been confirmed using
51Cr-EDTA in vivo.12

Present methods for measuring intestinal permea-
10 minutes bility in man involves the oral administration of a

variety of test substances with subsequent urine
collection and assay of the excreted probes. There
are two main types of compounds in general use.
Chadwick' and colleagues introduced the use of
poly(ethylene glycol) polymers. These have

\o molecular weights ranging from approximately 250
to over 20 000 daltons and have been extensively

o studied in a variety of diseases.1 4 5 One particular
problem with the use of poly(ethylene glycol)

\o \ polymers is that there is a wide variation in
absorption rate between polymers of differing
molecular weights. Thus normal subjects excrete in
six hours approximately 25% of a test dose of
poly(ethylene glycol), mol wt 4001 but less than
2-7% of poly(ethylene glycol), mol wt 4000 in 24
hours.4 For polymers with high transfer rates,
mucosal surface area becomes a rate limiting factor
for absorption whereas with poorly absorbed probes

2'5 3'1 3*7 permeability changes obtained in absorption studies
with poly(ethylene glycol) mol wt 400 in coeliacght patients is difficult.

inst the log In order to overcome many of the problems
nbols as in Fig. 1. inherent in the use of pcly(ethylene glycol) 400
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Fig. 4 Tissue uptake of ('4C)-inulin, (57(
cyanocobalamin and 5'Cr-EDTA after 10
incubation. Each point represents the mea
samples from each subject.
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Menzies et al2 and Cobden et a13 7 introduced the
use of administering simultaneously a poorly
absorbable oligosaccharide with a readily
absorbable monosaccharide. Urine collections are
made over the subsequent five hours and the urine
excretion ratio of these saccharides gives excellent
discrimination between untreated coeliac patients
and controls. These studies clearly show increased
permeability to the oligosaccharide. The reduced
absorption of the monosaccharide (60%) is as
difficult to interpret as the results with poly(ethylene
glycol) polymers (mol wt 400) as there may be an up
to four fold reduction in the small intestinal surface
area in untreated coeliac patients. Clearly
absorption is not synonomous with permeability
under these circumstances. Failure to recognise this
problem undoubtedly accounts for the paradox in
which 'permeability' to small molecular weight
probes is decreased whereas that to large probes is
increased in patients with untreated coeliac disease.
In addition, Hamilton8 and colleagues could not
show any abnormalities in treated patients after as a
short a time as three months of gluten withdrawal.
A problem with these in vivo studies is the

importance of several other parameters. Thus
gastric emptying, intestinal transit, dilution of the
probe solution, particularly if given as a hypertonic
solution, mucosal transfer, mesenteric blood and/or
lymphatic flow, renal excretion as well as intestinal
permeability will determine the urinary excretion of
the probes. Other difficulties in interpretation of in
vivo studies are that the site of altered permeability
cannot be accurately determined and that adaptive
or compensatory alterations in uninvolved areas of
the intestine may affect the overall absorption of the
probes.
The in vitro method described in this paper

overcomes many of the above difficulties. Tissue
samples are collected from the area of the gut under
study and initial rates of mucosal uptake are simply
determined with routine radioactive counting
procedures. The studies in biopsies from relapsed
patients with coeliac disease clearly show that the
increased permeability applies to all three probes
although the increase is less for the larger as
compared with the smaller molecules. The results do
not support the claim of in vivo workers that in
coeliac disease there is increased permeability to
high molecular weight probes while at the same time
there is decreased permeability to low molecular
weight probes. As discussed above this in vivo
finding probably stems from the use of inappropriate
probe molecules.
The consistent finding that the mucosal permea-

bility for (57Co)-cyanocobalamin and 51Cr-EDTA is
enhanced in biopsies from patients with coeliac

disease who have histologically normal mucosae is
of particular interest as it may represent a primary
lesion. This is consistent with previous subcellular
studies describing brush border changes in coeliac
disease. 13 It suggests an abnormality of this
organelle which would permit enhanced entry of
toxic material into the enterocyte thus initiating
organelle damage - for example, by lysosomal
disruption.14 Alternatively the increased permea-
bility may reflect alterations in the intercellular
junctional complexes allowing enhanced entry into
the intercellular and submucosal spaces. This would
be consistent with the finding of secretory diarrhoea
in coeliac disease'516 and with the suggestions that
immunological mechanisms are implicated in the
pathogenesis of the disease.17 18 Of particular
interest is the report by Bronstein et al19 that shows
the molecular weight of the toxic gluten peptide to
be about 1000 daltons, a size well within the
permeability range that we have shown to be
increased. Thus increased permeability to gluten
fractions would permit, in susceptible subjects,
direct or indirect cytotoxic effects on the intestinal
epithelial cells.
The technique described here was developed for

use with jejunal biopsy samples but is applicable to
biopsy material from other tissue sites, such as
stomach and colon. Furthermore by combining it
with sequential subcellular fractionation studies it
may be possible to localise and characterise this
permeability defect further and thus increase our
understanding of the pathophysiological processes
that are involved in coeliac disease.
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support from Nordisk Insulinfond and The
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