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Experimental intestinal hypersensitivity. Effect of four
anti-allergic drugs on protein uptake, permeability to
sugars and mucosal mast-cell activation
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Summary

The ability of four drugs with anti-allergic action to modulate the uptake of bystander
protein, lactulose/rhamnose permeability ratios and mast cell activation was studied in
rats presensitized with egg albumin in alum and challenged intraduodenally with the
same antigen. Beclomethasone dipropionate (BDP) and nedocromil both significantly
reduced the uptake of the bystander protein, bovine serum albumin (P<0002 and
i '>0 02 respectively). BDP also significantly reduced sugar permeability {P<00\). In
animals with elevated lactulose/rhamnose permeability ratios we confirmed our earlier
observation of a significant correlation between levels of the specific mucosal mast cell
protease Rat Chymase II (RChyll-previously known as RMCPII) and the sugar ratios.
None of the drugs had any infiuence on the levels of mast cell protease II released
following challenge and there was no correlation between the histological light
microscopic appearance of the mast cells and the experimental treatment adminis-
tered. Our results suggest that in the gut the pharmacological effect of anti-allergic
drugs may be complex. Some, such as nedocromil, appear to act only on the
mechanisms underlying increased protein uptake whereas others, such as BDP,
appear to abrogate both increased protein uptake and increased sugar permeability.
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Introduction

Direct systemic and/or local effects of intestinal hyper-
sensitivity reactions are difficult to investigate experi-
mentally in man and there has been a need for a
satisfactory in vivo animal model which would permit
investigations into the underlying mechanisms. One such
model is that of Bloch and Walker [1] in which rats are
rendered hypersensitive to one protein antigen (e.g.
ovalbumin [OA]) and then when challenged locally in
the gut absorb increased amounts of an unrelated
'bystander' protein (e.g. BSA) which can be detected in
the serum. We were able to confirm this observation
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whilst simultaneously measuring changes in gut
permeation to low molecular weight sugars in rats with
unequivocal evidence of mucosal mast cell activation
[2]. The model appeared to be potentially useful for
investigations on the efficacy of anti-allergic drugs in
mucosal hypersensitivity reactions and a small pilot
study of protein uptake in rats receiving disodium
cromoglycate and beclomethasone dipropionate before
challenge suggested that the model could indeed be
adapted [3].

Using the above model we have now investigated the
modulatory action of four different anti-allergic drugs by
performing simultaneous evaluations of the uptake of a
'bystander' protein, sugar permeability and mucosal
mast cell activation as indicated by release into the
circulation of Rat Chymase II (RChyll) in presensitized
rats challenged intraduodenally with antigen. Histologi-
cal evidence of mast cell degranulation was also sought in
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Table 1. Experimental protocol used to investigate modulatory
action of various anti-allergic drugs (modified after Bloch and
Walker [1] and Turner et al. [2]

Stage

Immunize

Oral feed

Laparotomy

Blood collection*
Urine collection **

Procedure

100/ig OA (i.p.) with alum
14 days
Administered in 2 ml
015M NaHCO3 - 0 1 5 M NaCl:
Either 1 g BSA alone or 1 g
BSA + drug
Ih
Instil into lumen of small intestine
a mixture of:
lOOmgOA
140mg lactulose
20 mg rhamnose
i n O l M K : 2 H P O 4 pH 7 0

1,3, 6h
0-6 h

*Blood samples were assayed for maximum BSA levels (radio-
immunoassay) and RChyll levels (ELISA)
**LIrine samples were analysed for lactulose/rhamnose ratios
by thin layer chromatography.

Sham-immunization group: Identical protocol except that
animals were immunized with
alum alone.

Sham-challenge group: Identical protocol except that OA
was omitted at laparotomy stage.

tissue sections obtained from the jejunum of selected
animals.

Materials and methods

made under combined Sagatal-Hypnorm anaesthesia.
The pylorus was occluded and 2 ml of a solution of OA
(100 mg), lactulose (140 mg) and rhamnose (20 mg) in
01 M K2HPO4, pH 7 0 were introduced into the duode-
num using a 25 gauge needle and the incision closed.
Blood was obtained by tail-vein bleeding immediately
before the BSA gavage stage, and further samples were
obtained by cardiac puncture 1, 3 and 6h after intra-
duodenal challenge, supplementing the anaesthesia with
Hypnorm as necessary. Urine samples were obtained
over 6h following antigen challenge as previously
described [2]. Sixteen sham challenge control animals
underwent an identical protocol except that OA was
omitted at the laparotomy stage. An additional sham
immunization control group comprised eight animals
which were not sensitized but received the BSA feed
and OA challenge exactly as did the positive control
antigen challenge group.

The modulatory action of four anti-allergic drugs was
investigated in this system by the simultaneous adminis-
tration of the drug with the BSA. The four drugs used
were sodium cromoglycate (a chloride channel blocker),
beclomethasone dipropionate (adrenocorticoid steroid),
nedocromil (chloride channel blocker) and doxantrazole
(mast cell stabilizing agent). The details were as follows:
Sodium comoglycate (SCG) was obtained from Fisons
pic (Loughborough UK) and administered at a dose of
20mg/100g body weight (group: n = 14); beclometha-
sone dipropionate (BDP) was obtained from Glaxo
Group Research (Greenford, UK) and used at a dose
of 1 mg/lOOg body weight (group: « = 17); nedocromil
was obtained from Fisons pic and used at 20mg/100g
body weight (group: n= 16); doxantrazole was obtained
from Wellcome (Beckenham, UK) and used at 1 mg/
lOOg body weight (group: n— 13). The drug doses were
chosen on the advice of each manufacturer following
extensive experience obtained in experimental animals.

Experimental protocol

The basic protocol used was based on that described by
Bloch and Walker [1] and Turner et al. [2] and is
illustrated in Table 1.

Adult Sprague-Dawiey rats were obtained from
Charles River UK (Margate, UK). They were main-
tained throughout on an egg- and milk-free diet. After
a 6 week equilibration period they were sensitized with a
single i.p. injection of 100 /ig OA (Sigma Grade V, Poole,
UK) in lOOmg alum (total volume 1 ml). After 14 days
1 g BSA (Sigma Fraction V dissolved in 2 ml of 0-15 M
NaHCO3 — 0-15 M NaCl) was introduced into the
stomach using a plastic-coated metal cannula. One
hour later a small midline abdominal incision was

Histochemical studies of rat tissues

Following the removal of blood at the 6h sampling time
the anaesthetized animals were killed with an overdose of
pentobarbitone sodium. Samples of both jejunal and
ileal tissue were removed immediately after death and
transferred to 10% formol saline fixatives (40% formal-
dehyde [10 ml]), distilled water (90 ml) and sodium
chloride (0-85 g). After fixation for 5-6 h the tissues
were transferred to 70% ethanol and were then succes-
sively passed through absolute ethanol (2 x 1 h), and
ethanol:xylene (1:1) mixture (30min), xylene (2 x 1 h)
and finally into Ralwax II (BDH Ltd) (2 x 1 h under
vacuum). After hardening, paraffin blocks were stored at
room temperature and then, after coding, transferred to
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the Histopathoiogy Department at Fisons, Loughbor-
ough (Dr B. Greenwood) for subsequent processing.
Sections of the paraffin blocks were prepared and
stained with 1% alcian blue (Cl 74240), safranin, 1%
toluidine blue (Cl 52040) or haematoxylin-eosin. Two
sections of each block were stained for examination
under light microscopy and the process repeated again
before summarizing the observed morphology. These
evaluations were decoded at the Institute of Child
Health in London.

Assays

Radioimmunoassay for immunoreactive BSA Immuno-
reactive BSA in rat serum samples was measured using a
competitive radioimmunoassay (RA) as described pre-
viously [2]. Briefly, the following were mixed in a plastic
tube: 10/il of serum or BSA standard; lOO/xl of rabbit
anti-BSA diluted 1/15,000; 100^1 of normal rabbit serum
(diluted 1/100); 100^1 of'^'i-BSA diluted to 10,000 cpm;
lOO/xl of PBS containing 0 1 % Tween-20, 1% PVP and
0-05% NaN3. After overnight incubation at room
temperature, 100/xl of donkey anti-rabbit precipitating
serum (diluted 1/25) were added. After 4h at room
temperature the mixture was centrifuged at 1500^ for
45 min, the supernatant decanted and the radioactivity in
the precipitate counted in an LKB gamma counter. The
BSA content of each unknown was calculated from the
standard curve.

Determination of lactulose I rhamnose ratios in urine
samples Rhamnose (mol. wt. 164) and lactulose (mol.
wt. 342) probes are believed to cross the intestinal
epithelium essentially by transcellular and paracellular
routes respectively and changes in the absorption ratio
reflect pathology or experimental stress. The levels of
lactulose and rhamnose in samples of rat urine were
determined by thin layer chromatography as previously
described [2].

Briefly, urine samples were desalted using duolite ion
exchange resin and then applied in multiple 5 /il volumes
to a thin layer chromatography plate. The chromato-
grams were subjected to two initial developments using
methanol — butanol-1-ol water followed by three suc-
cessive runs in the following solvent mixtures: (i) buta-
nol-1-ol-ethanol-glacial acetic acid-water; (ii) butanol-1-
ol-ethyl acetate-pyridine-glacial acetic acid-water; (iii)
butanol-1-ol-ethanol-glacial acetic acid water. Sugars
were located on the plate using 4-aminobenzoic acid
dissolved in methanol and orthophosphoric acid. After
heat treatment at 120-125° for IOmin the plates were
scanned and the concentrations of the sugars in the
urines determined from the peak heights obtained.

Assay of rat chymase II (RChyll) in rat serum
samples Serum levels of rat Chymase II were deter-
mined by an ELISA procedure using specific anti-
RChyll reagents kindly provided by Dr H.R. Miller.
The assay has previously been described in detail [2].

Briefly, microtitre plates were coated with affinity
purified sheep anti-RChyll diluted to 1 /ig/ml in carbo-
nate-bicarbonate bufler pH9 6, 100/il of antibody solu-
tion were incubated in each well overnight at 4°. This
solution was then removed and residual binding sites
blocked with 4% normal sheep serum, diluted in coating
buffer. The plates were then washed six times with PBS
and used immediately.

Some 100^1 volumes of diluted samples and standards
were incubated in duplicate in the plate for 90 min at
37°C. After washing, a sheep anti-RChyll horseradish
peroxidase conjugate (150/il/well, diluted 1/2000) was
added and the plate incubated at 37°C for 90 min. Colour
was developed using OPD substrate and absorbance
values read at 492 nm using a Titertek Muitiscan plate
reader. Unknowns were interpolated from the standard
curve.

Statistical analyses

Non-parametric Wilcoxon rank sum or Mann-Whitney
t/-tests were used to analyse diflerences in BSA uptake,
sugar excretion ratios or RChyll levels in the various
experimental groups. One tailed tests were used through-
out, since the direction of change could be predicted
from previous experiments (decreased uptake of BSA,
lower sugar excretion ratios and lower RChyll levels in
animals receiving drugs relative to corresponding values
in the antigen challenge control group). Kendall's rank
correlation method was used to determine rank correla-
tion coefficients.

Results

Uptake of bystander protein (BSA) across the gut

The highest overall level of immuno-reactive BSA
detected in each animal in samples obtained 1, 3 and
6h post challenge is plotted in Fig. 1. As previously
noted [2,3] there was a large overlap between the values
observed in the positive challenge group and those of the
sham challenge group. Nevertheless, there was a signifi-
cantly increased uptake of BSA in the positive challenge
animals {P < 0 05; Wilcoxon rank sum test). Of the
animals receiving a drug together with the ovalbumin
challenge, only those treated with nedocromil and BDP
showed significant reductions in BSA uptake relative to
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P<0002

Fig. 1. Groups of rats were either
presensitized to ovalbumin (+) or were
sham immunized (-), 14 days later they
received an intraduodenal challenge of
ovalbumin or buffer alone (sham
challenge group) and were bled 1, 3 and
6 h later. All animals received BSA by
gavage 1 h before the challenge. The data
plotted for each individual animal is the
maximum BSA level detected in the three
serum samples. Drug modulation of BSA
uptake was attempted using sodium
cromoglycate (SCG), nedocromil,
beclomethasone dipropionate (BDP) and
doxantrazole.
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the positive challenge group {P < 002 and P < 0 002
respectively; Wilcoxon rank sum test).

Sugar permeability results

The lactulose/rhamnose clearance ratios of the
animals are plotted in Fig. 2. The ratios of the positive
challenge group of rats were significantly higher than
the ratios of both the sham challenge group and the
sham immunised animals (P < 0 0001 and P < 0 005
respectively; Mann-Whitney [/-tests). The sugar ratios
of the animals receiving a drug with the ovalbumin
challenge were also elevated except for the group receiv-
ing BDP. For these animals the distribution of sugar
ratios was significantly reduced with respect to the
positive challenge group {P < 0 01; Mann-Whitney U-
test).

Serum RChyll levels

Levels of the rat mast cell chymase RChyll were meas-
ured in the serum samples obtained 1 h after challenge
with ovalbumin and the results are plotted in Fig. 3.
The levels of RChyll in the positive challenge animals

were significantly higher than both of the negative
control groups {P < 0-00003; Mann-Whitney t/-test)
but none of the drugs used appeared to have had any
infiuence on the levels of serine protease released at
challenge.

Correlations between protein uptake, sugar permeability
and RChyll release

We have previously reported a statistically significant
correlation between lactulose/rhamnose excretion ratios
and the levels of RChyll released in 14 rats experiencing
a local challenge [2]. Interestingly, however, there was no
correlation between protein uptake and RChyll release
or between protein uptake and the lactulose/rhamnose
excretion ratio. The present study permitted similar
analyses on a much larger number of animals. Using
the Kendall method for calculating rank correlations
between protein uptake, sugar permeability and
RChyll release of each group of animals, statistically
significant associations were found between the RChyll
levels and lactulose/rhamnose ratios of the positive
challenge group (n = 24, r = 0 34, P = 0 01), the group
receiving SCG (« = 14, r = 043, P = 0-03), the group
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Fig. 2. Lactulose/rhamnose permeability

^ ^^^ ratios (Ll/Rh) in the groups of rats
Nedocronnil BDP Doxantrazole studied. See legend to Fig. 1 for details.

receiving nedocromil (« = 15, T = 0 49, P = 0011) and
the group receiving doxantrazole (« = 13, T = 0-53,
P = 00\). There was no significant correlation for the
group receiving BDP (n-ll, T = 0 066, P = 0-7) pre-
sumably because the lactulose/rhamnose ratios of ani-
mals receiving this drug were not elevated. None of the
BSA uptake-RChyll or BSA uptake-sugar permeability
comparisons approached significance.

Histological evaluation of rat intestinal tissue in relation to
antigen challenge

Histological evidence of mast cell degranulation was
sought in samples of rat jejunum obtained from
animals undergoing: (i) OA challenge without drugs,
(ii) sham challenge, (iii) OA challenge in the presence
of SCG and (iv) OA challenge in the presence of
nedocromil. In each case tissues obtained from four
different animals, coded to disguise the group of origin,
were evaluated in duplicate. There was no correlation
between the histological light microscopic appearance
of the mast cells and the experimental treatment group.
The jejunal tissues of four animals with the highest
levels of serum RChyll were histologically graded as
normal and tissue from two of the sham challenge
animals with minimal release of RChyll were scored as
showing evidence of some degranulation.

Discussion

The dissection of the mechanisms underlying food
allergy continue to present a formidable challenge to
experimental allergists. We have previously exploited the
animal model of Bloch and Walker [1] for basic studies of
intestinal permeability and mediator release following
intraduodenal antigen challenge [2]. The induction of
intestinal hypersensitivity was confirmed by measuring
serum levels ofthe rat mast cell protease II, RChyll. This
mediator is released by mucosal mast cells but not by
connective tissue mast cells [4,5] and we have also used it
as a sensitive indicator of mast cell activation in the gut
following repeated feeds of an antigen (OA) to rats
previously sensitized with this protein [6].

Since RChyll has been shown to cleave type IV
collagen of basement membrane [7] it has been sug-
gested that release of this mediator results in shedding
of epithelial cells from the intestinal mucosa and directly
contributes to the increased mucosal permeability asso-
ciated with anaphylactic reactions in the gut [8]. In
partial support of this hypothesis we have observed
significant positive correlations between serum levels of
RChyll and sugar permeation (as measured by lactulose/
rhamnose ratios) in both our earlier study [2] and, in the
present investigation, in all of the challenged groups of
animals except those receiving BDP {n — 66). In con-
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P< 000003

P< 0 00003

Fig. 3. Levels of the rat mucosal mast cell
protease (RChyll) in serum samples
obtained 1 h after intraduodenal
challenge in the groups of rats studied.
See legend to Fig. 1 for details.
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trast, in both of these studies the uptake of bystander
protein was not correlated with either sugar permeation
or RChyll levels. Similarly, using the modified protocol
with repeated feeding to challenge the gut of sensitized
rats we were again unable to detect any simple correla-
tion between uptake of bystander protein and release of
RChyll [6]. Since each one of these three studies was
based on the same experimental animal model it would
be premature to conclude that there is no correlation
between the level of mediator release and permeability to
protein. One of the inherent difficulties of the experi-
mental design used in this model is that it cannot take
account of the large amount of individual variation that
exists between different animals with respect to (i) the
kinetics of RChyll release (ii) rates of transfer of RChyll
from local sites to the serum and (iii) the kinetics of
protein uptake from the gut. Samples were obtained at 1,
3 and 6 h post challenge and the maximum value of BSA
observed was selected for the purposes of analysis. The
true maximum, achieved at some intermediate point,
might be very different. Frequent sampling through an
indwelling canula would be possible for a short time span
but is not feasible (or permissible) over 6h in the
numbers of animals required in each group.

The decision to use a single dosage of each drug, based
on information provided by the manufacturers, was, we
believe, justified in order to minimize the usage of

animals. As an approximation the levels of SCG, BDP
and nedocromil used were 5, 100 and 20 times the
maximal human dosage respectively. Doxantrazole
never entered clinical use and no comparable figure is
available.

The choice of the drugs used in the present study was,
in part, based on the work of Pearce et al. studying the
effects of various anti-allergic compounds on histamine
secretion by isolated intestinal mast cells [9, 10]. This
suggested that SCG was inactive whereas a structurally
related flavonoid (quercetin) and doxantrazole were
effective inhibitors [9, 10].

More recently. Perdue and Gall have established an
in vivo model of intestinal anaphylaxis using Hooded
Lister rats sensitized with ovalbumin. Abnormalities in
the absorption of water and electrolytes were associated
with mast cell degranulation and could be prevented by
doxantrazole but not by sodium cromoglycate [11,12]. In
an alternative model Sprague-Dawley rats were immu-
nized with Nippostrongylus brasiliensis and subsequently
challenged with whole worm antigen after previous
administration of either SCG or the corticosteroid
betamethasone [13]. Gastrointestinal permeability was
evaluated using [ '̂Cr] EDTA and the gut was examined
for morphological evidence of intestinal anaphylaxis.
The authors found that low doses of betamethasone
(0-2 mg/kg) were unable to prevent mucosal damage or
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modulate [ '̂Cr] EDTA uptake whereas high dose beta-
methasone (2 mg/kg) completely prevented intestinal
anaphylaxis.

In our earlier pilot study [3] both BDP and SCG
significantly reduced protein uptake in Sprague Dawley
rats. Our present findings have confirmed the eifect on
bystander protein uptake for BDP and extended this
positive association to sugar permeability. However,
whereas we were unable to confirm the observations
with SCG we did obtain evidence of reduced uptake of
bystander protein using the related compound nedocromil
which seems to have an increased activity compared with
SCG on a weight for weight basis. These variable
laboratory findings appear to parallel the mixed early
clinical experience when using cromoglycate for the
treatment of presumed intestinal hypersensitivities.
Some groups reported clinical benefit with SCG [14,15],
others described equivocal results [16] and yet others
found no benefit [17].

More recently there have been reports from two
groups in which sugar permeability was evaluated in
parallel with antigen challenge and sodium cromogly-
cate administration in patients with food allergy. Andre
et al. [18] used mannitol and lactulose to monitor
intestinal permeability in 60 patients with food allergy
and found evidence of benefit in those receiving sodium
cromoglycate. Similarly, Falth-Magnusson et al. [19]
studied gastrointestinal permeability in a small number
of children using different sized polyethylene glycols and
concluded that permeability returned to normal after
treatment with cromoglycate. In a later study of 16
children with immediate hypersensitivity to milk the
same group concluded that peroral treatment with
SCG moderated the immediate hypersensitivity reac-
tions with respect to both tolerated antigen dose and
intestinal permeability properties [20]. Nevertheless it is
important to caution against simplistic extrapolation of
pharmacological studies from species to species. The
present study may illuminate basic mechanisms in the
rat but may not mirror events in the human gut.

Under light microscopy there was no obvious histolo-
gical difference between jejunal tissue obtained from
animals with high serum levels of RChyll and tissue
obtained from sham challenge animals with low serum
levels of the protease. This confirms previous studies
such as that of Freier et al. [21] in which intestinal tissue
was removed 45 min after and OA gavage challenge of
rats presensitized to this antigen. Similarly, under light
microscopy Patrick et al. [22] observed little distortion of
the mucosal architecture after intraluminal challenge of
sensitized rats but did find evidence of disruption to the
basement membrane and collagenous matrix using elec-
tron microscopy. Nevertheless, it should be noted that

Perdue et al. [23], using a direct perfusion challenge
protocol, were able to demonstrate decreased numbers
of darkly stained granulated mast cells in the lamina
propria ofthe intestinal mucosa of sensitized rats follow-
ing exposure to antigen.

A major unresolved issue arising from the present
studies concerns the significance of serum RChyll
levels. Figure 3 suggests that the protease is a most
effective indicator of gut mast cells responding to an
antigen specific challenge since there is essentially no
overlap between protease levels in the positive and
negative challenge groups. Furthermore, our data sup-
port the hypothesis that the protease damages the
intestinal mucosa and increases its permeability to low
molecular weight sugars. However, we were unable to
establish a similar link with the increased protein perme-
ability which occurs concomitantly and the processes
underlying the changes in permeability to sugars and
proteins may well be quite distinct. Further experimental
work is needed to establish more precisely the role of
RChyll in the induction of intestinal damage. In
particular it may be necessary to quantify mucosal
mast cell protease levels in gastrointestinal secretions
in order to observe correlations with changes in sugar
and protein permeability and delineate some of the
mechanisms underlying food induced gastrointestinal
disease.

In conclusion, the in vivo model of intestinal anaphy-
laxis used in these investigations suggests that pharma-
cologically mediated changes in protein and/or sugar
permeability can be observed in the absence of changes
in the release of RChyll from mucosal mast cells. There
was no direct evidence of morphological changes in
mucosal mast cell architecture in this study but this
may be a refiection of the indirect (gavage) challenge
procedure used. It is increasingly clear that this is a very
complex area. There are numerous other factors such as
eosinophils and mast cell derived cytokines which may
infiuence permeability and recent work suggests that
non-IgE mediated pathways may also need to be con-
sidered [24].
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