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ABSTRACT. To establish if intestinal permeability to
exogenous antigens is involved in cow’s milk allergy
(CMA) in infants, 33 children 1 to 24 months old (18
controls and 15 with CMA) were tested for intestinal
permeability to the protein marker horseradish peroxidase
(HRP). Jejunal biopsies were performed either during the
initial period of diagnosis, at the mean (and SE) age of 3
1 months, and/or 1 yr later, at the age of 13 % 2 months,
just before and after a milk challenge. A small fragment of
the biopsy was studied for histology and the remainder was
mounted in an Ussing chamber for simultaneous measure-
ment of mucosal to serosal transport of HRP in its intact
and degraded forms and electrical parameters including
short-circuit current and conductance. No modification in
HRP absorption was noted in control children aged from
2 months to 11 yr, indicating that gut closure probably
occurred earlier in life. During the initial period of CMA,
transepithelial HRP fluxes were significantly higher, about
8-fold, in children with CMA (intact HRP flux = 48.5 *
15.2, 95% confidence interval, 11.2 to 85.7 versus 5.9
1.2, 95% confidence interval 2.9 to 8.3, in control children)
In addition, short-circuit current was increased but con-
ductance was unchanged. After several months on a milk-
free diet, HRP flux and short-circuit current returned to
control values. Just after the milk challenge and independ-
ently of the clinical issue, a slight rise in HRP permeability
was observed but it was not significant and remained within
control values. These results suggest that increased perme-
ability to proteins is probably not the primary cause of
CMA, and that the increase in protein endocytosis noted
during the initial period of CMA seems rather to be a
secondary effect of an abnormal immunological response
leading to mucosal inflammation and impairment of the
endocytic process. (Pediatr Res 24:197-202, 1988)

Abbreviations

CMA, cow’s milk allergy
HRP, horseradish peroxidase
JHRP, HRP flux

Isc, short-circuit current

G, ionic conductance

PD, potential difference

The pathogenesis of CMA is still unclear, inasmuch as it is not
known if CMA infants have an increased intestinal permeability
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to dietary protein antigens that abnormally stimulate the im-
mune system or if normal intestinal permeability to proteins
leads to a pathological immune response in some given individ-
uals. Gastrointestinal permeability has been studied in atopic
patients using different probe molecules such as polyethylene
glycol (1-3), *'Cr EDTA (4), rhamnose or lactulose (5), or
ovalbumin (6). Increased absorption of PEG 4000 was reported
in patients with eczema and food allergy (3), but no changes in
permeability to PEG 400 or 1000 were recorded in allergic
children on an elimination diet compared to healthy children
(1). Increased intestinal permeability was only noted after milk
challenge (2). In children with egg sensitivity, no significantly
increased absorption of ovalbumin was demonstrated compared
to control values, but reduced permeability was observed with
sodium cromoglycate.

In recent years, we have used a model of protein transport
whose tracer macromolecule is the glycoprotein HRP (mol. wt.
40,000). We showed that this protein was transported across the
intestinal epithelium by endocytosis along two functional path-
ways: a minor route allowing transfer of the intact protein and a
major route involving lysosomal degradation during transport
(7, 8). In infants, serial intestinal biopsies have been recom-
mended before and after open challenges to further confirm the
diagnosis of CMA (9-11). Our purpose herein was to evaluate
HRP uptake and degradation by the intestinal epithelium of
infants with CMA, using serial jejunal biopsies taken at different
stages of the disease.

PATIENTS

A total of 33 children was examined, 15 with CMA and 18
controls. Peroral biopsies were taken from all children for diag-
nosis after informed consent had been obtained from their
guardians according to the recommendations of the department
of pediatrics. Some of the children with CMA underwent two or
three biopsies at different stages of the disease.

Control children. Fifteen of the 18 children in this group were
2 to 30 months old (mean age 13.3 + 2.2) and the three others
were 5 to 11 yr old. All were free of any sign of CMA. Sixteen
children were biopsied to investigate the etiology of growth
failure. One child had known celiac disease and the biopsy was
performed on a gluten-free diet to confirm that mucosal histology
was normal. Another child had undergone jejunostomy and the
biopsy was taken 10 cm from the skin. Except in the latter case,
biopsies were performed near the ligament of Treitz with a Carey
capsule (12) under fluoroscopic control. Criteria for inclusion in
the control group were the absence of any intestinal dysfunction
at biopsy and a normal histological appearance of the mucosa.

CMA children. Clinical data concerning these 15 children are
given in Table 1. The diagnosis was mainly based on clinical
observations during short-term challenge. While on a diet con-
taining cow’s milk, all children experienced diarrhea and/or
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vomiting and weight loss but these disorders were resolved by a
milk-free diet. No villus atrophy was noted but an important
inflammatory infiltration was noted. After a few days on an
exclusion diet in the pediatric unit, at least one milk challenge
proved positive. This initial challenge was omitted for two chil-
dren (LA and OD) who presented with adverse systemic reactions
at the time of diagnosis. The initial biopsy was performed at 5.2
+ 2.0 days, soon after milk administration. When necessary, the
possibility of dissacharidase deficiency was ruled out by stool
examination for pH and reducing sugars, a hydrogen breath test,
or direct biopsy analysis for dissacharidase.

For the challenge, the initial amount of milk was usually 10
ml with a 4-h interval before a second larger amount was given.
In cases of previous adverse systemic reactions, the first amount
was reduced to 1 ml and was followed by a 4-h observation
period. After the challenge, cow’s milk ingestion was either
stopped or rapidly increased in order to reach normal milk intake
24 h later. Children on a diet free of cow’s milk protein were
maintained on a protein hydrolysate diet for several months.

The children with CMA were divided into three groups. Group
I: After the initial milk challenge. This group consisted of seven
children aged from 3 wk to 4.5 months (mean age 3.0 + 0.9
months), diagnosed as previously described, who had undergone
an intestinal biopsy at the very beginning of the disease, i.e.
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within only 5 days of a positive milk challenge. At the time of
biopsy, they were on a protein hydrolysate formula (Alfaré,
Nestlé, Pregestimil, or Nutramigen, Mead-Johnson).

Group I1: Before late milk challenge. This group was composed
of six children (mean age: 12.7 + 2.3 months) who had been
maintained on a cow’s milk-free diet for at least 4 months and
had come to the hospital for a new milk challenge. They were
biopsied just before the challenge for examination of their mu-
cosal histology and intestinal HRP permeability during the ex-
clusion diet.

Group II1: After late milk challenge. This group was comprised
of nine children who had been on a cow’s milk-free diet for
several months and had also come for a new milk challenge
(mean age 12.8 + 1.8 months). A biopsy was performed 24-48
h after the challenge. Children with positive (7 = 5) and negative
(n = 4) challenges are designated subgroups IIIa and IIIb, respec-
tively. Of the 15 children with CMA studied, one child (MS)
underwent three serial biopsies (I, II, and III), four children (MS,
MAB, DB, and MQ) underwent two biopsies (Il and III), and
another (MJ) underwent two biopsies (I and III). The remaining
children were biopsied once only or underwent several biopsies,
but the fragments obtained were not large enough to allow
measurement of HRP permeability in an Ussing chamber.

Herein, most of the children clinically intolerant to cow’s milk

Table 1. Clinical results of children with CMA at different stages of disease

Fecal Paroxysmal, Clinical response
Age” Diar- blood Wt Vomit- systemic to cow’s milk
Patients (mo) rhea loss loss ing adverse reactions challenge Histology IgE to cow’s milk
Group I
LY 1 + + + + MPlasmocytes -
NM 1 + + + + T Eosinophils
MJ 4 + + + + + Normal -
LO 4%  + + + + 1 Plasmocytes
Eosinophils
LA 7 + + + + Partial villus atrophy +
T Plasmocytes («-lactalbumin and
B-lactoglobulin)
oD 1 + + + T Mast cells
MS + + + + T Lymphocytes -
T Plasmocytes
Group II
MA 17 + + + + Normal
MSit 6 + + + + ++ Normal -
MSt 14 + + + +++ Normal
MAB 14 + + + + + Normal -
MQ 24 + + Normal
DB 9 + + + + Partial atrophy -
Group Illa
MS 6 + + + ++ Normal -
DE 9 + + + + Slight villus atrophy +
(LTS to B-lacto-
globulin)
MJ 16 + + Normal
MS 14 + + + +++ Normal -
DB 9 + + + + Partial atrophy -
Group IIIb
MQ 24 - Inflammation
MAB 14 - Normal -
AM 9 - Normatl
ME 14 - Normal -
* At biopsy.

+ Increased mucosal inflammation.

1 Same child biopsied twice before each of two positive challenges. Clinical results of group II infants are those obtained after the milk challenge,
except histological results that are those of the biopsy taken before the milk challenge.
§ Lymphoblastic stimulation test.
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had a negative milk protein radioallergosorbent test, suggesting
that IgE-mediated hypersensitivity was not constant. This was
also reported in previous studies of CMA patients whose serum
IgE were normal (13-15)

Histological appearance of the mucosa of CMA patients was
not strikingly altered. Group I children consistently presented no
villus atrophy but an inflammatory infiltration of the submucosa,
and in most cases the mucosa normalized after a milk free diet
of several months.

METHODS

In vitro HRP transport studies. Each biopsy was laid flat on a
Millipore filter (HAMK 0.45 um). Filter and biopsy were
mounted in a small Ussing chamber and bathed on both sides
with 1.5 ml of Ringer solution (pH 7.4) containing in mM: 140
Na, 5.2 K, 1.2 Ca, 1.2 Mg, 120 Cl, 25 HCOs, 2.4 HPO,, and 0.4
H,PO.. The exposed surface area was 10 mm?. Silicone paste
(Rhodorsil, Rhéne-Poulenc, France) was used to minimize edge
damage. The Isc that is an index of active electrolyte transport
by the epithelium, and the tissue G that is an index of electrolyte
permeability through the paracellular pathway were measured as
follows: the solutions bathing the mucosal and serosal sides of
the tissue were connected to calomel electrodes via 3M KCl agar
bridges for measurement of the transepithelial PD, and to Ag-
AgCl electrodes for the passage of current through the system.
The biopsy was short-circuited by an automatic voltage clamp
that compensated for the resistance of the fluid and of the filter
itself. Current pulses enabled us to measure tissue conductance
at regular intervals.

HRP (Sigma type VI, Sigma Chemical Co., St. Louis, MO)
was used as described earlier (7, 8) to quantitate permeability to
the protein in its intact and degraded forms. Briefly, HRP at a
final concentration of 10 uM (0.4 mg/ml) was added to the
mucosal compartment and [°’H]JHRP, prepared and stored as
previously reported (7), was also added as a tracer (1.33 xCi/ml).
For 110 min, 800-x] samples were taken from the serosal com-
partment at 10- and 20-min intervals and replaced by fresh
Ringer buffer. Mucosal to serosal fluxes of intact HRP (J intact-
HRP) were determined by enzymatic assay on 200-ul aliquots of
the serosal sample according to the modified Worthington
method (16). Tritium fluxes (corresponding to intact plus de-
graded HRP) were assessed by tritium counting on the remaining
500-x1 aliquots, using liquid scintillation photometry. Degraded
HRP fluxes (J degraded HRP) were calculated as tritium fluxes
minus intact fluxes.

In some experiments, the metabolic inhibitors 2-deoxyglucose
50 mM + sodium azide | mM were added on both sides of the
tissue 30 min before the HRP flux measurements, or after 100
min of flux measurements in one child with CMA.

Statistical analysis. Statistical analysis was performed by using
the SPSS/PC+ program (SPSS Inc, Chicago IL). Means of the
several groups are given with their SE and compared by one-way
analysis of variance and multiple-comparison techniques (17).
When the assumption of equality of variance was questionable,
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nonparametric methods, such as the Kruskal-Wallis test, were
also used (17). As the statistical analysis was focused on the
comparison and estimation of the magnitude of the means,
confidence intervals will also be reported (18).

RESULTS

Jejunal permeability to HRP in control children. As shown in
Figure 1 and Table 2, HRP was mainly transported across the
epithelium of control children in degraded form (88%) but a
significant percentage (12%) was transported in intact form.
Transepithelial fluxes increased with time and reached a steady
state after 60-80 min. Consequently, the subsequent flux values
were the means of the three last fluxes, measured between 60
and 100 min. The 95% confidence intervals for intact and
degraded JHRP were 2.9 to 8.3 and 24.5 to 54.3 pmol-h™'.cm™2,
respectively. There was no change in intact or degraded protein
permeability as a function of age in children of 2 months to 11
yr (Fig. 2) suggesting that intestinal closure to macromolecules
is effective before the age of 2 months. The addition of metabolic
inhibitors 30 min before the flux measurements led to a complete
inhibition of both intact and degraded JHRP (results not shown,
estimated in three control children).

Jejunal permeability to HRP in children with CMA. As re-
ported in Figures 3 4 and B, steady state JHRP were about 8-
fold higher in children in the active stage of CMA (group I). By
one-way analysis of variance, the difference was significant for
both intact (p < 0.001) and degraded (p < 0.01) HRP fluxes. (A
correlation analysis taking into account all measured HRP fluxes,
i.e. from both control and CMA children, confirmed that these
two parameters are correlated, with a one-tailed significance
value of p < 0.05.)
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Fig. 1. HRP absorption in control children. Mucosal to serosal fluxes
of intact (@) and degraded HRP (O) across the jejunal epithelium of
control children as a function of time (n = 18). Values are plotted as
mean + SE.

Table 2. Transepithelial intact or degraded HRP fluxes from mucosa to serosa across jejunal epithelium of control children and
children with CMA*

% HRP transported

Age Intact Degraded
nt (mo) JHRP JHRP Intact Degraded
Controls 18 13.3+22 592 +1.24 3941 £6.96 12.5 87.5
Group I 7 29+09 48.46% £ 15.22 471.50% £ 236.25 9.3 90.7
Group 11 6 12723 8.18 +2.20 5141 +16.20 13.7 86.3
Group Illa 5 10.8 + 1.8 13.62 +5.18 73.44 +40.14 15.6 84.4
Group IIIb 4 152+ 3.1 13.20 +£2.75 67.58 +48.07 8.9 91.1

* Values recorded as mean and SE.
1 Number of children in each group.
i Significantly different from controls (see text for details).
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Fig. 2. Ontogenesis of HRP absorption. Mucosal to serosal fluxes of
intact (@) and degraded (O) HRP across the jejunal epithelium of control
children as a function of age. Each point represents one child.

For intact JHRP, detailed examination of group I values (95%
confidence limits 11.19 to 85.72 pmol-h™'.cm™?) showed that

this group also exhibited an increased dispersion, with increased

variance. The nonparametric Kruskal-Wallis test, which does not
depend on normality and equality of variance, also confirmed
the significance of this difference (p < 0.001). To sum up, intact
JHRP of group I patients are higher and also more variable than
those of other groups, and particularly than that of controls.

For degraded JHRP, the scatter observed in group I was even
greater (95% confidence limits —136 to +1079 pmol-h™'.cm™2)
and prevented detecting a difference by the Kruskal-Wallis test.

The 8-fold rise in HRP fluxes was probably due to a transcel-
lular increase in HRP endocytosis, inasmuch as in one biopsy
from a child in group I, the addition of metabolic inhibitors on
both sides of the tissue led to a net decrease in intact HRP fluxes
(Fig. 4). After several months on a milk-free diet, this increased
permeability returned to the near-control values observed in the
children in group II. Immediately after the milk challenge, HRP
permeability rose slightly but not significantly. This result was
obtained for children in both the positive and negative milk
challenge groups (II1a and IIIb, respectively). In the four patients
from whom specimens were obtained both before and after the
milk challenge, no significant modifications were obtained in
HRP permeability, irrespective of the outcome. These four chil-
dren when on a cow’s milk free diet (group II) had HRP fluxes
under intact and degraded form of 8.58 + 3.01 and 48.61 *
22.89 pmol.-h™'.cm™ and the values of these fluxes after the
milk challenge were 10.38 % 2.46 and 36.09 + 21.07 pmol-h™!.
cm™2, respectively. The simultaneous examination of the histo-
logical appearance of the biopsy and HRP transport indicated
that no strict relationship was observed between these two param-
eters.

Electrical parameters. The electrical parameters (Table 3) ob-
tained in control biopsies were similar to those obtained previ-
ously in children recovering from malnutrition (8), and in
healthy children previously studied (19). The 95% confidence
interval for Isc was 21.5 to 39.05 uA-cm™2. For group I children,
the average Isc value was higher (62.7; 95% confidence interval
11.2 to 114.1 wA.cm™2), but due to the high variability the
difference just failed to reach significance (one-way analysis of
variance: p = 0.066, Kruskal-Wallis test: p = 0.16). This high Isc
average value might reflect stimulation of electrogenic secretion
probably involved in the development of diarrhea. The variability
of the magnitude of Isc stimulation (i.e. the increased dispersion
observed for group I patients) might indicate that this is not a
constant feature of the disease. Group II, IIia, and IIIb average
Isc values did not differ from controls. The conductance re-
mained constant at all stages of the disease and was not statisti-
cally different from the control values.

DISCUSSION

In the present study we measured the transport of proteins
across isolated jejunal mucosa in control children and children
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Fig. 3. HRP absorption in children with CMA plotted as mean £ SE.
Mucosal to serosal intact (4) and degraded (B) HRP fluxes as a function
of time across the jejunal epithelium of control children (®) and children
with CMA : ¥ (group I), A (group II), B (group Illa + b). Intact or
degraded HRP fluxes calculated at steady state (mean from 60 to 100
min) are increased in group I compared to other groups. Number of
children studied: Controls n = 18, group I # = 7, group Il n = 6, group
Mln=09.

with CMA. Control children absorbed HRP by the two func-
tional pathways previously described (7, 8) to a similar extent in
the age range from 2 months to 11 yr. A large increase in HRP
endocytosis, associated with an increase in short-circuit current,
was found during the initial period of CMA when infants less
than 3 months old underwent inadvertent or deliberate exposure
to cow’s milk antigens. These alterations were not associated
with any significant change in electrical tissue conductance.
This result raises the question of whether the increased HRP
absorption observed early in the disease is specific to children
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Fig. 4. Inhibition of HRP absorption in one child with CMA. Mu-
cosal to serosal intact HRP fluxes in a 1-month-old child with CMA in
group I as a function of time. Note that the high HRP permeability was
completely abolished by the addition of metabolic inhibitors (50 mM 2
deoxyglucose + 1 mM sodium azide) on both sides of the tissue.

Table 3. Electrical parameters of jejunal biopsies from control
children and children with CMA*

Potential
difference G Isc
nt (mV) (mS/cm?) (uA/cm?)
Controls 12 —0.94 £ 0.18 38.80 +6.93  30.29 + 3.98

CMA—group I 6 —1.32+£0.47 48.20 + 3.88 62.66% + 20.02
CMA—group II 6 —0.89 £0.08 39.56 +7.32  32.54 +3.35
CMA—egroup Illa 5 —0.79 + 0.26 38.03 + 10.46 27.37 = 9.88

CMA—group IIlb 4 —0.88 +0.26 31.5+4.15 33.90 + 6.46

* Values recorded as mean and SE.
1 Number of children in each group.
1 Different from other values at p = 0.07 (see text for details).

with CMA or whether this increase is part of the postnatal
development of intestinal permeability to proteins. Indirect evi-
dence has led various authors to state that infants naturally
absorb more macromolecules acting as antigens than older chil-
dren, because infants were found to have more antibodies to
food antigens than older children (20). However, other authors
pointed out that the intestinal barrier to antigens was efficient at
birth. Thus, Robertson et al. (21), who measured the concentra-
tion of @-lactoglobulin after feeding preterm and term neonates
with a cow’s milk-based formula, showed that the ability of the
gastrointestinal tract to exclude antigenically intact food proteins
increases with gestational age, but that in humans, gut closure
normally occurs before birth. Similarly, Jakobsson ef al. (22)
reported that the human «-lactalbumin concentration after hu-
man milk feeding was higher in the serum of preterm infants
than in term infants aged 5 to 30 days. In our study, we did not
find an increase in HRP transport in the mucosa of the youngest
infant (2 months) of the control group. We have preliminary
evidence that HRP is an appropriate marker of cow’s milk
proteins such a g-lactoglobulin or a-lactalbumin. Indeed, in
rabbit intestine, these two proteins are transported to a similar
extent as HRP in our study (23). Milk protein transport should
be measured across human intestinal biopsies before conclusions
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can be drawn, however, we think that HRP transport might well
reflect 8-lactoglobulin or a-lactalbumin transport.

Our results suggest that in humans, intestinal closure to non-
immunoglobulin proteins occurs before the age of 2 months and
indicate that the increased permeability observed at the early
stage of the disease is not related to a developmental process.
One could also argue that the increased HRP permeability is
related to a delay in the physiological phenomenon of closure.
However, this possibility is unlikely in view of the simultaneous
increase in Isc.

The increased permeability to HRP observed herein during
the acute phase of CMA is probably not due to disruption of the
mucosa but rather to an increase in a transcellular absorption.
This conclusion is based on the following data: 1) The electrical
tissue conductance which is a good index of the electrolyte
paracellular pathway in the small intestine (24) was not increased
at any stages of the disease. 2) The rise in intact HRP absorption
was associated with a parallel rise in degraded-HRP absorption
which is obligatory transcellular. 3) In one child with CMA, HRP
transport was inhibited by the addition of metabolic inhibitors
to the bathing solutions. 4) The histological appearance of the
jejunal mucosa of the group I infants only displayed abnormali-
ties at the lamina propria level, with increased cellularity indi-
cating an inflammatory process. Additionally, no detectable al-
terations were observed at least by the light microscopic exami-
nation of the epithelial layer.

The increase in HRP transport is a transient phenomenon
associated with an increase in Isc. The increase in Isc in the
active phase of the disease is reminiscent of the increase in Isc
due to active chloride secretion after luminal ovalbumin chal-
lenge in rats already sensitized to ovalbumin (25). There is
considerable evidence that the antigen stimulation of plasmo-
cytes in the lamina propria of the gut mucosa produces an
increase in Isc due to the liberation of many mediators that
directly or undirectly stimulate water and electrolyte secretion
(26). In our experiments, the increase in Isc could be due to the
persistence of chloride secretion induced by cow’s milk proteins
in vivo. During the initial phase of CMA, there is always an
inflammatory response in the lamina propria (27, 28). It is
conceivable that locally released lymphokines stimulated the
endocytic process. We therefore suggest that the increased perme-
ability to antigenic molecules in the acute phase of CMA might
be due to stimulation of the fluid-phase endocytic process, pos-
sibly by the prolonged effect of the lymphokines or mediators
locally released from sensitized cells. In that case, the epithelial
dysfunction in CMA would be the consequence of submucosal
dysfunction. The lack of increased HRP uptake after positive
cow’s milk challenge in older children could be due to the short
duration of milk challenge (less than 48 h) compared to the
longer duration at the initial stage of investigation (several days
or weeks).

Taken together, our results indicate that in infancy there is a
basal permeability to dietary proteins in their intact and degraded
forms which seem constant from 2 months of age. Thus, in our
series, infants with CMA exhibited increased absorption of both
intact and degraded proteins probably on account of the inflam-
matory process associated with the disease. This increased ab-
sorption is not likely to be constitutive, inasmuch as normal
permeability was restored by a diet free of milk proteins.
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