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Intestinal permeability to polyethyleneglycol 600 in
relation to macromolecular 'closure' in the neonatal pig
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SUMMARY The intestinal permeability of different sized molecules in the neonatal pig was

investigated. Piglets of varying age (0-168 h) were given a mixture of different sized
polyethyleneglycols (414-942 dalton polyethyleneglycols) together with ovalbumin and bovine
serum albumin by stomach tube, and the serum concentrations were determined two hours after
feeding. Considerable amounts of ovalbumin and bovine serum albumin were found in the serum

of animals up to 24 hours of age, whereas very little or none at all was found in sera from older
animals. By contrast, an intestinal permeability barrier to polyethyleneglycols in the 414-942
dalton range was found not only in the older animals but in all pigs investigated, including the
newborn, unsuckled. In addition, the permeability barrier to polyethyleneglycols was found in a

pig which was starved to prevent macromolecular closure and, therefore, absorbed considerable
amounts of bovine serum albumin and ovalbumin. These findings indicate that 414-942 dalton
polyethyleneglycols cross the intestinal mucosa at different rates due to size regardless of age of
the animals and regardless of whether the mucosa is permeable to protein or not. This suggests
that low molecular weight molecules like 414-942 dalton polyethyleneglycols and
macromolecules (proteins) cross the neonatal gut wall through different routes.

During the neonatal period in mammalian species
the intestinal mucosa is immature, as compared with
the adult, for varying time periods. Thus, during this
period, the mucosa is permeable to macromolecules
so that large quantities of both antibodies and
antigens may be transported across the mucosa into
the systemic circulation.' 2 In the newborn pig,
virtually all proteins coming in contact with the
mucosa are absorbed into the blood circulation in
large amounts.t 3 This period of enhanced uptake
lasts only for about 24 hours after onset of colostrum
ingestion; the intestine then 'closes' to prevent
further massive uptake of macromolecules.
Although this 'closure' phenomenon has received
much attention, the underlying mechanisms remain
largely obscure and little is known about how
'closure' affects the permeability to molecules of
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varying size, charge and shape.
This study deals with the intestinal permeability to

different sized molecules in the neonatal pig. It was
anticipated that the use of a spectrum of different
sized molecules as permeability probes in each
animal under study would minimise the influence of
irrelevant variables and facilitate analysis of the
underlying mechanism. We therefore studied the
peremeability to low molecular weight molecules in
the 414-942 dalton range (polyethyleneglycol 600)
together with the macromolecules ovalbumin
(MW=43,000) and bovine serum albumin
(MW=69,O00), before and after macromolecular
closure. The results indicate that polyethylene-
glycols in the 414-942 dalton range cross the
intestinal mucosa at different rates regardless of
whether the mucosa is permeable or not to
ovalbumin and bovine serum albumin. It appears,
therefore, that the intestinal permeability barrier to
polyethyleneglycols in the 414-942 dalton range is at
hand already at birth and that it is unrelated to
macromolecular closure.
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Methods

MATERIALS
Chemicals and equipment
Polyethyleneglycol with an average molecular
weight of about 600 (polyethyleneglycol 600, HO-
(CH2-CH2O)nH n = 9-21) was obtained from BDH
Chemicals Ltd, Poole, England. The liquid
chromatograph was a HSRI 931 (Optilab AB,
Stockholm, Sweden), equipped with a 902 C
refractometer and a 10 mm measuring cell. The
column used was Apex C8 (250x4*4 mm, Jones
Chromatography Ltd, Llandbradach, Great
Britain). Peak areas (in ,uVs) and retention times
were obtained by means of an LDC 304-50
computing integrator (Hugo Tillqvist AB, Solna,
Sweden).

Animals
In all, 26 neonatal pure breed Swedish Landrace
piglets4 from five litters, aged 0 (newborn
unsuckled) to seven days were used in the study.
Apart from the newborn (unsuckled), the piglets
were kept together with their dams and thus had
free access to the sow's colostrum/milk until the
experimental feeding. In addition, three unsuckled
piglets were taken from their dams immediately
after birth and kept in a heated nursing cage with
free access to a solution of glucose (3-2 g/l), NaCl
(1.2 g/l) and Fe-glutamat (3.5 g/l) (Fe-max, Peter
Moller a/s, Oslo, Norway).

PROCEDURES
The test feeding solution fed at various times from
birth (0 h, to 168 h after birth) consisted of 20%
polyethyleneglycol 600 (w/w), 2% bovine serum
albumin (bovine serum albumin, fraction V, Sigma,
St Louis, USA) and 2% ovalbumin (Ovalb, Sigma)
in 0.9% saline. The solution was given (10 ml/kg
body weight) by stomach tube and the piglets were

kept in separate cages allowing urine sampling. Two
hours after the experimental feeding, a blood
sample was taken by puncture of the anterior vena

cava and urine withdrawn by puncture of the urinary
bladder.5 Serum and urine (pooled from the cage
and the bladder puncture) were stored frozen at
-20°C until analysed.

ANALYSIS
For polyethyleneglycol analysis, 1 ml serum or urine
was applied to kieselghur (ExtrelutR, E Merck,
Darmstadt, West Germany) and eluted with 6 ml
chloroform. The eluate was evaporated under air,
1 ml methanol:water (40:60) added, and the test
tube put in a 37°C waterbath for 10 minutes. The
tube content was then mixed with a Vortex mixer

and filtered through a Millipore HA 0-45 ,um filter
using a MF-1 complete microfilter sample system.
Polyethyleneglycols in the extracted samples were

determined through reversed phase high per-
formance liquid chromatography, using refractive
index detection to identify the different-sized
molecules. Details concerning the chromatographic
conditions are given in the legend to Figure 1.
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Fig. 1 Reversed phase HPLC resolution of different
molecular species in polyethyleneglycol 600. Sample
volume, 100 ,ld;flow rate, 0-88 mllmin; mobile phase,
methanol:water (40:60); pressure, 10 3 MPa; temperature,
28°C; recorder speed, 0 5 cmlmin.
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Quantitation of bovine serum albumin and
ovalbumin in serum was performed by electro-
immunoassay.6 Antiserum to bovine serum albumin
was obtained from Miles Laboratories (Freehold,
USA) whereas specific rabbit antiserum to
ovalbumin was produced according to Jakobsson et
al.7

Results

PERMEABILITY TO BOVINE SERUM ALBUMIN AND
OVALBUMIN
The intestinal permeability to macromolecules in
piglets of ages from birth up to seven days was
monitored by determining the serum concentrations
of bovine serum albumin and ovalbumin two hours
after gastric load (Fig. 2). The serum levels of both
markers were essentially parallel throughout the
varying ages investigated and showed that large
amounts of the proteins were absorbed up to 24
hours after birth. Thereafter, only inconspicious or
undetectable amounts were absorbed. These
findings reflect the intestinal 'closure' for macro-
molecular transmission that occurs at this time. In
piglets fed glucose for up to 42 hours after birth,
however, both bovine serum albumin and
ovalbumin were absorbed (Fig. 2).

PERMEABILITY TO POLYETHYLENEGLYCOL 600.
The intestinal permeability to polyethyleneglycols in
the 502-942 dalton range is illustrated by the

absorption-molecular weight profiles in Figure 3.
Thus, the serum concentrations of larger poly-
ethyleneglycols in the spectrum were consistently
lower than the corresponding concentrations of
smaller polyethyleneglycols in all piglets
investigated, indicating that larger polyethylene-
glycols were less absorbed into the circulation than
smaller ones, regardless of age. Also, the serum
concentrations of lairger polyethyleneglycols were
lower than of smaller polyethyleneglycols in a 24
hour old pig which was fed glucose instead of
colostrum to prevent closure to macromolecules
(Fig. 3c).
The permeability to polyethyleneglycols is also

illustrated by the absorption molecular weight
profiles in Figure 4. Here, the absorption of each
molecular weight component has been assessed as
urinary recovery after gastric load. Urinary
recoveries of larger polyethyleneglycols were
consistently lower than those of smaller poly-
ethyleneglycols in all piglets investigated, again
indicating that larger polyethyleneglycols were less
absorbed than smaller polyethyleneglycols,
regardless of age.

Discussion
The mucosal membranes of the adult mammalian
gut are relatively impermeable to large molecules.
On the other hand, large amounts of macro-
molecules- for example. immunoglobulins, can be
transmitted across the neonatal gut of several
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Fig. 2 Intestinal absorption of bovine serum albumin (BSA) and oi'albumin (Ovalb) in different aged neonatal pigs.
Absorption was measured as serum concentrations (,uglml) ofproteins two hours afterfeeding neonatal pigs that either had
had free access to colostrum (c), or were fed glucose instead ofcolostrum (0).

300

E

200

.o2
a)

0

y 100
0
C)

OVALB

a
0

522



Macromolecular closure and permeability to polyethyleneglycol 600

Fig. 3 Absorption molecular
weight profiles for
polyethyleneglycol 600 in pigs
of varying age. Absorption of
each molecular weight
component was assessed as
serum concentration 2 hours
after gastric load. (a) pigs aged
0-18 hours, (b) pigs aged 36-
168 hours, (c) a pig aged 24
hours which was fed glucose
from birth, (d) pigs aged 24
hours. In (a) and (c) all pigs
show macromolecular
absorption while in (b) and (d)
the pigs show macromolecular
closure as monitored with the
markers BSA and ovalbumin
(cf. Figure 2). Vertical bars
indicate standard deviation.
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Fig. 4 Absorption -
molecular weight profiles for
polethyleneglycol 600 in pigs of
varying age. Absorption of
each molecular weight
component was assessed as the
recovery in 2 h urine after
gastric load. a-d, as in Figure 3. Molecular weight (dalton)
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species. Apparently the maturation of the
mammalian gut involves a macromolecular
'closure', that is, a restriction in permeability to
larger molecules. Also, if mixtures of different sized
(370-1338 dalton) polyethyleneglycols are given to
adult humans8 9 or pigs,8 the urinary recovery of the
different sized molecules is inversely related to
molecular size: the larger the molecule, the less the
urinary recovery. On the other hand, if 282-1206
dalton polyethyleneglycols are given intravenously
to adult pigs the larger polyethyleneglycols of the
spectrum are recovered in the urine to the same or
even a greater extent than the smaller. ) These
findings indicate that low molecular weight poly-
ethyleneglycols cross the mature gut mucosa at
different rates owing to their different molecular
sizes - that is, the adult mucosa restricts permeation
because of size also in the 370-1338 dalton range.
The experiments reported in this communication

aimed at studying whether the gut mucosa of the
newborn, too, restricts permeation because of size
in the low molecular weight (414-942 dalton) range.
Alternatively, the more mature mucosa might have
acquired this property along with the closure to
macromolecular passage.
The investigation confirms earlier findings that

intestinal closure to macromolecules occurs at an
age of about 24 hours after birth in pigs, as after
that, the two marker proteins were absorbed only in
trace amounts. The investigation further indicates
that differences in intestinal permeability to low
molecular weight probes such as 414-942 dalton
polyethyleneglycols are at hand already at birth, as
larger polyethyleneglycols were less absorbed than
smaller also in the newborn, unsuckled pig. Such a
difference in permeability was also found in the
older animals that showed intestinal closure to
bovine serum albumin and ovalbumin, and in the
piglets fed glucose that did not show intestinal
closure. It appears, therefore, that the intestinal
permeability barrier to 414-942 dalton poly-
ethyleneglycols is unrelated to macromolecular
closure, and that an adult pattern of low molecular
nutrient absorption is at hand already at birth in the
piglet.
We have thus obtained some evidence to indicate

that polyethyleneglycols in the 414-942 dalton range
cross the intestinal mucosa at different rates because
of size regardless of whether the mucosa is
permeable or not to protein. Although further
implications of these findings are unclear, one
particular point may be stressed. The findings
suggest that 414-942 dalton polyethyleneglycols and
proteins permeate the neonatal gut wall through
different routes. Thus, whereas proteins are taken
up largely via endocytosis,"1 12 polyethyleneglycols

may be able to pass through small 'pores' in the lipid
membrane of the enterocyte or by channels
associated with the functional complexes between
adjacent enterocytes. If so, 414-942 dalton poly-
ethyleneglycols are not likely to be relevant
permeability probes when assessment of intestinal
permeability to proteins is aimed at. If the
'permeability barrier' to low molecular weight poly-
ethyleneglycols is unrelated to any macromolecular
uptake, polyethyleneglycols absorption tests are not
likely to reveal, if present, an increased intestinal
permeability to potentially antigenic material. This
should be borne in mind when intestinal
permeability determinations are pursued in view of
the concept that altered gut permeability could
underlie the pathogenesis of allergic, rheumatic and
various gastrointestinal diseases.2 13
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