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ABSTRACT. We studied the effect of early weaning from 
maternal breast milk to artificial diets on rat jejunal ab- 
sorption of an exogenous 40-kD glycoprotein, horseradish 
peroxidrse (HRP). Rat pups, fed maternal milk (MM) 
from birth, received one of three diets for the last 4 d 
before weaning (d 17-21): MM, protein hydrolysate for- 
mula {PH), or soy formula (S). W e  rats were pretreated 
on d 14 with intraperitoneal hydrocortisone (5 mglrat). In 
MM-fed rat pups, jejunal HRP absorption was markedly 
higher on d 17 than on d 21. [Geometric means (95% 
confidence interval) were: d 17,626.4 (461.3,850.6) versus 
d 21, 90.6 (48.2, 170.5) IU HRP/mL x cm x min, p < 
0.01.1 By contrast, 21-d-old PH- and Sfed pups maintained 
elevated absorption of the tracer IPH, 2923 (177.5,480.6), 
p e0.05 versw MM pups, S, 340.8 (164.4, 704.8), p < 
0.01 versus MM pups]. Wt-matched controI studies indicate 
that the difference in HRP absorption was not due to the 
smaller body wt of formula-fed pups. The increased a k  
sorption in formula-fed animals was suppressed by hydro- 
cortisone. In Sfed pups, the increased macromolecular 
absorption appeared, in part, to be the result of diffusion 
across altered villus absorptive cells. In PH-fed pups, there 
was no evidence of damage and HRP absorption appeared 
to occur by vesicle-mediated transport. Delay in the n o m l  
maturation of s m l l  intestinal "closuren appears to be 
associmted with early weaning to artificial diets. This may 
lead to increased nonspecific macromolecular permeability 
that could result in immune-mediated sensitization and 
fwd intolerance. (Pediatr Res 28: 31-37, f 990) 
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PH, protein hydrolysate formula 
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( 1  -4). The timing and pattern of closure varies between species, 
as a function of neonatal maturity and intestinal development at 
birth (4, 5). In altricial species, such as the rat, the gut remains 
open to the uptake of nutritional, immunologic, and growth- 
promoting trophic macromolecules from MM for a relativeIy 
long time (21 d) after birth. In precocial species, such as the 
guinea pig, closure occurs earlier (2-4 d) (4). Macromolecular 
absorption in altricjal species, such as the rat, occurs by receptor- 
mediated and soluble endocytosis. This is reflected in the mor- 
phology of the absorptive epithelial cells that are filled with 
endocytotic tubules, vesiclw, and larger vacuoles that largely 
disappear at closure (4). Human infants at binh are considered 
intermediate between altricial and precocial species at birth; 
MM-derived immunologic factors are beneficial and MM hor- 
monal-trophic factors may have an as yet undefined physiologic 
role (6, 7). 

Much remains to be learned about the immunologic, trophic, 
hormonal, and nutritional factors that may regulate closure and 
the mechanisms that delay this process (8-1 2). The effects of diet 
and nutritional factors on the normal development of the gas- 
trointestinal macromolecular barrier are incompletely under- 
stood. Formula feeding~, in contrast to MM, have been reported 
to lead to increases in intestinal permeability in human infants, 
newborn rabbits, and guinea pigs ( 1 1, 12). In humans, the use of 
small molecule, nonmetabolizable markers limits the relevance 
to rnacrornolecubr absorption (12-14). In the rabbit, no artifi- 
cial-feeding permeability-damaging factor has been isolated, and 
no immunologic mechanism accounting for the increased ab- 
sorption demonstrated (1 I). Although it could turn out that 
normal closure requires the continuous p r a n c e  of MM-derived 
trophic or hormonal factors, no experimental evidence for such 
a mechanism has been reported (7). Some evidence does suggest 
a possible role for endogenous glucocorticoids in this proces in 
rats (1, 9, 10, I S ,  16). 

We evaluated the effect of early weaning to formula feedings 
IPH or S), as well as the effects of HC administration, on neonatal 
rat small intestinal closure to a nonspecific, 40-kD macromole- 
cule, HRP. The studies were done during the last 4 d before 
weaning (d 17-21), when the pups feed independently on for- 
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MATERIALS A N D  METHODS 

Animals and Experimental Feedings. Newborn male and fe- 
male rat pups, Wistar strain [Crl:(WIjBR, Charles River Labs, 
Wilmington, MA] were reared at a density of 12 pups/dam until 
17 d of age, under natural, MM feeding conditions. On d 17, the 
pups were divided into three feeding groups of four rats each for 
4 d, until d 2 t of age. One group remained with the mother and 
was breast fed with M M, one group was fed ad libitum with a S 
liquid commercial diet (Isornil-R), and the third group was fed 
ad libitum with a PH formula (Nutramigen-R). The formulas 
were delivered by standard water bottles to which the rat pups 
adapted readily. An effort was made to distribute the rat pups 
squally by sex and wt among the three feeding groups. The pups 
were all kept in metabolic cages with wire mesh bottoms to avoid 
coprophagy. A folded paper diaper was placed in half of the cage 
to help pups with control of body temperature. The pups were 
weighd daily and the effect of feedings on wt gain monitored. 
Figure 1 outlines the basic experimental feeding protocol. All 
animal experimentation was approved by the institutional Ani- 
mal Care Committee and was performed in accordance with the 
guidelines set forth in the NIH Guide for the Care and Use of 
Laboratory Animals ( 17). 

Because our initial data indicated that MM-fed rat pups had a 
small but significant increase in wt after 4 d as compared with 
formula fed pups (Table l), a wt-matched control study was 
carried out. For this purpose, litter density of MM-fed animals 
was maintained at 12 pupsjdam before and during the 17- to 
2 1 4  experimental feeding period. MM-fed rat pups, selected 
from this litter and wt-matched to formula-fed pups, were then 
studied at d 2 1. 

The normal development of closure to HRP between d 17 and 
2 1 was also evaluated in several litters of rat pups. This was done 
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Fig. I .  Diagram of the basic experimental feeding sequence. Five mg 

HC/pup were administered intraperitoneally on d 14. During the 4-d 
experimental feeding period, from d 17-21 of age, there were 4 pups/ 
treatment. 

Table 1. E$et of diel and hydrocortisone treatment on 
ra! pup wt 

Diet n n/pur, p v s M M  pvsHC-fre 

Rat pup wt on d 2 I ,  after the experimental feeding period with either 
MM, PH, or S and with or without HC pretreatment. Initial wt of the 
rat pups on d 17 in the three experimental feeding groups was indistin- 
guishable (MM, 43.2 k 0.67; PH, 42.8 k 0.69; S, 4 1.5 + 0.50 g/pup). All 
pups gained wt over the 4-d experimental period. Values are arithmetic 
means + SEM. Statistical analysis was by one-way anaIysis of variance. 
with paired contrasts by Tukey's test. n = no. pups/group. 

by comparing jejunal HRP absorption at d 17 of age, before the 
division of the animals into the three experimental feeding 
groups, with that seen at d 2 1 in MM-fed rat pups. 

We also evaluated the effect of a reported inducer of precocious 
gut closure to IgG, HC, on rna~romol~~ula r  permeability in PH- 
and S-fed rat pups (1, 15). At 14 d of age, pups were injected 
intraperitoneally with 5 mg of HC. At 17 d of age, the HC- 
treated pups were divided into two formula feeding groups (PH 
+ HC and S + HC) for 4 d, and then evaluated at 2 1 d (Fig. 1). 

Mucromolecu~ai. Absorplion Studies. Loop prepamtion. After 
the experimental feeding period, rat pups were anesthetized with 
urethane (1.3 g/kg, intraperitoneally) and the abdominal cavity 
opened by a mid-ventral incision. A loop of jejunum distal to 
the Ligament of Treitz was isolated in vivo, maintaining vascu- 
larization of the segment. The intestinal loops were approxi- 
mately I5 cm in length (for a = 36, mean & SEM was 15.4 f 
0.5 cm/loop). The jejunal loops were cannulated at their proxi- 
mal and distal ends, washed with warm (37 '0  isotonic saline, 
and kept intraabdominally moist; animal rectal temperature was 
maintained at 36.5 to 38°C with electric heating pads. The loops 
were equilibrated for two 30-min periods with 1.5 mL aliquots 
of isotonic (I40 mM) NaCI, buffered with 5 m M  Tris-HC1 (pH 
7.3). This fluid volume (1.5 mL) was chosen because it filled the 
I 5  cm loops without causing distension. Fluid collection from 
the loops was by displacement of the contents with two gentle 
10 mL volumes of air (18). After the equiIibration period, a 
preweighed 1.5 mL aliquot of 0.5 g/dL HRP (type 11, Sigma 
Chemical Co., St. Louis, MO) in Tris-buffered (pH 7.3) isotonic 
saline was gently infused into the loop while the exit port was 
left open. The exit port was then closed and the HRP-containing 
solution kept in the loop for 30 min within the abdominal cavity 
and covered by a warm, soaked gauze pad. At the end of the 
experimental period, the lumenal fluid was collected by two air 
displacements into preweighed test tubes. 

Blood colIection and serum preparation. Blood was obtained 
from the dorsal aorta at the lumbar bifurcation, avoiding he- 
molysis, in a heparinized, plunger-free, syringe barrel fitted with 
a heparinized 22-gauge I-inch needle (1 9, 20). Blood (0.25-0.50 
mL) was allowed to flow into the barre1 and was then gently 
decanted into small test tubes. The perfused intestinal loop was 
excised and its length measured under a 3-g tension. At the end 
of the experiment, the animals were killed by exsanguination. 
The blood was then transferred to Wintrobe tubes and centri- 
fuged at 500 x g on a clinical table top centrifuge (IEC, Needham 
Heights, MA) for 2 h, yielding a light straw-colored serum. 

Peroxiduse activity assay. Assays were done immediately after 
centrifugation. A test run, however, did indicate that serum HRP 
activity is unaffected by overnight storage at 4°C. Serum HRP 
was assayed as previously described (19, 20) by measuring the 
rate of change in absorbance produced by the oxidation of 
o-dianisidine at 460 nm over a 1-min period on a recording 
spectrophotometer (Shirnatsu Electronics model UV- 160, 
Tokyo, Japan). Fifty pL of serum were used for the assay. The 
units of activity were expressed as pmol hydrogen peroxide 
decomposed/mL serum x rnin x cm loop. We have previously 
demonstrated that enzyme activity in the range we detected is 
proportionaI to the actual concentration of HRP (19). 

Because Bb is peroxidatic, we assessed possible hemolysis in 
our technique of serum preparation. S-fed pups were perfused in 
the absence of HRP and serum peroxidase activity determined. 
In these HRP-free pups, endogenous serum peroxidase activity 
was 38.2 f 29.3 IU/mL x crn x rnin; less than MM controls 
exposed to the tracer, and similar to levels found in our earlier 
HRP-free control studies ( 19). 

Net Water Transport. Net water absorption was evaluated 
gravimetrically by determining the difference between fluid re- 
covered in tared test tubes and the amount infused into the loops 
and expressed as pL water absorbed/min X cm loop (18). 

Murphologicral Studies land Cytochewlistty. To study the route 
of HRP penetration across the rnucosa, samples were fixed in 
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