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Summary

Intestines of newborn and postnatal young of female rats fed
diets containing 4% or 24% casein during pregnancy were in-
fused in vivo with 50 mM '“C-labeled I-aminocyclopentane-1-
carboxylic acid (ACC), a-aminoisobutyric acid (AIB), glycyl-1-
L-leucine (GL), or 8% *H-histidine-labeled casein in 5% glucose
and physiologic saline. The amounts of each material removed
from the lumen or absorbed and the amount retained by the
intestinal tissue were expressed as a total amount and per g body
weight and per enterocyte.

Casein absorption was significantly reduced per absorptive cell
in prenatally protein-deprived (PPD) young at birth, but there
were no differences at 8 days of age. AIB absorption and
retention were decreased in PPD newborn young compared to
controls whether expressed as a total, or on the basis of body
weight or per enterocyte. At 12 days, total retention and absorp-
tion were reduced in PPD young, but all other differences no
longer existed. ACC absorption was reduced in PPD young.
compared to controls, regardless of the means of expression.
Retention of ACC per enterocyte was increased at birth com-
pared to controls. These differences had disappeared by 8 days.
GL reteation was increased in PPD young compared to controls
at birth, but not at 8 days.

The data on casein absorption indicate that newborn PPD
young are handicapped at some pointin the process of digestion
and absorption of protein. At birth, amino acid absorption is
also affected. Active transport of amino acids may be affected in
some way, such as by an effect on carrier protein, by a deficit of
available energy for active transport. The high retention of
dipeptide per enterocyte may be the consequence of a decreased
ability of the enterocytes of PPD young to hydrolyze the dipep-
tide or may be the result of increased incorporation of these
materials into mucosal protein. There is apparently a marked
difference between the effects of intestinal absorption of prena-
tal protein deprivation and those of postnatal malnutrition. It is
suggested that the competence of the enterocytes are reduced in
newborn PPD young whereas animals whose prenatal nutrition
was normal would begin life with a larger complement of fully
differentiated absorptive cells and might therefore be capable of
greater adaptation to the nutritional deficit.

Speculation

The data presented demonstrate that maternal protein defi-
ciency results in decreased absorption of protein and its digestion
products in the intestine of newborn rat pups. This may contrib-
ute to an explanation of the postnatal growth retardation, high
mortality rate, and reduced immunocompetence in these off-
spring. Further investigation is needed on the specific steps in
the protein digestion and absorption process which are affected
and on the procedures which might be used to compensate for
the depressed absorption.

The intestinal tract is one of the organs which has been found
to undergo developmental retardation in the voung of rats fed a
protein-deficient dict during pregnancy (21, 30, 31, 36, 37). In

the small intestine of these PPD young. intestinal weight and
length (30, 31, 35). as well as the number of enterocytes (30,
36). are reduced. Histochemical methods using horseradish per-
oxidase have demonstrated. in vivo, a decreasce in cellular pro-
tein uptake (21). but the absorption of amino acids and dipep-
tides has not been investigated nor have the histochemical meth-
ods provided any quantitative data.

The present study was designed (/) to determine quantita-
tively the effect of prenatal protein deficiency on the uptake
from the intestinal tract and transfer to other tissues of protein,
dipeptide. and amino acids, and (2) to investigate whether
alterations found in the absorption of these substances could be
correlated with decreased population of enterocytes or their
reduced functional ability.

MATERIALS AND METHODS

Female rats of the Sprague-Dawley stram, 178 = 3.4 powere
mated overnight with normal males. Rats were fed diets,
throughout pregnancy. containing cither 24 % (Nutritional Bio-
chemicals Corp., Cleveland Ohio) and 60% dextrose (Cerelose.,
Corn Products Refining Co.. New York, NU Y.) or 4% casein
and additional 20% dextrose. Both diets also contained 8% corn
oil. 6% salt mix (39). and 2% vitamin mix (40).

Young of control and protein-deprived dams weighing S.8-6.7
g and 2.8-3.7 g. respectively. at birth were used to study intes-
tinal absorption in newborn animals. Postnatal subjects were
raised from birth in foster litters consisting of five control pups
and five PPD pups from the weight groups cited above. The use
of a foster mother fed stock diet (Purina Rat Chow. St. Louis,
Mo.). whose own newborn young were discarded. equalized the
manipulations of the two groups postnatally and assured a gener-
ous postnatal milk supply. Survival rate of control pups was 96 ¢
at 8 and 12 days, and of PPD rats, S4% at 8 days.and 51 at 12
days.

At the appropriate ages. pups were anesthetized with 0.03
mg/g body weight of sodium pentabarbital (Diabutal. Diamond
Laboratories, Des Moines. Towa). The body temperature was
maintained before and during the experiments by warmth tfrom
an incandescent lamp.

A cannula was inserted through incisions in the lateral body
wall and forestomach, passed into the first millimeter of the
duodenum. and tied into place with a ligature at the pyloric
sphincter. The small intestines of 4- and K-day-old animals were
preflushed with 2 ml physiologic saline. Intestines of newborn
animals were not flushed sinee they were oo fragile to tolerate
this procedure. Newborn animals were unsuckled. and the pres-
ence of meconium did not appear to interfere with the move-
ment of the infusate.

The intestines were infused in vivo with one of the following
four substances: (/) a solution of 30 mM ACC and 3¢ glucose
in physiologic saline labeled with S pCi ["CJACC/ml solution;
(2) a solution of 30 mM AIB and 57 glucose in physiologic
saline, labeled with § wCi [MCJAIB/m; (3) a solution of S0 mM
GL and 5% glucose in physiologic saline labeled 5 uCi with |1-
NC)glyeyl-L-leucine/ml: or (4) a suspension of 8¢ #H-histidine-
labeled casein homogenized in 5% glucose in physiologic saline.
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The "C-labeled amino acids and dipeptide were obtained from
Amersham-Searle Corp. (Arlington Heights, 11.) and unlabeled
corresponding matcerials from Sigma Chemical Co. (St. Louis,
Mo). Labeled casein was provided by Dr. Sigmund Nasscet
(Bruce Lyon Memorial Research Laboratory, Oakland. Calif.)
and has a specific activity of 14.39 uCi/g. Each substance was
administered to newborn and 8-day-old pups from cach dict
group. Amino acids were also administered to 12-day-old young.

It was determined in preliminary experiments that 50 ul
solution infused at a rate of 1 ul/sec fills approximately two-
thirds of the length of the intestine of newborn of protein-
deprived dams, 200 ul in 8-day PPD young. and 300 ul in 12-
day-old pups. In control young, volumes for corresponding ages
were 100, 300, and 400 ul. These amounts were infused man-
ually from a tuberculin syringe attached to the cannula.

After infusion of the test substance. absorption was allowed to
proceed tor 15 min. The intestine and stomach with the cannula
still in place were removed. Total intestinal length and the length
filled by the infusate were measured. Any intestine in which the
infusate filled less than 60 of the intestinal length was dis-
carded. The amount remaining in the cannula was accounted tor
as previously described (38). Each intestine was quickly flushed
via the cannula with an amount of 0.2 M NaF which was 10 times
the amount of infusate to remove unabsorbed infusate and to
inhibit further absorption (24). This fluid was collected and is
designated as the “initial flush.™ A final flush™ of equal volume
was also made and collected. The final flush was used to deter-
mince the etticiency of removal by the initial flush of the labeled

matcerial from the intestinal lumen. If values in excess of S of

the radioactivity present in the intestinal tissue were obtained in
the final flush. the samples were discarded. Finally., the intestine
was flushed with air. The cannula was removed, intestine and
stomach were separated, and the mesentery was stripped away.

The initial flush. final flush, and the intestinal tissue were cach
placed in separate scintillation vials for counting. Tissue samples
were solubilized in 5 ml solubilizer (NCS. Amersham-Scarle
Corp.. Arlington Heights, 111.) to which a few drops of 0.1 M
acetic acid were added. Ten milliliters of totuene-based scintilla-
tion fluid (PPO and POPOP. New England Nuclear. Boston,
Mass.) were added before counting. Samples were counted in a
Packard Tri-Carb model 11 refrigerated scintillation counter
(Nuclear-Chicago Corp.. Des Plaines, TH.) using a "'C-channcels
ratio method.

As defined in previous work (32, 38). the amount of material
present in the vial of dissolved intestine is hereafter referred to
as the amount retained.” and the amount in the initial and final

flushes. representing material present an the lumen at the end of

the absorptive period. as “unabsorbed.”™ The amount taken up
by the intestine was calculated as the difference between the
amount infused and the residual material in the flushes, and is
designated as absorbed.™

The quantities of cach material absorbed and retained were
expressed as total amounts and on the basis of body weight and
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per absorptive cell. Caleulations per cell were based on the
number of absorptive cells per unit length of intestine obtained
as previously described (30). An estimate of the total number of
absorptive cells exposed to the infusate was obtained by multi-
plying the average number of cells per em duodenum and je-
junum by the number of centimeters of intestine infused.

Data were analyzed using Student's r-test (11).

RESULTS

Body weights. intestinal weights. and total number of entero-
cytes of control und PPD young are shown in Table 1. At cach
age. weights of PPD young were significantly less (P <2 0.001)
than those ot control pups. Intestinal weights and enterocyte
population in PPD young were significantly reduced compared
to controls at all three ages studied.

CASEIN ABSORPTION

At birth, total retention and absorption of casein were signifi-
cantly reduced in PPD young (Fig. ). Absorption was signifi-
cantly decreased (P <2 .05) per g body weight, whereas the
decrease in retention was not statistically significant. Absorption
was significantly reduced (£ <2 0.05) per absorptive cell in PPD
voung at birth. Retention per enteroceyte at birth in PP voung
was not significantly different from retention in controls, At 8
days of age . there were no differences in retention or absorption
between intestines of young in the two diet groups: therefore,
amimals at 12 days of age were not studied.

AIB ABSORPTION

In newborn young. absorption and retention of AIB were
decreased to varying levels of statistical significance compared to
the control group whether expressed as a total or on the basis of
body weight, or per enteroevte (Fig. 2).

At 8 days, the ditferences were less consistent. Total retention
was reduced in PPD young (P <7 0.01). but there were no
differences in retention between PPD and control voung when
the data were expressed on the basis of body weight or per
individual absorptive cell. Absorption. regardless of the means
of expression of the data. was increased in PPD voung compared
to the controls. All differences were statistically significant ex-
cept total absorption, where the data were highly variable, and
the increase was therefore not significant.

Atthe age of 12 days, total retention (£ -2 0.01) and absorp-
tion (P < 0.05) were reduced in PPD voung. There were no
differences between the two dict groups when the data were
expressed on the other bases.

ACC ABSORPTION

In newborn young, absorption of ACC was decreased by
varyving levels of significance in PPD voung compared to controls

Table | Body weighis. small intestine weights, and numbers of enterocyvies in control and prenatally protein-deprived pups

Newborn

Body weight (g)

Control S5 - 027 (33)¢

Experimental 330 + 0.05 (38)*
Intestinal weights (mg)

Control 166.25 + 4.52(26)

Experimental 66.60 = 223 (30)*
Total enteroeytes = 10°

Control S4.75 ¢ 1.66 (26)

Experimental 2381 ¢ 0.63 (30)*

' Mcean ¢ SEL

* Numbecer of subjects.

! Signiticantly different from controls. 2+ 0.001 .

Age
S-day 12-day
16.82 + 0.46 (31) 2509 028 (1Y)
U888 + .33 (3] IS34 £ 043 (17)
SI7.80 « 1594 (21) OKS.38 + 4393 (K)
353787 = .75 (20) 47916 ¢+ 17.00 (8)*
201.01 = 5.72(21) 253.20 ¢ S.93(N)
134.68 + 1.62 (20)! IRT.50 + 510 (8)F
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regardless of the means of expression (Fig. 3). Total retention
was significantly reduced in PPD young compared to controls (P
< (0.001). but retention adjusted for body weight did not differ
between the two groups.

By the age of 8 days, however, these differences had disap-

peared except for absorption in total. which remained reduced in
PPD young at both 8 and 12 days. At 12 days. absorption per g
body weight was increased (P < 0.001) in PPD young as com-
pared with controls. The two groups did not differ at 12 days
when data were expressed per enterocyte.

250+

200 GLYCYL-L-LEUCINE ABSORPTION

In newborn young. retention of glycyl-L-leucine (GL) was
increased per g body weight and per enterocyte (Fig. 4) in PPD
young compared to controls (P < 0.001). Total retention was
I slightly, but not significantly. increased. Total absorption and
ij absorption per g body weight were significantly decreased (P <

(.001) whercas absorption per enterocyte was unaffected.

At the age of 8 days, total retention (P < 0.01) and absorp-
tion (P < 0.001) were less than corresponding values found in
controls. However, when the data were adjusted for body weight
or expressed per enterocyte, there were no significant differ-
cnces. Animals at 12 days were, therefore. not studied.
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0 DISCUSSION

Each of the various bases for expression of results of studies of
intestinal absorption has limitations which have been discussed
in some detail elsewhere (36). In order to compensate for these
limitations and to adjust for the differences in body size in the
subjects, the data in this study have been expressed on several

Fig. 1. Retention and absorption of casein in the young of protein-
deprived (stippled) and control (cross-hatched) rats. Total length of bars
indicates absorption; darker arcas represent retention. Number of rats
equals: 11 control. 8 prenatally protein deprived at birth, and 6 of cach
group at 8 days. Vertical lines = SEM. Symbols indicate significant

differences: O, P < 0.01; (3. P < 0.001. bases.
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Fig. 2. Retention and absorption of a-aminoisobutyric acid in the young of protein-deprived (stppled ) and control (cross-hatched) rats. Numbers
of rats at birth, 8, and 12 days. respectively, are: 7. 10, and 11 controls and 8, 11, and 9 prenatally protein-deprived young. Total length of bars
indicates absorption; darker arcas represent retention. Vertical lines = SEM. Symbols indicate significant differences: O P < 0.05; A, P < 0.01;13, P
< 0.001.
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CASEIN ABSORPTION

Since newborn rats are known to be able to absorb intact
protein by pinocytosis (8. 9. 13-15). the data on casein absorp-
tion in this study are presumably a summation of the abilities of
the young rat to digest protein and to absorb amino acids,
peptides, and whole protein. The data indicate that newborn
PPD young are handicapped at some point in this process, but
these data do not indicate the step or steps in the digestion and
absorption process most affected.

The results of previous studies, using horsceradish peroxidase
to examine the ability of enterocytes to take up intact protein
(21). demonstrated that the difference between control and PPD
animals was more marked than the present data indicate. This
suggests that uptake of intact protein is more severely affected in
PPD animals than is digestion and the absorption of the products
of digestion.

The reduction in total absorption as determined in the present
study is apparently the sum of the combined effects of reduced
absorption per enterocyte and reduced total enterocyte popula-
tion. Since the PPD pups are smaller than controls, the reduction
in total absorption would not of itself be significant; theretore,
the data were adjusted for body weight. When calceulated per g
body weight. the data suggest that PPD voung have a reduced
supply of exogenous protein for growth and maintenance. This
also may be a factor in the high neonatal mortality rate (30) and
in the persistent growth retardation (3) in surviving PPD young
as compared to controls,

The data indicate that the differences in casein absorption
between the two groups at birth no longer exist at 8 days;
however, the age at which protein absorption in the PPD group
actually rcaches normal levels may be considerably less than 8
days. Mceasurement of casein absorption at carlier ages may be
of some interest.
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The studies of absorption of amino acids and dipeptides were
intended to assist in determining more specifically the process in
protein digestion and absorption affected by prenatal protein
deficiency.

AMINO ACID ABSORPTION

It is important in studics of intestinal absorption to avoid, if
possible, metabolic changes which are not required for the ab-
sorption process. The use of ACC and AIB in this study avoided
this problem since both are nonmetabolizable (2, 6.7, 28, 29).

It has been shown previously (2. 12) that AIB and ACC are
absorbed by separate transport systems. However, these proc-
esses are not completely understood, and there may be some
overlapping use of transport sites by these two amino acids (2).
AIB has been used by others for studies of the pathway by which
glycine is absorbed. and ACC for studies of the pathway by
which valine is absorbed.

Prenatal protein deficiency is shown, in this study, to reduce
the ability of the individual enterocytes in the newborn to absorb
both AIB and ACC. AIB absorption is apparently more af-
fected. with a 539 reduction, than ACC absorption, with a
334 reduction. The proportion of ACC absorbed by the entero-
cytes was much greater than the proportion of AIB absorbed.
This is in agreement with the data of others (12). In addition,
although retention of AIB was decreased. retention of ACC was
increased in PPD pups at birth. At the age of 12 days, however,
these differences no longer existed, indicating that the cffects of
the prenatal protein deficiency had been compensated tor.

At birth. the active transport of amino acids may be affected in
some way. perhaps via an effect on carrier proteins. Alterna-
tively, there may be changes in metabolic processes in PPD
young which result in a deficit of available energy for active
transport. In cither case. these effects no longer persist at 8 days.
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Fig. 3. Retention and absorption of "'C-labeled 1-aminocyclopentane-1-carboxylic acid in the young of prenatally protein-deprived (PPD)
(stippled) and control (cross-hatched) rats. Numbers of rats at birth, 8, and 12 days, respectively, are: 8, 7, and 8 controls and 15, 8 and 8 PPD
young. Total length of bars indicate absorption; darker arcas represent retention. Vertical hines = SEM. Symbols indicate significant differences: O,
P <005, AP <0011, P - 0.001.
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Fig. 4. Retention and absorption of glyeyl-L-leucine in the young of
prenatally  protein-deprived (PPD)  (stippled) and  control  (cross-
hatched) rats. Numbers of rats are seven controls and cight PPD young at
birth, and seven controls and six PPD at 8 days. Total length of bars
indicate absorption: darker arcas represent retention. Vertical lines =
SEM. Symbols indicate significant differences: 50 P < 0050 A, P -
0.01: 0. P < 0.001.
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GLYCYL-LEUCINE ABSORPTION

The nutritional importance of dipeptide uptake of intestinal
mucosa has been suggested by the more rapid absorption of
amino acids from peptides than from equivalent free amino acids
(1.4.5.10.20, 24). Therefore. the effects of maternal protein
deficiency on dipeptide absorption in the young was examined.

Dipeptide absorption per absorptive cell was not significantly
different in newborn PPD animals than in newborn controls.
However, a much larger proportion of the total amount ab-
sorbed was retained in the enterocytes compared to the amount
transferred in PPD pups than in controls. It is generally agreed
that dipeptides are almost all hydrolyzed to amino acids. primar-
ily at the cell surface. and absorbed into the blood as free amino
acids (23,27, 34, 35). Unsuckied PPD pups have been shown to
have a reduced glyeyl-leucine dipeptidase level expressed per mg
protein or per g body weight (22). It scems reasonable to
speculate, therefore. that the high retention and decreased
transfer of dipeptide per enterocyte or per g body weight might
be the consequence of a decreased ability of the enterocytes of
PPD young to hydrolyze the dipeptide to its constituent amino
acids at a normal rate. Since absorption is not significantly
reduced in the enterocytes of PPD pups, it follows that the
uptake of dipeptides from the lumen is not compromised. The
depressed dipeptidase level no longer existed at 4 days (22).
Under these circumstances. it would be expected that high di-
peptide levels within the enterocvtes of PPD young would no
longer exist at 8 days. The data reported in the present experi-
ment support this hypothesis. It has been suggested (16, 17) that
in postnatally malnourished rats, the intestinal mucosa may
preferentially utilize absorbed protein for maintenance and de-
velopment of its own structure. If it can be assumed that prena-
tally protein-deprived rats also preferentially utilize the dipep-
tides or resulting amino acids during the postnatal period. the
increased retention might alternatively be explained as the con-
sequences of incorporation of these materials into mucosal pro-
tein.

It seems clear that absorption of protein and its digestion
products are reduced in prenatally protein-deprived rat pups.
Digestion may also be affected as indicated by the lowered

ZEMAN AND FRATZKE

dipeptidase levels (22). but other digestive enzymes and addi-
tional factors involved in the digestive process have not as yet
been investigated.

In postnatal malnutriton in the rat, it has been observed both
in vitro (18, 25, 26) and in vivo (17, 19, 33) that amino acid
uptake is enhanced in comparison to well nourished controls.,
Undcr these circumstances. it must be concluded that there is a
marked difference between the effects on intestinal absorption
of prenatal protein deprivation and those of postnatal malnutri-
tion.

Previous studies (31) using enzyme histochemistry methods
have shown that. in the intestine of newborn PPD pups. many of
the enterocytes appeared to lack or have greatly reduced content
of normally occurring enzymes such as acid and alkaline phos-
phatases. leucine aminopeptidases. nonspecific esterase. and
malic and lactic dehydrogenases. Since these enzymes have been
linked to the maturation of the enterocyte. these findings suggest
that the competence of the cell is reduced in newborn PPD
young. Animals whose prenatal nutrition was normal would
begin life with a larger complement of fully differentiated ab-
sorptive cells and might therefore be capable of greater adapta-
tion to the type of postnatal nutritional deficit observed in the
studies cited above.

CONCLUSION

Studies of the effects of maternal protein deprivation on intes-
tinal absorption in the young rat have determined that protein.
dipeptide. and amino acid absorption is reduced in newborn
pups. These changes no longer exist at the age of 8 davs. A
tendency toward increased retention of glveyl-leucine in the
enteroeytes may be related to a previously documented decrease
in glycyl-leucine dipeptidase activity in the intestines of PPD
voung. Itis suggested that reduced absorption of intact protein
and of its digestion products may be a factor in growth retarda-
tion and in the high mortality rate in PPD voung.
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Summary

Baseline rates for secretion of mucous glycoprotein were simi-
lar (680-830 ug/g tissue/24 hr) for cultured tracheal epithelium
from newborns of 26-32 weeks’ gestation, full term newborns,
and older children. Addition of methacholine to culture medium
augmented secretory rates of glycoprotein from all tissue sources
3-5-fold. The overall composition of secreted mucous glycopro-
teins changed little with increasing age. A trend toward less
sulfation and toward increased sialic acid and fucose content was
noted in secreted glycoproteins from explants of older subjects.

Histochemical observations of stored glycoprotein in tracheal
tissue, which was subsequently used for organ culture experi-
ments, confirmed that a modest, but consistent sulfate to sialic
acid shift occurs during early life. In contrast, baseline secretory
rates for lysozyme from tracheal epithelium of preterm infants
were one-half as large as rates from epithelium of full term
babies and were refractory to cholinergic stimulation. Stimula-
tion of lysozyme secretion by a cholinergic agonist was achieved
in all cases by 40 weeks' gestation. We conclude that basal
glycoprotein secretion and the mechanism for glycoprotein re-
sponse to cholinergic stimulation have developed by the earliest
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