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Summary 

To evaluate the impact of malnutrition on the developing gut, 
we studied small bowel structure, epithelial renewal, and enzymes 
in suckling rats deprived of adequate nutrient from birth. Rat pups 
were suckled by foster dams fed ad libitum one of three isocaloric, 
semipurified diets containing 6,9, or 25% (control) protein through- 
out gestation and lactation. An additional control group consisted 
of pups raised with their natural, chow-fed mothers. Although 
survival of the pups, 98% in the chow-fed and 25% protein groups, 
decreased to 83% in the 9% groups and 53% in the 6% protein 
groups, body and gut weights were remarkably uniform within 
each study group. Mean body weight, gut weight, villus height, and 
crypt depth were markedly and significantly less in the 6 and 9% 

when compared with those in the chow and 25% control 
groups, the 6% group being significantly more affected was than 
the 9% group ( P  < 0.001). Pups raised by chow-fed mothers also 
weighed significantly less (P  < 0.001) than did those raised by 
dams fed the 25% protein diet. Total small intestinal protein and 
DNA content of mucosal scrapings were less in 6 than 9% rat pups 
( P  < 0.001), which in turn were less than those in the 25% group 
( P  < 0.05). The protein/DNA ratio in the small intestine of the 6% 
animals onlv was reduced when compared with the 25% group (P 
< 0.05). ~pithelial cell migration assessed by autoradiography 
with I3Hjthymidine was significantly slower in both proximal and 
distal intestinal segments of the 6% animals when compared with 
those from the 25% group ( P  < 0.001). Incorporation of the 3H, 
seen by autoradiography after 1 hr, was also signficantly decreased 
in the 6% group ( P  < 0.001). Calculated for the total small 
intestine, lactase, sucrase, alkaline phosphatase, and thymidine 
kinase activities were significantly diminished (P 5 0.001) in the 
6% animals compared with 25% controls. Calculated in relation to 
mucosal protein content and compared with 25% controls, sucrase 
and alkaline phosphatase activities were significantly decreased 
(P < 0.001) in both proximal and distal small intestinal segments 
of the 6% animals, but thymidine kinase activity was decreased 
only in the distal segment (P  < 0.001). However, lactase specific 
activity was increased in both proximal and distal segments from 
the 6% group (P < 0.001). Further studies of this phenomenon 
demonstrated a significant increase in intracellular acid P-galac- 
tosidase (P < 0.001), particularly in the distal intestinal segment, 
but also a marked increase in brush border P-galactosidase. 

Our data demonstrate that in the small intestinal mucosa of the 
suckling rat, chronic malnutrition causes a decreased number of 
cells and impaired epithelial proliferation. These abnormalities 
reflect a profound direct impact of malnutrition on the gut of the 
young animal and demonstrate a delay in the normal pattern of 
postnatal maturation of the small intestinal epithelium. 

In most mammalian species, the small intestinal epithelium 
undergoes significant development in early postnatal life (10, 11, 
17). To evaluate the impact of protein-calorie malnutrition on the 
developing gut, we studied rats deprived of adequate nutrients 

from birth. This paper reports the effects of reduced maternal 
dietary protein on small bowel structure, epithelial renewal, and 
enzymes in suckling animals. Our findings suggest that chronic 
undernutrition influences not only structure and function, but also 
maturational patterns in the small intestine during early life. 

MATERIALS AND METHODS 

The technique described by Nakamoto and Miller (25) was used 
to produce malnutrition in suckling rats. Pregnant females of the 
Wistar strain, obtained on the second or third day of gestation, 
were assigned at random within 2 days to one of four dietary 
groups. They were fed ad libitum either standard rat chow (33) or 
one of three isocaloric semipurified diets containing 25 (control), 
9, or 6% casein (34) as the sole source of protein (Table 1) 
throughout pregnancy and lactation. The three groups receiving 
semipurified diets were designated to serve as foster mothers. 
Normal newborn litters each consisting of eight pups taken from 
normal chow-fed dams 24 to 48 hr after birth were transferred to 
these foster mothers, who themselves had given birth to litters 
within the previous 48 hr. An additional control group consisted 
of normal litters left with their own chow-fed mothers throughout 
lactation. A preliminary study, under identical conditions, had 
shown no significant difference between normal pups suckling on 
their natural mother and those on a normal chow-fed foster 
mother. The rat pups were killed by decapitation at 18 to 20 days 
of life when all were still suckling and did not have access to other 
sources of food. 

For autoradiographic study, animals were injected intraperito- 
neally with [3~]thymidine (35) (46.8 Ci/mmole, 1 pCi/g body 
weight) 23 or 41 hours before death. Specimens of midproximal 
and middistal small bowel were quickly removed and processed 
by histologic and autoradiographic methods described previously 
(6, 22). Full-thickness intestine was fixed in Bouin's solution, 
sectioned, processed for autoradiography, and stained with hem- 
otoxylin and eosin for light microscopy. A calibrated eyepiece was 
used to assess 10 to 15 crypt-villus units visible from crypt base to 
villus tip. To derive a labeling index, 50 crypts were scanned in 
each specimen; a cell was considered labeled when at least five 
grains were seen over the nucleus (1). Enterocyte migration rate 
was calculated by measuring the distance between crypt base and 
the foremost labeled cell at 23 or at 41 hr in 20 well-oriented 
crypt-villus units. 

For biochemical studies, the small intestine was removed gently, 
flushed with ice-cold isotonic saline, and divided into equal prox- 
imal and distal halves. Contents of the stomach and large intestine 
were emptied, and these organs were weighed together with the 
small intestine. For measurements of protein (21) and DNA (30) 
content and enzymatic activities, full-thickness mucosa, obtained 
from each small intestinal segment by scraping with a glass slide, 
was homogenized in 2.5 mM EDTA (100 mg/ml). Sucrase and 
total lactase activities were measured by Dahlqvist's method (3), 
alkaline phosphatase by the method of Kelly and Hamilton (14), 
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Table 1. Composition of the synthetic diets (34) (g/kg dry weight) 

Diet 

6% protein 9% protein 25% protein 

Casein 60 90 250 
Sucrose 163 163 163 
Dextrin 352 322 162 
Dextrose 163 163 163 
Corn oil 143 143 143 
Mineral mixture 40 40 40 
Vitamin mixture 40 40 40 
Choline chloride (50% w/vl) 4 rnl 4 ml 4 ml 
Methionine 1 1 0 
Agar 40 40 40 
Distilled water 1000 ml 1000 ml 1000 ml 

and thymidine kinase by a modification (15) of the method of 
Klemperer and Haynes (16). The techniques of Koldovsky et al. 
(18) were used to measure the specific brush border and soluble 
P-galactosidases. 

After enzyme data from the 6 and 25% protein groups had been 
analyzed, an additional group was added to the study. Two litters 
were studied at 8 days of age when their mean body weight, 14.9 
+ 0.5 g (mean + S.E.), was the same as that of the 20-day-old 
malnourished 6% protein group (13.6 + 3.1 g). 

Groups were compared using Student's t test. Enzyme data were 
analyzed as logs and tabulated as antilogs. 

RESULTS 

Mean weight gain of the dams receiving the 6% diet (0.2 f 0.1 
g/day; mean k S.E.), was negligible and significantly less (P  < 
0.001) than that for the groups fed 25% protein (6.8 + 0.6), chow 
(5.9 + 0.3), or 9% protein (5.1 + 0.7) diets. Survival of the pups, 
98% in the chow-fed and 25% protein groups, decreased to 83% in 
the 9% protein group and 53% in the 6% protein group. Body and 
gut weights of the pups were remarkably uniform within the study 
groups (Fig. 1) despite this variability in final litter size of the 
malnourished rats. Mean body weight of the 18- to 20-day-old 
pups in the 6% protein group (13.6 f 3.1 g) was significantly less 
(P  < 0.001) than that of the 9% protein group (25.6 f 4.2 g) the 
chow-fed group (35.5 + 6.3 g) and the 25% protein group (51.7 
+ 7.9 g). The 9% protein pups weighed significantly less than 
either the chow or 25% protein pups (P  < 0.001), and the chow- 
fed pups weighed less than did the 25% protein group (P < 0.001). 

The pattern of mean gut weights was similar to that seen for 
body weights. In the 6% protein group, mean gut weight (0.9 f 
0.5 g) was less (P < 0.001) than that of the 9% protein group (1.3 
+ 0.5 g), the chow-fed group (2.3 rt 0.6 g) and the 25% protein 
group (4.2 f 0.5 g). Mean villus height and crypt depth, measured 
by light microscopy in proximal and distal small intestine, were 
significantly less in the 6% protein group compared with the other 
three study groups (P < 0.001) (Table 2). In the 9% protein group, 
these same measurements were less than those in the chow and 
25% protein groups (P < 0.001), and in the chow, they were less 
than the 25% protein group (P < 0.001). 

Total small intestinal protein and DNA content of mucosal 
scrapings (Fig. 2) followed a similar pattern. The amounts of 
protein and DNA were less in the 6% protein group than in the 
9% protein group (P  < 0.001), which in turn were less than the 
25% protein group (P  < 0.05). No differences were observed 
between the chow-fed and 25% protein groups. The protein/DNA 
ratio was similar in all study groups except the 6% protein pups in 
which the ratio was reduced compared with the 25% protein group 
( P  < 0.05). 

Autoradiographic studies of small intestinal epithelial renewal, 
done only on the 6 and 25% protein groups, showed a marked 
decrease of label incorporation into crypt enterocytes at 1 hr and 
a slower progression of labeled enterocytes along the crypt-villus 

unit at 23 and 41 hr ( P  < 0.001) (Table 2). Consequently mean 
cell migration rates, calculated from the autoradiographic data, 
revealed a slower rate in the nutritionally deprived groups com- . . - .  

pared with controls. 
Calculated for the total small intestine, lactase, sucrase, alkaline 

phosphatase, and thymidine kinase activities each decreased mark- 
edly in the 6% protein animals compared with 25% protein controls 
(P < 0.001) (Table 3). When mucosal enzyme activities were 
calculated in relation to protein content to estimate specific activ- 
ity, some interesting patterns emerged (Table 4). In proximal 
intestinal segments from the 6% protein group, mean specific 
activities of sucrase and alkaline phosphatase were less than those 
of 25% protein animals (P < 0.001), but thymidine kinase activities 
did not differ between groups. In the distal small intestinal seg- 
ments, sucrase, alkaline phosphatase, and thymidine kinase activ- 
ities all were diminished (P < 0.001) in the 6% protein group. 
However, lactase specific activity data revealed a pattern that 
differed markedly from the other mucosal enzymes studied (Table 
4). Measured by a conventional technique at neutral pH, lactase 
specific activity was markedly greater (P  < 0.001) in the 6% 
protein group than in controls; the difference between the groups 
was particularly wide in the distal segments. A large portion of 
this difference could be attributed to the high level of soluble 
intracellular acid P-galactosidase activity in tissue from the 6% 
protein group (Table 4), but the specific activity of the brush 
border enzyme measured in the presence of an inhibitor (18) also 
rose to account for the vast differences in total specific activity 
(1 8). 

In 8-day-old pups suckled by dams receiving the 25% protein 
diet, almost no sucrase specific activity was detected in proximal 
segments, (0.2 + 0.2 u/g protein) or in distal segments (0.4 + 0.6 
u/g protein). These data did not differ significantly from those in 
the 20-day-old malnourished 6% protein group. Lactase activity 
(74.4 f 9.4 u/g protein in the proximal segment, 104.3 + 19.9 u/ 
g in the distal), and acid P-galactosidase activity (4.6 + 1.1 u/g 
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Fig. 1. Body and gut weights of 18- to 20-day-old rat pups raised by 

foster mothers fed either standard chow or a semipurified diet containing 
25, 9, or 6% protein. Each point represents one animal. Mean values are 
represented by horizontal lines. The weights decrease progressively as 
maternal dietary protein is decreased. 
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Table 2. Light microscopy and autoradiography studies in the small intestines of 18- to 20-day-old rats 

Diet 

Chow 25% protein 9% protein 6% protein 

Dimensions of mucosa 
Villus height (p) 

Proximal 447 + 81.2 506 + 9 357 + 52.3 343 + lo',3 
Distal 458 + 5' 502 + 9 360 + 52,3 273 t I 12-4 

Crypt depth OL) 
Proximal 
Distal 

Crypt cells labeled at I hr ( n  = 4)"%) 
Proximal 
Distal 

Distance from crypt base to foremost labeled cell (p) 
At 23 hr (n = 4) 

Proximal 
Distal 

At41 hr (n = 4) 
Proximal 
Distal 

Calculated migration rate (p/hr) 
Proximal 
Distal 

' Mean + S.E. 
Significantly different from corresponding mean value in the 25% protein group ( P  < 0.001). 
Significantly different from corresponding mean value in the chow-fed group ( P  < 0.001). 
Significantly different from corresponding mean value in the 9% protein group ( P  < 0.001). 
Significantly different from corresponding mean value in the 25% protein group ( P  c 0.01). 
n, number of animals in each study. 

pups except that in the distal segment, acid ,8-galactosidase specific 
activity was even higher in the 20-day-old malnourished group 
than in the 8-day-old control group ( P  < 0.001). 

Total protein 
DISCUSSION 

intestine Clearly, the technique of Nakamoto and Miller (25) was effec- 
( m s )  400 0 tive in producing severe malnutrition in the suckllng rat. Dietary 

protein deprivation may cause minor differences in the quality of 
rat milk, but the severe malnutrition seen in our suckling pups 

small 

I I , 
can be attributed largely to a reduced quantity of rat milk (2, 23). 
A progressive decrease in protein from 25 to 9 to 6% in the 

Total DNA maternal diet was reflected in an increasingly severe effect on 

intestine suckling litters, their survival, their body weight, their gut weight, 

(ms)  
and the protein content of their intestines. Pups in the 25% protein 
control group were bigger and had heavier intestines than did the 

0 controls suckled by their own mothers and fed a standard chow 
containing 23.4% protein (33). A nutritional advantage of fostering 
was ruled out by our preliminary study. Either conventional rat 
chow provides a suboptimal diet during pregnancy and lactation 

Protein or the intake of semipurified agar diet was excessive. The latter 
explanation seems likely and might be attributable to the appeal 
to the rat's "sweet tooth" of the sucrose containing semipurified 
diet (27). 

25 9 6 
CHOW SEMIPURIFIED 

PROTEIN CONTENT 
g %  

Maternal Diet 
Fig. 2. Total protein and DNA contents of the small intestine of the 

18- to 20-day-old rat pups showing progressive decrease with decreased 
maternal dietary protein. The protein/DNA ratio is significantly dimin- 
ished only in the 6% group (mean + S.E.). 

protein in the proximal segment and 58.3 + 3.8 u/g protein in the 
distal segment were higher than comparable values in 20-day old 
control (25%) pups ( P  < 0.001). In general, these findings did not 
differ from those found in 20-day-old malnourished 6% protein 

Table 3. Enzyme activities for total small intestine in 18- to 20- 
dav-old rats 

Dietary group1 

25% protein 6% protein 
Total enzyme activity (units) ( n  = 25) (n = 24) 

Lactase 34.0 + 0.42 17.7 + 0.1 
Sucrase 0.6 + 0.04 0.01 + 0.001 
Alkaline phosphatase 771 t 40 90 +21 
Thvmidine kinase 265 + 25 31 * 2 

All differences between dietary groups were significant (P c 0.001) 
Mean + S.E. 
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Table 4. Activities of small intestinal mucosal enzymes in 18- to 
20-dav-old rats 

Diet 

Enzyme 

Lactase (units/g protein) 
Proximal 
Distal 

P-galactosidases (units/g protein) 
Neutral-brush border 

Proximal 
Distal 

Acid-soluble 
Proximal 
Distal 

sucrase  (units/g protein) 
Proximal 
Distal 

25% casein 
( n  = 25) 

Alkaline phosphatase (units/mg pro- 

tein) 
Proximal 13.0 ?c 0.8 
Distal 16.0 t 0.9 

Thymidine kinase (units/mg protein) 
Proximal2 4.4 t 0.2 
Distal 3.6 + 0.4 

6% casein 
( n  = 24) 

89.9 + 6.5 
134.4 -t 6.7 

' M e a n  + S.E. 
All differences between dietary groups were significant ( P  < 0.001) 

except for thymidine kinase in the  proximal segment (not significant). 

The protein and DNA content of the intestine and total activities 
of a variety of small intestinal mucosal enzymes decreased in the 
pups as maternal dietary protein was diminished. The more severe 
the dietary deprivation, the more marked was its apparent impact 
on the gut. Our findings are in keeping with the general and 
profound reduction in the number of cells, including epithelial 
cells in the mucosa (12). In adult rats, Hopper et al. (13) noted 
decreasing numbers of crypt cells after short-term starvation but 
no decline in the absolute numbers of dividing cells until a protein- 
free diet was given for 1 1 wk. 

Because pups fostered on mothers receiving a 6% protein diet 
had a consistent pattern of structural and enzymatic abnormalities, 
this group was subjected to more detailed study and compared 
with the well-nourished 25% protein controls. Mortality was high- 
est in this 6% protein group, causing variability in litter size, but 
body and gut weights were remarkably uniform. Only in this same 
group was the protein/DNA ratio significantly reduced, suggesting 
a reduction in mean cell size ( 5 )  in addition to the decreased cell 
numbers described above. Our microscopic and autoradiographic 
studies are in keeping with these findings and point to a profound 
defect in the proliferation of enterocytes in the mucosal crypts of 
the small intestine. In the 6% protein group, villus and crypt 
dimensions were reduced, injected thymidine was incorporated 
into the nuclei of small intestinal crypt enterocytes less actively, 
and the migration rate of those enterocytes along the villi was 
reduced. 

To some extent, the mucosal enzyme data from the present 
study reflect the decrease in intestinal mass and mucosal prolif- 
erative activity in the malnourished animals. Not only was there 
a reduction of the total intestinal activity for all enzymes studied, 
but the specific activities of alkaline phosphatase and sucrase, 
enzymes normally synthesized as the enterocyte migrates from 
crypt along the villus, were diminished in both proximal and distal 
segments. The specific activity of thymidine kinase, an enzyme 
normally associated with cell division in the crypts, also was 
significantly diminished in the distal segment of the malnourished 

rat pups. Because sucrase (29) and alkaline phosphatase (7, 22) 
activities normally increased sharply in the rat small intestine at 
the time of weaning, these findings do suggest the possibility that 
chronic malnutrition delays postnatal maturation of the small 
bowel. In this regard, our data on mucosal lactase activity are of 
particular interest because in the malnourished rats specific activ- 
ity of lactase was approximately twice that of controls. Lactase 
activity has been found preserved or increased in adult rats 
subjected to fasting, to semistarvation, or to protein deprivation 
(24, 31, 32), in protein-deprived weanling rats (28), and in mal- 
nourished suckling rats (8, 26). In theory, high lactase activity 
could be caused in the present study either by a relatively low rate 
of degradation or by a high rate of synthesis of the mucosal P- 
galactosidases. Our findings suggest a general suppression of 
protein synthesis. ~mpaired-exocrine pancreatic function. known 
io accompany chronic malnutrition inLsuckling rats (9), might also 
have contributed bv reducing the degradation of brush border 

u u 

enzymes. However, in the present study, lactase activity alone was 
high whereas the other brush border enzymes, sucrase and alkaline 
phosphatase, presumably equally susceptible to pancreatic pro- 
teases, were diminished. 

Clearly, severe chronic malnutirtion has a particularly severe 
impact on the young animal and its small intestine. The present 
studies were cirriedout in suckling rats at an age when normally 
a complex series of maturational events is occurring in the small 
intestine. Our data suggest that at this early age malnutrition, over 
and above any direct impact on intestinal cells, caused a delay in 
postnatal maturation of the small intestinal epithelium. A similar 
hypothesis has recently been advanced by Hatch et al. (8), who 
found in a different model of malnutrition a pattern of increased 
total lactase and decreased sucrase activity in the small intestinal 
mucosa of the suckling rat. Our data show, not only a decrease in 
the enzymes that normally increase sharply at weaning, sucrase 
(29) and alkaline phosphatase (7, 22), but also high activity of the 
P-galactosidases, enzymes that normally diminish at the same age 
(4,29). The high levels of soluble acid P-galactosidase, particularly 
in the distal segment of the small intestine seen in our 8-day-old 
controls, were also observed by Koldovsky and Chytil (19) and 
Koldovsky and Sunshine (20) in normal 8- to 16-day-old rats. 
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