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ABSTRACT. To investigate the effect of chronic protein-
calorie malnutrition on intestinal repair after an enteric
infection, we examined small intestinal structure, enzyme
activity, and sodium transport in undernourished piglets
during the acute and convalescent phases of a viral enteri-
tis, transmissible gastroenteritis (TGE). Gnotobiotic pigs,
nutritionally deprived from the age of 7 days, gained less
weight than dietary controls from 14 days of age until the
end of the study. Animals from malnourished and control
diet groups were innoculated with TGE virus at 22-23 days
and studied during the acute (40 h) and convalescent (4,
10, and 15 days) stages of this experimental enteritis along
with noninfected dietary controls. After TGE infection, we
observed a further decrease in weight gain and an increased
mortality only in undernourished pigs. In jejunum and
ileum of both dietary groups at 40 h after TGE infection,
we observed comparable structural lesions, similar de-
creased activities of mucosal enzymes (sucrase, lactase,
sodium-potassium-dependent ATPase), and increased thy-
midine kinase activities. Also we noted comparable dimi-
nution of glucose-stimulated jejunal sodium absorption in
both dietary groups at 40 h. In control diet pigs, transport
abnormalities recovered by 4 days after TGE infection and
normal mucosal structure and enzyme activity returned
over 4-15 days. In undernourished piglets, structural repair
and enzyme abnormalities were prolonged when compared
with the control diet group; glucose-stimulated sodium
transport did not recover until 10 days after infection and
never regained the enhanced activity seen in noninfected
undernourished controls. We conclude that small intestinal
recovery of the undernourished animal after viral enteritis
is prolonged and speculate that impaired mucosal repair is
important determinant of the delayed recovery of structural
and functional abnormalities in this animal model of a
major human disease. (Pediatr Res 19: 476-481, 1985)
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I, short circuit current

Jha, , mucosa to serosa sodium flux

JNa ., serosa to' mucosa sodium flux
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PD, potential difference
TGE, transmissible gastroenteritis

Of the millions of annual infant deaths attributed to infectious
diarrhea, most occur in regions where malnutrition is prevalent
(1). Epidemiological studies suggesting that diarrhea may be
prolonged in the malnourished host (2-4) provide little insight
into the nature of any interactions between enteric infection and
protein-calorie malnutrition. Such insight is needed if improve-
ments in treatment of this major health problem are to occur. In
piglets, experimentally infected with a specific enteric viral path-
ogen, we compared the course of disease in animals subjected to
chronic protein-calorie deprivation with normally nourished
controls. Because both enteritis and chronic undernutrition are
known to influence the small intestinal epithelium (5-9), we
focused our studies on the structure and function of that organ.
Our hypothesis was that after acute viral injury to the small
intestinal mucosa, epithelial repair would be delayed in the
undernourished host. Our findings support that hypothesis.

METHODS

All experiments used gnotobiotic (germ-free) piglets because
of the recognized vulnerability to intercurrent infection of con-
ventional piglets, when undernourished. Seventy York-Landrace
piglets from nine litters were delivered by cesarean section, placed
in gnotobiotic isolators, and raised according to the Ontario
Veterinary College gnotobiotic protocol (10). Initially, all piglets
were fed evaporated cow’s milk and given injections of selenium
vitamin E, and iron-dextran at previously standardized times. At
7 days of age, they were randomly assigned to control or under-
nourished dietary groups. Control animals continued to receive
evaporated cow’s milk in daily increasing increments of 12%,
based on an initial volume of 138 ml/kg/day calculated on day
7. The undernourished group also was fed an evaporated cow’s
milk formula, diluted to maintain the volume and electrolyte
content equivalent to the control diet, but with a protein, fat,
and carbohydrate density of 50% of controls. The volumes of
the feeds were increased daily for 16 days (day 7-23). On day 22
or 23, randomly selected groups of piglets received by gastric
tube, 0.5 ml of a bacteria-free suspension of the Purdue strain of
TGE virus (5). A pilot study had established this dose as one that
induced infection in animals of both dietary groups, yet permit-
ted survival and recovery. Therefore, after infection, there were
four study groups: noninfected and infected pigs receiving the
control diet and noninfected and infected pigs receiving the
depleted diet. Dietary volumes were held constant for the re-
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mainder of the study in all groups. All animals received an oral
glucose-electrolyte rehydration solution for 48 h after TGE in-
fection, or for an equivalent period in the case of noninfected
controls. The diet was then advanced to half-strength of each
group’s original formula for an additional 4 days. By 6 days after
infection, or 29 days of age, all piglets once again received their
respective control or depleted diets.

We measured animal weights weekly before infection and
every 2-3 days after infection. We studied infected animals at 40
h (acute diarrhea), 4 days (early convalescence), 10 and 15 days
(late convalescence) after infection, and noninfected controls at
comparable times. Initially, the noninfected animals in each
dietary group were age-matched with infected animals. Because
we found no age-related variability of intestinal function or
structure over the 19-day study period, data from noninfected
animals of all ages (23-41 days) were combined into control diet
or undernourished groups and compared with infected animals
at each stage after the infection. Bacterial cultures from rectal
swabs were used to monitor contamination of the animals in the
Ist wk of life, immediately prior to infection with TGE, and
when the animals were killed. Contamination occurred in 37%
of the animals; the incidence did not differ significantly between
the two dietary groups or between those infected and those not
infected with TGE virus. In each instance, monocontamination
with a bacterium (lactobacillus, Streptococcus viridans, Staphy-
lococcus epidermis or bacteroides supp.) not pathogenic to the
gastrointestinal tract was noted.

For intestinal studies, animals were killed with 325 mg of
sodium pentabarbital given parenterally. Blood was collected at
the time of death for measurement of hematocrit, sodium, po-
tassium, chloride, urea, total protein, and albumin concentra-
tions, all of which remained within the normal range throughout
the study in all groups. The proximal 52 cm of jejunum, begin-
ning 10 cm distal to the ligament of Treitz was quickly removed
and flushed with ice-cold isotonic saline. The upper 40 cm,
stripped of serosal and muscular layers, were used for ion trans-
port studies and the remaining 12 cm for light and transmission
electron microscopic and enzyme studies. A 12-cm piece of
ileum, starting 10 cm above the ileocecal sphincter was also
removed for microscopic and enzyme studies. The remainder of
the small intestine was flushed and weighed.

Tissue for light microscopy was fixed overnight in Bouin’s
fixative, resuspended in 95% alcohol, embedded in paraffin, and
sectioned and stained with hematoxylin-eosin. Coded sections
were examined by one observer (JDB) without prior identifica-
tion of the section, using a calibrated micrometer to measure
villus height and crypt depth in 10-15 properly oriented crypt-
viltus units. Epithelial injury was semiquantified; sections con-
taining uniformly columnar cells with basal nuclei and distinct
brush borders were considered normal and sections containing
cuboidal cells with central nuclei, poorly defined brush borders,
and a flattened mucosal surface were considered abnormal.
Tissue for transmission electron microscopy was fixed with glu-
taraldehyde and embedded in epon.

For enzyme analyses, a 10-cm segment of intestine was opened,
the mucosa scraped off with a glass slide, homogenized in 2.5
mM EDTA, adjusted to pH 7.5 with Tris, in a glass homogenizer
(100 mg/ml), quick frozen, and stored at —80° C until the time
of assay. Sucrase and lactase activities were determined by the
method of Dahlquist (11), Na-K-ATPase activity by the method
of Kelly ez al. (12), thymidine kinase activity by a modification
(7) of the method of Klemperer and Haynes (13) and protein
content by the method of Lowry (14).

For ion transport studies, eight adjacent segments of stripped
jejunal mucosa were mounted in short-curcuited Ussing cham-
bers, using techniques previously described from this laboratory
(8). In four chambers, the tissues were bathed in oxygenated
Krebs-bicarbonate buffer at 37° C and pH 7.4 + 0.1; in the other
four, the buffer also contained 30 mM glucose. One ml of buffer,
containing 6.7 uCi**Na (Amersham, Willowdale, Ontario, Can-
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ada), was added to either the mucusal or serosal side of each
tissue segment. After a 15-min equilibration period, samples
were obtained from the mucosal and serosal chambers at 10-min
intervals over the next 40 min. Steady state unidirectional,
mucosa to serosa (JN2,) serosa to mucosa (JN3,.,) and net (J)&)so-
dium fluxes (uEq/cm?/h) were measured in paired tissues in the
absence of an electrochemical gradient across the tissue as pre-
viously described (8). We monitored transmucosal potential dif-
ference (PD) at 10-min intervals and the short-circuit current
(1) needed to neutralize the electrical gradient was applied with
an adjustable current source. Conductance was calculated from
PD and I, readings.

Statistical comparisons were made using Student’s unpaired ¢
test; for the enzyme data analyses, a logarithmic distribution was
assumed and results analyzed as logarithms and expressed as
antilogarithms. We analyzed mortality and contamination data
by the x? method.

RESULTS

General Response of Piglets to Diet and Infection. None of the
control diet group died, but five of 26 undernourished animals
died between 2 and 9 days after TGE infection; this difference
between dietary groups was significant. Persistent diarrhea, un-
responsive to fluid therapy, caused severe dehydration in the five
fatal cases and bacteria could be cultured from only one of these
animals. Data from the animals that died were not included in
any of the analyses summarized below.

Body weights for the two dietary groups did not differ on day
7, at the time the experimental diet was begun (1.47 = 0.04 kg
versus 1.48 =+ 0.03 kg, mean + SEM) but by day 14 of life, having
received the experimental diet for only 7 days, the undernour-
ished piglets (1.96 = 0.05 kg) weighed significantly less than
controls (2.26 + 0.06 kg, p < 0.001). Mean cumulative weight
gain was also significantly less in undernourished animals than
in controls from day 14 onward (Fig. 1). By 8 days after experi-
mental TGE infection, when the pigs were 31 days of age and
diarrhea had ceased, the weight gained by infected undernour-
ished piglets (1.58 + 0.09 kg) was significantly less than that
gained by noninfected undernourished piglets (2.05 + 0.11 kg, p
< 0.01) despite an equivalent nutrient intake. This reduced rate
of gain persisted in undernourished pigs after TGE infection for
the remainder of the study (Fig. 1). In contrast, weight gain did
not differ between infected and noninfected control diet animals
throughout the study.

Small intestinal weight per kg body weight in noninfected pigs
did not differ between undernourished (36.7 + 1.8 g/kg) and
control diet (37.5 % 1.2 g/kg) groups. Forty hours after infection,
when the pigs had acute diarrhea, gut weight relative to body
weight fell significantly below that of noninfected controls (p <
0.001) in both dietary groups, 23.4 + 0.4 g/kg for undernourished
and 24.7 + 1.0 g/kg for the control diet pigs. By 4 days after
infection, gut weight had returned to values of noninfected
animals in both dietary groups.

Intestinal Response to Diet and Infection. Microscopic findings.
Villus height, crypt depth, and epithelial cell appearance in
jejunum and ileum were similar for noninfected pigs in the two
dietary groups (Fig. 2). In jejunal sections from undernourished
pigs, 40 h and 4 days after TGE infection, significant villus
blunting was noted and cuboidal epithelial cells were seen on
villi; these abnormalities were present only at 40 h after infection
in control diet pigs. Also, in the undernourished animals, signif-
jcant jejunal crypt elongation persisted from 4 through 15 days
after infection, while in the control diet group we noted this
elongation only at 4 days. In ileal sections from undernourished
animals after TGE infection, the epithelium was cuboidal and
villus height was significantly decreased at 40 h and at 4 and 10
days, returning to normal by 15 days; elongated crypts appeared
at 4 days and persisted throughout the remainder of the study in
the undernourished group (Fig. 2). In contrast, ileal villus height
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Fig. 1. Mean cumulative weight gains of gnotobiotic pigs. Animals undernourished (O) from age 7 days gained less than control diet pigs (®) at
all time periods from 14 days (p < 0.01). Pigs infected with TGE virus (broken lines) at 22-23 days compared with noninfected pigs (solid lines) in
same dietary group, (Mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001). Numbers in squares refer to days after TGE infection.
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Fig. 2. Jejunal and ileal mucosal structure in control diet and under-
rourished groups. Piglets 40 (40 H), 4 days (4 D), 10 days (10 D), or 15
days (/5 D) after experimental TGE infection compared with nonin-
fected piglets (V1) in same dietary group (mean + SEM, *p < 0.05, **p
< 0.01, ¥**p < 0.001).

and crypt depth along with the epithelial cells were abnormal
only at 40 h and 4 days after infection in control diet pigs. No
viral particles were identified in small intestinal sections by
electron microscopy at any of the study periods after TGE
infection in pigs from either diet group.

Mucosal enzyme activities. Although dietary deprivation alone
caused no alteration of the activities of the jejunal mucosal
enzymes measured (Table 1), we found a significant elevation of
lactase activity and a significant depression of Na-K-ATPase
activity in the ileum (Table 2) of noninfected undernourished
piglets compared with normally nourished controls.

Mean jejunal mucosal sucrase activities measured 40 h after
TGE infection were significantly less than those measured before
infection in both dietary groups (Table 1). This abnormality was
noted at 4 and 15 days in the undernourished animals, but only
at 10 days in the control diet group. Also, in the undernourished
group lactase and Na-K-ATPase activities, reduced at 40 h,
remained significantly depressed throughout the entire 15-day
study period after infection. In contrast, the control diet group’s
jejunal lactase activity, while similarly reduced at 40 h, had
returned to normal by 10 days after infection and Na-K-ATPase
activity was never significantly depressed after TGE infection.
Thymidine kinase activity, a marker of immature crypt-type
DNA-producing cells (7), was significantly elevated in jejunal
mucosa by 40 h after infection in both dietary groups, returning
to normal by 10 days in the undernourished animals and by 15
days in controls.

In the ileal mucosa of undernourished pigs, lactase and sucrase
activities which were significantly depressed 40 h after infection,
never returned to the level of noninfected pigs during the 15-day
study period (Table 2). In the control diet group, ileal lactase
and sucrase activities returned to noninfected values by 10 days
and 15 days after infection, respectively. Ileal mucosal Na-K-
ATPase activity in the undernourished piglets 40 h after infection
was significantly less than that of undernourished noninfected
piglets and it remained significantly depressed until 15 days after
infection when compared with noninfected control diet animals.
In control diet pigs, ileal Na-K-ATPase activity had returned to
noninfected levels by 10 days after infection. Ileal thymidine
kinase activity was significantly elevated in both dietary groups
40 h, 4 and 10 days postinfection. However, in the undernour-
ished animals, it gradually rose at 40 h and 4 days, peaking at
10 days after infection, while in control diet animals, this peak
occurred sooner, 40 h after infection.

Jejunal sodium transport. Table 3 summarizes jejunal unidi-
rectional and net Na flux data in short-circuited Ussing chambers
for the four study groups. In noninfected animals under basal
conditions, unidirectional sodium fluxes were significantly
greater in undernourished animals compared with normally
nourished controls (J32,,, p < 0.001; JN2 | p < 0.01), while net
fluxes remained equivalent in the two dietary groups. The addi-
tion of 30 mM glucose stimulated a significant increment of net
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Table 1. Enzyme activities: piglet jejunal mucosal homogenates

Control Diet TGE Undernourished TGE
Noninfected 40 H 4 Day 10 Day 15Day Noninfected 40H 4 Day 10 Day 15 Day

Sucrase

Mean

Units/g protein 51 5* 13 11* 44 64 [*e* S* 54 41*

Range 44-58 2-12 5-32 6-21 39-48 57-72 0-2 2-11 48-60 35-47
Lactase

Mean

Units/g protein 99 g** 18* 30 70 106 2%x* g** 57* 58*

Range 89-109 4-18 9-35 16-59 64-80 98-115 1-3 4-19 46-70 48-70
Na-K-ATPase

Mean

Units/mg protein 184 83 150 110 148 191 50*** 5% 134** 129%*

Range 147-229 60- 137-163  77-156 133-165 176-208 44-57 77-93  125-144 124-135

115

Thymidine kinase

Mean

Units/mg protein 9 60***  5gkkk 16* 11 10 104%** 104%** 16 11

Range 7-11 41-90 43-82 15-17 8-14 8-12 81-133  69-155  12-22 8-14

n 12 6 5 5 5 11 5 5 6 5
Results expressed as antilog mean and range of 1 SEM where 7 = number of animals.
* p < 0.05; ** p < 0.01; *** p < 0.001 postinfection value compared with noninfected in same dietary group.

Table 2. Enzyme activities: piglet ileal mucosal homogenates
Control diet TGE Undernourished TGE
Noninfected 40 H 4 Day 10 Day 15Day Noninfected 40H 4 Day 10 Day 15 Day

Sucrase

Mean

Units/g protein 55 2% THH* grx 49 46 2%¥x TH* THe* 22*

Range 49-62 1-3 5-9 6-13 44-54 40-53 1-4 4-12 5-9 17-28
Lactase

Mean

Units/g protein 8 1** 2% 3 8- 31 2% | S ¥k 4**

Range 5-13 1-2 1-2 2-4 5-11 20-46 2-3 1-3 1-2 3-6
Na-K-ATPase

Mean

Units/mg protein 154 60*** 95* 114 120 108 61* 104 105 118

Range 142-166 52-68 80-113  99-132 107-135 102-115 54-69 89-122 94-118 102-136
Thymidine kinase

Mean

Units/mg protein 13 66** 45%* 38%* 18 14 48* 58** TOF** 29

Range 10-17 44-98 33-63 34-44 14-22 10-18 35-67 42-78 59-106 19-43

n 12 6 5 .5 5 11 5 5 6 5

Results expressed as antilog mean and range of 1 SEM where #n = number of animals.
* p < 0.05; ** p< 0.01; *** p < 0.001 postinfection value compared with noninfected in same dietary group.

sodium absorption above basal levels in noninfected piglets in
both dietary groups; this enhancement of net sodium absorption
was significantly greater in the undernourished group (+ 8.9 +
1.1 pkEq/cm?/h) than in the control diet group (+ 4.9 + 0.8 uEq/
cm?/h, p < 0.01). The addition of glucose caused a significant
increment in both J¥2,. (20.7 + 1.1 versus 13.3 = 0.8, p <
0.0001) and X2, (11.8 + 0.5 versus 8.4 + 0.4, p < 0.001) in
noninfected undernourished animals compared with noninfected
controls, but it was the marked increase in mucosal to serosal
flux that provided the main contribution to the significant in-
crease in net absorption. In the noninfected groups, PD, I, and
conductance were all significantly elevated in the undernourished
animals compared with the control diet group (Fig. 3).

Forty hours after TGE infection, glucose did not stimulate
sodium absorption in tissue from either dietary group. By 4 days
after TGE infection, sodium absorption in the jejunum from
control diet animals once again increased significantly with the
addition of 30 mM glucose. In contrast, no significant glucose
stimulation of sodium flux was noted in the undernourished
piglets’ jejunal epithelia at this 4-day stage of infection; by 10
days, significant glucose-stimulated sodium transport was ob-
served in both control diet and undernourished piglets. However,
even by 15 days after infection, undernourished animals still had
not regained the enhanced glucose-stimulated mucosal to serosal
(12.2 + 0.7 versus 20.7 = 1.1, p < 0.001) or net (+5.6 + 0.7
versus + 8.9 + 1.1, p<0.05) sodium absorptive capacity observed
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Table 3. Sodium flux in short-circuited jejunal epithelium in control diet and undernourished piglets (uEq/cm*/h)

Noninfected 40 H* 4 Day 10 Day 15 Day
Jm—'s Js—om Jnel Jm—»s Js—om JﬂG‘ Jm—~s JHI‘I‘I Jnc’l Jm-»s Js—-m Jnct JIII—'S Js—hm Jml
Control diet
Basal
Mean 5.2 5.7 -05 80 79 +0.1 6.1 7.3 -1.1 5.1 5.9 -0.8 4.3 47 -04
SEM 0.6 0.4 04 1.0 07 06 03 05 05 1.1 1.0 0.7 0.6 0.6 0.5
Glucose 30 mm
Mean 13.3 8.4 +49 11.6 89 +2.7 126 88 +39 7.9 54 +24 119 72 +4.7
SEM 0.8 0.4 08 20 06 15 16 0.7 14 1.2 1.0 0.5 1.6 0.8 0.8
pt <0.001 <0.001 <0.001 NS NS NS <0.0! NS <001 NS NS <001 <0.01 <0.05 <0.001
n 10 6 5 5 5
Undernourished
Basal
Mean 8.3 9.4 -1.1 96 10.1 -05 79 9.0 —1.1 6.8 6.6 +0.2 4.7 5.3 -0.6
SEM 0.8 0.7 04 07 08 05 038 0.6 0.5 038 0.6 0.5 04 0.4 0.3
Glucose 30 mM
Mean 20.7 11.8 +89 86 95 —09 11.6 103 +1.3 14.1 8.4 +5.6 122 66 +5.6
SEM 1.1 0.5 1.1 07 05 06 14 0.8 09 1.5 0.6 1.2 0.7 0.4 0.7
ot <0.001 <0.05 <0001 NS NS NS NS NS NS <0.001 <0.05 <0.01 <0.001 NS <0.001
n 9 5 5 6 5

* Time after TGE viral infection.
1 Values in the presence of 30 mM glucose compared with basal values.

10
8 5 1
7 z
® 1—7%!
PD 6 4 >< \‘/2/
(mv) o .?_-\2/
2 -4
0 L 1 | 1 |
500 I
400 -
Isc 3001 I .
WA 0] * \17‘§>—<g
100 %//’?.
0- { 1 1 1 i
w0 3
( COhN’D " 307 n&;/;zg 'y
mmohs/cm: paa—
20 ?,/ 2
10
J ! i 1 1 ]

40H 4D 10D

Noninfected 150
1

TGE

Fig. 3. Piglet jejunal epithelial transmucosal PD, I, and conduct-
ances (COND) in presence of 30 mM glucose in control diet (@) and
undernourished (O) animals. PD (p < 0.01), L.(p < 0.001), and COND
(p <0.001) significantly elevated in noninfected undernourished animals
compared with noninfected animals on the control diet. Piglets 40 h (40
H), 4 days (4 D), 10 days (10 D), or 15 days (15 D) after experimental
TGE infection compared with noninfected piglets in same dietary group
(mean + SEM, *p < 0.01, **p < 0.001).

in noninfected undernourished controls. PD, I, and conduct-
ance of jejunal tissue from control diet animals did not differ
between noninfected and infected animals in the basal period or
with the addition of 30 mM glucose (Fig. 3). In the undernour-
ished group after TGE infection, PD remained significantly
depressed until 15 days after infection, when compared with

noninfected undernourished controls in the presence of 30 mM
glucose. I, and conductance did not return to the level of non-
infected undernourished controls throughout the study.

DISCUSSION

Our data clearly demonstrate that in nutritionally deprived
gnotobiotic pigs, the structural and functional lesion of the small
intestinal mucosa is prolonged after infection with TGE virus.
Also deaths occurred after TGE infection only in undernourished
animals. Evidence of a reciprocal relationship between enteric
infection and malnutrition emerges from our model, in that TGE
infection itself led to a further reduction in weight gain in the
nutritionally deprived group. Since infected and noninfected
piglets received identical nutrient intakes, this latter finding
suggests that either altered utilization or excessive losses of nu-
trients occurred after TGE infection in the malnourished host.

Limitation of nutrient intake over the 15- to 16-day interval
before experimental viral infection produced a state of chronic
undernutrition as reflected in proportionate and significantly
diminished body weight gain. Although severe morphological
abnormalities and depressed activities of disaccharidases of the
small intestine have been described in clinical studies of malnu-
trition (15, 16), these field studies have not distinguished the
direct effects of nutritional deficiency from those of other possible
coincidental intestinal diseases such as enteric infections. In
Brunser’s study of marasmic infants (17) and Neutra’s exami-
nation of tetracycline-treated, protein-calorie malnourished pigs
(18), the light microscopic structure of the small intestinal mu-
cosa was normal with the exception of a mild decrease in
thickness and a relative reduction of mitotic figures in the
epithelium. In our undernourished noninfected piglets, we also
demonstrated a preservation of small intestinal weight relative
to body weight, of mucosal structure, and of most mucosal
enzyme activities when compared with noninfected dietary con-
trols. The high activity of lactase seen in nutritionally deprived
pigs, also noted in other animal models of early chronic malnu-
trition, has been attributed to a delay in postnatal maturation of
the small intestinal epithelium (6, 19); the depressed activity of
ileal Na-K-ATPase in the undernourished pigs could have a
similar basis (20).

The jejunal mucosa of the noninfected undernourished piglets
was relatively porous since unidirectional sodium fluxes and
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electrical conductance were high in this tissue. A similar large
low resistance paracellular ion flux also has been noted in young
suckling rabbits (20), suggesting that this relative porosity may
be a feature of immaturity. However, in another respect, ion
transport in the malnourished piglet intestine seems to differ
from that of the immature rabbit where glucose fails to stimulate
sodium absorption. Glucose-stimulated sodium absorption in
the jejunum of malnourished pigs was enhanced along with
mucosa to serosa sodium flux, PD, I, and conductance when
compared with heavier controls. Previous studies of acute nu-
trient deprivation have demonstrated increased net ileal sodium
absorption in pigs (21) and increased active glucose transport in
rats and guinea pigs (22). The mechanisms for this unexpected
observation of enhanced sodium transport in our model of
chronic undernutrition are unknown but clearly they are not
attributable only to paracellular phenomena.

Several explanations for the observed delay in recovery from
viral intestinal injury in malnourished piglets should be consid-
ered. Since viral particles were not observed in the small intestinal
mucosa of the malnourished animals, we conclude that prolon-
gation of this invasive but normally transient viral infection was
not an important factor. Previous studies of TGE in conventional
piglets have also demonstrated rapid shedding of the virus from
the intestinal mucosa in the first 40 h after infection (23, 24).
Although the undernourished pig is likely to have compromised
immune function and consequently, increased susceptibility to
infection, enteric bacteria did not appear to be important deter-
minants of the prolonged disease course of the nutritionally
deprived group. Bacteria were isolated from a similar proportion
of the two dietary groups of pigs that were initially germ free,
and none was an organism known to have any effect on small
intestinal function or structure.

Prolongation of the lesion in malnourished pigs could have
resulted from delayed epithelial repair after viral injury, increased
severity of the initial injury, or a combination of these factors.
The undernourished animal, in theory, may have compromised
barrier function to a viral pathogen, and therefore sustain an
initial injury of relatively increased severity. However, our find-
ings in 40-h TGE-infected malnourished pigs demonstrate no
differences from 40-h infected control diet animals in mucosal
structure, enzyme function, or transport function. In fact, the
only significant diet-related differences found at the acute stage
of TGE were in the electrical properties of the tissue in Ussing
chambers with PD, I, and conductance being lower in the
undernourished group. A well-recognized effect of chronic pro-
tein-calorie malnutrition on the small intestine is impairment of
epithelial proliferation in crypts resulting in delayed cellular
migration along the crypt-villus axis (6). Theoretically this ab-
normality of epithelial renewal might retard repair after the
TGE-induced villus cell injury. The prolonged abnormalities of
mucosal structure, delayed return of the brush border disacchar-
idases along with basolateral membrane Na-K-ATPase, and de-
layed recovery of glucose-stimulated sodium absorption in un-
dernourished piglets after TGE infection, support this hypothesis.
In addition, glucose-stimulated sodium transport in infected
undernourished piglets never regained the enhanced activity seen
in the undernourished but noninfected group.

Our findings point to the small intestinal epithelium and its
renewal as a site for important interactions between undernutri-
tion and viral enteritis, a major cause of infant diarrhea. These
interactions continue to be vitally important to infants through-
out the world. Because of uncontrollable variables operative in
most clinical settings where these issues might be subjected to
field studies, animal-based experiments will continue to play an
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important part in sorting out the malignant cycle that associates
diarrhea and malnutrition in babies.
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