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ABSTRACT The mucosa of the gut is some of the
most metabolically active tissue in the body. This paper
discusses the methodology used to assess enterocyte
cell metabolism and nutrient uptake in the reticuloru-
men and small intestine of ruminant species. Metabo
lism of volatile fatty acids and glucose by this tissue
may limit the availability of essential nutrients to
peripheral tissues, and the extent to which this may
vary between concentrate-based and forage-based
diets is discussed. Factors that affect the development
and expression of metabolite uptake by the enterocyte
are considered in addition to the influence that manip
ulation of the microbial flora of the gut by the use of
antibiotic growth promoters or probiotics may have
upon this process. Data are presented to show that the
use of antibiotic compounds in ruminant feeds can
influence the rate of cell turnover in the small intestine
and the rate of glucose uptake by isolated brush border
vesicles. J. Nutr. 120:639-648, 1990.
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The objective of this paper is to review the extent to
which metabolism by the mucosa of the reticulorumen
and small intestine of ruminant species may influence
the supply of nutrients to body tissues. In view of the
breadth of the topic, the discussion will be restricted to
consideration of the methods used to determine muco-
sai cell metabolism, the influence this activity has upon
volatile fatty acid (VFA)and glucose metabolism and the
effect manipulation of the microbial flora of the intes
tine may have upon tissue function and, therefore, nu
trient supply. The ability of the cells lining the luminal
surface of the gastrointestinal tract to adapt to changes
in both the nutritional and physiological status of the
animal has been recognized for many years. In ruminant
species, the development of the reticulorumen system

itself depends on the presence of the end products of
microbial fermentation, the VFA, which stimulate
blood flow to the tissues and the muscular contractions
required for the mixing of ruminai contents (1). Physio
logical changes such as refceding after starvation (2),
pregnancy (3) and lactation (4, 5) cause hypertrophy of
the gut associated with increased feed intake. These
changes occur in both the small intestine and the rumi
nai mucosa although it has been reported that hypertro
phy in the small intestine of sheep precedes that in the
reticulorumen (4). Recent data from Rompala et al. (6)
identified an increase in tissue weight of the large intes
tine associated with dietary bulk whereas that of the
small intestine was not affected. The mass of the gut
tissues is a relatively small proportion of body weight
[3.75% innonlactatingand4.85% in lactatingcows(7)].
However, in view of those tissues' high rate of metabolic

activity, the liver and gut contributing some 40% of
total heat production in resting sheep (8), it is apparent
that changes in nutrient metabolism or requirements of
the gut will have a major influence on the pattern of
nutrient availability to the tissues of the animal.

EXPERIMENTALAPPROACH

In view of the complexity of studying the metabolism
of individual tissues within the animal, many different
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ference: Influence of Gut Metabolism on Nutrient Supply,given at the
73rd Annual Meeting of the Federation of American Societies for
Experimental Biology, New Orleans, LA, March 19, 1989, and sup
ported by grants from American Cyanamid Company; Cargill,
Nutrena Feed Division; Carl S. Akey, Inc.; Monsanto; Pioneer HiBred
International, Inc.; Pitman-Moore, Inc.; and SmithKline Beckman
Animal Health Products.
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sity, Blacksburg, VA.

0022-3166/90 $3.00 Â©1990 American Institute of Nutrition. Received 25 July 1989. Accepted 5 March 1990.

639

 at E
N

A
L on M

ay 3, 2010 
jn.nutrition.org

D
ow

nloaded from
 

http://jn.nutrition.org


640 PARKER

approaches have been used, ranging from in vitro tissue
incubation systems through whole-animal chronic
catheterization preparations to mathematical modeling
of the whole range of metabolic activity present in the
tissue/animal under study. All of these methods have
their inherent disadvantages,- the in vitro system lacks
the sophisticated feedback control mechanisms present
in the whole animal whereas the mathematical model
relies on data from animal experiments if it is to provide
a sound basis for testing the biological system.

In the chronically catheterized animal, it is possible
to study metabolite uptake and output by tissues and to
quantify these changes by reference to blood flow and,
if possible, isotope exchange. This approach has been
used very successfully in work on the mammary gland
of goats (9)and sheep (10) where discrete input/output
relationships can be measured. Extending this approach
to the gut results in further areas of uncertainty associ
ated with the dual source of nutrients for cell metabo
lism, the arterial supply and the intestinal lumen, and
also the passage of metabolites from the luminal to
serosal surface of the tissue and vice versa. Arteriove-
nous difference studies, therefore, can only provide a
measure of net metabolite exchange across the tissue by
reference to concentrations in the portal vein relative to
those in the arterial supply. Improved understanding of
metabolism in the various sections of the tract requires
the siting of venous sampling catheters in the arterior
mesenteric vein, to obtain blood leaving the small in
testine, and in the portal vein to obtain samples that
reflect, by difference, the metabolism in the tissues of
the reticulorumen, although even this approach does
not allow for the separate determination of nutrients
derived from the cecum and large intestine.

Ideally, studies concerned with the metabolism of
intestinal tissue should include not only arteriovenous
difference and blood flow data but also a measure of
metabolite turnover and flow in the intestine. Few
experiments to date have provided this level of informa
tion with which to evaluate gut tissue metabolism.
Responses to changes in diet or physiological state are
more often evaluated either within the gut or, in a
minority of cases, by reference to changes in nutrient
flux in the portal vein. Integration of data from these
two approaches provides some insight into the extent of
modulation of nutrient supply by tissues of the intestine
although our understanding of the whole process is still
limited.

METABOLISM IN THE MUCOSA OF
THE RETICULORUMEN

Volatile fatty acids. The relationship between feed
intake and the development and adaptation of the rumi
nai mucosa has been extensively reviewed by Fell and
Weekes (5). These authors identified the effect of VFA

production on the proliferation of the ruminai epithe
lium, and further studies involving infusions of VFA
mixtures into the rumen by Sakata and Tamata (11, 12)
also showed that elevation of ruminai butyrate resulted
in an increase in mitotic indices and in blood flow to the
tissue. The relationship between changes in mucosa!
structure and metabolism of VFA by the tissue is less
well established. Metabolism of all three VFAhas been
shown in a number of in vitro studies (for reviews, see
rÃ©f.5, 13) with the general agreement that propionate
and butyrate are more extensively metabolized than
acetate. There are, however, only limited studies in vivo
from which rates of production of ruminai VFA with
various diets can be compared with rates of absorption
into the portal vein. Thus, work by Huntington (14), in
which rates of total VFAabsorption in steers fed either
silage or high concentrate diets were compared with
ruminai VFA production rates from separate experi
ments, showed that there was extensive metabolism of
all three VFA in the mucosa! tissues of animals fed
various diets. It also has been suggested that there is a
difference in the extent of metabolism of propionate by
the mucosa of sheep when compared to that of cattle
(15). It is possible to calculate the rate of propionate
production in the rumen of concentrate-fed animals
from the data of Sharp et al. (16)(as used by Huntington
for total VFA production), and for the silage diet the
results of Gill and Beever (17)are pertinent. These two
studies indicate ruminai propionate production rates of
579 mmol/h and 329 mmol/h, respectively, for intakes
of concentrate and silage diets similar to those reported
by Huntington (14). These may be compared with net
absorption rates of 339 mmol/h for the concentrate diet
and 135 mmol/h for the silage diet (14),suggesting that
with the concentrate diet 142mmol/h ofpropionate was
metabolized within the ruminai mucosa whereas 81
mmol/h was utilized by animals fed the silage diet.
Although the ruminai wall may have a limited capacity
to metabolize propionate to lactate, oxidation of this
substrate may account for the observation that 40-60%
of propionate produced in the rumen can be metabolized
by this tissue and may not, therefore, be absorbed into
portal blood (5, 13).Manipulation of propionate produc
tion rate in the rumen by the use of ionophores in both
roughage and concentrate diets by Harmon et al. (18)
showed that increased availability did not alter the
proportion of propionate used by the gut tissues, al
though metabolism of the substrate would be quantita
tively higher when ionophores were included in the diet.
This observation supports that of Veenhuizen et al. (19),
who showed that increased availability of propionate in
the rumen increased the contribution of propionate
carbon to the blood CO2 pool. In these latter experi
ments, the investigators sampled peripheral blood that
contained COi derived from propionate carbon follow
ing metabolism in the liver, underlining the desirability
of sampling from ruminai fluid and portal and peripheral
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TABLE1

Net glucose utilization by tissues of the gastrointestinal tract of sheep and steers

Site of venous bloodsampleAnimalSheepSheep,

pregnantSheepSheepSheepSheepSteerSteerSteerSteerSteerSteerSteerDietHay

FastedHayFastedFasted

+ rumen propionate infusion
Low1
High1Hay

GrainDried

grass
PelletedcornSilage

cone.
60:40
55:45

50:50HayConcentratesSilage

ConcentratesConcentrates+

Intra rum inalglucoseConcentrates

+ Monensin
+ IntraruminalpropionateTime

fed lucerne
Meal fed lucerne
Meal fedconcentratesGrass

pellets
Grass +cornGrass

+ corn
+ Portal NHjCl infusion

(l)Low
(2)HighPortal

vein(imo]//]-3.7

-7.4-5.5

-2.7-9.12

-6.94
-9.72-3.6+

10.5â€”â€”-11.5

-7.0-11.33

-6.66-1.18+7.8-6.8

-1.14
+1.65-7.22

-5.95
-0.18+0.54

+5.3+1.75^t.40

-10.70Mesenteric

veinReferenceâ€¢nin-ksf-7*)â€”

21
21â€”

21
212223-1.67

24
+15.90-12.4

25
-3.56
-1.2326â€”

142728-4.18

29
^.18
+5.3230Wilton,

personal
communication

'Low and high concentrate diets.

blood if a true measure of the influence of mucosal
metabolism upon VFA availability is to be achieved.

Glucose. The influence of the metabolism of gastro
intestinal tissues upon the glucose economy of the
ruminant is well established. The recent analysis of the
relationship between energy intake and gut and hepatic
glucose metabolism by Wieghart et al. (20) focuses at
tention upon the demand the splanchnic tissues place

upon glucose supply to the animal. Data for net glucose
utilization by the gut of sheep, steers, heifers and lactat-
ing cows are shown in Tables 1 and 2. It is apparent from
these studies that certain dietary situations can result
in a net uptake of glucose from the digestive tract and
that this effect may be mediated by overall energy intake
(above 125 MJ/d in lactating cows) and by the composi
tion of the diet, with hay and silage diets resulting in a
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TABLE 2

Net glucose utilization by tissues of the gastrointestinal tract of
heifers and dairy cows

Animal Diet

Net
glucose

utilization1 Reference

\imol/

Heifer High concentrates
+ Salinomycin
+ Monensin

Heifer 75% Lucerne
(low)2
(high)2

75% Com
(low)
(high)

Cow (L)3 Hay/concentrates

Cow (L)
ID)3

Cow (L)
(D)

Hay/concentrates

Hay /concentrates

Cow (L) Silage

Cow (L) Ad libitum concentrates
Restricted concentrates
Restricted forage

-5.53
-2.0
-1.36

-2.08
-7.55

+9.63
-0.26

-5.11
-13.5

+9.50

-2.77
+0.99

-5.74
-2.87

-6.33

+25.1
+10.9
+12.0

18

31

32

33

34

35

20

Cow(D)Cow

(L)Hay

/concentrates7.1
Mcal/d14.2
Mcal/d28.5

Mcal/dSilage/concentrates-4.95-2.91+2.29-6.9-8.42036

'Venous blood was sampled from the portal vein.
2Low and high concentrate diets.
3L and D in parentheses indicate lactating and dry cows, respec

tively.

greater net utilization of glucose by the mucosal tissues.
In the studies of Harmon and Avery (28) and Harmon et
al. (18), the inclusion of ionophore antimicrobial agents
in the diet reduced net glucose utilization by gut tissues
in steers and heifers fed concentrate-based diets, al

though these changes were not statistically significant.
The potential for manipulating glucose utilization by
the gut tissues via the luminal surface of the mucosal
cell is apparent from these studies and recent data from
Wilton (personal communication). In the Wilton stud
ies, NHÂ»Clinfusion into the portal vein increased net
glucose utilization by gut tissues of steers fed a

grass/corn diet; this suggests that conditions at the
serosal surface also influence tissue metabolism. Net
glucose utilization rates for portal-drained tissues aver
age 2.65 umol/(min-kgÂ°75) for concentrate and 5.97
umol/(min-kgÂ°75) for forage diets (Tables 1, 2). On the

basis of whole-body glucose turnover rates of between
24 and 36 umol/(min-kgÂ°75) for sheep and cattle, this

represents 0.11-0.24 of total glucose turnover being
utilized by portal-drained tissues. For sheep fed hay-

based diets, calculation of actual portal glucose utiliza
tion rates from changes in glucose specific radioactivity
across the gut during continuous isotope infusion (21)
showed that actual glucose utilization rates were sim
ilar to net utilization values in nonpregnant animals. In
pregnant sheep, however, the net rates determined from
arteriovenous difference concentrations were lower
than the actual values measured using isotope dilution.
A further study (23) in which lambs were fed either hay-
or grain-based diets showed that despite a positive por
tal-arterial difference with the grain diet compared to a
negative value for the forage diet, actual glucose utiliza
tion by the intestinal tissues, as determined by isotope
exchange, was higher for the concentrate than for the
hay diet. This suggests that the apparent difference
between concentrate and forage diets in terms of net
glucose utilization may be misleading and that high
concentrate diets could impose an increased glucose
requirement on the mucosal tissue of the reticuloru-
men. Animals maintained on cereal-based diets show

proliferation of the ruminai mucosa as a result of stim
ulation by increased absorption of VFA and subsequent
release of gastrointestinal hormones (37). This stimula
tion of mitotic activity could result in an increased
requirement for glucose by mucosal tissues. Concen
trate feeding to ruminants has been shown to disrupt
the structure of the ruminai wall, resulting in the loss
of the cornified layer of the ruminai papillae (12), al
though other studies have shown significant hyperker-

atosis of mucosal tissue as a result of grain feeding (5,
38). One further aspect of apparent glucose utilization
by mucosal tissues identified by Bergman et al. (21), but
as yet not investigated, is the possibility of glucose flux
from the blood into the lumen of the digestive tract.
Recent studies in our laboratory (Seal, unpublished
data), however, in which ruminai fluid has been sampled
during and after intravenous infusion of 6-[3H]glucose,

have shown no evidence that radioactivity was trans
ferred from the blood glucose pool into the rumen fluid.

Although the majority of experiments to date have
relied upon sampling of portal vein blood for measuring
net tissue utilization of metabolites, placing catheters
in the anterior mesenteric vein can provide additional
information relating to metabolism in the tissues of the
small intestine. This approach has been used in sheep
by our group at Newcastle (24) and provided evidence
that sheep fed a corn-based diet absorbed significant
amounts of glucose from the small intestine. Isotopie
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analysis of glucose utilization by the intestinal tissues
(39), however, showed that there was no alteration in
glucose utilization by the tissues of the small intestine
as a result of changing from a grass-based to a corn-based
diet. Extending this approach to steers in which cathe
ters were placed in both the mesenteric and portal veins
(29) clearly identified the absorption of glucose in the
small intestine as a key determinant of the apparent net
utilization of glucose as measured in the portal vein.
Further studies using this type of preparation are re
quired to clarify the extent to which the influence
dietary change has upon metabolism of the mucosa of
the reticulorumen dominates any changes taking place
in the mucosa of the small and large intestine.

METABOLISM IN THE MUCOSA OF
THE SMALL INTESTINE

The mucosal cells of the small intestine are also
responsive to physiological, nutritional and environ
mental stimuli; consequently, this tissue has a high rate
of protein synthesis and energy demand. Work by
Combe et al. (40) with developing lambs showed that
total amount of protein synthesized in the small intes
tine increased rapidly after weaning, with the digestive
tract representing 25% of total protein synthesized in
the body at 16 wk of age. Fractional rates of protein
synthesis are greater in the intestinal tissues of rats (8),
cattle (41),pigs (42)and lambs (43)than in other tissues
and are sensitive to dietary energy intake (44).Increased
energy intake by sheep also has been shown to increase
Na*/K+-ATPase-dependent respiration in duodenal and

jejunal mucosa (45, 46), underlining the importance of
mucosal cell activity as a major component of overall
metabolism, contributing some 15% of total heat pro
duction in the fed sheep (8).

Apart from changes in overall metabolism associated
with energy intake, the intestinal cells also show mod
ification of functional activity with respect to changes
in brush border hydrolase enzymes. Dauncey and In
gram (47) demonstrated in the pig that lactase activity
was modified as a result of changes in environmental
temperature although there was no effect on amino-
peptidase-N. With rats, however, there have been nu
merous reports of alterations in protein or carbohydrate
content of the diet influencing brush border peptidase
(48, 49) and carbohydrase (50)activities; at a more fun
damental level, the rate of leucine transport across
isolated brush border membrane vesicles is influenced
by dietary protein content (51). In experiments of this
type, animals are adapted to diets over a period ofweeks,
and the rapidity of tissue adaptation is not known. In
the case of starvation of sheep, however, it is apparent
that mucosal respiratory activity has been significantly
reduced after 48 h (44).

INFLUENCE OF THE MICROFLORA

In addition to dietary manipulation of intestinal ac
tivity, modifications of the intestinal microflora have a
marked effect on mucosal function. Studies with germ-
free animals show that there are specific changes in the
histology of the gut, and it has been known for many
years that adding antibiotics to the diet reduces the mass
of the tissues of the small intestine (52, 53). The poten
tially toxic effects on mucosal cell metabolism of NHs
and amines produced as a result of amino acid degrada
tion by endogenous flora have been identified by Visek
(54) as a cause of increased tissue mass in conventional
animals. Savage (55) has reviewed the influence of the
gut flora upon digesta transit time, modification of bile
acid function and reduced brush border hydrolase activ
ity. The microflora of the small intestine also have been
implicated as the cause of increased rates of protein
synthesis in the rat (56) and chick (57) intestinal mu
cosa, although whether this is a direct effect of one
elicited by the products of bacterial activity is still
unclear.

Manipulating the normal microbial flora of the small
intestine with feed additive antibiotics has been used
effectively in the pig and poultry industries for a number
of years (58, 59) although the mode of action is still
unclear (60). In ruminant species, apart from effects
within the rumen, it is expected that compounds that
remain active in the gut also would have an effect in the
small intestine. This may be particularly relevant when
feeding diets containing ionophores such as monensin
and lasolocid, which influence metabolism in both eu-
karyotic and prokaryotic cells. The role of these com
pounds in the manipulation of Na+/K+-ATPase activity
and Na*-mediated active transport has been reviewed by

Bergen and Bates (61), and their potential for the disrup
tion of divalent cation absorption by the small intestine
also has been identified (62). Both the ionophore monen
sin and the macrolide antibiotic avoparcin, which are
excreted in the active form of the feces, provide a means
of modulating the microflora of the small and large
intestine during the passage of digesta. In view of the
fact, however, that the predominant bacteria in the
small intestine are gram positive and sensitive to anti
microbial compounds, whereas those in the large intes
tine are gram negative, it is expected that the former is
the more likely site for antimicrobial effects. Recent
data from Newcastle showing that low levels of avo
parcin (10 mg/kg) added to the diet of dairy cows in
creases milk yield despite there being no change in
ruminai VFA metabolism supports this hypothesis (63).

MUCOSAL CELL TURNOVER

Many of the changes in enterocyte function noted as
a result of dietary manipulation or the alteration in the
microbial flora could be anticipated as a result of an
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alteration in the rate of cell division in the intestinal
crypts with a consequent reduction in cell migration
rate on the villus. Such a change has been demonstrated
in germ-free when compared to conventional chickens
(64, 65), and in both rats and pigs, cell turnover on the
villus increases markedly during weaning (66, 67). In
both of these studies, changes in the activities of car-
bohydrase enzymes were associated with alteration in
cell turnover rates in the small intestine. Further stud
ies in rats (68)indicated that although the tissue retains
the ability to express lactase activity after weaning, it is
the reduced time span of the enterocyte on the villus
surfaceâ€”from 7-10 d in the young rat to 2-3 d in the
adultâ€”that results in loss of expression of the mature
enzyme at the cell surface. This was in contrast to
sucrase activity, which increased along with the change
in cell turnover rate. More recently, histochemical tech
niques and radiolabeled amino acid uptake studies
showed that in the pig small intestine a reduced cell
migration rate increases the functional capacity of the
villus surface for nutrient transport and hydrolase activ
ity (67, 69).

To test the hypothesis that antimicrobial feed addi
tives affect the microflora of the small intestine and the
tissue metabolism of ruminants, we undertook a trial in
which weaned lambs (10 per treatment) were fed for 6
wk a pelleted diet containing either 0, 19 or 28 mg
avoparcin/kg. Weight gain and feed conversion effi
ciency were similar for all three groups over this period,
and there was no change in the molar proportions ofVFA
in rumen fluid because of avoparcin treatment. At the
end of the trial, five sheep from each group were anes
thetized and injected with the stathmokinetic drug vin-
cristine sulphate (1 mg/kg body wt), which acts upon
dividing cells by preventing the formation of the mitotic
spindle such that any cell entering into mitosis follow
ing treatment is arrested at metaphase. The results in
Table 3 show the numbers of arrested cells per 1,000
crypt cells 30 and 90 min after administration ofvincris-
tine. It is apparent that the rate of cell division in the
crypts of duodenal tissue after 90 min is significantly
lower (p < 0.05) with avoparcin treatment, providing
evidence for a possible site of the nutrient-sparing effect
in the small intestine resulting from inclusion of the
feed additive.

One consequence of a reduction in cell migration rate
on the villus is the increased length of the brush border
membrane microvilli (65, 70). A recent review (71)has
identified the factors that regulate intestinal transport
systems at this site on the enterocyte cell. The authors
distinguish between rapid upregulation of certain trans
port processes within a few hours of the alteration of
substrate availability and the dietary regulation of glu
cose and amino acid transport systems requiring 1-3 d.
This latter change in intestinal transport processes
would be in line with a modification in pattern of
differentiation of cells at the villus/crypt junction.

TABLES

Number of divided cells per 1000 crypt cells in sheep duodenal
tissue 30 min and 90 min after treatment

with vincristine1

TreatmentControl

19 mg Avoparcin/kg
28 mg Avoparcin/kgTime

after vincristine
administration30

min15.6

Â±2.5
16.8 Â±7.6
13.2 Â±7.590

min46.2

Â±7.4'
33.6 Â±9.9"
29.4 Â±6.1"

'Values are means Â±so for five sheep. Values in a column with

different superscript letters are significantly different [p < 0.05) as
assessed by Duncan's Multiple Range Test.

Wolffram and Sharer (51) isolated brush border mem
brane vesicles from animals fed either a high carbohy
drate (11% protein) or high protein (77%) protein diet
and demonstrated that both Na*-dependent and Na*-in-
dependent transport of L-leucine increased with increas
ing dietary protein level. We have undertaken
preliminary studies at Newcastle investigating the ef
fect of a nontherapeutic dietary antibiotic on Na*-depen-

dent transport of glucose in sheep. Sheep were fed ad
libitum a concentrate-based diet containing the antibi
otic plus hay. At the end of the trial, the animals were
killed by an overdose of barbiturate to prevent mucosal
cell shedding (72),and brush border membrane vesicles
were prepared by the method of Shirazi et al. (73).
Glucose uptake in the presence of either Na* or K+was

measured by the rapid filtration method of Murer et al.
(74). Na+-dependent glucose transport in brush border

membrane vesicles isolated from tissue from control
and treatment sheep is shown in Figure 1.The data show
the characteristic "overshoot" between 45 s and 60 s,
which was significantly greater (p < 0.001) in the tissue
isolated from the sheep treated with the antibiotic.
There was an increase with treatment in the number or
activity of glucose receptors per unit of brush border
protein. Although this study only investigated the ef
fects on uptake by an in vitro vesicle preparation, the
treatment may also have influenced intestinal structure
or sodium gradients, which could also influence glucose
uptake (75).

PROBIOTICS

Using antibiotic or antimicrobial compounds to ma
nipulate the intestinal microflora to improve the effi
ciency of animal production has a number of
disadvantages. Using compounds that are effective
against a broad spectrum of bacterial species inhibits
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FIGURE 1 Sodium-mediated glucose uptake (nmol/mg protein) by brush border membrane vesicles from intestinal mucosa
of sheep fed diets with (â€¢)or without (â€¢)an antibiotic feed additive. Values are means for six incubations; bars represent SEM.

strains that are beneficial and can increase the potential
for colonization of the gut by pathogenic species (76).In
addition, consumer concern over the residues in animal
products and about the use of antibiotics and the poten
tial for development of bacterial resistance in the wider
environment has resulted in a reassessment of methods
whereby the intestinal flora can be manipulated. Thus,
the use of "probiotic" preparations containing selected

strains ofbacteria, primarily lactobacilli or streptococci,
are currently advocated for stabilizing the intestinal
microflora to the benefit of the host animal. Their use
is considered to be particularly beneficial during periods
of stress, such as weaning, when dietary and environ
mental changes can result in a significant reduction in
animal performance associated with marked alterations
in the balance of microbial species in the small intestine
(77-79). Surveys of the effectiveness of probiotics (80,
81) show that the most consistent response is that
achieved when probiotics are fed to neonatal and young
pigs and that the overall response is similar to that
achieved with conventional low-dosage antibiotic ad

ministration. This observation was confirmed by our
own studies (82)comparing growth rates in pigs fed diets
containing either an antibiotic, a probiotic preparation
or no added growth promoter (including copper).
Growth rates in the two treatment groups were signifi
cantly better than those of the control animals, and
examination of enzyme activity in the intestinal mu
cosa showed that at the critical period around weaning,
the antibiotic and probiotic groups has significantly
higher levels of lactase and sucrase than did controls. In
addition, there were changes in the distribution of
dipeptidase and tripeptidase enzymes in the gut with age
(83),providing some evidence that the site of probiotic
action also may be linked to expression of mucosal cell
function.

Selection ofprobiotic organisms is based upon a range
of in vitro tests related to ability to survive at low pH,
tolerance to bile, rapid growth rate and adhesion to
isolated epithelial cells (84).This latter criterion, how
ever, is sensitive both to changes in source of cultured
cells used and to bacterial strain (85).An improvement
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in our understanding of the mode of action of probiotics
in the gastrointestinal tract will depend on the develop
ment of methods that allow for the identification of the
site or sites at which the introduced strains become
established. At present, for example, it is not clear
whether colonization of the intestinal wall is essential
for probiotic function or whether it is the presence of
the bacteria or the products of microbial metabolism
that are of primary importance. The potential for low
numbers of bacteria administered as an oral dose to
establish colonies within the digestive tract has been
demonstrated in an elegant experiment by Miller et al.
(86). In this work, 1000 bacterial cells of a specific
pathogenic Escherichia coli strain were administered to
piglets at 5 d of age, and their presence in feces was
determined over time. No bacteria of the selected strain
were detected until 5 d after weaning, at which time
they were associated with diarrhea and were shed in the
feces. This observation suggests that at periods of rapid
change in the structure of the intestinal wall, such as
those seen at weaning, pathogenic bacteria are able to
proliferate and dominate the intestinal microflora. To
improve our understanding of how probiotics may be
able to mitigate against this process, it will be necessary
to develop methods that allow for the identification of
the site or sites at which introduced strains become
established and to determine whether certain areas of
the tract are critical to the effectiveness of the treat
ment. Therefore, although it is apparent that metabo
lism of the intestinal mucosa is extensively modified by
the microbial population of the gut, it is still far from
clear as to how the relationship can best be manipulated
to the benefit of the host animal.
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