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CHAPTER 1

General Introduction



Chapter 1

In modern pig husbandry in the Netherlands, piglets are abruptly weaned at 24-28 days of
age. The weaning transition usually involves complex social, environmental and nutritional
changes for the piglets (e.g. Fraser et al., 1998) and is generally accepted as a stressful event
(e.g. Worsaae and Schmidt, 1980). The transition from suckling to eating solid food is
associated with a critical period of underfeeding during which the piglet is adapting itself to
dry food (Le Dividich and Herpin, 1994). It may take 4 (Le Dividich and Herpin, 1994;
Pluske et al., 1996) to 7 days (Bruininx, 2002) after weaning before piglets reach on average a
level of feed intake meeting the energy requirement for maintenance. Therefore the observed
growth stasis after weaning is not surprising (Leibrandt et al., 1975). Another postweaning
problem is the occurrence of diarrhoea (Nabuurs, 1991). The small intestine is thought to play
an important role in the etiology of digestive disorders. The gastrointestinal tract not only
provides for the digestion and absorption of nutrients, but also acts as a barrier for bacteria,
toxins and allergic compounds that otherwise may reach the systemic organs and tissues. The
marked changes that occur in gut structure and function after weaning, such as villous atrophy
and crypt hyperplasia (Hampson, 1986; Miller et al., 1986; Kelly et al., 1991a; Nabuurs 1991;
Pluske et al., 1996), are generally associated a temporary decrease in digestive and absorptive
capacity of the small intestine. The concerted actions of the small intestine regarding
absorption and exclusion of pathogenic compounds are addressed to as small intestinal
integrity. Not only was small intestinal morphology investigated as a parameter for intestinal
integrity, but also functionality (enzyme secretion and permeability across the gut wall) and
indicators of inflammation (cell differentiation molecules on T-cell lymphocytes,
1. e. CD4+ and CD8+ T-cell lymphocytes and haptoglobin levels in blood plasma). The
generally assumed negative association between small intestinal integrity on one hand and

digestive disorders on the other hand is not clear.

During the weaning transition of piglets, two successive phases in the small intestinal
integrity can be distinguished: a de- and regenerative phase. Within the degenerative phase,
McCracken and colleagues (1995; 1999) suggested that diet-independent and diet-dependent
metabolic and morphologic changes occur during the weaning transition in pigs. The diet-
independent changes result from stress induced by a change in environment and social
surroundings at weaning. The diet-dependent changes largely reflect differences in feed intake
(McCracken, 1995; 1999; Kelly et al., 1991b; Van Beers-Schreurs, 1996; Verdonk et al.,
2001). Subsequently, in the regenerative phase, the mucosal reconditioning is suggested to be
diet-dependent. To assess the effect of dietary components in weaned piglets independently of
feed intake, the piglets were offered a pre-determined maximum amount of feed. A quick
recovery on small intestinal integrity is likely to be critical for preventing secondary
infections. The objective was to investigate the effect of diet composition on small intestinal
integrity and digestive disorders in weaned piglets, attempting either to ameliorate the

decrease in small intestinal integrity or to enhance its recovery.
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For mucosal reconditioning, nutrient availability is thought to play an important role. An
integrated concept of the pathogenesis of the post-weaning syndrome is described in Chapter
2. Briefly, the low feed intake after weaning results in a lack of enteral nutrition for the small
intestinal enterocytes, which is followed by an impairment of mucosal function. This may
result in maldigestion/malabsorption, and subsequently poor performance. The overall
hypothesis tested was that increasing the availability of nutrients for the mucosa will support
the intestinal integrity in both the de- and regenerative phase. The macronutrients protein and
carbohydrates are most abundantly available in a weaner diet. Increasing their availability
and/or quality may affect small intestinal integrity. The effect of lactose versus protein was
investigated by changing the ratio lactose/protein in the diet (Chapter 3). The effect of protein
source was investigated by supplying either poorly or highly digestible protein (Chapter 4),
protein hydrolysates (Chapter 5) or the inclusion of glutamine (Chapter 5). The effect of
carbohydrate source was investigated by feeding the piglets either glucose, lactose or native

starch. Figure 1 shows the schematic outline of this thesis.

In summary, the scope of the present thesis was as follows:

— to investigate the effect of de- and regeneration of small intestinal integrity in time rather
than only looking to a single point in time.

— to investigate the effect of diet composition on small intestinal integrity: not just
measuring small intestinal morphology, but also investigating the functionality of the
intestine (enzyme secretion and permeability across the gut wall) and indicators of
inflammation (cell differentiation molecules on T-cell lymphocytes, i. e. CD4+ and CD8+
T-cell lymphocytes and haptoglobin levels in blood plasma)

— to investigate the effect of protein or carbohydrates on small intestinal integrity. The effect
of changing the ratio of lactose to protein was investigated. The effect of protein was
tested by feeding piglets (I) poorly or highly digestible protein, (II) protein hydrolysates
versus the native protein sources, or (III) by supplementation of the diet with the single
amino acid glutamine. For carbohydrates, the effect of feeding either the monosaccharide
glucose, the disaccharide lactose or the polysaccharide starch was investigated

— to assess the association between feed intake, small intestinal integrity, growth

performance and diarrhoea
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ABSTRACT

Piglets are faced with multiple changes around the weaning transition. This generally results
in low voluntary feed intake, sub-optimal growth rate, and diarrhoea may occur frequently.
The small intestine not only digests and absorbs nutrients, but also excludes pathogens, toxins
and allergic compounds. Small intestinal function depends on its integrity, which can be
assessed on the basis of indicators such as villous length, crypt depth, number of goblet cells,
transepithelial permeability, brush border enzyme activity and growth performance. Weaning
of piglets negatively affects small intestinal integrity as indicated by a decrease in villous
length, an increase in paracellular permeability and a decrease in total brush border enzyme
activities. This review focuses on dietary modulation of the weaning-induced impairment of
small intestinal integrity. It is concluded that the level of feed intake is the most important
determinant of mucosal function and integrity. Thus, the temporal low feed intake
immediately after weaning is the main cause of the decrease in small intestinal integrity.
Furthermore, the actual amount of feed consumed is positively correlated with the
development of the small intestine. Studies reviewed are those dealing with potential
functional feed ingredients, including protein source, specific amino acids, fatty acids, fibres,
non-digestible oligosaccharides, growth factors, polyamines, and nucleotides. It is concluded
that the individual feed constituents have only marginal effects on small intestinal integrity of
the weaned pig. Possibly, combinations of functional feed ingredients will be more
successful. Further research should involve identification of determinants of feed intake
immediately after weaning and functional feed ingredients to stimulate epithelial cell
proliferation and differentiation, enhance immune function, and promote growth of beneficial

bacteria.

INTRODUCTION

At weaning, piglets are faced with changes of various nature. Under commercial conditions,
weaning at 24-28 days of age usually involves complex social changes for the piglets,
including their separation from the mother, separation from litter-mates and exposure to
unfamiliar counterparts (Fraser et al., 1998). The composition of the piglets’ diet changes
drastically at weaning; the liquid milk from the sow is replaced by pelleted dry feed with
starch instead of fat as the main energy source. The transition from suckling to eating solid
food is associated with a critical period of underfeeding during which the pig is adapting itself
to the dry food (Le Dividich and Herpin, 1994). The low feed intake during the first two days
after weaning, which essentially is independent of diet composition (McCracken et al., 1995),
causes growth stasis (Leibrandt et al.,1975; McCracken et al., 1995; 1999).
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Diarrhoea frequently occurs after the weaning transition (Nabuurs, 1991). The gastrointestinal
tract not only allows for the digestion and absorption of nutrients, but also acts as a barrier for
bacteria, toxins and allergic compounds that otherwise may reach the systemic organs and
tissues. For the small intestine, the level of feed intake is a critical determinant of its digestive
and absorptive capacity (Pekas, 1991) and also of its barrier function (Bishop et al., 1992).
The low feed intake caused by weaning often leads to maldigestion and malabsorption and
also to reduced small intestinal barrier function. When feed intake increases, diarrhoea may
occur. Enterotoxemic bacteria proliferate and release their toxins. An integrated concept of

the response to weaning is given in Figure 1.

Pathogenesis of the post-weaning syndrome

Social and diet changes

\

Low feed intake
Lack of enteral nutrition

Impairment of mucosal function

\ \

Uptake of antigens, toxins Maldigestion,
and translocation of bacteria Malabsorption

\ \

Inflammation ——»  Poor performance
Diarrhoea
Infections

Figure 1 An integrated concept of the effect of weaning on mucosal barrier function,

performance and health in piglets.

The problems associated with weaning are mainly a consequence of the commercial
conditions. Weaning of piglets at an age as young as possible increases the number of piglets
per sow per year. Under natural conditions, piglets gradually develop the capability to digest
solid food and voluntary reduce their intake of milk. Thus, the piglets themselves control the
weaning process. Some nursing may still continue until the piglets are 12-16 weeks of age,
this being considered the natural age of weaning (Jensen and Recén, 1989; Fraser et al.,
1998).

Based on general knowledge of the influence of nutrition on gut function and health, diets
may be formulated that alleviate or prevent the adverse effects of weaning at 4 weeks of age.

The objective of this chapter is to highlight the nutritional opportunities to modulate the
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intestinal barrier function after weaning, thus resulting in increased piglet performance. It is
beyond the scope of this chapter to review the effect of hormones on small intestinal integrity.
Prior to describing the effects of diet composition, the indicators of small intestinal integrity

will be discussed briefly.

SMALL INTESTINAL INTEGRITY

One important function of the gastrointestinal tract is to transform ingested food so that
absorbable nutrients become available for the body. Morphologically, the small intestine
represents a maximum absorptive surface. The presence of Kerckring’s folds, villi and
microvilli in the small intestine produces a large surface area compared with that of a
cylindrical tube (Junqueira and Cerneiro, 1980; Caspary, 1987, 1992; Dyce et al., 1987). The
small intestinal villi of healthy piglets are predominantly finger-shaped with few
tongue-shaped villi (Mouwen, 1972). A 10-day old, 3-kg piglet has a relatively small intestine
with a total absorptive surface area of 114 m* (Buddle and Bolton, 1992). The epithelial cells
lining of the gastrointestinal tract renew rapidly. The small intestinal villus epithelium in
1-day-old pigs is replaced in 7-10 days, whereas this process in 3-week-old pigs takes 2-4
days (Moon, 1971). The epithelial cells have apical 0.5-2 um intercellular attachment zones or
junctional complexes, which join them together. These tight junctions regulate epithelial
permeability by influencing paracellular flow of fluid and constituents. In general, the
complexity, strand number and depth of the tight junction correlate inversely with the

permeability of epithelia (Trier and Madara, 1981).

The gastrointestinal tract provides an extensive surface area with intimate contact between the
host organism and dietary substances, microorganisms, parasites and exogenous toxins. The
intestine permits the uptake of dietary substances into the systemic circulation, but at the same
time excludes pathogenic compounds (Gaskins, 1997). The gastrointestinal tract has multiple
non-specific and immunological defence mechanisms. The non-specific defence includes
gastric acid production, peristaltis, mucus layer, tight junctions, epithelial desquamation,
proteolysis, resistance against colonisation of pathogenic bacteria, and the gut-liver axis. The
immunological defence of the small intestine includes the production of secretory
immunoglobulins, M-cells, and lymphocytes (Madara et al. 1990; Walker and Owen, 1990;
Deitch, 1993; Wang, 1995). Components of the intestinal barrier are shown in Figure 2.

Concurrent absorption of nutrients and exclusion of pathogenic compounds is achieved
through concerted actions of the small intestine. For example, tight junctions are crucial for
baseline intestinal barrier function, but regulation adapts them to the uptake of nutrients
(Madara, 1989). That the small intestine has two functions is reflected in the difficulty to

interpretate numerical values as to small intestinal integrity. Commonly used indicators of

10
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small intestinal integrity are villus length, crypt depth, number of goblet cells, mucus
production, transepithelial permeability, inflammation, brush border enzyme activity, and
animal performance. These indicators and their relation to the process of weaning are

discussed briefly below.

Epithelial barrier function

Luminal .
ranscellular paracellular
factors
Phospholipid layer
Epithelial Mucus layer
factors Tight junction
M-cell
o -En’rerocy‘re
Goblet cell
Macrophage
Mast cell
Submucosal Lymphocyte
factors Leukocyte

Capillary /Q k?— Lymph tube

_____ L - _QO_ — _I-_ymph node

Reticuloendothelial L
system > Spleen
Liver ‘é'

Other organs

Figure 2 Schematic presentation of the gastrointestinal defence barrier and effector factors
(After Wang, 1995).

Morphology
The depth and shape of the crypts of Lieberkiihn, the shape and height of the villi, and the

number of goblet cells are indicators of intestinal integrity. The villus orientation and shape
has been classified by Mouwen (1972), with classes including tongue-shaped, finger shaped,
leaf-shaped, ridged-shaped and convoluted villi. Small intestinal integrity is most commonly
assessed by histologic measurements of villus height and crypt dept. Weaning causes a
reduction in villus height and an increase in crypt depth (Hampson, 1986; Miller et al., 1986;
Cera et al., 1988; Dunsfort et al., 1989; Hall and Byrne, 1989; Kelly et al., 1991a; Nabuurs et
al., 1993; Pluske et al., 1996a; 1996b). Villous atrophy after weaning is caused by a
combination of increased rate of cell loss and reduced rate of cell renewal (Pluske et al.,
1997). The histological changes are smaller with higher postweaning feed intakes (Kelly et
al.,, 1991b; McCracken et al., 1995; Van Beers-Schreurs, 1996; Pluske 1996b). Ideally,
specific diet formulations for weanling piglets should ameliorate the weaning-induced

decrease in villus height.

11
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Mucus production

The mucus protects the mucosa against digestive secretions, pathogens and physico-chemical
damage (Mantle and Allen, 1989; Stokes and Bourne, 1989; Forstner and Forstner, 1994).
Binding of pathogens to mucins rather than to epithelial cells is generally regarded as an
important host defence mechanism (Forstner and Forstner, 1994). Mucus gel is stored in the
intestinal goblet cells and secreted by baseline or accelerated secretion (Lamont, 1992).
Baseline secretion is continuous and provides renewal of the mucus coat that is lost due to
erosion, digestion and luminal digesta flow. Accelerated secretion is characterised by rapid,
massive goblet discharge in response to physiological or pathological stimuli (Lamont, 1992,
Epple et al., 1997), including inflammatory mediators (Specian and Neutra, 1982; Cohen et
al., 1991; Plaisancié et al., 1998) and bacterial toxins (Roomi et al., 1984; Cohen et al., 1991,
Epple et al., 1997). The actual amount of mucus secreted cannot be measured. An increase in
the number of goblet cells might point to increased mucus production. Weaning of piglets has
been shown to result in either unchanged (Dunsford et al., 1991; McCracken et al., 1999) or
decreased (McCracken et al., 1995) numbers of goblet cells in the villi, and unchanged
(McCracken et al., 1995; Chapter 3) or decreased (Dunsford et al., 1991) numbers of goblet
cells in the crypts. The importance of the number of goblet cells as an indicator of intestinal

integrity seems limited due to the inconsistent response to weaning.

Transepithelial permeability

Small intestinal integrity can be estimated on the basis of intestinal permeability for
macromolecules, which can be measured as passive diffusion of a marker compound. Ideal
markers cross the intestinal epithelium by non-mediated diffusion, are recovered
quantitatively after oral administration, and can be reliably measured in blood or urine by a
convenient technique (Uil et al., 1997). Various probe molecules have been used to measure
intestinal permeability, including the sugars lactulose and mannitol (Uil et al., 1997),
horseradish peroxidase, ova-albumin and chromium-labeled ethylene diamine tetra-acetate
('Cr-EDTA) (Vellenga, 1989; Bjarnason et al., 1995). Transepithelial transport can also be
measured with the use of Ussing chambers. An intestinal biopsy is placed in an Ussing
chamber separating the mucosal and serosal site of the tissue. The marker is added at the
mucosal site. At given time points the serosal fluid is sampled to measure the amount of
marker that has crossed the epithelium. The trans-epithelial electrical resistance (TEER) and
short circuit current (Isc) may also be measured. The TEER has been suggested to reflect tight
junction function (Wirén et al., 1999), whereas the Isc reflects ion pump activity (Wirén et al.,
1999). With increased paracellular transport of markers it is anticipated that mucosal integrity
is diminished and that pathogens and toxins may cross the epithelial barrier. Weaning results
in increased paracellular transport for mannitol in transport chambers (Verdonk et al., 2001).

Plasma xylose concentration after oral administration was similar in weaned and unweaned

12
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piglets (Pluske et al., 1996b). Thus, the formulation of diets for weanling piglets may aim at
reducing the paracellular transport of an appropriate marker in an intestinal biopsy placed in a

transport chamber.

Inflammation

If and when bacteria or other deleterious agents cross the first line of defence and reach the
connective tissue of the lamina propria, their metabolites or mediators liberated from
epithelial cells may evoke an inflammatory response (Gaskins, 1997). The different T-cell
subsets or major histocompatibility complex (MHC) classes indicate the status of small
intestinal immunity. Class I MHC molecules interact with CD8-positive T-cells which usually
have a cytotoxic function. Class II MHC molecules interact with CD4-positive T-cells which
provide help to the antigenic peptide recognition (Shanahan, 1994). The measurement of
pro-inflammatory cytokines provides information as to local inflammation. The production of
interleukin-1 (Il-1), I1-6 and tumor necrosis factor (TNF) occurs rapidly following infection,
tissue injury and trauma. The cytokines activate receptors on different target cells, leading to a
wide range of effects, including anorexia, fever and acute phase protein production (Gruys et
al., 1999), and also inhibition of growth (Johnson, 1997). Weaning results in an inflammatory
response as measured by an increased production of Il-1 on day 1 and 2 postweaning
(McCracken et al., 1995). However, the production of TNF is unchanged when compared to
the production rates on the day of weaning (McCracken et al., 1995). With an average
digestible energy intake of 1575 kJ during the first four days after weaning, the ratio of CD4"
to CD8" T-cell subsets decreased when compared to the ratio on the day of weaning, which
might point to an inflammatory response (Chapter 3). Thus, the formulation of diets for
weanling piglets may aim at reducing inflammation. Interleukins are indicators, which
measure an inflammatory response directly. Decreased ratios of CD4" to CD8" T-cells or

MHC II to MHC I classes are indirect indicators of an inflammatory response.

Brush border enzyme activity

The enzyme activity of the brush border and pancreas may also serve as indicators of small
intestinal function. The maturing enterocytes embedded in the apical membrane of the small
intestine synthesise enzymes to hydrolyse disaccharides and small peptides (Caspary, 1992).
Enzyme production of enterocytes during the weaning transition of piglets is determined by
villus height and maturity of the enterocytes (Smith et al., 1985; Miller et al., 1986). In
general, the brush border enzyme activity increases markedly when going from the bottom of
the crypt to the tip of the villus (Miller et al., 1986; Fan et al., 2001). The increased enzyme
activity at the villus tip is consistent with enterocyte differentiation (Fan et al., 2001). Enzyme
activity may be expressed in units produced per time interval (total enzyme activity), in units

per gram of brush border membrane protein (specific activity) or units per cm of small

13
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intestine. Weaned piglets have low specific activity of sucrase, lactase (Hampson, 1986;
Miller et al., 1986; Kelly et al., 1991a) and isomaltase (Miller et al., 1986) when compared to
unweaned piglets of the same age. The effect of weaning on disaccharidase activity is less
pronounced when the pigs are weaned at an older age (Miller et al., 1986). Activities of
maltase II and maltase III increase in response to weaning at six weeks of age when compared
to unweaned piglets of the same age, but show no change in four-week-old pigs (Miller et al.,
1986). Pluske and colleagues (1997) showed that maltase and glucoamlyase activities
increased with age (2 versus 4 weeks of age) and with day postweaning. Kelly and co-workers
(1991a) reported increases in specific activities of maltase and amylase on 7 days
postweaning when compared to sow-reared piglets of the same age. The discrepancy in
response of various disaccharidases specific activities compared to weaning might be
explained by substrate induction through the weaner diet. Efird and colleagues (1982) found
an increased amount of trypsin and chymotrypsin (g - (kg body weight)™") in the intestinal
contents and a decreased amount of pancreatic trypsin and chymotrypsin
(g - (kg body weight)™"). The sum of trypsin and chymotrypsin activities tended to be lower in
weaned piglets compared to sow-reared piglets (Efird et al., 1982). Thus, the formulation of
diets for weanling piglets may aim at stimulating the production of disaccharidase and

pancreatic enzyme activity in order to maintain the digestive capacity.

Animal performance

The length and weight of the small intestine, the weight of the digestive organs, the average
daily gain (ADG) and the health status are indicators of digestive development and capacity,
and thus of intestinal integrity. These indicators are positively influenced by feed intake,
which is the most important determinant. As mentioned above, high feed intakes after
weaning counteract the weaning-induced negative changes in indicators of gut integrity. A

major goal of formulating diets for weanling piglets is to stimulate feed intake.

MODULATION OF INTEGRITY BY LUMINAL NUTRITION

During periods of stress, such as weaning, the nutrients that are required for cell turnover and
maintenance of barrier function are critically important. These nutrients can be supplied via
the intestinal lumen or via the splanchnic blood flow. Factors in response to ingestion and
digestion of food acting on mucosal growth include cell loss, local nutrients, bulk properties
and pH. Additionally, gastrointestinal hormones and nerves also act on mucosal growth
(Johnson and McCormack, 1994), but are outside the scope of this review. The effect on
intestinal integrity of route of nutrient supplementation, energy intake level and specific

dietary components will be discussed below.

14
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Modulation by route of administration

Exposure of the gastrointestinal tract to nutrients is essential for maintaining its integrity
(Goldstein et al., 1985; Bishop et al., 1992; Park et al., 1998; Bertolo et al., 1999;
Ganessunker et al., 1999; Burrin et al., 2000). The importance of the presence of food in the
lumen of the gastrointestinal tract (luminal nutrition) on mucosal integrity can be assessed by
intravenous (parenteral) feeding as the sole source of nutrition. Table 1 summarises studies

comparing the effects of total parenteral nutrition (TPN) versus enteral nutrition (EN).

Despite similar body-weight gain in all studies, total intestinal mass, mucosal mass, villus
height and villus surface area were all markedly reduced in piglets receiving TPN compared
to their conterparts receiving EN (Goldstein et al., 1985; Park et al., 1998; Bertolo et al.,
1999; Ganessunker et al., 1999; Burrin et al., 2000). This observation indicates that TPN can
supply adequate nutrients to sustain somatic growth, but for intestinal integrity nutrients have
to be provided from the luminal site. Interestingly, the intestinal length was not affected by
TPN, pointing at selective inhibition of mucosal growth (Park et al., 1998). The lack of
enteral stimulation associated with the administration of TPN may alter the intestinal immune
cells as shown by an increased number of CD4" and CD8" T-lymphocytes (Ganessunker et
al., 1999). Total mucosal dissacharidase activity was also decreased by TPN (Park et al.,
1998). Park and co-workers (1998) showed that provision of enteral nutrition at £ 1 % of
normal intake was not sufficient for improvement of intestinal integrity compared to
non-supplemented piglets. Total parenteral nutrition with enteral IGE-I (1000 pg - 1"") had no
effect on intestinal development relative to TPN alone, but the dosage of IGF-I could have
been too low (Park et al., 1998).

Burrin and colleagues (2000) showed, in an elegant study, that the minimal enteral nutrient
intake necessary for efficacy depends on the measure chosen. Piglets were fed by both
intravenous and enteral nutrition, the contribution of the two routes to total feed intake being
variable. Irrespective of the intestinal region studied, the amount of enteral nutrition required
to increase mass and protein content was less than that required to stimulate proliferative
activity as based on measurements of DNA content, crypt depth and BrdU
(5-bromodeoxyuridine) incorporation. The protein mass of the proximal region of the
intestine was more responsive to a decrease in enteral nutrition than that of the distal region.
In contrast, the proportion of enteral nutrition needed to increase cell proliferation showed
much less regional variation along the gastrointestinal tract. The daily feed intake in the study
was approximately 900 kJ - kg - day™, corresponding with 2800 kJ for piglets of 3.1 kg
(Burrin et al., 2000). Maintenance requirement for these piglets is approximately 1040 kJ ME
- day” (NRC, 1998) so that they were fed at ~ 2.7 x maintenance. Sixty percent of total feed
intake in the form of enteral nutrition was necessary sustain normal mucosal proliferation and

growth, which corresponds to 1.6 x maintenance requirement.

15



NA
oy oyejur ursjord
pue £31oud | -

(% Sst)

wnat ul [[-QH Ut | ‘wmunfdfut [I-DHIA 0 (% LS) T-OHIN Ul 4 -

sopkooydwA]- 1 8D pue yAD # | -

sid&xo ur 0 ‘(% L 1) HITA UL S[[9939[q08 # |, -
(% 0¢) yrdap 1dA10 Ut 4 YSI2Y SNY[IA () -
ISUD[ [BUNSAIUL () -

(% 0S) 1ySToM [RUNSAUL U 4 -

DAV 0 -

NH SA dI-Nd.L WQC&QEOU

9=u -
Surueomisod
skep /£ ‘0 puowradxs uoneInp -

wnyredisod Aep 1 “s39131d -

dI-NdL -
(IN) NF - Al

dI-Nd.L yrdop 1d£10 0 “AT-Nd.L 10 yrdop 1dA1o 4 “)ySiay snyjia 4 -

yiSuo] [eunsAuI () -

juswBal) / G=U -

(% T#) WS1om [esoonur 4 (% (9) IYSIOM [eUnSAUT 4 - oxejul Tejrus - dI -NdL -
nDav (-  Surueamisod sAep g yuowrrodxe uoreInp - AIFNdL -
NA 'sA (dI pue AT) Nd.L Sutredwo) wnyredisod s&ep ¢ - 7 ‘s1o131d - (uonnjos NdL) NA -  III
A)IAOE [£10) OSEIONS PUE ASLIOE] 4 -
(% 91) Wdop 1dA1O 4 (% $7) WS1ay sny[IA 4 - BRI / 9 10 § “p=U -
JI-NdL ()Suo] [eunsojut () - SJUQUIIBoI) (I-401
‘SA (T-IDT-MIN) (% L1) 1u93u09 urdj01d resoonu [T 103 ayejul urojold pue A310ud Je[IUIIS - + I NA + dI-NdL -
NA+dI-NdL 1 (% 6%) WB1om [esoonu 4 (%, L) WS1oM Jeunsajul ut 4 - Surueomjsod (4N NA + dI-Nd.L -
10 (YIN) NA+dI DAv 0 - sAep £ ¢ puowrrodxe uoneInp - 191em + JI-Nd.L -
-Nd.L JO 109jJ9 ou - INA “SA syudwean} sso1de J[-Nd.L Jo ueow Surredwo)) wmyredisod Aep 1 “s39131d - (AN N4 - 11
@ouiow Nd.L) Nd £11A19® 51109ds 9SBIONS PUB SSBI[BW ‘DSBIOR] JR[ILIS - JuSWBA) / U -
01 paredwod uaym . .
Mo% 1oyE35) MM S[109 Terjaypida jo saquunu 4 ‘yidop 1dA10 () WYS1oy sn[IA 4 - (Kep - SY-ITIL
103 b_. AR o1j100ds WS1oM [eunsul 4 - F ISJUSUINEAI) [[B 10F Aejul ASIouo Terus - AI-NdL -
oseIons pue DAV O - P 1T ‘0 “uswddxe uoneInp - (3o1p 191181S) NF -
osej[ew ‘asejoe| | - :(uonn[os Nd.1) Nd SA AI-NdL Surredwo) 33 01 “o8e Jo syoam 9 ‘s3o[31d poueom - (uonnjos Nd.1) N9 - 1
SRy ¢ SUONEAISSQQ) ugsoq , Sjuounear] | oy

's19131d Surjueam Jo AJLI393UI [BUIISAIUI [[BWS UO UOIIRNSIUIIPE PIJJ JO 9IN0I JO 100)JH

[ 91qeL



Ioquinu :# ‘pasealdap 14 ‘pasealdul : | “IBJILUIS :()

€
A[snoudaenur

pay uonmnu Jerojuared [e10) IAT-NJIL ‘A[Temodenur psy uonmnnu [erojuaied [830) JI-NdIL Ieoerdar s YN ‘xeordwoo Ajiqueduwrooolsty Jofewr :DHHA 1030e]

IM0I3 1] uInsul - JO] ‘UOnINNU [BINUS INF 519Sqns 934003N9] JO SIANIBW 90LLINS ‘SONO[OW UOIIBNUIILIP [[99 :(D ‘Aep :p ‘ured Ajrep o3e1oae :H VY SUONEIALIQQY

000C “Te 10 ULLNg A ‘6661 <8 19 Joqunssauen (A :6661 “Te 19 0[oMad I ‘8661 “T8 19 1B I “S861 “'[& 19 UIISP[OD ] :SIOUIJY |

SpIEMUO N % (8 WOy A)ANOE osejoe| ul | -

spIemuo NH %

09 woxy yydop 1dAId> Ur | ‘spremuo NH % O Woy WSy sniA ur | -
spremuo N9 % 09

WOy JUAJU0d YN( Ul || ‘SPIBMUO N % (9 WOIJ WNS[I Ul ‘SPIEMUO
N4 % 0t woly gy wnunfa[ ur juejuod urejoid pue Jysom jom ut | -
DAvo-

JuowI3as

[eISIP UQY} N JO JUNOWE 0} SANISUIS 2IOW dUNSAUI [[ews [ewrxoid -
NA Jo sa8ejuoorad Sursearour SuLredwo))

Aep - 3 - [ 006 SyuownEa) [[€ 10§
oyeur A3I0US ‘Oxejul JUSLIINU I0J padue[eq -
Nd

BIA 10 A]-Nd.L BIA PoJ JOTIo uonnjos Nd.L -
juswIedI) / G=U -

Surueomisod

sAep £ ‘0 uowLiadxe uoneInp -

39 1°¢ ‘wmaedysod sAep / s39[31d -

N4 % 001 -
AI-NdL % 0T + N4 % 08 -
AI-NdL % 0t + N2 % 09 -
AI'NdL % 09 + N9 % Ot -
AI-NAL % 08 + N4 % 0T -
AI-Nd.L % 06 + N9 % 01 -
AI'NdL % 001 -
:parddns j21p 3O A

SSIEWY ¢ SUOIRAISAQO

udisoq

z sjuaunealy, I REN|

‘ponupuo) [ 9[qe]



Chapter 2

The piglets used in the experiments comparing the effects of TPN and EN were generally
weaned at a very young age, i.e. 1 to 7 days postpartum. The young age relates to the fact that
the piglets were used as model for low birth weight infants with low nutrient stores, high
metabolic rate and immature gastrointestinal development. In piglets weaned at an older age
(Goldstein et al., 1985) the results were comparable to those weaned at a younger age. Total
parenteral nutrition is also used for critically injured patients (McCauley et al., 1996). The
effect of early EN, in addition to TPN, on post-surgery infectious complications or bacterial
translocation is not consistent. Some experiments show a reduction in infectious
complications (Kudsk, 1994), but others show no effect on bacterial translocation (McCauley
et al., 1996). A decreased mucosal integrity through lack of nutrients in the small intestine
might reduce its immunological defence mechanisms. So, although TPN is generally used as a
model for low birth weight infants or critically ill patients, it can very well be used to study

the effect of enteral nutrition on small intestinal integrity.

The effect of short-term starvation immediately after hatching in chickens has been
investigated. Under commercial conditions, newly hatched pullets are usually refrained from
feed up to a maximum of 48 hours. The delay in access to feed results in decreased body
weight when compared to immediate access (Pinchasov and Noy, 1993; Uni et al., 1998; Noy
and Sklan 1999), and also leads to decreased villus height and shallower crypts (Uni et al.,
1998). Access to a non-nutritious bulk material in the form of sawdust to provide gut fill
overcame the loss of body weight during short-term starvation to a similar extent as did
access to dry or liquid feed (Noy and Sklan, 1999). This outcome indicates that mechanical
stimulation by non-nutritious gut fill is important in the early feeding process. It is not known
whether mechanical stimulation per se has positive effects on intestinal integrity in weanling

piglets.

Modulation by level of energy intake

Table 2 summarises studies comparing the effect of level of feed intake on small intestinal
integrity in early-weaned piglets. Underfed piglets show decreased daily gain, decreased
intestinal and mucosal mass and decreased villus height (Kelly et al., 1991b; Nuiiez et al.,
1996; Pluske et al., 1996b; Van Beers-Schreurs, 1996; Lopez-Pedrosa et al., 1998; Verdonk et
al., 2001). These piglets also have lower numbers of goblet cells in the villi (Nufiez et al.,
1996) with low levels of mucin (Lopez-Pedrosa et al., 1998). The effect of low feed intake on
crypt depth is inconsistent. Crypt depth was either increased (Nufiez et al., 1996, Pluske et
al., 1996b), similar (Van Beers-Schreurs, 1996; Verdonk et al., 2001), or decreased (Kelly et
al., 1991b) for low versus high feed intake. Shallower crypts are thought to be associated with
decreased cell renewall in the crypt and deeper crypts with increased cell proliferation (Pluske
et al., 1997). The reason for the differences between studies as to the response of crypt cells to

underfeeding is not known.
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In general (Table 3), total enzyme activities were decreased and specific activities were
increased in malnourished piglets. The increase in enzyme activity when expressed per gram
of mucosal protein implies that the relative effect of malnutrition on total protein content of
the small intestine is larger than that on enzyme activity. Alternatively, underfeeding leads to
an increase in enzyme capacity per enterocyte. Because underfeeding is associated with a
negative nitrogen balance it is likely that the increase in specific activity of digestive enzymes

is caused by protein depletion of the intestine.

Verdonk et al. (2001) showed increased paracellular transport of mannitol across the small
intestinal epithelium in underfed piglets. Wirén and colleagues (1999) investigated the
influence of starvation, anesthesia and surgical trauma in rats. Starvation only caused a
decrease in villous height in the jejunum and an increase in paracellular permeability in the
ileum and jejunum (Wirén et al., 1999). Yang and coworkers (1999) found an inverse relation
between the ATP levels in jejunal mucosa and permeability in rats, indicating that low ATP
levels are associated with increased permeability. Starvation lowers the TEER, which also
points at impaired tight junction function being associated with increased permeability.
Starvation also produced a decrease in short-circuit current, indicating a decrease in the ion
pump activity (Wirén et al.,, 1999). So, underfeeding leads to increased paracellular
permeability, which is anticipated with diminished mucosal integrity, so that pathogens and

toxins may cross the epithelial barrier.

It is possible to improve feed intake at weaning by the use of liquid feeding. In general,
improvements in postweaning growth rates have been reported in most of the studies with
piglets fed liquid feed versus dry feed. However, the efficiency of the feed utilisation is in
general lower in piglets receiving liquid feed compared to those receiving dry feed, as
reviewed by Jensen and Mikkelsen (1998). Water consumption also increased by supplying
liquid feed (Russell et al., 1996; Schellingerhout et al., 2002b). Water and feed intake are
positively correlated (Barber et al., 1989; Schellingerhout et al., 2002b ). Deprez and
colleagues (1987) observed smaller morphological change in the distal jejunum and in the
ileum when a liquid diet (water: feed = 2:1; w:w) instead of a dry feed was offered to weaned
piglets. Blanchard and colleagues (2000) studied in a 2 x 2 factorial design the effect of liquid
or dry feed fed before and/or after weaning on villus architecture at 25, 50 or 75 % along the
small intestinal tract. Piglets fed liquid feed before and after weaning showed increased villus
height at 25 % of the small intestine when compared to the other treatments. Crypt depth and
number of goblet cells were not affected by dietary treatment. However, in both studies
investigating the effect of liquid versus dry feed on gut morphology, no information was
given on actual dry matter intakes of the experimental groups. Therefore it is not clear
whether the observed increased villus height is due to the liquid feed itself or due to the

increased feed intake.
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Chapter 2

Table 3 Comparing restricted versus unrestricted feed intake on small intestinal brush

border dissacharidase activity.

Reference ' I I 111 v
unit pmol - min™ {mol - day™ | umol - min™ |umol - min™ | umol - min™ | pmol - min™ |umol - min™

- (g protein)™! - (g protein)™ ~em’ - (g protein) |- (g protein)™ ~em’
Lactase 0° 0 T83% 151% 0 T22% | 123%
Sucrase 125% 0 146 % 156 % 0 137% 146 %
Maltase 0 V55% | T22% 160 % 139% 138%
Isomaltase nd nd 1182 % $22% nd nd nd
Glucoamylase 0 L47% nd nd nd nd nd
Aminopeptidase nd nd 131% 160 % nd nd nd
protein content 0 172% 121% 113 %

(mg-g") (mg - cm’) (mg-g') | (mg-cm’)

LT Kelly et al., 1991; II: Nufiez et al., 1991; III: Pluske et al., 1996; IV: Lopez-Pedrosa et al., 1998

2. 0: similar enzyme activity; T: increased enzyme activity in restricted versus unrestricted-fed piglets;

{: decreased enzyme activity in restricted versus unrestricted-fed piglets; nd: not determined

Modulation by dietary components

It is clear that luminal nutrition and level of feed intake per se affect gut structure and
function. Functional feed ingredients may indirectly, through enhanced feed intake, and/or
directly, through specific effects, improve small intestinal integrity. In the following sections,
the effects of specific nutrients on gut integrity are discussed with special attention given to

actual feed intake as a possible confounder.

Protein

As to the effect of dietary protein on small intestinal integrity, there is ample work on
comparing the effect of native soy proteins with that of treated soy proteins or milk proteins.
Table 4 summarises the reported effects of protein source on small intestinal integrity in
weaned piglets. The inclusion in the diet of soybean meal instead of milk protein results in
similar (Makkink, 1993; Makinde et al.,1996) or decreased ADG (Efird et al., 1982; Owsley
et al., 1986; Dunsford et al., 1989; Li et al., 1991). Villus height after feeding soybean meal
was either similar (Makkink, 1993; McCracken et al., 1999) or decreased (Dunsford et al.,
1989; Li et al., 1991; Makinde et al., 1996). Zarkadas and Wiseman (2000a; 2000b) showed
that the intake level of trypsin inhibitor as a component of soybean meal was negatively
correlated to body-weight gain and villus height in weaned piglets. Feed conversion ratio
(feed intake/weight gain) was positively correlated to the level of trypsin inhibitor intake
(Zarkadas and Wiseman, 2000a). Crypt depth responded inconsistently and is either increased
(Dunsford et al., 1989; Li et al., 1991), similar (McCracken et al., 1998; 1999; Makkink,
1993) or decreased (Makinde et al., 1996) by inclusion of soybean meal. The number of
goblet cells was not affected by dietary soybean meal (Dunsford et al., 1991; McCracken et
al., 1999).

22



Review

Makkink (1993) compared, skimmed milk powder, soy protein concentrate, soybean meal and
fish meal with regard to small intestinal morphology. In the proximal and distal jejunum, the
type of protein source in the diet did not affect villus length, crypt dept and intestinal weight.
Within the experimental treatments, the level of feed intake affected villus architecture. To
assess the effect of protein source per se, feed intake should be comparable as may be
achieved by a pair-feeding or restricted-feeding regimen. Newport and Keal (1983) reported a
decrease in ADG when milk protein was replaced by fish protein in the diet. However, the
piglets were weaned as young as 2 days of age and were fed a liquid milk replacer. The
piglets might have been too young to tolerate high levels of fish meal and the practical
relevance of this trial can be questioned. We have compared the effect of protein from feather
meal and skimmed milk powder, which both are low in anti-nutritional factors (ANFs). The
piglets fed the two protein sources and used for measurements were selected on the basis of
comparable feed intake. Villus architecture and growth were measured on 4, 7 and 14 days
postweaning. ADG was increased by 72 % during first two weeks postweaning when
comparing piglets receiving the skimmed milk powder diet to those fed the feather meal diet.
Across days, skimmed milk powder increased villus height (14 %) and crypt depth (10 %)
compared to feather meal (Chapter 4).

Van Dijk and colleagues (2001) conducted a multiple regression analysis and concluded that
dietary sprayed dried animal plasma (SDAP) levels up to 6 % in the diet increase both
average daily gain and feed intake in the first 2 weeks after weaning in a dose-dependent
fashion. The positive effect of SDAP was more pronounced in the first than in the second
week after weaning. It is suggested that the positive effect of SDAP can be explained by
increased feed intake, and possibly also by specific bioactive components preventing
attachment of pathogenic E. coli to the intestine (Van Dijk et al., 2002). Villus height, crypt
depth and cell proliferation were unaffected by SDAP (Jiang et al., 2000; Van Dijk et al.,
2001). Due to health risks associated with the use of non-sterilised products of animal origin
as feed ingredients, SDAP may be banned as an ingredient for animal feed. Unravelling the
mechanism underlying the positive effect of SDAP would be important for further developing
functional feeds. However, the positive effect of SDAP seems mainly to occur via stimulation
of feed intake.
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Chapter 2

The early-weaned piglet has limited capacity to digest dietary proteins. By enzymatic
hydrolysis of feed proteins, protein digestibility and availability for early-weaned piglets
might be improved. It is difficult to draw general conclusions about the efficacy of hydrolysed
proteins because the conditions of processing and enzymes used are variable, leading to
different hydrolysis products. Treatment of soy proteins has been shown to ameliorate effects
of ANFs and to decrease the serum antibody immunoglobulin G titers (Li et al., 1991). Rooke
and co-workers (1998) showed lower antigenic protein contents in hydrolysed soybean meal,
but no effect on antibody titers. When comparing soybean meal with hydrolysed soybean
meal, ADG was either similar (Leibholz, 1981) or increased (McCracken et al., 1998; Rooke
et al., 1998), and gut wall architecture was not different (McCracken et al., 1998; Rooke et al.,
1998). McCracken and colleagues (1998) showed less postweaning diarrhoea after feeding
diets with hydrolysed soy protein isolate instead of either soy protein isolate or milk protein.
However, there was no diet effect on intestinal numbers of goblet cells, mast cells, T-cells,
local production of prostaglandins and local expression of MHC genes, demonstrating that the
type of protein did not influence inflammation when fed to piglets weaned 2 days postpartum
(McCracken et al., 1998). Poullain and colleagues (1989) compared the effects of alimentary
whole whey protein, whey protein oligopeptides and an amino acid mixture in rats. Growth
and nitrogen retention after starvation followed by realimentation was highest for rats
receiving the oligopeptides. Weanling rats recovering from severe starvation by feeding either
a casein hydrolysate or the native protein had similar weight gain. However, intestinal
permeability of ovalbumin remained increased only in the group refed with the casein diet
(Boza et al., 1995). Possibly, the feeding of hydrolysed protein more effectively counteracts

the weaning-induced impairment of gut integrity than does feeding of the intact protein.

Amino Acids

Amino acids taken up by the intestinal mucosa are derived from the blood and from the
intestinal lumen. Stoll and colleagues (1998) conducted tracer balance studies with
radioactive amino acids and measured amino acid incorporation into mucosal protein in
piglets. The authors concluded that 60 % of the essential amino acids taken up from the
intestinal lumen were catabolised by the intestine. The amount of catabolised amino acid was
equivalent to at least 20 % of the essential amino acids consumed and was directly related to
the mucosal mass (Stoll et al., 1998). This not only implies intestinal mass determines the
efficiency of dietary protein utilization, but also that the availability of luminal amino acids is

important for maintaining the mucosal mass and thus mucosal integrity.

Individual amino acids may have a specific role in regulating intestinal integrity and function
(Wu, 1998). Glutamine, glutamate and aspartate are major fuels for small intestinal mucosa
and support ATP-dependent metabolic processes such as active nutrient transport and high

rates of intracellular protein turnover. Ornithine, which is derived from arginine, glutamine
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and proline, is the immediate precursor for polyamine synthesis, which is essential for
proliferation, differentiation and repair of intestinal epithelial cells. Arginine is the
physiological precursor of nitric oxide (NO), which plays an important role in processes such
as vasodilation, immune responses, neurotransmission and adhesion of platelets and
leucocytes (Wu and Morris, 1998). Glutamate, glycine and cystine are precursors for the
synthesis of glutathione, a tripeptide critical for defending the intestinal mucosa against toxic
and peroxidative damage (Wu, 1998). Thus dietary glutamine is involved in the energy supply

of the intestine, while the other amino acids through conversion have regulatory properties.

We are not aware of studies on the effect of dietary supplementation of aspartate, glycine,
cystine or proline on small intestinal integrity of the weaned pig as measured by histology,
specific enzyme activity and permeability. Supplementation to the diet of either 0.6 % or
0.93 % arginine did not affect growth performance and villus height (Touchette et al., 2000;
Ewtushik et al., 2000). The effects of glutamine have been repeatedly studied. Whilst not
considered to be an essential amino acid, L-glutamine is an abundant free amino acid in the
plasma of animals (Wu et al., 1996) and in sow’s milk (Wu and Knabe, 1994). As mentioned
above, glutamine is a major energy source for the gut and supports nucleotide biosynthesis,
but it also serves as an ammonia scavenger and preserves the immunological function during
total parenteral nutrition (Windmueller, 1982; Alverdy, 1990; Souba 1993; Salway, 1995).
Glutamine can be taken up with feed, but it can also be formed from glutamate and NH,' in
an ATP-requiring reaction catalysed by glutamate synthetase. Hydrolysis of the terminal
amide group of glutamine by glutaminase results in formation of glutamate and ammonia. As
an energy source, glutamate readily enters the Krebs cycle following oxidative deamination
by glutamate dehydrogenase into o-ketoglutarate. Complete oxidation of 1 molecule of
glutamate generates 12 molecules of ATP. A study by Houdijk and colleagues (1994) showed
that feeding a glutamine-enriched diet increased the splanchnic blood flow in the rat. Thus
extra glutamine provides energy in itself and indirectly by increasing the blood flow to the
intestine. Glutamine, but not glutamate, plays a role in nucleotide metabolism as it donates the
nitrogen atoms which form N-9 and N-3 of the purine ring (Salway, 1995). Depending on the

activity of glutamine synthetase, glutamate can substitute for glutamine in purine metabolism.

A disadvantage of glutamine for dietary supplementation is its instability. Degradation of
glutamine can be minimised by the addition of L-glutamine shortly before administration or
by the use of a more stable form, e.g. L-alanyl-L glutamine or L-glycyl-L-glutamine.
Dipeptides are rapidly hydrolyzed to their respective amino acids (Lacey and Wilmore, 1990),

but are relatively expensive.
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Chapter 2

Table 5 summarises the reported effects of glutamine on the small intestine. In newly- weaned
piglets plasma concentrations of glutamine are reduced when compared to unweaned,
suckling piglets (Ayonrinde et al., 1995a). Some experiments with weaned piglets showed no
effect on villus height with either 1 % (Kitt et al, 2001) or 1.2 % glutamine in the diet
(Touchette et al., 2000). Some showed that 1 % glutamine (Wu et al., 1996) or 6.5 %
glutamate (Ewtushik et al., 2000) had an effect on one site of the proximal small intestine but
not further along the intestine. One study showed that 4 % glutamine increased villus height
in both the duodenum and ileum (Ayonrinde et al., 1995b). Wu and colleagues (1996) showed
improved feed efficiency but similar growth during the second week postweaning when 1 %
glutamine was fed. In other studies, growth was either similar (Ewtushik et al., 2000) or
increased by the addition of glutamine to the diet (Kitt et al., 2001). Lackeyram and
colleagues (2001) noted increased growth with 0.8 % glutamine, but no effect with either
1.6 % or 2.4 %. It may be concluded that the effects of glutamine supplementation on villus

architecture and growth performance are equivocal.

Perfusion of the epithelium of the ileum of weaned piglets with L-glutamine increased tissue
viability as indicated by an increase in transmembrane potential difference (Smith et al.,
1992). However, glutamine administration had no effect on tissue integrity as based on the
TEER (Smith et al., 1992). Bacterial translocation of orally administered E. coli did not occur
in either control or glutamine supplemented weanling piglets (Smith et al., 1992). Dugan and
McBurney (1995) indicated that luminal glutamine is beneficial for the maintenance of
normal mucosal permeability during endotoxicosis. Ileal perfusion with a glutamine-
containing solution effectively abolished endotoxin-induced increases in mucosal
permeability in intestinal loops. In endotoxemic rats, glutamine-supplemented parenteral
nutrition improved the morphology of the jejunal mucosa as based on increased villus height,
crypt depth and wall thickness. In the glutamine group, the arterio — portal venous endotoxin
difference after intravenous infusion of a lipopolysaccharide of E. coli was less negative,
suggesting that the absorption of endotoxin across the gut was diminished through improved
mucosal barrier function (Chen et al., 1994). Yoo and colleagues (1997) studied the
proliferative response of lymphocytes to concanavalin A, which specifically activates T-cells
via binding to specific membrane receptors (CD3). The proliferative response in lymphocytes
from pigs infected with E. coli and fed a diet without glutamine was depressed, whereas
lymphocytes from infected pigs fed a diet with 4 % glutamine responded similarly to those
isolated from non-infected pigs. Both the control diet and the diet with extra glutamine
contained 4.4 % glutamate. It may be concluded that glutamine supplementation supports
immune function during critical states, but has no clear effect in non-challanged weanling

piglets.
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Fat and poly-unsaturated fatty acids

The addition of fat at the expense of corn to pig starter diets does not consistently enhance
growth rates and feed/energy conversion during the initial weeks postweaning (Li et al., 1990;
Cera et al., 1990b, Mahan, 1991). However, during the second phase of the nursery period,
the addition of extra fat improves daily gain and feed efficiency (Li et al., 1990; Cera et al.,
1990b; Mahan, 1991), but energy conversion is not or slightly improved. The most
pronounced effects of added fat on daily gain during the second period are seen with coconut,
soybean and corn oil (Li et al., 1990; Cera et al., 1990b; Mahan, 1991). Cera and co-workers
(1990a) showed that luminal lipase activity is low during the initial postweaning period, but
subsequently increases again. This observation confirms the increase in growth and feed

efficiency with postweaning age.

Table 6 summarises the outcome of two studies on the influence of the fat source in the
weaner diet on small intestinal morphology. Cera and colleagues (1988) showed that
supplementation of the diet with 6 % corn oil at the expense of corn reduced villus height in
the small intestine of weaned piglets. However, feed intake data were not shown. However,
body weight was similar in the low and high fat diet. Li and colleagues (1990) compared diets
supplemented with either soy oil, coconut fat or a 50/50 mixture of these two fat sources. The
piglets that received either coconut or soybean oil had shorter villi than did the piglets that
received the fat mixture, but when compared to the control diet, fat supplementation did not
affect villus height. Fat supplementation at the expense of corn resulted in deeper crypts,
irrespective of the type of fat (Li et al., 1990). Likewise, in rats, the addition of 8 % instead of
4 % corn oil to the diet increased crypt cell proliferation resulting in deeper crypts (Pell et al.,
1992). It may be concluded that the addition of extra fat to the diet increases crypt depth and

may lower villus height in weanling piglets without affecting growth performance.

Polyunsaturated fatty acids can belong to either the omega-3 (®-3) or omega-6 (®-6) family
of fatty acids. Soybean, corn and sunflower oil are fat sources rich in the -6 fatty acids.
Linseed and fish oil are rich in the -3 fatty acids a-linolenic and eicosapentanoeic acid,
respectively. The ®-3 polyunsaturated fatty acids have been investigated for use in the
treatment of inflammatory diseases (Blok et al., 1996; Calder, 1998). Calder (1998) reviewed
the effect of dietary fatty acids on the immune system and indicated that high-fat diets
generally lower T-lymphocyte proliferation and natural killer cell activation when compared
with low-fat diets. Among the fat sources in high-fat diets the order of potency was found to
be: saturated fat (e.g. palm oil, coconut fat) < n-6 polyunsaturated rich oils (e.g. corn oil,
soybean oil, sunflower seed oil) < olive oil < linseed oil < fish oil. Studies with experimental
animals indicate that diets rich in -3 polyunsaturated fatty acids are anti-inflammatory and

immunosuppressive in vivo (Calder, 1998).
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Chapter 2

The effect of ®-3 and -6 polyunsaturated fatty acids has not been extensively investigated in
piglets (Table 6). Kastel and colleagues (1999) found that oral administration of ®-3
polyunsaturated fatty acids to piglets affected the immune response. The production of ®-3
derived docosahexanoeic acid was significantly increased in the blood at the expense of ®-6
derived arachidonic acid. The production of IgM by B lymphocytes and growth factor
(somatomedin C) was increased after -3 supplementation, but so was the production of
cytotoxic T-lymphocytes (Kastel et al., 1999). Lopez-Pedrosa and co-workers (1999)
investigated the effect of feed restriction and combined -6 and ®-3 polyunsaturated fatty
acid supplementation in a 2x2 factorial design. Extra fatty acids enhanced small intestinal

recovery after feed restriction, but had only limited effect in well-nourished piglets.

In weanling piglets, offering a diet containing linseed oil, which is rich in a-linolenic acid,
visually improved assessed body condition but not growth performance when compared with
a diet containing corn oil, which is rich in linoleic acid (Schellingerhout et al., 2002a). It may
be concluded that the addition of ®-3 fatty acids to the diet of weanling piglets might have

beneficial effects, especially when feed intake is low and hygiene status is suboptimal.

Fibres and non-digestible oligosaccharides

The term dietary fibre refers to plant carbohydrates, including pectins that resist hydrolysis by
alimentary enzymes but can be fermented by the gastrointestinal flora. Dietary fibres cover a
wide variety of substances with different physical properties and physiological effects. Some
components are soluble, whereas others are insoluble; some have a high water-holding
capacity, whereas others have a low or no water-holding capacity (Roberfroid, 1993). Soluble
fibers may delay, whereas insoluble fibers may accelerate, small intestinal transit time,
influencing contact time between digesta, enzymes and microbes. The major effect of soluble
fibre is a reduction in starch hydrolysis and carbohydrate absorption, leading to a reduced and
flattened glycemic response as well as reduced insulinemia (Bueno et al., 1981; Silk, 1989;
Scheppach et al., 1990; Roberfroid, 1993; Mosenthin and Hambrecht, 1998). Soluble fibers
may increase the thickness of the unstirred water layer covering the epithelial cells in the
small intestine and thereby create a diffusion barrier that limits contact between intestinal
enzymes and their substrates, and consequently reduces apparent enzyme activity. The

increased unstirred layer may protect the mucosa against damage from particles.

The reported effects of dietary fibres on small intestinal integrity in weaned piglets are shown
in Table 7. In general, inclusion of fiber in the diet did not affect growth (Moore et al., 1988;
Jin et al., 1994; Longland et al., 1994; Lizardo et al., 1997; Hambrecht, 1998; Gill et al.,
2000). Small intestinal weight was either unchanged (Jin et al., 1994, Lizardo et al., 1997) or
increased after fibre consumption (Hambrecht, 1998). Hambrecht (1998) reported an

increased incidence of diarrhoea during the first 2 weeks after weaning with the inclusion of
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wheat bran in the diet, however over a 5-week period, there was no effect on the incidence of
diarrhoea. Extra intake of fibre by weaned piglets increased total tract apparent digestibility of
non-starch polysaccharides, but had no effect on total tract apparent digestibility of protein,
dry matter and energy (Longland et al., 1994; Lizardo et al., 1997; Gill et al., 2000). Lizardo
and colleagues (1997) showed in weanling piglets that faecal nutrient digestibility was similar

for fibrous diets versus fibre-free diets, but apparent ileal nutrient digestibility was decreased.

Jin and colleagues (1994) investigated the effect of 10 % wheat straw in the diet on small
intestinal architecture in weaned piglets. Villus height was not affected by dietary fibre, but
the width of the villi and crypt depth were increased. Because the crypts are the principal site
of cell proliferation in the intestinal mucosa, these data, in conjunction with the observed
increase in cell proliferation and cell death, support the hypothesis that high fibre intake
increases the rate of turnover of intestinal mucosal cells (Jin et al.,, 1994). Moore and
coworkers (1988) showed no effect of dietary fibre on microscopic morphology. The effects
seen in weaned piglets agree with those found in rats. In rats, supplementation of the diet with
10 % guar gum also increased crypt cell proliferation, resulting in deeper crypts. However
insoluble wood cellulose had no effect on crypt cell proliferation, which may be due to its
poor fermentability (Pell et al., 1992). In rats, dietary supplementation with either guar gum or
pectin increased crypt depth, crypt cell proliferation and the migration rate of cells along the
crypt villus axis when compared to either a fibre free diet or diets supplemented with either
cellulose or retrograded starch. The effects of the soluble fibres were more pronounced in the
proximal and mid small intestine than in the distal small intestine. Villus height was not

affected by the type and amount of dietary fibre (Brunsgaard and Eggum, 1995).

Short chain fatty acids (SCFA) may be involved in increased proliferation of crypt cells
caused by soluble fiber. In fistulated rats, SCFA infusion at a physiological dose increased the
crypt cell production rate in the small and large intestine in a dose-dependent manner, the
effectiveness being in the order n-butyric > propionic > acetic acid (Sakata, 1987).
Fermentation of dietary soluble fibres by microbes leads to the generation of SCFA. The
number of bacteria and SCFA production in the different segments of the small intestine are
indicators of fermentative capacity. The stomach and proximal small intestine of the pig
contain relatively low numbers of microbes (10°-10° bacteria per ml of digesta). The distal
small intestine (ileum), however, maintains a more diverse microbiota and higher bacterial
numbers (10® per ml of digesta) than the upper intestine. The large intestine is a major site of
microbial colonization and is characterised by large numbers of bacteria (10'°-10"'per ml of
digesta) (Gaskins, 2000).
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Chapter 2

In piglets weaned at 5 * weeks of age, SCFA production (umol - (g dry matter of digesta)') in
the distal small intestine was only 2 and 3 % of SCFA production in the caecum and proximal
large intestine, respectively (Hambrecht, 1998). Although the number of bacteria and SCFA
production indicate that only limited fermentation occurs in the small intestine, Houdijk
(1998) showed that of the fructooligosaccharides (FOS) added to a weaner diet at a level of 40
g - (kg feed)! more than 90 % was degraded pre-caecally. This observation indicates that
fermentation takes place in the small intestine. Thus, it is feasible that the observed effects of

soluble fibres on small intestinal integrity are mediated by SCFA.

Non-digestible oligosaccharides (NDO) resist the hydrolysis by the alimentary enzymes. The
pH of the ileal digesta decreased after addition to the diet of 4 % FOS when compared to a
negative control. An effect on pH was not detected with 1 % FOS or either 1 or 4 %
transgalacto oligosaccharide in the diet. Short chain fatty acid production and number of
bacteria in the ileal digesta did not differ between piglets fed diets with or without dietary
oligosaccharides (Houdijk, 1998). The inclusion in the diet of 0.2 % transgalactosylated
oligosaccharide, 0.2 % glucooligosaccharide, 0.2 % lactitol (Gabert et al., 1995), 0.5 %
galactosyl lactose (Mathew et al., 1997), either 1 or 2 % sucrose thermal oligosaccharide
caramel (Orban et al., 1996) and 0.1 % mannooligosaccharide (Kim et al., 2000) had no effect
on the composition and activity of the microflora, the pH and the concentrations of SCFA and
NH; in the small intestinal digesta of weaned piglets. The incidence of diarrhoea was not
affected either. It follows that NDO’s have no effect on small intestinal integrity in contrast to
soluble fibres. The lack of effect of NDO consumption on SCFA concentration in the digesta
may be explained by rapid absorption of SCFA. It could be suggested that soluble fibres not
only act through generation of SCFA.

Fibres and SCFA have accessory effects in relation to the small intestine. The inclusion of
fibre in orally or intravenously supplied TPN prevented bacterial translocation to the
mesenteric lymph nodes even in the absence of oral nutrients (Spaeth et al., 1990). Dietary
soluble fibre may enhance the faecal excretion of bile acids and render them unavailable for
the formation of intra-luminal micelles so that fat and cholesterol absorption be reduced
(Roberfroid, 1993). SCFAs are avidly absorbed and at the same time stimulate colonic
sodium and water absorption, thereby acting as anti-diarrhoeal agents (Silk, 1989; Scheppach
et al., 1990). SCFAs, especially butyric acid, are preferred energy sources for colonocytes
(Roediger, 1982).

Probiotics and lactic acid
It is reasonable to suggest that dietary measures which enhance colonisation resistance and/or
translocation resistance against enteropathogenic E. coli will have a positive effect on the

performance of weanling piglets. Colonisation and translocation resitance may be influenced
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by the feeding of antibiotics, probiotics, prebiotics and/or other ingredients that affect
microbial ecology of the small intestine. In weanling piglets, antibiotics may be used
therapeutically, but in the European Union most antibiotics have been banned for preventive
use. In the weanling pig, the effect of feeding probiotics, i.e. live microorganisms with
beneficial activity on the host, has been studied. The feeding of either 10° or 107 viable spores
of B. licheniformis or 10° viable spores of B. toyoi when compared to a negative control
improved growth performance in piglets with 31, 99, or 28 % respectively from 0 to 28 days
postweaning (Kyriakis et al., 1999). However, the extremely high morbidity and mortality in
the negative control group may caused the lower growth performance in the negative control
group. Mortality was 44 % in the negative control and on average 20 % in the probiotic
treated groups. The administration of commercial preparations of probiotics to weanling
piglets either showed no effect (Jost and Bracher-Jakob, 1998), or increased growth

performance by 4 % when compared to a negative control (Inamoto and Waltanabe, 1998).

Prebiotics such as fructooligosaccharides have been shown to specifically stimulate the
growth of lactobacilli and bifidobacteria in the intestine, but as mentioned previously there is
no evidence that these probiotics influence gut integrity in weanling piglets. Lactobacilli
produce lactic acid, which is known to have antibacterial activity. In weanling piglets dietary
lactic acid concentrations of 0.8 - 2.4 % have been shown to stimulate feed intake and growth
(Roth et al., 1993; Smolders et al., 2000). Likewise, the feeding of fermented feed, which is
rich in lactic acid, also stimulated growth in weanling piglets (Jensen and Mikkeelsen, 1998;
Scholten, 2001) and increased villus height (Scholten, 2001). Thus probiotics, lactic acid and
fermented feed might be beneficial to weanling piglets, but it is not known whether there is a

direct effect on gut integrity or that these compounds act through enhanced feed intake.

Growth factors

Growth factors, especially epidermal growth factor (EGF) and insulin-like growth factors I
and II (IGF-I and IGF-II), are present in the colostrum and milk of the sow. The concentration
EGF per ml colostrum or milk is 1.5 pg and 0.15 - 0.25 pg, respectively (Xu, 1996). The
concentration IGF-I per ml colostrum or milk is 0.07 - 0.35 pg and 0.004-0.014 pg,
respectively (Xu, 1996). The growth factors stimulate growth, maturation and/or functional
development of the intestinal tract (Kelly, 1994; Xu, 1996; Odle et al., 1996). Epidermal
growth factor is a trophic peptide for the gastrointestinal mucosa and acts both from the lumen
and the blood. Playford and colleagues (1993) showed that luminally-supplied EGF is rapidly
hydrolysed by proteases in the small intestine of human subjects while in the fasting state.
Hydrolysis was blocked by the presence of casein or a soybean trypsin inhibitor. It was
hypothesised that EGF is digested by pancreatic enzymes in the fasting state, but is preserved
when food proteins act as competitive substrates and/or block the active sites of these

enzymes (Playford et al., 1993). Oral supplementation of 372 ng - day' EGF, but not
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124 pg - day’', to weanling piglets partly counteracted the weaning-induce decrease in lactase
specific activity. Small intestinal sucrase specific activity was increased on day 3 after
weaning by a supplementation with the high dose of EGF. However, supplementation of EGF
did not affect on the mucosal protein content and the villus/crypt ratio in the small intestine
(Jaeger et al., 1990). Zijlstra and colleagues (1994) examined the effects of EGF given with a
milk replacer (0, 500, or 1000 pg - I') on the recovery of piglets that were infected at 4 days
of age with rotavirus enteritis. EGF increased villus length and lactase specific activity in a
dose-dependent fashion. At the dose of 500 pg - I, effects were seen only in the proximal
portion of the small intestine, whereas with the higher EGF level there also were effects
further down the tract (Zijlstra et al., 1994). Houle and colleagues (1997) looked at the effect
of oral IGF-I administration (500 pg - (1 milk replacer)™) in neonatal piglets until 7 and 14
days postpartum. Circulating concentrations of IGF-I did not change and growth, organ
weights, mucosal RNA, mucosal DNA and mucosal protein content were not affected. Mean
villus height in the proximal ileum tended to be higher and that in the terminal ileum was
significantly higher in IGF-I-treated piglets. In other regions of the intestine, no effect of IGF-
I on villus architecture was detected. By day 14 after birth, sucrase and lactase specific
activities were increased throughout the jejunum and ileum in IGF-I-treated piglets. On day 7,
enzyme specific activity was not affected by IGF-I administration (Houle et al., 1997). The
addition of IGF-I to sow’s milk so as to double the concentration of that present in sows’
colostrum was found to increase the length of the tight junctions by 23 % in 36-hour old
piglets. However, sows’ milk with a IGF-I concentration similar to that in sows’ colostrum
did not affect tight junction structure. Thus at high intake levels IGF-I can modulate the tight
junction structure and thereby influence intestinal permeability (Zarrinkalam et al., 1999). In
rabbits intestinal transport of electrolytes and nutrients was measured with Ussing chambres.
EGF supplementation to the perfusate up-regulated intestinal transport (Opleta-Madsen et al.,
1991).

In may be concluded that dietary supplementation of IGF-I and EGF has only limited effects
on body or organ weight. Within the intestine, IGF-I and EGF increased sucrase and lactase
activities without significantly increasing intestinal weight, length, villus architecture, protein
or DNA content. Thus, IGF-I and EGF may regulate disaccharidase activities through
modifying the function or differentiation of individual enterocytes. The action of orally
administered IGF-I and EGF seems to be limited to the intestine without exerting systemic
effects. So far the role of growth factors on intestinal development has been studied in
neonatal and not in weanling piglets. Applications might be restricted to prophylactic

administration of growth factors to enhance recovery from gastrointestinal trauma.
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Polyamines

Polyamines are characterised by multiple NH, groups in the molecule, representatives being
putrescine, spermidine and spermine (Halasz and Barath, 1998). Polyamines have been shown
to play a role in regulating growth of the gastrointestinal mucosa and also postnatal
maturation, turnover of intestinal mucosa, binding of the vitamin D receptor to DNA,
postprandial intestinal motility, transport of D-glucose and mucosal hyperplasia during
lactation (Johnson and McCormack, 1994; Blachier, 1997; Haldsz and Barath, 1998).
Polyamines are present sow milk (Kelly et al., 1991¢). For the biosynthesis of the polyamines
in animal tissue the precursors ornithine, which is not found in proteins but is synthesised
from arginine, or L-methionine, are required (McCormack and Johnson, 1991). Polyamines
are synthesised from L-arginine in absorptive cells, secreted by exocrine pancreas and
provided by extruded enterocytes at the top of villi (Blachier, 1997). Polyamines are also
produced by intestinal bacteria (Blachier, 1997). Wu and colleagues (2000a) showed that
intestinal polyamine synthesis is enhanced after weaning of piglets at 21 days of age. Grant
and colleagues (1990) studied the effect of polyamine supplementation to a liquid milk
replacer fed to piglets weaned at 2 days of age. An all-milk-protein milk replacer was
compared with the same milk replacer in which 20 % of the protein was replaced with soy
protein isolate without or with 25 g - I'' of either putriscine dihydrochloride or ethylamine
hydrochloride. Daily gain, villus height and the kinetics of xylose absorption did not differ
between dietary treatments. Crypt depth tended to be lowest in the milk-soy diet without
polyamines, but mitotic index was altered. Specific and total activities of sucrase in the brush
border were highest for the piglets fed the all-milk diet. Specific activity of cytosolic
dipeptidase was lowest for piglets fed the milk replacer with putrescine. Total dipeptidase
activity was lower in piglets fed the diets with putrescine or ethulamine when compared to the
milk diet. Grant and colleagues (1989) applied the same dietary treatments to 3-day old
preruminant calves as well. The plasma xylose concentration was highest in calves receiving
the milk diet. Enterocyte proliferation was decreased in calves fed the soy-milk diet without
added polyamines when compared to the other diets. Thus supplementation of the milk-soy
protein diet with either putrescine or ethylamine enhanced enterocyte proliferation. Villus
architecture was not affected by any dietary treatment (Grant et al., 1989). Oral daily
supplementation of rats with 6 pmol spermine or 10 pumol spermidine in rats increased
sucrase and maltase specific activity and decreased lactase specific activity. Ileal villus
enterocytes were maturer in either spermine or spermidine treated rats, when compared to
control animals, as based on changes in enterocytes structure and dissacharase activities
(Dufour et al., 1988). Osman and colleagues (1998) investigated the effect of spermine on
intestinal permeability in rats by Ussing diffusion chambers. High spermine concentrations
(10-50 mM) enhanced transcellular permeability, whereas low concentrations (0.5-1 mM)

either had no effect or produced a decrease. Thus, spermine concentration has no

43



Chapter 2

straightforward action on epithelial barrier function. It is clear that administration of
polyamines to rats induces intestinal maturation and increases proliferation. We are not aware
of any studies on polyamine supplementation in piglets weaned at 3 weeks of age. However,
polyamines added to a liquid milk replacer for either neonatal piglets or calves, did neither

affect performance nor intestinal integrity.

Nucleotides

Nucleotides are building blocks of RNA and DNA, which can be either purine or pyrimidine
nucleosides. Nucleotides may also function as energy source in cellular metabolism, influence
lipid metabolism and serve as intermediates in biosynthetic and oxidative pathways.
Nucleotides are important for immunity and gut development and repair (Boza et al., 1992;
Carver and Walker, 1995; LeLeiko and Walsh, 1996; Nagafuchi et al., 1997). Cellular
proliferation requires nucleotides derived either from glutamine, glycine and
ribosylphosphates or from reuse of digested desquamated mucosal cells (LeLeiko et al.,
1996). Bueno and colleagues (1994) fed weanling rats diets containing either corn starch or
lactose for two weeks, followed by a 4-week period during which the corn starch diet with or
without a nucleotide mixture was given. The lactose diet was used to induce diarrhoea. Rats
that recovered from diarrhoea and received the diet with nucleotides showed increased villus
height when compared to the rats not supplemented with nucleotides. However, rats that
received the corn starch diet throughout did not benefit from nucleotide supplementation. This
observation suggests that dietary nucleotides may improve intestinal healing after injury as
induced by chronic diarrhoea. Adjei and colleagues (1996) fed mice either a casein diet, a
protein-free diet, the protein-free diet with individual components of nucleotides/nucleosides
or the protein-free diet with a nucleotide/nucleosides mixture to investigate the effect of diet
on endotoxin-induced (£. coli O26:B6) bacterial translocation and small intestinal injury.
Compared to the protein-deficient mice, dietary supplementation of a mixture of nucleotides
and nucleosides or the individual component cytidine increased villus height and reduced the
incidence of bacterial translocation. However, preventing protein malnutrition by feeding the
casein diet resulted in higher villi and less bacterial translocation than did protein-free diet
with a mixture of nucleotides and nucleosides (Adjei et al., 1996). The authors do not know
published studies on dietary supplementation with nucleotides of weaner diets for piglets.
However, in specific rodent models nucleotide supplementation may improve intestinal

recovery after chronic diarrhoea or malnutrition.

CONCLUDING REMARKS

Weaning is a stressful event as indicated by an increase of plasma cortisol concentration and

behavioral changes (Worsaae and Schmidt, 1980). Plasma cortisol concentrations were more
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than 2.5 times higher in weanling pigs on day 2 postweaning when compared to unweaned
pigs (Wu et al., 2000a; 2000b). Inappetance and low feed intake, lethargy, reduced activity
and fever are prevalent during many types of stress (Elsasser et al., 2000). The transition from
suckling to eating solid food is typically associated with a critical period of underfeeding
(Leibrandt et al., 1975, Okai et al., 1976, Le Dividich and Herpin, 1994). Le Dividich and
Herpin (1994) and Pluske and colleagues (1995) used various data sets and concluded that the
daily metabolisable energy (ME) intake necessary for maintenance was not met until the fifth
day after weaning. The level of preweaning ME intake was not attained until the end of the
second week following weaning. Clearly, the weaning transition of piglets causes

underfeeding.

The low feed intake after weaning and the associated decreased mucosal integrity both
negatively affect growth performance and health of the early-weaned pig. There generally is a
high incidence of diarrhoea after weaning (Nabuurs, 1991). With early weaning being
fundamental, nutritional interventions to counteract the weaning-induced decrease in mucosal
barrier function should aim at increasing feed intake and/or the formulation of specific diet
compositions. Experiments indeed confirm that feed intake level is critically important. Low
feed intake is associated with decreased absorptive and digestive capacity as indicated by the
decreased mucosal surface area and often low total brush border enzyme activities.
Permeability of macromolecues, an indicator of small intestinal integrity, is increased by low
feed intake. In contrast to feed intake level, dietary constituents studied thus far only have
marginal effects on small intestinal integrity in the weaned piglet. The effect of dietary
constituents generally is more pronounced in malnourished/diseased piglets when compared
to apparently healthy weanling piglets. There are potential functional ingredients to improve
the mucosal integrity, but data for weanling pigs are relatively scarce, even though the
weaned piglet is a good model for human infants (Reeds et al., 1997). Most studies on
potential functional dietary ingredients have been conducted with rodents or neonatal piglets
instead of piglets weaned at 3 weeks of age. In the nutrition of monogastric farm animals,
emphasis has been on anti-nutritional factors (Van Weerden and Huisman, 1989) and only
recently researchers have started to explore the functional properties of certain feed

contituents.

Regarding the diet of weanling piglets, research should focus on critical determinants of feed
intake immediately after weaning and functional feed ingredients to stimulate epithelial cell
proliferation and differentiation, enhance immune function, and promote growth of beneficial
bacteria. Combinations of functional feed ingredients may be more successful than the use of
single ingredients. The cost-efficiency of the ingredients will determine their application in

practice.
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ABSTRACT

Compromising alterations in gastrointestinal architecture are common during the weaning
transition of pigs. The relation between villus atrophy and epithelial barrier function at
weaning is not well understood. This study evaluated in vitro transepithelial transport by
Ussing metabolic chambers, local alterations in T-cell subsets and villus architecture at low
energy intake level and their relation with lactose/protein ratios in the diet. Pigs (n = 66, 26
days old) were sampled either at weaning (day 0), day 1, 2 or 4 postweaning. Piglets received
one of three diets at a low energy intake level, which differed in lactose to protein ratio as
follows: low lactose/high protein (LL/HP), control (C), or high lactose/low protein (HL/LP).
Mean digestible energy intake (kJ - pig') was 648 on day 1, 1668 on day 2, 1995 on day 3
and 1990 on day 4 postweaning. The CD4'/CD8" T-lymphocytes ratio decreased after
weaning (P < 0.05). Decreased paracellular transport (P < 0.01), greater villus height
(P < 0.01), shallower crypts and lower villus/crypt ratios (P < 0.01) were observed on day 2
compared with day 0. Piglets consuming the HL/LP diet tended to have less paracellular
transport (P < 0.10) and greater villus height (P < 0.10) compared with piglets fed the other
diets. During the first 4 days postweaning, the effect of diet composition on mucosal integrity
was not as important as the sequential effects of low energy intake at weaning. Stress and
diminished enteral stimulation seem to compromise mucosal integrity as indicated by

increased paracellular transport and altered T-cell subsets.

INTRODUCTION

Pigs are confronted by multiple stressors at weaning. Under commercial conditions, weaning
may involve complex social changes, including separation from the sow, a new housing
system, separation from littermates and exposure to unfamiliar pigs (Fraser et al., 1998). Diet
composition also changes at weaning; the liquid milk from the sow is replaced by pelleted dry

feed with carbohydrates instead of fat as the main energy source.

Abrupt weaning is typically accompanied by low feed intake, which seems to be the main
reason for the growth stasis after weaning (Leibrandt et al., 1975). Weaning also causes
morphologic and histologic changes of the small intestine of pigs (Miller et al., 1986; Cera et
al., 1988; Dunsford et al., 1989; Hall and Byrne, 1989; Kelly et al., 1991; Nabuurs et al.,
1993; McCracken et al., 1995; 1999; Pluske et al., 1996a; 1996b). These changes include
reduction in villus height and an increased crypt depth. The magnitude of the intestinal
responses seems to be related to feed intake of the piglets (Kelly et al., 1991; Pluske et al.,
1996b), independent of diet composition (McCracken et al., 1995; 1999). Beers-Schreurs
(1996) found that the weaning transition itself explained part of the reduction in villus height
and increased crypt depth. Villus height decreased and crypt depth increased in weaned
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piglets compared with unweaned piglets given sow's milk at a high energy level after
weaning. The reduction in villus height was even more pronounced when the piglets were fed
a weanling diet or sow's milk at a comparable low energy level (Beers-Schreurs, 1996).
Starvation itself decreased jejunal villus height and increased paracellular permeability in the
ileum and jejunum of adult rats (Wirén et al., 1999). An inverse relationship was found
between ATP concentrations in jejunal mucosa and permeability (Yang et al., 1999),

indicating that at a low energy level, permeability is increased.

The relationship between epithelial barrier function and villus atrophy at weaning is not
understood. A compromise in epithelial barrier function possibly increases paracellular
permeability. With increased paracellular permeability, toxins, allergenic compounds or
bacteria may enter systemic tissues, resulting in inflammatory or immunologic responses
(Deitch, 1993; Wang, 1995).

Providing piglets sow's milk after weaning resulted in less villus atrophy compared with a
weanling diet (Beers-Schreurs, 1996); thus milk components seem to be favorable. Sow's milk
is composed mainly of fat (40.6 g - (100 g milk)™"), protein (29.4 g - (100 g milk)") and
lactose (28.3 g - (100 g milk)") (Darragh and Moughan, 1998). Lactose is converted by
lactase to galactose and glucose; glucose can be an energy source for epithelial cells (Wu et
al., 1995). Lactose seems, therefore, a key energy source for intestinal epithelial cells in
young piglets. Some amino acids in the milk protein can be used as an energy source for

epithelial cells (e.g., glutamine), as well as contribute to protein synthesis.

This experiment investigated mucosal variables over time in response to low energy intake
and compared the effectiveness of lactose vs. protein in preserving mucosal integrity during
the weaning transition. We postulated that the energy supply is more limiting than the protein
supply for epithelial cells in contributing to mucosal integrity, i.e., a diet with a high
lactose/protein ratio would better preserve mucosal integrity. T-lymphocyte cellularity was
measured as an indicator of inflammation. Transepithelial permeability was measured as a

functional indicator of mucosal integrity.

MATERIALS AND METHODS

Animals and weaning

Barrows (n = 66) procured from a commercial maternal line herd [Great York X (Dutch
Landrace x Finnish Landrace)) were used. The piglets were weaned at 25.9 (SD: 2.01) days of
age. Creep feed was not provided during the suckling period to avoid adaptation to
experimental diets and to make me piglets' treatment uniform. At weaning, pigs were
removed from the sow and transported 10 km to the TNO Nutrition research facility in

Wageningen (The Netherlands). Upon arrival from the source farm, pigs were weighed and
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housed individually in 50 x 90 cm? floor pens. The walls of the pens were transparent plastic,
enabling visual contact among the piglets. Each pen was equipped with a plastic trough.
Water was supplied via the liquid milk replacer diets. Environmental temperature was
maintained at 24 °C. Lights were on continuously. The experimental protocol was approved
by the Animal Care and Ethics Committee of the research institute TNO.

Feeds, feeding and experimental design

The experiment was conducted in two consecutive batches. On the day of weaning, dissection
was performed on 12 randomly chosen piglets to collect reference values. Additionally, the
remaining 54 piglets were assigned to 3 x 3 experimental groups on the basis of body weight
(BW); the groups differed in diet and day of dissection. The experimental groups were given
one of three experimental diets that differed in the ratio of lactose to protein (Table 1). A
control liquid milk replacer (C) was compared with a liquid milk replacer with a low
lactose/high protein (LL/HP) ratio, and a high lactose/low protein (HL/LP) ratio. The
percentage of fat was the same in each experimental diet.

Piglets were fed at a relatively low energy level; the digestible energy (DE) offered was one
third of the calculated energy intake according to equation 1. This equation describes the
voluntary DE intake of weaned piglets from 5 to 15 kg based on BW (Beers-Schreurs, 1996;
National Research Councel, 1998):

DE = ((455.5 x BW) - (9.46 x BW?)- 1531) x 4.181 [1]
where DE is the digestible energy intake (kJ - day™) and BW is body weight (kg). The amount

of milk replacer offered to the piglets was calculated daily. BW was calculated on the basis of
BW upon arrival and the expected growth of 60 g - day™ [based on Pluske et al. (1996b)]. The
milk replacer was fed at a concentration of 62 g - (1 water)™'. The pigs were fed 4 times per
day at 0900, 1230, 1700 and 2130 h. Feed refusals were collected, weighed and subtracted
from the amount of milk offered to calculate actual daily feed intake.

Growth and health

Piglets were weighed upon arrival and on the day of dissection to determine individual growth
curves. Faeces consistency and shape were scored twice a day from 0 to 3 where 0 = normally
shaped faeces, 1 = shapeless faeces, 2 = thick, liquid (soft) faeces, and 3 = thin, liquid faeces
(watery diarrhoea).
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Table 1  Diet composition of milk replacers that differ in the lactose and protein ratio: low
lactose/high protein (LL/HP), control (C), or high lactose/low protein (HL/LP).
Item LL/HP C HL/LP
Ingredient (g - kg™)
Casein 265.0 175.0 85.0
Whey protein concentrate 265.0 175.0 85.0
Dry Fat Concentrate ' 340.0 340.0 340.0
Lactose 75.0 240.5 405.5
Vegetable oils 5.0 13.0 21.0
Premix 10.0 10.0 10.0
Minerals 35.0 41.5 48.5
Salt 5.0 5.0 5.0
Digestible Energy (MJ - kg™) 24.0 23.6 23.1
Nutrients (g - kg™) Calculated  Analysed Calculated Analysed Calculated Analysed
Dry matter 968.8 978.2 987.6
Crude protein 448.4 441 299.0 300 149.6 153
Crude fat 299.5 275 299.8 2872 300.1 270
Ash 56.5 61 55.2 63 54.5 61
Carbohydrates ° 164.4 324.2 483.4

Based on butter oil

2 Fatty acid composition (in %): C6:0 = 2.0; C6:0 =2.0; C8:0 = 1.3; C10:0 = 2.6; C12:0 = 3.8; C14:0 = 10.5;
Cl14:1 = 1.0; C15:0 ISO = 0.3; C15:0 ANTE ISO = 0.5; C15:0 = 0.9; C15:1 = 0.2; C16:0 = 28.9; Cl6:1 =
1.8; C17:0 ISO = 0.5; C17:0 ANTE ISO = 0.4; C17:0=0.7; C17:1 = 0.3; C18:0 =9.7; C18:1 =24.1; C18:2
=7.7; C18:3 =1.4; C18:4 = 0.6; C20:0 = 0.2; C20:1 = 0.2; C20:3 <0.1; C20:4 < 0.1; C20:5 = 0.1; C22:0 =

0.1

Carbohydrates = dry matter - crude protein- crude fat — ash — crude fiber (=0)

Sampling of gut for histology and permeability

At day 0, 1, 2 and 4 postweaning, piglets to be killed were weighed and anesthetized by
inhalation of a mixture of N,O/O, (ratio 2/1) and isoflurane. The concentration of isoflurane
was adjusted to the depth of the narcosis (Guedel, stadium III, phase 2). A midline laparotomy
was performed. At three different segments of the small intestine, tissue samples were taken
as follows: 0.5 m distal of the ligament of Treitz (proximal small intestine), 3.5 m distal of the
ligament of Treitz (mid small intestine) and 0.5 m proximal to the ileocecal ligament (distal
small intestine). For the villus height, crypt depth and villus/crypt ratio, the mean value of the

three sampled segments was calculated. After samples were taken, piglets were killed by an

intracardiac injection (2 mL) of T61 (a watery solution containing a combination of

embutramide, mebezoniumiodide and tetracainehydrochloride; Hoechst Holland, Amsterdam,

The Netherlands).
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For histologic analysis, tissue samples of the proximal, mid, and distal small intestine were
cut open longitudinally at the antimesenteric attachment, prepared on dental wax with the villi
on the upper side and fixed in 0.1 mol per L phosphate buffered formalin solution (40 ml - 1').
A 3-mm wide zone from the mesenteric site was cut at right angles to the surface of the
mucosa and embedded in paraffin wax. Sections (5 um) were cut and stained with either the
periodic acid/Schiff procedure (PA/S) or a combination of the basophilic dyes, high iron
diamine (HID) and alcian blue (AB). From the PA/S-stained sections, crypt depth (um), villus
height (um) and the number of goblet cells (per 100 um crypt) were determined. From the
HID/AB-stained sections, goblet cells of 5 crypts were classified as either sialomucin-
containing (blue) or sulfomucin-containing (brown) to investigate the chemical nature of the
mucins in the goblet cells. The percentage of sulfomucin-containing cells was calculated. The
percentage of sialomucin-containing cells was 100 minus the percentage of sulfomucin-

containing cells (data not shown).

To measure the number of CD4" and CD8" cells, mid-small intestinal tissues (3 cm) were
deep frozen in liquid nitrogen for ~30 min, stored frozen at -80°C until cryosectioning at
5 um thickness and fixed in acetone for 7 min at room temperature (CD or cell differentiation
molecules are cell surface markers of various leukocyte subsets). Cell labeling was performed
by incubating the preparations overnight with murine antibodies directed against either
porcine CD4 (clone number MIL-17, # MCA 1749, Serotec, Oxford, UK) or CDS8 surface
antigens (clone number MIL-12, # MCA 1223, Serotec). Subsequently, the samples were
incubated with horse anti-mouse antibodies for 30 min followed by Universal peroxidase
AEC (3- amino-9-ethyl carbazole substrate solution) for 25 min. Isotonic PBS was used to
repeatedly wash the preparations. The tissue sections were counterstained using hematoxylin,
washed with tap water and mounted. The number of CD4" and CD8" cells was determined per

um?® in the lamina propria of the crypts using light microscopy.

To measure transepithelial transport, mid-small intestinal tissue samples (5 cm) were taken.
Transepithelial transport of two compounds was measured in TNO transport chambers, i.e.,
['*C] GlySar (Cambridge Research Biochemicals, Northwich, UK) and [2-*H] mannitol (ICN
Biomedicals, Zoetermeer, NL). GlySar is a small hydrophilic compound with a molecular
weight of 146 Da. It is transported mainly via a transcellular route with a H'-coupled
di/tripeptide carrier (Duizer, 1999). Mannitol has a molecular weight of 182 Da and is
transported mainly via a paracellular route (Duizer, 1999). Intestinal tissues were rinsed with
an ice-cold buffer solution of HEPES-buffered phenol red-free Dulbecco's modified Eagles
medium (DMEM) and cut open longitudinally. The tissue was placed with the mucosa on the
upper side on a flat underground; with a blunt razor blade, the mucosal layer was carefully
stripped off the muscle layer to preserve mucosal integrity. Samples of the mucosal layer were

taken using a 9-mm steel punch. Flat sheets, in which isolated intestinal segments (0.2 cm?)
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separate a 1.5 mL mucosal and a 1.5 mL serosal compartment, were placed in the Ussing
chambers. The effective exposed area in the Ussing chamber was 0.196 cm®. The radiolabeled
GlySar and mannitol were mixed with unlabeled compounds to yield final concentrations of
10 pmol - I"'. The donor compartment (mucosal side) was filled with 1.25 mL HEPES DMEM
medium containing radiolabeled GlySar (10 pumol - I'") and mannitol (10 pmol - 17). The
receptor compartment (serosal side) was filled with 1.25 mL HEPES DMEM medium. Both
compartments were aerated (O,/CO,, 95/5) at a temperature of 37°C and stirred by gas lift. At
indicated time points (15, 30, 45, 75 and 105 min), 0.5-mL samples were taken from the
serosal side and the volume was reconstituted with DMEM without phenol red. *H and '*C
radioactivity was determined in the samples and the tissue (at the end of the experiment) by
liquid scintillation counting with the Digital Overlay Technique using the Spectrum Library
and the External Standard Spectrum for quench correction. Permeability coefficients (Pps)
were determined on the basis of the appearance of the probe at the serosal side according to

the following equation:
Pms=R/(A .Cy) [2]

where Py, = permeability coefficient from mucosal to serosal side (cm - s™'); R = permeability
rate (mol - s); A = exposed intestinal area (cm?®); C, = initial mucosal concentration of the

test substance (mol - ml™).

Statistical analysis

The variables measured met the normality criterion. A General Linear Models procedure
(SAS version 6.12, SAS Institute, Cary, NC) was used to estimate the least-square means of
the three different treatments. The effect of day postweaning was evaluated across diets. Day
postweaning, batch and the two-way interaction were the independent variables in the

statistical model. The final model was as follows:
yik = u + Bi + S; + (B x S);; + ek [3]

where yjx = dependent variable; u = overall mean; B; = fixed effect of batch (i = 1, 2);
S; = fixed effect of day postweaning (j = 1, 2, 3 and 4); (B x S);; = interaction between batch

(B) and day postweaning (S); ejjq = error term.

The effect of diet composition was evaluated by including diet composition, day postweaning
and batch as independent variables in the statistical model. All two-way interactions were
examined, but because these dependent variables appeared not to be significant, these were

excluded from the final model. The final model therefore was as follows:

Vit = L+ Bi + S5+ Dy + €jji [4]
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where yiju = dependent variable; p = overall mean; B; = fixed effect of batch, (1 = 1, 2);
S; = fixed effect of day postweaning (j = 1, 2, 3); Dy = fixed effect of diet composition (k = 1,

2, 3); e = error term.

x* analysis was used to analyze the diarrhoea scores. Pearson correlation analysis was
performed to evaluate functional correlation among mean energy intake, histologic parameters
and epithelial transport. Significance was assigned at P < 0.05; tendencies were assigned at
P <0.10.

RESULTS

General

BW at weaning was 7.8 kg (SD: 0.13). Daily weight loss (g - day™ - pig™) through the 4-day
treatment period was 97.2 (SD: 128.59) for LL/HP, 65.3 (SD: 127.23) for C, and 69.4
(SD:146.17) for HL/LP. None of the piglets developed watery faeces during the experimental
period (store 3). Two had thick liquid faeces (score 2); of these, 1 piglet received the C
treatment and 1 the HL/LP treatment. Eight piglets had shapeless faeces (score 1). Of these, 2
piglets received the C treatment, 1 piglet received LL/HP and 5 received HL/LP. The
diarrhoea scores were not significantly different among groups (P > 0.10). Inclusion of an
independent binomial variable in the statistical model indicating the occurrence/absence of
diarrhoea, or exclusion of the piglets with diarrhoea from the data did not affect the results
and conclusions; therefore, the piglets with a diarrhoea score were left in the database. None

of the piglets received medical treatment during the experimental period.

Energy intake

Figure 1 shows the DE intake of pigs fed the three milk replacers for 4 days postweaning. The
number of piglets for the calculation of the mean DE intake decreased from 54 piglets at day
1, to 36 at day 2 and to 18 at day 3 and 4, due to dissection. DE intake did not differ among
diet groups on the different sampling days. DE intake (kJ - pig™") was 648 (SD: 388.93) on day
1, 1668 (SD: 625.54) on day 2, 1995 (SD: 605.25), on day 3, and 1990 (SD: 670.80) on day 4
postweaning. Independent of diet, the DE intake was lower than the amount offered to the
piglets. The percentage of actual energy intake compared with the total amount offered was
43 % at day 1, 81 % at day 2, 96 % at day 3 and 94 % at day 4. Over time, intake increased
(P <0.01) for pigs fed each of the three diets.
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Figure 1 Digestible energy (DE) intake of piglets fed a low lactose/high protein (LL/HP),
control (C) or high lactose/low protein (HL/LP) milk replacer for the first 4 days

postweaning. Values are means + SD.

Villus height, crypt depth and small intestinal weight

Histologic parameters and weight of the small intestine per kg BW or per cm length of the
small intestine at day 0, 1, 2 and day 4 postweaning are shown in Table 2. Decreased villus
height, shallower crypt depths and decreased villus/crypt ratios were most pronounced at the
proximal and mid-small intestine. At the distal small intestine, no differences were observed.
Villus height of the three sampled sites decreased significantly compared with day 0
(P < 0.01) with the shortest villi at day 2. Villus heights at the three sampled segments were
369 um on day 0, 349 um on day 1, 258 um on day 2 and 317 um on day 4 (SEM, 12.8). The
same mean decrease in villus height over time postweaning could be seen at the proximal and

mid-small intestine.

Crypt depth of the three sampled sites decreased during the first 2 days postweaning
(P < 0.05) followed by an increase at day 4 postweaning. At day 0, the mean crypt depth (um)
was 170, 157 at day 1, 157 at day 2 and 175 at day 4 (SEM, 5.4). At the proximal small
intestine, crypt depth tended also to decrease during the first 2 day postweaning, followed by
an increase during day 2 to 4 postweaning (P < 0.10). Mid-intestinal crypts were significant
deeper at day 4 (183 um) compared with day 1 (163 um) and day 2 (162 pum; P <0.05).

The villus/crypt ratio of the three sampled sites was significantly lower (P < 0.01) at day 2
(1.7) and day 4 (1.9) compared with day 0 (2.2) and day 1 (2.3). The ratio between villus
height and crypt depth also decreased significantly over time postweaning at the proximal and

mid-small intestine (P < 0.05), with the lowest ratio on day 2.
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Compromised intestinal barrier function at weaning

The weight of the small intestine per kg BW decreased significantly over time postweaning
with the lowest weight at day 2 (23.6 g - (kg BW)™) (Table 2). The weight (g) per cm of the
small intestine did not change during time postweaning and was, on average, 7.7 g - cm’’

(SD: 1.08).

Figure 2 shows the villus height and crypt depth of the proximal small intestine, mid-small
intestine, distal small intestine and the mean value of those three sites of piglets fed LL/HP, C
or HL/LP milk replacers. In the proximal small intestine, the villi of the piglets receiving the
LL/HP diet tended to be shorter (347 um) than the villi of the piglets receiving the HL/LP diet
(419 pm; P < 0.10). In the proximal small intestine, the villus/crypt ratio was significantly
higher (P < 0.05) in piglets fed the HL/LP diet (2.6) compared with those fed the LL/HP (2.0)
and the C (2.2) diets (SEM, 0.16; data not shown).

Pearson correlation analysis indicated that the villus lengths in the proximal small intestine
were correlated with those at mid- (R = 0.47, P < 0.01) and distal small intestine (R = 0.28;
P < 0.05). The villus lengths at the mid- and distal small intestines were not correlated. The
crypt depth and the ratio between villus and crypt were significantly correlated (P < 0.05)
among the three sampling sites in the small intestine. At a low energy intake level, the mean
energy intake per piglet was significantly correlated with the mean villus height only in the
mid-small intestine (R = 0.34, P < 0.05), but not with the crypt depth or with the villus/crypt
ratio. The relative weight of the small intestine was significantly correlated with the crypt
depth at all three sampling sites, but not with the villus height.
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Figure 2 Villus height and crypt depth at the proximal, mid and distal small intestine and the
mean value of the three segments of piglets fed low lactose/high protein (LL/HP),
control (C) or high lactose/low protein (HL/LP) milk replacer. Values are means +
SEM, n=18.
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Crypt goblet cells

Overall, the number of goblet cell per 100 um of crypt was not different over time
postweaning or across dietary treatments (data not shown). The number of crypt goblet cells
was 5.5 (SD: 1.39) at the proximal, 5.6 (SD: 1.46) at the mid-, and 7.8 (SD: 1.81) at the distal
small intestine (data not shown). Furthermore, the percentage of sulfomucin-containing cells
in intestinal crypts was not different over time postweaning or across dietary treatments (data
not shown). The percentage of crypt sulfomucin-containing cells was 35.4 % (SD: 24.73) at
the proximal, 27.2 % (SD: 25.56) at the mid-, and 32.8 % (SD: 25.04) at the distal small
intestine (data not shown).

Table 3  Least square means (£ SEM) of transcellular (GlySar) and paracellular (mannitol)
transport and CD4" and CD8" T-cell subsets of the mid small intestine of piglets
fed a liquid milk replacer at 0, 1, 2, or 4 days post weaning.

Transepithelial transport number of positive T-cell lymphocytes
(x10%cm-s™) (per 10° um? crypt)
GlySar mannitol ' CD4" CD§" CD4'/CD8"

Days post weaning
0 16.6 6.6° 216° 117 2.2°
1 15.6 8.1° 125° 116 1.1°
2 16.8 12.2° 195° 168 1.4%
4 19.8 11.9° 226° 167 2.0
SEM 1.52 0.88 30.7 28.9 0.26
P-value *
Day ns *ok t ns *

' Different letters within a column are significantly different; the level of significance is identified by the

P-value

2 P-value of the model: **, P <0.01; *, P < 0.05; t, P < 0.10; ns, not significant.

T-lymphocytes

The numbers of CD4" and CD8" T-cells (per 10° pm? crypt) at the mid-small intestine on day
0, 1, 2 or 4 postweaning are shown in Table 3. The number of CD4" T-cells tended to be
lower at day 1 compared with day 0 and 4 (P < 0.10). The number of CD8" T-cells at 0 or 1
postweaning was numerically lower than at day 2 and 4 postweaning, but this difference was
not significant. The CD4"/CD8" ratio was significantly lower on day 1 and 2 compared with
day 0 (P < 0.05), with the lowest ratio on day 1. The ratio of CD4"/CD8" T-cell lymphocytes
had increased significantly by day 4 compared with day 1 postweaning. Diet composition did
not affect the number of CD4" and CD8" T-cells or the CD4"/CDS8" ratio (data not shown). A
positive correlation was found between the number of CD4" and CD8" T-cells (Table 4;
R = 0.49, P < 0.01). The number of CD4" T-cells tended to be negatively correlated with
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villus height (R =-0.23, P < 0.10) and the villus/crypt ratio (R =-0.22, P < 0.10) at the mid
small intestine. The number of CD8" T-cells was negatively correlated with villus height
(R=-0.27, P <0.05) and the villus/crypt ratio (R = -0.25, P < 0.05) at the mid-small intestine.
The mean DE intake tended to be positively correlated with CD4" T-cells (R = 0.25, P < 0.10)
and the CD4"/CD8" ratio (R = 0.22, P < 0.10).

Permeability

Table 3 presents transepithelial transport by GlySar (transcellular transport) and mannitol
(paracellular transport) as affected by days postweaning. Figure 3 shows the effect of diet
composition on the transepithelial transport. Transcellular transport did not differ among days
postweaning or the different weaning diets. Paracellular transport, however, was significantly
higher at day 2 and 4 compared with day 0 and 1 postweaning (P < 0.01). Paracellular
transport tended to be reduced for piglets consuming the HL/LP milk replacer diet (9.2 x 107
cm - s) compared with those fed the control diet (12.1 x 10 cm - s™'; P < 0.10).

A significant positive correlation was observed between the concentration of mannitol and
GlySar in the serosal fluid (R = 0.32; P < 0.05). Villus height, crypt depth and the villus/crypt
ratio were not correlated with trans- or paracellular permeability. The number of CD8" T-cells
was positively correlated with paracellular transport (R = 0.42, P < 0.01) and with
transcellular transport (R = 0.32, P <0.05).
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Figure 3 Transcellular (Glysar) and paracellular (mannitol)transport (10° c¢m - s™) of the
mid small intestine of piglets fed low lactose/high protein (LL/HP), control (C) or
high lactose/low protein (HL/LP) milk replacer. Values are means £ SEM, n=12.
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Table 4 Pearson correlation coefficients between the histological parameters, T-cell

subsets, transcellular transport, and digestible energy (DE) intake at the mid small

intestine of piglets fed a liquid milk replacer at 0, 1, 2, or 4 days post weaning.

Glysar' CD4" CD8"  CD4"/CD8"  Villus Crypt Villus/Crypt DE intake *
T-cells* T-cells®  T-cellratio  height® depth’ ratio
Mannitol ' 0.32 ns 0.42 ns ns ns ns ns
%5 Hok
Glysar ns 0.32 ns ns ns ns ns
%
CD4" 0.49 0.46 -0.23 ns -0.22 0.25
ek sk sk t t t
CD8" -0.33 -0.27 ns -0.25 ns
kk * 3
CD4"/CD8" ns ns ns 0.22
t
Villus height ns 0.88 ns
ks
Crypt depth -0.44 ns
sk
Villus/Crypt ns

ratio

x 10%cm - s

per 10° um? crypt

pm

kJ - day™ - piglet

P-value of the model: **, P <0.01; *, P <0.05; t, P <0.10; ns, not significant.

DISCUSSION

These data demonstrate an acute and sequential decline of mucosal barrier function in the pig
small intestine during the first 4 days postweaning. The piglets were weaned abruptly at 26
days of age and fed one of three liquid milk replacers. For each of the three diets, the piglets
consumed only 648 kJ - pig” on day 1 postweaning; this corresponded to 43 % of the amount
offered. Voluntary milk consumption before weaning was not measured, but averages 5 MJ
ME - pig' .day" according to Harrell and colleagues (1993). Thus, the small intestine was
subject to a brief but substantial decrease in enteral stimulation at weaning. The importance of
enteral stimulation for mucosal homeostasis is well documented (Kelly et al., 1991;
McCracken et al., 1995; 1999; Pluske et al., 1997; Park et al., 1998; Ganessunker et al.,
1999), although the functional consequences of diminished enteral stimulation for the gut wall
during the weaning transition in pigs are not clear. These data demonstrate a temporal
relationship between low feed intake, increased paracellular transport, decreased ratio of

CD4" and CD8" T-cell subsets and compromised epithelial architecture.
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Stress and starvation both precede an acute temporal increase in paracellular transport and
thereby affect mucosal integrity (Wirén et al., 1999; Yang et al., 1999, Spitz et al., 1996;
Kiliaan et al., 1998). Weaning may be regarded as a stressor as indicated by an increase of
plasma cortisol concentration and certain behavioral modifications (Worsaae and Schmidt,
1980). Plasma cortisol concentrations were 258 % greater in weanling pigs on day 2
postweaning compared with unweaned pigs (Wu et al., 2000). Kiliaan and coworkers (1998)
demonstrated that macromolecular protein uptake (horseradish peroxidase) increased in rats
after exposure to restraint stress at 8°C, via both the transcellular and paracellular pathways.
They found that acetylcholine release during the stress response was critical in the enhanced
uptake of the macromolecules across the epithelium. Starvation also increases paracellular
transport across intestinal epithelium (Wirén et al., 1999; Yang et al., 1999). Moreover, Spitz
and others (1996) demonstrated that the combination of starvation and stress (by
glucocorticosteroid injection) resulted in a larger decrease in transepithelial resistance,
indicating decreased tight junction resistance, compared with animals either starved or
stressed. An increase in intestinal permeability can occur quickly. For example, within 12 h
after administration of nonsteroidal anti-inflammatory drugs (NSAID), intestinal permeability
to 5S1Cr-EOT A was increased (Bjarnason, 1994).

By increased paracellular permeability, luminal antigens rather than bacteria may enter the
lamina propria, resulting in inflammation. This is suggested by the fact that starvation alone
does not appear sufficient for bacterial translocation, but after endotoxin challenge, starvation
predisposes to bacterial translocation (Van Leeuwen et al., 1994; Deitch, 1994; Katayama et
al.,, 1997). Locally increased intestinal permeability leads to an imbalance in normal
interactions between luminal aggressive factors (in the small intestine, mainly bile, pancreas
secretion, bacteria and their degradation products) and intestinal mucosa, resulting in low
grade inflammation perhaps similar to that observed with NSAID-induced enteropathy
(Bjarnason, 1994). Although a significant difference in paracellular transport was not
observed between day 0 and 1 in this experiment, a numeric increase was noted (P = 0.24).
The positive correlation, however, between either para- and transcellular transport and the
CDS8" T-cell subset predicts the direct involvement of acute inflammation in small intestinal
permeability. We postulate that initial translocation of luminal antigens due to increased
paracellular transport might have contributed to the alteration in CD4" and CD8" T-cell
populations, which might have led to a further increase in paracellular transport during the

following days.

These data demonstrate a brief decline in the number of CD4" T-cells at day 1, followed by an
expansion of CD8" T-cells at day 2 and 4 postweaning. The changes in T-cell subsets resulted
in a significant decrease in the ratio of CD4" to CD8" T-cells at day 1 and 2 compared with

day 0. The ratio of the number of CD4" to CD8" T-cells seems critical. The number of crypt
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goblets in cells was not affected by time postweaning or diet composition in this trial and was
similar to that observed in an earlier piglet study (Van Leeuwen et al., 1995). Dunsford and
co-workers (1989) showed incidentally a decrease in the number of goblet cells in the crypts
after weaning. The results, however, were inconsistent across the small intestinal sites or
across diets. In piglets administered total parenteral nutrition (TPN), the number of goblet
cells increased in the villi but did not change in the crypts compared with baseline and orally
fed piglets. The chemical composition of mucins was also altered in piglets administered TPN
compared with baseline and orally fed piglets (Ganessunker et al., 1999). A possibly adaptive
response of goblet cells in the crypts to compromised integrity of the mucosal barrier at low
feed intake level was not observed in the present study, although villus goblet cells were not

evaluated.

Cytokine profiles were not measured here. In a study of De Winter and colleagues (1999),
however, downregulation of CD4" T-cells altered interleukin 10 and transforming growth
factor B. Regulatory CD4" T-cells normally antagonize the expansion, localization,
differentiation or effector function of T-cells involved in inflammatory responses (De Winter
et al.,1999). Expansion of CDS8" cells likely results in the secretion of proinflammatory
cytokines (e.g., tumor necrosis factor-o and interferon-y), which further compromises barrier
function (Madara, 1989, Taylor et al., 1997). A systemic increase of proinflammatory
cytokines decreases feed intake, resulting in starvation (Johnson, 1995). The T-cell alterations
affected the villi more than the crypts, indicated by the negative correlation between the
number of CD8" T-cells and villus height. The relationship between DE intake and the ratio
of CD4" to CD8" T-cell numbers tended to be positive, indicating that after weaning, DE
intake might be important. The CD4" and CD8" T-cell subsets did not differ among dietary
treatments. This is in agreement with the results of McCracken (1999), who also showed that
a low feed intake rather than diet composition contributes to local inflammation and affects

the mucosal architecture after weaning.

The data demonstrate the onset of repair at day 4 postweaning for villus height, crypt depth,
CD4" T-cells and the ratio of CD4" to CD8" T-cell subsets. McCracken and co-workers
(1995) reported the lowest villus/crypt ratio at day 5 instead of day 2, in comparing the
sequential effect of the villus/crypt ratio of a liquid milk replacer on day 0, 1, 2, 5 and 7
postweaning. The resolution of inflammation is dependent on full restoration of epithelial
barrier function, and the data indicate that paracellular transport remains elevated at day 4
postweaning. Plasma cortisol returned to preweaning levels on day 8 postweaning, comparing
preweaned piglets and piglets at day 2 and 8 postweaning (Wu et al., 2000). Cessation of the

stress likely corresponds with the observation that repair has begun at day 4.

Interestingly, despite the wide range of protein and lactose contents, diet effects were

generally less pronounced than the sequentials of low feed intake at weaning. A high
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lactose/protein ratio in the diet tended to result in greater villus length and less paracellular
transport compared with the other diets. This observation is consistent with the hypothesis
that energy from lactose is more limiting than protein for epithelial cells in contributing to
mucosal integrity during the first days after weaning. However, diminished feed intake seems
to override the effect of diet composition. Nutrient composition and availability may be more

important in a reparative phase.

In summary, the effect of diet composition on mucosal integrity is not as important as the
sequential effects of low feed intake during the first 4 days postweaning. Low feed intake and
stress seem to predispose to decreases in mucosal integrity. The data demonstrated an increase
in paracellular transport, an alteration in T-cell subsets and a decrease in villus height. Diet
composition did not have a pronounced effect on the variables measured. In a reparative

stage, diet effects might be more pronounced, which will be investigated further.
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ABSTRACT

An experiment was designed to study the potential effect of dietary protein source on feed
intake and on small intestinal morphology in newly weaned piglets. In total, 108 piglets were
used, without access to creep feed during suckling period. Piglets were weaned at 27 days of
age. Piglets were fed ad libitum one of two experimental diets containing either skim milk
powder (SMP) or hydrolysed feather meal (FM), the latter component having low ileal protein
digestibility. Diets contained equal amounts of indispensable amino acids. On day 4
postweaning, 18 piglets with a similar high feed intake were selected within each dietary
treatment and sampled for small intestinal morphology on days 4, 7, or 14 postweaning. The
dietary protein source did not affect feed intake during the first three days after weaning.
From day 0 (day of weaning) to 2, the mean feed intake increased from 28.9 (SD: 45.2) to
202.1 (SD: 129.9) g - day™ - piglet’. In the second week, the feed intake of the selected
piglets receiving the SMP diet was higher (P < 0.05) than that of the piglets receiving the FM
diet. Villus height and crypt depth were significantly higher for the selected piglets fed the
SMP diet when compared to those fed the FM diet. It is concluded that SMP had a positive
effect on villus height, this effect being mediated through its high degree of ileal protein
digestibility rather than through its stimulatory effect on feed intake.

INTRODUCTION

At weaning, the digestive system of piglets has to adapt to a dry pelleted diet instead of liquid
sow milk. As a consequence, the piglets often show depressed feed intake and growth
(Leibbrandt et al., 1975, Okai et al., 1976). After weaning, villus height is generally reduced
and crypt depth increased (Miller et al., 1986; Cera et al., 1988; Pluske et al., 1996), which
may explain the increased occurrence of diarrhoea (Nabuurs, 1991). The changes in gut
morphology are primarily related to the low feed intake immediately after weaning (Kelly et
al., 1991; Pluske et al., 1996). Villus height is lowest at 3-4 days after weaning (Hampson,
1986; Nabuurs et al., 1993) and reaches pre-weaning values again between 11 and 14 days
postweaning (Nabuurs et al., 1993). This study addressed two different questions. First, we
wanted to know whether the protein source in the weaner diets affects feed intake during the
first three days after weaning. Secondly, we addressed the question whether the source of
dietary protein, differing in the degree of ileal digestibility (CVB, 2000), influences the
recovery of villus height. To enhance the contrast in protein source, we compared highly
digestible skim milk powder (SMP) and poorly digestible hydrolyzed feather meal (FM) as
main dietary protein sources. Piglets were given free access to the diets containing either SMP

or FM and their feed intake was measured during the first three days after weaning. Then,
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piglets fed either the diet containing SMP or FM were matched on the basis of their feed
intake on day 3 after weaning and their small intestinal morphology was assessed on days 4,
7, and 14. The piglets selected had high feed intake because it was assumed that in these
animals the recovery process would be most active. It was hypothesized that highly digestible
SMP would stimulate recovery of small intestinal morphology when compared with poorly
digestible FM. There is evidence that the availibility of amino acids in the digesta determines

proliferation of enterocytes (Wu, 1998).

MATERIALS AND METHODS

Piglets and Weaning

The 108 newly weaned castrated males used in this experiment were procured from a
commercial maternal line herd (Great York x (Dutch Landrace x Finnish Landrace)). The
piglets were weaned at 27 d of age. Piglets did not receive creep feed during the suckling
period. At weaning, pigs were removed from the sow and transported over 10 km to the
former ILOB Animal Nutrition research facility in Wageningen. Upon arrival at the
experimental facility, pigs were weighed, and housed individually in 50 x 90 cm-floor pens.
The pens had transparent plastic partitionings that enabled visual contact between the piglets.
Each pen was equipped with a manual feeder and a nipple waterer. Water was available ad
libitum. The environmental temperature was maintained at 24 °C. Lights were on from 06.00
to 24.00 h. The experimental protocol was approved by the Animal Care and Ethics

Committee of the TNO research institute.

Feeds and Feeding

The two experimental diets differed in protein source. The diet composition of the feed is
shown in Table 1. The diets were formulated to contain 80 g CP - kg from the variable
sources, SMP or FM. The protein digestibility at the terminal ileum of SMP and FM was
estimated to be 88 % and 65 %, respectively (CVB, 2000). SMP or FM accounted for 41 %
of the CP in the diet, the other nutrients in both diets being similar (Table 2). The diets were
balanced for ileal digestible, indispensable AA and lactose content. Before pelleting, the feed

was milled at 4 mm. The piglets were fed ad libitum. Feed intake was measured daily.

Experimental Design

The experiment was carried out in 2 consecutive batches. On day 0 (= day of weaning), the
experiment started with 27 piglets per dietary treatment per batch. Piglets were assigned to the
2 experimental diets based on body weight (BW). Littermates were equally divided across

dietary treatments. This study addressed two different questions. First, we wanted to know
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Table 1 Diet composition (as fed basis) of the diets containing skimmed milk powder

(SMP) or feather meal (FM) as main protein source.

Item (g - (kg feed)™) SMP FM
Feather meal - 100.0
Skimmed milk powder 230.0 -
Maize, pre-gelatinized 332.1 305.5
Barley 350.0 350.0
Lactose - 117.5
Potato protein 30.0 30.0
Fish meal (70 % crude protein) 30.0 30.0
Soybean oil 3.0 9.0
Premix ' 10.0 10.0
Calcium carbonate 7.5 9.5
Monocalcium phosphate 3.0 14.0
Sodium chloride 2.0 4.0
Potassium carbonate 2.0 10.5
Sodium carbonate - 2.0
L-lysine. HCI1 - 6.5
DL-methionine 0.2 0.2
L-threonine - 0.4
L-tryptophan 0.2 0.9

' Lactose based premix supplied (mg - kg™ dry feed): retinol acetate, 6.9 (i.e. 20000 IU); cholecalciferol, 0.1

(i.e. 4000 IU); tocopherol, 50; thiamin, 6; riboflavin, 10; pyridoxine, 4; cyanocobalamin, 0.25; d -pantothenic
acid, 25; niacin amide, 40; l-ascorbic acid, 80; menadione, 4; folic acid, 1; biotin, 0.5; choline chloride,
1000; zinc oxide, 100; potassium iodate, 0.65; di-sodium selenium oxide pentahydrate, 0.5; copper sulfate
pentahydrate, 80; ferrous sulfate heptahydrate, 400; manganous sulfate tetrahydrate, 60; cobalt sulfate
heptahydrate, 10; magnesium oxide, 1,000

whether the protein source in the weaner diets affects feed intake during the first three days
after weaning. Secondly, we addressed the question whether the source of dietary protein
influences the recovery of villus height. To address the first question, feed intake of each
piglet was measured for days 0, 1 and 2. To address the second question, 9 piglets per dietary
treatment per batch were selected on day 3 as based on their high feed intake. The mean feed
intake, on day 3, of the selected piglets was 98 g higher (267 g - day™ - piglet) than that of
the remaining piglets (169 g - day™ - piglet”). The selected piglets had similar body weights.
On days 4, 7, and 14, 3 piglets per treatment per batch were dissected and tissue samples of
the small intestine were taken for histological analysis. On day 0, 3 piglets per batch had been
randomly chosen and were subjected to dissection to obtain reference data. The piglets were
weighed upon arrival and on the day of dissection to determine individual growth rates. Any

abnormal faeces consistency and health problems were noted.
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Table 2  Calculated and analysed nutrient composition (as fed basis) of the diets containing

skimmed milk powder (SMP) or feather meal (FM) as main protein source.

Nutrient content (g - (kg feed)™) SMP M
Calculated Analysed Calculated Analysed

DM 892.7 888 899.0 900

CP 192.4 193 199.4 201

Ash 42.2 37.9

Fat 32.7 40.0

CF 23.0 22.5

GE pigs (MJ - kg™ 16.3 16.5

DE pigs (MJ - kg™) 14.8 14.6

ME pigs (MJ - kg™) 14.2 14.0

NE pigs (MJ - kg™) 10.0 10.0

Ca 7.4 7.4

P 59 6.2

Total essential amino acids 87.7 88.4

Total non-essential amino acids 104.3 107.3

Ileal digestible Lys 10.4 10.4

Ileal digestible Met 43 2.5

Ileal digestible Met + Cys 6.3 6.5

Ileal digestible Thr 6.5 6.2

Ileal digestible Trp 2.0 2.0

Ileal digestible Ile 7.3 6.6

Sampling of Small Intestine for Histology

On days 0, 4, 7 and 14, the piglets to be euthanized were weighed and anaesthetized by
inhalation of a mixture of N,O/O, (ratio 2/1) and isoflurane. The concentration of isoflurane
was adjusted to the depth of the narcosis (Guedel, stadium III, phase 2). A midline laparotomy
was performed. At 3 different locations of the small intestine, tissue samples were taken:
0.5 m distal of the ligament of Treitz (proximal small intestine), 3.5 m distal of the ligament
of Treitz (mid small intestine), and 0.5 m proximal to the ileo-caecal ligament (distal small
intestine). After sampling, piglets were euthanized by an intra-cardiac injection (2 cc) of T61
(a watery solution containing a combination of embutramide, mebezoniumiodide and
tetracainehydrochloride; Hoechst Holland N.V., Amsterdam, The Netherlands).

For histological analysis, tissue samples of the proximal, mid, and distal small intestine were
cut open longitudinally at the anti-mesenteric attachment, prepared on dental wax with the
villi on the upper side, and fixed in 0.1 M phosphate-buffered formalin solution (40 ml
formalin - (I buffer)'). A three-mm wide zone from the mesenteric site was cut at right angles
to the surface of the mucosa and was embedded in paraffin wax. Sections were cut (5 pm) and
stained with the periodic acid Schiff method (PAS staining). From the stained sections, crypt
depth (um) and villus height (um) were determined.
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Statistical Analysis

A GLM procedure (SAS version 6.12) was used to estimate the least square means for the
treatments. The effect of dietary treatment on growth rate and feed efficiency (FE) was
evaluated per period until the day of dissection. Batch and protein source were the
independent variables in the model to evaluate feed intake during the first three days post
weaning, growth and feed efficiency. The interaction of batch x protein source was not

significant and therefore was excluded from the final model. The final model was:
yijk=M+Bi+Pj+eijk [1]
where yjjx = dependent variable; 1 = overall mean; B; = fixed effect of batch (1 = 1, 2);

P; = fixed effect of protein source (j = 1, 2); ejjx = error term.

The effect of protein source and feed intake on villus height, crypt depth and villus/crypt ratio
was examined with batch, day of dissection, protein source, and mean feed intake
(co-variable) as independent variables. The two-way interactions were not significant, and
therefore excluded from the final model. Histology was analysed per location (proximal, mid

and distal small intestine). The final model was:
Yijkm=M+Bi+Sj+Pk+bXﬁ+eijkm [2]

where yim = dependent variable; p = overall mean; B; = fixed effect of batch (i = 1, 2);
Si= fixed effect of day of dissection (j= 1, 2, 3); Py = fixed effect of protein source (k = 1, 2);

fi = effect of mean feed intake from weaning until dissection (co-variable); ejjxm = error term.

To compare the morphology values of piglets fed either the SMP or FM diet on days 4, 7 and
14 with those at weaning, the following model was used with batch and treatment as

independent variables:
yijk = B+ Bi + Tj + e [3]
where yijx = dependent variable; p = overall mean; B; = fixed effect of batch (1 = 1, 2);

Ti= fixed effect of treatment (including day of dissection and diet) (j=1, 2, ..., 7); ejjx = error

term.

The recovery of villus height was assessed as the difference between group-mean villus height
on day 14 minus that on day 4. The standard deviation (SD) of the difference was calculated
as squareroot of the sum of the variances for days 4 and 14. The dietary protein effect (SMP
vs. FM) on villus height recovery was evaluated with Student’s t-test with 10 degrees of
freedom. A similar procedure was followed to determine any diet effects on the change in

crypt depth.

Chi-square analysis was used to analyse the effect of dietary treatment on diarrhoea, which
was expressed as either absence or occurrence. For evaluating the predictive value of the feed

intake on a certain day for subsequent feed intake, Pearson correlation coefficients were
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calculated. Throughout, significance was assigned at P < 0.05; tendencies were assigned at
0.05 <P <0.10.

RESULTS

General

In general, the experiment went according to the design. The 108 piglets weighed 7.4 kg
(SD: 0.81) at weaning. One animal died on the day of arrival, without known cause. Eleven
piglets showed inconsistent faeces during the experiment. On average in the diarrhoea-
positive piglets, diarrhoea occurred on day 7 (SD: 2.5) after weaning. Piglets receiving the
FM diet showed less consistent faeces (P < 0.01) when compared with those fed the SMP diet.

None of the piglets received any medical treatment during the trial.

Feed Intake for days 0 - 2

Histograms in Figure 1 show the distribution of the voluntary daily feed intake, on day 0, 1
and 2, of 54 weaned piglets receiving either the SMP or FM diet. The mean values for feed
intake, SEM, and the median for both diets on the first three days postweaning are also shown
in Figure 1. The distribution illustrates the large difference in daily feed intake between
individual piglets. On day 0, intake of the SMP diet varied from 0 to 239 g, and for the FM
diet it varied from 1 to 290 g. The overall mean feed intake during the first day was only 29 g
(SD: 45.2), with 50 % of the piglets eating 10 g of feed or less (data not shown). Figure 1
shows that during the first three days postweaning the feed intake increased rapidly. When
compared to day 0, the mean voluntary feed intake on day 1 had increased by 373 and 271 %
for the SMP and FM diet respectively. From days 1 to 2 the feed intake increased by 60 and
73 % for the SMP and FM diet. During the first 3 days the feed intake was not significantly
affected by protein source in the diet (P>0.10).

For the 108 piglets, the Pearson correlation coefficient (R) between the feed intake on day 0
and that on 1 was 0.48, between days 0 and 2 it was 0.34, and between day 1 and 2 was 0.74.
All three correlations were statistically significant (P < 0.01). The body weight at weaning
was not correlated with the mean feed intake during the first three days postweaning
(P>0.10).

Feed Intake, growth and feed efficiency for the selected piglets

Feed intake for days 3 to 14 in the selected piglets is shown in Figure 2. On all days
subsequent to day 3, the mean feed intake for the piglets receiving the SMP diet was higher
than that for their counterparts consuming the FM diet. The difference showed a tendency

towards significance on day 13 (P < 0.10) and was significant on days 5 and 11 (P < 0.05).
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The mean feed intake during the first week was not different between the dietary groups, but
during the second week it was higher for the piglets given the SMP diet (P < 0.05).
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Figure 1 Histograms of the voluntary feed intake with mean value, SEM, and median for the
diets containing either skimmed milk powder (SMP; n=54) or feather meal (FM;
n=53) on days 0, 1, and 2 postweaning. NS: no significant difference between

dietary treatments.
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Figure 2 The voluntary daily feed intake (with SD) from days 3 to d 14 post weaning in
piglets fed the diets containing either skimmed milk powder (SMP) or feather meal
(FM). The number of piglets per treatment decreased with time: days 4-7, n=12;

days 7-14, n=6 (P-value of effect of diet composition: **, P <0.01; *, P <0.05; t, P
<0.10).

For the 36 selected piglets, the feed intake of subsequent days was significantly correlated.
During days 0 to 3 the Pearson correlation coefficients for feed intakes on subsequent days
were rather low (R< 0.5), but from day 4 onwards the correlation was higher (R > 0.5). The
feed intake during days 0 to 3 had no predictive value for that during days 7 to 14. The feed
intake for each set of two days in the period of days 9 to 13 was correlated (P < 0.05). The
predictive value of the feed intake on a certain day for subsequent days increased with the

number of days postweaning.

Table 3 shows the growth rate and feed to gain ratio (feed efficiency, FE) for the selected
piglets receiving either the SMP or FM diet. Protein source and the mean feed intake
(P <0.01) affected growth and FE during both the first week and the first two weeks
postweaning. From days 0-7 and 0-14, the growth rate and FE of the piglets was higher for
the SMP-fed piglets when compared to the piglets fed the FM diet.

Small intestinal histology at weaning and in the selected piglets

Figure 3 shows villus height and crypt depth (with SEM) of the selected piglets fed either the
SMP or FM diet. At the proximal and mid small intestine, piglets fed either diet showed lower
(P < 0.05) villi on days 4 and 7 when compared to the values on day 0. On day 14, the villus
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Table 3  Least square means (£ pooled SEM; n=6) for growth rate and feed efficiency from
weaning to dissection in the selected piglets fed ad libitum diets based on either
skim milk powder (SMP) or feather meal (FM).

SMP FM SEM P-value '
Growth (g - kg - day™ - piglet™)
days 0 —4 150 100 26.7 ns
days 0 —7 233 64 36.4 *E
days 0 — 14 424 201 22.8 *ok

Feed efficiency (g gain - g feed™)

days 0 — 4 0.91 0.50 0.187 ns
days 0 —7 0.95 0.27 0.086 *x
days 0 — 14 0.98 0.59 0.037 *x

' P-value of the model: **, P < 0.01; ns, not significant.

height reached weaning levels again for the proximal intestine, but was even higher than that
on day O for the mid and distal small intestine. Crypt depth had increased at all three sites
(P < 0.05) during the first 2 weeks postweaning, when compared to day 0. As mentioned,
villus height was lowest on day 4 and then rose towards or even above weaning values. The
rate of recovery was assessed as the difference in mean villus height between days 14 and 4.
For the SMP-fed piglets, recovery was 125, 200 and 113 um at the proximal, mid and distal
small intestine, and for the FM-fed piglets it was 180, 148 and 150 um, respectively.
Likewise, for the SMP-fed piglets, the increase in crypt depth was 101, 72 and 3 um at the
proximal, mid and distal small intestine and for the FM-fed piglets this was 91, 85 and 39 um,
respectively. There was no significant diet effect on the recovery of villus height, but there
were tendencies (P < 0.10) for the recovery being greater in the proximal small intestine for
the FM-fed piglets and in the mid small intestine for the SMP-fed piglets. Supplying either the
SMP or FM diet did not affect the change in crypt depth over the period days 4 to 14
postweaning in the proximal and mid small intestine. In the distal small intestine, the FM-fed
piglets showed a larger increase in crypt depth (P < 0.05) when compared to the SMP-fed
piglets.

Table 4 shows the results on the small intestinal histology in relation to type of diet and small
intestinal site. The data for days 4, 7, and 14 postweaning were pooled. In the SMP-fed
piglets, the villus height was higher (P < 0.05) at the mid small intestine and tended to be
higher at the distal small intestine (P < 0.10), when compared to the piglets receiving the FM
diet. Crypt depth was higher at the proximal small intestine (P < 0.05) and tended to be higher
at the mid small intestine (P < 0.10) in the piglets receiving the SMP diet. Villus/crypt ratio
was not affected by protein source. The co-variable feed intake did not significantly affect the
small intestinal architecture (P>0.05).
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Table 4 Least square means (£ pooled SEM; n=6) for villus height and crypt depth in in the
selected piglets fed ad libitum diets based on either skim milk powder (SMP) or
feather meal (FM) for 4, 7, or 14 days.

Small intestinal site SMP diet FM diet SEM P-value'  Feed intake 2
P-value
Villus height  proximal 320 304 17.6 ns ns
(um) mid 314 266 15.1 * ns
distal 265 225 14.3 t ns
mean ° 300 265 11.7 t ns
Crypt depth proximal 276 250 9.6 * t
(pm) mid 254 231 7.9 t ns
distal 196 179 7.2 ns ns
mean 242 220 5.9 * ns
Villus/Crypt ~ proximal 1.2 1.2 0.08 ns ns
ratio mid 1.2 1.2 0.06 ns ns
distal 1.4 1.3 0.09 ns ns
mean 1.3 1.2 0.06 ns ns

' P-value of the model: *, P < 0.05; t, P <0.10; ns, not significant.

covariable of statistical model

3 mean value for the 3 small intestinal sites
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DISCUSSION

A piglet with a BW of 7.4 kg needs about 2.1 MJ DE per day for maintenance (NRC, 1998),
which is equivalent to about 143 g of the feed used in this study. On day 3 postweaning the
average voluntary feed intake supplied sufficient energy for maintenance, but 36 % of the
piglets did not eat enough to meet maintenance requirements. The mean energy intake on day
0 was 19 % of that required for maintenance; 3 % of the piglets ate above maintenance. On
days 1 and 2 mean energy intake was 89 % and 142 % of maintenance with 44 % and 64 %,
of the piglets eating above maintenance, respectively. Le Dividich and Herpin (1994)
summarized several data sets and concluded that on average the metabolisable energy (ME)
requirement for maintenance was not met until the fifth day after weaning. The optimal feed
intake required for piglets, weaned between 28 and 35 days of age, in order to meet the
protein requirement is 25 g feed - (kg BW)' (Aumaitre et al., 1995). For the pigs in our
experiment the feed intake for optimal protein provision would be 185 g. This level was
reached on the third day postweaning. To realise pre-weaning growth rates between 200 and
280 g - day’, the piglets would need to consume between 320 and 475 g feed - day” (Fowler
and Gill, 1989; Pluske et al. 1995). The feeding level of 320 g was attained on day 5 when the
SMP diet was fed and on day 7 when the FM diet was fed. These calculations highlight the
importance of attempts to raise feed intake after weaning. The first objective of this study was
to investigate whether the dietary protein source affects feed intake during the first three days
after weaning. The results showed that the initial drop in feed intake after weaning was not
influenced by the feeding of the diets containing either SMP or FM. This result was not
anticipated because SMP has been regarded as highly palatable for piglets. FM on the hand
would be expected not to be palatable. Possibly, the inclusion levels of the two protein
sources were too low for a diet effect on palatability to become apparent and/or any effect of
SMP versus FM was masked by the other components of the diets. In any event, it is clear that
in this study the use of SMP or FM as protein source did not influence feed intake during the

first three days after weaning.

The second objective of this study was to examine whether protein source, differing in the
ileal digestibility of dietary protein, influences the recovery of villus architecture in newly
weaned piglets. FM was assumed to have a lower ileal protein digestibility than SMP (CVB,
2000), but the amounts of ileal digestible Lys, Met + Cys, Thr and Trp in the diet were
balanced by the addition of crystalline amino acids (AA). Both villus height and crypt depth
were affected by the protein source in the diet. The selected piglets receiving the SMP diet
generally had longer villi and deeper crypts than the piglets receiving the FM diet. Specific
dispensable AA are metabolized in enterocytes for energy generation (Glu, Gln, Asp),
proliferation (Arg, Gln, Pro) and protection (Arg, Cys, Glu, Gly) of the small intestinal
mucosa (Wu, 1998) and thereby may affect villus length. In practical piglet diet formulation,
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only the first limiting indispensable AA for protein deposition are taken into account; i.e. Lys,
Met, Cys, Thr and Trp. The AA needs are estimated on the basis of data for growing pigs of
60 kg. The AA needs of growing pigs might differ from those of newly weaned piglets, which
could require specific dispensable AA to support the morphology and the functions of the
small intestinal mucosa. A lower content of dispensable AA in the small intestinal chyme of

the piglets receiving the FM diet could have caused the oberved shorter villi.

In the literature, only a few protein sources have been described regarding small intestinal
integrity. The presence of anti-nutritional factors (ANF) has received considerable attention
and may explain the contradictory results obtained with soybean meal. Several workers noted
a decrease in villus height in weanling piglets fed a diet with a high level of soybean meal
instead of SMP (Dunsford et al., 1989; Li et al., 1991; Makinde et al. 1996), but other reports
do not confirm this (Makkink, 1993; McCracken et al., 1999, Jiang et al., 2000). Recently,
Zarkadas and Wiseman (2000a; 2000b) demonstrated a negative correlation between the
trypsin inhibitor level in soybean meal and villus height or growth in weaned piglets.
Makkink (1993) showed that gut wall morphology was not affected by protein source in
piglets receiving dry diets with either 25.4 % soy protein concentrate, 34.4 % soybean meal,
47.0 % SMP or 21.3 % fish meal. Jiang and colleagues (2000) weaned piglets at 14 days of
age and fed them a dry diet based on either 15 % soybean meal or 10 % porcine spray dried
plasma. Protein source did not affect villus height, crypt depth or cell proliferation as
measured by 5-bromo-2-deoxyuridine (BrDU) incorporation (Jiang et al., 2000). The ileal
protein digestibility of the above mentioned protein sources is in decreasing order: SMP, 88
% > spray dried animal plasma, 87 % > soybean meal, 84 % > fish meal, 83 % > FM, 65 %
(CVB, 2000). SMP, spray dried animal plasma and fish meal had similar protein
digestibilities and, according to the studies mentioned above feeding of these sources to
piglets resulted in similar villus heights. Only FM has a substantial lower ileal protein
digestibility and the results of the present study showed a negative effect on villus
architecture. Thus, it seems that ileal protein digestibility affects intestinal morphology. It
should be stressed that FM versus SMP lowered feed intake, which is an important
determinant of villus height (Kelly et al., 1991; Pluske et al., 1996; Verdonk et al., 2001).
However, feed intake was not a significant covariable in the influence of dietary protein
source on villus height and crypt depth. Therefore, it seems that the decrease in villus height
in the FM-fed piglets when compared to the SMP-fed pigelts was caused by the lower ileal
protein digestibility.

In conclusion, SMP versus FM in the diet had no effect on feed intake during the first 3 days
after weaning. From day 4 postweaning onwards, the dietary protein source did affect the feed
intake in selected piglets with high feed intake. Postweaning feed intake was too low to meet

the maintenance requirements for energy during the first three days and was not sufficient to
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reach pre-weaning growth rates until the end of the first week postweaning. In the selected

piglets, SMP versus FM in the diet positively affected small intestinal morphology.
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ABSTRACT

Two separate experiments, but using the same diets, were designed to study whether the
addition to the diet of protein hydrolysates or crystalline glutamine (gln) affect small intestinal
integrity and growth performance. It was hypothesized that dietary supplementation of
hydrolysed proteins would increase the availability of amino acids for the gut wall and
therefore result in an improved small intestinal integrity and growth performance of piglets
after weaning. The five isonitrogenous diets differed in their protein composition: soybean
meal and wheat gluten (SBM+WG), SBM and hydrolysed wheat gluten (SBM+HWG),
hydrolysed soybean meal and WG (HSBM+WG), SBM and potato protein (SBM+PP), 2 % of
gln added to SBM and PP (SBM+PP+gln). In experiment 1, 88 piglets of 8.4 kg (SD: 0.82)
were weaned at 26 d of age (day 0). Piglets were dissected and sampled on days 0, 3, or 7
postweaning. Results showed that the protein hydrolysates did not increase villus height, did
not reduce crypt depth and did not raise brush-border aminopeptidase and isomaltase-sucrase
activity when compared to the diets containing the native proteins. In experiment 2, 165
piglets of 8.5 kg (SD: 1.33) were weaned at 26 d of age. Feed intake and weight gain were not
enhanced by the protein hydrolysates. The addition to the diet of crystalline gln resulted in
improved average daily gain and feed efficiency by 22 % and 17 %, respectively (P < 0.05)
when compared to the other diets and measured during the first 2 weeks postweaning. Gln did
not influence growth performance during days 0-7 postweaning. The feeding of protein
hydrolysates led to more non-consistent faeces when compared to the SBM+WG diet
(P < 0.05). In conclusion, dietary supplementation of protein hydrolysates did not ameliorate
the weaning-induced compromise of small intestinal integrity and did not enhance growth
performance. Dietary supplementation of gln did not affect villus architecture during the first

week postweaning, but it enhanced growth performance during the second week.

INTRODUCTION

The weaning transition of piglets is accompanied by low feed intake, causing growth stasis
(Leibbrandt et al., 1975) and decreased villus height and brush border enzyme activity, and
raised paracellular permeability of the small intestine (Kelly et al., 1991b; McCracken et al.
1999; also described in Chapter 3). Recovery of the intestinal mucosa with compromised
integrity and low digestive capacity might be enhanced by the availability of amino acids or
peptides that can be absorbed rapidly (Wu, 1998). It was thus hypothesized that dietary
supplementation of peptides, in the form of protein hydrolysates, would result in an improved
small intestinal integrity and growth performance of newly weaned piglets. To test our

hypothesis, the feeding of either hydrolysed wheat gluten or soybean meal was compared to
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that of the native proteins. We used villus height, crypt depth and brush border activities of
isomaltase-sucrase and aminopeptidase as indicators of mucosal integrity. As to mucosal
integrity, glutamine (gln) is thought to play a specific role in that it is a preferred energy
source for enterocytes (Souba, 1993; Wu, 1998). However, gln supplementation studies on
mucosal integrity in weanling piglets showed conflicting results (Ayonrinde et al., 1995; Wu
et al., 1996; Kitt et al., 2001). In the present study, the possible effect on mucosal integrity
and growth of weanling piglets of dietary gln was evaluated, either supplied via wheat gluten,

which is rich in gln, or in crystalline form.

MATERIALS AND METHODS

Two experiments, in the form of two consecutive batches each, were performed
simultaneously at the Swine Research Centre (SRC) of Nutreco (Boxmeer, The Netherlands).
Experiment 1 investigated the mucosal integrity of the small intestine. Experiment 2 was a
growth performance trial. A total of 253 weaned piglets were used [(Duroc x Yorkshire
synthetic) x (Yorkshire x Dutch landrace synthetic)]. Creep feed was not provided during the
suckling period so as to enhance the differential response, if any, to the experimental diets and
to prevent the induction of inter-individual variability by variable, pre-weaning ingestion of
solid feed (Bruininx et al., 2002). The experimental protocol was approved by the Animal

Care and Ethics Committee of the University of Nijmegen (The Netherlands).

Experiment 1: Mucosal integrity of small intestine

Piglets and weaning

Barrows (n=44 per batch) were weaned at 26 days (SD: 1.4) of age; they had an average body
weight of 8.4 kg (SD: 0.82). At weaning (day 0), pigs were removed from the sow, weighed
and housed individually in pens (77x76 cm?). Each pen was equipped with a trough and a
water nipple. Environmental temperature was maintained at 27 °C. Lights were on from 06.00
to 22.00 h.

Feeds, feeding and experimental design

On the day before weaning (day —1), piglets were blocked by body weight (BW) and
randomly allocated to one of 10 groups (batch 1) consisting of 4 piglets each or 11 groups
(batch 2) consisting of 4 piglets for 12 groups and 8 piglets for 1 group. Littermates were
divided evenly among the groups. The groups were to differ in diet type and/or day of
dissection. On day 0, dissection was performed on one group of 8 piglets in batch 2. The
remaining 10 groups in batch 2 and the 10 groups in batch 1 were dissected on day 3 or 7

postweaning and received one of 5 experimental diets (Table 1).
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Table 1  Ingredient composition of the experimental diets.

Diet code ' SBM SBM HSBM SBM SBM
WG HWG WG PP PP
Ingredients (g - (kg feed)™) gln
Wheat gluten (CP 2, 81.5 %) 100.0 - 100.0 - -
Hydrolysed wheat gluten * - 98.8 - - -
Soybean meal (CP, 51.2 %) 160.0 160.0 160.0 160.0
Hydrolysed soybean meal * - - 162.2 - -
Potato protein (CP, 79.2 %) - - - 102.9 102.9
Pre-gelatinised corn starch 192.9 190.8 199.0 195.6 174.3
Limestone 10.8 10.6 11.1 11.2 11.2
Mono calcium phosphate 16.3 16.5 15.8 15.6 15.6
Salt 9.4 8.1 52 9.5 9.5
Soya oil 43.0 45.5 39.0 45.0 46.3
Lysine 5.6 6.0 52 - -
Methionine - 1.0 0.1 0.4 0.4
Threonine 2.2 24 2.1 - -
Trytophan 0.1 0.6 0.6 - -
L-Glutamine ° - - - - 20.0
Constant components ° 459.8 459.8 459.8 459.8 459.8

Abbreviations: gln = glutamine; HSBM = hydrolysed soybean meal, HWG = hydrolysed wheat gluten; PP =
potato protein; SBM = soybean meal; WG = wheat gluten.

CP = crude protein

DMYV International, Veghel, The Netherlands: CP, 82.5 %; average molecular weight (MW), 800 D; degree
of hydrolysis (DH) is the number of peptide bonds broken upon hydrolysis as % of the total number of
peptide bonds present in the intact protein, 9 %; free amino acids (FAA), 2 %

DMYV International, Veghel, The Netherlands: CP, 50.5 %; MW, 320 D; DH, 27 %; FAA, 7 %

Purity > 99 %

The constant components consisted of (g per kg feed): corn, 250; barley, 150; lactose, 50; choline chloride
(purity 50 %), 2.8; titanium oxide, 5; vitamin and trace element premix, 2. The vitamin and trace element
inclusion supplied (per kg feed): vitamin A, 10000 IE; vitamin D3, 2000 IE; vitamin E, 65000 IE; vitamin
K3, 2 mg; vitamin B1, 1 mg; vitamin B2, 3 mg; panthotenic acid, 10 mg; niacin, 20 mg; biotin, 30 ug;
vitamin B12, 20 pg; folic acid, 0.2 mg; vitamin B6, 4 mg; Fe, 160 mg; Cu, 160 mg; Zn, 100 mg; Mn, 30 mg;
I, 10 mg; Se, 0.2 mg; antioxidants (E130, E320, E321), 60 mg

The diets were pelleted and then crumbled prior to feeding. The experimental diets differed

with respect to protein composition. Wheat gluten (WG), soybean meal (SBM) and potato

protein (PP) were fed as native proteins. One diet contained a combination of SBM and WG.

To formulate another diet, WG was replaced on a protein basis (N x 6.25) by hydrolysed
wheat gluten (HWGQG); the diet code is SBM +HWG. SBM was exchanged on a protein basis
by hydrolysed soybean meal (HSBM) in the diet with code HSBM+WG. To formulate the
low-glutamine diet, WG was exchanged by PP, which is low in gln; the diet code is SBM+PP.
Two percent of gln (20 g - kg') was added to the PP+SBM diet to make the diet with code
SBM+PP+gIn. The amount of supplementary gln was based on research by Ayonrinde et al.
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(1995) and Wu et al. (1996), showing that the addition of gln improved mucosal integrity of
weanling piglets. The effect of protein hydrolysates on mucosal integrity was evaluated by
comparing piglets fed the diet SBM+WG with either the diets HSBM + WG or SBM + HWG.
The effect of gln could be ascertained by contrasting the piglets fed the diet SBM + PP + gln
with those receiving the diet PP + SBM. Table 2 shows the calculated nutrient composition of
the diets. Analysed macronutrient composition is shown in Table 3. The calculated and
analysed compositions agreed well.

Table 2  Calculated nutrient composition of the experimental diets.

Diet code ' SBM SBM HSBM SBM SBM
WG HWG WG PP PP
Nutrients (g - (kg feed)™) gln
Macronutrients
Moisture 88 87 82 92 91
Crude protein 208 209 208 201 221
Crude fat 64 60 61 63 64
Crude fibre 24 24 24 24 24
Ash 54 52 51 53 53
Starch 426 424 431 421 402
Sugar 22 22 23 22 22
NE (M) * 10.7 10.7 10.7 10.7 10.7

Ileal digestible amino acids *

Lysine 11.0 11.0 11.0 11.0 11.0
Methione 2.8 33 2.9 3.7 3.7
Cystine 33 2.9 33 2.5 2.5
Methionine + Cystine 6.2 6.2 6.2 6.2 6.2
Threonine 7.6 7.6 7.6 7.6 7.6
Tryptophan 2.0 2.0 2.0 2.0 2.0
Glutamate + Glutamine 45.4 51.2 45.1 25.5 45.5

' Abreviations: gln = glutamine; HSBM = hydrolysed soybean meal; HWG = hydrolysed wheat gluten; PP =

potato protein; SBM = soybean meal; WG = wheat gluten.

Calculated amounts of vitamin E and selected minerals and trace elements were as follows (per kg feed): Ca,
7.5g; P, 6.1 g;Na,3.7¢g;K,53g;CL 64 g; Cu, 162.1 mg; Fe, 240.6 mg; Zn, 117.2 mg; Mn, 39.4 mg; Vit
E, 40.0 IE.

Calculated with the use of the Dutch feed tables (CVB, 2000).

After weaning (days 0 to 7) the piglets were given acces to a maximum of dietary energy.
Formula 1 describes the maintenance requirement for net energy (NE.) of the piglets
according to their metabolic weight on the day of weaning (NRC, 1998):

NEq, (kJ - day™) = 326.4 x BW,"" [1]

where NE,, is the net energy intake at maintenance level (kJ - day™) and BW, is BW on day 0
(kg). The piglets received 0.25 x NE,;, on day 0, 0.5 x NE,, on day 1, 0.75 x NE,, on day 2,
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1 x NE,, on day 3, 1.5 x NE,;, on day 4, 2 x NE,, on day 5, 2.5 x NE,, on days 6 and 7. Piglets
were fed equal portions of feed 4 times per day at 0900, 1130, 1400 and 1700 h. Feed refusals
were collected, weighed and subtracted from the amount of feed offered to calculate actual

daily feed intake which was expressed as g - (kg BW,""%) ™.

Table 3  Analysed nutrient composition of the experimental diets.

Diet code ": SBM SBM HSBM SBM SBM
WG HWG WG PP PP
gln
Macronutrients (g - kg feed)
Moisture 98 92 86 98 99
Crude protein 199 209 203 199 223
Crude fat 59 54 55 56 59
Crude fibre 19 18 19 21 25
Ash 50 52 52 51 49
Starch 453 428 446 452 428

' Abreviations: gln = glutamine; HSBM = hydrolysed soybean meal; HWG = hydrolysed wheat gluten; PP =

potato protein; SBM = soybean meal; WG = wheat gluten.

Growth and faeces consistency

Piglets were weighed on days —1, 0, 3 and 7 postweaning. Average daily gain (ADG) was
calculated for the periods: days —1 to 0, days 0 to 3 and days 3 to 7. Faecal consistency was
monitored twice a day and quantified using a scale ranging from 0 to 3 with 0 = normally
shaped faeces, 1 = shapeless (loose) faeces, 2 = thick, liquid (soft) faeces, and 3 = thin, liquid
faeces (watery diarrhoea). Scoring was done by experienced care takers who were blinded to

treatment modality.

Sampling of small intestine

On days 0, 3 and 7 postweaning, piglets to be killed were weighed and euthanized with a 5-ml
intra-cardiac injection of Euthestate™ (pentobarbital sodium, 200 mg - ml"'; Ceva Sante
Animale B.V. Maasluis, The Netherlands). The piglets were killed between 0800 and 1600 h
on days 3 and 7, the order being stratified according to the type of diet fed. At 30 min before
killing on days 3 and 7, each piglet was given access to its pre-set amount of feed. A midline
laparotomy was performed and a jejunal segment was taken just distal to the ligament of
Treitz (proximal small intestine) and a second segment at 3 m distal of this ligament (mid
small intestine). Liver and pancreas were removed and weighed. Stomach, small intestine and
large intestine were removed and their empty weights determined. Chyme present in the last
2 m of small intestinal tract was collected to determine its dry matter content. Empty body
weight (EBW) was determined as animal weight without the gastrointestinal tract, liver and

spleen.
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To characterize the jejunal mucosa morphologically, the tissue samples of the proximal and
mid small intestine were cut open longitudinally at the anti-mesenteric attachment. After
attachment to dental wax, the tissue was fixed in 0.1 mol per 1 phosphate buffered formalin
(40 ml formalin - 1""). A 3-mm wide zone from the mesenteric site was cut at a right angle to
the surface of the mucosa and embedded in paraffin wax. Sections (5 um) were cut and
stained with the periodic acid/Schiff procedure (PA/S). These PA/S-stained sections were
subsequently used to determine crypt depth (um) and villus length (um). One slide per piglet

was used and the average values taken for a minimum of 5 villi and crypts.

To measure the specific activity of brush-border-membrane-associated isomaltase-sucrase and
aminopeptidase, a proximal small intestinal tissue sample (15 cm) was taken and rinsed with
phosphate-buffered saline (PBS), pH 7.2 (0.01 M NaH,PO4, 0.01 M Na,HPOy4, 0.9 % (W/v)
NaCl). The mucosal layer was carefully scraped off from the muscle layer, quickly frozen in
liquid nitrogen and stored at —80 °C until analysis. The enzyme activity was measured as
described by Pusztai et al (1996). The mucosal scrapings were homogenized in ice-cold, twice
distilled water using a Virtis blender (The Virtis Company, Gardiner, NY, USA) at full speed
for 1 min at 0 °C to give a final concentration of 5 % (v/w). Subsequently, the homogenates
were sonicated twice at 0 °C for 15 s, separated by an interval of 30 s, at an amplitude of
24 pm with an MSE Soniprep 150 (Beun de Ronde B.V., Abcoude, The Netherlands). The
protein content of the sonicates was determined (Smith et al., 1985), adjusted to
approximately 350 pg protein - ml" and used to measure enzyme activities. The activities
were tested under conditions of linearity with amount of enzyme and incubation time. The
reactions were done in triplicate on each intestinal segment per piglet. The activity of
isomaltase-sucrase (EC 3.2.1.48) was measured with saccharose (Messer and Dahlqvist,
1966) as substrate (1 unit = 1 pmol disaccharide hydrolysed - min™), and the activity of
aminopeptidase (EC 3.4.11.2) using L-alanine-p-nitroanilide (Marouz et al., 1973) as
substrate (1 unit = 1 nmol substrate hydrolysed - min") and expressed as enzyme units - g

protein™.

Stastistical analysis

A GLM procedure (SAS version 6.12, SAS Institute, Cary, NC) was used to estimate the
least-square means (LSMeans) for the different treatments. The effect of diet composition was
analysed for each day of sampling separately. The two-way interaction of batch x diet

composition was not significant and therefore not included in the final model:
yik =+ Bi+Dj+ bxFI + e ijk [2]

where yijx = dependent variable; u = overall mean; B; = fixed effect of batch (1 = 1, 2);
D; = fixed effect of diet composition (j = 1, 2, 3, 4, 5); FI = effect of average feed intake
(co-variable), during days 1-3 for piglets dissected on day 3, or during days 3-7 for piglets
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dissected on day 7 and expressed as g - (kg BW’")"!

; eijk = error term. Postweaning feed
intake is an important determinant of mucosal integrity and growth performance of piglets
(Kelly et al., 1991b; McCracken et al., 1995; Van Beers-Schreurs 1996). To assess the effect
of diet composition rather than that of diet-induced feed intake, it was decided to incorporate
feed intake as a co-variable into the statistical model. An additional reason was the observed,
large inter-individual wvariation of postweaning feed intake. The values for faeces
inconsistency were not normally distributed. Therefore the effect of dietary treatment was
analysed with the y” test of the Cadmod procedure. For the feed intakes of all dietary

treatments combined a box-whisker plot as function of postweaning days was constructed.

Experiment 2: Growth trial

Piglets and weaning

To evaluate the effect of the experimental diets on growth performance during the first two
weeks after weaning, a growth trial was done. After piglets had been assigned to Experiment
I, remaining barrows (n=30) and gilts (n=135) with an average BW of 8.5 kg (SD: 1.33) were
used in two identical growth trials. At weaning, pigs were removed from the sow, weighed
and housed with 3 piglets per pen (150 x 100 cm?®). Each pen was equipped with a trough and
a water nipple. Environmental temperature was maintained at 27 °C during the first week and

at 25 °C during the second week postweaning. Lights were on from 06.00 to 22.00 h.

Feeds, feeding and experimental design

On day -1, all piglets were weighed, blocked by sexe and BW and subsequently randomly
allocated to 5 experimental groups within each batch. Littermates were evenly distributed
among groups. During the first 2 weeks postweaning, piglets received one of five

experimental diets as described above (Tables 1-3). Water and feed were available ad libitum.

Growth and faeces consistency
Piglets were weighed on days —1, 0, 7 and 14 postweaning. Feed intake was measured for the
periods: days 0-7 and days 7-14 after weaning. Faeces consistency and shape was scored

twice a day per pen as described above.

Statistical analysis

The GLM procedure was used to calculate the LSMeans for each treatment. The experimental
unit was a pen with 3 piglets. The effect of diet composition on the technical results was
evaluated with batch, stable, diet composition and BW at weaning (co-variable) as
independent variables. BW at weaning was used as co-variable because there was

considerable variation and because it is negatively related with initial feed intake after
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weaning (Bruininx et al., 2001). The two-way interactions of batch x diet composition and

stable x diet composition were not significant and were not included in the final model:
Vi = 1+ Bi + S(B); + Dy + bxBW + ejji [3]

where yj = dependent variable; p = overall mean; B; = fixed effect of batch (i = 1, 2);
S(B); = fixed effect of stable, nested within batch (j = 1, 2); BW, = effect of weight at
weaning (co-variable); Dy = fixed effect of diet composition (k = 1, 2, 3, 4, 5); e = error

term. The data on faeces inconsistency were analysed as described above.

RESULTS

Experiment 1: mucosal integrity of small intestine

Performance

Feed intake did not differ significantly between dietary treatments. Group mean feed intake
during days 3-7 was lowest for the groups fed the diets SBM+HWG and HSBM+WG (Table
4). Daily feed intake (g - (kg BW®7)" . day™) for all dietary treatments combined are shown
in Figure 1 as a box-whisker plot and as means and SD. The increase in the amount of feed
offered was associated with an increase in both average daily feed intake and SD. Based on
the energy content of the feeds (Table 2) and assumed maintenance requirement (NRC, 1998),
the feed intake to meet the net energy requirement for maintenance was calculated to be about
31 g - (kg BW*”)! . day". On day 7, 27.5 % of the piglets ate below their maintenance
requirement. Overall, average daily feed intake during the first week was 119 g - day™ - pig”
(SD: 45.1).

BW at weaning was 8.4 kg (SD: 0.72; n=88). ADG did not differ between dietary treatments.
Overall ADG was 273 g (SD:138.7) from days —1 to 0 (n=80), - 28 g (SD: 74.9) from days 0
to 3 (n=80), 120 g (SD: 117.6) from days 3 to 7 (n=40) and 82 g (SD: 60.8) from days 0 to 7
(n=40). EBW did not differ between dietary treatments (Table 4). EBW decreased from
7.7 kg (SD:0.81) on day 0, to 7.3 kg (SD: 0.69) on day 3 and 7.3 kg (SD: 0.79) on day 7. On

day 7, feed intake as co-variable was positively correlated with EBW.

Faeces consistency

None of the piglets received medical treatment during the experimental period. Only 1 piglet
showed signs of illness. The average incidence of facces inconsistency (% of days with faeces
score > 1) was 11 % (SD: 24.3) for the piglets dissected on day 3 and 34 % (SD: 25.8) for the
piglets dissected on day 7. The incidence of faeces inconsistency for the piglets dissected on
day 7 was significantly lower (P < 0.05) when they had received the SBM+PP diet (18 %, SD:
23.8) instead of the other 4 experimental diets (38 %, SD: 25.1). Inclusion of an independent
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Figure I Box-Whisker graph of feed intake expressed as g per kg metabolic weight by
piglets for the first 7 days after weaning (days 1-3, n=80; days 4-7, n=40). The
graph shows the means + SD and the median within the boxes and the rage as
adjacent bars. The upper and lower closures of the boxes indicate the quartiles. The
gray area represents the amount of feed offered. The amount of feed needed for

maintenance per pig is 30.6 g - (kg BW"”)" . day.

binomial variable in the statistical model for piglets with a faeces score of > 2 at two
consecutive days did not affect the outcome and the data of these piglets were not excluded
from the statistical analysis. The dry matter content of the chyme in the last 2 m of the small
intestine was not affected by diet composition (Table 5). Feed intake was positively

associated with the dry matter content of chyme.

Organ weights

Table 4 shows the effect of diet composition and feed intake on organ weights expressed as
g - (kg EBW)™. Diet composition did not affect weight of the gastrointestinal tract on day 3.
On day 7, diet composition tended to affect liver and pancreas when corrected for EBW, but
not as absolute values (data not shown). The addition of crystalline gln to the diet tended to
increase the liver weight. Diets containing PP tended to induce a heavier pancreas weight
when compared to diet SBM+HWG. Hydrolysis of WG or SBM neither affected liver nor
pancreas weight on day 7. Feed intake during days 1-3 was positively correlated with the
weight of small intestine, large intestine and liver on day 3. Feed intake during days 3-7 was
positively correlated with EBW and the weight of the small intestine and pancreas on day 7,

but was negatively correlated with stomach weight on that day.
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Table 4 The effect of diet composition and feed intake as co-variable on empty-body

weight and organ weights of newly weaned piglets dissected on day 3 or day 7 after

weaning (Experiment 1)"%7,

Diet codes Feed intake as
SBM SBM HSBM SBM SBM co-variable *
WG HWG WG PP PP P—V?lue b®  P-value
gln  SEM
Day 3
Feed intake,d 1 =3 (g- (kg BWy)")| 74 96 86 66 92 146 ns
EBW (kg) 73 72 73 73 72 026 ns | 001 ns
Organ weights (g - (kg EBW)™)
- Stomach 6.8 6.6 5.9 6.2 6.1 043 ns -0.001 ns
- Small intestine 264 263 268 284 271 1.67 ns | 0.54 o
- Large intestine 134 143 137 148 144 0.84 ns 0.30 ok
- Liver 28.1 304 300 292 295 1.06 ns | 033 *
- Pancreas 1.1 1.4 1.5 1.3 1.3 0.13 ns 0.02 ns
Day 7
Feed intake, d 3 — 7 (g - (kg BW,")")| 40.1 302 31.3 385 383 4.71 ns
EBW (kg) 72 73 74 73 71 025 ns | 0.04 o
Organ weights (g - (kg EBW)™)
- Stomach 7.6 7.5 7.9 88 83 040 ns -0.06 *%
- Small intestine 383 392 398 380 429 18 ns | 0.11 t
- Large intestine 19.0 19.7 206 21.1 206 0.96 ns 0.02 ns
- Liver’ 31.6™®29.2% 303 28.8° 329 1.05 t -0.06 ns
- Pancreas ’ 22%® 20° 22%® 24° 25° 0.2 t 0.01 *

Abbreviations: BW, = body weight at weaning; EBW = empty-body weight; gln = glutamine; HSBM =
hydrolysed soybean meal; HWG = hydrolysed wheat gluten; PP = potato protein; SBM = soybean meal; WG
= wheat gluten

Data in the table are presented as least-square means (LSMeans) and standard error of the mean (SEM) for 8
piglets per dietary group

Baseline values (means and SD; n=8) for piglets killed at weaning (day 0) were as follows: EBW, 7.7 kg
(SD: 0.81); stomach, 5.3 g - (kg EBW)" (SD: 1.24); small intestine, 32.7 g - (kg EBW)" (SD: 5.32); large
intestine, 12.7 g - (kg EBW)™" (SD: 2.91); liver, 29.4 g - (kg EBW)™ (SD: 3.55); pancreas, 0.8 g - (kg EBW)"
(SD: 0.29).

Feed intake (g - (kg BW,""°)") is the average for day 1-3 in piglets dissected on day 3 and for days 3-7 in
piglets dissected on day 7. The effect of feed intake was statistically analysed by treating it as co -variable.
P-value of the model: **, P <0.01; *, P <0.05; t, P <0.10; ns, not significant.

Slope for the influence of feed intake as co-variable.

LSMeans in a row without a common superscript letter differ significantly (P < 0.10).
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Table 5 The effect of diet composition and feed intake as co-variable on small intestinal

(SI) characteristics of newly weaned piglets dissected on day 3 or day 7 after

weaning (Experiment 1)"%7,
Diet codes Feed intake as
SBM SBM HSBM SBM SBM co-variable
WG HWG WG PP PP P-value*| b’  P-value
gln SEM

Day 3
SI length / kg EBW (cm - kg™) 100.3 101.3 98.5 110.1 1064 5.29 ns 1.17 t
SI weight / length (g - cm™) 027 026 027 026 026 0.012 ns 0.002 ns
Protein content SI mucosa (g - g™) 046 046 055 0.56 0.56 0.048 ns 0.001 ns
Dry matter in SI chymus (%) 8.0 77 113 56 7.0 147 ns 0.49 HoE
Specific enzyme activity
(units - (g protein)™

- aminopeptidase 338.2 415.7 404.9 339.3 292.5 55.75 ns 10.22 ns

- isomaltase-sucrase 2377 190 165 150 132 271 ns 0.90 ns
Day 7
SI length / kg EBW (cm - kg™) 113.7 111.0 110.8 111.0 116.1 4.61 ns -0.26 ns
SI weight / length (g - cm™) 034 035 036 034 037 0.011 ns 0.002 o
Protein content SI mucosa (g - g™) 0.65 0.68 0.65 0.68 0.63 0.031 ns 0.005 hok
Dry matter in SI chymus (%) 54 6.5 4.9 6.0 6.0 0.81 ns 0.13 *x
Specific enzyme activity
(units - (g protein)™)

aminopeptidase 365.0 330.7 289.8 367.2 293.5 30.71 ns 2.76 *
isomaltase-sucrase ° 17.4° 133" 143° 244° 129" 2.87 * 1012 ns

Abbreviations used: BW, = body weight at weaning; EBW = empty-body weight; gln = glutamine; HSBM =
hydrolysed soybean meal; HWG = hydrolysed wheat gluten; PP = potato protein; SBM = soybean meal; WG
= wheat gluten

Data in the table are presented as least-square means (LSMeans) and standard error of the mean (SEM) for 8
piglets per dietary group

Baseline values (means and SD; n=8) for piglets killed at weaning (day 0) were as follows: SI length, 99.2
cm - (kg EBW)™ (SD: 13.73); SI weight, 0.3 g - cm™ (SD: 0.03), protein content SI mucosa 0.8 g - g (SD:
0.07); aminopeptidase specific activity 538.2 units - (g protein)” (SD: 135.62); isomaltase-sucrase specific
activity 59.8 units - (g protein)” (SD: 20.33).

P-value of the model: **, P <0.01; *, P <0.05; t, P <0.10; ns, not significant.

Slope for the influence of feed intake as co-variable.

LSMeans in a row without a common superscript letter differ significantly (P < 0.05).

Enzyme activity

The activity of brush-border aminopeptidase and isomaltase-sucrase was expressed as units
per g mucosa protein. The protein content of the small intestinal mucosa was not affected by
diet composition and was on average 0.52 g - (g mucosa)’ (SD: 0.148) on day 3 and
0.66 g - (g mucosa)” (SD: 0.110) on day 7 (Table 5). On day 7, feed intake was positively

correlated with the protein content of the mucosa. Diet composition did not affect the
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aminopeptidase activity. Overall aminopeptidase activity was 538.2 (SD: 135.62) on day 0,
358.1 (SD: 167.09) on day 3 and 329.2 (SD: 99.07) on day 7. Overall isomaltase-sucrase
activity decreased from 59.8 (SD: 20.33) on day 0, to 17.4 (SD: 9.17) on day 3 and 16.5
(SD: 10.12) on day 7. Diet composition did not affect isomaltase-sucrase on day 3, but on day
7 isomaltase-sucrase activity was higher in piglets fed the diet SBM+PP when compared to

piglets fed the other diets.

Morphology

Villus height and crypt depth at the proximal and mid small intestine on days 3 and 7
postweaning is shown in Figure 2. Diet composition did not affect villus height at the
proximal and mid small intestine. When all data were combined, villus height (um) at the
proximal small intestine decreased from 525 (SD: 94.9) on day 0, to 285 (SD: 113.6) on day 3
and 320 (SD: 98.6) on day 7. Villus height (um) at the mid small intestine decreased from 487
(SD: 94.9) on day 0 to 312 (SD: 93.3) on day 3 and 263 (SD: 70.8) on day 7. Crypt depth at
the proximal and mid small intestine on day 3 or at the mid small intestine on day 7 was not
affected by diet composition. Crypt depth at the proximal and mid small intestine increased
with postweaning time. On day 7, crypt depth at the proximal small intestine was significantly
deeper for piglets fed the diets containing hydrolysed protein sources when compared to their
counterparts fed the native protein sources. On day 7, feed intake for all treatments combined
was positively correlated with villus height at the proximal and mid small intestine (P < 0.01),
the explained variance (R) being 71 and 45 %, respectively. On day 3, feed intake was
positively correlated with villus height at the proximal small intestine (R = 53 %, P < 0.01),
but was not correlated with the villus height at the mid small intestine. Crypt depth at the
proximal small intestine was not correlated with feed intake, neither on day 3 nor on day 7.
However, crypt depth at the mid small intestine was correlated with feed intake on both days
3 and 7 (P <0.05).

Experiment 2: Growth trial

Average BW at weaning was 8.5 kg (SD: 1.33). Feed intake did not differ between dietary
treatments (Table 6). During the first week postweaning, growth and feed efficiency were not
significantly different between dietary treatments, but during the second week, piglets
receiving the diet supplemented with crystalline gln had higher ADG and feed efficiency than
the piglets fed the other diets. A similar effect was seen when the data for the first two weeks
were combined. In the second week postweaning, feeding the diet HSBM+WG depressed
growth and feed efficiency.
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Figure 2 Effect of diet composition on villus height and crypt depth at the proximal and mid
small intestine of piglets dissected on day 3 (upper graph) or day 7 (lower graph)
after weaning. Diets codes are as follows: SBM = soybean meal; WG = wheat
gluten; HWG = hydrolysed wheat gluten; HSBM = hydrolysed soybean meal; PP =
potato protein; gln = glutamine. Results are presented as means £ SD for 8 piglets

per diet per postweaning day. Means with different letters are significantly
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different (P < 0.05).

Four piglets showed vomiting and two piglets showed signs of lameness. During on average
43 % (SD: 15.6) of the days in the trial, the faecces was considered not to be consistent. During
the first week after weaning, the diet SBM+WG had reduced incidence of faeces
inconsistency (Table 7). During the second week and during the first two weeks combined,
piglets receiving the diet SMB+WG also showed more consistent facces when compared to
piglets fed the other diets.
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Table 6 Effect of diet composition on growth performance of piglets during 2 weeks

postweaning (Experiment 2) |

Diet code *: SBM ! SBM HSBM SBM SBM
WG HWG WG PP PP
gln SEM P-value *
Average daily gain (g - day™ - pig™)
week 0-1 93 79 86 92 95 13.0 ns
week 1-2° 216° 211°% 184 ¢ 233° 271° 13.3 ok
week 0-2 155 145 135°¢ 163 * 183 10.0 *

Average daily feed intake (g - day™ - pig”)

week 0-1 174 152 168 172 167 10.4 ns
week 1-2 310 286 289 317 325 13.4 ns
week 0-2 242 219 228 245 246 10.3 ns

Feed efficiency (g gain - (g feed)™)

week 0-1 0.51 0.52 0.50 0.52 0.55 0.054 ns
week 1-2 0.70 0.73° 0.63°¢ 0.74° 0.84° 0.033 ok
week 0-2 0.64 0.66° 0.59° 0.66° 0.74° 0.028 ok

' Results are expressed as least-square means (LSMeans) for 11 pens per dietary treatment, each pen

containing three piglets.

gln = glutamine; HSBM = hydrolysed soybean meal; HWG = hydrolysed wheat gluten; PP = potato protein;
SBM = soybean meal; WG = wheat gluten.

P-value of the model: **, P <0.01; *, P <0.05; ns, not significant.

LSMeans in a row without a common character in the superscript differ significantly.

DISCUSSION

Weaning of piglets is known to compromise their mucosal integrity as indicated by a fall of
the activity of the brush-border enzymes isomaltase-sucrase and aminopeptidase (Hampson,
1986; Miller et al., 1986; Kelly et al., 1991a) and a decrease in villus height and a increase in
crypt depth (Hampson, 1986; Miller et al., 1986; Cera et al., 1988; Dunsfort et al., 1989; Hall
and Byrne, 1989; Kelly et al., 1991a; Nabuurs 1991; Pluske et al., 1996; also described in
Chapter 3). The well-known effects of weaning on mucosal integrity were also found in this
study. When the data of all treatment groups were combined, villus height was positively
correlated with feed intake. This correlation has been reported earlier (Kelly et al. 1991b;
McCracken et al., 1995; Van Beers-Schreurs, 1996; Pluske et al., 1996; Verdonk et al., 2001).

The weaning-induced reduction in villus height and aminopeptidase activity lowers the
capacity of the small intestine to digest and absorb dietary proteins. Makkink (1993) found an
increased ratio of precipitable protein to total crude protein in the jejunal digesta on 3 and 6

days after weaning, indicating that protein digestion was impaired. Caine (1997) showed that
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Table 7 Effect of diet composition on incidence and severity of faeces inconsistency of

piglets during 2 weeks postweaning (Experiment 2)".

Diet code *: SBM SBM HSBM SBM SBM
WG HWG WG PP PP
gln
mean SD mean SD mean SD mean SD mean SD

Incidence of faeces inconsistency (%) °

week 0-1 169* 1668 37.7° 1945 351° 1734 286° 1690 37.7° 1837
week 1-2 545 3489  83.1° 2101 857° 21.19 70.1° 2889 67.5° 2641
week 0-2  357% 2412  604° 1789  604° 1331 494" 1643 526%™ 17.86

Severity of faeces inconsistency *

week 0-1 1.2 0.99 1.9 0.69 1.7 0.79 1.7 0.74 2.0 0.36
week 1-2 L.5 0.57 1.8 0.35 2.0 0.36 1.7 0.33 1.8 0.39
week 0-2 1.5 0.58 1.9 0.36 2.0 0.31 1.8 0.31 1.8 0.32

' Results are given for 11 pens per dietary treatment, each pen containing three piglets. The data were not

normally distributed but are presented as means = SD to enhance interpretation.

gln = glutamine; HSBM = hydrolysed soybean meal; HWG = hydrolysed wheat gluten; PP = potato protein;
SBM = soybean meal; WG = wheat gluten.

Data presented as means + SD and expressed as % of days within the period shown with faecal consistency
score of 1, 2 or 3, i.e. inconsistent faeces. Means in a row without a common superscript letter differ
significantly, P < 0.05 as analyzed with ¥~ test

Data presented as means + SD and expressed as the average faecal score when piglets show inconsistent

faeces within the period shown.

the apparent ileal protein digestibility was low 7 days after weaning. Thus, it was
hypothesised that hydrolysis of dietary proteins before ingestion would increase the
availability of amino acids for the gut wall and therefore counteracts the decrease in the small
intestinal integrity after weaning. Evaluation of the present data leads to rejection of the
hypothesis. The incorporation into the diet of either HWG or HSBM instead of the native
proteins did not increase villus height and did not raise brush border activities of
aminopeptidase and isomaltase-sucrase. In addition, the hydrolysed versus intact proteins did
neither increase organ weights nor feed intake, or growth in the current study. However, on
day 7 after weaning, the protein hydrolysates had induced deeper crypts at the proximal small
intestine. Similarly to our study, other investigators showed that villus height was similar for
hydrolysed versus intact SBM (McCracken et al., 1998; Rooke et al., 1998). However, when
hydrolysed casein was fed, villus height was decreased at the proximal small intestine
(Hampson, 1986). Rooke et al. (1998) showed that piglets fed protease-treated SBM showed
similar aminopeptidase, lactase and maltase activities, but had increased sucrase activity when
compared to piglets fed untreated SBM. Hampson (1986) showed an increase in lactase and
sucrase activity in the mid small intestine, but not in the proximal and distal small intestine,

when piglets were fed hydrolysed instead of untreated casein. However, isomaltase-sucrase
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activity was not affected by hydrolysis in the current study. Other piglet trials comparing the
feeding of native proteins with hydrolysed proteins showed either similar (Leibholz, 1981;
Richert et al., 1994; Caine, 1997) or increased (McCracken et al., 1998; Rooke et al., 1998)
ADG.

Faeces consistency of piglets fed the protein hydrolysates when compared with those fed the
untreated protein was generally decreased. In line with the tendency towards diarrhoea in the
piglets fed the protein hydrolysates is the observed, significantly lower weight gain in piglets
fed the diet HSBM+WG. In contrast, McCracken and colleagues (1998) showed less
diarrhoea when diets with hydrolysed soy protein isolate instead of either intact soy protein
isolate or milk protein were fed to piglets that were weaned 2 days postpartum. Hampson
(1986) showed no effect of hydrolysis of casein on the number of weanling pigs with

diarrhoea.

The inclusion of 2 % crystalline gln in the diet did not affect villus architecture in the current
study. Some trials with weaned piglets showed no effect on villus height with either 1 % (Kitt
et al., 2001) or 1.2 % gln in the diet (Touchette et al., 2000). Other trials showed that 1 % gln
(Wu et al., 1996) or 6.5 % glutamate (glu) (Ewtushik et al., 2000) had a positive effect on one
site of the proximal small intestine, but not further along the intestine. Ayonrinde and
colleagues (1995) showed that 4 % gln increased villus height in both the duodenum and
ileum. In contrast to the results of Ewtushik and colleagues (2000), liver weight expressed per
kg of EBW tended to be higher upon the addition of gln to the diet in the current study.
Surprisingly, the diet with extra gln caused a decrease in isomaltase-sucrase activity on day 7
after weaning. However, in earlier work the addition of 6.5 % glu did not affect total and
specific enzyme activity of lactase, sucrase and maltase (Ewtushik et al., 2000). Even though
there was a decrease in isomaltase-sucrase enzyme activity and no effect on gut morphoplogy,
growth and feed efficiency during the second week postweaning were increased by the
addition of gIn to the diet. Wu and colleagues (1996) showed improved feed efficiency but
similar growth during the second week postweaning when extra gln was fed. In other studies,
growth was either similar (Ewtushik et al., 2000) or increased by the addition of gIn to the
diet (Kitt et al., 2001). Lackeyram and colleagues (2001) noted increased growth with 0.8 %
gln, but no effect with either 1.6 % or 2.4 % gln. It may be concluded that the effects of gln
supplementation are equivocal, possibly due to interactions with the background composition
of the diet and/or other experimental conditions such as infectious pressure. WG contains a
high and PP a low content of gln. The diets containing either WG, HWG or gln contained a
similar amount of calculated gln plus glu in the diet, i.e. about 5 %. However, when compared
to the PP+SBM diet, which contained 2.5 % of gln plus glu, the diets containing either WG or
HWG did not improve growth performance unlike the diet containing crystalline gln. This

observation could also point at the gln effect being subject to nutrient interactions.
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IMPLICATIONS

The present study shows that the feeding of diets containing hydrolysates of either soybean
meal or wheat gluten or added crystalline glutamine did not ameliorate the weaning-induced
decrease in growth, villus height and specific enzyme activity as measured during the first
week postweaning. This information is relevant for the formulation of diets for weanling
piglets as the hydrolysates and gln are relatively expensive. When the data of all treatment
groups were combined, feed intake was positively correlated with organ weight, villus
architecture and brush-border enzyme activity. This indicates that, at least under the
conditions of this study, small intestinal development in weaned piglets depended on feed

intake rather than on diet composition.
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ABSTRACT

This study was designed to evaluate differential effects of dietary glucose, lactose and starch
on small intestinal morphology, organ weights, pH of chyme and haptoglobin levels in blood
plasma of weaned piglets. It was hypothesised that lactose consumption would ameliorate the
weaning-induced decrease in gut integrity. A total of 42 barrows was used. Piglets were
weaned at 26 days (SD: 0.8) of age and weighed 7.8 kg (SD 1.0). On the day before weaning
(day -1) all pigs were blocked according to body weight and randomly assigned to 7 groups
(n=6 per group). The groups differed in diet and day of dissection. On the day of weaning
(day 0), dissection was performed on one group of six piglets. The remaining groups were fed
one of three experimental diets in which glucose, lactose or starch had been iso-energetically
exchanged, supplying 24 % of the dietary energy. Piglets received a liquid diet (air-dry meal:
water = 1:2, w:w). The piglets were given access to a maximum of dietary energy in order to
prevent entanglement between feed intake and villus architecture. On days 0, 3 and 10
postweaning, pigs were weighed and euthanized. The results show that the carbohydrate
source did not affect growth performance, organ weights, villus architecture, pH of chyme
and plasma haptoglobin level. The weaning transition resulted in decreased villus height and
increased haptoglobin levels. In the contents of the caecum and large intestine, the pH
decreased after weaning. It is concluded that at least under conditions of unaltered feed intake
and low infectious pressure, dietary lactose does not ameliorate the weaning induced

compromise of small intestinal integrity when compared to either glucose or starch.

INTRODUCTION

At weaning, the diet composition of piglets changes drastically. The liquid sow milk is
replaced by pelleted dry feed with carbohydrates, instead of fat, as the main energy source. In
addition, lactose, the main carbohydrate in milk, is replaced by starch. The weaning transition
is accompanied by low feed intake (Leibbrandt et al., 1975; Okai et al., 1976), which causes a
reduction in villus height (Kelly et al., 1991; Pluske et al., 1996; Verdonk et al., 2001a).

We have shown that increasing amounts of lactose in the weaner diet at the expense of protein
were associated with higher group-mean villus height in the proximal small intestine of
piglets (described in Chapter 3), and we hypothesized that lactose has specific properties
contributing to mucosal integrity in newly weaned piglets. Epithelial cells need energy to
maintain gut integrity. By providing lactose as a preferred energy source for the epithelial
cells, the effect of postweaning low feed intake on small intestinal architecture might be
ameliorated. To test the specificity of lactose, three experimental weaner diets were

formulated containing 24 % of total net energy in the form of either glucose, lactose or starch.
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The diets were supplied to weanling piglets and their villus height and crypt depth were

measured on 3 and 10 days postweaning.

MATERIALS AND METHODS

Piglets and weaning

Barrows (n = 42) used were from the Swine Research Centre of Nutreco [(Duroc x Yorkshire
synthetic) x (Yorkshire x Dutch Landrace synthetic)]. The piglets were weaned at 27 days
(SD:0.8) of age (= day 0) and weighed 8.0 kg (SD: 0.53). Creep feed was not provided during
the suckling period so as to enhance the differential response, if any, to the experimental diets
and to prevent the induction of inter-individual variability by variable, pre-weaning ingestion
of solid feed (Bruininx, 2002). At weaning, pigs were removed from the sow, weighed and
housed individually in pens (80x100 cm?®). Each pen was equipped with two feed throughs
and a water nipple. Environmental temperature was maintained at 27 °C. During the day of
weaning, lights were on continuously. From day 1 onwards lights were on from 0600 till
2200 h. The experimental protocol was approved by the Animal Care and Ethics Committee
of the University of Nijmegen (The Netherlands).

Feeds, feeding and experimental design

On the day before weaning (day —1), piglets were blocked on the basis of body weight (BW)
and randomly allocated to one of seven groups. Littermates were evenly distributed among
the groups. The groups differed as to diet and/or day of dissection. On day 0, dissection was
performed on a group of 6 piglets. The remaining 6 groups were dissected on day 3 or 10
postweaning and received one of the 3 experimental diets in the form of a slurry. The water to

air-dry feed ratio was 2:1 (w:w).

A mixture of constant components was formulated (Table 1). The experimental diets differed
in their carbohydrate composition. Glucose, lactose and wheat starch were iso-energetically
exchanged and supplied 24 % of total energy of the diet. Wheat starch is regarded rapidly
digestible as based on its in-vitro, fractional digestion rate and has a total potential
digestibility of 99.9 % (SD: 0.93) (Weurding et al., 2001). The calculated nutrient

composition of the experimental diets is shown in Table 2.

After weaning (days 0 to 10), the piglets were given access to a maximum amount of dietary
energy. The following formula describes the amount of net energy for maintenance (NE;,) of

the piglets according to their metabolic weight on the day of weaning (NRC, 1998):
NE., (kJ - day™) = 326.4 x BW,"" [1]
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where NE,, is the net energy intake at maintenance level (kJ - day™) and BW, is BW on day 0
(kg). The piglets were offered 0.5 x NE,, on day 0, 1.0 x NE,, on day 1, 1.5 x NE,, on day 2
and 2.0 x NE,, from day 3 onwards. Piglets were fed equal portions of feed 3 times per day
from day 0 to 3 (at 1000, 1300 and 1600 h) and 2 times per day from day 4 onwards (at 1000
and 1600 h). Feed refusals were collected, weighed and dried during overnight stay at 100 °C.
Actual daily dry matter intake (g) and net energy intake per kg of metabolic weight were
calculated (kJ - (kg BW"7)™).

Table 1  Ingredient composition of the experimental diets.

Dietary variable: Glucose Lactose Starch
Constant components ' (g) 800.0 800.0 800.0
Glucose * (g) 213.8 - -
Lactose ° (g) - 200.0 -
Native wheat starch * (g) - - 203.9
Total (g) 1013.8 1000.0 1003.9

' The constant components consisted of (g per 800 g feed): wheat, 464.8; wheat bran, 120.0; wheat gluten,

24.8; soybean concentrate, 80.0; potato protein, 24.0; fishmeal, 40.0; soya oil, 20.1; limestone, 9.1; mono
calcium phosphate, 3.3; fytase liquid, 0.08 ; choline chloride (purity 50 %), 0.64 ; salt, 5.4; methionine, 1.2;
lysine, 3.3; thryptophan, 0.64; threonine, 1.2; vitamin and trace element premix, 1.6.
The vitamin and trace element inclusion supplied (per 800 g constant components): vitamin A, 8000 IE;
vitamin D3, 1600 IE; vitamin E, 52000 IE; vitamin K3, 1.6 mg; vitamin B1, 0.8 mg; vitamin B2, 2.4 mg;
panthotenic acid, 8.0 mg; niacin, 16.0 mg; biotin, 24.0 ug; vitamin B12, 16.0 ng; folic acid, 0.16 mg;
vitamin B6, 3.2 mg; Fe, 128.0 mg; Cu, 128.0 mg; Zn, 80.0 mg; Mn, 24.0 mg; I, 8.0 mg; Se, 0.16 mg;
antioxidants (E130, E320, E321), 48.0 mg

2 (C-Dex (Cerestar, Sas van Gent, The Netherlands); dry matter content, 91.4 %; dextrose, 92.29 %.

Lactopure (Borculo Domo Ingredients, Zwolle, The Netherlands); dry matter content, 99.9 %; lactose,

94.2 %

*  Cerestar PT 20002 (Cerestar, Sas van Gent, The Netherlands); dry matter content, 88.3 %; starch, 86.50 %.

Growth performance and faeces consistency

Piglets were weighed on days —1, 0, 3 and 10 postweaning. Average daily gain (ADG) was
calculated for the periods —1 to 0, 0 to 3 and 3 to 10 days. Faecal consistency was monitored
twice a day and quantified using a score on a scale from 0 to 3 with 0 = normally shaped
faeces, 1 = shapeless (loose) faeces, 2 = thick, liquid (soft) faeces, and 3 = thin, liquid faeces
(watery diarrhoea). Scoring was done by experienced care takers who were blinded to

treatment modality.
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Table 2 Calculated nutrient composition of experimental diets '

Glucose Lactose Starch
Dry matter (g - kg™ 894 910 887
Crude protein (g - kg™) 194 197 196
Fat (g - kg") 36 37 36
Crude fibre (g - kg) 24 25 25
Ash (g - kg™) 42 42 43
Total carbohydrates (g - kg™)’ 598 609 587
Total Sugars 215 20 20
Lactose 0 188 0
Starch 311 315 490
NE (MJ - kg™h)* 10.21 10.07 10.17

1

Minerals and vitamins (per kg of feed): Ca, 5.9 g; P, 5.2 g; Na, 2.9 g; K, 6.3 g; CL, 5.7 g; Cu, 131.2 mg;
vitamin E, 51.7 IE.

Apparently ileal digestible amino acids (per kg of feed): lysine, 10.7 g; methionine, 4.2; methionine +
cystine, 6.7; threonine, 6.8 g; tryptophan, 2.5 g

Calculated as: dry matter - (crude protein + fat + crude fibre + ash)

*  Calculated with the use of the Dutch feed tables (CVB, 2000)

Sampling

On days 0, 3 and 10 postweaning, piglets to be killed were weighed and euthanised with a
5-ml intra-cardiac injection of Euthestate™ (pentobarbital sodium 200 mg - ml™; Ceva Sante
Animale B.V. Maasluis, The Netherlands). A midline laparotomy was performed. From the
vena cava caudalis a blood sample was taken into a 9-ml tube with heparin (Lithium-Heparin-
Monovette®, Sarstedt, Niimbrecht, Germany). After mixing carefully, the tubes were
immediately put on ice and then centrifuged (10 min, 2500 rpm). Plasma was stored in the
freezer (-20 °C) until analysis. A jejunal segment was taken at 0.5 m distal to the ligament of
Treitz (proximal jejunum) and a second segment at 3.5 m distal of this ligament (mid
jejunum). Surface area and weight of the mucosal layer was determined for a 10-cm sample
from the proximal jejunum. Liver and pancreas were removed and weighed. The small
intestine was divided into 3 parts: the first 2 m distal of stomach (proximal small intestine),
the last 2 m proximal of the caecal valve (distal small intestine) and the middle, remaining
part (mid small intestine). Chyme was collected and mixed, pH was measured and empty
weight was determined of the stomach, proximal, mid and distal small intestine, caccum and
large intestine. Empty body weight (EBW) was determined as animal weight without the

gastrointestinal tract, liver and spleen.

For histological analysis, tissue samples (2 cm) of the proximal and mid jejunum were cut
open longitudinally at the anti-mesenteric attachment, fixed onto dental wax with the villi on
the upper side and put in 0.1 mol - 1" phosphate buffered formalin solution (40 ml formalin

-1". A 3-mm wide zone from the mesenteric site was cut at right angles to the surface of the
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mucosa and embedded in paraffin wax. Sections (5 um) were cut and stained with the
periodic acid/Schiff procedure (PA/S). These PA/S-stained sections were subsequently used
to determine crypt depth (um) and villus length (um). One slide per piglet was used and the
average values taken for a minimum of 5 villi and crypts.

Total antibody titers to haptoglobin (Hp) in plasma were determined by ELISA (Biofocus
GmbH, Recklinghausen, Germany) as described (His, 2001; His et al., 2001). Briefly,
biotinylated porcine Hp was used as tracer and was incubated together with either Hp
standard or plasma in microtiter plates coated with sheep anti-rabbit crystalline-fragment
immunoglobulins. After adding the specific rabbit antiserum, plates were incubated for 1 h,
washed and evaluated via a streptavidin peroxidase system with tetramethylbenzidin as

substrate. Haptoglobin levels are expressed as mg - (ml plasma)™.

Stastistical analysis

A GLM procedure (SAS version 6.12, SAS Institute, Cary, NC) was used to estimate the
least-square means (LSMeans) of the different variables. The effect of diet composition was
evaluated within the 3 x 2 experimental design with 3 experimental diets and days 3 and 10 as
dissection days:

yijk = M + D]' + CJ + (DXC)U + eijk [2]

where yijx = dependent variable; p = overall mean; D; = fixed effect of day of dissection (i =1,
2); C; = fixed effect of diet composition (j = 1, 2, 3); (D x C);; = interaction between day of

dissection and diet composition; e = error term.

The effect of day postweaning was evaluated across diets with day postweaning as the only
independent variable:

yii = p + Di + ¢ [3]
where y;; = dependent variable; n = overall mean; D; = fixed effect of day of dissection (1 =1,
2, 3); e;; = error term.

To compare the effect of a specific diet on day 3 or 10 with the day of weaning, the 7 groups
were regarded as different treatments:

yi=u+Tite; [4]
where y;; = dependent variable; p = overall mean; T; = fixed effect of treatment (i=1, 2, ...,
7). The experimental groups differing in diet and day of dissection were regarded as different

treatments; e;j = error term. Only pre-planned comparisons were made, i.e. between diets

within either day 3 or 10 and between days (day 0, 3 and 10) for the same diet.

The repeated measures option of the GLM procedure was used to analyse differences between

pH in the different parts of the gastrointestinal tract. The incidence of faeces inconsistency
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was not distributed normally. Therefore, the effect of dietary treatment on faeces
inconsistency was analysed by y” analysis of the Cadmod procedure. Pearson correlation
analysis was performed to evaluate selected correlations. For all data combined, feed intake as
a function of days postweaning was plotted in the form of a Box-Whisker graph and as means

and SD. Significance was assigned at P < 0.05; tendencies were assigned at P < 0.10.

RESULTS

None of the piglets showed signs of illness. Energy intake and average daily gain (ADG) did
not differ between dietary treatments. Daily feed intake (kJ - (kg BW’”)"' . pig™) across
dietary treatments is shown in Figure 1 as a Box-Whisker plot. There was substantial inter-
individual variation in feed intake. On average, the energy intake required for maintenance
was reached on day 4 postweaning. For all piglets combined, average daily dry matter intake
during the first week was 122 g - day™ - pig” (SD: 49.2) and during the entire 10-day period it
was 163 g - day” - pig” (SD: 39.9). ADG was 281 g (SD: 145.2) from days —1 to 0 (n=42),
-40 g (SD: 96.2) from days 0 to 3 (n=36), 202 g (SD: 58.9) from days 3 to 10 and 128 g (SD:
61.6) from days 0 to 10. Feed intake and growth were positively correlated (P < 0.01).
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Energy intake (kJ NE - (kg BWo75)!- pig!)
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Figure 1 Box-Whisker graph of feed intake by piglets, expressed as g per kg metabolic
weight on the day of weaning, for the period of first 10 days after weaning (days
1-3, n=36; days 4-10, n=18). The graph shows the means + SD and the median
within the boxes and the range as adjacent bars. The upper and lower closures of
the boxes indicate the quartiles. The continuous line represents the amount of feed
offered. The amount of feed needed for maintenance per pig is 326.4
kI NE - (kg BW’7)!. day™.
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The percentage of days that a piglet had non-consistent faeces (score either 1, 2, or 3) did not
differ between dietary treatments and for all piglets combined was 8 % (SD: 18.5) from days
0to 3 and 16 % (SD: 15.8) from days 0 to 10.

Dietary treatment did neither affect the EBW nor organ weights, small intestinal length or
mucosal weight (data not shown). For all piglets combined, Table 3 shows the effect of
postweaning time on organ weights and various small intestinal characteristics. Organ weights
are expressed per kg of EBW. When compared with day 0, EBW was decreased on day 3, but
the pre-weaning level was reached again on day 10 postweaning (P < 0.01). Specific weight
of the stomach increased from days 0 to 3 and then to day 10 (P < 0.01). Specific weights of
liver, pancreas, small intestine, caecum and large intestine were higher on day 10 than on days
0 and 3 (P < 0.01). Length of the small intestine and the weight of the small intestinal mucosa
were also higher on day 10 when compared to days 0 and 3. However, the small intestinal or

mucosal weight expressed per cm was not affected by postweaning day.

Table 3  Pooled data for relative organ weights and small intestinal morphology of piglets in

relation to postweaning days.

Day post weaning: 0 3 10 RSD' P-value *
n: 6 18 18

Empty body weight (EBW) (kg) 73° 6.9° 75° 7.95 *k
Liver (g - (kg EBW)™) 29.0° 28.4° 32.8° 3.15 ok
Pancreas (g - (kg EBW)™) 1.5° 1.7° 2.8° 0.50 Hox
Stomach (g - (kg EBW)™) 50° 6.4° 10.5° 1.27

Small intestine (g - (kg EBW)™) 31.2° 31.2° 472° 6.25 *x
length (cm) 736° 759° 847° 59.95 *x
weight / length (g - cm™) 0.3 0.3 0.4 0.04 ns
mucosa (g) 1.4° 1.5° 1.8° 0.34 *ox
mucosa weight / surface (g - cm™) 0.05 0.06 0.06 0.016 ns
villus length, proximal (um) 394 ¢ 275°¢ 324° 77.5 ok
villus length, mid (um) 337° 229° 303° 76.7 *
crypt depth, proximal (um) 166 * 183° 289° 34.1 ok
crypt depth, mid (um) 157° 181° 254° 36.8 ok
Caecum (g - (kg EBW)™) 1.5° 1.7° 20° 0.41 ok
Large intestine (g - (kg EBW)™) 11.5° 12.8° 19.1° 3.05 ok

! RSD, residual standard deviation

> LSMeans with different superscript letters in a row are significantly different (P < 0.01)

3 P-value of day postweaning: **, P < 0.01; ns, not significant.

Villus length and crypt depth were not differently affected by dietary carbohydrate source
(Figure 2). Irrespective of the type of diet, villus height decreased from day O to 3 and
increased again between day 3 and 10 (P < 0.01). Between days 3 and 10 postweaning, the
group-mean increase in villus height for both the proximal and mid small intestine was greater

in piglets fed the diet with lactose than in those fed the other diets. In general, villus height on
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day 10 was intermediate between that on day 0 and 3. Crypt depth was deeper on day 10
compared to that on days 0 and 3 (P < 0.01), both at the proximal and mid jejunum. Pearson
correlation analysis indicated that the values of the proximal and mid small intestine for either
villus height or crypt depth were positively correlated (P < 0.01). Villus height was neither
correlated with crypt depth, nor with feed intake or growth. However, crypt depth at the mid
jejunum (P < 0.01), but not at the proximal jejunum, was positively correlated with both feed
intake and growth between days 3 and 10 and between days 0 and 10. Crypt depths at the
proximal and mid jejunum were positively correlated with the specific weight of the proximal,
mid and distal small intestine (P < 0.01). Villus height was not correlated with the specific

weights of the small intestine.
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Figure 2 Villus height and crypt depth at the proximal (prox) and mid small intestine of
piglets fed either the glucose, lactose or starch diet. Data are given for 0, 3 and 10
days postweaning. Values are LSMeans; values for residual standard deviation
(RSD) are: prox villus height, 79.7; mid villus height, 79.3; prox crypt depth, 35.8;
mid crypt depth, 38.3 (n = 6). Per site for both villus length and crypt depth,
statistical comparisons were made between diets within days and between days for
the same diet. There were no effects of the type of dietary carbohydrate within day
3 or 10. Postweaning day had significant effects: abc, P < 0.05; def, 0.10 > P >
0.05.
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Table 4 Effect of diet composition and day postweaning on pH of the chyme at different
sites in the gastrointestinal tract '.

Dietary variable Day postweaning
Glucose Lactose  Starch RSD 0 3 10 RSD  P-value’

n: 12 12 12 6 18 18

Stomach 4.5 42 4.4 0.76 4.7 4.2 4.6 0.80 ns
Proximal SI 5.7 6.0 5.8 0.44 5.9 6.0 5.7 0.42 ns
Mid ST * 6.4 6.4 6.3 0.33 6.5 6.5° 6.3° 0.32 t
Distal SI 6.7 6.8 6.8 0.57 7.2° 7.0° 6.5° 0.51 *ok
Caecum 5.9 5.9 6.2 0.49 6.6° 6.2° 5.8°¢ 0.46 *ok
Large intestine 6.4 6.5 6.6 0.42 6.8° 6.7° 63° 0.42 ok

' Abbreviations used: RSD, residual standard deviation; SI, small intestine

* LSMeans with different superscript letters in a row are significantly different.

3 P-value of day postweaning: ** P < 0.01; t, P < 0.10; ns, not significant. Diet composition did not

significantly affect pH of chyme at different sites. Repeated measures procedure of GLM indicated an effect

of site (P < 0.01) and an interaction between site and day of dissection (P < 0.01).

Table 4 shows the pH of the chyme at different sites of the gastrointestinal tract. Diet
composition did not affect the pH. In the stomach and proximal small intestine, pH of the
contents was not affected by day postweaning. However, further along the gastrointestinal
tract pH was decreased on day 10 compared with days 0 and 3. The pH was not correlated to
feed intake, growth and villus length. For the mid and distal small intestine, caecum and large
intestine, the pH of the contents was negatively correlated with crypt depth and specific

weight of small intestine.

Haptoglobin levels in plasma were not affected by diet composition (Figure 3). On day 10
postweaning, haptoglobin levels were increased (P < 0.05) when compared with those on
either day 0 or 3. Haptoglobin levels were not correlated with feed intake, growth and villus
height (P > 0.10), but were positively correlated with crypt depth (P < 0.05).

DISCUSSION

It has been shown that feed intake is positively correlated to villus height (Pluske et al., 1996;
Kelly et al., 1991; Verdonk et al., 2001a). To study the effect of carbohydrate source on small
intestinal architecture independently of feed intake, the piglets were offered a pre-determined
maximum amount of feed. Consequently, feed intake did not differ between dietary
treatments. Likewise, ADG and feed efficiency were not affected by carbohydrate source in
the diet. Earlier growth performance trials (Jin et al., 1998; Lee et al., 2000; Mavromichalis et
al. 2001) with piglets weaned at 3 weeks of age and fed ad libitum showed that dextrin,

molasses and mono- and disaccharides were utilised equally efficiently. However, these
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Figure 3 Haptoglobin levels on days 0, 3 and 10 postweaning in plasma of piglets fed either
the glucose, lactose or starch diet. Left part of graph: residual standard deviation
(RSD) = 1.2; n=12 for days 3 and 10 postweaning combined. Right part of graph:
RSD =1.1;n=6 on day 0, n = 18 on days 3 and 10. Values are LSMeans. Values
with different letters differ significantly (P < 0.05).

carbohydrates induced higher feed intake and better growth performance than did starch. Dry
matter digestibility was either not affected by carbohydrate source (Lee et al., 2000;
Mavromichalis et al. 2001) nor was decreased by the use of starch (Jin et al., 1998). Veum
and Mateo (1986) found similar growth performance for piglets weaned at 1 day of age and

fed a liquid diet containing either 53 % glucose, lactose, sucrose or cornstarch.

The observed decrease in villus length after weaning followed by partial recovery within 10
days postweaning is in agreement with results of others (Nabuurs et al., 1993; Van Beers-
Schreurs, 1996; Van Dijk, 2001; Verdonk et al. 2001b). It was hypothesized that lactose in the
weaner diet would preserve villus length. However, the results show that villus length was not
affected by carbohydrate source. Villus length at the proximal small intestine of piglets
receiving the diet with lactose seemed to recover somewhat faster than that of piglets
receiving the diets containing either glucose or starch. However, the apparent lactose effect
was mainly due to 1 piglet with a villus length of 535 um on day 10 postweaning, while villus
height of the other 5 piglets of that experimental group ranged between 236 and 365 um.

Therefore, it may be concluded that lactose has no specific effect on villus architecture.

Easily fermentable dietary substrates like lactose and sucrose, but not starch, are thought to
induce a favourable pH for digestion (Ewing and Cole, 1994). However, pH in the contents of
the gastrointestinal tract at the various sites was not affected by the carbohydrate source in the
diet, which agrees with work of Ly (1992). The optimal pH for pepsin action is 2 and for
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trypsin and chymotrypsin it is 8 (Whitaker, 1994). However, most piglets did not reach these
pH values in the stomach and proximal small intestine, respectively. It seems that the pH
values did not allow optimum digestion. Values found in the current study agree with data of
Makkink (1993). However, the pH values were measured in the total, mixed chyme of each
segment. Kamphues (1987) reported that the pH of digesta close to the gastric wall or at the
pyloric site is higher than in other parts of the stomach. Therefore, the above-mentioned

conclusion as to discrepancies between measured and optimum values requires caution.

The pH in the caecum and large intestine decreased with time postweaning. Van Beers-
Schreurs (1996) showed that volatile fatty acid production in the large intestine, including that
of butyric acid, increased during the first week postweaning. With increased production of
volatile fatty acids, pH decreases. In ileally fistulated rats, the infusion of propionic, butyric
and acetic acid at physiological doses into the fistula was found to increase crypt cell
production rate of both small and large intestine in a dose-dependent manner (Sakata, 1987).
Thus, a decrease in pH might be due to volatile fatty acids which also increase proliferation of
crypt cells and thereby increase mucosal weight. This reasoning may explain the observed

negative correlation between pH and either crypt depth and mucosal weight.

The acute-phase response to infection, inflammation or trauma is mediated by a combination
of cytokines and is associated with increased concentrations of plasma proteins produced by
the liver, i.e. the acute-phase proteins (Gruys et al., 1999). Haptoglobin is a major acute-phase
protein in the pig (Eckersall et al., 1996). Haptoglobin levels in the blood were not affected by
diet composition. Likewise, Hiss (2001) found no effect of diet composition on haptoglobin
levels after a lipopolysaccharide injection; different levels of yeast beta-glucans did not
ameliorate the inflammatory response. It has been suggested that the level of haptoglobin in
the blood might be used as a tool to evaluate the general health status and consequently the
growth performance on a farm (Knura et al., 2000). We found that the weaning transition

increased the level of haptoglobin in the blood.

In conclusion, the present experiment rejects our hypothesis that dietary lactose, when
compared to glucose and starch, is beneficial for the weaning-induced compromise in small
intestinal integrity. It should be noted that the hypothesis was tested under conditions of

unaltered feed intake and that the piglets used were kept under low infection pressure.

IMPLICATIONS

The formulation of diets for weanling piglets aims at reducing the weaning-induced decrease
in gut integrity. There was suggestive evidence that lactose could have a positive effect on
villus height and crypt depth. However, this study shows that lactose, glucose and starch had

no differential effect on villus architecture. It should be noted that a specific feeding regimen
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was used so that the experimental diets would not induce differences in feed intake. For all
piglets combined, feed intake and growth were positively correlated. This study corroborates
earlier work in that feed intake rather than feed composition determines postweaning growth

performance and mucosal integrity in piglets.
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ABSTRACT

A total of 104 weanling piglets was used to study the interrelationships between faeces
consistency and mucosal integrity, as assessed by specific aminopeptidase and isomaltase-
sucrase activity, villus height and crypt depth. Piglets were weaned at 26 days (SD: 1.4) of
age and weighed 8.4 kg (SD: 0.70). On the day of weaning (day 0), dissection was performed
on one group of eight piglets. The remaining piglets were given access to a maximum amount
of dietary energy in the form of diets with different protein sources. On days 3 and 7
postweaning pigs were weighed and euthanized. Diet composition did not effect small
intestinal integrity and the data were pooled for further analysis. The weight of the stomach,
large intestine and pancreas increased with time postweaning (P < 0.001). Small intestinal
weight decreased from day O to 3 and was increased again on day 7, exceeding the
preweaning value (P < 0.001). Isomaltase-sucrase and aminopeptidase activity were decreased
on days 3 and 7 when compared to day 0. Villus height was decreased after weaning followed
by an increase on day 7 postweaning at the proximal small intestine which was accompanied
by a further decrease at the mid small intestine (P < 0.001). Crypt depth was increased after
weaning (P < 0.001). Faeces were scored twice a day on a scale from 0 to 3 with increasing
faeces inconsistency. The average percentage of days during which piglets had inconsistent
faeces was 26 %. During the first week postweaning, 73 % of the piglets showed a faeces
score of 2 during at least 1 day. Villus height was positively correlated to feed intake level,
brush-border enzyme activity and dry matter content of the chyme. Villus height was
negatively correlated to the degree of faeces inconsistency. Crypt depth was positively
associated with the weight of various parts of the gastrointestinal tract. This study supports
the concept that feed intake by weaned piglets determines villus height in the small intestine
and brush-border enzyme production which, in turn, determine the risk of diarrhoea

development.

INTRODUCTION

Abrupt weaning of piglets around four weeks of age involves social, environmental and
nutritional changes (Fraser et al., 1998). As a consequence, weanling piglets refrain from
eating (Le Dividich and Herpin, 1994) which leads to growth depression (Leibbrandt et al.,
1975). The average feed intake after weaning is highly variable between piglets and the
latency time to the first solid-feed intake can take up to 3 days (Bruininx et al., 2001). The
low feed intake after weaning causes a reduction in villus height (Kelly et al., 1991b; Pluske
et al., 1996; Verdonk et al., 2001) and a decrease in total brush border enzyme activity (Kelly
et al., 1991b; Nuifiez et al., 1996, Lopez-Pedrosa et al., 1998). The alterations in small
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intestinal morphology and function may impair the ability to digest and absorb nutrients and
to predispose the weanling piglet to development of malabsorption and diarrhoea. Indeed, in
practice, postweaning diarrhoea occurs frequently. However, as far as we know, there are no
published studies describing in quantitative terms the associations in weanling pigs between
diarrhoea on the one hand and either small intestinal integrity or growth performance on the
other hand. In the experiment described here, the weanling piglets had inconsistent faeces
during on average one quarter of the 7 postweaning days. On day 7 after weaning, 75 % of the
piglets produced inconsistent faeces. Due to the relative high incidence of inconsistent faeces
and considerable variation between piglets, the data were considered suitable to assess the
associations between faeces consistency, small intestinal morphology, enzyme activity, feed
intake and growth during the first week postweaning. It was anticipated that the information
thus obtained would provide insight into the determinants of postweaning diarrhoea and
provide clues as to the prevention of diarrhoea given the current management of weanling

piglets.

MATERIALS AND METHODS

Piglets and weaning

The experiment, in the form of two consecutive batches, was performed at the Swine
Research Centre (SRC) of Nutreco (Boxmeer, The Netherlands). Batch 1 and 2 consisted of
48 and 56 barrows, respectively. Piglets [(Duroc x Yorkshire synthetic) x (Yorkshire x Dutch
landrace synthetic)] were weaned at 26 days (SD: 1.4) of age; they had an average body
weight of 8.4 kg (SD: 0.70). At weaning (day 0), piglets were removed from the sow,
weighed and housed individually in pens (77x76 cm?). Each pen was equipped with a through
and a water nipple. Environmental temperature was maintained at 27 °C. Lights were on from
0600 to 2200 h. Creep feed was not provided during the suckling period. The experimental
protocol was approved by the Animal Care and Ethics Committee of the University of
Nijmegen (The Netherlands).

Feeds, feeding and experimental design

On the day before weaning (day —1), piglets were blocked by body weight (BW) and
randomly allocated to one of 12 groups (batch 1) consisting of 4 piglets each or to 13 groups
(batch 2) consisting of 4 piglets each for 12 groups and having 8 piglets for 1 group.
Littermates were divided evenly among the groups. The groups were to differ in diet type
and/or day of dissection. On day 0, dissection was performed on the group of 8 piglets in
batch 2. The 12 groups with 4 piglets each per batch were dissected on day 3 or 7
postweaning and received one of 6 experimental diets. The diets were pelleted and then

crumbled prior to feeding. The experimental diets were isonitrogenous, but differed with
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respect to protein or amino acid composition. The variable protein sources were wheat gluten,
soybean meal and potato protein. One diet contained extra glutamine and another arginine.
The composition of the diets have been described elsewhere (Chapter 5), except for the
arginine-rich diet. The ingredient composition of the arginine-rich diet was as follows
(g - kg feed™): corn, 250.0; pre-gelatinised corn starch, 181.9; soybean meal, 160.0; barley,
150.0; wheat gluten, 100.0; lactose, 50.0; soya oil, 44.0; mono calcium phosphate, 16.3;
limestone, 10.8; salt, 9.4; choline chloride (purity 50 %), 2.8; titanium oxide, 5.0; vitamin and
trace element premix, 2.0; lysine, 5.6; threonine, 2.2, tryptophan, 0.1; arginine, 10.0.
Calculated net energy (NE) content of all diets was 10.7 MJ NE - (kg feed)". The calculated
and analysed nutrient compositions agreed well. Diet composition after weaning did not
differentially affect small intestinal integrity as measured for 3 and 7 days postweaning
(Chapter 5). Therefore, the data for the various diets were pooled and selected correlations
calculated.

After weaning (days 0 to 7) the piglets were given access to a maximum of dietary energy.
The following formula describes the amount of net energy requirement for maintenance

(NE,,) of the piglets according to their metabolic weight on the day of weaning (NRC, 1998):
NE., (kJ - day™) = 326.4 x BW"" [1]

where NE,, is the net energy requirement at maintenance level (kJ - day™") and BW, is BW at
day 0 (kg). The piglets received 0.25 x NE,, on day 0, 0.5 x NE, on day 1, 0.75 x NE,, on day
2, 1 x NE,, on day 3, 1.5 x NE, on day 4, 2 x NE;, on day 5, 2.5 x NE, on days 6 and 7.
Piglets were given equal portions of their allowance 4 times per day at 09.00, 11.30, 14.00
and 17.00 h. Feed refusals were collected, weighed and subtracted from the amount of feed

offered to calculate actual daily feed intake which was expressed as g - (kg BW 7).

Growth and faeces consistency

Piglets were weighed on days —1, 0, 3 and 7 postweaning. Average daily gain (ADG) was
calculated for the periods: days —1 to 0, days 0 to 3 and days 3 to 7. Faecal consistency was
monitored twice a day and quantified using a scale ranging from 0 to 3 with 0 = normally
shaped faeces, 1 = shapeless (loose) faeces, 2 = thick, liquid (soft) faeces, and 3 = thin, liquid

faeces. Scoring was done by experienced care takers who were blinded to treatment modality.

Sampling of small intestine

On days 0, 3 and 7 postweaning, piglets to be killed were weighed and euthanized with a 5-ml
intra-cardiac injection of Euthestate® (pentobarbital sodium, 200 mg - ml'; Ceva Sante
Animale B.V. Maasluis, The Netherlands). The piglets were killed between 0800 and 1600 h
on days 3 and 7, the order being stratified according to the type of diet fed. At 30 min before

killing on days 3 and 7, each piglet was given acces to its feed. A midline laparotomy was
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performed and a jejunal segment was taken just distal to the ligament of Treitz (proximal
small intestine) and a second segment at 3 m distal of this ligament (mid small intestine).
Liver and pancreas were removed and weighed. Stomach, small intestine and large intestine
were removed and their empty weights determined. Chyme present in the last 2 m of small
intestinal tract was collected to determine its dry matter content. Empty body weight (EBW)

was determined as animal weight without the gastrointestinal tract, liver and spleen.

To characterize the jejunal mucosa morphologically, the tissue samples of the proximal and
mid small intestine were cut open longitudinally at the anti-mesenteric attachment. After
attachment to dental wax, the tissue was fixed in phosphate buffered (0.1 mol - (I formalin)™)
formalin (40 ml formalin - (I buffer)'). A 3-mm wide zone from the mesenteric site was cut at
right angles to the surface of the mucosa and embedded in paraffin wax. Sections (5 pm) were
cut and stained with the periodic acid/Schiff procedure (PA/S). These PA/S-stained sections
were subsequently used to determine crypt depth (um) and villus length (um). One slide per

piglet was used and the average values taken for a minimum of 5 villi and crypts.

To measure the specific activity of brush-border-membrane associated activity of isomaltase-
sucrase and aminopeptidase, a proximal small intestinal tissue sample (approximately 15 cm)
was taken and rinsed with phosphate-buffered saline (PBS), pH 7.2 (0.01 M NaH,PO,, 0.01
M Na,HPO,4, 0.9 % (w/v) NaCl). The mucosal layer was carefully scraped off from the
muscle layer, quickly frozen in liquid nitrogen and stored at —80°C until analysis. The enzyme
activity was measured as described by Pusztai et al (1996). The mucosal scrapings were
homogenized in ice-cold, twice distilled water using a Virtis blender (The Virtis Company,
Gardiner, NY, USA) at full speed for 1 min at 0 °C to give a final concentration of 5 % (v/w).
Subsequently, the homogenates were sonicated twice at 0 °C for 15 seconds, separated by an
interval of 30 sec, at an amplitude of 24 um with a MSE Soniprep 150 (Beun de Ronde B.V.,
Abcoude, The Netherlands). The protein content of the sonicates was determined (Smith et al,
1985), adjusted to approximately 350 pg protein - ml”' and used to calculate enzyme
activities. Enzyme activities were tested under conditions of linearity with regard to amount
of enzyme and incubation time. The reactions were done in triplicate on each intestinal
segment per piglet. The activity of isomaltase-sucrase (EC 3.2.1.48) was measured with
saccharose (Messer and Dahlqvist, 1966) as substrate (1 unit = 1 umol disaccharide
hydrolysed/min), and the activity of aminopeptidase (EC 3.4.11.2) using L-alanine-p-
nitroanilide (Marouz et al, 1973) as substrate (1 unit = 1 nmol substrate hydrolysed/min) and

expressed as enzyme units/g protein.
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Stastistical analysis

A GLM procedure (SAS version 6.12, SAS Institute, Cary, NC) was used to estimate the
least-square means of the different treatments. The effect of day post weaning was evaluated

across diets. Day postweaning and batch were the independent variables in the final model:
Yik = U + Bi + DJ + eijk [2]
where yjjx = dependent variable; p = overall mean; B; = fixed effect of batch (i=1,2);

D; = fixed effect of day post weaning (j=1, 2, 3); ejjx = error term.

The effect of magnitude of eating and severity of diarrhoea was evaluated for the piglets

dissected on day 7 with the following model:

yiik = b + E; + F; + (ExF);; + eijk [3]
where yiix = dependent variable; p = overall mean; E; = fixed effect of eating (i=1, 2), a piglet
was regarded as eater if the average daily net energy intake for the 3-day period just before
dissection (days 5-7) was above the energy level for maintenance (NEm); F; = fixed effect of
diarrhoea (j = 1, 2), diarrhoea was equivalent to a faecal consistency score of either 1, 2 or 3

as measured during at least 2 days of the 3-day period just before dissection (days 5-7); (E x

F);; = interaction between eating and diarrhoea; e = error term.

A multivariate analysis (Simca-P version 3.01, Umetri AB & Ericsson Erisoft AB, Ume4,
Sweden) was performed using partial least squares (PLS) regression analysis. PLS has two
primary objectives, namely to approximate X and Y and to model the relationship between X
and Y. Bilinear projections are made between the X and Y variables. The relation between
the X and Y weight vectors (shown as w and c, respectively) in the first (w*c[1]) and second
(w*c[2]) dimension were plotted. Variables with numerically large w-values are important for
modelling Y. Variables with similar profiles of w-values provide common information
(Eriksson et al., 1997). PLS analysis provides inside in which X variables contribute to
predict the independent Y variables. A correlation matrix on the other hand shows only the
explained variation between two variables. Three PLS analyses were performed. In total, 24
variables were taken into account: weight at weaning; feed intake per kg metabolic weight
from days 1 to 3 (MFI;3) and from days 3 to 7 (MFI37); organ weights, expressed as g per kg
empty body weight (EBW), i.e. stomach, small intestine (SI), large intestine (LI); total weight
of gastrointestinal tract (GIT); weight of small intestine per cm (SI g/cm); day of dissection
i.e. day 0, 3 or 7; occurrence of inconsistent faeces for each day (faeces 1 to 7); villus height
and crypt depth at proximal (prox) and mid small intestine; specific isomaltase-sucrase (IMS)
and aminopeptidase (AMP) activity. In the first, second and third analysis, respectively, villus
height, crypt depth and enzyme activity were used as Y variable and the remaining variables

as X variables.
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RESULTS

Piglets weighed on average 8.4 kg (SD: 0.70) at weaning (BW,). Daily feed intake
(g - (kg BWo""*)") increased from 1 (SD: 1.4, n = 96) on day 1, to 7 (SD: 6.2, n = 96) on day
2,16 (SD: 8.3, n = 96) on day 3, 24 (SD: 9.1, n = 48) on day 4, 35 (SD: 12.7, n = 48) on day
5,41 (SD: 16.8, n = 48) on day 6 and 40 (SD: 20.7, n = 48) on day 7. Based on the energy
content of the feeds (10.7 MJ - (kg feed)') and assumed maintenance requirement (NRC,
1998), the feed intake to meet the net energy requirement for maintenance was estimated to be
about 31 g - (kg BW,"®)" . day™. Of the piglets dissected on day 7, 31 % ate below their
maintenance requirements during the 3-day period before dissection. Average daily gain
(g - day” - piglet") was 280 (SD: 145.7) from days -1 to 0 (n=104), - 39 (SD: 84.0) from days
0 to 3 (n=96) and 119 (SD: 109.4) from days 3 to 7. Feed intake and average daily gain
within the periods of days 1 to 3 and days 3 to 7 were positively correlated (P < 0.001) and
explained 59 % (n = 96) and 66 % (n = 48) of the variation (R?), respectively. Average feed
intake during days 1 to 3 explained 17 % of the variation (R?) of the growth from days 3 to 7.

None of the piglets showed clinical signs of illness. The average incidence of inconsistent
faeces, expressed as % of days with a faecal consistency score of either 1, 2, or 3, was 10 %
(SD: 24.0) for the piglets dissected on day 3 and 33 % (SD: 26.7) for the piglets dissected on
day 7. Figure 1 shows the distribution of faeces scores per day. During the first week

postweaning, 73 % of the piglets showed a faeces score of 2 during at least 1 day.
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Figure 1 The distribution of faeces score of piglets per day during the first week
postweaning (days 1-3, n = 96; days 4-7, n = 48).

The time course of body weight, organ weights and small intestinal characteristics in weaned

the piglets is shown in Table 1. Body weight tended to be higher on day 7 postweaning than
on day 3 (P < 0.10). Organ weights are expressed per kg of EBW. Relative stomach, large
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intestinal and pancreatic weight increased with time postweaning (P < 0.001). The small
intestinal weight was decreased on day 3 when compared to either day O or 7. On day 7, the
weight of the small intestine per cm exceeded preweaning levels (P < 0.001). Although organ
weights were generally higher on day 7 than on day 0, villus height at the proximal and mid
small intestine did not reach preweaning levels on day 7. At the proximal small intestine,
villus height on day 7 was higher than on day 3, but at the mid small intestine villus height on
day 7 was lower than on day 3 (P < 0.001). Crypt depth increased with time postweaning,
both at the proximal and mid small intestine (P < 0.001). Villus/crypt ratio decreased with
time postweaning (P < 0.001). Specific isomaltase-sucrase and aminopeptidase activity was
lower on days 3 and 7 when compared to day 0 (P < 0.001). Group mean activity of the two

enzymes was lower on day 7 than on day 3.

Table 1 Body weights, organ weights and small intestinal characteristics in weaned piglets

in relation to day postweaning '.

Day postweaning: 0 3 7 RSD* P-value *
n: 8 48 48
General
Weight (kg) 8.5%® 83" 8.7° 0.80 t
Empty body weight (EBW; kg) 7.6 7.3 7.3 0.72 ns
Organ weights (g - (kg EBW)™)
- Stomach 53¢ 6.2° 8.0° 1.24 ok
- Small intestine 322° 27.0° 39.0° 5.00 ook
- Large intestine 11.6° 13.9° 202° 2.53 ok
- Liver 29.8 29.5 30.4 3.15 ns
- Pancreas 0.9° 1.3° 22° 0.38 ok
Small intestinal (SI) characteristics
Length / kg EBW (cm - kg™) 96.6° 102.8° 111.7° 13.75 ok
Weight / length (g - cm™) 0.3° 03" 04° 0.03 ok
Protein content mucosa (g -g") 0.7° 0.5° 0.7° 0.11 ok
Villus height (um) proximal SI 560 * 280 ¢ 324° 101.8 ok
mid SI 522° 313° 259°¢ 77.4 *xk
Crypt depth (um) proximal SI 220° 240 ° 313° 422 ok
mid SI 166 ° 180 ° 251° 33.9 ok
Villus/crypt ratio proximal ST 2.7° 12° 1.1° 0.41 HoAk
mid SI 3.2° 1.8° 1.0° 0.45 ok
Isomaltase-sucrase (units - (g cp)™) 4 639° 17.2° 16.2° 9.58 Hokx
Aminopeptidase (units - (g cp)™) 587° 359° 326° 132.5 HoAk

' Data in the table are presented as least-square means (LSMeans). LSMeans within a row with different

superscript letters are significantly different.
RSD is residual standard deviation
P-value of day post weaning: *** P <0.001; ** P <0.01; t, P <0.10; ns, not significant.

cp = crude protein
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Table 2 Eating ' and diarrhoea ? in relation to either gut morphology at the proximal and

mid small intestine or specific enzyme activities at the proximal small intestine in

piglets”.

Eating: Eating Non-eater P-value

Diarrhoea : No Yes No Yes RSD* E F ExF

n: 16 19 4 9

Villus height (um) proximal 386 321 287 236 80.6 ok * ns
mid 303 259 241 190 58.4 ¥Rk ns

Crypt depth (pm) proximal 332 315 312 277 40.7 * t ns
mid 260 254 240 234 35.5 ns ns ns

Villus crypt ratio proximal 1.2 1.0 1.0 0.9 0.32 t ns ns
mid 1.2 1.0 1.0 0.8 0.26 t t ns

Isomaltase-sucrase (units - (g cp)”) ° 19.8 15.3 18.8 10.5 9.09 ns * ns

Aminopeptidase (units - (g cp)™) 377 321 311 252 88.0 * t ns

' A piglet was regarded as eater if the average net energy intake during the 3 -day period just before dissection

(days 5-7) was above the energy level for maintenance (NEm), i.e. NEm (kJ) > 326.4 x kg BW, *”°, where

BW, is body weight at weaning (kg).

Diarrhoea was defined as inconsistent faeces, i.e. a faecal consistency score of either 1, 2, or 3 during 2 days

of the 3-day period just before dissection (days 5-7).

Data in the table are presented as least-square means (LSMeans) and refer to day 7 postweaning.

RSD is residual standard deviation

> Influence of eating (E) and diarrhoea (F) and the interaction E x F: ** P <0.01; * P <0.05;t, P <0.10; ns,
not significant.

cp = crude protein

Table 2 shows villus architecture and enzyme activity in piglets at 7 days post weaning in
relation to eating and diarrhoea. A piglet was regarded as an eater when the average net
energy intake during the 3-day period before dissection (days 5 to 7) was above the energy
level for maintenance. Diarrhoea was defined as inconsistent faeces (score 1, 2, or 3) during 2
days out of the 3-day period before dissection. There was no significant interaction between
eating and diarrhoea. Villus height at both the proximal and mid small intestine was
associated with both eating and diarrhoea. Eaters had longer villi than non-eaters (P < 0.01)
and piglets without diarrhoea had longer villi than piglets with diarrhoea (P < 0.05). Piglets
that were labeled non-eaters with diarrhoea had lowest group-mean villus height at the
proximal and mid small intestine, whereas eaters without diarrhoea had the longest villi. At
the proximal, but not at the mid small intestine, eaters had deeper crypts than non-eaters
(P < 0.05). Piglets without diarrhoea tended to have deeper crypts than piglets with diarrhoea
(P < 0.10). Isomaltase-sucrase activity was not affected by eating, whereas piglets without
diarrhoea had a higher activity than those with diarrhoea (P < 0.05). Aminopeptidase activity
was higher in eaters than in non-eaters (P < 0.05) and tended to be higher in piglets without

diarrhoea when compared to those with diarrhoea (P < 0.10). On day 7 postweaning, the
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Figure 2 Relation between either average feed intake for days 3 to 7 (upper graph), and the
the number of days with inconsistent faeces during the period of days 0-7 (lower
graph) with villus height on day 7 postweaning in the proximal small intestine of

individual piglets.

average feed intake from day 3 to 7 and the number of days with inconsistent faeces,
respectively, explained 46 % and 25 % of the variation (R?) in villus height in the proximal
small intestine (Figure 2). Feed intake and villus height were positively correlated, whereas
the occurrence of inconsistent faeces on days 4 to 6 and villus height were negatively
correlated. The average feed intake and the number of days with inconsistent faeces explained
20 % and 22 %, respectively, of the variation (R?) in villus height, in the mid small intestine
(data not shown).

Figure 3 shows the association between the variables as based on multivariate analysis. Only
those variables that predict villus height (1A), crypt depth (1B) or specific enzyme activity
(1C) are shown. The variables shown on the right side of the vertical zero line are positively

associated and those on the left side are negatively associated. Variables with higher
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w*c-values contribute more to predicting villus height, crypt depth or enzyme activity. Villus
height was positively associated with the average feed intake, enzyme activities and dry
matter content of the chyme and negatively associated with faeces consistency on either days
4, 5 or 6. Crypt depth was positively associated with organ weights. Piglets dissected on day 7
generally had deeper crypts and those dissected on day 3 had shallower crypts. Specific
enzyme activity was positively associated with villus height, average feed intake and dry

matter content of the chyme.

DISCUSSION

This study provides new information as to the associations between faeces consistency, small
intestinal integrity, energy intake and organ weights. Weaning usually is associated with a
dramatic reduction in feed intake, resulting in growth stasis and altered structure of the small
intestine. Indeed, the piglets showed weight loss during the first three days postweaning. In
agreement with previous work, the weaning transition also was associated with an increase in
organ weight (Efird et al., 1982; Kelly et al., 1991a; Pluske et al., 1996), a decrease in villus
height and an increase in crypt depth (Hampson, 1986a; Miller et al., 1986; Cera et al., 1988;
Dunsford et al., 1989; Hall and Byrne, 1989; Kelly et al., 1991a; Nabuurs 1991; Pluske et al.,
1996; also described in Chapter 3) and a decrease in isomaltase-sucrase and aminopeptidase
activity (Hampson, 1986a; Miller et al., 1986; Kelly et al., 1991a). Feed intake by individual
piglets was positively correlated with villus height and brush border enzyme activity, as
shown previously (Kelly et al., 1991b; Nufez et al., 1991, Pluske et al., 1996; Lopez-Pedrosa
et al., 1998; Verdonk et al., 2001).

Regarding the temporal changes in small intestinal integrity during the weaning transition a
de- and regenerative phase can be distinguished. Compared with the day of weaning, both the
weight of the small intestine (g - kg EBW™), the segmental weight of the small intestine
(g - cm™) and the protein content of the mucosa (g - g”') were decreased on day 3, followed by
an increase on day 7 postweaning. On day 7, the weight of the small intestine exceeded the
preweaning value. Although small intestinal weight had fully recovered on day 7
postweaning, the morphology of the gut wall and the enzyme activity of the brush border had
not reached preweaning levels. Crypt depth was greater on day 7 when compared to both days
3 and 0, pointing at increased crypt cell production on day 7 (Pluske et al., 1997). The
multivariate analysis indicates that crypt depth was positively associated with organ weight,
but not with villus height. Increased proliferation might not only occur in the crypts of the
small intestine, but also in other parts of the gastrointestinal tract as indicated by the increased
weight of the stomach, small intestine and large intestine. In general, the brush border enzyme

activity increases markedly when going from the bottom of the crypt to the tip of the villus
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Figure 3 Partial Least Square (PLS) regression analysis and the relationship between the
weights of the X-variables (w*) and Y-variables (c) in the first and second
dimension, respectively.

The Y variables (bold, italic) differ per graph; A: villus height at proximal (villus
prox) and mid (villus mid) small intestine, B: crypt depth at the proximal (crypt
prox) and mid (crypt mid) small intestine, C: aminopeptidase (AMP) and
isomaltase-sucrase (IMS) activity.

Only the X-variables that contribute to predict the Y-variables are shown, where
MFI,3;, MFI3; = feed intake per kg metabolic weight from days 1 to 3 and days 3 to
7; organ weights expressed per kg empty body weight, i.e. stomach (g - kg™); SI
(g - kg'") = small intestinal weight, LI (g - kg") = large intestinal weight; GIT =
total weight of gastrointestinal tract (g); SI (g - cm™) = weight of small intestine per
cm ; day 0, 3 or 7 = dissection on day 0, 3, 7; faeces 4, 5 or 6 = occurrence of

inconsistent faeces (faeces score either 1, 2, or 3) on day 4, 5, or 6.
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(Miller et al., 1986; Fan et al., 2001). The high enzyme activity at the villus tip is associated
with enterocyte differentiation (Fan et al., 2001), which agrees with the positive association
between either isomaltase-sucrase or aminopeptidase activity and villus height in the current
study. Faeces consistency was not found to be associated with crypt depth and enzyme

activity.

Surprisingly, villus height on day 7 versus day 3 was increased at the proximal small intestine
but was decreased at the mid small intestine (P < 0.001). Thus, villus height seemed to be in
the regenerative phase at the proximal small intestine, but was still in the degenerative phase
at the mid small intestine. In agreement with our results, Marion and colleagues (2002) found
in piglets weaned at 7 days of age that villus height was numerically lower on day 3
postweaning at the proximal small intestine than it was on day 7 at the mid small intestine.
Normally, macronutrients are degraded by enzymatic hydrolysis and their breakdown
products are subsequently absorbed. As a consequence, the amount of nutrients in the lumen
of the gut decreases in a distal direction. With energy intake being below maintenance in
45 % of the piglets dissected on day 7, nutrient availability for the proximal small intestine
might have been just sufficient, but maybe it was insufficient for the mid small intestine. This
reasoning might explain the opposite difference in villus height on days 3 and 7 postweaning

when the proximal and mid small intestine are compared.

During the first week postweaning, 73 % of the piglets had a faeces score of 2 during at least
1 day. The reported incidences of diarrhoea are 32 % (Ball and Aherne, 1982) and 39 %
(Hampson, 1986b) for the period of weaning to 14 days postweaning. Nabuurs (1991)
reported an incidence of diarrhoea of 40 % during the first, 69 % during the second and 50 %
during the third week postweaning of piglets reared under commercial conditions. It would
appear that the piglets in this study showed extensive diarrhoea, but it should be noted that a
faeces score of 2 is not equivalent to overt diarrhoea. Piglets with inconsistent faeces had
shorter villi, which may reflect that shorter villi result in faeces inconsistency. Nabuurs and
colleagues (1993) showed on a herd level that mean villus height in diarrhoeic herds was
relatively lower than in specific pathogen free (SPF) herds. Low feed intake may lead to
shorter villi which in turn causes diarrhoea through maldigestion, malabsorption and
increased diarrhoea. Indeed, the variation in villus height (Rpearson=-0.38, P < 0.01) explained
more variation in faeces consistency than did the variation in feed intake (Rpearson = -0.14,
P > 0.10). Crypt depth was not associated with faeces consistency. Villus height and crypt
depth may influence the pathogenesis of postweaning diarrhoea, as suggested by Nabuurs and
colleagues (1993), through the absorptive and secretive properties of small intestinal
enterocytes (Powell, 1987). Other factors also play a role in the onset of diarrhoea. The
pathogens E. coli and rotavirus are frequently detected in piglets with postweaning diarrhoea
(Hampson, 1986a; Van Beers-Schreurs et al., 1998; Nabuurs et al., 1993).
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In conclusion, the results of this study support the concept that feed intake by weaned piglets
determines villus height and brush-border enzyme production in the small intestine, which in
turn determines the risk of diarrhoea development. The negative correlation between villus
height and the excretion of inconsistent faeces has not been reported before. It is clear that,
under the conditions of the present study, the relative simple measure, faeces consistency,
reflected the more complex measure, small intestinal villus height. Given the current practice

of raising piglets, it is a challenge to formulate diets that stimulate postweaning feed intake.
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Chapter 8

General

The weaning transition of piglets at 4 weeks of age is associated with low feed intake, growth
stasis, a decrease in small intestinal integrity, and diarrhoea. However, the generally assumed
negative association between small intestinal integrity on one hand and digestive disorders on
the other hand is not clear. The aim of the experiments described in this thesis was to
investigate the postweaning changes of weaning on small intestinal integrity and whether diet
composition can ameliorate the weaning-induced decrease in small intestinal integrity or
enhance its recovery also in relation to faeces consistency. Figure 1 in Chapter 2 shows an
integrated concept of the pathogenesis of the post-weaning syndrome. This concept is used as
the basis for testing various interventions with diet composition. Briefly, weaning results in
social and diet changes for piglets. These changes result in low feed intake and lack of enteral
nutrition for the small intestinal enterocytes, which is followed by an impairment of mucosal
function. This in turn may lead to maldigestion/malabsorption or to local inflammation due to
the uptake of antigens, toxins or translocation of bacteria. Both conditions will contribute to
poor performance, the occurrence of diarrhoea and infection. In this chapter the main findings
of this thesis are discussed in relation to nutrition, small intestinal integrity, diarrhoea and

growth performance.

Table 1 summarises the experimental designs of the experiments described in this thesis. In
all trials, feed intake was measured daily and at dissection the intestine was sampled to
measure intestinal morphology. Other parameters, which can describe intestinal integrity,
were only measured in a single experiment. The day of dissection varied between
experiments, due to differences in focus. In experiment I, focus was on the first 4 days after
weaning in order to investigate how rapid small intestinal integrity deteriorates. In

experiments I and IV the onset of recovery was studied.

Feed intake

Feed intake is an important determinant of performance and the structure and function of the
gastrointestinal tract. Individual pigs respond differently to weaning stress with regard to food
intake during the first days after weaning, as suggested by Makkink (1993). Some pigs
respond initially by refraining from eating followed by a rapid increase in food intake. Other
animals may start eating immediately after weaning followed by only a gradual increase in
food intake. As hypothesised by Makkink (1993) a period of underfeeding will result in a
damaged gut architecture while a rapid increase in food intake following starvation may cause
overloading of the digestive and absorptive capacity. The overload of undigested nutrients
may trigger undesirable microbial activity (e.g. fermentation of proteins) in the

gastrointestinal tract, which eventually might lead to diarrhoea (Kamphues 1987).
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General discussion

On the other hand it is hypothesised that piglets that start eating immediately after weaning in
combination with a gradual increase in food intake are considered to be at a lower risk to
digestive and absorptive problems (Makkink, 1993). Bruininx (2002) tested the hypothesis in
group-housed piglets by measuring individual feed intake characteristics and indicators of gut
physiology like gut morphology, disaccharidase activity, number of goblet cells, and index of
mitosis. It was concluded that within the range of feed intake as occurred, the physiology and
function of the gut was neither affected by the time between weaning and the onset of eating

nor by the subsequent increase in daily feed intake.

The unfamiliarity with dry feed may contribute to a low feed intake after weaning. Creep
feeds in practice are made available to suckling piglets from the 2nd week of life in order to
encourage dry feed consumption after weaning. Pajor and colleagues (1991) showed that
creep feed consumption varied greatly between individual piglets, both between litters and
between littermates. Creep feed consumption showed either no clear effect (Hampson, 1986b;
Barnett et al., 1989; Kelly et al., 1990; Appleby et al., 1992; Pajor et al., 1994) or a positive
effect (Bruininx et al., 2002) on postweaning feed intake and growth. The lack of response to
creep feeding in most studies, seems due to the variation in creep feed consumption between
individual piglets (Barnett et al., 1989) or due to the complexity of the creep feed (Fraser et
al., 1994; Bruininx, 2002). Bruininx (2002) showed that the provision of a highly digestible
and complex creep feed resulted in a higher mean creep feed consumption than a creep feed
that is more typical for the first two weeks after weaning. This was partially explained by
more piglets within a litter that actually consumed the creep feed. It should be pointed out that
in the experiments described in this thesis, creep feed was not provided during the suckling
period in order to prevent the induction of extra inter-individual variability by variable,

pre-weaning ingestion of solid feed.

The intestinal changes after weaning are strongly related to feed intake of the piglets during
the first days postweaning (Kelly et al., 1991; Van Beers-Schreurs et al., 1998; Pluske et al.,
1996), which is confirmed by own research (Verdonk et al., 2001a; 2001b). A gradual or fast
increase in feed intake seems less important than the actual level of feed intake (Bruininx,
2002). Thus, in the current experiments, special attention was given to the amount of the feed
intake during the first days postweaning. Piglets were housed individually in order to measure
individual feed intakes of piglets. Feeding strategy, i.e. the amount of feed offered and feed
form, differed across trials in an attempt to decrease the inter-piglet variation in feed and

consequently energy intake in order to enhance the effect of diet composition.

Depending on the objective of the trial, feed form and daily feed allowance varied between
experiments. In experiment I, piglets with a high feed intake on day 3 postweaning were
selected for further study. Piglets with low feed intake are vulnerable for a compromised

small intestinal integrity and therefore piglets were fed a predetermined maximum amount of
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feed in experiments II to IV. In experiment I, of the piglets dissected at day 4, 88 % ate the
amount of feed offered and therefore the feeding level is considered to be restricted. However
in experiments III and IV, only during 33 % of the experimental days the piglets had
consumed more than 90 % of the amount of feed offered. Therefore the feeding level in those
experiments is considered as “approaching ad libitum”, because feed was available ad libitum

for most piglets.

Feed was supplied in a different form in the consecutive experiments. In the first experiment,
the feed was supplied as pellets. In the second experiment, a liquid milk replacer was
provided. However, because providing a liquid milk replacer is not common in practice, the
piglets were fed crumbs in the third experiment. Feeding a liquid diet instead of pellets is
known to stimulate feed intake as reviewed by Jensen and Mikkelsen (1998). Therefore, in the

last experiment the feed was fed as gruel.

7.0
6.5 1
i BMexp. 1, selected piglets
6.0 0
i exp. II
5.3 Oexp. III 1

5.0 7
4.5 1
4.0
3.5
3.0
2.5
2.0
1.5 1
1.0 1
0.5 1

0.0 ¥+
0 1

Bexp. IV

Level of feed intake (times NEm)

days postweaning

Figure 1 Daily net energy (NE) intake per experiment expressed on a scale of the daily
maintenance requirements for net energy (NEm) during the first two weeks after
weaning. NEm (kJ'kg"””) = 326.4 x BW""", where BW is body weight at weaning
(NRC, 1998).

The development of the mean feed intake as based on the piglets pooled per experiment,
expressed as units of daily maintenance requirements for net energy, is shown in Figure 1. In
experiment I, mean energy intake for maintenance requirement was met on the second day
postweaning in the case of piglets selected for a high feed intake and on the third day by the
non-selected and selected piglets together. In experiments III and IV, mean energy intake for
maintenance requirements was met on fifth day postweaning, which is in agreement with
LeDividich and Herpin (1994) and Bruininx (2002). Bark and colleagues (1986) found that
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the basal energy requirement was not met until day 4. Therefore, energy intakes found in the

current experiments are in line with findings of others.

The increase in feed intake and the decrease in inter-individual variation with day
postweaning indicate the adaptation to the weaning process, as shown in Table 2. Although an
attempt was made to standardise feed intake, feed intake during the first week was still very
variable as shown by the high coefficient of variation. Inter-individual variation in energy
intake for piglets receiving the diets in different forms was in increasing order for piglets fed:
liquid milk replacer (experiment II) < selected for high feed intake (experiment I) < liquid
feed (experiment IV) < crumbled pellets (experiment III). The daily feed intakes differed per

experiment and therefore the data of all experiments were not pooled for further analysis.

Intestinal variables

Various variables describing the morphology, functionality and the inflammatory status of the
small intestine were investigated. Morphology was described by villus height, crypt depth,
number of Goblet cells and mucin type in goblet cells. Functionality was described by
permeability across the gut wall and brush-border enzyme activity, i.e. aminopeptidase and
isomaltase-sucrase activity. The inflammatory status was described by cell-differentiation
molecules of T-cell lymphocytes, i. e. CD4+ and CD8+ T-cell lymphocytes, and haptoglobin
levels in blood plasma. Villus height and crypt depth was investigated in all experiments, but
the other intestinal parameters were only measured in a single experiment and are discussed in
the specific chapters above. Table 3 shows villus height and crypt depth on different days
postweaning at the different intestinal sites in each experiment, but expressed as percentage of
the villus height or crypt depth on the day of weaning. The absolute values on the day of

weaning are also given.

Crypt depth generally became deeper after weaning, which is in agreement with work of
others (Hampson, 1986a; Miller et al., 1986; Nabuurs et al., 1993; Pluske et al., 1996; Van
Beers-Schreurs et al., 1998). Villus height generally decreased after weaning. The decrease in
villus height after weaning in experiment I to III was most pronounced at the proximal small
intestine, both based on absolute values and relative to the day of weaning. This is in
agreement with observations of others (Hampson, 1986a; Nabuurs et al., 1993; Pluske et al.,
1996). In experiment IV, the decrease in villus height compared to the day of weaning was
119 and 108 pm in the proximal and mid small intestine, respectively, but there was no clear
difference in the relative decrease of villus height. However, Miller and colleagues (1986)
found no difference in decrease in small intestinal villus height for piglets sampled at 25, 50
and 75 % along the small intestinal. In the mid small intestine, villus height on either day 10
or 14 postweaning seemed to have recovered faster than in the proximal small intestine, which

is in agreement with data of Nabuurs and colleagues (1993). In the experiment of those
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authors, piglets were weaned between 30 and 32 days of age, whereas others were left with
the sow. On days 11 and 14 after weaning, villus height was higher at the mid small intestine
and similar at the proximal small intestine when comparing the weaned and unweaned
littermates of the same age (Nabuurs et al., 1993). Therefore, the weaning process seems to
have more effect on the gut morphology in the proximal part of the small intestine than on
that in the mid and distal parts.

Table 3  The effect of day postweaning on mean villus height and crypt depth expressed as
percentage of the value on the day of weaning at the proximal (prox), mid and

distal small intestinal site in each experiment.

Experiment | I I v
Intestinal site prox mid distal | prox mid distal prox mid prox mid
Day postweaning

Villus height

0 (um) 449 357 241 502 351 255 525 487 394 337

(%) 100 100 100 100 100 100 100 100 100 100

1 -13.3 7.0 -9.6

2 -36.9 279  -16.6

3 -46.8 -35.7 | -30.3 -32.1
4 -43.8 352  -19.6 | -22.8 -9.4 -4.2

7 -38.0 -344 938 -38.3 -46.9

10 -17.7 -10.3
14 -9.9 13.5 34.8

Crypt depth

0 (um) 174 181 129 178 176 158 210 161 166 157

(%) 100 100 100 100 100 100 100 100 100 100

1 -5.4 -7.6 -9.0

2 -6.5 -7.8 -8.2

3 14.3 11.3 10.3 15.3
4 24.1 13.1 34.7 53 4.1 -2.6

7 51.1 323 50.7 49.5 55.6

10 74.6 61.8
14 77.9 56.6 50.7

Diet composition

An attempt was made to modify small intestinal integrity by the macronutrients protein and
carbohydrates. However, in contrast to feed intake level (Verdonk et al., 2001a; 2001b),
dietary constituents studied only had marginal effects on small intestinal integrity in the
weaned piglet (table 4). Feed intake did not differ between experimental diets in experiments
IT to IV. Therefore the effect of diet composition could be investigated without entanglement

with the actual level of feed intake.
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Table 4 Effect of diet composition on mean villus height at the proximal and mid small

intestine per experiment .

Diet composition Villus height *
proximal mid
%  P-value %  P-value

Effect of protein versus carbohydrates (Experiment II)

Medium lactose/protein ratio (control) versus low lactose/protein ratio 8 ns 3 ns

High lactose/protein ratio versus control 9 ns -6 ns

High lactose/protein ratio versus low lactose/protein ratio 18 t -3 ns
Effect of protein digestibility (Experiment I)

Skimmed milk powder versus feather meal 9 ns 23 ®
Effect of protein predigestion (Experiment III)

Wheat gluten versus hydrolysed wheat gluten 5 ns 4 ns

Soybean meal versus hydrolysed soybean meal 12 ns 3 ns

Addition of 2 % glutamine -11 ns 18 ns

Addition of 1 % arginine 7 ns 0 ns
Effect of carbohydrate source (Experiment IV)

Lactose versus glucose -5 ns 8 ns

Lactose versus starch -10 ns 12 ns

Glucose versus starch -6 ns 4 ns

' Data were pooled for day postweaning

2 P-value of effect of diet composition on villus height: *, P <0.05; t, P <0.10; ns, not significant.

Diets in the experiments described were formulated to increase the availability of nutrients
and energy for the small intestinal mucosa. Table 4 summarises the studied effects of diet
composition on villus height. The effectiveness of protein versus lactose was investigated by
changing the ratio of protein to lactose in the diet (Experiment II; Chapter 3). The major
components of sow’s milk roughly are protein: carbohydrates: fat = 30: 30: 40 (Darragh and
Moughan, 1998). Fat can vary much more than the other components (Darragh and Moughan,
1998). The lactose/protein ratio of the control milk replacer resembled sow milk. In the high
protein/low lactose diet, half of the lactose was replaced by protein, in the low protein/high
lactose diet, half of the protein was replaced by lactose. Results indicated that a high
lactose/protein ratio in the diet tended to result in greater villus length in the proximal small
intestine and less paracellular transport, suggesting that lactose had specific properties for the
mucosal integrity. The specificity of lactose in preserving mucosal integrity was tested in
experiment IV (Chapter 6). Piglets were fed a diet consisting of either glucose, lactose or
starch. Results indicated that different carbohydrate sources did not affect mucosal integrity
differently. Furthermore, it was hypothesised that increasing the digestibility or availability of
the protein would increase the digestive/absorptive capacity of the small intestine and
consequently would positively influence the small intestinal integrity. The effect of protein
digestibility was investigated by supplying either poorly or highly digestible protein
(Experiment I, Chapter 4). The piglets fed the diet with highly digestible skimmed milk
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powder had higher villi than those fed the diet with poorly digestible feather meal. The effect
of predigestion of protein was investigated by using protein hydrolysates or by adding the
single amino acids glutamine or arginine to the diet (Experiment III, Chapter 5). However,
hydrolysed protein, glutamine or arginine did not affect villus height or brush-border enzyme

activity in newly weaned piglets differently.

Other potential functional feed ingredients are reviewed in Chapter 2. It was concluded that
only limited studies on functional ingredients have been conducted with piglets weaned at 3
or 4 weeks of age. Most studies have been conducted with rodents or neonatal piglets.
Functional feed ingredients should be selected to stimulate epithelial cell proliferation and
differentiation, to enhance the immune function, to promote the growth of beneficial bacteria
and to prevent the proliferation of pathogens. These properties of feed ingredients should
receive more attention in the future. Combinations of functional feed ingredients may be more
successful than the use of single ingredients. The cost-efficiency of the ingredients will

determine their application in practice.

Faeces consistency

A visible indicator of piglet health is diarrhoea. Faeces inconsistency is an indicator for
diarrhoea. Figure 2 shows the incidence of faeces inconsistency across experiments. In
experiments II to IV, experienced caretakers, who were blinded to treatment modality, scored
faeces twice a day on a scale from 0 to 3. Score 0 was given for normally shaped faeces, 1 for
shapeless (loose) faeces, 2 for thick, liquid (soft) faeces, and 3 for thin, liquid faeces. Faeces
were considered to be inconsistent on a certain day when faecal score was > 1. In experiment
I, only those piglets showing signs of diarrhoea were noted and faeces were not scored twice
daily as in experiments II to IV. In experiment III the piglets showed more inconsistent facces
than in the other trials. In experiments III and IV, piglets originated from the same sow herd,
but with different sows and the diet was fed as crumbs and gruel, respectively. Thus, the

higher incidence of inconsistent faeces in experiment III cannot be explained.

A piglet with a faeces score of 2 is not equivalent to overt diarrhoea. Across trials, 39 % of the
piglets showed inconsistent faeces during at least 1 day. However, there were no clinical signs
of illness and medical treatments were not performed. If diarrhoea was defined as a faecal
score of > 1 for at least two consecutive days, then 29 % and 22 % of the piglets in
experiment III and IV, respectively, would be considered to have diarrhoea. Reported
incidences of diarrhoea are 22 % from weaning to slaughter (Hampson, 1986a), 32 % (Ball
and Aherne, 1982) and 39 % (Hampson, 1986b) from weaning to 14 days postweaning and
40 % during the first, 69 % during the second and 50 % during the third week postweaning of
piglets reared under commercial conditions (Nabuurs, 1991). The percentage of piglets,

pooled for experiments, with inconsistent faeces gradually increased from day 0 to 4. On day
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4, 29 % of the piglets showed inconsistent faeces. Most piglets, i.e. 52 %, showed inconsistent
faeces on day 6 and this percentage decreased thereafter. It should be noted that the number of
piglets decreased with time, which may influence the accuracy of calculating the percentage

of piglets with inconsistent faeces.
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Figure 2 Percentage of piglets with inconsistent faeces on each postweaning day in the 4
experiments. Piglets were considered to have inconsistent faeces if the faecal score

was 1, 2, or 3.

Association between performance, small intestinal parameters and faeces
consistency

Generally, small intestinal integrity decreases after weaning, which is also clear from the
current studies. Faeces consistency can be regarded as a visible health parameter. Table 5
shows the partial correlation coefficients between the feed intake, growth, faeces
inconsistency, and villus height. Feed intake and growth are positively correlated. The
positive correlation between feed intake and villus height is also shown by others (e.g. Kelly
et al.,, 1991; Pluske et al., 1996; Bruininx, 2002). Villus height and growth were also
positively correlated. For piglets showing a high incidence of inconsistent faeces, there was a
negative correlation between villus length and the occurrence of inconsistent faeces
(experiment III, Chapter 7). However for piglets showing a lower incidence of inconsistent
faeces, the decrease in villus length occurred irrespectively of the occurrence of less
consistent faeces. Furthermore, the association between villus height and diarrhoea was
positive on day 3 postweaning in experiment IV. Overall, it can be concluded that villus
height is a poor predictor of faeces inconsistency, because the association depends on the

overall occurrence of diarrhoea.
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Table 5

Partial

correlation

coefficients

between cumulative feed

intake,

growth

performance, faeces inconsistency, and villus height of weanling pigs from

weaning until day of dissection .

day post weaning: 3 10 14
n: 48 18 12 18 12 48 18 12 Overall
experiment: I v I II I I v I impression *
cum. feed intake *  growth 0.71 0.79 045 0.66 0.68 090 0.88 0.81 ++
skeksk desksk _ ek * sksksk skokock sk
cum. feed intake  villus height prox  0.54 025 -0.04 026 025 0.65 -0.20 048 +
skekck _ _ _ - desksk - -
cum. feed intake  villus height mid 022 039 -0.16 038 043 044 -0.30 0.52 +
- . - - - sk ok - t
villus height prox growth 0.63 023 021 032 026 0.60 -0.01 0.13 +
fokok _ _ _ _ Fokk - -
villus height mid ~ growth 041 041 028 042 049 041 0.01 0.66 ++
kk t - t - k% - *
cum. feed intake  faeces -0.20 0.06 0.03 0.71 -0.19 -0.11 0.06 -0.22 0
inconsistency * - - - ok - - - -
cum. feed intake  diarrhoea > 0.02 032 na 039 na -0.14 -046 na 0
- - - - t
faeces growth -031 -0.11 na 038 -0.63 -0.02 -0.02 -0.59 --
inconsistency * - - * - - *
diarrhoea growth -0.12 036 na 006 na -023 -044 na 0
- - - - t
villus height prox faeces -0.02 0.05 -025 0.17 0.12 -0.13 0.19 0.32 0
inconsistency - - - - - - - -
villus height prox diarrhoea 020 053 na 038 na -038 0.00 na 0
- * - skxk -
villus height mid  faeces -0.13 -0.20 -0.29 -0.05 -0.34 -0.17 -0.09 -0.38 0
inconsistency - - - - - - - -
villus height mid  diarrhoea -0.06 024 na 022 na -039 020 na 0

ek

none of the piglets showed inconsistent facces

negative

period before dissection

Cumulative feed intake from weaning until dissection

P-value of correlation: **, P < 0.01; *, P <0.05; t, P < 0.10; -, not significant; na, not applicable because

Overall impression: ++ strong positive, + moderate positive, 0 no effect, - moderate negative, -- strong

Piglets were considered to have inconsistent faeces if the faecal score was 1, 2, or 3 for > 1 day.

Piglets were considered to have diarrhoea if the faecal score was > 1 during at least 2 days out of the 3-day

Faeces inconsistency and growth are negatively correlated. Figure 3 shows the average daily
gain of piglets with either consistent or inconsistent faeces on at least 1 day of the
experimental period. As shown with the regression analysis, the daily increase in growth is

lower when piglets show inconsistent faeces. Including a binomial variable for faeces
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consistency, and a nominal variable for day postweaning in a linear regression analysis,

results in the following formula for average daily gain as dependent variable:
Yerowth = -121.3 + 32.8 x day — 56.8 x faeces consistency, R? =50.8 %. [1]

This indicates that average daily gain was decreased with 56.8 g - day’ lower when

inconsistent faeces occurred during the experimental period.
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Figure 3 Association between faeces consistency and average daily gain from weaning until
dissection. In the left graph, piglets showed consistent faeces (n consistent facces =
136), in the right graph piglets showed inconsistent faeces (1 inconsistent facces = 80)-
Piglets were considered to have inconsistent faeces if the faecal score was 1, 2, or 3

for > 1 day. Data are derived from all 4 experiments.

The associations found in the current experiments are visualised in figure 4. Feed intake was
positively correlated with growth and villus height, but not with faeces consistency. Growth is
positively correlated with villus height and negatively with faeces inconsistency. Only with a
high incidence of inconsistent faeces, faeces inconsistency and villus height were correlated.

Thus, a decrease in villus height and consequently a decrease in absorptive capacity does not
automatically lead to diarrhoea. Therefore, it seems questionable whether small intestinal
integrity as measured with villus height, is an appropriate indicator for the risk of diarrhoea in

weaned piglets.
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Diet composition

Feed intake <.+
‘ “Black box”
i Crypt depth

Enzyme activity

Permeability

T-cell cellularity

Haptoglobin

Diarrhoea

Growth

Figure 4 Associations between input (feed intake), output (growth and diarrhoea) and small

intestinal characteristics of the weaned piglets, where a drawn line with + indicates
a positive association, a drawn line with - indicates a negative association, a dotted

line indicates no unequivocal association.

General conclusions

Based on the general discussion, the following conclusions can be drawn:

Small intestinal integrity was diminished after the first day postweaning

The postweaning degeneration of the small intestinal integrity seemed most pronounced in
the proximal small intestine; regeneration seemed to occur faster in the mid small
intestine.

The predictability of diarrhoea with measurements on small intestinal morphology was
poor.

Feed intake during the first three days postweaning was low and variable, independent of
diet composition.

Equalising voluntary feed intake of individual piglets during first week postweaning is
difficult.

The effect of feed intake level on small intestinal integrity is more profound than the

effect of diet composition.

Practical implications

The problems associated with weaning are mainly a consequence of the commercial

prerequisites: weaning of piglets at an age as young as possible to increase the number of

piglets per sow per year. According to the current European legislation, it is not allowed to
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wean piglets before 3 weeks of age, while the natural age of weaning is between 12-16 weeks
of age (Jensen and Recén, 1989; Fraser et al., 1998).

For early-weaned piglets, postweaning feed intake is the most important determinant
regarding the weaning induced decrease in small intestinal integrity and the dietary
components tested only showed marginal effects. The variables used to measure small
intestinal integrity were histology, permeability, enzyme activity, T-lymphocyte cellularity,
acute phase proteins, pH of intestinal chyme, small intestinal length and organ weights.
However, those variables did not accurately predict the occurrence of diarrhoea and
consequently the health status of weanling piglets. Additionally, most variables are rather
expensive and interpretation of the results of those variables often leads to difficulties. It
seems that due to accuracy, price and interpretability, the current variables describing small
intestinal integrity are poorly applicable variables for investigating the effect of diet

composition.

There is an urgent need for new sensitive bio-markers to predict the health status of a piglet in
vivo, both as a tool for research and for farm advisement. For research these bio-markers can
be used to investigate new feed ingredients in relation to the health status of a piglet. At a
farm level, bio-markers can be incorporated into checklists, which can be used by consultants

to determine the origin of occurring problems and support their advice.

Regarding the diet of weanling piglets, practical diet formulation should focus on critical
determinants of feed intake immediately after weaning. For practical diet formulation it means
that more “palatable” feed ingredients should be used. Therefore, more insight into
preferences of piglets should be obtained. Furthermore, the postweaning degeneration of the
small intestinal integrity seemed most pronounced in the proximal part of the small intestine.
Therefore, the ideal weaner-diet stimulates feed intake with highly digestible, rapidly
available nutrients in order to prevent indigestible materials, which can cause proliferation of
pathogens. However, the cost-efficiency of the ingredients will determine their application in

practice.

The occurrence of diarrhoea is determined by many factors, including stress, management,
hygiene, occurrence of pathogens, climate, changes in diet. Diet composition is only one of
the factors. New innovations are needed combining handling of weanling piglets, housing and
nutrition in order to increase postweaning performance and health. During those
developments, the weanling piglet rather than production should be placed central. In

conclusion a multifactorial approach is needed in order to control postweaning diarrhoea.
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SUMMARY

In the Netherlands, piglets are weaned at 3 to 4 weeks of age. During the weaning transition,
piglets are faced with multiple changes. These changes include social, environmental and
nutritional changes and generally result in low voluntary feed intake and decreased growth
performance. In practice, diarrhoea frequently occurs. The occurrence of diarrhoea is
determined by many factors including stress, management, hygiene, occurrence of pathogens,
climate, changes in diet. The small intestine is thought to play an important role in the
etiology of diarrhoea. The small intestine has two main functions. Firstly, to digest and absorb
nutrients. Secondly, to exclude pathogens, toxins and allergic compounds that otherwise may
reach the systemic organs and tissues causing an immunologic response. The concerted
actions of the small intestine regarding absorption and exclusion of phatogenic compounds
are addressed as small intestinal integrity. The generally assumed negative association
between small intestinal integrity on one hand and digestive disorders on the other hand is not
well understood. Increasing the knowledge regarding the relation between small intestinal
integrity and digestive disorders may lead to solutions for the weaning induced growth stasis

and diarrhoea.

The aim of the experiments described in this thesis was to investigate the effect of diet
composition on small intestinal integrity and on digestive disorders in weaned piglets. The
chosen approach to improve small intestinal integrity was either to ameliorate the loss of
small intestinal integrity or to enhance its recovery. During the weaning transition of piglets,
two successive phases in the small intestinal integrity can be distinguished: a de- and
regenerative phase. It was assumed that increasing the availability of nutrients for the mucosa
would support the intestinal integrity in both the de- and regenerative phase. The effect of the
macronutrients protein and carbohydrates on small intestinal integrity were investigated. The
importance of protein versus lactose was investigated by changing the ratio of protein to
lactose in the diet (Chapter 3). The specificity of lactose as carbohydrate source was
investigated by feeding the piglets either glucose, lactose or native starch (Chapter 6). The
effect of protein digestibility was investigated by supplying either poorly or highly digestible
protein (Chapter 4). The effect of predigestion of protein was investigated by using protein
hydrolysates or by adding the single amino acid glutamine to the diet (Chapter 5).



Summary

Small intestinal integrity is assessed on the basis of indicators regarding morphology (villus
length, crypt depth), functionality (enzyme secretion and permeability across the gut wall) and
inflammation (cell differentiation molecules on T-cell lymphocytes, i. e. CD4+ and CD8+
T-cell lymphocytes and haptoglobin levels in blood plasma). The day of weaning is addressed
to as day 0.

A literature review was conducted (Chapter 2). The first part of the review describes the small
intestinal integrity and methods to assess it. Additionally, an integrated concept of the
pathogenesis of the post-weaning syndrome is shown. Briefly, the low feed intake after
weaning results in a lack of enteral nutrition for the small intestinal enterocytes, followed by
an impairment of mucosal function. This results either in maldigestion/malabsorption or in
inflammation due to exposure to antigens/pathogens and subsequently in poor growth
performance possibly accompanied by diarrhoea. The second part of the review focussed on
the weaning-induced impairment of small intestinal integrity and the specific role of the feed
intake. It was concluded that the temporal low feed intake immediately after weaning is the
main cause of the decrease in small intestinal integrity. Thus, the lower the energy intake
immediately after weaning, the more impaired the small intestinal integrity after weaning is.
In the third part, the effect of dietary components on small intestinal integrity was discussed.
Studies reviewed were those dealing with potential functional feed ingredients, including
protein source, specific amino acids, fatty acids, fibres including non-digestible
oligosaccharides, growth factors, polyamines and nucleotides. It was concluded that the
individual feed constituents have only marginal effects on small intestinal integrity of the
weaned pig. Combinations of functional feed ingredients may be more successful than the use
of single ingredients. The cost-efficiency of the ingredients will determine their application in

practice.

The contribution of energy versus protein to mucosal integrity in weaned piglets was
investigated using three experimental diets with varying lactose to protein ratios (Chapter 3).
Piglets were sampled on days 0, 1, 2 and 4 postweaning and were offered feed at a low energy
intake level. The effect of diet composition within the degenerative phase of small intestinal
integrity was studied as measured with morphology, T-lymphocyte cellularity and
transepithelial permeability. The ratio of CD4"/CD8" T-lymphocytes decreased during the
first day postweaning. More paracellular transport, higher villi, shallower crypts and lower
villus/crypt ratio was observed on day 2 compared to day 0 postweaning. Piglets consuming
the high lactose/low protein diet tended to exhibit lower paracellular transport and higher villi.
This might indicate that energy from lactose is more limiting than protein for epithelial cells
in contributing to mucosal integrity during the first days after weaning. The effect of diet
composition was not as important as the sequential effects of low feed intake during the first 4

days postweaning. Already on day 1 postweaning, intestinal integrity was affected.
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The effect of dietary protein source on feed intake and on small intestinal morphology was
studied in newly weaned piglets (Chapter 4). This study addressed two different questions.
Fist we wanted to know whether the protein source in the weaner diets affects feed intake
during the first three days after weaning. Secondly, we addressed the question whether the
dietary protein source, including the degree of ileal digestibility, influences the recovery of
villus height. Increasing the protein digestibility might increase the availability of amino acids
in the digesta resulting in increased proliferation of enterocytes and therefore the rate of
recovery of the villi. Two iso-nitrogenous and iso-energetic diets were formulated based on
equal calculated amounts of ileal indispensable amino acids, but derived from protein sources
that extremely differ in total ileal protein digestibility. It was hypothesised that highly
digestible skimmed milk powder would stimulate recovery of small intestinal morphology
when compared to poorly digestible feather meal. Results showed that the protein source did
not affect the feed intake during the first three days after weaning. On day 4 postweaning, 18
piglets with a similar high feed intake were selected within each dietary treatment and
sampled for small intestinal morphology on days 0, 4, 7 or 14. Piglets were selected for high
feed intake because it was assumed that in these piglets the recovery process would be most
active. In the second week, the feed intake, growth and feed efficiency of the selected piglets
receiving the skim milk powder diet was higher than that of the piglet receiving the feather
meal diet. Villus height and crypt depth were significantly higher for the selected piglets fed
the skim milk powder diet when compared to those fed the feather meal diet. It was concluded
that skim milk powder had a positive effect on villus height, this effect being mediated
through its high degree of ileal digestibility rather than through its stimulatory effect on feed
intake.

The effect of predigestion of protein was investigated (Chapter 5). It was hypothesised that
dietary supplementation of hydrolysed proteins when compared to their native proteins or that
the addition of the single amino acid glutamine would increase the availability of nutrients for
the gut wall and therefore result in an improved small intestinal integrity and growth
performance of piglets after weaning (Chapter 5). Two separate experiments were performed,
but using the same diets. Piglets were sampled for small intestinal integrity in experiment I on
days 0, 3, or 7 postweaning. Piglets were fed a predetermined maximum amount of feed in
order to decrease differences in feed intake. Results showed that the protein hydrolysates did
not increase villus height, did not reduce crypt depth and did not raise brush-border
aminopeptidase and isomaltase-sucrase activity. In experiment II, growth performance, feed
intake and feed efficiency were measured after 7 and 14 days postweaning. Both feed intake
and weight gain were not enhanced by the protein hydrolysates. The addition to the diet of
crystalline gln resulted in improved average daily gain and feed efficiency by 22 % and 17 %,
respectively when compared to the other diets and measured during the first 2 weeks

postweaning. In conclusion, dietary supplementation of protein hydrolysates did not
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ameliorate the weaning-induced compromise of small intestinal integrity and did not enhance
growth performance. Dietary supplementation of gln did not affect villus architecture but

enhanced growth performance.

Increasing amounts of lactose in the weaner diet at the expense of protein were associated
with longer villi in the proximal small intestine and decreased paracellular transport as shown
in Chapter 3. Therefore we hypothesised that lactose might have specific properties
contributing to mucosal integrity in newly weaned piglets. To test the specificity of lactose,
three experimental weaner diets were formulated containing 24 % of total energy in the form
of either glucose, lactose or wheat starch (Chapter 6). The effects of dietary glucose, lactose
and starch were evaluated on small intestinal morphology, organ weights, pH of chyme and
haptoglobin levels in blood plasma of piglets dissected on days 0, 3 and 10 postweaning.
Piglets received a liquid diet (air-dry meal: water = 1:2, w:w). The piglets were given access
to a maximum of dietary energy in order to prevent entanglement between feed intake and
villus architecture. The results show that the carbohydrate source did not affect growth
performance, organ weights, villus architecture, pH of chyme and plasma haptoglobin level.
The weaning transition resulted in decreased villus height and increased haptoglobin levels. In
the contents of the caecum and large intestine, the pH decreased after weaning. It is concluded
that under conditions of unaltered feed and low infectious pressure, dietary lactose does not
ameliorate the weaning induced compromise of small intestinal integrity when compared to

glucose or wheat starch.

The weanling piglets from the study described in Chapter 5 had inconsistent faeces during on
average 2 of the 7 postweaning days, using a faecal consistency score ranging from 0 to 3. On
day 7 after weaning, 75 % of the piglets produced inconsistent faeces. Due to the relatively
high incidence of inconsistent faeces, the dataset was considered suitable to assess the
association between feed intake, faeces consistency and mucosal integrity, as measured with
specific aminopeptidase and isomaltase-sucrase activity, villus height and crypt depth. The
piglets were sampled on days 0, 3 and 7 postweaning. Across diets, the weight of the stomach,
large intestine and pancreas increased with time postweaning. Small intestinal weight
decreased from day 0 to 3 and was increased again on day 7, exceeding preweaning levels.
Isomaltase-sucrase and aminopeptidase activity decreased on day 3 and 7 compared to day O.
Villus height decreased after weaning followed by an increase on day 7 postweaning at the
proximal small intestine, but a further decrease at the mid small intestine. Crypt depth was
increased after weaning. Villus height was positively correlated with feed intake level and dry
matter content of the chyme, but was negatively correlated with faeces consistency. Crypt
depth was positively correlated with the weight of the different parts of the gastrointestinal
tract. Brush-border enzyme activity was positively associated with feed intake level, villus
height and dry matter content of the chyme. This study supports the concept that feed intake
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by weaned piglets determines villus height in the small intestine and brush-border enzyme

production which in turn determine the risk of diarrhoea development.

It was concluded that small intestinal integrity is already diminished after one day
postweaning. The postweaning degeneration of the small intestinal integrity seemed more
pronounced in the proximal small intestine; regeneration seemed to occur faster in the mid
small intestine. The correlation between measurements on faeces consistency and on small
intestinal morphology was poor. Feed intake during the first three days postweaning was low
and variable, independent of diet composition. Equalising voluntary feed intake of inidividual
piglets during first week postweaning in order to prevent entanglement of the effect of feed
intake and diet composition on small intestinal integrity is difficult. Overall it was concluded
that the effect of effect of feed intake level on small intestinal integrity is more profound than
the effect of diet composition. A multifactorial approach combining handling, housing and

nutrition is needed in order to control postweaning diarrhoea.
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In Nederland worden biggen gespeend op een leeftijd van 3 tot 4 weken. Dit gaat gepaard met
meerdere veranderingen. Zo worden biggen van verschillende tomen gemengd en eventueel
getransporteerd naar een andere stal met een hogere omgevingstemperatuur. Vervolgens
verandert de voeding drastisch van vloeibare, warme zeugenmelk naar droge, gepelleteerde
brokjes met koolhydraten in plaats van vet als belangrijkste energiebron. Al deze
veranderingen tijdens het speenproces leiden tot een lage voeropname en verminderde groei.
In de praktijk treedt veel diarree op na het spenen. Het optreden van diarree wordt veroorzaakt
door vele factoren waaronder stress, management, hygiéne, vodrkomen van pathogene
bacterién, klimaat en voer veranderingen. Er wordt over het algemeen aangenomen dat de
dunne darm een belangrijke rol speelt in de etiologie van diarree. De dunne darm heeft twee
belangrijke functies. Ten eerste, het verteren en absorberen van nutriénten. Ten tweede het
buitensluiten van onder andere pathogenen en toxines. Dit om te voorkomen dat
lichaamsvreemde stoffen in de bloedbaan en de organen terechtkomen en een
immunologische reactie veroorzaken. Beide functies samen worden “dunne darm integriteit”
genoemd. Er is niet veel bekend over de negatieve relatie tussen dunne darm integriteit aan de
ene kant en verteringsproblemen/diarree aan de andere kant. Meer kennis over deze relatie

kan leiden tot het vinden van een oplossing voor de speenproblematiek.

Het doel van de experimenten die in dit proefschrift beschreven zijn was om het effect van
voersamenstelling op de dunne darm integriteit en op verteringsstoornissen in gespeende
biggen te onderzoeken. De gekozen aanpak om dunne darm integriteit te verbeteren is het
verminderen van de afname in dunne darm integriteit en het versnellen van het herstel. In de
opeenvolgende veranderingen die in de dunne darm integriteit optreden, kunnen twee fases
onderscheiden worden: een de- en een regeneratieve fase. Er is aangenomen dat door een
toename van nutriént-beschikbaarheid voor de dunne darm cellen, de dunne darm integriteit
behouden blijft in zowel de de- als regeneratieve fase. De effecten van eiwitten en
koolhydraten op de dunne darm integriteit zijn onderzocht. Het belang van eiwit ten opzichte
van lactose voor de dunne darm integriteit is onderzocht door de ratio eiwit/lactose in het voer
te veranderen (Hoofdstuk 3). De specificiteit van lactose voor biggen als koolhydraatbron is
onderzocht met een voer op basis van glucose, lactose of natief zetmeel (Hoofdstuk 6). Het

effect van eiwitverteerbaarheid is onderzocht door zowel slecht als goed verteerbaar eiwit te
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verstrekken (Hoofdstuk 4). Het effect van voorvertering van eiwit was onderzocht door eiwit
hydrolysaten te voeren of door het aminozuur glutamine toe te voegen aan het voer
(Hoofdstuk 5).

Dunne darm integriteit, in de experimenten beschreven in dit proefschrift, is gemeten door
indicatoren aangaande darm morfologie (darmvlok lengte, crypte diepte), functionaliteit
(enzym secretie door de borstelzoom van de dunne darm, permeabiliteit over de darmwand)
en inflammatie (cel differentiatie moleculen op T-cellen, d.w.z. CD4" en CD8" T-lymfocyten

en haptoglobine concentratie in het bloed). De dag van spenen wordt aangegeven met dag 0.

Een overzicht van de literatuur is gegeven in Hoofdstuk 2. In het eerste deel van het overzicht
wordt de dunne darm integriteit beschreven en hoe je deze kan meten. Ook is een geintegreerd
concept beschreven over de problemen die optreden na het spenen van biggen op 4 weken
leeftijd. In het kort, de lage voeropname na spenen zorgt voor een tekort aan nutriénten voor
de dunne darm cellen. Dit veroorzaakt een verslechtering van de dunne darm integriteit, wat
kan leiden tot maldigestie/malabsorptiec en tot inflammatie door de blootstelling aan
lichaamsvreemde stoffen. Beiden resulteren in verminderde groei, mogelijk gepaard gaande
met diarree. Het tweede deel van het overzicht focust op de specifieke rol van de voeropname
als veroorzaker van een verminderde dunne darm integriteit. Geconcludeerd werd dat de
tijdelijke lage energie opname direct na spenen de belangrijkste oorzaak is van de
verminderde dunne darm integriteit. Dus, hoe meer energie opname, hoe beter de dunne darm
integriteit. In het derde deel wordt het effect van specifieke voedingscomponenten op de
dunne darm bediscussieerd. De besproken potentiéle functionele voedingscomponenten zijn:
verschillende eiwitbronnen, specifieke aminozuren, vetzuren, vezels waaronder niet
verteerbare oligosacchariden, groeifactoren, polyaminen en nucleotiden. Geconcludeerd werd
dat de individuele voedingscomponenten slechts een marginaal effect hebben op de dunne
darm integriteit van de pasgespeende big. Combinaties van de ingrediénten hebben
waarschijnlijk meer effect dan de enkelvoudige ingrediénten zelf. De kosten/baten verhouding
van deze ingrediénten zal bepalen of ze in de toekomst ook gebruikt gaan worden in de

mengvoeder- en levensmiddelenindustrie.

De bijdrage van energie ten opzichte van eiwit aan de dunne darm integriteit van de
pasgespeende big was onderzocht met behulp van drie experimentele voeders die verschilden
in de ratio lactose/eiwit (Hoofdstuk 3). Biggen zijn bemonsterd op 0, 1, 2 en 4 dagen na
spenen en zijn gevoerd op een laag energie aanbod niveau. Het effect van voersamenstelling
binnen de degeneratieve fase op de dunne darm integriteit was onderzocht met behulp van
morfologie, T-lymfociet cellulariteit en transepiteliale permeabiliteit. De ratio CD4'/CD8"
T-lymfocieten was al na 1 dag verminderd. Op dag 2 na spenen ten opzichte van de dag van
spenen zelf, was er meer paracellulair transport (transport tussen de darmcellen door), langere

darmvlokken en diepere crypten. Biggen die het voer met de hoog lactose/laag eiwit ratio
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kregen, leken minder paracellulair transport te hebben en langere darmvlokken. Dit kan een
indicatie zijn dat energie uit lactose eerder limiterend is voor de epitheelcellen dan eiwit en
dat lactose daardoor een bijdrage levert aan een verbeterde dunne darm integriteit tijdens de
eerste dagen na spenen. Het effect van voersamenstelling was niet zo groot als de
tijdsgerelateerde effecten van een lage voeropname tijdens de eerste 4 dagen na spenen. Al op

1 dag na spenen was de dunne darm integriteit aangetast.

Het effect van verschillende eiwitbronnen in het voer op de voeropname en op de dunne darm
morfologie was onderzocht (Hoofdstuk 4). Dit experiment behandelde 2 verschillende vragen.
Ten eerste wilden we weten of de eiwitbron in het speenvoer de voeropname gedurende de
eerste drie dagen na spenen beinvloedt. Ten tweede wilden we weten of de dunne darm
verteerbaarheid van een eiwitbron, het herstel van de lengte van de darmvlokken beinvloedt.
Door een toename in eiwit verteerbaarheid zou de beschikbaarheid van aminozuren in de
digesta toenemen en daardoor ook de snelheid van herstel van de darmvlokken. Twee voeders
zijn geformuleerd met een gelijke hoeveelheid aan eiwit, dunne darm verteerbare aminozuren
en energie. Echter, de gebruikte eiwitbronnen verschilden in totale dunne darm eiwit
verteerbaarheid. Het goed verteerbare magere melkpoeder was verondersteld het herstel van
de dunne darm morfologie te versnellen ten opzichte van het slecht verteerbare verenmeel. De
resultaten toonden aan dat de eiwitbron de voeropname gedurende de eerste drie dagen na
spenen niet beinvloedt. Op dag 4 na spenen zijn 18 biggen met een vergelijkbare hoge
voeropname geselecteerd binnen elke voerbehandeling. De biggen zijn bemonsterd voor
analyse van de dunne darm morfologie op dag 0, 4, 7 of 14 na spenen. De biggen zijn voor
een hoge voeropname geselecteerd omdat er aangenomen was dat juist in deze biggen de
herstelfase zou zijn begonnen. De geselecteerde biggen die het magere melkpoeder rantsoen
kregen hadden langere darmvlokken dan de biggen die het verenmeel rantsoen kregen. In de
tweede week na spenen was de voeropname, groei en voerefficiéntie hoger voor de
geselecteerde biggen die het magere melkpoeder rantsoen kregen dan voor de biggen die het
verenmeel rantsoen kregen. Geconcludeerd werd dat magere melkpoeder een positief effect
heeft op de vloklengte, dit effect werd met name veroorzaakt door de hoge mate van

eiwitverteerbaarheid en niet door de stimulerende werking op de voeropname.

Het effect van voorvertering van eiwit was onderzocht (Hoofdstuk 5). De hypothese was dat
de beschikbaarheid van nutriénten voor de darmwand toeneemt door het gebruik van
gehydrolyseerde eiwitten ten opzichte van de natieve eiwitten in het voer of door toevoeging
van het aminozuur glutamine aan het voer. Door de toename van nutriént beschikbaarheid,
zou de dunne darm integriteit en de groei van biggen na spenen moeten toenemen. Twee
afzonderlijke experimenten zijn uitgevoerd, maar met gebruik van dezelfde voeders. In
experiment I zijn de biggen bemonsterd voor dunne darm integriteit op dag 0, 3 en 7 na

spenen. Biggen kregen een vooraf bepaalde, maximale hoeveelheid voer verstrekt om de
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verschillen in voeropname tussen biggen te verminderen. Resultaten toonden aan dat het
verstrekken van eiwithydrolysaten aan biggen geen effect had op de lengten van
darmvlokken, de diepten van crypten en de activiteit van borstelzoom enzymen. In
experiment II zijn de groei, voeropname en voerefficiéntie gemeten na 7 en 14 dagen na
spenen. Het gebruik van eiwithydrolysaten had geen effect op de voeropname en groei. De
toevoeging van kristallijne glutamine aan het voer ten opzichte van de andere voeders
verhoogde de groei en voerefficiéntie tijdens de tweede week na spenen met 22 % en 17 %,
respectievelijk. In conclusie, toevoeging van eiwithydrolysaten aan het voer had geen effect
op de dunne darm integriteit en groei van pasgespeende biggen. Toevoeging van glutamine
aan het voer had geen effect op de vloklengte, maar het verbeterde de groei in de tweede

week.

Zoals beschreven in hoofdstuk 3 leidde het verhogen van de hoeveelheid lactose in het voer,
ten koste van eiwit, tot langere darmvlokken in het voorste gedeelte van de dunne darm en tot
een verminderd transport tussen de cellen. Om de specificiteit van lactose te onderzoeken zijn
3 experimentele speenvoeders geformuleerd die elk 24 % van de totale hoeveelheid energie in
de vorm van glucose, lactose of tarwezetmeel bevatten (Hoofdstuk 6). De biggen zijn
bemonsterd op 0, 3 en 10 dagen na spenen om dunne darm morfologie, orgaan gewichten, pH
van de chymus en haptoglobine concentraties in het bloed te bepalen. De biggen kregen
brijvoer. Biggen kregen een vooraf bepaalde, maximale hoeveelheid voer verstrekt om de
verschillen in voeropname tussen biggen te verminderen. De groei, orgaan gewichten,
darmmorfologie, pH van de chymus en plasma haptoglobine concentraties werden niet
beinvloed door de koolhydraatbron. Het speenproces zelf zorgde voor kortere darmvlokken en
een verhoogde concentratie haptoglobine in het bloed. De pH in de chymus van de blinde en
dikke darm werd lager na spenen. Geconcludeerd werd dat bij vergelijkbare voeropnames,
lactose ten opzichte van glucose of zetmeel in het voer de afname in darmintegriteit niet

verminderde.

De gespeende biggen uit Hoofdstuk 5 hadden gemiddeld gedurende 2 van de 7 dagen na
spenen inconsistente mest. Mestconsistentie werd tweemaal daags gescoord, met een score die
varieerde van 0 tot 3. Op dag 7 na spenen had 75 % van de biggen inconsistente mest. Omdat
er relatief veel biggen inconsistente mest hadden, was de dataset erg geschikt om de correlatie
tussen voeropname, mestconsistentie en dunne darm integriteit te berekenen. Darmintegriteit
is gemeten aan de hand van aminopeptidase en isomaltase-sucrase activiteit, lengten van
darmvlokken en diepten van crypten. De biggen zijn bemonsterd op dag 0, 3 en 7 na spenen.
Data zijn gepoold voor voersamenstelling. Over dagen heen nam het gewicht van de maag,
dikke darm en pancreas toe. Het gewicht van de dunne darm nam af van dag 0 tot 3 en nam
weer toe op dag 7. Op dag 7 was het gewicht van de dunne darm hoger dan op de dag van

spenen. Aminopeptidase en isomaltase-sucrase activiteit was lager op dag 3 en 7 dan op dag
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0. De lengte van de darmvlokken nam ook af na spenen, gevolgd door een toename op dag 7
na spenen in het voorste gedeelte van de dunne darm, maar een verdere afname in het
middelste gedeelte. Crypten werden dieper na spenen. De lengte van de darmvlokken was
positief gecorreleerd met voeropname, borstelzoom enzymen en droge stof gehalte van de
chymus, maar was negatief gecorreleerd met de mestconsistentie. Crypte diepte was positief
gecorreleerd met het gewicht van verschillende delen van het maagdarmkanaal. Deze studie
bevestigt dat de voeropname bij gespeende biggen de lengte van de darmvlokken en de
productie van borstelzoom enzymen beinvloedt. Vervolgens bepaalt de lengte van de
darmvlokken en de productie van borstelzoom enzymen de kans op de ontwikkeling van

diarree.

Op basis van de in dit proefschrift beschreven onderzoeksresultaten wordt geconcludeerd dat
de dunne darm integriteit al na een dag na spenen verminderd is. De degeneratie van de dunne
darm integriteit lijkt sneller op te treden in het voorste gedeelte van de dunne darm. Het
herstel lijkt sneller op te treden in het middelste gedeelte van de dunne darm. De correlatie
tussen de mestconsistentie en de lengte van darmvlokken is laag. De voeropname gedurende
de eerste drie dagen na spenen is laag en variabel, onathankelijk van de voersamenstelling.
Het gelijkstellen van de vrijwillige voeropname gedurende de eerste week na spenen, om
verstrengeling van het effect van voer opname en samenstelling op dunne darm integriteit te
voorkomen, is moeilijk. Over het algemeen werd geconcludeerd dat het effect van
voeropname op de dunne darm integriteit groter is dan het effect van voer samenstelling. Er is
een multifactori€le aanpak nodig, die management van biggen, huisvesting en voeding

combineert, om de speenproblematiek aan te pakken.
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Abstract. This thesis deals with the effects of dietary modulation of protein and
carbohydrates under controlled energy intake on small intestinal integrity in weaned piglets.
Small intestinal integrity is assessed on the basis of indicators regarding morphology (villus
length, crypt depth), functionality (enzyme secretion and permeability across the gut wall) and
inflammation (cell differentiation molecules on T-cell lymphocytes and haptoglobin levels in
blood plasma). The piglets were offered a predetermined maximum amount of feed in order to
prevent entanglement between the effect of feed intake level and the effect of diet
composition itself on small intestinal integrity. The effectiveness of protein versus lactose was
investigated by changing the ratio of protein to lactose in the diet. Results indicated that
lactose seemed more limiting than protein for epithelial cells in contributing to mucosal
integrity during the first days after weaning. Therefore the specificity of lactose as
carbohydrate source was investigated by feeding the piglets either glucose, lactose or native
starch. However, those carbohydrate sources did not differentially affect mucosal integrity.
Furthermore, changing protein digestibility or predigestion of protein did not affect mucosal
integrity. Across diets, degeneration of the small intestine occurred already after one day
postweaning and seemed more pronounced in the proximal small intestine, regeneration
during the second week postweaning seemed more pronounced in the mid small intestine. The
association between measurements regarding faeces consistency and small intestinal
morphology was poor. It was concluded that the effect of the weaning induced low energy
intake is in general more pronounced than the effect of diet composition on small intestinal
integrity.



