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Abstract — Two trials involving a total of 56 pigs were conducted to examine the effects of wean-
ing at 7 d of age (trial 1) and of energy intake level and length of post-weaning underfeeding period
(trial 2) on small intestinal (S1) development and morphometry. At 3 d after weaning, weight of the
S| and mucosa (g/kg body weight) and villous height along S| were reduced by 20, 36 and 41%,
respectively, compared to the day of weaning. Intestinal morphometrical changes are dependent on
Sl site and days post-weaning. Villous atrophy on d 3 and recovery on d 14 post-weaning were
greater and occurred earlier in the proximal than in the medial and distal Sl. Villous height was
dependent on the level of energy intake which explains 56% of the variations in proximal Sl vil-
lous height in weaned pigs and 73% when data of the sow-reared pigs were included in the analysis.
Moreover, after 4 d of refeeding, underfed piglets showed similar villous characteristics to piglets fed
a continuously high feeding level after weaning stressing that capacities of intestinal restoration
were not affected by the length of the post-weaning underfeeding period. Overall, the present results
suggest a spatial and temporal effect of weaning on villous atrophy and recovery, and that the level
of energy intake is a major factor accounting for the post-weaning villous height.
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1. INTRODUCTION 2. MATERIALS AND METHODS

From a nutritional point of view, weaning ~ 2.1. General
implies a switch to a complex diet, usually
provided in a dry form, at an age when mos Treatments and experiments were con-
piglets have little experience with solid feedducted according to the European Commu-
[33]. As a consequence, weaning results inity regulations concerning the protection
a growth check caused by a period of lovof experimental animals. In the light of sav-
feed intake with the latency to the first feecing piglets in excess of the rearing capac-
being variable and up to 2-3 d [2,3]. Sucity of the sow, weaning at 6-8 d of age is
cessful adaptation to these changes requiraccepted by the European legislation [38].
profound morphological and enzymaticTwo trials involving a total of 56 crossbred
adjustments of the gastrointestinal tract. liLarge Whitex Landrace piglets of both sex
this respect, a consistent feature associatwere designed to examine (i) the effects of
with weaning is a transient shortening ofweaning at 7 d of age on the post-weaning
the small intestinal villi and a reduction in pattern of intestinal morphometry (trial 1)
the absorptive capacity (for review, see [29and (ii) the effect of level of food intake on
36]). These alterations are assumed to impeintestinal morphometry (trial 2). Because
the ability of the small intestine to digestfeed intake in the immediate days following
and absorb nutrients and to predispose thweaning is usually very variable [23], tube
weanling piglet to malabsorption and diar-feeding was chosen to feed the piglets while
rhoea [27, 46]. Although several factors mayenabling a precise measurement of food
account for these morphological changesintake. At weaning, piglets underwent surgery
there is increasing evidence that the levefor the insertion of an oesophageal flexible
of feed intake is an important factor [27, 34 polyvinyl tube (I.D. 3 mm, E.D. 4 mm)
47]. However, less is known on the effects(Vygon, Ecouen, France) as previously
of weaning on the spatial and temporadescribed [22]. This procedure was usually
changes in intestinal morphology and orcompleted in less than 8 min by which time
the speed of recovery. the piglets regained consciousness. The
extremity of the cannula was connected to a

are weaned between 21 and 28 d of age swivel located above the piglets’ cages thus
allowing free mobility of the animal. Pre-

there about 14 d as a disease-control proc®, . S
dure Hovl\jever the delvelopment of ﬁ]orewous studies [19, 20] indicated that tube
' ' feeding has no detrimental effect on the

rolific genotypes is now successful [24].'" k ¢ .
Rs a cogsequ{arrzce, in a batch farrowing S)]/Eplglet growth rate or digestive function.

tem, the total number of live born piglets Piglets were fed a complete commercial
sometimes exceeds the rearing capacity (piglet formula based on dairy products,
the batch. A management strategy aiminextruded cereals, fish meal, toasted soybean,
at saving these supernumerary pigletsoybean and coprah oil and containing lev-
includes adoption at 24-36 h of age by iels of vitamins, minerals and trace elements
foster sow followed by weaning at 6—8 d ofwhich meet the NRC requirements for
age [32]. Therefore, the studies reportepiglets [31]. Its chemical composition is
herein were aimed at examining the effectgiven in Table I. Before each feeding, the
of early weaning and the level of feed intakepowdered diet was vigorously mixed with
on small intestinal growth and morpholog-water to a final concentration of 200.g!

ical changes in the small intestine of pigletsfrom d 1 to d 7 post-weaning and 2509
Moreover, the effect of length of the under-during the remaining period. The liquid feed
feeding period on intestinal recovery waswas warmed to 37 °C and slowly adminis-
investigated. tered with a syringe via the cannula. The

In major pig producing countries, piglets
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Table I. Gross chemical composition of the &iet (W) piglets are presented in Figure 1A. They
were calculated in order to mimic what was

Dry matter 92.80 found in a large number of piglets [32].

Crude protein (N« 6.25) 21.70

Lysine 1.85 :

Li>|/oids s 2.1.2. Trial 2

Lactose 21.00 .

Starch 20.60 Twenty-six piglets were weaned at 7 d

Ash 7.55 of age and assigned to 5 treatment groups

Crude fiber 1.65 (G) according to litter origin and BW. G1

Metabolisable energy, kgt 2 16.64 (n=4, H) and G2r{= 6, HH) were fed a
high level of feed intake and killed at 3 (G1)

19100 g* diet. or 7 d (G2) post-weaning, respectively. G3

2 Metabolisable energy was determined from th n=4 L _
: . ; =4,L)and G4 = 6, LL) were fed a
6 piglets killed at 14 d post-weaning by a 10-d collec-lgW Ievel)of feed in?ake and I)<illed at 3 (G3)

tion of faeces and urine starting on d 4 post-weaning. . -
or 7 d (G4) post-weaning, respectively. A
fifth group (= 6, LH) was fed as G3 during
piglets were given their calculated feed allothe first 3 post-weaning days and was
cation 6 times daily (at 0700, 1000, 1300switched to a high level of feed intake dur-
1600, 1900 and 2300). The actual amount dhg the remaining period and killed at 7 d
feed delivered was measured by weighingost-weaning. Daily amounts of feed admin-
the syringe before and after feeding. Pigletstered to piglets are presented in Figure 1b.
had no access to additional water. They were
housed individually in stainless-steel
metabolic cages (40:540.5x 50 cm) allow- 2.2. Slaughter procedure
ing separate collection of faeces and urine.
Room temperature was initially set at 32 °C, Both SR and W piglets were killed 2:30 h
progressively decreased to 28 °C on d 7 poséfter their final meal. Piglets were killed by
weaning and remained constant thereafteran intra cardiac administration of an over-
dose of sodium thiopental (Nesdonal,
2.1.1. Trial 1 Merial, France, 30 mgg~! BW) and were
exsanguinated. The stomach, the entire small
Thirty piglets were used in trial 1. intestine (SI) from the pyloric sphincter to
Twenty-four piglets from 6 litters were the ileocoecal junction and the large intestine
weaned at 7 d of age. They were allotted tfLI) were removed. The SI was laid on a
the following treatments on the basis of lit-sheet of glass placed on crushed ice. The SI
ter origin and body weight (BW) (6 piglets was separated from the mesentery, flushed
per treatment): killed at weaning, 3, 7 orwith cold isotonic saline, blotted dry,
14 d post-weaning. Actual ages at killingweighed and its length was determined. It
were 7, 10, 14 and 21 d, respectively. Irwas divided into three segments of equal
addition, 6 contemporary piglets were killediength (proximal, medial and distal intes-
at 21 d of age to serve as sow-reared (SRjne) and was weighed. A small mid-seg-
Both BW at birth and at 7 d of the SR pigletsment was removed from each intestinal seg-
were similar to those of the piglets killed orment for histology. Each remaining portion
weaned at 7 d of age. No creep feed wasad its length determined and weighed. The
provided during this period, but pigs hadmucosa was removed using a glass micro-
access to sow feed. However, examinatioscope slide, weighed, homogenized in a con-
of the stomach contents at killing revealedainer immersed in crushed ice and sam-
that they had not consumed solid feed. Dailyled. Stomach and LI were emptied, flushed
amounts of feed administrated to the weanedith water, blotted dry and weighed.
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reared piglets, milk ME intake was
5 10 15 pig
i calculated from the conversion rate
Weaning Age (d) of ME into body weight gain [23].
2.3. Histology analyser (Optimas v.6.5 software, Media

Cybernetics, Silver Spring, USA, 1999) cou-

In both trials, measurements of villousP!€d With a light microscope via a camera.
height and crypt depth were made und t least, 20 crypts (range 20-25) and 30 vil-
blind conditions. SI morphometry was deter0US (range 30-42) were measured per seg-
mined using two techniques. In trial 1, smalfM€nt, thus allowing to examine villous
sections of Sl were cut longitudinally and"€ight distribution. The villous width was
stored in 0.1 M (7%) formalin. Thereafter, Measured at mid-height of the villous.
the samples were dehydrated and stained In trial 2, SI samples were cut longitudi-
with Schiff reagent. Samples were microdisnally, fixed in Bouin solution during 5 d,
sected [13] under binocular optical. Villi dehydrated in ethanol (70.0, 96.0 and 99.8%
and crypts were observed by light micro-successively), put in xylen and embedded
scope at a magnification of 10 and 16jn paraffin. Serial, histological sections
respectively, and analysed by an imagef 5 um thickness were stained with
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hematoxylin and eosin for morphometry 3. RESULTS
analysis under light microscope. For each
intestinal segment 10 villi and 10 crypts 3.1. General
were measured and mean villous height and
width, and crypt depth per segment were Average weaning weight of the piglets
calculated. Measurements were performed &f trial 1 and 2 was 2720 + 330 and 2620 +
a small magpnification with a Nikon optical 360 g, respectively. No digestive distur-
binocular microscope coupled via a Nikonbance was observed in both trials. As
camera to a PC computer with Lucia G v.4.@xpected, due to the imposed dramatic
software (Laboratory Imaging Ltd., Prague decrease in feed intake (Figs. 1A and 1B),
Czech Republic). Measurements made oMV piglets displayed a growth check imme-
6 samples using the microdissection techniquéiately post-weaning. In trial 1, the average
provided average values of 879 + @&  reduction in BW was 246 + 115 g account-
for villous height and 116 + 29m for crypt  ing for 9% of the weaning weight. All
depth. Corresponding values provided bypiglets had recovered the check in growth
the technique of paraffin embedding wererate by the 3rd and 4th post-weaning day.
similar averaging 830 + 7dm and 117 + During the overall post-weaning period (d 7
9 um, respectively. to d 21), W piglets grew at a mean rate of
152 + 7 gd~Lwhich was lower® < 0.001)
o . than the 270 + 26-g-1 found in the SR
2.4. Statistical analysis piglets. At 21 d of age, W piglets were 24%
) (P < 0.01) lighter than the SR ones. In
For clarity and because there wereria| 2, the reduction in BW was dependent
marked differences in the BW of the pigletson the level of feed intake, averaging
digestive organ characteristics werep45 + 20 g in piglets on the low feeding
expressed per kg BW. In experiments 1 angbye| which was higheiX(< 0.001) than the
2, analysis of variance was performed using 30 + 22 g found in those on the high feed-
the General Linear Model procedure of thqng level. At killing, LL piglets had not
Statistical Analysis System (SAS) [40] for recovered their weaning weight, whereas
the effect of treatments. In trial 1, differ- |4 and HH piglets had a similar BW which

ences between treatments were assessg@ds 309 P < 0.05) higher than that of the
using the Least Significant Difference (LSD)_|_ piglets.

test. In trial 2, differences between treat-

ments at 3 and 7 d post-weaning and paired

comparison (L vs. LL, L vs. LH and H vs.  3.2. Digestive organ development

HH groups) were assessed using the LSD and small intestine morphometry

test. The analysis of villous height and width,

and crypt depth included treatment, site and 3.2.1. Trial 1

treatmentx site interaction effects. Linear

and quadratic effects of post-weaning age Immediately post-weaning, there was a
(trial 1), level of feed intake at 7 d post-weandramatic decrease in S| and mucosa weights
ing (trial 2) and S site within treatment (trial 1 (P < 0.001, Tab. II), with the decrease being
and 2) were determined using the contragnore pronounced for the mucosa (36 vs.
method. In trial 1, villi were classified into 20%). Similarly, there was a decrease in the
long (> 600um), intermediate (400-6Qdn)  segmental weight (™) of Sl and mucosa,
and short (< 40@um). Distribution of vil-  with only the decrease in the mucosa seg-
lous height was analysed using a Chi squamaental weight being significar® 0.001).
test. Regression equations relating villoug hereafter, there was a linear increase
height to energy intake were determinedP < 0.001) in the Sl characteristics. In the
using the REG procedure of SAS [40]. SR piglets, both SI and mucosa weights
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Table Il. Live weight, organ weight and small intestine (Sl) length of sow-reared (SR) and weaned
(W) pigs (trial 1).

Treatment SR W SR Statistical significafce
Age (d) 7 10 14 21 21 Within W pigs
Post-weaning day 3 7 14 SEM (d3tod
14 post-weaning)
Live weight, kg 2680 268 329 499 652 018 Q*
Stomach, &g BW 6.3 6.2 6.3 5.9 5.5 0.4 ns
Sl Length, crkg 1 BW 2200 211 19 15F 13F 10 L*
Sl, gkg™t BW 4030 323 377 428 36.0¢ 1.5 (R
genrt 0.18% 0.156° 0.209 0.288 0.264  0.009 L
Total SI mucosa,-§g~1 BW 200 187 237 28.0% 248°c 11 [
genrisl 0.117 0.08¢ 0.129 0.184 0.178 0.006 [
LI, g-kgl BW g5d 66 113 124 101 17 Q*

1within a row, means with different superscript letters are significantly diffePer(05).
2L: linear, Q: quadratic.P < 0.05, ** P < 0.01, *** P < 0.001. ns: non significant.

were lower P < 0.05) at 21 than at 7 d of was 17% higherR < 0.05) in the proximal
age. At 21 d of age, Sl characteristics weréhan in the medial and distal intestine,
largely similar in the W and SR piglets. whereas at 21 d of age the effect of the site
However, in both groups, Sl length was 35%was not significant. Villous width was not
shorter P < 0.001) than at 7 d of age, wheresignificantly affected by age and intestinal
as segmental weight of SI and mucosa wersite. In W piglets, regardless of the SI site,
47 and 55% heavieP(< 0.001), respec- villous height and width were 41 and 15%,
tively. In the W piglets, large intestine (LI) respectively, reduced on d 3 post-weaning,
weight tendedR = 0.08) to decrease at 3 dbut only the reduction in villous height was
post-weaning and increased afterwards. Agignificant @ < 0.001). Thereafter, height
21 d of age, the LI of W piglets was 46%and width of villous remained essentially
heavier P < 0.001) than at 7 d of age, unchanged. There was a striking interaction
whereas it remained unchanged in the SBetween age and SI site on villous charac-
piglets. It follows that at 21 d of age, LI wasteristics. On d 3 post-weaning, both villous
18% heavier R < 0.05) in W than in hejght and width increased linea§/< 0.05)
SR piglets. Stomach weight remained essefrom theproximal to the distal part of SI. In
tially unchanged in both W and SR piglets contrast, on 14 d post-weaning, villous height

Data on small intestinal villous charac-decreasetinearly (P < 0.05) from the prox-
teristics and crypt depth are presented ifmal to the distal SI. Furthermore, villous
Table Ill. Because no effect of intestinal siteheight and width of the proximal Sl increased
was observed on crypt depth, only the ovedinearly (P < 0.05) from d 3 to d 14 post-
all mean along Sl is reported. In both sucknngNeaning. In the distal S| there was a quadratic
and weaned pigs, villous characteristics wergariation £ < 0.08) in villous height. At 21 d
dependent on age and Sl site. Irrespective of age, both W and SR piglets had similar
the Sl site, in the SR piglets, villi were 35%villous height and width. Overall mean crypt
(P <0.001) shorter at 21 than at 7 d of age. Adepth was 118 + 2dm, and only a non sig-
both ages, Sl site had no significant effechificant transient decrease was found ond 3
on villous width. At 7 d of age, villous height post-weaning.



Small intestine morphometry and weaning 345

Table IlI. Villous height (um) and width ¢m) at the proximal, medial and distal part of the small intes-
tine and mean crypt deptprq) along the small intestine in sow-reared (SR) and weaned (W) pigs
(trial 1).

Treatment SR W SR Statistical significafce
Age (d) 7 10 14 21 21 Within W pigs
Post-weaning day 3 7 14 SEM (d3tod
14 post-weaning)
Villous height
Proximal 9731 403 490 661  581PC 41 g
Medial 834 50 488 499 546 33 ns
Distal 827 638  461° 52gc  58%c 51 Q P=0.08)
Mean 879 519 480" 562 5720 30 ns
Site effect L2 L** ns L* ns
Villous width
Proximal 1270 10 11%°°¢ 1320 146 9 L*
Medial 128b 109 1250 119 138 6 ns
Distal 139 127 124 122 121 7 ns
Mean 1380 112 121b 123P 13m 6 ns
Site effect ns L* ns ns L #0.09)
Crypt depth
Mean 116 101 124 122 125 10 ns

1within a row, means with different superscript letters are significantly diffePen(05).
2L: linear, Q: quadratic. P < 0.05, **P < 0.01, *** P < 0.001. ns: non significant.

There were marked effects of age, weanSl, the proportion of long villi was lower
ing and S site on villous height distribution (P < 0.01) and that of short villi higher
(Tab. 1V). Regardless of the Sl site, in SR(P < 0.01) in the proximal SI. At 7 d post-
piglets, the proportion of long villi (> 6@0n)  \weaning, there was no effect of Sl site on
was lower (42 vs. 779, < 0.01), at 21 than the distribution of villi. At 14 d post-wean-
at 7 d of age. After weaning, the villous dis-jng  the proportion of long villi was higher
tribution was similar at 3 and 7 d post-weanip < g 05) in the proximal than in the medial
Ing W'Fh’ however, the proportion of Ipng and distal SI. Within W piglets the proportion
villi being lower P < 0.01) than at weaning. of long villi increased with ageP(< 0.01)

At 14 d post-weaning there was an increase th imal Sl and ned h q
(P <0.01) in the proportion of long villi and In the proximal St and remained unchange

a decrease in that of short vil € 0.05). At n th_e medial SI'_ I_n the distal Sl, the pro-
21 d of age the villi distribution was similar Portion of long villi decreased(< 0.01)

in SR and W piglets. Sl site had no signifi-°étween 3 and 7 d post-weaning and
cant effect on the distribution of villous increasedR < 0.01) afterwards. At 21 d of
height in SR piglets aged 7 and 21 d. In Wage, the differences between SR and W
piglets the effect of SI site on villi height piglets were a higheP(< 0.01) proportion
distribution was dependent on age. At 3 df intermediate villi in the proximal and
post-weaning, compared with the distallong villi in the distal intestine of SR piglets.
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Table IV. Villous height distribution (%) at the proximal, medial and distal small intestine (SI) and
villous height distribution along the Sl in sow-reared (SR) and weaned (W) pigs (trial 1).

Treatment SR w SR
Age (d) 7 10 14 21 21
Post-weaning day 3 7 14
Proximal Sl
< 400um 7.¢ 52X 3618  18.1 19.0¢
400-600um 14.% 44,0 40.12 17.15 39.9
> 600um 78.6 3.4y 23.¢& 64.80. x 41.1
Medial SI
< 400um 6.8 29.8Y  36.( 30.12 26.5
400-600um 16.9 44.0 38.72 43.3% 37.8
> 600um 76.9 26.0x 253 26.6Y 36.1°
Distal Sl
< 400um 5.4 26.0Y 347 23.8 20.6¢
400-600um 20.0 30.40 48.6° 39.5b.x 31.4b
> 600um 74.6 43.8@* 16.F 37.00Y 48.0pb

a b, Qwithin a row, means with different superscript letters are significantly diffePe(05).
X YWithin a column and a class of villous, different superscript letters indicate a significant difference between
Sl site mean value®( 0.05).

3.2.2. Trial 2 of Sl were related to the level of metabolis-
able energy intake (ME), withranging

The effects of feeding level and the lengtHfom 0.51 to 0.87R < 0.05).

of underfeeding period during the post-wean- The effects of the level of feed intake,
ing days on intestinal tissue characteristicage and Sl site on villous height are shown
are shown in Table V. At 3 d post-weaning,n Table VI. As in trial 1, Sl site had no sig-
feeding level had an effedP (< 0.05) on nificant effect on crypt depth and only the
only segmental mucosa weight. Howevegroup mean is shown. Irrespective of the Sl
on d 7 post-weaning, with the exception ofite, feeding level had no significant effect
segmental mucosa weight, characteristics ain the villous height on d 3 post-weaning
Sl and mucosa were similar in the LH andvhereas on d 7, it was similar in the LH and
HH groups and were enhancd®l{ 0.05) HH groups and 23% highdP & 0.001) than
as compared with those of the LL group.in the LL group, with most of the difference
Between 3 and 7 d post-weaning, S| andbeing caused by the 39% incred®e& (0.001)
mucosa characteristics remained unchangeu the proximal Sl. Furthermore, on d 3 post-
in piglets on the low feeding level (L vs. LL weaning, villous height increased linearly
groups), whereas in those switched to higin both groups of piglets?(< 0.01) from
feeding levels (L vs. LH groups) and inthe proximal to the distal SI. Between d 3
those on the high feeding level (H vs. HHand d 7 post-weaning, villous height remained
groups), all characteristics, except Sl lengthyunchanged in the medial Sl of piglets on the
were increased”(< 0.05). On d 7 post- low feed intake (L vs. LL groups) but was
weaning, both weight and segmental weight3 and 31%F < 0.05) decreased in the
of Sl and SI mucosa, weight of LI and lengthproximal and distal parts of Sl, respectively,
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resulting in an overall decrease of 16%weight was similar in weaned and suckling
(P <0.05). In piglets switched to high feed-piglets. Following the post-weaning growth
ing level (L vs. LH groups) and in those oncheck, increase in absolute SI and mucosa
the high feeding level (H vs. HH groups)weight largely exceeded that in BW. Simi-
average villous height remained unchangetarly, Séve et al. [41] reported that the devel-
despite a 17 and 15% increase in the proxepment of the gastrointestinal tract is of
mal SlI, and 13 and 31% decreaB& (0.01) first priority at weaning. These and the
in the distal intestine, respectively. At 3 andmarked effect of level of feed intake on the
7 d post-weaning, crypt depth was lowemucosa development found in trial 2 sug-
(P < 0.05) in pigs on the low feeding level, gest that the intestinal mucosa is very plas-
however the difference was only significanttic and may adapt rapidly to changes in lumi-
at d 3 post-weaning. nal nutrition.

In suckling piglets, the SI morphology
changed markedly between 7 and 21 d of
age. The reduction in length relative to BW
) ) and the increase in segmental mucosa weight
__The results of these studies provide néWegyjted in an increase in the small intestinal
information on the temporal and spatialy | thickness. Similarly, villous height was
changes in intestinal morphometry duringmarkedly decreased. In agreement with the
the post-weaning period and indicate thapyeyious reports of Cera et al. [5], Dunsford
energy (feed) intake is the major factorg; 5| [9] and Tarvid et al. [45], these results
accounting for these changes. suggest that SI morphology is at least partly

Weaning is usually associated with a dradependent on age and/or on the level of milk
matic reduction in energy intake resultingintake which decreased during this period
in marked changes in the growth pattern oifFig. 1A).Weaning resulted in more dramatic
body and digestive organ weight and in thehanges in mucosa morphometry, because
structure of the Sl. In the present studiespn d 3 post-weaning, villous height was on
with the exception of the piglets of trial 2 average, reduced to 59% of the initial value
on the low feed intake, the maintenancdound at weaning. The fact that villous char-
energy requirement (MEm) of piglets, acteristics and height distribution were
assumed to be 470 kg 072d"1[23], was largely similar in weaned and suckling
not met until d 3 to 5 after weaning, a timingpiglets at 21 d of age indicates that recovery
similar to that reported in piglets weanedis complete 14 d post-weaning. Both the
between 21 and 28 d of age [23]. As expecte@xtent of villous atrophy associated with
due to this low energy intake immediatelyweaning and the duration of recovery were
post-weaning, the piglets of both trials expesimilar to those in earlier reports [5, 15, 19,
rienced a short period of growth check.34, 35]. In addition, the results of our stud-
Overall changes in digestive organ weightses provide evidence that villous atrophy
during the post-weaning period (trial 1) andmmediately post-weaning and recovery at
with changing energy intake (trial 2) were21 d of age are more pronounced in the
similar to those reported earlier [10, 34].proximal than in the other parts of the Sl
The about 20% decrease in the relativéTab. Ill). Together, these suggest a spatial
weights of the large and small intestinesand temporal effect of weaning on villous
observed in trial 1 was consistent with val-atrophy and recovery. Using the fasting/
ues ranging from 18 to 34% found in pigletsrefeeding model to investigate the changes
weaned at later ages [5, 7, 19, 20, 26, 36]n the morphology of the Sl of adult rats,
Furthermore, the mucosa was the mositodin et al. [17] also reported that villous
affected SI component, being reduced bytrophy with fasting was more pronounced
55%. However, at 21 d of age mucosan the proximal intestine with the changes

4. DISCUSSION
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being reversed by refeeding in a graduagenic components present in the diet [8, 25].
manner over time. The decreasing gradierA low feed intake as a cause of villous atro-
in nutrient concentration along the SI mayphy immediately post-weaning was first
explain the present Sl site dependent recoveported by Kelly et al. [20] and substanti-
ery gradation. Stoll et al. [43] reported thatated by Pluske et al. [35] and Zijlstra et al.
the rate of protein synthesis is more deper{49]. Our studies provide clear evidence that
dent on luminal content in the proximal thanchanges in villous height after weaning are
in the distal intestine. From these results, itargely dependent on the amount of energy
is conceivable that underfeeding immediintake. However, the level of energy intake
ately post-weaning and refeeding thereafteftrial 2) marginally affected villous height
had more pronounced effects on the proxiduring the first 3 d post-weaning. Indeed,
mal than on the distal intestine. Of paramouralthough amount of energy intake was
importance is the fact that the marked villous-fold higher in H than in L piglets, levels of
atrophy found in the proximal intestine onfeeding in both groups were lower than
d 3 post-weaning results in a severe reductioklEm and accounted only for 3 and 18% of
in the mean absorptive surface area, beindpe estimated pre-weaning milk ME intake,
evaluated to 33% of the initial value assumrespectively. However, on d 7 post-wean-
ing the villous being a cylinder [1]. The ing, compared with a low feed intake, a high
proximal intestine is the major site for digesfeed intake improved the overall structure
tion and absorption [21, 37]. On this basispf the Sl as reflected by the higher mucosa
the severe reduction in absorptive surfaceveight and longer villi. Assuming that vil-
area and the decrease in enzyme activitipus height was similar at weaning in both
reported immediately post-weaning ([6, 16] trials, the relationship between energy intake
our unpublished observations) may reducand proximal Sl villous height values of
the digestive capacity of piglets and likelyboth trials indicates that 56% of the total
play a role in the high sensitivity of piglets tovariation of villous height are related to
post-weaning digestive disorders. Changes ianergy intake (Fig. 2A). The value increases
villous size in both weaned and sucklingto 73% when the SR pigs are included in
piglets were associated with a reduction irthe analysis (Fig. 2B). This highlights that
the long villous population and the ensuinghe level of energy intake is the major factor
increase in the intermediate and short vilaccounting for post-weaning structural alter-
lous population. Therefore, villous atrophyations of Sl. In addition, the fact that the
may be due to an increased rate of cell losshift from a low to a high level of feeding
at the most apical part of the long villi, thisfrom d 3 post-weaning (trial 2) resulted at
phenomena occurring at a higher rate thaid d of age in villous characteristics largely
the cell renewal in crypts. Together, our datgimilar to those of piglets continuously fed
indicate that morphometrical changes of tha high feeding level suggests that the recov-
S| are dependent on the Sl site and dayery of the Sl epithelium is rapid, which is
post-weaning. It is suggested that these fa@a good agreement with the fasting/refeed-
tors be considered when mechanisms iing studies of Hodin et al. [17]. Therefore,
intestinal alteration and recovery are beinghe length of the underfeeding period did
investigated. not seem to alter the restoration capacities

Several factors are reported to accoun(t"c Sl.
for the changes in villous size after weaning Weaning is or not associated with crypt
[29, 36]. Among the most important are thecell hyperplasia. Increases of crypt depth
withdrawal of sow milk and hence of milk- ranging from 10 to 50% in the first 4-5 d
derived growth factors [18] and glutamine,post-weaning have been reported by
a major fuel for the developing intestineHampson [15], Kelly et al. [19], Tang et al.
[48], and a transient hypersensitivity to anti{44] and Zijlstra et al. [49]. In contrast, only



Small intestine morphometry and weaning

351

(A)
600
. g
= g
= 2
g 4004 A 2
o =
= d
ke %)
= z
E £
2 200 - 5
E A Wpigs 501
y=0.23x + 345
R*=0.56
P<0.001
0 1 T 1
0 500 1000 1500
ME intake, kJ. kg®7 BW. d”!
(B) 1200 -
e o
1000 -

800 -

Figure 2. Relationships between
proximal small intestine (SI) villous 600 -
height and metabolisable energy
(ME) intake @) in only weaned (W)

pigs and B) in both weaned (W) 400 -
and sow-reared (SR) pigs. Data of
both trials are included in the anal-

ysis. In sow-reared piglets, milk ME 200
intake was calculated from the con-
version rate of ME into body weight

y=0.26x + 323
R?=0.73

P<0.001

gain [12]. In W and SR piglets, ME 0
intake was determined on the 3 d 0
period preceding slaughter.

500

1000 1500 2000 2500
ME intake, kJ. kg®”> BW. d”!

a marginal effect of weaning on crypt depthcell migration [39]. Findings of shorter
was found in our studies in agreement witkerypts on d 3 post-weaning in piglets on the
the findings of Spreeuwenberg et al. [42]Jow feed intake (trial 2) concur with the
whereas a transient decrease on d 2 posesults of Pluske et al. [34] showing, at 5 d
weaning was found by McCracken et al.post-weaning, shorter crypts in piglets fed at
[28] and van Beers-Schreurs et al. [47]MEm than in those fed 2.5 times MEm.
Crypt depth is dependent on several factorBurthermore, findings that shorter crypts
including the level of energy intake. Theare found in pigs weaned into a “clean” envi-
absence of enteral nutrients [4, 12] or energgonment compared to pigs weaned into
restriction prevents or reduces crypt cell “conventional” environment [30, 44],
proliferation [14] and diminishes the rate ofsuggest that the rate of epithelial renewal
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is to some extent dependent on pathogefl
exposure [11]. Our weaned pigs were raised
in a very clean environment. Examination of
B and T lymphocyte subsets in Peyer
patches and in mucosal lamina propria iré]
our 21 d old piglets (Quentin M., personal
communication) indicated similar develop-
ment of Peyer patches in both weaned and
suckling piglets whereas the density of plasf7
mocytes and lymphoblasts containing
immunoglobulins was lower in the lamina
propria of the weaned group, suggesting a
reduced antigenic stimulation. This likely [g]
represents a plausible explanation for the
largely unaltered crypt depth after weaning.

As a whole, the results of these studieg)
indicate a spatial and a temporal effect of
weaning on the Sl villous atrophy and recov-
ery. Energy intake is a major factor account-
ing for both the shortening of villi and the [1¢]
speed of recovery. It is suggested that mak-
ing the nursing-weaning transition smoother
by maintaining the continuity of nutrient

) - [11]
supply, for example, by providing feed in
a liquid form [2, 49] will minimise the post-
weaning intestinal alterations.

[12]
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