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1. NEDERLANDSE SAMENVATTING EXPERIMENT 1 (FASE 1)

Achtergrond van de proef

In het ingediende projectvoorstel (VWV 07-52) iggebreid beschreven wat de achtergrond
van het project is en wat de verwachting is t.aet.mechanisme dat ten grondslag ligt aan
de relatie tussen de kwaliteit van follikelontwikkg in de laatste dagen voor inseminatie,
de ontwikkeling van embryo’s en foeten tijdens dactit en vervolgens de (variatie in)
biggewicht van de tomen. Hieronder wordt de beigdge informatie herhaald.
Vermindering van variatie in geboortegewicht binream toom lijkt een goede optie om
sterfte tijdens de lactatie en variatie in speengave verminderen. De vraag is echter hoe
dit bereikt kan worden. Van den Brand et al. (208#en zien dat het voeren van dextrose
(150 gram per dag) tijdens het interval spenen4irean significante vermindering (P=0.03)
van de binnen-toom variatie in geboortegewicht wgiée. Daarnaast was het percentage
biggen <1000 g numeriek lager (5.1 vs 8.1%, P=0id®e dextrose gevoerde zeugen. In
een volgend experiment (Van den Brand et al., 2008} en in een enigszins gewijzigde
proefopzet (dextrose plus lactose gevoerd vanaf embnvan opleg in de kraamstal
(ongeveer dag 110) tot en met einde bronst) vékbalie resultaten gevonden op de binnen-
toom variatie in geboortegewicht en ook waren daggen gemiddeld 84 gram zwaarder
(1483 vs 1569; P=0.05). In Engeland voerden Fergetal. (2006) vezelrijke voeders in
de cyclus voor inseminatie en vonden een lagenatiain foetaal gewicht op dag 27 van
de dracht. Vezelrijke voeders hebben, net als dseireen insuline stimulerende werking.
Uit deze en andere onderzoeken concluderen we elavodding in de periode voor
inseminatie (in ieder geval de folliculaire fase,veellicht ook eerder, tijdens lactatie) effect
heeft op de binnen-toom variatie in geboortegewi¢atwijl er aanwijzingen zijn dat
daardoor ook inderdaad de sterfte van (met narh&e)ibiggen afneemt.

Mogelijk mechanisme

Het mogelijke mechanisme van dextrose, verstrggderis de folliculaire fase, op de binnen-
toom variatie in geboortegewicht in de volgende pvizr in figuur 1 weergegeven. In dit
figuur en de uitleg wordt uitgegaan van dextrosaanvan lactose wordt een vergelijkbaar
effect verwacht.
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Figuur 1. Mogelijk mechanisme betreffende de relatie tuslesitrose, verstrekt tijdens de
folliculaire fase, en de binnen-toom variatie irbgertegewicht.



1. Effect van dextrose op insuline en IGF-1

Dextrose in het rantsoen van zowel gelten als fdextle zeugen gaf een snelle, meer
langdurige, insuline piek na het voeren (Van deanBret al., 1998; 2000; Ziecik et al.,
2002). Ook werd in de dextrose-zeugen tijdens/otti@ het IGF-1 gehalte verhoogd (Van
den Brand et al., 2001).

2. Relatie insuline/IGF-1 en FSH/LH

In studies waarin elk uur werd gevoerd werd relg@@vonden tussen insuline en LH
(Tokach et al., 1992; Koketsu et al., 1996). Irdsta waarin 2x per dag werd gevoerd werd
geen relatie gevonden (Paterson and Pearce, 19%$n@ et al., 1998; Van den Brand et
al., 2000). Een langdurig verhoogd insuline nivigti dus van groter belang dan een hoge
insuline piek. IGF-1 niveaus zijn veel constantedgrende de dag en de positieve relatie
tussen IGF-1 en LH is duidelijk en consistent (Tatkat al., 1993; Van den Brand, 2000).
Er is niets bekend over een relatie tussen insGfel en FSH. Echter, er zijn insuline
receptoren in de hypothalamus en hypofyse (Bo@&®#0), dus zou je verwachten dat LH en
FSH beide worden gestimuleerd. En bovendien vetloapuurlijk stimulatie van zowel LH
als FSH via het hypothalame GnRH, dus is het aaalj&ndat, wanneeer LH wordt
gestimuleerd, ook FSH wordt gestimuleerd.

3. en 4. Relatie insuline/IGF-1 of FSH/LH en folliaite ontwikkeling

Zoals eerder beschreven onder 2, stimuleren ireswdim IGF-1 de productie van LH en
mogelijk FSH op hypofyse niveau, wat kan zorgenr\een betere stimulering van de groei
van de follikels, met name follikels die relatiebghklein zijn en weinig LH receptoren
hebben. Het idee is nu dat insuline FSH stimuleeagrdoor minder follikels in atresie gaan
en follikels die niet in atresie gaan, worden geateerd, zodat ze gevoeliger worden voor
LH. Daarnaast heeft insuline een direct effectapkels; toename van LH receptoren op
de granulosacellen (Poretsky en Kalin, 1987), atas®a activiteit en synthese van
steroidhormonen (Matamoros et al., 1990, 1991).rDittcalles neemt, naar verwachting, de
homogeniteit in follikelontwikkeling toe.

5. Relatie tussen folliculaire ontwikkeling en eicediweit

Zak et al. (1997) lieten zien dat zeugen die tiglele laatste week van lactatie beperkt
gevoerd werden, zowel het aantal grote follikelseindr was, en ook de
ontwikkelingspotentie van de eicellen in deze kells verminderd was; ook de
follikelvloeistof bleek minder goed in staat om adien tot ontwikkeling te brengen. De
conclusie was dat een minder goede follikelontwikigeook consequenties heeft voor de
ontwikkeling van de eicellen. Xie et al. (1987)tdéie zien dat er zowel tussen zeugen als
binnen zeugen een forse variatie is in eicelonteliklg. De hypothese is nu dat als gevolg
van een stijging van insuline en/of IGF-1 de fddldgoei en eicelkwaliteit gestimuleerd
wordt en deze meer homogeen wordt.

6. De relatie tussen follikel/eicel kwaliteit en enmdkwaliteit

Pope et al. (1990) en Xie et al. (1990) lieten dahuit follikels die als eersten ovuleerden
(de verder ontwikkelde follikels) ook verder ontk#tde embryo’s kwamen, ondanks dat
het ovulatieproces relatief weinig tijd in beslagemt (Soede et al., 1992; Kemp en Soede,
1993).

7. Relatie vroeg embryonale variatie en geboortegeiwahatie

Op dag 13 tot 14 na de bevruchting vindt de implaatplaats. Wanneer er een grote
variatie is in embryonale ontwikkeling voor dag f8Jlen tijdens de implantatie de verder
ontwikkelde embryo’s meer ruimte in beslag nemem da& minder ver ontwikkelde
embryos. Dat kan resulteren in afsterven van de&lembryo’s in de verdere ontwikkeling
(Pope and First, 1985; Wilmut et al., 1985), dah wehet achterblijven in groei van deze
embryo’s, waardoor de variatie aan het einde vaendleryonale fase (dag 30-35) en bij de
geboorte groter wordt. Van der Lende et al. (19@®@n zien dat de variatie in ontwikkeling
binnen een zeug aan het einde van de embryon@eaéas representatief is voor de variatie
in geboortegewicht binnen een zeug.



Samenvattend, stimulering van de insuline en/of-1GHgifte voorafgaand aan en tijdens de
folliculaire fase heeft mogelijk een positief effep de variatie in antrale follikel pool met
als gevolg minder variatie in: de pre-ovulatoirdlikel pool, de odcyt ontwikkeling, de
embryo-ontwikkeling aan het einde van de embryontdse, en uiteindelijk het
geboortegewicht binnen de toom.

Doel van het onderzoek

Het doel van dit onderzoek was nader inzicht tggén in het mechanisme dat ten grondslag ligt
aan de relatie tussen insuline-stimulerend voektf{dse+lactose) tijdens het interval spenen-
ovulatie, follikelontwikkeling in de laatste dag&onor inseminatie en (variatie in) ontwikkeling
van embryo's tijdens de vroege dracht.

Proefopzet

Multipare Topigs 20 zeugen (n=49) kregen tijdens imterval spenen-ovulatie ofwel een
controlevoer CTRL ), ofwel een insuline-stimulerend voddl(). Deze bestonden uit hetzelfde
basisvoer (3.5kg), waarin ofwel soja olie (CTRLpédkks 108 g), ofwel dextrose+lactose (DL;
dagelijks 150g + 150 g) was bijgemengd. Alle diesatvingen dezelfde hoeveelheid energie (iso-
calorisch) en eiwit. In de behandelingsgroep (DEyavhet voer in 6 voerbeurten per dag verstrekt
(elke 4 uur) en de controle (CTRL) zeugen werdée& per dag gevoerd (8.00u en 20.00u). Dit
werd gedaan om het insulineniveau in het bloedaogmogelijk, maar ook zo constant mogelijk
te houden in de DL groep, en tevens om een duidelgntrast te creéren tussen beide
behandelingen. Vanaf ovulatie kregen alle zeugbnk8.van het basisvoer, evenredig verdeeld
over 2 voerbeurten per dag (8.00u en 20.00u). Bgerekregen op de dag van spenen een vene
jugularis canule om gedurende de hele periode {vgpenen tot aan slacht) hormoonprofielen
(LH, P4) in het bloed te kunnen bepalen; de oveP@eeugen kregen een oorcanule op de dag
van spenen tot aan ovulatie, om hormoonprofielglens het interval spenen-ovulatie (LH) te
bepalen. Tevens zijn op dag 2 en 3 na spenen Varzaligen glucose- en insulineprofielen
rondom voerbeurten bepaald (in DL t/m 4u na voeoemjat zeugen daarna weer gevoerd werden;
in CTRL t/m 12u na voeren) en werd dagelijks eaebdimonster genomen voor de bepaling van
IGF-1. Op dag 10/11 van de dracht zijn de zeugeslagkt, baarmoederhoorns gespoeld en
embryo’s en ovaria beoordeeld.

Zieke dieren

Een aantal zeugen is ziek geworden tijdens hetrandk, waaronder alle 11 zeugen uit batch 4.
De gegevens van de veterinair behandelde/zeugekaoes zijn nader geanalyseerd om te kijken
of koorts/behandeling de insuline niveaus, IGF-leaus en embryonale overleving beinvioed
heeft. Hiervoor is een indeling gemaakt in 1). Gekzadieren met gedurende de hele proef een
lichaamstemperatuur <38,9°C en geen stijgingen>@b °C, en niet veterinair behandeld, 32
dieren (15 CTRL en 17 DL); 2). Ziek/behandeld: diermet een of enkele dagen een
lichaamstemperatuur >38,9°C en veterinair behandelddieren (9 CTRL en 8 DL). Uit de
analyses bleek dat ziekte/koorts zowel de insuimdGF-1 niveaus, als het aantal embryo’s en
embryonale overleving negatief beinvioed had. Daars besloten om voor de uiteindelijke
analyses alleen de gezonde dieren mee te nemep feugen).

Resultaten

Resultaten zijn uitgedrukt als gemiddeld&f, tenzij anders vermeld. Voor een compleet
overzicht van de analyses en resultaten, wordt esew naar de twee artikelen betreffende dit
experiment (bijlage B en C).



[glucose], mg/di

Voeropname
Er was een grote spreiding in voeropname tijdensnierval spenen-ovulatie tussen individuele

zeugen, maar de voeropname verschilde niet tusséelthndelingen (respectievelijk#3®% en
73t6% in CTRL en DL; P=0,37). Na ovulatie hadden ak#egen een 100% voeropname.

Glucose, insuline en IGF-1

Glucose en insuline profielen van de zeugen diegeede voeropname{5% droge stof opname)

hadden op de dagen waarop glucose en insulineef@ofbepaald zijn (d2 en d3 na spenen) zijn
weergegeven in figuur 2.
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Figuur 2. Glucose en insuline profielen (meanstSE) rondonBdevoerbeurt voor zeugen met een
droge stof opname75% op d2 en d3 na spenen; DL = 18 zeugdagen, géicen insuline niveaus
bepaald van -12 t/m 240 min na voeren, daarna gaepateerd; CTRL = 16 zeugdagen, glucose- en
insuline niveaus bepaald van -12 t/m 720 min naemge = CTRL vs. DL, R0,05

Basaal glucose concentratie was vergelijkbaar vberde behandelingen, maar glucose
oppervlakte onder de curve (AUC) was lager in CTd®éren dan in DL dieren (AUC/4u was -

1.382365 mg in CTRL en 31345 mg in DL, P=0,0001; AUC/12u was -¥6362 mg in
CTRL en 95@1.034 mg in DL, P=0,07).



Insuline AUC/4u was hoger in CTRL dieren dan in Dieren (5.023676 pU in CTRL en
2.856:374 uU in DL, P=0,03), maar basaal insuline, insulinekpioogte (absoluut en relatief),
AUC/12u en gemiddeld insuline niveau verschilde tiesen de behandelingen.

IGF-1 niveaus tijdens het interval spenen-ovuléigéen een stijging zien vanaf d1 tot d3 na
spenen, maar de niveaus verschilden niet tusseantletingen. Wel waren IGF-1 niveaus hoger
in zeugen met een goede voeropnar¥b Y tijdens het interval spenen-ovulatie) op d4l&ma
spenen (LSmeans waren respectievelijk 152,5 er@Ingml op d4 (P=0,01) en 143,6 en 169,9
ng/ml op d5 (P=0,001) voor zeugen met een lageoge kioeropname).

Follikel ontwikkeling, bronst en ovulatie

De gemiddelde diameter van de 5 grootste follikgdsde dag van spenen, d4 na spenen en bij
ovulatie, het interval spenen-ovulatie, bronstdovylatiegraad, basaal LH niveau rondom de LH
piek en het interval spenen-LH piek verschildent rilsssen behandelingen, en waren niet
beinvioed door voeropname tijdens het interval spavulatie.

De pre-ovulatoire LH piek was hoger in de CTRL dre(Tabel 1), en was hoger in dieren met
een lage (<75%) voeropname vergeleken met dierée@mehogeX75%) voeropname tijdens het
interval spenen-ovulatie (LSmeans waren respedijiev&26 en 3,1 ng/ml voor zeugen met een
lage en hoge voeropname; P=0,06).

Het aantal follikels in de gehele follikelpool o da spenen verschilde niet tussen behandelingen,
maar de gemiddelde diameter en de uniformiteit dexe follikels (SD en CV) waren hoger in
CTRL dieren dan in DL dieren (Tabel 2).

Tabel 1. LH, luteale ontwikkeling en progesteron kenmerkienbeéinvioed zijn door de behandeling en/of
voeropname tijdens het interval spenen-ovulatiea(retSE)

P-waardé

CTRL DL Behandeling Voeropname isd

(n=15) (n=16)
LH piekhoogte, ng/ml 3,73:0,24 3,080,18 0,03 0,08
Totaal luteaal gewicht,*g 11,2+0,5 9,20,5 0,03 n.s.
CL diameter, mrh 10,0:0,3 9,60,3 0,06 <0,0%
CL gewicht, § 0,470,02 0,420,02 0,09 n.s.
Basaal progesteron, ng/nl 0,49:0,07 0,8€0,21 0,23 0,08
Gemiddeld progesteron, ngfnl14,6a:1,35  14,7@0,90 0,96 0,08

! Statistische significantie; de behandeling*voempe-interactie was niet significant (P>0,10)/oeropname
vanaf spenen tot aan 12u na ovulatie, in % dragfeophame (<75%75%);* 1 DL zeug ontwikkelde cysteuze
ovaria; niet meegenomen in de analysé€ CTRL zeugen ontwikkelde cysteuze corpora lutei@t n
meegenomen in analyséslleen voor zeugen met een vene jugularis-canuleGIRL en 11 DL zeugeny;
Voor zeugen met lage (<75%) en hog&5%) voeropname, LSmeans waren respectievelijlaBb3,1 ng/ml
voor LH piekhoogte, 10,4 en 9,4 mm voor CL diame®89 en 0,45 ng/ml voor basaal progesteron, e6013
en 16,31 voor gemiddeld progesteron.

Luteale ontwikkeling en progesteron

Totaal luteaal gewicht, gemiddelde corpus luteuamditer en gemiddeld gewicht van de corpora
lutea (Tabel 1) waren hoger in CTRL dieren dan indieren. Daarnaast hadden zeugen met een
lage (<75%) voeropname tijdens het interval spenafdatie grotere corpora lutea dan zeugen
met een hoge>{f5%) voeropname (LSmeans waren respectievelijk €6,9,4 mm voor zeugen
met een lage en hoge voeropname; P<0,01).

Progesteron niveaus in plasma (basaal, gemiddeldaximaal) tijdens de vroege dracht waren
vergelijkbaar voor beide behandelingen. Basaal gstagon (gemiddelde progesteron niveau
tussen 6 en 2u vOor ovulatie) tendeerde naar eger miveau in dieren met een lage voeropname



tijdens het interval spenen-ovulatie (LSmeans waespectievelijk 0,89 en 0,45 ng/ml voor
zeugen met een lage (<75%) en hog&5@6) voeropname; P=0,06), terwijl gemiddeld
progesteron niveau tijdens de eerste 10d van dehidtaoger was in dieren met een hoge
voeropname tijdens het interval spenen-ovulatienie&s waren respectievelijk 13,60 en 16,31
ng/ml voor zeugen met een lage (<75%) en hagé%) voeropname; P=0,05).

Corpus luteum diameter en gewicht en totaal lutgealicht waren onderling hoog gecorreleerd
(r=0,45; P<0,01). Corpus luteum-ontwikkeling (diametgewicht en totaal gewicht) was niet
gecorreleerd met gemiddeld progesteron niveaunigdie vroege dracht; totaal luteaal gewicht
was wel sterk gecorreleerd met maximaal progestereeau op d10 van de dracht (r=0,51;
P=0,005).

Tabel 2. Follikel pool kenmerken op d4 na spenen (me8E9

CTRL DL
(n=9)? (n=11Y P-waarde behandeling
Aantal follikels 21,1+0,8 22,%0,7 0,39
Gemiddelde diameter, mm  6,50,2 6,10,1 0,08
SD, mm 0,72+0,04 0,880,06 0,05
CV, % 11+1 151 0,02

! Statistische significantie; het effect van voerapaaen de behandeling*voeropname-interactie wareh ni
significant (P>0,10)? 1 DL zeug ontwikkelde cysteuze ovaria en is daanieh meegenomen in de analyses;
voor 11 zeugen (6 CTRL en 5 DL) waren geen com@egafilmpjes van beide eierstokken beschikbaar.

Om erachter te komen of de betere luteale ontwik$glcorpus luteum diameter en gewicht en
totaal luteaal gewicht) in de CTRL dieren gerelataés aan de betere follikelontwikkeling in deze
dieren, zijn correlaties berekend tussen follikehkkeling parameters en corpora lutea
parameters, en zijn follikelparameters als verkidee variabelen toegevoegd aan de modellen
voor luteale ontwikkeling. De gemiddelde diametan e 5 grootste follikels op d4 na spenen en
bij ovulatie waren niet gecorreleerd met corpugudm diameter of gewicht. De gemiddelde
diameter van de gehele follikelpool op d4 na spedibepaald voor de 20 zeugen met complete
scanfilmpjes van beide eierstokken) was sterk gelmmrd met zowel corpus luteum diameter
(r=0,55; P=0,02), corpus luteum gewicht (r=0,610/@87), als totaal luteaal gewicht (r=0,54;
P=0,02). Toevoeging van gemiddelde follikeldiameaiprd4 aan het model voor zowel corpus
luteum diameter als corpus luteum gewicht bevestdg hypothese dat de betere corpus luteum
ontwikkeling in de CTRL dieren (deels) verklaarank@orden door de betere follikelontwikkeling
in deze zeugen (P-waardes voor het effect van giiidd follikeldiameter waren 0,03 (3=1,23
mm / mm) en 0,07 (3=0,06 g / mm) voor respectigy€lL diameter en CL gewicht).

Embryo ontwikkeling en uniformiteit

In totaal waren 28 van de 32 zeugen drachtig (1RIC8n 14 DL; 1 DL zeug had een stille bronst,
1 DL zeug ontwikkelde cysteuze ovaria, en 2 zeu§enCTRL en 1 DL) hadden een
baarmoederontsteking, en geen vitale embryo’s).

Het aantal embryo’s en de embryonale overlevingewarergelijkbaar tussen behandelingen en
niet beinvioed door voeropname tijdens het intersjpénen-ovulatie. Embryo ontwikkeling
(diameter, oppervlak, embryoblast diameter, eimhioud en DNA inhoud) en uniformiteit (SD en
CV van bovengenoemde kenmerken) waren niet beiduo®r voeropname tijdens het interval
spenen-ovulatie. Embryo diameter tendeerde naahegear niveau in CTRL dieren (Tabel 3);
embryo oppervlak, embryoblast diameter, eiwit irdh@n DNA inhoud waren alleen numeriek
hoger in de CTRL dieren (Tabel 3).



Uniformiteit van de embryo’s (SD en CV van alle eyt kenmerken) verschilde niet tussen
behandelingen.

Tabel 3. Embryo-ontwikkeling op d10 van de dracht (mes8is)

CTRL DL
(n=13Y (n=12Y P-waarde behandeling
Embryo diameter, mm 7,1+0,47 6,4+0,64 0,07
Embryo oppervlak, mf  73,0+10,5 63,4+11,2 0,11
Embryoblast diameter, mm  0,43+0,02 0,40+0,03 0,20
Eiwit inhoud,pug 86+9 75+11 0,29
DNA inhoud, ng 349+33 329+36 0,32

! Statistische significantie; het effect van voerapaaen de behandeling*voeropname-interactie wareh ni
significant (P>0,10), wel is gecorrigeerd voor deftijd van de embryo’s (9,5 vs. 10d)5 zeugen waren niet
drachtig, en daarnaast hadden 2 zeugen al filamest@embryo’'s, waardoor het niet mogelijk was de
ontwikkeling van de individuele embryo’s te bepalen

Relaties tussen insuline en IGF-1 niveaus en rapebekenmerken

Om relaties te bepalen tussen insuline parametet&E-1 niveaus tijdens het interval spenen-
ovulatie met de verschillende reproductiekenmerkein de volgende insuline en IGF-1
parameters gebruikt:

- basaal insuline (gemiddelde waarde van d2 en d3euey)

- insuline AUC/12u (gemiddelde waarde van d2 en d%pagq)

- gemiddeld insuline niveau (gemiddelde waarde vaardd3 per zeug)
- gemiddeld IGF-1 niveau gedurende d3-5 na spenen

De correlaties tussen deze verschillende insulméG#-1 parameters waren als volgt: basaal
insuline en insuline AUC/12u waren niet gecorrale@?=0,22), maar gemiddeld insuline was
hoog gecorreleerd met zowel basaal insuline (rs086%9,0001) als insuline AUC/12u (r=0,86;
P<0,0001); gemiddelde IGF-1 niveau gedurende d&Spenen was gecorreleerd met basaal
insuline (r=0,39; P=0,03) en gemiddelde insuline0(89; P=0,03), maar niet met insuline
AUC/12u (P=0,17).

In de analyses bleek dat de interactie tussen bleling en insuline/IGF-1 parameters nergens
significant was (P>0,10). Daarom zijn overall resgies uitgevoerd (wel met correctie voor het
behandelingseffect). De significante relaties dierdnder besproken worden zijn in figuren
weergegeven in de bijlage.

Follikel ontwikkeling, bronst en ovulati®asaal insuline niveau was positief gerelateerd met
follikel diameter bij ovulatig3=0,05 mmj(U/ml); P=0,04; figuur 1A) en negatief gerelateeretm
LH piekhoogte(3=-0,07 (ng/ml)jU/ml); P=0,01; figuur 1B).

Een positieve relatie bestond tussen zowel insuft#C/12h (3=0,015 (ng/ml)/(1.00QU);
P=0,05; figuur 2A), gemiddeld insuline niveau ([B€Y, (ng/ml)/U/ml); P=0,05; figuur 2B), en
gemiddeld IGF-1 niveau gedurende d3-5 na spened@32 (ng/ml)/(ng/ml); P<0,01; figuur 2C)
met basaal LH niveau

Luteale ontwikkeling en progesteraBemiddeld insuline niveau liet een negatieve relaien
met gemiddelde corpus luteum diamgfe+-0,06 mmj(U/ml); P=0,01; figuur 3). Zowel insuline
AUC/12u (3=0,35 (ng/ml)/(1.000U); P=0,02; figuur 4A) als gemiddeld insuline niue@=0,14
(ng/ml)/(wU/ml); P=0,05; figuur 4B) waren positief gerelatenet gemiddeld progesteron niveau
gedurende de eerste 10d van de dracht, en met malxprogesteron niveaap d10 van de dracht




(insuline AUC/12u: 3=0,73 (ng/ml)/(1.0QW); P=0,0046; figuur 5A; gemiddelde insuline niveau
3=0,27 (ng/mhigU/ml); P=0,05; figuur 5B).

Embryo ontwikkelinglnsuline AUC/12u liet een positieve relatie zientneenbryo diameter
(3=0,15 mm/(1.00@U); P=0,03; figuur 6). Daarnaast waren er tendenvs@n positieve relaties
tussen insuline AUC/12u met embryo opperv{8k2,46 mri¥/(1.000 pU); P=0,06) en _embryo
eiwit (3=2,13ug/(1.000uU); P=0,08), en voor positieve relaties tussen geeld insuline niveau
met_ embryo diametdf3=0,06 mmj{U/ml); P=0,09).

Discussie

Insuline niveaus tijdens het interval spenen-ovellaijn gerelateerd met). follikelontwikkeling
(basaal insuline was positief gerelateerd aankfdlidiameter bij ovulatie)il). LH afgifte (basaal
insuline was negatief gerelateerd met LH piekhoogt@ar zowel insuline AUC/12u en
gemiddeld insuline niveau waren positief gerelateaan basaal LH niveau)jl). luteale
ontwikkeling en progesterofgemiddeld insuline niveau was negatief gereldtesan corpus
luteum diameter, maar zowel insuline AUC/12u alsnigieleld insuline niveau waren positief
gerelateerd aan gemiddeld en maximaal progesteveawn gedurende de vroege dracht);lV).
embryo ontwikkeling(insuline AUC/12u was positief gerelateerd aan mymibdiameter). Dit
suggereert dat hoge insuline niveaus tijdens hetvial spenen-ovulatie leiden tot een beter
uitgangspunt voor goede embryonale overleving ewikkeling (hoger progesteron en verder
ontwikkelde embryo’s).

Onze oorspronkelijke hypothese was dat insulinretdgrende voeding tijdens het interval
spenen-ovulatie leidt tot een uniformere pre-owiteat follikel pool (doordat met name de
follikels die relatief nog klein zijn en weinig LHeceptoren hebben, extra gestimuleerd worden),
waardoor enerzijds uniformere embryo’s ontstaamreterzijds een betere progesteron productie
door de corpora lutea. Het uiteindelijke resultaat dan een uniformere toom bij geboorte zijn.
De resultaten uit dit experiment bevestigen dezeothese deels. Er bestaan positieve relaties
tussen insuline niveaus en zowel follikel ontwikikgl als embryo ontwikkeling. De positieve
relaties tussen follikel diameter en corpus luteamtwikkeling (diameter en gewicht) bevestigen
dat verbeterde follikelontwikkeling daarnaast re=eft in een betere luteale ontwikkeling.
Bovendien was er inderdaad een positieve relassetu insuline niveaus tijdens het interval
spenen-ovulatie en progesteron productie in degeaeacht.

De uniformiteit van zowel follikels als embryo’sele echter niet beinvioed door insuline. Dit zou
kunnen betekenen dat insuline niet zozeer de umifeit van follikels en embryo’s verhoogt,
maar de algehele ontwikkeling van zowel follikels ambryo’s stimuleert, en dat effecten op
uniformiteit wellicht pas later zichtbaar wordemoddeen betere follikel- en embryo-ontwikkeling
vervolgens leidt tot uniformere tomen bij geboarteet verder onderzocht worden (er zal immers
nog een deel van de embryo’s afsterven tijdensedéeve dracht). Een hypothese is dat insuline-
stimulatie tijdens het interval spenen-ovulatiedieitot een betere algehele embryonale
ontwikkeling, maar daarnaast ook tot een beterergnile overleving en placenta-ontwikkeling,
wat gunstig zou kunnen zijn voor de uniformiteitvde biggen bij geboorte.

Hoge insuline niveaus tijdens het interval speneauatie lijken dus van belang voor een goede
dracht. In dit experiment is getracht door middahwhet frequent voeren (6x/dag) van een
insuline-stimulerend voer (dextrose plus lactoasyiline niveaus zo hoog en constant mogelijk te
houden voor een groot deel van de dag, maar ditnietdhet verwachte resultaat; de insuline
piekhoogte en totale insuline afgifte gedurendedag verschilde niet tussen de behandelingen.
Het was in dit experiment niet mogelijk de effectean voersamenstelling en voerfrequentie
(=portiegrootte) te scheiden, maar in een vervajgeament éxperiment 2, wordt in hoofdstuk 2

verder toegelichtis dit wel onderzocht. De CTRL en DL voeders zpmarbij gevoerd aan guste



zeugen in porties van 1,5kg (2x/dag), en hier tesulle het DL voer in een hogere insuline
respons vergeleken met het CTRL voer (AUC/6.2u ngapectievelijk 3.804326 vs. 2.842310

uU voor het DL en CTRL voer). Dit geeft aan dat hetuline-stimulerende effect van het DL
voer in het huidige experiment teniet gedaan weydr dle kleinere porties (zie resultaten en
discussie hoofdstuk 2).

De resultaten van dit experiment geven verder aamigt alleen de absolute afgifte van insuline
van belang is voor stimulatie van follikels, corpdutea en embryo’s, maar ook dat het patroon
waarin insuline wordt afgegeven een rol speeltCD&L dieren hadden namelijk grotere follikels
op d4, hogere LH piekhoogtes, zwaardere en groterpora lutea en verder ontwikkelde
embryo’s op d10 van de dracht, ondanks gelijkeld¢otasuline afgifte met de DL dieren. Dit
suggereert dat tweemaal daags een grote insulmelatie voordeliger is dan dezelfde
hoeveelheid insuline afgegeven in meer frequensarrkortere insuline-pieken. Kortom, 2x/dag
voeren lijkt gunstiger voor follikelontwikkeling edfracht dan frequenter voeren.

Om de vraag te beantwoorden welke voeders de mpettatie hebben om insuline afgifte bij
zeugen te stimuleren, is eeneXperiment uitgevoerd.



2. NEDERLANDSE SAMENVATTING EXPERIMENT 2

Doel van de proef

Het doel van de proef was om nader inzicht te &njgn de directe effecten van de specifieke
voercomponenten dextrose, lactose, sucrose enrBigtanpulp (zowel apart als gecombineerd)
op glucose, insuline en IGF-1 profielen in zeugenzw diéten te vinden met de hoogste potentie
om insuline en IGF-1 afgifte te stimuleren.

Proefopzet

14 guste oudere-worps Topigs 20 zeugen (hersteid lactatie (>30d na spenen) en onder
dagelijkse regumate behandeling om bronst en daag®gaard gaande voerresten te voorkomen),
kregen verschillende proefvoeders gevoerd geduréndehtereenvolgende proefperiodes. De
volgende proefvoeders zijn getest:

1. Controle (CON;) basisvoer met sojaolie (vergelijkbaar met coetraler uit exp. 1);

2. Dextrose (D)basisvoer inclusief dagelijks 150g dextrose;

3. Lactose (L)pasisvoer inclusief dagelijks 1509 lactose;

4. Dextrose plus lactose (Dlbasisvoer inclusief dagelijks 150g dextrose Alb8g lactose;

5. Sucrose (S)hasisvoer inclusief dagelijks 150g sucrose;

6. Sucrose plus lactose (Slbasisvoer inclusief dagelijks 150g sucrose en 1&0gse;

7. Dextrose/Suikerbietenpulp (DSBR@sstaand voer vergeleken met de rest (wel isasaloen
isonitrogeen), met dagelijks 1200g suikerbietenpftlp.v. dagelijks 360g suikerbietenpulp in
CTRL voer) en 2409 dextrose.

Het DL voer (dextrose plus lactose) komt overeert het DL voer uit experiment 1, en om
afzonderlijke effecten van zowel dextrose als Isette onderzoeken zijn ook de voeders met
ofwel dextrose (D) ofwel lactose (L) toegevoegd.een onderzoek met biologische zeugen is
gekeken naar het effect van sucrose plus lactdseofsbiguniformiteit (omdat geen biologische
dextrose beschikbaar is; Van der Peet-Schweringnfadhdijk, in voorbereiding), vandaar dat in
dit experiment ook gekeken wordt naar de specifigfkecten van sucrose (S) en de combinatie
van sucrose plus lactose (SL) op insuline afgiftenslotte toonde Vestergaard (1997) aan dat
suikerbietenpulp zorgt voor een langdurige verhggian insuline afgifte na het voeren, wat zou
kunnen betekenen dat de combinatie dextrose plikerbietenpulp (DSBP) wellicht tot de
hoogste insuline afgifte zou kunnen leiden.

De voeders 1 t/m 6 bestonden uit hetzelfde basiswegarin de additionele voercomponenten
waren bijgemengd. Sojaolie is gebruikt om alle \@edsocalorisch te maken. Daarnaast waren
alle voeders isonitrogeen.

Er werd gebruik gemaakt van een latijns vierkamtz celke zeug kreeg achtereenvolgens de
verschillende proefvoeders en was zo haar eigetratenElk proefvoeder werd gedurende een
periode van 9,5 achtereenvolgende dagen gevoerdgamen of een adaptatieperiode nodig was
voor bijv. de opbouw van de juiste darmflora), irg&ijke porties per dag (3kg/dag). Na elke
proefperiode kregen alle dieren gedurende 4,5dasitvoer (op individueel onderhoudsniveau),
om zo een rustperiode in te bouwen en carry-ovéecein van verschillende voeders te
minimaliseren.

Op d2, d5 en d9 (dO is start proefperiode) van pheoefperiode zijn insuline profielen bepaald tot
372 min (6,2u) na het voeren; daarnaast zijn op dik glucose profielen bepaald. Op d2, d5 en
d9 werd tevens een bloedmonster genomen voor dgdihgpan IGF-1.

Om het effect van een hoge voerfrequentie (=klprtiegrootte) te onderzoeken (zie experiment
1), is daarnaast gekeken naar het effect van &g @ortie van het DL voer (wat overeenkomt
met 1/6 portie van de dagelijkse hoeveelheid, ormdakperiment 1 het DL voer 6x/dag gevoerd



werd met intervallen van 4u) op insuline afgiftgqp @3 werd daarvoor een 0,5kg portie van het
DL voer gevoerd, en zijn insuline profielen bepaald4u na het voeren.

Voorlopige resultaten

Glucose profielen en parameters (basaal glucos€/8du en gemiddelde glucose niveau) waren
vergelijkbaar voor alle proefvoeders. Insuline miein voor de verschillende proefvoeders zijn
weergegeven in figuur 1 en insuline parameters abel 1. Insuline profielen en parameters
verschilden niet tussen de verschillende dagend®2n d9).

De proefvoeders D, DL en SL resulteerden in de &mognsuline respons (hoogste pieken,
gemiddeldes en AUC/6,2u). De insuline profielenpanameters voor de voeders S, L en DSBP
weken niet significant af van het controle voer.
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Figuur 1. Insuline profielen (LSmeans; gemiddelde van d2em%9) rondom de 8u voerbeurt voor de
verschillende proefvoeders ten opzichte van hdral@nwvoer (n=aantal zeugdagen).



Tabel 1. Insuline parameters (gemiddelde van d2, d5 en d@j e verschillende proefvoeders

(LSmeansSE).
CON D DL S L SL DSBP P-waarde
Aantal zeugen 9 7 9 8 10 8 7
Aantal zeugdagen 27 20 25 20 28 23 20
Basaal pU/ml 8,740,5 8,7#0,5 9,4:0,5 9,805 7,20,5 9,&0,5 9,60,5 0,04

PiekhoogtepU/ml  38+52 535 575 43+5%°  43#5°  56+5° 46£5*°  <0,01
Stijging, pU/ml 29+5° 45+5% 4745° 335 345 46+5° 3745% <0,01
GemiddeldepU/ml  16+17 201" 201" 18:1%  16+£1° 19+1%*  181*  <0,01
AUC/6,2u,pU 2842:310 4137357 3801326 300H35¢ 2979313 3495337 3501357 0,02

! Statistische significantie; het effect van daglerinteractie proefvoeder*dag was niet significg#0,05);*
Waarden met verschillende letter binnen dezelfdajni significant verschillend (P<0,05).

Gemiddelde IGF-1 niveaus zijn weergegeven in T@b&lerschillen in IGF-1 niveaus tussen de
verschillende proefvoeders waren klein. Het DSBErvesulteerde in de laagste IGF-1 niveaus.
Het CON, L en SL voer resulteerde in de hoogste-1Gfiveaus. IGF-1 niveaus voor de voeders
D, DL en S lagen er tussenin.

Daarnaast was er een significant dageffect (P<Q|@%)-1 niveaus waren hoger op d2 dan op d5
en d9 (LSmeans waren respectievelijk 156, 150 @ngdml voor d2, d5 en d9).

Tabel 2. IGF-1 niveaus (gemiddelde van d2, d5 en d9) voaoraischillende proefvoeders (LSme#BE).

CON D DL S L SL DSBP P-waardé
Aantal zeugen 9 8 10 8 10 9 8
Aantal zeugdagen 27 23 26 19 30 18 21
IGF-1, ng/ml 156t12°  153t12%° 151+122° 15Q:12%° 15712 155:12° 14212 0,01

! Statistische significantie; het effect van dag wamificant (P<0,05); de interactie proefvoederfomas niet
significant (P>0,05);Z’lb Waarden met verschillende letter binnen dezelffleijn significant verschillend

P<0,05).

Effect kleine portie DL

Het effect van een 0,5kg portie (1/6 van de dagdijhoeveelheid) ten opzichte van een 1,5kg
portie van het DL voer is weergegeven in figuub2.insuline AUC na een 0,5kg portie van het
DL voer was 868187 uU/4u. Dit zou overeen komen met 2603/12u, veronderstellende dat het
DL voer elke 4u gevoerd werd en bij elke voerbealgzelfde insuline respons zou opleveren.
Voor de 1,5kg portie is het insuline niveau bepdatds,2u na voeren, maar om deze respons te
kunnen vergelijken met de insuline respons na deaé&lportie, is aangenomen dat het insuline
niveau tussen 6,2u na voeren en 12u na voeremineebte lijn daalt naar basaal niveau (dit lijkt
aannemelijk op basis van de insuline profielereyperiment 1, zie figuur 2 in hoofdstuk 1). De
AUC/12u is dan 432609 nU, wat beduidend hoger is dan de totale insulirggftaf bij het
6x/dag voeren van kleine porties.
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Figuur 2. Effect van een 0,5kg portie vs. een 1,5kg podiehet DL voer op
insuline afgifte

Discussie

De voeders met dextrose (D), dextrose plus laciDs¢ en sucrose plus lactose (SL) lijken de
hoogste potentie te hebben om insuline-afgiftetimweren. Het is echter onbekend waarom
zowel lactose (L) als sucrose (S) als afzonderkmponenten niet insuline-stimulerend lijken te
werken ten opzichte van het controle voer. Daatnbestaat de mogelijkheid dat effecten van
lactose en suikerbietenpulp op insuline-afgifte pasu zichtbaar worden (insuline niveaus zijn
in deze studie bepaald tot 372min (ofwel 6,2u) aargn), omdat het enige tijd kost voordat het
voer de dikke darm bereikt heeft, gefermenteerddtven fermentatieproducten gebruikt worden
voor gluconeogenesis. Het is verder onduidelijk wamhet DSBP voer (met daarin maar liefst
80g/kg dextrose) niet resulteerde in een hogeimepikek direct na voeren.

Het effect van de verschillende voeders op IGFveaus lijkt klein.

Het insuline-stimulerende effect van voeders (inggival getest voor het DL voer) neemt af bij

frequenter voeren (ofwel kleinere porties). De tiefalagere insuline respons na een kleinere
voerportie hangt waarschijnlik samen met de vediga afgifte van insuline-stimulerende

darmhormonen zoals CCK en GLP-1, al dan niet gecmebd met een vertraagde maaglediging.



3. ALGEMENE CONCLUSIE

Uit experiment 1.:

Insuline niveaus tijdens het interval spenen-ovellaijn gerelateerd aan zowel
follikelontwikkeling en LH afgifte, als aan luteatstwikkeling, progesteron afgifte
en embryonale ontwikkeling tijdens de vroege drachteale ontwikkeling (corpus
luteum diameter en gewicht) is daarbij ook directeretpteerd aan
follikelontwikkeling;

Insuline niveaus tijdens het interval spenen-ovwlaeinvioeden wel de algehele
ontwikkeling van embryo’s, maar lijken niet speeki de uniformiteit van de
embryo’s te beinvioeden. De consequenties hienaor We verdere dracht en
uniformiteit bij geboorte moeten nader onderzocbtden;

De behandeling had effect op follikelontwikkelinde hoogte van de LH piek,
luteale ontwikkeling en embryo ontwikkeling, wat @ kan duiden dat naast de
absolute dagelijkse insuline-afgifte, het patroa@avin insuline afgegeven wordt een
additioneel effect heeft; 2 langdurige insuline keile per dag leiden tot betere
follikelontwikkeling, een hogere LH piek, beter wiiktkelde corpora lutea en beter
ontwikkelde embryo’s vergeleken met frequentereamkartere insuline pieken.

Uit experiment 2:

Als voeders 2x/dag gevoerd worden, hebben de vo®copnenten dextrose en
sucrose, in combinatie met lactose, de hoogstenpetem insuline-afgifte te
stimuleren (snelle, hoge pieken);

Wanneer ook de langdurige insuline-afgifte van hgless voor de beinvloeding van
follikelontwikkeling, verdienen ook fermenteerbafdSP’s (zoals lactose en
suikerbietenpulp) nadere bestudering; in het heiéigperiment is daarvoor wellicht
het insuline verloop te kort gevolgd (tot 6,2u merbeurt).



BIJLAGE A. FIGUREN RELATIES [INSULINE/IGF-1 MET
REPRODUCTIE KENMERKEN

(Figuren 1 en 2 zijn afkomstig uit paper deel 1)
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Figuur 6. Relatie tussen insuline AUC/12u (gemiddelde vaard@3 na spenen) en
embryo diameter (residuals gecorrigeerd voor higatfvan batch en embryo-leeftijd;
LSmeans waren respectievelijk 7,9, 5,9 and 6,0 batoh 1, 2 en 3 (P=0,04); LSmeans
waren 5,4 en 7,7 voor 9,5 en 10d-oude embryo’peasevelijk (P=0,0012)
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ABSTRACT: To get more insight in how insulin secretion patserand corresponding IGF-1
levels, are related to LH secretion, (uniformity follicle development and ovulation, 32
multiparous sows were fed either a dextrose plet®s$e-containing diet (DL; each 150 g/d) at
4h intervals or an isocaloric and isonitrogenousiticd diet at 12h intervals (CTRL;
containing soybean oil) during the weaning-to-otiata interval (WOI). At d2 and 3 after
weaning insulin profiles were determined around @890h feeding. IGF-1 levels were
determined in 0800h plasma samples at d1, 2, 8d4dbaafter weaning. At d4 after weaning,
number and diameter of all follicles 3 mm were measured using ultrasound. Insulin
parameters (basal, AUC over 12h (AUC720) and mewulin) were similar for both
treatments, but the secretion pattern differedh@tspeaks vs. 2 long peaks per day). IGF-1
levels during the WOI were similar for both treatt®e Weaning-to-estrus interval, estrus
duration, WOI and ovulation rate were not influeshby treatment. LH surge level was higher
in CTRL sows compared with DL sows (3.73 vs. 3.60mi; P = 0.03). Number of folliclex

3 mm at d4 after weaning was comparable betweatntents, but average diameter of these
follicles tended to be higher in CTRL sows (6.5&4 mm;P = 0.08) and uniformity of these
follicles was higher in CTRL sows compared with Baws (SD: 0.72 vs. 0.88 mmR,= 0.05;
CV: 11 vs. 15%,P = 0.02). Basal insulin (mean value of d2 and 2rafteaning) was
positively related with follicle diameter at ovutat (P = 0.04) and negatively related with LH
surge level P = 0.01). Insulin AUC720 (mean value of d2 and terafveaning;P = 0.05),
mean insulin (mean value of d2 and 3 after wearihg;0.05) and mean IGF-1 level during
d3-5 after weaningR < 0.01) were positively related to basal LH lessbund the LH surge.
Insulin and IGF-1 parameters were not related & rtbmber, diameter and uniformity of
follicles = 3 mm at d4 after weaning. From these data, itlmmoncluded that insulin and
IGF-1 levels during the WOI are related to LH s&oreand follicle development. Feeding
strategies (feeding frequency and diet compositwhich modulate the pattern of insulin
secretion, without affecting daily insulin output B5F-1, can influence LH secretion and
development and uniformity of pre-ovulatory folésl

Key words: Follicle development, insulin-like growth factor{iGF-1), insulin, luteinizing
hormone (LH), nutrition, sows

INTRODUCTION

Recent studies have shown that specific feed coemisras dextrose and lactose (Van den
Brand et al., 2006; 2009) or sugarbeet pulp (Fenges al., 2006) in pre-mating sow diets can
affect uniformity of fetuses and piglets. Thoseeefé may be mediated through the insulin-
stimulating effect of these diets. Insulin and IG&fe known to stimulate follicle and oocyte

development, either indirectly at the brain leva stimulation of LH (Koketsu et al., 1996;



Van den Brand et al., 2001), or directly at ther@ra level (Poretsky and Kalin, 1987;
Quesnel et al., 2007).

It is unknown which insulin profiles are optimalrfgood follicle quality and uniformity, and
how these insulin profiles can be achieved. Pasitelationships between insulin and LH
were found in studies in which sows were fed hoyflgkach et al., 1992; Koketsu et al.,
1996). In studies with twice a day feeding, howeteese relationships were less clear (e.qg.
Van den Brand et al. (2000)). This indicates thesidbes the absolute amount of insulin
secreted, also the pattern in which insulin isesect (e.g. prolonged enhanced insulin levels)
could play a role in LH stimulation, and therebylifde development. Besides feeding
frequency, insulin secretion pattern can also belutaded by diet composition; e.g. starch-
plus dextrose-rich diets resulted in a faster, éwgand longer insulin peak after feeding
compared with fat-rich diets in gilts and sows (\M&En Brand et al., 1998; 2001; Ziecik et al.,
2002), and sugarbeet pulp enhanced insulin lewela prolonged period after feeding in gilts
(Vestergaard, 1997).

To get more insight in how different insulin se@atpatterns, and corresponding IGF-1 levels,
are related to LH surge characteristics, (unifoynmi) follicle development and ovulation,
sows were fed either a dextrose plus lactose-auntadiet at 4h intervals or an isocaloric and
isonitrogenous control diet at 12h intervals duttimg weaning-to-ovulation interval (WOI).

MATERIALS AND METHODS

General Design

During the WOI, multiparous sows were fed eitheleatrose plus lactose-containing diet (DL)
at 4h intervals or an isocaloric and isonitrogenoasstrol diet (CTRL; dextrose and lactose
were exchanged by soybean oil) at 12h intervalsfday of weaning until ovulation. Two
factors, specific feed components (dextrose pla$&®) and a high feeding frequency, were
used simultaneously to create large contrastssulimand IGF-1 levels and patterns among
sows, and in an attempt to keep insulin levels pob@ and more constant for a prolonged
period of the day. After ovulation, all sows reasiva standard gestation diet at 12h intervals
until slaughter at d10 after ovulation. All expeental procedures were approved by the
Institutional Animal Use and Care Committee of Waggen University (Wageningen, The
Netherlands).

Animals and Housing

Multiparous (parity 5.9+0.3; range 3-9) Topigs dwgigs, Vught, The Netherlands) sows (n
= 38), from one registered sow farm, arrived at #xperimental farm of Wageningen

University within 2h from weaning (d0), in 3 consége batches (11, 13 and 14 sows,
respectively). At the day of weaning, sows receiegter a permanent jugular vein catheter
(23 sows) for blood sampling during the whole expental period, or an ear vein catheter



(15 sows) for blood sampling only during the WQugdlar vein catheters were surgically
fitted under general anaesthesia as described bgeSet al. (1997). For insertion of the ear
vein catheters, sows were fixated by a nose-shnt).75 m catheter (medical PVC tube, inner
diameter 0.8 mm, outer diameter 1.6 mm; Rubber B\Wersum, The Netherlands) was
inserted 50 cm into the ear vein. The other enthefcatheter was passed externally to the
back of the sow and a one-way luer-lock stopcockgbn, Veenendaal, The Netherlands) was
secured. To protect the catheter from damage,dhevas fixated at the head of the sow, and
the catheter was fixated at the neck and backeoktw (with belts tied around the neck and
chest). After insertion of the ear vein cathetenys were given 2.2 mg Flunixine kgm.
(Intervet Schering-Plough Animal Health, BoxmeeheTNetherlands). Ear vein catheters
were removed after ovulation.

Sows were housed in individual farrowing cratesirdyuithe whole experiment. Sows were
exposed to 16h of light (0700-2300) and barn teatpee was maintained between 18 and 22
°C during the whole experiment.

Sows were weighed and P2 backfat was measurechv@thafter farrowing (at the sow farm),
at weaning and at slaughter at d10 of pregnancdgl Tiier weight was measured at weaning.
During the experiment, 6 sows (4 CTRL, 2 DL) weedevinary treated for pneumonia (5
sows) or diarrhea (1 sow) and were excluded frdraralyses. The remaining sows (n = 32)
had an average body weight at weaning of 251+%kgctational body weight loss of 120
0.5%, a backfat thickness at weaning oft168.5 mm, and a lactational backfat loss of 24.5
1.3%. Furthermore, lactation length was 25.0.1 d, number of weaned piglets was 14.6

0.1 piglets and litter weight at weaning wast88 kg.

Dietary treatments

Treatments consisted of 2 different feeding regioh@sng the WOI (from weaning until 12h
after ovulation), to create contrasts in insulird d®F-1 levels and patterns among sows.
Within 2 parity classes{(5 or= 6), sows were ranked according to lactational badight
loss (%) and alternately assigned to 2 dietarytrineats: a dextrose plus lactose-containing
diet (DL) fed at 4h intervals, or a control diefl(RL) fed at 12h intervals (0800h and 2000h).
Either dextrose plus lactose (each 150 g/d), obsawy oil (108 g/d) was added to a basal diet
with sufficient protein, vitamins and minerals (Tall). Both diets (manufactured by Research
Diet Services BV, Wijk bij Duurstede, The Nethedah were fed to be isocaloric and
isonitrogenous. At day of weaning, sows receivél)Q,g of either the DL-diet or the CTRL-
diet (at 1800h). From d1 after weaning (0800h)hediet was fed in 6 equal portions of 633
g (3,800 g/d). The CTRL-diet was fed in 2 equaltiposs of 1,800 g (3,600 g/d). From 12h
after ovulation until slaughter, all sows were thé basal diet (3,000 g/d) at 12h intervals
(0800h and 2000h). Water was available ad libitwmndy the whole experiment.



At 1h after feeding, feed refusals were removedwedhed. Refusal samples were stored at
4 °C until analysis for dry matter content. Afteyidg the refusal samples (ca. 10 g) for 24h at
103 °C, dry matter refusal was calculated by miyitig the dry fraction of the sample with
the total refusal weight, and DMI was calculatedsbitracting the dry matter refusal from the
dry matter offered.

Blood Sampling

From d1 after weaning (0800h) until time of ovuwati blood samples were taken at 4h
intervals for all sows. IGF-1 levels were deterndine 0800h plasma samples at d1, 2, 3, 4
and 5 after weaning. Fourteen plasma samples takkéh intervals around the expected LH
surge (from 54h until 2h before time of ovulatievgre analyzed for LH levels.

Furthermore, at d2 and 3 after weaning, blood saswkre taken at -12, 0, 12, 24, 36, 48, 60,
84, 120, 156 and 240 min (for all sows) and at 3@0 and 720 min (only for CTRL sows,
because DL sows were fed again at 1200h) relatv@800h feeding for determination of
glucose and insulin profiles.

Blood samples were collected in polypropylene tutm#taining 10Qul EDTA solution (144
mg/mL saline; Tritiplex 1ll, Merck Nederland B.V.Amsterdam, The Netherlands),
immediately placed on ice after collection and g&rged at 1,710 »g for 10 min at 4 °C.
Plasma was stored at -20 °C until analyses.

Follicle development, estrus and ovulation

On dO follicle diameter was determined with traosaxk ultrasonography (Scanner 200, Pie
Medical/Esaote, Maastricht, The Netherlands), bgraging the diameter of the 5 largest
follicles at one ovary.

From d2 after weaning (0800h), estrus detection peaformed at 4h intervals (after feeding
and blood collection) by a back-pressure test engtesence of one of 2 mature vasectomized
boars. Time of onset of estrus was defined as &rdéhe first time a sow showed a standing
response; end of estrus was defined as 2h aftetatitetime the sow showed a standing
response.

At d4, ultrasound clips of both complete ovariesavmade, using a Mylab 30 scanner (Pie
Medical/Esaote, Maastricht, The Netherlands). Di@mand number of antral follicles was
analyzed using frame by frame analysis; for eaclvidual follicle the largest diameter of
several £ 3) consecutive frames was measured. Using thibadefollicles larger than 3 mm
can be reliably assessed (N.M. Soede, unpublisredts).

From 12h after onset of estrus sows were transhecteanned at 12h intervals (0800h and
2000h) to determine time of ovulation (using tharswer 200). The 5 largest follicles at one
ovary were measured. Time of ovulation was defiae®h before the first scanning time that
no large antral follicles were identified anymovéhen substantial fewer large antral follicles
were identified than before, ovulation was assumoeldlave just started and time of ovulation



was defined as time of scanning. Ovulation wasiomed by a further scan 12h later. Follicle
diameter at ovulation was defined as the mean demué the 5 largest follicles at the last
scanning before ovulation started.

Sows were inseminated every day of estrus withnangercial dose of semen (containing 2 x
10° sperm cells) of a Topigs boar line, until ovulatitad occurred.

Sows were slaughtered at the experimental farmaltést ovulation and reproductive tracts
were removed. The number of corpora lutea was eoduo both ovaries. Data on uteri, luteal
development and embryos are published elsewherenfi#s et al., submitted).

Plasma Analyses

Glucose and insulin. For glucose analyses, 5Q@ 0.3M Trichloroacetic Acid (TCA) was
added to 5QuL of plasma for precipitation of protein. After ¢afugation at 16,000 xj for 1
min, glucose levels in the supernatant were andlyire triplicate with an enzymatic
colorimetric assay using the glucose-oxidase-pdesa (GOD-PAP) method using a
commercial kit (Roche Diagnostics Nederland BV, Atey The Netherlands). Plasma insulin
levels were analyzed in duplicate with a commerRi&-kit (PI-12K Porcine Insulin RIA-Kit,
Millipore, St. Charles, USA). The sensitivity wagi@/ml, and intra- and interassay CV were
6.4% (n = 42) and 6.0% (n = 9), respectively.

For each sampling day, basal glucose and basdinnswels were calculated as the mean
value of the 2 samples taken before feeding (-1® @min); maximal insulin levels were
defined as the maximum value during the first 156 after feeding (when no values from t =
12 until t = 156 min were above basal level, no imasn levels were defined (n = 3 sow
days)); the increase in insulin after feeding walswated as the difference between maximal
and basal levels; the area under the curve (AU@hguhe sampling period was calculated as
the area above basal glucose and insulin levelsyavAUC240 was calculated as the area
under the curve from feeding until 240 min afteedmg for all sows, and AUC720 was
calculated as the area under the curve from feaditig720 min after feeding for CTRL sows,
and as AUC240 multiplied by 3 for DL sows as DL somere fed again at 1200h and 1600h;
and the mean glucose and insulin level during @raping period were calculated as the
average glucose and insulin levels of all plasmrmapdas after feeding (from O until 720 min in
CTRL; from 0 until 240 min in DL) corrected for thiene intervals between samples.

IGF-1. IGF-1 levels were quantified in duplicate, usingc@mmercial kit (IRMA IGF-1
A15729, Immunotech, Marseille, France), after eottom of the samples with ethanol/HCI (as
validated by Louveau and Bonneau (1996)). The 8eitigi intra- and interassay CV were 2
ng/ml, 2.2% (n = 26) and 3.5% (n = 12), respecyivel

LH. Plasma LH concentrations were analyzed in tripdicaising the homologous double-
antibody RIA, as described previously by Cosgroveak (1991), with the following
modifications: 1% BSA was used in the assay buffarthe precipitation 5QL cold Saccel
(anti sheep/goat, IDS-AA-SAC2; Lucron Bioproduct¥,BGennep, The Netherlands) was



used; after mixing and incubation for 1h, tubesensgntrifuged at 6,240 x g for 6 min at 4°C,
aspirated and counted.

The lower limit of detection was 0.012 ng/ml; tiéra- and interassay CV were 6.3% (n = 36)
and 4.5% (n = 8), respectively.

Basal LH levels were calculated as the averageevafuhe 3 lowest values of all samples
(either before or after the LH surge); LH surgeelewas defined as the maximum value of all
samples.

Statistical Analyses

Data are presented as meanstSE, unless otheratsd.dData were analyzed with the GLM
procedure of SAS 9.1 (SAS Inst. Inc., Cary, NC)leas otherwise stated. For all GLM-
analyses, first interaction terms were tested antbwved from the model when not significant
(P > 0.10), followed by a stepwise removal of theiafale with the highest non-significant P-
value P > 0.10), except for the factor treatment.

Dry matter intake. DMI was analyzed using model 1j¥= p + T; + B+ T*B; + ay, where
Yik = dependent variablg; = overall mean; {I= treatment (i = CTRL, DL); B= batch (j =
1,2,3); T*B; = interaction between treatment and batch; apd=eresidual error. Pearson
correlation coefficients (using the CORR procedunagre calculated between total DMI
during the WOI and DMI at sampling days for glucasel insulin profiles.

Glucose and insulin. Because of our interest in the direct effect ohbdiets on glucose and
insulin profiles, glucose and insulin profiles wendly analyzed for sows with a DMI of 75%
or more at both sampling days (0800h feeding ar®3; n = 17), using model Zjjdn = p

+ Ti + B+ el + ST + SDy + T*ST, + T*SDy + ST*SDm + €Zjumn, Where Yjmn =
dependent variable; = overall mean; {= treatment (i = CTRL, DL); B= batch (j = 1,2,3);
el = error term 1, which represents the random efbécow, (k = 1 to 32) nested within
treatment and batch; §F sampling time (I =-12, 0, 12, 24, 36, 48, 60, 820, 156, 240 min);
SDy, = sampling day (m = d2, d3);*BT, = interaction between treatment and sampling time;
Ti*SDn, = interaction between treatment and sampling &y'SD, = interaction between
sampling time and sampling day; andy@4 = residual error. The effect of treatment and
batch was tested against error term 1. Effects ampting time, sampling day and all
interactions were tested against the residual eBecause for insulin profiles the variance of
error terms was not uniform over time (variancerdases with time after feeding), statistical
differences between treatments were tested for gatipling time separately.

Like glucose and insulin profiles, glucose (bagdlC240, AUC720 and mean) and insulin
parameters (basal, maximal, increase after feedibi§;240, AUC720 and mean) were only
analyzed for sows with a DMI of 75% or more at bséimpling days (n = 17), using model 2,
except that sampling time and its interactions vexauded from the model.

IGF-1. For analyses of IGF-1 levels during WOI, sows wdikeded into 2 classes based on
DMI during the WOI (DMiyo); from weaning until 12h after ovulation (dietamgdtment



period); where 0 = DMio < 75%, n = 15 sows and 1DMIwo = 75%, n = 17 sows). IGF-1
levels were analysed using model 3inh = + T + Bj+ DMlwo k + €% + SDyn + Ti*SDpy,

+ T*DMI wol k + SD*DMI wol k t T*SD*DMI wol k t ezjk"m, where ijlmn = dependent
variable;p = overall mean; /= treatment (i = CTRL, DL); B= batch (j = 1,2,3); DMloi « =
class of DMI from weaning until 12h after ovulati¢aietary treatment period), as % of total
dry matter offered (k = 0 (< 75%), ® (75%)); ek = error term 1, which represents the
random effect of sow(l = 1 to 32) nested within treatment, batch andlli{po;; SDn =
sampling day (m = d1, d2, d3, d4, d5)*SD,, = interaction between treatment and sampling
day; T* DMl woi k= interaction between treatment and Mt SD»* DMl wo, k = interaction
between sampling day and DM; Ti*SDn*DMIwoi k = interaction between treatment,
sampling day and DMJo;; and eZam = residual error. The effect of treatment, batckl an
DMIwo was tested against error term 1. Effects of sargptiay and all interactions were
tested against the residual error.

Follicle development, estrus and owulation. One sow (DL) developed cystic ovaries
(weaning-to-estrus interval: 120h; ovulation r&&eno embryos recovered) and was excluded
from all analyses on follicle development, estrasl avulation. One sow (DL) had a silent
estrus and was excluded from analyses on weaniegttas interval (WEI), estrus duration
and follicle diameter at ovulation. Follicle diaree{average diameter of 5 largest follicles at
one ovary at weaning, d4 and at ovulation), WEtrussduration, WOI, LH traits (basal, LH
surge, interval weaning-to-LH surge) and ovulatiate were analyzed using model 4 Y=

pu + T + Bj+ DMIlwoi k + T*DMl woi kt @i, where Yjq = dependent variablg; = overall
mean; T= treatment (i = CTRL, DL); B= batch (j = 1,2,3); DMjo, « = class of DMI from
weaning until 12h after ovulation, as % of tota} dratter offered (k = 0 (< 75%), % 75%));
Ti*DMI wo_k = interaction between treatment and Mt and g = random error.

Follicle development and uniformity of the folliclgool & 3 mm) at d4 after weaning was
further analyzed on sow level, by merging outpubath ovaries to a single observation. For 3
sows (1 CTRL; 2 DL) no ultrasound clips at d4 wawailable and therefore these sows were
excluded from all analyses on follicle developmenhtd4 after weaning; additionally, for 8
sows (5 CTRL; 3 DL) only ultrasound clips of oneaoy were available, and therefore these
sows were excluded from further analyses of thicfelpool at d4. Total number of follicles,
average follicle diameter, SD of follicle diametard CV of follicle diameter of the follicle
pool at d4 after weaning were therefore analyzed®2bsows (9 CTRL and 11 DL), using
model 4. Additional generalized linear regressioalgses (using the Glimmix procedure)
were done on follicle diameter as a binary varigble <5.0 mmand 1 =5.0 mm; 0 =< 6.0
mm and 1 = 6.0 mm; 0 = < 7.0 mm and 1>=7.0 mm), with treatment, batch, Diy4, and
the interaction between treatment and R ks fixed effects and sow added as random effect
(model 5), using an exchangeable correlation siractTo check whether differences in
follicle development at d4 after weaning could kplained by differences in follicle diameter



at day of weaning, follicle diameter (average ditanef 5 largest follicles at one ovary) at
weaning was added as a covariable to models 4.and 5

Relations with insulin and | GF-1. Relations between insulin and IGF-1 with all reprciive
parameters were analyzed by adding insulin paramébasal insulin, insulin AUC720 or
mean insulin; mean values of both sampling daysspes) or IGF-1 parameter (mean IGF-1
level during d3 to 5 after weaning per sow) as\adate and its interaction with treatment to
model 4. Additionally, Pearson correlation coeffitis (using the CORR procedure) were
calculated amongst the different insulin and IGpatameters that were significantly related
to reproductive parameters, and amongst the differeproductive parameters that were
significantly related to insulin and IGF-1 paraniste

RESULTS

Dry matter intake

A large variation in DM}, existed among sows, but D, did not differ between
treatments (63 10% and 73 6% in CTRL and DL sows, respectiveR= 0.37). DMI of the
0800h feedings at d2 and 3 (sampling days for gle@nd insulin profiles) was %713% and
63+ 11% for CTRL and DL sows, respectively, at =0.72) and 6& 11% and 7% 10%
for CTRL and DL sows, respectively, at d3 £ 0.63). In both treatments, DMI at d2 0800h
and DMI at d3 0800h were strongly correlated to RMI(overall correlations were r = 0.88,
P <0.0001 and r = 0.8, < 0.0001 for d2 and 3, respectively).

Glucose, insulin and 1 GF-1 profiles during WOI

Glucose levels of sows with a low DMI (< 75%; oreeage 2H 10% in CTRL and 3& 8%

in DL; n = 15) at both sampling days (0800h feedatgd2 and 3 after weaning) remained
constant after feeding, and no clear postprandgllin peak could be observed in these sows
(data not shown). Glucose and insulin levels aeeetiore presented for sows with a DMI of
75% or more at the 0800h feedings of d2 and 3 Yenage 98 1% in CTRL and 9& 2% in
DL; n = 17). Basal glucose and basal insulin levetse comparable between sows with low
and high DMI at both sampling days.

Glucose. Mean glucose levels were lower in CTRL sows at&2X+ 2.0 mg/dl;P < 0.05)
than in CTRL sows at d3 (89431.2 mg/dl), DL sows at d2 (87#2.0 mg/dl) and DL sows at
d3 (86.8+ 2.1 mg/dl; Table 2). The treatment*sampling tinetpling day-interaction was
not significant P = 0.40) and therefore Figure 1 shows average giupoofiles of d2 and 3
per treatment. Glucose levels were significantlydoin CTRL sows than in DL sows at 48
min (71.6+ 2.3 and 87.2 2.6 for CTRL and DL, respectivelf, < 0.0001) and 84 min (77.2
+ 2.1 and 87.% 2.8 for CTRL and DL, respectivelf?, = 0.04) postprandial.



Basal glucose, AUC240 and AUC720 did not diffein sampling days (Table 2). Basal
glucose was comparable between treatments, bubgguBUC240 was lower in CTRL sows
(- 1,699 mg;P < 0.001) and glucose AUC720 tended to be lowe&TiRL sows (- 1,896 mg;
P =0.07; Table 2) compared with DL sows.

Insulin. Insulin profiles and parameters are presentedgnrgil and Table 2. Insulin profiles
and parameters did not differ between sampling .deygilin levels were higher in CTRL
sows at 12 min (28.8 2.9 and 17.& 1.6 uU/ml; P < 0.01), 24 min (48.4 9.7 and 24.% 3.3
pU/ml; P = 0.03) and 240 min (32.¥ 5.7 and 15. % 1.7 pU/ml; P < 0.01) postprandial
compared with DL sows, and tended to differ at 36 postprandial (48.@ 9.9 and 29.4t
3.7uU/mlin CTRL and DL sows, respectively;= 0.09).

Insulin AUC240 was higher in CTRL sows than in Daws (+ 2,165uU; P = 0.03), but
AUC720 and other insulin parameters did not diffetween treatments (Table 2).

|GF-1. IGF-1 profiles during WOI are shown in Figure 2 gmws with a low DM, (< 75%;
on average 2% 8% in CTRL vs. 50t 7% in DL, P = 0.05) and high DMlo (= 75%; on
average 94 3% in CTRL vs. 93 3% in DL,P = 0.91). IGF-1 levels did not differ between
treatments, but increased from d1 to 3 after wepnuntil d3 after weaning, IGF-1 levels
were independent of DMb, (LSmeans were 119.5, 132.9 and 154.5 ng/ml addnd 3,
respectively), but IGF-1 levels were higher at adl & after weaning in sows with a high
DMIwor compared with sows with a low Db (LSmeans were 152.5 and 174.9 ng/ml at d4
(P = 0.01) and 143.6 and 169.9 ng/ml at &85<(0.01) for sows with low and high DM,
respectively).

Follicle development, estrus and ovulation

Follicle diameter (5 largest at one ovary) at waegniat d4 after weaning and at ovulation,
WEI, estrus duration, WOI and ovulation rate werm mfluenced by treatment, nor by
DMlwor (Table 3).

Basal LH level and interval weaning-to-LH surge &valso comparable for both treatments,
and unaffected by DMJo, (Table 3). LH surge level was higher in CTRL sowspared with
DL sows (+ 0.73 ng/mIP = 0.03; Table 3). Furthermore, sows with a high M (= 75%)
tended to have lower LH surge levels compared wiatvs with a low DMlo, (< 75%)
(LSmeans were 3.6 vs. 3.1 ng/ml for sows with lot high DMlyo,, respectively).

Number of follicles in the follicle poo3 mm) at d4 after weaning was comparable between
treatments (21.1+0.8 and 22.1+0.7 in CTRL and Ddspectively;P = 0.39), but average
diameter of these follicles tended to be higherCinRL sows compared with DL sows
(6.5+0.2 and 6.1+0.1 mm, respective®= 0.08), and uniformity of these follicles was gy

in CTRL sows compared with DL sows (SD was 0.724@0d 0.88+0.06 mnP(= 0.05) and
CV was 11+1 and 15+£1%°(= 0.02) in CTRL and DL sows, respectively). Avexatjameter



of the follicles at d4 after weaning was not inflaed by average follicle diameter at day of
weaning and none of the follicle pool charactersstvas influenced by DMjo,.

Distribution of follicles & 3 mm) over 6 different diameter categories is shawFigure 3.
Further analysis of follicle diameter as a binagriable indicated that CTRL sows had
significantly fewer follicles below 5.0 mm at d4texf weaning compared with DL sows£4£

vs. 13+ 4%; P = 0.05). Also the number of follicles smaller th@ mm was lower in CTRL
sows compared with DL sows (257 vs. 45+ 6%; P = 0.04), but number of follicles larger
than 7.0 mm was comparable for both treatments@¥s. 17+ 5% for CTRL and DL sows,
respectivelyP = 0.37).

Relationships between insulin and | GF-1 with follicle development, estrus and ovulation

In the analyses, no interactions existed betwesstrtrent and insulin paramete X 0.10;
mean values of d2 and 3) or IGF-1 levEl ¥ 0.10; mean value of d3-5 after weaning),
indicating that relationships were similar for batbatments, and therefore overall treatment
corrected regressions are presented.

Figure 4 shows the positive relation between bemsallin and follicle diameter at ovulation
(intercept: 6.18; 3: 0.05 mm [(W/ml); P = 0.04; Figure 4A), and the negative relation
between basal insulin and LH surge level (intercé@6; 3: -0.07 (ng/ml) uU/ml); P = 0.01;
Figure 4B).

Insulin AUC720 (intercept: 0.94; 3: 0.015 (ng/ml1,000pU; P = 0.05; Figure 5A), mean
insulin (intercept: 0.85; 3: 0.007 (ng/ml) UW/ml); P = 0.05; Figure 5B) and mean IGF-1
level at d3-5 after weaning (intercept: 0.63; ®0Q. (ng/ml) / (ng/ml);P < 0.01; Figure 5C)
were positively related to basal LH level.

Insulin and IGF-1 parameters were not related tougsand ovulation parameters, or the
number, diameter and uniformity (SD; CV) of thdifi¢ pool & 3 mm) at d4 after weaning.

Correlations amongst the different insulin and IGparameters that were significantly related
to one or more reproductive parameters were cdeaildasal insulin and insulin AUC720
were not correlated®(= 0.22), but mean insulin was highly correlatethwioth basal insulin
(r = 0.69;P < 0.0001) and insulin AUC720 (r = 0.88;< 0.0001). Mean IGF-1 level at d3-5
after weaning was correlated with basal insulin (-39;P = 0.03) and mean insulin (r = 0.39;
P = 0.03), but not with insulin AUC72®(= 0.17).

Furthermore, correlations amongst the different ragpctive parameters that were
significantly related to one or more insulin or KkFparameters, were calculated. Follicle
diameter at ovulation was not correlated with basa(P = 0.34) or LH surge leveP(= 0.98).
Basal LH level and LH surge level were positivetyrelated (r = 0.382 = 0.04). The relative
LH surge (LH surge level minus basal LH level) vimas correlated with basal LH leveP =
0.41).



DISCUSSION
Results of this study show that in multiparous sansulin and IGF-1 levels during the WOI
are related to LH secretion and follicle developmdasal insulin level at d2 and 3 after
weaning was positively related with follicle diametat ovulation, and negatively related with
LH surge level. Both insulin AUC720 and mean inswdt d2 en 3 after weaning, and mean
IGF-1 level during d3-5 after weaning were posiiveelated to basal LH levels around the
LH surge.
Relationships found between insulin and IGF-1 ve#isal LH levels indicate that high plasma
insulin and IGF-1 levels during the WOI can stimeldhe hypothalamus-pituitary-ovarian
axis at brain level. The stimulating effect of ihsuon pituitary LH release has been
demonstrated in vitro (Adashi et al., 1981), andifpee relationships between insulin and
IGF-1 levels with LH secretion in lactating sowsvéaeen reported before (Tokach et al.,
1992; Koketsu et al., 1996; Van den Brand et alQ1). Beneficial effects of insulin
stimulation (either by flushing or exogenous insuhjections) during the follicular phase on
LH pulse frequency and ovulation rate in gilts ardely described and consistent (Cox et al.,
1987; Flowers et al., 1989). Literature about @feaf insulin levels (e.g. modulated by diet
composition or feeding level) during only the Wa@lrelation to subsequent reproduction in
sows, however, is scarce and inconclusive. Moslliesumodulated insulin levels during
lactation, either or not in combination with WERhdaonly measured insulin levels during
lactation (Tokach et al., 1992; Koketsu et al.,@;9%an den Brand et al., 2000). Paterson and
Pearce (1994) measured mean insulin levels aftemivg (at d1 and 3 postweaning) in
primiparous sows, but found no relationships betweaean insulin levels and LH secretion or
WEI. Exogenous insulin injection after weaning innpparous sows resulted in increased
follicular steroidogenesis (Whitley et al., 1998ahorter WEI (Whitley et al., 1998b), and
higher farrowing rates and litter sizes (Ramirezakt 1997). To the authors’ knowledge,
relationships between post-weaning (dietary moddlatnsulin and IGF-1 levels and post-
weaning LH levels in multiparous sows have not bheported before.
Relationships between basal insulin levels andolicle diameter at ovulation and b) LH
surge level, have neither been reported before,aamdhard to interpret. Basal insulin levels
are usually not influenced by feeding level, diemposition or feeding frequency (Kemp et
al., 1995; Van den Brand et al., 1998; 2000; Ziegtilal., 2002). Pere et al. (2000) reported
decreased basal insulin levels during pregnanayuitiparous sows, whereas basal insulin
levels were not affected by physiological stageegpancy, lactation, postweaning) in
primiparous sows (Pere and Etienne, 2007) or bgramecy in gilts (Schaefer et al., 1991).
This suggests that other factors determine basallim levels. Anticipatory neuro-
physiological reflexes, for example, may increassulin levels already before feeding (as
reviewed by e.g. Power and Schulkin (2008)). It miglso be possible that the low basal
insulin levels in our study indicate that these sdwave not yet completely obtained steady-
state conditions after surgery (at day of weandhg to fasting before surgery, in combination



with a reduced feed intake during the first daysragurgery, which is for example shown by
Simoes Nunes et al. (1987). Although basal insieels did not differ between sows with a
high & 75%) and low (< 75%) DMI at d2 and 3 after weaniagditional analyses showed a
significant correlation between average DMI durithg first 2d after surgery with basal
insulin levels at d2 and 3 (r = 0.98;< 0.01), which supports the hypothesis that stesalye
has not yet been reached. Additionally, basal indelels at d2 and 3 were correlated with
mean insulin levels and with IGF-1 levels (durind-%l after weaning), and it therefore
remains speculative whether relationships betweeasalb insulin and reproduction
characteristics are causal or not.

Furthermore, the importance of pre-ovulatory LHgsulevels and basal LH levels around this
LH surge for subsequent oocyte and embryo developmee unknown. A suboptimal LH
surge level, as can be found with short lactatiemgths or intermittent suckling regimes
(Gerritsen et al., 2008), may lead to inadequateirlization of the corpora lutea, and
consequently reduced plasma progesterone levelstharehsed embryo mortality (Einarsson
and Rojkittikhun, 1993). But whether further incsed LH surge levels or increased basal LH
levels around the LH surge have a beneficial eff@ttsubsequent oocyte and embryo
development is not clear.

The relationships between insulin and IGF-1 witldie development and LH secretion were
established in sows with 2 different feeding regisduring the WOI. Insulin secretion can be
modulated by diet composition and feeding frequef¢yese regimens were used to create a
large contrast in insulin patterns between sowsrder to get more insight in how different
insulin secretion patterns and corresponding IGlevkls during WOI are related to LH
secretion, follicle development and ovulation. Dege was used to stimulate a quick and high
increase in insulin directly after feeding, as shdwy Van den Brand et al. (1998) and Ziecik
et al. (2002). Lactose was assumed to increasdinngvels for a prolonged period after
feeding; adult sows have a reduced lactase aciivithe small intestine (Kim et al., 1978),
and consequently lactose was assumed to be ferthientke large intestine. The increase of
lactobacilli concentrations in the large intestafier feeding lactose to finishing pigs found by
Pierce et al. (2006), suggests that dietary ladtodeed increases fermentation activity. Also
other fermentable NSP sources (sugarbeet pulpheedansulin levels for a prolonged period
after feeding in studies of Vestergaard (1997).difee 2 times a day results in higher and
longer lasting insulin peaks, but also relativetyd periods of low insulin levels. In an
attempt to keep insulin levels enhanced and monstaat for a prolonged period of the day,
we fed the DL diet at a high feeding frequency @xMHowever, at this higher feeding
frequency, resulting in smaller meal sizes (63®m0OL), the DL diet did neither result in a
higher total insulin secretion (AUC720, mean ingulnor in a more sustained period of
increased insulin levels compared with the CTRIt.diestead, AUC240 was higher in CTRL
sows, probably related to the larger meal sizeD@ @for CTRL).



In this study, it is not possible to separate effexf diet composition and feeding frequency
(i.e. meal size). Recently (Wientjes et al., unltad results), we fed multiparous sows (n = 9;
recovered from lactation and under daily altrenbgesatment to prevent estrus and
corresponding feed refusals) comparable DL and Cdiiets in 2 equal portions per day (1.5
kg per portion) in a latin square design, and foantigher postprandial insulin AUC in the
DL diet compared with the CTRL diet (3,8&1326 vs. 2,842 310uU / 6.2h for the DL and
CTRL diet, respectively). This indicates that whHeath diets are fed in 2 equal portions per
day, the DL diet indeed results in a higher postgia insulin response compared with the
CTRL diet. When the same sows were fed a 0.5 kfygmofreflecting 1/6 of the daily amount)
of the DL diet, the postprandial insulin AUC wadyo869+ 187 uU/4h (which would amount
to 2,607uU/12h, assuming that the DL diet would be fed evdryand would result in similar
insulin responses after each meal), whereas thdinngesponse after a 1.5 kg portion of the
DL diet was 4,328 509 uU/12h. Therefore, the insulin-stimulating effecttbé DL diet in
the current study seems to be counteracted byftbet ef the smaller meal sizes (related with
the higher feeding frequency). However, by modaotatboth diet composition and feeding
frequency between treatments in this study, wetedea completely different insulin secretion
patterns (6 short vs. 2 long peaks per day), wisettea total daily insulin output was similar
for both treatments.

Similar reductions in glycemic and insulinemic resges in insulin secretion with increased
meal frequency were found in human (Jenkins etl8P0; 1992). Human consumed identical
diets either as 3 meals a day (at 4h intervalsetmeal diet) or 12 snacks a day (at 1lh
intervals; nibbling diet) (Jenkins et al., 1992)o Nlear postprandial glucose peaks were
observed on the nibbling diet (i.e. glucose lewvedse flattened), and also postprandial insulin
responses were reduced on the nibbling diet cordpaitd the three-meal diet. Although total
nutrient intake was similar for both diets, meaiydasulin level was 20.% 5.8% reduced on
the nibbling diet compared with the three-meal .diétis indicates an improved economy in
insulin secretion with increasing feeding frequengyeduction of 54 10% in insulin AUC
was seen after sipping a glucose solution overrhiBOcompared with consuming the same
amount of glucose as a bolus (Jenkins et al., 1990)

One of the factors contributing to the reduced linssecretion found with smaller meal sizes,
may be a reduced secretion of insulin-stimulating gormones (e.g. cholecystokinin or
glucagon-like peptide-1), which is for example show human (Jenkins et al., 1990; 1992),
either or not in combination with a reduced ratstoinach emptying.

We conclude that increasing the feeding frequemgthout increasing the total daily feed
intake, is not a proper way to stimulate total limsgecretion and to keep insulin at a more
constant level during the day.



IGF-1 levels were comparable between treatmentghwiight indicate that IGF-1 secretion
Is not influenced by the pattern of insulin seanetin anabolic sows. The numerically lower
IGF-1 levels at d4 and 5 after weaning in CTRL sovith a low DMlyo, (< 75%) compared
with DL sows with a low DM}, are most probably related to the significantlyvéo
DMIwo, in these CTRL sows compared with the DL sows @70%, respectively).

This study shows that the CTRL diet fed at 12hrirgks had a beneficial effect on follicle
development and LH secretion compared with the 2L feéd at 4h intervals; CTRL sows had
a higher pre-ovulatory LH surge and improved fédlidevelopment (larger and more uniform
follicles) at d4 after weaning compared with the 8dws. The difference between number of
follicles (= 3 mm) counted on d4 after weaning and ovulatiée was only -0.8+0.4 (ranging
from -4 until 3), and therefore on average theiddl pool at d4 after weaning represents the
pre-ovulatory follicle pool.

The positive effects of the CTRL diet fed at 12keimals on follicle development and LH
secretion compared with the DL diet might be reldte the secretion pattern of insulin. We
hypothesized before this experiment that more pg#d enhanced insulin levels (e.qg.
mediated through an increased feeding frequencyluldvdbe beneficial for follicle
development. In this study, DL sows reached peallim levels more frequently (6x/d), but
insulin levels rapidly dropped thereafter, wher@asCTRL sows peak levels were only
reached twice a day, and insulin levels decreasgdgrvadually thereafter. Cox et al. (1987)
found no differences in LH secretion and ovulatrate between gilts injected either 4 times
daily (at 6h intervals) with short-acting insulin @ance daily with long-acting insulin, from d1
after altrenogest until 24h after estrus (follicyshase). However, in their study, absolute peak
insulin levels were higher in gilts injected moreduently with the short-acting insulin, and
the total daily amount of insulin output (AUC) wast calculated. The effect of different
insulin secretion patterns on follicle developmant uniformity is not studied before. Our
results suggest that not only the total insulirrestgan plays a role in follicle stimulation, but
also the pattern of insulin secretion during the affects this process.

Average diameter of the 5 largest follicles at d#&raweaning and at ovulation, and the
percentage of folliclee 7 mm at d4 did not differ between treatments, Whitay indicate
that especially the relatively less developed ¢@s were extra stimulated by the feeding
regimen. Indeed at d4, CTRL sows had significafglyer small follicles (< 5 mm and < 6
mm) compared with DL sows. Insulin and IGF-1 cammstate follicle and oocyte
development via stimulation of LH (at brain levebuyt also directly at the ovarian level.
Insulin and IGF-1 receptors are present at graautedls, indicating that insulin and IGF-1
can have (non-specific) growth and cell differetntia-promoting effects on ovarian cells (e.qg.
through general effects on glucose and amino aeithloolism). Furthermore, specific effects
of insulin and IGF-1 on ovarian steroidogenesis amanatase activity have been reported (e.qg.



as reviewed by Poretsky & Kalin (1987) and Petiigr& Tokach (1993)) and insulin
increases the number of LH receptors on granuleia (Poretsky and Kalin, 1987). These
direct actions of insulin and IGF-1 on follicle ddepment could explain why especially the
relatively less developed follicles benefit fromhanced insulin and IGF-1 levels. During
follicle development, there is a shift in dependefiom FSH (small follicles, 2-4 mm) to LH
(> 4 mm) (Driancourt et al., 1995) and responsigsrte LH determines whether a follicle will
continue growing and ovulate or will go into ateesBy increasing the number of LH
receptors on granulosa cells, insulin and IGF-1 caecifically stimulate follicles of
intermediate development, which still have the pti# for either ovulation or atresia.
Because the less developed follicles probably matl be selected and will go into atresia, the
intermediate follicles that will be selected wikdome the less developed follicles in the pre-
ovulatory follicle pool. Increasing responsivenégsLH of these intermediate follicles will
rescue them from atresia (which will result in agHhar ovulation rate) and can further
stimulate their development (which will result mproved uniformity). This is confirmed by
results of Matamoros et al. (1990) who showed thaigenous insulin injections reduced
atresia in medium-sized follicles (4-6 mm) during7dand 19 of the estrous cycle in gilts,
whereas the number and atresia of small (< 3 mmh)age & 7 mm) follicles was unaffected
by the insulin treatment. Furthermore, Cox (199@) &onget and Martin (1997) already
reviewed that the direct ovarian action of the reli@ hormones insulin and IGF-1 is
targeted mainly on medium-sized follicles.

The observation that both average follicle diametadt follicle uniformity were improved in
the CTRL treatment, is in accordance with our higpseis that especially relatively less
developed follicles can benefit from extra stimigiatby insulin and IGF-1 secretion. In this
context, also a higher ovulation rate in CTRL savaaild be expected, which was indeed the
case, although not significant (ovulation rate v24s3 vs. 23.2 in CTRL and DL sows,
respectively). Results of Van den Brand et al. @0@ho found that dextrose plus lactose in
the diet (when fed 2x/d) of sows during lactatioml &VEI resulted in more piglets born alive
in the subsequent litter (difference was 0.51 pifglern alive), together with higher birth
weights (difference was 86 g) and more uniformhbweights (difference of birth weight CV
was 2.7%) compared with a control diet, furtherfeanour hypothesis.

Besides the insulin effects of the 2 dietary treatta on the hypothalamus-pituitary-ovarian
axis, effects can also be mediated by corresponthagges in other metabolites or metabolic
hormones (e.g. glucose, leptin, free fatty aciddated to feed composition and feeding
frequency. This needs further study.

IMPLICATIONS
Absolute insulin and IGF-1 levels during the WObsled relationships with LH secretion and
follicle development in multiparous sows. Insulieceetion cannot be stimulated by an



increased feeding frequency unless the total daéy intake is increased or specific insulin-
stimulating feed components are added.

Feeding strategies (feeding frequency and diet ositipn) which modulate the pattern of

insulin secretion, even without affecting totallgansulin output, mean insulin levels, peak

insulin levels or IGF-1 levels, can influence LHsaion and development and uniformity of

pre-ovulatory follicles. Our results suggest thauBtained insulin peaks per day (i.e. twice a
day feeding) are more beneficial for follicle deyy@hent and uniformity than frequent short

insulin peaks per day (i.e. frequent feeding).
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Table 1.Composition of the experimental diets (as fed)

Ingredient DL, g CTRL, g

Wheat 159.6 159.6

Barley 184.1 184.1

Palm kernel expeller (CF > 220 92.1 92.1

g/kg)

Sugarbeet pulp (sugar < 100 g/kg) 115.0 115.0

Wheat middlings 147.3 147.3

Soybean meal, extracted (CF < 50 105.0 105.0

g/kg)

Soybean hulls (CF 320-360 g/kg) 33.2 33.2

Sugarcane molasses (sugar > 475 46.0 46.0

g/kg)

Vitamin-mineral premix 4.6 4.6

Limestone 6.9 6.9

Monocalciumphosphate 5.5 5.5

Salt 2.8 2.8

Soybean oil 18.4 45.7

Dextrose 39.6 -

Lactose 39.6 -

Total, g* 1,000 947

Content Calculated  Analyzed Calculated Analyzed
g/1,000 g g/947g

Dry matter 882.1 874.8 832.6 821.6

Crude fat 40.3 39.4 67.4 64.9

Crude protein 136.0 140.4 135.9 137.4

Starch 225.7 222.6 225.6 220.4

Glucose 136.9 113.0 58.8 59.2

kJ NE (for swine) 8,860 - 8,811 -

11,000 g of the DL-diet and 947 g of the CTRL diet mocaloric and isonitrogenic.
2 According to the Centraal Veevoederbureau (CVEB30



Table 2 Glucose and insulin parameters (means + SE) of sattsa DMI of more than
75% at the 0800h feedings of d2 and 3, for sowsftbr a dextrose and lactose- (each 150
g/d) containing diet (DL) at 4h intervals or an datoric control diet (CTRL) at 12h
intervals during the WOI (from weaning until 12hexfovulation)

Treatment P-value
ltem CTRL DL Treatment  Sampling day
Number of sows 8 9
Glucose
Basal glucose, mg/dl 86.0+1.6 85.8+1.6 0.25 -
Glucose AUC240, mg -1,382 + 365 317 + 345 <0.001 -
Glucose AUC720, mg -946 + 1,362 950 + 1,034 0.07 -
Mean glucose, mg/dll 84.7+1.6 86.7+1.4 0.29 <0.01
Insulin
Basal insulinpU/ml 17.3+1.2 16.1+1.3 0.59 -
Maximal insulin,pU/ml 746 £5.9 65.7+7.9 0.48 -
Insulin increase after 57.3+5.8 49.7+7.4 0.51 -
feeding,uU/ml
Insulin AUC240,uU 5021 +676 2,856 + 374 0.03 -
Insulin AUC720,uU 7,596 +1,190 8,569 £ 1,122 0.64 -
Mean insulinuU/ml 27.8+1.6 279121 0.98 -

! Statistical significance; - when not significaf ¥ 0.10), factors were removed from the
model (except treatment).

% Day 2 or 3 after weaning (sampling days for deteation of glucose and insulin profiles).
®Treatment*sampling day interactioR & 0.01) (LSmeans CTRL d2 = 86.thg/dl, CTRL
d3 = 89.8 mg/dl, DL d2 = 87.8mg/dl, DL d3 = 86.8mg/dl).



Table 3. Follicle development, estrus and ovulation, and ditdracteristics (means + SE)
for sows fed either a dextrose and lactose- (edh d/d) containing diet (DL) at 4h
intervals or an isocaloric control diet (CTRL) a2hlintervals during the WOI (from
weaning until 12h after ovulation)

Treatment P-valuée
ltem CTRL DL Treatment  DMio®
Number of sows 15 16"

Follicle development

Follicle diameter at weaning, nim 3.3+0.2 3.4+ 0.1 0.81 n.a.
Folléale diameter at d4 after weaning, 6.8+ 0.2 6.8+ 0.1 0.90 -
mm>

Follicle diameter at ovulation, mth  7.0+0.2 6.9+ 0.1 0.58 -

Estrus and ovulation

Weaning-to-estrus interval? h 97+ 3.1 95+ 3.1 0.67 -
Estrus duration,h 57+2.8  54+3.1 0.18 -
Weaning-to-ovulation interval, h 140+ 3.1 136+ 3.0 0.40 -
Ovulation rate 243+1.2 23.2+0.8 0.43 -
LH

Basal LH, ng/ml 0.96%+ 0.05 0.92% 0.05 0.99 -
LH surge level, ng/ml 3.73+0.24 3.00+0.18  0.03 0.08

Interval weaning to LH surge, h 107+ 3.1 102+ 2.5 0.22 -

! Statistical significance; the treatment*Dp, interactions were not significant; - when not
significant P > 0.10), factors were removed from the model (pkteatment).

2 DMI from weaning until 12h after ovulation, as %total dry matter offered (< 75%,
75%); n.a. = not applicable.

% Average diameter of 5 largest follicles at onergva

* Additionally, 1 DL sow developed cystic ovariesRO3; WEI: 120h), 1 DL sow had a
silent estrus, and for 3 sows no ultrasound clilavere available.

®LSmeans were 3.6 and 3.1 ng/ml for sows with a(eW5%) and highX 75%) DMyor,
respectively.
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Figure 1. Glucose and insulin profiles (means+SE) around B866ding of sows with DMI
of 275% at d2 and 3 after weaning, fed either a deatamsl lactose- (each 150 g/d)
containing diet at 4h intervals (DL; n = 18 sow stasampled from t = -12 until t = 240 min,
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ABSTRACT: Dextrose and lactose in the pre-mating sow dietravg litter uniformity,
possibly related to an insulin and IGF-1 stimulgteffect. We studied effects of nutritionally
induced differences in insulin during the weaniagstvulation interval (WOI) on luteal
development, progesterone secretion and pre-ingilant conceptus development and
uniformity. To create insulin contrasts, 32 multipas sows were fed either a dextrose plus
lactose containing diet (DL; each 150 g/d) at 4lervals or a control diet (CTRL; containing
soybean oil) fed isocalorically and isonitrogenguat 12h intervals during the WOI. After
ovulation, all sows received a standard gestatieh at 12h intervals. At d10 of pregnancy
sows were slaughtered to asses luteal and concdpuetopment and uniformity. Ovulation
rate, plasma progesterone levels, pregnancy radeeambryo survival rate did not differ
between treatments. CTRL sows had a higher totialuweight (mean corpus luteum
diameter: 10.0 vs. 9.6 mrR, = 0.06; mean corpus luteum weight: 0.47 vs. 0.4R g 0.09;
total luteal weight: 11.2 vs. 9.7 & = 0.03) and mean corpus luteum diameter and weight
were positively correlated with mean follicle diaereof all follicles> 3 mm at d4 after
weaning (r= 0.55; P < 0.02). CTRL sows tended to have larger conceptasedlO of
pregnancy (average diameter: 7.1 vs. 6.4 s 0.07). Conceptus uniformity was not
influenced by treatment. Insulin AUC and mean ims{mean values of d2 and 3 after
weaning) were positively related with mean progeste ¢ < 0.05) and maximal
progesteroneR < 0.05) levels during the first 10d of pregnanicygulin AUC (mean value of
d2 and 3 after weaning) was also positively relatéd conceptus diametelP & 0.03). Insulin
and IGF-1 levels during the WOI were not relatedaaceptus uniformity. From the present
study, it can be concluded that high insulin lexteising the WOI are beneficial for luteal and
conceptus development in sows. Those effects ast probably mediated through beneficial
effects of insulin on follicle and oocyte developrhelhe higher progesterone levels and more
developed conceptuses might be beneficial for dgweent and uniformity of fetuses and
piglets at later stages of pregnancy.

Key words: Conceptus development, conceptus uniformity, insulutrition, progesterone,
Sows

INTRODUCTION
The increased litter size over the last decadasssciated with increased pre-weaning piglet
mortality, which is partly related with decreasetlet uniformity (Milligan et al., 2002).
Quesnel et al. (2008) concluded that sow factollfites size, parity and season at conception
together explained 20% of litter uniformity at birtwhich indicates that a major part of the
variation in litter uniformity is caused by othestyunknown factors.
Recent studies suggest that nutrition of the sowhm pre-mating period can influence
uniformity in piglet development. Fermentable N&R% sugarbeet pulp) in the pre-mating
gilt diet improved uniformity in fetal weights aRd of gestation (Ferguson et al., 2006), and



dextrose (150 g/d), either or not in combinatiothwactose (150 g/d), in the pre-mating sow
diet improved litter uniformity at birth (Van derrdhd et al., 2006; 2009). The physiological
mechanisms involved are unknown, but insulin an#&-IGseem to be potential mediators.
Dextrose in the diet of gilts and lactating sowsuteed in a faster, higher and longer insulin
peak after feeding and increased IGF-1 levels coetp@® fat-rich diets (Van den Brand et al.,
1998; 2001; Ziegik et al., 2002) and fermentablée®’Nf®hance insulin levels for a prolonged
period (Vestergaard, 1997). Insulin and IGF-1 anewkn to stimulate follicle and oocyte

development, either indirectly at the brain leva stimulation of LH (Koketsu et al., 1996;

Van den Brand et al., 2001), or directly at ther@ra level (Poretsky and Kalin, 1987;

Quesnel et al., 2007; 2009).

As a first step to unravel the mechanism behindetffect of pre-mating sow diets on litter

uniformity, we studied the effect of nutritionalipduced differences in insulin secretion
patterns, and corresponding IGF-1 levels, durirgwieaning-to-ovulation interval (WOI) on

luteal development, progesterone secretion anderdevelopment and uniformity at d10 of
gestation.

MATERIALS AND METHODS

General Design

During the WOI, multiparous (parity 5.9+0.3; ran8e9) Topigs 20 (Topigs, Vught, the
Netherlands) sows (n = 38) were fed either a degtfgus lactose-containing diet (DL) at 4h
intervals or an isocaloric and isonitrogenous auntliet (CTRL; dextrose and lactose was
exchanged by soybean oil) at 12h intervals (080fith 2000h) from day of weaning until
ovulation. After ovulation, all sows received argtard gestation diet at 12h intervals (0800h
and 2000h) until slaughter at d10 after ovulation.

Sows arrived at the experimental farm of Wageningdeiversity within 2h from weaning (d0),
in 3 consecutive batches. At day of weaning, sa¥eeived either a permanent jugular vein
catheter (23 sows) for blood sampling during thelhexperimental period, or an ear vein
catheter (15 sows) for blood sampling during the IWErom d2 after weaning, estrus
detection was performed at 4h intervals by a baekgure test in the presence of a
vasectomized boar. To determine time of ovulatsmws were transrectally scanned (Scanner
200, Pie Medical/Esaote, Maastricht, the Nethedarat 12h intervals (0800h and 2000h)
from 12h after the onset of estrus. Sows were insgied every day of estrus with a
commercial dose of semen (containing 2 X $Perm cells) of a Topigs boar line, until
ovulation had occurred.

Six sows (4 CTRL, 2 DL) were veterinary treated floeumonia (5 sows) or diarrhea (1 sow)
during the experiment and were excluded from allygses. All experimental procedures were



approved by the Institutional Animal Use and Camm@ittee of Wageningen University
(Wageningen, the Netherlands).

A complete description of animals used, animal rganegent and diet compositions are
reported elsewhere (Wientjes et al., submitted).

Data on insulin and IGF-1 profiles during WOI, folé development, estrus and ovulation are
reported elsewhere (Wientjes et al., submitted)is Tgaper focuses on effects on luteal
development, progesterone, and conceptus develd@amdnuniformity.

Blood Sampling

Frequent blood samples were taken around the O&fhng at d2 and 3 after weaning for
determination of glucose and insulin, and 0800hm@asat d1, 2, 3, 4 and 5 after weaning
were analyzed for IGF-1, as described elsewherertt)és et al., submitted). From d1 after
weaning (0800h) until time of ovulation, blood sdegpwere taken at 4h intervals for all sows.
Only for sows with a jugular vein catheter, plassaaples were taken after ovulation. Plasma
samples taken at 4h intervals from 6h before urh after time of ovulation, and at 12h
intervals thereafter until slaughter were analylmdprogesterone. For sows with an ear vein
catheter, one blood sample was taken at slaught#tCaof pregnancy for determination of
progesterone. Furthermore, the 0800h samples taikdd, 3, 7 and 10 after ovulation were
analyzed for IGF-1.

Blood samples were collected in polypropylene tutm#taining 10Qul EDTA solution (144
mg/mL saline; Tritiplex 1ll, Merck Nederland B.V.Amsterdam, the Netherlands),
immediately placed on ice after collection and g&rged at 1,710 »g for 10 min at 4 °C.
Plasma was stored at - 20 °C until analyses.

Uteri, Ovaries and Conceptuses

Sows were slaughtered at the experimental farno©1®d after ovulation, depending on time
of ovulation. Sows that had ovulated at 2000h wsaeightered 9.5d later; sows that had
ovulated at 0800h were slaughtered 10d later. Inmelgt after stunning and exsanguination,
reproductive tracts were removed and placed omnmt# further processing at the laboratory
within 1h.

At the laboratory, uteri and cervix were separditech the ovaries, oviducts and mesometrium.
Both uterine horns were flushed twice with 30 n8%.NaCl from the cervical to the ovarian
end to collect the conceptuses. Uterine fluids aafheuterine horn (first flushing only) were
centrifuged at 4,500 g for 15 min at 4 °C and supernatant was store®@t°C until analyses.
Conceptuses were immediately placed in 30 mL Dud'scPBS and kept on ice. The largest
diameter (dil) and the largest diameter perpenaiicudb it (di2) of each conceptus
(magnification of 1x) and its embryoblast (magrafion of 6.3x) were measured using a
stereo-microscope after spreading the conceptosuab as possible. Conceptuses were stored
in 200 uL distilled water at - 20 °C, thawed and frozenndes and sonificated (2 x 10 pulses



at 30% of maximal energy; Branson Sonifier 250, lBd®V, Meppel, The Netherlands) until
further analyses.

For diameter analyses the largest diameter (dil3 wsed. Conceptus surface area was
calculated as:sb, where a 2/, dil; and b =/, di2. When no conceptuses were recovered,
sows were considered non-pregnant (n = 3, including sow (DL) that developed cystic
ovaries). Additionally, in one sow (DL) with turbigerine flushings, all conceptuses (n = 10)
were non-vital, based on abnormal morphologicakapgnce (abnormal dark/brown color and
shriveled up). Other parameters (ovulation ratesdudevelopment and progesterone levels)
seemed normal, and therefore we considered this aowregnant at d10 of pregnancy.
Furthermore, 1 sow (DL) was not inseminated duslémt estrus.

Number of corpora lutea (CL) was counted and totary weight was measured. Individual
CL's were dissected and diameter, weight and gudhbrmal, hemorrhagic, cystic) was
determined. Total luteal weight was calculatedressum of weights of the individual CL'’s.
Embryo survival was defined as the number of cotussgs divided by the number of CL’s.

Plasma Analyses

Analysis of plasma glucose, insulin and IGF-1 Isyeind a complete definition of glucose,
insulin and IGF-1 parameters used, are describmsiviblere (Wientjes et al., submitteBnr
each sampling day, basal insulin levels were catedl as the mean value of the 2 samples
taken before feeding (- 12 and 0 min); AUC720 (aneder the curve during a 720 min period)
was calculated as the area above basal insulitsléwen feeding until 720 min after feeding
for CTRL sows, and as AUC during 4h multiplied byd3 DL sows as DL sows were fed
again at 1200h and 1600h; and the mean insulinl lduang the sampling period was
calculated as the average insulin levels of almlka samples after feeding (from O until 720
min in CTRL; from 0 until 240 min in DL) correctddr the time intervals between samples.
Progesterone levels were determined in duplicagngua commercial Coat-A-Count
Progesterone RIA-kit (PITKPG-7, Siemens Medical utlohs Diagnostics, Los Angeles,
USA). The sensitivity, intra- and interassay CV &érl ng/ml, 4.7% and 6.0%, respectively.
Basal progesterone levels were calculated as tbeag® value of the first 2 samples (6h and
2h before ovulation); maximal progesterone levedsercalculated as the average value of the
last 2 samples before slaughter. Mean progesteleweds were calculated as the average
progesterone level of all plasma samples, correfedhe time intervals between samples.
For sows with an ear vein catheter, maximal pregese level was defined as progesterone
level at slaughter.

Conceptus analyses

Protein content of conceptuses was analyzed iniciipl with the method as described by
Bradford (1976), using the microplate-procedureacdommercial kit (QuickStart Bradford

Protein Assay, Bio-Rad, Hercules, USA), with BoviSerum Albumin as standard. DNA



content of conceptuses was measured fluoromeirigallduplicate using a commercial kit
(Quant-iT dsDNA Assay Kit, Broad Range Q33130; frogen, Ltd, Paisley, UK).

Uterinefluids analyses

Uterine fluids were analyzed on acid phospataseiggtcalcium, glucose, insulin and IGF-1
content. Acid phosphatase activity was determinadtgmetrically in triplicate with 4-
nitrophenylphosphate as substrate using the meth8grgmeyer H.U. (1974; Methoden der
enzymatischen analyse, Band I, 3. Auflage, Weinhe@me unit of activity was defined as
the capacity to release imol nitrophenol per min at pH = 4.8 in substratéfdru(50 mM
citrate, 5.5 mM 4-nitrophenylphosphate) at 25 °C.

Calcium levels were determined photometrically ioplitate with the cresolphthalein
complexone (CPC) method using a commercial kit Qed CPCFS, DiaSys Diagnostic
Systems GmbH, Holzheim, Germany), with a lower clata limit of 0.2 mg/dL. Glucose,
insulin and IGF-1 were analyzed as described faisipa analyses (see Wientjes et al.,
submitted), but glucose and IGF-1 were not detéetabuterine fluids.

Statistical Analyses

Data are presented as meanstSE, unless othenatsd.dData were analyzed with the GLM
procedure of SAS 9.1 (SAS Inst. Inc., Cary, NC)leaa otherwise stated. For all GLM
analyses, first interaction terms were tested antbwved from the model when not significant
(P > 0.10), followed by a stepwise removal of theiafale with the highest non-significant P-
value P > 0.10), except for the factor treatment.

Analysis of insulin and IGF-1 levels during WOI described elsewhere (Wientjes et al.,
submitted).

IGF-1 levels during pregnancy. IGF-1 levels during early pregnancy were analyzsthgi
model 1. Yjumn = pn + T + Bj + DMlwoi k + €% + SDn + T*SDm + T*DMlwo k +
SDn*DMI woi k+ Ti*SD*DMI wo k+ €Jjkimn, Where Yiumn = dependent variablg; = overall
mean; T= treatment (i = CTRL, DL); B= batch (j = 1,2,3); DMjo|_k = class of DMI from
weaning until 12h after ovulation (dietary treatmpeariod), as % of total dry matter offered (k
=0 (< 75%), 1% 75%)); ek = error term 1, which represents the random efiésbw (I =

1 to 32) nested within treatment, batch and RMI SD,,= sampling day (m = d1,3,7,10 after
ovulation); T*SDy, = interaction between treatment and sampling d&ay; DMlwoi k =
interaction between treatment and DI, SD* DMl wo, k = interaction between sampling
day and DMyoi; Ti*SDn*DMIwoi k = interaction between treatment, sampling day and
DMIwor; and egum = residual error. The effect of treatment, batcd &MIwo was tested
against error term 1. Effects of sampling day ahdnéeractions were tested against the
residual error.

Luteal development and progesterone. One sow (DL) developed cystic ovaries (weaning-to-
estrus interval: 120h; ovulation rate: 3; no coreses recovered) and was excluded from all



analyses on luteal development and progesterondeal.udevelopment and plasma
progesterone levels of remaining non-pregnant spws 3) and the sow with non-vital
embryos seemed normal and were therefore includedl analyses. Two sows (both CTRL)
had cystic CL’s on both ovaries (10 of 22 and 24fCL’s) and were excluded from analyses
on total luteal weight, CL diameter and CL weight.

Ovulation rate, luteal development (total lutealigi®, mean CL diameter, mean CL weight)
and uniformity (SD and CV of mean CL diameter areighit), and progesterone traits (basal,
mean and maximal) were analyzed using model 2i ¥ u + T; + Bj + DMlwoi « +
T*DMIwoi «*+ €, where Yjq = dependent variable; = overall mean; = treatment (i =
CTRL, DL); Bj= batch (j = 1,2,3); DMioi x = DMI from weaning until 12h after ovulation
(dietary treatment period), as % of total dry matiéfered (k = 0 (< 75%), 1>( 75%));
Ti*DMI wo_k = interaction between treatment and Ml x; and g = random error.

To check whether differences in luteal developnoentild be explained by differences in pre-
ovulatory follicle development (as described elsexgh Wientjes et al., submitted), Pearson
correlation coefficients were calculated betwededlidevelopment (mean CL diameter and
weight) and follicle diameter (average diametetanfest 5 follicles at one ovary at d4 after
weaning and at ovulation for all sows; average éi@mof all follicles> 3 mm at d4 after
weaning for 20 sows with complete ultrasound clipsyameters, and follicle diameter
parameters were added as a covariable to model I2enWuteal characteristics were
significantly affected by batch, batch-correctesidaals were used for calculation of
correlations.

Conceptus development and uniformity. Differences in numbers of sows being pregnant
between treatments were analyzed using a logistidein(using the logistic procedure) with
pregnant (0/1; excluding the sow not inseminatesl tdusilent estrus) as outcome variable and
treatment as the only factor. Non-pregnant sows 8), 1 sow with non-vital embryos, and 1
sow not inseminated, were excluded from analysesnwmber of conceptuses, embryo
survival and conceptus development and uniformiitymber of conceptuses and embryo
survival rate were analyzed using model 2. For eptus characteristics (diameter, surface
area, embryoblast diameter, protein content and Rbi#tent) and uniformity (SD and CV of
diameter, surface area, protein content and DNAert)) age of the conceptuses (9.5 or 10d)
was added as a factor to model 2. Two sows (1 CaRd 1 DL) contained filamentous
conceptuses and were excluded from all analyseswreptus development and uniformity.
To check whether differences in conceptus developroaeuld be explained by differences in
pre-ovulatory follicle development (as describedealhere; Wientjes et al., submitted),
Pearson correlation coefficients were calculateivéen conceptus development (conceptus
diameter and conceptus protein) and follicle dia@néiverage diameter of largest 5 follicles
at one ovary at d4 after weaning and at ovulatwrafl sows; average diameter of all follicles
> 3 mm at d4 after weaning for 20 sows with complgteasound clips) parameters, and



follicle diameter parameters were added as a cablarito model 2. When conceptus
characteristics were significantly affected by batnd age of the conceptuses, batch- and
conceptus age-corrected residuals were used foulatibn of correlations.

Uterine secretions. Uterine secretions (insulin, calcium and acid pihadase activity) per
horn were calculated by multiplying the concentmagi (insulin, calcium and the acid
phosphatase activity) with the flushing volume (30). Average uterine secretions were
analyzed at sow level, by averaging the conceptratof both horns per sow, with the same
model as used for conceptus characteristics (mbae@th addition of age of the conceptuses
(9.5 or 10d) as factor to the model). Non-pregsamts (n = 3), 1 sow with non-vital embryos,
1 sow not inseminated, and sows with filamentousceptuses (n = 2) were excluded from
analyses on uterine secretions.

Relations with insulin and | GF-1. Relations between insulin and IGF-1 during WOI wath
reproductive parameters were analyzed by addinglimparameters (basal insulin, insulin
AUC720 or mean insulin; all mean values of both giamy days (d2 and 3) per sow or IGF-1
parameter (mean IGF-1 level during d3-5 after wegrper sow) as a covariate and its
interaction with treatment to model 2. AdditionalBearson correlation coefficients (using the
CORR procedure) were calculated amongst the differesulin and IGF-1 parameters that
were significantly related to reproductive paranmgtand amongst the different reproductive
parameters that were significantly related to imsahd IGF-1 parameters. When reproductive
characteristics were significantly affected by baaad/or age of the conceptuses, batch and/or
conceptus-age corrected residuals were used foulatibn of correlations.

RESULTS

Dry matter intake and | GF-1 levels during pregnancy

After ovulation, all sows had a 100% DMI. IGF-1 é&w after ovulation were not influenced
by treatment® = 0.61), nor by DMJo,. IGF-1 levels were on average 154.8.9 ng/ml at
d1, 157.0+ 7.8 ng/ml at d3, 150.6 6.5 ng/ml at d7 after ovulation, and became sicguiftly
lower at d10 after ovulation (133185.9 ng/ml;P < 0.01).

Luteal development and progesterone

Ovulation rate was not influenced by treatment, mpDMIwo, (Table 1). Total luteal weight
was higher in CTRL sows (+ 1.5 ;= 0.03), and mean CL diameter and mean CL weight
tended to be higher in CTRL (+ 0.4 mf € 0.06) and + 0.05 gP(= 0.09), respectively)
compared with DL sows (Table 1). Additionally, me@h diameter was negatively affected
by DMIlwoi (LSmeans were 10.4 and 9.4 mm for sows with a(lw5%) and highX 75%)
DMl wo, respectivelyP < 0.01).



Mean CL diameter and CL weight were not relatechveiverage diameter of the 5 largest
follicles at d4 after weaning and at ovulation. Hwer, average diameter of all follicles3
mm present at d4 after weaning was positively ¢ated with CL diameter (r = 0.5, = 0.02)
and CL weight (r = 0.61P < 0.01). After addition of average diameter offallicles > 3 mm
present at d4 after weaning to the models for CAmditer and CL weight, the effect of
treatment on CL diameter and CL weight was notiBggmt anymore (P-value for treatment
was 0.84 and 0.22 for CL diameter and CL weiglgpeetively).

Plasma progesterone levels (basal, mean and magxivee¢ comparable between treatments
(Table 1). Mean progesterone was positively affibdteg DMIyo (LSmeans were 13.60 and
16.31 ng/ml for sows with a low (< 75%) and high76%) DMlyo,, respectivelyP = 0.05).

Conceptus development and uniformity

A total of 28 sows were pregnant at slaughter amfymancy rate did not differ between
treatments (93% in CTRL; 88% in DB, = 0.59). Conceptus characteristics are presented i
Table 2. Number of conceptuses, embryo survivalamiteptus development and uniformity
were not influenced by DMJo;. Number of conceptuses and embryo survival waspeoatle
between treatments. Conceptus diameter tended hagber in CTRL than in DL sows (+ 0.7
mm; P = 0.07); conceptus surface area, embryoblast deameonceptus protein content and
DNA content did not differ between treatments. dituniformity in conceptus diameter,
conceptus surface area, embryoblast diameter aatkiprcontent was also comparable
between treatments. Within-sow SD of conceptus dAtent tended to be lower in DL (- 31
ng; P = 0.08), but CV of conceptus DNA did not differ Wween treatments. Mean conceptus
diameter and conceptus protein were not relatddlliole diameter at d4 after weaning or at
ovulation.

Uterine secretions

Uterine insulin (40.1+ 4.4 pU/horn), calcium (0.4% 0.09 mg/horn) and acid phosphatase
activity (2.98+ 0.30 U/horn) were not influenced by treatment, bgr DMlyo,. Uterine
calcium and acid phosphatase activity increaseld age of conceptuses (LSmeans were 0.18
and 0.57 mg/horn for calciunP(= 0.03) and 1.81 and 3.62 U/horn for acid phosgdeat
activity (P < 0.01) for 9.5 and 10d-old conceptuses, respagjiv

Relationships between insulin and | GF-1 with reproduction parameters

No interactions existed between treatment andimgarametersi > 0.10; mean values of d2
and 3) or IGF-1R > 0.10; mean value of d3-5 after weaning), indingathat relationships
were similar for both treatments, and thereforeralvdreatment corrected regressions are
presented. An overview of all relatior® € 0.05) is given in Table 3.



Luteal development and progesterone. Insulin parameters were not related to ovulatide,ra
total luteal weight and CL weight. Mean insulin waegatively related to mean CL diameter
(Table 3 & Figure 1). A positive relation existedtWween both insulin AUC720 and mean
insulin with mean progesterone levels during thet fL0d of pregnancy (Table 3 & Figure 2A),
as well as with maximal progesterone levels at diipregnancy (Table 3 & Figure 2B).
Insulin parameters were not related to basal ptegase levels.

Mean IGF-1 during d3-5 after weaning was not relateluteal development and progesterone
levels.

Conceptus development and uniformity. Insulin and IGF-1 parameters were not related to
number of conceptuses and embryo survival. Basallim was not related to conceptus
development and uniformity.

Insulin AUC720 was positively related with conceptliameter (Table 3 & Figure 3) and SD
of conceptus surface area (Table 3).

Mean IGF-1 levels at d3-5 after weaning were ndateel to conceptus development and
conceptus uniformity.

Uterine secretions. Insulin and IGF-1 levels parameters were not rdldate uterine insulin,
calcium and acid phosphatase activity.

Insulin AUC720 and mean insulin were highly corteta(r = 0.86f < 0.0001).

Furthermore, correlations amongst the different ragpctive parameters that were
significantly related to one or more insulin paréeng were calculated. CL diameter was not
correlated with mearP(= 0.86) or maximalR = 0.44) progesterone, but mean and maximal
progesterone were highly correlated (r = 0.B7 0.0001). Conceptus diameter and SD of
conceptus surface area were highly correlatedqi72; P < 0.0001). CL diameter and mean
progesterone were not correlated with the concegltagacteristics, but maximal progesterone
was correlated with conceptus diameter (r = OR14;0.03; Figure 4).

DISCUSSION

This study was designed to investigate the mechabishind the effect of pre-mating sow
diets on litter uniformity as found in studies @rguson et al. (2006) and Van den Brand et al.
(2006; 2009). We hypothesized that (nutritionatigiiced) stimulation of insulin and/or IGF-1
release during the pre-ovulatory phase can incrdagelopment and uniformity of the antral
follicle pool by stimulation of the relatively lesteveloped follicles (via stimulation of LH
and/or FSH, or directly at the ovarian level), fgsg in a more uniform pre-ovulatory follicle
pool (see Wientjes et al., submitted), which thesults in a). a more uniform maturation of
oocytes, which will be reflected in a more unifoembryo development (based on results of
Xie et al. (1990) and Pope et al. (1990)) and fynadore uniform birth weights within a litter
(based on the observation of Van der Lende et(1£90) that within-litter variation in



embryonic development at d35 of pregnancy is remtasive for the within-litter variation in
piglet birth weight); and b). an improved lutealdlpment and progesterone production.

Results of this study partly confirm our hypothesissitive relationships were found between
pre-ovulatory insulin levels and a). LH secretiomd afollicle diameter (Wientjes et al.,
submitted); b). conceptus development at d10 ajnqaecy; and c). progesterone levels during
the first 10d of pregnancy. Furthermore, folliclzeswas reflected in size of the CL's.
However, pre-ovulatory insulin and IGF-1 levels waemot related to uniformity of pre-
ovulatory follicles and conceptuses at d10 of paegyin this study This could indicate that
insulin does not improve uniformity of follicles énconceptuses, but stimulates the
development of follicles and conceptuses in genéfér d10 of pregnancy, conceptuses start
to elongate and the implantation process startsin@uhis peri-implantation period, part of
the embryos will be lost (Pope and First, 1985)difidnally, conceptus development at d10
of pregnancy is a highly variable trait, due to thpid development of conceptuses at this
stage. Therefore, it is possible that uniformityd@d conceptuses is not a reliable predictor for
piglet uniformity at birth, and it seems likely theffects of pre-mating insulin levels on piglet
uniformity are not yet visible at this early stagfgoregnancy.

Ferguson et al. reported already that high fibetsdbrior to ovulation, which improved oocyte
maturation (2007), are also beneficial for surviead uniformity of fetuses at d27 of
pregnancy (2006), and result in a higher numbepigliets born (11.5 vs. 10.9 piglets born
alive compared with an isocaloric control diet (290 Van den Brand et al. (2009) showed
that dextrose plus lactose in the diet prior to latton not only numerically improved
uniformity in birth weights (- 3% in birth weight\g, but also numerically increased litter
size (13.5 vs. 13.0 piglets born alive comparechvait isocaloric control diet); the lack of
significance in their study is probably relatedhe experimental setup, in which stable (6-12
sows) was used as the experimental unit. This siggleat the pre-mating diets used not only
improve litter uniformity, but also improve embnainsurvival. The beneficial effects of
insulin on progesterone levels and conceptus dpuedot found in the current study, may
therefore improve embryonal survival. Whether anowhthe improved progesterone
production and improved conceptus development duearly pregnancy lead to a more
uniform development of fetuses and piglets at Istages of pregnancy needs further study.

On the other hand, the fact that we did not findtrenships between insulin levels (measured
at d2 and 3 after weaning) and uniformity of fdé and conceptuses could also indicate that
uniformity of follicles/conceptuses is already deimed earlier, e.g. around weaning or even
during lactation. Ashworth et al. (1999b) fed giéts a high feeding level during an entire
estrus cycle before ovulation, and found positiffects on uniformity of blastocysts at d12 of
pregnancy in gilts. Additionally, effects of dexdeo(plus lactose) in pre-mating sow diets on



litter size, piglet birth weight and uniformity weermore pronounced when the treatment
started already during lactation (Van den Branalgt2006; 2009). And Zak et al. (1997a)

showed already that feed restriction during the Vesek of lactation dramatically reduces

embryo survival at d28 of the next pregnancy imgoarous sows (64 vs. 87% compared with
sows fed ad libitum during the last week of lacta}i This would suggest that the effects of
pre-mating diets on litter uniformity are strongenen dietary treatments start already during
(late) lactation.

Results of this study show that in multiparous sansulin levels during the WOI are related
to both plasma progesterone levels and conceputedagement during early pregnancy. Mean
insulin level and insulin AUC720 at d2 and 3 aftezaning were positively related to both
mean progesterone level during the first 10d ofjpamcy and maximal progesterone level at
d10 of pregnancy. Furthermore, insulin AUC720 wasitvely related to conceptus diameter
at d10 of pregnancy.

Progesterone level and conceptus development abfdg@gnancy were highly correlated in
this study. It is questionable, however, whetheis tborrelation is causal (i.e. higher
progesterone levels advance conceptus developmantvhether both the improved
progesterone levels and improved conceptus deveopishare a common origin. Plasma
progesterone levels during early pregnancy aréect®m embryonal survival (Ashworth, 1991;
Jindal et al., 1996; 1997; Van den Brand et al0030Progesterone regulates quantitative and
qualitative changes in uterine protein secretionigkit et al., 1973; Stroband and Van der
Lende, 1990; Davis and Blair, 1993; Vallet et 4B98), which are essential for conceptus
development. In sows, effects of progesterone enng secretions and embryo development
are mostly studied after d10 of pregnancy (becansst uterine proteins are produced after
d10). Progesterone treatments at d2 and 3 of pnegrfzave been shown to increase uterine
total protein at d10-15 and advance conceptusgstrproduction at d11 of pregnancy (Vallet
et al., 1998; Vallet and Christenson, 2004), sugggshat indeed the relationship between
progesterone and conceptus development could bsalcadowever, it remains speculative
whether the natural variation in progesterone Evamong sows, or the variation in
progesterone levels between sows in this studwltses significant differences in uterine
protein secretion during the first 10d of pregnamacyong sows, and if so, whether it will
result in visible changes in conceptus developna¢rd10. Ashworth et al. (1999a; 1999b)
showed that pre-mating nutrition can affect emtsyovival and development (as indicated by
e.g. number of cells and in vitro blastocyst Q@oduction) at d12 of pregnancy, without
significant changes in plasma progesterone levadsuterine fluid composition. We did not
find relationships between pre-ovulatory insulimdis and uterine secretions (insulin, calcium
and acid phosphatase activity) in this study. Tioeeg the correlation found between
progesterone levels and conceptus developmentOabiddregnancy in the current study, may



not be (completely) causal, but might also be #mult of 2 different processes sharing a
common origin, that is follicle and oocyte devela

Effects of insulin levels during the WOI on subsejuprogesterone secretion and conceptus
development are most probably mediated throughcsffef insulin on follicle and oocyte
development. Insulin is known to stimulate follicd®d oocyte development, as discussed
elsewhere (Wientjes et al., submitted). Both ims AUC720 and mean insulin at d2 and 3
after weaning were positively related to basal ledels around the LH surge, and basal
insulin levels at d2 and 3 after weaning were poai related to follicle size at ovulation
(Wientjes et al., submitted).

We found positive correlations between mean fdlidlameter at d4 after weaning and both
mean CL diameter and mean CL weight, indicating thayer follicles develop into larger
CL’s. This is further confirmed by results of Soeeeal. (1998), who found a positive
relationship between average follicle volume atlatran (as measured by ultrasound) and
average CL weight (r = 0.2®&,< 0.01) at d5 of pregnancy in sows. More eviddonca direct
relationship between pre-ovulatory follicle devetmgnt and subsequent luteal development
and progesterone secretion comes from studies ws.cdn estrus-synchronized cows,
Vasconcelos et al. (2001) artificially reduced preHatory follicle size by aspirating all
follicles larger than 4 mm 5 or 6d before inductmfrovulation, and showed that CL volumes
at d7 and d14 of pregnancy were positively relatepre-ovulatory follicle size (r > 0.5P, <
0.01). Additionally, smaller pre-ovulatory follideresulted in lower plasma progesterone
levels during early pregnancy. In spontaneous owviglacows, Echternkamp et al. (2009)
found positive correlations between follicle sizeAh (12h after detection of estrus) and both
subsequent CL diameter (r = 0.32< 0.001) and plasma progesterone levels (r = (R29;
0.01) during d7-15 after Al.

In sows, the relationship between CL size and pdagpnogesterone level is confounded by
ovulation rate. In the current study, individual @lameter and weight were not related to
plasma progesterone levels, but total luteal weight strongly correlated with maximal
plasma progesterone level at d10 of pregnancy @r53; P < 0.01). Strong evidence for a
relationship between total luteal weight and plagmoagesterone levels in sows is still lacking,
because most studies only used ovulation ratenagasure for luteal development. However,
recently we also found a positive correlation betwg@lasma progesterone levels and total
luteal weight (r = 0.5P < 0.05) at d5 of pregnancy (N.M. Soede, unpubtishesults).
Therefore, we conclude that an increased totablutesight, as a result of either a higher
ovulation rate or larger individual CL’s or botls, beneficial for progesterone production and
secretion in sows.



Several indications exist for a relationship betmvegre-ovulatory follicle and oocyte
development with subsequent embryo development.e Peip al. (1990) reviewed that
distributions of follicular development, oocyte mmaition and zygotes within sows are
similarly skewed, with a majority of follicles/oo®s/zygotes being more developed than a
lesser developed minority. Xie et al. (1990) demw@ted that oocytes from earlier ovulating,
I.e. further-developed, follicles subsequently lmeedhe further-developed embryos at d4 and
d12 of pregnancy. Additionally, pre-mating feedistjategies, shown to be beneficial for
embryo development and survival, have beneficitdot$s on follicle size (Zak et al., 1997a;
1997b), oocyte maturation (Zak et al., 1997b; Fsoguet al., 2003; 2006; 2007), and
follicular fluid composition (Zak et al., 1997b; fgaison et al., 2003) as well. Together, these
studies indicate that follicle and oocyte developméand uniformity) may be major
determinants of subsequent embryo developmenty(aifiokmity).

In the present study conceptus development at 8 pdegnancy was not correlated with pre-
ovulatory follicle diameter, which might indicateveral things. Firstly, it might indicate that
follicle size is not a good indicator for oocytevdpment. Although several studies reported
relations between follicle size and a). intra-fallar steroid environment, as indicated by e.g.
estradiol concentration and content (Biggs et1&93; Zak et al., 1997b); and b). (stage of)
oocyte maturation, as indicated by e.g. in vitroturetion rates (Hunter and Wiesak, 1990;
Vatzias and Hagen, 1999), Hunter & Wiesak (1996 aéported that follicles of similar size
can show marked differences in follicular fluid qoosition. This is confirmed by, for
example, results of Ferguson et al. (2003; 200Ho weported positive effects of a high
feeding level or high fiber diets prior to mating oocyte maturation and follicular fluid
composition, without effects on follicle diamet8iherefore, it remains speculative whether
follicle diameter in the current study was indigatifor oocyte development. Secondly, it is
possible that differences in oocyte developmentnatevisible in d10 conceptuses. The rapid
development of conceptuses around this stage (w&th conceptuses change from spherical
to filamentous), makes conceptus development aoflpdegnancy a highly variable trait. But
also factors other than oocyte maturation (e.gingesecretions) may have influenced d10
conceptus development.

Our results suggest that high insulin levels dutimg WOI are beneficial for the subsequent
pregnancy in sows, both for progesterone secreinohfor conceptus developmeBeneficial

effects of a high feeding level (2.6 x maintenanmeg high fibre diet (50% sugarbeet pulp)
during the estrous cycle prior to mating on subsagembryo development and embryo
survival in gilts have been reported previouslyherth et al., 1999b; Ferguson et al., 2006;
2007). Although insulin profiles were not measunedhose studies, effects might have been
mediated through enhanced pre-mating insulin leagla result of the high feeding level (e.g.
as shown by Booth et al. (1996) and Quesnel et18B8)) and the high fibre diet (e.g. as
shown by Vestergaard (1997)). Additionally, Ashvinoet al. (1999a) reported heavier CL'’s at



d12 of pregnancy in gilts fed a high pre-mating dempared to gilts fed a maintenance pre-
mating diet. Kemp et al. (1995) found higher plaspragesterone levels during early
pregnancy in sows fed a starch-rich diet comparéti wows fed a fat-rich diet during
lactation, WEI and gestation, which might be radatethe insulin-stimulating effect of starch-
rich diets (as shown by e.g. Van den Brand etl&98)).

Together, these data support our finding that prdatory insulin levels can influence both
subsequent luteal development and progesteronetimecras well as embryo development.
These effects are most probably mediated througkfloal effects of insulin on both follicle
and oocyte development.

IGF-1 levels at d3-5 after weaning were not reldtetliteal development, progesterone levels
and conceptus development and uniformity in thislgt This could indicate that IGF-1 levels
during WOI do not play a major role in subsequenbe/o development and uniformity in
multiparous sows.

The CTRL diet fed at 12h intervals resulted in &ar@L’s (related with larger pre-ovulatory
follicles) and further developed conceptuses coegpavith the DL diet fed at 4h intervals.
These beneficial effects of the CTRL treatment rhigh related to the secretion pattern of
insulin (2 long insulin peaks/day vs. 6 short imsyleaks/day), and suggests that not only the
total amount of insulin secreted, but also thegpatof insulin secretion during the day can
affect follicle development and subsequent lutead aonceptus development (see further
Wientjes et al., submitted).

IMPLICATIONS
High insulin levels during the WOI are beneficiak fsubsequent pregnancy in multiparous
sows, as indicated by positive relationships betwege-ovulatory insulin levels and plasma
progesterone levels and conceptus development gddaini@ first 10d of pregnancy. Those
effects are most probably mediated through berafeffects of insulin on follicle and oocyte
development, which is reflected in both improvedél development and improved conceptus
development.
Insulin profiles during the WOI were not relatedutaformity of pre-implantation conceptuses,
but improved progesterone levels and improved quuose development as a result of
enhanced insulin levels during the WOI might bedfieral for survival and uniformity of
embryos and fetuses at later stages of pregnancy.
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Table 1 Luteal development and progesterone charactiftheans + SE) for sows fed
either a dextrose- and lactose (each 150 g/d) icomgadiet (DL) at 4h intervals or an
isocaloric control diet (CTRL) at 12h intervals ohgy the WOI (from weaning until 12h

after ovulation)

Treatment P-valué
ltem CTRL DL Treatment DMio®
Number of sows 15 £6
Luteal development
Ovulation rate 24.3+1.2 23.2+ 0.8 0.43 -
Total luteal weight g 11.2+ 0.5 9.7+ 0.5 0.03 -
Mean CL diametér mm 10.0+ 0.3 9.6+ 0.3 0.06 <0.0%
sof, mm 0.7+ 0.06 0.8: 0.07 0.33 -
CcV4, % 75+0.7 8.7+ 0.7 0.15 -
Mean CL weigHt, g 0.47+ 0.02 0.42+ 0.02 0.09 -
SD, g 0.05+ 0.01 0.05t 0.00 0.82 -
CcV4, % 11.5+ 1.4 12.2+ 0.5 0.60 -
Progesterone
Basal progesterone, ngfnl  0.49+ 0.07 0.86+ 0.21 0.23 0.08
Mean progesterone, ngﬁnl 14.60+ 1.35 14.7Ct 0.90 0.96 0.08
Maximal progesterone, ng/ml 30.57+ 2.14 29.7H 1.91 0.28 -

! Statistical significance; the treatment*Dp, interactions were never significant; - when
not significant P > 0.10), factors were removed from the model (pkt@atment).

2 DMI from weaning until 12h after ovulation, as %total dry matter offered (< 75%,
75%).

3 Additionally, 1 DL sow developed cystic ovaries.

* Additionally, 2 CTRL sows had cystic CL’s on bothanies.

®>Only for sows with a jugular vein catheter (n =QORL and 11 DL sows).

®For sows with a low (< 75%) and high {5%) DMI respectively, LS means were 10.4
and 9.4 mm for mean CL diameter, 0.89 and 0.45 higynbasal progesterone, and 13.60
and 16.31 ng/ml for mean progesterone.



Table 2 Conceptus development and uniformity at d10 ogpamcy (means + SE) for
sows fed either a dextrose- and lactose (each j@gntaining diet (DL) at 4h intervals or
an isocaloric control diet (CTRL) at 12h intervdigring the WOI (from weaning until 12h

after ovulation)

Treatment P-valué
ltem CTRL DL Treatment DMio, °
Number of pregnant sows 44 14°
Number of conceptusés 219+1.1 20.2+0.9 0.27 -
Embryonal survivdl % 90 +2 88 +2 0.99 -
Diametef>® mm 7.1+0.47 6.4 +0.64 0.07 -
SO**® mm 1.2+0.14 1.2+0.14 0.65 -
CV*® % 17.4+1.64 18.8+2.14 0.60 -
Surface ar€="® mnt 73.0+105 63.4+11.2 0.11 -
SO+ mnt 20.3+2.5 19.0+ 3.0 0.20 -
CV*® % 28.6+1.9 31.4+238 0.40 -
Embryoblast diamet&r® mm 0.43+0.02 0.40+0.03 0.20 -
SO mm 0.07+0.01 0.07+0.01 0.77 -
CV*® % 175+1.2 18.2+1.5 0.72 -
Protein conteri® ng 86+9 75+ 11 0.29 -
SD* ug 26 +2 23+3 0.23 .
CV*® % 32+2 32+3 0.88 -
DNA content®® ng 349 + 33 329 + 36 0.32 -
SD**® ng 169 + 14 138 + 15 0.08 -
CV*® % 44 + 9 46 +5 0.88 -

! Statistical significance; the treatment*DMI intetians were never significant; - when not

significant P > 0.10), factors were removed from the model (pkteatment).

2 DMI from weaning until 12h after ovulation, as %total dry matter offered (< 75%,

75%).

3 Additionally, 1 DL sow had silent estrus, 1 DL sdeveloped cystic ovaries and in 2 sows
(1 CTRL and 1 DL) no conceptuses were recovered.

* 1 sow (DL) with non-vital conceptuses was excluded
®2 sows (1 CTRL and 1 DL) with filamentous concepsiwere excluded.
® Corrected for significant effecP(< 0.05) of age of conceptuses (9.5d or 10d).



Table 3. Relations P < 0.05) between insulin parameters (mean valued2odnd 3 after
weaning) and luteal development and progesteroreers, and conceptus development
and uniformity parameters

Insulin parametefs

Luteal development and Insulin AUC720,uU Mean insulinuU/ml

progesterone

Mean CL diameter, mm n.s. =-0.06 mmU/ml)

P=0.01

Mean progesterone, ng/ml 3 =0.35 (ng/ml) / 1,000U 3 =0.14 (ng/ml) /(U/ml)
P =0.02 P =0.05

Maximal progesterone, ng/ml 3 =0.73 (ng/ml) / 0,00 3 =0.27 (ng/ml) /(U/ml)
P<0.01 P =0.05

Conceptus development and

uniformity

Conceptus diameter, mm 3 =0.15mm/ 1,000 n.s.
P=0.03

SD of conceptus surface area, mn® = 0.61 mrA/ 1,000uU  n.s.
P =0.05

Overall treatment-corrected regressioRs<{ 0.05) are presented; when significant batch-
and/or conceptus-age-effects existed(0.10), regressions were corrected for thesetstfe
! Mean value of d2 and 3 after weaning.
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Figure 1. Relation between mean insulin level (mean d2 aafle3 weaning) and CL

diameter (residuals corrected for the effect oEbat Smeans were 10.5, 9.6 and 9.6

mm for batch 1, 2 and 3 respectivad®y= 0.04; CL diameter tended to be higher in

CTRL compared with DL; 10.0 vs. 9.6 mfa;= 0.06)
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Figure 2. Relations between insulin AUC720 (mean d2 and&} afeaning) and A).
mean progesterone level (residuals corrected #oettect of batch; LSmeans were
18.14, 13.92 and 12.80 ng/ml for batch 1, 2 anelspectivelyP < 0.01); and B).
maximal progesterone level at d10 of pregnancydueds corrected for the effect of
batch; LSmeans were 37.47, 28.84 and 26.04 nginhldtch 1, 2 and 3 respectively;

P < 0.01)
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Figure 3. Relation between insulin AUC720 (mean d2 and &rafteaning) and
conceptus diameter (residuals corrected for thexcetf batch and conceptus-age;
LSmeans were 7.9, 5.9 and 6.0 for batch 1, 2 angspectively P = 0.04); LSmeans
were 5.4 and 7.7 for 9.5 and 10d-old conceptusspectively P < 0.01; conceptus

diameter tended to be higher in CTRL compared With7.1 vs. 6.4 mmP = 0.07)
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Figure 4. Correlation between maximal progesterone levdllatof pregnancy
(residuals corrected for the effect of batch; LSnseaere 37.47, 28.84 and 26.04
ng/ml for batch 1, 2 and 3 respectivey< 0.01) and conceptus diameter (residuals
corrected for the effect of batch and conceptus-B§means were 7.9, 5.9 and 6.0 for
batch 1, 2 and 3, respectiveR € 0.04); LSmeans were 5.4 and 7.7 for 9.5 and 10d-

old conceptuses, respectiveR/ € 0.01)



