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Q.

Key pintsmms

e Uteroplacental insufficiency compromises maternal mammary development, milk
pr@ and pup organ development. Cross-fostering improves pup growth, organ
develo nt and prevents adult diseases in growth restricted offspring by enhancing

poStnafal Autrition.

e Leptin is Sansported to the fetus from the mother by the placenta. We report reduced

pla ptin concentrations in Restricted fetuses, which is associated with sex-specific

aItSations in placental leptin transporter expression.

e Pu leptin concentrations were also reduced during suckling, which may suggest
re k leptin transport or leptin reabsorption.

. suckled by Restricted pups had impaired mammary development and changes in
i acid composition with no alterations in milk leptin. Cross-fostering restored pup
plasma leptin concentrations, which may be correlated to improved milk composition and

intake.

Uteropl#fﬁciency reduces birth weight and adversely affects fetal organ development,
increasinmase risk. Cross-fostering improves postnatal nutrition and restores these deficits.

Mothers wi h restricted pups have compromised milk production and composition, however

the impact ostering has on milk production and composition is unknown. Plasma leptin
eak during the completion of organogenesis, which occurs postnatally in rats. Leptin
is transferred to the fetus via the placenta and to the pup via the lactating mammary gland. This
study investigated the effect of uteroplacental insufficiency on pup plasma leptin concentrations and

placental leptin transporters. We additionally examined if cross-fostering improves mammary
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development, milk composition and pup plasma leptin concentrations. Fetal growth restriction
(Restricted) was induced by bilateral uterine vessel ligation surgery on gestation day 18 in Wistar
Kyoto rmed fetuses had reduced plasma leptin concentrations, persisting throughout
lactation, a pecific alterations in placental leptin transporters. Mothers’ suckled by Restricted
pups had &ammary development, altered milk fatty acid composition and increased
plasma pieptimmeemeentrations despite no changes in milk leptin. Pup milk intake was reduced in
Restricted Mkling uteroplacental insufficiency surgery mothers compared to Restricted pups

suckling sﬂated mothers. Cross-fostering Restricted pups onto a sham operated mother

improved growth and restored plasma leptin concentrations compared to Restricted pups
suckling u ntal insufficiency surgery mothers. Uteroplacental insufficiency alters leptin
homeostas at®s ameliorated with cross-fostering and enhanced milk fatty acid composition and

consumption, wESv may protect the pups from developing adverse health conditions in adulthood.

Abbreviati;

Akt, protell ‘b- B; AMPK, AMP-activated protein kinase; Control-on-Control, Control pups

sucklin rated mothers; Control-on-Restricted, Control pup suckling uteroplacental
insufficiency y mother; E, embryonic day; ELISA, enzyme-linked immunosorbent assay; FAMES,
fatty aci ters; FIL, feedback inhibitor of lactation; JAK, Janus kinase; LC-MUFA, long chain

monounsaturated fatty acids; LC-PUFA, long chain polyunsaturated fatty acids; mTOR, mammalian
target of rSamycin; ObR, leptin receptor; PI3K, phosphoinositide-3-kinase; PN, postnatal; PTHrP,

parathyroid harmone related peptide; Restricted-on-Control, Restricted pup suckling a sham

operated @ estricted-on-Restricted, Restricted pup suckling a uteroplacental insufficiency;
SOCS, suppressor of cytokine signalling; SRY, sex-determining region Y; STAT, signal transducers and

activators @f transcription; WKY, Wistar Kyoto.

Introdw

Being bEI is a complication of 10% of pregnancies and results from a reduction in the

delivery of nu and oxygen across the placenta to the growing fetus, which in Western cultures

is com “‘ﬂ e to uteroplacental insufficiency (Barker et al., 1989). Exposure to adverse conditions
during critical peffods of development alters the trajectory and growth of organs resulting in
structural organ changes (McMillen & Robinson, 2005; Barker, 2007; Gluckman et al., 2008; Morton

et al., 2016). Both epidemiological and experimental studies have identified that growth restriction
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impairs nephron (Hughson et al., 2003; Wlodek et al., 2007), cardiac (Black et al., 2012) and pancreas
development (Siebel et al., 2010) and programs male adult onset hypertension (Koklu et al., 2007;

Wlodekw) and glucose intolerance (Siebel et al., 2008), which is prevented with early

acceleratedcas etal., 1997; Eriksson et al., 2000; Wlodek et al., 2007).

The adi ptin plays a role in normal pregnancy adaptations and fetal development (Attig

et al., 201 et al., 2015b). Leptin is predominantly secreted by white adipose tissue, the
placenta (t er extend in rodents) and mammary epithelium during lactation (Landt et al.,
2003; Ha W2004), and is transported from the mother to the fetus via the placenta (Smith &

Waddell, 2 er parturition it is not known whether the main source of offspring leptin is due

to offspring :ep:§ production from adipose stores or from the maternal milk supply. Research
identified leptin concentrations are elevated during peak lactation, which correlates with

the periodg rapli infant weight gain and height (Doneray et al., 2009), suggesting that leptin may

play a role ting infant growth. Humans born growth restricted have reduced plasma leptin

concentration |rth (Koklu et al., 2007; Nezar et al., 2009) suggesting that there may be reduced

placental lepti nsportation. Leptin transportation and signalling occurs by the leptin receptor
(ObR) t ivates the Janus kinase/signal transducers and activators of transcription (JAK/STAT)
pathway (B I., 2000), or the scavenger receptor megalin that activates the phosphoinositide-
3-kinas way (Ahima et al., 1996; Briffa et al., 2014; Briffa et al., 2015a). The mammalian

target of ra amycm (mTOR) is downstream of the PI3K pathway and, under low glucose conditions,

is |nh|b|te -activated protein kinase, which promotes autophagy (Kim et al., 2011) and we
have previ monstrated that leptin can modulate AMPK expression in the renal proximal
tubule (o dney cells) (Ahima et al., 1996; Briffa et al., 2014; Briffa et al., 2015a). Critically,
both ofﬂlmg pathways regulate cellular growth, proliferation and differentiation.
e
In hum ost mammalian species there is a plasma leptin surge that is associated with the
completlo maturation and development, which occurs postnatally in the rat (Ahima et al.,

1998). Lepti gonism in rats during the leptin surge (postnatal day (PN) 2 — PN13) reduces
glomeru ber and size, and alters pancreatic, ovarian and thymic development (Attig et al.,
2011). Therefore it is possible that the impaired organogenesis in pups born small may be causally

associated with their reduced plasma leptin concentrations. Interestingly in rodent models of

maternal undernutrition there is a reduction in the postnatal plasma leptin surge (Delahaye et al.,
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2008), as well as reductions in placental ObR (Nisken et al., 2011), protein kinase B (Akt), mTOR and
STAT3 (Rosario et al., 2011) expression, which is not observed in a model of bilateral uterine vessel

ligation WGI., 2011). This highlights that different models of growth restriction influences
fetal leptin rations and placental leptin signalling targets in a similar or a different manner. A
major Iimi&e studies described above is that they pooled the placentae and did not
determime diffesemres between fetal sex, which is important due to the work by (Cuffe et al., 2012;
Cuffe et om Changes in placental leptin signalling through ObR and megalin following

uteroplacegifal iM8ufficiency, the major cause of growth restriction in the Western world, are
unknown.

Postnatal gro rate and development is directly proportional to the quality and quantity of
mh

milk produ

acid intakgurmg pregnancy and lactation is essential for normal pup growth and development
(Mennitti -

progestermntrations and dams experience premature lactogenesis Il, characterized by an

e mammary gland, which has a major influence on disease risk. Adequate fatty

015). Uteroplacental insufficiency in rat dams results in lower circulating

increase in - Ibumin in late pregnancy (O'Dowd et al., 2008). Additionally, uteroplacental
insuffic ams have reduced mammary parathyroid hormone related protein (PTHrP) (O'Dowd
et al., 2008 appears to have important roles in mammary branching morphogenesis, calcium
transp maternal plasma to milk and regulating mammary blood flow (Philbrick et al.,

1996). As a consequence mammary development during pregnancy and mammary gland function
after birth Lired further slowing postnatal growth (O'Dowd et al., 2008). We have previously
demonstra@improving the early lactational nutrition, by cross-fostering growth restricted

pups onto

cardiomyo bers (Black et al., 2012), pancreas morphology (Siebel et al., 2010), and prevents

hypertﬂiek et al.,, 2007) and glucose intolerance (Siebel et al., 2008). As leptin is

transfeﬂHup by the milk (Dundar et al., 2005; Doneray et al., 2009), it is possible that this

restoratiorﬂvogenesis following cross-fostering is due to enhanced leptin delivery as a result
e

of improv

<

Therefore the aim of this study was to characterise the effect uteroplacental insufficiency has on

her with normal lactation, restores nephron (Wlodek et al., 2007) and

tal nutrition.

placental leptin transporter expression. We additionally investigated the effect uteroplacental

insufficiency has on maternal and offspring plasma leptin concentrations and milk leptin
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concentrations, and whether this is restored by improving pup postnatal nutritional intake through
cross-fostering. Finally, we characterised the effect cross-fostering has on milk consumption and

mammWent. As there are known sex-specific disease programming effects (Moritz et al.,

2009; Tare 012; Wadley et al., 2013), a further aim was to establish whether sex-specific
difference

]
e
Methodo

Ethics appm

All expegi were approved by The University of Melbourne’s animal experimentation ethics
sub-commi : 0004138 and 02081) and the La Trobe animal ethics committee (AEC: 12-42)

following tmral Health and Medical Research Councils (NHMRC) Australian code for the care

and use of for scientific purposes. The investigators understand the ethical principles under
which the j perates and that our work complies with the animal ethics checklist. Female
Wistar Ky ) rats (9 to 13 wks of age) were obtained from the Animal Resources Centre
(Cannin Australia) and provided with a 12-hr light/dark cycle at 19-22°C with ad libitum
access to foo ater. Rats were mated and surgery was performed on day 18 of gestation (term
=22d ibed previously (Wlodek et al., 2005). Briefly, FO pregnant rats were randomly

allocated to a sham (offspring termed Control) or uteroplacental insufficiency (offspring termed

Restricted )roup and were anaesthetized with 4% isoflurane and 650 ml.min™ oxygen flow (reduced

to 3.2% isoflugage and 250 ml.min™ oxygen flow when suturing to aid in the animals recovery).

Uteroplace @ ficiency was induced by bilateral uterine vessel (artery and vein) ligation, which

restricts blo ly and nutrient delivery to the fetuses. Sham surgery for the control group was

I

performed in the same manner, except uterine vessels were not ligated.

{l

Study 1: Developm@ntal timeline

U

At emb ay (E) 20 one cohort of pregnant rats were anesthetized (Ketamine (50 mg/kg;

\

Parnell Laboratories, Alexandria, NSW, Australia) and Ilium Xylazil-20 (10 mg/kg; Troy Laboratories,

/

Glendenning, NSW, Australia)), their uterus was exposed and amniotic fluid collected (n = 10 — 20
mothers/group). Fetuses and pups at PN1 and PN7 (in separate cohorts) were weighed, sex visually

determined by the anogenital distance and were killed by decapitation. In a final cohort at PN35,
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offspring were weighed, anesthetized (Ketamine (50 mg/kg) and Ilium Xylazil-20 (10mg/kg)) and
euthanized via cardiac puncture. Blood was collected at the time of post mortem, which was pooled
in each W or separated by sex in the postnatal ages. The placentae at E20 were weighed,
frozen im in liquid nitrogen and stored at -80°C for subsequent analysis. For tissue
extractionmssociated with one male and one female from each litter were chosen with a
body weighisthatmwies the closest to the litter average, with each sample representing a single animal
(i,e.n= 1)Wally, maternal rats were weighed, anesthetized (Ketamine (50 mg/kg) and llium

Xylazil-20 @g)) and euthanized via cardiac puncture, with blood collected for subsequent

analysis.

92,

To ensure accjate sex was recorded for pups at E20 a portion of the placenta (labyrinth zone;

fetal interf: incubated in proteinase K (Life Technologies; Mulgrave, Vic, Australia) overnight
at 55°C to [@xtract DNA, as described previously (Cuffe et al., 2012). ‘Real - time’ polymerase chain

reaction (P hen performed for sex-determining region Y (SRY) using a commercially available

TagMan pm4224592_u1; NM_012772.1) (Life Technologies).
P/acentE’ PCR

RNA was extracted from labyrinth and junctional zone placental regions using the Precellys 24

homogeniir (Bertin Technologies; Aix en Provence, France) with CK14 ceramic beads and TRIzol

(Life Technolggies) using a commercially available kit (Norgen; Cambridge, ON, Canada). First strand

@ d from 400 ng RNA using the RT” HT First Strand Kit (Qiagen; Chadstone, VIC,
Australia), according to the manufactures instructions. ‘Real - time’ PCR was then conducted using
SYBR gres as the fluorescent agent. Custom RT® Profiler PCR Arrays were designed and
manufactuged by @iagen for the following leptin transporters and signalling targets of interest.
Leptin MLL ObR (NM_012596), JAK2 (NM_031514), STAT3 (NM_012747), STATS5a

cDNA was

(NM_017064), supfressor of cytokine signalling 3 (SOCS3; NM_053565), megalin (NM_030827), PI3K
(NM_001106723),gAkt3 (NM_031575), mTOR (NM_019906), AMPKa (NM_019142) and AMPKR

o compensate for variations in RNA input amounts and reverse transcriptase
efficiency, m bundance of the genes of interest were normalized to the housekeeping gene
Succinate Dehydrogenase subunit A (SDHA; NM_130428). HotStart DNA Taq Polymerase was
activated by heating the mixture to 95°C for 10 mins, then ‘real - time’ PCR reactions were ran for 40

cycles of 95°C for 15 sec and 60°C for 60 sec. Relative changes in mRNA abundance was quantified
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AACT

using the 2- method and reported in arbitrary units normalized to Control male values for the

junctional zone and labyrinth. SDHA values were not different between sexes and treatments.

T

Placental p tion and Western blot analysis

Merr?b mtions of protein were extracted from 50 mg of placental labyrinth tissue
(Gallo et "al., 6). 20 pg of membrane lysate were separated on a 5% Tris-Glycine
eXtended {TGX)BStain-Free gels (Bio-Rad Laboratories; Gladesville, NSW, Australia) and
transferrecmnitrocellulose membrane (Bio-Rad Laboratories). Membranes were probed

with meg@lighanfibody (1:1000, Santa Cruz Biotechnology; Dallas, TX, United States of
America).mmetric analysis of the banding was performed using ChemiDoc MP with

ImagelLab e (Bio-Rad Laboratories). Protein expression of interest were normalized
relative ‘E:Cee total protein (Parviainen et al., 2013) and expressed as values relative to
Control

Study 2: Cross-fostering protocol

In a separa hort, Restricted and Control pups were cross-fostered 1 day after birth (PN1)
onto se ers (sham operated or uteroplacental insufficiency surgery mothers) to yield four
treatment groups (Control-on-Control; Control-on-Restricted; Restricted-on-Control; Restricted-on-

Restricted;&lS mothers/group) as previously described (Wlodek et al., 2007; Dickinson et al.,

2016). Eac imental group had an even pup sex ratio. On the morning of PN6 (mammary
developm on, milk composition and calcium studies) and PN7 (plasma leptin analysis), pups
were rem m their mother and weighed. Pups were killed via decapitation and blood
coIIecte@t PN6 and separated by sex PN7). Aprotinin (Sigma-Aldrich; Castle Hill, NSW,
AustraliMd to the tubes used for plasma PTHrP analysis (PN6) (Wlodek et al., 2000). One
pup per lit rozen whole and stored at -20°C for body calcium analysis (PN6). Pup stomach
contents vacted (PN6) for fatty acid analysis. Mothers were anaesthetized 4-6 hours after

removal of t to allow milk to accumulate and milk was collected following gentle massage of
ry gland and teats without the need for hormonal stimulation (Wlodek et al., 2003).
Mothers were an€sthetized (Ketamine (50 mg/kg) and llium Xylazil-20 (10 mg/kg)) and euthanized by

cardiac puncture with blood collected for subsequent analysis. The mammary glands were dissected,
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weighed and the right mammary gland snap frozen in liquid nitrogen or fixed in 10% neutral

buffered formalin (Perrigo; Balcatta, WA, Australia) for histological analysis.

T

In anot ups were weighed from birth to weaning (PN35) to determine pup growth

P

and milly intakemBwps were weighed during a 1-hour maternal separation period followed by a 3-

1

hour re-fe iod. Milk intake was calculated as a percentage of pup body weight (O'Dowd et
al., 2008) t rea under the milk intake curve was calculated between PN3 and PN17 as an

index of mi mption.

SG

Mammar ime’ PCR and histology

‘Real -mR was used to quantitate milk protein gene expression on PN6 as described
previously et al., 2008). RNA was extracted from frozen mammary tissue using the Qiagen
RNeasy kitcime’ PCR was performed using TagMan as the fluorescent agent against the milk
protein ge P (forward primer: 5- GAG GGC AGA TAC CTA ACT CAG GAA-3’; reverse primer:
5-TTC CcmTC TTG A-3’; probe: VIC 5”- AAC AAG GTG GAG ACG TAC AAA GAG CAG CC-3%
NM_01 Technologies), B-casein (Rn00567460_m1; J00711.1) (Life Technologies) and a-

lactalbumin (RNOB§61447_m1; NM_012594.1) (Life Technologies). Ribosomal 18S (forward primer:
5’- CGG

vl

T CCA AGG AA -3’; reverse primer: 5- GCT GGA ATT ACC GCG GCT -3’; probe: VIC
5’- TGC TGG CAC CAG ACT TGC CCT C -3%; NM_012636.1) (Life Technologies) was used as an

endogenou§,control and multiplexed with the milk protein genes. For the relative quantification of

]

gene expre a multiplex comparative threshold cycle method was employed as described

previously @ et al., 2005). 18s values were not different between treatments.

Fixe tissue was processed into paraffin blocks, sectioned at 5 um and stained with

th

haematox osin (n = 4 - 5 per group). Five sections per sample were analyzed for alveolar

area and numberdlising ImagePro Software (Medai Cybernetics; Warrendale, PA, United States of

J

America) (Wlo tal., 2003).

A

PTHrP, corticosterone, calcium and electrolyte measurements
Plasma, milk and mammary tissue concentrations of PTHrP were quantified by a N-terminal

radioimmunoassay with a minimum detection limit of 2 pmol/l, and intra- and inter-assay
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coefficients of variation of 4.8% and 13.6% respectively (Wlodek et al., 1995). Plasma corticosterone
was measured by enzyme immunoassay validated for direct measurements in diluted plasma
foIIowiWacturer's protocol (Cayman Chemical; Ann Arbor, MI, United States of America)
with a minijg detection limit of 30 pg/ml, and intra- and inter-assay coefficients of variation of
7.4% and ively. Total calcium concentrations were determined using colorimetric
spectrom e tmymusimg the Synchron CX-5 Clinical System (Beckman Coulter; Lane Cove, NSW, Australia)
and ionic cmctive or free calcium; regulated by PTHrP), sodium and potassium concentrations

were dete®using ion selective electrodes correcting for pH (Ciba-Corning model 644;

Cambridge nited States of America) from milk as well as from pup and maternal plasma

(Wlodek emOO; Wilodek et al., 2009). Total calcium concentration in the pup body was
e®as

determine hing using the CX-5 Analyser (Wlodek et al., 2003; O'Dowd et al., 2008). Total

protein ani !actoSconcentrations were analysed as described previously (O'Dowd et al., 2008).

Fatty acid ;

Total faomposition of the milk was determined by the direct trans-esterification method

of Lepa Lepage & Roy, 1986). Briefly, 50 to 100 pL of milk was placed into a screw-capped
Teflon-line ontaining C23:0 as an internal standard. After the 1-hour trans-esterification
proced very of the fatty acid methyl esters (FAMEs) in the benzene phase, the FAMEs

were analyzed by capillary gas liquid chromatography. FAMEs were then separated and measured on

a Shimadz!(17A) gas chromatograph with flame ionization detection. A 50 mm x 0.25 mm BPX-70

fused silica capillary column (SGE Scientific; Ringwood, VIC, Australia) with a film thickness of 0.25

used as a carrier gas at a flow rate of 2 mL/min. A temperature gradient program was used with an

Lm was us unction with a Shimadzu on-column auto-injector. Ultrahigh purity hydrogen was

initial tem@erature of 170°C, increasing at 3°C/min to 218°C. Identification of the FAMEs was made

9.

by comparjson witli the retention times of chromatography reference standard mixtures (Nu-Chek

£

Prep; Elysian, MN, United States of America) (Weisinger et al., 1999).

U

Plasma lepti ysis

A

Leptin con tions were determined from the developmental timeline study (E20, PN1, PN7
and PN35) and cross-foster study (PN7) from maternal and pup plasma, amniotic fluid (E20) and
maternal milk (cross-foster study; PN7) using an enzyme-linked immunosorbent assay (ELISA) (R&D

Systems; Minneapolis, MN, United States of America) as described previously (Romano et al., 2015;
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Tran et al., 2015) with a minimum detection limit of 22 pg/ml, and intra- and inter-assay coefficients

of variation of 3.8% and 5.8% respectively.

T

Statistical&

For themplaeemtal genes, a two-way ANOVA was conducted to determine differences between

[

Treatment for each placental region (labyrinth and junctional zone). For amniotic and

offspring | n centrations (PN1, PN7, and PN35) a two-way ANOVA was performed to identify if

G

there were s across Treatment groups and between Sexes. A Student’s t-test was used if an
interactio i in the two-way ANOVA and to identify changes in body and placental weights, as

well as matéfAal @nd fetal (E20) leptin concentrations.

Us

For the @ross-fostering groups, data were analyzed with a two-way ANOVA (Pup and Mother) that

£

provided t effect for statistical differences. If an interaction was present in the two-way

ANOVA, t as split to determine where the difference existed using a Student’s t-test.

ql

ANOVA statfsti analysis was performed using SPSS Statistics 22 (IBM; St Leondards, NSW,
Australi tudent’s t-tests were performed using Excel (Microsoft; North Ryde, NSW, Australia).

All data are ed as mean + SEM and a P < 0.05 was assessed as being statistically significant.

)V

Results

Study 1 - dé w ental timeline

Body and digan weights and leptin concentrations

hor

Ther differences between treatment groups in maternal body weight at any

{

developm (data not shown). Mothers who underwent uteroplacental insufficiency surgery

had lighter E20 males 1.78 £ 0.05 g vs. 1.40 + 0.06 g and females 1.73 £ 0.03 g vs. 1.40 + 0.03

u

g, respectivel ontrol and Restricted; P < 0.0001, Student’s t-test) and gave birth to smaller pups

(PN1m +0.07g vs. 3.45 £ 0.11 g and females 4.06 + 0.05 g vs. 3.47 + 0.12 g, respectively for

Control and Restricted; P < 0.0004, Student’s t-test) who remained smaller than Controls at all ages
(PN35 males 78.32 + 1.88 g vs. 68.63 + 2.99 g and females 69.13 + 1.92 g vs. 63.35 + 2.46 g,

respectively for Control and Restricted; P < 0.034, Student’s t-test). Despite no changes in placental
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weight (data not shown), fetal-placental ratio was reduced in Restricted fetuses (male 5.87 + 0.15 vs.
4.71 £0.20 and female 5.76 + 0.14 vs. 4.52 £ 0.10, respectively for Control and Restricted; P = 0.001,
StudentWothers that underwent uteroplacental insufficiency surgery (Restricted) had no
changes in leptin concentrations at E20 (Figure 1A), increased plasma leptin concentrations
at PN1 an@e 1B, P < 0.014, Student’s t-test) but were not different at PN35 (Figure 1D)

companed tessham operated (Control) mothers. Uteroplacental insufficiency reduced fetal plasma

[

leptin con ions (Figure 1A; P = 0.045, Student’s t-test) and postnatal plasma leptin

concentrati@hs Il ages (expect PN35 males) (Figure 1B — 1D; P < 0.0001, two-way ANOVA main
effect (PNT ) and P = 0.0045 Student’s t-test (PN35)). Control females had elevated plasma

leptin con s at PN35 compared to Control males (Figure 1D; P = 0.011, Student’s t-test).

S

Despite th du€tions in fetal leptin, amniotic fluid leptin concentrations were unaltered (Figure

1A).

nu

Placental ansporter and signalling expression

Treatment: oplacental insufficiency reduced ObR expression in the junctional zone and

dl

tended to réduc@abyrinth ObR expression, however this did not reach statistical significance (P =
0.057, VA), in both males and females (Figure 2A). Megalin mRNA was increased in the

placentae cted fetuses in the labyrinth and was reduced in the junctional zone in Restricted

M

female ; P = 0.044, Student’s t-test). In the labyrinth of females, megalin mRNA

expression was higher compared to males (Figure 2B). Megalin protein expression in the labyrinth

1

was increa males following uteroplacental insufficiency (Figure 2C; P = 0.004, Student’s t-

test), but les. Control females had lower megalin protein expression than Control males

O

(Figure 2C; 9, Student’s t-test). The molecular weight of megalin we observed is similar to

those rep veral studies (Lebeau et al., 2001; Zou et al., 2004; Briffa et al., 2015a) including

§

in plac ells (Akour et al., 2015).

{

Uteropl sufficiency increased junctional zone leptin expression in both male and female
fetuses (Table 1). Dbwnstream signalling mediators of ObR and megalin were altered in the labyrinth

and junctional zene in response to uteroplacental insufficiency (see Table 1). Specifically,

uteropl nsufficiency alters JAK2, STAT3, STAT5a, AMPKa and PI3K (Restricted females only)

(Table 1). Wher@gs in the junctional zone, following uteroplacental insufficiency, there was a
reduction in SOCS3 and increase in AMPKa in Restricted males and females (Table 1). In the
junctional zone of females, STAT5a, PI3K, Akt3 and AMPKB8 mRNA expression was higher compared

to males (Table 1). As shown in Table 1, no treatment effect was observed in the junctional zone
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expression of JAK2, STAT3, STAT5a, PI3K, Akt3, mTOR, and AMPKB or in the labyrinth expression of
S0CS3, Akt3, mTOR and AMPKB.

{

Study 2 - ¢

Body W:i t

We hav sly demonstrated that uteroplacental insufficiency reduces litter size (Wlodek et
al., 2007; ©'Dowdyet al., 2008). Consistent with this, cross-fostering litter size was reduced in
mothers suckled.by Restricted pups at PN6 (Table 2). Restricted pups had reduced body weight at

PN1 (Tabl@\2)&ReStricted pups suckling sham operated (Control) mothers (Restricted-on-Control)

S

increased y weight compared to Restricted pups suckling uteroplacental insufficiency

surgery (Restricted) mothers (Restricted-on-Restricted) after PN1 in males and after PN10 in females

U

(Table 2). female Restricted pups suckling sham operated (Control) mothers (Restricted-

[

on-Control ained smaller than Control pups suckling sham operated (Control) mothers (Control-
on-Control out lactation (Table 2). Cross-fostering a Control pup onto a uteroplacental

insufficiengy s y (Restricted) mother (Control-on-Restricted) reduced postnatal body weight

e

after P and after PN10 in female offspring compared to Control pups suckling sham

operated (Co others (Control-on-Control). Table 2 reports pup growth from birth to weaning.

Vi

Mammary@tructure and maternal plasma analysis

[

Cross-f id not alter maternal body weight at PN6 (Table 3). Despite no changes in

&

alveolar n ata not shown), mammary alveolar area and absolute mammary weight were

reduced i s suckled by Restricted pups (Figures 3A and 3B). Mammary B-casein mRNA

n

express ced in uteroplacental insufficiency surgery (Restricted) mothers and in mothers

[

suckled d pups (Table 3). There were no changes in mammary a-lactalbumin and PTHrP

mRNA exp able 3). Mammary PTHrP protein was reduced in mothers suckled by Restricted

U

pups (Fig however no changes were observed in maternal plasma and milk PTHrP
concentratj le 3). Despite a significant interaction in maternal corticosterone concentration

(Table 37, oc analysis did not identify any significant differences, which may be due to the

A

natural variability in corticosterone concentrations.
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Pup plasma analysis and milk consumption

Milk ioni ium concentrations were increased in Restricted pups suckling sham operated
(Control) stricted-on-Control) compared to Control pups suckling sham operated

(Controlh mmetlenss (Control-on-Control) as well as Restricted pups suckling uteroplacental

]

insufficien y (Restricted) mothers (Restricted-on-Restricted) (Table 3; P = 0.044 and P =
0.005 respggtiv Student’s t-test). Milk total calcium concentrations were reduced in mothers
suckled by igted pups (Table 3). No changes were observed in milk Na*/K" ratio, total protein

and lactos pups or mothers (Table 3). Pup plasma PTHrP concentrations were reduced in

S

uteroplace indtfficiency surgery (Restricted) mothers (Table 3), whereas pup body total calcium

(Table 3) and ionfgcalcium (Figure 3D) were reduced in Restricted pups. Milk intake in both males

U

and fema reduced in Restricted pups suckling uteroplacental insufficiency surgery

(Restrictedfmothers (Restricted-on-Restricted) compared to both Restricted pups suckling sham

n

operated mothers (Restricted-on-Control) and Control pups suckling uteroplacental

insufficien y (Restricted) mothers (Control-on-Restricted) (Figures 3E and 3F; P < 0.013,

d

Student’s t-t€s

M

Mot by Restricted pups had increased plasma leptin concentrations at PN7 (Figure

4A). However, this increase in maternal plasma leptin concentrations did not alter milk leptin

I

concentrati igure 4B). Pup plasma leptin concentrations were reduced in Restricted females
suckling ental insufficiency surgery (Restricted) mothers (Restricted-on-Restricted)

compared rol females suckling uteroplacental insufficiency surgery mothers (Control-on-

O

Restricted tricted females suckling sham operated mothers (Restricted-on-Control; Figure

N

4D; P udent’s t-test). A similar trend was also observed in male plasma leptin

concent n we performed subsequent analysis (Figure 4C), however this interaction did

[

not reach significance (p = 0.077, two-way ANOVA).

U

Milk fa omposition

A

n-6 omega fatty acids were increased in the stomach contents of pups suckling uteroplacental
insufficiency surgery (Restricted) mothers and in Restricted pups (Table 4). Stomach contents of n-3

fatty acids were increased in Restricted pups (Table 4). The n-3:n-6 ratio tended to show an

This article is protected by copyright. All rights reserved.



interaction (Table 4; P = 0.057, two-way ANOVA), however it did not reach statistical significance.
Total long chain polyunsaturated fatty acids (LC-PUFA) and total long chain monounsaturated fatty
acids (LWre increased in the stomach contents of Restricted pups, with total LC-PUFA also
increased i suckling uteroplacental insufficiency surgery (Restricted) mothers (Table 4). No
changes w&d in medium chain saturated fatty acids (Table 4). Long chain saturated fatty

acids weremmedmeer in Restricted pups and in pups suckling uteroplacental insufficiency surgery

[

(Restricte s (Table 4). Table 4 presents the cumulative total percentage of fatty acids in the

stomach c@The entire list of fatty acids analysed from the stomach contents are reported in

Supplemen le S1.

S

Discussion

U

This st emonstrated that uteroplacental insufficiency in rats reduces pup plasma leptin

N

concentrati imilar to what occurs following human uteroplacental insufficiency (Koklu et al.,

2007; Nez 2009). Furthermore, this study has also demonstrated sex-specific alterations in

d

placental t ansporter expression and their downstream signalling pathways following
uteropl fficiency, which may impact on leptin transport. This suggests that sex-specific

programmed e risks in pups born small may in part be attributed to changes in the placental

V]

leptin t n and signalling. We have previously reported that uteroplacental insufficiency
reduces birth weight and the growth trajectory in both male and female pups (O'Dowd et al., 2008).

This study rates that improving the lactational environment of these Restricted pups, by

[

cross-foster, onto a sham operated (Control) mother, restores plasma leptin concentrations

and result h-up’ growth, presumably via increased milk intake and nutrient delivery. An

3

important fi f this study is that the pup plays an important role in modulating mammary

develo

1

ilk fatty acid composition, which may prevent the organ deficits and disease

outcom ted offspring suckling a sham operated (Control) mother (Restricted-on-Control)

{

(Wlodek e ; Moritz et al., 2009).

U

Fetal pl tin concentrations and placental leptin transporter expression

A

Leptin transfer from the maternal to fetal circulatory systems is mediated by the placenta (Smith
& Waddell, 2003). Currently it remains unknown what proportion of maternally derived leptin is

transported to the fetus and the leptin transporter which is responsible. Despite no changes in
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maternal plasma and amniotic leptin concentrations at E20 as well as the increased junctional zone
leptin mRNA expression, growth restricted fetuses have reduced plasma leptin concentrations. This
increasWn the junctional zone (the hormone producing region of the placenta) suggests
the place be increasing leptin production, however previous rodent studies have
demonstramcentally derived leptin is not a major source of leptin in the rat (Kawai et al.,
1997), se thesimmplications this upregulation has may not be as effective in increasing fetal leptin. An

[

important ion of this study is that plasma from male and female fetuses were pooled at E20,
which may@bsctfig any sex-specific differences at this age. Interestingly, megalin protein expression

was only i in the labyrinth of Restricted females, despite both males and females having

C

increased MRNA, which likely suggests alterations in mRNA translation and/or protein

S

degradatio stricted males. This may suggest that the mechanisms regulating leptin

concentrations in®he fetus are sex-specific, whereby Restricted females may attenuate the reduced

u

transfer of rom the maternal interface by increasing leptin transport across the placenta via

megalin. estricted males have no changes in placental cell surface availability of megalin, it is

£

possible t reduced fetal plasma leptin concentrations may be due to reduced fetal leptin
productionfian Y@ educed fetal adipocyte mass. However, further research is required to elucidate
the plasma Tep oncentrations in male and female growth restricted fetuses, and to identify the

exact ism that may modulate any sex-specific alterations in fetal leptin concentrations.

M

A shortcoming of this study is that we were unable to quantify labyrinth ObR expression with

I

Western b ot s ObR has a large number of glycosylation sites that affects its size (Kamikubo et
al., 2008), i ular weight appears to be tissue specific (Guerra et al., 2007; Aquila et al., 2008),

and that di hysiological states (including pregnancy) can affect its size (Lammert et al., 2002)

0

it limits th ation of the correct long (ObRb) and short (ObRa) isoforms. As there are several

§

differerimi f ObR (a — f) it is important for future studies to characterise their expression
separat all have different physiological functions and roles. Specifically both the long
(ObRb) an

(Frahbeck,

L

the short (ObRa) isoforms are responsible for transcellular leptin transportation

U

whereas the soluble isoform (ObRe) is responsible for maintaining elevated
maternal | ncentrations during gestation by reducing leptin clearance (Attig et al., 2011;

Briffa e 5b). However only the long isoform (ObRb) has a transmembrane domain that is

A

capable of activating signal transduction pathways (Bjgrbaek et al., 1997). Importantly previous

studies have demonstrated that these three isoform (ObRa, b and e) are dysregulated in

This article is protected by copyright. All rights reserved.



compromised pregnancies (such as maternal glucocoticoid administration) (Smith & Waddell, 2002,

2003).

T

Only o

P

date has investigated changes in amniotic leptin concentrations in growth
restricted humamsmwhere it is reduced in small for gestational age babies (Aydin et al., 2014). This is
in contrasMﬁnding, where we report no changes in amniotic leptin concentrations. These
differencesgfhay due to the study including babies that were born below the third percentile,
identifying se babies were severely growth restricted, whereas our rats were 15-20% lighter.

Leptin clea tes a number of signalling pathways in the placenta, which have previously been
linked to t

ast function. Specifically, STAT3 activity has been correlated with trophoblast
invasiveness 6 et al, 2011) and PI3K has been associated with trophoblast invasive
differentia arly pregnancy (Pérez-Pérez et al., 2008). In this study, placentae associated with
Restricted (fetuses have increases in labyrinth JAK2, STAT3 and STAT5a mRNA, which may suggest
that the p s activating this signalling cascade to maintain normal placental growth in an

adverse inflté “

function in 3te'g

nvironment. However, the effect these signalling pathways have on placental

ation remains unknown and further research is required to identify if these gene

change ate to alterations in total and phosphorylated protein expression. As changes in
JAK/STAT cur independently of changes in ObR mRNA and the PI3K pathway appears to be
largely in response to uteroplacental insufficiency it suggests that other signalling

cascades, which also regulate the expression of these targets may be dysregulated such as the

Forkhead lht also regulates cell growth, proliferation and differentiation. Despite increases in

plasma le entrations at PN1 and PN7 in uteroplacental insufficiency surgery (Restricted)
mothers, p ptin concentrations remained lower in Restricted pups until weaning (females).
This sugge here may be alterations in pup leptin production and/or milk leptin absorption,
which Eadversely impact on pup growth and development postnatally. However, we

cannot #discount if the Restricted pups just have reduced plasma leptin concentrations or
a delay in matal plasma leptin surge, similar to what is observed following maternal protein

restriction

<

Cross-fostering effects on mammary morphology, milk content and leptin concentrations

e et al., 2008), which requires future investigation.

A novel finding of this study is that pups can influence maternal physiology. It is important to

note that by cross-fostering Restricted offspring onto a sham operated (Control) mother we are
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reducing the number of pups the mother has to feed (by approximately 50%). It is possible that this
reduction in litter size may confound the interpretation of the findings, however the reduction in
litter siwt consequence of the uteroplacental insufficiency surgery, thus we believe we
have adeq counted for this in our statistical approach. Nevertheless, in both sham operated
(Control) amcental insufficiency surgery (Restricted) mothers suckled by Restricted pups,
we chapmactemizedma reduction in mammary alveolar area, relative mammary weight and PTHrP

PTHrP co

protein. RM in maternal PTHrP protein would likely reduce pup plasma PTHrP; however
tralions in the pups were modulated by the mother, such that pups suckling

uteroplace fficiency surgery (Restricted) mothers had reduced PTHrP concentrations.

Despite pm being modulated by the mother, Restricted pups had reduced plasma calcium
ti a

concentra total body calcium, which are likely due to PTHrPs influence on calcium transport
from the materfal blood into milk. This finding strongly suggests that the phenotype and
impairmen growth is not driven solely by the mother or the pup, but by both. One possible
mechanismch the pup can influence maternal milk production is through the feedback

inhibitor o n (FIL) (Wilde et al., 1998). Milk removal from the alveoli drives milk production

with an ingreads uckling volume reducing FIL expression, ultimately increasing milk production

(Wilde et alY1998). Interestingly, despite the Restricted pups reducing maternal alveolar area, pup
milk in as only reduced in Restricted pups suckling uteroplacental insufficiency surgery
(Restricted s (Restricted-on-Restricted). The lower amount of milk removed by Restricted
pups s placental insufficiency surgery (Restricted) mothers (Restricted-on-Restricted)

would leave some milk in the alveoli increasing FIL expression and slowing milk production. Thus
uteroplaceh.!fficiency surgery (Restricted) mothers may have altered milk production;
however Cps suckling a uteroplacental insufficiency surgery (Restricted) mother (Control-
on-Restricteé able to remove a greater amount of milk from the mammary gland due to their
large size ng their milk intake and FIL expression and/or activity. An interesting finding is
that th influences maternal plasma leptin concentrations, with mothers suckled by
Restrictwing increased plasma leptin concentrations. These data suggest that, despite no

changes iﬂal body weight with cross-fostering, the increased maternal plasma leptin

concentrati be due to the pups influence on maternal adipose tissue deposition, maternal

adipocyte phy, and/or maternal adipose leptin production. However no studies to date have
investig ternal adipocyte morphology and adipose leptin secretion in uteroplacental
insufficiency surgery (Restricted) mothers due to uteroplacental insufficiency. Critically, pup plasma

leptin concentrations were restored in Restricted pups suckling sham operated (Control) mothers

(Restricted-on-Control), which may partially be attributable to their increased milk consumption
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compared to Restricted pups suckling uteroplacental insufficiency surgery (Restricted) mothers

(Restricted-on-Restricted).

T

Cross-foste f milk fatty acids

I I
Fatty acigl analysis highlighted that the pups regulate fatty acid composition in the maternal milk.

Specifically, ed pups resulted in increased LC-PUFA and LC-MUFA content, and a reduction in

theromogejity in the pup (preventing obesity) and improve pup physiological and metabolic

function durin ical periods of development, which is protective against the development of

metabolic dj Mennitti et al., 2015). Additionally, the reduction in saturated fatty acids during
WO

developm uld be protective against the development of obesity, diabetes and cardiovascular
disease (Megaqittimet a/., 2015). These improvements in fatty acid composition are modulated by the
pups, sugth the pups are somehow regulating maternal milk consumption to improve their
growth pment. Despite the benefits increased LC-MUFAs and LC-PUFAs as well as
reduced sat fatty acids have on cardiometabolic health, the Restricted pups suckling
uteropl i ficiency surgery (Restricted) mothers (Restricted-on-Restricted) go on to develop

metabolic dysfunction, whereas the Restricted pups suckling sham operated (Control) mothers
(RestrictedSn—Control) pups are protected (Siebel et al., 2008). These differences in disease

outcomes may.be due to the increased milk consumption in the Restricted pups suckling sham

operated ( @ others (Restricted-on-Control) pups, which would further enhance the delivery
of these beneficial fatty acids improving pup growth and development (Wlodek et al., 2007; Moritz
et al., 2009) and protect them against adulthood diseases. Despite increases in n-3 and n-6 fatty
acids in Restricteg pups and in pups suckling uteroplacental insufficiency surgery (Restricted)
motherW-on-Restricted; n-3 only), the n-3:n-6 ratio was unaffected suggesting omega
fatty acids would ot adversely impact on pup growth and development (Morris, 2007). Previous

research has de strated that mothers fed a high n-3 fatty acid diet results in reduced pup plasma

leptin ¢ tions, despite no changes in maternal milk leptin concentrations (Korotkova et al.,

2002). Studies xamethasone treated WKY rats during pregnancy have also demonstrated that
maternal diet high in n-3 during lactation reduces offspring blood pressure (Wyrwoll et al., 2006).
Therefore, a maternal diet high in n-3 fatty acids and/or altered n-3 fatty acid composition in the

maternal milk may impact on pup plasma leptin concentrations and prevent cardiovascular disease.
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The mothers in the current study were fed the same chow during gestation and lactation indicating
that the diet is not affecting fetal and pup leptin concentrations. This finding suggests that the
increas - ent in the milk of dams suckled by Restricted pups (both sham operated

(Restrictedm and uteroplacental insufficiency surgery (Restricted-on-Restricted) mothers)

may impa

{

lasma leptin concentrations. However the increased milk consumption in
Restricted pupsssmekling sham operated (Control) mothers (Restricted-on-Control), despite increased
milk n-3, iMesponsible for the restoration of plasma leptin concentrations and improved
cardiovascuf@r fURgtion in these pups (Moritz et al., 2009; Tare et al., 2012; Wadley et al., 2013). It is
also imporuonsider that although these changes in fatty acid intake during lactation may be
beneficial health and development during the early postnatal period, an increased

consumpti y of these fatty acids in adulthood may increase their disease risk.

Conclusion,

(2
-
C

In sum is study demonstrates that perinatal growth restriction reduces pup plasma leptin
concentram are restored by cross-fostering Restricted pups onto a mother with normal
lactatio rated), which may be attributable to increased milk consumption and nutritional
intake. We | ified that growth restriction alters placental leptin transporter expression and
signalli jon and sex-specific manner. This study demonstrates that Restricted pups enhance

milk fatty acid composition, which is likely in an attempt to enhance pup growth and organ
developmefit. However, despite the enhanced milk fatty acid composition, the limited ability of the

uteroplacentalinsufficiency surgery (Restricted) mothers to supply adequate milk is detrimental on

the Restrig (Restricted-on-Restricted) development and adulthood health. Whereas the

increased nutrient delivery, milk intake and plasma leptin concentrations in Restricted pups suckling

sham openated (Control) mothers (Restricted-on-Control) would prevent the deleterious changes

reported iithe R?ricted pups suckling uteroplacental insufficiency surgery mothers (Restricted-on-
. Th

Restricted). Thus, further investigation into the role leptin plays in placental function, organogenesis

and the organ-spSific signalling targets that leptin activates is required. This study highlights an

important windowg of intervention in rodents to enhance offspring growth and development by

delivery to offspring during lactation, which may prevent the deleterious adult

health conditio offspring born growth restricted.
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Translatiorhective

Uteroplac

: fficiency reduces birth weight and adversely affects fetal organ development,
increasing adult disease risk. Plasma leptin concentration peaks during the completion of organ
developmant. Leptin is transferred to the fetus (via placenta) and to the pup (via lactating mammary
gland). Mahers W h growth restricted pups have compromised milk production and composition.
Cross-fostering improves postnatal nutrition and restores the organ deficits associated with growth
restriction. This stlidy investigated the effect of uteroplacental insufficiency on pup plasma leptin

concentrations placental leptin transporters. We additionally examined if cross-fostering

ary development, milk composition and pup plasma leptin concentrations. Growth
restricted fet ad reduced plasma leptin concentrations that persisted throughout lactation,
reduced placental leptin and sex-specific alterations in placental leptin transporters. Mothers
suckled by Restricted pups have impaired mammary development, altered milk fatty acid

composition and increased plasma leptin concentrations, which did not correlate to altered milk
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leptin. Despite these changes, cross-fostering Restricted pups onto sham operated mothers
improved postnatal growth, milk intake and plasma leptin concentrations compared to Restricted

pups s placental insufficiency surgery mothers. Human studies are now necessary to

ascertain mother’s breastfeeding their growth restricted baby further compromises
neonatal g compromised mammary development and milk composition, and their baby

consumes lessamills. These data may provide evidence for supplementing the milk of mothers who

{

3

have grow ted or premature babies. However, further studies are required to determine if
donated brg@st or infant formula (normal or specially designed) would be beneficial for infant

growth an ment.

SG
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Figure Legends

Figure 1. The effect fetal growth restriction has on plasma and amniotic leptin concentrations.

Materna efal plasma leptin concentrations and amniotic leptin concentrations at embryonic

day 20 (E2
(B; n =3-8),

5811) (A), maternal and pup plasma leptin concentrations on postnatal day (PN) 1
= 5-9) and PN35 (D; n = 4-9). Maternal and fetal (E20) plasma was analysed
with a aumtest determine differences between pups (Control vs. Restricted) and mothers
(sham ope ntrol) vs. uteroplacental insufficiency surgery (Restricted)) at each time point.
Amniotic and offgpring plasma was analysed with a two-way ANOVA to determine differences
between Treatments and Sexes, with a Student’s t-test if an interaction was present. Data are
expressed @s sMeall + SEM, where ns is not significant. Significant differences between treatment
groups areginei d by an asterisk (*P < 0.05) and differences between males and females are

indicated by a hashitag (#P < 0.05). Control fetuses denoted by white open bars; Restricted fetuses

denoted bwﬁased bars.
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Figure 2. The effect fetal growth restriction has on placental leptin transporter expression on
embryonic day 20 (n = 7-8 per group, with n = 1 representing 1 pup from 1 litter). Placental gene
expressttin receptor (ObR; A) and gene (B) and protein (C) expression of megalin in male
(left pane) ale (right pane) fetuses in the labyrinth (left graph) and junctional zone (right
graph). Pr&ssion of interest were normalized relative to Stain-Free total protein
(Parviai-arﬂOB). Gene data were analysed with a two-way ANOVA to determine differences
between t and Sex for each placental region (labyrinth and junctional zone), with a
Student’s d to identify where interactions lie. Data are expressed as mean + SEM, where ns
is not S|gnlun|flcant differences between treatment groups are indicated by an asterisk (*P <
0.05), diffe mtween males and females are indicated by a hashtag (#P < 0.05), and differences
across plac

ions are indicated with a double dagger (¥P < 0.05). Control fetuses denoted by

white open bars; Restricted fetuses denoted by black closed bars.
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Figure 3. Cross-fostering effects on mammary structure, pup ionic calcium concentrations and milk
consumption at postnatal day 6 (n = 6-10 dams or offspring litter averages per group). (A) Mammary
aIveoIaerative mammary weight (B) was reduced in mothers suckled by Restricted pups.
(C) Mamm P content was reduced in mothers suckled by Restricted pups, which coincided
with the re lasma ionic calcium at postnatal day 6 (D). (E and F) Milk intake area between
days 3 mndmiimefmlactation was reduced in Restricted pups suckling uteroplacental insufficiency
surgery (RM mothers compared to both Restricted pups suckled by sham operated (Control)

mothers a o | pups suckled by uteroplacental insufficiency surgery (Restricted) mothers. Data
are analyse i two-way ANOVA reporting differences between Pup and Mother groups and are
expressed + SEM, where ns is not significant. Control pups denoted by white open bars;
Restricted oted by black closed bars.
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Figure 4. Cross-fostering effects on maternal, milk and pup leptin concentrations at postnatal day 7
(n = 4-8 dams or offspring litter averages per group). (A) Maternal plasma leptin concentrations were
increaseMacental insufficiency surgery (Restricted) mothers. (B) Despite no changes in milk
leptin conc ions, plasma leptin concentrations tended to be reduced in Restricted males (C),
and was r estricted females suckling uteroplacental insufficiency surgery (Restricted)
mothersa(DjmBatamare analysed with a two-way ANOVA reporting differences between Pup and
Mother grw a Student’s t-test used to identify where interactions lie. Data are expressed as
mean + SEMPw ns is not significant. Control pups denoted by white open bars; Restricted pups

denoted b osed bars.

' N o

A Pup: P = 0.ODD1 B Pup: ns
Mother: s Maother: ns
- aoor Interacilon: ng 1500F Interaction: ns
=
[- %
L]
-
= 1400f £ _1ooof
" E == S E T
E = - &
k & = G
- = - = =
= Toop s500F
s =
L
z
=
=
L] o
pup: Control Restricted pup: Control Restricted
mather: Control Resiricted Control Resiricted mather: Control Restricted Control Restricted
c Pup: P = 0.024 D Fup: P = 0.001
Mother: ns Mother P = 0.034
- Jeoor Interactlon: ns (P - 0.077) £ Feaor Interaction: P = 0.002
= e
= L
3 | -
T =
= 2400F E 400 |
3 =
=< B <
o a e s
S 1zo0f £ 1m00f
o - w1
L "
=
3 : i
o w o
pup: Control Rasafrictad pPup: Contral Restricted
mother: Control Restricted Control Restricted mother: Control Restricted Control Restricted

This article is protected by copyright. All rights reserved.



Table 1. Placental gene expression of downstream pathways activated by the leptin receptors ObR

and megalin at embryonic day 20 (n = 7-8 per group, with n = 1 representing 1 pup from 1 litter).

Data WGM with a two-way ANOVA to determine the main differences between Treatments

and Sexes, tudent’s t-test used to identify where interactions lie. Data presented as arbitrary

units with + SEM, where ns is not significant. Significant differences between Control and

Restricter pupssameiindicated by an asterisk (*P < 0.05).

«

Male Female Two-way ANOVA

Control | Restricted | Control | Restricted Sex Treatment | Interaction
Leptin Labyrinth | 1.00=038 | 0.62+0.14 | 1.27=053 | 0.84=0.15 ns ns ns
Junctional Zone | 1.00+£0.19 | 1.58+038 | 1.05£021 ! 3232091 ns P=0.008 ns

ObR Signalling
JAK? Labyrinth | 1.00=0.19 | 1.41+0.10 | 1.13=0.09 | 1.29=0.10 ns P=0.007 ns
Junctional Zone | 1.00=0.07 1 0.97£0.03 : 0.99x0.06 1 0.79=0.07 ns ns ns
STAT3 Labyrinth | 1.00=0.12 | 1542011 | 1.12=008 | 136=0.13 ns P=0.002 ns
Junctional Zone : 1.00£0.08 | 0.7620.05 | 0.9620.09 : 0.97£0.09 ns ns ns
STAT5a Labyrinth | 1.00=0.15 | 1192007 | 0.76=0.10 | 139=0.19 ns P=0.007 ns
Junctional Zone | 1.00+£0.12 ¢ 1.05+0.18 | 1.30x0.11 1.80x034 | P=0.027 ns ns
SOCS3 Labyrinth | 1.00£0.12 | 1.05£0.12 | 126012 1.06=0.11 ns ns ns
Junctional Zone | 1.00£0.20: 0.60+£0.03 | 1.13£0.09 | 0.61+0.09 ns P=0.001 ns
Megalin Signalling

PI3K Labyrinth | 1.00=0.17 | 0.91+0.12 | 1.37=0.12 | 0.66=0.04" ns P=0003 @ P=0018
Junctional Zone | 1.00£0.19 1 095015 | 1.132023 | 181019 | P=0.014 ns ns
Akt3 Labyrinth | 1.00=0.10 | 1342020 | 1.07£0.13 | 1242011 ns ns ns
Junctional Zone | 1.00£0.08 | 1.05+009 | 124008 | 121013 | P=0.047 ns ns
mTOR Labyrinth | 1.00=0.07 | 091009 | 1.03=007 | 0.86=0.08 ns ns ns
Junctional Zone | 1.00£0.10 ! 0.92+0.07 | 0.9620.07 ! 1.05=0.10 ns ns ns
AMPEKa Labyrinth | 1.00=0.13 | 124006 | 1.02=006 | 1.27=0.13 ns P=0039 ns
Junctional Zone ; 1.00+£0.10: 1342005 | 1.22£0.08 | 1.33x0.06 ns P =0.006 ns
AMPK Labyrinth | 1.00£0.13 | 1.27£0.10 ' 1292013 | 148+021 ns ns ns
B Junctional Zone | 1.00£0.12 | 094004 | 1432012 1.0620.14 | P=0.023 ns ns

Autho
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Table 2. Cross-fostered litter size at postnatal day (PN) 6 and body weight from birth (PN1) to

weaning (PN35) (n = 12 — 18 litter averages per group). Data are analysed with a two-way ANOVA
reportiWs between Pup and Mother groups with a Student’s t-test used to identify where

interaction

difference

ata presented as the mean + SEM, where ns is not significant. Significant

ontrol and Restricted pups on the same mother group are indicated by an

asteriskam(*iBm=m@05) and differences between sham operated (Control) and uteroplacental

insufficienMy (Restricted) mothers with the same pup group are indicated with a double

dagger (iPCJD

Pup Control Control Restricted Restricted Two-way ANOVA
-on- -on- -on- -om- -on-

Mother Control Restricted Control Restricted Pup Mother Interaction
Litter Size at PN6 89+06 8.6=0.8 43206 3.1=02 P=0.0001 ns ns
Body Weight (g)

PN1 Male 4.17£0.12 4.13£0.10 3.68+0.13 3.5620.09 P=0.0001 ns ns
Female 3.87£0.12 3.9820.06 3.460.10 3.39+0.08 P=0.0001 ns ns

Male 5.62+0.11 5.42+0.15 4.73£0.15 4.23£0.23 P=0.0001 P=0.040 ns

PN3 Female 5.38+£0.12 5.16£0.20 4.59+0.14 4.33£0.18 P=0.0001 ns ns
Male 8.54+£0.21 8.3020.23 7.13£0.22 6.39+£0.32 P=0.0001 P=0.055 ns

PN6 Female 8.17£0.21 7.91£0.37 7.06£0.31 6.76+0.24 P=0.0001 ns ns
Male 14.6£0.3 14104 12.4£0.4 10.8£0.7 P=0.0001 P=0.045 ns

PN10 Female 14.2£03 13.6£0.6 12.2£0.5 11.2£0.6 P=0.0001 ns ns
Male 22.1£0.5 21.2+£06 19.320.6 16.2£1.0 P=0.0001 P=10.006 ns

PN14 Female 21,704 20608 19.720 8 17.1£0.8 P=0.0001 P=0.008 ns
Male 274206 263206 244206 20513 P=0.0001 P=0.004 ns

P17 Female 269205 25607 243207 21210 P=0.0001 P=0.007 ns
Male 343206 33610 316208 26816 P=0.0001 P=0.012 ns

PN Female 33.8206 32810 310208 27.1x12 P=0.0001 P=0014 ns
Male 43.7+1.1 423209 39711 33.8:21 P=0.0001 P=0013 ns

PN24 Female 42.1£0.8 404£1.1 38010 34315 P=0.0001 P=0.028 ns
Male 58.7x12 57411 34524 458227 P=0.0001 P=0015 ns

PN28 Female 54910 54114 51614 45618 P=0.0001 P=0.024 ns
_______ _  Male 87.7=1.7 86.6=1.7 §1.7£13 733228 P=0.0001 P=0.020 ns
PN33 Female 79.1x12 T778x18 T46+14 69.1x2.0 P=0.0001 P=0.039 ns

ut
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Table 3. Maternal and pup plasma, mammary and milk composition in the four cross-foster groups
on postnatal day 6 in the four cross-foster groups. Data are analysed with a two-way ANOVA
reportinMs between Pup and Mother groups with a Student’s t-test used to identify where
interaction ta presented as the mean + SEM with sex pooled per litter, where ns is not
significant. ifferences between Control and Restricted pups are indicated by an asterisk
(*P < Qu0S)mememdifferences between sham operated (Control) and uteroplacental insufficiency
surgery (Rw mothers are indicated with a double dagger (¥P < 0.05).

Pup Control Control Restricted | Restricted Two-wavy ANOVA
-om- -om- —omn- -om- -on- -
Mother Control Restricted Control Restricted Pup Mother | Interaction
_ Maternal

Body weight (g) (n = 8-9) 250967 2463+51 2393+67 237.7£3 5 ns ns ns

Plasma PTHrP (pmoll) (n=7-9) 8.2+04 9.1+1.2 9.7+0.7 9.5+0.4 ns ns ns

Plasma Corticosterone (ng/ml) (n = 4-8) 593+59 726=106 682+71 73737 ns ns P=0.034
Mammary

PTH:P mRNA (n =3-6) 1.0=0.1 0.8£0.3 14404 0.80.2 ns ns ns

a-lactalbumin mRNA (n = 5-7) 1.2+0.25 0.5£0.13 0.6=0.04 0.7£0.22 ns ns ns

B-casein mENA (n=5-7) 1.2+0.19 0.4£0.11 0.6=0.10 03004 |FP=0.001 F=0.024 ns
Milk

PTHrP (pmoll) (n = 6-9) 1818=166 2958+3592 1912273 2341+434 ns ns ns

NaK (n="7-8) 7.6=1.2 6.5x1.6 5.8£1.0 74+1.5 ns ns ns

Ionic Ca (mmol1) (n = 6-8) 8.9+0.6 8.7£1.0 11.2+0.8° 6.9+0.9% ns P=0.013: P=0.020

Total Calcium (mmoll) (n = 5-8) 64.7+4.0 65.8£3.7 52.0=109 53.7£49 | P=0.041 ns ns

Total protein (mg/1) (n = 3-3) 282=+4 4 22037 279+75 23829 ns ns ns

Lactose (mM) (n = 3-6) 302+£79 38438 25.4+6.8 288290 ns ns ns
Pup

Plasma PTHrP (pmoll) (n = 6-9) 86.0+4.6 51.7+12.0 88.8+12.7 66.3+7.7 ns P=0014 ns

Body total calcium (mmol/g) (n = 7-9) 0.081£0.001 | 0.076+0.002 | 0.073£0.002 | 0.073£0.001 | P=0.001 ns ns

Author
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Table 4. Fatty acid composition in stomach contents consumed in milk presented as a cumulative
total percentage of fatty acids on postnatal day 6 in the four cross-foster groups (n = 5-7 per group,
with n Mnting data from 1 pooled litter). Data are analysed with a two-way ANOVA
reporting dmetween Pup (Control vs. Restricted) and Mother (sham operated (Control) vs.

uteroplace iciency surgery (Restricted)) groups with a Student’s t-test used to identify

where imtenaetiomsalie. Data presented as the mean + SEM with sex pooled per litter, where ns is not

significant.m Table S1 for individual fatty acids.
s N
Pup Control Control Restricted = Restricted Two-way ANOVA
-on- -on- -on- -on- -on-
Mother Control Restricted Control Restricted Pup Mother Interaction
Fatty acids
n-6 14.4+04 174207 18.0207 19.620.7 P=0.0001 | P=0.001 ns
n-3 242009 24018 28016 3.2+0.09 P=0.0001 ns ns
n-3n-b 0.17£0.004 | 0.14£0.006 0.1620.010 | 0.16=0.006 ns ns P=0.037
Total LC-PUFA 16.8+04 19.820 8 208207 228+08 P=0.0001 = P=0.002 ns
Total LC-MUFA 224+09 224+14 244208 27.1+18 P=0.016 ns ns
Saturated fatty acids
Medium (6-12) 19.8+1.0 211207 211206 189+26 ns ns ns
Long (14-20) 40411 352421 32512 29805 P=0.0001 | P=0.017 ns

Author |
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Table S1 - related to Table 4. Fatty acid composition in stomach contents consumed in milk as a
percentage of total of total fatty acids on postnatal day 6 in the four cross-foster groups (n = 5-7 per
group, Wpresenting data from 1 pooled litter). Data are analysed with a two-way ANOVA
i pces between Pup and Mother groups with a Student’s t-test used to identify where
o

significaat.mnt differences between Control and Restricted pups are indicated with a asterisk
(*P < 0.05§tudent's t-test) and differences between sham operated (Control) and uteroplacental

a presented as the mean + SEM with sex pooled per litter, where ns is not

insufficiencwy (Restricted) mothers are indicated with a double dagger (¥P < 0.05; Student’s t-

test).
- A
Pup Control Control Restricted | Restricted Two-wav ANOVA
-on- -on- -on- -on- -on- - .
Mother Control | Restricted Control | Restricted Pup Mother  Interaction
Saturated fatty acids (%)
Medium chain (%)
8:0 Caprylic 1.1520.21 1.05£0.19 1.37£0.08 1.5820.48 ns ns ns
10:0 Capric 361048 84421 43 997039 912123 ns ns ns
12:0 Lauric 10.07=0.34 8.74=1.50 9.70=0.26 3.24=0.89 ns ns ns
Long chain (%)
14:0 Myristic 1244044 | 11.0320.39 9.55£0.60 7522082 | P=0.0001 P=0.029% ns
150 | Pentadecanoic 0.1720.01 0.240.01 0.220.03 | 0.21=0.03 ns ns ns
16:0 Palmitic 24342076 21.06=1.24 19632063 | 18.85=061 | P=0.001 P=0.040 ns
17:0 Margaric 0.18=0.01 0.17%0.03 0.19=0.02 0.18=0.05 ns ns ns
18:0 Stearic 3142024 2.57=0.04 2822005 3.02022 ns ns P=0023
20:0 Arachidic 0.10=0.02 0.09=0.02 0.10=0.02 0.07=0.03 ns ns ns
Monounsaturated fatty acids (%)
12:1 Lauroleic 0.00=0.00 0.28£0.11¢ 0.05=0.04 0.17=0.17 ns P=0.050 ns
16:1 Palmitoleic 0.9320.07 0.57=0.08 1.0640.11 0.81=0.13 ns ns ns
17:1 Heptadecenoic acid | 0.05x0.03 0.10x0.02 0.06x003 | 0.0320.03 ns ns ns
18:1n-9  Oleic 2087£0.82 | 20.58=1.24 | 2260£0.72 | 2537x192 | P=0014 ns ns
20:1n-9 | Gondoic 0.51=0.03 0.5020.04 0.55=0.02 0.69=0.06 P=0.002 ns ns
LC-PUFA (n-6) (%)
18:2n-6 | Linoleic 11.79=025 | 14122043 | 14382044 | 15352041 | P=0.0001 | P=0.001 ns
18:3n-6 | y-linolenic 0.20=0.01 0.2540.013 0.2320.02 0.1820.05° ns ns P=0.035
20:2n-6 | Eciosatrienoic 0.5320.02 0.5820.03 0.68£0.03 | 078004 | P=00001 | P=0038 ns
20:3n-6 | Dihomo-y-linolenic | 0.3520.02 0.400.02 0.3520.05 | 0.46=0.03 ns P=0.025 ns
204n-6 | Arachidonic 1.0320.06 1.3320.12 1.4620.10 1.7320.17 P=0.002 P=0025 ns
22:4n-6 | Docosatetraenoic 0.4920.04 0.6920.10 0852007  107%0.12 | P=00001 | P=0030 ns
LC-PUFA (n-3) (%)
18:3n-3 | o-linolenic 1.40=0.06 1.4820.09 1452013 1.5520.08 ns ns ns
20:50-3 | Eicosapentaenoic 0.21=0.01 0.170.03 0.180.03 0.170.04 ns ns ns
22:50-3 | Docosapentaencic 0.36=0.03 0.3820.04 0.4820.03 0.6120.06 | P=0.0001 ns ns
22:6n-3 | Docosahexaenoic 0.41=0.03 0.4520.06 0.680.06 085010 | P=0.0001 ns ns
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