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Abstract

Aim: Uteroplaeental insufficiencin rats reducesephron endowmenteptin concentrations
and programs cardiorenal diseaseffspring. Crosgosteringgrowth restricteqRestricted)
offspring ontosamother with normal lactatiomestores leptirconcentrationsand nephron
endowment. This study agdto determine if the reduced nephron endowmerRastricted

offspring is dueto delayed glomerular formation and dysregulationeofalgenes regulating
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branching morphogenesisgapoptosis or leptin signalling. Furthermore, we aimed to
investigate if cros$ostering Restricted offspring onto Control mothers coulgprove
glomerular maturation and restosmnalgene abundance.

Methods: Uteroplacental insufficiency was induced bylateral uterine vessel ligation
(Restricted)*osham (Control) surgery on gestatiday 18 (E18). Kidneys were collected at
E20, postnatal dag (PN1) and PN7. An additional cohort was crizsteredonto separate
mothers at birth-and kidneys collected at PN7.

Results:Kidneys werelighter in the Restricted grougyut weight was restoewith cross
fostering. At E20,Bax, FItl and Vegfa abundance ereincreased in Restricted offspring
while Ret andBcl2 transcriptswere increasednly in Restricted females. At PNGdnf and
Ret abundancevere higher in Restrictedffspring as wasCasp3. Restricted offspring had
wider nephrogénic zone witimore immature glomerulisuggesting a delayed or extended
nephrogenic period. Crog$sstering hadsubtle effects on gen@abundance andlomerular
maturity.

Conclusion; UWeroplacental insufficiency ingted apoptosis in the developing kidney and
delayed andextended nephrogenesi€rossfostering Restricted offspringgnto Control
mothers hadbeneficial effects on kidney growtdndrenal maturity which may contribute to

the restoration of nephron endowment.

Keywords™ branching morphogenesis, growth restriction, kidney, leptin, vasculogenesis.
I ntroduction

Epidemiological studies and animalmodels suggest thatfetal adaptations followinga
compromised-intrauterine environment during critical stages wéldpmentoccurs atthe
expense ofworgan developmergsulting ina low birth weight andong-term disease risk®
The fetal kidneys particularly susceptible to maternal perturbagibwith alow birth weight
being associatéd with a reduction in nephron endowritefs renal functionplays a central
role in maintainingfluid homeostasis in the aduipaired kidney deelopments thought to
play a major role irthe developmental programming o&rdiorenadiseaseBeing born with

a low nephrongendowment increases the risk of developing a multitude of diseases in
adulthoad:®*® with sexspecific difference&’ It is important to recognisthat this nephron
deficit is permanent as taf the completion of nephrogenesis new nephrons can be
formed Nephrogenesis complatgrior to birth in humansand 740 days after birthn
rodents.’
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Kidney development, including nephrogenesis, is a complex but highly regulated process.
While many factors have been identified as important regulatbrsnoomal renal
development, less is known about the regulation of these factors during prenatal .insults
Genes regulating renal branching morphogenesis, renal groelthlar proliferation and
apoptosis' arestdred in developing rat kidneys following maternal perturbati$fhs®

These studies suggest that multiple pathways contribute to the reduction in nephron
endowmentWe have previously demonstrated that improving the postnatal environment,
through crosdostering, restores nephron endowment and prevents di$éase® which

may be due to the benefits of accelerated early postnatal grbWwth?#® However, no
studies to date have investigated whether these improvements in nephron endowmertbare due

changes in“branching morphogenesis, renal growth, cellular proliferation and/arségopt

Recent studies ghlight that he adipokineleptin plays a role in fetal developmentith its
concentration_e@akng in mammalsduring the completion of organogene¥isLeptin
antagonismduring the leptin peaKfrom postnatal days (PN)-23) reduces glomerular
number and.siz& highlightingthatleptin plays a role in nephron endowmehdditionally,
maternal leptinds transferred to the pup via the milk and is absorbed into tliestieam
where itimay have a bioactive function in the pupVe have recently demonstrated that
leptin is reduced irRestricted offspring at PN7, andis restored with crosfstering®

highlighting a potential role for leptin in nephron endowment.

In this study,we aimed to elucidate the pathways through whiehagtiacental insufficiency
results in decreased nephron endowment by examining key factors involved in branching
morphogenesigenal growth.angiogenesis, apoptosasd leptin signallingat E20 and PNL1.

As nephrogenesis continupastnatally during the frst week in the rat, we also examined the
kidneys ofoffspringat PN7 in order to examine the contribution of the early postnatal period
on nephrogenesiand if these changes are prevented with efostering We hypothesise

there will shes=sesspecific dgregulation of genes associated with kidney development in
growth restricted pups that may help explain why females are protected from developing
cardiorenadiseaseln males, wepredictthat these gene changes will frevented byross
fostering. We wil also test the novel hypothesis that leptin plays a role in the impaired
nephron endowment in growth restricted pups.

Results

Body and kidney weights
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Uteroplacental insufficiencgurgery on E18 (term = 22 day®duced offspringpody and
kidney weights irmales and females at all ages investigated (Tahl&ale body weight was
greater than females at Eg®= 0.050; tweway ANOVA), but not aPN1or PN7(Tablel).
Kidney+to-body weight ratioin Restricted offspring was decrease@t PN1 (-8%) and
increagd-at'PN7 (+3%), with no changes at EZ@ble 1). Femaleoffspring had increased
kidney+to-body weight ratio at PN1 and PN@mpared to males

In the crasdostering groups, male and femaRestricted-on-Control and Restricted-on-
Restricted offspring remained smaller than Controls, with a similar pattern observed in
female absolute kidney weight (TabB®). Restricted-on-Control offspring had increased
absolute kidney weight compared Restricted-on-Restricted, but did not catch up to
Control-on-Control (Table 2). Restricted-on-Control and Restricted-on-Restricted male
offspring had increased kidnep-body weight ratio compared to Consolwith no

differences observed in females (Tab)eThere were no differences betwesaxes.

Branching merphogenesis genes

At E20, Retywas upregulatd in Restricted femalesompared to Control femalds$541%)
with no'differences icdnf andGfral abundancé€Table 3). Gdnf, Ret andGfral abundance
were notdifferent between Treatments or SexasPN1 (Table S1). However transcript
abundance oRet (+97%; Fig 1a) and its ligandGdnf (+42%; Fig 1b), were increasd in
Restrictedoffspring compared to Contrat PN7 with no changes iGfral (TableS2). This
increase inGdnf mMRNA abundancewas supported by an increase in GDNF protein
expression in Restricted females49%; Fig 1c). In addition males demonstrad higher
relative Gdnf mRNA abundancehan femalesat PN7 (Fig b). Tgfbl and Whtll mRNA
abundancaverenot different aE20(Table3), PN1(TableS1) or PN7 TableS2).

Crossfostering=did not alteRet (Fig 1d) or Gdnf (Fig 1€) mRNA abundancelnterestingly,
Tgfbl was=inereasedn Control-on-Restricted male offspring compared toControl-on-
Control (+125%), with no changes Wnt11 (TableS3).

Angiogenic genes

At E20, Vegfa (+96%) and FItl (+277%)transcriptswere upregulated irRestrictedfetuses
compared to Controlsvith no differences irkdr (Table 3). At PN1, Vegfa, FItl andKdr

MRNA abundancewvas not differeh betweenTreatmerd and SexegqTable S1). At PN7,
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Vegfa mRNA abundancavas increaseth Restrictedoffspringcompared taControl (+24%;
Fig 2c), with no Treatmentor Sexeffects in Fltl (Fig 2a) or Kdr (Fig 20). However, no
changes were observedVit GFA proteinexpressionn Restricted femaleat PN7(Fig 2d).

FItl was=increased ifControl-on-Restricted female offspring compared toRestricted-on-

Control (+260%) with no changes in ma€Fig 2e). WhereasKdr tended to béncreased in
Control-on-Restricted male offspring compared taControl-on-Control although this did not
reach statistical significance (+145%)ith no changes in females (Fif).2Crossfostering

did not altevVegfa mRNA abundance (Fig 29g).

Proliferation and apoptosis genes

At E20, Bcl2 (fémales only +423%) andBax (both sexes; +204%mRNA abundance as
increased in Restrictenffspringcompared to ContrdTable3). At PN7, whilst there was no
difference inBcl2 and Bax abundancéTable S2), Trp53 (+33% Fig 39 and Casp3 (+22%;
Fig 3) mRNA abundance asincreasedn Restrictedoffspring compared to Contrs) with
males exhibiting higheabundanceof Trp53 than females (Fig 3a)lhis increasedCasp3
transcriptabundancéranslated to a qualitatiiacreasen cleaved caspasgimmunoreactive
staining in the kidneys from Restrict€éBig 3d) offspring compared to Control (Fi§c).
While there was evidence of cleaved casgase most cell types of the cortex, the most
intense staining was identified in the tubular cells rather than the nephrageEcin
addition, there was a trend fasex effectin Bcl2 with abundancéeing higher in the males
at PN7 although this did not reach statistical significa(22%,TableS2 P = 0.051).

CrossfosteringRestricted males onto a Control mothestoredlrp53 abundance t€ontrol-
on-Control “values howeverthis did not reach statisticabkignificance (Fig 3e; p=0.058)
Trp53 was not different in females, howevemaleabundancevas greater than malg$-ig
3e; oneway"ANOVA). Casp3 abundancdended to bancreasedn Control-on-Restricted
femde offspring’compared tdRestricted-on-Control, althoughthis did not reach statistical
significance(P = 0052 oneway ANOVA) (+150%;Fig 3f). Casp3 mRNA abundancevas
not different'across Treatments males (Fig3f). Bax andBcl2 abundancevere not diferent

acrosslreatment groups (Tab&3).

Leptin signalling genes
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At E20, there was an interaction betwe8ex and Treatment inSat5a abundancewith a
posthoc tests showingbundancevasreduced in Restricted femalehoweverthis did not
reach statigcal significarce (P=0.052, Tukey’s posthoc test Table 3). There were no
differencesin ObR or Megalin mRNA abundanceor the transcript abundanceof their
downstreamrsignalling target3ak2, Sat3, Socs3, Pi3k, mTOR, Akt3, Ampka and Ampkb) at
E20 (Tablke 3). Despite no changes i@&at3 mMRNA abundancet PN1 (TableS1), at PN7
Sat3 mRNAabundancevas increased in Restricted compared to Conti®1%0; Fig 4a).At
PN1, Megalin mRNA abundancevas reduced in Restrictedfspringcompared to Contrdl
23%), primaxrily,driven by a large decrease in femgJ€able S); howeverno changes were
observed inVegalin transcriptabundancet PN7(Fig 4b). At PN7,Pi3k mRNA abundance
was reducedn Restricted females compared to Control fem&d3%; P = 0.047,Tukey’s
post-hoctest) andwasincreased in Control females compared to Control m@&es0.023,
Tukey’s posthoctest;Fig 4c), which was not evident at PN1 (Tal84). At PN7, there was
an interaction irAmpkb abundancehowever poshoc analysis was not able to identify where
the significance lies (Tabl&2). There were no changea ObR abundance and other
downstreamsignallintargets of both receptoas PN1(Table S) or PN7(Table S2.

In maleoffspring, cossfostering Restrictedffspring onto either a Control or different
Restricted methernncreasedJak?2 compared toControl-on-Control (+45%; Table S3.
Additionally, Restricted-on-Control and Control-on-Restricted male offspring hadincreased
Ampkb mRNA abundancecompared toControl-on-Control (+96%; Table S3. Cross
fosteringresulted in aedudion in Megalin (-35%) andPi3k (-37%) mRNA abundancén all
femalegroups compared tGontrol-on-Control (Fig 4d and j. Crossfostering did not alter
Sat3 transcript(Fig 4b), ObR mRNA abundance oother domstream signalling targets of
both receptorsTable S3. In Control-on-Control femalesJak2, Megalin, Pi3k, mTOR and
Ampka were.increasedjn Restricted-on-Control femalesJak2 and Megalin were reduced,
and inRestricted=on-Restricted femalesAmpka was ingceaseccompared to maleounterparts
(Table S3 Fig+4d and ¢.

Mor phol ogical assessment of nephrogenesis
There was no obvious nephrogenic zone or immature glomeruli in any regiorkafribg in
the Control group. However, in the kidneys of the Restricted group there svident

comma and s-shaped bodiesihsections examine@lata not shown).
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Representative kidney sect®from male offspring from each of the crefestering groups
are shown in Figure 5a-d. Crossfostering Restrictedbffspring onto a Control mother
(Restricted-on-Control) partially improved the nephrogenic zone ratimg both sexesand
width (males only)as they were ntatisticallydifferent toRestricted-on-Restricted (Fig 5e

and f left panels. However, nephrogenic width ifemale offspring was not restored to
Control-on<Control values, but were intermediate betwe@ontrol-on-Restricted and
Restricted-on-Restricted offspring Fig 5F, right pane).

Discussion

A nephron_deficit occurs in offspring following many prenatal péetions’*>?* however

the molecular mechanisms have not beehoroughly examined We demonstrate that
following uteroplacental insufficiency the fetal kidney becomes hypoxic and, along with an
inadequate supp of nutrients, this results in slowed fetal and kidney growth, triggering
increasedvegf abundance and apoptosis. This increased apoptosis during fetal development
is likely to_contribute to the reduced nephron endowment in Restricted atlutsmost
interesting .outcome ahis study was that therewas an extension of nephrogenesis in the
Restrictedoffspring reflected morphologically as well as by mereasedabundance of key
branching “morphogenesigenes.Whilst extending the period of nephrogenebis the
potential to improve nephron endowmeRestricted offspring have a reducechephron
number:>?? suggestingthis elongationof nephrogenesiseflects slowed or delayed renal
developmentinterestingly, cossfostering Restricted offspring onto a mother with normal
lactation (Control) prevented the increase in nephrogenic zone width anduiitynaef the
glomerulus, despite only subtle effects on the abundance nephron formation Tgeess.
together,this data indicateghat uteroplacental insufficiencglters the normal process of
nephrogenesiszia multiple factorsduring both the prenatal and postnatal periadd

highlights the benefits of an impreglactationalenvironment on kidney development.

Uter oplacental“insufficiency effects on renal growth and devel opment

In our modelofwiteroplacental insufficienayephron endowment was redudsd~509%"1°2?
which is_consistent with other models of fetal growthtrietior?®>* Importantly, for the first
time, we reportthatkidney size is reduckin Restriced offspring. This is of great relevance
asnew nephrons cannot be formatfter the cessatiorof nephrogenesi(~1 week of agen
the raj. Therefore, any furthencrease in kidney size after nephrogenesis cessgparally

results from renal hypertrophy rather trdemovo nephron formation.
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Down regulation of genes involved in branching morphogenasseported in thefetal
kidney following maternalundernutrition E20; 50% foodrestriction from E10,'® whilst
alteredGdnf and/orRet have beeneportedfollowing maternal dexamethasoaed alcohol
exposuré™*® Despite few changeis the abundanceof branching morphogenesignesat

E20 and*PN1Gdnf andRet were increased in Restricted offspriaigPN7 suggest branching
morphogenesis iongoing. This could either represerd delay inthe completion of
nephrogenesisr a compensatory increase in branching withinKigeey in an attempt to
restore nephron endowment following the prenatal insult; however this does ddiblea
increased nephron formatioh? In addition, recent data suggest that changes in the rate of
ureteric branching, rathéinancompensatory lengthening of nephrogenesis, occurs following
a perturbation’if the developing kidn&When the pool odnf expressing renalrogenitor
cells was ablatecat E12.5 there was no compensatory proliferation of the remaining
progenitorsput rather a change in the rate of ureteric bud branéfifighe same is true in
the rat, the increasexbundancef Gdnf in Restrictedffspringmayreflect a remaining set of

progenitor.cells that have differentiated more slowly, resulting in fewacbiag events.

Uteroplacental insufficiency effects on angiogenesis

The majorangiogenic factorof importance in renal development V&gf, which can be
regulated by.hypoxi&' At E20, renal Vegfa and one of its recepto(§ltl) wereincreased,
particularlyin females, suggestinghat uteroplacental insufficiency has induced a relative
degree ofrenal hypoxia. These results are in contrast to those of Baserga.>® who
identified thatuteroplacental insufficieryc decreasedenal Vegf expression(mRNA and
protein) at birthand increased Vegixpression (MRNA and protein) in adidmales In both
models the nephron deficitoccurredin both sexes but only malegwklopedrenal disease
and hypertension, whickugess the elevated VEGF imdult females® may beprotective
against the.development of disea3b&e reasons for these differencesViegf abundance
between the"two models are not knovaat may reflect differeres in thestrain of rats
timing of uteroplacental insufficiency, degree of growth restric@®25%" vs 1615% in

our modeJ.orage at which gerenalysesvere performed.

Uteroplacental insufficiency effects on proliferation and apoptosis
The most significant gene changes weharacterisedn factors regulating apoptosiBax
was increased in the kidneys of Restrictetlisessuggesting increased cell deatvhich is

consistent with othemodelsof maternapertubation$*®3’At PN7, theravasalsoevidence
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of increased apoptosis in the kidneys of the Restrictsbring, without changes in
proliferation In particular Trp53 wasincreased, which is of great interestuasroplacental
insufficiency altes methylation of the p53 gene in the fetal kidney close to,f8suggesting
epigenetic alterations may play a role in the renal apopiosikis model Caspase is
activated=during remodelling of the developing kidney as well as in disease*$tatels as
maternal @ndernutritiof®. The increasedCasp3 and cleaved caspas® we reportfurther
suggestshat the kidneys of Restricted offspring arenatureandstill undergoing significant
remodelling. Interestinglyin our modelapoptosis was nainly localised to the nephrogenic
zone as previouslpublished®® but was also present through much of téeal cortex and

medulla.

Uteroplacental insufficiency effects on leptin signalling

There werdimited changes irObR, Megalin and their downstrearsignalling targets. Only
Restricted females had reducedMegalin abundanceat PN1, which mechanistically,
independently of its role as a signal transdd®&,may increase albumin and protein
excretion instheturiné' In the early postnatal period the developing rat kidney is still quite
immature ‘andhe changes in megalimabundancene reportmay not impair renal protein
handling HoweVer, studies in Megalifi mice have reduced apical vesicles the tbules,
suggesting a.decreased ability of the kidney to reabsorb ligands from the glonikraief¥
This highlights the need for additional studies to charactezisd protein handling igrowth
restrictel offspring prior to weaning and in adulthood. We cannot also discount at this time
changes in ObR or megaltell surface availability andell signalling modulationn the
kidney. Additional studies ar@lso required to quantify protein expression the kidney,

especially considering lepticlear ability to impair nephrogeneéfs.

Cross-fostering.effects on nephrogenesis

Crossfostering'Restricted offspring onto a Control mot{ieastricted-on-Control) increased
kidney weight-$12-16%) compared t&estricted-on-Restricted, highlighting the benefits of
crossfostering on kidney growth prior to the completion of nephrogenksesestingly, we
reporta smallshumber of changes in tabundance ofjenes regulatg nephrogenesis in
Restricted-on-Control offspring.In male offspring welemonstrated increasé&dlr and Tgfbl
abundance inControl-on-Restricted compared to Control-on-Control and in females
increased-Itl in Control-on-Restricted compared tdrestricted-on-Control offspring, which
indicateincreased angiogenesis and branching morphogenesis. This finding may indicate an
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adaptation to prevent any deleterious changes in kidney development in ©fspohg in
response to the poor lactation environmes®ciated with a Restricted moth@r thus
maintaining a normal nephron endowment despite a poor postnatal environment. These data
further highlight that nephrogenesis is delayed or extended in Restrictedingffsphis
highlights the=need for additional studies at subsequent postnatal ages to identify when
nephrogenesis completes in Restricted offspi@agpilarly, crossfosteringdid not restoréhe
abundance of leptin signalling genes, which maggest that the adult nephron deficit in
these animaf$®?is not modulated postnatally by leptin signalling via ObRid &egalin,
activating the JAK/STAT or PI3K pathways, at least at these ages. As JAK and PI3K are
upstream of other signalling cascades, including MAPK and Forkhead box 0, future studies

should investigate the effect uteroplacental insufficiency on thesignalling pathways.

Conclusion

In conclusion, uteroplacental insufficiency in the rat resultsfispring growth restriction

during pregnancy and lactation. This was associated with a decrease in kidneyandight
increased renal/apoptosis, with minimal changes in leptin signalling. Although themnwa
extension “in‘.nephrogenesis in Restricteffispring this likely represents slowed renal
development rather than compensatory nephrogenesis. This increased apoptosis and
slowed/delayed nephrogenesis results in the nephron deficis tteggortedlater in life and
associated with aduttardiorenaldisease. Crosfostering, on the other hanenhancesenal
maturity despitefew changes in gersbundanceThis study highlights an important window

of intervention in rodents to enhance offspring growtigan developmergndmaturation by
improving| early 'postnatal nutritiorHowever,the exact mechanisms that contribute to the
improved nephrogenesis in growth restricted rats is still unknamdh future studis are
required to.identify the milk protein/s responsibitas important to recognise a limitation of
rodent studies.is that nephrogenesis completes in early postnatal life whereas it completes
prior to birth=in*humans. No studies have characterised if the period of nephrogenesis is
extended intosthe postnatal period in growth restricted humans. If this occursutrendy

highlights.the potential benefits of adequate milk nutrition in growth restricted infants.
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Materialsand M ethods

Animals

All experiments were approved by the University of Melbourne Animal Ethics Committee
(AEC: 0004138 and 0002081) and the La Trobe animal ethics committee (AEAZ) 12
before commencement following the National Health and Medical Research Council
(NHMRC)/Australian code for the care and use of animals for scientific purposes. Wistar
Kyoto (WKY) rats (9-13 wk of age) were obtained from the Australian Resources Centre
(MurdochgWA, Australia) and provided with standard food pellets and tap aghtdsitum.

Rats weremated overnight and the presence of sperm in the vaginal smear the following
morning indicated successful mating and was taken as day 1 of gestation. On day 18 of
gestation (term= 22 days), pregnant rats were randomly allocated into two study groups,
Corntrol and Reéstricted, and underwebitateral uterine vessel ligation or shaurgery as

described previouslf

Sudy 1: Developmental study
On E20, pregnant females (@2-14 mothers/group) and their fetuses were terminally

1.6 The fetuses were removed

anesthetized 'with an IP injection of ketamine and illixytazi
from the mother, weighed and kidneys dissected. Offspring from the PN1 groups were
removed from~their mothers (h213 mothers/grgp) and euthanized by decapitation.
Offspring in the PN7 groups remained with their own mothers from birtl5416
mothers/group) before being euthanized by decapitation. Right kidneys were fixed in 10%
neutralbuffered formalin, with left kidneys frozen in liquid nitrogen and store@@fC. For
analyses, kidneys from one male and one female from each litter were chosen with a body
weight that was the closest to the litter average, with each sample representing a single

animal (i.e.n=1).

Sudy 2: Croess-fastering

In a separate=cohort, Control and Restricted offspring were-fosiesed 1 day after birth
onto separate mothers (sham operated (Controlpilateral uterine vessel ligation (i.e.
uteroplacentalyinsufficiengyRestrictedl surgery mothers) to yield four treatment groups
(Control-on-Control; Control-on-Restricted; Restricted-on-Control; Restricted-on-Restricted;
n=8-11 mothers/group) as previously describedEach experimental group had an even
offspring sex ratio. On the morning of PN7, offspring were removed from their mother and

weighed, then euthanized by decapitation, and kidneys collected.
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RNA extraction and nephrogenic genes

Total RNA was extracted from frozen kidneys using comimabllycavailable kits by Qiagen
(Clifton Hill, VIC, Australia) and NorgenGambridge, ON, CanajlaRNA was reverse
transcribed=into cDNA using kits by Applied Biosystems (Scoresby, VIC, Aistrahd
Qiagen. Real Time PCR was used to determine relatpeendanceof genes involved in
angiogenesis egfa, Kdr and Fltl), renal growth Tgfbl and Wntll), branching
morphogenesis@dnf, Gfral andRet) and apoptosis and proliferatioBak, Bcl2, Casp3 and
Trp53). TagmanGeneExpression Asays (Applied Biosystemsr customdesigned Tagman
primers and probes were used as described previt€Real time PCR was performed as a
multiplex reaction with ribosomal endogendwrsl8s as a housekeeping gene. The delta delta
cyde of threshold (Ct) methodology was utilised to determine relative gbnaedance
compared to the male Control group. Statistical analysis identified R8s was not
different between Treatmeat Sex.

Leptin signallinggenes

Custom RT PRrofiler PCR Arays were designed and manufactured by Qiagen for the
following leptin transporters and signalling targets of interest using SYBR greéme as
fluorescent ageras described previousfy Real Time PCR was used to determine relative
abundancef leptin transportersMegalin andObR) and their downstream signalling targets
(Jak2, Sat3, Satba, Socs3 and Pi3k, Akt, mTOR, Ampka, Ampkb). To compensate for
variations in RNAquantity and reverse transcriptase efficiency, mMRNA abundance of the
genes of [interest were normalized to the housekeeping gene Succinate Dehydrogenase
subunit A Sdha; NM_130428). The delta delta cycle of threshold (Ct) methodology was
utilised to.determine relative gersbundancecompared to the male Control grotip

Statistical analysis identified th&tha was not different between TreatmentSex.

Western blot-analysis

Protein was" extracted from PN7 kidneys from the developmental study as previously
described” and. Western blotting performed to examine relative protein concentrations of
VEGFA (1:1,00Q Merck Millipore, Bayswater, VIC, Australjaand GDNF(1:1,00Q Abcam,
Melbourne, VIC, Australia ACTB (1:10,000 SigmaAldrich, Castle Hill, NSW, Astralia)

was used to control for protein loading. 50 pug of total protein was run etR%0

polyacrylamide gels and transferred onto PVDF membranes. Membranes were blocked in 3%
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fish gelatine and incubated at 4°C fo# Thours). Densitometry was performed using the
Odyssey 2.0 software package -COR Biosciences). Western blots were repeated three
times and the mean values presenwd. have previously validated the VEGF antibody in

the rodenplacentd’’

Renal morphology

PN7 fixed"kidneys from the developmental study underwent standard processing to paraffin
and multiple sections were cut at 5 um-@fsections/kidney). Sections were stained with
haematoxylin andkosin and then examined for the presence or absence of a nephrogenic
zone. Each, slide was graded as haaéngesent nephrogenic zone (as evidenced by comma
and sshaped/bodies) or no nephrogenane The observer was blinded to the treatment
group. For the'croststering study, kidneys were processed as described above. In order to
determine if cros$ostering alters glomerular maturify the blinded observer ranked
histological_sectiondased on the definitions described previolfsthat were assigned a
score (Table S4 termed nephrogenic zone ratinithe width of the nephrogenic zone was

also measureds/previously describé

| mmunohistochemistry

5 pum sections-of paraffin embedded fixed PN7 kidneys frondévelopmental stydwere
dehydrated, subjected to antigen retrieval using a 10 mM sodium citrate solution and
endogenous peroxidase activity blocked. On each slide, one section was exposed to a rabbit
cleaved caspasg antibody (1:300, Cell Signalling Technology; Boston, MA, USA), a
second section with an equal concentration of ralgdt and a third section with 3% BSA

only overnight. A biotinylated secondary antibody was applied and sections stained using
avidin-biotinylated enzyme complex (Vectorlabs;uBhgame, CA, USA) ard 33

Diaminobenzidine. Slides were counterstained using haematoxylin.

Satistical analysis

Data are_presented as mean + SEM. Results from the developmental study were compared in
each age group. usingt&@o-way analysis of varianceANOVA) with Treatmentand &x as

factors. Wherean interactionwas detected R < 0.05), Tukey’s poshoc testing was
performed.Western blot data were analysed with a Studertésttto determine differences
between Control and Restricted. For the cffostering studydata were initially analysed

using a tweway ANOVA to identify any sesspecific differences. If there was interaction
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present, a Student’steést identified differences in Treatment groups acrosesSBata were
then split bySexanda oneway ANOVA was performedo determine the maidifferences
across Treatment groupsthin each Sexwith aStudentNewmanrKeuls posthoc test used

to identify significant differences between crdgstergroups.
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Table 1. Body and kidney weights for Control and Restricted male and fewffalgring at embryonic day20 (E20),postnatal day 1RN1) and PN7(n=12-16
litters at each age and treatmebigta were analysed with a tweay ANOVA to determine differences between Treatments and Sexes. Data are expressed
mean + SEMwhere hs is not significant

Male Female _
Table 2. g PQontrol CoRediricted Co@oakrol RdRasutieted F-{rerstg?rcr:?gg : = nteraction Cross
Body weight E20 1080+ 0.04 -OB1+0.04 1087 +0.05 1-46-+0.04 P=00:0001 A redlo®t  ns fostering
body () PN1 MA@ 0.07Co8t46l+ 0.11Red 06 ed0.05 GoaTel0.12 Restiimedl ns ns and
kidney Body weight PN7 Me&S + 0 DR0BH0.2D 4D.397049.187 475630 6BEH0BY P 76.0001  ns weights
for male ;v veight E20 13005 10.7+0.7 11.6+05 10.3+0.6 P=0.004 ns ns and
female  10) PN1 415+08 304+09 41.0+06 323+15 P=00001  ns ns offspring
at PN7 1234+28 98.6+4.8 1241+31 97.6+2.9 P=00001  ns ns postnatal
day 7\ idreyBody weight E20 7.23+029 7.07+041 6.95+0.27 7.10+0.41 ns ns ns (PN7)
(=8-11 " mgtg) PN1I 9.66+0.11 8.84+021 10.10+0.13 9.32+0.30 P=0.0002 P=0.025 ns
PN7 12.01+0.16 12.40+0.23 1255+0.12 13.01+021 P=0.029 P =0.004 ns

litters/group). Data.were split by Sex and a eway ANOVA with Tukey’s posthoc testingprovided the main Treatment effect within each deata
presented as the mean = SEM, whage is not significant. Significant differences between cifosser groups are indicated by diffetégtters P < 0.05), for
example b’ is different to €’ but not ‘b¢.
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(9) Female 9.84+0.18 8.88+022 741+038 6.80+0.38 P =0.0001
Table 3. Kidney weight Male 1189+3.% 111.8+2% 101.1+46 87.4+38 P=0.0001 Relative kidney
mMRNA (mg) Female 121.5+23 1149+34 100.0+48 893+32 P=0.0001 abundance at
embryonic day =Kidney/body weight Male 11.89 +0.13 11.99+0.16 13.59+0.42 13.37+0.43 P=0.0001 20 (E20 in Control
and Restricted. (mg/g) Female 12.34+0.11 1298+0.34 13.51+0.17 13.29+0.47 ns fetuses (male and
female) of genes regulating

renal growth, nephrogenesis and leptin signal(img4-8group, withn=1 representing 1 pup from 1 littefpata were analysed with a tway ANOVA to

determine differences between Treatments and Sexes, Witkey’s posthoctest used to determine where interactions lie. Data presented as arbitrary unit

with the mean £'SEM, where ‘ns’ is not significaBignificant differences between Control and Restrictsbringare indicated by an asterisk(k 0.05).

Male Female _
Control Restricted Control Restricted Treatment S nteraction

Branching M or phogenesis (n=4-7/gr oup)

Ret 1.00+0.42 091+042 0.39+0.18 2.50+0.63 P =0.020 ns P=0.031

Gednf 1.00+£0.20 1.37+051 1.01+0.11 1.87 £ 0.68 ns ns ns

Tofbl 1.00+£0.43 0.95+045 1.00+£0.33 1.62 +£0.62 ns ns ns

Wnt1l 1.00+£0.31 0.88+0.29 1.07+0.12 1.87 £0.36 ns ns ns

Gfral 1.00+£0.16 0.80+0.11 1.27x0.28 1.34£0.28 ns ns ns
Angiogenesis (n=5-7/gr oup)

Vegfa 1.00+0.21 1.16+0.12 0.80+0.21 2.21+0.68 P=0.046 ns ns

Flt1 1.00+054 135+0.38 0.46+0.23 285+0.72 P=0.013 ns ns

Kdr 1.00x041 0.77+£0.15 09904 1.42 £0.32 ns ns ns
Apoptosis (n=4-7/group)

Bel2 1.00£0.33 1.01+£0.30 0.40+£0.12 2.09+03 P =0.022 ns P=0.023

Bax 1.00£0.25 1.72+059 0.91+£0.29 3.96+1.07 P=0.016 ns ns

L eptin Receptor (n=6-8/group)
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ObR
Jak2
Sat3
Sat5a
Socs3

M egalin (n=6-8/group)
Megalin
Pi3k
MTOR
Akt3
Ampka
Ampkb

1.00£0.28
1.00 £ 0.03
1.00 £ 0.08
1.00+0.11
1.00 £0.12

1.00 £0.10
1.00 £0.15
1.00 +£0.03
1.00 +£0.08
1.00 £0.03
1.00 £0.13

0.50 +0.16
1.00£0.10
0.88+£0.10
1.05+£0.09
1.13 £0.10

1.12+£0.13
0.93 +£0.08
1.07 £0.08
0.85+0.09
1.00 £ 0.07
1.08 £0.12

0.38 £0.04
0.99+0.11
0.87 £0.04
1.23 £ 0.06
1.16 £0.12

0.89 £0.06
0.91+0.14
1.00 £ 0.09
0.88 £0.08
1.02+0.11
0.93+0.10

0.57 +0.25
0.76 £0.08
0.85+0.08
0.83+0.11
0.94+0.11

0.83+0.11
0.71 £0.06
1.17+£0.14
1.07+0.11
0.73+0.08
1.03+£0.10

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns
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ns

ns

ns
P=0.035

ns

ns
ns
ns
ns
ns

ns
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Legendsto Figures

Figure 1: Abundance of renal branching morphogenesis markersin early postnatal life. Ret (a), Gdnf
MRNA abundancé¢b) and relative proteiexpressior(c) at postnatal day (PN) 7 in the developmental study
(n=6-10/group, withn=1 representing 1 pup from 1 litter). Gene data in the developmentsl atad
analysed with a twavay ANOVA reporting differences between Treatments and Sexes, with protain dat
analysed with &tudent’s itest Control (open bars) and Restricted (black bars) raatefemaleoffspring.

Ret (d) and Gdnf (e)"mRNA abundancen mde (left) and female (rightgrossfosteredoffspring (n=4-
8/group).Crossfostering.data were split by Sex and a-eray ANOVA provided the main Treatment effect
within each sexData are expressed as mean + SEM, whe'eis not significant. Significandifferences

between Control ‘and"Restricted offspring are indicated by an asteé?iskQ(05).

Figure 2. Abundance.of renal angiogenesis markers in early postnatal life. FItl (a), Kdr (b), Vegfa
MRNA abundance.(c).and relative protein expressioat(@stnatal day (PN) 7 in the developmental study
(n=7-10/group, withn=1 representing 1 pup from 1 litter). Gene data in the developmental atady
analysed with a twavay ANOVA reporting differences between Treatments and S&agrol (open bars)
and Regicted (black bars) male and female offspriRtgl (e) andKdr (f) andVegfa (g) MRNA abundance

in male (left) and female (rightrossfosteredoffspring (n=6-8/group)Crossfostering data were split by
Sex and a onway ANOVA with StudentNewmanr-Keuls posthoc testingproviding the main Treatment
effect within each._sex. Data are expressed as mean + SEM, Wiséns not significant. Significant
differences across crefsstering groups are indicated with different letters, for example ‘a’ is difféoent
‘b’, but not to ‘ab’{.<,0.05).

Figure 3: Abundanee.efir enal apoptotic markersin early postnatal life. Trp53 (a) andCasp3 (b) mMRNA
abundanceat postnatal'day (PN) 7 in the developmestatly =8-10/group, withn=1 representing 1 pup
from 1 litter). Cleaved"caspase 3 immunohistochemical straining in representative kidneyssafcGontrol
male (c) and Restricted (d) male PN7 offspring from the developmental study (inserts are negative cont
sections with a 100um scale bar). Gene datthe developmental study weamalysed with a twavay
ANOVA reporting_differences between Treatments and SeRestrol (open bars) and Restricted (black
bars) male and female offspringp53 (e) andCasp3 (f) MRNA abundancén male (left) and female (right)
crossfostered offspring” (n=6-8/group).Crossfostering @ta were initially analysed with a twaay
ANOVA to determire any sexspecific differencesData were then split by Sex and a -oveey ANOVA
with StudentNewmanKeuls posthoc testingproviding the main Treatment effect within each sBrata

are expressed as mean + SEM, where ‘ns’ is not signifiCafierences between Males and Females are
indicated with a hashtagi# 0.05).
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Figure 4: Abundance of renal leptin signalling targetsin early postnatal life. Sat3 (a), Megalin (b) and
Pi3k () mRNA abundancet postnatal days (PN) 7 in the developmental s{md¥-7/group, withn=1
representing 1 pup from 1 litter). Gene datathe developmental studgre analysed with a tweoay
ANOVA reporting differencedetween Treatments and Sexes, wiffuzey’s posthoctest used to identify
where an interaction lie€ontrol (open bars) and Restricted (black bars) male and female offsfEitg).
(d), Megalin (e)_and Pi3k (f) abundancen male (left) and female (righcrossfosteredoffspring (n=5-
8/group) Data were"initially analysed with a twaay ANOVA to determine any sespecific differences,
with a Student’s-test. (interaction) to determine differences between sexes. Data were then split by Sex a
a oneway ANOVA with StudentNewmanr-Keuls postioc testingproviding the main Treatment effect
within each sexData“are expressed as mean = SEM, whes'eis not significant. Significant differences
between Controlfand Restricted offspring are indicated by ansks{&P < 0.05), differences across cress
fostering groups aregindicated with different letters, for example ‘a’ is different toP'l% 0.05), and

differences between Males and Females are indicated with a hadhta@.@5).

Figure 5: Nephrogenic zone analysis in early postnatal life. Representative sections of kidneys from
Control-on-Contral (&), Control-on-Restricted (b), Restricted-on-Control (c) and Restricted-on-Restricted

(d) male offspring. Scale bar represents 100Naphrogenic zone rating)(and nephrogenic zone width) (

in male (left) and female (rightrossfosteredoffspring (n=68/group, withn=1 representing 1 pup from 1
litter). Crossfostering.data were split by Sex and a-wray ANOVA with StudentNewmanr-Keuls post-

hoc testing proding the main Treatment effect within each sex. Data are expressed as mean + SEM, whe
‘ns’ is not significantwSignificant differencesross treatmemgroups are indicated with different letters, for

example ‘a’ is different to ‘h’but not to ‘ab’ P < 0.05).
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