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ABSTRACT

Insulin serveswmas a link between the metabolic and reproductive systems, comnuinécegigy
availability te.the hypothalamus and enabling reproductive mecharnigiagt. Suffolk ewes prenatally
exposed tdestosterone (TYlisplay an array of reproductive and metabolic dysfunctions similar to those
seen in women with polycystic ovarian syndrome (PCOS), including insulin resstdoreover,
prenatal T treatment alters neuropeptide expression in KNDyexXpressingkisspeptn, neurokinin
B/dynorphin) and agoutielated peptide (AgRP) neurons in the arcuate nucleus, two populations that play
key roles in thecontrol of reproduction and metabolism, respectively. this study, we determined
whether prenatal T treatment also altered insulin receptofNDy and AgRP neurons, as well as in
preoptic area (POA) kisspeptin, popiomelanocortin (POMC), and gonadotropateasing hormone
(GnRH)neurons: of the adult sheep brain. Immunoflourescent detection oftéhsubenit of inglin
receptor IRP) revealed that KNDy, AgRP and POMC neurons, but not GhnRH or POA kisspeptin
neurons, ‘colocalize IR in control females. Moreover, prenatal T treatment decreased the percentage of
KNDy and AgRP neurons that colocalized IRP, consistent with reduced insulin sensitivity.
Administrationsofithe artandrogen drugrlutamide during prenatal T treatment, prevented the reduction
in IRP cologalization in AgRP, but not in KNDy neurons, suggesting that these effects are programmed

by androgenic“andstrogenic actions, respectively. These findipgs/ide novel insight into the effects

of prenatal T treatment on hypothalamic insulin sensitiaitg raise the possibility that decreased insulin
receptors specifically within KNDy and AgRP neurons, magntribute to the PCO#ke phenotype of

this animal model.

INTRODUCTION
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Fertility is dependent on sufficient energy supply. Insulin is a key commanicitenergy
availability to the hypothalamus and specificalonadotropirreleasing hormone (GnRH) neurons,
enabling reproductive function in times of sufficient energy sugBlyning, 2000) In women with
polycystic ovary syndrome (PCQ@Sinfertility and insulin resistance are a major concern and are
exacerbated by excess weightanks, 1995; Holte, 1996; Dunaif, 1997; Steckler, 200@)eed, nsulin
resistance( affects 500% of women with PCOS leading to a number ofnuawbidities including
metabolic syndrome, hypertension, dyslipidemia, glucose intoleramdediabeteswhile 40% of PCOS
women are infertilgSirmans & Pate, 2014The sheep model of PCOS, in which ewes are exposed to
excess tdsstergne (T) during fetal life (from day -380 of gestation), is a wetlharacterized model that
has been “extensively utilized to understand asdess the molecular mediators involved in the
reproductive and metabolidysfunctions associated with this disord@umesicet al., 2007) The
prenatally androgenized sheep maaé@hics the reproductive and metabalgsfunctionsseenin women
with PCOS(Padmanabhaet al., 2006; Dumesiet al., 2007; Abbott, 2008). The reproductive disruptions
include polycystic ovariegPadmanabhan, 2011; Padmanabhan & Vem@ez, 2013) intermittent to
absent ovulatioriBirch et al., 2003; Manikkanet al., 2006; Steckleet al., 2007; Véga-Lopez, 2008)
early reproductive failuréClarkeet al., 1977;Birch et al., 2003; Manikkanet al., 2006; Steckleet al.,
2007; VeigalLopez, 2008) neuroendocrine feedback defe¢®¥ood & Foster, 1998; Robinscet al.,
1999; Sharmat-al., 2002; Sarmaet al., 2005; Unsworthet al., 2005; VeigaLopez et al., 2009) and
functional hyperandrogenisrfPadmanabhamt al., 2010a) In addition, prenatal -freated sheep are
metabolically=compromised and manifest reduced insulin sensitiaiycompensatory hypesinemia
(Recabarremt al., 2005; Padmanabhahal., 2010b) Although the reproductive and metabolic outcomes
of prenatal-Twexposure are well described in the ewe, the mechanisms responsible for thesetaletri
effects, and'the contribution of neutalel changes, are not welhderstood

In sheep and other mammals, the arcuate nucleus (ARC) of the hypothalamus iscmejoof
convergence for reproductive and metabolic signals. This region contains twogkdgtions of appetite
regulating _ neurons, the orexigenic ageoetated peptide (AgRP) and the anorexigenic
proopiomelanocortifPOMC) neuronsboth of which have been shown éapress insulin receptors
(Morton & Schwartz, 2001; Benodt al., 2002). Previous work from our lab has shown that prenatal T
treated ewes shew a more tham4eld increase in the number of AgRP, but not POMC, neuirotise
ARC, as well as an increase in the density of AgRP fiber projediBieppardet al., 2011) In addition
to the metabolic control neuronset ARC also containa key neuronafjroup involved in the control of
GnRH secretion, the KNDy (eexpressing the neuropeptiddgsspeptin, neurokinin B (NKB),
dynorphin) neuronal population. Kisspeptin (located in both KNDy and preoptic neurons), NKB and

dynorphin have each been proposed to serve distinct roles in modulating GnRH releaseglepetidi
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steroid hormone milieu, mediating pulsatile and/or surgeetien of GnRH(de Rouxet al., 2003;
Seminaraet al., 2003; Caratyet al., 2007; Dungan, 2007; Lehmaa al., 2010; Smi et al., 2011)
Prevous work has founthat prenatal fireated females show a reduction in dynorphin and neurokinin B
immunoreactivity in KNDy neurons, but no change in kisspeffihenget al., 2010) This peptide
imbalancewithin“the KNDy population has been postulated to contributeéhto steroid feedback
dysregulation and reproductive deficits seen in prenateddied females. In addition to these findings, it
has been shown that insulin sensitizer treatment improves reproductive functiomatalpiéreated
females (Meigd.opezet al., 2010)and this is also seen in women with PC@8illargeon, 2004; Legro,
2007) suggeting.that insulin signaling is an important component of the PCOS phenotype, and may have
impact on both metabolic and reproductive functions

There js“evidence from rodent studies that insulin can have significant effectsrauciqn,
acting at a“neral level. For example, diabetic female rats show decreased luteinmmgone (LH)
surges and fewer ovulatory cycléSteckler, 2009)Moreover, deletion of neuronal insulin receptors in
mice affects metaboliand reproductive function. For example, Bruning et al. showed that mice with
CNS-specific disruption of the IR gene displayed increased food intakesatisitive obesity, mild
insulin resistance, and were sidstile (Bruning,2000) Moreover, Burks et al. showed that mice lacking
insulin receptor substra (IRS2), a component of the insulin/insuilke growth factorl signalling
cascadeyhadssmall, anovulatory ovaries with reduced numbers of folliclesendhfertile(Burkset al.,
2000) Importantly, restoration of insulin receptor expression in the brain isreggto maintain fertility
in theselfemale@kamotoet al., 2004) These actions may be mediated by direct insulin action on GhRH
neurons or bwfferent signalérom other insulin sensitive neurons, including kisspeptin, AQRP or POMC
neurons Therewis evidence in rodents for insulin receptor expression in each of these populations
(Morton &gSchwartz, 2001; Beno#t al., 2002) although selective deletion of the receptor in each
population ‘alene does not seemcmmpromise adulfertility at least in a major wafKonner, 2007;
DiVall et al., 2010;Qiu et al., 2013. However, very little is known about the localizationimdgulin
receptos in_the sheep brain, and the possibility that prenatal T exposure alters its expresgenific
neuronal subpopulations involved in reproduction and/or metabolic furf@®not been investigated.

Therefore, thegoals of the present study were 1) wtetmine whethemsulin recepts are
presenin kisspeptin and GnRH neurons in the adult sheep Jmath2) to examine theffect of prenatal
T exposure on insuli receptor colocalation in these neurongopulations as well as inAgRP and
POMC neuronsBecause insulin appears to play an important role in relaying energy availability
reproductive axis, we predicted that prenatdtehted ewes would show a decreased colocalization of
insulin receptors in metabolic and repuotive neurons of the eweendering these neuroless sensitive

to insulin and thereby affecting processes that require specific information ahengly availability.
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Finally, we asked whether such effects are due to androgenic or estrogenic actions of prégatal T
examining colocalization of insulin receptors in animals in which theaaiogenFlutamide was ce

administered during prenatal T treatment.

MATERIALS AND METHODS
Animals and experimental groups

Suffolk ewes were cared for at the University of Michigan Sheep Research FacilitA(bon
MI). Details of housing, nutrition, breeding, lambing and prenatal treatment haveysigvbeen
described(Manikkam et al., 2004; Manikkamet al., 2006; VeigaLopez, 2008) Prenatal treatment
involved administration of hormones to the pregnant motherdeetwiays80 and 90 of gestation of a 147
day gestation/period. The three experimental groups used in this study consist cfradldtdffspring
treated prenatally with T (T group; n=5), with T arlditamide(TF; n=5), orFlutamidealone (F; n=5).
Controlfemales (n=5) received an equal volume of vehicle (2 ml cottonseed oil). If twhs brcurred,
only one offspring from the pair was included. All procedures conducted were approved by the
Institutional Animal Care and Use Committee of the Universitylichigan and were in accordance with
the National Research Council’'s Guide for the Care and Use of Laboratory Animals.

T (T-propionate; Sigma\lderich) was injected i.m. twice weekly (100 mg/2ml dissolved in
cottonseedsoil;=Sigmaldrich, St. Louis, MO).Previous analysis of maternal and fetal blood circulation
has demonstrated that this dosage of T produces levels similar to adult males analdéstaiespectively
(VeigaLopezetsal., 2011) Females in the F group received daily injectiond-loftamide (15mg/kg,
SigmaAlderich) dissolved in dimethylsulfoxide (400mg/ml, Sigwlrich) administered
subcutaneously:=Females in thE group received -propionate as described above in addition to daily

injections ofFlutamide

Tissue Collection

Brains were collected during the breeding season when females were 2 years A$ ageur
previous studiegShepparctt al., 2011) to nor malize differences between prenatal tfeated and control
ewes inendogenaus steroid hormone levelgresent as a result of prenatal treatmedntd, any effect of
these difference.@n insulin receptor or neuropeptide immunoreactivity, ewes were ovariectomized
and implants used to normalize the endogenous hormonal milieu. Specifichllye8&ks prior tdissue
collection, animals were ovariectomized and were treated sequentially-fb2 #liwith two controlled
internal drug release,;Pmplants (CIDR) (InterAG, Hamilton, Waikato, New Zealand) and then for 1day
with four 3-cm-long E, implants to simulate @rian steroid levels during the late follicular phase of the

cycle. Eighteen hours after the E2 implants, animals were sacrificed. At tinssuaf tiollection, all ewes
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received two intravenous injections (at 10 min intervals) of 25,000 U heparino(c#ad02588B;
Abraxiz Pharmaceuticals, Schumberry, IL). Ewes were anaesthetizedeimitely with sodium
pentobarbital (390 mg/ml/kg; Fatal Plus, Vortech, Dearborn, MI) and rapidapdated. The heads were
immediately perfused through the internal carotid artery with 6L of 4%fgraraldehyde (Sigma
Aldrich) dissolved in 0.1M phosphate buffer (PB; Sign#ddrich) containing 0.1% sodium nitrate
(Sigma Aldrich),/and 10 U/ml heparin (Abraxiz Pharmaceuticals). Brains were subthémghe same
fixative at #C for 18hr. Blocks of tissue containing hypothalami were transferred in 30% sucrose
(Caledon, Georgetown, Ont., Canada)°&@ 4nd sectioned coronally (45 pum) using a freezing microtome
(Microm, Wallderf, Germany) into 12 parallel series for each animal. Seditissues were stored in
cryoprotectant«(30% ethylene glycol, 0.1% sodium azide, 30% sucrose in PB)Y@tuntil further

processing.

Immunohistochemistry: general

One series_of every sixth sectithrough the POA and hypothalamisesm each animal were processed
for immunohistochemistry. All incubations occurred at room temperature witte gagitation. Free
floating seetions' were rinsed thoroughly with 0.1 M phospbaféered saline (PBS) between
incubationsy, Antibodies were dissolved in inditra solution consisting of 0.1M PBS, 0.4% Triton X
100 (catalog item BP15500; SigmaAldrich) containing 4% normal goat serum (NGS) (catalog item
005000-121; Jackson Immuno Research Laboratories, West Grove, PA). Unless otherwisedspecifi
tissue se@ns were washed extensively with 0.1 M PBS (pH 7.35) between steps. Prior taiorcuba
with first primary antibody sections were incubated with 1% hydrogen peroxide (1Hp®,; catalog
item H325; Fisher Scientific, Pittsburgh, PA) and incubation ®wiu{lhr) to prevent nospecific
background labeling. See Table 1 (Supplemental Material) for detailed informati all primary

antibodies used.

Immunohistochemistry: tripkabel immunofluorescence for AgRP/IRB/POMC

Sections were_incubated overnight (17 hours) with antibody specifically recognizing &gRRed in
Guinea Pig, 1:800 dilution in incubation solution with 4% NGS; Antibodies Austradi@logue #
GPAAGRP.1,tot # AS506), and with goat agtiinea pig Alexa 488 (1:100 dilution, 30 minutes,
MolecularsProbes, Inc., Carlsbad, CA). Next, sections were incubated overnight withodynt
recognizing the beta sumit of the insulin receptor (IRp, raised in Rabbit, 1:300 dilution, Santa Cruz, C-

19, SCG711), with biotinylated goat antabbit (1:500dilution, 1 hour, Vector Laboratories, Burlingame,
CA, USA), ABCeelite (1:500 dilution in PBS, 1 hour, Vector Laboratories), biotinylated tyrafide
1:250 dilution in PBS with 1 ul of 3% 4@,/ml, 10 minutes, Perkin Elmer Life Sciences, Woodbridge,
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Ont, Canada), and Alexa 555 conjugated streptavidin (1:100 dilution in PBS, 30 mins., lolecul
Probes). Finally, sections were incubated with antibody specifically reogMOMC (raised in rabbit,
1:4000 in incubation solution with 4% normal donkey serBmpenix Pharmaceuticals, Burlingame, CA,
USA, catalogue # H)29-30) and donkey antabbit Cy5 (1:100 dilution in PBS, 30 minutes, Molecular
Probes). 'Sections were mounted on plus charged slides and cover slipped with gednatetté€l. 1978)
Specificity of primary antibodies for POMC and AGRP has previously been deatedstn
sheep hypothalamic sectiofisennette, 1978)Preabsorption of IRB antibody with its corresponding
peptide antigen (Santa Cruz) at concentration of 10 pg/ml for 24 hoursCatkléninated all
immunoreactive, staining (Supplemental Materadg). 1, A, B). Finally, elimination of any single primary
antibody while performing all other steps of the protocol eliminated all staininthéocorresponding
antigen and’no others, demonstrating lack of ereastivity (SupplementaFig. 1, GH). The reason for
lack of crossreactivity for this protocol rests on the fact that ttwncentration of reagents used in
detection of the first antigen are optimized such that they completely saturatelezitaing sites and

there is no croseeactivity with reagents used to detect the second ant8ieplementafFig. 1F).

Immunohisbchemistry: dualabel immunofluorescence for kisspeptin/GnRH with IR

Sections were incubated overnight with antibadginstiRp, as describedbove Next, sections
were incubated=overnight with antibody specifically recognizing kisspeptiseftan rabbit, 1:200,000
dilution, 17 h; kpl10, lot 564; gift from Dr. Alain Caraty, Nouzilly, France)amtibody specifically
recognizing=GnRH (raised in Mouse, 1:4@0ution, 17 h, Sternberger Monoclonals, Inc., catalogue
#SMI-41R, Lot #3). The next day, sections were washed and incubated with either geatit@intr goat
antrmouse-Alexa 488 (1:100 dilution, 30 min., MolecuRmobes). Sections were mounted onspl

charged slides and cover slipped with gelvatol (Lennette, 1978)

Analysis

We performed two independent analyses on these tissue secfiornthe first analysis, we
performed ‘cell counts dhe total number of AQRP, POMC, kisspeptin, and GnRH neurossctions
through the POA at the level of the organum vasculosutineoflamina terminalis (GnRH and kisspeptin,
3 sections/animal), the middle ARC at the level of the tuberoinfundibularssghgRP, POMC, and
kisspeptin, 5 sections/animal), and the MBH at levels of the rostral to migdietemucleus (GnRH, 3
sections/aimal). ~ Sections were examined at 20x magnification using Neurolucidawvase
(MicroBrightfield Bioscience, Williston, VT, USA) and a digital camera (Mfire A/R, Optronics, CA,

USA) attached to dluorescentmicroscope (DM500B, Leica Microsystems, Wetzlar, Germany). We
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calculated the mean number + SEM for each region as appropriate (e.g., GnRH cal$®Athand
MBH, kisspeptin cells in the POA and ARC).

In the second analysis, we used confocal microscopy to examine AGRP, POMC, kisspdptin, an
GnRH neuronsfor colocalization with IRB. Specifically, we used Zeiss LSM510 laseiscanning
confocal "microscope system (Zeiss, Heidelberg, Germaoy3apture images of the AR®OA and
MBH in Z-stacks comprised of 1 pum optical sectiolexa 555 flusescencelRp) was imaged with a
HeNel laser and a 543 nm emission filter. Alexa 488 fluorescence (kisspeptin, GnRH or wagRP
imaged with an Argon laser and a 488 nm emission filter. Cy5 fluoresce@d4QPwas imaged with a
HeNe2 laser and a 633 nm agibn filter. For each cell type in the ARC (AgRP, POMC, kisspeptin)
between39.to _44neuronsper animalwere examinedn serial 1 pm optical sections throughout their
entire extent. ForGnRH andPOA kisspeptin neuronseverycell identified in the captured Z stack&s
analyzedor-edocalizationwith IRB. Percentages of the kisspep{®hRC and POA) GnRH, AgRPand
POMG:ir neurons that colocaligeIRp-ir were calculated per animal, and the mean percentage + SEM
determined for edc group. Differences between groups, for both total cell counts ardnpege
colocalizationwere determined using Two Way Analysis of Varigraoed Tukey's Multiple Comparison
Test for posthocycomparisanBor pairwise comparisons between treatmentggo@unn’s Method or
Fisher LSD Method post hoc tests were performed. 95% confidence levels were apalidddts. In
additiongferscomparison ahe magnitude of treatment effects tmtial cell countswe also performed
effect size analysi@Cohen 1992, Nakagawa and Cuthill 2007, Padmanabhan, et al. Zbibanalysis
allows comparisen of the means between treatments with respect to the magnitufizesfodifoetween
them. The computed statistic is Cohah'galue, and values above 0.2, 0.5, and 0.8 were considered as

small, mediumgand large effect sizes, respectig@bhen 1992, Nakagawa and Cuthill 2007)

RESULTS
Colocalization of IRB with AgRP, POMC and arcuate kisspeptin neurons in control ewes

In"the ARC of control ewedhe vast majorityof AgRP (85%) and POMC(92%) cell bodies
colocalized TRp (Fig. 1, top panelalso see Supplemental Figure Qimilady, 94% of ARC kisspeptin
(KNDy) neuronscolocalized IRB (Fig. 2, top panel). By contrast, we observed instances of
colocalization among the 104 preoptic area (P&isdpeptin neuronsxamined in 5 control animals (Fig
3). Similarly, while IRB-immunoreactiveneuronswere present in areas of the POA and MBH where
GnRH neurons were located, of over 300 GnRH neurons examined in 5 control ananalsolocalized
IRB (Fig. 4). Despite the lack of colocalization of IRf in POA kisspeptin oiGnNRH cdl bodies we
observednumerousinstances ofI[RB-positive axonal boutonghat were in direct contact with POA

kisspeptin (Fig. 3) and GnRH (Fig. 4) somas. IRB-positive boutonsverealso seen in direct contact with
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ARC kisspeptimeurong(e.g., Fig 2, botom panel. Weobservecho obvious regional diffences in the
distribution of cdocalized cells, or in the location of IRB-positive axon terminalswithin the POA or

ARC of control ewes

Effects of penatal Ttreatment on total number of ARP, POMC and arcuate kisspeptin neurons, and their
colocalizationwith IR3

Prenatal T treatmerthad no effect on either the number of POMC (F(3,18):3.16, p=0.833) or
arcuate kisspeptin (KNDy) neurons (Fig. 5; F(3,16):3.28.p41). Although there was a trend toward
increasechumbes of AQRP neurongn prenatal T animals compared to control ewes, this difference did
not reach significanc@=(3,19):2.65p=0.0/7). Analysis of effect size showed a large effect of prenatal T
on the total’numbers of AgRP neurons (d=1.373) but not on POMC (d=0.062) or KNDy (d=0.289) cells.
Co+reatment with the antindrogenflutamide,did not significantly alter the number 8gRP, POMC
or KNDy neuronscompared to those numbers seen in corgmés (Fig. 5p=0.077, p=0.83, and
p=0.141, respectively) Although AgRP andKNDy neuronnumbes tended to behigher and lower,
respectively,n ewes receiving anrindrogen treatment alontmese differencedid not reach statistical
significance(F(3,19):2.65, p=0.07 F(3,16):2.11, p=0.11.

Our analysis of asimilarsized subset of AQRP, POMC, andKNDy neurons revealed that
prenatal Tstreatment significantly decreased the percentage of IRP colocalization within AgRP neurons
(Fig. 6, top;F(3,22):4.35, p=0.003), but not within POMC neur¢fig. 6, middlg. Cotreatment with the
antirandfogenflutamide blocked this effect of prenatal T, with prenatal-{fféated females showing a
similar percentage of IRP colocalization with AgRP neurons as controlg85% vs 83%and a significantly
greater percentage of colocalization than prenatal T fem8&% s 73% p<0.05). Anti-androgen
treatment alone had no effect on the percentage of IR colocalization in either AgRP or POMC neurons,
relative to ontrols(Fig. 6, top and middle panel85% vs 83% and 92% vs 94%, respectivealy.

Similar to the effects seen in AgGRP neurons, prenatal T treatment significkattigased the
percentage of IR colocalization in ARC kisspeptin neuron@~(3,19):9.07, p=0.001; Fig6, botton).
Unlike the effects of prenatal T on IRp /AgRP colocalization, co-treatment with antandrogen did not
reverse the decrease in the percentage of IR colocalization within ARC kisspeptin neurons in prenatal T
ewes Fig. 6, bottom panel73% vs 76%;ng). Females treated prenatally with aamidrogen alone

showed a similar percentage of IRP/kisspeptin colocalization as control females (94% vs 91%, Ns

DISCUSSION
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This study is the first to providevidence of changes braininsulin receptorsn the prenatally
androgenized sheep modelRPEOS(Dumesicet al., 2007) Since one of the hallmarks of this model is
insulin resistance(Padmanabharet al., 2010b) changes in insulin receptor at the level of the
hypothdamus, and within identified neurogroups important for metabolism (AgRP) and reproduction
(KNDy), may play a key role in lonterm changes in insulin sensitivity observed in these aninmalaur
previousstudy (Sheppardtt al., 2011) we found that prenatal T treatment increabednumber of AgRP
neurons, but not POMC neurons, in the middle portion of the ARC. In the currentthiidifference
between centrol and prenatal T animashumber of AgRP cells failed to reach significanaghough
effect size analysis confirmedlargedifferencebetween control and prenatal T animalshe number of
AgRP but notPOMC neurons In light of this for the celocalization analysis, wexamired a similar
sample sizeé ofineurons across group¥/e demonstratedhat prenatal T treatment decreased the
percentage of‘colocalization of IR in AgRP, but not in POMC neurons, suggesting that teeshanges are
specific to the AgRP populatio&ince AgRP exprei&s is inhibited by insulin (Qu, 2001; Breehal.,
2005) decreasedolocalizationof insulin receptors in AGRP but not POMC neuransld potentially
provide anexplanation for the increase in AglRat not POMCpeptidesuggested by our previous work
(Sheppardet al,, 2011) Finally, we found that co-treatment withthe androgen antagonjsFlutamide
blocked the effects of prenatal T on IR colocalization within AgRP, but not KNDy neurons, indicating
that the changes:in these two populations may be organized by different actions af prearadrogenic

and estrogenic, respectively.

Effects of preatal T treatment on IR colocalization in AgRP and POMC neurons

Prenatal«T treatment significantly decreased the percentage of AgRP, but not POK@s neu
colocalizing/IRP in the ARC compared with control¥he AgRPspecific decrease in IRp is consistent
with our previeusesultsshowing increased numbers of AgiRFheurons, but not POM@ neurons in
prenatal Hreated female6Sheppardt al., 2011) As noted above, since insuliiecreases AGQRP mRNA
levels (Qu, 2001)and peptide releas@Breen et al., 2005) in normal females, the decreastRip
colocalization within AQRP neurons may be partly responsibléhoincreased AgRP cell numbsren
in prenatal Tremales(Sheppardt al., 2011) In turn, both reduced IR colocalization in AgRP neurons,
and increased AgRP peptide expression, may be contributing factors to the rmetataleproductive
deficits seen iin these animaRrevious studies have found thatenatal Ftreated females are insulin
resistant and develop compensatory hyperinsulinemia as @dattabarremt al., 2005; Padmanabhah
al., 2010b) However, in the present study, we did not correlate metabolic defects with the observed
neur oanatomical changes, and evidence for correlations between dysregulated insulin signaling and

receptor colocalization in the same animals should be explored as a next step. In addition,neither
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POMC or AgRPspecific IR knockoutmice show major defects inody weight or fertility,although
control of hepatic glucose productigmimpaired in these middnner, 2007)Neverthelessthe changes
observed in our study represemily a portion of the disruptions caused by prenatal T exppsune
therefore,when combined with additional alterations may result in a moreresegveenotype than
previously reportedAlthough IR in AQRP neuronare notessential for adult fertilitydnner, 2007)this
neuronal subpopulatiomay still play an important roleelaying the influence of metabolic cues to the
reproductive neuroendocrine systefgRP neurons project directly to GnRH neurons in th¢Liagt al.,
1999) and inhibit reproductionybsuppressing pulsatile LH release in the rhesus mof\keliémoz et

al., 2005) Similarly, reuropeptide Y (NPY), an orexigenic neuropeptide, which is largely colodalize
with AgRP(Hahn, 1998; Sheppast al., 2011) inhibits reproduction by hindering GnRH neuronal firing
in mice (Sullivany& Moenter, 2004; Klenke, 201@nd tonic secretion of LH in the she@gcShaneet

al., 1993; Adanet al., 1997). We do not know whether NPY peptide, like AgRP, is increased in prenatal
T sheep, but it is)conceivable that increased AgRP and/or NPY peptide and its release magriselaym
which this population could potentially inhibit GnRH release prenatal Texposed femalesand
contribute to some of the observed defects including a decrease in the magnitudeHfstivgd. (see
below)

Prenatal TF treatmerducceslly rescuedthe effects of T on IR colocalization with AgRP
neurons;=suggesting that the decreasdRif in this subpopulation igrenatally organized by the
androgenic actions of T. These effects of T parallel organizational effects of prénatalAgRP
expressior{Sheppardt al., 2011) albeit more completely. We previousdiiowedthat cotreatment of T
with androgen antagonist (TWas able to largely, but not completely, rescue the effects of prenaal T
AgRP neuromumbers(Sheppardet al., 2011). Moreoverthe effects of prenatal T on insulin resistance
and AgRPgneuremumbers are mimicked by prenatal dihydrotestosterone (DHT, sanoomatizable
androgen) treatmen{Padmanabharet al., 2010b; Sheppardt al., 2011) further implicating an
androgenic programming role of T in this populatidiowever,prenatal Finducedhyperinsulinemia and
insulin resistance were not reverdgdrFlutamideco-treatmentTF) in a recent study (Table (Cardoso
et al., 2016) suggesting thahe change in IR colocalization in AGRP neurons is not sufficient by itself to
account for the metabolic alterations seen in this model. A caveat to this canedusiat the metabolic
changes imforementioned studgCardosoet al., 2016)were observed in juvenile animals; hence the
decreased IR colocalization in AgRP neurons may still be a contributing factor for hyperinsulinemia and

insulin resistance in adult prenatal T ewes.

Effects of prenatal T treatmetf IR colocalization in ARC kisspeptin KNDy) neurons
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We foundthat approximately 94% of KNDy neurons colocalize IR and that prenatal T treatment
results in asignificantdecrease in IR colocalization in these neurons. Reproductive deficits in prenatal
T-treated females includacreased LHulsatility and a delayed and dampened LH surge culminating in
ablation of ovulatory cycle@Robinsonet al., 1999; Sharmat al., 2002; Sarmat al., 2005; Unswortlet
al., 2005; VeigaLopez et al., 2009) As noted earlier, postnatal insulin sensitizer treatment improves
reproductive function in prenatal-tfeated femalegVeigalLopezet al., 2010) Moreover,insulin has
been shown to stimulate GnRH and LH secretiowivo (Moret, 2009)and in vitro (Burcelin et al.,
2003) an effect which is ediated at the level of the hypothalamus and not the pituitéowever,
because GnRH, neurons in shedp not appear to contaiiRp, the influence of insulinupon the
reproductive_axisn this speciess likely relayed to GnRHeuronsvia afferent neurons expressing this
receptor.

KNDy neurons represent one such potential relédDy neuronshave beerstronglyimplicated
in the control ofypulsatil€snRH secretionWakabayashi, 2010; Okamura, 20%8)d in sheep, also
appear to beactivated duringthe preovulatory GnRHsurge (Merkley, 2012) A role for insulin in
facilitation ‘of the GnRH/LH surge has been widely descrifiguining, 2000; Steckler, 2009; Veiga
Lopezet al.,, 2010)and recent work in prenatattfeated sheephowedthat postnatal insulin sensitizer
treatment increased the magnitude of the LH s(#dpé Salloumet al., 2012) Furthermore, ovine KNDy
neurons:aresactivated by leptin treatm@eckholeret al., 2010)albeit indirectly(Louis et al., 2011) and
colocalizeIRp (this study rendering this subpopulation responsive to metabolic sigrals van den
Pol, 2010)=Finally, there isan array of substantial evidence in rodents that KNi@yronsplay an
important role in mediating metabolic control of reproductiastellancet al., 2005; Castellano, 2006;
Castellancetials»2009; Castellanet al., 2010; Pinillaet al., 2012) However, recent studies &dmale
mice with Kisspeptirspecific deletion ofphospholipid enzyme phosphoinositide 3-kinase (PI3K), a
major signalimgrtarget for insulin, showthat normal pubertal development, LH levels, and estrous
cyclicity isfunaffected in these animal@éymer, 2012}kuggesting that insulin signaling via kisspeptin
neurons (including KNDyeuron3$ may not be essential by itself flamale adult reproductive function.
In addition,mice with insulin receptors conditionally deleted from either GABAutamate or CamKil
alphaexpressingieurons are completely ferti{&vanset al., 2014b) Thusthe influence of insulin upon
GnRH secretiondsnost probablynot conveyedy any singleneuronal population, anikely requiresa
larger aggregate of neurons and their projectithha collectively funnel this input to the GnRH
neurosecretory unit. In the shed¢f\\Dy neuronsmay participatén conveying the influence of insali
upon GnRH secretiorin concert with other neuronsince theyhave direct contacts with AgRP and
POMC neurons(Backholeret al., 2010) and, in turn,both AGRPNPY and POMC neurons send
projections that synapse on GnhRH neurons (Norgren & Lehman, 1989; &hraer2003) Finally, it
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should be notedhat insulin can act atither hypothalamic, pituitary, or ovarian legeto regulate
follicular developmen{Adashi, 1981; Poretsky & Kalin, 1987Jhus, alterations ifiRp expressionn
KNDy neurons together with changes ireceptor expressioim other neurons and/devels of the
reproductive axismayultimately contributdo thedefects in reproductivieinctionseen in this model.

In contrast to IR colocalization in AGQRP neurons, 4¢ceatment with androgen antagonist did not
rescue the éffects of prenatal T on IR colocalization in KNDy neurons, suggesting that the decrdase
IR in this subpopulation is organized by the estrogenic actions of B. utilikely that the inability of
antrandrogen Klutamidg co-treatment to reverse this effect was due to an insufficient dose since the
same cetreatment was able to completely reverse the decnedBéAgRP colocalization. Moreover, this
dosehas been q@viously shown to block the effect of prenatal T on AQRP neatonber (Shepparet
al., 2011)and reverse the external masoidation seen in this mod@lacksoret al., 2008) An alternate
possibility is“that the changes inAR KNDy neuronsare programmed by androgenic effects of T via
other intermediaries, for example those leading to an increase in@eatatsulin levelgAbi-Salloumet
al., 2012) However, recent findings that prenataltceatment with insulin sensitizer fails to rescue the
effects of ‘prenatal T treatment on GnRH/LH sui@i-Salloum et al., 2012) argue against this
possibility. Nonethelessncreased insulin levels during the period of fetal exposure to excess T, when
insulin levels in the mother are also increaé&bi-Salloumet al., 2012), might intensify the degree of
disturbaneesin:this model.

Previousistudies of the ability of amtndrogen cdreatment toamelioratereproductive defects
produced -by=prenatal T treatment have suggested that some but not all of these defeastare du
androgeni@actions(Table 1) Specifically, previous resulshowed thaFlutamideco-treatment reversed
the advancedspuberty seen in preh@tawes(Jacksoret al., 2008; Padmanabhanal., 2015)but not the
delayed timing of the LH surgébi-Salloumet al., 2012; Padmanabhanal., 2015) Data regarding the
ability of andregen antagonist-treatmaet to reverse decreased peak amplitude of the surge is equivocal
with an eaflier studyesting positive feedback in ovary-intact animals showing increased magnitude of
the LH surge in prenatal T ewes receiviigtamideco-treatment (AbiSalloumet al., 2012)but a more
recent studycharacterizing hormonal dynamics during natural follicular phase finding no effectof
prenatal androgen antagonist treatment on LH sang@itude in prenatal T she¢padmanabhasat al.,
2015) Preliminary data from the current cohort of animeledied during the artificial follicular
phase is similar to thepositive feedback results (Abi-Salloumet al., 2012) with prenatal T ewes
showing a significant decrease in peak LH surge amplitude compared to controls thatsedraveie
TF group(unpublished observations). Thus the decreaséBp colocalization in KNDy neurons seen in
prenatal T ewes is unlikely hiyself to be responsible for the decreaddd surgeamplitude although

they could still contribute tthis defect.
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Absence ofRp localization in GnRH neurons and POA kisspeptin neuiotize ewe

In contrast to AQRP, POMC and KNDy neurons, we found no evidence of colocalizaliRfy of
in either GNRH neurons or POA kisspeptin neurohshe brains of control ewe¥he absence of IRf
colocalization with GnRH neurons suggests that metabolic signalsoltimg reproductive statum
sheepare relayed via an upstream population of neurons. Although insulin redegtetseen previously
detected in' immortalized GnRH cell linf6ém et al., 2005)and insulin receptor MRNA and protein have
been recently shown in GnRH neurons in miEganset al., 2014a) insulininduced phosphékt or
phospheextracellularsignd-regulated kinas@ERK) Y2 was not observed in these GNnRH neuf&vans
et al., 2014a) suggesting that insulin may exert its effedts upstream neuronal populations. In addition
only 5% (Eyvansetal., 2014a)o 22% (Qiu, 2013)of murinekisspeptin neuronsolocalizelRp, compared
to 94% of ARCrkisspeptin neurons in the sheep, suggesting thatettenism ofnsulin actionin the
sheepbrain,andparticularly its effects on GnRHijffers from that in the mousé\s noted above, KNDy
neurons as well as AgGRP neurons represent possible candidates for conveying insusirntcsiGmatH
neurons, since both populations of neurons coloc@lifehave direct projections to GnRH neurofisi
et al., 1999; Lehmaret al., 2010; Roa& Herbison, 2012)and have been shown to regulate GnRH
activity (Sullivan& Moenter, 2004; Vulliémozt al., 2005; Caratgt al., 2007; Klenke, 2010; Lehmaat
al., 201Q)-Whileswe found no colocalization of IRp in POA kisspeptin neurons, werg#t exclude the
possibility that this subset of kisspeptin neurons may participate in theesavia inputs from other
insulin-sensitivesneuronginally, although recent work suggests that instdceptorsn KNDy and POA
kisspeptin neurons mice may not be essentiarfadult reproductioriQiu et al., 2013) these neurons

may play redudant roles with other populations, including AgRP neurons, in this function.

IR localizationsin axon terminals: an additional sitéensulinaction on the reproductive neuroendocrine
systen?

In addition toIRpP colocalization in arcuate neurons (KNDy, AgRP, and POMC), we alseroéd
frequent instances @R p-positive boutons that were in direct contatth kisspeptin neurons in both the
ARC (Fig. 2) and POA (Fig. 3), as well escontactwith GnRH cell bodies (Fig. 4). Earlier studies in
rodents have showmsulin receptors, detected BRP immunoreactivity, are present in synapses of
cultured” hippocampal neurons (Abbadt al., 1999) as well asn axon terminal regions of the
hippocampal formation(Park et al., 2009) and that insulin can act presynaptically imduce
phosphorylation oinsulin receptor substrateand Akt(HerasSandovakt al., 2012). More relevant to
the current findings is older work showing that insulin binding sites in the rgtrasentwithin the

external zone of the median eminence (van Houten et al., 198@atrttese binding sitegre dependent
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on projectionarisingfrom theARC (van Houten et al., 1983). While we did not specifically examine the
sheep median eminence & immunoreactivity, KNDy neurons project to the median eminence where

they may modulate GnRH secretion veynapse®nto GnRH dendrons (Iremonger & Herbison, 2015)
andaxo-axonic contacts with GnRkerminals(Lehman et al., 2013)Therefore, we would speculate that
contacts “betweetR -containing axon terminals and kisspeptin or GnRkeuronsmay representin
additional presynapticsite of action for the effects of insulin on control of GnRH secretihile
confirmationof the IRB-positiveclose contacts/e observe@sbona fide synapsesvaits celocalization
with markers such as synaptophysin (Cereeaal., 2019, thar appearance as strings of beaded
varicosities (e.g., Fig. 3, middle panale consistent with that of peptidergic axons anggest that at

least somef theboutonsare presynaptic in nature.

Conclusiors

A summary of ‘oeur currenfindings of changes in insulin receptors and metabolic peptides as a
consequence oprenatalexposure toT in female sheep, and their relationship to the reproductive
neuroendocrine system,shown in Figureé’/. KNDy neurondhave been posited as a major intermediary
conveying metabolic signals t6nRH neuros (Castellancet al., 2005; Castellano, 2006; Castellagto

al., 2009; Castellanet al., 2010; Pinillaet al., 2012) although direct projections of AgRand POMC
neuronssto=GnRH neurorere also presenfLeranth, 1988; Liet al., 1999; Rondini, 2004; Roa &
Herbison, 2012)KNDy neuronsform areciprocally interconnected neuromalpulation whose activity is
hypothesizedstomplay a key role in regulating GnRH pulsatile secretion, as well afpattn the
control of the GnRH surge in sheep and primdtethmanet al., 2010) Prenatal Texposureleadsto
decreased IRB=in=KNDy neurons and also decreased expression of two of the three KNDy peptides,
neurokinin B and, dynorphin (not shownln addition, penatal Texposureresults in decreased in IR in
AgRP but net=POMC neurons, and our previous findsuyggest corresponding increase in AgRP but
not POMC peptide in these populations. The precise functional impaetchf of these changes the
control of GNRH secretion in the adult, specifically with respect todéfects insteroid feedback
responsivenesseen in this animal modéRobinsonet al., 1999; Shana et al., 2002; Sarma, 2005;
Unsworthet al., 2005; VeigaLopezet al., 2009) remains to be detamined; howevera first step will be

to determine whether prer postnatal treatments with insulin sensitizers, such as Rosiglitazone, can
reverse lany of these receptor/peptide changes. Ultimately, the challenge will be stamaldére early
developmental cascade efents initiated by exposure to excess T that result in adult reproductive and
metabolic dysfunction, and to determine which of the {targn hypothalamic alterations seen in the adult
offspring may contribute to functional deficitOur resultsrevealthe programming effects of prenatal T

on insulin receptor levels in identified, subsets of neurotiseisheefprain, and raisethe possibility that
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decreased insulin receptors, specifically within KNDy and AgRP neunaang,contributen part to the

metabdic disruptions seen in the PCaige phenotype of this animal model.
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in kisspeptin neurons of the arcuate nucleus participate araf@m of periodic oscillation of

neural activity driving pulsatile gonadotropieleasing hormone secretion in the gdat.

Defect/changes produced by | Reversal byrlutamideco- Reference

prenatal T treatment treatment (TF)?

Metabolic

Hyperinsulinemia (juvenile) No (Cardoscet al., 2016)

Insulineresistance (juvenile) No

Reproductive
Decreased LH surge amplitude No/Yes (Abi-Salloumet al., 2012)
DelayedLH surge timing No (Padnanabharet al., 2015)

Neurosci., 30, 31243132.
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Advanced puberty Yess (Jacksoret al., 2008)
(Padmanabhaet al., 2015)

Table 1. Summary of results from prior studies on the ability of prenatakatment with antandrogen

(Flutamidg to reverse metaboland reproductive defects produced by prenatal testosterone (T) treatment

FIGURE LEGENDS

Figure 1 Confocal images dfiple-labeledlumthick optical sectionshowingexamples oAgRP-
(green), PONE- (blue), and IRB-immunolabeled neuror{sed) in the arcuate nucleus of cont{@| top
panel) and prenatal T (T, bottom pareles. Overlay image (ar right panelsshow colocalization of

IRB with AgRP (white arrows)and POM(yellow arrows)neurons. Scale bas 10um.

Figure 2 Confocal images afuatlabeledlum thick optical sections showing kisspepfgreen) and
IRB-immunoreactive (red) neurons and fibers in the arcuate nucleus (ARC) of contop (@nel) and
prenatal T (T, bottom panel) ewes. Examples of-thimledkisspeptin/IRp neurons (arrows) are
indicated in the overlay images. In addition, an IRB-positiveterminal boutongrrowhead) is seen in

direct contactwith a kisspeptin cell body in the lower panel. Scale bars = 10um.

Figure 3" Confocal images showinfe absence of IRp (red) cdocalization in kisspeptin neurons (green)
of the preoptic area (POA) in control ewes. Despite the lack of cellular colocalization, IRB-positive
boutons werefrequently seen in association with kisspeptin cell Hediesarowheads) Scale bars =

10pm.

Figure 4 Confocal images showing examples of Gniddironsn the POA (top panel) and the
mediobasalrhypoethalamus (MBH, bottom panel) of control ewes, and the absence of IRf (red)
colocalizationwith these neurons despite the presenaai#ceniRp-positiveneurongarrows)
Arrowheadindicates an example of an IRB-positive bouton in contact withROA GnRH neuron.Scale

bar = 10um.

Figure 5.Mean + SEM total number of AgRP (top), POMC (middle), and kisspelghidg, bottom)
neurons in the arcuate nucleus of control (n=5), prenatal T (n=5), prenatal TF (n=5¢raatd|g¥ (n=5)
ewes.Although the total numbers of cells did not differ significantly across graiges gffect analysis
(Cohen’s d value) indicateslarge difference between control and T groups in number of AgRP but not
POMC or KNDy cells.
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Figure6. Mean + SEM percentage colocalization of Agiip), POMC (middle), and kisspeptin (KNDy,
bottom) neuronsvith IRp in the arcuate nucleus of control (n=5), prenatal T (n=5), prenatal TF (n=5),

and prenatal F (n=5) ewes. * indicates significant differenc@.(Qa¥ from controls.

Figure7. Sehematic diagraifustratingthelong-term consequenced prenatal T treatment on insulin
receptor bet@lRp) colocalization within AgRP, POMC and KNfheuronsn thefemale sheep
hypothalamus._Deécreased IR in AgRP neuronsmay, in part, underlie the increaseAgRP peptide
previously observeth prenatal Tewes Gheppardt al., 2013. Moreover, decreased IR colocalization
within AgRPrand:KNDy neurons may result in decreased insulin sensitivity in thesesianaltexd
steroid feedback control of GnRH secretion, thereby contributing to the metaboliperdliaive

disruptions seen in the PCaige phenotype of this animal model

This article is protected by copyright. All rights reserved



AgHRP POMC IRf Creneiay

ejn_13373_f1.jpg

This article is protected by copyright. All rights reserved



Kiss (ARC) IRB Qverlay

ejn_13373_f2.jpg

This article is protected by copyright. All rights reserved



Kiss (POA) IRE Overlay

ejn_13373_f3.jpg

This article is protected by copyright. All rights reserved



GnRH IRB Overlay

GnRH
(POA)

GnRH
(MEBH)

ejn_13373_f4.jpg

This article is protected by copyright. All rights reserved



204
180
a0

i}
120
1001

Bl

£l
£0

20

i AP neurons

qilkl-ly

M

120
E: 100
.;.

E B
= 2
o B
L
- I
i 40
=
3 -0
=

Murmber of KN Dy mesonorns
=
-

e
(&

T TF

ejn_13373_f5.jpg

This article is protected by copyright. All rights reserved




100

= o i = "
[+ % BO 4
s
=
o
= fall 1
=}
=
Hoodp o
= |
"
% 20
=
Il ——ie— = el
g T TF F
L':.l- 1 )
&= [
A ]
n
E i ]
8 40
g
5 20
Y ] 1.1 - - -
- T TF F
{00 4
T I B
Fr 1
= x I
&
=
'E BO 4
=]
v 40
W
L]
[=] 1
w20 1
=
D
E T TF F

ejn_13373_f6.jpg

This article is protected by copyright. All rights reserved



ejn_13373_f7.jpg

Author Ma

This article is protected by copyright. All rights reserved



