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Abstract

Insulin serves as a link between the metabolic and reproductive systems, communicating energy availability to the hypothalamus
and enabling reproductive mechanisms. Adult Suffolk ewes prenatally exposed to testosterone (T) display an array of reproduc-
tive and metabolic dysfunctions similar to those seen in women with polycystic ovarian syndrome (PCOS), including insulin resis-
tance. Moreover, prenatal T treatment alters neuropeptide expression in KNDy (co-expressing kisspeptin, neurokinin B/dynorphin)
and agouti-related peptide (AgRP) neurons in the arcuate nucleus, two populations that play key roles in the control of reproduc-
tion and metabolism, respectively. In this study, we determined whether prenatal T treatment also altered insulin receptors in
KNDy and AgRP neurons, as well as in preoptic area (POA) kisspeptin, pro-opiomelanocortin (POMC), and gonadotropin-releas-
ing hormone (GnRH) neurons of the adult sheep brain. Immunofluorescent detection of the beta subunit of insulin receptor (IRp)
revealed that KNDy, AgRP and POMC neurons, but not GnRH or POA kisspeptin neurons, colocalize IRB in control females.
Moreover, prenatal T treatment decreased the percentage of KNDy and AgRP neurons that colocalized IRf, consistent with
reduced insulin sensitivity. Administration of the anti-androgen drug, Flutamide, during prenatal T treatment, prevented the reduc-
tion in IRP colocalization in AgRP, but not in KNDy neurons, suggesting that these effects are programmed by androgenic and
oestrogenic actions, respectively. These findings provide novel insight into the effects of prenatal T treatment on hypothalamic
insulin sensitivity and raise the possibility that decreased insulin receptors, specifically within KNDy and AgRP neurons, may con-
tribute to the PCOS-like phenotype of this animal model.

Introduction

Fertility is dependent on sufficient energy supply. Insulin is a key
communicator of energy availability to the hypothalamus and specif-
ically, gonadotropin-releasing hormone (GnRH) neurons, enabling
reproductive function in times of sufficient energy supply (Bruning
et al., 2000). In women with polycystic ovary syndrome (PCOS),
infertility and insulin resistance are a major concern and are exacer-
bated by excess weight (Franks, 1995; Holte, 1996; Dunaif, 1997,
Steckler et al., 2009). Indeed, insulin resistance affects 50-70% of
women with PCOS leading to a number of co-morbidities including
metabolic syndrome, hypertension, dyslipidaemia, glucose intoler-
ance and diabetes; while 40% of PCOS women are infertile (Sir-
mans & Pate, 2014). The sheep model of PCOS, in which ewes are
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exposed to excess testosterone (T) during foetal life (from day 30—
90 of gestation), is a well-characterized model that has been exten-
sively utilized to understand and assess the molecular mediators
involved in the reproductive and metabolic dysfunctions associated
with this disorder (Dumesic et al., 2007). The prenatally androge-
nized sheep model mimics the reproductive and metabolic dysfunc-
tions seen in women with PCOS (Padmanabhan et al, 2006;
Dumesic et al., 2007; Abbott et al., 2008). The reproductive disrup-
tions include polycystic ovaries (Padmanabhan & Veiga-Lopez,
2011, 2013), intermittent to absent ovulation (Birch et al., 2003;
Manikkam et al., 2006; Steckler et al., 2007; Veiga-Lopez et al.,
2008), early reproductive failure (Clarke et al., 1977; Birch et al.,
2003; Manikkam et al., 2006; Steckler et al., 2007; Veiga-Lopez
et al., 2008), neuroendocrine feedback defects (Wood & Foster,
1998; Robinson et al., 1999; Sharma et al., 2002; Sarma et al.,
2005; Unsworth er al., 2005; Veiga-Lopez et al, 2009) and
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functional hyperandrogenism (Padmanabhan ef al., 2010a). In addi-
tion, prenatal T-treated sheep are metabolically compromised and
manifest reduced insulin sensitivity and compensatory hyperinsuli-
naemia (Recabarren ef al., 2005; Padmanabhan ef al., 2010b).
Although the reproductive and metabolic outcomes of prenatal T
exposure are well-described in the ewe, the mechanisms responsible
for these detrimental effects, and the contribution of neural-level
changes, are not well-understood.

In sheep and other mammals, the arcuate nucleus (ARC) of the
hypothalamus is a major centre of convergence for reproductive and
metabolic signals. This region contains two key populations of appe-
tite regulating neurons, the orexigenic agouti-related peptide (AgRP)
and the anorexigenic proopiomelanocortin (POMC) neurons, both of
which have been shown to express insulin receptors (Morton &
Schwartz, 2001; Benoit et al., 2002). Previous work from our lab
has shown that prenatal T-treated ewes show a more than twofold
increase in the number of AgRP, but not POMC, neurons in the
ARC, as well as an increase in the density of AgRP fibre projections
(Sheppard et al., 2011). In addition to the metabolic control neu-
rons, the ARC also contains a key neuronal group involved in the
control of GnRH secretion, the KNDy (co-expressing the neuropep-
tides kisspeptin, neurokinin B (NKB), dynorphin) neuronal popula-
tion. Kisspeptin (located in both KNDy and preoptic neurons), NKB
and dynorphin have each been proposed to serve distinct roles in
modulating GnRH release depending on the steroid hormone milieu,
mediating pulsatile and/or surge secretion of GnRH (de Roux et al.,
2003; Seminara et al., 2003; Caraty et al., 2007; Dungan et al.,
2007; Lehman et al., 2010; Smith et al., 2011). Previous work has
found that prenatal T-treated females show a reduction in dynorphin
and neurokinin B immunoreactivity in KNDy neurons, but no
change in kisspeptin (Cheng et al., 2010). This peptide imbalance
within the KNDy population has been postulated to contribute to the
steroid feedback dysregulation and reproductive deficits seen in pre-
natal T-treated females. In addition to these findings, it has been
shown that insulin sensitizer treatment improves reproductive func-
tion in prenatal T-treated females (Veiga-Lopez et al., 2010) and this
is also seen in women with PCOS (Baillargeon et al., 2004; Legro
et al., 2007), suggesting that insulin signalling is an important com-
ponent of the PCOS phenotype, and may have impact on both meta-
bolic and reproductive functions.

There is evidence from rodent studies that insulin can have signifi-
cant effects on reproduction, acting at a neural level. For example,
diabetic female rats show decreased luteinizing hormone (LH) surges
and fewer ovulatory cycles (Steckler ez al., 2009). Moreover, deletion
of neuronal insulin receptors in mice affects metabolic and reproduc-
tive function. For example, Bruning et al., (2000) showed that mice
with CNS-specific disruption of the IR gene displayed increased food
intake, diet-sensitive obesity, mild insulin resistance and were sub-fer-
tile. Moreover, Burks et al., (2000) showed that mice lacking insulin
receptor substrate-2 (IRS-2), a component of the insulin/insulin-like
growth factor-1 signalling cascade, had small, anovulatory ovaries
with reduced numbers of follicles and were infertile. Importantly,
restoration of insulin receptor expression in the brain is required to
maintain fertility in these females (Okamoto et al, 2004). These
actions may be mediated by direct insulin action on GnRH neurons or
by afferent signals from other insulin sensitive neurons, including kis-
speptin, AgRP or POMC neurons. There is evidence in rodents for
insulin receptor expression in each of these populations (Morton &
Schwartz, 2001; Benoit et al., 2002), although selective deletion of
the receptor in each population alone does not seem to compromise
adult fertility at least in a major way (Konner et al, 2007; DiVall
et al., 2010; Qiu et al., 2013). However, very little is known about

the localization of insulin receptors in the sheep brain, and the possi-
bility that prenatal T exposure alters its expression in specific neuronal
subpopulations involved in reproduction and/or metabolic function
has not been investigated.

Therefore, the goals of the present study were (i) to determine
whether insulin receptors are present in kisspeptin and GnRH neu-
rons in the adult sheep brain, and (ii) to examine the effect of prena-
tal T exposure on insulin receptor colocalization in these neuronal
populations, as well as in AgRP and POMC neurons. Because insu-
lin appears to play an important role in relaying energy availability
to the reproductive axis, we predicted that prenatal T-treated ewes
would show a decreased colocalization of insulin receptors in meta-
bolic and reproductive neurons of the ewe, rendering these neurons
less sensitive to insulin and thereby affecting processes that require
specific information about energy availability. Finally, we asked
whether such effects are due to androgenic or oestrogenic actions of
prenatal T by examining colocalization of insulin receptors in ani-
mals in which the anti-androgen, Flutamide, was co-administered
during prenatal T treatment.

Materials and methods
Animals and experimental groups

Suffolk ewes were cared for at the University of Michigan Sheep
Research Facility (Ann Arbor, MI). Details of housing, nutrition,
breeding, lambing and prenatal treatment have previously been
described (Manikkam et al., 2004, 2006; Veiga-Lopez et al., 2008).
Prenatal treatment involved administration of hormones to the preg-
nant mother between days 30 and 90 of gestation of a 147 day gesta-
tion period. The three experimental groups used in this study consist
of adult female offspring treated prenatally with T (T group; n = 5),
with T and Flutamide (TF; n = 5), or Flutamide alone (F; n = 5).
Control females (n = 5) received an equal volume of vehicle (2 mL
cottonseed oil). If twin births occurred, only one offspring from the
pair was included. All procedures conducted were approved by the
Institutional Animal Care and Use Committee of the University of
Michigan and were in accordance with the National Research Coun-
cil’s Guide for the Care and Use of Laboratory Animals.

T (T-propionate; Sigma-Alderich, St. Louis, MO) was injected
im. twice weekly (100 mg/2 mL dissolved in cottonseed oil;
Sigma-Aldrich). Previous analysis of maternal and foetal blood cir-
culation has demonstrated that this dosage of T produces levels sim-
ilar to adult males and foetal males, respectively (Veiga-Lopez
et al., 2011). Females in the F group received daily injections of
Flutamide (15 mg/kg, Sigma-Alderich) dissolved in dimethyl-
sulphoxide (400 mg/mL, Sigma-Aldrich) administered subcuta-
neously. Females in the TF group received T-propionate as
described above in addition to daily injections of Flutamide.

Tissue collection

Brains were collected during the breeding season when females
were 2 years of age. As in our previous studies (Sheppard et al.,
2011), to normalize differences between prenatal T- treated and con-
trol ewes in endogenous steroid hormone levels present as a result
of prenatal treatments, and any effect of these difference on insulin
receptor or neuropeptide immunoreactivity, ewes were ovariec-
tomized and implants used to normalize the endogenous hormonal
milieu. Specifically, 3-—4 weeks prior to tissue collection, animals
were ovariectomized and were treated sequentially for 11-12 days
with two controlled internal drug release P, implants (CIDR;
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InterAG, Hamilton, Waikato, New Zealand) and then for 1 day with
four 3-cm-long E, implants to simulate ovarian steroid levels during
the late follicular phase of the cycle. Eighteen hours after the E2
implants, animals were killed. At time of tissue collection, all ewes
received two intravenous injections (at 10 min intervals) of
25 000 U heparin (catalogue # 402588B; Abraxiz Pharmaceuticals,
Schumberry, IL). Ewes were anaesthetized intravenously with
sodium pentobarbital (390 mg/mL/kg; Fatal Plus, Vortech, Dearborn,
MI) and rapidly decapitated. The heads were immediately perfused
through the internal carotid artery with 6 L of 4% paraformaldehyde
(Sigma-Aldrich) dissolved in 0.1 m phosphate buffer (PB; Sigma-
Aldrich) containing 0.1% sodium nitrate (Sigma-Aldrich), and 10 U/
mL heparin (Abraxiz Pharmaceuticals). Brains were submerged in
the same fixative at 4 °C for 18 h. Blocks of tissue containing
hypothalami were transferred in 30% sucrose (Caledon, Georgetown,
Ont., Canada) at 4 °C and sectioned coronally (45 pm) using a
freezing microtome (Microm, Walldorf, Germany) into 12 parallel
series for each animal. Sectioned tissues were stored in cryoprotec-
tant (30% ethylene glycol, 0.1% sodium azide, 30% sucrose in PB)
at —20 °C until further processing.

Immunohistochemistry: general

One series of every sixth section through the POA and hypothalamus
from each animal were processed for immunohistochemistry. All incu-
bations occurred at room temperature with gentle agitation. Free-float-
ing sections were rinsed thoroughly with 0.1 m phosphate-buffered
saline (PBS) between incubations. Antibodies were dissolved in incu-
bation solution consisting of 0.1 m PBS, 0.4% Triton X-100 (cata-
logue item BP151-500; Sigma-Aldrich) containing 4% normal goat
serum (NGS; catalogue item 005-000-121; Jackson Immuno Research
Laboratories, West Grove, PA). Unless otherwise specified, tissue sec-
tions were washed extensively with 0.1 m PBS (pH 7.35) between
steps. Prior to incubation with first primary antibody sections were
incubated with 1% hydrogen peroxide (10 min, H,O,; catalogue item
H325; Fisher Scientific, Pittsburgh, PA) and incubation solution (1 h)
to prevent non-specific background labelling. See Table S1 for
detailed information on all primary antibodies used.

Immunohistochemistry: triple-label immunofluorescence for
AgRP/IRS/POMC

Sections were incubated overnight (17 h) with antibody specifically
recognizing AgRP (raised in Guinea Pig, 1 : 800 dilution in incuba-
tion solution with 4% NGS; Antibodies Australia, catalogue #
GPAAGRP.1, Lot # AS506), and with goat anti-guinea pig Alexa
488 (1 : 100 dilution, 30 min, Molecular Probes, Inc., Carlsbad,
CA). Next, sections were incubated overnight with antibody recog-
nizing the beta sub-unit of the insulin receptor (IR, raised in Rab-
bit, 1 : 300 dilution, Santa Cruz, C-19, SC-711), with biotinylated
goat anti-rabbit (1 : 500 dilution, 1 h, Vector Laboratories, Burlin-
game, CA, USA), ABC-elite (1 : 500 dilution in PBS, 1 h, Vector
Laboratories), biotinylated tyramide (BT; 1 : 250 dilution in PBS
with 1 pL of 3% H,0,/mL, 10 min, Perkin Elmer Life Sciences,
Woodbridge, Ont., Canada), and Alexa 555 conjugated streptavidin
(1 : 100 dilution in PBS, 30 min, Molecular Probes). Finally, sec-
tions were incubated with antibody specifically recognizing POMC
(raised in rabbit, 1 : 4000 in incubation solution with 4% normal
donkey serum, Phoenix Pharmaceuticals, Burlingame, CA, USA,
catalogue # H-029-30) and donkey anti-rabbit Cy5 (1 : 100 dilution
in PBS, 30 min, Molecular Probes). Sections were mounted on plus
charged slides and cover slipped with gelvatol (Lennette, 1978).

Insulin receptors in KNDy and AgRP neurons 2559

Specificity of primary antibodies for POMC and AGRP has previ-
ously been demonstrated in sheep hypothalamic sections (Lennette,
1978). Pre-absorption of IR antibody with its corresponding pep-
tide antigen (Santa Cruz) at concentration of 10 pg/mL for 24 h at
4 °C eliminated all immunoreactive staining (Fig. S1A, B). Finally,
elimination of any single primary antibody while performing all
other steps of the protocol eliminated all staining for the correspond-
ing antigen and no others, demonstrating lack of cross-reactivity
(Fig. SIC-H). The reason for lack of cross-reactivity for this proto-
col rests on the fact that the concentration of reagents used in detec-
tion of the first antigen are optimized such that they completely
saturate available binding sites and there is no cross-reactivity with
reagents used to detect the second antigen (Fig. S1F).

Immunohistochemistry: dual-label immunofluorescence for
kisspeptin/GnRH with IRf

Sections were incubated overnight with antibody against IR, as
described above. Next, sections were incubated overnight with anti-
body specifically recognizing kisspeptin (raised in rabbit,
1 : 200 000 dilution, 17 h; kp10, lot 564; gift from Dr Alain Caraty,
Nouzilly, France) or antibody specifically recognizing GnRH (raised
in Mouse, 1 :400 dilution, 17 h, Sternberger Monoclonals, Inc.,
catalogue #SMI-41R, Lot #3). The next day, sections were washed
and incubated with either goat anti-rabbit or goat anti-mouse Alexa
488 (1 : 100 dilution, 30 min, Molecular Probes). Sections were
mounted on plus charged slides and cover slipped with gelvatol
(Lennette, 1978).

Analysis

We performed two independent analyses on these tissue sections. In
the first analysis, we performed cell counts of the total number of
AgRP, POMC, kisspeptin, and GnRH neurons in sections through the
POA at the level of the organum vasculosum of the lamina terminalis
(GnRH and kisspeptin, three sections/animal), the middle ARC at the
level of the tuberoinfundibular sulcus (AgRP, POMC, and kisspeptin,
five sections/animal), and the MBH at levels of the rostral to middle
arcuate nucleus (GnRH, three sections/animal). Sections were exam-
ined at 20x magnification using Neurolucida software (MicroBright-
field Bioscience, Williston, VT, USA) and a digital camera (Microfire
A/R, Optronics, CA, USA) attached to a fluorescent microscope
(DM500B, Leica Microsystems, Wetzlar, Germany). We calculated
the mean number == SEM for each region as appropriate (e.g., GnRH
cells in the POA and MBH, kisspeptin cells in the POA and ARC).

In the second analysis, we used confocal microscopy to examine
AGRP, POMC, kisspeptin, and GnRH neurons for colocalization
with IRB. Specifically, we used a Zeiss LSM-510 laser-scanning
confocal microscope system (Zeiss, Heidelberg, Germany), to cap-
ture images of the ARC, POA and MBH in Z-stacks comprised of
1 um optical sections. Alexa 555 fluorescence (IRP) was imaged
with a HeNel laser and a 543 nm emission filter. Alexa 488 fluores-
cence (kisspeptin, GnRH or AgRP) was imaged with an Argon laser
and a 488 nm emission filter. Cy5 fluorescence (POMC) was
imaged with a HeNe2 laser and a 633 nm emission filter. For each
cell type in the ARC (AgRP, POMC, kisspeptin), between 39 and
44 neurons per animal were examined in serial 1 um optical sec-
tions throughout their entire extent. For GnRH and POA kisspeptin
neurons, every cell identified in the captured Z stacks was analysed
for colocalization with IRf. Percentages of the kisspeptin (ARC and
POA), GnRH, AgRP and POMC-ir neurons that colocalized IRp-ir
were calculated per animal, and the mean percentage = SEM was
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determined for each group. Differences between groups, for both
total cell counts and percentage colocalization, were determined
using Two Way Analysis of Variance, and Tukey’s Multiple Com-
parison Test for post hoc comparisons. For pairwise comparisons
between treatment groups, Dunn’s Method or Fisher LSD Method
post hoc tests were performed. 95% confidence levels were applied
to all tests. In addition, for comparison of the magnitude of treat-
ment effects on total cell counts, we also performed effect size anal-
ysis (Cohen, 1992; Nakagawa & Cuthill, 2007; Padmanabhan et al.,
2015). This analysis allows comparison of the means between treat-
ments with respect to the magnitude of difference between them.
The computed statistic is Cohen’s d value, and values above 0.2,
0.5, and 0.8 were considered as small, medium and large effect
sizes, respectively (Cohen, 1992; Nakagawa & Cuthill, 2007).

Results

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

In the ARC of control ewes, the vast majority of AgRP (85%) and
POMC (92%) cell bodies colocalized IRB (Fig. 1, top panel; also
see Fig. S2). Similarly, 94% of ARC kisspeptin (KNDy) neurons
colocalized IRP (Fig. 2, top panel). By contrast, we observed no
instances of colocalization among the 104 preoptic area (POA) kis-
speptin neurons examined in five control animals (Fig. 3). Similarly,
while IRB-immunoreactive neurons were present in areas of the
POA and MBH where GnRH neurons were located, of over 300
GnRH neurons examined in five control animals, none colocalized
IRB (Fig. 4). Despite the lack of colocalization of IRf in POA kis-
speptin or GnRH cell bodies, we observed numerous instances of
IRB-positive axonal boutons that were in direct contact with POA
kisspeptin (Fig. 3) and GnRH (Fig. 4) somas. IRB-positive boutons
were also seen in direct contact with ARC kisspeptin neurons (e.g.,
Fig. 2, bottom panel). We observed no obvious regional differences

AgRP POMC

in the distribution of colocalized cells, or in the location of IR[-
positive axon terminals, within the POA or ARC of control ewes.

Effects of prenatal T treatment on total number of AgRP,
POMC and arcuate kisspeptin neurons, and their
colocalization with IRS

Prenatal T treatment had no effect on either the number of POMC
(F5.15: 3.16, P =0.833) or arcuate kisspeptin (KNDy) neurons
(Fig. 5; F316: 3.24, P = 0.141). Although there was a trend towards
increased numbers of AgRP neurons in prenatal T animals compared
to control ewes, this difference did not reach significance (F3 jo:
2.65, P = 0.077). 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-treatment
with the anti-androgen, Flutamide, did not significantly alter the
number of AgRP, POMC or KNDy neurons compared to those num-
bers seen in control ewes (Fig. 5; P =0.077, P = 0.833, and
P = 0.141, respectively). Although AgRP and KNDy neuron num-
bers tended to be higher and lower, respectively, in ewes receiving
anti-androgen treatment alone, these differences did not reach statis-
tical significance (F3,19: 2.65, P = 0.077; F3 14: 2.11, P = 0.141).

Our analysis of a similar-sized subsets of AgRP, POMC and
KNDy neurons revealed that prenatal T treatment significantly
decreased the percentage of IR colocalization within AgRP neurons
(Fig. 6, top; F55: 4.35, P = 0.003), but not within POMC neurons
(Fig. 6, middle). Co-treatment with the anti-androgen, Flutamide,
blocked this effect of prenatal T, with prenatal TF-treated females
showing a similar percentage of IR colocalization with AgRP neu-
rons as controls (85% vs. 83%) and a significantly greater percent-
age of colocalization than prenatal T females (83% vs. 73%,
P < 0.05). Anti-androgen treatment alone had no effect on the per-
centage of IRP colocalization in either AgRP or POMC neurons, rel-
ative to controls (Fig. 6, top and middle panels; 85% vs. 83% and
92% vs. 94%, respectively, ns).

IRB Overlay

FIG. 1. Confocal images of triple-labeled 1 pm optical sections showing examples of AgRP-(green), POMC-(blue), and IRB-immunolabelled neurons (red) in
the arcuate nucleus of control (C, top panel) and prenatal T (T, bottom panel) ewes. Overlay images (far right panels) show colocalization of IR with AgRP

(white arrows) and POMC (yellow arrows) neurons. Scale bars = 10 pum.
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Overlay

F1G. 2. Confocal images of dual-labelled 1 um optical sections showing kisspeptin-(green) and IRB-immunoreactive (red) neurons and fibres in the arcuate
nucleus (ARC) of control (C, top panel) and prenatal T (T, bottom panel) ewes. Examples of dual-labelled kisspeptin/IRf neurons (arrows) are indicated in the
overlay images. In addition, an IRB-positive terminal bouton (arrowhead) is seen in direct contact with a kisspeptin cell body in the lower panel. Scale

bars = 10 pm.

Kiss (POA)

IRB

Overlay

F1G. 3. Confocal images showing the absence of IR (red) colocalization in kisspeptin neurons (green) of the preoptic area (POA) in control ewes. Despite the
lack of cellular colocalization, IRB-positive boutons were frequently seen in association with kisspeptin cell bodies (e.g., arrowheads). Scale bars = 10 pm.

Similar to the effects seen in AgRP neurons, prenatal T treatment
significantly decreased the percentage of IR colocalization in ARC
kisspeptin neurons (F319: 9.07, P = 0.001; Fig. 6, bottom). Unlike
the effects of prenatal T on IRB/AgRP colocalization, co-treatment
with anti-androgen did not reverse the decrease in the percentage of
IRP colocalization within ARC kisspeptin neurons in prenatal T
ewes (Fig. 6, bottom panel; 73% vs. 76%; ns). Females treated pre-
natally with anti-androgen alone showed a similar percentage of
IR B/kisspeptin colocalization as control females (94% vs. 91%, ns).

Discussion

This study is the first to provide evidence of changes in brain insu-
lin receptors in the prenatally androgenized sheep model of PCOS
(Dumesic et al., 2007). Since one of the hallmarks of this model is
insulin resistance (Padmanabhan ef al., 2010b), changes in insulin

receptor at the level of the hypothalamus, and within identified neu-
ron groups important for metabolism (AgRP) and reproduction
(KNDy), may play a key role in long-term changes in insulin sensi-
tivity observed in these animals. In our previous study (Sheppard
et al., 2011), we found that prenatal T treatment increased the num-
ber of AgRP neurons, but not POMC neurons, in the middle portion
of the ARC. In the current study, the difference between control and
prenatal T animals in number of AgRP cells failed to reach signifi-
cance, although effect size analysis confirmed a large difference
between control and prenatal T animals in the number of AgRP but
not POMC neurons. In light of this, for the co-localization analysis,
we examined a similar sample size of neurons across groups. We
demonstrated that prenatal T treatment decreased the percentage of
colocalization of IR in AgRP, but not in POMC neurons, suggest-
ing that these changes are specific to the AgRP population. Since
AgRP expression is inhibited by insulin (Qu ef al, 2001; Breen
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GnRH
(POA)

GnRH
(MBH)

Overlay

F1G. 4. Confocal images showing examples of GnRH neurons in the POA (top panel) and the mediobasal hypothalamus (MBH, bottom panel) of control ewes,
and the absence of IRP (red) colocalization with these neurons despite the presence of adjacent IR B-positive neurons (arrows). Arrowhead indicates an example
of an IRB-positive bouton in contact with a POA GnRH neuron. Scale bar = 10 pm.

et al., 2005), decreased colocalization of insulin receptors in AgRP
but not POMC neurons could potentially provide an explanation for
the increase in AgRP but not POMC peptide suggested by our pre-
vious work (Sheppard et al., 2011). Finally, we found that co-treat-
ment with the androgen antagonist, Flutamide, blocked the effects of
prenatal T on IR colocalization within AgRP, but not KNDy neu-
rons, indicating that the changes in these two populations may be
organized by different actions of prenatal T, androgenic and oestro-
genic, respectively.

Effects of prenatal T treatment on IR[; colocalization in AQRP
and POMC neurons

Prenatal T treatment significantly decreased the percentage of AgRP,
but not POMC, neurons colocalizing IR in the ARC compared with
controls. The AgRP-specific decrease in IRp is consistent with our
previous results showing increased numbers of AgRP-ir neurons, but
not POMC-ir neurons in prenatal T-treated females (Sheppard et al.,
2011). As noted above, since insulin decreases AgRP mRNA levels
(Qu et al., 2001) and peptide release (Breen et al., 2005) in normal
females, the decreased IR colocalization within AgRP neurons may
be partly responsible for the increased AgRP cell number seen in
prenatal T females (Sheppard et al., 2011). In turn, both reduced
IRP colocalization in AgRP neurons, and increased AgRP peptide
expression, may be contributing factors to the metabolic and repro-
ductive deficits seen in these animals. Previous studies have found
that prenatal T-treated females are insulin resistant and develop com-
pensatory hyperinsulinaemia as adults (Recabarren et al., 2005; Pad-
manabhan et al., 2010b). However, in the present study, we did not
correlate metabolic defects with the observed neuroanatomical
changes, and evidence for correlations between dysregulated insulin
signalling and receptor colocalization in the same cohort should be
explored as a next step. In addition, neither POMC or AgRP-specific
IR knockout mice show major defects in body weight or fertility,
although control of hepatic glucose production is impaired in these
mice (Konner et al., 2007). Nevertheless, the changes observed in
our study represent only a portion of the disruptions caused by pre-
natal T exposure, and therefore, when combined with additional
alterations may result in a more severe phenotype than previously
reported. Although IR in AgRP neurons are not essential for adult

fertility (Konner et al., 2007), this neuronal subpopulation may still
play an important role relaying the influence of metabolic cues to
the reproductive neuroendocrine system. AgRP neurons project
directly to GnRH neurons in the rat (Li ef al, 1999) and inhibit
reproduction by suppressing pulsatile LH release in the rhesus mon-
key (Vulliémoz et al., 2005). Similarly, neuropeptide Y (NPY), an
orexigenic neuropeptide, which is largely colocalized with AgRP
(Hahn et al., 1998; Sheppard et al., 2011), inhibits reproduction by
hindering GnRH neuronal firing in mice (Sullivan & Moenter, 2004;
Klenke et al., 2010) and tonic secretion of LH in the sheep
(McShane et al., 1993; Adam et 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 may be a means by which this population could inhibit
GnRH release in prenatal T-exposed females, and contribute to some
of the observed defects including a decrease in the magnitude of the
LH surge (see below).

Prenatal TF treatment successfully rescued the effects of T on IR
colocalization with AgRP neurons, suggesting that the decrease in
IR in this subpopulation is prenatally organized by the androgenic
actions of T. These effects of T parallel organizational effects of pre-
natal T on AgRP expression (Sheppard ef al., 2011), albeit more
completely. We previously showed that co-treatment of T with
androgen antagonist (TF) was able to largely, but not completely,
rescue the effects of prenatal T on AgRP neuron numbers (Sheppard
et al., 2011). Moreover, the effects of prenatal T on insulin resis-
tance and AgRP neuron numbers are mimicked by prenatal dihy-
drotestosterone (DHT, a non-aromatizable androgen) treatment
(Padmanabhan et al., 2010b; Sheppard et al., 2011), further impli-
cating an androgenic programming role of T in this population.
However, prenatal T-induced hyperinsulinaemia and insulin resis-
tance were not reversed by Flutamide co-treatment (TF) in a recent
study (Table 1; Cardoso et al., 2016), suggesting that the 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 conclusion is that the metabolic changes in aforementioned
study (Cardoso et al., 2016) were observed in juvenile animals;
hence the decreased IR colocalization in AgRP neurons may still
be a contributing factor for hyperinsulinaemia and insulin resistance
in adult prenatal T ewes.
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FI1G. 5. Mean + SEM total number of AgRP (top), POMC (middle), and
kisspeptin (KNDy, bottom) neurons in the arcuate nucleus of control (n = 5),
prenatal T (n =15), prenatal TF (n =5), and prenatal F (n =5) ewes.
Although the total numbers of cells did not differ significantly across groups,
size effect analysis (Cohen’s d value) indicates a large difference between
control and T groups in number of AgRP but not POMC or KNDy cells.

Effects of prenatal T treatment of IR colocalization in ARC
kisspeptin (KNDy) neurons

We found that approximately 94% of KNDy neurons colocalize IR
and that prenatal T treatment results in a significant decrease in IR
colocalization in these neurons. Reproductive deficits in prenatal T-
treated females include increased LH pulsatility and a delayed and
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nucleus of control (n =5), prenatal T (n =5), prenatal TF (n =5), and
prenatal F (n = 5) ewes. *Indicates significant difference (P < 0.05) from
controls.

dampened LH surge culminating in ablation of ovulatory cycles
(Robinson et al., 1999; Sharma et al., 2002; Sarma et al., 2005;
Unsworth et al., 2005; Veiga-Lopez et al., 2009). As noted earlier,
postnatal insulin sensitizer treatment improves reproductive function
in prenatal T-treated females (Veiga-Lopez et al., 2010). Moreover,
insulin has been shown to stimulate GnRH and LH secretion in vivo
(Moret et al., 2009) and in vitro (Burcelin et al., 2003), an effect
which is mediated at the level of the hypothalamus and not the pitu-
itary. However, because GnRH neurons in sheep do not appear to
contain IR, the influence of insulin upon the reproductive axis in
this species is likely relayed to GnRH neurons via afferent neurons
expressing this receptor.
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TABLE 1. Summary of results from prior studies on the ability of prenatal
co-treatment with anti-androgen (Flutamide) to reverse metabolic and repro-
ductive defects produced by prenatal testosterone (T) treatment

Reversal by

Flutamide
Defect/changes produced co-treatment
by prenatal T treatment (TF)? Reference
Metabolic
Hyperinsulinaemia (juvenile) No Cardoso et al. (2016)
Insulin resistance (juvenile) No
Reproductive
Decreased LH surge amplitude No/Yes Abi-Salloum
Delayed LH surge timing No et al. (2012),
Padmanabhan
et al. (2015)
Advanced puberty Yes Jackson
et al. (2008),
Padmanabhan

et al. (2015)

KNDy neurons represent one such potential relay. KNDy neurons
have been strongly implicated in the control of pulsatile GnRH
secretion (Wakabayashi et al., 2010; Okamura et al., 2013) and, in
sheep, also appear to be activated during the preovulatory GnRH
surge (Merkley et al., 2012). A role for insulin in facilitation of the
GnRH/LH surge has been described (Bruning et al., 2000; Steckler
et al., 2009; Veiga-Lopez et al., 2010) and recent work in prenatal
T-treated sheep showed that postnatal insulin sensitizer treatment
increased the magnitude of the LH surge (Abi-Salloum et al,
2012). Furthermore, ovine KNDy neurons are activated by leptin
treatment (Backholer ef al., 2010) albeit indirectly (Louis et al.,
2011), and colocalize IR (this study) rendering this subpopulation
responsive to metabolic signals (Fu & van den Pol, 2010). Finally,
there is an array of substantial evidence in rodents that KNDy neu-
rons play an important role in mediating metabolic control of repro-
duction (Castellano et al., 2005, 2006, 2009, 2010; Pinilla et al.,
2012). However, recent studies of female mice with kisspeptin-spe-
cific deletion of phospholipid enzyme phosphoinositide 3-kinase
(PI3K), a major signalling target for insulin, show that normal
pubertal development, LH levels, and oestrous cyclicity is unaf-
fected in these animals (Beymer ez al., 2012) suggesting that insulin
signalling via kisspeptin neurons (including KNDy neurons) may
not be essential by itself for female adult reproductive function. In
addition, mice with insulin receptors conditionally deleted from
either GABA-, glutamate- or CamKII alpha-expressing neurons are
completely fertile (Evans et al., 2014b). Thus, the influence of insu-
lin upon GnRH secretion is most probably not conveyed by any
single neuronal population, and likely requires a larger aggregate of
neurons and their projections that collectively funnel this input to
the GnRH neurosecretory unit. In the sheep, KNDy neurons may
participate in conveying the influence of insulin upon GnRH secre-
tion in concert with other neurons, since they have direct contacts
with AgRP and POMC neurons (Backholer ez al., 2010), and, in
turn, both AgRP/NPY and POMC neurons send projections that
synapse on GnRH neurons (Norgren & Lehman, 1989; Jansen
et al., 2003). Finally, it should be noted that insulin can act at
either hypothalamic, pituitary, or ovarian levels to regulate follicular
development (Adashi er al., 1981; Poretsky & Kalin, 1987). Thus,
alterations in IRB expression in KNDy neurons, together with
changes in receptor expression in other neurons and/or levels of the
reproductive axis, may ultimately contribute to the defects in repro-
ductive function seen in this model.

In contrast with IR colocalization in AgRP neurons, co-treatment
with androgen antagonist did not rescue the effects of prenatal T on
IR colocalization in KNDy neurons, suggesting that the decrease in
IR in this subpopulation is organized by the oestrogenic actions of
T. It is unlikely that the inability of anti-androgen (Flutamide) co-
treatment to reverse this effect was due to an insufficient dose since
the same co-treatment was able to completely reverse the decrease
in IR/AgRP colocalization. Moreover, this dose has been previously
shown to block the effect of prenatal T on AgRP neuron number
(Sheppard et al., 2011) and reverse the external masculinization seen
in this model (Jackson et al., 2008). An alternate possibility is that
the changes in IRP in KNDy neurons are programmed by andro-
genic effects of T via other intermediaries, for example those lead-
ing to an increase in gestational insulin levels (Abi-Salloum et al.,
2012). However, recent findings that prenatal co-treatment with insu-
lin sensitizer fails to rescue the effects of prenatal T treatment on
GnRH/LH surge (Abi-Salloum et al., 2012) argue against this possi-
bility. Nonetheless, increased insulin levels during the period of foe-
tal exposure to excess T, when insulin levels in the mother are also
increased (Abi-Salloum ez al., 2012), might intensify the degree of
disturbance in this model.

Previous studies of the ability of anti-androgen co-treatment to
ameliorate reproductive defects produced by prenatal T treatment
have suggested that some but not all of these defects are due to
androgenic actions (Table 1). Specifically, previous results showed
that Flutamide co-treatment reversed the advanced puberty seen in
prenatal T ewes (Jackson et al., 2008; Padmanabhan et al., 2015)
but not the delayed timing of the LH surge (Abi-Salloum et al.,
2012; Padmanabhan et al., 2015). Data regarding the ability of
androgen antagonist co-treatment to reverse decreased peak ampli-
tude of the surge is equivocal with an earlier study testing posi-
tive feedback in ovary-intact animals showing increased magnitude
of the LH surge in prenatal T ewes receiving Flutamide co-treat-
ment (Abi-Salloum et al., 2012) but a more recent study charac-
terizing hormonal dynamics during natural follicular phase finding
no effect of prenatal androgen antagonist treatment on LH surge
amplitude in prenatal T sheep (Padmanabhan et al., 2015). Prelim-
inary data from the current cohort of animals studied during the
artificial follicular phase is similar to the positive feedback results
(Abi-Salloum et al., 2012), with prenatal T ewes showing a signif-
icant decrease in peak LH surge amplitude compared to controls
that is reversed in the TF group (unpublished observations). Thus,
the decreased IRP colocalization in KNDy neurons seen in prena-
tal T ewes is unlikely by itself to be responsible for the decreased
LH surge amplitude, although it could still contribute to this
defect.

Absence of IRf} localization in GnRH neurons and POA
kisspeptin neurons in the ewe

In contrast with AgRP, POMC and KNDy neurons, we found no
evidence of colocalization of IR in either GnRH neurons or POA
kisspeptin neurons of the brains of control ewes. The absence of
IRP colocalization with GnRH neurons suggests that metabolic sig-
nals controlling reproductive status in sheep are relayed via an
upstream population of neurons. Although insulin receptors have
been previously detected in immortalized GnRH cell lines (Kim
et al., 2005) and insulin receptor mRNA and protein have been
recently shown in GnRH neurons in mice (Evans et al., 2014a),
insulin-induced phospho-Akt or phospho-extracellular-signal-regu-
lated kinase (pERK) 2 was not observed in these GnRH neurons
(Evans et al., 2014a), suggesting that insulin may exert its effects
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via upstream neuronal populations. In addition, only 5% (Evans
et al., 2014a) to 22% (Qiu, 2013) of murine kisspeptin neurons
colocalize IRB, compared to 94% of ARC kisspeptin neurons in the
sheep, suggesting that the mechanism of insulin action in the sheep
brain, and particularly its effects on GnRH, differs from that in the
mouse. As noted above, KNDy neurons as well as AgRP neurons
represent possible candidates for conveying insulin signals to GnRH
neurons, since both populations of neurons colocalize IRf, have
direct projections to GnRH neurons (Li et al., 1999; Lehman et al.,
2010; Roa & Herbison, 2012), and have been shown to regulate
GnRH activity (Sullivan & Moenter, 2004; Vulliémoz et al., 2005;
Caraty et al., 2007; Klenke ef al, 2010; Lehman et al, 2010).
While we found no colocalization of IRp in POA kisspeptin neu-
rons, the possibility remains that this subset of kisspeptin neurons
may participate in these actions via inputs from other insulin-sensi-
tive neurons. Finally, although recent work suggests that insulin
receptors in KNDy and POA kisspeptin neurons in mice may not be
essential for adult reproduction (Qiu ef al., 2013), these neurons
may play redundant roles with other populations, including AgRP
neurons, in this function.

IRf localization in axon terminals: an additional site of insulin
action on the reproductive neuroendocrine system?

In addition to IRP colocalization in arcuate neurons (KNDy,
AgRP and POMC), we also observed frequent instances of IR[-
positive boutons that were in direct contact with kisspeptin neu-
rons in both the ARC (Fig. 2) and POA (Fig. 3), as well as in
contact with GnRH cell bodies (Fig. 4). Earlier studies in rodents
have shown insulin receptors, detected by IRP immunoreactivity,
are present in synapses of cultured hippocampal neurons (Abbott
et al., 1999) as well as in axon terminal regions of the hip-
pocampal formation (Park ef al, 2009), and that insulin can act
presynaptically to induce phosphorylation of insulin receptor sub-
strate-1 and Akt (Heras-Sandoval et al., 2012). More relevant to
the current findings is older work showing that insulin binding
sites in the rat are present within the external zone of the median
eminence (van Houten ef al., 1980) and that these binding sites
are dependent on projections arising from the ARC (van Houten
et al., 1983). While we did not specifically examine the sheep
median eminence for IR immunoreactivity, KNDy neurons pro-
ject to the median eminence where they may modulate GnRH
secretion via synapses onto GnRH dendrons (Iremonger & Her-
bison, 2015) and axo-axonic contacts with GnRH terminals (Leh-
man et al., 2013). Therefore, we would speculate that contacts
between IRP-containing axon terminals and kisspeptin or GnRH
neurons may represent an additional presynaptic site of action for
the effects of insulin on control of GnRH secretion. While confir-
mation of the IRB-positive close contacts we observed as bona
fide synapses awaits co-localization with markers such as synapto-
physin (Cernea et al., 2015), their appearance as strings of beaded
varicosities (e.g., Fig. 3, middle panel) are consistent with that of
peptidergic axons and suggest that at least some of the boutons
are presynaptic in nature.

Conclusions

A summary of our current findings of changes in insulin receptors
and metabolic peptides as a consequence of prenatal exposure to T
in female sheep, and their relationship with the reproductive neu-
roendocrine system, is shown in Fig. 7. KNDy neurons have been
posited as a major intermediary, conveying metabolic signals to
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FiG. 7. Schematic diagram illustrating the long-term consequences of prena-
tal T treatment on insulin receptor beta (IRP) colocalization within AgRP,
POMC and KNDy neurons in the female sheep hypothalamus. Decreased
IRB in AgRP neurons may, in part, underlie the increase in AgRP peptide
previously observed in prenatal T ewes (Sheppard et al., 2011). Moreover,
decreased IR colocalization within AgRP and KNDy neurons may result in
decreased insulin sensitivity in these neurons and altered steroid feedback
control of GnRH secretion, thereby contributing to the metabolic and repro-
ductive disruptions seen in the PCOS-like phenotype of this animal model.

GnRH neurons (Castellano et al., 2005, 2006, 2009, 2010; Pinilla
et al., 2012); although direct projections of AgRP and POMC neu-
rons to GnRH neurons are also present (Leranth er al, 1988; Li
et al., 1999; Rondini et al., 2004; Roa & Herbison, 2012). KNDy
neurons form a reciprocally interconnected neuronal population
whose activity is hypothesized to play a key role in regulating
GnRH pulsatile secretion, as well as participate in the control of
the GnRH surge in sheep and primates (Lehman et al., 2010). Pre-
natal T exposure leads to decreased IRP in KNDy neurons, and
also decreased expression of two of the three KNDy peptides, neu-
rokinin B and dynorphin (not shown). In addition, prenatal T
exposure results in decreased in IRB in AgRP but not POMC neu-
rons, and our previous findings suggest a corresponding increase
in AgRP but not POMC peptide in these populations. The precise
functional impact of each of these changes on the control of
GnRH secretion in the adult, specifically with respect to the
defects in steroid feedback responsiveness seen in this animal
model (Robinson et al.,, 1999; Sharma et al., 2002; Sarma et al.,
2005; Unsworth ez al., 2005; Veiga-Lopez et al., 2009), remains to
be determined; however, a first step will be to determine whether
pre- or postnatal treatments with insulin sensitizers, such as
Rosiglitazone, can reverse any of these receptor/peptide changes.
Ultimately, the challenge will be to understand the early develop-
mental cascade of events initiated by exposure to excess T that
result in adult reproductive and metabolic dysfunction, and to
determine which of the long-term hypothalamic alterations seen in
the adult offspring may contribute to functional deficits. Our
results reveal the programming effects of prenatal T on insulin
receptor levels in identified, subsets of neurons in the sheep brain,
and raises the possibility that decreased insulin receptors, specifi-
cally within KNDy and AgRP neurons, may contribute in part to
the metabolic disruptions seen in the PCOS-like phenotype of this
animal model.
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