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Abstract

Kisspeptin neurones located in the arcuate nucleus (ARC) and preoptic area (POA) are critical
mediators of gonadal steroid feedback onto GnRH neurones. ARC kisspeptin cells that co-localize
neurokinin B (NKB) and dynorphin (Dyn), are collectively referred to as KNDy (Kisspeptin/NKB/
Dyn) neurones, and have been shown to also co-express the glutamatergic marker, vGlut2, in
mice. The ARC in rodents has long been known as a site of hormone-induced neuroplasticity, and
changes in synaptic inputs to ARC neurones in rodents occur over the oestrous cycle. Based on
this evidence, the goal of this study was to examine possible changes across the ovine oestrous
cycle in synaptic inputs onto kisspeptin cells in the ARC (KNDy) and POA, and inputs onto
GnRH neurones. Gonadal-intact breeding season ewes were perfused using 4% paraformaldehyde
during either the luteal or follicular phase of the oestrous cycle, the latter group sacrificed at the
time of the luteinising (LH) surge. Hypothalamic sections were processed for triple-label
immunodetection of kisspeptin/vGlut2/synaptophysin or kisspeptin/vGlut2/GnRH. The total
numbers of synaptophysin- and vGlut2-positive inputs to ARC KNDy neurones were significantly
increased at the time of the LH surge compared to luteal phase; as these did not contain kisspeptin
they do not arise from KNDy neurons. In contrast to the ARC, the total number of synaptophysin-
positive inputs onto POA kisspeptin neurones did not differ between luteal phase and surge
animals. The total number of kisspeptin and vGlut2 inputs onto GnRH neurones in both the POA
and mediobasal hypothalamus was also increased during the LH surge. Taken together, these
results provide novel evidence of synaptic plasticity at the level of inputs onto KNDy and GnRH
neurones during the ovine oestrous cycle, changes which may contribute to the generation of the
preovulatory GhnRH/LH surge.
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INTRODUCTION

Kisspeptin is a member of the RFamide-related peptide family that has been firmly
established as a key messenger in conveying the feedback influence of gonadal steroids onto
gonadotrophin-releasing hormone (GnRH) cells (1-2). Kisspeptin neurones are direct targets
for the actions of oestradiol (E2), progesterone and androgens (3—4), and kisspeptin itself is
a potent stimulator of GnRH and luteinising hormone (LH) release in a wide range of
mammals, including mice (5-6), rats (7-10), sheep (11-12), monkeys (13) and humans (14).
There is now also strong evidence that endogenous kisspeptin is important for both tonic
GnRH/LH secretion and the preovulatory GnRH/LH surge in females because receptor
antagonists disrupt both modes of LH secretion in rats (15-16) and sheep (17-18) and
GnRH release in pubertal monkeys (17, 19).

Kisspeptin neurones are present in two major neuronal populations, a rostral one located in
the preoptic region, and a caudal population in the arcuate nucleus of the hypothalamus
(ARC) (1). In rodents, the rostral population, located specifically in the rostral
periventricular area of the third ventricle (RP3V), plays a key role in the positive feedback
actions of E2 leading to the GnRH/LH surge (15, 20), while the caudal population in the
ARC is functionally involved in the negative feedback actions of E2 (7, 21-22). However, in
sheep, guinea pigs and primates, there is evidence that ARC kisspeptin neurons may also
mediate E2 positive feedback. In all three species the positive feedback action of E2 occurs
in the MBH (23) and kisspeptin expression (MRNA and/or protein) in the ARC increases
during the follicular phase or LH surge (24-27). Moreover, ovine ARC Kisspeptin neurons
express cFos in response to a surge-inducing dose of E2 (26) and cFos expression is elevated
at the time of the LH surge (28).

A distinguishing feature of ARC kisspeptin neurons is their colocalisation with two other
peptides implicated in central control of reproduction: the tachykinin, neurokinin B (NKB)
and the endogenous opioid peptide, dynorphin (29). NKB has now been recognized as
another important stimulatory peptide in the control of GnRH secretion with functional roles
in puberty (30-31) and the control of GnRH pulses (30, 32). Dynorphin is an inhibitory
peptide that has been shown to play a key role in the negative feedback influence of
progesterone on GnRH pulses (33). Based on this colocalisation, the ARC kisspeptin
population has been referred to as the KNDy (Kisspeptin/Neurokinin B/Dynorphin) cell
group. KNDy cells appear to be conserved across multiple mammalian species, including
mice (34), rats (35-36), goats (37), sheep, and female humans (38), although their presence
in human males is controversial (39). Anatomically, another distinguishing feature of the
KNDy population is that they are reciprocally interconnected, reflected by the presence of
KNDy peptide-containing terminals in synaptic contact with KNDy cell bodies in sheep and
rodents (35, 40-41). In addition to containing these three neuropeptides, ARC Kisspeptin
cells in mice may also contain glutamate, based on expression of the mRNA for the
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vesicular glutamate transporter, vGlut2 (42-43). However, this has not yet been
demonstrated in other species. Therefore the first objective of this work was to determine
whether synaptic terminals from ovine kisspeptin neurones contained glutamate, and if some
or all of these were derived from the KNDy population. We focused on synaptic terminals
because of evidence that the vesicular glutamate transporters, vGlutl and vGlut2, are
established as markers of presynaptic glutamatergic terminals, localized to synaptic
terminals rather than cell bodies (44-45).

Earlier studies in rodents have shown that ARC neurones undergo significant synaptic
plasticity across the oestrous cycle (46—49), although the precise identity of ARC cells
exhibiting neuroplasticity was not determined in those studies. Based on the involvement of
ovine KNDy cells in both negative and positive feedback (21, 25-26, 28), the second
objective of the present study was to investigate potential neuroplasticity in synaptic inputs
to KNDy cells, as well as to rostral (POA) kisspeptin neurones and GnRH neurones, across
the ovine oestrous cycle. Specifically, we tested the hypothesis that the activation of GhRH
(50) and kisspeptin (28, 51) neurons that occurs at the time of the LH surge may reflect, in
part, changes in synaptic input to these neurons.

MATERIALS AND METHODS

Animals

Adult blackface ewes with regular oestrous cycles were maintained under normal conditions
in an open barn with free access to food and water during the breeding season (September
through February). Ewes were moved to an indoor facility 3-5 d before any experimental
procedures. In this facility, they were exposed to photoperiod simulating natural outdoor day
length, had free access to water and a mineral lick, and were fed a pelleted maintenance diet
daily. Blood samples (3-5 ml) were taken by jugular venipuncture and placed into
heparinised tubes, and plasma was collected and stored at —20 C. All experimental
procedures involving animals were approved by the West Virginia Animal Care and Use
Committee, and in accordance to the National Institutes of Health guidelines for animal
research.

Animal Protocol

For this work, we used tissue collected for a previous study that examined Fos expression in
kisspeptin neurons at different times of the estrous cycle (28). Briefly, cycles were
synchronised with injections of prostaglandin Fy, (10 mg; im; PGF,; Lutalyse; Upjohn,
Kalamazoo, MI) to induce regression of the corpus luteum. Once cycles had been
synchronised, on d9-d10 of the luteal phase, brain tissue was collected or PGF,, was again
injected and two Controlled Internal Drug Releasing (CIDR) devices were inserted (52). The
CIDRs were removed 10 d later, and blood samples were collected every 4 h starting 12 h
after CIDR removal until perfusion. Tissue was collected 4 h after onset of oestrous
behavior and, based on LH concentrations, animals were classified into surge and pre-surge
groups; only tissues from animals in the luteal phase or showing an LH surge were used in
this study. Mean LH levels at perfusion were: 2.43 + 1.02 and 18.52 + 6.28 ng/ml for luteal
and surge groups, respectively.
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Tissue Collection

Assays

The collection and processing of sheep tissue was performed as previously described (29).
Ewes were euthanised via an iv overdose of sodium pentobarbital (~2g in 7ml saline; Sigma,
St. Louis, MO) after two iv injections of heparin (25,000 U), given 10 and 0 min prior to the
administration of pentobarbital. The heads were then removed, both internal carotids
cannulated and the head perfused at a rate of 200-250 mL/min with 6 liters of fixative (4%
paraformaldehyde containing 10 U/ml heparin and sodium nitrite) using a peristaltic pump.
After perfusion, brains were removed and a tissue block containing POA and hypothalamic
tissue was dissected out. The tissue was then infiltrated with 30% sucrose, and 6 parallel
series of coronal sections (45 um thick) were cut on a freezing microtome and stored at —20
C in cryoprotectant for later processing.

LH concentrations in plasma samples were measured in duplicate aliquots of 50-200 pl,
using a previously validated RIA (53), and expressed in terms of NIH-LH-S12. The minimal
detectable concentration of LH in these assays averaged 0.077 ng/tube; inter- and intra-assay
coefficients of variation were 3.8% and 1.7%, respectively. Circulating progesterone
concentration was measured in duplicate aliquots of 150 pl plasma using a commercially
available solid- phase RIA kit (Coat-A-Count P4, Diagnostic Products, Corp., Los Angeles,
CA), which has been validated for use in sheep (54). In the luteal phase group, progesterone
concentrations were greater than 2 ng/ml, while in the surge group circulating progesterone
concentrations were less than 0.2 ng/ml.

Immunocytochemistry

All immunocytochemistry was carried out on free-floating sections at room temperature
(RT), and washed with 0.1 M phosphate buffered saline (PBS) between incubations. For all
experiments, sections were incubated in 10% hydrogen peroxide (10 min in PBS; EMD
Chemicals, Inc., Gibbstown, NJ) to block endogenous peroxidase activity, followed by
incubation in a solution containing 20% normal goat serum (NGS; Jackson Immunoresearch
Laboratories, Inc., West Grove, PA) in PBS containing 0.4% Triton X-100 (Fisher
Scientific, Pittsburgh, PA) for 1 h to minimize nonspecific binding. Information on the
specificity of all antibodies used is shown in Supplemental Table S1. Whenever two primary
antibodies from the same species (i.e. in rabbits: kisspeptin, vGlutl, vGlut2, or Dynorphin)
were needed, the kisspeptin antisera was used at a high dilution (1:200,000) and amplified
using TSA,; this procedure has been previously validated to prevent cross-reactivity of
second antibodies under these circumstances (29, 55).

Kisspeptin, vGlutl, Synaptophysin—To examine the expression of vGlutl within
kisspeptin terminals and presence of inputs to kisspeptin cell bodies, triple- label
immunofluorescence was conducted on a series of every sixth POA and ARC section from
luteal (n=3) and surge (n=3) animals for kisspeptin, vGlutl and synaptophysin. First,
sections were incubated for 17 h in polyclonal rabbit anti- kisspeptin10 serum (1:200,000;
No. 564, A. Caraty, Université Tours, Nouzilly, France), which has been previously
characterised as specific for kisspeptin10 in sheep tissue (29, 56). Next, sections were
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incubated with biotinylated goat anti- rabbit 1gG (1:500 in PBS containing 0.4% Triton
X-100 and 4% NGS; 1 h, Jackson Immunoresearch Laboratories, Inc.), ABC-elite (1:500 in
PBS; 1 h, Vector Laboratories, Burlingame, CA), TSA (1:250 in PBS containing 3%
hydrogen peroxide/ml; 10 min, Perkin Elmer LAS, Inc., Boston, MA) and Alexa 488-
Streptavidin (1:100 in PBS; 30 minutes; S32354, Invitrogen, Carlsbad, CA). Subsequently,
sections were co- incubated in polyclonal rabbit anti-vGlutl serum (1:1,000; Synaptic
Systems, 135002, Goettingen, Germany) and monoclonal mouse anti-synaptophysin serum
(1:200; Sigma, S5768) for 17 h. Next, sections were incubated sequentially for 30 minutes
with fluorescent antibodies Alexa 555 goat anti-rabbit (1:100; A21428, Invitrogen) and Cy5-
donkey anti- mouse (1:100; 715-175-151, Jackson Immunoresearch Laboratories, Inc.).
Sections were mounted onto Superfrost slides, dried and coverslipped with gelvatol (40).

Kisspeptin, vGlut2, Synaptophysin—Triple label immunofluorescence for kisspeptin/
synaptophysin, and vGlut2 was conducted on luteal (n=4) and surge (n=4) tissue from a
series of every sixth POA and ARC section using the identical protocol as described above,
but with the substitution of rabbit anti- vGlut2 serum (1:2000; Synaptic Systems, 135403).

Kisspeptin, vGlut2, Dynorphin—KNDy neurones and glutamate terminals in ARC
sections of luteal and surge animals (n=3) were detected using the identical protocol as
above using rabbit anti- Kisspeptin10 serum (1:200,000; no. 564, A. Caraty), monoclonal
mouse anti- vGlut2 (1:500; MAB5504, Chemicon, Billerica, MA), and rabbit anti-
Dynorphin A (1:1,000; H-021-03, Phoenix Pharmaceuticals, Inc, Burlingame, CA). The
kisspeptin signal was detected using TSA and Cy5- Streptavidin (1:100; 016-170-084,
Jackson Immunoresearch Laboratories, Inc.), while vGlut2 and dynorphin were visualised
using Alexa 488 goat anti-mouse 1gG (1:100; Invitrogen) and Alexa555-goat anti-rabbit 1gG
(1:100; Invitrogen), respectively.

Kisspeptin, vGlut2, GnRH—To examine changes in Kisspeptin and glutamatergic inputs
to GNRH neurones across the oestrous cycle, POA and MBH tissue sections of luteal (n=4)
and surge (n=4) animals were processed for triple-label immunodetection of kisspeptin,
vGlut2 and GnRH, using the same protocol as above. Kisspeptin was visualised using TSA
and CY5-steptavidin. GnRH neurones were detected using monoclonal mouse anti-GnRH
(1:400; SMI41R, Sternberger Monoclonals, Inc., Princeton, NJ), and Alexa 488-goat anti-
mouse 1gG (1:100; A11001, Invitrogen). vGlut2 was visualised using Alexa555-goat anti-
rabbit 1gG (1:100; A21428, Invitrogen).

ICC Controls—Specificity for kisspeptin and dynorphin antibodies has previously been
determined (29, 40). Preabsorption of the rabbit vGlut2 antibody (1:2,000, Synaptic
Systems) with vGlut2 peptide (1, 10, 25 and 50 pg/ml; Synaptic Systems, 135-4P) resulted
in a complete abolishment of all vGlut2 staining in hypothalamic sections and western blot
analysis showed a single band using sheep hypothalamic protein. To control for specificity
of the Mouse anti-vGlut 2 antibody (Chemicon), a dual- label immunofluorescence
experiment was performed with mouse anti- vGlut2 (Chemicon) and rabbit anti-vGlut2
(Synaptic Systems). Confocal microscopy analysis confirmed that both vGlut2 antibodies
exhibited complete overlap of the same terminals. To confirm that the rabbit vGlut2
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antibody (Synaptic Systems) does not crossreact with kisspeptin, rabbit vGlut2 antiserum
(1:2,000; Synaptic Systems) was preincubated with kisspeptin peptide (10, 50 and 100
ug/ml; kisspeptin-10/Metastin 45-54 amide; human, 048-56, Phoenix Pharmaceuticals, Inc).
Preabsorption of the vGlut2 antibody with kisspeptin peptide did not interfere with vGlut2
immunostaining or co-expression of kisspeptin and vGlut2 in synaptic terminals for any
peptide concentration. Dual-label immunofluorescence was carried out to confirm that
vGlutl and vGlut2 are not co-expressed in the same varicosities in the sheep MBH. The
distribution and expression patterns of vGlutl and vGlut2 are primarily complementary,
present in different brain regions (57-59), however, some terminals in the rat have been
shown to express both (60). In addition, although expression profiles differ, these
transporters retain very similar functional properties (44, 58). Tissue sections were stained
for both vGlutl (1:80,000; Synaptic Systems) and vGlut2 (1:2,000; Synaptic Systems) using
the amplification protocol described above (vGlutl amplified with TSA), as both antibodies
were raised in rabbit. Confocal microscopy revealed no instances of colocalisation of vGlutl
and vGlut2. Finally, for each triple- and dual-label experiment, omission of one or more of
the primary antibodies resulted in a lack of staining for the corresponding antigen,
demonstrating lack of cross-reactivity of secondary antibodies.

Confocal Analyses—All confocal analyses were conducted with an LSM510 laser-
scanning confocal microscope (Zeiss, Thornwood, NY). Alexa 488 was visualised with a
505 nm emission filter and Argon laser, while Alexa 555 and Cy5 were imaged with HeNe
lasers and a 560 and 650 nm emission filters, respectively. Neurones in which complete cell
bodies were visible were selected for analysis and images were taken in 1 um intervals along
the z- plane. For each animal, close contacts onto kisspeptin or GnRH cells were defined as
an immunolabeled terminal in close apposition (no intervening pixels) to a cell body or
proximal dendrite. When analyzing images through the entire z-stack, markers were placed
on putative terminals, so that terminals in flanking optical sections were not counted twice.
Furthermore, orthogonal views confirmed contacts so that only labeled terminals contacting
the neurone in all planes were accepted as close contacts. Minor brightness and level
adjustments were made to the image using Adobe Photoshop (San Jose, CA).

For all analyses, the percentage of either kisspeptin or GnRH neurones receiving one or
more specific close contacts was determined on a sub-population of these cells (~20-30
neurones/ewe). A subset of neurones (7-9/ewe) that received at least one immunoreactive
close contact was then selected randomly to quantify the number and type of synaptic close
contacts in tissue from luteal phase and preovulatory surge groups. To ensure comparisons
were not confounded by cell size, optical thickness measurements were taken of each cell in
this analysis by counting the number of 1 pm optical sections containing the cell in the z-
stack. No significant differences were identified in optical thickness between luteal and
surge groups, or within groups between POA and ARC (data not shown).

To investigate whether dual-labeled kisspeptin+vGlut2 terminals expressed dynorphin, all
kisspeptin boutons in single 1 um optical sections taken from the ARC and POA were
counted and analyzed for the presence of vGlut2 and/or dynorphin, independent of whether
they contact a labeled neurone. The percentage of kisspeptin/vGlut2 dual-labelled
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varicosities that also expressed dynorphin, and the percentage of dual-labelled Kiss/
dynorphin varicosities that expressed vGlut2, were calculated.

Statistical Analysis—As the examination of colocalisation of vGlutl and vGlut2 with
Kisspeptin was descriptive, no statistical analysis was performed on these data and tissue
from only 3 animals was used. Statistical significance for all confocal analyses were
determined using two-way ANOVAs, with group (luteal vs surge, n=4/group) and region
(POA vs ARC) as factors because these were normally distributed. All pairwise comparisons
that were normally distributed were done using the Holm-Sidak method with a 95%
confidence level; if this criterion was not met, data were analyzed with the non-parametric
Kruskal-Wallis test, with the Tukey test used for pairwise comparisons. All results are
reported as mean = SEM, and statistical significance was considered as P < 0.05.

vGlut2 as a marker for KNDy neurones and their terminals

Because of evidence in rodents that a majority of ARC Kiss1 cells are glutamatergic (42),
we first examined kisspeptin cells and fibers for colocalisation of vGlutl and vGlut2. There
was no colocalisation of kisspeptin and vGlutl in cell bodies or fibers in either luteal and
surge animals, and the majority (>95%) of kisspeptin cell bodies in the POA and ARC
showed at least one apposition by dual- labelled vGlutl/synaptophysin presynaptic
terminals. Because preliminary data indicated colocalsation of vGlut2 with kisspeptin,
subsequent analyses focused on colocalisation of this transporter in KNDy cells and their
projections, identified by colocalised dynorphin and kisspeptin in individual cells, fibers and
boutons.

In the ARC and POA, a large majority (>90%) of dual-labelled kisspeptin/dynorphin
terminals colocalised vGlut2 (Fig. 1). Conversely, very few instances of kisspeptin/vGlut2
dual-labeled terminals that did not colocalise dynorphin were noted (<2% and <8% in ARC
and POA, respectively). The high degree of colocalisation of vGlut2 with two KNDy
peptides (Kisspeptin + dynorphin) thus suggests that vGlut2 serves as an additional marker
for fibers originating from ARC Kisspeptin cells in the sheep. As seen previously (1, 40),
KNDy terminals in the ARC were frequently observed in direct contact with KNDy cell
bodies and dendrites. Almost all (98%) of these KNDy-KNDy contacts also colocalised
vGlut2 (arrows in Fig. 1), indicating that these interconnections, like other KNDy
projections, are glutamatergic.

Changes in inputs onto kisspeptin cells across the oestrous cycle

To unambiguously identify close contacts between kisspeptin/vGlut2 terminals and
kisspeptin cells as presynaptic terminals, synaptophysin was used as a marker (56). The total
number of synaptophysin-positive contacts onto kisspeptin cells of the ARC (KNDy cells)
and POA, as well as the number of triple-labeled kisspeptin/vGlut2/synaptophysin inputs
between luteal and surge groups were analyzed (Fig. 2).

Kisspeptin neurones of the POA and ARC, in both luteal and surge animals, received triple-
labeled kisspeptin/vGlut2/synaptophysin-positive (Kiss + vGlut2 + Syn) inputs, as well as
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dual-labeled vGlut2/synaptophysin (vGlut2 + Syn), and single-labeled synaptophysin (Syn
only) inputs (Table 1). Statistical analysis showed significant main effects of estrous cycle
stage for the total number of synaptic inputs (all synaptophysin-positive inputs; Fq 1=
5.378; P = 0.039), vGlut2 + Syn (F1 1= 5.189; P = 0.042), and Syn only (F1 1o= 5.694; P =
0.034) inputs. Post hoc analyses revealed these effects of experimental group on numbers of
synaptic inputs to be restricted to the ARC. The total number of synaptic inputs (all
synaptophysin-positive contacts) onto ARC kisspeptin neurones was significantly higher
during the surge compared to the luteal phase (P < 0.01), while no differences were seen
between groups in contacts onto POA Kisspeptin neurones (Fig. 2). This difference in inputs
onto ARC kisspeptin cells was not due to changes in the number of Kiss + vGlut2 + Syn
inputs, which did not change across the oestrous cycle, but rather to a near doubling in the
numbers of vGlut2 + Syn (P < 0.01) and Syn-only contacts (P < 0.01) onto ARC Kisspeptin
neurones in surge animals compared to luteal phase (Table 1). By contrast, Kiss + Syn
inputs were rarely seen in close apposition to kisspeptin neurones in either the POA or ARC
(Table 1) (Wilcoxon-Mann-Whitney test).

Statistical analyses detected a significant main effect of region for total inputs, (F1 10=
27.030; P <0.01), vGlut2 + Syn (F1 1= 6.437; P = 0.026), Kiss + vGlut2 + Syn (F1 1=
53.053; P < 0.01) and Syn-only (F1 1= 12.174; P < 0.01) inputs. Post hoc analyses revealed
that ARC kisspeptin cells in surge animals receive significantly more total inputs (P <
0.001), vGlut2 + Syn (P < 0.01), and Syn only (P < 0.001) inputs than POA kisspeptin cells,
whereas no regional differences were detected during the luteal phase for these types of
inputs. In addition, ARC kisspeptin cells receive significantly more triple-labeled Kiss +
vGlut2 + Syn inputs than POA kisspeptin cells (P < 0.001), regardless of phase of the
oestrous cycle. Interestingly, the proportion of Kiss + vGlut2 + Syn inputs as a function of
total inputs showed a significant effect using the Kruskal-Wallis non-parametric test (H=
12.110; P < 0.01), and post hoc analysis (Tukey test) revealed that these triple-labeled inputs
represent a greater proportion of inputs onto ARC kisspeptin cells than POA kisspeptin cells
during luteal phase (31.07 £ 4.36% ARC vs. 11.93 + 1.47% POA; g= 4.096, P < 0.05).

Changes in inputs to GnRH cells across the oestrous cycle

GnRH neurones located in both the POA and MBH were contacted by dual-labelled
kisspeptin/vGlut2 (Kiss + vGlut2) terminals, as well as by single-labeled vGlut2 and
kisspeptin terminals (Table 2). Almost all (>95%) GnRH neurones in the POA and MBH
received at least one single-labeled vGlut2 input to their cell body, and between 45% and
60% of GnRH neurones received at least one dual-labeled Kiss + vGlut2 input in the POA
and MBH, respectively. In contrast to kisspeptin cells which received almost no single-
labeled kisspeptin inputs, 55-65% of GnRH neurones in the POA and MBH were contacted
by at least one single-labeled kisspeptin terminal in both luteal and surge groups. To
summarize, 76-80% of MBH GnRH neurones received at least one kisspeptin input (single
or dual-labeled) in luteal and surge groups, and in the POA, 61-70% of GnRH cells received
at least one kisspeptin input (from single or dual-labeled terminals).

Statistical analyses revealed significant effects of estrous cycle stage on total kisspeptin and
vGlut2 inputs (both single- and dual-labeled; Kruskal Wallis test, H= 11.890, P = 0.008),

J Neuroendocrinol. Author manuscript; available in PMC 2016 March 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Merkley et al.

Page 9

and dual Kiss + vGlut2 inputs (F1 1= 24.636; P < 0.01) to GnRH neurones. Post hoc
analyses using the Tukey test revealed that the total kisspeptin and vGlut2 inputs (both
single- and dual-labeled) per GnRH neurone was greater during the surge than the luteal
phase, in the MBH (0=3.886, P < 0.05) (Fig. 3). increase appeared to be due to an increase
in the number of dual-labeled Kiss + vGlut2 inputs (P < 0.01), as single vGlut2 and single
kiss inputs did not differ (Table 2).

Statistical analysis also showed a main effect of region for single Kiss (F1 1o=5.399; P =
0.039) and dual-labeled Kiss + vGlut2 (F1 1= 29.179; P < 0.01) inputs. Post hoc
comparisons revealed that POA GnRH neurones receive significantly more single-labeled
kisspeptin inputs than MBH GnRH cells, regardless of phase of the oestrous cycle (P =
0.039; Table 2), and that MBH GnRH neurones receive significantly more Kiss + vGlut2
inputs during the surge (P < 0.01) than during luteal phase (Table 2).

In addition to dual-labeled Kiss + vGlut2 inputs onto GnRH cell bodies, we also observed
Kiss + vGlut2 fibers within the internal and external zones of the median eminence (Fig. 4).
Dual-labeled Kiss + vGlut2 fibers were often seen in close proximity to GnRH fibers and
terminals (Fig. 4). Single-labeled vGlut2-positive terminals were also seen in the median
eminence, frequently in close proximity to GnRH fibers and terminals.

DISCUSSION

The results of this study provide novel evidence for neuroplasticity of synaptic inputs to
KNDy cells and GnRH neurones across the oestrous cycle in sheep (Fig. 5). Specifically, we
found that KNDy neurones in animals perfused during the LH surge had nearly twice the
number of total (synaptophysin-positive) inputs per cell as did KNDy cells in luteal phase
animals. By contrast, we saw no evidence for changes across the oestrous cycle in synaptic
inputs onto POA kisspeptin cells despite evidence that these cells, like KNDy neurones, are
activated during the preovulatory LH surge in sheep (28, 51). In parallel to the changes in
inputs to KNDy neurones, we also saw increases in the number of inputs to GnRH neurones
in the MBH at the time of the LH surge compared to those in the luteal phase, although with
the limited markers employed (Kisspeptin and vGlut2) we were not able to assess all (e.g.,
synaptophysin-positive) inputs. As evidence for oestrous cycle-related neuroplasticity, our
results complement and extend earlier observations in rodents and reinforce the long held
notion that the ARC is a focal region for morphological changes that accompany female
reproductive cyclicity (48-49, 61).

Our results also suggest that, in addition to the three KNDy neuropeptides, this ARC
subpopulation in the ewe also contains the excitatory neurotransmitter, glutamate (based on
the presence of vGlut2). Our conclusion that KNDy cells are glutamatergic was based on the
high percentage (>90%) of dual-labelled kisspeptin/dynorphin terminals that colocalised
vGlut2. Two other lines of evidence also support this contention. First, vGlut2 and ER-a are
colocalised in the same neurones in the sheep ARC, as shown using dual
immunohistochemistry (62). Given that KNDy neurones possess the highest degree of co-
localization of ER-a of any neuropeptide cell group of the ARC (1), it is likely that many of
these vGIut2/ER-a cells were KNDy neurones. Second, studies in rodents have shown that
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ARC NKB neurones express vGlut2 protein (43), and ARC kisspeptin cells express vGlut2
mMRNA (42), indicating that at least in rodents, these neurones are glutamatergic. One
interesting corollary of the observation that KNDy neurones contain vGlut?2 is that
kisspeptin terminals that do not contain vGlut2 must originate from other kisspeptin
neurones. One likely source is the POA Kisspeptin neurones, although small populations of
kisspeptin neurones have also been described in the dorsomedial and ventromedial
hypothalamic nuclei of sheep (1, 4, 25). It is also possible that a subset of KNDy neurones
are not glutamatergic, since a small number of KNDy (kisspeptin + dynorphin) terminals in
the ARC and POA were not labelled with vGlut2. Ultimately, confirmation of the cellular
origin of vGlut2/kisspeptin terminals in sheep awaits the analysis of Kiss1 mRNA and
vGlut2 mRNA co-expression in the same neurones.

A collection of evidence supports a direct effect of kisspeptin on GnRH neurones: kisspeptin
stimulates GnRH electrophysiological activity (6, 63), GnRH neurones express the Kissl
receptor (6-7, 64-65), and confocal studies in diverse mammalian species show Kisspeptin
contacts onto GnRH cell bodies (1). An intriguing finding from our work is that POA and
MBH GnRH neurones receive single-labeled kisspeptin inputs as well as dual-labeled
vGlut2/kisspeptin inputs. In the POA, single-labeled kisspeptin terminals make up a larger
proportion of the total inputs to these neurones, while in the MBH, glutamatergic kisspeptin
inputs comprise a larger proportion of the total inputs. This regional difference suggests that
kisspeptin inputs to MBH GnRH neurones arise primarily from nearby KNDy cells, whereas
the kisspeptin contacts onto POA GnRH neurones likely originate mostly from POA
kisspeptin neurones. Interestingly, in rodents, where GnRH neurones are found in the POA
but not in the MBH, the primary source of kisspeptin inputs to GhnRH neurones is similarly
from the rostral kisspeptin population in the RP3V (66).

While the majority of kisspeptin inputs to GnRH cells in the POA appeared as single-labeled
terminals, there were a considerable number that colocalised vGlut2 and kisspeptin,
suggesting that ARC KNDy cells do provide some input to POA GnRH cells. Moreover, we
have shown using other markers of KNDy terminals that KNDy neurones provide direct
inputs to GNRH neurones in the POA, as well as in the anterior hypothalamic area and MBH
(67). This is supported by tract tracing evidence in the sheep showing retrogradely-labeled
glutamatergic cells in the ARC after Flouro-Gold injection into the ventral POA (62).
However, injections of anterograde tracers in the sheep ARC have revealed only very few
fibers projecting to the POA (68) and contacting GnRH neurones (69). This discrepancy
may be due to the limitations of the tracing techniques, since anterograde tracer injections
only label a small number of cell bodies in comparison to retrograde tracers that are taken up
by terminals arising from many cell bodies. It is likely that our use of dual
immunocytochemical markers for KNDy cells is also a more sensitive method of labelling
projections than anterograde tracer injections. Conversely, studies in rodents using dual-
immunolabeling to identify KNDy projections also show only a small number of fibers in
the POA (36, 70-71) however in most of these studies contacts onto GnRH neurones were
not analyzed. Our data also support a projection from KNDy neurones to GnRH terminals in
the median eminence because GnRH-immunoreactive axons in the external zone of the
median eminence are frequently juxtaposed by glutamatergic KNDy axonal fibers (Figs. 4
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and 5). These observations are consistent with other data in sheep (65) and support a
proposed stimulatory action of kisspeptin (and KNDy) cells on GnRH nerve terminals
located in the neurosecretory zone of the median eminence in a variety of mammals (1).

Previous electron microscopic and confocal studies demonstrated that vGlut2-containing
terminals provide synaptic inputs onto POA GnRH cells in both rodents and sheep (72-76)
and that these inputs increase on the day of the LH surge in rats (72, 74) and during the
breeding season in the ewe (76). Our data extends previous findings of seasonal plasticity in
sheep to show that the number of glutamatergic inputs to MBH GnRH neurones, and
specifically that of dual-labeled glutamatergic/kisspeptin inputs, increases during the
preovulatory surge. This change is consistent with evidence in rats and mice implicating
glutamate in the preovulatory LH surge: glutamate receptor antagonists block the LH surge
(77), glutamate neurotransmission to GnRH is increased during positive feedback (78-79),
and the expression and activation of glutamate receptors on GnRH neurones are increased in
the presence of E2 and during the preovulatory surge (80-81). These data are also consistent
with the hypothesis that KNDy neurones play a key role in the activation of GnRH neurones
at the time of the LH surge (50, 82-83).

Our findings extend previous observations of neurochemical (29) and morphological (84)
differences between ARC and POA kisspeptin neurones to include differences in synaptic
input. In luteal phase animals, ARC kisspeptin (KNDy) cells received more vGlut2/
kisspeptin (KNDy) inputs than POA kisspeptin cells (see Table 1). Moreover, synaptic
inputs to ARC Kisspeptin cells, but not those in the POA, increased during the preovulatory
surge. Interestingly, this increase in total synaptic inputs reflected an increase in
glutamatergic terminals (and other unidentified synaptic terminals), but not kisspeptin-
containing synapses. Although there is evidence for inhibitory inputs to ARC kisspeptin
neurons in other species (85-87), these unidentified synaptic terminals most likely reflect
excitatory inputs because Fos expression is markedly elevated in ovine KNDy neurons
during the LH surge (28). In rodents, synaptic plasticity occurs across the oestrous cycle,
with an increase in axosomatic synapses onto RP3V neurones during proestrous (47, 88) that
is oestrogen-dependent (49); however the phenotype of the neurones that are targets of this
plasticity has not been described. In rodents the RP3V is the site of E2 positive feedback
(20), while in sheep, this site lies within the MBH (89). These anatomical and temporal
correlations in both rodents and sheep raise the possibility that this increase in the number of
glutamatergic synaptic inputs may be an important mechanism in the control of GnRH and
gonadotrophin secretion leading to the generation of the preovulatory surge. In future work
it will be of interest to test this hypothesis by determining if these changes are produced by
the follicular phase rise in E2 concentrations by comparing inputs in estrogen-treated
animals with those in the follicular phase.

Our observation of colocalised kisspeptin and glutamate in terminals contacting GnRH
neurones is consistent with the hypothesis that these two stimulatory neurotransmitters act
synergistically. Studies in middle aged female rats reveal that delayed and attenuated LH
surges are correlated with both a decrease in glutamatergic neurotransmission and Kiss1
MRNA, and that infusion of kisspeptin restores surge amplitude and glutamate levels in
these rats (79, 90-91). Interestingly, blockade of glutamate receptor activation can prevent
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this restoration of surge amplitude by kisspeptin, while still maintaining heightened
glutamate levels (90). These data do not eliminate the possibility that glutamate is acting at
least in part, in an autoregulatory fashion upon the same kisspeptin neurones from which it
is released, but also suggests that kisspeptin neurones may provide afferent input to other
glutamatergic neurones. Electrophysiological studies demonstrate both a direct and an
indirect effect of kisspeptin on GnRH, suggesting that glutamate release may be occurring
downstream of kisspeptin neurones (63, 90). Thus, the action of glutamate is most likely
occurring at various levels of the system (i.e. on kisspeptin and KNDy neurones, within the
KNDy-KNDy circuitry, and downstream of kisspeptin), and the physiological role at each
level remains to be determined.

In summary, our results suggest that KNDy neurones in the female sheep are glutamatergic,
and that glutamatergic markers are present within terminals that constitute reciprocal
circuitry among KNDy neurones, as well as in their inputs to GnRH cells. In addition, we
found that inputs to both KNDy and MBH GnRH neurones are increased during the
preovulatory surge compared to those during the luteal phase, suggesting a role for the ARC
KNDy neurones and glutamatergic synaptic inputs in positive feedback regulation of GnRH.
Finally, the results reveal neuroplasticity of the kisspeptin-GnRH circuit across the oestrous
cycle, and thus highlight the complexity of this network in the feedback regulation of
reproduction.
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Kisspeptin Dynorphin

Figure 1.
Confocal images (1 um thickness; 63x) of a section immunolabeled for kisspeptin (blue),

dynorphin (red) and vGlut2 (green) in the ARC. White arrows indicate examples of triple-
labelled kisspeptin/vGlut2/dynorphin terminals in close apposition to a dual-labeled
kisspeptin/dynorphin (KNDy) cell body. Scale bar, 10 um.
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Figure 2.
Synaptic inputs to kisspeptin neurones in the POA and ARC. A: Confocal images (1 um

thickness; 63x) of triple-labeling for kisspeptin (green), vGlut2 (red) and synaptophysin
(blue) in the ARC of a luteal phase ewe. White arrows indicate examples of a triple-labelled
kisspeptin/vGlut2/synaptophysin terminal in close contact with a Kisspeptin soma, and red
arrows indicate an example of a dual-labeled vGlut2/synaptophysin terminal. Scale bar, 10
um. B: Total number of synaptophysin-positive contacts onto kisspeptin neurones in luteal
(n=4) and surge (n=4) animals. No differences were seen between groups in the total
number of synaptic inputs to POA kisspeptin neurones, but ARC kisspeptin neurones
received significantly more synaptic inputs in surge animals. *, P < 0.05. Data presented as
means + SEM.
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Figure 3.

Kisspeptin- and vGlut2-positive inputs onto GhRH neurones located in the POA and MBH.
A: Confocal images (1 um thickness; 63x) triple-labelled for Kisspeptin (green), vGlut2
(red) and GnRH (blue) in the POA and MBH. White arrows indicate examples of dual
labelled kisspeptin/vGlut2 terminal in close contact with a GnRH soma. Yellow arrow
indicates an example of a single-labeled kiss input to a GnRH neurone in the POA. Scale
bar, 10 pm. B: Total number of contacts onto GnRH neurones from kisspeptin and vGlut2
labelled terminals (single and dual-labelled). GnRH neurones in the MBH receive
significantly more Kisspeptin and vGlut2 inputs during the surge than the luteal phase. *, P <
0.05. Data presented as means + SEM.
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Figure4.
Dual-labeled kisspeptin- and vGlut2-positive fibers in close association to GnRH fibers in

the median eminence. A: Schematic drawing of a section through the ovine median
eminence, showing the approximate location of the image (boxed area) shown in B. B:
Confocal image (1 pm thickness; 63x) of a section through the ovine median eminence
triple-labelled for kisspeptin (green), vGlut2 (red) and GnRH (blue). White arrows indicate
examples of dual-labelled (yellow) kisspeptin/vGlut2 fibers and terminals adjacent to GnRH
fibers (blue), and the red arrow indicates a single labelled vGlut2 terminal. fx = fornix; pt=
pars tuberalis; 3V= third ventricle. Scale bar, 10 pm.
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Changes in synaptic inputs to ARC KNDy neurons and MBH GnRH neurons during the

preovulatory surge. The present data shows that glutamatergic (as shown by vGlut2 inputs;
1) and other inputs, as represented by synaptophysin-labeled terminals (2), to ARC KNDy
neurons are increased at the time of the preovulatory surge. In addition, KNDy (kisspeptin/
vGlut2) labeled inputs onto MBH GnRH neurons are increased at the time of the surge (3).

The present data also shows that although POA kisspeptin neurones receive vGlut2,

synaptophysin and KNDy inputs to their cell bodies, the numbers of these inputs are not

significantly different between luteal phase and the surge.
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Number of contacts onto Kisspeptin Neurones

POA Luteal (n=4) Surge (n=4)
Kiss + vGlut2 + Syn  1.94 £0.29 1.77+£0.18
VvGlut2 + Syn 7.52+1.53 6.99 +0.40
Kiss + Syn 0.03+0.033 00

Syn Only 7.67+2.19 7.08 £0.25
ARC Luteal (n=4) Surge (n=4)
Kiss + vGlut2 + Syn 733+ 1.31# 712 + 0.59#

vGlut2 + Syn 7.30+0.40
Kiss + Syn 0.03+0.03
Syn Only 8.71+0.93

13.21 +1.73™#
0.13 +0.09

16.35 + 1.747#

*
Significant difference between luteal and surge groups, within brain region (P < 0.05)

#Significant difference between ARC and POA, within luteal or surge groups (P < 0.05). Data are shown as mean + SEM.
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Table 2

Number of contacts onto GhnRH Neurones

POA Luteal (n=4) Surge (n=4)
Kiss + vGlut2 157 £0.15 1.91+0.16
vGlut2 4.67 £0.48 6.63 = 0.60
Kiss 2.06+0.30% 2.13+0.39%
MBH Luteal (n=4) Surge (n=4)

Kiss + vGlut2  2.05+0.28 4.85+0.53#

vGlut2 5.65+0.80 8.67 +2.46
Kiss 1.18+0.16 145+0.44

*
Significant difference between luteal and surge groups, within brain region (P < 0.05)

#Significant difference between POA and MBH, within luteal or surge groups (P < 0.05). Data are shown as mean + SEM.
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