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Abstract

Puberty is a process which integrates multiple inputs that ultimately cause an increase in 

gonadotrophin-releasing hormone (GnRH) secretion. While kisspeptin neurones play an integral 

role in GnRH secretion and puberty onset, other systems are also likely important. One potential 

component is nitric oxide (NO), a gaseous neurotransmitter synthesized by nitric oxide synthase 

(NOS). In this study, we sought to neuroanatomically characterise neuronal NOS (nNOS) in 

prepubertal female sheep and determine if oestradiol would exert effects on this system. 

Luteinising hormone secretion was reduced by oestradiol treatment in prepubertal ovariectomised 

ewes. Neurones immunoreactive for nNOS were identified in several areas with the greatest 

number present in the ventrolateral portion of the ventromedial hypothalamus followed by the 

ventromedial hypothalamus, preoptic area (POA) and arcuate nucleus (ARC). Next, we 

determined if nNOS neurones contained oestrogen receptor α (ERα) and could potentially 

communicate oestradiol (E2) feedback to GnRH neurones. Neuronal nitric oxide synthase 

neurones contained ERα with the percentage of coexpression (12 to 40%) depending upon the 

area analyzed. We next investigated if a neuroanatomical relationship existed between nNOS and 

kisspeptin or nNOS and GnRH neurones. A high percentage of kisspeptin neurones in the POA 

(79%) and ARC (99%) colocalised with nNOS. Kisspeptin close-contacts were also associated 

with nNOS neurones. A greater number of close-contacts were observed in the ARC than the 

POA. A high percentage of POA GnRH neurones (79%) also expressed nNOS, but no GnRH 

close-contacts were observed onto nNOS neurones. Neither the numbers of nNOS neurones in the 

POA or hypothalamus nor the percentage of nNOS coexpression with GnRH, kisspeptin or ERα 
were influenced by oestradiol. These experiments reveal that a neuroanatomical relationship exists 

between both nNOS and kisspeptin and nNOS and GnRH in prepubertal ewes. Therefore, nNOS 

may act both directly and indirectly to influence GnRH secretion in prepubertal sheep.
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INTRODUCTION

Puberty is a complex process that has been investigated extensively in female mammals. In 

prepubertal female sheep, low concentrations of oestradiol (E2) potently inhibit the release 

of gonadotrophin-releasing hormone (GnRH) and thus luteinising hormone (LH). As female 

sheep approach puberty, the ability of E2 to inhibit GnRH and LH secretion decreases, thus 

allowing for an increase in the frequency of GnRH and LH release (1). While it is evident 

that E2 plays a critical role in the inhibition of GnRH and LH secretion prior to the initiation 

of puberty, the neural mechanisms by which this feedback is communicated to GnRH 

neurones is not well established. Oestradiol negative feedback cannot be directly 

communicated to GnRH neurones because these neurones do not express oestrogen receptor 

alpha (ERα), the oestrogen receptor known to mediate oestrogenic regulation of GnRH 

secretion (2, 3). Therefore, in sheep as well as in several other mammalian species, 

intermediary neurones that do express ERα must exist to transmit these effects to GnRH 

neurones.

In sheep, rodents, and primates, kisspeptin appears to play a critical role in puberty onset. 

The importance of kisspeptin in the initiation of puberty was first discovered when 

mutations in either kisspeptin or its receptor, Kiss1r, led to an absence of puberty and 

ultimately resulted in infertility in humans (4–6). Kisspeptin neurones are present in both the 

preoptic area (POA) and arcuate nucleus (ARC) of the hypothalamus, contain ERα (7), and 

potently stimulate GnRH/LH secretion (8, 9). However, kisspeptin is unlikely to be the sole 

communicator involved in puberty onset (10, 11).

Nitric oxide (NO) is another potential intermediary that may influence the initiation of 

puberty. Neuronal nitric oxide synthase (nNOS) is one of three forms of an enzyme that 

oxidizes L-arginine to L-citrulline and NO (12). In mice and rats, a high percentage of 

nNOS neurones contain ERα (13–16). Nitric oxide stimulates GnRH and LH release in rats 

(17) and deletion of nNOS results in hypogonadism and infertility in mice (18). Recent 

evidence also suggests NO release may be influenced directly by kisspeptin. Kisspeptin 

close-contacts have been observed onto nNOS neurones in the POA and ARC of adult 

female mice, but only nNOS neurones in the POA express Kiss1r (19).

Very few studies have examined the role of NO in the control of GnRH and LH secretion in 

species other than rodents and none have characterised the expression of nNOS in 

prepubertal sheep. Therefore, we aimed to evaluate the distribution of nNOS neurones in the 

POA and hypothalamus of prepubertal sheep, determine if nNOS neurones express ERα, 

and examine if a neuroanatomical relationship exists between nNOS and kisspeptin or nNOS 

and GnRH neurones. We also investigated whether the presence or absence of E2 would 

affect these relationships.
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MATERIALS AND METHODS

Animals

All experiments were conducted at the West Virginia University Food Animal Research 

Facility in Morgantown, West Virginia. Procedures were approved by the West Virginia 

Animal Care and Use Committee and were performed in accordance with National Institutes 

of Health guidelines for use of animals in research. Twelve Suffolk ewe lambs born in late 

February to early March were purchased from a local producer and housed indoors where 

they received a commercial premium alfalfa-timothy cube food ration (crude protein ≥ 12%, 

crude fat ≥ 18%, crude fibre ≤ 32%; Triple Crown Nutrition, Inc., Wayzata, MN, USA) and 

had free access to water and a mineral block supplement. Experiments were performed in 

the fall (August) when lambs were 5–6 months of age and still prepubertal. Lambs were 

housed two per pen (2.06 × 2.06 metres) on raised flooring with a clear view of all other 

sheep. Indoor lighting simulated the natural changes in day length characteristic of the fall 

season. Ovariectomies (OVX) were performed under aseptic conditions. Animals were 

anesthetised by i.v. injection of ketamine (7 mg/kg) and midazolam (0.3 mg/kg) and then 

maintained on 2% isoflurane. Ovarian vasculature was ligated and ovaries removed via a 

midventral incision. Ewe lambs were selected randomly to receive either no implant (OVX; 

n=6) or a subcutaneous 1-cm long Silastic (inner diameter 0.34cm, outer diameter 0.46cm; 

Dow Corning Corp., Midland, MI, USA) implant containing crystalline oestradiol (Sigma-

Aldrich, St. Louis, MO, USA) (OVX+E; n=6). Two weeks after OVX, blood samples were 

collected every 12 min for 4 h by jugular venipuncture, placed in heparinized tubes and 

plasma was stored at −20°C until assayed for LH. Immediately following the final blood 

sample, hypothalami were collected as described previously (20). Briefly, all sheep were 

heparinised (20,000 U) and euthanised using an intravenous overdose of sodium 

pentobarbital (Euthasol; Webster Veterinary, Devens, MA, USA). Heads were removed and 

perfused via carotid arteries with 4 L of 4% paraformaldehyde in 0.1 M phosphate buffer 

(PB; pH 7.4) containing 0.1% sodium nitrite. Blocks of tissue containing the POA and 

hypothalamus were removed and stored in a 4% paraformaldehyde solution for 24 h at 4°C 

and transferred to 20% sucrose until sectioned. Frozen coronal sections (30μm) were cut 

with a freezing microtome, collected in 5 series (150 μm apart) and stored in 

cryopreservative until the time of immunohistochemical staining.

Single-label immunohistochemistry for nNOS characterization

To initially characterise the distribution of nNOS neurones in the hypothalamus of 

prepubertal ewes, every fourth hemisection from one complete series of sections (600 μm) 

throughout the POA and hypothalamus was used from one OVX and one OVX+E ewe. On 

day 1 of the protocol, sections were washed 4×5 min in 0.1 M phosphate-buffered saline 

(PBS) to remove excess cryoprotectant and stored overnight at 4°C. The next day, sections 

were washed 4×5 min in PBS, placed in 1% H2O2 for 10 min, and subsequently washed 4×5 

min in PBS. Tissue was then incubated for at least 1 h in a blocking solution containing 

PBS, 0.4% Triton X-100 (PBSTX; Sigma-Aldrich, St. Louis, MO, USA) and 4% normal 

goat serum (NGS; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) in 

PBS. Sections were incubated in a solution containing rabbit anti-nNOS antiserum 

(Cat.#24287; 1:15,000; ImmunoStar antibody, Hudson, WI, USA) in PBSTX and 4% NGS 
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at room temperature for 16 h. After incubation with the primary antibody, sections were 

washed and then incubated in a solution containing biotinylated goat anti-rabbit IgG (1:400; 

Vector Laboratories, Burlingame, CA, USA), PBSTX, and 4% NGS for 1 h. The sections 

were washed and incubated in a solution containing avidin-biotin horseradish-peroxidase 

conjugate (Vectastain Elite ABC, 1:600; Vector Laboratories) for 1 h. Sections were then 

washed and incubated in a solution containing 3,3-diaminobenzidine (DAB; 0.2 mg/ml; 

Sigma-Aldrich) and hydrogen peroxide (0.012%; Sigma-Aldrich) in PBS for 10 min. The 

sections were washed, mounted on Superfrost microscope slides (Fisher Scientific, 

Pittsburgh, PA, USA), and coverslipped using Eukitt Mounting Reagent (Fisher Scientific).

Dual-label immunohistochemistry for nNOS and ERα

To examine the relationship between nNOS and ERα, 4 hemisections containing the POA 

(with 2 being at the level of the organum vasculosum lamina terminalis (OVLT) and 2 in the 

medial POA (mPOA)), 3 sections containing the ventromedial hypothalamus (VMH), 4 

sections containing the ventrolateral portion of the ventromedial hypothalamus (VL-VMH) 

and 2 sections in each the rostral, middle, and caudal arcuate from 6 OVX and 6 OVX+E 

ewes were selected for analysis. The protocol described above was replicated with the 

following changes: mouse anti-ERα antiserum (Cat.#M7047; Clone 1D5, 1:500; DAKO 

Corp.) was the first primary antibody used, biotinylated goat anti-mouse IgG (1:400; Vector 

Laboratories) was the secondary antibody, and nickel-sulfate (2%; Sigma-Aldrich) was 

added to DAB to produce a blue-black nuclear reaction product. The sections were washed 

and incubated in PBS containing 1% hydrogen peroxide for 10 min. After further washing, 

the sections were incubated in PBSTX and 4% NGS for at least 1 h. The sections were then 

incubated in a solution containing rabbit anti-nNOS antiserum (1:15,000) in PBSTX, and 

4% NGS for 16 h. After incubation with the primary antibody, the sections were washed and 

then incubated in a solution containing biotinylated goat anti-rabbit IgG (1:400; Vector 

Laboratories), PBSTX, and 4% NGS for 1 h. The sections were washed and incubated in a 

solution containing avidin-biotin horseradish-peroxidase conjugate (Vectastain Elite ABC, 

Vector Laboratories; 1:600) for 1 h. Sections were then washed and incubated in a solution 

containing 3,3-diaminobenzidine (DAB; 0.2 mg/ml) with hydrogen peroxide (0.012%; 

Sigma) in PBS for 10 min which results in a brown cytoplasmic reaction product. The 

sections were washed, mounted on Superfrost microscope slides (Fisher Scientific,), and 

coverslipped using Eukitt Mounting Reagent (Fisher Scientific).

Dual-label immunofluorescent detection of nNOS and kisspeptin

In order to determine if an anatomical relationship existed between nNOS and kisspeptin, 4 

hemisections containing the POA (2 at the level of the OVLT, 2 in the mPOA) and 4 sections 

containing the middle to caudal ARC were selected from 6 OVX and 6 OVX+E prepubertal 

ewes. The same steps as described above for the previous two experiments were used until 

tissue was placed in a blocking solution containing 20% NGS instead of 4% NGS. Tissue 

sections were placed in a solution containing rabbit anti-kisspeptin antiserum 

(Cat.#AB-9754; 1:10,000; Millipore, Darmstadt, Germany) in PBSTX and 4% NGS for 16 

h. After incubation with the primary antibody, sections were incubated in a solution 

containing biotinylated goat anti-rabbit IgG and a solution containing avidin-biotin 

horseradish-peroxidase conjugate as stated in the protocols above. Sections were then 
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washed and incubated for 10 min in biotinylated tyramine (TSA; 1:250; Perkin Elmer, 

Waltham, MA, USA) in PBS containing 3% H2O2 per 1 mL of solution. After washing, 

sections were incubated in a solution containing DyLight green 488-streptavidin (1:200, 

Fisher Scientific) for 1 h followed by washes and incubation in PBSTX and 4% NGS for at 

least 1 h. Sections were incubated in rabbit anti-nNOS antiserum (1:1,000) in PBSTX, and 

4% NGS for 16 h. The following day, sections were incubated in Alexa555 goat anti-rabbit 

(1:200; Life Technologies, Carlsbad, CA, USA) for 1 h, washed, mounted on Superfrost 

slides (Fisher Scientific), coverslipped using Gelvatol and stored in the dark at 4°C until 

analysis.

Dual-label immunofluorescent detection of nNOS and GnRH

To detect nNOS and GnRH neurones in prepubertal ewes, the same protocol as above was 

used with minor changes. The rabbit anti-nNOS antiserum (Immunostar) was the TSA-

amplified primary antibody and was therefore used at a concentration of 1:10,000. Rabbit 

anti-GnRH antiserum (Cat.#20075, Immunostar) was used at a concentration of 1:200. This 

protocol was used to stain 4 POA sections (2 at the level of the OVLT) each from 6 OVX 

and 6 OVX+E prepubertal ewes.

Immunohistochemistry Controls

Specificity of the nNOS antibody in sheep tissue was tested using recommended controls for 

immunostaining including peptide blocking controls and primary antibody omission controls 

(21). These controls abolished all nNOS staining (Supplemental Figure 1). In addition to 

testing the specificity of the nNOS antibody, we also ensured there was no cross-reactivity 

between any of the antibodies used in dual-label staining protocols. In these situations, 

controls in which antibodies were preadsorbed with the opposite peptide or one of the 

primary antibodies was omitted from the protocol were used (Supplemental Figures 2 and 

3).

Data Analysis

Immunohistochemistry—The distribution of nNOS neurones in all tissue sections from 

1 OVX and 1 OVX+E ewe was visualised and mapped using an AZ70 transmitted light 

microscope (Olympus, Center Valley, PA, USA).

The total number of nNOS neurones, as well as the number and percentage of nNOS 

neurones that contained ERα, was determined using an AZ70 transmitted light microscope 

(Olympus). For all experiments, cell counts were made by a single observer blinded to 

treatment groups.

The number of kisspeptin close-contacts onto nNOS neurones in prepubertal ewes was 

determined by capturing images of 10 nNOS neurones in the POA and 10 nNOS neurones in 

the ARC of each animal using a LSM 510 laser scanning confocal system (Zeiss, 

Hornwood, NY, USA) on a Zeiss Axio Image Z1 upright microscope with a Plan 

Apochromat × 63/1.4 oil objective. Confocal z-stacks of optical sections were taken at 1 μm 

intervals through each nNOS neurone. The number of close-contacts onto nNOS cell bodies 

was analysed using ZEN software (Zeiss). Because contacts were counted through the entire 
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z-stack, markers were placed on each individual contact to ensure that no contacts were 

counted more than once. Orthogonal views were used to confirm that contacts were touching 

the cell in all planes. The same approach was used to identify the number of GnRH close-

contacts onto nNOS neurones in the POA of prepubertal ewes.

To delineate the percentage of kisspeptin and nNOS neurones and GnRH and nNOS 

neurones that were colocalised in prepubertal ewes, sections were visualised using a 

fluorescent microscope (VS120, Olympus). For kisspeptin and nNOS analyses, the number 

of kisspeptin neurones, the number of nNOS neurones, and the percentage of each neuronal 

population that were colocalised with each other was recorded in 2 mPOA sections and 2 

middle to caudal ARC sections for each animal. For GnRH and nNOS analyses, the number 

of GnRH neurones, the number of nNOS neurones, and the percentage of each neuronal 

population that were colocalised with each other was determined in the POA only.

Assays—Luteinising hormone concentrations were measured in duplicate by 

radioimmunoassay as described previously (22) using reagents provided by the National 

Hormone and Peptide Program (Torrance, CA, USA). Assays used 100 to 200 μL of plasma 

and sensitivity averaged 0.07 ng/tube (NIHS24) with intra- and interassay coefficients of 

variations being 12.7% and 18.2% respectively.

Statistical Analysis—Similar to previous work, three criteria were used to determine an 

LH pulse; (1) a peak must occur within two samples of the previous nadir; (2) the amplitude 

must be greater than the sensitivity of the LH assay; and (3) the LH concentration at the 

peak must exceed the 95% confidence limits (based on overall assay variability) of the 

concentration at both the preceding and subsequent nadir (23). Mean LH, LH pulse 

amplitude, and mean nNOS cell numbers were compared by t-test. The percentage of nNOS 

cells that contained ERα and the percent colocalisation between nNOS and kisspeptin and 

nNOS and GnRH cells were analysed via chi-squared analysis. A Wilcoxon Mann-Whitney 

test was used to compare LH pulse frequency. The number of kisspeptin and GnRH close-

contacts were transformed to normalize variance using the square root and compared by t-

test. P < 0.05 was considered statistically significant.

RESULTS

Circulating mean concentrations of LH were greater (P < 0.0001) in OVX (6.3 ± 0.9 ng/ml) 

than in OVX+E ewes (1.9 ± 0.1 ng/ml). A greater frequency of LH pulses (P < 0.05) was 

also observed in OVX (3.0 ± 0.4 pulses/4h) compared to OVX+E ewes (1.4 ± 0.7 pulses/4h). 

Amplitude of LH pulses between OVX and OVX+E ewes was not compared because the 

lack of pulses in 3 of the 6 OVX+E ewes hindered meaningful analysis.

Distribution of nNOS neurones in the POA and hypothalamus of prepubertal ewes

Abundant numbers of nNOS neurones were detected in the POA and hypothalamus of 

prepubertal ewes (Figure 1, 2). Both bipolar and multipolar neurones were observed 

throughout the continuum of sections, and the distribution of neurones was identical 

between the OVX and OVX+E ewes. In the diagonal band of Broca (DBB), most nNOS 

neurones were parvocellular (≤15 μm somal diameter) and very lightly stained. Lightly 
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stained fibres were also seen. In these same sections, darkly stained magnocellular neurones 

(≥18 μm somal diameter) and fibres were present towards the ventrolateral edge of the 

section. In the medial septum, darkly stained and mostly magnocellular neurones were noted 

with relatively sparse fibre labeling. In contrast, densely packed fibres and cells of various 

sizes were observed in the lateral septum (Figure 1A). In the rostral POA, lightly stained 

parvocellular cells lined the outside edges of the OVLT. Similar to what was observed in 

sections where the DBB was present, a significant number of darkly stained magnocellular 

neurones and fibres were noted near the ventrolateral edge of the section (Figure 1B). A few 

lightly stained cells were also observed in the bed nucleus of the stria terminalis and 

subfornical organ in these rostral POA sections. In the medial POA, lightly stained 

parvocellular cells were observed lining the entire length of the third ventricle (Figure 1C, 

2A). In some medial POA sections, nNOS neurones were located further away and more 

lateral to the ventricle (Figure 2A). Small, lightly stained neurones were also evident in the 

periventricular nucleus (PeV). In the paraventricular nucleus (PVN), both magnocellular and 

parvocellular neurones were lightly stained (Figure 1D, 1E, 2B). More darkly stained cells 

were seen on the outer edges of the PVN, as well as the areas immediately surrounding it 

(Figure 1D). Some lightly stained neurones and fibres were also present in the lateral 

hypothalamic area of these sections. In the dorsomedial hypothalamus, a small number of 

lightly stained neurones of various sizes, as well as lightly stained fibres, were noted. The 

greatest number of nNOS neurones was observed in the VL-VMH with a high number of 

neurones also present in the VMH (Figure 1F, 1G, 2C). Extremely dense fibre labeling was 

observed in both the VMH and VL-VMH. The larger neurones in these areas were more 

darkly stained compared to smaller neurones that were a much lighter brown color. At all 

levels of the ARC, lightly stained neurones and fibres were noted, and there were no 

observable differences in the number of neurones between the rARC, mARC, and cARC 

(Figure 1F–H, 2C). Fibres from nNOS neurones were also seen running from the ARC to the 

internal zone of the median eminence. In the ventral premammillary nucleus (PMv), a 

majority of the nNOS neurones identified had a bipolar orientation. Most of the neurones in 

this area were moderately stained with nNOS fibres also observed.

Colocalisation of nNOS neurones with ERα

A portion of nNOS neurones in the POA and hypothalamus were found to contain ERα 
(Figure 3). Of the areas analysed, the highest percentage of nNOS neurones that contained 

ERα was found in the VL-VMH. However, no significant differences in the percentage of 

nNOS neurones that contained ERα were found between the OVX and OVX+E groups in 

the POA (19.8 ± 1.9% vs. 24.9 ± 2.1%), VMH (13.8 ± 1.6% vs. 10.9 ± 1.1%), VL-VMH 

(45.7 ± 4.9% vs. 37.0 ± 4.0%), or ARC (29.4 ± 2.9% vs. 29.5 ± 3.1%).

The effect of oestradiol on the number of nNOS neurones

The number of nNOS neurones present in the POA, VMH, VL-VMH, and ARC were 

compared between the OVX and OVX+E groups. No significant differences in the number 

of nNOS neurones were observed between OVX and OVX+E ewes in the POA (452 ± 36 vs. 

476 ± 33), VMH (428 ± 26 vs. 406 ± 21), VL-VMH (1,507 ± 135 vs. 1,541 ± 130), or ARC 

(205 ± 10 vs. 216 ± 8).
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Colocalisation of nNOS neurones with kisspeptin

Analysis of sections labeled for nNOS and kisspeptin revealed that a high percentage of 

kisspeptin neurones in both the POA and ARC colocalised with nNOS (Figure 4). In the 

ARC, 98.2 ± 0.7% of kisspeptin neurones colocalised with nNOS, and there were no 

differences between the OVX and OVX+E groups (Table 1). When comparing the OVX and 

OVX+E females, a greater percentage (P < 0.01) of nNOS neurones in OVX ewes (42.8 

± 5.2%) colocalised with kisspeptin compared to OVX+E ewes (21.6 ± 3.3%) in the ARC 

(Table 1). Few to no kisspeptin neurones were observed in the POA of the OVX group. 

Therefore, in the POA, the neuroanatomical relationship between nNOS and kisspeptin 

neurones was only characterised for the OVX+E group. Similar to the ARC, a high 

percentage (78.9 ± 4.9%) of kisspeptin neurones colocalised with nNOS (Table 1). There 

was a much higher number of nNOS neurones in the POA than kisspeptin neurones, and as 

such only 5.4 ± 1.1% of nNOS neurones were found to colocalise with kisspeptin.

Colocalisation of nNOS neurones with GnRH

In the POA of prepubertal ewes, colocalisation between nNOS and GnRH neurones was 

observed (Figure 5). Overall, it was found that 78.5 ± 3.7% of GnRH neurones colocalised 

with nNOS. There was no difference when comparing OVX and OVX+E ewes (Table 2). 

Similar to the above data with nNOS and kisspeptin, there were many more nNOS neurones 

present in the POA than GnRH neurones, and therefore only 4.7 ± 1.1% of nNOS neurones 

colocalised with GnRH. There was no difference in the percentage of nNOS neurones that 

colocalised with GnRH between the OVX and OVX+E groups (Table 2).

Inputs between kisspeptin and nNOS neurones

In addition to colocalisation of kisspeptin and nNOS, kisspeptin close-contacts onto nNOS 

neurones were also examined (Figure 6A). While nNOS close-contacts were seen apposed to 

kisspeptin neurones, they were not quantified because the punctate nature of the nNOS 

staining combined with the fact that a high percentage of kisspeptin neurones colocalised 

with nNOS made it difficult to correctly identify what was indeed a nNOS close-contact. 

Therefore, only kisspeptin close-contacts onto nNOS neurones were analysed (Figure 6A). 

When comparing the OVX and OVX+E groups, there was a strong trend (P = 0.067) for 

nNOS neurones in the ARC of OVX lambs to have a greater number of kisspeptin close-

contacts compared to OVX+E lambs (3.2 ± 0.6 vs. 0.5 ± 0.2; Figure 5B). In contrast to ARC 

nNOS neurones that exhibited many kisspeptin close-contacts, very few kisspeptin close-

contacts onto nNOS neurones were observed in the POA of OVX+E ewes (0.10 ± 0.03).

Inputs between GnRH and nNOS neurones

Unlike the kisspeptin innervation that was observed onto nNOS neurones, no GnRH close-

contacts were observed onto nNOS neurones in the POA of prepubertal ewes. There were 

nNOS close-contacts onto GnRH neurones, but because of the punctate nature of the nNOS 

staining and high percentage of colocalisation between nNOS and GnRH, nNOS contacts 

onto GnRH neurones are difficult to accurately identify and as such were not quantified.
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DISCUSSION

In the present study, we characterised for the first time the distribution of nNOS neurones in 

the POA and hypothalamus of prepubertal ewes and found that a significant proportion of 

these expressed ERα. We also discovered that nNOS was coexpressed to a high degree in 

GnRH neurones in the POA and in both the ARC and POA population of kisspeptin 

neurones. As was expected, mean LH concentration and LH pulse frequency was decreased 

in OVX+E compared to OVX prepubertal ewes. However, we observed that neither numbers 

of nNOS neurones in the POA or various other hypothalamic areas nor the percentage of 

nNOS coexpression with GnRH, kisspeptin or ERα were influenced by oestradiol. In 

addition, kisspeptin close-contacts onto nNOS neurones were observed in the ARC, 

establishing a potentially functional connection between these two neuronal populations.

Because nitric oxide (NO) influences myriad physiological processes within the body (24), 

including reproduction (17, 18), it is not surprising that a large number of nNOS neurones 

are found in the POA and throughout the hypothalamus of prepubertal ewes. The distribution 

of nNOS neurones in this study was very similar to what has been previously reported in 

adult ewes using histochemistry for NADPH diaphorase (NADPHd)(25), which serves as an 

enzymatic marker for NOS neurones (26). The distribution of nNOS neurones in sheep also 

compares well to what has previously been described in rats (27), mice (13) nonhuman 

primates (28), and humans (29). Because NO is a gaseous neurotransmitter with a half-life 

of around 1 second, cells must be within approximately 100–200 μm of a NO-producing cell 

in order for NO to exert its effects (30). Thus, because nNOS neurones are so widely and 

densely distributed throughout the POA and hypothalamus, the potential exists for NO to 

influence the activity of many cells.

We observed a high degree of ERα expression in nNOS neurones. This is consistent with 

previous work in rodents, as ERα is found in a high percentage of nNOS/NADPHd neurones 

in the rat (14–16) and mouse (13, 16). Thus, we hypothesized that oestradiol treatment of 

OVX ewes would alter nNOS expression, either generally or in a region-specific manner. 

However, we did not observe an effect of oestradiol on the number of nNOS neurones 

present nor the percentage of nNOS neurones that contained ERα in any of the 

hypothalamic areas examined. In previous work conducted in rodents, treatment of 

ovariectomised adult rats with oestradiol benzoate using a positive feedback model increased 

the number of NADPHd-positive neurones in the VMH (15, 31) and medial POA (14). 

Relatively little work has been done in sheep, but in ovariectomised adult ewes, 

combinatorial insertion of oestradiol and progesterone implants increased the number of 

NADPHd-positive neurones in the VL-VMH, but not in the POA or ARC (25). It is possible 

that differences in species, age, or steroid environment of experimental animals may underlie 

the discrepancies between studies. In sheep, neurones located in the mediobasal 

hypothalamus, which includes the VMH and VL-VMH, are implicated in the control of 

estrus behavior (32) and the LH surge (33) both of which are stimulated by highly elevated 

levels of oestradiol. Therefore, it is possible that the chronic, low levels of oestradiol 

employed in our study may not have been an appropriate stimulus for eliciting a change in 

that subset of nNOS neurones.
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Neuronal nitric oxide synthase may also act in concert with other neuronal inputs, such as 

kisspeptin, to influence the initiation of puberty. In adult female mice, kisspeptin fibres are 

associated with nNOS neurones in the POA and ARC, but only nNOS neurones in the POA 

express the receptor for kisspeptin, Kiss1r (19). In the current study, we also found that 

nNOS neurones were associated with kisspeptin fibres in the POA and ARC of prepubertal 

ewes. Notably, nNOS neurones in the ARC exhibited decidedly more kisspeptin close-

contacts than nNOS neurones in the POA, and there was a strong trend for oestradiol to 

decrease the number of kisspeptin close-contacts onto nNOS neurones in the ARC. Further 

studies are needed to determine if these kisspeptin contacts originate from kisspeptin 

neurones in the POA or ARC. Regardless, these data may indicate a stronger 

neuroanatomical relationship between kisspeptin and nNOS in the ARC than in the POA of 

prepubertal ewes and as such may suggest the ARC is a more important area in which NO 

may act to influence GnRH secretion. Further studies are needed to determine areas within 

the hypothalamus that NO may act alone or through kisspeptin to regulate GnRH/LH 

secretion.

In contrast to what has previously been reported in mice, a high percentage of kisspeptin 

neurones in both the POA and ARC of prepubertal ewes also coexpressed nNOS. Further, 

the presence of oestradiol did not influence the percentage of kisspeptin neurones that 

expressed nNOS in the ARC of prepubertal ewes. However, we noted that oestradiol reduced 

the percentage of nNOS neurones that coexpressed kisspeptin in the ARC. Because nearly 

all kisspeptin neurones in the ARC colocalised with nNOS and oestradiol decreases the 

number of kisspeptin-immunopositive neurones in the ARC of prepubertal ewes (34, 35), the 

difference in the percentage of nNOS neurones coexpressing kisspeptin between OVX and 

OVX+E ewes is likely due to a decrease in the number of kisspeptin neurones. Thus, the 

relationship between nNOS and kisspeptin may be expressed in a species-dependent manner. 

In addition, we cannot rule out age-associated changes since our sheep were prepubertal, but 

mice from previous work were adults.

In addition to analysing the potential connections between nNOS and kisspeptin, we also 

examined the neuroanatomical relationship between GnRH and nNOS neurones. We found 

that a high percentage of GnRH neurones in the POA of prepubertal ewes coexpressed 

nNOS. This is in contrast to a previous study in rats where it was reported that there was no 

overlap between GnRH and nNOS expression (36). These results suggest that species 

variations may exist in nNOS and GnRH coexpression. In addition, we did not observe 

GnRH-containing contacts onto nNOS neurones. This is consistent with previous work in 

rodents (36, 37), where GnRH neurones are surrounded by nNOS neurones but, at least in 

mice, very few close-contacts between the two neuronal populations were observed. These 

data raise the possibility that nitric oxide synthesized within the POA of prepubertal ewes 

has the capacity to influence GnRH secretion in an autocrine or paracrine manner.

In summary, these results illustrate that nNOS-containing neurones are widely distributed 

throughout the POA and hypothalamus of prepubertal ewes, and these neurones colocalise to 

a high degree with ERα, kisspeptin and GnRH. Furthermore, a neuroanatomical relationship 

between nNOS and kisspeptin and nNOS and GnRH was established in prepubertal ewes, 

and the presence of oestradiol had minimal to no effect on the percentage of coexpression or 
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numbers of close-contacts. Altogether, these results suggest the potential for nitric oxide to 

act both directly and indirectly to influence GnRH secretion in prepubertal ewes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Drawings illustrating representative distributions of nNOS-IR neurones in the preoptic area 

and hypothalamus of prepubertal ewes. Each solid black circle represents 10 nNOS-IR 

neurones. The distribution of nNOS-IR neurones was identical on both sides of the POA and 

hypothalamus and is shown unilaterally to allow for visualization of labels. Ac, anterior 

commissure; AHA, anterior hypothalamic area; BNST, bed nucleus of the stria terminalis; 

cARC, caudal arcuate nucleus; mARC, middle arcuate nucleus; rARC, rostral arcuate 

nucleus; cp, cerebral peduncle; DBB, diagonal band of Broca; DMH, dorsomedial 
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hypothalamus; fx, fornix; LHA, lateral hypothalamic area; LS, lateral septum; MS, medial 

septum; mt, mammillothalamic tract; oc, optic chiasm; ot, optic tract; OVLT, organum 

vasculosum of lamina terminalis; PMv, ventral premammillary nucleus; POA, preoptic area; 

PVN, paraventricular nucleus; VMH, ventromedial hypothalamus; VL-VMH, ventrolateral 

portion of the ventromedial hypothalamus; 3v, third ventricle.
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Figure 2. 
Images demonstrating the distribution of nNOS-immunoreactive neurones and fibres in the 

preoptic area (A), paraventricular nucleus (B), rostral arcuate nucleus, ventromedial 

hypothalamus, and ventrolateral portion of the ventromedial hypothalamus (C). Insets in 

each panel show higher magnification images of nNOS neurones contained in boxes present 

in each panel. Scale bars in lower magnification images = 500 μm. Scale bars in higher 

magnification insets = 50 μm fx, fornix; mPOA, medial preoptic area; PVN, paraventricular 

nucleus; rARC, rostral arcuate nucleus; VL-VMH, ventrolateral portion of the ventromedial 

hypothalamus; VMH, ventromedial hypothalamus; 3v, third ventricle.
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Figure 3. 
Dual-label detection of nNOS and ERα in the prepubertal ewe. Low magnification image 

depicting nNOS-immunoreactive neurones (brown) and ERα (black) in the VL-VMH of an 

OVX+E ewe (A). High magnification image of nNOS neurones shown in box in “A”. Black 

arrow indicates a nNOS neurone that contains ERα. White arrow indicates a nNOS neurone 

that does not contain ERα (B). Scale bar in A = 100 μm. Scale bar in B = 20 μm.
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Figure 4. 
Representative images demonstrating kisspeptin colocalisation with nNOS in the prepubertal 

ewe. A neurone shown to be expressing nNOS (left), kisspeptin (middle) and the merged 

image (right) in the ARC of an OVX ewe. Scale bar = 50 μm.
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Figure 5. 
Representative images demonstrating GnRH colocalisation with nNOS in the POA of a 

prepubertal ewe. A neurone shown to be expressing nNOS (left), GnRH (middle) and the 

merged image (right) in the POA of an OVX ewe. Scale bar = 50 μm.

Bedenbaugh et al. Page 19

J Neuroendocrinol. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Kisspeptin close-contacts onto nNOS neurones in the prepubertal ewe. High magnification 

image showing nNOS (red) neurones with kisspeptin (green) close-contacts (arrows, top 

neurone) and without kisspeptin close-contacts (bottom neurone) (A). There was a trend for 

there to be an increased number of kisspeptin close-contacts onto nNOS neurones in OVX 

compared to OVX+E ewes (B). Scale bar in A = 10 μm.
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