
Chapter 3: Conclusions and Discussions

Overview and Main Findings

The previous experiments allowed us to analyze morphological changes to the KNDy- 

GnRH circuit on two different levels -  the number of inputs/reciprocal connections 

among the KNDy cells and the size of the KNDy cells. The results indicate changes in 

both as a response to prenatal T: (1) a decrease in the number of KNDy-KNDy 

connections, and in the number of their connections to GnRH cell bodies; and (2) an 

increase in the soma size of KNDy cells but not that of GnRH or other kisspeptin cells 

(Figure 12). With respect to synaptic changes, we specifically found a reduction in the 

number of kiss/vGlut2/syn triple-labelled inputs, as well as a lower number of total 

inputs, to KNDy cells as a result of prenatal T treatment. Given evidence that vGlut2 is a 

marker of KNDy cells but not kisspeptin cells in the preoptic area [139], the decrease in 

Kiss/vGlut2 inputs reflects a decrease in KNDy-KNDy connections; whether they are 

truly reciprocal (a two-neuron, bidirectional chain) remains to be determined. Since there 

is no evidence that kisspeptin levels are altered in prenatal T sheep [89], we interpret the 

decrease in Kiss/vGlut2 inputs as being a morphological change. The fact that we saw a 

parallel decrease in total synaptophysin-positive inputs provides further evidence of this 

morphological rearrangement.

We also saw a decrease in the number of KNDy inputs to GnRH, identified by kisspeptin

and vGlut2 colocalization, as well as a decrease in total inputs onto GnRH neurons in the

POA and MBH. The nature of the species of origin for the antibodies we used precluded
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us from adding synaptophysin as a fourth marker in our analyses of inputs to GnRH

neurons. Nonetheless, the changes in total number of kisspeptin and vGlut2 inputs to
0

GnRH cells parallels that seen for KNDy-KNDy connections, suggesting that 

morphological rearrangements occur at the level of KNDy projections to GnRH cells as 

well as to each other.

Finally, we found that prenatal T affected the somal size of KNDy neurons, with prenatal 

T females displaying increased soma size compared to control females. This change was 

specific to KNDy cells, and not seen in GnRH neurons, in kisspeptin cells localized in the 

preoptic area, or in adjacent AgRP or POMC neurons in the arcuate nucleus.

KNDy reciprocal connections

The decrease in KNDy-KNDy (triple-labelled kiss/vGlut2/syn) inputs suggests a 

decreased degree of communication within this ARC subpopulation. Since prenatal T 

animals still show pulsatile GnRH/LH (albeit reduced steroid feedback control of 

pulsatile secretion), it is unlikely that this change has a significant impact on operation of 

the “GnRH pulse generator”. However, prenatal T animals do show a decrease in the 

expression of dynorphin within KNDy cells [89], If dynorphin serves as the stop signal 

for GnRH pulses, then its decrease may account for the increased pulse frequency seen in 

prenatal T sheep, and in particular, the reduced sensitivity to the negative feedback 

effects of progesterone [8, 49, 82], A decreased total number of KNDy-KNDy 

connections may augment this change, leaving the network overall less responsive to the 

inhibitory influence of progesterone.
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On the other hand, as mentioned above, there is evidence that KNDy cells in sheep may 

play a functional role in the generation of the GnRH/LH surge, as well as pulsatile 

secretion [73, 75, 79, 87], Previous work by Sharma et al. 2002 shows that prenatal T 

exposure (T30-90) results in a delayed and severe dampened LH surge [6], Moreover, 

recent evidence shows that there is an increase in the number of synaptic inputs onto 

ARC kisspeptin neurons (KNDy) at the time of the preovulatory GnRH surge, further 

highlighting the possible role of the KNDy cells as a key component of the E2 positive 

feedback mechanism [77].

Glutamate has been shown to play a critical role in the GnRH surge. In fact, levels of 

glutamate in the POA are increased during the E-induced LH surge and at the time of 

puberty in female rats and monkeys [98, 100, 101, 151] and intravenous infusion of 

NMDA increases GnRH mRNA levels in the POA of rats [92, 102], Moreover, as 

previously mentioned, immunofluorescence studies in sheep found an increase in the 

number of vGlut2 positive-inputs to KNDy cells at the time of the LH surge [77]. 

Changes in glutamate inputs across the estrous cycle may act as a permissive signal, 

allowing the positive feedback actions of E2 to generate a GnRH surge [75, 76]. In this 

view, a decrease in KNDy-KNDy (kiss/vGlut2) connections would decrease excitatory 

coupling among KNDy cells, and alter the ability of E2 to elicit a synchronized 

GnRH/LH surge. Thus, prenatal T treatment, in addition to altering the balance of 

neuropeptides within individual KNDy cells, causes a reduction in KNDy-KNDy
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glutamatergic inputs impairing the ability of this population to help generate and 

coordinate a robust preovulatory GnRH surge.

KNDy inputs to G nR H

The decrease in KNDy (dual-labelled kiss/vGlut2) inputs onto GnRH neurons suggests a 

reduced stimulatory drive of GnRH secretion, perhaps contributing to defects in E2 

positive feedback influence seen in prenatal T animals [6, 37, 156, 157]. Thus, changes 

at the level of both KNDy-KNDy connections, and KNDy inputs to GnRH cells are 

consistent with a functional impairment of the surge mechanism. Interestingly, in the 

rodent, GnRH cell bodies receive roughly twice as many inputs in females compared to 

males [152]. In the sheep, prenatal T treatment masculinizes synaptic input to GnRH 

neurons[30] and produces an absent LH surge [136, 156, 158]. Therefore, we can propose 

that the inability of prenatal T treated ewes to generate a GnRH/LH surge partially stems 

from a reduction in the number of KNDy inputs to GnRH neurons. It is notable that 

women with PCOS also show defects in the inability to respond to E2 with an LH surge 

[17, 45,46],

KNDy inputs to PO A  kisspeptin  cells

There were no significant changes in the number of triple-labelled (kiss/vGlut2/syn) and 

double/labelled (kisspeptin/syn or vGlut2/syn) inputs onto POA kisspeptin cells between 

our groups, although there was a trend toward decreased inputs. On the other hand, we 

did see a significant decrease in total inputs onto the POA kiss population. It may be that
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with greater numbers of animals, the differences in triple- or dual-labelled inputs would 

also become significant. Since the colocalization of kisspeptin and vGlut2 is a marker for 

KNDy cell axons, the presence of these triple-labelled inputs to POA kisspeptin cells 

suggest that the two kisspeptin populations (KNDy and POA) are connected, at least in 

one direction (KNDy to POA). The significant change in overall input to POA kisspeptin 

cells in prenatal T sheep suggest that this population, like the KNDy cells, may also 

participate in the generation of the GnRH surge. In fact, studies in rodents have deemed 

the POA kisspeptin population as critical players in the GnRH/LH surge. About 50% of 

kisspeptin neurons in the sheep POA express ERa (compared to 93% in the ARC) [70] 

and at the time of the LH surge, the majority of Kiss neurons in the preoptic region of the 

rat [159] and sheep [ 104]co-express the immediate early gene Fos. Thus, POA kisspeptin 

neurons play an active and complementary role in the E2-induced preovulatory LH surge,

KNDy som a size

KNDy cells in prenatal T treated ewes displayed a specific and dramatic increase in 

somal size compared to the same cells in control females. It is unclear what causes this 

hypertrophy, however a similar findings have been reported in postmenopausal women 

by Ranee and colleagues, where a population of neurons in the infundibular (arcuate) 

nucleus colocalizing KiSS-1, neurokinin B (NKB), dynorphin and estrogen receptor a 

(ERa) mRNA displayed an increase in somal size [107, 109, 135]. In women, this 

hypertrophy is believed to be a secondary response to ovarian failure [106, 109], and 

associated with declining levels of circulating E2 concentrations [110, 113]. Like women 

with PCOS and prenatal T treated ewes, postmenopausal women also show an erosion of
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LH-FSH pulse regularity, with increased LH pulsatility and dampened LH surge [111], 

suggesting a loss of synchrony control within the HPG axis and decreased GnRH 

responsiveness with aging [160]. When compared to young rats during proestrous, 

middle-aged rats showed a 50% decrease in the number of GnRH neurons expressing c- 

fos during a steroid-induced LH surge [114], further linking the reduction of stimulatory 

inputs onto GnRH neurons in the prenatal T model with aging of the reproductive 

neuroendocrine system. Thus, the increased somal size of KNDy neurons seen in this 

study may reflect accelerated aging of the sheep reproductive neuroendocrine system. 

Interestingly, Birch et al. (2003) [8] found that while prenatal T treated ewes cycled 

during the first breeding season, reproductive cycles were absent in the second breeding 

season (T60 females), suggesting that prenatal T treatment leads to a rapid and premature 

reproductive failure. This most likely stems from alterations at the neuroendocrine level 

(decreased sensitivity to estrogen) and not from a decline in estrogen from the ovaries, as 

our prenatal T sheep have elevated E2 levels [23] and the groups of sheep in this study 

each received the same E2 implant to mimic late follicular phase levels.

Another possible explanation for the increased somal size of KNDy neurons in
9

prenatal T sheep is that it reflects an increase in peptide/protein production. In 

postmenopausal women, there is an increase in KISS-1 and NKB expression [118] and 

this is thought, in part, to account for the hypertrophy of KNDy neurons observed. 

However, nearby AgRP neurons in the arcuate nucleus showed no change in their size, 

despite the fact that prenatal T treatment more than doubles the number of 

immunodetectable AgRP neurons [153]. Thus the increased soma size may not reflect
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increased protein synthesis per se, but may instead be a response to other changes, 

perhaps in responsiveness to E2, as suggested above, or to progesterone. Support for the 

latter possibility comes from evidence that progesterone receptor expression is decreased 

in the ARC of prenatal T sheep [89], while ER-alpha expression in KNDy cells is 

unchanged [161]. Thus, the KNDy cell hypertrophy seen in prenatal T treated sheep may 

be a reflection of decreased activation of these cells by progesterone or even E2 if 

downstream elements of this receptor are altered during prenatal T programming.
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Final T houghts

The current findings point to alterations in the systems that modulate GnRH as the main 

neuroendocrine elements responsible for reproductive defects due to prenatal T exposure. 

Prenatal T treatment resulted in neuroplastic changes in the ARC KNDy population on 

two different levels: the number reciprocal connections among the KNDy cells and their 

inputs to GnRH cells, and their somal size. We propose that a reduction in reciprocal 

KNDy connections and their inputs to GnRH results in the decreased stimulatory that 

disrupts its ability to convey E2 positive feedback to GnRH neurons. In turn, these 

morphological alterations induced by prenatal T result in defects in the timing or 

amplitude of the GnRH/LH surge. The functional impact of the changes in KNDy cell 

size are less clear, but may reflect accelerated aging of the system and/or a response to 

diminished steroid hormone feedback efficacy. Because the reproductive and metabolic 

phenotype of prenatal T-treated sheep parallels the features of women with PCOS, we 

speculate that the same morphological changes may be present in the hypothalamic 

networks of PCOS patients.

Studying the hypothalamic reproductive networks and specifically, those driving GnRH 

secretion, and how they are organized by prenatal T, will help us understand the events 

leading to reproductive dysfunction. These findings are single puzzle pieces, and when 

put together, will hopefully assist us to understand the complex mechanisms that organize 

the reproductive axis and govern female reproduction, and the defects in those 

mechanisms that underlie some types of reproductive disease.
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Control Prenatal T

K N D y neurons (ARC) K N D y neurons (ARC)

•  Dual, Kiss/vGLUT2 inputs •  Single, vGLUT2 input •  Single, Synaptophysin input

Figure 13. Schematic diagram showing the differences in synaptic connections (among 
the KNDy cells and to GnRH neurons) and soma size between control and prenatal T 
treated females.
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F u tu re  D irections

The changes in synaptic connections seen in prenatal T treated females provide us with 

exciting path for future work. To determine if the dampened and delayed GnRH/LH 

surge is a result of the changes in KNDy-KNDy connections (and perhaps a decrease in 

NKB or glutamate), future experiments can confirm this with the use of agonist and/or 

antagonists. Infusing of a NK3R (senktide) or glutamate agonist into the MBH of a 

prenatal T treated female during the late follicular phase should restore the GnRH/LH 

surge. In reverse, infusing a NK3R or glutamate antagonist into the MBH of a normal 

female during the preovulatory period should block the GnRH/LH surge and ovulation.

It is important to think of the KNDy-GnRH alterations as acting collectively with other 

changes of the metabolic and behavioural neuronal systems as well as the postnatal 

environment. Recent work has shown that KNDy cells receive GABAergic inputs 

(Merkley et ah, unpublished) and dopaminergic inputs [162]. Analyzing these types of 

inputs in a prenatal T model will provide us with a wider scope on the various systems 

that regulate KNDy and GnRH activation and their specific role in reproduction. It would 

also be interesting to examine AgRP and POMC connections to KNDy cells and GnRH 

neurons. These appetite stimulating and suppressing neurons (respectively) are prenatally 

programmed by testosterone [153] and play a critical role in the disrupted metabolic (and 

probably reproductive) pathways seen prenatal T treated sheep. Recent work suggests 

that leptin does not modulate reproduction by direct action on KNDy or GnRH neurons, 

but most likely communicates with the reproductive axis via populations of LepRb (leptin 

receptor) neurons that are afferent to KNDY or GnRH neurons [163]. AgRP and POMC
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cells express leptin receptors and are leptin responsive[164], Therefore, it would be 

interesting to understand how prenatal T treatment affects AgRP and POMC inputs to 

KNDy and GnRH neurons and determine how this fits in with leptin’s role in 

reproduction.

Finally, in terms of KNDy-GnRH circuitry, although the focus in this thesis has been 

upon the influence of KNDy cells in stimulating GnRH neurons, recent evidence suggests 

that the relationship may be bidirectional, with GnRH neurons providing a feedback 

signal back to the KNDy population. As seen below (Fig. 13) in our analysis of dual- 

labelled kisspeptin/GnRH material, we noticed a few examples of GnRH terminals in 

direct contact with KNDy cell bodies in the ARC. Ramaswamy et al. (2008) also found 

GnRH contacts on kisspeptin cell body and dendrites in the gonadectomized male rhesus 

monkey [165]. There is also evidence in rodents and sheep that GnRH may act in a short 

loop autoregulatory fashion to inhibit its own secretion [166, 167], although the site of 

that influence (the ARC?) has yet to be determined. Thus, prenatal T treatment may not 

only alter KNDy projections to GnRH neurons, but also the circuitry by which GnRH 

feeds back upon KNDy cells; further research is needed to examine this possibility.
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Figure 14. A) An example of a kisspeptin positive cell (blue), receiving a GnRH (green) 
input, red is vGlut2, and B) Orthogonal view of a kisspeptin neuron (blue) receiving 
GnRH (green) inputs, red is synaptophysin.

The increase in KNDy cell size we uncovered in prenatal T treated females was a very 

exciting finding and one worth investigating further. Finding a link between the causes of 

KNDy hypertrophy in postmenopausal women and prenatal T treated sheep will be a 

critical step in determining the functional significance of this neuronal response.

It would also be interesting to explore the differences in synaptic inputs and somal 

morphology in T30 ewes (treated with testosterone from gestational days 60-90). Unlike 

the T60 females who do not cycle at all during the second breeding season (complete 

reproductive failure), 71% of T30 females continue to cycle in the second breeding 

season. Will the T30 females show similar changes in KNDy-GnRH synaptic
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connections? How about somal size? Answering these questions would bring us a step 

closer to understanding how the timing and duration affect the KNDy-GnRH network. 

One important limitation to our studies is that due to the nature of labelling we could only 

analyze cell bodies and not dendrites. Diolistic labelling would help us visualize the cell 

body and dendritic tree in its entirety. More specifically, performing immunofluorescence 

for kisspeptin and dynorphin/NKB in combination with diolistic labelling would provide 

us with an additional marker of soma area and would allow us to visualize the differences 

between control and prenatal T treated females in terms of dendritic fibres.

Finally, the role of kisspeptin POA population in the sheep is still unclear. Correlating 

Fos expression in POA kisspeptin cells with the presence/absence of the GnRH surge 

would be helpful in determining whether POA kisspeptin cells are activated in prenatal T 

treated females at the time of the surge (which can be gathered from blood sample data of 

each female in our experiments).

Additional experiments comparing GPR54 receptor levels in GnRH neurons, AR and 

insulin receptor levels in KNDy neurons would help us understand the changes leading to 

reproductive dysfunction and the complex mechanisms that organize the reproductive 

axis in prenatal T treated females.
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