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DECIPHERING HOW KISSPEPTIN NEURONS MEDIATE EFFECTS OF

GLUCOCORTICOIDS ON PUBERTAL DEVELOPMENT IN MICE

AUDREY NOELLE FONTES
ABSTRACT

Background: Kisspeptin has recently been deemed the critical central regulatory
factor for gonadotropin releasing hormone (GnRH) release. Through the control of GnRH
release, kisspeptin is also responsible for the secretion of luteinizing hormone (LH) and
follicle stimulating hormone (FSH), both downstream and regulated by GnRH.
Kisspeptin is released from kisspeptin, neurokinin B, dynorphin A (KNDy) neurons
within the hypothalamus’ arcuate nucleus (ARC) and anteroventral periventricular
nucleus (AVPV). As the most prominent regulator of GnRH release, KNDy neurons
directly influence the hypothalamic pituitary gonadal (HPG) axis. The HPG axis
primarily regulates reproduction and can be inhibited by the presence of stress hormones,
glucocorticoids (GCs), and activation of the hypothalamic pituitary adrenal cortex (HPA)
axis. It was found that exposure to stress before and during puberty can lead to short-term
pubertal delay and long-term physiological and behavioral alterations. It is known that a
large portion of kisspeptin neurons contain glucocorticoid receptors (GR) which bind
GCs. However, the exact pathway that allows HPA axis activation to inhibit the HPG

axis is still unknown.
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Objective: The objective of this study is to understand how kisspeptin neurons
mediate the relationship between the HPG and HPA axis and if the lack of GR from
kisspeptin neurons alters pubertal development.

Methods: A mouse model with the targeted deletion of GR from Kiss1
expressing neurons GR¥fox; Kiss1-Cre (Kiss19RK0) was compared to control
(GR¥fox)y mice in phenotypic pubertal development studies. To determine if the removal
of GR from Kiss1 expressing neurons affected pubertal development we began data
recording of male and female mice phenotypes beginning on postnatal day (PND)
twenty-one after weaning. We collected data assessing the body weight of the animal and
age and body weight of preputial separation (PS), vaginal opening (VO), and first estrus,
markers of pubertal development in mice.

Results: The removal of GR from Kiss1 expressing neurons did not cause a
significant difference in pubertal development. Male and female Kiss1RKO and GRflox/flox
mice did not have significantly different ages or body weights at PS or VO, nor was age
and body weight significantly altered at first estrus.

Conclusion: The removal of GR and therefore the loss of the ability for Kiss1
expressing neurons to bind GCs does not appear to significantly alter pubertal
development in male and female Kiss1®¥O mice. Further research and studies are
necessary to determine if GR in kisspeptin neurons mediate the effects of stress on

pubertal development.
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INTRODUCTION
The HPG Axis

The hypothalamus-pituitary-gonadal (HPG) axis (Figure 1) is known for its
crucial role during puberty, reproductive life, and menopause. The HPG axis is a
biological feedback loop that controls the secretion of sex steroids. The secretion of sex
steroids from the gonads is controlled via the release and feedback loop mechanisms of
other hormones and neuropeptides. Beginning in the hypothalamus, gonadotropin-
releasing hormone (GnRH) is produced and in a pulsatile pattern, secreted. After GnRH
is secreted, it moves in the blood through the hypophyseal portal system to the pituitary
gland. GnRH then activates, stimulates the release, and therefore controls the production
and release of gonadotropins, Luteinizing Hormone (LH) and Follicle Stimulating
Hormone (FSH) from the anterior pituitary gland. These two hormones will consequently
leave the pituitary gland and move through the bloodstream to mediate sex steroid and
gamete production in the gonads. The hormones will bind their receptors which are
present in the ovaries and testes (Amoss et al, 1971 and Matsuo et al, 1971). The sex
steroids produced by the gonads will subsequently enter the bloodstream and complete
the feedback loop by altering and adjusting the activation of GnRH production in the

hypothalamus.
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Figure 1. The hypothalamus-pituitary-gonadal (HPG) axis, beginning in the
hypothalamus, gonadotropin-releasing hormone (GnRH) is produced and secreted in a
pulsatile pattern. After GnRH is secreted, it moves in the blood through the hypophyseal
portal system to the pituitary gland. GnRH then activates, stimulates, and therefore
controls the production and release of gonadotropins, luteinizing Hormone (LH) and
follicle Stimulating Hormone (FSH) in the pituitary gland. Figure adapted from Chung et
al, 2021.



Kisspeptin Neurons

Within the hypothalamus, but upstream of the GnRH neurons are kisspeptin
(Kiss1) releasing neurons. Kisspeptin, a neuropeptide, encoded by the Kiss/ gene, was
initially discovered by Lee et al, 1996 and although originally thought to be related to
cancer growth, it is now known to be related to reproduction. These neurons can be found
in the anteroventral periventricular (AVPV) and arcuate (ARC) nuclei of the
hypothalamus, amygdala, the bed nucleus of the stria terminalis (BNST), and lateral
septum (LS) (Gottsch et al, 2004). Both the AVPV and ARC Kiss1 neurons play an
integral role in the feedback mechanisms of the HPG axis, mainly by controlling the
production and secretion of GnRH. Specifically, the ARC’s population of Kissl
expressing neurons has been deemed the pulse generator of the GnRH (Terasawa et al,
2013 and Clarkson et al, 2017). This is triggered by the release of kisspeptin and its
binding on the kisspeptin receptor (Kiss1r) in the axon terminals of GnRH neurons
(Rance et al, 2010, Wakabayashi et al, 2010, Goodman & Inskeep 2015). Additionally,
there is a sex steroid feedback mechanism regulating kisspeptin secretion that triggers
GnRH (Herbison 2015). Within the HPG axis there are two populations of kisspeptin
neurons of specific interest. Present in the AVPV and ARC, these kisspeptin neurons
receive, respectively, positive and negative feedback from estradiol, Figure 2 (Navarro
and Kaiser 2013). Due to estradiol’s positive feedback to the AVPV, these kisspeptin
neurons have been found to modulate the preovulatory LH surge (Oakley et al, 2009).

The kisspeptin secreting neurons found in the ARC are kisspeptin, neurokinin B

(NKB), dynorphin A (KNDy) neurons (Lehman et al, 2010). KNDy neurons have



receptors for NKB, NK3R, and dynorphin A, KOR (Navarro et al., 2009; Lehman et al.,
2010; Wakabayashi et al., 2010). The kisspeptin required for the relay of pulse generation
is produced and secreted from these KNDy neurons (Terasawa et al. 2013). From this
model, the KNDy neuron has now been termed the “GnRH pulse generator” according to
a current study.

It has been proposed that the pulsatile release of kisspeptin is controlled by the
stimulatory action of NKB and inhibitory action of dynorphin A while both acting on
KNDy neurons (Cheng et al, 2010). NKB has been described to act on KNDy neurons to
stimulate burst firing pulsatility while dynorphin A works as a “brake” to stop pulses.
The generation and termination of GnRH pulses are correlated to the balance or ratio of
stimulatory NKB and inhibitory dynorphin A (Kegami et al, 2022). These two
neuropeptides control the kisspeptin output that will affect downstream GnRH neurons

and therefore the rest of the HPG axis, Figure 2 and 3 (Qinying Xie et al, 2022).
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Figure 2. Kisspeptin secreting neurons found in the anteroventral periventricular
(AVPYV) and arcuate (ARC) (KNDy) neurons, express kisspeptin, neurokinin B (NKB),
and dynorphin A. They are intertwined with the hypothalamus-pituitary-gonadal (HPG)
axis. ARC kisspeptin releasing neurons help modulate the pulsatile release of
gonadotropin-releasing hormone (GnRH) and LH. AVPV kisspeptin secreting neurons
help modulate the luteinizing Hormone (LH) surge (Navarro, 2020).




Negative Positive
feedback feedback
(ARC) (AVPV)

-

( Kiss1 Kiss1

‘.......................

GnRH .

-
-l

Hypothalamus

Pituitary

LH
O | Fsu

Ovary

Figure 3. The two populations of kisspeptin secreting neurons and their feedback
loops. This includes the feedback of gonadotropin-releasing hormone (GnRH) from the
hypothalamus to the pituitary, which stimulates luteinizing Hormone (LH) and follicle
Stimulating Hormone (FSH), which finally affects the gonads and sex steroid production.
Sex steroid production is positive to the anteroventral periventricular (AVPV) as seen in
red and negative to the arcuate (ARC) as seen in blue (Tena-Sempere, 2010).



HPA Axis

The hypothalamus-pituitary-adrenal (HPA) axis (Figure 4) is known for its ability
to trigger a full body physiological response during stress. The HPA axis is a body wide
feedback loop that is centered around corticotropin releasing factor (CRF). When
activated, CRF triggers a cascade of responses that combine and trigger the release of
glucocorticoids (GCs). GCs determine the severity, length, and type of response as well
as provide feedback to the hypothalamus and complete yet another feedback loop.
Beginning in the paraventricular nucleus (PVN) hypothalamus, corticotropin-releasing
hormone (CRH) is secreted into the blood and moves through the hypophyseal portal
system to the pituitary gland, Figure 4. Its effects on the pituitary gland stimulates the
release of adrenocorticotropic hormone (ACTH). From the pituitary gland, ACTH acts on
the adrenal cortex to stimulate cortisol, a glucocorticoid, and other secretions of
corticosteroids. These stress hormones will then act on most of the tissues of the body to
elicit a stress response (Smith and Vale, 2022). The effects of these stress hormones are

widespread and can also affect the HPG axis and reproduction.
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Figure 4. The hypothalamus-pituitary-adrenal (HPA) axis with external stimuli
begins in the hypothalamus, corticotropin releasing hormone (CRH) secreted into the
blood, moves through the hypophyseal portal system to the pituitary gland. Its effects on
the pituitary gland stimulates the release of adrenocorticotropic hormone (ACTH). From
the pituitary gland, ACTH acts on the adrenal cortex to stimulate cortisol and other
secretions of corticosteroids. These stress hormones will then act on most of the tissues of
the body to elicit a stress response (Spiga et al, 2014).

HPG and HPA Axis
The HPG axis is not only regulated by the pulsatile secretions of NKB and
dynorphin A but also by nutritional load, environment, and most importantly, stress
(Navarro and Kaiser 2013). It was shown in Rivier and Rivest, 1991; Tilbrook et al.,
2002; and Williams et al., 2007 that metabolic, nutritional, psychological, and physical

stress can reduce reproduction and negatively alter fertility in mammals, Figure 5 (Ralph



et al 2016). High levels of circulating GCs, from the HPA axis, can directly suppress
GnRH production within the HPG axis (Chandran, et al., 1994; Whirledge and
Cidlowski, 2010). Additionally, the HPA axis can also affect the HPG axis by
suppressing Kiss1 expression in the AVPV and ARC. Kiss1 expression within KNDy
neurons in the ARC maybe inhibited via KNDy neurons glucocorticoid receptors (GR).
In summary, these studies as well as conclusions from an ongoing larger study in our
group, GCs, binding via the GR, allow stress, from the HPA axis, to affect the HPG axis
(Figure 6) (Kinsey-Jones et al., 2009; Takumi et al., 2012; Grachev et al., 2013; Luo et
al., 2016; Yang et al., 2017). Much is unknown about the interaction of GC’s within the
different populations of Kiss1 expressing neurons and how this affects downstream
neurons and larger bodily functions. The exact circuitry and upstream feedback loop of
GRs, Kiss1 neurons, and KNDy neurons needs to be determined. Kiss1 and GnRH

neurons both express GR but their interaction is unknown.
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Figure 5. Feedback mechanism of how the hypothalamus-pituitary-gonadal
(HPG) and hypothalamus-pituitary-adrenal (HPA) axes affect each other during high
levels of glucocorticoids (GCs). Cortisol has effects on many of the tissues within the
body acting through glucocorticoid receptor (GR) in many cells including kisspeptin,
neurokinin B (NKB), dynorphin A (KNDy) neurons. When GCs levels are elevated, GCs
bind GRs in many cells, including KNDy neurons in the arcuate (ARC) nucleus of the
hypothalamus. This binding increases dynorphin A, while decreasing NKB and
kisspeptin which inhibits gonadotropin-releasing hormone (GnRH) and the rest of the
HPG axis. Diagram from Ralph et al. 2016.
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Figure 6. Shows the intermingling and parallel nature of both the hypothalamus-
pituitary-gonadal (HPG) and hypothalamus-pituitary-adrenal (HPA) axes within the
human body. Stress, trauma, and sleep all affect the HPG and HPA axis as well as the
hypothalamus as a whole. Within the HPG axis there is feedback from sex steroids to the
pituitary and to the hypothalamus. The HPA axis’ cortisol production affects both the
pituitary and hypothalamus as well. The hypothalamus is intertwined with the autonomic

nervous system that modulates parasympathetic and sympathetic nervous system activity
(Us, 2021).
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Stress and Pubertal Development

Puberty is characterized by the initiation of sexual maturation of the gonads to
allow the transition into adulthood. Puberty is not only known for the development of
secondary sex characteristics but also for its collection of physiological, behavioral, and
anatomical changes that occur in order for the organism to reach full fertile development.
It was shown in Colledge, 2004 that the G protein coupled receptor, GPR54 (or Kiss1
receptor), in coordination with its ligand metastin, define as kisspeptin for the
reproduction field is vital for the initiation of puberty in mice. Mice without Kiss1r did
not experience puberty, harbored immature reproductive organs, had low levels of sex
steroids and gonadotrophin hormones, but maintained normal levels of GnRH in the
hypothalamus.

Puberty is the last stage of maturation for the HPG axis. The maturation of this
feedback loop is characterized by increased sex steroids and changing in the levels of
gonadotropins (Pinter et al, 2007). Puberty onset is crucial for population growth and
many external and internal factors such as nutrition, genetics, and stress can alter its
progression. Phenotypically, in female mice, the development of sexual maturity during
puberty is often characterized by vaginal opening (VO) and first estrus. Female mice that
do not experience puberty fail to conceive when paired with fertile male mice. Male mice
maturation is characterized by the growth of testis, spermatozoa production, increasing
testosterone levels, and the development of the preputial glands. Male mice that did not
undergo puberty and therefore sexual development did not experience the growth of the

testis, severely impaired spermatozoa production, low testosterone levels, and
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phenotypically, the lack of development of the preputial glands of the penis as seen in
figure 7 (Colledge, 2004). Animals exposed to caloric and restraint stress early in
pubertal development were shown to weigh significantly less. Pubertal female mice were
also found have delayed onset of vaginal opening, a phenotypic physical sign of puberty
as well as having “irregular” estrus cycles (Nieves et al 2019).

The re-emergence of the pulsatile action of GnRH secretion at the onset of
puberty allows these phenotypic, behavioral, and physiological changes to begin
(Herbison, 2016). When GnRH production is suppressed, it affects not only HPG axis but
also impacts pubertal development, fertility, and ovulation. Wagenmaker et al, 2009
found that GC’s can inhibit the pulsatile release of GnRH into the portal blood to the
pituitary. Much about this process is still unelucidated including where within or above

the feedback loop GC’s make contact to inhibit GnRH.
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Figure 7. From Seminara et al, 2003, mice (Kisslr, knockout) that do not
experience puberty, have immature gonads and less pronounced secondary sex
characteristics. A: Reduction in size of testis. B: Smaller ovaries and uterus indicating the
lack of ovulation. C,D: Severely reduced number of spermatozoa within the seminiferous
tubules indicating failure to produce sperm. E,F: Absence of sperm within the
epididymis. G,H: Low testosterone levels that indicates reduced development of preputial
glands. I, J: A marker of prepubescents, retention of zone X in the adrenal gland. K, L:
Lack of development of the mammary ducts. M, N: Absence of corpora lutea of large
antral follicles indicating a lack of ovulation.
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SPECIFIC AIMS

It has been shown that physical, metabolic, psychological, and nutritional types of
stress negatively impact mammal reproduction. Stress in mammals has been exhibited to
activate the hypothalamic pituitary adrenal cortex (HPA) axis and interrupt the
hypothalamic pituitary gonadal (HPG) axis (Tilbrook et al, 2022 & Williams et al, 2007).
Not only does stress affect these body system arching feedback loops but ultimately
disrupts puberal development and ovarian cyclicity in females (Magiakou et al, 1997).
After HPA axis activation the levels of adrenal stress hormones, glucocorticoids (GCs),
increase (Rivier et al, 1986). It has been shown, in Dubey et al, 1985 Saketos et al, 1993,
Kinsey-Jones et al, 2009, Lou et al, 2016, that systemic presence of GCs inhibit the
activity of the HPG axis in mice, rats, monkeys, and humans.

Within the hypothalamus, kisspeptin neurons play an integral role in regulating
gonadotropin releasing hormone (GnRH) pulsatile secretion, affecting, and regulating the
HPG axis and puberty. In the arcuate (ARC) nucleus, kisspeptin neurons are known as
KNDy neurons releasing kisspeptin, neurokinin B, and dynorphin A. It should also be
noted that a large portion of kisspeptin neurons contain glucocorticoid receptors (GRs)
(Takumi et al, 2012). During stress, (physical restraint, metabolic hypoglycemia, and
inflammatory lipopolysaccharides) Kiss1 expression was decreased within the
hypothalamic ARC (Kinsey-Jones et al, 2009). As Kiss1 expression decreases, GnRH
release as well as LH pulse frequency decreases (Pinilla et al, 2012).

We hypothesize that the deletion of GR in kisspeptin expressing neurons would

alter pubertal development in mice, due to their “inability” to experience GCs signaling. .
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Our specific aim is to determine if GR in Kiss1 neurons are necessary for normal
development and pubertal maturation. Through the use of a mouse animal model with the
selective deletion of GR from Kiss1 neurons, we hope to understand how kisspeptin
neurons mediate the HPG and HPA axis relationship during puberty and if these

mechanisms are mediated by kisspeptin neurons directly.
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METHODS
Study Approval and Animal Care
These studies were approved by the Brigham and Women’s Hospital Institutional
Animal Care and Use Committee (IACUC) in the Center for Comparative Medicine. The
mice were group housed according to sex and bred under constant conditions including
temperature (22-24°C), light [12 hr light (06:00)/dark (18:00) cycle], fed with standard

mouse chow (Teklad F6 Rodent Diet 8664), and were given open access to tap water.

Mouse Model
In this project we aimed to understand the role of GR on Kiss1 neurons. In order to
execute this, we generated a knockout mouse model where GR was specifically removed
from Kiss1 neurons (Kiss19RX9 mice). Mice were obtained from crossing breeding
GRovflox mice with Kiss1-Cre mice using the Cre LoxP System (Kim et al, 2018). Kiss1-
Cre mice, created by Dr Carol Elias, (STOCK Tg(Kiss1-cre)J2-4Cfe/J, Jackson Labs,
stock# 023426) were crossed with GR¥fox (B6.Cg-Nr3c1<tm1.1Jda>/J, Jackson Labs,
stock# 021021) mice in which the loxP sites flank exon 3 of the Nr3c/ gene. All the mice
were genotyped by PCR analyses on genomic DNA isolated from ear biopsies, by

Transnetyx (transnetyx.com) using the primers shown in table 1.
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Forward
Cre(+/-) | TTAATCCATATTGGCAGAACGAAAACG
K“fvsi'l TCCCTGGAAGGAGACTGTAGAC
N r‘}?ﬁ'w TGCTATACGAAGTTATGCGATCGG
N ri’,;lT 10 TGTTGTTTCCCATTTCCTATACCATGT
Reverse
Cre (+/-)
CAGGCTAAGTGCCTTCTCTACA
Kiss1-1
WI GCGACACAGAGGAGAAGCA
Nr3c1-10
L TCCCCCTTCTCATTCCATGTCA
Nr3cl-10 | CTGTCTCCTAATAAGGTGTAGTGTAATCCT
WT

Table 1. Primers used for PCR analyses testing from DNA isolated from ear
biopsies from Transnetyx (transnetyx.com)

Cre Lox P System
A preferred means of studying human disease is using genetically engineered
mouse models. The Cre-loxP system is integral to investigating tissue or cell specific
genes. Cre recombinase is a 38 kDa flipase, D6 specific recombinase, and tyrosine site
specific recombinase. Cre recognizes locus of x-over P1 (loxP) which is 34 base pairs,
specific DNA fragment sequences and mediates this site-specific deletion or excision of
the DNA between in the two loxP sites as seen in figure 8 (Kim et al, 2018). In the mouse

model used in this project, Cre recombinase is only active in tissues expressing Kiss1
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with a Kiss/ promoter while the loxP sites flank the gene encoding for GR in these cells.

This allows for mice with Kiss19RKO and GRflox/flox,

B Conditional mutation;

A
/ Cre-loxP system \ / General breeding \

O Cre recombinase (38 kDa) Tissue-specific Cre-driver F'°"°gde:'le¢es of
> . P loxP site 2
loxP-" loxP ~_Promoter X ) Cre X

loxP sequence (34 bb)
5'-ATAACTTCGTATANNNTANNNTATACGAAGTTAT-3'

¥
D || g 38
> @ oY >
_D_ Inactivated Gene Y
Inactivated _D_ In tissue X
Geney \

Figure 8. The Cre loxP system. A: overview of Cre recognizing loxP within the
DNA sequences flanking the gene “Y”. B: In creating a mouse model with the loxP and
Cre genes, it is required to have one mouse with the cre gene and another mouse with the
loxP DNA sequences. When combined in offspring, the cre mediates excision of gene
“Y” between loxP. Figure from Kim et al, 2018

Validation of the Mouse Model
To verify the selective knockout of GR from mice Kiss1 neurons, a dual IHC of
hypothalamic sections of experimental, Kiss19*%O mice and their littermate controls,
GRMo¥flox ' were compared. The brains sections were stained with both GR (rabbit anti-GR
#PA1-511A, 1:500) and kisspeptin (sheep anti-kisspeptin AC #053,1:1000) in the

hypothalamic ARC, an area of the brain known to express both proteins.
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Immunohistochemistry

For GR and kisspeptin immunohistochemistry, brains were removed, stored in 4%
paraformaldehyde diluted in PBS overnight and then transferred into sucrose solution
(Thermo Fisher Scientific; 20% sucrose in PBS) at 4°C. Following sucrose infiltration the
tissue was frozen in Tissue-Tek® O.C.T. Compound (Sakura® Finetek-4583) and cut on
a freezing stage microtome (Leica® CM3050S Cryostat) into 30 um coronal sections.
The brain sections were subjected to heat-mediated antigen retrieval in 10 mM sodium
citrate buffer (pH 6.0) for 20 minutes at 90 °C. The sections were blocked prior to
addition of primary antibody with PBS-1X containing 0.3%Triton™ X-100 9 (Sigma
Aldrich) and 2% normal donkey serum (NDS) in a humidified chamber at RT for 2 hours.
Post blocking, sections were incubated with both primary antibodies, GR (rabbit anti-GR
#PA1-511A, 1:500) and kisspeptin (sheep anti-kisspeptin AC #053,1:1000) diluted PBS-
1X-0.3%Triton™ X-100 -2% normal donkey serum NDS. The 30 um sections were then
exposed and incubated for 1 hour with the secondary antibodies, anti-rabbit (1:500) and
anti-sheep (1:500) against GR and kisspeptin primary antibodies, respectively. Slides
were mounted with Vectashield mounting medium containing DAPI (Vector lab). The

images were captured by using a fluorescent/light microscope (Nikon Eclipse 901).

Body Weight
The body weights (BW) of male and female Kiss19®KO mice (n=19) and (n=20)
and their littermate controls GR1°¥1°X mice (n=13) and mice (n=24), respectively, were

recorded every seven days from postnatal day (PND) 21 to PND 126. Additionally, BW
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was recorded when preputial separation (PS), vaginal opening (VO) and first estrus

occurred.

Male Pubertal Phenotyping — Preputial Separation
Male Kiss19RKO mice (n=19) and GR*¥1°% mice (n=13) were monitored daily for
complete preputial separation, a marker of pubertal development in male mice, from
weaning PND-21. Preputial separation was confirmed by pushing the abdomen around
the mouse's prepuce. A confirmed preputial separation was considered when the glans

penis was a visible and dark red throughout as seen in Figure 9.

Figure 9. Penis of a mouse before preputial separation (PS) (left) and after PS
(right). Male mouse on the right no longer has prepuce covering the penis and retracted to
show the glans penis, image from Korenbrot et al, 1977.
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Female Pubertal Phenotyping — Vaginal Opening (VO) and First Estrus

Female Kiss19®KO mice (n=20) and GR1°¥1°X mice (n=24) were monitored daily
for VO (Figure 10) and first estrus, markers of pubertal development in female mice,
from weaning PND-21. Vaginal opening was confirmed by the ability to use a pipette to
lavage the vaginal canal as seen in Figure 10.

Female Kiss19®KO mice (n=20) and GR*¥1°* mice (n=24) were monitored daily,
around the same time of day, for first estrus from the first day of vaginal opening. The
vaginal canal was lavaged with 15 pL water and the vaginal cells smeared on a glass
slide as seen in figure 11. The slide was subsequently stained with hematoxylin and eosin
(H&E) and examined by light microscopy. The first estrus was categorized by the
presence of cornified cells on the vaginal mucosa. The cells present on the vaginal smear
were categorized in one of four stages, pro-estrus, estrus, metestrus, and diestrus (Figure

12).
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Ll

Closed

Figure 10. Vaginal opening in female mice at approximately 26 days old, showing
no vaginal opening (A, B) and vaginal opening (C, D), image from Caligoni, 2009.
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Figure 11. Collection of vaginal cells in female mice. After the female mouse has
been restrained, the tip of a plastic pipette (~15 pL) filled with water is introduced in the
vaginal opening of the mouse (a, detail in b) and the liquid is lavaged to collect a sample.
Image from Caligoni, 2009.
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Figure 12. Photos of vaginal smears of the four types of vaginal cells. A: pro-
estrus, nucleated epithelial cells. B: estrus, anucleated cornified cells. C: metestrus,
cornified and anucleated epithelial cells and leukocytes. D: diestrus: leukocytes. N:
nucleated epithelial cells, L: leukocytes, C: cornified cells. Figure adapted from
Caligioni, 2009.

Statistical Analysis
Data were analyzed using the GraphPad Prism 9.3 statistical package. All data
sets were presented as mean + SEM. P < 0.05 was considered statistically significant.

Analysis performed include 2 way ANOVA/ Sidaks or Unpaired Student’s t test.
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RESULTS

Mouse Model Validation
The frozen sections of hypothalamic ARC were treated with rabbit anti-GR and sheep
anti-kisspeptin antibodies. Kisspeptin immunoreactivity was detected in both Kiss]SRKO
mice and their littermate controls, GR11* mice (Figure 13A and Figure 13B, green).
GR immunoreactivity was detected in both Kiss1°*KO mice and their littermate controls,
GRM¥fox mice (Figure 13C and Figure 13D, red). GR staining was observed in the GR*
flox mice Kiss1 neurons (Figure 13F, yellow — green/red merged) but not in the same cells

of the Kiss19RKO mice (Figure 13E, green and red separated).
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: GRilox/flox
Kiss1GRKO

v

Kiss1GRKO GRflox/flox

Figure 13. Immunoreactivity in the arcuate nucleus (ARC) of Kiss1R%O mice and
GRovflox mice, A: Kisspeptin staining in Kiss19RKO mice, green. B: Kisspeptin staining
in GR1¥ox mice, green. C: GR staining in Kiss19®KO mice, red. D: GR staining in
GRovflox mice, red. E: Merged kisspeptin and GR staining in Kiss1RKO mice, green
kisspeptin and red GR not colocalized in the same neurons, arrowheads. F: Merged
kisspeptin and GR staining in GR¥°x mice, green kisspeptin and red GR colocalized in
the same neurons, yellow and arrowheads.
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Pubertal Phenotyping

Body Weight
There was no significant difference in female mice body weight during week three to
week fourteen of life between the two groups, Kiss19RKO mice (n=20), and GR1o¥/flx
control mice (n=24) Figure 14A. There was also no significant difference in male mice
body weight during week three to week fourteen of life between the two groups,

Kiss19RKO mice (n=19) and GR¥°x mice (n=13), Figure 14B.
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Figure 14. Body weight of Kiss19RKO mice compared to GR¥1°x control mice.
(A) Female body weight from age three weeks to fourteen of life, n=20-24 (B) Males
body weight from age three weeks to fourteen of life, n= 13-19. Data represent mean +/-
SEM by 2 way ANOVA/ Sidaks.

Preputial Separation
There was no significant difference between the two groups, Kiss1 9RO mice
(n=19) and GR*¥°x control mice (n=13) in preputial separation percentage over time,
Figure 15A. There was no significant difference between the two groups for age at

preputial separation, Figure 15B (Kiss19RKO: 32,68 +/- 0.50 days vs. GR1¥ox: 32 67 +/-
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0.68 days, p: 0.98) and weight at preputial separation, Figure 15C (Kiss19RKO: 15,61 +/-

0.25, grams vs. GR1¥1xX: 15 52 +/-0.32, grams, p: 0.84).

-~ A
N
% 100 GR lox/lox
o GRKO
& 4 KISS1
(=t
o
E 60“
a
Q 40‘
(7]
© 20
S
o
e 0‘—. Y ; ¥ I T T T T T T T T T T T
B PPPRRRN G Dopad Pl P od O
Time (days)
B 40- C 20-
35- .;. OQ:i:OO @ Y .::
2 30 & B L 1518 &=
T 25- ®
e
& 20- £ 104
® - [
& 15 3
< 10_ % 5-
5_ °
m
R e o= .
+ O
O = F ©
\().‘B OQ. \o‘\s\o OQ'*.
fL2 2
,l) 0®6



31

Figure 15. Preputial separation of Kiss1 R0 mice compared to GR1¥f°x control
mice. (A) Percentage of males at postnatal day (PND) age of preputial separation from
PND-25 to PND-40, n= 13-19. (B) PND age when preputial separation occurred Body
weight when preputial separation occurred, n= 13-19. Data represent mean +/- SEM by
unpaired t test.

Vaginal Opening
There was no significant difference between the two groups, Kiss1R%O mice
(n=20) and GR*¥°x control mice (n=24) in vaginal opening percentage over time, Figure
16A. There was no significant difference between the two groups for age at vaginal
opening, Figure 16B (Kiss19RKO: 29 32 +/- 0.47 days vs. GR1¥M°x: 29 65 +/- 0.45 days,
p: 0.61) and body weight at vaginal opening, Figure 16C (Kiss19RK0: 12.65 +/- 0.20
grams vs. GRVox; 12 39 +/- (.23 grams, p: 0.39).

,n=12-19. (C)
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Figure 16. Vaginal opening of Kiss1*XO mice compared to GR°¥°x ¢ontrol
mice. (A) Percentage of females at PND age of vaginal opening from PND-21 to PND-
36. (B) PND age when vaginal opening occurred, n= 19-23. (C) Body weight when
vaginal opening occurred, n= 19-23. Data represent mean +/- SEM by unpaired t test.
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First Estrus
There was no significant difference between the two groups, Kiss1 %9 mice (n=20) and
GR¥fox control mice (n=24) in first estrus percentage over time, Figure 17A. There was
no significant difference between the two groups for age at first estrus, Figure 17B
(Kiss16RKO: 44 47 +/- 1.60 days vs. GRo¥flox: 46 10 +/- 1.25 days, p: 0.42) and body
weight at first estrus, Figure 17C (Kiss19RK0: 16.09 +/- 0.31 grams vs. GRo¥/flox: 15,93

+/- 0.29 grams, p: 0.69).
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Figure 17. First estrus of Kiss19RKO mice compared to GR1¥1°x ¢control mice. (A)
Percentage of females at PND age of first estrus from PND-31 to PND-59. (B) PND age
when first estrus occurred, n= 19-20. (C) Body weight when first estrus occurred, n= 19-
20. Data represent mean +/- SEM by unpaired t test.
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DISCUSSION
Using a mouse model with the specific deletion of GR from Kiss1 neurons, we
sought out to determine if GRs on Kiss1 neurons directly mediate HPA axis regulation of
reproduction depression of the HPG axis. To determine if the removal of GR from Kiss1
neurons affected pubertal development, we first completed the phenotypic

16RKO mice and their littermate controls, GR1°¥1°x n this study

characterization of Kiss
we found the deletion of GR from Kiss1 neurons did not significantly alter male and
female body weight, or onset of preputial separation, vaginal opening, and first estrus.
Peripuberty and pubertal development are critical not only for the development of the
HPG axis (Meek et al 1997) and HPA axis (Romero et al, 2005 and Romero et al, 2006)
but also for the establishment of sexual behavior and reproductive processes in adulthood
(Romero et al, 2002a, Romero et al. 2002b, Schulz et al 2004). Therefore, it is imperative
to become more informed about what influences affect pubertal development and the
means by which they do so. Laroche et al, 2009 found that exposure to stressors
including caloric restriction, restraint, light, and Escherichia coli physiologic injections,
during development lead to short-term and long-term physiological and behavioral
alterations. Peripubertal stress has been significantly linked to body weight changes as
well as changes in estradiol and progesterone tissue responses mediated by increased
corticosterone levels. Both body weight and exposure to estradiol and progesterone

directly affect pubertal onset and therefore it should be elucidated the mechanism of

action stress (HPA axis) has on pubertal development (HPG axis).
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Upon analysis, it was determined that there was no significant difference in male
mice body weight during week three to week fourteen of life when comparing the two
groups, GR1¥ox and Kiss19RKO n addition, it was also determined that there was no
significant difference in female mice body weight during week three to week fourteen of
life also when comparing the two groups, Kiss19RKO and GR1¥flox Body weight is
correlated to pubertal onset, as body weight rises pubertal development occurs (Laroach
et al, 2009). Nieves et al 2019 found that animals exposed to caloric, physical restraint,
and LPS stress early in development weighed significantly less. We would have expected
Kiss16RKO mice to be larger in size, and weigh more, due to their lack of ability to
experience stress. Our revised hypothesis suggests that GCs signaling through GR in
Kiss1 neurons is not required for body weight changes in mice. These findings suggest a
role of GCs acting on GR above or upstream of Kiss1 neurons to affects body weight.
Targets upstream of these neurons must be established and studies executed to elucidate
this mechanism.

To further evaluate if GR deletion in Kiss1 neurons affects pubertal development
the weight, age, and percentage of animals that experienced preputial separation were
recorded. Preputial separation is a time-tested means of determining the onset of puberty
in male mice (Korenbrot et al, 1977). The separation of prepuce from the glans penis is
completely dependent on the presence of androgens. The presence of androgens and
consequently motile sperm production has been established and therefore is a marker of
phenotypic pubertal onset (Korenbrot et al, 1977). Between the Kiss1SRKO and GRflov/flox

groups, we found there was no significant difference in the percentage of mice from each
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group that experienced preputial separation. There was also no significant difference in
the age or weight at which preputial separation occurred between both groups. Due to
androgens’ ability to blunt stress-like behaviors in males (Wright et al, 2020), we would
have expected male Kiss19RKO mice to develop preputial separation slightly earlier than
their control littermates, GR°¥°x Qur study did not show any male precocious or
delayed phenotypic differences when GR was removed from Kiss1 neurons.

In females, we recorded the day of vaginal opening for both groups, Kiss9RKO
and GR¥fox mice, and their corresponding weight and age. There was no significant
difference in the percentage of mice from each group that experienced vaginal opening as
well as no difference in the age or weight of the animals at the vaginal opening. The
vaginal opening is apoptosis mediated (Rodriguez et al, 1997) and occurs due to a rise in
circulating estradiol (Caligioni, 2009). It is therefore an external sign of puberty onset in
female mice. It was found in Nieves et al 2019, that onset of vaginal opening was
significantly delayed when animals were exposed to stress via elevated plus mazes at
PND - 28, 35, 50, and 75-110 as well as peripubertal stress associated with limited
bedding between ages PND-4 to PND-11. Both of these types of stresses during different
times in development induced lower than normal levels of progesterone and estradiol in
these mice (Cora et al 2015). From these two studies, we initially hypothesized
Kiss 16RO mice will experience an early vaginal opening when compared to their control
littermates, GR¥°x_ Our study however did not yield these results and our hypothesis
was not supported. These results from male and female Kiss19®XO mice lead us to

surmise that GC signaling through GR in Kiss1 neurons is not an inhibitor of preputial
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separation or vaginal opening during pubertal development in mice in the absence of
stress-induced GC release. These findings suggest that there could be a role of GCs and
their GRs upstream to the Kiss1 neurons that affects preputial separation and vaginal
opening.

To further determine if the female phenotypic characterization was altered by the
deletion of GR in the Kissl neurons, vaginal smears were taken each day after vaginal
opening occurred to determine the timing of the animal's first estrus. Documenting the
ovulatory stages via microscopic evaluation of the types of cells present in these mice is a
time-honored means of assessing the functional status of the HPG axis (Cora et al, 2015).
According to Goldman, Murr, and Cooper 2007, estrus cycling is the principal measure to
determine reproduction and ovulation. The levels of progesterone and estradiol change
every four to five days in rats and mice which influences the proportions of each cell type
present in the vaginal canal (Cora et al 2015). The cells that are differentiated between to
determine a first estrus were pro-estrus, estrus, metestrus, and diestrus cells. By
determining the majority of which type of cell is present, the timing of the secretion of an
ovarian follicle can be evaluated. Between the two groups, Kiss1RKO and GRflox/flox,
there was no significant difference in the percentage of animals in each group that
experienced first estrus as well as the age or weight at which first estrus was recorded.
Determining when first estrus occurs in these peripubertal mice is an important and
unequivocal marker of pubertal onset and first ovulation or first estrus (Gaytan et al,
2017). There are many factors that can affect the vaginal opening and the first estrus in

mice including age, temperature, nutrition, and stress (Li and Davis, 2007; Nelson et al,
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1981; Campbell, Ryan, and Schwartz, 1976; Campbell and Schwartz, 1980; Nelson et al,
1982; Whitten, 1956; Goldman, Murr, and Cooper, 2007). We would expect Kiss19RKO
mice to develop pubertal onset earlier than controls, GR™¥°x due to their “inability” to
experience GCs signaling from GR in Kiss1 neurons. According to our hypothesis,
removing GR from Kiss1 neurons would not allow GC signaling from these neurons to
suppress the HPG axis initiation. Since this phenotypic pubertal characteristic was not
altered in the Kiss19RXO mice, we now hypothesize the HPA axis may influence puberty
onset upstream of Kiss1 neurons and their GRs.

Overall, these pubertal phenotypic studies did not yield any significant differences
in puberty onset between Kiss1R¥0 and GRo¥flox mjce, In relation to pubertal
development, the removal of GR from Kiss1 neurons had no effect. Further research is
needed to clearly define the mechanism of stress on the HPG axis as well as the effects of
a deletion of GR from Kiss1 neurons. Research is also required to determine the effects
of stress during pubertal development in animals with the GR deletion from Kissl
neurons.

CONCLUSION

This project is currently in the process of starting stimulation trials in male and
female Kiss19RKO and GR¥MoX mice with and without restraint stress. These additional
experiments will further determine if the HPA axis is able to depress the HPG axis post-
puberty in both female and male mice. We expect Kiss19R¥© mice to be more resistant to
stress due to their lack of an ability to experience stress through GRs. Both trials will

involve restrained and unrestrained reproductive and physiological stress. Female mice of
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both groups, Kiss19RKO and GR1¥lox_ cycles will be followed with and without caloric

and restraint stress.
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