UC San Diego
UC San Diego Previously Published Works

Title
Selective depletion of kisspeptin neurons in the hypothalamic arcuate nucleus in early
juvenile life reduces pubertal LH secretion and delays puberty onset in mice

Permalink
https://escholarship.org/uc/item/2cw41892

Journal
The FASEB Journal, 38(19)

ISSN
0892-6638

Authors
Coutinho, Eulalia A
Esparza, Lourdes A
Steffen, Paige H

Publication Date
2024-10-15

DOI
10.1096/fj.202401696r

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/2cw418qz
https://escholarship.org/uc/item/2cw418qz#author
https://escholarship.org
http://www.cdlib.org/

Received: 24 July 2024

Revised: 9 September 2024

'.) Check for updates

Accepted: 17 September 2024

DOI: 10.1096/1j.202401696R

RESEARCH ARTICLE

ThI:-)ASEBJouran

Selective depletion of kisspeptin neurons in the
hypothalamic arcuate nucleus in early juvenile life reduces
pubertal LH secretion and delays puberty onset in mice

Eulalia A. Coutinho

| Lourdes A. Esparza

| Paige H. Steffen | Reanna Liaw |

Shreyana Bolleddu | Alexander S. Kauffman

Department of OBGYN and
Reproductive Sciences, University
of California San Diego, La Jolla,
California, USA

Correspondence

Alexander S. Kauffman, Department
of OBGYN and Reproductive Sciences,
University of California San Diego,
9500 Gilman Drive, #0674, La Jolla, CA
92093, USA.

Email: akauffman@ucsd.edu

Funding information

HHS | NIH | Eunice Kennedy Shriver
National Institute of Child Health

and Human Development (NICHD),
Grant/Award Number: RO1 HD090161,
RO1 HD111650, R0O1 HD100580, R0O1
HD109477 and R24 HD1020614

Abstract

Puberty is the critical developmental transition to reproductive capability driven
by the activation of gonadotropin-releasing hormone (GnRH) neurons. The com-
plex neural mechanisms underlying pubertal activation of GnRH secretion still
remain unknown, yet likely include kisspeptin neurons. However, kisspeptin
neurons reside in several hypothalamic areas and the specific kisspeptin popula-
tion timing pubertal onset remains undetermined. To investigate this, we strate-
gically capitalized on the differential ontological expression of the KissI gene in
different hypothalamic nuclei to selectively ablate just arcuate kisspeptin neu-
rons (aka KNDy neurons) during the early juvenile period, well before puberty,
while sparing RP3V kisspeptin neurons. Both male and female transgenic mice
with a majority of their KNDy neurons ablated (KNDy"") by diphtheria toxin
treatment in juvenile life demonstrated significantly delayed puberty onset and
lower peripubertal LH secretion than controls. In adulthood, KNDy”*®" mice
demonstrated normal in vivo LH pulse frequency with lower basal and peak LH
levels, suggesting that only a small subset of KNDy neurons is sufficient for nor-
mal GnRH pulse timing but more KNDy cells are needed to secrete normal LH
concentrations. Unlike prior KNDy ablation studies in rats, there was no altera-
tion in the occurrence or magnitude of estradiol-induced LH surges in KNDy”®"
female mice, indicating that a complete KNDy neuronal population is not essen-
tial for normal LH surge generation. This study teases apart the contributions of
different kisspeptin neural populations to the control of puberty onset, demon-
strating that a majority of KNDy neurons in the arcuate nucleus are necessary for
the proper timing of puberty in both sexes.

Abbreviations: 3V, 3rd ventricle; ARC, arcuate nucleus; BW, body weight; CON, controls; DT, diphtheria toxin; DTR, diphtheria toxin receptor; E2,
estradiol; FE, first estrus; GDX, gonadectomized; GnRH, gonadotropin releasing hormone; ISH, in situ hybridization; KNDy, Kisspeptin, NKB, and
dynorphin; KNDyABL, ablated KNDy neurons; LH, luteinizing hormone; NKB, neurokinin B; PS, preputial separation; RP3V, rostral periventricular
nucleus of the 3rd ventricle; VO, vaginal opening.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.
© 2024 The Author(s). The FASEB Journal published by Wiley Periodicals LLC on behalf of Federation of American Societies for Experimental Biology.

The FASEB Journal. 2024;38:€70078.
https://doi.org/10.1096/1j.202401696R

wileyonlinelibrary.com/journal/fsb2 10f19


https://doi.org/10.1096/fj.202401696R
www.wileyonlinelibrary.com/journal/fsb2
https://orcid.org/0009-0003-6088-6309
https://orcid.org/0009-0009-8992-2020
mailto:
https://orcid.org/0000-0001-8631-6097
http://creativecommons.org/licenses/by-nc/4.0/
mailto:akauffman@ucsd.edu
http://crossmark.crossref.org/dialog/?doi=10.1096%2Ffj.202401696R&domain=pdf&date_stamp=2024-10-08

COUTINHO ET AL.

ﬂl_WF)ASEBJoumql

KEYWORDS

GnRH, hypothalamus, Kiss1, kisspeptin, LH pulses, LH surge, luteinizing hormone,
puberty, reproduction, sexual maturation

1 | INTRODUCTION

A neuroendocrine hallmark of the onset of puberty is a
developmental increase in the brain's pulsatile secretion
of gonadotropin-releasing hormone (GnRH) which trig-
gers a corresponding increase in the downstream pituitary
secretion of luteinizing hormone (LH).'” The complex
neural mechanisms controlling the timely developmental
activation of GnRH and LH secretion during the initiation
of puberty are still not fully understood, but likely involve
neurons synthesizing the neuropeptide kisspeptin."*®
Encoded by the KissI gene, kisspeptin directly stimu-
lates GnRH neurons, evoking GnRH and downstream
LH secretion.®*!! The involvement of kisspeptin signaling
in puberty is supported by seminal findings in humans
and rodents that mutations in either KissI or its receptor
(Kiss1r) result in hypogonadism and impaired puberty
onset."*'® Likewise, blocking endogenous kisspeptin sig-
naling with a kisspeptin receptor antagonist delays pu-
berty onset in rats."” Two major populations of kisspeptin
neurons reside in the hypothalamus, one in the arcuate
nucleus (ARC) and another more rostrally in the preop-
tic area, which in rodents is the rostral periventricular
nucleus of the 3rd ventricle (RP3V; also called the AVPV/
PeN). ARC kisspeptin neurons co-express neurokinin B
(NKB, encoded by Tac2) and dynorphin, and are often
termed KNDy neurons.'® Like kisspeptin, NKB signal-
ing is stimulatory to the reproductive axis and critical for
normal puberty onset.”' *® Recent studies in mice suggest
a key role for KNDy neurons in the neural GnRH pulse
generator mechanism that governs pulsatile GnRH and
LH secretion.”'?"?8 In contrast, RP3V Kissl neurons are
not implicated in pulsatile GnRH and LH secretion but
instead are thought to drive the estrogen-induced preovu-
latory LH surge that occurs in adult females (reviewed in
Refs. 31,

In rodents, there is a developmental increase in KissI
gene expression in both the ARC and RP3V nuclei during
the peri-pubertal period,**** but importantly, the ARC and
RP3V kisspeptin cell populations have different ontologi-
cal patterns during earlier development periods (reviewed
in Semaan et al.ﬁ). In both mice and rats, ARC neurons first
start expressing high levels of KissI mRNA (or kisspeptin
protein) a few days before birth**’ and the number of
detectable ARC KissI neurons is already high and near
adult levels at infantile and early juvenile ages, well before
puberty begins.”****° Following these high KissI expres-
sion levels in early juvenile life, ARC KissI levels of mice

and rats transiently decrease during the late juvenile and
pre-pubertal period before slowly increasing again back
to high levels during the pubertal stage.’****** Similarly,
ARC Tac2 cell numbers and expression levels in mice
slowly increase during the peri-pubertal period.****** In
contrast to the ARC population, RP3V kisspeptin neu-
rons are not yet present before birth or during the neo-
natal, infantile, or early juvenile stages.®”*>*** In both
mice and rats, a few RP3V KissI neurons are first detected
around the end of the 2nd week of postnatal life (~post-
natal day [PND] 10-14) but only at very small numbers
(<5% of adult cell counts).****" RP3V KissI cell numbers
first start to rise dramatically a week or two later near the
end of the 3rd postnatal week, establishing high levels
by the end of the 4th week, around puberty onset (PND
28-30).732#1:4548 yhile both RP3V kisspeptin and ARC
kisspeptin/NKB cell populations show peri-pubertal in-
creases, it is not currently known if such increases con-
tribute to the pubertal rise in LH secretion or the timing of
puberty. In fact, the specific kisspeptin cell population(s)
responsible for driving puberty onset still remains to be
experimentally demonstrated.

Several prior studies in rodents employed cell ablation
techniques to permanently remove kisspeptin neurons
and study in vivo function.*">* However, the design of
those previous ablation studies was not able to tease apart
the role of select kisspeptin cell populations in the puber-
tal process. The earliest study, performed in female mice,
ablated all kisspeptin neurons throughout life, beginning
at prenatal ages, and therefore could not determine the
contribution of specific kisspeptin populations in the
various reproductive assessments, including puberty, nor
could it rule out the likelihood of developmental compen-
sation owing to the very early (prenatal) age of ablation.*
By contrast, several studies in rats partially ablated (~70%)
just the ARC kisspeptin (i.e., KNDy) cell population using
neurokinin 3 receptor agonists conjugated to saporin,
but such KNDy ablation was only induced in adulthood
after puberty was fully completed.”®>* Those adult rats
studies also only studied ablation effects in females and
did not include males.’®> Thus, no prior study has se-
lectively ablated just a single kisspeptin cell population
early enough in postnatal development in either sex to
permit subsequent analysis of the timing of puberty onset,
which in female mice typically occurs ~PND 27-30 and in
males ~PND 29-32 (as determined with common anatom-
ical markers, vaginal opening, and preputial separation,
respectively).
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The present study had one primary goal and two sec-
ondary goals. Our primary goal was to tease apart the
possible role of ARC versus RP3V kisspeptin neuron popu-
lations in puberty onset by selectively ablating just one cell
population in early postnatal development while sparing
the other population. Because a neuroendocrine hallmark
of puberty onset is the developmental increase in pulsatile
GnRH secretion,>* we hypothesized that the ARC kiss-
peptin population (i.e., KNDy neurons, which comprise
the GnRH pulse generator'>>*®) drives the developmen-
tal initiation of puberty. To test this, we selectively ablated
just ARC kisspeptin neurons in early juvenile develop-
ment, multiple weeks before normal puberty onset occurs
and without altering the RP3V kisspeptin population, and
then studied puberty timing and pubertal LH levels in
both sexes. While analysis of puberty onset was our main
focus, given the proposed importance of KNDy neurons
in controlling LH pulses,”**® a secondary goal was to
assess whether the juvenile ablation of most KNDy neu-
rons also compromises adult in vivo LH pulse secretion
patterns, which was not analyzed in prior study that ab-
lated KNDy neurons.”*>* Finally, given several reports of
enhanced magnitude LH surges in adult female rats with
partial ablation of KNDy neurons,” > we also determined
if estrogen-induced LH surges were altered or not in adult
female mice that had sustained KNDy neuron depletion
earlier as juveniles.

2 | MATERIALS AND METHODS

2.1 | Animals
Transgenic mice expressing inducible diphtheria toxin
receptor (DTR) exclusively in kisspeptin cells were gener-
ated by crossing Kiss! Cre female mice (provided by Dr.
Carol Elias) with males from a DTR knock-in line (Stock
No. 007900; Jackson Labs, USA) that has a floxed stop
codon upstream of a DTR allele. Mice normally do not ex-
press DTR in any cells; however, in transgenic Kiss1 Cre+/
iDTR mice, Cre recombinase expressed in kisspeptin cells
will remove the stop codon from the DTR allele, allowing
for constitutive expression of DTR in just those kisspeptin
cells. Exogenous diphtheria toxin (DT) treatment can bind
DTR to induce cell death, thereby selectively ablating cells
that express DTR. Our breeding backcrosses ultimately
generated KissI Cre*/iDTR™" offspring (expressing DTR
only in kisspeptin cells) along with KissI Cre”/iDTRY?
control littermates. Because these control mice lack Cre
recombinase, they do not express DTR in any cells and are
not susceptible to DT treatment.

For examination and confirmation of the normal num-
ber of KissI neurons in the RP3V and ARC of juvenile mice

;'IC-ASEBJournaI

at PND 12 and pubertal mice at PND 28, transgenic mice
expressing Cre-dependent tdtomato (red fluorescence) in
neurons expressing the KissI gene were used (KissI Cre x
Rosa'0diomato, «gicg)diom=) 11y these mice, when the Kissl
gene is first expressed, it drives Cre recombinase-mediated
excision of a stop codon in front of the tdtomato allele,
permitting constitutive tdtomato expression thereafter,
regardless of future KissI gene expression status. This al-
lows for permanent “marking” of kisspeptin-expressing
neurons following their first expression of the KissI gene.

In all cases, the day of birth was designated as PND 1
and all animals were weaned at PND 21 and group housed
(2-4 per cage), with ad libitum access to food and water.
The mouse room was maintained on a 12h dark:12h light
cycle with lights off at 18:00h. All animal experiments
were approved and followed the guidelines set by the
IACUC at the University of California San Diego.

2.2 | Quantification of KissI cell
numbers in the ARC and RP3V of
juvenile mice

To first confirm differential ontological patterns of Kissl
expression in RP3V and ARC neurons, we used trans-
genic mice permanently expressing tdtomato red fluores-
cence in neurons expressing the KissI gene (Kiss1'4™),
Heterozygous Kiss1'"™ mice were sacrificed on either
PND 12 (juvenile) or PND 28 (pubertal) and their brains
were collected into cold 4% paraformaldehyde. Fixed
brains were further soaked overnight in 4% paraformal-
dehyde at 4°C and were then transferred to 30% sucrose
at 4°C until the brains had sunk. Fixed brains were later
cut on a cryostat into 5 sets of 20 pm sections and stored
at —80°C. For each animal, one set of brain sections was
analyzed under fluorescent microscopy and the number
of kisspeptin neurons (red fluorescence) was counted in
both the RP3V and ARC brain regions.

2.3 | Strategy for the selective ablation of
ARC Kiss1 neurons before puberty

Previous studies ablating kisspeptin neurons either ab-
lated all kisspeptin neuron populations or only ablated
the ARC kisspeptin population in adulthood.*~>! To
selectively ablate just ARC kisspeptin neurons well be-
fore the pubertal period while sparing RP3V kisspeptin
neurons, we took advantage of the different developmen-
tal ontogenies of Kissl expression in the two kisspeptin
populations (summarized in Figure 1A). In juvenile
Kiss1 Cre+/iDTRﬂ/ fl mice, most ARC KissI neurons will
already express DTR and be susceptible to significant
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FIGURE 1 Differential kisspeptin cell numbers in juvenile development. (A) Schematic summarizing previously-reported data

(reviewed in Semaan et al.®) on Kiss1 or kisspeptin cell numbers in the ARC and RP3V in rodents during prenatal, juvenile, and pubertal

periods, demonstrating that many ARC cells are already present at neonatal and juvenile ages compared to the RP3V which lacks notable

detectable kisspeptin cells in the juvenile period. The light red shaded region denotes the juvenile age PND 12 when DT was given in

the present study and the green shaded region denotes the pubertal period. (B) Representative images of kisspeptin cells, represented by

Cre-mediated tdtomato fluorescence, demonstrating many kisspeptin cells present in the ARC (left) but virtually no cells present in the
RP3V (right) at the juvenile age of PND 12. 3V denotes the 3rd ventricle. (C) Quantification of kisspeptin-tdtomato cell number in the ARC
and RP3V at PND 12 and PND 28 (juvenile and pubertal ages, respectively). *p <.05 versus PND 12. (D) Calculation of the % of PND 28
kisspeptin cells present at PND 12 (left) and the % of PND 28 kisspeptin cells not present at PND 12 (right), demonstrating that most PND
28 ARC kisspeptin cells are already present at PND 12, unlike RP3V kisspeptin cells which are virtually absent at PND 12 and not readily

present until the later pubertal age.

ablation by acute DT treatment at this age; by contrast,
minimal RP3V Kiss1 expression has occurred at this age
and the majority of the RP3V Kissl population will not
yet express DTR. We therefore injected DT (75mL of
0.1 mg/mL) or vehicle (saline) intraperitoneally to juve-
nile Kiss1 Cre*/iDTRY™ males and females and their Cre-
control littermates on PND 12 and PND 13, when DTR
would be expressed primarily only in the ARC kisspeptin
cell population (Figure 2A). Kiss1 Cre+/iDTR™™ mice of
each sex receiving juvenile DT treatment are henceforth
referred to as “KNDy”?"” (ABL = ablation induced in ju-
venile life) males and females. For controls, we used both
Kiss1 Cre*/iDTR™! littermates given vehicle instead of
DT as well as Kiss1 Cre /iDTR™" littermates given DT
(collectively termed “controls” or CON). There were no
statistical group differences in any measure between
these two control cohorts, and we therefore combined
them into a single “control” group for each sex to maxi-
mize statistical power.

2.4 | ISH for KissI mRNA expression

To validate the selective ablation of ARC KissI neurons,
in situ hybridization (ISH) for KissI gene expression
was performed in brain slices containing the entire ARC
region from adult gonadectomized (GDX) male and
female KNDy”®" mice (previously given DT just in ju-
venile life, as described above) and control littermates.
GDX mice were used to remove endogenous gonadal
steroid feedback and increase Kissl expression in the
ARC, thereby enhancing the detection of any surviving
KissI neurons. Fresh frozen brains collected in adult-
hood were sectioned on a cryostat at 20 mM into 5 al-
ternating sets, mounted onto Superfrost Plus slides, and
stored at —80°C. One set of brain sections containing the
entire rostral to the caudal extent of the ARC was as-
sayed for single-label fluorescent ISH to determine the
number of KissI cells present, using our lab’s standard
ISH protocol and a well-validated digoxygenin-labeled
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FIGURE 2 Experimental strategy and validation of selective ARC KissI (KNDy) neuron ablation induced in juvenile life. (A) Schematic

representation of the experimental design to selectively ablate KNDy neurons based on the differential developmental onset of Kiss1

R1°% mice to generate KissI Cre+/DTR™™ mice or

expression in different hypothalamic populations. KissI Cre mice were crossed with DT
Cre-/DTRI controls. DT treatment or vehicle was injected acutely in the juvenile period on PND 12 and PND 13 to induce kisspeptin

cell death in Cre+ mice; in mice at these juvenile ages, KissI (and hence, DTR) has only been actively expressed at high levels in the ARC
but not yet in the RP3V, permitting selective ablation of just ARC kisspeptin neurons at that age. Pubertal assessments and BWs were

later determined from PND 21 to PND 45, and LH was measured in one-off samples taken in the peripubertal period on PND 28 and in
adulthood. Adult mice sustaining KNDy neuron ablation in juvenile life were also examined for impairments in in vivo LH pulsatility and
estrogen-induced LH surges. (B and E) Representative microscope images of ARC KissI-expressing neurons (red fluorescence) in adult
gonadectomized males (B) and females (E), as detected with single-label ISH for KissI mRNA. 3V denotes the location of the 3rd ventricle.
The mean number of ARC KissI neurons (C and F) and the degree of ARC KissI cell ablation (D and G) in male and female KNDYABL

mice (blue or purple bars) is graphed versus control littermates (black or gray bars). n=14-16/male group and n =4-6/female group. (H)
Representative microscope images of RP3V KissI neurons (red fluorescence) in adult ovariectomized females implanted with E,. 3V denotes
the 3rd ventricle. (I) The mean number of RP3V KissI neurons and (J) degree of RP3V KissI ablation in KN DY*EL females (purple bars;
n=4) compared to control females (gray bars; n=9). ***p <.001.

(DIG) Kiss1 probe (1:500), as described previously.”” ™' counted under a 20X objective using computer-assisted
For each animal, the number of red fluorescent DIG counting software (GRAINS, Dr. D. Clifton, University
cells, representing KissI mRNA-expressing cells, was of Washington). The total number of ARC KissI cells
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in individual KNDy**" male and female mice was
compared to the mean number of total cells in control
mice to determine ablation efficacy for each animal, ex-
pressed as a percentage (maximum ablation [no Kissl
cells left]=100%, no ablation [all Kiss1 cells remain-
ing] =0%). To confirm that juvenile DT treatment was
specific to ARC kisspeptin neurons and did not reduce
RP3V Kkisspeptin cells, a separate KissI ISH assay was
similarly performed in brain slices containing the entire
RP3V from adult OVX KNDy*®" and control females
treated with physiological estradiol (E,) levels.

2.5 | Analysis of puberty onset and
peri-pubertal LH levels

Puberty onset was determined in KNDy”®" mice and
control littermates for each sex. To avoid confounding
effects of metabolic and body weight (BW) influences
on puberty onset, which can occur in very small or very
large litters,® only litters with 7-9 pups were used and
occasional runts that were identified at the time of DT
injection (PND 12 and 13) were excluded. All experi-
mental males exhibited weaning weight (PND 21) be-
tween 8 and 10 g and all females weighed between 7 and
9 g at this age. Starting at PND 21, all mice were tracked
daily for the emergence of common morphological pu-
bertal markers: preputial separation (PS) in males and
vaginal opening (VO) in females. BW was measured
every 3days for the entire pubertal assessment and on
days when PS or VO were detected. After VO occurred
in females, daily vaginal smears were taken for vagi-
nal cytology to determine the day of first estrus (FE; a
late pubertal marker signifying first ovulation), demon-
strated by the presence of cornified cells. To assess peri-
pubertal LH levels, a small tail-tip blood sample (5mL)
was collected on PND 28 from a subset of mice of each
sex and mixed with 55mL assay buffer. The resulting
sample was stored at —20°C until assaying for LH by the
University of Virginia Ligand Core via an ultra-sensitive
mouse LH ELISA assay (see Hormone Assays below).

2.6 | Adult basal LH measurement and
kisspeptin challenge

Because KNDy neurons govern pulsatile GnRH secretion
and downstream LH secretion, we determined the effect
of KNDy ablation sustained in juvenile life on basal LH
secretion of gonad-intact mice in adulthood. To measure
adult basal LH levels, a small tail-tip blood sample (4 mL)
was collected from ~8-week-old control and KNDy*B*
male and female mice (in diestrus) in the morning. To

confirm that any reductions in LH levels reflect an impair-
ment at the level of KNDy neurons rather than impaired
GnRH neuron or pituitary function, the basal LH sam-
pling was followed by a kisspeptin challenge to interrogate
the functionality of downstream GnRH and LH secretory
cells. Adult mice of both sexes were injected i.p. with kiss-
peptin-10 (2mg/kg, Cat. # 4243, Tocris Biosciences) im-
mediately after the basal LH blood sample was collected.
Ten minutes after the kisspeptin-10 injection, another
4mL tail-tip blood sample was collected to measure the
LH response to kisspeptin. All tail-tip blood samples were
mixed with 56 mL of assay buffer, frozen at —20°C, and
later assayed for LH levels using the ultra-sensitive mouse
LH ELISA assay described below. For each animal, fold-
response in LH secretion caused by kisspeptin-10 injec-
tion was calculated by comparing the post-kisspeptin LH
value with the pre-kisspeptin (basal) starting LH value.

2.7 | Invivo LH pulse secretion in
adulthood

Given compelling prior evidence that KNDy neurons govern
LH pulse secretion,” we determined if selective KNDy deple-
tion, initiated in juvenile life, impairs parameters of in vivo
LH pulsatile secretion in adulthood. Adult KNDy”*®" males
and littermate controls were gonadectomized (GDX) under
isoflurane anesthesia at ~8weeks of age to remove gonadal
sex steroid negative feedback and enhance GnRH pulse gen-
erator output, a common paradigm to facilitate LH pulse de-
tection in mice. Beginning 1 week later, mice were handled
every day for 3weeks to acclimatize to the serial tail-tip bleed-
ing procedure. On the morning of the serial bleeding, the tip
of the tail was snipped and 15min later serial blood sampling
began in which a tiny droplet of blood (3mL) was collected
from the tail tip with a sterile pipette tip, immediately mixed
with 57mL assay buffer, and stored on ice. Blood samples
were collected from the tail every 6 min for an hour, as pre-
viously described.®*"® After the serial bleeding was com-
pleted, mice were immediately euthanized and their brains
were collected, frozen on dry ice, and stored at —80°C until
processing for Kiss1 ISH assay. LH levels in the serial sam-
ples were measured by the ultrasensitive murine LH ELISA
performed by the University of Virginia Ligand Core, as in
previous pulse studies.®**% LH pulse parameters, includ-
ing pulse frequency, pulse amplitude, basal LH, and peak LH
concentration, were calculated as in our previous LH pulse
studies."**+%® LH pulse parameters were analyzed with
the PULSAR Otago software program using the following
validated parameters outlined for GDX mice in the report by
Porteous and colleagues®’: smoothing 0.7, peak split 2.5, level
of detection 0.32, amplitude distance 3, assay variability 0 2.5
3.3, and G values of 2.2, 2.7,1.9, 1.5, and 1.2.
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2.8 | E, positive feedback induction of
LH surges

RP3V kisspeptin neurons govern the circadian-timed
preovulatory LH surge in female rodents* ' but the role,
if any, of ARC kisspeptin neurons (KNDy neurons) in
the LH surge mechanism is less clear.*® To test whether
KNDy neuron depletion affects LH surge secretion in
mice, we exposed adult KNDyABL female mice to a well-
established E,-induced LH surge paradigm. KNDy”®" fe-
males sustaining cell ablation in juvenile life and control
females were OVX in adulthood (~8 weeks old) and im-
planted subcutaneously with an E, capsule (0.75pug E, in
oil) which reliably elicits early evening LH surges 2 days
later.”® %% Two days after E, implantation, mice in each
group were euthanized in either the morning (AM; non-
surge time) or the early evening before lights off (PM;
time of the LH surge). Blood was collected and left to clot
at room temperature for 90min and then centrifuged to
obtain serum. Serum LH levels were assayed by the UVA
Ligand Assay Core using a sensitive murine LH sandwich
radioimmunoassay (RIA), described below. Using this
specific LH sandwich RIA, an LH surge was defined as a
PM value >0.70ng/mL, as in prior surge studies.**®

2.9 | Hormone assays
Tail-tip blood samples were assayed in peri-pubertal mice
or adults for LH levels by the University of Virginia Ligand
Assay Core using a well-established murine ultra-sensitive
(US) LH ELISA® which uses a capture monoclonal antibody
(anti-bovine LH beta subunit, 518B7; RRID:AB_2665514)
and detection polyclonal antibody (rabbit LH antiserum,
AFP240580Rb; RRID:AB_2665533). Pre-dilution, the US-
LH assay sensitivity is 0.016ng/mL. As described above,
tail-tip blood samples were collected as either 5pL (PND
28), 4pL (adults), or 3pL (LH pulse serial sampling in GDX
adults) and then mixed with assay buffer to a final volume
of 60 puL; this equates to 12X, 15X, or 20X dilution factors for
each assay, respectively. Thus, the functional sensitivities
of the US-LH assays were either 0.192ng/mL (for 5L sam-
ples), 0.240ng/mL (for 4puL samples), or 0.320ng/mL (for
3L samples), with the reportable ranges being 0.192-48.0,
0.240-60.0, and 0.32 to 80.0ng/mL. All tail-tip and serial
sampling LH values are reported as ng/ml of whole blood.
For the assessment of LH surges (E, positive feed-
back), serum LH levels collected in the AM or PM were
assayed by the University of Virginia Ligand Assay Core
using a well-established, sensitive murine LH sandwich
RIA, as in our prior LH studies. This LH sandwich RIA
assay uses antibodies against bovine LH and human LH-
beta (RRID:AB_2665514, RRID:AB_2665513) and has an
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assay sensitivity of 0.04ng/mL with a reportable range:
0.04-75.0ng/mL.

2.10 | Statistical analysis

Data are reported as mean=+SEM. Data were analyzed
and graphed using Prism (GraphPad, San Diego, USA).
Mann-Whitney tests were used to compare the 2 groups
(KNDyABL vs. control), with p <.05 considered statistically
significant. In figures, statistical significance is repre-
sented as: *p <.05; **p <.01, and ***p <.001.

3 | RESULTS

3.1 | Confirmation of low RP3V KissI
versus high ARC Kiss1 cell numbers in
juvenile mice

To confirm different developmental numbers of KissI neu-
rons in the RP3V versus ARC during juvenile life, we used
female transgenic Kiss1'“™ mice to count the number of
neurons that had ever expressed KissI at any age up until
the juvenile age of PND 12 and compared this with similar
analyses at PND 28, a pubertal age. Matching prior reports
in rodents measuring active Kissl gene expression at dif-
ferent developmental ages (reviewed in Semaan et al.%), we
found that on PND 12, the ARC region contained many td-
tomato cells, representing KissI neurons (Figure 1B,C). By
contrast, as expected, the RP3V contained virtually no td-
tomato cells on PND 12 (Figure 1B,C), with only a very few
isolated cells identified in any PND 12 animal, matching
similar reports (reviewed in Semaan et al.?). Thus, at this
early juvenile age, Kiss! Cre-driven tdtomato expression
has primarily only ever occurred in the ARC kisspeptin
population. By the pubertal age of PND 28, ARC tdtomato
cells remained abundant but now there were also high
numbers of RP3V tdtomato cells (Figure 1C). Comparing
PND 28 and PND 12 cell counts indicates that, unlike
ARC kisspeptin neurons, virtually all RP3V kisspeptin
neurons are born or first start expressing KissI sometime
after PND 12, confirming prior findings that active KissI
expression in the RP3V is very low at juvenile ages and
starts to increase later in the mid-3rd week of postnatal
life. 324 Quantitatively, in females, 93% of the total number
of PND 28 ARC Kissl cells is already detected at PND 12
whereas <1% of the number of PND 28 RP3V KissI neu-
rons is detected at PND 12 (Figure 1D, left). Considered
another way, only 7% of detectable PND 28 ARC KissI
neurons arise after PND 12 whereas >99% of RP3V Kiss1
neurons are first detected after PND 12 (Figure 1D, right).
We strategically capitalized on this major developmental

85UB01 SUOWIWIOD BAIER1D 3|qed!jdde aup Aq pauseoh e Sap1e VO ‘88N JO S3|n Joj AReiq1T BUIIUO AB]IM UO (SUORIPUOD-PUR-SWLIRYLIOD" AB] 1M AReIq 1[ou1JUO//SANY) SUORIPUOD PUe SWB L U3 885 *[7202/0T/0T] U0 Arigi8uliuo AB|Im *eiuiojieD JO AISIAIIN - Uewjre Bpuexe|y Aq H969T0rZ0Z (1/960T 0T/I0p/wod A8 |1mAeiqjpul|uo-gese)//sdny Woi) pepeojumoq ‘6T ‘720z ‘09890€ST


https://scicrunch.org/resolver/RRID:AB_2665514
https://scicrunch.org/resolver/RRID:AB_2665533
https://scicrunch.org/resolver/RRID:AB_2665514
https://scicrunch.org/resolver/RRID:AB_2665513

COUTINHO ET AL.

meASEBJoumoI

difference in subsequent experiments to selectively ablate
just ARC KissI neurons before the pubertal period while
sparing RP3V KissI neurons.

3.2 | Confirming targeted depletion of
ARC KNDy neurons by DT injection in the
juvenile period

To specifically ablate ARC KNDy neurons but not RP3V
kisspeptin neurons prior to normal puberty onset, we
took advantage of juvenile Kissl gene expression, and
hence DTR expression in Kiss1 Cre+/iDTRﬂ/ fl mice, being
restricted to the ARC and not the RP3V. We therefore ad-
ministered DT to juvenile (PND 12) KissI Cre+/ iDTRY
mice to selectively ablate ARC kisspeptin cells (summa-
rized in Figure 2A). To validate the ablation efficiency of
this model, we performed ISH for Kiss] mRNA expression
in adult brain sections containing the ARC or RP3V from
KNDY”P" and control mice. As expected, adult control
mice of both sexes had high KissI expression in the ARC
(Figure 2B,C,E,F). By contrast, there was a massive de-
crease in the number of ARC KissI (i.e., KNDy) neurons
in both male (Figure 2B,C; p<.001 vs. control group) and
female (Figure 2E,F; p <.01 vs. controls) KNDyABL mice,
with only a few scattered residual cells typically present.
The mean ablation efficacy of KNDy neurons was ap-
proximately 84% and 94% in male and female KNDy"?"
mice, respectively (Figure 2D,G), confirming deple-
tion of the majority of KNDy neurons. Unlike the ARC
Kiss1 population, there was no difference in the number
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of adult RP3V KissI cells between KNDy*"" and control
females (Figure 2H-J), demonstrating that DT injection
during the early juvenile period specifically ablated most
ARC KissI neurons but did not alter RP3V Kissl neuron
number, as predicted based on the developmental timing
of Kiss1 expression in each region.

3.3 | Juvenile KNDy neuron ablation
does not alter BW in either sex

Because metabolic status and BW can significantly alter
the timing of puberty onset, we measured BW in male and
female KNDy”**" and control mice at the time of DT injec-
tion (PND 12), again at weaning (PND 21), and then every
3days until PND 45. Importantly, for both sexes, there
were no group differences in BWs between control and
KNDy*BL mice at PND 12, weaning, or any age during the
pubertal assessment period (females: Figure 3A-C; males:
Figure 3D-F). Thus, the DT treatment did not alter BW in
either sex, and KNDYAE’L mice demonstrated similar BWs
as controls at juvenile, pre-pubertal, peri-pubertal, and
young adult ages.

3.4 | Juvenile KNDy neuron ablation
delays puberty onset in both sexes

The targeted depletion of ARC kisspeptin neurons in ju-
venile life allowed us to assess the necessary role of that
KNDy cell population in puberty onset. Male and female
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KNDy*"" and control mice were checked daily for PS and
VO, respectively, beginning at PND 21. Juvenile KNDy
neuron ablation resulted in a marked delay in puberty
onset in both sexes. Female controls exhibited mean VO
around PND 28 (Figure 4A,B), similar to prior studies.?
By contrast, in KNDyABL females, there was an obvious
and significant delay in VO, by ~5days on average, com-
pared to control females (p <.001, Figure 4A,B). Moreover,
the late pubertal measure of FE was also significantly de-
layed, by ~6 days, in KNDy”®" females vs. controls (p <.01;
Figure 4D,E). Likewise, in KNDy"®" males, the pubertal
measure of PS was significantly delayed, by ~3 days, com-
pared to control males (p <.001, Figure 5A,B).

BWs of KNDy**" mice on the day of VO (Figure 4C)
and PS (Figure 5C) were significantly higher (p <.05 for
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each sex) than BWs of control mice on their respective
pubertal onset days, reflecting a normal growth curve but
later age of puberty onset in KNDy**" mice. Thus, both
male and female mice with depleted numbers of KNDy
neurons had significantly delayed pubertal onset com-
pared to controls and this pubertal delay was not due to
lower BW or slower growth.

3.5 | Juvenile KNDy neuron ablation
reduces peripubertal LH secretion in
both sexes

KNDy neurons are thought to govern the downstream se-
cretion of pituitary gonadotropins by direct stimulation of
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FIGURE 5 ARCKissl neuron depletion in juvenile life impairs puberty onset in males. (A and B) Day of preputial separation (PS), a

marker of puberty onset in KNDY*P*

and control males. (C) BWs of male mice on the day of PS. Control males: black bars, circles, and lines;

n=37; KNDy"P" males: blue bars, circles, and lines; n=16. **p <.01; ***p <.001.
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FIGURE 6 ARC KissI neuron depletion in juvenile life
decreases peripubertal LH secretion in both sexes. Basal LH levels
in (A) female mice during the peripubertal period on PND 28
(n=11-14/group) and (B) peripubertal males at PND 28 (n=14-25/
group). **p <.01; *p <.05.

GnRH secretion.’ Thus, KNDy neuron depletion would
be expected to reduce downstream GnRH and LH secre-
tion, which could underlie the observed delays in pubertal
onset in both sexes. To ascertain whether juvenile abla-
tion of most KNDy neurons impacted pubertal LH secre-
tion, we measured peri-pubertal LH levels in the blood as
a one-off measure on PND 28. Blood LH levels at PND 28
were significantly lower in KNDy”®" females compared to
control females (p <.05; Figure 6A). Like females, peripu-
bertal KNDy**" male mice also had significantly lower
LH levels at PND 28 versus similarly-aged control males
(p<.01; Figure 6B). Overall, these lower LH levels dur-
ing the peripubertal period match the observed delay in
pubertal onset in KNDy”®" mice of each sex.

3.6 | Juvenile KNDy neuron ablation
reduces basal LH secretion in adulthood
but not the downstream LH response to
kisspeptin signaling

Given the lower LH levels detected in peripubertal
KNDyABL mice, we also assessed basal LH levels in
KNDy*®" mice later in adulthood. Similar to findings
on PND 28, adult females (diestrus stage) that had sus-
tained KNDy*P" earlier in juvenile life had significantly
lower basal LH levels than adult diestrus control females
(p<.05; Figure 7A). To confirm that the observed reduc-
tions in LH levels in KNDy""" females were not due to im-
pairment at the level of their GnRH neurons or pituitary
cells, we challenged adult diestrus females with kisspeptin
to interrogate their functional LH secretory response. The
evoked concentration of LH secreted in KNDy**" females
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FIGURE 7 ARCKissl neuron depletion in juvenile

life decreases adult female basal LH levels but not GnRH or
gonadotrope functionality. (A) Basal LH levels in adult diestrus
female mice. (B) LH levels (left) and fold-increase in LH

(right) in diestrus females after exogenous kisspeptin (Kp-10)
administration to test the functionality of downstream GnRH
neurons (n=10-18/group). (C) Basal LH levels in adult male mice.
(D) LH levels (left) and fold-increase in LH (right) in adult males
after exogenous kisspeptin (Kp-10) injection (n=5-12/group).
**%p <.001 versus controls.

in response to the in vivo kisspeptin challenge was not dif-
ferent from that of control females (Figure 7B left), indicat-
ing that downstream GnRH neuron and pituitary function
is still functional in KNDy”?" females, as predicted. The
fold-increase in LH induced by kisspeptin injection from
basal levels was significantly higher in KNDy”*®" females
than controls (Figure 7B right), likely reflecting a signifi-
cantly lower basal starting level in the former group (see
Figure 7A).

As with females, we also measured basal LH levels in
adult males who had sustained KNDy*?" earlier in juve-
nile life. Surprisingly, despite our previous observation
of significantly lower LH in KNDy*"" males on PND
28, basal LH was not different between adult KNDyABL
and control males (Figure 7C), unlike adult KNDy*""
females who showed reduced basal LH levels. As with
females, the functional LH secretory response after the
kisspeptin challenge, testing downstream GnRH and
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gonadotrope function, was similar between adult male
groups (Figure 7D).

3.7 | Juvenile KNDy neuron depletion
impairs adult LH pulse concentrations
but not LH pulse frequency

The surprising lack of difference in basal LH levels in
adult KNDy*P" and control males may possibly reflect
a technical limitation of the one-time random blood
sampling at an unknown phase of each male's slow LH
pulse pattern. To resolve this issue, we conducted a se-
rial sampling experiment to determine whether juvenile
depletion of KNDy neurons reduces parameters of adult
pulsatile LH secretion in KNDy”**" males. KNDy"*" and
control males were GDX in adulthood, several weeks
before blood sampling, to remove negative feedback
and amplify the frequency and concentration of endog-
enous LH pulses. As expected, control males exhibited
rapid, high-amplitude LH pulses with high basal LH
levels and high pulse peak concentrations (Figure 8A).
By contrast, KNDy*®" males demonstrated a pattern of
significantly diminished LH secretion versus control
males (Figure 8A). Overall mean LH levels during the
serial sampling period were significantly lower, by 33%,
in KNDy*P" versus control males (p <.001, Figure 8B).
Analysis of specific pulse secretion parameters indi-
cated no change in LH pulse frequency (Figure 8C) but
a significant decrease in both basal LH levels (by 37%)
and peak LH levels (by 29%) in KNDy*"" males versus
control males (p<.001 for each measure vs. controls;
Figure 8D,E). Because basal and pulse peak levels were
both reduced by a similar magnitude, the mean pulse
amplitude was not different between groups (Figure 8F).
Thus, juvenile depletion of a majority of KNDy neurons
significantly lowers overall LH pulse secretion concen-
trations in adulthood, but does not change pulse fre-
quency or pulse amplitude.

3.8 | Selective KNDy neuron depletion
does not alter LH surges in mice

In female rodents, a large E,-induced LH surge on the
evening of proestrus triggers ovulation. RP3V kisspep-
tin neurons participate in the generation of LH surges,*
whereas the involvement of KNDy neurons in the LH
surge event remains unclear. Ablation studies in adult fe-
male rats report some influence of KNDy neurons on the
LH surge magnitude,” > suggesting that our KNDy"?"
mice might have altered LH surges. We therefore tested
whether a complete KNDy neuron population is necessary

#\SEBJourml

for proper E, induction of the LH surge in KNDy"**" fe-
males. As expected, control OVX+E, females had very
low LH in the AM, when the surge does not normally
occur, and produced high LH levels in the PM, reflect-
ing typical LH surges (Figure 9). In OVX+E, KNDy"®"
females, LH levels were similar to the controls during
both the AM and PM times (Figure 9A). Indeed, KNDy"®"
females demonstrated very low LH levels in the AM and
high LH surge levels in the PM (p <.001 vs. their AM val-
ues), with no difference in surge magnitude versus control
females (Figure 9A). The percentage of females generat-
ing a detectable LH surge was also not statistically differ-
ent between KNDy**" and control females (Figure 9B).
These results demonstrate that ablation of most KNDy
neurons does not affect the occurrence or magnitude of
the LH surge in mice and is consistent with the observed
normal numbers of RP3V KissI neurons in KNDyABL fe-
males (Figure 2G-1).

4 | DISCUSSION

The neural mechanisms timing the onset of pubertal acti-
vation of the reproductive axis are still not completely un-
derstood, nor are the specific cellular populations in the
brain that govern this process. This study interrogated the
functional contribution of just the ARC kisspeptin neural
population to the pubertal process. Kisspeptin is impli-
cated in triggering puberty onset but the specific popula-
tion of kisspeptin neurons responsible for driving pubertal
timing has not previously been determined. We addressed
this with targeted DT-mediated ablation of just ARC kiss-
peptin neurons (KNDy neurons) in mice at a juvenile age
when only ARC Kissl neurons are abundantly present
but >99% of RP3V Kissl neurons are still absent,*>*»70"72
Because this selective ablation occurred during the juve-
nile period, it permitted subsequent study of puberty onset
which was not previously possible with prior studies ablat-
ing KNDy cells only in adulthood.”*">* Our approach also
avoided developmental compensation and neural circuit
reorganization that might occur during in-utero or peri-
natal development in some transgenic knockout lines.*’
Our findings demonstrate that selective, partial depletion
of most ARC kisspeptin cells in early juvenile develop-
ment results in significant delays in puberty onset in both
sexes, implicating an intact KNDy neuron cell population
as being necessary for normal pubertal timing in mice.
Although kisspeptin and NKB signaling are widely-
believed to govern puberty onset,>* the specific kiss-
peptin and NKB cell population(s) necessary for normal
pubertal activation have not been definitively established.
We previously hypothesized that observed peri-pubertal
increases in KissI and Tac2 expression in the ARC®*
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FIGURE 8 Selective ARC KissI neuron depletion decreases pulsatile LH secretion levels. (A) Representative examples of in vivo LH

pulse secretion in awake, adult GDX control and KNDy"" males. (B) Overall mean LH during the serial sampling was significantly lower

in KNDy”P" males than in control males (n =9-18/group). (C-F) Analysis of individual LH pulse secretion parameters revealed significant

decreases in KNDy”*®" mice in basal LH levels (D) and pulse peak LH values (E), with no change in pulse frequency (C) or pulse amplitude

(F). *p<.05, ***p <.001.
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FIGURE 9 ARCKissI neuron depletion does not alter
generation or magnitude of the LH surge. (A) Serum LH levels

in adult OVX +E, females euthanized in the morning (AM, time
when the LH surge does not occur; n=3-9/group) or in the evening
just before lights off (PM; circadian time of the LH surge; n=11-23/

Y#BL and control

group). In response to E, treatment, both KND
females show robust elevations in PM LH levels, indicative of the
LH surge. Green dotted line designates the LH surge threshold
when using the mouse LH sandwich RIA assay (0.70ng/mL). (B)
The percentage of females in each group successfully displaying an

E,-induced LH surge did not differ between groups.

reflect the KNDy cell population achieving stronger capa-
bility to drive downstream GnRH and LH pulses, thereby
helping to initiate pubertal activation of the reproductive
axis. This notion is supported by delayed puberty onset
in female rodents with experimentally reduced KissI or
Tac2 mRNA levels in the ARC.”*”” However, while those
prior studies specifically altered just KissI or Tac2 gene
expression, the potential pubertal role of the KNDy cell
population itself, as a whole, was not previously studied.
We tested this here by selectively depleting most KNDy
neurons while sparing RP3V kisspeptin neurons to see if
1) KNDy neurons are necessary for normal pubertal tim-
ing, and indirectly 2) if RP3V kisspeptin neurons are suffi-
cient, in the absence of most ARC kisspeptin cells, to drive
normal pubertal timing. We found that selective depletion
of the vast majority of KNDy neurons strongly delayed
puberty onset and lowered peripubertal LH in both sexes.
The observed pubertal delay was somewhat larger in fe-
males than males, perhaps reflecting the slightly greater
efficiency of cell ablation in females (94% vs. 84%). In both
sexes, puberty was not completely prevented, as all mice
eventually displayed pubertal onset. This is likely due to
a combination of some small retained stimulatory input
over time from the few (~6-16%) residual, intact KNDy
neurons along with possible involvement of non-KNDy
modulation of GnRH neurons, as was suggested can occur
in several prior knockout studies.'>%0787° Regardless, our
findings indicate that ARC kisspeptin neurons play an
important and necessary role in the normal increase in
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peri-pubertal LH secretion and properly-timed initiation
of puberty in both sexes.

The delay in pubertal onset in KNDyABL mice was not
linked to a reduction in BW or metabolic disturbance, as
our design only included pups from within a narrow litter
size and BW range to avoid known confounding effects
of different litter sizes and BWs on pubertal tempo.*>*5!
Indeed, BWs were not different between groups at juve-
nile, pubertal, or young adult ages, indicating that the ob-
served pubertal delays in KNDy”*®" mice were not due to
lower BWs.

Our present findings did not experimentally alter
RP3V kisspeptin neurons, and we cannot rule out that
similar pre-pubertal ablation of just the RP3V kisspeptin
population might also alter pubertal timing in one or
both sexes. Indeed, the role of each kisspeptin popula-
tion in the control of puberty is not mutually exclusive.
However, contrasting ARC kisspeptin neurons’ known
role in stimulating GnRH and LH pulses, the primary
function of RP3V kisspeptin neurons is thought to be the
generation of E2-induced LH surges in adult females,
and it is unclear if RP3V kisspeptin neurons also control
pubertal onset. This is especially true for males, given the
highly sexually dimorphic nature of this population such
that only a few RP3V kisspeptin cells are present in either
pubertal or adult males.®? Based on these considerations,
along with the known ability of E, to increase KissI ex-
pression in the RP3YV, it is possible that the previously
observed pubertal increase in RP3V Kiss! levels may be
a consequence of rising gonadal sex steroids caused by
pubertal activation, rather than a independent event that
itself triggers puberty onset.®** Regardless, while ARC
kisspeptin neurons may govern the timing of pubertal
onset, RP3V kisspeptin neurons may have a critical role in
the later stage of pubertal progression in females, specif-
ically for the timing of FE, a late-pubertal marker reflect-
ing the first ovulation.” Future studies either selectively
ablating a majority of RP3V kisspeptin neurons before
puberty onset or selectively silencing RP3V kisspeptin
neuron activity during puberty are needed to assess this
possibility. Intriguingly, a prior study in female rats selec-
tively knocked down Kissl expression in the RP3V and
reported a delay in VO,** despite only a moderate gene
knockdown magnitude of 36% and unaffected ARC Kiss1I
levels. This interesting outcome suggests that kisspeptin
signaling arising from the RP3V may somehow be in-
volved in pubertal timing, at least in female rats. Exactly
how RP3V kisspeptin release might alter pubertal GnRH
pulse secretion (which initiates puberty onset) is cur-
rently unknown and whether this also occurs in males,
which lack a robust RP3V kisspeptin population, or other
species is an important future area of study.
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Our finding of delayed puberty after juvenile KNDy
neuron depletion differs from a study in which transgenic
mice with selective KissI gene knockout in dynorphin
neurons (which co-express KissI in ARC KNDy neurons)
surprisingly had normal puberty onset.* While caution
is warranted when comparing the different technical ap-
proaches and interpretations of cell ablation versus gene
knockdown, one likely explanation for the normal puberty
in the Pdyn“®F/Kiss™ % mice is that the timing of KissI
deletion in that model is dependent on sufficient ARC
Pdyn expression to drive Cre recombinase expression.
While Pdyn expression in the ARC, and specifically in
KNDy neurons, is high in adult animals, such Pdyn lev-
els are much lower before puberty. Indeed, in pilot ISH
assays run during several prior pubertal projects,’** we
observed only very low Pdyn levels in the ARC of juve-
nile and prepubertal mice (A.S. Kauffman, unpublished
observations), and other labs have similarly reported
that ARC Pdyn or DYN-ir levels are low before puberty
and rise markedly during or after puberty.*' Thus, de-
letion of the ARC Kissl gene may not have occurred yet
or might have been incomplete by the pubertal period in
Pdyn“RE/Kiss™ % mice, precluding a significant change
in pubertal timing in that study. The degree of ARC Kiss1
knockout was only quantified in adult Pdyn“RE/Kiss™OX
mice (~85-95%),%* so it remains unknown whether their
normal puberty timing was due to insufficient KissI knock-
out at earlier peri-pubertal ages. To this point, another
study from Nagae et al.,”* knocked down KissI gene ex-
pression in both the ARC and RP3V by crossing Oprk1“*E
rats (Oprk1 encodes kappa opioid receptor) with Kiss™%
rats: Oprk1“®E*/Kiss"™ % rats showed disrupted LH pulse
and surge secretion in adulthood, but pubertal onset was
unaffected. Those authors noted that the normal puberty
correlated with much lower Oprk + Kiss1 co-expression in
pubertal versus adult rats, indicating that most Kiss1 dele-
tion in Oprk1“RE+/Kiss™ X rats occurred after puberty.”

The fact that puberty was delayed in KNDy"®" mice of
both sexes signifies that KNDy ablation occurred at some
point before the normal pubertal period. While the pres-
ent study did not determine the specific time duration
for KNDy neurons to be ablated following DT treatment
on PND 12, multiple prior studies in other iDTR mouse
models indicate cell death is induced within 24-48 h of DT
injection and physiological or behavioral effects observed
as soon as 48-72h following DT.”*'°! We therefore pre-
dict that KNDy ablation most likely occurred by 48-72h
post-DT treatment on PND 12 (i.e., by PND 15), well be-
fore normal pubertal onset typically occurs (~PND 28-30),
though the actual timing was not studied.

KNDy neurons govern downstream GnRH and LH
pulse secretion,”® but surprisingly LH pulse secretion
was not studied in prior KNDy ablation studies.’®>* In

the present study, depletion of most, but not all, KNDy
neurons induced significant decreases in LH secretion
levels, both for one-off measures in peri-pubertal mice
and for basal and peak LH parameters of LH pulse secre-
tion in adults. These findings support our prediction that
the presence of fewer KNDy neurons in KNDy*?" mice
would result in less overall kisspeptin released to stimu-
late GnRH and LH secretion. Interestingly, LH pulse fre-
quency was not altered in KNDy*"" mice, suggesting that
the small remaining network of few non-ablated KNDy
cells was sufficient to functionally maintain the regular
pulse generator timing without altered frequency. Thus,
while the timing of LH pulses was unchanged, overall lev-
els of LH were reduced; the few KNDy neurons remain-
ing therefore appear sufficient for some low degree of
GnRH stimulation that results in low, but not absent, LH
levels. We also confirmed that LH secretion in KNDy"®"
mice of both sexes was normal following exogenous kis-
speptin treatment, indicating that GnRH neurons and
downstream gonadotropes retain fully functional capabil-
ities when most KNDy cells are absent. Although no prior
KNDy ablation study measured in vivo LH pulse patterns,
one such study sampled LH every 30min in adult GDX
female rats and reported no change in mean LH levels
after KNDy ablation.”* However, the degree of KNDy ab-
lation in that study was ~66% whereas it was 84% in our
KNDy”®" males and 94% in KNDy”®" females; the larger
degrees of cell ablation in the present study may explain
our observed reductions in LH concentrations. Relatedly,
Nagae et al.'” used AAV technology to show that recovery
of at least 20% of the KNDy neuron population is suffi-
cient to display LH pulses in adult Kiss! KO female rats,
suggesting that a threshold of >20% of KNDy neurons may
be required for a functional reproductive axis. Although
it is unknown if the same threshold level exists for mice
(or males), our KNDy”*" mice had less than 20% of KNDy
neurons remaining (on average, just 6% in females and
16% in males) and displayed reduced LH levels and de-
layed puberty, supporting Nagae et al's conclusions.'®
Relatedly, in a different study, LH pulses were still pres-
ent in female rats in which the majority of KissI in the
ARC and half the KissI in the RP3V was knocked out,
suggesting that the remaining small portion of ARC KissI-
expressing neurons are sufficient to maintain some degree
of LH pulse generation.”

Along with pulsatile LH secretion throughout most
of their cycle, females also exhibit an E,-mediated LH
surge on proestrus (“positive feedback”), thereby trigger-
ing ovulation. RP3V kisspeptin neurons are key players
in the generation of LH surges,” ! supported in part by
findings of increased RP3V Kiss] mRNA and neuron ac-
tivation during the surge®>'%*'** and sufficiency of pro-
gesterone receptors in RP3V kisspeptin neurons for surge
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occurrence.’®® In the present study, KNDy neuron abla-
tion initiated in early juvenile life did not affect adult
RP3V Kiss1 cell numbers, suggesting that the ability to
generate LH surges should be unaffected. However, lim-
ited prior evidence suggested the possible involvement
of KNDy neurons themselves in the LH surge process:
some KNDy neurons project to the RP3V regionn’ms’lo6
and adult female rats sustaining partial ablation of
KNDy neurons displayed increased LH surge levels,”' ™
suggesting that KNDy neurons may normally act to re-
duce LH surge magnitude. Conversely, an optogenetic
study in mice suggested that activation of KNDy neu-
rons is sufficient to stimulate RP3V kisspeptin neurons'!
and possibly amplify the magnitude of the LH surge,'”’
rather than reduce it as in rats, leaving this issue unre-
solved. Here, we found that adult female KNDyABL mice
with most of their KNDy neurons depleted displayed no
alteration in either the occurrence of LH surges or the
LH surge magnitude, suggesting that the majority of the
KNDy neuron population is not required for normal E,-
triggered LH surges in mice. Whether the few remaining
non-ablated KNDy neurons are sufficient on their own
to provide full modulation of the LH surge magnitude
cannot be ruled out and whether the different LH surge
outcomes between KNDy ablated rats and our present
KNDy ablated mice reflect species and/or methodologi-
cal differences is unknown. Regardless, our data suggest
that the majority of KNDy neurons are not required for
a normal LH surge response to E, positive feedback in
mice.

In conclusion, our findings establish a requisite role of
the KNDy neuron population in the timing of normal pu-
berty onset in both sexes. This study selectively depleted
the majority of KNDy neurons before the peri-pubertal pe-
riod, enabling examination of subsequent pubertal mea-
sures without a caveat of developmental compensation on
neural circuits. Selective juvenile ablation of most KNDy
neurons significantly delayed puberty onset and lowered
peri-pubertal LH in both sexes, demonstrating that a com-
plete KNDy neuron population is necessary for normally-
timed puberty onset. We also determined that juvenile
KNDy neuron ablation impaired the levels of LH pulse
secretion studied later in adult castrated mice, reducing
basal and peak LH concentrations without altering the
pulse frequency timing mechanism. These findings sup-
port the current model of KNDy neuron participation in
governing LH pulse secretion’””® and suggest that only
a small subset of KNDy neurons is needed for dictating
normal LH pulse frequency. Finally, we show that, unlike
in female rats, a complete KNDy neuron population in fe-
male mice is not essential for normal E,-induced LH surge
occurrence or normal magnitude of LH surges.
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