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Conditions of metabolic distress, from malnutrition to obesity,
impact, via as yet ill-defined mechanisms, the timing of puberty,
whose alterations can hamper later cardiometabolic health and
even life expectancy. AMP-activated protein kinase (AMPK), the
master cellular energy sensor activated in conditions of energy
insufficiency, has a major central role in whole-body energy
homeostasis. However, whether brain AMPK metabolically mod-
ulates puberty onset remains unknown. We report here that
central AMPK interplays with the puberty-activating gene, Kiss1,
to control puberty onset. Pubertal subnutrition, which delayed
puberty, enhanced hypothalamic pAMPK levels, while activation
of brain AMPK in immature female rats substantially deferred pu-
berty. Virogenetic overexpression of a constitutively active form
of AMPK, selectively in the hypothalamic arcuate nucleus (ARC),
which holds a key population of Kiss1 neurons, partially delayed
puberty onset and reduced luteinizing hormone levels. ARC Kiss1
neurons were found to express pAMPK, and activation of AMPK
reduced ARC Kiss1 expression. The physiological relevance of this
pathway was attested by conditional ablation of the AMPKa1 sub-
unit in Kiss1 cells, which largely prevented the delay in puberty
onset caused by chronic subnutrition. Our data demonstrate that
hypothalamic AMPK signaling plays a key role in the metabolic
control of puberty, acting via a repressive modulation of ARC
Kiss1 neurons in conditions of negative energy balance.
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nsuring sufficient energy stores to face the diversity of bodily
functions is a major homeostatic priority, which engages nu-
merous brain pathways (1). In turn, body energy and metabolic
status have a clear impact on all physiological systems, with a
discernible influence on key maturational events and energy-
demanding functions. Puberty is a critical transitional period,
when attainment of reproductive capacity and sexual maturity
occurs (2-4), together with key somatic, metabolic, psychological,
and behavioral changes. Recent studies have reported trends for
altered (mostly earlier) puberty onset in girls, and also in boys (5—-
7). This is worrisome, considering the adverse health outcomes
seemingly associated with disturbed pubertal timing, including
higher risk of cardiometabolic disorders, such as type 2 diabetes
and hypertension (8), and reduced life expectancy (9). The mo-
lecular underpinnings of such associations are yet to be elucidated.
One of the most important determinants of puberty onset is
the nutritional and metabolic state (10, 11). Conditions of met-
abolic stress, from cachexia to early-onset obesity, are linked to
perturbed pubertal timing (12, 13). Indeed, while the higher
frequency of child obesity has been related to the trends of
earlier puberty (5, 6), conditions of persistent energy deficit,
ranging from eating disorders to strenuous exercise, are known
to severely delay pubertal maturation (13). The mechanisms for
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such a tight metabolic—pubertal connection are yet to fully surface,
but appear to be largely brain centered. Notably, gonadotropin-
releasing hormone (GnRH) neurons, the indispensable output
pathway for the brain control of reproductive axis and puberty, are
seemingly devoid of appropriate sensing mechanisms for directly
detecting some key metabolic modifiers of puberty, such as leptin
(12). Thus, although the presence of metabolic sensors in im-
mortalized, GnRH-related, GT1-7 cells has been suggested by
expression and pharmacological analyses (14), the above evidence
points to the existence of intermediary pathways whose nature
remains largely unknown.

The search for neural afferents to GnRH neurons, transmitting
(among others) the regulatory actions of metabolic signals, has
been revolutionized by the identification of the puberty-activating
gene, Kiss1, and its receptor, Gpr54 (15, 16). Kiss1 neurons, mostly
located in the arcuate nucleus (ARC) and rostral [mainly, the
anteroventral periventricular nucleus (AVPV) in rodents] hypo-
thalamic areas, play essential roles in the timing of puberty and

Significance

The age of puberty in humans is changing via unknown
mechanisms, although metabolic alterations in childhood are
blamed as a major contributing factor. Perturbations in pubertal
timing are posed with increased risk of later cardiometabolic
diseases and reduced life expectancy, urging a better under-
standing of the molecular basis for these phenomena. We de-
scribe a mechanism whereby the main cellular energy sensor,
AMPK, operates in a population of hypothalamic neurons, named
Kiss1, which produce the puberty-activating signal, kisspeptin, to
metabolically control puberty onset. This neuroendocrine circuit
provides a molecular link between conditions of negative energy
balance and delayed pubertal timing, via a repressive AMPK-
Kiss1 pathway, which may become a druggable target in condi-
tions of disordered puberty, especially of metabolic origin.

Author contributions: J.R., M.P.,, C.D., M.L., and M.T.-S. designed research; J.R., A.B.,
F.R.-P.,, M.J.V,, PS.-C,, N.M.-S,, D.G.-G,, T.I,, R.P,, S.L., M.M.-L,, V.H,, J.M.C,, F.G., and L.P.
performed research; J.R., F.R.-P., M.J.V., R.P,, F.G,, L.P., and M.L. analyzed data; J.R., M.P.,
C.D., M.L., and M.T.-S. held discussions and interpreted data; and J.R. and M.T.-S. wrote
the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Published under the PNAS license.

"To whom correspondence may be addressed. Email: roarivas@gmail.com or filtesem@
uco.es.

2A.B. and F.R.-P. contributed equally to this work.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1802053115/-/DCSupplemental.

Published online October 22, 2018.

www.pnas.org/cgi/doi/10.1073/pnas.1802053115


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1802053115&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:roarivas@gmail.com
mailto:fi1tesem@uco.es
mailto:fi1tesem@uco.es
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802053115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802053115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1802053115

L T

/

D\

mediate the modulatory actions of numerous puberty-regulating
signals, from sex steroids to circadian rhythms (15, 16). Conclusive
evidence in preclinical models has demonstrated that the Kissl
system is sensitive to, and a (direct or indirect) transmitter for,
conditions of metabolic distress impacting puberty, from sub-
nutrition to overfeeding (12). However, the molecular substrate
for such a function remains ill defined.

AMPK is a highly conserved serine/threonine kinase, with a
catalytic a-subunit (with two isoforms, al and a2), and two
regulatory subunits, f (f1 and p2) and y (y1-3) (17, 18). AMPK is
activated by phosphorylation at Thr-172 of the a-subunit, which
is promoted by increased AMP/ATP and ADP/ATP ratios (17).
Upon AMPK phosphorylation, ATP-producing catabolic pro-
cesses are activated, while ATP-consuming anabolic phenomena
are inhibited, thereby restoring the AMP/ATP balance, essential
for cellular energy homeostasis (18). Accordingly, AMPK is
regarded as the genuine (and indispensable) cellular energy
sensor (17). In fact, in contrast to other putative metabolic
gauges, AMPK is able to directly sense changes in availability of
the real energy sources of the cells, namely, adenine nucleotides
(17). Besides its fundamental role in driving cellular metabolism,
AMPK signaling at specific brain (hypothalamic) centers is es-
sential for whole-body energy homeostasis. Accordingly, hypo-
thalamic AMPK activity is tightly coupled to changes in feeding
and modulated by food intake-controlling signals (17, 19); fasting
and orexigenic hormones activate AMPK, thereby inducing
feeding, whereas refeeding and anorectic factors inhibit AMPK,
resulting in suppression of food intake (17). Central AMPK
signaling participates also in the control of energy expenditure,
since AMPK activation in the ventromedial hypothalamus (VMH)
suppresses the thermogenic program of brown adipose tissue,
while its inhibition at this nucleus promotes energy expenditure
(17, 20-22). Thus, AMPK operates as an integral hypothalamic
regulator of energy homeostasis, acting on feeding and thermo-
genesis in a nucleus-specific manner.

Because of its prominent role in whole-body weight and
metabolic homeostasis, brain AMPK is likely to connect energy
balance and other metabolically gated functions (17). These
seemingly include reproduction, which is highly sensitive to nu-
tritional and metabolic cues, and dynamically controlled by
hormones, such as leptin and ghrelin (12, 23). In fact, as yet
fragmentary evidence suggests that AMPK may transmit a neg-
ative valence to the elements of the reproductive brain in
adulthood (14, 24-26). However, the putative physiological rel-
evance of these phenomena is yet to be fully defined. Moreover,
the roles, if any, of brain AMPK in the regulation of puberty
remains virtually unexplored to date. In this work, we aimed to
address the potential role of brain AMPK signaling in connecting
metabolic/nutritional status and pubertal timing. Our data dis-
close a regulatory pathway of puberty onset, involving an AMPK-
mediated repressive control of Kiss/ in ARC kisspeptin neurons,
which becomes activated in conditions of energy deficit and
contributes to the metabolic gating of puberty.

Results

Hypothalamic AMPK Is Activated by Chronic Subnutrition and Negatively
Regulates Puberty Onset. The ability of hypothalamic AMPK to sense
changes in energy availability was tested in pubertal female rats
subjected to chronic 30% peripubertal undernutrition (UN), from
weaning [at postnatal day 23 (PND23)] onwards. This protocol of
UN caused a significant 22% decrease in body weight (BW) (Fig.
1A) and a substantial delay in the age of vaginal opening (VO), as a
phenotypic sign of puberty onset (VO in UN at PND37: 20% vs.
100% in pair-aged female rats fed ad libitum; Fig. 1B). Chronic UN
at puberty resulted also in a significant increase (more than twofold)
in hypothalamic pAMPK levels (Fig. 1C).

The consequences of hypothalamic AMPK activation at puberty
were addressed pharmacologically, by intracerebroventricular (icv)
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Fig. 1. Metabolic and pharmacological activation of brain AMPK delays
puberty onset. In the Upper panels, the impact of chronic subnutrition (UN)
on BW (A), time course of VO, as phenotypic sign of puberty onset (B), and
hypothalamic pAMPK levels (C) are shown. Peripubertal female rats were
subjected to 30% reduction in daily food ration, from PND23 onwards. Age-
paired rats fed ad libitum [normal nutrition (NN)] were used as controls.
Group sizes were for BW: NN = 20, UN = 10 animals per group; for Western
blot: NN = 5, UN = 5 animals per group. ***P < 0.001 vs. corresponding
controls (Student t tests). In the Lower panels, the effects of chronic icv in-
fusion of the pharmacological activator of AMPK, AICAR, on BW (D), VO (E),
uterus weight (UW) (F), and ovarian weight (OW) (G) (at PND36) in pubertal
female rats are presented. Females chronically treated with vehicle served as
controls. Group sizes were: n = 16 animals per group for vehicle treatment;
n =10 animals per group for AICAR. *P < 0.05; **P < 0.01 vs. corresponding
control groups.

infusion of the AMPK activator, 5-aminoimidazole-4-carboxamide
ribonucleotide (AICAR), between PND30 and PND36 into female
rats. While this regimen did not alter BW gain during the pubertal
transition (Fig. 1D), it profoundly delayed the course of VO, with
an overall reduction of ~50% in the total number of females dis-
playing VO at PND36 (Fig. 1E). AICAR infusion also induced a
significant reduction in uterus weight (UW) and ovarian weight
(OW) at PND36, as additional indices of deferred pubertal mat-
uration (Fig. 1 F and G). Efficient activation of hypothalamic
AMPK in our model was demonstrated by Western blot, which
showed increased pAMPK/AMPKal and pAMPK/AMPKa?2 ra-
tios and enhanced phosphor-Acetyl-CoA carboxylase (pACC)
content, as a downstream target of pAMPK (17), in the hypo-
thalami of AICAR-treated female rats (S Appendix, Fig. S1 A-C).
In contrast, no significant elevation of pAMPK levels was detected
in other brain areas of AICAR-treated animals, such as the cortex
or hippocampus, taken for reference purposes (SI Appendix, Fig.
S2). The lack of increase in pAMPK levels after AICAR in the
hippocampus, despite its circumventricular location, might be due
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to low basal pAMPK content vs. the hypothalamus, as denoted by
immunohistochemistry (SI Appendix, Fig. S2).

Activation of AMPK in the ARC Negatively Regulates Puberty Onset.
Pharmacological experiments of central activation of AMPK
were complemented by virogenetic gain-of-function studies in-
volving overexpression of a constitutively active form of AMPKa
(AMPK-CA) in the ARC of (pre)-pubertal female rats; a similar
tool has previously been used by our team to address the met-
abolic role of central AMPK in the control of energy homeo-
stasis (20, 22). For reference purposes, stereotaxic targeting of
AMPK-CA in the VMH, which is relevant for the thermogenic
actions of AMPK (17), was also conducted in parallel. Efficient
targeting of ARC and VMH was verified by coadministration of
fluorescein, while efficiency of viral-induced expression was
confirmed by stereotaxic delivery of adenoviruses encoding GFP
(Fig. 2 A-D). Overexpression of AMPK-CA in the ARC did not
modify BW gain along puberty (Fig. 2E), but tended to delay the
course of VO; on PND35, female rats injected with adenoviruses
encoding AMPK-CA displayed an accumulated VO frequency
that was ~30% lower than females injected with mock vectors
(Fig. 2F). In addition, circulating luteinizing hormone (LH)
levels (as a hormonal biomarker and major driver of gonadal
maturation) in pubertal female rats injected with AMPK-CA in
the ARC were significantly lower than in corresponding controls
(Fig. 2G). In clear contrast, overexpression of AMPK-CA in the
VMH, which also failed to change BW, did not delay VO (ac-
tually, an opposite trend was detected), nor did it decrease LH
levels at PND35 (SI Appendix, Fig. S3).

AMPK Suppresses Kiss1 in the ARC and Is Coexpressed in Kiss1 Neurons.
Since the ARC holds a prominent population of Kissl neurons
(27), we explored the potential AMPK-Kissl interplay by a
combination of expression and functional analyses. A protocol of
central activation of AMPK using AICAR was applied to pubertal
female rats, and expression of KissI was evaluated by in situ hy-
bridization (ISH) in the ARC and AVPV, as major hypothalamic
sites harboring Kissl neurons. To control for the confounding
influence of fluctuations in endogenous sex steroid levels on Kiss/
expression, a model of pubertal ovariectomized (OVX) rats
clamped to have a fixed physiological level of circulating estradiol
(E») was used (28). Prominent expression of KissI was detected at
the ARC and AVPV, in line with previous studies (27). However,
while central administration of AICAR failed to modify Kiss/
mRNA in the rostral (AVPV) population, Kiss! expression in the
ARC was significantly blunted by AICAR treatment, with a mean
reduction of >50% in the number of KissI-expressing neurons
(Fig. 34).

Immunohistochemical (IHC) colocalization experiments were
also implemented to address whether (activated) AMPK is
coexpressed in Kissl neurons. Based on our ISH data, and
considering the documented fact that very few discernible im-
munoreactive kisspeptin cell bodies are identifiable in the AVPV
of female rats (29), unless axonal transport is inhibited, partic-
ular attention was given to the ARC Kissl neuron population.
IHC analyses revealed a set of kisspeptin-immunoreactive cells
in the ARC of pubertal female rats, in line with previous refer-
ences (27), with clearly distinguishable cell bodies and a dense
network of fibers. Similar IHC approaches using an antibody
against phosphorylated AMPK permitted identification of
PAMPK-positive cells in the ARC, with a wider and more scat-
tered pattern of distribution than Kiss1 neurons. Notably, while
kisspeptin immunoreactivity was only cytoplasmic, pAMPK
staining was also nuclear, as revealed by DAPI colabeling, in
keeping with previous references in other cell types (30-32).
Merging of kisspeptin and pAMPK IHC signals revealed coex-
pression of activated AMPK in Kissl neurons in the ARC of
pubertal female rats (Fig. 3B). This was further documented by
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digital reconstruction and orthogonal 3D analyses of the IHC
sections, which unambiguously documented the colocalization of
kisspeptin and pAMPK-positive neurons in the ARC of pubertal
female rats (SI Appendix, Fig. S4).

Conditional Ablation of AMPK in Kiss1 Neurons Prevents the Impact
of Energy Deficit on Puberty Onset. Our expression and functional
data suggested that AMPK is well suited for transmitting metabolic
information to Kissl neurons controlling puberty onset. To further
address this putative role in a physiological setting, we generated a
Kissl cell-specific AMPKal null mouse line by crossing a well-
validated Kiss1-Cre/GFP mouse line (33), with the AMPKa17¥x
mouse (34), thereby allowing congenital ablation of AMPKal in
Kiss1 neurons. Allele-specific PCR in null animals demonstrated
the successful deletion of AMPKal in the hypothalamic regions,
namely preoptic area (POA) and the ARC, which hold the two
prominent populations of Kissl neurons (SI Appendix, Fig. S5).
In contrast, no Cre-mediated recombination was observed in the
cortex of null mice, used as negative control, nor was it found in
any of the tissues analyzed in the corresponding control (Cre
negative) animals (S/ A%?endix, Fig. S5).

Kiss1-Cre/AMPKa17¥1°* [termed Kiss1-specific AMPK knock-
out (KAMKO)| mice were born at a Mendelian rate and females
(KO and their littermate controls) were assessed for somatic and
pubertal maturation postnatally. No differences in terms of BW
gain were detected between genotypes before and after weaning,
when animals were fed ad libitum (Fig. 44). Likewise, fed animals
did not display overt differences in relevant indices of puberty onset,
including VO, BW at VO, percentage of animals with complete VO
at PND44, ovarian weights, and LH levels, as surrogate marker of
activation of the hypothalamic—pituitary—gonadal (HPG) axis (Fig.
4 B-F).

Since AMPK becomes activated in conditions of chronic
negative energy balance (Fig. 1C), similar analyses were con-
ducted in a model of pubertal UN, previously validated by our
group to cause pubertal delay in rodents (35, 36). As expected,
20% reduction in the daily chow ration from PND23 onwards
caused a decline in the BW gain curves, with an approximately
20% suppression in overall BW during the pubertal transition;
no differences were detected between genotypes in response to
UN (Fig. 44). In control females subjected to UN, a marked
delay in the course of VO and a significant decrease in ovarian
weight at PND44 were observed, in line with a phenotype of
deferred puberty. In clear contrast, and despite having similar
BW as underfed controls (Fig. 4C), female mice with congenital
ablation of AMPKal in Kissl neurons were partially protected
from the delay in the course of VO caused by UN (Fig. 4B). In
fact, all UN KAMKO mice displayed complete vaginal canali-
zation at PND44, whereas only 60% of UN controls showed VO
at this age (Fig. 4D). Of note, completion of VO in UN KAMKO
mice occurred at a mean BW lower than that of control mice
fed ad libitum. Furthermore, KAMKO mice subjected to UN
showed a strong trend for increased ovarian weights and LH
levels (P = 0.05), compared with control mice under the same
feeding regimen (Fig. 4 E and F).

Discussion

The timing of puberty is fitted to metabolic and nutritional con-
ditions of the organism. The translational relevance of such met-
abolic influence on puberty onset is epitomized by the dramatic
impact of conditions of metabolic stress, including malnutrition,
on the age of puberty in humans (12, 13). AMPK is a fundamental
cellular energy gauge, which acting on discrete neuronal pop-
ulations at different hypothalamic nuclei, plays an essential role in
whole-body metabolic homeostasis, and its coordination with
multiple vital functions and hormonal pathways (17). By a com-
bination of gain- and loss-of-function studies, we disclose here the
relevant role of AMPK signaling in ARC Kissl neurons for the
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metabolic control of puberty and its inhibition by conditions of
energy insufficiency.

In line with its role as master cellular sensor of energy deficit
(18), our data document that hypothalamic AMPK becomes
activated in conditions of chronic energy deficiency at puberty,
whereas central activation of AMPK, either pharmacological or
virogenetic, suffices to delay pubertal onset to a variable extent,
possibly depending on the effectiveness of AMPK targeting, thus
partially mimicking what is observed in subnutrition. Of note,
documentation of the delay in puberty onset was achieved by a
combination of phenotypic and hormonal markers that, admit-
tedly, did not include first estrus. This was mainly due to the fact
that the delay of vaginal opening, as a robust and reliable sign of
puberty onset in rodents (37), which was associated with acti-
vation of AMPK, caused a substantial number of animals to not
undergo complete canalization of the vagina by the time of ter-
mination of some experiments. In any event, our findings dis-
close a pubertal dimension of brain AMPK signaling, which is

E10762 | www.pnas.org/cgi/doi/10.1073/pnas.1802053115

compatible with previous fragmentary evidence suggesting that
activation of AMPK might repress adult reproductive function,
eventually via inhibition of key components of the reproductive
brain (e.g., GnRH neurons) in adverse metabolic conditions,
such as extreme glucoprivation, as suggested by electrophysio-
logical studies (24). While the physiological connection between
AMPK signaling and reproduction in adulthood still remains
unsolved, our present data conclusively demonstrate that pu-
bertal activation of the HPG axis is sensitive to the regulatory
actions of central AMPK, suggesting a conserved repressive role
of this key metabolic pathway in gating the acquisition and
maintenance of reproductive capacity. Notably, central activa-
tion of AMPK at the time of puberty failed to alter food intake
or body weight, a phenomenon that excludes the potential con-
founder impact of changes in body energy reserves on puberty
onset and resembles the lack of feeding- or body weight-
promoting actions of other orexigenic signals at the time of pu-
berty, such as ghrelin (38, 39). A tenable explanation is that
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KAMKO = 8; UN-control = 10; UN-KAMKO = 9 animals per group. *P <
0.05 vs. corresponding control group (ANOVA followed by Student-New-
man-Keuls multiple range test).

puberty is a physiological state of accelerated weight gain, in
which the superimposed actions of orexigenic signals, such as
AMPK, on body weight would be difficult to detect. However, it
can drive a discernible inhibitory input to puberty onset.

Our results unveil also the neuroendocrine circuit underlying
the repressive action of AMPK, which seemingly involves Kiss1
neurons in the ARC. This neuronal population is known to be
sensitive to sex steroids and responsible for the pulsatile secre-
tion of GnRH (16, 40). ARC Kissl neurons are also responsive
to adverse metabolic conditions, ranging from subnutrition to
obesity (12, 16). Moreover, recent optogenetic studies revealed
that this population makes contacts and provides glutamatergic
inputs to ARC proopiomelanocortin and agouti-related protein
neurons, which operate as a key first-order neuronal hub for
energy homeostasis (41). Although the precise percentage of
colocalization could not be accurately established due to limi-
tations in detecting the whole set of Kiss1 cell bodies in the ARC
against the dense network of kisspeptin fibers, our data conclu-
sively document that ARC Kissl neurons coexpress pAMPK,
whose pharmacological activation causes not only pubertal delay
but also a suppression of Kiss! expression. Kiss/ has emerged in
the last decade as master puberty-activating gene, whose hypo-
thalamic expression in adulthood is congruently regulated by
metabolic signals acting as permissive (e.g., leptin) or repressive
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(e.g., ghrelin) factors on puberty onset, which activate or sup-
press KissI expression, respectively (42-44). A previous in vitro
study, using the immortalized GnRH cell line, GT1-7, showed
that pharmacological activation of AMPK was capable of sup-
pressing Kiss! expression (25); yet, the physiological relevance of
such data is dubious, as GnRH neurons themselves do not ex-
press Kiss! (16). Our results, showing that activation of AMPK in
a physiological setting can suppress Kiss! expression in the ARC,
suggest this is a tenable pathway for suppression of puberty onset
in metabolically compromised conditions. The lack of detectable
effects of AMPK activation on KissI expression in the AVPV,
together with the genuine limitations of immunodetection of
discernible cell bodies of kisspeptin-immunoreactive neurons in
this rostral hypothalamic area in rats (29), prevented us from
further exploring the potential contribution of AVPV Kissl
neurons to this phenomenon, which nonetheless seems to be
less tenable.

We have previously documented that hypothalamic signaling
via the mammalian target of rapamycin (mTOR) interplays with
KissI in the metabolic control of puberty (28, 45). However, in
line with its putative role as sensor that becomes activated in
conditions of nutritional/energy surplus (46, 47), it was the
blockade (not the activation) of mTOR that evoked a suppres-
sion of ARC KissI levels and delayed puberty (28). Given the
reciprocal interplay between mTOR and AMPK in numerous
cellular systems (48, 49), it is plausible that the AMPK/mTOR
duo may operate as a molecular conduit for the metabolic con-
trol of hypothalamic Kiss! expression and puberty: conditions
where AMPK activation prevails would suppress puberty onset
and vice versa. Interestingly, the regulatory actions of mTOR
seem to occur indirectly, as suggested by the fact that Kissl
neurons do not express the downstream mediator of mTOR, pS6
(50). In contrast, at least a subset of Kiss1 neurons appears to be
equipped with a functional AMPK signaling pathway, as denoted
by our IHC and functional genomic studies, therefore suggesting
a more proximal role of AMPK in transmitting metabolic in-
formation to Kissl cells. The putative upstream regulators of
AMPK signaling in Kissl neurons warrant future investigation,
but these might include the adipose hormone, adiponectin,
which is known to modulate AMPK in GT1-7 cells (51, 52), as
well as other hormonal signals, such as leptin and ghrelin, known
to reciprocally regulate pubertal timing and AMPK in other
neuronal systems (17, 53). Moreover, the possible involvement of
ovarian steroids, such as estrogen and progesterone, which have
been shown to modulate AMPK and fatty acid metabolism at the
VMH, cannot be excluded (20, 54).

The notion that AMPK modulates puberty onset via regula-
tion of Kissl is fully supported by our pubertal studies in
KAMKO mice, with conditional ablation of AMPKal in Kissl
cells. Genetic invalidation of AMPKal in Kiss1 neurons did not
affect the timing of puberty in favorable/neutral nutritional
conditions (i.e., animals fed ad libitum), but clearly attenuated
the detrimental effects of chronic subnutrition on pubertal pro-
gression, as KAMKO females subjected to undernutrition dis-
played preserved vaginal opening and elevated ovarian weights
and LH levels, as surrogate markers of pubertal activation, de-
spite decreased body weight. This is fully compatible with a
permissive role of AMPK signaling in Kissl neurons as a gating
mechanism for puberty to proceed only in optimal metabolic
conditions. Consequently, while suppression of AMPK signaling
(e.g., by nutritional surplus) would not overtly alter pubertal
timing, situations leading to AMPK activation, such as sub-
nutrition, would result in delay or blockade of puberty, via re-
pression of the pubertal heightening of Kiss/. In our genetic
approach, we targeted the AMPKal subunit, since it is widely
expressed in different hypothalamic areas and it has recently
been shown to play a prominent role in the metabolic actions of
AMPK, including the hypothalamic control of the thermogenic
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program of brown adipose tissue (22). In any event, we cannot
rule out the possibility of partial developmental compensation of
the lack AMPKal by AMPKa?2 or alternative pathways. In fact, a
recent report suggested that AMPKa?2 in Kiss1 cells might also
participate, albeit modestly, in reproductive adaptations to
conditions of acute metabolic distress in adulthood (55). More-
over, the eventual contribution of AMPK signaling in non-Kiss1
neurons, including GnRH, to modulation of puberty remains a
distinct possibility (24, 26), which is yet to be proven. Nonethe-
less, any eventual compensation in KAMKO mice did not ab-
rogate the protective phenotype against chronic undernutrition
imposed by congenital ablation of AMPKal in Kissl neurons,
therefore stressing the functional relevance of this particular
pathway.

In recent years, perturbations in the age of puberty have become
more prevalent and a source of concern due to their potential
long-term consequences, especially in terms of cardiometabolic
health. Not only conditions of earlier puberty, putatively linked to
child obesity, are showing escalating incidence, but also forms of
pubertal delay, associated with nutritional or metabolic disorders
ranging from anorexia to strenuous exercise or wasting diseases,
may have deferred detrimental effects on the health span of the
individual (8). Our data disclose a neuroendocrine circuit linking
negative energy balance and pubertal timing, via a repressive
AMPK—Kiss1 pathway. Besides its potential pathophysiological
relevance, our data are of considerable translational interest, as
they identify a tenable molecular target for refined strategies of
central modulation of the onset of puberty. Indeed, early therapies
with drugs known to activate AMPK, such as metformin (56), have
been reported to delay menarche in girls at risk for precocious
puberty (57). Moreover, metformin treatment in girls with pre-
cocious pubarche has been shown to reduce androgen excess and
to ameliorate insulin resistance (58). While those clinical studies
did not address the underlying mechanisms of metformin, nor did
they dissect out central vs. peripheral sites of action, our current
data pinpoint hypothalamic AMPK signaling in Kiss1 neurons as a
putative pharmacological target of intervention to normalize/delay
pubertal timing in conditions of increased risk of precocity, such as
child obesity.

Methods

Animals. Wistar rats and genetically modified C57BI6 mice, engineered for
conditional ablation of AMPKa1 in Kiss1 cells (namely, KAMKO mice; see
below), bred in the vivarium of the University of Cordoba, were used. The
animals were housed under constant conditions of light (12-h light/dark
cycles) and temperature (22 + 2 °C). The day the litters were born was
considered day 1 of age (PND1). Animals were weaned at PND21 and pro-
vided with free access to tap water and fed ad libitum with a standard soy-
free diet, unless otherwise indicated. The experiments and animal protocols
included in this study were approved by the Ethical Committee of the Uni-
versity of Cordoba; all experiments were conducted in accordance with Eu-
ropean Union (EU) normative for the use and care of experimental animals
(EU Directive 2010/63/UE, September 2010).

Drugs. The cell-permeable activator of AMPK, AICAR, was purchased from
Phoenix Pharmaceuticals, Inc. 17p-estradiol (E,) was purchased from Sigma
Chemical Co. AICAR was dissolved in physiological saline (0.9% Nacl),
whereas E, was dissolved in olive oil.

Treatments and Experimental Design. The experimental studies included
herein were implemented to investigate the function of AMPK signaling in
the control of puberty onset in female rodents and to explore its potential
interaction with Kiss1 neurons. When required, central administration of the
different compounds was implemented using standard procedures of can-
nulation, following previously published procedures (28, 36). In brief, rats
were subjected to icv cannulation 24 h before the beginning of the exper-
iments. To this end, cannulas (INTRAMEDIC polyethylene tubing; Becton
Dickinson) were inserted to a depth of 2 mm beneath the surface of the
skull, with an insert point at 1 mm posterior and 1.2 mm lateral to Bregma,
according to a rat brain atlas (59). For continuous central administration, an
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icv cannula was connected to a miniosmotic pump (ALZET osmotic pumps,
model 2001; DURECT Corporation), which was implanted s.c. at the back of
the neck. After cannulation, the animals were housed in individual cages
until the end of the experiments. Correct positioning of icv cannulas was
confirmed postmortem. Blood samples for hormone assays were obtained by
decapitation at the end of the experiments. While grossly similar time
windows for conducting the various experiments addressing pubertal mat-
uration were applied, the actual dates for termination of each experiment
were minimally adjusted depending on the specific conditions of the studies,
as indicated in detail below. In any event, in all experiments, appropriate
controls were run in parallel, thus allowing proper interpretation of data.

As an initial approach, in experiment 1, we evaluated the impact of
conditions of negative energy balance on the hypothalamic levels of pAMPK
in pubertal female rats. To this end, hypothalamic pAMPK content was an-
alyzed in pubertal female rats (PND36) submitted to a protocol of chronic
subnutrition. The animals were subjected to continuous caloric restriction of
30% (vs. littermate females fed ad libitum) between PND23 and PND36, by
reducing their daily food ration proportionally. This protocol is fully validated
and has been extensively used in our laboratory for studies on the neuro-
peptide and metabolic control of puberty (28, 35, 36). Dissection of hypo-
thalamic blocks for protein analyses was conducted immediately upon killing
of the animals, following previously published protocols (35, 60).

Based on initial results, in experiment 2, the impact of central pharma-
cological activation of AMPK signaling on puberty onset was assessed in
peripubertal female rats. To this end, continuous infusion of AMPK activator,
AICAR (1.5 mg/mL), was applied icv from PND30 to PND36 using a miniosmotic
pump at a flow rate of 1 pl/h. Animals treated with vehicle served as control.
BW and VO were daily monitored during the treatment. Animals were killed
at PND36, and trunk blood, uterus, and ovaries were collected, on the basis
of previous references (61). In addition, hypothalami were dissected out and
processed for protein analysis of the AMPK pathway, as described in detail
elsewhere (20, 22). Extrahypothalamic areas, namely, the cortex and hip-
pocampus, were also dissected and included in protein analysis of AMPK
activation (pAMPK), for comparative purposes.

The nucleus-specific intervention of AMPK signaling in the regulation of
puberty onset was assessed in experiment 3. To this end, prepubertal rats were
subjected to bilateral injection of adenoviruses expressing AMPK-CA or GFP (as
control) into the ARC or VMH, as these two hypothalamic areas are well
recognized to be involved in AMPK actions on energy balance (17). Viruses
expressing GFP and AMPK-CA were obtained from ViraQuest. In brief, for
expression of activated AMPK or GFP, 1 uL of virus (2.4 x 10" particles per
milliliter) was injected bilaterally in female rats at PND27 in the ARC [from
Bregma anteroposterior (AP): —2.0 mm; lateral (L): 0.3 mm; and dorsoventral
(DV): —=9.4 mm) or in the VMH (from Bregma AP: —2.0 mm; L: +£0.5 mm; and
DV: —9.0 mm]. BW and VO were monitored daily and trunk blood was col-
lected at the end of the experiment for measurement of LH. In addition,
brains were harvested for verification of the injection. As a general pro-
cedure, visualization of the location of viral injections was achieved by co-
administration of fluorescein isothiocyanate (Sigma Aldrich), in both Ad-GFP
and Ad-AMPK-CA treated animals, the injection site being evaluated post-
mortem under a fluorescence microscope. Assessment of GFP in an additional
set of animals was used to further confirm the effective infection capacity of
our viral vector. Systematic analysis of fluorescein labeling allowed discrimi-
nation of proper hits (in the ARC or VMH) from off-target injections; the
latter were excluded from further analyses.

As a consequence of the results from experiment 3, the involvement of
Kiss1 neurons in mediating AMPK effects on puberty onset was evaluated in
experiment 4. To this end, KissT mRNA expression was analyzed by in situ
hybridization in brain slices of rats submitted to continuous AICAR infusion,
using the same dosing protocol as in experiment 2, between PND29 and
PND33. To avoid the possible confounding effect of fluctuations of endog-
enous estrogen levels due to the pharmacological treatment upon Kiss7
mRNA expression, female rats were OVX at PND25 and replaced with a fixed
dose of estradiol (E;) known to cause restoration of endogenous estrogen
levels to physiological (low) range, in keeping with previous references (28).
To this end, SILASTIC brand silicon tubing (i.d. 1.98 mm, o.d. 3.18 mm, and
12.5-mm length; Dow Corning) containing 10 pg/mL E,, dissolved in olive oil
was implanted s.c. At the end of the treatment (PND33), animals were killed
and brains were collected, frozen on dry ice, and stored at —80 °C for pos-
terior in situ hybridization analyses, as described in detail below.

In an additional set of experiments, the potential direct action of AMPK
signaling in Kiss1 neurons for mediating the metabolic control of puberty
was evaluated. First, in experiment 5, we evaluated whether Kiss1 neurons
coexpress the phosphorylated (active) form of AMPK, namely pAMPKa1/2
(Thr-172), by double immunofluorescence of Kisspeptin and phosphor-AMPK
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in pubertal (PND36) female rats (see details of the immunofluorescence
protocol below). In addition, to further examine the potential direct con-
tribution of AMPK signaling in Kiss1 neurons to control puberty onset, a
genetically modified mouse line with congenital ablation of the catalytic
domain of the AMPKa1 subunit specifically in Kiss1 neurons was generated,
using a Cre-loxP strategy (see next section). The pubertal phenotype of this
mouse was characterized in experiment 6, in which daily BW and VO were
monitored from PND23 to PND44 in female mice fed ad libitum or subjected
to 20% caloric restriction after weaning; the latter model was included as a
means to assess the eventual role of AMPK signaling in Kiss1 neurons in
mediating the negative impact of undernutrition on pubertal onset. At the
end of the experiment, animals were killed, and trunk blood and ovaries
were collected for specific analyses.

Generation of a Kiss1 Neuron-Specific AMPKa1 Null Mouse Line. To address the
potential role of AMPK signaling on Kiss1 neurons (see experiment 6), mice
lacking the functional AMPKa1 catalytic subunit specifically in Kiss1-expressing
cells were generated by crossing a well-validated mouse line carrying Cre-
recombinase expression under the Kiss1 promoter, the Kiss1-Cre*’~ mouse
(33), with mice harboring LoxP sites flanking exon 3 of the Prkaal gene
(AMPKa1'®1o mouse, Prkaaltm1.15jm/); stock no. 014141; The Jackson
Laboratory). This ensures specific Cre-dependent ablation of AMPKa1 signal-
ing on Kiss1 neurons. Of note, the Kiss1-Cre mouse harbors a knockin dual Cre/
GFP cassette, allowing location of Cre-expressing cells (33).

Kiss1-Cre*’~ mice were initially mated with AMPKa1'®'*P animals. The
resulting genotypes, Kiss1-Cre*’; AMPKa1'°"~, were self-crossed to generate
all of the possible genotypic combinations. For the experiments, only Kiss1-
Cre*’~; AMPKa1 '@®'*P (referred as KAMKO mouse) and Kiss1-Cre™;
AMPKa1 'oPoxP (referred as controls) were used.

Mice were genotyped using the following combination of primers for
Kiss1-Cre: 13746, 5'-GAC CTA GGC TCT GGT GAA G-3’; 11493, 5'-GGC AAA
TTT TGG TGT ACG GTC AG-3’; 13747, 5'-GAG CCT CCA GTG CTC ACA GC-3’;
resulting in a DNA fragment of 337-bp for the endogenous wild type, and a
250-bp amplicon for the Cre allele. Determination of AMPKa1'*" alleles was
done using the following primers: 11528, 5'-CCC ACC ATC ACT CCA TCT CT-3;
11529 5'-AGC CTG CTT GGC ACA CTT AT-3’; resulting in a 334-bp amplicon for
wild type, and a 450-bp fragment for the floxed allele (S/ Appendix, Fig. S5).

Validation of the Specificity of KAMKO Mice. To assess the specificity of the
conditional ablation of exon 3 of the AMPKa1 (Prkaa1) gene in our mouse
model, two complementary approaches were carried out. First, we demon-
strated that Cre expression is restricted to Kiss1 neurons. To this end, we
performed double immunohistochemical analyses in Kiss1-Cre*~ mice for
the detection of kisspeptin and the GFP-tagged Cre (see details of immu-
nohistochemistry below). To reduce the dense network of kisspeptin fibers
in the ARC, as a means to facilitate visualization of Kiss1 cell bodies, col-
chicine (20 pg/5 pl/mouse) was administrated icv 24 h before the killing of
the animals, following previously published recommendations (62). Repre-
sentative examples are shown in S/ Appendix, Fig. S5; analysis of the histo-
chemical data demonstrated almost exclusive GFP-tagged Cre location in
Kiss1-expressing areas (namely, AVPV and ARC), with an average 98%
colocalization of GFP and kisspeptin signals.

In addition, effective recombination, denoting Cre activity and, sub-
sequently, ablation of the exon 3 sequence of the AMPKa1 gene flanked by
the loxP sites, was assessed by PCR in different brain areas, including those of
high Kiss1 expression, namely areas containing the AVPV and the ARC, vs.
areas devoid of endogenous Kiss1 expression, namely the cortex. To this end,
an additional primer (delete allele 5'-CCC ACA TAG GAA AGC GTG TT-3’) was
used in combination with the 11528 primer (see previous section) to detect
the presence of a recombination event. A 530-bp amplicon was detected
following recombination, while a 1,300-bp DNA fragment was obtained if
recombination did not occur. As a note, the last band is amplified in all of
the samples since non-Cre cells are present everywhere and it was used as
loading control of DNA. For further details, see SI Appendix, Fig. S5.

Protein Analysis by Western Blot. Total protein was extracted from hypo-
thalamic blocks, as previously described (20). Briefly, total protein lysates
(20 pg) were subjected to SDS/PAGE on 7% polyacrylamide gels, electro-
transferred on polyvinylidene difluoride (PVDF) membranes (Millipore) and
probed overnight at 4 °C in the presence of the following primary anti-
bodies: Anti-phosphor-AMPKa (Thr-172, 1:1,000; ref. no. 2535; Cell Signal-
ing); anti-phosphor-acetyl-CoA carboxylase (Ser-79); (1:1,000; ref. no. 3661;
Cell Signaling); anti-acetyl-coA carboxylase 1 (1:1,000; ref. no. 04-322; Merck
Millipore); anti-AMPKa1 (1:1,000; ref. no. 07-350; Merck Millipore); and anti-
AMPKa2 (1:1,000; ref. no. 07-363; Merck Millipore). For protein detection,
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we used horseradish peroxidase (HRP)-conjugated secondary antibodies and
chemiluminescence (anti-rabbit, 1:5,000; ab6721; Abcam). A total of 5-
6 samples per group were assayed; protein levels were normalized to p-actin
(1:5,000, A5060; Sigma Aldrich). Densitometric analysis of protein bands was
conducted using the open source image processing software, ImageJ (https:/
imagej.net/Imagel).

ISH. For analysis of Kiss7T mRNA expression in the hypothalamus, brains were
collected from selected experimental groups and ISH analyses were per-
formed, following previous references (63). In brief, five sets of coronal brain
sections (20 pm thick) encompassing from rostral to caudal hypothalamus
were generated, mounted on Super-Frost Plus slides (Thermo Fisher Scien-
tific, Inc.), and stored at —80 °C until ISH analyses.

A specific antisense-specific riboprobe for Kiss1 rat mRNA, spanning 83—
371 nt of the ¢cDNA sequence (GenBank NM_181692.1) was generated
according to a previous protocol (63). A single set of sections was used for
ISH (adjacent sections 100 pm apart). These tissue sections were fixed in 4%
PFA, acetylated in triethanolamine buffer, dehydrated in increasing con-
centrations of ethanol, and delipidated with chloroform. After these steps,
hybridization with Kiss1 riboprobe was performed during 16 h at 55 °C.
Kiss1 riboprobe was diluted in hybridization buffer to a final concentration
of 0.03 pmol/mL along with yeast tRNA. After hybridization, slides were
washed, treated with RNase-A, and dehydrated in increasing ethanol series
as previously described (63). Finally, slides were dipped in Kodak autoradi-
ography emulsion type NTB (Eastman Kodak) and exposed for 2 wk at 4 °Cin
the dark. After this period, the sections were developed and fixed following
manufacturer instructions (Kodak). Then, slices were coverslipped with Sub-
X mounting medium (Leica). For analysis, 54-60 sections from each animal
(9-10 slides, 6 sections per slide) were evaluated. Five animals per group
were included in the analysis. Slides were read under dark-field illumination
with custom-designed software and enabled to count the total number of
cells (grain clusters). Cells were counted as KissT mRNA-positive when the
number of silver grains in a cluster exceeded that of background.

Double Immunohistochemistry. For preparation of the brain for immunohis-
tochemistry, rats were anesthetized with an i.p. injection of ketamine/xylazine
mixture and perfused intracardially with 0.9% saline followed by 4% PFA (pH
7.6). After removal, brains were postfixed in the same fixative (4 °C, 24 h),
washed in PBS (4 °C for 24 h), and dehydrated in sucrose (30% in 0.1 M PBS for
24-48 h). Brains were cut and divided in three sets of coronal sections (30 pm)
in a freezing microtome Leica CM1850 UV. One set of free-floating sections
was used for incubation with different combinations of antibodies against
phosphorylated AMPKa1/2 (Thr-172) (sc-33524; Santa Cruz Biotechnology,
Inc.), sheep anti-rat/mouse Kisspeptin no. 017, rabbit anti-ratmouse Kisspeptin
no. 566 (both kisspeptin antibodies were a generous gift from A. Caraty,
Physiologie de la Reproduction et des Comportements-Institut National de la
Recherche Agronomique, Nouzilly, France), or GFP (Ab13970; Abcam).

Antigen retrieval was performed in 10 mM sodium citrate buffer, pH 6, for
10 min at 90 °C. Then, sections were removed from heat and allowed to cool
down at room temperature (20 min). After washing, sections processed for
immunofluorescence were incubated for 48 h at 4 °C with rabbit anti-
PAMPKa1/2 (Thr-172) polyclonal antibody (1:100) and sheep anti-rat/mouse
Kisspeptin polyclonal antibody (1:5,000) in incubation buffer (0.25% donkey
serum and 0.3% Triton X-100 in TBS). Previously, Kisspeptin antibody was
preincubated with thyroglobulin for 24 h at 4 °C to decrease the back-
ground, since the immunogen used to obtain the antibody consisted of
10 amino acids from rat Kisspeptin sequence attached to thyroglobulin to
increase the immunogenicity. After washing the slices three times in TBS
(10 min per wash), they were incubated with a biotinylated donkey anti-
rabbit secondary antibody (Jackson Immunoresearch, Inc.) at 1:200 in in-
cubation buffer for 90 min at room temperature. After three more washes,
the sections were incubated with FITC-conjugated donkey anti-sheep
(Jackson Immunoresearch, Inc.) at 1:100 and Texas Red streptavidin (Vector
Laboratories) at 1:200 in incubation buffer, for 2 h at room temperature.
Finally, the sections were washed thoroughly in TBS, mounted on gelatin-
coated slides, air dried, and coverslipped with Vectashield mounting me-
dium (Vector Laboratories).

For double Nickel-3,3’-Diaminobenzidine (nickel-DAB)/DAB staining, the tissue
sections were subjected to a protocol similar to that indicated above for im-
munofluorescence, with slight modifications. Sections were incubated sequen-
tially for 72 h at 4 °C with chicken anti-GFP polyclonal antibody (1:40,000) and
rabbit anti-rat/mouse Kisspeptin polyclonal antibody (1:10,000). For detection of
GFP (black; using Nickel-DAB as chromogen) and Kisspeptin (brown; using DAB
as chromogen), Vector Elite ABC peroxidase kit (Vector Laboratories) was used
after incubation with biotinylated donkey anti-chicken secondary antibody
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(1:500) and biotinylated donkey anti-rabbit secondary antibody (1:500), re-
spectively. Single pAMPK immunostaining was achieved using the above
Nickel-DAB protocol for the detection of pAMPK-positive cells, using rabbit
anti-pAMPKa1/2 (Thr-172) polyclonal antibody (1:5,000).

As a general procedure, negative controls, generated by omission of
primary antibodies, were routinely included and processed in parallel; these
analyses verified the specificity of immunodetection, as no immunoreactivity
was detected in those samples.

Image Processing. For double immunofluorescence, immunoreactivity was
visualized on a Zeiss LSM 710 confocal system. Confocal images were taken,
and Z stacks were condensed to maximum intensity 2D projections using
ImageJ (NIH). When relevant, the resulting images were processed for 3D
reconstructions using Imaris Software (Bitplane, Oxford Instruments).

For quantification of pAMPK immunoreactivity in different brain areas,
images were taken with a Leica DM2500 microscope and processed using
ImageJ (NIH). The content of pAMPK was presented as the percentage of the
specific brain area occupied by pAMPK cells. Brain areas were delimited using
as reference the mouse coronal section from the Allen Brain Atlas (mouse.
brain-map.org/static/atlas).

Hormone Measurements. Serum LH levels in mice and rats were determined
using the double-antibody method and radioimmunoassay kits supplied by
the National Institute of Health, NIH (A. F. Parlow National Institute of Di-
abetes and Digestive and Kidney Diseases National Hormone and Peptide
Program, Bethesda, MD). Hormone provided by NIH (LH-I-10) was labeled
with 2] using the lodo-gen method (Pierce). The hormone concentrations
were expressed using reference preparations of LH-RP-3. The sensitivity of
the assay was 75 pg/mL. Intra- and interassay coefficients of variation (CV)
were lower than 8%. The reliability of the hormone determinations was
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