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Kisspeptin, encoded by Kiss1, activates reproduction by stimulating GnRH neurons. Although most
Kiss1 neurons are located in the hypothalamus, smaller Kiss1 populations also reside in the medial
amygdala (MeA), bed nucleus of the stria terminalis (BnST), and lateral septum (LS). However, very
little is known about the regulation and function of these extra-hypothalamic Kiss1 neurons. This
study focused on the roles and interactions of two signaling factors, estradiol (E2) andGABA, known
to stimulate and inhibit, respectively, extra-hypothalamic Kiss1 expression. First, using estrogen
receptor (ER)a knockout (KO) and bERKOmice, we demonstrated that Kiss1 in both the BnST and LS
is stimulated by E2, as occurs in the MeA, and that this E2 upregulation occurs via ERa, but not ERb.
Second, using GABABR KO and wild-type mice, we determined that whereas E2 normally increases
extra-hypothalamic Kiss1 levels, such upregulation by E2 is further enhanced by the concurrent
absence of GABABR signaling in the MeA and LS, but not the BnST. Third, we demonstrated that
when GABABR signaling is absent, the additional removal of gonadal sex steroids does not abolish
Kiss1 expression in the MeA and BnST, and in some cases the LS. Thus, Kiss1 expression in these
extra-hypothalamic regions is not solely dependent on E2 stimulation. Finally, we demonstrated a
significant positive correlation between Kiss1 levels in the MeA, BnST, and LS, but not between
these regions and the hypothalamus (anteroventral periventricular nucleus/periventricular nu-
cleus). Collectively, our findings indicate that both E2 and GABA independently regulate all
three extra-hypothalamic Kiss1 populations, but their regulatory interactions may vary by brain
region and additional yet-to-be-identified factors are likely involved. (Endocrinology 159:
3389–3402, 2018)

The neuropeptide kisspeptin, encoded by the Kiss1
gene, and its receptor, Kiss1r, are required for

mammalian reproduction. This is supported by findings
that mutations in these genes in humans and rodents lead
to deficits in puberty and adult fertility (1–5). Kiss1
neurons are most abundantly located in the hypothala-
mus, in the anteroventral periventricular (AVPV), peri-
ventricular (PeN), and arcuate (ARC) nuclei (5–10),
although smaller populations of Kiss1 neurons are also
present in extra-hypothalamic areas such as the medial

amygdala (MeA), bed nucleus of the stria terminalis
(BnST), and lateral septum (LS) (5, 11–16). Most kiss-
peptin research to date has focused on the regulation and
reproductive functions of hypothalamic Kiss1 neurons,
and there is still very little known about the regulation
and function of extra-hypothalamic Kiss1 neurons. The
MeA, BnST, and LS regions have numerous behavior-
al and physiological functions, including but not limited
to effects on reproductive physiology and behavior
(17–30). Therefore, understanding the regulation of these
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extra-hypothalamic Kiss1 populations may provide valu-
able insight into their possible functions.

Kiss1 gene expression in the ARC and AVPV/PeN is
differentially regulated by gonadal sex steroids [testos-
terone (T) and estradiol (E2)] (8–10). In the ARC, Kiss1
expression increases following the removal of gonadal
sex steroids via gonadectomy and decreases following
exogenous T or E2 treatment, supporting the hypothesis
that ARC Kiss1 neurons participate in sex steroid neg-
ative feedback control of GnRH pulses (8–10). In con-
trast to the ARC, in the AVPV/PeN, Kiss1 expression is
reduced with gonadectomy and increased following E2

treatment, supporting a role for AVPV/PeN Kiss1 neu-
rons in participating in E2-mediated positive feedback
control of ovulation in females (8–10). Similar to AVPV/
PeN Kiss1 expression, MeA Kiss1 expression is dra-
matically reduced following gonadectomy, whereas E2 or
T treatment robustly increases MeA Kiss1 expression
(11, 31). DHT treatment has no effect on MeA Kiss1
levels, indicating that Kiss1 expres-
sion in the MeA is upregulated by sex
steroids specifically via estrogen-
dependent pathways (11). In both the
hypothalamus and the MeA, this E2

regulation of Kiss1 expression occurs
primarily via estrogen receptor (ER)a
(9, 10, 31, 32). However, it is currently
unknown whether the BnST and LS
Kiss1 populations are also regulated by
E2, whether any potential E2 regulation
in these regions is stimulatory or in-
hibitory, andwhether such E2 regulation
occurs via ERa or another ER, such as
ERb. The LS only expresses ERa, sug-
gesting that any direct E2 regulation of
Kiss1 expression would likely occur via
ERa (33). However, the BnST expresses
both ERa and ERb, indicating either (or
both) ER may possibly regulate BnST
Kiss1 expression (33–36), but this
remains undetermined.

In addition to regulation by E2, we
previously demonstrated that Kiss1
levels in the MeA, BnST, and LS are
also regulated by GABA signaling.
Specifically, removal of GABABR sig-
naling via global GABABR knockout
(KO) greatly increases Kiss1 expres-
sion in the MeA, BnST, and LS in
gonad-intact mice of both sexes (15).
This suggests that endogenous GABA
acting through GABBABR normally
acts to reduce Kiss1 expression in the

MeA, BnST, and LS. Interestingly, AVPV/PeN and ARC
Kiss1 levels did not differ between wild-type (WT) and
GABABR KOmice, indicating that GABABR regulation of
Kiss1 expression is limited to extra-hypothalamic pop-
ulations such as the MeA, BnST, and LS. However, it has
not been determined whether such GABA regulation of
extra-hypothalamicKiss1 is dependent on E2. Specifically,
it is unknown whether E2, which increases MeA Kiss1
levels in WT mice, further increases extra-hypothalamic
Kiss1 expression in GABABR KO mice or whether their
Kiss1 expression is already maximized by the absence of
GABA signaling. Second, it is unknown whether Kiss1
levels in the MeA, BnST, and LS of GABABR KOs are
undetectable when sex steroids are absent, as is the nor-
mally case for WT mice, or whether reduced GABABR
signaling is able to stimulate Kiss1 expression even
without E2 present.

This study had three main goals to address how E2 and
GABABR signaling regulate extra-hypothalamic Kiss1

Figure 1. Kiss1 mRNA expression in the BnST of bERKO and ERaKO mice. Representative
images of (a) essentially absent BnST Kiss1 expression in a GDX WT male and (b) elevated
BnST Kiss1 expression in a WT E2-treated male. (c) Both WT and bERKO male mice showed
a significant increase in the number of BnST Kiss1 cells with E2 treatment, but (d) ERaKO
male mice failed to show an increase in BnST Kiss1 expression with E2 treatment (n = 6 to 9
per group). Different letters denote significant group differences (P , 0.05).
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expression. First, we examined whether Kiss1 expression in
the BnST and LS is regulated by E2, whether such regulation
is stimulatory (as is the case for theMeA and AVPV/PeN) or
inhibitory (as is the case for the ARC), andwhether any such
E2 regulation occurs via ERa or ERb pathways. Second, we
examined the effects of exogenous E2 treatment on Kiss1
expression in theMeA, BnST, and LS of GABABR KOs and
WTs to determine whether E2 exposure further increases the
already elevated Kiss1 expression of GABABR KO mice
beyond that of similarly treated WT mice. Third, we ex-
amined Kiss1 expression in the MeA, BnST, and LS of
gonadectomized (GDX) GABABR KO and WT mice to
determine whether the absence of sex steroids would fully
suppressKiss1 expression inGABABRKOmice, as it does in
WT mice, or whether Kiss1 expression remains elevated in
the absence of GABABR signaling despite the lack of E2.

Materials and Methods

Animals
Experiments used either male ERaKO, bERKO, and WT

littermates (C57BL/6 background; experiment 1) or GABAB1R
KO mice and WT littermates of both sexes (BALB/c back-
ground; experiments 2 and 3). As in our previous studies,
GABAB1R heterozygous mice were bred to
produce GABAB1R KO (GABABR KO)
mice, which globally lack a functional
GABAB1 receptor, and WT littermates
(15, 37–41). Heterozygous ERaKO mice
(originally created by the Chambon labo-
ratory) (42) were bred to produce mice
lacking ERa (ERaKO) and WT littermates.
Mice lacking ERb (bERKO) and WT litter-
mates were produced by breeding heterozy-
gous bERKOmice. Mice were housed two to
threemice per cage in a 12-hour light: 12-hour
dark cycle, with ad libitum access to food and
water. All experiments were performed on
adult mice. Surgeries were performed on mice
that were anesthetized with isoflurane or
ketamine. All experimental procedures were
approved by the local Institutional Animal
Care andUseCommittees (Institute of Biology
and Experimental Medicine, National Scien-
tific and Technical Research Council for
GABAB1R KOmice; University of California,
San Diego for ERaKO and bERKO mice).

Surgeries, hormone treatment, and
tissue collection

For all experiments, all mice of both
sexes were bilaterally GDX when under
isoflurane or ketamine/xylazine cocktail
anesthesia. In some cases (see specific
experiments), GDX mice were also surgically
implanted subcutaneously with a Silastic cap-
sule (8 mm length; inner diameter, 1.47 mm;
outer diameter, 1.96mm) containingE2 (2mm

of a 1:25 mixture of E2 to cholesterol) or no hormonal treatment
(control) at the time of gonadectomy. This E2 dosage has previously
been shown to produce elevated circulatingE2 levels, properly inhibit
LH secretion (negative feedback), and successfully alter Kiss1 gene
expression in mice (8, 11, 31).

At the end of each experiment, mice were lightly anesthetized
and blood samples collected. The mice were then rapidly de-
capitated for brain collection. Ninety minutes after blood
collection, samples were centrifuged (15 minutes at 5000 rpm)
and the serum was collected and stored at220°C. Blood serum
samples for ERaKO and bERKO mice (experiment 1) were
assayed in singlet for LH via a sensitive mouse LH RIA (lower
detection limit, 0.04 ng/mL; average reportable range, 0.04 to
75 ng/mL) at the University of Virginia’s Ligand Assay and
Analysis Core. Blood serum samples of GABABR KO and WT
mice (experiments 2 and 3) were assayed for LH in duplicates
by RIA with a kit from National Hormone and Pituitary
Program, National Institute of Diabetes and Digestive and
Kidney Diseases, and Dr. A.F. Parlow (assay detection limits,
0.2 ng/mL to 107 ng/mL; intra-assay and interassay co-
efficients of variation, LH 7.2% and 11.4%). Brains were
collected immediately following decapitation, frozen on dry
ice, and then stored at 280°C. Brains were cut on a cryostat
into 20-mm coronal sections, spanning the entire anterior
hypothalamus/forebrain through the caudal end of the hypo-
thalamus and amygdala, across five sets of slides and mounted
onto SuperFrost Plus slides. Slides were stored at280°C until in
situ hybridization (ISH).

Figure 2. Kiss1 mRNA expression in the LS of bERKO and ERaKO mice. Representative
images of (a) absent LS Kiss1 expression in a GDX WT male and (b) notable LS Kiss1
expression in a WT E2-treated male. E2 treatment (c) increased LS Kiss1 expression in both
WT and bERKO mice, but (d) failed to increase LS Kiss1 expression in ERaKO mice (n = 6 to
9 mice per group). Different letters denote significant group differences (P , 0.05). CC,
corpus callosum; LV, lateral ventricle.
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Single-label ISH
Single-label ISH assays forKiss1 expressionwere performed on

one set of slides using a well-established radiolabeled (33P) Kiss1
riboprobe, as described previously (11, 31, 43, 44). Briefly, slides
were fixed in 4% paraformaldehyde, treated with acetic anhy-
dride, rinsed in 23 SSC, and dehydrated in ethanol washes. Slides
were thenwashed in chloroform, dehydrated in additional ethanol
washes, and then air dried for 90minutes before the application of
the Kiss1 riboprobe. Radiolabeled (33P) Kiss1 (0.04 pmol/mL)
antisense riboprobe was added to tRNA, heat denatured, and then
added to hybridization buffer. This probe mixture was then ap-
plied to each slide (100 mL per slide) prior to overnight hybrid-
ization in a 55°C humidity chamber. The following day, slides
were washed in 43 SSC at room temperature, treated with RNase
A for 30minutes at 37°C, and thenwashed in an RNase buffer for
30 minutes at 37°C. Slides were then washed for 30 minutes at
room temperature in 23 SSC, washed for 1 hour in 0.13 SSC at
62°C, and dehydrated in ethanol washes. Following 90minutes of
air drying, the slides were dipped in Kodak NTB emulsion, air
dried for another 90 minutes, and then stored at 4°C until de-
veloping 7 to 11 days later, depending on the experiment. Owing
to the large size of the assays, ERaKO and bERKO brains for
experiment 1 and male and female brains for experiments 2 and 3
were run in separate ISH assays.

For the ISH assays, Kiss1 expression levels in each brain
region (AVPV/PeN, ARC, MeA, BnST, and LS) were mea-
sured using computer-assisted micros-
copy using a well-established counting
software (Grains; Dr. Don Clifton, Uni-
versity ofWashington) (9–11, 31, 44–46).
For this, an automated silver grains im-
aging processing system connected to a
dark field microscope counts the number
of Kiss1 cells, defined as discrete clusters
of P33-induced silver grains at least
threefold greater than background. To
ensure unbiased measurements, micros-
copy and counting analyses were com-
pleted by an investigator blinded to genotype
and hormonal treatment. For each of the
brain regions, Kiss1 expression in the
entire bilateral region was counted, and
the ISH images shown are representative
images of Kiss1 expression in each brain
region.

Experiment 1: Does E2 alter Kiss1
expression in the LS and BnST and,
if so, does this occur via ERa or ERb?

Although Kiss1 expression has been
noted in the LS and BnST of gonad-intact
rodents (5, 13–16), it is unknown (1)
whether these two Kiss1 populations are
regulated by E2, as are the hypothalamic
and MeA Kiss1 populations; (2) whether
any E2 regulation of BnST and LS Kiss1 is
stimulatory (as in theMeA andAVPV/PeN)
or inhibitory (as in the ARC); and (3)
whether such E2 regulation of these two
Kiss1 populations occurs via ERa and/or
ERb. Using ERaKO and bERKO male

mice, as well as their WT littermates, this experiment de-
termined whether E2 treatment upregulates or reduces LS and
BnST Kiss1 expression, and whether either ERa or ERb are
necessary for this regulation. Adult (7 weeks) male ERaKO,
bERKO, and their respective WT littermates were GDX and
1 week later received either a Silastic E2 capsule or no hormonal
treatment (GDX controls) (n = 6 to 9 per group). After 5 days of
E2 exposure, all mice were killed and blood and brains were
collected to measure circulating LH levels (to ensure proper E2

implant effectiveness) and Kiss1 expression in the brain (BnST
and LS), respectively.

Experiment 2: Does E2 treatment increase
extra-hypothalamic Kiss1 expression to the
same levels in GABABR KO and WT mice?

Kiss1 expression in the MeA is strongly upregulated by E2

(11, 31), and experiment 1 above determined that this E2

upregulation also occurs in the BnST and LS. Besides E2 reg-
ulation, diminished GABABR signaling also dramatically
increases Kiss1 expression in the MeA, BnST, and LS in gonad-
intact mice (15). However, it is unknown whether the stimu-
latory effects of absent GABABR can be further amplified with
E2 exposure, which strongly increasesMeA, BnST, and LSKiss1
levels in WT mice. This experiment tested: (1) whether E2

treatment increasesMeAKiss1 expression inGABABRKOmice

Figure 3. Kiss1 mRNA expression in the MeA of E2-treated WT and GABABR KO mice.
Representative MeA Kiss1 expression in a (a) WT and (b) GABABR KO male mouse. E2-
treated GABABR KO (c) males and (d) females had more Kiss1 cells in the MeA than did
E2-treated WT mice (n = 7 to 10 mice per group). *P , 0.05. opt, optic tract.
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in comparison with GDXGABABRKOmice lacking E2; and (2)
whether simultaneous E2 treatment and absent GABABR sig-
naling have additive effects, resulting in even higher Kiss1
expression in the MeA, BnST, and LS in comparison with E2-
treated WT mice. Adult GABABR KO mice and WT littermates
were GDX and given a Silastic capsule containing E2, as in
experiment 1. Mice received E2 treatment 1 week before blood
and brains were collected to measure blood LH levels and
neural Kiss1 expression in both extra-hypothalamic (MeA,
BnST, LS) and hypothalamic (AVPV/PeN, ARC) brain regions
(n = 6 to 11 per group). In a separate assay, we compared Kiss1
expression in the MeA of GDX and GDX plus E2 GABABR KO
male mice (n = 5 to 6 per group).

Experiment 3: Does diminished GABABR signaling
stimulate extra-hypothalamic Kiss1 expression even
in the absence of gonadal sex steroids?

Kiss1 expression in the MeA (11, 31) and the BnST and LS
(experiment 1) is virtually absent in GDX WT mice. However,
Kiss1 expression in these three regions is strongly increased by
diminished GABA signaling via GABABR, as
gonad-intact GABABRKOmice have greater
Kiss1 expression in these areas than do
gonad-intactWTmice (15). It is not known
whether this upregulation of Kiss1 in
GABABR KO mice is dependent on the
presence of gonadal sex steroids, because
Kiss1 levels are normally undetectable in
GDX WT mice. In experiment 3, adult
GABABR KO mice and WT littermates
(n = 6 to 9 per group) were GDX and
remained untreated (no E2 exposure) for
1 week. Blood and brains were then col-
lected to examine LH levels (confirming
absence of sex steroid feedback) and Kiss1
expression in the MeA, BnST, LS, AVPV/
PeN, and ARC.

Statistical analysis
Data are expressed as the mean 6 SEM.

A two-way ANOVA and Bonferroni post
hoc tests were used to compare Kiss1 ex-
pression in the LS and BnST of ERaKO and
bERKO mice and their WT littermates
(experiment 1).Mann–WhitneyU tests were
used to compare Kiss1 expression levels of
WT and GABABR KO mice under the same
hormonal milieu for theMeA, BnST, and LS
(experiment 2 only). There was no Kiss1
expression in the LS of WT GDX mice, and
thus a Wilcoxon signed rank test was used
to compare LSKiss1 expression in GABABR
KO mice to a theoretical median of 0. Un-
paired t tests were used to examine AVPV/
PeN Kiss1 expression between WT and
GABABR KO mice under the same hor-
monal status. Regression analysis was used
to examine potential relationships between
MeA Kiss1 expression and Kiss1 expression
in the other brain areas (AVPV/PeN, BnST,

and LS). Statistical significance was set at P , 0.05.

Results

Experiment 1: E2 upregulates Kiss1 expression in the
BnST and LS and this occurs via ERa

This experiment examined: (1) whether Kiss1 cells in
the BnST and LS are stimulated by E2, such as MeA and
AVPV/PeN Kiss1 cells, or inhibited by E2, such as ARC
Kiss1 cells; and (2) whether ERa and/or ERb are required
for any E2 regulation of BnST or LS Kiss1 expression.
Functionality of the E2 implants was verified by assessing
serum LH and has previously been reported for these
mice: as expected, circulating LH was low in all GDX
mice with E2 implants (signifying proper E2 negative
feedback) and LH levels did not differ between genotypes
(31). In the brain, we found that E2 treatment stimulated
Kiss1 expression in both the BnST and LS. Specifically, in

Figure 4. Kiss1 mRNA expression in the BnST of E2-treated WT and GABABR KO mice.
Representative images of (a) WT and (b) GABABR KO males with BnST Kiss1 expression.
With E2 treatment, WT and GABABR KO (c) males and (d) females expressed a comparable
number of BnST Kiss1 cells (n = 6 to 11 mice per group).
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WT male mice, Kiss1 expression was very low or com-
pletely absent in the BnST and LS of GDX mice, whereas
E2 treatment significantly increased Kiss1 expression in
both brain regions (P, 0.05; Figs. 1 and 2). Similar to WT
mice, GDX bERKO male mice showed very low or absent
Kiss1 expression in the BnST (Fig. 1) and LS (Fig. 2) without
E2 but had significantly increased Kiss1 expression in each
regionwith E2 treatment (P, 0.05; Figs. 1 and 2), indicating
that ERb is not required for E2 upregulation of Kiss1 ex-
pression in the BnST and LS. In contrast toWT andbERKO
mice, ERaKO male mice had very low or absent Kiss1
expression in the BnST (Fig. 1) and LS (Fig. 2) regardless of
hormonal treatment, indicating that ERa is required for E2
upregulation of BnST and LS Kiss1 expression, similar to
previous reports for Kiss1 in the MeA (31).

Experiment 2: MeA and LS Kiss1 expression are
further elevated in GABABR KO mice with
E2 treatment

E2 significantly increases Kiss1 ex-
pression in the MeA (11, 31), as well
as the BnST and LS (experiment 1).
Likewise, removal of GABABR sig-
naling in gonad-intact mice also in-
creases Kiss1 expression in the MeA,
BnST, and LS, with no effect on
hypothalamic AVPV/PeN and ARC
Kiss1 expression (15). This experiment
tested whether E2 treatment: (1) in-
creases MeA Kiss1 expression in
GABABR KOmice in comparison with
GDX GABABR KO mice lacking any
E2; and (2) further increases MeA,
BnST, and LS Kiss1 expression in
GABABR KO mice above that of E2-
treatedWTmice (or isKiss1 expression
already maximal with E2 treatment,
i.e., a ceiling effect?). As expected, LH
levels were low in all E2-treated WT
and GABABR KO mice and compa-
rable between genotypes (data not
shown), indicative of successfully ele-
vated circulating E2 levels from the E2

implants. In the brain, we found that
E2 treatment significantly increased
MeA Kiss1 cell number in GDX
GABABR KO males vs GDX GABABR
KO males lacking E2 (GDX, 10.2 6

4.2; GDX 1 E2, 107.8 6 45.5; P ,
0.05). Thus, E2 upregulation of extra-
hypothalamic Kiss1 expression also
occurs in GABABR KOmice, as it does
in WT mice. We also found that Kiss1

expression in the MeA was significantly higher in
E2-treated GABABR KO mice vs E2-treated WT mice
(P, 0.05; Fig. 3). This was true for GABABR KOmice of
both sexes. Thus, the elevated MeA Kiss1 expression by
E2 does not preclude additional further upregulation
by diminished GABABR signaling. In the BnST, there
was a similar pattern observed between E2-treated WT
and GABABR KO mice but it was not significantly
different in either sex (Fig. 4), although this may be due
in part to low statistical power and high variability in
the KO mice. In the LS, as in the MeA, Kiss1 was
significantly higher in E2-treated GABABR KO males
than in WT males (P , 0.05) and nearly significant
in females (P = 0.07), again indicating that E2 and
GABABR signaling may have independent effects on
Kiss1 levels in the LS (Fig. 5). Unlike in the extra-
hypothalamic regions, Kiss1 expression in the AVPV/
PeN (Fig. 6) and ARC (data not shown) was not

Figure 5. Kiss1 mRNA expression in the LS of E2-treated WT and GABABR KO mice.
Representative LS Kiss1 expression in a (a) WT and (b) GABABR KO male with E2 treatment.
(c) E2-treated GABABR KO males had more LS Kiss1 cells than did E2-treated WT males,
whereas (d) a similar, but nonsignificant trend (P , 0.10), was found between GABABR KO
females and WT females (n = 7 to 11 mice per group). *P , 0.05. LV, lateral ventricle.
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different between E2-treated GABABR KO and WT
mice, consistent with our previous findings in gonad-
intact mice (15). Thus, unlike the MeA, BnST, and LS,
hypothalamic Kiss1 is not regulated by GABABR sig-
naling, regardless of the sex steroid milieu.

During the course of our data analysis, we noticed that
even within the same genotype, mice that had very high
Kiss1 expression in the MeA often seemed to also have
high BnST and LS expression, whereas mice with lower
MeA Kiss1 expression often had lower BnST and LS
expression, despite all mice having a similar E2 hormonal
milieu. We therefore hypothesized that this was a
meaningful correlation related to how the extra-hypothalamic
Kiss1 cells are regulated. We hypothesized that the
number of Kiss1 cells in the MeA would be positively
related to the number of cells in the BnST and LS, but
have no correlation with AVPV/PeNKiss1 cells number.

Indeed, regression analysis of all data
from E2-treated males of both geno-
types determined that there was a
significant, positive relationship be-
tween MeA Kiss1 cells and BnST Kiss1
cells (P , 0.05; Fig. 7a) as well as be-
tweenMeAKiss1 cells and LSKiss1 cells
(P , 0.05; Fig. 7b). In contrast, there
was no significant correlation between
MeA and AVPV/PeN Kiss1 expression
(Fig. 7c). Thus, extra-hypothalamic
Kiss1 expression is upregulated simi-
larly in each brain area (MeA, BnST, and
LS) for a given animal, whereas AVPV/
PeN Kiss1 levels are not related to
MeA levels.

Experiment 3: Kiss1 is notably
expressed in the MeA and BnST of
GABABR KO mice even in the
absence of gonadal sex steroids

Under normal conditions (WTmice),
Kiss1 expression is basically undetect-
able in the MeA, BnST, and LS when
gonadal sex steroids are absent. How-
ever, given that loss of GABABR sig-
naling strongly upregulates Kiss1 in
these areas in both gonad-intact and
E2-treated mice, we hypothesized that
when GABA signaling is reduced, Kiss1
may still be notably expressed in extra-
hypothalamic regions even when sex
steroids are absent. To assess this pos-
sibility, we examined Kiss1 expression
in the MeA, BnST, and LS of GDX
GABABR KO and WT mice that were

not treated with any sex steroids. As expected, both WT
mice and GABABR KOmice had comparably elevated LH
levels (data not shown), confirming the absence of sex
steroid negative feedback. In the brain, we found that
Kiss1 expression in the MeA was virtually absent in GDX
WT controls of each sex, as expected. In contrast, MeA
Kiss1 was readily detectable in GDX GABABR KO mice
and was significantly higher in these mice vs GDX WT
mice (P , 0.05; Fig. 8). This outcome was true for
GABABR KOs of both sexes (Fig. 8), indicating that Kiss1
expression in theMeA can be induced independently of E2
stimulation.We found a similar pattern in the BnST:Kiss1
expression in the BnST was significantly elevated in GDX
GABABR KO males, unlike in GDX WT males, which
showed essentially absent levels as expected (P , 0.05;
Fig. 9). However, there was no significant difference in
BnST Kiss1 expression between GDX GABABR KO and

Figure 6. AVPV/PeN Kiss1 mRNA expression in E2-treated WT and GABABR KO mice.
Representative AVPV/PeN Kiss1 expression in an (a) E2-treated WT and (b) E2-treated
GABABR KO male. AVPV/PeN Kiss1 expression in (c) males and (d) females did not differ
between genotype (n = 6 to 11 mice per group). 3V, third ventricle.
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WT females (Fig. 9). In the LS, there were no significant
differences in Kiss1 expression levels between GDX
GABABR KO and WT mice, regardless of sex (Fig. 10).

However,whereas all GDXWTmice had no detectable LS
Kiss1 cells, a subset (;40%) of GDX GABABR KO mice
had notable Kiss1 expression despite the absence of sex
steroids (Fig. 10). Thus, unlikeGDXWTmice, someGDX
GABABR KO mice can show notable Kiss1 expression in
the LS. In contrast to the extra-hypothalamic sites, Kiss1
expression in the AVPV/PeN and the ARC did not differ
betweenGDXGABABRKOandGDXWTmice (data not
shown), again indicating that GABABR signaling has no
effect on hypothalamic Kiss1 expression (15).

Discussion

Hypothalamic (AVPV/PeN and ARC) kisspeptin regu-
lates the reproductive axis by stimulating GnRH release
(1, 5, 6, 47–51), and, consequently, most kisspeptin
research focuses on the role of hypothalamic kisspeptin
cells. Although most Kiss1 neurons are located in the
hypothalamus, there are smaller Kiss1 populations in
extra-hypothalamic areas such as theMeA, BnST, and LS
(5–16), brain areas whose numerous behavioral and
physiological functions include, among other things,
modulating reproductive physiology and behavior
(17–23). However, very little is known about the regu-
lation and function of these extra-hypothalamic Kiss1
populations. The current study expands our knowledge
of the regulation of the MeA, BnST, and LS Kiss1
populations by focusing on their regulation by two sig-
naling factors, E2 and GABA. First, using several lines of
ERKO and WT mice, we demonstrated that Kiss1 ex-
pression in the BnST and LS is stimulated by E2, as in the
MeA and AVPV/PeN, and that this upregulation by E2

occurs via ERa, but not ERb, signaling pathways. Next,
using WT and GABABR KOmice, we determined that E2

exposure results in more Kiss1 cells in the MeA and LS in
the absence of GABABR signaling than when GABABR
signaling is functionally intact, suggesting that E2

and GABA are additive in their modulation of extra-
hypothalamic Kiss1 expression. Next, we demonstrated
that the removal of gonadal steroids does not completely
suppress Kiss1 expression in the MeA and BnST, and
in some cases the LS, when GABABR signaling is di-
minished. Thus, Kiss1 expression in these regions is not
entirely dependent on E2, and GABA and E2 regulate
Kiss1 independently (Fig. 11). Finally, we showed that
there is a significant positive correlation between Kiss1
levels in the MeA, BnST, and LS, but not between these
regions and hypothalamic (AVPV/PeN)Kiss1 levels. This
suggests that the three extra-hypothalamic Kiss1 pop-
ulations may be under identical regulation that includes,
but is not limited to, GABA and E2.

Hypothalamic Kiss1 expression is regulated by go-
nadal sex steroids, with E2 acting via ERa to suppress

Figure 7. Regression analysis of MeA Kiss1 expression and BnST,
LS, and AVPV/PeN Kiss1 expression in E2-treated males, both WT
and GABABR KOs combined (n = 13 to 14 mice per brain region),
showing that the number of MeA Kiss1 cells is positively related
(P , 0.05) to the number of (a) BnST and (b) LS Kiss1 cells, but
not the number of (c) AVPV/PeN Kiss1 cells.
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ARC Kiss1 expression and upregulate AVPV/PeN Kiss1
expression (8–10). Kiss1 expression in the MeA, as in the
AVPV/PeN, is also upregulated by E2 via ERa (11, 31).
However, it was previously unknown whether Kiss1 in
the BnST and LS is also regulated by E2, whether this
regulation is stimulatory or inhibitory, and whether it
occurs via ERa or ERb. UsingWT, ERaKO, and bERKO
mice, we determined that in the absence of circulating sex
steroids (GDX),Kiss1 expression in the BnST and LS was
extremely low or totally absent regardless of genotype,
consistent with extremely low Kiss1 expression in the
MeA of GDX mice (11, 31). In WT mice, E2 treatment
increased Kiss1 expression in both the BnST and LS
compared with GDXmice. Thus, all of the known extra-
hypothalamic Kiss1 populations (MeA, BnST, and LS)
are similarly upregulated by E2 signaling, which suggests
that a primary function of Kiss1 in these regions may be
to mediate E2 promotion of physiology and behavior.We
found a similar E2-induced upregulation of BnST and LS
Kiss1 in bERKO mice, indicating that ERb is not nec-
essary for the E2 stimulation of Kiss1 in these regions,
despite the high presence of ERb in the BnST. However,
in E2-treated ERaKO mice, Kiss1 expression in both the

BnST and LS remained low. Thus, ERa
is required for E2 upregulation ofKiss1
expression in the BnST and LS, which
is consistent with previous data show-
ing that the MeA and hypothalamic
Kiss1 populations are primarily regu-
lated by ERa (9, 10, 31).

In addition to E2 upregulation, re-
duced GABABR signaling also drasti-
cally increases Kiss1 expression in the
MeA, BnST, and LS in gonad-intact
mice (15). However, it was previously
unknown whether E2 exposure could
further increase Kiss1 expression in
these areas in GABABR KO mice. In
experiment 2, we found that MeA
Kiss1 expression was higher in E2-
treated GABABR KO mice compared
with E2-treated WT mice, indicating
that even when Kiss1 expression is
elevated with E2 treatment, diminished
GABABR signaling can increase Kiss1
expression even further. Therefore, E2

and GABABR signaling independently
regulate MeA Kiss1 expression. Simi-
larly, in the LS, we found that E2-
treated GABABR KO males had more
Kiss1 cells than did E2-treated WT
males, with a nonsignificant trend in
the same direction for females. Thus, as

in the MeA, absent GABABR signaling independently
increases LS Kiss1 expression above what is typically
seen with E2 treatment. In contrast to the MeA and LS, in
the BnST, Kiss1 expression did not differ between E2-
treated WT and GABABR KO mice, which suggests that
E2 treatment on its own maximizes BnST Kiss1 expres-
sion. However, this conclusion should be tempered as it
may reflect a statistical variability issue. Consistent with
our previous data in gonad-intact mice (15), we found no
difference in AVPV/PeN or ARC Kiss1 expression be-
tween E2-treated GABABR KO and WT mice, indicating
that GABABR regulation of Kiss1 is unique to extra-
hypothalamic Kiss1 populations.

Based on casual observance that within a given group,
the mice with the highest MeAKiss1 levels often had very
high BnST and LS levels, we also examined the re-
lationship between the degree of MeA Kiss1 expression
and Kiss1 expression levels in other brain regions. We
found no significant relationship between the number of
MeA Kiss1 cells and the number of AVPV/PeN Kiss1
cells. However, we did find significant positive re-
lationships between the number of MeA Kiss1 cells
and both the number of BnST Kiss1 cells and the

Figure 8. Kiss1 mRNA expression in the MeA of GDX WT and GABABR KO mice.
Representative images of MeA Kiss1 expression in a (a) GDX WT and (b) GDX GABABR KO
male mouse. The number of Kiss1 cells in the MeA was significantly greater in GDX GABABR
KO (c) males and (d) females in comparison with GDX WT mice (n = 6 to 9 mice per group).
*P , 0.05. opt, optic tract.
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number of LS Kiss1 cells. This suggests that these
extra-hypothalamic Kiss1 populations are similarly reg-
ulated and that their expression levels tend to “track to-
gether.” Thus, Kiss1 levels in one extra-hypothalamic
region, such as the MeA, can predict general levels in the
same mouse in other extra-hypothalamic regions, such as
the BnST and LS, but not the hypothalamus. Importantly,
the very highKiss1 levels in theMeA, BnST, and LS of one
animal vsmoderate levels in anothermouse from the exact
same group suggests that an additional regulator besides
E2 andGABA can also influence extra-hypothalamicKiss1
levels. The identity of such additional Kiss1 regulators,
whether they be hormonal, neural, or epigenetic, as well as
when during development/adulthood these factors regu-
late Kiss1 neurons in the MeA, BnST, and LS remain
unknown, but will be the focus of future investigations.
Regardless, thatKiss1 levels in all three extra-hypothalamic

regions track with each other within any
given animal suggests that they are being
regulated similarly andmay also indicate
they are possibly all involved in a
similar function.

Kiss1 expression in the MeA (11,
31) and in the BnST and LS (experi-
ment 1) is usually very low or un-
detectable in the absence of gonadal
steroids. However, because Kiss1 in
these three regions was greatly elevated
in gonad-intact GABABRKOmice (15),
we tested whether extra-hypothalamic
Kiss1 expression would still be un-
detectable in GDX GABABR KO mice
as it is in GDX WT mice. In the MeA
and BnST, we found that GDX
GABABR KO mice had many detect-
ableKiss1 cells, whereasGDXWTmice
had almost noKiss1 cells. This indicates
that Kiss1 expression in the MeA and
BnST can be induced by the removal
of inhibitory GABABR signaling even
when sex steroids are absent. Thus,
the stimulatory effect of diminished
GABABR signaling in these regions is
independent of E2 stimulation. In the
LS, we found virtually no Kiss1 cells in
most GDX mice, regardless of geno-
type. However, unlike the GDX WT
mice, which all had no LS Kiss1 cells, a
decent proportion (;40%) of GDX
GABABR KO mice expressed a good
amount (;40 to 50) of LS Kiss1 cells.
This bimodality in LS Kiss1 expression
of GDX GABABR KO mice again

suggests that some other unknown regulator can differ-
entially stimulate LS Kiss1 expression when GABABR
signaling is absent. However, when endogenous GABABR
signaling is present (e.g., WT mice), the inhibitory GABA
signal appears to override any effects by other stimulatory
neuropeptide/transmitters, such that all GDX WT mice
fail to express LS Kiss1. Collectively, these findings in-
dicate that in the absence of both gonadal sex steroids and
GABABR signaling, the degree of increased Kiss1 ex-
pression in extra-hypothalamic regions may indicate re-
gional differences in the interaction of gonadal sex steroids
and inhibitory GABABR signaling, as well as yet-to-be-
identified additional regulators, on these extra-hypothalamic
Kiss1 populations.

Of note, these experiments used global ERKO and
GABABR KO mice that are lacking ER or GABABR
throughout both development and adulthood. It is

Figure 9. Kiss1 mRNA expression in the BnST of GDX WT and GABABR KO mice. Representative
images of BnST Kiss1 expression in a (a) GDX WT and (b) GDX GABABR KO male mouse. (c)
GDX GABABR KO males had more BnST Kiss1 cells than did GDX WT males, whereas (d)
GDX GABABR KO females had a comparable number of BnST Kiss1 cells relative to GDX WT
females (n = 6 to 9 mice per group). *P , 0.05.

3398 Stephens et al Estradiol and GABA Regulation of Kiss1 Endocrinology, September 2018, 159(9):3389–3402

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article-abstract/159/9/3389/5068334 by Endocrine Society M

em
ber Access 3 user on 12 O

ctober 2018



therefore unknown whether it is the absence of ER or
GABABR signaling specifically in adulthood that alters
Kiss1 expression and/or whether the loss of this signaling
during development may also permanently change these
neurons or their afferents. MeA Kiss1 expression is
virtually absent in both WT and GABABR KO mice
before puberty (15, 31), and BnST Kiss1 expression is
detected only at very low levels at prepubertal ages (15).
Whether prepubertal/pubertal ER and/or GABABR sig-
naling influences extra-hypothalamic Kiss1 expression
later in adulthood remains to be determined. Also,
whereas our data indicate that both E2 and GABA sig-
naling can regulate extra-hypothalamicKiss1 expression,
it is currently unknown whether these effects occur di-
rectly in Kiss1 neurons or indirectly via “upstream”

intermediary neurons. Approximately 65% of MeA
Kiss1 neurons express GABABR (15), indicating that
GABABR signaling may possibly directly regulate
MeA Kiss1 neurons. However, it is currently unknown
whether BnST and LS Kiss1 neurons express GABABR or

whether MeA, BnST, and LS Kiss1
neurons express ERa, which would
permit direct regulation by E2.

Understanding how Kiss1 neurons
in the MeA, BnST, and LS are regu-
lated and how this regulation differs
between Kiss1 populations may pro-
vide valuable insights regarding the
reproductive and nonreproductive
functions of these extra-hypothalamic
Kiss1 neurons. The MeA, BnST, and
LS have numerous known effects on
physiology and behavior, including
reproductive endocrinology and sexual
behavior. Lesions of the MeA disrupt
ovarian cycles and prevent the E2-
mediated LH surge in females (18–20),
whereas lesions of the BnST or the
septum decrease LH levels and impair
or enhance, respectively, aspects of
sexual behavior (23, 27–30). Addi-
tionally, E2 implanted directly into the
MeA, BnST, or LS in diestrus rats
advanced ovulation (25, 26), suggest-
ing that these brain regions can mod-
ulate E2-mediated gonadal sex steroid
feedback. These previous findings,
along with our findings that Kiss1
levels in the MeA, BnST, and LS in-
crease with E2, suggest that one po-
tential function of MeA, BnST, and
LS kisspeptin may be to regulate re-
productive physiology by influencing

E2-mediated feedback. Recent data also demonstrated
that selective activation of MeA Kiss1 neurons aug-
mented sexual partner preference (52), which supports a
possible role of MeA Kiss1 neurons in mediating re-
productive behaviors. Whether activation of BnST or LS
neurons elicits similar behaviors has not yet been studied.
Likewise, the functional implications of GABA inhibition
of MeA, BnST, and LS Kiss1 expression is not yet known
and is the focus of new studies currently underway.
Lastly, the current study and previous research (11, 15,
31) have found extra-hypothalamic Kiss1 regulation to
be similar between males and females when sex steroid
levels are comparable, but whether sex differences in the
functions of these extra-hypothalamic Kiss1 neurons
exist remains to be determined.

In conclusion, to our knowledge, our data are the first
to demonstrate that Kiss1 gene expression in the BnST
and LS is upregulated by E2 and that this occurs spe-
cifically via ERa. We also demonstrate that stimulatory
E2 and inhibitory GABABR signaling each independently

Figure 10. Kiss1 mRNA expression in the LS of GDX WT and GABABR KO mice.
Representative image of LS Kiss1 expression in a (a) GDX WT and (b) GDX GABABR KO male.
There was no difference in the mean number of LS Kiss1 cells between GDX GABABR KO
and GDX WT (c) males and (d) females (n = 6 to 9 mice per group). LV, lateral ventricle.
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regulate Kiss1 in the MeA and other extra-hypothalamic
regions, but that GABABR signaling has no effect on
hypothalamic Kiss1 levels (Fig. 11). Along with showing
that GABA’s effects on extra-hypothalamic Kiss1 do not
rely on the gonadal sex steroid milieu, our findings also
suggest that the degree of interactions of E2 and GABABR
signaling on Kiss1 expression may vary by brain region
and that there may also be additional yet-to-be-identified
regulatory factors besides GABA and E2 that can stim-
ulate Kiss1 outside the hypothalamus.
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25. Döcke F, Smollich A, Rhode W, Okrasa R, Dörner G. Studies on
extrahypophyseal sites of estrogen action in the induction of
ovulation in rats. Endokrinologie. 1975;65(3):274–287.

26. Kawakami M, Kimura F, Highchi T. Localization and mechanism
of stimulatory feedback action of estrogen: effect of limbic fore-
brain implantation of estradiol benzoate on advancement of
ovulation. Endocrinol Jpn. 1975;22(4):327–338.

27. Powers JB, Newman SW, BergondyML. MPOA and BNST lesions
in male Syrian hamsters: differential effects on copulatory and
chemoinvestigatory behaviors. Behav Brain Res. 1987;23(3):
181–195.

28. Valcourt RJ, Sachs BD. Penile reflexes and copulatory behavior in
male rats following lesions in the bed nucleus of the stria terminalis.
Brain Res Bull. 1979;4(1):131–133.

29. Beltramino C, Taleisnik S. Dual action of electrochemical stimu-
lation of the bed nucleus of the stria terminalis on the release of LH.
Neuroendocrinology. 1980;30(4):238–242.

30. Carreras A, Robles R, Ruiz E, Ortega E, Mendoza C, Osorio C.
Role of the septum on LH, FSH and prolactin secretion inmale rats.
Brain Res Bull. 1984;13(2):339–342.

31. Stephens SB, Chahal N, Munaganuru N, Parra RA, Kauffman AS.
Estrogen stimulation of Kiss1 expression in the medial amygdala
involves estrogen receptor-a but not estrogen receptor-b. Endo-
crinology. 2016;157(10):4021–4031.

32. Roa J, Vigo E, Castellano JM, Gaytan F, Navarro VM, Aguilar E,
Dijcks FA, Ederveen AG, Pinilla L, van Noort PI, Tena-SempereM.

Opposite roles of estrogen receptor (ER)-a and ERb in the mod-
ulation of luteinizing hormone responses to kisspeptin in the female
rat: implications for the generation of the preovulatory surge.
Endocrinology. 2008;149(4):1627–1637.

33. Mitra SW, Hoskin E, Yudkovitz J, Pear L, Wilkinson HA, Hayashi
S, Pfaff DW,Ogawa S, Rohrer SP, Schaeffer JM,McEwen BS, Alves
SE. Immunolocalization of estrogen receptor b in the mouse brain:
comparison with estrogen receptor a. Endocrinology. 2003;
144(5):2055–2067.

34. Shughrue PJ, LaneMV,Merchenthaler I. Comparative distribution
of estrogen receptor-a and -b mRNA in the rat central nervous
system. J Comp Neurol. 1997;388(4):507–525.

35. Shughrue PJ, Scrimo PJ, Merchenthaler I. Evidence for the
colocalization of estrogen receptor-b mRNA and estrogen re-
ceptor-a immunoreactivity in neurons of the rat forebrain. En-
docrinology. 1998;139(12):5267–5270.
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E, Korn R, Bischoff S, Kaupmann K, van der Putten H, Bettler B.
Epilepsy, hyperalgesia, impaired memory, and loss of pre- and
postsynaptic GABAB responses in mice lacking GABAB(1).Neuron.
2001;31(1):47–58.

38. Bonaventura MM, Rodriguez D, Ferreira ML, Crivello M, Repetto
EM, Bettler B, Libertun C, Lux-Lantos VA. Sex differences in insulin
resistance in GABAB1 knockout mice. Life Sci. 2013;92(3):175–182.

39. Catalano PN, Bonaventura MM, Silveyra P, Bettler B, Libertun C,
Lux-Lantos VA. GABAB1 knockout mice reveal alterations in
prolactin levels, gonadotropic axis, and reproductive function.
Neuroendocrinology. 2005;82(5-6):294–305.

40. Catalano PN, Di Giorgio N, Bonaventura MM, Bettler B, Libertun
C, Lux-Lantos VA. Lack of functional GABAB receptors alters
GnRH physiology and sexual dimorphic expression of GnRH and
GAD-67 in the brain. Am J Physiol Endocrinol Metab. 2010;
298(3):E683–E696.

41. Di Giorgio NP, Catalano PN, López PV, González B, Semaan SJ,
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