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Habenular kisspeptin modulates fear in the zebrafish
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Kisspeptin, a neuropeptide encoded by the KISS1/Kiss1, and its
cognate G protein-coupled receptor, GPR54 (kisspeptin receptor,
Kiss-R), are critical for the control of reproduction in vertebrates.
We have previously identified two kisspeptin genes (kiss1 and
kiss2) in the zebrafish, of which kiss7 neurons are located in the
habenula, which project to the median raphe. kiss2 neurons are
located in the hypothalamic nucleus and send axonal projections to
gonadotropin-releasing hormone neurons and regulate reproduc-
tive functions. However, the physiological significance of the Kiss1
expressed in the habenula remains unknown. Here we demon-
strate the role of habenular Kiss1 in alarm substance (AS)-induced
fear response in the zebrafish. We found that AS-evoked fear ex-
perience significantly reduces kiss7 and serotonin-related genes
(plasmacytoma expressed transcript 1 and solute carrier family 6,
member 4) in the zebrafish. Furthermore, Kiss1 administration sup-
pressed the AS-evoked fear response. To further evaluate the role
of Kiss1 in fear response, zebrafish Kiss1 peptide was conjugated to
saporin (SAP) to selectively inactivate Kiss-R1-expressing neurons.
The Kiss1-SAP injection significantly reduced Kiss1 immunoreactiv-
ity and c-fos mRNA in the habenula and the raphe compared with
control. Furthermore, 3 d after Kiss1-SAP injection, the fish had a
significantly reduced AS-evoked fear response. These findings pro-
vide an insight into the role of the habenular kisspeptin system in
inhibiting fear.
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isspeptin, a hypothalamic neuropeptide derived from the

KISS1/Kiss1, with the ability to activate the kisspeptin re-
ceptor (Kiss-R), has proven to play a key role in vertebrate re-
production (1). Kisspeptin neurons are present in the
hypothalamic region, but their neural targets are not restricted
to the hypothalamic region (2, 3). Furthermore, recent studies in
mammals have revealed the expression of Kiss/ in several brain
regions, including the medial amygdala (4). However, the knowl-
edge of the potential role of kisspeptin-Kiss-R in nonhypothalamic
regions remains limited. Using the teleost fish, we have previously
identified two homologous genes (kiss! and kiss2) encoding kiss-
peptin (5), of which kiss! is a conserved ortholog of mammalian
KISS1/Kiss1, whereas kiss2 has been found in hypothalamic nuclei
of only nonmammalian vertebrates, which include amphibians
and teleosts (6). In the zebrafish, kissI and kissr] mRNAs are
predominantly expressed in the ventral habenula (vHb) (5, 7).
In nonmammalian vertebrates, the dorsal habenula (dHb) and
the vHb are homologous to the medial (mHb) and lateral
(IHb) habenula in mammals (8, 9). The 1Hb in primates reg-
ulates punishment avoidance behavior (10) and in rodents, it
controls anxiety and fear (11), which suggests that nonmammalian
vHb, homologous to the mammalian IHb, could modulate fear re-
sponse. Furthermore, the vHb projects Kissl neuronal fibers to the
median raphe (MR) (7, 12), a site adjacent to serotonergic (5-hy-
droxytryptamine, 5-HT) neurons in the zebrafish (13). These results
indicate the potential role of habenular Kissl-Kiss-R1 in the
modulation of 5-HT-dependent functions such as anxiety and
fear. However, the role of Kiss1 in the control of anxiety and
fear has never been tested and remains unknown. In this study,
to systematically examine anxiety and fear, we used two different
experimental procedures. The novel tank diving test was used to
analyze anxiety (bottom dwelling and top-to-bottom transitions
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in the tank) (14), and alarm substance (also known as alarm
pheromone) was introduced to create fear response (erratic
movements and freezing) (15). Further, to substantiate the role of
endogenous Kiss1 in the absence of fish-specific Kiss-R1 antagonist
and zebrafish mutants (or knockout) of kissI/kissrl, we conju-
gated zebrafish Kissl peptide to saporin (SAP), a ribosome-
inactivating protein (16), to selectively inactivate Kiss-R1-expressing
neurons, and we examined AS-evoked fear response.

Results

Effect of Kisspeptin on Anxiety. One and 4 h after intracranial
administration of Kiss1 (10™'! mol per fish) had no effect on
the behavioral parameters of anxiety, such as time spent at the
bottom of the tank and total distance traveled during the first
5-min and 8-min observations (Fig. 1 A-D; Fig. S1). However, 4 h
after Kiss1 administration saw an increased number of top-to-
bottom transitions (Fig. 1E) and mRNA levels of serotonin-
related genes [plasmacytoma expressed transcript 1 (pet!) and
solute carrier family 6, member 4 (slc6a4a); Fig. 1F]. In contrast,
administration of Kiss2 (107** mol per fish) had no effect on the
observed behavioral parameters of anxiety in the novel tank
diving test (Fig. S2 A-D). One hour after intracranial adminis-
tration of Kissl saw significantly increased expression of c-fos
mRNA, mainly in the vHb (Fig. 2), as reported previously (7).

Effect of AS on Fear Response. On day 1, AS exposure induced fear
response in the zebrafish (Fig. 3 4 and B). In the AS-treated
zebrafish, the number of erratic movements (Fig. 3C) and the
freezing time (Fig. 3D) were significantly (P < 0.01) increased
compared with in the control fish, which was exposed to dis-
tilled water.

Effect of Kiss1 on AS-Evoked Fear Response. Six hours after Kissl
administration, AS-evoked fear response was examined (Fig. 4 A
and B). In the Kissl-injected fish, behavioral parameters of fear
response such as the number of erratic movements (Fig. 4C)
and freezing behavior (Fig. 4D) were significantly decreased at
doses of 107" to 10~° mol per fish compared with in the control
fish injected with distilled water.

Significance

Kisspeptin, a hypothalamic neuropeptide, plays a key role in
vertebrate reproduction. In the zebrafish, kisspeptin and its
receptor are predominantly expressed in the habenula, a highly
evolutionarily conserved brain region mediating behavioral
responses to stressful conditions. However, the physiological
significance of kisspeptin expressed in the habenula remains
unknown. Here we demonstrate a unique role for the kiss-
peptin system in inhibiting fear response in the zebrafish that
extends beyond the control of reproduction.
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Fig. 1. Effect of Kiss1 administration on anxiety-like behavior and seroto-
nergic genes. (A) Schematic of treatment timeline. Fish were intracranially
injected with either distilled water (control) or Kiss1 (10~"" mol per fish) and
subjected to a novel tank diving test (13 min observation) at 1 and 4 h after
administration. After behavior observation, the fish were returned to their
original tank. At 6 h after administration, the fish were killed, and the brain
was dissected for gene expression analysis. (B) Side-view video-tracking of
swimming behavior in the novel tank diving test at 4 h after administration.
A test tank was divided into two equal virtual horizontal portions, marked
by a white dividing line. (C—E) Graphs of the novel tank diving test during
the first 5 min (0-5 min, Left) and the next 8 min (5-13 min, Right) obser-
vation in the fish injected with either distilled water control (Cont, open
bars) or Kiss1 (K1, closed bars). There was no difference in behavioral
parameters of anxiety: the time spent at the bottom half of the tank (C) and
the total distance traveled at the top (blue column) or bottom (red column)
half of the tank (D), except for number of transitions from top to bottom (E).
(F) Graphs showing the effect of Kiss1 on mRNA levels of pet! (Left) and
slc6a4a (Right) at 6 h after administration. Data are presented as mean +
SEM. *P < 0.05; ***P < 0.001, independent t-test comparisons between
control and Kiss1-injected fish.

Binding Specificity of Kiss1-SAP to Kiss-Rs. Kiss1-SAP exhibited
binding affinity for the zebrafish Kiss-R1 comparable to that of
kisspeptinl-15 (Fig. 5). There was no binding affinity of Blank-
SAP for both Kiss-R1 and Kiss-R2. Kiss1-SAP and kisspeptinl-
15 showed higher ligand selectivity for Kiss-R1 compared with
Kiss-R2 (~twofold; P < 0.05). These data show that conjugation
of SAP to kisspeptinl-15 did not significantly alter its affinity for
Kiss-R1, which indicates selective inactivation of Kiss-R1 express-
ing cells via ligand-mediated uptake of Kiss1-SAP.

Effect of Kiss1-SAP Injections on AS-Evoked Fear Response. Twelve
days after Kiss1-SAP injection, Kissl immunorectivity was re-
duced in the neuropil of the vHb (Fig. 6 A and B), and Kissl
immunoreactive axons were reduced in the MR (Fig. 6 C and D)
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compared with fish injected with Blank-SAP. Three days after
Kiss1-SAP injection, there was no difference in Kissl immu-
noreactivities compared with the Blank-SAP group (Fig. S3),
whereas c-fos mRNA levels were significantly (P < 0.05) de-
creased in the habenula and raphe regions (Fig. 6 E and F)
compared with in fish injected with Blank-SAP. Three days of
Kiss1-SAP treatment significantly reduced the AS-evoked fear
response (the number of erratic movements and total freezing
time compared with fish injected with Blank-SAP), but there was
no difference in fear response compared with non-AS-treated
(treated with distilled water) fish (Fig. 6 G and H).

Expression of kiss1 and 5-HT-Related Genes. AS exposure had no
effect on kissI and 5-HT-related genes [petl, slc6a4a, and tryp-
tophan hydroxylase 2 (tph2)] mRNA levels at 1 d treatment (Fig.
S4); however, 7 d of repeated AS treatment significantly reduced
kissl (P < 0.01), petl, and sicba4a mRNA levels (P < 0.001)
compared with in the controls (Fig. 3 E-G). There was no effect
of AS exposure on fph2 mRNA levels (Fig. 3H). Kissl admin-
istration significantly (P < 0.001) increased pet! and slc6a4a
mRNAs levels in AS-treated and control fish at doses of 107" to
1072 mol per fish (Fig. 4 E and F). There was a dose-dependent
effect of Kiss1 on serotonin-related genes (ANOVA, followed by
Tukey’s test). There was no effect of Kiss2 (10-11 mol per fish)
on mRNA levels of 5-HT-related genes (Fig. S2 E-G).

Discussion

Kiss1 administration specifically induced c-fos expression in the
vHD, a symmetric aggregation of cells in the habenula identified
by cytoarchitectural observations (17), as well as expression of
marker genes such as dao and pcdhi0a (9), but not in the dHb,
which suggests successful delivery of Kiss1 to its target site.

Fish with anxiety spent more time at the bottom of the tank
(bottom dwelling) when exposed to a novel environment (18). In
the novel tank diving test, we found that neither Kiss1 nor Kiss2
administration had any effect on behavioral parameters for
anxiety during the first 5-min and the following 8-min observa-
tions. However, Kissl increased the number of transitions from
top to bottom, indicating that administration of Kiss1 stimulated
exploratory behavior (19). In the AS exposure experiment, zebrafish
showed erratic movements followed by freezing, a typical fea-
ture of fear response in the zebrafish (15). Interestingly, Kiss1
administration significantly reduced AS-evoked freezing and
erratic behaviors, which indicates the role of habenular Kiss1 in
fear response. Dose-dependent effects of Kiss1 on AS-evoked fear
response and 5-HT-related gene expression suggests its neuro-
modulatory effect.

Although the administration of exogenous Kissl inhibited
AS-evoked fear response, the role of endogenous habenular
Kiss1 remains undetermined. Therefore, to address this, we used

Fig. 2. Effect of administration of Kiss1 on c-fos mMRNA expression in the
habenula. Effect of Kiss1 decapeptide (10™"" mol per fish) (A) or water (B) on
the expression of c-fos mRNA in the vHb. Expression of c-fos mRNA in the
VvHb is seen as black grains with the DAB substrate. (Scale bars, 20 pm.)
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Fig. 3. Effect of AS exposure on fear response and kissT and serotonergic
genes. (A) Schematic of treatment timeline. Fish were exposed with AS for
8 min for 7 d. Behavior was observed on the 1 d of AS exposure. Brain samples
were collected from the fish treated with 1 d (Fig. S4) and 7 d AS exposure.
(B) Side-view video-tracking of swimming behavior of a fish treated with AS
for an 8-min recording. A test tank was divided into two equal virtual hor-
izontal portions, marked by a white dividing line. (C and D) Graphs of be-
havioral parameters of fear response, including the number of erratic
movements (C) and the freezing time (D) (n =20 per group). (E-H) Graphs
showing the effect of 7 d exposure of AS (8 min/d) on mRNA levels of kiss7
(E), pet1 (F), slc6ada (G), and tph2 (H) (n =20 per group). Data are presented
as mean + SEM. *P < 0.001, independent t-test comparisons between control
and AS-exposed fish.

Kiss1-SAP to selectively inactivate Kiss-R1-expressing neurons
and examined AS-evoked fear response. Luciferase assays con-
firmed that Kiss1-SAP retains higher affinity for Kiss-R1 com-
pared with Kiss-R2. Three days after Kiss1-SAP administration,
c-fos mRNA levels significantly decreased in the vHb and the
MR, whereas Kiss1 immunoreactivity decreased only after 12 d.
This indicates successful suppression of Kiss1, and in addition, it
shows that the efficacy of Kiss1-SAP is different at the level of
neural activity and death of Kiss1 neurons. That the incomplete
ablation of Kiss1 immunoreactivity is a time course effect is also
seen in hypocretin 2-SAP-treated rats (20). In our real-time PCR
assay, we noted a high basal level of c-fos mRNA in the Blank-
SAP and Kiss1-SAP injected fish, which could be partly a result of
the inclusion of the dHb, as the whole habenula was used for
mRNA quantification. In our behavioral assay, Blank-SAP treated
fish (control) showed fear response to AS exposure, whereas Kiss1-
SAP-treated fish showed no response to AS, as did non-AS (water)-
exposed fish. This suggests that inactivation of the habenular
Kiss-R1 neurons by Kiss1-SAP prohibits AS triggered signals

Ogawa et al.

from being transmitted downstream to the raphe nuclei. In
addition, the Kiss1-SAP treatment significantly suppressed AS-
evoked erratic movements and freezing, but there was no anxiolytic
effect (increase in top-to-bottom transitions) compared with non-
AS-treated fish. Taken together, the inactivation of Kiss-R1
neurons by the Kiss1-SAP supports our hypothesis that the
Kiss1-Kiss-R1 system is crucial in the signaling pathway of
AS-evoked fear response.

On the basis of these results, we speculate on the potential
role of Kiss1 in the modulation of fear response in the zebrafish.
Fear is considered the most primitive of emotions and is ex-
pressed from early stages of life, throughout the phyla within
the vertebrates, as a normal reaction to threatening situations
(21). Therefore, the neural mechanisms underlying fear are
highly conserved across species. A recent biochemical study iden-
tified the glycosaminoglycan chondroitins as the major compo-
nents of AS in the zebrafish, which activate the olfactory bulbular
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Fig. 4. Kisspeptin administration interrupted AS-evoked fear response. (A)
Schematic of treatment timeline. Fish were injected with either distilled
water (control) or Kiss1 (10~"" mol per fish), and AS-evoked fear response
(8 min, gray bar) was observed at 6 h after administration. After the behavior
observation, the brain sample was collected for gene expression analysis. (B)
Side-view video-tracking of swimming behavior of AS-evoked fear response
in a fish injected with either distilled water (control, Left) or Kiss1 (Right). A
test tank was divided into two equal virtual horizontal portions, marked by
a white dividing line. (C and D) Graphs of the effect of different doses of
Kiss1 (10~">~~°mol per fish; n = 20 per group) on fear response, including the
number of erratic movements (C) and the freezing time (D). (E and F) Graphs
of the effect of different doses of Kiss1 (10-">~~°mol per fish; n = 20 per
group) on mRNA levels of pet? (E) and sic6a4a (F). Data are presented as
mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001 vs. control group; one-way
ANOVA followed by post hoc Tukey’s test.
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Fig. 5. Binding selectivity of Kiss1-SAP to Kiss-R types by luciferase reporter
assay. Graphs showing induction firefly luciferase activity divided by Renilla
luciferase activity in the HEK 293T cells expressing either Kiss-R1 or Kiss-R2 by
Blank-SAP, Kiss1-SAP, and zebrafish kisspeptin1-15 (107> M). Kiss1-SAP and
kisspeptin1-15 induced similar luciferase activities in both Kiss-R1- and Kiss-
R2-expressing cells. Luciferase activity induced by Kiss1-SAP and kisspeptin1-
15 was significantly higher in Kiss-R1-expressing cells compared with Kiss-R2-
expressing cells. Data are presented as mean + SEM. ANOVA followed by
Fisher’s protected least significant difference test among Blank-SAP, Kiss1-
SAP, and kisspeptin1-15 (P < 0.05, significant differences between groups are
indicated by capitalized letters), and independent t-test comparisons for
Kiss1-SAP and kisspeptin1-15 between Kiss-R1 and Kiss-R2 (*P < 0.05).

region (22). Therefore, the habenular Kissl neurons could re-
ceive AS signals from the olfactory neurons. However, these
olfactory bulb neurons innervate the medial subnucleus of the
dHb (23), but not the vHb, where Kiss1-Kiss-R1 are expressed in
the zebrafish. In addition, a very recent study in the zebrafish has
shown the failure of neural activation of the dHb neurons after
exposure to the AS and chondroitin sulfate (24). Therefore, the
effect of AS on Kiss1 neurons could be modulated via signaling
inside the habenula subnuclei (from dHb to vHb), similar to the
rat habenula (25), or by other afferent pathways in the forebrain.

In the zebrafish, the lateral dHb (dHb; ) innervates the dorsal
interpeduncular nucleus, and the nucleus further innervates the
grissum centrale (26), a homolog of the mammalian dorsal
periaqueductal gray, a core structure of the brain aversion system
(27). The dHby -silenced zebrafish show increased freezing in the
course of a fear-conditioned assay (26, 28), suggesting that this
subnucleus is crucial for the modifications of behavior responses
in an experience-dependent manner. A very recent study dem-
onstrated that the dHb-interpeduncular nucleus silenced zebra-
fish exhibits intense innate fear expression, indicating a state of
elevated baseline anxiety (29). We also found that Kissl ad-
ministration increased mRNA levels of 5-HT-related genes (pet!
and slc6a4a) in AS-exposed fish, suggesting the potential role
of Kissl in serotonin modulation, as we reported previously (7).
5-HT has been widely implicated in the development and expres-
sion of fear and depression-like behavior (30, 31). The mam-
malian IHb plays a pivotal role in escape behavior by influencing
the activity of 5-HT neurons (32). These results suggest the
potential role of Kissl in the modulation of 5-HT-dependent
behaviors. Our morphological analysis showed no innervation of
Kissl immunoreactive axons in the serotonergic superior raphe,
but they terminated at the median raphe. This supports our
hypothesis that serotonergic neurons are indirectly modulated by
the habenular Kiss1 neurons via nonserotonergic interneurons in
the MR (7). In the novel tank diving test, we also found some
anxiolytic effects of Kiss1 (increase in top-to-bottom transitions)
and an increase in 5-HT-related genes by Kiss1 administration.
This is in good agreement with the antidepressant-like effects
and stimulation of locomotor activities by kisspeptin-13 reported
in rodents (33, 34). In addition, cross-referencing between
treatments (Figs. 3 and 4) also reveals that expression of 5-HT-

3844 | www.pnas.org/cgi/doi/10.1073/pnas.1314184111

related genes elevated by Kiss1 injection was much above those
levels suppressed by AS treatments. This indicates that Kissl
does not return various parameters to controls but far exceeds
them. This raises the possibility that the kisspeptin “reversal” of
AS effects, as well as anxiolytic effect, could be partly occurring
through an interaction of other neurotransmitters, such as ad-
renergic and cholinergic neurons (33, 35).

In mammals, the MR projects to the hippocampus and the
amygdala and regulates contextual fear conditioning (36, 37),
which could be similar in the zebrafish because fish also possess
the ability to contextualize fear (38). However, the mammalian
hippocampus and the amygdala-homologous brain regions have
not been defined in fish. Therefore, in the zebrafish, the dHb;
and vHb pathways may play different roles in processing fear
responses, which could be similar to the two independent
amygdale circuits for predator odor-induced unconditioned and
conditioned fear in rodents (39). The existence of Kiss-R in the
habenula of fish and mammals (2, 3) suggests that the role of
kisspeptin signaling in odor-dependent fear response could be
evolutionarily conserved in vertebrates. In rats, the medial nu-
cleus of the amygdala processes chemosensory stimuli and
projects to the ventromedial nucleus of the hypothalamus and
dorsal periaqueductal gray, which modulates predator odor-
induced unconditioned fear (39), possibly through the habenula
(40). In animals, fear is a signal of an external danger that can be
triggered without any learning (41), and it is biologically inherent
in humans to learn to fear objects and situations that threaten
the survival of the species (42). As the mammalian brain func-
tions advanced, along with the development of additional brain
structures such as the cortex and the hippocampus, during evo-
lution, the classical fear pathways have also evolved to prepare
and respond to aversive stimuli that are potentially life threat-
ening. Interestingly, a very recent report demonstrated the effects
of kisspeptin-13 on passive avoidance learning in mice (35). Be-
cause the hypothalamus and the amygdala express kisspeptin
and Kiss-R (2, 4, 43), it is possible that kisspeptin-Kiss-R sig-
naling could be involved in the contextualization of fear in
mammals (44).

To date, the neural mechanisms and pathways that subdue or
remove fear have not been elucidated to comprehend psychiatric
disorders such as phobia, which is characterized by marked and
persistent fear. Importantly, the present study shows that kiss-
peptin in the habenula may facilitate removing fear. As fear is
a strong stressor and impairs reproductive performance (45),
recovery from threat is important to reboot impaired reproductive
functions. Therefore, kisspeptin, an evolutionarily conserved
neuropeptide in reproduction, may subserve an additional role
for fear modulation to maintain emotional aspects of repro-
ductive capability such as sexual motivation and arousal. The
present study in the zebrafish provides a unique role for the
habenular kisspeptin system in the brain that extends beyond the
control of reproduction.

Materials and Methods

Animals and Housing. Sexually mature male zebrafish (Danio rerio, ~35 mm in
body length and ~350 mg in body weight) were maintained in groups of 10
fish per 20 L freshwater aquaria at 28 + 0.5 °C with a controlled natural
photoregimen (14/10 h, light/dark). RIKEN Wako wild-type strain was obtained
from the Zebrafish National BioResource Center of Japan (www.shigen.nig.ac.
jp/zebral). The zebrafish were fed with adult zebrafish food (Zeigler). All
experiments were carried out only after 2 wk of fish acclimatization. The fish
were anesthetized by immersion in water containing benzocaine (0.1g ben-
zocaine/200 mL water; Sigma) before the injections and the dissection of tis-
sues. This research was conducted under the ethical approval of Monash
University Animal Ethics Committee (MARP/2011/41 and MARP/2012/093).

Intracranial Administration of Kiss1. Administration of peptide was carried out
using the method described previously (7). Briefly, anesthetized fish (n = 20)
were placed on a sponge soaked with water, and the skulls were punctured
with a 25 G x 1” needle (Terumo) in the midline at the telencephalon-
diencephalon border. The fish were intracranially injected with 1 pL of either
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Fig. 6. Effect of Kiss1-SAP on Kiss1 immunoreactivity, on c-fos mRNA expression
levels in the habenula and the median raphe, and on AS-evoked fear response.
(A-D) Transverse sections of Kiss1 immunoreactivity in the ventral habenula (vHb;
A and B) and the median raphe (MR; C and D) in the brain of zebrafish injected
with Blank-SAP (A and C) or Kiss1-SAP (B and D) at 12 d after injection (1073
mol per fish; intracranial administration, n = 3 per group). Kiss1 immunoreactive
fibers were relatively reduced in the area of neuropil of the vHb (encircled
by white lines) in Kiss1-SAP-treated fish compared with the Blank-SAP group
(A and B). Kiss1 immunoreactive axons entering the MR were relatively weak,
and fewer fibers were seen in the superior raphe regions in Kiss1-SAP-treated
fish compared with in the Blank-SAP group (C and D). (Scale bars, 20 um.) (E and
F) Graphs showing the effect of Kiss-SAP on mRNA levels of c-fos in the habenula
(E) and raphe (F) regions at 3 d after injection (n = 10 per group). (G and H) Graphs
of behavioral parameters of fear response: the number of erratic movements
(G) and the freezing time (H) in the zebrafish injected with Blank-SAP (open
column) or Kiss1-SAP (closed column) (10~° mol per fish; intracranial administra-
tion, n =10 per group) at 3 d after injection. Behavior data of control (no AS, fish
treated with distilled water) are provided for comparison. Data are presented as
mean + SEM. Significant differences (P < 0.05) between groups are indicated
by different letter codes; one-way ANOVA followed by post hoc Tukey's test.
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distilled water or kisspeptins into the cranial cavity by a heat-pulled glass
capillary micropipette attached with a microinjector (IM-9B; Narishige).

Source of Peptides. Commercially synthesized peptides, zebrafish kisspeptin1-
15 (pyroglut-NVAYYNLNSFGLRY-NH,; Open Biosystems), and zebrafish kiss-
peptin2-10 (FNYNPFGLRF-NH,; BioGenes) were used for injecting in this
study. For selective inactivation of the habenular Kiss1 neurons, zebrafish
kisspeptin1-15 conjugated with saporin (Kiss1-SAP; Advanced Targeting
Systems) was used. Nontargeted SAP control (Blank-SAP; Advanced Target-
ing Systems), which is an 11-amino acid peptide conjugated to SAP, was used
as a control. The amino acid sequence of the peptide in Blank-SAP (scram-
bled human melanocyte-stimulating hormone) has no significant homology
to known G protein-coupled receptor ligands.

DIG-in Situ Hybridization of c-fos. The digoxigenin (DIG)-in situ hybridization
was performed as described previously (7) (see S/ Materials and Methods
for details).

Novel Tank Diving Test. To evaluate the effect of Kiss1 on anxiety, a novel tank
diving test was performed (n = 20 per group) according to the protocol
implemented by Cachat and coworkers (14). In brief, the following behav-
ioral parameters were recorded: total time spent at the bottom-half of the
tank, number of top-to-bottom transitions, and total distance traveled in
either the top or bottom half of the tank. As a control, the effect of Kiss2 on
anxiety behavior was also examined (n = 10-20 per group). One and 4 h
after administration of either kisspeptins (Kiss1 or Kiss2) or distilled water
(DW), the treated fish was placed individually in a glass tank (361 mm
length, 218 mm width, 256 mm height) containing 11 L dechlorinated water
at the same temperature as the home tank. The lighting condition used was
802.4 Ix. After the fish was relocated to a novel tank, a side view of swim-
ming behavior was recorded by a video camera (Sony Handycam DCR-SX83E,
positioned approximately 1 m away from the tank) for a period of 13 min
per fish, was conducted between 2.00:00 PM and 4.00:00 PM The data were
divided into the first 5 min and the second 8 min because anxiety in the
zebrafish is most apparent within the first 5 min of exposure to a novel
environment (46). Video data were analyzed using automated tracking
software, LoliTrack 2.0 (Loligo Systems). A visible line was drawn on the
surface of the glass tank for an imaginary separation of the water level to
top and bottom halves. Six hours after administration of kisspeptin, the
fish were killed by immersing them in water containing benzocaine, and
the raphe region of the brain was dissected and stored at —80 °C until
RNA extraction.

AS Exposure. To examine the effect of Kiss1 on fear response, fish were
exposed to AS. In brief, the following behavioral parameters were recorded:
number (frequency) of erratic movements and duration of freezing. Erratic
behavior was defined as a characteristic fast zig-zagging response associated
with rapid direction changes (47). Freezing was defined as the total absence
of movement for 1 s or longer (19).

The procedure of AS extraction was carried out according to the protocol
implemented by Speedie and Gerlai (15). Male fish (n = 11) were killed by
submerging them in cold water. Fifteen shallow cuts were made on the right
trunk of the zebrafish with a razor blade, and the cuts were washed with
5 mL cold DW. This was then repeated on the left trunk of the fish to obtain
a total of 10 mL AS solution per fish. The AS solution was then aliquoted into
a 1.5-mL Eppendorf tube and stored at —20 °C until use.

The influence of fear stimuli on the habenular kiss7 neurons was evalu-
ated by exposure to AS. Fish were individually placed in glass tanks (361 mm
length, 218 mm width, 256 mm height) containing 11 L water at the same
temperature as the home tank and allowed to acclimatize for 5 min. The
1 mL of DW or AS was then administered through a glass capillary positioned
at the corner of the tank about 0.5 cm below the water level. The mean time
for introduction through the capillary was 5 s. Swimming behaviors of the
fish exposed to AS or DW (n = 10 per group) were recorded for 8 min, as
described earlier, and then returned to their original housing tanks. The
same protocol was repeated for another 6 d (no behavioral observation). On
the first (day 0) and the last day (day 7) of the experiment, the fish were
anesthetized and the habenula and raphe region were dissected and placed
into a 1.5-mL Eppendorf tube containing TRIzol (Invitrogen) and stored
at —80 °C until RNA extraction for gene expression analysis.

To examine the neuromodulatory effect of Kiss1 on AS-evoked fear response,
fish were administered with varying concentrations (107'>, 107'3, 107", and 10~°
mol per fish) of Kiss1, as described earlier. Six hours after administration of Kiss1,
the fish were individually placed in the behavioral tank and exposed to either
AS or DW (n = 10 per group) for 8 min of monitoring fear response.

PNAS | March 11,2014 | vol. 111 | no. 10 | 3845

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1314184111/-/DCSupplemental/pnas.201314184SI.pdf?targetid=nameddest=STXT

Real-time PCR for kiss1 and Serotonin-Related Genes. The brain cDNA samples
of the fish obtained from the novel tank diving test, alarm substance exposure,
and kisspeptin injection studies were subjected to real-time PCR. Gene ex-
pression levels of kiss7 and serotonin-related genes (petl, slc6a4a, and tph2)
were examined by real-time PCR with specific primers, as described pre-
viously (7) (see SI Materials and Methods for details).

Luciferase Assay for Binding Affinity of Kiss1-SAP. To validate the binding
affinity of Kiss1-SAP (Advanced Targeting Systems) to zebrafish Kiss-R1, lu-
ciferase assays were performed (see S/ Materials and Methods for details).

Effect of Kiss1-SAP on Fear Response. The fish were intracranially injected with
1 uL of either Kiss1-SAP or Blank-SAP (107> mol per fish; Advanced Targeting
Systems). Three days after the injection, the fish were used for behavior
tests. To confirm the effect of Kiss1-SAP on the habenula kisspeptin neurons,
Kiss1 immunoreactivity was examined in the brain of zebrafish injected with
either Kiss1-SAP or Blank-SAP (n = 3 each) 3 d after the injection, using our
newly generated specific antibody to prepro-zebrafish Kiss1 (antibody code:
PAS 15133/15134; Fig. S5). Furthermore, neural activity of kisspeptin neurons
in the Kiss1-SAP-injected fish was evaluated by c-fos mRNA levels, using real-
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time PCR. Immunohistochemistry and real-time PCR for c-fos mRNA were
performed as described previously (7).

Statistical Analysis. All experimental data were analyzed using the Statistical
Package for the Social Sciences 18 (SPSS Inc). All data are expressed as mean +
SEM, and statistical analyses were performed using independent t-test to ob-
serve statistical significance between controls and experimental groups for the
AS exposure test. To analyze the dose-dependent effect of Kiss1 injection, data
were analyzed using one-way ANOVA and post hoc Tukey's test for statistical
significance; P < 0.05 was considered significant.
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