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Abstract: In addition to the fact that kisspeptin and its receptor GPR54 are well known to be abundantly expressed in the hypothalamus with suggestive roles in 
the initiation of puberty and similar reproductive system properties, there is also proof showing that kisspeptin might have influences on hippocampal functions. In 
our previous study, it was shown that kisspeptin increased free intracellular Ca2+ values ([Ca2+]i) through protein kinase C (PKC) activation in GT1-7 cells. For this 
reason, we examined the influences of kisspeptin on [Ca2+]i in hippocampal neurons to determine if kisspeptin shows its effects on hippocampus through the same 
mechanism. Hippocampal neurons were excised from the brains of fetuses on 17th embryonic day from maternal rats. The influences of kisspeptin on [Ca2+]i in hip-
pocampal neurons were examined through in vitro calcium imaging system. The responses of [Ca2+]i to kisspeptin were quantified by the changes in 340nm/380nm 
ratio.  Kisspeptin-10 caused [Ca2+]i transients in hippocampal neurons. The change in [Ca2+]i by 100 nM kisspeptin was prevented by pre-treating the cells in PKC 
inhibitor chelerythrine chloride. According to the results, kisspeptin activates intracellular calcium signaling in hippocampal neurons via the pathway that depends 
on PKC. The results of this study suggest that kisspeptin may have a role in hippocampal neuron functions.

Key words: Kisspeptin; Calcium; Hippocampus; Protein kinase C; Calcium imaging.

Introduction

G protein-coupled receptor 54 (GPR54) uses kiss-
peptins as natural ligands (1-3). GPR54 mutations are 
related to immaturity in sexual terms, and human and 
rodent infertility (4-6). It was shown that Gonadotropin-
releasing hormone (GnRH) neurons express GPR54 re-
ceptor (7), and with this receptor, kisspeptins activate 
GnRH excretion (8). It was shown that kisspeptins are 
the most potent activators of hypothalamus-pituitary-
gonadal (HPG) axis (9). The administration of kiss-
peptin in a chronic central way to immature female rats 
induced a premature gonadotrophic axis activation (10), 
and peripheral kisspeptin injection increased plasma 
levels of luteinizing hormone (LH) at a significant level 
(11).

Even though the peptide and peptide receptor GPR54 
are plenty in the hypothalamus and are considered to be 
associated with puberty initiation and similar functions 
of the reproductive system, there is also proof that kiss-
peptin might have important influences on hippocampal 
activities. In the hippocampus, the density of GPR54 is 
extremely high in the dentate gyrus (DG) granule cell 
layer. Metastin, also called kisspeptin, is suggested to 
potentiate excitatory synaptic transmission reversibly in 
hippocampus (12), which makes us think that the kiss-
peptin-GPR54 system may have selective functions in 
the hippocampus. In the previous study of ours (13), we 

demonstrated that kisspeptin increases free intracellular 
Ca2+ ([Ca2+]i) through protein kinase C (PKC) activa-
tion in hypothalamic GT1-7 immortalized cell lines. For 
this reason, in this study, the influences of kisspeptin on 
[Ca2+]i were examined in the neurons in the hippocam-
pal area to determine if kisspeptin shows its influences 
on hippocampus through the same mechanism.  Since 
much of neural development occurs during fetal stages 
of life, and neurogenesis is limited in adult brain, we 
measured [Ca2+]i in fetal hippocampal neurons, using 
calcium imaging system.

Materials and Methods

Preparation of culture of rat hippocampal neurons
All animal use procedures were approved by the Firat 

University Animal Experiments Local Ethics Commit-
tee and rats were treated in accordance with the national 
and international laws and policies on the care and use of 
laboratory animals. Hippocampal neurons were isolated 
from 17th embryonic day (E17) from Sprague-Dawley 
maternal rats. Prenatal pups were removed from the 
uterus of maternal rats after intraperitoneal anesthesia 
with 10% chloral hydrate (1 mL/250 g body weight). 
Then animals were decapitated to remove brain tissue 
under a dissecting microscope on ice using sterile scis-
sors and forceps. Brain hemispheres were separated, 
and remove the midbrain using forceps in order to ex-
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pose the hippocampus. Hippocampus was dissected 
from the cortex using finer scissors and cleaned off the 
meninges. Then the hippocampal tissue was carefully 
chopped and then mechanically dissociated through 
trituration by using flame-narrowed Pasteur pipette. 

Hippocampal cells were then plated on to 12 mm 
round, poly-D-lysine/laminin-coated glass coverslips 
(BD BioCoat, Bedford, MA, USA) and bathed in Neu-
robasal-A medium (Gibco, Paisley, Scotland), supple-
mented with 2% B27 (Gibco), 1% Glutamax (Gibco), 
and penicillin (5000 IU/mL) streptomycin (5000 μg/
mL).

 Hippocampal neurons were kept in a humidified in-
cubator containing 95% air and 5% CO2 at 37°C (Hera-
Cell, Heraeus, Germany). The cells were used 6 hours 
after the plating up to 24 hours in culture. 

Ratiometric intracellular calcium imaging
Hippocampal neurons were treated with dye that was 

sensitive to calcium fura-2/AM ester in recording solu-
tion for 60 minutes. After washing out the dye-contain-
ing medium for 3-4 times with recording solution, the 
cells were used for image analysis. The recording solu-
tion had (in mM): 5.0 glucose, 0.6 MgCl2, 10.0 HEPES, 
3.0 KCl, 1.0 NaHCO3, 2.0 CaCl2 and 130.0 NaCl. The 
recording system had inverted Nikon TE 2000 S mi-
croscope (S-fluor, 40X oil, 1.3 NA) and CCD camera 
(ORCA 285, Hamamatsu Photonics, Hamamatsu, Ja-
pan). 340nm-380nm excitation filters and 510nm emis-
sion filter were used during recording. Fluorescence 
ratio of cells was determined by using the imaging 
software (simple PCI). Results were computed as mean 
peak amplitude from at least three independent experi-
ments. Effect of kisspeptin on intracellular calcium val-
ues was normalized and expressed as percentage change 
from the baseline calcium level (100%).

There was no effect on [Ca2+]i when administered 
alone in the control experiment of Fura-2AM dissolved 
in DMSO.

Statistical analysis
The data were given as mean±SEM values. Effects 

of kisspeptin (10, 30 and 100 nM) on calcium levels 
were determined analyzed by One-Way Analysis of 
Variance (ANOVA) and then Post-Hoc Tukey HSD test 
was also applied. The influences of protein kinase C 
inhibitor chelerythrine chloride on kisspeptin induced 
[Ca2+]i levels were assessed with unpaired Student's t-
test. P<0.05 was taken as significant.

Results

Kisspeptin dose-dependently increased intracel-
lular Ca2+ transients in hippocampal neurons. Fig.1 
shows that the mean peak amplitude data of [Ca2+]i in-
crease evoked by kisspeptin was significantly and dose-
dependently to 104.4±3.6 (n=31, p<0.01), 111.6±3.9 
(n=34, p<0.01) and 141.2±4.1 (n=42, p<0.01) from 
baseline level after application of 10nM, 30nM and 100 
nM kisspeptin, respectively. 

The ability of the protein kinase C inhibitor (chel-
erythrine chloride) to influence the [Ca2+]i response to 
kisspeptin (100nM) was also investigated. As shown in 
Fig2, peak [Ca2+]i response to kisspeptin (100nM) was 

strongly attenuated to 107.4±4.6% (n=42, p<0.001) af-
ter adding 10 μM PKC inhibitor (Fig. 2).

Discussion

We have found that intracellular calcium signaling 
in hippocampal neurons is activated by kisspeptin. This 
shows that kisspeptin has new roles in hippocampal 
functions. Whereas in our previous study (13), it was 
found that there was a kisspeptin-stimulated intracellu-
lar calcium response in a triphasic pattern in GT1-7 cells 
which are immortalized GnRH neurons, kisspeptin-
10-induced [Ca2+]i response in the hippocampal neurons 
was in a different pattern (Fig. 1), suggesting the pres-
ence of functional kisspeptin receptors in these cells as 
well. Although there are many studies suggesting an im-
portant role of kisspeptin in hippocampal functions (14-
16), molecular mechanisms are not well known. There 
is only one study (17) looking at the effects of kisspeptin 
on intracellular calcium concentration in hippocampal 
neurons to date. At that study, the brains of the 4-6 day 

Figure 1.  The effects of kisspeptin on intracellular calcium levels 
in hippocampal neurons. A)10 nM kisspeptin (n=31), B) 30nM kis-
speptin (n=34) and C) 100nM kisspeptin (n=42) stimulated Ca2+ 
responses in different hippocampal cells, D) original responses 
trace of fluorescence ratio to 100 nM kisspeptin application from 
one hippocampal neuron. Single asterisk (*) p < 0.01 and double 
asterisks (**) p < 0.001 vs control (one-way analysis of variance 
and post-hoc Tukey HSD test) from three independent experi-
ments.

Figure 2. The effect of PKC inhibition on 100nM kisspeptin-
stimulated intracellular calcium rise in hippocampal neurons. * 
P<0.001 vs 100nM kisspeptin (unpaired t test) from three indepen-
dent experiments.
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memory processing may establish the novel therapeutic 
strategies for neurodegenerative disorders.
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