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Kisspeptin receptor (KISS1R) signaling plays a critical role in the regulation of reproduction. We
investigated the role of kisspeptin-stimulated KISS1R internalization, recycling, and degradation
in the modulation of KISS1R signaling. Kisspeptin stimulation of Chinese hamster ovary or GT1–7
cells expressing KISS1R resulted in a biphasic increase in intracellular Ca2� ([Ca2�]i), with a rapid
acute increase followed by a more sustained second phase. In contrast, stimulation of the TRH
receptor, another Gq/11-coupled receptor, resulted in a much smaller second-phase [Ca2�]i re-
sponse. The KISS1R-mediated second-phase [Ca2�]i response was abolished by removal of kisspep-
tin from cell culture medium. Notably, the second-phase [Ca2�]i response was also inhibited by
dynasore, brefeldin A, and phenylarsine oxide, which inhibit receptor internalization and recy-
cling, suggesting that KISS1R trafficking contributes to the sustained [Ca2�]i response. We further
demonstrated that KISS1R undergoes dynamic ligand-dependent and -independent recycling. We
next investigated the fate of the internalized kisspeptin-KISS1R complex. Most internalized kiss-
peptin was released extracellularly in degraded form within 1 hour, suggesting rapid processing
of the internalized kisspeptin-KISS1R complex. Using a biotinylation assay, we demonstrated that
degradation of cell surface KISS1R was much slower than that of the internalized ligand, suggest-
ing dissociated processing of the internalized kisspeptin-KISS1R complex. Taken together, our
results suggest that the sustained calcium response to kisspeptin is dependent on the continued
presence of extracellular ligand and is the result of dynamic KISS1R trafficking. (Molecular
Endocrinology 28: 16–27, 2014)

Our understanding of the central neuroendocrine reg-
ulation of reproductive development and function

has undergone major advances since the discovery of the
important role of kisspeptin and its receptor, KISS1R, in
the control of GnRH secretion. KISS1R-deficient mice
display a phenotype of hypogonadotropic hypogonad-
ism, parallel to the phenotype observed in patients har-
boring mutations in KISS1R (1). The major ligand for
KISS1R is a 54-amino acid peptide (referred to as kiss-
peptin-54 [KP54]), corresponding to residues 68 to 121
of the KISS1 gene product (2). Further proteolytic pro-
cessing of KP54 results in the production of shorter
peptides, namely KP14, KP13, and KP10, which retain

biologic activity (2, 3). KISS1R, also known as GPR54,
is a G protein– coupled receptor (GPCR) coupled to
Gq/11, stimulating phospholipase C to cleave phospha-
tidylinositol 4,5-bisphosphate into inositol 1,4,5-tris-
phosphate and diacylglycerol and leading to increased
[Ca2�]i (4 – 6). KISS1R activation also stimulates
GnRH neuronal depolarization by activation of a tran-
sient receptor potential cation channel and inhibition
of an inwardly rectifying potassium channel (Kir) (7,
8). Although KISS1R signaling has begun to be de-
coded, precise information on the signal transduction
pathways, regulation, and desensitization remains in-
complete. Similarly, the nature and molecular mecha-
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nisms of KISS1R trafficking and degradation are
largely unknown.

GnRH secretion is the consequence of increases in in-
tracellular calcium concentrations ([Ca2�]i) in GnRH
neurons (9). Spontaneous [Ca2�]i oscillations present in
prenatal GnRH neurons derived from mouse nasal ex-
plants were increased by KP10 (10). This response was
not completely abolished by either tetrodotoxin, a volt-
age-activated sodium channel inhibitor, or cadmium, a
nonselective calcium channel blocker, suggesting that in-
tracellular calcium release contributes to the kisspeptin-
induced increases in [Ca2�]i (10). Intriguingly, sustained
responses to kisspeptin, recorded by either membrane de-
polarization or increases in [Ca2�]i, were observed in the
persistent presence of KP10 or in some cases even after its
removal (8, 10–12). Consistent with these in vitro studies,
more recent human studies have shown that iv infusion of
KP10 in healthy men stimulates a sustained increase in
pulsatile LH secretion (13, 14). The underlying mecha-
nisms, however, remain unclear.

Persistent signaling has been observed for Gs-coupled
GPCRs such as TSH receptor (TSHR) and parathyroid
hormone receptor (15, 16). Earlier studies suggested that
PTH- and TSH-stimulated persistent cAMP signaling was
dependent on receptor internalization (15, 16), although
a subsequent study suggested that sustained cAMP signal-
ing could occur independently of TSHR internalization
(17). To our knowledge, there have been no reports sug-
gesting a relationship between persistent signaling by Gq/

11-coupled GPCRs and receptor trafficking. Our previous
study showed ligand- and time-dependent internalization
of KISS1R (18). In light of the previous reports of sus-
tained kisspeptin signaling in vitro (8, 10–12) and in vivo
(13, 14), here we have investigated the possible coupling
of kisspeptin signaling with KISS1R trafficking.

A common consequence of GPCR activation is down-
regulation of the receptors. Generally, after internaliza-
tion, GPCRs are sorted between divergent pathways (19).
Recycling back to the cell surface results in resensitiza-
tion, whereas trafficking to lysosomes is typically thought
to enhance receptor down-regulation and desensitization.
We hypothesized that sustained kisspeptin signaling may
be the result of rapid recycling of KISS1R, slow degrada-
tion of KISS1R, and/or rapid synthesis of new KISS1R.
Herein, we show that KP10 stimulates a biphasic increase
in [Ca2�]i, with a rapid acute increase followed by a more
sustained second-phase response. Removal of KP10 abol-
ished the second-phase response, demonstrating that this
sustained [Ca2�]i response is ligand-dependent. Our data
also show that KISS1R undergoes both ligand-dependent
and -independent dynamic cellular trafficking between
the cell surface and intracellular pools, with rapid pro-

cessing of internalized ligand but slow degradation of
internalized KISS1R. Importantly, inhibition of receptor
internalization abolished sustained KISS1R calcium sig-
naling. Taken together, our data demonstrate that sus-
tained KISS1R calcium signaling requires continued
KP10 exposure and dynamic KISS1R trafficking.

Materials and Methods

Reagents
Anti-myc and horseradish peroxidase (HRP)–conjugated an-

ti-myc antibodies were from Millipore and Invitrogen, respec-
tively; radioisotopes were from Perkin-Elmer, and cell culture
medium was from Mediatech, Inc. Kisspeptin-10 (KP10) was
synthesized by the Tufts University Core Facility. All other
chemicals including dynasore, phenylarsine oxide (PAO), and
brefeldin A (BFA) were from Sigma-Aldrich.

Expression vectors and stable cell lines
Construction of the human KISS1R vector and the genera-

tion of Chinese hamster ovary (CHO)-KISS1R cells was de-
scribed previously (1, 20). Myc-KISS1R was subcloned from the
previously constructed myc-KISS1R-PCS2� (18) into the
pcDNA3 expression vector. Human embryonic kidney (HEK)-
myc-KISS1R and GT1–7-myc-KISS1R stable cell lines were gen-
erated by neomycin selection of HEK and GT1–7 cells after
transient transfection with myc-KISS1R-pcDNA3. CHO cells
stably expressing the TRH receptor (CHO-TRHR) were a gen-
erous gift from Dr. Patricia Hinkle (University of Rochester
Medical Center, Rochester, New York) (21).

Calcium assays
CHO-KISS1R and GT1–7-myc-KISS1R cells (1 � 104/well)

were plated into black-walled, clear-bottomed 96-well plates.
The next day, the cells were washed with DME/F12 and incu-
bated in serum-free DME/F12 for 2 hours at 37°C. The cells
were then treated with KP10 for the times indicated, and a
Fluo-4 Direct Kit (Invitrogen) was used to measure intracellular
calcium according to the manufacturer’s protocol. CHO-TRHR
cells were treated with TRH (Sigma-Aldrich). Parental CHO
and GT1–7 cells were also treated with KP10 or TRH as a
negative control, and there was no response to either KP10 or
TRH stimulation (data not shown). The change in fluorescence
intensity before and after addition of ligand was measured using
a POLARstar OPTIMA multifunction plate reader (BMG
Labtech). In some experiments, dynasore or PAO was added
simultaneously with KP10 or TRH, whereas BFA was added 30
minutes before KP10 or TRH stimulation. In experiments in
which KP10 was removed, cells were washed 5 times with assay
buffer containing DME/F12 plus Fluo-4, 5 minutes after KP10
treatment. In KP10 control cells, cells were washed in the same
way as described above except that KP10 remained in the wash-
ing buffer. Calcium measurements were made 5 seconds after
addition of KP10 and then repeated every 10 to 30 seconds for
20 to 120 cycles. The values shown represent the ratio of the
difference between KP10-stimulated and basal values divided by
the basal value (relative fluorescence units [RFU]) or percentage
of the maximum response at each time point.
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Ligand internalization assay
Ligand internalization was measured in CHO-KISS1R cells

using radiolabeled KP10. The methods used to measure the
internalization of 125I-KP10 were adapted from assays de-
scribed previously (22). In brief, determinations of the rates of
internalization were performed using at least 5 different data
points collected at 3- to 10-minute intervals after the addition of
0.05 nM 125I-KP10. The radioactivity of the samples was
counted by a Beckman �-counter. The endocytotic rate constant
(Ke) was calculated from the slope of the line obtained by plot-
ting the internalized radioactivity against the integral of the
surface-bound radioactivity. The half-time of internalization is
defined as 0.693/Ke (23–25).

KISS1R ELISA for measurement of ligand-
dependent KISS1R trafficking

The use of an ELISA to study receptor trafficking was per-
formed as described previously (26), with minor modifications.
HEK-myc-KISS1R cells seeded in 0.1% gelatin-coated 24-well
plates were incubated in serum-free DMEM containing 1% BSA
with or without 10�7 M KP10 for 20 minutes. Some cells were
then washed 5 times with DMEM containing 1% BSA and then
reincubated at 37°C for 20 minutes. After incubation, the cells
were washed once with PBS and fixed by incubation with 2%
paraformaldehyde for 20 minutes at room temperature. The
cells were then washed 3 times with PBS and preincubated in
PBS containing 5% milk for 60 minutes. After preincubation,
the cells were incubated with 1:2000 HRP-conjugated anti-myc
antibody (Invitrogen) for 90 minutes at room temperature. The
cells were then washed 3 times with PBS and incubated with
3,3�,5,5�-tetramethylbenzidine solution (Sigma-Aldrich) for 5
to 10 minutes. The reaction was terminated with stop reagent
for 3,3�,5,5�-tetramethylbenzidine (Sigma-Aldrich). Then 300
�L was transferred to a 96-well plate, and the absorbance was
read at 450 nm on a microplate reader (Bio-Rad Laboratories).

Measurement of constitutive KISS1R trafficking
CHO-KISS1R cells were washed with ice-cold PBS and

treated with or without 0.25% trypsin at 4°C for 30 minutes.
Cells were then washed 3 times with DME/F12 containing 10%
FBS to inactivate the trypsin and incubated at 37°C with pre-
warmed DME/F12 containing 10% FBS for the times indicated.
To measure the amount of cell surface KISS1R, the cells were
incubated with 0.05 nM 125I-KP10 together with 1 nM cold
KP10 at 4°C for 1 hour. After incubation, the cells were washed
3 times with DME/F12 containing 0.5% BSA and lysed with 1
M NaOH. The lysates were counted as described above.

Determination of the fate of internalized ligand
The fate of internalized ligand was determined using modi-

fications of procedures published previously (24, 27). CHO-
KISS1R cells were washed and incubated with 0.05 nM 125I-
KP10 in DME/F12 medium containing 0.5% BSA (assay
medium) for 1 hour at 37°C to allow the internalization of the
125I-KP10/KISS1R complex. The cells were then placed on ice
and washed 3 times with 1-mL portions of ice-cold PBS to re-
move the 125I-KP10 remaining in the assay medium. Surface-
bound 125I-KP10 was released by incubation of the cells in 1 mL
of cold acidic wash medium containing 50 mM glycine and 150
mM NaCl, pH 3, for 2 to 4 minutes on ice (28). This buffer was

removed, and the cells were washed once more with the same
acidic buffer and then once with cold assay medium. The cells
were placed back in 1 mL of warm assay medium containing 1
�M unlabeled KP10 (to prevent the reassociation of any intact
125I-KP10 released from the cells with cell surface KISS1R), and
a second incubation at 37°C was conducted for various times to
allow the cells to process the ligand that had been internalized
during the first incubation. At the end of the second incubation,
the dishes were placed on ice, the medium was saved, and the
cells were washed once with 2 mL of cold assay medium. These
2 media collections were combined and precipitated with 20%
trichloroacetic acid (TCA) to determine the amounts of intact
and degraded 125I-KP10 released (28). As a positive control to
confirm that KP10 is able to be precipitated by TCA, intact
125I-KP10 in binding medium (DME/F12 with 0.5% BSA) was
incubated with TCA; 89% of intact 125I-KP10 was precipitated
(data not shown). Finally, surface-bound 125I-KP10 was re-
leased by incubation of the cells in 1 mL of cold acidic wash
medium for 2 to 4 minutes on ice and repeated once. The cells
were then lysed with NaOH, and lysates were collected. The
amount of radioactivity in each sample was counted using a
Beckman �-counter.

Measurement of KISS1R degradation
HEK-myc-KISS1R cells plated in 6-well plates were incu-

bated in serum-free DMEM for 2 hours before treatment. Cells
were pretreated with 10 �M cycloheximide (CHX) for 10 min-
utes and then treated with 10�7 M KP10 for the indicated times.
The cells were then placed on ice, washed 3 times with ice-cold
PBS, and lysed at 4°C by radioimmunoprecipitation assay buffer
containing 50 mM Tris-HCl, pH 8.0, with 150 mM sodium
chloride, 1.0% NP-40 (Igepal CA-630), 0.5% sodium deoxy-
cholate, and 0.1% SDS plus protease inhibitor (cOmplete,
EDTA-free; Roche). Then 10 �g of each of the lysates was re-
solved on SDS gels, followed by electrophoretic transfer to ni-
trocellulose membranes. After blocking with 5% milk for 1
hour, the blots were incubated overnight with HRP-conjugated
anti-myc antibody (1:5000; Invitrogen), and the proteins were
visualized using the SuperSignal West Femto maximum sensi-
tivity system (Thermo Fisher Scientific).

Analysis of KISS1R turnover using a surface
biotinylation assay

HEK-myc-KISS1R cells plated in gelatin-coated 100-mm
wells were washed 3 times with ice-cold PBS, pH 8.0, and then
were biotinylated during a 30-minute incubation at 4°C with a
freshly prepared 0.5 mg/mL solution of EZ-Link Sulfo-NHS-
LC-LC-Biotin (Thermo Fisher Scientific) in the same PBS buffer.
After incubation, the cells were washed once with DMEM and
then incubated with DMEM for 15 minutes on ice to quench the
free biotin (29). Some cells were saved and processed immedi-
ately (t � 0 samples), whereas others were incubated in DMEM
at 37°C for the times indicated. The cells were then placed on
ice, washed with ice-cold PBS, lysed in radioimmunoprecipita-
tion assay buffer, and immunoprecipitated with an anti-myc
antibody (Millipore) prebound to protein G–agarose (Invitro-
gen). The immunoprecipitates were resolved on SDS-PAGE gels,
and the resolved proteins were electrophoretically transferred to
nitrocellulose membranes. After blocking with 5% BSA in Tris-
buffered saline/0.05% Tween 20 (pH 7.4), the blots were incu-
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bated for 1 hour with 100 ng/mL HRP-conjugated streptavidin
(Thermo Fisher Scientific) at room temperature, and the pro-
teins were visualized using the SuperSignal West Femto maxi-
mum sensitivity system.

Statistical analyses
Statistical analyses were performed using Prism software

(GraphPad Software, Inc.). One-way or two-way ANOVA fol-
lowed by post hoc Bonferroni multiple comparison tests was
performed to determine statistical significance. Significant dif-
ference is defined as a value of P � .05.

Results

Kisspeptin induces a biphasic intracellular calcium
response in CHO-KISS1R cells

To evaluate kisspeptin-stimulated KISS1R signaling,
we measured the dynamic [Ca2�]i response to kisspeptin
stimulation in CHO-KISS1R cells. We demonstrated a

dose-dependent, biphasic [Ca2�]i response to kisspeptin
stimulation, with an acute first-phase [Ca2�]i response
that was 5 minutes in duration, followed by a longer,
more sustained second-phase response lasting more than
30 minutes (Figure 1A). Increasing concentrations of kiss-
peptin were associated with higher amplitudes of both
phases of the [Ca2�]i response. The duration of the sec-
ond-phase response was also longer in response to higher
concentrations of kisspeptin. In contrast, stimulation of
CHO-TRHR cells with 10�7 M TRH resulted in a much
smaller second-phase response (Figure 1B).

To further characterize the second phase of the Ca2�

response to kisspeptin, the effects of kisspeptin removal
from the cell culture medium after acute stimulation were
studied. Interestingly, removal of the exogenous ligand
from CHO-KISS1R abolished the sustained second-phase
[Ca2�]i response (Figure 1C). These results indicate that
this second phase is dependent on the continued presence

of exogenous kisspeptin. Of note,
readministration of 10�8 M KP10
30 minutes after its removal stimu-
lated another acute first-phase Ca2�

response. This response did not oc-
cur if KP10 was readministered im-
mediately after its removal (Figure
1C). Nonetheless, readministration
of KP10 resulted in further prolon-
gation of the sustained Ca2� re-
sponse. Taken together, these find-
ings suggest that KP10 stimulation
causes acute, rapid KISS1R desensi-
tization and that the prolonged, ex-
ogenous KP10-dependent [Ca2�]i

response may be the result of recruit-
ment of naive KISS1R to the cell sur-
face from intracellular pools.

To exclude the possibility that the
prolonged [Ca2�]i response occurs
only in heterologous cell lines, we
tested the [Ca2�]i response to kiss-
peptin in a GnRH neuronal cell line,
GT1–7 cells. These cells did not re-
spond to kisspeptin with a detect-
able increase in [Ca2�]i, even at high
concentrations of KP10 (data not
shown). Therefore, a stable GT1–7
cell line expressing moderate levels
of myc-KISS1R was generated.
KP10 induced a biphasic [Ca2�]i re-
sponse in GT1–7-myc-KISS1R cells,
similar to that observed in CHO-
KISS1R cells (Figure 1D). Removal

Figure 1. KP10 stimulates a biphasic intracellular calcium response that requires the continued
presence of extracellular KP10. A, CHO-KISS1R cells were treated with increasing concentrations
(10�9–10�6 M) of KP10. [Ca2�]i was measured as RFU every 30 seconds for 30 to 60 minutes. A
single representative experiment is shown, which was repeated 3 times with similar results. B,
CHO-KISS1R and CHO-TRHR cells were treated with 10�7 M KP10 and 10�7 M TRH, respectively.
[Ca2�]i was recorded every 30 seconds for 10 minutes and is depicted as RFU. A representative
experiment is shown, which was repeated 3 times with similar results. C, CHO-KISS1R cells were
treated with 10�8 M KP10. After 5 minutes, some cells (marked KP10 removal and KP10 removal
� KP10) were washed 5 times with the same calcium assay medium to remove ligand. After the
final wash, calcium assay medium without KP10 (for the KP10 removal group) or calcium assay
medium containing 10�8 M KP10 (for the KP10 removal � KP10 group) was added. The total
time for the washes was less than 20 seconds. After 30 minutes, the medium in the KP10
removal and KP10 removal � KP10 was again removed and replaced with medium containing
10�8 M KP10. D, GT1–7-myc-KISS1R cells were treated with 10�8 M KP10. After 5 minutes,
some cells (marked KP10 removal and KP10 removal � KP10) were washed 5 times with the
same calcium assay medium in the absence or presence of KP10 and further treated as described
for C, except that the interval between treatments was 10 minutes. A representative plot of 3
independent experiments with similar results is shown.
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of KP10 abolished the sustained second-phase [Ca2�]i

response, whereas readministration of 10�8 M KP10, 10
minutes after its removal, stimulated another acute first-
phase [Ca2�]i response (Figure 1D). This response did not
occur if KP10 was readministered immediately after its
removal, but further prolongation of the sustained Ca2�

response was observed. These results demonstrate that in
both a heterologous cell line and a GnRH neuronal cell
line, a sustained [Ca2�]i response is observed, which relies
on continuous KP10 exposure.

Given the finding that the sustained Ca2� response is
dependent on the presence of exogenous kisspeptin, we
hypothesized that dynamic KISS1R trafficking and recy-
cling resulted in KISS1R resensitization to contribute to
the sustained Ca2� response. Our group had shown pre-
viously that KISS1R undergoes rapid desensitization and
internalization, but, in addition, a dynamic pool of
KISS1R is maintained at the cell surface, probably derived
at least in part from the recycling of desensitized/resensi-
tized receptors (18). To test our hypothesis, we first stud-
ied the role of KISS1R internalization in Ca2� signaling.
CHO-KISS1R cells were stimulated with kisspeptin in the
presence or absence of dynasore, a dynamin inhibitor.
Dynasore has been shown to effectively and rapidly in-
hibit clathrin-coated pit–mediated endocytosis (30, 31).
Dynasore abolished the second-phase calcium response to

kisspeptin, with little effect on the acute first-phase cal-
cium response (Figure 2A). In addition, PAO, an endocy-
tosis inhibitor, also blunted the second-phase calcium re-
sponse to KP10 (Figure 2A). Similar effects of both
dynasore and PAO on the second-phase calcium response
to kisspeptin were observed in GT1–7-myc-KISS1R cells
(Figure 2B). These data suggest that KISS1R internaliza-
tion contributes to the KP10-stimulated second-phase
calcium response in both the heterologous CHO cell line
and in the GT1–7 GnRH neuronal cell line. To demon-
strate that the inhibitory effect of dynasore on KP10-
stimulated second-phase intracellular calcium response is
specific, CHO-TRHR cells were treated with TRH with
or without dynasore. In contrast to its effect on KISS1R
signaling, dynasore had no significant effect on the TRH-
stimulated intracellular calcium response in CHO-TRHR
cells (Figure 2C).

To further test the contribution of receptor recycling to
the sustained calcium response, BFA was used. BFA has
been shown to inhibit recycling of melanocortin-2 recep-
tor (32). Our data show that BFA inhibited the KP10-
stimulated, KISS1R-mediated sustained [Ca2�]i response
(Figure 2D) but had no effect on the TRH-stimulated,
TRHR-mediated [Ca2�]i response (Figure 2E). As ex-
pected, KP10-stimulated KISS1R recycling was blunted
by BFA, as determined by measurement of cell surface

Figure 2. KISS1R trafficking is essential for the KP10-induced sustained second-phase calcium response. A–C, CHO-KISS1R (A), GT1–7-KISS1R
(B), and CHO-TRHR (C) cells were treated with 10�7 M KP10 or 10�7 M TRH, respectively, in the presence or absence of 80 �M dynasore, a
dynamin inhibitor, or 5 �M PAO, an endocytosis inhibitor, to block KISS1R internalization. The values shown are depicted as RFU. D and E, CHO-
KISS1R cells were treated with 10�7 M KP10 in the presence or absence of 5 �g/mL BFA, a receptor recycling inhibitor. The [Ca2�]i responses were
recorded every 10 to 30 seconds for 5 to 10 minutes. The values shown are depicted as percent maximum response. All experiments were
repeated 3 times, each in triplicate. Means � SEM are shown. Significant differences were present among/between the curves in A, B, and D, as
determined by two-way ANOVA (P � .001).
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KISS1R levels in the presence vs absence of BFA (data not
shown). Taken together, the findings suggest that inhibi-
tion of either KISS1R internalization or recycling inhib-
ited the sustained [Ca2�]i response, strongly suggesting a
critical role for dynamic KISS1R trafficking in the second-
phase sustained [Ca2�]i response.

KISS1R undergoes dynamic kisspeptin-dependent
and -independent trafficking

To further characterize KISS1R trafficking, the ligand-
induced KISS1R internalization rate was measured and
calculated using 125I-KP10 (Figure 3A). The acid-sensitive
(cell surface) and -resistant (internalized) 125I-KP10 frac-
tions were collected at various times after the addition of
125I-KP10, and the half-time (t1/2) of internalization was
determined as described in Materials and Methods. The
calculated t1/2 for KP10-stimulated KISS1R internaliza-
tion was 9.6 � 1.0 minutes (Figure 3A). PAO, an endo-
cytosis inhibitor, inhibited the KISS1R internalization
rate, which resulted in prolongation of the t1/2 to 30.8 �
4.8 minutes, suggesting that ligand-dependent KISS1R in-
ternalization follows classic clathrin- and dynamin-medi-
ated endocytosis pathways. These findings are consistent
with an earlier study by Pampillo et al (6), which demon-
strated that KISS1R localizes to clathrin-coated pits and
undergoes internalization via clathrin-coated vesicles.

To further and more directly evaluate ligand-depen-
dent homeostasis of cell surface KISS1R, an ELISA was
performed to detect and quantify cell surface receptors
more directly. For this study, a HEK cell line with stable
expression of myc-KISS1R was generated (HEK-myc-

KISS1R). We had shown previously that the myc tag does
not interfere significantly with KISS1R function (33). Fur-
thermore, the HEK-myc-KISS1R cells displayed a KP10-
stimulated biphasic [Ca2�]i response similar to that ob-
served in CHO-KISS1R cells (data not shown). The
results of the ELISA showed that after 20 minutes of
treatment with 10�7 M KP10, there was a significant
13.9 � 2.7% decrease in cell surface receptor compared
with baseline levels before treatment (P � .001) (Figure
3B). The cells were then washed to remove ligand, and 20
minutes after removal of KP10, measurement of cell sur-
face levels of KISS1R indicated that the receptor levels
were replenished to close to the baseline, pretreatment
levels.

Because the half-time for 125I-KP10-stimulated KISS1R
internalization was less than 10 minutes, the cell surface
levels of KISS1R as measured directly by ELISA were
higher than initially expected after KP10 treatment for 20
minutes. These data suggest that KISS1R recruitment to
the cell surface occurs simultaneously with internaliza-
tion, to result in higher cell surface KISS1R levels than
would be predicted if internalization alone occurred. To
explore the possibility that an intracellular KISS1R pool
exists from which receptor recycling to the cell surface can
occur, we studied ligand-independent, constitutive
KISS1R recycling. CHO-KISS1R cells were treated with
trypsin to proteolytically remove cell surface receptors.
Trypsin treatment removed 48 � 3% of cell surface re-
ceptors (Figure 3C). Cell surface levels of KISS1R, as re-
flected by specific radioligand binding, returned to base-

Figure 3. KISS1R undergoes rapid ligand-dependent and -independent internalization and recycling. A, CHO-KISS1R cells were incubated with
0.05 nM 125I-KP10 at 37°C in the presence or absence of 5 �M PAO. Cell surface and internalized radioligand were separated by acidic washes
after various incubation times as indicated. The ratio of internalized to surface radioligand was plotted by linear regression. The graph shown is a
representative plot from 1 of 3 independent experiments with similar results, and the t1/2 values shown are the means � SEM from the 3
experiments. B, HEK-myc-KISS1R cells were incubated with or without 10�7 M KP10 at 37°C for 20 minutes. Some cells were then washed 5 times
to remove KP10 and reincubated in KP10-free medium for an additional 20 minutes. Cells were fixed, and cell surface myc-KISS1R was detected
using an HRP-anti-myc antibody. Data shown are means � SEM from 3 independent experiments. *, P � .05; ***, P � .001. C, CHO-KISS1R cells
were treated with 0.25% trypsin for 30 minutes at 4°C and then incubated at 37°C for the times indicated. The amount of cell surface KISS1R was
measured by incubation with 0.05 nM 125I-KP10 plus 1 nM cold KP10 at 4°C for 1 hour. Means � SEM are shown from a representative
experiment, performed with triplicate samples, of 3 independent experiments, each with similar results. Statistical analysis was performed using
one-way ANOVA followed by a post hoc Bonferroni multiple comparison test. *, P � .05; **, P � .001; ***, P � .0001 compared with time 0.
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line, pre-trypsin treatment levels within 5 to 10 minutes
(Figure 3C). These results support the existence of an
intracellular KISS1R pool and suggest the occurrence of
dynamic, rapid KISS1R trafficking from this pool to the
cell surface that is constitutive and ligand independent.
This ligand-independent KISS1R cell surface trafficking
may be coupled with constitutive internalization or may
be a reactive response to cell surface KISS1R depletion.

Internalized kisspeptin undergoes rapid processing
After the binding and internalization of 125I-KP10, the

fate of the internalized ligand was studied to determine
whether it was degraded intracellularly, recycled back to
the cell surface plasma membrane, or released from the
cells. The fate of the internalized ligand will provide direct
evidence of ligand turnover and indirect evidence of re-
ceptor turnover. CHO-KISS1R cells were preincubated
with 0.05 nM 125I-KP10 for 1 hour to achieve sufficient
internalization of the 125I-KP10/KISS1R complex to mea-
sure its fate. The cell surface, internalized, and released
125I-KP10 was then collected at various times as indicated
and as described in Materials and Methods. The 125I-
KP10 that was released extracellularly was further subdi-
vided into intact and degraded ligand by TCA precipita-
tion. The amount of released ligand increased rapidly and
reached 50% of the total ligand in 15 minutes (Figure 4),
suggesting that internalized 125I-KP10 undergoes rapid
processing. Furthermore, most of the released 125I-KP10
was in degraded form, suggesting that the internalized
KP10 undergoes rapid degradation (Figure 4). The com-
bined amount of 125I-KP10 released extracellularly in in-
tact form together with that bound to the cell surface,
which can be considered to be an indirect measure of
KISS1R recycling, accounted for approximately 25% of
the total 125I-KP10 and reached a plateau by 10 minutes.
In contrast, 125I-KP10 that was released in degraded form
increased progressively with increasing incubation time.
To eliminate the possibility that the ligand degradation
occurred during the 1-hour preincubation period, we re-
peated this experiment by incubating the cells with 125I-
KP10 at 4°C instead of at 37°C for 1 hour. The KISS1R
internalization and recycling and the ligand releasing
were measured simultaneously; the results were consis-
tent with those shown in Figure 4 (data not shown).
Taken together, the results of this study suggest that only
a small fraction of internalized 125I-KP10 is recycled back
to the cell surface, whereas most the internalized ligand
undergoes degradation. The rapid degradation of kiss-
peptin after internalization provides an explanation for
the requirement for the continued presence of exogenous
kisspeptin to maintain a sustained calcium response (Fig-
ure 1C).

Mature cell surface KISS1R undergoes slow
degradation

Measurement of 125I-KP10 processing gives only an
indirect assessment of KISS1R degradation. To measure
the rate of KISS1R degradation directly, the HEK-myc-
KISS1R cell line was used. In these cells, Western blot
analysis using an anti-myc antibody (1:2000; Millipore)
resulted in 3 bands with molecular sizes of 42, 50, and 73
kDa, respectively (Figure 5A). Given that the calculated
molecular weight of human KISS1R is 42 kDa, the 2
larger molecular weight bands may represent KISS1R that
has undergone posttranslational modification. Two
hours after blockade of new protein synthesis by the
translation inhibitor, CHX (34), either in the presence or
absence of KP10, the 72-kDa KISS1R band remained sta-
ble, whereas the smaller 42 and 50 kDa bands decreased
in intensity (Figure 5A). Conversely, in the absence of
CHX, KP10 stimulation did not alter the intensity of any
of the 3 bands (Figure 5B).

We speculated that the 72-kDa band represented ma-
ture cell surface KISS1R. To confirm this hypothesis, a
biotinylation assay was performed to specifically detect
cell surface KISS1R (Figure 5C). In this assay, the biotin-
ylated cell surface proteins were immunoprecipitated
with an anti-myc antibody (5 �g/sample; Millipore) fol-
lowed by Western blot analysis with HRP-streptavidin.

Figure 4. Internalized kisspeptin undergoes rapid processing. CHO-
KISS1R cells were treated with 0.05 nM 125I-KP10 at 37°C for 1 hour
to achieve significant internalization. After removal of free and cell
surface 125I-KP10, the cells were incubated at 37°C for the times
indicated. After this incubation, the culture medium was collected, and
125I-KP10 that was released from the cells into the medium during the
incubation was separated by TCA precipitation to distinguish intact
from degraded 125I-KP10. Cell surface-bound 125I-KP10 was released
by an acidic wash and collected; 125I-KP10 that remained internalized
intracellularly was collected after cell lysis by 0.5 M NaOH. The cell
surface bound, internalized, and extracellular intact and degraded
radioligand was then quantified by counting in a Beckman �-counter.
A representative plot from 3 independent experiments, each done in
triplicate, is shown. Mean � SEM percentage at each time point is
shown.
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The resulting immunocomplex was 72 kDa in size; the 42-
and 50-kDa complexes were not detected in this assay
(Figure 5C). The results of this biotinylation assay also
showed no significant change in the amount of biotinyl-
ated KISS1R after 4 hours of incubation after biotinyla-
tion. After 24 hours, most of the biotinylated KISS1R was
depleted both in the presence and absence of KP10 (Figure
5C). Given the much more rapid degradation of the in-
ternalized ligand (Figure 4), the results suggest dissociated
processing of the internalized kisspeptin/KISS1R com-
plex, with a slower rate of receptor degradation.

Discussion

Although significant advances have been made in our un-
derstanding of the neuroanatomy of kisspeptin neurons
and in the physiology of kisspeptin as a potent upstream
stimulator of GnRH release to regulate gonadotropin se-
cretion (35), our knowledge regarding KISS1R trafficking
and its influence on cellular signaling and responses to
ligand stimulation is limited. Increases in intracellular cal-
cium in GnRH neurons after kisspeptin stimulation have
been reported previously (10, 36). In these studies using
GnRH neurons derived from either prenatal mouse nasal
explants or from young adult rats, kisspeptin stimu-

lated a sustained calcium response.
Our data show that in CHO-KISS1R
cells, KP10 stimulates a biphasic in-
crease in intracellular calcium, with
an acute first-phase response followed
by a more sustained second-phase re-
sponse (Figure 1A). A lower concen-
tration of KP10 is correlated with a
shorter duration of the sustained sec-
ond-phase response, which may result
from the rapid degradation of inter-
nalized KP10, because we have shown
that the sustained calcium response is
dependent on the continued availabil-
ity of exogenous KP10 (Figure 1C).
The rapid degradation of internalized
KP10 is supported by our 125I-KP10
degradation study (Figure 4). We have
previously explored the source of the
calcium mediating the response by
measuring the KP10-stimulated intra-
cellular calcium response in calcium-
free medium (37). Only a monophasic
calcium response was observed in cal-
cium-free medium, indicating that in-
tracellular calcium stores are the pri-
mary source for the acute first-phase

calcium response, whereas the sustained second-phase cal-
cium response is primarily dependent on extracellular cal-
cium (37). In human studies, continuous infusion of KP10
resulted in persistent pulsatile LH secretion for up to 22
hours (13). Because intracellular Ca2� is a key second mes-
senger for triggering neurotransmitter (38) and neuropep-
tide (39) release, our findings provide a potential underlying
molecular mechanism for the sustained in vivo LH response:
KISS1R-mediated sustained [Ca2�]i signaling in response to
KP10 may contribute to the persistent LH secretory re-
sponse to kisspeptin.

Prolonged GPCR activation has been reported for Gs-
coupled receptors such as PTH receptor (15) and TSHR
(17). In these studies, removal of the ligand did not ter-
minate the persistent cAMP signaling. Among Gq-cou-
pled GPCRs, the angiotensin AT1 receptor (40) and the
protease-activated receptors PAR1 and PAR4 (41) dis-
played biphasic ligand-stimulated intracellular calcium
responses. In addition, in a human neuroblastoma cell
line, either carbachol or bradykinin stimulation resulted
in sustained biphasic inositol triphosphate accumulation,
suggesting that both muscarinic and bradykinin receptors
mediate sustained ligand-dependent signaling through
Gq-coupled pathways (42). A more recent study suggested
that Gq-coupled receptors mediated sustained protein

Figure 5. Mature KISS1R is resistant to rapid degradation. HEK-myc-KISS1R cells were
pretreated with (A) or without (B) CHX for 10 minutes and then incubated with or without 10�7

M KP10 for the times indicated. The lysates were analyzed by Western blotting using an anti-myc
antibody. A representative blot of 3 independent experiments with similar results is shown. C,
HEK-myc-KISS1R cells were biotinylated and incubated in the presence or absence of 10�7 M
KP10 for 4 or 24 hours. The cells were lysed and immunoprecipitated (IP) with an anti-myc
antibody. The immunoprecipitant was analyzed by Western blotting (IB) using HRP-streptavidin
(top panel) or HRP-anti-myc antibody (bottom panel). A representative blot of 3 independent
experiments with similar results is shown.

doi: 10.1210/me.2013-1165 mend.endojournals.org 23

D
ow

nloaded from
 https://academ

ic.oup.com
/m

end/article/28/1/16/2556225 by guest on 10 April 2024



kinase D activation via protein kinase C-dependent and
-independent pathways (43).

Neuromedin U (NmU) receptors couple to both Gq/11

and Gi and undergo ligand-dependent rapid internaliza-
tion (44). Agonist-stimulated sustained Ca2� signaling
was observed for NmU receptors and agonist-free buffer
failed to return the response to basal levels. The underly-
ing mechanism was unclear although the authors sug-
gested that high affinities of ligand binding to NmU re-
ceptors contributed to the prolonged intracellular
signaling (44). Conversely, our data indicated that
KISS1R-mediated sustained [Ca2�]i signaling is depen-
dent on the continued presence of exogenous ligand in
both GnRH neurons and nonneuronal cells and is thus
not likely to be the result of prolonged KISS1R activation
or prolonged ligand/receptor binding (Figure 1, C and D).
In turn, the nature of the exogenous ligand-dependent
sustained [Ca2�]i response suggests that KISS1R traffick-
ing contributes to the maintenance of the sustained sig-
naling, because GPCR internalization and recycling mod-
ulate receptor desensitization and resensitization (for
review, see Ref. 45). The finding that dynasore, a dy-
namin inhibitor (30), PAO, an endocytosis inhibitor (46),
and BFA, a receptor recycling inhibitor (32), specifically
blunted the sustained second-phase [Ca2�]i response in
CHO and GT1–7 cells (Figure 2) supports our hypothesis
that KISS1R trafficking contributes to the sustained sig-
naling. This hypothesis is further supported by our find-
ings that KISS1R undergoes ligand-dependent dynamic
internalization and recycling (Figure 3).

Transient exposure to kisspeptin induces sustained de-
polarization in GnRH neurons in most studies (10–12).
However, this is not consistently the case for the intracel-
lular calcium response. Because membrane depolariza-
tion and intracellular calcium responses are distinct
events, it is possible to see a dissociation of the duration of
these 2 responses. Transient kisspeptin stimulation has
been reported to induce persistent [Ca2�]i elevations in
both GnRH-like neurons from embryonic mouse nasal
explants (10) and the GT1–7 cell line (47). In both cases,
the [Ca2�]i response was sustained after removal of the
ligand. On the other hand, in a study using 200-�m-thick-
cut coronal brain slices of adult mice, transient kisspeptin
exposure stimulated sustained membrane depolarization
but only a brief intracellular calcium response (7). In our
study, we found that KP10 removal abolished the sus-
tained [Ca2�]i response in both CHO-KISS1R cells, a
nonneuronal cell line, and GnRH neuronal GT1–7-myc-
KISS1R cells. The exact reason for the differences in the
duration of the [Ca2�]i response to transient kisspeptin
exposure in these different studies is not entirely clear, but

different sources of the cells and different techniques for
calcium measurement and ligand removal may contribute
to the diverse intracellular calcium responses. In our
study, to exclude any artifacts induced by washing the
cells, we included control groups of cells washed in wash-
ing buffer in the presence or absence of KP10. Washing
the cells with ligand-free washing buffer abolished the
[Ca2�]i response, but washing with the buffer containing
KP10 did not affect the sustained [Ca2�]i response (Figure
1, C and D). Furthermore, the cells responded to restimu-
lation with kisspeptin 10 to 30 minutes after ligand re-
moval (Figure 1, C and D), indicating that the abolished
[Ca2�]i response was not the result of loss of the cells
during the washing step.

Whereas Ozcan et al observed (47) a kisspeptin-stim-
ulated intracellular calcium response in untransfected
GT1–7 cells, suggesting the presence of functional
KISS1R in their cells, we did not detect a KP10-induced
[Ca2�]i response in our GT1–7 cell line. Several factors
may contribute to the varied findings between the study of
Ozcan et al and our studies. One difference is that Ozcan
et al used the reagent Fura 2, whereas we used Fluo-4 to
measure the [Ca2�]i response. Second, there may be dif-
ferences in the phenotypes and features of the GT1–7 cell
line subclones in each laboratory. The stable line we gen-
erated, GT1–7-myc-KISS1R, responded to KP10 stimula-
tion, indicating that our cells had appropriate postrecep-
tor pathways to mount a response. The presence of
exogenously introduced receptors may modulate ob-
served responses, for example, if receptor levels are ex-
cessively high. To minimize this concern, we selected a
GT1–7-myc-KISS1R clone for further study with moder-
ate levels of KISS1R (based on binding assays) and an
intermediate KP10-induced [Ca2�]i response, compared
with other clones purified after antibiotic selection. How
the KISS1R expression levels in our GT1–7-myc-KISS1R
cell line compare with levels in primary GnRH neurons is
not known.

The rapid KISS1R internalization rate is consistent
with earlier findings using immunofluorescence coupled
to confocal imaging, flow cytometry, and indirect recep-
tor radiolabeling to measure KISS1R internalization (48).
The discordance in the rate of ligand-dependent KISS1R
internalization measured by 125I-KP10 and ELISAs sug-
gested that receptor recycling occurred concomitantly
with internalization. First, the internalization of the 125I-
KP10/KISS1R complex is very rapid (Figure 3A). Second,
there is rapid constitutive KISS1R recycling (Figure 3C).
Third, KP10 stimulation resulted in only a modest de-
crease in cell surface KISS1R (Figure 3B). Without simul-
taneous receptor recruitment, we would expect to see a
more profound loss of cell surface receptors. The 125I-
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KP10 assay could detect only trafficking of the labeled
KP10/KISS1R complex, whereas the ELISA could detect
all cell surface receptors, reflecting the original cell sur-
face KISS1R pool, minus internalized receptors, and plus
KISS1R that recruited to the cell surface. When the recy-
cling of internalized kisspeptin/KISS1R complex is
tracked using 125I-KP10, only a small fraction of internal-
ized 125I-KP10/KISS1R, represented by released intact
and surface-bound 125I-KP10, returned to the cell surface
(Figure 4). In light of the robust KISS1R recycling that
occurred after proteolytic removal of cell surface KISS1R
(Figure 3B), it is possible that ligand-stimulated cell sur-
face KISS1R recruitment occurs primarily from an intra-
cellular KISS1R pool. It is not clear whether kisspeptin
triggers KISS1R recruitment to replete the cell surface
KISS1R pool or whether KISS1R recruitment is ligand
independent, because we and others have demonstrated
that dynamic and rapid constitutive KISS1R recycling ex-
ists (Ref. 48 and Figure 3C). In either case, the homeosta-
sis of cell surface KISS1Rs is maintained by either ligand-
dependent and/or -independent receptor recruitment that
keeps sufficient cell surface receptors available for ligand
binding to provide continued calcium signaling if exoge-
nous kisspeptin is present (see model in Figure 6).

Neuropeptides are secreted from the neurons, but un-
like classic neurotransmitters, they convey actions with
less spatial and temporal specificity (49). In addition, it
appears that mechanisms for reuptake of neuropeptides
to terminate the ligand action do not exist (49). Instead,
extracellular enzymatic degradation plays an important

role in elimination of neuropeptides. Our findings of
rapid processing and degradation of internalized kisspep-
tin suggests an alternative mechanism for termination of
neuropeptide action. The much slower degradation of cell
surface KISS1R (Figure 5B) suggests dissociated process-
ing of the internalized kisspeptin/KISS1R complex that
may contribute to the exogenous kisspeptin-dependent
sustained signaling. Although 3 bands of myc-KISS1R
were visualized by Western blot (Figure 5A), only the
receptors represented by the heaviest band at 72 kDa were
detected on the cell surface (Figure 5C), suggesting that
the other 2 bands represent immature, intracellular
KISS1R. In an earlier study, Western blot analysis of
KISS1R-GFP revealed a dominant band close to 75 kDa
(50). Given that the molecular weight of GFP is about 27
kDa, the apparent size of KISS1R in this study is closer to
that observed in a previous study from our group, in
which the predominant band of myc-KISS1R was at 42
kDa (18). In the present study, a stable cell line expressing
KISS1R was used for the Western blots, whereas in the
previous studies, transient expression systems were used
(18, 50). In transient expression systems, modified (ma-
ture) receptors may not be as readily formed and detected.
We do not have evidence that the 72-kDa band is glyco-
sylated, although glycosylation is a common modification
for GPCRs. Inhibition of new protein synthesis by CHX
had little effect on mature KISS1R turnover for as long as
2 hours, further supporting the dissociated processing of
kisspeptin ligand and receptor (Figure 5B). Intriguingly,
although the mature KISS1R is relatively stable, the 2

lower molecular weight forms of the
receptor, probably reflecting imma-
ture intracellular KISS1R, undergo
more rapid turnover (Figure 5A).
The more rapid turnover of the
lower molecular weight KISS1R
forms may reflect dynamic post-
translational processing and matu-
ration of these immature forms to
contribute to the mature KISS1R
pool.

In conclusion, we have demon-
strated that KP10 stimulates a bi-
phasic intracellular calcium re-
sponse, with an acute rapid increase
in intracellular calcium followed by
a more sustained second-phase cal-
cium response. This second-phase
calcium response is dependent on
the continued presence of exoge-
nous ligand. Our findings are consis-
tent with human studies showing

Figure 6. Proposed model for the contribution of KISS1R trafficking to prolonged Ca2�

signaling. Kisspeptin binds to KISS1R to stimulate a rapid acute-phase increase in [Ca2�]i as well
as rapid KISS1R internalization. The internalized ligand undergoes rapid degradation and is
released extracellularly, whereas the KISS1R undergoes a much slower degradation. In addition
to KISS1R recycling, there is also dynamic recruitment of KISS1R from intracellular pools to the
cell surface that maintains sufficient cell surface KISS1R to bind with exogenous kisspeptin and
maintain prolonged Ca2� signaling. ER, endoplasmic reticulum.
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that continuous KP10 infusion stimulates persistent pul-
satile LH secretion (13). We have provided evidence that
KISS1R undergoes kisspeptin-dependent and -indepen-
dent dynamic internalization and recycling to contribute
to the sustained ligand-dependent second-phase [Ca2�]i

response. Based on our findings of ligand- and internal-
ization-dependent sustained Ca2� signaling, ligand-de-
pendent dynamic KISS1R trafficking (internalization and
recycling), and dissociated processing of the kisspeptin/
KISS1R complex, we propose that dynamic KISS1R traf-
ficking is important for maintaining stable levels of sen-
sitive, ligand-responsive cell surface KISS1R to allow the
prolonged intracellular calcium signaling responses.
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