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Abstract
The mechanisms by which ghrelin controls electrical activity in the hypothalamus are not fully understood. One unexplored
target of ghrelin is CaV3, responsible for transient calcium currents (T-currents) that control neuronal firing. We investigated the
effect of ghrelin on CaV3 subtypes and how this modulation impacts on neuronal activity. We performed whole-cell patch-clamp
recordings in primary mouse hypothalamic cultures to explore the effect of ghrelin on T-currents. We also recorded calcium
currents from transiently transfected tsA201 cells to study the sensitivity of each CaV3 subtype to GHSR activation. Finally, we
ran a computational model combining the well-known reduction of potassium current by ghrelin with the CaV3 biophysical
parameter modifications induced by ghrelin to predict the impact on neuronal electrical behavior. We found that ghrelin inhibits
native NiCl2 sensitive current currents in hypothalamic neurons.We determined that CaV3.3 is the only CaV3 subtype sensitive to
ghrelin. The modulation of CaV3.3 by ghrelin comprises a reduction in maximum conductance, a shift to hyperpolarized voltages
of the I–V and steady-state inactivation curves, and an acceleration of activation and inactivation kinetics. Our model-based
prediction indicates that the inhibition of CaV3.3 would attenuate the stimulation of firing originating from the inhibition of
potassium currents by ghrelin. In summary, we discovered a new target of ghrelin in neurons: the CaV3.3. This mechanism would
imply a negative feed-forward regulation of the neuronal activation exerted by ghrelin. Our work expands the knowledge of the
wide range of actions of GHSR, a receptor potentially targeted by therapeutics for several diseases.
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Abbreviations
GHSR Growth hormone secretagogue receptor
LEAP2 Liver-expressed antimicrobial peptide 2
Kv Voltage-gated potassium channels
CaV3 Low-voltage-gated calcium channels
DMEM Dulbecco’s modified Eagle’s medium
FBS Fetal bovine serum
eGFP Enhanced green fluorescent protein
Ipeak Current peak
Gq DN Gq dominant-negative mutant
RGS2 Regulator of G protein signaling 2
M a s -
GRK2ct

Myristoylated C-terminal Gβγ-binding domain
of the G protein-coupled receptor kinase 2

I–V Current–voltage
V1/2 Half activation voltage
Vrev Reversal potential
K Slope of activation
Gmax Maximum conductance
N Number of channels available to be open
g Single channel conductance
Po open probability

Introduction

Ghrelin is a gut-produced peptide hormone with central ef-
fects including the control of appetite, reward, and memory
processes [1–3]. Understanding the molecular mechanisms
underlying its physiological effects would therefore help to
utilize its receptor, GHSR (growth hormone secretagogue re-
ceptor), as a pharmacological target. The recent discovery of a
novel endogenous liver-expressed antimicrobial peptide 2
(LEAP2) that could act as a natural antagonist of GHSR in-
creases the spectrum of GHSR activity [4, 5]. At the cellular
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level, ghrelin enhances gene expression [6–8]. More recently,
it has been described that ghrelin also has a potent stimulatory
effect on electrical activity [9, 10]. In this regard, it is well
known that ghrelin-mediated GHSR activation depolarizes
neurons by inhibiting voltage-gated potassium channels
(KV7) via Gq/11 [11]. Here, we aim to explore the impact of
ghrelin on other channels that greatly contribute to excitability
and firing in neurons: the low-voltage-gated calcium channels
(CaV3) [12, 13].

CaV3 are also known as Transient channels (T-type calcium
channels) due to their unique gating properties: fast activation
and inactivation kinetics. CaV3 calcium currents contribute to
membrane potential changes such as calcium spikes that shape
sodium-dependent burst firing [13–15], making them a great
target for controlling electrical activity in neurons. Moreover,
CaV3 are responsible for calcium window currents in neurons
due to the overlap between their voltage activation and inac-
tivation curves [13, 16, 17]. Targeting CaV3 also modulates
calcium homeostasis in neurons [14] since CaV3 participate in
dendritic calcium spikes [18, 19], calcium-dependent intracel-
lular synaptic release [20, 21], and neuronal differentiation
[22]. T-type calcium channels are encoded by three CaV
genes: CACNA1G, CACNA1H, and CACNA1I (CaV3.1,
CaV3.2, and CaV3.3, respectively) [23–25]. Because
subtype-specific blockers are not available [26, 27], the bio-
physical characterization of CaV3.1–3 relies on the study of
clones in a heterologous expression system. Such studies have
revealed that CaV3.3 has distinct properties including larger
conductance, slower activation and inactivation, and faster
deactivation kinetics than CaV3.1–2 [13, 28–30]. CaV3.1–2
are widely distributed in many excitable tissues including
brain and peripheral nervous tissue, cardiac, vascular and
non-vascular smooth muscle, lung, endocrine, and sperm
[31]. In contrast, CaV3.3 is exclusively expressed in the brain
[25, 31] including the hypothalamus, an area highly enriched
in GHSR and accessible to circulating ghrelin [32].

All CaV3 subtypes are regulated by intracellular signaling
cascades, many of which arise from the activation of GPCRs
by extracellular chemical signals [14, 31, 33, 34]. In particular,
we are interested in the ghrelin receptor pathways. GHSR
displays two activity modes since it is capable of being acti-
vated by its natural agonist ghrelin but also displays constitu-
tive activity [9]. The relative relevance of these two modes of
activity in different brain areas could be related not only to the
GHSR expression level but also to the amount of accessible
ghrelin in those areas [35]. In this regard, we have recently
shown that GHSR constitutive activity modulates GABA re-
lease at the hippocampus, a brain area with restricted access to
ghrelin [36].Moreover, we have also shown that CaV channels
are sensitive to GHSR constitutive activity only if CaVβ aux-
iliary subunit is present in the channel complex [37]. On the
other hand, the hypothalamus and more specifically the arcu-
ate nucleus are areas highly reachable by the circulating

ghrelin that activates GHSR modulating food intake and en-
ergy expenditure [38–40]. Here, we explore a new target of
ghrelin-evoked GHSR activity: the CaV3 as a contribution to
the electrical effect of ghrelin in hypothalamic neurons. We
used whole-cell patch-clamp recordings in primary hypotha-
lamic cultures and a heterologous expression system to ex-
plore the sensitivity of CaV3 subtypes to GHSR activation
by ghrelin, and we also used a computational model to predict
the impact of our results on neuronal electrical behavior.

Methods

Cell Culture and Transient Transfection

tsA201 cells were grown in Dulbecco’s modified Eagle’s me-
dium (DMEM; Gibco) with 10% fetal bovine serum (FBS;
Internegocios) and split when 80% confluence was achieved.
Cells were transfected with plasmids containing voltage-gated
calcium channel subunit CaV3.1 (CACNA1G, GenBank ac-
cession no. AF190860) or CaV3.2-GFP (CACNA1H,
GenBank accession no. NM021098) or CaV3.3 (CACNA1I,
GenBank accession no. NM_021096), with or without GHSR
(GHSR, GenBank accession no. AY429112). To identify
transfected cells, eGFP (enhanced green fluorescent protein)-
containing plasmid was used. Transfections were done using
Lipofectamine 2000 (Invitrogen) and Opti-MEM (Gibco).
When needed, empty pcDNA3.1 (+) was co-transfected to
maintain the same amount of DNA between conditions. To
study GHSR signaling, plasmids containing the myristoylated
C-terminal Gβγ-binding domain of the G protein-coupled re-
ceptor kinase 2 (MAS-GRK2-ct) [41, 42] or a Gq dominant-
negative mutant (Gq−Q209L/D277N), or a regulator of G pro-
tein signaling 2 (RGS2) were co-transfected.

Lipofectamine was used according to the manufacturer’s
specifications. Transfected cells were cultured for 48 h to al-
low CaVexpression. On the day of the experiment, cells were
detached from the culture disk with 0.25 mg/ml trypsin
(Microvet), then they were rinsed twice and kept at room
temperature (23 °C) in DMEM.

CaV3.3 clone was provided by Dr. D. Lipscombe (Brown
University, Providence, RI). GHSR clone was provided by Dr.
J. Marie (Université de Montpellier, Montpellier, France).
CaV3.2-GFP clone was a gift from Dr. E. Bourinet (Institut
de Génomique Fonctionnelle, Université de Montpellier,
Montpellier, France).

Drugs

Ghrelin esterified with n-octanoic acid (Global Peptide, cata-
log no. PI-G-03) was used as GHSR agonist.
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Animals

C57BL/6 wild-type mice were housed in a 12 h light–dark
cycle in a climate-controlled room (22 °C) at the IMBICE
animal facility. Animals had ad libitum access to water and
food. This study was performed in strict accordance with the
recommendations of the Guide for the Care and Use of
Laboratory Animals of the National Research Council.
Animal suffering was minimized. All experimentation re-
ceived approval from the Institutional Animal Care and Use
Committee of the IMBICE.

Neuronal Primary Culture

Wild-type mice at embryonic days 15–17 were used. The
protocol used was described in [43]. Embryos were quickly
removed after pregnant mice dislocation. Embryo brains were
placed on the dorsal face to remove the hypothalamus using
forceps. Hypothalamus were placed in sterile Hank’s solution
and rinsed twice. Cell dissociation was done at 37 °C for
20 min with 0.25 mg/ml trypsin (Microvet). After that,
300 μl FBS was used to stop the enzyme digestion and
0.28 mg/ml deoxyribonuclease I from bovine pancreas
(Sigma-Aldrich) was added. Cells were mechanically dissoci-
ated and plated (about 60,000 cells) on 12-mm-diameter glass
coverslips treated previously with poly-L-lysine (Sigma-
Aldrich) and laid over 24-well plates. Cells were placed at
37 °C in a 95% air and 5% CO2 atmosphere with DMEM
(Microvet)/F12 1:1 medium supplemented with B27 supple-
ment (1:50; Gibco), 10% FBS, 0.25% glucose, 2 mM gluta-
mine (Gibco), 3.3 μg/ml insul in (Novo Nordisk
Pharmaceutical Industries, Inc.), 40 μg/ml gentamicin sulfate
salt (Richet), and 1%vitamin solution (Microvet). After 4 days
in culture, half of the medium was replaced by fresh medium
containing cytosine β-D-arabinofuranoside (Sigma-Aldrich)
to reach a final concentration of 5 μM.

Electrophysiology

Axopatch 200 amplifier (Molecular Devices) was used for
patch-clamp experiments, which were all in whole-cell and
voltage-clamp configuration. Data were sampled at 20 kHz
and filtered at 10 kHz (− 3 dB) using PCLAMP8.2 software
(Molecular Devices). Recording pipettes with resistances be-
tween 2 and 4 MΩwere used and filled with internal solution.
Series resistances of less than 6 MΩ were admitted and com-
pensated 80%with a 10-μs lag time.We discarded cells with a
leak current higher than 100 pA at − 100 mVand leak current
was subtracted online using a P/− 4 protocol. We perfused
solutions from a 10-ml syringe containing bath solution
placed 30 cm over the patch clamp chamber so the gravity
drives the liquid to the chamber. The flow rate was regulated at
1 ml/min with a valve. The perfusion inlet attaches several

three-way stopcocks for delivering different solutions to the
chamber. Control, ghrelin, and nickel-containing solutions
were applied with this system connected to different ports of
the stopcocks. The liquid junction potential between the inter-
nal and the external solution containing 5 mM CaCl2 (see
below) was ~ 5.5 mVand between the internal and the external
solution containing 10 mM BaCl2 solution (see below) was ~
6.5 mV. These values were measured before experiments and
non-corrected, thus all voltages showed were slightly more
negative. All recordings were obtained at room temperature
(~ 24 °C). Internal pipette solution contained (mM) 134 CsCl,
10 EGTA, 1 EDTA, 10 HEPES, and 4 MgATP (pH 7.2 with
CsOH).

– Barium currents of transiently transfected tsA201 cells:
external solution contained (in mM) 10 BaCl2, 1 MgCl2, 10
HEPES, 140 TEA-chloride, and 6 CsCl (pH 7.4 with CsOH).

The test-pulse protocol consisted in square pulses applied
from − 100 to − 30 mV for CaV3.1 and CaV3.3, and from −
100 to − 20 mV for CaV3.2, for 200 ms every 10 s.

– Calcium currents of primary neuronal cultures: 7–15-
day in vitro mouse-cultured neurons were patched at a holding
potential of − 80 mV by applying square test pulses to −
20 mV for 200 ms every 10 s. Neurons were bathed with high
sodium external solution containing (mM) 135NaCl, 4.7 KCl,
1.2 MgCl2, 2.5 CaCl2, 10 HEPES, and 10 glucose (pH 7.4
with NaOH). After getting the whole-cell configuration, CaV
currents were recorded by replacing the external solution with
a high calcium solution containing (mM) 5 CaCl2, 135 choline
chloride, 1 MgCl2, 10 HEPES, 10 glucose, and 0.001 tetrodo-
toxin (TTX; Sigma-Aldrich) (pH 7.4 with CsOH). Ground
electrode was placed in a separated compartment containing
2 M KCl connected with the recording chamber containing
bath solution by a 2 M KCl–agar salt bridge to avoid change
on junction potentials due to bath exchange during recordings.
We checked the absence of basal current run-down in two
neurons during more than 100 ms.

Modeling

Simulations of thalamic reticular neurons behavior were per-
formed using the NEURON simulation environment [44]. We
used the three-compartment model configuration of burst be-
havior described by [45] (accession no. 17663, available on
Yale University (https://senselab.med.yale.edu/modeldb/)).
The native T-current (IT) in the model was replaced by the
summation of CaV3.1, CaV3.2, and CaV3.3 currents. The
CaV3.3 electrophysiological parameters for control and ghrel-
in conditions in the model—voltage-dependent time constants
(activation and inactivation), the activation and inactivation
parameters—were substituted by our experimental data while
the CaV3.1 and CaV3.2 parameter values were extracted from
a previous study [12]. The equations utilized are the follow-
ing: Boltzmann equations for activation (m∞) (1) and steady-
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state inactivation (h∞) (2) curves and one phase decay expo-
nential equations for the voltage dependency of the activation
(Taum) (3) and inactivation (Tauh) (4) time constants.

m∞ Vð Þ ¼ I0 þ Imax−I0ð Þ= 1þ e V50−Vð Þ=slopeð Þ
� �

ð1Þ

h∞ Vð Þ ¼ I0 þ Imax−I0ð Þ= 1þ e V50−Vð Þ=slopeð Þ
� �

ð2Þ

Taum Vð Þ ¼ Tau 0ð Þ−Tau ∞ð Þ
� �

*e −k*Vð Þ þ Tau ∞ð Þ ð3Þ
Tauh Vð Þ ¼ Tau 0ð Þ−Tau ∞ð Þ

� �
*e −k*Vð Þ þ Tau ∞ð Þ ð4Þ

To emulate our data, we reduced 40% by multiplying by
0.6 the fraction of IT current corresponding to this CaV3 sub-
type. In addition, to simulate the previous effect of ghrelin on
potassium currents [11], we reduced 50% of this current in the
condition in presence of ghrelin by multiplying by 0.5 the
equation for this potassium conductance named as IK in the
model. Firing frequency and latency time were determined
using PCLAMP10.7 software (Molecular Devices). The
membrane potential was recorded from the virtual soma dur-
ing 200 ms injecting 0.08 nA of current. The modeling exper-
iments were performed at 36 °C.

Statistics

Data were analyzed and visualized using the OriginPro 9
(Origin-Lab) and GraphPad Prism 6 (GraphPad Software,
Inc.) software. We used Kolmogorov–Smirnov to test for con-
formity to a normal distribution, and variance homogeneity
was examined using Bartlett’s (normally distributed data)
and Brown–Forsythe’s (non-normally distributed data) test.
P values were calculated from one- or two-sample Student’s
t tests (normally distributed data) or Mann–Whitney test (non-
normally distributed data), and multiple comparison one-way
ANOVAwith Tukey’s post-test (normally distributed data). In
the same experiments, we used paired sample Student’s t test
to estimate P values. We used extra-sum square F test to com-
pare different data function fits. The specific statistical test
used is indicated for each data set. Data were expressed as
mean ± SEM.

Results

To explore the effect of ghrelin on native neuronal CaV3 chan-
nels, we measured voltage-gated calcium currents in e15–17
hypothalamic neurons in culture stimulated with square
depolarizing pulses from − 80 to the potential expected for
maximum T/CaV3 current activation in our experimental con-
ditions: − 20 mV [46]. In addition to the low-voltage maneu-
ver, we also applied 50 μM of NiCl2 that will block T- and R-
type calcium currents [47, 48]. Thus, we tested the effect of

ghrelin on these currents with or without Ni2+ [46, 49]
(Fig. 1a). We found that a saturating dose of 500 nM ghrelin
[9, 50] inhibits the currents and that pre-application of Ni2+

occludes this effect. Moreover, we observed that the percent-
age of current sensitive to Ni2+ is reduced by pre-application
of ghrelin (Fig. 1b). This effect was completely washable in at
least two neurons (data not shown). Moreover, we performed
current–voltage (I–V) curves in presence or not of ghrelin and
found an inhibitory effect over a wide range of voltages
(Fig. 2), in accordance with our previous data showing a in-
hibitory effect of ghrelin on high-voltage-activated (HVA)
calcium currents [9]. Thus, we found that, beside the effect
of ghrelin on HVA channels, native calcium currents evoked
at − 20 mV and sensitive to Ni2+ are also prone to ghrelin-
mediated inhibition.

Since our experiments in neurons suggested that T-
currents could be inhibited by ghrelin and there are criti-
cal differences among the CaV3 subtypes that contribute
to these currents in neurons, we next investigated the ef-
fect of ghrelin on CaV3.1, CaV3.2, and CaV3.3 isolated
currents in a heterologous expression system. In order to
do this, we co-expressed human CaV3 clones together
with GHSR in tsA201 cells and evaluated the effect of
500 nM ghrelin on CaV3 currents. We found that only
CaV3.3 was sensitive to ghrelin, while CaV3.1 and
CaV3.2 remained unaffected. The effect of ghrelin on
CaV3.3 current was fully washable at least in two cells
(data not shown). Figure 3 displays representative traces
and time courses of this experiment as well as the average
percentage of peak current inhibition for the three CaV3
subtypes. In order to exclude the possibility of a GHSR-
independent effect of ghrelin on CaV3.3, we assayed the
effect of ghrelin on tsA201 cells transfected only with
CaV3.3 (without GHSR), and we failed to find an effect
(Ipeak inhibition by ghrelin = 3.3 ± 2.0%, P = 0.1953, test
value = 0, one-sample Student’s t test). We also performed
a dose–response curve for the inhibitory effect of ghrelin
on CaV3.3 current and found an EC50 value of 346.1 ±
1.2 nM and a maximum inhibition of 32.5 ± 3.9% (Fig. 4),
indicating a concentration-dependent effect of ghrelin on
CaV3.3. Our results suggest that the ghrelin effect on
CaV3 currents is subtype specific for CaV3.3.

We also investigated which signaling cascade is implicated
in the effect of ghrelin on CaV3.3. Since GHSR is mainly
coupled to Gq, we assayed the effect of ghrelin under two
different conditions where Gq activity is inhibited: in tsA201
cells co-expressing a Gq-dominant negative peptide (Gq DN)
and a Gq and Gs antagonist peptide (RGS2) [51–53]. We also
explored the participation of Gβγ by incorporating a Gβγ buff-
er peptide (Mas-GRK2-ct) [41, 42]. As we show in Fig. 5, the
inhibitory effect of ghrelin was occluded when Gq was unable
to activate its signaling cascades, while Gβγ is not required for
the effect.
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We next studied the biophysical parameters that contribute
to the ghrelin-mediated inhibition of CaV3.3 current in tsA201
cells co-expressing CaV3.3 and GHSR.We generated current–
voltage (I–V) curves in the presence or absence of ghrelin and
found that CaV3.3 current was significantly inhibited by ghrel-
in at a wide range of voltages (− 30 to 20 mV) (Fig. 6a). We
also compared the fit parameters of the I–V curves and ob-
served that ghrelin causes a small but significant left shift in
the activation. This is reflected in the normalized I–V curves
(Fig. 5a) and in a statistical difference in the half activation
voltage (V1/2), without changes in reversal potential (Vrev) or

the slope of activation (K) (Fig. 6b). In addition, we found that
ghrelin reduces the maximum conductance (Gmax) value by
about 40% (Fig. 5b). This reduction in Gmax could be due to
changes in the number of channels available to be open (N),
the single channel conductance (g), and/or open probability
(Po). In order to assay whether ghrelin affects CaV3.3 open
probability, we performed an instant I–V curve protocol using
a depolarizing pre-pulse to + 60 mV (Fig. 6c). We then divid-
ed the I–V curve by the instant I–V curve for each cell in the
presence or absence of ghrelin to obtain the Po/Pomax versus
voltage plot shown in Fig. 5d. We found that both curves were
equal. Thus, ghrelin does not change the Po/Pomax component
of the current, although we cannot exclude an effect on the
Pomax with our experimental approach. Our data suggest that
ghrelin modifies the voltage activation of CaV3.3 and de-
creases theN and/or g value, which can be interpreted as lower
current amplitude without changes in the open probability
voltage dependency.

We next investigated the kinetic features of the ghrelin-
mediated inhibition of CaV3.3. Because CaV3.3 current inhi-
bition by ghrelin persisted during the inactivation phase
(Fig. 2), we decided to monitor the inhibition along a 200-
ms pulse at − 30 mV. Figure 7 displays a representative exper-
iment and the average percentage of inhibition calculated for
the charge moved over 16 consecutive intervals of 12.5 ms.
We found significant inhibition after the maximum current
point persisting throughout the inactivation phase, while no
significant inhibition in the first interval. One putative expla-
nation of this observation is a mechanism involving changes
in activation and/or inactivation kinetics. We therefore ex-
plored if ghrelin modifies the CaV3.3 kinetic parameters.

Fig. 2 Ghrelin inhibits calcium currents in hypothalamic cultured
neurons in a range of membrane voltages. Averaged calcium current
peak–voltage (I–V) relationship from cultured neurons in control condi-
tions (Control) and in presence of 500 nM ghrelin (+Ghrelin). Stars rep-
resent statistical differences with P < 0.05 (n = 11). Paired sample
Student’s t test

Fig. 1 Ghrelin inhibits NiCl2 sensitive currents in hypothalamic cultured
neurons. a Representative calcium current (ICaV) traces and time course
from cultured neurons evoked at − 20 mV from a holding potential of −
80 mV for 200 ms in control conditions (Control) and in presence of
50 μM NiCl2 (Ni+2), before and after application of 500 nM ghrelin
and averaged percentage of ICaV inhibition by ghrelin (n = 5 in each con-
dition). Dots represent the inhibition calculated for individual neuron. b

Representative calcium current (ICaV) traces and time course from cul-
tured neurons evoked at − 20 mV from a holding potential of − 80mV for
200 ms in control conditions (Control) and in presence of 500 nM ghrelin
(Ghrelin), before and after the application of 50 μM NiCl2 and averaged
percentage of ICaV inhibition by Ni+2 (n = 5 in each condition). Dots
represent the inhibition calculated for individual neuron. One-sample
Student’s t test
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Indeed, we found that both the activation and inactivation time
constants (tau) decrease in the presence of ghrelin at several
voltages (Fig. 8a, b). Moreover, we completed the kinetic
analysis by testing the deactivation kinetic behavior and found
that the deactivation time constant remains unchanged in pres-
ence of ghrelin (Fig. 8c). Taken together, our data indicate
that, besides the reduction in the Gmax (Fig. 6d), there is a
kinetic component that contributes to the effect of ghrelin on
CaV3.3 currents.

How T-currents enter or recover from an inactivated state is
critical to its contribution to action potential firing in neurons
[14, 54]. Thus, we evaluated how ghrelin affects these events
for CaV3.3. We found that ghrelin has an impact on the

entrance to steady-state inactivation reflected in a shift in the
half potential of steady state inactivation (V1/2) to
hyperpolarized potentials (Fig. 9a). On the other hand, we
failed to observe a difference in the recovery from short time
inactivation process (Fig. 8b).

In order to predict the impact of ghrelin-mediated CaV3.3
biophysical changes in neurons, we decide to use simulation
software to model action potentials firing. This approach is
valuable since the three T-channel subtypes are widely
expressed in the brain and there is a lack of specific inhibitors
for isolating their currents [12, 55]. We decided to use the
simulation software (NEURON) which allow us to model
the effect of ghrelin while changing the contribution of
CaV3.3 to the total T-current participating in the action poten-
tial firing of thalamic reticular neurons [45]. Although the
effect of ghrelin has not been described in this particular brain
area, we considered that this model highly used for modeling
T currents contribution to firing is suitable to explore the im-
pact of ghrelin. Beside the T-current, the model includes so-
dium and potassium conductances. In this context, we have in
consideration the inhibition of potassium current by ghrelin
previously reported for several neuronal types [11]. We first
evaluated the effect of ghrelin on the firing frequency and the
latency time to the first action potential by introducing the
changes in this conductance as it has been reported. Then,
we modeled the effect of ghrelin on T-current parameters cor-
responding to the CaV3.3 current component inhibited by
ghrelin. In other words, we ran the program simulating the
effect of ghrelin by changing the parameters included in the
Boltzmann equation for steady-state inactivation (h∞) (2) and
the one phase decay exponential equations for the voltage
dependency of the activation (Taum) (3) and inactivation

Fig. 3 Ghrelin inhibits CaV3.3 current but not CaV3.1 and CaV3.2
currents. a–c Representative calcium current traces and time course
from tsA201 cells transfected with GHSR and either CaV3.1 (a),
CaV3.2 (b), or CaV3.3 (c) evoked at − 30 mV or − 20 mV from a
holding potential of − 100 mV for 200 ms in control condition and with

the application of 500 nM ghrelin and averaged percentage of calcium
current peak (Ipeak) inhibition by 500 nM ghrelin (d). Dots represent the
inhibition calculated for individual cell. (a, n = 5; b, n = 4; c, n = 12). One-
sample Student’s t test, test value = 0

Fig. 4 Ghrelin inhibits CaV3.3 in a concentration-dependent manner.
Ghrelin dose–response curve of CaV3.3 current inhibition in tsA201 cells
transfected with CaV3.3 and GHSR (Ghrelin concentration range 1.25–
2000 nM). Dots represent individual cell analyzed and line represents the
fitted Hill equation (r2 = 0.54) (n = 22)
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Fig. 6 Ghrelin decreases the Cav3.3 maximum conductance without
changes in the open probability voltage dependency. a Representative
calcium current traces from tsA201 cells transfected with CaV3.3 and
GHSR evoked by step depolarizations from a holding potential of −
100 mV to varying test potentials of − 140 mV to + 50 mV for 200 ms
in control condition andwith the application of 500 nMghrelin. Averaged
calcium current peak–voltage (I–V) relationship (left) and normalized
calcium I–V relationship (right). Stars represent statistical differences with
P < 0.05 (n = 12). Paired sample Student’s t test. Equation describes the
Boltzmann linear function and the theoretical I–V relationship. b Bars
represent average activation (V1/2) and reversal (Vrev) potential, K, and
Gmax values obtained in control conditions and with the application of
500 nM ghrelin. Dots and lines represent individual cells (n = 12). Paired

sample Student’s t test. Right bar represents averaged percentage of Gmax

inhibition by 500 nM ghrelin, and dots represent the inhibition calculated
for individual cells. One-sample Student’s t test, test value = 0. c
Representative tail calcium current traces from tsA201 cells transfected
with CaV3.3 and GHSR evoked by pre-pulse at + 60 mV to varying
repolarization potentials from a holding potential of − 100 mV in control
condition andwith the application of 500 nM ghrelin and averaged values
(instant I–V relationship, n = 5). Equation describes the theoretical instan-
taneous I–V curve. dAveraged Po/Pomax versus voltage relationship. Line
represents the fitted Boltzmann function in a control condition and with
the application of 500 nM of ghrelin (n = 5). Extra sum-of-square F test.
F = 0.5859 (DFn = 4, DFd = 211), P = 0.6717

Fig. 5 CaV3.3 inhibition by ghrelin is signaled by Gq protein but not by
Gβγ. a–d Representative calcium current traces and time course from
tsA201 cells transfected with CaV3.3, GHSR, and either pcDNA3.1 (a),
Gq DN (b), RGS2 (c), or MAS-GRK2-ct (d) evoked at − 30 mV from a
holding potential of − 100 mV for 200 ms in control condition and with

the application of 500 nM ghrelin and averaged percentage of calcium
current peak (Ipeak) inhibition by 500 nM ghrelin (e). Dots represent the
inhibition calculated for individual cell. a, n = 5; b, n = 6; c, n = 5; d, n =
7. One way-ANOVAwith Dunnett’s post-test
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(Tauh) (4) time constants (see methods and Table 1) based on
our experimental data in control and in presence of ghrelin. In
addition, we used the same parameters for the Boltzmann
equation for activation (m∞) (1) because ghrelin does not af-
fect this biophysical property of CaV3.3 as we showed in
Fig. 6d.We tested different contributions of CaV3.3 to the total
T-current (named as IT in the model) ranging from 0 to 100%.
The remaining T-current was completed by adaptation of pre-
viously published data for the CaV3.1 and CaV3.2 components
in equal amounts (Table 1) [12]. Figure 10A displays the sim-
ulated action potential trains outputs and the frequency values
obtained. As expected, we found that the reduction of potas-
sium current by ghrelin would increase firing frequency. On
the other hand, the effect of ghrelin on CaV3.3 would reduce
firing frequency. Interestingly, when we merged the effects of
ghrelin on CaV3.3 and the potassium channels, we found a
substantial impairment in the increase in firing frequency pro-
duced by ghrelin. We also assayed the latency time to the first
action potential (Fig. 10b) and found that the effect of ghrelin
on CaV3.3 would increase this value in comparison with the
control. On the other hand, inhibition of potassium current by
ghrelin slightly reduces the latency time, and this reduction is
occluded by incorporating the effect on CaV3.3 into the sim-
ulation. The firing rate increased by ghrelin is diminished as
we increased the contribution of CaV3.3 to the total modeled

T-current. Taken together, our data suggest that increasing the
contribution of CaV3.3 to the total T-current could result in a
moderation of the increment of neuronal electrical activity by
ghrelin.

Discussion

Our current data show that ghrelin has a selective effect on
CaV3.3 channels without altering other CaV3 subtypes. The
activation of GHSR by ghrelin has a profound effect on
CaV3.3, modifying the Gmax of the current with a slight left-
shift in the voltage dependency of the activation. Moreover,
ghrelin induces faster activation and inactivation kinetics, as
well as a hyperpolarizing shift in steady-state inactivation. We
also used a neuron model to simulate the impact of this com-
plex effect on ghrelin modulation of neuron firing. We could
propose that the effect of ghrelin on CaV3.3 would act as a
negative feedback mechanism at high concentrations of ghrel-
in preventing an excessive increase in firing frequency.

Here, we showed that ghrelin modifies one of the CaV3 that
supports T-currents implicated in neuronal excitability.
Remarkably, our data are very similar to the previous work
from Chemin and collaborators [56] studying the effect of
anandamine. This endogenous cannabinoid modifies CaV3.3
biophysical parameters (activation and inactivation kinetics,
steady-state inactivation curve, and a small change in the I–
V curve) in a similar manner to the effect of ghrelin described
here, acting through its specific GPCR. Since anandamine
inhibits T-currents independently of G protein, it is possible
to propose that there are some intrinsic features of the CaV3.3
channel that are potentially modified in a conserved manner
by different effectors. How does this complex effect impact
neuronal firing? It is difficult to directly predict this impact.
Moreover, we have to consider that ghrelin also inhibits
potassium current, which is responsible for shaping the
repolarizing phase of action potentials in numerous neuro-
nal types [11]. It is important to note that the concentration
of ghrelin required to inhibit potassium current is one order
of magnitude lower than the concentration we found nec-
essary to inhibit the CaV3.3 [11]. Moreover, both concen-
trations are higher than the Ki value for ghrelin binding to
its receptor (around 1.9 nM [57]). In order to combine both
effects, we used a simulation model that allowed us to
predict the effect of ghrelin on CaV3.3 and potassium cur-
rent on firing. We found that the effect of ghrelin on
CaV3.3 would counteract its effect on potassium current,
attenuating the previously reported increase in firing
frequency.

We found that CaV3.3 is a target of ghrelin, while CaV3.1
and CaV3.2 are insensitive to the hormone’s actions. There are
several reports describing modulators that act on specific sub-
types of CaV3 [34]. For instance, muscarinic M1 receptor

Fig. 7 CaV3.3 inhibition by ghrelin persists during the inactivation phase.
a Representative calcium current traces from transfected tsA201 cells
with CaV3.3 and GHSR evoked at − 30 mV from a holding potential of
− 100 mV for 200 ms in control condition and with the application of
500 nM ghrelin. b Bars represent averaged percentage of calcium current
charge (Q) inhibition by ghrelin calculated over 16 consecutive intervals
of 12.5 ms (n = 9). One-sample Student’s t test, test value = 0
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activation drives CaV3.3 inhibition byGq/11 signaling cascade,
while CaV3.1 and CaV3.2 are not modified by this mecha-
nism. Besides involving the same G protein, the effect of the
M1 receptor is very similar to the effect of ghrelin in terms of
the biophysical features of the inhibition [58]. On the other
hand, CaV3.3 is insensitive to other GPCR-dependent [59]
and -independent [60] cascades that inhibit other CaV3 sub-
types. This diversity in the modulation of CaV3 adds complex-
ity to the differential expression pattern of CaV3 subtypes not

only in different brain areas [31] but also throughout develop-
mental stages [61]. Although the absence of direct evidence
that CaV3.3 are functionally expressed in hypothalamic neu-
ronal cultures, the fact that this subtype of T channel is highly
expressed in the brain during embryonic stages [61] allow us
to propose a link between the modulatory effect of ghrelin in
embryonic cultures and its specific effect on CaV3.3 currents
observed in vitro. Thus, our data and others suggest that mod-
ifying the contribution of specific CaV3 subtypes to the T-

Fig. 8 Ghrelin accelerates CaV3.3 activation and inactivation kinetics,
without affecting the deactivation kinetics. a Truncated normalized
representative calcium current traces from tsA201 cells transfected with
CaV3.3 and GHSR evoked at − 40 mV from a holding potential of −
100 mV for 200 ms in control condition and with the application of
500 nM ghrelin. Average activation tau are plotted as a function of test
potentials. Lines represent the fitted single exponential function in each
condition (n = 7). Extra sum-of-square F test. F = 18.44 (DFn = 3, DFd =
90), P < 0.0001. Paired sample Student’s t test for each voltage. b
Truncated normalized representative calcium current traces from
tsA201 cells transfected with CaV3.3 and GHSR evoked at − 40mV from
a holding potential of − 100 mV for 200 ms in control condition and with
the application of 500 nM ghrelin. Average inactivation tau are plotted as

a function of test potentials. Lines represent the fitted single exponential
function in each condition (n = 7). Extra sum-of-square F test. F = 10.42
(DFn = 3, DFd = 69), P < 0.0001. Paired sample Student’s t test for each
voltage. c Normalized representative calcium tail current traces from
tsA201 cells transfected with CaV3.3 and GHSR evoked by pre-pulse at
+ 60 mV to varying repolarization potentials from a holding potential of
− 100 mV in control condition and with the application of 500 nM ghrel-
in. Average deactivation tau are plotted as a function of repolarization
potential. Lines represent the fitted single exponential function in each
condition (n = 5). Extra sum-of-square F test. F = 0.1107 (DFn = 2,
DFd = 86), P = 0.8953. Data points are the average time constants obtain-
ed from single exponential fits
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current could be a common mechanism to tune electrical ac-
tivity in neurons. Further experiments in current clamp mode
and using brain slices from CaV3.3 deficient and wild-type
mice would be required to define the impact of ghrelin on
hypothalamic neuron functionality.

GHSR displays two modes of activity, ghrelin-evoked and
constitutive, which act via different mechanisms. Ghrelin-
evoked activity, at the molecular level, is mainly coupled to
Gq and, as a consequence, releases calcium from intracellular
stores [62] and activates transcription [7, 8]. At the synaptic

Fig. 9 Ghrelin reduces the V1/2 of CaV3.3 steady-state inactivation, but
has no impact on CaV3.3 recovery from inactivation. a Representative
calcium current traces (left) from tsA201 cells transfected with CaV3.3
and GHSR evoked by step depolarizations to − 30 mV preceded by 2 s
pre-pulse to a potential ranging from − 120 to + 20 mV with 10-mV
increments from a holding potential of − 100 mV in control condition
and with the application of 500 nM ghrelin. Voltage dependence of inac-
tivation and Boltzmann fit for each condition (center) (n = 9). Extra sum-
of-squareF test.F = 19.50 (DFn = 4, DFd = 271), P < 0.0001. Bars (right)
represent average inactivation V1/2 potential in control condition and with
ghrelin application. Paired sample Student’s t test. b Representative

calcium current traces (left) from tsA201 cells transfected with CaV3.3
and GHSR showing how a 500-ms pulse to − 30 mV inactivated calcium
currents, which were then allowed to recover at − 100 mV for periods
ranging from 12.5 to 2000 ms, then tested during a 30 ms to − 30 mV in
control condition and with the application of 500 nM ghrelin. Dots rep-
resent average recovery CaV3.3 current at different periods and lines
represent the fitted single exponential function (center) (n = 5). Extra
sum-of-square F test. F = 16.75 (DFn = 3, DFd = 58), P = 0.9179. Bars
(right) represent average tau recovery from inactivation in control condi-
tion and with ghrelin application. Paired sample Student’s t test

Table 1 Electrophysiological
parameters of calcium currents
from CaV3.1, CaV3.2, CaV3.3,
and CaV3.3 plus ghrelin

Parameters Cav3.1 Cav3.2 Cav3.3 Cav3.3 + ghrelin

Activation V50 (mV) − 49.25
±0.17

− 49.01
±0.22

− 19.54
±0.17

− 19.54±0.17

Slope (mV) 5.17±0.15 5.45±0.19 16.43±2.04 16.43±2.04

l0 0.00±0.01 − 0.01±0.01 − 0.01±0.02 − 0.01±0.07

lmax 1.00±0.01 0.99±0.01 1.03±0.07 1.03±0.07

Tau{0} (mS) 2.21±0.09 1.44±0.03 7.28±0.60 4.80±0.55

Tau{−} (mS) 2.08±0.10 1.27±0.03 0.43±2.73 0.77±2.80

k (mV'1) 0.08±0 0.07±0.00 0.03±0.01 0.03±0.01

Inactivation V50 (mV) − 74.18
±0.19

− 75.24
±0.31

− 60.97
±0.52

− 67.51±102

Slope (mV) 5.44±0.17 6.29±0.27 5.95±0.46 8.44±0.89

l0 0.99±0.01 0.99±0.01 − 0.01±0.01 − 0.01±0.01

lmax 0.00±0.01 − 0.01±0.01 0.92±0.01 0.97±0.02

Tau{0} (mS) 12.77±0.34 18.79±0.11 56.69±4.10 46.96±3.26

Tau{−} (mS) 12.34±0.44 18.62±0.13 45.69±8.74 42.42±6.33

k (mV'1) 0.07±0.01 0.09±0.00 0.06±0.02 0.06±0.03
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level, ghrelin increases the postsynaptic response to glutamate
by stimulating AMPA receptors into the postsynaptic mem-
brane [63]. Both ghrelin-evoked and constitutive activity act
on the presynaptic side by inhibiting GABA release. Our lab-
oratory has contributed to understanding this effect produced
by constitutive activity, showing that GHSR impairs GABA
release by reducing the forward trafficking of CaV2, resulting
in lower channel density in the plasma membrane [9, 36].
Recently, we found that this effect requires CaVβ subunits
and is common for all CaV subtype complexes with CaVβ,
including the postsynaptic L-type calcium channels (CaV1.2
and CaV1.3) [37]. Thus, our previous work has shown that
GHSR constitutive activity modifies the amount of CaV chan-
nels at the presynaptic and postsynaptic level, while ghrelin-
evoked activity acutely impairs presynaptic CaV2 currents af-
fecting GABA release. Here, we present a novel neuronal
target of ghrelin-evoked activity: the CaV3.3 that contributes
to the T-current shaping action potential firing. In summary,
the CaV3.3 is a central target of the ghrelin/GHSR system,
which uses a variety of mechanisms to regulate CaV functions
and thus control neuronal activity.

Some forms of severe diseases, such as epilepsy and chron-
ic pain, involve T-current anomalies and can be considered
channelopathies [64]. These diseases are currently under in-
tense research for new drug development. In this regard, sev-
eral CaV3 mutants have epileptic phenotypes, and small or-
ganic substances that block CaV3 channels are effective in
controlling epileptic states [65–67]. Moreover, there is a role
described for T-currents in neuropathic pain and T-current
blockers have been proposed as part of new therapeutic

strategies for acute, inflammatory, and chronic pain [26].
Meanwhile, since its discovery, ghrelin has been studied as a
therapeutic target for several disorders such as obesity and
addiction [68]. In particular, many efforts have been focused
on ghrelin analogs that could interact with GHSR. In addition
to being more stable than ghrelin, these drugs can activate or
inhibit specific signaling cascades, or block the receptor’s
constitutive activity, all with diverse efficacy [57, 69]. Many
of these synthetic compounds are available and could be
screened as T-current inhibitors, thus contributing to treating
pathologies that involve excitation anomalies in the central
nervous system. On the other hand, new therapies focused
on sequestering ghrelin or reducing its synthesis [1, 70] would
affect the activity of all ghrelin targets, including CaV3.3. Our
data contribute not only to understanding the mechanisms that
modulate CaV3 but also to identifying a new target of ghrelin,
a neuronal modulator with great pharmacological interest.

Acknowledgments We thank Dr. Veronica Milesi (Instituto de Estudios
Inmunológicos y Fisiopatológicos, CONICET-UNLP, La Plata,
Argentina) for data discussion and Cambria Chou-Freed for carefully
reading our manuscr ip t . We thank Dr. Si lv ia Rodriguez
(Electrophysiology Laboratory) for her excellent technical assistance.
This work was supported by the grant of the National Agency of
Scientific and Technological Promotion of Argentina (PICT 2015-3330)
and by grant of UNLP (X765).

Author Contributions E.R.M. and J.R. designed the experiments; E.R.M.
and S.C.G. performed the patch-clamp experiments; E.R.M. analyzed the
electrophysiological data; S.C.G and E.R.M. performed modeling exper-
iments; E.R.M. and J.R. prepared the figures; E.R.M. and J.R. wrote the
manuscript. All authors reviewed the manuscript.

Fig. 10 CaV3.3 inhibition by ghrelin modulates firing frequency in
neuron simulations. a Simulations of pattern firing in a model of
thalamic reticular neuron under four different conditions: control,
CaV3.3 current, potassium current, and CaV3.3 current and potassium
current inhibited by ghrelin (left). Graphs in the right represent firing

frequency values obtained for each condition at different contributions
of CaV3.3 to the total T-current. b Simulated first action potential (left)
and graphs (right) representing the latency time to the first action potential
values in the same conditions than (a)
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