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Intracellular calcium changes in mice Leydig cells
are dependent on calcium entry through T-type
calcium channels
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Luteinizing hormone (LH) regulates testosterone synthesis in Leydig cells by inducing an

intracellular increase in cAMP concentration. LH also increases the intracellular calcium

concentration ([Ca2+]i), dependent on the presence of Ca2+ in the extracellular medium

([Ca2+]e) for its effect. Despite these evidences, the identity of a pathway for calcium entry

has remained elusive and the relationship between cAMP and [Ca2+]i has been questioned. Here

we show that mice Leydig cells do have an inward Ca2+ current carried by T-type Ca2+ channels.

In 10 mM [Ca2+]e, the currents start to be activated at −60 mV, reaching maximal amplitude

of 1.8 ± 0.3 pA pF−1 at −20 mV. Currents were not modified by Ba2+ or Sr2+, were suppressed

in Ca2+-free external solution, and were blocked by 100 μM nickel or 100 μM cadmium. The

K i for Ni2+ is 2.6 μM and concentrations of Cd2+ smaller than 50 μM have a very small effect

on the currents. The calcium currents displayed a window centred at −40 mV. The half-voltage

(V 0.5) of activation is −30.3 mV, whereas the half-voltage steady-state inactivation is −51.1 mV.

The deactivation time constant (τ deactivation) is around 3 ms at −35 mV. Confocal microscopy

experiments with Fluo-3 loaded cells reveal that both LH and dibutyryl-cAMP (db-cAMP)

increase [Ca2+]i. The db-cAMP induced calcium increase was dependent on Ca2+ influx since it

was abolished by removal of extracellular Ca2+ and by 400 μM Ni2+. [Ca2+]i increases in regions

close to the plasma membrane and in the cell nucleus. Similar effects are seen when Leydig cells

are depolarized by withdrawing K+ from the extracellular solution. Altogether, our studies show

that Ca2+ influx through T-type Ca2+ channels in the plasma membrane of Leydig cells plays a

crucial role in the intracellular calcium concentration changes that follow binding of LH to its

receptor.
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The Leydig cells in the testis are the main source of
testosterone in mammalian species. The synthesis and
secretion of this steroid is controlled essentially by the
luteinizing hormone (LH) produced by the hypophysis.
Binding of LH to its receptor leads primarily to an
increase in the intracellular cAMP level followed by an
increase in [Ca2+]i (Dufau et al. 1980). However, there
are other indications that LH also increases [Ca2+]i and
its effect is dependent on the presence of calcium in the
extracellular medium (Mendelson et al. 1975; Janszen
et al. 1976) whose influx through the plasma membrane
is a necessary step for the steroidogenic process (Moger,
1983). The latter point is, however, quite controversial.

This paper has online supplemental material.

Kumar et al. (1994) and Sullivan & Cooke (1986) suggested
that LH leads to an increase in [Ca2+]i by activation of
Ca2+ entry through voltage-sensitive calcium channels.
The presence of voltage-dependent Ca2+ currents in rat
Leydig cells was firstly reported by Kawa (1987), but
their characterization was incompletely described. Since
then, no other electrophysiological study reported Ca2+

currents in Leydig cells. In fact, a few papers, using electro-
physiology (Desaphy et al. 1996) or calcium indicator dyes
(Tomić et al. 1995), reported either the absence of calcium
entry through the plasma membrane or that they were
unable to detect a calcium influx pathway. Nevertheless
it is widely known that the stimulus–secretion coupling
mechanism in other steroid producing cells requires an
increase in [Ca2+]i in order to activate mitochondrial
metabolism. In particular, an increase in [Ca2+]i activates
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the StAR protein facilitating the transport of cholesterol
into the mitochondria (Spät et al. 2001). Calcium is
also transported into the mitochondria, enhancing the
synthesis of NADH and NADPH. The later is required
by P450 for the cleavage of cholesterol to pregnenolone
(Pitter et al. 2002; Spät & Pitter, 2004). In this context the
increase in [Ca2+]i has a dual stimulatory effect on steroid
production: (1) acting on the supply of the main substrate
for testosterone synthesis; and (2) modifying the redox
state of the mitochondria.

Despite the existence of such compelling evidences
for the participation of intracellular calcium ions in the
response to LH, the nature of the relationships between
intracellular calcium stores, plasma membrane channels
and cAMP still remains not completely understood.

In this paper we describe calcium currents through the
plasma membrane of murine Leydig cells as well as the
involvement of cAMP in the overall [Ca2+]i dynamics.
Our results clearly demonstrate the presence of low
voltage activated calcium currents in Leydig cells, whose
electrophysiological properties can be associated with
T-type calcium channels. We also show, using the calcium
indicator dye Fluo-3 in confocal microscopy experiments,
that the influx of calcium is a necessary step for the
dramatic increase in intracellular calcium concentrations
that follows the stimulation of the cells with LH or
db-cAMP.

Methods

Cells

All experimental protocols used in this work were reviewed
and approved by the Institutional Ethical Committee on
Animal Experimentation of the School of Medicine of
Ribeirão Preto/University of São Paulo (no. 092/2006).

Leydig cells were isolated from testes of 50- to 60-day-old
mice (Swiss). The mice were killed by cervical dislocation
and the testes rapidly removed, decapsulated and placed
in Hanks’ balanced salt solution (mm): 140 NaCl, 4.6 KCl,
2 CaCl2, 1 MgCl2, 10 Hepes, 5 NaHCO3, 10 glucose, pH
adjusted to 7.4 with NaOH; osmolality 300 mosmol (kg
H2O)−1. Cells were isolated by infusion of Hanks’ solution
into the interstitial spaces (Carnio & Varanda, 1995; Kawa,
1987) and collected in the superfusate. Thereafter, the cells
where seeded onto glass coverslips, bathed with the same
solution, and allowed to adhere. Leydig cells are easily
identified under the microscope due to their size and
presence of lipid droplets in their cytoplasm and they
readily respond to stimulation by LH, as shown in
Fig. 4A. Besides this, they were also identified in separate
experiments by cytochemical detection of the enzyme
3β-hydroxysteroid dehydrogenase (Klinefelter et al. 1987).

Experiments were performed at room temperature
(24 ± 1◦C).

Electrophysiology

Coverslips with Leydig cells were transferred to a Lucite
chamber mounted on the stage of an inverted microscope
(CK2, Olympus, Center Valley, PA, USA) for patch clamp
experiments. Whole-cell currents were measured with an
Axopatch 200B amplifier (Molecular Devices Corp., Union
City, CA, USA), as described by Hamill et al. (1981).
Ca2+ currents were low pass filtered at 2 kHz (4-pole
Bessel Filter), sampled at 5 kHz and fed to a micro-
computer through a Digidata 1440A board (Molecular
Devices Corp.) controlled by the software pCLAMP 10
(Molecular Devices Corp.). The software was also used to
generate and apply the voltage protocols used throughout
the paper. Patch pipettes with resistance ranging from 2
to 5 M� were pulled from borosilicate glass capillaries
(BF150–86-10, Sutter Instrument Co., Novato, CA, USA)
using a P-97 puller (Sutter Instrument Co.). Average series
resistance and membrane capacitance for 47 cells were
16.3 ± 0.8 M� and 22.3 ± 0.7 pF. Series resistance was
usually compensated by 30–60%.

The standard pipette solution contained (mm): 130
CsCl, 0.8 MgCl2, 5 EGTA, 10 Hepes, 2 CaCl2, 2 ATPMg. The
free calcium concentration was 1.02 × 10−7

m (estimated
with the program MaxChelator (Patton et al. 2004).
pH was adjusted to 7.2 with CsOH and osmolality was
282–290 mosmol (kg H2O)−1 The external bath solution
had the following composition (mm): 126 NaCl, 5 KCl,
10 CaCl2, 1 MgCl2, 6 sodium lactate, 10 Hepes. The
pH was adjusted to 7.3 with NaOH and osmolality was
290–300 mosmol (kg H2O)−1. Solutions and drugs were
delivered by gravity into the experimental chamber at a
rate of 1 ml min−1.

Calcium currents were elicited by applying voltage steps
between −80 mV and +50 mV from a holding potential
of −80 mV, for 300 ms, every 2 s. I–V relationships
were generated and the voltage dependency of activation
evaluated by fitting a Boltzmann function to the
experimental points:

I = {Gmax + (Gmin − Gmax)

/[1 + exp((V − V0.5)/k)]}(V − Vr )

Where I denotes the peak current obtained in response to
each voltage pulse, Gmax the maximal slope conductance,
Gmin the minimal conductance, V the clamped voltage, V r

the estimated reversal potential, V 0.5 the voltage giving the
half-point of the I–V curve and k a slope factor related to
the voltage dependency of the system.

The steady-state inactivation was analysed using 2 s
conditioning prepulses to various voltages (from −100
to −30 mV) followed by a test pulse to −10 mV with
100 ms duration. The experimental data were normalized
to the peak current obtained after the −100 mV prepulse
and plotted versus the respective conditioning prepulse
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potential. Data were analysed using a Boltzmann function
similar to that described above.

Deactivation of the calcium currents was evaluated by
analysing the tail currents upon repolarization to different
membrane potentials ranging from −100 mV to −30 mV,
for 50 ms, after a 15 ms conditioning pulse to −20 mV.
The time course of the tail currents were fitted with a
single exponential function and the time constants plotted
against the repolarization potential.

Measurement of changes in intracellular Ca2+

concentration

Freshly isolated Leydig cells were seeded on poly l-lysine
coated coverslips (22 mm in diameter, 0.17 mm thickness)
and loaded with 5 μm Fluo-3 AM by incubation for
30–45 min at room temperature in Hanks’ solution.
Changes in [Ca2+]i were observed by fluorescence
detection using an SPC 5 confocal microscope (Leica,
Bensheim, Germany). Fluo-3 was excited with 488 nm
light supplied by an argon laser and the emitted
fluorescence was collected at wavelengths >505 nm.
Cellular fluorescence was recorded in x–y confocal plane
and image frames were obtained at a resolution of
512 × 512 or 1024 × 512 pixels every 300 ms. A 63×
water immersion objective was used. The control and
test solutions were carefully applied by using multiple
barrels to a single output glass capillary (200 μm in
diameter) manifold, placed as close as possible to the
cells to be tested. Note that the flow regime is maintained
throughout the experiment. The images were recorded on
disk and analysed offline using the software ImageJ (W.
S. Rasband/National Institutes of Health, Bethesda, MD,
USA, http://rsb.info.nih.gov/ij/).

Temporal changes of the mean [Ca2+]i, such as those
presented in Figs 4–6, were obtained directly from the
fluorescence counts measured by the confocal micro-
scope. For cell to cell comparison, the resulting counts
were baseline subtracted and normalized with respect to
the maximum fluorescence value. The actual fluorescence
data were not filtered, nor smoothed or averaged. Surface
plots shown in Fig. 6 were calculated from the raw image
sequence by using the surface plot function from ImageJ.
The pseudocolour scale was also chosen from within
ImageJ.

Measurement of changes in membrane potential

Cells were prepared essentially as described for the
intracellular calcium measurements, but loaded with a
potentiometric dye by incubation with 5 μm DiBAC4(3).
The dye was excited at 488 nm and the fluorescence read at
516 nm. According to the manufacturer’s instructions (The
Handbook – A Guide to Fluorescent Probes and Labeling

Technologies, http://probes.invitrogen.com/handbook/
sections/2203.html) a 1% increase in fluorescence should
correspond approximately to a 1 mV depolarization in
membrane potential. Images were treated as described in
the previous paragraph.

Drugs and reagents

Fluo-3 AM and DiBAC4(3) were obtained from Invitrogen
Corporation (Carlsbad, CA, USA). LH, db-cAMP and
nifedipine and all other reagent grade salts were obtained
from Sigma (St Louis, MO, USA).

Statistics

Data are expressed as means ± s.e.m. and n is the number
of observations, as indicated under each result. Where
pertinent the statistical test used to compare data is
specified under the particular result.

Results

Calcium Currents

Whole-cell Ca2+ currents were evoked by 300 ms
depolarizing voltage steps from −80 mV to +40 mV. From
a total of 103 cells recorded, we could detect inward
current in 59% of them. Typical recordings are shown
in Fig. 1A. Currents began to activate at voltages positive
to −60 mV and were fully activated at −20 mV. The
current inactivated with time and displayed the typical
criss-crossing signature observed for calcium currents
carried by T-type calcium channels. Average peak currents
at each voltage, normalized to the cell capacitance, are
plotted in Fig. 1B against voltage. Although small in
amplitude the currents are increased by approximately
∼27% after treating the cells with 400 μm db-cAMP
(n = 13). Fitting of a Boltzmann function to the data points
resulted in a k of 5.3 ± 0.5 mV in the control and 4.1 ± 0.5
in the presence of db-cAMP, and a V 0.5 of −31.7 ± 1.5 mV
that did not change with the db-cAMP.

The mean amplitude of the currents at the peak were
−1.8 ± 0.2 pA pF−1 (n = 43) under control conditions
and −2.2 ± 0.3 pA pF−1 (n = 14) after db-cAMP. Due to
the large scattering in the amplitude of the currents,
observed from cell to cell, these values were not statistically
different (P = 0.3, Mann–Whitney U test). Figure 1C
shows that inactivation is strongly voltage dependent.
The current observed in response to a voltage pulse from
−90 mV to −30 mV inactivated almost completely during
the time of the pulse. Maintaining the cells at a holding
potential of −50 mV resulted in a complete inactivation
of the calcium channels, as shown by the absence of
current response to a voltage pulse from −50 mV to
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+10 mV (n = 9). This last protocol indicates that high
voltage activated (HVA) calcium currents are not present
in Leydig cells. Besides this, 1 μm nifedipine (see online
supplemental material, Supplemental Fig. 1A) has only a
very weak effect, reinforcing the idea that HVA calcium
channels make no important contribution to the observed
currents.

In order to show that our measurements refer to
calcium currents, the extracellular calcium concentration
was varied and I–V curves constructed for each condition.
The results are shown in Fig. 2A. As can be seen, increasing
the calcium concentration resulted in increases in the peak
inward currents. The current–voltage relationship shifted
to the right along the voltage axis when varying [Ca2+]e

from 2 mm to 40 mm. This shift possibly reflects changes
in surface potential due to surface charges in the plasma
membrane (Ohmori & Yoshi, 1977). Substitution of Ca2+

for Ba2+ or Sr2+ as charge carriers did not appreciably
change the I–V relationships, indicating that the channel
did not discriminate between these divalent ions (Fig. 2B).
The inactivation time constants are not dependent on the
presence of calcium ions and have the same values when
Ba2+ is the charge carrier, as shown in Fig. 2C, suggesting
that the inactivation is a process dependent solely on
the membrane voltage. Figure 2D shows that absence of
[Ca2+]e, or addition of either of the Ca2+ channel blockers

Figure 1. Calcium currents in Leydig cells
A, representative current traces elicited by depolarizing potentials from a holding potential of −80 mV to +40 mV
in 10 mV steps. Note the typical criss-crossing of the traces. The trace at −20 mV is indicated. B, average I–V
relationship for the peak currents obtained at each potential, normalized by the capacitance of the cell, in standard
external solution ( �) and in the presence of 400 μM db-cAMP (•). The continuous line is the fit of a Boltzmann
function to the experimental points, giving V0.5 = −31.8 ± 1.4 mV, k = 5.5 ± 0.3 mV and Gmax = 2.0 ± 0.2 nS
in control condition and V0.5 = −34.7 ± 1.8 mV, k = 4.1 ± 0.5 mV and Gmax = 2.6 ± 0.2 nS in the presence of
cAMP (means ± S.E.M., n = 43). C, holding the cell at a more depolarized potential completely inactivates the
current. We chose to depolarize from −90 mV to −30 mV and then from −50 mV to +10 mV because at +10 mV
potential L-type currents can be activated (see voltage protocol under the current traces). All traces were obtained
with 10 mM Ca2+ as charge carrier. The capacitive transients were suppressed from the traces for presentation
purposes only.

Cd2+ (100 μm) or Ni2+ (100 μm), led to suppression of the
inward currents. Cd2+ at concentrations below 50 μm has
no appreciable effects on the calcium currents and the K D

for Ni2+, derived from the fitting of the Hill equation to
a concentration–response relationship is around 2.6 μm

(see Supplemental Fig. 1B and C). Substitution of external
NaCl by equimolar LiCl (data not shown) did not produce
any changes in the inward currents. Altogether these data
strongly suggest that the observed inward currents are
carried by T-type calcium channels.

Voltage-dependent activation and inactivation

In order to assess the activation properties of the channels,
the peaks of the inward currents were normalized in
relation to the maximum current observed in each
cell and plotted against voltage (Fig. 3A). The fitting
of the Boltzmann function to the points resulted in
V 0.5 = −30.2 ± 0.5 mV and slope factor k = 4.9 ± 0.6 mV
(n = 6). Currents start to be activated at voltages above
−60 mV and are fully activated at −20 mV. Steady
state inactivation was analysed by applying conditioning
prepulses (−100 mV to −30 mV) followed by test pulses
to −20 mV, as described in the legend to Fig. 3A. The data
points are well described by a Boltzmann function with
V 0.5 = −51.1 ± 0.7 mV and k = 6.2 ± 0.4 mV (n = 7).
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The activation and inactivation relationships show a
significant area overlap disclosing the presence of a
putative window current. The inset in Fig. 3A shows the
window current, computed by multiplying the fittings
for the activation and inactivation curves expressed as a
percentage of the activation current, against voltage. In
this case, the calculated window current, was maximum at
−37 mV, having amplitude of 1.8% of the peak current at
this same voltage.

Deactivation kinetics of the ICa

The voltage-dependent kinetics of channel closing was
measured by applying a short depolarizing pulse, sufficient
to drive most of the channels into the open configuration,
and then by repolarizing to different voltages in order to
observe the relaxation of the tail currents, as shown in

Figure 2. Characteristics of the inward currents
A, average I–V relationships for currents measured at the indicated calcium concentrations. Points are
means ± S.E.M. (n = 7). The continuous line shows a fit of the Boltzmann function to the experimental points.
Increasing the calcium concentration shifts V0.5 from −38.5 ± 0.8 for 2 mM Ca2+ to −37.0 ± 0.2 for 10 mM

Ca2+, to −29.6 ± 1.3 for 20 mM Ca2+ and to −23.5 ± 0.7 mV for 40 mM Ca2+, without major changes in the
voltage dependency of the currents. B, an average I–V plot for currents measured in the presence of 10 mM Ca2+
(V0.5 = −31.7 ± 1.6 mV, k = 3.7 ± 0.3 mV) or 10 mM Ba2+ (V0.5 = −29.9 ± 0.9 mV; k = 3.8 ± 0.3 mV) or 10 mM

Sr2+ (V0.5 = −32.8 ± 1.1 mV; k = 3.4 ± 0.4 mV) (n = 6). C, the inactivation time constants, obtained by fitting
a single exponential function to the decay phase of the currents obtained at different potentials, in the presence
of 10 mM calcium or 10 mM Ba2+. Note that the constants are equal in both conditions, have the same voltage
dependency and are independent of the presence of calcium. D, representative traces showing the absence of
current when Ca2+ is withdrawn from the external solution, or is blocked by 100 μM Cd2+ and 100 μM Ni2+.

Fig. 3B (upper panel). The deactivation time constants
were estimated by fitting a single exponential to the decay
phase of the currents. Figure 3B (lower panel) shows
that deactivation is not a strongly voltage-dependent
phenomenon, changing the time constants from 1.1 ms
at −100 mV to 2.1 ms at −50 mV. The inward calcium
current in Leydig cells deactivates relatively slowly when
compared to other types of Ca2+ currents, again suggesting
the presence of T-type calcium channels in these cells.

Fluorescence measurements of intracellular Ca2

The experiments below were designed in order to show
that calcium entry through plasma membrane channels
is responsible for the changes in [Ca2+]i induced by
cAMP, a well known second messenger involved in the
response of Leydig cells to LH. Treatment of the cells
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with LH (1 μg ml−1) readily increases [Ca2+]i, as shown
in Fig. 4A. The effect is seen a few seconds after addition
of LH to the superfusing solution and reaches a peak in
41.0 ± 2.5 s which is 2.5 ± 0.1 times (n = 50 cells) the
baseline fluorescence. The fluorescence slowly decays
with time. Electrophysiological experiments also reveal
that application of LH to the cells leads to an increase
in the calcium currents with a similar time course.
Although variability from cell to cell is somewhat large,
the calcium currents increase 25% in about 55–60 s
(see Supplemental Fig. 2). Figure 4B shows that
fluorescence increases in regions close to the plasma
membrane and also in the nucleus of the cell. The
effect of LH is clearly mimicked by the application
of 400 μm db-cAMP (Fig. 4C). Fluorescence rises
faster, time to peak equal 17 s (Fig. 4D), than with
LH. The amplitude of the fluorescence at the peak
is 2.9 ± 0.4 times (n = 20) the baseline fluorescence
before application of db-cAMP. During the transient,
[Ca2+]i increases at the inner side of the plasma
membrane and inside the nucleus (see Figs 4 and 5).
Interestingly, the increase in fluorescence lasts longer at
the nucleus than at places close to the plasma membrane.
During the course of our experiments, we noticed that
this type of response was more frequent (62%) in Leydig

Figure 3. Electrophysiological properties of the T-type calcium currents in Leydig cells
A, activation of the channels ( �) was analysed by applying voltage pulses from −80 mV to 0 mV in 10 mV steps.
Resulting peak currents measured at each voltage were normalized with respect to the maximum observed
value (I/Imax). Continuous line represents the fit of a Boltzmann function to the experimental points giving
V0.5 = −30.2 ± 0.5 mV and k = 4.9 ± 0.6 mV. Inactivation properties were analysed by applying prepulses from
−100 mV to −10 mV in steps of 5 mV, for 2 s, and then to a test pulse of −20 mV. The normalized currents
(I/Imax) are plotted against the pre-pulse voltage. A Boltzmann relation was fitted to these points (means ± S.E.M.,
n = 6) resulting in V0.5 = −51.1 ± 0.7 mV and k = 6.2 ± 0.4 mV. The inset shows the calculated relative window
current (Iwin percentage) computed as the product of the activation and the inactivation fits. Calculations did not
take into consideration leakage currents. B, deactivation properties of the calcium currents. Upper traces show the
tail currents elicited by a short pre-pulse of 10 ms duration from −100 mV to −20 mV, and then observing their
deactivation with pulses ranging from −100 mV to −10 mV in steps of 10 mV. Tail currents were fitted with a
single exponential and the decay time constants were plotted against the pulse voltage (lower plot). Experimental
points (means ± S.E.M.; n = 7) are well fitted by a single exponential showing a shallow voltage dependency as
expected from T-type calcium channels. Calcium at 10 mM was used as charge carrier in all experiments.

cells isolated from 45- to 65-day-old mice than in Leydig
cells isolated from younger (40- to 45-day-old) mice.

In order to assess the involvement of the [Ca2+]e on
the db-cAMP-induced [Ca2+]i we treated the cells with
db-cAMP in the absence of [Ca2+]e and no increase in
fluorescence was observed. Then, 10 mm calcium was
added to the superfusion solution. This led to a sharp
increase in the baseline fluorescence, reaching a maximum
fluorescence value at 82 ± 4 s with an amplitude of
1.6 ± 0.2 times the baseline fluorescence (n = 30 cells) as
shown in Fig. 5. The influx of Ca2+ through the plasma
membrane was blocked by the addition of 400 μm Ni2+ to
the bathing solution in the presence of 400 μm db-cAMP
and 2 mm Ca2+ (Fig. 6A). The fluorescence increased
1.8 ± 0.1 times (n = 24 cells) from the baseline value
only after washing out Ni2+ from the bathing solution.
Figure 6B illustrates the fluorescence changes in a single
cell exposed to the protocol described above.

Since T-type calcium channels respond to
depolarization of the membrane, we also carried
out experiments to measure [Ca2+]i in response to
manoeuvres that change the resting potential of Leydig
cells. This was done by measuring the membrane
potential changes, induced by withdrawing K+ from
the extracellular solution, with the fluorescent dye
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Figure 4. LH and cAMP increase intracellular calcium
concentration
A, time course of the fluorescence changes induced by addition
(arrow) of 1 microg/ml LH to the solution superfusing 4 cells (lines
represent different cells). Total number of cells analysed was 67 in 5
different preparations. Fluorescence increases sharply after treatment
with LH and lasts for several minutes. Fluorescence was baseline
subtracted and normalized to the maximum fluorescence measured in
each cell (Fnorm). B, a series of surface plot pictures from a cell exposed
to LH at the indicated times (number on top of each picture, in
seconds). C, time course of fluorescence changes before and after
application of 400 μM db-cAMP to 5 different cells, from a total of 20
analysed in at least 4 preparations.

DiBAC4(3), and recording the concomitant changes in
[Ca2+]i. Figure 7A shows that indeed the membrane
potential strongly depolarized (by 20–30 mV) upon
withdrawing K+ from the external solution, as expected
from block of the electrogenic Na+/K+-ATPase. The same
treatment also led to increases in [Ca2+]i, measured with
Fluo3 (Fig. 7B), which were blocked by 200 μm Ni2+

(Fig. 7C).

Discussion

LH plays a major role in the hormonal regulation of
testosterone synthesis and secretion. It has been shown
by several authors that its action in Leydig cells is mainly
dependent on the activation of a cAMP signalling pathway.
In fact, cAMP has been taken as the sole or the most
important intracellular mediator of the LH effect (Dufau
et al. 1980). Nevertheless it has also long been known
that extracellular Ca2+ is necessary for the LH induced
synthesis of testosterone under certain conditions (Janszen
et al. 1976; Moger, 1983; Sullivan & Cooke, 1986). The
occurrence of Ca2+ influx through the plasma membrane
of Leydig cells has been the subject of some controversy
and it has been suggested that purinergic receptors may
serve this function (Foresta et al. 1996; Poletto Chaves
et al. 2006). To our knowledge the presence of specific
calcium channels was reported only once for rat Leydig

Figure 5. External calcium is needed for the db-cAMP effect
Fluorescence changes against time for several cells (different traces
representative of 30 cells) before and after addition of 10 mM Ca2+
(arrow) to the solution superfusing the cells. db-cAMP at 400 μM was
present in the superfusing solution all the time. Note that db-cAMP
alone did not induce any rise in fluorescence. The fast increase occurs
only after addition of calcium. Fnorm has the same meaning as
described in Fig. 4.
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Figure 6. Influx of calcium is needed for the effect of cAMP
A, blocking calcium channels with 400 μM Ni2+ impairs the effect of cAMP shown in Fig. 5. Ni2+ and cAMP were
present in the superfusing solution from the beginning of the measurement up to 37 s. Fluorescence only increased
after Ni2+ was washed out from the bathing solution (horizontal bars at the top). Different traces illustrate the
behaviour of different cells (24 analysed cells). B, representative surface plots for a cell treated with Ni2+ and
cAMP (upper row: 0, 17 and 35 s) and after removal of Ni2+ from the bathing solution (lower row: 60, 107 and
180 s).

cells by Kawa (1987), but their characterization was far
from complete. Other authors have even questioned their
existence (Tomić et al. 1995; Desaphy et al. 1996; Rossato
et al. 1997).

In this study we demonstrate the presence of calcium
channels in mice Leydig cells by using measurements of
both whole cell currents and fluorescence from calcium
sensitive dyes in single isolated cells. Our results clearly

Figure 7. Depolarization of the cell membrane increases [Ca2+]i
A, removal of K+ from the extracellular [K+]e solution (arrow) depolarizes the membrane potential in Leydig
cells. The magnitude of the depolarization, estimated from the increase in fluorescence of diBAC4(3) is around
20–30 mV. The slow time course reflects the gradual block of the electrogenic Na+/K+ pump. Fluorescence points
were collected at every 1.4 s. B, depolarization of the cell membrane, by removal of extracellular K+ (arrow) induces
increase in [Ca2+]i. C, nickel blocks the effect of the depolarization on [Ca2+]i. Nickel (200 μM) was added to the
superfusing solutions at the beginning of the experiment. Arrow 1 indicates the time when [K+]e was made equal
to zero. Arrow 2 indicates the time when Ni2+ was washed out of the external solution maintaining [K+]e = 0.
Fluorescence measurements were done every 0.8 s. Each trace in the figures represents measurements made on
different cells.

demonstrate that Leydig cells do indeed present calcium
currents as first suggested by Kawa (1987). Results
presented in Figs 1–3 show that these currents resemble
those carried by T-type channels. They had a low activation
threshold, activated and inactivated rapidly, deactivated
slowly and showed a high sensitivity to low concentrations
of nickel ions, a known blocker of T-type calcium channels.
Besides this, and in contrast to L-type Ca2+ channels, the

C© 2007 The Authors. Journal compilation C© 2007 The Physiological Society



J Physiol 585.2 T-type calcium channels in Leydig cells 347

inactivation process is not Ca2+ dependent, since changing
the current carrying species for Ba2+ or Sr2+ does not
significantly alter the rate of macroscopic inactivation
(Fig. 2). Inward currents were very weakly sensitive
to nifedipine (Supplemental Fig. 1A), ruling out their
relationship with a typical HVA calcium channel. T-type
channels are usually activated between −70 mV and
−50 mV, with half-maximal activation from −75 mV to
−55 mV and a slow deactivation time constant in the
range 1–10 ms. The reversal potentials observed in our
experiments (around +40 mV) are also evidence for a
T-type calcium channel, since HVA channels reverse at
potentials more positive than +60 mV (for a review see
Talavera & Nilius, 2006).

Other types of voltage-dependent calcium channels
have faster deactivation time constants and high activation
voltages from −30 to 10 mV. Moreover, the activation and
inactivation curves shown in Fig. 3 superimpose in a range
of voltages, indicating the presence of a window current,
which peaks at about −37 mV. Interestingly, the reported
resting potential of Leydig cells is around −32 mV (Del
Corsso & Varanda, 2003) indicating that a small fraction
of channels is ready to open at this voltage. Therefore, our
electrophysiological data are consistent with the classical
properties shown by a low voltage activated calcium
channel (T-type). These results are in agreement with
the reported T-type currents observed in Sertoli cells of
the testes (Lalevée et al. 1997), and other cell types like
the glomerulosa from the adrenal gland and granulosa
from the ovary, in which the activation of these channels
is required for the synthesis of steroids (Rossier et al. 1996;
Lesouhaitier et al. 2001; Lotshaw, 2001).

In certain instances, R-type HVA currents may resemble
T-currents, especially if the subunit α1E is present. This
is because they exhibit a few similar features, such as a
negative threshold for activation and sensitivity to block
by Ni2+ (Randall & Tsien, 1997). Nevertheless, in our
case the currents do not deactivated as fast as R-type
(8-fold faster), they require more negative potentials to be
activated and they show a typical criss-cross pattern, absent
in R-type channels (Carbone & Lux, 1984). Moreover,
they are highly sensitive to block by Ni2+, with a K i

around 2.6 μm (Supplemental Fig. 1C). On the other side,
significant block by Cd2+ requires concentrations above
50 μm (Supplemental Fig. 1B) Finally the overlap between
the inactivation and activation curves is larger than the
reported for R-type channels (Randall & Tsien, 1997).

Another feature of the inward currents is their
up-regulation by cAMP, which causes an increase in both
maximal current observed at −20 mV and the maximal
conductance (see Fig. 1). LH also increases the calcium
current (Supplemental Fig. 2). Although highly variable
from cell to cell the maximum increase in current is around
25% and a steady level is reached after about 60 s. This
time course is consistent with the effect of both LH and

cAMP shown in Fig. 4. This effect was indirectly predicted
in the work of Carnio & Varanda (1995) by showing that
the effect of cAMP on the activity of BKCa channels was
dependent on the presence of calcium in the extracellular
solution.

The increase in amplitude of T-type calcium currents by
cAMP was also observed in freshly isolated glomerulosa
cells (Lenglet et al. 2002). In cultured cells from the
zona fasciculata of the rat adrenal gland, Barbara &
Takeda (1995) also found an increased expression of
T-type currents upon incubation of the cells for 3 days
with ACTH or VIP. Nevertheless, Durroux et al. (1991)
reports inhibition of T-type currents by ACTH, which
partially recovers with time, and Drolet et al. (1997) report
inhibition of T-type calcium currents by dopamine in
rat cultured glomerulosa cells. Possibly the discrepancies
between these results are due to the different experimental
conditions used (fresh vs. cultured cells). In any case
recent literature shows that cAMP can either inhibit or
stimulate T-type channels depending on cells type and
specific stimulus (for a review see Chemin et al. 2006).
The physiological relevance of the observed currents and
their possible involvement in steroidogenesis is unknown.
As a first step in this direction we decided to use both
LH and db-cAMP, and monitor the intracellular calcium
concentration by using confocal imaging techniques. The
addition of LH and db-cAMP in the presence of 2 mm Ca2+

triggered a highly heterogeneous spatial and temporal
Ca2+ response in a given cell. This may be due to the
presence of scattered lipid droplets in the cytoplasm,
which exclude the fluorescent dye. The action of
cAMP is, however, only evident when calcium ions are
present in the extracellular solution. Removal of calcium
from the extracellular medium impairs the action of
cAMP, suggesting that influx of calcium through the
plasma membrane is a necessary requirement for the
subsequent increase in cytoplasmic calcium levels. This
is also supported by the fact that the response to cAMP
has no appreciable delay, and that addition of Ni2+ to
the bath, a known calcium channel blocker, or removal
of Ca2+ from the external solution abolished the response
to cAMP. Subsequent addition of extracellular Ca2+ to
the incubation medium, or removal of Ni2+, restored
db-cAMP stimulated [Ca2+]i increase (Figs 5 and 6). Since
T-type calcium channels are voltage dependent we also
tested whether depolarization of the plasma membrane
could induce similar results, as shown for other cell types.
In our case the membrane potential was changed by
withdrawing K+ from the extracellular solution. We chose
this manoeuvre, in contrast to increasing K+, because the
resting potential of Leydig cells is largely determined by
an electrogenic Na+/K+ pump (Del Corsso & Varanda,
2003). The results shown in Fig. 7 clearly demonstrate that
depolarization also leads to [Ca2+]i changes, similar to
those observed in the other experiments reported here. As
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a matter of fact, Ni2+ also blocks the changes in [Ca2+]i.
These results suggest that calcium influx is occurring via
calcium channels present in the membrane of Leydig
cells and that they play a fundamental role in the cAMP
induced intracellular changes in calcium concentrations
that follows. Similar results were seen in Sertoli cells
where testosterone and FSH increased cytosolic Ca2+ by
inducing influx through the plasma membrane (Grasso
& Reichert, 1989; Gorczynska et al. 1994). More recently,
the Ca2+ influx via T-type channels has been shown to be
necessary for the hCG-dependent progesterone synthesis
via a G protein coupled receptor in granulosa cells of
the ovary (Agoston et al. 2004). In glomerulosa cells of
the adrenal gland, the maximal aldosterone secretion in
response to stimulus by 8-bromo-cAMP is only achieved
in the presence of external calcium, and T-type calcium
channels are clearly involved (Uebele et al. 2004). Whatever
the mechanism, the increase in intracellular Ca2+, either
released from intracellular stores or induced by entry
from the extracellular compartment, is known to play an
important role in steroidogenesis (Cooke, 1999).

To our knowledge, the present work is the first to show
direct evidence that both LH and cAMP induce increases in
[Ca2+]i in individual Leydig cells with clear spatial and fast
temporal resolutions. Our measurements show calcium
transients in a time scale of seconds, much faster than those
described in previous studies (Kumar et al. 1994; Tomić
et al. 1995). Interestingly, the addition of LH or db-cAMP
in the presence of extracelular Ca2+ produces a substantial
and fast Ca2+ increase in the nucleus suggesting some sort
of interconnection between the plasma membrane and the
organelle events. Although, the magnitude of the Ca2+

signal appears to be larger in the nucleus, care has to be
taken because Fluo-3 may accumulate in this compartment
and its properties, such as affinity for Ca2+, may differ from
in the cytoplasm (Perez-Terzic et al. 1997). The increase
in the nuclear Ca2+ concentration may control specific
nuclear processes related to steroidogenesis such as gene
transcription and protein transport.

In conclusion, using the whole-cell configuration of
the patch-clamp technique, a low voltage-gated calcium
channel with properties of a T-type current has been
identified in the plasma membrane of Leydig cells.
Confocal microscopy experiments reveal that LH/cAMP
induce an increase in [Ca2+]i, which is dependent on
the influx of Ca2+ from the extracellular solution. The
latter seems to occur through the voltage-gated channels
described here.
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