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Intracellular calcium plays a crucial role in modulating a variety of functions such as
muscle contraction, hormone secretion, gene expression, or cell growth. Calcium sig-
naling has been however shown to be more complex than initially thought. Indeed, it is
confined within cell microdomains, and different calcium channels are associated with
different functions, as shown by various channelopathies. Sporadic mutations on volt-
age-operated L-type calcium channels in adrenal glomerulosa cells have been shown
recently to be the second most prevalent genetic abnormalities present in human aldo-
sterone-producing adenoma. The observed modification of the threshold of activation of
the mutated channels not only provides an explanation for this gain of function but also
reminds us on the importance of maintaining adequate electrophysiological character-
istics to make channels able to exert specific cellular functions. Indeed, the contribution
to steroid production of the various calcium channels expressed in adrenocortical cells is
not equal, and the reason has been investigated for a long time. Given the very negative
resting potential of these cells, and the small membrane depolarization induced by their
physiological agonists, low threshold T-type calcium channels are particularly well suited
for responding under these conditions and conveying calcium into the cell, at the right
place for controlling steroidogenesis. In contrast, high threshold L-type channels are
normally activated by much stronger cell depolarizations. The fact that dihydropyridine
calcium antagonists, specific for L-type channels, are poorly efficient for reducing aldo-
sterone secretion either in vivo or in vitro, strongly supports the view that these two
types of channels differently affect steroid biosynthesis. Whether a similar analysis is
transposable to fasciculata cells and cortisol secretion is one of the questions addressed
in the present review. No similar mutations on L-type or T-type channels have been
described yet to affect cortisol secretion or to be linked to the development of Cushing
syndrome, but several evidences suggest that the function of T channels is also crucial
in fasciculata cells. Putative molecular mechanisms and cellular structural organization
making T channels a privileged entry for the “steroidogenic calcium” are also discussed.

Keywords: adrenal cortex, steroidogenesis, aldosterone, cortisol, ACTH, calcium signaling, electrophysiology,
T-type calcium channels

Abbreviations: APA, aldosterone-producing adenoma; BK, broad conductance calcium-activated potassium channel; CPA,
cortisol-producing adenoma; I, maximal current; L, steady-state current; ISH, in situ hybridization; PA, primary aldo-
steronism; PMA, phorbol 12 myristate 13-acetate ester; SK, small conductance calcium-activated potassium channel; StAR,
steroidogenic acute regulatory protein; ZF, zona fasciculata; ZG, zona glomerulosa.
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INTRODUCTION

Voltage-operated calcium channels play a crucial role in signal
transduction of many excitable and non-excitable cell types (1).
While a rapid modulation of their activity by hormone-stimulated
kinases and/or G proteins has been recognized for a long time
(2, 3), a control of their expression levels in the cell has been also
described (4).

Among these channels, low threshold-activated, T-type (for
transient and tiny current) calcium channels appear distinct
concerning their electrophysiological and molecular properties.
Although their existence has been shown early by studies of their
voltage-dependence, kinetics, and single channel conductance
(5-7), their cloning and their molecular characterization has
been delayed, in part because of a lack of specific pharmacologi-
cal tools and because they share less structural homology with
the rest of the voltage-operated calcium channels. Thus, in the
light of their molecular structure (8, 9), T-type calcium channels
have been proposed to play specific physiological roles within
the cells, and it has been suggested that they could be involved,
depending on the levels of their expression, in the development
of several diseases, such as hypertension, cardiac failure, epilepsy,
or cancer (4).

Electrophysiological Properties
of T-Type Calcium Channels

An important and discriminating property of T channels is their
ability to activate upon small depolarization of the membrane,
allowing a surge of calcium entry into excitable cells at the begin-
ning of an action potential (when the electrochemical gradient
is highly favorable for cation entry), as well as in only slightly
depolarized non-excitable cells, like isolated adrenal cortex ster-
oidogenic cells. Their rapid, voltage-dependent inactivation and
their slow deactivation (Figure 1A) make their gating character-
istics distinct from those of other channels. This feature not only
allows isolating specifically the corresponding currents thanks
to defined voltage patch clamp protocols but also is responsible
for the specific role played by these channels in the modulation
of cardiac and neuronal cell excitability (10, 11). In cells devoid
of action potential, such as isolated adrenal glomerulosa cells in
culture, a sustained calcium entry within a permissive window
of voltage is possible thanks to a significant overlap between the
activation and inactivation potential ranges of the channel (12).
Indeed, voltage-operated calcium channels are classically
characterized by their activation curve, reflecting the probability
of channel opening at various membrane potentials (and, there-
fore, the proportion of channels activating at each voltage), and
their steady-state inactivation curve, showing the proportion
of channels remaining available (not inactivated) at different
voltages (Figure 1B). These curves are produced experimentally
by measuring currents under specific protocols, normalizing
them and mathematically fitting data to Boltzmann’s equation.
Examination of these curves reveals, for each type of channel, the
presence of a permissive window of voltage, in which activation
and inactivation overlap. A sustained flux of calcium through
the channels is theoretically possible in this window, where a

significant proportion of channels are already activated but not
yet completely inactivated. This window delimits the range of
voltages over which a steady-state current can flow through the
channels, and the relative amplitude of this current can be calcu-
lated as a function of voltage using Ohm’s law (15). It is important
to realize at this point that, because only a small fraction of chan-
nels is open at any time in this mode (upon slight membrane
depolarization), the current amplitude is tiny as compared to the
maximal current observed within the same cell when all chan-
nels open together during a putative action potential or upon a
strong depolarization. However, because the channel activation
is sustained for minutes (due to lack of complete inactivation),
calcium accumulated within the cell during this period is huge in
comparison to the amount entering during a single action poten-
tial that leads the cell to voltages less favorable for calcium influx.

Low threshold T-type calcium channels activate (and inac-
tivate) at lower voltages than high-threshold L-type calcium
channels, and, as a consequence, also present their permissive
window at lower voltages. In fact, any channel modification
(through phosphorylation, binding of G protein or genetic muta-
tion) affecting its activation and/or inactivation curves will result
in a marked change of the properties of the steady state current.
Indeed, not only the position of the window will be shifted under
these conditions but also the maximal amplitude of the steady-
state current, which depends on both the extent of the overlap of
the activation and inactivation curves and on the electrochemical
gradient for calcium entry.

The resting potential of glomerulosa cells from different spe-
cies has been measured to be between —86 and —73 mV (16-19),
values that are at the left edge of the T channel window (see
Figure 1B, right panel), but farther from that of L-type channel.
Values reported for fasciculata cells are between —76 and —66 mV
(16, 20, 21), showing that fasciculata cells are slightly depolarized
(by 8-10 mV) as compared to glomerulosa cells under resting
conditions. Moreover, depolarization of the cells by physiologi-
cal concentrations of agonists like Angll, ACTH, or potassium
(see below) has been determined to be maximally 10-20 mV
(18-20, 22), which is sufficient for increasing the steady-state
current through T channels by several folds. Increasing extracel-
lular potassium, progressively from low to supra-physiological
concentrations, has been shown to increase aldosterone secre-
tion in parallel to the size of the predicted T-channel steady-state
calcium current (12).

Whether adrenal cortical cells are naturally excitable (i.e.,
able to generate action potentials) has been debated. Indeed,
when cell to cell contacts are preserved, several authors observed
low frequency action potentials in both resting and stimulated
glomerulosa and fasciculata cells. Isolated glomerulosa cells have
been conventionally considered as non-excitable because their
membrane potential rests close to the equilibrium potential for
potassium (16) and remains negative to —60 mV upon stimula-
tion with AnglII or physiological concentrations of potassium.
In contrast, some mouse zona glomerulosa cells within adrenal
slices spontaneously generate membrane potential oscillations
of low periodicity (0.44 Hz), as shown under whole cell current
clamp conditions (17). Similar properties of rat, rabbit, and cat
glomerulosa, and fasciculata cells had been previously reported
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FIGURE 1 | Activation and inactivation of voltage-operated calcium channels and steady-state “window” currents. (A) Examples of slowly deactivating
(T-type) Ba?* currents recorded in the whole cell configuration of the patch clamp technique. Left. Voltage protocol for determining the activation curve: tail currents
were evoked by repolarizing the cell to —65 mV after a short period (20 ms) of depolarization at various voltages (—45 to +5 mV for this selection of traces) from a
holding potential of =90 mV. Right. Voltage protocol for determining the steady-state inactivation curve: tail currents were elicited in the same cell at —65 mV, but
after steady-state inactivation of the channels for 10 s at various holding potentials (here from —80 to —30 mV) and 20 ms activation at +20 mV. Current amplitude
upon cell repolarization was then determined by fitting tail currents to an exponential function (the time constant was approximately 7 ms). (B) Comparison of low
(T-type) versus high (L-type) threshold voltage-operated calcium channels. Left panel shows normalized activation and inactivation curves determined for T-type
channels using the same type of protocol as shown in panel A. Tail current amplitudes were plotted as a function of the test voltage, fitted to Boltzmann’s equation,
and normalized to the maximal current (/,). Curves for L-type channels were similarly defined from L-current amplitudes determined with a different voltage protocol,
including the inactivation of T currents. Right panel displays the calculated normalized steady-state current () expected through T-type and L-type channels within
their respective permissive window of voltage. The theoretical steady-state currents were obtained from the activation and inactivation curves according to Ohm’s
law and expressed as a percentage of the maximal current. The white rectangle on the voltage axis indicates the range of membrane potentials reached in naive
glomerulosa cells and in cells stimulated with physiological concentrations of angiotensin Il or extracellular potassium. (C) Effect of the lle770Met mutation described
in the CACNA1D L-type calcium channel (13) on the channel activation, inactivation, and steady-state current. Curves have been determined as in (B) for the
wild-type channel (continuous line, Cay1.3) and for the mutant channel (dotted line, mut) and show the significant shift of the channel permissive window toward
lower voltages. (D) Effect of PKC activation on CACNATH T channel activation, inactivation, and steady-state current. Curves have been determined as in (B) for the
naive channel (continuous line, Cav3.2) and for the channel in glomerulosa cells treated with the PKC activator phorbol 12 myristate 13-acetate ester (dotted line,
+PMA) and show the significant reduction of the amplitude of the maximal steady-state current with the slight shift of the permissive window toward higher voltages.
The graphs of this figure have been constructed based on data available in Ref. (14, 13).
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(16, 18, 23). Electrical activity has generally to be induced in
silent cells by depolarization with secretagogues (Angll, ACTH,
or potassium) or by injecting depolarizing current in the current
clamp mode (16, 18, 20), which is coherent with thresholds for
triggering the action potential observed above —64 mV (17).
Spontaneous or evoked voltage oscillations appear insensitive
to inhibition by tetrodotoxin or nifedipine, but completely
abolished by low nickel concentrations, suggesting that they are
supported by calcium currents carried by low threshold T-type
calcium channels (Cay3.2) (17, 20). Moreover, the frequency of
the electrical oscillator is regulated positively by potassium and
AnglI (17), providing an additional way to these agonists for
controlling steroid production.

Indeed, the presence of action potentials on top of the mecha-
nism previously described as being responsible for the steady
state calcium entry through T-type channels is expected to affect
calcium signaling and therefore steroidogenesis. However, the
exact role and influence of the spontaneous or evoked action
potentials on steroid production (mostly measured experimen-
tally from isolated cells, devoid of action potentials) have not
been precisely and specifically quantified yet, probably given the
strong relationship existing between this electrical activity and
calcium entry. For example, it is not known whether a low but
sustained entry of calcium is not more efficient for stimulating
and maintaining steroid production than pulsatile peaks of high
calcium with intermittent periods of channel inactivation.

Calcium Channel Mutations

in Primary Aldosteronism
Aldosterone secretion from adrenal glomerulosa cells is under
the control of AnglIl and extracellular potassium (24, 25), and
indirectly regulates blood pressure through stimulation of renal
sodium reabsorption. A dysregulation of aldosterone produc-
tion may lead to systemic hypertension and hypokalemia (26).
Adrenal aldosterone-producing adenomas (APA) constitutively
produce aldosterone (27) and are a common cause of severe
hypertension. About 5-10% of patients referred to hypertension
clinics have APA (28, 29), which are typically benign and well cir-
cumscribed, and their removal cures or ameliorates hypertension.
The principal genetic cause of APA development [present in 40%
of these tumors (30)] has been attributed to recurrent mutations
in the KCNJ5 potassium channel, affecting its ion selectivity filter
and therefore responsible for a sustained depolarization of the
glomerulosa cell with the subsequent activation of low voltage-
operated calcium channels (31). Other mutations associated to
the presence of APA were identified by whole exome sequencing.
Somatic mutations affected two members of the P-type ATPase
gene family, ATP1A1 (the al subunit of the Na/K-ATPase) and
ATP2B3 (the plasma membrane calcium ATPase), highlighting
again the importance of maintaining a strongly negative resting
potential and a low cytosolic calcium concentration in adrenal
glomerulosa cells for maintaining a low basal aldosterone pro-
duction (32).

More recently, one additional gene, coding for a calcium
channel, was identified with somatic and germline mutations
present in other APA tumors without KCNJ5 mutation (13).

CACNA1D encodes the al (pore-forming) subunit of Cav1.3, a
high-threshold L-type calcium channel. CACNA1D mutations
were identified in 9% of APA and represent the second most
frequent cause of the disease (30). In contrast to patients with
KCNJ5 mutations who are more frequently females, CACNA1D
carriers are mostly males. Paradoxically, APA are generally
composed of large cells with the morphological appearance of
fasciculata cells (ZF-like cells) but still express markers of glo-
merulosa cells, including the enzymes required for aldosterone
biosynthesis (33). While KCNJ5 mutations were associated with
large ZF-like APA, CACNA1D mutations are present in small
ZG-like APA, suggesting that the cellular composition influ-
ences the adenoma size (32, 34). Whether the resting potential
of these cells, expected to be less negative in KCNJ5 mutant
APAs (like in fasciculata cells) than in normal glomerulosa or
in CACNA1D mutant cells, is involved in the determination of
cell size and morphology remains to be demonstrated, which
is probably a difficult task given the reported heterogeneity of
the lesions.

Mutations identified in CACNA1D and associated with APA
were affecting two conserved amino acids of the L-type Cay1.3
channel, Gly403 and Ile770, both located near the cytosolic end
of S6 transmembrane segments in domains I and II (Figure 2),
regions implicated in channel gating (13). To assess the effect
of these mutations on channel function, wild type and mutant
channels were expressed in HEK293T cells and their electro-
physiological properties investigated with the patch clamp
technique. Compared to wt channels, both mutants showed
maximum current amplitude at less depolarized potentials, as
well as a significant leftward shift (by 20 mV) of their activation
and steady-state inactivation curves (Figure 1C). As a conse-
quence, the permissive window of the channel is also shifted to
more negative voltages, corresponding to membrane potentials
reached upon physiological stimulations. In other words, these
gain-of-function mutations of the channel, by shifting its thresh-
old of activation, make the Cay1.3 channel “T-like”

Recently, using whole exome sequencing in subjects with
unexplained primary aldosteronism (PA) diagnosed at a young
age (<10 years), a new mutation has been identified that affect
a T-type calcium channel (CACNA1H). Interestingly, the muta-
tion (M1549V) is located within the S6 segment of domain III
(Figure 2). Electrophysiology demonstrates that this variant
causes a 10 times reduction of the rate of channel inactivation
and a modest shift of the activation curve to more hyperpolar-
ized potentials, two effects inferred to produce increased calcium
influx and aldosterone hypersecretion (35).

Clearly, these observations highlight the importance of low
threshold T-type calcium channels in the control of aldosterone
biosynthesis, and they recently reactivated the general interest for
a comprehensive understanding of the functional specificity of
these channels in steroidogenesis. This review aims at recapitulat-
ing the arguments in favor of a privileged functional role for T
channels in the control of steroid production, at comparing their
involvement in aldosterone and cortisol secretion, and, finally,
at discussing whether similar mutations on calcium channels, as
observed in PA patients, are susceptible to occur in fasciculata
cells and to be responsible of some forms of Cushing syndrome.
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FIGURE 2 | Common structure of the alpha 1 subunit of voltage-operated calcium channels. The main, pore-forming as subunits of the various voltage-
operated calcium channels share a common general structure, with four homologous repeats (I-1V), each composed of six hydrophobic, putative membrane-
spanning alpha helix domains (S1-S6). The three large loops connecting repeats together, as well as the N- and C-terminal extremities are located in the cytosol.
The positions of Gly403 and lle770 mutated in CACNA1D (13), and of Met1549 in CACNA1H (35), are indicated at the end of the S6 segments in repeats |, Il, and

III IV

1549

STRUCTURE, EXPRESSION, AND
PROPERTIES OF T-TYPE CALCIUM
CHANNELS IN ADRENAL CORTEX

Although most studies of low-threshold T-type calcium current
expression have focused on the analysis of neuronal and cardiac
tissues, the presence of similar currents has been demonstrated
throughout the body in both excitable and non-excitable cells,
including adrenal glomerulosa (36-44) and fasciculata cells
(45-48) from various species.

Three different genes code for the various T channels that are
all composed of a single, large o subunit (49). According to the
proposed nomenclature of voltage-gated calcium channels (50),
oG, ouH, and ouI T channel isoforms have been renamed Cav3.1,
3.2, and 3.3, respectively (Table 1).

The expression in Xenopus oocytes or HEK293 cells of each of
the three cloned o subunits coding for T channels generates typical
low threshold transient currents with classical properties associated
with T channels (51-54). Currents induced by Cay3.1 and Cay3.2
channels are nearly identical but can be easily distinguished by the
higher sensitivity of Cay3.2 to inhibition by nickel (55).

As for high threshold calcium channels and sodium channels
(56, 57), the a; subunits of T channels consist of four homologous
repeats (I-1V), each being composed of six transmembrane seg-
ments (S1-S6), including a highly conserved pore loop (between
S5and S6) and a distinct voltage sensor (S4) (Figure 2). In contrast,
more divergence between isoform sequences is found within the
large intracellular loops, particularly that linking domains IT and
ITI, which also contains a site for alternative splicing in «,G (58).
Interestingly, this variable region of the channel is responsible
for the interaction of several calcium channels with specific cell
proteins [such as the ryanodine receptor binding to the skeletal
muscle L-type channel (59), or syntaxin binding to the neuronal

TABLE 1 | Nomenclature of T-type calcium channels.

Channel name Protein isoform Gene name
Cav3.1 oG CACNA1G
Cav3.2 aH CACNA1H
Cav3.3 ol CACNA1I

N-type channel (60)], and could therefore participate to the
establishment of specific functions for each channel isoform
within the cell (see below).

The T channel family presents only 28% sequence identity
with other voltage-gated calcium channels, while L (Cavl.x)
and non-L (Cay2.x) high threshold channel families share more
than 50% of their sequence. Replacement of two out of the four
glutamate residues generally present in each P (pore-forming)
region of the channel by aspartate seems to be responsible for
the specific ion selectivity and permeation of T channels (61).
Like for other calcium channels, molecular diversity among
T channels is increased by alternative splicing of the mRNA of
each of the three isotypes, and the properties of some of the 24
putative Cav3.1 splice variants have been described by several
groups (58, 62-64).

Physiological roles for T-type channels have been proposed in
several tissues, including pacing of the heart (10), smooth muscle
contraction (65), pain neurotransmission (5), fertilization (66), or
adrenal steroid biosynthesis (38, 46). The tissue-selective expres-
sion of these channels and their isoforms has been determined at
the molecular level by Northern blot analysis, in situ hybridiza-
tion (ISH), RT-PCR, as well as by immunohistochemistry (IH) in
human and other species. Cay3.1 has been shown to be expressed
predominantly in brain as well as in heart, while Cay3.2 is mostly
found in kidney and liver, but can be also observed in adrenal
cortical cells.
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The analysis of the expression pattern of the various T chan-
nel isoforms revealed that mRNA coding for each of the three
oy subunits is detectable in the adrenal gland, although in vary-
ing quantities. The molecular identity of the channels has been
determined more specifically in the adrenal cortex, showing that
the predominant subtype expressed in both glomerulosa and
fasciculata cells from various species is Cay3.2 (Table 2), a finding
in agreement with the high sensitivity to nickel of the T currents
recorded in these cells (67). In several studies, a stronger expres-
sion of the channel was reported to be present in glomerulosa
cells as compare to fasciculata cells (35, 67, 68). Similarly, Cay3.2
has been found to be the main isoform expressed in the human
adrenocortical cell line H295R (69), but Cay3.1 could be induced
in the same cells by changing culture conditions (70).

Indeed, besides short-term modulation of T channels by hor-
mones through the transduction mechanisms described below, a
slower and more sustained regulation of channel activity results
from the control of the expression of the a; subunit. Such a regula-
tion of T channel expression has been observed during the devel-
opment of various organs, suggesting that these channels could
play important roles at specific stages of the fetal life. The density
of T channels has been shown to be relatively elevated in H295R
cells, a cell line derived from a human adrenocarcinoma, as com-
pared to corresponding normal tissue. This is reminiscent of the
many pathological situations where re-expression of fetal genes
has been observed during the evolution of oncologic diseases.
Interestingly, aldosterone, which is produced by H295R cells, has
been shown to significantly increase the T current amplitude, as
well as the ouH transcript levels (69). Because T channels sup-
port steroidogenesis in various cells, including H295R cells, this
autocrine action of aldosterone on channel expression represents
a positive feedback loop that could help tumor cells to maintain
differentiated functions like steroidogenesis.

Treatment of isolated rat (47) or bovine (71) fasciculata cells
with ACTH for 3-6 days has been shown to induce the expression
of CACNAIH mRNA and to markedly increase the amplitude
of the T-type calcium currents, a response efficiently blocked
by cycloheximide, an inhibitor of protein synthesis. ACTH
treatment did not affect L-type current expression in these cells.
Interestingly, the putative role of cAAMP in this response to ACTH
has been challenged by the use of distinct cellular messenger
analogs and metabolites mimicking ACTH action without PKA
activation (71, 73), and by the fact that ACTH-induced T current
up-regulation was not affected by the PKA antagonist H89 (47).

Recently, the relative expression of four distinct calcium
channels (Cav1.2, 1.3, 2.2, and 3.2) has been analyzed at the
mRNA and protein levels in human normal adrenal cortex, as

TABLE 2 | Adrenal cortex expression of T-type calcium channel isotypes.

Cell/tissue Species aG/CaV3.1 ayH/CaVv3.2
Adrenal zona glomerulosa Bovine - Cloning/ISH (67)
Adrenal zona glomerulosa Rat - ISH (67)

Adrenal zona fasciculata Bovine Northern blot (71)
Adrenal zona fasciculata Human Northern blot (72)
Adrenal cortex Human IH (35, 68)
H295R cells Human RT-PCR (70) RT-PCR (69, 70)

well as in aldosterone (APA) and in cortisol-producing adenoma
(CPA). While RT-PCR results showed that Cay3.2 (CACNA1H)
was the second most expressed channel in APA (after Cay1.3),
Cay3.2 was clearly dominant in CPA (68), which is consistent
with the prevalence of the T-current in fasciculata cell, as shown
by electrophysiological recordings (45, 47). This also suggests a
much stronger expression of T channels in CPA than in normal
fasciculata cells. Moreover, in APA, only the T subunit Cay3.2 was
positively correlated among patients with individual peripheral
blood aldosterone levels (68). In CPA cases, however, this correla-
tion was not observed with cortisol levels.

The electrophysiological properties of endogenous T-type
calcium channels have been extensively investigated with the
patch clamp technique in rat (19, 47, 74), bovine (15, 45, 74-76),
and human (43, 72) glomerulosa and fasciculata cells (Table 3),
and compared to those of recombinant Cay3.2 expressed in 293
cells (77). The threshold of current activation, the peak current
voltage, and the half-maximal activation and steady-state inac-
tivation (V3,2) were all within the range of voltages expected for
low threshold T-type calcium channels. In other studies, using
slow ramp depolarization, T current activation threshold in rat
or bovine glomerulosa cells was determined to be at around
—70 mV and that for L-type current at =55 mV (14, 78).

Interestingly, in spite of the fact that the same channel isoform
as in glomerulosa cells (Cav3.2) is apparently expressed in zona
fasciculata (71, 72), what has been confirmed by the high sensitiv-
ity of the current to inhibition by nickel in these cells, all param-
eters appear slightly shifted toward more depolarized potentials
in fasciculata cells. The reason for this difference is unknown and
could be in part related to the selection of the reviewed literature.

The functional relevance of these observations, as previously
mentioned, resides in the fact that, in the absence of action
potentials and upon limited cell depolarization induced by
low physiological concentrations of potassium or Angll, the
membrane potential is expected to rapidly reach the region of
the T channel permissive window, allowing calcium influx,
but not that of L channels. As a consequence, T-type channels
appear to be the main contributors to sustained calcium influx
in response to AngllI or physiological concentrations of potas-
sium in glomerulosa cells, because the resting potential of these
cells is highly negative, close to the potassium inversion potential
(—80 mV), and the agonists do not depolarize the cell enough
to reach the threshold of L-type channel activation (Figure 1B).

In contrast, it is probable that upon strong cell depolarization
induced by supra-physiological concentrations of agonists, or

TABLE 3 | Electrophysiological properties of T channels in adrenocortical
cells.

Glomerulosa Fasciculata Reference

Threshold of activation  —80 to —60 —70to =50 (15,19, 43, 45, 47,
(mV) 74-76)

Peak current voltage —-40to =30 -30to -10 (19, 43, 45, 47, 72,
(mV) 74-76)

Half-maximal activation —47 to —23 -50to —17 (15,19, 45, 47,72, 76)
Vie (MV)

Half-maximal —74 to =50 —65 to —43 (15,19, 45, 47, 72,

inactivation Vss (MV) 74, 76)
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under particular conditions, T channels discharge altogether,
generating pulses of action potentials able to secondly activate
high threshold L-type channels (75). However, the relative con-
tribution to steroidogenesis of calcium entering the cell trough
L-type channels in this mode appears quite limited, given the
poor efliciency of dihydropyridines or other specific L-type
channel calcium antagonists for inhibiting aldosterone or cortisol
secretion, in vivo or in vitro (see below).

PHARMACOLOGICAL DEMONSTRATION
OF T-CHANNEL FUNCTION IN
STEROIDOGENESIS

Adrenocortical T-type currents have been implicated early in the
control of steroid biosynthesis (14, 38, 46, 79, 80), and this specific
role for T channels has been extensively reviewed in the literature
(12,24, 81, 82). A direct demonstration of the crucial role played
by these channels involved their inhibition by pharmacological
agents. However, in spite of strong efforts to develop or isolate
highly selective calcium antagonists during the last decades, only
a few of the characterized pharmacological compounds appeared
to preferentially affect T-type channels. Some of these drugs have
been recently tested on heterologously expressed recombinant
channels and sometimes display weak channel subtype selectivity.
The reported potency (ICsy) of these compounds on the various
T channel isoforms is indicated in Table 4.

Inorganic polyvalent cations were among the first chemicals
used to block T-type currents and their efficacy varies depend-
ing on the tissue examined, reflecting different channel isoform
expression patterns (96). For example, nickel revealed to be useful
for discriminating between Cay3.2 (ICs <15 pM) and Cay3.1
(ICsp >250 pM). In contrast, the relative efficacy of zinc to inhibit
T currents in various neuronal tissues (97, 98) suggests that this
cation could have a higher affinity for Cay3.1.

Mibefradil, a derivative of verapamil initially developed as a
promising antihypertensive drug (99), and kurtoxin, a purified
scorpion toxin (92), have been shown to preferentially inhibit T
currents than high voltage-activated currents. Unfortunately, at
the same concentrations, mibefradil also attenuates potassium
currents (100), and kurtoxin interacts with sodium channels (92),

therefore limiting their use for determining endogenous T chan-
nel function.

Dihydropyridines are widely used as antihypertensive drugs
and are generally considered as specific L-type channel antagonists.
However, some of these molecules also efficiently affect T channel
activity. Indeed, while all these compounds inhibit L channels with
similar potency (with ICs, around 0.1 pM), niguldipine and nica-
rdipine are also efficient T channel antagonists, while nimodipine
and nifedipine are much more useful for discriminating between
L and T currents (101). As expected, dihydropyridine efficacy
varies from one cell type to the other (96). Interestingly, while
their binding affinity on L channels is clearly voltage-dependent,
this dependence is much less pronounced in their interaction with
T channels (102), suggesting that the selectivity of these drugs
should also vary from one cell type to the other in part because of
the difference in their resting potential.

Many other substances, such as succinimide derivatives,
phenytoin, pimozide, flunarizine, zonisamide, barbiturates, some
anesthetics, and benzodiazepines, employed in clinic essentially
for treating neurological or psychiatric disorders, have been
shown to also affect T channel activity in non-neuronal cells
(96). However, it is noteworthy that none of the above mentioned
pharmacological agents is absolutely selective for T-type chan-
nels and most of them also affect other types of ionic channels,
particularly high threshold calcium channels, when employed at
slightly higher concentrations.

The role of T channels in the control of steroidogenesis has
been thoroughly investigated by comparing the effects of different
classes of calcium antagonists. Aldosterone secretion by adrenal
glomerulosa cells, either in vivo, or in vitro in response to AngllI
or potassium, is efficiently inhibited by several T channel block-
ers, like tetrandrine (103, 104), mibefradil (19, 105), zonisamide
(14), peripheral-type benzodiazepines (106), nickel (104),
efonidipine (107, 108), or nicardipine (109), but not by highly
selective L channel antagonists (14, 79, 107, 108). The relative
lack of effect in vivo of several dihydropyridine antihypertensive
drugs on circulating aldosterone concentrations in human has
been previously discussed (110). In a recent meta-analysis (111),
T channel antagonists appeared more efficient than L channel
blockers for reducing aldosterone secretion and improving renal
function, but not for decreasing blood pressure.

TABLE 4 | Pharmacology of T-type calcium channel isotypes.

Agent (type/class) Cay3.1 Cay3.2 Cay3.3 Cay1.x Reference
ICso (LM)

Nickel (inorganic ion) 250-470 5.4-13.0 180216 >200 (583, 55, 83-86)

Mibefradil (antihypertensive) 0.12-1.20 1.0-1.4 1.5 >12 (51, 53, 84, 87-90)

Phenytoin (anticonvulsant) 75-140 8-192 ? >360 (83, 91)

Propofol (anesthetic) 20 27 ? 91)

Pentobarbital (barbiturate) 310 345 ? >600 91)

Kurtoxin (scorpion toxin) 0.015 0.061 ? >10 (92)

Pimozide (neuroleptic) 0.035 0.054 0.030 (93)

Flunarizine (neuroleptic) 0.53 (Kbp) 3.55 (Kp) 0.84 (Ko) (93)

Anandamide (cannabinoid) 4.15 0.33 1.10 (94)

Amiloride (diuretics) 156-167 (53, 86)

Curcumin (condiment) 20 (95)

TTA-P2 (antinociceptive) 0.35 >3 (75)

Bold indicates the channel isoform with the highest sensitivity to the most discriminant drugs.
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An extensive pharmacological characterization of both T-type
and L-type channels appears particularly relevant in cases of APA,
not only for defining the treatment of hyperaldosteronism but
also for diagnostic purposes. Indeed, if the cause of the disease is
linked to a mutation on the potassium channel (KCNJ5), leading
to sustained cell depolarization and calcium influx through T-type
channels, most dihydropyridines will be expected to be quite inef-
ficient for preventing aldosterone hypersecretion. In contrast, if
a mutation on the L-type channel subunit a1D (CACNAID) is
causal (see above), and the mutant channel retains the same sen-
sitivity to this class of calcium antagonists as the wild-type chan-
nel, the drugs will probably reduce aldosterone secretion. This
hypothesis has been recently supported by the observation that
a patient identified as affected by a de novo germline CACNA1D
mutation responded particularly well to treatment with the dihy-
dropyridine amlodipine, which normalized blood pressure and
resolved ventricular hypertrophy in this patient (13).

Adrenocorticotropic hormone-induced cortisol secretion
from bovine adrenal fasciculata cells has been similarly shown
to be inhibited by low nickel concentrations (45). A parallel
inhibition of T-type currents in these cells with an ICs of 20 pM
strongly suggests that the Cay3.2 channel isoform is also mostly
responsible for the steroidogenic response in fasciculata cells
(45, 47). This was confirmed by the observation that mibefradil
also inhibited both T-type calcium current and cortisol secretion
induced by ACTH in bovine fasciculata cells with ICso’s of 1.0 and
3.5 pM, respectively (76). Curcumin directly modulates the activ-
ity of several types of ion channels, including Cay3.2. In addition
to a slight stimulatory effect on cortisol production from naive
fasciculata cells, attributed to cell depolarization in response to
potassium current inhibition, this compound has been shown to
markedly reduce in parallel the large cortisol responses to both
ACTH or Angll, and the Cay3.2 current (95). Similar results were
obtained recently with the organic compound TT-P2, a recently
developed potent and quite selective antagonist of T-type calcium
channels (75).

The relative lack of selectivity of most of these calcium antago-
nists has been partially circumvented by combining the informa-
tion collected with several unrelated compounds and comparing
their individual action on both T currents and steroid production
in a comprehensive way (112). Indeed, the degree of aldosterone
inhibition by a large series of calcium antagonists has been shown

to be strongly correlated to the extent of T current inhibition, but
not to that of L current inhibition (see below).

MODULATION OF T-CHANNEL
ACTIVITY BY HORMONES

The unique signaling function of T channels suggests that their
activity must be rapidly modulated by various hormones and
extracellular modulators. While such a control of channel activity
has been extensively described for high voltage-activated calcium
channels (113, 114), much less information is available concern-
ing T channels.

Nevertheless, rapid changes of T channel activity, positive or
negative, have been reported in response to various agonists in
several tissues, including adrenal cortical cells (Table 5).

For example, the effect of angiotensin II (AnglII) on several
different calcium channels has been thoroughly reviewed (126).
Basically, the hormone can affect the activity of voltage-operated
calcium channels either indirectly, by inducing cell depolariza-
tion, or directly, by modifying the channel intrinsic electrophysi-
ological properties.

Modulation of Channel Activity through

Membrane Depolarization

A modulation by Angll of the glomerulosa cell membrane
potential has been known for a long time (22). Indeed, appli-
cation of Angll on isolated rat glomerulosa cells induces a
biphasic response: a brief hyperpolarization phase followed by
a sustained and reversible decrease of membrane conductance
accompanied by a depolarization from the resting potential,
estimated in these cells to be around —80 mV. This observation
was confirmed by means of fluorescent probes for measuring
membrane potential (127), or the patch clamp technique in the
perforated patch configuration (19). As previously discussed, at
low physiological concentrations, AngII did not evoke action
potentials in naive glomerulosa cells, but only shifted the volt-
age by 10-20 mV. The hormone-induced cell depolarization
observed in rat, bovine, and human glomerulosa cells was
always due to the inhibition of potassium permeability (128),
but some differences between species were seen in the charac-
teristics of the potassium currents involved. Four distinct types

TABLE 5 | T-type calcium channel modulation by hormones in adrenal cortex.

Agonists Tissue/cell type (species) Effect Cellular messenger Reference
Angll Adrenal glomerulosa (bovine) + Gi protein (38, 42, 115)
Angll Adrenal glomerulosa (bovine) + CaMKIl (116-118)
Angll Adrenal glomerulosa (bovine) - PKC (15, 119, 120)
ANP Adrenal glomerulosa (bovine) - cGMP? (40, 41, 121)
Dopamine Adrenal glomerulosa (rat) - G prot (By)/PKA (122, 123)
Serotonin Adrenal glomerulosa (rat) + Gs/PKA (124)
Endozepine Adrenal (frog) + PKA (125)
ACTH/Angll Adrenal fasciculata (human) + n/a (72)
ACTH/Angll Adrenal fasciculata (bovine) + n/a (46, 75)
ACTH/NIP Adrenal fasciculata (rat) + n/a (47)
Aldosterone H295R (human) + Gene expression (69)

Frontiers in Endocrinology | www.frontiersin.org 8

May 2016 | Volume 7 | Article 43


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive

Rossier

T Channels and Steroidogenesis

of potassium channels were identified in rat and bovine glo-
merulosa cells (129), but AnglI induced a substantial inhibition
of only inward rectifier and delayed rectifier potassium channel
activities in these species (130). This action was reversible and
blocked by the AT1 receptor antagonist losartan (131, 132). In
contrast, AngII has been shown to also inhibit a charybdotoxin-
sensitive current in rat glomerulosa cells (133), suggesting that
a large conductance calcium-activated (BK) potassium channel
is also modulated by the hormone.

The modulation of potassium permeability by AnglI has been
also investigated in bovine glomerulosa cells by measuring the
efflux of *Rb or K (134-136). The authors found that after a
transient activation that was sensitive to apamin, a blocker of
calcium-sensitive (SK) potassium channels, the efflux was then
inhibited in a concentration-dependent manner by Angll, and
that changes in potassium conductance reflect changes in mem-
brane potential. Thus, the transient hyperpolarization would be
due to the activation of calcium-activated potassium channels
responding to the transient elevation of cytosolic free calcium
concentration ([Ca**].) occurring upon calcium release from
intracellular stores, while other types of potassium channels,
such as the delayed rectifier, are later inhibited in a sustained
fashion and are responsible for the depolarization phase. The
latter effect of Angll on the potassium permeability being
mimicked by diacylglycerol, a role for PKC in this process has
been suggested (137). The functional link between potassium
conductance modulation and aldosterone secretion was also
supported by the demonstration that Angll-induced steroi-
dogenesis is markedly affected by potassium ionophores like
valinomycin (138), or by various potassium channel antagonists
(139) or agonists (140), and, more recently, by the demonstra-
tion of the role of the KCNJ5 channel in maintaining a very
negative resting potential within these cells and therefore a low
basal aldosterone production (31).

Similar results have been obtained with adrenal fasciculata
cells. Indeed, in bovine cells, AngII induces a biphasic response
corresponding to a transient hyperpolarization followed by a
sustained depolarization (141). The hyperpolarization phase
appears to be due to the activation of calcium-dependent
potassium currents, but also to chloride currents, the resting
potential of fasciculata cells being less negative than that of
glomerulosa cells. The identity of the conductance responsible
for the fasciculata cell depolarization upon AnglI challenge is
less clearly defined. A cholera toxin-sensitive potassium current
has been proposed to maintain the resting potential of bovine
fasciculata cells and to be reduced by Angll and ACTH (142).
However other mechanisms have been also suggested, such
as the activation of a non-selective cationic conductance, the
capacitative calcium influx triggered by calcium release from the
stores, or the stimulation of the electrogenic 3Na/1Ca exchanger
by elevated [Ca**]..

It should be repeated here that the cell depolarization evoked
by hormones like AngII or ACTH is sustained but very limited in
amplitude. As previously discussed, the consequence therefore is
a selective activation of low threshold T-type calcium channels,
particularly in cells displaying a very negative resting potential.
These particular conditions also explain the exquisite sensitivity

of glomerulosa cells to small variations of extracellular potassium,
within its physiological range of concentrations.

However, it is important to remember that isolating glomeru-
losa and fasciculata cells from the adrenal cortex could prevent
the occurrence of spontaneous or evoked electrical activity. The
presence of action potentials in these cells would allow bringing
the membrane depolarization transiently up to voltage values
corresponding to L-channel activation and T-channel inactiva-
tion and, therefore, the relative contribution of low and high
voltage channels in the steroidogenic response to secretagogues
could have been wrongly estimated in isolated cells devoid of AP.
Nevertheless, because T channels are apparently involved in the
triggering and the propagation of the putative action potentials
required for L channel activation (17), their function remains
crucial even in cells able to work in an “excitable mode”

Modulation of Channel Activity through
Protein Modification

The modulation of calcium channels by G proteins has been
recognized for a long time as one on the main mechanisms
employed by hormones to control the influx of calcium into their
target cells (3, 114, 143). In most cases, G proteins that interact
with calcium channels are sensitive to pertussis toxin treatment.
This toxin, which efficiently blocks the activation of both G; and
G, proteins, therefore represents a valuable tool for determining
the intracellular signaling pathway leading to channel modula-
tion. Moreover, the interaction between the receptor, the G
protein and the channel is generally considered to be restricted
to a small area of the membrane because it can be observed in
the excised patch configuration of the patch-clamp technique,
in contrast to other mechanisms involving diffusible molecules
acting on channels located at distance from the receptor. It is
important to realize that, depending on the mechanism involved,
a given receptor can influence calcium influx very locally or
broadly within the cell, a distinction that can have physiologi-
cal consequences depending on the structural and functional
organization of the cell (see below).

The modulation of T-type channels by AnglI in bovine adre-
nal glomerulosa cells has been the object of some controversy.
Indeed, early observations suggest that, in these cells, AnglI
increases the amplitude of the slowly deactivating and rapidly
inactivating calcium currents, linked to the T-type channel
activity (38). Further studies revealed that Angll, in fact, induces
a shift of the channel activation curve toward more negative
potential values (making the channel more prone to opening
upon limited cell depolarization), an effect requiring the pres-
ence of GTP in the patch pipette and mimicked by the addition
of GTPyS (42). These results, as well as the fact that AngII
action is prevented by pertussis toxin treatment or introduction
of a monoclonal antibody generated against recombinant Gai
(115), are in favor of the involvement of a Gi protein in the
activation of T channels. However, a direct interaction between
the G protein and the channel is questioned by the observa-
tion that the hormone can increase the single channel opening
probability in the cell attached configuration (42). Indeed, the
latter observation strongly suggests that a rapidly diffusible

Frontiers in Endocrinology | www.frontiersin.org

May 2016 | Volume 7 | Article 43


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive

Rossier

T Channels and Steroidogenesis

second messenger is generated by Angll and responsible for
the modulation of T channels. In fact the possibility that, in
adrenal glomerulosa cells, Angll modulates T channel activity
by more than one single mechanism has been raised by the
following observation: although activation of CaMKII by the
rise of intracellular calcium also shifts the activation curve of
T channels to more negative potentials, as demonstrated with
pharmacological inhibitors of the kinase (116), these inhibitors
only minimally reduced AnglI action (115).

In contrast, in another series of experiments, AnglII has been
shown to markedly reduce T channel activity in bovine glomeru-
losa cells through a PKC-mediated shift of the channel activation
curve to more positive values (15). This inhibition of T channels
was mimicked by PMA (Figure 1D) and correlated with the reduc-
tion of the potassium-induced aldosterone production observed
in the presence of the same agent. The functional link between the
T channel activity and aldosterone production evoked by extra-
cellular potassium was further demonstrated by the observation
that PMA did not affect either L-type channel activity (120) or
steroidogenesis triggered with a calcium ionophores (14). This
paradoxical inhibitory action of Angll is somehow balanced
by the cell depolarization evoked by the hormone and can have
some physiological relevance. Indeed, aldosterone production
induced by extracellular potassium, which is highly dependent
on the activity of T-type channels, is reduced in a PKC-dependent
manner by AnglI in rat glomerulosa cells, putatively to prevent
overstimulation in the presence of both agonists (144).

The multiplicity of the mechanisms involved by a same hor-
mone like AnglI to modulate T currents, sometimes in opposite
directions, could reflect the presence of various T channel iso-
forms within the cell under specific culture conditions. It would
be therefore relevant to determine whether the expression of the
various channel isoforms is changing during development or
upon specific pathological states, in order to better predict the
hormone action on calcium influx.

Several other physiological modulators of steroidogenesis
and/or their intracellular messengers have been reported to affect
T channel activity in adrenocortical cells (Table 5). Moreover,
activation of ectopic receptors for serotonin or GIP, illegitimately
expressed in human fasciculata cells, and causing Cushing
syndrome through stimulation of cAMP in ACTH-independent
macronodular adrenal hyperplasia, has been also reported to
enhance T channel activity through a PKA-dependent mecha-
nism (145).

Finally, it is noteworthy that channel modulation, being
through phosphorylation or binding to G proteins, not only affects
the electrophysiological properties of the channel but could also
modify channel interaction with cellular proteins involved in the
calcium signal transduction.

PUTATIVE MECHANISMS CONFERRING
FUNCTIONAL SPECIFICITY TO
T-CHANNELS IN STEROIDOGENESIS

As previously discussed, a close correlation has been observed in
many instances between the production of aldosterone and the

activity of T channels (but not L channels) upon modulation with
potassium (12, 38), AnglI (144), ANP (40), or several pharmaco-
logical agents affecting PKC (15, 144). Similarly, the steroidogenic
response of glomerulosa cells to prolactin (103) or serotonin
(124) has been shown to rely, at least partially, on the modulation
of T channels, as well as the inhibition of aldosterone secretion
by dopamine (122, 123, 146). The production of glucocorticoids
by fasciculata cells was also dependent on T-type calcium chan-
nels when stimulated either by ACTH (46) or by an endozepine
triakontetraneuropeptide (125).

Because a specific role in the modulation of steroid biosyn-
thesis and secretion has been attributed to T-type channels in
adrenal cortical cells, the challenge then consisted in understand-
ing how their molecular and electrophysiological characteristics
and how the structural organization of the cell confer a functional
advantage to these channels.

In a few experiments, both T-type and L-type calcium cur-
rents have been simultaneously determined under various dis-
criminating pharmacological conditions, and this concomitantly
with measurement of cytosolic calcium fluctuations in the same
single cell (14). Potassium-induced cytosolic calcium elevation
and aldosterone production in response to the same agents were
also determined in parallel. Steroidogenesis appeared systemati-
cally linked to T channel (but not to L channel) activity while
cytosolic calcium fluctuations depended principally on L current
amplitude (112). This finding suggests dissociation between the
cytosolic calcium signaling evoked by extracellular potassium
and the rate-limiting steps of aldosterone biosynthesis, known
to occur within the mitochondria (147, 148). According to our
working hypothesis, in order to exert their preferential stimula-
tory action on steroid biosynthesis, T channels have to fulfill at
least two prerequisites: (a) maintain a sustained influx of calcium
into the cell, and (b) direct a part of this calcium toward the
mitochondria.

The first point is addressed by considering the particular
electrophysiological properties of T channels. Indeed, how can
transient (T-type) calcium currents, which inactivate within
a fraction of a second in excitable cells, support activation of
steroidogenesis in response to potassium for minutes or even
hours? As previously discussed, upon slight depolarization of the
cell, and in the absence of action potentials, a sustained entry of
calcium within a permissive window of voltage is possible due to
the significant overlap between the activation and inactivation
potential ranges of the channel (12, 15, 40). This steady-state
current is tiny and barely detectable with the conventional patch-
clamp technique, but, because it is sustained, in the long run it
allows a large amount of calcium to enter and accumulate within
the cell, at least sufficiently for activating steroidogenesis. The
resting potential of the rat and bovine glomerulosa cells has been
estimated to be around —80 mV, a value close to the low voltage
edge of this window. As a consequence, a small depolarization of
the membrane, induced by a slight increase of extracellular potas-
sium in the physiological range, may increase by several folds the
steady-state influx of calcium through T channels (Figure 1B).
While L-type channels also display a similar window of voltage,
this is located at much more positive potentials, rarely reached
under physiological conditions (19).
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In addition to the establishment of a permissive window
of voltage in which calcium can enter the cells near the rest-
ing potential, the specific function of T channels is probably
also conferred by their localization within the cell membrane.
Indeed, it should be noted here that, at supraphysiological cell
depolarization, even in the absence of regenerative electrical
activity, other types of calcium channels are simultaneously
activated in the same cells, leading to an apparent redundancy
of the calcium entry pathways. However, only a part of the
functions attributed to T channels is actually shared by these
other channels, which sometimes even exert opposite effects on
steroidogenesis (79). This fact suggests that the cell is able to
decipher the calcium signal specifically resulting from T chan-
nel activation. This is theoretically possible for two reasons:
(1) the signal is confined due to the compartmentalization of
calcium within the cell, and (2) there is a strict organization
of the transduction mechanisms at the molecular level (149).
In other words, the close environment of the channel (the
proximity of specific calcium-binding protein and/or cellular
organelles) dictates the function of calcium entering the cell at
this precise location.

Mitochondria play a particular role in intracellular calcium
homeostasis. Indeed, because of the very negative potential of
their inner membrane (around —180 mV), and the presence of
a specific calcium uniporter, they avidly take up calcium when
its concentration rises in the cytosol. Mitochondrial calcium
influx is rapidly balanced by an equivalent efflux of calcium
out of the organelle, which is dependent on sodium exchange,
but only up to a given cytosolic concentration called the
“mitochondrial set-point” (147). Above this set-point, fluxes
are no more balanced and calcium rapidly accumulates within
the mitochondrial matrix. This allows the cytosolic calcium
concentration to come back down to this critical set-point. This
property of mitochondria makes them very efficient cytosolic
buffers, able to attenuate large calcium transients within the
cell. At the same time, the mitochondria are also a target for
calcium, particularly in steroidogenic cells. Indeed, steroids are
synthesized by successive oxidations of a common precursor,
cholesterol. Some important enzymatic steps in this process
require molecular oxygen and, for this reason, must occur
within the mitochondria. The rate limiting step in steroid
biosynthesis is indeed the intramitochondrial conversion of
cholesterol to pregnenolone, which requires the transfer of the
substrate from the cytosol across the double membrane into
the organelle. This early step in steroidogenesis is controlled by
cytosolic and mitochondrial calcium levels as shown by several
independent experimental observations: (a) rising ambient
calcium stimulates aldosterone production in permeabilized
glomerulosa cells and this response is prevented by the addi-
tion of ruthenium red, a blocker of the mitochondrial calcium
uniporter (148), (b) intracellular calcium stimulates both
intramitochondrial cholesterol transfer (150) and the expres-
sion of the steroidogenic acute regulatory (StAR) protein (151),
which is required for efficient cholesterol transport into the
mitochondria, and (c) cytosolic calcium fluctuations evoked
by AnglI are relayed and amplified within the mitochondrial
matrix (152).

Interestingly, when mitochondrial calcium fluctuations
induced by Angll were recorded at the single organelle levels
with a GFP-derived probe (153), all mitochondria of the same
cell did not respond simultaneously to the hormone, but calcium
hot spots appeared in different regions of the cell, at different
time points, and in an apparent stochastic manner (112). This
observation suggests that the mitochondrial calcium response
does not result from calcium uptake upon diffusion of calcium
across the entire cytosol, but more probably upon local calcium
release from intracellular stores located in proximity of the
organelles.

Because calcium stimulates early, rate limiting steps of ster-
oidogenesis occurring within the mitochondria, and because
calcium entering the cell through T channels is not detected
within the cytosol of bovine adrenal glomerulosa cells (14), we
have proposed that calcium is directly conveyed from the plasma
membrane to the mitochondria via the lumen of the endoplasmic
reticulum, which would act as a sort of “intracellular calcium pipe-
line” (112, 149) (Figure 3).

This functional model is structurally supported by the distribu-
tion of the reticulum endoplasmic and the mitochondria within
glomerulosa cells (and other cell types), with the presence of
many “quasi synaptic” physical contacts observed between these
organelles, as shown by electron microscopy, as well as by a close
apposition of the reticulum with the plasma membrane in many
points at the cell periphery (Figures 3A-C). This model therefore
predicts specific interactions between T channels embedded
within the plasma membrane and some components of the
reticulum (Figure 3D). This proposal has been supported by the
observation that disrupting physically the interaction between
the reticulum and the cell membrane impairs the transduction
of calcium signal elicited by potassium to the mitochondria, and
therefore steroidogenesis in H295R cells (154). It is noteworthy
that this organization of calcium influx, involving the local
transfer of calcium entering the cell directly into the endoplasmic
reticulum, is somehow reminiscent of the early “capacitative”
model proposed by Putney (155), before revisiting it for taking
into account results obtained with thapsigargin (156, 157), and
it is quite intriguing that the oyH isoform of T channels, which
is the most abundant in glomerulosa cells, has been proposed
to mediate a capacitative calcium entry in non-excitable cancer
cells (158).

The application of the pipeline model to the control of cortisol
within fasciculata cells has not yet been specifically evaluated.
The dichotomy between T-type and L-type channel functions is
probably less obvious in these cells, where ACTH-induced steroid
secretion is more efficiently inhibited by nifedipine and potenti-
ated by Bay K8644, consistent with the involvement of L-type
channels in the steroidogenic response (159, 160), in spite of the
relatively low levels of expression of these channels reported in
bovine fasciculata cells (45). However, species differences have
been reported in term of dihydropyridine efficiency for reducing
cortisol secretion (160). Clearly, additional investigations are
still required for clarifying the functional relationship existing
between calcium channels and limiting steps of cortisol biosyn-
thesis, and therefore more specifically defining the role of each
calcium channel.
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ALDOSTERONE

FIGURE 3 | The concept of intracellular calcium pipeline: a model for explaining the selective transport of calcium from the T channels into the
mitochondria. Electron microscopy reveals the presence of close apposition in many places of the endoplasmic reticulum (ER) with the plasma membrane or the
mitochondria (white arrows), within various cell types, including rat parotid cells (A), rat spinal cord neurons (B), or bovine adrenal glomerulosa cells (C).

Scale = 1 pm; m indicates mitochondria, nu nucleus and /d lipid droplets. See Ref. (112) for additional information. (D). A hypothetical model for the cellular
transport of calcium into mitochondria. At the pipeline filling site, T-type calcium channels and, to a lesser extent, L-type channels are activated upon cell
depolarization by potassium or angiotensin Il. Several experimental data suggest that calcium entering the cell through T-type channels could be selectively pumped
into the lumen of the ER, while calcium entering through L-type channels would be poured into the cytosol. At the pipeline delivery site, InsP3 receptors are
maintained in proximity of the mitochondria within “quasi synaptic” structures. Calcium released upon activation of the InsP3 receptors, due to calcium overloading
of the ER and/or to InsP3 production by AT receptor-activated PLC, is rapidly internalized into the very negatively charged matrix, through the mitochondrial inner
membrane calcium uniporter. Intramitochondrial calcium elevation then stimulates limiting steps of aldosterone biosynthesis. AT4, angiotensin Il receptor, type 1;
Gg11, heterotrimeric G protein of the g/11 family; PLC, phospholipase C p; PKC, protein kinase C; InsPs, inositol 1,4,5-trisphosphate.

CONCLUSION

Two properties of T-type calcium channels appear to make them
particularly suited for stimulating steroidogenesis: (1) their ability
to activate and stay open upon slight depolarization of the cell, and
(2) their capacity to convey calcium entering the cell directly to the
mitochondria, where regulated steps of steroid biosynthesis occur.

The first property will be particularly favorable in cells display-
ingavery negative resting potential like glomerulosa cells, because
small depolarization induced by physiological concentrations of
agonists cannot reach the threshold for activation of L-type chan-
nels in these cells. The presence of these channels also renders the
cells very sensitive to small changes of the extracellular potassium
concentration, which participates, through the modulation of
aldosterone secretion, to the maintenance of a normal kalemia.
The fact that fasciculata cells have apparently a less negative
resting potential probably could explain why steroidogenesis is
globally less dependent on T-type channels in these cells and also
partly involves L-type channel activity.

Because of calcium toxicity and polyvalence of calcium
function, a strong confinement of this cation within the cell
is necessary. The functional specificity of some channels is
therefore also partly linked to their ability to transport calcium
precisely to its site of action. In the case of steroidogenic cells,
the mitochondrion is a main target for calcium. Because of the
distance between the plasma membrane and these organelles in
glomerulosa cells, the availability of intracellular calcium traffic
through the lumen of the endoplasmic reticulum presents some
advantages. Our working hypothesis is that T-type calcium
channels are particularly efficient for stimulating aldosterone
biosynthesis in glomerulosa cells because of their ability to load
the endoplasmic reticulum with calcium. If the calcium pipeline
model is true, one can predict that molecular structures must be
maintained at both extremities and that T channels must interact
physically with specific proteins. It is therefore conceivable that
some mutations of the channel itself (or of the putative protein
interacting with the channel) could prevent this interaction and
therefore drastically reduce the ability of the channel to modulate
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steroidogenesis in spite of the fact that its electrophysiological
properties are preserved. However, to our knowledge, such a loss
of function mutation responsible for a hypoadrenocorticism has
not been described.

The gain of function mutations on CACHA1D observed in
APA cells could, theoretically, also affect cortisol secretion from
fasciculata cells. Indeed, Cayl.3 channels have been recently
shown to be expressed in fasciculata cells and to participate to
ACTH- and Angll-stimulated steroidogenic response (75).
Similar mutations, shifting the channel permissive window to
more negative voltages, would therefore be expected to increase
cortisol secretion in an agonist-independent manner. Even if such
mutations have not been formally demonstrated, the predicted
high sensitivity of these tumors to inhibition by dihydropyridines
would be worth of testing. Indeed, an important issue is whether
the mutation status may influence the diagnosis, the treatment
options, or the therapeutic outcome (32). Moreover, given the
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