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Abstract Voltage-gated Ca?* channels are crucial to the
control of Ca2* entry in neurosecretory cells. In the chro-
maffin cells of adrenal medulla, paracrinally or autocrin-
ally released neurotransmitters induce profound changes
in Ca2* channel gating and Ca?*-dependent events con-
trolling catecholamine secretion and cell activity. The
generally held view of these processes is that neurotrans-
mitter-induced modulation of the most widely expressed
Ca?* channels in these cells (N-, P/Q- and L-type) fol-
lows two distinct pathways: a direct membrane-delimited
G;,o-protein-induced inhibition of N- and P/Q-type and a
remote cAMP-mediated facilitation of L-channels. Both
actions depend on voltage, although with remarkably dif-
ferent molecular and kinetic aspects. Recent findings,
however, challenge this ssmple scheme and suggest that
L-channels do not require strong pre-pulses to be recruit-
ed or facilitated. They are available during normal depo-
larizations and may be tonically inhibited by G;,, pro-
teins activated by the released neurotransmitters. Like
the N- and P/Q-channels, this autocrine modulation is lo-
calized to membrane microareas. Unlike N- and P/Q-
channels, however, the inhibition of L-channels is large-
ly independent of voltage and develops in parallel
with cCAMP-mediated potentiation of channel gating. As
L-channels play a crucia role in the control of catechol-
amine release in chromaffin cells, the two opposite mod-
ulations mediated by G;,, proteins and CAMP may re-
present an effective way to broaden the dynamic range of
Ca?* signals controlling exocytosis. Here, we review the
basic features of this novel L-type channel inhibition
comparing it to the well-established forms of L-channel
potentiation and voltage-dependent facilitation.
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Introduction

The chromaffin cells of the adrenal medulla are one of
the best examples of the neurosecretory system for
studying hormone secretion and the correlations between
Ca?* channel function, Ca?* entry and secretory events
[7, 48, 99]. Chromaffin cells express L-, N-, P/Q-, and
R-type Ca2* channels that have diverse biophysical and
molecular structure characteristics [1, 5, 46, 56, 61] and
diverse modulatory responses to the neurotransmitters
that are released during cell activity [2, 19, 29, 45, 57,
83]. Whether acting autocrinally or paracrinally, the neu-
rotransmitters released by chromaffin cells (ATP, opioids
and catecholamines) profoundly change Ca2* channel
gating, resulting in Ca2+ current depressions comparable
in size to the blocking effects of selective Ca2* channel
antagonists [75, 77, 80]. This suggests that the endoge-
nous modulation of Ca2* channels can be functionally
very effective in controlling exocytosis and that it may
be relevant in identifying the role that each Ca2* channel
type plays in this process. This issue has become even
more intriguing following the recently discovered differ-
ences between the endogenous inhibition of L- and non-
L-channels induced by released neurotransmitters [3, 18,
20, 29, 57, 72].

Here, we review the basic aspects of L-channel modu-
lation by focusing on the molecular and functional dis-
tinctions that characterize the main forms of this modu-
lation. We discuss new convincing evidence in favour of
voltage-independent L-channel inhibition mediated by
G,, proteins in chromaffin cells, which is autocrine,
membrane-delimited and distinct from the voltage-
dependent/cCAMP-mediated facilitation of L-channels re-
ported to occur in chromaffin cells of young cows [9,
10]. Together with the various forms of voltage-depen-
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dent facilitation [35] the newly described voltage-inde-
pendent inhibition seems designed to broaden the dy-
namic range of L-channel modulation in neurosecretory
cells. Its autocrine nature and fast onset and offset appear
suitable for the local control of Ca2* entry under condi-
tions in which secretion occurs at the resting potential
or during mild depolarizations, at which voltage-gated
L-channels predominate.

Multiple forms of L-channel gating modulation

L-channel modulation is largely heterogeneous and
covers a broad spectrum of molecular mechanisms
(see [36]). To limit our description to the more relevant
ones, we review four types of modulatory pathways re-
lated to neuroendocrine L-channels. cAMP-mediated
potentiation, voltage-dependent facilitation, voltage-de-
pendent/cAMP-mediated phosphorylation and G;,-pro-
tein-mediated inhibition. The first three types markedly
enhance the L-channel current and are associated pri-
marily with the cardiac and smooth muscle a;, subunits
and with the a5 subunit of skeletal muscles (see [35]
for areview). In contrast, the latter markedly depresses
L-channel gating and seems mainly confined to the o
subunits of neuronal and neuroendocrine cells (04p,
0;c). There are not many reports on this latter type of
modulation, which has previously been overlooked or
considered of marginal interest. Recent findings at
the single-channel level provide clear evidence of its
existence in neuroendocrine cells [20] and of an impor-
tant role in the control of Ca?* signals in a number of
cells.

The cAMP-mediated potentiation

Cardiac L-channel gating can be effectively potentiated
by B-adrenergic stimulation, direct adenylate cyclase ac-
tivation or application of membrane diffusible forms of
CAMP [13, 90]. All three pathways increase intracellular
CAMP, activate protein kinase A (PKA) and phosphory-
late Ca2* channels, even if the substrates responsible
for the potentiating action are not yet fully defined [6,
62]. Production of cAMP through the activation of
[3;-adrenoceptors (3,-AR) requires 2-3 min to be com-
pleted, is mediated by G, proteins coupled to adenylate
cyclases and is mainly observed in cardiac cells that ex-
press high densities of L-channels and (3;-AR. An in-
crease in intracellular cCAMP concentration markedly in-
creases channel open probability (P,) and the recruit-
ment of newly functioning L-channels, with a resulting
three- to four-fold increase of Ca?* current amplitude
[13]. The increased P, is mainly due to a shift of channel
gating from a low-P, gating mode, displaying brief
openings and long closures (mode 1), to a high-P, gating
mode with long lasting openings and short closures
(mode 2). In many respects the action of CAMP resem-
bles the potentiating action of Ca2* channel agonists

[58], athough the two mechanisms appear additive in
enhancing the channel’s mean P, [97].

Voltage-dependent facilitation

Strong and long lasting depolarizations preceding a test
pulse can induce large increases of L-currentsin cardiac
cells [85]. This facilitation is visible as long lasting
openings on return to test potentials or as “slow tails’ of
increasing amplitude while prolonging the pre-pulse du-
ration. The decay of the tail is strongly voltage-depen-
dent and is accelerated at more negative test potentials.
At —60 mV the “facilitation tail” is completed after about
20 ms and is absent or strongly reduced when using dou-
ble-pulse protocols with inter-pulse repolarization to
—60 mV for longer than 20 ms. The voltage-dependent
facilitation is not limited to native cardiac L-channels.
Neuronal and neuroendocrine L-channels [63, 68, 70]
can aso be facilitated according to the following rules:
(1) the activation curve, P,(V), is shifted towards more
negative potentials favouring large increases of P, at po-
tentials below +10 mV, (2) the degree of facilitation de-
pends on the size and duration of the step depolarization
(Ton (250 ms at +90 mV), (3) the facilitation persists in
the presence of CAMP or the kinase inhibitor H7 and
does not require the phosphorylation of specific sites of
the channel to develop [60, 68, 71], (4) the decay of fa-
cilitation is fast on return to very negative potentials and
does not outlast channel closing [68]. It is fully prevent-
ed after 20-ms repolarizations below —60 mV [70].

The common explanation of this phenomenon is that
long lasting depolarizations to positive voltages favour
the switch of the channel from alow- to a high-P, gating
mode without apparently requiring the direct involve-
ment of second messenger molecules [16, 23, 31, 38, 69,
71, 74]. This modulation does not produce evident kinet-
ic changes to channel activation and is thus significantly
different from the voltage-dependent facilitation of N-
and P/Q-channels, which mainly delays channel open-
ings[14, 17, 40]. Facilitation of N- and P/Q-channelsin-
volves the unbinding of a G,y subunit from the channel
[54, 65] and does not require diffusible second messen-
gers [59]. This modulation develops slowly at low volt-
ages (T,, (40 ms at —10 mV) but is very fast at strong
positive potentials (t1,, [ ms at +90 mV) and outlast
channel closing [14, 40].

Although it is shown to occur in many preparations,
the molecular basis of the voltage-dependent facilitation
remains largely unclear. For instance, it is unknown
whether it is due to an intrinsic property of the o, sub-
unit or to the interaction of o, with the accessory sub-
units (B and a,-0). Recent studies on channel subunits
expressed in heterologous systems only partially help to
clarify this issue. Neuronal and cardiac o, isoforms re-
quire the co-expression of some 3 subunits to undergo
voltage-dependent facilitation [16, 69, 89, 102] while the
smooth muscle o, subunit alone accounts for the facili-
tation [74]. Of the four classes of identified 3 subunits,



only the neuronal [3,, prevents the voltage-dependent fa-
cilitation of cardiac a,¢ [22]. In contrast, the remaining
B subunits (B, B3, B,) and the cardiac B,, are al permis-
sive. In some cases the degree of facilitation is not long
lasting on return to resting potentials (<50 ms) [69],
while in others it is significantly longer than that ob-
served in native L-channels (>200 ms) [86, 89]. Of some
peculiarity is the rat brain (3,, whose co-expression with
the rabbit cardiac a,- produces a facilitation that lasts
for tens of seconds on return to —90 mV [26].

The basis for these different actions seems related to
the ability of the 3 subunit to affect the coupling between
gating charge movement and channel opening [81]. For
instance, neuronal B, increases the probability of cardi-
ac 0 to stay open in a conformational state that is simi-
lar to the facilitated state [27]. In this case, a voltage pre-
pulse can not add any further degree of facilitation to
channel gating and thus the current signal appears insen-
sitive to voltage. The same occurs when the auxiliary
0,-0 subunit is co-expressed with the cardiac a,- and
permissive (3 subunits [31]. The a,-& subunit prevents
the facilitation by shifting the channel to a conformatio-
nal state in which the open facilitated state can be easily
reached without a pre-pulse [86].

Voltage-dependent and cAM P-mediated phosphorylation

The voltage/cAMP-mediated phosphorylation is a
mechanism by which L-channels are facilitated follow-
ing a fast phosphorylation reaction favoured by strong
depolarizations and by the close proximity of PKA to
the channel. Obviously, this mechanism is significantly
different from the voltage-dependent facilitation de-
scribed above, but the end product is quite similar: a
large current increment after a strong facilitatory pre-
pulse. So far, voltage/cAMP-dependent phosphorylation
has been reported for the native L-channels of bovine
chromaffin cells [11] and skeletal muscles [67, 93] and
for the cardiac and neuronal o, subunits expressed in
heterologous systems [93, 95]. There are, however, sev-
eral reports arguing against its existence in expression
systems [16, 23, 31, 38, 74] and native L-channels [42,
60, 68, 71, 85], and there are even notable differences
among the various types of voltage/cAM P-dependent
phosphorylations that are not usually underlined but
worth discussing.

The main characteristic of this modulation is that it
disappears if either specific (PKI) or unspecific (H7,
K252a) PKA inhibitors are applied to the cell. In skeletal
muscles, PKI is sufficient to remove the pre-pulse-in-
duced facilitation [94] while in chromaffin cells of
young cows PKI is ineffective, suggesting the involve-
ment of a pool of protein kinases responsible for the phe-
nomenon [11]. The second main evidence is that com-
pounds that increase the degree of channel phosphoryla-
tion, such as ATP[y-§ and the phosphatase 2A inhibitor
okadaic acid, produce steady increments of current am-
plitude with the consequent disappearance of the facilita-
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tion, as if L-channels become persistently phosphorylat-
ed and thus facilitated. This point, however, is controver-
sial. Cardiac, neuronal and smooth muscle o subunits
are sensitive to PKA but are not persistently facilitated
by okadaic acid and ATP[y-§, which preserve the volt-
age-dependent facilitation. This suggests that cAMP-
dependent PKA activity mainly promotes L-channel up-
regulation but not its voltage-dependent facilitation [16,
31, 38, 74].

A third property of this modulation is that neither
GTP[y-§ nor GDP[B-S is able to potentiate or inhibit
the facilitation of a,5 and o subunits [93]. This, how-
ever, is not the case for chromaffin cells of young cows
in which GTP[y-§ and GDP[B-5] or the effects of re-
ceptor-activated G;;, proteins have not been tested di-
rectly. The only experiment disproving arole for G pro-
teinsis based on the removal of GTP from the recording
pipette [11]. However, as noticed by Dolphin [35], re-
moval of endogenous GTP may not be sufficient to un-
couple highly expressed G;,, proteins from N- and P/Q-
channels. Thisis a critical issue, since in the chromaffin
cells of adult cows and other species, GTP[y-S] and acti-
vated G;;, proteins produce marked slowing and depres-
sions of N- and P/Q-currents, which can be quickly fa-
cilitated by conditioning pre-pulses [1, 2, 29, 37, 39, 45,
57, 72].

Finally, a significant peculiarity of voltage-dependent
phosphorylation is that in some cases in order to develop
it requires the anchoring of PKA near the channel by an
A kinase anchoring protein (AKAP) [67]. The anchoring
of PKA near to the channel would in fact be necessary
for the fast voltage-dependent phosphorylation to occur
in 50 ms [93]. In rabbit skeletal muscles there is evi-
dence for the existence of a 15 kDa PKA-anchoring pro-
tein (AKAP15) that co-purifies and co-immunoprecipi-
tates with the L-channel complex and plays a critical role
in the voltage-dependent facilitation and regulation of
skeletal muscle contraction [50, 51]. Whether thisis val-
id for other cell preparations remains to be proven. Car-
diac L-channels are also regulated by anchored PKA, but
there is no indication that anchoring favours the degree
of voltage/cCAMP-dependent facilitation of these chan-
nels [47]. A small 80-residue AKAP (AKAP18) has
been recently cloned from human brain and found to po-
tentiate the activity of cardiac o4 co-expressed with (3,,
following exposure to CAMP analogues [44]. But, again
there is no indication that AKAP18 acts on the voltage-
dependent facilitation of cardiac L-channels.

In conclusion, there seems to be enough evidence
supporting the existence of voltage-dependent phosphor-
ylation of L-channels in skeletal muscles but a general-
ization to other L-channels, whether endogenous or
transfected, seems unjustified. This is particularly true
for bovine chromaffin cells in which the voltage-depen-
dent phosphorylation of L-channels and the voltage-
dependent facilitation of N- and P/Q-channels, produc-
ing nearly the same degree of Ca?* current facilitation,
raise some doubts about the co-existence of the two
modulations in the same cell.
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The G,,,-protein-mediated inhibition of neuroendocrine
L-channels

Neurona and neuroendocrine L-channels can be effec-
tively inhibited by applied neurotransmitters through
G-protein-mediated pathways. The action, however, ap-
pears quite variable. In most cases the inhibition is volt-
age-independent. There is no delay of L-channel activa-
tion and the depression mostly causes the scaling down
of current [2, 8, 25, 43, 53, 78, 87, 91]. In other cases the
neurotransmitters have no action on neurona [28, 79]
and neuroendocrine L-channels [96] and in some cases
the inhibition is even voltage-dependent, closely resem-
bling that of N- and P/Q-channels (see [35]). Despite this
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Fig. 1 L-currents inhibition by ATP and w/&-opioid agonistsisin-
sensitive to voltage in rat chromaffin cells. The cell was pre-treat-
ed with w-CTx-GVIA, w-Aga-IVA and Bay K 8644 and stimulat-
ed by a double-pulse protocol to test the existence of voltage-
dependent modulation. The control currents (traces 1) are nearly
halved by the mixture of agonists (traces 2) and amost fully
blocked by addition of 5 uM nifedipine (trace 3). Thisimplies that
most of the recorded currents are L-types as shown at the bottom
after subtraction of nifedipine-resistant currents (traces 1-3 and
2-3). Notice that current activation is nearly identical before and
after the facilitatory pre-pulse, indicating no signs of voltage-
dependent facilitation of L-currents (modified from [57])

Fig. 2 L-currents of rat and
bovine chromaffin cells are au-
tocrinally inhibited by released
neurotransmitters independent-
ly of voltage. In stop-flow con-
dition (top) the currents are
smaller than those recorded
during fast superfusion (bottom).
Notice the presence of alittle
voltage-dependent facilitation

stop-flow

variability the voltage-independent and G-protein-medi-
ated inhibition of L-channels appears sufficiently wide-
spread in neurons and neuroendocrine cells to be consid-
ered an interesting mechanism of neuronal Ca2* signal
modulation. This is particularly true for those cells in
which L-channels are either highly expressed or are
shown to control neurosecretion [48].

In bovine and rat chromaffin cells the G-protein-medi-
ated inhibition of L-channels is mainly voltage-indepen-
dent. The inhibition is triggered by the same neurotrans-
mitters that are released by the secretory granules (ATR,
opioids and catecholamines) and produces a scaling down
of the current amplitude [2, 18, 57]. Figure 1 shows an
example of the action of ATP and Wwd opioid agonists
(DAMGO and DPDPE) when applied directly to a rat
chromaffin cell pre-treated with w-conotoxin-GVIA (w-
CTx-GVIA) and w-agatoxin-IVA (w-Aga-IVA) to mini-
mize N- and P/Q-currents and including Bay K 8644 to
amplify the remaining L-current. Under these conditions
the control currents (trace 1) are sensitive to nifedipine
(trace 3), and strongly inhibited by mixtures of ATP and
opioid agonists (DPDPE + DAMGO, trace 2). The inhibi-
tion causes a size reduction with no change in the activa-
tion time course, and a facilitatory pre-pulse to +100 mV
is unable to recover the inhibition. The same occurs with
mixtures of noradrenaline and adrenaline, suggesting that,
as for the N- and P/Q-channels [3, 18, 29, 37], L-channel
can aso be autocrinally modulated by the neurotransmit-
ters that are released by chromaffin cells. Indeed, in bo-
vine [18] and rat chromaffin cells [57] the L-current
changes its size depending on the rate of cell superfusion
(Fig. 2). During “stop-flow” conditions the current is
about half of the size recorded during rapid flow and afa-
cilitatory pre-pulse to +100 mV is largely ineffective in
recovering part of the depression.

As for the exogenous modulation, intracellular perfu-
sions of GDP[[3-Y, cell pre-treatment with pertussis tox-

bovine
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ticularly inrat chromaffin cells.

w-toxin-treated
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The effect persisted in the pres-
ence of nifedipine (see Fig. 7
in [57]) and, thus, it is probably
associated with R- rather than
L-type channels (modified
from [57] and [18])
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in (PTX) and the application of autoreceptor antagonists
prevent the autocrine inhibition of L-channels in rat
chromaffin cells. Full removal of the stop-flow-induced
inhibition requires the inclusion of purinergic, opioid-
ergic and mixtures of adrenergic antagonists, suggesting
that the autocrine modulation of L-channelsis controlled
by a set of autoreceptors (P, , purinergic, W/d opioid-
ergic and a/p adrenergic) which, once activated, may
sustain the endogenous inhibition of the current. The
presence of a [3-adrenoceptor coupled to G, proteins in
chromaffin cells is not surprising since it is well known
that cardiac myocytes and HEK293 cells express a
[3,-adrenoreceptor (3,-AR) functionally coupled to both
G, and G;;, proteins [30, 100]. Thus, it is possible that rat
chromaffin cells also possess a 3,-AR in parallel with
the a,-AR pharmacologically identified in the cow [73].

The existence of autocrine PTX-sensitive modulation
of L-channelsin bovine chromaffin cellsis not novel. In-
deed, it is indirectly suggested by the work of A. Feltz
and collaborators, in which a remarkably fast up-regula-
tion of L-currents in cells dialysed with intracellular so-
[utions without GTP is shown [39]. In these experiments
the cells were not superfused and the absence of GTP
from the cytoplasm caused a twofold increase of L-cur-
rents. This can be explained by assuming that, during the
first few minutes of recordings, L-channels are tonically
inhibited by a pool of G;,, proteins activated by the re-
leased material and by the levels of endogenous GTR,
which should be sufficiently high to keep the G proteins
active. Wash out of GTP during cell dialysis removes the
inhibition and causes the recovery of inhibited channels.
Consistent with this, the up-modulation is faster when
internal solutions contains GDP[(3-§] and maximal in
cells pre-treated with PTX.

Effective L-channel inhibition due to the feedback ac-
tion of G proteins activated by the released material is
also clear when L-currents are recorded from cells form-
ing clusters [57]. Under these conditions, a single cell
cannot be easily superfused and L-currents are abnor-
mally low at the beginning of the recording, probably be-
cause of the inhibitory effects induced by the accumula-
tion of released material. However, with GDP[(-] in-
side the pipette the current progressively increases and
reaches maximal values within 1 min.

The G,/,-dependent inhibition of neuroendocrine
L-channels is “membrane delimited”

An important issue concerning the voltage-independent
inhibition of L-channels in chromaffin cells is whether
the mechanism requires some diffusible second messen-
gersor is direct to the target channel (membrane delimit-
ed). A direct action of G;;, proteins on L-channelsis per-
haps indicated by the fast onset and offset of the inhibi-
tion during the rapid application and withdrawal of neu-
rotransmitters to rat chromaffin cells [57]. The onset of
the ATP-induced inhibition is rapid (14, 0.75 s) and the
offset is complete within 20 s, i.e. comparable to that of
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Fig. 3 Single L-channel inhibition in control conditions is mim-
icked by ATP and opioids and is prevented by receptor antagonists
and pertussis toxin (PTX). Recordings were taken at +10 mV
(V,, 40 mV) in different experimental conditions: at control (top
left), with the agonists (100 uM ATP, 10 uM DAMGO and 1 uM
DPDPE) in the pipette (top right), in the presence of 100 pM sur-
amin and 10 pM naloxone (bottom left) and after cell pre-treat-
ment with PTX (bottom-right). The control pipette contained
100 mM BaCl,, 5 pM Bay K 8644 and 10 pM w-CTx-MVIIC to
reduce the activity of non-L channels. In control patches the re-
duced channel activity is presumably due to the presence of the
agonists released from the secretory granules. The traces at the
bottom are averaged currents obtained from 150, 188, 166, and
125 sweeps, respectively. Notice the increased probability of
opening in the presence of the antagonists and PTX and the simi-
lar activation kinetics of averaged currents in the four recording
conditions (modified from [20])

neurotransmitter-induced inhibition of N-channels [14],
which has been proven to be membrane delimited (see
[59]). The most convincing evidence for a direct action,
however, comes from recent single-channel studies of
L-channel inhibition, in which the G,,-protein-depen-
dent inhibition of L-channels is shown to be autocrine
and fully defined in cell-attached patches [20].

The main characteristics of this modulation at the sin-
gle-channel level isillustrated in Fig. 3. In control condi-
tions (with ATP and opioids released locally inside the
pipette) or with the agonists added to the pipette, open-
ings are rare and separated by long closures during depo-
larizations of 300 ms to +10 mV and the number of null
sweeps is relatively large (33%) (see[20]). The probabil-
ity of opening is low (P, 0.27) despite the presence of
Bay K 8644 in the pipette. The activity of singe L-chan-
nels, however, is significantly enhanced if opioidergic
and purinergic antagonists such as naloxone and suramin
are included in the pipette or if the cells are pre-treated
with PTX to prevent the activation of inhibitory G, pro-
teins. Channel activity is clearly augmented under these
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Fig. 4 Strong pre-pulses do not facilitate L-channel activity in
cell-attached patches of rat chromaffin cells. Recordings to the
left were alternated with those to the right and were separated by
6-s intervals. The pulse to +150 mV lasted 280 ms and the inter-
pulse repolarization was 20 ms. The patch contained three chan-
nels as estimated by the simultaneous openings occurring during
step depolarizations to +40 mV. The pipette contained 5 uyM Bay
K 8644 and 10 pM w-CTx-MVIIC. The traces at the bottom are
averaged currents obtained from 30 sweeps. Notice that the aver-
aged current after pre-pulse activates more slowly than that with-
out apre-pulse, as if the pre-depolarization inactivated a transient
L-channel

conditions. With the antagonists, P, increases from 0.27
to 0.41, the number of nulls decreases to 14% and aver-
aged currents are nearly doubled. Analysis of open and
closed time distributions shows that the enhanced P,
is mostly due to shorter mean closed times rather than
larger mean open times, suggesting an average higher
frequency of openings rather than an increased open
channel duration.

The results of Fig. 3 alow some interesting conclu-
sions to be drawn. First, as for the N- and P/Q-channels
[18], the L-channel activity in control patches is strong-
ly conditioned by the endogenous inhibition due to the
material released inside the pipette during patch stimu-
lation (local release). The addition of saturating doses of
agonists (ATP and opioids) inside the pipette causes a
comparable degree of inhibition, suggesting that secre-
tion induced by Bay-K-8644-modified L-channels oc-
cursin a high percentage of patches. Second, the inhibi-
tion of L-channels in bovine chromaffin cells is fully
defined in membrane patches of (1l pm?2 diameter and
thus there is no requirement for a diffusible second mes-
senger. This conclusion is also supported by the fact that
applying saturating doses of ATP and opioids outside
the patch is unable to depress L-channel activity within
minutes of continuous superfusion. Third, the local inhi-

bition does not alter the channel activation kinetics, sug-
gesting that neurotransmitters do not induce delayed
openings. Thus, unlike the N- and P/Q-channels[17, 18],
there is no voltage dependence associated with the
changes of channel gating. This is better proved by the
absence of any facilitation following double-pulse pro-
tocols. Figure 4 shows an example of recordings from a
cell-attached patch with three L-channels recorded from
arat chromaffin cell under control conditions. Obvious-
ly, the pre-pulse does not induce any sign of voltage-de-
pendent facilitation. On average, channel activity is pre-
served and there is no acceleration of channel activation
after the pre-pulse. If anything, the averaged current
after the pre-pulse is dlightly delayed, as if the patch
contained a fast inactivating channel no longer available
after strong and prolonged pre-conditioning pulses.
Similar findings have been reported for bovine chromaf-
fin cells[20].

The molecular components of the G-protein-induced
L-channel inhibition

A direct modulation of inhibitory G proteins on L-chan-
nels raises interesting questions about the possible inter-
action between G;, proteins and the a, subunit of neuro-
endocrine L-channels. The first question concerns the
possihility that the voltage-independent mechanism may
closely resemble the voltage-dependent inhibition of
N- and P/Q-channels induced by G,y subunits. The lat-
ter is clearly due to an interaction between G By and the
I-11 intracellular loop of the a,, (a,g) subunit [34, 101].
The binding of G By is apparently conditioned by the
presence of the regulatory [ channel subunits, which
may compete for the same site on the a,, (0,5) pore
subunit. Unlike a4 channel facilitation, in which the 3
subunit favours the modulation, in the case of a4 (0g),
the channel 3 subunit prevents the binding of G,y and
thus the development of inhibition. Notice that the bind-
ing of G,By is associated with the presence of a QQIER
motif in the I-11 loop of a4, (0;5) and a QQLEE motif is
present in both the a,5 and the a, subunits [55]. Thus,
it might be possible that the G-protein-dependent inhibi-
tion of L-channels is linked to the same I-11 loop region
of the a; pore. It would be interesting to see how the
voltage-independent modulation of the channel is exert-
ed and by which G protein subunit it is controlled. It
could also be that, unlike the N- and P/Q-channels, mod-
ulation of the L-channel is not associated with a GBy
subunit but rather with a Ga subunit. Presently there are
no clear indications about the molecular mechanism and
the type of G protein involved. Notice, however, that the
voltage-independent component of N-current inhibition
in sympathetic neurons is associated with G,y subunits
while the voltage-dependent component is mediated by
G,By [33]. The same could be true for L-channel inhibi-
tion, but whether by G,By, G,BY, G,a or G,0 remains to
be proved.



Voltage-independent inhibition versus
cAMP-dependent facilitation in chromaffin cells

The presence of voltage-independent inhibition of single
L-channels in control patches of bovine [18, 20] and rat
chromaffin cells sharply contrasts with the existence of a
long lasting voltage-dependent facilitation of L-chan-
nels, as in chromaffin cells of young cows [9, 10, 11,
12]. This facilitation has impressive singularities that
differ markedly not only from the voltage-dependent
facilitation of N-channels but also from the various
L-channel facilitation of cardiac, neuronal and neuroen-
docrine cells [16, 64, 74, 85, 93]. In brief the characteris-
tics of the “facilitation L-current” are as follows: (1) it
develops quickly at very positive potentials ((50 ms at
+100 mV) and helps to recover the fast kinetics of the
slowly activating Ca2* currents, (2) the facilitation lasts
for a few seconds on return to very negative potentials,
(3) it is prevented by Bay K 8644, cAMP, phosphatases
inhibitors and ATP[y-S], (4) it is, however, not prevented
by a specific inhibitor of PKA, suggesting the involve-
ment of apool of protein kinases.

In the chromaffin cells of adult cows, Ca?* channel
modulation appears significantly different from that re-
ported by Artalgjo et al. [9, 10] at both the macroscopic
and single-channel level. Most of the voltage-dependent
facilitation persists in the presence of DHP-antagonists
and is due to the removal of an autocrine inhibition of N-
and P/Q-channels [1, 2, 3, 18, 29, 37, 45, 72, 83]. This
facilitation develops quickly, recovers the fast activation
of Caz* current and produces a 30—40% increase of its
peak amplitude. So, at least in the chromaffin cells of
adult cows and other animal species[61, 83] there seems
to be little space for L-channel facilitation as described
in young cows. Even at the single-channel level there is
no evidence for this current before and after pre-pulses
[15, 18].

Hoshi and Smith [64] and Hoshi et al. [63] reported
on the voltage-dependent facilitation of L-channels in
bovine chromaffin cells but the characteristics of this
modulation were significantly different from those mea-
sured in young cows. In one case [64], the facilitation
was observed at the single-channel level in the presence
of Bay K 8644, as “tail openings’ on return to test poten-
tials of 0 to +25 mV after pre-pulses to +80 mV. The
“tail openings’ were clearly from Bay-K-8644-modified
L-channels, but they were significantly short on return to
negative voltages, suggesting that facilitation was short
lasting and similar to the voltage-dependent facilitation
described by Pietrobon and Hess [68, 70, 85]. In the sec-
ond case [63], the facilitation was resolved in whole-cell
recordings in the absence of specific Ca2* channel block-
ers. Under these conditions, Ba2* currents in bovine
chromaffin cells are predominantly through N- and P/Q-
channels (80%) and, thus, it is unlikely that the observed
30-40% facilitation of the current could be associated
with L-channels, which contribute only 10-20% of the
total current [2, 3]. Very likely, the facilitation observed
by Hoshi et a. [63] was due to the voltage-dependent re-
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covery of non-L-channels that had been inhibited by lo-
cally released neurotransmitters. Notice that control cur-
rents during test pulses were slowly activating and accel-
erated after the pre-pulse (Fig. 1 in [63]), as expected by
the endogenous modulation of N- and P/Q-channels [3,
29, 37, 45].

In our experience [18] the voltage-dependent facilita-
tion of single L-channels of bovine chromaffin cells is
not easily detectable in control conditions (i.e. in the ab-
sence of Bay K 8644), even without brief repolarizations
between test pulses and pre-pulses. We found evidence
for the voltage-dependent facilitation only in the pres-
ence of Bay K 8644 and w-CTx-MVIIC, which enhance
the contribution of L-channels. The facilitation was evi-
dent with inter-pulses shorter than 1020 ms and test de-
polarizations below 0 mV, but was prevented by inter-
pulses longer than 20 ms at -60 mV [20]. This may sug-
gest the presence of a short lasting voltage-dependent fa-
cilitation that does not outlast channel closing [68, 70,
85], but we attributed part of the facilitation to a direct
action of the DHP on L-channel gating. Indeed, in
RINmMSF cells containing large percentages of L-chan-
nels, Bay K 8644 and other DHP agonists are able to in-
duce avariable delay of L-channel activation and exhibit
voltage-dependent facilitation with double-pul se stimula-
tion [49, 93].

Coexistence of the G;/,-protein-induced inhibition
and cAMP-mediated potentiation of L-channel
gating in chromaffin cells

The existence of direct G,,,-mediated modulation and the
absence of long lasting PKA-dependent facilitation of
L-channels in bovine [18, 19, 20] and rat chromaffin
cells [57] does not exclude the possibility that these
channels are also modulated by a diffusible cCAMP/PKA-
dependent mechanism [70, 90] capable of interfering
with other existing modulatory pathways. Indeed, thisis
what happens in bovine and rat chromaffin cells when
L-channel modulation is studied in cell-attached patches
to prevent the loss of intracellular regulatory subunits,
which occurs in whole-cell recordings [21].

As shown in Fig. 5, applying membrane-permeable
forms of CAMP (8-CPT-cCAMP) can effectively potenti-
ate the activity of Bay-K-8644-modified L-channels in
the presence of exogenous or released agonists [20]. Cell
incubation with 1 mM 8-CPT-cAMP produces an in-
creased number of traces with high P, (from 0.2 to 0.42)
and reduces the number of nulls (from 41% to 13%),
which justifies the approximately threefold increase of
mean current amplitude with cCAMP.

A detailed analysis of CAMP action shows that the in-
creased P, is mainly due to prolonged mean open times
(t, from 3.4 msto 5.4 ms at +10 mV) and shorter mean
closed times (t, from 22.8 ms to 10.1 ms). The single
L-channel conductance is not atered by cAMP while
proportional changes of P, t, and t, are observed at ev-
ery potential. P, reaches maximal values of 0.73 at
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Fig. 5 The membrane-permeable cCAMP analogue (8-CPT-cAMP)
increases the activity of L-channels. To the left are representative
recordings taken from a patch exposed to 1 mM 8-CPT-cAMP.
The bottom trace is the averaged current obtained from 164
sweeps. To the right are shown the open probability (P,) calculat-
ed from consecutive sweeps in the presence (bottom) or absence
(top) of 8-CPT-cAMP (50 uM) and with the agonists in the pipette
(modified from [20])

cAMP + agonists

Fig. 6 CAMP-mediated potentiation persists regardliess of the
presence of G;;, protein activation. To the left are shown the mean
P, mean closed (t,) and mean open (t,) times at +10 mV obtained
from patches of bovine chromaffin cells containing single Bay-
K-8644-modified L channels. The pipette contained either a mix-
ture of agonists (ATP + opioids) or antagonists (suramin + nalox-
one). 8-CPT-cAMP (1 mM) was added to the bath. (Modified
from [20])

+30 mV, which is significantly larger than the P, attained
in the presence of the agonists at the same potential
(mean P, 0.4). Most interestingly, the cAMP-induced po-
tentiation of L-channels occurs in the presence of the ag-
onists and remains similarly elevated by replacing the
agonists with antagonists (Fig. 6) or in patches pre-treat-
ed with PTX [20]. This suggests that cCAMP potentiates
L-channel gating activity regardless of the inhibitory ac-
tion of G;;, proteins and that the two modulations (inhibi-
tion and potentiation) may converge on a single target.
As for other L-channels [60, 70], cAMP had no effects
on the voltage dependence of L-channel modulation.
Double-pulse protocols of the type used in Fig. 4 give
very similar effects with CAMP, i.e. no voltage-depen-
dent facilitation of available channels[20].

Most likely, the action of CAMP develops through a
PKA-mediated pathway. In fact mixtures of forskolin
and isobutylmethylxanthine (IBMX) in bovine chromaf-
fin cells mimic the effects of cAMP and applications of
the protein kinase inhibitor H7 and H89 prevent the ac-
tion of forskolin + IBMX or cAMP &aone. Under these
conditions, the most obvious conclusion is that a
cAMP/PKA pathway exists in adult bovine chromaffin
cellswhich, regardless of the presence of active G;;, pro-
teins, is able to up-regulate the gating of the available
L-channels.

Given that the autocrine inhibition is effective under
control conditions and absent during maximal activation
of the cCAMP/PKA pathway, the next obvious question is
whether the G;,-protein-induced inhibition remains
functional when the cAMP-mediated potentiation is
turned off. This can be tested by studying the effects of
agonists, antagonists and PTX on L-channels in cells
pre-treated with H7 in which the PK A-mediated potenti-
ation is abolished. Indeed, in the three conditions the P,
at +10 mV has more or less the same values of patches
without H7, i.e. P,0.2 under control conditions and
about a factor 2 larger with the antagonists or in the
presence of PTX (Fig. 7). This suggests two important
conclusions. The first is that the actions of CAMP and
G, proteins are distinct and not additive: one of the two
pathways can always function while the other one isin-
active and, in al cases, CAMP up-regulates the gating of
L-channels regardless of the presence of activated G,
proteins. The second is that bovine chromaffin cells
possess low basal levels of active PKA and cAMP,
which keep the available L-channels down-regulated.
This, in addition to the G;,-protein-induced inhibition
triggered by the endogenous release of neurotransmit-
ters, switches the channel into a gating mode of very
low P, at rest.

A model for the G-protein- and cAMP-dependent
modulation of L-channels

The above results suggest a simplified scheme for the
L-channel modulation in chromaffin cells (Fig. 8). These
cells express high densities of purinergic and opioidergic
autoreceptors (R) as well as a sufficient density of
L-channels[1, 46, 61]. These conditions favour the close
coupling between Ca2* channels and G;,, proteins (G;;,)
coupled to opioidergic and purinergic autoreceptors acti-
vated by locally released neurotransmitters. With a fre-
guency of four to eight secretory events per minute [4,
92] and with the secretory granules locally releasing
high concentrations of ATP and opioids [99], it is likely
that in a significant percentage of patches (30-40%)
the pipette accumulates a sufficient amount of neuro-
transmitters to activate the autoreceptors and keep the
L-channel in a low-P, gating mode. In paralel to this,
local or remote receptor-mediated pathways can drive
the activity of adenylate cyclase (AC) and potentiate, via
the CAMP/PKA pathway, the channel gating by phos-



Fig. 7 The agonist-induced
L-channel inhibition persists
when the cAMP pathway is
abolished. Single L-channel
activitiesat + 10 mV werere-
corded from patches pre-treated
with 200 uM H7 with the ago-
nists (ATP + opioids) (top) or
the antagonists (suramin +
naloxone) in the pipette (bot-
tom). The averaged currents on
the right were calculated over
180 and 153 sweeps pooled
from 7 and 4 patches, respec-
tively. On the left, mean P, at
+10 mV calculated from n=11
patches (agonists + H7), n=4
(antagonists + H7) (**P<0.01)
and n=5 (PTX + H7) (*"P<0.01).
(Modified from [20])
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Fig. 8 A model for local G;,-protein-induced inhibition and
cAMP-mediated potentiation of L-channels in chromaffin cells.
The L-channel can be inhibited by a PTX-sensitive G protein, or
by the activation of p/d-opioidergic and P, ,~-purinergic receptors
(R). The channel can also be potentiated by the phosphorylating
action of PKA on the channel subunit. The phosphorylation by
CcAMP capable of preventing the action of the inhibitory G pro-
tein cannot be excluded [66]. The cAMP-mediated phosphoryla-
tion of the channel occludes the inhibitory effects induced by the
agonists [ATR, opioids, noradrenaline (NA), adrenaline (A)] and
switches the channel in to a high-P, gating mode. (AC adenylate
cyclase)

phorylating the channel subunits. Obviously, a concomi-
tant negative effect of PKA phosphorylation on G, pro-
teins cannot be excluded [66].

An open question is which receptors are most likely
associated with the G protein positively coupled to AC
and under what circumstances is the cAMP-mediated
pathway active. Bovine chromaffin cells express a vari-
ety of receptors, which may be associated with AC and
thus with changes of cCAMP (PACAP, D1, GABAg, VIR,
B-AR) but little is known about their action on Ca2*
channels, except for the up-regulatory effects of D1 re-
ceptors reported by Artalgjo et a. [9] in their study of
young bovine chromaffin cells. The existence and the

physiological role of D1 receptors in chromaffin cells,
however, is controversial [9, 61, 76] and the same uncer-
tainty exists about the presence and functioning of
B-ARs[73, 82, 84]. Possibly, most of these discrepancies
derive from differences in experimental conditions, cell
preparations and species-specificity. A crucial one con-
cerns the Ca2* current recordings in intact versus dia-
lysed cells (cell-attached versus whole-cell recordings),
which can significantly alter the intracellular content of
the cell.

This could be particularly critical when dealing with
modulations involving catalytic subunits and diffusible
second messengers. For instance, the recently described
negative action of B-AR on whole-cell L currents of rat
chromaffin cells [57] may give a distorted view of the
role of these receptorsif the action of B-ARsis not tested
in intact cells at the single-channel level as well. In fact,
in a preliminary series of experiments on rat chromaffin
cells (T. Cesetti & E. Carbone, unpublished observa-
tions) we found that in four out of ten patches the appli-
cation of isoprenaline (10 uM) outside the patch induces
the up-regulation of single L-channels and propranolol
(1 uM) reverts the action, athough with some delay
(Fig. 9). Thus, chromaffin cells may possess multiple
B-ARs, which can up-regulate L-channels by a remote
cAMP/PKA control (3,-AR) [24], or inhibit the channels
through G;;, proteins when the G proteins are uncoupled
by receptor desensitization (3,-AR) [30]. The inhibition
may occur aso if the cAMP pathway is down-regulated
during cell dialysis. These findings also suggest that the
up-regulation of L-channels might not only have a para-
crine origin through the release of non-cholinergic neu-
rotransmitters from sympathetic terminals [52, 88], but
could also derive from a feedback mechanism mediated
by B-AR whose complex action remains to be fully un-
derstood.
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Fig. 9 Remote applications of isoprenaline up-regulate L-channel
activity in rat chromaffin cells and propranolol prevents the ac-
tion. On the top left are plotted the NP, values at +10 mV moni-
tored sweep by sweep from a cell sequentially perfused with a
control solution, isoprenaline (10 uM) and control again. The cell-
attached patch contained three channels whose activity became
more evident during isoprenaline application. Representative trac-
es and averaged currents at the time intervals indicated are given
below. The averaged currents were obtained by averaging n=50
(control) and n=40 idealized sweeps (iso). To the right are shown
data from a cell-attached patch containing two channels that were
first exposed to isoprenaline (10 pM) and subsequently to propran-
olol (1 M) and then again to isoprenaline. Notice that L-channel
activity is nearly abolished by the B-adrenoceptors (3-AR) antago-
nist. Averaged currents were obtained from n=32 (iso) and n=60
idealized sweeps (pro)

Conclusions

The existence of a direct autocrine inhibition of neuroen-
docrine L-channels by PTX-sensitive G proteins opens
new and interesting considerations about the role of
these channels in the control of neurosecretion. The first
consequence of these two opposite mechanisms is that,
besides being potentiated by a cAMP-dependent mecha-
nism, neuroendocrine L-channels can be also down-
modulated by a fast and reversible feedback mechanism,
which can halve the percentage of basal L-channels
available at rest. This implies that L-channels may be
controlled by a wide range of mechanisms, which could
be part autocrine and part paracrine. The two combined
modulations (G;,,-protein-induced inhibition and CAMP-
mediated potentiation) may be critical for the fine tuning
of neurosecretion in intact adrenal glands [48]. These
properties are probably applicable to other neuroendo-
crine and neurona systems in which L-channels are
proved crucial for triggering hormone release and nucle-
ar events associated with gene expression [32, 41].
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