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N-Type Calcium Channels

Keith S. Elmslie

Department of Physiology, Tulane University Health Science, Center New Orleans, LA, 70112

The carly studies of cardiac and smooth muscle cells provided evidence for two different calcium
channels, the L-type (also called high-voltage activated [HVA]) and the T-type (low-voltage activated
[LVA]). These calcium channels provided calcium for muscle contractions and pace-making activities. As
might be expected, the number of different calcium channels increased when researchers studied neurons
and the identification of the neuronal calcium channel has proven to be much more difficult than with
the muscle calcium channels. There are two teasons for this difficulty; (1) a larger number of different
calcium channels in neurons and (2) many of the different calcium channels have similar kinetic properties.
This review uses the N-type calcium channel to illustrate the difficulties in identifying and characterizing
calcium channels in neurons. It shows that the discovery of toxins that can specifically block single calcium
channel types has made it possible to easily and rapidly discern the physiological roles of the different
calcium channels in the neuron. Without these toxins it is unlikely that progress would have been as rapid.
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INTRODUCTION

Voltage-dependent calcium channels provide the
link between electrical activity and cellular action.
Membrane depolarization, as would result from an
action potential, activates voltage-dependent calcium
channels to generate calcium influx. As the intracel-
lular calcium concentration rises, calcium-sensitive
intracellular proteins are activated. These proteins are
involved in crucial functions such as muscle contrac-
tion, neurotransmitter release and intracellular modu-
latory pathways. With the diversity of functions con-
trolled by calcium, neurons contain a diverse group
of voltage-dependent calcium channels (Table 1).
These calcium channels can be differentiated based on
kinetics and pharmacology. Based on gene homology
they can be grouped into 3 classes, Cay1-3. The pro-
teins generated by the transcription and translation of
each gene form the pore through which calcium
enters the cell. These proteins are called ¢ -subunits.
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Auxiliary subunits are involved in the formation of
the functional channels, but these proteins do not
form pores. Cavl corresponds to the L-type channels
that are sensitive to dihydropyridine (DHP) com-
pounds and there are 4 genes in this group. The
expression of some of these channels is tissue specific
while others are expressed in many different tissues.
For example, Cavl.1 is expressed only in skeletal
muscle, but Cay1.2 is expressed in both neuronal and
nonneuronal cells. Cav2 consists of high-voltage
activated (HVA) non-L-type calcium channels, in-
cluding N-type. Channels in this group are almost
exclusively found in neurons and are most easily
differentiated by their sensitivity to toxins. The Cay3
group is comprised of the low-voltage activated
(LVA) T-type calcium channels. These channels are
noted for activation at voltages near resting membrane
potential and for their rapid inactivation. As with the
L-channels, T-channels are found in both neuronal
and nonneuronal cells.

As a result of the important physiological roles of
calcium, the influx of calcium into the cell is tightly
regulated. Part of this regulation involves modulation
of voltage-dependent calcium channels. It is interes-
ting that the vast majority of modulatory pathways
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Table 1. Calcium channel classification

Channel class - Channel class -

Channel class -

Characteristic blocker and/or

Pharmacology mRNA cloning Gene homology voltage dependence
L-type (skeletal muscle) ais Cayl.1 DHP antagonists, HVA
L-type (cardiac muscle) ac Cayl.2 DHP antagonists, HVA
L-type (neuronal) a1 Cavl.3 DHP antagonists, HVA
L-type (retina) aiF Cavl4 DHP antagonists, HVA
P/Q-type 1A Cay2.1 w-AgalVa, @-conotoxin MVIIC
N-type a1 Cay2.2 w-conotoxin GVIA, HVA
R-type a1E Cav2.3 Ni**, SNX482*, HVA
T-type @16 Cav3.1 Ni**, LVA
T-type a1 Cav3.2 Ni**, LVA
T-type au Cav3.3 Ni’", LVA

From Ertel et al (2000); *indicates that R-type current is partially blocked.

inhibit N-channel activity, but L-channel activity is
frequently enhanced by modulation. Following recent
characterization of single N-channel gating, it appears
that one reason for these differences involves gating
modes. N-channels predominantly gate in a mode
characterized by high open probability (Po) and long
open times (Lee & Elmslie, 1999). Modulation places
the channels into gating modes with lower Po and
shorter open times (Lee & Elmslie, 1999, 2000).
L-channels, on the other hand, predominantly gate
with a low Po and brief open times (mode 1; Hess
et al, 1984) and modulation places these channels in
a mode with high Po and longer open times (mode
2; Hess et al, 1984; Yue et al, 1990). As we learn
more about the gating of individual calcium channels
we will be able to better understand their involvement
in regulating calcium-dependent functions within the
cell.

EARLY RECORDINGS FROM NEURONAL
CALCIUM CHANNELS

In the beginning there was evidence for only a
single calcium current in vertebrate neurons. These
first voltage clamp recordings were from chick sen-
sory neurons (Dunlap & Fischbach, 1981). Using a
holding potential near resting potential (—50 mV),
the calcium current in these neurons was found to
activate at voltages > —20 mV. This current was

slowly inactivating and was inhibited by neurotrans-
mitters (Dunlap & Fischbach, 1981). The results sup-
ported only a single type of calcium current.

Further recordings from this same preparation
provided evidence for at least two calcium channel
types (Carbone & Lux, 1984a, b). The new calcium
current was revealed by the use of a more hyper-
polarized holding potential (—90 mV vs. —50 mV)
and was called LVA because its threshold for acti-
vation was near —60 mV. The calcium current
characterized by Dunlap & Fischbach (1981) had a
threshold for activation of —20 mV was termed
HVA. Examination of the voltage-dependence of
inactivation showed that the LVA calcium current
was completely inactivated by holding potentials of
> —60 mV (Carbone & Lux, 1984a). Thus, Dunlap
& Fischbach (1981) could have not observed the
LVA current from their holding potential of —50
mV. The voltage-dependent inactivation properties of
the LVA calcium channels allowed holding potential
to be used as a method of isolating LVA and HVA
currents.

This holding potential method was later exploited
to help provide evidence for a third calcium current
in chick sensory neurons (Nowyky et al, 1985; Fox
et al, 1987a, b). These researchers found that calcium
cutrents elicited from a holding potential of — 100
mV showed both inactivating and sustained com-
ponents at voltages =0 mV. The inactivating compo-
nent of the current was lost if the holding potential
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was maintained at —40 mV, leaving only the sus-
tained component. From these observations a hypo-
thesis was developed that chick sensory neurons had
three different calcium channels; one that was noni-
nactivating and two that inactivated (Nowyky et al,
1985; Fox et al, 1987a, b). The noninactivating chan-
nel was termed L-channel for long-lasting and these
channels activated at voltages™> — 10 mV. The two
inactivating channels were separated based on the
activation voltage (—60 mV vs. — 10 mV). The chan-
nel that activated at hyperpolarized voltages (— 60
mV) was termed T-channel for transient. The remain-
ing channel type was termed N-channel for neither T
nor L (Nowyky et al, 1985; Fox et al, 1987a, b).
Single channel recordings in isotonic Ba’* showed
three calcium channels that roughly corresponded to
the three macroscopic currents. These channels were
separated by their single channel conductance of 9 pS,
13 pS and 25 pS for T, N and L, respectively. The
identification of these single calcium channels was
based on the inactivation properties, just as the
whole-cell currents were differentiated. T-channel and
N-channel currents inactivated when the patch was
held at —40 mV, but L-channels did not. T-channels
and N-channels were differentiated by their threshold
voltage for activation (—50 mV for T-channels and
—20 mV for N-channels) and by their single channel
conductance (8 pS for T-channels and 13 pS for
N-channels). Finally, L-type channels were shown to
be sensitive to dihydropyridines, but N and T chan-
nels were insensitive to these compounds (Nowyky et
al, 1985; Fox et al, 1987a, b). This pharmacological
specificity was exploited in later experiments to
demonstrate that inactivation properties could not be
used to separate N- and L-channels (Aosaki & Kasai,
1989; Jones & Marks, 1989a; Plummer et al, 1989).

PHARMACOLOGICAL IDENTIFICATION
OF THE N-TYPE CALCIUM CHANNEL

The idea that three channel types coexisted in chick
sensory neurons was not universally accepted. Swan-
dulla & Armstrong (1988) analyzed tail currents to
show that only two channel types (HVA and LVA)
were required to explain their results. They also
clearly and succinctly described the problems with the
use of inactivation to separate N-type and L-type
calcium currents. Essentially, these authors argued
that the incomplete inactivation of the HVA calcium

current could result from fast and slow inactivation
processes of a single channel type, as had been
demonstrated for sodium channels. In addition, they
noted that there was no evidence to equate single
N-channel currents with the macroscopic N-current,
since the jonic conditions for recording these two
currents were radically different (Swandulla & Arm-
strong, 1988). As we will see this analysis by Swan-
dulla & Armstrong (1988) proved to be basically
correct except that the dominant HVA channel type
in chick sensory neurons was N-type, and not L-type
as they had speculated.

During this same period, researchers at the Uni-
versity of Utah were elucidating the properties of
various peptide toxins that had been isolated from the
venom of cone snails, Conus geographus and Conus
magus (reviewed by Olivera et al, 1985). One of
these toxins called @-conotoxin GVIA was shown to
block synaptic transmission at the frog neuromuscular
junction, which was interpreted as a block of the
presynaptic calcium channels (Ketr & Yoshikami,
1984). This interpretation was verified in whole-cell
voltage clamp recordings from chick sensory neurons
that showed that calcium current was blocked, but
sodium and potassium currents were relatively unaf-
fected (Feldman et al, 1987; McCleskey et al, 1987).
However, not all calcium channels were affected by
w-conotoxin GVIA, McCleskey et al (1987) showed
that T-current was not affected by toxin application,
but HVA currents were blocked. This block was
interpreted as affecting both N-type and L-type
current, but this interpretation was based on the use
of inactivation to separate N-type from L-type. It was
later demonstrated that w-conotoxin GVIA was speci-
fic for the N-type calcium channel (Aosaki & Kasai,
1989; Jones & Marks, 1989a; Plummer et al, 1989).
One of the observations used to support this inter-
pretation was that L-type current enhanced by BayK
8644 (a DHP agonist) was insensitive to -conotoxin
GVIA (Aosaki & Kasai, 1989; Plummer et al, 1989).
These papers helped to establish w-conotoxin GVIA
as a specific blocker of N-type calcium channels.

CHARACTERISTICS OF THE N-TYPE
CALCIUM CURRENT

Through the use of w-conotoxin GVIA and other
blockers, it was found that the whole-cell calcium
current in sympathetic (Table 2) and sensory neurons
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Table 2. Percentage of total calcium current derived from each component

Component current Frog sympathetic*

Rat sympatheticJr (neonatal)

Rat sympatheticf (adult)

N-type 90%
L-type 5%
R-type® 5%

92% 70%
6% 5%
2% 25%

Whole-cell currents recorded in 2~5 mM Ba®". *; Elmslie et al, 1992. T; Mintz et al, 1992. *; Zhu & Ikeda, 1993

and Elmslie, unpublished observations.

was dominated by N-type calcium current (Aosaki &
Kasai, 1989; Jones & Marks, 1989a; Plummer et al,
1989; Regan et al, 1991; Cox & Dunlap, 1992;
Elmslie et al, 1992; Mintz et al, 1992). Because of
the dominant N-type currents in these cells, expe-
riments could be done to characterize the current
without the complication of pharmacological dissec-
tion of the calcium current. Thus, sympathetic neu-
rons isolated from frog and rat, and sensory neurons
isolated from chick, became preferred preparations for
studying N-current. In low concentrations of Ba’*
(2~5 mM) N-current activates at voltages > —40
mV and peak current is observed near 0 mV. An
equimolar switch to Ca’" causes a 10 mV depo-
larizing shift in these values, which results from
increased screening of the membrane surface charge
by Ca’". Increasing external Ba”* concentration from
2 mM to 100 mM induces a 40 mV depolarizing shift
in voltage-dependent channel properties. This is a
crucial point since the majority of single calcium
channel studies are done using isotonic Ba®* (100~
150 mM). Thus, single N-channels recorded in 100
mM Ba®" activate at voltages >0 mV (Elmslie et al,
1994; Elmslie, 1997).

Under control conditions N-current activates mono-
exponentially following a brief delay (Jones & Marks,
1989a). The activation kinetics have been fit using a
m’ Hodgkin-Huxley model (Sala, 1992), which is a
model with two identical and independent closed
states on the pathway to open. Deactivation follows
single exponential kinetics without a delay as ex-
pected for a channel moving directly from the open
state to a closed state. Activation kinetics become
faster with depolarization from ~0 mV and deac-
tivation kinetics become faster with hyperpolari-
zations from ~0 mV. Both activation and deactiva-
tion kinetics are slowest near 0 mV (the voltage that
generates peak current; Jones & Marks, 1989a, b; van
Lunteren et al, 1993).

§; ‘R’-type in frog sympathetic neurons has been termed Ej-current.

Inactivation of N-current is complex kinetically and
mechanistically. As predicted by Swandulla and Arm-
strong (1988), N-current inactivation has multiple
kinetic components. Under control conditions, the fast
component has a time constant of ~150 ms at ~0
mV, while a slower component has a time constant
of ~1,500 ms (Werz et al, 1993). In addition,
inactivation at a holding potential of —40 mV was
shown to be slow and incomplete (Jones & Marks,
1989), which demonstrates that holding potential
cannot be used to separate N-type and L-type calcium
currents.

Inactivation has been shown to have a U-shaped
voltage dependence, with N-current showing the
largest inactivation at voltages just hyperpolarized to
those generating peak current (Jones & Marks, 1989b;
Cox & Dunlap, 1994; Patil et al, 1998). A U-shaped
voltage-dependence of inactivation has traditionally
been associated with Ca’*-dependent inactivation
(Chad et al, 1984). In a Ca2+-dependent process
inactivation parallels current amplitude so that inacti-
vation is largest at peak current and smallest at the
extreme hyperpolarized and depolarized voltages
where inward calcium flux is minimal. In addition,
treatments that reduced the concentration of free
internal Ca’" (e.g. using high concentrations of inter-
nal Ca’" buffers like EGTA or BAPTA) were found
to decrease Ca’"-dependent inactivation, but not
voltage-dependent inactivation (Chad et al, 1984;
Gutnick et al, 1989). However, many of tests used to
distinguish Ca’ " -dependent inactivation from classical
voltage-dependent inactivation fail when applied to
N-current. For example, N-current inactivation is not
greatly altered by switching from Ca’* to Ba*" as the
charge carrier (Jones & Marks, 1989b; Cox &
Dunlap, 1994; Patil et al, 1998). In addition, changing
the concentration of internal Ca>™ buffers does not
affect N-current inactivation (Jones & Marks, 1989b;
Patil et al, 1998). Based on these results purely
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voltage-dependent mechanisms have been proposed to
explain the U-shaped voltage-dependence of N-cur-
rent inactivation (Jones & Marks, 1989b; Patil et al,
1998). The recent model from Patil et al (1998)
proposed that N-channels inactivate from intermediate
closed states on the pathway to open. This model was
satisfying since it explained much of the data from
frog sympathetic neurons and from N-channels ex-
pressed in HEK293 cells (Jones & Marks, 1989b;
Patil et al, 1998).

However, results from other systems were more
consistent with a true Ca’ ' -dependent inactivation
process. Cox & Dunlap (1994) found that lowering
the internal EGTA concentration from 10 mM of 0.1
mM increased the amount of inactivation in chick
sensory neurons. In addition, altering external Ca**
concentration was found to alter inactivation with 0.1
mM EGTA internal, but not 10 mM EGTA. Finally,
recent experiments examining gating cutrrents of
N-channels expressed in tSA-201 cells have demon-
strated an apparent Ca’ ' -dependent inactivation pro-
cess involved in alteration of gating charge (Shirokov,
1999). However, similar experiments on N-channels
expressed in HEK293 cell supported a voltage-de-
pendent process for inactivation (Jones et al, 1999).
Thus, the mechanismm(s) of inactivation in N-type
calcium channels is controversial even after more than
10 years of study.

SINGLE N-CHANNEL STUDIES

In the original description of N-, L-, and T-chan-
nels in chick sensory neurons a calcium channel was
found that appeared to match the properties of
whole-cell N-current (Nowycky et al, 1985; Fox et al,
1987a, b). Like the whole-cell current, this channel
activated at voltages > —40 mV, inactivated com-
pletely at a holding potential of —40 mV and inac-
tivated rapidly during voltage steps to +20 mV (r =
~50 ms) (Fox et al, 1987b). The unitary current at
0 mV was —0.8 pA and the slope conductance was
13 pS. This channel was identified as the single
N-type channel. As discussed by Swandulla &
Armstrong (1988), the problem with equating the
kinetics of single calcium channels with those of
whole-cell calcium current is that the ionic conditions
were different. Namely the whole-cell recordings
were done in low concentrations (2~5 mM) of Ca®”"
or Ba’* whereas single calcium channels were re-

corded in isotonic Ba®" (90 ~150 mM) to maximize
the unitary current amplitude. It was later demon-
strated that switching the external solution from 2
mM to 90 mM depolarized N-channel activation and
inactivation by ~40 mV (Boland et al, 1994; Elmslie
et al, 1994; Zhou & Jones, 1995). Thus, N-type
calcium current in ~100 mM Ba’" activates at vol-
tages >0 mV (not —40 mV) and peak current is
observed near +40 mV. In addition, N-current was
not strongly inactivated at a —40 mV holding poten-
tial in isotonic Ba> ", which is equivalent to — 80 mV
in 2 mM Ba’" (Elmslie et al, 1994).

An additional problem with the early single channel
studies was that the sensitivity of single N-channels
to w-conotoxin GVIA was not tested. One reason was
that at the time of some of these studies the cor-
relation of N-current with @-conotoxin GVIA sensi-
tivity either was not known or was not widely
accepted. A second reason was that application of w-
conotoxin GVIA to the isolated N-channel is not as
easy as for the hydrophobic DHP modulators of
L-channel activity. Bath applied DHPs, like BayK
8644, can modulate L-channels isolated by a record-
ing pipet, since the hydropobic DHPs can enter and
diffuse through the membrane to'the channel. This
allows channel activity to be assessed before and
during application, which greatly facilitated the iden-
tification and characterization of L-type channels.
Thus, the lack of hydrophobic modulators hampered
identification of single N-channels.

Single N-channels in frog sympathetic neurons

Single channel studies on calcium channels of frog
sympathetic neurons found a channel with slope con-
ductance of 15~ 18 pS and activation at voltages =
—40 mV (Lipscombe et al, 1989; Delcour et al,
1993). This channel was identified as N-type based
on similarities with the chick calcium channel iden-
tified as N-type (Nowycky et al, 1985; Fox et al,
1987a, b), including strong inactivation at a holding
potential of —40 mV. Experiments were done to
show this channel was DHP insensitive, but the
sensitivity of the channel to @-conotoxin GVIA was
not determined (Lipscombe et al, 1989; Delcour et al,
1993; Delcour & Tsien, 1993).

As reviewed above, whole-cell experiments in 100
mM Ba’* demonstrated that N-current activates at
voltages >0 mV (Elmslie et al, 1994), which casts
doubt on the identification of channel described above
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as N-type. In addition, these whole-cell experiments
surprisingly demonstrated that a previously unrecog-
nized calcium current was revealed when frog sym-
pathetic neurons were recorded in 100 mM Ba®*
(Elmslie et al, 1994). This current shared many pro-
perties of the original description of unitary N-current
including activation at voltages > —40 mV and nearly
complete inactivation at a holding potential of —40
mV (in 100 mM Ba®"). We have called this current
Ercurrent, because it was hypothesized that the
channels were derived from E-class mRNA (Elmslie,
1997). The main conclusion of this work was that the
N-channel had been misidentified in previous experi-
ments. Further experiments showed that Ei-channels
were the mostly like the channel type described in the
original work describing frog calcium channels (see
Elmslie, 1997).

The conclusion that N-channels had been misidenti-
fied implied that the true N-channel remained to be
determined. We used two criteria to positively iden-
tify the N-channel in frog sympathetic neurons (Elms-
lie, 1997). First, we compared the properties of single
calcium channels to those of whole-cell N-current
under the same conditions (100 mM Ba’"). Second,
we tested the @-conotoxin GVIA sensitivity of the
different calcium channels. @-conotoxin GVIA was
applied to isolated calcium channels using ‘pipet-
diffusion’ technique, which allowed us to observe
calcium channel before and after @-conotoxin GVIA
(Elmslie, 1997). We found one channel type that was
w-conotoxin GVIA sensitive and that had voltage-
dependent properties expected for N-cutrent in 100
mM Ba’". This channel had a conductance of 20 pS
and a unitary current amplitude at 0 mV of ~1.4 pA
(Elmslie, 1997). This unitary current was 2~3 times
larger than the channel previously identified as N-type
(0.5~0.8 pA; Lipscombe et al, 1989; Delcour et al,
1993; Delcour & Tsien, 1993). The channel activated
at voltages >0 mV and it was available to activate
from a holding potential of —40 mV in isotonic Ba>*
(Elmslie, 1997).

The properties of the frog N-type channel closely
match those of mammalian N-channels, which have
a single channel conductance of ~20 pS, a unitary
current at 0 mV near —1.4 pA and an activation
voltage of 0 mV (Rittenhouse & Hess, 1994; Cara-
belli et al, 1996; Delmas et al, 2000). However,
Delmas et al. (2000) recently demonstrated an addi-
tional w-conotoxin GVIA sensitive channel in rat
sympathetic neurons with a smaller conductance

(~10 pS) and unitary current at 0 mV (~0.6 pA).
They called this the small N-channel and showed that
it was preferentially found in dendrites.

MODAL GATING OF CALCIUM
CHANNELS

The first characterization of different gating pat-
terns of a single calcium channel was from the L-type
channel (Hess et al, 1984). The different gating
‘modes’ were observed during repeated steps to the
same voltage where the L-channel would switch from
a type of gating characterized by low P, (<0.7) and
brief open times (mode 1) to a type of gating
characterized by high P, and long open times (mode
2). A third mode (mode 0) was observed where the
channel failed to open during the voltage step, which
is called a null sweep. Sweeps exhibiting a particular
type of gating were found clustered as if once the
channel entered a mode it would tend to remain there.
Thus, gating transitions within a mode are faster than
transitions between modes. Subsequent recordings of
calcium channels in sympathetic neurons have also
found multiple types of gating that have been
interpreted as modal. The majority of single channel
recordings in sympathetic neurons have focused on
N-type (Plummer & Hess, 1991; Rittenhouse & Hess,
1994; Lee & Elmslie, 1999) and Estype channels
(Delcour et al, 1994).

Modal gating in N-type channels

Recording from neonatal rat sympathetic neurons,
Rittenhouse & Hess (1994) described 3 modes in
actively gating N-channels. In addition, a null gating
mode, analogous to the L-channel mode 0, was
observed. The 3 modes of active gating were termed
SLP, SHP & LLP, where S stood for small unitary
current, L stood for large unitary cutrent, LP stood
for low P, and HP for high P,. Thus, it was concluded
that channel conductance as well as P, changed
between gating modes (Rittenhouse & Hess, 1994).
However, the precise criteria for differentiating
between the different modes were not detailed. The
N-channel gating was examined during voltage steps
to +30 mV, but other voltages have not been
extensively studied. In the frog, we observed 3 gating
modes that were similar to those described for the
L-type channel. The modes were null gating (no
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activity), low P, (P,<0.5) and high P, (P,=0.5; Lee
& Elmslie, 1999). At +40 mV the high Po mode
dominated N-channel activity, followed by null gating
and then the low Po mode. Recent recordings of
N-channels from IMR32 cells found evidence for
only a single gating mode since the histograms of P,
showed only a single peak with a fairly narrow
distribution (Carabelli et al, 1996). In addition to
activity modes, N-channels in neonatal rats also exhi-
bit modes of inactivation (Plummer & Hess, 1991).
This modal inactivation may explain the multiple
phases of N-current inactivation that have been
observed in whole-cell experiments (Jones & Marks,
1989b; Werz et al, 1993; Cox & Dunlap, 1994).

N-CHANNEL MODULATION

In sympathetic neurons three pathways have been
described that mediate neurotransmitter-induced inhi-
bition of N-type calcium current (Hille, 1994). These
are the rapid on-set voltage-dependent, rapid on-set
voltage-independent and slow on-set voltage-inde-
pendent pathways. All three pathways have been
shown to be involved in calcium current inhibition in
rat sympathetic neurons (Hille, 1994), but only the
voltage-dependent pathway has been demonstrated in
frog sympathetic neurons (Elmslie, 1992; Elmslie et
al, 1992).

Voltage-dependent inhibition

In sympathetic neurons the majority of neurotrans-
mitters inhibit N-type calcium current by voltage-
dependent mechanism (Hille, 1994). This type of
inhibition is characterized by slow activation of the
inhibited current and a transient reduction of inhi-
bition following strong depolarization (Elmslie et al,
1990). Several different G proteins have been shown
to mediate the neurotransmitter effects (Elmslie, 1992;
Zhu & lkeda, 1994), but the resulting inhibition exhi-
bits identical properties regardless of the G protein
involved (Ehrlich & Elmslie, 1995). This striking con-
vergence has been shown to result from the different
G protein ¢-subunits releasing their associated £y
subunits to inhibit by directly binding to the N-
channel (Herlitze et al, 1996; Ikeda, 1996; De Waard
et al, 1997; Zamponi et al, 1997). The voltage-depen-
dence of the inhibition appears to result from the state
dependent binding of G S 7; where closed N-channels

have high affinity for G 8 y but the affinity of G 3
for the open channel is low (Jones & Elmslie, 1997).
Depolarization induces a transient disruption of G 3 7-
channel binding so that N-channels gate normally
once Gy has dissociated (Carabelli et al, 1996;
Patil et al, 1996; Lee & Elmslie, 2000). However,
several observations from whole-cell recordings sup-
port the idea that G 8 7 —channels can open in a new
gating mode (the reluctant gating mode, see below).
First, N-current deactivation was faster during inhi-
bition than control; implying an open state with
different kinetics (Elmslie et al, 1990; Boland &
Bean, 1993; Colecraft et al, 2000). Second, activation
of inhibited N-current becomes faster than Gf y
dissociation; supporting the idea that G/ y-bound
N-channels can open (Jones & Elmslie, 1997; Cole-
craft et al, 2000). Bean (1989) developed the willing-
reluctant model to explain his observations of
voltage-dependent inhibition of whole-cell N-current
in frog sensory neurons. According to the model
N-channels normally gate in the willing mode, but
become reluctant during inhibition. The reluctant
channels can open, but the threshold for opening is
depolarized to that of the willing mode. In addition,
when reluctant channels do open they exhibit lower
P, and shorter open times compared to willing
openings (Elmslie et al, 1990). The willing-reluctant
model was developed to explain results of whole-cell
recordings from frog peripheral neurons (Bean, 1989;
Elmslie et al, 1990; Boland & Bean, 1993). However,
until recently it was uncertain if this model would

_apply to mammalian N-channels. Whole-cell recor-

dings from NG108 cells failed to show a change in
N-current deactivation kinetics between inhibition and
control (Kasai, 1992). In addition, tail currents from
adult rat sympathetic neurons were not altered during
voltage-dependent inhibition (Zhu & Ikeda, 1993).
However, these tail currents were induced following
10 ms voltage steps, which tend to drive channels into
the willing mode (Elmslie et al, 1990; Boland &
Bean, 1993). Therefore, any alteration of deactivation
kinetics would be expected to be minor using this
protocol. More troubling was that recordings from
single mammalian N-channels clearly showed delayed
N-channel opening during inhibition, but no new open
states were detected (Carabelli et al, 1996; Patil et al,
1996). However, these single channel studies pri-
marily used voltage steps that may have been too
hyperpolarized for reluctant channels to open. Whole-
cell evidence supporting a reluctant open state for
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mammalian N-channels has come from Colecraft et
al (2000) using N-channels expressed from human
a18 mRNA. These researchers demonstrated that tail
currents resulting from large, brief depolarizations
were closer to their maximum than currents generated
during voltage steps to +10 mV. The relative dif-
ference between tail current and step current was
interpreted to result from both willing & reluctant
channels opening during the large depolarization, but
the +10 mV voltage step only activated willing
channels (Colecraft et al, 2000). Recently we pre-
sented single channel evidence supporting a treluctant
gating mode for inhibited N-channels (Lee & Elmslie,
2000). Reluctant openings were only detectable dur-
ing voltage steps > + 40 mV, which were depolarized
to those used previously. As expected from the wil-
ling-reluctant model, reluctant openings had a low Po
and brief open times compared to willing mode (Lee
& Elmslie, 2000). Thus, the basic predictions of the
willing-reluctant model have now been verified.
While the majority of the inhibition can be reversed
by strong depolarization, a portion of the inhibition
persists in peripheral and central neurons, even at
very depolarized voltages (Bean, 1989; Hille, 1994;
Jones & Elmslie, 1997). Two hypotheses have deve-
loped to explain this voltage-independent part of the
inhibition, the multiple pathway hypothesis and the
single pathway hypothesis. In the multiple pathway
hypothesis, the neurotransmitter simultaneously acti-
vates separate voltage-dependent and voltage-indepen-
dent pathways, which have been shown to exist in rat
sympathetic neurons (Hille, 1994). In the single path-
way model, it has been suggested that multiple path-
ways are not needed to explain incomplete recovery
of inhibited current by depolarization (Jones & Elms-
lie, 1997). It is argued that the affinity of G 8 y for
the open N-channel is low, but not zero. Thus, a
portion of N-channels will remain inhibited even at
strongly depolarized voltages. In support of this idea,
we have observed N-channels to gate reluctantly
following a depolarized voltage step that would
maximally recover inhibited current (Lee & Elmslie,
2000). An additional argument supporting the single
pathway hypothesis is that pertussis toxin treatments
disrupt norepinephrine (NE)-induced voltage-depen-
dent and voltage-independent inhibition in frog sym-
pathetic (Elmslie, 1992) and rat sympathetic neurons
(Shapiro et al, 1994a). The simplest explanation is
that both components are mediated by the same
pathway, namely G 3 y binding directly to N-chan-

nels. However, pertussis toxin blocks both Go & Gi
and recent evidence supports the idea that each G
protein mediates a separate inhibitory pathway. Del-
mas et al (1999) has shown that the injection of
antibodies that block Go disrupts the voltage-depen-
dent portion of NE-induced inhibition, while anti-
bodies directed against Gi disrupts NE-induced vol-
tage-independent inhibition. These results support the
multiple pathway hypothesis, since strong depolari-
zation can -completely recover inhibited N-current
once the voltage-independent component is blocked
(Delmas et al, 1999). In addition, the inhibition of
N-current in NG108 cells can be completely reversed
by strong depolarization (Kasai, 1992), which also
supports the multiple pathway model.

Voltage-independent inhibition

In rat sympathetic neurons, most neurotransmitters
induce voltage-dependent inhibition, but a few induce
a purely voltage-independent inhibition (Hille, 1994).
Two types of voltage-independent inhibition can be
differentiated by the speed of inhibition and by the
involvement of a diffusible second messenger (Hille,
1994). Activation of muscarinic receptors (M1) and
Angiotensin II receptors induces an inhibition charac-
terized by slow development (tens of seconds) and by
the involvement of an unidentified BAPTA-sensitive
diffusible second messenger (Hille, 1994; Shapiro et
al, 1994b). The second type of voltage-independent
inhibition can be induced by activation of substance
P and M1 receptors. This type of inhibition is
characterized by rapid development (~1 sec) and the
involvement of a membrane-delimited pathway, two
features that also describe voltage-dependent inhibi-
tion (Hille, 1994). In addition, recent evidence sup-
ports the involvement of G 8 y in fast voltage-inde-
pendent inhibition (Delmas et al, 1999; Kammermeier
et al, 2000). The fast voltage-independent inhibition
induced by NE and the muscarinic agonist oxotre-
morine-M (Oxo-M) is blocked by treatments that
reduce the concentration of free G5 y in the cyto-
plasm (Delmas et al, 1999; Kammermeier et al,
2000). Delmas et al (1999) proposed that voltage-
independent inhibition was mediated by a different
Gy subunit than voltage-dependent inhibition.
They speculated that this different G 8 7 subunit may
have a stronger affinity for the N-channel (so that it
does not dissociate from the open channel) or that it
may bind to a different site on the N-channel (to
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induce voltage-independent inhibition). However, Kam-
mermeier et al (2000) demonstrated that voltage-
independent inhibition required both the G5 y and
G ¢ subunits. These researchers proposed that the G o
subunit somehow ‘locks’ the G 8 y subunit to the
N-channel, preventing dissociation during strong
depolarization. These experiments demonstrating a
common intracellular mediator for both voltage-
dependent and voltage-independent inhibition reveal
unexpected complexity in the modulation of N-type
calcium channels.

CONCLUSIONS

The study of neuronal calcium channels was quite
simple in the beginning with only one or two calcium
channel types. Upon further study things became
more complex and sometimes confusing with the
identification of addition channel types. Finally, with
the help of toxin blockers, the identification of
channel types has become standardized and much of
the confusion has gone. The study of identified cal-
cium channels is now being carried out. A few of the
interesting areas of study involve modulation, per-
meation and inactivation of the neuronal calcium
channels. The discovery of toxin blockers of HVA
calcium channels (N-type and P/Q-type) has also
advanced the identification of the calcium channel
types involved in neurotransmitter release. These
studies continue and it will be very interesting to
understand the role of each channel type in the
synaptic release of neurotransmitters.
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