The Journal of Neuroscience, November 2, 2005 + 25(44):10247-10251 - 10247

Brief Communication

Neuronal L-Type Calcium Channels Open Quickly and Are
Inhibited Slowly

Thomas D. Helton,* Weifeng Xu,* and Diane Lipscombe
Department of Neuroscience, Brown University, Providence, Rhode Island 02912

Neuronal L-type calcium channels are essential for regulating activity-dependent gene expression, but they are thought to open too slowly
to contribute to action potential-dependent calcium entry. A complication of studying native L-type channels is that they represent a
minor fraction of the whole-cell calcium current in most neurons. Dihydropyridine antagonists are therefore widely used to establish the
contribution of L-type channels to various neuronal processes and to study their underlying biophysical properties. The effectiveness of
these antagonists on L-type channels, however, varies with stimulus and channel subtype. Here, we study recombinant neuronal L-type
calcium channels, Cay 1.2 and Ca,1.3. We show that these channels open with fast kinetics and carry substantial calcium entry in response
to individual action potential waveforms, contrary to most studies of native L-type currents. Neuronal Cay 1.3 L-type channels were as
efficient as Cay2.2 N-type channels at supporting calcium entry during action potential-like stimuli. We conclude that the apparent slow
activation of native L-type currents and their lack of contribution to single action potentials reflect the state-dependent nature of the

dihydropyridine antagonists used to study them, not the underlying properties of L-type channels.
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Introduction

Two major forms of L-type calcium channels, Ca, 1.2 and Ca1.3,
are expressed throughout the nervous system and have different
biophysical and subcellular distributions (Hell et al., 1993; Lud-
wig et al., 1997; Lipscombe et al., 2004). Dihydropyridine antag-
onist blockade demonstrates that L-type calcium channels are
critical for activity-dependent gene expression and for regulating
plasticity at certain synapses (Murphy et al., 1991; Magee and
Johnston, 1997; Brosenitsch et al., 1998; Hardingham et al., 1998;
Weisskopf et al., 1999; Mermelstein et al., 2000; Dolmetsch et al.,
2001; Lei et al., 2003). In contrast, the general lack of effect of
dihydropyridine antagonists on transmitter release implies that
L-type calcium channels play a limited role in the control of
presynaptic calcium entry at most synapses (Dunlap et al., 1995;
Elliott et al., 1995).

L-type calcium channels preferentially localize to soma and
dendrites of neurons (Hell et al., 1993; Simon et al., 2003), but
their contribution to action potential-dependent calcium entry
in these regions is unclear. Dihydropyridine antagonists are ei-
ther completely or only weakly effective against action potential-
dependent calcium entry in dendritic spines (Yasuda et al., 2003;

Received March 20, 2005; revised Sept. 21, 2005; accepted Sept. 23, 2005.

*T.D.H. and W.X. contributed equally to this work.

This work was supported by National Institutes of Health Grants NS29967 (D.L.) and MH19118 (T.D.H.). We thank
Alison Amenta for assisting in constructing Ca, 1.2 cDNA.

Correspondence should be addressed to Diane Lipscombe, Department of Neuroscience, Brown University, 190
Thayer Street, Providence, Rl 02912. E-mail: Diane_Lipscombe@brown.edu.

T.D. Helton's present address: Department of Neurobiology, Duke University Medical Center, Durham, NC27710.

W. Xu's present address: Nancy Friend Pritzker Laboratory, Department of Psychiatry and Behavioral Sciences,
Stanford University School of Medicine, Palo Alto, CA 94304-5485.

DOI:10.1523/JNEUR0SCI.1089-05.2005
Copyright © 2005 Society for Neuroscience ~ 0270-6474/05/2510247-05$15.00/0

Hoogland and Saggau, 2004). Pairing action potentials with ex-
citatory synaptic potentials and repetitive or prolonged stimula-
tion, however, can apparently recruit L-type calcium channels,
based on observations that dihydropyridine antagonists block
calcium entry in dendrites and cell bodies when induced by these
types of stimuli (Magee and Johnston, 1997; Brosenitsch et al.,
1998; Deisseroth et al., 1998; Mermelstein et al., 2000). It has
therefore been suggested that L-type channels normally open too
slowly to respond to single action potentials but that they can be
recruited under conditions that promote prolonged membrane
depolarization (Bonci et al., 1998; Mermelstein et al., 2000;
Brosenitsch and Katz, 2001; Yasuda et al., 2003).

Dihydropyridine antagonists are used widely to establish the
contribution of L-type channels to various neuronal processes,
but the effectiveness of these blockers depends on membrane
potential, channel state, and channel subtype (Bean, 1984; Hess et
al., 1984; Holz et al., 1988; Scroggs and Fox, 1992; Xu and Lips-
combe, 2001; Koschak et al., 2003). Dihydropyridine antagonists
are less effective on L-type calcium currents activated by brief
stimuli and from hyperpolarized voltages, conditions that limit
channel entry into the inactivated state (Holz et al., 1988; Scroggs
and Fox, 1992). Furthermore, concentrations of dihydropyridine
antagonists that completely inhibit Cay 1.2 channels are only par-
tially effective on Cay 1.3 L-type calcium channels (Koschak et al.,
2001; Xu and Lipscombe, 2001; Lipscombe et al., 2004).

Here, we study recombinant neuronal Cay1.2 and Cay1.3
channels and show that these L-type calcium channels open over
arange of voltages and activate rapidly in response to a variety of
stimuli including individual action potential waveforms. Our
data suggest that certain properties attributed to neuronal L-type
channels, such as slow activation, are more reflective of the state-
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dependent action of the dihydropyridine
antagonists used to study them and not the
kinetics of native L-type currents.
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Materials and Methods

Electrophysiology. Cay1.2 and Cayl1.3 clones
were expressed transiently in tsA201 cells. We
cloned neuronal Cayl.2 from mouse brain
(GenBank accession number AY728090). The
other clones were rat neuronal Cay1.3 (Gen-
Bank accession number AF370009), rat neuro-
nal Ca,2.2 (GenBank accession number
AF055477), rat neuronal Ca,3.1 (GenBank ac-
cession number AF027984), rat neuronal
Cayf3; (sequence same as GenBank accession
number M88751), and Cay«,8, (GenBank ac-
cession number AF286488). We used equimo-
lar ratios of Caya,, CayB;, Cay,8,, and en-
hanced green fluorescent protein ¢cDNAs to
transfect cells using Lipofectamine 2000 (In-
vitrogen, San Diego, CA). Fluorescent cells
were selected for recording as described previ-
ously (Thaler et al., 2004). Currents were mea-
sured 2 d after transfection by the whole-cell
voltage-clamp method (Axopatch 200A), and
data were analyzed using pClamp 8 software
(Molecular Devices, Union City, CA). Currents
were sampled at 10 kHz and low-pass filtered at
2 kHz. Patch pipettes, fire polished to a resis-
tance of 2.5-5 M{) and Sylgard (Dow Corning,
Midland, MI) coated, contained the following
(in mm): 135 CsCl, 4 MgATP, 10 HEPES, 1
EGTA, and 1 EDTA, pH 7.4 CsOH. Bath solu-
tion contained the following (in mwm): 135
choline-Cl, 1 MgCl,, 2 CaCl,, and 10 HEPES, pH 7.4 CsOH. Series resistance
was compensated 80—85% with an 8 us lag time. Current—voltage relation-
ships were fit to Boltzmann Goldmann-Hodgkin—Katz (GHK) functions.

Solutions. A 10 mm stock of nifedipine (gift from Bayer Pharmaceuti-
cals, West Haven, CT) was prepared in polyethylene glycol 400 and di-
luted to 5 uMm in recording bath solution. After patching, cells were placed
~200 pum from the mouth of a small-diameter fiberglass perfusion tube
(inner diameter, 250 wm; Polymicron Technologies, Phoenix, AZ). Ni-
fedipine solution was applied under constant flow. External solutions
were exchanged in <1 s by moving the cell between continuously flowing
solutions from the perfusion tubes.

Figure 1.

Cay1.2,p < 0.001.

Results

L-type channels activate at negative voltages

We first compared current—voltage profiles of neuronal Ca, 1.2
and Cay1.3 L-type currents with neuronal Ca,2.2 and Ca,3.1
channels. Cay1.2 and Cay 1.3 channels underlie L-type currents
in the majority of neurons. Cay2.2 N-type channels represent a
classic fast-activating, high-voltage-activated, presynaptic cal-
cium channel, whereas the Ca, 3.1 T-type channel constitutes a
low-voltage-activating, slowly deactivating calcium channel
(Perez-Reyes etal., 1998). Currents were activated from a holding
potential of —100 mV and recorded with 2 mm Ca** as the
charge carrier (Fig. la). The combined activity of neuronal
Cay1.2 and Cay1.3 channels suggests L-type calcium channels
can activate over a wide range of voltages; activation thresholds
are negative to Cay2.2 N-type calcium channels (Avery and
Johnston, 1996; Elmslie, 1997; Mermelstein et al., 2000) and pos-
itive to Cay3.1 T-type channels (Perez-Reyes et al., 1998).

L-type channels open rapidly
Cay1.3 L-type channels opened and closed with fast kinetics rel-
ative to Cay 1.2 channels. Examples of superimposed, normalized
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Neuronal L-type channels activate over a wide voltage range and with fast kinetics. a, Normalized, averaged,
current—voltage relationships for calcium currents recorded from tsA2071 cells expressing Ca, 1.3 (), Ca, 1.2 (@), Ca, 2.2 (A), and
(a,3.1( @) subunit cDNAs. Ca, cx was coexpressed with (a, 8; and Cay e, 5, cDNAs. Average peak current amplitudes were the
following: Ca, 1.3, —1.7 = 0.4nA (n = 12);Cay1.2, —0.5 = 0.04nA (n = 8); (3, 2.2, = 1.9 = 0.3nA(n = 6); (a,3.1, —1.3 =
0.2 nA (n = 8). Activation midpoints (in millivolts) estimated from Boltzmann—GHK fits of data were the following: Ca, 1.3,
—39.4x0.6mV(n=28);(ay1.2, —17.6 = 0.7mV (n = 11); (a,2.2, —12.7 = 0.8 mV (n = 8);and (a,3.1, —46.9 = 1.2mV
(n = 8). b, Normalized representative current traces for Ca, 1.2, Ca, 1.3, Ca,2.2 (gray trace), and Ca, 3.1 (gray trace) activated by
step depolarization to activation midpoints: Ca, 1.3, —40 mV; Ca,1.2, —15mV; (a,2.2, —15 mV; and Ca,3.1, —45mV. ¢,
Averaged macroscopic activation time constants (In ,,) at different test potentials estimated from exponential fits to currents
recorded from cells expressing Ca, 1.2, Ca, 1.3, Ca,2.2, and Ca,3.1. Values are mean == SE. The lines show regression fits to the
data. Slopes and y intercepts are the following: Ca,1.3, —0.02 = 0.001mV ~,0.23 = 0.02 (n = 9); Ca,1.2, —0.02 = 0.003
mV ~",0.89 = 0.09 (n = 11); (a,2.2, —0.02 = 0.001mV ', —0.11 = 0.01 (n = 7); and Ca,3.1, —0.049 = 5 < 10 ~*
mV ~7, —0.63 = 0.07 (n = 6). Student's ¢ test on time constants at all test potentials: Ca, 1.3 to Ca,2.2, p > 0.27; (a,13 to

representative currents for each channel demonstrate that activa-
tion rates of Ca, 1.3, Ca, 2.2, and Cay,3.1 currents are comparable
and faster compared with Cay1.2 (Fig. 1b,c). Activation time
courses of Cay 1.3 currents were indistinguishable from Cay2.2
over a range of test potentials, whereas Ca, 1.2 currents opened
with significantly slower kinetics (Fig. 1c). The voltage depen-
dence of Ca,3.1 activation kinetics was steeper compared with
Cay1.3 and Cay2.2 (Fig. 1¢). Although slower compared with the
other calcium channels, Cay1.2 channels opened with a time
course more rapid than is typically reported for native
dihydropyridine-sensitive L-type currents (Mermelstein et al.,
2000). Cay 1.2, Cay1.3, and Cay2.2 channels all closed rapidly and
significantly faster than Cay3.1 T-type channels. T-type channels
displayed characteristic slow deactivation tails (Fig. 15, supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).

L-type channels are activated by action potential stimuli

The rapid gating of Cay1.2 and Cay 1.3 channels suggested that
these channels should respond well to brief action potential-like
stimuli. We confirmed this using action potential waveforms as
command voltages to evoke currents from cells expressing
Cay1.2, Cay1.3, and Cay2.2 channels (holding potential, —80
mV) (Fig. 2a) (McCobb and Beam, 1991). Action potential wave-
forms, derived from sympathetic neurons, induced Ca, 1.3 cur-
rents with time courses indistinguishable from Ca, 2.2, whereas
Cay1.2 channels opened with a slightly longer delay (Fig. 2a). The
same result was obtained using an action potential waveform
from a Purkinje neuron as the command voltage (supplemental
Fig. la, available at www.jneurosci.org as supplemental mate-
rial). The average time delay between the peak of the command
voltage waveform and the peak of the inward calcium current was
close to 0.6 ms for both Ca, 1.3 and Cay2.2 channels, compared
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Figure2. (a,1.3activatesrapidlyinresponse to action potential-like (AP) waveforms. Over-

laid normalized (a) and non-normalized (b) representative current traces for Ca, 1.2, Ca,1.3,
and Ca,2.2 channels in response to AP waveform are shown. The AP was recorded from a
sympathetic neuron and was triggered by a brief current injection seen as a hump on the foot of
the waveform. ¢, Average time delay between the peak of the action potential waveform (AP,
and peak inward current (/5,.). Time delays were the following: Ca, 1.3, 0.65 = 0.06 ms (n =
11); Cay1.2,0.81 = 0.05 ms (n = 8); and Ca,2.2,0.63 = 0.05ms (n = 8). Ca,1.3 and Ca,2.2
values were not significantly different; Ca,1.2 and Ca, 1.3 values were significantly different
(*p <<0.05). d, Averaged ratios of total charge moved during a single AP to peak inward current
evoked from a 50 ms step depolarization. Average values were the following: Ca, 1.3, 0.84 =
0.06 (n =19);Ca,1.2,0.61 £ 0.05 (n = 8);and Ca,2.2,0.94 = 0.11 (n = 6). Average AP peak
currents for Ca, 1.2, Ca, 1.3, and Ca,2.2 were 663 == 137 pA (n = 8),1282 == 110 pA (n = 19),
and 2898 = 1273 pA (n = 10), respectively. IV, Current—voltage. Error bars represent SE.

with close to 0.8 ms for Cay1.2 (Fig. 2a,c). Action potential-
evoked currents carried by Cay 3.1 channels peaked more slowly
(0.85 ms), similar to Cay 1.2, but most notably, these channels
deactivate slowly and permit calcium influx for several millisec-
onds after the membrane potential returns to —80 mV (McCobb
and Beam, 1991) (supplemental Fig. 1b,c, available at www.jneu-
rosci.org as supplemental material).

To compare the efficiency among Cay 1.2, Cay 1.3, and Cay 2.2
channels to support calcium entry, we calculated total charge
moved in response to single action potential waveforms. Total
charge was expressed relative to peak current amplitude evoked
by step depolarizations for each cell. This normalized for differ-
ences in expression efficiencies among the clones (Fig. 2b).
Cay 1.3 channels were at least as efficient as Cay2.2 channels in
supporting calcium entry during action potential-like stimula-
tion, and Cay, 1.2 channels were slightly less efficient (Fig. 2d). The
use of peak current amplitudes to normalize for differences in
expression efficiencies slightly underestimates Cay 1.3 values rel-
ative to Cay2.2. This is because Ca, 1.3 channels open at voltages
negative to Ca, 2.2, where the driving force on calcium is greater.

Our results clearly show that single action potentials can acti-
vate both Cay 1.2 and Ca,, 1.3 L-type calcium channels. Given this,
why are single action potentials apparently so inefficient at recruiting
L-type calcium channels (Bonci et al., 1998; Mermelstein et al., 20005
Brosenitsch and Katz, 2001; Yasuda et al., 2003)? We considered the
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Figure 3.  Nifedipine inhibits Ca, 1.2 and Ca, 1.3 channels activated by step depolarization.

The time courses of inhibition of Ca, 1.2 (a; @) and Ca, 1.3 (b; M) currents by 5 um nifedipine
(n =7 and n = 8, respectively) are shown. Currents were evoked by 50 ms square pulse
depolarizations to 0 mV (Ca,1.2) and —20 mV (Ca, 1.3) from a holding potential of —80 mV.
Depolarizations were applied once every 2 s. The bars show duration of nifedipine application.
Insets, Representative Ca, 1.2and Ca, 1.3 currents before (Con) and after exposure to nifedipine
(Nif; 16 s time point). Calibration: 0.2 nA, 10 ms for Ca, 1.2 (@) and 0.5 nA, 10 ms for Ca, 1.3 (b).
Error bars represent SE.

possibility that the use of dihydropyridines in studies of native neu-
ronal L-type channels has greatly underestimated their importance.
We asked how stimulus type influences the effectiveness of dihydro-
pyridine antagonists on Ca, 1.2 and Cay 1.3 channel currents.

Nifedipine inhibits L-type currents

The dihydropyridine antagonist nifedipine is used widely to
study neuronal L-type channels. We first confirmed that 5 um
nifedipine completely inhibited Cay, 1.2 currents activated by step
depolarizations from a holding potential of —80 mV (Fig. 3a).
Cells were exposed to maximum drug concentration within 1 s,
and inhibition of Cay 1.2 currents was complete within 12 s (six
pulses) (Fig. 3a). In contrast, Ca, 1.3 channels were partially in-
hibited. Twenty percent of the Cay 1.3 current remained in the
presence of 5 uM nifedipine even after a 20 s drug exposure (Fig.
3D). These data show that 5 uM nifedipine completely inhibits
Cay1.2 currents and, consistent with our previous studies in the
Xenopus oocyte expression system (Lipscombe et al., 2004), ni-
fedipine is less effective on neuronal Ca, 1.3 currents.

Slow inhibition of L-type currents opened by action

potential waveforms

We next assessed the actions of nifedipine on neuronal L-type
currents activated by action potential waveforms. The difference
in the effectiveness of nifedipine on currents activated by these
brief stimuli was striking. Nifedipine (5 um) had no significant
effect on Cay 1.2 and Cay 1.3 currents evoked by the first 30 action
potentials of the stimulus train, applied from holding potentials
of —80 and —60 mV (Fig. 4a—d). This same concentration of
nifedipine strongly inhibited Ca, 1.2 and Cay1.3 currents acti-
vated by step depolarizations (Fig. 3a,b). Effects of nifedipine
were only significant after 60 action potential stimuli (applied in
consecutive trains of 30 action potentials from a holding potential of
—80 mV; data not shown). Even after 90 pulses (three 30 pulse
trains), a significant fraction of Ca,1.2 and Cay1.3 currents re-
mained unblocked at a holding potential of —80 mV (14.0 = 4.8 and
38.1 = 4.1%, respectively) (Fig. 4¢,d). When activated from the more
depolarized holding potential of —60 mV, Ca,1.2 currents were
inhibited completely after 90 pulses (Fig. 4c). Membrane depolariza-
tion promotes dihydropyridine inhibition (Bean, 1984), but even at
the more depolarized membrane potential of —60 mV, significant
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Figure 4.  Nifedipine is weakly effective on Ca,1.2 and Ca, 1.3 channels activated by action

potential-like stimuli. Representative Ca, 1.2 (@) and Ca, 1.3 (b) currents evoked by a train of
action potential waveforms, applied at 100 Hz from holding potentials of —80mV, before (Con)
and aftera 10 s exposure to 5 um nifedipine (Nif), are shown. Calibration: a, 0.2nA, 50 ms; b, 0.5
nA, 50 ms. The action potential waveform used as command voltage was recorded from a
sympathetic neuron and triggered by a brief current injection. Average peak current amplitudes
for Ca,1.2 (c; @,0) and Ca, 1.3 (d; M, [J) measured from currents induced by trains of 30
action potentials before and 10 s after exposure to 5 wm nifedipine (Nif) are shown. Currents
were evoked from holding potentials of —80 mV (@, l) and —60 mV (O, 0). Current ampli-
tudes at the end of a series of four stimulus trains in the presence of nifedipine are shown for each
series (180th pulse). Currents recovered completely after removal of nifedipine within three stimulus
trains. Recovery was slowed approximately threefold when the membrane potential was depolarized
to —60 mV. Error bars represent SE.

inhibition was only observed after a series of stimuli. Our data are
generally consistent with state-dependent inhibition; preferential in-
hibition of the inactive state of the L-type calcium channel by dihy-
dropyridines promotes channel inactivation (Berjukow and Hering,
2001). Cay1.3 currents were, however, less sensitive to nifedipine,
although Ca, 1.3 exhibited greater cumulative inactivation com-
pared with Cay1.2 in control recordings (Fig. 4d, first two
trains). Cumulative inactivation of Cay1.3 channels was cal-
cium dependent (data not shown), and recovery from action
potential-induced cumulative inactivation was rapid and
complete in the absence of drug (Fig. 4d).

Discussion
We have studied the properties of the two most prevalent sub-
types of neuronal L-type calcium channels in isolation from other
currents. Our data show that both L-type channels open rapidly
even in response to individual action potential waveforms, and
Cay 1.3 channels are as efficient in this regard as Ca,2.2 N-type
channels. Our findings are consistent with those by Liu et al.
(2003), who found that a neuronal Cay1.2 channel clone re-
sponded to action potential stimuli with kinetics similar to
Cay2.1 P/Q-type.

If neuronal L-type channels open rapidly, why has it been so
difficult to establish their contribution to action potential-
dependent calcium entry in regions abundant in these channels
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(Bonci et al., 1998; Mermelstein et al., 2000; Yasuda et al., 2003;
Hoogland and Saggau, 2004)? Our study offers two possible ex-
planations that both relate to the widespread use of dihydropyr-
idine antagonists in studies of native neuronal L-type channels.
First, in neurons that predominantly express Ca, 1.3, a significant
fraction of L-type current will be resistant to dihydropyridine
antagonists (Xu and Lipscombe, 2001). Second, dihydropyridine
inhibition of Ca, 1.2 and Ca, 1.3 L-type channels develops slowly.
In the short term, these drugs will have little effect on L-type
currents activated by action potential stimuli triggered from rest-
ing membrane potentials; significant inhibition will develop with
continued stimulation or if the membrane potential is depolar-
ized for a prolonged period. Thus, ineffectiveness of dihydropy-
ridines does not necessarily rule out L-type calcium channel in-
volvement in neuronal processes.

Cay 1.3 currents are incompletely inhibited by
dihydropyridine antagonists

Many neurons, including those in the hippocampus, express
Cay 1.3 L-type calcium channels (Hell et al., 1993; Ludwig et al.,
1997). These channels are incompletely inhibited by dihydropyr-
idine antagonists (Figs. 3, 4) (Lipscombe et al., 2004). Because
dihydropyridine antagonists inhibit L-type channels in a state-
and time-dependent manner (Bean, 1984; Hess et al., 1984; Holz
etal., 1988) (Fig. 4), the time course of dihydropyridine-sensitive
currents in neurons expressing Ca, 1.3 channels will reflect the
time dependence of dihydropyridine block, not the kinetics of the
underlying L-type current. The distortion in channel kinetics in-
troduced by dihydropyridine antagonists is particularly evident
when barium is used as the charge carrier [Lipscombe et al.
(2004), their Fig. 3]). This may help explain why the dihydro-
pyridine-sensitive component of L-type currents in hippocampal
neurons appears to open with slow kinetics (Mermelstein et al.,
2000), whereas neuronal L-type channels studied directly, with-
out pharmacological subtraction, open rapidly (this study) (Liu
et al., 2003; Michna et al., 2003).

Nifedipine does not inhibit L-type channels opened by
individual action potential stimuli

Dihydropyridine antagonists do not inhibit Ca,1.2 or Cay1.3
L-type channels opened by single action potential stimuli when
triggered from a holding potential of —60 mV (Figs. 3,4) (Holzet
al., 1988; Liu et al., 2003). Thus, the lack of inhibition in neurons
of action potential-dependent calcium entry by dihydropyridines
(Bonci et al., 1998; Yasuda et al., 2003) does not necessarily ex-
clude the involvement of L-type calcium channels. Indeed, if re-
evaluated in light of our data, several independent observations
support L-type calcium channel involvement in action potential-
dependent calcium entry in neurons (Scroggs and Fox, 1992;
Magee and Johnston, 1997; Bonci et al., 1998; Mermelstein et al.,
2000; Brosenitsch and Katz, 2001; Yasuda et al., 2003). In hip-
pocampal spines, dihydropyridine antagonists are completely in-
effective or weak inhibitors of spike-dependent calcium entry,
but calcium transients are augmented greatly by dihydropyridine
agonists and by B-adrenergic receptor activation (Yasuda et al.,
2003; Hoogland and Saggau, 2004). Although dihydropyridine
antagonists fail to inhibit action potential-dependent gene ex-
pression in primary sensory neurons, they inhibit gene expres-
sion induced by prolonged depolarization that would be expected
to promote dihydropyridine inhibition (Brosenitsch and Katz,
2001). In sensory neurons, dihydropyridines inhibit a fraction of
action potential-dependent calcium entry when tested from a
more depolarized holding potential of —60 mV and with longer
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duration action potential waveforms (Scroggs and Fox, 1992).
Finally, in the ventral mesencephalon, dihydropyridine antago-
nists inhibit neurotransmitter release during periods of high-
frequency stimulation, but they are ineffective on transmitter
release triggered early in the stimulus train (Bonci et al., 1998).
The state-dependent nature of inhibition by dihydropyridine an-
tagonists can readily explain all the aforementioned observations
and raises the likely possibility that L-type calcium channels nor-
mally contribute to action potential-dependent calcium entry in
these processes.

It is important to note that channel properties, including in-
activation, are influenced by several factors including the type of
associating Cay 3 subunit and the pattern of alternative splicing.
These factors may also influence dihydropyridine effectiveness.
In our experiments, we coexpressed Ca, o, 6, and Cay 35 subunits
with Cay 1.2 and Cay 1.3, but the specific isoform and subunit
composition of each complex may vary with cell type and subcel-
lular location (Birnbaumer et al., 1998; Lipscombe et al., 2002;
Liu et al., 2003).

Conclusions

We suggest that the importance of L-type calcium channels to
neuronal processes that are triggered by brief membrane depo-
larizations has been underestimated. L-type channels derived
from neurons have intrinsic properties that suggest they can con-
tribute to calcium-mediated processes triggered by a wide range
of stimuli including gene expression, transmitter release, and
rhythmic firing (Holz et al., 1988; Bonci et al., 1998; Lipscombe et
al., 2004). Dihydropyridine antagonists are highly effective tools
for establishing the involvement of L-type channels in processes
triggered by prolonged periods of membrane depolarization, but
of limited use for studying processes predominantly triggered by
brief physiological stimuli, including action potentials, from rest.
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