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Neurotransmitter inhibition of calcium currents (/.,) can be
relieved by large depolarizing prepulses. This effect has
been postulated to be due either to the voltage-dependent
unbinding of an inhibitory molecule from the channel or to a
slow voltage-dependent gating step intrinsic to the modu-
lated channel. According to the first hypothesis, the rate of
reinhibition (reblock) following a depolarizing prepulse should
depend on the concentration of active inhibitory molecules
and thus should increase with the extent of inhibition. To
distinguish between these models we examined the actions
of norepinephrine (NE) and somatostatin (SS) on high-
threshold calcium currents in chick sympathetic ganglia,
using whole-cell voltage-clamp methods. As previously de-
scribed in other systems, both NE and SS inhibit »-cono-
toxin—sensitive N-type Ca?* current in a voltage-dependent
manner. Pertussis toxin (PTX) pretreatment prevents the in-
hibition of the current, while replacing GTP in the patch pi-
pette with GTP-v-S results in irreversible inhibition, consis-
tent with the involvement of a PTX-sensitive G-protein. The
inhibitory responses to NE and SS are not additive, sug-
gesting that they act at a common locus. The inhibitory re-
sponse to repeated applications of NE or SS desensitizes,
with little evidence for cross desensitization. The inhibition
of I, is relieved by a 15 msec prepulse to +100 mV. Fol-
lowing repolarization to —80 mV, /., slowly reblocks. During
prolonged applications of NE or SS the extent of inhibition
decreases due to desensitization and reblock kinetics are
significantly slowed (time constant increases from 60 msec
to > 100 msec for both NE and SS). These results are well
fit by a quantitative model in which the kinetics of reblock
reflect the binding of an inhibitory molecule to the channel.

[Key words: Ca?* channel, GTP-binding proteins, norepi-
nephrine, somatostatin, sympathetic neurons, desensitiza-
tion]

High-threshold calcium currents in both peripheral and central
neurons are inhibited rapidly by a variety of neurotransmitters
(Dunlap and Fischbach, 1981; Forscher and Oxford, 1985; Dol-
phin and Scott, 1987; Ewald et al., 1988; Lipscombe et al., 1989;
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Bley and Tsien, 1990; see Dolphin, 1991, for review). One char-
acteristic feature of these inhibitory actions is that they often
show a marked voltage dependence. The inhibition is negligible
at very depolarized potentials (Bean, 1989; Ikeda and Schofield,
1989) and can be relieved at less positive voltages by strong
depolarizing prepulses (Elmslie et al., 1990). Following repo-
larization back to the resting potential, the calcium channels
then become slowly reinhibited or reblocked (Elmslie et al.,
1990). In addition, the time course of calcium current activation
often exhibits a pronounced slowing in the presence of inhibitory
transmitter (Marchetti et al., 1986).

There is now general agreement that most of these rapid,
voltage-dependent inhibitory actions of neurotransmitters on
calcium current are mediated through activation of pertussis
toxin (PTX)-sensitive G-proteins (Dolphin, 1991; Hille, 1992).
However, the mechanism by which G-protein activation is linked
to Ca?* channel modulation is more controversial and may
involve either activation of protein kinase C (PKC) or a direct
G-protein—channel interaction. Activation of PKC is thought to
underlie inhibition of calctum channels by norepinephrine (NE)
in chick dorsal root ganglion (DRG) neurons (Rane and Dunlap,
1986) and neuropeptide Y in rat DRG neurons (Rane et al.,
1989). In rat hippocampal neurons PKC activation has also been
shown to inhibit Ca?+ current (Doerner et al., 1988). In contrast,
a number of inhibitory transmitter actions do not appear to
involve PKC, since PKC activation does not produce the char-
acteristic voltage-dependent inhibition of calcium current seen
with these agonists (Kasai and Aosaki, 1989; Bley and Tsien,
1990; Plummer et al., 1991).

Evidence in support of a direct G-protein—channel interaction
is based on several lines of evidence. First, a number of studies
have failed to identify any second messenger that mimics the
action of the transmitters. Second, transmitter-dependent in-
hibition of Ca2* current can be quite rapid, with an onset oc-
curring in 50 msec, which is faster than most known second
messenger—-mediated events (Bean, 1989). Third, application of
transmitter to the bath fails to inhibit Ca2* channels in cell-
attached patches, arguing against a freely diffusible second mes-
senger and supporting a membrane-delimited mechanism of
G-protein action (Forscher et al., 1986; Lipscombe et al., 1989).
Recent experiments in rat sympathetic neurons suggest that a
single transmitter may recruit multiple modulatory pathways
involving both second messenger—dependent and second mes-
senger-independent mechanisms (Beech et al., 1992).

Two basic models have been proposed to account for the
voltage-dependent inhibition of calcium currents by transmit-
ters (Bean, 1989; Kasai and Aosaki, 1989). Both Bean (1989;



Boland and Bean, 1993) and Kasai and Aosaki (1989; Kasai,
1992) proposed that calcium channels exist in two gating modes:
a willing mode that displays normal rapid activation kinetics
and is the predominant gating mode in the absence of trans-
mitter, and a reluctant mode induced by inhibitory transmitters,
in which strong depolarizations are required to activate the
channel. Transitions between willing and reluctant modes are
thought to reflect the binding and unbinding of some inhibitory
molecule, perhaps the G-protein itself, to the channel. The major
difference in the two models concerns the time scale of these
latter reactions. According to Kasai and Aosaki (1989), these
rates are rather slow, so typical depolarizations are too short to
allow substantial conversion between willing and reluctant
modes. Thus, Kasai and Aosaki (1989) proposed that the slow-
ing of activation of calcium current with inhibitory transmitter
reflects the slow intrinsic gating kinetics of channels in the re-
luctant mode. These slow Ca current kinetics should show little
dependence on the concentration of the inhibitory molecule. In
contrast, Bean has proposed that the willing-reluctant transi-
tions occur on a fairly rapid time scale that is similar to that of
Ca current measurements. Thus, the slow Ca current kinetics
largely reflect the rate of transitions between reluctant and will-
ing modes of gating and so should depend on the concentration
of active inhibitory molecules.

Several groups have now tried to distinguish between these
two models by determining the extent to which the slow Ca
current kinetics depend on the concentration of the inhibitory
molecule. Kasai and Aosaki (1989) varied inhibitory molecule
concentration by varying the concentration of the inhibitory
agonist 2-chloroadenosine in chick sensory neurons. They found
that the slow time constant of Ca current activation during a
depolarization showed no dependence on 2-chloroadenosine
concentration, consistent with their model. More recently, Lo-
pez and Brown (1991) examined the kinetic nature of Ca channel
inhibition in rat sensory neurons by using GTP-y-S to activate
G-proteins directly. These authors measured the kinetics of rein-
hibition during a prolonged depolarization to 0 mV following
a strong depolarizing prepulse and found a good correlation
between the kinetics of reblock and the extent of G-protein
activation, supporting Bean’s model. However, Elmslie and Jones
(1992), in bullfrog sympathetic neurons, found that reblock ki-
netics at 0 mV did not change with the extent of inhibition in
response to different concentrations of leutinizing hormone-~
releasing hormone, in agreement with the model of Kasai and
Aosaki.

Here, we further investigate the kinetic mechanism for volt-
age-dependent calcium current inhibition by studying the in-
hibitory actions of NE and somatostatin (SS) on calcium cur-
rents in chick sympathetic neurons. We have tried to distinguish
between the above two models by comparing the kinetics of
calcium current reblock at —80 mV with the extent of Ca’*
channel inhibition produced by NE alone, SS alone, or SS +
NE. By measuring kinetics of reblock at a negative holding
potential of —80 mV, we avoid possible complications from
Ca?+ channel activation and inactivation kinetics that compli-
cate measurements of reblock kinetics at more positive poten-
tials (cf. Kasai and Aosaki, 1989; Lopez and Brown, 1991; Elms-
lie and Jones, 1992). We have used the normal desensitization
of the response to prolonged application of these transmitters
as a means to vary the extent of inhibition. During desensiti-
zation, the rate of reblock is proportional to the extent of channel
inhibition, consistent with the model proposed by Bean (1989),
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in which the slow Ca current kinetics induced by inhibitory
transmitter reflect transitions between modulated and nonmo-
dulated modes of gating.

Materials and Methods

Cell culture. Sympathetic neurons were prepared according to Role (1988).
Lumbar sympathetic ganglia from embryonic day 11 chicks were in-
cubated for 30 min in a phosphate-buffered medium containing 0.01%
trypsin. The ganglia were triturated with a flame-polished Pasteur pi-
pette and plated at a density of one chain (five to seven ganglia) per
dish. The cells were maintained 7-14 d in Dulbecco’s modified Eagle’s
medium supplemented with 10% horse serum, 2% chick embryo extract,
2 mmM glutamine, penicillin (50 U/ml), streptomycin (50 ug/ml), and
nerve growth factor (0.1 pg/ml).

Electrophysiology. Whole-cell patch-clamp recordings were per-
formed at room temperature using a patch-clamp amplifier (EPC-7, List
Electronics) in voltage-clamp mode. Before the recordings the culture
dish was rinsed three times with a low-Ca solution containing (in mm)
NaCl, 138; KCl, 5; MgCl,, 0.8; CaCl,, 0.5; HEPES, 15; glucose, 5; and
TTX, 0.002. The pH was adjusted to 7.35 with NaOH, and glucose and
TTX were added just before use. During the recording the neurons were
locally superfused with a solution containing (in mm) NaCl, 132; CaCl,,
2.5; MgCl,, 0.8; HEPES, 10; tetracthylammonium (TEA), 10; 3,4-di-
aminopyridine (3,4-DAP), 3; glucose, 5; and TTX, 0.002. The pH was
adjusted to 7.35 with NaOH. Patch electrodes contained (in mm) Cs-
methanesulfonate, 100; CsCl, 20; MgCl,, 2; EGTA, 10; CaCl,, 1; and
HEPES, 15. The pH was adjusted to 7.35 with CsOH. ATP (2 mm) and
GTP (200 um) were added just before use. Patch electrode resistances
ranged from 2.5 to 4 MQ.

As typical peak Ca current magnitudes were 0.6-1.4 nA and input
capacitance ranged from 20 to 50 pF, series resistance compensation
was not used. To minimize space-clamp artifacts arising from Ca current
contributions from distant neuronal processes, the culture dish con-
tained the low-Ca solution (see above) and the normal Ca-containing
recording solution was locally superfused onto the cell body and nearby
processes (perfusion stream diameter was 150 um). Our measurements
of peak Ca current and Ca current kinetics during depolarizing pulses
do not appear to be significantly affected by series resistance errors since
we did not observe any change in Ca current kinetics during Ca current
rundown where the magnitude of the peak Ca current was declining.
However, the faster tail currents are likely to be distorted due to series
resistance errors and so were not measured here.

Most chemicals were obtained through Sigma. Tissue culture media
and supplements were obtained from GIBCO. Arachidonic acid (AA)
was obtained from Nu-Chek-Prep. Pertussis toxin was obtained from
Calbiochem. Somatostatin and norepinephrine were first dissolved in
water and diluted in the superfusion buffer. Fatty acids were dissolved
in dimethyl sulfoxide (DMSO) prior to dilution in the superfusion buffer.
The final DMSO concentration was 0.1%. At this concentration, DMSO
had no effect on the Ca current.

Voltage-clamp protocols were generated using the pcLAMP software
and TL-1 interface (Axon Instruments). Current traces were filtered at
1 kHz using an 8-pole low-pass Bessel filter (Frequency Devices model
902), digitized on line at 5 kHz, and stored on an IBM-compatible PC.

The calcium currents were isolated by blocking sodium channels with
TTX (2 um) and potassium channels with a combination of cesium (120
mp) in the internal solution and TEA (10 mm) and 3,4-DAP (3 mm)
in the external solution. Under these conditions an apparent reversal
of the current is observed at very depolarized potentials, presumably
due to a permeability of the calcium channels to cesium ions (Lee and
Tsien, 1982).

The membrane potential was held at —80 mV and depolarizing pulses
were applied at a rate of 0.25 Hz. Pulses at different voltages were applied
to a locally superfused cell in the presence and the absence of norepi-
nephrine (30 uM) and somatostatin (30 nM). The gravity-fed superfusion
was then switched to a solution containing 100 uMm LaCl,. Records
obtained in the presence of lanthanum were subtracted from both cur-
rent records in absence or presence of transmitter.

Results

SS and NE inhibit high-threshold calcium currents

The calcium current in chick sympathetic neurons consists sole-
ly of high-voltage-activated currents, as described for other sym-
pathetic neurons (Jones and Marks, 1989; Plummeretal., 1991).
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Figure I shows that an inward calcium current activated with
depolarizations positive to —40 mV, was maximum at 0 mV,
and reversed direction at around +50 mV. The outward current
at strong depolarizations is presumably carried by the Cs present
in the internal pipette solution (Lee and Tsien, 1982). The ma-
jority of calcium current in the chick sympathetic neurons ap-
pears to be carried by N-type Ca?* channels (Nowycky et al.,
1985; Plummer et al., 1989). Thus, application of nifedipine
(10 um), a blocker of L-type Ca?* channels, had little effect on
the Ca?* current elicited by a step to 0 mV from a holding
potential of —60 mV (mean decrease of 12.5 = 10.5%, mean
+ SEM; n = 4). In contrast, application of w-conotoxin (16 um),
a blocker of N-type Ca?* channels (McCleskey et al., 1987,
Plummer et al., 1989), inhibited the total Ca?*+ current by 70 +
7.6% (n = 5; data not shown).
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Figure 2. Concentration dependence of the inhibition of peak inward
calcium current by SS and NE. Calcium currents measured with step
to 0 mV. Each point is the average of three to nine records; error bars
= SD. Smooth curves are fits of single binding site equation given in
Results.
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Similar to results in rat and frog sympathetic neurons, we
found that both SS and NE consistently inhibit the Ca?* current
in the chick sympathetic neurons (Fig. 1). Ca2+ currents elicited
with pulses to O mV are inhibited by 53.8 + 11% (n = 9) in
response to 30 nM SS and by 41.3 + 15.9% (rn = 5) with 10 um
NE. In contrast, when the neurons are depolarized past the
reversal potential to +50 mV, the outward Ca2?* channel cur-
rents are little affected by either transmitter (Fig. 1). Thus, at
+100 mV, the mean inhibition seen with SS is only 7.3 + 2.4%
(n = 4), whereas NE inhibits the current by only 4.6 = 1.1% (n
= 5). Thus, inhibition by both NE and SS is largely voltage
dependent, similar to previous results in frog and rat sympa-
thetic neurons.

As noted in previous studies, the inhibition by SS or NE of
peak Ca?* current is incomplete, even at negative potentials.
To determine whether this partial inhibition is due to subsa-
turating transmitter concentrations, we obtained complete dose—
response curves for Ca?* current inhibition by SS and NE at a
test voltage of 0 mV. As shown in Figure 2, inhibition is in-
complete even at saturating concentrations of the transmitters.
The smooth curves were fitted to the dose-response data ac-
cording to /1, = 0.398 + 0.602/(1 + [SS)/ICs,), with IC,, =
7.3 nm, for SS (Fig. 24) and I/1,,, = 0.569 + 0.43/(1 + [NE)/
IC,,), with IC,, = 1.6 uM, for NE (Fig. 2B). Thus, at saturating
concentrations, SS inhibits about 60% of the Ca?*+ current,
whereas NE inhibits about 40% of the Ca2?+ current.

A major goal of this study was to investigate the biochemical
and kinetic mechanisms underlying the voltage-dependent in-
hibition. Toward this end we first considered the possible role
of G-proteins and second messengers. Next we have investigated
two alternate kinetic models for voltage-dependent Ca?+ chan-
nel inhibition. Finally, we consider possible interactions be-
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Figure 3. Effects of GTP-v-S and SS on the kinetics of the Ca?* current. 4, Recordings from a cell dialyzed with 200 um GTP in pipette solution
show the typical reversible slowing of the kinetics of the current. From a holding potential of —80 mV, 80 msec pulses to 0 mV were applied with
a pulse interval of 10 sec. The top panel shows representative current traces taken at times indicated in the bottom panel, which plots peak inward
current (circles) and ratio of current measured 10 msec after onset of depolarization divided by the current at the end of the pulse (80 msec;
triangles). Bar indicates period of application of SS. Note progressive rundown of Ca?+ current before application of SS with no change in 10 msec:
80 msec current ratio. B, Recordings from a cell dialyzed with a pipette solution containing GTP-y-S (400 um) and no GTP. Note progressive
slowing of current associated with inhibition of peak calcium current. Application of SS causes further rapid irreversible slowing of kinetics.

tween NE and SS and whether or not they target distinct pop-
ulations of Ca?* channels.

Slowing of activation kinetics

Calcium current inhibition with SS was also associated with a
marked slowing in activation kinetics (Fig. 34). This effect al-
lowed us to distinguish clearly between transmitter-induced
modulation of the calcium current and rundown associated with
the whole-cell recording. As a convenient assay of channel ki-
netics, we plotted the ratio of the calcium current at 10 msec
following a step depolarization to 0 mV (normally the time of
peak inward current) to the current at 80 msec (at the end of
the pulse). As seen in Figure 34, despite significant rundown in
the calcium current following establishment of whole-cell re-
cording, the calcium current ratio (10 msec:80 msec) is relatively
stable. Under control conditions, the value of the ratio is slightly
greater than 1, reflecting a small amount of inactivation during
the 80 msec pulse. Upon application of SS, there is a reversible
inhibition in peak Ca?* current amplitude. Moreover, there is
a dramatic and reversible decrease in the current ratio due to
the slowing of activation.

Role of G-proteins and second messengers

Pretreatment of the sympathetic neurons with PTX overnight
(200 ng/ml) completely abolished the response to both NE and
SS, suggesting that both inhibitory transmitter actions are me-
diated by PTX-sensitive G-proteins (data not shown; #n = 7).
A role for G-proteins was also suggested by experiments where
GTP-v-S (400 um) was included in the pipette solution to ac-

tivate G-proteins. Under these conditions, the calcium current
was rapidly inhibited upon establishment of whole-cell record-
ing, presumably due to the activation of G-proteins (Fig. 3B).
This inhibition can be distinguished from normal rundown be-
cause it was associated with a marked slowing of the activation
kinetics of the Ca?* current, as evidenced by the progressive
decrease in the 10 msec:80 msec current ratio. Application of
SS (1 pm) during dialysis with GTP-y-S produced a further
irreversible reduction of the current.

We examined two possible second messenger cascades as po-
tential mediators of the inhibitory responses. Arachidonic acid
(AA) had variable effects on the calcium current. At concentra-
tions above 10 uM, AA did cause some inhibition of the Ca?+
current (Bug et al., 1989). However, this inhibition involved a
simple scaling of the Ca?+ current amplitude with no change in
channel kinetics and so did not mimic the response to the trans-
mitters. Inhibitors of the AA cascade, including nordihydro-
guaiaretic acid (NDGA) (3 uM, n = 4), baicalein (1 um, n = 3),
and indomethacin (10 uM, # = 4), did not affect the response
to the transmitters. We also tested the possible role of PKC
using 1-3-min-long applications of the PKC activators dioleyl-
glycerol (50 um, n = 3), octylindolactam (100 nm, n» = 3), or
phorbol 12,13-diacetate (1 uM, n = 4). None of these agents
affected the calcium current.

Unblock and reblock kinetics

The above results indicate that the Ca2* current inhibition we
observe in the chick sympathetic neurons is similar to the G-pro-
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tein-mediated voltage-dependent inhibition previously de-
scribed in other systems (e.g., Dolphin, 1991). We therefore next
investigated the kinetic basis for this inhibition. Does it reflect
the state-dependent binding and unbinding of an inhibitory mol-
ecule, perhaps the G-protein itself, or does it reflect a novel
voltage-dependent gating step inherent to the modulated chan-
nel? We have approached this problem by measuring the ki-
netics of channel reblock at —80 mV following a strong depo-
larizing prepulse.

To study the reblock kinetics in the presence of transmitters,
we needed to define a pulse protocol sufficient to unblock the
inhibited current maximally. We first measured the voltage de-
pendence of unblock in cells where the current was maximally
inhibited (i.e., after SS application to a cell dialyzed with 1 mm
GTP-v-S). The voltage protocol was similar to that of Elmslie
et al. (1990). It consisted of an initial 20 msec test pulse to 0
mV (V) following a 4 sec rest period at —80 mV. The Caz+
current during this first test pulse (/,) provides an assay of the
extent of Ca?* current inhibition at the resting potential (Fig.
44). This pulse was immediately followed by a 15 msec con-
ditioning prepulse to various potentials (V) to relieve inhi-
bition. The cell was then repolarized to —80 mV for 5 msec to
close channels that were activated by the 15 msec pulse. A
second 20 msec test pulse to 0 mV (V) was then applied to
assay the effect of the interposed prepulse. Under control con-
ditions (i.e., in the absence of transmitter or GTP-v-S), the
prepulse normally recruits no extra Ca?* current (e.g., Fig. 6,
top). However, under modulating conditions, the Ca2+ current
during the second test pulse shows a clear increase with increas-
ingly depolarized prepulse potentials (Fig. 441). The ratio of
the peak current during the second test pulse to the peak current

Vpre (mV)

10 15

50 100 150 0 5

pulse duration (msec)

during the first test pulse (/,:1,) was plotted as a function of the
prepulse voltage (Fig. 442). The current ratio increases with an
S-shaped dependence on prepulse potential, reaching a maximal
enhancement with pulses positive to +75 mV, with half-max-
imal activation occurring at +18 mV.

To determine the time course of unblock during the prepulse
depolarization, we varied the duration of the prepulse at a fixed
potential of +100 mV (Fig. 4B). The ratio I,:], increases along
an exponential time course with a time constant () of 6.1 msec.
From the time course and voltage dependence of unblock, we
estimate that a 15 msec prepulse to +100 mV should produce
91% of maximal unblock.

Do reblock kinetics vary with the level of inhibition?

Perhaps the most direct approach to address this question is
to measure reblock kinetics at different concentrations of trans-
mitter. However, the inhibitory responses to SS or NE both
exhibit significant desensitization, either to a single prolonged
application of transmitter or to multiple brief applications of
transmitter (Fig. 5). Although such desensitization prevents us
from comparing reblock kinetics at different transmitter con-
centrations, it does permit an alternate approach of measuring
reblock kinetics at different times during a single prolonged
application of transmitter, when the extent of inhibition is de-
clining due to desensitization. This approach assumes that de-
sensitization occurs at a step that is proximal to the activation
of the inhibitory particle such that the extent of desensitization
reflects the decrease in active inhibitory molecules. An alternate
interpretation is that desensitization is downstream of the in-
hibitory molecule, perhaps at the level of the Ca channel-inhib-
itory particle interaction. However, this latter possibility seems
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Figure 5. Desensitization of the response to SS. Successive applica-
tions of SS (30 nm; indicated by bars) elicited progressively smaller
inhibitory responses of peak calcium current (/.,,). The cell was held
at —80 mV and stepped to 0 mV for 20 msec to elicit Ca?* current.
The inhibition was then relieved by a 15 msec pulse to +100 mV, and
the response to a second 20 msec pulse to 0 mV measured. The peak
current in response to the first pulse to 0 mV is plotted.

unlikely for several reasons. First, desensitization has been shown
to occur at the receptor levels in a wide variety of systems
(Huganir and Greengard, 1990). Second, activation of G-pro-
teins by SS in the presence of GTP-+-S resulted in a maintained
inhibition with no sign of desensitization (A. Golard and S. A.
Siegelbaum, unpublished observations). Third, in cross-desen-
sitization experiments with SS and NE, prolonged application
of SS did not appear to alter the response to NE (see Fig. 8 and
below). We will thus assume that desensitization reflects a de-
creased level of G-protein activation leading to a reduced con-
centration of active inhibitory molecules.

The effects of desensitization on reblock kinetics are illus-
trated in Figure 6, which shows an experiment where reblock
kinetics were assayed every 30 sec during a continuous 3.5 min
application of SS. After 2 min in the presence of SS, a solution
containing saturating concentrations of both SS and NE was
applied for the remaining 1.5 min. Reblock kinetics were mea-
sured using a voltage-clamp protocol illustrated at the top of
Figure 6. Calcium current was first elicited with a test pulse to
0 mV for 20 msec from a holding potential of —80 mV (V).
The membrane was then stepped to +100 mV for 15 msec,
which should allow for nearly complete unblock as defined by
the experiments of Figure 4. The membrane was then repolar-
ized to —80 mV for a variable time and the extent of reblock
assayed by a second test pulse to 0 mV (V),).

The top current records in Figure 6 show that in the absence
of transmitter, the magnitude of the calcium current is stable
and not altered by the prepulse protocol. In contrast, the second
set of current records show that immediately after application
of SS, at a time when there is no desensitization and inhibition
of the calcium current is maximal, the prepulse causes a sig-
nificant enhancement in the calcium current during the second
test pulse. When the second pulse is applied after only a brief
period of repolarization to —80 mV, the extent of enhancement
is greatest. However, as the period of repolarization is pro-
longed, the calcium current elicited during the second test pulse

The Journal of Neuroscience, September 1993, 13(9) 3889

control

SS
t=0min

SS
t=2min

Figure6. Desensitization alters the kinetics of reblock. Top trace shows
voltage protocol used to assay reblock kinetics. Each record consists of
a test pulse to 0 mV (V) followed by a depolarizing prepulse to +100
mV, followed by a variable interval at —80 mV, followed by a second
test pulse (V,). The interval at —80 mV was varied from 2.6 msec to
122.6 msec in 20 msec increments (total of seven records). Each set of
pulses (i.e., one record) was given at 2 sec intervals. The entire series
of seven records was repeated once every 30 sec. The control traces
illustrate current records in absence of transmitter. Note that prepulse
has no effect on current in second test pulse. The middle set of current
records (SS, ¢ = 0 min) was obtained within 20 sec of first applying 30
nM SS, a time at which the inhibitory response was maximal. Bottom
set of current records was obtained after 2 min in the continuous presence
of SS, at a time when there was substantial desensitization. The pipette
contained 200 um GTP.

becomes reinhibited and approaches its initial value evoked by
the first test pulse.

As the duration of the SS application increases, there is a
progressive desensitization in the response. Thus, after 2 min
application of SS, the peak calcium current amplitude during
the first test pulse has partly recovered back to its initial control
level (e.g., compare current records in Fig. 6; see also Fig. 8,
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Figure 7. Exponential fits of time course of reblock during desensiti-
zation. Peak calcium currents were measured during the second test
pulse (V;) using protocol illustrated in Figure 6. The percentage unblock
was measured as (I, — 1,)/I, x 100% for each repolarization interval
and then normalized by percentage unblock measured after briefest
interval (i.e., 2.6 msec). Reblock kinetics were fitted by a single expo-
nential function: y = a + b exp(—t/7). Each symbol from a set of data
obtained after a different length of time in presence of SS. Open circles,
20 sec after application of SS; solid circles, 30 sec after the first series;
open triangles, 1 min; solid triangles, 90 sec; squares, 2 min. Bottom
panel shows residuals of exponential fits. Lack of any clear trend in-
dicates that single exponential fit provides a reasonable approximation
to data.

top). Moreover, the percentage increase in calcium current dur-
ing the second test pulse relative to the Ca?* current during the
first test pulse is reduced (due to the lesser degree of inhibition
during the first test pulse). Importantly, there also appears to
be a significant slowing in the rate at which the calcium current
reblocks at —80 mV.

To measure reblock kinetics quantitatively, we plotted the
percentage unblock of the calcium current during the second
test pulse (normalized to the maximal amount of unblock seen
following the briefest repolarization to —80 mV) as a function
of the repolarization time at —80 mV (Fig. 7). The data clearly
show that as desensitization proceeds, there is a steady decrease
in the rate of reblock. The data were fitted reasonably well by
single exponential functions, providing values for the time con-
stant of reblock that vary from 36 msec at the earliest time in
SS to a value of 126 msec after 2 min, when there was substantial
desensitization.

In Figure 8 we plot peak calcium current amplitude at 0 mV
during the first test pulse, time constant of reblock, and maxi-
mum percentage unblock at different times during the prolonged
application of SS. As the response desensitizes, there is a pro-
gressive increase in calcium current amplitude (top panel) and
a progressive increase in the time constant of reblock (middle
panel). Since measurements of peak calcium current are com-
plicated by rundown, which will cause us to underestimate the
extent of desensitization, we evaluated the extent of calcium
current inhibition by measuring the maximal unblock produced
by the large prepulse when the second test pulse is delivered
after the shortest (2.6-5.0 msec) repolarization interval. As shown
by the middle panel of Figure 8, the percentage unblock de-
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Figure 8. Correlation of changes in extent of inhibition with reblock
kinetics during desensitization. Top panel plots peak calcium current
during experiment. Time 0 corresponds to 20 sec after start of appli-
cation of SS. Bars indicate period of SS (30 nM) and NE (30 um) ap-
plication. Middle panel plots time constant of unblock (open symbols)
obtained as in Figure 7 and percentage unblock during experiment (solid
symbols). Percentage unblock was measured as (I, — I,)/I, x 100%
using shortest repolarization interval. Bottom panel plots time constant
of unblock versus % unblock. Line fit by a linear regression.

creases as the response to SS desensitizes. In the bottom panel
of Figure 8, we show that during desensitization the slowing of
reblock kinetics and the decrease in the amount of unblock are
significantly correlated. Thus, these data provide strong quali-
tative evidence that reblock kinetics vary significantly as a func-
tion of the degree of channel inhibition and are thus consistent
with the model of Bean (1989). Below we consider this question
more rigorously by fitting a quantitative model to the data.

Interactions between NE and SS

As shown above, even at saturating concentrations of trans-
mitter, the inhibition produced by NE or SS was incomplete.
This result could be explained if NE and SS target distinct pop-
ulations of Ca?* channels. If this is indeed the case, we would
predict that the inhibitory effects of NE and SS should be ad-
ditive. To test this possibility, we compared the effects of ap-
plying NE or SS alone with their combined action (all applied



at maximally effective concentrations). As shown by the exper-
iment of Figure 94, the inhibition seen with the two transmitters
was not additive. Thus, an initial application of SS alone in-
hibited the Ca?* current by 51% while NE alone inhibited the
current by 31%. When NE and SS were then applied together,
the Ca?* current was inhibited by 41%, which was less than the
inhibition seen with SS alone.

One potential problem with this protocol is that the combined
response to NE + SS will be reduced due to the desensitization
in response to the prior transmitter applications. We have tried
to correct for such desensitization by bracketing the combined
response to NE + SS with prior and subsequent applications of
SS and NE alone (Fig. 94). We then compare the combined
response to NE + SS with averages of the bracketing responses
to NE and SS alone. Using this approach, we found that SS
alone inhibits the Ca?* current by 39% while NE alone inhibits
the Ca2+ current by 27.5%. Thus, even after correcting for de-
sensitization, the response to the combined application of NE
+ SS (41%) clearly indicates that the two transmitter responses
were not additive. Moreover, the response to the combined
application of both transmitters was not significantly greater
than the inhibition seen with SS alone.

As an independent approach to comparing the effects of com-
bined and single applications of transmitter without compli-
cations from desensitization, we performed a set of experiments
in which different cells were subjected to either a single appli-
cation of NE, a single application of SS, or a single application
of NE + SS. The results of these experiments are shown in the
bar graph (Fig. 9B). Again, it is clear that the response to the
transmitters applied in conjunction is not larger than the re-
sponse to SS alone. These results thus indicate that the two
transmitters modulate the same population of Ca2* channels.

Do the transmitters also recruit the same population of in-
hibitory molecules that are proposed to interact with the chan-
nel? One way of approaching this question is to compare the
kinetics of reblock during an application of a saturating con-
centration of SS with reblock kinetics during the combined ap-
plication of NE + SS. If the transmitters act through the same
population of inhibitory molecules, we would predict that the
rate of reblock with NE + SS should equal the rate of reblock
with SS alone. However, if the transmitters act through distinct
molecules, then the rate of reblock should be greater with NE
+ SS due to the greater total concentration of activated inhib-
itory molecules compared to the rate of reblock with SS alone.
In Figure 9B we have compared the rates of reblock with NE
alone, SS alone, and combined applications of SS + NE. The
data show that the rate of reblock with SS alone is virtually
identical to that seen with SS + NE. This then indicates that
SS and NE activate the same population of inhibitory molecules,
in addition to the same population of channels.

A potential trivial, although unlikely, explanation for the above
findings is that NE and SS act through the same population of
receptors. However, this possibility can be ruled out by cross-
desensitization experiments. Figure 8 shows an experiment where
NE was applied during a prolonged application of SS at a time
when the response to SS had largely desensitized. Despite this
desensitization to SS, NE was still able to inhibit the Ca?* cur-
rent to a normal extent.

Kinetic model for channel inhibition

To obtain a more quantitative estimate for how the rates of
block and unblock vary with extent of inhibition and voltage,
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Figure 9. The effects of NE and SS are not additive. 4, Effect of short
(20 sec) repeated applications of SS (30 nm) or NE (30 um) on Ca?+
current measured with 50 msec pulses to 0 mV from a holding potential
of —80 mV (delivered at 0.1 Hz). Ca2+ current was measured 7 msec
after the start of the pulse. The drugs were applied by local superfusion.
B, Summary of interaction experiments. Hatched bars show percentage
inhibition of Ca2?* current measured at 7 msec. Crosshatched bars show
time constant of reblock at —80 mV (measured as in Fig. 6). Bars
represent mean + SD, obtained from the first response of a cell to a
transmitter or combination of transmitters. The concentrations used
were SS, 30 nM, and NE, 30 uM; n = 8, 3, and 5 for SS, SS + NE, and
NE, respectively.

we fitted Ca®* currents measured during the reblock protocol
(e.g., Fig. 6) with a kinetic model extended from that of Bean
(1989) and Elmslie et al. (1990). We first used a Hodgkin-Huxley
model for channel activation incorporating m? kinetics (i.e., two
closed states leading to an open state). Inactivation proceeds
only from the open state and was assumed to be complete during
the test depolarizations to 0 mV. Control Ca?+ currents (mea-
sured in the absence of transmitter) were first fit with this gating
scheme to derive rate constants for activation and inactivation
of the willing channel (top row in Fig. 104). The values for these
rate constants were then fixed during subsequent fits of the mod-
el to the Ca2* currents obtained in the presence of transmitter.

In the reaction scheme of Figure 104, transitions between
willing and reluctant modes are represented by the vertical re-
action steps. We assume that channels in either closed states or
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normal Hodgkin—-Huxley activation
with inactivation from open state for
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state by binding an inhibitory molecule
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tant mode by binding a second inhib- 200 r
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open states can undergo transitions between willing and reluc-
tant modes of gating; however, the rates of interconversion are
different from different states. To simplify the scheme, we as-
sume that the interconversion rates between the intermediate
closed states (C,) are the geometric mean of the rates between
open states (O) and the fully closed state (C,). Channels in the
reluctant mode have altered rates for channel activation («,, and
8..) but we assume that the rate of inactivation from the open
state (@) is constant. We also assume that while the rates of
activation are voltage dependent, the rates of interconversion
between willing and reluctant modes (F and B) are voltage in-
dependent.

Table 1. Rate constants for the transitions between willing and
reluctant modes

Time % Unblock F, F/ B, B,

0 min 69.2 50.3 3.1 11.8 10.3
0.5 min 48.3 20.4 1.8 12 6.4
1 min 34.6 15.8 1.8 8.1 9.2
1.5 min 32.4 10.1 1.2 7.5 7.2
2 min 31.8 11 1.3 10.2 3.6

The model in Figure 104 was used to fit the data shown in Figures 6-8. The rate
constants (sec~') obtained at different times during continuous application of SS
are shown. Time zero data were obtained at peak of SS response.
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time (msec)
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To model reblock kinetics using the protocol shown in Figure
6, we assumed that (1) immediately following the prepulse to
+100 mV, 91% of the channels are in the willing state, based
on the data of Figure 5; (2) during the period at —80 mV,
channels re-equilibrate between willing and reluctant modes
through transitions among the fully closed states (e.g., C,, GC,,
G,C,); and (3) finally, the rate constants obey microscopic re-
versibility.

We first tried fitting our data with only a single reluctant mode
of gating, similar to the approach of Elmslie et al. (1990). While
this provided a reasonably good fit to the data, the derived values
for the rate constant B, [i.e., the rate constant for transitions
from the fully closed reluctant state (GC,) to the fully closed
willing state (C,)] showed a threefold decrease as desensitization
occurred. However, according to our physical interpretation,
this rate constant reflects the unbinding of an inhibitory mol-
ecule from the channel. Therefore, B, should be independent of
the concentration of activated inhibitory molecule, and thus
should be independent of the extent of inhibition or desensiti-
zation. In contrast, the forward rate for conversion from the
willing to the reluctant mode (F,) is expected to increase with
increasing inhibition, as it should be a first-order process de-
pending on the concentration of activated inhibitory molecules.

We therefore tested a more complicated model in which there
were two reluctant modes of gating (mode 1 and mode 2) cor-
responding to channels with one or two inhibitory molecules



bound (e.g., see Boland and Bean, 1993). We first specified that
the two binding events involved identical molecules interacting
with identical, independent sites on the Ca?* channel. However,
this approach failed to provide a satisfactory fit to the data. In
contrast, when we allowed the interconversion rates (as well as
the modified rates of activation) to be unconstrained in the fit,
we obtained quite good fits to the data throughout the entire
time course of desensitization (Fig. 10B). Moreover, the derived
rates for interconversion between the willing and first reluctant
mode (one inhibitory molecule bound) were now consistent with
our physical model. Thus, the rate constants for dissociation of
the inhibitory molecule (B,) showed little dependence on the
degree of desensitization while the forward rate constant for
binding of inhibitory molecules (F,) showed a progressive de-
cline as the extent of inhibition decreased during desensitization
(Table 1). However, the rate of dissociation of the second bound
inhibitory molecule (B,’) still showed some decrease during de-
sensitization. Possible reasons for this behavior are discussed
below. The values for the other rate constants in the model
governing the activation transitions of the reluctant modes and
transitions between willing and reluctant open states showed a
large variation among the different fits and were not well defined.
This is not surprising since these rates actually play little part
in determining the current during our short test pulses to 0 mV,
as channels in reluctant modes show little activation during the
short test pulses.

Discussion

The above results show that SS and NE produce a voltage-
dependent inhibition of the Ca?* current in chick sympathetic
neurons that is very similar to examples of Ca?* channel mod-
ulation previously reported for frog and rat sympathetic neu-
rons, chick and rat sensory neurons, and a variety of central
neurons (Dolphin, 1991; Hille, 1992). Also in agreement with
previous results, we find that Ca?+ channel inhibition depends
on the activation of a PTX-sensitive G-protein and does not
appear to be mediated by AA or PKC activation (Kasai and
Aosaki, 1989; Bley and Tsien, 1990; Plummer et al., 1991).

Similar to results of Elmslie et al. (1990), we found that a
strong depolarizing prepulse is able to relieve the inhibition
transiently. After repolarizing the membrane to —80 mV, the
channel reblocks along an exponential time course with a time
constant ranging from 50 msec to >100 msec. The voltage
dependence of inhibition could result from a voltage-dependent
binding and unbinding of the blocking particle or it could reflect
voltage-independent binding reactions coupled to the voltage
dependence of channel activation. Our results are consistent
with models that attribute this unblock and reblock to the un-
binding and binding of an inhibitory molecule, perhaps the
G-protein itself, to the channel. Our modeling results are con-
sistent with the view that the rates of conversion between willing
and reluctant states are voltage independent. However, these
rates do depend on the activation state of the channel.

Our results are thus in agreement with the model of Bean
(1989) and the data of Lopez and Brown (1991) but do not
support the alternate model of Kasai (1992). Kasai’s model was
based on the finding that the slow activation kinetics of calcium
current during a moderate depolarization, presumably reflecting
unblock, were independent of transmitter concentration. In sup-
port of Kasai’s model, Elmslie and Jones (1992) report that the
kinetics of reblock at —10 mV following a strong depolarizing
prepulse also are independent of transmitter concentration. It
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is possible that these discrepancies could be due to differences
in the actions of distinct transmitters. However, the slow Ca2+
current kinetics during a long depolarization are governed not
only by the slow rates of transitions between willing and reluc-
tant states, which depend on the concentration of inhibitory
molecules, but also on the rapid rates of channel activation and
inactivation gating, which are independent of inhibitory mol-
ecule concentration. In contrast, measuring the rate of reblock
at —80 mV minimizes contributions from channel gating.

Fits of quantitative models to the reblock data yield further
insight into the mechanism of modulation. Thus, more than
one reluctant gating mode was required to achieve an adequate
description of the data. This is in agreement with the single-
channel results of Delcour et al. (1993), who found three mod-
ulated gating modes based on measurements of single-channel
open time and open probability. This also agrees with the results
of Boland and Bean (1993), which required more than one
G-protein-modulated state to account for the voltage depen-
dence of calcium channel modulation. In modeling our data,
we assumed that the two reluctant modes correspond to channels
with either one or two bound inhibitory molecules. Since the
calcium channel contains four pseudosubunits, the binding of
more than one inhibitor to the channel does not seem unrea-
sonable. If the binding sites for the two inhibitor molecules were
identical and independent, we would predict from mass action
that the forward rate for the first binding reaction should be
twice that of the second binding reaction while the back rate for
the second binding reaction should be twice that of the first
binding reaction. In contrast, the rate constants derived from
fits of the model suggest that the forward rate of the second step
is about 10-fold slower than that of the first step, while the two
unbinding rates are roughly equal. This could indicate that either
the two sites are not functionally identical or that the binding
of one inhibitor influences the binding of the second. Even with
two reluctant modes, the rate of inhibitory molecule dissociation
from the second reluctant state shows some dependence on the
extent of desensitization. This might simply reflect uncertainties
in fitting the relatively small contribution of the second reluctant
mode or it might indicate the presence of additional reluctant
modes corresponding to three or four bound inhibitory mole-
cules (e.g., Boland and Bean, 1993).

Finally, our data also suggest that NE and SS inhibit the same
population of calcium channels since the inhibition is not ad-
ditive. Moreover, since the rate of reblock with the transmitters
is also not additive, we propose that the two transmitters ac-
tivate the same population of inhibitory molecules and that SS
alone can maximally activate these molecules. It has been sug-
gested that the inhibitory molecule is the activated G-protein.
If this is the case, our data suggest that NE and SS interact with
the same population of G-proteins. Alternatively, NE and SS
could interact with separate G-proteins, which then interact with
a common effector—the proposed inhibitory molecule. Al-
though we have no data as to whether SS and NE interact with
distinct or identical G-proteins in the chick sympathetic neu-
rons, the experiments of Taussig et al. (1992) in hybrid rat-
mouse NG-108 neuroblastoma cells suggest that these trans-
mitters do interact with distinct G-proteins to inhibit Ca2* cur-
rent. In the rat pituitary GH3 tumor cell line, SS and muscarinic
receptor activation modulate dihydropyridine-sensitive calcium
channels through two distinct subtypes of the PTX-sensitive
G,-type protein (Kleuss et al., 1991). Experiments using anti-
sense oligonucleotides to delete G-protein subtypes selectively
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in chick sympathetic neurons may help in distinguishing be-
tween these possibilities.
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