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Syntaxin Modulation of Slow Inactivation of N-Type
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Syntaxin, a membrane protein vital in triggering vesicle fusion,
interacts with voltage-gated N- and P/Q-type Ca®" channels.
This biochemical association is proposed to colocalize Ca®*
channels and presynaptic release sites, thus supporting rapid
and efficient initiation of neurotransmitter release. The syntaxin
channel interaction may also support a novel signaling function,
to modulate Ca?* channels according to the state of the as-
sociated release machinery (Bezprozvanny et al., 1995; Wiser et
al., 1996; see also Mastrogiacomo et al., 1994). Here we report
that syntaxin 1A (syn1A) coexpressed with N-type channels in
Xenopus oocytes greatly promoted slow inactivation gating, but
had little or no effect on the onset of and recovery from fast
inactivation. Accordingly, the effectiveness of syntaxin de-
pended strongly on voltage protocol. Slow inactivation was
found for N-type channels even in the absence of syntaxin and

could be distinguished from fast inactivation on the basis of its
slow kinetics, distinct voltage dependence (voltage-independent
at potentials higher than the level of half-inactivation), and tem-
perature independence (Q,q, ~0.8). Trains of action potential-like
stimuli were more effective than steady depolarizations in stabiliz-
ing the slowly inactivated condition. Agents that stimulate protein
kinase C decreased the inhibitory effect of syntaxin on N-type
channels. Application of BoNtC1 to cleave syntaxin sharply
attenuated the modulatory effects on Ca®* channel gating,
consistent with structural analysis of syntaxin modulation, sup-
porting use of this toxin to test for the impact of syntaxin on
Ca?®" influx in nerve terminals.
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The plasma membrane protein syntaxin 1A (synlA) is a critical
element of the presynaptic machinery controlling the release of
neurotransmitter vesicles from presynaptic terminals (Bennett et
al., 1992; Yoshida et al., 1992). It engages in prolific yet specific
interactions with key membrane-associated proteins of both plas-
malemmal and vesicular membranes, including VAMP, SNAP-
25, and synaptotagmin, thereby participating in vesicle fusion
(DeBello et al., 1995; Sudhof, 1995; Hanson et al., 1997). Con-
siderable attention has been devoted to the interaction of syn-
taxin with voltage-gated Ca®" channels specifically involved in
triggering neurotransmitter release. Biochemical association with
syntaxin has been demonstrated for N-type (a;5) and P/Q-type
(a;4) channels (Leveque et al., 1994; Sheng et al., 1994), the
channel types most critical for synaptic transmission at CNS
synapses (Takahashi and Momiyama, 1993; Turner et al., 1993,
1995; Castillo et al., 1994; Wheeler et al., 1994). It has been
proposed that syntaxin may help colocalize these Ca®" channels
with presynaptic release sites, thus positioning Ca®* entry where
it can trigger exocytosis rapidly and efficiently. An additional
possibility, intriguing but less well established, is that the syntaxin
channel interaction supports a novel signaling function, to modify
Ca?" channel gating, possibly according to the state of any
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associated release machinery (Mastrogiacomo et al., 1994; Bez-
prozvanny et al., 1995; Wiser et al., 1996; Nie et al., 1999). The
impetus for proposing a nonconventional role for syntaxin came
from expression studies in which syntaxin strongly promoted the
inactivation of N- and P/Q-type channels in Xenopus oocytes
(Bezprozvanny et al., 1995; Wiser et al., 1996). Likewise, overex-
pression of syntaxin decreases Ca®" channel current in Aplysia
neurons (Smirnova et al., 1995). According to this hypothesis,
syntaxin-mediated changes in Ca*" channel activity would rep-
resent the final step in a pathway for feedback communication,
distinct from the classical signaling mechanism by which Ca**
triggers release (Katz and Miledi, 1965; Douglas, 1968; Katz,
1969).

This is the first in a series of papers that focus on the modu-
latory interaction between syntaxin and Ca" channels and sev-
eral outstanding questions about its functional implications. One
of the most fundamental issues concerns the nature of the effects
of syntaxin on Ca®" channel inactivation. Although previous
experiments have shown that syntaxin decreases the availability
of Ca®* channels in a manner that can be overcome by strong
hyperpolarization (Bezprozvanny et al., 1995; Wiser et al., 1996),
considerable uncertainty remains about the kinetic aspects of the
modulation. A major obstacle was the inherent complexity of the
inactivation of N-type Ca>" channels, which is known to proceed
in multiple phases, extending over periods ranging from tens of
milliseconds to many minutes (Jones and Marks, 1989; Stocker et
al., 1997; Patil et al., 1998). In this study, we performed a detailed
analysis of the modulatory effect of syntaxin, taking these kinetic
complexities into account. Our experiments revealed a remark-
able selectivity of syntaxin in promoting “slow inactivation”
rather than “fast inactivation”. We found that the syntaxin-
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stabilized slow inactivated state can be preferentially accessed
with even mild depolarizations, in the range of typical resting
potentials in neuronal systems or by trains of brief depolariza-
tions similar to those imposed by tetanic stimulation. The mod-
ulatory effect was significantly attenuated by toxin-mediated
cleavage of expressed syntaxin or by protein kinase C stimulation.
These findings set the stage for a systematic exploration of mo-
lecular determinants of the syntaxin-Ca®" channel signaling
(Bezprozvanny et al., 2000) and provided a foundation for exper-
iments to define the impact of the modulation of syntaxin on
Ca?" influx in isolated nerve terminals (Bergsman and Tsien,
2000).

Preliminary versions of this paper have been presented in
abstract form (Bergsman and Tsien, 1996; Degtiar et al., 1997).

MATERIALS AND METHODS

Single frog oocytes (Xenopus laevis) were obtained by treatment of
ovarian tissue with 2 mg/ml collagenase A (Boehringer Mannheim,
Mannheim, Germany) for 2 hr in OR-2 solution (in mm: 82.5 NaCl, 2
KCl, 1 MgCl,, and 5 HEPES, pH 7.5). After this treatment, oocytes were
washed in OR-2 then transferred to ND96 medium (in mm: 96 NaCl, 2
KCl, 1.8 CaCl,, 1 MgCl,, and 5 HEPES, pH 7.6) that had been supple-
mented with 2.5 mM sodium pyruvate and antibiotics. Oocytes were kept
at 18°C for 1 d before cRNA injection.

RNA species were synthesized by in vitro transcription procedures
using T7 and SP6 polymerases in the presence of the cap analog
G(5")ppp(5')G (Pharmacia, Piscataway, NJ) and a mixture of ribonucle-
otides, and dissolved in water. For channel expression, cRNA species
encoding human «, (Ellinor et al., 1994), rabbit 85 (Hullin et al., 1992),
and rabbit «,/8 subunits (courtesy of Prof. T. Tanabe) were mixed in a
molar ratio of ~1:2:2. The average injected volume was 50 nl, corre-
sponding to 0.6:0.45:0:6 ng cRNA per oocyte. Injected oocytes were held
at 18°C for 4-5 d, then reinjected with an aliquot of solution containing
cRNA encoding syn1A (Bennett et al., 1992) subcloned in the P GEMHE
expression vector (~20 ng/oocyte) or an equal volume of water (control).
In some experiments, the same quantity of synlA cRNA was mixed and
coinjected with cRNA encoding the Ca®* channel subunits (3:2:3 ng/
oocyte). When cRNAs encoding synlA and calcium channel subunits
were injected simultaneously, there was a prominent decrease in calcium
channel current amplitude, even when hyperpolarized holding potentials
were used to reverse slow inactivation (Bezprozvanny et al., 1995).We
interpret this reduction in terms of altered synthesis or processing of
calcium channels caused by an excess of coexpressed syntaxin transcript
or protein. If the synlA RNA was injected 4-5 d after injection of Ca
channel subunit cRNAs, as in the bulk of our experiments, no significant
reduction of maximal current amplitude was observed after syntaxin
coexpression.

Botulinum toxin C1 (BoNtC1; Calbiochem, La Jolla, CA) light chain
was injected into oocytes (50 nl of 100 nM solution) 3-6 hr before
measurements. The reduced form of BoNtC1 was prepared by incubating
it with DTT (5 mm) for 1.5 hr at 37°C. As an alternative approach,
BoNtC1 was applied externally (200 nm in ND96) for 10-18 hr before
current measurements.

Ba®" currents through Ca?* channels (Ig,) were recorded with a
two-microelectrode voltage clamp (Warner amplifier OC-725A), 3-10 d
after the second cRNA injection. Recordings were performed at room
temperature (23-25°C), unless otherwise specified. For experiments at
35°C, temperature was controlled with a model 5000 KT stage (20/20
Technology, Whitehouse Station, NJ).

The bathing medium was a chloride-free solution containing 5 mMm
Ba(OH),, 85 mm TEA-OH, 2 mm KOH, 5 mm HEPES, pH adjusted to
7.4 with methanesulphonic acid, connected to a virtual ground amplifier
via a 3 M KCl-agar bridge. The microelectrodes were filled with 3 M KCI
and had resistances in the range of 0.4-1.5 MQ.

In many experimental protocols designed to measure the kinetics of
onset of inactivation or recovery from inactivation, individual trials were
preceded by a long period at a holding potential of —120 mV. In this way,
channels were allowed to recover completely from inactivation between
trials and comparable conditions for repeated measurements were
achieved.

For comparison of current kinetics under different conditions, we used
recordings in which Iy, amplitudes were comparable (in the range of
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Figure 1. Effect of syntaxin on fast inactivation of N-type Ca®" chan-
nels. 4, I, traces in a control oocyte (left) and in one expressing synlA
(right), elicited every 45 sec from a holding potential (V},) of —100 mV
(test pulse protocol is shown above the current traces). Leak current
subtracted with P/4 protocol. B, I, inactivation produced by short voltage
prepulses (33 and 100 msec) below the threshold for significant I,
activation. Prepulses to various potentials between —80 and —20 mV were
initiated from V), of —120 mV (50 sec between consecutive measure-
ments). C, Initial rate of I, inactivation at different membrane potentials
in control (open symbols) and with syn1A ( filled symbols). For potentials
between —20 and +40 mV, initial rate was determined by direct expo-
nential fit to current traces over the period between 30 and 100 msec using
the expression I(¢)/I(30 msec) = exp(—kt); data given as mean * SEM
(n = 11-12). For potentials at or negative to —20 mV, initial rate was
determined by decrease of I, after 33 msec prepulses, assuming an
exponential decay (n = 4-7). The reaction denoted here (R — I), and
similar schema in other figures, convey the type of gating transition under
study without commitment to a precise reaction scheme.

0.85-2.7 nA). The pClamp 6.0 software package (Axon Instruments,
Foster City, CA) was used for data acquisition and analysis. Data are
given as mean = SEM.

RESULTS

Influence of syntaxin on different aspects of
inactivation of N-type Ca®* channels

We studied the effects of exogenous syntaxin on the kinetic
properties of N-type Ca®* channels expressed in Xenopus oo-
cytes. Ca?" channel currents were recorded under two-
microelectrode voltage clamp, with Ba" as the charge carrier to
minimize interference from any Ca?*-activated currents. Figure
1 illustrates experiments performed to examine possible effects of
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Figure 2. Iy, inactivation and effect of syn-
taxin on a slow time scale. A4, Inactivation of
I, at different prepulse potentials, studied
with the same protocol as in Figure 1B.
Control data in panel B, plotted on a loga-
rithmic time scale. B, Influence of syntaxin
on slow inactivation. Each panel shows the
development of I, inactivation at a specific
conditioning potential, as indicated in the
insets. Data in the absence of synlA (open
circles) and with syn1A present ( filled trian-
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syntaxin on rapid inactivation. Properties of rapid inactivation
were characterized over the range between —80 and +40 mV by
use of two approaches. At potentials beyond the level where
significant I, activation became evident, near —20 mV under our
experimental conditions, fast inactivation was measured as the
rate of I 5, decay. The decay rate was assessed over a fixed interval
30-100 msec after the depolarizing step to avoid interference
from changes in the degree of activation (Fig. 14). At more
negative potentials, at or below threshold for significant /5, acti-
vation, the onset of fast inactivation was studied by imposing
prepulses of various durations followed by a fixed test pulse to
elicit Iz, (Fig. 1B). In both protocols, the membrane was held at
a strongly negative potential between successive trials to ensure
complete recovery from inactivation before each measurement.
The rate of inactivation increased steeply as the level of depolar-
ization increased, reaching a peak at —10 mV, before falling off
with even stronger depolarizations up to +40 mV (Fig. 1C). The
voltage dependence is typical of that previously reported for
N-type channels in neurons (Kasai and Aosaki, 1988; Jones and
Marks, 1989; Cox and Dunlap, 1994).

Coexpression of syntaxin 1A (synlA) with the N-type channels

120
tpre (s)

was used for normalization (I/I,)). This pro-
cedure highlights the combination of fast and
slow inactivation (R = I, R = I; ... = I).

180

did not produce a significant change in their rapid gating kinetics
(Fig. 1C). Recordings on a millisecond time scale (data not
shown) revealed no significant difference in activation kinetics in
oocytes expressing syntaxin 1A comparing to control cells. Rapid
inactivation was also unaffected by coexpression of syntaxin 1A,
monitored as the initial rate of I, decay or studied with sub-
threshold depolarizing prepulses. Irrespective of the presence or
absence of exogenous syntaxin, the rate of inactivation reached a
maximum of ~8 sec™' at —10 mV and decreased at higher
potentials.

Effect of syntaxin on development of slow inactivation

Clear effects of syntaxin emerged when we studied slow inacti-
vation of N-type Ca?* channels during prolonged depolariza-
tions, using the same protocol as in Figure 1B but with prepulses
extended to a time scale of seconds or min (Fig. 2). Inactivation
of I;, was assessed as a decrease in the ratio of current amplitudes
in the presence and absence of the depolarizing prepulse (I and
1, respectively). Inactivation of I, in control oocytes proceeded
with multiple phases as illustrated by a plot of 7/I, against log time
(Fig. 2A4). At various prepulse potentials, significant kinetic



4358 J. Neurosci., June 15, 2000, 20(12):4355-4367

changes were observed over time ranges of a hundred millisec-
onds, several seconds, and minutes, typical of N-type channels in
neurons (Jones and Marks, 1989). The slowly developing inacti-
vation was hardly detectable at —80 mV but was quite obvious at
—70 and —60 mV. Even on a log scale, the progressive decrease
in test current would be difficult to separate into clearly defined
exponential components with well separated time constants, in
part because the decay had not achieved steady-state at 300 sec.
Coexpression of syntaxin strongly accentuated the effect of mod-
erate depolarizations, greatly increasing their ability to attenuate
I, (Fig. 2B). Slow inactivation could now be readily detected at
—80 mV and became much more prominent at —70 and —60 mV.
SynlA did not promote I, decay at potentials levels of —40 mV
and higher (see Fig. 2, panel —20 mV). Instead, in oocytes
expressing syntaxin, there was an increase in the prominence of
inactivation over a range of a few seconds, so that completion of
the last phase of I, inactivation took longer than in control. We
did not attempt to analyze this phenomenon in detail, but this
would be a worthwhile topic for future study.

Influence of syntaxin on recovery from inactivation

We found that the differential effects of syntaxin on fast and slow
aspects of the inactivation extended to recovery from inactivation
as well as its onset. Figure 3 illustrates a test of whether syntaxin
affects recovery from fast inactivation, assessed by a classic two-
pulse procedure. After a 1 sec conditioning pulse to inactivate I,
recovery from inactivation was assessed by application of a test
pulse at a variable interval. The rate of recovery of test current
amplitude was strongly dependent on the membrane potential at
which the recovery occurred (=120 or —80 mV; Fig. 34), in
accord with voltage-dependent recovery from inactivation in
other systems. However, at any given potential, coexpression of
syntaxin (Fig. 3B) did not significantly affect the time course of
recovery relative to control (Fig. 34). Results from similar exper-
iments were pooled to describe recovery from inactivation over a
wide range of potentials (Fig. 3C). Little or no difference in the
initial recovery rate was found between control and synlA-
expressing oocytes at any potential between —40 and —120 mV
(Fig. 3D).

We found a very different pattern of behavior in the recovery
from slow inactivation produced by a prolonged depolarization,
illustrated in Figure 4. The records on the left show behavior at a
holding potential of —120 mV. In the absence of coexpressed
syntaxin, double pulse experiments showed a slow restitution of
Iy, that reached half-maximum at an interval roughly 4 sec after
the repolarizing step. The expression of syntaxin produced an
additional stabilization of slow inactivation, so that /;;, now re-
quired >30 sec to achieve 50% recovery (Fig. 4B). This more
than sevenfold slowing of the half-time of recovery was corrobo-
rated in pooled results from three oocytes (Fig. 4C). Even more
striking effects were seen at a holding potential of —80 mV (Figs.
4A,B right, 5). The half-time for recovery was 0.5-1 min in control
experiments, but in the presence of syntaxin, 50% restitution was
still not achieved even at 6 min (Fig. 4C, right).

The wide variation in recovery kinetics is seen most clearly in
Figure 5, A and B, which plots time on a log scale to encompass
recovery intervals ranging from 10 2 to >102 sec. Data for the 1
sec and 6 min depolarizations are summarized, together with
results obtained with a 30 sec depolarization. After the 1 sec
depolarization (open circles), the fastest component of repriming
(rate, ~8 sec ') clearly dominates (for comparison, a single
exponential time course is indicated by the dotted curve). How-
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Figure 3.  Effect of syntaxin on recovery of I, from fast inactivation. A4,
B, Recovery of I, from inactivation in the absence (A4) and presence of
syntaxin (B). Inactivation was evoked by 1 sec voltage pulses from V} =
=120 mV to +2 mV (left panels) or from V;, = =80 mV to +2 mV (right
panels). Recovery from inactivation was assayed with single 15 msec test
pulses, applied after various time intervals after the 1 sec pulse (voltage
protocol shown above). Between successive measurements, V;, was held at
—120 mV for 1 min to achieve recovery from inactivation. For recovery at
—80 mV (right panels), membrane potential was held at —120 mV for 30
sec followed by 2 min at —80 mV, before evoking I,. All recordings of I,
were normalized to peak amplitude during the conditioning pulse. C,
Time courses of I, recovery at —120 (circles), —80 (squares), and —60 mV
(diamonds) in control (open symbols; n = 3) and with synlA ( filled
symbols; n = 3-4). “Fractional recovery” from inactivation was defined
as the portion of inactivated current which recovered at a given time
relative to the maximal possible recovery. Thus fractional recovery =
Iy — I} seo)/(I. — I 4o ), Where I, refers to peak current evoked at time
t after repolarization, I, (. represents the current level at the end of the
1 sec pulse, and I, was the fully recovered current, taken as the peak
current evoked by the 1 sec pulse itself. R <— I; denotes recovery from fast
inactivation. D, Voltage dependence of initial rate of recovery from
inactivation. The initial rate was determined from the recovery of I, over
the first 100 msec after repolarization, assuming an exponential process
during this initial period (fractional recovery (#) = 1 — exp[—K;ecov ])-
Voltage protocol for recovery at V, = —60 mV and other levels was
similar to that for V;, = —80 mV (A4, B, right panels).

ever, this aspect of recovery had virtually disappeared after a 30
sec depolarization (open triangles). After the 30 sec depolariza-
tion, syntaxin produced a significant delay in repriming ( filled
triangles). A dramatic effect of synlA on repriming kinetics was
observed in the wake of the 6 min depolarization (compare open
and filled squares).

Interconversion between syntaxin-insensitive and
syntaxin-sensitive aspects of inactivation

The results presented so far established that syntaxin accentuated
slow inactivation of N-type Ca*" channels but spared fast inac-
tivation. Slow inactivation was a prominent feature of «,y sub-
units expressed in the Xenopus oocyte expression system (Bez-
prozvanny et al., 1995; Stocker et al., 1997), very similar to the
behavior of the corresponding N-type Ca®* channels in neurons
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of I, from slow inactivation. 4, B, Recov-
ery from slow inactivation produced by a
previous 6 min prepulse to —40 mV. Re-
covery of I, was measured with a series of
20 msec test pulses to +2 mV, applied one
after each other at indicated times after
repolarization to either —120 mV (left) or
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(left panels). In experiments shown in the
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in the presence of synlA (filled triangles;
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(Jones and Marks, 1989). Slow inactivation could be readily
distinguished from fast inactivation by large differences in speed
of onset and recovery (tens of seconds or minutes rather than
hundreds of milliseconds; it was most prominent at relatively
negative potentials where little or no fast inactivation took place.
These features were reminiscent of sodium channel gating in a
variety of excitable tissues (see Discussion). Although studies of
fast and slow inactivation in Na * channels are very extensive, no
consensus has yet emerged about the topological relationship
between the kinetic states that underlie these processes. Like-
wise, our results do not permit us to derive an explicit kinetic
model, although they provide useful clues as to how fast and slow
inactivation might be related to each other (see below). We
focused on achieving an operational separation of these pro-
cesses, using various voltage protocols that removed fast inacti-
vation while largely preserving slow inactivation.

Further experiments were undertaken to determine the speed
of conversion between rapid, syntaxin-insensitive recovery kinet-
ics and slow, syntaxin-sensitive repriming (Fig. 5C,D). The de-

2 3 4 5 6

and I, stands for I, evoked before the
—40 mV prepulse, after membrane had
been held for 6 min at either —120 (C) or

t (min) ~80 mV (D).

gree of inactivation was studied with a standardized voltage
protocol that focused on slow inactivation (Fig. 5C, inset) (Bez-
prozvanny et al.,, 1995). After a variable period of conditioning
depolarization (V,,.; Fig. 5C, inset), the membrane potential was
shifted to —80 mV for 100 sec to allow channels to recover from
faster components of inactivation. The repetitive application of
test pulses provided continuous monitoring of kinetic changes at
each holding potential. The amplitude of the last test current
evoked by a test pulse from —80 mV (Ig,) was referred to the last
test current evoked after further hyperpolarization to —120 mV
for 200 sec (I;,9). The ratio of current amplitudes (Igy/l;50)
reflected the degree of channel availability left by the slow inac-
tivation during the conditioning depolarization (Fig. 5C). The
suitability of this index can be judged by the kinetic data in Figure
5, A and B. The 100 sec sojourn at —80 mV was ample to allow
complete recovery from fast inactivation (Fig. 5B, recovery after
1 sec pulses), but short enough to forestall recovery of a substan-
tial fraction of slowly inactivated channels even in the absence of
syntaxin (Fig. 5B, recovery after 6 min pulses in control oocytes).
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Figure 5. Kinetics of syntaxin stabilization
of slowed recovery from inactivation. A, B,
Comparison of time courses of I, recovery
from inactivation in the wake of depolarizing
prepulses of various durations, 1 sec (circles),
30 sec (triangles), and 6 min (squares), in
control (open symbols) and with synlA
(filled symbols). V;, = —120 (A), and V},
—80 mV (B). Protocols for recovery after 1
sec and 6-min-long depolarization are de-
scribed in the legends to Figures 3 and 4.
Protocol for restitution after 30 sec condi-
tioning pulse was like that described for 6
min prepulses. Between successive measure-
ments, the membrane potential was held at
—120 mV for 1 min (A) or for 10 sec at —120
mV followed by 2 min at —80 mV (B). Thin
dotted line is a single exponential curve, fitted
to the initial recovery from fast inactivation.
(R < 1I;) — (R < 1) scheme on fop denotes
transition between processes of recovery

-
o

fractional recovery
o
[&)]

Vh
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1,5, at various prepulse levels. Voltage pro-
tocol as in C. The initial rate of development
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of slow inactivation was estimated from the
decline in Igy/I,,, after a 2 min depolariza-

tion at the V. levels shown, assuming an

exponential time course over that period.

The subsequent 200 sec period at —120 mV allowed nearly
complete recovery from slow inactivation after 6 min pulses, even
in the presence of syntaxin (Fig. 54). Thus, the impact of residual
slow inactivation on channel availability was assessed in a rela-
tively efficient manner.

As illustrated in Figure 5C for a conditioning depolarization to
—40 mV, the Igy/I,,, ratio declined exponentially as the duration
of the conditioning pulse (#,,.) was progressively increased. The
degree of stabilization of slow inactivation was increased by
syntaxin, as indicated by a sharp reduction in Igy/I,,, after long
prepulses. The rate of decay (7~ ') also increased, from ~0.12
min ' in control to ~0.27 min " in syntaxin. The voltage de-
pendence of 7! was analyzed by varying Vore (Fig. 5D). The rate
of entry into the stabilized inactivated state was sensitive to
membrane potentials between —80 and —40 mV, but not at more
depolarized potentials up to +40 mV. This was true in both the
presence and absence of syntaxin.

Detection of the effect of syntaxin on inactivation
depends critically on voltage protocol

These observations have bearing on the interpretation of exper-
iments testing whether syntaxin is capable of modifying the

tore (MiN)

00 T T
-80 -40 0

Vire (MV)

18tmeas.

availability of N-type channels. Figure 6 compares the results
obtained with four different voltage protocols for assessing the
voltage dependence of Iy, inactivation. The protocol in panel 4
uses 3 sec depolarizing prepulses, applied from a relatively neg-
ative holding potential (V},), representative of most studies to date
(prepulse durations 2 sec) (Mochida et al., 1996; Wiser et al.,
1996; Stanley and Mirotznik, 1997). In this case the influence of
syntaxin was barely detectable. However, there was a clear cut
difference in availability measured with 3 min prepulses in the
same set of oocytes (Fig. 6B), consistent with the action of
syntaxin on slow rather than fast inactivation.

Another perspective on the impact of syntaxin on slow changes
in N-type channel availability is illustrated by comparison of
panels C and D in Figure 6. Inactivation curves were derived by
measuring Iy, after 30-sec-long prepulses in the same set of
oocytes, the only differences residing in the holding potential, and
the direction in which the prepulse level was varied. Figure 6C
shows results obtained with an ascending series of prepulses
(=100 mV up to —20 mV), applied from V;, = —120 mV. In this
case, the effect of syntaxin expression was relatively mild (V,,,
values of —60 in control and —66 mV with syntaxin), but never-
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] Figure 6. Apparent effect of syntaxin on
""""""""""""" Hgg availability of Ca®* channels depends crit-
/:",,— ically on voltage protocol. A, B, Isochronal

availability curves, measured in the same
oocytes with 3 sec (A4) or 3 min (B) depo-
larizing prepulses applied from V},, = —120
mV. Points derived from inactivation
curves (n = 3-7) like those shown in Figure
2. C, Availability of I, derived with 30 sec
prepulses applied from V,, = —120 mV in
ascending order (from —100 mV up to —20
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mV). Control, n = 5; synlA, n = 4. After
each measurement of Iy, , V;, was returned
to —120 mV for 30 sec to restrict any in-
fluence of previously developed inactiva-
tion. Peak I, amplitudes were normalized
by that measured after complete recovery
from inactivation at —120 mV. D, Avail-
ability of I,, derived with a series of de-
scending voltage steps between —20 and
—140 mV, each lasting 30 sec. Control, n =
5;synlA, n = 4. The oocyte membrane was
held for 6 min at —40 mV to allow slow
inactivation to develop before the descend-
ing series of prepulses. Membrane poten-
tial stepped for 20 msec to —80 mV before
test pulses (+2 mV, 50 msec), then stepped
to the following prepulse potential. In the
presence of syntaxin, I, did not recover
completely from inactivation even after the
last prepulse (to —140 mV). Current am-
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theless significant. These data may be compared with the re-
sponse of the same set of cells to a descending series of prepulses
(between —20 and —140 mV) after the membrane potential had
been held for 3 min at I}, = —40 mV (Fig. 6D). I, amplitudes
were normalized by the one measured at —120 mV after complete
recovery from inactivation after prolonged repolarization. Here
the voltage dependence of availability was strikingly different in
control and synlA-expressing oocytes, with midpoint voltages
separated by ~45 mV (V/;,, = —74 mV in control and —120 mV
in syntaxin). The disparity between the voltage displacements—6
mV in panel C and 45 mV in panel D—underscores the difficulty
of achieving “steady-state” inactivation in a system that requires
several minutes or longer to come into equilibrium. The impact of
slow inactivation is evident even under control conditions. In the
absence of syntaxin, ascending and descending protocols yield
quite different values for midpoint voltages and slopes for inacti-
vation curves (Fig. 6C,D). Even with 30 sec prepulses, the previ-
ous history of membrane potential had a very strong impact on
the measurements of availability. The discrepancy in midpoint
voltages in control (14 mV) gave a significant “hysteresis” that
was greatly magnified by the presence of syntaxin (54 mV).

Trains of action potential-like pulses promote the
effect of syntaxin on slow inactivation

The preceding experiments demonstrated that the impact of
syntaxin on channel gating was strongly influenced by changes in
membrane potential over the range of normal resting potentials,
over a time scale of minutes. In addition to continuous depolar-
izations, we also tested the effects of trains of brief depolarizing
pulses, possibly relevant to the impact of syntaxin during repeti-

plitudes were therefore normalized by the
maximal value used in C, measured in the
same oocyte after complete recovery from
inactivation had been achieved at —120 mV.

-80 -60 -40 -20
Vprepulse (MV)

tive action potential firing in nerve terminals (Bergsman and
Tsien, 2000). We observed fast inactivation that developed with a
delay after single depolarizing pulses lasting a few milliseconds,
termed “hidden inactivation” by Patil et al. (1998). Coexpression
of syntaxin had no detectable influence on the time course or
degree of hidden inactivation (data not shown). There was also
no significant effect of syntaxin on the progressive decline in peak
Ca?" channel current during trains of depolarizing pulses lasting
tens of seconds (Fig. 74). Both of these observations were in
concordance with our analysis of the effects of syntaxin on rapid
Ca?" channel inactivation, studied with conventional depolariz-
ing pulses (Fig. 1). A different picture emerged for the slow
inactivation arising from trains of brief depolarizations (Fig. 7B).
Experimental protocols were chosen to focus specifically on
slowly recovering inactivation resulting from repetitive pulsing
(e.g., 2 msec pulses to +10 mV every 10 msec; Fig. 7B). After
pulse trains of various overall durations, the residuum of slow
inactivation was assessed by determination of the Igy/I,,, ratio,
just as in the earlier experiments with steady depolarizations (Fig.
6). We found that trains of brief pulses were significantly more
effective in causing this ratio to decay than steady depolarizations
to the same level (Fig. 7B). This result was particularly striking
because it was the overall train duration that was plotted, not the
cumulative time spent at the depolarized level. It was surprising,
but clear, that pulse trains were more efficient than steady depo-
larization in producing slow inactivation.

Figure 7C shows the effect of coexpressing syntaxin on the
Igy/I,5 ratio and its dependence on pulse train duration. As the
pulse train was extended, the ratio fell to ~0.5 within 2 min in
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Figure 7. Effect of syntaxin on fast and slow inactivation during trains of
brief pulses or continuous depolarizations. 4, Time courses of Iy, inac-
tivation produced by stimulation with repetitive pulses in the absence
(con) and presence of syntaxin (syn). I, was elicited by 70 Hz trains of 5
msec depolarizing pulses from V}, = —80 to +2 mV. Inset, Same data,
plotted on a logarithmic time scale to highlight early changes. Top,
Representative records in the presence and absence of synlA, taken at
the beginning of the stimulus train. B, Comparison between trains of
pulses and continuous depolarization with regard to stabilization of slow
inactivation. Igy/l,,, ratio measured after conditioning stimulation of
variable duration (voltage protocols shown above; see Fig. 5C, legend for
details). Pulses to —40 mV (circles), +10 mV (squares), or 100 Hz trains
of 2 msec pulses from V}, = —80 to +10 mV (triangles). C, Slow inacti-
vation produced by trains of pulses in the absence (open triangles) and
presence of synlA (filled triangles). Exemplar membrane potential and
current recordings are shown above.

the absence of synlA, but required only ~30 sec to undergo the
same decay in its presence. By this reckoning, syntaxin caused a
nearly fourfold acceleration of the kinetics of slow inactivation.

Temperature dependence of syntaxin action

All of the experiments presented so far were performed at room
temperature (23°C) to facilitate long-lasting recordings from the
Xenopus oocytes. However, it was of considerable interest to find
out whether syntaxin effects on Ca®" channel gating could also
be observed at warmer temperatures more relevant to mamma-
lian physiology. We observed a dramatic acceleration of activa-
tion and fast inactivation kinetics at 35°C relative to 25°C (Fig.
8A). For example, at +10 mV, a potential level studied with both
prolonged voltage steps and trains of pulses, the rate of rapid
inactivation was increased with warming from 5.0 = 1.2 sec "' to
21.8 * 2.5 sec ! (Fig. 8B). The speeding of fast inactivation was
in accord with previous results for other voltage-gated ion chan-
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Figure 8. Temperature dependence of fast and slow inactivation and the
influence of syntaxin. 4, Family of Iy, traces elicited by 200 msec test
pulses to levels between —50 and +40 mV, taken at 25°C and 35°C with
no coexpressed synlA. Leak current was subtracted with P/4 algorithm. B,
Initial rate of I, decay during test pulse +10 mV at 25°C (n = 3) or 35°C
(n = 3). C, The initial rate of slow inactivation, gauged by decline of
Igy/1,, during the initial 2 min of stimulation (Figs. 5D, 7B). Comparison
of results at 25°C (open bars) or 35°C ( gray bars), in the absence (con) and
presence of synlA (syn). Stimuli were continuous voltage depolarizations
(“step”, unhatched bars) or repetitive pulses (“train”, hatched bars) (n = 3
oocytes for each condition). D, E, Time course of I, recovery from slow
inactivation, produced by progressive hyperpolarization (voltage protocol
shown above). Recordings taken in the absence and presence of synlA at
25°C (D) and 35°C (E). Slow inactivation had developed at the resting
potential (typically —25 to —15 mV) before the oocyte membrane was
voltage-clamped.

nels. On the other hand, the same increase in temperature failed
to accelerate the development of slow inactivation under any
experimental conditions tested, regardless of whether inactivation
was produced by continuous depolarization or pulse trains and
whether or not syntaxin was coexpressed (Fig. 8C). At 35°C, just
as at 25°C, slow inactivation was favored by the presence of
syntaxin, and repetitive application of brief pulses was more
effective than a continuous depolarization.

Recovery from slow inactivation was strongly affected by warm-
ing from 25°C to 35°C (Fig. 8 D,E). This was studied by applying
incremental hyperpolarizations, first to —80 mV and then to
—120 mV, in the wake of a 6-min-long depolarization to —10 mV.
In general, the increase in temperature tended to destabilize the
slow inactivated state. For example, in control, I5,/I,,, was 0.55 =
0.04 at 35°C, a slight increase relative to 0.36 = 0.025 at 25°C.
Likewise, in the presence of syntaxin, Igy/I,,, was 0.20 = 0.03 at
35°C compared to 0.07 = 0.02 at 25°C. The most striking differ-
ence was seen in the influence of syntaxin on the time course of
recovery from slow inactivation at strongly negative potentials. At
the higher temperature (Fig. 8E), syntaxin enforced a slow phase
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Figure 9. Pretreatment with BONTCI1 decreases effect of syn1A on slow
inactivation. Recovery of I5, from slow inactivation produced by progres-
sive hyperpolarization of V;, to —60 mV and then —80 mV, in the absence
of synl1A (A), or with synlA coexpression (B). Test pulses to +2 mV for
20 msec were applied at 0.1 Hz. Each panel compares recovery without
toxin treatment (control, n = 12; synlA, n = 9) or after previous injection
of oocyte with BoNtC1 light chain (control, n = 9; synlA, n = 9). Slow
inactivation had developed at V,

est*

of recovery that was hardly present, if at all, in its absence (Fig.
8D). In this respect, the relative impact of syntaxin regulation
would be more significant at mammalian physiological
temperature.

Syntaxin effect decreased by pretreatment

with BoNtC1

Botulinum toxin C1 (BoNtC1) is known to cleave syntaxin 1A at
a specific site close to its point of membrane attachment, thereby
removing the intracellular N-terminal segment and leaving little
more than the C-terminal membrane spanning region (Blasi et
al., 1993). This not only eliminates neurotransmitter release but
also impairs interaction with N-type Ca®* channels as studied
biochemically (Sheng et al., 1994). Thus, treatment with BoNtC1
represented a critical test of whether the effect of syntaxin on
Ca?" channel inactivation was specific to the intact protein, in
accordance with previous work.

In most of the experiments, BoNtC1 was introduced by direct
injection into oocytes. The reduced form of the toxin (BoNtC1
light chain) was prepared by incubating the parent molecule with
DTT, made up to a pipette concentration of 100 nm, then injected
into oocytes 3-6 hr before current recordings to achieve a final
concentration of ~1 nM. Recovery from slow inactivation was
studied with a hyperpolarizing staircase protocol (from —60 to
—80 to —120 mV) during the first run after a prolonged period of
membrane depolarization (resting potential between —15 and
—25 mV). In the absence of authentic syntaxin, BoNtCl1 treat-
ment had no significant effect on N-type channel availability (Fig.
9A4), the Iy/I,,, being ~0.4 in both cases. Coexpression of synlA
reduced the Igy/I;,, ratio to 0.09 = 0.03 (n = 4). In this case,
previous intracellular injection of toxin light chain (10 nm) re-
stored the ratio to 0.20 = 0.04 (n = 5), a significant increase. In
contrast, heat-inactivated BoNtCl1 left the ratio unchanged (data
not shown).

The partial reversal of the modulatory effect of syntaxin would
make sense if BONTCI cleaved the bulk of the syntaxin but left
some intact. The small surface-to-volume ratio of the oocytes
precluded a direct determination of the full-length syntaxin that
remained after toxin treatment. Nonetheless, the present exper-
iments provided sufficient encouragement to use BONTCI as a
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Figure 10. PMA modulates effect of synlA on slow inactivation. A, B,
Availability curves, showing recovery from previous inactivation of I, in
the absence (A) and presence of synlA (B), measured with a series of
descending voltage steps every 30 sec (Fig. 6 D). Effect of 10 min pretreat-
ment with 100 nm PMA ( filled symbols) relative to control. Control (n =
11), cont + PMA (n = 7), synlA (n = 5), syn + PMA (n = 3). C, D,
Development of slow inactivation during moderate depolarization of V},
(protocol shown above). Trains of test pulses to +2 mV for 20 msec were
applied at 0.1 Hz. C, Control (n = 8), control + PMA (n = 6); D, synlA
(n = 5), and syn + PMA (n = 5).

tool to look for possible involvement of syntaxin in nerve termi-
nals (Bergsman and Tsien, 2000).

Modulation of syntaxin effect by stimulation of protein
kinase C

Phosphorylation of the “synprint” site on the II-III loop of a, g by
protein kinase C (PKC) or calmodulin-dependent kinase II has
been shown to inhibit binding of syntaxin (Yokoyama et al.,
1997). This prompted us to test whether stimulation of PKC
might interfere with the ability of synl1A to modify N-type chan-
nel inactivation. To stimulate PKC, oocytes were treated with the
phorbol ester PMA for 10 min in Ca®*-containing ND96 me-
dium, then transferred into 5 mm Ba®* recording solution con-
taining PM A for measurements of I,. The analysis described
here was restricted to data acquired within 10-30 min of treat-
ment with PMA, to avoid complex changes in Ca®* channel
behavior, including inhibition and irreversible loss of channel
activity, known to occur during more prolonged exposure to this
agent.

Figure 10 illustrates the effect of PM A on inactivation proper-
ties, both in the absence (A4, C) and presence (B, D) of syntaxin.
Isochronal inactivation curves were measured with 30 sec pre-
pulses to progressively more negative levels, emphasizing the
voltage dependence of recovery from inactivation. PM A caused a
pronounced displacement of the midpoint voltage in the presence
of syntaxin, averaging 20 = 6 mV (Fig. 10B), in considerable
excess of the midpoint shift in the absence of syntaxin, 9.7 + 4.5
mV (Fig. 104). Another way of expressing the effect of PMA is
to focus on the hysteresis between inactivation curves obtained
with prepulses applied in ascending and descending order, which
was greatly enlarged in the presence of syntaxin and largely
restored to control values by PM A (data not shown).
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Figure 10, C and D, illustrates the influence of PMA on the
development of slow inactivation with a depolarization to —80
mV, within the physiological range of membrane potentials. PM A
reduced the mild degree of slow inactivation in the absence of
syntaxin (C), but exerted a much more dramatic effect on the
larger inactivation promoted by syntaxin (D). Once again, stim-
ulation of PKC appears to counteract the inactivation-promoting
influence of syntaxin, over and above any influence of PKC on
inactivation properties in the absence of syntaxin (Stea et al.,
1995).

No effect of lowering cytoplasmic Ca2+ concentration

on the modulatory action of syntaxin

Syntaxin binds to the intracellular II-11I loop of @, in a Ca**-
dependent manner in experiments in vitro (Sheng et al., 1996).
Thus, it was of interest to check whether changes in free intra-
cellular Ca®* concentration ([Ca?"];) might affect syn1A mod-
ulation of Ca®" channel gating. Increases in [Ca*"]; are prob-
lematic in Xenopus oocytes because of large Ca?"-activated
currents. We restricted our experiments, therefore, to changes in
[Ca?"]; below the physiological level by means of buffer injection.
BAPTA (50 mm, 50 nl) was injected preceding the electrophysi-
ological recordings by 10 min up to a few hours. This intervention
failed to produce any significant change in the effect of syntaxin
at the resting membrane potential of the oocyte (assessed with
the first measurement of Igy/I,,, after initiation of voltage-clamp
control). Likewise, we were unable to detect any change in the
kinetics of stabilization of slow inactivation as promoted by syn-
taxin at —40 mV (data not shown). Further experiments would be
needed to determine whether buffering of [Ca?"]; in the range of
20 pwm would alter the modulatory effect of syntaxin.

DISCUSSION

This study provides a detailed description of the kinetic aspects of
syntaxin-mediated modulation of N-type channels, clarifying and
extending the original description of this modulation (Bezproz-
vanny et al., 1995; Wiser et al., 1996). We found that syntaxin
greatly accentuated slow inactivation of N-type Ca** channels
without producing any detectable change in fast inactivation. The
specificity of syntaxin effects for slow inactivation was clearly seen
with either trains of depolarizing pulses or weak depolarizations,
in a range of potentials bracketing the resting potential in neu-
rons. In contrast to slow inactivation, neither rates of decay nor
steady-state properties of fast inactivation were significantly af-
fected by syntaxin at any membrane potential over a wide range.
The analysis delineated biophysical conditions which most clearly
revealed the influence of syntaxin and provided a starting point
for understanding its molecular determinants (Bezprozvanny et
al., 2000). Our experiments also indicated that the modulatory
action of syntaxin could be counteracted by acute treatment with
phorbol esters or by pretreatment with the syntaxin-cleaving
neurotoxin BoNtC1. The demonstrated effectiveness of BoONtC1
sets the stage for using this toxin to test for possible effects of
syntaxin on Ca*" channels in nerve terminals (Bergsman and
Tsien, 2000).

Possible sources of variability in observing

syntaxin modulation

Our results are relevant to apparent discrepancies in the literature
about the possible modulatory effect of syntaxin on high voltage-
activated Ca*" channels in neurons. The inhibitory influence of
syntaxin on Ca®* channels has been observed in experiments in
Xenopus oocytes (Bezprozvanny et al., 1995; Wiser et al., 1996),
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Aplysia neurons (Smirnova et al., 1995), HEK 293 cells (Sutton et
al., 1999), and rat cerebrocortical synaptosomes (Bergsman and
Tsien, 2000). On the other hand, properties of N- or P-type Ca®*
channels were not significantly affected by attempts at disrupting
their interaction with syntaxin in rat superior cervical ganglion
cells subjected to BoNtCl treatment or injection of synprint
peptide (Mochida et al., 1995, 1996), in calyx terminals at chick
ciliary ganglion synapses treated with BoNtC1 (Stanley and Mi-
rotznik, 1997), and in squid giant terminals treated with BoNtC1
or anti-syntaxin antibodies (Marsal et al., 1997; Sugimori et al.,
1998).

Possible explanations for these discrepancies can be suggested
on the basis of this study and the synaptosome experiments of
Bergsman and Tsien (2000). First, finding that the syntaxin mod-
ulation is specific for slow rather than fast inactivation draws
attention to the experimental procedure, which must allow
enough time for the slow inactivated state to develop. Prepulses
of a few seconds, as used in the published studies with negative
findings, might not be long enough to support a significant effect
(Fig. 64). Second, in the case of recordings of N-type currents in
sympathetic neuron cell bodies, it is not clear whether syntaxin
was present in sufficient quantity to generate a significant inhibi-
tion. Third, in nerve terminal preparations where syntaxin is
likely to be abundant, the inhibitory effect might be tonically
prevented by interactions with other synaptic proteins (Umbach
etal., 1998; Nie et al., 1999; Bezprozvanny et al., 2000). Observing
a syntaxin effect might require a sufficient degree of vesicular
turnover (Bergsman and Tsien, 2000). Fourth, some discrepancies
might arise from differences in subunit isotypes or splice variants,
as exemplified by a, -encoded P/Q-type Ca®* channels that lack
the syntaxin-binding synprint motif in their II-III linker (Rettig et
al., 1996) as opposed to other splice variants (Sutton et al., 1999).
In other cases, splice variations may restrict the ability of channels
to visit the slow inactivated state under the existing experimental
protocols. In contrast to the «,zB;a,-based channels that we
studied, the N-type channels in sympathetic neurons and chick
calyx terminals and the P-type channels in squid giant terminals
inactivated relatively slowly, and only with strong depolarizations
(Llinas et al., 1981; Stanley and Cox, 1991; Yawo and Chuhma,
1994). If the possibility of syntaxin modulation were reexamined
in these systems, it would be interesting to apply trains of pulses
to promote hidden inactivation (Patil et al., 1998) because this
seems to be particularly effective in supporting the syntaxin effect
(Fig. 7).

Selective enhancement by syntaxin of particular
aspects of Ca2* channel inactivation

Table 1 summarizes the main points of contrast between fast and
slow inactivation of N-type Ca®* channels. As in earlier work
(Jones and Marks, 1989), these processes were readily distin-
guished by large differences in speed of onset and recovery
(hundreds of milliseconds vs tens of seconds or minutes). Fast and
slow inactivation also showed significantly different steady-state
voltage dependence. Slow inactivation became half-maximal at
considerably more negative membrane potentials (approximately
—65 mV) than fast inactivation (approximately —50 mV) (Fig.
2B). These forms of inactivation also differed in how their rate of
development varied with membrane depolarization. The onset
rate of fast inactivation was a bell-shaped function of membrane
potential (Fig. 1C), whereas the rate of slow inactivation in-
creased monotonically with depolarization, following an
S-shaped function of membrane potential that saturated above
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Table 1. Contrasting properties of fast and slow inactivation of N-type Ca>* channels

Fast inactivation

Slow inactivation

Rapidly developing, rapidly recovering

Less negative voltage midpoint

Rate voltage-dependent over wide range of
membrane potentials

Temperature-dependent

Slowly developing, slowly recovering

More negative voltage midpoint

Rate voltage-independent beyond levels where
fast inactivation is saturated

Onset not intrinsically temperature-dependent;

recovery strongly temperature-dependent

Onset accelerated by repetitive pulsing
Unaffected by syntaxin

Onset accelerated by repetitive pulsing
Strongly promoted by syntaxin

—40 mV (Fig. 5D). Temperature dependence represented yet
another contrast. Fast inactivation was accelerated more than
fourfold with a 10°C increase in temperature, but the limiting rate
of development of slow inactivation was not increased (Fig.
8B,C).

The finding that an agent, syntaxin, can act selectively on a
specific aspect of inactivation gating is novel for Ca®* channels.
Previous descriptions of Ca**-channel blocking actions of dihy-
dropyridines (Bean, 1984), phenylalkylamines (Striessnig et al.,
1998) and w-conotoxins (Stocker et al., 1997) have invoked pref-
erential interactions with inactivated as opposed to resting states
(Hille, 1992), but did not extend the distinction to various forms
of inactivation. Whether these well known blockers actually dis-
criminate between fast and slow inactivated states remains to be
seen. Our experiments suggest that the multiple phases of inac-
tivation of Ca®" channel are not only kinetically distinct, but may
also be differentially coupled to a putative cellular signaling
pathway.

Although slow inactivation is a nearly universal feature of
voltage-gated channels, including Na™ and K™ channels, not
much is known for sure about its molecular nature or the rela-
tionship between fast and slow inactivated states. Slow inactiva-
tion of N-type Ca?* channels is accompanied by a striking
increase in affinity for externally acting w-conotoxins (Stocker et
al., 1997). Useful parallels may be drawn with sodium channels, in
which slow inactivation is influenced by changes in external pore
residues (Balser et al., 1996; Bénitah et al., 1999) and by external
monovalent cations (Townsend and Horn, 1997). Although no
modulatory agent has yet been found to act specifically on slow
inactivation of Na * channels, this process is selectively altered in
disease states such as hyperkalemic periodic paralysis (Cummins
and Sigworth, 1996; Hayward et al., 1999). Thus, in both Na * and
Ca?* channels, modifications in slow inactivation can occur with-
out significant variation in fast inactivation.

It is difficult to delineate the detailed relationship between the
kinetic states that underlie fast and slow inactivation because
transitions between them are electrically silent and must be mon-
itored indirectly. However, our results provided some useful
hints. Slow inactivation reached a saturating rate beyond —40 mV
(Fig. 5), mirroring the steady-state occupancy of the fast inacti-
vated state (1 hr.,), which also follows an S-shaped voltage de-
pendence that reaches maximum above —40 mV (Fig. 6). The
simplest interpretation is that the voltage dependence of slow
inactivation reflects a coupling to the fast inactivated state, whose
occupancy is in quasiequilibrium during the very slow transition
to slow inactivation. The lack of intrinsic voltage dependence and
the temperature independence of the saturating rate would be
consistent with a rate-limiting process that occurs without influ-

ence of the transmembrane potential, for example, the diffusion-
limited arrival of a modifier or subdomain through cytoplasmic or
intramembranous routes. The hypothetical rate-limiting
diffusion-like process could be followed by a rapid binding step
with high temperature dependence. Removal of inactivation
could take place in the opposite order, with dissociation of the
effector as a rate-limiting first step with high temperature depen-
dence (Fig. 8D). Whether or not this particular scenario holds
true, one can readily imagine that steps leading to slow inactiva-
tion might be modulated by syntaxin, which possesses both cyto-
plasmic and intramembranous domains (Bezprozvanny et al.,
2000).

Although fast and slow inactivated states appear to be con-
nected, the link need not be a direct one. The smoothly graded
slowing of the time course of recovery as the conditioning pulse is
prolonged (Fig. 5) raises the possibility of one or more additional
states that support development and recovery from inactivation at
intermediate speeds (Nuss et al., 1996). Intermediate states of
inactivation would help account for an apparent discrepancy
between our results and those of D. Atlas and colleagues (Wiser
et al., 1996), who reported that syntaxin caused a twofold slowing
in the inactivation of N-type channel. We also found that syntaxin
retarded an intermediate phase of inactivation that became ob-
vious at strong depolarizations (Fig. 2, bottom right), although it is
still unclear what this implies for the various forms of inactivation
and their underlying kinetic states.

Functional implications

Two hypotheses, not mutually exclusive, can be put forward for
how the modulatory effect of syntaxin might be functionally
relevant to Ca®" channel activity in situ. The first and more
familiar hypothesis is that syntaxin acts at sites of neurotransmis-
sion, as part of a signaling apparatus linked to the present con-
dition or past history of vesicular turnover (Gundersen and Um-
bach, 1992; Bezprozvanny et al., 1995; Wiser et al., 1996; Nie et
al., 1999). The issue of whether syntaxin affects Ca®* influx in
nerve terminals and how it might depend on the state of the
release machinery will be taken up in a subsequent paper (Bergs-
man and Tsien, 2000).

Another possibility is that syntaxin can act outside the nerve
terminal, independent of its activity as a --SNARE. Syntaxin is
abundantly expressed on neuronal cell bodies and dendrites
(Galli et al., 1995) along with Ca®* channels. Regulation of
somatic or dendritic Ca®* influx would be consistent with the
ability of syntaxin to modulate the activity of other membrane
transport proteins, including the CFTR chloride channel (Naren
et al., 1997, 1998), norepinephrine transporters (Apparsundaram
et al., 1998), and a GABA transporter (Beckman et al., 1998).
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Syntaxin has also been shown to affect neuronal survival, inde-
pendent of its effect on secretion (Osen-Sand et al., 1996; Wil-
liamson and Neale, 1998). Recent experiments suggest that syn-
taxin might be involved in a negative feedback signaling system
involving somatic P/Q-type channels and regulated gene expres-
sion in cerebellar neurons (Sutton et al., 1999).

Clarification of the kinetic aspects of the syntaxin effect is
highly relevant to how such modulation might operate in either
synaptic or extrasynaptic settings. In both cases, the syntaxin-
dependent build-up of slow inactivation could result from steady
depolarizations near the neuronal resting potential or trains of
action-potentials. Syntaxin-dependent slowing of exit from the
slow inactivated state would be particularly striking at physiolog-
ical temperature. The use-dependent inhibition of voltage-gated
Ca?" entry would operate over a time scale of min, a time scale
pertinent to stimuli that evoke long-lasting neuronal modifica-
tions through changes in synaptic or nuclear activity. Spatial
specificity of the modulation might arise from cellular localiza-
tion of syntaxin or of molecules that interfered with its inhibitory
action. These possibilities take on particular interest in light of
recent recordings from presynaptic P-type channels at a calyx
synapse in the brainstem (Forsythe et al., 1998). Trains of brief
pulses or conventional depolarizing pulses produced long-lasting
inactivation of these channels, which required 1-2 min for full
recovery, with clear dependence on divalent cation entry.

Our experiments also provided evidence that activated PKC
can interfere with the ability of syntaxin to promote slow inacti-
vation. These results might be related to the finding that phos-
phorylation of the “synprint” site of Ca®" channel fragments
inhibited their interaction with SNARE proteins (Yokoyama et
al., 1997). In addition to direct phosphorylation of channel sub-
units themselves (Stea et al., 1995), the modulation of syntaxin
effect on Ca®* channels may be a factor contributing to the well
known actions of PKC on Ca?* channel activity (Yang and Tsien,
1993) and neurotransmitter release (Parfitt and Madison, 1993).
It is intriguing to consider that very much as PKC regulates
G-protein inhibition of Ca®* channels on a time scale of milli-
seconds (Swartz, 1993; Zamponi et al., 1997), this protein kinase
might also modulate the inhibitory effect of syntaxin over periods
of many seconds or longer.
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