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Calcium-Sensitive Inactivation in the Gating of Single 
Calcium Channels 

Voltage-activated calcium channels open and close, or gate, according to molecular 
transition rates that are regulated by transmembrane voltage and neurotransmitters. 
Here evidence for the control of gating by calcium was found in electrophysiological 
records of single, L-type calcium channels in heart cells. Conditional open probability 
analysis revealed that calcium entry during the opening of a single channel produces 
alterations in gating transition rates that evolve over the course of hundreds of 
milliseconds. Such alteration of calcium-channel gating by entry of a favored permeant 
ion provides a mechanism for the short-term modulation of single-ion channels. 

C ALCIUM CHANNELS FORM A VITAL 

link in the transduction of extracel- 
lular signals to numerous physiolog- 

ical processes, which include neurotrans- 
mitter release (1) and contraction (2, 3). To 
appreciate how Ca2+ channels function in 
this capacity, a rigorous understanding of 
their gating properties is necessary. Yet fun- 
damental questions about Ca2+-channel 
gating remain unanswered, in large part 
because of the complexities of Ca2+-facili- 
tated inactivation, a prominent feature of 
many Ca2+ channels whereby Ca2+ entry 
through the channel pore appears to speed 
inactivation (4-7). Conflicting viewpoints 
on this property arise from studies of mac- 
roscopic and single-channel Ca2+ currents. 
Macroscopic data hint that gating transition 
rates change slowly according to prior chan- 
nel activity (5) and that elevations of intra- 
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cellular Ca2+ concentrations ([Ca2+],) pre- 
dominate in modulating inactivation (8). In 
contrast, single-channel records have so far 
failed to reved alterations in gating by bursts 
of Ca2+ entry (9) or by tonic elevations of 
[Ca2+ 1, (10). These discrepancies leave open 
elementary questions about the very class of 
gating models and mechanisms required for 
Ca2+-channel gating. This report aims to 
clarify some of these unresolved questions. 

There are differences in the pattern of 
gating that result when Ba2+ substitutes for 
Ca2+ as the charge-carrier through L-type 
Ca2+ channels (Fig. 1) (11). With Ba2+, the 
majority of records containing channel ac- 
tivity exhibit tightly clustered openings that 
often continue to the end of records (Fig. 
1A). The ensemble average of the unit@ 
Ba2+ currents declines very slowly, as ex- 
pected without enhanced inactivation by 
Ca2+ ions (Fig. lA, bottom). Although 
gating is similar when other permeant ions 
such as S?+ (7, 12) or Na+ (13) are used in 
place of Ba2+, a different picture emerges 
when Ca2+ carries the current: not only are 

Fig. 1. Differences in single-channel gating with 
(A) Ba2+ and (B) Ca2+ as charge-carrier. (Top) 
Voltage protocol from holding potential of - 50 
mV. (Center) Representative traces from patches 
with a single Ca2+ channel. Unitary currents were 
low pass-filtered at (A) 2 kHz and (B) 0.8 kHz 
(12). (Bottom) Ensemble average of unitary cur- 
rent records. [(A) patch rle57; (B) patch r2es46.1 

unitary currents (i) smaller (-0.34 versus 
-0.85 PA), but openings occur less fre- 
quently and are rare by the end of each 
record (Fig. 1B). Accordingly, the ensemble 
average is smaller and declines faster (Fig. 
lB, bottom). Although the overall nature of 
single-channel gating is unique with Ca2+ as 
the charge-carrier [but see (14)], these re- 
sults codd be explained by either of two 
schemes: Ca2+ entry could be producing 
slow changes in gating transition rates, as 
macroscopic studies (5 )  suggest; or the en- 
hancement of inactivation might be occur- 
ring almost instantaneously with the passage 
of Ca2+ ions into the channel pore, consis- 
tent with prior single-channel reports (9, 
10). The latter case would yield transition 
rates that appear to be invariant on the time 
scale of pa~ch-clamp~records. 

To distinguish between these possibilities, 
we used conditional open probability analy- 
sis (COPA), developed by Sigworth (15) for 
macroscopic currents.   ere single-channel 
records are used to calculate the conditional 
open probability P,(t, $), defined as the 
chance that a channel is open at time t if it is 
known to be open at time tj  (16). Two 
properties of P,(t, $) are relevant. (i) If rate 
constants remain constant ("homogeneous" 
process) and there is a single open state, 
then the decay of P,(t, 5) with increasing t 
(t 2 $) follows an invariant time course, 
independent of the choice of tj (17). (ii) If 
Ca2+ entry progressively alters rate con- 
stants ("inhomogeneous" process), then the 
decay of P,(t, ti) should evolve with in- 
creasing $. ~ecause a single open state pre- 
dominates here (I@, COPA can distinguish 
between homogeneous and inhomogeneous 
gating of the Ca2+ channel. 
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As a methodological check, COPA was 
performed when Ba2+ was the charge-carri- 
er. Because there is little current-facilitated 
inactivation with Ba2+ (6, 7), gating rate 
constants should be invariant during a main- 
tained voltage step. The simple open prob- 
ability Po is shown for orientation (Fig. 2A, 
trace 0). Traces 1 to 3 plot P,(t, t,) condi- 
tioned on time windows centered at t, of 10, 
50, and 170 ms (bars above Po). The traces 
assume a value of unity at tj (by definition) 
and subsequently decay to a slowly declining 

pedestal at -0.1. The portion of traces 
preceding the peaks indicates the history of 
opening before time t,. The important fea- 
ture is that the decay of Pw(t, t,) (t > t,) 
appears identical in all cases, as Fig. 2B 
confirms. After alignment at t,, traces 1 to 3 
superimpose (top) and difference traces (be- 
low) are flat. COPA therefore shows gating 
to be homogeneous when Ba2+ is the " 
charge-carrier, supporting the validity of our 
analytical approach. 

When Ca2+ supported the ion flux, we 

C 
10 50 170 

D 
-- 1 ' ---- 2' --. 3' 

-- 

Or- 

--=- -- 
Po 0' 

Fig. 2. Conditional open probability analysis with Ba2+ (A and B) and Ca2+ (C and D) as 
charge-carrier. Voltage steps to +20 mV throughout. (A) Trace 0 plots simple open probability, Po, 
with horizontal bars above marking conditioning windows used to calculate conditional open 
probabilities. Traces 1 to 3 plot P,. Po was low pass-filtered at 500 Hz. (Patch rle57.) (B) (Top) 
Superimposition of traces 1 to 3 (from A), after alignment at t, and time base expansion. (Bottom) 
DiEerence traces of superimposed P,. (C) Identical format and conditioning windows as in (A), except 
with CaZ+ as charge carrier. (Patch rles64.1.) (D) Analogous format to (B). Lower three plots: 
Difference traces for P, curves l', 2', and 3' appear as dashed lines; mean difference traces from six 
patches plot the solid curve. Standard deviations are shown, along with sigtuficance levels by two-tailed, 
paired t-test [Double stars (++)I, P < 0.01; single star (+), P < 0.05). (E) (Top) Comparison of P, 
conditioned on first openings with BaZ+ (trace 1) and with Ca2+ (trace 1'). (Bottom) Difference 
between traces 1 and 1' above. (F) Comparison of decay of respective P,(t, 10) with Ba2+ (trace 1) 
and Ca2+ (trace 1'). Traces were low pass-filtered at 100 Hz, and scaled in amplitude to facilitate 
comparison of slow decay phases. 

observed a very different result (Fig. 2C). 
The simple open probability (trace 0') and 
identical conditioning-time windows (hori- 
zontal bars) are shown at top. In this case, 
the decay of Pw(t, t,) from unity (traces 1' to 
3') appears to change with t,. This trend 
becomes obvious after time base expansion 
and alignment of traces at t, (Fig. 2D). 
Comparison of the top set of traces indicates 
that the decay of Pw(t, t,) becomes increas- 
ingly precipitous as t, is delayed, as if a 
history of greater Ca2+ influx before t, favors 
subsequent channel closure. The magnitude 
and consistency of this effect are demon- 
strated by the difference traces below, where 
the solid curve plots the mean from six 
patches. Thus, gating proceeds as an inho- 
mogeneous process when Ca2+ carries 
charge; gating rate constants evolve slowly 
during a depolarization epoch. 

An important question that remains is 
whether gating varies strictly as a function of 
prior openings, or trivially as a h c t i o n  of 
time spent at the activating step potential. 
Either of these explanations is consistent 

1 rns 
Flg. 3. Alterations in conditional open probabil- 
ities in response to different degrees of opening 
before instant of conditioning. (A) Schematic of 
various ways of calculating P,(t, 5). Voltage 
protocol and conditioning windows centered at 
10 and 50 ms are displayed at top. Upper three 
traces illustrate different ways of calculating 
P,(t, 50) according to activity before the condi- 
tioning window. Bottom trace summarizes how 
P,(t, 10) is calculated; because the window at 10 
ms extends to the beginning of the voltage step, 
conditioning occurs on first openings. (B) Super- 
position of various subtypes of P,(t, 50). (C) 
Superimposition of -pa and ew, after alignment 
at 5. (Patch r2es46, with CaZ+ as the charge- 
carr~er.) Confirmatory results in a total of six 
patches. 
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with Fig. 2, but the mechanism of Ca2+- 
facilitated inactivation requires the former to 
be true. We discriminated between these 
possibilities by considering three subtypes 
of P,(t, 5) (Fig. 3). Different sets of con- 
straints can be imposed in the calculation of 
P,(t, tj), where tj  is 50 m [P,(t, 50)] (Fig. 
3A). In the usual method, each time an 
opening appears in the window at 50 ms, 
regardless of preceding activity, that record 
is included in the calculation of this sort of 
P,(t, 50) [Fig. 3A, trace + pa (prior activ- 
ity)]. From Fig. 2, we know that this type of 
P,(t, 50) will decay more quickly than 
P,(t, 10) derived from a window at the 
start of the pulse [Fig. 3A trace ew (early 
window)l. The second and third traces illus- 

, A  

trate alternate ways of calculcating P,(t, 
50): in addition to the requirement for 
openings within the window, we also spec- 
ify that there must be preceding activity 
(trace +pa) or that there must not be pre- 
ceding activity (trace -pa). If rate constants 
vary trivially with time spent at the activat- 
ing potential, all three subtypes of P,(t, 50) 
should decay with the same time course. In 
contradiction, the three subtypes of P,(t, 
50) demonstrate progressively faster decay 
rates as the history of openings is increased 
(decay rates: +pa > +pa > -pa) (Fig. 3B). 
In fact, P,(t, 50) without prior activity 
(-pa) virtually superimposes upon P,(t, 
50) (ew) in Fig. 3C, arguing that, without 
prior openings, gating properties of the 
channel are the same at 50 ms as they were at 
the beginning of the voltage step. 

What characteristic of channel openings 
initiates the change in gating 
The mechanism of Ca2+-facilitated inactiva- 
tion holds that the decisive feature be Ca2+ 
entry into, or through, open channels (4-8). 
Figure 3 supports this view but is also 
consistent with a dependence on channel 
openings per se, with no requirement for 
Ca2+ entrv. We addressed this uncertainty 
by examining the effects of voltage steps to 
the reversal potential (Fig. 4). The steps to 
+20 mV serve as the control (Fig. 4A); as 
expected from Fig. 2, P,(t, 10) (trace 1) 
decays from unity more slowly than does 
P,(t, 110) (trace 2). In Fig. 4B, we applied 
an 80-ms prepulse to + 120 mV [> reversal 
potential (18)], where Ca2+ entry is dimin- 
utive (19) but Po is large, as gauged by Po 
after the prepulse (trace 0'). If Ca2+ entry is 
required to alter gating, then the decay of 
P,(t, 110) (trace 27, conditioned on first 
openings after the prepulse, should be like 
that derived from first openings of a pristine 
channel (Fig. 4A, trace 1). The crucial tests 
are shown in Fig. 4, C and D: after align- 
ment at tj, P,(t, 110) following the pre- 
pulse (trace 2') superimposes upon P,(t, 
10) (Fig. 4C, trace l ) ,  but it declines more 

Fig. 4. No change in con- A 
ditional open probabili- 
ties despiie o@nings at 
the reversal potential. (A) 

1-20 mV 

(Top) Voltage protocol 7 
for -direct st& t o  +20 "in I i n  2 

I i n  . . -  
mV from a iolding po- 
tential of -45 mV. Trace rn 

0: s im~le ooen orobabili- r o  I 
1 1 1  

ty, Po, with horizontal 0.1 1- - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  - - - - -  - 

bars above marking con- 
ditioning windows cen- pmo [v 
tered at 10 and 110 ms. 1 - 
The window at 10 ms ex- 
tends to the beginning of p2 [T7 ' '  
the voltage step. Traces 1 1 - - - - - - - - - - - - - - -  
and 2: Pm(t, t,) derived 
from the conditioning 20ms 20-ms 
windows in (A). (6) C - 2' -..... 1 D --- 2' 2 
(Top) Voltage protocol 
with SO-m prepu~se to 0 1 7  -7 
+ 120 mv; same holding Pm 
potential. Trace 0': Po af- 1 - -  - - - - - - - - - - -  - - - - - - - - - - - - - 

ter prepulse, with hori- I ms I ms 
mntal bar above marking 
conditioning window centered at 110 ms [identical to that in (A)]. Because the window at 110 ms 
extends to the beginning of the period at +20 mV, conditioning occurs on first openings after the 
prepulse. Trace 2': P,(t, 110) based on window above trace 0'. No information is available during 
prepulse because unitary currents are virtually zero. (C) Superposition of traces 2' and 1 after 
alignment at t,. (D) Superposition of traces 2' and 2 after time alignment at conditioning instant. In 
(A) and (B), voltage protocols were alternated at 1.5-s intervals in patch rles62.lb, with CaZf as 
charge-carrier. Confirmatory results in a total of three patches. 

slowly than P,(t, 110) with no prepulse 
(Fig. 4D, trace 2). Thus, gating rate con- 
stants vary with prior Ca2+ entry into, or 
through, bpen chknels; openings per se are 
insutlicient. 

These observations raise several points 
about Ca2+-channel gating. First, our re- 
sults establish that inhomogeneous models 
characterize the gating of cardiac, L-type 
Ca2+ channels when Ca2+ carries charge. 
Paradigms associated with homogeneous 
processes, such as conceptualization of du- 
ration histograms as the sum of exponentials 
(1 7), cannot be entertained without modifi- 
cation. 

Second, the chief effect of Ca2+ entry is 
not to speed inactivation to an absorbing 
state (6),-but rather to favor occupancy of a 
closed state from which the channel can still 
reopen (5) .  Figure 2E shows P,(t, 10) with 
Ba2+ and Ca2+ as charge-carrier (traces 1 
and 1'); the main effect of Ca2+ is to depress 
the pedestal so that once a channel is open, 
it is-much more likely to be subsequt&ly 
closed. Nevertheless, because the smaller 
pedestal with Ca2+ is decidedly nonzero in 
the scaled-up plot of P,(t, 10) (Fig. 2F, 
trace l ' ) ,  reoP.nings continue to ociw for 
hundreds of milliseconds, thereby arguing 
against rapid inactivation to an absorbing 
state. In fact, the rate of absorbing inactiva- 
tion, gauged by the decay of P,(t, 10) 
toward zero (Fig. 2F), is slow and surpris- 
ingly similar with both Ba2+ and Ca2+ as 
charge-carriers (traces 1 and l', respectively, 
after normalization), suggesting that it may 
be strictly voltage-dependent. Facilitation of 

closed-state occupancy may be of physiolog- 
ical advantage: if [Ca2+Ii climbs and then 
plummets during an action potential, occu- 
pancy of a closed state could be reversibly 
increased. In contrast, enhancement of ab- 
sorbing inactivation would preclude such 
reversible regulation. 

Third, if Ca2+ does little to promote 
absorbing inactivation of the channel, what 
underlie; the rapid decay of macroscopic 
Ca2+ currents? Fortunately, the genesis of 
macroscopic Ca2+ current [Z(t)] can still be 
analyzed by the formalism of Aldrich and 
co-workers (20), despite inhomogeneous 
gating: 

where N is channel number, At) is proba- 
bility density of first openings, and * is the 
convolution operator. The expression still 
works because openings must occur before 
alterations in gating begin (Fig. 3), anddt) 
relates to first openings. With Ca2+, P,(t, 0) 
is short-lived (Fig. 2C, - trace 1') relative to 
typical At) (I?, so that Z(t) a Nif(t); hence, 
the decay of macroscopic Ca2+ current paral- 
lels the diminution of first opening rate, At) 
(20). In contrast, P,(t, 0) is long-lived with 
Ba2+ (Fig. 2A, - trace l) ,  so that 
Z(t) NiP,(t, 0); thus, decay of macroscopic 
Ba2+ current likely reflects absorbing inacti- 
vation (Fig. 2F). 

Fourth, slow changes in P,(t, 5) that 
evolve over more than 100 ms (Figs. 2 and 
4) rule out an exclusive role for mechanism 
in which Ca2+ binding to the permeation 
pathway directly modifies gating (21). Al- 
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though analogous theories explain altered 
gating in K + channels (22), Ca2 + binding to 
the permeation pathway would equilibrate 
within microseconds of opening (19)-too 
fast to account for slow changes in P,(t, 5). 
A more plausible mechanism might be 
Ca2 + binding to an intracellular site outside 
the permeation pathway; diffusion (23) 
could then provide the requisite delays. Oth- 
er possibilities include Ca2+ binding to an 
intrapore site with slow kinetics, or [Ca2+Ii- 
mediated phosphorylation or dephosphory- 
lation (24) of the channel or an associated G 
protein (25). In contrast, Ca2+ entry also 
confers some very rapid changes upon gat- 
ing (Fig. 2E). Since P,(t, 5 )  for both 
charge-carriers here arises from first open- 
ings, comparison of the two traces indicates 
how quickly Ca2+ entry alters gating. The 
difference trace below shows that changes in 
gating produced by Ca2+ entry reach a 
quasi-equilibrium within 1 ms, a r p g  
against an exclusive role for the slower 
mechanisms enumerated above. Diffusion 
constraints (23) suggest that Ca2+ inside or 
near the permeation pathway should be 
involved in this rapid effect. It will be im- 
portant to establish whether a common 
mechanistic paradigm for Ca2+-sensitive 
modulation of ga&g is shared among 
Ca2+-channel relatives: L-type and, per- 
haps, N-type Ca2+ channels of vertebrate 
neurons are among the prime candidates. 
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A New Arbovirus from Aedes albopictus, an. Asian 
Mosquito Established in the United States 

Ten strains of a new arbovirus belonging to the Bunyamwera group (Bunyaviridae) 
were recovered from field-collected Aedes albopictus mosquitoes in Potosi, Missouri. 
This evidence indicates that this species may serve as an arbovirus vector in the United 
States. The urban-suburban distribution, aggressive biting behavior, and broad viral 
susceptibility of A e .  albopictus may lead to  the transmission of viruses of known public 
health importance and perhaps of viruses hitherto not transmitted to  humans because 
of the feeding pattern of their usual vectors. 

A EDES A L B O P I C T U S ,  A MOSQUITO SPE- 

cies native to Asia, was discovered 
in Houston, Texas, in 1985 (1). It 

has now been found in 160 counties in 18 
states. This species has previously been 
found in used tires entering the United 
States from Asian ports (2). Importation of 
used tire casings to the United States from 
Asia, primarily Japan, is a major business 
(3). It was therefore hypothesized that Ae. 
albopictus had come to the United States in 
used tire casings. This mode of introduction 
was confirmed in 1986 when larvae of Ae. 
albopictus were found in water-containing 
tires arriving at the port of Seattle from 
Tokyo (4). 

Public health officials are concerned about 
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the establishment of this species in the Unit- 
ed States because it is a documented vector 
of dengue viruses in Asia (5).  This species 
has also been shown experimentally to be a 
vector for a number of arboviruses (6) ;  thus 
it could also become a vector of one or more 
of the indigenous U.S. arboviruses. 

Aedes albopictus is an efficient laboratory 
vector of La Crosse (LAC) virus (7), and 
vertical transmission of LAC in Ae. albopic- 
tus has been shown (8). LAC virus is endem- 
ic in the Great Lakes region and produces 
encephalitis primarily in children under 15 
(9). The vector of LAC virus is Ae. triseria- 
tus, a mosquito which develops primarily in 
deciduous tree holes but which readily uti- 
lizes water-holding man-made containers as 
a larval habitat. Increased risk of human 
LAC encephalitis cases is associated with 
Ae, triseriatus development in man-made 
containers in and near the premises of case 
households (10) and with the numbers of 
potential water-holding containers on case 
premises (11). The fact that Ae. albopictus 
and Ae. triseriatus use similar larval habitats, 
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