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S u m m a r y .  Activation kinetics of single high-threshold inactivat- 
ing (HTI or N-type) calcium channels of cultured dorsal root 
ganglion cells from mouse embryos was studied using a patch- 
clamp method. Calcium channels displayed bursting activity. 
The open-time histogram was single exponential with an almost 
potential-independent mean open time Zop = 1.2 msec. The 
closed-time histogram was multicomponent; at least three of the 
components were associated with the activation process. The 
"fast" exponential component with the potential-independent 
time constant r~ = 0.9 msec included all intraburst gaps, while 
two "slower" ones with potential-dependent time constants r~j 
and ~'~{ described shut times between bursts and between clusters 
of bursts. The burst length histogram was biexponential. The 
"fast" component with a relatively potential-independent time 
constant ~ur = 0.6 msec described short, isolated channel open- 
ings while the "slow" component characterized real bursts with 
a potential-dependent mean life time. The waiting-time histo- 
gram could be fitted by a difference of two exponentials with 
time constants being the same as ~ and r~'[. The data obtained 
were described in the frame of a 4-state sequential model of 
calcium channel activation, in which the first two stages are 
formally attributed to potential-dependent transmembrane trans- 
fer of two charged gating particles accompanying the channel 
transitions between three closed states, and the third one to fast 
conformational changes in channel protein leading to the opening 
of the channel. The rate constants for all transitions were de- 
fined. The validity of the proposed model for both low-threshold 
inactivating (LTI or T-type) and high-threshold noninactivating 
(HTN or L-type) calcium channels is discussed. 
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I n t r o d u c t i o n  

As is known from our early experiments with intra- 
cellular perfusion, the activation of calcium cur- 
rents in snail and mammalian neurons can be well 
described by a modified Hodgkin-Huxley model us- 
ing a square power of the m-variable (Kostyuk, 
Krishtal & Shakhovalov,  1977; Fedulova, Kostyuk 
& Veselovsky, 1981). These data have been con- 
firmed in other laboratories (Byerly & Hagiwara, 

1982; Byerly, Chase & Stimers, 1984). The model 
suggests the presence of two independent equally 
charged gating particles, whose transition along the 
channel axis can be described by first order kinetic 
equations with potential-dependent rate constants. 
This model fits well to the data about stationary 
characteristics and kinetics of asymmetric displace- 
ment currents accompanying the activation of cal- 
cium channels, which may represent the movement  
of the suggested gating particles (Kostyuk, Krishtal 
& Pidoplichko, 1981). However ,  spectrum analysis 
of calcium current fluctuations and direct analysis 
of single calcium channel activity have shown the 
insufficiency of  the proposed model. The data ob- 
tained led to the assumption about the presence of a 
fast potential-independent kinetic stage that pre- 
cedes the open state of the channel (Krishtal, Pido- 
plichko & Shakhovalov,  1980; Fenwick, Marty & 
Neher,  1982; Brown, Tsuda & Wilson, 1983; Hagi- 
wara & Byerly, 1983; Hagiwara & Ohmori, 1983; 
Brown, Lux & Wilson, 1984; Shuba & Savchenko, 
1985). Both approaches to the understanding of ki- 
netic mechanisms of calcium channels are little re- 
lated to each other. Therefore, in the present paper, 
we made a detailed analysis of the activity of single 
high-threshold inactivating (HTI) calcium channels 
on a very convenient object (cultured neurons from 
dorsal root ganglia of  mouse embryos) using a 4- 
state model of  their gating mechanisms 

2 a  a a 

R---~C----~A--~O (1) B 2/3 b 

which is a natural generalization of both ap- 
proaches. In this model c~ and/3 represent potential- 
dependent rate constants for the transitions from 
resting state R into intermediate closed C and acti- 
vated A states; a and b are those for transitions 
between activated A and open O states. A priori one 
would expect four independent rate constants be- 



30 P.G. Kostyuk et al.: Activation Kinetics of Calcium Channels 

tween  R, C and  A states in Eq. (1). Fo r tuna te ly ,  in 
the spirit  of  the modif ied H o d g k i n - H u x l e y  model ,  
the one  p roposed  ma in ta ins  some phys ica l  symme-  
try and  s implici ty  while  still adequate ly  descr ib ing  
m a n y  of  the p h e n o m e n a  obse rved  dur ing the analy-  
sis of  the ca lc ium channe l  gating. 

A theoret ica l  descr ip t ion  of the ma in  s tochast ic  
proper t ies  of the p roposed  simplified model  is g iven 
in the Append ix .  

Materials and Methods  

The main part of experiments was performed on cultured dorsal 
root ganglion (DRG) neurons from 12-14 day-old mouse em- 
bryos using a patch-clamp technique in its cell-attached configu- 
ration (Hamill et al., 1981). The procedure for cell cultivation 
was described in detail by Skibo and Koval (1984). Most cells 
were taken after 5 days in culture for kinetic characterization of 
HTI calcium channels. Neuroblastoma cells of clone NIF-115 
and PC-12 pheochromocytoma cells were used to check the va- 
lidity of the proposed kinetic model for low-threshold inactivat- 
ing (LTI) and high-threshold noninactivating (HTN) calcium 
channels. These cells were cultured as described elsewhere 
(Amano, Richardson & Nirenberg, 1972; Green & Tischler, 
1976). 

To avoid uncertainties in the cell resting potential (Vr) dur- 
ing single-channel recording in the cell-attached configuration, it 
was zeroed by placing the cells into an extracellular solution 
containing a high concentration of K + (raM): 140 K-aspartate, 10 
K-EGTA, 20 HEPES, 5 MgCI2, pH 7.3. Some experiments on 
cultured DRG neurons were, however, carried out on cell cul- 
tures placed in normal Ringer solution (mM): 120 NaCI, 4 KC1, 5 
CaCI2, 2 MgC12, 10 glucose, 10 HEPES, pH 7.3. In this case Vr, 
which according to direct microelectrode measurements and in- 
direct estimations was near -15 mV, was taken into consider- 
ation. This low value of resting potential can be explained by the 
relatively young age of the growth culture when the essential part 
of the cell population is in the stage of bipolar neuroblasts (see 
e.g., Tchuppina, 1981). The low value of Vr for investigated cells 
does not preclude their use in the experiments reported here, 
though according to our observations they are not yet able to 
produce full-sized action potentials. 

During single Ca channel recording, 60 mM Ca 2+ were 
present in the pipette solution as a permeant cation through Ca 
channel. 2 mM MgC12, 40 mM TEA-CI, 10 mM HEPES and 10 6 M 
TTX were also added, and pH was titrated to 7.3 with NaOH. 

It was shown earlier that the somatic membrane of embry- 
onic and early postnatal mammalian sensory neurons includes at 
least two types of calcium channels (Carbone & Lux, 1984; Fe- 
dulova, Kostyuk & Veselovsky, 1985; Nowycky, Fox & Tsien, 
1985; Fox, Nowycky & Tsien, 1987a,b; Kostyuk, Shuba & Sav- 
chenko, 1988). The present work deals with the activity on cul- 
tured DRG neurons of mouse embryos. The membrane patches 
were depolarized from the holding potential level Vh = -65 mV 
(Kostyuk et al., 1988). Experiments were made on eight mem- 
brane patches containing one channel at 20-22~ A conclusion 
about the presence of only one functional channel in each inves- 
tigated patch was made on the basis of the complete absence of 
overlapping openings at all test potentials. 

During single-channel experiments, the patch responses to 
160-msec depolarizing pulses at a rate of 0.25-0.33 Hz were 

recorded after filtration (1 or 2 kHz bandwidth) in an analog form 
on a magnetic tape. After the experiment, the data were digitized 
at a frequency of 10 kHz and stored on computer hard disks. The 
channel openings and closings were detected as crossings of the 
line set at a half distance between zero current line and a level 
corresponding to the average open-channel amplitude. Accord- 
ing to this, real current records were transformed into ideal form 
by setting all intermediate amplitudes to the level of zero current 
line or to the level of average open-channel amplitude. With half- 
amplitude threshold, the "dead time" td (maximal pulse duration 
in which current amplitude does not reach the threshold) equals 
0.09 msec for frequency bandwidth Af = 2 kHz and 0.18 msec 
for A f =  1 kHz. In common case td is related to Afas tj = 0.183/ 
Af (Colquhoun & Sigworth, 1983). The fitting of different time 
histograms to theoretical probability density functions (PDFs) 
for corresponding distributions was performed according to 
Brown et al. (1984). Because of insufficient analog and digital 
compensation of capacitative artifacts during data processing, 
we omitted the initial 1-2 msec from the beginning of real depo- 
larization. This could not influence most of the measured histo- 
grams. However, upon determination of waiting-time histo- 
grams, the error could be significant. To minimize its possible 
effect, in each case the necessary shift corresponding to the 
duration of the initial distorted part of current event was intro- 
duced in the resulting histograms. 

Results 

After  fo rma t ion  of a giga-seal be t w e e n  the pipet te  
tip and  the m e m b r a n e  surface of cu l tured  mouse  
D RG  n e u r o n s ,  un i ta ry  cu r ren t  pulses  represen t ing  
ca lc ium inward  fluxes could be obse rved  in 60-70% 
of the inves t iga ted  cells in r e sponse  to depolar iza-  
t ion of the m e m b r a n e  patch  f rom holding potent ia l  
level  Vh = --65 mV (Fig. 1). The  pulses  appeared  in 
test  potent ia l  range  Vt = - 1 5  to +35 mV with a 
un i ta ry  ampl i tude  of  0 .6 -0 .3  p A  that  co r responds  to 
the slope c o n d u c t a n c e  of 7 -+ 0.4 pS. At larger depo- 
lar izat ions ,  the cu r ren t  pulse  ampl i tude  decreased  
too m u c h  to be re l iably  resolved.  The  pulses  t ended  
to appear  in burs t s ,  as was a l ready shown  in pre- 
vious m e a s u r e m e n t s  of  ca lc ium channe l  activity.  
We a t t r ibute  the act ivi ty  obse rved  to the funct ion-  
ing of H T I  ca lc ium channe l s  in D R G  neurons  of 
mouse  embryos .  The  fol lowing a rgumen t s  are in fa- 
vor  of this: (i) the obse rved  act ivi ty  appears  in the 
potent ia l  range  character is t ic  for this type  of chan-  
nel  ( N o w y c k y  et al., 1985; Fox  et al. ,  1987a,b; Kos-  
tyuk  et al., 1988); (ii) ac t iva t ion  of  H T I  channe l  is 
the mos t  f r equen t  with Ca 2+ as a charge carr ier  
( K o s t y u k  et al., 1988); (iii) after  c o m p u t e r  idealiza- 
t ion of s ing le -channe l  recordings  and  their  subse-  
quen t  averaging,  the cu r r en t  wave  forms obta ined  
de mons t r a t e  p r o m i n e n t  inac t iva t ion ,  which  resem-  
bles macroscop ic  H T I  cur ren t s  recorded  from the 
whole-cel l  m e m b r a n e  (see Fig. 1); (iv) we did not  
find any  dif ference in un i t a ry  cu r ren t  ampl i tude  at 
high depola r iza t ions  for different  pa tches ;  conduc-  
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Fig, 1. [nward currents through a single 
high-threshold calcium channel in mouse 
sensory neuron membrane in response to 6 
successive depolarizations for each potential. 
The records were obtained in the cell-attached 
configuration with 60 mM Ca as a charge 
carrier in the pipette. Lower traces: averages 
of 46, 52 and 64 idealized current records for 
test potentials -5 ,  5 and 15 inV. 
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Fig. 2. Kinetic characteristics of single calcium channel functioning. (A) Open time, (B) closed time and (C) burst length histograms at 
three membrane potentials (indicated on the left) and their approximations by single (A,B) and biexponential (C) curves. N = number 
of events. Arrows in (B) indicate a part of the histogram used for approximation. The corresponding time constants are indicated near 
the histograms. Bin width for (A), (B) and (C) is 0.3, 0.2 and 0.5 msec, respectively. In this and subsequent figures, the last bin of the 
histograms contains all the rest of the events up to 100 msec. The figures near the last bin in (B) and first bin in (C) are equal to the 
quantity of events contained in these bins. 

tance of the observed type of calcium channels is 
close to that of the HTI channel obtained on the 
same preparation if 60 mM Sr 2§ was used as a 
charge carrier (Kostyuk et al., 1988); (v) distribu- 
tion of open times for all test potentials and all in- 
vestigated patches was monoexponential with a 

practically potential-independent time. constant, 
which is in agreement with previous observations 
for HTI channels (Kostyuk et al., 1988). 

Figure 2 presents histograms for channel life 
times in different states and their approximations by 
single or double exponential functions using the 
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Fig. 3. Potential dependence of  kinetic parameters of  single cal- 
cium channel functioning. (A) Mean open time (Zop), (B) mean 
time of  intraburst gaps (~~l), (C) " fas t "  component  of  the burst 
length (Z{,r) and (D) " s l ow"  component  of  the burst length (~~,,0. 
Solid lines in A and B indicate the corresponding mean value for 
all test potentials; dashed line in C indicates the result of  calcula- 
tion according to Eq. (A9). 

least-squares method. The open-time histograms 
(Fig. 2A) were monoexponential for all test poten- 
tials with only slightly potential-dependent mean 
open time Zop = 1.2 msec (Fig. 3A). The closed-time 
histograms had a more complicated form (Fig. 2B). 
Most events fell on its initial part (0-2 msec) fol- 
lowed by a low-amplitude "tail" lasting up to 100 
msec. Such distribution was observed at all test po- 
tentials. The "fast"  component of this distribution 
could be successfully fitted by a single exponential 
function with time constant ZYc] = 0.9 msec. As can 
be seen from Fig. 3B, the latter was practically inde- 
pendent of test potential. 

The open-time histogram (Fig. 2A) and the 
"fast"  component of the closed-time histogram 
(Fig. 2B) evidently represent potential-independent 
conformational transitions of the channel between 

a 

closed, activated and open states (transitions A --~ 

O), which produce its "flickering" during bursts. 
These transitions do not involve charge movement, 
but only local transformations of the channel gating 
mechanism. 

Small contribution of the "s low" t~/il to the 
overall closed-time histogram indicates a signifi- 
cantly higher number of gaps during the burst than 
that of interburst closed times. As such channel be- 
havior was observed at all test potentials, we used a 

Table 1. Mean values of  the constants a ~, b ~, a -~,/3 t, 7~1 and 
z~f in msec for different potentials 

V (mY) a -[ b ] a - i  /3-1 z~l z~ 

- 15 1.0 I. 14 25.0 3.6 2.92 122.0 
- 5  0.9 1.16 14.0 5.6 2.74 35.7 

5 0.82 1.24 11.3 8.2 2.6 22.0 
15 0.86 1.22 6.6 11.1 2.27 9.6 
25 0.82 1.24 5.4 18.9 2.17 6.7 

simple procedure for the identification of bursts by 
choosing a characteristic time interval, which 
would include all intraburst channel closures. Pro- 
ceeding from the experimentally obtained closed- 
time histograms, this interval could be O -< t -< 3zf~ 
(Magleby & Pallotta, 1983). All channel closures, 
which fell on this interval during identification of 
bursts, were considered as intraburst gaps and were 
neglected. Figure 2B presents histograms for burst 
durations obtained in such a way. They could be 
fitted by two exponentials--a "fast ,"  practically 
potential-independent one with a time constant Z~ur 
of about 0.6 msec (Fig. 3C) and a "slow" one with a 
time constant ?~,ur increasing from 4 msec at Vt = 
-15  mV to 20 msec at Vt -- 25 mV (Fig. 3D). The 
"fast" component corresponds to short single 
openings of the channel not included in bursts, 
while the "s low" one reflects the distribution of 
real bursts. Physically the "fast"  component repre- 
sents the process of reaching an equilibrium be- 
tween activated (A) and open (O) states of the chan- 
nel, and the "s low" one the exponential decay of 
the total state A O  = A + O,  To understand a some- 
what conflicting result z{,r < Zop, one can consider 
two boundary situations. In the first case, when ~-.p 

z{i (or 'rfl/'rop ~ ~ )  according to Eqs. (A7) and 
(A8) Zs ~ Zop, Z~.r --+ 1/2/3 and a~ur ~ 2fi'r2op/~'fl 
0. Thus, most of events will be out of the bursts and 
the histogram of burst durations will approach the 
open-state histogram. In the second case, when 'top 
>> zfl (or 'rop/'r f] ~ oo), according to Eq. (A7) ~'{,r 
r{l and 'rf, ur --~ 'rop/2~'r{l ~ ~ .  Experimentally, in the 
latter situation, practically all channel openings will 
be included in bursts and only those openings 
whose duration is less than 7{~ will be mostly out of 
bursts, contributing to the "fast"  component of 
burst-length histogram. Thus, in general, it will al- 
ways be 'l'~ur < min{zop, z{i}. Similar relations be- 
tween time constants were observed by Brown et 
al. (1984). 

The experimentally obtained values Zop, zf] and 
rf, ur were used for determination of the constants b, 
a and/3 in the proposed model (Table 1). The corre- 
sponding expressions Eqs. (A5), (A9) and (A10) are 
given in the Appendix. 
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Fig. 4. Waiting-time histograms at different membrane poten- 
tials (indicated on the left) and their approximations by Eq. 
(A23). N = number of events. Bin width is 2.8, 2.8, 2.4, 2.0 and 
1.8 msec for test potentials -15,  -5 ,  5, 15 and 25 mV, respec- 
tively. 

To identify c~, the waiting-time histograms for 
the first channel opening were analyzed. These his- 
tograms, with sufficient accuracy, should be de- 
scribed in the proposed model by Eq. (A13) (see 
Appendix). As can be seen from Fig. 4, the waiting- 
time histograms had a maximum, which shifted to 
shorter time intervals with increasing depolariza- 
tion. The amplitude and position of the maximum 
are very sensitive to the changes in c~ and/3 values 
in Eq. (A13). This makes this probability density 
function (PDF) very convenient for such identifica- 
tion. The approximation of the waiting-time histo- 
grams by Eq. (A13) is also presented in Fig. 4. The 
values for each test potential were determined using 
least square deviations between theoretical curves 
and experimental histograms, and the/3 values inde- 
pendently from the already known values of Top, ~'fl 
and ~'~ur according to Eq. (A10). The obtained ki- 
netic constants are summarized in Table 1. 

Table 2. Comparison of experimental and theoretical values for 
relative contribution of "s low" and "very slow" potential-de- 
pendent components to the total closed-time distribution at dif- 
ferent potentials 

V (mV) Theory Experiment 

A~r A~i ~ A~tb AVtSb 

- 5  0.03 0.014 0.1 0.008 
5 0.012 0.01 0.029 0.004 

15 0.011 0.03 0.06 0.01 

Thus, the complete set of rate constants deter- 
mining the behavior of a single calcium channel was 
obtained in the frame of the model (Eq. (I)). To test 
the adequacy of such a description of the kinetic 
characteristics of the calcium channel, a compari- 
son was made between the experimentally obtained 
closed-time distributions and theoretical ones cal- 
culated according to Eq. (AI2). The relative ampli- 
tudes A~ and A~] ~ of the "s low" and "very slow" 
components of the closed-time histogram were de- 
fined by using Eq. (A14) with the experimental val- 
ues of a,/3~'~1 and ~.~s (the latter two were determined 
from the waiting-time histograms). The time con- 
stant ~-{~ and the amplitude of the "fast"  component 
of the closed-time distribution inversely propor- 
tional to it (see Eq. (A12)) were determined by least 
square deviations between experimental and theo- 
retical histograms. The results of this comparison 
are presented in Fig. 5A. The figure shows satisfac- 
tory agreement between the theoretical and experi- 
mental curves, thus supporting the possibility to use 
the proposed model for description of the kinetic 
behavior of single calcium channels. The values of 
~-{~ calculated for test potentials -5 ,  5 and 15 mV 
were 1.12, 0.98 and 1.00 msec, respectively, being 
close to those obtained from direct fitting of the 
"fast" component of the closed-time distribution by 
least squares fit procedure (see Fig. 2B), thus indi- 
cating that the error made during burst identifica- 
tion was not large. 

Figure 5B presents the histograms of interburst 
time intervals and the results of their approximation 
by two exponents using least squares fit procedure. 
The values of ~itb and ~'i% (in msec) obtained for test 
potentials -5 ,  5 and 15 mV were as follows: 2.9 and 
37.2, 2.5 and 22.5, and 2.2 and 12.8, respectively. 

s o s  They are very close to the time constants rc~ and ~-c~ 
calculated independently from the waiting-time his- 
tograms (see Fig. 4 and Table 1). 

Table 2 compares the values of amplitude ratios 
A~I and A~f calculated from Eq. (A14), and the cor- 
responding values A~tb and A~t~, obtained experimen- 
tally as the ratios of the amplitudes of two exponen- 
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Fig. 5. (A) Closed time and (B) interburst shut 
time histograms at three membrane potentials 
(indicated on the left). N = number of events. 
(A) Bin width 0.5 msec, continuous lines = 
results of calculations according to Eq. (A22); 
(B) bin width 2 msec, continuous lines = 
results of biexponential fitting using least 
squares procedure. Corresponding time 
constants are in text. 

tial components of the interburst closed times 
distribution (Fig. 5B) to the amplitude of the "fast"  
exponential component of total closed times distri- 
bution (Fig. 2B). The difference in bin size of the 
corresponding histograms was taken into account. 
It can be seen that the theory gives a two to four 
times lower value for the "s low" component (ASl 
and two to three times higher value for the "very 
slow" component (A~{) as compared to experimen- 
tal values AStb and Ai~ This discrepancy between 
theoretical and experimental evaluation of the rela- 
tive contribution of different components to the 
overall closed-time histogram is not very large. It 
may be due to both inaccurate experimental mea- 
surements and to the approximate nature of Eqs. 
(A12)-(A 15) compared with precise solutions of the 
system (A11). 

The adequacy of the model (Eq. (1)) for other 
types of calcium channels was tested on LTI chan- 
nels of neuroblastoma cells and HTN channels of 
PC-I2 pheochromocytoma cells. The whole proce- 
dure of data fitting described above for HTI calcium 
channels of DRG neurons of mouse embryos was 
used. In general, this model was found to fit well to 
the data on LTI calcium channel activation, in com- 
parison with HTI calcium channels, the only differ- 
ence found are the potential dependence and the 

absolute values of mean channel open time. For 
LTI channels, it decreases from 0.8 to 0.3 msec as 
depolarization increases from -40 to 0 mV. Similar 
behavior of LTI calcium channel mean open time 
was observed for all divalent charge carriers. In 
contrast, permeant divalent ion species affected es- 
sentially the potential dependence of rate constants 
for the first two kinetic stages of the activation pro- 
cess that formally can be attributed to the trans- 
membrane movement of gating particles. 

A remarkable feature of activation kinetics for 
the HTN channel of PC-12 pheochromocytoma 
cells was the biexponential distribution of its open 
times. This indicates the presence of two open 
states for this channel with different life times. They 
were of the order of 0.5-0.2 msec and 1.8-2 msec 
for short and long lived states, respectively. A simi- 
lar result was obtained for HTN calcium channels 
of bovine chromaffin cells (Hoshi & Smith, 1987). 
Indirect data in favor of the presence of two con- 
ducting states in the same preparation was obtained 
on the whole-cell level by Fenwick et al. (1982). The 
inadequacy of fitting open-time histograms of HTN 
calcium channels with single exponentials was also 
pointed out for DRG neurons of mouse embryos 
(Kostyuk et al., 1988). At the same time, our experi- 
ments on pheochromocytoma cells (Shuba & 
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Lyubanova, 1988) showed that the formalism of the 
model (Eq. (1)) describing the channel transition 
into activated state A through the Hodgkin-Huxley 
m 2 process can also be valid for HTN channels. 

Discussion 

Our analysis of the activity of HTI calcium channels 
in the membrane of mammalian sensory neurons 
confirms the possibility of an adequate description 
of the main experimental findings in the framework 
of a 4-state sequential kinetic model. This model 
has solved all difficulties that have arisen earlier 
during the analysis of a 3-state model. An important 
feature of the new model is the description of the 
closed-time histogram by the sum of three (not two) 
exponential components. The first "fast"  compo- 
nent mainly reflects a potential-independent transi- 

a 

tion A ~ O with sufficient accuracy, while the two 
slower ones ("slow" and "very slow") reflect a 
potential-dependent transfer of charged gating par- 
ticles. These three closed-time distribution compo- 
nents can be reliably detected in original current 
records, in which the "fast"  one (mean time con- 
stant 0.9 msec) represents transient channel closing 
during a single burst of activity. Several bursts, in 
turn, aggregate into clusters with a mean intraclus- 
ter closed time of about 3 msec. This "clustering" 
can be especially well observed at low depolariza- 
tions. Finally, closed intervals between clusters 
form the third "very slow" component of the total 
shut times distribution. Similar relations between 
different closed times were observed by Cavalie, 
Pelzer and Trautwein (1986) on single calcium chan- 
nels in the membrane of isolated cardiomyocytes. 

Drawing the conclusion about virtual potential 
independence of the last kinetic stage in the model 
(Eq. (1)), the limitations derived from the limited 
resolution of the recording system and the proce- 
dure of data processing should be taken into ac- 
count. Using the data of Blatz and Magleby (1986), 
it is possible to show that in approximations (Eq. 
(A1)) and td ~ ~'op, ~'fl, which are true for calcium 
channels and our recording conditions, real mean 
channel open time Top and real mean intraburst shut 
time Tf~ are related to measured times ~op and ~-{~ as 
follows 1/b  = Top ~ ~-op(1 - t~/~-s 1/a  = Tf~ -~ ~'f~(1 
- td/'rop). These expressions show that the consider- 
ation of td leads to a decrease of absolute values of 
mean channel open time by about 10% leaving it still 
potential independent, while Tfl will fall from 0.91 
msec at -25 mV to 0.73 msec for + 15 mV (data 
from Fig. 2). Thus, the conclusion about weak po- 
tential dependence of rate constants a and b for HTI 
channels seems to be correct. 

As was already mentioned, contribution of the 
potential-dependent components to the overall 
closed-time distribution is negligible as compared 
with the "fast"  potential-independent one ( s e e  Ta- 
ble 2); it does not change much with the changes in 
test potential. This conclusion fits well with the ex- 
perimental data. In this respect, it should be noted 
that relations between the amplitudes of the poten- 
tial-dependent and potential-independent compo- 
nents of the closed-time histogram observed by Ha- 
giwara and Ohmori (1983) changed from 0.07 to 0.4 
for a 25-mV depolarization; these conflicting results 
may be due to the presence in their experiments 
of several calcium channels in membrane 
patch. 

Figure 5A shows that despite the theoretical 
probability density functions describe correctly the 
main amount of events in the closed-time histo- 
grams (-96%), still a small part of them (-4%) form 
an "extraslow" tail that cannot be described by Eq. 
(A12). Most probably, this tail is due to inactivation 
of a calcium channel. The presence of this process 
in the investigated test potential range can be shown 
by average current records as in Fig. 1; a definite 
decrease in the current amplitude can be seen after 
the latter reaches its maximum value. In our calcu- 
lations, the identification of potential-dependent 
rate constants ~ and/3 was based on the histograms 
of burst duration and waiting times to the first chan- 
nel opening. These histograms are least affected by 
the inactivation process. Due to this fact, we could 
avoid distortions of the results describing activation 
of the calcium channel by superposition of inactiva- 
tion. An extention of the model to include inacti- 
vated channel states seems to be premature now 
because of insufficient experimental data about in- 
activation kinetics of single calcium channels. 

The presented determination of the rate con- 
stants o~ and/3 responsible for the initial two stages 
of channel activation seems to be quite rigorous. 
Therefore, it would be desirable to evaluate the de- 
gree of their potential dependence. Figure 6 
presents in a semilogarithmic scale the mean values 
of ~ and/3 at five different test potentials. They fall 
on straight lines having semilogarithmic slopes of 
about + 1.1 and -1.1. Thus, the potential depen- 
dence of a(V) and /3(V) rate constants is, as ex- 
pected, of an exponential type. The logarithm of the 
relation o~(V) / /3 (V)  has a slope of 2.2 representing 
the effective valency of a postulated single gating 
m-particle in case of its transmembrane transition 
during channel activation. Similar values (2.4-2.9) 
have been obtained in this analysis of the asymmet- 
ric displacement currents related to calcium chan- 
nel activation in nerve cell membrane (Kostyuk et 
al., 1981). 
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Fig. 6. Potential dependence of the rate constants ~ and/3. 

In conclusion, we may relate the calculated rate 
constants o~(V) and/3(V) to the time constants ~'m(V) 
and ~'tail(V) of macroscopic current relaxation ob- 
tained during membrane depolarization (m-process) 
and repolarization ("tail"-process). At large depo- 
larizations, the proposed model corresponds ex- 
actly to the modified Hodgkin-Huxley equations for 
calcium channel activation using the square power 
o f  the m-variable. Under these conditions/~(V) 
a(V) ~ a,b and the following relation holds a-~(V) 

"Cm(V). Consequently, when the test potential is 
shifted to more positive values, the value of "Cm(V) 
must decrease exponentially from 6.7 msec at V, = 
15 mV to 2.8 msec at Vt = 35 mV (see Fig. 6). 
Similar voltage dependence of ~'m(V) was obtained 
by Kostyuk et al. (1981) during their study of the 
calcium current kinetics in the membrane of snail 
neurons. During repolarization, the time constant of 
the calcium tail current ('rta~,(V)) must practically co- 
incide with the life time of the single channel burst 
(~'~ur(V)). At small repolarization potentials, when 
offV) ~ B(V) ~ a,b the value of ~'t~l(g) ~ (a + b)/ 
2b/~(V). Thus, during repolarization of the mem- 
brane to these potentials, ~'t~i~ values must decrease 
exponentially (see Fig. 6); however, at very high 
negative potentials, when c~(V) ~ a,b ~ B(V) this 
decrease should be limited and Ttail should theoreti- 
cally become equal to the mean open life time of the 
channel ' / ' t a i l  ~ b-t. Qualitatively, such a voltage de- 
pendence of ~'tai~(V) has been recently observed by 
Veselovsky et al. (1985). A more detailed quantita- 
tive analysis of the voltage dependence of Ttail(r ) is 
now in progress. 
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Appendix 

Analysis of the Stochastic Properties of a 4-State 
Model for Calcium Channel Activation 

The general approach to the analysis of such models has been 
formulated by Colquhoun and Hawkes (1981). In the present 
paper, we developed a clearer formalism to obtain probability 
density functions (PDFs) that will describe experimental distri- 
butions of the channel life times in different conductance states 
without using numerical methods. Characteristically, for calcium 
channel approximation 

a,b >> e~,/3 (AI) 

this formalism leads to simplified analytically tractable solutions, 
which can be directly used for independent identification of four 
different rate constants a,/3, a and b introduced in the frame of 
the proposed model (Eq. (1)). 

P D F s  FOR DISTRIBUTIONS OF BURST DURATIONS 

Pbur(t) AND OPEN L I F E  TIMES Pop(t)  

The approximation (Eq. (A1)) reflects the bursting nature of cal- 
cium channel activity based on channel transitions between 
states O and A. The problem Of Pbur(t) determination corresponds 
to the analysis of the evolution of probabilities of the channel 
Qo(t) and QA(t) from the states O andA into the state C. It can be 
described by the system of two kinetic equations with the initial 
conditions Qo(O) = I, QA(O) = 0 (Colquhoun & Hawkes, 1981). 

Experimentally, the burst duration is usually measured as 
the interval between the beginning of the first current pulse in the 
burst and the end of the last one (so-called "apparent"  duration, 
which differs from the " t rue"  duration, see Colquhoun and 
Hawkes (1981)). Thus, Pbur(t) = - d / d t  Qo(t) and after simple 
calculations we can find 

Pb~r(t) = [Sl(b - S2)e -s~t + S2(SI - b)e-Szt](S~S2) -I (A2) 

where 

S~ = �89 + b + 2/3 -+ [(a + b + 2/3) 2 - 8b/3] 1/2} (A3) 

are the roots of the characteristic equation (Colquhoun & 
Hawkes, 1981). 

To determine Pop(t),  it is necessary and sufficient to assume 
a = 0 in Eqs. (A2) and (A3). In this case, we obtain the usual 
expression of PDF for distribution of channel open life times 

1 
Pop(t) = - -  e -'n~ (A4) 

Top 

where 

"top = 1/b (A5) 

is the mean life time of the channel in the open state. The Eqs. 
(A4) and (A5) identify uniquely the rate constant b in the model 
(Eq. (1)). 

For practical purposes, it is sufficient to transform the exact 
Eqs. (A2) and (A3) into an approximate form taking into account 
Eq. (AI). In this case, we obtain simplified expressions, which 
can be used for identification of the rate constants a and/3: 

Pbor(t) ~ - -  [e '/r + A;~ '/r (A6) 
%p 

where 

• <, = [ "  + <, =  opE2 <,1-, (A7) 

are the " fas t"  ( f )  and "s low" (s) characteristic times of the 
decay of channel bursting, 



38 

Af~ur = 2/3[rls i (A8) 

is the ratio of the amplitudes of the "s low" and "fast" compo- 
nents, 

rf[ = l/a (A9) 

is the characteristic time for the process of "fast" return of the 
channel from the closed state into the open one and 

11/3 = 2r~urrf([rop + rfi] -' (al0) 

corresponds to the mean life time of the gating particle in an 
activated state. 

P D F s  FOR DISTRIBUTIONS OF CHANNEL LIFE 

TIMES IN CLOSED STATE P~l(t) AND WAITING 

TIMES UNTIL ITS FIRST OPENING P~at(t) 

This problem corresponds to the analysis of the decay of the 
probabilities QR(t), Qc(t) and Qa(t) of the channel being in closed 
states R, C and A into its open state O. Such decay can be 
described by the following system of equations 

{ d~d QR(t) =/3Q~(t) - 2aQR(t) 

-~d Q~(t) = 2aQR(t) + 2/3Qa(t) - (~ + /3)Qc(t) 

QA(t) = c~Q~(t) - (a + 2r ) 

(All) 

with different initial conditions being QA(O) = 1, Qc(O) = QR(O) 
= 0, for definition of P~l(t) = -d/dt[QR(t) + Qc(t) + QA(I)] = 
aQA(t) and QR(O) = I, Qc(O) = Qa(O) = 0 for the calculation of 
Plat(t) = aQa(t). 

Strict analysis of the exact solution of the system (Eq. 
(A11)) is difficult. Fortunately, an approximation (Eq. (A1)) al- 
lows us to obtain the roots of the characteristic equation for the 
system Eq. (All)) in an obvious form: kl = I/rYr ~ a (see Eq. 
(A9)), k2 = 1/r~l" ~ ~[3~' +/3 + (o: z + 6o~/3 + f12)f/2], k.~ = 1/%1~" ~ ~[3a' 
+ /3 - (~2 + 6c~/3 + /32)I/2]. This leads to the following approxi- 
mate expressions, which are sufficiently accurate to be used for 
independent identification of the rate constant a and a: 
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1 
Pet(t) = r~--~ [e-'/'(I + A~le ,/~'~ + A~fe_,/~.i] ' 

Plat(t) = (rVc~ - r~cO[e -v'~ - e -'/~'oI] 

(A12) 

(A13) 

where we introduced 

2[Br~l]Zr~ 2[Br ~,]zr~l 

( T c l  s us ~ - r~l)(2wr~l - 1) ('r~ - r~l)(1 - 2~'r~l) 

(A14) 

the ratios of the amplitudes of the "s low" (s) and "very slow" 
(vs) components to the amplitude of the "fast" component in 
&j(t)  (r~ > r'~, > ~{,), 

1/a = (2r~ir~) la (A15) 

characterizes the mean life time of the gating particle in the 
resting state. 

Comparison of the expressions for open time Pop(t) (Eq. 
(A4)), burst length Pbur(t) (Eq. (A6)), closed time Pcl(t) (Eq. 
(A12)) and waiting time Plat(t) (Eq. (A13)) PDFs with the corre- 
sponding histograms obtained experimentally at different mem- 
brane potentials allows us to determine the time constants top(V) 
(Eq. (A5)), rfj(v) (Eq. (Ag)), 1/a(V) (Eq. (AI0)) and I//3(V) (Eq. 
(A15)) and, thus to identify a complete set of rate constants 
introduced in the frame &simplified model (Eq. (1) and (A1)) for 
calcium channel activation. 

In conclusion, it should be mentioned that the PDFs Pbur(t), 
Pa(t) and P~a(t) for the channel with three closed states differ 
substantially from those of a channel model with two closed 
states. For example, the closed time PDF Pc~(t) for the model 
(Eq. (1)) is described by the sum of three exponentials in contrast 
to two exponentials for the three-state sequential model 
(Fenwick et al., 1982; Hagiwara & Ohmori, 1983; Brown et al., 
1984); the PDF Plat(t) in the approximation (Eq. (A1)) contains 
the difference between "very slow" and "slow" exponents as 
was expected from the modified Hodgkin-Huxley model, but not 
the difference between "slow" and "fast"  ones as in the mode/ 
analyzed by Brown et al. (1984); the amplitude of the "fast" 
component in the burst length PDF Pbur(t) exceeds largely the 
amplitude of the "slow" component, whereas Hagiwara and 
Ohmori (1983) and Brown et al., (1984) present expressions in 
which both amplitudes are close to each other. These differences 

�9 can be used for critical evaluation of different simplified models 
of calcium channel activation as well as for choosing the approxi- 
mate model for the analysis of gating mechanisms of other ion 
channels with bursting activity. 


