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ABSTRACT It is often assumed that ion channels in cell membrane patches gate independently. However, in the present
study nicotinic receptor patch clamp data obtained in cell-attached mode from embryonic chick myotubes suggest that the
distribution of steady-state probabilities for conductance multiples arising from concurrent channel openings may not be
binomial. In patches where up to four active channels were observed, the probabilities of two or more concurrent openings
were greater than expected, suggesting positive cooperativity. For the case of two active channels, we extended the analysis
by assuming that 1) individual receptors (not necessarily identical) could be modeled by a five-state (three closed and two
open) continuous-time Markov process with equal agonist binding affinity at two recognition sites, and 2) cooperativity
between channels could occur through instantaneous changes in specific transition rates in one channel following a change
in conductance state of the neighboring channel. This allowed calculation of open and closed sojourn time density functions
for either channel conditional on the neighboring channel being open or closed. Simulation studies of two channel systems,
with channels being either independent or cooperative, nonidentical or identical, supported the discriminatory power of the
optimization algorithm. The experimental results suggested that individual acetylcholine receptors were kinetically identical
and that the open state of one channel increased the probability of opening of its neighbor.

INTRODUCTION

The nicotinic acetylcholine receptor is a single pore memd4ical, this can be achieved by adapting the Markov model to
brane-bound ion channel formed from five protein subunitstake into account joint states across receptors. For example,
with normal gating controlled by the binding of acetylcho- in the case of two channels, each modeled as in Scheme 1,
line to two agonist recognition sites. Stochastic modeling ofthe expanded Markov process will have 25 states consisting
the single receptor kinetics is often based on a five-statef nine jointly closed (both receptors closed), 12 states
continuous-time Markov model with equal affinity at both where only one receptor is open, and four jointly open.
binding sites (Ball and Sansom, 1989), as follows, However, provided the channels behave independently, it is
2k, k,, possible to derive many single channel statistics without
C — C, — C2 considering the expanded Markov process (see Yeo et al.,
k 2% 1989 or Dabrowski et al., 1990).
off off While the assumption of independence of ion channel
o, By a B, activity is widespread, it may not always be appropriate
(lwasa et al., 1986). In the case of nicotinic acetylcholine
O1 02 receptors, channel kinetics enopusnuscle cells appear
affected by receptor clustering (Young and Poo, 1983) and
Scheme 1 there is evidence of cooperative interaction (Schindler et al.,
Here, C, G, and G represent unliganded, mono-, and 1984; Yeramian et al., 1986), though possible mechanisms

bi-liganded closed states of the receptor respectively; Oren_1ain unclear. Coqperativity can be incorporated i.nto ki-
and O, are open channel states; and the transition paramet8etic models of multiple channel systems by assuming that
k., is proportional to the concentration of acetylcholine. Certain transitions in one channel can cause instantaneous
When the membrane patch contains more than one corghanges in specified transition rates of neighboring chan-
currently active channel, interpretation of observed kineticd'els- Such a system can still be modeled as an expanded

requires more complex modeling. If the channels are idencontinuous-time Markov process (Blunck et al., 1998), and
analyzed using conventional methods (Colquhoun and
Hawkes, 1981; Ball et al., 1997). In the simple case where
: — o the patch contains only two active identical channels, sep-
nggwed for publication 19 January 1999 and in final form 14 Octoberarate open and closed time densities for one channel, given
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either the open or the closed time conditional densitiesoise standard deviation for all conductance levels was estimated from
suggest cooperativity. sections of recording containing no visible channel openings.

The aims of the present study were twofold. First, to
examine steady-state patch clamp data from concurrentlginomial distribution
active nicotinic receptors for preliminary evidence of inter-
dependence between channels by Comparing experiment%{Pm the idealiz_ed trace, the maximum numper ofconcur‘rent openings was
dat ith dicti f the bi ial distributi S d used as an estimate of the number of active chanmlsn(the patch.
) ata with predictions o € binomia _'S rbution. secon ' Assuming records were at steady state and channels were independent and
in those cases where patches contained only two actiV@entical, the probability of a single channel being opey) was estimated
channels, the two open time and the two closed time consy minimizing the sum of squared differences between the observed
ditional densities for each channel would be used to deciderobabilities P9 of occupancy of the various conductance levels and the

more rigorously whether channels were independent angPected probabilitiest, ) obtained from the binomial distribution. Any
significant deviation of the ratidP,,dPey, from unity would suggest

identical. cooperativity between the channels, conditional on appropriateness of the
above assumptions. To confirm that recordings were made under steady-
state conditions, each data set was partitioned into consecutive time seg-

METHODS ments 65 s duration and the probability of occupancy of each conductance
level was inspected as a function of recording time for non-steady-state

Cell culture trends. The possibility of the channels being nonidentical (having different

open probabilities) was examined analytically by visualizing the changes in
Briefly (see Le Dain et al., 1991 for further details), thigh muscles from {he ratio PopdPexp WhereP,,, was calculated assuming independent and
10-day-old chick embryos were dissociated in 0.25% trypsin for 15 min atjentical channels. The assumption that the number of active channels in
37°C in divalent cation-free phosphate buffered saline. The resulting soge patch was equivalent to the maximum number of concurrent openings
lution was centrifuged at 508 g, the supernatant discarded, and the cells \y55 examined by simulation studies. Simulated data with 2, 3, and 4
resuspended in nutrient medium at a concentratiorn4f< 10° cells/ml. independent and identical channels were produced by sampling the open
The nutrient medium consisted of Minimum Essential Medium (ICN gnq closed time density functions computed from records obtained under
Pharmaceuticals, Costa Mesa, CA) and also included 8 mM NafH8%®  identical experimental conditions and having a single active acetylcholine
Foetal Calf Serum (CSL, Melbourne, Australia), 5% Horse Serum (CSL).receptor (Liu and Madsen, 1996). The simulations were used to compute
2% chicken embryo extract, 75 U/ml penicillin, and 4§/ml streptomycin  he probability of observing the maximum number of concurrent openings
adjusted to a pH of 7.4. Five milliliters of the cell suspension (containing g5 a function of simulated data length. Although the present study focused
~2 X 10° cells) were added to each plastic petri dish, which contained an possible interactions between separate nicotinic receptors, it should be
gelatine-coated glass coverslip, and then incubated at 37°C in a humidifiefloted that data from multimeric channels with equivalent conductance
environment in the presence of 2% CGubsequently, every third day the  gypstates or multipores represent a parallel analytical problem, and many
medium was replaced with fresh medium containingM cytosine arabi-  pinomial-based studies addressing the question of independence have been
noside (Sigma, St. Louis, MO). reported (Krouse et al., 1986; Queyroy and Verdetti, 1992; Chen and

DeHaan, 1992; Hayman and Ashley, 1993).

D .
ata recording Conditional density functions

On day 7-8 in vitro, after myoblasts had grown sufficiently and fused to .

form myotubes, the coverslip was placed in a simple buffer solution (Nacin data sets where only two concurrent openings were observed, and
150 mM, KCI 5 mM, CaC} 2 mM, MgCl, 1 mM, HEPES 10 mM, and assuming that the channels could be nonidentical and cooperative with
tetrodotoxin 0.1.M) suitable for patch clamp recording at room temper- Kinetics as in Scheme 1, the two-channel system was modeled as an
ature. Borosilicate glass micropipettes (tip resistance 265 bbated with ~ €xPanded Markov chain. The four conditional density functions for each
Sylgard 184 (Dow Corning, Midland, MI) were filled with buffer solution "€Ceptor were obtained by optimizing the appropriate parameters to con-
containing 0.24M acetylcholine (Sigma) and used to record single channeli®intly maximize the fit to the observed steady-state probabilities and the
currents in the cell-attached configuration, with a hyperpolarizing voltage'ikélinood of the densities of the six possible sojourn types (see '(:'g' 1). The
of +20 mV routinely applied to improve signal-to-noise ratio. Seals werecg?d't'or(‘f)‘l densme(f) for channel 1, for example, are denoteﬁf@g(t_),
usually better than 10 G&. Data were filtered at 3 kHz (8-pole Bessel ' vio(D): fxjc(D), andfXjo(t) where Y (respectively X) is the random variable
filter), recorded on FM tape and then digitized off-line at 20 kHz with a

12-bit analog-to-digital converter for further analysis.

2y

Z
. 2
Signal extraction Zi00 Zico H Zice Zyoc

1
Digitized data were divided into sequential frames of 9984 points and I 7 |
visually inspected. Some frames with excess noise (e.g., transient se@l - 0
breakdown) or unstable baseline were deleted, while still leaving uninter-
rupted sojourns as long as several thousand milliseconds for analysis. AfFIGURE 1 A segment of idealized recording illustrating notation for all
remaining baseline shift between frames was corrected by superimposingpssible sojourn types observed in a patch with two active channels.
amplitude histograms from each frame. Single channel current was the@onductance levels 0, 1, and 2 correspond to neither, one, or both channels
estimated from the amplitude histogram of each data set. Data werepen, respectively. Random variablgg and Z, denote, respectively, a
idealized using the forward and backward algorithms (Chung et al., 1990%0journ time at level 0 and 2; whilé, o, for example, corresponds to a
and a hidden Markov model, with levels for concurrent activity corre- sojourn time at level 1 that begins with an openi® @nd ends with a
sponding to integer multiples of the estimated single channel current. Thelosure C).
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associated with single channel closed (open) times,fé?ﬁp{t) would be RESULTS
the density function of closed times in channel 1 given that channel 2 is
closed. Acetylcholine (0.2uM) induced inward currents in cell-
The reliability of conditional density function estimation was examined gttached recording mode, and these channels were not seen
with simulated data by considering all four possible cases where the tw<i)n the absence of acetylcholine or when 200 nl\bunga—

channels could be independent or nonindependent and either kineticallgf toxi tin th di inette (Li d Mad
identical or nonidentical. The number of sojourns in these simulations wa: otoxin was present in the recording pipetie ( Iuan ad-

comparable to the number observed in the experimental data. SchemeSEN, 1996). Most records contained only single level open-
was assumed to describe single channel kinetics with transition parameteings. From these, single channel conductance was estimated
(ms ™) kop = 0.02ky = 7.69,8, = 3.1,8, = 31.0,; =9.687,andv, = g be ~35 pS. Gating kinetics with mean open time con-
0.9687 (Ball and Sansom, 1989). Nonidentical behavior in channel kinetic§tants of 0.53 and 16.7 ms were also obtained. in substantial
was studied by assigning different opening transition rates to the two T h i ’ di f le 0 ! d 9
channels, whereas cooperativity between the channels was modeled @greement with earlier studies ( or example, 0.7 and 17. _ms
increasing the opening transition rate in either channel when its neighbofound in denervated rat muscle cells by Gage and McKin-
opens. non, 1985). These channels in cultured chick myotubes,
The following notation is used throughout the paper: transition rates inst,died at days 7—-8 in vitro, formed a homogeneous class of
i i 1 (1) gr) gr@ N ’ . ; -
channel 1 given channel 2 is open are denote® %, koi, Bi™, B2 nicotinic receptors of the embryonic type with coefficients
)@, anda,®, while kD, kR, gD, BV, ofP, andaiP are the correspond- B ’ 0
ing rates if channel 2 is closed. Similarly, transition rates for channel 2 arr;Of variation in the fast f'ind slow open t!me constants of 23%
denoted with a superscript (2). Transition rates for the simulation studie@nd 13% ( = 8 experiments) respectively. The adult-type
are given in Table 1. In the case of identical channels, correspondingeceptor, with a slow open time constant of 5.7 ms, was not
parameters are equivalent; for exampgt” = k,,.”, and they can thenbe  seen until 12—14 days in vitro (Liu and Madsen, 1996).
collectively denotedk;,,. To ensure microscopic reversibility of the ex- Some data sets. collected under conditions of constant

panded Markov model, the following relations must hold: . . .
acetylcholine concentration (0.2M), contained two or

ket Kn = Kot Koy more concurrently active chan_nels, o_|ue most likely to an
increased number of receptors in particular patches. Four of
kP K& = Kt ket these with an acceptable signal-to-noise ratio and an ab-
D a2 D D12 2 sence of any rundown in channel activity were selected for

! ! —_ ! ! . . . .
o7 Bias B2 = ay B B3 detailed study of possible interaction effects (see Table 2).

All these data sets contained transitions between open chan-
nel conductance levels where, at least visually, two or more
channels seemed to open or close simultaneously (Fig. 2).
This phenomenon would be extremely rare if individual
12p@ W ard) — (2@ .10 channels were acting independently, given the recording
a; BB = a”Bra By . .
system dead time~100 us). Each data set was examined
For identical channelsk’ k., = ko ki, and o BB, = auBiayB, are  for steady-state conditions by partitioning the records into
sufficient for microscopic reversibility, and each pair of conditional den- consecutive segments of 5-s duration as described. Differ-
sities can then be re_Iated using cqnvoluﬂon to obtain functiqg$) and ences between the probability of occupancy of each con-
Ko(t) that characterize and quantify dependence between channels (Ked- ctance level across seaments were well within expected
leshian et al., 1994). These are respectively defined as the intedg(tpf u . v o ; g W_ well withl Xp
and ko(t) where fyoft) = ko(*fyc(t) and fyot) = ko(®*fyc(D), the sampling var[at|on, with no consistent non-steady-state
symbol * denoting convolution. trends (see Fig. 3 for results from one data set). With the

2)n2) (1 1) — 2 2 1)1
aiBPoBL" = af B0y By

1,2 2 (1 2
VB By = o By NPy

TABLE 1 Transition parameters (ms™') of the expanded two-channel Markov process used for simulations with individual
channels modeled as in Scheme 1

Cooperative Cooperative Independent Independent
Transition Parameters Nonidentical Identical Nonidentical Identical

KD kD K2 k! 2 0.02 0.02 0.02 0.02
K&, koD, k@), k12 7.6923 7.6923 7.6923 7.6923
a®, )@, aP, )@ 9.6875 9.6875 9.6875 9.6875
afP, at®, o, ah® 0.96875 0.96875 0.96875 0.96875
A 2.0667 3.1 2.0667 3.1
By 6.2 9.3 2.0667 3.1
B, 20.667 31.0 20.667 31.0
A 62.0 93.0 20.667 31.0
B,® 6.2 3.1 6.2 3.1
B;® 18.6 9.3 6.2 3.1
B,® 62.0 31.0 62.0 31.0
[AS) 186.0 93.0 62.0 31.0
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TABLE 2 Observed steady-state probabilities and ratio of

observed to predicted steady-state probabilities for different 3pA
conductance levels in recordings exhibiting concurrent
channel activity 50 ms
Data Maximum Number Conductance Level
Set of Openings 0 1 =2
1 3 0.9512* 0.0476 0.0012
1.00' 0.99 1.53
(2568 (2766) (159)
2 2 0.9869 0.0130 0.0001
1.00 1.00 2.25
(407) (493) (6)
3 2 0.9836 0.0162 0.0002
1.00 0.99 3.75
(1121) (1196) (23)
4 4 0.8741 0.1173 0.0086
1.00 0.99 1.40
(694) (870) (131)

Each cell contains:
*Observed probability (computed from all digitized points in each data
set);
TRa)\tio of observed probability to expected binomial probability; and
*Number of sojourns.
FIGURE 2 Cell-attached single channel recordings from acetylcholine
receptors in chick myotubes in the presence ofyMacetylcholine. Note
assumption that the channels were independent and identhe apparent simultaneous op_etjings and closu_res of multiple channels,
cal, the probability of a single channel being oppg) (vas suggestive of channel cqoperathlty_. Rep_resentatlve traces were taken from
. . . . . separate patches, all with an applied pipette voltage-20 mV. Small
estimated using the binomial theorem, and the resumngz}jifferences in the amplitude of single channel currents between traces were
predicted probabilities at levels 0, 1, and 2 or more wer§ikely due to variation in membrane potential across cells.
compared to the observed steady-state probabilities (Table
2). Experimentally observed probabilities of multiple open-
ings were greater than those predicted, irrespective ofvhere only one active acetylcholine receptor was seen un-
whether two or more channels were observed in the patclter identical recording conditions (Liu and Madsen, 1996).
This suggests positive cooperativity between channels, praAs expected (Chang and Kurokawa, 1995), the longer the
vided the channels were identical and the number of chan-
nels in the patch had been correctly estimated.

These two qualifications were then explored analytically 0.01
and by simulation, respectively. First, if one assumes inde- level 2
pendent and identical channels in a case where the channels 1 hkﬂ 1
are actually not identical, the ratiB,,JP.,, of multiple 0.0 1% - o e

openings is less than unity, decreasing as the steady-state

open probabilities of the channels diverge. A three-channel

case with probability 0.89 of the patch not conducting 0.055

(comparable to experimental data) is shown in Fig. 4. The 4 level 1
results are clearly opposite to the data given in Table 2.

Secondly, although the maximum number of concurrent 0.005

openings observed in an experimental recording constitutes

the best estimate of the numb&{) (of active channels in the level 0

patch whenN = 4 (Horn, 1991), the possibility of the 1.00
results PypdPeyp) in Table 2 being misleading because of
incorrect assignment dfl was examined. Fig. 5 shows the 0.95

probability of observing at least one occurrence of all chan- T - 1
nels being concurrently open as a function of simulated data time
length in cases with two to four independent and Identlcat:IGURE 3 Observed probability of occupancy of different conductance

channels. The data were generated by sampling the 0pe&els in consecutive 5-s segments from a 10-min portion of a recording
and closed time density functions obtained from patchesontaining two active channels (data set 3, Table 2).
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with four channels, even a recording length of 20 min was
() unlikely to show four concurrent openings, and thus under
these circumstances the true valud\oivould probably be
underestimated. From the same simulation studies, for a
given length of simulated data, it was also possible to
compute the probability of observing at least one instance of
two, but not more, concurrent openings when there may
© have been up to four active channels present (see Fig. 6 for
the case of no more than four active channels with duration
of 11 min corresponding to the length of the experimental
record for data set 2). These simulations suggest that if the
experimental data are11 min long and no more than two
@ concurrent openings are seen (as for data sets 2 and 3), the
i , y patch most likely contains only two active channels.
0 1 2 3 In summary, the frequent observation of rapid transitions
conductance level across multiple conductance levels and the apparent lack of
fit of the steady-state probabilities to a binomial distribution
oo e et s o Sapoans etahes e . Slggesiiv of coaperaivy between charis, but o
tshe ubinomial distribution ();ssun'ling threg indep’?andent and nonidentica\qeCessarIIy copqluswe. Even t,hoth the Steady_s,tate_ nature
active channels) in four separate cases]. The steady-state open prob- Of channel activity was established before examination of
abilities p®, p@, and p of channels 1-3 are, respectively, (a) 0.044, conformity with the binomial distribution, the possibility
0.051, 0.019; (b) 0.020, 0.078, 0.015; (c) 0.091, 0.008, 0.013; and (drhat the observed differences were due to factors other than
0.102, 0.006, 0.003. The probabili_ty of the patch not con_ducting is Q.89 i_”cooperativity had to be considered. It could have been that
:!szgrfSt?énzh\?vhi?;;?d:II;§> cfp;;)s :thg_;;gf Ct,\legteritr'f; :’on;;:thmgm'%hannels were not identical and/or the number of channels
ordinate scale. in the patch was underestimated. The simulation studies
shown in Figs. 5 and 6 suggest that the latter was likely for
patches with more than two active channels (data sets 1 and
simulation, the more likely would it be that concurrent 4) but most unlikely for data sets 2 and 3. Regarding the
openings of all channels were seen. In the case of a patdjuestion of channels being identical, the analytical results
with two channels, any experimental record longer than 1-®resented in Fig. 4 suggest differing open probabilities
min would likely ensure double openings are visually ob-between channels is also unlikely, and analysis of compa-
served. For patches with three channels, at least 10 mirable records containing only singly active channels (Liu
would be required to have better than an 80% chance ofind Madsen, 1996) indicated, on the basis of a low coeffi-
observing concurrent openings of all channels. However,
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FIGURE 5 Probability of observing at least one occurrence of all chan-FIGURE 6 Probability of observing at least one instance of two, but not

nels being concurrently open as a function of simulated data length, inmore, concurrent openings in patches with two, three, or four active,

patches with two, three, and four independent and identical channels. Daiadependent, and identical channels in a simulated record of 11 min
were generated by sampling the open and closed time density functionduration. Data were generated by sampling the open and closed time
obtained from patches with a single active nicotinic receptor present (Liudensity functions obtained from patches with a single active nicotinic

and Madsen, 1996). receptor present (Liu and Madsen, 1996).
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cient of variation of channel parameters across patches, suggest that the channels are essentially identical in respect
homogeneous group of acetylcholine receptors of the fetalb open times. The shift in location of the densities in Fig.
type. 7 a compared with 7b may suggest some cooperativity
Nevertheless, nonidentical kinetics of individual channelshetween channels on closing processes. Figc @nd d,
due to, for example, subtle differences in posttranslationatoncerning closed time densities, provide complementary
modifications to individual receptors or differing localized support for channel identity but suggest much larger coop-
environments could still be possible in the case of multipleerativity in channel opening processes. The obvious ques-
channels (such an example was considered by Dabrowskion that arises from these findings is whether the model
and McDonald, 1992). Accordingly, the two data sets withoptimization, under conditions of finite data sets, has the
no more than two concurrent openings (data sets 2 and 3 iability to detect nonindependence and nonidenticality. This
Table 2) were studied further to examine the possibility thatvas tested by simulation of the four possible two-channel
apparent cooperativity between channels was due to kinescenarios, namely 1) nonidentical and cooperative, 2) iden-
ically nonidentical receptors. Channels were assumed to htical and cooperative, 3) nonidentical and independent, and
nonidentical and cooperative, allowing the set of experi-4) identical and independent.
mental conditional density functions for each channel to be The four sets of results on simulated recordings (each of
computed with use of optimization techniques on the ex-10 min duration) using the single channel parameters in
panded Markov process. This approach inherently includedable 1 are shown in Figs. 8—14&d(id linescorrespond to
the other three cases of identical/cooperative, identical/inthe conditional densities of either channel obtained from
dependent, and nonidentical/independent channels. Thesenulation studies, while thdashed curvesare the analyt-
densities are depicted in Fig. 7 for data set 3, with compaical solutions). Fig. 8, for example, depicts the case where
rable results being obtained for data set 2. The near-ovethe channels are nonidentical and cooperative. The closed
lapping open time densities within each of Fig.arandb,  time densities of either channel (channel 1 and 2) condi-

(a) ©
7.0 7.0 1

(D

f.ﬁ 3.5 f‘: 3.5
0.0 T T 1 0.0 T T
0.1 1.0 10.0 100.0 0.1 10.0 1000.0
(b) (d
7.0 4 7.0 -
% 3
:,: 3.5 DS 3.5
0.0 i i ! 0.0 T T
0.1 1.0 10.0 100.0 0.1 10.0 1000.0
t (ms) t (ms)

FIGURE 7 Log-binned conditional density functions for individual channels of data set 3 (patch clamp recording with two active acetylcholims)recept
Curves are plotted for > 100 us corresponding to the approximate dead time of the recording systg@pén time conditional density functions of
channels 1 and 2 given the neighboring channel is clo§@®gen time conditional density functions of the same channels given the neighboring channel
is open. €) Closed time conditional density functions of the same channels given the neighboring channel is djoSkxsed time conditional density
functions of the same channels given the neighboring channel is open.
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(a) (c)
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S & , channe! 1
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FIGURE 8 Log-binned conditional density functions for individual channels, obtained analytidafipéd linesand by optimizationgolid lineg, from
simulated data (Table 1) in the case of two cooperative and nonidentical channels. Curves are plotted@6rus. @) Open time conditional density
functions of channels 1 and 2 given the neighboring channel is clobg®gen time conditional density functions of the same channels given the
neighbodring channel is opert) Closed time conditional density functions of the same channels given the neighboring channel is d)dSleded time
conditional density functions of the same channels given the neighboring channel is open. Note that the two analytical results ia) each @f ére
equivalent.

tional on its neighbor being closed are shown in Fig..8 open time densities for either channel obtained analytically
Because the channels are not kinetically identical (due t@nd from the simulated data. Because the weights of these
differing opening transition rates) the analytical solutions ofbiexponential densities are a function of the opening tran-
the conditional densities for either channgag¢hed curves  sition rates (individual channels modeled as in Scheme 1),
are not equivalent. The corresponding results obtained frorone would expect the analytical solutions for either channel
simulated data by optimizatiosdlid curve$ closely follow  in Fig. 8,a andb to differ (the channels being nonidentical),
the expected analytical solutions. Similarly, the conditionalas well as a shift of the corresponding curves between Fig.
closed time densities of either channel given its neighbor i8, a andb (the channels being cooperative). However, these
open (Fig. 8d) are not equivalent, again secondary to differences were not observed because the rgj3, and
differing channel kinetics. Discrepancies between the opti35/83, for both channels were equal. Hence, the set of open
mized and expected analytical results are a consequence tihe conditional densitiesf §(t), f&h(t), fGe(), fG6(1)
sampling and estimation errors. The increase in openingvere all equivalent. Note that the results obtained by optimi-
transition rates in one channel when the other opens (theation were in agreement with those obtained analytically.
channels being cooperative) would change the closed time Figs. 9—11 depict the results obtained in the cases where
density of the first channel. Indeed, comparison of thethe channels are cooperative/identical, independent/non-
curves from Fig. & to those from Fig. & show such a identical, and independent/identical, respectively. In each
change in the corresponding conditional closed time densiease, the presence or absence of cooperativity between the
ties such that the mean closed time of either channel is lesshannels and whether they were identical or not was usually
when the neighboring channel is open compared to when interpreted correctly from the conditional density functions,
is closed. The curves in Fig. 8 andb depict the conditional although sampling and estimation errors were compounding
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FIGURE 9 As in Fig. 8 but for the case of two cooperative and identical channels. Note that the two analytical reaj@)irafe equivalent.

factors in some instances. It was found that optimizing thel997); however, in many cases independence is simply
transition parameters of the expanded Markov process faassumed because it represents a starting point for under-
the simulated and experimental data to obtain the condistanding macroscopic ion channel behavior. Regarding the
tional densities was very computationally intensive. Exam-nicotinic receptor, an early examination of this question was
ination of a broad matrix of different parameter values, formade by Neher et al. (1978) who concluded that steady-state
the simulated cases, confirmed the solution space had mamyobabilities in single channel recordings of denervated rat
local minima. However, solutions with a good fit to the diaphragm muscles were consistent with the Poisson distri-
steady-state probabilities and densities of the six sojourn typdsution, suggesting channel independence. More recently,
gave remarkably similar conditional density functions. Lui and Dilger (1993) found that nicotinic receptors from
Inasmuch as the two concurrently active channels in datBC3H-1 cells showed no measurable interaction between
sets 2 and 3 could be considered kinetically identikgalt) channels using a one-dimensional Ising model when the
andKq(t), comparing conditional sojourn time density func- variance of the recording was plotted as a function of open
tions, could be calculated (see Fig. 12). The shapiégf) probability (p,) at different concentrations of acetylcholine.
in each case was approximately similar, with a peak muchHowever, cooperative effects between nicotinic receptors in
greater than unity at = 10-15 ms, followed by a mono- Torpedoelectric tissue were reported by Schindler et al.
tonic decrease toward unity for largel ikewise, the shape (1984). They obtained evidence for positive cooperativity
of Ko(t) for both data sets was similar, but in this case therebetween channels, with gating of pairs of receptors so
was very little difference from the independence predictionstrongly coupled that the channels seemed to open and close
(i.e., Ko(t) = 1.0 for allt). synchronously. This behavior was independent of the co-
valently linked disulfide bridge connecting receptor mono-
mers inTorpedomembranes. In addition, they noted higher-
DISCUSSION order interaction effects (i.e., association among two, four,
There appears to be good evidence for channel (or ccand six individual channels). In a study by Yeramian et al.
channel) independence in several systems (Ludewig et al(1986) using a variable time window to scan experimental
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FIGURE 10 Asin Fig. 8 but for the case of two independent and nonidentical channels. Note that the two analytical re3altelifp) are equivalent.

recordings, it was found that multiconductance level tran{for example, McManus and Magleby, 1988) are phenom-
sitions occurred more often than predicted under an indeena that could cause a change in channel open probability
pendence assumption. They concluded that pairs of recephroughout a recording, but neither was evident in the four
tors interacted in a positively cooperative manner. data sets studied. Hence, a possible explanation for the
Comparison of steady-state probabilities of occupancy otonsistent discrepancy in the rafg,JPe,, seen in Table 2
different conductance levels in patch clamp recordings withis that interaction between channels occurs such that gating
predictions from the binomial distribution offers a simple behavior in one channel is influenced by activity in a
test for possible interaction between channels. Although thiseighbor. For example, a system in which the opening of
approach does not require knowledge of the detailed chenene channel increases the probability of other channels
ical reaction scheme for channel activation, underlying asepening, or alternatively the closure of one channel de-
sumptions include correct estimation of the number of chanereases the probability of other channels closing, would
nels in the system, the channels being independent an@sult in the observed distributions of the raBg,dPey
identical, and constant open probability throughout theThis suggests that nicotinic receptors interact in a positively
length of the recording (i.e., steady-state conditions). In theooperative manner, but the binomial analysis provides no
present study of chick skeletal muscle nicotinic receptordurther information regarding the underlying mechanism of
where the numbers of active channels in data sets 2 andiBteraction.
were confidently estimated as equal to the maximum num- Some additional evidence for cooperativity in these data
ber of concurrent openings, the observed probabilities fosets was obtained from an analysis of multichannel data
multiple openings were greater than those predicted by thased by Manivannan et al. (1996). In this approach, the
binomial distribution. These cell-attached recordings werekinetic behavior of each channel is described by a contin-
at steady state (Fig. 3), and channels in the patch weraous-time Markov process and varying numbers of channels
identical, as evidenced by the close similarity of conditionalare assumed to cluster together, the consequence of aggre-
density functions shown in each of Fig. &d. Receptor gation being that all constituents then gate as a single unit.
desensitization and “buzz modes” found in some channelglence, this model represents a case of extreme positive
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FIGURE 11 As in Fig. 8 but for the case of two independent and identical channels. Note that the two analytical remi{d)iare equivalent.

cooperativity, where the coupling of channel gating is not The above findings were illustrated graphically using
merely enhanced compared to independent behavior, but fsinctionsK(t) andK(t) (Fig. 12). These relate conditional
necessary and instantaneous. Although the model can dsejourn time density functions and are of the general form
scribe some features of the distributions found in the preserit + =" ; w. exp(—A;t), wheren is related to the number of
study (results not shown), the theory underlying the analysistates in the underlying single channel kinetic scheme, and
assumes a simple two-state Markov model for the singlell w;, are equal to zero if the channels are independent
channel kinetics, and the effect of considering a larger statéeleshian et al., 1994). In the two data sets with= 2
space more representative of nicotinic receptor behaviofsets 2 and 3), botK(t) andK(t) decayed as expected to
(i.e., Scheme 1), is unknown. 1.0 for larget, but K(t) for shorter times (i.et < 100 ms)

The conditional density functions computed by optimi- was markedly greater than unity (Fig. 12), suggesting co-
zation under the most general assumption of possible champerativity between channels. Given the small increase in
nel cooperativity and nonidenticality (Fig. 7 for data set 3)the ratio of observed to expected steady-state probabilities
show minimal differences between the two channels in eacfor multiple openings in Table 2 (suggesting noncompliance
of the conditional densities, suggesting identical kineticswith binomial statistics), the current approach based on
However, although the open time densities conditional orconditional density functions may be, in some cases, a more
the neighboring channel being closed or open are similasensitive indicator of cooperativity than the binomial distri-
(within sampling and estimation limitations), this is not the bution. The inability of binomial analysis to detect cooper-
case for the closed time conditional densities where theativity in all situations has been reported by others (Uteshev,
mean closed time of a channel is much larger when itd993). Becaus&(t) (which compares conditional closed
neighbor is closed than when it is open. This time shift intime density functions) is greater than unity, and given the
the densitiedy|c(t) and fy|o(t) suggests cooperativity be- results in Table 2 suggest positive cooperativity, the present
tween the channels on opening processes, whereas the muaidings are compatible with a model where the opening of
smaller differences betwedp(t) andfyo(t) suggest clos-  one channel increases the likelihood that the other will open
ing processes between channels are relatively independetitrough increased binding of acetylcholine (changek,jn
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14.0 7 concluded that (negative) cooperative interactions between
batrachotoxin-modified N& channels were due to effects
on channel opening rate. As was the case in our study, no
evidence was found for interactional effects on channel
closing transition rates. Possible physical mechanisms for
the cooperative effect could include a direct protein-protein
interaction whereby opening of one channel causes binding
sites in the neighboring closed channel to be more accessi-
ble (perhaps sterically compatible or electrically attractive)
to the positively charged acetylcholine molecule. Consistent
with the present finding of interaction between (at least) two
channels, it is interesting that structural evidence of tran-
sient dimer formation in response to acetylcholine release

. - has been obtained using rapid-freezing and cryofracture
0.0 250.0 5000 techniques in the electric organ ®brpedo(Dunant et al.,

! (ms) 1989). Similarly, coupled gating in ryanodine receptors has

FIGURE 12 Kc(t) andK(t), collectively denoted ak(t), obtained from been explained by dlm?r formation (,Marx et al., 1998)'
two data sets where a maximum of two concurrent openings was observé@raber et al. (1993) studied the behavior of Khannels in
(data sets 2 and 3). The linekéft) = 1.0 denotes the expected result if the Chara corallinaand suggested cooperative interactions in
conditional density functions related to the closed tinigg(t) andf,o(t))  this preparation may be due to mechanical interaction be-
and open timesf{ (t) andfyo(t)) were identical (i.e., channels indepen- wveen channels resulting from gating conformational

dent). The traces abowgt) = 1.0 correspond t&(t) for data sets 3 and . . . .
2 (from top to bottom respectively) while the ones belai(t) = 1.0 are changes. Alternatively, interacting channels may not be in

Ko(t) for the same two data sets (plot for data set 3 being above the plot oPhysical cpntact, but alte_red surface charge resulting from
data set 2). conformational changes in one channel may have an effect

on a neighbor, depending on proximity and surrounding

) ) ~ions. Interaction resulting from such fluxes has been studied

and/orkq), increased channel opening rates (changgl in  theoretically by Berry and Edmunds (1993) using a multi-
and 3y), or both of these processes. _ pore channel model. Furthermore, although not strictly
Changes irkq(t) were very small compared with those o mnatible with the present analysis, where it has been
for Kc(t) under comparable conditions and were within 5o med that gating of one channel results in an instanta-
noise and estimation errors as shown by the simulatiopgqys change of transition rates in its neighbor, diffusion of
studies. It |s_therefore unlikely that they provide eV'de”f:epermeant or nonpermeant ions in the microenvironment
for cooperative effects between channels on the closing,,rrounding channels could, if restricted, cause an accumu-
transition ratesy; anda,. However, inspection of the func- |5ti0n of charge near the outer vestibule that might attract

K(1)

1.0 T
0.0

tion for Ko(t) in closed form, acetylcholine and thus increase effective local concentra-
(ab(Wy — W) + al(W] — wy)) tion. Similar intracellular submicroscopic €a diffusion

Kot) =1 +[ (Wl — al(1 — W) ]exp(—At), has been reported to cause inhibitory coupling between
NG ! individual C&" channels (Imredy and Yue, 1992). Finally,

where a number of theoretical approaches separate from that pre-

sented here (e.g., Morier and Sau@@994); Chung and
Wi = KonBa! (KonfB2 + 2KotB0), Kennedy (1996); Klein et al. (1997): Blunck et al. (1998)),
W, = K, Bk, Bh + 2K BL), have now been developed to assist assessment and interpre-

tation of cooperative ion channel behavior.
and

— Y4 ’ !
A = aqail(apwy + ai(1 — wy) Financial support for this study was provided by the Australian Research

shows that it is theoretically possible in some special Casegouncil and a National Institutes of Health grant to Fred Sachs.
to observe unity values df,(t) even though closing pro-
cesses are nonindependent, for example = B1B..
nonindepend xample Whe = B1f>  peFERENCES
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