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Gating Scheme for Single GABA-Activated CL- Channels Determined 
from Stability Plots, Dwell-Time Distributions, and Adjacent-Interval 
Durations 

David S. Weiss and Karl L. Magleby 
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To study the gating of a GABA-activated Cl- channel, cur- 
rents from single channels activated by 1 .O I.LM GABA were 
examined in patches of membrane excised from cultured 
chick cerebral neurons. The distributions of open and shut 
interval durations were each described by the sum of 3 ex- 
ponential components, suggesting that the channel normally 
enters at least 3 open and 3 shut states. Five different 6-state 
gating schemes were found that could describe, all 
equally well, the observed distributions of open and shut 
interval durations. Plots of the mean duration of open inter- 
vals adjacent to shut intervals of specified durations re- 
vealed that, on the average, openings of brief duration were 
adjacent to closings of long duration. This observation in- 
dicated 2 or more independent transition pathways between 
the open and shut states. Examination of the distributions 
of open intervals adjacent to shut intervals of specified du- 
rations revealed that the time constants of the exponential 
components describing these conditional open-interval dis- 
tributions were independent of the durations of the adjacent 
shut intervals. In contrast, the areas changed in a manner 
consistent with open states of briefer mean lifetimes typi- 
cally making transitions to shut states of longer mean life- 
times. Four of the 5 gating schemes considered were re- 
jected because they did not predict the relationship between 
adjacent intervals or because they predicted that the chan- 
nel should switch between 2 gating modes with markedly 
different mean open and shut times, which was not a char- 
acteristic of the experimental data. The single remaining 
kinetic scheme could account for the observed kinetic prop- 
erties of the GABA channel. 

GABA is the main inhibitory transmitter in the mammalian 
brain (Roberts, 1974; Enna and Gallagher, 1983), and a variety 
of clinically prescribed drugs, such as barbiturates and benzo- 
diazepines, may exert some of their effects by modulating GA- 
BAergic transmission (Enna, 198 1; Morselli and Lloyd, 1983). 
For these reasons, many studies‘ have been directed at gaining 
a better understanding of the properties of the ion channels that 
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underlie postsynaptic GABA responses (Barker et al., 1982; 
Jackson et al., 1982; Sakmann et al., 1983; Martin, 1985; Weiss, 
1988; Weiss et al., 1988). Crucial to a better understanding of 
the properties and modulation of the GABA channel is detailed 
information on its steady-state gating behavior. The purpose of 
this study is to examine the kinetic properties of the Cl-selective 
GABA channel and determine which of a number of possible 
gating schemes best describes the observed steady-state channel 
activity. 

Distributions of open and shut intervals were each described 
by the sum of 3 exponential components, suggesting at least 3 
open and 3 shut states. Methods detailed by Colquhoun and 
Hawkes (198 1) were then used to determine kinetic schemes 
consistent with the observed interval distributions. Five differ- 
ent 6-state gating schemes were found that described the dis- 
tributions of open and shut intervals as well as theoretically 
possible. By examining the mean open and shut interval du- 
ration over time (to search for multiple kinetic modes) and the 
relationship between the durations of adjacent open and shut 
intervals, we were able to place additional constraints on the 
proposed gating scheme of the channel. Four of the 5 kinetic 
schemes were rejected because they were unable to predict both 
the observed inverse relationship between adjacent interval du- 
rations and the steady gating behavior of the channel. The single 
remaining scheme could account for the observed kinetic prop- 
erties of the GABA channel. A preliminary report ofthese results 
has been presented in abstract form (Weiss et al., 1987). 

Materials and Methods 
Tissue culture. Experiments were performed on tissue-cultured chick 
cerebral neurons. Details ofthe culturing procedure are given in Thampy 
et al. (1983). Briefly, cerebral hemispheres were removed from stage- 
34 white Leghorn chicks and dissociated by extrusion through a 44- 
pm-pore nylon mesh into Dulbecco’s modified Eagle’s medium (DMEM). 
The cells (predominantly neuronal; Thampy et al., 1983) were then 
plated onto poly-L-lysine coated coverslips in 100 mm petri dishes 
containing DMEM plus 2% fetal calf serum and 8% donor calf serum. 
The cultures were maintained at 37°C in a 10% CO, environment, and 
recordings were made after 5-l 0 d. 

Recording, sampling, and event detection. A coverslip containing the 
adhering neurons was placed in a chamber mounted to the stage of an 
Aus Jena microscope equipped with Hoffman modulation optics. The 
neurons were initially bathed in a saline consisting of (in mM): NaCl, 
120; KCI, 5; glucose, 10; MgCl,, 1; CaCl,, 2; N-2-hydroxyethylpipera- 
zine-N’-2-ethanesulphonic acid (HEPES)-NaOH, 10; pH, 7.4. Inside- 
out patches of membrane were obtained from the neurons using stan- 
dard patch clamp techniques (Hamill et al., 198 1). 

As detailed in Weiss et al. (1988), GABA-gated Cll channels could 
be studied in isolation from other channel types when the patches of 
membrane were bathed in isotonic choline chloride. Recordings were 
made with the following saline in the patch pipette (in mM): choline 
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chloride, 130; CaCl,, 2; MgCl,, 1; HEPES, 10; GABA (1 PM); pH, 7.4. 
After obtaining the inside-out patch, the intracellular face of the mem- 
brane was perfused using the method of Yellen (1982) with the following 
saline (in AM): choline chloride, 130; MgCl,, 1; EGTA, 1; HEPES, 10: 
DH. 7.4. To avoid adding K+ or Na+ ions, the pH of all the above _ , 
solutions was adjusted with tetraethylammonium hydroxide. Data were 
recorded with a Racal Store 4DS tape recorder. 

Details of filtering, sampling, and event detection are in Weiss (1988). 
Briefly, the data were filtered at 0.8-l kHz (-3 dB) and sampled every 
SO-140 Fsec. The sampled data were then displayed for viewing. At this 
time any baseline drift could be adjusted and any clusters containing 
overlapping channels, if present, were discarded. Channel open and shut 
thresholds were set at 50% of the channel’s open-current amplitude. 
Only threshold crossings with measured durations greater than the dead 
time of the system (180 or 225 psec for 1 and 0.8 kHz, respectively) 
were counted. This had the effect of prolonging the mean open and shut 
interval durations owing to excluded brief events (Colquhoun and Sig- 
worth, 1983; Blatz and Magleby, 1986a). All detected events were ver- 
ified visually. The resulting open and shut interval durations were then 
stored in sequence in a file. 

Stability plots. The stability of channel kinetics was assessed by ex- 
amining the mean durations of open and shut intervals throughout the 
entire experiment. The first 50 open intervals and the first 50 shut 
intervals were each averaged separately. Then the next 50 open intervals 
and the next 50 shut intervals were averaged, and the process was 
repeated until the end of the file was reached. These mean values were 
then plotted against interval number. With these stability plots, any 
drift in the mean or switching between different kinetic modes (Blatz 
and Magleby, 1986b; McManus and Magleby, 1988) could be easily 
identified. Detailed analysis of channel kinetics was limited to periods 
over which the mean duration of both the open and shut intervals 
remained stable. 

Binning and fitting distributions of open and shut intervals. All open 
and shut intervals were binned as the logarithm of their duration with 
25 bins per log unit, as described in McManus et al. (1987). With this 
approach, the bin width increases for longer interval durations, but the 
relationship between bin width and bin midtime remains relatively 
constant. Such log-binning reduces the number of bins, thus speeding 
calculations and reducing random variation in the histograms (Mc- 
Manus et al., 1987). After binning the intervals, the maximum-likeli- 
hood method was used to determine the most likely values of the time 
constants and areas ofthe exponential components summing to describe 
the distributions (Colauhoun and Sinworth. 1983: McManus et al.. 1987). 
The distributions were fitted starting at a time about twice the dead 
time to prevent the introduction of artifactual components (Roux and 
Sauve, 1985; Blatz and Magleby, 1986a). Starting with one exponential 
component, the number of components fitted to the data was increased 
one at a time until the improvement of the fit with the extra component 
was no longer significant (p < 0.05) as determined by the likelihood 
ratio test (Rao, 1973; Horn and Lange, 1983). The most likely number 
of exponential components was then the highest number which still 
gave a statistically significant improvement of the fit. For plotting, bins 
were often combined (with correction for bin width) to further reduce 
fluctuations. 

Determining rate constants from the interval distributions. The fol- 
lowing iterative technique was used to determine the most likely rate 
constants for a given kinetic scheme from the distributions of open and 
shut intervals (Blatz and Magleby, 1986a, b). Predicted open and shut 
probability density functions (PDF) were calculated for a given model 
and set of rate constants using a Q-matrix method (Colquhoun and 
Hawkes, 198 1) with corrections for missed events due to filtering (Blatz 
and Maalebv. 1986a). The likelihood that the experimentally observed 
data were drawn from this theoretical distribution was then-calculated 
(Colquhoun and Sigworth, 1983) and the procedure was repeated with 
an iterative search routine until the rate constants were found that 
maximized the likelihood that the data were drawn from the open and 
shut interval distributions predicted by the examined kinetic scheme. 

Relationship between adjacent open and shut times. The mean du- 
ration of open intervals adjacent to shut intervals of specified durations 
was determined by averaging all the open times immediately before and 
after shut intervals whose durations fell within the specified range. The 
specified shut ranges (usually 3) were selected so that they were well 
separated and had similar numbers of events. The mean of the adjacent 
open intervals was then plotted against the mean of all the shut intervals 
within that range. The mean duration of shut intervals adjacent to open 

intervals of specified durations was calculated and plotted in a similar 
manner. 

In order to examine the distribution of open interval durations ad- 
jacent to shut intervals of a specified duration, the adjacent open in- 
tervals were binned and fit in the same manner as described in a previous 
section for the distribution of all the open intervals. The error bars for 
the time constants and areas describing these conditional distributions 
in Figure 5, B, C, represent the standard deviations obtained from 10 
resamplings (Efron, 1982; Horn, 1987) of the adjacent intervals, which 
were then log-binned and fit with a sum of 3 exponential components. 
We favored this approach for assessing the expected range of the pa- 
rameters because it also accounts, to some extent, for the stochastic 
variability in the distributions. 

Determining the adjacent interval distributions and stability plots pre- 
dicted by the dzfirent kinetic schemes. Simulation was used to predict, 
for a given scheme, stability plots and the means and distributions of 
open intervals adjacent to shut intervals of specified durations. To ob- 
tain the predicted result, intervals were first simulated for each kinetic 
scheme, taking into account the limited time resolution (Blatz and Mag- 
leby, 1986a, b; McManus et al., 1987) and then analyzed in the same 
manner as the experimental data. 

Estimation of errors in determining rate constants for multichannel 
patches. Although the membrane patches analyzed in this study were 
selected so that only one channel appeared to be active at any one time, 
as indicated by steps to a single open current level during each cluster, 
it is likely that the patches contained more than one GABA channel. 
Since the time between clusters is determined mainly by the time re- 
quired for any one of the inactive channels in the patch to become 
active, the mean duration of the shut intervals between clusters would 
be inversely related to the number of channels in a patch (Colquhoun 
and Hawkes, 1982). 

Simulation was used to investigate errors that might arise from patches 
containing more than one channel. The assumption was made that data 
were obtained from membrane patches containing l-3 GABA channels, 
each with the gating mechanism described by Scheme III (to be pre- 
sented in the results). Idealized intervals for each channel were simulated 
(Blatz and Magleby, 1986a), filtered to give a dead time of 0.18 msec, 
and recorded separately on tape. Different random numbers were used 
in the simulation for each channel in the patch. The current records 
from 2 or 3 individual channels were then summed to simulate current 
from a multichannel patch. The combined data showed an occasional 
cluster with more than one active channel, as indicated by current steps 
to a second open level. 

The generated current records for a patch containing 1,2, or 3 channels 
were then sampled and analyzed to obtain estimates of the rate constants 
for Scheme III. Except for rate 6-5, the rates determined from the 
simulated data were typically within 5-20% of the rates used to generate 
the current records. Estimates of rate 6-5 increased almost directly with 
the number of channels in the patch. For example, in one simulation, 
the actual value of rate 6-5 used to generate data for each channel was 
10.25 set’. The value of rate 6-5 estimated from analysis of the sim- 
ulated current record was 9.3 set-’ for one channel in the patch, 19.2 
seem’ for 2 channels, and 26.1 set ’ for 3 channels. 

Thus, except for rate 6-5, reasonable estimates of the rates could be 
obtained from the simulated current records, even for patches containing 
up to 3 channels. Analysis of simulated data with more than 3 channels 
was not performed since the fraction of clusters with more than one 
active channel exceeded that observed in the experimental data. Esti- 
mated rates, in addition to rate 6-5, could be in error if data from such 
patches with many simultaneously active channels were analyzed. 

Results 
Appearance of GABA channel activity 
Figure 1A shows currents recorded from GABA-activated 
Cl- channels in the presence of 1 MM GABA. The channel open- 
ings (downward current steps) occur mainly in clusters. Figure 
1 B shows one such cluster of activity (from the region indicated 
by the bar in Fig. 1A) at a faster time resolution, and Figure 1 C 
shows individual openings within this cluster (from the region 
indicated by the bar in Fig. 1 B) at an even faster time resolution. 

Each of the clusters most likely represents the activity of a 
single channel because there is a single open current level and 
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Figure 1. GABA-gated channel currents. Downward (inward) current 
indicates channel opening. A, Continuous record of channel activity 
showing openings grouped into clusters. Filtered at 240 Hz (- 3 dB) for 
display. B, The cluster under the bar in A shown at higher time reso- 
lution. C, Activity under the bar in B shown at higher time resolution. 
Filtered at 0.8 kHz in B and C. Membrane potential, -60 mV. 

the clusters are well separated in time (Sakmann et al., 1980). 
All clusters, however, do not necessarily represent activity of 
the same GABA channel, because the number of channels in 
the patch is unknown. The data in this paper are from 4 patches 
in which the clusters are sufficiently separated, so that only 1 
channel is typically active at any one time. 

Assessment of channel stability 

In order to assess the long-term stability of channel activity, the 
mean open and shut interval durations, determined from av- 
erages of every 50 consecutive open and 50 consecutive shut 
intervals, were plotted against the interval number (see Mate- 
rials and Methods). The results for 2 patches, each with about 
5000 open and 5000 shut intervals, are shown in Figure 2, A, 
B. The mean duration of the open intervals remained stable 
throughout the experiments, whereas the mean duration of the 
shut intervals began to decrease after the first 1950 intervals in 
Figure 2A and to increase after about 2000 intervals in Figure 
2B. 

These changes in the mean shut duration are likely to result 
from changes in the number of channels in the patch that are 
capable of being activated rather than from changes in the prop- 
erties of individual channels. For instance, the increase in the 

A Shut 

Open 

b Id00 2600 3600 4000 5000 

s IL, I I I 

iif 
0 1000 2000 3000 4000 5000 

Interval number 

Figure 2. Stability plots of channel kinetics over time. Every 50 con- 
secutive open and 50 consecutive shut intervals were averaged sepa- 
rately, and their mean was plotted against interval number. A and B 
present data for different channels. Only the first 1950 open intervals 
and 1950 shut intervals were analyzed further in A, and only the first 
2000 open intervals and 2000 shut intervals were analyzed further in 
B. C, Stability plot of the shut intervals in A with all intervals with 
durations >50 msec excluded from the means but included in the in- 
terval number. Some means thus represent fewer than 50 intervals. 
Dashed lines are the average of the first 1950 intervals in A, the first 
2000 intervals in B, and all the intervals in C. Membrane potential, 
- 50 mV. 

mean shut duration in Figure 2B could reflect entry of one or 
more channels into desensitized or long-lived inactive states 
(Adams and Brown, 1975; Sakmann et al., 1980; Weiss, 1988), 
whereas the decrease in the mean shut duration in Figure 2A 
could reflect the return of one or more channels from such states. 
If this is true, then the mean shut interval duration within clus- 
ters should remain stable (since each cluster reflects the activity 
of a single channel) even when the overall mean shut interval 
is changing as a result of changes in the numbers of channels 
available for activation. 

To test this possibility we ran stability plots with the long 
shut intervals (those greater than 50 msec in duration) excluded 
from the means. Results from the patch shown in Figure 2A are 
plotted in Figure 2C. Mean shut intervals within clusters re- 
mained constant throughout the experiment, suggesting stable 
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Figure 3. Distributions of all open and shut interval durations plotted 
on double logarithmic coordinates. A, Distribution of open intervals 
(jilled circles) described by the sum of 3 exponential components (con- 
tinuous line). B, Distribution of shut intervals (jilled circles) described 
by the sum of 3 exponential components (continuous line). Dashed lines 
plot the individual components. Areas and time constants of the com- 
ponents are in Table 1. 

kinetics once possible effects from changes in the number of 
channels capable of being activated are excluded. Also consis- 
tent with the possibility that the drift is due to a change in the 
number of channels capable of being activated is the observation 
that the mean open time remains stable as the mean shut time 
changes (Fig. 2, A, B); it has previously been shown that the 
open-channel kinetics of active GABA channels remain stable 
while the effective number of channels in a patch decreases due 
to desensitization (Weiss, 1988). 

Independent of the mechanism for the drift of the mean shut 
interval durations in Figure 2, the stability plots reveal which 
segments of the data are sufficiently stable for further analysis. 
For example, the first 1950 open and 1950 shut intervals were 
selected for analysis in Figure 2A, and the first 2000 open and 
2000 shut intervals were selected in Figure 2B. Although the 
results presented in this paper were verified with data from 4 
different patches, all remaining figures are from the analysis of 
the first 1950 open and 1950 shut intervals in Figure 2A. 

Table 1. Exponential components describing the distributions of 
open and shut times 

Distri- Components 
bution Tau, Area, Tau, Area, Tau, Area, 

Open 0.36 0.77 1.83 0.14 5.81 0.09 

Shut 0.62 0.21 4.82 0.16 105 0.63 

Time constants (tau) in msec. 

The GABA channel enters at least 3 open and 3 shut states 

If the gating of GABA-activated channels results from transi- 
tions among discrete states, with the rates for transitions re- 
maining constant in time, then each state will contribute an 
exponential component to the distribution of interval durations, 
although all components may not be detected experimentally 
(Colquhoun and Hawkes, 198 1). In order to estimate the min- 
imal number of open and shut states, histograms of open and 
shut times were constructed and the number of significant ex- 
ponential components in the distributions was determined using 
maximum-likelihood fitting. Figure 3A plots the distribution of 
open times on double logarithmic coordinates, and Figure 3B 
presents a similar plot for shut times. Both distributions were 
best fit by the sum of 3 exponential components. The dashed 
lines plot the individual components, and the continuous lines 
plot their sum. Table 1 presents the time constants and areas 
of the components. 

In all 4 patches examined, the open-interval distributions 
were best described by the sum of 3 exponential components. 
In 3 of the 4 patches the shut-interval distributions were best 
described by 3 components, with the remaining patch requiring 
4 exponential components. These results suggest that the GABA 
channel typically enters at least 3 open and 3 shut states during 
normal activity. 

Possible &state kinetic schemes 

Given 3 open and 3 shut states, a variety of kinetic schemes 
can be constructed. The following schemes are 5 such possibil- 
ities, where C and 0 represent the closed and open states, re- 
spectively: 

c, L-T c, - c, - 0, - 0, - 0, (1) 

(11) 

(III) 

(Iv) 

(v) 

For each of Schemes I-V and for all 4 data sets, a set of rate 
constants could be found that gave an excellent description of 
the distributions of open and shut interval durations. In fact, 
the distributions predicted by Schemes I-V were indistinguish- 
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able from the best fit sum of exponentials (continuous lines in 
Fig. 3). Since the best fit sum ofexponentials gives the theoretical 
best fit for kinetic models with discrete states and with rate 
constants that remain fixed in time (discrete Markov model), 
then it follows that no models will be found that give a better 
description of the open and shut interval distributions than 
Schemes I-V. However, additional schemes might be found that 
give as good a description. 

Thus, as discussed by Fredkin et al. (1985) and Bauer et al. 
(1987), an analysis restricted to the distributions of open and 
shut interval durations is not necessarily sufficient to distinguish 
among all possible gating schemes. Rather than expand the ki- 
netic library by searching for additional schemes as likely as 
Schemes I-V, we have applied additional analysis techniques 
in order to distinguish the considered schemes. 

The GABA channel has more than one gateway state 

A fundamental difference between Schemes I and II and Schemes 
III-V is that in I and II all transitions between an open and shut 
state must pass through a single (gateway) shut state (C,). Since 
all open states are adjacent to the same shut state, the durations 
of adjacent open and shut intervals should be independent 
(Colquhoun and Sakmann, 1985; Fredkin et al., 1985; Labarca 
et al., 1985; McManus et al., 1985; Colquhoun and Hawkes, 
1987; Kerry et al., 1988). Schemes III-V, however, have more 
than 1 shut state from which the channel may open. Assuming 
that the mean lifetimes of the open states differ and the mean 
lifetimes of the shut states differ, then a dependent relationship 
between the durations of adjacent open and shut intervals is 
expected for Schemes III-V. 

In order to investigate whether the kinetics of GABA-acti- 
vated channels are consistent with gating schemes having single 
or multiple gateway states, we examined whether there was a 
dependent relationship between the durations of adjacent open 
and shut times. The shut intervals were divided into 3 groups 
with specified durations of O-O.6 msec, 0.6-60 msec, and >60 
msec. The mean duration of the open intervals adjacent to the 
shut intervals in each of the specified groups is then calculated 
from the experimental data and plotted as filled circles in Figure 
4.4. The mean duration of the adjacent open intervals decreases 
as the mean duration of the specified shut intervals increases. 
(The lines merely connect the points to show the trends in the 
data.) A similar inverse relationship was observed when the 
mean durations of shut intervals adjacent to open intervals with 
specified durations of O-l .O msec, 1 .O-2.0 msec, and > 2.0 msec 
were plotted (Fig. 4B; filled circles). These results demonstrate 
that, on average, the longer open intervals tend to be adjacent 
to the briefer shut intervals. 

The predicted relationship of adjacent open and shut interval 
durations for Scheme I with its most likely rate constants was 
determined by simulation and plotted as open circles in Figure 
4. Scheme I predicts, as expected for a model with a single 
gateway state, that adjacent open and shut interval durations 
are independent. A similar independent relationship was also 
found for Scheme II. Thus, Schemes I and II, as well as all other 
schemes with a single gateway state, may be excluded because 
they cannot account for the observed dependent relationship 
between adjacent interval durations. 

Distributions of adjacent interval durations 

Two possibilities which might account for the inverse relation- 
ship between adjacent open and shut times (Fig. 4) will be con- 

A 
Jr 
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Specified shut interval fms) 

I!3 

Specified open interval (ms) 

Figure 4. Inverse relationship between the mean durations of adjacent 
open and shut intervals. A, Plot of the mean durations of open intervals 
adjacent to shut intervals with specified durations of 0 to 0.6,0.6 to 60, 
and >60 msec. The observed mean adjacent open interval duration is 
plotted against the mean duration of the shut intervals within each 
specified range (jilled circles). Scheme I (open circles) predicts no de- 
pendence between adjacent interval durations. B, Plot of the mean 
durations of shut intervals adjacent to open intervals with specified 
durations of 0 to 1, 1 to 2, and >2 msec. The observed adjacent mean 
shut interval duration is plotted against the mean duration of the open 
intervals within each specified range (jilled circles). Scheme I predicts 
no dependence between adjacent interval durations (open circles). Rate 
constants for Scheme I are (seem’): Rate l-2, 249; rate 2- 1, 97; rate 2-3, 
459; rate 3-2, 447; rate 3-4, 18,163; rate 4-3, 9644; rate 4-5, 1102; rate 
5-4, 177; rate 5-6, 141; rate 6-5, 48. 

sidered. In the first, the channel displays non-Markov gating 
kinetics, so that the rates for transitions among the open and 
shut states are not constant in time but depend upon preceding 
activity. If the opening and closing rates are inversely related 
to the durations of the dwell times in the preceding closed and 
open states, respectively, then an inverse relationship between 
open and shut interval durations could be observed. In the 
second possibility channel gating is Markovian such that the 
transition rates remain constant in time. If the kinetic scheme 
is constructed so that, in general, long open states are connected 
to brief shut states and brief open states are connected to long 
shut states, then an inverse relationship between adjacent open 
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and shut times could be observed. If the non-Markovian model 
is correct, then the time constants of the exponential compo- 
nents describing the distributions of open intervals adjacent to 
shut intervals of specified durations should depend on the du- 
ration of the specified shut intervals. If the Markovian model 
is correct, then the time constants of the exponential compo- 
nents should be independent of adjacent shut times (Fredkin et 
al., 1985) whereas the areas should be dependent on the ad- 
jacent shut times. 

To distinguish between these 2 possibilities, we examined the 
distributions of open intervals adjacent to shut intervals of 3 
specified ranges of durations (< 0.6 msec, 0.6-60 msec, and > 60 
msec). The conditional open distributions adjacent to brief and 
long shut intervals are plotted o,n log-log coordinates in Figure 
54. The distributions are normalized to the same number of 
events for ease of comparison. The continuous and dashed lines 
plot the best fit sums of 3 exponential components to each 
conditional open distribution. 

Figure 5B plots the time constants for the fast, intermediate, 
and slow components describing the 2 conditional open distri- 
butions (Fig. 54) against the mean specified shut duration. Re- 
sults from the conditional open distribution adjacent to shut 
intervals of intermediate durations are also presented. The time 
constant of each component in these conditional distributions 
is similar to the time constant of the corresponding component 

Specified shut interval fms) 

Figure 5. Conditional distributions of open intervals. A, The distri- 
butions of open intervals adjacent to brief (CO.6 msec;filled circles) and 
long (>60 msec; open circles) shut intervals are plotted on log-log co- 
ordinates. Both conditional distributions are described by the sum of 3 
exponential components (lines). B, Plot of the time constants for the 
brief, intermediate, and long components from the 2 conditional open 
distributions in A, plus data from a third conditional distribution ad- 
jacent to shut intervals between 0.6 and 60 msec. The time constants 
are plotted against the mean of the shut interval durations within each 
specified range. Dashed lines are the time constants determined from 
the distribution of all the open intervals (Table 1). C, Plot of the areas 
of the 3 exponential components describing the conditional open dis- 
tributions. The area of the fast component increases and the areas of 
the slow and intermediate components decrease with increasing adjacent 
shut interval duration. The error bars in B and C were determined by 
resampling (see Materials and Methods). I f  error bars are not visible, 
they were covered by the point. 

in the distribution of all the open intervals (dashed lines, values 
from Table 1). Time constants independent of the durations of 
adjacent intervals are consistent with Markov channel gating 
and inconsistent with the non-Markovian mechanism consid- 
ered above. 

Unlike the time constants, the areas of the components are 
dependent on the specified shut interval duration. The area of 
the fast component increases, and the areas of the intermediate 
and slow components decrease, as the adjacent mean shut du- 
ration increases (Fig. 5c). Thus, openings in the fast open com- 
ponent are more likely to occur adjacent to long shut intervals 
than to brief shut intervals, and openings from the slow and 
intermediate components are more likely to occur adjacent to 
brief shut intervals than to long shut intervals. These obser- 
vations support the Markovian gating mechanism considered 
above in which the observed inverse relationship between the 
mean duration ofadjacent open and shut intervals (Fig. 4) results 
from a change in the numbers of intervals forming each com- 
ponent, and not from a change in the time constants of the 
components. 

Some schemes predict a modal gating behavior 
For Schemes III-V we were able to find a set of rate constants 
for each scheme that described the distributions of all open and 
shut interval durations and generated an inverse relationship 
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Table 2. Rate constants for Scheme III from 4 patches 

Patch number 
Rate 1 2 3 4 Mean k SD 

l-2 231 299 164 171 216 + 62.8 

2-1 83.6 31.4 157 17.4 72.4 + 63.2 

2-4 486 620 734 652 623 + 103 

3-5 2810 4110 2270 1590 2695 z!z 1067 

4-2 1110 1210 1120 1010 1113 * 81.8 
4-5 609 971 951 597 782 k 207 

5-3 66.4 119 62.8 160 102 k 46.4 

5-4 13.0 119 36.9 44.3 53.3 2 45.8 

5-6 128 66.1 255 33.9 121 k 97.6 

6-5 41.1 17.3 102 71.3 57.9 + 36.8 

Rates are in set-‘. 

between adjacent interval durations. Schemes IV and V with 
their most likely rate constants, however, predicted behavior 
that was never observed in the experimental data. This is shown 
in Figure 6, in which the stability plots predicted by Scheme IV 
are presented (see figure legend for rate constants). Note how 
the mean open time (upper plot) switches between two markedly 
different values, in contrast to the experimental data shown in 
Figure 2. The mean shut time also demonstrates a coincident 
switching (lower plot). There are 2 modes because of the slow 
rate constants that separate C, and C,, essentially uncoupling 
the 2 halves of the kinetic scheme. (Effects of uncoupling are 
discussed in Colquhoun and Hawkes, 1987.) 

We were unable to find sets of rate constants for Schemes IV 
and V that predicted the distribution of open and shut interval 
durations and the inverse relationship between adjacent inter- 
vals while also predicting a non-modal gating behavior. Similar 
results were obtained in the 4 patches analyzed, and therefore 
Schemes IV and V are considered unlikely candidates for the 
GABA channel. 

Scheme III describes all the experimental data 
Scheme III is the only scheme for which a set of rate constants 
could be found which predicted all the experimental observa- 
tions. The filled circles in Figure 7A plot the experimental dis- 
tributions of all open and shut intervals. The distributions pre- 
dicted by Scheme III (dashed lines) describe the data. The filled 
circles in Figure 7B plot the experimentally observed inverse 
relationship between adjacent open and shut times. Scheme III 
approximates the inverse relationship (open circles). Figure 7C 
plots the experimental distributions of open intervals adjacent 
to shut intervals of 2 specified ranges of durations (filled circles: 
~0.6 msec; open circles: >60 msec). Scheme III gave a reason- 
able description of these conditional open distributions (dashed 
and dotted lines). Figure 70 shays the stability plots predicted 
by Scheme III. The dotted lines are the means of the experi- 
mental data. As was true for the experimental data (Fig. 2), 
Scheme III predicted a single gating mode. 

In all 4 patches examined, Scheme III gave the best descrip- 
tion of the experimental data. Table 2 shows the rate constants 
derived for Scheme III for these 4 patches along with their means 
and standard deviations. 

Discussion 

In this study, single-channel recording methods and a quanti- 
tative analysis were used to obtain detailed information on the 

Ooen 

Shut 

ILI I 
0 1000 2000 3000 4000 5000 

Interval number 

Stability plots predicted by Scheme IV with the indicated 
rates. The mean durations of both the open and the shut intervals 
(averaged 50 at a time) switched between 2 markedly different values. 
The rate constants for Scheme IV are (secl): rate 1-4, 257; rate 4-1, 
1773; rate 2-5, 687; rate 5-2, 242; rate 3-6, 2812; rate 6-3, 16; rate 4-5, 
1.3; rate 5-4, 0.19; rate 5-6, 6.2; rate 6-5, 0.074. 

microscopic gating of a GABA-activated Cll channel. The result 
is a kinetic scheme which accounts for the observed kinetic 
properties of the channel. 

The distributions of open and shut interval durations were 
each described by the sum of 3 exponential components, sug- 
gesting the GABA channel enters at least 3 open and 3 shut 
states. That there are 3 open states, compared to 2 found in a 
previous study (Weiss, 1988), probably reflects the greater sen- 
sitivity of maximum-likelihood methods in distinguishing ex- 
ponential components. Multiple open and shut states are con- 
sistent with previous single-channel studies of the GABA channel 
that found evidence for 2 or more open states and 2 or more 
shut states (Sakmann et al., 1983; Bormann and Clapham, 1985; 
Martin, 1985; Rogers et al., 1987). 

Five kinetic schemes with 3 open and 3 shut states were 
considered. Two of the 5 proposed schemes could be rejected 
because they were unable to predict the observed inverse rela- 
tionship between the durations of adjacent open and shut in- 
tervals (Fig. 4). Two of the remaining 3 kinetic schemes were 
considered unlikely because, even though they were able to pre- 
dict an inverse relationship between adjacent interval durations, 
they also predicted that the channel should switch between 2 
different modes of behavior (Fig. 6) in contrast to the unimodal 
experimental data. Scheme III was the only scheme considered 
that predicted all the experimental observations (Fig. 7). 

Limitations of the results 

Other possible transition pathways and states. It cannot be ruled 
out that transition pathways and states in addition to those 
indicated in Schemes I-V may be involved in channel gating. 
For example, there may be a transition pathway between 0, 
and 0, in Scheme III. Such a pathway was not included because 
it did not improve the description of the distributions of interval 
durations in Figure 3. Lack of improvement, however, does not 
exclude that such a pathway is present. As pointed out by Bauer 
et al. (1987) the absence of a transition pathway in a kinetic 
scheme is equivalent to setting the rates for such a pathway to 
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Figure 7. Scheme III accounts for the observed kinetic properties of the GABA channel. A, Observed (jilled circles) and predicted (dashed lines) 
distributions of all open and shut interval durations. B, Observed (jZ/ed circles) and predicted (open circles) adjacent mean interval durations. Same 
specified durations as for Figure 4. C, Observed filled and open circles) and predicted (dashed and dotted lines) conditional open distributions 
adjacent to brief (CO.6 msec) and long (> 60 msec) shut intervals. D, Predicted stability plots. Dotted lines indicate the means of the observed open 
and shut interval durations. The rates used with Scheme III to calculate the predicted data are given in Table 2, patch 1. 
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zero. Thus, there is the implied assumption for Schemes I-V 
that the excluded transitions do not occur, but this assumption 
has not been tested directly. It is also possible that shut states 
of brief lifetime may be present, such as one between C, and 
0, in Scheme III, but were not detected due to the limited time 
resolution. However, Schemes I-V, with only the indicated states 
and transition pathways, did describe the open and shut interval 
distributions. 

Uniqueness of the solutions. Although the information from 
the stability plots and adjacent interval plots was not directly 
utilized in the fitting procedure to derive the rate constants, this 
information was used to select sets of rate constants consistent 
with the observed data. Thus, it cannot be excluded that sets of 
rates might exist that would allow Schemes IV and V (which 
were rejected) to account for all the experimental data as well 
or better than Scheme III, although efforts to find such rates 
were unsuccessful. [Problems associated with determining 
whether unique solutions exist are discussed by Fredkin et al. 
(1985) and Bauer et al. (1987).] Independent of whether unique 
solutions exist for Schemes I and II, these schemes and all schemes 
containing a single gateway state can be rejected outright because 
they would be unable to account for the observed dependent 
relationship between the durations of adjacent intervals, what- 
ever the rates (Colquhoun and Sakmann, 1985; Fredkin et al., 
1985; McManus et al., 1985). 

Binding steps not dejined. Previous studies suggest that, on 
average, 2 molecules of GABA bind to the receptor to open the 
channel (Dichter, 1980; Sakmann et al., 1983; Akaike et al., 
1985; Bormann and Clapham, 1985; Kaneko and Tachibana, 
1986). The results of our study do not designate the 2 binding 
steps but account for the behavior of the channel in the presence 
of 1 PM GABA. Once the binding steps are identified, the con- 
centration-dependent rates would assume units of sec-‘.p~~‘. 

More than one channel in a patch. The data analyzed for this 
study were selected so that only one channel appeared to be 
active at any one time, as indicated by steps to a single open 
current level during the clusters of activity (Fig. 1). Furthermore, 
since the open probability during the clusters was typically high, 
it is unlikely that more than one channel could have contributed 
to any cluster without detection. Nevertheless, the analyzed 
patches most likely contained more than one channel capable 
of being active, which can complicate the interpretation of the 
results. Some of the inactive GABA channels may be in a de- 
sensitized state owing to the prolonged exposure to GABA 
(Adams and Brown, 1975; Weiss et al., 1988); others may not 
be desensitized, but inactive because they are unliganded. 

In analyzing the data, all shut intervals, including those which 
appeared to occur between clusters, were included in the dis- 
tributions of shut intervals. This avoided the necessity of trying 
to distinguish between intervals occurring within and between 
clusters, as such a distinction is not possible for any single in- 
terval, except in terms of probability (Colquhoun and Hawkes, 
1982). The consequence of including all intervals is that the 
component associated with the shut intervals between clusters 
of activity is included in the distributions and, consequently, 
this component contributes a shut state to the kinetic schemes. 
It is this component that is affected by the number of channels 
in the membrane patch. 

Simulation indicated that reasonable estimates of all the rate 
constants should have been obtained from the experimental 
data, except for rate 6-5, which would increase approximately 

linearly with the number of channels in the patch (see Materials 
and Methods). The limitation on rate 6-5, however, would not 
interfere with the distinction among the schemes, because com- 
parisons were always made separately for each patch. Thus the 
analysis, even with multichannel patches, was still sufficient to 
exclude all the considered gating mechanisms except Scheme 
III. 

Scheme III with the rate constants (secl) from patch 1 in 
Table 2 is: 

41.1 13.0 
G------ 128 

c, - Cd 

I 
609 1 

2810 1 66.4 486 1 1110 (III) 

I 
03 

231 

Scheme III presents a kinetic description of the observed data. 
Each C and each 0 represents a detected kinetic state, and the 
indicated rates represent the transition rates among the kinetic 
states. (Each kinetic state may represent more than one under- 
lying conformational state, since conformational states with brief 
lifetimes or in rapid equilibrium with one another may not be 
detectable as separate kinetic states.) Since rate C& reflects 
the time required for one of the inactive channels in the patch 
to recover from desensitization and/or to bind agonist, rate C6 
C, is only an effective rate for the given membrane patch. In 
contrast to rate C,-C,, the other rates in Scheme III are those 
for a single active channel and would determine the activity 
during the clusters. 

Kinetic interpretation of the proposed gating scheme 

The mean lifetimes of the 6 states in Scheme III (calculated 
from l/(sum of the rate constants leading away from that state) 
are (in msec): C,, 24; C,, 4.8; C,, 0.58; 03, 0.36; O,, 1.8; 0,, 
4.3. Starting in C,, the channel will dwell an average of 24 msec 
before entering C,. Once in C,, the probability the channel will 
return to C, is 0.62, calculated from the rates as follows: 128/ 
(128 + 66 + 13). Alternatively, the channel can open from C, 
to 0, with a probability of 0.32, or make a transition to C, with 
a probability of 0.06. Because of the filtering and the brief life- 
time of OX, about 40% of the openings to 0, are too brief to 
reach the half-amplitude criteria for detection. Some of these 
missed openings are apparent as brief events with reduced am- 
plitude in Figure 1. Because so many of the transitions to 0, 
are too brief to detect, it is the repeated transitions among C, 
and C, and the undetected transitions to 0, that mainly give 
rise to the long component in the unconditional distribution of 
shut intervals (105 msec; Table 1). The long shut intervals usu- 
ally terminate when an opening to O,, the briefest open state, 
is detected. Thus, brief open intervals tend to be adjacent to 
long shut intervals (Figs. 1, SC, 7B). 

Once in C,, the channel has a [l 1 lo/(1110 + 609)], or 0.65, 
chance of opening to the compound open state 0,-O,, which 
gives rise to the intermediate and long open components. The 
brief shut component in the shut interval distribution arises 
mainly from sojourns to C,, such as O&,-O, or 0,-O&,-O,. 
Thus, intermediate and long open intervals tend to be adjacent 
to brief shut intervals (Figs. lC, 5C, 7B). 
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Relation to other channel types 
The amino acid sequence of the GABA receptor from bovine 

shows a remarkable homologv to the amino acid seauence of 
brain has been derived (Schofield et al., 1987). This sequence 

. 

Dionne, V. E., J. H. Steinbach, and C. F. Stevens (1978) An analysis 

_ ~ , 

of the dose-response at voltage-clamped frog neuromuscular junc- 

response curves by quantitative ionophoresis at the frog neuromus- 

tions. J. Physiol. (Lond.) 281: 421-444. 
Drever, F.. K. Peper. and R. Sterz (1978) Determination of dose- 

-_ 
the glycine receptor (Grenningloh et al., 1987) and the nicotinic 
acetylcholine receptor (Kubo et al., 1985). This has led to the 
proposal of a ligand-gated receptor superfamily (Barnard et al., 

cular junction. J. Physiol. (Lond.) 281: 395420. 
Efron, B. (1982) The Jackknife, the Bootstrap, and Other Resampling 

Plans, Society for Industrial and Applied Mathematics, Philadelphia, 
PA. 

1987; Grenningloh et al., 1987; Schofield et al., 1987). The 
GABA and acetylcholine receptor share other properties as well. 
For instance, both receptors typically require 2 agonist mole- 
cules to open their channel (GABA: Dichter, 1980; Sakmann et 
al., 1983; Akaike et al., 1985; Bormann and Clapham, 1985; 
Kaneko and Tachibana, 1986; ACh: Dionne et al., 1978; Dreyer 
et al., 1978; Sakmann et al., 1985), both receptors inactivate 
(desensitize) with prolonged exposure to the agonist (GABA: 
Adams and Brown, 1975; ACh: Fatt, 1950; Katz and Thesleff, 
1957) and both channels have 2 or more gateway states (GABA: 
this paper; ACh: Jackson et al., 1982; Colquhoun and Sakmann, 
1985; Labarca et al., 1985). 

Conclusion 
Scheme III accounts for many of the kinetic properties of the 
GABA-activated chloride channel and should serve as a working 
hypothesis for further studies on gating, structure-function re- 
lationships, and investigations into the kinetic mechanism for 
the modulation of the channel by neuroactive drugs such as 
barbiturates and benzodiazapines. 
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