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ABSTRACT We have studied the variance in the decay of large spontaneous y-aminobutyric acid (GABA)-ergic inhibitory
postsynaptic currents (IPSCs) in melanotropes of Xenopus laevis to obtain information about the number of GABAA receptor
channels that bind GABA during the IPSCs. The average decay of the IPSCs is well described by the sum of two exponential
functions. This suggests that a three-state Markov model is sufficient to describe the decay phase, with one of the three states
being an absorbing state, entered when GABA dissociates from the GABAA receptor. We have compared the variance in the
decay of large spontaneous IPSCs with the variance calculated for two different three-state models: a model with one open state,
one closed state, and one absorbing state (1), and a model with two open states and one absorbing state (11). The data were
better described by the more efficient model 11. This suggests that the efficacy of GABA at synaptic GABAA receptor channels
is high and that only a small number of channels are involved in generating the GABA-ergic IPSCs.

INTRODUCTION

The melanotropes in the intermediate lobe of the pituitary
gland of Xenopus laevis are innervated by fibers from the
hypothalamus that contain, among others, the neurotrans-
mitter y-aminobutyric acid (GABA) (De Rijk et al., 1992).
This GABA-ergic innervation plays an important role in in-
hibiting the secretion of melanocyte-stimulating hormone
(a-MSH) when a clawed toad is placed on a background that
is lighter than its skin color (Verburg-van Kemenade et al.,
1986). In in situ whole-cell recordings from melanotropes,
inhibitory postsynaptic currents (IPSCs) have been recorded,
which resulted from the opening of a single class of GABAA
receptors (Borst et al., 1994). These IPSCs had a fast rise time
and a much slower, bi-exponential decay, which was not
dependent on the amplitude of the IPSCs. The amplitudes
were very variable, but, in general, the number of channels
open at the peak of the IPSCs was one to three orders of
magnitude smaller than reported for end plate currents (Katz
and Miledi, 1972; Anderson and Stevens, 1973). There are
two possible explanations for this difference. One is that the
number of channels that bind neurotransmitter is simply
much smaller than in the end plate currents. Alternatively, the
efficacy of the transmitter, which is directly related to the
probability ofopening after binding of neurotransmitter, may
be much lower for the GABAA receptor channels than for the
nicotinic receptor channels. In that case it is possible that in
the GABA-ergic IPSCs and in the end plate currents a similar
number of channels bind neurotransmitter but that the peak
amplitudes of the GABA-ergic IPSCs are much lower be-
cause the GABAA receptor channels open only a small per-
centage of the time that GABA is bound. A low efficacy is

Received for publication 25 August 1993 and in final form 4 April 1994.
Address reprint requests to Dr. K. S. Kits, Neurophysiology and Behavioral
Physiology Unit, Department of Biology, Vrije Universiteit, De Boelelaan
1087, 1081 HV Amsterdam, The Netherlands. Tel.: 31-20-548-2992; Fax:
31-20-642-9202.
X 1994 by the Biophysical Society
0006-3495/94/07/183/07 $2.00

of interest because this contributes significantly to the vari-
ability of postsynaptic currents (Faber et al., 1992; Kullman,
1993).
The decay of postsynaptic currents mediated by ligand-

gated ion channels is generally thought to result from the
kinetic properties of the ion channels involved (Anderson
and Stevens, 1973; Dudel et al., 1980; Lester et al., 1990;
Hestrin et al., 1990). The GABA-ergic IPSCs in melano-
tropes are probably not an exception to this rule and rebind-
ing of neurotransmitter during the decay phase or desensi-
tization of the receptor channels does not seem to play a role
in determining the time course of the IPSCs (Borst et al.,
1994). This means that by studying the decay of postsynaptic
currents, it is possible to obtain information about the un-
derlying channels. Robinson et al. (1991) have used non-
stationary variance analysis (Sigworth, 1980) to study the
single channel amplitude and the number ofsynaptic receptor
channels in the decay phase of spontaneous GABA-ergic and
glutamatergic postsynaptic currents. Their method does not
seem suitable for studying the efficacy of GABA in mela-
notropes. As discussed by the authors, the estimate of the
number of receptors obtained with their method is not very
reliable. Moreover, for their method to be applicable to the
analysis of spontaneous postsynaptic currents, the number of
postsynaptic receptors must be the same in all active syn-
apses on a cell. However, it is unlikely that this holds true
in the case of the melanotropes of X. laevis (Borst et al.,
1994). We have used an alternative approach to obtain an
estimate for the number of channels that are involved in the
decay of the IPSCs.

THEORY

The decay of the IPSCs is adequately described by the
sum of two exponential functions (Borst et al., 1994; see
also Fig. 1).

X(t) = Ale-Alt + A2e-A2t (1)
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The time course of small IPSCs is not different from
large IPSCs (Borst et al., 1994). It is likely that the
GABAA receptor channels have a single conductance
level and that rebinding of neurotransmitter does not
play a role during the decay phase (Borst et al., 1994).
Under these assumptions the decay of the IPSCs is
logically equivalent to the following three-state
Markov scheme:

X2 k2l

X.

(2)Xl

where X2 and X3 are agonist-bound and X1 is the absorbing
closed state, which is entered when GABA unbinds from
the GABAA receptor channels. Two possible schemes can
be discriminated: I. Only one of the agonist-bound states
is open. Because of the symmetry in the scheme we can,
without loss of generality, take this to be X3. II. Both
agonist-bound states, X2 and X3, are open states. This
scheme does not contain agonist-bound closed states, all
channels that participate in the decay are open until they
lose the GABA. In this case the efficacy of GABA is the
highest possible.

Note that the sequential schemes

C1 - 0C203 and Cl 002 = C3

are special cases of scheme I and that

C1 002 = 03

is a special case of scheme II. In addition, more complex
schemes, with four or more states, may reduce to one of the
two schemes if the time spent in one or more of the states is
negligible.
Our strategy will be to intercept the IPSCs late in the

decay at a fixed amplitude and calculate the variance
around the average of the rest of the decay. Because at the
interception point the contribution of the fast exponential
function can be neglected, it becomes possible to calcu-
late the theoretical variance for the two different theo-
retical models as well. The variance for the model with
a single open state (model I) is clearly larger than the
variance for the model with two open states (model II),
since in model I more channels participate in the decay
than in model II. In the later sections of this paper, we will
test which model gives the best description of the spon-
taneous IPSCs in the intermediate lobe of the pituitary
gland of X. laevis.

For the kinetic scheme of Eq. 2 the time evolution of the
averages in states 2 and 3 is determined by

obtain for the solution of Eq. 3

1
x2(t) = [{N(A1- k32 -k3l)- Mk32}e-AklAl -A

+ {-N(A2 -k32 -k31) + Mk32}e A2t]
(4)

x3( ) - [{M(A - k-k23) -Nk23e

+ {-M(A2 -k2l- k23) + Nk23}e A2t]

where Al and A2 are the eigenvalues of the matrix in Eq. 3.
They have the form

A1,2 = {(k21 + k23 + k32 + k3l) ± A'((k21 + k23 + k32 + k3l)2
- 4(k2lk32 + k2lk3l + k23k3l))}/2 (5)

with

A1 + A2 = k2l + k23 + k32 + k3l
A1A2 = klk32 + k2lk3l + k23k31

(6)

As a convention we take A1 > A2.
It is not possible to distinguish between model I and II

on just the basis of decay phase averages and we have to
turn to the second moment, the variance, to make the
discrimination.
The quantity C = Al/(Al + A2) is related to a ratio p -

X2(0)/X3(0) = NIM, i.e., the distribution of the channels over
X2 and X3 at the peak of the IPSC. This p is a consequence
of rise phase dynamics and is unknown. We therefore start
the variance analysis at a fixed amplitude in the tail of the
IPSCs, at a point where the further decay is dominated by the
slower time constant. In the tail both X2(t) and X3(t) decay
exponentially (with exponent -A2) and in the calculations
the fact that for monoexponential decay the variance equals
the average can be used.

Variance for model 11

Suppose we have 1 open channel at a "t = 0" in the tail. Let
p(t) be the probability that the channel is still open at time
t. We have

p(t) = e-A2t (7)

and for the variance

cr (t) = p(t) - (p(t))2 = e A2t- (e-A2t)2. (8)

For ko open channels, instead of a single open channel at
t = 0, the variances will add

a2 (t) = ko{e A2t - (e2t)2}. (9)
The peak of the variance is at t = (ln 2)/A2, with maximum
amplitude kJ4.

(x2)=(-(C21 +/C23)
\X3J\ k23 -(k32+ k31))(x3). (3)

With the initial conditions X2(0) = N and X3(0) = M we

Variance for model I

We define P33(t) as the probability that a channel that is in
X3 at t = 0 is also in X3 at time t and P23(t) as the probability
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that a channel that is in X2 at t = 0 is in X3 at time t. P33(t)
can be easily evaluated by substituting N = 0 and M = 1 in
the equation for X3(t) under Eq. 4

P33(t) = A -A (10)

*{(A1- k2l-k23)e Ait -(A2 - 2- k23)e-2}.

Similarly, by substituting N = 1 andM = 0 in the equation
for X3(t) under Eq. 4 we find

P23 (t) = - (e 1 - eA2t) (11)
The variance among the channels in the open state that were
in X3 at t = 0 is

33 = MP33(t){1 - P33(t)}. (12)

The variance among the channels in the open state that were
in X2 at t = 0 is

ob2 (t) = NP23(t){1 -P23(t)}. (13)

Adding these two, we obtain the variance in the number of
open channels for any M and N

o2 (t) = mi(t) -MP23(t) - NP23(t). (14)

The IPSCs will be intercepted in the tail, at a fixed amplitude.
At this point only the slow component is important. From
then on, the average number of open channels, inm(t) = MO
exp(-A2t) and the variance in the tail will be

ol2 (t) = M e-A2(t)-m P3(t) - noP2(t) (15)

Although the number of open channels at the point of in-
terception (mo) will be the same for all IPSCs of an experi-
ment, the number of closed channels at that point (no) may
vary. Because the decay ofboth the number of closed and the
number of open channels is exponential in the tail of IPSCs,
the variance (An0)2 is equal to no. The standard deviation in
Am(t) around mti(t) caused by An0 can be derived by substi-
tuting n0 ± An0 in Eq. 4 and thus obtaining a X3(t). Then

AM(t) X3(t) - X3(t) = A {eAt ± e-A2t} (16)

where X3(t) = mri(t), the average number of channels in the
open state at time t, a quantity that can be measured given
a sufficiently large number of PSCs. From Eq. 11 this is seen
to be identical to nO(P23(t))2. Adding this, as a source of
variance, to Eq. 15 we get

or,(t) = MOle-X20) P-32(t)}. (17)

The variance in the number of open channels for model I is
therefore obtained by substituting Eq. 10 in Eq. 17

Note that the A1 component, even though it has disappeared
from the formula for the average number of open channels
m-i(t), is still present in the variance, i.e., still plays a role in
how fast identical initial conditions in the tail move away
from each other.
The ratio C = A /(Al + A2) from Eq. 1 can be related

to parameters and initial conditions via Eqs. 4. C tells us
through these formulas how agonist-bound channels are
divided over X2 and X3 at the end of the rise phase. We
obtain

(1 - C)A1 + CA2 = k2l + k23(l + p). (19)

Given A1 and A2, the variance is a one parameter family
of curves. The range over which (k2j + k23) can be varied
is very limited: in Eq. 19 we must have p 2 0 and 0 <
C < 1. This implies

A2 <k2l + k23 < (1 - C)A1 + CA2. (20)

The equation for the maximum variance for model I is
obtained by substituting A2 for k2l + k23 in Eq. 18

0'2.(t) = mo{e-A2t-(e--,t)21 (21)

The minimum variance is obtained when k2l + k23 =
(1 - C)A1 + CA2 in Eq. 18

(22)

= mi{ eA2t - - (Ce-Alt + (1--C)e 2t))}

A single exponential function is not sufficient to describe
the decay of the averaged experimental IPSCs, which
means that C is clearly larger than 0. Since A1 > A2, the
quadratic term in Eq. 22 will be smaller than in Eq. 9 and
the variance for model I is higher than for model II (see
Fig. 3, A-C). From Eq. 22 it can be seen that the more
C lies above 0, the bigger the gap in the figure between
the curve from model II and the family of curves from
model I will be.

After binding of GABA, the open probability of channels
that gate according to model II is 1. For channels that gate
according to model I it is not possible to calculate a precise
number for the open probability, since even if the variance
of the currents is known, the rate constants cannot be
uniquely calculated. However, it is possible to give an upper
limit for the open probability. The ratio between the number
of channels in the closed and the open bound state (p) is
unknown at the peak of the IPSC. Late in the decay it will
reach a steady state value p', which can be calculated from
Eqs. 4 and 6

p = iX2(t) A1-k2l-k23
P

= "lli kt- X3 (tt) 23
(23)

( (t) = m e A2t 1 ((A1- 2a-

- (A2 -k2l - k23)e-A2t))}.

(18)

The open probability will be largest if k2l = 0 and k23 =
(1 - C)A1 + CA2. The upper limit for the open probability
is therefore

P =1 _C(A1- A2)A1 (24)
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MATERIALS AND METHODS

Adult clawed toads (X. laevis) were bred at the Department of Animal
Physiology of the University of Nijmegen. They were adapted to a white
background for at least 3 weeks before the experiment. The size of the
melanotropes is smaller in white-adapted animals (Borst et al., 1994), re-

sulting in a higher signal to noise ratio in whole-cell recordings. The toads
were placed on ice and decapitated. The neurointermediate lobe was incu-
bated for 20 min in the extracellular buffer (see below) with 0.1% colla-
genase (type V, Sigma, St. Louis, MO), to facilitate the subsequent removal
of connective tissue.

In situ whole-cell recordings were made as described by Edwards et al.
(1989). The experiments were performed at room temperature. The record-
ing chamber was continuously perfused (2-3 ml/min) with a buffer that
consisted of (in mM): 90 NaCl, 2 KCI, 2 CaCl2, 2 MgCl2, 10 D-glucose, 26
NaHCO3. The pH was kept at 7.4 by bubbling the solution with carbogen
(95% 02, 5% C02). The pipette (intracellular) solution consisted of (in mM):
100 CsCl, 0.2 MgATP, 1.8 MgCl2, 2 CaCl2, 10 EGTA, 10 HEPES (pH
adjusted to 7.4 with CsOH). Pipettes were pulled on a Flaming/Brown P-87
puller (Sutter Instruments, Novato, CA) from thick-walled borosilicate glass
(Clark GC150-10, Reading, England, 5 Mfl). They were coated with Syl-
gard (Dow Corning, Seneffe, Belgium). Whole-cell recordings were made
with an EPC-7 patch-clamp amplifier (List, Darmstadt, Germany). The
holding potential was -80 mV. Three experiments were selected that con-

tained a large number of large IPSCs. In these experiments, errors in the
holding potential as a result of series resistance were <7 mV. The product
of series resistance and membrane capacitance was <70 ps. The average

amplitude of the IPSCs was constant during the experiment.
Current recordings were stored on a DAT-tape recorder (16-bit, DC to

44KHz). They were filtered at 1 kHz (-3dB, 8-pole Bessel filter) and when
the currents exceeded a threshold level of 150 or 200 pA, a period of 400
ms was digitized at 200,us per point (CED1401 12-bit A/D converter,
Cambridge Electronic Design, Cambridge, UK). For further analysis, traces
were selected that had stable baselines and contained only a single IPSC.

For the determination of the average time course, the IPSCs were aligned
by minimizing the difference between the 20-80% rise times of the IPSCs
and averaged. Using ax2 criterion and a Levenberg-Marquardt algorithm,
one or the sum of two exponential functions were fitted to the decay of the
averaged IPSCs.

For each IPSC the point in the decay was found where the currents

crossed a certain fixed level. This was the starting point (t = 0) for the
variance analysis. For each experiment, this level was chosen sufficiently
high to obtain enough open channels for the variance analysis, but also
sufficiently low to make it possible to neglect the contribution of the fast
exponential decay to the further decay of the synaptic currents. At the height
of the levels used in the decay analysis, the average contribution of the fast
exponential decay was 2-4%. If the level was crossed more than once (e.g.,
Fig. 2 A), one of these crossings was randomly chosen. This way a popu-

lation of currents which all started at the same level, but decayed differently,
was obtained. Mean and variance of this population were calculated.

RESULTS

Time course

In whole-cell recordings, the melanotropes received spon-

taneous GABA-ergic inputs. The amplitudes of the IPSCs
were very variable, both IPSCs with a peak amplitude of <10
pA and IPSCs >400 pA were observed. The time course of
the largest IPSCs was analyzed in detail in three cells from
three different clawed toads.
The IPSCs had a fast rise time. The rise times of the av-

eraged IPSC were <1ms. The decays were much slower. In
almost all IPSCs, the fit of the decay with a single expo-

nential function contained a systematic error (Fig. 1 A), but
the decay was well described by the sum of two exponential

A

50 pA[
25 ms

B

50 pA
25 ms

c

50 pAL
25 ms

FIGURE 1 Decay of spontaneous GABA-ergic IPSCs. Inward current,
corresponding to outward movement of Cl- ions, is downward. (A) Fit of
the decay of an IPSC with a single exponential function with a time constant
of 19.0ms. (B) Fit with the sum of two exponential functions with time
constants of 14.2 and 59.4ms. The contribution of the fast time constant
to the peak amplitude was 80.2%. (C) Fit of the averaged IPSCs from
the same experiment with the sum of two exponential functions with
time constants of 10.3 and 39.7ms. The peak contribution of the fast
time constant was 52.1%.

functions (Fig. 1 B). The decay of the averaged IPSCs was
also well described by the sum of two exponential functions
(Fig. 1 C). The fast time constant was 10.2 ± 1.2 ms (SD).
The slow time constant was 34.4 ± 5.3ms. The contribution
of the fast time constant to the peak amplitude was 57.9+
4.2%. However, there was also a very slow, third component,
that contributed only about 1% to the peak amplitude and
resulted from a number of very slowly decaying IPSCs. The
decay of the IPSCs became slower with time, mostly during
the first few minutes after establishing the whole-cell con-
figuration. During the period used for the variance analysis
(10-20 min), the decay time increased around 25%. This was
not due to an increase in the series resistance, since rise times
remained fast throughout the same period.

The good signal-to-noise ratio made it possible to dis-
criminate GABAA receptor channels in the decay phase
(Fig. 2 A). The amplitude of these channels was estimated
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to the baseline level was clearly slower than in model I or II.
However, the return of the average intercepted current to the
baseline level was also slower than predicted by the fit of the
averaged IPSC (Fig. 3 D).

DISCUSSION
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FIGURE 2 (A) Magnified tail of the same IPS
B. The solid horizontal line is at the amplitudc
intercepted (-24 pA), the dotted line is at the ba
histogram of >200 large spontaneous IPSCs.
baseline level, the other peaks are at 1-3 open

Also shown is the fit with the sum of 4 Gaussi;
was 2.137 pA.

from fits of the sum of 3-4 Gaussians tc
of the IPSCs (Fig. 2B). On average it v
Although the individual GABAA recepi
bursting behavior (Fig. 2 A), large in
tudes of the IPSCs during the decay ph
observed (Figs. 1 A and 2 A).

Variance analysis

The IPSCs were intercepted at a fixed
Materials and Methods. The variance
from the point of interception was cal
is 0 at the interception point (t = 0),
intercepted at the same amplitude. It
mum, as the amplitudes of the differe
returns to 0 as the IPSCs decay to tk
variance against time plot is shown for
in Fig. 3. In the same figure the expecte
theoretical models, calculated as descri
tion, is shown. The peak of the experin
ance fell later than the peak of the va

the amplitude was clearly lower. Howe
experimental variance after the poin
faster than for model II and the peak
than the peak of the model II variance
time differed from both theoretical mc

In whole-cell recordings in the intermediate lobe of the pi-
5 pA tuitary gland of X. laevis, spontaneous IPSCs were observed

25 ms that had a variable amplitude, a fast rise time, and a bi-

exponential decay. In the tails of the IPSCs, a single class of
GABAA receptor channels was observed.
The good description of both the individual and the av-

eraged IPSCs with the sum of two exponential functions
suggests that a three-state model is sufficient to describe the
behavior of the GABAA receptor channels during the decay
phase of the IPSCs, with one of the three states being a closed
absorbing state. Of the other two states, at least one must be

;0 w, W w X < an open state. This leaves two possible models. For the model
with two open states (model II) the efficacy of GABA will

I be the highest possible, since the probability of opening of

-2 0 2 the GABAA receptor channels in the IPSCs, after binding of

(pA) GABA, would be 1. The probability of opening for channels

iC as shown in Fig. 1,A and that gate according to model I will be lower. An upper limit
e at which the IPSCs were for the open probability, given the observed values for C, A1
aseline level. (B) All-points and A2, would be -0.6 (Eq. 24). This value would only be
The largest peak is at the reached if all channels that had still bound GABA at the point

GABAA receptor channels. of interception would open before losing the GABA, oth-
ans. Average peak distance

erwise it would be lower.

Because the efficacy of GABA is lower in model I than
in model II, the variance in the decay of the postsynaptic

all-points histograms currents is higher for model I. The variance has been cal-
was -2.12 ± 0.04 pA. culated for both models in the Theory section. The variance
tor channels displayed from the recorded IPSCs was best described by model II,
icreases in the ampli- since the peak of even the minimum variance model I was
ase were generally not clearly higher and fell earlier than the peak of the variance

from the IPSCs. Therefore we conclude that model I, which
contains an agonist-bound closed state, does not give a good
description of the experimental data. However, the descrip-
tion of the experimental variance by model II was also not

level, as described in perfect. The experimental variance had a faster rise phase, a

)f the currents starting higher peak, and returned to the baseline level slower than
culated. This variance the curve from model II. We have simulated the decay of
since all IPSCs were IPSCs (Robertson et al., 1991) using the two theoretical mod-
then rises to a maxi- els. The parameters were taken as much as possible from one

nt IPSCs diverge and of the experiments; this included the baseline noise, the am-
ie baseline level. The plitudes of the IPSCs, and the estimated contribution of the
the three experiments two exponential functions to the peak amplitudes. The results
.d variance for the two of these simulations showed that the presence of variations
ibed in the Theory sec- in peak amplitude, variations in the contribution of the two

aentally obtained vari- exponents to the peak amplitude, variations in the contribu-
riance of model I and tion of the fast exponent at the interception point, and the
ver, the increase in the presence of baseline noise introduced a total error of <5%
I of interception was (data not shown).
was somewhat higher Three other factors are probably more relevant for the
. The variance against observed differences between the variance in the experimen-
dels in that the return tal data and in model II. One is that the average decay became

A

Mr
I
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FIGURE 3 (A-C) Variance of the decay of the GABA-ergic IPSCs in three experiments. The results of the experiment shown in A were also used for
Fig. 1. The t = 0 point is the point in time at which the IPSCs were intercepted. In each case the noisy trace was obtained from the IPSCs. The number
1 denotes the maximum possible variance for model I, number 2 denotes the minimum variance for model I, and number 3 denotes the variance for model
II. These curves were calculated according to Eqs. 9, 25, and 26 in the Theory section. The parameters used in these calculations for the experiments shown
inA, B and C, were, respectively: GABAA receptor channel amplitude 2.137, 2.06, and 2.164 pA; interception amplitude -24, -14, and -14 pA; C was

0.521, 0.595, and 0.621; A1 (=1/X1) 97.1, 85.7, and 114.8 s-1; A2 25.2, 27.6, and 36.9 s-1. The numbers of IPSCs used for the calculation of the variance
were 233, 53, and 73. The baseline variance, which was estimated from the current immediately preceding the IPSCs, was subtracted from the calculated variance.
The baseline variance was 0.43, 0.90, and 0.68 pA2 in A, B and C, respectively. (D) Mean of the intercepted EPSCs of which the variance has been calculated in
A. The solid line is the expected decay, with a time constant of 39.7 ms, obtained from the fit with two exponential functions of the averaged IPSC.

slower during the experiment, as judged from fits on the
individual IPSCs. This will increase the variance and slow
the return of the amplitude of the variance to the baseline
level. A second cause was the occurrence of IPSCs with very
slow decays. These resulted in a slow, third component in the
averaged IPSCs which would contribute only little to the
peak amplitude, but which was more important in the tails
of the decay. A third cause for the extra variance in the
experimental data as compared with the variance of model
II is the presence of fast intraburst closures (Fig. 2 A). We
have measured the probability of opening of GABAA recep-
tor channels in the decay of IPSCs in recordings with very
low baseline noise. In general, the open probability was high
(J. Borst, J. Lodder, and K. Kits, unpublished observations).
In outside-out patches from cultured neurons, a high prob-
ability of opening during bursts of single GABAA receptor
channels has also been observed in the presence of high con-

centrations of GABA (Newland et al., 1991).
Despite these three causes, which all three increase the

measured variance, the peak variance was only slightly
higher than the variance from model II. The latter is the
lowest possible for postsynaptic currents with a bi-
exponential decay. Such a low peak variance occurs when the
GABA channels open as soon as GABA binds and remain

open until GABA unbinds. Since the variance calculated
from the spontaneous IPSCs in the melanotropes was only
slightly higher than for model II, we conclude that the ef-
ficacy of GABA at the synaptic GABAA receptor channels
in melanotropes is high. This is in agreement with a single-
channel study in which the efficacy was also estimated to be
rather high (Bormann and Clapham, 1985), although not as

high as the efficacy of acetylcholine for nicotinic receptor
channels (Ogden and Colquhoun, 1983; Colquhoun and
Sakmann, 1985; Sine and Steinbach, 1986; Dilger and Brett,
1990).
Although model II provides an adequate description of the

kinetics of the GABAA receptor channels during the decay
of the IPSCs, it clearly does not do justice to the complex
gating that has been observed in single-channel recordings
(MacDonald et al., 1989; Newland et al., 1991). However, it
should be noted that, in general, more complicated schemes
with two open states will reduce to model II if the channels
spend very little time in the ligand-bound closed states. For
example, a scheme with three closed and two open states was
used by Busch and Sakmann (1990) to simulate IPSCs with
a fast rise time and a bi-exponential decay. The rate constants
chosen by them were such that, for the decay, this scheme
can be reduced to model II.
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The high efficacy ofGABA for the GABAA receptor chan-
nels would imply that during the peak of the IPSC almost all
ligand-bound channels are open and, apart from the fast intra-
burst closures, they remain open until GABA dissociates
from the channels. This conclusion is supported by the
(qualitative) observation that large increases of the currents
during the decay of the IPSCs were generally not seen.
It means that the gating of the channels that have bound
neurotransmitter is not a major cause (cf. Faber et al., 1992)
for the observed variability in the peak amplitudes of the
spontaneous currents in the melanotropes (Borst et al., 1984).
The high efficacy implies that in many IPSCs less than
twenty GABAA receptor channels bind GABA. However, the
method of variance analysis presented here is not suitable to
estimate the total number of channels that can bind GABA
(i.e., the number of available channels; see Sigworth, 1980).
It is possible that in most spontaneous IPSCs, the number of
channels that bind GABA represents only a small fraction of
the number of available channels, for example if the amount
of GABA that is released is limiting. However, differences
in the number of postsynaptic channels between synapses are
probably a much more important cause for the variability in
the peak amplitudes of the spontaneous IPSCs (Borst et al.,
1994).
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