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Summary. The characteristic time constants derived from three 
different experimental procedures for measuring light-evoked 
currents in photoreceptors are compared; these procedures in- 
clude single-channel patch-clamp measurements, noise analysis, 
and current relaxation studies. Recent patch-clamp measure- 
ments of the mean open times of single light-activated channels 
in the ventral photoreceptor o fL imu lus  (Bacigalupo, J., Lisman, 
J.E. (1983L Nature (London) 304:268-270) yield a disagreement 
of the measured mean open time with the relaxation time of the 
falling phase of quantum bumps and with the inverse characteris- 
tic frequency of the noise power spectrum, measured by Wong 
(Wong, F. (1978), Nature  (London) 276:76-79). We present new 
experimental results which show that the relaxation time of the 
falling phase of bumps is markedly shortened by light-adapta- 
tion. Hence the state of light-adaptation has to be taken into 
account when comparing different experiments. Secondly, we 
investigate three simple models for the mechanism of channel 
opening and dosing, and conclude that an agreement of the mean 
open time of single channels, the relaxation time of the falling 
phase of bumps, and the inverse characteristic frequency of the 
noise power spectrum cannot be expected. 
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Introduction 

The experimental analysis of the properties of a sin- 
gle ionic membrane channel measured by the patch- 
clamp method yields the mean open and the mean 
close time for this channel. These time constants 
can also be calculated from the characteristic fre- 
quency of a noise power spectrum measured from 
an extended membrane region containing a large 
number of channels, provided that certain precondi- 
tions are met, e.g., if the channels open and close 
spontaneously and independently from each other. 
The relationship between the results of these two 
types of experiments, however, depends upon the 
mechanism that controls the opening and closing of 

the channels. Agreement cannot be expected for the 
correlated opening and/or closing of channels, as is 
found in light-activated channels in photoreceptor 
cells. We shall present arguments that results from 
patch-clamp and noise analysis experiments mea- 
sure different properties of the transduction system. 
For example, single-channel observations do not 
take account of the correlations between channels. 
Hence, results from different experimental proce- 
dures cannot appropriately be compared without 
further information concerning the mechanism of 
transduction and channel opening and closing. 

With some photoreceptors, for example the 
ventral photoreceptor of Limulus, there exists a 
third experimental method of obtaining information 
on the opening and closing of the light-activated 
channels and the transduction: the measurement of 
"quantum bumps," i.e., the response of the photo- 
receptor to the absorption of single photons. A 
bump is generally considered as a superposition of 
the correlated, transient opening of several hundred 
(or thousand) membrane channels. As we shall re- 
port, the falling phase of a bump can be fitted by an 
exponential c< exp. (-?,t), where t is time and ?~ is a 
decay rate constant. The question arises whether 
the rate constant ?~ can be expected to coincide with 
the characteristic frequency of a noise power spec- 
trum, or if 1/?, can be expected to coincide with the 
mean open time r obtained from a patch-clamp ex- 
periment. We shall argue that in general the answer 
is "no" :  the bump decay reflects a property of the 
system which need not be identical with those prop- 
erties reflected by single channel observations or by 
the noise behavior of the system. An appropriate 
comparison of ~ with the results of patch-clamp and 
noise experiments requires information of the un- 
derlying mechanisms. 

We report new experiments which show that 
the above-mentioned rate constant )~ of the falling 
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Fig. 1, Four experimentally observed quantum bumps of the ven- 
tral photoreceptor  of L i m u t u s  (inward current vs .  time). Expo- 
nential e -at were fitted to the falling phase by a computer pro- 
gram 

than the bump experiments used for comparison. In 
the following, we present our measurements and 
describe our arguments in more detail in order to 
confirm our point of view. 

Materials and Methods 

SHORTENING OF THE FALLING PHASt:, 

OF BUMPS BY L I G H T - A D A P T A T I O N  

We have evaluated the rate constants for the falling phase of a 
number of  current bumps of  the L i m u [ u s  ventral photoreceptor 
evoked by a 50 /zsec test flash of constant energy (I.3 x 10 ~-' 
photons/m2). Two seconds prior to the test flash, the cells were 
exposed to light-adapting flashes of 10 msec duration and varia- 
ble numbers of photons up to 8 x 1013/m 2. For details of the 
experimental procedure s e e  [6]. The membrane currents of the 
cells, which were supeffused with saline at 15~ were recorded 
under voltage clamp, and an exponential e a, was fitted to each 
bump's  falling phase by a best-fit computer  program ( s e e  Fig. I). 
Figure 2 shows two distributions of X-values obtained from the 
same cell under dark-adaptation and under light-adaptation by 8 
• l() ~ photons/m 2, respectively, as described above. Figure 3 
shows the variation of the mean value of  the individual X's as a 
function of  the number of photons contained in the light-adapting 
flash (2 diflerent cells). 

phase of bumps increases markedly with increasing 
light-adaptation of the photoreceptor; the falling 
phase of the bumps becomes shorter. If experimen- 
tal results depend upon light adaptation, then this 
has to be taken into account when comparing 
results from different experiments. 

The actual reason for our considerations and 
model calculations comes from recent patch-clamp 
experiments of single light-activated channels in Li- 
rnulus ventral photoreceptors by Bacigalupo and 
Lisman [l]. After sonification of the cells and treat- 
ment with proteolytic enzymes, about 30% of the 
attempts yielded successful seals, among which 4 
out of 77 contained light-activated channels. One of 
their results showed that the distribution of the 
open times of the light-activated channels could be 
fitted by an exponential with a mean open time r 
between 1.2 and 4.2 msec. These values differ ap- 
preciably from those of 18.7 msec for the inverse 
characteristic shoulder frequency of the noise 
power spectrum and 14.4 msec for 1/X of dark- 
adapted bumps obtained by Wong [7]. This dis- 
agreement led Bacigalupo and Lisman to conclude 
that the falling phase of a bump is not rate limited by 
the closing of channels, but follows rather the con- 
centration of the transmitter molecule that causes 
the channels to open. 

This conclusion seems not unequivocal to us, 
since their patch-clamp experiments were per- 
formed at a much higher level of light adaptation 

Results 

Our results show that the rate constants of the fall- 
ing phase of bumps significantly increase with in- 
creasing numbers of light-adapting photons. Within 
the adaptation range of our experiments, some cells 
show almost a doubling of the rate constants corre- 
sponding to a reduction of the relaxation times I/X 
from a mean value of 20 msec for the dark-adapted 
state to 12 msec for our maximum light-adapted 
state. 

Since Bacigalupo and Lisman [1] applied a con- 
stant light stimulus of about 3.5 • 1016 photons/m; �9 
s to the cell in their experiments, their results can- 
not be directly compared with ours. If one accepts, 
however, that stationary light-adaptation by a con- 
stant stimulus is reached within a time period of at 
least 200 msec [5], the effective number of light- 
adapting photons in Bacigalupo's and Lisman's [I] 
patch-clamp experiments is at least 7 x 10~5/m 2. 
This value is far beyond the maximum number of 
light-adapting photons in our bump experiments. 
An extension of our measurements of X to Bacigalu- 
po's and Lisman's [1] adaptation level is not possi- 
ble, since soon beyond our maximum number of 
light-adapting photons we find that the bumps fol- 
lowing the test flashes become extremely small in 
amplitude and very short in duration, thus cease to 
be observable at all (compare the "Adapting Bump 
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Fig. 2. Distribution of the rate constant X of the falling phase of 
Limulus photoreceptor bumps. Continuous line: Rate constant X 
of 99 bumps recorded from a dark-adapted cell; Dashed line: ?,- 
distribution of 106 bumps from the same cell in a weakly light- 
adapted condition 

Model," [3, 8]). In order to illustrate the effect of 
different orders of magnitude of numbers of light- 
adapting photons on the rate constants, we have 
marked Bacigalupo's and Lisman's 1 / r  - values for 
r = 4 msec at the estimated adaptation level (Fig. 
3). This shows that the comparison of the mean 
open times of Bacigalupos' and Lisman's [1] patch- 
clamp experiments with the relaxation times l/,X 
of the falling phase of dark-adapted bumps seems 
to be inadequate, since light adaptation markedly 
shortens I/X. The possibility that the values of the 
mean open times in their experiments might be sig- 
nificantly reduced by light adaptation and that the 
relaxation times of the falling phase of dark-adapted 
bumps yet reflect the mean open times of the chan- 
nels in the dark-adapted state cannot be excluded. 

A conceivable explanation of the shortening of 
the channel open times by light adaptation could be 
a dependence of the channel-closure rate on the lo- 
cal intracellular calcium level. As will be shown be- 
low, however, an agreement of 1/X with the mean 
open time even under equal light-adaptation condi- 
tions is to be expected only for very particular and 
simple channel opening and closing mechanisms. 

A further detail that points to an inadequacy in 
a comparison of the two types of experiments is the 
fact that in Bacigalupo's and Lisman's [1] patch- 
clamp experiments latency times in the order of up 
to several seconds are observed, whereas those for 
bumps of dark-adapted cells are in the order of 200 
msec, and less than 100 msec in light-adapted cells. 
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Fig. 3. Dependence of the average rate constant X on light adap- 
tation. Abscissa: Number N of photons per m 2 contained in the 
light-adapting flash. (x,  �9 Average ?, of -100 bumps each from 
two different cells. ([2): Channel closure rate constant (l/r), or 
inverse of the mean open time r, of single light-evoked channels, 
as reported by Bacigalupo and Lisman [1]. The corresponding 
number of light-adapting photons per m 2 was estimated by us to 
be at least 7 • 10 ~5 per m 2 (see text) 

This disagreement could be due to the rather inci- 
sive treatment of preparing the cell in order to ob- 
tain patches. It seems possible that this treatment 
could produce degenerate channels with open times 
that deviate from those in other experiments. 

Discussion 

CAN THE MEAN OPEN TIMES 7- 

AND THE BUMP RELAXATION TIMF, S l/X 

BE EXPECTED TO COINCIDE'? 

We have calculated the rate constants of the falling 
phase of bumps on the basis of three kinds of simple 
models for the opening and closing mechanism of a 
channel. For each of the models we have adopted 
the hypothesis of a "transmitter" molecule that 
causes the channels to open [1, 2]. Bumps are as- 
sumed to be caused by short pulses of transmitter 
production, activation, or release (subsequently re- 
ferred to as "transmitter production"), following 
the absorption of a photon. In all three models, the 
transmitter is given a spontaneous inactivation rate 
constant/x. Whether this transmitter inactivation is 
the rate-limiting step of the whole process or not, 
remains open at this stage. The three models differ 
as follows: 



42 G. Dirnberger et al.: Channel Time Constants in Photoreceptors 

A) The transmitter open channels "enzymatically"; 
the time the transmitter is bound is assumed to be 
much shorter than the mean channel open time. 
Subsequently the transmitter may open further 
channels. The opened channels close at random 
with a time constant k, thereby giving a mean 
open time expression r = I/k. 

B1) The transmitter opens channels by being bound, 
the bound complex representing an open channel 
and decaying with a time constant k as in A. The 
transmitter is assumed to be inactive afterwards. 

B2) As B1, but the transmitter is assumed to be 
active after the decay of the complex. 

It is obvious for each of the models, which rep- 
resent three particularly simple examples from a 
much larger variety of conceivable mechanisms, 
that r = Ilk represents the mean open time to be 
observed in a patch-clamp experiment. The calcula- 
tion of the rate constants for the falling phase of 
bumps yields a pair of constants for each of the 
models. These constants are independent of the 
time course of transmitter production since we con- 
sider the " la te"  falling phase of bumps (see Fig. 1), 
where it is assumed that the transmitter production 
has come to an end, or is extremely small. 

Within these pairs of constants, the constant 
with the lower value is rate limiting at large times in 
the sense that it will control the falling phase. For 
models A and B1, one of the calculated constants 
coincides with k = I/r; on the basis of these models 
one might then expect an agreement of the mean 
open time with the relaxation time of the falling 
phase if k is rate limiting in the above mentioned 
sense and if, as we would like to emphasize again, 
the same light-adapted state is realized for the two 
experiments. For model B2, none of the calculated 
rate constants concides with k = l/r. In this model, 
both constants are combinations of k,/x and further 
model parameters; this also applies to the second 
constant of model B1. In model A, however, the 
second constant coincides with the time constant/x 
of the transmitter decay. For more complex 
models, the calculation will yield not only pairs, but 
three or more rate constants. We expect the possi- 
bility of one of them coinciding with the mean open 
time of a single channel to be rather unlikely. 

CAN THE CHARACTERISTIC FREQUENCIES 
OF NOISE POWER SPECTRA BE EXPECTED 
TO COINCIDE WITH EITHER THE INVERSE MEAN 
OPEN TIME k = 1/r OR WITH THE BUMP DECAY 
RATE CONSTANT )t. 9 

We have calculated the noise power spectra for a 
constant light stimulus on the basis of our three 

simple models. The transmitter production is now 
assumed to occur at some rate that shows a con- 
stant and finite mean value and Poisson-like fluctua- 
tions around it (compare Fain & Lisman [4]). For 
each of our models, we obtain a power spectrum 
that contains two corner frequencies. For none of 
our models, however, does any of the calculated 
characteristic frequencies coincide with the time 
constant k = 1/r of channel closing. The time con- 
stant k enters into the calculated expressions for the 
characteristic frequencies only in combination with 
the mean steady-state transmitter concentration 
level, which in turn will depend on the stimulating 
light intensity. We expect that this finding will also 
apply to more complicated mechanisms for channel 
opening and closing. Experimental power spectra of 
cells under constant illumination therefore cannot 
be expected to yield the rate constant k directly. 
Bumps, on the other hand, are single-photon 
events; hence the individual bump's falling phase 
does not depend on the intensity of the evoking 
light. Coincidence of the rate constant X of the fall- 
ing phase of bumps in dark-adapted cells with a 
characteristic frequency of the power spectra would 
be accidental. 

Wong's experimental results [7] for the noise 
power spectrum show only one corner frequency 
instead of two. This corner frequency depends 
slightly on the stimulating light intensity, as would 
be expected on the basis of our three models. That 
the experimental power spectrum shows only one 
shoulder may be due to the fact that the graphic 
picture of a power spectrum dissolves two frequen- 
cies only if their values differ by at least two orders 
of magnitude. It is also possible that one of the mea- 
surable frequencies is very high and beyond the top 
end of the frequency spectrum reported. In any 
case, neither of the two corner frequencies need 
coincide with the rate constant X of the bump falling 
phase with the time constant k = 1/r of channel 
closing. 

CONCLUSION 

Summarizing our results, we would like to point out 
that an agreement between the mean open time of 
single channels and the relaxation time of the falling 
phase of bumps can be expected only for certain 
types of channel opening and closing and only if the 
closing of channels is the slowest, i.e., rate-limiting 
process during the falling phase of bumps. More- 
over, the relaxation time of the falling phase of 
bumps depends strongly on light adaptation such 
that its agreement with the mean open time of single 
channels presumes equal light adaptation condi- 
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tions in both measurements. While Bacigalupo and 
Lisman's [1] assumption that the falling phase of 
bumps is controlled by the time course of the trans- 
mitter and not by the closing of channels is not ruled 
out, it is inconclusive. The interpretation of the 
characteristic frequencies of the noise power spec- 
trum again depends on the type of underlying con- 
trol mechanism for the opening and closing of the 
channels. An agreement of the inverse characteris- 
tic frequency with either the mean open time of 
single channels or with the relaxation time of the 
falling phase of bumps seems to be unlikely and at 
most accidental. 

This work was supported by Ihe Deutsche Forschungsgemein- 
schafl, SFB 160. 
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