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A B S T R A C T The propert ies  of  l ight-dependent  channels in Limulus ventral photo- 
receptors have been studied in cell-attached patches. Two sizes of single-channel 
events are seen during illumination. Previous work has characterized the large (40 
pS) events; the goal of  the current work was to characterize the small (15 pS) events 
and determine their relationship to the large events. The small events are activated 
by light rather  than as a secondary result of  the change in membrane voltage during 
light. The mean open time of  the small events is 1.34 -+ 0.49 ms ( m e a n _  SD, 
n = 15), ~50% of  that of  the large events. The  large and small events have the 
same reversal potential  and a similar dependence  of  open-state probability on 
voltage. Evidence that these events are due to different conductance states of  the 
same channel comes from analysis of  relatively infrequent events showing a direct 
transition between the 15 and 40-pS levels. Furthermore,  large and small events do 
not superpose, even at positive voltages when the probability of  being open is very 
high, as would be predicted if the two-sized events were due to independent  
channels. Expression of  the different conductance states is not random; during 
steady illumination there are alternating periods of several hundred milliseconds in 
which there are consecutive, sequential large events followed by periods in which 
there are consecutive, sequential small events. At early times during the response to 
a step of  light, the large conductance state is preferentially expressed. At later times, 
there is an increase in the relative contribution of  the low conductance state. These 
findings indicate that there is a process that changes the preferred conductance 
state of  the channel. This alteration has functional importance in the process of  
light adaptation. 
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I N T R O D U C T I O N  

Limulus pho to recep to r s  depola r ize  in response  to l ight  as a result  of  an inward 
current  that  flows th rough  ionic channels  act ivated by the pho to t r ansduc t ion  cascade 
(Millecchia and Mauro,  1969; Wong  et al., 1982; Bacigalupo and Lisman,  1983; 
Bacigalupo et al., 1986). T h e  second messenger  repons ib le  for ope n ing  the light- 
act ivated channels  of  inver tebra te  pho to recep to r s  may be cGMP ( Johnson  et al., 
1986; Bacigalupo et al., 1990, 1991). Previous work showed that  l ight activates 
channels  having a conductance  of  40 pS. In addi t ion,  p re l iminary  evidence was 
r e p o r t e d  for small events p resen t  dur ing  l ight (Bacigalupo and  Lisman,  1983; 
Bacigalupo et  al., 1987). T h e  main  pu rpose  of  this p a p e r  is to fur ther  examine  these 
small events. We have conc luded  that  they are due  to a different  conductance  state of  
the same channel  that  genera tes  the large events, r a the r  than  due to a complete ly  
different  type of  channel .  We have also s tudied the sequence o f  large and small 
events dur ing  the response  to light. Such analysis reveals that  the sequence is far 
from random.  T h e  channel  cycles between modes  in which the channel  r epea ted ly  
opens  to the same conductance  state. Fur the rmore ,  there  is a regula tory  process  that  
reduces  the relative cont r ibut ion  of  the h igh-conduc tance  mode  as the response  to 
l ight proceeds .  This a l tera t ion contr ibutes  to the function of  l ight  adap ta t ion  in these 
pho torecep tors .  A pre l iminary  account  of  some of  this work has been  p re sen ted  
(Bacigalupo et al., 1987; Lisman et al., 1990). 

M A T E R I A L S  AND M E T H O D S  

The experiments were done on ventral photoreceptors from male horseshoe crabs obtained 
from the Marine Biological Laboratory, Woods Hole, MA, and kept either in seawater tanks or 
in a moistened environment in a cold room for < 10 d. Ventral nerves were removed and 
treated with Pronase (Calbiochem-Behring Corp., La Jolla, CA; 2% for 30-60 s) to soften 
connective tissue, a procedure that is standard for this preparation. Individual photoreceptors 
from these nerves were stripped of their surrounding connective tissue by means of a suction 
pipette, as described by Stern et al. (1982). All experiments were done at room temperature. 

Patch pipettes (Garner Glass, Claremont, CA; no. 7052) filled with artificial seawater (in 
millimolar: 425 NaC1, 10 KCI, 22 MgC12, 26 MgSOz, 10 CaCI 2, 15 Tris C1, pH 7.8) were sealed 
against the light-sensitive membrane of the photoreceptors (the R-lobe membrane). Seal 
resistances between 5 and 100 GI) were obtained. Unlike work using a different pipette glass 
(Bacigalupo et al., 1986), seals could be obtained without using the mild sonication procedure 
previously required. After obtaining the gigaseal, a series of depolarizing voltage steps was 
applied in the dark in order to determine whether channels other than the light-activated 
channels were present in the patch. We proceeded with an experiment only if the patch 
contained solely light-activated channels. Data were stored on an FM tape recorder or on a 
video cassette recorder through a digital interface for subsequent analysis. 

For analysis, the current records were low-pass filtered using an eight-pole Bessel filter 
(model 902; Frequency Devices, Haverhill, MA), set at a bandwidth of half the sample 
frequency, normally 10-40 kHz. Data were sampled by a Digital computer system (Indec 
Systems, Sunnyvale, CA) or by an IBM AT compatible system (Indec Systems) and filtered with 
a Gaussian digital filter. The overall bandwidth of the signal indicated in the figure legends was 
determined by the sum of the cutoff frequencies of the components. In addition to the bessel 
filter, the digital Gaussian filter of the computer was normally 2.5 kHz, and the patch-clamp 
bandwidth was 10 kHz, resulting in a total cutoff frequency of 2.37 kHz. When using the FM 



JOHNSON ET AL. Alteration of Conductance State in Light-dependent Channels 1189 

recorder, which had a very sharp cutoff at about 4 kHz, the cutoff frequency was slightly lower 
(2.3 kHz). 

Histograms of the raw current records were constructed from digitized data. The composite 
cutoff frequency for these data was 2.3 kHz, giving a rise time (10-90%) of 0.15 ms. As a result 
of the finite bandwidth, transitions between event levels contribute to this histogram. The data 
were fit with a multiple Gaussian distribution using a standard Levenberg-Marquardt algorithm 
as implemented in pClamp 5.5. 

Histograms of idealized records were constructed using an interactive detection program 
(Fetchan in pClamp 5.5) with a 50% detection threshold. Events were included for histogram 
analysis only if they were open long enough to allow the digital Gaussian filter to settle (twice 
the Gaussian filter rise time). Thus, events shorter than 0.5 ms were normally not included in 
the amplitude and open time distributions. In addition, closings shorter than 0.150 ms were 
ignored. For this reason, the open time distributions should technically be considered the 
distribution of burst times. The minimum in the double Gaussian fit of the amplitude 
distribution was used to determine which subset of the data was used for determining the open 
time distribution for the 15- and the 40-pS events. The open time was calculated as the time 
between two 50% threshold crossings from an event that was open long enough for the 
amplitude to be accurately determined (if the digital Gaussian filtering is set at 2 kHz, this 
would be 600 ~s). 

Events considered in the closed time distribution included all 50% threshold crossings and 
therefore included more events than the open time distributions. The amplitude, open time, 
and closed time data were binned and fit using the Levenberg-Marquardt algorithm with 
multiple Gaussian distributions or multiple exponentials to determine the mean event 
amplitude, mean open time, and mean closed time. 

R E S U L T S  

Light Activates Unitary Channel Currents of Two Distinct Amplitudes 

In the  dark,  a cel l -a t tached pa tch  f rom the l ight-sensit ive lobe of  a Limulus ventral  
p h o t o r e c e p t o r  typically showed no channel  activity. T h e  response  to l ight  had  an 
early phase  charac ter ized  by high channel  activity followed by a late phase  with 
r educed  channel  activity, a pa t t e rn  that  resembles  the macroscopic  response  (Baciga- 
lupo  and  Lisman,  1983, 1984). Dur ing  i l luminat ion,  there  were bo th  large and  small 
channel  events (Fig. 1 A). Previous work showed that  the large events cannot  be 
induced  by depola r iza t ion  in the dark,  implying that  the  large events are  induced  by 
l ight r a the r  than  by the depo la r iza t ion  p r o d u c e d  by light.  Fig. 1 B shows that  this is 
also t rue for small  events. 

Since many  channel  open ings  were very br ie f  (a mil l isecond or  less), it was 
impor t an t  to establish that  the  small events were really a separa te  type o f  event  r a the r  
than  a t t enua ted  large  events. Fig. 2 shows the probabi l i ty  densi ty h i s togram of  the  
cur ren t  for all da ta  points  in a 75-s pe r iod  with the n u m b e r  o f  observat ions on the 
o rd ina te  d isp layed on a logar i thmic  scale. T h e  da ta  have been  fit with the sum of  
three  Gaussian distr ibutions.  The  first and  largest  ampl i t ude  Gaussian is cen te red  at  
zero cur ren t  and  describes the dis t r ibut ion of  the basel ine  points.  T h e  two addi t iona l  
Gaussians that  descr ibe  channel  activity have peaks  at - 0 . 6 7 8  -+ 0.203 and  - 1 . 4 1 7  + 
0.497 pA (mean  + SD). T h e  t r iple  Gaussian fit was significantly be t te r  than  that  with 
a double  Gaussian (×2/degrees o f  f reedom:  0.49 [tr iple Gaussian] vs. 2.1 [double  
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FIGURE 1. Two sizes of chan- 
nel events are evoked by light 
and cannot be activated by de- 
polarization in the dark. (1'1) 
Consecutive traces during illu- 
mination of  a cell-attached 
patch (bandwidth is 2,000 Hz 
DC, set at playback) with no 
voltage applied to the pipette 
(at this level of  illumination, the 
absolute membrane potential 
of the cell is ~ - 3 0  mV). 
Events of  two sizes are seen. 
Light stimulus is ~ 1014 pho- 
tons cm -2 s -n at the level of the 
preparation. (B) In the dark, 
depolarizing steps in incre- 
ments of  30 mV were applied to 
the pipette (up to 120 mV) 
from resting potential (~  - 5 0  
mV). The applied pipette po- 
tential is shown above each 
trace. No channel events were 
observed at any of  these volt- 
ages. Top traces are the patch 
current; bottom trace is the 
voltage monitor. After each 
voltage step the voltage re- 
turned to zero. 
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Gaussian]). Thus,  the data are best accounted for by more than a single popula t ion  of 
channel  events and  most likely two populat ions.  

The  size distr ibution of  s ingle-channel  events was further  characterized by detect- 
ing events that were larger than a criterion threshold and  open  long enough  for the 
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FIGURE 2. Raw probability density histogram of the digitized patch clamp current recorded 
during the steady-state phase of the light response. Data were digitized during a 75-s period of 
illumination at 10 kHz; the digital Gaussian filter resulted in a final bandwidth of 2.37 kHz. 
Amplitude histogram is displayed as the logarithm of the number of samples. These data can 
be best fit by the sum of three Gaussians. The largest Gaussian is the baseline noise. The fit 
parameters are the weight factor (W), the midpoint (mean), and standard deviation (SD): W-1 
348.75, mean-1 = 0.103, SD-1 = 0.307; W-2 = 12.46, mean-2 - -0.678, SD-2 = 0.203; W-3 = 
30.06, mean-3 = -1.417, SD-3 = 0.497. The data are from the same patch as Fig. 1. 

current  to settle (see Materials and  Methods). Fig. 3 shows an ampl i tude  distr ibution 
of such events. The  histogram was adequately fit with the sum of two Gaussians, 
- 0 . 6 2  + 0.16 and  - 1 . 4 7  - 0.33 pA (mean + SD). Recordings from 15 of 20 patches 
had substantial numbers  of both large and  small events. In  five patches one of the 
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event  classes occur red  too infrequently to be fit by a Gaussian;  one of  these patches  
had  p redomina te ly  small events, whereas four  patches  had  p redomina te ly  large 
events. In some patches  there  were small numbers  of  even larger  events ( ~  58 pS) 
that  were seen most  frequently at early t imes dur ing  the response  to light. Such 
events were rare  or  absent  dur ing  the steady-state phase  of  the response  in most  
patches,  and  were not  character ized further.  

T h e  cu r ren t -vo l t age  re la t ionships  for small and  large events from the same patch  
are shown in Fig. 4. The  slope conductances  are 15 and 40 pS, respectively. For  15 
patches  studied,  the values were 14.9 -+ 3.1 (mean + SD; n = 15) and 39.7 -+ 3.8 
(n = 15). T h e  reversal  potent ia l  for bo th  types of  discrete cur ren t  events is the same; 
40 mV depo la r i zed  from the m e m b r a n e  potent ia l  of  the i l luminated  cell ( ~  - 3 0  
mV). This  implies  that  the absolute  value of  the reversal  potent ia l  is about  + 10 mV, 
in ag reemen t  with previous work on the large events (Bacigalupo and  Lisman,  1984) 
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FIGURE 3. Histogram for the 
idealized events whose ampli- 
tude was larger than threshold 
(0.31 pA, ~50% of the small 
events) and longer than 600 ~zs. 
From the same experiment as 
Fig. 2. Two peaks can be easily 
distinguished and a double 
Gaussian distribution (×2/de- 
grees of freedom = 3.8) was fit- 
ted with peaks at -0.620 -+ 
0.163 (mean + SD) and 
-1.469 _+ 0.330 pA. 

and the macroscopic  conductance  (Millecchia and  Mauro,  1969). In most  cells the 
cu r ren t -vo l t age  curve of  the open  channel  de mons t r a t e d  some outward rectif ication 
when the pa tch  was depo la r i zed  > 90 mV dur ing  i l lumination.  This  rectif ication was 
not  observed in all patches;  when presen t  it was always grea ter  for the small events 
than  for large ones. 

Kinetic Properties of the Light-activated Unitary Events 

Both large and small events somet imes  have br ie f  closures ( <  1 ms) that  are 
d is t inguishable  f rom the long closed per iods  which separa te  o ther  openings .  The  
dist inct ion between such closures is demons t r a t ed  by closed t ime h is tograms that  are 
fit by a combina t ion  of  a very br ie f  ( <  1 ms) and  a much longer  exponen t i a l  t ime 
constant  (Fig. 5). Brief  closures of  this kind are  typically re fer red  to as flickering. It 
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should be noted that flickering closures are relatively rare. For the patch illustrated in 
Fig. 5, the area under  the fast componen t  o f  the curve is only ~ 20% of  the total area, 
indicating that most  events do not  contain a detectable flickering closure. 

The  histogram of  open  durations for the large and small events at zero applied 
pipette potential under  steady illumination is shown in Fig. 6. In making the 
measurements  of  open  time, brief  closings due to flickering were ignored because it 
was clear that many such flickering events would go undetected.  As a result the open  
time distributions should technically be considered a burst time distribution. The  
open  time histograms for both large and small events were adequately fit by a single 
exponential ,  consistent with a single open  state. The  mean open  time for large events 
was 2.38 + 0.73 ms, n = 15 (mean _-+ SD, for n patches), somewhat longer  than for 
the small events (1.34 + 0.49 ms; n = 15). 
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FIGURE 4. Current-voltage relations 
for the large conductance (0) and the 
small conductance (A, A) light-acti- 
vated events. The voltage values on 
the abscissa correspond to the volt- 
ages applied to the pipette during the 
application of a prolonged light. Zero 
voltage is the resting membrane po- 
tential of an illuminated cell (~ -30  
mV). Each point represents the peak 
of a Gaussian fit of the data at the 
corresponding voltage as in Fig. 3. 
The two sets of points shown by filled 
symbols were fitted by linear regres- 
sion. Slopes conductances were 40 
and 15 pS. At very positive potentials 
the small events deviate from linear- 
ity. At 120 mV this deviation is signif- 
icant at P < 0.05. These points were 
not included in fitting the slope. 

The  large light-activated event has a probability o f  being open  that is insensitive to 
voltage at negative voltages and that increases dramatically at positive voltages 
(Bacigalupo et al., 1986), consistent with the vol tage-dependence o f  the macroscopic 
light-activated conductance (Millecchia and Mauro, 1969). As shown in Fig. 7, the 
voltage dependence  of  the probability o f  being open  for the small event is similar to 
that of  the large event. The  data in Fig. 7 are from a patch that contained only one 
channel  as shown by subsequent analysis below (see below). Previous work on large 
conductance events (Bacigalupo et al., 1986) showed that the mean open  time 
increases at positive voltages and that this is the major  reason for the voltage- 
dependen t  increase in probability o f  being open. Although we have not examined 
this question in detail for the small event, the data indicate that the mean open  time 
of  the small event is also larger at positive voltages. For example, in the patch of  Fig. 
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8, at zero appl ied pipette potential ,  the mean  open  times for the large and small 
events are 2.2 and  1.3 ms, respectively, while at a pipette potential  of + 100 mV they 
are 10.7 and  8.3 ms. 

Large and Small Events Are Due to Two Different Conductance States of the 
Light-activated Channel 

Large and small events might  be produced by two types of light=activated channels;  
alternatively, they might  be due to different conductance states of the same channel  
type. We addressed this issue using two different tests. In  the first test we examine  the 
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FIGURE 5. Distribution for all closed times in the recording at zero applied voltage. This was 
calculated from the time between successive threshold crossings (0.35 pA) for either size events. 
Two exponentials were fitted with time constants 0.423 and 11.52 ms. The distribution includes 
events that were not open sufficiently long to determine which conductance level was reached, 
but long enough to define the end of a closing (see Materials and Methods). This included 693 
15-pS events, 180 40-pS events, and 4,413 events that crossed threshold but were open too 
short to determine the conductance level. The data are from the same patch as Fig. 1. 

issue of overlap of large and small events. Failure to find overlap would argue for a 
single type of channel  with multiple conductance states. This test was most critical at 
positive voltages for two reasons. First, at positive voltages, as jus t  shown, the 
probability of a channel  being open  is high. Thus,  if different conductance states 
were independen t ,  a reasonable n u m b e r  of overlaps would be expected. Second, 
because the mean  open  time is quite long at positive voltages, there is little chance 
that over lapping events would be missed due to limited frequency response. If the 
large and  small events are due to two different ion channels  that open  independent ly ,  
the probability that both channels  are open  simultaneously is the product  of the 
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FIGURE 6. Distribution of  open  times for the two sizes of  events at zero appl ied pa tch  
potent ia l  dur ing  steady-state il lumination. (A) O p e n  t ime distr ibution for the 15-pS events. One  
exponent ia l  was fit to the data with a t ime constant  of 1.40 ms. (B) O p e n  t ime distr ibution for 
the 40-pS events fit with one exponent ial ,  t ime constant  2.11 ms. The  data  are f rom the same 
patch  as Fig. 1. 
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probability of the small event being open times the probability of the large event 
being open. In Fig. 7, when the patch was depolarized by + 120 mV, the probability 
of being open for the small and large events was 0.24 and 0.38, respectively, giving a 
probability of  overlap of 0.09. Given that the mean open times of the large and small 
events were 11.1 and 8.8 ms, respectively, the dwell time of a randomly occurring 
overlapping event would be 4.9 ms; such an event would be easily observed in our 
recording system. From the predicted probability of  overlap (0.09) and the predicted 
dwell time of overlap, we would expect 367 randomly occurring overlapping events in 
a 20-s stretch of data; however, no overlaps were observed. Similar observations were 
made at other positive voltages. In the patch of Fig. 8 A, when depolarized by + 100 
mV, the probability of being open for the small and large events was 0.27 and 0.075, 
respectively, giving a probability of both being open of 0.02. In this patch the dwell 
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FIGURE 7. The open-state 
probability of large and small 
events is voltage dependent. 
The probability of being open 
was determined by the duration 
spent in a given level divided by 
the total time of the measure- 
ment. At zero applied voltage 
the membrane potential is 
~ - 3 0  mV. (O) 40-pS events; 
(0) 15-pS events. Each point 
represents the open-state prob- 
ability calculated from the inte- 
gral of at least 50 events of each 
size. The data are from the 
same patch as Fig. 1. 

time of a randomly occurring overlapping event is 4.7 ms, and we would expect 123 
randomly occurring overlapping events. Again, in a 29-s stretch of data no overlaps 
were observed. In this patch, the observed probability of being open at the level of 
15 + 40 pS was 0.0055, however, all of these events were due to rare 58-pS events 
which made direct transitions to and from baseline. Most patches contained multiple 
channels. In such patches superposed large and small events were, of course, 
common. 

A second test for multiple conductance states is whether there are direct transitions 
between current levels. Transitions are observed relatively frequently at positive 
voltages, where the probability of being open is high, and less frequently at negative 
voltages. Within each of three traces in Fig. 8 A there are several transitions between 
current levels that do not involve a transition back to baseline. Because of the low 



JOHNSON ET AL. Alteration of Conductance State in Light-dependent Channels 1197 

frequency o f  t ransi t ions it was impor t an t  to do  statistical analysis to de t e rmine  
whe ther  these r e p r e s e n t e d  true t ransi t ions or  were only a p p a r e n t  t ransi t ions caused 
by two i n d e p e n d e n t  sequent ia l  events. A p p a r e n t  t ransi t ions could occur  when one  
event  ends  at  near ly  the  same t ime that  the  o the r  begins;  because  o f  l imitat ions in the  
f requency response  o f  the  r eco rd ing  system, this would a p p e a r  to fuse into a single 
event  with two levels. In  the  e x p e r i m e n t  o f  Fig. 8 B, there  was a total  o f  375 events, 
18 o f  which showed direct  t ransi t ions between cur ren t  levels. These  observat ions  were 
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I j .. l l t  . . . .  

lpA I 

25 ms 
B 

• w l u  

0.5 pA [ 

2 ms 
FIGURE 8. Direct transitions between conductance levels (A) A series of transitions in each of 
three selected traces from a patch depolarized by 100 mV (driving force = 60 mV). Note that 
because of the outward rectification of the small conductance, the "15 pS" events are about half 
the size of the "40 pS" events. The high frequency of transitions between event levels in such 
short periods indicates that these are substates of a single ion channel (see text). (B) Transitions 
observed at zero applied patch potential (driving force = - 4 0  mV) in the same patch as A. 
Transitions occur much less frequently, owing to the much lower open-state probability at this 
patch potential. Bandwidth in each is DC to 2,000 Hz. Lines indicate zero conductance level 
(closed channel) and the "15 pS" and "40 pS" states in this patch. 

conf i rmed  by r eexamina t i on  at 10 kHz frequency response .  O f  such transit ions,  8 
went  f rom the large conduc tance  to the small  conductance  level and  10 f rom the 
small  to the  large  conduc tance  level, therefore  not  showing any pre fe rence  o f  one  
type o f  t ransi t ion over  the  other .  I f  large and  small  events are  i nde pe nde n t ,  the  
p red i c t ed  frequency of  a p p a r e n t  t ransi t ions f rom a large event  to a small  event  can be 
calcula ted f rom the rate  o f  large events t imes the probabi l i ty  that  a small event  will 
beg in  after  the end  o f  the  large  event  within the  t ime that  a closing to basel ine  cannot  



1198  T H E  JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 97 - 1991 

be resolved. This probability is the rate of the small events times the time resolution. 
A flickering closure of a large channel followed by an opening of a small channel 
would not generate the kind of transition we observed because it would be rapidly 
followed by a transition to the sum of the large and small conductance levels at the 
end of the flickering closure. In calculating the rate of expected transitions it was 
therefore appropriate to use the rate of events without counting the openings due to 
flickering (i.e., the rate of bursts). 

The time resolution was determined by simulating impulse responses through a 
Gaussian filter with noise and determining the separation in time needed between 
two events to determine that they are independent. This value is ~ 100 Ixs for a 
Gaussian filter with a cutoff at 2 kHz. In the patch of Fig. 1, for data at zero applied 
pipette potential, the frequency of small events was 4.4 s -1 and the frequency of large 
events was 2.5 s i. Using these values, the predicted frequency of apparent transi- 
tions is 1.1" 10 -3 s-~, the observed frequency is much greater, 0.12 s -l. In a total of five 
patches, at zero applied patch potential, in which this analysis was done, we found an 
average of 3.7% of the events contained a transition to the other sized event (range: 
from 2.1% to 7.6%), all of these much greater than the predicted number of 
transitions. We conclude, using a ×2 test, that the number of observed transitions is 
significantly greater than the predicted number of "false" transitions (P < 0.005, 
n = 5). Fig. 8 A shows several current traces during illumination of a patch depolar- 
ized by +100 mV and containing only a single light-activated channel. Such 
transitions were common. The same statistical analysis was also done for data 
obtained at positive voltages where we also observed a statistically significant 
frequency of true transitions (1.3 + 0.83 s-J; P < 0.001, n = 4). 

In predicting the frequency of apparent transitions, we have assumed that large 
and small events occur randomly in time. As will be shown in the next section, this is 
not the case; large and small events tend to occur in runs having durations on the 
order of several hundred milliseconds. This grouping of events of the same size 
makes it even more unlikely that the observed transitions between large and small 
events is due to the closure of one type of channel concurrent with the opening of the 
other. The calculations of apparent transitions given above should therefore be 
considered worst case calculations. The fact that even under these worst case 
conditions the observed transitions cannot be accounted for by sequential events in 
two different channels emphasizes the conclusion that the transitions are real and 
that large and small events are due to substates of the same channel. 

Modes of the Channel during Illumination 

During examination of channel activity evoked by prolonged illumination we noted 
that events of a given size appeared to occur in groups. This was only observed in 
patches that had only one channel as evidenced by the absence of overlap when the 
probability of being open is high at positive voltages. This grouping sometimes 
occurred over periods of several hundred milliseconds, a period much longer than 
the channel open time and much longer than the fast or bursting time constant of the 
closed time histogram. To illustrate this phenomenon, we constructed plots of the 
type shown in Fig. 9 A from a patch hyperpolarized by 30 mV. The ordinate in this 
plot represents the number of consecutive events of the same conductance. Positive 
deflections represent openings to the high conductance state; negative deflections 
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FIGURE 9. Conductance modes of the light-activated channel activity. (A) Plot of the number  
of consecutive events having the same conductance level versus time. Positive points: large 
events. Negative points: small events. There were 145 consecutive events. Patch potential 
hyperpolarized by 30 inV. Zero time is onset of  light, but events in the first 100 ms omitted. (B) 
The same data as in A, but plotted as a function of total event number. 

r e p r e s e n t  o p e n i n g s  to the  low c o n d u c t a n c e  state. T h e  abscissa in  Fig. 9 A r ep re sen t s  
the  events  p lo t t ed  as a f unc t i on  o f  t ime;  the  abscissa in  Fig. 9 B r ep re sen t s  the  even t  
n u m b e r ,  o r d e r e d  acco rd ing  to the i r  occu r rence  d u r i n g  the  r e sponse  to light.  In  
c o u n t i n g  c h a n n e l  o p e n i n g s ,  f l icker ing events  ( <  0.8 ms) were ignored .  Fig. 9 A shows 
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that clustering occurred over long periods of time. In this patch, for instance, there 
was one period of 980 ms during which there were eight sequential openings of the 
large conductance state without a single opening to the small one. Similarly, there 
was a period of 270 ms in which there were eight sequential opening to the small 
state without any openings to the large state. This clustering is observed at both 
hyperpolarizing (data shown) and depolarizing voltages (100 mV). 

To determine whether such sequences might arise randomly we analyzed the data 
according to the statistics of "runs" (Mood and Graybill, 1963). A run is a group of 
events of  a given kind, with no interposed events of any other kind. According to this 
theory, the number  of runs expected to occur randomly (Ix) is calculated by 

2ns'nL 
~ x - - - - + l  

~ s  + n L  

where ns is the number  of small events and ne is the number  of large events. The 
standard deviation of the expected number  of runs is determined by 

2 n s ' n L ( 2 n s ' n L  - n s  - n e )  

The likelihood that the number  of observed runs should differ from the number  of 
predicted runs can be evaluated from the normal deviate test comparing the 
difference between the observed and predicted number  of random runs. For the 
experiment shown in Fig. 9, there were 62 runs, 77 small events, and 109 large ones; 
the calculated number  of  randomly occurring runs 91.25 -+ 6.6 (mean + SD) does 
not satisfactorily predict our observation (P < 0.0001). It is important to emphasize 
that flickering closures were ignored in determining these numbers. In a second 
patch there were 398 events and 90 runs; the calculated number  of runs was 193 + 
9.93 (mean -+ SD) which also does not satisfy the null hypothesis (P < 0.00001). 
These results indicate that the grouping into runs cannot be accounted for by 
random interspersing of independent large and small events. Similar analysis was 
done in three other patches and these patches demonstrate a similar statistical 
significance of the "modes" (P < 0.0001). Thus, we conclude from this analysis that a 
single type of channel opens in modes preferentially to one or the other conductance 
state. Statistically significant runs were not observable in patches with many light- 
dependent  channels. 

During the early parts of the response (the first few hundred milliseconds) most 
patches showed many more large events than small ones, whereas during later parts 
of the response the relative proportion of small events was much greater. To illustrate 
the relative contribution of large and small events during different parts of the 
response to light, amplitude distributions of the events that occurred during the early 
phase of the response (first 400 ms) and the late part  of the response (from 400 ms to 
the end of light) were constructed. An illustration of this is shown in Fig. 10 (the same 
patch as Fig. 1). Events that occurred before the end of the transient phase of the 
receptor potential were not counted. The figure shows that in the first period of the 
response the channel opened preferentially to the high conductance state, whereas 
during the latter part  of the response the channel opened preferentially to the low 
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conduc tance  state. Similar  results were ob ta ined  in the e ight  o the r  patches  in which 
we had  a large  e n o u g h  n u m b e r  of  events to make  this k ind o f  h is togram.  These  
results  indicate  that  the  express ion  of  the  di f ferent  modes  o f  the  l ight-act ivated 
channel  is not  r andom,  but  d e p e n d s  u p o n  the physiological  state of  the pho to recep -  

tor. 

A B 
25 

O 
L~ 

Z 

0 

FIGURE 10. 

f i r s t  4 0 0 m s  

200 

- 1  

[7 o 
- 2  0 - 3  

a f t e r  4 0 0  m s  

i F 

- 2  - 1  0 

E v e n t  A m p l i t u d e  (pA) 
The preferred conductance state changes with time after the onset of illumination 

at zero applied patch potential. Amplitude distributions were constructed from the response to 
one illumination in the same manner as Fig. 3 of the events during the early part of the light 
response (A, first 400 ms or first 70 events; none of which occurred during the time the 
membrane potential was rapidly changing potential in this patch) and during the latter part of 
the response (B, after 400 ms or events 71-800). There were no superimpositions of events in 
this stretch of data. Same patch as in Fig. 1. 

D I S C U S S I O N  

Cel l -a t tached record ings  f rom Limulus ventral  pho to recep to r s  show that  there  a re  

l ight-act ivated s ingle-channel  events o f  two different  sizes. We presen t  here  several 

l ines of  evidence indica t ing  that  large  and  small events are  due  to dist inct  states o f  

the  same channel  r a the r  than  to two different  channel  proteins .  Large  and  small 

events have a similar  reversal  po ten t ia l  and  a similar  d e p e n d e n c e  o f  open  probabi l i ty  

on voltage.  These  similarit ies suggest  that  large and  small events are  gene ra t ed  by 
the same channel ,  but  do  not  prove it. T h e  observat ion that  large and  small events 
occur  in long runs  (Fig. 9) demons t ra tes  that  the  large and  small events are  

gene ra t ed  by a coup led  mechanism.  T h e  s implest  exp lana t ion  of  these runs  is that  
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both events are generated by a single channel that changes modes, but there are 
alternative explanations. Definitive evidence that large and small events are gener- 
ated by the same channel comes from the observation of direct transitions between 
the two conductance levels at positive voltages and the failure to observe superposi- 
tion of the two types of events. Statistical analysis of such transitions excludes the 
possibility that they arise from two different channels, one of which opens while the 
other closes just at the right time to give the false appearance a direct transition 
between levels. Thus, the data support the conclusion that the Limulus light-activated 
channel has at least two conductance states. 

The occurrence of multiple conductance states has been demonstrated for many 
different types of channels (Fox, 1987). In some cases, the channel dwells most often 
in one state, occasionally visiting substates. This is the case for the acetylcholine- 
activated channel (Auerbach and Sachs, 1983; Morris and Montpetit, 1986), the 
Ca-activated potassium channel (Vergara, 1983) and the sodium channel (Patlak, 
1988). In other channel types, the channel activity is more evenly distributed among 
its conductance states. This is the case for the glutamate-activated channel (Cull- 
Candy and Usowicz, 1987; Jahr  and Stevens, 1987) and the light-dependent channel 
from vertebrate photoreceptors (Hanke et al., 1988; Haynes and Yau, 1990). For the 
Limulus light-activated channel, both states are expressed with roughly equal fre- 
quency in some cells, although not in all cells. What is very unusual about the 
light-activated channel is how infrequently transitions between these states occur, and 
this is especially true at negative voltages where most events open to one or the other 
conductance state and then close. This low probability of transition may be an 
expression of the fact that the channel switches slowly between modes that determine 
which conductance state is expressed. 

During the steady-state phase of the response to light, the channel slowly switches 
back and forth between modes (Fig. 9). While in a given mode, the channel opens 
repeatedly to a given conductance level. Statistical analysis of these runs shows that 
they cannot be accounted for by random events. We do not yet have good numbers 
for the lifetime of each mode, but it is clear that this lifetime is on the order of a few 
hundred milliseconds, two orders of magnitude larger than the channel lifetime. 
Previous work on other channels has exhibited modes of gating behavior (Hess et al., 
1984; Patlak and Ortiz, 1986); the Limulus light-activated channel differs in that the 
mode affects conductance properties in addition to gating properties. 

It has recently been proposed that there may be two separate second messenger 
pathways leading to activation of inward current in Limulus photoreceptors, one 
involving calcium ions (released by inositol trisphosphatase), the other involving 
another second messenger (Frank and Fein, 1991). It has further been suggested 
(Nagy and Stieve, 1990) that there are 10- and 29-pS single-channel events, that 
these are due to two independent types of light-dependent channel (but no evidence 
against these being substates of the same channel was presented), and that these 
might be activated by different second messengers. The work presented here is not 
consistent with this view; insofar as our evidence suggests that there is only one kind 
of light-dependent channel (with different substates), our data provide no support for 
two separate transduction pathways. We furthermore considered the possibility that 
there are two second messengers that can affect the same channel and determine 
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which conductance state is expressed. In particular, the modal oscillations of the 
light-dependent channel (Fig. 9) might, in theory, reflect oscillations of one or more 
second messengers. While we cannot rule out this possibility, it seems unlikely given 
that the modal behavior is not observed in patches with multiple channels. If 
oscillations of second messengers were involved, different channels in the same 
patch, which would be exposed to the same second messenger oscillations, ought to 
change their modes together, contrary to what is found. 

Some comments are necessary regarding the discrepancy between the sizes of the 
single-channel conductances reported previously (Bacigalupo et al., 1986) of 39.2 + 
2.8 pS (mean - SEM, n -- 5) compared to those reported by Nagy and Stieve (1990) 
of 28.7 - 3.4 pS. Nagy and Stieve (1990) argue that these differences might be due 
to the mild sonication procedure employed to enhance seal formation by Bacigalupo 
et al. (1986). This cannot be the source of the discrepancy since the single-channel 
conductances found in the work reported here, which did not use the sonication 
procedure, is in agreement with the conductance reported in previous work using this 
procedure. The discrepancy may, however, be related to differences in how reversal 
potential was measured. Nagy and Stieve (1990) measured only inward currents and 
determined the reversal potential by extrapolation over a large voltage range. 
Bacigalupo et al. (1986) as well as the work presented here (see Fig. 4) used a more 
accurate interpolation procedure using currents on both sides of the reversal 
potential. A related issue is whether the channels studied by Nagy and Stieve are 
somehow different than those reported by Bacigalupo et al. (1986) because of the 
differences in the latencies of channel activity after the onset of light, as suggested by 
Nagy and Stieve (1990). Examination of records from both laboratories, however, 
reveals them to be quite similar. In both, a positive deflection in the current trace 
occurs within 20 ms after the onset of bright illumination, but significantly preceding 
any light-dependent channel activity. This positive deflection is due to the onset of 
the macroscopic receptor potential and is generated through a capacitatively coupled 
transient. Channel activity in the patch is thus delayed by several milliseconds in data 
presented from both laboratories. For possible causes of this delay see Bacigalupo et 
al. (1986). 

Functional Significance of Subconductance States 

In general, the mechanism and function of subconductance states and channel modes 
have been unclear, In some chemically activated channels, the expression of 
conductance states depends on the agonist used (Cull-Candy and Usowicz, 1987) and 
on agonist concentration (Takeda and Trautwein, 1984), but the functional signifi- 
cance of this is not understood. A cellular function for substates in the Limulus 
light-dependent channel is suggested by the observation that during early periods of 
the response to light, the large conductance state is preferentially expressed whereas 
during the later periods, the small conductance state is preferentially expressed (Fig. 
10). This can be related to macroscopic properties of the light response. Photorecep- 
tors not only are excited by light, but also are adapted when illumination levels are 
high. Adaptation causes a reduction in gain that occurs with a delay after the onset of 
illumination (Lisman and Brown, 1975); because of  this gain reduction the light- 
induced conductance is initially large but then decays to a much smaller value within 
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a few h u n d r e d  mill iseconds.  In  a second phase  of  adap ta t ion ,  the conductance  falls 
fur ther  over subsequent  seconds unti l  finally a steady state is achieved (Leonard  and  
Lisman,  1981). T h e  change  in the  p re fe r red  state of  the l ight-act ivated channel  
descr ibed  here  (Fig. 10) is likely to contr ibute  to the  la ter  phases  of  the  adap ta t ion  
process.  Channel  open ings  to the small conductance  state not  only allow a smaller  
cur ren t  to flow, but  the cur ren t  flows for a shor ter  t ime (Fig. 6); we es t imate  that  the 
charge-flow pe r  o p e n i n g  is on  the average at least  fourfold less for the  small channel  
than  for the  large one.  Thus  changes  in the relative express ion  of  large and  small 
conductance  states (Fig. 10) can have a significant impac t  on the cur ren t  flowing into 
the cell. 

Several impor t an t  quest ions about  the express ion  of  different  conductance  states 
r ema in  unanswered.  On  the basis of  the presen t  work we cannot  give a precise 
def ini t ion of  "mode ."  For  instance, it is unclear  whe ther  a channel  in a given mode  
always opens  to one conductance  state or  merely prefers  that  conductance  state. A 
second quest ion concerns  the number  of  conductance  states. The  fact that  the  40 pS 
conduc tance  state is preferent ia l ly  expressed  at early par ts  of  the response  to l ight  
raises the possibility that  yet  h igher  conductance  states may be expressed  dur ing  the 
first few h u n d r e d  mil l iseconds of  the response ,  a pe r iod  that  we have not  s tudied 
because of  the rapidly  chang ing  voltage.  This  is an impor t an t  par t  of  the  response  
since much  of  the adap ta t ion  occurs dur ing  this t ime. To  study this pe r iod  it will be 
necessary to vol tage-c lamp the cell. Finally, it is of  interest  to know the mechanism 
under ly ing  m o d e  changes.  One  possibility is that  mode  changes  may involve a cycle 
of  phosphory la t ion  and dephosphory la t i on  of  the channel ,  but  o ther  possibil i t ies can 
in no way be excluded.  
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