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The elementary responses, the “bumps”, o f the ventral 
photoreceptor o f Limulus polyphemus were studied 
under voltage clamp conditions. We compared sponta­
neous bumps with those induced by light and we applied 
the G-protein activator A1F4- . The amplitude o f the 
spontaneous bumps is on the average 7 - 8  times smaller 
than that o f the light-induced bumps. Bumps induced by 
A1F4_ have identical size and time parameters when 
compared with spontaneous bumps. Thus at least a large 
part o f the spontaneous bumps is probably triggered by 
the activation o f single G-protein molecules. However, if 
the next step o f the transduction chain is gainless, it is 
also possible the spontaneous bump originate from this 
step. The different size o f spontaneous and light-induced 
bumps can be explained assuming that a light-activated 
metarhodopsin molecule leads to the activation o f 3 to 
12 G-protein molecules.

Introduction

When the photoreceptor of Limulus is illuminat­
ed with very dim light transient light responses, 
“bumps” , can be observed. Bumps are the elemen­
tary responses of the photoreceptor which are 
evoked by single photons [1, 2]. A bump is caused 
by the successful absorption of a photon by a

Abbreviations: F, bump area, current-integral o f the 
bump over Tb; Jmax, peak amplitude o f receptor current; 
JL, average Jmax o f  the light-induced bumps; Js, average 
Jmax o f  the spontaneous bumps; JSe, calculated Js assum­
ing an exponential function for the distribution o f the 
bump amplitudes; X, time constant fitted to the exponen­
tial decay; Tb, bump width, time from the detectable be­
ginning o f the bump until the current has returned to the 
base-line noise; Tlat, latency, the time from light flash to 
the first measurable deflection o f the current from the 
base-line; Tmax, Time-to-peak, the time from light stimu­
lus to the maximum o f the bump; Tr (=  Tmax- T lat), rise 
time, duration o f the rising phase o f the bump.
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rhodopsin molecule which then starts a reaction 
chain leading to the opening up to 104 ion channels 
in the cell membrane [3].

Besides light-induced bumps spontaneous 
bumps can also be observed in the dark. As report­
ed by several authors [4-7] spontaneous bumps 
are usually smaller than light-induced bumps. Our 
analysis shows that on the average the amplitudes 
of the spontaneous bumps for individual cells is 3- 
to 12-fold smaller than that of the light-induced 
bumps, with a mean of about 8 (5 cells).

It has been proposed that spontaneous discrete 
waves (“bumps”) result from thermal isomeriza- 
tions of visual pigment molecules [5], By contrast, 
the reverse reaction -  the conversion of metarho­
dopsin to rhodopsin -  was proposed to contribute 
significantly to the generation of spontaneous 
bumps [4, 8]. The latter hypothesis, however, can 
hardly account for quantum  bumps in vertebrates 
after sustained darkness, because vertebrate meta­
rhodopsin is unstable [4, 9]. Our experiments sug­
gest an alternative explanation for the origin of the 
spontaneous bumps and for the difference between 
spontaneous and light-induced bumps.

Bumps chemically induced by A1F4~ were meas­
ured in the Limulus photoreceptor. According to 
the fact that chemically induced and spontaneous 
bumps are indistinguishable it seems plausible that 
a spontaneous bump is caused by the activation of 
only one G-protein molecule.

Materials and Methods
Limulus ventral nerves were dissected as pre­

viously described [10] and mounted in a test vessel. 
They were continuously superfused with physio­
logical saline (PS) at a flow rate of about 1 ml/min. 
The physiological saline (pH 7.5) contained (in 
mmol/1): N a+ 480, K + 10, Ca2+ 10, Mg2+ 55, Cl" 
515, S 0 42~ 30, HEPES 10. The saline containing in 
addition 10 mmol/1 N aF and 10 ^tmol/1 A1C13 was 
used to evoke chemically induced bumps. The tem­
perature was kept at 15 °C.

The membrane potential of the cell was clamped 
to the dark potential (about -4 5  mV), and the 
membrane current was measured with a single 
electrode voltage clamp (SC-100 Biologic, France) 
[11, 12]. The maximum error of the clamp voltage 
regulation was less than 1 mV. As a light source a 
photoflash (Metz Mecablitz 60 CT-1) was used.
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The light stimuli with a half duration of 0.1 ms 
were filtered by a broadband filter of 540 ±  40 nm. 
Light-induced bumps were measured by illuminat­
ing a dark-adapted photoreceptor with a very 
weak flash of light every 10 s for 250-1000 times. 
The light energy was about 0.5 x 108 photons/cm 2, 
which on the average evoked about 0.75 light- 
induced bumps per flash. The experiments lasted 
1 to 3 h. The sensitivity of the cells did not change 
significantly during this time. Spontaneous bumps 
were recorded in periods of 15 to 30 min in which 
the photoreceptor was kept in the dark. A lterna­
tively, they were measured in the time intervals be­
tween the light flashes when probably no more 
light-induced bumps occur (3rd to 10th second 
after flash) [13].

The signal of the membrane current was digi­
tized with a frequency of 1 kHz and stored on an 
IBM-compatible personal computer. First the cur­
rent traces were digitally filtered with a 50 Hz 
notch filter and a 70 Hz low pass filter [13]. Both 
filters had a 10th order Bessel characteristics. In

the next step the bump parameters were evaluated 
as described previously [13, 14] by a computer pro­
gram. Each bump was confirmed visually.

Results
The different size o f  spontaneous and 
light-induced bumps

Fig. 1 (left) shows the amplitude histograms of 
the spontaneous and the light-induced bumps of 
one cell. The average value and the shape of the dis­
tribution is clearly different for the two bump 
types. The amplitude histogram of the spontaneous 
bumps can be described by an exponential func­
tion. The amplitude histogram of the light-induced 
bumps has a “plateau”-like shape. The average 
amplitude value Js of the spontaneous bumps is 2.4 
times smaller than the value JL of the light-induced 
bumps. Similar results were found in 4 other photo­
receptor cells.

Table I shows the average values (arithmetical 
mean) of the amplitudes of the light-induced and

Fig. 1. Left: Amplitude distribution o f  light-induced (n = 440) and spontaneous bumps (n = 329) in physiological 
saline measured at a membrane potential o f  -4 5  mV. The amplitudes are calculated from apparently single bumps 
and the first bump from superimposed bumps. Mean values ±  SEM, light-induced bumps: JL = 164 ±  4.2 pA, sponta­
neous bumps: Js = 69.3 ±  1.9 pA. The bump-evoking flash was repeated every 10 s.
Inset: Typical bump shape and the characteristic parameters: Tlat: latency, the time from light flash to the first measur­
able deflection o f the current from the base-line. Tmax: time-to-peak, the time from light stimulus to the maximum o f  
the bump. Tr (=  Tmax- T lat) : rise time, duration o f the rising phase o f the bump. Tb: bump width, time from the detecta­
ble beginning o f the bump until the current has returned to the base-line noise. Jmax: amplitude o f  bump maximum. 
F: bump area, current-integral o f the bump over Tb. time constant fitted to the exponential decay.
Right: Amplitude distribution o f  spontaneous bumps {n = 329) recorded in physiological saline and chemically in­
duced bumps (n = 1110) recorded in a saline containing additional 10 mmol/1 N aF and 10 (imol/1 A1C13. Only appar­
ently single bumps (minimal amplitude 30 pA) were evaluated. Experiment: HRE 141190 (=  cell N o. 3 in Table I).
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Table I. Comparison o f bump amplitudes for light-induced and spon­
taneous single bumps. JL, Js: average amplitude o f light-induced and 
spontaneous (dark) bumps; JSe: value o f the amplitude o f the dark bumps 
calculated by assuming an exponential distribution for the frequency dis­
tribution o f the dark bumps. The evaluation limit for the smallest bump 
amplitude was 30 pA in cells 1 - 4  and 50 pA in cell 5.

Cell

Light-induced 
bumps 

N JL [nA]

Spontaneous 
bumps 

N Js [nA]

Quotient

Jl/Js

Calculated value 

Jse [nA] ^L^Se

1 437 0.38 364 0.11 3.5 0.080 4.8
2 708 0.57 328 0.096 5.9 0.048 11.9
3 440 0.17 405 0.069 2.3 0.026 6.4
4 1027 0.15 179 0.104 1.5 0.055 2.9
5 165 1.5 594 0.23 6.5 0.143 10.5
Mean 0.55 0.12 3.94 0.070 7.3
± S D ±0.49 ±0.055 ±1.97 ±0.040 ±3.4

spontaneous bumps calculated for 5 photorecep­
tor cells. The average amplitude of the bumps vary 
clearly from cell to cell. The largest average value 
of the bump amplitude (1.5 nA) is 10-fold larger 
than the smallest. The average value of the ampli­
tude of the spontaneous bumps also varies from 
cell to cell. The largest spontaneous bumps were 
measured in cell number 5, in which also the 
largest value for the light-induced bumps was 
measured. The quotient JL/JS of the average bump 
amplitudes varies between 1.5 and 6.5, the mean 
value is about 4.

However, the correct relation between the am­
plitudes of the spontaneous and the light-induced 
bumps will be larger than these values because the 
average amplitude of the spontaneous bumps is 
easily overestimated. This is due to the fact that 
only bumps with amplitudes exceeding the noise 
level 2- to 3-fold can be evaluated correctly. In 
these experiments the minimal bump amplitude 
evaluated was about 30 pA (ref. Table I). The 
omittance of the bumps with the smallest ampli­
tudes leads to a shift of the mean to greater values. 
To get a more correct mean of the amplitude of the 
spontaneous bumps the value JSe was calculated 
assuming an exponential function for the distribu­
tion of the bump amplitudes. The calculated mean 
values of the amplitudes JSe are about two times 
smaller than the measured values Js because they 
contain all amplitudes including those less than 
30 pA. Due to the larger amplitudes and the differ­
ent form of the amplitude distribution, such a cor­
rection is not necessary for the mean amplitude of

the light-induced bumps. In the latter case, the 
change in mean value by a correction is estimated 
to be less than 5%. With the calculated values JSe 
the relations between the average amplitudes of 
the spontaneous and the light-induced bumps rise 
about 2-fold. The spontaneous bumps are 3- to 
12-fold smaller than the light-induced bumps. On 
the average the corrected mean amplitude of the 
spontaneous bumps is 7.3-fold smaller than that of 
the light-induced bumps. According to the smaller 
bump amplitude also the time parameters of the 
spontaneous bumps are reduced [13].

Chemically induced bumps

To investigate the origin of the spontaneous 
bumps the following experiments were carried out. 
In dark-adapted photoreceptors spontaneous and 
light-induced bumps were measured for about 
1 -  2 h. After that time the physiological saline was 
replaced by a saline containing in addition 
10 mmol/1 N aF and 10 (imol/1 A1C13; A1F4~ is 
formed in this solution [15], In this saline also 
light-induced and spontaneous bumps were meas­
ured as described above. After saline exchange the 
number of spontaneous bumps rises from 0.1 s-1 
up to 1 — 1.5 s-1. Fig. 2 shows current traces re­
corded in the dark before and 1 h after the pres­
ence of A1F4_ to the physiological saline. Table II 
presents a comparison of bump parameters of the 
spontaneous and the chemically induced bumps. 
The size and time parameters of the chemically in­
duced bumps and the spontaneous bumps are al-
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Fig. 2. Spontaneous and chemi­
cally activated current bumps 
measured at a membrane poten­
tial o f -4 5  mV. Left: Bumps oc­
curring in the dark in physiolog­
ical saline. Right: Bumps meas­
ured in the dark in physiological 
saline containing 10 mm ol/1 
N aF and 10 (imol/1 A1C13. 
Experiment: HRE 141190.

Table II. Comparison o f bump parameters (mean values ±  SEM) for spontaneous 
(dark) bumps, light and chemically induced bumps. Bump parameters refer inset 
Fig. 1; N: number o f evaluated single bumps. Two experiments: HRE 141190 (top) 
and HRE231090 (bottom).

Bump type N •̂ max[pA] F [pAs] Tr [ms] Tb [ms] M s-1]

Dark 329 69.3 ±  1.9 3.7 ±  0.17 44 ±  1.3 108 ±  3 52.9 ± 1.8
Chemical 1110 65.4 ±  1.3 3.4 ±  0.13 39 ±  1.1 102 ±  3 50.0 ± 1.8
Light 440 164 ±  4.2 9.4 ±  0.25 50 ±  0.8 126 ±  2 45.6 ±  0.7
Dark 98 114 ± 1.4 5.5 ±  0.83 38 ±  1.6 87 ±  4 69.7 ±  3.4
Chemical 871 135 ±  1.7 6.1 ±  0.93 36 ±  1.3 82 ±  3 71.3 ±  2.7
Light 218 647 ±  3.7 37.8 ±  2.43 52 ±  1.0 109 ±  2 38.3 ± 1.3

most identical. A second experiment with another 
photoreceptor cell showed similar results.

Beside the average values also the shape of the 
bump parameter distributions are not distinguish­
able for the spontaneous and the chemically in­
duced bumps. In Fig. 1 (right) the amplitude histo­
grams for the different bump types are compared. 
The size and the time parameters of the light- 
induced bumps are not influenced by A1F4~. The 
average value of the amplitude is 169 ±  9 pA 
(mean ±  SEM).

As can be seen in Fig. 2, only a relatively small 
part of the spontaneous bumps reach a size as 
those induced by light. This indicates that only a 
small part of the spontaneous bumps may arise 
from the activation of rhodopsin molecules.

Discussion
The spontaneous bumps and bumps chemically 

induced by A1F4" are identical in size and time pa­

rameters. Thus it seems reasonable to assume that 
the spontaneous bumps originate from the same 
signal transduction chain. A1F4~ can permeate cell 
membranes and activate G-proteins [15, 16]. An 
activated G-protein can start the transduction 
chain and in turn causes a chemically induced 
pump. It was already observed that these events 
tend to be smaller than those induced by light [17]. 
Superfusing locust photoreceptors with NaF, 
Payne [18] has observed a chemically induced 
noise, that was so small, that it could not be re­
solved into bumps. Kirkwood et al. [19] have 
shown that the intracellular injection of the 
G-protein inhibitor GDP-ß-S reduces the number 
of the AlF4~-induced bumps. Light adaptation re­
duces the size o f the spontaneous bumps [6] as well 
as that of the chemically induced bumps [20]. 
These findings and the results presented here, that 
spontaneous and chemically induced bumps can­
not be distinguished in size and time parameters 
confirm the hypothesis that spontaneous bumps
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are triggered by the spontaneous activation of sin­
gle G-protein molecules [3]. However, if the next 
step of the transduction chain is gainless, it is also 
possible the spontaneous bump originate from this 
step. The difference in size and time parameters 
between the light-induced and the spontaneous 
bumps can be explained by the assumption that 
one light-activated metarhodopsin activates on the 
average about 7 -8  G-protein molecules thereby 
causing a larger bump. This is in agreement with 
the value of 8 for the gain of the first step of trans­
duction estimated by Kirkwood et al. [19],

An alternative explanation for the origin of the 
spontaneous bumps was proposed by Lisman [4], 
based on the finding that the rate of spontaneous 
bumps depends on the concentration of m etarho­
dopsin in the Limulus median photoreceptor. In 
his hypothesis the spontaneous bumps are trig­
gered by a spontaneous backward reaction of 
metarhodopsin from the inactive into an active 
state. To explain the difference of size between the 
spontaneous and the light-induced bumps two

active states of the metarhodopsin had to be pos­
tulated. Thus it is possible that the measured spon­
taneous bumps are partly evoked by the sponta­
neous activation of single G-protein molecules and 
by some spontaneous backward reactions of meta­
rhodopsin molecules.

Lederhofer et al. [21] assumed that the light-in- 
duced and the spontaneous bumps are identical 
and explained the measured difference as an arte­
fact caused by a number of light-induced bumps 
which cannot be recognized because of a high 
degree of overlap in time. For the data presented 
here this theory can be excluded, because the ener­
gy of the light stimuli in our experiments was so 
weak that on the average one flash evokes 
0.75 bump.
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