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Abstract. 1) Bumps were recorded as voltage signals following dim flashes of 
light. Bump amplitude and width did not much depend upon external 
Ca2+-concentration. However, the distribution of bump latencies was 
strongly shifted to longer latencies and broadened more than two-fold when 
the external Ca2+-concentration was lowered from 10 mmol/1 to 0.25 mmol/1. 
Raising the external Ca2+-concentration to 40 mmol/1 had the opposite 
effect. A preadapting light flash caused shortening and narrowing of bump 
latency distribution similar to the effect of raised external Ca2+-concentra - 
tion. 

2) The bump amplitude is not correlated with the length of the latent 
period of the bump, indicating that the amplification processes determining 
the bump size are distinctly different from those which determine the latent 
period. 

3) In a 10 s light/10 s dark cycle, a weak preadapting light flash slightly 
enlarges, a stronger flash diminishes the average bump amplitude (bump 
adaptation). The Calcium dependence of bump adaptation which was 
studied for external Ca2+-concentrations ranging from < 1 nmol/1 to 
100 mmol/1 is relatively weak: Lowering the external Ca2+-concentration to 
< 1 nmol/1 reduces, raising it to 40 mmol/1 Ca 2+ slightly intensifies the 
diminution of bump size due to light adaptation. 

4) The average amplitude of the "light bumps" (recorded during the 10 s 
light period) is larger than that of the "dark bumps" (recording during the 
dark period), because the light-evoked bumps are on the average larger than 
the spontaneously generated bumps. 

5) A preadapting light flash increases the rate both of light-evoked, and 
of spontaneous bumps. 

Key words: Limulus photoreceptor - Bump latencies distribution - Bump 
amplitudes - Light adaptation - Extracellular calcium 

* Based on material presented at the Fifth International Congress of Eye Research, Eindhoven, 
October 1982 
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Introduction 

A successful absorption of a photon by a rhodopsin molecule in the Limulus 
ventral nerve photoreceptor evokes a delayed transient conductance increase of 
the photosensory membrane, a bump. Bumps are the elementary excitatory 
events; they can be recorded as fluctuations of membrane current or 
voltage. 

The bump latency, i.e., the delay between photon absorption and start of the 
bump, and the bump amplitude, both vary considerably under constant stimulus 
conditions. It was an aim of our study to determine whether these variations are 
correlated. 

Light adaptation causes a reduction in bump amplitude and a slight increase 
in bump frequency. These effects differ in 10 and 40 mmol/1 extracellular 
Ca2+-concentration (Stieve and Bruns 1980). Bump light adaptation was 
now studied over a range of Ca2+-concentrations between 1 nmol and 
100 mmol. 

Material and Methods 

Bumps were recorded as membrane voltage signals with one intracellular 
electrode in a ventral nerve photoreceptor cell of Limulus. The method is 
described in detail by Stieve and Bruns (1980a). 

Two types of stimulus conditions were adopted: 
1) A dim 10 ms light flash, evoking in about 50% of the cases a bump within 

1 s, was repeated every 10 s. 
2) A 10 s weak "bump-evoking illumination", evoking a bump about every 

1-2  s, was repeated every 20 s. 
A 20 ms preadapting light flash, of which intensity was different in different 

series of measurements, could be presented 2 s before the bump-evoking 
illumination. 

The light intensity I 0 ca. 32 �9 10 ~2 photons cm -2- s -1 (2ma x 543 + 40 nm) was 
attenuated by neutral density filters. 

Thus bump responses to identical bump-evoking stimuli of 10 ms or 10 s 
duration were recorded at different levels of adaptation. The ventral nerve was 
continuously superfused by salines the Ca2+-concentration of which was varied. 
In each experiment only one type of test saline was used after reference 
responses had been measured with the same photoreceptor cell in the 
physiological, reference saline (Stieve and Bruns 1978). In the experiments in 
which test salines of lowered Ca2+-concentrations were used, the calcium 
omitted in the test saline was replaced by sodium, in those with raised calcium 
concentration, a corresponding amount of sucrose was added to the reference 
saline to make its osmotic pressure equal to that of the test saline. The < 1 nmol/l 
Ca2+-saline was prepared by the addition of 1 mmol/l EGTA in a saline without 
added calcium, but with 55 mmol/1 magnesium. All experiments were performed 
at 15 ~ C. 
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"Light bumps", the bumps recorded during the 10s bump-evoking 
illumination, were evaluated separately from the "dark bumps" recorded during 
5 s in the dark, the 13th-17th s of the cycle. 

Bump amplitudes A and other bump parameters, latency T LAT, half time 
T1 of rise and half time T2 of decline were determined with the help of a 
computer program for all first bumps observed following the bump-evoking 
flash. For the determination of bump frequency f the times of the maxima of all 
bumps including "riders" (bumps riding on top of a foregoing bump) were used. 
Bumps with amplitudes > 0.5-1.0 mV could be recognized. 

For Table 2 bump amplitudes and frequencies were determined by eye; in 
this case bumps > 0.5 mV could be detected. We do not know how many bumps 
we did not detect in the noise. 

In Table 1 the values for the response parameters in each experiment are 
normalized to a reference value of the parameter obtained without preadap- 
tation while the ventral nerve was superfused by physiological (reference) saline. 
These normalized valLues were then averaged for one group of experiments and 
the scale obtained by averaging all reference values for this parameter. 

Results and Discussion 

Several parameters of the first voltage bumps following a weak bump-evoking 
flash were determined for three different external CaZ+-concentrations (0.25, 
10, and 40 mmol/1; Table 1A). The average bump amplitude and the width of the 
bump, characterized by T1 and T2, show only minor changes when the external 
Ca2+-concentration is altered. The most significant alteration' due to changes in 
external Ca2+-concentration, is observed in the distribution of bump latencies 
(Table 1A, Fig. 1). The asymmetrical, bell-shaped distribution which is similar 
to those described by Behbehani and Srebro (1974) can be characterized by the 
maximum (i.e., the most frequently observed latency) and the lower and the 
upper half width. The higher, the external CaZ+-concentration becomes, the 
shorter, the most frequently observed latency and the narrower the latency 
distribution. Table 1A and Fig. 1 show, for example, that after lowering the 
external Cae+-concentration from 10 to 0.25 mmol/1 the most frequently 
observed latency as well as the half width of the latency distribution are more 
than doubled. In contrast to this, the bump amplitude is not changed and the half 
width of the bump (T1 + T2) enlarged by only 25%. 

Figure 2 shows plots of the bump amplitudes versus the corresponding bump 
latencies of the same data as Fig. 1. It can be seen that the two parameters are 
not correlated; at a given latency one finds bump amplitudes over the whole 
range of variation. This indicates that the processes determining the amplitude 
of the bump are distinctly different from those determining the length of the 
delay between photon absorption and starting point of the bump; for instance, 
the amplification determining the bump size is not a function of the length of the 
latency. 

This observation is in concord with the observation of Wong et al. (1980, 
1982) that the temperature dependence of bump latency is stronger than that of 
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Table 1. h Parameters of voltage bumps depending on the external Ca 2+-concentration. First voltage 
bumps recorded after flash as described in Fig. t.  n = number of experiments. Bump parameters: 
Amplitude A, latency T LAT, half time T1 of rise and half time T2 of decline. For T LAT, maximum 
(i.e., the most frequently observed latency), lower ( - )  und upper (+)  half width of distribution is 
given, since the distribution of latencies is asymmetric. For the other parameters mean + SEM is 
given; 15 ~ C. B Parameters of linear summated voltage bumps following dim light flashes as in Fig. 3. 
In the same four experiments of Table 1 A all bumps following dim flashes repeated every 10 s were 
summed. The resulting curve was treated like a receptor potential, i.e., the parameters: Amplitude 
H MAX, latency T LAT, time to peak T MAX, half times T1 of rise and T2 of decline were 
determined. Mean + SEM are listed. Average number of bumps summed per experiment; 10 mmol/1 
Ca2+: 177 _+ 73; 250 ~tmol/l Ca2+: 116 + t l .  A and B: Values are normalized and scaled with respect 
to reference values (boldfaced). 

A 

[Ca2+]ex 250 ~tmol/1 10 mmol/1 40 mmolft 
n = 4  n = 7  n = 3  

a [mV] 

T L A T  [ms] 

T1 [ms] 

T2 [ms] 

m a x  

+ 

7 .4+  1.3 7.4 + 0.7 5.9 + 1.4 

349 + 6 9  109 + 1 2  79 + t 5  
601 +93  207 + 2 0  152 + 2 8  
365 +61  147 + 2 3  64 + 1 6  

44 + 0.4 39 + 8.2 39 + 3.7 

68 + 4.3 53 + 6.9 71 +11  

B 

[Ca2+]ex 250 Bmol/1 10 mmolfl 
n = 4  n = 4  

H M A X [ m V ]  67 + 2 6  177 + 3 4  
per 100 flashes 

TLAT[ms]  233 + 6 6  104 +21  

T M A X [ m s ]  590 + 5 6  270 + 1 7  

Tl[ms]  157 + 3 8  60 + 7 

T2[ms] 330 + 9 3  82 + 5 

bump amplitude (Q10 4 resp. 2.5) and with the above mentioned observation 
that bump latency has a stronger calcium dependence than bump amplitude, and 
with the results of Howard (1982). 

When voltage bumps of Limulus ventral nerve photoreceptors, evoked by 
dim flashes as described, are linearly summed, the shape of the resulting sum 
curve resembles a receptor potential (Fig. 3). Under the same condition as those 
applying for Figs. 1 and 2, and Table 1A, the determined parameters for such 
sum-curves of bumps recorded in physiological saline (10 mmol/1 Ca z+) are 
shown in Table lB. Summation of voltage bumps from the same cells recorded in 
250 ~tmol/1 Ca z+ resulted in sum-curves with a much slower timescale (Fig. 3, 
Table 1B). Latency T LAT, time to peak T MAX and half time T1 of rise and T2 
of decline of these sum-curves are much prolonged (see Stieve and Bruns 1981; 
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Fig. 2 A and B. Amplitude of first voltage bumps plotted versus their respective latencies in two 
different Ca2+-concentrations. The first bumps following 10 ms dim flashes were recorded and their 
amplitudes and latencies plotted. Same experiment and same data as in Fig. 1. A Superfusate 
containing 10 mmol/1 Ca 2+. B Superfusate containing 250 ~mol/l Ca 2+ 
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Fig. 3 A and B. Sum-signals resultant of linear summation of voltage bumps, recorded as fluctuations 
of membrane voltage of dark adapted Limuhs ventral nerve photoreceptor. The bumps evoked by 
very dim 10-ms flashes were linearly summed by computer. The shape of the sum-signal resembles 
that of a receptor potential. A Sum-signal of bumps while the receptor was superfused by 
physiological, 10 mmol/1 Ca 2+ containing saline and B while superfused by a saline in which the 
Ca2+-concentration was lowered to 250 ~mol/1. N BUMP: number of individual bumps which were 
summed, N LIGHT: number of light stimuli. About every 2nd stimulus is followed by a 
bump 

Stieve 1983). These values and their changes due to lowerling of Calcium (except 
for the response amplitude) are quantitatively similar to those of the receptor 
potential evoked by much stronger stimuli in consequence of lowering the 
external Ca2+-concentration. 

Light adaptation due to a preadapting light flash, preceding the bump-evok- 
ing flash by 2 s, causes a diminution of the average bump amplitude and a 

Fig. 4 A - D .  Distribution of amplitudes of voltage bumps in the 20 s cycle, consisting of 10 s 
bump-evoking illumination and 10 s darkness. Individual bump amplitudes are plotted at the cycles 
time at which the peak of the bump was observed. A Dark adapted; B - D  2s before the 
bump-evoking illumination (18ths of the cycle) a conditioning, light-adapting flash was 
administered; this had increasing strength from the series B to D. Only single or forrunning bumps 
(no riding bumps) were plotted. Average bump amplitude A of light bumps (recorded during the 10 s 
bump-evoking illumination) and average bump frequency f(inchding riders) and the corresponding 
values of dark bumps (recorded during the 13th and 17th s of the cycle) were: 

f [s  H] A [mV] 

Light Dark Light Dark 

A 1.06 0.16 5.7 + 0.2 5.1 + 0.6 
B 1.31 0.20 5.5 + 0.2 4.3 + 0.6 
C 1.43 0.18 4.8 + 0.2 3.9 + 0.5 
D 0.82 0.16 3.5 + 0.1 1.8 + 0.3 

Light intensity I0 corresponds to 32 x 1012 photons cm -2 �9 s -1 at 543 nm. A 75 cycles; B--D 50 cycles. 
In B--D the response to the preadapting flash is seen in the 18th s. The "church-shaped" frequency 
distribution of bump amplitudes (described in detail in Stieve and Bruns 1980) can be obtained by 
projecting the number of points on the ordinate 
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shortening of the most frequently observed bump latency and a narrowing of the 
frequency distribution of bump latencies (Stieve and Klomfag, unpublished); for 
instance, the bump latency distribution of a dark adapted photoreceptor in 
physiological saline was characterized by the values 150, +30, -50  ms, which 
was shortened due to moderate light adapting flashes to 110, +30, -20  ms. This 
shortening and narrowing of the bump latency distribution does not depend 
much upon externalL Ca2+-concentration: In 250 ~tmol/1 CaZ+-concentration the 
dark adapted value of the same cell was 250, +60, -60  ms, and light adapting 
flashes, identical to those applied in the reference conditions, caused a 
shortening to 180, +90, -60  ms. The maximal observed latency is in both cases 
shortened by the same proportion due to the same light adaptation. 

In former publications (Stieve and Bruns 1980b; Stieve 1981) we have shown 
that the light adaptation of the receptor potential of the Limulus ventral nerve 
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photoreceptor strongly depends upon external Ca2+-concentration. The simplest 
assumption is that external Ca2+-concentration determines the magnitude of the 
light-induced increase in intracellular Ca2+-concentration (Lisman and Brown 
1975; Fein and Charlton 1977; Maaz and Stieve 1980), which causes a reduction 
in bump size in accordance with the adapting bump model proposed by Adolph 
(1964) and Dodge et at. (1968). In another publication we have studied the 
diminution of bump size due to moderate light adaptation for two different 
external Ca2+-concentrations (Stieve and Bruns 1980a). The Calcium depen- 
dence of the effect of light adaptation on bump size (bump adaptation) has now 
been studied over a wider range of Ca2+-concentrations, between 1 nmolfl and 
100 mmol/1. 

A 10 s light/10 s dark cycle was used. Figure 4 shows an example for the basic 
findings in physiological saline. The distribution of bump amplitudes and their 
frequencies is virtually uniform during the 10 s of the bump-evoking illumination 
(light bumps) and slightly smaller but also uniform during the 13th and 17th s of 
the cycle in which the dark bumps were collected with no or moderate light 
adaptation (Figs. 4A-C) .  This indicates that under these conditions the state of 
adaptation is quite constant during the 20 s of the cycle. However, when the 
strongest light adaptation was applied (Fig. 4D), the distribution became time 
dependent: more and larger bumps are found in the 5 th -10 ths  of the 
cycle. 

Table 2 shows the evaluation of 18 experiments of this kind with different 
Ca2+-concentrations. In concord with our expectations it can be seen in Fig. 4 
and in Table 2 that, while the photoreceptor is superfused by physiological 
(reference) saline containing 10 mmol/1 Ca 2+, a relatively strong preadapting 
light flash causes a diminution of the amplitudes of both light and dark bumps. 
The effect of external Ca2+-concentration on bump adaptation is remarkably 
weak under the experimental conditions reported here: Raising the external 
Ca2+-concentration to 40 mmol/1 causes, as already reported (Stieve and Bruns 
1980), a slightly stronger diminution of bump size due to light adaptation. 
Lowering the external Ca2+-concentration to i nmol/1 results in a reduction in 
the diminution of bump amplitude due to stronger light adaptation (see also 
Stieve 1983, Fig. 12) in contrast to the effect of lowering the external 
Ca2+-concentration to 250 ~mol/1. 

Besides the reduction in bump size due to light adaptation some other effects 
could be observed in these experiments (Table 2): 

1) The dark bumps, recorded in the 13th-17th s of the cycle, are on the 
average smaller than the light bumps, recorded during the 10 s bump-evoking 
illumination. This has already been shown by Yeandle and Spiegler (1973) for 
voltage bumps and by other experiments of ours for voltage and current bumps 
recorded under voltage clamp conditions (Stieve, Klomfag and Bruns, 
unpublished). Dark bumps are spontaneously generated; the observed light 
bumps are a mixture of many light-evoked bumps and fewer spontaneously 
generated bumps. The amplitude distributions of spontaneously generated and 
of light-evoked bumps overlap. 

2) Light adaptation causes an increase in bump rate of both light and dark 
bumps. The rise in (spontaneous) dark bump frequency is too small to account 
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Table 2. Dependence of frequencyf and amplitude A of voltage bumps upon adaptation and 
external Ca2+-concentration. Experiments as described in Fig. 4, each consisting of one series in 
10 mmol/1 CaZ+-containing physiological (reference) saline and one series in a test saline the 
CaZ+-concentration of which was varied. The absolute strength of the pre-adapting flash varied 
slightly from experiment to experiment, each of which had at least four different series. The "weak" 
and "strong" pre-adapting flash intensity were selected as to obtain corresponding data. In all cases 
light adaptation was moderate in order to allow measurement of bump amplitudes. A: average bump 
amplitude, 3~ average bump rate, Mean + SEM 

[CaZ+]e x Adaptation f s  -1 ./~ [mV] 

Light Dark Light Dark 

< 1 nmol No 0.29 + 0.14 0.11 + 0.06 4.6 + 0.9 3.6 + 1.5 
n = 6 Weak 0.30 + 0.13 0.12 + 0.06 5.2 +_ 1.2 6.1 -+ 2.2 

Strong 0.42 _+ 0.01 0.14 _+ 0.08 3.5 +_ 1.9 1.8 + 0.4 

250 ~tmol No 0.63 _+ 0.16 0.29 + 0.21 5.0 + 2.0 3.6 + 2.3 
n = 4 Weak 0.58 _+ 0.17 0.25 + 0.19 3.4 + 0.7 2.2 + 0.9 

Strong 0.65 + 0.36 0.43 + 0.33 0.8 + 0.1 0.7 _+ 0.2 

10 mmol No 0.57 + 0.06 0.13 + 0.04 4.9 + 0.8 2.7 _+ 0.5 
n = 18 Weak 0.65 _+ 0.08 0.14 _+ 0.04 5.4 _+ 0.7 3.4 +_ 0.6 

Strong 0.63 _+ 0.09 0.21 +_ 0.06 2.0 _+ 0.4 1.6 +_ 0.3 

40 mmol No 1.06 + 0.11 0.39 + 0.08 5.1 + 1.4 2.8 + 0.8 
n = 5 Weak 1.11 + 0.17 0.45 + 0.13 5.1 + 1.1 2.5 + 0.6 

Strong 0.81 + 0.15 0.36 + 0.11 1.4+ 0.3 1.2 + 0.3 

100 mmol No 0.47 + 0.19 0.12 + 0.08 2.8 + 0.9 1.2 + 0.3 
n = 3 Weak 0.66 + 0.19 0.13 + 0.06 4.5 + 1.0 2.7 + 0.3 

Strong 0.25 + 0.08 0.22 + 0.08 1.2 + 0.1 0.9 + 0.1 

for the increase  in light b u m p  f requency  (see also Stieve and  Bruns  1980). 
P readap ta t i on  apparen t ly  raises the probabi l i ty  for bo th  light evoked  and  

spon t aneous  bumps .  
3) Besides the increase in b u m p  f requency,  weak light adap ta t ion  can cause 

an increase  in  ampl i tude  of light and  dark  bumps  (facil i tat ion).  
These  two effects (2 and  3) do not  show a systematic Ca2+-dependence  and  

are observed  i ndependen t l y  f rom each o ther  and  more  p r o n o u n c e d  in some 
indiv idual  exper iments  than  in others.  

Concluding Remarks 

1) I t  is well k n o w n  that  lowering the external  CaZ+-concentra t ion greatly changes 
the shape of the receptor  po ten t ia l  of L imulus  vent ra l  nerve  pho to recep to r ;  it 
causes main ly  a r e ta rda t ion  of the decl ine of the light response  (e.g. ,  Stieve 1973, 
1981; L i sman  and  Brown  1975). Our  results indicate  that  this is no t  caused by 
changes in the shape of the bumps  which bui ld  up the receptor  po ten t ia l ,  bu t  
pr imar i ly  by the strong b roaden ing  of the d is t r ibut ion  of b u m p  latencies  (Stieve 

and  Bruns  1981). 
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2) Light adaptation, when strong enough, always causes a diminution of 
bump size in accordance with the adapting bump model (Adolph 1964; Dodge et 
al. 1968). This "bump adaptation" depends only very little upon extracellular 
Ca2+-concentration under the experimental conditions applied here (weak light 
adaptation). 

In other experiments of ours (Maaz et al. 1981; Nagy and Stieve 1982; 
ClaBen-Linke and Stieve 1981) we found two phases of recovery of the light 
response after a strong light adapting flash (which may be identical with the two 
phases described by Srebro and Behbehani 1974); only the first phase showed a 
significant dependence upon external Ca2+-concentration and a correlation with 
the level of intracellular Ca>-concentration. From these experiments we 
concluded that there are at least two mechanisms in Limulus ventral nerve 
photoreceptors responsible for gain control in adaptation (Stieve 1982): 

a) The reduction of bump size via a transient increase in intracellular 
Ca2+-concentration. 

b) An additional gain controlling mechanism which is not (or at least not 
very) calcium dependent. We assume that this second mechanism -which is 
observed, when the photoreceptor is already fairly dark adapted - governs 
adaptation when the intracellular Ca2+-concentration is low. 

In the experiments reported here we applied only weak light adaptation 
(including those adaptations which are termed "strong" in Table 2) in order to 
measure the size of individual bumps. Therefore we conclude that we 
investigated here mainly that (second) adaptation mechanism, which does not 
show a pronounced Calcium dependency. 

Acknowledgements. We wish to thank R. Barluschke for writing the computer program, I. Penkalla, 
T. and L. Stieve for reliable measurements of bump recordings, and A. Eckert and J. Gollnick for 
help with the manuscript, This study was supported by the Deutsche Forschungsgemeinschaft, 
SFB 160. 

References 

Adolph A (1964) Spontaneous slow potential fluctuations in the Limulus photoreceptors. J Gen 
Physiol 48:297-322 

Behbehani M, Srebro R (1974) Discrete waves and phototransduction in voltage-clamped ventral 
photoreceptors. J Gen Physiol 64:186-200 

ClaBen-Linke I, Stieve H (1981) Time course of dark adaptation in the Limulus ventral nerve 
photoreceptor - measured as constant response amplitude curve - ,  and its dependence upon 
extracellular Calcium. Biophys Struct Mech 7:336-337 

Dodge FA, Knight BW, Toyoda J (1968) Voltage noise in Limulus visual cells. Science 
160 : 88-90 

Fein A, Charlton JS (1977) A quantitative comparison of the effect of intracellular calcium injection 
and light adaptation on the photoresponse of Limulus ventral photoreceptors, J Gen Physiol 
70: 591-600 

Howard J (1982) Variations in the voltage response to single quanta of light in the photoreceptor of 
Locusta migratoria. Biophys Struct Mech 9 

Lisman JE, Brown JE (1975) Effect of intracellular injections of Calcium buffers on light adaptation 
in Limulus ventral photoreceptors. J Gen Physiol 66:489-506 



Bump Latency Distribution and Bump Adaptation of Limulus Photoreceptor 339 

Maaz G, Stieve H (1980) The correlation of the receptor potential with the light induced transient 
increase in intracellular calcium concentration measured by absorption change of Arsenazo III 
injected into Limulus ventral nerve photoreceptor cell. Biophys Struct Mech 6:191-208 

Maaz G, Nagy K, Stieve H, KlomfaB J (1981) The electrical light response of the Limulus ventral 
nerve photoreceptor, a superposition of distinct components - observable by variation of the 
state of light adaptation. J Comp Physiol 141 : 303-310 

Nagy K, Stieve H (1983) Changes in intracellular calcium ion concentration in the course of dark 
adaptation measured by Arsenazo III in the Lirnulus photoreceptor. Biophys Struct Mech 
9 : 207-223 

Srebro R, Behbehani M (1974) Light adaptation in the ventral photoreceptor of Limulus. J Gen 
Physiol 64:166-185 

Stieve H (1973) Experiments on the ionic mechanism of the receptor potential of Limulus and 
Crayfish photoreceptor. In: Langer H (ed) Biochemistry and physiology of visual pigments. 
Springer, Berlin Heidelberg New York, pp 237-243 

Stieve H (1981) The roles of calcium in visual transduction in: Sense organs. Blackie and Son, 
Glasgow London, pp 163-185 

Stieve H (1983) Transduction of light energy to electrical signal in photoreceptor cells in: The biology 
of photoreceptors. Cambridge University Press, Cambridge 

Stieve H, Bruns M (1978) Extracellular calcium, magnesium and sodium ion competition in the 
conductance control of the photosensory membrane of Limulus ventral nerve photoreceptor. 
Z Naturforsch 33c: 574-579 

Stieve H, Bruns M (1980a) Dependence of bump rate and bump size in Limulus ventral nerve 
photoreceptor on light adaptation and calcium concentration. Biophys Struct Mech 
6 : 271-285 

Stieve H, Bruns M (1980b) The sensitivity shift of Limulus ventral nerve photoreceptor in light 
adaptation depending on extracellular Ca2+-concentration. Verh Dtsch Zool Ges 1980. Gustav 
Fischer-Verlag, Stuttgart, p 369 

Stieve H, Bruns M (1981) Calcium deficiency in Limulus photoreceptor causes a change in the 
latency distribution of bumps. Biophys Struct Mech 7 : 344 

Wong F, Knight BW, Dedge FA (1980) Dispersion of latencies in photoreceptors of Limulus and the 
adapting bump model. J Gen Physiol 76:517-537 

Wong F, Knight BW, Dodge FA (1982) Adapting bump model for ventral photoreceptors of 
Limulus. J Gen Physiol 79:1089-1114 

Yeandle S, Spiegler JB (1973) Light-evoked discrete waves in the ventral nerve photoreceptor of 
Limulus. J Gen Physiol 61:552-571 

Accepted November 12, 1982 


