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Abstract. Transient elementary currents, bumps, stimu-
lated by short dim light flashes were measured in ventral
nerve photoreceptors of Limulus. It is demonstrated that
light activates two types of bumps, which form two dis-
tinct components of the receptor current at higher light
intensities. The two bump types, which are both assumed
to be activated by single absorbed photons, differ in cur-
rent amplitude and kinetic parameters. The current am-
plitude of one bump type is smaller than 0.3 nA and that
of the other type is in the usual current range of up to
several nanoamperes. The average latency of small
bumps measured from the short stimulus flash is shorter
than that of the large bumps. The small bumps have
slower activation kinetics than the large bumps. It is
demonstrated that with increasing flash intensity the
small bumps overlap first and form a macroscopic cur-
rent, on top of which the large bumps are superimposed.
Results indicate that a single absorbed photon selectively
activates only one kind of the enzyme cascades evoking
one bump type. We conclude that the active meta confor-
mation of a rhodopsin molecule selectively binds a
specific type of G-protein, which is involved in the stimu-
lation of one of the transduction cascades. The two bump
types, which are the elements of two macroscopic current
components support the previous assumption that light
activates different transduction mechanisms in Limulus
photoreceptors,

Key words: Limulus photoreceptor — Light-induced cur-
rent — Single photon response — Bump types — Current
components

Introduction
In most photoreceptor cells of invertebrates a single ab-

sorbed photon elicits a measurable transient electrical
signal, a so-called bump (Yeandle 1958; Fuortes and Ye-
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andle 1964; Dodge et al. 1968; Stieve 1986; Nagy 1991).
The number of stochastically activated bumps increases
with increasing stimulus intensity. Above a certain light
intensity bumps overlap in time and form a macroscopic
receptor potential or, under voltage clamp, a receptor
current. Therefore, bumps are elements of the macroscop-
ic electrical signals. They reflect the operation of elemen-
tary processes and thus are very important subjects for
the study of the molecular mechanism of phototransduc-
tron.

Bumps have been investigated extensively (Fuortes
and Yeandle 1964; Borselino and Fuortes 1968; Dodge
et al. 1968; Wong et al. 1980; Keiper ct al. 1984; Stieve
1986; Stieve et al. 1991). The usually observed current
amplitude of a bump is some nanoamperes, the duration
at the half-amplitude is 40 to 80 ms. The macroscopic
receptor current could be reconstructed from bumps
(Stieve et al. 1986) by disregarding some kinetic parame-
ters which are changed by the stimulus intensity (for dis-
cussions see Nagy 1991).

The discovery of different light-activated receptor cur-
rent components and single channel types in several pho-
toreceptor cells of invertebrates (Maaz et al. 1981; Nagy
1990; Nagy and Stieve 1990; Deckert et al. 1992; Nasi
1991; Nasi and Gomez 1992; Hardie and Minke 1992)
opens some new questions concerning the activation
mechanism of bumps and the development of the current
components from bumps. Since the existence of different
light-activated processes is clearly supported by recent
results (Deckert et al. 1992; Nagy 1993), we need to find
out whether all processes contribute to the formation of
a single bump or if one bump is due to the selective
activation of one specific process. In the first case, one
absorbed photon would activate two or more enzyme
cascades and ion channel types evoking a uniform bump.
In the second case, an excited rhodopsin would selectively
activate only one enzyme cascade, resulting in as many
bump types as current components.

The aim of the present work is to study this question
in the ventral nerve photoreceptor of Limulus. It is shown
that light activates two different types of elementary sig-
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nals which form two components of the receptor current.
This suggests that an excited rhodopsin selectively binds
a certain type of G-protein activating one distinct enzyme
cascade. Results support the previous observations and
hypothesis (Nagy 1991, 1993; Deckert ct al. 1992; Sticve
and Benner 1992; Stieve et al. 1992) that light activates
different transduction cascades and transmitters in this
preparation.

Some parts of the results have been published in a
preliminary form (Contzen et al. 1992; Nagy et al. 1992).

Materials and methods

The ventral nerves of Limulus were prepared in the usual
way described earlier (Nagy 1990; Deckert et al. 1992). A
two-electrode voltage clamp amplifier (npi electronic,
Germany) was used to measure the receptor current. The
physiological saline contained (in mm): 486 NaCl, 10 KCl,
25 MgCl,, 30 MgSO,, 10 CaCl,, 10 HEPES and the pH
was adjusted to 7.5 by NaOH. Intracellular electrodes
having a resistance of 12 to 18 MQ were filled with 1.0 M
KCl. The experiments were carried out at 15°C, kept
constant by Peltier-elements.

The photoreceptor cells were stimulated with a photo
flash (Metz Mecablitz 60 ct-1, half-width <1 ms at the
used intensities). An interference (Schott 540 + 40 nm)
and neutral density filters were placed in front of the light
source. Cells were repetitively stimulated every 40 to 70 s.
The stimulus intensities are given in the figure captions.
The constant holding potential (V,) was set close to the
cell's dark potential, which was between —50 and
—70 mV. 13 cells were used for the present study.

Experiments were carried out online with an IBM-
compatible personal computer and an A/D-converter
(Keithley DAS 16; for details see Nagy 1990). The cur-
rents were filtered at 120 to 150 Hz by a four pole Bessel
filter and sampled at 1 kHz. The computer was used for
further analyses of the currents. Parameters of bumps
were determined by a program developed by H. Reuf3
(Reuf 1991). In some cases currents were digitally filtered
before the analyses at 45 Hz by a low-pass filter of Bessel
characteristics. Detailed analysis indicates changes < 6%
in the mean values of parameters of bumps after this
procedure (Reufl 1991).

Results

Figure 1 A demonstrates consecutive current traces after
short dim flashes. Setting the flash intensity low, several
current records appear empty, but others contain one or
two bumps. In this example the average number of bumps
per flash was 0.7. Bumps have current amplitudes larger
than about 0.3 nA, similar to the values reported earlier
(Stieve 1986; Stieve et al. 1991; ReuB3 1991; ReuBl and
Stieve 1992). Averaging the current records containing
bumps gave trace 1 in Fig. 1 B. This mean current has a
latency of about 130 ms (marked by the dark arrow head),
a time to maximum of about 300 ms (both measured from
the flash), a current maximum of about 0.4 nA, a faster
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Fig. 1. A Consecutive current responses recorded in Limulus ventral
nerve photoreceptor after short flashes applied at the arrow for each
trace. Flashes occasionally activate bumps with different amplitude
and latency. A green flash (7.2 x 107 photons/cm?) was repeated
every 50 s. B Averaged currents from traces having (1) and having no
detectable bumps (2). Surprisingly trace 2 from “empty” records also
indicates a light-activated inward current. Note that the traces over-
lap for times shorter than about 250 ms. The latency of both current
increases was about 130 ms indicated by the dark arrow head. The
half-open arrow head marks the time (& 250 ms) of the latency of
the rapid current increase on trace 1. In each case 17 records were
averaged. The holding potential was — 50 mV

increasing and a slower decreasing phase. The averaged
current is similar to the macroscopic current activated by
intense flashes, but its kinetics are slower owing to the
lower stimulus intensity (Stieve and Bruns 1980, 1983;
Stieve et al. 1986, 1991).

Trace 2 in Fig. 1B was obtained by averaging the
“empty” records. This mean current surprisingly indi-
cates a definite inward current with a latency of about
130 ms and a maximum of about 0.05 nA. The current
decays slowly, but does not reach the dark current level in
the 2 s recording time. The latency (about 130 ms) and the
time to maximum (about 300 ms) of this trace are very
close to those of trace 1, suggesting that trace 2 is a light-
stimulated current. Thus we could conclude that the
hardly visible deviations from the zero current on the
“empty” traces in Fig. 1 A are not due to statistical noise
or to an unstable background current, but are due to
light-activated currents.

If the small current deflections are activated by light,
one might assume (by analogy with the development of
the usual bumps) that they are due to a certain type of
single bump or to overlapping bumps which remained
unresolved. This conclusion is plausible, because small
bumps of shapes other than the usual ones have been
reported recently for the ventral nerve photoreceptor of



Limulus (Reul} and Stieve 1992). Indeed, in nine cells from
the thirteen used for the present investigation, we were
able to find experimental conditions to resolve single
small bumps. Some examples are shown in Fig. 2A and B.

To observe small bumps it was necessary to set: /) the
stimulus cycle longer than 40s, 2) the flash intensity to
activate only few large bumps (< 3 per flash on average)
and 3) the membrane potential more negative than
— 50 mV. The intensity of the flash and the stimulus cycle
had to be matched for each cell individually. In four cells
the conditions could not be set for recording single small
bumps, because either the relative occurrence of the small
bumps was low and with increasing flash intensity the
large bumps superimposed on the small ones, or the sig-
nal to noise ratio was too low for the identification of the
small bumps. (Note that the sizes of the usual bumps and
the macroscopic currents also vary strongly from cell to
cell; Stieve 1986; Deckert et al. 1992.)

For comparison of the usual and the small bumps
Fig. 2 A shows selected current records. Some parts of the
traces are plotted on enlarged scales in Fig. 2B. These
examples demonstrate single small and large bumps as
well as superimposed small bumps. The shape of the small
bumps is different from that of the large bumps. This is
most clear if both bump types have a similar current
amplitude (see ¢.g. trace 1 second part, trace 3 second part
and trace 6 second part in Fig. 2 B). The small bumps are
more rounded and have much slower kinetics than the
large bumps. This difference can be used for the dinstinc-
tion of the responses to make a statistical analysis (see
below). )

At higher flash intensity single small bumps are hardly
seen late after the flash (at ¢ > 600 ms), but more appear
shortly after the flash. The shortened latency with increas-
ing light intensity is consistent with earlier observations
of the macroscopic and bump current; for a review see
Nagy 1991. The early small bumps are often superim-
posed and form a pronounced current, similar to the
mean of the “empty” traces demonstrated in Fig. 1B.
Such currents are shown in Fig. 3 A. On the early “macro-
scopic-like” small currents the large bumps are superim-
posed (Fig. 3A). This is most clear if the large bumps have
a longer latency than the time to maximum of the early
small current.

The probability of finding traces without large bumps
(see trace 4 in Fig. 3A) is low at flash intensities which
activate relatively large (> 0.2 nA) early currents. Collect-
ing a large number of records, some such traces still ap-
pear (8 records from 200 in the example shown in
Fig. 3 A), from which an averaged current can be calculat-
ed. This mean current is marked by C, in Fig. 3B. From
the records having large bumps a mean current was also
calculated (trace C, in Fig. 3B).

The two mean currents in Fig. 3 B precisely overlap in
the early phase, at ¢ less than about 250 ms, suggesting
that a) traces with large bumps include the small early
currents even if the small currents are not clearly visible
(see Fig. 1 A and B) and b) the small currents and thus the
small bumps have a shorter mean latency than the large
bumps. Conclusion @) is supported by Fig. 1B as well,
where the averaged currents of “empty” and non-empty
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Fig. 2. A Current traces demonstrate light-activated small single and
superimposed bumps as well as large bumps. Note that almost every
large first bump is preceded by a slow current increase. A green flash
(1.8 x 10® photons/cm?) marked by the arrow stimulated the cell
every 50 s. The holding potential was — 60 mV. B Some ranges of
current traces shown in A are plotted on enlarged scales (compare
the calibration bars). The beginning of the selected ranges are
marked by arrow heads in A. Currents demonstrate that the small
events have a rounded shape, indicating slower kinetics than that of
the large bumps

records overlap in the early phase, but there the effect is
not so remarkable owing to the small amplitude of the
mean current of “empty”’ records. The longer mean laten-
cy of large bumps can also be seen on trace 1 in Fig. 1B.
There the large rapid increase of the current at about
250 ms (marked by the half-open arrow head) indicates
the latency of the large bumps, while the latency of the
whole current at about 130 ms (marked by the dark ar-
row head) is due to the small unresolved bumps. Note
that the latency of trace 1 is identical with the latency of
the mean current of “empty” records in Fig. 1B.

The different activation kinetics of the two bump
types are clearly seen on the mean currents (Fig. 3 B). The
time to maximum of the mean current of records with
large bumps is about 580 ms and that of the traces with-
out large bumps is about 350 ms. Consequently, the ex-
periments with increased flash intensity show two impor-
tant properties of the bump types: @) The small bumps
are fused first to a macroscopic current while large single
bumps are activated (Fig. 3A), ») the small bumps have
a faster activation mechanism than the large bumps
(Fig. 3B). These properties are similar to those of the
macroscopic C,; and C, components of the receptor cur-
rent (Deckert et al. 1992; the abbreviations introduced
previously are also used for the components here). For
comparison, an example for the macroscopic C, and C,
components is shown in Fig. 3C. The increased flash in-
tensity, used for the activation of these macroscopic cur-
rents, shortens the time scale and increases the current
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Fig. 3. A Light-activated currents show superim-

posed bumps of two types. The early current has a
slow rising phase which is followed by fast increas-
ing currents of large bumps. Note that on trace 4
there is no large bump. The flash (2.0 x 10° pho-
tons/cm?) was repeated every 60 s and was applied
at the arrow for each trace. The holding potential
was — 55 mV. B Averaged currents of traces with-
out large bumps (C,) and with large bumps (C,).
Note that the two traces completely overlap for
time < 250 ms. C Macroscopic receptor current
demonstrating the C, and C, components de-
scribed previously (Deckert et al. 1992). Currents
K9 were evoked by a green [lash (8.8 x 10'° photons/
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scale compared to Fig. 3 B. These are usual properties of
the light-activated current (Stieve 1986; Stieve etal.
1986; Nagy 1991).

The macroscopic current components have been
analysed recently (Deckert et al. 1992); therefore, only
those properties which are important for the present dis-
cussion will be summarized here. The current compo-
nents have different light sensitivities. At the lowest inten-
sity only the C, component is activated, at higher intensi-
ty the C, and C, components are activated. With increas-
ing intensity the C, component reaches a saturation size
smaller than about 20 nA and the C, component increas-
es up to several hundred nanoamperes (the current sizes
are strongly cell specific). The latency of the C, compo-
nent is more strongly shortened with increasing intensity
than that of the C;, component. Thus above a certain
intensity the C, component completely overlaps the C,
component (for details see Deckert et al. 1992). The cur-
rent trace in Fig. 3 C was measured with moderate inten-
sity for a clear temporal separation of the macroscopic C,
and C,. This current demonstrates that the C, compo-
nent is superimposed on the C, component, as the mean
current from records with large bumps is superimposed
on the mean current from records without large bumps in
Fig. 3 B. The different kinetics of the currents (latency and
time to maximum) in Fig. 3B, C are due to the different
light-intensity. (Note that the bumps and macroscopic
currents are activated on different time scales; Stieve 1986.)

Since the relative time parameters and the light-inten-
sity dependences of the mean currents and the underlying
bumps are similar to those of the macroscopic C, and C,
current components, we suggest that the macroscopic C,;
component consists of the small early bumps and the
macroscopic C, component of the large “usual” bumps.
Consequently, we call the small bumps C; bumps and the
large bumps C, bumps. Accordingly the mean currents of
bumps are marked in Fig. 3B.

Like the macroscopic current components (Nagy
1991; Deckert et al. 1992), the two bump types can only be
observed under specific conditions. This is due to the

cm?) applied at ¢ =0s. The trace is the average of
three responses measured in a different cell than
those in A. The cell was stimulated every 120 s, the
holding potential was — 60 mV. The C, component
is superimposed on the C, component in both B
and C. Compare the different time and current
scales in B and C

1(nA)
0

pure C4

C, bumps

| | | |
0 0.2 0.4 0.6 0.8 t(s)

Fig. 4. An averaged current from traces which had only fused C,
bumps, but no C, bumps (thick line) and single current traces having
large C, bumps (thin lines). The single traces with C, bumps are
superimposed on an envelope which is very close to the averaged
current of the overlapping C; bumps. The single traces are similar
to those shown in Fig. 3 A, but in this cell the size of the current from
C, bumps is much larger. The saturated amplitude of the macro-
scopic C, component was also unusually large (1240 nA, not
shown). The flash (2.2 x 10° photon/cm?) applied at t = 0s stimu-
lated the cell every 70 s, the holding potential was — 60 mV

following two reasons. First, the ratio of the activity of the
large to small bumps is cell specific and thus varies
strongly from cell to cell (compare Figs. 1A, 2A, 3A and
4). Second, the difference in the mean latencies of bump
types and the time to maximum of the averaged C, and C,
currents (Fig. 3 B) are strongly dependent on the adapta-
tion state of the cell and stimulus intensity, similar to that
reported for the macroscopic C, and C, current compo-
nents (Deckert et al. 1992). The best temporal separation
of C, and C, bumps could be obtained with flash repeti-
tion rates longer than 40 s. This unusual long cycle time
for bump measurements prolongs the latency of
C, bumps more strongly than that of the C, bumps. A
similar tendency for the separation of the macroscopic
current components was observed with longer (> 4 min)
cycle time (Deckert et al. 1992; Nagy 1993).

The best separation of the C, bumps from the macro-
scopic C; current is demonstrated in Fig. 4 for a cell, for



which the conditions could be optimally set. With in-
creasing light intensity the overlapping C, bumps fused
first and formed a relatively large macroscopic C, compo-
nent, on the top of which single C, bumps were observed
(Fig. 4). The thick line in Fig. 4 shows the mean current of
traces which did not have C, bumps in the selected time
interval. The thin lines are single current traces clearly
demonstrating C, bumps superimposed on the envelope
of the C; component. The latencies of the pure C, and the
single traces are about 135 ms. The pure C, reached a
relatively large current maximum of about 1 nA, a value
which is close to the range of that of the macroscopic C,
component (2 to 20 nA; Deckert et al. 1992; Nagy 1993).
The saturated size of the macroscopic C, component was
1240 nA in this cell, which is also large compared to the
usual 300 to 600 nA (Deckert et al. 1992; Nagy 1993).

The discrimination of the C, bumps from the C,
bumps is difficult. The C, bumps have a smaller current
amplitude (about 50 to 300 pA; mean 153 pA +115 pA,
n = 844 in 3 cells) than the C, bumps (the usual amplitude
is larger than 500 pA; Stieve et al. 1991; ReuB} and Stieve
1992). However, this criterion is not sufficient to allow
discrimination, for the following reason. The amplitude
histogram of the large usual bumps is best fit by an expo-
nential function indicating that the usual bumps can also
have amplitudes as small as the C, bumps. The only crite-
rion for the distinction 1s the kinetics of the bumps. In
most cases the kinetics of the rising phase of the current
is quite different for the two bump types. As shown in Fig.
2A and B the C, bumps have a rounded shape with a
slower rising phase than the C, bumps. This is quantita-
tively demonstrated in a cell (Fig. 5) in which a relatively
large number of single small bumps were observed.

In Fig. 5 the distribution of the negative slope m of the
linear fit to the rising phase of the current is shown for the
first (open columns) and for the second bumps (dark
columns; for definition of m see the inset in Fig. 5). Cur-
rent traces with at least two bumps were taken for this
calculation. We have found the selection of the first and
the second bumps more adequate than an arbitrary deci-
sion after visual inspection, because mainly the C, bumps
are activated first as the mean currents indicate in
Fig. 3B. The histograms are significantly different for
m<2pA/ms (Fig.5). In this range the ratio of first
bumps to the second ones is about 5 to 1. It follows that
the mean slope is smaller for the first, ie. for the C,
bumps, than for the second, i.e. for the C, bumps (see the
figure caption). The histograms overlap for m > 2 pA/ms
indicating that the kinetics of the first and the second
bumps are similar or, as is more probable, that there are
no small bumps having such a large slope.

The moderate difference between the two histograms
is probably due to the following reason. In several cases
the second bump overlaps fully or partially the first
bump. Then a C, bump is taken as a first bump. Further-
more, since the latency distributions of bumps are very
wide (see below and Stieve and Bruns 1983; Stieve 1986)
it may happen that a C, bump is activated first. In spite
of the large overlapping of the histograms in Fig.5 a
criterion set for the kinetics resulted in a relatively good
separation for the bump types shown below.
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Fig. 5. Histograms for the slope m of the first (open columns) and the
second bumps (filled columns). For the definition of m see the inset.
The significant difference between the distribution for m < about
2 pA/ms indicates that the first bumps, which are usually the C,
bumps, have a slower rising kinetics than the second bumps, which
are usually the C, bumps (see Figs. 2A and 3 A). The mean slope m
is 4.6+4.8pA/ms (n=345) for the first and 6.8+5.1 pA/ms
(n = 345) for the second bumps. (Note that the large standard devi-
ations are due to the exponentially decaying phase of the his-
tograms.) The ratio of the number of the first to second bumps for
m <2 pA/msis 4.8:1. The histograms are normalized to the num-
ber of events. The inset shows the definition of the latency #; ,r
(measured from the begining of the flash), the rise time 75, the slope
m and the current amplitude

tR(ms/pA)

Fig. 6. Histograms for the normalized rise time ¢} of the first (open
columns) and the second bumps (filled columns) plotted with high
resolution on expanded abscissa. The plot 1s from the same experi-
ment as Fig. 5. The rise time ¢, was normalized to the current
amplitude A4 of the bump (for definition see the inset in Fig. 5). The
mean of r} is 0.62+0.66 ms/pA (n=345) for the first and
0.23 +0.25 ms/pA (n = 345) for the second bumps. The mean val-
ues indicate that the first bumps, usually the C; bumps, have slower
normalized kinetics than the second, usually C, bumps. A threshold
of 0.2 ms/pA for 1} was used later for the discrimination of the two
bump sorts. The ratio of the number of the second to first bumps
for 1§ < 0.2 ms/pA is 3.9:1. The histograms are normalized to the
number of events

The slope of the rising phase or the rise time of a bump
(for definitions see the inset in Fig. 5) depends on the
bump amplitude, because the larger the current the larger
is the slope m and the longer is the rise time. Therefore, to
sort the bumps we normalized the slope and the rise time
to the amplitude of the bump. The histograms for the
normalized rise time t} are shown in Fig. 6 for the first
and second bumps. A clear difference in the distribution
can also be seen here for values < 0.2 ms/pA for the first
and the second bumps. The first bumps, which are usually
the smaller C, bumps, have larger normalized rise times
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Fig. 7. Amplitude histograms constructed for bumps having a nor-
malized rise time ¢% > 0.2 ms/pA (open columns) and t§ < 0.2 ms/
PA (dark columns). The mean amplitude is 132 +104 pA (n= 500)
for the open columns (mainly C, bumps) and 562 1+ 288 pA
(n=305) for the dark columns (mainly C, bumps; the same exper-
iment as Fig. 5). The condition resulted in a clear distinction be-
tween the small and large bumps. Note that the condition for the
selection is independent of the size of the bump. The inset shows the
amplitude histograms of all bumps (» = 805). The histograms are
normalized to the number of events
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Fig. 8. Conditional latency histograms. Open columns.: bumps hav-
ing a normalized rise time 1} > 0.2 ms/pA, dark columns: bumps
having a #%£<0.2ms/pA. The mean latency is 192+176ms
(n = 500) for the open columns (mainly C; bumps) and 225 1 89 ms
(n = 305) for the dark columns (mainly C, bumps). The amplitude-
independent selection criterion resulted in different distributions
(the same experiment as Fig. 5). The histograms are normalized to
the number of events

(mean 0.62 ms/pA) than the second, ie. the large C,
bumps (mean 0.23 ms/pA). Thus, for t§ < 0.2 ms/pA the
relation of the number of the first to the second bumps is
reversed compared to the distributions of absolute values
(Fig. 5).

Setting a threshold criterion for the normalized rise
time t¥ the bumps can be sorted independently from the
order of appearance. This calculation is important to sort
all bumps (not only the first two bumps as above) and to
show that by the normalized kinetic parameters the selec-
tion results in reasonable distributions for the small and
large bumps. With a threshold of 0.2 ms/pA for the nor-
malized rise time we constructed conditional amplitude
and latency histograms (Fig. 7 und 8). The threshold was
calculated from the histograms shown in Fig. 6 to have
the largest ratio (about 1:4 for t§ <0.2 ms/pA) for the
number of the first to the second bumps. The condition
resulted in clearly different amplitude histograms (Fig. 7).

Rhy—> M{ —> G} — A —> P — o' f]

Ry — My —— G — PLC'— I, — Ca* — Ch f}

P

Rhy — My —> G; —> GC —> c¢GMP —> Ch;' f}

Fig. 9. Summary of models suggested for the selective activation of
multiple transduction pathways in Limulus photoreceptor. The
most probable states or substances are written in bold letters. For
the selective activation of the two bump sorts and the three macro-
scopic current components (Deckert et al. 1992) three active meta
conformations (M}) of one or three rhodopsin molecules (Rh;) and
three G-proteins (G} are assumed. Three types of single channels
(Ch,) have also been observed (Nagy 1990; Nagy and Stieve 1990).
Evidence for the IP;-induced calcium release from intracellular
stores has been published (Payne et al. 1986a,b, 1988; Frank and
Fein 1991). This cascade activated the Ch, channels and the C,
component (Nagy 1993). Two different cyclic nucleotides (probably
cAMP, as well as cGMP) stimulate the C, and the C, components
(Nagy 1993). AC indicates the adenylyl cyclase, GC the guanylyl
cyclase. A simple hypothesis for the selective activation of the three
mechanisms is to assume three types of rhodopsin molecules (Rh;).
The excited states are marked by asterisks. Upward open arrows
indicate the opening of channels. For a sequential model with one
excited rhodopsin molecule (Rh,) transitions (thin downward ar-
rows) between the active metarhodopsins M should be included. In
this case the other rhodopsins (Rh, and Rh,) should be disregarded.
For further details see the text

The mean amplitude of bumps with ¢% >0.2 ms/pA is
132 pA (open columns in Fig. 7) and that of bumps with
tk < 0.2 ms/pA is 562 pA (dark columns in Fig. 7). These
values support the subjective impression that the smaller
C, bumps generally have slower rising kinetics and larger
normalized rise time than the usual C, bumps. The suc-
cessful separation of the small and large bumps indicates
that the criterion set for the selection was quite appropri-
ate. Similar results were obtained by setting a threshold
for the normalized slope m* for the selection.

The conditional latency histograms shown in Fig. §
confirm that the small C, bumps have shorter latencies
(mean 192 ms) than the larger C, bumps (mean 225 ms).
This finding is to be expected, since the condition was
obtained from the first and the second bumps. However,
here all bumps were taken into account, as in Fig. 7. The
conditional latency histograms overlap, but the form and
the time to the maximum are clearly different. The time to
the maximum is about 90 ms for bumps with % > 0.2 ms/
pA (open columns; mainly C, bumps) and about 160 ms
for bumps with ¢} < 0.2 ms/pA (dark columns; mainly C,
bumps). It is seen that several C, bumps are activated
quite late after the flash as seen in Fig. 2. This property
also suggests that the small bumps form the macroscopic
C, component, because this component has a slower de-
caying phase than the C, component (see Figs. 4 and 9 in
Deckert et al. 1992).

Discussion
The results presented demonstrate that light evokes two

kinds of elementary currents (C, and C, bumps), which
form two components of the macroscopic receptor cur-



rent in Limulus ventral nerve photoreceptor. The exis-
tence of another bump type (C,) than the usual one (C,)
was demonstrated both by single bumps (Figs. 2 and 3A)
and by averaged currents in the case of unresolved signals
(Fig. 1). In the latter case the mean current of “empty”
records indicates a light-activated “background” current.
The new bump type has a smaller amplitude (Figs. 2
and 7), a shorter latency (Figs. 3 and 8), slower activation
kinetics (Figs. 5 and 6) and a higher light sensitivity (lower
threshold) for activation than the usual bumps. These
properties of the small bumps correlate with those ob-
served for the macroscopic C, current component (Deck-
ert et al. 1992). With increasing light intensity the over-
lapping small bumps first form a macroscopic current, on
top of which the usual bumps are superimposed (Figs. 3 A
and 4). The current component formed by the small over-
lapped bumps has a shorter time to maximum than that
of the component formed by the usual large bumps
(Fig. 3B). On the basis of these properties the small and
large bump sorts are identified as elements of the C, and
C, components of the macroscopic receptor current, re-
spectively.

A population of small bumps having different kinetic
parameters than the usual bumps has been reported re-
cently (ReuBl 1991; Reul3 and Stieve 1992). The current
amplitude of those bumps was about 20 to 40 pA and
their latency was 25--30% longer than that of the usual
bumps. Those bumps were not identified as elements of
any macroscopic current component. The parameters of
the C,; bumps calculated here cannot be directly com-
pared to those reported by ReuB (1991) and Reull and
Stieve (1992), because Reull and Stieve stimulated the cell
every 10 s, in contrast to our stimulus cycle which was
between 40 and 70 s. With the shorter stimulus cycle the
condition of the cell is slightly different, a small steady-
state “light adaptation” is caused, which is sufficient to
change the parameters of the bumps (Stieve and Bruns
1980, 1983; Stieve et al. 1991).

Hypothetical models

On one hand, the classical theory of bump activation
assumes that a bump is evoked by a single absorbed pho-
ton (Yeandle 1958; Fuortes and Yeandle 1964; Dodge
et al. 1968; Wong et al. 1980). On the other hand, the
light-activated current in Limulus ventral photoreceptor
consists of three different components (Deckert et al.
1992), which have distinct adaptation and activation ki-
netics, light sensitivity as well as current-voltage charac-
teristics and can be selectively inhibited by pharmacolog-
ical means (Nagy 1993). It was concluded that the three
current components are activated by three different
mechanisms and transmitters. Therefore, the existence of
clearly different bump types and the finding that they
form distinct components of the receptor current suggest
that one excited rhodopsin molecule elicits the release of
only one of the three transmitter types.

For the selective transmitter release we discuss four
hypothetical mechanisms. The models must explain, be-
side the properties of the bumps, the following properties
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of the macroscopic currents (Deckert et al. 1992): At low
intensity one pathway, activating the C, component, is
stimulated. At higher intensity two pathways are activat-
ed evoking the C, and the C, currents. The C; component
is activated at even higher light intensity. The C, and C,
components cannot be activated without the presence of
the C,.

Model A. There is one type of G-protein, which is activat-
ed by the meta conformation of one rhodopsin. This G-
protein activates one enzyme cascade, the well established
inositol phosphate cycle (Payne et al. 1988; Frank and
Fein 1991; Hardie and Minke 1992), which is split into
three branches at a late step. The pathways operate with
certain probabilities depending on certain conditions (e.g.
on the calcium concentration). The three different path-
ways produce different transmitters. The selective binding
of one transmitter type by a channel type in the plasma
membrane causes the opening of these channels and thus
one of the three components of the receptor current.

Model B. One type of rhodopsin exists (Rh,) with one
meta conformation (M¥, Fig. 9), but there are three differ-
ent G-protein types (G¥), each selectively activating an
enzyme cascade. The binding of a G-protein type to M¥
depends on specific conditions (e.g. on calcium concentra-
tion). A similar model containing three transduction
pathways and transmitters was suggested earlier (Nagy
1990, 1991, 1993; Deckert et al. 1992; Stieve and Benner
1992; Reul and Stieve 1992). However, in that model the
selective activation was not considered.

Model C. One type of rhodopsin exists (Rh,) with a se-
quence of different meta conformations (M¥), each of
which selectively binds a G-protein type (G¥; Fig. 9). The
active meta conformations have different lifetimes, which
depend on certain conditions. Thus the conditions deter-
mine the probability of binding of a specific G-protein
type resulting in the activation of one or the other path-
way. This model has some common characteristic with
the sequential models suggested earlier (Hamdorf and
Razmjoo 1979; Lisman 1985; Levine et al. 1987), but
those assumed one enzyme cascade.

Model D. Different types of rhodopsin molecules exist (as
many types as G-protein types and transmitter types; Rh,
in Fig. 9), each with one meta conformation (M?¥), which
selectively bind a G-protein type (G¥). (The rhodopsin
molecules would not necessarily have different absorp-
tion spectra, but would have different extinction coeffi-
cients.)

Model A seems to us improbable owing to the follow-
ing reasons. a) Inhibitors of the inositol phosphate cycle
do not block the light-activated current, but change its
form (Frank and Fein 1991; Faddis and Brown 1993),
indicating that beside the inositol phosphate cycle anoth-
er enzyme cascade also operates in the cell (Nagy 1993).
b) The latencies of the current components are different
and depend differently on the adaptation state of the cell.
For instance, the latency of C, remains constant and that
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of the C, is shortened with progressive dark adaptation.
No differenc in the latency of these components can be
observed by an intense flash in a dark adapted cell. ¢) The
distinct bump types cannot be explained by model 4 ei-
ther (see below).

Models B, C and D can explain the macroscopic cur-
rents. For models, which need a switch to activate one or
the other pathway, the early C, current could change the
conditions to promote the activation of the latter currents
(C, and C,). However, these models could hardly be ap-
plied for the activation of the distinct bumps, since one
bump can change the conditions only in a restricted area
(<10 um?; Keiper et al. 1984; Tsuda 1987; Stieve and
Schlosser 1989; Nagy 1991). Assuming that the photon
absorption is statistically distributed (Fuortes and Yean-
dle 1964; Srebo and Behbehani 1972; Keiper et al. 1984)
on the whole rhabdomeric surface of the cell (about
2 x 10° pm?, Calman and Chamberlain 1982), the proba-
bility is very low for the absorption a photon in the neigh-
bourhood of another photon at low light intensity.

One could speculate that the transition probabilities
from one pathway to the other depend on some local
conditions, which are due to inhomogeneous distribu-
tions of ions, for instance, This possibility cannot be ex-
cluded. However, in this case the ratio of the (bump or
macroscopic) C, and C, currents may not depend on the
light intensity. In contrast, we observed a strong light-in-
tensity dependence of the relative current amplitudes
(Deckert et al. 1992).

Random binding of different G-proteins

For models A, B and C one could argue that the activa-
tion of two bump types can be explained by the random
binding of iwo G-protein types. We find this hypothesis
not probable owing to the following reasons. a) About
8 G-proteins participate in the activation of one bump
(Kirkwood et al. 1989). Thus the stochastic binding of
one or other G-protein type to the metarhodopsin would
result in a uniform bump with a wide distribution of
amplitudes and forms depending on the number of the
bound G-protein types. The probability that 8 G-
proteins of the same sort (to activate one bump type) are
bound after each other to a metarhodopsin by chance is
very low (3.9 x 107 3). ) The uniform bumps (not two
definite) would fuse to a macroscopic current, which
would not consist of two components. In contrast, clear
macroscopic C,; and C, can be measured. ¢) Even if we
assume that one G-protein activates one bump, random
binding cannot work. Namely, in this case the ratio of the
two currents would be independent of the light-intensity,
contrary to the observations (Deckert et al. 1992).

For models which need a switch the most probable
regulatory substance is calcium, since its concentration is
increased by illumination (Bolsover and Brown 1985;
Fein and Payne 1989; Payne et al. 1986 a, b; Stieve and
Benner 1992). Therefore, the calcium concentration
would be changed by the first, i.e. by the C; component
and bump. However, the calcium concentration increase
has a longer delay than the receptor current (Stieve and

Benner 1992), because it is elicited by the activation of the
C, current component (Nagy 1993) and thus by the C,
bumps. It follows that cither the C, bump and current
changes the concentration of another substance, but not
calcium, or models 4, B and C cannot operate. Owing to
the above arguments we find the hypothesis of more than
one G-protein type probable and suggest that different
types of rhodopsin molecules might exist in Limulus ven-
tral nerve photoreceptor.

Components of multiple transduction pathways

Evidence for the following constituents of a transduction
cascade consisting of two or three pathways have been
demonstrated previously. a) G-proteins: Tsuda and Tsu-
da (1990) found two types, Robinson et al. (1990) three
types of light-activated G-proteins in the photoreceptor
cells of the squid. #) Ton channels: In ventral nerve pho-
toreceptor of Limulus three light-activated current com-
ponents (Deckert et al. 1992) and channel types (Nagy
1990; Nagy and Stieve 1990) were observed. Two channel
types and macroscopic currents were reported for the
photoreceptors of Lima (Nasi 1991), for the scallop
Pecten irradians (Nasi and Gomez 1992) and for
Drosophila (Hardie and Minke 1992). ¢) Enzyme cas-
cades: In Limulus photoreceptor calcium chelators block
the signal evoked by injection of calcium or inositol tri-
phosphate (IP,), but they do not block the light-evoked
signal (Payne et al. 19864a, b) indicating that light stimu-
lates a calcium independent pathway as well. This conclu-
sion is supported by recent results. Neomycin (an inhibi-
tor of the IP, production) blocks the C, component and
phosphodiesterase (which hydrolyses cGMP and cAMP)
blocks the C, and C, components of the receptor current
(Nagy 1993). Neomycin also inhibits the transient, but
not the plateau phase of the receptor current stimulated
by prolonged illumination (Frank and Fein 1991). High
concentrations of neomycin did not block the receptor
potential either, but changed the kinetics of the response
(Faddis and Brown 1993). Thus, at least two processes
are activated by light in the ventral nerve photoreceptor
of Limulus as suggested carlier (Lisman and Brown
1971).

Conclusions from kinetical parameters

The different kinetics (latency and slope of the rising
phase) of the bump types demonstrated here and that of
the macroscopic current components (Deckert et al. 1992)
indicate that the different enzyme cascades work with
different rates. Furthermore, with increasing dark adap-
tation time the size of the macroscopic C, component
increases and the latency and the time to maximum are
strongly shortened (see Figs.1 and 2 in Deckert et al.
1992). In contrast, the latency and time to maximum of C,
and C, are constant in the course of dark adaptation
(Deckert et al. 1992). Since the dark adaptation is regulat-
ed by the intracellular calcium concentration, the latency
of C, must depend on the intracellular calcium concentra-
tion, in contrast to the latency of the C, and C; compo-



nents. This calcium-regulated kinetics of C, fits well to the
model of the calcium inhibited calcium release (Payne
et al. 1990), which was suggested recently to be responsi-
ble for the repetitive bump activation (Nagy 1992). It was
assumed that the bumps appearing with a constant fre-
quency form the second, i.e. the C, component of the
receptor current. The presented results support this hy-
pothesis, since it is shown that the C, component is devel-
oped from the usual bumps. C, is activated by the IP;-in-
duced calcium release (Nagy 1993), for which process a
quantized mechanism was suggested by a transient calci-
um inhibition (Nagy 1992).

It was suggested that the C, and C; components (Nagy
1993) and thus the C; bumps are activated by cyclic nu-
cleotides (C, possibly by cAMP). Since only the sizes, but
not the kinetics of the macroscopic C, and C; compo-
nents are changed with the adaptation state of the cell
(Deckert et al. 1992) it is reasonable to assume that the
kinetics of the cyclic nucleotide production are not much
affected by the concentration change of calcium in the
physiological range. This conclusion also suggests that
transduction mechanisms with condition-dependent
switchers are less probable.
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