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The light energy dependence of the Limulus ventral nerve photoreceptor current was deter-
mined for two reproducible states of adaptation.

In the double logarithmic plot the energy dependence of the current amplitude and that of the
current-time integral, which represents the total charge transport through the membrane during
the response, show several sections with different slopes:

1) a linear section (slope about 1)

2) a supralinear section (slope 2—4)

3) a sublinear section (slope < 0.5) and

4) a second sublinear section (slope > 0.5, only in current-time integral curve).

A significant deviation from slope 1 indicates that the single events (bumps) which constitute
the macroscopic receptor current, are not independent of each other in size and/or number. It may
indicate a positive or negative cooperativity.

Light adaptation reduces the size of the receptor current and shifts the response vs. energy
characteristics towards higher light energies. For light- and dark-adapted cells the transitions
between the sections occur at same amplitude or area values, only the light energy values are
different.

The energy dependence of the time parameters, which characterize the shape of the light
response, shows the same partition in 4 sections as the receptor current. The time parameters are
shortened whith increasing stimulus energy and light adaptation. The amount of the shortening is
greater in the supralinear section of the amplitude or area vs. energy characteristics than in the
other sections (except for latency and time-to-peak with greatest shortening in the linear or first
sublinear section). Section 4 is correlated with a new increase of response duration and simultane-
ously with the appearance of the second response component.

The resuits can be interpreied sufficiently in tcrms of the bump-speck-model and of an auto-
matic gain control mechanism.

Abbreviations: ReC, receptor current (membrane current Introduction

signal in response to light stimulus; Jy,, [nA], peak am- . i _
plitude of ReC; Ty, [ms], latent-period (time from stimulus Absorption of a photon by rhodopsin in the plas

begin until first measurable increase of response; 7, [ms], M4 membrane of the Limulus photoreceptor cell in-
rise-time (from half to response maximum); Ty, [ms], itiates a sequence of events leading to the generation
time-to-peak (from stimulus begin); T, [ms], decrease-time  of the elementary excitatory response, the bump.

(from response maximum to half); Tg [ms], response dura- . .
tion; Jy [nA], membrane current; Jp [nA], membrane cur- The number of bumps evoked by a light stimulus

rent in dark during voltage clamp; J; [nA], amplitude of increases linearly with the stimulus energy in the low-
light-induced current; F [nAs], current-time integral of the  er energy range where individual bumps can be ob-

light-induced membrane current; LA, (moderate) light ad- s "
aptation; DA, (considerable) dark adaptation; t,, [ms] dark served [1, 2]. With stronger light energy, the bumps

adaptation time; f,, £ [ms], delay times between beginning ~ begin to overlap and to fuse to the macroscopic re-
of the conditioning 2 s illumination and test flashes evoking  ceptor current signal [3]. The proportionality of the
responses in a state of moderate light adaptation (o) and i mber of the light-evoked bumps to the number of

considerable dark adaptation (f); C,, C, conditioning il- . K
lumination 1 and 2; I, maximal energy of test flashes; s, absorbed photons should cause a linear rise of the

first curve section of current response vs. stimulus energy receptor current with increasing stimulus intensity.
curve in dguble log PlOt;dSz, S3, S4 Sflcutiol[ls 2,3, 4 tsl‘sgv Lisman and Brown [4] found a linear dependence of
:irg:llstl)té?‘seezt:zeaenndssg ?gurjé_gﬁ(l;rg:,,); :;e—si’, tsf_a nS;i’tiorx?Ill)t- the receptor current amplitude only for low light
tween s; and s, (curve-“hip”); ry, ra, r3, rs [log nA/log 1] ~ energies from the threshold (flash which evokes on
resp. [log nAs/log I], steepness of sy, s, s3, s4; PS, physio-  the average one bump) to about 100 times threshold
logical saline. value. In a medium intensity range the receptor cur-
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higher light intensities the supralinear section is fol-
lowed by a sublinear section with a steepness smaller
than 1 in a double logarithmic plot [5, 7, 8].

Light adaptation reduces the sensitivity of the
photoreceptor; one reason is the diminution of the
size of the bumps which constitute the receptor cur-
rent (adapting bump model [3]). The response vs.
stimulus characteristics are shifted by light adapta-
tion to higher light intensities [7].

We can manipulate the adaptation state by mod-
ifying either the light energy of the (conditioning)
light-adapting illumination or the time of dark adap-
tation [9, 10].

In an earlier publication [7] we showed the recep-
tor current characteristics in dependence of the
stimulus energy for the dark- and the light-adapted
state.

The main intention of the investigations presented
in this paper is to investigate the response vs. energy
characteristics over the whole available light energy
range at two defined states of adaptation, in order to
determine steepness and extent of the particular sec-
tions of this dependence under physiological condi-
tions, and to describe them quantitatively.

Especially the low intensity range, in which indi-
vidual bumps are detectable and overlap to the mac-
roscopic receptor current, was studied by variation of
the test light energy in small steps and multiple repe-
tition of the measurements.

We studied size and time course, characterized by
the time parameters, of the receptor current and its
dependence on light energy.

Materials and Methods

The excised Limulus ventral nerves (for details of
the preparation see Stieve and Bruns [11]) were con-
tinuously superfused with physiological saline (PS,
temperature 15 °C, flow rate 1 ml/min) during the
whole experiment. The photoreceptor cell was im-
paled by two glass microelectrodes to measure under
voltage clamp conditions [12], in order to consider
only light-activated ion-channels and not voltage-
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sensitive channels. The responses were digitized
(1/ms sample rate), recorded on tape and evaluated
by computer with a time resolution of 1 ms. The min-
imal response amplitude determinable from the
noise was about 60 pA.

We stimulated the photoreceptor cells using il-
lumination from two different light sources: For the
conditioning we used a 2 s illumination delivered by
a halogen lamp with maximal light energy of about
5.6x 10" photons/cm®* s (540 nm). For the test
stimuli we used a camera flash (Metz-Mecablitz) with
a power of 9 x 10 photons/cm? (540 nm) at a dura-
tion of 1 ms. We attenuated this energy value /, by
changing the flash duration or by neutral density fil-
ters (Schott, I/I,=0.5). More details are described
elsewhere [9, 13].

Procedure

After impalement by the electrodes we stimulated
the cell during a preperiod of 10—15 min in 30 s in-
tervals (light intensity of //I,=27°) until the response
amplitudes and the PMP (prestimulus membrane po-
tential) became constant. Then the cell was clamped
to the PMP or to a slightly hyperpolarizing potential.
If the responses then remained constant too, the
stimulus program was started.

Stimulus program

A flash sequence was used to evoke responses in
reproducible states of moderate light adaptation
(LA) and considerable dark adaptation (DA)
(Fig. 1).

A stimulus cycle (cycle time 4 min) consisted of a
2 s conditioning illumination (C,;) followed by two
test flashes of identical energy (a and (). The first
test flash (o) was applied after a delay time (#4,) of
16 s (after the end of C,), the second (f) after a 4, of
118 sec. The a flash evoked responses in a defined
state of moderate light adaptation due to the preced-
ing conditioning illumination. The following {8 flash
evoked responses in a state of considerable dark
adaptation. According to ClaBen-Linke and Stieve

a B
Gy ) Gy

; L9 7
1251 i :7_ i !

1 . . .
i‘_f =185 ! ! ! Fig. 1. Sllmulgs_prqgrarp of one measuring cycle.
t =120s ! ! C,, C,: conditioning illumination; a, p: test
i 3min . be—Tmin— flashes, duration ca. 10 ms, variable energy: ¢,:
Ty=hmin = cycle-time.
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& P The test flash energy was decreased by filters (fac-

tor 2) from cycle to cycle until responses became

‘0 unmeasurable and then increased again in smaller

~Tiat steps by filters and by changing the flash duration

J_ng (3 intersteps per filter) up to the maximal available
l F light energy /.

In the low intensity range the stimulus sequence
was repeated 2 or 3 times with the same stimulus
energy. We averaged the response values because of
the great scattering of the responses to weak stimula-
RTi T2 tion.

Jmax

IM [nA] Tmax

Fig. 2. Explanation of the parameters determined of the  Evaluation

receptor current signal (Jy) Ty, (latent-period), T, (in- . .
crease-time), Ty, (time-to-peak), 7, (decrease-time), Ty For each receptor current signal the following

(duration), Jy., (maximal amplitude of current response), parameters were determined (Fig. 2):

F (current-time integral). F (pAs): current-time integral (starting from the
end of latency up to the decline of am-
plitude size to 5% from Jyy,)

[14] about 90% of the dark adaptation in Limulus Jyax (nA): (absolute) maximum of the receptor cur-

photoreceptors occurs within ca. 2 min. rent signal

A second 2 s conditioning stimulus (C,, identical 77, (ms): latency (explanation see below)

to C,) was applied after 3 min in order to abolish an Ty, (ms): time-to-peak (explanation see below)

influence of the § response on the effect of the condi- 7 (ms): increase-time from Jy, /2 t0 Jyax

tioning illumination C;, which starts the cycle, andso 7> (ms): decrease-time from Jyy t0 Jya/2

to ensure that the cell was always in the same state of 7y (ms): response duration

adaptation when C, was delivered. The intensity of If there was more than one individual bump fol-

C; and C, was adjusted for each experiment in such a lowing the light stimulus, we computed the area F

way that with a test stimulus energy of I/I;=2""the from all bumps by addition of the single F values,

current amplitudes evoked by the a flash were about  Jy.,, however, represents the amplitude maximum of
half the current amplitudes evoked by the  flash. the largest bump. As Ty,, we defined the duration

Table 1. Comparision of steepness and position of sections sy, s, s; and s, in state of considerable dark adaptation () and moderate light
adaptation (a), 5 experiments: BSS5, BS6, BS7(H4), BS7(H8), BS.8. For response vs. energy characteristics of current amplitude Jy.,
and current-time integral F steepness r,, r,, 3 and r, [log(1/1;)/10g J] resp. [log(l/],)/log F] of the curve sections and transitions s, —s,
(heel), s,—s; (knee) and s;—s, (hip) [log(//1,)/1og J] resp. [log({/I;)/log F] are calculated by linear regression.

BSS BS6 BS7-H4 BS7-HS8 BS 8 averaged values
zurrent Jyg, DA LA DA LA DA LA DA LA DA LA DA LA
" [log(1/1y)10g J] 1.6 1.0 0.7 0.8 1.6 0.9 1.3 1.2 1.0 1.1 1.2£0.17 1.0£0.07
L6 [log(#/1y)10g J] 3.5 87 3.5 2.0 2.7 2.8 2.7 2.8 3.4 2.8 3.2+0.19 2.840.27
L&) [log(#/1,)10g J] (0.56) 0.2 0.2 0.1 0.1 ; 0.1 0.1 0.2 0.1£0.03 0.2£0.03
oy [log(#/1,)/10g J] 0.4 0.6 0.4 0.6
“heel” s,—s, [log(I/l)log J] —4.0/0.1 =3.2/0.1 —3.7/0.3 —=2.4/0.2 —4.1/-0.1-2.7/-0.1 —=4.000.5 —3.6/=0.4 =3.5/=0.3-2.9/0.2 —3.7x0.11/0.3£0.08 —3.0£0.21/0.2£0.05
~knee” s,—s;[log(//1,)/log J] —3.3/2.2 -3.02.0 -1.52.0 -3.12.4 -1.72.5 =3.22.6 =2.62.6 -2.72.5 -2.12.5 -=3.1£0.10/2.3£0.11 —-2.0+0.25/2.4+0.14
~hip” s3—s, [log(//1y)/1og J] -1.12.4 -0.32.2 1.12.4 0.312.2
«current-time integral F
i [log(1/1,)10g F] 1.9 1.5 1.0 1.0 1.8 1.2 1.7 1.2 1.5 1.1 1.60.16 1.2+0.09
[log(1/1,)10g F] 2.8 2.6 33 1.5 29 22 2.4 23 3.1 2.0 2.7£0.26 1.9£0.37

3 [log(1/1y)10g F] (0.4) 0.2 0.4 0.2 0.3 0.1 0.1 0.1 0.4 0.2£0.03 0.3£0.07

ry [log(1/1y)10g F) 0.6 0.8 0.4 0.5£0.12 0.8
~heel” s,—s, [log(I/l,)/log F] —=4.02.0 —=3.42.0 —3.6/2.3 —=2.4/2.2 -3.92.4 -2.62.4 -4.02.8 -3.7/1.7 -3.52.6 -3.112.3 -3.8%0.11/2.4+0.13 —3.0£0.24/2.1+0.13
“knee” s,—s;[log(//1)/log F] —3.3/3.9 -3.2/3.7 =1.6/3.5 -3.2/43 -1.743 -3.3/44 -2.6/44 -29/4.4 -2.1/42 -3.2£0.07/4.1+0.14 -2.0+0.23/4.1£0.25
“hip™ s3—s, [log(//1)/log F] —1.8/4.0 —0.4/4.0 —1.8/4.5 —1.8+£0/4.25£0.25 —0.4/4.0
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between stimulus begin and Jy,, as latency the dura-
tion between stimulus begin and first detectable devi-
ation from the baseline.

Because of its similarity to a human leg we de-
scribe the shape of the response vs. energy charac-
teristics by the respective terms hip, thigh, knee,
shank, heel, and foot. '

Results

In this work the findings of 5 experiments are com-
piled, all values — unless stated otherwise — are av-
eraged values (n=35), the results are demonstrated
for two individual cells in Fig. 3—7 and the evalua-
tion results from the 5 experiments are listed in
Table I.

Original registrations of current responses, overlap-
ping of bumps to the macroscopic receptor current

A very weak light stimulus (I, <277 and I, x 27'°)
(Fig. 3) evokes single photon responses, bumps. The

ld 171, light - adapted dark -adapted
J/nA
0
J/nA ]
-17
0.1
. . IMax:0-23 nA
-16
0.05 h
IMax:003nA 4]
JMUX:0.12nA
-16 "
successive cycle 1 Y ' Y V
014
JMax 0.05nA
-15 8 0
0.054
Imax :006mA 01 Jmay © 0.10nA
0
=14 0
014 JMay : 0.130A 0.Z‘Ww
Max : 0-13n Mux.O.WnA
0+ 0
-13
0.4 JMax : 0.380A 037 IMax :0-58nA
ﬂ10ms 2s - I___ZS—J

Fig. 3. Receptor currents of Limulus ventral nerve photo-
receptor recorded in a state of moderate light adaptation
(a) and considerable dark adaptation (p) at different flash
intensities (1d 7/1;). Intensity of 2 s illumination equivalent
to 3.4x10" phot/cm’, maximal energy of 10 ms a and B
flashes equivalent to 9 x 10" phot/cm?. 15 °C. Exp. BS8.
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number of bumps increases with stimulus intensity.
Two successive registrations of responses to the 3
flash (I,x27'%) demonstrate the variability of the
responses in the bump range: identical stimuli cause
in one case 2, in the other case 5 bumps. With
stronger stimulus energies the bumps overlap and
fuse to the macroscopic receptor current. Response
amplitude and area increase with rising intensity, the
time course changes: latency and time-to-peak di-
minish.

Light adaptation reduces the size of the receptor
current. An a response becomes detectable at higher
intensities, the amplitude is very small and the laten-
cy is shortened compared to the 3 responses; single
bumps are not identifiable. The latency distribution
of light-adapted bumps is much narrower than that of
dark-adapted bumps [8]; therefore we believe that in

receptor current amplitude IMax

BS
30 2
4 Oll t “ & A= & Py
207 ), omax\ / &
= 1°M
£
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= ]
o
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T T T T T
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log I/1g
current-time integral F
BS8
1 t .
so_ 0 o
g ?F 1 a2 & %
o, k04 M H
<
a 1 +
= A
3.0
2 i +
412
201 %
i + ABWITH
10 . + BWITHOUTa
’A T LS i 2 T
-6 -4 -2
log 171y

Fig. 4. Response vs. energy characteristics of the current
amplitude Jy,, (Fig.4a) and current-time integral F
(Fig. 4b) of B responses with and without preceding a test
flash. Intensity of 2 s illumination for both measurements
equivalent to 3.4 phot/cm?, maximal energy of both 10 ms f3
flashes equivalent to 9 x 10'* phot/cm?®. Exp. BS8.
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the light-adapted cell we find directly a complete
overlap of the individual bumps. In addition the nar-
rower latency distribution is one reason for the short-
ening of the response duration.

Influence of the o response on the 3 response

It is essential for our measurements that the state
of adaptation when the 3 response is evoked is inde-
pendent from the foregoing a response. In order to
test a possible influence of the a response on the size
of the B response, we first stimulated the cell with the

receptor current amplitude Jyqy

BS8
30
4 OL’ t = .; 3880 2
2 . JMAX!/ .
M
< e °
=
x 1.0 .
o
= o ©
g 0 wo °
4 ';o"
104 .. % » dark-adapted
3 © light-adapted
-6 T sl -2 ' 0
log 171
receptor current amplitude IMax
BS6
3
| & " r50.2 r, 0.4 L
0
2_
JMAX
g
N
= 14
o
—sz 4
g
2 oA
4] 0.8
r slope
-1 = dark -adapted
o o light -adapted
T T T T T
-6 - -2 0

log 1/14

Fig. 5. Response vs. energy characteristics of the current
amplitude Jy,, in the state of moderate light adaptation («)
and considerable dark adaptation (f3), two different experi-
ments BS8 (Fig. 5a) and BS6 (Fig. 5b). Steepness of sec-
tions is determined by linear regression (transient range
between section 2 and 3 was not involved in calculation).
Intensity of 2s illumination equivalent to 3.4 x 10'* phot/
cm?® (BS8) and 6.7 x 10" phot/cm? (BS6), maximal energy
of 10 ms o and B flashes equivalent to 9 x 10" phot/cm®.
15 °C.

1003

whole series of light energies for o and  flash and
then repeated the same stimulus program with the
same cell but omitting the a flash.

Fig. 4 demonstrates the result: Jy,, and F response
vs. energy characteristics of B responses with and
without preceding a illumination do not differ from
each other, i.e. the a response does not influence the
B response to a significant degree (more details see
Table I).

Response vs. energy characteristics of the current
amplitude J y,,

In the double logarithmic plot of the amplitude
maximum (Fig. 5) of the light-induced receptor cur-
rent (Jyy) versus the light stimulus energy we find
different curve sections with different slopes. In the
first section s; (curve “foot™) the slope r; [log nA vs.
log 1/1y] is about 1 (linear section, see Table I), the
current amplitude grows in this low energy range,
which includes the “bumpy” records (very low ener-
gy range), proportional to the light stimulus energy.
After the curve “heel” the slope becomes steeper up
to the curve “knee” (supralinear “shank” section
with a slope r, about 3), which characterizes the
transition range to a section s; with only a slight slope
ry between 0.1 and 0.2 (thigh, sublinear section). In
four of five experimenis the response maximum satu-
rates at high light energies; in one experiment, how-
ever, we found a second sublinear section (s, slope r4
about 0.5), before the receptor current amplitude
seems to reach a saturation level.

To characterize the curve quantitatively we deter-
mined steepness, position and extent of the different
sections in the log/log plots by linear regression
(Fig. 5b).

Response vs. energy characteristics of the dark
adapted photoreceptor cell

In the dark-adapted state recognizable bumps (am-
plitude about 0.05 nA) appear in the energy range of
log I/ly=—5 (I,x27'® and I,x27"), but they vary
greatly in size. So we averaged the response values to
2 or 3 flashes from repeated measuring cycles of
same stimulus energy. The great bump variability
would require the averaging of much more re-
sponses, but since we wanted to determine the re-
sponse characteristics over a great energy range the
limited life time of the cell forbade more measure-
ments.
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The averaging of 5 experiments (Table I) results in
a slope value r; of 1.2 £0.17 in the foot section of the
Jumax vs. I curve (dark adapted cell). The shank sec-
tion s, rises with a slope r, of 3.2 £0.19, s; with a r; of
0.1£0.03. In one experiment a new increase of the
curve follows again with a slope r, of 0.4.

Heel (s;—s,) and knee (s,—s;) positions were de-
termined as the points of intersection of the straight
regression lines. The energy coordinate of the curve
heel is nearly the same in all experiments (log 1/1:
—3.7+0.11, see Table I), the current amplitude or-
dinate varies more (log Jy.x: 0.3+0.08) in the con-
cerned experiments. The energy coordinate of the
knee is similar too in different experiments (log 1/1:
—3.1£0.10), also the coordinates of the current am-
plitude in the knee-point do not differ distinctly from
one another (log Jy,: 2.3£0.11).

current-time integral F

BS8
5.07 07_1 .= 3
n F m =" w ;O hd
Jl 4 5 8 @
w» b0 M =
g .o
o, 30 °
S il °
.ll <
2.0 . S
T - 00
10- - = dark - adapted
’ ] o light-adapted
-6 -4 =2 0
log I/1)

current - time integral F
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5 lZ t r, 0.6 %
o ‘Y r30.2 9
2 g M
a
i al
g 21
ry 0.9
14 r slope
4 s = dark-adapted
o light-adapted
0 T — T T T T
-6 -4 =2 0
log I/1j

Fig. 6. Response vs. energy characteristics of the current-
time integral F, same experiments as shown in Fig. 5
(Fig. 6a: BS8, Fig. 6b: BS6). For determination of steep-
ness and transitions of sections see Fig. 5.
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Comparison between the response vs. energy charac-
teristics of light- and dark-adapted photoreceptor cells

Transient light adaptation due to the preceding
conditioning stimulus reduces the amplitude of the
receptor current and shifts the response vs. energy
characteristics towards higher stimulus energies. The
extent of the shifting depends on the conditioning
light intensity and on the time of dark adaptation fg,.

a and B curves (Fig. 5b) are not exactly parallel:
the linear rising foot s, of the LA curve has an aver-
age steepness r; of 1.0 £0.07, thus r; is slightly small-
er in the light-adapted cell than in the dark-adapted
one (r;: 1.2). More pronounced is the difference in
section 2: the steepness amounts to 2.8 £0.27 for the
light-adapted cell compared to 3.2 for the dark-
adapted one. Section 3 has a slope of 0.2, which is
nearly identical for o and B in this part. Both curves
saturate at the same current value.

A comparision between the s,—s; coordinates
(knee) of different experiments shows that in the
light adapted cell the current amplitudes of the knee
are fairly constant, but the corresponding energy val-
ues vary clearly. A reason of this fluctuation could be
a different rate or time-constant of dark adaptation
in different cells.

A comparison between LA o and DA f curves
demonstrates a good agreement of the amplitude val-
ues in knee position for both states of adaptation:

a:2.4+0.14 nA f:2.3+0.11 nA.

The same agreement is found for the heel, which
leads to the interpretation that light adaptation shifts
the transition points between the characteristic sec-
tions to higher light energies, but the amplitude val-
ues for the transitions remain about the same, even if
the r, slopes are different. An explanation could be
that some constant cell property, perhaps the area of
the microvillus membrane and thereby the number
of light-activated ion channels, has an influence on
the development of the sections.

Response vs. energy characteristics of the
current-time-integral F

The current-time integral (area) F represents a
measure of the net charge transported across the cell
membrane during a light-induced response and is a
relevant parameter for studying the underliying
elementary events. Like the current amplitude the
current-time integral increases with the stimulus
energy in at least 4 clearly recognizable sections of
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different slopes (Fig. 6). At low light energies (sec-
tion 1) the slope r| is about 1, in the following supra-
linear shank section 2 the slope r, is greater 2, espe-
cially in the dark-adapted cell. A transition range
(knee) connects section 2 and 3; 3 has a sublinear
steepness. Higher stimulus energies cause a further
increase, section 4, which appears to be a prolonga-
tion of section 1. In only one out of 5 experiments in
the dark-adapted state the responses saturate within
the energy range investigated, consequently here we
can distinguish 5 sections.

Response vs. energy characteristics of the
dark-adapted cell

The smallest bump evaluated has an area about
5 pAs (current 0.05 nA, duration 100 ms).

The largest area measured after illumination with
maximal light energy /, varied from cell to cell from
40 to 130 nAs.

In the double logarithmic plot the averaged slopes
(n=35) of the individual sections of the response vs.
energy characteristics amount to 1.6+0.16 (sec-
tion 1), 2.7+0.26 (section 2), 0.2+0.03 (section 3)
and 0.5+ 0.12 (section 4), see Table I.

The averaged area coordinates (F values) of the
transition points (s;—s; (heel), s;—s; (knee) and s;—s,
(hip) vary stronger than the corresponding energy
coordinates (for the detailed data see Table I).

Comparison between response characteristics of
dark- and light-adapted cells

Light adaptation shifts the response vs. energy
characteristics towards higher stimulus energies,
especially the shifting of the section 2 is clearly recog-
nizable (Fig. 6). In section 1 the a curve (LA) in-
creases less steeply than the dark adapted 3 curve (a:
1.2+£0.09; B: 1.6 £0.16). The steepness of section 2
is also lower for LA (r,: 1.9 £0.37) than for DA, but
here the scattering of the individual values is greater.
In the LA curve it is often difficult to distinguish
section 3 (r3: 0.3 £0.07) from section 4.

The characteristic transition points s;—s, (heel)
and s,—s; (knee) are found nearly at the same area
both for LA and DA:
knee: a: 4.1 = 0.25 pAs p: 4.1 £ 0.14 pAs
heel: a: 2.1 = 0.13 pAs f: 2.4 = 0.13 pAs,
they differ only in the shift of the energy coordinates.
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Comparison between current amplitude and
current-time integral curves

An essential difference between Jy,, and F curves
consists in the fact that sections 4 can be found in the
F graphs of all experiments, but only in one experi-
ment in the Jy,, graph. (In this experiment, BS6, Jy,,
and F curve (DA) saturate after section 4; the transi-
tions occur at the same light energy for both parame-
ters.) Except for this difference the sensitivity be-
haviour of both parameters is fairly similar, the ef-
fects of light adaptation are nearly the same.

The steepness of the sections sy, s,, s3 is similar for
Juax and F curves. The r; value of the Jy,, curve is a
little bit smaller than the F r;. This effect can be
caused by the different evaluation methods of the
bump values: an increase of the number of single
bumps does not cause a great increase in the largest
bump amplitude; however the total area is clearly
enlarged by the addition. On the other hand Jyy
(LA and DA) rises steeper in the supralinear section
than F (Table I); a reason may be an improvement of
bump synchronization with rising stimulus energy,
although this bump synchronization should be only
small because the difference between the r, slope
values is only small.

The sublinear r; values of the DA curves are al-
most equal for Jy,, and F, but a comparison of the
LA s; sections of Jy,, and F is difficult because of the
inexact definition of s; and s, in the area curves and
the saturation of s; in Jy,, curves (4 of 5 experi-
ments).

Heel and knee of Jy,, and F curves are at identical
energy positions, i.e. the individual sections of both
parameters correspond to each other, LA and DA
transition points differ only in their abscissa value,
the ordinate value remains the same for both
parameters.

We estimate the number of bumps which consti-
tute the measured macroscopic receptor response for
every stimulus energy by extrapolation (assuming
linear increase in bump number with increasing light
energy) from low stimulus energy, where single
bumps can be counted (see Brown and Coles [5]).
We can estimate an overlapping of about 30 (the
value varies between 15 and 40) bumps in the DA
heel and of 100 (the value varies between 75 and 180)
bumps in the DA knee.
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Fig. 7. Receptor currents corresponding to different sections of the response vs. energy characteristics of the current-time
integral F, Exp. BS6. Record a—I represent responses of the dark adapted photoreceptor cell to test flashes with
increasing light energy. The position of the demonstrated responses in the F vs. I/, curve is indicated by darts (left
column). Record a—c correspond to transition of the linear section s, to the sublinear section s, of the response vs. energy
characteristics of the current-time integral, record d—f correspond to s,, g—i to transition of s, to the sublinear section ss,

j—1 to transition of s; to the second sublinear section s,.

Receptor current signals at the characteristic transition
points heel, knee and hip

Fig. 7 shows responses recorded in characteristic
sections of the response vs. energy characteristics
(area) of the dark-adapted photoreceptor.

In the curve heel region (records a—c) the bumps
are not yet completely fused to the smooth macro-
scopic receptor current. Therefore there is no promi-
nent current amplitude maximum.

Records d—f cover the supralinear range. In this
section the amplitude grows by the factor 50, the
typical macroscopic response to higher light inten-
sities is formed, the time course is accelerated signifi-
cantly. In the knee range (records g—i) we find a
shortening of the time-to-peak Ty, but the shape of
the response does not change further.

The curve hip (records j—m) is characterized by
the appearing of the second component of the mac-

roscopic ReC (a second maximum of the receptor
current signal, for details see [10], which causes an
increase of the response duration and thereby a
further increase of the F curve in contrast to the Jy,,
curve.

Attempts to superimpose the response vs. energy
characteristics of four different experiments

In order to get a generalized response vs. energy
characteristic we tried to superimpose the area
curves from different cells. Since the curve heel re-
presents a characteristic common point in all experi-
ments, we superimposed the individual curves by
shifting in x and y direction to an identical heel posi-
tion (Fig. 8). The shifting in y direction compensates
differences of the current sizes, the shifting in x di-
rection differences of the sensitivities of different
cells.
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Fig. 8. Response vs. energy characteristics of current-time
integral F of 4 experiments BS5, BS6, BS7 and BS8
superimposed upon another by shifting of the double-
logarithmic plots in x and y direction to identical heel
(s;—s,, coordinate cross) position determined by linear
regression. Fig. 8a: dark-adapted state, Fig. 8b: light-
adapted state.

The linear sections of the a curves fit well upon
one another, although the low energy responses
show great variability, but this variability is smaller
for LA than for DA. Distinct differences can be seen
in the sections s, and s;. In one experiment (BS6) the
curve is much less steep compared to the others, the
area range of section 2 is smaller and the transition to
section 3 occurs at lower ordinate and abscissa val-
ues. Therefore the relative area values of section 3
are smaller in this experiment as compared to the
other experiments. Different quantum efficiencies
and therefore differences in the slopes of the 4 sec-
tions can be reasons for the different behaviour of
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Fig. 9. Response vs. energy characteristics of current-time
integral F of experiments BS5, BS6, BS7 and BS8 (see
Fig. 8) superimposed upon another by shifting the curves in
x and y direction to a position with minimal sum of quadra-
tic deviation between y values of compared curves BSS5,
BS6, BS7 and y values of reference curve BS8. Fig. 9a:
dark-adapted state, Fig., 9b: light-adapted state.

the individual cells. Another explanation is that the
knee value represents a characteristic individual cell
property and that parameters like cell size or channel
density determine the extension of the sections espe-
cially of the supralinear section.

Another method to compare different curves is
demonstrated in Fig. 9. By shifting of the curves in x
and y direction a position was found in which the sum
of the quadratic deviation from the y values of the
compared curve to a curve used as reference were
minimal. The details of this method are described by
Betonville [15]. In the case of DA (B) the arrange-
ment of the individual curves to one another is simi-



1008

lar to that of the preceding figure (in which the heel
r;—r, was used as coincidence point), i.e. in this case
both methods lead to the same general result.

The congruence of the LA curves seems to be bet-
ter when they are projected upon a common heel
than by the Betonville-method.

To summarize the results: the response vs. energy
curves are similar in respect to the deviation into four
sections; the heel r;—r, is a characteristic point of this
response vs. energy dependence, and the slope dif-
ferences cause at least an important part of the varia-
tions between the single experiments.

Time parameters

The time parameters are chosen to characterize
the shape i.e. the time course of the receptor current
signal. All time parameters are shortened by increas-
ing stimulus energy and by light adaptation. De-
crease time 7> and response duration 7y show a com-
plex behaviour. The energy dependence of the fol-
lowing time parameters is described in consideration
of the characteristic slope sections s;, s, s3 and s, and
the transitions heel and knee of the current am-
plitude or current area curves.

Ty latency

The response latencies to the smallest stimuli
correspond to the averaged bump-latency (about
500 ms). In the low energy range which correlates to
section 1 (foot) the latency of the dark-adapted cell is
reduced about a factor 3 (Fig. 10a). At the beginning
of the supralinear section the latency grows with in-
creasing light energy. From the beginning of the
curve knee up to section 4 there is again a prominent
shortening of 7j,, in section 4 the degree of the
shortening becomes smaller. At maximal light ener-
gy the latency reaches its shortest value and seems to
saturate at 30—40 ms. It is recognizable that the
energy dependence of the latency of the P response
shows the same partition into the four sections as
current amplitude (or area) curves.

In state of light adaptation (a) the energy depend-
ence of Ty, has a much less steep course than in the
dark-adapted state, the four sections can be hardly
differentiated. At high light energies responses of
dark- and light-adapted cells have nearly the same
latency.
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Tyor: Time-to-peak

In the energy regions which correspond to the
linear section s; and the supralinear section s,, Ty
(time-to-peak) scatters in the described experiment
(BS8) around a value of 500 ms (Fig. 10b). This val-
ue, which represents the averaged time-to-peak of
bumps, varies in different experiments between 300
and 500 ms. Different latency distributions in differ-
ent cells could be a reason for this variation. With the
beginning of the sublinear sections s; of the F resp.
the Juax curves, Ty, is shortened rapidly. The extent
of this shortening is greater in s; than in the following
part s;. Ty, Seems to saturate at high light energies
below 100 ms.

There is no increase in Ty, in section 2 corre-
sponding to the increase in Tp,, although Ty, in-
cludes the latency. (The latency represents about
70% of Tyu..) Perhaps the increase of Ty, here is
accompanied with a reduction of the rise time in
this section. In LA Ty, is 1/3 to nearly 1/2 as great as
in DA for s; and s,, but becomes identical for higher
energies (s; and s;).

T,: Half time of increase

The increase time 7; (Abb. 10c) started with a
value about 10 ms at the first detectable bumps and
rises to its maximal value (110—170 ms) still in the
linear section s;. The supralinear section s, is con-
nected with a strong shortening of 7). In sections 3
and 4 the decrease is smaller, in two experiments
there is a new increase in section 4, but in other
experiments 7 saturates with a value of 10 ms at the
beginning of section 4.

The course of the LA T curve is similar to that of
the DA T, curve, however the T values of sections 1
and 2 are only half as long as in the dark-adapted
state and the maximum of the a curve is clearly
broader than the maximum of the § curve. At high
light energies (s; and sy) the duration of T, becomes
the same for LA and DA responses, but the LA T,
becomes longer than the DA T, at I,.

T,: Half time of decrease

The decrease time 7, (Fig. 10d) of the receptor
current signal shows an energy dependence which
has a “N”-shaped course: an increase to a maximum
at the beginning, a decrease to a minimum and
another increase at the end. The first increase corre-
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log I/1,

sponds to the linear section s;, the prominent reduc-
tion characterizes s, following by section s; with only
a small reduction of 75, and the second increase of 7>
occurs in section 4. This second prolongation of the
response decline corresponds to the appearance of
the second component of the photoreceptor current,
see Fig. 7.

In the light-adapted state the 7>-behaviour is simi-
lar as in the dark-adapted state, but the curve is
shifted by about 0.5 log units to higher energy
values.
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Tp: Response duration

Ty (Fig. 10d) shows parallel behaviour (“N-
shaped) to 7,. The response decrease is about
2 times longer than the response increase and deter-
mines therefore mainly the response duration. 7Ty in-
creases in section 1 (first increasing “N”-flank) — the
response consists of single bumps — up to a Ty of
700—1000 ms. Maximal duration is reached in heel
region (see also Fig. 7). In the supralinear section s,
there is a great shortening (decreasing “N”-flank).
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The minimum is reached at the first points of the
sublinear section 3. At still higher light energies the
response duration increases again (sq). In 2 of 5 ex-
periments Ty saturates at the highest light energies,
in 3 experiments 7y increases up to the last measure-
ment.

In the state of light adaptation we find the same
“N”-shaped course shifted by about 1 log unit to
higher energies.

The energy dependence of the five time parame-
ters Tya, Twmax, 11, 7> and Ty can be divided into four
sections with different slope behaviour, the partiti-
tion is more pronounced in the dark-adapted case
than in the light-adapted case. The four sections cor-
respond to the four sections of the Jy,, and F re-
sponse vs. energy characteristics, the transitions cor-
responding to heel, knee and hip of the area curve
can be found again in the time parameter curves as
transition points between the single sections.

Discussion

The response (receptor current) vs. stimulus
characteristics of the Limulus photoreceptor can be
subdivided into 4 (current-time integrai) or 3 (cur-
rent amplitude) sections with different slopes:

1) a linear section (slope about 1);

2) a supralinear section (slope about 2—4);
3) a sublinear section (slope < 0.5);

4)a second sublinear section (slope > 0.5).

The macroscopic receptor current consists of a
modified sum of overlapping bumps [9]. In the light
energy range where individual bumps can be ob-
served the number of bumps increases linearly with
the light energy, i.e. with the number of absorbed
photons [1]. Concerning the different slopes we can
say:

Section 1 is consistent with an independent summa-
tion of the bumps, in section 2 exists a positive
cooperativity between the bumps, they are no longer
independent but influence each other with an in-
creasing effect. In sections 3 and 4 the bumps influ-
ence each other too, but here with a diminishing ef-
fect causing the reduction of the steepness of the
response vs. energy characteristics.

Two models can explain the observed shape of the
response vs. stimulus characteristics: the bump-speck
model and the model of the attenuation function.
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1) Bump-speck model

According to Behbehani and Srebro 1974 and
Brown and Coles 1979 [16, 5] absorbtion of a photon
causes the opening of light-activated Na™ channels in
a membrane area of 2 um?® of the microvillus, in
which the photon was absorbed (“bump-speck™)
[17]. A large bump (1 nA) results from the opening
of 1000—2000 channels with a single conductance of
about 15 pS [18, 19]. Since the maximal light-in-
duced membrane current is about 1 uA, the total
channel number must be about 1 million per cell,
that means one channel per microvillus (microvillus
number: 1 million [20]). With a microvillus distance
of about 100 nm, one can estimate the channel densi-
ty to ca. 100/um’® rhabdom [17] and the maximal
bump-speck area to about 10 um?®. (The value may
differ from cell to cell.)

If we assume that the ion channels are opened
following binding of an internal transmitter and that
the binding of more than 1 transmitter molecule e.g.
4 (see below) is necessary for the channel opening
(Stieve et al., 1986 [7]), and if we further suppose
that the transmitter molecules spread from a source
by diffusion, we obtain two bump-speck regions: in
the central bump-speck region the channels are
opened due to the binding of 4 transmitter mole-
cules, but in the surrounding “corona” region the
channels are still closed, however “unlocked” due to
the binding of 1 or more (but less than are necessary
for opening) transmitter molecules [7].

At low light energies there is a formation of iso-
lated bump-specks which are independent of each
other, because on the average the membrane areas
where photons are absorbed are far away from each
other. With increasing light energy the bump-speck
density increases, the bump-specks begin to touch
and overlap in their “corona” regions. In membrane
areas with overlapping “coronas” there might be
enough transmitter molecules to open the corre-
sponding channels. This additional charge flow could
explain a supralinear curve rise [8]. Further increase
of light energy according by further increase of
the bump-speck density would cause the touching
and overlapping of the central regions of bump-
specks; the effective increase of the charge flow
would become smaller. Therefore this overlapping of
the bump-speck centres can account for a transition
to the sublinear section.

According to Brown and Coles 1979 [5] in the dark-
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adapted photoreceptor the knee of the response vs.
energy curves is correlated with a light energy which
evokes about 400 bumps during one macroscopic re-
ceptor current signal. In their experiments the value
varies from 91 to 776. In our experiments the first
bumps become detectable at a photon density of
7x10° photons/cm®, the knee can be found at a
photon density of 7 x 10" photons/cm’. We can cal-
culate that in dark-adapted cells about 100 bumps
(£60) correspond to the knee and about 30 (% 25) to
the heel. Therefore the postulated bump-speck
centre- and surrounding “corona’”-areas are, to-
gether, 3—4 times greater than the centre-range
alone. If we estimate the bump-speck centre to be
about 10 um’ (see above) the area of centre and
“corona” together must be about 40 um®.

Light adaptation shifts the energy coordinates of
the knee to higher values. We explain this finding
with a reduction of bump-speck size by LA (about a
factor which varies between 5 to 20 under our condi-
tions), therefore the more the light adaptation the
higher the number of bumps at the knee, an overlap-
ping occurs at higher stimulus energies e.g. greater
bump-speck density.

The linearity of section 1 (slope 1) applies for cur-
rent amplitude curves (LA and DA) and for the LA
area curves. In DA the averaged value of the area r,
amounts to 1.5. We have two possibilities to explain
this deviation from slope 1:

a) The variety of bumps makes an exact determi-
nation of r; difficult, and the deviation from slope 1
may depend on a deficiency of measured data. How-
ever slope 1 can be expected from the assumption of
a linear increase of bump number with increasing
light energy. We find slope 1 in experiments with
many measured values in the low energy range, slope
1 applies for the a curves and is confirmed in current
amplitude measurements from Lisman and Brown
1975 [4].

b) A second explanation would postulate a non-
independence of bumps already in this section, for
example as a consequence of a small facilitation (see
below).

The slope of section 2 amounts to = 3 (3.1 £0.37
for the J; curve and 2.9 +0.29 for the F curve) in the
state of dark adaptation. Our main intention is to
investigate the slope of the area curve, because these
values consider the total number of bumps, in con-
trast to the current amplitude values which represent
a measure of the maximal number of simultaneously
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formed bumps. Supralinear behaviour was found by
many authors [5, 9, 21, 22, 23], the slope values vary
between 2 and 4. A 2 ligand model allows a maximal
slope value of 2. The presented results indicate a
cooperativity of at least 4. This value is not quite
reached, but the results show a value of 3 and more
(B: 2.7—3.5) and since the slope of a log/log plot
always represents the minimal number of cooperat-
ing ligands, we suggest a cooperativity of 4.

A cooperativity of 4 resp. the binding of 4 trans-
mitter molecules is also supposed in vertebrates [24,
25].

However, a cooperativity of 4 does not necessary
mean that 4 transmitter molecules have to be bound
to the channel to open it. It could be achieved also if
4 ligands have to be bound at other stages of the
transduction chain, or if two consecutive coopera-
tivities of 2 — perhaps the transmitter binding de-
livers a factor 2 and the additional rise has to be
searched for in other parts of the transduction chain
— are involved.

The supralinear slope can be caused by a supra-
linear increase of bump number or, as supposed by
Grzywacz and Hillman [26] by an increase of the
bump amplitude, or by both effects together, that
means the quantum efficiency for bump generation
can be changed. A comparable effect, which occurs
at lower stimulus energies as supralinearity, is de-
scribed as facilitation [9, 27]: a very low conditioning
flash 2 seconds before the bump-evoking flash causes
an increase in size and number of the evoked bumps.
Facilitation could also be explained by the same
model which requires the binding of more than one
transmitter molecule to open the light activated
channels.

It must be investigated whether supralinearity is
caused by the same phenomenon as facilitation
which starts during the response itself. The supra-
linear slope is not caused by a better synchronization
of the bumps [7], because this effect would require a
slope greater than 1 only of the current amplitude
curve but not as described in our experiments of the
area curve. The sublinear section s; with a slope
smaller than 0.5 can not be explained with the sim-
plest form of the bump-speck model (without further
assumptions the model would require a saturation-
level at higher light energies); one of those assump-
tions might be that not all channels are opened in the
bump-speck centre, so that a further light energy
increase could open additional channels.
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We find a saturation after s; in some experiments
for the current amplitude curves but on no account
for the area curves. In case of saturation the same
Jmax saturation value is reached for light- and dark-
adapted cells. Reaching a common saturation value
and shifting of the knee position to higher light ener-
gies at constant ordinate-values are consequences of
the bump-speck model if we assume that light adap-
tation reduces the bump-speck diameter.

After this sublinear section a new slope increase
follows, visible in all area curves and in one current-
amplitude curve. Four reasons can explain this ef-
fect:

a) A further 30—50% of the channels could be
opened.

b) The second explanation considers the increase
of the response duration (see Fig. 10e) just at that
energy region at which we find the new slope in-
crease of section 4 in the area curves and saturation
in the most amplitude curves. A surplus of transmit-
ter molecules at high light energies could cause a
repeated opening of ion channels. On this condition
the area curve would saturate when there are no
more transmitter molecules, the current-amplitude
curve would saturate when all channels are open.

c) Another possibility to explain the two sublinear
siopes is to assume that the channels could have two
different conducting states (as suggested by
Bacigalupo and Lisman 1983 [19] and Nagy, unpub-
lished).

d) Different types of ion-channels with different
conducting properties could be responsible for differ-
ent slope sections.

2) Automatic gain control

Additional to the bump-speck-model another
model has to be considered: this model is based on
the conception that the first bumps appearing during
a response influence the following in an adapting
manner, so that the latest bumps after a light
stimulus are the most suppressed. This feed-back
mechanism diminishes later occurring response parts
and can explain that the time course of the macro-
scopic receptor current is much faster than that of an
independent artificial bump sum. We can describe
this effect with the attenuation function a(t) [7, 28].
The method allows us to simulate an energy depend-
ence of the photoreceptor current, which shows two
slope sections: a linear slope section up to a curve

1013

bend (knee) and a sublinear section at higher light
energies. The steepness of the sublinear section is
determined by the strength of feed-back i.e. by the
value of a(t). A simple feed-back mechanism would
reduce the slope maximally to 0.5. Perhaps some
other factor, which limitates or stops the effectivity
of the attenuation function, could be the reason for a
third section. Besides the two slope sections the con-
volution of the bump-sum with the a(t) function
simulates the two components of the current re-
sponse (see above), the appearance of which de-
pends on light energy and adaptation level [7], and
also imitates adapting effects.

The automatic gain involved here contains no ex-
planation of the supralinearity, which has to be pro-
vided by an additional e.g. bump-speck mechanism.

Light adaptation

Light adaptation shifts the sensitivity curve to
higher energies. The adaptation depends markedly
upon the external calcium concentration [7]. Accord-
ing to the adapting bump model light adaptation re-
duces the bump size by diminishing the amplification
degree between absorbed photon and the opening of
ion-channels. Smaller bumps mean smaller bump-
specks Wthh can explam the shifting of heel and
ntensities, but not the reduced
supralmearlty in s, for the LA cells, because the de-
crease of the bump-speck diameter without further
assumptions should not have any effect on the
slopes. Possibly adaptation could also influence the
cooperativity and by this the slope.

Time parameters

The time parameters of the receptor current signal
are determined by the distribution of the bump laten-
cies and the time-dependent (after stimulus) attenua-
tion of the bump sizes (a(t) function). The energy
dependence shows a reduction of the time parame-
ters, especially in the energy range, which corre-
sponds to the supralinear section of the J; and F
curves (except for latency and time-to-peak). With
increasing light energy the probability increases that
bumps with very short latencies occur. Since the la-
tency of the receptor current response is determined
by the shortest bump latency, it should be clear that
higher light energies shorten the macroscopic re-
sponse latency. We can not explain the finding of a
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latency increase in the supralinear section by this
simple concept.

The increase of the parameters 75 and 7y with high
light energy (sq) could be a consequence of an ex-
haustion of the attenuator, or an indication of a re-
peated opening of the ion channels or of an involve-
ment of other channels with different conductance
(see above).

Light adaptation narrows the bump latency dis-
tribution and shifts its maximum towards smaller
values, an effect which is observed at least for the
low energy range where individual bumps can be
observed [8] and supposed to be the reason why the
o time parameters are smaller and their characteristi-
cal sections shifted to higher light energies.

To summarize the results we can say that we find
four sections with different slopes in the response vs.
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energy characteristics. We explain the different
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