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Light responses (ReP) and pre-stimulus membrane potential (PMP) and conductance of photo-
receptors of Astacus leptodactylus and Limulus polyphemus (lateral eye) were recorded and
changes were observed when the photoreceptor was depolarized by the action of external ouabain
or high potassium concentration application.

1 mM/l ouabain application causes a transient increase of PMP and ReP in Limulus, followed
by a decrease which is faster for the ReP (half time 34 min) than for the PMP (half time 80 min).
Irreversible loss of excitability occurs when the PMP is still ca. 40% of the reference value.

In both preparations high external potassium concentration leads to total depolarization (beyond
zero line to +10—+20mV) of the PMP and after a time lag of 10 min also to a loss of ex-
citability (intracellular recording). In extracellular recordings (Astacus) the excitability remains
at a low level of 15%. The effects are reversible and are similar whether no or 10% external sodium

is present. In all experiments the light-induced changes of membrane conductance are about
parallel to those of the light response.

The fact that the ability of the photosensoric membrane to undergo light-induced conductance
changes is membrane potential-dependent is discussed, leading to the explanation that dipolar
membrane constituents such as channel forming molecules (probably not rhodopsin) have to be
ordered by the membrane potential to keep the membrane functional for the photosensoric action.

Introduction Stieve et al.?). In order to interpret earlier experi-

ments dealing with ouabain poisoning of visual cells
(Stieve 1) we wanted to study whether the ability
to permeability change of the visual cell membrane
during the light response depends on the membrane
potential. To this end photoreceptors of Astacus
leptodactylus and Limulus polyphemus (lateral eye)
were exposed to the depolarizing effect of ouabain
or high external potassium concentration. In part
of the experiments light responses were recorded
simultaneously by intra- and extracellular electrodes
from the same preparation to get information on
differences of these two recording methods.

In the nerve membrane the sodium conductance
changes during excitation occur only if the resting
membrane potential is sufficiently high. At lower
membrane potentials following depolarization by
raising the external potassium concentration (Cole
and Curtis ?) the sodium permeability system is in-
activated. Hodgkin and Huxley? found that de-
polarization by 20 mV inactivates more than 50%
of the sodium conductance system of the squid nerve
membrane.

As opposed to the axon membrane the visual cell
membrane is generally not electrically excitable —
except for the fact that a small component of the
light response can be elicited by an electrical de-
polarizing step (Purple and Dodge #, Millecchia and
Mauro 5).

In the arthropod photoreceptor a light-induced
change of the membrane conductance causes the
voltage signal at the cell membrane (FuortesS§,

Methods

Slices of lateral eyes of the horseshoe crab
Limulus polyphemus and of isolated retinas of the
crayfish Astacus leptodactylus were superfused in
the experiments by a stream of test saline at a flow
rate of 0.5 ml/min. The half time of the change of
saline (until ca. 50% of the saline was exchanged

* Some of the results of this paper are already briefly de- at the preparatlon) was 10min for Limulus and

scribed by Stieve 1.

Requests for reprints should be sent to Prof. Dr. H.
Stieve, Institut fiir Neurobiologie der Kernforschungs-
anlage Jilich GmbH, Postfach 1913, D-5170 Jiilich.

less for Astacus. (For a description of the prepara-
tion technique and other details see Stieve et al.®.)

The ionic composition of the test salines is given
in TableI. The crayfish retinas were kept in van
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Table I. Tonic composition [mM/1] of salines used in the experiments.

Na* K* Ca?* Mg?* CIF S0, HCO3~ Ouabain
Limulus
L, (physiological 488.3 10.0 10.0 55.0 566.0 30.0 2.3 —
saline)
L, (ouabain added) 488.3 10.0 10.0 55.0 566.0 30.0 2.3 1.0
L; (K* added) — 498.3 10.0 55.0 566.0 30.0 2.3 —
Astacus
A, (physiological 207.3 5.0 14.0 3.0 244.0 — 2.3 —
saline)
A, (K* added) — 212.3 14.0 3.0 244.0 — 2.3 -
A (K* added, 20.7 191.6 14.0 3.0 244.0 — 2.3 -

Na* decreased
to 10%)

Harreveld’s 1° solution, and the Limuli in artificial
seawater (Table I), both at 15 °C. When the potas-
sium concentration was increased a corresponding
amount of sodium was omitted to keep the osmotic
pressure constant. The pH of all salines was 7.5
to 8.0.

For intracellular measurement single visual cells
were penetrated by glass microelectrodes filled with
0.5M KCI solution, and the light response was re-
corded against an extracellular indifferent silver
chloride electrode. For extracellular measurement
two chlorided silver wires were in contact with the
distal and proximal sides of the retina slice.

The electronic recording system allowed DC com-
pensation, current injection through the microelec-
trode, and compensated current pulses through the
measuring circuit in order to measure the input
impedance (of cell membrane, cell and electrode in
series). The data were FM recorded on magnetic
analogue tape (Ampex FR 1300) and photographed
for evaluation by hand. They were parallelly re-
corded by a paper recorder (Helcoscriptor HE 16).
The time resolution of the system was 1 ms, the
measuring accuracy was 1 mV (intracellular re-
cording) and 0.0l mV (extracellular recording).

In the experiments labelled JA a xenon high
pressure lamp (Osram XBO 900 W) with a maximal
intensity of ca. 20000 1x (3.2 x 10'® photons:cm ™2
sec” 1), and in the experiments labelled JB a mer-
cury super pressure lamp (Philips CS 100 W/2)
with a maximal intensity of ca. 55001x (9 x 101°
photons-em?-sec™) was used. Stimuli of maximal
intensity and two durations were applied: short
stimuli (7 =10 ms for Astacus, T=33 or 50 ms for
Limulus) and long stimuli (7=1000ms).

Procedure

All experiments lasted at least three hours and
were carried out at 15 °C in the dark. During a pre-

period of 60 min constant stimuli every 10 or 5 min
were applied. In the main period (60 to 120 min)
the preparation was exposed to the test saline, and
in an after-period of at least 60 min the original
physiological saline was applied again.

Evaluation

In the intracellular recordings the membrane
potential of the visual cell before the light stimulus
could be measured (pre-stimulus membrane poten-
tial PMP; in the present experiments identical with
the dark potential DaP; in the figure both abbre-
viations are used). The light responses (receptor
potential, ReP) were evaluated concerning their size
and shape by measuring the following parameters.

a) For short stimuli (7 shorter than latent period) :
hpax [mV],
Hat [ms] )

maximal amplitude of transient;

latent period, from light flash onset
until intersection of tangent line in
point of steepest increase of rising
phase with extrapolated level of base
line;

time — to — peak (from light flash onset
until response maximum) ;

tlnllx [ms]7
t, [ms], time of half decrease (from Ay, to
hmax/:?) 5

b) for long stimuli (t=1000ms), additionally

to hyaz and s :

he [mV], plateau-value (at the end of the stimu-
lus) ;
h, [mV], response amplitude 500 ms after the

end of the stimulus;
hmnx/hv s

The changes of the ReP were expressed in per
cent of the reference values of the last ReP of the
pre-period.

shape quotient.
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Additionally impedance measurements (of the
input resistance, i.e. of the sum of the resistances
of cell membrane, cell and electrode in series) were
carried out using current pulses (0.5—1.5 nA)
through the intracellular electrode (20 ms duration
and 10 Hz frequency for short stimuli, 50 ms and
5 Hz for long stimuli). Measurements of the input
impedance in the dark (R3) and its changes at
various times of the ReP (4R, at the time of the
maximal amplitude, etc.) are listed in some tables
and figures. The values were normalized similarly
as described for the receptor potential parameters.

Results
1. Ouabain

In earlier experiments we could show by extra-
cellular recording (Stieve et al.?) that under in-
fluence of ouabain the excitability of the visual cells
of the Astacus retina disappears; this happens the
faster, the stronger and more frequently the cells
are stimulated by light. Intracellular recordings in
Limulus retinular cells showed that the cells were
inexcitable due to ouabain poisoning long before
the dark potential had become zero (Stieve 8). This
is in agreement with the results of Smith et al.!!
and Brown and Lisman!? (who were using stro-
phanthidin).

1.1. Limulus

In 7 experiments (JA 135, JB 39, JB 45) recep-
tor potential and dark potential were intracellularly
measured under the influence of ouabain (1 mwm/l
added to the saline). In 2 experiments (JB 39,
JB 45) dark resistance and light-induced resistance
change were additionally measured (Table II, Figs
1-3).

Due to the action of ouabain (responses shown
in Fig.1) receptor potential and dark potential
showed a transient increase in the first minutes
(receptor potential in most cases, dark potential
always) which was followed by a continuous grad-
ual decrease (Fig.2). The half-time for the de-
crease of the ReP was 34 min, for the PMP 80 min
on the average (Table II). Washing out the poison
did not lead to recovery of the cell, in contrast to
earlier findings with unpenetrated cells of the
Astacus retina (external electrodes; Stieve et al. 7).
In those cases in which the PMP had not already
reached zero in the main period it decreased further
in the after-period. It never recovered in the after-
period. In Table Il the parameters of the receptor
potential measured when hy,, had decreased to

Ouabain Limulus JB45
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Fig. 1. Intracellularly recorded receptor potentials of a
Limulus retinular cell and simultaneous measurement of the
membrane resistance change AR (difference between the
two recorded traces of each measurement, i.e., height of
the square-wave impulses). Light intensity ca. 5500 Ix,
stimulus duration 7=50ms. a: in physiological saline;
by: 40 min in test saline containing 1 mMm/l ouabain; b,:
70 min in ouabain saline; bg: 115 min in ouabain saline;
c: 55min again in physiological saline. JB 45, Limulus
retinular cell.

50%, 30% and 0% of the reference value are com-
pared. Also the values after 60 min in ouabain
saline, at the end of the main period and during
the after-period are listed. In Table II and Fig. 3
one can see that the ReP is already zero when the
PMP has decreased to ca. 40% of its reference
value. With decreasing hy,y the time parameters f;,¢
and #,.. (short stimuli) increase, whereas the de-
crease-time ¢, is shortened. For long stimuli A, de-
creases slightly less than Ay, , the shape-quotient
huax/he decreases, and t,,,, increases too.

The dark resistance does not change significantly
under the action of ouabain. The light-induced re-
sistance change AR, decreases under the action of
ouabain to a value no longer measurable even be-
fore the response has disappeared. No recovery of
the light-induced conductance change could be
found. Since the ReP and 4R,, disappear at approx.
the same time (while the PMP is still at a value of
40%) it is reasonable to assume that the ReP cannot



Table II. Dependence of intracellularly recorded pre-stimulus membrane potential (PMPgorr, for details of correction of PMP see Stieve et al.’), receptor
potential (both JA 1—5) and membrane resistance (JB 39, JB 45) of Limulus retinular cells on 1 mM/l ouabain added to the physiological saline. Stimulus inten-

sity ca. 20,000 1x (JA1—5) and ca. 5500 1x (JB 39, JB45).

1) 7=33.3 ms
PMPcorr hmax tlat tmax ty Rq ARm
n=7) (n=17) (n=17) (n=17) (n=17) (n=2) (n=2)
reference value in —32+4.2mV 25+49mV  43+8.7mV 239491 ms 209 %23 ms 36+12 M2 7.7+0.64 MQ
physiological saline
values in test saline at
hmax 50% (—)8419.6% 50% 174 +33% 182 1+49% 48+4.4% 63 +24% 48+21%
hmax 30% (—)641+10% 30% 210+31% 188 +40% 49+3.3% 99 +6.1% 24+9.2%
hmax 0% (—)39%10% . = == — 94+3.3% —
55 min in test saline (—)62+16% 43 +20% 194 £ 59% 128 £26% 50% - —
last value in test —381+8.1% (—)1%+1.8% — — — — —
saline (n=5)
55 min in physio- 33+13% — — — — 134 £115% —
logical saline
2) 7=1000 ms
PMPecorr hmax tmax he ha hmax/he Rq AR ARe
(n=17) (n=7) (n=17) (n=7) (n=17) (n=17) (n=2) (n=2) (n=2)
reference value in —29+32mV 27+5.6mV 451+142ms 15%1.8mV 12+22mV 2.2%0.76 37114 MQ 7+1.8MQ 5.5%0.78 M2
physiological saline
60 min in test saline 57+20% 21+12% 202 +129% 23+11% 241+11% 71+18% - = —
last value in 38t11% 5+17% 221+184% 15+12% — - = =
test saline
60 min in physio- 27+2.2% - = — - — t _

logical saline

The half-time of the depolarization is t1,=34 4.3 min for hAmax and t1,=80+ 34 min for the PMP. The signs in brackets indicate the polarity of the PMP.
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Table III. Dependence of intracellularly recorded pre-stimulus membrane potential (PMPcorr), receptor potential and membrane resistance of Limulus retinular
cells on 498 mm/1 potassium added to the physiological saline. Stimulus intensity ca. 1000 Ix. JB 46—50, n=5.

1) 7=50 ms
PMPcorr hmax tlat tmax ty Rq ARm

reference value in 47%14.3mV 4520 mV 38+ 7.4ms 165+ 8.4 ms 749 £209 ms 441£11 MQ —10t£1.7 MQ
physiological saline
values in test saline at

hmax 50% (—)13+21% 50% 215+ 33% 131+£19% 116+19% 77+2.5% 36+5.5%

hmax 30% (+) 5+23% 30% 279+ 71% 147+23% 98 +18% 68+2.7% 201+3.3%

hmax 0% (+)25+19% - = - = 60+ 2.2% -
55 min in test saline (+)38+21% 2+1.4% 570+431% 221+133% 131+119% 55+3.4% —

(n=2)
last value in test (+)14+16% - — = - — =
saline
55 min in physio- (—)551+28% 23+14% 180+ 100% 135+51% 63% 671+4.6% 17+11%
logical saline (n=1)
2) 7=1000 ms
PMPcorr hmax tmax he ha hmax/he Rq ARy AR,

reference value in —46.0+£0.30mV 471X2.0mV 188+ 11 ms 36x1.6mV  18+28mV 1.79+0.11 44+11MQ2 10*1.6MQ 84+14MQ
physiological saline
60 min in test saline (+)29+18% 4+1.8% 224 +91% 411.6% 4+24% 112+28% — — —_
last value in (+)14£21% 5+2.0% 301+108% 5+2.5% 5+4.0% — — — —_
test saline
60 min in physio- (—)10+42% 29+17% 347+£152% 42+ 24% 53+30% 67+3.9% — — -_

logical saline

The half-time of the depolarization is t1,=15%1.0 min for hmax and t1,=13 1.3 min for the PMP. The signs in brackets indicate the polarity of the PMP.
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Fig. 2. Time course of the effect of
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be produced when there is no more light-induced
conductance change.

Earlier emperiments with the ventral photorecep-
tor of Limulus confirm the observation that the
ReP disappears when the PMP is still existent
(Stieve and Appelhans 13).

1.2. Astacus

No intracellular experiments on the action of
ouabain on the Astacus visual cell were made. In

Limulus  JAT-JA5
DaP 2 g DaP
[%] Ouabain [mV]
100 +
1-30
80
60 1-20
-10
20
0 2 = L 1)
0 20 40 60 80 100(%]
ReP(hmax /
0 10 20 25[mV]

Fig. 3. Intracellular measurement of pre-stimulus membrane
potential PMP=DaP [mV] vs maximal amplitude hmax [%]
of reference value recorded in physiological saline of recep-
tor potentials recorded in test saline containing 1 mm/l
ouabain. Left scale: DaP in % of reference value. Scale
below: hmax [mV]. Light intensity ca. 20,000 lx, stimulus
duration 7=33 ms. The horizontal bars indicate the S.E.
of the mean. JA 1—5, Limulus retinular cells.

former experiments already published (Stieve et
al.”) only extracellular electrodes were used. Those
experiments are in good agreement with the experi-
ments reported here on Limulus, except that under
the action of ouabain, when the ReP is decreasing,
both #,4 and ., decrease in Astacus contrary to
the intracellular measurements in Limulus. The most
important difference, however, is that the loss of
excitability after poisoning is reversible in the extra-
cellular recording, where the ReP reappears within
30 min after washing out the ouabain, and starts to
recover slowly.

2. Depolarization by high extracellular potassium
concentration

Under the action of ouabain the visual cell mem-
brane loses its ability to undergo light-induced con-
ductance changes. The effect of ouabain on the dark
potential, which is detectable only after a consider-
able time (half-time 80 min), could either be an
indirect influence via decreasing ionic gradients,
especially the sodium gradient, or a more direct
action on the conductance change performing sys-
tem. To answer this question we depolarized the
visual cell by raising the extracellular potassium
concentration. In earlier experiments we had shown
that the extracellularly measured ReP of crustacean
visual cells is not totally abolished by high external
potassium concentration (Stieve !4, Stieve and
Wirth 1%) . Changing the extracellular potassium con-
centration should depolarize the membrane potential
much faster than the action of ouabain.

In one set of experiments (Astacus) we addi-
tionally varied the sodium content (0% or 10% of
normal concentration) of the external solution,



H. Stieve et al. - Light-Induced Conductance Change 861

since the presence of extracellular sodium ions
might be important for the conductance change per-
forming system.

2.1. Limulus

In five experiments the influence of high external
potassium on Limulus retinular cells was investi-
gated by intracellular electrodes. In the test saline
(L 3, Table I) all sodium was replaced by potassium
while the content of the other ions was unchanged
(Table III, Figs 4, 5).

Due to the change of the potassium gradient
across the cell membrane the PMP decreases quickly
and reverses polarity (indicated by the change
from minus to plus values in Table III), reaching
values as high as (+) 38% after 55 min in the test
saline. The last value in the test saline is (+) 14%.
The standard deviations of the PMP are very high,
but the changes are still significant.

When the PMP is decreased to zero or reverses
sign, the ReP and the light-induced resistance
changes also slowly disappear, but a response of
about 30% (Amas) of the reference value is still

K-depolarization Limulus JB50
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Fig. 4. Intracellularly recorded receptor potentials of a
Limulus retinular cell and simultaneous measurement of the
membrane resistance change AR. Light intensity ca. 1000 Ix,
stimulus duration 7=50ms. a: in physiological saline;
b: 55 min in test saline containing 498.3 mM/l potassium;
c: 55min again in physiological saline. JB 50, Limulus
retinular cell.

recorded when the PMP is already beyond the zero
level (Fig.5). Finally, after a time lag of more
than 10 min after total depolarization of the mem-
brane, ReP and light-induced resistance change dis-
appear (Fig.4). The half-times of the effects on
PMP and ReP are practically the same (13 min for
the PMP and 15 min for Ap,y) .

The observed effects were reversible. After one
hour in normal physiological saline the PMP had
come back to (—) 50%, the ReP to about 25%.
The restoration of the excitability (ReP and light-
induced resistance change) follows the restoration
of the PMP with almost no delay.

The time parameters (Table III) which had, in
the test saline, either increased (4 200%, fmax
150%) or not changed much (t,) recover less in the
after-period than the PMP or the ReP amplitudes.
Resistances

Under the influence of high external potassium
the dark resistance R; decreases to ca. 60% (Fig. 5).
The light-induced resistance change at the time of
the maximum of the ReP, AR, , is still measurable
when the PMP is already zero. It becomes im-
measurable when A, is zero. Both R; and 4R,
tend to recover in the after-period. As shown in
Table III the decrease of AR, corresponds fairly
well with that of Ay, . The changes seem to be cor-
related and have a common zero point. This means
that there is no measurable light-induced conduc-
tance change when the ReP is reduced to zero.

2.2. Astacus

Potassium depolarization, no sodium

In 5 experiments (JB 52—56) electrical pro-
perties of Astacus visual cells were intracellularly
measured in a test saline (Table I, A,) of high ex-
ternal potassium content, without sodium. Table IV
and Fig. 6 show the results.

The results are almost identical with those ob-
tained from Limulus. The PMP decreases and
changes sign in the test saline, it goes down to ca.
(+) 25% (TableIV) with a half-time of 8 min,
which is a little bit faster as compared to Limulus.
The ReP decreases also faster (half-time 3.3 min).
Also in the experiments with Astacus there is a time
lag of more than 10 min after reversal of polarity
of the membrane potential (PMP) until the cell be-
comes inexcitable. With decreasing /hyaxflat in-
creases to ca. 140%, ty.. decreases slightly, and ¢,
decreases markedly.
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Fig. 5. Time course of the effect of potassium depolarization on Limulus retinular cell. Intracellular measurement of Amaxs,
[mV], Amaxigeo [MV], DaPeorr [mV], Ra [MQ2], and ARy [M£] vs time [min]. pS: perfusion with physiological saline;
K: perfusion with test saline containing 498.3 mm/l potassium, no sodium. For further details see Fig. 4. JB 50, Limulus

retinular cell.

The dark resistance decreases to about 80% in
the test saline; the light-induced resistance change
(4R,) is small and soon becomes immeasurable.
Also here the changes of 4R, and h,,,, are practi-
cally parallel. The determination of AR, was less
reliable (due to noise) than in Limulus.

The changes of the parameters were much less re-
versible in the after-period than in the case of
Limulus.

The extracellular mass response of the whole
retina under the influence of high external potas-
sium was measured in earlier experiments (Stieve 4,
Eupagurus, and Stieve and Wirth 15, Astacus). The
changes are similar. During one hour in high potas-
sium solution the excitability was not entirely
abolished, %, remained at 6 — 8%. The reversibili-
ty however was very good.

Potassium depolarization, 10% sodium

In five experiments (JA 17 —21) the effect of
high external potassium together with 10% of the
normal sodium content (TableI, A3) was simul-

taneously recorded in the Astacus retina intracel-
lularly, with one microelectrode, and by exira-
cellular measurement (mass response of the whole
receptor cell layer). The resutls are shown in Tables
Va, b and Figs 7 a, b. The results are similar as in
the sodium-free potassium solution.

In the intracellularly recorded experiments (Table
Va, Fig. 7a) the PMP decreased sharply and re-
versed sign to +5mV (half-time 9 min). The ReP
disappeared (half-time 5 min). Again the total loss
of excitability occurred some 10 min following the
polarity change of the PMP. Again even when the
PMP was reversed the ReP was still measurable.

With decreasing Ampax (30%) t.4 was increased
to 115%, t,.« was decreased to 64% and t, to 35%.
The shape-quotient (Ayax/he) was strongly increased
to over 300% after 60 min in the test saline. (As
compared to the experiments without sodium .«
and ¢, are much more decreased when sodium is
present. The shape-quotient is increased, while it is
decreased without sodium.)
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K-depolarization Astacus JB56
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Fig. 6. Intracellularly recorded receptor potentials of an
Astacus retinular cell and simultaneous measurement of the
light-induced membrane resistance change AR. Light inten-
sity ca. 5500 lx, stimulus duration 7 10 ms. a: in physio-
logical saline; b;: 55 min in test saline containing 212.3
mm/]l potassium; by: 100 min in potassium test saline; c:
55 min again in physiological saline. JB 56, Astacus retinu-
lar cell.

The dark resistance did not change significantly,
in contrast to the experiments where sodium was
lacking. Again AR,,, which was hardly measurable
due to noise, decreased parallelly to A,y -

863

o apS

maxe -

Astacus  JA 20|

T T

K-(10%Na) pS

h,
[mVv]

15F

o h

® Nmoxg 1000

Imoxe 10

I . i ! L
0 30 60 90 120 150 180 [min]

Fig. 7b. Time course of the effect of potassium depolariza-
tion together with sodium deficiency on Astacus retina slice
(same preparation from which the time course of the intra-
cellular responses was recorded simultaneously, see Fig.
7 a). Extracellular measurement of hAmax;, [mV] and
hmaxioo [MmV] vs time [min]. pS: perfusion with physio-
logical saline; K (10% Na) : perfusion with test saline. For
further details see Fig. 7 a. JA 20, Astacus retina slice.

In the after-period Ay, recovered to ca. 25%,
and the PMP to ca. 20%. The light-induced resis-
tance change reappeared, t,.. and f, recovered,
while #},4 remained unchanged.

The extracellularly recorded responses of the
whole retina (Table Vb, Fig. 7b) showed similar
results under the influence of the test saline. The
ReP was decreased to 15% (half-time 8 min) and
did not totally disappear. The shape-quotient was
strongly increased, 1,y was increased, fy,y and i,
decreased. All changes showed good reversibility.

The main differences between extra- and intra-
cellular measurement are: The decrease of Ay, in
the extracellular recording is smaller than that of
hmax in the intracellular recording; i, is also less
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[ 2 ora & @ cellular measurement of Amaxgo
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Table IV. Dependence of intracellularly recorded pre-stimulus membrane potential (PMPc¢orr), receptor potential and membrane resistance of Astacus retinular
cells on 212 mM/l potassium added to the physiological saline (no sodium). Stimulus intensity ca. 5500 Ix. JB 51 —56, n=5.

1) 7=10ms
PMPcorr hmax tlat tmax ty Rq ARn
reference value in —51+6.4mV 29+51mV 23+2.3 ms 87+7.9ms 201+27 ms 56+17 MQ —1.620.6 MQ
physiological saline
values in test saline at
hmax 50% (—)59+4.7% 50% 125+4.0% 87%5.1% 64+3.6% 86+ 12% —67%11%
hmax 30% (—)18%7.6% 30% 144 £8.1% 93+17% 50+4.3% 78+ 11% —22+7.0%

max 0% (+)27+£19% = = ES — 79+11% —
55 min in test saline (+)27+13% 3+3.0% — — = = —
last value in test (+)23+11% - — = == = i
saline
55 min in physio- (+)11£25% 11£2.0% 151+23% 85+14% 71+£9.3% 78 +5.4% —
logical saline

2) 7=1000 ms
PMPcorr hmax tmax he ha hmax/he Rq ARm AR,

reference value in —50+7.6mV 32%£53mV  172%21ms 21+3.6mV  14*19mV 1.5%0.1 63+21 M2 1.6+0.6M2 0.9+0.4MQ2
physiological saline
60 min in test saline (+)28%+16% 514.6% 46% 61+5.7% — 81% — - —
last value in (+)22+22% 0.210.2% 50% 1.6 +£1.6% = o — = —
test saline
60 min in physio- (—) 6£11% 16+£2.9% 63 +7.6% 9+5.7% 31+2.0% 298 +£102% — e —

logical saline

The half-time of the depolarization is £1,=3.3 £0.49 min for hpax and t1,=8=% 1.5 min for the PMP. The signs in brackets indicate the polarity of the PMP.
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Table V a. Dependence of intracellularly recorded pre-stimulus membrane potential (PMPcorr), receptor potential and membrane resistance of Astacus retinular

cells on 192 mm/l potassium and 10% of the normal sodium concent in the physiological saline. Stimulus intensity ca. 20,000 Ix. JA 17—21, n=5.

1) 7=10 ms
PMPcorr hmax tlat tmax ty Rg ARn

reference value in —49+t7.8mV  42+54mV 161+2.3 ms 98+ 10 ms 3161109 ms 66+19 MQ —1.5+0.6 MQ
physiological saline
values in test saline at

hmax 50% (—)34+11% 50% 112+2.8% 89+9.3% 601 6.6% 104 +21% —491+8.0%

hmax 30% (+) 6%14% 30% 115+ 6.4% 64+4.2% 3519.9% 112+29% —19%11%

hmax 0% (+) 9%14% - - o - 107 +26% -
55 min in test saline (+)18t16% - - —_ — = =
last value in test (+)19+17% — — — — — —
saline
55 min in physio- (—)20%30% 27+7.1% 113+7.3% 96+11% 69+13% 99 +14% —13+13%
logical saline

2) 7=1000 ms
PMPCOT]' hmax tmax he ha hmax/he Rd ARIIL AR(}

reference value in —50%+7.4mV 47153 mV 160+20ms 29+4.1mV 24+3.2mV  1.710.06 67+t19MQ —2.21+0.5MQ2 40.3+0.5 MR
physiological saline
60 min in test saline (+)34+20% 2+1.5% 76 +13% 1.0+0.7% 0.3+0.3% 314+180% — — —
last value in (+)34%£20% 3+1.7% 67+22% 0.5+0.24% = — = = =
test saline (n=2)
60 min in physio- (—)15+24% 30+9.2% 79+19% 20+8.2% 15+6.0% 199 +44% — - —_

logical saline

The half-time of the depolarization is #i,=5.3%0.58 min for hmax and #y,=91 3.0 min for the PMP. The signs in brackets indicate the polarity of the PMP.
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Table V b. Dependence of extracellularly recorded receptor potentials of an Astacus retina slice (same preparation as in
Table V a on 192 mM/l1 potassium and 10% of the normal sodium content in the physiological saline. Stimulus intensity

ca. 20,000 Ix. JA 17—21, n=>5.

1) 7=10ms
hmax tlat tmax ty
reference value in 1.410.25mV 18+1.4 ms 111+21 ms 253+18 ms
physiological saline
values in test saline at
hmax 50% 50% 128 +6.8% 841£9.2% 8716.2%
hmax 30% 30% 130+ 7.8% 78+£9.9% 80+4.8%
55 min in test saline 14+£1.3% 139+9.7% 79+12% 68+7.1%
55 min in physio- 83+5.1% 112+7.2% 95+11% 80+2.4%
logical saline
2) 7=1000 ms
hmax tmax he ha hmax/he
reference value in 1.6+0.28 mV 160+ 60 ms 1.0£0.18 mV 0.7£0.15mV 1.58+£0.04
physiological saline
60 min in test saline 17+1.1% 99 +25% 12+1.9% 0.6+0.6% 160 £26%
60 min in physio- 82+3.7% 86+17% 6813.6% 69+ 7.9% 125+£7.7%

logical saline

The half-time of the depolarization is t1,=8* 3.2 min for Amax .

decreased in the extracellular measurement (80%)
than the intracellular recording (35%).

The reversibility of all parameters is much better
in the extracellular recording.

Discussion

Ouabain

Smith et al.! observed that the excitability of
ventral photoreceptor cells of Limulus poisoned by
ouabain was lost although the resting potential had
decreased to only half of its original value. Our
experiments confirm this observation. Since the ex-
planation originally offered by Smith et al.!!, that
the receptor potential was caused by the change in
electrogenicity of an electrogenic ionic pump, is ruled
out (Millecchia 16, Brown 7, Stieve et al.?, Brown
and Lisman !2) there exist mainly two different pos-
sible explanations:

(1) The conductance change of the photoreceptor
cell membrane does not occur when the visual
cell is sufficiently poisoned by ouabain or suf-
ficiently depolarized.

(2) The gradient of the ion species which determines
the receptor potential (mainly Na®) reaches
zero earlier than the gradient determining the
resting potential (mainly K*).

At first the second explanation seemed to be
plausible to us (Stieve ) : The intracellular volume
is very small compared with the extracellular volume
(streaming saline). The height of the pre-stimulus
membrane potential is determined mainly by the
gradient of potassium ions due to a high intracel-
lular and low extracellular concentration.

The height of the receptor potential is determined
by other cations, mainly sodium (Stieve et al.18,
Stieve 1 1%) having a high extracellular and low
intracellular concentration. When, e. g., Na* and K*
are both diffusing along their concentration gra-
dients at about the same rate, the Na* gradient is
much faster decreased (intracellular Na* concentra-
tion soon increased due to small volume; extracel-
lular K* concentration hardly changed due to great
volume).

While this effect obviously may contribute to the
loss of excitability, it seems to be not the decisive
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factor, since our resistance measurements (Table IT)
show that receptor potential and conductance change
cease to exist at the same time.

What are the reasons for the loss of ability for
light-induced conductance changes? There are
mainly three not necessarily exclusive possible
causes:

(1) As in the nerve membrane the conductance
change of the visual cell membrane can no
longer occur when the membrane potential is
below a certain value.

(2) Poisoning of the active Na*-transport by
ouabain leads, as suggested by Brown and
Lisman 12, to intracellular accumulation of so-
dium ions, which in turn leads to an increase
in intracellular Ca?*. This increase in intra-
cellular calcium causes the progressive loss of
light-induced conductance change.

(3) There is a direct action of ouabain — or of
the metabolic energy used for the active trans-
port — on the permeability changing system

of the visual cell membrane.

Baumann and Mauro 2° performed experiments in
the photoreceptor of the lateral eye of Limulus and
the drone photoreceptor where the ability for con-
ductance changes disappears fast when there is no
oxygen at the visual cell — by applying a N, atmo-
sphere. When oxygen is added again the dark poten-
tial is regained earlier than the ability for con-
ductance change. These experiments may indicate a
direct need of the cell membrane for metabolic
energy. It is conceivable that the activity, or the
intact state, of the sodium/potassium ATPase, is
necessary for the membrane to undergo light-
induced conductance changes.

In the ouabain experiments the loss of excitability
occurs at much higher membrane potentials than in
the case of the potassium depolarization. Either
ouabain has a direct action on the permeability sys-
tem or, since the ouabain depolarization occurs
much more slowly than the potassium depolariza-
tion, the influence of the decreased membrane poten-
tial has sufficient time to develop, so that the
blockage occurs at higher membrane potentials.
Since normally depolarications of up to 50% alone
do not block the excitability of visual cells, an in-
direct influence of ouabain, mediated via the mem-
brane potential, is not sufficient to explain the
findings. However a loss of excitability via an in-

crease of intracellular Ca%*, as suggested by Brown
and Lisman!2, provides a reasonable and perhaps
sufficient explanation for the observed ouabain
action. Whether additionally the decrease in mem-
brane potential has a harmful influence on excitabi-
lity cannot yet be decided.

In the early phase of the ouabain treatment there
is always an increase of the pre-stimulus membrane
potential and in most cases of the receptor potential.
Probably the early action (or low concentration)
of ouabain on the membrane influences the mem-
brane permeability. This effect is not necessarily an
action on the ionic pump, but could be a direct
action on other components of the membrane, for
instance the dark channels. The mechanism of this
effect was not investigated further.

Depolarization by high external potassium concen-
tration

An increase in intracellular Ca** might perhaps
be a sufficient explanation for the observed action
of ouabain on the visual cell. However, it is not a
probable explanation for the loss of light-induced
conductance changes due to potassium depolariza-
tion expectially since the half time, #,, for the
decrease in Ay, does not differ under conditions of
no or 10% of normal external sodium. Here the ob-
vious explanation seems to be that a certain minimal
(lasting) membrane potential is a necessary pre-
requisite for the ability to light-induced conductance
changes of the photosensoric membrane. Since in-
excitability occurs in the presence of 10% external
sodium with the same efficiency and speed as when
there is no sodium present, the extracellular sodium
concentration is apparently not responsible for this
effect.

The experiments indicate a direct influence of the
membrane potential on the ability of the cell mem-
brane to undergo light-induced permeability changes,
but the action of depolarization develops much
slower than in the case of the axon membrane.
Probably the membrane potential is necessary to
create and sustain an ordered structure of mem-
brane constituents of dipole character. This order
seems to be essential for the ability to produce
conductance changes.

The existence of small but still measurable re-
ceptor potentials in depolarized visual cells in the
first minutes of depolarization with already reversed
(in sign) pre-stimulus membrane potential indi-
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cates that at least in certain areas of the cell mem-
brane there is still an inward flux (and gradient) of
positive ions, most probably sodium ions. As in
intracellular recordings inexcitability occurs some
10 min after total depolarization, one could assume
that during this time the test saline has succeeded
to reach also these areas of the cell membrane. The
fact that in extracellular recordings the excitability
is never totally abolished (/. remains at a level of
5—15%) cannot be explained by slow replacement
of the salines. Perhaps part of the unpenetrated
cells are inaccessible to the potassium — rich saline,
or they can better resist the strain, or active trans-
port helps to produce some ionic gradient neces-
sary for the still measurable mass response.

The fact that experimental conditions decrease the
intracellular response to zero, while a small re-
sponse is still recorded extracellularly applies to
treatments by many substances besides ouabain and
potassium: For instance treating the retina with
1 mM/1 X537A causes total loss of excitability in
most of the intracellular recordings, whereas it
causes a diminution of the receptor potential to ca.
5% in the extracellular recordings (Stieve and
Bruns ?!). Treatment of the retina with calcium-
free solution, containing 1 mp/l EDTA or EGTA,
causes, in many cases, irreversible loss of excitabili-
ty when recorded intracellularly but always revers-
ible loss of excitability in the extracellular recorded
case (Stieve8).

Some final speculations

The experiments with high external potassium
described here show that the ability of the visual
cell membrane to exert light-induced conductance
changes depends upon the membrane potential, but
the action of the decrease of potential is delayed by
several minutes.

The membrane potential could affect the order or
orientation of some dipolar membrane constituents.
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We want to thank R. Backbier, H. Breuer and J.
Appelhans for technical help, K. Hartung for many
discussions and critical reading of the manuscript
and E. Brentgens for help with the manuscript.

This study was supported by the DFG under the
research program SFB 160.

5 R. Millecchia and A. Mauro, J. Gen. Physiol. 54, 331 —

351 [1969].

M. G. F. Fuortes, J. Physiol. 148, 14—28 [1959].

H. Stieve, H. Bollmann-Fischer, and B. Braun, Z. Natur-

forsch. 26b, 1311 —1321 [1971].

H. Stieve, Biochemistry and Physiology of Visual Pig-

ments (ed. H. Langer), pp. 237—244, Springer-Verlag,

Berlin, Heidelberg, New York 1973.

9 H. Stieve, R. Backbier, M. Bruns, H. Gaube, and B.
Steinbeck, Jiil-1331, internal report [1976].

oo



H. Stieve et al. - Light-Induced Conductance Change 869

A. van Harreveld, Proc. Soc. Exp. Biol. Med. 34, 428—
432 [1936].

T. G. Smith, W. W. Steel, and J. E. Brown, Science 162,
454—456 [1968].

J. E. Brown and J. E. Lisman, J. Gen. Physiol. 59, 720—
733 [1972].

H. Stieve and I. Appelhans, unpublished [1971].

H. Stieve, Z. vergl. Physiol. 47, 457 —492 [1964].

H. Stieve and C. Wirth, Z. Naturforsch. 26 b, 457 —470
[1971].

R. Millecchia, Doctor’s Thesis, The Rockefeller Univer-
sity New York [1969].

H. M. Brown, S. Hagiwara, H. Koike, and R. W. Meech,
J. Physiol. 208, 385—413 [1970].

18 H. Stieve, H. Gaube, and T. Malinowska, Z. Naturforsch.
27b, 1535—1546 [1972].

19 H. Stieve, Verh. Dtsch. Zool. Ges. 1974, 19—23 [1975].

20 F. Baumann and A. Mauro, Nature New Biol. 244, 146—
148 [1973].

21 H. Stieve and M. Bruns, unpublished [1974].

22 R. D. Dahl, personal communication [1976].

23 P. Mueller, MTB International Review of Science. Bio-
chemistry Series One, Vol. 3, Energy Transducing Mecha-
nisms (E. Racker, ed.), pp. 75—120, Butterworth, Lon-
don 1976.

24 G. Boheim and H.-A. Kolb, J. Membrane Biol., in press.



