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SUMMARY

1. In response to strong, large-field flashes the dark-adapted rods of Chelydra
serpentina gave initial hyperpolarizing responses of 30-40 mV, declining rapidly to
plateaus of 10-15 mV which lasted 20 sec or more.

2. In the most sensitive cells the flash-sensitivity at 520 nm to a large illuminated
area was 3-6 mV per photoisomerization (assuming an effective collecting area of
13-6 ym?).

3. The initial response to a step of light agreed with that predicted by super-
position from the flash response but even with very weak lights the step response fell
below the predicted curve at times longer than about 2 sec.

4. The step sensitivity defined from the initial peak of the response to a step of
light was 2-6 mV photoisomerization—! sec, about 1000 times greater than the most
sensitive cones in the turtle retina.

5. The response to a small weakly illuminated spot (radius 21 um) reached a peak
later and lasted longer than the linear response to a weakly illuminated large area
(radius 570 gm).

6. The difference in sensitivity between large and small spots was reasonably
consistent with the apparent space constant of the rod network obtained from the
exponential decline of the flash response on either side of an illuminated strip.

7. As others have found, strong flashes did not give an initial hyperpolarizing
transient when the radius of the spot was less than about 50 xm.

8. Experiments made by flashing long narrow strips of light onto the retina showed
that the response spread a long way initially (A = 70 xm) and then contracted down
to a relatively small region (A = 25 xm) at times of about 2 sec. When the line source
was at some distance from the impaled rod the response reached a peak earlier and
was shorter than when the source was close.

9. The results in (8) can be explained quantitatively by assuming that delayed
voltage-dependent conductance changes mimic an inductance and make the rod net-
work behave like a high-pass filter with series resistance and parallel inductance.

10. In sensitive rods, flash responses varied randomly with a variance which was
about 1/30 of that expected in an isolated cell; this reduction in noise is satisfactorily
explained by electrical coupling between rods.
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11. The variance peak usually occurred later than the potential peak of the rod
response.

12. The high-pass filter characteristics of the rod-network help to explain several
puzzling features of the behaviour of rods, for example (1), (5), (7), (8) and (11) of this
summary.

13. The high-pass filter characteristics of the rod-network may help it to optimize
the signal to noise ratio by integrating over a large area for rapid signals and over a
small one for slow signals.

INTRODUCTION

In recent years the electrical properties of turtle rods have been studied with micro-
electrodes by several authors (Schwartz, 1973, 1975, 1976; Copenhagen & Owen,
1976a, b; Baylor & Hodgkin, 1973, 1974; Lamb & Simon, 1976aq, b). Although there
are some quantitative differences between the conclusions of different authors there
is agreement about the following general points, which also apply to the rods of other
animals, such as Bufo marinus (see Fain, 1975, 1976; Fain, Gold & Dowling, 1976;
Cervetto, Pasino & Torre, 1977; Gold, 1979): (1) when expressed in volts per photo-
isomerization the sensitivity of rods is 1-2 orders of magnitude greater than that of
cones in the same retina; (2) the electrical response of rods lasts several times longer
than that of cones; (3) in rods weak background lights have a striking effect in
reducing the sensitivity and shortening the duration of the response to a flash;
(4) the desensitization which outlasts a response to a bright flash is much more obvious
and prolonged in rods than in cones; (5) rods may be more tightly coupled than cones:
in turtle rods electrical interaction can be recorded over 100 gm or more as opposed
to 50 xm in cones; (6) electrical coupling between receptors reduces photon noise in
both rods and cones; a variability which may result from the random absorption of
photons has been observed with internal electrodes in rods but not in cones; (7) the
ratio of peak to plateau after a strong flash is larger in rods than in cones; (8) there are
differences between the response of rods to large and small spots of light which suggest
that the interactions between rods may be somewhat complicated in nature (see
Schwartz, 1975, 1976; Copenhagen & Owen, 1976a).

The aim of this and a later paper is to provide a quantitative basis for some of
these conclusions and to attempt to answer certain questions about the nature of the
transduction mechanism. The properties of the desensitization system are considered
in a later paper. The present paper deals with the flash and step sensitivities of rods,
with the compénents in the response to strong flashes and with the measurements of
the space constant in the rod network ; it also contains an account of the unexpected
changes in wave form that occur when an illuminated slit is moved away from the
impaled rod (Detwiler, Hodgkin & McNaughton, 1978).

: METHODS
Animal care

The experiments to be described were carried out on the isolated eyecup of the snapping
turtle, Chelydra serpentina. Animals with shells 20-35 cm long were shipped via air freight by
the Mogul-Ed Company of Oshkosh, Wisconsin. They were kept in the laboratory in a 4 x 7 ft.
holding tank that contained water at & depth of about 10 in. and a readily accessible dry plat-
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form. The water was recirculated through a charcoal filter and maintained at a temperature of
21-23 °C. It was found that the health of the animals had & marked influence on the quality
of the experiments. Consequently, new animals were allowed two to four weeks to recover
from shipping. During this time they were fed on ox heart and kept on a light-dark cycle of 16
and 8 hr respectively.

Preparation

An animal selected for an experiment was first dark adapted for 8-12 hr and the isolated
eyecup prepared under dim red light using methods similar to those of Baylor, Fuortes &
O’Bryan (1971). Following decapitation one eye was removed from the pithed head and cut into
anterior and posterior halves. The cut was made on an angle such that the optic disk was closer
to the ventral than the dorsal edge of the posterior half. Kleenex wicks were placed on and to
the right and to the left of the optic disk to drain the vitreous humor. The eyecup was then
placed in a moist recording chamber, ventilated with 959%, O, and 59, CO; at 18-21 °C. The
recording chamber was fixed to a movable platform in a light-tight box positioned to receive
the output of the optical stimulator. The lid of the box contained a manual shutter that carried
on its outside surface a rectangular grid on a microscope reticle.

Stimulation and recording

An optical bench of the Baylor & Hodgkin (1973) design was used to form a reduced image
(33 x ) of a variable field aperture on the retina. The intensity and spectral composition of stimuli
were controlled using neutral density and narrow band interference filters as described by Baylor
& Hodgkin (1973). Light intensity was measured at approximately monthly intervals with a
calibrated silicon photodiode (United Detector Technology, Inc. 40 x optometer) placed at the
position of the retina. The accuracy of the photodiode was checked with two other calibrated
devices of a similar design. The optical density of individual neutral density filters was measured
using the same photodiodes, and the addition of several neutral density filters in series checked
using a photomultiplier for the higher attenuations.

Intracellular micro-electrodes were drawn from Pyrex Omega Dot tubing (Glass Company
of America, Bargaintown, New Jersey) on a Livingston-type horizontal puller. Micro-electrodes
were filled with 4 M potassium acetate (pH 7-4) and had resistances in the vitreous of about
200-400 M Q. Electrodes were connected to a high impedance negative capacitance pre-amplifier
(Colburn & Schwartz, 1972). An FM tape recorder with band width of DC to 1250 Hz (Analog 7,
Philips, Eindhoven, Holland) was used to record intracellular potential on high and low gain
as well as the light stimulus and trigger pulse. For analysis of the time course of the variance
and mean of a series of responses, signals from the tape were digitized and stored on a cartridge
disk of a DEC PDP11/10 computer (see Lamb & Simon, 19764, b for details) ; weak, slow signals
were passed through a low-pass filter set to 50 Hz. In most cases each sweep was sampled 512
times at 10 msec intervals. The mean and variance for each point was then calculated.

Ezxperimental procedure

In order to keep the retina as dark-adapted as possible the following procedure was used to
position the recording electrode in the stimulating light spot. A cut-off filter that passed only
wave-lengths greater than 800 nm was placed in the path of the optical stimulator. With the
shutter in the light-tight box open the stimulus spot was viewed using a silicon vidicon (Akai
Model VC-70) coupled to a Wild stereo-microscope. The spot was focused on a selected region of
the dorsal retina and its position marked on the screen of the TV monitor. The shutter on the
box was then closed and the rectangular grid on the shutter surface illuminated with white light.
The TV camera was adjusted vertically to form a focused image of the grid on the monitor. This
allowed the mark on the monitor screen that corresponded to the position of the stimulus spot
on the retina to be read in grid co-ordinates. The recording electrode was then positioned using
the grid co-ordinates. With the grid illuminator off and the box shutter open the electrode was
then lowered vertically until it made contact with the retina. This method of electrode positioning
had an accuracy of + 50 gm. When required by experimental design, finer adjustments to spot
position could be made after impaling a receptor by using the cell response as an indicator.

Throughout the experiment extreme precautions were taken to shield the retina from stray
light. The light-tight box containing the recording chamber was enclosed in a larger black box
and the laboratory was dimly lit with red light.
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The micro-electrode was advanced into the retina while 20 msec flashes of dim 640 nm light
were applied at 6 sec intervals. When the electrode was just past the horizontal cell layer, the
wave-length of the stimulus was changed to 520 nm and flashes were applied every 10 sec at
an intensity of 0-5 photon gm-2? flash—! or less. The electrode was then lowered further to
impale a receptor which was identified as a rod on the basis of its absolute sensitivity, spectral
sensitivity and response time course.

RESULTS
Responses to weak flashes and steps; sensitivity

Table 1 shows the flash sensitivities of rods determined with large spots of radius
570 um. In calculating S%, the average voltage per photoisomerization in a rod, we
have used Copenhagen & Owen’s (1976a) value of 13-6 Rh* photon—! um? for the
effective collecting area of a rod in Chelydra. The average flash sensitivity is about
twice that observed by Copenhagen & Owen (1976a) and 10 times that found by
Schwartz (1975). As suggested by Copenhagen & Owen (1976a) it now seems likely
that the relatively low sensitivities recorded by Baylor & Hodgkin (1973) on
Pseudemys or by Schwartz (1975) on Chelydra were caused by exposure of the retina
to too much light in setting up the experiment. Our experience confirms this, as we
recorded much lower sensitivities and shorter times to peak than in Table 1 after
accidentally exposing the retina to white light instead of infra-red, when setting up
the experiment, for example S = 0:06 mV photon—!um? and tmax = 0-37 sec in one
instance. It will be shown in a later paper that although rods in an eyecup preparation
recover much of their sensitivity after partial bleaching, they do not return to their
initial fully dark-adapted state.

As can be seen from Table 1, a few rods have sensitivities of 3-6 mV (Rh*)~! that
are several times larger than the average. Since this extra sensitivity was not associ-
ated with an unusually long response it can probably not be attributed to more
complete dark adaptation in these particular rods. One factor that may be important

TasBLE 1. Flash sensitivities, times to peak and maximum hyperpolarizations

Sp S
Number (mV .um’) (EV_ ) feax Upae
of rods photon Rh* (sec) (mV)
11 Range 43-77 3-1-5-8 0:61-1-10 2040
Mean 54 4-0 0-87 32
15 Range 27-36 2:0-2-6 0-65-1-75 20-33
Mean 30 2-2 1-07 27
32 Range 14-26 1-0-1-9 0-60-1-32 18-37
Mean 19 1-4 0-92 26
37 Range 7-14 0-50-0-97 0-56—-1-79 18-36
Mean 10 0-74 0-97 25
12 Range 3:0-6-4 0-22—-0-47 0-55-1-45 18-31
Mean 54 0-40 0-91 23
Over-all mean 19-6 1-44 0-95 26-0

Rods have been ordered into five arbitrary groups on the basis of their flash sensitivity.
Sk is the flash sensitivity determined with weak flashes at 521 nm from responses of 0-5-2:0 mV;
S¢ gives sensitivity in mV per photoisomerization (Rh*) calculated from Sy by dividing by
13-6 Rh* photon~! um? (see Copenhagen & Owen, 1976); #,,,, is the time to peak of the linear
responses and U_,, is the peak hyperpolarization to a strong flash. Temperature about 20 °C.
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is the physical condition of the animal. Thus six out of the eleven rods in the most
sensitive group in Table 1 came from two animals both of which had been fed regularly
for many weeks and were exceptionally strong and active.

mV/Rh*

mV/Rh* 01

0-2

1 2 3 4 5

Time (sec)
Fig. 1. Scaled amplitudes of responses with large (4) and small spots (B) — see p. 224 for
discussion of B.

The abscissa is time after the flash and the ordinate is the change in potential AV
divided by the number of photoisomerizations (Rh*) per flash in each rod. This number
which is shown on each curve was calculated by multiplying the strength of the flash
in photon gm=2 by a ‘collecting area’ of 13-6 Rh* photon—! um?. The left-hand scale
in mV/Rh* applies to all curves; the right-hand scale in mV applies only to the
response to the weakest flash. In 4 the spot radius was 570 ym and in B it was 21-5 um.
The numbers of sweeps averaged were 11, 18, 2, 2, 1, for the five responses in 4 and 10,
5,1, 1, 1 in B, in both cases going from weakest to strongest flash. The same rod was
used in 4 and B and in Figs. 3 and 7 which give the full intensity series. Temperature
18:6 °C; resting potential —42 mV; peak hyperpolarization 40 mV; flash duration
20 msec ; flash repetition rate 1 in 10 sec or 1 in 20 sec; wave length 520 nm in this and
all other experiments. Hyperpolarization shown downwards here and in other figures.

Fig. 1.4 shows that the response varied linearly with flash intensity provided that
the stimulus was sufficiently small, in this case less than about 1 photoisomerization
per rod. In this rod, where the maximum response to a strong flash was 40 mV in
amplitude, the response varied linearly with flash intensity up to an amplitude of
3 mV. In most other rods the deviation from linearity became apparent when the
response exceeded 1-2 mV. Fig. 1B which was obtained with a small spot will be
considered later.

The flash sensitivity determined with a large area is an important quantity because
it gives the average sensitivity of an isolated rod to a single photon. This conclusion
is obvious if rods are isolated but needs justification if they are electrically coupled.
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If a single photoisomerization occurs at rod 0, 0 and injects a peak current i, into
the rod network, it produces a potential ¥,,, which can be expressed either as

Voo = 14" (1.1)
where 75 is the input resistance of the network, or
Voo = %.0"m (1.2)

where 4y, is the current which flows through the membrane of rod, 0,0 and r,, is

the membrane resistance of each rod. Since all the separate rod currents i, o, %9, 1, - -
im,n, ... must add to i, it follows that

> Vm,n = i,ﬁ‘l‘m . (1.3)
m,n

where m and n are numbers giving the co-ordinates of each rod on the = and y axes.
If in each rod there are on average g photoisomerizations the potential averaged
over all rods in a large illuminated field is:

7 = i¢rmq. (1.4)

Hence the flash sensitivity to diffuse illumination is the same as if each rod were
isolated from its neighbours.

It is easy to see this result intuitively in the special but unlikely case in which there
are exactly g photoisomerizations in every rod. In that case the rods are isopotential,
80 no current flows between them and the potential of each is given by ¢4rmg.

In a resistive network the ratio 7, /rm which determines ¥, , depends on the ratio
of the space constant A to D, the effective distance between rods (D—2 = N where N
is the number of rods per unit area). The mean value of A at the peak of the response
was about 50 ym and from a figure published by Owen & Copenhagen (1977) D was
taken as 20 um; hence A/D = 2:5. From Fig. 3 of Lamb & Simon (1976a)ifA/D = 2-5,
71n/Tm = 0:07. This means that if S = 5 mV(Rh*)-1 the peak potential produced
in a single rod by one photoisomerization in that rod is 350 x#V. The rest of the 5 mV
is distributed among a large number of rods; in a hexagonal network withA/D = 2-5
about 2/3 of the voltage is in the sixty-one cells nearest the centre (see Fig. 1 of
Detwiler & Hodgkin, 1979).

It will be shown later that the apparent space constant A and the membrane
impedance z, are not constant but decrease with time after a flash. However,
provided that the response is in the linear region (less than 1-2 mV) it is still true that
the average response V#(f) observed under conditions of uniform illumination with
an average of one photoisomerization per rod gives the voltage response of an
isolated rod V¢, (f) to one photoisomerization. Thus the argument based on eqns.
(1.1), (1.2) and (1.3) can be extended to the more general case in which rn, is replaced
by f(p) where p stands for 9/0t and f(p) is a linear differential equation. The
essential point in the more general treatment is that the current in each rod is
Vo, n(t)/f(p) and since f(p) is the same for all rods it can be taken outside the sum-
mation signs in eqn. (1.3). Hence, it follows that the mean potential response to a
large field flash which delivers an average of 1 photon per rod is related to the rod
photocurrent #(t) by

Vi) = i*(t)f(p). (1.5)
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Hence
Vo(t) = Vhalt). (1.6)
Response to steps of light

In cones the response to a very weak step of light is the integral of the response to
a weak flash (Baylor & Hodgkin, 1973). In principle one would expect the same result
to hold for rods since there should be some low level of light intensity at which photons
are absorbed at such a slow rate that their effects do not interact. We were unable to
demonstrate this result in rods since the potential sags from the maximum with any
response large enough to be seen against the low frequency electrode noise and drift
in the record of membrane potential in darkness. However, as can be seen in Fig. 2,
superposition holds for the first 1-2 sec. of the step response and the maximum
approaches that calculated from superposition. In the most sensitive rods the response

] L

| 1 [ | T 1
0 5 10 15 20 25
Time (sec)

Fig. 2. Failure of superposition. The continuous ‘noisy’ curves give the response to a
rectangular pulse of light, 19-8 sec in duration and of intensity 0-93 Rh* sec~! (upper
curve) or 1-80 Rh* sec—! (lower curve). The circles were calculated by integrating the
responses to a 20 msec flash of strength 2:0 Rh* and scaling the resulting curve by the
appropriate factor. Further details of this rod are given in Table 2 (rod 3). The peak
hyperpolarization to a strong flash was 29 mV.

TABLE 2. Step sensitivities and related quantities

5% st st
ﬂ toeak ¢ observed calculated
Rod Rh* sec sec < mV(Rh*)-1sec >
1 4-0 0-94 1-72 58 6-9
2 2-3 0-80 1-76 2-6 4-0
3 0-84 1-36 2-31 1-7 1-96
o 4 11 0-84 1-62 1-65 1-74
5 0-38 1-4 1-93 0-53 0-73

S}f is the flash sensitivity; Z,.,, time to peak and ¢, integration time of flash response
8¢ is the step sensitivity defined as peak hyperpolarization + by intensity of step. In the last
column S¢ was calculated as Sg¢,.
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started to deviate from that expected on superposition when each rod should on
average have contained one molecule of isomerized photopigment. Table 2 gives
calculated and observed values of the modified step sensitivity S? defined as peak
hyperpolarization/light intensity. The Table shows that the highest values of step
sensitivity are about 1000 times greater than in red sensitive cones, i.e.
5mV (Rh*)~1sec in rods and 5 x#V (Rh*)~1sec in cones excited with optimally
directed light (see Baylor & Hodgkin, 1973; Baylor & Fettiplace, 1975).

The response of rods to flashes and steps: large spots

The three families of curves in Fig. 3, which is from the same experiment as Fig. 1,
show how the response changed in shape as the flash was increased from 0-5 Rh* per
rod to 19000 Rh* per rod. At the end of the experiment the flash sensitivity returned
to its original level of 8¢ = 3-2 mV (Rh*)~!. The main features of this intensity
series, some of which have been described by previous authors (Schwartz, 1975;
Copenhagen & Owen, 1976a; Cervetto et al. 1977) are as follows.

(1) Increasing the intensity of the flash from 1 Rh* to 19000 Rh* per rod shortened
the time to peak from 0-7 to 0-2 sec.

(2) The initial peak of 40 mV was followed by a slowly declining plateau of
amplitude 10-20 mV lasting as much as 20 sec.

(3) The plateau, but not the initial spike, seemed to saturate at a flash strength of
about 1000 Rh* per rod. The slow increase in spike amplitude with flash intensity up
to 19000 Rh* per rod probably reflects the same phenomenon as the ‘lobe’ in the
amplitude-log intensity curves described by Copenhagen & Owen (19764, Text-fig. 5).

These features were present in all intensity series obtained on rods but there was
some quantitative variation. Thus the spike to plateau ratio was often smaller than
in the experiment of Fig. 3 and the time to maximum of the linear response was
usually longer than in that experiment. In less sensitive cells the duration of the
plateau produced by strong flashes was less than in Fig. 3.

Still stronger or longer flashes produced a plateau which might last for many
minutes. Recovery from these flashes took place with a time constant of about 8 min.
and was incomplete (P. B. Detwiler ef al. in preparation).

The nature of the spike and plateau

The responses in Fig. 3 are clearly very similar to those described by Cervetto et al.
(1977) for the rods of Bufo marinus. Cervetto et al. attribute the decline from the
plateau to a desensitization mechanism, rather than to a delayed increase in a voltage
dependent conductance of the kind postulated by Baylor, Hodgkin & Lamb (1974b)
(see also Schwartz, 1976). The reason why they rejected Baylor and colleagues’
assumption was that the decline from spike to plateau took place within a voltage
range where the input resistance of the rod array was nearly constant. Cervetto ef al.
obtained an excellent fit to their experimental results and their theory may well be
partly right. However, the reason for dismissing a voltage-sensitive conductance is
not compelling, because the input resistance, r,,, of a two-dimensional network varies
only very slightly with the membrane resistance 7 ; thus r,, is approximately pro-
portional to 7! for a tightly coupled network (Jack, Noble & Tsien, 1975; Lamb, 1976).
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Fig. 3. Intensity series, on three time scales, determined with a large spot (radius 570%m).
The curves are from the same series as Fig. 1 and show the responses to 20 msec flashes
of strengths given below in Rh*/rod. Curves 1-4; 0-46, 0-70, 1-7, 3-0; Curves 5-8;
7-3, 16, 39, 165; Curves 9-11; 950, 4050, 18900. Experimental details as in Fig. 1. A
similar series for a 21-5 gm radius spot from the same rod is given in Fig. 9.
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A further argument is that Owen & Copenhagen’s (1977) results provide evidence of
voltage and time-dependent increases of membrane conductance in the rods of
Chelydra.

Rh*
Flash 1-96 X 10° 1-96 X 10%; 4-70 X 10° 1-96 X 10*
1 1l 1
mV 0 ww - ae
-10} - L
=20 - -
30} = L
—_a0l L L
L 1 1 L 1 1 L 1 1 [ 1 1
0 20 40 0 20 40 60 80 100 0 20 40

Time (sec)

Fig. 4. Records showing that a strong flash delivered during the plateau had no
immediate effect but did prolong the plateau. The duration of the flashes was 20 msec
and the strength either 1:96 x 10* Rh*/rod (first single flash) or 4:7 x 105 Rh*/rod
second flash in middle record).

Fig. 4 illustrates an experiment designed to test whether a rod is completely
saturated during the plateau phase, i.e. whether all the light sensitive ionic channels
in the outer segment are still closed, or whether some have opened because the system
has been desensitized. In the first but not the second case, a strong flash applied
during the plateau should have no immediate effect. Fig. 4 and other experiments
show that the second flash had no immediate detectable effect even though nearly
a million times stronger than that required to give a detectable response in a dark-
adapted preparation. This is consistent with the type of model discussed by Baylor,
Hodgkin & Lamb (1974b), as is the fact that although the second flash had no
immediate effect it did greatly prolong the response to the first, weaker flash. These
effects are qualitatively similar to those described in cones by Baylor, Hodgkin &
Lamb (1974a) and can probably be explained by attributing the sag from the spike
to the plateau to a voltage-dependent, delayed increase in membrane conductance,
for which there is some evidence (Schwartz, 1976).

In experiments similar to that illustrated by Fig. 4 it was found that the second
flash was ineffective throughout the whole of the plateau but began to become effective
when the rate of depolarization started to increase, i.e. at the first point of inflexion
on the descending limb of the plateau.

Fig. 5 provides further evidence that the voltage during the plateau is saturated.
Here a light, initially of intensity 2110 Rh*/sec was applied for 15 sec and then
suddenly increased to 8960 Rh*[sec for a further 15 sec after which it was switched
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off. The second step had no obvious immediate effect, either at ‘on’ or ‘off’, although
the after-effect which lasted longer than with the 2110 Rh*/sec light alone showed
that the second step did increase the concentration of internal transmitter.

8960

2110

]
]
]
| H
mV 0 AN I
i
]
65— '
|
—10
—15}-
_20 -
—25}—
L | | ] 1
0 20 40 60 80
Time (sec)

Fig. 5. Further evidence of saturation during the plateau. Note that increasing the
light intensity from 2110 to 8960 Rh*/sec had no immediate effect. (Other records
showed that the after-effect of the light of intensity 8960 Rh*/sec was more pro-
longed than that of the light of intensity 2110.)

Comparison of the response to large and small spots

From the continuous sheet model of a two-dimensional network of cells, the relation
between the sensitivity and the radius of an illuminated circle should be given by
eqn. (2-0) (see Lamb, 1976; Naka & Rushton, 1967; Schwartz, 1976):

S(a) a a
where a is the radius, A is the space constant, K,( ) is a modified Bessel Function,
S(a) is the sensitivity to a spot of radius a and S(o0) is the limiting value of S when a
is large compared to A. In deriving eqn. (2.0) it is assumed that electrical spread in
the rod network has reached a steady state, that both membrane and coupling
impedances can be regarded as simple ohmic resistors and that the membrane
resistance is unchanged by weak illumination. In the present experiments the radius
of the small spot was usually 21-5 gm whereas that of the large spot was 570 #m; the
apparent space constant for flashes was about 50 um (see p. 229 for a qualification
arising from the fact that A is time-dependent). As can be seen from Table 3 the
observed ratio of sensitivities averaged 0-094, whereas the value predicted by eqn.
(2-0) was 0-117. If allowance is made for Gaussian light scattering with a scatter co-
efficient of o = 10 um, in approximate agreement with Schwartz (1973), Copenhagen
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TaBLE 3. Responses to large (570 #m radius) and small (21-5 gm radius) spots

Sg (21-5)
S¢(mV/Rh*) Lpeax (S60) S¢(570)
r ) r N r )
570 ym 21-5 pm 570 pm 21-5 ym A (um) observed cale. (1) cale. (2)
Rod (1) (2) (3) (4) (5) (6) (7 (8)
1 3-23 0-19 0-68 0-90 58 0-058 0-113  0-1004
2 3-36 0-16 0-81 0-94 71 0-074 0-084 0-0755
3 2-15 0-12 0-73 0-93 55 0-057 0-122 0-1080
4 0-415 0-047 0-78 1-12 55 0-113 0-122  0-1080
5 0-510 0-036 0-81 1-01 (50) 0-071 0-140 0-1229
6 0-780 0-18 0-56 0-74 48 0-224 0-148 0-1297
7 0-88 0-084 0-69 0-82 (50) 0-095 0-140 0-1229
8 2-00 0-189 1-00 1-30 (50) 0-094 0-140 0-1229
9 2-07 0-20 1-20 1-36 (50) 0-097 0-140 0-1229
10 1-80 0-15 1-16 1-40 (50) 0-083 0-140 0-1229
Mean 1-56 0-123 0-84 1-05 0-094 0-117 - 0-114

In column 5 the space constant A was measured from the exponential decline of the peak of
the flash response on either side of an illuminated strip. The over-all average value of 50 um
(based on thirty-eight rods) was used when no measurement of A was made (these values are
enclosed in parentheses). The ratios in column 7 were calculated from eqn. (2.0) and A with no
allowance for light scatter. Column 8 was calculated as in Schwartz (1976) with a scatter
coefficient o of 10 pm.

L
0 ‘ A
B
mV 1 570 u
2 21-5 um
| 1 1 1 | J
0 1 2 3 4 5

Fig. 6. Comparison of responses in linear region obtained with A4, large spot (570 um
radius), and B small spot (21-5 um radius). The strength of the 20 msec flash was
0:79 Rh*/rod in A and 8-06 Rh*/rod in B. (No allowance for light scatter.) Eighteen
sweeps were averaged in 4 and nineteen in B.

& Owen (1976a) and Detwiler & Hodgkin (1979), the theoretical ratio becomes 0-114.

One would only expect eqn. (2.0) to hold if there were no conductance change during
the response and both membrane and coupling impedances could be treated as
ohmic. If these conditions held the form of the response to small and large spots
should be identical. As can be seen from Fig. 1B, Fig. 6 and Table 3, this prediction
was not fulfilled, for the response to a small spot reached a later maximum and was
of greater duration than the response to a large spot. A further point is that the
range of voltages over which the response is linear is less with the small spot than
with the large, as would be expected if light intensity rather than voltage were
largely responsible for desensitization. The difference illustrated by Figs. 1 and 6 was
seen only if a very low flash repetition rate, about 1/20 sec, was employed.
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Fig. 7. Intensity series with a small spot (radius 21-5 ym) obtained on same rod as that
in Fig. 3. The strength of the 20 msec flashes in Rh*/rod were: curves 1-5: 3-0, 7-3,
16, 39, 67; curves 6-9: 165, 388, 950, 4050.

Intensity series with small spots

Fig. 7 which is from the same rod as Figs. 1 and 3, completes the intensity series
for the 21-5 um radius spot. As Copenhagen & Owen (1976a) have found the initial

spike is not seen at all with the small spot and, as other experiments showed, it could

not be evoked when the flash intensity was increased 1-2 orders of magnitude beyond
that in Fig. 7.

Fig. 8, which is taken from Figs. 3 and 7, compares the response to large and small
spots with a strong flash. It shows, as does Fig. 44 of Copenhagen & Owen (1976a)

8 PHY 300
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that although the initial spike is completely absent with the small spot, the plateau
produced by the small spot at 0-5-1-0 sec is nearly as large as the plateau produced by
the large one — about 90 9, at 0-7 sec. If there were no light scatter and if the space
constant did not change with light intensity one would expect eqn. (2-0) to apply over
the whole range of light intensities, which it plainly does not, since it predicts a ratio
of 0-085 for 8(21-5) /S(c0) as opposed to the observed value of 0-9. One way of account-
ing for this is to suppose that during the plateau, but not during the initial spike there
is an increase in membrane conductance in the illuminated region. This would shorten

__JIL_
0r
—10
21-5um
mV ol 570 um

—30
—40L

L ] 1 1 1 ] J

0 1 2 3

Time (sec)

Fig. 8. Comparison of responses to strong flashes with large (570 um radius) and
small (21-5 um radius) spots. The strength of the flash was 4050 Rh*/rod in both
cases; from Figs 3 and 7.

the space constant and make the small spot relatively more effective during the
plateau. Another possibility is that the result can be explained in terms of the com-
bined effect of light scatter and non-linearity in the transduction mechanism, but we
see no satisfactory way of developing such an argument quantitatively without an
independent measurement of the light scattering function. The position is further
complicated by the unexpected results to be described in the next section.

Electrical spread in the rod network

Electrical spread in the rod network was investigated by flashing a narrow strip
of light onto the retina at varying distances from the impaled cell. This method was
first employed by Lamb (1976) and Lamb & Simon (1976a) and has been used since
by several authors (Detwiler ef al. 1978; Leeper, Normann & Copenhagen, 1978). In
Pseudemys and Chelydra it has been found that the peak of the electrical wave declines
exponentially on either side of the illuminated strip with a space constant of about
25 ym in red-sensitive cones and approximately twice that value in rods (Lamb &
Simon, 1976 a; Detwiler et al. 1978). In the red-sensitive cones of both Pseudemys and
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Chelydra Detwiler & Hodgkin (1979) found that moving the strip of light away from
the impaled cone caused the response to become smaller and to reach a peak later.
This is what is expected in a network where the connecting elements are resistive and
each cone behaves like a resistance and capacity in parallel.

mV | 77 pm

4 18 um

L | 1 | | 1
0 1 2
Time (sec)

Fig. 9. Responses of rod to 20 msec flash which illuminated a strip of retina 1 mm x
19 pym wide at 18 um (lower trace) and 77 ym (upper trace) from impaled rod.
Twenty-two responses were averaged in the lower curve and ten in the upper curve. The
intensity of the flash (without allowing for light scatter) was 3-1 photon gm=2 and the
repetition rate was 1 in 20 sec; maximum hyperpolarization to a strong flash was
25 mV and sensitivity to a weak large field flash was 9-1 mV photon—! #m?2.

Fig. 9 illustrates the surprising result that in the rods of Chelydra the crest occurs
progressively earlier as the signal is attenuated by distance. The effect obviously
cannot continue to times less than zero because this would require the response to
precede the flash. However, over the range of distances where reliable measurements
can be made, we have consistently obtained sets of points which are reasonably well
fitted by two straight lines of negative slope, as in Fig. 10. In the experiments sum-
marized in Table 4 4, the velocity over the measurable range (usually about 80 ym)
averaged — 332 um sec—1. The corresponding figure for the crest velocity in the red-
sensitive cones of Pseudemys is + 2700 ym sec—2.

The shortening of the time to peak as the signal is attenuated by distance in rods is
unlikely to be due to scattered light since it occurred at distances greater than those
over which light scattering is considered to be of major importance. A stronger
argument is that the effect is in the opposite direction from that likely to be produced
by scattered light. Increasing the intensity of a flash reduces the time to peak and,
except with very strong flashes, shortens the whole response. On a light-scattering
basis one would expect to find the slowest (and smallest) responses when the illumin-
ated strip was remote from the impaled cell and the fastest (and largest) when it
coincided with the impaled cell. This is the reverse of the result obtained experi-
mentally.

The changes in wave form that take place in the rod network imply that the
electrical effects of an absorbed photon spread out over a large area initially and then
contract to a smaller area at long times. This is illustrated by Fig. 11 which shows that
the potential wave spreads through the rod network with an apparent space constant
of about 50 um at 0-5 sec after the flash (curve 1) whereas later in the response
(curve 2, 2:07 sec) the wave contracts down to about half the distance that it

8-2
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~1-5
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—-1-0
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Fig. 10. Relation between the displacement of the strip of light from the impaled rod
(plotted on the abscissa) and the time to peak of the response (ordinate). Note that the
velocity is negative and has values of —291 um/sec for negative displacements and
—253 um/sec for positive displacements. The traces from which this figure was made
areillustrated in Fig. 13.

TaBLE 4. Electrical spread in the rod network.

A. In darkness
Average (thirty-eight rods) peak space constant A, = 48:6 + 1-7 ym (s.E. of mean).
Average (twenty-eight rods) peak velocity 6, = — 332+ 31 um/sec (s.E. of mean).

B. With steady diffuse illumination
A, (pm) 0, (pm/sec)

Rod  Bkg (Rh*/sec) Sy Expt. Model\ ?*prt. Modei
(1) (2) (3) (4) (5) (6) (7

1 { — 1-0 359 — -175 —
1-6 0-38 359 — —201 —
— 1-0 539 55.6 —211 - 257

2 2-41 0-32 55 65-5 — 496 — 665
42-3 0-049 656 73 —1748 —1370

The peak space constant A, and the peak velocity 6, were measured from the peak of the
flash response on either side of an illuminated strip (cf. Figs. 10,11). For part B, the background
was a 570 um radius spot, wave-length 520 nm, intensity given in column 2, which caused the
proportional reduction in sensitivity (SE) shown in column 3. In columns 4-7 the experimentally
observed values in one rod are.compared with those predicted by the model (see Fig. 14) assum-
ing that the only effect of the background is to alter the time course of the response.
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previously occupied. In this case the potential curve crosses the zero axis at large
distances and is markedly non-exponential so that the measurement of a space
constant is impossible. Curve 3 gives the steady-state distribution calculated by
superposition from the flash response and scaled so that its peak coincides with the
other two; it is exponential outside the region-where light is scattered and provides an
average value of 27-5 um for the space constant in the steady state.

2:5mV

Fig. 11. ‘Response contraction’ illustrated by distribution of potential at different
times after flash. Curve 1 (Q) at 0-507 sec after flash; curve 2 ([J) at 2-07 sec after
flash; curve 3 (A, interrupted line) steady state distribution calculated by integration
of flash responses and normalized to the peak of the other two curves. Same experiment
as Figs. 10 and 13.

It would be useful to make direct measurements of both the initial space constant
and the steady-state space constant. However, direct measurement of the initial
space constant is not possible because the voltage rises sufficiently slowly after a
flash for appreciable relaxation of the space constant to have occurred before the
voltage is large enough to be measurable. The steady state space constant could in
principle be determined by measuring the spatial distribution of potential on either
side of a steadily illuminated strip. However, responses which give voltages of more
than a fraction of a mV under the slit desensitize rods so powerfully that scattered
light reaching distant cells may have more effect than the electrical signal spreading
through the network. We have therefore determined the steady state space constant
by integrating flash responses to predict the response to a step in the absence of de-
sensitization. These values of the steady state space constant are shown in Fig. 11.
The average value of the space constant in the steady state is about one half of the
space constant at the peak.
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Possible explanations of the response contraction in rods

Illumination of the surround is known to produce a delayed depolarization in
cones, by a mechanism involving horizontal cells (Baylor et al. 1971), and a similar
recurrent inhibition might be responsible for the response contraction in rods. Two
pieces of evidence argue against this.

(1) Narrow slits of the type used in the present experiments have little effect on
horizontal cells, which collect over a large area.

(2) All horizontal cells which we have recorded from have an input from cones, so
if the contraction of the rod response depends on horizontal cell activity one would
expect a different effect at wave-lengths long enough to excite cones more than rods.
In fact the response contraction was independent of the wave-length of the stimulat-
ing light.

For these reasons it is considered unlikely that L-type horizontal cells mediate
the response contraction in rods. The effect might conceivably depend on a type of
horizontal cell which receives only from rods, or on direct rod-to-rod inhibitory
synapses, but in the absence of evidence for these possibilities we prefer to attribute
response-contraction to the properties of the rod network itself. What is required is
that the network should behave like a high-pass filter so that quick responses spread
a long way and slow ones a short distance only. Such a characteristic might arise
either from capacitative behaviour in the connexions between rods or from behaviour
resembling an inductance in the rod membrane itself. Some evidence for the second
possibility is provided by the fact that the voltage response of rods to rectangular
currents of either sign shows an overshoot (Copenhagen & Owen, 1976b; Baylor &
Fettiplace, 1977; Werblin, 1978).

Conductance changes resembling an inductance are well known in excitable cells
where the delayed increase in K conductance (gx) associated with depolarization
gives an outward current which increases with time for a positive step and an inward
current which increases with time for a negative step (see Cole & Baker, 1941;
Hodgkin & Huxley, 1952). The changes in current are easier to understand if the step
is positive than if it is negative. What happens in the second case is that hyper-
polarization causes a delayed decrease in the standing outward potassium current
and hence leads to an increase in the net inward current associated with the negative
step. In the Appendix it is shown that for this system to mimic an inductance
the internal potential V must be positive to the potassium equilibrium potential
Vg (V > Vg). An apparent inductance also occurs if hyperpolarization causes a
delayed increase in the conductance to an ion like Na with a reversal potential
positive to the resting potential; in this case ¥V must be negative to the equilibrium
potential of the ion in question, e.g. V < Vy,.

Analysis of electrical spread in the rod network

The rod network is a two-dimensional array but if it is activated by a long strip of
light it can be treated as a one-dimensional cable, as in Fig. 12.

In the Appendix it is shown that under certain conditions a membrane which
undergoes voltage-dependent conductance changes behaves as though it contained
an inductance. An equivalent circuit, which is shown by the transverse elements in
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Fig. 12, consists of a parallel resistance, r, and an inductance / in series with a resist-
ance 7,. The membrane capacity ¢ has been omitted because the rod response is so
slow that the RC time constant can be neglected.

rs

r

|

-—
D

Fig. 12. Model of retina used in considering one dimensional electrical spread in rod
network. z, direction at right angles to illuminated strip; D, distance between rods
(taken as 20 um); », coupling resistance between rods (about 250 MQ if square array
assumed) ; ! apparent inductance of single rod (about 10° Henry); r, and r, membrane
resistances in parallel and series with inductance (about 2000 and 600 MQ respectively).

The relation between the voltage, V, and membrane current, , in a single rod is

di

Ta

. d
+1i = Tgw—&l;'-l- Vo, (3.1)

where 7 is the time constant of the conductance change under conditions of constant
voltage; g ., is the high frequency conductance and g, is the low frequency conductance.

gao = gl = 1/7’1

— _ntr
9o = 91 +9, = "7y
T = lg,

In fitting the model to the experimental results it was assumed that the rods are
arranged in a square array with the strip of light at x = 0 and parallel to one side of
the squares. The current at the nth rod was then calculated from

infs = Vor1—2Va+ Vi, (3.2)

Details of the numerical method used in solving eqns. (3.1) and (3.2) are given in the next
section. However, before going into this it is useful to consider the analytical solutions which
can be obtained when a sinusoidal voltage is applied to the continuous analogue of the lumped
cable shown in Fig. 12. For a continuous sheet fed by a slit at right angles to x eqns. (3.1) and

(3.2) become
TaI+I = 7GQ 6V+ V(G,+ Q) (3.3)
ot =T 1T ’
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and
oV

IR, = o5

(3.4)
where I is the membrane current density, R, is the sheet resistivity, G, is the high frequency
conductance of the membrane per unit area and (G, +@G,) is the low frequency conductance
per unit area; L is the inductance x unit area and 7 = LG,. If there are D? rods per unit area,
G, = g,/D%, Gy = go/D* and L = ID?; in a square array the sheet resistivity R, = r,, the
resistance of a single coupling element.

Eqns. (3.3) and (3.4) can be combined to give

/) oV ov
2 .2 ) = — 3.5
A‘”(’at“) (w) VP ©8
where A, the space constant at high frequencies, is given by A, = (R,G) -
‘ G+ @
d = 11 73
an p G,
With the boundary condition V = V,e@t at £ = 0 the solution of (3.5) is
V = V,exp {jut— (x+jB)|z|}, (3.6)
where
. j T +p
24 98— gz = 19T P 3.7
R 3.7

On separating eqn. (3.7) into its real and imaginary parts and solving for & and £ we find
1

=— 24 B2} 3.
a 2*)‘00[A+~/A +B?] (3.8)
1
= ——— 24 B2}, 3.9
A=l A+4A2+ B (3.9)
p+ wir? wr(1—p)
h TN e— IE e——
where 4 1+ wr? B 14+ 0%r?
Eqn. (3.6) may also be written
V = exp (—|z|/A,) exp [jo(t—|=[/0)], (4.0)
where A, is the space constant and 6 the phase velocity at a frequency
/\w =a-l (4.1)
and
= wh-1 (4.2)

Eqns. (3.8) and (3.9) lead to values of velocity and A , which are of the same order of magnitude
as those calculated by more elaborate methods described in the next section.
The following simplifications apply in limiting cases.
(i) If w > o0, then # >0 and ~! = A, = (R,G,)"3.
(ii) If w - 0, thena = A, 1,and f - O as

_ _Te(p!
B 27(0( P ) “3)
so that
9= 2 (__” ) (4.4)
T \p-—1

where A, is the low frequency space constant given by

Ao = [(G,+ G R, (4.5)
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(i) If G, - 0 and G, — o0, the original differential equation simplifies to

*V R,V (4.6)
ozt L '
for which (4.0) is the appropriate solution with
0 = —Aw(y (4.7)
and
A, = (20L/R,)}. (4.8)

Responses of the rod network : numerical solutions

(i) Electrical spread in one dimension. The voltage at the nth rod in the one-dimensional cable
shown in Fig. 12 is given by the following differential equation, obtained by combining eqns.
(3.1) and (3.2):

1(A2_goora)vn = _(Az_gorc)vln (51)

dav,
where V, = d_tn and the operator A2 has the meaning

AV, =V, , -2V, + Vot (5.2)

‘When a known voltage V is presented at rod number 0 and the cable is assumed to be terminated
at rod r + 1 by a short-circuit, the voltage at the intervening rods is given by a system of coupled
differential equations derived from eqn. (5.1). It is convenient to write these equations in a
band-matrix form

a 1 0 0 .. .. vV, /b 10 0 ... ... v,
1 a 1 0 Ve 1 b 1 0 Vs
710 1 a 1 Vs=-1 0 b 1 Ve | —
0 0 1 a v, 0 0 S v,
Vo+7V,
0
0 ,(5.3)
0
wherea = —(g,7r,+2)andb = —(g,,+2).

In shorthand this matrix equation is
7TAV = —BV-C, (5.4)

where A and B are r x r matrices, and V, V and C are r x 1 matrices. Inverting matrix 4 we
obtain

TV = —A-1BV—-A-1C. (5.5)

This system of coupled differential equation can be solved by standard procedures (see below).

(ii) Electrical spread in two dimensions. The method outlined above can also be extended to
solve a two-dimensional network of rods. A square lattice of rods was chosen, although the
method is equally applicable to any configuration of connexions. For a square lattice an equation
similar to (5.1) describes the behaviour of voltage:

TA2+A2—g o)V, = —(A2+A2—gr )V, (5-6)

where
(A:+ A:)Vm,n = VYm+1,n + Vm—l. n + Vm, n+1 + Vm. n-1" 4Vm. ne (5'7)
Only a one eighth plane bounded (for instance) by the lines y = 0 and # = y need be solved

for the case of a square lattice, since voltages over the rest of the plane can be deduced from
considerations of symmetry. For convenience the two-dimensional numbering system, V,,, ,,
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was converted into a one-dimensional system, V;, where k = m(m +1)/2+mn, by renumbering
the rods from the origin in zig-zag fashion over the entire one eighth plane out to the boundary
of the array:

W o= O
3 B N

5
6 8 9

The differential equation for rod 4, for instance, is then obtained from eqn. (5.6):

TVt Vot Vet Vo— (Gurs+ DV} = —{Vo+ Vot Vs+ Vo= (gore + 4 V)

A system of similar equations for the whole array can be written down in matrix form in a
manner analogous to eqns. (5.3) and (5.4). Matrix A can then be inverted and the solution
obtained as outlined above.

Computations were carried out in double-precision arithmetic on an IBM 370 machine with
the aid of standard FORTRAN subroutines from the Numerical Algorithms Group (NAG)
library. Systems of coupled differential equations were solved using routine DO2ABF (Merson’s
method) to an accuracy of 1 part in 101° and matrix inversions were performed using routine
FO1AAF (Crout’s method). The main limitation on accuracy in the systems of coupled rods
arose because an infinite array is approximated by a finite number of rods terminated by a short-
cirouit. The adequacy of this approximation was checked by progressively increasing the dis-
tance of the short-circuit termination from the origin until no significant change in the solution
ocecurred ; in both one-dimensional and two-dimensional simulations a distance of 15 rods between
origin and short-circuit termination was found to be sufficient for typical values of the parameter
A,/D of around 3.

The accuracy of the solutions for both one- and two-dimensional systems of coupled rods
could be checked by comparing the sum of the voltages over all elements of the array with the
voltage produced by injecting the same current into a single rod. These two voltages, which by
the arguments on p. 218, eqns. (1.1)—(1.3), should be equal at all times, in practice agreed to
within 0-259%, of the peak voltage. The one-dimensional solution was checked in two further
ways: (i) by applying a step voltage and verifying that the steady-state solution was that
expected for a lumped resistive cable (Detwiler & Hodgkin, 1979); (ii) by applying sinusoidal
voltages of various frequencies and checking for close agreement with the solutions obtained
for a continuous cable in eqns. (3.6)—(3.9) (exact agreement is not expected since the responses
of lumped and coritinuous cables are not identical, but when the steady-state space constant
A, is greater than the cell spacing the discrepancy is not large).

Comparison between experimental and computed responses

The equations developed above for one-dimensional cables driven by slits of light
do not apply to those parts of the rod network which receive a direct current input
resulting from the effects of scattered light. The extent of scattered light in experi-
ments was judged by observing where the decay of peak response as a function of
distance became approximately exponential, as expected for an unilluminated cable;
in the experiment shown in Fig. 11, for example, the responses at || > 40 um satisfy
this criterion. To compare the responses in this experiment with the predictions of
the model, therefore, the voltage responses at x = + 40 um were taken as the driving
voltages at the origin of the cable shown in Fig. 12. Voltages at rods further away
from the slit of light could then be predicted for particular values of the cable para-
meters Ay, A ,, and 7. Of these three parameters only A, the steady state space constant,
could be determined directly, by integrating the slit responses over time to obtain
the response to steady illumination in the absence of desensitization. The remaining
two parameters, A ,, and 7, were determined by using linear interpolation between
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Fig. 13. An example of fitting the model described in the text to the responses of a rod
to slit flashes of light. The noisy traces are either single responses or the average of two
responses to a strip of light (width 19 um, wave-length 520 nm, intensity 1-16 photon
pm~2, flash duration 20 msec) flashed at various distances, shown in gm alongside each
trace, away from the impaled rod. The space constants o