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SUMMARY

1. The spread of electrical signals between rods in the salamander retina was
examined by passing current into one rod and recording the voltage responses in
nearby rods. Rod network behaviour, measured in this way, was simulated from
data on rod membrane properties gathered in voltage-clamp experiments on single
isolated rods.

2. The network voltage responses to square current pulses became smaller, more
transient, and had a longer time-to-peak, for rods further away from the site of
current injection. Depolarizing currents produced smaller responses than hyper-
polarizing currents of the same magnitude.

3. Neighbouring rods and cones were coupled less strongly than neighbouring rods.
4. The response of the rod network to current injection was unaffected by 2 mM-

aspartate-, which eliminates transmission from receptors to horizontal cells.
5. The input resistance of single isolated rods, measured at the resting potential,

varied between 100 and 680 MQ. The lower values were probably due to damage by
the micro-electrodes. Electrical coupling was found to be very strong between the rod
inner and outer segments.

6. A strong 'instantaneous' outward rectification seen in isolated rods at potentials
positive to -35 mV was reduced, but not abolished, by 15 mM-TEA.

7. In normal solution, isolated rods exhibited a voltage- and time-dependent
current, IA, whose kinetics were approximated by a single first-order gating variable,
and whose activation curve spanned the range between -40 and -80 mV. The time
constant for the current varied with voltage and was 60-200 msec between - 140
and -40 mV.

8. A reversal potential for IA could not be found between - 140 and -40 mV in
normal solution, and the fully activated current, IA, was approximately voltage-
independent, with a magnitude of , 0*1 nA over this potential range.

9. By several criteria, IA behaved as a single inward current activated by hyper-
polarization. Pharmacological studies suggest, however, that it is the sum of at least
two currents with very similar kinetics.

10. Most isolated rods exhibited a very slow (T , 3 see) increase in net outward
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current on depolarizing beyond -35 mV. The magnitude of this current varied
considerably between cells.

11. Assuming that the rod network can be approximated by a square lattice of
individual rods, resistively coupled together, the voltage-clamp data on isolated rods
were used to predict the response of the network to current injection at one cell. The
theoretical and observed network behaviour were in good agreement. The resistance
coupling neighbouring rods was estimated to be 300 MQ. The current IA plays a
major role in determining the behaviour of the rod network.

12. The time-dependent current, IA' is responsible for the peak-plateau wave form
of the response to a bright flash. A current similar to IA cold also account for the
negative propagation velocity of the peak of the dim flash response, through the rod
network of the turtle, observed by Detwiler, Hodgkin & McNaughton (1978).

INTRODUCTION

In the vertebrate retina, single photoreceptors do not behave as independent light
transducers, but instead are coupled, probably electrically, to other photoreceptors
nearby (Baylor, Fuortes & O'Bryan, 1971; Fain, 1975; Schwartz, 1975a, b, 1976;
Copenhagen & Owen, 1976; Werblin, 1978; Gold & Dowling, 1979; Gold, 1979).
Quanta absorbed by one receptor can produce an electrical response in a receptor
some distance away.
The mosaic of coupled receptors has been treated theoretically by assuming that

there are resistive connexions between neighbouring cells, and that each cell's
membrane has a linear current-voltage relationship (Lamb & Simon, 1976; Schwartz,
1976; Gold, 1979). There are, however, strong indications that this approach is not
always valid.

Schwartz (1975a, 1976) found that in the turtle rod network, the voltage response
to a large spot of light can become transiently less than the voltage response to a
small spot of light during the decaying phase of the response. This effect was shown
to involve electrical coupling between rods, but is not compatible with a resistive and
capacitative model of the network.

Striking evidence for the inadequacy of the resistive and capacitative model has
come from measurements of the speed of propagation of signals through the rod
network of the turtle retina (Detwiler, Hodgkin & McNaughton, 1978). These
authors found that the time to reach peak voltage, following the onset of a flash,
was shorter in rods further away from a bar of light. This surprising result was
modelled by the introduction of inductive elements into a resistive network. While,
formally, this model is adequate to fit their data, it does not illuminate the mechanism
of the effect, nor is it generally applicable. As Detwiler et al. (1978) suggested, the
'inductor' in their model probably corresponds to voltage-dependent conductances in
the rods themselves. Recent studies have shown that the rods do indeed possess
strong voltage-dependent properties (Fain, Quandt & Gerschenfeld, 1977; Bader,
MacLeish & Schwartz, 1978; Fain, Quandt, Bastian & Gerschenfeld, 1978; Werblin,
1979). In this paper we examine the proposition that the unusual properties of the
rod network are determined by the voltage-dependent properties of individual rods.
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The membrane properties of individual rods have been analysed using the voltage-
clamp technique on isolated cells, and signal spread in the rod network has been
measured by injecting current into one rod and recording voltage in another rod.
A third section of this work combines both sets of experimental results in a simu-
lation of the rod network behaviour using the data obtained from voltage-clamp
experiments on single rods.

METHODS
Preparation

Experiments were carried out on larval tiger salamanders, Ambystomna tigrinum, using either
the flat-mounted isolated retina or the retinal slice preparations described in detail by Werblin
(1978). Dissections were performed in dim red light, and the preparations, when mounted under
the microscope for electrode insertion, were illuminated with red light (Kodak Wratten filter 92).
Light responses in rods, either isolated or in the network, were not routinely checked.
Recording and voltage-clamp techniques were modified from those of Werblin (1975) to allow

the use of two separate micro-electrodes. Clamp current was measured from the voltage drop
across a 1010 Q resistor in series with the current-passing electrode. The electrodes used typically
had resistances of 130 MQ when filled with 4 M-potassium acetate. Each electrode was inde-
pendently inserted into a receptor, under visual control, by setting into oscillation the negative
capacity compensation of the preamplifier. Hoffman Modulation contrast optics (Modulation
Optics Inc., Greenvale, N.Y.) were used to facilitate seeing the cells and electrodes. The use of
visual control of the electrodes' positions allowed us to be completely certain about which cells
were being impaled (except for experiments on rod-cone coupling in the network: see p. 293).
Separate bath electrodes were used for voltage recording and current passing.

Single rods used in the voltage-clamp experiments were obtained by the method of Werblin
(1978). An isolated retina was cut into thin slices with a razor blade, during which procedure a
few rods usually become detached from the rest of the retina. These entirely isolated rods were
without axons, but apparently were not otherwise damaged. The membrane at the point where
the axon detached apparently sealed over well, because the rod input resistance was similar to
that found by Bader et al. (1978) for intact isolated cells. Recordings were made only from those
isolated cells having smooth inner and outer segments and clear cytoplasm. Poor electrode
penetrations were often accompanied by the rapid formation of circular marks in the rod,
centred around the electrode tip and possibly representing newly-formedvacuoles. The apparent
input resistance in cells showing such marks was abnormally low (< 100 MO), but could be
improved if the electrodes were removed and re-inserted.

In this study the coupling between eighty-seven pairs of rods in the isolated retina was
measured, and ninety-three isolated rods were voltage-clamped, of which forty-one were
analysed as described in section B. Although both 'red' and 'green' rods occur in the salamander
retina (Walls, 1942, p. 599), we estimate 'green' rods to be less than a tenth as numerous as 'red'
rods (based on rod colour seen in freshly isolated retinae). 'Green' rod tips lie below those of
' red' rods, and are unlikely, therefore, to have been impaled in the isolated retina. 'Green' rods,
defined by the morphology described by Walls (1942, p. 599), were not voltage-clamped.

Solutions
Preparations were maintained at room temperature (24-27 0C) in an oxygenated medium,

similar to that used by Dennis & Sargent (1979), comprising Leibovitz L-15 synthetic culture
medium (GIBCO, Grand Island, N.Y.) made up to 38% normal strength, to which supple-
mentary ions were added. The calculated final concentrations (mM) of the major constituents
were: NaCl, 104; KC1, 2-1; CaC12, 3-6; Na2HPO4, 0-5; MgCl2, 0-4; MgSO4, 0-3; glucose, 5;
HEPES, 5; pH adjusted to 7-6. The osmolarity of this solution (223 m-osmole/kg, measured
with a vapour pressure osmometer) is 5 % higher than that of the solution used conventionally
for the salamander retina (Marshall & Werblin, 1978). This medium was found to give much
healthier, longer-lasting preparations, and significantly increased the success rate of the experi-
ments. 15 mM-tetra-ethylammonium chloride (TEA) replaced the same molarity of NaCl in some
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experiments, but when other drugs or ions have been used, they were simply added to the normal
medium. It was not practical to change the composition of the perfusing medium while the
electrodes were in cells. Data given in different media were obtained from different cells.

Clamp quality
(1) Settling time. When voltage-clamping isolated rods, after a step change of the command

potential by an amount A V, the membrane potential altered by at least 95% of A V within
10 msec.

(2) Voltage uniformity. We have considered two possible causes of voltage non-uniformity.
(a) Even ignoring the presence of a resistive junction between the inner and outer segments,

there will be longitudinal non-uniformity of potential due to axial resistance along the rod
cytoplasm. Calculations indicate that this is negligible along the rod inner segment, but it can
be significant along the outer segment, where axial current must largely flow along the thin
annulus between the surface membrane and the outer surface of the disks. Assuming the thick-
ness of this annulus to be 26 nm (Brown, Gibbons & Wald, 1963, fig. 2b; Sjostrand & Kreman,
1978, p. 224), the cytoplasm resistivity to be 2 flm and the rod outer segment resistance at the
resting potential to be 900 MW (i.e. about twice the total rod resistance), then for an outer
segment of length L = 30 ,um and radius 6 #sm one can estimate a space constant of A - 115 jam.
From linear cable theory, if current is injected into one end of a cable of length L, and space
constant A, and the other end of the cable is sealed, the fractional variation of voltage along the
cell is AV/V = (1 +e2L/A-2eL/A)/(l +e2L/A). Using the values above for L and A we find
AV/V 0-033, and the voltage is essentially uniform. For potentials positive to -35 mV,
however, where the outer segment membrane resistance may be as low as 20 MCI (assuming the
outward rectifying channels to be uniformly distributed over the rod), A may be 17jam so
that AV/V O 0-66 and the voltage is extremely non-uniform. Such non-uniformity will distort
the kinetics and amplitudes of the time-dependent currents observed.

(b) The resistance of the stalk between the inner and outer segments will also tend to produce
voltage non-uniformity. We have verified directly (see Results) that this resistance is small
compared to the rod resistance at the resting potential, but our data only allow us to say that
the resistance is less than 15 Mf. It is possible, therefore, that this resistance contributes to
the severe voltage non-uniformity which may occur for pulses positive to -35 mV, when the
rod resistance falls to 10 MO.

Computing
The simultaneous differential equations describing the rod network were solved in two ways:

(1) by the Adams-Moulton difference method, using the programme 'EPISODE' (Hindmarsh &
Byrne, 1977), which automatically adjusts the time interval used in the integration to achieve
any desired accuracy; (2) by the Euler method, with very small time increments (0-1 msec for
negative pulses, 0-01 msec for positive pulses). Decreasing the 'error parameter' for the EPISODE
programme or the time increment used for the Euler method by a factor of 10 affected the
solutions by less than 1 % at all times. The solutions obtained with the two methods agreed to
within the thickness of the lines in the figures shown.

RESULTS

A. Properties of the rod network
Choice of network model and nomenclature
The distribution of receptors in the salamander retina does not correspond exactly

to any regular lattice geometry. Fig. 1 A is taken from a tracing of a photomicro-
graph of an isolated retina, viewed from the receptor side and focused at the level of
the outer segments. There are approximately equal numbers of rods and cones,
distributed fairly evenly across the figure.
From direct observation of gap junctions between rods, Gold (1979) estimated
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that on average every red rod is connected to 4-6 others in the toad retina. Since
salamander rods are probably similarly coupled through gap junctions (Custer, 1973),
a similar pattern of coupling may well exist in our preparation. Consequently we have
followed Gold (1979) and used a square lattice, with connexions between nearest
neighbours, as an idealized description of the rod network. The nomenclature for this
lattice is shown in Fig. 1 B. The rod into which current is injected is defined as rod ,0.

A B

U~~~

0 500 0000 0000o 00000
0000 000000

Fig.1. Compa00 o a
000 *0 000.

.0 .0 00000

o 50 10

A, actual arrangement, taken from a photomicrograph of an isolated fiat-mounted
retina focused at the level of the outer segments. The 120 rod outer segments in the
field are shown as large open circles. The 107 cone outer segments are shown as small
filled circles. Double cones are shown as single circles. B, idealized arrangement of
receptors assumed for computing the network behaviour. Cones (filled circles) occupy
the interstices of the square rod lattice (open circles). Rod0,0 is the rod into which
current is injected. Next neighbour rods are assumed to be coupled, so that rod00 is
coupled to rod10, ro41, roe and rod0 1. Diagonal neighbours (e.g. ro4,1 and
rod1,) are assumed not to be directly coupled.

The positions of other rods are defined by their lattice positions with respect to
rods,. In the experiments on the network, these positions were obtained by direct
visual inspection, though there is sometimes ambiguity in this labelling because of
irregularities in the lattice geometry (Fig. 1A). The potential in rod1 is defined to
be Vi,

The response of the network to current injection
The properties of the rod network were investigated using the isolated fiat-

mounted retina preparation (Werblin, 1978). The basic experiment performed was
the injection of square current pulses into one rod, while recording the voltage in
another rod or in the same rod.
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Fig. 2. Measured and computed voltage responses of the rod network to injection of
+ 1 and + 2 nA current pulses into rodo0,. Potentials measured with respect to resting
potential. Pulse length was 2-14 sec. A, responses of rods at different distances from
rodO0O (see Fig. 1B for nomenclature). At greater distances the responses become
smaller and more transient, with a longer time-to-peak (e.g. for the 1 nA hyper-
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The voltage response of rod0 0, shown in Fig. 2A, was qualitatively similar to that
described by Werblin (1978). The major features of the response were a strong out-
ward rectification at potentials positive to - -35 mV and a slow sag in potential for
negative-going pulses. In addition there was a time-independent inward rectification
negative to about - 120 mV. Typically, the input resistance measured at rod0,o was
90 MS), somewhat lower than reported by Lasansky & Marchiafava (1974) but about
the same as found by Schwartz (1976), and higher than found by Werblin (1978).

Voltage responses in excess of 1 mV could regularly be recorded as far as four cells
distant from rodo,0 when the maximum hyperpolarizing current of 2 nA was injected.
Fig. 2A shows typical results obtained from rod1,0 to rod4,0. The voltage signal
became progressively smaller, further away from the injected rod, and there were
systematic changes in the shape of the response with distance. These changes can be
summarized as an enhancement of the peak ('make' and 'break') potentials relative
to steady-state potentials, and a slowing of the times-to-peak.
To investigate the possibility that signal shaping in the rod network involves

horizontal cells, experiments were performed in the presence of 2 mm -sodium
aspartate, which eliminates horizontal cell activity (Cervetto & MacNichol, 1972;
Brown & Pinto, 1974; Normann & Pochobradsky, 1976). Recordings were made from
at least two cells at each rod position from rod0 o to rod4,0- No significant difference
could be detected in this medium. In agreement with Owen & Copenhagen (1977) and
Schwartz (1976), we conclude that signal spread and shaping in the rod network does
not involve the activity of horizontal cells.

Coupling of rods and cones
As well as gap junctions between the interdigitating fins of salamander rods, gap

junctions between rods and cones have been described (Custer, 1973). Although these
junctions are probably smaller and less numerous than rod-rod junctions (Gold &
Dowling, 1979), they nevertheless suggest coupling between rods and cones. In order
to examine this possibility directly, the experimental protocol used to investigate
rod-rod coupling was also applied to rods and cones.
Some experiments were carried out on the isolated flat retina, but this method was

unsatisfactory because the cone tips are small and lie below the tips of the rod outer
segments, and it was not always possible to be confident that the electrode had
penetrated a cone rather than a neighbouring rod. Thus, the majority of these
experiments were done using the retinal slice preparation (Werblin, 1978). The
coupling measured between a rod and a directly adjacent cone was between one
quarter and one half as strong as that between directly adjacent rods in the slice
preparation (Fig. 3). Directly adjacent rods were apparently coupled more strongly
in retinal slices than in the isolated flat-mounted retina, presumably because rod-rod
connexions severed by the slicing procedure sealed over with a high resistance

polarizing pulse the time to peak was 44 msec at rod0,o and 70 msec at rod4,0).
Depolarizing currents gave smaller responses than hyperpolarizing currents of the
same magnitude. On terminating the 2 nA hyperpolarizing current pulse, the potential
in rod4,0 initially showed a positive overshoot which was followed by a small, but
consistently observed, negative undershoot. B, predicted network responses based
on voltage-clamp data from isolated rods (see section C in text for details).
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membrane, decreasing the number of paths available for current flow away from the
site of current injection.
Rod-cone coupling has also been observed, using less direct techniques, in the

turtle (Schwartz, 1975b) and in the toad (Fain, 1976).

A mV B
20_

mV 10 _

0

10t-0
-20 ~~~~~~~~~~-30-

0 1 2 3 0 1 2 3
Time (sec) Time (sec)

Fig. 3. Voltage responses of a single cone (A) and a rod (B) to the injection of +I nA
(lower trace) into an immediately adjacent rod in the retinal slice preparation.
Rod-rod coupling in the slice was apparently stronger than in the intact isolated
retina (cf. Fig. 2A). Rod-cone coupling was weaker than rod-rod coupling.

B. The membrane properties of isolated rods
Experiments were carried out on rods isolated from the retinal slice preparation.

Both electrodes were usually inserted in the inner segment, since this is easier to
penetrate, but some experiments were done with one electrode in the inner and one
in the outer segment. No significant difference was found. The holding potential
(VH) was usually the resting potential (-45 to -70 mV), but experiments were
sometimes also done using a more negative VHI.
Voltage uniformity
The adequacy of the voltage-clamp technique to investigate membrane currents

depends critically on the whole membrane experiencing the same potential. It has
been suggested (Werblin, 1975; (Jervetto, Pasino & Torre, 1977) that the narrow
connexion between the inner and outer segments of the rod constitutes a high
resistance, which isolates the two segments. More recent evidence argues against this
proposition (Werblin, 1978; Bader et al. 1978), but since this point is crucial it has
been examined directly in experiments like the one shown in Fig. 4. Two micro-
electrodes were placed in the outer segment of an isolated rod and the voltage
response to a small current pulse was measured. The voltage electrode was then
carefully withdrawn and re-inserted in the inner segment, where the voltage response
to the same current pulse into the outer segment was measured. In this and two
similar experiments the response to the current pulse was not significantly different
in the two cases, confirming that the inner and outer segments are very well coupled.
For the experiment in Fig. 4 we estimate that the response in the two segments
differs by less than 5 %. Assuming that the membrane resistances of the two segments
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are equal, we therefore calculate the coupling resistance between the two segments to
be less than 15 MO. A cytoplasmic stalk of resistivity 2 Qm having the dimensions
of the bridge between the two segments (Brown et al. 1973, Fig. 2A), would have a
resistance of about 12 MQ.

mV

A -10 _-
t ~~-15_

mV\ O~~~0~'-1 r--
-15F

0 0-4 0.8 1.2 1*6
Time (sec)

Fig. 4. Voltage responses in the outer (A) and inner (B) segments of an isolated rod,
when - 0.1 nA was injected into the outer segment. The voltage responses were not
significantly different, showing that the outer and inner segments were well coupled.
Resting potential -45 mV.

Membrane capacitance
The membrane capacitance was calculated from the slope resistance and the time

constant of the voltage response to a square current pulse. To avoid errors arising
from gating changes during the voltage response, the square current pulse was
superimposed on a constant current which hyperpolarized the membrane to -100 mV
(a potential range where no gating changes are thought to occur: see Fig. 8D). The
membrane I-V relation was essentially linear over the voltage range used for this
measurement (-110 to -90 mV), and the membrane time constant was the same
for depolarizing and hyperpolarizing pulses. In two cells the capacitance was found
to be 39*8 and 40-2 pF. For a typical rod of length 57,m (without axon) and
diameter 12-5 #m (averaged over the length of the rod), this gives a specific capaci-
tance of 1*6 #sF/cm2 of cell membrane.

In this calculation we treat the rod as a cylinder of the dimensions given. Including
the membrane area comprising (1) the outer end of the inner segment, (2) the inner
end of the outer segment, and (3) the few disks with access to the extracellular space,
would lower this value slightly.
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'Instantaneous' and steady-state I- V relations
The I-V relations determined 10 msec (@) and 3 sec (0) after a step from the

resting potential to a potential V, are shown in Fig. 5. In agreement with Werblin
(1978, 1979) we found a severe outward rectification at potentials positive to -35 mV.
This was seen even in the 'instantaneous' (1O msec) I- V relation, although it also

* 10 msec

0 3sec

-150

,0'

,0

06

0*4

02

nA

0

-02

-0-4

Fig. 5. 'Instantaneous' (a) and steady-state (0) I-V relations for an isolated rod,
determined from a holding potential of -54 mV (the resting potential). Negative to
-80 mV the I-V relations showed slight inward rectification. Positive to -35 mV
there was strong outward rectification. This cell showed outward rectification at an
unusually positive potential: on average, in nine cells, the steady-state curve reached
0.5 nA at - 35-6 mV. The continuous and broken lines are the instantaneous and
steady-state curves predicted by the equations used to simulate the network responses
(section C in text).

had a slow time-dependent component (see later). The slope resistance was about
10 MQ in this region. At potentials more negative than - 100 mV, inward rectifi-
cation was generally observed in the I-V relations. It was somewhat variable from
cell to cell, and was much weaker than the outward rectification seen at more positive
potentials. The general form of the I-V curves (Fig. 5) was similar in over seventy
cells, and the voltage-dependence of the time constant and activation curves for the
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current IA (see later) was satisfactorily consistent. Large variations were seen,
however, in the input resistance which ranged from 100 to 680 MD (measured at the
resting potential). Input resistance was loosely correlated with resting potential,
which varied from -45 to -70 mV, and it seems probable that low values of either
were usually the result of electrode damage.
As well as the time-independent currents (or rather, currents which reach their

steady-state values in less than 10 msec), there was also a conspicuous time-de-
pendent increase of net inward current recorded on hyperpolarizing from the resting
potential (Fig. 6C). This current is responsible (see Fig. 12) for the 'sag' of the
potential observed when a rod is hyperpolarized under current-clamp conditions
(Cervetto et at. 1977; Werblin, 1978, 1979), and will be called IA. Despite the large
range of input resistances encountered, the magnitude of IX (see later), the fully
activated time-dependent current, was always close to 0.1 nA in newly penetrated
rods. This suggests that, apart from a shunt to ground, low input resistance cells
were otherwise normal.
To confirm that the steady-state I-V relation for a rod was purely a function of

voltage, this curve was sometimes determined twice in the same cell, using two
different holding potentials (e.g. -50 and -75 mV). The two steady-state curves
were found to superimpose. This suggests that the history of current flow across the
membrane is not a significant factor in determining the I-V relation, as it would be,
for example, if internal ion concentrations were significantly changed by current
flow.

The time-dependent current, IA, in normal solution
In Fig. 6 we show the membrane current recorded on clamping the membrane

potential to various voltages. For hyperpolarizing pulses from the holding potential
(VI, -68 mV, the resting potential for this cell), after an 'instantaneous' ( < 10 msec)
current jump there was a time-dependent increase in net inward current. On re-
polarization to the holding potential a decaying inward (or increasing outward)
current tail was seen. The time course of the current was approximately exponential,
both at the pulse potential (Vp) and at VH (Fig. 7). In some cells there was a
suggestion of an additional small component of slower current change: this was
poorly resolved and is ignored hereafter.
As Vp was made more negative, the amplitude of the current tail at VH initially

increased but eventually reached a constant value; making Vp more negative than
about -85 mV did not increase the tail amplitude further. Depolarizing pulses to
potentials below , -40 mV produced a time-dependent increase in outward
current, with an approximately exponential time course. On repolarization to VH
there was a tail of outward current that decayed with the same time constant as the
tails after hyperpolarizing pulses. Pulses to more positive potentials produced
behaviour that was qualitatively different: the current during the pulse showed a
pronounced slow phase, and the kinetics of the tail at VH were altered. These more
positive pulses will be discussed later.
These data suggest that there might be a Hodgkin-Huxley type of gated current
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Fig. 6. Membrane current of an isolated rod in response to voltage-clamp steps to
various potentials (given at the right of the traces). Resting potential -68 mV in this
cell. Voltage is shown as the small rectangular traces. Hyperpolarizing pulses (C)
activated IA with a roughly exponential time course. Small depolarizing pulses (B)
de-activated IA. Large depolarizing pulses (A) de-activated IA, but also activated a
large, slowly increasing outward current. Note the different current scale in A. Temp.
25 0C.

present, with an activation curve spanning the potential range from -85 mV to (at
least) -40 mV, and with gating obeying first order kinetics. To investigate this
possibility, we postulate that the time-dependent current, which we label IA, can
be expressed as

IAI[V, t] = IA[V] A[V, t], (1)

where IA[V, t] is the current at potential V and time t, IA[V] is the fully activated
current-voltage relation, i.e. the current which would flow if all the gates controlling
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'A were open, and A[V, t] is a gating variable obeying first-order kinetics, repre-
senting the fraction of gates controlling IA that are open. In the steady-state, the
fraction of gates open is defined to be A:D[V]. Since A obeys first order kinetics, it
satisfies the equation

dA [ V, t]/dt = -(A [ V, t]-Ao[ V])/TA V], (2)

8
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Fig. 7. Semilogarithmic plots of the time course of IA in Fig. 6. A, time course of IA
during pulses away from the holding potential (-68 mV). The current changed
roughly exponentially with a time constant that depended on the voltage (Vp, given
by each curve). B, time course of IA on repolarizing to VH from different pulse
potentials. The time constant was essentially independent of the pulse potential (given
by each curve). Plots are not shown for the pulse to -38 mV in Fig. 6, because of
contamination from the slow current. All lines fitted by eye.

where TA[ V] is the time constant of the change in current at the potential V. (See
Noble, 1972, for a brief review of Hodgkin-Huxley theory.)

In Fig. 8 we show the results of analyzing the current according to this theory. The
TA[V] curve (Fig. 8A) was derived from semilogarithmic plots of the type in Fig. 7.
The time constant should be a unique function of the membrane potential and so

should not be affected by the degree to which the current is activated. Thus, the time
constant of the current tail recorded at VH should be independent of the pulse
potential Vp. To within the scatter of the results, this prediction was satisfied by the
data in Fig. 8B for potentials more negative than -40 mV. In addition to showing
that the gating is purely voltage-dependent, this also implies that there is only one

kinetically distinct current present. Data presented later suggests that there are

probably at least two, kinetically indistinguishable, currents present but that the
description presented here in terms of I'A is formally correct.
The fully activated IA[V] relation was determined using the method of Noble &

A
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Tsien (1968), as follows. Just after a pulse to a potential Vp, the change in current is

AI[Vp] = IA[VP] (A4[Vp]-AAo[Vu]),
since the gating variable changes from its steady-state value at V1, to its steady-state
value at Vp. On returning to VH, the gating variable returns to its original value and
the change of current is

AI[VH] = IA[VH] (Ao[VH]-A 4Vp]). (3)
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Fig. 8. Characteristics of IA. A, time constant,(A, as a function of voltage. Data
obtained in one cell (s) from a holding potential of -54 mV, and in another cell
from V. = -48 (0) and -75 (A). Symbola refers to the same cell as Fig. 5. Points
with error bars (± 1 S.D.) were obtained from current tails at Vb. All other points were
obtained during clamp pulses away from V.. B, the time constant of the current tail
at V,, after a pulse to V,, (abscissa) was approximately independent of J'p. Symbols
as in A.Cp open channel current IA as a function of voltage, determined from ratio
of onset to tail currents for three cells (see eqn. (4)): 0, 0 and A as above; U another
cell from Vi= -F58. D, activation curve in two cells from three holding potentials.
Symbols as above. Data for the cell with symbols 0 and A were normalized for
consistency with cell @, since the slow current obscured the bottom of the activation
curve. Continuous curves in A and D are the~A and A0 curves (eqns. (7) and (8)) used
in simulating the network behaviour.

Taking the ratio of these current changes gives

MI[Vp]/LXI[Vu] = -AIVpII/IAiVHII, (4)

which is proportional to the fully activated current-voltage relation at Vp. This
ratio is plotted in Fig. SC. IA[VHI] is a constant, which can be obtained from the
change in current measured when A changes from 0 to 1 (see later). The ratio in
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Fig. 8C is almost constant, and shows no reversal potential between -40 and
- 140 mV (as can be seen directly from the raw data of the type shown in Fig. 6).
I'A could not be determined at potentials more positive than -40 mV because of
the presence of the slow current, the kinetics of which are unknown (see later). In
some cells IA increased slightly at more negative potentials (see Fig. 8C), but in

A
An-_-

0-

-40-

pA

-80-

-120_

0 1 2 3 4

Time (sec)
B 0 1 2 3

I I I I I 1

0

pA r
-40

Fig. 9. A, upper trace: membrane potential; lower trace: membrane current. Clamp
pulses of various durations were applied from VH = -54 mV to Vp = -74 mV.
B, filled circles (@) show the amplitude of the time-dependent current at Vp, at the
ends of the negative pulses in A. Open circles show the amplitudes of the current tails
recorded on repolarization to VH after these negative pulses, multiplied by 0-96. The
time course of the increase in tail amplitude paralleled the onset of IA during the pulse
to -74 mV. The continuous curve has the form - 57(1-e-etI01648CC) pA.

others IA decreased slightly at more negative potentials. The slope of the 'A[ V]
relation was always small, and in the simulations described later we take I'A to be
voltage-independent. Since no ions are known with a reversal potential more negative
than - 140 mV, it appears that IA is an inward current in the potential range
investigated. Consequently, to explain the time course of the current in Fig. 6, the
current must be activated by hyperpolarization. At potentials more negative than

- 85 mV, therefore, A,,, is 1.
The entire A0[V] curve was obtained conventionally (e.g. Frankenhaeuser, 1962,
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Fig. 1; Noble & Tsien, 1968, fig. 4) from the ratios of the tail currents measured at
VH, after 3 see pulses to various potentials (see eqn. (3)). The normalization coefficient
in this analysis is the value ofIA [VH], which was found to be --0- 1 nA (using the
convention that outward current is positive). At normal values of the resting potential
(-45 to -70 mV) An,, is not zero, and to obtain the bottom of the A< curve it was
necessary to measure the current tails following depolarizing pulses. In many rods
this procedure was complicated by the fact that, as mentioned above, pulses to
potentials more positive than -40 or -35 mV activated a very slow outward
current (discussed later). Changes of this current superimposed on the contribution
of I'A to the total membrane current and it was not possible to separate the com-
ponents satisfactorily. Fortunately, a few rods had only a small slow outward current,
so that the tails of 'A could be measured for potentials sufficiently positive that the
A .: curve was starting to flatten off to zero. The A ,. curve from such a cell is shown in
Fig. 8D (0).
To test the consistency of our analysis, which assumes that there is only one

kinetically distinct current present, we attempted to study IA using a holding
potential at the top of the activation curve (i.e. VH -80 mV). The gating para-
meters should depend solely on the membrane potential. We would predict, for
example, that the time constant of the decrease of inward current seen on depolar-
izing from -80 to -60 mV, should be the same as the time constant of the increase
of inward current seen on hyperpolarizing from -50 to -60 mV. Similarly, the
activation curve and IA[V] function should be independent of the holding potential.
In three rods a partial kinetic analysis was carried out using a hyperpolarized holding
potential, after completion of a full analysis holding at the resting potential. In
Fig. 8 (symbols 0 and A) we see that, to within the scatter of the data, the TrA[V]
curve, the IA[V] curve, and the position on the voltage axis of the top of the A.
curve, were independent of the holding potential.
A second check on the consistency of the analysis was provided by the experiment

shown in Fig. 9. The magnitude of the current change during a hyperpolarizing pulse
was proportional to the amplitude of the tail currents recorded on repolarizing to VH
at various times during the pulse (cf. Hodgkin & Huxley, 1952, fig. 10; Noble &
Tsien, 1968, fig. 2). This proportionality is expected if IA consists of only one
kinetically distinct current. It would not hold if there were two currents present with
significantly different gating kinetics.

The time-dependent current, 'A' in the presence of caesium and TEA
Although, in normal solution, I apparently behaved as a single gated current, we

were surprised that IA was essentially constant over such a large potential range
(- 140 to -40 mV), rather than tending towards a reversal potential in the physio-
logical range. Accordingly, we studied IA further using caesium and TEA, since
Werblin (1979) found that these agents affected the voltage response to current
injected into isolated rods.

In the presence of 2 mM-CsCl, the time-dependent current seen on hyperpolarizing
from the resting potential was an increasing inward current for small potential
displacements, as in normal solution. However, as the clamp pulse was made more
negative, the amplitude of the current change at the pulse potential decreased and
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eventually reversed (Fig. 10A). In five rods the average reversal potential was
- 105-6 mV (S.D. 6*3 mV). An analysis similar to that described above for IA showed
that the time-dependent current remaining in the presence of Cs (which we will
label 14) is an outward current, activated by depolarization over the potential range
between -80 and -40 mV. The fully activated I4 relation was approximately linear

nA
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0 ~~~~-60 A~
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Fig. 10. A, currents recorded from an isolated rod in the presence of 2 mM-Cs, on
hyperpolarizing from the resting potential (-60 mV). The time-dependent current
present reversed between -80 and - 107 mV and de-activated by hyperpolariza-
tion. Current tails at -60 mV superimposed showing that -80 mV is at the bottom
of the I. activation curve. B, instantaneous I-V relations obtained in the presence of
15 mM-TEA from two holding potentials in one cell. The curve measured from a VH
where 4v was less activated shows a region of zero slope (0). C, currents measured
in the presence of 15 mM-TEA on hyperpolarizing to various potentials from V. =
-50 mV. The large onset currents seen at Vp were associated with only small tail
currents at Vn, indicating a reversal potential positive to -50 mV. D, same cell as in
C, but with VH = -95 mV. Little time-dependent current was seen during pulses
below -40 mV, because of proximity to the reversal potential for Iv, but the tails
at Vg showed that Iv was being de-activated. Larger pulses showed the onset of a
reversed 4. (long thin arrows) and also the slow current. The tail at V5 after the pulse
to -10 mV showed a slow decreasing inward current (short fat arrow) which is due to
the slow current being de-activated below its reversal potential.

with a fully activated conductance of g, = 1-7 nS (S.D. 0 9 nS, n = 5). Cs made the
membrane currents more noisy than in normal solution, especially for large hyper-
polarizing clamp pulses. This prevented a critical investigation of the kinetics of the
current, but at potentials away from the reversal potential (i.e. where the current
was large) the current change could be roughly fitted by a single exponential. The
voltage dependence of the time constant was similar to that shown for TA in Fig. 8A.
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The large negative reversal potential for this current suggests that it may be carried
by K+ ions, although with our external K+ concentration of 2-1 mm a reversal
potential of - 105-6 mV for a K+-specific current would imply an internal K+
concentration of 128 mm, which seems rather high. Within the-scatter of the data
there was no difference between the resting potentials of rods in the presence of Cs
and the resting potentials of rods in normal solution.

Voltage-clamp currents recorded in the presence of 15 mM-TEA solution are shown
in Fig. 1OC and D. In addition to removing much of the 'instantaneous' outward
rectification at potentials above -35 mV, and reducing the resting potential some-
what, TEA also affected the time-dependent current negative to -40 mV. Hyper-
polarization from a holding potential of -50 mV produced a large time-dependent
increase of net inward current (Fig. 10 C), but on repolarizing to -50 mV only a
small current tail was seen. We label the current, which remains in the presence of
TEA, Iy. An analysis similar to that described above for IA showed that in the
physiological potential range I1, is an inward current, activated by hyperpolarization
between -40 and -80 mV. The fully activated Iv relation was linear, with a fully
activated conductance of gy = 1-6 nS (S.D. 0-4 nS, n = 4), and could be extra-
polated to a reversal potential at - 32-8 mV (S.D. 6-0 mV, n = 4). The kinetics of
Iv were found to be approximately exponential. The dependence of the time constant
on voltage was very similar to that shown for T, in Fig. 8A, and the time constant of
the tail at a given holding potential was independent of the potential of the preceding
pulse (cf. Fig. 8B).

Pulses positive from the resting potential in TEA did not show a significant
reversed Iv because the resting potential is near the bottom of the activation curve
for the current. However, if large depolarizing pulses were applied from a more
negative holding potential (Fig. lOD, pulses to -31 and - 10 mV), a rapid decrease
of outward current was seen (thin arrows) before the slow outward current turned on.
We attribute this to I. de-activating above its reversal potential. The smaller de-
polarizing pulses in Fig. lOD produced little time-dependent current during the
pulse away from -95 mV. This is because the pulse to -75 mV de-activated only a
small fraction of I4 (as seen from the small tail at -95 mV), while the pulse to
-53 mV took the membrane potential close to the reversal potential for ly. The
pulses to -53 and -31 mV gave tails at -95 mV that almost superimposed,
indicating that the bottom of the activation curve for I. was not far above -31 mV.
The current tail at -95 mV after the pulse to - 10 mV was biphasic, apparently
because -95 mV was more negative than the reversal potential for the slow current.
Consequently, at late times during the tail (short thick arrow), the current recorded
was a slowly decaying inward current, while at earlier times there was a more rapid
decay of outward current reflecting both the activation of l4 and the decay of the
slow current.
The 'instantaneous' I-V relation measured in TEA, from a holding potential near

the bottom of the I4 activation curve, often showed a region of zero slope conductance
near -50 mV (Fig. 10 B). The 'instantaneous' curve measured from a more negative
VH had a greater slope conductance because I4 was more activated at more negative
potentials.
The relationship of the currents I, and I4 to the current A seen in normal solution
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is uncertain. An obvious possibility to be considered is that Ix and 4. are independent
currents, both present in normal solution, with Ix being blocked by TEA (leaving
JS), and I4 being blocked by Cs (leaving S). IA would then be the sum of Ix and I4.
This idea seemed plausible since, within the scatter of the data, the kinetics of I,, I4
and I'a were not significantly different. Proceeding on this hypothesis, we found that
the magnitude and voltage independence of I. could be predicted well by adding
together the currents Ix and Iv. (For this addition the parameters describing these
currents were determined by averaging over five cells in Cs and four cells in TEA.)
Unfortunately, however, this approach cannot be completely correct, at least not in
its simplest form. If Cs blocks Iv and TEA blocks I then both agents together
should leave no time-dependent current. Experimentally, however, a small time-
dependent current did remain in the presence of both drugs. This current was
activated by depolarization with a fully activated conductance of 0 59 + 0'36 nS, and
a reversal potential of - 82-8 + 10-5 mV (mean + S.D., n = 7 cells). Conceivably a
modification of the above hypothesis could account for the presence of this current.
For example, TEA and Cs may affect each other's actions, they may only partially
block the channels or they may act as charge carriers themselves. Alternatively, there
may be more than two gated currents present. We have not pursued these possi-
bilities. Our uncertainty of the number of currents contributing to IA in no way
invalidates the simulation of the rod network data described'in section C because, in
normal solution, I' behaves as one kinetically distinct current.

Currents seen with depolarizing pulses
The strong 'instantaneous' outward rectification occurring positive to -35 mV

was greatly reduced (but not abolished) by 15 mM-TEA, as reported by Werblin
(1979). The well-understood effects of TEA on squid giant axon and frog Ranvier
node suggest that this outward rectification is caused by a fast gated K+ current.
Time-dependent activation of a fast outward current was not observed during
depolarizing pulses. However, if we tentatively assume the TEA-sensitive current in
rods (other than Ix) to have similar properties to the K+ current in squid giant axon,
then at the temperature of our experiments (25 'C) we would expect the time constant
of the gating to be less than 0-6 msec (Hodgkin & Huxley, 1952). Our voltage clamp
could not resolve changes that are this fast. There may also be a fast inward current,
which is activated by depolarization too quickly to study with our clamp since, in
the presence of TEA, the 'instantaneous' I-V relation can show a region of zero
slope between -60 and - 15 mV (Fig. IOB).
For most rods in normal solution, pulses positive to -40 or -35 mV produced a

slow increase of net outward current during the pulse, and a slow tail on returning to
the holding potential (Figs. 6 and 11). At late times during these tails, when 'A
was presumed to be constant, the slow current decayed approximately exponentially
(Fig. 11), with a time constant between 1 and 5 sec. The size of the slow current tail at
holding potentials around -50 mV was much smaller than the slow change in current
during the depolarizing pulse, suggesting that the reversal potential for the slow
current is negative to -50 mV, and hence that this is an outward current activated
by depolarization. Use of a more negative holding potential in normal solution did not
give a convincing reversal of the slow current tail. In the presence of TEA, pulses to
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more positive potentials can be made. These activated more slow current, and gave a
larger slow current tail at VH, which could be more readily distinguished from drift
of the current baseline. With TEA present, reversal of the slow current tail was
sometimes observed at holding potentials more negative than -70 mV (e.g. Fig. IOD,
tail from Vp = -10 mV). The slow current was still observed in the presence of
2 mM-Cs.
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Fig. I 1. Time course of slow current tail at Vr = -50 mV. A, a train of voltage-clamp
pulses to -30 mV (upper trace) was applied to produce substantial activation of the
slow current. Currents at -30 mV were off screen. B, the slow phase of the tail was
fitted (by eye) with a single exponential with a time constant of 2-8 sec. At early times
during the tail at VH there was a rapid component to the current decay.

C. Simulation of the network behaviour using the voltage-clamp data
The data presented in the previous section give a reasonably complete description

of the membrane currents in isolated rods. In this section we will use these results to
investigate whether the rod membrane properties are sufficient to explain the
response of the rod network to current injection, and to investigate the role of IA
in shaping the light response.

The response of isolated rods to current injection
As a first step in simulating the network behaviour, we will test the validity of our

voltage-clamp analysis by simulating the voltage responses recorded in isolated rods
under current-clamp conditions. Fig. 12A shows the response of a rod to current
pulses in multiples of + 0-085 nA. The predicted responses, based on voltage-clamp
data obtained from the same cell, are shown in Fig. 12B.
The curves were obtained by solving the equation determining the membrane potential, V,

at time, t, i.e.
CdV/dt = Iii[t]-1j[V, t], (5)

where C is the cell capacitance (40 pF), I.,, is the injected current, and II is the outward ionic
current across the cell membrane. Since, in normal solution, the time dependence of the mem-
brane current can be described in terms of a single gated current IA, we represented I, as the
sum of two terms:
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where Ii,,',k[V] is the time-independent membrane current (i.e. including any current activated
too quickly to be resolved by our clamp), and A satisfies eqn. 2. The slow current will be ignored
in this and later simulations, because (i) we were unable to characterize it adequately and
(ii) its omission has only a small effect on the predicted voltage responses because of the strong
outward rectification in the Ieak[1I] relation. In this rod, the A [V] and TA[V] curves were
approximately described by the empirical expressions

A.[V] = 1/{1+exp((V+57)/5)},

TA[V] = 006+0.14/{1+(V+53)2/289} for V < -53,

TA[V] = 0.12+0.08/{1+(V+53)2/500} for V > -53,
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Fig. 12. A, measured voltage responses (upper trace) of an isolated rod to current pulses
of ± 0-085, ± 0-17, ± 0-255 and ± 0-34 nA (lower trace). Resting potential -54 mV.
B, predicted responses based on voltage-clamp data derived from the same cell. See
text pp. 306-308 for details of the simulation.

with V in mV, and TA in sec. These curves are shown in Fig. 8. IA was set to - 0- 108 nA. This is
12% higher than was obtained in the voltage-clamp experiments on the same cell, which were
done after the current-clamp experiments: this small increase is an attempt to compensate for
the slow decline of IA, observed during most experiments, as the cell's condition deteriorates.
The Ihi,[V] curve can be obtained, either (i) by subtracting IA[V]A4[VH] from the 'instan-
taneous' I-V relation measured on clamping to various potentials, V, from VH, or (ii) by
subtracting IA[V]A w [V] from the steady-state I-V relation. Negative to -40 mV, where
there is no contamination from the slow current, these procedures give the same result. At more
positive potentials the former procedure was used, to minimize contamination from the slow
current. For V > -95 mV, Ieak[V] was approximated by the empirical expression

I1k[V] = (V + 71-743)/464 + 0-00988 exp ((V + 35)/5), (9a)

with V in mV and Il,,,, in nA. The first term accounts for the linear part of the I-V relation
near the resting potential (resistance 464 MQ in this cell), and the second term accounts for the
outward rectification positive to -40 mV (which was rather weak in this cell). The resting
potential was -54 mV. For V S -95 mV, a term
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was added to the expression above, to take account of the inward rectification in this potential
range. This description of the inward rectification was derived from the steady-state I-V
relation obtained from the current-clamp data in Fig. 12A; it is slightly different from the
description used later in simulating the network responses, which was based on the voltage-clamp
data obtained later from the same cell (Fig. 5).

Although there are some differences between the experimental and predicted
responses in Fig. 12, the agreement is generally quite good. In particular, the sag of
the potential during hyperpolarizing pulses is reproduced satisfactorily, the time-to-
peak of the responses (40-50 msec for hyperpolarizing pulses) is correctly predicted
and the overshoot potential at the end of the current pulse is predicted to be almost
independent of the magnitude of the current, as observed. (This last prediction is
only expected for current pulses large enough to polarize the membrane near to, or
past, the ends of the Ac,, curve). The relatively minor discrepancies between the time
courses and magnitudes of the theoretical and experimental responses are attribut-
able to slight changes in the properties of the rod between performing the current-
clamp and voltage-clamp experiments. For depolarizing pulses the omission of the
slow current, and uncertainty in the exact position of the bottom of the A. curve
(because of the presence of the slow current, see p. 302), must also contribute to the
small differences observed. This satisfactory fit of the current-clamp data suggests
that the voltage-clamp data provide a reasonably accurate description of the
membrane properties of isolated rods.

The network response to current injection
To simulate the network response to current injection we treated the rods as being

in a square array,with electrical coupling between next neighbour rods (see Fig. 1).
The presence of cones was ignored in this simulation (see Discussion). In the absence
of any direct information on the rod coupling mechanism, we assumed the current
flow between neighbouring cells to be proportional to the difference in potential of
the rods (ohmic resistive coupling).
Each rod's membrane potential satisfies an equation of the form

CdVi, j/dt IT-I[Vj, j, t]- c(Vij,-Vi-1. j)- gr(VI,-Vi Fl, j)-9c(vi,j-ViJ,_)-9c(.ij-vl,J+1)- (10)
The last four terms are the current leaving the rode~to pass to its next neighbours through
junctions of conductance ge. For the rod where current is injected (rod900) a term Ii,[t] must be
added to the right hand side of (10). The extracellular space is assumed to be isopotential. We
based our description of II[V, t] in (10) on data from isolated rods which had an input resistance
greater than 450 MQ, believing these to have been least damaged by the electrodes. 1A was set
at - 0-096 nA. The A. and TA functions used were as described above for simulation of the
isolated rod responses, and are shown in Fig. 8. The Ik curve was modified slightly from
eqn. (9) to give more outward rectification at depolarized potentials and more inward rectifi-
cation at large negative potentials, as generally observed (see legend to Fig. 5). The relation used
was

IleaklV] = (V + 69.7839)/464 + 00164 exp ((V+ 40)/2) for V > -75 mV,
with a term -0-0001614 (-V-75)1'6 added for V < -75 mV; (11)

V is in mV and 'leak in nA. The 'instantaneous' and steady-state I-V relations predicted from
these A.., IA and I1,,} functions are shown in Fig. 5. The simultaneous eqns. (2), (6), (7), (8),
(10) and (11) were solved for all the rods in a thirteen rod by thirteen rod array, centred on
rod0,O. Rods outside this area were assumed to remain at the resting potential (-54 mV). The
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Fig. 13. A, voltage response ofa rod in the network to broad field illumination delivered
through the microscope objective. Stimuli were 1 04 sec flashes of white light. Log
intensity increased successively in increments of 0 5. Resting potential -59 mV.
B, analytical curves fitted to data in A after correction for base-line drift. Particular
care was taken to fit the upstroke and peak of the responses to within 5%. C, photo-
currents which we calculate to have produced the responses in A, by using the analytical
fits of B in eqn. (12).
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symmetry of the array allows the equations to be solved by considering only twenty-eight rods
in one octant of the thirteen by thirteen array. The only parameter in the equations which
could not be measured directly is the coupling resistance 1/g. The value of 1/g, was set to
300 MCI, to approximately reproduce the peaks of the voltage responses in rod0 0.

The results of the simulation, for injection of current pulses of + 1 nA and + 2 nA
into rodo,0, are shown in Fig. 2B. The agreement with Fig. 2A is by no means perfect,
but the main features of the responses are reproduced well. The most important
discrepancies between experiment and simulation are (i) that the responses for more
distant rods showed a higher ratio of peak response to sustained response than is
predicted, and (ii) that the simulations predict the time to the peak of the response,
to a 1 nA hyperpolarizing pulse, to increase from 31 msec at rodoO to 48 msec at
rod4,0 while, on average, the experimental values were 44 msec and 70 msec respec-
tively. It should be borne in mind that in carrying out the simulations the following
simplifications have been made: (1) the voltage-clamp data were obtained from rods
without axons, (2) we have ignored rod-cone coupling (see Discussion) and the slow
current, (3) we have assumed ohmic coupling between rods, although the coupling
could be voltage- and time-dependent (cf. Spray, Harris & Bennett, 1979), (4) we have
assumed a regular geometry for the rod connexions, with no breaks in the lattice
see Fig. 1).

The light-induced current during broad field stimulation
During broad field illumination there is no lateral current flow through rod-rod

connexions, so the rods can be treated as isolated (neglecting rod-cone coupling).
From the voltage response, V[t], of the rod network to such stimulation, the mem-
brane current elicited in each rod by light can be obtained as

Aight[t] = -CdV/dt-Ii[V,t] (12)
where I, is the ionic current which would flow at V[t] in the absence of illumination,
and is given by eqns. (2), (6), (7), (8) and (11). If the only effect of light is to close
n[t] sodium channels at time t, each of which has an I- V relation .Na[V] when open,
then the current derived by this method is

Ilight[t] = -n[t]IN.B[V [t]]. (13)

Unless 'Na is voltage-independent, this is not the current which would be recorded
under voltage-clamp conditions, because the membrane potential is varying with
time. If there are no ionic channels in the outer segment other than those which can
be blocked by light, the current obtained in this way should equal that measured as
flowing through the outer segment, by the method of Baylor, Lamb & Yau (1979),
during broad field illumination.

In Fig. 13A we show the network response to broad field illumination, measured
in the isolated retina preparation with 1-04 sec flashes of white light of various
intensities. Fig. 13C shows the calculated photocurrents needed to produce these
responses. While the voltage responses to the brighter flashes show a distinct peak-
plateau sequence, the photocurrent does not, consistent with the results of Baylor
et al. (1979, Fig. 5B), in the toad. The decline of the potential from the peak of the
voltage response to bright flashes is produced by Ia. The rising phase of the photo-
current is faster for brighter flashes.
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Spread of the light response through the network
Detwiler et al. (1978) found that when a bar of light was flashed on the rod network

of the turtle, the peak of the voltage response occurred earliest in rods that were
furthest from the stimulus. To investigate whether this could be produced by a
current like I,< we simulated the effect of illuminating the salamander rod network
with a bar of light incident upon the row of rods extending through rod0,O and
rodo,8 in Fig. 1. The voltage response in rodo 0 was taken as

A B

0
30

-4,0

3,0
0mv° o3°F
0

-2

0 1 2 3 0 0-5 1-0
Time (sec) Time-to-peak (sec)

Fig. 14. A, simulated photoresponses in the row of rods through rod0,O and rod6,0,
when a light bar falls on the row perpendicular to this through rod0 0. Voltage response
in rod0,O was taken from figure-legend 6 of Detwiler et al. (1978). B, times-to-peak are
shorter in the more distant rods, giving a negative conduction velocity as observed
experimentally by Detwiler et al. (1978). This is produced by IA.

AVOO[t] = -4-35 (exp (-0-135t)-exp (-4.49t))5,

as found by Detwiler et al. (1978, Fig. 6), and the resulting responses in the row of rods
through rod00 and rod6 0 in Fig. 1 were calculated. The membrane properties and
coupling conductance assumed were the same as for simulating the network responses
to current injection. Rods further away than rod8, 0 were assumed to remain at the
resting potential (-54 mV). No current flows through rod-rod connexions parallel
to the light bar.
As shown in Fig. 14, the predicted responses peak earlier in rods that are further

away from rodo0,, as observed by Detwiler et al. (1978). This phenomenon is a con-
sequence of the light response having a rise time which is comparable with the time
constant of IA: for injection of a current step into rod0 O the responses peak later in
rods that are further away, as is expected for a network of resistors and capacitors.
The responses we calculate decrement more quickly with distance than those found
by Detwiler et al. (1978) presumably because in the turtle the rod coupling resistance
is lower, or the rod membrane resistance is higher, than in the salamander.
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DISCUSSTON

The rod membrane currents
The rod membrane properties we observed under voltage-clamp conditions are

generally consistent with those found by Werblin (1979) using the current-clamp
method. We found higher membrane resistances than he did, presumably because the
cells were less damaged by the electrodes. In agreement with Werblin, we observed
strong outward rectification for potentials more positive than about -35 mV, while
Bader et al. (1978) only observed a smaller rectification positive to 0 mV. It is
possible that the enzyme treatment used by Bader et al. (1978) to isolate whole rods
degraded the fast K+ channels postulated to be responsible for the outward rectifi-
cation, since the outward rectification we saw in the presence ofTEA is similar to that
found by them. Alternatively, the axon terminals may contribute a strong inward
current at potentials more positive than -35 mV, which would not be seen in our
rods with detached axons. The observation of strong outward rectification in intact
rods that are coupled to the rod network (Fig. 2A; Werblin, 1975) argues against the
latter possibility however.
For rods in normal solution, Werblin (1979) could not detect a time-dependent

change in membrane resistance during the voltage response to a hyperpolarizing
current. This is consistent with our observation that 'A is approximately independent
of voltage, which we tentatively attribute to IA being the sum of at least two currents,
one of which is activated by hyperpolarization and one of which is activated by
depolarization.

In the presence of Cs, Werblin (1979) found a time-dependent increase of resistance
on hyperpolarization, as we expect since the current lx left in Cs is an outward
current de-activated by hyperpolarization. Fain et al. (1978) found that, in the toad
retina, Cs increased the rod response to light, and removed the peak-plateau sequence
for bright flashes. This is also what we would predict: the remaining time-dependent
current (Ix) will still tend to reduce the light response, but the brightest flashes take
the membrane potential close to the reversal potential for Ix, so that the large changes
in gating of this current have only a small effect on the voltage wave form, while
dimmer flashes do not de-activate I1, sufficiently quickly to produce a noticeable
peak-plateau sequence.
Werblin (1979) found that TEA removed the peak-plateau sequence of the voltage

response to a hyperpolarizing current, in the potential range between -30 and
-70 mV. We do not find a complete removal of the peak-plateau sequence in this
range, but there is a reduction in the sag of the voltage response, presumably because
the potential is close to the reversal potential for the remaining current Iv. Fain et al.
(1977) have reported that TEA induces regenerative activity in rods of the intact toad
retina. This never occurred in our isolated rods, but we have observed a region of zero
slope in the 'instantaneous' I-V relation measured in TEA (Fig. lOB), which could
be due to the presence of a fast inward current. Such a current might be responsible
for initiating the action potentials that Fain et al. (1977) found.
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Rod-cone coupling
We have ignored the presence of rod-cone coupling in our simulation of the net-

work behaviour, because insufficient information is available on the properties of
individual cones. When current is injected into a rod in the retinal slice preparation,
the voltage response in a neighbouring cone is about a third of that in a neighbouring
rod (Fig. 3). This does not necessarily imply, however, that the presence of the cones
significantly affects the response of the rod network to current injection: the voltage
response in the neighbouring cone depends not only on the rod-cone coupling
conductance, but also on the coupling connectivity of the cones and the cone mem-
brane resistance, neither of which are known. The results of Fain (1976) suggest that,
in Bufo at least, current flow between the rod and cone systems is small.

The functional role of IA
The time-dependent current IA affects signal shaping in the rod network in two

conceptually different ways.
The purely temporal effects of IA are apparent when the rod network is uniformly

illuminated. IA is responsible for the peak-plateau sequence of the voltage response
to bright flashes (Fig. 13). Adaptive behaviour of this type, in response to strong
stimuli, is a property of many receptor systems. One of its functions in the rods may
be to keep the membrane potential within the operating range of the synapse to
second-order cells. The kinetics of IA become faster at more negative potentials.
This suggests that the time course of the peak-plateau sequence is matched to the
time course of the photocurrent, which becomes faster for bright flashes (Fig. 12;
Baylor et al. 1979) and when light-adapted (Baylor & Hodgkin, 1974). It is curious
that IA is apparently not a single current, but is instead the sum of at least two
opposing conductances, resulting in the fully activated IA[V] being almost voltage-
independent. The evolution of such a mechanism may have been advantageous for
two reasons. First, it allows a peak-plateau sequence to occur over a wide range of
potentials, without being limited by the reversal potential of the current responsible.
Secondly, it results in the sag of the light response being accompanied by little or no
conductance change, so that the rod sensitivity to a subsequent flash will not be
altered greatly. If, for example, the sag were produced solely by the activation of an
inward sodium current, the concomitant increase in membrane conductance would
reduce the voltage response to a later flash.

In the case of localized illumination of the retina, the current IA shapes the
photoresponse as it propagates laterally through the rod network (Fig. 14). In
general, 'A makes the response more transient as it spreads laterally. In addition,
as observed by Detwiler et al. (1978) in the turtle retina, and as our model predicts,
the peak of the response can occur earlier in rods that are further away from an
illuminated area of the retina.

Previously, it has often been suggested that the functional role of rod coupling is
to improve the reliability of signals transmitted to second-order cells, especially
when few photons are absorbed. The processing in time and space that the rod
network performs on incoming signals, at all intensities up to rod saturation, may be
equally important for visual function.
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