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SUMMARY

1. The electrical coupling between cones of known spectral sensitivity in the
peripheral part of the turtle’s retina was studied by passing current through a micro-
electrode inserted into one cone and recording with a second micro-electrode inserted
into a neighbouring cone.

2. Spatial sensitivity profiles were determined by recording flash responses to
a long narrow strip of light which was moved across the impaled cones in orthogonal
directions. These measurements gave both the length constant A of electrical spread
in the cone network and the separation of the two cones.

3. The cone separation determined from the spatial profiles agreed closely with
that measured directly by injecting a fluorescent dye into two cones.

4. The length constant A varied from 18 to 39 #m with a mean of 25 um for red-
sensitive cones and 26 um for green-sensitive cones.

5. The majority of cone pairs studied were electrically coupled provided they had
the same spectral sensitivity and were separated by less than 60 gm: thirty-two out
of thirty-six red-red pairs, two out of two green—green pairs, none out of eight red—
green pairs: no blue cones were observed.

6. The strength of electrical coupling was expressed as a mutual resistance defined
as the voltage in one cell divided by the current flowing into the other. Mutual
resistances decreased from a maximum value of about 30 MQ at separations close to
zero to 0-2 MQ, the lower limit of detectable coupling at separations of about 60 ym.
Mutual resistances were always positive and were independent of which cell was
directly polarized. The coupling seemed to be ohmic and any rectification or non-
linearity probably arose in the cone membranes rather than in the coupling resistances.

7. The results were analysed in terms of the Lamb & Simon (1977) theories of square
and hexagonal lattices, which approximate to the continuous sheet model except in
the case of the cone to which current is applied.

8. The total membrane resistance of a single cone was estimated as 100-300 MQ
and the connecting resistances as 100 MQ for a square array and 170 MQ for a hexa-
gonal array. The input resistance of a cone in the network was 25-50 MQ. Lower
values were often obtained but may be due to injury by the micro-electrodes.

9. The time constant of an isolated cone was estimated as about 20 msec and the
capacity as about 100 pF.

10. Discrepancies between experimental findings and theoretical predictions of
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the hexagonal or square array models were tentatively attributed to an overestimate
of A resulting from light scattering.

INTRODUCTION

Several years ago Baylor, Fuortes & O’Bryan (1971) demonstrated electrical
coupling between cones in the peripheral turtle retina. They found that current
applied through a microelectrode in one cone often caused an electrical change in an
adjacent cone provided the two cones were separated by a distance less than about
40 um. A similar result was obtained in the rods of the snapping turtle by Copen-
hagen & Owen (1976) who reported electrical coupling over distances of up to about
120 um. In both rods and cones the effect was usually of the kind expected from
a simple electrical connexion between the two receptors. Thus, the polarity of the
voltage change evoked by current applied to one cone is normally the same in both
cones; it occurs with both hyperpolarizing and depolarizing current and is sym-
metrical in that a voltage of the same size is recorded if the voltage and current
electrodes are interchanged. The relation between applied current and voltage is not
linear, but the deviations that occur can be attributed to non-linearities in the
membrane of the photoreceptor rather than to any non-linearity in the connecting
elements. The only exception to this simple type of behaviour is that Baylor et al.
(1971) once observed reverse coupling, i.e. current caused a potential change in one
cone of a sign opposite to that expected from the direction of the current applied to
the other.

Experiments with two electrodes placed in neighbouring cones are difficult to
carry out and this probably accounts for the fact that a number of simple but
important questions regarding cone coupling have remained unanswered. Thus
Baylor & Hodgkin (1973) obtained indirect evidence that cones were coupled if they
had the same spectral sensitivity but not otherwise. Their conclusion, which was
based on the spectral sensitivities of red- and green-sensitive cones, clearly needs
checking by direct measurements with two electrodes. It was also of interest to find
out whether all cones of the same spectral sensitivity within a certain radius are
coupled together or whether coupling is a somewhat random affair. Finally, it seemed
important to obtain quantitative evidence on the relation between coupling and
distance since this should enable calculations to be made of the membrane resistances
of individual cells and of the resistances coupling them together.

METHODS

Preparation

Experiments were performed on the retina of red-eared swamp turtles, Pseudemys scripta
elegans. The eye was removed, hemisected, and drained of vitreous as described by Baylor et al.
(1971). The posterior half of the eye was placed in a moist recording chamber and optimally
positioned for penetrating cells in the peripheral portion of the dorsal retina. The eye cup was
maintained at room temperature in a stream of moist 959%, O,, 5%, CO,.
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Cell penetration

Simultaneous intracellular recordings from two cones were obtained with separate electrodes
mounted on independent micromanipulators. The electrodes were positioned initially within
10-30 um of each other on the vitreal surface, and were then advanced into the retina in parallel,
taking alternate steps of roughly equal size. We determined the distance between cone pairs by
moving a narrow strip of light (5 um by 1-55 mm) across the retina and plotting the response
amplitude of each cell as a function of strip position. Complete strip scans were done along
orthogonal axes, the cell centres were expressed in terms of rectangular co-ordinates, and the
cell separation was calculated.

To assess the accuracy of this method, we sometimes marked the location of each member of
a cell pair with an intracellular dye and directly measured the distance between stained cells
using a compound microscope. The electrodes were filled with a 4 %, solution (w/v, distilled
water) of Lucifer yellow, a new, highly fluorescent dye developed by Stewart (1978). Dye was
iontophoresed by negative current pulses (5-10 nA; 500 msec) applied at 0-5 Hz for 5-10 min.
The tissue was fixed in 4 %, formaldehyde, pH 7-4, and viewed in a Vickers epifiuorescence micro-
scope. By using incident illumination we could observe dye-marked cells without ‘peeling’ the
retina from the pigment epithelium; this was an advantage because the process of isolating the
retina might alter the relative position of the injected cells. Cell shrinkage due to fixation was
neglected (Baylor & Fettiplace, 1975).

After measuring the separation between marked cells, the tissue was dehydrated, embedded
in paraffin and sectioned to verify that the dye-injected cells were cones.

Electrical recording

Electrodes were pulled on a Livingston-type horizontal puller from Omega Dot capillary
tubing (Glass Company of America), which has a round ridge fused to the inside wall to promote
filling. Electrodes contained 4 M-potassium acetate adjusted to pH 74 and had resistances
between 200 and 400 MQ. Electrodes filled with 4 9% Lucifer had resistances between 1000 and
1500 MQ. The electrodes were connected to high-impedance, negative-capacitance pre-amp-
lifiers which permitted voltage control of the current passed through the recording electrode
(Colburn & Schwartz, 1972). Injected current was calculated from the voltage drop across a
50 MQ feed-back resistor in a virtual ground circuit. Capacitative interactions between elect-
rodes were reduced by shielding one of the electrodes with a grounded stainless-steel sleeve.
Data were recorded on an FM tape recorder with a band width of d.c. to 1250 Hz.

We tested pairs of impaled cones for direct electrical coupling by passing current into one
cone and recording voltage from the other. The degree of coupling is expressed as a mutual
resistance (R,), defined as the intracellular voltage change in one cell divided by the current
applied to the other cell. The component of mutual resistance due to extracellular current flow
was measured by withdrawing one electrode to a just extracellular position and injecting the
same current through the remaining intracellular electrode. This procedure was followed for
each cone pair. The measured extracellular resistances were somewhat variable but averaged
about 0-1 MQ. Thus pairs with mutual resistances of 0-1 MQ or less were classified as uncoupled.

Light stimuls

An optical bench of the Baylor & Hodgkin (1973) design was used to form a reduced (1/21)
image of a variable field aperture on the retina. The aperture was mounted on micrometer-driven
cross carriages and its position monitored by vertical and horizontal dial indicators. The image
quality of the optical stimulator was evaluated by the method of Baylor & Hodgkin (1973) and,
after elimination of one defect, was found to be as sharp as in their experiments and in those of
Lamb & Simon (1976, Fig. 1). In our initial experiments the image was slightly distorted by
a low-quality prism, and this defect apparently led to values of space constant about 50 %,
greater than normal; these have not been included in the averages (see notes to Table 3). Light
intensity was measured periodically between the experiments with a calibrated silicon photo-
diode (United Detector Technology Ine. 40X Optometer) placed at the position of the retina.
The unattenuated irradiance of light passed through a narrow-band, 650 nm interference filter
was 1-55 x 108 erg cm~2 sec~! (mean of five measurements).
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THEORY AND METHOD OF ANALYSIS

This section shows how the analysis of Lamb & Simon (1976), together with some
convenient approximations, can be used to calculate basic constants from measure-
ments of the separation and mutual resistance of pairs of cones.

It is assumed that cones are arranged in a regular hexagonal or square array. The
hexagonal array is probably more realistic (p. 90), but it is useful to consider the
square array as well, partly because it is simpler to think about and partly because
consideration of two networks shows whether theoretical predictions are likely to
depend critically on the geometrical assumptions that have to be made.

The resistance between the inside and outside of an electrically isolated cone is
denoted by rn (Q), and the resistance of a single junction between cones by 7, (Q).
For many purposes a convenient approximation is to replace the discontinuous
lattice with a continuous model consisting of a two-dimensional lamina with a sheet
resistance, B, (Q2), and a leakage resistance, R (Q2 cm?2). If there are N cones per
unit area and D( = 1/,/N) is the effective cell spacing, then the leakage resistance,
Ry of the sheet is given by

Rm = rm D2 (1)

In the square array D is equal to the distance, d, between adjacent cones, but in the
hexagonal array

D2 = ‘/T3d2. (2)

In the square array the sheet resistivity, Ry, is equal to r, but in the hexagonal array

Rs = rs/«/3' (3)

When the retina is illuminated by a strip the potential on either side of the illumi-
nated band should fall off exponentially with a space constant, A, which is given by

A% = Rn/R,. (4)

For the continuous model eqn. (4) is exact, but for the discontinuous model it is an
approximation, and should strictly be replaced by the following equations for the
square and hexagonal array, respectively (see Lamb & Simon, 1976).

s D\ _
Y_rm_2008h (A) 2 (5)

y = :_:1 = 4 cosh [(1/53)* g] —4. (6)

However if A > D, as in nearly all our experiments, use of eqn. (4) does not lead to
errors greater than 5 or 109,.

We must now consider the distribution of potential when current is injected into
a single cell. Text-fig. 14 and B, which were computed from eqns. (12) and (18) of
Lamb & Simon (1976) by a programme written by Dr Lamb, show the distribution
of potential in the square and hexagonal arrays. Lamb & Simon’s equations for the
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potential at the node m, n are
—.Vm—’“=‘yfw In(2T)1,(2T)e~r+9T 4T, )
% 7Tm 0

for the square array, and

V. ® ®
MUILENY f S Imy (27) I,(2T) In_k(2T)}e‘(Y+°)"' ar, (8)
z(;"'Ill‘l 0 \k=—-o
01 1 10 100 01 1 10 100
A 1 ’:-“. LELRARLY | LELERRRALY | v 1 B 'I' MEREERALL T T T 1
N Centre 3 Tpo o Centre E
E A o A—w ] F AVAVA ]
- o NAR! ] : SAVAVAVAY ]
L '.°~ I——Q\ n 4 L Q \/ \*/;\‘/\ _> p
I \b_ . h I /\D/\\.‘/x \ ]
107! = ‘Q‘ —C = 107! 107! = N\ -3 107!
- 11~ c| €, 4n- -2
|102§_ §102 ;1'3?1022— —510
1073 H10°? 1073 41073
wL T IdY 1 1074 10+ L 107
DT L ™ [ EETTIT B N SR TTY| B S W
01 1 10 100 o1 1 10 100
NMD D

Text-fig. 1. 4, spread of potential in a square lattice. The points were computed from
eqn. (7) (see Lamb & Simon, 1976, eqn. (12)); the ordinate gives the potential at the
m, n cell as a fraction of the potential that would be recorded with the same current
applied to an isolated cell i.e. ¥V, ,/%,r,; the abscissa is A/D, where A is the space
constant and D = 1/,/N is the effective cell spacing, N being the number of cones per
unit area. The continuous curves which are an approximate fit to the points, were
computed by eqn. (10). The broken curve for V,, was calculated by eqn. (11). Current
was applied to the centre cell and voltage recorded at the different lattice positions
indicated by the key to the symbols on the inset. The lattice is symmetric about the
dashed line. Note that d = D and that y can be obtained from D/A by eqn. (5); r//\
can be obtained as (n?+m?2)tdfA.

B, similar to 4'but showing the spread of potential in a hexagonal lattice; the
points were computed from eqn. (8) and the continuous curves from eqn. (10) (as
above). The broken curve for ¥, , was computed by eqgn. (12).

Note that d can be obtained from D by eqn. (2), ¥ from D/A by eqn. (6); r/A as
(n®+m?+nm)d d/A.

for the hexagonal array. In the square array m and n are measured along orthogonal
axes, and in the hexagonal array, along axes at an angle of 60°; y = r;/rm, I,( ) is
a modified Bessel function of the vth order; ¥, , is the voltage at the origin where the
current 4, is applied. In Fig. 1 the symbols are exact values computed from these
two equations, and the continuous lines were calculated from the relatively simple
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equations of the continuous-sheet model. As shown by Jack, Noble & Tsien (1975)
and Lamb (1976), when a current 1, is injected at » = 0 the potential at r is

V Kq(r/A)
Ry —5.— (9)

where K, is a modified Bessel function. From eqns. (1) and (4) this can also be
written as

%

o _ D K(r/A)

orm A om

(10)

The continuous lines in Text-fig. 1, which were calculated by this formula, can be
seen to be a reasonable approximation to the hexagonal array for A/D > 0-5, and
the square array for A/D > 1.

Eqn. (9) predicts an infinite potential at r = 0 and cannot be applied to the cell
where current is applied. For the square grid the exact expression given by Lamb &
Simon (1976) in their eqn. (15) is shown by the interrupted line in Text-fig. 14 ; the
equation, given for reference, is

262 o)

where K(z) is the complete elliptic integral of the first kind. For the hexagonal grid
the interrupted line in Fig. 1 B, which gives the potential in the cell where current is
applied, was calculated by the following equation, which turns out to be a very good
approximation :
I,t),o _ v+ 6Vl,o/(io 7m)
%o 'm - v+6

(12)

where ¥y = ry/rm, ¥, o is the potential at the origin, and V] , is the potential in the first
ring of cells calculated by eqn. (9). Eqn. (12) can be derived simply by application of
Kirchoff and Ohm’s Law to the hexagonal network.

Application of these expressions to the results is best illustrated by a specific
example. It was found that a pair of red-sensitive cones, which were separated by
28-3 um, had a mean A of 27-6 um and a mutual resistance (i.e. V;/3,) of 3-05 MQ.
If D, the effective mean distance between red-sensitive cones, is taken as 17-4 ym
from the measurements of Baylor & Fettiplace (1975) (see Lamb & Simon, 1976),
then from eqn. (10) 7y is found to be 119 MQ. Similarly, from eqns. (1) to (4) the
coupling resistance, g, is found to be 82 MQ for the hexagonal array and 47 MQ for
the square array. From the values of A/D and ry and from Text-fig. 1, the input
resistance, ¥, ,/1,, is found to be 16-8 MQ for the hexagonal array and 16-4 MQ for
the square array.

Text-fig. 2 illustrates the validity of the K ( ) approximation in a different way.

2
Here values of gTI./;";ﬂ-, calculated as in Text-fig. 1, are plotted on a logarithmic scale
o’m
against r/A. Both hexagonal and square arrays were considered and the ratio A/D was
given values of 3, 2, 1 and 0-7. The curve is for the continuous-sheet model, where
eqn. (10) applies; the ordinate is then K, (r/A)/2n. Provided A/D > 1, this curve is
close to all the points except at the origin.
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Two points of practical importance arise from this graph. First if A/D > 1 and
the current and voltage electrodes are in different cells, then it is clear that little
error should arise in using eqn. (10) to calculate A and hence rn. Secondly, we can
test the idea that all cones have the same value of 7, but that coupling resistance

2

varies, by seeing whether a plot of /%2':“ is fitted by the continuous curve in Fig. 2.
o

The results of this test are given in Text-fig. 7 and discussed on page 92.
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Text-fig. 2. Theoretical distribution of potential for different values of A/D in the
hexagonal and square arrays and in the continuous sheet model. The abscissa is r/A and
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eqn. (10)). Only the points on the axis and the diagonals are given for the Il case.

D for the continuous sheet model (see
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Determination of time constant of cells in a network

In the theory of Lamb & Simon (1976) the variable 7' in eqns. (7) and (8) is equal
tot/yr where tis time,y = r,/rm and7 (= rm cm) is the time constant of an individual
cell in the network. If the upper limit of the integral in eqns. (7) and (8) is taken as
vT instead of co, we can obtain the time course of the rise of potential at any given
node when a constant current is applied to the node at the origin. This provides
a theoretical basis for estimating 7 from the experimental data.

TABLE 1. Theoretical values of V, ,/%, r, at different times in a hexagonal network
t/r Node— (0,0) (1,00 (1,1) (20 (21) (3,00 (2,2
\ r/d—> 0-0 1-0 1-73 2:0 2-65 3-00 3-46

0-1 0-0818 0-0021 0-0001 0-0001 0-0000 0-0000 0-0000 A/D =1
0-2 0-1363 0-0068 0-0005 0-0003 0-0000 0-0000 0-0000

0-5 0-2176 0-0230 0-0034 0-0020 0-0003 0-0002 0-0000

1-0 0-2585 0-0409 0-0098 0-0063 0-0017 0-0009 0-0003

© 0-2802 0-0570 0-0197 0-0144 0-0062 0-0040 0-0023

0-1 0-0681 0-0040 0-0003 0-0002 0-0000 0-0000 0-0000 A/D = 15
0-2 0-1001 0-0107 0-0016 0-0009 0-0001 0-0001 0-0000

0-5 0-1336 0-0260 0-0074 0-0049 0-0015 0-0008 0-0003

1-0 0-1478 0-0369 0-0142 0-0105 0-0045 0-0029 0-0015

0 0-1563 0-0448 0-0205 0-0162 0-0089 0-0065 0-0044

0-1 0-0546 0-0054 0-0007 0-0004 0-0001 0-0000 0-0000 A/D = 20
0-2 0-0722 0-0122 0-0028 0-0018 0-0005 0-0002 0-0001

0-5 0-0883 0-0232 0-0091 0-0067 0-0029 0-0018 0-0009

1-0 0-0956 0-0297 0-0142 0-0112 0-0061 0-0044 0-0028

0 0-1002 0-0341 0-0181 0-0149 0-0092 0-0073 0-0053

Continuous sheet approximation

0-1 0-0067 0-0007 0-0003 0-0000 0-0000 0-0000 A/D = 20
0-2 0-0138 0-0033 0-0019 0-0004 0-0002 0-0000

0-5 0-0242 0-0098 0-0071 0-0031 0-0019 0-0010

1-0 0-0303 0-0147 0-0115 0-0063 0-0045 0-0029

© 0-0344 0-0185 0-0151 0-0094 0-0074 0-0054

The first three blocks of numbers were calculated from eqn. (8) and the fourth block from
eqn. (14). 7 ( = 7, ¢,) is the time constant of an individual cell in the network. Note that D2 is
the number of ‘nodes’ per unit area and that D is related to d (the internodal distance) by
eqn. (2); r/d = (n*+m?+nm)d.

Table 1 gives values of V, , at ¢/r = 0-1, 0-2, 0-5, 1 and oo for nodes near the
origin with different values of A/D. When A/D > 2 and r + 0 the time course
approximates closely to that calculated for a continuous sheet which obeys the

equation
100V ov
2l r—) = -—
A {r 3r(r 3r)} Var ot’ (13)

It can be shown by standard methods (Carslaw & Jaeger, 1959; Jack et al. 1975) that
the solutions of eqn. (13) for a current ¢, applied at r = 0O at ¢t = 0 is

_ Yo Bm [T __’_27__‘_'] (f.)
V= 4mA2 fo t exp[ e T d A (14)
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When this equation is applied as an approximation to the discontinuous case Ry, is
replaced by 7y D2. Comparison of the last two blocks in Table 1 shows that for
A/D = 2 and r $ 0 eqn. (14) is a good approximation to eqn. (8).

For A/D < 1-5 and t/7 < 0-1 the rise of potential at the origin in the hexagonal
network can be calculated with reasonable accuracy by solving the second order
equation that results from the assumption that cells further out than the first ring of
six are grounded. On this basis if a constant current ¢, is applied at m = n = 0, then

Joo _ g 1HOE gy L¥ak ), (15)
% "m a—b b—a ’
where
4y +7* a 5 1
=_2__‘y—‘y_ and =—1+—i"'4/7.
Y2+ 10y + 18 b 75
nA C
A vap mV
e
T [ Cone |
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o[ /\2‘-‘"‘"“"“ 5 \ Cone Il
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Text-fig. 3. Electrical coupling between simultaneously impaled red-sensitive cones.
A and B, currents applied to one cell produced the illustrated voltage changes in the
other cell. In 4 current was passed into cone I and the voltage change recorded from
cone II. The location of the current and voltage electrodes was reversed in B. During
the passage of current the voltage trace of the directly polarized cell went off scale and
i8 not illustrated in either 4 or B. C, superposed light responses before and after passing
currents. The stimulus, an 880 xm radius spot of white light, delivered the equivalent
of 9-4 x 10% photons at 644 nm/um? (see Baylor & Hodgkin (1973) for details). D,
voltage current relation of the coupled pair. The squares and circles plot on the ordinate
the peak voltage change in 4 and B, respectively, as a function of applied current. The
slope of the straight line (fitted by eye) measures the mutual resistance (4-2 MQ). Cell
separation 22 ym. V,, : cone I 20 mV, cone IT 17 mV. Temperature 23-2 °C.
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RESULTS
A typical experiment
Text-figs. 3 and 4 illustrate the basic information, which was collected from as
many pairs of cones as possible. In this instance both cones were red-sensitive and,
as determined from Text-fig. 4, they were separated by 22 yum. The families of
records in Text-fig. 34 and B show the voltage wave forms given by rectangular
pulses of current. It is evident that there is a delayed increase of conductance with

A B

Cone | * \
Cone lls \
\
J T BT T T N TR T S | U N BT T R R NS N |
0 40 80 120 160 0 40 80 120 160
Horizontal displacement (um) Vertical displacement (um)

Text-fig. 4. Spatial sensitivity profiles for a pair of red cones. The circles and squares
(cone I and II of Fig. 3 respectively) plot response amplitude (mean of four measure-
ments) against the position of a strip of light 1-55 mm long by about 5 yum wide. In 4
the long axis of the strip was vertical and moved horizontally at the level of the optical
bench, and in B it was horizontal and moved vertically. Length constants were deter-
mined from the slope of the straight lines, which were fitted to the points by eye. The
intersection of each pair of lines located the cell centre on that axis. From this infor-
mation the cell separation was calculated to be 22 yum. The stimulus was a 10 msec
flash of white light that delivered the equivalent of 3-8 x 10® 644 nm photons gm~-2 at
2 sec intervals.

both inward and outward currents; this was usually much more conspicuous for the
outward, depolarizing currents and was seen when both electrodes were in the same
cell. This indicates that the effect is caused by an increase in membrane conductance
rather than by a decrease in the conductance of the links between cones. From the
graph in D where the peak voltage is plotted against current it can be seen that the
peak voltage was proportional to current over the range of currents employed. From
the coincidence of squares and circles in the Figure, it is apparent that reversing the
current and voltage electrodes made no difference in the size of the response, as
would be expected if the two cells were connected by a simple ohmic resistance.

The slope of the line relating maximum voltage to current, which is a measure of
the mutual resistance, was found to be 4:16 MQ.

The distance between the cells was determined by movement of a 5 um wide strip
of light across the retina, first in a horizontal and then in a vertical plane. The logarithm



CONE COUPLING IN TURTLE RETINA 85

of the response amplitude was plotted against distance, as in Text-fig. 4 and the
position of the maximum was taken as the intersection of the two straight lines
drawn through the outer portion of the spatial profile. From Text-fig. 4, the separation
of the cones was obtained as 22 yum and the mean space constant as 34 um (deter-
mined from the mean slope of the eight straight lines in Text-fig. 4, i.e. 32-4, 32-4,
26-4, 38-4 um in cone 1 and 46-8, 34-8, 25-2, 36 xm in cone 2).

TABLE 2. Test of method of measuring distance between‘cones

Separation
Separation from dye Mutual
from slit runs injection resistance
(pm) (pem) MQ)
97 103 0
80 85 0
108 98 0
54 55 0
25 23 1-9
0 0* 17-8

* Only one cone marked.

Test of the method for measuring cone separation

In a separate series of experiments we assessed the accuracy of the strip procedure
for determining cell separation by marking the cells with an intracellular dye. These
experiments involved recording from pairs of cells with electrodes containing the
fluorescent dye Lucifer yellow. Cell separation was measured by the strip method and
then both cones were injected with dye. The entire eyecup was fixed in formaldehyde
and examined in an epifluorescence microscope. When viewed through the proximal
cellular layers of the retina the stained cells appeared as blurred circular spots (Pl.
14); subsequent histology confirmed these to be cones (Pl. 1.B). By focusing up and
down it was possible to determine the centre of each mark and to measure the distance
between centres. The separations measured by the strip procedure and by dye
injection were compared in six experiments using red-sensitive cones (Table 2) and
were found to be in excellent agreement.

Qualitative consideration of results

Text-fig. 5 and Table 3 summarize the results of all the experiments in which we
were able to measure the mutual resistance and distance between pairs of cones
separated by less than 90 um. Pairs were considered to be uncoupled if their mutual
resistance was less than 0-1 MQ, the smallest quantity that could be detected reliably.

The symbols in Text-fig. 5 represent forty-two pairs of red-sensitive cones, two
pairs of green-sensitive cones, and ten mixed red-green pairs. The Figure and Table 4
show that none of the red—green pairs were coupled, that both the green pairs were
coupled, and that thirty-two out of the forty-two red pairs were coupled; of the
eight uncoupled red pairs only four were separated by distances less than 60 gm.
Without relying on statistics we can see that the graph provides evidence that
coupled cones have the same spectral sensitivity, i.e. red is coupled to red and green
to green, but not red to green.
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Table 3. Basic constants of coupled pairs
hex-
square agonal
Separation A R, n R, R, r, i i
Pair no. (pm) (pem) (MQ) MQ) (Qem?) (MQ) MQ) MQ) (MQ)

Red-sensitive cone pairs

1 15 - 25* 18 290 878 141 243 45 48
2 26 30 6-9 247 748 85 147 30 32
3 18 - 29 9-7 223 675 80 139 27 30
4 0 25 36:0 215 651 106 183 34 36
5 22 31 5-8 173 525 53 92 19 21
6 16 29 9-2 173 524 65 112 22 24
7 4 37 14-2 173 523 39 67 15 16
8 11 25* 13-2 170 515 82 143 26 28
9 12 25* 117 158 477 76 132 24 26
10 22 25 56 146 422 71 123 23 24
11 22 34 4-2 135 410 36 61 13 14
12 44 33 1-6 135 408 31 64 14 15
13 28 28 31 119 359 47 82 16 17
14 55 33 0-86 112 340 31 53 11 12
15 0 25* 17-8 108 327 52 91 17 18
16 21 25% 4-2 101 307 49 85 16 17
17 24 28 2-8 84 255 34 58 11 12
18 25 25* 2-8 83 251 40 69 13 14
19 52 25* 0-65 81 246 39 68 13 14
20 25 21 2-8 77 234 53 91 16 17
21 32 22 1-6 72 218 45 78 14 14
22 29 25 1-5 58 176 28 49 9 10
23 25 24 1-9 57 172 31 53 10 10
24 59 27 0-3 50 151 20 35 7 7
25 29 25 1-3 49 149 24 41 8 8
26 61 30 0-28 47 143 16 27 6 6
27 20 25 19 43 127 21 37 1 7
28 22 26 1-4 37 111 17 30 6 6
29 40 25 05 33 101 16 28 5 5
30 23 24 1-2 32 98 18 30 5 6
31 19 29 0-5 12 36 4 8 2 2
32 22 18 0-2 4 12 4 6 1 1
Mean 26 27 6 109 330 46 79 15 16
Green-sensitive cone pairs

33 24 26* 7-4 169 663 98 ' 170 30 31
34 54 26 0-4 41 163 25 43 8 8
Mean 39 26 39 105 413 62 107 19 20

The Table summarizes the estimates of basic constants determined from observations of cell
separation, mean space constant (A) and mutual resistance (R 4)- ' 18 the resistance between the
inside and outside of an isolated cone and R, is this resistance x unit area calculated for the
continuous sheet model. R, is the sheet resistance and r, the coupling resistance between cones.
For the square array r, = R,; the values of r, shown above are for the hexagonal array where
r, = 33R,. The last columns give the input resistance (r,,) calculated for the square and hexagonal
arrays. The results are listed in order of decreasing membrane resistance, first red-red pairs and
then green—green pairs. Some experiments were performed in the early stages of the investigation
when a defective prism blurred the image of the slit and made A measurements unreliable. In
these instances, indicated by an asterisk, we have used the mean value of A determined on a
large number of cones with the faulty prism replaced.
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Since some pairs of red-sensitive cones were uncoupled, it could be argued that the
absence of coupling amongst the red-green pairs is a fortuitous result. However, the
probability of this happening by chance is exceedingly low. If we consider the cones
separated by less than 60 xm, only four out of thirty-eight pairs of red-red or green—
green pairs were uncoupled, so that we may take the chance of finding an uncoupled
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Text-fig. 5. Mutual resistance R, vs. cell separation in fifty-four pairs of cones, O, red-
red cone pairs; +, green—green cone pairs; @, red—green cone pairs. The line is drawn
from the theory for a hexagonal array withA = D = 17-4 ym and r,, = 100 MQ using
eqns. (8) and (6). Note: B, = V/i,.

pair of similar cones separated by less than 60 #m as about 1/9-5. If dissimilar cones,
i.e. red—green pairs, were just as likely to be coupled as pairs of similar spectral
sensitivity, the chance of finding all eight uncoupled at a separation less than
60 um is only 1 in 9-5%. The argument is not as strong as this, because the psycho-
logical incentive to complete the measurement of cone separation was greater when
the cones were coupled than when they were not. However, even when allowance is
made for some bias toward selecting coupled cones, the sample does provide good
evidence that coupling is only between cones of the same spectral sensitivity. This
statement applies to red- and green-sensitive cones. No blue-sensitive cone was
encountered in the present work, and as far as we know there is no evidence, either
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direct or indirect, as to whether blue-sensitive cones are coupled to one another.
Their spectral sensitivity (Tomita, Kaneko, Murakami & Pautler, 1967; Baylor &
Hodgkin, 1973) makes it unlikely that they are coupled to red- or green-sensitive
cones.

TaBLE 4. Cone pairs with no detectable coupling

Red-red cone pairs*

Separation Red cone I Red cone II
(rm) X (pm) X (pm)
42 21 23
49 25 28
49 22 15
55 27 24
60 — —
63 — —
70 — —
72 28 24
85 32 29
87 — —
Red-green cone pairs*
Separation Red cone Green cone
(#m) A (pirm) X (prn)
12 — —
28 26 27
33 — —
40 28 39
48 37 32
51 28 21
54 16 23
56 — —
76 — —
83 29 27

* Cells without space constants were recorded with a low quality prism in the optical stimu-
lator which made the measurements unreliable (see Table 2).

As can be seen from Text-fig. 5, in two instances the abscissa is zero, which means
that both electrodes were considered to be in the same cell. The evidence for this
comes from the coincidence of spatial profiles in both cases and in one case from the
additional evidence of dye marking. In these two experiments as well as in others
in which the electrodes were very close to one another we noticed that the resting
potential and light response fell abruptly by several millivolts when the second
microelectrode was inserted. The inference is that insertion of two microelectrodes,
and in all probability insertion of one, causes a leak, which reduces the resting
potential and light response. It is therefore likely that the mutual resistances given in
Table 2 are lower than they would be in undisturbed cones.

Text-fig. 5 shows two instances where red cones were separated by about 20 gm
but had very low mutual resistances. In both cases the cells involved had normal
spatial profiles, responded well to light, and did not appear to be damaged. Weak
coupling over such a short distance could be due to a failure in the direct continuity
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of the network. The presence of electrically isolated (uncoupled) cells (Baylor &
Hodgkin, 1973; Lamb & Simon, 1977) indicates that the network is not complete.
Hence it is possible that in some instances the electrical interaction between neigh-
bouring cells takes place over a circuitous path with a high resistance rather than
a direct path with a low resistance.

We never saw a case in which the mutual resistance was negative, i.e. in which
current caused a voltage of opposite polarity in the other member of the cone pair.
However, as Baylor et al. (1971) observed reverse coupling in only one out of twelve
pairs of coupled cones, our failure to see reverse coupling in thirty-four coupled pairs
is not incompatible with their results.

Some miscellaneous observations

There were two instances in which cells that had been impaled with two electrodes gave slow
depolarizations of a few millivolts with long latencies in response to large-diameter bright
flashes. It seems likely that on both occasions the late depolarization was a synaptic potential
coming from activation of the horizontal cell feed-back loop. The disappearance of the normal
hyperpolarizing light response upon insertion of the second electrode suggests that electrical
connexions of the inner segment to its outer segment and to the rest of the receptor network
were broken in the process. That the chemical junctions between the cone and horizontal cell
were not disrupted may indicate that they are located on a different part of the receptor or
that they are more robust than the electrical junctions.

On one occasion the penetration of what was originally identified as a red-sensitive cone by a
second electrode caused the cell to become sensitive to red and green lights. Cells that have both
red and green spectral sensitivities have been identified as double cones (Richter & Simon, 1974 ;
Baylor & Fettiplace, 1975). It is conceivable then that the cell we initially thought to be a red
cone was in fact the red member of a double cone which was electrically isolated from its green
member. Insertion of the second electrode may have created a junction between the red- and
green-sensitive regions. Such an explanation raises the possibility that the red and green members
of undamaged double cones behave as independent elements, i.e. as a red cone or green cone
depending on the electrode placement. This could be the reason that double cones, which are
identified on the basis of spectral sensitivity, appear to be recorded so rarely despite their large
size and fair abundance (Baylor & Fettiplace, 1975).

Calculation of electrical constants

How appropriate is the model used for calculation? In a retina like that of Bufo
marinus where there are few cones, the rods are arranged in a fairly regular hexagonal
array (personal communication from Dr G. Gold and our own observations). By
‘fairly regular’ we mean that in the great majority of instances each rod is surrounded
by six nearest neighbours. Since connections between rods are thought to be through
gap junctions on the buttresses of adjacent inner segments (Fain, Gold & Dowling,
1975), there is good reason to think that in an all-rod retina the hexagonal model
used by Lamb & Simon (1976) and ourselves may provide a good basis for calculating
electrical constants. We are on less sure ground when applying the model to an array
of red- or green-sensitive cones. Even if the cones themselves are arranged hexa-
gonally the colour sensitivity, which is shown by the oil droplets in reptiles, seems to
be distributed in a random way, judged by Text-fig. 6, which is based on a photo-
graph taken by Baylor & Fuortes (see Hodgkin, 1971, Text-fig. 2). Moreover, con-
nections between cones are probably made by basal processes (see p. 98) which may
cross one another and link many cones in an irregular way.

An attempt was made to characterize the array of red-sensitive cones in Text-fig. 6
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by the following procedure. It was assumed, arbitrarily, that the connections between
cones do not cross, and with this reservation, that all possible connections are made.
This procedure necessarily generates a pattern like that in Text-fig. 6, in which the
space is divided into a series of irregular triangles. We attempted to follow a regular
procedure, starting by joining those cones that are closest to one another, then
proceeding to the next closest pair and so on. In practice the procedure is somewhat
arbitrary, particularly as it is difficult to decide which cones should be regarded as on
the edge. In the field of 103 red cones shown in Text-fig. 6 the average number of
connexions per red cone for one pattern was found to be 5-9 with a standard deviation
of 1-4; the number of connexions per cone ranged between 4 and 10.

Text-fig. 6. A pattern of possible connexions between red cones. The relative positioning
of a field of red cones was mapped by tracing a circle around each of the red oil drops in
Fig. 2 of Hodgkin (1971). See text for the procedure used to draw the lines connecting
cones. Not counting the cells on the edge (filled circles), this pattern had a mean of 5-9
connexions per cone.

Estimate of electrical constants made from average data. An estimate of the approxi-
mate magnitude of the cell constants can be made from the data in Text-fig. 5, in
which mutual resistance is plotted against separation. In this Figure the continuous
line was calculated by eqn. (8) for the hexagonal array with A = D = 17-4 um (the
effective spacing of red-sensitive cones) and with 7, = 100 MQ. As the line is reason-
ably close to the resistances of most of the more tightly coupled cones, it appears
that the cell resistance is of the order of 100 MQ, and from eqns. (1) and (4), that
Ry, is about 300 Qem? and R, about 100 MQ. For a hexagonal array, r, would be
173 MQ. The input resistance which is given by the intercept of the line with the
axis, is 28 MQ.

Although approximate, the above method has the advantage that it does not rely
on estimation of the space constant, A, from spatial profiles, a procedure that might
give errors if these profiles are seriously modified by light scattering.

Calculation of electrical constants in individual experiments. Each successful experi-
ment gave estimates of the following three quantities: (1) the separation of the two
cones, (2) their mutual resistance, (3) their mean space constant, A. From these three
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quantities and the effective distance, D, between cones of the same spectral sensitivity,
we can calculate the membrane resistance, rm, of an isolated cone, the coupling re-
sistance, 7,, between them, and the input resistance, r;,. The method of calculation
and the equations used are summarized in the example on p. 80. With the approxi-
mations used the value calculated for rn is the same for hexagonal and square
models, but for r, is /3 times greater when the hexagonal modelis used for calculation.
The calculated value of the sheet resistivity, Ry, is the same for both models and may
be a better quantity to tabulate.
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Text-fig. 7. Data of Fig. 5 ‘normalized’ by plotting E, :\D_’- against % (see Fig. 2). The

A
lines, from top downwards, are for % = o0 (continuous sheet model): D= 2, hexagonal

array, and % = 1, hexagonal array. r, = 200 MQ throughout. All points should fall

close to the theoretical curves if r, and D were the same in all preparations but r, varied
from cone to cone. Note B, = ¥ /4,

Table 3 summarizes the results. The highest values of 7, which are perhaps the
most reliable (as electrode damage may lower resistance), are in the range 100-
300 MQ; this is roughly consistent with the value of 170 MQ obtained by Baylor,
Hodgkin & Lamb (1974, Table 2) which they considered might have been obtained
on an isolated cone.

As has been mentioned previously the low membrane resistances calculated for
pairs 31 and 32 might be attributed to breaks or irregularities in the network, or to
the existence of overlapping networks. With the exception of these pairs the range of
variation is no greater than that often found in the measurements of the membrane
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resistance of single nerve fibres (Cole & Hodgkin, 1939; Hodgkin & Rushton, 1946;
Hodgkin, 1947; Weidmann, 1951). An additional source of error must be introduced
by the probable variation in the number of connexions per cone illustrated in Text-
fig. 6.
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Text-fig. 8. Same plot as in Fig. 7 but using a new space constant (1’), assumed to be

2/3 of the measured space constant A. ., was taken as 100 MQ in drawing the theoretical
A A A

curves, which are as in Fig. 7 from top to bottom D =00, D= 2 and D= 1.

Discrepancies in the analytical approach

The mean space constant determined in the illuminated strip experiments on
eighty-three red-sensitive cones was 25 ym. In Text-fig. 5 on the other hand, a
moderately good fit to the more tightly coupled cones was drawn with A = D =
17-4 ym. A line drawn from the theoretical equations for a hexagonal or square array
with A = 1-5 D = 26 um was found to be a poor fit to the same data.

Text-fig. 7 illustrates a different way to bring out the discrepancy. Here the
quantity R,(A%/D?) has been plotted against r/A so that the data can be compared
with the curve for the continuous-sheet model shown in Text-fig. 2 or with the lines
for A/D = 1 and 2 for the hexagonal array. If it is assumed that all cells have the
same total membrane resistance, rn, but that different pairs differ in the amount of
coupling, then this method of plotting should bring all the points close to the
theoretical curves. This prediction was not fulfilled, as the points in Text-fig. 7 fall
off more quickly than the theoretical curves. »

Another less plausible approach is to assume that the sheet resistivity is constant
and that variations in A are caused by variations in the membrane resistance, Ry.
In that case a plot of R, against 7 /A should bring all the points close to the theoretical
curve. This was tried but the fit was no better than in Text-fig. 7.
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One way of explaining the discrepancy is to assume that the curve for light
scattering from a line source contains two components. The first component, which
will be considered on p. 94, has a Gaussian shape and a scattering coefficient, o, of
about 10 yum as found by Schwartz (1973). It will be shown later (p. 94) that

TaBLE 5. Influence of error in A on basic constants
Red-sensitive pairs

Separation A R, T 7, Tin
Pair (pm) (pm) MQ) MQ) MQ) MQ)
1 15 25 18 290 243 48
1* 15 17* 18 240* 454* 71*
2 26 30 6-9 247 147 32
2% 26 20* 6-9 263* 352+ 60*
4 0 25 36 215 183 36
4% 0 17* 36 153* 249* 45*
Mean 1-16 20 29 10 167 114 24
1*-16* 20 19* 10 149* 221* 38*
Mean 1-32 26 27 6 109 79 16
1*-32* 26 18* 6 107* 172% 28*
Green-sensitive pairs
33 24 26 7-4 169 170 31
33+ 24 17* 7-4 164* 371* 56*
34 54 26 0-4 41 43 8
34* 54 17* 0-4 73* 168* 25%

The Table shows the effect of assuming that light scattering has increased A by 50 9%, on calcu-
lated values of r,, and other constants. In the upper line of each pair the value is based on Table 1
and is calculated from the uncorrected A; in the lower line (e.g. 1¥) it is assumed that A’ was
2/3 of the observed A. The revised constants that result from this assumption are marked with
an asterisk. The values of r, and r,, are for the hexagonal array. The selection of cones 1-16 is
an arbitrary attempt to exclude damaged cells or lightly coupled cells to which the theory
would be less applicable.

scattering of this kind should not alter the value of A determined from the asymptotes
on a semilogarithmic curve. However, if the scattering function had a broad skirt,
in addition to its relatively sharp centre (see Copenhagen & Owen, 1976), then the
values of A might be erroneously high. Text-fig. 8 shows that this could explain the
discrepancy. Here A’ has been taken as 2/3 of A, and with this modification the values
of (A'/D)2R, do not deviate systematically from the theoretical curve when plotted
against r/A’. Table 5 shows the effect of reducing A by 1/3 on the calculated value
of rm and other constants.

Effect of simple light scattering on the form of the spatial profile

By simple light scattering we mean that for each illuminated point the distribution
due to light scatter is Gaussian, as assumed by Baylor et al. (1971) and Schwartz
(1973), and that the distribution has a standard deviation of about 10 um. In
practice light scattering is probably more complicated and the distribution about an
illuminated point may include a wider skirt, such as that shown in Text-fig. 12 of
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Copenhagen & Owen (1976). Unfortunately no one has yet devised a satisfactory
direct method of measuring light scattering in the retina. In this section we are con-
cerned only with the simple Gaussian light scattering and will attempt to answer
two related questions. First, are the rounded tops of spatial profiles such as those in
Text-figs. 4 and 9 consistent with Gaussian scatter, and if so what is the scatter
coefficient? Secondly, is this amount of scattering likely to affect the method of
measuring the space constant, A?
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Text-fig. 9. Comparison of a spatial-sensitivity profile and a theoretical expression that
allows for light scattering. 4, peak amplitude plotted on a logarithmic scale against
strip displacement. Straight lines were fitted to the points by eye and had slopes that
corresponded to A = 24:8 um for both positive and negative displacements. The
stimulus was a flash of 650 nm light that delivered 1-5 x 10® photons gm~? to a strip
1-55 mm by 5 gm wide. B, same data as A except the abscissa is 2/A. The dashed curve
allows for scatter and is eqn. 22 with L = 0-8. This gives a scattering coefficient of
o = 14 ym. V,, = 17 mV; temperature 23 °C.

It will be assumed that the distribution of scattered light at the receptor layer
from a point source of strength, @Q, is

F(r) = ;Qlé e~/

where 7 is the distance from the illuminated point, @ is the total quantity of light
applied per unit time, i.e. quanta sec~!, and ! is a length constant related to the
scatter coefficient, o, by

(16)

It follows from this that a unit line source of strength, @', per unit length located at
z = 0 will give a distribution

’

Flz) = %l — (18)

where @’ is in quanta sec~! gm-1.
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If there were no light scatter a line source applied to an array of cones would, on
the continuous-sheet model, produce a voltage, V, given by the following equation:

’

V() = %‘? e-1z/Al, (19)

where 8§ is the steady-state sensitivity when a large area is illuminated.
In the presence of light scattering defined by (18), the distribution in (19) will be
changed to

1 1
= O'S|— e-le/aly] — e—z/rt
Viz,l) = Q 8{2/1 e }*{ i ® }, (20)
where * implies the convolution of one function with another, i.e.

Viz,1) = ° V(z') Fx—2') d='. (21)

— o0

The integral in (20) can be shown by standard methods to be

V(z,L) = Qﬁg eL’/4{eXerfc (—2Ii+%) +e—X erfe (é—%)}, (22)
where X = z/A and L = l/A.

This function was fitted to the experimental curves by a plot of log { } from eqn.
(22) against X for different values of L; the family of curves was then compared with
the experimental plot of log V against z/A and the best fit selected by eye (Text-fig.
9). The mean value of [/A was 0-5 with a standard deviation of 0-22; the mean scatter
coefficient, o, was 9 um with a standard deviation of 4 um. The analysis showed
that if scattering follows a simple Gaussian curve and if //A is about 0-5 there should
be little error in the method of measuring A since eqn. (22) approximates closely to
an exponential when z/A > 1. However, this does not eliminate the possibility that
the values of A might have been increased by a broad skirt on the light-scattering
curve.

Our values of the scatter coefficient, o, are in reasonable agreement: with those of
Schwartz (1973) and Copenhagen & Owen (1976), who obtained 10 and 6 um,
respectively.

On several occasions, eqn. (22) could not be fitted at all. There were two kinds of
deviation. In some instances the spatial profile was very asymmetrical, with a normal
value of A on one side and a small one on the other; this could be explained if the
impaled cone was near the end of a cluster of coupled cones, rather than in the middle
of a continuous array. In other instances, particularly with green-sensitive cones,
the distribution had a secondary hump or even a double peak, as one might expect
if the contribution from neighbouring cones exceeded that of the impaled cone.

Velocity of electrical spread through the cone network. As can be seen from Text-figs.
10 and 11 the crest of the electrical response produced by a flash of light occurs later
as the illuminated strip is moved away from the impaled cone. (The velocities
measured in fifteen experiments had a mean of 2:7 mm/sec, and a range of 4-3 to
17 mm/sec). A possible explanation that may well apply to the largest responses,
i.e. to those between +25 um, is that some of the spread is caused by light
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scattering and that the record at zero distance had the earliest peak because the
light intensity was strongest there and the time to peak decreased with flash
intensity.
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Text-fig. 10. Response as a function of strip displacement. Each frame shows a pair of
responses to a 23 msec flash of a strip of 650 nm light (2-9 x 103 photons ym~?). Stimuli
were presented at 2 sec intervals starting at the top of the left column and ending at
the top of the right column. The numbers in brackets give the flash number in the
sequence. The positive and negative displacement of the strip from the cell centre is
given in ym by the numbers in the middle of the Figure. The arrows show the peak
amplitude for each response pair. V,. 12 mV; temperature 21-7 °C.

However, this is unlikely to be the complete explanation because the effect was
seen beyond 25 ym, where the response was small and there should have been little
effect from scattered light. In this region the velocity did not seem to vary greatly
with the size of the response. Another, more interesting explanation is that the
effect depends on the time constant of the cones and that the velocity is determined
by the electrical constants A and 7.

For a wave that is slow compared with the time constant, 7, it can be shown for
the continuous-sheet model that the peak of the wave should have a velocity equal
to 2A /7, where A, the space constant, is (R,/R;)? and 7, the time constant, is B, Cp,
where Cy, is the capacity per unit area of the sheet; 7 is also equal to rm cm, where
cm is the total capacity between the inside and outside of an isolated cone.



CONE COUPLING IN TURTLE RETINA 97

In the continuous-sheet model, the differential equation for one-dimensional
electrical spread on either side of a long, narrow strip located at x = 0 is

2V oV
A2— =17—+ V. 23
ox? ot (23)
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Text-fig. 11. Strip displacement versus time to peak. Same data as in Fig. 10. Straight
lines were fitted to the points by eye and had slopes of 1-72 mm/sec for positive
displacements and 2-25 mm/sec for negative displacements.

For a sinusoidal input the boundary condition at # = 0 may be taken as V = Vet
and the solution is then

V =7V, exp[jut—(a+pj)x] ...z >0, (24)
where
a= X:/—2 [1+ (1 +72w?)}), (25)
1
B = WG [— 1+ (1 +72%2)H (26)
Asw—>0,ie. 0w < 1,
a=% (27)
. TW
B = - (28)
Hence at very low frequencies eqn. (24) becomes
V =TV exp(—z/A)exp [gw (t—%)], (29)

which implies that the peak attenuates as e~*/2 and travels with a velocity of 2A/r.
Using the mean velocity of 2:7 mm/sec and the mean A of 26-5 um, we obtained a 7
of 19-6 msec.

4 PHY 29I
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Our value of 7 is substantially greater than the time constant of 4-7 msec obtained
by Baylor et al. (1974), who used a bridge circuit to pass current through, and record
from, a single electrode in red-sensitive cones. However, in a coupled network, if
voltage is recorded from the cell where current is injected the time for the potential
to reach half its final value is much shorter than in an isolated cell. From Table 1,
it can be seen that with A/D = 1-5 the time ¢, for ¥, , to reach 0-63 of its final value
is about 7/5 instead of 7 as in an isolated cell. Our observation showed that cone
pairs separated by less than 15 um had values of f, between 3 and 9 msec whereas
those separated by 20-55 #m had values of ¢, between 17 and 20 msec. The average
time constant obtained by analysing these data with theoretical tables similar to that
in Table 1 was 21 msec. This agrees fairly well with the value of 13—-18 msec obtained
by Hodgkin & O’Bryan (1977) and with the present value of 19-6 msec based on the
velocity of electrical spread. The value calculated for the total membrane capacity is
about 100 pF which corresponds to about 1-7 4F/cm? if the total area is taken as
6 x 105 cm? (Baylor et al. 1974).

DISCUSSION

The results in this paper show that, in the peripheral parts of the turtle’s retina,
cones are electrically coupled to cones of the same spectral sensitivity but not to
others of different spectral sensitivity. Blue-sensitive cones are impaled so rarely
that we have no evidence about them but it seems that the two other main types are
connected in separate networks of red- and green-sensitive cones. Since neighbouring
cells of the same spectral type can be separated by relatively large distances (Text-fig.
6) it seems unlikely that a two dimensional network could be formed solely by gap
junctions between cell bodies. This suggests that electrical junctions are made
between the basal processes which radiate over a distance of 10-40 gm in a horizontal
plane from the synaptic pedicles (Lasansky, 1971). Evidence which supports this
contention is provided by the discovery of gap junctions between the basal processes
of cones in the peripheral retina of mammals (Raviola & Gilula, 1973).

The demonstration that coupling is between cones of the same spectral identity is
consistent with Baylor & Hodgkin’s finding (1973) that green-sensitive cones are
insensitive to illumination with wavelengths which are optimal for red-sensitive cones.
The result seems logical since one would not expect information about colour to be
discarded by mixing up cones of different spectral identity in a single network. It
is then rather surprising that several morphological studies have demonstrated
apparent connexions between cones of different spectral sensitivity as well as between
rods and cones (Missotten, Apelmanns & Michiels, 1963; Nilsson, 1964 ; Cohen, 1965;
Sjostrand, 1969; Raviola & Gilula, 1973; Scholes, 1975). The functional significance
of these connexions remains to be worked out. Cells connected by gap junctions
can be uncoupled by a variety of experimental procedures, which have only slight
or subtle effects on the morphology of the junction (Peracchia & Dulhunty, 1976;
Peracchia, 1977). It therefore seems probable that not all junctions identified histo-
logically as gap junctions are operative as electrical links and that electron-micro-
scopy needs to be supplemented with electrical measurements before one can decide
whether cells are connected together or not.
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A complete experiment on a pair of coupled cones gave their separation, mutual
resistance and space constant; in some cases we also obtained information about the
time constant of the network. From this information and an appropriate model one
can calculate basic quantities such as the resistance or capacity between the inside
and outside of an isolated cone and the value of the resistance linking cones together.
Since the theory is more likely to apply when cones are tightly coupled, and as injury
probably reduces the membrane resistance, we consider that the first sixteen cones
out of the total of thirty-two red-sensitive cones in Table 3 may give a better value
than the overall average. These gave an average mutual resistance of 29 MQ at a mean
separation of 20 um and a mean space constant of 29 um. The average value of the
membrane resistance rm was 167 MQ; the mean coupling resistance r, was 66 MQ
for the square array and 114 MQ for a hexagonal array; the input resistance of
a cone in the network was 24 MQ. A smaller number of experiments gave the mem-
brane time constant as 20 msec and the total capacity of an isolated cone as about
100 pF. These values are in fair agreement with estimates made by Lamb & Simon
(1976), Baylor et al. (1974) and Hodgkin & O’Bryan (1977).

We are greatly indebted to Dr T. D. Lamb for much helpful discussion and for writing the
computer programmes on which Text-figs. 1 and 2 and Table 1 are based. Our thanks are also
due to Mr W. W. Stewart for providing Lucifer yellow and to Mr R. H. Cook for building the
optical stimulator. This investigation was supported by grant 1R01 EY02078-01 from the
National Eye Institute, U.S.P.H.S.
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EXPLANATION OF PLATE

A, photomicrograph of a pair of fluorescently stained cells in the intact retina. Two cones were
impaled with electrodes containing the fluorescent compound Lucifer yellow. The separation
between cells, estimated from the spatial sensitivity profiles, was 54 yum. Both cells were then
injected with Lucifer and after fixation with formaldehyde the piece of eyecup containing them
was viewed with a compound microscope from the vitreal surface using incident illumination.
Along this optical axis the marked cells appear as fluorescent circles having a centre-to-centre
separation of 55 yum. B, the same cells as in A4 after being embedded and sectioned. The drawings
confirm that the cells in 4 are cones. The calibration bar represents 20 gm in 4 and 5-5 yum in B.
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