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SUMMARY

1. Outer segments of individual rods in the retina of the toad, Bufo marinu8, were
drawn into a glass pipette to record the membrane current.

2. Light flashes evoked transient outward currents. The peak response amplitude
was related to flash intensity by a Michaelis equation with half-saturating intensity
about 1 photon gm-2.

3. The saturating response amplitude ranged up to 27 pA and corresponded
closely to complete suppression of the steady inward current present in darkness.

4. For a given cell the saturating response amplitude varied linearly with the
length of outer segment within the pipette. This is consistent with a uniform density
of light-sensitive channels and negligible gradient of membrane potential along the
outer segment.

5. Responses to bright flashes never showed the relaxation from an initial peak
seen previously in intracellular voltage recordings, suggesting that the conductance
change responsible for the relaxation does not occur in the outer segment.

6. Responses to local illumination of only the recorded outer segment were very
similar to those obtained with diffuse light at the same intensity, indicating that
peripheral rods made little contribution to the responses.

7. The spectral sensitivity of 'red' rods was consistent with a retinal.-based
pigment with Amax = 498 + 2 nm.

8. The kinetics of the response were consistent with four stages of delay affecting
action of the internal transmitter. Responses were faster at the basal end of the
outer segment than at the distal tip.

9. Background light reduced the sensitivity to a superposed dim test flash and
shortened the time course of the response, indicating that adapting light modifies
the kinetics and gain of the transduction mechanism within the outer segment.

10. Responses to dim lights exhibited pronounced fluctuations which are attri-
buted in the succeeding paper (Baylor, Lamb & Yau, 1979) to the quantal nature of
light.

INTRODUCTION

It is generally accepted that the hyperpolarizing light response of vertebrate
photoreceptors results from reduction in a steady inward current of sodium ions
which in darkness flows across the outer segment membrane. The electrical responses
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of receptors have been studied by measurement of extracellular voltage gradients
(Hagins, Penn & Yoshikami, 1970) and by intracellular voltage recording (Tomita,
1970). Such measurements provide information averaged over a number of cells
because of the high extracellular conductivity and the existence of electrical coupling
between photoreceptors (Baylor, Fuortes & O'Bryan, 1971; Baylor & Hodgkin,
1973; Copenhagen & Owen, 1976; Fain, Gold & Dowling, 1976; Schwartz, 1976;
Lamb & Simon, 1976).

There are two incentives to recording the membrane current of a single photo-
receptor's outer segment. Firstly, the technique should help to determine which
regions of the cell membrane are responsible for generating the dark noise (Simon,
Lamb & Hodgkin, 1975; Lamb & Simon, 1976, 1977; Schwartz, 1977) and for causing
the spike-like transient in intracellular voltage responses to bright flashes (Baylor
et al. 1971; Kleinschmidt, 1973; Schwartz, 1973; Brown & Pinto, 1974; Baylor,
Hodgkin & Lamb, 1974; Fain, 1975). Secondly, the technique permits observation
of responses to single photons, a level of resolution not attainable with intracellular
recording because electrical coupling averages the responses of many cells and
severely reduces the amplitude of individual events.
In the present study, the membrane current of a single outer segment has been

recorded; 'red' rods in the retina of the toad, Bufo marines, have been studied
because of their large size. This paper describes general properties of the membrane
current, while the following paper (Baylor et al. 1979) deals with responses to single
photons.
A preliminary description of some of this work has been reported previously (Yau,

Lamb & Baylor, 1977). A similar recording technique has been used by Jagger
(1976) and McBurney and Normann (1977).

METHODS

Optical 8y8tem. Text-fig. 1A is a schematic diagram of the apparatus for electrical recording
and optical stimulation of single outer segments. A glass chamber, C, containing the pieces of
retina was mounted on the stage of an inverted compound microscope (Zeiss Invertoscope D).
The prism above, P1, directed light from a dual-beam optical stimulator (similar to that of
Baylor & Hodgkin, 1973) downwards, through the polarizer, Pol, condensing lens, CL (Zeiss
Phako IV Z7 'J'), and onto the preparation. In most of the experiments described in this paper
the light was plane-polarized with the plane of polarization normal to the long axis of the
outer segment (i.e. in the 'preferred' direction); in other experiments the light was not polarized.
Light collected by the objective, 0 (Zeiss planachromat, 6-3, 16 or 40 x ) was directed by prism
P3, either to the viewing eye-pieces, EP (Zeiss, 25 x KPL), or to a side tube. An infra-red image
converter, IR (Metascope, Varo Inc.), was mounted behind one eye-piece, and an infra-red
filter (Schott, RG850) was placed in one or both beams of the optical stimulator. It was possible
to connect to the side tube of the microscope either a camera or a quantum photometer (Prince-
ton Applied Research 1140A/B). Unless otherwise stated the stimulus was 500 nm 'mono-
chromatic' light. Light calibration was performed at the end of each experiment by placing
the sensor of a photometer (United Detector Technology, lIlA) at the position normally
occupied by the preparation. Neutral density filters were calibrated in situ using both photo-
meters.
Knowledge of the stop-band properties of the 700 nm interference filter was important in

spectral sensitivity measurements (sec p. 600). We were unable to measure directly the high
attenuation in the skirt of the interference filter (i.e. of the order of 5 or more log units) and
resorted to the following procedure. The threshold of detection for a dark-adapted human
observer was determined with light from the optical bench transmitted through a broadband
green interference filter (A,, = 542 nm, half width = 85 nm). A second determination was
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Text-fig. 1. Diagram of the stimulating and recording arrangement. A, optical path
through the inverted compound microscope. P1, P2, P3, prisms; Pol, polarizer; CL,
condensing lens; C, chamber for holding retinal pieces (see 1B); P, pipette; H, pipette
holder; E1, E2, Ag/AgCl electrodes; 0, objective; EP, eye-piece; IR, infra-red image
converter. B, top view of pipette holder and glass chamber for holding retinal pieces.
The chamber, C, consisted of a 25 x 76 mm glass slide with a smaller piece of glass spaced
about 4 mm above (see also A). This formed a cavity sealed on three sides (stipple),
but open at the front, and the Ringer solution containing retinal pieces was held in
by surface tension. P. pipette, H, pipette holder; E1, E2, Ag/AgCl electrodes; S, shaft
for connexion to micromanipulator; T, tubing for connexion to pressure system. 02,
tube for blowing moist oxygen against surface of Ringer solution. The current, j, was
monitored by amplifier A with feed-back resistance, R = 100 MQ; V, voltage source,
variable continuously and stepwise.
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made with the 700 nm interference filter in series with the broadband filter and required the
removal of 6-6 log units of attenuation in order to reach threshold; at slightly higher intensities
the beam appeared red. Allowing for the fact that the 700 nm filter attenuated by approxi-
mately 0-3 log units at 700 nm, we interpret this result to indicate that in the band 500-580 nm
the 700 nm filter attenuated by more than a factor of 10".

Recording chamber and pipette holder. The glass chamber, C (see Text-fig. 1B), was open-
fronted, and the Ringer solution containing the preparation remained within by surface tension.
The chamber was placed in the microscope's slide holder and could be finely positioned in the
horizontal plane. The pipette, P, was gripped by the holder, H, on which was mounted a
Ag/AgCl electrode, E1, suction being applied via the tubing, T. The holder was mounted on a
Leitz micromanipulator by shaft, S.

Electrical recording. The recording arrangement, based on that of Neher & Sakmann (1976),
is shown diagrammatically in Text-fig. 1B. The current, j, flowing between the Ag/AgCl
electrodes, E1 and E2, was monitored by amplifier A (Function Modules, 380K), which produced
an output voltage, -jR, with the feed-back resistance R = 100 MO. The variable voltage
source, V, allowed compensation for differences in electrode potentials and provided voltage
steps (usually 100 /zV) for measuring electrode resistance. Recording resolution was limited
by thermal noise in the leakage resistance between the inner surface of the electrode tip and
the membrane of the outer segment. The output signal was amplified, stored on an FM tape
recorder (Ampex, PR-2200) with band width 0-312 Hz, and displayed on a chart recorder.
On replay the signal was filtered by a 6-pole low-pass filter with cut-off frequency set at 15,
20, or 30 Hz. Responses were averaged with a digital computer (DEC, PDP 11/34).

Suction. Small pressure changes were made using an oil-filled system with gas-chromato-
graphy syringes (100 ,sl. and 1 ml.) driven by micrometers. An air bubble was left between
the oil and Ringer solution in the pipette holder to prevent oil getting into the recording system;
the bubble also provided a degree of compressibility, permitting finer control of the sucking
action.

Pipette electrode. Pipettes with rapidly tapering shanks were pulled from 1-2 mm outer dia-
meter Pyrex capillary glass (Corning, medium wall). They were scored with a diamond knife
and broken off squarely at a position where the outer diameter was about 50 /sm. While viewing
the tip under a compound microscope, a platinum heating wire was brought near until the
tip had collapsed to give a constricted entrance about 6 /sm in inner diameter and about 10-
15 #sm in length (see Plate 1 A). To prevent direct contact between glass and outer segment
membrane, a thin coating of vinyl resin (Stoner-Mudge, Mobil) was applied to the pipette tip
by briefly-immersing it in a drop of thinned resin and then manually applying strong suction
using an air-filled syringe. The resistance of a good pipette was typically 1-5-2 Mf when filled
with Ringer solution.

Ringer solution. Toad Ringer solution was that used by Brown & Pinto (1974). It contained
(in mm): NaCl, 111; MgCl2, 1-6; KCl, 2-5; CaCl2, 1-0; D-glucose, 10; HEPES, 3, buffered to
pH 7-8 with NaOH.

Temperature. All experiments were done at room temperature (18-25 TC).
Retina. Toads, Bufo marines, were maintained at 25 'C on a diurnal light-dark cycle and fed

new-born rats. In dim red light a toad, which had been dark-adapted overnight, was pithed
and one eye was removed, the other being used several hours later. With the aid of a dissecting
microscope and infra-red image converter, the posterior pole of the globe was cut off with a
razor blade and cut into two or three segments, avoiding the optic disk. These segments were
placed in a small dish of Ringer solution and the retina was gently isolated from each segment.
The retinal segments were transferred with a broad-tipped pipette to another dish and cut
with a section of razor blade into pieces about 0-1-0-2 mm in size. Each piece probably con-
tained several hundred photoreceptors, but in many cases a substantial number of outer seg-
ments were broken off. The chopped pieces were then transferred by pipette to the glass chamber
and mounted on the stage of the inverted microscope. Except for initial pithing and enucleation,
the procedure was carried out without visible light. After the preparation was in place on the
microscope, inside a light-tight enclosure, dim red light was used in the room.

Recording procedure. Under infra-red illumination, the chamber was scanned by moving it
horizontally with the mechanical stage of the microscope. When a piece of retina with intact
and suitably oriented outer segments was found, the microscope was focused on an outer seg-
ment and the pipette was adjusted to the same vertical position. While advancing the retinal
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piece towards the electrode using the mechanical stage adjustment, gentle suction was applied
so that the tip of the cell entered the lumen of the pipette. The stage position and the suction
were then adjusted together so that the cell slipped in smoothly without buckling or stretching.
Plate 1 shows a sequence of photographs taken in visible light with a cell approaching the
electrode (A), drawn in (B), and illuminated with a slit applied longitudinally (C) and trans-
versely (D). With a cell properly in place the electrode resistance was typically three to five
times higher than initially, permitting 80% or more of the membrane current to be recorded.
An electrical artifact was almost invariably encountered while sucking a cell in. It appeared

as a current induced by a voltage change of up to about 100 1sV, in a positive direction (i.e.
current entering the pipette tip) during sucking, and in a negative direction during blowing.
The sign and magnitude of the artifact were consistent with a differential pressure effect on
the Ag/AgCl electrodes, but it may alternatively have arisen from a streaming potential re-
sulting from fluid motion through the pipette tip. This artifact made it difficult to determine
the steady current flowing across the cell membrane in darkness; a way around the problem
is described in the Results.

Stimukation. Light was applied over the entire preparation, or locally to the recorded outer
segment by imaging on it a rectangular slit of adjustable size. The image of the slit was posi-
tioned using screw carriages on the optical bench and focused by adjusting the height of the
condensing lens. Although the lens was not perfectly achromatic in the range 420-850 nm, it
was found that almost identical focusing was obtained with infra-red light and with the 500 nm
blue-green light which was used in most experiments. The slight degree of image blurring at
other wavelengths probably had little effect on the spectral sensitivity curves, which were
determined with wide slits.

RESULTS

Relation of photocurrent to dark current
Text-fig. 2A shows the response of a red rod to a bright flash of blue-green light

at time zero. The photocurrent was an outward change approximately 20 pA in
amplitude which remained at the saturating level for several seconds. As discussed
in the Methods, an electrical artifact which accompanied pressure changes made it
impossible to determine the standing dark current from the change in current
resulting when the outer segment was drawn in. To circumvent this problem the
outer segment was broken from the inner segment at the cilium by delivering sharp
taps to the base-plate (arrows in Text-fig. 2A) after the cell had recovered from
the previous flash. Breakage resulted in a rapid outward change in current of about
22 pA and failure of the outer segment to respond to a second identical flash. Visual
observation confirmed that the outer segment had separated from the inner segment
and had not moved within the pipette.
The abrupt change in current produced by breakage of the cilium and the ab-

sence of a light response thereafter is consistent with the notion that net membrane
current was abolished by breakage, as would have occurred if the membrane re-
sealed.-Assuming that the level after breakage indeed represented zero membrane
current, the similar level reached in the preceding bright flash response suggests
that the flash almost completely blocked a steady inward current present in darkness.

In this experiment it was necessary to ensure, before breaking the cilium, that
there was no net pressure across the cell. In some attempts the detached outer
segment moved in one direction or the other, and these were discounted. Text-
fig. 2B plots collected results from eighteen stable cells. In all cases the saturating
response (ordinate) was within 2 pA of the change resulting from breakage (abscissa).
The line of least squares fit restricted to pass through the origin (0, 0) passes through
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the mean (x, y), and for these points had a slope of 0 99; however, the line in Text-
fig. 2B is drawn with unit slope. The conclusion from these results is that virtually
the entire dark current is abolished in bright light.
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Text-fig. 2. Response to bright flash followed by severing ciliary neck of outer segment.
A, at time zero a bright diffuse flash (F) elicited a saturating response of about 20 pA
which remained at the plateau level for several seconds. After recovery two sharp
taps were given to the micromanipulator base-plate (arrows), causing breakage of the
cilium and a step change in current of about 22 pA. A second flash (F) then gave no
response. Electrode resistance changed by less than 10% when cell was broken. Outward
membrane current plotted upwards in this and subsequent Figures. B, saturating light
response (ordinate) against change in current on breakage (abscissa) for eighteen cells.
Straight line through origin has unity slope.
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Response as a function of intenaity
A family of responses to a series of brief flashes of increasing intensity is shown

in Text-fig. 3A. The lower three traces are averages of eight to twenty-two responses,
while the remainder are single sweeps or averages of only a few responses. The
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Text-fig. 3. Responses to flashes of increasing intensity. A, response in pA relative to
the level in darkness is plotted against time from the middle of a 20 msec flash of
light. Illumination applied only to the outer segment in the pipette; 500 nm mono-
chromatic polarized light; numbers at right represent intensity in photons jm-2 per
flash. The lowest three traces are averages of ten, eight and twenty-two responses
respectively; other traces based on one to four responses. The signal was filtered by a
6-pole low-pass filter with cut-off frequency 20 Hz. Cell 9 of Table 1. B, peak responses
from A plotted against flash intensity (log scale). Curve is eqn. (1) with rn. = 22 pA,
io = 1-0 photons #um-'.
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variation of peak amplitude with flash intensity for this cell has been plotted in
Text-fig. 3B and is fitted by the rectangular hyperbola or Michaelis equation

r i (1)
rmax -+io

Here r represents response amplitude (pA), with maximum rmax, and i represents
flash intensity (incident photons #sm-2) with half-saturating intensity io. The flash
intensity i is related to the steady intensity I (photons #sm-2 sec') by i = IAt,
where At is the flash duration.

1-0

0-8~~~~~~~~~~018 - 110

x06 -

E*

0 08

i/jo

0o0or 1 1 10 100
ilio

Text-fig. 4. Relation between normalized peak amplitude of the photocurrent (ordinate)
and normalized flash intensity (abscissa, logarithmic scale). Collected results from
thirteen cells; curve is eqn. (1). Values of rum. and io for each cell are given in Table 1.

Eqn. (1) usually fitted the response-intensity relation, as shown in Text-fig. 4,
a composite plot of the normalized relations from thirteen cells. In some cells there
was a systematic deviation from eqn. (1) in that the response approached saturation
more rapidly than predicted (see Text-fig. 5 for example). Table 1 gives collected
values of rmax and io. The greatest value for rmax was 27 pA and the mean value
of io was 1-46 photons um-2. The wide range in rmax values was due in part to varia-
tions in the length of outer segment drawn into the electrode (see p. 599).

Responses to dim lights were marked by striking fluctuations (Yau et al. 1977)
in contrast to the reproducible responses obtained previously with intracellular
voltage recordings (see Fain, 1975). These variations necessitated averaging a num-
ber of small responses and contributed to uncertainty in points on the response-
intensity curve. The fluctuations are treated in the subsequent paper (Baylor et al.
1979) and are attributed to the quantal nature of light.
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Spatial contributions to response
Local and diffu8e illumination

Response families to local illumination of an outer segment and diffuse illumina-
tion of the preparation are shown in Text-fig. 5A and B. The close similarity of the
families is also evident in the response-intensity relations of Text-fig. 5C. These
results are in contrast to intracellular voltage responses, which are significantly
larger for diffuse light, and support the idea that the current signal represents
activity predominantly of one cell.

TABLE 1. Parameters of response-intensity relations and flash response kinetics. Symbols are
as in Text-figs. 4 and 9. Values of r,, and io are those required to give the best fit of eqn. (1)
to the response-intensity relations. For cells 5-13 the flash response kinetics were analysed by
the method illustrated in Text-fig. 11. P, I, S indicate that the form of the best fit was: Poisson
(eqn. 3), independent activation (eqn. 4), or slower decay than independent activation (see
Text). All cells required n = 4 stages; values of tp,,k and flash sensitivity S, were determined
from the best fit of templates. For cells 1-4, tp,,k was determined by inspection of the average
response. The ratio ioSf/max is expected to equal unity; it was found to range from 0-62 to 1-59.
Stimuli were 20 msec flashes of 500 nm polarized light

Kinetics
Response-intensity -A

-A ~~~~~~~~~~~~Sf
i4 (pA

r~a, (photons tpek photon-"
Cell (pA) Fm_2) (sec) Form Stages sm2)
1 A 27 1-3 (1-1)
2 * 12 2-6 (1.1) - -
3 V 17 0-55 (1.4)
4 V 15-5 0-57 (2.5)
5 0 20 3.3 0-6 S 4 5-6
6 * 9-7 1-6 0-8 I 4 4.5
7 LI 20 1-75 0-85 S 4 84
8 * 15-3 3-0 0-9 P 4 4.9
9 K 22 1-0 1-2 P 4 17

10 * 18 0-85 1-2 S 4 15-5
11 O 22 0-83 1-4 I, P 4 23
12 J 14-5 1.1 1-55 I 4 13
13 x 12 0-54 2-2 P 4 35-8

Mean 1-46

The expected difference in photocurrent responses between local illumination of
only the recorded cell and diffuse illumination of the entire coupled network can be
determined by analysing a simple electrical model. The central photoreceptor is
assumed to have the equivalent circuit proposed by Baylor & Fuortes (1970), with
its interior tightly coupled by low resistance junctions to a large number of identical
cells. For a diffuse stimulus, the existence of coupling can be ignored as no current
flows between cells, while for a local stimulus the coupling clamps the interior of
the central cell at the dark potential. If the relation between light intensity and
fraction of channels blocked is the Michaelis relation given by Baylor et al. (1974),
eqn. (15), then the relation between light intensity and recorded current is also
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Michaelis in the two cases. It may then be shown that the half-saturating intensities
diffuse and local are related by

tdiffuse = a=1_ + 9
local 0'

(2)

where gD is the dark value of the light-sensitive conductance and 0 is the conductance
of the remainder of the cell. In turtle cones, the factor a has a value of about 1P6
(Baylor et al. 1974).

15 r

10

a

0

10-

0.

5

0

15

10

0.

5

0

K
Il

0 1 2
Time (sec)

I
3

C

0.1 1 10 100 1000
i(photons Mm-2)

Text-fig. 5. Comparison of responses to local and diffuse flashes. Superimposed re-
sponses to 20 msec flashes of polarized 500 nm light delivering from 0-21 to 53 photons
umMa. Cell 8 of Table 1. A, local illumination with longitudinal slit 57/jm wide and
130 jum long. B, diffuse illumination. a, response-intensity relations for local (0) and
diffuse (@) light; curves are eqn. (1) with ran = 15-3 pA and with io = 4 0 photons
csm-2 (continuous) and io = 3 0 photons .Um- (dashed).
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Eqn. (2) indicates that, when photocurrent is recorded from a cell, the expected

response-intensity curve with diffuse light is shifted to higher intensities (by about
0-2 log units if a = 1*6 for rods). This predicted behaviour, which is opposite to that
of intracellular voltage responses, results from the fact that in diffuse light the net-
work hyperpolarizes, causing an inward component of current. In Text-fig. 5C,
however, the diffuse light relation is shifted to lower intensities by about 01 log
units. A discrepancy of this kind was observed in several experiments and probably
indicates that light scattering reduced the effective intensity of the local stimulus.
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Text-fig. 6. Saturating light response as a function of length of outer segment drawn
into the pipette. Ordinate is response to a diffuse 20 msec 500 nm flash delivering
64 photons sm-2. Abscissa, d, is distance from electrode tip to distal tip of outer seg-
ment (see inset). The cell was expelled and drawn in twice, and most points are averages
of two measurements. During the experiment the response at the optimal position
(di = 58 /sm) decayed from 26-8 to 22-4 pA and all points have been scaled to give
26-8 pA at this position. Curve fitted by eye. This cell was completely separated from
the retina (see text).

Current density along length Of outer segment
To investigate the uniformity of the membrane current density in different re-

gions of the outer segment, varying lengths of a cell were drawn into the pipette
and bright diffuse light stimuli were applied. Text-fig. 6 shows results from such
an experiment. Because of the finite extent of the constricted region of the pipette
it was difficult to define the exact length of cell 'effectively' in-side the electrode,
and the distance, d, was measured from the distal tip of the outer segment to the
tip of the pipette (see inset in Text-fig. 6). The position d = 18 ,sm on the abscissa
corresponds to the tip of the outer segment being near the centre of the constriction.
The saturating response increased linearly in the range d = 24-52 ism, as would
be expected if the current density had an approximately constant value of about
0-75 PA /csm-1 in each element of outer segment. The deviation from linearity at small
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values of d probably resulted from a lowered electrode resistance when the con-
striction was not fully occupied. When part of the inner segment was also drawn in,
the response began to decline and the position of the maximum (d = 57 gim) occur-
red when the ciliary neck separating the inner and outer segments was centred in
the constricted region of the pipette.
The cell illustrated in Text-fig. 6 was unusual in that the inner segment had

separated completely from the more proximal synaptic ending and from other cells.
This made the cell convenient for the experiment as it could readily be moved back
and forth in the pipette without distortion resulting from failure of the bulk of the
retina to move. In addition, it was possible to draw in the inner segment without
damage, and the run only ended when the entire cell rushed into the electrode.
Results from three other cells showed similar linear behaviour, but did not permit
observation of the contribution of the inner segment. The mean current density
for the four rods was 0 54 + 0 09 (S.E. of mean) pA tm-'l.
The linearity of response amplitude with length recorded, and the implication

that each element of outer segment contributed approximately equally to the
saturating response confirms results of Hagins et al. (1970). They showed that the
extracellular voltage gradient in retinal slices increased approximately linearly
with distance from the distal tips of the outer segments, implying that the current
density across the outer segment membrane was uniform.

Spectral sensitivity
Text-fig. 7 shows the normalized spectral sensitivity of four rods in the range

420-700 nm. The relation is similar to results obtained by Harosi (1975) with micro-
spectrophotometry, and by Fain et al. (1976), and Cervetto, Pasino & Torre (1977)
with intracellular recording. At 700 nm the sensitivity was reduced by nearly five
orders of magnitude. The accuracy of points at such low sensitivities depends on
the stop-band properties of the interference filters; tests showed that the 700 nm
filter attenuated wavelengths between 500 and 580 nm by more than a factor of
106, indicating that sensitivities down to 1o-5 should be reliable (see Methods, p. 590).
The solid curve is the 'new' Dartnall nomogram for a retinal,-based pigment with
Amax = 498 nm (Wyszecki & Stiles, 1967, p. 584) and provides a good fit. In the
same preparation Harosi (1975) obtained a value of Amax = 502 nm using micro-
spectrophotometry, but this value gave a poorer fit to our data, and we are unable
to account for the difference.
The suction technique combines some of the advantages of both electrical and

microspectrophotometric measurements of spectral sensitivity. Electrical recording
allows the spectrum to be followed much further down the curve than is possible
with spectrophotometry, where the signal is usually lost in noise for wavelengths
at which the absorbance is reduced more than about 50-fold from the peak value.
In addition, in comparison with recordings in the intact retina, self-screening and
filtering by other cells or structures such as oil-droplets are avoided, as the light
can be confined to a single cell and the path through the outer segment is short, at
right angles to the long axis. As a result, the suction electrode technique may permit
the nomogram to be extended to longer wavelengths; the broken part of the curve
in Text-fig. 7 illustrates the form it may take for Amax = 498 nm.
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Time course of the response
Absence of early transient in bright flah response

Intracellular voltage responses of cones and rods to bright flashes commonly
show a rapid hyperpolarization followed almost immediately by relaxation to a
plateau level (Baylor et al. 1971; Kleinschmidt, 1973; Schwartz, 1973; Brown &
Pinto, 1974; Baylor et al. 1974; Fain, 1975), and a number of investigators (see
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Text-fig. 7. Collected spectral sensitivities from four 'red' rods. Relative quantum
sensitivity, determined in the manner described by Baylor & Hodgkin (1973), plotted
logarithmically against wavelength. Each set of points was normalized to a value of
unity at 500 nm. Continuous portion of curve is a Dartnall nomogram with A, -
498 nm; dashed continuation fitted by eye.

Fain, Quandt, Bastian & Gerschenfeld, 1978) give evidence that the relaxation
arises from a voltage-sensitive conductance increase. A prominent decline from an

initial peak was never observed in our recordings of membrane current (see, for
example, Text-fig. 2A), although on some occasions the brightest flashes gave a

small transient decrease after the initial rise. The absence of the phenomenon sug-

gests that the ionic channels responsible for producing this phase of the voltage
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change are not located in the outer segment but are instead situated more proxi-
mally, in the inner segment or synaptic ending. Although intracellular voltage
might be expected to affect outer segment current, this would not be the case in
bright light, when all outer segment channels are closed and the current is reduced
to zero (see p. 609).
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Text-fig. 8. 'Pseudo-intracellular' responses of a rod to diffuse 20 msec flashes of
polarized 500nm light. The outer segment was presumably damaged (see text). A,
superimposed responses to flashes delivering from 0-22 to 113 photons /sm-2. B, super-
imposed responses to eleven (above) and fourteen (below) consecutive flashes delivering
0-45 and 0-22 photons /um-2 respectively.

It might be argued that the mechanism producing the transient was for some
reason absent from cells in our preparation, but occasionally we recorded responses
which appeared closely related to intracellular responses and which exhibited the
transient. An example is shown in Text-fig. 8. When first drawn in, the cell's re-
sponse to diffuse light was biphasic, with a rapid inward transient followed by a
slower outward component, but after a short time the second component dis-
appeared, leaving purely negative-going responses as illustrated in the family of
Text-fig. 8A. These responses to diffuse light are very similar to intracellular voltage
records, suggesting that they represent a measure of intracellular voltage. A possible
explanation is that the cell membrane was punctured at a position distal to the
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electrode constriction, abolishing the light-evoked conductance change in the re-
corded outer segment but allowing a current change due to hyperpolarization of
other rods coupled to the central cell. On one occasion a normal outward photo-
current without a transient was observed from a cell, while an adjacent outer seg-
ment recorded immediately afterwards showed the inverted response with a pro-
minent transient. Similar inverted responses with an early peak were recorded from
three other rods.

Text-fig. 8B shows that responses to dim diffuse flashes recorded 'intracellularly'
in our preparation showed little variation in amplitude, in contrast to the fluctuations
observed in the current recordings (Yau et al. 1977; Baylor et al. 1979). Such con-
stancy would be expected of responses representing the average voltage in a net-
work of coupled cells (see Fain, 1975; Lamb & Simon, 1976; Schwartz, 1976).
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Text-fig. 9. Relation between half-saturating intensity, io, and time to peak of the
dim flash response, tpe,=; logarithmic scales. Same cells as Text-fig. 4 and Table 1.
Straight line is io oc tpk-1-4, representing the linear regression of log io to log tV; corre-
lation coefficient 0-84.

Time to peak
In different cells the time to the peak of the dim flash response, tpeak, varied be-

tween 0-6 and 4 sec. In many cases the slower cells were more sensitive although
the saturating amplitudes were similar. This relation is illustrated by Text-fig. 9,
in which the half-saturating intensity io is plotted against tpeak in logarithmic co-
ordinates for the cells of Table 1. The straight line is the regression fit of log io to
log tpeak and describes a power law relation io Xc tpeak-1. Previous intracellular
studies in the same preparation gave the time to the peak of the dim flash response
as about 1 sec (Brown & Pinto, 1974; Fain, 1975) or about 0-4 sec (Cervetto et al.
1977), similar to that of the faster responses obtained here. It seems odd that the
slower responses, which might at first be thought to be unphysiological, corresponded
to considerably higher sensitivities. Changes in an 'integrating' step might explain
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the correlation; for example, slowing the rate of removal of internal transmitter
could slow the kinetics and increase the sensitivity.

It is possible that the slowness resulted in part from inadequate oxygenation or
from deterioration of the cells; during the course of an experiment the time to peak
sometimes increased. In early experiments the Ringer solution was thoroughly
oxygenated only initially, and not during recording. Later the method shown in
Text-fig. 1B was adopted, in which a stream of moist oxygen was directed across
the Ringer surface, to oxygenate and gently stir the solution. In these later experi-
ments very slow cells were encountered less frequently. It is also possible that the
procedure of cutting the retina into small pieces may have slowed the responses.
Results in this paper are taken only from cells in which tpeak was less than 2-5 sec.

1.5

1

0.5

0.

0 1 2 3 4
Time (sec)

Text-fig. 10. Average response to dim flashes. Linear plot of average response (noisy
trace) to local flashes delivering 0-11 photons /sm-2; forty trials. Smooth curve is re-
drawn from Text-fig. 11; eqn. (4), n = 4, tpek = 1-55 sec, r = 1-5 pA. Cell 12 of Table 1.

Kinetice of the responee
The average response of a cell to dim flashes is shown in Text-fig. 10 (noisy trace).

Its shape appears similar to that seen previously in intracellular voltage recordings
from photoreceptors. To fit the response we used the procedure of Baylor et al.
(1974) in which the response divided by stimulus intensity is plotted as a function
of time in double logarithmic co-ordinates. This method has the dual advantage
that stereotyped templates can be used to test the fit and that the applicability
of theoretical equations can be tested at early times in the response. Responses of
the cell at twelve intensities are plotted in Text-fig. 11 using this procedure.
The curves used in attempts to fit the response were two of those used by Baylor

et al. (1974), the Poisson and independent activation cases. Their eqns. (44) and (38)
are rewritten here in normalized form as
(Poisson) r*(t) = iSfTn-le(n-lXl-) (3)
and

(Independence) r*(t) = iSf l) n-T(1 - n-T)n-1. (4)
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Here r*(t) is the linear response (i.e. before allowing for compression by saturation),
i is flash intensity (photons ,tm-2), Sf is flash sensitivity (pA photon-' #um2), n is the
number of delay stages and T is normalized time (T = t/tpeak). (Note that for T = 1
the terms involving n and T in eqns. (3) and (4) reduce to unity.)

BE10-'
" o-E

C
0
40
0.

0. 10-2

10
Time (sec)

Text-fig. 11. Kinetics of outer segment photocurrent. Double logarithmic plot of
response divided by intensity for cell illustrated in Text-fig. 10. Each symbol represents
a different intensity, from 0-11 photons #M-2 (0, same responses as in Text-fig. 10)
to 1-1 x 10' photons /sm-2 (C). Curve is eqn. (4) with n = 4, tiers = 1-55 sec, Sf = 13 pA
photon-' ,um2. Cell 12 of Table 1. Responses to the five highest intensities (V, <O *,
0, ED) were not filtered; other responses were filtered by a 20 Hz 6-pole low-pass filter.

The points at early times (i.e. in the linear range) of each response in Text-fig. 11
could be fitted by eqn. (4) with n = 4 and peak = 1-55 sec, but eqn. (3) did not
provide a very good fit. The curve has been redrawn in the linear co-ordinates of
Text-fig. 10 and provides a good fit. The time constants of the four delay stages
involved in this particular fit are 1120, 560, 370, and 280 msec.
For the very bright lights (i.e. symbols towards the bottom) the curve lies to the

left of the symbols. Correction for the finite flash width would shift the curve in

605



D. A. BAYLOR, T. D. LAMB AND K.-W. YAU
this region further to the left, while correction for the electrical time constant of the
cell would shift the curve to the right. Preliminary analysis of responses to the
brightest lights suggested that the rise was limited by a time constant of about 30-
40 msec. This means that in addition to the four time constants, there was another
of 30-40 msec which was only apparent with very bright lights. This may represent
the electrical time constant of the cell, although it is substantially longer than the
9 msec estimated by Schwartz (1976) for rods in the turtle.
Parameters estimated from the flash response kinetics are collected in Table 1 for

nine cells. In all cases the fit was best with n = 4 stages, as found by Penn & Hagins
(1972) in rat rods, but in contrast to the case of n = 6 in turtle cones (Baylor et al.
1974) and turtle rods (Schwartz, 1976). Different cells were best fitted either by
eqn. (3) (P - Poisson), by eqn. (4) (I - independent activation) or by a similar
rising phase but slower falling phase than independence (S). We did not attempt to
fit this last class exactly, but it seems likely that a curve of the type of eqn. (43)
of Baylor et al. (1974) may be applicable. We conclude that the response kinetics
are well described by four time constants in the range 200-1200 msec.

Time course of response to stimulation at different positions on outer segment
Text-fig. 12A shows averaged responses to dim flashes of two intensities pre-

sented locally at different positions on an outer segment. A transverse slit stimulus
9'6 ,tm wide was flashed near the tip of the outer segment (traces 1 and 2) and at
a position 32,um nearer its base (traces 3 and 4). The responses elicited from the
base reached peak about 1 see earlier than those from the tip, and it is apparent
that the faster responses were not the result of differences in amplitude at the two
positions. The different kinetics at tip and base were found in all cells examined,
as shown in Text-fig. 12B. Here tpeak obtained with a flash of fixed intensity is
plotted against stimulus position on the outer segment. It is clear that in spite of
variations in the time scale of different cells the response at the basal end of the
outer segment was consistently faster than that at the distal tip.

In Text-fig. 12A flashes of the same intensity (traces 1 and 3) gave larger re-
sponses when presented at the tip. This was not a consistent finding and in other
experiments a given intensity gave a larger response at the basal end than at the tip.
It is not clear whether the differences in apparent sensitivity were caused by differ-
ences in effective intensity (perhaps resulting from the variable thickness of glass
in the pipette), by imperfect collection of current near the constriction, or by real
differences in sensitivity along the outer segment.

Effect of background light on time course of response
Baylor & Hodgkin (1974) showed that background illumination accelerated the

intracellular voltage response of cones to dim incremental flashes. Text-fig. 13 shows
the same effect in the current responses of a rod outer segment. The trace labelled
1 is the average response to a dim flash presented in darkness, while traces 2 and 3
are responses to flashes presented during background illumination. (In order to
maintain a nearly constant response amplitude the flash intensity was increased for
traces 2 and 3.) The response acceleration was considerable, as tpeak dropped from
1-5 sec to 0.5 sec with a background which gave an average response of 6-8 pA
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(about 45 % maximal). The observation that the acceleration affects membrane
current as well as intracellular voltage supports the notion (Baylor & Hodgkin,
1974) that the altered wave form represents a change in the state of the trans-
duction mechanism within the outer segment.
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Text-fig. 12. Time course of the response at the tip and base of the outer segment. A,
averaged flash responses to a narrow transverse slit near the tip (traces 1, 2) or nearer
the base (traces 3, 4). Distance of stimulus from tip of outer segment, incident intensity
(in photons jm-2) and number of trials averaged were respectively, trace 1: 6-4 fnm,
0-85, thirty; trace 2: 6-4 jsm, 0-43, thirty-one; trace 3: 38-3 jsm, 0-85, thirty-nine;
trace 4: 38-3jum, 2-4, twenty-six. Slit width 9-6 jm, 500 rim, 20 msec flash; total
length of outer segment 70 jam. Cell 9 of Table 1. B, time to peak of dim flash response,
t,,k, plotted against distance, x, of stimulus from tip of outer segment (see inset);
collected results from eight cells. For a given cell the values of tp were determined at
the same intensity; all response amplitudes less than 2-5 pA.
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Text-fig. 13. Acceleration of flash response by background illumination. Superimposed
averaged responses of a cell to 20 msec flashes of 520 nm light in the presence of a
500 nm steady background. Background intensity in photons jum-2 sec-', average
steady response, flash intensity in photons jum-2 and number of trials averaged were
respectively, curve 1: no background, 0 pA, 0-12, thirty-five; curve 2: 0-51, 5-2 pA,
0-59, thirty-three; curve 3: 2-1, 6-8 pA, combined 1-2, twenty and 2-5, six. Saturating
response 15 pA.

DISCUSSION

In certain respects light responses obtained by recording outer segment membrane
current and intracellular voltage are comparable. Both show: (i) a response-intensity
relation described by eqn. (1) with half-saturating intensity about 1 photon/,m-2,
(ii) an S-shaped delay involving a series of steps, (iii) acceleration of the response by
adapting lights and (iv) a spectral sensitivity described by a Dartnall (1968) nomogram
with Amax near 500 nm. The similarities are expected for effects resulting directly
from the transduction process in the outer segment.
A significant difference involves the absence in the current recordings of a tran-

sient component in the response to bright flashes, despite demonstration that the
mechanism responsible for the intracellular voltage transient was still present. We
interpret this difference to indicate that the conductance change generating the
transient is not located in the outer segment but instead in a more proximal region
of the cell (however, see Cervetto et al. 1977).
A second difference involves the effects of local and diffuse illumination. In

voltage recordings the response-intensity relation depends strongly on the area of the
light stimulus, and Fain (1975) has estimated that about 90% of the response of a
toad rod to diffuse light is generated in cells electrically coupled to it. With current
recordings the effects of local and diffuse illumination were almost indistinguishable.
The explanation for the different results with the two methods is that the current
responses reflect primarily events occurring in the recorded outer segment. This
property has the consequence that fluctuations are more pronounced in recordings
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of current across a single outer segment than in voltage recordings; use is made of
this in a following paper (Baylor et al. 1979) to study the effects of single photons.

It is interesting to compare the maximum current density flowing across the outer
segment membrane with that flowing in nerve during an action potential. The outer
segment dark current is roughly 25 pA and its surface area is roughly 1200 #tm2
(if x 6 #sm x 60 sum) giving a current density of 2 1sA cm-2. In contrast, the maximum
current density during the rising phase of the action potential in the squid axon is
about 2 mA cm-2 (Hodgkin & Huxley, 1952), three orders of magnitude larger.
The great difference suggests that there may be a considerable difference in channel
density or in channel properties between the two membranes.
The absence of net outer segment current during bright light does not itself

indicate that the membrane conductance is zero. However, a residual conductance
would permit a component of current to flow during the sag of intracellular voltage
from its initial peak. Such a component, which woulc add to the early photocurrent,
was not detectable in our experiments, and we estimate any residual conductance
in the outer segment to be less than about 10% of the light-sensitive conductance.
As in previous intracellular recordings, flash responses were progressively reduced

in size and shortened in duration by background lights of increasing intensity. This
phenomenon indicates that the transduction mechanism within the outer segment
undergoes adaptational change. Other factors, such as changes in voltage-sensitive
conductance in the inner segment, which might contribute to the effect in intra-
cellular voltage, can be ruled out as they would generate current components giving
the opposite effect. In cones the alteration in transduction can be accounted for by
assuming that backgrounds increase the rate constant of the step which terminates
action of the internal transmitter (Baylor & Hodgkin, 1974).
The time course of the rod reponses reported here is somewhat slower than in

previous intracellular studies (Brown & Pinto, 1974; Fain, 1975; Cervetto et al.
1977) and may indicate that our preparation was more fully dark adapted. In
addition, with intracellular methods the light is incident from the vitreal side of
the retina approximately axially to the outer segment, so that much of the absorp-
tion is at the basal end. As stimulation of more basal regions elicits faster responses
(Text-fig. 12) one would expect the time course to be faster with axial illumination
than with uniform illumination from a transverse direction. It is also possible that
the conductance change generating the transient voltage response to bright lights
may exert some effect even on small signals (see Schwartz, 1976; Detwiler, Hodgkin
& McNaughton, 1978). This would diminish the late phase of the linear voltage
response, thus causing it to be faster than the light-sensitive conductance change.
To examine this it would be useful to record voltage and current simultaneously
from the same cell.
The different response kinetics at tip and base could not result from longitudinal

diffusion of internal transmitter from the site of absorption to the base of the outer
segment, because experiments (see p. 599) showed that each element of surface
membrane contributed equally to the response. Instead it seems likely that the
kinetics of liberation or removal of internal transmitter vary systematically with
disk location. One possibility is the existence of a gradient of a diffusable metabolite
which originates in mitochondria in the inner segment and which plays a role in
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controlling the concentration of internal transmitter. An alternative is the 'ageing'
of a membrane constituent as the disks migrate along the outer segment from their
site of generation at the base to their site of removal at the tip (Young & Droz, 1968).
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EXPLANATION OF PLATE

Photomicrographs showing suction electrode, 'red' rod projecting from piece of retina, and
light stimuli.
A, preparation approaching tip of electrode.
B, outer segment of rod in position. Proximal end of cell remains attached to retina. Boundary
between inner and outer segments is visible.
C, longitudinal slit of 500 nm light on outer segment, nominal slit width 2-5 /Sm.
D, same, but slit oriented transversely.
Micrographs made in 500 nm light through camera tube of inverted microscope.
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