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SUMMARY PAGE*
THE PROBLEM

The problem of whether the rods contribute to S-potentials was studied in the in-
tact eye of the cat.

FINDINGS

S-potentials from luminosity units (L-units) were evoked by small spots of rela-
tively monochromatic light in dark= and light-adapted retinae.

Dark-adapted responses to blue light suggested that rods were excited because
both the "on" and "off" latencies were long over a 3.0 -log range of intensities.

The spectral sensitivity curve for dark-adapted S-potentials had its maximum at
500 nm and resembled Granit's scotopic dominator.

Scotopically balanced blue and orange lights produced equal-amplitude responses
in dark-adapted retinae. After light adaptation the same S-potentials were always
more sensitive to the orange light. The Purkinje shift suggested by this result was con-
firmed by calculating the light- and dark-adapted spectral sensitivities of several in-
dividual S-potentials.

The spectral sensitivity curve for lighi-adapted S-potentials had its maximum at
560 nm and resembled Granit's photopic dominator. In light-adapted retinae, in re-
sponse to orange light, response latencies even at threshold were always much faster
than in dark adaptation.

It is concluded that the rhodopsin rods contribute to S—potentials (L-type) in the
cat and that cones contribute to the same responses. If the horizontal cells produce
these responses, then either rods and cones synapse with the same cells or rod and cone
horizontal cells connect with each other.
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INTRODUCTION

Although S-potentials, large intracellular responses whose amplitude is graded
with intensity, have been recorded from many classes of vertebrates, most studies
have been in fish where they were first discovered by Svaetichin (32). They are cate-
gorized on the basis of polarity (15). Luminosity potentials (L-potentials) are always
negative (hyperpolarizing) and probably originate in horizontal cells. Chromaticity
potentials (C-potentials) respond negatively to some wavelengths but positively to
others (depolarizing) and are of uncertain origin. In fish, species differences in re~-
sponses seemed fo correlate with the depth at which the fish were found (15). Deep-
water fish gave only L-responses while shallow-water fish gave both L~ and C-re-
sponses but differed in the subtypes of C-responses. Quite probably these differences
are associated with the kind of wavelength discrimination present in each species. In
mammals, the same relation to wavelength discrimination might be expected; indeed
the cat, the only mammal studied so far, has a weak color sense (14, 16, 25) and ex-
hibits only L-type potentials (1-3, 12, 13, 21, 27).

Initially, S-potentials were thought to depend only upon the activity of cones.
Light and dark adaptation were very fast, and the responses could be recorded in
retinae where the rod outer segments had been stripped away (15, 20). Recently,
some investigators have suggested that the rods also coniribute to S-potentials, par-
ticularly to the L-type (19, 24). Mitarai et al.(19) in preparations (carp) dark
adapted for 12 hours found scotopic responses of L-units at low thresholds and a Pur-
kinje shift ofter light adaptation ( A max from 470 nm to 590 nm). In addition, the
long latencies and slow rise and fall times of the scotopic responses suggested rod
activity. Also in carp, Orlov and Maksimova (24) presented color mixture curves
with A max close to the rod and cone absorption curves, but concluded that, although
the data indicated two receptor types, both could be cones. On the other hand,
Witkovsky (38) also worked with well dark-adapted L-units in carp and did not observe
a Purkinje shift, although the waveform was scotopic in the dark, and blue sensitivity
was enhanced. In a preparation of carp retina which had an intact blood supply, per-
mitting re=dark adaptation, Watanabe and Hashimoto (34) also did not observe a Pur-
kinje shift., More recently in two types of cyprinid fish, Naka and Rushton (22), al-
though dable fo identify a scotopic mechanism (low threshold, slow recovery following
light adaptation), could not assign it to a particular receptor. It would seem in fish,
particularly carp, that in dark adaptation a particular receptor cannot be assigned yet
to the scotopic mechanism which activates L-units.

The experiments in fish were usually performed on isolated retinae which cannot
be repeatedly dark adapted, and one is considerably handicapped if rod function is
under investigation. On the other hand, in mammals, techniques are available for
recording from the intact eye which can be repeatedly dark adapted. Since in cat
retina, L-units could be recorded and the retina contains a high percentage of rods
(33), it seemed reasonable to investigate whether the rods influenced these responses.



PROCEDURE

The preparation and maintenance of the cat and recording technique from the
intact eye have been described in previous publications (26, 30). There are a number
of additional points pertinent to the study of S=potentials which are to be considered.

RECORDING S-POTENTIALS FROM THE INTACT EYE

It is well known that obtaining and holding S-potentials in the intact mammalian
eye is much more difficult than in fish. These responses could be recorded, however,
with reasonable success by attending carefully to several factors. Most important is
the reduction of retinal pulsations by maintaining the intraocular pressure (2). Special
precautions were taken, therefore, to prevent the loss of any intraocular fluid through
the #18 hypodermic needle that penetrated the sclera and vitreous. The needle insert
was always kept in place until a glass micropipetie replaced it. Micropipettes were
rapidly inserted, and the junction between the pipette and needle was tightly sealed
by means of a silastic (Dow Corning) boot (30). The boot provided free penetration
and withdrawal of the microelectrode but prevented leakage of intraocular fluid.

All of the recordings were obtained with glass microelectrodes (3 M-KCI). Al-
though tip diameters were not accurately measured, only those microelectrodes having
dc resistances of 15 to 25 M () readily recorded S-potentials. These microelectrodes
are finer than those needed to record ganglion cell activity, while microelectrodes
with higher resistance fail because of difficulty in penetrating the vitreous and retinal
surface. The microelectrode was slowly advanced through the retina while recording
the local electroretinogram (LERG) in response to a 2.00-mm diam flash of light
centered at the microelectrode tip. S-potentials usually were captured by "tapping
in" at the retinal level where b-wave amplitude was at its maximum. The extracellular
response was always negative, and since S-potfentials have the same polarity, inversion
from an extracellular fo an intracellular polarity was never observed. Just prior to
capture, the recording behaved as if the electrode tip were pressing on a membrane
since the resistance increased. The capture of an S-potential always was accompanied
by a distinct negative shift in the resting potential (3.5 to 36.0 mV) which often oc-
curred in several steps, the responses increasing greatly in amplitude with each shift.
In general, it was more difficult to obtain these responses in dark-adapted than light-
adapted retinae, and special difficulty was encountered in holding responses that had
been obtained in the dark after turning on an adapting light, confirming the observa-
tion of Brown and Wiesel (2).

Under these conditions and in the best preparations S-potentials could be ob-
tained on about 30 to 50 per cent of penetrations. The data were drawn from over
100 responses which had remained stable for periods of 10 to 40 min. All recordings,
except four, were from penetrations in the area centralis. Responses to light were
always negative in polarity (L-type), exhibiting a maximum amplitude in dark-
adapted retinae at 35 to 40 mV.



LIGHT SOURCE

The dual-beam ophthalmoscope (tungsten filament lamps) which was used to
stimulate the retina with light and the conditions of stimulation also have been de-
scribed (26). All of the stimuli were in the form of spots of light projected onto the
surface of the retina at the most sensitive location for the response. Narrow band
interference filters (Optics Technology; halfwidth, 3 to 4 1/2% of peak) interposed
in the stimulus beam provided relatively monochromatic stimuli. The relative energies
of these lights were measured by an AGD~100 (EG&G) silicon photodiode calibrated
by the manufacturer.

The method described by Westheimer (37) was used to estimate retinal illumi-
nance. An aperfure in the stimulus beam was focused on a MgO plate and a lumi-
nance of 11.0 fi-L read with a Spectra=Pritchard photometer (Photo Research Corp.).
After correcting for the angle of incidence, reflectivity, and distance of the source
image from the plate, the retinal illuminance without neutral density filters in the
beam was found to be 5.8 photopic trolands. To convert to scotopic units the factor

A was obtained from Wyszecki and Stiles (39), where log td. scotopic = log td.
photopic + A, so that at the color temperature of the source (2850°K) there were
6.0 log td. scotopic. '

In man a scotopic troland is a unit of retinal illumination formally defined in
terms of geometrical optics. A similar unit may be defined for the cat, namely with
the same quantum flux per square centimeter on the retina as on the human retina.

To obtain cat trolands, therefore, the measurement was corrected for the ratio of
squared posterior nodal distances in cat and man (+0. 26 log unit), the mean reflectiv-
ity of yellow tapeta (35), and the relatively clear preretinal media of the cat as op-
posed to man (36) (combined correction of 0.24 log unit). A final figure of 6.5 log
td. scotopic (cat) was derived for the maximum retinal illuminance provided by the
stimulus beam.

RESULTS

RODS

To discover if the rods contributed it was essential to study well dark-adapted

retinae . After surgery was completed the preparation was allowed to dark adapt for

1 1/2 to 2 1/2 hours, and while searching for S-potentials, a strong effort was made
to maintain the dark-adapted state; i.e., stray light was excluded and the test flash
was kept at < 1.0 log above the dark-adapted threshold. Under these conditions all
of the recorded S-units responded to flashes that were well within the scotopic range.
The smallest responses that could be reliably distinguished were 0.15 to 0.35 mV and
were arbitrarily designated as threshold responses produced by flashes of about 0.5 +
0.2 log td. scotopic.



As mentioned above, dark-adapted S-potentials in fish characteristically exhibit
slow rise and fall fimes at long latencies. Gouras (9) and Gouras and Link (10) have
succeeded in associating the long latency of responses in ganglion cells and the ERG
of primates with the rods, while cone responses occurred at distinctly shorter latencies.
in cat L-units the form of dark~adapted responses at threshold and within 2.5 to 3.0
log above threshold suggests that they are rod responses. Figure 1 presents an intensity
sequence in response to a blue flash (433 nm) in a dark-adapted retina. The response
at 0.2 log above threshold was a small, maintained voltage which began and decayed
at long latencies from the onset and termination of the flash (100 msec and 90 msec,
respectively). These latencies remained long, decreasing to only 55 msec for both on
and off, despite an increase in intensity of over 2.5 log units. The rise and fall times
of the onset and decay phases also changed little as the intensity increased and seemed
to be about the same, but the decay had an extra tail. A prominent "notch" on the
rising phase of the response was characteristic of most well dark-adapted S-potentials,
and with brief flashes (10 msec) several rapid oscillations occurred at this location
(28). More complex responses were observed af still higher intensities and are de-
scribed in the same paper (28).

The long latencies and uniformity of dark-adapted intensity sequences in response
to blue flashes suggested that the rods were excited. More conclusive proof, however,
was provided by spectral sensitivity functions. In this experiment the dark-adapted
L-units were exposed to flashes of increasing intensity at different wavelength maxima,
spaced across the spectrum (433 to 666 nm). The spectral sensitivity curves were de-
rived by means of a constant-response criterion applied to the amplitude-intensity
functions. In order o assure that the scotopic mechanism was being measured, near-
threshold criterion voltages (0.5 to 4.0 mV) were chosen. The relative sensitivity
values at the criterion were then converted to a spectrum of equal quantum infensities.
The spectral sensitivity functions in dark and light adaptation are presented in Figure
2. In each case the heavy line is the mean curve derived from three or four different
S-units. In the dark-adapted retina (Figure 2A) maximum sensitivity occurred at
500 nm, and there was a small secondary hump at 550 nm. The function closely re-
sembled the scotopic dominator obtained by Granit (11) from ganglion cells in the
cat (dotted curve, bottom left).

CONES

Since the contribution of cones is well known, it was expected that cat S-units
would also show this component. But it was not known if the cones would influence
the same responses as the rods. To answer this question responses to blue (433 nm) and
orange (600 nm) lights were compared in the dark- and light-adapted states. These
flashes were scotopically balanced; i.e., their intensities had been adjusted to produce
equal amplitude b-waves in the LERG. |t was assumed that they stimulated the rods
about equally but that the 600-nm flash was a more effective stimulus for the cones.
Responses were first obtained while dark adapted then the adapting light was furned on



465 msec flash

Figure 1

Intensity sequence in response to a blue light (433 nm) in a dark-adapted retina. The
intensity of a 465-msec flash was increased in log steps as is indicated in the right
margin (in this and all other figures). Flash diam 2.00 mm. Negative responses’in this

~ figure and all others are displayed downward.
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and the responses again recorded in the same S-potential. The results were highly
consistent (14 S-units); the dark-adapted responses were of equal amplitude, but after
light adaptation the 600-nm stimulus produced a much larger response (Figure 3A). In
addition, whereas the thresholds were equal in the dark, when light adapted, the
threshold for the 433-nm flash rose 1.5 log more than that for the 600-nm flash.

In several cases it was possible to confirm that a Purkinje shift occurred by ob-
taining spectral sensitivity functions in the dark- and light-adapted state in the same
S-unit. An example of one of these is presented in Figure 3B. Observe that the maxi-
mum sensitivity in the dark (e) shifted to 585 nm in the light (o) and there was a de-
pression of the 500-nm peak.

The spectral sensitivity functions B=D in Figure 2 present a more comprehensive
view of the cone component. They were obtained in the same manner as in A except
that the retina was light adapted. With strong light adaptation (D) the 500-nm peak
was depressed and the maximum sensitivity then occurred at 560 nm (550 to 585 nm).
This function closely followed the photopic dominator obtained by Granit (11), (dotted
curve, bottom right, Figure 2). At lower levels of light adaptation (B, C) both scotopic
and photopic peaks occurred. Many attempts were made to subdivide further the pho-
topic peak, but selective adaptation with blue (Kodak #47) and red light (Kodak #25,
29) failed to reveal subsidiary peaks, either in the red or the green.

The form of light-adapted responses always differed strikingly from the dark-
adapted ones. To best illustrate this point an infensity sequence was obtained (Figure
4) in response to an orange light (615 nm) at a moment when the rod responses were
greatly suppressed. Five minutes before the same retinal area had been exposed to
intense white light which was calculated to have bleached at least 99 per cent of the
rhodopsin (29). Subsequent to a bleach of this intensity the rod branch of the dark-
adaptation curve, based on thresholds of S-units, did not begin to recover for 15 to
20 min. Observe in Figure 4 that even a near-threshold response began and decayed
with a short latency (35, 40 msec, respectively). The latencies continued to shorten
with increasing intensity, until ot 2.0 log above threshold they were 18 and 20 msec,
and reached a minimum of 12 msec with the brightest flash (3.4). The rise times of
onset and decay were again almost symmetrical, but somewhat faster than those at-
tributed to the rods.

Several attempts were made to measure the area from which rods and cones con-
tributed to an individual S-unit. For the rods, the retina dark adapted, a small spot
of blue light (433 nm; diam, 0.33) was positioned to produce the lowest threshold
L-response. The diameter of the spot was increased in steps until no further increase
in response amplitude occurred. Flash intensity was kept at 1.0 log above threshold
in order to reduce stray-light effects. In the area centralis, for five different S-units,
responses were maximum when spot diameters reached 1.0 to 1.17 mm. In one un-
usual eye which did not have a tapetum, stray-light effects were minimized and the
maximum was at 1.0 mm. The technique for assessing the cone field was the same
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Figure 3

A. Responses of an S-potential to scotopically balanced stimuli (600 nm, left and 433 nm,
right) in the dark-adapted (top) and light-adapted (bottom) states. Stimulus duration, 250
msec and diam 2.0 mm; light adaptation at 3.5 log td. scotopic. B. The spectral sensitivity
of one S—potential in both the dark~ (@) and light-adapted (o) states. The light-adapted
function was shifted upwards on the ordinate. Light adaptation at 3.5 fog td. scotopic.
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Figure 4

Intensity sequence in response to an orange light (615 nm) in a light-adapted retina. Flash

diam 2.00 mm. The sequence was obtained at an interval of 5 min following a flash which was
caldulated to have bleached at least 99 per cent of the rhodopsin.



except that 615-nm flashes were used in light—adapted retinae. Again the field
diameters clustered around 1.00 mm (0.84 to 1.00 mm). There were no large dif-
ferences, therefore, in the diameter of the area from which rods and cones con-
tributed to these responses.

DISCUSSION

It is generally agreed that the scotopic sensitivity of mixed mammalian retinae
derives from the activity of rhodopsin rods while the cones are responsible for pho-
topic sensitivity; for the scotopic dominator agrees well with the rhodopsin absorption
curve (4) while the photopic dominator occurs during the cone branch of the dark-
adaptation curve. Furthermore, ganglion cell responses (frog) exhibiting the sensitiv-
ity of the photopic dominator also show the Stiles=Crawford effect, a cone phenome-
non (5). In the present work it seems certain, therefore, that both the rods and cones
influence S-units of the L~type, and, in fact, individual units receive contributions
from both categories of receptors.

L-potentials in the cat are recorded at the level of the external plexiform and
internal nuclear layers (1-3); but, the exact intracellular location of the micro-
electrode has never been identified. Two lines of eviderice implicate the horizontal
cell as the source of these responses. First, fish and caf L-potentials behave similarly,
and when the recording sites in fish have been stained, the location of the stained
spots suggested that the microelectrode tips have been in horizontal cells and their
processes (15, 18, 23). Second, an extensive and dense layer of horizontal cells is
present in the cat retina (8). In fact, cell density is greatest in the central portion
of the retina (270 ce||s/mm2), the area from which L-potentials were recorded in
these experiments.

Unfortunately, the histology of receptor-horizontal cell contacts in the cat is
not yet available. Where it has been studied, as in fish (31, 40) and primates (6),
horizontal cells were first observed fo contact either rods or cones, but recently they
have been observed contacting both rods and cones (Kolb, personal communication).
Since contacts between horizontal cells have been identified in the cat (7),there
would seem to be at least two anatomical explanations for the convergence of rod and
cone activity; either both receptor types synapse on processes of the same horizontal
cell or rod and cone horizontal cells connect with each other. '
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