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ABSTRACT A basic question about visual perception is
whether the retina produces a faithful or a distorted neural rep-
resentation of the visual image. It is now well known that in some
retinal pathways there are significant nonlinear transductions
which distort the neural image. The next natural question is, What
are the locations of the nonlinear stages within the retinal net-
work? We report here on an investigation of linearity and nonlin-
earity of responses of horizontal cells in the turtle retina as an assay
of the degree of nonlinearity in the outer plexiform layer of the
retina. The visual stimuli were sinusoidal gratings; these patterns
were modulated by contrast reversal with a sinusoidal time course.
The conclusion from our experiments is that the turtle’s horizontal
cell responses show evidence only of linear spatial summation even
at moderately high contrasts on moderately high background lev-
els. Our work thus indicates that there is no significant distortion
of the visual image by the photoreceptors or by the neural sum-
mation of photoreceptor signals by horizontal cells under normal
physiological conditions. These results are consistent with the view
that the major nonlinearities of the retina are proximal to the outer
-plexiform layer.

Horizontal cells in several fish retinas have been reported to
be nearly linear in their response to diffuse illumination (1-3).
A model based on the concept that the network of electrically
coupled horizontal cells behaves as a single flat cell with passive
spread of current injected at the synapses works well for hori-
zontal cells of catfish (4, 5) and turtles (6). When the membrane
conductance changes caused by the light stimulus are not too
large, this model implies linear spatial summation. Horizontal
cells in the cat respond to sinusoidal modulation of the lumi-
nance of spots with significant harmonic distortion only when
relatively high modulation depths are used at frequencies below
2-3 Hz (7).

We report here that luminosity horizontal cells (which hy-
perpolarize to all wavelengths of light) in the turtle and their
presynaptic receptors act as linear tranducers in response to
diffuse illumination and also in response to spatial patterns
which test properties of spatial summation.

METHODS

Intracellular recordings were obtained from horizontal cells in
isolated eye-cup preparations of Pseudemys scripta elegans (red-
eared turtle) and Chelydra serpentina (common snapping tur-
tle) which gave similar results. The eye-cups were maintained
in a moist oxygenated chamber at 1€-20°C. Fine-tipped mi-
croelectrodes filled with 4 M potassium acetate (resistance,
100-300 MQ) gave satisfactory results. The visual stimulus was
araster type display produced on a cathode ray tube oscilloscope
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screen (Tektronix 5103N, P31 phosphor, which has its spectral
peak at 525 nm) by a special-purpose microcomputer (8) which
also signal-averaged the response. A monochromator was used
to test the spectral sensitivity of the neurons. The stimuli in
these experiments were like those used in the past for studying
the receptive field characteristics of retinal ganglion cells of sev-
eral vertebrates (8—11). The typical stimulus was temporal mod-
ulation of the contrast of a sinusoidal grating pattern superim-
posed on a steady background illumination. In particular, we
used sinusoidal contrast reversal. A special case was sinusoidal
modulation of the spatially uniform illuminance. The mathe-
matical form of the stimulus is given below, and the range of
each variable used in this study is given in parenthesis following
each definition:

s(x,t) = Ly[1 + sin@mft)m sin@wkx + 6)] [1]

in which L, is the background illuminance (2 lumens/m?), f is
the temporal frequency (0.125-32 Hz), m is the contrast?
(0.1-0.8), k is the spatial frequency (0-5 cycles/mm), x is the
position along one rectangular coordinate axis on the retina, and
@ is the spatial phase (position) of the grating (0—2 # radians).
For the sake of comparing our light stimulus with those used
in other studies, we note that a 0.5-sec incremental step of il-
luminance with contrast 0.3 produced the same response as a
0.5-sec step of 640-nm light with a flux of 6.18 x 10'° quanta
sec”! em™ (or 1.92 X 10*W cm2). The background illumi-
nance was well above threshold and produced a steady hyperpo-
larization in horizontal cells of about 15 mV (25-30% of maxi-
mum hyperpolarization). Fourier analysis of the signal-averaged
responses was performed to determine the component at the
input frequency and also the higher-order harmonics caused by
nonlinear distortion. It has already been established (8—11) that,
if a neuron responds to this stimulus at the input frequency with
an amplitude that depends sinusoidally on the spatial phase
(position) of the grating, it must receive inputs that are linear
locally and that are summed linearly.

RESULTS

Under these conditions, luminosity horizontal cells responded
almost exclusively at the modulation frequency (Fig. 1). Sinu-
soidal modulation of the full-field illuminance gave a sinusoidal
response with very little harmonic distortion (Fig. 1 Left). When
the contrast was 0.3, the amplitude of the fundamental response
was 8.5 mV (peak to trough), and the amplitude of the second
harmonic was less than 5% of the fundamental (Fig. 1 Center).
The amplitude of the response to contrast reversal of a sinusoidal
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§ The term “contrast” is defined implicitly by Eq. 1 and can also be
defined as equal t0 (Lyax ~ Lonin)/(Lax + Luno) in which L is the retinal

illuminance.



Neurobiology: Tranchina et al

Proc. Natl. Acad. Sci. USA 78 (1981) 6541

5.0 1.0 .
40+
o 0.8
< 25 o —
E - > 3.0—
= E 0.6 E
(]
g 07 L B 20-
8 8 04~ 2
5
€ -25 < E o
0.2 < U
-5.0 T T T l o —— | — odoo 0o o
O 025 050 075 10 1 2 4 8 16 32 0O 02 04 06
Time (sec) Harmonics Contrast

F1G. 1. (Left) Horizontal cell response to sinusoidal modulation (1 Hz) of the spatially uniform illuminance of the retina. The response was
sampled at 64 discrete points per cycle and averaged over 16 cycles. Every other point is plotted for sake of clarity. The data deviate little from the
continuous curve which is the best-fit sinusoid with frequency 1 Hz. (Center) Fourier analysis of the response. The height of each line represents
the ratio of the amplitude of the n* harmonic frequency component of the response to the fundamental (input frequency) component. For n > 1,
these are the distortion coefficients, all of which are small. (Right) ®, Amplitude (peak to trough) of the fundamental component of the response
to sinusoidal modulation (1 Hz) of the contrast of a sinusoidal grating pattern (0.5 cycle/mm) as a function of contrast; the response amplitude was
proportional to contrast. O, Corresponding amplitudes of the second harmonic frequency components.

grating was proportional to contrast (Fig. 1 Right), and the tem-
poral phase of the response remained constant. Over the range
of temporal frequencies used in this study, when the contrast
was 0.3, the amplitude of the second harmonic was rarely more
than 10% of the fundamental. The harmonic distortion in-
creased with contrast. In one experiment (not shown here), sin-
usoidal modulation of the full-field illuminance with a contrast
of 0.8 gave a peak-to-trough response of 16 mV, and the am-
plitude of the second harmonic was 15% that of the fundamental.

Fig. 2 demonstrates the linearity spatial summation. In this
set of experiments the stimulus was sinusoidal contrast reversal
of a grating which was placed in various positions with respect
to the receptive field. The amplitude of the response was a si-
nusoidal function of the spatial phase (position) of the grating
(Fig. 2 Upper). The responses when the grating was positioned
for maximal response (peak position) and for minimal response
(null position) are shown in Fig. 2 Lower. These two positions
were separated by 90° in spatial phase. On either side of the null
position the temporal phase of the response flipped by 180°, as
expected.

Luminosity horizontal cells behaved in a similar fashion over
the entire range of spatial and temporal frequencies explored.
The degree of linearity depended on contrast as well as spatial
and temporal frequency. The extent of linearity decreased
somewhat for temporal frequencies below 1 Hz and increased
for frequencies above 1 Hz. Because the second harmonic com-
ponent of the response was the only significant higher-order
harmonic under conditions of low to intermediate stimulus con-
trast, the ratio of the second harmonic to the fundamental com-
ponent of the response serves as a good measure of the extent
of nonlinearity. The ratio of the second harmonic to the fun-
damental component of the response to modulation of full-field
retinal illuminance with contrast 0.3 was measured for 29 lu-
minosity horizontal cells at 0.125, 1, and 4 Hz. The mean (+
SD) ratio was 8.3 + 2.2% at 0.125 Hz, 6.7 + 2.1% at 1 Hz, and
4.0 = 1.8% at 4 Hz. The most obvious departure from linearity
was under the simultaneous conditions of high contrast (which
undoubtedly produced significant harmonic distortion in the
receptors) and very high spatial frequencies (which, as a con-
sequence of spatial summation, produced essentially no re-
sponse at the modulation frequency). However, under these

conditions, the overall response magnitude was relatively
small—i.e., 0.5 mV for a spatial frequency of 2 cycles/mm and
a contrast of 0.6.
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Fic. 2. (Upper) Amplitude (peak to trough) of the response to si-
nusoidal modulation (1 Hz) of the contrast (0.3) of a sinusoidal grating
as a function of spatial phase (position) of the grating with respect to
the receptive field. The actual data (e) deviate little from the contin-
uous curve which is the best-fit sinusoid. This indicates that spatial
summation is linear. (Lower) Responses at the positions which gave
maximal (@) and minimal (0) amplitudes. These two positions were
sgparap:d by 90° in spatial phase. The continuous curve is a best-fit
sinusoid.
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DISCUSSION

We conclude from the data above that, in response to stimuli
whose contrast covers a large part of the physiological range,
red-sensitive cones behave (to a good approximation) as linear
transducers and that a linear transduction takes place at the syn-
apses between these cones and the luminosity horizontal cells.
Linear inputs from each local region of the receptive field are
simply added together to produce the overall response. This
conclusion is based on the fact that luminosity horizontal cells
in the turtle retina receive their major input from red-sensitive
(630 nm) cones (12-16). We verified this fact during our ex-
periments. Because the inputs to luminosity horizontal cells
from green- (13, 14, 16) and blue- (13) sensitive cones and rods
(15) are relatively small, we cannot yet make a compelling ar-
gument for similar behavior of these receptors and their re-
spective synapses.

In general, turtle cones respond nonlinearly when the re-
sponse magnitude exceeds roughly 10% of the overall dynamic
range, for several reasons which have been discussed in detail
by Baylor et al. (17). It has also been shown by Normann and
Perlman (18) that signal transmission from red-sensitive cones
to horizontal cells is, in general, nonlinear. The relevant finding
of this study is that, although the magnitude of the horizontal
cell responses elicited by our stimuli were relatively small com-
pared to the maximal response magnitude, the stimuli that
elicited nearly linear responses had contrasts covering a large
part of the physiological range. Therefore, we may conclude
that, although cones respond nonlinearly over the major portion
of their dynamic range, most of this range is rarely used in re-
sponse to stimuli in the natural environment. Furthermore, the
synapse between red-sensitive cones and horizontal cells must
behave linearly for stimuli consisting of moderate perturbations
about a mean level of illumination. An abrupt change in mean
level of illumination, as occurs when moving from shade to di-
rect sunlight, can be expected to elicit nonlinear responses in
the outer plexiform layer initially but, after the retina has
adapted to the new mean level, perturbations around this mean
will again elicit primarily linear responses. (This conclusion is
justified provided that the phenomenon of linearity is not pe-
culiar to the particular level of background illumination used
in our experiments.)

As in other vertebrates, there are neurons that respond non-
linearly in the turtle retina. Others have recorded responses of
neurons that produced a burst of impulses both at the onset and
offset of an illuminated spot (19-21). In the course of this study
we encountered spiking neurons that responded with predom-
inant second harmonic distortion (frequency doubling) to the
same stimuli used to test the linearity of horizontal cells (22).
This nonlinearity cannot be traced back to the level of the lu-
minosity horizontal cells. The findings presented here are con-
sistent with the hypothesis that receptors, horizontal cells, and
bipolar cells act as linear spatiotemporal filters and that the
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major retinal nonlinearities occur more proximally in the retina
(23). This view is supported by recent experiments on neurons
in the catfish retina (24).

A linear model has recently been proposed for the spatiotem-
poral properties of catfish horizontal cells (25). We conclude that
a linear model will be effective for turtle horizontal cells as well,
and we expect that the techniques of linear systems analysis
(26) will be applicable to the task of modeling the outer plexi-
form layer in general.
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