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Light Adaptation and Photopigment Bleaching in Cone
Photoreceptors in situ in the Retina of the Turtle
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Light adaptation and photopigment bleaching in cone pho-
toreceptors were studied in the intact, superfused retina of
the turtle (Pseudemys scripta elegans). A new method for
measuring changes in the photopigment of cones is de-
scribed. Action spectrum measurements indicate that the
signals arise from the red-sensitive cones. Measurements
of steady-state bleaching are well described by the mono-
molecular bleaching equation with a half-bleaching constant
of about 5.5 log photons sec—' um—2

Quantitative data on light adaptation were obtained by
intracellular recording from 15 red-sensitive cones over
nearly 8 decades of background illumination obtained from
a helium-neon laser (632.8 nm). The steady-state membrane
potential, R,, and the rate of photoisomerization of the pho-
topigment, Pi, rose in parallel with background illumination
and then stabilized over the upper 4 decades of illumination.
These results are described by the relation R, = k Pi®#, and
suggest that about 5 x 10° photoisomerizations sec—" lead
to the closure of half the cone’s light-sensitive channels in
the steady state.

A full range of decremental and incremental flashes was
used to investigate stimulus-response relations. Cones
tended to generate responses of approximately constant
amplitude to flashes of constant contrast over a substantial
range of contrast (<3 x) and background illumination (~3-
4 decades). This suggests that a substantial component of
contrast constancy in vertebrate vision may originate in
cones. Over nearly 7 decades, the small-signal step sensi-
tivity was found to conform closely to Weber’s law (sensi-
tivity is inversely proportional to background illumination).
Thus, Weber’s law extends into the ultra-high-intensity realm,
some 3 decades higher than previously known for vertebrate
cones.

Over the upper 3-4 decades of illumination, Weber’s law
behavior can be explained by the depletion of photopigment
(reduced probability of the photon catch). There remains a
substantial low-intensity domain for which light adaptation
and Weber’s law behavior are presumably mediated by other
mechanisms within the cone. These might be the calcium-
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and/or cGMP-dependent mechanisms recently suggested
by others.

[Key words: light adaptation, photopigments, photorecep-
tors, bleaching, Weber’s law, cones, contrast]

Mechanisms of light adaptation regulate the sensitivity of the
retina and are thereby instrumental for the maintenance of vi-
sual perception over the large range of ambient illumination
found in natural environments. In essence, the effect of an in-
crease in ambient illumination is offset by mechanisms that
reduce the absolute sensitivity of the retina, thereby preventing
overload and saturation of the response of the retinal neurons.
In an ideal case, often known as Weber’s law behavior, retinal
sensitivity will be reduced in exact proportion to the ambient
light intensity. The response of retinal neurons will then largely
depend on the contrast between an object and its background,
rather than the absolute light intensity of the object. Approxi-
mations toward such invariance, or contrast constancy, have
been observed under various conditions in retinal neurons and
human psychophysics over the years (e.g., Shapley and Enroth-
Cugell, 1984; Burkhardt and Gottesman, 1987; Walraven et al.,
1990; Whittle, 1993).

Although there is much evidence for Weber’s law behavior
in vertebrate vision, the retinal mechanisms for this and other
aspects of light adaptation are still not fully understood. It is
well established that light adaptation occurs at several stages
within the retinal network, beginning in the photoreceptor cells
(Shapley and Enroth-Cugell, 1984; Dowling, 1987; Fain and
Matthews, 1990; Purpura et al., 1990; Walraven et al., 1990;
Witkovsky and Shi, 1990). Within the photoreceptors them-
selves, there appear to be multiple mechanisms and several
stages for light adaptation (Baylor and Hodgkin, 1974; Normann
and Perlman, 1979; Valeton and van Norren, 1983; Copenhagen
and Green, 1987; Fain and Matthews, 1990; Matthews et al.,
1990; Schnapfet al., 1990; Dawis, 1991; Hood and Birch, 1993).
It has often been proposed that depletion of photopigment by
bleaching might be an important mechanism mediating light
adaptation. Thus, once a large fraction of the photopigment is
bleached, the effect of a further increase in the ambient light
level will be exactly offset by the reduced probability of photon
absorption. Bleaching could thereby account for contrast in-
variance and Weber’s law behavior (Hecht, 1937; Boynton and
Whitten, 1970; Dawis, 1978; Geisler, 1978; Walraven et al.,
1990). The depletion of photopigment due to bleaching consti-
tutes a scaling mechanism at the very first stage of the photo-
receptor and thus acts in series with any mechanisms for light
adaptation arising at later stages of the photoreceptor and/or
retinal network.
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To define the role of bleaching in light adaptation, it would
be desirable to measure directly photopigment bleaching and
cone sensitivity in the same preparation under quantitatively
comparable conditions. Moreover, since it is well known that
both the regeneration of photopigment and metabolic integrity
of the photoreceptors depend upon their normal association
with the pigment epithelial cells, it is desirable to make both
measurements on cones ix situ in the intact, living retina. For
technical reasons, such measurements will probably be very
difficult to achieve in the mammalian retinas in the foreseeable
future. In this paper, we report measurements on cones in the
retina of the turtle that effectively meet the desired conditions.
We describe a new technique in which a measuring light from
a helium-neon laser is applied to the back of the eye. This
technique allows us to measure bleaching and regeneration of
the photopigment of red-sensitive cones iz situ in the intact,
superfused retina. We then report some new measurements of
light adaptation and responses to positive- and negative-con-
trast flashes obtained by intracellular recording from red-sen-
sitive cones. By using a helium-neon laser, we have extended
the study of light adaptation to levels some 500-2000 times
higher than previously investigated in vertebrate cones. Among
other findings, we show that Weber’s law holds almost exactly
over this high-intensity range where the amount of bleaching is
exceedingly high, as well as over an extensive low-intensity do-
main, where bleaching is negligible.

Materials and Methods

Preparation and intracellular recording. Intracellular recordings were
made from cones in an eyecup-slice preparation previously described
in detail (Burkhardt et al., 1989). In brief, a 2 x 5 mm slice was cut
through the entire posterior wall of the eye, thus keeping the sclera and
pigment epithelium in place. The slice was mounted in a superfusion
chamber (1 ml volume) and oriented so that the layers of the retina
could be viewed by infrared microscopy. The recording electrode, a
glass micropipette (see below), was inserted in the retina near the inner
plexiform layer and gradually advanced obliquely and downward through
the retina to impale photoreceptors lying some 400 um below the cut
face of the tissue (Burkhardt et al., 1989). As described in more detail
below, focused light stimuli were applied to the retina in the normal
physiological direction. Experiments were performed at room temper-
ature (20-23°C). The retina was superfused at 0.5-1 ml/min with a
modified tissue culture medium composed of a Ringer solution (Pic-
colino and Gerschenfeld, 1980) supplemented with vitamins (Minimum
Essential) and 11 amino acids (Eagle’s Basal Medium) obtained from
Sigma Chemical Co. The other components of the medium were (in
mM) NaCl, 110; NaHCO,, 22; KCl, 2.6; MgCl,, 2; CaCl,, 2; and dex-
trose, 10. The pH was regulated at about 7.5 by bubbling the superfusate
with 98% O, and 2% CO, (Burkhardt et al., 1989).

Intracellular recordings were made with glass micropipettes filled with
either 3 m K-acetate or a mixture of 1.5 m K-acetate and 1.5 m KCL
No differences in the results of this report were observed due to these
electrolytes, although differential effects have been found in other ex-
perimental conditions (Thoreson and Burkhardt, 1991). Electrode re-
sistance ranged from about 400 to 900 MQ. Responses of cones were
identified by accepted physiological criteria including acute sensitivity
to the position of a moving 0.1 x 2 mm slit. After a cone was impaled,
a series of responses to 530 and 630 nm flashes were obtained to identify
the spectral class. The present report is based exclusively on recordings
from red-sensitive cones. The absolute flash sensitivity for a number of
these cones was determined for small responses (0.5-1 mV) evoked by
40 msec, 630 nm flashes in fully dark-adapted retinas. The average
value was 97.4 uV photon—! um? (n = 40, SD = 62.8), with the five
most sensitive ranging from 190 to 285 nV photon~' um?. The mean
maximum light-evoked response for a sample of 38 cones was 18.1 mV
(SD = 4.2). The statistics just summarized indicate that the absolute
sensitivity and maximum response of cones in the superfused eyecup
slice preparation are similar to those reported previously for oxygenated

eyecup preparations. Based on observations of the electroretinogram
and intracellular recordings, our superfused preparations were well
maintained for many hours.

Light stimulation and calibration. Three optical channels were used
to stimulate the retina. Two channels were served by tungsten sources.
The primary channel allowed precise spatial control of the stimulus and
was used for all initial screening (see below) and other purposes. The
second tungsten channe! was used to provide an intense large-field
adapting light in light transmission experiments (see below). The third
channel, used in all experiments on light adaptation in which detailed
stimulus—response data were obtained, originated from a 4 mW helium-
neon laser (623.8 nm) coupled to an acousto-optic modulator (Coherent
Associates model 304A). The light output of the laser was held at a
steady level to light adapt the retina and then periodically increased or
decreased for 400 msec to generate incremental or decremental light
steps of variable magnitude. Throughout this report, the term back-
ground intensity is routinely used to refer to the steady light level to
which the cone is light adapted, and the term flash intensity, to the
intensity level prevailing during the flash. The flash contrast is taken as
the ratio of flash to background intensity. Thus, if I is the background
intensity, Al is the incremental light step, and F is the flash intensity,
then flash contrast = F/I = (I + AI)/I. Because the flash and background
are spatially coincident, the contrast is purely temporal. Typically, neu-
tral density filters were inserted in the laser beam to set the background
intensity and the maximum possible incremental flash was +3.0 log
units above the background. The intensity could be stepped as much
as — 1.0 log units below the background via the modulator. An ¢lectro-
magnetic shutter was closed to produce a full decrement to “complete”
darkness. Calibrations showed that this amounted to a 3.0 log unit step
below the background due to the presence of a small amount of stray
light reaching the retina. Thus, in the figures, all data obtained for
“complete” decrements are plotted 3 log units below the background
intensity. To generate extremely high levels of background illumination
(>7.5 log photons sec~! um~2), the steady output of the laser was in-
creased and the maximum possible incremental flash was correspond-
ingly limited.

The laser beam was focused to a Gaussian half-width of approximately
150 ym on the retina, as measured by scanning the spot with a 10 um
aperture. Our unpublished experiments and past work (Baylor and
Hodgkin, 1973) show that the spot approximates the size of the center
ofthe receptive field of turtle cones and will be a highly effective stimulus
if very precisely positioned. Hence, the position of the laser spot was
always very carefully adjusted (~+5 um) to establish the optimum
stimulus position. However, slight departures from the optimum po-
sition may have occurred. Moreover, some variability in the effective
intensity of the laser was also likely due to variations in adjustments of
the alignment of the laser beam that were always made when setting up
each preparation. To avoid uncertainties arising from both factors, the
effective intensity of the laser beam was calibrated physiologically, by
finding the relative flash intensities of the laser and a centered spot of
630 nm obtained from our primary incoherent light channel (see above)
that gave equivalent responses from the cone under study. The absolute
intensity of the 630 nm light was known from direct calibrations made
with a radiometer (United Detector Technologies) placed in the plane
of the retina and so the effective absolute intensity of the laser in photons
sec~! um~—2 could be accurately determined.

Procedure and measurements for light adaptation experiments. Stim-
ulus-response measurements on any given background were only ac-
cepted if prior and subsequent measurements in the dark-adapted state
were highly reproducible. This requirement was necessary to distinguish
confidently the effects of light adaptation from spurious slow changes
due to extraneous factors or cell deterioration and to ensure that steady-
state light adaptation was clearly reached. Thus, as a rule, dark adap-
tation was monitored for 15-20 min and, in total, some 40-50 min was
needed to complete a dark-light—dark sequence. The criteria for repro-
ducibility were differences between the two flanking dark-adapted series
of no more than 15% and 0.2 log unit, respectively, in the cone’s max-
imum response (V,,..) and sensitivity. For these measurements, sensi-
tivity was defined by the intensity of a 400 msec flash required to evoke
a half-maximal response in the fully dark-adapted retina. It was not
uncommon for the maximum response to differ somewhat from one
series to the next while the sensitivity remained constant, within mea-
surement error (<0.10 log unit). In practice, some changes in absolute
amplitude were inevitable over several hours of recording. Stimulus~
response curves were therefore normalized relative to the maximal re-



sponse obtained in the dark-adapted state. For responses obtained on
a given background, amplitude was normalized relative to the average
of the maximum response obtained in the preceding and subsequent
dark adaptation series.

To compare results across cones, intensities were often specified rel-
ative to a unit intensity defined as the flash intensity (400 msec) that
evoked a half-maximal response in the absence of background illumi-
nation in the fully dark-adapted retina. This unit, the semisaturation
constant, is denoted as sigma, and intensity is expressed in logarithmic
notation. In Results, this notation is often used to specify background
intensities. Thus, a background intensity of +1 log sigma is 1 log unit
above the flash intensity that evoked a half-maximal response in the
fully dark-adapted retina. The average value of sigma for a sample of
15 cones was 3.98 log photons sec! um~2 (SD = 0.32). Sample sizes
cited in various parts of Results differ because not all cones could be
studied as completely as others. Some measurements from different
cones obtained with laser or white light were combined by specifying
intensities in units of sigma. In other cases, white light intensities were
converted to equivalent photons sec~! um~-2 at 630 nm by finding the
relative flash intensities of white and 630 nm light required to evoke
responses of equal amplitude (Burkhardt et al., 1988). Background or
flash intensities were converted to photoisomerizations sec—' for red-
sensitive cones, by using the factors given by Baylor and Fettiplace
(1975) for the collecting area of the inner segment, the transmission
factor from inner to outer segment, the fraction of light absorbed by the
photopigment, and the quantum efficiency of bleaching. As described
in more detail in Discussion, the fraction of light absorbed decreases
when steady background illumination depletes the cone photopigment.

Equivalent luminance of background illumination. Because the back-
ground lights used in the present report are the most intense so far used
in studies of vertebrate cones, it is of interest to know what luminance
levels of objects in the natural environment might lead to such high
levels of retinal illumination. Rather than make uncertain assumptions
about the optical constants, preretinal transmission, and spectral sen-
sitivity factors of the turtle eye, the following measurements and pro-
cedures were made to equate the background illumination used in the
present experiments to the luminance of objects in the external envi-
ronment. (1) A photometer was used to measure the luminance of a
large screen illuminated with white light. (2) An aperture about 3 mm in
diameter was cut in the back of a turtle eye and the eye was positioned
to be looking at the screen from a distance of about 3 m. (3) A fiber
optic of 2 mm diameter was then inserted in the plane of the retina and
the irradiance measured with a radiometer (United Detector Technology
model 350). (4) The fiber optic was subsequently placed in the plane
normally occupied by the eyecup slice preparation, illuminated by white
light obtained from channel 1 of the stimulator, and a second mea-
surement taken with the radiometer. (5) The object luminance equiv-
alent to a given retinal irradiance (photons sec™' pm~2) for the red-
sensitive cones was then calculated from the measurements in steps 1,
3, and 4 above, along with the white-630 nm equivalence calibrations
described in the previous paragraph.

Light transmission measurements. The back of the intact eye was
cleaned by trimming away the extraocular muscles, optic nerve, and
loose tissue. A sharp hypodermic needle was then used to produce an
L-shaped score in the opaque sclera tunic that covers the cartilaginous
sclera proper. The sclera proper is transparent in the turtle and many
other lower vertebrates (Walls, 1963). With care, the tunic could be
scored without disrupting the sclera proper or puncturing the eye. The
tip of the needle was then used to peel the tunic gradually away from
the sclera, starting at the intersection of the legs of the 1. and continuing
until about 4 mm? of sclera was exposed. When the tissue was kept
moist with a drop of Ringer’s and viewed under an ordinary dissecting
microscope, the tunic was readily distinguished from the sclera proper.
Remaining remnants of the tunic were removed with the needle or fine
emery paper. In all cases, the exposed area was somewhat ventral of
the posterior pole of the eye so that the region of the optic nerve and
the sclera pits associated with the extra ocular insertions were avoided.
The optic nerve head was painted with black waterproof ink to prevent
stray light from passing through the optic nerve and reaching the pho-
todiode (see below). The eye, intact up to this stage, was now hemisected,
the anterior portion discarded, and most of the vitreous humor removed
with small pieces of absorbent paper. The resulting eyecup was then
placed in a small chamber for light transmission measurements and
continuously superfused in a manner identical to that described above
under intracellular recording.
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Figure 1 lays out the essential elements of the measuring system. Light
(632.8 nm) from the laser/modulator system described above, was mod-
ulated in square wave fashion at 18 Hz and directed into a 2 mm solid-
core fiber optic (labeled F1). On other occasions, the laser beam was
extinguished and the output of an infrared emitting diode (maximum
emission at 880 nm), also modulated at 18 Hz, was directed upon F1.
Most of the light leaving F1 entered fiber optic F3 while about 10% was
reflected by a beam splitter (Sp) to enter fiber optic F2. Fiber optic F3
carried light into the chamber housing the eyecup. The eyecup was
aligned so that the end of F3 (2 mm in diameter) was approximately
centered and nearly abutted the exposed area of sclera (S). The beam
exiting F3 was incident upon the sclera at an intensity of approximately
6.5 log photons sec—! um~2, It then passed through the transparent sclera
and into the highly absorbent pigment epithelial layer (PE). A very small
but measurable fraction of this light was not absorbed by the pigment
epithelial layer, traversed the retina (R), and was collected and con-
verged by two lenses (L1 and L2) so that an image of the retinal surface
was formed in the plane of the aperture (Ap). When setting up a prep-
aration, the laser was temporarily set at maximum intensity and the
plane of Ap viewed with an auxiliary eyepiece (not shown). Usually,
the patch of transmitted light was just detectable. The aperture, mounted
on a micromanipulator, was then centered on the patch and stopped
down to slightly less than the size of the patch, in an effort to exclude
stray light. The light passing through Ap fell upon an electromagnetic
shutter (Sh) that could be opened to permit light to enter a 3-mm-
diameter fiber optic (F4), which led to a photodiode/operational am-
plifier module (P). The output signal was fed to a narrow band-pass
filter centered at 18 Hz with upper and lower —3 dB frequencies of
about 18.5 and 17.5 Hz, respectively. The resulting 18 Hz sine wave
was displayed on an oscilloscope and sent to a computer that measured
the average amplitude of the signal for a sample of 45 cycles (2.5 sec).
This signal was then scaled relative to that generated by applying an
infrared beam of fixed intensity at F1 in the absence of the laser beam,
on the assumption, as in the method of reflection densitometry (Rushton
and Henry, 1968; Alpern, 1971; Rushton, 1972; van Norren and van
der Kraats, 1981), that the infrared is unaffected by changes in the
photopigment and may be used to factor out changes in the laser signal
unrelated to the effects of the photopigment. To factor out possible
errors due to drift in the signal sources, both the laser and infrared
transmitted signals were also scaled relative to their respective reference
signals obtained from the light reflected from Sp into F2. After the
initial alignment procedure discussed above, the intensity of the input
laser beam was reduced, typically about 1 log unit, so that the measuring
beam was as weak as possible while still yielding a satisfactory signal :
noise ratio. At this level of intensity, the measuring laser light was
invisible when using the inspection system described above and when
turned on, it never evoked a detectable electroretinogram. In auxiliary
experiments with normal retinal illumination, it was found that weak
lights that produced no detectable bleaching evoked a clearly detectable
electroretinogram. It may thus be concluded that the measuring beam
used in the present method was too weak to produce measurable bleach-
ing.

The present method assumes that the photopigments are the only
elements in the preparation that undergo substantial changes in ab-
sorption as a result of exposing the retina to an adapting light. Changes
in light transmission may thus be used to monitor changes in the pho-
topigment concentration by computing the ratio, R, defined as

R=L/D, 1)

where L and D are the amplitudes, scaled as described above, of the
photodiode signals obtained, respectively, after the retina had been
adapted to a given adapting light or fully dark adapted. In practice, the
value of D used in Equation 1 was taken as the average of the steady-
state signals measured before and after the retina was exposed to each
adapting intensity. This procedure was found essential to minimize the
effects of long-term drift in the measurements but made the experiments
very time consuming since the preparation was always dark adapted for
15-20 min before and after each adapting intensity studied. To measure
L, the adapting light was extinguished for 4 sec and aftera 1.1 sec delay,
a 2.5 sec sample of the transmitted signal was obtained. These mea-
surements were typically made every 20 sec and thus, for quantitative
analyses, the effective adapting intensity was taken as 16/20 of the
nominal value. After exposure to a number of adapting intensities,
including those producing full bleaching, the fraction of pigment bleached
(B) by a given adapting light was calculated:
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Figure 1. System for measuring light transmission through the retina.
ST, scleral tunic; S, sclera proper; PE, pigment epithelium; R, retina;
P, photiodide; FI-F4, fiber optic light guides; Ap, aperture; SA, shutter;
L1-L3, lenses; Sp, beam splitter. See Materials and Methods for details.

B=R - )Ry, — 1), 03

where R, is the value of R obtained on the most intense adapting field
(see below). The proportion of photopigment present, P, is then given
by (1 — B).

In practice, the measured value of R will depend on the fraction of
the measuring light that passes through the photoreceptors relative to
that which reaches the photodiode without passing through the pho-
toreceptors. The latter fraction, called the stray light, will act to reduce
the measured changes due to the photopigment, much as previously
analyzed for the method of retinal densitometry (Ripps and Weale,
1965; Smith et al., 1983; Baker et al., 1991). Thus, if S represents the
signal generated by the stray light component and C, and C, are, re-
spectively, the signals generated by the light that passes through the
cone photoreceptors in the light and dark, Equation 1 may be written
as

R =(C, + SACy + S). 3)

Since red-sensitive cones in the turtle in the fully dark-adapted state
absorb about 36% of the incident light (Baylor and Fettiplace, 1975),
the maximum possible value of R should be about 1.56 if there were
no stray light. On average, the observed maximum value of R was about
1.05. It thus follows from Equation 3 that the stray light component
was about six times greater than the component passing through the

cones. This is not surprising since the cone outer segments in the turtle
are small (~1 um diameter) and, when viewed from behind, would
occupy only a fraction of the total surface area receiving the incident
light. Furthermore, some stray light was almost certainly reflected off
the back of the preparation and off surfaces in the chamber to find its
way to the measuring photodiode. The eyecup was surrounded with
black Vaseline to minimize stray light escaping around the edge of the
eyecup. (It is believed that stray light due to spurious reflections ac-
counted for our failure to detect photopigment bleaching in preliminary
experiments in which we attempted to apply the method of reflection
densitometry to the turtle eyecup.) Although the presence of stray light
prevents the transmission method from yielding valid estimates of the
photopigment density, even when S is the larger term in Equation 3, a
valid index of the relative amount of bleached pigment will still be
extracted from Equation 2.

The adapting light originated from a tungsten source. Before reaching
the focusing lens, L3, shown in Figure 1, the light passed through a heat
filter, about 45 cm of a fiber optic, an aperture, a collimating lens, and
neutral density and/or interference filters (10 nm half-band pass). The
adapting field was about 5 mm in diameter on the retina and always
covered the area of the measuring beam. Preliminary experiments showed
that the upper limit of steady-state bleaching was reached when the
retina was exposed to the maximum intensity of white light available
from this system (equivalent to 7.90 log photons sec~* um~2 at 630
nm). This intense white light was therefore used in all preparations to
establish the upper limit of bleaching, whereas all other adapting inten-
sities were obtained with an interference filter (typically 630 nm) in the
adapting beam. The adapting light was obliquely incident upon the
retina (Fig. 1). The bleaching of human cone photopigments (Coble and
Rushton, 1971) and the excitation of turtle cones (Baylor and Fettiplace,
1975) are known to be directionally sensitive. The following procedure
was therefore taken to calibrate the effective intensity of the oblique
adapting light. Intracellular recordings were made from red-sensitive
cones to find the physiologically equivalent intensity levels of the adapt-
ing channel (when presented as 630 nm flashes) and our primary light
channel. Since the primary light channel illuminated the cones in the
normal, axial direction and was accurately calibrated (see above), the
effective intensity of our adapting lights could be determined.

Results

Measurements of photopigment bleaching

Basic properties of light transmission signals

The upper trace of Figure 2 shows a record of the filtered pho-
todiode signal generated by light that passed through the trans-
parent layer of the sclera, the pigment epithelium, and the neu-
roretina. The lower trace shows the reference signal. These traces
suggest that the signal : noise is good enough that measurements
of the signal amplitude may be capable of resolving small dif-
ferences in light transmission. Figure 3 shows transmission mea-
surements made (1) in the dark-adapted retina, (2) while the
retina was illuminated by a steady adapting light of 630 nm at
an intensity of 6.63 log photons sec—' um~2 for 5.3 min, and
(3) over a period of some 20 min after the adapting light was
extinguished and the retina allowed to dark adapt. The ordinate
is the scaled photodiode signal as given by Equation 1. The
photodiode signal, and thus light transmission, increases while
the adapting light is on. This is the direction of change required
if the bleaching of photopigment is being measured. Bleaching
of photopigment in normal cones in situ is fully reversed by
dark adaptation. Figure 3 shows that analogous reversibility is
found in our measurements of light transmission. After the back-
ground illumination is extinguished, transmission gradually de-
clines and, after about 15 min, returns to a value similar to the
original, dark-adapted level. The time for the light transmission
to return to the dark level ranged from about 2 to 15 min,
depending on the intensity of the adapting light. A similar range
of recovery times was observed for cone dark adaptation in the
intracellular recording experiments (see Materials and Meth-



Trans /\/\//\A \ 50 mV
Ref W | 500 mv

50 msec

Figure 2. Photodiode signals for light transmitted through the retina
(Trans) and for the reference light (Ref).

ods), with at least 15 min being required for full recovery after
exposure to very intense adapting fields. Although our mea-
surements are as yet too limited to permit quantitative conclu-
sions about kinetics, it is apparent that the light transmission
signals behave as expected for visual pigments (Dartnall, 1962;
Rushton and Henry, 1968; Hollins and Alpern, 1973; Bonds
and MacLeod, 1974). Thus, the initial rate of bleaching was
much higher for intense adapting fields, whereas recovery to the
dark level occurred more quickly after exposure to weaker
adapting lights.

Measurements in the steady state

The effect of steady background illumination on steady-state
transmission was measured as described in detail in Materials
and Methods. Figure 4 shows results from two preparations.
Each set of measurements took some 3 hr, since pains were
taken to ensure that steady-state conditions were reached (see
Materials and Methods). The results are similar for both prep-
arations. The ordinate shows the value of P, the fraction of
pigment present in the unbleached state (see Materials and
Methods). The smooth curve represents the equation

P=1r/1,+1), 4

where [ is the intensity of the steady background illumination
in photons sec~! um~2, P is as defined above, and I, is the
intensity that reduces P to 0.5, that is, the half-bleaching con-
stant. This equation has been shown to fit the steady-state
bleaching data for human cones measured by reflection densi-
tometry (Rushton and Henry, 1968; Rushton, 1972; Hollins
and Alpern, 1973). The half-bleaching constant for the best-
fitting smooth curve in Figure 4 is 5.57 log photons sec—' um—2.
Steady-state bleaching measurements were carried out in a
total of six preparations. The half-bleaching constant agreed well
across preparations (mean = 5.54 log photons sec™! um~2, SD
= +0.13, n = 6) and the bleaching equation gave a good fit
across the sample (mean r> = 0.975, SD = +£0.015, n = 6).

Action spectrum for bleaching

The half-bleaching constant given above applies for 630 nm,
the wavelength of the adapting field used in the experiments
described to this point. Measurements of the action spectra of
turtle photoreceptors (Baylor and Hodgkin, 1973) suggest that
our measuring wavelength of 632.8 nm will be absorbed about
25 times more strongly by red-sensitive cones than by green-
sensitive cones or the rods and it is also known that the red-
sensitive cones constitute some 80% of the total photoreceptor
population (Ohtsuka, 1985). It would thus seem likely that our
transmission measurements largely arise from the red-sensitive
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Figure 3. Change in photodiode response to transmitted light during
and after the retina was exposed for 5.3 min to an intense adapting light
of 6.63 log photons sec~' um~? at 630 nm.

cones. If so, the efficiency of bleaching at wavelengths other than
630 should be predicted from the action spectra of the red-
sensitive cones. Figure 5 summarizes the results of five exper-
iments that were designed to compare the half-bleaching con-
stants for adapting lights of 630 nm, 530 nm, and 700 nm. The
ordinate is the reciprocal of the steady photon levels required
to produce a value of P = 0.5. The solid circles show the mean
measurements normalized relative to 630 nm.

There are four types of red-sensitive cones in the turtle retina
that have different spectral properties due to differences in their
oil droplets. Since our measuring light covers a large population
of cones, the predicted efficiency of bleaching must take into
account the effective absorption spectra and relative incidence
of all four cone types. The predicted efficiency of bleaching was
calculated from the data of Ohtsuka (1985) as follows. Estimates
of sensitivity relative to 630 nm were taken from the average
spectral sensitivity measured at 530, 630, and 700 nm for each
of the four cone types (Ohtsuka, 1985, his Fig. 2). The sensi-
tivities were converted to linear values, s, and weighted by the
incidence, i, of the cone type. The resultant predicted sensitivity,
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Figure 4. Fraction of photopigment unbleached, P, as a function of
the intensity of steady adapting lights of 630 nm in steady-state, equi-
librium conditions. Symbols show results from two cones. The smooth
curve represents the bleaching equation (Eq. 4) with the half-bleaching
constant set at 5.57 log photons sec™! um~—2.
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Figure 5. Action spectrum for half-bleaching. Solid circles are from
transmission measurements. Open circles are results predicted if the
transmission signal arises exclusively from red-sensitive cones. See Re-
sults.

S, at each wavelength was then computed:
S =2 (5.0 (5)

The computed values, normalized relative to sensitivity at 630
nm and converted to logarithmic units, are shown by the open
circles in Figure 5. The measured and predicted values are in
good agreement. This strongly supports the conclusion that our
transmission method is selectively measuring the photopigment
of the red-sensitive cones.

It might be supposed that green-sensitive cones and/or rods
could make significant contributions to the transmission mea-
surements when the concentration of the red-sensitive photo-
pigment has been substantially reduced by the use of intense
adapting lights. This situation is analyzed in detail in the Ap-
pendix. It is shown that the combined contributions from green-
sensitive cones and rods would be expected to increase the mea-
sured half-bleaching constant by only about 0.11 log unit for
the data of Figure 4, a factor within the experimental measure-
ment error (SD = +0.13). The analysis also indicates that the
results of Figures 3 and 5 should not be seriously distorted by
contributions from green-sensitive cones and rods.

Light adaptation in cones

Observations from a very stable recording

Quantitative data on light adaptation were obtained from a
sample of 15 red-sensitive cones, following the protocols given
in Materials and Methods. Recordings from several cones were
held for at least 2 hr. In the best case, hereafter called “cone
A,” the recording was held for more than 3 hr and the signal :
noise was unusually good. Figure 6.4 shows superimposed re-
sponses of this cone evoked by 400 msec flashes of light in the
fully dark-adapted retina. The hyperpolarizing responses range
up to about 24 mV and are similar in waveform to those ob-
served previously by others. After the responses of Figure 64
were recorded, the cone was exposed to a steady background
light at an intensity of 1.65 log sigma (equivalent to 5.65 log
photons sec™! um~2). The course of light adaptation was fol-
lowed by monitoring the increase of the response evoked by a
full decremental flash. The response increased over time, while
the resting membrane potential gradually depolarized to a steady
level. As a rule, such recovery was largely complete in 2-3 min

but we routinely waited at least 5 min, and 10-15 min in the
case of very intense backgrounds, to cnsure that steady-state
light adaptation was unequivocally reached.

In Figure 6B, the cone had reached the steady state and the
superimposed traces show responses evoked by a series of in-
cremental flashes of variable magnitude. The maximum hyper-
polarization evoked by a saturating flash in Figure 6B is some-
what less than that evoked by a saturating flash in the dark in
Figure 6A4. Figure 6C shows superimposed responses evoked by
aseries of decremental flashes of variable magnitude. The largest
response, cvoked by a full decrement, that is, a 400 msec step
to complete darkness, overshoots the dark membrane potential
level (shown as a dash) by some 6 mV. After the termination
of the step, the responses to the three largest decrements show
a clear hyperpolarizing overshoot. After obtaining the responses
of Figure 6C, the background was turned off and the cone al-
lowed to dark adapt for some 15 min until the responses to a
weak test flash were judged to be constant. The series of re-
sponses in Figure 6 was then obtained in response to light
flashes of variable intensity. This response series was virtually
identical to that of Figure 64 recorded some 25 min earlier.

Figure 6 F—H shows responses recorded in the steady state on
backgrounds some 250 x dimmer and 200 x more intense, re-
spectively, than that used in B and C. Figure 6, E and F, shows
responses on a background whose intensity (3.25 log photons
sec™! um~2) was equivalent to —~0.75 log sigma. The response
range for increments is much larger than that for decrements.
The upper two decremental responses show a slight depolarizing
overshoot above the dark membrane potential (marked by the
dash). Figure 6, ' and H, shows responses evoked on a back-
ground of 3.95 log sigma (7.95 log photons sec™! um~2). In
contrast to the responses in £ and F, the response range for
decrements is larger than that for increments and both response
sets show relatively complex waveforms with prominent over-
shoots at stimulus offset.

Measurements of the steady-state membrane potential

The resting membrane potential in the dark-adapted state is
shown by the horizontal lines in Figure 6. The average value
over the course of the recording was about —33 mV. The second
largest response in Figure 64 was evoked by a flash of 1.65 log
sigma applied in the dark. When the same light was applied
continuously, the hyperpolarization gradually depolarized to
reach the steady-state level shown by the baseline in Figure 6B.
The tendency of the membrane potential to depolarize toward
the dark level in the presence of steady illumination has been
widely observed in various species and 1s generally believed to
be a fundamental manifestation of light adaptation. Figure 7
gives a quantitative view of this behavior in our sample of turtle
cones. The dashed curve, based on average results in 23 cones
(see below), represents the peak hyperpolarization evoked when
a background light is turned on and the retina is fully dark
adapted. In contrast, the circles show measurements of the mag-
nitude of the steady-state hyperpolarization observed after back-
ground light has been maintained for some 10 min. The solid
circles show the average steady-state results collected from a
sample of 15 cones, and the open circles show results for cone
A of Figure 6. The results of Figure 7 agree with previous ob-
servations that the stimulus-response curve becomes shallower
after 1-2 sec of maintained illumination (Baylor and Hodgkin,
1974) and the membrane potential subsequently depolarizes to
reach a steady-state value about half that evoked in the dark
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(Normann and Perlman, 1979). Figure 7 extends measurements
to intensities some 2 log units higher than previously studied
and thereby shows that the potential stabilizes at about 0.5 V.,
over a range of high background intensity of at least 4 log units
(2-6 log sigma or equivalently, about 6~10 log photons sec™!
wm=2), Over this range, the mean steady-state potential was 0.49
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Figure6. Responsesofaconeto flash-
es in the dark (4 and D) and in the
presence of steady background illumi-
nation (B, C, E-H). The intensity of the
background illumination is given by the
number above each set of recordings in

5mVI

0.5 sec

H logarithmic units relative to the inten-
sity, sigma, that produces a half-max-
395s imal response in the dark (sigma = 4.0

log photons sec™! um~2). A horizontal
line shows the level of the resting po-
tential in the dark (approximately —33
mV). The flash intensities for the re-
sponses in 4 and D are equal to —1.75,
—0.75, 0.25, 0.75, 1.65, and 3.95 log
sigma. The responses in C, F, and H
were generated by a series of negative
steps of 0.09, 0.18, 0.47, 0.90, and 3.0
log units relative to the background. The
responses in B, E, and H were generated
by a series of positive steps of 0.09,
0.20, 0.50, 0.98, 1.96, and 2.92 log units
relative to the background.

mination evoke changes in voltage from the steady-state levels
shown in Figure 7. The stabilization of the membrane potential
at high background intensities might preserve about one-half of
the response range for positive and negative contrast steps, re-
spectively. To consider this and other aspects of light adaptation,
we now concentrate exclusively on the changes in voltage evoked
by flashes of variable magnitude and polarity.

Figure 7. Steady-state potential
maintained in steady background illu-
mination for the cone of Figure 6 (open
circles) and for results collected from a
sample of 15 cones (solid circles). The
potential is expressed as a fraction of
the maximum hyperpolarization evoked
by a saturating flash in the dark (V,,,.).
The smooth curve represents the peak
hyperpolarization evoked when a back-
ground light is first turned on in the
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dark. Log intensity of 0 sigma = 4.00
and 4.01 log photons sec~! um~2, re-
spectively, for the data plotted as solid
and open symbols.
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Figure 8. Stimulus—response relations for flashes applied in the dark
(curve D) or on steady background illumination. Responses evoked by
increments and decrements are given positive and negative signs, re-
spectively, and scaled relative to the maximum hyperpolarizing re-
sponse evoked in the dark (V). The average value of V,, over the
entire recording period was 24.1 mV, as shown at the upper left. The
number to the right of each curve indicates the background intensity in
units of log sigma. The steady-state response to these backgrounds is
shown by the open circles in Figure 7. The backgrounds and specific
values for the steady-state response are D, 0.0; —1.25, 0.10; —0.25,
0.16; 0.75, 0.24; 1.65, 0.41; 2.75, 0.49; 3.95, 0.49; and 4.85, 0.51.
Smooth curves were drawn by eye. The recording was lost before the
decremental series could be completed on the background 4.85 sigma.
See Results for details.

Stimulus—response curves

Figure 8 summarizes measurements obtained from cone A on
eight background levels, following the protocol outlined in Ma-
terials and Methods. The vertical axis shows the peak amplitude
of the changes in voltage evoked by positive and negative steps.
Amplitude is normalized relative to the maximum hyperpolar-
izing response evoked in the dark-adapted state (see Materials
and Methods). Symbols above and below zero represent hy-
perpolarizing and depolarizing responses evoked by positive and
negative steps, respectively. A x marks the background inten-
sity. All the smooth curves in Figure 8 are drawn by eye. Curve
D at the far left is drawn through the average of eight sets of
interspersed control measurements taken over some 3 hr when
the retina was periodically returned to the fully dark-adapted
state. The standard errors are small, showing that the dark-
adapted sensitivity and stimulus-response curve were highly
reproducible throughout the course of the recording.

Figure 8 illustrates two characteristic effects of light adapta-
tion on the stimulus-response curves that were observed
throughout our sample of cones. (1) The total response range
(i.e., the total excursion in voltage between the maximum de-
polarizing and hyperpolarizing responses) was not invariant with
light adaptation. With respect to that found in the dark, the
total response range often increased to 110-120% on moderate
backgrounds and then invariably decreased to some 60-80% on
very intense backgrounds. (2) The response evoked by a full
decremental flash (i.¢., a step to complete darkness) varied with
background level, reaching a peak at an intermediate intensity
and then decreasing on higher background intensities. This effect
is clearly illustrated in Figure 8. In a sample of 19 cones, the
maximum response range for decrements was found, on average,

on a background of 1.77 log sigma (SD = +0.50). The expansion
of the response to decrements seems partly due to the emergence
of a depolarizing overshoot above the dark membrane potential
level, as illustrated in Figure 6C. In a sample of 15 cones, the
maximum overshoot was +3.9 mV (SD = +1.95) relative to
the dark-adapted membrane potential and occurred on a back-
ground intensity of 0.95 log sigma (SD = +0.56).

As a rule, dark-adapted stimulus-response data were reason-
ably well described by the modified Michaelis-Menton equation,
VIV, = IY/I" + 57, where [ is the flash intensity, V' and V__,
are the observed and maximum peak response, respectively,
and s is the intensity (sigma) that evokes a half-maximal re-
sponse. For 23 cones, the average value of n was 0.80 (SD =
+0.08), and thus somewhat less than the value of 1 required by
the Michaelis-Menton relation, and found to hold reasonably
well in eyecup preparations under most conditions (Baylor and
Hodgkin, 1973, 1974; Normann and Perlman, 1979; Pulvinage
and Green, 1990). Statistical analysis indicated that the value
of the experiment, n, was not significantly dependent on flash
duration (40 vs 400 msec), the use of a small spot versus large
field stimuli (150 um vs 2.2 mm) or laser versus white light. In
view of the relatively complex and variable effects of background
illumination described above (Figs. 6, 8), no attempt was made
to find a general mathematical description for the form and
variation of the stimulus-response curves as a function of back-
ground intensity.

Effects of flash contrast

Flashes of equal contrast evoke equal-amplitude responses in-
dependent of the background intensity wherever the curves in
Figure 8 stay parallel to one another. Contrast constancy of this
sort holds rather well over an appreciable range in Figure 8.
This is highlighted in Figure 9, where responses to flashes of
fixed contrast are shown on three different background levels
that cover an intensity range of 50,100 (from —0.75 to 3.95 log
sigma). Contrast is specified as the ratio of the flash to back-
ground intensity (see Materials and Methods). Since the back-
grounds cover a range of some 50,100, the magnitude of photon
flux generated by any contrast ratio also varies by 50,100 x
across the three backgrounds. From this vantage, the differences
in the amplitude of the responses to a fixed contrast ratio as a
function of background intensity are rather minor. On the other
hand, it is well known, and Figure 9 also shows, that the kinetics
of the responses of photoreceptors are modified by light adap-
tation. In sum, the results in Figure 9 may be about as close as
cones can come to achieving perfect contrast constancy over an
appreciable range of background illumination.

A quantitative view of the occurrence and breakdown of con-
trast constancy (for peak amplitude) is given in Figure 10 for
results obtained from cone A. Plotted here is the flash intensity
required to evoke a response of fixed amplitude as a function
of the background intensity for both incremental (open symbols)
and decremental flashes (solid symbols). The size of the fixed
criterion response, as a fraction of V,,,, is shown by each curve.
Contrast constancy for peak amplitude holds exactly wherever
the slope of the curves is 1.0. For reference, the dashed line has
unit slope and represents the case where there is no change
between the intensity in the background and that in the flash
(see Materials and Methods). The dashed line may also be de-
scribed as the relationship that is expected to hold for perfect
contrast constancy in the limit as the flash intensity asymptot-
ically approaches the background intensity. Hence, the experi-
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mental measurements for decremental and incremental steps lie
below and above the dashed line, respectively. Although Figure
10 shows that contrast constancy breaks down markedly at the
extremes of background intensity and more so for larger criteria,
the domain of approximate constancy is still rather remarkable,
particularly when it is realized that, over the region where in-
variance holds for criterion responses of 30% and 40%, the size
of the corresponding steps are rather large—namely, about 0.75
and 1.0 log unit, respectively.

Contrast symmetry, the special case in which equal contrast
steps of opposite polarity evoke responses of equal absolute
amplitude, is found in Figure 8 wherever the positive and neg-
ative segments of the curves remain symmetrical. In Figure 10,
symmetry holds wherever the data for corresponding positive
and negative criteria are oppositely but equally displaced from
the dashed line. Although such symmetry breaks down mark-
edly at the extremes of background intensity and for large cri-
terion responses, Figure 10 shows that it holds reasonably well
over a very large range of background intensity for a criterion
response of 20% V... These responses are evoked by rather
large steps in contrast, about +0.5 log unit, thatis, 3 x and 1/3 x
for positive and negative contrast, respectively.

Weber’s law behavior

The occurrence of contrast constancy in Figure 10 means that
responses of relatively large amplitude conform to Weber’s law

Figure 9. Approximate contrast con-
stancy of the cone response over a
50,100x range of background illumi-
nation. The number to the left gives the
relative intensity of the background il-
lumination, where 1 = —0.75 log sigma
(3.25 log photons sec~!' um~2), 250 =
1.65 log sigma (5.65 log photons sec—!
pm~2), and 50,100 = 3.95 log sigma
(7.95 log photons sec~! um~-2). The con-
trast ratio is given as the ratio of the
flash intensity to the background inten-
sity (see Materials and Methods). Se-
lected records are from the cone of Fig-
P ure 6.
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Figure 10. Flash intensity required to evoke a fixed criterion response
as a function of the intensity of steady background illumination. The
number by each curve indicates the criterion response as a fraction of
the maximum response (V,,,) evoked in the dark, following the con-
vention given for Figure 8. Positive and negative criteria are for incre-
mental and decremental responses, respectively. Dashed line represents
the locus for flash intensity = O (see Results). Smooth curves were drawn
by eye.
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Figure 11. Step sensitivity for 15 cones as a function of the intensity
of steady background illumination. The sensitivity is based on a criterion
response of 5% of V.., the cone’s maximum response in the fully dark-
adapted state. The point at the upper left gives the step sensitivity mea-
sured in the fully dark-adapted state. The data fall with a slope of about
~1 over the upper 6.5-7 log units of background intensity and thus
conform closely to Weber’s law behavior. The equation for the smooth
curve is given in Results (Eq. 6).

(AI/I = k) since whenever the data have unit slope, the rela-
tionship, AI/I = k, is also satisfied. Thus, Weber’s law holds
rather well for criterion responses of 20% V..., and over a smaller
but still substantial range for even larger criterion responses. All
the data in Figure 10 are for responses outside the linear range
since, in plots of peak amplitude versus stimulus magnitude
(AD), responses of 20% V.., were clearly in the nonlinear do-
main. On the other hand, responses of <10% appeared to fall
within the linear range, in agreement with past work on turtle
cones (Baylor and Hodgkin, 1974; Normann and Anderton,
1983). Measurements of incremental sensitivity for a criterion
response of 5% of V,,,, are shown in Figure 11 for data collected
from a sample of 15 cones. In this plot, Weber’s law holds if
sensitivity falls with —1 slope. In fact, this relationship holds
closely over the upper 7 log units of background illumination.
The smooth curve which fits the full range of the data is given
by the equation

S,/Sp = (1 + I/L)~", 6)

where S, and S, are the sensitivity to a step (400 msec) in the
presence of background light and in the dark, respectively, I is
the intensity of the background light, and I, is the background
intensity that reduces the step sensitivity by one-half (Baylor
and Hodgkin, 1974; Matthews et al., 1990; Schnapfetal., 1990).
The value for /1, in Figure 11 is 2.70 log photons sec—! um~2,

Responses on very intense backgrounds

Variability between cones in our sample was typically most
apparent at relatively high background intensities (>7-8 log
photons sec~' um~2 or, equivalently, about 3-4 log sigma). Two
apparently independent sources of variability were observed.
(1) Variation in the total response range was seen. Although
some variability in the range to both increments and decrements
was observed, the greater variation was seen for decrements.
The response to a full decrement (dark flash) sometimes re-

mained relatively large (about 0.4-0.5) on higher backgrounds,
depolarizing nearly to the level of dark-adapted membrane po-
tential, as in Figure 8. In other cones, however, the depolarizing
response did not come close to the dark level and the response
amplitude was correspondingly small, in the 0.20-0.25 range.
These small responses were also often sluggish. (2) In some
cones, a decrease in the slope of the stimulus-response curve
was seen for backgrounds at or above approximately 9 log pho-
tons sec~! um~2 (approximately 5 log sigma). Such decreases in
slope imply a breakdown in strict Weber’s law behavior. To
examine this more closely, the data from all the cones of Figure
11 were analyzed by replotting the data as AI/] versus log L
The Weber fraction, AI/I, was about 0.30 and did not vary
systematically over a range of background from about 3.5 to 9
log photons sec~! um~2. For about half the cones tested on
backgrounds above about 9 log photons sec~! pum~2 the Weber
fraction tended to increase somewhat, while others showed little
change from that seen on weaker backgrounds.

Discussion

Weber’s law and responses to contrast steps in cones
Intracellular recordings from cones have yielded a fair body of
evidence for Weber’s law behavior for small responses in various
vertebrates over the years (Shapley and Enroth-Cugell, 1984;
Burkhardt and Gottesman, 1987; Dowling, 1987; Dawis, 1991),
but that previously obtained from turtle cones (Normann and
Anderton, 1983) stands out as the most precise and extensive,
showing Weber’s law over a change in sensitivity of about 3.5
log units. The present report now extends measurements on
turtle cones to considerably more intense backgrounds and
thereby shows that Weber’s law behavior holds rather closely
for small responses over some 7 log units of change in cone
sensitivity. By comparison, the largest range yet reported for
human cone vision is about 5 log units and is probably mediated
by more than one cone type (Whittle, 1993). The photometric
measurements described in Materials and Methods indicate that
the most intense background level studied here (about 10 log
photons sec~! um~2) would correspond to a luminance of about
7.2 log millilamberts (8.8 log trolands), a luminance about 1000
times more intense than that of a white paper illuminated by
sunlight at noon (Riggs, 1965). Thus, in nature and for small
responses, Weber’s law evidently rules the entire upper range
of turtle vision. Although some cones may show some elevation
in the Weber fraction at very intense levels, the elevation is
rather unremarkable on the sort of logarithmic plots like Figure
11 that have commonly been used to demonstrate Weber’s law
behavior in vertebrate photoreceptors. Thus, even at the ex-
tremely high light levels used in the present work, there is yet
no compelling evidence for saturation in turtle cones, in marked
contrast to clear findings for saturation in rod photoreceptors
(Fain, 1976; Baylor, 1987; Dowling, 1987).

The background intensity, I,, that reduces the step sensitivity
by one-half, was found to be 2.70 log photons sec—' um~2 for
the smooth curve in Figure 11. To compare our work with other
reports on cones, however, it is necessary to determine I, for
flash sensitivity rather than for step sensitivity. This was done
in a sample of three cones and gave an average value of 3.06
log photons sec~' um~2, This is smaller than the value of 3.70
log photons sec~! um~2 estimated from one earlier report for
cones in the eyecup (Normann and Anderton, 1983). On the
other hand, Baylor and Hodgkin (1974) estimated /; at about
2000 photoisomerizations sec~', whereas our finding of 3.06



log photons sec™' um-2 at 632.8 nm is equivalent to about
16,000 photoisomerizations sec~'. Values of about 3500 and
26,000 photoisomerizations sec™!, respectively, have been re-
ported for isolated salamander cones (Matthews et al., 1990)
and isolated monkey cones (Schnapf et al., 1990). Because the
value for /, found for isolated monkey cones is about 10-100
times greater than that found in human psychophysics or mon-
key ganglion cells (Purpura et al., 1990; Schnapf et al., 1990),
postreceptor mechanisms are thought to contribute significantly
to the overall reduction in visual sensitivity, at least at low
background intensities. In the turtle, this issue is currently un-
settled since the available psychophysical data (Granda and
Sisson, 1989, their Fig. 3) suggest an I, value similar to that
reported here for red-sensitive cones, whereas observations on
cones and ganglion cells in the turtle retina (Baylor and Fetti-
place, 1977) provide evidence for sensitivity reduction beyond
the receptor level.

Although very small response criteria in the linear response
range have typically been used to investigate Weber’s law be-
havior in vertebrate cones, Figure 10 shows that Weber’s law
behavior is relatively robust and holds rather closely over 4-5
log units of background for relatively large response criteria of
+20% V... These responses correspond to relatively large con-
trast steps (=3 x) and their amplitudes are some 400 x greater
than the 5-12 1V signals believed to mediate visual threshold
in turtle (Granda and Dvorak, 1977; Normann and Anderton,
1983). These results in the nonlinear, suprathreshold domain
provide clear evidence for what has been called strong Weber’s
law behavior for cones (Dawis, 1991) or contrast constancy. In
human vision, there is psychophysical evidence for contrast
constancy as well as contrast symmetry over several decades of
background illumination for contrasts up to at least 3 x (Burk-
hardt et al., 1984; Walraven et al., 1990; Whittle, 1993). Figures
8—10 suggest that a substantial component of contrast constancy
and symmetry may originate in cones.

Changes in cones due to background illumination

The changes in waveform associated with light adaptation (Fig.
6) resemble those described previously (Baylor and Hodgkin,
1974; Normann and Perlman, 1979). These changes might arise
in the outer segment from changes in the kinetics of the under-
lying biochemical reactions of phototransduction (Baylor and
Hodgkin, 1974; Baylor et al., 1979; Fain and Matthews, 1990;
Matthews et al., 1990; Dawis, 1991) and/or from voltage-sen-
sitive conductances in the inner segment (Normann and Perl-
man, 1979; Schnapf and McBurney, 1980; Barnes and Hille,
1989; Lasater and Witkovsky, 1991; Thoreson and Burkhardt,
1991; Lasater, 1992). It is well established that light adaptation
leads to changes in temporal integration in cones (Baylor and
Hodgkin, 1974; Tranchina et al., 1984; Daly and Normann,
1985). This factor would be expected to affect the slope of in-
cremental sensitivity measurements when long flashes are used,
as in the experiments of Figure 11. Although this question has
not been investigated exhaustively, results obtained with either
20 msec or 400 msec flashes seemed to conform to Weber’s law
(=1 slope) about equally well over most of the background
intensity range. Measurements of temporal integration in our
preparations typically ranged from about 90 msec when fully
dark adapted to 30 msec when fully light adapted, a smaller
range than that reported previously (Baylor and Hodgkin, 1974;
Daly and Normann, 1985). The change in temporal integration
seemed largely confined to weak background intensities below
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+1 log sigma. Empirically, Figure 11 shows that, whatever
changes in temporal integration may be occurring, Weber’s law
holds as well or better for 400 msec flashes as that reported
previously for brief flashes.

We have found that the total range of the stimulus-response
curve changes as a function of background illumination. Changes
of this sort were not as striking in past work (Normann and
Perlman, 1979), probably because the earlier measurements did
not extend into the high-intensity realm investigated in the pres-
ent report. Thus, our findings show that the effect of light ad-
aptation cannot be simply described as a shift in a fixed template
curve downward and rightward along the log intensity axis. We
have also shown that the maximum response to a full decrement
increases and then decreases as the background illumination is
raised. Hence, there is an intermediate level of background il-
lumination on which the range of response to negative contrast
is maximal. This seems the consequence of three interacting
factors. (1) The increase in the prevailing steady-state membrane
potential over moderate levels of background illumination per-
mits a larger range for the response. (2) A depolarizing overshoot
further extends the response range on moderate backgrounds
(Fig. 6C). (3) A reduction in the rate of the depolarization comes
into play at very high intensities, thus reducing the response.
This effect may involve recovery from bleaching since it begins
to appear at background intensities of about 6-7 log photons
sec™! um~2,

Photopigment bleaching and mechanisms of light adaptation

Our observations on time course, steady-state behavior, and
action spectra (Figs. 3-5) support the conclusion that the trans-
mission measurements reflect changes in the photopigment of
red-sensitive cones. To our knowledge, these are the first mea-
surements of bleaching of cone photopigments in sifu, other
than that obtained by the method of reflection densitometry in
the human and monkey eye. At least three properties of the
turtle eye seem fundamental for the success of the transmission
method: (1) the opaque scleral tunic can be teased away, (2) the
main body of the sclera is transparent, (3) the red-sensitive cones
are by far the most numerous receptors in the retina. Conse-
quently, our measuring beam of 632.8 nm can be highly ab-
sorbed by the parent pigment while being little influenced by
absorption by other receptors or by photoproducts of bleaching
that absorb in the short-wavelength region of the spectrum,

Our primary finding shows that the bleaching curve for turtle
cones (Fig. 4) is well fitted by the equation previously applied
to human cones (Rushton, 1972). The half-bleaching constant,
I,, of 5.5 log photons sec~! um~2 is surprisingly similar to the
estimated value of 5.4 log photons sec~' um~2 for human and
monkey cones, obtained by converting the previously reported
value of about 4.3 log trolands (Rushton and Henry, 1968;
Hollins and Alpern, 1973; Valeton and van Norren, 1983) by
factors appropriate for the human and monkey eye (Wyszecki
and Stiles, 1982; Schnapfet al., 1990). When converted to pho-
toisomerizations, the half-bleaching constant for monkey cones
(Valeton and van Norren, 1983) and the present results for turtle
cones are, respectively, about 5.40 and 6.35 log photoisomeriza-
tion sec~! per cone. It thus appears that turtle cones are some-
what more resistant to bleaching by prolonged background il-
lumination. On various assumptions, Normann and Perlman
(1979) estimated I, for turtle cones at about 5.95 log photons
sec™' um~2, about 2.8 times higher than the actual measure-
ments reported here.
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Figure 12. Comparison of aspects of light adaptation in red-sensitive
cones and changes in photopigment as measured by light transmission.
A4, Maintained potential in the steady state (open circles, left ordinate)
and rate of photoisomerization (smooth curve, right ordinate). B, Step
sensitivity for results collected from 15 cones (open circles, left ordinate)
and estimated value of P, the fraction of cone photopigment unbleached
(right ordinate, lower smooth curve). The smooth curve drawn through
the open circles for the step sensitivity is the same as that in Figure 11
with I, = 2.70 log photons sec~! um~2. The smooth curve for the
photopigment is based on the equation P = I,/(I, + I), where I, is the
average experimentally measured value, equivalent to 5.54 log photons
sec™! um~2 (see Results).

Quantitative comparisons of our measurements of photopig-
ment bleaching and light adaptation are given in Figure 12. The
smooth curve in A4 shows the rate of photoisomerizations sec™!
per cone in the steady state, calculated from the product, I-f*
g, where I is the number of photons sec~! incident upon the
outer segment (Baylor and Fettiplace, 1975), fis the fraction of
incident photons absorbed, and ¢ = 0.65, the quantum efhcien-
cy. The fraction absorbed, f, was calculated from the modified
relation (Fein and Szuts, 1982) f= 1-10-%, where d, the optical
density in the fully dark-adapted state, is taken as 0.195 (Baylor
and Fettiplace, 1975), and p is the proportion of pigment un-
bleached based on the fit of the bleaching equation (I, = 5.54
log photons sec~! um~2) to our average transmission measure-
ments. In Figure 124, the ordinate for the photoisomerization
rate has been positioned vertically and scaled down by a factor
of about 4 relative to the left ordinate to bring the smooth curve
in approximate register with the open circles. The open circles
are the average steady-state measurements of Figure 7, here
plotted logarithmically. The near coincidence of the two sets of
results indicates that there is a power law relationship between

the steady-state hyperpolarization and the photoisomerization
rate. Linear regression analysis gave the best-fitting equation

RS = k-Pjo-208 (7)

where R, is the normalized steady-state response (V/V,.,.), Pi is
in photoisomerizations/sec, k = 0.0082, and the best-fit index,
r2, = 0.983. The functional significance of this equation in re-
lation to the complex cascade of reactions intervening between
photoisomerization and membrane potential is unknown.

The present results show that the steady-state potential and
the photoisomerization rate stabilize concurrently over the up-
per 4 decades of background illumination (approximately 10¢
to 10" photons sec—’ um~2). The stabilization of the membrane
potential thus seems explained by the stabilization of the pho-
toisomerization rate and it appears that under steady-state con-
ditions of light adaptation, about § x 10¢ photoisomerizations
sec~!lead to the closure of about half of the cone’s light-sensitive
channels. The stabilization of the photoisomerization rate is
due, in turn, to the depletion of photopigment by bleaching.
Over the range from about 105 to 10'° photons sec™!' pm~2, the
increase in the number of incident photons due to raising the
background intensity is exactly offset by the decrease in the
photon catch due to photopigment depletion. Thus, the stabi-
lization of the membrane potential at about 0.5 V,_,, is the
consequence of photopigment bleaching.

Figure 128 shows the pigment bleaching curve in logarithmic
coordinates along with the step sensitivity results from Figure
11. The bleaching curve has been vertically positioned to high-
light the region over which both curves decline in parallel with
—1 slope. It is thus evident that over the range of background
from about 6-6.5 to 10 log photons sec~' um~—2, photopigment
bleaching can account for the progressive reduction in cone
sensitivity (Weber’s law); that is, as the background intensity is
raised, the photopigment is proportionately depleted, so the
intensity of the incremental test flash (A7) must be proportion-
ately raised to generate a fixed response. The range of back-
ground intensity over which such proportional depletion of pho-
topigment occurs (Fig. 12B) is virtually identical to that for the
stabilization of the steady-state membrane potential (Fig. 124).

It is sometimes suggested that depletion of photopigment may
allow cones to adapt indefinitely and thus avoid saturation on
even the most intense backgrounds. This will be true, however,
only if the number of unbleached photopigment molecules is
sufficient to accommodate the number of incoming photons in
the test flash (Dartnall, 1969). This question was examined by
calculating the number of photoisomerizations required to evoke
a fixed response of 5% V., and comparing this to the number
of available, unbleached molecules.

The photoisomerization rate for the incremental test flash (A7)
in the presence of a given background was calculated from the
product Al-f-q, where fand g are as defined above and the test
flash was assumed to produce negligible bleaching. This value
was rmultiplied by the cone’s integration time to give the number
of photoisomerizations required to evoke the criterion response.
From experimental results described above, integration times
of 90 and 30 msec were taken for the fully dark-adapted and
fully light-adapted states, respectively. It was found that the
number of required photoisomerizations/flash was about 150
in the dark-adapted state and rose with background intensity to
reach an asymptotic value of about 46,000/flash for back-
grounds above approximately 6.5 log photons sec~' um~2. The
number of available, unbleached molecules was taken as P- 108,



where P was taken from Equation 4 describing the smooth curve
in Figure 12B, and 108 is the estimated number of photopigment
molecules in red-sensitive turtle cones (Hodgkin and O’Bryan,
1977). Over most of the range of background intensity, the
number of available (unbleached) molecules substantially ex-
ceeded the number of photoisomerizations required to mediate
the test flash response. However, for backgrounds of 9 and 10
log photons sec—! um~2, respectively, the calculations indicated
that about 35,000 and 3500 molecules remained unbleached,
whereas 46,000 photoisomerizations/flash were required for the
criterion response. Thus, at the most intense background in-
vestigated (10 log photons sec™! pm~2), it appears that about
10 times more molecules are required for the incremental re-
sponse than are available. Nevertheless, a marked breakdown
in Weber’s law was not observed experimentally (Fig. 11). A
ready explanation for this discrepancy is not at hand. Thus, the
value of 10® molecules/cone, although not measured directly, is
consistent with accepted properties of visual photopigments and
the dimensions of turtle cones (Hodgkin and O’Bryan, 1977)
and is most unlikely to be some 10 times larger, as would be
required to explain the present discrepancy. The assumption of
negligible regeneration is compatible with the accepted view that
regeneration rate should be very low when most of the photo-
pigment is bleached (see, e.g., Rushton, 1972). In marked con-
trast, ultrafast regeneration on the order of 1500 molecules/msec
would seem necessary to boost the number of photoisomeriza-
tions/flash (30 msec integration time) to the approximately
46,000 required. Although the possibilities given above seem
implausible and/or insufficient by themselves, it should be em-
phasized that very little is as yet known about the behavior of
cone photopigment molecules in intact cones at the exceedingly
high intensity levels investigated in the present report. More-
over, as discussed in Results, there is some suggestion that the
cone may be coming near the end of its operating range for
background illumination in the region of 10 log photons sec™!
um—2,

In contrast to the 6.5~7 log units range reported here for cones
in situ, recent reports on isolated cones show Weber’s law be-
havior over 1.5-2.5 log units, above which largely irreversible
sensitivity losses occur (Matthews et al., 1990; Schnapf et al.,
1990). The limited ranges are probably due, at least in part, to
a greatly depressed capacity for photopigment regeneration in
isolated cones. When turtle cones are deprived of their normal
association with the pigment epithelial cells in an isolated retina
preparation, Weber’s law behavior is observed over only about
2 log units of sensitivity up to a background intensity of about
5.5 log photons sec~! um~-2, above which a largely irreversible
saturation occurs (Normann and Perlman, 1990). In stark con-
trast, Figure 12B shows that a background impingement of 5.5
log photons sec~! um~2is easily accommodated by cones in situ,
and that normal light adaptation will prevail over some four
additional decades of background light. Thus, the pigment ep-
ithelium and perhaps additional features of the intact retina
seem crucial for preserving the immense range of light adap-
tation reported here for cones in situ.

Figure 12B shows that there is a large range of background
illumination from about 2.5 to 5.5 log photons sec~! um~2 where
light adaptation in red-sensitive cones of the turtle does not
depend on photopigment depletion, confirming the inference of
Normann and Perlman (1979). Recent experiments in sala-
mander cones and rods strongly suggest that changes in intra-
cellular calcium may regulate the receptor’s sensitivity over the
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lower 2-3 log units of the Weber’s law range (Fain et al., 1989;
Fain and Matthews, 1990; Matthews et al., 1990). This mech-
anism might be the primary or sole basis for light adaptation
in turtle cones at the low-to-intermediate light levels identified
in the present report where photopigment depletion is incon-
sequential. On the other hand, Dawis (1991) has described a
comprehensive quantitative model in which mechanisms in-
volving calcium-independent aspects of the cGMP metabolic
cycle could both modulate the sensitivity and waveform of the
cone response while also giving rise to strong Weber’s law be-
havior in cones.

Appendix

The purpose of this section is to present a mathematical analysis
of the expected contribution of all classes of photoreceptors of
the turtle retina to the photodiode measurements reported in
the body of the present report.

The photiodide signal, s, arising from illumination of a single
photoreceptor is assumed to be proportional to the intensity of
the measuring light, 7, and the fraction of light transmitted, 7"

s=k-1,T, 8)

where k is a constant depending on the sensitivity of the pho-
todiode and the efficiency of the collecting optics. Equation 8
may be rewritten in terms of £, the fraction of light absorbed
by the photopigment:

s=kI,-(1 = 1) ®
The quantity f, is computed (Fein and Stutz, 1982)
f,=1—10-0awr (10)

where D is the optical density of the photopigment at the wave-
length of maximum absorption when the photopigment is fully
regenerated, 4, is the absorption coefficient at the wavelength
of the measuring light (632.8 nm), and P is the fraction of
pigment unblecached.

The quantity I,, and the constant k in Equation 8 can be
neglected since both are held constant throughout the experi-
ment and absolute values are not important for the present
purposes. Combining Equations 9 and 10 then gives

s = 10-24r, (11

The value of D is taken as 0.195 for red-sensitive cones (Baylor
and Fettiplace, 1975) and is assumed to also apply for the green-
sensitive cones. In the micrographs of Kolb and Jones (1982),
the outer segments of rods are about twice as long as that of the
red-sensitive cones, and so the photopigment density of the rods
1s taken as 0.39, that is, twice that of the cones. For a measuring
light of 632.8 nm, A, is taken as 1.0, 0.04, and 0.04, respectively,
for the photopigment of the red-sensitive cones, green-sensitive
cones, and rods, based on the nomogram for A2 photopigments
having maximum absorption at about 625 and 520 nm (Ebrey
and Honig, 1977). A value of 0.001 is estimated for A, for the
blue-sensitive cones, based on the action spectrum measure-
ments of Baylor and Hodgkin (1973). This value and the relative
incidence of the blue-sensitive cones-—about 5% of the cone
population (Ohtsuka, 1985)—are so low that the blue-sensitive
cones can be neglected in the analysis that follows.

The fraction of pigment unbleached, P, is calculated from the
steady-state bleaching equation (Rushton, 1972):

P=1/1,+ 1), (12)
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where [ is the intensity of the steady adapting light, and I, is
the half-bleaching constant. It is assumed that the bleaching
efficiencies, and thus the half-bleaching constants, I,, of the
photopigment of both cone types and the rods are equal when
the photopigment is illuminated at the optimum wavelength.
However, in the present experiments, the adapting light is fixed
at 630 nm. Thus, if I, is the bleaching constant for red-sensitive
cones, that for green-sensitive cones and the rods must be scaled
up by 1/4,, that is, a factor of 25, since A4, at 630 nm = 0.04
for both classes of receptor as noted above.

The resultant photodiode signal, S, arising from all photo-
receptors illuminated by the measuring light is taken as the sum
of the weighted signal arising from each class of receptor:

S = (kr‘Sr) + (kg.sg) + (krod'srod)y (13)

where k,, k,, and £k, are weighting coefficients determined by
the product of the relative number and the cross-sectional area
of the photoreceptors illuminated. For convenience, the weight-
ing coeflicient for the red-sensitive cones is set to 1.0; &, is then
calculated as 0.20, based on the findings that the relative inci-
dence of the green-sensitive cones is about 0.25 (Ohtsuka, 1985)
and the cross-sectional area of their outer segments is about 0.78
that of the red-sensitive cones (Baylor and Fettiplace, 1975).
The value of k., is calculated as 0.20, based on a 0.05 incidence
ofrods relative to that of the red-sensitive cones (Ohtsuka, 1985)
and an estimate from the micrographs of Kolb and Jones {1982),
that the cross-sectional area of rods is about four times that of
red-sensitive cones. Substituting Equation 11 into 13, and in-
corporating all constants given above, yields

S = 10-01957 + 0.20(10-00087) + 0.20(10-00157w0).  (14)

When the retina is fully light adapted and all the photopigment
depleted (P, = P, = P, = 0), calculations from Equation 14
show that the measured photodiode signal, S, will be increased
by about 1.4 times above that measured in the fully dark-adapt-
ed state (P, = P, = P,, = 1.0). However, about 97% of this
change will be due to light passing through the red-sensitive
cones and only 3% to light passing through the green-sensitive
cones and rods. The small contribution of the latter receptors
is largely due to the relatively long wavelength (632.8 nm) of
the measuring light. Their photopigment is nearly transparent
at 632.8 nm and thus transmits about 96% of the incident light
under fully dark-adapted conditions. Hence, the transmission
and relative contribution to the photodiode signal by these re-
ceptors can only increase by about 4%, at most, when they are
fully light adapted and all their photopigment is depleted. Thus,
it seems evident that most of the change in the experimentally
measured photodiode signal should be due to the red-sensitive
cones. This issue was examined quantitatively by using Equa-
tion 14 to calculate the expected photodiode signal as a function
of the intensity of steady background lights. The calculated sig-
nals were then used to calculate the expected values of R, B and
P, as defined by Equations 1 and 2 in Materials and Methods.
It was found that the signals from the green-sensitive cones and
rods had minor effects on the bleaching curve, distorting the
shape slightly and increasing the apparent value of /, by about
0.10 log unit. In particular, if I, for the red-sensitive cone pho-
topigment was taken as log 5.43 photons sec™! um~2, calcula-
tions from Equation 14 predicted that the experimentally mea-
sured value would be increased to 5.54 photons sec—! pm~2,
The latter value 1s, in fact, the average value measured exper-
imentally (see Results). Thus, J, may be overestimated by about

0.11 log unit in our results. However, the difference in question
is within the experimental error (SD = +0.13 log unit) of our
measurements (see Results), so no corrections based on Equa-
tion 14 were made.

Other calculations showed that in the action spectrum mea-
surements of Figure 5, the measured value of I, for a 530 nm
adapting light would be overestimated by about 0.16 log unit
due to influence of the green-sensitive cones and the rods. Since
I, for a 630 nm adapting light is raised 0.11 log unit (see above),
the distortion in the action spectrum at 530 versus 630 nm
amounts to about 0.05 log unit relative to the difference expected
for measurements arising purely from the red-sensitive cones.
Thus, the distortion of the action spectrum measurements will
be quite small. This is largely because both the green-sensitive
cones and rods absorb very little at the wavelength (632.8 nm)
of the measuring light (see above).

For convenience, the contribution of “stray light,” that is, the
component of the signal generated by the fraction of the mea-
suring light that does not pass through the photoreceptors, has
been ignored in the above analysis. It would amount to an added
constant in the right side of Equation 14. However, as discussed
in Materials and Methods in connection with Equation 3, the
relative effect of stray light is factored out by the calculations
in Equation 2, since B is based on changes in ratios. Thus, the
presence of stray light will not alter the conclusions reached
above. The results of the present analysis strongly support the
conclusion that the changes in transmission measured in the
present paper arise almost exclusively from the red-sensitive
cones, even under extreme conditions where the contribution
of other receptors is maximized. It is therefore likely that the
results in Figure 2 give a relatively uncontaminated view of the
kinetics of the photopigment of the red-sensitive cones.
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