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We introduce a new technique for classifying many photore-
ceptors simultaneously in fresh, excised primate retina on the
basis of their absorptance spectra. Primate retina is removed
from the pigment epithelium and illuminated under a micro-
scope from the same direction as in the intact eye. To facilitate
the guiding of light into the receptor outer segments, the optical
axes of the photoreceptors are oriented paraiiel to the optical
axis of the microscope. Photoreceptor outer-segment tips are
imaged on a charge-coupled device array, which provides
radlometrlo measurements of the light passing through each
photoreceptor. These images are acquired sequentially at three
wavelengths chosen to maximize the absorptance differences
among the three cone photopigments. After the photopigment
is bleached, a second set of three images is acquired. The
ratios of the images before and after bleaching at each wave-

length are photopigment transmittance maps of the retina.
These are combined into a single trichromatic image showing
the distribution of photopigment if the retina could be viewed
directly in white light without bleaching. We have found patches
of receptors in peripheral macaque retina where the measured
absorptance at the wavelength of maximum absorptance is
consistent with the predicted axial absorptance of the pho-
topigment. The cones in these patches cluster into two groups
corresponding to the middle wavelength-sensitive (n = 53,
mean absorptance = 0.28) and the Iong wavelength-sensitive
(n = 63, mean absorptance = 0.30) cones. The mean ab-
sorptances of 273 macaque and 183 human rods were 0.51
and 0.41, respectively.
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Although color vision is mediated by three photoreceptor classes,
we have an incomplete idea about how the short (S), middle (M),
and long (L) wavelength-sensitive cones are arranged across the
retina. S cones are absent in the foveal center and form a sparse,

nonrandom packing arrangement in peripheral retina (Marc and
Cnerling 1977 Williamg et r)] 1081 de Monacsteria et al . 1085

Sperling, 1977; Williams et al., 1981; de Monasterio et al., 1985;
Ahnelt et al., 1987; Wikler and Rakic, 1990; Curcio et al., 1991).
L-to-M cone ratios of 1 in the monkey and 2 in the human and a
random arrangement of L. and M cones are consistent with avail-
able data (Brown and Wald, 1963, 1964; MacNichol, 1964; Marks
et al., 1964; Walraven, 1974; Smith and Pokorny, 1975; Bowmaker
and Dartnall, 1980; Bowmaker et al., 1980a,b, 1983, 1991; Dart-

1) PR a1 QQ
nall et al., 1983a,b; MacNichol et al., 1983; Baylor et al., 1987,

Harosi, 1987; Schnapf et al., 1987, 1988; Cicerone and Nerger,
1989; Vimal et al., 1989; Wesner et al.,, 1991; Mollon and Bow-
maker, 1992; Clcerone and Otake, 1993, Gowdy et al., 1993;
Cicerone et al., 1994, Hagstrom et al., 1994, 1995). Because of
sampling limitations, however, even these general conclusions
must be accepted with some caution.

The ideal technique for studying photoreceptor topography
should label simultaneously every photoreceptor in a patch of

undisturbed livine retina on the basis of measuremente linked
undisturped iving retmna on ine basis oI measurcements inxed

directly to photopigment spectral properties. Axial microspectro-

photometry (MSP) meets these requirements most closely.
Denton and Wyllie (1955) illuminated excised frog retina and

photographically measured the proportion of light transmitted
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axially through the photopigment (transmittance) as a function of
wavelength. They distinguished photoreceptor types directly on
the spectral properties of the photopigments, preserving retinal
topography. Unfortunately, when applied to primate photorecep-
tors (Brown and Wald, 1963, 1964; MacNichol, 1964; Marks et al.,

1064). axial MSP vielded low (tvnically <<0.05) shotonioment

1964), axial MSP yielded low (typically <0.05) photopigment
absorptances (1 transmlttance) and unreliable spectral sensitivi-
ties. Even the most recent axial study (Mollon and Bowmaker,
1992) reported low absorptances.

Color-matching (Burns and Elsner, 1985; Burns et al., 1987),
retinal densitometry (Ripps and Weale, 1963; Rushton and
Henry, 1968; Alpern et al., 1971; Smith et al., 1983; van Norren
and van de maats 1707 Elsner et al. . 1773}, and puOtOpigi‘ﬂ&HL—
specific density (Bowmaker et al., 1980a; Harosi, 1987) combined
with outer-segment length (Yuodelm and Hendrickson, 1986)
suggest that dpprox1mately half of the incident photons are ab-
sorbed by photopigment. Thus, values reported by axial MSP are
as much as 10 times too low. Possible reasons for this discrepancy
include changes in optical properties or reduction in outer-

segment length during tissuc preparation (Liebman, 1972).

Our goal is to apply recent advances for maintaining primate
retina in vitro { Ames and Neshett, 1081: h;m:y 1989) and a new

TCUnla I VIFO (AMES allQ iNCS0C1, 1781, /Al 1787, afnd a new

generation of high resolution, highly lmedr imaging detectors to
the classic technique of axial MSP. The resulting new technique,
photopigment transmittance imaging, should better preserve the
optical and physical characteristics of the tissue and maximize the
reliability of the measurements of the light being transmitted
through the photopigment.

MATERIALS AND METHODS

Tissue preparation. Macaque monkey (Macaca mulatta and Macaca fas-
cicularis) retinas were obtained after acute experiments performed by
other investigators after which an overdose of barbiturate anesthesia was
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Figure 1. Schematic diagram of the apparatus used to image the retina.
Light from a filament illuminates a piece of fresh, excised primate retina.
Light passing through the retina is then imaged on a CCD. See Materials
and Methods (Apparatus) for a complete description.

administered. A single human retina was obtained from the Rochester
Eye and Human Parts Bank several hours after the donor died. To
minimize the rapid loss in transparency that occurs after normal blood
flow ceases (Enoch and Glisman, 1966; Liebman, 1972; Ohzu and Enoch,
1972; Ohzu et al., 1972), the retina was placed in tissue culture immedi-
ately after being harvested. To prevent bleaching of the light-sensitive
photopigment, all tissue handling was done under infrared (IR) illumi-
nation with the aid of IR viewers (FJW Optical, Palatine, IL) mounted on
the microscope and near the dissection area. Immediately after enucle-
ation, the front of the eye was removed with sharp scissors. After as much
vitreous humor as possible was removed, the retina was placed in a small
Petri dish and superfused with artificial cerebral spinal fluid (Ames
medium; Sigma, St. Louis, MO) specifically formulated for maintaining
retinas in vitro (Ames and Nesbett, 1981). The room temperature (typi-
cally 28°C) medium, pH-adjusted to 7.4, was bubbled continuously with
95% 0,/5% CO, as it entered the chamber from one side, flowed across
the retina at a rate of 2-3 ml/min, and drained from the opposite side.
Keeping the Ames medium at 37°C did not produce noticeably better
results. A similar preparation maintains the light response of primate
photoreceptors for several hours (Dacey, 1989; Dacey and Lee, 1994a,b).
An advantage of this technique is that retina not being viewed can be
preserved for several hours under conditions as similar as possible to
those in vivo.

Each disk of retina used in an experiment was cut from the superfused
retina with a sharp trephine (4 mm diameter) and moved to a dissection
dish filled with Ames medium. The retina was teased from the pigment
epithelium with a fine forceps and allowed to float freely. The retina was
picked up on a cover glass and mounted between two pieces of cover glass
separated by a 100-um-thick spacer. This retina sandwich was then placed
in a holder attached to the microscope stage. The total time from
cessation of superfusion until imaging was ~5 min.

Apparatus. Images were collected with an inverted microscope (IMT-2)
(Olympus, Lake Success, NY) equipped with modified illumination optics
and a charge-coupled device (CCD) camera (Fig. 1). A stepping motor
allowed the fine focus of the microscope to be computer-controlled in 1
wm steps. Light from a tungsten-halogen filament was focused by a
condenser onto the retina. Exposure duration and wavelength were
controlled with a shutter and interference filters (10 nm full width at
half-maximum) (Corion, Holliston, MA). An aperture stop limited the
angular extent of the light cone reaching the retina to ~5°, similar to the
angular extent produced by a 2 mm human pupil. A field stop controlled
the diameter of the spot of light imaged on the retina.

The stage to which the retina sandwich was attached incorporated a
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custom gimbal mount that allowed it to tilt smoothly around two perpen-
dicular axes (see Fig. 1 for one axis), the intersection of which coincided
with the center of the field of view. This allowed the retina to remain in
focus and stationary when the stage was tilted.

Light was transmitted through the retina in the normal direction and
emerged from the photoreceptors where it was collected by the micro-
scope objective (ULWD CD Plan, 20 or 40X, Olympus). These objectives
had extra-long working distances and could be adjusted for viewing
through glass up to 2 mm thick. The objective formed an image of the
outer segments in the image plane of a CCD camera with the aid of a
2.5X photographic ocular (not shown) for a total magnification of 50 or
100X. The field of view was 0.66 (140 um) or 0.33° (70 wm) in diameter.
To allow corrections for axial chromatic aberration, the sharpest focus for
each objective at each wavelength was calibrated using a fine Ronchi
ruling. These calibrations were used by the computer to refocus the
microscope for the sharpest possible image for each combination of
wavelength and objective.

Images were collected with a cooled CCD camera (SU-200, Photomet-
rics, Tucson, AZ) fitted with a Kodak KAF1400 CCD chip. The large
number of imaging elements (1320 X 1035 pixels, 9 X 7 mm active area)
made it possible to image large numbers of photoreceptors at high
resolution. The high quantum efficiency (33%) minimized pigment
bleaching. The large and linear dynamic intensity range (12 bits) allowed
reliable discrimination of very low levels of contrast.

Optimum wavelengths for maximum cone contrast. Because only enough
spectral information was needed to unambiguously distinguish S, M, and
L concs, we collected images at only three wavelengths. These were
chosen to give the highest contrast among the cone photopigment types
and were calculated from the cone spectral sensitivities (Baylor et al.,
1987) and estimates of the length of the cone outer segments. The
optimum wavelength for distinguishing S from M and L cones is 428 nm,
whercas the optimum wavelengths for distinguishing L and M cones are
508 and 588 nm. For convenience, we used narrow bandwidth interfer-
ence filters with maximum transmissions at 440, 510, and 590 nm. The
absorption spectra of the interference filters were confirmed with a
spectrophotometer.

Photoreceptor alignment. Individual photoreceptors capture the highest
proportion of light when the angle of incidence of the illuminating beam
is small (Stiles and Crawford, 1933). As the angle of incidence increases,
a greater proportion of the incident light leaks out of the photoreceptor.
Some of the light that leaks out of the photoreceptor inner segments
without traversing the photopigment will eventually be caught by the
CCD, reducing the signal-to-noise ratio of the spectral measurements and
making the distinction of small spectral sensitivity differences among the
S, M, and L cones more difficult. To minimize this contrast reduction,
bright spots corresponding to light emerging from cone outer segments
were brought into focus using IR illumination to prevent photopigment
bleaching. The cone optical axes were then aligned with the optical axis
of the microscope by tilting the stage until the amount of light being
transmitted through the photoreceptors was maximized.

Figure 2 shows that when the tips of the outer segments are in sharp
focus and the axes of the photoreceptors are aligned, individual photo-
receptors glow brightly. In fact, the intensity of the light emerging from
the outer-scgment tip was always greater than the intensity of the illumi-
nating beam, showing that both rods and cones have optical gains greater
than 1 and as high as 3. Thus, it is possible in this preparation to funnel
incident light efficiently through the photoreceptors in relatively large
patches of peripheral retina.

Figure 3, however, shows that achieving efficient transmission depends
critically on the angle of incidence of the illuminating beam relative to the
axes of the photoreceptors. As the angle of incidence is increased,
transmission through a photoreceptor falls off rapidly, declining by a
factor of 3 for angles as small as 3.8°. This decline, measured in fresh
retina, corresponds to a Stiles—Crawford angular tuning function with a p
value of ~0.2 (full width at half height of 2.4°) and is similar to previous
measurements made in vitro (for review, see Enoch and Lakshminaray-
anan, 1991). The details and implications of these measurements will be
published separately.

Calculations of axial transmittance. Figure 4 shows how we measured
the proportion of light incident on the aperture of the photoreceptor that
was not absorbed by photopigment (axial transmittance). Two images of
a patch of well aligned retina ~30° in the periphery were taken with 510
nm light. The first image (left) was taken with the photopigment largely
unbleached, and the photons that were collected are those that were not
absorbed as they passed through the photopigment. The second image
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(center) was taken after bleaching all of the photopigment, and it repre-
sents the total number of photons available to be absorbed. Complete
bleaching was accomplished by removing all filters and apertures from the
illuminating beam and exposing the retina to the full intensity of the
filament for 1 sec. The adequacy of the bleach was checked by bleaching
a second time and collecting another set of images. Although a change in
transmittance was observed before and after the first bleach, no further
change was observed after a second 4 sec bleach. The before-bleach
image was then divided by the after-bleach image on a pixel by pixel basis.
This division factors out all of the contrast attributable to agents such as
photostable pigments, which are common to both images, and produces
a transmittance image (right), i.e., an image of the proportion of incident
light that was not absorbed by the photopigment. In a transmittance
image, dark regions represent higher pigment absorptance (1-
transmittance). Each cone outer segment is a small dark disk (arrow)
surrounded by a light ring. This ring is the photopigment-free region
attributable to the large diameter difference between the inner and outer
segments of peripheral cones. Filling in around the cones are out-of-focus
rod outer segments (arrow), which also absorb strongly at 510 nm and
therefore appear quite dark. The lower edge of this image is somewhat
unusual in that both rods and cones are in focus simultaneously. Usually,
the cones are shorter than the rods.

To calculate the absorptance of each photoreceptor, the absorptances

o o

-3.8

2 um

Figure 3.
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Rod Focus

Figure 2. Images of photoreceptors that are effi-
ciently funneling 590 nm light. The bright spois are
images of well aligned photoreceptors in two
patches of peripheral monkey retina. The cone
outer-segment tips (leff) end deeper in the retina
than the rod outer-segment tips (right) and are
rarely in focus simultaneously. The distance be-
tween the ends of the rods and cones is 7 wm in this
patch of retina.

of each pixel making up the image of the outer-segment tip were aver-
aged. This was done separately for images taken at each of the three
wavelengths. The photoreceptor was then classified by the type of pho-
topigment it contained (see below). If the photoreceptor was classified as
an M coneg, its 510 nm absorptance was used to calculate the absorptance
at the wavelength of maximum absorptance (A,,..) (330 nm). If the
photoreceptor was classified as an L cone, its 590 nm absorptance was
used to calculate its absorptance at the A, of the L cone photopigment
(361 nm). If the photoreceptor was a rod, its absorptance at 510 nm was
used to calculate the absorptance at the A, of rhodopsin (491 nm).
These calculations were made using measurements of macaque photore-
ceptor spectral sensitivity (Baylor et al., 1987). Only those patches of
retina that exhibited high, cone outer-segment densities surrounded by a
ring of lower absorptance embedded in a background of high rod ab-
sorptance, as illustrated in Figure 4, were analyzed. Within each patch,
only those photoreceptors with axial absorptances exceeding 0.2 were
included in our sample.

Classification of photoreceptors. To determine the spectral class of each
photoreceptor, we compared the transmittance of its photopigment at
each of the three wavelengths. For example, at the long wavelength (590
nm) that provides maximum contrast between M and L cones, L cones
transmit a relatively small fraction of the incident light and appear dark,
whereas the M cones transmit relatively more light and appear brighter.

o [a]

1.9 3.8

Changes in the efficiency of photoreceptor funneling as a function of the angle of incidence of the 600 nm illuminating beam. A collimated

beam was brought to focus on the retina with a lens. A small aperture conjugate with the retina in a collimated portion of the beam was translated to
change the angle of incidence. The center image (0°) shows a well aligned cone that is collecting light efficiently. Increasing the angle of incidence to =1.9°
noticeably reduced the transmission efficiency. By +3.8° transmission was reduced by a factor of 3.
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Figure 4. Calculating photopigment
transmittance. Transmittance (right) is
calculated by dividing an image of pho-
toreceptors taken before bleaching the
photopigment (left) by an image of the
same patch of retina taken after bleach-
ing (center). These images were taken
with 510 nm light. Arrows point to a rod
outer-segment tip and a cone outer-
segment tip showing high absorptances.
We calculated that at least 2 X 10° pho-
tons need to be collected from each
outer segment to detect reliably a con-
trast of 0.5%. This should allow us to
discriminate the photopigments. After
taking into account the quantum effi-
ciency of the CCD camera, the geometry
of the photoreceptor, and the absorption
properties of pigment molecules, 6 or 7
log photons were delivered to each re-
ceptor to produce the required photon
catch. We calculate that the three imag-
ing exposures bleached <10% of the
pigment.

Before Bleach

5 um

S cones transmit almost all of the light and appear brightest. By compar-
ing the pattern of transmittances at different wavelengths, the type of
photopigment contained in each photoreceptor can be determined.

We used two different formats to illustrate the classification data. The
first calculation was applied directly to the three transmittance images. A
composite image was produced by determining the weights of the three
primaries (440, 510, and 590 nm) that would sum to white and then
scaling each of the three transmittance images so that a transmittance of
one at all three wavelengths (no photopigment absorption) would map to
white on the Commission Internationale de I'Eclairage (CIE) chromatic-
ity diagram. The chromaticity coordinates of cach pixel were then calcu-
lated and used to produce a color image. This image shows what the
distribution of photopigment would look like if it could be viewed under
the microscope with white light without bleaching. The second format was
a plot of each photoreceptor in a three-dimensional space with axes that
were its photopigment absorptances at each of the three wavelengths. In
this space, the rods and cones should lie along lines representing the
expected absorptances of the four types of photopigments, as calculated
from their spectral sensitivities (Baylor et al., 1987; Schnapf et al., 1988).
The rod and cone predictions are lines and not points because this space
also represents the amount of photopigment present. A short outer
segment with low axial absorptance would map nearer the origin than a
long outer segment with higher axial absorptance. Once plotted, a single-
linkage cluster analysis was used to group the data points into two
clusters. Each cone was classified by noting whether it was a member of
the cluster nearest the M or L prediction line.

RESULTS

Axial photopigment absorptance

Photopigment transmittance imaging can yield axial absorptances
that are many times higher than those measured using axial MSP
and that are consistent with measurements made using other
techniques. Examples of such rods and cones are labeled with
arrows in the transmittance image of Figure 4. Their absorptances
are summarized in Table 1.
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Photopigment
Transmittance

After Bleach

Cone O.S.

Rod O.S.

Mean absorptances for M and L cones were 0.28 and 0.30,
respectively. We estimate that cone outer segments at the eccen-
tricity (—30°) of these patches of retina are roughly 10-15 pm
long, with rods being a few microns longer. The mean absorptan-
ces of monkey and human rods were 0.51 and 0.41. The high
absorptances of human rods show that even several hours after
death most of the photopigment remains unbleached if it can be
shielded from light exposure.

Unfortunately, despite some successes, most patches of retina
yielded absorptances that did not exceed 0.05, as was the case for
axial MSP. We found many locations, as shown in Figure 5, in
which a bright cone in a raw image of the retina did not cor-
respond to a high absorptance in the transmittance image. Like-
wise, areas of high absorptance did not always correspond to
bright cones in the raw image. Apparently, the outer segments of
these cones were bent, as shown in Figure 6, allowing most of the
light captured by the inner segment to leak out before traversing
the photopigment.

Distinguishing M from L cones

Those photoreceptors that have high axial densities can also be
classified on the basis of the photopigment they contain. Figure
74 is an image made from a small patch of monkey retina with
very well aligned photoreceptors 30° into the periphery. The focus
is in the plane of the cone outer-segment tips. The transmittance
images at cach of the three wavelengths were combined into a
single color image that shows what the distribution of photopig-
ment would look like if it could be viewed under the microscope
with white light without bleaching. An example of each type of
photoreceptor is labeled with an arrow. There are five cones and

Table 1. Summary of photoreceptor absorptances at A,

Mean Number
M absorptance SD of patches
M Cones 53 (45 Macaca fascicularis, 8 Macaca mulaita) 0.28 0.04 3
L Cones 63 (51 Macaca fascicularis, 12 Macaca mulatta) 0.30 0.03 3
Rods (monkey) 273 0.51 0.04 13
Rods (human) 183 0.41 0.03 1




Packer et al. « Photopigment Transmittance Imaging

Before Bleaching

Bright Inner

Segments |

Dim Outer
Segment

5 um

Figure 5.
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Transmittance

Low

High
Absorptance

Images taken with 510 nm light of cones in a patch of peripheral retina (lefr) and a transmittance image of the same patch (right). Two cones

with bright inner segments (arrows, top left) before bleaching seem to be funneling light efficiently but nevertheless show little photopigment absorptance
(arrows, top right). The region of highest absorptance (arrow, middle right) corresponds to a much less prominent spot of light in the unprocessed image

(arrow, middle left).

many rods in this patch of retina. The ends of rod outer segments
are small wine-colored disks when they are in good focus and a
more diffuse wine color when they are not. Each cone outer
segment is surrounded by a relatively desaturated ring corre-
sponding to the pigment-free inner segment. Of the five cone
outer segments, three are blue and two are purple. The blue disks
are L cones, and the purple disks are M cones. As a check, we also
calculated the expected hues of the photopigments by looking up
their transmittances at the three wavelengths corresponding to the
primaries that we used, calculating the CIE chromaticity coordi-
nates of a white light constructed from these primaries and
filtered by these photopigments, and then finding the correspond-
ing hues on the spectrum locus. The hues in the composite image
are close to the predicted values.

Figure 7B is a photopigment transmittance image of a larger
patch of retina from another animal. This image shows that even

Incident |
Light Beam |
|

Bent Cone

Leaked
Light

Figure 6. A schematic drawing of incident light leaking out of a bent
photoreceptor before traversing the photopigment. The leaked light forms
a bright spot exhibiting low absorptance. The small amount of light that
does get coupled into the outer segment forms a dimmer offset spot that
exhibits high absorptance.

in peripheral retina where the numerical density of cones is
relatively low, it is possible in the best cases to image simulta-
neously patches of retina containing ~100 cones and thousands of
rods. This image was optimized for cone outer-segment focus. In
the right center of the image, however, the rods are reasonably
distinct. The hue of individual cones is hard to discern by eve at
this lower magnification, but the spectral signature of each cone
can be calculated reliably from the photon catches of the pixels
that make up the image of the outer-segment tip (see below).
Figure 7C is the same image shown in Figure 7B, with the addition
of colored markers to show the results of the spectral classifica-
tion. Only those cones that had absorptances of 0.20 or higher for
at least one of the three wavelengths are labeled. Most of the
cones that failed to meet this criterion were located along the top
and bottom of the image in areas of softer focus. Although several
S cones would be expected in a sample of this size, none of the
cones in this sample fell near the predicted absorptances for S
cones. There were a few photoreceptors such as those just to the
right of the question marks that had a yellowish hue similar to that
expected from S cones; however, their absorptances were not high
enough for rehiable classification. Finally, although this image is
not extensive enough for a detailed analysis, it is obvious that the
packing geometry of the M and L cone submosaics is not
crystalline.

The photoreceptors labeled in Figure 7C were classified spec-
trally by plotting their positions in a three-dimensional space with
axes that are their absorptances at 440, 510, and 590 nm. All of the
monkey photoreceptors summarized in Table 1 are plotted in
Figure 84. For simplicity, the 440 nm dimension has been omitted
because [. and M cones and rods are distinguishable on the basis
of 510 and 590 nm alone. The solid lines (that extend back
through the origin) are the calculated positions of L cones, M
cones, and rods based on published photopigment transmittance
spectra (Baylor et al., 1987; Schnapf et al., 1987, 1988). A single-
linkage cluster analysis divided the cone photoreceptors into two
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L Cone

Rod

Figure 7. Photopigment transmittance images of peripheral macaque (M. fascicularis) retina as they would look in white light if the photopigment did
not bleach. A, This patch, shown at high magnification, contains five cones and numerous rods. The blue disks are L cones, and the purple disks are M
cones. The rods filling in around the cones are wine-colored. B, A larger patch of peripheral retina at lower magnification illustrating the large numbers
of photoreceptors that can be imaged simultancously. At this magnification, the low absorptance ring around each cone is obvious. The top and bottom
edges of the image are out of focus. C, After graphical classification, the cones of image B are overlaid with colored dots to make their identity obvious
(red = L cone, green = M cone). The question marks are just to the left of two cones with a yellowish hue similar to that expected of S cones. Cones with

peak absorptances of <0.20 are not marked.

clusters on the basis of their 510 and 590 nm absorptances. These
clusters were identical to those identified visually by the authors
before the analysis was performed. Both the L and M cone
clusters are elongated in the direction of the prediction lines, as
would be expected if they had small differences in axial ab-
sorptance attributable to slight variability in outer-segment length
or photopigment density. In Figure 8B, the visual effect of these
differences in axial absorptance has been minimized by plotting a

histogram of the log of the 510/590 nm absorptance ratio of each
cone. Again, the cones tend to cluster into two groups, but it is
obvious that they do not fall exactly on the prediction lines.
Calculations predict a log 590/510 absorptance ratio of —0.14 for
L cones and 0.39 for M cones, whereas the measured mean values
are approximately —0.07 for L cones and 0.22 for M cones.
Although we are not yet sure why that is, several possibilities are
addressed in the Discussion. Finally, it is worth noting that al-
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Figure 8. The graphical classification of monkey photoreceptors. 4, The absorptances at 590 nm of each of the monkey photorcceptors summarized in
Table 1 are plotted against their absorptances at 510 nm. The solid lines, which actually cxtend back through the origin, are the expected positions of L
cones, M cones, and rods determined based on spectral sensitivity measurements. The lines were calculated from the cquation f(A) = 1 — 107,
where f(A) is axial absorptance at wavelength A, a(A) is the relative spectral sensitivity (Baylor et al., 1987, their Egs. 3 and 6), and b is axial photopigment
density. Filled circles arc cones, and open circles arc rods. B, A histogram of the log of the 510/590 nm absorptance ratio for the cones summarized in Table
1. The labeled arrows show the expected position of the L and M cones as calculated in A.

though the rod and M cone clusters are closc together, they arc
also separated by 0.17 on the 440 nm axis (not shown) and can
always be distinguished on morphological critcria.

Once the cones were classified by photopigment type, we also
analyzed the relative numbers of the two cone types and their
assignment to positions in the cone lattice. Of the 116 cones
plotted, 54% were classified as L cones, a percentage that is
consistent (p = 0.23) with a population having equal numbers of
L and M cones but not with a population having two L cones for
every M cone (p = 0.002).

We also analyzed the assignment of the M and L cones of
Figure 7C into submosaics using a nearest-neighbor analysis (Sha-
piro et al., 1985; Curcio et al., 1991) in which the proportions of
M or L cone nearest-neighbors that were themselves M or L cones
were tabulated and compared to the distribution produced by

randomly assigning (n = [0,000) M and L cones to the lattice of
Figure 7C. Cones in the sample had a significantly higher propor-
tion (p = 0.006) of neighbors of like-type than would be expected
from a random distribution. A sample proportion less than the
mean of the random distribution indicates more regular spacing
than would be expected in a cone mosaic with M and L cones that
are randomly assigned, whereas a sample proportion greater than
the mean indicates more clumping.

DISCUSSION

Photopigment transmittance imaging can quickly and simulta-
neously classify photoreceptors in fresh, excised primate retina
directly on the basis of their absorptance spectra. In those patches
of peripheral macaque retina in which photoreceptors remain well
aligned, appropriately high axial photopigment absorptances can
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be measured, and the cones cluster into two spectral groups
corresponding to the M and L cones.

Photopigment transmittance imaging has substantial advan-
tages over other techniques for measuring photoreceptor topog-
raphy. The first advantage is the ability to measure many photo-
receptors simultaneously, unlike sequential techniques such as
MSP (Bowmaker and Dartnall, 1980; Bowmaker et al., 1980a,b,
1983, 1991; Dartnall et al., 1983a,b; MacNichol et al., 1983;
Harosi, 1987), suction-electrode recording (Baylor et al., 1987;
Schnapf et al., 1987, 1988), and small-spot stimulation (Williams
et al.,, 1981).

Second, the technique classifies photoreceptors on the basis of
their photopigment spectra. Some indirect techniques have pro-
vided verification of the link to photopigment type (Stafford et al.,
1994), but others have not (Marc and Sperling, 1977; Ahnelt et al.,
1987). Similarly, in psychophysical small-spot detection experi-
ments (Walraven, 1974; Smith and Pokorny, 1975; Cicerone and
Nerger, 1989; Vimal et al., 1989; Wesner et al., 1991; Cicerone
and Otake, 1993; Gowdy et al., 1993; Cicerone et al., 1994),
assumptions underlying the detection model are difficult to
check.

Finally, the technique preserves retinal topography and viability
better than transverse MSP, suction-electrode recording, and cur-
rent molecular techniques (Hagstrom et al., 1994, 1995). Someday
it may be possible to identify photoreceptors using this technique
and then study retinal circuitry in the same patch physiologically
(Dacey and Lee, 1994a,b) or anatomically (Calkins et al., 1994).

In those patches of retina in which it worked well, photopig-
ment transmittance imaging had the advantages of axial MSP
without its low axial absorptance. Recent absorptance measure-
ments using color matching and retinal densitometry (Burns and
Elsner, 1985; Burns et al., 1987; van Norren and van de Kraats,
1989; Elsner et al., 1993) range from 0.35 to 0.68 at the fovea and
decrease with increasing eccentricity. Our mean cone absorptance
of 0.3 for peripheral retina is consistent with these data. Assuming
a specific photopigment density of 0.016 log units/um, a cone
outer segment estimated to be 10-15 um long should have an
absorptance at A, between 0.31 and 0.42. Rods would be slightly
higher. Our measurements fall at the lower end of this range,
suggesting that the outer segments are intact and stray light is
insignificant.

Even when the technique works less well, the data suggest that
the low photopigment absorptances reported by axial MSP may be
attributable to (1) artifactual bending of receptors and (2) diffi-
culty in locating outer-segment tips. When photoreceptors bend
(Fig. 6), only an imaging detector allows an extended region to be
searched for the high absorptances corresponding to outer-
segment tips. Imaging and careful alignment clearly increase the
number of receptors for which high photopigment absorptances
can be measured and for which reliable spectral classifications can
be made. Nevertheless, because small misalignments of the pho-
toreceptors can reduce substantially the signal-to-noisc ratio of
the measurements, a major limitation on the yield is the ability to
keep receptors straight and well aligned. This is especially true for
foveal cones. Therefore, caution must be used when interpreting
the optical properties of cones viewed in anatomical preparations.
Even bent cones that leak light can be imaged as bright spots.
Their waveguide modal patterns, however, may not reflect accu-
rately the optical properties of the retina in vivo.

Although our data are consistent with equal numbers of L and
M cones in the macaque retina, the true L-to-M ratio is not known
accurately. Ratios reported by MSP and suction-electrode studies
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(Brown and Wald, 1963, 1964; MacNichol, 1964; Marks et al.,
1964; Bowmaker and Dartnall, 1980; Bowmaker et al., 1980a,b,
1983, 1991; Dartnall et al., 1983a,b; MacNichol et al., 1983; Baylor
et al., 1987; Harosi, 1987; Schnapf et al., 1987, 1988; Mollon and
Bowmaker, 1992) range from 0.5 to 6, likely attributable to the
small numbers of photoreceptors measured in single locations of
individual retinas. Pooling data across locations, across different
studies, and even across similar species can increase the sample
size, but only at the expense of information about individual
variability, species differences, and retinal homogeneity.

The assignment of L and M photopigments to cones (Fig. 7C)
is not highly regular. Rather, cones tended to clump with other
cones of the same type. A single axial MSP study (Mollon and
Bowmaker, 1992) based on a few very small clusters of cone outer
segments concluded that photopigment assignment could not be
distinguished from random assignment.

In short, photopigment transmittance imaging can answer ques-
tions about retinal topography. Nevertheless, although the patch
of retina imaged in Figure 7C represents the largest single sample
of photoreceptors ever classified, more detailed data will be
necessary to determine the true range of L-to-M cone ratios and
confirm that L and M cones clump.

Three other issues require further explanation. First, we have
not identified any S cones. Dacey and Lee (1994a,b) showed that
retinal ganglion cells, maintained in vitro, receive S cone input, so
there is apparently no incompatibility between tissue culture and
S cone viability, although removing the pigment epithelium could
cause damage. If S cone outer segments are longer or shorter than
average, our attempts to bring the largest numbers of cones into
best focus may have excluded them. Finally, short-wavelength-
absorbing photoproducts might reduce S cone absorptance.

Second, measured spectral absorptances do not match predic-
tions made on the basis of suction-electrode recordings (Baylor et
al., 1987; Schnapf et al., 1987, 1988). The L cones (Fig. 8) show
decreased absorptance at 590 nm relative to their absorptance at
510 nm, whereas M cones and rods show the reverse. To match
the data and the predictions, the A_,,, of L and M cones would
need to be shifted from 561 to 553 nm and from 531 to 540 nm,
respectively. These are larger shifts than the 4.3 nm range of A,
of cones of a single class reported by Schnapf et al. (1988).
Because photopigment transmittance is the ratio of two images,
our photopigment spectra are not subject to distortion by photo-
stable filters. Other explanations can be eliminated because they
can only shift the sensitivities of M and L cones in the same
direction. For example, fluorescence induced by the illuminating
beam of any retinal structure except the photopigment itself
would reduce measured photopigment absorptance. If the inten-
sity of fluorescence varied with wavelength, the ratios of 510 to
590 nm absorptance might change, but in exactly the same way for
both M and L cones. Spectral distortions caused by partial bleach-
ing can be ruled out on similar grounds.

Although Liebman (1972) concludes that interference from
blcaching photoproducts is not a problem for axial MSP, our
technique is sensitive to interference because it uses an image of
fully bleached retina as a reference. Photoproduct interference
could shift the spectra toward one another, however, only if stable
photoproducts absorb at wavelengths both above the A, of the
L cones and below the A,,, of the M cones. Because most
photoproducts absorb strongly at short wavelengths, both cone
spectra should be shifted toward longer wavelengths. The shift of
rods toward longer wavelengths is possible, although high axial
absorptances suggest that the photoproducts have little ab-
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sorptance at or above 510 nm. High axial absorptances suggest
that light scatter is neither severe nor a mechanism for spectral
contamination. The wide spacing and sparseness of peripheral
cones minimize cross-contamination of both neighboring cones
and rods. Contamination of cone spectra by nearby rods would
not move the M and L cone spectra toward each other. There is
no evidence from genetic studies (Hagstrom et al., 1994) that
photopigments are mixed within individual photoreceptors and
mixing could not explain the shift in rod spectra. Perhaps the
spectral differences are attributable to wavelength dependencies
of the waveguides or shifts in photopigment spectral sensitivity in
vitro.

Last, the large spread of the L and M cone clusters of Figure 8
suggests remaining sources of measurement noise over and above
small differences in the true A, of the photopigments. Individual
M cones have values of A, ranging between 519 and 547 nm,
whereas individual L cones have values ranging between 548 and
562 nm. Variations in outer-segment length and pigment concen-
tration shift the data parallel to the prediction lines and cannot
contribute to these large ranges. Additionally, the cooled CCD
camera has low intrinsic noise, and sufficient photons are collected
to detect absorptance differences as small as 0.5%. It seems likely
that the primary remaining source of noise is retinal, in the form
of changes in photoreceptor alignment as a result of mechanical
or osmotic pressure, or changes in the optical properties of the
photoreceptors that affect the confinement of light. The ultimate
stability of the technique depends on damping local changes.
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