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Photopigment optical density of the human foveola and
a paradoxical senescent increase outside the fovea

AGNES B. RENNER, HOLGER KNAU,! MAUREEN NEITZ?2 JAY NEITZ,2
AND JOHN S. WERNER

Department of Ophthalmology and Section of Neurobiology, Physiology and Behavior,
University of California, Davis, Sacramento

’Department of Ophthalmology and Department of Cell Biology, Neurobiology, and Anatomy,
Medical College of Wisconsin, Milwaukee

(RECEIVED January 19, 2004AccepTED August 24, 2004)

Abstract

Photopigment optical density (OD) of middle-(M) and long-(L) wavelength-sensitive cones was determined to
evaluate the hypothesis that reductions in the amount of photopigment are responsible for age-dependent sensitivity
losses of the human cone pathways. Flicker thresholds were measured at the peak and tail of the photoreceptor’s
absorption spectrum as a function of the intensity of a bleaching background. Photopigment OD was measured

at 0 (fovea), 2, 4, and 8 deg in the temporal retina by use of a 0.3-deg-diameter test spot. Seventy-two genetically
characterized dichromats were studied so that the L- and M-cones could be analyzed separately. Subjects included
28 protanopes with M- but no L-cones and 44 deuteranopes with L- but no M-cones (all male, age range 12-29 and
55-83 years). Previous methods have not provided estimates of photopigment OD for separate cone classes in the
foveola. In this study, it was found that foveolar cones are remarkably efficient, absorbing 78% of the available
photons (OD= 0.65). Photopigment OD decreased exponentially with retinal eccentricity independently of age and
cone type. Paradoxically, the OD of perifoveal cones increased significantly with age. Over the 70-year age range of
our participants, the perifoveal M- and L-cones showed a 14% increase in capacity to absorb photons despite a 30%
decrease in visual sensitivity over the same period.

Keywords: Cones, Photopigment optical density, Aging, Dichromacy, Color blindness

Introduction of the senescent loss in cone sensitivity is due to degradations that

. Co . . are mathematically equivalent to a loss in quantal efficiency
Human trichromatic vision is established by three different Coneand/or an elevation in neural noise (Schefrin et al., 1992, 1995).

photoreceptor types, absorblng maximally at short (S), middle Previous studies have reported age-related decreases in photo-
(M), or long (L) wavelengths (i.e Amax =~ 440, 540, and 565 nm, . : . .
. . igment OD based on reflection densitometry (Kilbride et al.,
respectively). The capacity of the cone photoreceptor to absor . i .
. . . - . . - 1986; Keunen et al., 1987; Coile & Baker, 1992) and color
light can be described in terms of its photopigment optical density . . ' . .
. . . .~ ’matching (Eisner et al., 1987; Elsner et al., 1988; Swanson & Fish,
(OD). Following the Beer-Lambert relation, photopigment OD is a . : .
; . \ o ) 1996). Because these aging studies have been conducted with
function of the pigment's extinction spectrum, concentration of

molecules, and pathlength. Because cone outer segment len t[rrl]chromats, the photopigment OD of M- and L-cones may have

. . - . een confounded. It is presently unclear whether the M- and
decreases with retinal eccentricity (Polyak, 1941), photopigmen : . . . .
) . . ; . - L-cones differ in photopigment OD because studies carried out
OD is maximal in the foveola and decreases with eccentrlcnywith dichromats have typically included only a few observers of
(Pokorny et al.,, 1976; Marcos et al., 1997). It is not known yp y y

. . each type, and all studies report a great deal of variability in
whether outer segment length varies with age, but a central ques; ' - .
L . hotopigment OD among observers of the same age. With retinal
tion in this study was whether there are senescent changes [n

. : reflection densitometry and a 2-deg measuring field, Rushton
photqpl_gment OD that may account for age-related losses in th?l%:h) obtained a value of 0.35 for a single protanope, and
sensitivity of M- and L-cone pathways (Wemer et al., 2000; King-Smith (197%,b) obtained individual photopigment OD val-
Knoblauch et al., 2001). Quantitative modeling |nd|catesthatmuchues ranging from 0.38-0.93 for deuteranopes. More recently,

Berendschot et al. (1996) used densitometry and found no signif-
Address correspondence and reprint requests to: John S. Werner, Dicant difference between M- and L-cone photopigment OD. Two
partment of Ophthalmology, University of Californi.a, Davis, 4860 Y SSyChOphyS'Cal studies (Miller, 1972; Smith & Pokorny, 1973)

Street, Suite 2400, Sacramento, CA 95817, USA. E-mail: jswerner@€POrt higher L-cone than M-cone photopigment OD while axial
ucdavis.edu values estimated from transverse microspectrophotometry mea-
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surements of single human cones are not different for M- andApparatus and calibration

L-cones (Bowmaker & Dartnall, 1980). All these studies yield .. . . .
. timuli were presented using four channels of a conventional
values that are too low compared to photopigment ODs of 0.7-0. . . .
axwellian-view optical system. The sources were 1-kW and

required to explain self-screening effects measured by the chan%%o_W xenon arc lamps powered by regulated dc supplies. Water

in color when monochromatic lights are obliquely incident on the ) : L o
. baths were used to filter out infrared radiation. The stimuli were
central fovea (Walraven & Bouman, 1960; Enoch & Stiles, 1961; . . )
rendered monochromatic by use of a holographic grating mono-

butlscatcra]eBu:r;zj]tElsizzr, 15?2'1(1 L-cone photopiament OD Waschromator(lnstruments SA, V-20) or an interference filter (Ealing,
P Y. P P9 Rocklin, CA), both having=8-nm half-band passes. Calibrated

measured for small localized areas (0.3-deg diameter) at the fovea A ; -
. ) . neutral density filters and wedges were placed in collimated and
and at 2, 4, and 8 deg in the temporal retina using a large numb

“Focused portions of the beams, respectively. Wedge positions were

of younger and older X-linked dichromats who were phenotypi- . . -
: o . ; computer controlled and monitored with potentiometers and a
cally identified and genetically characterized. Our methods per;

mitted us to (1) quantify differences in photopigment OD at linear read-out system. Mirrors were front surfaced, and lenses

: . . were achromatic doublets. A rotating sectored mirror placed at a
multiple retinal locations for younger and older groups of observers . .
focal point was used to produce square-wave flicker. A 0.04-mm-

(2) compare the photopigment OD in M- and L-cones, and (3) de-

. . L . diameter aperture (0.2 deg) was used to define the (600 nm
termine whether differences exist in photopigment OD betWeeq‘ixation pOiI’FI)'[. The éackgrogad was bichromatic compo(sed of a)

single-gene and multi-gene dichromats. Measurements of separa 80-nm light of fixed intensity superposed on a 580-nm light of

M- and L-cone photopigment OD in the foveola have not been L . ' . )
. varying intensity. The final Maxwellian-view lens focused a 1.5-
reported, and it was found that these photoreceptors are remark-

ably efficient at absorbing photons, with an average ©D.65. mm dl_ameter image onto the plane of the observer's pupil. Pre
. ) : . . sentations of test spots and background were controlled by a
Photopigment OD decreases exponentially with retinal eccentric= _,. . : .
. ) ; : . . calibrated mechanical shutter (Vincent Associates, Rochester, NY)
ity, but paradoxically increases with age in the perifovea from 0.35 . L . .
and custom timing circuitry. Observers were aligned with respect
to 0.44 over a span of seven decades.

to the optic axis of the Maxwellian-view optical system by use of
a dental-impression bite bar mounted to a milling-machine table

Materials and methods that permitted adjustments along three orthogonal directions. A
pupil viewer was used to monitor subject fixation and to align the
Subject phenotyping subject’s eye in relation to the Maxwellian-view image. Correction

. I . . C}f individual refractive error, if necessary, was provided by appro-
Phenotypic classification of subjects was based on a series of . - .
priately selected trial lenses mounted in the spectacle plane.

standardized tests including the American Optical HRR pseudo® Radiometric measurements of the spectral lights and calibra-

isochromatic plates, the F-2 tritan plate, and Rayleigh matches oHons of the neutral density filters and wedges were made using a

a Neitz anomaloscope. Only those subjects who obtained meta-,. : ) .
. Silicon photodiode and linear read-out system (United Detector
meric matches between the yellow and each of the green and refi

primaries alone were accepted as dichromatic. All 72 subjects wereeChnOIOQy’ Hawthorne, CA; 81 Optometer) that was calibrated

male between 12 and 83 years old: there were 28 protanopes a'Eatlve to standards of the National Institute of Standards and

; chnology. Photometric measurements were made with a Minolta
44 deuteranopes, of which 27 were younger (12-29 years) and 4 hromameter (CS-100) and barium sulfate plate and then con-
were older (55-83 years).

At the time of testing, all subjects were examined by anverted to retinal illuminance using the method outlined by West-

optometrist angor ophthalmologist and found to be free of sys- heimer (1966). The monochromators were calibrated with a scanning
temic, ocular, or neurological diseases. The presence of retin ﬁpectroradiometer (Photo Research PR-703 A) at a series of spec-

disease and abnormal ocular media in the tested eye were ruled o&gl lines emitted by Hg and Ne low-pressure calibration lamps

A . . . . . riel, Hg 6034, Ne 6032).
by ocular examination including visual acuity, slit lamp examina-
tion, intraocular pressure, and both direct and indirect ophthalmosl-Drocedure
copy. Stereofundus photographs were assessed as normal by a
retinal specialist. The retinae of all subjects were found to have né\ flickering (18 Hz) target of 0.3-deg diameter was superimposed
more than five small£63 um) drusen and no vascular, retinal, in the center of a bichromatic 16-deg-diameter background, con-
choroidal, or optic nerve findings known to disrupt visual function. sisting of (1) a 430-nm adapting field fixed at 11 log quanta s
Intraocular pressure was:22 mm Hg. All but seven subjects deg? chosen to saturate the rod photoreceptors and desensitize
demonstrated a corrected Snellen acuity=dt0/20 in the tested the S-cones (which bleached about 33.2% and 27.8% of the M-
eye; six subjects had 285 visual acuity, and one subject had and L-cone pigment, respectively, and less than 50% of the S-cone
20/30 visual acuity. Exclusion of subjects whose visual acuity waspigment, the amount depending on individual variation in len-
worse than 2020 would not affect the conclusions. ticular and macular pigmentation) and (2) a 580-nm bleaching
field increased in 0.5 log unit steps from 8.0 log quantadeg ?
to 11.5 log quantas deg 2 for peripheral measurements and to
11.75 log quanta s deg 2 for foveal measurements, chosen to
Genomic DNA was isolated from whole blood, and used in genetigrogressively bleach the M- or L-cone photopigment. These light
analyses to confirm the phenotype and to distinguish betweeimtensities are below the safe exposure limits recommended by the
dichromats who had one versus more than one visual pigment ger@E international standard S-009E-2002 and ANSI RP27.1-1996
on the X-chromosome. The relative number of L and M genes pewhich follow the American Conference of Governmental Indus-
X-chromosome array was determined using real-time quantitativérial Hygienists (2003).
polymerase chain reaction. These analyses are presented elsewhereSubjects used the method of adjustment to find the threshold at
in this journal (Neitz et al., 2004). which flicker was just visible. Sensitivity at 545 and 615 nm for

Subject genotyping
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protanopes or at 565 and 650 nm for deuteranopes and color Our analyses thus estimate photopigment optical density based
normals were compared under bleached and unbleached condipon the assumption that (1) there is no significant bleaching
tions. Although individual and age-related variation in the optical product that absorbs in the spectral region of our test stimuli, and
density of the crystalline lens might be expected to contribute tq2) there is no change i, with age. We are not aware of any
some variation in the retinal illuminance at short wavelengths, ouevidence that is inconsistent with these assumptions.

method depends on changes from the bleached to the unbleached

state so inert pigments have a negligible effect on our photoresiis

pigment OD measurements. . . . .
Stimuli were imaged in Maxwellian-view at 0 (fovea), 2, 4, and Fig. 1 shows log\ sensitivity versus log background illuminance

8-deg eccentricity in the temporal retina. A fixation point was used!©" individual younger and older protanopes and deuteranopes for

for stimulus presentations outside the fovea. Psychophysical tesf2ch retinal location tested. Lagsensitivity rises with bleaching
ing was preceded by 8 min of dark adaptation and 2.5 minlevel for both types of dichromat. With increasing light intensity,

adaptation to each new bleaching level before measuring thresi{/€ Progressively bleached the pohotopigment up to 98.2% for
olds. Subjects were told to blink frequently in order to prevent--Cones (deuteranopes) and 97.2% for M-cones (protanopes) in
stimulus fading due to Troxler’s effect. the fovea. In the parafovea, the maximum bleaching levels were

Each subject was tested 4—6 times at each retinal location?®-9% and 95.2% for L- and M-cones, respectively. The solid

Only one retinal location was tested per session and usually thergH"Ves in Fig. 1 Sho"‘{ the model fits. These analyses Upealues
was only one session per day. For subjects traveling a long distan&@Sed upon Rushton’s (19631965 reflection densitometry. There
to the laboratory, two sessions were conducted per day, but sepie. Uncertainty in the optimal values . Miller (1972) used

rated by at least 45 min to allow recovery from previous bleachesh€terochromatic flicker photometry to estimagein two dichro-

All 72 subjects completed the tasks with foveal viewing first. Mats and measured photopigment OD based on Rushiorifues

Some subjects were not able to devote enough time to complete #if'd 4-1 10g Tds. Differert values might account for the discrep-
of the perifoveal measurements. This appears unrelated to age. @¢Y in M- and L-cone photopigment OD values found between

Written informed consent was obtained following the Tenets 0findividual studies. It should be noted, however, that for this study
Helsinki, and with approval of the Office of Human Research & differently would not affect the analysis of age-related changes

Protection of the University of California, Davis and the Medical I" Photopigment OD providet,, does not change with age. This
College of Wisconsin. has been evaluated in a population of 50 trichromats and no

significant change iy was found across the age range tested,
i 30-69 years (Elsner et al., 1988).
Data analysis
Photopigment optical densities were calculated following Miller photopigment OD and normal aging

(1972): For all subjects, photopigment OD was highest in the fovea and

decreased with retinal eccentricity. This observation is valid re-
gardless of age, genotype or phenotype. Fig. 2 shows mean photo-
— (K,» — K, 1), (1)  pigment OD as a function of retinal eccentricity for all protanopes
and deuteranopes, plotted separately for younger and older observ-
where ers as filled and unfilled symbols respectively. An exponential
AlogW = difference in log relative spectral sensitivity, ~equation [Eqg. (2)], following Pokorny et al. (1976), was used to
) ) o describe photopigment OD as a function of retinal eccentricity for
(Kap — Ky1) = the difference in log sensitivity (unbleached gach subject. Excellent fits were obtained for all but two subjects
state) between wavelengths falling on the peak(meanr 2 = 0.88 for all dichromats for whom at least three retinal
(Ap) and on the long-wave tail) of the cone loci d). C . fthe s| fth tial
spectral sensitivity function, loci were measure ). omparisons of the slope of the exponentia
indicate that there were no significant differences between protan-
0D, = aApc/2.3, or the photopigment optical density opes and deuteranopes, or between single- and multi-gene dichro-
at the peak, mats (unpaired-tests,P > 0.05). As a general rule, the slopes of
the exponential curve were not as steep as originally reported by
Pokorny et al. (1976), a result also found by others (Picotte et al.,
¢ = no. of molecules per unit area of receptor, 1994, Viénot, 2001). The smooth curves in Fig. 2 were fitted with
an exponential function following Pokorny et al. (1976). Curve-
fitting parameters are

AlogW = log(1 — e **PP'¢) — |og(1 — e~ «ATP'C)

a, = molecular extinction coefficient,

p’ =lg/(1 + lp), or the fraction of unbleached

pigment,
| = intensity of bleaching background, and OD,, (younger)= K + 0.3012:x g~ %9%%% (2a)
lo = half-bleaching constant. OD,, (older) = K + 0.2936x e~ 0-075% (2b)
For the analyses presented here, we used a fixed half-bleaching OD, (younger)= K + 0.2584x g~ 0-083% (2¢c)
constant(lp) of 3.89 log Tds for deuteranopes and protanopes
(Rushton, 1968, 1965). The bleaching effect of both background OD, (older)= K + 0.2781s g~ 0-070% (2d)

lights has been taken into account and calculated (1) for the peak

of the L-cone pigment of deuteranopes; and (2) for the peak of thevhere OD is photopigment optical density, M is M-cone, L is
M-cone pigment of protanopes, as tabled by Stockman and Shargecone,K is OD at 8-deg temporal (M-cone 0.30 and 0.37 for
(2000). younger and older protanopes, respectively; L-cen®.31 and
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Fig. 2. Mean photopigment OD as a function of retinal eccentricity (deg temporal) for M-cones (protanopes) and L-cones (deutera-
nopes) in the left and right panels, respectively. Filled and unfilled symbols represent younger and older observers, respectively. Curves
are the best-fitting exponential functions [Eq. (2)]. Error bars derdteS.E.M.

0.38 for younger and older deuteranopes, respectively),®D at 2-deg retinal eccentricity. To obtain sufficient power to test the
8 deg is the maximum OD in the fovea, axis retinal eccentricity  hypothesis that photopigment OD in the pgrarifovea increases
in degrees. with age, the data from the 4- and 8-deg measurements were
Although our parameters for the best-fitting functions are dif- pooled (by averaging) for all dichromatic subjects for whom
ferent from Pokorny et al. (1976), the fit of the exponential is measurements at both eccentricities had been made. Twenty-seven
excellent(r 2 = 0.88-0.99). Pokorny et al. obtained a steeper slopesubjects fell into this category. There was a significant correlation
notwithstanding the fact that our mean foveal photopigment ODbetween age and photopigment OD for this gréug- 0.47;P =
was substantially higher than they obtained with larger stimuli. 1t0.010). The best-fit line has a slope of 0.013 per decade. In a
should be noted that all previous studies typically used 1-2 deg tesiecond analysis, an unpairetest was used to compare younger
stimuli. Initially, the photopigment OD value of 0.65 for foveal and older groups. The older group tested as having a significantly
cones seems surprisingly high. However, because photopigmehigher variance than the younger group. Thus, Welch’s correction
OD changes exponentially with retinal eccentricity, by extrapola-for unequal variances was applied. The test yields a significant
tion, our high foveal photopigment OD values are not unexpectediifference between younger and older grotps- 0.0010; Welch's
for a stimulus diameter of only 0.3 deg. This has not beenapproximate = 3.743, 24 degrees of freedom). For the same two
emphasized in the literature, although peaked distributions havgroups, the photopigment OD measurements at the foveola were
been demonstrated in young observers with reflection densitomvery similar; 0.642 versus 0.646 for young and old, respectively.
etry (e.g. Elsner et al., 1993). Overall, the range of 0.36—0.97 log unit photopigment OD foveal
There is no significant difference in foveolar OD for younger for all protanopes and 0.29-0.91 for all deuteranopes reveals
and older observers nor did separate regression analysis reveakabstantial interindividual variability that was larger than seen for
significant correlation between photopigment OD of cones in thethe results at 2, 4, and 8 deg in our data, but not larger than
foveola and age. The mean photopigment OD outside the foveaxpected from previous literature.
center of older subjects is higher than for younger subjects. Foveal
measurements were made for all subjects; however, because m
tiple sessions were required it was not possible to obtain measur
ments at more eccentric retinal locations for all subjects. Therig. 3 shows photopigment OD for all protanopes and deuteran-
number of subjects contributing to each datum is presented ilopes plotted as a function of retinal eccentricity. The overlapping
Table 1 along with means and standard deviations for each sut8.E.M.s for protanopes and deuteranopes are consistent with the
group. The fewest number of data points were obtained for theptical densities in M- and L-cones being the same. Unpaired

?fhotopigment OD in M- and L-cones

Fig. 1. Log A sensitivityvs. background illuminance (log Tds) for individual dichromats. Left panels show the sensitivity differences
between a 615-nm and 545-nm test light for younger and older protanopes at 0 (fovea), 2, 4, and 8 deg temporal. Right panels show
the sensitivity differences between a 650-nm and 565-nm test light for younger and older deuteranopes at 0, 2, 4, and 8 deg temporal.
The solid curves in each panel are model fits according to Eq. (1). Error bars dehd$eE.M.
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Table 1. Photopigment optical density from 0—8 deg for protanopes and deuteranopes

Foveola 2 (deg) 4 (deg) 8 (deg)

Mean SD n Mean SD n Mean SD n Mean SD n

Protanopes
12-27 years  Single gene 0.66 — 1 — — — — — — — — —
Multi-gene 0.68 0.095 7 0.45 0.085 2 0.37 0.028 2 0.30 0.014 2
Total 0.68 0.088 8 0.45 0.085 2 0.37 0.028 2 0.30 0.014 2

55-83 years  Single gene 0.72 0.205 8 0.61 0.080 3 0.44 0.059 5 0.35 0.075 4

Multi-gene 0.62 0.104 12 0.58 0.007 2 0.48 0.054 6 0.39 0.025 3
Total 0.66 0.157 20 0.60 0.061 5 0.47 0.057 11 0.37 0.059 7
All Single gene 0.72 0.193 9 0.61 0.080 3 0.44 0.059 5 0.35 0.075 4
Multi-gene 0.64 0.103 19 0.51 0.087 4 0.45 0.070 8 0.36 0.055 5
Total 0.66 0.140 28 0.56 0.094 7 0.45 0.063 13 0.35 0.060 9

Deuteranopes
13-29 years  Single gene 0.63 0.141 11 0.44 0.038 4 0.39 0.041 6 0.29 0.050 5
Multi-gene 0.64 0.153 8 0.44 0.000 2 0.37 0.085 4 0.36 —

Total 0.63 0.142 19 0.44 0.029 0.38 0.059 10 0.31 0.052 6

56-77 years  Single gene 0.67 0.142 21 0.54 0.150 3 0.48 0.125 14 0.37 0.091 11

)]

Multi-gene 0.65 0.242 4 0.65 — 1 0.52 0.028 2 0.48 — 1
Total 0.67 0.155 25 0.57 0.135 4 0.48 0.117 16 0.38 0.092 12
All Single gene 0.66 0.141 32 0.48 0.104 7 0.45 0.114 20 0.35 0.087 16
Multi-gene 0.64 0.176 12 0.51 0.121 3 0.42 0.104 6 0.42 0.085 2
Total 0.65 0.149 44 0.49 0.103 10 0.45 0.110 26 0.36 0.087 18

t-tests did not reveal significant differences in photopigment ODmethods. However, in view of the densitometry results, Fig. 3
between deuteranopes and protanopes or between single- apdesents foveal data from eight trichromats (5 younger, 12—-36
multi-gene dichromats at any retinal location. years; 3 older, 69-73 years) who were tested for comparison with
Berendschot et al. (1996) reported similar optical densities fodichromats using our methods. These data are also relevant to
ten protanopes (0.39) and seven deuteranopes (0.42). These valumany earlier studies (and all aging studies) performed exclusively
were significantly lower than obtained for trichromats (0.57) which with color-normal subjects. One has to bear in mind that here it is
might be explained by the fact that some dichromats are missing anot obvious which cone type is responsible for detection. It is even
entire subpopulation of cones (Carroll et al., 2004). Such congossible that the responsible cone type changes as a function of
losses would not influence OD measured with our psychophysicableaching level. The mean foveal photopigment OD of trichromats
was 0.60, close to the mean of 0.65 for dichromats. All groups
demonstrated large interindividual variability, but there were no
significant differences between trichromats and protanopes or
T T T T I deuteranopes.

Individual variability in photopigment OD

Because of the large intersubject variability in the foveal data, it is
difficult to evaluate whether or not there are differences in photo-
pigment OD associated with differences in amino acid sequence.
However, the variance for the pooled perifoveal data is much
7 lower. Among the protanopes for whom both 4- and 8-deg results
were available, three subjects (13, 26, & 36) have exon 2 encoded
amino acid sequences that are typically associated with L-pigments,
= while three others (16, 19, & 30) have typical M-pigment exon 2
encoded sequences. The polymorphic amino acid positions are 65,
111, 116, 153, 171, 174, 178, 180, 230, 233, and 236, and posi-
03 - tions 65, 111, and 116 are specified by exon 2. The amino acid at
each of the polymorphic positions, in order and using the single
L L L L L letter amino acid code was TISMVAIATSV for subject 13,

0 2 4 6 8 TISMVVISTSV for subject 26, and TISLVAIATSV for subject 36.
(The single letter amino acid code is:-A alanine, L= leucine,

M = methionine, |= isoleucine; T= threonine, S= serine, Y=

Fig. 3. Photopigment OD plotted as a function of retinal eccentricity for tyrosine, V= valine.) Subjects 16, 19, and 30 all had the same

M-cones (protanopes; squares) and L-cones (deuteranopes; unfilled ciM-pigment sequence _at the polymorph!c positions, which was
cles). Filled circle shows foveal values for trichromats. Error bars denotd VYMVAISTSV. The differences at positions 65, 111, and 116
+1 S.E.M. were previously proposed to be involved in producing changes in

0.5 -

0.4

Photopigment Optical Density
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photopigment OD but not in,a (Neitz et al., 1999). These two ble that this occurs only in the perifovizarafovea because the
types of protanopes do have slightly different average photopigeuter segment length of receptors of the foveola has reached a
ment OD values (0.388s. 0.448) with the higher photopigment ceiling.

OD associated with the normal M exon 2 sequence. An unpaired An alternative interpretation of the elevated perifofgarafoveal
t-test shows this difference to be statistically significant but notphotopigment OD with age might be that older subjects had
highly so (P = 0.0495). With small differences and a limited difficulty maintaining fixation during eccentric threshold measure-
number of subjects in each category strong claims cannot be madments causing their perifoveal values to be more similar to those in
but this result is consistent with the previous results from prot-the fovea. To sustain this interpretation, it must be assumed that at
anomalous individuals. 8 deg subjects had incredible fixation errors. We think this is
unlikely because fixation was monitored in the initial test sessions
and found to be stable. Also, in a previous study using similar tasks
(Werner et al., 1987), fixation was monitored by an eye tracker
using the pupil-cornea reflection method at a 60-Hz sampling rate.
94% of fixation time was within 0.5 deg of the foveal stimulus
The hypothesis that reductions in photopigment OD are responsiwhile engaged in a parafoveal detection task and there were no
ble for age-dependent sensitivity losses in M- and L-cone pathdifferences in fixation accuracy between younger and older sub-
ways may be rejected. Quite to the contrary, in the perifovegects. Inaccuracy of fixation thus cannot account for elevations in
photopigment OD increases significantly with age. This corre-photopigment OD beyond the fovea for elderly observers.
sponds to an approximately 14% increase in light absorption by the To maintain high quantal efficiency in the fovea with aging, the
cones. In the absence of other changes, this would be expected tones must remain correctly oriented to retain their waveguide
result in a measurable increase in visual sensitivity with ageproperties. Longitudinal measurements of the Stiles-Crawford ef-
Previous studies using color matching to estimate photopigmerfect across more than 40 years (Rynders et al., 1995; DelLint et al.,
OD in relation to age have reported reductions in the fovea, bui997) imply that this is the case. The foveal outer segments may
they were not as large outside the fovea (Eisner et al., 1987he lengthening with age but gains in length may be offset by
Swanson & Fish, 1996). Alpern (1979), however, found a (statis-disruptions in orientation that could come from squeezing the
tically significant) increase in photopigment OD for six subjects 19longer outer segments in the constrained subretinal space. Other
to 75 years of age. Our conclusions are based on a larger age rangechanisms might also contribute to changes in perifgvea
than previous studies (seven age decades) and is the only agipgrafovea photopigment OD with age as it has been shown that in
study to use X-linked dichromats = 72) to separate M- and rat rod photoreceptors, outer segment length, cell diameter, rho-
L-cones. The punctate test stimulus (0.3-deg diameter) also differdopsin packing per disk, and regeneration rate may all vary so that
from previous studies and allowed us to measure photopigmenthoton capture is relatively constant across a range of ambient
OD for discrete retinal areas, where photoreceptors may be reantensities (Schremser & Williams, 1992).

sonably assumed to have the same size, length, and photopigment

concentration.

When response of early retinal processes is probed with th
multifocal electroretinogram using achromatic stimuli (hence mod-There is disagreement in the literature as to whether photopigment
ulating primarily M- and L-cones), there is an age-related reduc-OD differs between M- and L-cones, although only limited data on
tion in amplitude and increases in implicit time at all retinal photopigment OD in dichromats are available in the literature. Two
eccentricities, but these changes are greater in the fovea than in tipsychophysical studies (Miller, 1972; Smith & Pokorny, 1973)
perifovegparafovea (Gerth et al., 2002). This variation with ret- report higher L-cone than M-cone photopigment OD, but the
inal eccentricity could be related to the different age-related changesample sizes were small. More recently, reflection densitometry
in photopigment OD across the retina, but other factors mustlid not reveal a difference between M- and L-cones of protanopes
outweigh the age-related changes in photopigment OD. Psychand deuteranopes, respectively (Berendschot et al., 1996). Our
physically, changes in M- and L-cone sensitivity are similar acrossnean values of 0.65 for L-cones (range 0.29-0.91) and 0.66 for
the range of retinal eccentricities at which photopigment OD wasM-cones (range 0.36—0.97) are higher than the values from most
measured in this study (Werner et al., 2000). Age-related sensitivprevious studies, but not unexpected in view of the small field size
ity losses in M- and L-cone pathways must thus be due to change®.3 deg). Importantly, the number of subjects is sufficient to be
other than photopigment OD, and these changes must be largmnfident that photopigment OD does not differ for M- and L-cones
since they overwhelm the paradoxical increase in perifoveal photoacross the population.
pigment OD with age. The contribution of other factors to sensi-
tivity Ioss_es_ is not surprising in view of substant_lal Senescem}ndividual variability in photopigment OD
changes in inner and outer segment morphology which may reduce
quantal efficiency despite stable or increasing perifoveal photopigindividual differences in foveal photopigment OD using a 0.3-deg
ment OD (Marshall, 1978; Tucker, 1986). stimulus are substantial. The range is 0.29-0.91 for deuteranopes

Several studies have suggested that there may be age-relatadd 0.36—0.97 for protanopes. Large individual differences were
change in foveal architecture, and that could be relevant to thelso reported in previous work using different methods (e.g.
changes in photopigment OD distribution that we have observeding-Smith, 197%,b; Swanson & Fish, 1996). Some studies also
(Elsner et al., 1998; Gorrand & Delori, 1999). Alpern (1979) found that photopigment OD of older subjects varied more than
suggested that perhaps “cone outer segments may be growirigose of younger subjects (Elsner et al., 1988, 1998).
longer as subjects grow older” (p. 99). One possibility is that While the molecular basis of the spectral tuning of the photo-
photopigment OD increases with age to compensate for lighpigments is well understood for M- and L-pigments (Neitz et al.,
losses associated with reduced retinal illuminance resulting froni991; Merbs & Nathans, 1993; Asenjo et al., 1994), less is known
lenticular senescence and reductions of pupillary area. It is possabout how amino acid variation may affect photopigment OD.

Discussion

Photopigment OD and normal aging

ghotopigment OD in M- and L-cones
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Neitz et al. (1999) reported that photopigment OD differencesKine-Smith, PE. (19731). The optical density of erythrolable determined
among the photopigments of protanomalous men are correlated by retinal densitometry using the self-screening methimlrnal of

with the presence of exon 2 encoded amino acid differencesy,

Physiology(London) 230, 535-549.
G-SmiTH, PE. (1973). The optical density of erythrolable determined

Variations in pigment sequences may regulate the photopigment by a new methodJournal of PhysiologyLondon) 230, 551-560.
OD of cones and contribute to interindividual variability, more KnosraucH, K., VITAL-DURAND, F. & BARBUR, J.L. (2001). Variation of

evident in the perifoveal measurements where the variance is chromatic sensitivity across the life sparision Researcidl, 23-36.

lower. The data from protanopes presented here are consistent wi
the hypothesis that substitutions in exon 2 of the M genes produce

pigments with lower photopigment OD.
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