MACULAR PIGMENT - ANOMALY OR USEFUL RETINAL
FEATURE?
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Since the nineteenth century it has been known that there is a patch of yellow pigment in the
maculawhich can easily be seenin adissected eye (figure 1). The question waswhat doesit do -
why isit there? There are three possible roles for the macular pigment (MP) which need to be
described.
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Figurel View of macula of a monkey retina clearly
showing the yellow pigment extending from the
foveal pit. (Courtesy of Prof John Marshall,
London)

First Function

The first suggested function derives from a consideration of physiological optics. The
macular pigment is found mainly concentrated in the fibre layer of Henle in thefoveaso it acts
asapre-receptoral absorber and, asitis yellow, it absorbs blue light. It iswell known that the
optics of the eye, although good, display chromatic aberration. Thusayellow filter before the
tightly packed cones of the foveawill absorb the short wavel ength light and reduce the extent of
the coloured fringes of the retinal image hence improving visual acuity. However, the extent of
any improvement in acuity has been queried by Hammond et al. (2001). The argument goeslike
this. Asfigure2 shows, the spectral absorption curvefor MP hasamaximum absorption for blue
light of 462 nm wavelength. The average optical density of MP in adultsis about 0.4 log units,
i.e. it absorbs about 60% of the incident blue light, so the blue fringes would not be completely
eliminated. Also, in the foveola there are no blue sensitive or S cones and it is functionally
tritanopic. The MPwill not, therefore, affect the blue channel of the trichromatic colour vision
system at the very centre of gaze and its effect on the M and L cones (green and red absorbing,
respectively) will be small, asfigure 2 shows. Thus partially removing the blue light in an area
not very sensitive to blue light might not be expected to be a very effective mechanism. It
remains to be shown how important for vision is the aberration correction function of MP, but
it is probably small.
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Figure2 The spectral absorption curve of macular
pigment and the spectral sensitivity curves
of the three cone systems, S M and L.

Second Function

Macular pigment, acting as a blue light absorber, has a second role. It has been shown
that short wavelength light, because of itsrelatively high photon energy, more readily damages
theretinathan yellow or red light whichislessenergetic (Mellerio, 1994). Determination of the
action spectrum for light damage to the retina by showing which specific components of the
retina/RPE/choroid complex are first damaged at threshold, produced inconsistent results.
However, Kremers and van Norren (1988) noted that there was a dichotomy of tissue damage
type and action spectrum shape at an exposure time of about 12 hours (Mellerio, 1994). For the
relatively more powerful exposuresbel ow 12 hour duration, the photochemical damage probably
arisesinitially inthe RPE and the action spectrum peaks somewhereintheblueor ultraviolet (see
figure 3), and various cellular enzyme systems have been suggested as the initial site of light
action. Exposures over 12 hours duration showed initial damage in the photoreceptor outer
segments and the action spectrum followed the shape of the photopic sensitivity curve, i.e.
photopigment absorption. These two types of damage are sometimes called Ham damage and
Noell damage after the two authors who first described the damage profiles (Noell et al, 1966,
Hamet al, 1976). Figure 3 also showsthe spectral absorption curve of the lens of ayoung adult
and of macular pigment. To a first approximation it appears that the lenticular absorption
protects the retina against the Ham damage mechanisms. The MP, though, extends this
protection towards 500 nm and would also protect the photoreceptors, especialy the S-cones.
The lens protection will be present across the whole retina whereas that from the MP will be
limited to the macula around the optical axis of the eye, where the intensity of the retinal image
isgreatest in this on-axis area (Mainster, 1988).

Third Function

The third role for MP depends upon its chemistry rather than its spectral absorbing
properties. MPisamixture of two carotenoids, lutein and zeaxanthin (L and Z). Carotenoidsin
genera are known for their antioxidant and free radical scavenging properties (Krinsky, 1989;
Jacob & Burri, 1996). Structurally very similar (seefigure4) L and Z are not synthesised in the
body and are derived solely from the diet. The best food sources of L and Z are not the same as
for B-carotine which is perhaps the most famous carotenoid. Whilst dark green vegetables
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(spinach and so on) were recommended as sources of L and Z, it seems that maize and orange
pepper are better respectively for L and Z (Sommerberget al, 1998).

When radiation such as UV and short wavelength (blue) light interact with tissues,
especially with molecules called photosensitisers, thereisformed arange of excited singlet state
molecules. These are very reactive and are short lived: they lose the energy they gained in the
excitation process by forming photoproducts, by fluorescing or by generating so-called triplet
state molecules(Méellerio, 1991). These excited triplet state moleculesarelonger lived and may
react with the molecules found in the tissues, especially with oxygen, to produce free radicals
such asthe oxygen freeradical superoxide and the hydroxyl radical, or they may giveriseto the
destructive singlet oxygen. These variousradicals are not good news asthey can inturn oxidise
tissue molecules. At especial risk are polyunsaturated fatty acids (PUFA) which enter achain
reaction called lipid peroxidation. Any cellular structurethat isrichin PUFA'sisat risk, and the
photosensitive outer segments of rods and cones are obviously vulnerable (Marshall, 1985).
Figure 5 shows a cone outer segment in the first stages of light damage - the regularity of the
discs is interrupted by centres of lipid peroxidation and the picture is reminiscent of a wooly
sweater after avisitation by moths.
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Figure3 Action spectra for Noell and Ham type damage. The
dashed lineisthe V' ; curve representing the
absorption of the visual pigments. Also shown are the
absorption curves of the lens of a young adult and of
macular pigment. Note, the curves have been moved
vertically by arbitrary amounts to produce a clearer
graph.



Thetwoimportant protective propertiesof carotenoids, namely singl et oxygen quenching
and the scavenging of reactive oxygen species, vary acrossthe range of carotenoidsand with the
conditions used to measure these properties (Schalch et al, 1999). For example, in vitro,
zeaxanthin has about twice the capacity to quench singlet oxygen than lutein and five timesthe
ability to repair the «-tocopheryl radical cation. Whether these effectivenessratiosapplyinvivo
isnot known, but it isinteresting to seethat L and Z are not equally distributed acrossthe retina.
In the fovea the ratio of L concentration to Z concentration is 0.7 and about 1.3 in the outer
macular zone and higher still in the retinal periphery. Indeed, L and Z occur in many retinal
tissues but in much smaller amountsthanin thefovea- freeradicalsare not only produced by the
interaction of radiation and tissues, but areformed as by-products of normal cellular metabolism
and all cells contain systems to protect against the destructive actions of these radicals.
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Figure4 Sructure of lutein and zeaxanthin, the
two carotenopids that make up the
macular pigment. The differencein
structureis shown in red.

Theinterest in the antioxidant properties of L and Z in MP arises because of laboratory
experiments which show that prolonged exposure to light can induce damage to the retina and
that the damage can resembl e certain aspects of AMD. Epidemiological research has suggested
many factors that might predispose a person to AMD (Evans, 2001) but there is no universa
consensuson all of these. Onefactor that thelab light-exposure experiments pointstoischronic
exposureto light, especialy blue light and UV radiation. Oxidative stressis high in theretina,
especialy so in the foveawhere the metabolic rate and the oxygen tensions are high, and where
theincident light ismost intense and thereis aplethoraof PUFA'sawaiting peroxidation (Beatty
et al, 2000; Marshall, 1985). A good supply of carotenoid pigment in the macula would be a
useful sight-preserving component to have throughout life to inhibit the slow destruction of
retinal cellular components. The idea that macular pigment is protective to retinal function
(Haegerstrom-Portnoy, 1988) and AMD (Snodderly, 1995) is now firmly established but not at
all confirmed.

If it isthe antioxidant function of MP that is most important in ocular physiology, then
onemight expect evidencefrom both laboratory investigationsand from epidemiol ogical studies
that the amount of MP aperson has correlatesinversely with the age of onset and the severity of
macul ar degenerativedisease. Indeed, thereisevidencefrom lab measurementsthat supportsthis
idea. Boneet al. (2001) measured the MP in normal and AMD donors eyes and showed that the
latter have significantly less MP and this, of course, corroborates the protective hypothesis.
However, one could always suggest that the lower MP isthe result of the pathological changes
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inthe maculaand not aprecursor to that pathology. Support for the protective hypothesiscomes,
though, from other papers. Bestty et al. (2001) showed that the healthy eyes of patientswho had
AMD inthefellow eyespossessed significantly lessMP. Werner et al. (2000) reported areduced
sensitivity in the Swavelength cones of subjects with lessMP compared to normals. They were
not 100% behind the protection hypothesisasthey continued by arguing that thedifferencein MP
density could be explained by the life-long action of short wavelength light on the S cones
reducingtheir sensitivity - akind of evolutionary or adaptive change misinterpreted by those keen
onarolefor MPinthe AMD story. Thisview notwithstanding, Berendschot et al. (2002) have
recently shown no differencein theretinal levels of MP between normals and those with AMD.
So it seems there is some contradictory evidence from lab studies for the idea that MP protects
for AMD. But at arecent conference (ARVO, 2002) a number of authors (e.g. Nieto, Pelosini,
Koh Feldhamer) presented communications that support the protection idea but suggest that the
shape of the spatial distribution of the pigment across the macula, which is complex, may be a
better predictor than the peak MP density. Currently, the balanceisfor the protective hypothesis
but more confirmatory evidence is urgently needed.

pigeon cone that had been
exposed to a domestic fluorescent
lamp for 6 hours. Note the
punctate disruption of the disc
membranes (Courtesy J
Marshall)



Two epidemiological studies (Taylor et al, 1992, Cruickshanks, Klein and Klein, 1993)
have shown that increased exposure to sunlight is associated with an increased incidence of
AMD, but the relationships were not simple ones. They are, however, support for the MP
protective hypothesis. Additional back up for the hypothesis comes from lab studies that show
that in people with greater exposure to sunlight the amount of MP is decreased (Mellerio et al.
2002) and that light coloured irides are also associated with less pigment (Hammond, Fuld &
Snodderly, 1996). The consensus seemsto be that MP may be protective and it would be agood
thing if people had agood quantity of it in their retina

Prophylaxis

The protective hypothesisleadsfairly logically to consideration of increasing MP levels
asaprophylacticmove. Asthebody doesnot synthesiselutein or zeaxanthin, the source of these
carotenoidsisthe diet so it would make sense to eat adiet richin L and Z. So perhaps people
should eat lots of maize and orange peppers (Sommerberg et al, 1998) and, indeed, Hammond
et al. (1997) have shown that dietary modification with these vegetables can increase MP levels.

If you do not like maize or orange peppers, the idea of supplementation of the diet by
taking L and Z is attractive. Those companies that manufacture dietary supplements agree and
L hasbeen avail ablefor someyears, sold on-line asablindness preventativel A number of trials
of supplementation with L have reported positiveresults, e.g. Landrum et al. (1997), Aleman et
al. (2001), but zeaxanthin, which might bethe preferred carotenoid asits concentrationis highest
in the central macula, is not yet commercially available though supplementation trials are
underway and one small trial hasreported (Garnett et al, 2002). Onefinding that intriguesthose
who hope that dietary enrichment of L and Z will increase MP is that not everybody benefits.
Subjects may be “responders’ or “non-responders’ (Hammond et al. 1997) and it would be
interesting to know why as this has potentially serious implications for anybody who seeks to
promulgate a supplementation policy.

Screening

Although L and Z seem devoid of toxic side affects, it may not be wise to suggest
everybody takesL and Z pills. Theseshould bereserved for thosewith low MPlevelswho might
eventually benefitintheir senior yearsfrom supplementation. To achievethisrequiressomeway
of conveniently measuring MP in a clinic or optometrist’s office. There are a number of
techniques to measure M P objectively, such as special scanning laser ophthalmoscopy, retinal
autofluorescence or Raman spectroscopy. Description of thesetechniquesisbeyond thisarticle,
but see Werner et al (2000) and Delori et al (2001) for more details. All these methods are
complicated and expensive and are currently found only in research laboratories. There exist
three or four psychophysical techniques for determining MP and one, heterochromatic flicker
photometry (HFP), hasbecome popular and lendsitself to usein small, portableinstrumentsthat
fitin well in abusy office or clinic. The first reported was by Mellerio et al (1998, 2002) but
Wooten and his colleagues have described a sophisticated instrument (Wooten et al. 1999) as
have Beatty et al. (2000). Versions of these instruments are available and are now involved in
supplementation trials, screening of large populations and other investigations. It is to be
expected that many uncertainties in the macular pigment and eye disease story will soon be
resolved - only to open up fresh questions. This is the well established pattern of scientific
enquiry.



Figure 6 A screening maculometer (Méellerio et al. 2002)

References

Aleman TS, Duncan JL, Bieber M, et al. Macular pigment and lutein supplementation in
retinitis pigmentosa and Usher syndrome. Invest Ophthalmol Vis Sci. 2001, 42:1837-
1881.

Beatty S. Koh HH, Carden D, Murray 1J. Macular pigment optical density measurement: anovel
compact instrument. Ophthalmic Physiol Opt. 2000;20:105-111

Beatty S. Koh HH, Henson D, Boulton ME. Therole of oxidative stress in the pathogenesis of
age-related macular degeneration in subjects from a northern European population.
Survey Ophthalm. 2000;45:115-134

Bestty S, Murray 1J, Henson DB, Carden D, Koh HH, Boulton ME. Macular pigment and risk
for age related macular degeneration in subjects from a Northern European population.
Invest Ophthalmol Vis Sci. 2001; 42:439-446

Berendschot TTIM, Willemse-Assink JJM, Bastiaanse M, de Jong PTVM, van Norren D.
Macular pigment and melanin in age-rel ated macul opathy in ageneral population. Invest
Ophthalmol Vis Sci. 2002; 43:1928-1932

Bone RA, Landrum JT, Mayne ST, Gomez CM, Tibor SE, Twroska EE. Macular pigment in
donor eyes with and without AMD: a case-controlled study. Invest Ophthalmol Vis Sci.
2001; 42:235-240

Cruickshanks KJ, Klein R, Klein BE. Sunlight and age-related macular degeneration. The
Beaver Dam Eye Study. Arch Ophthalmol. 1993; 111:514-518

Delori FC, Goger DG, Hammond BR, Snodderly DM, Burns SA. Macular pigment density
measured by autofluorescence spectrometry: comparison with reflectometry and
heterochromatic flicker photometry. J Opt Soc Amer A. 2001;18:1212-1230

Evans JR. Risk factors for age-related macular degeneration. Prog in Retinal Eye Res. 2001;
20:227-253



Haegerstrom-Portnoy G. Short-wavelength-sensitive-cone sensitivity loss with aging: a
protective role for macular pigment? J Opt Soc Am A, 1988; 5:2140-2144

Ham WT, Mueller HA, Sliney DH, Retinal sensitivity to damage from short wavelength light.
Nature (Lond). 1976; 260:153-154

Hammond BR, Fuld K, Snodderly DM. Iris color and macular pigment optical density. Exp Eye
Res 1996;62:293-297

Hammond BR, et al. Dietary modification of human macular pigment density. I nvet Ophthalmol
Vi Sci. 1997; 38:1795-1801

Hammond BR, Wooten BR, Curran-Celentano J. Carotenoids in the retina and lens: possible
acute and chronic effects on human visual performance. Arch Biochem Biophys, 2001,
385:41-46

Jacob RA, Burri BJ. Oxidative damage and defense. AmJ Clin Nut. 1996; 63:S985-S990

Kremers JJM, van Norren D. Two classes of photochemical damage of theretina. Laser Light
Ophthal. 1988; 2:41-52

Krinsky NI. Antioxidant functions of carotenoids. Free Radical Biol Med. 1989; 7:617-635

Landrum JT, Bone RA, Joa H, Kilburn MD, Moore LL, Sprague K. A one year study of the
macular pigment: effect of 140 days of alutein supplement. Vis Res. 1997; 65;57-62

Mainster MA. Henle fibres may direct light towards the centre of the fovea. Laser Light
Ophthal . 1988; 2:79-86

Marshall J. Radiation and the ageing eye. Ophthamic Physiol Opt. 1985; 5:241-263

Méellerio The interaction of light with biological materials and the potential for damage. In
Vision and Visual Dysfunction: The Susceptible Visual Apparatus. vol 16, chapter 3. Ed.
Cronly-Dillon J. Macmillan Press, Basingstoke, 1991

Mellerio J. Interaction of Light onthe Retina. In Principlesand Practice of Ophthalmology: The
Basis Sciences, chapter 116. Eds. Albert, D. M. & Jakobiec, F. A., W. B. Saunders,
Philadelphia, 1994

Méellerio J, Palmer DA, Rayner M.J. Macular Pigment Measurement with a Novel Portable
Instrument (Abstract). Ophthalmic Res. 1998;30(suppl.),302

Méellerio J et al. A portable instrument for measuring macular pigment with central fixation.
Current Eye Res. 2002; in press

Noell WK, Walker VS, Kang BS, Berman S. Retinal damage by light in rats. Invest Ophthal
Vis Sci. 1966; 5:450-473

Schalch W, Dayhaw-Barker P, Barker FM. The carotenoids of the human retina. In: Taylor A.
Nutritional and Environmental Influences on the Eye. Boca raton; CRC Press,
1999;chapter 12

Snodderly DM. Evidencefor protection against age-related macul ar degeneration by carotenoids
and antioxidant vitmins. Am J Clin Nut. 1995; 62:51441-S1461

Sommerburg O, Keunen JE, Bird AC, van Kuijk FIGM. Fruits and vegetables that are sources
for lutein and zeaxanthin: the macular pigment in human eyes. Brit Jnl Ophthalmol.
1998;82:907-910

Taylor HR, West S, Munoz B, Rosenthal FS, Bressler SB, Bressler NM. The long-term effects
of visible light (sic) on the eye. Arch Ophthalmol. 1992; 110:99-104

Werner JS, Bieber ML, Schefrin BE. Senecence of foveal and parafoveal cone sensitivitiesand
thelir relations to macular pigment density. J opt Soc Am A. 2000; 17:1918-1932

Wooten BR, Hammond BR, Land RI, Snodderly DM. A practical method for measuring macul ar

pigment optical density. Invest Ophthalmol Vis Sci. 1999;40:2481-2489
macpigAPO.wpd



