
Archives of Biochemistry and Biophysics 504 (2010) 161–168
Contents lists available at ScienceDirect

Archives of Biochemistry and Biophysics

journal homepage: www.elsevier .com/ locate/yabbi
The effects of dietary carotenoid intake on carotenoid accumulation in the retina
of a wild bird, the house finch (Carpodacus mexicanus)

Matthew B. Toomey *, Kevin J. McGraw
School of Life Sciences, Arizona State University, Tempe, AZ 85287-4501, USA

a r t i c l e i n f o a b s t r a c t
Article history:
Available online 3 July 2010

Keywords:
Cone oil droplet
Galloxanthin
Astaxanthin
Zeaxanthin
Depletion
Plasma
Liver
0003-9861/$ - see front matter � 2010 Elsevier Inc. A
doi:10.1016/j.abb.2010.06.033

* Corresponding author. Fax: +1 480 965 6899.
E-mail address: matthew.toomey@asu.edu (M.B. T

1 Abbreviations used: AMD, age-related macular deg
mance liquid chromatography; MANOVA, multiple ana
repeated-measures analyses of covariance; zea, zeaxa
galloxanthin; lut, lutein; e-car, e-carotene.
Carotenoid pigments accumulate in the retinas of many animals, including humans, where they play an
important role in visual health and performance. Recently, birds have emerged as a model system for
studying the mechanisms and functions of carotenoid accumulation in the retina. However, these studies
have been limited to a small number of domesticated species, and the effects of dietary carotenoid access
on retinal carotenoid accumulation have not been investigated in any wild animal species. The purpose of
our studies was to examine how variation in dietary carotenoid types and levels affect retinal accumu-
lation in house finches (Carpodacus mexicanus), a common and colorful North American songbird. We car-
ried out three 8-week studies with wild-caught captive birds: (1) we tracked the rate of retinal carotenoid
depletion, compared to other body tissues, on a very low-carotenoid diet, (2) we supplemented birds
with two common dietary carotenoids (lutein + zeaxanthin) and measured the effect on retinal accumu-
lation, and (3) we separately supplemented birds with high levels of zeaxanthin – an important dietary
precursor for retinal carotenoids – or astaxanthin – a dominant retinal carotenoid not commonly found in
the diet (i.e. a metabolic derivative). We found that carotenoids depleted slowly from the retina com-
pared to other tissues, with a significant (�50%) decline observed only after 8 weeks on a very low-
carotenoid diet. Supplementation with lutein + zeaxanthin or zeaxanthin alone significantly increased
only retinal galloxanthin and e-carotene levels, while other carotenoid types in the retina remained unaf-
fected. Concentrations of retinal astaxanthin were unaffected by direct dietary supplementation with
astaxanthin. These results suggest highly specific mechanisms of retinal carotenoid metabolism and
accumulation, as well as differential rates of turnover among retinal carotenoid types, all of which have
important implications for visual health maintenance and interventions.

� 2010 Elsevier Inc. All rights reserved.
Introduction accumulate levels of retinal carotenoids comparable to humans
Diet-derived carotenoids acting as provitamins, immunomodu-
lators, antioxidants, and/or photoprotectants play an important
role in the health and normal physiological function of humans
and a diversity of animals [1,2]. Carotenoids are particularly impor-
tant for visual health, and increased retinal carotenoid accumula-
tion is associated with a reduced risk of age-related macular
degeneration (AMD)1 and cataract in humans [3,4]. Carotenoid
accumulation in the retina is influenced by carotenoid intake [5,6],
raising the possibility of dietary interventions to promote visual
health. However, testing such interventions in humans is difficult,
and thus birds have been proposed as a model system for the study
of the controls and functions of retinal carotenoids because they
ll rights reserved.
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[7–9]. In young quail (Coturnix japonica), for example, dietary carot-
enoid supplementation elevates retinal carotenoid concentrations,
enhances photoprotection, and reduces the accumulation of A2E –
a marker of eye disease [8–10]. However, the mechanisms of
accumulation and functions of carotenoids in the avian retina differ
from humans in several important aspects. The avian retina contains
metabolically derived apo- and keto-carotenoids not found in the
human retina, and the majority of carotenoids in the avian retina
accumulate in an esterified form [11]. Therefore carotenoid accumu-
lation in the avian retina may be subject to constraints that are not
shared by humans.

In the avian retina, carotenoids accumulate within cone oil
droplets that are located between the inner and outer segments
of the cone photoreceptors. In this position the light absorbance
of carotenoids modifies the spectrum and intensity of light reach-
ing the visual pigment. The types and concentrations of carote-
noids in the oil droplets are specific to the type of photoreceptor.
For example, the long-wavelength-sensitive cone contains a
red oil droplet pigmented with astaxanthin, while the short-
wavelength sensitive cone oil droplets contain galloxanthin that

http://dx.doi.org/10.1016/j.abb.2010.06.033
mailto:matthew.toomey@asu.edu
http://dx.doi.org/10.1016/j.abb.2010.06.033
http://www.sciencedirect.com/science/journal/00039861
http://www.elsevier.com/locate/yabbi


162 M.B. Toomey, K.J. McGraw / Archives of Biochemistry and Biophysics 504 (2010) 161–168
absorbs light at shorter wavelengths [12]. Thus carotenoid-pig-
mented oil droplets act as matched filters, enhancing color dis-
crimination and improving color constancy [13]. This specific and
matched carotenoid accumulation is achieved through the metab-
olism and selective accumulation of dietary carotenoids. Avian ret-
inal carotenoids, like galloxanthin, are found only in the eye,
suggesting highly localized carotenoid metabolism [11,14,15].

Because of their essential role in color vision and photoprotec-
tion in the avian eye, variation in retinal carotenoid accumulation
could impact color vision, retinal health, and have consequences
for an individual’s survival and fitness. However, the influence of
diet on retinal carotenoid accumulation is not known for any wild
bird or other wild animal species. There have been a number of
comparative microspectrophotometric studies of the carotenoid-
pigmented cone oil droplets of wild birds [16], and the majority
of experimental studies of retinal carotenoid dynamics have been
limited to young birds of domesticated species like the chicken
(Gallus domesticus) and quail. Studying these selectively bred
domesticated species makes it difficult to place these results in a
natural context and limits our ability to examine the evolutionary
forces shaping retinal carotenoid accumulation.

To expand these investigations to wild birds, we have initiated a
series of studies on retinal carotenoids in the house finch (Carpoda-
cus mexicanus), a common North American passerine bird. This
species is sexually dimorphic, with sexually selected carotenoid-
based male plumage coloration, and has become a model species
for the study of carotenoid physiology in wild birds [17]. We have
found that carotenoid levels in the retinas of wild house finches
vary among seasons, and positively correlate with body condition
and male coloration [18]. The purpose of the current study is to
examine how dietary carotenoid intake affects accumulation of
specific retinal carotenoids and may shape the variation we have
seen in the wild population. We carried out three separate exper-
iments with captive wild-caught house finches to determine: (1)
the time course of retinal carotenoid depletion, as animals are
being fed a very low-carotenoid diet, (2) how supplemental levels
of two common dietary carotenoids (lutein and zeaxanthin) affect
retinal carotenoid accumulation, and (3) the effect of separate high
doses of two abundant carotenoids in the avian retina – zeaxanthin
(the main carotenoid in medium-wavelength-sensitive cones and
precursor of other metabolically derived carotenoids in the quail
retina [11]) or astaxanthin (the metabolic derivative that pigments
the oil droplets associated with the long-wave-sensitive cones) –
on retinal carotenoid accumulation.

Methods

Chemicals

Solvents for carotenoid extraction and high-performance liquid
chromatography (HPLC) analyses were purchased from Fisher
Scientific (Waltham, MA). Purified standards of lutein and b-caro-
tene were acquired from CaroteNature (Lupsingen, Switzerland),
astaxanthin from Sigma–Aldrich (St. Louis, MO), and zeaxanthin
from DSM (Heerlen, Netherlands). A diet supplement of combined
lutein and zeaxanthin (OroGlo-15� containing 15 g/kg of 8.2:1,
lutein:zeaxanthin) was donated by Kemin Inc. (Des Moines, IA).
Zeaxanthin (OptiSharp� 5% by weight) and astaxanthin (Carophyll�

Pink 10% by weight) dietary supplements were donated by DSM
Inc. (Heerlen, Netherlands).

Experimental animals

Wild house finches were captured on the campus of Arizona State
University in Tempe, Arizona, USA in basket traps at baited feeding
stations following the methods of Toomey and McGraw [18]. The
birds were housed in small wire cages (0.6 � 0.4 � 0.3 m) in two
greenhouse rooms with ad libitum access to tap water and food (diets
detailed below).

Experiment 1 – Depletion

To examine the response of retinal carotenoid accumulation
to dietary carotenoid deprivation, we maintained 25 males, 10
females, and 15 juveniles (of unknown sex) in captivity on a
very low-carotenoid diet of black oil sunflower seeds (0.078 ±
0.031 lg/g, lutein:zeaxanthin, 3.2:1, methods see Carotenoid
extraction) for up to eight weeks. On weeks 0, 2, 4, 6, and 8, we ran-
domly selected and euthanized five males, two females, and three
juveniles to collect the left retina and liver tissue for carotenoid
analysis. To track circulating carotenoid levels, we collected a
blood sample (�100 ll) from the ulnar vein of all remaining birds
every 2 weeks throughout the study and measured plasma carot-
enoid levels with HPLC (see Methods: Carotenoid extraction and
HPLC analyses).

Experiment 2 – Lutein and zeaxanthin supplementation

Lutein and zeaxanthin are the most common carotenoids in the
plasma of house finches [19], and the purpose of this experiment
was to examine how varying levels of these two carotenoids in
the diet influenced retinal carotenoid accumulation. In September
2008, we brought 28 adult male and 26 adult female house finches
into captivity and maintained them on a low-carotenoid diet (Car-
eline rice diet, Roudybush Inc. Woodland, CA; 0.31 ± 0.03 lg/g,
lutein:zeaxanthin, 4:1, methods see Carotenoid extraction) for five
weeks to wash out any individual differences that may have
stemmed from variation in their diet in the wild. We then randomly
assigned the birds to one of three diet treatments: (1) low – consist-
ing of the low-carotenoid base diet (n = 9 males and 8 females), (2)
medium – consisting of the base diet supplemented with OroGlo�

to a level of 10 lg/g lutein:zeaxanthin (8.2:1) (n = 10 males and 9
females), and (3) high – consisting of the base diet supplemented
with OroGlo� to a level of 30 lg/g lutein:zeaxanthin (8.2:1) (n = 9
males and 9 females). This carotenoid manipulation falls within
the range of variation in carotenoid concentrations of the gut con-
tents from wild house finches reported by Hill et al. [20] (mean
ca. = 8 lg/g, range = <1–>70 lg/g). The birds were given ad libitum
access to these diets for eight weeks, then all birds were returned
to the base diet for a period of 2 weeks for behavioral experiments
(not presented here), at which point they were euthanized so that
the left retina of each bird could be collected for carotenoid analy-
ses. Results of Experiment 1 indicated that this two-week return to
the base diet was unlikely to affect retinal carotenoid levels. Blood
samples were collected from all birds in weeks 0, 4, and 8 of the diet
manipulation to track changes in plasma carotenoid levels (see
below).

Experiment 3 – Zeaxanthin or astaxanthin supplementation

Because the effects of the dietary treatments in Experiments 1
and 2 were relatively limited (see Results), we designed the third
experiment to maximize our likelihood of detecting a dietary effect
by supplementing the birds with high levels of zeaxanthin, the
putative dietary precursor for many of the carotenoids in the avian
retina [11,14,15], and astaxanthin, which is not found in circula-
tion, but is metabolically derived and the dominant carotenoid in
the house finch retina [18]. In June 2009, we brought 14 adult male
and 14 adult female house finches into captivity and fed them a
low-carotenoid sunflower seed diet for 8 weeks. We then ran-
domly assigned birds to one of three carotenoid treatments: (1)
control – four males and four females continued to receive the
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sunflower seed diet and tap water with vitamin supplement
(Vita-Sol�, United Pet Group EIO, Tampa, FL), (2) zeaxanthin – five
males and five females received a supplement of zeaxanthin bead-
lets (35 lg/ml of OptiSharp�) suspended in their drinking water
along with the vitamin supplement, and (3) astaxanthin – five
males and five females received a supplement of astaxanthin bead-
lets (35 lg/ml of Carophyll Pink�) suspended in their drinking
water along with the vitamin supplement. These supplements
were given for 8 weeks ad libitum each weekday and plain tap
water was given on weekends. Then all birds were fed the control
diet for two weeks during behavioral experiments (not presented
here), at which point they were euthanized so that the left retina
of each bird could be collected for carotenoid analyses. Blood
samples were collected on weeks 0, 4, and 8 of the diet manipula-
tion to track changes in plasma carotenoid levels.

Carotenoid extraction

One whole retina from each individual was extracted three
times in hexane:methyl tert-butyl ether (MTBE) 1:1 (v:v) by
homogenization in a ball mill (MM200, Retsch GmbH & Co. KG,
Haan, Germany) for 3 min at 30 Hz and then evaporated to dryness
under a stream of nitrogen. Because avian retinal carotenoids are
esterified, we saponified the extracts following methods we previ-
ously developed to maximize the recovery of avian retinal carote-
noids [21]. We split each sample from an individual into two
separate tubes and then resuspended the extract in 0.2 or 0.02 M
KOH in methanol, capped them under nitrogen, and incubated
for 6 h at room temperature in the dark. To complete the saponifi-
cation, we added 1 ml of a saturated solution of NaCl in water, 2 ml
of distilled water, then extracted the free carotenoids with 3 ml of
hexane:MTBE and dried the split extracts separately under a
stream of nitrogen and prepared them for HPLC analyses by resus-
pending them in 200 ll mobile phase (methanol:acetoni-
trile:dichloromethane, 44:44:12, v:v:v).

Plasma and liver carotenoids were extracted following McGraw
et al. [19]. Briefly, 10 ll plasma were combined with 100 ll ethanol
and 100 ll hexane:MTBE, vortexed, then centrifuged for 3 min at
9000g. The supernatant was collected, evaporated to dryness under
a stream of nitrogen, and then resuspended in mobile phase for
HPLC analysis. The right lobe of the liver was excised (0.11–
Table 1
Putative identity, retention times (Rt), absorbance maxima (kmax), and pe
measured in week zero of Experiment 1 (n = 10). The kmax values in parenthes
times differ between tissue types because of differences in chromatographi

Tissue Carotenoid Rt (min)

Retina Galloxanthin a,b 3.55
Astaxanthinc 7.94
Luteinc 8.87 (4
Zeaxanthinc 11.05
Unknownb 14.40 (4
e-Carotened,e 18.21 (4

Plasma Luteinc 6.61 (4
Zeaxanthinc 7.94
b-Cryptoxanthinb 14.05 (4
b-Carotenec 21.04 (4

Liver Luteinc 6.61 (4
Zeaxanthinc 7.94
b-Cryptoxanthinb 14.05 (4
b-Carotenec 21.04 (4
a-Carotened 21.80 (4

a Identified based on the descriptions of Goldsmith et al. [11] and Toyo
b Quantified based on the calibration curve for lutein.
c Identified and quantified by comparison to purified standards.
d Identified based on the descriptions of Goldsmith et al. [11] and Gold
e Quantified based on calibration curve for b-carotene.
0.51 g) and ground three times using a mortar and pestle in the
presence of 3 mL hexane:MTBE. The extract was saponified with
0.2 M KOH in methanol for 6 h at room temperature in the dark.
We then extracted the free carotenoids and prepared them for
HPLC as described for the retina.

Carotenoids were extracted from the sunflower seed and
Careline rice diet by separately grinding three samples of each
(approximately 0.5 g) in a mortar and pestle in the presence of
2 ml tetrahydrofuran. This procedure was repeated three times,
at which point we collected the solvent, transferred it to a fresh
tube, and centrifuged for 5 min at 3000 rpm. The supernatant
was then collected, evaporated to dryness under a stream of nitro-
gen, and resuspended in mobile phase for HPLC analyses.

HPLC analyses

Carotenoid analyses were carried out on a Waters Alliance 2695
HPLC system (Waters Corporation, Milford, MA) with a Waters
YMC Carotenoid 5 lm column (4.6 � 250 mm) heated to 30 �C,
and a Waters 2996 photodiode array detector. Retinal carotenoids
were separated using a flow rate of 1.2 ml/min and a mobile phase
of 44:44:12 (v:v:v) methanol:acetonitrile:dichloromethane run
isocratically for the first 11 min, then a linear gradient up to
42:23:35 (v:v:v) through 21 min, holding at this condition until
25 min, followed by a return to the initial isocratic conditions from
25 to 30 min. HPLC conditions for plasma, liver, and diet carotenoid
analyses were similar to those for the retina, but the initial mobile
phase was 42:42:16 (v:v:v). External standards of lutein, zeaxan-
thin, astaxanthin, and b-carotene were also run on the HPLC for
comparison to our samples; for other carotenoids where standards
were not available, we used published absorbance and relative
retention time values for identification (Table 1).

Statistical analyses

Reported values are mean ± standard error (SE), and statistical
analyses were carried out in SPSS13 (Chicago, IL). We compared
concentrations of different retinal carotenoids between the sexes
and among treatments or times with separate multiple analyses of
variance (MANOVA) for each experiment and Tukey post hoc tests
for between-treatment comparisons. Non-significant interaction
rcentage of total carotenoids in house finch retina, plasma, and liver
es denote the location of shoulders in the absorbance spectra. Retention
c conditions (see Methods).

kmax (nm) % of total

381.3 397.1 41.9 ± 0.3
478.2 35.3 ± 0.3

21.3) 446.7 474.6 10.0 ± 0.4
453.9 479.4 7.8 ± 0.4

22.5) 447.9 477.0 3.4 ± 0.3
20.0) 443.0 472.1 1.6 ± 0.1

21.3) 446.7 474.6 82.0 ± 0.5
453.9 479.4 12.4 ± 0.2

24.0) 453.9 480.6 2.7 ± 0.3
26.5) 456.4 483.1 2.8 ± 0.2

21.3) 446.7 474.6 55.8 ± 3.5
453.9 479.4 9.6 ± 0.5

24.0) 453.9 480.6 4.6 ± 0.6
26.5) 456.4 483.1 23.6 ± 0.7
27.8) 450.9 477.0 4.5 ± 0.3

da et al. [32].

smith and Butler [39].
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terms were removed from the models. Concentrations of many
of the carotenoids in plasma and liver of house finches are
significantly intercorrelated [19]; therefore we analyzed total
concentrations in Experiments 1 and 2. Because we had multiple
plasma samples over time from each individual, we used repeated-
measures analyses of covariance (rmANOVA) to examine the effects
of sex, treatment, and time on the plasma concentrations of
specific carotenoids. Two-way interactions were included in all of
the models but were removed when non-significant. Significance
level for all tests was set at a = 0.05.
Results

Retina and plasma carotenoid types

Consistent with our previous studies [18,22], we observed six
major carotenoid types in house finch retinas from all three exper-
iments (Table 1). The retinal carotenoid profile was dominated by
astaxanthin and galloxanthin, together making up on average >75%
of total retinal carotenoids. The plasma carotenoid profile of wild
house finches was dominated by lutein and zeaxanthin, with small
amounts of b-cryptoxanthin and b-carotene making up <5% of total
at the time of capture (Table 1). On the captive diets, the birds cir-
culated only lutein and zeaxanthin; however, when we supple-
mented the birds with astaxanthin in Experiment 3, we found
significant amounts of astaxanthin in circulation (see Experiment
2 – lutein and zeaxanthin supplementation). The liver predomi-
nantly contained lutein, b-carotene, zeaxanthin and small amounts
of b-cryptoxanthin and a-carotene (Table 1).
Fig. 1. Mean ± S.E. (A) retinal, (B) total plasma, and (C) total liver carotenoid
concentrations of house finches maintained in captivity on a very low-carotenoid
sunflower seed diet for 0, 2, 4, 6, or 8 weeks. At each time-point, 10 different
individuals were collected and measured.
Experiment 1 – Depletion

Retinal carotenoid levels declined significantly over the course
of the 8 weeks that birds were fed a very low-carotenoid diet
(MANOVA week: Wilks’ k = 0.188, F24,133.8 = 3.43, p < 0.0001,
Fig. 1A). Retinal astaxanthin concentrations were significantly low-
er in birds sampled at weeks 4 and 8 compared to those at week 0
(Tukey’s post hoc, p 6 0.025). Retinal galloxanthin and e-carotene
levels were significantly lower in birds collected at week 8 than
birds collected at week 0 (Tukey’s post hoc, p 6 0.012). However,
there was not a consistent temporal decline in retinal carotenoid
levels, and birds collected on week 6 did not differ significantly
from those in week 0 (Tukey’s post hoc, p P 0.574, Fig. 1A). There
was a significant difference in overall retinal carotenoid accumula-
tion among juvenile, adult male, and adult female house finches
(Wilks’ k = 0.217, F12,76 = 7.27, p < 0.0001). Regardless of time-point
of sampled, juvenile finches had significantly higher levels of gallo-
xanthin and e-carotene than adult males (Juvenile: Gal – 0.393 ±
0.031 lg/retina, e-car – 0.0154 ± 0.0001 lg/retina, Adult Male:
Gal – 0.190 ± 0.024 lg/retina, e-car – 0.0147 ± 0.0002 lg/retina;
Tukey’s post hoc, p 6 0.032). Retinal carotenoid levels, of any type,
did not differ significantly between juveniles and adult females
or between adult females and adult males (Tukey’s post hoc,
p P 0.140).

Plasma carotenoid levels declined rapidly and significantly in
captive birds fed a very low-carotenoid diet (ANOVA week:
F4,43 = 34.04, p < 0.0001, Fig. 1B). Birds collected in weeks 2–8
had significantly lower total plasma carotenoid levels than birds
collected at week 0 (Tukey’s post hoc, p < 0.0001). There were no
significant differences in total plasma carotenoid concentrations
among birds collected in weeks 2–8 (Tukey’s post hoc, p > 0.812).
Liver carotenoid concentrations followed a pattern similar to plas-
ma and declined significantly in response to dietary carotenoid
depletion (ANOVA week: F4,43 = 13.00, p < 0.0001, Fig. 1C). Finches
collected in weeks 2–8 had significantly lower total liver caroten-
oid concentrations than birds collected at week 0 (Tukey’s post
hoc, p < 0.0001). There were no significant differences in total liver
carotenoid concentrations among birds collected in weeks 2–8
(Tukey’s post hoc, p > 0.99).

Experiment 2 – Lutein and zeaxanthin supplementation

Dietary supplementation with lutein + zeaxanthin for eight
weeks significantly affected retinal carotenoid levels of captive
house finches (MANOVA treatment: Wilks’ k = 0.290, F12,90 = 6.44,
p < 0.0001, Fig. 2A). Birds receiving the highest dietary carotenoid
level had significantly higher retinal galloxanthin concentrations
than birds on the medium diet, and both high- and medium-diet
birds had significantly higher levels than birds receiving the low
diet (Tukey’s post hoc, p < 0.001, Fig. 2A). Birds on the high-
carotenoid diet had significantly higher levels of e-carotene than



Fig. 2. (A) Mean ± S.E. retinal carotenoid concentrations of adult house finches supplemented with low (0.31 lg/g), medium (10 lg/g), or high (30 lg/g) levels of
lutein:zeaxanthin for eight weeks. Asterisks indicate significant pairwise differences between the low-carotenoid diet and other diet treatments for that particular retinal
carotenoid type (see text). (B) Total plasma carotenoid concentrations of house finches across the 8 weeks of supplementation.
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birds on the low-carotenoid diet (Tukey’s post hoc, p < 0.001,
Fig. 2A). There were no significant differences in retinal carotenoid
accumulation between male and female finches (Wilks’ k = 0.933,
F6,45 = 0.537, p = 0.777).

Plasma carotenoid levels changed over the course of the exper-
iment and as a function of dietary carotenoid treatment (rmANOVA
time � treatment: F2.56,76.86 = 37.75, p < 0.0001, Fig. 2B). Treatment
groups did not differ significantly at the beginning of the experi-
ment (week 0 – prior to diet manipulation; Tukey’s post hoc,
p 6 0.782, Fig. 2A). In week 4, high- and medium-diet birds had
significantly higher plasma carotenoid levels than low-diet birds
(Tukey’s post hoc, p < 0.001, Fig. 2B). In week 8, plasma carotenoid
levels of high-, medium-, and low-diet groups all differed signifi-
cantly, with the highest levels in the high-diet group (Tukey’s post
hoc, p 6 0.004, Fig. 2B).

Experiment 3 – Zeaxanthin or astaxanthin supplementation

Dietary supplementation with zeaxanthin significantly affected
retinal carotenoid levels of captive house finches (MANOVA treat-
ment: Wilks’ k = 0.290, F12,90 = 6.44, p < 0.0001, Fig. 3). Zeaxanthin-
Fig. 3. Mean ± S.E. retinal carotenoid concentrations of adult house finches
supplemented with 35 lg/ml of zeaxanthin (Zea) or astaxanthin (Asta) for eight
weeks and an unsupplemented (Control) group. Asterisks indicate significant
pairwise differences between the control and other treatment groups for that
particular retinal carotenoid type (see text).
supplemented birds had significantly higher levels of retinal gallo-
xanthin and e-carotene than unsupplemented birds (Tukey’s post
hoc, p 6 0.028, Fig. 3). Supplementation with dietary astaxanthin
had no significant effect on the accumulation of any retinal carot-
enoid types, and retinal levels of astaxanthin-supplemented birds
did not differ significantly from those of the low-carotenoid (con-
trol) group (Tukey’s post hoc, p > 0.332, Fig. 3). There were no sig-
nificant differences in retinal carotenoid accumulation between
male and female finches (Wilks’ k = 0.795, F6,19 = 0.815, p = 0.572).

Because we administered specific purified carotenoid supple-
ments in Experiment 3, we used separate statistical tests to analyze
the three plasma carotenoids (lutein, zeaxanthin, and astaxanthin)
and determine whether and how these purified supplements were
taken up into circulation. Plasma levels of all three carotenoids
were significantly affected by carotenoid supplementation (rmA-
NOVA time � treatment: F3.23,37.18 P 17.69, p < 0.0001, Fig. 4). In
week 0, prior to supplementation, plasma lutein levels were low
(mean 0.26 ± 0.044 lg/ml) for all treatment groups, but levels in-
creased significantly in zeaxanthin-supplemented birds compared
to controls in weeks 4 and 8 (Tukey’s post hoc, p < 0.0001,
Fig. 4A). Plasma lutein levels of astaxathin-supplemented birds
did not differ from controls (Tukey’s post hoc, p > 0.9). Prior to sup-
plementation, all birds had low levels of zeaxanthin in circulation
(mean 0.29 ± 0.056 lg/ml). As expected, supplementation with
zeaxanthin significantly increased circulating zeaxanthin levels in
weeks 4 and 8 of the study (Tukey’s post hoc, p < 0.0001, Fig. 4B).
Plasma zeaxanthin levels of astaxathin-supplemented birds did
not differ from those in controls (Tukey’s post hoc, p > 0.9). Consis-
tent with observations from wild house finches [18,19], none of the
birds were circulating astaxanthin in their plasma at the beginning
of the study. However, birds supplemented with astaxanthin did
circulate significant astaxanthin levels through plasma in weeks 4
and 8 of the study (Tukey’s post hoc, p < 0.0001, Fig. 4C).
Discussion

Carotenoid types and concentration

The carotenoid profile of the wild house finch retina was domi-
nated by astaxanthin and galloxanthin, making up 42% and 35% of



Fig. 4. Mean ± S.E. plasma concentrations of (A) lutein, (B) zeaxanthin, and (C) astaxanthin in adult house finches supplemented with 35 lg/ml of zeaxanthin (Zea) or
astaxanthin (Asta) for eight weeks and an unsupplemented (Control) group.
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total, respectively. This is roughly similar to the turkey (Meleagris
gallopavo), consisting of 23% astaxanthin and 28% galloxanthin
[14], but contrasts with results from domesticated chickens (Gallus
domesticus) with 71% and 7%, respectively and quail with 29% and
13%, respectively. These species-specific differences could stem
from: (1) variation in the frequency of retinal cone types, (2) differ-
ences in rearing and dietary conditions among studies, and/or (3)
species-specific patterns of retinal carotenoid accumulation within
cone types. The frequency of astaxanthin pigmented R-type and
galloxanthin pigmented P-type oil droplets are unlikely to explain
differences among these species, as they are relatively similar:
chickens have an R to P-type ratio of 1:2.5 [23], quail 1:3.1 [24],
and house finches 1:3.0 [unpublished data]. Recent studies of chick-
ens, zebra finches (Taeniopygia guttata), and crimson rosellas (Platy-
cercus elegans) suggest that galloxanthin pigmentation of the P-type
oil droplet is particularly sensitive to environmental light condi-
tions and dietary carotenoid access [25,26]. The results of our three
experiments and another recent study on house finches confirm
that galloxanthin is particularly sensitive to dietary carotenoid in-
put and influenced by immune system activity [22]. Therefore,
the differences among studies and species in the relative accumula-
tion of astaxanthin and galloxanthin may be influenced by lighting,
diet, and the general health of the experimental animals. However,
we cannot rule out genetically based species differences in the up-
take, metabolism, and deposition of carotenoids into the retina.
Qualitative comparisons indicate that interspecific variation in oil
droplet pigmentation variation may be functionally relate to differ-
ences in spectral environment and foraging ecology [16]. For exam-
ple, nocturnal species, like owls, tend to have relatively pale oil
droplets, with presumably lower carotenoid concentrations, which
should improve sensitivity in low light conditions [16].

Carotenoid depletion

Maintaining house finches on a very low-carotenoid diet de-
pleted retinal levels of astaxanthin, galloxanthin, and e-carotene.
This contrasts with the reported stability of retinal carotenoids to
dietary depletion, ranging from 4 weeks in young chickens to sev-
eral months in adult quail [27,28]. However, Wang et al. [28] only
measured retinal lutein and zeaxanthin in chickens, which we also
found to be unaffected by diet depletion, and Meyer et al. [27] only
qualitatively examined the coloration of cone oil droplets of quail
and were unlikely to detect subtle variation in concentration. De-
spite depletion, retinal carotenoid levels in house finches were
much more stable than plasma and liver carotenoid levels. Signif-
icant depletion of retinal carotenoids was detected only after
4 weeks for astaxanthin and 8 weeks for galloxanthin and e-caro-
tene, while total plasma carotenoid levels dropped by >85% and li-
ver carotenoid levels declined >95% in the first two weeks on the
very low-carotenoid diet. Moreover, the final magnitude of the de-
cline in retinal carotenoid concentration was much less than that
of plasma and liver. By week 8, retinal levels had declined to ca.
50% of initial levels, while circulating and liver carotenoids had
dropped to 4% and 2% of initial values, respectively. Although we
observed a decline in retinal carotenoid levels over the course of
the depletion study, there was considerable variation among
weeks that was not attributable to dietary depletion. For example,
the retinal carotenoid concentrations of birds collected in week six
did not differ significantly from birds collected in week zero and
deviates from the trend of decline seen in other weeks. This devi-
ation is unlikely to have resulted from systematic error, because
when we repeated our analyses on extracts from the other whole
eye of each individual (data not reported) we found the same pat-
terns as we present from the retina. Because the measurement of
retinal carotenoids required destructive sampling of retinal tissue,
we were limited to a cross-sectional analysis of different birds over
time. We expect that this unexplained variation would diminish if
we were able to measure retinal carotenoid accumulation longitu-
dinal in the same individuals.

The relatively limited effects of dietary depletion suggest that
inter-individual differences other than diet can influence caroten-
oid accumulation and retention in the avian retina. Retinal caroten-
oid accumulation may be influenced by an individual’s health and
condition. In wild house finches, we found retinal carotenoid accu-
mulation to be positively correlated with body condition [18], and
recently we showed that long-term immune system challenges de-
plete retinal carotenoids in finches [22]. Retinal carotenoid accu-
mulation may also reflect an individual’s genetic predisposition to
accumulate retinal carotenoids. Among humans there is up to an
85% heritability of retinal carotenoid accumulation (macular pig-
ment density) [29]. In birds, the heritability of retinal carotenoid
accumulation has not been examined; however, the carotenoid-
based plumage coloration of male house finches is positively corre-
lated among fathers and sons [30], and the carotenoid-based bill
color of male zebra finches is heritable (h2 = 0.33) [31].
Effects of dietary carotenoid supplementation

Adult house finches supplemented with lutein + zeaxanthin in
Experiment 2 or with zeaxanthin alone in Experiment 3 had signif-
icantly higher levels of retinal galloxanthin and e-carotene than
birds maintained on the low-carotenoid diet. The strong response
of galloxanthin to supplementation is consistent with the results
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of Knott et al. [26], who found that dietary supplementation of
crimson rosella and zebra finches with lutein and zeaxanthin
caused shifts in the absorbance properties of cone oil droplets, with
the largest effects occurring in the galloxanthin-pigmented, P-type
oil droplets. We found no significant effect of carotenoid supple-
mentation on the accumulation of other retinal carotenoids,
including lutein and zeaxanthin, which have been shown to re-
spond positively to supplementation in quail and chickens
[8,9,11,32]. However, these studies involved dietary manipulation
of young growing birds, which, in some cases [8,9,32], began life
entirely devoid of carotenoids through multi-generational caroten-
oid depletion. The maturing retina may be particularly sensitive to
dietary manipulations, as the development and pigmentation of
cone oil droplets, initiated in ovo, is completed [33]. The adult ret-
inas we examined may be less sensitive to diet manipulation be-
cause they are fully developed and only requiring dietary inputs
to replace degraded carotenoids.

Changes in retinal carotenoid accumulation were seen only in
house finches supplemented with zeaxanthin, indicating that there
is selective uptake into the retina and specific precursor–product
relationships. Astaxanthin is the dominant carotenoid in the house
finch retina; however, direct supplementation with dietary asta-
xanthin had no effect on retinal carotenoid accumulation in adult
house finches, despite the fact that they circulated this pigment
in plasma and accumulated it in liver and feathers [unpublished
data]. Zeaxanthin has been suggested as the primary dietary pre-
cursor for many of the metabolically derived retinal carotenoids
in birds, like astaxanthin and galloxanthin [14,15]. This product–
precursor relationship was recently confirmed in a study of retinal
carotenoid accumulation in quail utilizing labeled (deuterated)
dietary carotenoids. Bhosale et al. [11] found that feeding young
quail with labeled zeaxanthin for 16 weeks led to significant label-
ing of zeaxanthin, astaxanthin, galloxanthin, and e-carotene in the
retina.

Although zeaxanthin is the likely precursor for many of the
carotenoids found in the retina, our supplementation experiments
only influenced the accumulation of two retinal carotenoids – gal-
loxanthin and e-carotene. There are several possible explanations
for this specificity: (1) Galloxanthin and e-carotene may turn over
more rapidly than other retinal carotenoid types. This could occur
if these carotenoids were more prone to photodegradation than the
other retinal types, but the relative stability of these carotenoids
in vivo is not known. (2) The potential for increased accumulation
may be limited if cone oil droplets are already saturated with
carotenoids. Across a number of bird species, R-type oil droplets
contain very high concentrations of astaxanthin and have absor-
bance values >20. Y-type oil droplets contain lutein and zeaxanthin
and range up to 10 absorbance units, while P-type oil droplets con-
taining galloxanthin and e-carotene tend to have absorbance val-
ues less than two [12]. Therefore, P-type oil droplets, with their
presumably lower concentration of carotenoids, have the greatest
potential to accumulate carotenoids, while the R-type oil droplets
may be saturated with astaxanthin, limiting the potential for fur-
ther increase.

On a functional level, the carotenoid-specific responses to die-
tary change may be related to their role in color vision. Knott
et al. [26] suggested that birds shunt excess carotenoids into P-
type oil droplets to preserve spectral tuning and sensitivity of the
single cone photoreceptors. The P-type oil droplet is part of the
double-cone photoreceptor that affects motion and luminance
detection, but does not play a role in color vision [34]. In the P-type
oil droplet, there is relatively little overlap between the carotenoid
absorbance and the visual pigment, whereas the absorbance spec-
tra of the single cone visual pigments overlap considerably with
the carotenoid absorbance of their respective oil droplets. Thus, in-
creased carotenoid accumulation in the single cones would result
in reduced sensitivity, while the double-cone sensitivity may be
less affected by the increased carotenoid accumulation.
Conclusion

Carotenoid accumulation in the retina varies significantly
among adult wild house finches and correlates with condition
and male carotenoid-based plumage coloration [18]. The studies
presented here suggest that, although dietary carotenoid access
does affect retinal accumulation, diet is not the primary source of
variation observed among wild birds. Compared to other body
tissues, retinal accumulation in adult house finches is relatively
stable to dietary changes over time, and carotenoid supplementa-
tion only affects the accumulation of a small subset of retinal carot-
enoid types. In some sense, this stability is not surprising, because
retinal carotenoids play an essential role in color vision [13] and
photoprotection [8,9]. Rapid changes in retinal carotenoids could
compromise visual health and function and thus drive selection
for greater stability and a decoupling of retinal accumulation away
from current dietary intake. However, we are still left to account
for the variation we see amongst wild house finches. In contrast
to our results, studies of young growing domesticated chickens
and quail indicate that dietary access can have profound effects
on retinal accumulation [8,9,11,32]. In zebra finches, neonatal diet
quality has been shown to affect the ability of adult birds to assim-
ilate carotenoids into circulation [35]. Therefore, adult retinal
carotenoid accumulation could be shaped by conditions during
early life and reflect carotenoid access during key developmental
periods. The maternal transfer of carotenoids to eggs may be par-
ticularly important because oil-droplet development and pigmen-
tation occurs in ovo. Similarly, in humans, early-life carotenoid
access may also be important for visual health and function.
Among human infants, retinal carotenoid levels are highly variable
[36] and recently it has been suggested that dietary carotenoid in-
take during development may be important for retinal develop-
ment and life-long visual health [37,38]. Although there are
limitations of birds as model organisms [15,21], because of their
high levels of retinal carotenoid accumulation and relatively short
life-spans, birds still provide an excellent opportunity to examine
the life-long effects of carotenoid availability during the develop-
mental period. Dietary carotenoid manipulations at various stages
of development in a rapidly maturing species, like quail, could pro-
vide clues to the organizational effects of dietary carotenoid intake
on adult retinal accumulation and visual health.
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