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The Ultraviolet Receptor of Bird Retinas 

Abstract. The eyes of 15 species of birds from 10 families have some cones 
maximally sensitive at 370 nanometers in the near-ultraviolet. Spectral sensitivity 
was measured by recording extracellularly in opened eyecups, and a maximum in the 
ultraviolet was revealed by selectively adapting the retina with yellow background 
lights. The 370-nanometer spectral sensitivity function is attributed to receptors 
because its spectral position does not vary with the strength of adaptation and 
because it is present when the receptor potentials are isolated from the contributions 
of higher order retinal neurons by exposing the retina to sodium aspartate. These 
measurements demonstrate the basis for the ultraviolet sensitivity of birds that has 
been seen in behavioral experiments, and they provide further evidence that many 
vertebrates share with insects vision in the near-ultraviolet, 

Although it is widely believed that 
birds have color vision, in only a few 
species have demanding behavioral cri- 
teria been met, primarily in the pigeon 
(1, 2). Daws (3) and hummingbirds (4, 5) 
have also received critical attention. 

In the retinas of birds (and some rep- 
tiles) each cone cell has a colored oil 
droplet at the distal end of the inner 
segment, so placed as to filter the light 
reaching the visual pigment. These drop- 
lets contain carotenoids with absorb- 
ances that can be greater than 20 (6). 

Because carotenoids absorb in the blue 
and violet regions of the spectrum, the 
traditional presumption has been that the 
vision of birds must be most effective at 
the long wavelength end of the visible 
spectrum. The functions of the cone oil 
droplets have been the subject of much 
speculation (7). 

In recent years evidence has accumu- 
lated for multiple cone pigments in the 
retinas of pigeons and chickens. These 
new data lay to rest the idea that the 
cone oil droplets work together with a 

single cone visual pigment to produce 
several kinds of receDtors with different 
spectral sensitivities. In chicken and 
pigeon direct evidence exists, from both 
retinal physiology (8, 9) and digitonin 
extraction (IO), not only for several cone 
pigments, but for one with peak of ab- 
sorption at 4 15 nm. Moreover, humming- 
birds discriminate wavelengths as well in 
the violet as elsewhere in the visible 
spectrum (5). Still other behavioral evi- 
dence suggests that the visible spectrum 
of pigeons (II), hummingbirds (12), 
ducks (13), and a variety of passerines 
(14) extends into the near-ultraviolet 
(UV), but the basis for vision at such 
short wavelengths has not been demon- 
strated in birds. 

We now report electrophysiological 
evidence that the retinas of humming- 
birds and several species of passerines 
have cones with peak sensitivity in the 
UV at 370 nm. Birds were netted in 
southern Connecticut and dark-adapted 
overnight. They were anesthetized, their 
eyes were enucleated, and the front half 
of the eye was removed under dim red 
light. The back half of the eye was 
mounted in a moist chamber, and the eye 
was stimulated with light from a 150-W, 
optically stabilized xenon arc and a grat- 
ing monochromator (15). Transretinal 
voltage responses were recorded with 
flat chlorided silver rings (16). Intensity 
of the stimulus was controlled with a pair 
of counterrotating optical wedges made 
of graded films of Inconel on quartz 
substrates. Stimuli consisted either of 
100-msec flashes or a 25-Hz flicker, to 
which the rods respond poorly (16). In 
the latter case, the amplifier was also 
tuned to 25 Hz and had a noise level of 
about 0.2 KV. The stimuli were either 
presented in the dark or, to unmask the 
UV receptor, superimposed on a yellow 
background light (Schott sharp-cut filter, 
wavelengths longer than 530 nm), which 
was obtained from a 100-W tungsten- 
halogen lamp and combined with the 
stimulus beam by means of a dielectric 
beam splitter. Spectral sensitivity was 
determined by measuring the quantum 
flux required for a criterion response of 5 
KV (single flashes) or 1 pV (25-Hz stimu- 
lus). 

Figure 1A shows some results from 
the eye of a gray catbird (Dumetella 
carolinensis). Spectral sensitivity of the 
dark-adapted eye to single flashes 
peaked near 510 nm, and the response 
was dominated by rods. When the eye 
was stimulated with 25-Hz flicker, the 
spectral sensitivity peaked at about 580 
nm and seemed to be due entirely to 
cones. 

When the test lights were superim- 
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Table 1. List offamilies or subfamilies and species of birds in which there is electrophysiological 
evidence for retinal cones that are maximally sensitive at 370 nm. 

Family or 
subfamily Common name Species 

Columbidae 
Trochilidae 
Corvidae 
Hirundinidae 
Paridae 
Mimidae 

Turdinae 

Passerinae 
Carduelinae 
Cardinalinae 
Icterinae 
Emberizinae 

Rock dove (p~geon) 
Ruby-throated hummingbird 
Blue jay 
Barn swallow 
Black-capped ch~ckadee 
Gray catblrd 
Brown thrasher 
Wood thrush 
American robln 
House sparrow 
House finch 
Northern cardinal 
Red-winged blackbird 
Song sparrow 
White-throated sparrow 

Columba livia 
Archilochus colubris 
Cyanocitta cristata 
Hirundo rustica 
Parus atricapillus 
Dumetella carolinensis 
Toxostoma rufum 
Hylocichla mustelina 
Turdus migratorius 
Passer domesticus 
Carpodacus mexicanus 
Cardinalis cardinalis 
Agelaius phoeniceus 
Melospiza melodia 
Zonotrichia albicollis 

posed on  a steady yellow background 
field, the cones with peak sensitivity in 
the region of 580 nm suffered selective 
adaptation, and receptors responding 
maximally at  shorter wavelengths were 
revealed. The cone that was sensitive at  
shortest wavelengths was maximally 
sensitive at 370 nm. Although its pres- 
ence was evident with the 25-Hz flicker 
(not shown), more effective isolation was 

obtained when it was measured with 
single test flashes superimposed on the 
yellow adapting field, and the separation 
was more complete the brighter the 
adapting light (Fig. 1A). 

If the peak at 370 nm is due to  a cone 
whose sensitivity maximum is located in 
the near-UV, it should be  possible to 
depress selectively the sensitivity of the 
retina in this spectral region by using a 
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Fig 1 (A) Spectral sens~tlv~ty of a gray catblrd (Dumetella t a r o l ~ n e n ~ ~ s )  retlna, measured In 
response to slngle flashes (filled clrcles and sol~d curves, 5-p,V crlterlon response) or a light 
fllckerlng at 25 Hz (open clrcles, dashed curve, 1-p,V crlterlon response). The log level (relative 
unlts) of the yellow background adaptlng field IS specified at the rlght end of each curve, log 
I = 0 corresponds to a quantum flux of approximately 6 5 x 10" photon sec-' cm-2 In the 
wavelength band between 530 and 640 nm "Dark" s~gn~fies the absence of the second adaptlng 
l~ght Long-wavelength adaptat~on shows the presence of a cone wlth peak sensltlv~ty at about 
370 nm In the near-UV (B) Spectral senslt~vlty of the house finch (Carpodacus mexrcanus) to 
slngle flashes In the dark-adapted state (upper curve) and wlth three levels of background 
adaptation to yellow llght Values are glven as means * standard error of the mean for SIX eyes 
Long wavelength-sens~tlve cones domlnate the response at the lowest background lntenslty 
(log I = 2.9), and although the UV receptor IS ev~dent at log I = 0, ~t does not Isolate as cleanly 
as In the eyecup of the gray catblrd (A) 
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UV-adapting field. If, on the other hand, 
the retina contained a single spectral 
class of cones with a secondary absorp- 
tion band at  370 nm, both the visible and 
UV-sensitivity maxima would adapt to- 
gether, regardless of the spectral compo- 
sition of the adapting field. This predic- 
tion is valid whether o r  not the spectral 
sensitivity function is modified by the 
presence of an inert screening pigment- 
for example, an oil droplet. Figure 2A 
shows the results of UV adaptation of 
the retina of the black-capped chickadee 
(Parus atricapillus). That the depression 
of sensitivity was greatest in the spectral 
region occupied by the adapting light 
(compare Figs. 1 and 2A) is consistent 
with the presence of more than one spec- 
tral class of cone, one of which absorbs 
maximally at  370 nm. That adaptation to 
UV light causes a depression of sensitiv- 
ity in the visible as  well as  the UV was 
also expected because all visual pig- 
ments have some sensitivity to  near-UV 
light. 

In principle, a sensitivity maximum in 
the UV could be caused by secondary 
excitation of visual pigment due to fluo- 
rescence or  by energy transfer from a 
UV-absorbing antenna pigment as  in the 
photoreceptor membranes of flies (17). 
In either case, adapting the receptor con- 
taining the visual pigment with long- 
wavelength light should depress sensitiv- 
ity to  U V  by an equivalent amount. In 
the limiting case, bleaching the visual 
pigment should render the receptor in- 
sensitive to  UV light. But just the oppo- 
site was observed. Increasing the inten- 
sity of a yellow adapting field had rela- 
tively little effect on the 370-nm peak 
(Fig. 1A) while greatly depressing the 
sensitivity at long wavelengths. Even 
with a quantum efficiency of fluores- 
cence or of energy transfer of 1, a very 
special and improbable set of ad hoc 
assumptions would have to be made to 
account for a sensitivity at 370 nm more 
than 1 log unit greater than at  all wave- 
lengths longer than 460 nm (lowest curve 
in Fig. 1A). The effects of long-wave- 
length adaptation are therefore not easily 
reconciled with either of these alterna- 
tive explanations for the 370-nm peak of 
sensitivity. 

The selective depression of sensitivity 
in the UV by a UV-adapting light (Fig. 
2A) is likewise inconsistent with the hy- 
pothesis of either a photostable source of 
fluorescence or a photostable antenna 
pigment. With either fluorescence or ra- 
diationless energy transfer, selective ad- 
aptation would be expected only if the 
accessory pigment were photoinactivat- 
ed at  quantum fluxes that spared the 
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visual pigment. As all visual pigments 
are somewhat sensitive in the near-UV, 
this would require an accessory pigment 
of comparably high photosensitivity. No 
such accessory pigment is currently 
known. On the other hand, both the 
depression of sensitivity in the UV and 
its subsequent recovery in the dark (Fig. 
2A) are consistent with the adaptation of 
a cone maximally sensitive at 370 nm. 

The inter~retation that the 370-nm 
peak represents the presence of a UV- 
sensitive cone and is not the result of 
higher-order neural interactions is based 
on two arguments. First, the spectral 
position of the wavelength maximum re- 
mains the same with different intensities 
of the adapting background. By itself, 
this argument is not totally persuasive, 
because it assumes that the proposed 
opponent mechanisms are not invariant 
over a broad range of intensities. We 
have therefore sought the UV peak in the 
presence of 50 mM sodium aspartate 
(Fig. 2B), which blocks transmission be- 
tween receptors and retinal interneurons 
and simplifies the waveform of the elec- 
trical response (18). 

Not all the birds that we have exam- 
ined show an UV receptor with the 
prominence of Fig. 1A. For example, in 
the house finch (Carpodacus mexi- 
canus), UV-sensitive cones made a rela- 
tively smaller contribution to the electro- 
retinogram. In the dark-adapted eye, the 
difference in sensitivity between 510 and 
370 nm was 0.7 log units, whereas in the 
catbird it was 0.5 log units. More impor- 
tant, the 370-nm peak is more difficult to 
isolate by selective adaptation (Fig. 1B). 

The relationship between the 370-nm 
receptor and the oil droplets of bird 
retinas is not clear, but the following 
observation is suggestive. A small frac- 
tion of the oil droplets contain no carot- 
enoid and do not absorb at wavelengths 
down to (at least) 325 nm. Although it is 
possible for near-UV light to penetrate 
certain of the other oil droplets (6), cones 
with transparent droplets would seem to 
be the most likely candidates to be UV 
receptors. In indirect support of this 
hypothesis, we found that transparent 
droplets account for less than 5 percent 
of the total in the house finch retina but 
are typically 10 to 15 percent of the 
droplets in hummingbirds and in other 
passerines that we have examined (6). 
The cornea and lens of birds are trans- 
parent to 340 nm (9) or 310 nm (19). 

Table 1 lists the birds that we have 
studied to date; in all of them we found 
evidence for UV receptors. Although the 
sample of species in this preliminary 
report is small, 10 families are represent- 

ed, and all of the 15 species have recep- 
tors peaking at 370 nm. None of these 
birds has a prominent receptor at 415 
nm, as do chicken and pigeon (8, 9, 16). 
Chickens lack the 370-nm receptor; pi- 
geons have it (Table 1). Although we 
infer from these data that UV receptors 
are likely to be widespread among birds, 
there is a suggestion that their relative 
numbers may not represent a very con- 
servative evolutionary feature (compare 
A and B in Fig. 1). 

Since the discovery that the visible 
spectrum for many insects extends into 
the near-UV (20, 21), much effort has 
been invested in looking for natural UV 
signals in the nectar guides of flowers 
(22-24) and the patterns of reflectance of 
butterfly wings (23-25). The idea has 
developed that insects have a sensory 
subchannel available in the near-UV that 
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Fig. 2 (A) Spectral sensitivity of a chickadee 
(Parus atricapillus) retina, measured in re- 
sponse to single flashes. Because of the small- 
er size of the eye, the apparent threshold of 
the dark-adapted retina (filled circles) was 
somewhat higher than in either species illus- 
trated in Fig. 1. Because the test lights were 
brighter, conditions were not strictly scotop- 
ic, and a contribution from the UV-sensitive 
cones is evident as a more distinct secondary 
peak at 370 nm. This UV peak was abolished 
(open circles) by a background adapting field 
of near-UV light (Corning filter 7-54 on a 100- 
W quartz-iodine lamp). After a subsequent 
hour in the dark, the original spectral sensitiv- 
ity recovered (half-filled circles). The sensi- 
tivity peak at 370 nm therefore adapts to both 
light and dark, as is expected of a receptor. 
(B) Spectral sensitivity at short wavelengths 
of the right eye of a northern cardinal (Cardi- 
nalis cardinalis) (filled circles, control) and 
the left eye (open circles, after exposure to 50 
mM sodium aspartate) measured in the pres- 
ence of a bright yellow adapting light (A > 530 
nm). The occurrence of the U V  peak in the 
presence of aspartate indicates that it is due to 
a cone that is maximally sensitive at 370 nm 
and is not likely the result of higher order 
neural interactions between cones of different 
spectral sensitivities. 

they do not share with vertebrates in 
general and vertebrate predators in par- 
ticular (24). The finding that birds have 
cones maximally sensitive in the near- 
UV forces a reexamination of this idea. 
For example, the wax bloom on many 
berries reflects near-UV, and for birds, 
this may enhance the contrast of small 
fruits seen against green, UV-absorbing 
leaves (26). Birds (3, 8-10), like some 
fish (27), may well have four cone pig- 
ments and a tetrachromatic color vision. 
Honeybees see near-UV light as a dis- 
tinct color (21), but analogous behavioral 
experiments have yet to be done on 
birds. In any event, sensitivity to near- 
UV light by a variety of vertebrates is 
more common than our own visual expe- 
rience has led us to expect (12, 26). 
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GMl Ganglioside Treatment Facilitates Behavioral 
Recovery from Bilateral Brain Damage 

Abstract. Adult rats with bilateral lesions of the caudate nucleus were treated with 
GM1 ganglioside. Although animals injected with a control solution were severely 
impaired in their ability to learn a complex spatial task, those treated with 
ganglioside were able to learn spatial reversals. 

Until recently the central nervous sys- 
tem was believed to lack the capacity for 
repair, and damage to the brain was 
believed to result in permanent loss of 
critical mental and motor functions. As a 
result of this pessimistic view, virtually 
no effort had been made to develop effec- 
tive treatments to restore function lost as 
a result of traumatic brain injuries. How- 
ever, this view is now gradually changing 
(1). 

Within the last few years, a number of 
neurotrophic factors known to play an 
important role in the stimulation and 
guidance of regrowing axons after dam- 
age in the peripheral and the central 
nervous system have been isolated from 
mammalian brain tissue (2). 

Gangliosides, glycolipid molecules lo- 
cated in the outer leaflet of neuronal 
membranes (3), are among these neuro- 
trophic factors now being examined for 
their potential capacity to restore func- 
tion of damaged neuronal tissue. When 
applied to neuronal cell cultures ganglio- 
sides stimulate neurite outgrowth (4 ) ,  
and when injected systemically into ani- 
mals with peripheral nerve damage (5) 
they promote sprouting into the dener- 
vated target area. Nevertheless, the 
question of whether gangliosides facili- 
tate central sprouting after brain injury 
(6, 7) or enhance recovery from resulting 
behavioral deficits is just beginning to be 
addressed (7, 8). 

We now report that ganglioside inject- 
ed after bilateral injury to the caudate 
nucleus significantly reduces behavioral 
deficits in spatial learning ability. 

Prior to surgery, male albino rats 
(Sprague-Dawley, 320 to 420 g, 90 to 95 
days old) were handled daily for 1 week 
and then tested for 2 days on a two- 
choice footshock discrimination-learning 
maze (9). In the preoperative phase, the 
rats were given ten daily trials in which 

they could escape from or avoid foot- 
shock by running into one of two safe 
goal areas (10). On the first day of train- 
ing we evaluated the animal's choice 
preference. The side to which the animal 
escaped or avoided the footshock more 
than 50 percent of the time was consid- 
ered its preferred side. On the next day, 
the rats were trained to run straight to 
their nonpreferred side. Those rats that 
did not run eight out of ten trials were 
eliminated from the study. Although this 
training procedure was too short for the 
rats to acquire spatial reversal habits, it 
did permit us to eliminate animals that 
refused to run at all in the test situation. 
Approximately 20 percent of the animals 
were thus eliminated from the study. 

The remaining animals were randomly 
assigned to one of three surgical groups: 
the control group (group C) (n = 8) un- 
derwent sham surgery, and the lesion 
group (group L) (n = 8) were given ra- 

Test  B Retest  
A (days 1 0  to 4 0 )  (days 9 0  to 104 )  

L LG C L LG C 
Group 

Fig. 1. Mean percentage of days (with 
standard errors) on which animals reached 
criterion (nine out of ten responses correct). 
The groups are L, bilateral caudate nucleus 
lesion with control injections; LG, bilateral 
caudate nucleus lesion with injections of GMl 
ganglioside; C, no lesion with control injec- 
tions. 

dio-frequency-induced bilateral lesions 
of the caudate nucleus (9). Both groups 
received daily intraperitoneal injections 
of Ringer solution for 14 days. The le- 
sion-ganglioside group (group LG) 
(n = 7) received, in addition to the same 
bilateral caudate lesions, daily intraperi- 
toneal injections of GMl ganglioside for 
14 days (11). 

According to our previous procedures 
(9), postoperative behavioral testing be- 
gan after a 9-day recovery period and 
continued to the nonpreferred side until 
the rats met a criterion of avoiding or 
escaping shock correctly on every trial 
for two consecutive days. Thereafter, 
the animals were trained to the opposite 
side of the goal area with the same 
criterion. In this manner, animals under- 
went a continuous series of spatial habit 
reversals for 30 days of testing (with a 
total of 300 trials). Starting on postopera- 
tive day 90, all animals were retested on 
the same task for 14 days (140 trials). 

Each trial was scored for the animals' 
response to shock (escape or avoidance) 
and perseverative errors (response to 
the wrong side after reversal of the cor- 
rect side). The behavioral data were ana- 
lyzed separately for the first 30-day test- 
ing session and for the 14-day retest 
period. 

For the first testing period, a one-way 
analysis of variance revealed differences 
among the three groups for the following 
measures: (i) number of failures to reach 
the goal area per reversal [F(2, 20) = 
8.05, P < 0.011, (ii) number of days to 
reach a criterion after the first reversal 
[F(2, 20) = 16.0, P < 0.011, and (iii) the 
percentage of days on which a criterion 
of nine correct responses out of ten trials 
(9110) was attained [F(2, 20) = 19.7, 
P < 0.011. 

Subsequent a priori comparisons with 
Dunnett's test (based on one-tailed prob- 
abilities) revealed that animals with le- 
sions but no treatment (group L) were 
significantly impaired on the behavioral 
task when compared with animals with- 
out brain damage (group C). In contrast, 
brain-damaged animals treated with GMl 
showed little impairment, dsering sig- 
nificantly in only the percentage of days 
on which criterion was reached from 
controls (12) (Fig. 1A). 

When compared with their untreated, 
brain-damaged counterparts (group L), 
animals given GMl ganglioside reached 
the goal area significantly more often 
per reversal (t = 2.86, P < 0.01), took 
fewer days to reach criterion after the 
first reversal (t = 4.46, P < 0.01), and 
reached criterion (9110) more often 
(t = 3.09, P < 0.01) (Table 1). With re- 
spect to the ganglioside-induced im- 
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