NEUROSCIENCE

Our bodies adjust to the cycle

of day and night thanks to
specialized neurons in our eyes.
Ongoing study of these cells could
lead to new treatments for winter
depression and other conditions

By Ignacio Provencio

N THE 1920S HARVARD UNIVERSITY GRADUATE STUDENT
Clyde E. Keeler discovered two surprising facts about
mice he had bred in his rented attic room. One, all the
progeny were completely blind. Two, despite the ani-
mals’ blindness, their pupils still constricted in re-
sponse to ambient light, albeit at a slower rate than did
the pupils of sighted mice.

Many years later researchers extended Keeler’s observation,
showing that mice genetically engineered to lack rods and cones
(the light receptors involved in vision) nonetheless reacted to
changes in light by adjusting their circadian clock—the internal
timer that synchronizes hormone activity, body temperature and
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sleep. The animals performed the usual daytime activities when
in daylight and nighttime activities when in the dark. They could
do so even though their retinas lacked the photoreceptor cells
that vertebrate eyes use to form images, although surgically re-
moving their eyes abolished this ability. This phenomenon may
be common to many mammals, including humans: recent experi-
ments have shown that certain blind people can also adjust their
circadian clocks and constrict their pupils in response to light.

One explanation for the apparent paradox is that the photo-
receptors within the eye that are required for vision are not re-
sponsible for regulating the timing of daily activity; other recep-
tors do that. But until quite recently, the notion that the eyes
could possess photoreceptors other than rods and cones seemed
absurd. The retina is one of the most thoroughly studied tissues
in the body, and the only photoreceptors known to exist in the
eyes of mammals were the familiar duo, rods and cones.

The evidence is now very convincing, however, that the eyes
of mammals, including those of humans, do have specialized
photoreceptors that are not involved in image formation. The
light-detecting molecules in these cells are different from those
in rods and cones, and the cells connect to different parts of the
brain. Thus, just as our ears provide us with our sense of equilib-
rium as well as with our hearing, each of our eyes is also essen-
tially two organs in one.

The discovery may lead to help for people who have trouble
adjusting their biological clocks. Jet lag is the most obvious man-
ifestation of circadian desynchrony—the loss of synchronization
between the cycling of day and night and our internal clock.
Working the night shift, a self-imposed form of the condition, is
thought to raise one’s risk of cardiovascular disease, gastrointes-
tinal distress, cancer and metabolic syndrome—a condition that
can ultimately lead to type 2 diabetes and stroke. Some of histo-
ry’s most infamous industrial accidents, such as the 1989 ground-
ing of the oil tanker Exxon Valdez, the 1984 explosion at the
Union Carbide plant (now owned by Dow Chemical Company) in
Bhopal, India, and the 1979 near-nuclear meltdown at Three
Mile Island, occurred during the night shift, when worker vigi-
lance was compromised. Moreover, millions of people living at
extreme northern or southern latitudes suffer from seasonal af-
fective disorder, an often severe form of depression that also ap-
pears to be a response to lack of light during short winter days.
Better understanding of how the third kind of photoreceptor
controls circadian rhythms and emotions is already suggesting
ways to minimize the negative effects of jet lag, night-shift work
and long winter nights.

LIGHT-SENSING BUT OVERLOOKED
BIOLOGISTS HAVE LONG KNOWN OF ORGANIsMS that have light-
detecting organs for purposes other than image formation. A
change in illumination may signal to an animal that it has be-
come exposed, which in turn indicates a vulnerability to preda-
tors or potential damage from ultraviolet radiation. Many ani-

Some animals sense light with organs
outside their eyes, but humans do not.
Still, some blind people can adjust their
body to the cycle of night and day.

In recent years such nonvisual respons-
es to light have been linked to specialized
neurons in the retina that can detect light
autonomously but also relay signals from
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mals have evolved adaptations, such as active camouflage or
avoidance of light, to minimize the consequences of being ex-
posed. Although these adaptations require some system of light
detection, they do not require vision per se. For example, in 1911
Austrian zoologist and future Nobel Prize-winner Karl von Frisch
recognized that blinded European minnows darkened when ex-
posed to light. Damage to the base of the brain, on the other
hand, abolished the response, leading von Frisch to propose the
existence of nonvisual photoreceptors in the deep brain.

Many animal species possess such light-sensing cells. Spar-
rows, for example, can tune their circadian clocks even when de-
prived of their eyes, as shown in the early 1970s by Michael Me-
naker, then at the University of Texas at Austin. Follow-up experi-
ments showed that the birds have light-sensing cells in their
brain. It turns out that a surprising amount of light can penetrate
the feathers, skin and skull of a bird to activate these cells.

The possibility that at least some mammals might also have
light receptors not involved in vision first drew the attention of
biologists when Keeler reported on his home-bred mice in the
1920s. Because the anatomy of the mammalian retina was so
well understood, the assumption was that the missing light-
sensing organ must be located somewhere other than in the eyes.
But by the early 1980s studies on eyeless rodents by Randy J. Nel-
son and Irving Zucker, both then at the University of California,
Berkeley, seemed to call this hypothesis into question. Those ani-
mals were unable to adjust their circadian rhythms to the cycle
of night and day, suggesting that the light-sensing receptors had
to reside within the eye.

Menaker, who meanwhile had moved to the University of Or-
egon, set out to investigate whether mouse eyes had a role in
light-sensitive responses that do not require the formation of im-
ages. He and two of his graduate students, Joseph Takahashi and
David Hudson, looked at mutant mice that lacked functional
rods and cones, except perhaps for a few minimally active cones.
To the researchers’ surprise, these blind mice could restrict their
activity to the nighttime and remain relatively inactive during
the daytime, just as fully sighted mice do.

One possible explanation for this behavior was that the few
sickly surviving cones were somehow able to maintain nonvisual
responses to light. But in 1999 a team led by Russell Foster, then
at Imperial College London, used mutant mice completely lack-
ing rods and cones to show that these cells were not necessary

The discovery may lead to new ap-
proaches to treating seasonal affective dis-
order, certain sleep disorders and other
debilitating conditions.

rods and cones, other light-sensing cells.
These neurons respond to blue light and
may be remnants of evolutionarily ancient
organs from our invertebrate past.
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