of a dense cluster. Just how dense
might be determined by the details of
Sedna’s and its relatives’ orbits.

Clouding Oort’s definition

Almost four years before Sedna was
discovered, Lowell Observatory’s
Deep Ecliptic Survey found 2000
CR,,;, an object on a highly eccentric
orbit with a perihelion of 45 AU. That
object, unlike Sedna, could be accom-
modated—albeit just barely—by
mechanisms invoked by Rodney
Gomes (Observatério Nacional,
Brazil) to explain the population of
the Kuiper belt. But the discovery of
Sedna invites a new look at 2000
CR,ys; perhaps it, too, is hinting at
stellar encounters in the early Solar
System. Levison and Alessandro Mor-
bidelli of the Observatoire de la Cote

d’Azur considered a number of alter-
nates to the Gomes mechanisms and
found a stellar encounter to be the
only satisfactory one.? They did not,
however, consider encounters with
more than one star.

Brown has suggested that Sedna
and 2000 CR,,; might be members of
an “inner Oort cloud.” His view is that
the Oort cloud should be defined as
the population of objects that got put
in place via forces external to the solar
system. Other researchers, such as
the Southwest Research Institute’s
Alan Stern, would reserve the term
“Oort cloud” to describe the distant
population of objects described in
Oort’s 1950 paper. As Levison points
out, Sedna is an object that does not
fit neatly into the categories scientists
readily had in mind at the time of its

discovery.

Inthatregard, Sedna is reminiscent
of Pluto. “When I was in school,” recalls
Stern, “I was taught that there were
four rocky planets, four gas giants, and
this oddball Pluto that doesn’t fit into
any context. Then we saw that Pluto
was the tip of a rich iceberg—the
Kuiper belt—that had not been discov-
ered and that fits very well into context
after all. Now we’re finding even more
richness much farther out.”

Steven K. Blau
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Lampreys Rely on a Molecular Switch to Detect UV Light

By applying a combination of biochemical and biophysical techniques,
researchers have identified a UV-sensitive photoreceptor in the pineal

gland of the Japanese river lamprey.

Our biological clocks, like those of
other vertebrates, keep time
thanks to the response to sunlight of
the pineal gland. Stuck underneath
our cerebral hemispheres, the lentil-
sized gland can’t detect light directly.
Rather, it receives signals from our
eyes via a tortuous circuit of nerve
cells. Whatever pineal photosensitiv-
ity our ancestors once enjoyed lost out
to a higher evolutionary priority:
boosting the computing power of the
mammalian brain.

But the pineal of lower vertebrates
is both closer to the top of their heads

http://www.physicstoday.org

and better equipped to detect light. In
lizards, for example, the pineal corre-
sponds to an eyelike organ that lies be-
neath the skin and between the eyes.

Intrigued by this light-sensing
ability, biologists wondered whether it
might be linked to mysterious func-
tions that humans and other mam-
mals no longer perform. Experiments
ensued and, from the late 1960s on-
ward, revealed that the pineal glands
of certain species of fish and amphib-
ians can detect UV light.

For setting a biological clock, using
UV would make sense. The ratio of

UV to visible light is higher in twilight
than in daylight. However, despite its
potential utility, the pineal’s UV sen-
sitivity has not been definitively
linked to a biological purpose.

On the molecular front, things are
a little clearer. By the early 1990s, bi-
ologists were close to identifying the
photoreceptor molecules responsible
for pineal photosensitivity. Evidence
suggested that pineal photoreceptors
share the same molecular plan as the
photoreceptors that mediate verte-
brate vision.

In visual photoreceptors, a bulky
transmembrane protein called an
opsin envelops a light-sensitive deriv-
ative of vitamin A called retinal. Free
retinal absorbs maximally in the UV,
but the electrostatic influence of the
opsin shifts the absorption. Depending
on what amino acids abut the retinal,
the absorption maximum lies any-
where between the UV and the red.

At first, biologists hoped they could
identify and isolate pineal photore-
ceptors by looking for genetic se-
quences that resemble those of the
more familiar visual photoreceptors.
That strategy proved difficult to pur-
sue because the resemblances are not
as strong as originally expected. But
in 1994, Toshiyuki Okano of Tokyo
University succeeded in identifying a
photoreceptor cloned from chicken
pineal. Other identifications of pineal
photoreceptors followed: in the trout,

Figure 1. Japanese river lampreys grow
to be about 20 cm long. For food, they
latch their suckerlike mouths onto
other fish to withdraw their victims’
blood. (Courtesy of Akihisa Terakita.)
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Figure 2. Absorbtion
spectra of the lamprey’s
pineal photoreceptors
(main panel) and the UV
photoreceptors in the
goldfish’s eye (insert). Be-
fore UV illumination, the
absorbance of the lam-
prey’s photoreceptors
(purple) peaks in the near
UV at 370 nm. After illu-
mination, the absorbance
shifts to the green at 515
nm (green). By contrast,
the goldfish’s UV pho-
toreceptors lack a second
absorption peak after illu-
mination. The strong
peak at 280 nm belongs 0
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toad, and catfish.

Now, a team led by Akihisa Ter-
akita of Kyoto University and Satoshi
Tamotsu of Nara Women’s University
has identified a pineal photoreceptor
in another vertebrate, the Japanese
river lamprey Lethenteron japonica.l
By wusing a multidisciplinary ap-
proach, the Kyoto—Nara team demon-
strated that the newly discovered
pineal photoreceptor is UV sensitive.

Moreover, unlike all other known
vertebrate photoreceptors, the lam-
prey’s pineal photoreceptor is
bistable. That is, it flips between two
stable states in response to light of dif-
ferent wavelengths. Such bistability
had been predicted based on physio-
logical studies of frogs and other ver-
tebrates, but hadn’t been seen before
except in the eyes of insects.

Spectroscopy and genetics
Lampreys are primitive fish. They
lack jaws and bony skeletons and, as
figure 1 shows, bear a superficial re-
semblance to eels. Terakita and Ta-
motsu decided to study L. japonica be-
cause its response to light had been
extensively studied. In particular,
Eberhardt Dodt and Hilmar Meissl
found in 1982 that visible light stim-
ulates the firing of certain pineal
nerve cells, whereas UV light sup-
presses firing. Dodt and Meissl’s
study suggested that the lamprey
pineal was sensitive to the ratio of UV
to visible light.

To identify the lamprey’s pineal
photoreceptor, the Kyoto—Nara re-
searchers looked for opsinlike se-
quences in lamprey DNA. They found
five. The first two sequences resem-
bled those of retinal G protein-coupled
receptors. Although RGRs participate
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in the visual process, they don’t sense
light. The next two sequences ap-
peared to code visual opsins, one for
red light, the other for green light.
The fifth sequence was the most
promising. Its closest relatives code
pineal opsins found in the catfish,
trout, and toad. Armed with the se-
quence, the researchers pressed bac-
teria into making numerous copies of
the putative pineal opsin.

To work as a photoreceptor, an opsin
needs a retinal molecule. Fortunately,
opsins and retinal molecules readily
pair up in solution. Kyoto’s Mitsumasa
Koyanagi illuminated samples of the
reconstituted photoreceptor and meas-
ured its absorbance. UV light, he
found, is absorbed maximally at 370
nm and converts the photoreceptor
into a state whose absorbance peaks in
the green at 515 nm. In the dark, this
photoexcited state proved long-lived,
but illuminating the sample with or-
ange light snapped the photoreceptor
back into its original UV-absorbing
state. Figure 2 shows the spectra.

The lamprey, like other fish, has a
two-part pineal composed of the pineal
proper at the top and the parapineal
below. To see if the UV-absorbing pho-
toreceptor really is expressed in the
pineal and, if it is, to determine its dis-
tribution, the Kyoto—Nara researchers
created RNA probes for both the pineal
opsin and for one of the two visual
opsins they’d found in the lamprey
DNA. Released into the pineal and
parapineal, the molecular probes latch
onto their respective opsins and stain
them dark blue.

The purely visible photoreceptors
turned up in the lower parts of the
pineal and parapineal, whereas the
UV photoreceptors turned up in the

upper parts. Evidently, the pineal and
parapineal have at least two distinct
light-sensing regions.

Photoreceptors convert light to an
electrical current that, by flowing
across the cell membrane, changes
the membrane’s electrical potential.
To verify that the UV photoreceptors
behave in the same way, Emi Kawano
of Nara Women’s University inserted
tiny electrodes into those pineal cells
identified by the RNA probes as con-
taining the UV photoreceptors. Illu-
minating the cells with UV caused the
membrane potential to shoot up,
which is consistent with previous
studies, including Dodt and MeissI’s.

Goldfish eyes

L. japonica can’t see in the UV, but
certain other fish can. Terakita de-
cided to compare the properties of the
lamprey’s pineal photoreceptors with
those that mediate UV vision in the
goldfish.

He and his coworkers isolated the
genetic sequence of the goldfish UV
opsin and reconstituted the corre-
sponding photoreceptors, just as they
had for the lamprey’s UV photorecep-
tor. Subjecting the goldfish photore-
ceptors to the same spectroscopic
tests revealed a different response to
UV light. The goldfish’s absorbance,
like the lamprey’s, exhibits a maxi-
mum in the UV. But after exposure to
UV light, no amount of light at any
wavelength can restore the UV-ab-
sorbing state.

This behavior is not a surprise.
When it absorbs light, retinal under-
goes cis—trans isomerization. In the
lamprey’s pineal photoreceptors, the
retinal stays put. But in the goldfish’s
visual photoreceptors, the isomeriza-
tion triggers the retinal’s disassocia-
tion from the opsin. Special proteins
shepherd the released retinal to an-
other cell type, whose job it is to re-
verse the isomerization. Proteins then
return the refreshed retinal.

This rather baroque mechanism
evolved to serve the eye’s primary
function: vision. Can the bistability of
the lamprey’s pineal photoreceptor
shed light on the pineal’s function?
The spectral state of a bistable pho-
toreceptor—and hence its effect on
the cell membrane—depends on the
ratio of UV to visible light. Because
water absorbs and scatters UV more
strongly than visible light, Terakita
speculates that the lamprey could use
the ratio to sense its depth beneath
the surface.

Charles Day
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