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From the Editor

Here's the “summer” issue of The Biological Physicist, highlighting two
biological physics journals— one is a print journal, and the other lives
online. Also check out a new funding program from HFSP. And turn to
page 2 to learn what freshman physics can tell you about the evolution of
your own eyes!

Our next issue will appear at the end of August, featuring more lab
profiles. If you have an idea for a lab or department profile, or want to
write an essay about atopic of current interest in biological physics, send
me an email! We are still at the beginning of Volume 2 of The Biological
Physicist, and have many virtual pages to fill over the coming year. | look
forward to your input!

Dr. SonyaBahar, PhD
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Weill-Cornell Medical College

525 East 68th Street, Box #99

New York NY 10021

Td 212 746 5535

Fax 212 746 5592
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Essay

Evolution of the Eye: Lessons from
Freshman Physics and Richard Dawkins

by Sonya Bahar

How can you read this page? How can
you see to aoid bumping into your
depatment charman in the hdlway? How
did the eye evolve?

The quedtion of eye evolution has long
puzzled biologigs (hot to  mention
“cregtionists’, who often use the supposed
complexity of the eye as an argument against
evolutionary theory). The complexity of the
eye was baffling to even Chales Dawin
himsdf, who wrote that “[tjo suppose that the
eye, with dl its inimitable contrivances for
adjusting the focus to different distances, for
admitting different amounts of light, and for
the correction of gsphericd and chromatic
aberration, could have been formed by
naturd sdection, seems, | fredy confess,
absurd in the highest possible degree” [1]

But it is not absurd. It is smply a
question of naturd Sdection acting on
freshman physcs. Once you dat with a
light-sendtive cdl, the rest is dmost easy!
Light-sendtive cdls abound in nature, though
the paticular pigments they use, and the
relation between photosengtivity and neurd
fiing, is not completdy understood in dl
cases. For example, the crayfish has two
light-sengtive neurons in  its rear end
(actudly in its 6™ abdomind ganglion) [2,3].
These neurons fire dowly (at around 57 Hz)
in the dark, and speed up to around 30 Hz
when subjected to bright lignt. (The light
sengtivity in the crayfish photoreceptors is
thought to enhance the animd’s sengtivity to
hydrodynamic motion, and to be related to a
predator escape response [4].) There are even
light-sengtive cdls in butterfly genitds mde
and femde, though what they are used for

only the butterflies themselves seem to know
[5].

So if you have a light-sendtive cdl,
how do you get from that to an eye without
divine intervention? One photocdl by itsdf
can sense the presence or absence of light,
nothing more. But if the cdl is atached on
one sSde, gpical or basd, to a “dark screen”
of opague tissue, it can detect, dbet in a
rudimentaay way, the direction of the
incident light. As Richard Dawkins writes in
his  beautiful  book Climbing Mount
Improbable, “An animd with only one
photocel in its head can steer towards, or
away from, light, provided the photocdl is
backed by a screen. A smple recipe for
doing this is to swing the head like a
pendulum from gSde to Sde if the light
intengty on the two ddes is unbaanced,
change direction until it is baanced. There
are some maggots that follow this recipe for
deering directly away from light.” [1]

Suppoe you have a few light-
sendgtive cdls, backed by opague tissue-
screens, lined up, likethis

Layer of jelly (“vitreous mass™)

Layer of opaque tissue

(Note that we have laid a hypothetica layer
of a jdly-like vitreous mass on top of the
photocells. For now, one can congder this a
protective, but tranducent, tissue layer,
insulating the ddicate photocdls from the



eterna environment. It can play a much more
ggnificant role than tha, however, as we will
se bdow.) Suppose this line of light-
sendtive cdls curves into a concave “cup’
shape with the photosendgtive regions of the
cellson theingde of the cup, like this

Different photocells now point in different
directions, and directiond sengtivity is
greatly enhanced. The proto-eye can now
sense, in a cude fashion, the angle of
incident light.

But, this concave eye-cup cannot
form an image. If an object is placed directly
in front of the cup, light rays from every part
of the object will impinge on 4dl the
photocels in the cup, forming an infinity of
images To ge a dngle image, one mud
condgder the principle of the pinhole camera
If the cup becomes deeper and deeper, its
edges closing to a narrow aperture, like this:

then a gnge (inveted), image will be
projected onto the photocdls lining the
surface of the cup.

Let's pause for a moment, though, to
condgder how we “gg” from a dgngle
photocell, backed by opague tissue, to this
catoon modd of a pinhole-camera eye. In
order to understand this it is citicd to
understand a basc principle of naturd
section. A freqguent dam made by
cregtionigts is that they eye could not have
aisen by naurd sdection “because what
good is hdf an eye?’ This argument misses a
criticd point. In fact, a little photosengtivity
IS better than none An anima with a
photosengtive cdl in its head, or anywhere
else on its body, has can sense more of its
environment, and thus has better skills for
coping with life, than an animd without such
a cdl. So it has a sdective advantage. By the
same token, an animd with a concave cup of
photosensitive cdls can do a little better ill,
gnce it can not only percaive light but dso
the direction from which the light is coming
— potentidly a big advantage for sendng the
location of predators or prey. So, even
though this hypotheticd animd 4ill  cannot
fom an image it can navigae its
environment better than an anima  without
such technology. If you want to think of this
as haf an eye, or 7% of an eye, a whatever,
that's fine. In this sense, pat of an eye is
better than none.

Now let's return to the pinhole
camera eye. This setup can form an image,
but we are dill a long way from Rembrandt!
The pinhole eye gill has problems. Firg of
dl, a vay gnal pinhole can att as a
diffraction  graing, bluring the image
Secondly, a pinhole eye doesn't let in very
much light, so image formaion becomes
problematic in low-light conditions. These
problems can be solved by returning, again,
to undergraduate physics Replacing the
pinhole camera eye with a lens eye solves
both these problems. Firs, lenses exploit the
refractive properties of light to focus light on
a point. A lens would dso solve the
“diffraction graing” effect of a gndl



pinhole, snce it would le in much more
light. But how do we make the trandtion
from a pinhole eye to a lens eye?

Importantly  for  the  evolutionary
agument, a lens does not have to be
caefully ground in order to dggnificantly
improve image qudity. Even a sami-
trangparent lens with irregular curvature will
bring some improvement. Richard Dawkins
shows a beautiful example of this in Fgure
512 of “Climbing Mount Improbable’. He
conducted a dmple experiment in which he
hung a plasic bag full of weater in front of a
pinhole camera. Even this lousy lens give a
much sharper image than the pinhole aone.
Open up the pinhole to let in more light, and
make the curvature of the lens smoother, and
the image is improved again. As before, each
little improvement gives an advantage to the
anima who possesses it. As Dawkins puts it,
“None of these splodges of jely would move
Mr Zess or Mr Nikon to write home.
Neverthdess, any lump of jely that has a
littte convex curvaure would  mark
ggnificant  improvements over an  open
pinhole” [1]

But biologicdly how would a curved,
trangparent lens aise? We have dready
imeagined that on top of the photocels is
another layer — a gd-like, tranducent tissue.
Smdl digortions in the volume and curvature
of this tissue could esdly give rise to a
cruddy lens-like structure:

DanErik Nilsson and Susanne Pelger
[6] conducted a smulation in which they
vaied different parameters in just such a
three-layer condruction, changing only one

parameter in each gtep, and then only by a
gndl amount. They consdered parameters
such as concavity of the entire sysem,
(picture therr condruction bending into a
cup-like shape with the layer of opague tissue
on the outsde), convexivity of the vitreous
mass, thickness and refractive index of the
vireous mass. They showed tha a
continuous series of trandtions can lead from
the three-layer condruction to a fishlike eye
in 364,000 generations or, they estimated,
hdf a million years (Of course, if any of my
reeders are “young earth credtionists’ who
bdieve the eath to be only 4000 years
old...wdl, tha's an argument for another
essay.) Nilsson and Pelger published their
amulaions in a landmark peper entitted “A
pessmigic edimate of the time required for
an eyeto evolve’ [6].

Of course, there is a bng way between
computer smulations and red eyes. There
are a number of other adjustments that make
anmd eyes paticulaly ussful — muscular
control which dlows for changing aperture
Sze (look a the your cat's pupils in the dark
and then when gshe is gtting on a windowsl|
in bright light!), muscular control over the
shape of the lens, dlowing the eye to focus
on objects at various distances. And we have
not even touched on the many different types
of eyes tha appear to have evolved
separately in vedly different types of animds
(vertebrate lens eyes vs. insect compound
eyes, for example), le done the neurd
processng of visud information. But the
ample arguments by Dawkins, Nilsson and
Pelger suggest that the evolutionary process
through which vidon deveoped is in
principle, fully decodable. The process can
be deciphered usng the tools of biologica
physics, neuroscience, freshman physics, and
the principle of natural selection.
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