Vision

The thermal limit to seeing

H. B. Barlow

In mioLooy il s rare for a simple gquestion
to have a simple answer, so one might
expect “Why can't we see dimmer lights?”
to require a long and complicated answer.
But the paper by Aho and colleagues' on
puge 348 of this ssue goes o long way
towards proving that a single physical
fuctor, the thermal isomerizntion of the
photosensitive rhodopsin moleculesin the
retinal  rod  photoreceptors,  is  the
dominant factor setting the ultimate limit
to visual sensitivity.

It was shown almost 50 years ago that
the absorption of less than a dozen quanta
is sufficient to cause a dim sensution of
light in humans’. Soon after this, it was
arpued’ that the reason why several
quanta have to be absorbed before a light
stimulus can be detected is the irregular
thermal activation of the photosensitive
molecules, which mimics their activation
by single quanta, As there are 107 rhodaop-
sin molecules in each receptor cell, ther-
maul activation should happen frequently
enough 10 cause noise at absolule thres-
hold, even if the hali-life of rhodopsin
were about 100 years.

Hyperpolarizing ‘bumps’ exactly like
those resulting from absorption of light |
quanta have indeed been shown to occur
spontancously in photoreceptors’; from
other evidence, they seem (o be caused
by thermal isomerization of rhodopsin,
and the rate at which they occur s close
to that required to limit visual seositivity
in dirm light.

The origingl speculation was based on
human psychophysics and  only  estab-
lished upper limits o the allowable noise,
Aho ef gl now show that the toad Bufo
bufo has a behavioural threshold about
one cighth that of bumans — as low as
allowed by the known thermal isomeriza-
tion vide in the toad's receptors. They ilso
show that retinal ganglion cells, which
process the signals from the photorecep-
tors, start bo respond reliably at about the
same level. This aew work, wogether with
that on the photoreceplors, mnow estab-
lishes @ firm link between thermal events
at a mobecular lesel and their behavivural
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The thermul somerzation nde has a
predictable relationship with tempera-
ture, increasing about Fourfold fora 17T
rise. Ahoer el test this by measuring the
theeshold for photolsenic jumping in the
frog Rama feriporaria over a range of
temperatures from [0-20°C and obsene
about i fowrfold merease of threshold: the
modecular rate of phurld.]imr:l'll.'l’!?.zt'lil.!ﬂﬁ al
threshold is roughly equal to the malecu-
lar rate of thermal isomenzations. In

other experiments, the relationship also
holds for Bufo bufe at 15 °C and humans
ar 37 °C.

This lincar relationship gives pause for
thought. Although it certainly indicates
that the thermal rate is a limiting factor,
there are complications. First, when the
frog looks at a target, such as a worm, it is
the number of thermal events in the target
arca over the duration of exposure to the
target that sets the detection limit, rather
than the molecular rate of isomerzations,
Second, a square-root rather than a linear
relation would be expected. Many other
factors besides the molecular rate influ-
ence the actual numbers of evenis occur-
ring during exposure to the target and it is
strange that these factors conspire to
produce a near-linear relation both in the
across-species companison and for the
effects of temperature in a single species.
Perhaps there is still more to understand
about the problem, but the regular rise of
threshold with temperature, together with
the fact that the performance is closc Lo
the limit imposed by the known rates,
would seem to establish the importance of
thermal isomerization.

Why is it possible to point to a single
fominant physical factor in this case,
when the analogows question about other
sivlogical limits leads into a maze of inter-
onnecting factors? In the ease of the eye,
he first point is that it was known where
‘o look, Albert Rosc', while developing
elevision cameras, first drew attention (o
the low guantum requirements of human
vision: he was led to that dircetly from his
sxperience with the comparatively high
guantum requirements of the photo-
zathodes of his day. He did not point to
thermal noise as the limit of human vision
but that was an obvious step because it is
thermal emission that limits the ullimate
sensitivity of photocathodes.

The second point is that good optics are
required for ntrinsic thermal noise to
limit wvisual sensitivity. That means,
among other things, well-packed and
aligned photoreceptors and the appro-
priate connections with retinal ganglion
cells that make suitable connections in the
central nervous system. Thus there is also
a maze of interconnecting factors in this
case, and for thermal noise to stand oul
implies that evolution can successfully
optimize the other factors but can go no
further in improving the thermal stability
of rhodopsin,

Nor should it be forgotten that basic
physics dictates that the physical size of an
eye is also impartant in limiting its ulti-

mate sensitivity. Other things being equal,

[wsth the number of guanta caught from a
reflecting object of particular dimensions
and the number of photesensitive molec-
ules exposcd 1o these quanta increase as
the square of eye size; in contrasl, thermal
noise increases only linearly because it is
proportional 1o the square root of the
number of photosensitive molecules,
Hence large eyes are more sensilive,
which explains why nocturnal animals
have large eyes and why small animals
need eyves that are relatively large for their
bady size.

It is only the ultimate sensitivity,
measured in the absence of all light except
that from the target, that has been shown
to be limited by thermal noise, But it is -
obwiously a very great advantage to be
able to catch and eat your prey in the dawn
and dusk when your competitors, and the
prey itsell, are still blind; perhaps we
can now discern the unalterable physical
factors that limit the evolution of
better visual performance under these
conditions. (]
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