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velocity or temperature, in which case the 
spectra of temperature and phyto
plankton variance might be similar. 

The point that all convected quantities 
in a quasi-geostrophic turbulent field will 
have the same variance spectrum even if 
they are related in a non-linear manner, if 
it is correct, increases our confidence that 
our published spectra are an accurate 
representation of the near surface phyto
plankton variability. We can still envision 
that constraints of calculating a spectrum, 
such as the apparent diffusion caused by 
the finite size of picture elements and the 
necessity to average over picture ele
ments, might cause convected quantities 
related in a non-linear manner to have 
different calculated spectra. 
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Problem of light piping in 
immunofluorescence studies 

IN providing evidence from indirect 
immunofluorescence for the presence of 
myosin in the stereocilia of cochlear hair 
cells, Macartney et al. 1 present a figure in 
which fluorescent light, in the pattern of 
stereocilia, emanates from the apical sur
face of hair cells. As the arrangement of 
the actin filaments which form the core of 
the stereocilium places structural con
straints on the location of significant 
amounts of other proteins, if myosin is 
present in the stereocilia, it would have to 
form either the inter-filament cross
bridge or be located in the space between 
the core and the membrane, both of which 
seem unlikely. Therefore the results of 
Macartney et al. were puzzling. This led 
me to consider the possibility that they 
were an artefact of light piping. I have 
subsequently learned that Macartney et al. 
(personal communication) have taken 
transverse sections of the organ of Corti, 
showing fluorescence along the lengths of 
the stereocilia, thus making light piping a 
less likely explanation of their results. 
Nevertheless, for the sake of future 
studies on the localization of immuno
fluorescence in hair cells we now explain 
the problem of light piping so that pre
cautions can be taken to exclude it as a 
source of spurious results. 

Light piping was first observed with 
respect to hair cells in the last century, and 
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has been described more recently by 
Kohlloffel3. Hair cells, because they have 
a higher refractive index than the sur
rounding extracellular medium, behave as 
optical waveguides (the 'fibre optic ' 
effect); light entering these cells obliquely 
Kohlloffel's treatment of this phenom
enon3 was restricted to the optical 
phenomenon3 was restricted to the optical 
properties of the hair-cell body (which is 
roughly cylindrical in shape), but other 
observations suggest that the stereocilia, 
emerging from the apical surface of the 
cell, can enhance this effect. 

It would be convenient if one could 
make a detailed description of the exact 
optical properties of the stereocilia, but 
this is almost impossible, due to the 
necessity of solving Maxwell's equations 
for discrete electromagnetic modes within 
a complicated geometry (each stereo
cilium has a diameter of the order of the 
wavelength of light). Nevertheless, 
observations of the stereocilium struc
ture4 enable one to make a rough estimate 
of the parameters involved in this fibre 
optic effect. The density of actin alone in 
the stereocilia is 0.4 g cm-3. If we include 
the contribution of a cross-bridging pro
tein, a reasonable estimate for the total 
protein density might be 0.55 g cm-3 in 
the stereocilium core. Using a specific 
refractive index increment of 0.18 for 
proteins, one finds a refractive index 
within the sterocilium of 1.43, as opposed 
to 1.33 for the surrounding endolymph 
(assumed to be that of water). Thus, the 
numerical aperture (NA) for this wave
guide, which is a measure of the angular 
acceptance of the fibre, would be - 0.5, a 
value quite similar to that which is 
obtained for the rod outer segments of the 
retina, a known biological fibre optic 
structure. The larger the NA, the greater 
the light-gathering properties of a fibre. 
This NA value might be compared with 
that of =0.3 given by Kohlloffel for the 
body of the hair cell. Although the fibre 
characteristic term, R, for the stereocilium 
is quite small (1-3, as opposed to 10-20 
for the hair-cell body) and the number of 
propagating modes will therefore be small 
for an isolated stereocilium5, it is quite 
probable that collective behaviour of the 
approximately 100 closely spaced stereo
cilia on each hair cell will be in the rule. 
Thus, the stereocilia bundle would still be 
observed macroscopically to behave as a 
light pipe. 

This effect might be observed in several 
different ways. One would be to illuminate 
the cell externally, as Kohllofel did, and 
look for localized brightness at the 
stereocilia tips. Alternatively, one might 
introduce a fluorophore which could 
freely diffuse within the cell. Light being 
selectively emitted from the stereocilia 
tips would then indicate the existence of 
the fibre optic effect described above. The 
latter approach already seems to have 
been tried for reasons other than verifying 
the existence of this effect. Goldstein6 
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diffused fluorescein diacetate (FDA), 
which is non-fluorescent and non-polar 
(lipid soluble), through the membrane of 
hair cells. The FDA is hydrolysed to 
fluorescein by nonspecific esterases within 
the cells. Fluorescein, which is fluorescent, 
is also polar, so it will not freely diffuse out 
through an intact membrane. A cell with a 
completely non-permeable membrane 
would then show fluorescence increasing 
with time as more and more FDA diffused 
in. Permeable cells would lose fluores
cence as the rate of fluorescein diffusing 
out exceeded the rate of FDA diffusing in. 
The object of Goldstein's study was to 
determine changes in the permeability of 
hair-cell membranes as a function of 
sound exposure and oxygen deprivation. 
However, he observed a particular 
anomaly described as "spots of fluores
cence at the top of each cell. ... Because 
of the 'W' pattern of these dots, these 
presumably were the cilia of the hair 
cells". Because fluorescein does not bind 
to any known cellular structures, and 
because the light-piping effect was not 
considered, Goldstein assumed that the 
stereocilia are separated from the hair-cell 
cytoplasm by a unique membrane of 
their own. This postulated membrane 
would allow fluorescein to be retained 
within the stereocilia, causing the local
ized fluorescence. As no such membrane 
structure has ever been observed in 
detailed electron microscopic investiga
tions, it is more probable that Goldstein's 
pictures are a good example of stereocilia 
light piping. 

The importance of these points is 
underlined by the number of people using 
immunofluorescent localization of pro
teins in general within biological systems, 
and particularly those using this technique 
on hair cells. When one considers the 
striking resemblance of the photograph 
published by Macartney et al. 1 to those 
taken by both Kohlloffel3 (with external 
illumination) and Goldstein6 (with diffuse 
internal illumination), it is obvious that 
one cannot distinguish between the 
different sources of the illumination in 
these photographs. All light seems to be 
emerging from either the apical surface of 
the cells or the stereocilia in all three 
cases. 
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