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Mechanism of Polariz4 
Light Percepti< 

Receptor potentials in a crab eye support a propo; 
two-channel intraretinal system of wide occurren 

Talbot H. Waterman and Kenneth W. Ho 

Electroretinographic evidence recent- 
ly obtained by us supports a specific 
explanation of the way in which pola- 
rized light is perceived by the com- 
pound eye of decapod crustaceans. 
This evidence, derived mainly from 
selective adaptation in the eye of the 
crab Cardisoma, demonstrates the 
presence of a two-channel intraretinal 
analyzer whose components are perpen- 
dicular and oriented vertically and hori- 
zontally. Previously obtained informa- 
tion about the behavior of many arth- 
ropods in linearly polarized light indi- 
cates that this mechanism probably lies 
within a single ommatidium. Further- 
more, extensive evidence from light 
and electron-microscope studies points 
cogently to the rhabdbm as the site 
of the initial molecular events. Finally, 
recent spectrophotometric evidence sup- 
ports the basic assumption that the 
visual-pigment molecules involved must 
play the dual role of photon absorbers 
and dichroic analyzers. 

These various kinds of data, re- 
viewed below, converge to support a 
relatively simple two-channel model of 
the analyzer which detects the e-vec- 
tor orientation of polarized light enter- 
ing compound eyes. So far our new 
electrophysiological data have been 
limited to receptor potentials in a few 
species of decapod crustaceans. Yet 
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in Cardisoma, many more than are 
drawn in the diagram. These layers in 
decapods generally were found long 
ago to be composed of three or four 
sectors, each contributed by one of 
the surrounding seven regular retinu- 
lar cells (9-11). One of these cells 
is larger than the rest and occupies 
one whole side of the four-sided 
rhabdom; pairs of the smaller cells 
occupy each of the other three sides. 
All seven retinular cells contribute 
rhabdomeres of characteristic size and 
regular location. 

Rhabdomere elements in alternate 
layers of plates are produced by cells 
located on opposite sides of the rhab- 
dom. If the rhabdom plates are num- 
bered consecutively from the distal 
end and the retinular cells are num- 
bered in order around the optic axis, 
with the large cell as number 1, rhab- 
dom plates 1, 3, 5, . . . are thus parts 
of cells 1, 4, and 5, while plates 2, 

A B 

CLg-_ -Ll L111 

(77w) K125 

RC 
cC1 7 2 
. 

6. 

RCA- 

4, 6, . . . comprise parts of cells 

2, 3, 6, and 7 (Fig. 1, B and C). 
Cell number 1 is responsible for pro- 
ducing half of each rhabdom plate 
in its series; all the rest form only 
one quarter of a plate layer. 

The 19th-century histologists, as 
long ago as Schultze (1868), recog- 
nized that the rhabdomeres were 
striated in appearance and apparently 
consisted of parallel fibers extending 
from the retinular cells toward the 
ommatidial axis and lying perpendicu- 
lar to that axis (9-11). Electron micros- 
copy has demonstrated that the re- 
gions where these fibers, or Stiftchen- 
sdume, were observed are in fact 
filled with closely parallel fine villi, or 
tubular projections, 500 to 1000 ang- 
stroms in diameter. They are mem- 
branous structures, continuous with the 
lipoprotein plasma membranes of their 
respective retinular cells. 

Such ordered arrays of microvilli are 
characteristic of the rhabdoms of all 
arthropods and cephalopod mollusks 
studied since Fernandez-Moran in 
1956 first reported evidence for them 
in a dipteran eye (12); during the next 
year a number of other workers cor- 
rectly recognized the nature and re- 
lations of these fine photoreceptor villi 
(13). Max Schultze's (9) 98-year-old 
explicit analogy of the elaborately struc- 
tured rhabdom of insects and crusta- 
ceans with the outer segment of verte- 
brate rods and cones seems almost 
clairvoyantly apropos today! Current 
work in our laboratory and elsewhere 
has clearly shown the occurrence of 
a dual system of microvilli oriented 
at 90? to one another in the rhab- 
doms of all the decapod crustaceans 
studied (14, 15). 

Fig. 1 (left). Structure of a typical crab 
ommatidium, morphological unit of the 
compound eye. (A) Diagrammatic longi- 
tudinal section through the optic axis. 
Facet diameters in this crab eye are about 
20 microns. (B) Diagrammatic cross sec- 
tion of the retinula showing, within the 
rhabdom, one of the two alternating types 
of microvillus layer having three rhab- 
domere components contributed respec- 
tively by retinular cells 1, 4, and 5. (C) 
Similar section through the other type of 
layer, in which cells 2, 3, 6, and 7 form 
rhabdomeres. (D) Stereodiagram of part 
of a rhabdom quarter, showing the char- 
acteristic regular close packing of the 
straight parallel microvilli in each layer 
and their perpendicular orientation in al- 
ternate layers. (BM) Basilar membrane; 
(CgC) corneagenous cell; (CL) corneal 
lens; (Cr) crystalline cone; (Rb) rhabdom; 
(RC) retinular cell; (RCA) retinular cell 
axon. [From Eguchi and Waterman (15)] 
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Hypotheses Concerning Mechanism 

The presence of two such distinct 
sets of differently oriented microvilli, 
considered together with some of the 
earlier data, clearly suggests that the 
rhabdom could be a two-channel polari- 
zation analyzer. In fact, a model based 
on two sets of perpendicularly oriented 
receptor microvilli was developed by 
one of us (T.H.W.) in 1964 (16). 
An essentially similar model had been 
suggested for insects by Jander (17), 
but his model was based on a four- 
channel system, for which there seems 
to be little direct experimental support. 

The evidence which favors our two- 
channel model is both electrical and 
optical. The sensitivity of single retinu- 
lar cells to e-vector orientation has 
been electrophysiologically demon- 
strated in flies, as has the apparent 
coincidence between the direction of 
rhabdomere microvilli and maximum 
receptor potentials. Thus, intracellu- 
lar recordings from retinular cells in 
compound eyes of dipteran insects 
have shown that rotating the polariza- 
tion planes of a stimulating light modu- 
lates the amplitude of the receptor po- 
tentials, with a period of 180? (18). 
Furthermore, extracellular recordings 
from retinas of the flies Musca and 
Calliphora show maximum responses 
to transverse illumination when the e- 
vector of the stimulating light is paral- 
lel to the regularly arranged microvilli 
(19). 

The most likely optical basis for 
these findings is that the known di- 
chroism of the visual-pigment molecules 
is responsible for the differential sensi- 
tivity to linearly polarized light (20). 
For the molecular dichroism of a pig- 
ment like rhodopsin to appear on the 
rhabdomere scale, a paracrystalline ar- 
rangement of the photopigment mole- 
cules must be postulated. By analogy 
with the situation known for the outer 
segment of the rods of vertebrates (21), 
such a regular molecular pattern in 
the rhabdom appears quite likely. In 
fact, recent microspectrophotometric 
examination of dipteran rhabdomeres 
along their normal optic axis has di- 
rectly demonstrated their postulated 
dichroism (22), which had been ob- 
served earlier in cephalopod rhab- 
doms (23). That this polarization- 
analyzing property of the insect micro- 
villus system depends specifically on 
the visual pigment is attested by the 
dichroism's action spectrum and by 
the disappearance of dichroism on ret- 
inal bleaching (22). 
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Selective Adaptation Experiments 

These various facts and hypotheses 
relating to individual retinular cells, 
coupled with the recent successful selec- 
tive adaptation of the isolated Octopus 
retina by K. Tasaki (24), convinced 
us that a careful electrophysiological 
test, in crustacean compound eyes, of 
the two-channel-analyzer hypothesis 
was highly desirable. 

The experimental strategy we used 
was derived from the generally recog- 
nized principle that, if more than one 

type of receptor cell is present in a 
sense organ, differential adaptation 
should distinguish the different types 
(24, 25). Specifically, for a two-chan- 
nel polarization analyzer with axes of 
maximum absorption normal to one 
another, sharp differential adaptation of 
the two channels should occur when 
the e-vector orientation of the stimulus 
coincided with one or the other of 
these major axes. Adaptation when 
the e-vector was at 45? to these two 
most effective directions should affect 
both channels equally and thus yield 
no differential effect. Both of these 
expectations were clearly fulfilled in our 
experiments on the giant land crab 
Cardisoma guanhumi Latreille. 

The experimental setup for our spe- 
cific method is shown schematically in 
Fig. 2. Two linearly polarized light 
sources were used. One (LF) provided 
brief flashes lasting about 10 microsec- 
onds, at intensities that could be varied 
between 800 and 13,000 lumens per 
square meter and at a rate of ten 
flashes per second; the e-vector of this 
stimulus was established by a polarizer 
(PI,) rotated at about 65? per second. 
In this manner a series of linearly 
polarized test stimuli differing pro- 
gressively from one another by 6? to 
7? were presented in a horizontal 
beam illuminating a large anterolateral 
area of the crab eye. 

The second stimulating source (L^) 
was a steady light which was used to 
adapt the eye to fixed intensity and 
e-vector orientation. This adapting light, 
with available intensities of 60 and 
325 lumens per square meter, was 
used to illuminate the same retinal 
area from a direction approximating 
that of the flashing stimulus. For a 
given adaptation session the polarizer 
for this beam (PA) was fixed, but it 
could be rotated, between measure- 
ments, to any desired e-vector orienta- 
tion. 

Eyes were studied in situ in healthy 
live crabs, the eyes having been solid- 
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Fig. 2. Experimental setup for studying selective adaptation to polarized light. Two 
linearly polarized light sources were used. One (LF) iproduced 10-microsecond flashes, 
at a rate of ten per second, polarized by a dichroic polarizer (PR) rotating with a 
period of 5 to 6 seconds; the other (LA) was a steady adapting light polarized (PA) 
in a plane held fixed for. a given test. These two sources illuminated the same large 
anterolateral retinal area from directions about 15? apart (this angle is exaggerated 
in the diagram). Receptor potentials were picked up with a coarse capillary electrode 
placed extracellularly in the retinal layer. The sweeps of the recording systems and the 
flash cycling were synchronized (connections l1abeled SYNCH) at the instant the 
rotating polarizer was vertical (0?). (C) Cra~b eyestalk; (CAT) average transient com- 
puter; (CRO) double-beam oscilloscope; (D) fixed diaphragm; (E) recording electrode; 
(M) mirror. 

ly fixed in their normal upright posi- 
tion by imbedding the proximal ex- 
ternal segment of the eyestalk in den- 
tal acrylic. The whole crab was clamped 
firmly in the position it usually as- 
sumes when standing on a horizon- 
tal surface, and was so placed that 
the two stimulating light beams con- 
verged on the desired retinal area. 

In our experiments, glass capillary 
electrodes filled with 3N potassium 
chloride with a resistance of about 2 
megohms were used to pick up ex- 
tracellular electrical responses. The 
electrode tip was.placed in the retinal 
layer by being passed tangentially into 
the eye through a hole cut in the 
cornea (Fig. 2). The resulting electro- 
retinograms (ERG's) were amplified and 
then displayed either on an oscilloscope, 
where they could be photographed, or 
on an X-Y plotter after processing by 
an average transient computer (CAT 
400B), which added series of responses 
in sequences of sweeps. In typical plots 
for one condition, ten sweeps, each 
covering 270? of test light rotation, 
were summed. 

The flash control unit, the oscillo- 
scope, and the computer were all syn- 
chronized with the rotating polaroid 
so that successive sweeps were accu- 
rately superimposed. A photodiode 

placed in the stimulus beam and hav- 
ing a fixed linear polarizer covering 
its face was monitored on the second 
beam of the oscilloscope, to show the 
directions of the e-vector in the test 
flashes (Fig. 3). Because of the criti- 

cally short duration of the electrophys- 
iological responses, the test flash fre- 
quency used had to be carefully chosen 
to minimize recording artifacts due to 
the finite durations of the sampling and 
digitizing intervals. 

Evidence for Two Channels 

With this setup the responses of the 
Cardisoma eye could be recorded for 
series of test flashes under a variety of 
stimulus conditions. Exploratory tests 
showed that when the overall state of 
adaptation and the intensities of the 
two stimulating lights were appropri- 
ate, specific directions of polarization 
of the adapting light produced signif- 
icant modulation of the amplitude 
of the electroretinograms, with a pe- 
riod of 180?. More extensive tests 
showed that, with the adapting light on 
and polarized in a horizontal plane 
(90?, 270?), maximum responses to 
the test flashes were obtained when the 
flashes were polarized vertically (0?, 
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Fig. 3. Oscillograph sweep, showing responses of the two polarized-light-analyzing 
channels in the Cardisoma eye moderately dark-adapted to unpolarized light. The upper 
trace shows receptor potentials in response to the polarized flashes. In the lower trace 
the e-vector directions of the stimuli were monitored by a photodiode having a linear 
polarizer with its transmitting axis vertical. Amplitude modulation with a period of 90? 
is clearly evident in the retinal responses. The probable reasons for the 45?, 135? 
positions of the maxima are discussed in the text. Time marks in the lower trace, 500 
milliseconds. Coordinates as in Fig. 4. 

180?), hence, at 90? to the plane of 
polarization of the adapting stimulus. 
Minimum responses resulted from 
flashes polarized in the same plane as 
the adapting light (Fig. 4A). 

When the adapting light was pola- 
rized obliquely at 45? to the vertical, 
no modulation with a period of 180? 
was evident in the responses to the 
flashes (Fig. 4B). Finally, vertical pol- 
arization (0?, 180?) of the adapting 
light evoked minimum responses to test 
flashes in this plane, and maximum elec- 

troretinogram amplitudes in response 
to flashes at right angles (90?, 270?) 
(Fig. 4C). These results clearly sug- 
gest the presence of a dual e-vector 
analyzer with its two components ori- 
ented at 90?. 

While the amplitudes of responses 
to flashes presented when the adapt- 
ing light was polarized obliquely at 
45? to the vertical do not show any 
significant periodicity, a different pat- 
tern of electroretinogram amplitudes 
appeared when no polarized adapting 
light was present. In particular, when 
the preparation was moderately dark- 
adapted, quite strong modulation of 
the response amplitudes appeared, with 
a 90? period (Fig. 3). This effect 
diminished as successive flashes changed 
the degree of adaptation, so that after 

470 

ten sweeps had been summed, the 
modulation appeared marginal. How- 
ever, if only the first few sweeps were 
processed, the effect was still clear. 

This modulation with a 90? period 
certainly suggests an integrated re- 
sponse of the two perpendicular analy- 
zers in the absence of an adapting light. 
The finding that the maximum-response 
amplitudes were at 45? and 135? may 
at first seem surprising, but this does 
in fact match the behavior of the simple 
trigonometric function we propose as 
a model of the analyzer mechanism. 

In general, equations of the type 
y = f (cos 20) describe the response 
amplitudes of Fig. 4, A and C. Note 
that since there is classically a linear 
relation (within reasonable limits) 'be- 
tween generator potential amplitudes, 
such as our measured electroretino- 
grams, and the resulting spike frequen- 
cies for primary afferent axons, equa- 
tions of this type and the equations 
given below should be valid not only 
for the observed responses but also 
for first-order centripetal visual mes- 
sages. 

The trigonometric functions needed 
for modeling the polarization analyzer 
more specifically should take into ac- 
count other likely features of the sys- 
tem. To begin with, the energy ab- 

sorbed by a dichroic polarizer per unit 
time is proportional to cos20, and 
for a second unit, with its major axis 
perpendicular to that of the first, ab- 
sorption will vary as sin2 0, where 0 
is the angle between the e-vector di- 
rection and the major dichroic axis of 
the vertical channel. Secondly, some 
account needs to be taken of the rela- 
tion between stimulus intensity and the 
amplitude of physiological response. In 
the absence thus far of the requisite 
data for the Cardisoma eye, we may 
assume the classic logarithmic trans- 
form. Then the differential response 
of the two-channel system to the 
flashes would be 

R =log {[(sin26 
+ a) (cos2 6 + b) 

where a and b represent adapting light 
intensities. If there were no adapting 
light, a = b = 1 and 

R = log [(sin2 0 + 1) (cos2 + 1)] 

which has a period of 90? with maxima 
at 45? and 135?, as in the electro- 
retinograms shown in Fig. 3. When 
there is a horizontal adapting light 
of intensity a, then 

R=log[ 
(sin2 

+a)][(cosO+ 1)]} 

The response would then have a pe- 
riod of 180? with maxima at 0? and 
180? and minima at 90? and 270?, 
as in Fig. 4A. 

A further correlation of this model 
with our Cardisoma data can be 
made if the degree of polarized light 
discrimination is plotted as a function 
of adapting light orientation (Fig. 5). 
Discrimination was calculated as rela- 
tive amplitude modulation 

Rmliax - Rmin 

R,llax + R,ll,, 

where R is the amplitude of response 
to a given stimulus flash. The value 
of a, corresponding to an average dis- 
crimination to adaptation in the hori- 
zontal plane of 0.26, was 2; the rea- 
sonableness of this value can be tested 
in further experiments. 

Note that the discrimination observed 
was a periodic function, with maxima 
at 0? and 90? as well as minima 
at ? 45?. The curve seems more cy- 
cloidal than sinusoidal since the mini- 
ma appear as cusps. The 90? period 
of this function is consistent with the 
symmetry of the e-vector, which yields 
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functions of 20, coupled with the pres- 
ence of two perpendicular analyzers 
which would halve the period again. 

In addition, Fig. 5 suggests that se- 
lective adaptation in the vertical plane 
(00) apparently had a weaker effect 
than adaptation in the horizontal plane 
(90?). This in turn implies an asym- 
metry in the two channels such that 
one of them makes a larger contribu- 
tion to the output than the other. 
This may be the result of the different 
numbers of retinular cells contributing 
to the two components, but other ex- 
planations are possible. For example, 
in a dipteran insect there is known 
to be differential wavelength sensitivity 
in the various retinular cells of the 
same ommatidium (22). In addition, 
the wavelength most effective for polar- 
otaxis, at least in Daphnia, is quite 
distinct from that reported most ef- 
fective for phototaxis (26). The inter- 
action of these undoubtedly related 
phenomena remains to be studied. 

In assessing the significance of our 
selective adaptation experiments in 
Cardisoma, three features of the data 
should be emphasized. These are im- 
portant in establishing the presence of 
distinct channels in the analyzer sys- 
tem. 

1) When the direction of the stimu- 
lus e-vector was altered, the location 
of the maxima and minima in the re- 
sponse curve did not change con- 
comitantly. When it did change there 
was one discrete 90? phase shift (Fig. 
4). This implies that the analyzer 
elements were oriented in two particu- 
lar directions and not just selectively 
affected as parts of a randomly or 
radially oriented absorbing system. 

2) The same view is also supported 
by the systematic changes in e-vector 
discrimination resulting from alteration 
of the adapting e-vector (Fig. 5); in 
a uniformly oriented receptor system 
such changes would not be expected. 

3) Finally, the appearance of de- 
tectable peaks in response amplitude 
with e-vectors at 45? and 135?, when 
the whole eye was moderately dark- 
adapted (Fig. 3), would be most rea- 
sonably explained by the assumption 
of two perpendicularly oriented ana- 
lyzer systems. 

These considerations directly support 
the notion that the polarization ana- 
lyzer is definitely channeled and, more 
specifically, that in Cardisoma it de- 
pends on an intraretinal two-channel 
mechanism with its perpendicular di- 
rections of maximum absorption verti- 
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cal and horizontal relative to the eye- 
stalk's normal spatial orientation. 

In our experiments we are not only 
studying Cardisoma but are beginning 
to use the same approach in studies 
of other decapod crustaceans. Current 
observations on crayfish eyes and on 
eyes of the lobster Homarus demon- 
strate that a two-channel polarization 
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analyzer is also present in the super- 
position eyes of these macruran dec- 
apods. Hence the apposition eye of 
the crab is not unique in its mecha- 
nism of e-vector perception. 

The data so far obtained with super- 
position eyes of these other decapod 
crustaceans show a considerably weaker 
degree of polarized light discrimina- 
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Fig. 4. Selective adaptation of Cardisoma retinal receptor potentials to three different 
directions of the e-vector of the adapting light (indicated by double-headed arrows). 
Each of the three records is the sum of ten sweeps iaccumulated with an on-line com- 
puter and recorded by an X-Y plotter. (Ordinate) Amplitude of receptor potential; 
(abscissa) both time and e-vector direction of the test flash stimuli. The modulation of 
response amplitude with a period of 180? indicates the presence of two receptor chan- 
nels differentially sensitive to polarized light and oriented at right angles. (A) Adapting 
light horizontally polarized (90?, 270?); minimum responses to flashes at about 90? 
and 270?, maximum responses near 0? and 180?. (B) Adapting light polarized at 135? 
and 315?; there is no significant modulation with a 90? period. The same negative result 
was obtained with adaptation at 45? and 225?. (C) Adapting-light e-vector at 0? and 
180?; minimum responses to flashes around 0? and 180?; maximum responses near 90? 
and 270?. The crab's normal vertical direction was 0?. 
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Fig. 5. Influence of direction of the adapt- 
ing-light e-vector on the degree of polar- 
ized light sensitivity in Cardisonma. The 
ordinate was calculated from records like 
those of Fig. 4, by determining (Rm.ax - 
Rmii i)/(Rm ax + R min). Maximum sensi- 
tivity lies in the planes of the two sets of 
microvilli in the rhabdoms of the eye. 
These directions correspond to the hori- 
zontal (90?) and vertical (0?) planes of 
the crab's normal spatial orientation. 

tion than was found for Cardisoma 
(Fig. 5). Nevertheless, the orientation 
of the two analyzer components in the 
superposition eyes are vertical and hor- 
izontal, as in the crab. The asymmetry 
of the degrees of discrimination with 
adaptation at 0? and 90? seems even 
more marked in the crayfish and lob- 
ster than in the crab. 

Clearly a more sophisticated under- 
standing of this receptor mechanism 
in decapod crustaceans will require 
quantitative data on the effects of stim- 
ulus intensity and of visual adaptation 
on the system's responses. It will also 
be highly desirable to make intracellu- 
lar recordings from one channel, or 

preferably both channels, in a single 
ommatidium (18). 

When the electroretinographic data 
were found to indicate vertical and 
horizontal directions for the two tubu- 
lar systems hypothesized to constitute 
the dichroic elements of the polariza- 
tion analyzer, knowledge about the ac- 

Fig. 6. Anterior view of the Cardisoma compound eye. The minute hexagonal facets 
(about 20 microns in diameter) are regularly arranged in horizontal rows which 
parallel the direction of one set of rhabdom microvilli. Where the line of sight is close 
to the optic axes of the ommatidia, the pseudopupill appears as a black, vertically 
elongated ellipse; its eccentricity arises from the marked "astigmatism" of the retina in 
this region. The diameter of the eyestalk at the middle of the eye was 4 to 5 millimeters 
in this adult female crab, which had a carapace length of 63 millimeters. 
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tual microvillus directions in the retina 
became essential. Externally it is obvi- 
ous that the ommatidia in the Cardi- 
sona eye are aligned in remarkably 
regular rows which are approximately 
horizontal when the eyestalk is in its 
normal erect position (Fig. 6). Two 
related questions need to be asked 
about the fine-structure geometry in 
relation to eye and whole-animal co- 
ordinate systems. First, what is the 
orientation, relative to these coordinates 
of retinular cells and microvilli within 
a single ommatidium? Second, how do 
these relations compare in neighboring 
or remote parts of the retina? 

Let us answer the second question 
first. Tangential electron micrographs 
which cut cross sections through the 
retinulas in anterolateral regions of the 
Cardisoma retina have been found by 
our collaborator Eisuke Eguchi to show 

nearly identical orientation of the sev- 
en retinular cells and their two sets 
of microvilli over areas containing at 
least six to ten ommatidia; more ex- 
tensive correlations have not yet been 
studied. Comparably uniform retinular 

patterns, at least over local areas, have 
also been demonstrated for the cla- 
doceran Leptodora (27), for the cray- 
fish Astacus (11), for a variety of in- 
sects (28), and for cephalopods (29). 

In Cardisoma the retinular compo- 
nents show a remarkably simple relation- 

ship to the horizontal rows of ommati- 
dia (Fig. 6) and hence to the crab's 
horizon. The large asymmetrical cell 

(number 1 in Fig. 1, B and C) lies 
in a horizontal plane paralleling these 
ommatidial rows. The rhabdom layers 
to which cell number 1 and the two 
retinular cells on the opposite side of 
the rhabdom contribute have their mic- 
rovilli oriented horizontally (Fig. 7). 
The microvilli of retinular cells in the 
alternate rhabdom layers are, of course, 
vertical in orientation. This parallels 
the situation observed by G. H. Park- 
er in the crayfish, where the "fibers" 
in the rhabdom plates to which the 

large retinular cell contributes were 
seen in the light microscope to lie 
in the horizontal plane relative to the 
animal's normal spatial orientation, and 
the alternating layers, to have their 
fine structure vertically oriented (11). 
Electron micrographs have recently 
shown this to be true also for the 

closely similar eye of the lobster 
Homarus (30). 

In cephalopods, too, the vertical 
and horizontal axes of the animal's 
normal position in space correspond 
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with the two orientations of the mi- 
crovilli in the retina (29) and also 
with the two directions of maximum 
selective adaptation to linearly polarized 
light found by Tasaki (24). 

Thus the electroretinographic data 
for Cardisoma, the crayfish, and Octo- 
pus are congruent with the fine-struc- 
tural detail and with the hypothesis 
given above for polarized light anal- 
ysis. The presence of the same sort 
of two-channel polarization analyzer in 
animal groups as phylogenetically re- 
mote as crustaceans and cephalopods 
is remarkable, especially in view of 
the marked divergence in gross struc- 
ture of compound and camera eyes. 

The widespread occurrence of such 
a two-component afferent system for 
polarized light perception provides an 
interesting example of the kind of sen- 
sory input hypothesized by Mittelstaedt 
in developing his bicomponent modula- 
tion theory for animal orientation (31). 
According to this theory the angle be- 
tween an animal's body axis in a given 
plane and the direction of the relevant 
sensory cue for orientation is split into 
two components, one a function of the 
angle's sine, the other of its cosine. 

Whether in these crustacean visual 
systems the sinusoidal turning tend- 
ency, which is the motor output con- 
trolling polarotaxis (16, 17), originates 
through processing of the two-channel 
sensory input in the manner further 
postulated by Mittelstaedt is not known. 
In any case the information process- 
ing of polarized light and other visual 
input signals in the decapod eyestalk is 
a particularly interesting problem. Ex- 
tensive channeling and integration of 
signals have been shown to occur be- 
tween the retina and the optic nerve, 
which are connected by a series of 
four complex ganglia (32). This elab- 
orate eyestalk nervous system also re- 
ceives a wide range of efferent infor- 
mation from the other eyestalk and 
the rest of the animal (33), but little 
is known as yet about the influence of 
the efferent outflow on the reception 
and processing of visual data (34). 

was hypothesized for the honeybee 
eye more than 15 years ago by Au- 
trum and Stumpf (35) and supported 
by von Frisch (36). 

Four channels in the analyzer were 
probably postulated because the retin- 
ula of Apis has eight regular photo- 
receptor cells each with a rhabdomere. 
Since the radial symmetry of the re- 
tinula would establish four pairs of 
diammetrically opposed cells, one 
might expect four corresponding an- 
alyzer channels. However, electron mi- 
crographs have shown that the rhab- 
dom microvilli of the honeybee have 
in fact only two, mutually perpendicu- 
lar directions (37). Hence, this fine- 

structural evidence, unknown to Au- 
trum and von Frisch when they pro- 
posed the four-channel model, dictates 
a two-channel analyzer. No electrophys- 
iological evidence for a four-channel 
system has yet been presented, and the 
one reported attempt at selective adap- 
tation to polarized light in the honey- 
bee failed to demonstrate any such 
discrimination (25). Since there is un- 
questionably a specific intraretinal an- 
alyzer in the bee eye, and since selec- 
tive adaptation in decapod crustaceans 
does yield evidence of such a mech- 
anism, a reexamination of the in- 
sect case seems an important experi- 
ment for the future. 

Status of Earlier Four-Channel Model 

While the evidence now available 
seems overwhelmingly to favor a two- 
channel analyzer for decapod crusta- 
ceans and cephalopods, the most rea- 
sonable earlier model proposed to ac- 
count for polarized light perception was 
a four-channel one. Such an analyzer 
28 OCTOBER 1966 

Fig. 7. Coincidence of the two microvillus directions in the rhabdom with the vertical 
(V) and horizontal (H) axes of the whole crab. The cross section shows microvilli 
and the axial parts of the seven retinular cells (numbering begins with the large 
cell at right) which contribute corresponding rhabdomeres. The section is slightly 
oblique so that parts of two microvillus layers are shown. In the sector showing vertical 
villi their abutting ends may be seen approximately along the midline where rhabdomeres 
originating from opposite cells 3 and 6 meet. The microvilli average about 700 angstroms 
in diameter. Around the rhabdom is a well-developed system of vacuoles traversed by 
narrow cytoplasmic bridges in some of which cell membranes and desmosomes may be 
seen. The three large black bodies are pigment granules in retinular cell cytoplasm. For 
this electron micrograph tissue was doubly fixed in glutaraldehyde and osmic acid, then 
stained in lead citrate and uranyl acetate. (X 11,000) [Courtesy Eisuke Eguchi] 
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Comparative study of rhabdom 
fine structure in a wide range of 
forms indicates that in certain crusta- 
cean and insect species more than two 
microvillus directions occur in a single 
ommatidium (38). This might imply 
that an analyzer of more than two 
channels is present or, if microvilli 
within a single rhabdomere have dif- 
ferent orientations, that sensitivity to 

polarized light is weak or even absent. 
Obviously the further study of such 
cases, particularly from electrophysio- 
logical and behavioral points of view, 
will be an important test of the gen- 
erality of the conclusions reached here. 

Summary 

As background for a report on our 
current selective adaptation experiments 
in decapod crustaceans, the various 
facts and hypotheses generally rele- 
vant to intraretinal sensitivity to pola- 
rized light in arthropods as well as 

cephalopods have been marshaled. On 
the basis of this review, the following 
working hypotheses have been made. 

1) One ommatidium in the com- 
pound eye is the functional unit in im- 
age perception but contains in its com- 
ponent retinular cells subunits which 
can work independently in detecting 
other visual parameters, such as polar- 
ization. 

2) Single retinular cells do respond 
differentially to light polarized in vari- 
ous planes. 

3) Light sensitivity, including e-vec- 
tor detection, is localized in the rha?b- 
domeres, which comprise closely packed 
arrays of microvilli protruding axially 
from retinular cells; the dichroism of 
the photopigment molecules, which 
are contained within the microvilli, pro- 
vides the molecular basis of e-vector 
detection. 

4) The visual pigment molecules 
have their major dichroic axis aligned 
predominantly parallel to the long axis 
of the microvillus containing them; 
typically all microvilli in a single rhab- 
domere are closely parallel to one an- 
other, thus comprising at the cellular 
level a unit dichroic analyzer with 
maximum optical density to photons 
vibrating in the direction parallel to 
these microvillous protrusions. 

5) In most decapod crustaceans, in 

cephalopods, and in some insects the 
microvilli in all rhabdomeres of a ret- 
inula are oriented in only two direc- 
tions, perpendicular to each other. 
Therefore, e-vector perception must de- 
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pend at the retinular level on a two- 
channel system consisting of a pair 
of dichroic analyzers with their major 
transmitting axes fixed at a 90? angle 
determined by the two directions of 
microvillus orientation. 

Our new results on selective adapta- 
tion in the eye of Cardisoma pro- 
vide direct experimental evidence for 
such a two-channel analyzer in which 
the pair of functional units have their 
maximum sensitivity to polarization in 
the same retinal directions as the rhab- 
dom microvilli observed in electron mi- 

crographs. In turn, these directions cor- 

respond with the vertical and hori- 
zontal axes of the animal's normal 

spatial orientation. In e-vector detec- 
tion the seven retinular cells of a 
single decapod ommatidium thus form 
two operational subgroups of four and 
three cells, respectively (39). The corre- 
spondence of the electrophysiological 
evidence for a dual polarization ana- 
lyzer with the perpendicular directions 
shown by the microvilli in a single 
rhabdom strengthens the idea that one 
ommatidium is enough for detecting 
e-vector orientation. 

On this evidence we may conclude 
that the model developed above for a 
two-channel polarization analyzer ef- 
fectively accounts for the relevant spec- 
trophotometric, fine-structural, elec- 
trophysiological, and behavioral data 
currently available for a considerable 
number of arthropods and cephalopods. 
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One day, almost exactly 25 years 
ago-it was at the beginning of the 
bleak winter of 1940--I entered Andre 
Lwoff's office at the Pasteur Institute. 
I wanted to discuss with him some of 
the rather surprising observations I had 
recently made. 

I was working then at the old Sor- 
bonne, in an ancient laboratory that 
opened on a gallery full of stuffed 
monkeys. Demobilized in August in the 
Free Zone after the disaster of 1940, 
I had succeeded in locating my family 
living in the Northern Zone and had 
resumed my work with desperate eager- 
ness. I interrupted work from time to 
time only to help circulate the first 
clandestine tracts. I wanted to complete 
as quickly as possible my doctoral 
dissertation, which, under the strongly 
biometric influence of Georges Teissier, 
I had devoted to the study of the 
kinetics of bacterial growth. Having 
determined the constants of growth in 
the presence of different carbohydrates, 
it occurred to me that it would be 
interesting to determine the same con- 
stants in paired mixtures of carbohy- 
drates. From the first experiment on, I 
noticed that, whereas the growth was 
kinetically normal in the presence of 
certain mixtures (that is, it exhibited 
a single exponential phase), two com- 
plete growth cycles could be observed 
in other carbohydrate mixtures, these 
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cycles consisting of two exponential 
phases separated by a complete cessa- 
tion of growth (Fig. 1). 

Lwoff, after considering this strange 
result for a moment, said to me, "That 
could have something to do with 
enzyme adaptation." 

"Enzyme adaptation? Never heard of 
it!" I said. 

Lwoff's only reply was to give me 
a copy of the then recent work of 
Marjorie Stephenson, in which a chap- 
ter summarized with great insight the 
still few studies concerning this phe- 
nomenon, which had been discovered 
by Duclaux at the end of the last cen- 
tury. Studied by Dienert and by Went 
as early as 1901 and then by Euler and 
Josephson, it was more or less redis- 
covered by Karstrom, who should be 
credited with giving it a name and 
attracting attention to its existence. 
Marjorie Stephenson and her students 
Yudkin and Gale had published several 
papers on this subject before 1940. 
[See (1) for a bibliography of papers 
published prior to 1940.] 

Lwoff's intuition was correct. The 
phenomenon of "diauxy" that I had 
discovered was indeed closely related 
to enzyme adaptation, as my experi- 
ments, included in the second part of 
my doctoral dissertation, soon con- 
vinced me. It was actually a case of 
the "glucose effect" discovered by 
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Dienert as early as 1900, today better 
known as "catabolic repression" from 
the studies of Magasanik (2). 

The die was cast. Since that day in 
December 1940, all my scientific ac- 
tivity has been devoted to the study of 
this phenomenon. During the Occupa- 
tion, working, at times secretly, in 
Lwoff's laboratory, where I was warmly 
received, I succeeded in carrying out 
some experiments that were very sig- 
nificant for me. I proved, for example, 
that agents that uncouple oxidative 
phosphorylation, such as 2,4-dinitro- 
phenol, completely inhibit adaptation to 
lactose or other carbohydrates (3). 
This suggested that "adaptation" im- 
plied an expenditure of chemical po- 
tential and therefore probably involved 
the true synthesis of an enzyme. With 
Alice Andureau, I sought to discover 
the still quite obscure relations be- 
tween this phenomenon and the one 
Massini, Lewis, and others had dis- 
covered: the appearance and selection 
of "spontaneous" mutants (see 1). Using 
a strain of Escherichia coli mutabile 
(to which we had given the initials 
ML because it had been isolated from 
Andre Lwoff's intestinal tract), we 
showed that an apparently spontaneous 
mutation was allowing these originally 
"lactose-negative" bacteria to become 
"lactose-positive." However, we proved 
that the original strain (Lac-) and the 
mutant strain (Lac+) did not differ 
from each other by the presence of 
a specific enzyme system, but rather 
by the ability to produce this system 
in the presence of lactose. In other 
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