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Technical Papers 

A Light Polarization Analyzer in the Next the nerve was split into successively finer bundles 

of fibers with the aid of glass needles. This was done Compound Eye of Limulus with tlie nerve under sea water, wllicll was the physio- 
logical saline used throughout. To record the electrical 

Talbot H .  Waterman activity of the small bundles, they were lifted into air 
Osborn Zoological Laboratory, Yale Uaiversity, or mineral oil by a pair of recording electrodes held i n  

New Haven, Colrlrecticut a mieromanipulator. The electrodes, made of fine silver 
wire, were connected to the input of a condenser-coupled 

meriments three-stage ampMer, which in turn drovc a n  oscilloscope currmtiyin Fog,.ess indicate that the 
lateral eye of limulus (Xiphosura polypthemus [I>.]) and, through an au(lioam~lifier, a loudspeaker. 

can detcct tlic plane of polarization of a stimulating 
iiglft. T l~e  quantitative study of this phensmenon has 
advanced to a point that warrants a preliminary report. 
Fsnt11ermor0, s d l  an mwumt seems desirable in .view af 
recent witlespread interest in the use of sky polarization 
as a light eompass by the honeybee (3, 4 ;  reviewed in 
10). T l ~ c  present linlulus experiments may indeed, by 
contributing to the pertinent knowledge of the arthropod 
compound eye, provide a clue to the specific sensory 
mecl~anis~nsinrolved in this aspect of insect navigation 
(for a discussion of insect flight instruments, see 11). Do4s.4 L 

Single pliotoreceptor units of the limulus eye have posrERto+ANTERIOR X l P H O S U R A  
been extensively used to study t l ~ e  general physiological 

VENTRAL LATERAL E Y Eproperties of visual elements by Hartline and his co-
workers (for review see 6). Their results clearly show R I ~ .1. Cornpound eye of a young lin~olus, medial aspect 
tllat tile resporlse to of these ligllt receptors X 10. Blood vessels, digestire glnad. nnil connective tissue 

dissected nnrny. Branching nervous clenlents covering inner 
is closely coniparab1e to that of other Sensory units whose sllrfr,ce of retina tire bllndles of nerve fibers. Whether 
electrical response has been isolated (e.g. 1, 5, 7, 8) .  In  brallchi~ig oecllrs in individual fibers is not knoxvn. 
several types of such sensory elements, including tlic 
limulus visual unit, an initial series of transients asso- The sensory elements corresponrling to any given 
ciated with t l ~ e  onset of stimulation is succeeded by a bundle of optic nerve fibers were localized by exploring 
s'teady rate of sensory nerve discharge wllicll continues the ommatidia of the eye with a fine pin point of light 
as long as the specific stimulus lasts. This uniform rate directed onto the corneal surface. Then, by a combina- 
of discharge varies with the intensity of the stimulus. tion of further fiber isolation and selective photie excita- 
In a range of medium light intensities, the frequency of tion, a physiologically unitary response could usually be 
sensory impulscs changes linearly with log I. For the obtained. Such a system was essentially a Hartline 
present experiments it  was this "steady state" dis- single-eiement receptor preparation. 
charge frequency that was utilized as a measure of When a successful isolation llad been accomplished iu 
stimulus effectirencss. this fashion, the visual unit was stimulated by a beam of 

Lateral eyes of small limulus (ceplialotliorax &out 50 linearly polarized light \vIiose plane of polarization co&d 
mm in length) were prepared by excising the organ along be conveniently rotated. This was obtained with a 
with some of the surrounding carapace and a 20-30-mm Polaroid alter interpolated between the light source, a 
length of intact optic nerve. Then, under a dissecting tungsten projection bulb in an ordinary microscope 
microscope, the ophtl~almic artery which sheaths the optic lamp, and the limulus eye. The light transmitted by the 
nerve, was earefMty cut away. Connective tissue and filter is  rated at  99.8% polarization through most of the 
other extraneous material were also cleaned from the range within the visible spectrum. 
inner side cf tlie retina. At this point the medial The discharge rate of the single photoreceptor el@ 
aspect of t l ~ e  whole structure appeared as in Fig. I. meut was examined as a function of the stimulating 
Note that just anterior to the lateral eye the optic nerve light's plane of polarization. In  general, i t  has been 
divides, usually into two rami, one dorsal, the other found that the sensory impulse frequency varies system- 
ventral. I n  turn, each of these rami provides a nerve atically with the change in the plane of polarization. 
branch to the white body which constitutcs tlie so-called Maximum mid minimum response rates occurred with 
rudimentary eye. polarization planes 90" apart. Two complete cycles 

With the carapace around the eye fixed in a clamp, appeared during a 360" rotation of the polarizcr. 
the nerve was extended and held under slight tension by The following experiment will serve to illustrate the 
lightly weighting a thread tied around its cut end. quantitative relation between the two factors, nerve 
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Fm. 2. Relation between optic nerve imnulse fre~ueacy 
and polarization plane of the stimulating light for two 
different isolated pilotoreceptor units in t l~e  same limulus 
lateral eye. Each point is the mean of 10 frequency mens- 
urements. Retinal location of the units, A and B, in shown 
in Big. 3. 

in~pulse frequency and polarization plane of the stimulus. 
In making these actual rate measurements the intensity 
of the stimulating light was reduced, so that steady-
date  nerve discharge rates of 2-3 per sec were obtained. 
Their frequency was determined by measuring with a 
stop watch the time interval required for 25 discharges. 
Measurements were made for 7 planes of polarization, 
30" apart, bet~vecn 0" and 160". To counterbalance 
drift in the physiological state of the preparation qnd 
to minimize the effect of its adaptation, 10 readings for 
each point were obtained by testing each position serially 
from 0" to lSOo, then in reverse order from 180" to O", 
and so on until sufficient data were collected. 

I 

X I  P H O  SU R A  

LATERAL EYE 

b'ru. 8. Mcdial diagrammatic view of limulus lateral eyc 
used to obtain duta of Fig. 2. Optic nerve rnmi stretched 
mecliad as during the experiment. Photoreceptor elements 
h and B are symbolized by circles, the alignment of their 
polarization nnalyzers b~ lines through the circles. Rein-
llve orientation of tliese ocular structures to the whole 
animal and to the scale mensuring polarization nngle shown 
at left. 

Response curves secured in this way for two visual 
elements from the same limulus eye are plotted in Fig. 2. 
The location of the particular units concerned in the 
retina and in the optic nerve appears in Fig. 3. Note 
that the frequency of impulses in the optic nerve fibers 
varied 15% and 23%, respectively, for the two units, 
between the maxima and minima caused by rotating the 
polarization plane of the stimulating light. The result- 
ing curves appear as smooth periodic functions with a 
wavelength of 180". 

Statistical analysis of the 70 raw scores used in plot- 
ting each of the mean curves in Fig. 2 shows that the 
differences in the means due to changes in the plane of 
polarization are highly significant. Analysis of variance 
in these daha has been c a m i d  out and @he reriability of 
the differences determined in the usual way from an F 
table. In  both cases F values for the plane of polnriza- 
tion considerably exceed those required for significance 
a t  the 1% level. 

Thsee independent liues of evidence have been examined 
to ascertain that the effect described is significant not 
only in a statistical sense but in a pl~ysiological sense as 
well. First, the possibiiity that polarization of the light 
source caused actual intensity fluctuations in the stimu- 
lating light was considered. This was checked initially 
by determining whether intensity cl~anges detectable to 
the human eye were caused by rotation of the polarizing 
filter. Such changes were not present either in the total 
light transmitted by the polarizer or in the minute image 
of the light source focused on the linlulus eye. As an- 
other check no significant clianges appeared in the re-
sponse curves when the stimulating light was rotated 
through 90" during an experiment. These facts mould 
apparently eliminate the light source as a possible cause 
of the observed effect. 

Second, the stimulating light and all other estra-
ocular factors seem to be excluded by the following 
type of experiment. I f  the polarization analyzer effect- 
ing the response curves described is actually in the bio- 
logical system, rotation of the eye through a given angle 
should produce a corresponding angular displacement in 
the response curves obtained in the usual way. The re- 
sults of such a test are sho\vn in Fig. 4. They demon- 
strate that within the limits of experimental error an 
identical displacement of the polarization curves was 
effected by a rotary change in the eye's position. 
Third, the data in Fig. 2 also suggest that instrumental 
artifacts are not responsible for the experimental results. 
They indicate that under similar experimental conditions 
two sensory elements, even though fairly close together 
on the same retina (Fig. 3), elicited rcsponse curves 
which were 60" out of phase. 

The foregoing data prove that a t  least under specific 
conditions, a polarization analyzer is present in the com- 
pound eye of Xiphosura. I t  may thus be concluded 
that for this photoreceptor significant differences in  the 
"apparent brightness" of a stimulating light depend on 
the plane of its polarization. A number of critical ex-
periments remain to be done before the biological im-
portance of this phenomenon can be assessed. 
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B'IG. 4. Control data demonstrating that the polarization 
effect observed is a function of the biological system. After 
measurements were made as  in previous experiments (A), the 
limulus eye itself was rotated clockwise through 45' and a 
second series of measurements taken. Corresponding dis-
placements of both maxima and minima of the response 
curve occurred. 

First, a quantitative study should be made to determine 
the extent of this effect through the full ranges of in- 
tensity and wavelength to  which this visual system is 
sensitive. Then an  analytical search should be instituted 
to discover the structures constituting the polarization 
analyzer involved. Some clues for such research should 
be sought in the studies of polarization optics of bio-
Logical materials in general (9) and of eyes in particu- 
lar ( 2 ) .  The dioptric properties of the limulus eye and 
possible birefringence of various of its elements, includ- 
ing the retinula cells, clearly should be investigated in  
this connection. Third, the behavior of Xiphosura should 
be examined to  see whether polarized light has any 
normal functional significance for this arthropod. 
Finally the possible relationship of the present observa- 
tions to  von Frisch's work on bees, mentioned in the in- 
troduction, should be worked out. Particularly pertinent 
here would be the determination of the over-all pattern 
of sensitivity and orientation of the individual polariza- 
tion analyzers in the whole retina. I n  the solution of the 
various structural and functional problems involved 
here, one may expect to  find answers to certain of the 
specific questions asked, but one may also confidently 
expect in the process to  learn much that  will contribute 
toward our broad understanding of the compound eye. 
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The Combined Action of Penicillin with 
Streptomycin or Chloromycetin on 
Enterococci in Vitrol 

E. Jawetz, J. B. Gunnison, and V .  R. Coleman 

Division of Bacteriology, 

University of  California Medical School, San Francisco 

Synergistic effects have been denlonstrated with a 
number of chemotherapeutic agents (1, 2, 6-10). A syn- 
ergistic effcct of penicillin-streptomycin mixtures in vitro 
against certain staphylococci and a hemolytic strepto-
coccus has been reported by Nichols (8). The combined 
action was greater than a simple additive effect of the 
drugs but the synergism was of low order. Clinical re-
ports (4, 11, 13)  indicate tha t  combined therapy with 
penicillin and streptonlycin is  often successful in curing 
bacterial endocarditis due to enterococci, which ordinarily 
fails to respond to either drug alone, even when admin- 
istered in high dose over a long period. With entero-
cocci it has been shown (5) that  mixtures of penicillin 
and streptonlycin in vitro rapidly brought about death of 
the entire bacterial population, whereas streptonlycii~ 
alone had no effect, and penicillin alone had mainly bac- 
teriostatic properties. The experinlents presented here 
m%y add to  the understanding of this antibiotic syner 
gism. I n  the course of our studies i t  was also noted 
tha t  Chloromycetina interfered with the action of peni-
cillin on many strains of enterococci in vitro. This drug 
was therefore included in these experiments to compare 
streptomycin-penicillin synergism with apparent Chloro- 
mgcetin-penicillin antagonism. 

The bacteriological culture media used were Proteose-
Peptone #3 agar (Difco) and a broth having the same 
base. Crystalline Sodiunl Penicillin G, Streptonlycin 
sulfate, and Chloromycetin (Rx 117344) were dissolved 
in sterile saline. The Chloromycetin solution was ster-
ilized by Seitz filtration. Final dilutions of the drugs 
were made in broth in  a total volume of 20 ml. The 
bacterial inoculum consisted of 1 ml of an  18-hr broth 
culture containing loR-lo8 organisms/ml. All cultures 
were incubated a t  37" C. At  intervals aliquots were re- 
rnoved from the test mixtures, and the number of viable 
organisms determined by serial dilution and plate count. 
I n  other aliquots the penicillin was inactivated with 
penicillinase (Bacto-Penase), in order to permit penicillia- 
inhibited bacteria to grow. Absence of growth after the 
addition of penicillinase was interpreted as  absenee of 

1 Supported in part by a grant from the Research Commit- 
tee of the University of California Medical School. 

2 Commercial brdnd of chloramphenicol. Generous sup-
plies of this drug were kindly made available by Dr. G 
Rievrschl, I'arke Davis and Company. Detroit, Blichigan. 


