
deficiency. The same may also apply to 
many current cases of nonprogressive 
congenital myopathy and the limp-infant 
or floppy-baby syndrome, where minor 
or no histopathologic changes are en- 
countered (16). 
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for the respective chemotactic movements. 
We recently discovered that the uni- 

cellular alga Euglena gracilis exhibits 
shock responses to spatial gradients of 
oxygen (6). These "chemophobic re- 
sponses" are expressed as changes of 
the cell's direction of movement encoun- 
tering a too high or too low oxygen con- 
centration, and serve to trap the cell in 
regions of presumably favorable concen- 
trations of oxygen. 

Since in eukaryotes, cytochrome c 
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Since in eukaryotes, cytochrome c 

oxidase acts as the terminal oxygen ac- 
ceptor of the respiratory chain, we rea- 
soned that it might be the receptor mole- 
cule for the chemosensory response. 
This hypothesis was tested by studying 
the effects of cytochrome inhibitors on 
chemoresponses. 

Euglena gracilis, strain Z, was grown 
in Bloomington medium (7) supple- 
mented with vitamin B1 (0.5 mg/ml) and 
vitamin B12 (4 u/g/ml). Cultures were 
grown in an incubator at 25?C under con- 
stant cool-fluorescent illumination (1.0 
W/m2), and were used for experiments 5 
to 7 days after inoculation. At this age, 
cells were centrifuged, and suspended in 
supernatant to a density of approximate- 
ly 106 cell/ml. They were observed in a 
Neubauer chamber (0.1 mm thickness) 
under an inverted Nikon type M micro- 
scope, with constant yellow illumination 
(interference filter, 577 nm). This wave- 
length cannot be perceived by the cell's 
photosensory system, and does not sup- 
port photosynthesis at the intensity of 
the experiment. Light intensities were 
measured with a model 68 Kettering 
radiant power meter. 

The behavioral response of the cells 
was determined 10 minutes after addition 
of the chemicals. As an assay for the 
chemoresponse toward oxygen, we used 
the spontaneous formation of an ex- 
panding ring within 5 minutes after the 
cells were introduced into the chamber 
(6). This response to oxygen is qualita- 
tively similar to that of motile bacteria 
(3). 

Various inhibitors of cytochrome c 
oxidase were added. There is evidence 
for the existence of a complex of cyto- 
chrome a in Euglena (8, 9) even though 
its structure and mechanism of action 
have not been established. If the two 
cytochromes a and a3 could be sepa- 
rated, the cytochrome a3 moiety would 
have to be considered the terminal oxi- 
dase, since it alone is rapidly autoxidiz- 
able (10). 

Sodium cyanide had no effect at 
10-7M, but at concentrations ranging 
from 10-6M to 10-4M it specifically inhib- 
ited ring formation in the Euglena sus- 
pensions. At these concentrations, 
swimming rates (defined as the time re- 

quired by the cell to swim its own length) 
as well as the ability of the cells to re- 
spond to photic stimuli (11) were not sig- 
nificantly different from those of con- 
trols. At 10-3M cyanide and above, mo- 
tility of the cells was impaired and ring 
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tility of the cells was impaired and ring 
formation was inhibited. 

Carbon monoxide was ineffective at 
5 x 10-6M, but at concentrations of 5 x 
10-5M and 5 x 10-4M it was found to 
specifically inhibit ring formation. No ef- 
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Cytochrome c Oxidase as the Receptor Molecule for 

Chemoaccumulation (Chemotaxis) ofEuglena Toward Oxygen 

Abstract. Chemoaccumulation of Euglena gracilis toward oxygen was selectively 
inhibited, without concomitant effects on cell motility, by cyanide (10-6 to 10-4 mo- 

lar) and carbon monoxide (5 x 10-5 to 5 x 10-4 molar). Above these concentrations, 

motility of the cell was impaired and the chemosensory response was inhibited. Azide 
did not affect chemoaccumulation even at 5 x 10-3 molar. It is concluded that cyto- 
chrome a3 serves as the chemoreceptor molecule for oxygen-mediated behavioral 

responses in Euglena. 
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fect was found on photic responses or 
cell motility, the latter becoming im- 
paired at 5 x 103M carbon monoxide. 
Carbon monoxide binds to cytochrome 
a3 (9), but not to cytochrome a (12). 

Sodium azide at concentrations as 
high as 5 x 10-3M had no effect on ring 
formation even though motility of the 
cells was significantly impaired at this 
concentration. While some investigators 
believe that azide binds to the oxidized 
form of cytochrome a3 (10, 13), others 
maintain that azide binds to the reduced 
form of cytochrome a (14) (Table 1). 

Sodium cyanide and carbon monoxide 
inhibit the chemosensory response of 
Euglena toward oxygen at concentra- 
tions where neither the movement of the 
cells, nor their ability to respond to 
photosensory stimuli are impaired. One 
might argue that these inhibitors affect 
respiration rather than chemoaccumula- 
tion, and that they act by inhibiting oxy- 
gen consumption and thus the formation 
within the sample chamber of the oxygen 
concentration gradient which triggers the 
chemophobic responses in the first 
place. That this is not the case at the con- 
centrations used by us is evident from 
the fact that the cells move normally, 
and thus have available their usual 
source of metabolic energy. In addition, 
previous studies in vivo under experi- 
mental conditions very similar to our 
own have shown that cellular respiration 
of intact Euglena gracilis is only margi- 
nally inhibited by carbon monoxide (15), 
while cyanide even at 10-3M inhibits ox- 
ygen consumption of whole cells by no 
more than 57 percent (9). However, the 
isolated a-type cytochrome is completely 
inhibited by 10-3M cyanide (9), in- 
dicating that, while cytochrome oxidase 
does get inactivated by cyanide (which is 
in agreement with our hypothesis), in in- 
tact cells of Euglena gracilis there is an 
alternative pathway for the reoxidation 
of cytochrome b, and thus for the gener- 
ation of metabolic energy. This explains 
the retention of motility in our cells at 
high inhibitor concentrations. 

Since the photosensory responses of 
Euglena were unaffected by carbon mon- 
oxide and sodium cyanide at the concen- 
trations studied by us, the effects we are 
observing do not reflect a generalized in- 
hibition of sensory transduction in Eu- 
glena at the level of signal processing or 
effector mechanisms (11). We conclude 
that these results implicate the cyto- 
chrome a, moiety of cytochrome c oxi- 
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Table 1. Effects of inhibitors (sodium cyanide, 
carbon monoxide, and sodium azide) of cyto- 
chrome c oxidase on chemoaccumulation to- 
ward oxygen and motility of Euglena gracilis. 

Concen- Effect on 
tration Ring Motility 

(M) patterns (% of control) 

Sodium cyanide 
10-7 None None 
10-6 Inhibited None 
10-5 Inhibited None 
10-4 Inhibited None 
10-3 Inhibited 40 

Carbon monoxide 
5 x 10-6 None None 
5 x 10-5 Inhibited None 
5 x 10-4 Inhibited None 
5 x 10-3 Inhibited 40 

Sodium azide 
5 x 10-3 None 50 
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fective behaviorally even at a concentra- 
tion at which motility of the cells is 
inhibited, inhibits cytochrome c oxidase 
by binding to cytochrome a rather than 
to cytochrome a3. The main interest of 
this inference is that it is based entirely 
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The outer part of the inner segment of 
the cone cells of the vertebrate retina is 
commonly known as the ellipsoid. This 
region is packed with large mitochondria 
and, in some avian and reptilian species, 
contains a large, clear or strongly col- 
ored oil droplet immediately in front of 
the light-absorbing outer segment (1). 
This droplet acts as a filter which pre- 
vents the shorter wavelengths of light 
from reaching the photosensitive pig- 
ment. Structures resembling the oil drop- 
lets of birds and reptiles have been de- 
scribed in a variety of fishes (1, 2). How- 
ever, as previously pointed out (3), these 
droplets do not stain with oil-soluble 
dyes and electron micrographs show that 
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spectral absorbance that is characteristic 
of a dense heme pigment, different from 
that of hemoglobin, and similar to that of 
reduced cytochrome c (4). They also 
stain positively for some other com- 
ponents of the respiratory chain. Fur- 
thermore, they contain no trace of caro- 
tenoid pigments (5, 6). 

Eyes were removed from guppies 
(Poecilia reticulata), mollies (Poecilia 
latipinna), killifish (Fundulus hetero- 
clitus), and platies (Xiphophorus macu- 
latus). The retinas were dissected out in 
calcium-free physiological solution [to 
facilitate retinal detachment and dis- 
sociation (7)] either in bright light or un- 
der infrared illumination. After 45 min- 
utes in calcium-free solution, small 
pieces of retina were teased apart in a 
drop of the same solution on a large cov- 
er slip, ringed with silicone oil (DC 702 
diffusion pump oil), and covered with an- 
other cover slip. They were then exam- 
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Ellipsosomes: Organelles Containing a Cytochrome-Like Pigment 
in the Retinal Cones of Certain Fishes 

Abstract. Ellipsosomes are dense spherical bodies containing a very large concen- 
tration of a heme pigment spectroscopically resembling pure cyctochrome c. They 
are located at the outer ends of the inner segments of the cones of certain fishes. 
Although, superficially, they resemble the similarly located oil droplets in the cones 
of birds and reptiles, their ultrastructure and staining properties resemble those of 
the neighboring mitochondria. However, like the oil droplets, they may serve as in- 
tracellular color filters. 
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