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A B S T R A C T  Electron microscopic studies on the development of the rhabdom 
in the compound eye of the silkworm moth and pupa (Bombyx rnori) were carried 
out in parallel with the recording of the electrical response to photic stimula- 
tion. No electrical response to photic stimulation was recorded from the pupal 
compound eye which had no trace of differentiation of the rhabdom. With the 
differentiation of development of the rhabdom in the pupal compound eye, 
electrical responses could be recorded, and the amplitude of such electrical 
responses increased with the progress of development of the rhabdom. These 
observations suggest that the rhabdom is probably the site of the photochemical 
reaction which leads to the generation of the slow retinal action potentials. 

I N T R O D U C T I O N  

Recent studies on the structure of the photoreceptor in the compound eye 
have revealed that the rhabdom is composed of many tubular structures 
which are "microvilli" (Miller, 1957), and the rhabdom resembles a "honey- 
comb" (Goldsmith and Philpott, 1957; Fern~ndez-Mor~n, 1958). Several 
authors have suggested that these tubular structures might be analogous to 
the fine dics or flattened sacs of the outer segments of the rods and cones in 
the eyes of vertebrates (Sj6strand, 1959; Yamada, 1960). Although there is 
no conclusive evidence, it is generally thought that the rhabdom contains 
photosensitive pigments, and is related directly to the photochemical reac- 
tion which precedes the generation of the slow retinal action potential. 

Naka (1961) and Naka and Eguchi (1969) have shown that  the slow retinal 
action potential is the depolarization of the retinula cell membrane by photic 
stimulation and in the drone this depolarization triggers spike potentials in 

143 

The Journal of General Physiology



i4. 4 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  • V O L U M E  4 6  • I 9 6 2  



EGUCHI, NAKA, AND KUWABARA Rhabdom and ERG I45 

the axon  por t ion  of the cell. H o w e v e r ,  wi th  an  in t race l lu la r  mic roe lec t rode  

in the re t inu la  cell, it is impossible  to decide  w h e t h e r  or  not  the r h a b d o m  is 

responsible  for some of the reac t ions  leading  to the depo la r i za t ion  of the 
ceil m e m b r a n e .  T o  ascer ta in  the con t r ibu t ion  of  the r h a b d o m  to the re t ina l  
ac t ion  potent ia l ,  this p a p e r  will descr ibe  the re la t ion  be tween  the d e v e l o p m e n t  

of  the r h a b d o m  and  the a p p e a r a n c e  of the electr ical  response in the c o m p o u n d  

eye of the s i lkworm p u p a  and  moth .  

M A T E R I A L  A N D  M E T H O D S  

Experiments were performed on pupae and adults of the silkworm (Bombyx mori) ob- 
tained from the Laboratory of Sericulture, Faculty of Agriculture, Kyushu Univer- 
sity. The pupae were kept at a constant temperature (25°C), so that the pupal stage 
was completed in 10 days. 

For morphological observations, discs of the compound eye were fixed at 24 hour 
intervals from pupation to the adult stage. Eye discs were cut into several small pieces 
and immediately immersed into 2 per cent osmium tetroxide buffered with veronal 
acetate p H  7.4 to 7.6. The discs were fixed for 1 hour at 0 to 4°C, washed in distilled 
water, and dehydrated with an ethanol series. After embedding in n-butyl methacry-  
late, thin sections were cut with a Porter-Blum microtome and were observed with an 
Hitachi electron microscope (HU-11) and an Akashi tronscope (50-EB). 

Methods for recording electrical responses from the insect compound eyes were 
almost the same as those described in previous papers except that all responses were 
obtained extracellularly (Naka, 1961; Naka and Eguchi, 1962). A microelectrode 
(3 M KCl-filled capillary electrode) was inserted into the receptor layer through a 
hole made on the corneal surface. Electrodes (1 to 2/z tip diameter) were selected from 
ones having an ohmic resistance of around 5 megohms. An indifferent lead was taken 
from a Ringer pool in which the eye was fixed with wax. Potentials were picked up 
by a cathode follower input stage, and then fed into a two-beam oscilloscope (Nihon 
Koden VC-6). Illumination from a tungsten lamp with a ribbon filament was inter- 
rupted either by a camera shutter or by a turning sector wheel. Both duration and 
intensity of illumination were monitored by a photodiode placed near the eye and 
displaced on the lower beam of the oscilloscope. 

Room temperature was about 20°C throughout the experiments. 

R E S U L T S  

For  conven ience  of  descr ipt ion,  the p u p a l  stage of the s i lkworm will be d iv ided  

into two stages, namely ,  the  first stage (lst  to 5th day)  in which  no t race  of 
r h a b d o m  was found  in the o m m a t i d i u m ,  a n d  the second stage or the  r h a b d o m -  

FmURE 1. Oblique cross-section through the retinula cell layer of a single ommatidium 
of the compound eye of a 4 day old pupa of the silkworm. Ten retinula cells (Rc) sur- 
round a single cell lying at the center of the ommatidium. At this stage, the microvill" 
of the rhabdom are not yet observed. (Pc) pigment cell. X 15,000. 
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forming stage (6th to 10th day)  in which  the r h a b d o m  was being fo rmed  in 
the ommat id ium.  

1. The First Stage 

I t  was found  to be ex t remely  difficult to dissect and  to fix the eye discs of 
1 to 3 day  old pupae  due  to the semifluid state of the tissue. 

Fig. 1 shows a cross-section t h rough  the re t inula  cell layer  of an  o m m a t i d i u m  
f rom a 4 day  old pupa.  In  the figure, the o m m a t i d i u m  is seen to be composed  
of e leven cells; ten cells su r round  one  lying at  the center .  In  this o m m a t i d i u m ,  
there  is no t race  of microvil l i  and  each cell has a smooth  cell membrane .  T h e  
a r r a n g e m e n t  of the cells suggests tha t  the cell at  the center  of the o m m a t i d i u m  
will develop into an  eccentr ic  re t inula  cell. 

No electrical  response to phot ic  s t imulat ion could  be recorded  f rom the eye 
disc at  this stage. 

2. The Second Stage 

F r o m  the 5th d a y  after  pupa t ion ,  the o m m a t i d i u m  began to show a t race  of 
the rhabdom.  

(A) FINE STRUCTURE 

Fig. 2 shows an obl ique  cross-section of  the cent ra l  pa r t  of  an  o m m a t i d i u m  
th rough  the re t inula  cell layer  of the c o m p o u n d  eye of a 5 d a y  old pupa.  A 
small n u m b e r  of microvil l i  are  seen in the centra l  por t ion  of this o m m a t i d i u m ,  
bu t  the a r r a n g e m e n t  is not  as o rder ly  as tha t  of the adul t  stage. This  observa-  
t ion suggests tha t  the r h a b d o m  arises f rom the in tegra t ion  of the specialized 
parts  of the re t inula  cell m e m b r a n e .  T h e  re t inula  cell of this stage contains a 
considerable  a m o u n t  of rough  surfaced endoplasmic  r e t i cu lum which  causes 
a r a the r  dense staining of the cell as seen in the insert  of Fig. 2. T h e  swirling 
endoplasmic  r e t i cu lum is also f requen t ly  observed in the re t inula  cell at  this 
stage. T h e r e  are no da rk  part icles in the swirling endoplasmic  re t iculum,  
therefore  these regions are composed  of the so called smooth  surfaced var ie ty  
of  endoplasmic  re t iculum.  

T h e  dense particles observed in Fig. 2 m a y  represent  the R N P  particles. 
T h e  m e m b r a n e s  of the swirling endoplasmic  re t i cu lum are cont inuous  wi th  
those of the rough  surfaced endoplasmic  r e t i cu lum at the margins  of the 

FIOURE 2. Oblique cross-section of the central part of  a n  ommatidium through the 
retinula cell layer of the compound eye of a 5 day old pupa of the silkworm. At this 
stage, small number of microviIli (My) are seen at the central part of the figure, and 
there are numerous membranous structures, the endoplasmic reticulum. Characteristic 
swirling structures (Sw) of smooth surfaced endoplasmic reticulum are seen in the reti- 
nula cells. X 19,000. Inset: Low magnification photograph of a single ommatidium of 
this stage. Fig. 2 is the enlarged photograph of a marked area in this figure. × 4,200 
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swirls. The endoplasmic reticulum in the cells may be possibly related to the 
synthesis of photosensitive substances. 

Fig. 3 shows an oblique cross-section of the rhabdom of an ommatidium of 
the compound eye of 7 day old pupa. In this stage, the microvilli are quite well 
developed, and it is seen that  these microvilli protrude to the center of the 
ommatidium. 

Fig. 4 is a cross-section through the retinula cell layer of an ommatidium of 
the compound eye of a 7 day old pupa. This electron micrograph was ob- 
tained from the same compound eye that  provided the electroretinogram of 
Fig. 6. Ommatidia  are arranged symmetrically and surrounded by numerous 
cross-sectioned fine tracheoles. The central region of each ommat id ium is 
occupied by many  microvilli, but the region occupied by these microvilli is 
about half that of the moth ommatidium. 

(B) ELECTRICAL RESPONSE 

An electrical response to photic stimulation could be obtained from the pupa 
of the 5th day stage. However, it was very difficult to record electrical re- 
sponses from the compound eye of this stage because of the semifluid state of 
the eye. The electrical responses recorded were unstable with an amplitude 
less than 0.5 inv. 

Typical responses from the compound eye of this stage are shown in Fig. 5. 
Trace A shows a response to intermittent illumination of 0.1 sec. duration at 
0.6 sec. intervals, and B is a response to illumination of 1.5 sec. duration. The 
response was maintained during illumination, though its amplitude decreased 
slightly. The response returned to the base line immediately after cessation of 
illumination. 

Consistent and stable electrical responses to photic stimulation were ob- 
tained from the compound eye of the 7th day pupa. As stated above, the two 
records in Fig. 6 were obtained from the compound eye which provided the 
electron micrograph of Fig. 4. The electrical response from the eye of this 
stage was a slow negative potential of about 5 mv, which decreased in nega- 
tivity during continuous illumination (Fig. 6 B); the repeated illuminations 
by short flashes also resulted in decreased amplitude (Fig. 6 A). The potential 

FmURE 3. Oblique cross-section of the central part of an ommatidium through the 
retinula cell layer of the compound eye ofa 7 day old pupa. It is seen that many elongated 
microvilli (My) protrude from the retinula cell membranes. (Rc) retinula cell. × 20,000. 
FIOUR~ 4. Oblique cross-section through the retinula cell layer of the compound eye 
of a 7 day old pupa of the silkworm. Each ommatidium (Ore) is surrounded by many 
tracheoles. At this stage, the ommatidium is occupied with developing rhabdom showing 
reticular and tubular str_~ctures corresponding to the microvilli of the adult rhabdom. 
This electron micrograph was obtained from the same compoupd eye that provided the 
ERG of Fig. 6. X 3,300. 
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FIGURE 5. Electrical response to photic  st imula-  
t ion from the compound  eye of a 5 day old pupa.  
A, the response to in te rmi t ten t  i l lumination,  0.1 
sec. light, 0.5 sec. dark;  B, the response to i l lumina-  
t ion for 1.5 sec. 

FmURE 6. Electrical response to photic s t imula-  
t ion from the compound  eye of a 7 day old pupa,  
which  provided the electron micrograph  for Fig. 
4. After recording the electrical response, this eye 
was fixed by osmium tetroxide. A, the response to 
in te rmi t ten t  i l luminat ion,  0.1 sec. light, 0.5 sec. 
dark;  B, the response to i l luminat ion for 2 sec. 

returned almost to the base line after each period of illumination as in the case 
of the response from 5 day old pupa (Fig. 5). 

3. Adult 

(A) MORPHOLOGY 

More detailed information on the fine structure of the compound eye of the 
silkworm moth is contained in the paper by Eguchi (1962). A brief summary 
of this paper follows: an ommat id ium of the compound eye of the silkworm 
moth consists of eleven sensory cells, ten cells are usual retinula cells, but the 
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last one resembles the eccentric cell observed only in the horseshoe crab com- 
pound eye. This particular cell is described as the eccentric retinula cell 
(Eguchi, 1962). Like a bipolar neuron, this cell sends a dendrite into the distal 
portion of the retinula cell layer and a neurite fiber into the proximal layer 
through the basement membrane.  The perikaryon of this cell lies more proxi- 
mal in the retinula cell layer than do those of retinula cells. The rhabdom of 
the moth eye is formed by microvilli of the retinula cells, the eccentric retinula 
cells, and its dendrite. 

Fig. 7 shows an oblique section through the retinula cell layer of an om- 
matidium ot the compound eye of the silkworm moth. About  half the area of 
this ommatidium is occupied by the eccentric retinula cell, its dendrite, and 
the microvilli, which protrude from both parts. In the dendrite of the eccentric 
cell, several mitochondria are seen. It is also apparent  that in the adult  eye, 
the microvilli are packed much more densely than in the pupa. 

(B) ELECTRICAL RESPONSE 

The electrical response from the compound eye of the adult silkworm was a 
slow negative potential. The amplitude of the response (usually about  10 mv) 
gradually increased during continued illumination (Fig. 8 C). After cessation 
of illumination, the slow potential did not return to the base line; a prolonged 
negativity continued. For example, in Fig. 8 C, the 9 mv slow potential showed 
an off-return of only 3 mv, and the prolonged negativity was about  6 mv in 
amplitude. This prolonged negativity was a characteristic feature of the 
electrical response from the adult  silkworm. Fig. 8 B shows the electrical re- 
sponse to intermittent illumination of 0.1 see. duration at 0.6 see. intervals. In 
the case shown in Fig. 8 A, frequency of intermittent light is increased to 0.1 
see. on and 0. 1 see. off. With repeated illumination of high frequency, ,the 
amplitude of the response and that of the after negativity increased gradually 
as if the stimulation were continuous light. 

D I S C U S S I O N  

The compound eye of the silkworm moth used in this experiment is of the 
superposition type. An ommatidium of the silkworm moth consists of eleven 
sensory cells, ten retinula cells, and one eccentric retinula cell. The eccentric 
retinula cell sends a dendrite along the central axis of the ommatidium into 
the distal portion (Fig. 7). The rhadbom is formed by microvilli of the retinula 
cells, of the eccentric retinula cell, and of its dendrite. 

No reports on the existence of the particular type of cell like an eccentric 
retinula cell found in the silkworm moth has been reported from the other 
insect compound eyes. However,  many workers (Watase, 1890; Miller, 1957, 
and others) have reported that an ommatidium of the compound eye of the 



152 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  • V O L U M E  46 - I962 



EGucHr, NAKA, AND KUWABARA Rhabdom and ERG x53 

horseshoe crab has a bipolar neuron named the eccentric cell in addition to 
the normal retinula cells, and it is generally believed that only the eccentric 
cell responds electrically with spike potentials to photic stimulation (Hartline 
et al., 1952; Tomita, 1956). 

From the morphological point of view, the eccentric retinula cell in the silk- 
worm moth resembles the eccentric cell of the horseshoe crab compound eye. 
While the eccentric cell of the horseshoe crab ommatidium does not contribute 
to the rhabdom formation (W. H. Miller, personal communication), the 
eccentric retinula cell contributes to the rhabdom formation by extending 
microvilli from its cell body and dendrite. 

(A) Morphogenesis of the Rhabdom during Pupal Stage 

In  the early stage of development of the compound eye (lst to 4th day of 
pupal stage), an ommat id ium is composed of eleven sensory cells containing no 
trace of the rhabdom. From the 5th day copious endoplasmic reticulum begins 
to appear in the retinula cells. At the same time, the microvilli extend from 
the retinula cells and the eccentric retinula cell, and occupy the central region 
of the ommatidium. These observations lead to the conclusion that formation 
of the rhabdom in the adult eye results from the increase in the number and 
length of the microvilli. 

From the study of the morphogenesis of the pupal compound eye of Droso- 
phila, Waddington (1960) suggested that the rhabdom might be constructed 
with vesicles which were made of nuclear membrane. On the morphogenesis 
of the outer segment of the retinal rod and cone of the vertebrate eye, Tokuyasu 
and Yamada (1959) and Moody and Robertson (1960) presented evidence 
that the lamellae of the outer segment were formed through in-tuckings of the 
surface membrane of the visual cell and were continuous with the extentions 
of the plasma membrane. Thus, there is an interesting similarity between the 
rhabdom and the outer segment of the rod and cone; that is, they are both 
formed by the differentiation of the visual cell membrane. 

(B) Relation between Rhabdom and Electrical Response 

In this study it was shown that even before emergence the compound eye is 
able to respond to photic stimulation with a slow negative potential, the 

FIGURE 7. Oblique cross-section through the retinula cell layer of an ommatidium of 
the compound eye of a silkworm moth. The dendrite of the eccentric retinula cell is seen 
at the center of the ommatidium, and it is seen that the dendrite forms a rhabdomere. 
Several mitochondria are seen in the dendrite. (Er) eccentric retinula cell, (Rn) retinula 
cell, (Dr) dendrite of the eccentric retinula cell, (Rh) rhabdom., (Tr) trachea. X 
14,000. Inset: Low magnification photograph of the cross-section through the retinula 
cell layer of the compound eye of silkworm moth. Each ornmatidium is surrounded by 
pigment cells and many tracheae. X 1,300. 
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FIGUP.X 8. Electrical response to photic stimula- 
tion from the adult  compound eye. A, the response 
to high frequency intermittent  illumination, 0.1 
sec. light, 0.1 sec. dark. B, the response to the 
intermittent illumination, 0.1 sec. light, 0.5 see. 
dark. C, the response to 2.5 sec. illumination. 

retinal action potential. The  results obtained in several kinds of insects 
(Burkhardt and Autrum, 1960; Naka, 1961; Naka and Eguchi, 1962) show 
that this slow potential reflects the depolarization of the retinula cell mem- 
brane. As described in the results, the appearance of the electrical response 
during the pupal stage has a close relation with the differentiation of the 
microvilli in the retinula cells. It was also confirmed that the amplitude of the 
response increased with the increase in the number  of microvilli of the retinula 
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cells. These results are shown diagrammatically in Fig. 9, in which A illustrates 
the longitudinal section of an ommatidium at different stages of development 
and B illustrates the electrical responses recorded from the compound eye at 
corresponding stages. 

This suggests that the generation of the slow potential or depolarization of 
the retinula cell membrane requires the presence of the microvilli. However, 
in the silkworm compound eye, the situation is complicated by the presence of 
the eccentric retinula cell (Eguchi, 1962). Though the functional significance 
of the eccentric retinula celt is presently unknown, the results obtained in the 
other insects which lack the eccentric retinula cell or from which no such 
cell has been reported so far, show that it is the retinula cell membrane that 
is depolarized by the photic stimulation (Naka, 1961 ; Naka and Eguchi, 1962). 
The results obtained from the Procambarus compound eye also support this 
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FIGURE 9. Schematic illustration of the relation between the development of the rhab- 
dora and the electrical response. A, longitudinal section through the ommatidium. (E) 
eccentric retinula cell, (R) retinula cell. B, electrical response, l, smooth surface of 
retinula cell membrane at the 4th day pupal stage, rhabdom is not formed at all. No 
electrical response can be recorded. 2, the first step of rhabdom formation, appearance 
of many small microvilli on the surface of the retinula cell membranes (Sth day pupa), 
electrical response is a slow negative monophasic wave. 3, formation of microvilli (7th 
day pupa). Electrical response is a slow negative monophasic wave. 4, rhabdom at adult 
stage, tightly packed with many tubes. Electrical response is a slow negative monophasic 
wave. The amplitude of the electrical response and the prolonged after potential from 
the adult compound eye are larger than those from the pupal compound eye. 
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conclusion (Naka and  K u w a b a r a ,  1959). However ,  this observat ion  does not  
exclude the possibility of slow or spike potent ia l  genera t ion  in the eccentr ic  
re t inula  cell. In  Limulus it is the eccentr ic  cell tha t  produces  spike potent ials  
(Hart l ine ,  Wagner ,  and  MacNicho l ,  1952). 

Al though  there  is no conclusive evidence,  the results ob ta ined  in this experi-  
men t  t empt  us to postulate  tha t  the microvil l i  might  be the site of the photo-  
chemica l  react ion which  leads to the depolar iza t ion  of the re t inula  cell m e m -  
brane.  In  Limulus, Fuortes  (1959) came to the conclusion tha t  the re t inula  
cell might  l iberate  chemica l  substances which  cause the m e m b r a n e  resistance 
of the eccentr ic  cell to decrease. In  the insect, the chemical  substances con-  
ta ined  in the microvil l i  migh t  precipi ta te  the decrease in the resistance of the 
re t inu la  cell m e m b r a n e  by  phot ic  s t imulat ion.  

Accord ing  to the classification of the insect E R G  by A u t r u m  (1950) the 
c o m p o u n d  eye of the si lkworm is of the slow type. An interest ing difference 
be tween  the responses f rom the c o m p o u n d  eye of the adul t  and  the pupa  was 
observed,  i.e. the response f rom the p u p a  c o m p o u n d  eye decreased its ampli-  
tude  dur ing  con t inued  i l luminat ion,  bu t  tha t  f rom the adul t  s i lkworm increased 
its ampl i tude .  T h e r e  were also some differences in the after  potential .  This  
after  potent ia l  seems to be due  to a long lasting c o m p o n e n t  similar to the S 
c o m p o n e n t  in Dytiscus (Bernhard,  1942). This  c o m p o n e n t  is absent  in the re- 
sponse f rom the c o m p o u n d  eye of the very  ear ly  r h a b d o m - f o r m i n g  stage. 
The re fo re  it m a y  be suggested tha t  the mechan i sm responsible for this com-  
ponen t  develops at the late pupa l  stage. 
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