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ABSTRACT Electrical responses were recorded intracellularly from the com- 
pound eyes of a fly (Lucilia) and of several dragonflies (Copera, Agriocnemis, 
and Lestes). An ommatidium of the dragonflies is made up of four retinula 
cells and a rhabdom composed of three rhabdomeres while the Lucilia has an 
ommatidium of seven independent retinula cells and rhabdomeres. The in- 
tracellular responses presumably recorded from the retinula cell had the same 
wave form in the two groups of insects: The responses were composed of two 
components or phases, a transient spike-like potential and a slow one main- 
tained during illumination. The membrane potential, in the range of --25 
to --70 my., was influenced by the level of adaptation, and it was transiently 
depolarized to zero by high levels of illumination. 

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

It seems well established that the receptor layer of the arthropod compound 
eye responds to photic stimulation with a slow potential termed the electro- 
retinogram (ERG). This is supported by several experiments in which ERG's 
were recorded from the receptor layer detached from the optic lobes (Jahn 
and Wulff, 1942; Bernhard, 1942; Autrum and Gallwitz, 1951; Hartline, 
Wagner, and MacNichol, 1952). However, it is not yet known what cells in 
the receptor layer give rise to the slow potential. In the Limulus compound 
eye Hartline, Wagner, and MacNichol (1952) succeeded in recording spikes 
and slow potentials (ommatidial action potential) intracellularly from an 
ommatidium. Their results were later confirmed by several authors including 
Tomita (1956), MacNichol (1958), and Fuortes (1958 and 1959). Though 
the eccentric cell is considered as the generation site of spike potentials there 
are several different views on the origin of the ommatidial  action potential. 

In this connection intracellular recording of action potentials from the re- 
ceptor layer of the compound eye seemed to give substantial information on 
the site of slow potential generation. Kuwabara  and Naka (1959) have al- 
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r eady  repor ted  briefly on the int racel lular  recording of action potentials  f rom 
the c o m p o u n d  eye of the fly, Lucilia. T h e  present  paper  confirms their  results, 
and  describes several addi t ional  features of the in t racel lu lar ly  r ecorded  ret-  
inal act ion potentials  in Lucilia and several dragonflies. 

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

Structure of the Insect Ommatidium 1 

The compound eye of the fly, Lucilia (Cyclorrhapha), and the compound eyes of the 
dragonflies, Copera, Agriocnemis, and Lestes (Zygoptera), were studied. Methods of 
recording electrical responses and stimulating apparatus were the same as described 
by Naka and Kuwabara (1959 a). A corneal area about 1 mm. in diameter was 
stimulated. Intensity of illumination was controlled by three neutral filters each 
having an absorption of 90 per cent. The intensity of illumination without any 
filters is referred to as 1 or unit intensity. The microelectrodes used were 3 ~a KCI- 
filled glass capillaries with resistance of more than 30 megohms measured in 3 
KC1 solution (more than 100 megohms in Ringer solution). The electrical resistance 
of the KCl-filled microelectrode was different in Ringer and in 3 M KC1 solution. For 
convenience of measurement the resistance was checked in 3 M KCI solution. To 
record intracellular responses from small retinal cells of diameter less than 10 micra 
the microelectrode must have (a) a very high resistance, and (b) a long taper near its 
tip. The same type of microelectrode could also pick up spike and slow potentials 
intracellularly from the toad retina (Naka, Inoma, Kosugi, and Tong, 1960). Re- 
cording electrodes were led into 12AU7 cathode-follower input stages (Tomita 
and Torihama, 1956) succeeded by D.c. amplifiers combined with a dual beam 
oscilloscope. All experiments were conducted at room temperatures of 25 to 30°C. 

T h e  c o m p o u n d  eye of Lucilia and Zygop te ra  shares the general  features of  a 
typical  insect apposi t ion eye, the receptor  layer lying between the cornea  and 
basement  m e m b r a n e  as shown in Fig. 1. T h e  receptor  layer  is m a d e  up  of 
individual  units, the ommat id ia ,  having the shape of a cyl inder ,  ex tending 
the whole length of the receptor  layer. An insect o m m a t i d i u m  includes 
e longated receptor  cells ( re t inula  cells), r h a b d o m  or rhabdomeres ,  p igment  
cells, and  dioptr ic  appara tus  (corneal  lens and crystall ine cone).  T h e  proximal  
process of the re t inula  cell passes th rough  the basement  m e m b r a n e  as a post- 
re t inal  fiber ex tending  to the optic ganglion. T h e  main  const i tuents  of the 
o m m a t i d i u m  are the re t inula  cells and the r h a b d o m  or rhabdomeres  which 
are r ega rded  by  several authors  as the loci of pho tochemica l  react ions (cf. 
Goldsmi th  and  Philpot t ,  1957). Ar rangements  of these two structures  in an 
o m m a t i d i u m  differ in Lucilia and in the Zygop te ra ;  an o m m a t i d i u m  of Lucilia 
includes seven independen t  re t inula  cells and  rhabdomeres  while in the 
Zygop te ra  a r h a b d o m  formed of three rhabdomeres  is su r rounded  by  four 

i D e t a i l e d  d e s c r i p t i o n  o f  t h e  f ine  s t r u c t u r e  o f  t he  Z y g o p t e r a  c o m p o u n d  eye  wi l l  a p p e a r  e l s ewhere .  
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retinula cells. An electron micrograph of a cross-section of an ommatidium of 
Zygoptera (Agriocnemis) is shown in Fig. 2. In the ommatidium two retinula 
cells each have their own rhabdomere;  the third rhabdomere  is shared by the 
other two retinula cells. In the retinula cell mitochondria may be seen around 
the rhabdom, and in the peripheral part  of the cell there are numerous double 

• 1 1,~ 

FIOURE 1. Microphotograph of the insect apposition eye (Agriocnemis). The receptor 
layer composed of structural units, the omrnatidia, is spaced between the corneal surface 
and the basement membrane. 

membrane profiles which are supposedly the endoplasmic reticulum. The 
rhabdomere is built up of closely packed submicroscopic hexagonal com- 
partments or honeycombs with diameters down to a few hundred A as re- 
ported by several authors (Goldsmith and Philpott, 1957; Miller, 1957; 
Wolken, Capenos, and Turano,  1957; Fern~indez-Morfin, 1958). As described 
by  Miller (1957) one end of the tubular structure or microvillus is continuous 
with the cytoplasm of the retinula cell while the other end is closed making 
contact with the adjoining rhabdomere.  From electron microscopic obser- 
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vation the diameters of the retinula cells are 5 to 8 micra in the Zygoptera 
and 8 to l0 micra in Lucilia while diameters of the rhabdomere  are about  1.5 
and 3 micra respectively. 

FIGURE 2. Electron micrograph of a cross-section of the receptor layer of the com- 
pound eye of the dragonfly, Agriocnemis. OsO4 fixed, methylmethacrylate-embedded, 
and photographed by Akashi tronscope. R1 to 4, retinula cells, RH, rhabdom, 7", 
trachea, m, mitochondria, er, endoplasmic reticulum. Photographed by Mr. Y. 
Tomlnaga. 

E L E C T R I C A L  R E S P O N S E  O F  T H E  C O M P O U N D  E Y E  

Intracellular Recording from the Zygoptera Compound Eye 

The response most frequently recorded from the receptor layer of the Zygop- 
tera compound eye was a monophasic negative potential of a few millivolts. 
Sometimes a minute movement  of the electrode resulted in a sudden decrease 
in the resting potential of - 2 5  to --70 my. This is shown in Fig. 3 in which 
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action potentials and resting potential were recorded on a sweep of very low 
speed. At A a monophasic negative response was recorded and then the 
electrode was slightly advanced and the resting potential suddenly shifted by 
about 70 mv. toward the negative side. The electrode was kept unchanged at 
this position and the preparation was subjected to illumination at B and C. 
Responses at B and C were completely different from the response at A; the 
polarity was reversed and amplitudes were greatly increased to more than 50 
mv. Further movement of the electrode resulted in a sudden return of the 
resting potential to the original level and a response was recorded at D at this 
position of the electrode. 

FIOURE 3. Intra- (B and C) and extracellular (A and D) recording from the Zygoptera 
compound eye. Illuminations, 40 msec. in duration, are given at A, B, C, and D, signals 
being shown on the upper beam. Only the peaks of the early spike-like component are 
visible in B and C. Upward deflection indicates positivity in all records. 

From these observations it seems adequate to conclude that the electrode 
was inserted into a cell in the receptor layer of the Zygoptera compound eye, 
change in the resting potential representing the membrane potential of the 
cell. Accordingly responses at A and D were recorded extracellularly while 
responses at B and C were obtained intracellularly from the receptor layer of 
the compound eye. 

In Fig. 3 the response at B started from the membrane potential of -- 70 mv. 
and the amplitude of the response was 62 mv. while the response at C started 
from the membrane potential of - 5 7  mv. and its amplitude was 50 mv. In 
both cases, however, the peaks of responses reached to the same level of po- 
tential, nearly to the zero level, though original values of membrane potentials 
and amplitudes of action potentials were different. In Fig. 4 in which illumi- 
nations were repeatedly given, the peaks of responses reached to the same 
level of potential while the membrane potential decreased by 10 my. during 
the first few flashes. These observations indicate that the maximal amplitude 
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of the response was closely related to the level of the membrane potential. To 
elucidate these observations the resting potential was plotted against the 
amplitude of the response obtained with illuminations of the maximum in- 
tensity. Fig. 5, in which abscissae represent the membrane potentials and 
ordinates the amplitudes of responses, shows no appreciable deviation from 
the hypothetically drawn relation; the amplitude of action potential equals 
the membrane potential. The membrane potential can thus be supposed to 
depolarize to zero with high intensity illumination. 

In the records of Fig. 3 the membrane potential did not return to the 
original level following illumination at B and C; i.e., the membrane potential 
decreased about 10 mv. after illumination. The same decrease in the mem- 

FIGURE 4. Responses recorded by repeated illuminations of about 40 msec. in duration. 
The upper beam represents the zero level of the resting potential in this and in Figs. 
6-8. 

brane potential after illumination, or after depolarization, was also observed 
in Fig. 4 in which illuminations were given repeatedly, about 2 flashes per 
second. In this record the membrane potential decreased 10 my. during the 
first few flashes and it remained at this level during repeated illuminations. 
On the other hand, the membrane potential increased when the preparation 
was dark-adapted and this increase often exceeded the original level before 
illumination. Therefore, the level of the membrane potential was not fixed 
but dependent on the level of adaptation. Latency of the intracellular response 
was about 7 reset, when illumination was unit intensity and it increased to 
about 15 msec. when illumination was decreased to }4000 in intensity. 

The two records in Fig. 6 show relations between the wave forms of action 
potentials and the durations of illumination which were 40 msec. in A and 2 
see. in B. The response to illumination of 40 msec. was a spike-like potential 
which reached to the zero level of the resting potential (i.e., depolarized the 
membrane) while the response to illumination of 2 see. was a spike-like po- 
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tential followed by a slow one maintained during illumination. In both 
records there appeared a prolonged after-depolarization due to light adap- 
tation as described above. Comparing these responses in Fig. 6 with those of 
Figs. 3 and 4 it becomes apparent  that plots shown in Fig. 5 represent the 
relation between the amplitudes of maximal spike-like response and the mem- 
brane potential. The small polyphasic potential which appeared at "off" of 
illumination in the response of Fig. 6 B was due to effects of the extracellular 
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FIGURE 5. Relation between the amplitude of response and the membrane potential, 
Abscissae represent the membrane potential and ordinates the maximal amplitude of 
the response. 

electric field. In the present experiment in which responses were recorded 
between the microelectrode in the receptor layer and the indifferent one in 
the Ringer pool, effects of the extracellular electric field produced by the 
activity of other cells sometimes appeared even in the intracellular recording, 
though they were very small in amplitude. When the indifferent electrode was 
placed on the receptor layer, no distortion of the response was observed. 

Effects of change in the intensity of illumination were observed by increasing 
the intensity of illumination by tenfold while keeping the duration constant 
(Fig. 7). Under  moderately dark-adapted conditions the response to very low 
intensity illumination (1/{000 of unit intensity) was a sustained potential with 
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a small initial elevation (Fig. 7 A). When the intensity of illumination was 
increased by tenfold the initial elevation was greatly increased in amplitude 
and it took on the wave form of a typical spike-like potential (Fig. 7 B). While 
the sustained potential increased by 50 per cent in amplitude, the initial ele- 
vation increased as much as three times. Further increase in the intensity of 
illumination did not give rise to any appreciable increase in the amplitude of 
the spike-like potential, indicating that the intensity of illumination was strong 

FIGURE 6. Response obtained with illuminations (maximal intensity) of 40 msec. in A 
and 2 sec. in B. 

20mY 

L Oilsec 

FIGURE 7. Responses obtained with illuminations of different intensities, 1/1000, 
1/100, 1/10, and 1 from A to D. 

enough for full generation of this response. The increase in the intensity of 
illumination also caused an increase in the amplitude of the after-depolari- 
zation, resulting in a decrease of the off effect. As shown in Fig. 7 C and D, 
the off effect, the return of the sustained potential to the resting level, became 
much smaller and finally reversed its polarity. The polarity reversal of the off 
effect seems to have been brought about  as the amplitude of the after-depolari- 
zation exceeded that of the sustained potential. There sometimes appeared a 
small negative phase just after the spike-like potential as in Fig. 6 and also in 
Fig. 7 B and C. Though the nature of the negative phase is unknown, it was 
most conspicuous when illumination was moderate in intensity. 
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In Fig. 8 responses were recorded from the same preparation under fresh 
and deteriorating conditions; i.e., A was recorded a few minutes after decapi- 
tation while B was recorded after the preparation had been allowed to de- 
teriorate for 30 minutes. In A the response was a typical spike-like potential 
followed by a slow potential maintained during illumination while in B it was 
a slow sustained potential lacking an initial peak. The difference between the 
response from the fresh and deteriorating preparations was absence of the 
spike-like potential in the latter preparation. Light adaptation also brought 
about similar disappearence of the spike-like potential. When the preparation 
had deteriorated the latency of the off effect became remarkably long and less 

FmURE 8. Responses obtained from a preparation under different conditions; from a 
flesh preparation (A) and from poor preparation (B). Durations of illumination, 130 
msec. in A and 110 msec. in B. 

conspicuous, while light adaptation resulted in decrease in the latency of the off 
effect. Under these conditions no polarity reversal of the off effect was ob- 
served. 

Intracellular Recording from the Lucilia Compound Eye 

From the receptor layer of the Lucilia compound eye responses were recorded 
intracellularly as in the Zygoptera. The response recorded intracellularly from 
the receptor layer of the Lucilia compound eye had nearly the same wave form 
as in the Zygoptera, being composed of an initial spike-like potential followed 
by a slow sustained one. The peak of the action potential reached to the zero 
level of the resting potential when illumination was strong enough. Typical 
intracellular responses obtained with illumination of 1 sec. are shown in Fig. 9 
in which intensities of illumination were 1 in A and a/~000 in B. The response 
to low intensity illumination was a sustained potential with an initial elevation 
while increase in the intensity of illumination caused the appearance of a 
spike-like potential in response to "on"  of illumination. When the response 
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was obtained with illumination of moderate intensity a negative phase fol- 
lowed the spike-like potential as in the Zygoptera (cf. Figs. 6 and 7). However, 
the depolarization following cessation of illumination was not so visible as in 
the case of the Zygoptera and the polarity reversal of the off effect was ob- 
served only exceptionally. It was not decided whether this difference in the 
intracellular records represented any functional difference between the two 
groups of compound eyes. In Fig. 10 intra- (upper record) and extracellularly 
(lower record) recorded responses are shown. Extracellular responses from the 
Lucilia receptor layer were usually diphasic with a positive on and negative 

FIGURE 9. Intracellular responses 
from Lucilia. Intensities of illumina- 
tion, 1 in A and 1/1000 in B. Dura- 
tions of illumination, about 1 sec. 

FIGURE 10. Intra- (A) and extra- 
cellular (B) responses from Lucilia. 
Durations of illuminations, about 220 
msec. in A and 280 msec. in B. 

off effect of less than 5 mv. The wave form of the extracellular record varied 
according to conditions of the preparation as already reported by Naka and 
Kuwabara  (1959 a). On the other hand the intracellular record was fairly 
consistent in its waveform making any direct correlation between the wave 
forms of intra- and extracellular responses very difficult. However, the slow 
negative potential in the extracellular recording seems to reflect the activity 
of the slow sustained potential in the intracellular recording because both 
potentials had nearly the same wave form with opposite polarity and also 
because they were the components most resistant to physiological decline (cf. 
Naka and Kuwabara,  1959 a). 

In a series of records in Fig. 11 relations between the wave forms of both 
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intra- and extracellular records and the duration of illumination are shown. 
In this figure the extracellular record had a very complicated wave form with 
a polyphasic on and diphasic off effect. In the extracellular record the positive 
potentials at on of illumination were fairly independent  of the duration of 
illumination. The amplitude of the spike-like potential in the intracellular 
response was independent of the duration of illumination beyond 10 msec., 
indicating that illumination of 10 msec. was sufficient to induce a full size 
response at this intensity of illumination. In this record the slow potential 
appeared in the response when the duration of illumination was more than 
30 msec. and an increase in the duration of illumination brought about  a 
corresponding increase in the duration of the slow potential. 

1 B 
! 

-.k_- 

FmURE 11. Intra- (upper) and extracellular (lower) responses recorded by illumina- 
tions of different durations, 10, 15, 30, and 100 msec. from A to D. 

D I S C U S S I O N  

Recent  studies of the fine structure of the insect compound eye (Wolken, 
Capenos, and Turano,  1957; Goldsmith and Philpott, 1957; Ferngndez- 
Mor~n, 1958) revealed that there are two types of ommatidium in the insect 
apposition eye; in one type, as in Lucilia, individual rhabdomeres are not 
ioined to form a rhabdom while in the other type, as in the Zygoptera, the 
rhabdomeres are joined to form a rhabdom. According to these observations 
and also confirmed in the present paper a rhabdomere is composed of numer- 
ous microstructures, hexagonal compartments or honeycombs, assumed to be 
the site of photochemical reactions by Goldsmith and Philpott (1957) and 
also by Wolken, Mellon, and Contis (1957). In the retinula cell of the Zygop- 
tera quite a number  of mitochondria are observed to cluster around the 
rhabdom giving substantial support to their contention that the rhabdomere 
is the site of the photochemical reactions. 

Intracellularly recorded action potentials from the receptor layer of the 
compound eye of two groups of insects were nearly the same in nature being 
composed of two components or phases, a spike-like potential and a slow po- 
tential. These two potentials differed in several points: (a) The spike-like 
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potential responded only to on of illumination. (b) With high intensity illumi- 
nation the spike-like potential was a transient depolarization of the membrane 
potential toward the zero level. (c) The slow potential maintained during 
illumination was rather stable while the spike-like potential was labile, being 
abolished by light adaptation or by deterioration of the preparation. However,  
it is not known whether these two components or phases are associated with 
different reactions in a cell or are two phases of a reaction. Further examination 
of the relations of wave forms of intra- and extracellularly recorded responses 

Zygoptero Lucilia 
(DRAGONFLY) (FLY) 

2,-- 

) . .  ] 

FIGURE 12. Comparison of structure and response from the compound eye of Zygoptera 
(Agriocnemis) and Lucilia. Schema of an ommatidium (upper row), extra- (middle row), 
and intracellular (lower row) responses. RE, retinula cell, RB, rhabdom or rhabdomere. 

will give some suggestions on this question. It is worthy of note that two 
components recorded extracellularly from the compound eye of the crayfish 
showed nearly the same characteristics (Naka and Kuwabara ,  1959 b). 

The amplitude of the intracellular response was markedly influenced by the 
level of the membrane  potential which increased or decreased under dark or 
light adaptation; the spike-like potential in maximal response completely 
depended upon the membrane potential. This can partly explain changes in 
the amplitude of extracellular responses under various conditions of adap- 
tation. 

As is apparent  from electron microscopic observations on the insect omma-  
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tidium, there are only two structures, retinula cells and rhabdomeres, that can 
be postulated as a site of slow potential generation. The rhabdomere  is very 
small in diameter and, moreover, it is an elaboration of the plasma membrane  
of the retinula cell. On  the other hand, the retinula cell, the pr imary sense 
cell, with a diameter five times as large as that of a rhabdomere  seems to offer 
much  as a suitable target for penetration of the microelectrode. Though 
there is no direct evidence, these considerations favor a view that the electrode 
was impaled in one of the retinula ceils and the response was obtained intra- 
cellularly from the cell. However, this assumption does not exclude the 
rhabdomere  as a possible site of origin of a part  or phase of intracellular re- 
sponse because the rhabdomere  has, as revealed by the electron microscopic 
observations, a cytoplasmic connection with the retinula cell by means of 
microvilli (Miller, 1957; Fern~indez-Mor~in, 1958). The same type of response 
was also recorded intracellularly from the compound eye of the crayfish, 
Procambarus (unpublished observations), indicating that the response is not a 
peculiar characteristic of the insect compound eye but is one of the funda- 
mental  processes in photoreception in the arthropod compound eye in general. 

The  relation between the arrangement  of cells in an ommatidium, extra-, 
and intracellular responses from the compound eye of Zygoptera and Lucilia 
is summarized in Fig. 12. Judging from the wave form of the extracellularly 
recorded response the compound eye of Lucilia belongs to the first eye of 
Autrum's  classification (Autrum, 1950) of the electrical response from the 
insect compound eye. Though he included the dragonflies among the fast eyes, 
the extracellularly recorded response from the Zygoptera compound eye is a 
typical one for a slow eye (Fig. 12, middle row). It  is very interesting that the 
same responses were recorded intracellularly from two types of compound eye 
which differed remarkably in the wave form of extracellular response and also 
in the arrangement  of cells in the ommatidium. However, the results of the 
present study are not sufficient to make clear the relation between the wave 
forms of intra- and extracellular responses and this problem seems to require 
further investigation. 
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