
Z. vergl. Physiologic 71, 315--325 (I971) 
�9 by Springer-Verlag 1971 

Graded Illumination Potentials from Retinula Cell 
Axons in the Bug Lethocerus 

A. C. IOA~ID~S  and  B. WALCOTT 

Department of Neurobiology, Research School of Biological Sciences, 
The Australian National University, Canberra, Australia 

Received December 3, 1970 

Summary. Intracellular responses to illumination have been recorded separately 
from the retinula cells and from their axons in the compound eyes of the giant 
water bug Lethocerus. The basic response in both places consists of an initial transient 
depolarisation followed by a plateau (Fig. 2). No action potentials were seen in 
either axons or retinala cells. 

The responses are graded according to the intensity of the stimulus, to its 
position within the visual field of the cells and to the plane of polarization of the 
light (Figs. 3, 4). The angle of acceptance (dark-adapted eyes) measured in either 
retinula cells or axons is 9 ~ Similarly, the average value of the sensitivity ratio 
to light polarised at orthogonal planes is 3:1 in both places. 

Experiments designed to reveal a presumed spike initiation region of the cells 
by reducing damage to the eye failed to reveal impulses. I t  is concluded that the 
receptor potential spreads electrotonically in the axon to the first synaptic region 
which lies up to 2 mm away. The values of membrane constants which would be 
required for conduction without severe decrement over such a distance are within 
the range measured in other systems. 

Introduction 

E x c e p t  in the  case of the  honeybee  drone (Naka  and  Eguchi,  1962), 
regenera t ive  ac t ion  poten t ia l s  never  appea r  in insect  re t inula  cells when 
the  recordings are made  f rom the  region of the  microvi l lar  rhabdom,  
the  p resumed  site of genera t ion  of the  recep tor  po ten t i a l  (Hagins et al., 
1962 ; Lasansky  and  Fuor tes ,  1969). I t  has  been a m a t t e r  of some specula- 
t ion  (e.g. Baumann ,  1968) whether  the  g raded  receptor  po ten t ia l  spreads  
e lee t ro tonica l ly  along the  re t inu la  cell axons  to the  first  synap t i c  region. 
A good deal  of c i rcumstan t ia l  evidence suggests t h a t  this  might  be the  
case. B u r t t  and  Car ton (1956, 1959), using ex t race l lu la r  electrodes 
advanced  th rough  the  eye of in t ac t  locusts f rom the  corneal  surface, 
d iscovered t h a t  i t  was no t  un t i l  an  electrode was in the  second synap t ie  
layer  (the medulla)  t ha t  spikes were recorded.  I n  the  re t ina  and  the  
lamina  t hey  could de tec t  only slow " i l l umina t i on  po t en t i a l s " .  More 
recen t ly  Shaw (1968) and Scholes (1969) recorded slow poten t ia l s  wi th  
the  electrode p laced  in t race l lu la r ly  in the  laminae of locust  and  housefly 
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respectively.  I n  each ease the  responses were assumed to be f rom second- 

order neurons and the t ime course of the  potent ia ls  followed closely 

tha t  of the  respect ive receptor  potentials .  B a u m a n n  (1968) has also 

looked a t  the  response of an unident i f ied s t ruc ture  in the drone bee 

lamina.  Both  the single spike, characteris t ic  of the onset of the  receptor  

potent ial ,  and the  subsequent  slow response reached the lamina and 

main ta ined  their  typica l  relationslfiio and t ime course. 

The eye of the giant  water  bug Lethocer~s affords an ideal prepara t ion  

to record intraeel lular ly  the responses of re t inula  cell axons. The lamina  

is set back in the optic lobe near  the middle  of the head and the axons 

which emerge f rom the proximal  surface of the basement  membrane  of 

the  re t ina  t rave l  1-2 m m  to reach the  optic lobe. The axons are 8-12 ~zm 

in d iameter  and easy to pene t ra te  wi th  a microelectrode.  I t  is the purpose 

of the  present  repor t  to show t h a t  the axons give graded responses, 

in every  respect  similar to the  re t inular  receptor  potent ia l  and in so 

doing to describe some of the  basic funct ional  characterist ics of the eye. 

A more rigorous demons t ra t ion  of the electrotonie nature  of the  con- 

duct ion  will be the subject  of a subsequent  communicat ion.  

Methods 

Three species of giant water bug were used: Lethocerus insulanus, Benacus 
griseus and Lethocerus americanus. The latter two species were caught in Florida 
and were air mailed to Canberra in moist bags. The journey lasted seven days 
and the mortality rate was less than 20 %. The Australian species, L. insulanus 
was collected in Northern New South Wales. All animals were kept in individual 
glass jars and occasionally fed on locusts. Under these conditions the animals 
survived for many months. Apart from external markings no morphological or 
physiological differences were observed in the eyes of the three species. 

All experiments were performed at room temperature (20-25~ on animals 
which had been adapted in total darkness for at least two hours. In order to eliminate 
diurnal variations, the same experimental time was adopted throughout, viz. 
middle to late afternoon. The eye was prepared for recording by bisecting the 
excised head sagittally. The lateral part of the eye was then sliced off with a razor 
blade in a plane parallel to the median plane. The half head was placed on a piece 
of filter paper moistened with :Belastomid saline (Lockwood, 1961) buffered to 
p g  7.1 with HCO~, and in contact with the indifferent silver wire electrode. By 
this arrangement the mediolateral axis of the eye was oriented vertically (Fig. 1). 
All these operations were carried out in dim white light and the eye was never 
brightly illuminated except for periods of less than one minute during the positioning 
of the electrode. The preparation was kept moist with saline and responses could 
be obtained for several hours. 

:Best results were obtained with microelectrodes filled with 2.8 M KC1 and 
having resistances of 50-100 MD measured in physiological saline. The electrodes 
were advanced vertically through the eye either in the retina itself or in a zone 
100-200 ~xm proximal to the basement membrane (Fig. i). In this region histological 
examination revealed that the only structures present are tracheae, fat bodies 
and bundles of retinula cell axons which are discernible with a dissecting microscope. 
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Ea E r L A T E ~  

DORSAL 

MEDIAL 
Fig. l. Schematic representation of the preparation. R retina, A retinula cell 
axons, OL optic lobe (incorporating lamina), E r position of electrode for retinula 

cell recordings, E a position for axonal recordings. Scale about 500 ~xm 

Successful and stable penetrations were characterized in all instances by a resting 
potential in excess of 30 mV. The recording method was conventional using a 
high impedance capacity-compensated input stage. Sometimes for the sake of 
baseline stability and ease of measurement the preamplifier was capacitatively 
coupled to the CRO. 

The preparation was mounted on a firm platform with the eye at the centre 
of a perimeter device carrying the stimulating lamp. The stimulus was a pinhole 
exposed to light from a D.C. operated tungsten filament by means of an electro- 
mechanical shutter. The pinhole could be moved in spherical co-ordinates about 
the eye and could be placed at any point in the greatest part of the visual field 
with an accuracy of better than 0.5 ~ . The pinhole subtended an angle of 0.8 ~ at 
the cornea and was effectively a point source. The lamp was furnished with facilities 
for attenuation of the beam with neutral density filters (Kodak "Wratten") 
and with a polaroid plastic which could be rotated axially in 10 ~ steps. The light 
emitted from the filament was found to be polarized and had to be demodulated 
by means of a pile of coverslips set at an angle to the beam. 

Results 

Basic  Response 

G r a d e d  slow depo la r i za t ions  are  p r o d u c e d  in response  to  i l l umina t ion .  

T h e  responses  of r e t i nu l a  cells a re  i nd i s t i ngu i shab le  f r o m  those  of t he i r  

axons  (Fig. 2A,  B). T h e  responses  to  h igh  l igh t  i n t ens i t i e s  con fo rm to  

t h e  f ami l i a r  s equence  of a t r a n s i e n t  phase  fo l lowed  b y  a s t e a d y  s t a t e  
p l a t eau .  A small ,  f as te r  w a v e  r ides  on t h e  in i t i a l  p a r t  of t h e  t r a n s i e n t  
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Fig. 2A-D. Superimposed sweeps of retinula cell responses to flashes of light of 
different intensities (in log units). Stimulus interval, about 10 see, starting with 
the weakest. Lower trace, photocell record. Calibrations, 10 mV, 200 msee. ]3 As 
in A but records taken from ~n axon. C and D Response-intensity relations for 
retinula cells (filled circles) and for axons (open circles). C Averages for response 
transients from 7 retinul~ cells and 15 axons. Solid curve, the function I/I @/~ 
(see text). Spread is similar for both but ~ 1 S.D. shown only for axons. D Averages 
from steady state plateau from 8 retinula cells and averages • 1 S.D. from 12 axons. 
In contrast to the ease of the transients there is, here, ~ high level of coincidence 

between axons and retinula cells 

with the stronger s t imuli  (arrow). The responses to lower intensit ies are, 
again typically,  uniform, main ta ined  depolarizations often decorated 
with discrete bumps.  The m a x i m u m  depolarizations elicited in  the 
re t inula  cells by  the present  light sources are 35-40 mV at  the peak of 
the t ransient .  The extent  of a t t enua t ion  which one expects to f ind in 
~he axons if the conduct ion is deeremental  depends on the space constant  
of the fibre and  the distance of the e]ectrode from the rhabdom. The 
axonal  response shown in  Fig. 2 B is just  over 30 mV and  i t  is the largest 
ever obta ined  (normal range 15-25 mV). 
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A re la t ionship  be tween  response t r ans i en t  he ight  and  l ight  i n t ens i ty  
is easi ly  der ived  f rom an  electr ical  ana logue  of a pho to reeep to r  membrane  
incorpora t ing  one l ight  d e p e n d a n t  conductance  channel .  Such a model  
has  been app l ied  to  Limulus  photorceep tors  (Fuortes ,  1959; Rush ton ,  
i959;  Benolken,  1961) and  to  ve r t eb r a t e  cones (Baylor  and  Fuor tes ,  
1970) : 

V I 
Vmax - -  I + k 

where V =  response he ight  to l ight  i n t ens i ty  I ,  Vmax= response he ight  
to m a x i m u m  l ight  i n t ens i ty  and  k is a cons tan t  for the  cell and  is equal  
to the  l ight  i n t ens i ty  requi red  to give a response equal  to  0.5 Vma x. 

I t  is ev ident  f rom Fig.  2C t h a t  the  r e s p o n s e - - i n t e n s i t y  re la t ion in 
the  re t inu la  cells measured  on the  visual  axis of the  cell fi ts th is  theore t i -  
cal model .  The va l i d i t y  of the  equa t ion  rests  on the  assumpt ion  t h a t  
a t  Vma x the  cell is shor t -c i rcu i ted  to the  outside,  i.e., the  l igh t -dependen t  
conductance  has  reached an inf ini te  value  and the  response is sa tu ra ted .  
Shaw (1969) gives a d e q u a t e  evidence t h a t  th is  condi t ion  is a p p r o x i m a t e d  
in the  re t inu la  cells of drone bee and  locust.  I n  the  presen t  exper iment  
the  s t imula t ing  sources were too weak to effect full  s a tu ra t ion  bu t  the  
a p p r o x i m a t i o n  is obvious ly  good. 

The fulfilment of the above condition is also suggested by the results of voltage 
clamp studies of Brown etal. (1969) on barnacle photoreeeptor cells and also 
those of Millecchia and Mauro (1969) on the ventral eye of Limulus. The latter 
authors have measured currents of up to 300 nA during the transient driven by 
an emf of 15 mV. This corresponds to a cell input resistance of 50 KD. They have 
also shown that the "light-dependent" conductance is in fact composed of two 
parts, a voltage-time dependant "dark conductance" and a light-voltage-time 
dependent "light conductance". In the unclamped membrane the two components 
are functionally inseparable during the physiological response and for the transient 
peak they can be treated, together with their respective emf's, as one, lumped 
photosensitive channel. This is justifiable because the indication is that they both 
reach their maximum values at about the time of the peak of the transient. 

The response t r ans i en t - in t ens i ty  curve t a k e n  f rom the  axons,  how- 
ever, dev ia tes  cons iderab ly  f rom the  above  re la t ionship.  I t  t akes  a 
shal lower course and  the  sp read  ind ica t ed  in Fig.  2 C suggests  t h a t  the  
difference m a y  be significant .  I n  order  to tes~ this  po in t  the  grad ien ts  
of the  near  l inear  pa r t s  of the  curves t aken  f rom each ind iv idua l  cell 
(usual ly  be tween  log I = - - 1  and  --3)  were measured  g raph ica l ly  and  
used as ind ica tors  of the  shape  of the  curves:  

Average  g rad ien t  of 7 re t inu la  cells: 50.2 (in a r b i t r a r y  units).  
Average  g rad i en t  of 15 axons :  40.4. 

The difference in the  means  is s ignif icant  a t  the  2% level (t~0 =2 .65) .  
Zet t le r  and  J / / rv i lehto  (1970) have  r epor t ed  a qua l i t a t ive ly  s imilar  differ- 
ence be tween  p rox ima l  and  d i s t a l  r e t ina  in the  blowfly.  

21 Z. vergl. :Physiologic, Bd. 71 
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The reason for th is  difference be tween  the  re t inula  cells and  axons 
is  no t  clear  b u t  i t  m a y  be p a r t l y  due to  the  selective a t t e n u a t i o n  b y  
the  axona l  cable of the  h igher  waveform frequencies inheren t  in the  
r ising phase  of the  t r ans i en t s  genera ted  b y  the  h igher  l ight  intensi t ies .  
No th ing  is known of the  m e m b r a n e  cons tan ts  invo lved  and  i t  would 
be fut i le  to  pursue  th is  po in t  fur ther .  

Visual Fields 
Addi t i ona l  evidence for the  comple te  equivalence of re t inu la  cells 

and  the i r  axons  comes f rom de te rmina t ions  of the  v isual  fields. The 
centre  of the  field was f i rs t  located.  The ex t en t  of the  field was then  
measured  b y  presen t ing  the  o m m a t i d i u m  wi th  s t imul i  of 50 msee dura-  
t ion  once eve ry  4 sec. Be tween  flashes the  pinhole  was moved  1 ~ a t  
a t ime  th rough  the  centre  of the  field e i ther  in  a medio la te ra l  or in a 
do r soven t ra l  direct ion.  The in t ens i ty  of the  l ight  was a t t e n u a t e d  so t h a t  
the  cell could funct ion  in i ts  bes t  dynamic  range and  also in  order  to 
p r even t  progress ive  l ight  adap t a t i on .  The response heights  were con- 
ve r t ed  to  equ iva len t  l ight  in tens i t ies  b y  reference to  the  r e s p o n s e - -  
i n t ens i t y  curve for the  same cell and  thence to re la t ive  sensi t ivi t ies  
on a l inear  scale. The  resul ts  are summar ized  in  Fig.  3. I t  is clear f rom 
Fig.  3 C t h a t  the  recep t ive  fields measured  in  the  re t ina  are the  same 
as  those  measured  in  the  axons.  The po in ts  are  f i t t ed  r easonab ly  b y  a 
Gauss ian  func t ion  wi th  b a n d w i d t h  a t  half  he ight  equal  to  9 ~ There  is 
a suggest ion t h a t  above  the  50 % level the  Gauss ian  is b roader  t h a n  the  
expe r imen ta l  resul ts .  TunstM1 and  Hor r idge  (1967) reached  a s imilar  
conclusion on the  basis  of op tok ine t ic  s tudies  in the  locust.  

The measurements described here were, of course, taken with the eye in air. 
When the bug is in water the acceptance angle for light arising within the water 
is reduced by a factor equal to the refractive index of the water/cornea interphase 
(for small angles sin O = O rad). If the figure 1.5 is taken as an approximation to 
the refractive index of air/cornea (Kuiper, 1966--1.499 in blowfly, Varela and 
Wiitanen, 1970--1.490 in worker bee) and assuming the refractive index of water 
to be 1.33 the index for water/cornea works out at 1.13, which reduces the acceptance 
angle to 8 ~ . For light arriving at the eye from air through water the angle is still 
9 ~ the overall refractive index in this case being equal to that for cornea in air. 

Polarized Light Sensitivity 
The sens i t iv i ty  of each cell to polar ized  l ight  shone a t  the  centre  

of i ts  visual  f ield was also measured,  b y  a procedure  analogous to t h a t  
used for measur ing  the  angle of acceptance.  Fig.  4 shows t h a t  in  this  
respect  also the  axons  and  the  re t inu la  cells are equivalent .  The solid 
line in Fig.  4 C is the  func t ion  2 cos ~ ~f + 1, where ~v denotes  the  angular  
o r ien ta t ion  of the  p lane  of polar iza t ion .  This  is essent ia l ly  the  in t ens i ty  
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Fig. 3A-C. Responses to flashes at 1 ~ intervals through the receptive field centres 
of a retinula cell (A) and an axon (B) recorded on a very slow time base (AC coupled). 
On the right of each sequence is a record of the responses of the cell to a series of 
flashes delivered at the centre of the field and each 0.3 log units (50 %) dimmer 
than the previous. Response--intensity relations as those of Fig. 1C are plotted 
from such series. Angular or polarized light sensitivities for each cell are calculated 
by reference to its own response-intensity "calibration" curve. C Average angular 
sensitivities from 7 retinula cell fields (filled circles) and 8 axonal fields (open 
circles). No difference was found between mediolatcral and dorsoventral extents. 
The solid curve is a Gaussian function arbitrarily chosen to fit the experimental 
points. For the sake of clarity 1 S.D. bars are shown for the axons only to the left 
of the peak and for the retinula cells only to the right of the peak. The variability 

is mainly attributable to irregularities in individual fields 

of l igh t  t r a n s m i t t e d  or  abso rbed  b y  an  ana ly se r  as  a po la r i ze r  is r o t a t e d  

in  f ron t  of it ,  sca led  to  f i t  t h e  s e n s i t i v i t y  r a t i o  m e a s u r e d  e x p e r i m e n t a l l y  

(Shaw,  1969). T h e  s a m e  r ange  of va lues  is e v i d e n t  in  t h e  r e t i n u l a  cells 

a n d  in  t h e  axons .  T h e r e  a re  t w o  classes of cells w i t h  po la r i zed  l igh t  

s e n s i t i v i t y  peaks  90 ~ a p a r t  b u t  resu l t s  f r o m  o n l y  one  class are  i n c l u d e d  
in  F ig .  4. Cells of t h e  o r t h o g o n a l  class a re  v e r y  r a r e l y  impa l ed .  

21"  
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Fig. 4 A-C. Responses from a retinula cell (A) and an axon (B) to flashes of polarized 
light (delivered on axis), with the plane of polarization rotated by 10 ~ between 
each flash. Voltage calibration, 10 mV. C Average results from 5 retinula cells 
(filled circles) and from 5 axons (open circles). Total spread similar for both but 
shown only for the axons. Solid curve, the function 2 cos "~ V 4-1 (see text). 
The results from the retinula cells are asymmetrical about 90 ~ because of some 
progressive adaptation to the stimulus. The effect in terms of the decrease in Lthe 
absolute sensitivity of the cells is small and does not invalidate the applicability 
of the response--intensity relation to the second half of the polarised light response 
sequences. Note that the starting orientation of the plane of polarization is different 

from that in A and B 

Discussion 

K e n n e d y  (1964) has a t t r ibu ted  the absence of impulses from the 
responses recorded from most  insect  photoreceptors to exper imental  
damage. Anoxia  and  electrode pene t ra t ion  damage are blamed for inter- 
fering with the funct ion of a presumed spike in i t ia t ion  site which, in  
the un ique  case of the drone has been located at  the base of the receptors 
by Naka  and  Eguchi  (1962), a l though Shaw (1969) ma in ta ins  tha t  the 
act ion potent ia l  may  invade  the receptor itself. Pa r t  of K e nne dy ' s  
criticism has been answered by  A u t r u m  and  von  Zwehl (1962, 1964) 



Responses in Insect Retinula Cell Axons 323 

who probed intracellularly in whole animals which were fed and main- 
tained at  body temperature, so that  they survived under experimental 
conditions for two days. The characteristic initial spike was seen in 
drone but not in worker retinula cells. In  order to prevent penetration 
damage Baumann (1968) recorded extracellularly in the drone and even 
so he failed to see spike trains superimposed on the receptor potential. 

In  the hope of avoiding penetration damage to a spike initiation 
centre some recordings were taken from the axons of the bug at  locations 
several hundred ~m proximal to the basement membrane, near the optic 
lobe. These responses, although reduced in amplitude and suffering from 
some temporal  smoothing, still failed to reveal spikes. This left open 
the question of interruption of the blood and air supply to the head 
and so, experiments were performed on the intact  bug, with the legs 
immobilized with insect wax. As small a cut as possible was made in 
the eye, but  in order to facilitate penetration and to hold the cells for 
a reasonable t ime respiratory movements  had to be dampened by the 
application of 2 % agar in physiological saline to the cut end of the eye. 
The responses recorded 100-200 ~m from the basement membrane were 
in every respect similar to those shown in Fig. 2 B. 

The weight of all these lines of evidence taken along with that  
derived from the work of Burt t  and Carton (1956, 1959) on perfectly 
intact  locusts (although slightly anaesthetized with urethane and kept 
moist with mammalian Ringer) and also the recordings taken from the 
first synaptic region (Baumann, 1968; Shaw, 1968; Scholes, 1969)seems 
to favour the hypothesis that  insect photoreceptors do not generate 
trains of impulses but  rely on electrotonie spread of slow potentials 
for the transmission of information to their terminals. The same is true 
of a crab muscle receptor which has been described by  Ripley et al .  (1968) 
and which can evoke reflexes without itself generating all-or-none im- 
pulses (Bush and Roberts, 1968). In  this case the receptor potential has 
to be effective at  a synapse 3-4 mm from the point of origin. This 
would require a long space constant and the large diameter of the fibre 
(50-60 ~m) would be helpful in this respect. I f  one takes the membrane 
resistance (Rm) as 5000 D-era ~ and the internal resistivity (Ri) as 60 D-em, 
the length constant for a fibre 60 ~m in diameter is 3.5 ram. The slowest 
signals would be reduced to approximately 1/3 near the first synapses. 
The same problem arises in the insect eye, particularly in the water 
bug where distances of 1-2 m m  have to be covered. The same figures 
for the bug retinular axons (diameter 10 ~m) give a length constant 
of 1.4 ram. R m varies widely even between animals of the same class 
(see for example Katz,  1966, pp. 46-47) and Boistel's (1959) estimate 
of 610 sQ-cm 9' for the giant axon in the cockroach ventral  cord need 
not be universally applicable to insects. 
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Therefore, i t  may  no t  be essential to look for or invoke new principles 
in  the unders tand ing  of t ransmiss ion wi thout  impulses. I n  spite of this, 

the mechanism of t ransmiss ion a t  the first synapse is still enigmatic,  
especially in  cases where optomotor  responses can be obta ined to visual  
s t imul i  of intensi t ies  so low as to elicit noth ing  bu t  1 mV q u a n t u m  
bumps  in  the p r imary  photoreeeptors (Scholes and  Reichardt ,  1969). 

Note added in proo/. J/~rvilehto and Zettler (1970) have now identified the 
responses obtained by Scholes (1969) from the lamina of the fly as electrotonically 
conducted receptor potentials in the retinula cell axons. 

Jiirvilehto, M., Zettler, F. : Micro-localisation of lamina-located visual cell activities 
in the compound eye of the blowfly Calliphora. Z. vergl. Physiol. 69, 134-138 
(1970). 
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