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A B S T R A C T A large cell to cell variability of the prolonged depolarizing afterpo- 
tential (PDA) decay time constant (r) has been measured in Balanus eberneus lateral 
ocelli. While 25% of the cells had PDAs of long duration, r > 10 min, 45% of the 
cells tested showed either weak (r < 60 s) PDA or none at all. The variability was not 
reflected in the late receptor potential. All the cells showed normal light-coincident 
responses. The variability was not due to some alteration of the thermal stability of 
the pigment states, since after monochromatic adaptation the amplitude of the 
early receptor potential remained unchanged for at least 30 rain. In addition, in 
some cells that initially showed PDAs of long duration, the decay time was either 
shortened or abolished after exposure to anoxia. Again, the late receptor potential 
and the stability of the pigments remained unaffected. These results indicate that 
the mechanisms which give rise to the PDA are not always tightly coupled to the 
direct chain of events that lead to the light-coincident response. 

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

It has been found in several a r th ropod  photoreceptors  that stimulation with an 
intense monochromat ic  light that converts a large port ion o f  the photopigment ,  
rhodopsin ,  to metarhodops in  induces a conductance  increase that can far outlast 
the period o f  stimulation (Hochstein et al., 1973; Nolte and Brown 1972a, b; 
Muijser et al., 1975; Cosen and Briscoe, 1972). This p h e n o m e n o n  has been 
termed the pro longed depolarizing afterpotential  (PDA) or  "latchup." I f  the 
photoreceptors  remain in the dark the PDA will slowly decay away, but photo- 
conversion of  the meta rhodops in  back to rhodopsin  will immediately terminate 
the PDA. 

The  ionic mechanisms in Limulus median ocellus and Balanus lateral ocellus 
that p roduce  the PDA appear  to be the same as those under ly ing  the light- 
coincident response (Nolte and Brown, 1972a; Brown and Cornwall, 1975b). 
Also, Minke et al. (1975b), f rom experiments  on Drosophila photoreceptors ,  
suggest that the PDA, like the light-coincident response,  is p roduced  by the 
summat ion of  discrete potential fluctuations. Because o f  these similarities it may 
be possible to utilize the PDA to study how the isomerization o f  the photopig-  
ment can lead to membrane  conductance changes.  

One suggestion that has been advanced is that metabolism may play a role in 
the photot ransduct ion  process (Borsellino and Fuortes, 1968; Baumann  and 
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M a u r o ,  1973). A n u m b e r  o f  me tabo l i c  a g e n t s  have  been  s h o w n  to abo l i sh  the  
l i g h t - c o i n c i d e n t  r e s p o n s e  (Lan tz  a n d  M a u r o ,  1977; B r o w n  a n d  M e e c h ,  1975). 
W o n g  et  al.  (1976) d e m o n s t r a t e d  tha t  t he  l i g h t - i n d u c e d  c o n d u c t a n c e  i n c r e a s e  
a n d  the  c o n d u c t a n c e  i n c r e a s e  p r o d u c e d  d u r i n g  a P D A  in Drosophila can be 
b l o c k e d  with a n o x i a  o r  c a r b o n  d i o x i d e .  Also ,  a l t h o u g h  no  o b s e r v a b l e  e lec t r ica l  
r e s p o n s e  was e v i d e n t  w h e n  a P D A - i n d u c i n g  l ight  was p r e s e n t e d  d u r i n g  a n o x i a ,  
the  e f fec t s  o f  t he  s t i m u l a t i o n  c o u l d  be  seen  a f t e r  r e c o v e r y .  T h e r e f o r e ,  w h a t e v e r  
is p r o d u c i n g  the  p r o l o n g e d  d e p o l a r i z a t i o n  can  be  p r o d u c e d  d u r i n g  a n o x i a  a n d  
will pe r s i s t  unt i l  it is ab le  to a l t e r  the  m e m b r a n e  c o n d u c t a n c e .  

O u r  o r i g i n a l  i n t e n t i o n s  h a d  b e e n  to r e p r o d u c e  a n d  e x t e n d  the  f i n d i n g s  o f  
W o n g  et  al.  (1976) wi th  Balanus l a t e ra l  ocel l i .  O n e  a d v a n t a g e  o f  u s i n g  Balanus 
r a t h e r  t h a n  Drosophila p h o t o r e c e p t o r s  is the  l a r g e r  cell size which  al lows m o r e  
s tab le  i m p a l e m e n t s  fo r  l o n g e r  p e r i o d s  o f  t ime .  W e  also p l a n n e d  to s t u d y  the  
ef fec ts  on  the  P D A  o f  2 , 4 - d i n i t r o p h e n o l  (DNP) ,  an  u n c o u p l e r  o f  o x i d a t i v e  
p h o s p h o r y l a t i o n ,  a n d  s o d i u m  az ide ,  in a d d i t i o n  to t hose  o f  a n o x i a  a n d  c a r b o n  
d i o x i d e .  

U n e x p e c t e d l y ,  we f o u n d  these  e x p e r i m e n t s  d i f f i cu l t  to p e r f o r m  on  Balanus 
since in a l a rge  n u m b e r  o f  cel ls ,  the  P D A  was e i t h e r  o f  s h o r t  d u r a t i o n  o r  en t i r e ly  
absen t .  In  a d d i t i o n ,  e x p o s u r e  o f  o t h e r  cells to a n o x i a  i r r e v e r s i b l y  r e d u c e d  o r  
a b o l i s h e d  P D A  r e s p o n s e s  tha t  we re  in i t ia l ly  o f  l o n g  d u r a t i o n .  T h e  fo l lowing  is a 
r e p o r t  o f  these  f i nd ings .  

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

Lateral ocelli from Balanus eberneus (obtained from the Marine Biological Laboratory,  
Woods Hole, Mass.) were dissected free from the rest of  the animal. The  tapetum and a 
small square of  connective tissue were left intact sur rounding  the photoreceptors  and the 
tissue was pinned down in the recording chamber,  corneal side up. Penetrations for 
intracellular recording were made directly through the connective tissue. Standard 
intracellular recording techniques were used. 

The  recording chamber  (1 ml vot) could be continuously perfused with artificial 
seawater (435 mM NaCl, 10 mM KC1, 10 mM CaCI2, 20 mM MgC12, and 25 mM MgSO4, 
pH 7.2, with Tris) by use of  a peristaltic pump.  The  flow rate was adjustable but was 
normally maintained at approximate ly  10 ml/min. This flow rate allowed drugs to be 
washed out quickly or the preparat ion to he maintained in a state of  anoxia. The  oxygen 
tension of  the seawater was lowered by equilibration with 100% N2 by using a Teflon 
membrane  gas exchanger  (L. Eschweiler and Co., Kiel, West Germany).  The  oxygen 
tension of  the seawater was measured with a Yellow Springs Ins t rument  Co. (Yellow 
Springs, Ohio) 02 electrode placed in the recording chamber.  The  electrode was cali- 
brated for zero oxygen tension by addit ion of  NaHSO3, an oxygen scavenger. During 
anoxia exper iments  the oxygen tension of  the seawater fell to within 5 mM Fig of  the 
calibrated zero. 

Dini trophenol  was not continuously perfused but was applied through a local perfu-  
sion system. When DNP was appl ied,  10 mi of  the inhibitor in a seawater solution were 
initially washed into the recording chamber.  5 ml were introduced every 10-15 min 
thereaf ter  to keep the external  bathing medium constant. 

Stimulation was from a 150-W xenon lamp (Osram) powered by a regulated supply 
manufactured by Oriel Corp. of  America,  Stamford,  Conn. The  light was focused on to 
one end of  a light pipe and the other  end was posit ioned approximately 3 mm above the 
photoreceptor .  The  maximum light intensity at the photoreceptor ,  measured with a 
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calibrated photodiode and interference filters, was equivalent to 2 × 1017 photons/s/cm z at 
594 nm. The power measured by the photodiode was not from 594-nm photons exclu- 
sively, since the filter passes other wavelengths (half-maximal bandpass of 17 nm). 
However, the average energy of the photons passed by the filter is close to the energy of a 
594-nm photon. Thus for convenience the calculations were performed as if all the 
photons were 594-nm photons. The beam could be interrupted by an electromagnetic 
shutter. Narrow bandpass interference filters (IF) (Spectrocoat Monopass Filters, Optics 
Technology Inc., Palo Alto, Calif.) and wide bandpass Wratten filters (Eastman Kodak 
Co., Rochester, N. Y.) were used for monochromatic stimulations. The spectral charac- 
teristics of the filters used are given in Table I. A glass IR absorbing filter was positioned 
between the light source and the light pipe to reduce any effects of heating. 

TABLE I 

SPECTRAL CHARACTERISTICS OF FILTERS USED FOR 
MONOCHROMATIC STIMULATIONS 

Half-maximum 
lmax Transmission at ~.mx bandwidth 
n m  % n m  

Wide bandpassWratten filters 
49B 455 17.6 40 
74 540 14.8 30 
72B 605 6.1 30 

Narrow bandpass IF 
466 463 34 15 
533 527 41 17 
600 594 41 17 
633 626 31 14 

The values for the Wratten filters are from the spectral data given in the 
handbook of Chemistry and Physics, 56th edition. The values for the interfer- 
ence filters were obtained from the spectral data supplied by Optics Technology. 
Since the measured h,*ax values for the interference filters do not correspond 
precisely to those given on the filter labels, the wavelengths given in the text are 
the hmx wavelengths of the filters. 

The early receptor potential (ERP) (Brown and Murakami, 1964) was examined in 
several cells by exposing the cells to an isotonic potassium chloride solution (500 mM KC1, 
10 mM CaCI2). This procedure abolishes the late receptor potential but leaves unaffected 
the ERP, which is not dependent  on the ionic medium. 

R E S U L T S  

Fig. 1 a shows a typical  r e c e p t o r  po ten t i a l  f r o m  Balanus la teral  ocelli p r o d u c e d  by 

s t imu la t i on  with white  l ight .  T h e  r e s p o n s e  shows bo th  a t r a n s i e n t  a n d  a s teady 
phase  a n d  r e t u r n s  to the  r e s t i ng  po ten t i a l  very quickly af ter  the  l ight  is t u r n e d  
off.  

Fig. 1 b shows the  r e s p o n s e  to red  l ight  (hmax = 605 nm)  o f  a cell tha t  had  b e e n  
a d a p t e d  prev ious ly  with 455-nm light.  A g a i n ,  as with white  l ight ,  the  t r a n s i e n t  
a n d  s teady phases  o f  the  r e c e p t o r  po ten t i a l  a re  e v i de n t  bu t  u p o n  t e r m i n a t i o n  o f  
the l ight  the  m e m b r a n e  po ten t i a l  r e m a i n s  depo l a r i zed .  Th i s  is the  p r o l o n g e d  
d e p o l a r i z i n g  a f t e r p o t e n t i a l  (PDA).  If ,  d u r i n g  the  PDA,  the  p h o t o r e c e p t o r  is 
exposed  to i n t ense  b lue  (hmax = 455 n m )  or  whi te  l ight ,  the  m e m b r a n e  po ten t i a l  
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will re turn to its resting level after the stimulation. But when the cell is left in the 
dark after PDA induction,  the membrane  potential will slowly decay back to its 
resting level. 

Table II  is a summary  of  the PDA decay time constants found under  a variety 
of  conditions. The  decay could be fit very closely by a single exponential  and the 
time constants (T) listed in the table are calculated from a least-squares fit of  the 
data (A t  = Amax [exp (-t/T)], where Amax is the maximum ampli tude of  the late 
receptor  potential and At is the ampli tude at time t). 

sn3 

sm_d--t 12___ 
6 0 5  455 

FIGURE 1. Intracellular recordings from a B. eberneus lateral ocellus. Trace (a), 
response of the photoreceptor when stimulated with white light. The cell responds 
with a transient and steady-state depolarization and returns to the resting level at 
light off. Trace (b) (same cell as a), effect of stimulation with monochromatic 
605-nm light. The cell had been adapted previously with 455-nm light for 1 min and 
left in the dark for 5 min. In this case the membrane potential remains depolarized 
after the light is turned off. This is the prolonged depolarizing afterpotential 
(PDA). The depolarization was terminated with a 455-nm light. Voltage scale = 20 
mV and time scale 10 s. sm = stimulus monitor. 

Each cell was presented first with adapt ing light followed by a dark period 
before the PDA was induced.  An adapt ing light at wavelengths below 550 nm 
was found by Hochstein et al. (1973) and Brown and Cornwall (1975a) to be 
essential for PDA induction.  Conversely, if the cell is adapted to wavelengths 
above 580 nm no PDA will be p roduced  by subsequent red stimulation. After 
appropr ia te  color adaptat ion,  a PDA will be p roduced  by stimulation at wave- 
lengths between 600 and 650 nm. We have followed this p rocedure  in most of  
our  experiments,  using saturating light intensities dur ing  both adaptation and 
stimulation. By "saturating light intensities" it is to be unders tood  that an 
increase in either the durat ion or the intensity of  the light flash did not cause a 
change in the photoreceptor  response. A PDA can also be induced after adapta- 
tion with white light, such as in the case of  cells 1 and 2, Table II ,  because the 
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p r e d o m i n a n t  absorpt ion  c o m p o n e n t s  are at wavelengths below 550 nm,  favor ing  
absorpt ion  by me ta rhodops in .  

In  o rde r  to study the effects o f  inducing  the PDA du r ing  anoxia  or  dinitro-  
phenol  applicat ion,  it is necessary that  the PDA persist longer  than  the t ime 
requi red  for  recovery f rom these t rea tments .  T i m e  for  recovery f rom ei ther  
anoxia  or  DNP varies f rom cell to cell as was evident  f rom the range  o f  15-30 min 
observed in ou r  exper iments .  

Since we found  only a few cells in which the PDA persisted longer  than  the 
t ime for  recovery f rom anoxia  or  DNP,  several pa r ame te r s  were varied to 
ascertain if  they had any inf luence on the decay t ime constant .  I f  sa tura t ing  light 
intensities are used,  wide bandpass  Wrat ten  filters (455 nm and  605 nm) or  
nar row bandpass  in te r fe rence  filters (463 nm and 626 nm) for  adapta t ion  and  
st imulat ion a p p e a r  to induce  an equally good  PDA, as seen in cell 17. Because 
there  is a possibility that  the most  effective adap t ing  and st imulus wavelengths 
may have d i f ferent  values f rom cell to cell, we varied both  p a r a m e t e r s  to test 
their  effects on the PDA decay. Chang ing  the adap t ing  light f rom kmax = 463 nm 
to kmax = 527 nm or  a l ter ing the st imulus light to 594 nm did not p ro long  the 
PDA decay on the two cells (8 and 12) which were tested. 

Only one p r o c e d u r e  that  we tried l eng thened  the decay t ime constant ,  
namely ,  increasing the t ime the cell r ema ined  in the da rk  between the 463 nm 
adap t ing  and  the 626 nm stimulus lights (cell 35). As the da rk  per iod increased 
f rom 1 min up  to 30 min,  the t ime constant  increased by a factor  o f  almost  five 
(213 s to 1,010 s). This  p h e n o m e n o n  has been  r epo r t ed  by Hochste in  et al. (1973). 
Since PDAs p roduced  in this m a n n e r  were sufficiently long to outlast the 
recovery f rom anoxia,  this p r o c e d u r e  was adop ted  for  all subsequent  record-  
ings. 

One  unexpec ted  f inding has been  that in 45% of  the cells examined  (19 out  o f  
41) we found  ei ther  no PDA or a very weak PDA whose t ime constant  o f  decay 
was less than  60 s. T h e  cell to cell variations did not seem to be corre la ted  in any 
way with the length o f  t ime that  the animals  had been kept  in the aqua r ium or  
with the possibility that  individual  animals might  have de te r iora ted .  Table  I I  
includes animals  f rom two sh ipments  which were received in late s u m m e r  and 
fall. All the animals  were s tored in an oxygena ted  constant-f low aqua r ium at 
10°C until used. Both sh ipments  showed considerable  variat ion in PDA decay 
t ime constants.  In  addi t ion,  there  was a large variability in cells that  were 
impaled  in the same ocellus or  the same animal  (for example  cells 10 and  11, and  
17 and  18). This  was not due  to d a m a g e  caused by the first i m p a l e m e n t  because 
in some cases the second cell impaled  gave a longer  decay t ime (cells 33 and  34). 
None  of  the variations a t t emp ted  above had any effect  on l eng then ing  the 
response .  This  demons t ra tes  that  even a m o n g  animals which had  been kept  in 
similar env i ronments ,  there  was a wide variability o f  the PDA response .  It  
should be noted  that  while the PDA varied f rom cell to cell, in all cases the cells 
showed normal  r ecep to r  potentials.  

T h e  lability of  the PDA does not arise f rom the rma l  decaying o f  the p igmen t  
states. An indication o f  the stability o f  the p igmen t  states can be obta ined by 
observing  the ampl i tude  o f  the early r ecep to r  potential  (ERP). Minke et al. 
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T A B L E  I I  

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

B E E N  C O L O R  A D A P T E D ,  K E P T  IN  T H E  D A R K ,  A N D  

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

T h e  table includes two sh ipmen t s  o f  animals  received in late s u m m e r  and  fall. 
Cells 1-11 were f rom animals  received in the  first s h i p m e n t  while cells 12-41 
were f rom the second sh ipmen t .  In addi t ion,  cells 3, 4; 7, 8; 10, 11; 12, 13; 14-16; 
17, 18; 20, 21; 23, 24; 26, 27; 28, 29; 31, 32; 33, 34; and  38, 39 were recorded f rom 
the same  ocellus while cells 5, 6 were recorded f rom di f fe rent  ocelli in the  same 
animal .  Also cells 22, 25, and  30 were recorded f rom the second ocellus o f  the  
animals  f rom which cells 23, 24; 26, 27; and  28, 29, respectively, were recorded .  

Adapt ing  light Dark period Stimulus light ~- Cell no. 

n m  s n m  

White  10 605 Wrat ten  
10 
10 
10 
10 
10 
2O 

s 

130 1 
59 2 
- -  3 

59 5 
30 6 
- -  10 

110 13 

455 Wra t ten  120 605 Wrat ten  
120 
120 
240 
300 
360 
600 

112 
122 
120 

1,040 
1,810 

19 

12 
14 
16 
9 

17 
4 
8 

540 Wra t ten  120 605 Wrat ten  
180 
300 

25 
520 

59 

7 
11 
15 

White  10 626 IF 
10 
25 
45 

- -  2 0  

- -  22 
403 29 

- 24 

463 IF 25 626 IF 
25 
30 
30 
40 
50 
60 

300 
300 
300 

13 21 
26 26 
92 27 
58 33 
49 23 

170 28 
203 34 

2,290 17 
1,930 19 

126 25 
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Adapting light Dark period Stimulus light z Cell no. 

n m  s n m  s 

60 213 35 
300 296 35 
900 692 35 

1,800 1,010 35 

1,800 1,700 36 
1,800 764 37 
1,800 725 38 
1,800 700 39 
1,800 910 40 
1,800 692 41 

527 IF 60 626 IF 18 31 
60 -- 32 

300 28 18 
600 11 30 

(1973) r epo r t ed  that  with neut ra l ,  white light adapta t ion ,  the p r e d o m i n a n t  
c o m p o n e n t  o f  the ERP is negative.  I f  the cell is adap ted  with a sa tura t ing red 
light, the ERP p roduced  by the first white flash is p redominan t ly  positive. 
Conversely,  a sa tura t ing blue adap t ing  light will p roduce  an ERP which is more  
negat ive than that p roduced  by neutra l  adapta t ion .  Minke et al. (1973) found  
that  the ERP ampl i tude  p roduced  by red or  blue adapta t ion  was not significantly 
al tered even af ter  3 h in the dark ,  indicating no the rmal  decay o f  the p igments  
over  this per iod.  We examined  the the rmal  stability of  the p igmen t  in several 
cells which showed weak or no PDA, by measur ing  the ampl i tude  o f  the ERP 
af ter  exposure  to a sa tura t ing  light, e i ther  Xmax = 626 nm or Xmax = 463 nm.  No 
detectable change  in the ERP ampl i tude  was seen over  a 30-min per iod.  This  
indicates that  the lability o f  the PDA arises at some point  a f ter  the shift in 
p igmen t  states. 

In  those few cells whose PDA could be expec ted  to outlast recovery  f rom 
anoxia or  DNP,  the effects o f  these metabolic agents on the PDA were exam-  
ined. T h e  p rocedu re  was as follows. Cells were first adap ted  with a sa tura t ing 
463-nm light and then left in the dark  for  30 min.  A 626-nm stimulus light was 
then presen ted  to the pho t o r ecep to r  to induce the PDA and the t ime course o f  
the decay was observed in the dark  (Fig. 2a).  I f  the depolar izat ion r ema in ing  
af ter  20-30 rain was at least 5-10 mV above the da rk -adap t ed  rest ing potential ,  
then the PDA in these cells could be expec ted  to outlast the recovery  f rom 
anoxia.  T h e  cells were then exposed  to anoxia  until the late r ecep to r  potential  
was abolished and  then allowed to recover  in normal  oxygena ted  seawater  in the 
dark  (Fig. 2b). Cells which recovered  in 20 min were r ega rded  as be ing accepta- 
ble for  the combined  anoxia  and  PDA expe r imen t .  In this case the cell was again 
exposed  to anoxia.  When  the late r ecep to r  potential  p roduced  by white light was 
abolished,  the cell was adap ted  with 463 nm light and  kept in anoxia  in the dark  
for  30 rain. T h e  cell was then exposed  to a 626-nm satura t ing light for  PDA 
induct ion.  This  st imulation p roduced  no discernible change  in m e m b r a n e  po- 
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t en t i a l .  T h e  cel l  was a l l o w e d  to  r e c o v e r  in t h e  d a r k  f o r  20 m i n  a n d  t h e n  t e s t e d  f o r  
a P D A  w i t h  a 4 6 3 - n m  f l a sh .  I f  t h e  P D A  w e r e  p r e s e n t  t h e  4 6 3 - n m  l i g h t  s h o u l d  

t e r m i n a t e  it a n d  t h e  m e m b r a n e  p o t e n t i a l  s h o u l d  r e t u r n  to  its m o r e  h y p e r p o l a r -  

i zed  r e s t i n g  p o t e n t i a l  u p o n  t e r m i n a t i o n  o f  t h e  l i g h t  s t i m u l u s .  

1 10 15 
a m i n  m i n  m i n  

2-------- 
s m  

626  

2o 
rain 

b C O N T R O L  I A N O X I A  I R E C O V E R Y  
1 0 m i n  30  m i n  2 0  m i n  

_k 
s m  r - i _ _  r - - ]  _ _ J - - L _ _  _ _ 7 - l _ _  

C 

s m  ~ u i L- . - -  

626 
FIGURE 2. Lability o f  the PDA af ter  exposu re  to anoxia.  All records  are  f rom the 
same cell. T race  (a), PDA p r o d u c e d  before  exposure  to anoxia  by 626-nm stimula- 
tion. T h e  cell had previously been adap ted  with 463 nm light and left in the dark for  
30 rain before  s t imulat ion.  T h e  t imes re fe r  to the t ime af ter  the s t imulat ion light 
was tu rned  off .  As can be seen, at least 10 mV depolar iza t ion remains  20 min af ter  
PDA induct ion.  T h e  bar  at 20 min is to allow compar i son  with the m e m b r a n e  
potent ial  before  s t imulat ion.  In this case white light was used to t e rmina te  the PDA. 
T race  (b), Effect o f  anoxia  on the light response .  St imulat ion was with white light. 
T h e  t imes re fe r  to the t ime af ter  the oxygen  tension o f  the seawater  began to fall. 
At 30 min the response  was almost complete ly  abolished.  At this point  air was 
r e in t roduced  and  the cell was allowed to recover  in the dark .  T h e  last r ecord  in (b) 
shows the light response  20 min af ter  recovery  was started.  T race  (c), Response  o f  
the pho to recep to r  to 626-nm st imulat ion af ter  recovery  f rom anoxia .  Both stimula- 
tions are  626 nm.  T h e  light was t u rned  of f  briefly to test for  PDA induct ion .  No 
PDA is ev ident  even though  color  adapta t ion  wavelength  and dark  per iod  are  the 
same as in (a). This  trace was not taken immedia te ly  af ter  those in (b) but  ra ther  
af ter  recovery f rom a second exposure  to anoxia .  Voltage scale = 20 mV for  each 
trace.  T i m e  scale = 10 s for  (a) and (c) and 2 s for  (b). s r n  = st imulus moni tor .  
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I n  all the  c o m b i n e d  a n o x i a  a n d  PDA e x p e r i m e n t s  tha t  were  a t t e m p t e d ,  we 
were s u r p r i s e d  to f ind  tha t  a f te r  recovery  f r o m  anox ia  the re  was no  ev idence  o f  a 
su s t a ined  depo l a r i z a t i on ,  i.e. PDA,  in any  o f  the  cells tes ted.  W h e n  we t r ied  to 

i n d u c e  the  PDA af te r  r ecovery  f rom anox ia  we d iscovered  that  the PDA decay 
was e i the r  m u c h  m o r e  r a p i d  t h a n  it had  b e e n  be fo re  anox ia  or  tha t  no  PDA 
cou ld  be i n d u c e d  at all (Fig. 2c). T a b l e  I I I  shows a s u m m a r y  o f  f o u r  cells in 
which  this effect  was seen.  T h e  values  in the  table are  for  cells which  had  b e e n  
color  a d a p t e d ,  kep t  in the  da rk ,  a n d  s t imu la t ed  in the  same m a n n e r  bo th  be fo re  
a n d  a f te r  anox ia .  I n  a d d i t i o n ,  l o n g e r  pe r iods  in the  da rk ,  u p  to 1 h, were used  to 
test for  the  PDA af ter  e x p o s u r e  to anox ia .  Th i s  was wi thou t  effect .  A l t h o u g h  the  
PDA decay t ime course  had  b e e n  a l t e red  in  these  cells, t he re  was no  s ign i f ican t  
d i f f e r e n c e  in the  l i gh t - co inc iden t  r e sponses  seen  be fo re  a n d  a f te r  a n o x i a  (Fig. 
2b). 

Some cells exposed  to a d i f f e r e n t  metabol ic  a ge n t  d id  no t  show the  labili ty seen  
with anox ia .  For  e x a m p l e ,  Fig. 3 shows a cell which was exposed  to 0.2 m M  D N P  

T A B L E  I I I  

PDA TIME CONSTANT T MEASURED IN CELLS BEFORE AND 
AFTER EXPOSURE TO ANOXIA 

Cell no.  Before  anoxia  Af te r  anoxia  

19 1,930 307 
38 725 -- 
39 700 -- 
41 692 75 

The color adaptation wavelength, dark period, and stimulation wavelength used 
to measure 7 after anoxia were identical to those used before anoxia. 
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FIGURE 3. PDA induction dur ing  dinitrophenol application. A B. eberneus lateral 
ocellus was exposed to 0.2 mM DNP until the response to white light was nearly 
abolished (15 min). The photoreceptor was adapted with 463-nm light and kept in 
DNP in the dark for 30 min. After the dark period, stimulation with 626-nm light 
for induction of the PDA produced no detectable response. The DNP was then 
washed out in the dark and after 30 min of recovery the cell was tested for a PDA. 
463-nm light caused the membrane potential to return to a more negative value, 
indicating that stimulation with 626-nm light dur ing  DNP application had produced 
a PDA. The last record shows the response to white light after recovery. Voltage 
scale = 20 mV and time scale = 2 s. sm = stimulus monitor. 
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unde r  conditions similar to those of  the cells exposed  to anoxia.  In  this part icular  
cell a depolar izat ion which could be t e rmina ted  by a 463-nm light flash persisted 
t h rough  the recovery.  This  repolar izat ion could be a t t r ibuted to a PDA or,  
al ternatively,  to the light-activated hyperpo la r iz ing  p u m p  that  has been  demon-  
strated in these cells (Koike et al., 1971). T h e  magn i tude  of  the p u m p  hyperpo-  
larization was de t e rmined  by expos ing  the cell to a sequence o f  events similar to 
that  r ep resen ted  in Fig. 3, excluding the 626-nm stimulation for  PDA induction.  
In this case any hyperpolar iza t ion  which is caused by the 463-nm light flash can 
be a t t r ibuted to the p u m p .  In the cell shown in Fig. 3 the p u m p  hyperpolar iza-  
tion was found  to be 8 mV. Thus ,  a l though the p u m p  contr ibutes  to the 
hyperpolar iza t ion  observed af ter  the 463-nm light flash it cannot  account  for  the 
entire change  in m e m b r a n e  potential .  T h e  d i f ference  is most  easily a t t r ibuted to 
a PDA. 

D I S C U S S I O N  

T h e  pro longed  depolar iz ing af terpotent ia l  is a very interest ing and  intr iguing 
p h e n o m e n o n .  T h e  fact that  conductance  increases,  which are similar in na ture  
to the l ight-coincident conductance  changes ,  can be main ta ined  af ter  intense 
monochromat i c  st imulation may give us insight into the pho to t ransduc t ion  
mechanisms.  In a t t empt ing  to use the special p roper t ies  of  the pDA to examine  
the effects o f  metabolic agents  on the pho to t ransduc t ion  process we were 
surpr ised  to find such a large variability f rom animal  to animal.  25% of  the cells 
had  PDAs of  long dura t ion  (7 > 10 min) while 45% of  the cells tested showed 
ei ther  weak (~" < 60 s) PDA or none  at all. These  di f ferences  were found  in 
animals  that  had been kept  in the same e n v i r o n m e n t  and tested u n d e r  similar 
conditions.  

Al though the PDA varied widely, the late recep tor  potential  in all the cells 
tested was normal .  T h e  cells showed typical t ransient  and steady-state potentials 
du r ing  i l lumination and  the rest ing m e m b r a n e  potentials were at least - 4 0  mV 
to - 5 0  inV. In addi t ion,  the variability was not due  to some alterat ion in the 
p igmen t  states. T h e  early recep to r  potential  r e s p o n d e d  to monochromat i c  adap-  
tation in the m a n n e r  descr ibed by Minke et al. (1973) and the ampl i tude ,  tested 
over  a 30-min per iod,  was unchanged .  

Besides the wide variability o f  the PDA f rom cell to cell, the dura t ion  of  the 
PDA in some cells could be shor tened  or abolished af ter  exposure  to anoxia.  
Again,  the late recep tor  potential  and  the stability of  the p igment  states re- 
mained  unaffected.  

Since we have d e m o n s t r a t e d  in Balanus lateral ocelli that  the PDA is labile in 
some cells and that  the PDA decay t ime can be irreversibly shor t ened  af ter  
anoxia  in o ther  cells, it would be interest ing to see if similar effects are seen in 
o ther  pho to recep to r s  where  a PDA has been found ,  i.e. Drosophila re t inular  cells 
(Minke et al., 1975a), blowfly re t inular  cells (Muijser et al., 1975), and  Limulus 
median ocellus (Nohe and Brown,  1972a, b). In their  p a p e r  on the PDA in 
barnacle  pho torecep tors ,  Brown and Cornwall  (1975a) c o m m e n t e d  briefly that  
they found  the PDA in only 75% of  the cells impaled .  T h e  percen tage  of  cells in 
which a PDA could be induced  has not been r epo r t ed  for  Drosophila, Limulus, or 
blowfly photorecep tors .  T h e  effect  o f  anoxia  on the PDA decay was not seen by 
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Wong et al. (1976) in Drosophila. The  reason may be that exposure  to anoxia is 
much shorter  in the Drosophila experiments  because o f  a higher  sensitivity to a 
d rop  in oxygen tension. In addit ion,  recovery time f rom anoxia is very short,  
only a couple o f  minutes,  compared  to the time the PDA is maintained in 
Drosophila, i.e. several hours  (Minke et al., 1975a), so that any decrease in PDA 
decay time might have gone unnoticed.  The  effects of  anoxia on the PDA have 
not been studied in o ther  photoreceptors .  

It is interesting that in the few cells exposed to DNP, we were able to maintain 
the PDA until the cell recovered.  This may be indicative o f  differences in the 
manner  in which anoxia and DNP affect the PDA viability, but at this time we 
have no evidence which either supports  or  rejects this hypothesis. 

Even though  some variability o f  the PDA would be expected,  the absence of  
the PDA in some cells and the irreversible abolition after anoxia in other  cells 
were not. The  lability o f  the PDA, in the absence o f  any alteration of  o ther  
electrophysiologically measurable parameters  (ERP, LRP), indicates that the 
mechanisms that give rise to the PDA are not always tightly coupled to the direct 
chain o f  events that leads to the light-coincident response. The  site o f  the lability 
remains unknown but must be at some point after the change in p igment  states. 
The  steps in the t ransduct ion pathway that generate the PDA must be more  
labile than those leading to the light-coincident response. 

At this time, we can do no more  than discuss the lability in broad generaliza- 
tions since the PDA p h e n o m e n o n  itself is not unders tood.  The  data are pre- 
sented as another  observable which must be considered when one is discussing 
possible mechanisms for explaining the pro longed  depolarization afterpotential .  

This research was supported in part by United States Public Health Service Fellowship EY05090-01 to 
R. C. Lantz. 

Received for publication 11 March 1977. 

R E F E R E N C E S  

BAUMANN, F., and A. MAURO. 1973. Effects of hypoxia on the change in membrane 
conductance evoked by illumination in arthropod photoreceptors. Nat. New Biol. 
244:146-148. 

BORS~LLINO, A. R., and M. G. F. FUORTES. 1968. Interpretation of responses of visual 
cells of Limulus. Proc. IEEE. 56:1024-1032. 

BROWN, H. M., and M. C. CORNWALL. 1975a. Spectral correlates of a quasi-stable de- 
polarization in barnacle photoreceptors following red light. J. Physiol. (Lond.). 248: 
555-578. 

BROWN, H. M., and M. C. CORNWALL. 1975b. Ionic mechanism of a quasi-stable depolari- 
zation in barnacle photoreceptor following red light. J. Physiol. (Lond.). 248:579-593. 

BRowN, H. M., and R. W. MEECH. 1975. Effect of pH and CO2 on large barnacle 
photoreceptors. Biophys. J. 15:275a. (Abstr.). 

BROWN, K. T., and M. MURAKAMI. 1964. A new receptor potential of the monkey retina 
with no detectable latency. Nature (Lond.). 201:626-628. 

CosrN, D., and D. BRISCOE. 1972. A switch phenomenon in the compound eye of the 
white-eye mutant of Drosophila melanogaster. J. Insect Physiol. 18:627-632. 

HOCHSTEIN, S., B. MINKS, and P. HILLMAN. 1973. Antagonistic components of the late 



4 5 2  THE .JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 70 • 1977 

receptor  potential in the barnacle photoreceptor  arising from different  stages of  the 
pigment  process. J. Gen. Physiol. 62:105-128. 

KoIKE, H.,  H. M. BROWN, and S. HAGIWARA. 1971. Hyperpolar izat ion of  a barnacle 
photoreceptor  membrane  following illumination. J. Gen. Physiol. 57:723-737. 

LANTZ, R. C., and A. MAURO. 1977. Alteration of  sensitivity and time scale in invertebrate 
photoreceptors  exposed to anoxia,  d in i t rophenol ,  and carbon dioxide.  Biophys. J. 
17(2, Pt. 2):15a. (Abstr.). 

MINRE, B., S. HOCHSTEIN, and P. HILLMAN. 1973. Early receptor  potential evidence for 
the existence of  two thermally stable states in the barnacle visual pigment.  J. Gen. 
Physiol. 62:87-104. 

MINKE, B., C. F. Wu, and W. L. PAK. 1975a. Isolation of  t ight-induced response of  the 
central reticular cells from electroret inogram of Drosophila. J. Comp. Physiol. 98:345-355. 

MINRE, B., C. F. Wu, and W. L. PAR. 1975b. Induction of  photoreceptor  voltage noise in 
the dark in Drosophila mutant.  Nature (Lond.). 258:84-87. 

MUIJSER, H., T.  T. L E U T S C H E R - H A Z E L H O T T ,  D. G. S T A V E N G A ,  and J. W. KUIPER. 1975. 
Photopigment  conversions expressed in receptor  potential and membrane  resistance of  
blowfly visual sense cells. Nature (Lond.). 254:520-522. 

NOLTE, J . ,  and J. E. BROWN. 1972a. Electrophysiological propert ies  of  cells in the median 
ocellus of Limulus. J. Gen. Physiol. 59:167-185. 

NOLTE, J. ,  and J. E. BROWN. 1972b. Ultraviolet-induced sensitivity to visible light in 
ultraviolet receptors of  Limulus. J. Gen. Physiol. 59:186-200. 

WONG, F., C. F. Wu, A. MAURO, and W. L. PAR. 1976. Persistence of  prolonged light- 
induced conductance change in a r thropod photoreceptors  on recovery from anoxia. 
Nature (Lond.). 264:661-664. 


