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THE ELECTRORETINOGRAM OF THE HORSESHOE CRAB, Limulus polyphemus: 

A LABORATORY EXERCISE I N  SENSORY PHYSIOLOGY 

INTRODUCTION 

Over t h e  p a s t  s e v e r a l  y e a r s ,  we have developed two v e r s i o n s  of  a  l a b o r a t o r y  
e x e r c i s e  i n  which we r eco rd  t h e  e l e c t r o r e t i n o g r a m  (ERG) from t h e  l a r g e ,  
l a t e r a l ,  compound eye  o f  L i m u l u s  p o l y p h e m u s , t h e  ho r se shoe  c r a b .  The s i m p l e r  
v e r s i o n  i s  f o r  unde rg radua t e s  (mos t l y  j u n i o r s )  t a k i n g  t h e i r  f i r s t  c o u r s e  i n  
Neurobio logy  and Phys io logy .  I t  i s  des igned  t o  be completed i n  one  fou r- hou r  
l a b o r a t o r y  p e r i o d .  S t u d e n t s  i n  t h i s  cou r se  a r e  a l s o  expec t ed  t o  r e ad  r e l e v a n t  
s e c t i o n s  of  t h e  t ex tbook ,  Animal Phys io logy  (Second E d i t i o n )  by R. E c k e r t  and 
D. Randa l l  (W. H . Freeman and Company; San F r a n c i s c o ,  CA 1983) .  The advanced  
v e r s i o n  i s  f o r  j u n i o r s ,  s e n i o r s ,  and g r a d u a t e  s t u d e n t s  i n  Biomedica l  
E n g i n e e r i n g ,  and t a k e s  two four- hour l a b o r a t o r y  p e r i o d s .  The s i m p l e r  v e r s i o n ,  
a s  g i v e n  t o  t h e  s t u d e n t s ,  i s  p r e sen t ed  he r e  a s  an Appendix. I d e a s  from t h e  
advanced v e r s i o n  t h a t  may be of  i n t e r e s t  t o  i n s t r u c t o r s  and p r e p a r a t o r s  a r e  
i n c l u d e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  

The o b j e c t i v e s  of  both e x e r c i s e s  a r e  1 )  t o  g i v e  t h e  s t u d e n t s  some t e c h n i c a l  
e x p e r i e n c e  i n  working w i th  an  animal  p r e p a r a t i o n  and i n  making e l e c t r o p h y s -  
i o l o g i c a l  r e c o r d i n g s ;  2 )  t o  e n a b l e  t h e  s t u d e n t s  t o  l e a v e  t h e  l a b o r a t o r y  w i t h  a  
s e t  of d a t a  which t h e y  can a n a l y z e ;  and,  h o p e f u l l y ,  3) t o  t e a c h  some p r i n c i p l e s  
of s e n s o r y  phys io logy .  While t h e  system under s t u d y  i s  v i s i o n ,  many of t h e  
c o n c e p t s  a p p l y  t o  o t h e r  s enso ry  systems a s  w e l l .  

One of  t h e  g r e a t  advantages  of t h i s  exper iment  i s  t h e  v a r i e t y  of  
i n v e s t i g a t i o n s  t h a t  can be done a f t e r  a  r e l a t i v e l y  s imple  p r e p a r a t i o n .  A l l  
s t u d e n t s  a r e  expec t ed  t o  s t u d y  t h e  dependence of r e sponse  a m p l i t u d e  on t h e  
i n t e n s i t y  and d u r a t i o n  of t h e  s t i m u l u s ,  t h e  v a r i a t i o n  of r e sponse  l a t e n c y  w i t h  
s t i m u l u s  i n t e n s i t y ,  and t h e  t ime  cou r se  of  da rk  a d a p t a t i o n  f o l l o w i n g  a  
p ro longed  p e r i o d  of  i l l u m i n a t i o n .  Many s t u d e n t s  a l s o  i n v e s t i g a t e  t h e  s h i f t  i n  
v i s u a l  s e n s i t i v i t y  t h a t  occu r s  d u r i n g  s t e a d y  i l l u m i n a t i o n  and t h e  e f f e c t  on 
r e s p o n s e  amp l i t ude  of  t r a d i n g  o f f  s t i m u l u s  d u r a t i o n  f o r  i n t e n s i t y .  The d a t a  
l e n d  t h e m s e l v e s  t o  q u a n t i t a t i v e  a n a l y s i s ,  p a r t i c u l a r l y  l i n e a r  r e g r e s s i o n  and 
d e t e r m i n a t i o n  of t i m e  c o n s t a n t s ,  bu t  t h e s e  a r e  no t  s t r e s s e d  i n  ou r  s i m p l e r  
v e r s i o n .  

We a r e  aware of o n l y  two unde rg radua t e  l a b o r a t o r y  e x e r c i s e s  t h a t  d e a l  w i t h  
v i s u a l  p h y s i o l o g y  i n  a n  animal  p r e p a r a t i o n .  These a r e  an  e x e r c i s e  on t h e  f r o g  
e l e c t r o r e t i n o g r a m  i n  Exper imenta l  Neurobiology by Oakley and S c h a f e r  ( 1978 ) .  
and one  on t h e  v i s u a l  system of  t h e  horseshoe  c r a b  i n  Twenty- six Af t e rnoons  of  
Biology by Wald et  a l .  (1968) .  A s l i g h t l y  modi f ied  v e r s i o n  of t h e  Wald 
expe r imen t  h a s  a l s o  been pub l i shed  by Packer (1967)  i n  Exper iments  i n  C e l l  
Physiology. 

W e  f e e l  t h a t  i t  i s  advantageous  t o  expose  s t u d e n t s  t o  a  wide r ange  o f  
an imal  p r e p a r a t i o n s ,  p a r t i c u l a r l y  when one can u se  an an imal  a s  i n t e r e s t i n g  a s  
t h e  h o r s e s h o e  c r a b .  D i r e c t  conc lu s ions  about  t h e  mammalian v i s u a l  sys tem have  
been drawn from r e s e a r c h  on horseshoe  c r a b s  d e s p i t e  t h e  enormous e v o l u t i o n a r y  
ga p ,  and s t u d e n t s  should  a p p r e c i a t e  t h e  s i m i l a r i t i e s .  W e  a l s o  s u s p e c t  t h a t  t h e  
h o r s e s h o e  c r a b  p r e p a r a t i o n  i s  h a r d i e r  t h a n  t h a t  of t h e  f r o g .  Fu r the rmore ,  t h e  
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100 msec 

F i g u r e  1 .  L i m u l u s  E R G  i n  r e sponse  t o  100 msec f l a s h e s .  Log a t t e n u a t i o n  o f  t h e  
s t i m u l u s  (number of 1 . 0  l o g  u n i t  n e u t r a l  d e n s i t y  f i l t e r s  i n  t h e  
l i g h t  p a t h )  i s  shown n e x t  t o  e a c h  t r a c e .  (Fo r  t h i s  e x p e r i m e n t ,  0  
l o g  a t t e n u a t i o n  was app rox ima te ly  4  µ W / c m 2 . ) These  r e s p o n s e s  we re  
r e c o r d e d  on FM t a p e ,  d i g i t i z e d  by a  PDP 11/23 computer ,  and p l o t t e d .  

S t u d i e s  of t h e  E R G o f  t h e  ho r se shoe  c r a b  a p p a r e n t l y  began w i t h  t h e  work o f  
H. K .  H a r t l i n e  (1927 ) .  who e v e n t u a l l y  pursued  work on t h i s  v i s u a l  sys tem a t  t h e  
l e v e l  o f  s i n g l e - c e l l  r e c o r d i n g s .  I n  1964,  H a r t l i n e  won t h e  Nobel p r i z e  i n  
P h y s i o l o g y  and  Med ic ine  f o r  h i s  work on v i s u a l  sy s t ems ,  a n  i m p o r t a n t  p a r t  of 
wh ich  i n v o l v e d  L i m u l u s  p o l y p h e m u s . H a r t l i n e  showed t h a t  t h e  E R G  c o u l d  b e  
r e c o r d e d  f rom many k i n d s  o f  a r t h r o p o d s ,  b u t  t h a t  t h e  E R G  o f  t h e  h o r s e s h o e  c r a b  
was one  of  t h e  s i m p l e s t  - c o n s i d e r a b l y  s i m p l e r ,  i n  f a c t ,  t h a n  t h e  i n s e c t  E R G ,  
which  may have  s e v e r a l  components. L i t t l e  q u a n t i t a t i v e  work h a s  been done on 
t h e  E R G  o f t h e  h o r s e s h o e  c r a b ,  s i n c e  one  can  a d d r e s s  q u e s t i o n s  of v i s u a l  
p h y s i o l o g y  more d i r e c t l y  i n  t h i s  an imal  by  r e c o r d i n g  from t h e  o p t i c  n e r v e  o r  
f rom p h o t o r e c e p t o r s .  Two s t u d i e s  on  t h e  E R G  a r e  of i n t e r e s t ,  however,  and 
t h e s e  w i l l  l e a d  t o  o t h e r  l i t e r a t u r e .  

Chapman and  Lall (1967)  measured t h e  s p e c t r a l  s e n s i t i v i t y  of  t h e  ERG 
r e c o r d e d  f rom t h e  l a t e r a l  eye .  They sugges t ed  t h a t  o n l y  a  s i n g l e  t y p e  of  
r e c e p t o r ,  w i t h  a  peak s e n s i t i v i t y  a t  5 2 5  n m ,  as p r e s e n t .  T h e i r  a r t i c l e  
i n c l u d e s  some r e s p o n s e  waveforms and i n t e n s i t y - r e s p o n s e  f u n c t i o n s .  More 
r e c e n t l y ,  Barlow and coworkers  have u sed  t h e  E R G  t o  mon i to r  s e v e r a l  c i r c a d i a n  
c hanges  i n  t h e  s t r u c t u r e  and f u n c t i o n  of t h e  l a t e r a l  e y e  ( e .  g . ,  Barlow 1984 ) .  
They show t h a t  t h e  s e n s i t i v i t y  of t h e  e y e  i s  a t  l e a s t  a  f a c t o r  o f  t e n  g r e a t e r  
a t  n i g h t  t h a n  d u r i n g  t h e  d a y ,  and t h a t  t h e  r e s p o n s e  i s  g r aded  ove r  f o u r  t o  f i v e  
l o g  u n i t s  of  i l l u m i n a t i o n .  I f  t h e  o p t i c  ne rve  i s  c u t ,  t h e  rhythms d i s a p p e a r ,  
i n d i c a t i n g  t h a t  e f f e r e n t  f i b e r s  t o  t h e  eye  c a r r y  t h e  c i r c a d i a n  i n f o r m a t i o n .  

A  g r e a t  d e a l  of i n f o r m a t i o n  r e l e v a n t  t o  t h i s  e x e r c i s e  can  a l s o  be o b t a i n e d  
from s t u d i e s  of  a c t i o n  p o t e n t i a l s  r e co rded  from i n d i v i d u a l  axons  of  t h e  o p t i c  
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ERG o f  t h e  ho r se shoe  c r a b  i s  a  v e r y  s imple  wave, n o t  a  comp l i ca t ed  s e t  of  
p o t e n t i a l s  l i k e  t h e  f r o g  ERG. Thus,  t h e r e  i s  no q u e s t i o n  abou t  what t o  measure  
a s  t h e  r e s p o n s e  amp l i t ude .  I n  a d d i t i o n ,  t h e  horseshoe  c r a b  ERG i s  g e n e r a t e d  
p r i m a r i l y  by t h e  pho to r ecep to r  c e l l s  themselves  (Bar low,  1984) .  I t  i s  much 
more d i f f i c u l t  t o  e x p l a i n  t h e  o r i g i n  of t h e  v a r i o u s  components of  t h e  
v e r t e b r a t e  ERG, some of which a r e  probably  gene ra t ed  by g l i a l  c e l l s  and r e t i n a l  
pigment  e p i t h e l i a l  c e l l s  ( e . g . ,  Armington, 1974).  

Wald ' s  e x e r c i s e  on t h e  horseshoe  c r a b  g i v e s  a  good s t a r t i n g  p o i n t ,  bu t  most  
f a c u l t y  would f i n d  i t  d i f f i c u l t  t o  implement s i n c e  t h e  wr i t e- up  i s  r e a l l y  o n l y  
an o u t l i n e .  Our i n t e n t  is  t o  g ive  a  more complete d e s c r i p t i o n  t h a n  Wald e t  a l . 
p r o v i d e  s o  t h a t  one can t e a c h  t h e  l a b o r a t o r y  w i t h o u t  be ing  a  s p e c i a l i s t  i n  
v i s u a l  phys io logy .  

BACKGROUND 

L i m u l u s  p o l y p h e m u s  has  impre s s ive  v i s u a l  c a p a b i l i t i e s .  Under dark- adapted  
c o n d i t i o n s ,  one  photon o f  l i g h t  can l e a d  t o  an a c t i o n  p o t e n t i a l  i n  an o p t i c  
n e r v e  f i b e r ,  s o  t h a t  i t s  s e n s i t i v i t y  i s  a t  l e a s t  c apab l e  of match ing  t h a t  of  
humans (Kaplan  and Barlow, 1976).  The horseshoe  c r a b  ha s  u l t r a v i o l e t  r e c e p t o r s  
i n  t h e  median o c e l l i  (Chapman and L a l l ,  1967) ,  and i t  h a s  a t  l e a s t  s i x  d i f f e r -  
e n t  p h o t o s e n s i t i v e  sys tems:  1 )  t h e  l a r g e ,  l a t e r a l ,  compound e y e s ,  2 )  t h e  p a i r  
of median o c e l l i  a t  t h e  f r o n t  of t h e  ca r apace ,  3 )  ve n t r a l  p h o t o r e c e p t o r s  n e a r  
t h e  f r o n t  l e g s  which a r e  n o t  o rgan i zed  i n t o  an e y e ,  4) p h o t o r e c e p t o r s  i n  t h e  
t e l s o n  ( t a i l )  t h a t  a l s o  a c t  a s  mechanoreceptors  and can s h i f t  t h e  phase  of t h e  
c i r c a d i a n  c l o c k  (Hanna, Horne, Renninger ,  Kaplan ,  and Barlow, 1985 ) .  5 )  
r u d i m e n t a r y  l a t e r a l  eyes  t h a t  can be s een  under  t h e  c u t i c l e  j u s t  beh ind  and 
med ia l  t o  t h e  l a t e r a l  compound e y e s  a s  masses of w h i t e  c o n n e c t i v e  t i s s u e  
c o n t a i n i n g  p h o t o r e c e p t o r s ,  and 6 )  an e n d o p a r i e t a l  e y e ,  s i m i l a r  t o  t h e  rudimen-  
t a r y  l a t e r a l  e y e s  i n  s t r u c t u r e  and j u s t  rostral t o  t h e  median o c e l l i  ( M i l l e c -  
c h i a ,  Bradbury ,  and Mauro. 1966) .  What t h e  ho r se shoe  c r a b  u s e s  a l l  of t h e s e  
e y e s  f o r  i s  n o t  e n t i r e l y  c l e a r .  They a r e  probably  no t  used  f o r  f e e d i n g ,  b u t  
v i s i o n  d o e s  seem impor t an t  i n  mating (Bar low,  Powers, and Kass ,  1987) .  

The ERG -- 
The e l e c t r o r e t i n o g r a m  is a  p o t e n t i a l  t h a t  r e s u l t s  from c u r r e n t s  g e n e r a t e d  

by r e t i n a l  c e l l s  and conducted t o  t h e  s u r f a c e  of t h e  eye .   I t  be a r s  t h e  same 
r e l a t i o n  t o  t h e  neurons  of t h e  r e t i n a  t h a t  t h e  e l e c t r o c a r d i o g r a m  h a s  t o  t h e  
e l e c t r i c a l  a c t i v i t y  of c a r d i a c  muscle.  I n  humans, t h e  ERG is  r e c o r d e d  
c l i n i c a l l y  between an  e l e c t r o d e  embedded i n  a  c o n t a c t  l e n s  and a  r e f e r e n c e  
e l e c t r o d e  a t  a n o t h e r  p o i n t  on t h e  head .  I n  a n i m a l s ,  i t  can be r eco rded  i n  t h e  
same way, bu t  one e l e c t r o d e  i s  o f t e n  p l aced  i n s i d e  t h e  eye  i n  o r d e r  t o  have  
r e c o r d i n g s  t h a t  a r e  l a r g e r  i n  amp l i t ude  and more s t a b l e .  I n  t h e  expe r imen t  
p r e s e n t e d  h e r e ,  one e l e c t r o d e  i s  p l aced  i n  c o n t a c t  w i t h  t h e  c o r n e a  and a  
r e f e r e n c e  e l e c t r o d e  i s  p laced  i n  s e a  wa t e r  undernea th  t h e  i s o l a t e d  e y e .  As 
shown i n  F i g u r e  1, t h e  horseshoe  c r a b  ha s  a c o r n e a l  n e g a t i v e  ERG. T h i s  i s  
because  d e p o l a r i z a t i o n  of t h e  L i m u l u s p h o t o r e c e p t o r s  d u r i n g  i l l u m i n a t i o n  c a u s e s  
a  sodium c u r r e n t  t o  f low inward a t  t h e  d i s t a l  ( t o p )  p o r t i o n  of t h e  c e l l .  
E x t r a c e l l u l a r  c u r r e n t  t hen  f lows  from t h e  proximal  t o  t h e  d i s t a l  end of  t h e  
c e l l ,  and t h e  e x t r a c e l l u l a r  v o l t a g e  a t  t h e  d i s t a l  end of t h e  c e l l ,  which i s  
n e a r e s t  t h e  c o r n e a l  e l e c t r o d e ,  i s  t h e r e f o r e  more n e g a t i v e  t han  t h e  v o l t a g e  a t  
t h e  r e f e r e n c e  e l e c t r o d e .
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n e r v e  of t h e  h o r s e s h o e  c r ab .  An i n t r o d u c t o r y  a r t i c l e  on t h i s  s u b j e c t  i s  by  
Miller, R a t l i f f ,  and H a r t l i n e  (1961) .  H a r t l i n e  and  McDonald (1947)  w r o t e  a  
v e r y  u s e f u l  a r t i c l e  on t h e  t i m e  c o u r s e  of  d a r k  a d a p t a t i o n  f o l l o w i n g  d i f f e r e n t  
c o n d i t i o n s  o f  l i g h t  a d a p t a t i o n  and on s e n s i t i v i t y  a d j u s t m e n t s  d u r i n g  l i g h t  
a d a p t a t i o n .  I n  t h e  1970s and 1980s.  t h e  h o r s e s h o e  c r a b  h a s  c o n t i n u e d  t o  be  a n  
i m p o r t a n t  an ima l  i n  v i s i o n  r e s e a r c h .  Most of t h e  v e r y  r e c e n t  a r t i c l e s  a r e  
c i t e d  by Barlow, Kaplan,  Renn inge r ,  and S a i t o  ( 1987 ) .  

MATERIALS REQUIRED 

F i g u r e  2 i l l u s t r a t e s  t h e  se t- up t h a t  we u s e  a t  Nor thwes te rn  U n i v e r s i t y  f o r  
t h e  s i m p l e r  v e r s i o n  of  t h e  e x e r c i s e ;  i t  c an  be r e a d i l y  mod i f i ed  t o  f i t  i n d i v i d-  
u a l  needs .  The o n l y  p i e c e  of  a p p a r a t u s  m i s s i n g  f rom t h i s  d i ag ram is t h e  
P h y s i o s c r i b e ,  a  c h a r t- r e c o r d e r  d e s c r i b e d  below. F i g u r e  3 i s  a  s c h e m a t i c  
showing t h e  equipment  used  i n  t h e  more advanced v e r s i o n  of  t h e  e x e r c i s e .  The 
m a t e r i a l s  r e q u i r e d  f o r  t h e  s i m p l e r  v e r s i o n  a r e  l i s t e d  below. The a c t u a l  
p r e p a r a t i o n  i s  d e s c r i b e d  i n  t h e  Appendix. 

plexiglas stage 

leads to Physioscribe 
hotoelectric 

1. 
channel aluminum 

2. Transducer 
channel 

3. ground (to Physioscribe case or outlet) 

F i g u r e  2.  B a s i c  s e t- u p  f o r  L i m u l u s ERG expe r imen t .  
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I SQUAREWAVE Prepulse Sync (T r igger )  
STlMULATOR 

F i g u r e  3. Schemat ic  f o r  advanced v e r s i o n  of t h e  Limulus ERG expe r imen t .  

Grass SD9 

E l e c t r o p h y s i o l o g i c a l  equipment 

Stimulus Yaveform 

1. P h y s i o s c r i b e  w i t h  Time and Event  channe l .  B i o p o t e n t i a l  c h a n n e l ,  and 
T ransduce r  channel ;  t h r e e  pens  w i t h  i n k  b o t t l e s  connec t ed  t o  t h e  t h r e e  
c h a n n e l s ;  c h a r t  pape r  f o r  Phys io sc r i be .  

2. Wooden, l i gh t- proo f  box w i t h  no  bottom and a  f r o n t  made by  s t a p l i n g  
coppe r  s c r e e n  between two p i e c e s  o f  b l a c k  c l o t h .  The f r o n t  i s  s t a p l e d  t o  
t h e  t o p  edge  of t h e  box s o  t h a t  i t  o pens upward. The i n t e r i o r  of  t h e  box 
i s  p a i n t e d  b l a c k  and l i n e d  w i t h  copper  s c r e e n  t o  which a  g round ing  w i r e  i s  
a t t a c h e d .  There  shou ld  be a  h o l e  i n  t h e  t o p  of  t h e  box t o  h o l d  t h e  s h u t t e r  
and a  c l o s e a b l e  h o l e  ( b l a c k  c l o t h  a t t a c h e d  by  V e l c r o )  i n  one  s i d e  f o r  t h e  
l i g h t - a d a p t a t i o n  expe r imen t s .  

 

SHUTTER DRIVE 
UNIT 

U n i b l i t z  100-28 
(Vincent  Assoc) 

3 .  Aluminum p l a t e  ( h a l f- i n c h  t h i c k )  w i t h  s e v e r a l  h o l e s  d r i l l e d  t o  r e c e i v e  
banana p l u g s  o f  g rounding  w i r e s ;  f i t s  benea th  box. 

4. Camera s h u t t e r  w i t h  c a b l e  r e l e a s e  mounted i n  h o l e  on t o p  of  box. 

Output 

LIGHT 

NEUTRAL DENSITY 

5. N e u t r a l  d e n s i t y  f i l t e r s :  t h r e e  1.0 l o g  u n i t  f i l t e r s  and one  0.5 l o g  
u n i t  f i l t e r .  These a r e  s t a c k e d  on t o p  of s h u t t e r  i n  v a r i o u s  combina t i ons .  

6 .  Two d i s s e c t i n g  microscope  i l l u m i n a t o r s ;  one  mounted on  t o p  of box w i t h  
l i g h t  d i r e c t e d  down th rough  s h u t t e r  i n t o  i n t e r i o r ;  t h e  o t h e r  d i r e c t e d  
t h r o u g h  t h e  s i d e  h o l e  d u r i n g  t h e  l i g h t - a d a p t a t i o n  exper iment .  ( L i g h t  
s o u r c e s  o t h e r  t h a n  microscope  i l l u m i n a t o r s  cou ld  be  used a s  w e l l . )  

PHYSIOSCRIBE 

7. P l e x i g l a s  s t a g e  w i t h  two banana jacks .  The e y e  p r e p a r a t i o n  s i t s  i n  a  

STORAGE 

Uniblitz 26L 

FILTERS 
(Opt ional  ) 

t 
L ight- proof  

shielded PREPARATION 

OSCILLOSCOPE 

H i tach i  V-134 , 

PREAMPLIFIER

t r i g g e r  A 

ELECTRONIC 
SHUTTER 

boa , I 

ERG 

Grass P15 o r  Channel 1 
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p e t r i  d i s h  on t o p  of t h e  s t a g e .  Two Ag/AgCl e l e c t r o d e s  l e a d  f rom t h e  
banana  j a c k s  t o  t h e  p r e p a r a t i o n ;  t h e  j a c k s  a r e  connec t ed  t o  t h e  
B i o p o t e n t i a l  channe l  of  t h e  P h y s i o s c r i b e .  

8 .  P h o t o e l e c t r i c  t r a n s d u c e r .  T h i s  i s  p l a c e d  below t h e  P l e x i g l a s  s t a g e  and  
c o n n e c t e d  t o  t h e  T ransduce r  channel  of t h e  P h y s i o s c r i b e .  

9. Grounding l e a d  f rom aluminum p l a t e  t o  c a s e  o f  P h y s i o s c r i b e  o r  power 
o u t l e t .  

Equipment f o r  d i s s e c t i o n  and mounting of e y e  

1. 125  m l  Er lenmeyer  f l a s k  c o n t a i n i n g  approximately 7 5  m l  s e a w a t e r  f rom 
aquar ium;  P a s t e u r  p i p e t t e  w i t h  bu lb .  

2. 1 m l  p l a s t i c  hypodermic s y r i n g e  w i t h  25G 5/8" need l e .  

3. S c a l p e l ,  f o r c e p s ,  r a z o r  b l ade .  

4. Bottom of  s m a l l  ( 6 0  x  15 m m ) g l a s s  p e t r i  d i s h .  

5. Lump o f  p l a s t i c e n e  (model ing  c l a y )  - app rox ima te ly  1 cm d i a m e t e r .  

6 .  S i l i c o n e  s t o p c o c k  g r e a s e  and sma l l  s p a t u l a .  

7. B i n o c u l a r  d i s s e c t i n g  microscope  w i t h  i l l u m i n a t o r .  

Animal s  

1. L i m u l u s  p o l y p h e m u s (2"-4" ca r apace  w i d t h ) ,  s e c u r e d  t o  a  board  w i t h  T- 
p i n s ;  one  an imal  p e r  p a i r  of s t u d e n t s .  The second e y e  may be  used l a t e r  by 
a n o t h e r  p a i r .  

2. Cond i t i oned  mar ine  aquar ium;  equipped  f o r  r e f r i g e r a t i o n ,  a e r a t i o n ,  and 
f i l t r a t i o n .  A l t e r n a t i v e l y ,  an ima l s  cou ld  be k e p t  f o r  a t  l e a s t  a  few d a y s  
i n  u n f i l t e r e d ,  u n a e r a t e d  a q u a r i a  i n  a  co ld  room a t  1 0 - 1 5 º C .

PREPARATION OF MATERIALS 

1. L i m u l u s  p o l y p h e m u s 

These  a n i m a l s  a r e  s o  h a r d y  t h a t  t h e y  a r e  sh ipped  a l m o s t  d r y  from some 
of  t h e  s u p p l i e r s .  We r o u t i n e l y  o r d e r  them f rom Marine B i o l o g i c a l  Labora-  
t o r i e s  a t  Woods Hole.  Massachuse t t s .  W e  keep  them i n  a  mar ine  aqua r ium a t  
12-15ºC where t h e y  w i l l  be f i n e  f o r  months i f  t h e  aquar ium i s  i n  good 
shape .  ( I f  a n i m a l s  a r e  o b t a i n e d  from a  gu l f  c o a s t  s u p p l i e r ,  t h e y  shou ld  be  
k e p t  a t  room t e m p e r a t u r e . )  Animals k e p t  i n  an i n a d e q u a t e l y- p r e p a r e d  
aquar ium may n o t  respond w e l l .  Horseshoe c r a b s  a r e  s c a v e n g e r s ,  e a t i n g  
s o f t- b o d i e d  i n v e r t e b r a t e s ,  b e n t h i c  a l g a e ,  and d e t r i t u s .  They can  be  f e d  
any  number of  m a r i n e  i n v e r t e b r a t e  f o o d s ,  o r  t h i n g s  such  a s  chopped f i s h ,  
b u t  t h e y  seem t o  d o  f i n e  f o r  a  s h o r t  t i m e  w i t h  no f e e d i n g .  

W e  have  i d e n t i f i e d  f o u r  s u p p l i e r s  f o r  ho r se shoe  c r a b s ,  bu t  have  
a c t u a l l y  o r d e r e d  from o n l y  t h e  f i r s t  two. 
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1 .  Marine B i o l o g i c a l  Labora tory  (617)  548-3705 e x t .  325 
Department of  Marine Resources 
Woods Hole,  Massachuse t t s  02543 

L95 L i m u l u s ( s m a l l  2"-4"); one- half  dozen (minimum o r d e r )  $12.50.  
Animals a r e  kep t  i n  a q u a r i a  a t  MBL, a r e  sh ipped  a s  n e c e s s a r y ,  and 
a r r i v e  i n  e x c e l l e n t  shape.  Keep a t  12-15ºC. 

2. C a r o l i n a  B i o l o g i c a l  Supply Co. ( 800 )  334-5551 
2700 York Road 
B u r l i n g t o n ,  North C a r o l i n a  27215 

16-2978 Horseshoe c r a b  $3.35 e a  o r  $16.50/5.  Animals a r e  c o l l e c t e d  and 
sh ipped  a f t e r  r e c e i p t  of o r d e r .  Exac t  d e l i v e r y  d a t e s  c anno t  be  
gua ran t eed .  S i z e s  v a r y ,  bu t  a l l  a r e  u s a b l e  f o r  t h e  e x e r c i s e .  Keep a t  
room t empe ra tu r e .  

3 .  Ward 's  Na tu r a l  Sc i ence  Es t ab l i shmen t  ( 800 )  962-2660 
5100 West H e n r i e t t a  
P. 0. Box 92912 
R o c h e s t e r ,  N e w  York 14692-9012 

87 W 7530 Horseshoe c r a b  $3.25 ea .  Keep a t  room t e m p e r a t u r e .  

4. Gulf Specimen Company, I n c .  ( 904 )  984-5297 
P.O. Box 237 
Panacea.  F l o r i d a  32346 

Ar-1070 L i m u l u s  p o l y p h e m u s smal l  (2.5- 8.0 cm) $4.00 e a  ($1 .00  e x t r a  p e r  
an imal  t o  s e l e c t  f o r  c l e a r  l a t e r a l  e y e s  f o r  e l e c t r o p h y s i o l o g i c a l  
r e c o r d i n g ) .  Keep i n  room t empe ra tu r e  aquarium. 

P h y s i o s c r i b e  and P h y s i o s c r i b e  problems 

The P h y s i o s c r i b e  i s  a  c h a r t  mover and r e c o r d e r  equipped  w i t h  a  number 
of c h a n n e l s  and produced by t h e  S t o e l t i n g  Corpo ra t i on ,  Chicago ,  Il l i n o i s  . 
I n  a d d i t i o n  t o  t h e  Time and Event  channe l ,  t h e  B i o p o t e n t i a l  c h a n n e l ,  and 
t h e  Transducer  channel  which a r e  needed f o r  t h i s  e x e r c i s e ,  a  S t i m u l a t o r  
module and o t h e r  i n p u t  channe l s  a r e  a v a i l a b l e ,  t o g e t h e r  w i t h  t h e  n e c e s s a r y  
l e a d s  and c a b l e s .  Two s u p p l i e r s  a r e :  

E. J. McGowan and A s s o c i a t e s  
310 Lake S t r e e t  S u i t e  110 
E lmhur s t ,  I l l i n o i s  60126 

C a r o l i n a  B i o l o g i c a l  Supply Co. a d d r e s s  g iven  above 

We have found t h e  P h y s i o s c r i b e  t o  be a  rugged and r e l i a b l e  p i e c e  of  
l a b o r a t o r y  a p p a r a t u s .  Seve ra l  phenomena, however, a r e  wor th  men t ion ing .  
The e x t e n t  t o  which t h e s e  would a p p l y  t o  o t h e r  s tudent- model  s t r i p - c h a r t  
r e c o r d e r s  i s  n o t  known. 

F i r s t ,  i t  i s  impor t an t  t h a t  a l l  t h r e e  pens a r e  a l i g n e d  s o  t h a t  t h e y  
c r o s s  t h e  same v e r t i c a l  l i n e  on t h e  s t r i p - c h a r t  a t  t h e  same t ime .  I n  t h e  
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w o r s t  c a s e ,  t h e  pen on t h e  b i o p o t e n t i a l  channel  cou ld  be l o n g e r  t h a n  t h a t  
on t h e  t r a n s d u c e r  channe l .  The r e c o r d  would t h e n  appea r  t o  have a  r e s p o n s e  
t h a t  p r eceded  t h e  s t i m u l u s .  

Second,  we have sometimes observed  " c r o s s- t a l k"  between c h a n n e l s ,  
e s p e c i a l l y  when t h e  s e n s i t i v i t y  of t h e  b i o p o t e n t i a l  channe l  i s  h i g h .  The 
r e s u l t  i s  t h a t  t i m i n g  p u l s e s  r e co rded  on t h e  t ime  and e v e n t  channe l  o r  
l i g h t  s i g n a l s  r e co rded  on t h e  t r a n s d u c e r  channel  may c a u s e  s p u r i o u s  
d e f l e c t i o n s  on t h e  b i o p o t e n t i a l  channel  which cou ld  be m i s i n t e r p r e t e d  a s  
ERGs. The l a t t e r  c i r c u m s t a n c e  can  be reduced  o r  e l i m i n a t e d  by k e e p i n g  t h e  
s e n s i t i v i t y  of t h e  t r a n s d u c e r  channel  a t  t h e  l owes t  l e v e l  a t  which t h e  
dimmest l i g h t  f l a s h  ( i . e . , t h a t  a t t e n u a t e d  by  3.5 l o g  u n i t s )  w i l l  j u s t  
b a r e l y  r e g i s t e r .  

T h i r d ,  one  r e c o r d s  r e sponse  a m p l i t u d e s  t h a t  span  a  l a r g e  r a n g e  i n  some 
of t h e s e  e x p e r i m e n t s .  I f  t h e  s e n s i t i v i t y  i s  h i g h  enough t o  s e e  t h e  
s m a l l e s t  r e s p o n s e ,  t h e  pen may be d r i v e n  t o  s a t u r a t i o n  f o r  l a r g e  r e s p o n s e s .  
Once t h e  pen d e f l e c t i o n  r e a c h e s  abou t  30 mm,  i t  is  p r o b a b l y  a  good i d e a  t o  
d e c r e a s e  t h e  s e n s i t i v i t y .  U n f o r t u n a t e l y  t h e  P h y s i o s c r i b e s  a r e  n o t  
c a l i b r a t e d ,  s o  i t  i s  d i f f i c u l t  t o  know e x a c t l y  what  t h e  s e n s i t i v i t y  i s .  I f  
t h e  same f l a s h  i s  d e l i v e r e d  b e f o r e  and a f t e r  a d j u s t i n g  t h e  s e n s i t i v i t y ,  t h e  
r a t i o  of  t h e  two r eco rded  r e sponse  a m p l i t u d e s  can  be t a k e n  t o  be t h e  r a t i o  
of t h e  s e n s i t i v i t i e s .  

F i n a l l y ,  because  t h e  r e c o r d i n g  modules do no t  a p p e a r  t o  be  a d e q u a t e l y  
grounded t o  t h e  c a s e  of  t h e  P h y s i o s c r i b e ,  we f i n d  i t  n e c e s s a r y  t o  r u n  a n  
a d d i t i o n a l  w i r e  from a  conven i en t  l o c a t i o n  on one  of t h e  modules (we u s e  
t h e  n u t  on t h e  i n p u t  j a ck  of t h e  s t i m u l a t o r  module)  t o  t h e  ground p l u g  of  
t h e  w a l l  o u t l e t .  F a i l u r e  t o  do  t h i s  r e s u l t s  i n  60 H z  i n t e r f e r e n c e  on t h e  
b i o p o t e n t i a l  c h a n n e l .  

I f  one  were  t o  u s e  a  d i f f e r e n t  r e c o r d e r ,  i t  w ould be n e c e s s a r y  t o  make 
s u r e  t h a t  t h e  low f r e q u e n c y  c u t o f f  o f  t h e  channel  used  f o r  t h e  ERG i s  
r a t h e r  l o w , on t h e  o r d e r  of  0 . 1  H z ,  s o  t h a t  i t  r e p r o d u c e s  t h e  ERG 
r e l a t i v e l y  f a i t h f u l l y .  

3. P h o t o e l e c t r i c  t r a n s d u c e r s  

We o b t a i n  t h e s e  from: 

C a r o l i n a  B i o l o g i c a l  Supply  Co. 

69-7567; $127.50 each .  

4. S h u t t e r s  and c a b l e  r e l e a s e s  -- 
American S c i e n c e  C e n t e r ,  I n c .  
5700 Nor thwes t  Highway 
Chicago ,  I l l i n o i s  60646 

a d d r e s s  g i v e n  above  

AGC P r o n t o r  I I  s h u t t e r ;  $2.00 each .  These a r e  cheap ,  s e c o n d- q u a l i t y  
s h u t t e r s  t h a t  we found a t  ASC. They work w e l l  enough i f  l i g h t l y  
l u b r i c a t e d .  Cab l e  r e l e a s e s  can be o b t a i n e d  a t  any  camera shop .  
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5.  F i l t e r s  

C a d i l l a c  P l a s t i c  and Chemical Co. ( 312 )  342-9200 
1924 Nor th  P a u l i n a  
Chicago ,  I l l i n o i s  60622 

Qua r t e r- inch  t h i c k  smoky g r a y  p l a s t i c  which a t t e n u a t e s  l i g h t  by 0.5 and 
1 . 0  l o g  u n i t  i s  commercially a v a i l a b l e .  W e  purchased  s c r a p s  and c u t  them 
t o  6  cm s q u a r e s .  

6 .  O the r  i t ems  -- 
The l i g h t- p r o o f  box, t h e  aluminum p l a t e ,  and t h e  P l e x i g l a s  s t a g e  were  

of  o u r  own d e s i g n ,  and c o n s t r u c t e d  i n  t h e  shops  a t  Nor thwes t e rn  U n i v e r s i t y .  

7 .  Ag/AgCl e l e c t r o d e s  

For e l e c t r o d e s ,  we u s e  p u r e ,  uncoated 0.01" o r  0.015" d i a m e t e r  s i l v e r  
w i r e .  Three  s o u r c e s  a r e  l i s t e d  below. 

Medwire Co rpo ra t i on  
121  South  Columbus 
M t .  Vernon, New York 10553 

A-M Systems,  I n c .  
1220 7 5 t h  S t r e e t  S.W. 
E v e r e t t ,  Washington 98203 

World P r e c i s i o n  In s t rumen t s ,  I n c .  
375 Qu inn ip i ac  Avenue 
New Haven, Connec t i cu t  06513 

AGW 1010 30 '  of 0.01" @ $50.00 J anua ry  1987 

I n  o r d e r  t o  have s t a b l e  r e c o r d i n g s .  Ag/AgCl e l e c t r o d e s  a r e  d e s i r a b l e .  
The p r i n c i p l e  of t h i s  e l e c t r o d e  i s  d e s c r i b e d  by  F e r r i s  (1974), among 
o t h e r s .  E s s e n t i a l l y ,  one wants  a  r e v e r s i b l e ,  non- po la r i z ab l e  e l e c t r o d e  
t h a t  w i l l  no t  deve lop  a  p o t e n t i a l  of i t s  own w i t h  r e s p e c t  t o  t h e  f l u i d  i t  
i s  i n .  To p r e p a r e  Ag/AgCl e l e c t r o d e s ,  s i l v e r  w i r e s  a r e  made t h e  anode and 
c u r r e n t  i s  passed .  As a  power supp ly .  we u s e  a  Hewlet t- Packard 6202B DC 
power s u p p l y  which ha s  a  maximum o u t p u t  of 50V and 1A. T h i s  i s  s e t  t o  
p r o v i d e  4 v o l t s ,  bu t  t h i s  is n o t  c r i t i c a l .  B a t t e r i e s  cou ld  a l s o  be  u sed  
f o r  power. An ammeter i n  t h e  c i r c u i t  i s  conven i en t .  The m i c r o g a t o r  c l i p s  
(smooth a l l i g a t o r  c l i p s )  t h a t  a r e  used t o  hold t h e  w i r e s  i n  s o l u t i o n  r u s t  
a f t e r  some t i m e ,  and we moni tor  t h e  c u r r e n t  i n  o r d e r  t o  know whe the r  t h e  
w i r e s  a r e  making c o n t a c t .  The c h l o r i d i n g  ba th  i s  s imp ly  0.9% NaCl. A 
s i l v e r  c a thode  i s  no t  n e c e s s a r y  s i n c e  t h e  r e a c t i o n  a t  t h e  c a thode  i s  n o t  
i m p o r t a n t ,  bu t  s i l v e r  p r e v e n t s  con t amina t i on  o f  t h e  ba th .  

Be fo re  c h l o r i d i n g ,  w i r e s  a r e  c l e aned  u s i n g  soap  t o  remove any  g r e a s e  
and  t h e n  r i n s e d  i n  d i s t i l l e d  wa t e r .  Four w i r e s  a r e  t w i s t e d  t o g e t h e r  a t  t h e  
end  where t h e y  c o n t a c t  t h e  mic roga to r  c l i p .  The c l u s t e r  i s  suspended  i n  
t h e  s o l u t i o n  s o  t h a t  t h e  f r e e  ends  d o  no t  touch  each  o t h e r  o r  t h e  c a t h o d e .  
The b a t h  c o n t a i n i n g  t h e  w i r e s  i s  p laced  i n  a  da rk  box s i n c e  t h e  Ag/AgCl i s  
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F i g u r e  4 .  Schemat ic  o f  a p p a r a t u s  f o r  p r e p a r i n g  Ag/AgCl e l e c t r o d e s .  

s e n s i t i v e  t o  l i g h t .  A c u r r e n t  of abou t  1 mA  i s  a p p l i e d  f o r  30 m i n u t e s  t o  
c r e a t e  a  un i fo rm  d a r k  g r e y  AgCl l a y e r .  The s e t- up  is  shown i n  F i g u r e  4 .  
A f t e r  c h l o r i d i n g ,  w i r e s  a r e  r i n s e d  w i t h  d i s t i l l e d  w a t e r ,  i n s p e c t e d  f o r  
u n c h l o r i d e d  s e c t i o n s ,  and s t o r e d  i n  t h e  d a r k .  Only t h e  p o r t i o n  o f  t h e  
e l e c t r o d e  t h a t  t o u c h e s  f l u i d  needs  t o  be c h l o r i d e d .  A pair of e l e c t r o d e s  
shou ld  l a s t  t h r o u g h  a t  l e a s t  two l a b o r a t o r y  p e r i o d s ,  b u t  i f  t h e y  become 
s c r a t c h e d  o r  i f  n o i s e  o r  d r i f t  i s  a  problem, t h e y  shou ld  be  r e p l a c e d .  

INTACT ANIMAL PREPARATION -- 
W e have  u sed  t h e  i s o l a t e d  e y e  p r e p a r a t i o n  a s  d e s c r i b e d  i n  t h e  two v e r s i o n s  

of t h i s  e x e r c i s e  f o r  s e v e r a l  y e a r s  w i t h  c o n s i d e r a b l e  s u c c e s s .  It i s ,  however ,  
f e a s i b l e  t o  r e c o r d  t h e  ERG f rom an i n t a c t  an ima l .  T h i s  i s  t h e  p r e f e r r e d  
t e c h n i q u e  f o r  d o i n g  r e s e a r c h  on t h e  ho r se shoe  c r a b ,  and i t  may be p r e f e r a b l e  
f o r  s t u d e n t  e x e r c i s e s  a s  w e l l ,  s i n c e  i t  would e l i m i n a t e  t h e  d i s s e c t i o n  w i t h  i t s  
a t t e n d a n t  t e c h n i c a l  d i f f i c u l t i e s .  An i n t a c t  an imal  p r e p a r a t i o n  would a l s o  b e  
more s a t i s f a c t o r y  f o r  t h o s e  s t u d e n t s  who f i n d  e x c i s i o n  of t h e  e y e  f rom t h e  
l i v i n g  a n i m a l  t o  b e  a e s t h e t i c a l l y  and m o r a l l y  o b j e c t i o n a b l e .  

Our p r e l i m i n a r y  e x p e r i e n c e  w i t h  t h i s  p r e p a r a t i o n  i s  good,  a l t h o u g h  we have  
t r i e d  it on  j u s t  one  o c c a s i o n  u s i n g  t h e  advanced v e r s i o n  o f  t h e  e x e r c i s e .  We 
have  n o t  y e t  o p t i m i z e d  t h e  c o n d i t i o n s  f o r  t h e  i n t a c t - e y e  p r e p a r a t i o n ,  and 
t h e r e f o r e ,  we w i l l  n o t  p r e s e n t  i t  h e r e .  W e  w i l l ,  however, o f f e r  t h e  f o l l o w i n g  
p r e l i m i n a r y  o b s e r v a t i o n s .  

Equipment f o r  i n t a c t  an ima l  p r e p a r a t i o n  --- 
1 .  A l l  o f  t h e  e l e c t r o p h y s i o l o g i c a l  equipment  l i s t e d  p r e v i o u s l y  can  b e  
u t i l i z e d  w i t h  t h e  i n t a c t - e y e  p r e p a r a t i o n  w i t h  t h e  f o l l o w i n g  e x c e p t i o n s .  The 
p l e x i g l a s  s t a g e  must be  r e p l a c e d  w i t h  some s o r t  of a  s t a g e  t h a t  w i l l  h o l d  
t h e  e n t i r e  h o r s e s h o e  c r a b  - s e c u r e l y  p inned  t o  a  board  - a t  a  s u i t a b l e  
a n g l e  s o  t h a t  t h e  e y e  i s  a p p r o p r i a t e l y  o r i e n t e d  toward  t h e  l i g h t .  One o f  
t h e  two s i l v e r - c h l o r i d e d  e l e c t r o d e s  shou ld  be  r e p l a c e d  w i t h  a  wick e l e c -  
t r o d e .  Same s o r t  o f  a  clamp w i l l  be  n e c e s s a r y  t o  h o l d  t h e  wick e l e c t r o d e  
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and t o  s u p p o r t  t h e  two banana jacks  i n t o  which t h e  B i o p o t e n t i a l  channe l  
l e a d  w i l l  p lug .  

2. None of t h e  equipment  l i s t e d  f o r  d i s s e c t i o n  and mount ing  w i l l  b e  
n e c e s s a r y ,  s a v e  f o r  t h e  r a z o r  b l ade  t o  s c r a p e  t h e  s u r f a c e  of t h e  e y e .  I n  
a d d i t i o n ,  a  s h a r p  p i n  w i l l  be r e q u i r e d  t o  p i e r c e  t h e  c a r a p a c e  f o r  p lacement  
of t h e  r e f e r e n c e  e l e c t r o d e .  

P r e p a r a t i o n  of m a t e r i a l s  

1 .  I t  i s  most impor t an t  t h a t  t h e  c r a b  be immobile. I n  o r d e r  t o  a ccompl i sh  
t h i s ,  t h e  animal  i s  a t t a c h e d  t o  a  smal l  wooden board i n  t h e  same way a s  f o r  
d i s s e c t i o n  of  t h e  l a t e r a l  eye .  A  f o lded  paper  towel  w e t t e d  w i t h  s e a  w a t e r  
i s  p l a c e d  on t h e  board benea th  t h e  an imal .   A T-pin i s  i n s e r t e d  t h r o u g h  t h e  
edge  o f  t h e  c a r a p a c e  on each  s i d e ,  and t h e s e  a r e  hammered i n t o  t h e  boa rd .  
I t  i s  b e t t e r  t o  p u t  t h e  p i n s  a t  an a n g l e  ( i . e . , n o t  v e r t i c a l )  s o  t h a t  t h e  
an imal  can n o t  push up w i t h  i t s  l e g s  and s l i d e  up a l o n g  t h e  p i n s .  I t  w i l l  
a l s o  h e l p  t o  push down on t h e  c e n t e r  of t h e  ca r apace  s o  t h a t  t h e  an ima l  i s  
s p r e a d  o u t  a  b i t  l a t e r a l l y .   A  t h i r d  p i n  i s  i n s e r t e d  t h rough  t h e  back  
h inged  s e c t i o n  (abdomen) s o  t h a t  t h e  h i n g e  j o i n t  i s  immobi l ized .  We have  
c o n s i d e r e d  u s i n g  heavy- duty rubbe r  bands i n s t e a d  of p i n s ,  b u t  have  no 
e x p e r i e n c e  w i t h  t h i s  y e t .  

2 .  Once t h e  eye  i s  s c r aped  ( s e e  be low) ,  t h e r e  may be  f l u i d  coming o u t  o n t o  
t h e  s u r f a c e ,  a l l o w i n g  u s e  of a  c h l o r i d e d  s i l v e r  w i r e  e l e c t r o d e  a s  i n  t h e  
i s o l a t e d  e y e  p r e p a r a t i o n .  It seems p r e f e r a b l e ,  however,  t o  make s u r e  t h a t  
t h e r e  i s  a  f l u i d  b r i d g e  by u s i n g  a  wick e l e c t r o d e  (Barlow, 1984) .  These  
can  be made by t h r e a d i n g  a  p i e c e  of s i l k  o r  c o t t o n  t h r e a d  t h rough  a  p l a s t i c  
t i p  f o r  an au toma t i c  p i p e t t e r ,  and a t t a c h i n g  a  rubber  P a s t e u r  p i p e t t e  b u l b  
t o  t h e  back end of t h e  t i p .   A  h o l e  i s  made i n  t h e  b u l b  w i t h  a  p i n  and  a  
c h l o r i d e d  s i l v e r  w i r e  i s  f e d  t h rough ,  l e a v i n g  enough o u t s i d e  t h e  b u l b  t o  
a t t a c h  t o  t h e  b ind ing  p o s t  on t h e  s t a g e .  To f i l l  t h e  e l e c t r o d e ,  ho ld  t h e  
t h r e a d  a g a i n s t  t h e  o u t s i d e  of t h e  p i p e t t e  t i p ,  squeeze  t h e  rubbe r  b u l b  and 
draw i n  a r t i f i c i a l  s e a  w a t e r .  The amount i s  n o t  c r i t i c a l ,  p rov ided  t h a t  
t h e  w i r e  i s  i n  t h e  f l u i d  and t h a t  t h e  wick i t s e l f  i s  we t .  Bubbles i n  t h e  
p i p e t t e  t i p  w i l l  n o t  m a t t e r .  Cut t h e  wick so t h a t  abou t  2  mm s t i c k s  o u t  of  
t h e  p i p e t t e  t i p .  

American S c i e n t i f i c  P r o d u c t s ,  1210 Waukegan Road, McGaw Pa rk ,  I l l i n o i s ,  
60085-6788, h a s  been ou r  sou rce  f o r  bo th  amber l a t e x  P a s t e u r  p i p e t t e  b u l b s  
(P5002-1) and f o r  po lyp ropy l ene  p i p e t t e  t i p s  (P5059-80R o r  P5059-80D; 2 " ,  
2-200 µ1 c a p a c i t y ) .  Note t h a t  p i p e t t e  t i p s  w i t h  r i b b e d  t o p s  w i l l  no t  work. 

P r e l i m i n a r y  p rocedu ra l  t i p s  

1. A f t e r  t h e  an imal  i s  s ecu red  on t h e  mounting b o a r d ,  t h e  eye  s h o u l d  be  
s c r a p e d  w i t h  a  s c a l p e l  t o  reduce  t h e  r e s i s t a n c e  of t h e  co rnea .  A s  i n  t h e  
i s o l a t e d  e y e ,  a c t u a l l y  s l i c i n g  o f f  a  t h i n  l a y e r  a p p e a r s  t o  work w e l l .  Wald 
e t  al . , s u g g e s t  t h a t  t h i s  i s  a  p a i n l e s s  procedure .  

2. The board  i s  mounted on a  t i l t e d  s t a g e  s o  t h a t  t h e  e y e  i s  o r i e n t e d  up 
toward  t h e  l i g h t .  The s t a g e  must be p o s i t i o n e d  on t h e  aluminum p l a t e  s o  
t h a t  t h e  eye  w i l l  be i n  t h e  l i g h t  beam. 
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3. A   sma l l  h o l e  i s  made w i t h  a  s h a r p  p i n  somewhere on t o p  of t h e  an ima l  
f o r  p lacement  of t h e  Ag/AgCl r e f e r e n c e  e l e c t r o d e ,  which j u s t  needs  t o  make 
c o n t a c t  w i t h  t h e  i n t e r i o r ;  i t  need n o t  b e  pushed i n  d e e p l y .  

4.     A wick e l e c t r o d e  i s  b rough t  i n  c o n t a c t  w i t h  t h e  e y e  by a d j u s t i n g  t h e  
c lamps  h o l d i n g  i t .  

5. The p h o t o e l e c t r i c  t r a n s d u c e r  i s  p l aced  on t o p  of t h e  c a r a p a c e  s o  t h a t  
it can  c o l l e c t  a d e q u a t e  l i g h t .  

6. The p h y s i o s c r i b e  c a b l e s  a r e  connec t ed ,  t h e  box i s  drawn fo rwa rd  o v e r  
t h e  p r e p a r a t i o n ,  and t h e  e x p e r i m e n t a t i o n  can  commence. 

7. A t  t h e  end o f  t h e  expe r imen t ,  t h e  an imal  can  be  t a k e n  o f f  t h e  board  and 
p u t  back i n  t h e  t a n k .  

SAMPLE DATA -- 
F i g u r e s  5-8 show r e p r e s e n t a t i v e  ERGS and g r aphs  of d a t a  f o r  1) r e s p o n s e  

a m p l i t u d e  and  l a t e n c y  a s  a  f u n c t i o n  of i l l u m i n a t i o n ,  2 )  r e sponse  a m p l i t u d e  a s  a  
f u n c t i o n  of  d u r a t i o n ,  and 3) t h e  t i m e  c o u r s e  o f  d a r k  a d a p t a t i o n .  These  a r e  t h e  
k e y  measurements  one  makes d u r i n g  t h e  c o u r s e  of t h e  l a b o r a t o r y  p e r i o d .  The 
d a t a  i n  F i g u r e s  5 , 7 ,  and 8 were  o b t a i n e d  by  s t u d e n t s  u s i n g  t e c h n i q u e s  des-  

Log Stimulus Attenuation 

F i g u r e  5.  Response a m p l i t u d e  and l a t e n c y  vs. i l l u m i n a t i o n .  Measurements  we re  
made i n  one  dark- adapted  i s o l a t e d  e y e  p r e p a r a t i o n .  An i n t e r v a l  of  
45 s e c  was a l l owed  between f l a s h e s ,  which were e a c h  40 msec i n  
d u r a t i o n .  
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Dark-adapted 

Light-adapted 

Log Stimulus Attenuation 

F i g u r e  6 .  Response  a m p l i t u d e  vs. i l l u m i n a t i o n  f o r  t h e  i n t a c t  e y e  p r e p a r a t i o n  
under dark- adapted ( f i l l e d  c i r c l e s )  and l i g h t - a d a p t e d  ( o p e n  c i r c l e s )  
c o n d i t i o n s .  

0 10 20 30 40 50 60 70 80 90 100 200 

Flash Duration (msec) 

F i g u r e  7 .  Response  a m p l i t u d e  vs. f l a s h  d u r a t i o n  i n  two dark- adapted i s o l a t e d  
eyes. S t i m u l u s  a t t e n u a t i o n  was 3 . 0  l o g  u n i t s .  
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c r i b e d  i n  t h e  Appendix. The d a t a  i n  F i g u r e  6 were o b t a i n e d  by t h e  a u t h o r s  
u s i n g  a n  i n t a c t - e y e  p r e p a r a t i o n .  S i n c e  t h e  P h y s i o s c r i b e  s e n s i t i v i t y  i s  
u n c a l i b r a t e d ,  r e s p o n s e  amp l i t ude  i s  t a k e n  t o  b e  s imp ly  pen d e f l e c t i o n  i n  mm. 
The a b s o l u t e  s i z e  of  t h e  r e s p o n s e  cannot  e a s i l y  be compared among l a b  g roups ,  
bu t  t h e r e  would b e  r e a s o n a b l y  good agreement  i f  one  p l o t t e d  r e s p o n s e  a s  a  
p e r c e n t a g e  of maximum. The a c t u a l  maximum a m p l i t u d e  of t h e  ERG i s  g e n e r a l l y  
between 100  and 500µV, a s  de t e rmined  u s i n g  t h e  a p p a r a t u s  shown i n  F i g u r e  3. 

Some o f  t h e s e  d a t a  can  be  f i t t e d  t o  e q u a t i o n s  i f  d e s i r e d .  A r e l a t i v e l y  
l a r g e  r a n g e  of t h e  i n t e n s i t y - r e s p o n s e  f u n c t i o n  i s  u s u a l l y  w e l l  d e s c r i b e d  by t h e  
s i m p l e  r e l a t i o n  R = K1logI + K 2 ,  where K 1  and K 2  a r e  c o n s t a n t s .  R i s  ERG ampl i-  
t u d e ,  and I  is  i l l u m i n a t i o n  o r  i n t e n s i t y .  T h i s  shows t h a t  a  l a r g e  r ange  o f  
s t i m u l u s  i n t e n s i t i e s  a r e  encoded i n t o  a  r e l a t i v e l y  sma l l  r a n g e  of  r e s p o n s e s .  
Sometimes it h a s  been  p o s s i b l e  t o  f i t  i n t e n s i t y- r e s p o n s e  c u r v e s  more c o m p l e t e l y  
w i t h  t h e  s i gmo ida l  f u n c t i o n  f a m i l i a r  a s  t h e  Michael is-Menten e q u a t i o n ,  R = 

R m a x I / ( I  +  s ) ,  w h e r e  R m a x  i s t h e  r e s p o n s e  a t  s a t u r a t i o n ,  and s i s  t h e  " h a l f -  
saturation" c o r r e s p o n d i n g  t o  t h e  v a l u e  of  I where R = R m a x / 2 .

An i n t e r e s t i n g  d i f f e r e n c e  can  be  observed  between t h e  i s o l a t e d  e y e  and i n-  
t a c t  e y e  s t i m u l u s  r e sponse  f u n c t i o n s  i n  F i g u r e s  5 and 6. The ERG from t h e  i s o -  

Adapting Flash 

0 I I I I I I I I I I I 

- 3 - 2 -  1    0 2 3  4 5  6 7 8 9 10 

Time from Adapting Stimulus (min) 

F i g u r e  8. Time c o u r s e  o f  d a r k  a d a p t a t i o n  f o l l o w i n g  a  5 second f l a s h  of  
u n a t t e n u a t e d  l i g h t  f o r  two i s o l a t e d  e y e s .  For  one  e y e  (open  
c i r c l e s ) ,  t h e  c o n t r o l  r e s p o n s e s  a r e  p l o t t e d  a t  n e g a t i v e  t i m e s .  The 
t e s t  f l a s h e s  were a t  1 .5 l o g  u n i t s  a t t e n u a t i o n .  For  t h e  o t h e r  e y e  
( f i l l e d  c i r c l e s ) ,  t h e  s t u d e n t  f a i l e d  t o  r e c o r d  t h e  c o n t r o l  f l a s h e s  
i n  t h e  l a b  r e p o r t .  The t e s t  f l a s h  i l l u m i n a t i o n  i n  t h i s  c a s e  was 3 . 0  
l o g  u n i t s  a t t e n u a t i o n .  
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l a t e d  e y e  t e n d s  t o  s a t u r a t e  a t  h i g h e r  s t i m u l u s  i n t e n s i t i e s ,  showing t h e  e n t i r e  
form of  t h e  cu rve .  whereas  t h e  r e sponse  from t h e  i n t a c t  eye  does  n o t .  T h i s  ap- 
p e a r s  t o  be a  c o n s i s t e n t  d i f f e r e n c e ,  and it is  s u r p r i s i n g  s i n c e  t h e  mic ro scope  
i l l u m i n a t o r  i s  r a t h e r  b r i g h t .   I t  may be p o s s i b l e  t o  s a t u r a t e  t h e  r e s p o n s e  o f  
t h e  i n t a c t  e y e  by u s i n g  a  p h o t o f l a s h  u n i t  (D.  Mayet te ,  p e r s o n a l  communication), 
b u t  t h e n  one  would n o t  be a b l e  t o  s t u d y  t h e  e f f e c t  of  s t i m u l u s  d u r a t i o n .  

The d a r k  a d a p t a t i o n  c u r v e s  can u s u a l l y  be f i t t e d  v e r y  w e l l  by a  s i n g l e  
- t /τe x p o n e n t i a l  of t h e  form R ( t )  = Rfinal(1 - e  ) ,  o r  i f  t h e  r e sponse  j u s t  a f t e r  

e x t i n g u i s h i n g  t h e  a d a p t i n g  l i g h t  i s  g r e a t e r  t han  z e r o ,  

where  Rmin  i s  t h e  r e sponse  a t  t h e  beg inn ing  of d a r k  a d a p t a t i o n ,  R f i n a l  i s  t h e  
dark- adapted  r e s p o n s e ,  and τ  is  t h e  t ime  c o n s t a n t .  To f i t  t h e s e  f u n c t i o n s  t o  
t h e  d a t a ,  i t  i s  b e s t  t o  t r a n s f o r m  t h e  e q u a t i o n s  t o  a  form where some f u n c t i o n  
of R i s  l i n e a r  w i t h  t ime .  For t h e  f i r s t  of t h e s e ,  t h i s  would be 
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APPENDIX 

SENSORY PHYSIOLOGY: THE ELECTROETINOGRAM OF THE HORSESHOE CRAB 

I n t r o d u c t i o n  

One of  t h e  fundamenta l  c h a r a c t e r i s t i c s  of a l l  c e l l s ,  and c o n s e q u e n t l y ,  of 
a l l  l i v i n g  organisms  a s  w e l l ,  i s  t h e i r  a b i l i t y  t o  mon i to r  e x t e r n a l  c o n d i t i o n s  
and t o  d e t e c t  changes  i n  t h e s e  pa r ame te r s .  Th i s  c h a r a c t e r i s t i c  - t h e  s e n s o r y  
c a p a b i l i t y  of  l i v i n g  o r g a n i s m s  - may i n  g e n e r a l  be r e f e r r e d  t o  a s  
" s e n s i t i v i t y " .  Even t h e  s i m p l e s t  s i n g l e - c e l l e d  p r o k a r y o t e s  e x h i b i t  
s e n s i t i v i t y ;  b a c t e r i a  c a n  d e t e c t  f ood  s o u r c e s  a s  i n d i c a t e d  by t h e i r  
p r e f e r e n t i a l  movement up a  c o n c e n t r a t i o n  g r a d i e n t  of n u t r i e n t  m o l e c u l e s .  
P h o t o s y n t h e t i c  o rgan i sms  from s i n g l e - c e l l e d  a l g a e  t o  t h e  most complex p l a n t s  
a r e  e x q u i s i t e l y  s e n s i t i v e  t o  l i g h t .  I t  i s  among t h e  a n i m a l s ,  however,  t h a t  t h e  
c h a r a c t e r i s t i c  of  s e n s i t i v i t y  i s  most consp i cuous ly  deve loped .  

Dur ing  t h e  l o n g  c o u r s e  of an imal  e v o l u t i o n ,  c e r t a i n  c e l l s  have  become 
s p e c i a l i z e d  i n  a  v a r i e t y  o f  ways f o r  c a r r y i n g  o u t  d i f f e r e n t  s e n s o r y  f u n c t i o n s  
i n  a  h i g h l y  e f f i c i e n t  way. These r e c e p t o r  c e l l s  may occu r  s i n g l y ,  s c a t t e r e d  
t h roughou t  t h e  body,  o r  t h e y  may be  agg rega t ed  i n t o  l a r g e  and complex s e n s e  
o r g a n s  which f u n c t i o n  i n  remarkable  ways. For example ,  s e n s o r y  o r g a n s  o f t e n  
o p e r a t e  r e l i a b l y  ove r  an  enormous range  of  s t i m u l u s  e n e r g i e s  - 109-fold i n  t h e  
c a s e  of t h e  human a u d i t o r y  system. O t h e r s  can d i s c r i m i n a t e  m inuscu l e  d i f f e r -  
e n c e s  i n  s t i m u l u s  i n t e n s i t y  - 0.002ºC i n  t h e  c a s e  of t h e  r e p t i l i a n  p i t  o rgan  
which d e t e c t s  i n f r a r e d  r a d i a t i o n .  

Recep to r  c e l l s  a r e  t y p i c a l l y  s p e c i a l i z e d  f o r  d e t e c t i n g  a  s i n g l e  s p e c i f i c  
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form of ene rgy .  On t h i s  b a s i s ,  t h e y  can  be c a t e g o r i z e d  i n t o  chemorecep to r s ,  
mechano recep to r s ,  p h o t o r e c e p t o r s ,  e l e c t r o r e c e p t o r s ,  and t h e r m o r e c e p t o r s .  The 
r e c e p t o r  c e l l s  r e s p o n s i b l e  f o r  s e n s i n g  a l l  of t h e s e  d i f f e r e n t  p a r a m e t e r s  i n  t h e  
e x t e r n a l  wor ld  a r e  q u i t e  d i f f e r e n t  i n  t h e i r  s t r u c t u r a l  and f u n c t i o n a l  p rope r-  
ties. These  d i f f e r e n c e s  a r e  i n  l a r g e  p a r t  due t o  t h e  v e r y  d i f f e r e n t  t y p e s  o f  
s t i m u l u s  e n e r g y  t o  which t h e y  a r e  s e n s i t i v e .  A t  t h e  same t i m e ,  t h e r e  a r e  a l s o  
i m p o r t a n t  s i m i l a r i t i e s  between d i f f e r e n t  t y p e s  of r e c e p t o r  c e l l s .  T h i s  i s  
be cause  t h e y  a l l  f u n c t i o n  a s  t r a n s d u c e r s ,  c o n v e r t i n g  e n e r g y  of  v a r i o u s  s o r t s  
i n t o  membrane p o t e n t i a l s .  These r e c e p t o r  p o t e n t i a l s  t h e n  t r i g g e r  t h e  genera-  
t i o n  o f  t r a i n s  of a c t i o n  p o t e n t i a l s ,  e i t h e r  d i r e c t l y  i n  t h e  axon of  t h e  r e cep-  
t o r  c e l l  o r ,  by c a u s i n g  t h e  r e l e a s e  of a  t r a n s m i t t e r  s u b s t a n c e  which u l t i m a t e l y  
l e a d s  t o  a c t i v i t y ,  i n  t h e  axon of  an a f f e r e n t  nerve .  Consequen t l y ,  t h e  n e u r a l  
o u t p u t s  o f  a l l  d i f f e r e n t  s e n s o r y  sys tems  a r e  e s s e n t i a l l y  i d e n t i c a l .  Thus ,  by 
s t u d y i n g  a  s p e c i f i c  s e n s e  o rgan ,  one can  l e a r n  p r i n c i p l e s  t h a t  a p p l y  b r o a d l y  t o  
s e n s e  o rgans  i n  g e n e r a l ,  a s  we l l  a s  f e a t u r e s  s p e c i f i c  t o  t h e  o rgan  under  s t u d y .  
In  a d d i t i o n ,  s i n c e  t h e r e  h a s  been e v o l u t i o n a r y  c o n s e r v a t i o n  of t h e  p r i n c i p l e s  
employed,  one  may s t u d y  s e n s a t i o n  i n  a  s p e c i f i c  p r e p a r a t i o n  - even  from a n  
i n v e r t e b r a t e  - and e l u c i d a t e  p r i n c i p l e s  t h a t  a r e  a p p l i c a b l e  t o  s e n s o r y  sy s t ems  
i n  a l l  a n i m a l s .  

Some o f  t h e  p r i n c i p l e s  t h a t  can be i l l u s t r a t e d  a r e  1 )  g r a d a t i o n  of r e s p o n s e  
a s  a  f u n c t i o n  bo th  of  s t i m u l u s  i n t e n s i t y  and of  s t i m u l u s  d u r a t i o n ,  2 )  g r a d a t i o n  
of r e s p o n s e  l a t e n c y  ( i . e . , t h e  t i m e  l a g  between r e c e i p t  of t h e  s t i m u l u s  and on- 
s e t  of  t h e  r e s p o n s e )  a s  a  f u n c t i o n  of  s t i m u l u s  i n t e n s i t y ,  and 3 )  a d a p t a t i o n  
unde r  c o n d i t i o n s  of  con t i nuous  s t i m u l a t i o n .  These p r o p e r t i e s  cou ld  be i n v e s t i -  
g a t e d  w i t h  i n t r a c e l l u l a r  r e c o r d i n g  from i n d i v i d u a l  r e c e p t o r  c e l l s ,  o r  w i t h  ex-  
t r a c e l l u l a r  r e c o r d i n g  of a c t i o n  p o t e n t i a l  d i s c h a r g e  a t  some o t h e r  c e l l  i n  t h e  
sys tem.  O f t e n ,  however,  t h e y  can  more e a s i l y  b e  s t u d i e d  by r e c o r d i n g  massed 
p o t e n t i a l s  o r  f i e l d  p o t e n t i a l s .  These r e p r e s e n t  t h e  sum of e x t r a c e l l u l a r  c u r-  
r e n t  f l o w  from a  g roup  of neurons  o r  o t h e r  c e l l s .  

I n  t h i s  e x e r c i s e ,  you w i l l  r e c o r d  t h e  e l e c t r o r e t i n o g r a m  (ERG) from t h e  
l a t e r a l  e y e  of t h e  ho r se shoe  c r a b ,  Limulus polyphemus. The ERG i s  a  f i e l d  
p o t e n t i a l  f rom t h e  eye  i n  r e sponse  t o  l i g h t ;  i t  i s  ana logous  t o  t h e  e l e c t r o -  
ca rd iog ram (ECG), which r e p r e s e n t s  t h e  sum of c u r r e n t  from d e p o l a r i z a t i o n  of  
c a r d i a c  musc le  f i b e r s .  ERGs can be r eco rded  from t h e  eyes  of  v e r t e b r a t e s  and  
i n v e r t e b r a t e s  by p l a c i n g  a  r e c o r d i n g  e l e c t r o d e  i n  c o n t a c t  w i t h  t h e  c o r n e a  o r  
e x t e r n a l  s u r f a c e  o f  t h e  e y e  and a  r e f e r e n c e  e l e c t r o d e  a t  some remote p o i n t  on  
t h e  an ima l .  The v e r t e b r a t e  ERG i s  a  complex s e r i e s  of p o t e n t i a l  changes  hav ing  
components t h a t  a r i s e  from s e v e r a l  o f  t h e  c e l l  t y p e s  i n  t h e  r e t i n a .  I n v e r t e-  
b r a t e  ERGs a r e  much s i m p l e r ,  r e f l e c t i n g  t h e  s i m p l e r  s t r u c t u r e  of t h e  e y e .  
The re  a r e  o n l y  two components t o  t h e  Limulus ERG; a  t r a n s i e n t ,  c o r n e a l - n e g a t i v e  
p o t e n t i a l  and a  s m a l l e r ,  s t e a d y  component t h a t  i s  ma in t a ined  f o r  t h e  d u r a t i o n  
of t h e  s t i m u l u s .  Because of  t h e  l i m i t a t i o n s  of you r  r e c o r d i n g  i n s t r u m e n t  ( t h e  
P h y s i o s c r i b e ) ,  you w i l l  s e e  o n l y  t h e  t r a n s i e n t  component. You w i l l  s t u d y  
v a r i a t i o n s  i n  t h e  amp l i t ude  of t h e  r e sponse  a s  a  f u n c t i o n  of changes  i n  s t im-  
u l u s  c o n d i t i o n s .  Be fo re  c o n t i n u i n g  w i t h  t h e  d e t a i l s  of your  e x p e r i m e n t ,  how- 
e v e r ,  a  d i g r e s s i o n  abou t  t h e  b io logy  o f  Limulus is i n  o r d e r .  

L imulus  polyphemus i s  a  mar ine  a r t h r o p o d  found i n  t i d a l  r e g i o n s  a l o n g  t h e  
A t l a n t i c  c o a s t .  While  t h e y  a r e  c a l l e d  c r a b s ,  t h e y  a r e  n o t  c r u s t a c e a n s  a s  a r e  
t h e  e d i b l e  c r a b s  and o t h e r  " t r u e"  c r a b s .  R a t h e r ,  t h e y  a r e  c l a s s i f i e d  i n  t h e  
c l a s s ,  Meros tomata ,  i n  which t h e y  a r e  t h e  o n l y  L iv ing  s p e c i e s .  They a r e  d i s -  
t a n t l y  r e l a t e d  t o  t h e  t i c k s ,  m i t e s ,  and s p i d e r s  - members of t h e  c l a s s  Arach- 
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n i d a .  The f o s s i l  r e c o r d  documents t h a t  a s  a  s p e c i e s ,  L i m u l u s  p o l y p h e m u s  h a s  
e x i s t e d  f o r  a t  l e a s t  300 m i l l i o n  y e a r s .  A l l  of i t s  c l o s e  r e l a t i v e s ,  phylo-  
g e n e t i c a l l y  s p e a k i n g ,  a r e  e x t i n c t .  Like o t h e r  a r t h r o p o d s ,  h o r s e s h o e  c r a b s  must  
mo l t  i n  o r d e r  t o  grow, and t h e  l e n s e s  of t h e  e y e s  a r e  shed w i t h  t h e  r e s t  o f  t h e  
e x o s k e l e t o n .  Over a t  l e a s t  a  few y e a r s ,  t h e  age  o f  a  h o r s e s h o e  c r a b  i s  approx-  
i m a t e l y  e q u a l  t o  t h e  d i a m e t e r  of i t s  c a r a p a c e  i n  i n c h e s .  The maximum s i z e  i s  
a b o u t  t h i r t y  i n c h e s .  

L i m u l u s  a d u l t s  have  two l a r g e  compound l a t e r a l  e y e s  and two sma l l  s i m p l e  
median e y e s .  Both have been u s e f u l  i n  u n d e r s t a n d i n g  c e r t a i n  a s p e c t s  of v i s u a l  
p h y s i o l o g y ,  and  t h e  impor t ance  of t h i s  an imal  f o r  r e s e a r c h  i n  v i s i o n  canno t  b e  
o v e r e s t i m a t e d .  T h i s  i s  l a r g e l y  because  t h e  r e c o r d i n g s  of t h e  a c t i v i t y  of s i n -  
g l e  o p t i c  n e r v e  f i b e r s  and of  membrane p o t e n t i a l s  i n  p h o t o r e c e p t o r s  were f e a s i -  
b l e  i n  L i m u l u s  many y e a r s  b e f o r e  such r e c o r d i n g s  cou ld  be o b t a i n e d  from v e r t e -  
b r a t e s .  The expe r imen t s  which you w i l l  do were p ionee red  i n  t h e  1930s and  
1940s by  P r o f e s s o r  H. K e f f e r  H a r t l i n e  who worked a t  t h e  U n i v e r s i t y  of Pennsyl-  
v a n i a ,  t h e  Mar ine  B i o l o g i c a l  L a b o r a t o r y  i n  Woods Hole ,  M a s s a c h u s e t t s ,  and a t  
R o c k e f e l l e r  U n i v e r s i t y .  I n  1964,  P r o f e s s o r  H a r t l i n e  was awarded t h e  Nobel 
P r i z e  i n  P h y s i o l o g y  and Medicine f o r  h i s  work on t h e  v i s u a l  sys tem o f  L i m u l u s .  

The compound l a t e r a l  eye s  of t h e  ho r se shoe  c r a b  each  c o n s i s t  of a p p r o x i-  
m a t e l y  300 i n d i v i d u a l ,  i d e n t i c a l  u n i t s  known a s  ommatidia .  For  an i l l u s t r a t i o n  
of ommatidial s t r u c t u r e ,  a  d e s c r i p t i o n  of  t h e  o p t i c a l  p r o p e r t i e s  of  compound 
e y e s ,  and a  d i s c u s s i o n  of  some a s p e c t s  o f  t h e  v i s u a l  p h y s i o l o g y  of L i m u l u s ,  you 
a r e  r e f e r r e d  t o  pages  262-265 and 277-279 of E c k e r t  and Randa l l  ANIMAL PHYSI- 
OLOGY (Second e d i t i o n ) .  

You w i l l  b eg in  t h e  e x p e r i m e n t a l  p o r t i o n  of t h i s  e x e r c i s e  by e x c i s i o n  of one  
of t h e  l a t e r a l  e y e s  from a  ho r se shoe  c r a b ,  l e a v i n g  i t  a t t a c h e d  t o  a  s e c t i o n  o f  
t h e  c a r a p a c e .  Remarkably,  t h i s  eye  w i l l  c o n t i n u e  t o  g e n e r a t e  r e s p o n s e s  f o r  
h o u r s  w i t h  no s p e c i a l  p r e c a u t i o n s  conce rn ing  oxygena t i on ,  b u f f e r i n g ,  p r o v i s i o n  
of s u b s t r a t e s ,  e t c .  You w i l l  mount your p r e p a r a t i o n  o v e r  s e a  w a t e r  i n  a  s m a l l  
d i s h  and  p l a c e  e l e c t r o d e s  on t h e  s u r f a c e  of  t h e  e y e  and benea th  i t  i n  t h e  s e a  
w a t e r  which  c o n t a c t s  t h e  back  of t h e  eye. The p r e p a r a t i o n  w i l l  be housed i n  a  
box t h a t  s e r v e s  two f u n c t i o n s :  F i r s t ,  i t  p r o v i d e s  e l e c t r i c a l  s h i e l d i n g ,  and 
s e c ond ,  i t  e n s u r e s  t h a t  room l i g h t  does  n o t  r e a c h  t h e  p r e p a r a t i o n .  The o n l y  
l i g h t  t h e  e y e  w i l l  r e c e i v e  w i l l  be provided  by a  s imp le  o p t i c a l  sy s t em.  
Responses  f rom t h e  e y e  w i l l  be  r e co rded  on t h e  b i o p o t e n t i a l  channe l  of  t h e  
P h y s i o s c r i b e .  A p h o t o e l e c t r i c  t r a n s d u c e r  l o c a t e d  i n s i d e  t h e  box w i l l  b e  
c o n n e c t e d  t o  a  t r a n s d u c e r  channe l  of  t h e  P h y s i o s c r i b e  i n  o r d e r  t o  r e c o r d  t h e  
t i m i n g  o f  t h e  l i g h t  f l a s h e s .  

A f t e r  you r  p r e p a r a t i o n  h a s  been assembled ,  you w i l l  f i r s t  need t o  a l l o w  t h e  
e y e  t o  a d j u s t  t o  d a r k n e s s  i n  t h e  box s o  t h a t  i t  w i l l  be maximal ly  s e n s i t i v e  t o  
t h e  f l a s h e s  you d e l i v e r .  You w i l l  be a b l e  t o  t e l l  when t h e  e y e  h a s  a t t a i n e d  
i t s  maximal dark- adapted  s e n s i t i v i t y  by l ook ing  a t  i t s  r e s p o n s e  t o  weak t e s t  
f l a s h e s .  You w i l l  t h e n  be a b l e  t o  s t u d y  s t imu lus- re sponse  r e l a t i o n s h i p s  i n  t h e  
s t e a d y- s t a t e ,  dark- adapted  e y e .  I n  do ing  t h i s ,  and t h roughou t  t h e  e x e r c i s e ,  i t  
i s  e s s e n t i a l  t h a t  you r e a l i z e  t h a t  a  s i n g l e  b r i g h t  f l a s h  o r  t o o  many dim o n e s  
s p a c e d  t o o  c l o s e l y  t o g e t h e r  w i l l  l i g h t - a d a p t  t h e  e y e  and change  i t s  
s e n s i t i v i t y .  

Once you have  de t e rmined  some a s p e c t s  of t h e  p h y s i o l o g y  of t h e  da rk-  
a d a p t e d  e y e ,  you w i l l  p roceed  t o  s t u d y  t h e  t ime- course  of  t h e  d a r k- a d a p t a t i o n  
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p r o c e s s ,  i . e . ,  how t h e  e y e ' s  r e sponse s  change a f t e r  exposu re  t o  a  s t e a d y  l i g h t .  
F i n a l l y ,  you w i l l  de t e rmine  how t h e  e y e ' s  r e sponse s  change  d u r i n g  c o n t i n u o u s  
e x p o s u r e  t o  a  low l e v e l  of l i g h t ,  i . e . ,  d u r i n g  t h e  p r o c e s s  of l i g h t - a d a p t a t i o n .  
You w i l l  t h e n  have t h e  o p p o r t u n i t y  t o  d e v i s e  you r  own a d d i t i o n a l  e x p e r i m e n t s  t o  
i n v e s t i g a t e  f u r t h e r  a s p e c t s  of t h e  phys io logy  of v i s i o n  i n  t h e  L i m u l u s  e y e .  
Q u e s t i o n s  which can  be answered u s i n g  your e x p e r i m e n t a l  p r e p a r a t i o n  w i l l  be  
posed  f o r  you t o  c o n s i d e r .  

O b j e c t i v e s  

When you have  comple ted  t h i s  l a b o r a t o r y  e x e r c i s e ,  you shou ld  be a b l e  t o :  

1 . d e s c r i b e  i n  g e n e r a l  how t o  u s e  a  s i m p l e  o p t i c a l  s y s t e m  t o  
e x p e r i m e n t a l l y  s t i m u l a t e  a  v i s u a l  system p r e p a r a t i o n  

2. d e s c r i b e  t h e  waveform of t h e  L i m u l u s  E R G ,  and compare i t  t o  t h e  
v e r t e b r a t e  ERG a s  i l l u s t r a t e d  on page 2 6 7  of E c k e r t  and Randa l l  ANIMAL  
PHYSIOLOGY  (Second e d i t i o n )  

3 .  d e s c r i b e  t h e  e s s e n t i a l  s t r u c t u r a l  f e a t u r e s  of  ommatidia  and of compound 
e y e s ;  e x p l a i n  what i s  meant by d a r k  a d a p t a t i o n ,  l i g h t  a d a p t a t i o n ,  and  
r e spons e  l a t e n c y  

4. t e l l  how r e s p o n s e  amp l i t ude  depends on s t i m u l u s  i n t e n s i t y  and s t i m u l u s  
d u r a t i o n  i n  t h e  dark- adapted  L i m u l u s  eye ;  i n t e r p r e t  d a t a  which 
i l l u s t r a t e  t h e s e  r e l a t i o n s h i p s  

5. t e l l  how r e sponse  l a t e n c y  depends on s t i m u l u s  i n t e n s i t y ;  i n t e r p r e t  d a t a  
which i l l u s t r a t e  t h i s  r e l a t i o n s h i p ;  e x p l a i n  why a n  expe r imen t  t o  show 
t h e  e f f e c t  of s t i m u l u s  d u r a t i o n  on r e sponse  l a t e n c y  was n o t  s u g g e s t e d  

6 .  d e s c r i b e  t h e  t ime- course  of da rk  a d a p t a t i o n ;  i n t e r p r e t  d a t a  which 
i l l u s t r a t e  t h i s  phenomenon 

7 .  d e s c r i b e  t h e  e f f e c t  of ma in t a ined  i l l u m i n a t i o n  on t h e  s t i m u l u s- r e s p o n s e  
r e l a t i o n s h i p  

L a b o r a t o r y  P rocedu re s  

1. I n s t r u m e n t a t i o n .  

a .  O p t i c a l  sys tem.  To s t i m u l a t e  t h e  e y e ,  you w i l l  u s e  a  s i m p l e  b u t  
e f f e c t i v e  o p t i c a l  system c o n s i s t i n g  of t h r e e  p a r t s  - l i g h t  s o u r c e ,  
n e u t r a l  d e n s i t y  f i l t e r s ,  and a  s h u t t e r .  The s h u t t e r  i s  b u i l t  i n t o  t h e  
box t o p ;  t h e  f i l t e r s  and t h e  l i g h t  sou rce  a r e  p o s i t i o n e d  above s o  t h a t  
t h e y  w i l l  be a c c e s s i b l e .  The sou rce  p r o v i d e s  a  l a r g e  c o n t i n u o u s  amount 
of l i g h t ,  t h e  f i l t e r s  a t t e n u a t e  t h e  l i g h t  t o  d i f f e r e n t  d e g r e e s ,  and t h e  
s h u t t e r  c o n t r o l s  t h e  t i m i n g  of f l a s h e s  t h a t  r e ach  t h e  eye .  T h i s  sy s t em 
i s  p r e f e r a b l e  t o  s imp ly  s w i t c h i n g  t h e  l i g h t  on and o f f  because  1)  t h e  
d u r a t i o n  of t h e  f l a s h e s  can  be more a c c u r a t e l y  c o n t r o l l e d ,  2 )  t h e  
i n t e n s i t y  changes  i n s t a n t l y  when t h e  s h u t t e r  i s  opened.  and 3 )  t h e  
l i g h t  s w i t c h  cou ld  i n t r o d u c e  e l e c t r i c a l  a r t i f a c t s .  One cou ld  change  
t h e  l i g h t  i n t e n s i t y  by s imp ly  changing  t h e  v o l t a g e  t o  t h e  i l l u m i n a t o r ,  
bu t  f i l t e r s  a r e  p r e f e r a b l e  because  i n t e n s i t i e s  can  be 1 )  a d j u s t e d  more 
r e p r o d u c i b l y ,  and 2 )  v a r i e d  ove r  a  w ide r  r ange .  
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1. L i g h t  s o u r c e .  A  Nicho l a s  microscope  i l l u m i n a t o r  w i l l  be  u sed  a s  
t h e  l i g h t  s o u r c e .  

2. S h u t t e r .  The s h u t t e r  i s  o p e r a t e d  by a  push- but ton  c a b l e  r e l e a s e .  
Because i t  i s  a  mechanica l  s h u t t e r ,  one  must  l o a d  t h e  i n t e r n a l  
s p r i n g  w i t h  t h e  sma l l  cock ing  l e v e r  b e f o r e  e ach  u se .  You w i l l  a l s o  
need t o  s e t  t h e  d u r a t i o n  f o r  which t h e  s h u t t e r  i s  open.  T h i s  i s  
done by r o t a t i n g  t h e  t o o t h e d  wheel a t  t h e  o u t e r  edge  of  t h e  
s h u t t e r .  I t  can  be  s e t  f o r  d u r a t i o n s  a s  s h o r t  a s  1/200 of a  second  
(shown a s  200 on t h e  s h u t t e r )  and a s  l o n g  a s  1  second  (shown a s  1 ) .  
I n  a d d i t i o n ,  t h e r e  i s  a  s e t t i n g  l a b e l l e d  T. T h i s  i s  t h e  t imed 
p o s i t i o n ,  and one  t r i p  of t h e  r e l e a s e  w i l l  open t h e  s h u t t e r  and 
l e a v e  i t  open.  The s h u t t e r  w i l l  n o t  c l o s e  u n t i l  t h e  c a b l e  r e l e a s e  
is p r e s s e d  a  second  t i m e .  You w i l l  u s e  t h i s  s e t t i n g  when l i n i n g  up  
your  p r e p a r a t i o n  w i t h  t h e  l i g h t  beam, and l a t e r ,  when s t u d y i n g  
l i g h t  a d a p t a t i o n .  

3. F i l t e r s .  The f i l t e r s  used i n  t h i s  expe r imen t  a t t e n u a t e  a l l  
wave l eng th s  a p p r o x i m a t e l y  e q u a l l y ,  and a r e  t h e r e f o r e  c a l l e d  n e u t r a l  
d e n s i t y  f i l t e r s .  O p t i c a l  d e n s i t y  (OD) i s  s p e c i f i e d  i n  l o g  u n i t s  of  
a t t e n u a t i o n .  A  1  l o g  u n i t  f i l t e r  (OD = 1 .0 )  t r a n s m i t s  o n l y  1 /101  
o r  1 /10  o r  10% of t h e  i n c i d e n t  l i g h t .  A 2 l o g  u n i t  f i l t e r  (OD = 

2 .0 )  t r a n s m i t s  1/102 o r  1 /100  o r  1% of t h e  i n c i d e n t  l i g h t ,  and a  
0 . 3  l o g  u n i t  f i l t e r  (OD = 0 .3 )  t r a n s m i t s  1 / 1 0 0 . 3  o r  1 / 2  o r  5 0 %  o f 
t h e  i n c i d e n t  l i g h t .  The advan t age  o f  u s i n g  o p t i c a l  d e n s i t y  i s  t h a t  
t h e  u n i t s  a r e  a d d i t i v e ;  a  2 l o g  u n i t  f i l t e r  and a  1 l o g  u n i t  f i l t e r  
t o g e t h e r  a t t e n u a t e  t h e  l i g h t  by 3 l o g  u n i t s .  I n  you r  sy s t em, '  t h e  
f i l t e r s  w i l l  s imp ly  be s t a c k e d  on t o p  of t h e  s h u t t e r .  You w i l l  
have  t h r e e  1 . 0  l o g  u n i t  f i l t e r s  and one 0 . 5  u n i t  f i l t e r  t o  work 
w i t h  i n  t h i s  e x e r c i s e .  Used i n  v a r i o u s  combina t i ons .  t h e s e  w i l l  
e n a b l e  you t o  s t i m u l a t e  a t  seven  d i f f e r e n t  a t t e n u a t e d  l i g h t  
i n t e n s i t i e s  ( p l u s ,  of c o u r s e ,  t h e  i n t e n s i t y  of u n a t t e n u a t e d  l i g h t ) .  

b. P h y s i o s c r i b e .  You w i l l  be u s i n g  t h e  Time and Event  c h a n n e l ,  t h e  
B i o p o t e n t i a l  c h a n n e l ,  and one  Transducer  channel  f o r  t h i s  e x e r c i s e .  

1. Time and Event  Channel:  u s e  t o  s e t  c h a r t  speeds  and t o  gauge s h o r t  
t i m e  i n t e r v a l s .  

2. B i o p o t e n t i a l  channe l :  d i s p l a y s  t h e  ERG. A s i g n a l  c a b l e  i s  p lugged  
i n t o  t h i s  channe l ;  t h e  two banana p l u g s  a t  t h e  o t h e r  end of  t h e  
c a b l e  a r e  s e a t e d  i n  t h e  b i n d i n g  p o s t s  mounted i n  t h e  l u c i t e  s t a g e .  

3. T ransduce r  channe l :  d i s p l a y s  t h e  t i m i n g  o f  t h e  l i g h t  f l a s h e s .  The 
c a b l e  from t h e  p h o t o e l e c t r i c  t r a n s d u c e r  is p lugged  i n t o  t h i s  
channe l .  The t r a n s d u c e r  i t s e l f  w i l l  be p o s i t i o n e d  benea th  y o u r  
p r e p a r a t i o n  on t h e  l u c i t e  s t a g e  i n s i d e  t h e  L i g h t - t i g h t  box. 

4. Grounding:  t h e  Faraday  cage  (mounted i n s i d e  t h e  l i g h t - t i g h t  box ) ,  
t h e  heavy  aluminum p l a t e ,  and t h e  P h y s i o s c r i b e  w i l l  a l l  be 
grounded.  

2. P r e l i m i n a r y  t e s t i n g .  

a .  P o s i t i o n  t h e  bo t tom of  a  sma l l  g l a s s  p e t r i  d i s h  c l o s e  t o  t h e  b i n d i n g  
p o s t s  on t h e  l u c i t e  s t a g e .  

1. Arch t h e  w i r e  e l e c t r o d e s  up ove r  t h e  edge  and down i n t o  t h e  d i s h  t o  
t ouch  i t s  bottom. 
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2. T h e s e  a r e  s i l v e r - s i l v e r  c h l o r i d e  e l e c t r o d e s ,  s o  t a k e  c a r e  n o t  t o  
s c r a p e  t h e  s i l v e r  c h l o r i d e  o f f  t h e  s i l v e r  w i r e  c o r e .  

F i l l  t h e  d i s h  a p p r o x i m a t e l y  h a l f  f u l l  of s e a  w a t e r ,  m a k i n g  s u r e  t h a t  
t h e  e l e c t r o d e s  are immersed. 

P o s i t i o n  t h e  l u c i t e  s t a g e  i n  t h e  c e n t e r  of  t h e  h e a v y  a luminum p l a t e ,  
w i t h  t h e  b i n d i n g  p o s t s  t o w a r d  t h e  l e f t  e n d .  

S e c u r e  t h e  p h o t o e l e c t r i c  t r a n s d u c e r  t o  t h e  l u c i t e  s t a g e  o n  t h e  l o w e r  
l e v e l  b e n e a t h  t h e  p e t r i  d i s h  i f  i t  i s  n o t  a l r e a d y  i n  p l a c e .  

S l i d e  t h e  box  f o r w a r d  o v e r  t h e  a luminum p l a t e .  

1. Wi th  t h e  c u r t a i n  o p e n  and  t h e  s h u t t e r  open  ( u s e  t h e  T s e t t i n g ) ,  
p o s i t i o n  t h e  i l l u m i n a t o r  s o  t h a t  i t s  l i g h t  beam s h i n e s  down t h r o u g h  
t h e  c e n t e r  o f  t h e  s h u t t e r  and  i n t o  t h e  c e n t e r  of t h e  p e t r i  d i s h .  

2. Lower t h e  c u r t a i n  and  s e c u r e  i t s  e d g e s ;  c l o s e  t h e  s h u t t e r .  

Turn  o n  t h e  P h y s i o s c r i b e ;  f i l l  t h e  p e n s ;  s w i t c h  on t h e  i l l u m i n a t o r  ( u s e  
t h e  3 s e t t i n g ) .  

T e s t  t h e  b i o p o t e n t i a l  c h a n n e l  a s  f o l l o w s :  

1 . S l o w l y a n d  c a r e f u l l y t u r n  u p  t h e  s e n s i t i v i t y  k n o b  o f  t h e  
b i o p o t e n t i a l  c h a n n e l .  You s h o u l d  r e a c h  t h e  maximum s e n s i t i v i t y  
l e v e l  w i t h o u t  d e t e c t i n g  6 0- c y c l e  n o i s e .  

2. I f  y o u  p i c k  u p  n o i s e  be low a  s e t t i n g  o f  7 0 ,  c h e c k  t h e  g r o u n d i n g  
c o n n e c t i o n s  o r  summon y o u r  t e a c h i n g  a s s i s t a n t .  

A d j u s t  t h e  s e n s i t i v i t y  o f  t h e  t r a n s d u c e r  c h a n n e l  and  t e s t  i t  o u t  a s  
f o l l o w s :  

1. U s i n g  1 / 2 5  s e c o n d  f l a s h e s  w i t h  t h e  l i g h t  a t t e n u a t e d  by 3 l o g  u n i t s ,  
set  t h e  s e n s i t i v i t y  of  t h e  t r a n s d u c e r  c h a n n e l  s o  t h a t  t h e  
d e f l e c t i o n  o f  t h e  pen  i s  m i n i m a l .  Beg in  w i t h  a  s e t t i n g  o f  10, a n d  
i n c r e a s e  b y  i n c r e m e n t s  o f  5. 

2. At t h i s  s e n s i t i v i t y ,  u n a t t e n u a t e d  l i g h t  f l a s h e d  w i t h  a  d u r a t i o n  o f  
1 / 2 5  s e c o n d  would g i v e  a  l a r g e  b u t  n o t  maximal d e f l e c t i o n ;  d o e s  i t ?  

3.  With  a n  a t t e n u a t i o n  of  1 l o g  u n i t ,  o b s e r v e  t h e  r e s p o n s e  of  t h e  
t r a n s d u c e r  c h a n n e l  when f l a s h e s  o f  d i f f e r e n t  d u r a t i o n  ( 1 / 5 0 ,  1 / 2 5 ,  
1 / 1 0  1 / 5 ,  1 / 2 ,  and  1  s e c )  a r e  g i v e n .  N o t e  t h a t  t h e r e  i s  a  
d e f l e c t i o n  a t  t h e  o n s e t  of  l i g h t  a n d ,  f o r  l o n g e r  f l a s h e s ,  a t  t h e  
o f f s e t ,  b u t  t h a t  t h e r e  i s  no p l a t e a u  w h i l e  t h e  l i g h t  i s  o n .  T h i s  
i s  a l i m i t a t i o n  o f  t h e  P h y s i o s c r i b e ,  b u t  n o t  a s e r i o u s  o n e ,  s i n c e  
you  r e a l l y  o n l y  need t o  k e e p  t r a c k  o f  when t h e  f l a s h  b e g a n .  (You 
may a l s o  n o t e  t h a t  t h e  t i m i n g  mechanism i n  t h e  s h u t t e r  i s  n o t  
r e l i a b l e ;  i t  t e n d s  t o  s t i c k  a t  l o n g e r  f l a s h  d u r a t i o n s .  
F o r t u n a t e l y ,  y o u  w i l l  be  u s i n g  s h o r t  f l a s h e s  f o r  t h e  m o s t  p a r t . )  

When y o u  h a v e  c o m p l e t e d  c h e c k i n g  o u t  y o u r  s y s t e m ,  r e t u r n  t h e  
s e n s i t i v i t y  s e t t i n g  of  t h e  b i o p o t e n t i a l  c h a n n e l  t o  i t s  m i n i m a l  l e v e l ,  
b u t  l e a v e  t h e  s e n s i t i v i t y  of  t h e  t r a n s d u c e r  c h a n n e l  a s  you  h a v e  
a d j u s t e d  i t .  

1. Turn  t h e  P h y s i o s c r i b e  and  t h e  i l l u m i n a t o r  o f f .  

2. Open t h e  box and  s l i d e  i t  back  t o  e x p o s e  t h e  a luminum p l a t e  a n d  
y o u r  e x p e r i m e n t a l  s e t- u p .  

b .

c .

d .

e .

f.

g.

h.
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3.  Empty t h e  s e a  w a t e r  from t h e  p e t r i  d i s h  and d r y  it w i t h  a  Kimwipe. 

4. C o n s t r u c t  two o r  t h r e e  sma l l  c l a y  pyramids i n  t h e  middle  o f  t h e  d r y  
g l a s s  p e t r i  d i s h .  These shou ld  be abou t  0 . 5  c m  a c r o s s  and 0 . 5  c m  
h i g h .  Your t e a c h i n g  a s s i s t a n t  w i l l  have  a  sample i l l u s t r a t i n g  t h e  
a p p r o p r i a t e  d imens ions  a t  t h e  f r o n t  de sk .  

3 .  D i s s e c t i o n  o f  t h e  l a t e r a l  eye ;  mounting t h e  p r e p a r a t i o n .  

a.  P i c k  up  a d i s s e c t i n g  k i t  and a  ho r se shoe  c r a b  which h a s  been s e c u r e d  t o  
a  d i s s e c t i n g  board  from t h e  p r e p a r a t o r y  l a b .  

b. F i r s t ,  you w i l l  have t o  c o l l e c t  a s m a l l  sample of  b lood  i n  a  hypodermic 
s y r i n g e  u s i n g  t h e  method of  h e a r t  punc tu r e .  The h e a r t  r u n s  a n t e r o -  
p o s t e r i o r l y  i n  t h e  d o r s a l  m i d l i n e  of t h e  body. 

1. Loca t e  t h e  h i n g e  which j o i n s  t h e  horseshoe- shaped  c a r a p a c e  w i t h  t h e  
a n g u l a r  p o s t e r i o r  s e c t i o n  (abdomen) of t h e  body. 

2. Aim t h e  n e e d l e  a n t e r i o r l y  and push i t  t h rough  t h e  e l a s t i c  h i n g e  
c u t i c l e  i n  t h e  m i d l i n e  of  t h e  a n i m a l ' s  body ( s e e  F i g u r e  1) t o  a  
d e p t h  of a p p r o x i m a t e l y  0.5 cm. 

3. P u l l  t h e  p lunge r  s l i g h t l y  and a d j u s t  t h e  d e p t h  of t h e  n e e d l e  u n t i l  
t h e  s y r i n g e  beg in s  t o  f i l l  w i t h  blood.  C o l l e c t  a p p r o x i m a t e l y  0 . 5  
ml.  The b lood  w i l l  be  a l m o s t  c l e a r  o r  s l i g h t l y  b l u i s h ;  t h i s  i s  due  
t o  t h e  p r e s e n c e  o f  t h e  b l u e  r e s p i r a t o r y  p igmen t ,  hemocyanin,  which  
becomes b l u e r  a s  i t  i s  oxygenated .  

4. Lay t h e  s y r i n g e  w i t h  i t s  c o n t a i n e d  blood a s i d e  f o r  f u t u r e  u s e .  

c .  Examine t h e  l a t e r a l  e y e  under  t h e  b i n o c u l a r  d i s s e c t i n g  mic ro scope .  
Note t h e  f a c e t s ,  e a c h  of which r e p r e s e n t s  t h e  l e n s  o v e r  one  ommatidium. 

1 . While h o l d i n g  your  an imal  s e c u r e l y ,  s l i c e  o f f  a  s e c t i o n  of t h e  waxy 
e p i c u t i c l e  o v e r  one  of  t h e  l a t e r a l  e y e s  w i t h  a  s h a r p ,  s i n g l e- e d g e  
r a z o r  b l a d e .  You shou ld  s l i c e  d e e p l y  enough s o  t h a t  t h e  s u r f a c e  
ends  of some of t h e  ommatidia a r e  removed w i t h  t h e  waxy l a y e r ,  b u t  
n o t  s o  d e e p l y  t h a t  you remove most o f  t h e  eye .  

2. With t h e  c o r n e r  of t h e  r a z o r  b l a d e ,  make a  r e c t a n g u l a r  i n c i s i o n  
a p p r o x i m a t e l y  1.5 cm s q u a r e  t h rough  t h e  c a r a p a c e  a round  t h e  e y e  
( s e e  F i g u r e  2 ) .  You need c u t  o n l y  t h r o u g h  t h e  c u t i c l e  ( a p p r o x i-  
m a t e l y  t h e  t h i c k n e s s  of a  f i n g e r n a i l ) ;  n o t  d e e p l y  i n t o  t h e  a n i m a l ,  
which is o n l y  a  few m i l l i m e t e r s  t h i c k  i n  t h i s  a r e a .  

3. With f o r c e p s ,  l i f t  u p  t h e  s e c t i o n  o f  e x c i s e d  c a r a p a c e ,  s e p a r a t i n g  
i t  from u n d e r l y i n g  t i s s u e s  w i t h  t h e  t i p  of a  s h a r p  s c a l p e l .  Do 
n o t ,  however,  poke you r  s c a l p e l  i n  s o  f a r  t h a t  you damage t h e  soft, 
bo t tom s i d e  of t h e  e y e .  

d.  P i c k  up t h e  s e c t i o n  and ,  h o l d i n g  it  s e c u r e l y  a l o n g  i t s  edges  between 
you r  f i n g e r s ,  d r y  t h e  s u r f a c e  of  t h e  c u t i c l e  c a r e f u l l y  w i t h  a  Kimwipe. 
The d r y n e s s  of t h e  c u t i c l e  a round t h e  e y e  i s  a  c r i t i c a l  f a c t o r .  

e .  Take t h e  d ry- su r f aced  s e c t i o n  s e c u r e l y  i n  t h e  f o r c e p s  a g a i n ,  and w i t h  
t h e  nar row end of  a  s t a i n l e s s  s t e e l  s p a t u l a ,  a p p l y  a  w a l l  ( 2  mm  h i g h )  
of s i l i c o n  g r e a s e  around t h e  edge  on a l l  f o u r  s i d e s .  The i n t e g r i t y  o f  
t h e  w a l l  i s  a  second c r i t i c a l  f a c t o r .  
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1. Why a r e  a  d r y  s u r f a c e  and an  i n t a c t  w a l l  s o  i m p o r t a n t ?  S h o r t l y ,  
you w i l l  p l a c e  one  r e c o r d i n g  e l e c t r o d e  i n  t h e  l i q u i d  w i t h i n  t h e  
w a l l  where it w i l l  c o n t a c t  t h e  s u r f a c e  of t h e  eye .  Your r e f e r e n c e  
e l e c t r o d e  w i l l  be i n  t h e  s e a  wa t e r  ba th  which w i l l  be i n  c o n t a c t  
w i t h  t h e  back  of  t h e  eye .  I t  i s  e s s e n t i a l  t h a t  t h e  e l e c t r i c a l  
r e s i s t a n c e  between t h e s e  two compartments be v e r y  h i g h ,  and t h i s  
r e q u i r e s  1)  making a  good wa l l  w i t h  no Leaks and no  g a p s ,  and 2 )  
n o t  a l l o w i n g  f l u i d  t o  s p i l l  over  from one compartment t o  t h e  o t h e r .  

2. E l e c t r i c a l  s h o r t - c i r c u i t i n g  a c r o s s  o r  benea th  a  f a u l t y  w a l l  i s  a  
comnon c a u s e  o f  t r o u b l e  i n  t h i s  e x e r c i s e .  

f .  Mount t h e  r e c t a n g l e  between your c l a y  pyramids ,  s e c u r i n g  i t s  edges  
f i r m l y  i n  t h e  c l a y  s o  t h a t  i t  won ' t  l a t e r  f l o a t  o f f .  

g. With a  p a s t e u r  p i p e t t e ,  add s e a  w a t e r  t o  t h e  p e t r i  d i s h  t o  a  d e p t h  such  
t h a t  i t s  s u r f a c e  i s  l e v e l  w i t h  t h e  t o p  of  t h e  mounted s e c t i o n  of c a r a -  
pace .  T i l t  t h e  d i s h  a p p r o p r i a t e l y  s o  t h a t  t r a p p e d  a i r  bubb l e s  e s c a p e  
from benea th  t h e  s e c t i o n .  

h .  Expel  a  coup l e  d rops  of  blood from t h e  s y r i n g e  o n t o  t h e  c u t  s u r f a c e  of  
t h e  eye .  

i .  P l a c e  t h e  p e t r i  d i s h  c o n t a i n i n g  you r  p r e p a r a t i o n  i n  i t s  p l a c e  on t h e  
l u c i t e  s t a g e .  

j. P o s i t i o n  one w i r e  e l e c t r o d e  ( b l a c k )  i n  t h e  s e a  w a t e r ,  and t h e  o t h e r  
( r e d )  i n  t h e  d r o p  of blood o v e r  t h e  s u r f a c e  of t h e  eye .  

k .  Draw t h e  box forward  ove r  t h e  p r e p a r a t i o n .  

1. S t a c k  2 l o g  u n i t s  of f i l t e r  on t h e  open s h u t t e r ,  s w i t c h  t h e  i l l u m i n a t o r  
on ( u s e  t h e  1  s e t t i n g ) ,  and q u i c k l y  check t o  make s u r e  t h a t  t h e  l i g h t  
beam i l l u m i n a t e s  o u r  p r e p a r a t i o n ;  t hen  c l o s e  t h e  s h u t t e r  p rompt ly .  

m. P o s i t i o n  a  second N icho l a s  i l l u m i n a t o r  t o  s e r v e  a s  an a d a p t i n g  l i g h t  
s o u r c e  f o r  Experiment  I V .  

1. Remove t h e  p a t c h  c o v e r i n g  t h e  p o r t h o l e  on t h e  r i g h t  s i d e  of t h e  
box. 

2. Aim t h e  l i g h t  beam of t h e  second i l l u m i n a t o r  ( u s e  t h e  1 s e t t i n g )  
i n t o  t h e  box somewhat t o  t h e  s i d e  of you r  p r e p a r a t i o n .  Then t u r n  
o f f  t h i s  i l l u m i n a t o r  and cove r  t h e  p o r t h o l e  a g a i n .  

n. S e c u r e  t h e  c u r t a i n  and w a i t  5 minu t e s  f o r  t h e  eye  t o  da rk- adap t .  

o .  N o t a  b e n e !  Take c a r e  n o t  t o  knock o r  j a r  your p r e p a r a t i o n ,  p u l l  on t h e  
e l e c t r i c a l  c a b l e ,  o r  move t h e  second i l l u m i n a t o r  d u r i n g  your  s u b s e q u e n t  
expe r imen t s .  I f  t h e  a l i gnmen t s  a r e  d i s t u r b e d  and you have t o  open t h e  
l i g h t - t i g h t  box a g a i n ,  v a l u a b l e  t ime  w i l l  be l o s t  i n  w a i t i n g  f o r  t h e  
e y e  t o  dark- adapt  a  second t ime .  

4. F i n a l  t e s t i n g .  

a. S e t  t h e  c h a r t  speed  o f  t h e  P h y s i o s c r i b e  a t  a  s low speed  ( a p p r o x i m a t e l y  
1 mm/sec). 

b. S l o w l y  and c a r e f u l l y t u r n  up t h e  s e n s i t i v i t y  of t h e  b i o p o t e n t i a l  
channe l  t o  maximal. You should  obse rve  no  g r e a t e r  60- cycle  n o i s e  t h a n  
you d i d  i n  you r  p r e l i m i n a r y  t e s t .  
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1. I f  t h i s  i s  n o t  t h e  c a s e ,  summon your  t e a c h i n g  a s s i s t a n t .  

2. S e t  t h e  s e n s i t i v i t y  of t h e  b i o p o t e n t i a l  channe l  a t  a p p r o x i m a t e l y  40 
t o  beg in  you r  f i n a l  t e s t i n g  of t h e  sys tem.  

c .  Turn t h e  t o p  i l l u m i n a t o r  on ;  u s e  t h e  3 s e t t i n g  f o r  a l l  e x p e r i m e n t s .  

d .  S e t  up and a d m i n i s t e r  a  t e s t  f l a s h  a t  1 / 2 5  s e c  of  l i g h t  a t t e n u a t e d  a t  1  
l o g  u n i t .  

e. I f  t h e r e  i s  a  r e s p o n s e ,  w a i t  5 minu te s  and r e p e a t  w i t h  a n o t h e r  
i d e n t i c a l  f l a s h .  

1. Cont inue  w i t h  r e p e a t e d  i d e n t i c a l  f l a s h e s  a f t e r  5 minu t e  i n t e r v a l s  
u n t i l  t h e  r e sponse  amp l i t ude  no l o n g e r  changes ;  a t  t h i s  p o i n t ,  y o u r  
p r e p a r a t i o n  h a s  r e ached  t h e  s t a b l e ,  dark- adapted  s t a t e .  

2. Proceed  t o  Experiment  I .  

3 .  Dur ing  t h e  f i n a l  t e s t i n g ,  and t h roughou t  a l l  e x p e r i m e n t s ,  you  w i l l  
need t o  keep  t r a c k  of  t h e  fo l l owing :  W r i t e  them on t h e  c h a r t  f o r  ----- each  f l a s h !  

a . Abso lu t e  t i m e  - c l o c k  t i m e .  

b .  A t t e n u a t i o n  of t h e  l i g h t  beam - number of l o g  u n i t s .  

c .  F l a s h  d u r a t i o n  - s h u t t e r  speed .  

d .  S e n s i t i v i t y  s e t t i n g  of t h e  b i o p o t e n t i a l  channe l .  

f .  I f  t h e r e  i s  no r e s p o n s e ,  summon your  t e a c h i n g  a s s i s t a n t .  You w i l l  need 
t o  re- check you r  e l e c t r i c a l  c o n n e c t i o n s ,  t h e  alignment of y o u r  l i g h t  
beam, t h e  i n t e n s i t y  and a t t e n u a t i o n  of t h e  l i g h t ,  t h e  p lacement  of y o u r  
e l e c t r o d e s ,  t h e  q u a l i t y  of you r  d i s s e c t i o n ,  and t h e  s t a t u s  of y o u r  
mount. I f  t h e s e  a l l  appea r  t o  be i n  o r d e r ,  c l o s e  t h e  d a r k  box a g a i n ,  
w a i t  5 m i n u t e s ,  and t r y  p a r t  d  a g a i n .  

1 .  I f  t h e r e  i s  s t i l l  no r e sponse ,  t a k e  t h e  eye  o u t  of t h e  d i s h ,  d r y  
t h e  c a r a p a c e  and r e- grea se  i t ,  re-mount i t  a s  d e s c r i b e d  i n  t h e  
p r e v i o u s  s e c t i o n ,  and proceed  w i t h  f i n a l  t e s t i n g  once  a g a i n .  

2. A s  a l a s t  r e s o r t ,  you w i l l  have  t o  do  a  second d i s s e c t i o n .  

5 .  Exper iment  I .  Response amp l i t ude  and l a t e n c y  of r e s p o n s e  a s  f u n c t i o n s  o f  
s t i m u l u s  i n t e n s i t y .  

a .  S e t  t h e  P h y s i o s c r i b e  speed  a t  maximum. 

1. Run t h e  c h a r t  mover o n l y  a t  t h e  t i m e s  when you w i l l  a c t u a l l y  be  
d e l i v e r i n g  f l a s h e s ;  you w i l l  was t e  enormous amounts of c o s t l y  p a p e r  
i f  you r u n  i t  c o n t i n u o u s l y .  

b. The s e n s i t i v i t y  s e t t i n g s  of  bo th  c h a n n e l s  shou ld  remain  a s  p r e v i o u s l y  
s e t .  

c .  U s e  1 / 2 5  second f l a s h e s  f o r  t h i s  expe r imen t .  

d .  Begin w i t h  t h e  dimmest f l a s h  p o s s i b l e  (3.5 l o g  u n i t s  of a t t e n u a t i o n ) ;  
s t i m u l a t e  t h e  e y e  and r e c o r d  t h e  r e sponse .  I t  i s  i m p o r t a n t  t h a t  you 
g e t  good t r a c e s  on b o t h  r e c o r d i n g  c h a n n e l s ,  a l t h o u g h  t h e  r e s p o n s e s  w i l l  
be v e r y  s m a l l .  Read ju s t  t h e  s e n s i t i v i t i e s  of t h e  c h a n n e l s  i f  
n e c e s s a r y ,  and r e p e a t  t h e  f l a s h  u n t i l  you g e t  a  good t r a c e .  
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e. C o n t i n u e  t o  s t i m u l a t e  t h e  e y e  w i t h  p r o g r e s s i v e l y  b r i g h t e r  f l a s h e s  o f  
l i g h t .  By s t a c k i n g  d i f f e r e n t  c o m b i n a t i o n s  of  f i l t e r s ,  s i x  a d d i t i o n a l  
i n t e n s i t y  l e v e l s  a r e  p o s s i b l e .  

f .  How l o n g  s h o u l d  you  w a i t  be tween  s t i m u l i  s o  t h a t  t h e  r e s p o n s e  t o  a  
g i v e n  f l a s h  i s  n o t  i n f l u e n c e d  by  t h e  p r e v i o u s  s t i m u l u s ?  Your  
e x p e r i m e n t a l  p r o t o c o l  w i l l  need t o  i n c l u d e  c o n t r o l s  w h i c h  show t h a t  
y o u r  s t i m u l i  w e r e  n o t  g i v e n  t o o  c l o s e  t o g e t h e r .  T h e r e  a r e  s e v e r a l  
p o s s i b l e  c o n t r o l s  t h a t  c o u l d  b e  done .  You w i l l  h a v e  t o  t h i n k  a b o u t  t h e  
p r o b l e m ;  t o  d e v i s e  a  s u i t a b l e  c o n t r o l ,  and  i n c l u d e  i t  d u r i n g  t h e  c o u r s e  
of  t h e  e x p e r i m e n t .  

6. E x p e r i m e n t  II. Response  a m p l i t u d e  a s  a  f u n c t i o n  o f  s t i m u l u s  d u r a t i o n .  

a .  C o n t i n u e  w i t h  t h e  p r e v i o u s  P h y s i o s c r i b e  s e t t i n g s .  

b.  Choose a n  i n t e n s i t y  f o r  which  t h e  s h o r t e s t  p o s s i b l e  f l a s h  ( 1 / 2 0 0  s e c )  
g i v e s  a  m i n i m a l  r e s p o n s e ;  s t i m u l a t e  t h e  e y e ,  and  r e c o r d  t h e  r e s p o n s e .  

c .  C o n t i n u e  t o  s t i m u l a t e  t h e  e y e  w i t h  p r o g r e s s i v e l y  l o n g e r  f l a s h e s  o f  
l i g h t  a t  t h e  same i n t e n s i t y ;  t h e r e  a r e  s e v e n  a d d i t i o n a l  s e t t i n g s  u p  
t h r o u g h  1 s e c o n d  o n  y o u r  s h u t t e r .  

d .  Use t h e  d a t a  o b t a i n e d  i n  y o u r  c o n t r o l s  f o r  E x p e r i m e n t  I t o  d e t e r m i n e  
t h e  a p p r o x i m a t e  d e l a y  t i m e  be tween  s u c c e s s i v e  s t i m u l i .  

7 .  E x p e r i m e n t  III. Time c o u r s e  o f  d a r k  a d a p t a t i o n .  

a .  Slow t h e  c h a r t  s p e e d  t o  a p p r o x i m a t e l y  1 mm/sec, and  a l l o w  t h e  c h a r t  t o  
r u n  c o n t i n u o u s l y  d u r i n g  t h i s  e x p e r i m e n t .  

b .  Choose a s t i m u l u s  d u r a t i o n  and  i n t e n s i t y  t h a t  w i l l  g i v e  a  h a l f- m a x i m a l  
r e s p o n s e .  

1. S t i m u l a t e  r e p e a t e d l y  a t  s u i t a b l e  i n t e r v a l s  u n t i l  y o u  o b t a i n  a t  
l e a s t  two  e q u a l  r e s p o n s e s .  

2. Note  t h e  min imal  t i m e  t h a t  mus t  e l a p s e  be tween  t h e s e  f l a s h e s  t o  
o b t a i n  e q u a l  r e s p o n s e s .  T h i s  i s  y o u r  d a r k- a d a p t e d  c o n t r o l .  Make 
s u r e  t h a t  you d o  n o t  u n d e r e s t i m a t e  t h i s  t i m e .  

c .  L i g h t- a d a p t  t h e  e y e  by g i v i n g  u n a t t e n u a t e d  l i g h t  f o r  10-15 s e c o n d s ;  t h e  
T  s e t t i n g  of  t h e  s h u t t e r  i s  u s e f u l  h e r e .  

d .  R e t u r n  i m m e d i a t e l y  t o  t h e  s t i m u l u s  c o n d i t i o n s  u s e d  f o r  t h e  d a r k- a d a p t e d  
c o n t r o l  f l a s h e s .  

1. D e l i v e r  f l a s h e d  r e g u l a r l y  a t  t h e  i n t e r v a l  p r e v i o u s l y  d e t e r m i n e d  
u n t i l  t h e  d a r k- a d a p t e d  c o n t r o l  r e s p o n s e  i s  o n c e  a g a i n  o b t a i n e d .  

8. E x p e r i m e n t  IV. S e n s i t i v i t y  d u r i n g  l i g h t  a d a p t a t i o n .  

a .  T h i s  e x p e r i m e n t  i s  i n  p a r t  a  v a r i a t i o n  o n  t h e  p r e v i o u s  e x p e r i m e n t s .  
H e r e  you  w i l l  m e a s u r e  r e s p o n s e s  w h i l e  a  second  dim l i g h t  e n t e r s  t h e  
box;  t h i s  l i g h t  w i l l  s e r v e  t o  p a r t i a l l y  l i g h t - a d a p t  y o u r  p r e p a r a t i o n .  
As a n  a d a p t i n g  L i g h t  s o u r c e ,  you  w i l l  u s e  a  s e c o n d  N i c h o l a s  i l l u m i n a t o r  
w h i c h  y o u  h a v e  a l r e a d y  p o s i t i o n e d  t o  s h i n e  t h r o u g h  t h e  s i d e  p o r t h o l e .  

b. C o n t i n u e  w i t h  t h e  p r e v i o u s  P h y s i o s c r i b e  s e t t i n g s .  
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c .  To beg in  t h e  expe r imen t ,  you shou ld  r e p e a t  a  mini- Experiment  I u s i n g  
o n l y  t h r e e  d i f f e r e n t  i n t e n s i t i e s  of l i g h t .  T h i s  w i l l  g i v e  you d a t a  f o r  
a  second dark- adapted  i n t e n s i t y- r e s p o n s e  cu rve  (Exper iment  IV-A). 

1. Note t h a t  s i n c e  you a r e  r unn ing  t h e  P h y s i o s c r i b e  a t  a  s low s p e e d ,  
you w i l l  n o t  have d a t a  f o r  a  second i n t e n s i t y - l a t e n c y  c u r v e  a s  you 
had i n  Experiment  I .  

d .  Next ,  p roceed  t o  r e p e a t  t h e  dark- adapted c o n t r o l  of  Exper iment  III, 
g i v i n g  f l a s h e s  a t  an  i n t e n s i t y  which p roduces  a n  i n t e r m e d i a t e  r e s p o n s e  
r e p e a t e d  a t  t h e  s t a n d a r d  i n t e r v a l  ( s e c t i o n  7. b. 1 . & 2 . ) . T h i s  w i l l  g i v e  
you d a t a  f o r  a  second  dark- adapted  c o n t r o l  (Exper iment  IV-B). 

e. A f t e r  2 o r  3 f l a s h e s ,  open t h e  p o r t h o l e .  Th i s  shou ld  produce  a  
r e s p o n s e ,  t h e  magni tude  of which w i l l  t e l l  you t h e  i n t e n s i t y  of  t h e  
a d a p t i n g  l i g h t  f rom t h e  second i l l u m i n a t o r .  

f .  Con t i nue  t o  a d m i n i s t e r  s t a n d a r d  t e s t  f l a s h e s  a t  t h e  s t a n d a r d  i n t e r v a l .  

1. The r e s p o n s e  t o  you r  f i r s t  s t i m u l u s  d u r i n g  l i g h t  a d a p t a t i o n  s h o u l d  
be reduced .  I f  t h i s  i s  n o t  t h e  c a s e ,  you shou ld  r e p o s i t i o n  t h e  
l i g h t  beam of t h e  second i l l u m i n a t o r .  

2. Admin i s t e r  t e s t  f l a s h e s  w i t h  t h e  p o r t h o l e  open u n t i l  t h e  r e s p o n s e  
h a s  s t a b i l i z e d .  T h i s  w i l l  g i v e  you d a t a  f o r  a  l i g h t - a d a p t a t i o n  
c u r v e  (Exper iment  IV-C ) . 

3. Once t h e  r e sponse  h a s  s t a b i l i z e d ,  t a k e  d a t a  f o r  a  l i g h t - a d a p t e d  
i n t e n s i t y- r e s p o n s e  cu rve  (Exper iment  IV-D). Use a t  l e a s t  t h e  same 
t h r e e  l i g h t  i n t e n s i t i e s  t h a t  you used  i n  8 . c .  above.  

g .  Conclude by c l o s i n g  t h e  p o r t h o l e  and c o n t i n u i n g  w i t h  t h e  s t a n d a r d  t e s t  
f l a s h e s  u n t i l  t h e  dark- adapted  c o n t r o l  r e s p o n s e  i s  once  a g a i n  a t t a i n e d .  
These  d a t a  w i l l  e n a b l e  you t o  p l o t  a  second  d a r k- a d a p t a t i o n  c u r v e  
(Exper iment  IV-E). 

9. Exper iment  V ( O p t i o n a l ) .  La tency  of r e sponse  a s  a  f u n c t i o n  o f  r e s p o n s e  
a m p l i t u d e  unde r  c o n d i t i o n s  of  l i g h t  a d a p t a t i o n .  

a .  Design and c a r r y  o u t  a n  expe r imen t  which w i l l  p r o v i d e  d a t a  t o  answer  
t h e  q u e s t i o n :  Is  t h e  l a t e n c y  of equa l- s i zed  dark-  and l i g h t - a d a p t e d  
r e s p o n s e s  t h e  same? 

10. Exper iment  V I  ( O p t i o n a l ) .  Time c o u r s e  of  d a r k  a d a p t a t i o n  unde r  d i f f e r e n t  
s t i m u l u s  c o n d i t i o n s .  

a .  Repea t  Exper iment  III u s i n g  s t i m u l i  of  d i f f e r e n t  d u r a t i o n s  o r  o f  
d i f f e r e n t  i n t e n s i t i e s .  Your d a t a  shou ld  e n a b l e  you t o  answer  two 
q u e s t i o n s :  

I. I n  what  r e s p e c t ( s )  i s ( a r e )  a l l  d a r k- a d a p t a t i o n  c u r v e s  s i m i l a r ?  

2. I n  what  r e s p e c t ( s )  i s ( a r e )  a l l  d a r k- a d a p t a t i o n  c u r v e s  d i f f e r e n t ?  

11. Exper iment  V I I  ( o p t i o n a l ) .  I n t e n s i t y- r e s p o n s e  c u r v e s  a s  a  f u n c t i o n  of  
r e s p o n s e  d u r a t i o n  under  c o n d i t i o n s  of da rk  a d a p t a t i o n .  

a .  Repea t  Exper iment  I u s i n g  s t i m u l i  of d i f f e r e n t  d u r a t i o n s .  

b. Your d a t a  shou ld  e n a b l e  you t o  answer t h e  q u e s t i o n :  H o w  i s  r e s p o n s e  
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a m p l i t u d e  r e l a t e d  t o  t h e  t o t a l  amount of l i g h t  ( i . e . ,  i n t e n s i t y  x  
d u r a t i o n )  a d m i n i s t e r e d ?  

1. Does an i n c r e a s e  i n  i n t e n s i t y  by a  f a c t o r  of 2 e x a c t l y  compensa te  
f o r  a  d e c r e a s e  i n  d u r a t i o n  by a  f a c t o r  of 2? 

2. Over what r ange  can i n t e n s i t y  and t i m e  be t r a d e d  o f f ?  ( I n  humans, 
t h e  s e n s i t i v i t y  t o  f l a s h e s  of  equa l  t o t a l  ene rgy  i s  c o n s t a n t  f o r  
d u r a t i o n s  l e s s  t h a n  100 msec). 

12 .  Te rmina t i on  of t h e  e x e r c i s e .  

a .  R e t u r n  t h e  d i s s e c t i n g  equipment  and  t h e  d i s h  c o n t a i n i n g  y o u r  
p r e p a r a t i o n  t o  t h e  p r e p a r a t o r y  l a b .  

b. Wipe t h e  g r e a s e  o f f  t h e  s p a t u l a ;  r e t u r n  i t  and t h e  c o n t a i n e r  of s i l i c o n  
g r e a s e  t o  t h e  f r o n t  l a b  bench. 

c .  Clean  t h e  s a l t  f rom t h e  s t a g e  of t h e  b i n o c u l a r  d i s s e c t i n g  mic ro scope .  

d.  Turn t h e  P h y s i o s c r i b e  o f f ;  empty t h e  pens ;  r e t u r n  a l l  s e n s i t i v i t y  knobs 
t o  t h e i r  minimal  s e t t i n g s .  

e .  Check o u t  your  d a t a  w i t h  your  t e a c h i n g  a s s i s t a n t  

Data  A n a l y s i s  and Repor t  
-- 

1 .  P r e l i m i n a r y  t e s t i n g .  

a .  S t r i p  c h a r t  - i n  Appendix. 

2. F i n a l  t e s t i n g .  

a .  S t r i p  c h a r t  - i n  Appendix. 

3 .  Exper iment  I .  

a .  Summarize t h e  d a t a  i n  t a b u l a r  form. 

1. S t imu lus  i n t e n s i t y  i n  l o g  u n i t s  of a t t e n u a t i o n .  

2. Response amp l i t ude  i n  mm  

3. Latency  of r e sponse  i n  m m , conve r t  t o  seconds .  

b. P l o t  r e s p o n s e  amp l i t ude  a s  a  f u n c t i o n  of s t i m u l u s  i n t e n s i t y .  T h i s  w i l l  
be y o u r  dark- adapted  i n t e n s i t y- r e s p o n s e  cu rve .  

c .  P l o t  l a t e n c y  of  r e sponse  a s  a  f u n c t i o n  of  s t i m u l u s  i n t e n s i t y .  

d .  S t a t e  c o n c l u s i o n ( s )  which can  be drawn from t h e s e  d a t a .  

e .  S t r i p  c h a r t  - i n  Appendix. 

4. Experiment  II. 

a .  Summarize t h e  d a t a  i n  t a b u l a r  form. 

1. S t imu lus  d u r a t i o n  i n  seconds  ( f rom s h u t t e r ) .  

2. Response amp l i t ude  i n  mm.  
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3 .  La t ency  of r e s p o n s e  i n  m m , c o n v e r t  t o  seconds .  

b. P l o t  r e s p o n s e  a m p l i t u d e  a s  a  f u n c t i o n  of s t i m u l u s  d u r a t i o n .  

c .  S t a t e  c o n c l u s i o n ( s )  which can  be drawn f rom t h e s e  d a t a .  

d .  S t r i p  c h a r t  - i n  Appendix. 

5. Exper iment  III. 

a .  Summarize t h e  d a t a  i n  t a b u l a r  form. 

1. Time i n  seconds  a f t e r  p r e v i o u s  f l a s h  f o r  dark- adapted  c o n t r o l s .  

2. Time i n  m i n u t e s  a f t e r  t h e  e n d  o f  l i g h t - a d a p t a t i o n  f o r  
e x p e r i m e n t a l s .  

3. Response a m p l i t u d e  i n  mm. 

b. P l o t  r e s p o n s e  a m p l i t u d e  a s  a  f u n c t i o n  of t i m e  f o l l o w i n g  t h e  end  of  
l i g h t - a d a p t a t i o n .  T h i s  w i l l  be  you r  d a r k- a d a p t a t i o n  c u r v e .  

c .  S t a t e  c o n c l u s i o n ( s )  which can  be drawn from t h e s e  d a t a .  

d .  S t r i p  c h a r t  - i n  Appendix. 

6. Exper iment  I V .  

a .  Summar ize  t h e  d a t a  i n  t a b u l a r  form. 

b. P l o t  t h e  d a t a  f o r  Experiment  IV-A on t h e  graph  which you made f o r  
Exper iment  I a s  d e s c r i b e d  i n  3.b.  above.  

c. What was t h e  i n t e n s i t y  o f  t h e  a d a p t i n g  l i g h t  from t h e  second N i c h o l a s  
i l l u m i n a t o r .  H o w  d i d  you de t e rmine  t h i s ?  

d .  For  Exper iment  IV-C, p l o t  r e sponse  amp l i t ude  a s  a  f u n c t i o n  of t i m e  
f o l l o w i n g  t h e  beg inn ing  o f  l i g h t  a d a p t a t i o n .  T h i s  w i l l  b e  you r  l i g h t -  
a d a p t a t i o n  c u r v e .  

e. P l o t  t h e  d a t a  f o r  Experiment  IV-D on t h e  graph  which you made f o r  
Experiment  I a s  d e s c r i b e d  i n  3.b.  above.  Your l i g h t- a d a p t e d  i n t e n s i t y -  
r e s p o n s e  c u r v e  w i l l  t h u s  be  d i r e c t l y  comparable  w i t h  y o u r  two da rk-  
a d a p t e d  i n t e n s i t y- r e s p o n s e  cu rves .  

f .  P l o t  t h e  d a t a  f o r  Experiment  IV-E on t h e  g r aph  which you made f o r  
Exper iment  III a s  d e s c r i b e d  i n  5.b.  above.  

g .  S t a t e  c o n c l u s i o n ( s )  which can be drawn from t h e s e  d a t a .  

h. S t r i p  c h a r t  - i n  Appendix. 

7 .  O p t i o n a l  Exper iments .  

a .  O u t l i n e  you r  e x p e r i m e n t a l  p r o t o c o l  s o  t h a t  you r  expe r imen t  can  be  
r e p e a t e d  by someone e l s e  w i t h  t h e  same r e s u l t s .  

b. T a b u l a t e  t h e  d a t a  i n  an  a p p r o p r i a t e  way. 

c .  P l o t  d a t a  on g r a p h s  i f  a p p r o p r i a t e .  

d .  S t a t e  c o n c l u s i o n ( s )  which can be drawn from t h e s e  d a t a .  

e .  S t r i p  c h a r t  - i n  Appendix. 
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