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ABSTRACT 

A s i m p l e  c o r r e c t i o n  f o r  t he  e f f e c t  of  s t r a y  l i g h t  on a b s o r b a n c e  m e a s u r e m e n t s  

f rom c e l l s  f i l l e d  w i t h  i n d i c a t o r  dyes  i s  d e s c r i b e d .  

The i n t r a c e l l u l a r  i n j e c t i o n  o f  i n d i c a t o r  dyes  and t h e  m i c r o s p e c t r o -  

p h o t o m e t r i c  d e t e c t i o n  of  changes  i n  the  c o n c e n t r a t i o n  of  p a r t i c u l a r  c y t o p l a s m i c  

i o n s  i s  an i m p o r t a n t  and i n c r e a s i n g l y  p o p u l a r  t e c h n i q u e  in  c e l l u l a r  

n e u r o s c i e n e e .  Three  examples  a re  the  use  of  a r s e n a z o  I I I  t o  measure  changes  in  

f r e e  c a l c i u m ,  E r i o c h r o m e  Blue to  m easu r e  changes  i n  i n t r a c e l l u l a r  f r e e  

magnes ium,  and p h e n o l  red  to  measure  changes  in  i n t e r n a l  pH ( B r i n l e y  e t  a l . ,  

1977; Sca rpa  e t  a l . ,  1978; Ahmed and Connor ,  1980) .  The u s u a l  p r o c e d u r e  i s  t o  

measu re  the  a b s o r b a n c e  o f  a d y e - f i l l e d  c e l l  a t  one o r  more w a v e l e n g t h s .  

G e n e r a l l y ,  the  a b s o r b a n c e  change a t  one w a v e l e n g t h  e s p e c i a l l y  s e n s i t i v e  to  

changes  in  a p a r t i c u l a r  i on  i s  compared to  the  a b s o r b a n c e  a t  a second  w a v e l e n g t h  

which  i s  i n s e n s i t i v e  t o  v a r i a t i o n s  i n  i o n i c  c o n c e n t r a t i o n .  The a b s o l u t e  

m a g n i t u d e  o f  d y e - r e l a t e d  a b s o r b a n c e  a t  the  second  w a v e l e n g t h ,  c a l l e d  the  

i s o s b e s t i c  p o i n t ,  i s  u s u a l l y  u s e d  t o  d e t e r m i n e  the  amount of  dye in  t he  c e l l .  

T h i s  as  w e l l  as  changes  in  the  a b s o r b a n c e  a t  the  f i r s t  w a v e l e n g t h  are  u s e d  to  

q u a n t i f y  changes  i n  t he  i n t r a c e l l u l a r  c o n c e n t r a t i o n  of  t he  ion  o f  i n t e r e s t .  

An o f t e n  s e r i o u s  l i m i t a t i o n  in  t h e s e  t e c h n i q u e s ,  t h a t  i s  f r e q u e n t l y  

o v e r l o o k e d  i n  t h e i r  a p p l i c a t i o n ,  i s  t h a t  s t r a y  l i g h t ,  n o t  p a s s i n g  t h r o u g h  the  

d y e - f i l l e d  c e l l  bu t  s e n s e d  by the  t r a n s m i t t e d  l i g h t  d e t e c t o r ,  w i l l  confound  b o t h  

t h e  measurement  o f  t he  dye c o n c e n t r a t i o n  e s t i m a t e d  f rom the  i s o s b e s t i c  

a b s o r b a n c e  and the  measu remen t  o f  changes  in  i o n i c  c o n c e n t r a t i o n  e s t i m a t e d  f rom 

a b s o r b a n c e  changes  a t  t he  i o n - s e n s i t i v e  w a v e l e n g t h .  I o f f e r  h e r e  a method t o  

c o r r e c t  f o r  the  e f f e c t  o f  s t r a y  l i g h t  on t h e s e  a b s o r b a n c e  m e a s u r e m e n t s .  For  

r e a s o n s  o f  c l a r i t y  and s i m p l i c i t y ,  t he  d e r i v a t i o n s  and c o r r e c t i o n s  a r e  p r e s e n t e d  

i n  a form i m m e d i a t e l y  a p p l i c a b l e  to  the  d e t e c t i o n  o f  c a l c i u m  w i t h  a r s e n a z o  I I I ,  
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r a t h e r  t h a n  i n  a more a b s t r a c t  o r  g e n e r a l i z e d  fo rm.  However ,  t h e  c o r r e c t i o n  i s  

e a s i l y  g e n e r a l i z e d  t o  any i n d i c a t o r  dye whose a b s o r b a n c e  s p e c t r u m  f o r  v a r y i n g  

i o n  c o n c e n t r a t i o n  i s  known. 

Dye A b s o r b a n c e  Measu remen t  i n  t h e  P r e s e n c e  o f  S c a t t e r e d  L i g h t  

To e s t i m a t e  the  c o n c e n t r a t i o n  of  a r s e n a z o  I I I ,  X, o r  o f  some o t h e r  dye i n  a 

c e l l ,  a beam of  l i g h t  i s  p a s s e d  t h r o u g h  t h e  c e n t e r  o f  t he  c e l l  and t h e  i n c r e a s e  

i n  a b s o r b a n c e ,  A, o f  t he  c e l l  i s  m e a s u r e d  w h i l e  i n j e c t i n g  d y e .  The dye 

c o n c e n t r a t i o n ,  X, i s  c a l c u l a t e d  f rom A = sXD, where  s i s  t h e  m o l a r  e x t i n c t i o n  

c o e f f i c i e n t  of  t he  dye a t  i t s  i s o s b e s t i c  p o i n t  (577 nm f o r  a r s e n a z o  I l l ) ,  and D 

i s  t h e  c e l l  d i a m e t e r ,  wh ich  i s  t h e  p a t h  l e n g t h  f o r  t h e  a b s o r b a n c e  i n c r e a s e .  The 

l a t t e r  i s  d e f i n e d  as  t h e  r e d u c t i o n  i n  t h e  i n t e n s i t y  o f  l i g h t  t r a n s m i t t e d  t h r o u g h  

t h e  c e l l  a c c o r d i n g  t o  

h 
As?~ = -Iogso ~Js?v , [i] 

where Io is the intensity of light transmitted through the cell before injecting 

dye and Ix is the transmitted light intensity after dye injection, both at 577 

nm. 

Now suppose that an amount of stray light, S, passes around the cell and is 

p i c k e d  up by  t he  t r a n s m i t t e d  l i g h t  d e t e c t o r .  The t o t a l  l i g h t  s e n s e d  b e f o r e  

f i l l i n g  t h e  c e l l  w i l l  t h e n  be Io + S, w h i l e  t he  l i g h t  s e n s e d  a f t e r  f i l l i n g  t h e  

c e l l  w i l l  be I I  + S. We n e e d  now t o  know how t o  c o r r e c t  Eq. [1] f o r  t h e  e f f e c t s  

o f  t h i s  s t r a y  l i g h t .  

L e t  C be t h e  f r a c t i o n  of  t o t a l  l i g h t  s e n s e d  t h a t  p a s s e s  t h r o u g h  t he  c e l l ,  

Io  
C = ~ a t  577 am, [2] 

and l e t  F be t h e  r e d u c t i o n  i n  t r a n s m i t t e d  l i g h t  i n t e n s i t y  p l u s  s t r a y  l i g h t  on 

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

l i g h t  b e f o r e  dye i n j e c t i o n ,  

F = ( I o  + S) - (11 + S) [3]  
Then ( Io  + 87 

1 - F = 11 + S [4] 2 T - Z - ~  " 

From E q s .  [2]  and [ 3 ] ,  

and f rom E q s .  [2]  and [ 5 ] ,  

h [5] C - F = ~ , ~ - - ~  , 

1 - F/C = I s / I o  , [6] 
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so f rom [ 1 ] ,  

A , , ,  = - l O g x o  (1  - F / C )  = - l O g x o  [ 1 - F ( 1  - S / I o ) ]  [ 7 ]  

g i v e s  t h e  a c t u a l  v a l u e  of  a b s o r b a n c e  a t  any w a v e l e n g t h  i n  t he  p r e s e n c e  of  s t r a y  

l i g h t  S. 

A b s o r b a n c e  Changes  i n  t h e  P r e s e n c e  o f  S t r a y  L i g h t  

When a change  o c c u r s  i n  t he  c o n c e n t r a t i o n  of  an i o n  w h i c h  fo rms  a comple~  

w i t h  t h e  a b s o r b a n t  dye ,  t h e  a b s o r b a n c e  of  t h e  dye w i l l  n o r m a l l y  change  i n  a way 

t h a t  i s  p r o p o r t i o n a l  t o  t he  i o n i c  c o n c e n t r a t i o n  c h a n g e ,  i f  t h e  l a t t e r  r e m a i n s  a t  

a l e v e l  b e l o w  i t s  b i n d i n g  c o n s t a n t  w i t h  t h e  dye ( B r i n l e y  e t  a l . ,  1 9 7 8 ) .  Thus 

t h e  change  i n  a b s o r b a n c e ,  AA, of  l i g h t  p a s s i n g  t h r o u g h  t h e  c e l l  can  be u s e d  a s  an 

i n d e x  of  t h e  i o n i c  c o n c e n t r a t i o n  c h a n g e .  I n  t he  c a s e  of  a r s e n a z o  I I I ,  we 

t y p i c a l l y  m e a s u r e  t h e  a b s o r b a n c e  c h a n g e s  a t  660 nm, AAi6o,  s i n c e  t h i s  w a v e l e n g t h  

i s  mos t  s e n s i t i v e  t o  c h a n g e s  i n  t he  c a l c i u m  c o n c e n t r a t i o n .  I n  t he  a b s e n c e  of  

s t r a y  l i g h t  and f o r  s m a l l  c h a n g e s  i n  t r a n s m i t t e d  l i g h t ,  A I x ,  

AIx ! 
AA, 6o = l o g x o e ,  xTx--[i~o • [8] 

We d e t e c t  n o t  o n l y  t h e  l i g h t  p a s s i n g  t h r o u g h  t h e  d y e - f i l l e d  c e l l ,  I x ,  b u t  a l s o  

t he  s t r a y  l i g h t ,  S. So t he  p r o b l e m  i s  t o  e s t i m a t e  t h e  f r a c t i o n a l  change  i n  

t r a n s m i t t e d  l i g h t  i n t e n s i t y  A I x / I x ,  i n  t h e  p r e s e n c e  o f  s t r a y  l i g h t ,  a l l  a t  660 

nm. 

The l i g h t  s e n s e d  by t h e  t r a n s m i t t e d  l i g h t  d e t e c t o r ,  I t o  t ,  i n c l u d e s  b o t h  t h e  

l i g h t  p a s s i n g  t h r o u g h  t h e  c e l l ,  I x ,  and s t r a y  l i g h t ,  S, 

I t o  t = Ix  + S a t  660 nm. [9] 

So t h e  a p p a r e n t  a b s o r b a n c e  change  a t  660 mu, AA66o t ,  e s t i m a t e d  f rom t h e  

f r a c t i o n a l  change  i n  l l g h t  s e n s e d  by  t h e  t r a n s m i t t e d  l i g h t  d e t e c t o r ,  w i l l  be 

AIx 
• A , , o '  = l o g x o e  t l ,~otl , ,  ° A I I  • = l ° g x o e ' ~ 1 6 6  ° [ 1 0 ]  

I t  i s  a s sumed  t h a t  t he  s t r a y  l i g h t  h a s  a s p e c t r u m  s i m i l a r  t o  t h a t  of  t h e  l i g h t  

coming  t h r o u g h  t h e  u n f i l l e d  c e l l .  T h i s  w i l l  be t r u e  i f  t he  s t r a y  l i g h t  p a s s e s  

t h r o u g h  o t h e r  c e l l s  n e a r  t he  c e l l  t o  be f i l l e d .  Then C o f  Eq. [2]  w i l l  be 

i n d e p e n d e n t  o f  w a v e l e n g t h ,  and 

S = ( 1 / C  - 1 ) I °  a t  660 nm. [11]  

To e s t i m a t e  t h e  l i g h t  t r a n s m i t t e d  t h r o u g h  t he  c e l l  a t  660 nm, we n o t e  t h a t  t he  

a b s o r b a n c e  of  a r s e n a z o  I I I ,  i n  e x c e s s  KC1 and magnes ium and i n  low c a l c i u m ,  a t  

6 6 0  nm i s  a b o u t  1 /3  i t s  a b s o r b a n c e  a t  5 7 7 n m  ( K e n d r i c k  e t  a l . ,  1 9 7 7 ) ,  
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o r  

I'I _ l o g x o  I = A . . o  = 1 / 3  A s ~  = - 1 / 3  l o g x o  ~oo s~7 • 
6 6 0  

[12] 

~o1[66o 1/3 [13 ]  = ( ~oJs~I1 ) 
and,  from Eqs .  [6] and [ 1 3 ] ,  

Ix  = ( 1 - C / F ) X / J l o  a t  660 nm. [14] 

S u b s t i t u t i n g  Eqs .  [11] and [14] i n t o  [ 9 ] ,  

I t o  t = [ ( 1 / C  - 1)  + (1  - F / C )  x / s ]  = K I x  , [ 1 5 ]  

( 1 / C  - 1) + (1 - F/C) x/s 
where K = Then 

(1 - F /C)  x/~ 

A I x / I t o  t = AIx /KIx  o r  A I z / I 1  = K A I x / I t o  t a t  660 nm, [16] 

and t h e  a c t u a l  change in  t h e  c e l l ' s  a b s o r b a n e e  a t  660 nm, ~ 6 1 o ,  w i l l  be r e l a t e d  

to  the  a p p a r e n t  a b s o r b a n e e  change of  Eq.  [10] by 

AAs,o = [ A A , , o '  [17] 

The f a c t o r  K would be d e t e r m i n e d  s i m i l a r l y  f o r  a n o t h e r  w a v e l e n g t h  o r  a d i f f e r e n t  

i o n - s e n s i t i v e  dye .  Only the  exponen t  ( 1 /3 )  would be d i f f e r e n t ,  r e f l e c t i n g  t h e  

r a t i o  of  dye a b s o r b a n e e  a t  the  i o n - s e n s i t i v e  and i s o s b e s t i e  w a v e l e n g t h s .  

Eqs .  [7] and [ 1 7 ] ,  w i t h  the  e x p r e s s i o n s  [2] and [15] f o r  C and K, may be 

a p p l i e d  to  e s t i m a t e  the  a c t u a l  a b s o r b a n c e  of  a d y e - f i l l e d  c e l l  a t  one w a v e l e n g t h  

and the  r e a l  a b s o r b a n c e  change a t  a n o t h e r  w a v e l e n g t h ,  i n  t he  p r e s e n c e  o f  a known 

amount o f  s t r a y  l i g h t .  To he u s e f u l ,  the  i n t e n s i t y  of  s t r a y  l i g h t ,  S, must  be 

known. I n  p r a c t i c e ,  t h i s  may be e s t i m a t e d  by f i l l i n g  a c e l l  w i t h  e x c e s s  dye 

u n t i l  i t  a p p e a r s  d a r k ;  t h e  r e m a i n i n g  l i g h t  s e n s e d  by the  t r a n s m i t t e d  l i g h t  

d e t e c t o r  p r o v i d e s  an a p p r o x i m a t e  measu re  o f  S, so long  as the  l i g h t  t r a n s m i t t e d  

t h r o u g h  such  an o v e r f i l l e d  c e l l  i s  t r u l y  n e g l i g i b l e .  Tha t  t h i s  i s  so can be 

c o n f i r m e d  by f i l l i n g  a c e l l  w i t h  dye u n d e r  f a v o r a b l e  c i r c u m s t a n c e s  where s t r a y  

l i g h t  i s  l i k e l y  to  be m i n i m a l .  When, f o r  example ,  a l a r g e  i s o l a t e d  n e u r o n  i s  

f i l l e d  w i t h  dye to d a r k n e s s  and the  t r a n s m i t t e d  l i g h t  i s  measu red  w i t h  a l i g h t  

gu ide  o f  a d i a m e t e r  o n l y  h a l f  t h a t  o f  the  c e l l  and p r e s s e d  a g a i n s t  t he  c e l l ' s  

membrane,  the  t r a n s m i t t e d  l l g h t  d r o p s  to  a b o u t  1~ on o v e r f i l l i n g .  

Once the  c o r r e c t  v a l u e s  o f  As~7 and AA66o a re  d e t e r m i n e d ,  the  t y p i c a l  

c a l i b r a t i o n  f a c t o r  r e l a t i n g  AA61o/As71 t o  ACa can be u s e d  t o  e s t i m a t e  the  change 

in  i n t e r n a l  c a l c i u m  c o n c e n t r a t i o n .  I n  the case  of  a f i r s t - o r d e r  r e a c t i o n ,  t h i s  

f a c t o r  i s  i n d e p e n d e n t  of  dye c o n c e n t r a t i o n  ( B r i n l e y  e t  a l . ,  1978) ,  w h i l e  f o r  

more complex dye r e a c t i o n  schemes ,  t he  f a c t o r  may depend on the  dye 

c o n c e n t r a t i o n  (Thomas, 1979; Smith  and Zuc ke r ,  19S0) .  I n  t h a t  e a s e ,  t he  dye 
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c o n c e n t r a t i o n  i s  e s t i m a t e d  from AsT~ = 8XD. 

To i l l u s t r a t e  t h e  q u a n t i t a t i v e  e f f e c t  o f  s t r a y  l i g h t ,  I s h a l l  c o n s i d e r  t h e  

a p p l i c a t i o n  of  t h e s e  c o r r e c t i o n s  t o  t y p i c a l  e x p e r i m e n t a l  d a t a .  I n  f a c t ,  t h i s  

a p p r o a c h  to  c o r r e c t i n g  f o r  t h e  e f f e c t s  o f  s t r a y  l i g h t  was u s e d  i n  p r e v i o u s  work  

by t h i s  a u t h o r  ( S m i t h  and Z u c k e r ,  1980 ;  Z u c k e r ,  1 9 8 1 a , b ) ,  a l t h o u g h  d e t a i l s  o f  

t h i s  c o r r c t i o n  have  n e v e r  b e e n  p u b l i s h e d .  To m a x i m i z e  a b s o r b a n c e  s i g n a l s ,  a 

l i g h t  s p o t  a b o u t  t h e  same d i a m e t e r  as  t h e  c e l l  b e i n g  s t u d i e d  i s  f o c u s e d  on t h e  

c e l l ,  and a l i g h t  p i p e  c o n n e c t e d  t o  a p h o t o - d i o d e  i s  b r o u g h t  up to  t he  c e l l  

s u r f a c e .  To m i n i m i z e  t h e  e f f e c t  o f  a n o n u n i f o r m  l i g h t  p a t h  t h r o u g h  a r o u n d e d  

c e l l ,  t h e  d i a m e t e r  o f  t h e  l i g h t  g u i d e  may be r e d u c e d  to  80% t h a t  of  the  c e l l  

w i t h o u t  t o o  g r e a t  a s a c r i f i c e  i n  s e n s i t i v i t y .  A common v a l u e  f o r  S i n  s u c h  a 

c a s e  i s  20% o f  l e ,  so f rom Eq. [ 2 ] ,  C = 0 . 8 3 .  A 200 ~m n e u r o n  was t y p i c a l l y  

f i l l e d  t o  an a p p a r e n t  a b s o r b a n c e  a t  577 nm, - l o g x o ( ( I x  + S ) / ( I o  + S ) ) ,  o f  0 . 1 5 .  

In  t he  a b s e n c e  of  s t r a y  l i g h t ,  t h i s  i s  t h e  a b s o r b a n c e  c o r r e s p o n d i n g  to  0 . 2 5  mM 

a r s e n a z o  I I I  f o r  a 200 ~m p a t h  l e n g t h  and e x t i n c t i o n  c o e f f i c i e n t  o f  2 . 9 8  X 104 

cm-SPd - x .  However ,  w i t h  20% s t r a y  l i g h t ,  from Eq. [ 3 ] ,  F = 0 . 3 .  Thus ,  from Eq. 

[ 7 ] ,  AsT~ was r e a l l y  0 . 1 8 ,  and t h e  c e l l  a c t u a l l y  c o n t a i n e d  0 . 3 0  m~I a r s e n a z o  

I I I .  

Suppose  a c h a n g e  i n  i n t r a c e l l u l a r  c a l c i u m  o c c u r s  and an a b s o r b a n c e  s i g n a l  

AA66o o f  0 . 0 0 1 5  i s  o b s e r v e d .  I f  we i g n o r e d  t h e  e f f e c t  o f  s t r a y  l i g h t  a n d  

t h o u g h t  t h a t  AsT~ was 0 . 1 5 ,  we wou ld  c a l l  t h i s  a r e l a t i v e  a b s o r b a n c e  c h a n g e ,  

AA660/As77,  o f  0 . 0 1 ,  wh ich  c o r r e s p o n d s  t o  a change  i n  c a l c i u m  c o n c e n t r a t i o n  of  

a b o u t  I ~d~ ( S m i t h  and Z u c k e r ,  1 9 8 0 ) .  But  now, w i t h  20% s t r a y  l i g h t ,  f rom Eq. 

[ 1 5 ] ,  K = 1 . 2 3 .  Thus an a p p a r e n t  change  i n  a b s o r b a n c e  a t  660 nm of  0 . 0 0 1 5  

r e p r e s e n t s  a r e a l  a b s o r b a n c e  change  o f  0 . 0 0 1 8 5 .  W i t h  0 . 3 0  mM a r s e n a z o  111,  a 

change  i n  c a l c i u m  of  1 pM w i l l  g e n e r a t e  a r e l a t i v e  a b s o r b a n c e  c h a n g e ,  

AA66o/AsT~, o f  0 . 0 1 2 ,  due t o  t h e  s e c o n d - o r d e r  d e p e n d e n c e  of  a b s o r b a n c e  change  on 

dye c o n c e n t r a t i o n  ( 7 ) .  So now, i n  t he  p r e s e n c e  o f  20% s t r a y  l i g h t ,  o u r  a p p a r e n t  

r e l a t i v e  a b s o r b a n c e  c h a n g e ,  A A ~ 6 0 ' / A s ~ 7 ' ,  o f  0 . 0 0 1 5 / 0 . 1 5  o r  0 . 0 1  c o r r e s p o n d s  t o  

a r e a l  a b s o r b a n c e  c h a n g e ,  A A 6 e o / A s ~ ,  o f  0 . 0 0 1 8 5 / 0 . 1 8  = 0 . 0 1 0 3 .  T h i s  i n d i c a t e s  

a c a l c i u m  c o n c e n t r a t i o n  change  of  o n l y  0 . 0 1 0 3 / 0 . 0 1 2  o r  0 . 8 6  ~ c a l c i u m ,  r a t h e r  

t h a n  t h e  I ~ change  i t  wou ld  i n d i c a t e  i n  t h e  a b s e n c e  o f  s t r a y  l i g h t .  
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