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PREFACE 

A n a l y t i c a l  chemis t ry  has grown s p e c t a c u l a r l y  over  the  l a s t  two decades. 

As a r e s u l t ,  i t  has become very  d i f f i c u l t ,  i f  n o t  imposs ib le  f o r  many 

s c i e n t i s t s  t o  keep abreas t  o f  t h e  many developments, i nnova t ions  and new 

ho r i zons .  Th is  does n o t  o n l y  h o l d  f o r  s p e c i a l i s t s  i n v o l v e d  i n  t h e  b a s i c  

aspects,  b u t  perhaps even more so f o r  t h e  n o n - s p e c i a l i s t s  who w ish  t o  

app ly  a n a l y t i c a l  chemis t ry  as a t o o l  t o  p rov ide  answers t o  the  problems 

t h a t  t hey  face i n  t h e  course o f  t h e i r  d a i l y  work, p a r t i c u l a r l y  i n  t h e  area 

o f  b iomed ic ine  and o t h e r  l i f e  sciences. 

A1 though t h e  p resen t  a n a l y t i c a l  l i t e r a t u r e  con ta ins  var ious  exce l  l e n t  

monographs and rev iew s e r i e s ,  a p p l i e r s  o f  a n a l y t i c a l  chemis t ry  t o  b i o l o g i c a l  

specimens o f ten  f i n d  t h a t  they  focus t o o  much on i n d i v i d u a l  a n a l y t i c a l  

techniques and on t h e i r  b a s i c  aspects,  w i t h  l i t t l e  o r  no comparison o f  t he  

p o t e n t i a l s  and l i m i t a t i o n s  o f  a p a r t i c u l a r  techn ique as compared t o  o thers .  

Th is  leaves a need f o r  a s e r i e s  which w i l l  eva lua te  the  va r ious  a n a l y t i c a l  

techniques and approaches t h a t  can be used i n  a p a r t i c u l a r  b i o a n a l y t i c a l  

f i e l d ,  t a k i n g  i n t o  account t h e  type  o f  t h e  problem, t h e  type  o f  t h e  answer 

needed and t h e  impact o f  t h e  b i o l o g i c a l  m a t r i x  i n  which t h e  measurements 

a re  t o  be performed. 

Thus, Eva lua t i on  of  A n a l y t i c a l  Systems i n  B i o l o g i c a l  Systems w i l l  be 

p rob lem-o r ien ta ted ,  r a t h e r  than techn ique-o r ien ta ted  w i t h  t h e  emphasis on 

e v a l u a t i o n  i n  t h a t  t h e  volumes i n  t h e  Ser ies  w i l l  focus on a g iven bioana- 

l y t i c a l  problem and then p rov ide  a c r i t i c a l  and comprehensive d i scuss ion  

of  t h e  p a r t i c u l a r  m e r i t s  and p i t f a l l s  o f  t h e  va r ious  techniques and approaches 

a v a i l a b l e  f o r  s o l v i n g  t h a t  problem. Th is  requ i res  a team o f  exper t  au thors  

hav ing  n o t  o n l y  an in -depth  knowledge rega rd ing  t h e  techniques as such b u t  

a l s o  a b road and balanced overview over  t h e  e n t i r e  domain. It i s  hoped t h a t  

i n  t h i s  way t h e  reader  w i l l  be p rov ided  t h e  necessary i n f o r m a t i o n  t o  s e l e c t  

t h e  most s u i t a b l e  methodology f o r  h i s  p a r t i c u l a r  a p p l i c a t i o n  and a l s o  t o  

p r o p e r l y  i n t e r p r e t  the  a n a l y t i c a l  answers produced by t h a t  methodology. 

It i s  n o t  s u r p r i s i n g  t h a t  t h e  f i r s t  volume dea ls  w i t h  the  a n a l y s i s  o f  

b iogen ic  amines. There e x i s t s  a heavy demand f o r  r e l i a b l e ,  s e n s i t i v e ,  

s e l e c t i v e  and accura te  analyses of these compounds i n  b i o l o g i c a l  specimens. 

On t h e  o t h e r  hand, ma jor  a n a l y t i c a l  i nnova t ions  and a p p l i c a t i o n s  have been 

repo r ted  r e c e n t l y  i n  t h i s  area, s o  t h a t  a thorough e v a l u a t i o n  seems very  

t i m e l y .  We f e e l  f o r tuna te  t h a t  Drs. Baker and Cout ts  have been w i l l i n g  t o  

accept t h e  cha l lenge t o  e d i t  t h i s  volume and t h a t  they  have been a b l e  t o  
f i n d  a team of ou ts tand ing  au thors  t o  a s s i s t  i n  t h i s  endeavour. The adv ice  

and suggest ions  of Dr. Kare l  Macek, Prague, Czechoslovakia d u r i n g  t h e  e a r l y  

stages of t h i s  work a re  g r a t e f u l l y  acknowledged. 



XVI 

Obviously,  a n a l y s i s  i n  b i o l o g i c a l  systems represents  a r a t h e r  b road f i e l d ,  

from which t o p i c s  w i l l  be s e l e c t e d  on the  b a s i s  o f  t h e i r  importance, t ime-  

l i n e s s  and f e a s i b i l i t y .  Books on t h e  a n a l y s i s  o f  me ta l s  i n  human t o x i c o l o g y  

and on benzodiazepine ana lys i s  a re  under p repara t i on ,  whereas volumes on 

a l coho l  a n a l y s i s  and on carbon monoxide a re  be ing  s e t  up. A d d i t i o n a l  t o p i c s  
w i l l  n o t  o n l y  be s e l e c t e d  f rom t h e  b iomed ica l  sciences, b u t  a l s o  f rom o t h e r  

areas such as env i ronmenta l  ana lys i s ,  food and a g r i c u l t u r a l  chemis t ry ,  e t c .  

Suggest ions t o  t h i s  end as w e l l  as comments and suggest ions  f o r  improvements 

w i  11 be g r e a t l y  apprec ia ted .  

Rokus A. de Zeeuw 
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Chapter 1 

AMINES OF BIOLOGICAL INTEREST AND THEIR ANALYSIS 

GLEN B. BAKER AND RONALD T. COUTTS 

Neurochemical Research Unit, Department of Psychiatry and Faculty o f  Pharmacy and 
Pharmaceutical Sciences, University of Alberta, Edmonton, Alberta T6G 2G3 (Canada) 

1.1 INTRODUCTION 

Biogenic or naturally-occurring amines have been the subject o f  a great deal of 

research, particularly in the neurosciences. Much of this research has centered 

around the catecholamines dopamine and noradrenaline and the indolalkylamine 5- 

hydroxytryptamine (5-HT; serotonin). There is now a reasonable body of evidence 

supporting the role of these amines as neurotransmitters, and the term "biogenic 

amine" has become synonymous with the catecholamines and 5-HT. However, in recent 

years, there has been increased interest in histamine and the 'trace' amines, and 

in this book these are also included in the term biogenic amines. 'Trace' amines 

are defined as a number of naturally-occurring amines which are present in the 

central nervous system in much lower absolute quantities than the catecholamines 

and 5-HT, and include 6-phenylethylamine, m- and p-tyramine, phenylethanolamine, 

- m- and p-octopamine and tryptamine. The role o f  these substances in neurotrans- 

mission is unclear, but it is known that their concentrations in brain are 

affected markedly by a number of psychotropic drugs. 

in a variety of psychiatric and neurologic disorders, and this will be discussed 

in further detail below. 

They have also been implicated 

There is now a voluminous literature on biogenic amines, and space does not 

allow for a comprehensive review of the research which has been done on these sub- 

stances in biological systems. Rather, it is the purpose of this introductory 

chapter to highlight important aspects of the biogenic amines and to give a brief 

description of the format of the remainder o f  the book. 

1.2 CATECHOLAMINES AND THEIR 0-METHYLATED AMINE METABOLITES 

The catecholamines (Fig. 1.1) have been the most extensively studied of the 

biogenic amines because of interest in their role as neurohumors. A number of 

excellent books and reviews are available describing the synthesis, metabolism 

and localization of the catecholamines in nervous tissue (e.9. 1-14). It has been 

proposed that one or more o f  the catecholamines are involved in the etiology and/ 

or symptomatology of a number of neurological and psychiatric disorders, includ- 

ing migraine, schizophrenia, anxiety, depression, aggression, pheochromocytoma and 

parkinsonism (1-3,7,9,14,15-22). In addition, a wide variety of psychotropic 
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Fig. 1.1. Structures o f  the catecholamines and their 0-methylated amine 
derivatives: 
e) normetanephrine and f )  metanephrine. 

a) dopamine, b )  noradrenaline, c) adrenaline, d )  3-methoxytyramine, 
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and cardiac drugs are thought to interact with the synthesis, storage, metabolism 

and/or receptor activity of the catecholamines (1-4,7,11,13,15,19-30). The 

ability t o  form fluorescent derivatives of catecholamines with relative ease and 

specificity has meant that much is now known about the localization o f  nerve tracts 

containing these substances (see Chapter 5 of this volume). 

chemical lesions o f  these tracts as well as the administration of catecholamine- 

depleting drugs have been used in animal models to study the involvement of the 

catecholamines in a number o f  behavioural and physiological functions such as loco- 

Electrolytic or 

motion, exploratory activity, hunger, thirst and sexual activity (1-3,7-9,15,18, 

21,26,31). 

The distribution of the catecholamines dopamine (DA), noradrenaline (NA) and 

adrenaline (A) and the ratios of each one to the others vary widely between the 

peripheral and central nervous system, within the central nervous system itself 

and amongst various species (1,2,6,7). 

3-Methoxytyramine (3-MTA), normetanephrine (NMN) and metanephrine (MN) (Fig. 1. 

are produced by the enzymatic action of catechol 0-methyl transferase (COMT) on DA 

NA and A respectively. These 0-methylated amines have been identified in various 

tissues and body fluids (32-39). Concentrations of these compounds in these loca- 

tions can be altered dramatically in certain disease states and after administration 

of a number of psychotropic drugs. 

1.3 5-HYDROXYTRYPTAMINE 

5-Hydroxytryptamine (Fig. 1.2), a substance which possesses strong vasocon- 

strictive properties on smooth muscle, is found in many parts of the body, and is 

located in nonneuronal sites (platelets, mast cells, enterochromaffin cells) as 

well as in neurones (7,40,41). Although only 1-2% o f  this indolealkylamine in the 

body is located in the brain (7), 5-HT has been of interest to neuroscientists for 

some time because of its putative role as a neurotransmitter and its apparent 

CH2CH2NH2 

H 

Fig. 1.2. Structure o f  5-hydroxytryptamine. 
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i n v o l v e m e n t  i n  a number o f  p s y c h o l o g i c a l  and p h y s i o l o g i c a l  f u n c t i o n s ,  i n c l u d i n g  

emot ion ,  s l e e p ,  hunger ,  t h i r s t  and s e x u a l  a c t i v i t y  (5,7,8,15,26,31,40-45). 

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

m e t a b o l i s m ,  s t o r a g e  and r e c e p t o r  a c t i v i t y  o f  5-HT ( 7 , l l - 1 3 , 1 5 , 2 1 - 2 5 , 3 0 , 4 0 - 4 5 ) .  
The l o c a l i z a t i o n  o f  5 - H T - c o n t a i n i n g  n e r v e  t r a c t s  has a l s o  been i n v e s t i g a t e d  ex -  

t e n s i v e l y  (4,7,8,15,41-44). The i n v o l v e m e n t  o f  5-HT i n  a number o f  ne rvous  d i s -  

o r d e r s ,  i n c l u d i n g  m i g r a i n e ,  d e p r e s s i o n  and s c h i z o p h r e n i a  has been sugges ted  (15,  

16,21,22,41-49). 

As 

1.4 TRACE A M I N E S  

The t r a c e  amines ( F i g .  1 . 3 )  have n o t  been i n v e s t i g a t e d  as t h o r o u g h l y  as t h e  

c a t e c h o l a m i n e s  o r  5-HT. The p r i m a r y  r e a s o n  f o r  t h i s  i s  t h e  v e r y  l o w  c o n c e n t r a t i o n  

o f  t h e s e  subs tances  i n  t h e  ne rvous  system, w h i c h  has n e c e s s i t a t e d  t h e  deve lopmen t  

o f  h i g h l y  s e n s i t i v e  and s p e c i f i c  a n a l y t i c a l  t e c h n i q u e s .  The amount o f  l i t e r a t u r e  

on t h e s e  amines has i n c r e a s e d  enormous ly  i n  r e c e n t  y e a r s  as t h e s e  methods have 

been a p p l i e d  t o  b r a i n  and body f l u i d s .  

o f  most  o f  t h e  t r a c e  amines i s  v e r y  r a p i d  (50-53)  and 8 - p h e n y l e t h y l a m i n e  and 

t r y p t a m i n e  can  c r o s s  t h e  b l o o d - b r a i n - b a r r i e r  w i t h  ease ( 5 4 ) ;  t h e s e  two  f a c t o r s  

may be v e r y  i m p o r t a n t  f r o m  a p h y s i o l o g i c a l  s t a n d p o i n t .  

o u t  t h a t  t h e  t r a c e  amines, l i k e  t h e  c a t e c h o l a m i n e s  and 5-HT, a r e  d i s t r i b u t e d  h e t e r o -  

g e n o u s l y  amongst b r a i n  a r e a s .  

t h e  c a t e c h o l a m i n e s  and 5-HT (56 -59 )  and m e t a b o l i c  c o n v e r s i o n s  between some o f  t h e  

t r a c e  amines and t h e  c a t e c h o l a m i n e s  have been r e p o r t e d  (60 -63 ) .  

i o n t o p h o r e t i c  s t u d i e s  i n  b r a i n  have r e v e a l e d  t h a t  a p p l i c a t i o n  o f  t r a c e  amines a t  

c u r r e n t s  i n s u f f i c i e n t  t o  a f f e c t  b a s e l i n e  f i r i n g  r a t e s  o f  neu rones  can  a l t e r  drama- 

t i c a l l y  t h e  response  o f  c e l l s  t o  DA, NA o r  5-HT w h i c h  a r e  a p p l i e d  s u b s e q u e n t l y  

(64,65) .  A l t h o u g h  much y e t  rema ins  t o  be  known a b o u t  t h e  r o l e  o f  t r a c e  amines i n  

t h e  CNS, t h e  above f i n d i n g s  and s t r u c t u r a l  s i m i l a r i t i e s  t o  t h e  p u t a t i v e  n e u r o -  

A l t h o u g h  t h e y  a r e  p r e s e n t  i n  t h e  CNS i n  m i n u t e  q u a n t i t i e s ,  t h e  t u r n o v e r  r a t e  

B o u l t o n  ( 5 5 )  has p o i n t e d  

Mos t  o f  t h e  t r a c e  amines e x e r t  r a t h e r  s t r o n g  e f f e c t s  on  u p t a k e  and r e l e a s e  o f  

Recen t  m i c r o -  

t r a n s m i t t e r  amines s u g g e s t  t h a t  t h e i r  f u n c t i o n  may be a s s o c i a t e d  i n t i m a t e  

OA,  NA and 5-HT. 

1 .4 .1  6-Phenyl  e t h y l  ami ne 

The n e u r o c h e m i s t r y ,  m e t a b o l i s m  a n d .  pharmacology o f  B - p h e n y l e t h y l a m i n e  

and i t s  e f f e c t s  on  a n i m a l  b e h a v i o u r  have been r e v i e w e d  e x t e n s i v e l y  (66,67 

y w i t h  

PEA) 

. A  

number o f  monoamine o x i d a s e  i n h i b i t o r s  a r e  known t o  cause d r a m a t i c  i n c r e a s e s  i n  

b r a i n  c o n c e n t r a t i o n s  o f  PEA (68 -72 ) .  

i n g  f r o m  p h e n y l k e t o n u r i a  i s  an i n c r e a s e d  p r o d u c t i o n  o f  PEA and hence a g r e a t l y  

e l e v a t e d  u r i n e  l e v e l  o f  PEA and i t s  m a j o r  m e t a b o l i t e ,  p h e n y l a c e t i c  a c i d  ( P A A )  

One o f  t h e  b i o c h e m i c a l  a b n o r m a l i t i e s  r e s u l t -  

(73,741. 
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F i g .  1.3.  S t r u c t u r e s  o f  some ' t r a c e '  amines:  a )  8 - p h e n y l e t h y l a m i n e ,  b )  p h e n y l -  
e t h a n o l a m i n e ,  c )  p t y r a m i n e ,  d )  p - t y r a m i n e ,  e )  m-octopamine,  f )  p-oc topamine  and 
g)  t r y p t a m i n e .  
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U r i n a r y  l e v e l s  o f  PEA a r e  r e p o r t e d  t o  be dec reased  i n  d e p r e s s i o n  and i n c r e a s e d  i n  

mania and c e r t a i n  t y p e s  o f  s c h i z o p h r e n i a  (75 -77 ) .  

e t i o l o g y  o f  m i g r a i n e ,  d e p r e s s i o n  and c e r t a i n  t y p e s  o f  s c h i z o p h r e n i a  has been sug- 

g e s t e d  (78 -82 ) .  I t  has a l s o  been r e p o r t e d  t h a t  plasma l e v e l s  o f  f r e e  and c o n j u g a t e d  

PAA a r e  e l e v a t e d  i n  a g g r e s s i v e  psychopa ths  ( 8 3 ) .  

The i n v o l v e m e n t  o f  PEA i n  t h e  

1.4.2 Meta-  and p a r a - t y r a m i n e  

The a b i l i t y  o f  p a r a - t y r a m i n e  (p-TA) t o  be t a k e n  up i n t o  n o r a d r e n e r g i c  t e r m i n a l s  

appears  t o  e x p l a i n  t h e  h y p e r t e n s i v e  c r i s e s  e x p e r i e n c e d  b y  some p a t i e n t s  who a r e  

r e c e i v i n g  monoamine o x i d a s e  i n h i b i t o r s  and who have i n g e s t e d  f o o d s  w h i c h  c o n t a i n  

p-TA ( 8 4 ) .  

i n d u c e d  b y  p-TA and p - T A - c o n t a i n i n g  f o o d s .  

s u f f e r  f r o m  a d e f i c i e n c y  i n  t h e  enzyme r e s p o n s i b l e  f o r  t h e  f o r m a t i o n  o f  t h e  s u l -  

f a t e  c o n j u g a t e  o f  p-TA (85,86) .  

r e c o r d  and h i g h e r  t h a n  normal  u r i n a r y  e x c r e t i o n  o f  p-TA has been r e p o r t e d  i n  

s c h i z o p h r e n i a  and P a r k i n s o n i s m  (87 -89 ) .  

i t s  p r i n c i p a l  a c i d  m e t a b o l i t e ,  p h y d r o x y p h e n y l a c e t i c  a c i d  (p-HPAA), has been ob- 

s e r v e d  i n  h y p e r t y r o s i n a e m i a  ( g o ) ,  c o e l i a c  d i s e a s e ,  c y s t i c  f i b r o s i s  ( 9 1 ) ,  pheo- 

chromocytoma ( 9 2 )  and p h e n y l k e t o n u r i a  ( 9 3 ) .  The mean 24 h u r i n a r y  e x c r e t i o n  o f  

p -HPAA b y  a d u l t  ma le  and fema le  p a t i e n t s  w i t h  p r i m a r y  d e p r e s s i o n  has been r e p o r t e d  

t o  be s i g n i f i c a n t l y  l o w e r  t h a n  i n  c o n t r o l s  ( 9 4 ) ;  t h e  a u t h o r s  sugges ted  t h a t  t h i s  

i n d i c a t e d  a d e f i c i e n t  p r o d u c t i o n  o f  p-TA i n  d e p r e s s i o n .  

n e u r o l e p t i c s  t o  m i c e  reduces  c o n c e n t r a t i o n s  o f  p-TA i n  s t r i a t u m  w h i l e  h a v i n g  no 

e f f e c t  on  & - t y ramine  (y -TA)  and DA l e v e l s .  

e x i s t  ( e . g .  a- and B - f l u p e n t h i x o l ) ,  t h e  i s o m e r  w i t h  n e u r o l e p t i c  a c t i v i t y  was f o u n d  

t o  reduce  s t r i a t a l  p-TA l e v e l s  w h i l e  t h e  i n a c t i v e  i s o m e r  had no e f f e c t .  

I n  a b o u t  30% o f  p a t i e n t s  w i t h  c l a s s i c a l  m i g r a i n e ,  headaches can  be 

These T A - s e n s i t i v e  p a t i e n t s  appear  t o  

A c o r r e l a t i o n  between a b n o r m a l i t i e s  i n  t h e  EEG 

Abnormal u r i n a r y  e x c r e t i o n  o f  p-TA a n d / o r  

J u o r i o  (95,96)  has r e p o r t e d  t h a t  a c u t e  a d m i n i s t r a t i o n  o f  c l i n i c a l l y  a c t i v e  

I n  cases where s t r u c t u r a l  i somers  

1 . 4 . 3  Pheny le thano lamine ,  meta- and pa ra -oc topamine  

The p r i m a r y  r o u t e  o f  f o r m a t i o n  o f  p h e n y l e t h a n o l a m i n e  (PEOH) , e - o c t o p a m i n e  

(K-OA) and p a r a - o c t o p a m i n e  (p-OA) appears  t o  be by B - h y d r o x y l a t i o n  o f  PEA, m-TA 

and p-TA r e s p e c t i v e l y .  As w i t h  most  o f  t h e  o t h e r  amines,  t h e s e  compounds a r e  d i s -  

t r i b u t e d  h e t e r o g e n o u s l y  amongst b r a i n  a r e a s  (97 -100) .  

r e p o r t e d  h i g h e r  PEOH/NA and p-DA/NA r a t i o s  i n  f e t a l  r a t s  t h a n  i n  a d u l t  r a t s .  The re  

i s  now a r e a s o n a b l e  body o f  e v i d e n c e  i n  s u p p o r t  o f  a r o l e  f o r  p O A  i n  i n v e r t e b r a t e  

ne rvous  systems (102-105) ,  b u t  l i t t l e  i s  known a b o u t  t h e  f u n c t i o n  o f  t h e  OAs and 

PEOH i n  mammalian ne rvous  sys tems .  L e s i o n i n g  e x p e r i m e n t s  have i n d i c a t e d  t h a t  a t  

l e a s t  p a r t  o f  t h e  OAs and PEOH p r e s e n t  i n  c e r t a i n  t i s s u e s  i s  a s s o c i a t e d  w i t h  n e r v e  

e n d i n g s  (106 -109) .  

w i t h  h e p a t i c  e n c e p h a l o p a t h y  and i n  t h e  p lasma and CSF o f  dogs i n  hepatic coma 

Saavedra c c. (101 )  have 

Plasma l e v e l s  o f  PEOH a r e  r e p o r t e d  t o  be  s i g n i f i c a n t l y  i n c r e a s e d  i n  p a t i e n t s  
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( 1 1 0 ) .  

were 2 -3  t i m e s  g r e a t e r , a n d  m-OA l e v e l s  were 5 -6  t i m e s  g r e a t e r ,  i n  h y p e r t e n s i v e  r a t s  

t h a n  i n  normal  c o n t r o l s .  

f o u n d  i n  body f l u i d s  f r o m  p a t i e n t s  w i t h  h e p a t i c  coma (112-116)  and dec reased  l e -  

v e l s  i n  s u f f e r e r s  o f  p r i m a r y  d e p r e s s i o n  ( 9 4 ) .  

t r a t i o n s  o f  p - O A  i n  h y p e r t h y r o i d  c h i l d r e n  have been r e p o r t e d  ( 1 1 7 ) ,  and e l e v a t e d  

l e v e l s  o f  p - O A  have been found  i n  t h e  CSF o f  e p i l e p t i c s  ( 1 1 8 ) .  

D a v i d  (111 )  f o u n d  t h a t  p-OA l e v e l s  i n  t h e  hypothalamus and i n  b r a i n  s tem 

E l e v a t e d  l e v e l s  o f  p - O A  o r  i t s  m e t a b o l i t e s  have been 

H i g h e r  t h a n  no rma l  u r i n a r y  concen-  

1 .4 .4  T r y p t a m i  ne 

depressed  p a t i e n t s  (119,120) and Coppen 9 fl. (120 )  have f o u n d  t h a t  u r i n a r y  T 

i n c r e a s e s  i n  p a t i e n t s  upon r e c o v e r y  f r o m  d e p r e s s i o n .  Dewhurst  ( 7 8 )  r e p o r t e d  a 

marked i n c r e a s e  i n  u r i n a r y  T i n  dep ressed  p a t i e n t s  f o l l o w i n g  a d m i n i s t r a t i o n  o f  

p h e n e l z i n e ,  t h e  i n c r e a s e s  b e i n g  much g r e a t e r  t h a n  t h o s e  o b s e r v e d  f o r  5 -hyd roxy -  

t r y p t a m i n e  (5-HT) o r  f o r  0 - m e t h y l a t e d  c a t e c h o l a m i n e s .  

s t r a t e d  t h a t  a d m i n i s t r a t i o n  o f  monoamine o x i d a s e  (MAO) i n h i b i t o r s  r e s u l t s  i n  

d r a m a t i c  i n c r e a s e s  i n  b r a i n  c o n c e n t r a t i o n s  o f  T i n  r o d e n t s  (70,71,121-124). I n  a 

s t u d y  o f  i n d i v i d u a l  s c h i z o p h r e n i c s ,  Brune and Himwich (125 )  f o u n d  t h a t  T t e n d e d  

t o  i n c r e a s e  when b e h a v i o u r  worsened and t o  dec rease  when b e h a v i o u r  improved .  

H e r k e r t  and Keup (126 )  sugges ted  t h a t  h i g h  T l e v e l s  accompanied b y  l o w  5-HT l e v e l s  

may be  a f a c t o r  i n  t h e  deve lopmen t  o f  p s y c h o s i s .  

r e p o r t e d  i n  p h e n y l k e t o n u r i a  (127 )  and i n  cases o f  c a r c i n o i d  tumor (128 )  and t h y r o -  

t o x i c o s i s  ( 1 2 9 ) .  

A b n o r m a l l y  l o w  amounts o f  t r y p t a m i n e  ( T )  have been r e p o r t e d  t o  be  e x c r e t e d  b y  

S e v e r a l  w o r k e r s  have demon- 

E l e v a t e d  u r i n a r y  T has been 

1.5 HISTAMINE 

H i s t a m i n e  ( H A )  ( F i g .  1 .4 )  i s  a u b i q u i t o u s  compound w h i c h  i s  i n v o l v e d  i n  a number 

o f  b o d i l y  f u n c t i o n s .  I n  r e c e n t  y e a r s ,  t h e  p o s s i b l e  r o l e  o f  HA as a n e u r o t r a n s -  

m i t t e r  i n  t.he CNS has been an  a c t i v e  a r e a  o f  r e s e a r c h  (130 -135) .  I t  f u l f i l s  a 

number o f  t h e  c r i t e r i a  f o r  a n e u r o t r a n s m i t t e r  subs tance ,  and an  a s c e n d i n g  h i s t -  

a m i n e r g i c  pathway i n  r a t  b r a i n  has been d e s c r i b e d  w h i c h  passes t h r o u g h  t h e  f o r e -  

b r a i n  b u n d l e  and d i f f u s e s  o v e r  t h e  e n t i r e  t e l e n c e p h a l o n  ( 1 3 1 ) .  

F i g .  1.4. S t r u c t u r e  o f  h i s t a m i n e .  
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Several workers (136-138) have now demonstrated t h a t  a number of ant idepressants  
and  neuroleptics of diverse  s t r u c t u r e  have in  common the a b i l i t y  t o  block central  
HA receptors .  
of ant idepressant  drugs may r e s u l t ,  by a n  u n k n o w n  mechanism, in  an increase o f  

synaptic leve ls  of NA a n d  5-HT. 

Snyder (137) has suggested t h a t  the  CNS HA receptor blocking act ion 

Histamine may a l so  be involved in  other  mental diseases .  I t  has been reported 
t h a t  schizophrenics have a r e l a t i v e l y  low incidence of a l l e r g i e s  a n d  the onset of 
schizophrenia (and manic depressive psychosis) i s  sometimes accompanied by a re- 
mission of asthma (139). I t  has a l so  been observed t h a t  schizophrenics display a 
marked tolerance t o  intradermally administered H A ,  and schizophreniform psychoses 
have been reported (140) following antihistamine overdose. 

The s tudies  mentioned above have d e a l t  primarily w i t h  the presence of biogenic 
amines i n  nervous t i s s u e  a n d  body f lu ids  and t h i s  i s  cer ta in ly  a most ac t ive  area 
of research.  However, many of these amines may a l so  be present in  a number of 
agr icu l tura l  products a n d  analysis  of such compounds in  foodstuffs  i s  an  expanding 
area of i n t e r e s t .  As mentioned above, i t  has been known for  some time t h a t  foods 
r ich in p-TA can cause hypertensive c r i s e s  in  individuals  taking MA0 i n h i b i t o r s .  
I t  i s  conceivable t h a t  other  s t r u c t u r a l l y  s imi la r  amines present in  foods can a l so  
contr ibute  t o  such e f f e c t s .  Histamine a n d  re la ted  compounds a re  thought t o  be 
responsible f o r  the unpleasant symptoms a r i s i n g  in scombroid f i s h  poisoning (140, 
1 4 1 ) .  
s tud ies  on the excret ion o f  biogenic amines or t h e i r  metabolites. In such s tudies  
d i e t  should be carefu l ly  control led.  

Amines in  foods may a l so  be responsible for  misleading r e s u l t s  in  urinary 

1.6 PURPOSE OF THE BOOK 
Our understanding of the loca l iza t ion  a n d  functioning of biogenic amines has 

increased rapidly in  recent years with the development of new assay techniques 
a n d  the refinement of old ones. 
ab le ,  a n d  the needs of a researcher studying the biogenic amines wil l  depend on 
the amine(s) of i n t e r e s t ,  the f inances,  manpower and instrumentation f a c i l i t i e s  
ava i lab le ,  a n d  the par t icu lar  problem t o  be solved. The purpose of t h i s  book i s  
t o  gather in  one place a number of review a r t i c l e s  by recognized experts .  As well 
as discussing the h is tor ica l  development of the techniques in quest ion,  cont r i -  
butors have a l so  d e a l t  t o  some degree with possible fu ture  appl icat ions o f  these 
methods a n d  have discussed the merits a n d  l imi ta t ions  of the techniques r e l a t i v e  
t o  other  procedures ava i lab le .  I t  i s  hoped t h a t  such discussions wil l  be useful 
t o  b o t h  workers experienced in  the analysis  of biogenic amines who a r e  contempla- 
t ing  changing or expanding techniques, and  t o  researchers planning t o  enter  the 
f i e l d  of biogenic amine research a n d  requir ing an overview o f  the methodologies 
ava i lab le .  I t  should be emphasized t h a t  although t h i s  book deals  primarily with 

Many analyt ical  techniques a re  present ly  ava i l -  
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a n a l y s i s  o f  b i o g e n i c  amines,  many o f  t h e  t e c h n i q u e s  d e s c r i b e d  can  be m o d i f i e d  f o r  

measurement o f  m e t a b o l i t e s  o f  t h e s e  amines, o t h e r  p h y s i o l o g i c a l l y  i m p o r t a n t  sub-  

s t a n c e s ,  and a number o f  d r u g s .  

immunoassays and r a d i o r e c e p t o r  assays have been used much more e x t e n s i v e l y  i n  

q u a n t i t a t i n g  subs tances  o t h e r  t h a n  b i o g e n i c  amines and some o f  t h e s e  subs tances  

have been i n c l u d e d  i n  t h e  d e s c r i p t i o n s  o f  t h e  t e c h n i q u e s  because o f  t h e i r  impor -  

t a n c e  i n  t h e  deve lopmen t  o f  t h e s e  p r o c e d u r e s .  

o f  t h e  " s t a t e  o f  t h e  a r t "  o f  t h e  t e c h n i q u e s  i n c l u d e d  i n  t h i s  volume w i l l  g i v e  t h e  

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

amines and an  i d e a  o f  l i k e l y  f u t u r e  deve lopmen ts .  

Some o f  t h e  t e c h n i q u e s ,  such as b i o a s s a y s ,  r a d i o -  

I t  i s  hoped t h a t  t h e  d i s c u s s i o n s  
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Chapter 2 

BIOLOGICAL ASSAY METHODOLOGY 

WILLIAM F. DRYDEN 

Department o f  Pharmaco 
(Canada) 

2.1 GENERAL PROBLEMS 

The use o f  l i v i n g  t 
I N  B IOASSAY 
ssue i n  t h e  i n v e s t i g a t i o n  o f  b i o g e n i c  amines predates  t h e  

i d e n t i f i c a t i o n  o f  t h e  amines themselves. 

e l u a t e s  t o  i n f l u e n c e  t h e  a c t i v i t y  of  f rog  hear t s ,  i s o l a t e d  p ieces  of  i n t e s t i n e  o r  

animal b lood  pressure  t h a t  convinced t h e  e a r l y  p ioneers  o f  t he  chemical  n a t u r e  o f  

nervous t ransmiss ion ,  and spu r red  them i n t o  e f f o r t s  t o  i d e n t i f y  t h e  substances 

respons ib le .  The passage of t ime has seen t h e  r e s o l u t i o n  o f  t h e  e a r l i e r  ques t i ons  

concern ing  most, b u t  by no means a l l ,  o f  t h e  p e r i p h e r a l  amines i n  t h e  body, o n l y  

t o  see them rep laced  by ques t i ons  of  g r e a t e r  s u b t l e t y  concern ing  t h e  amines i n  t h e  

c e n t r a l  nervous system. 

The b iogen ic  amines a r e  g e n e r a l l y  n e u r o t r a n s m i t t e r s  o r  i n te rmed ia tes  i n  t h e  

metabol ism of neu ro t ransmi t te rs .  

t h a t ,  d e s p i t e  t h e  d i v e r s i t y  o f  fo rm and phys io logy  encountered across t h e  p h y l l a ,  

t h e r e  i s  enormous conserva t ism i n  t h e  cho ice  o f  compounds t o  a c t  as neu ro t rans -  

m i t t e r s .  The f u n c t i o n s  served by these compounds may,however, d i f f e r  i n  d i f f e r e n t  

groups. A c e t y l c h o l i n e ,  f o r  example, i s  t h e  e x c i t a t o r y  t r a n s m i t t e r  i n  t h e  s k e l e t a l  

muscles o f  chordates ,  w h i l e  g lu tamate  performs t h e  same r o l e  i n  a r th ropods.  

w i t h i n  t h e  same organism, t h e  va r ious  t r a n s m i t t e r s  may pe r fo rm d i f f e r e n t  r o l e s  

depending on t h e  n a t u r e  o f  t h e  r e c e p t o r  p resent .  

s t r i c t i o n  when a c t i n g  on a a-adrenoceptors,  and y e t  produce v a s o d i l a t i o n  i n  b lood  

vesse ls  w i t h  6-adrenoceptors.  

Receptors f o r  t h e  amines a r e  widespread i n  t h e  body, and muscular t i s s u e  i n  

p a r t i c u l a r  p rov ides  a means o f  observ ing  and q u a n t i f y i n g  responses t o  t h e  amines 

w i t h o u t  recourse  t o  s o p h i s t i c a t e d  equipment o r  exper imenta l  p r o t o c o l s  r e q u i r i n g  

t h e  passage o f  many days, 

amines have f r e q u e n t l y  measured t h e  c o n t r a c t i l e  response of  a muscle when bathed 

i n  o r  exposed t o  a s o l u t i o n  c o n t a i n i n g  t h e  substance of  i n t e r e s t .  

has t h e  v i r t u e  o f  s i m p l i c i t y ,  b u t  t h i s  i s  counterweighed by  t h e  n e c e s s i t y  t o  make 

a number o f  assumptions and compromises. 

number o f  d rug  molecu les  i n t e r a c t i n g  w i th  recep to rs  i n  t h e  t i s s u e  and t h a t  t h i s  
i n  t u r n  i s  p r o p o r t i o n a l  t o  t h e  e x t e n t  o f  t h e  c o n t r a c t i l e  response. Such a v iew 

It was t h e  a b i l i t y  o f  e x t r a c t s  o r  t i s s u e  

I t i s  a remarkable f e a t u r e  o f  t h e  animal kingdom 

Even 

Adrena l i ne  w i l l  cause vasocon- 

Acco rd ing l y  t h e  methods used t o  assay t h e  b iogen ic  

Such an approach 

F i r s t l y  t h e r e  i s  t h e  suppos i t i on  t h a t  concen t ra t i on  o f  d rug  i s  r e f l e c t e d  i n  t h e  
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i s  n o t  a p p l i c a b l e  i n  a l l  cases, and p o s s i b l y  n o t  i n  any case. Drug molecules i n  

s o l u t i o n  i n  t h e  e x t e r n a l  ba th ing  f l u i d  ( i n c l u d i n g  b lood  plasma and e x t r a c e l l u l a r  

f l u i d )  must pene t ra te  t i s s u e  spaces and o f t e n  be exposed t o  a v a r i e t y  o f  i n a c t i v -  

a t i o n  mechanisms be fo re  f i n a l l y  coming i n  c o n t a c t  w i t h  t h e i r  recep to rs .  Thus t h e  

concen t ra t i on  i n  t h e  f l u i d  sur round ing  t h e  r e c e p t o r  need n o t  always be t h a t  o f  

t he  f l u i d  ba th ing  t h e  t i s s u e  as a whole. 

a r e  kep t  cons tan t ,  then v a r i a t i o n s  i n  concen t ra t i on  a t t r i b u t a b l e  t o  d i f f u s i o n  

and i n a c t i v a t i o n  a re  u s u a l l y  reduced t o  a minimum. 

T h i s  caveat i t s e l f ,  however, con ta ins  an assumption i n  t h a t  t h e  response o f  a 

However i f  t imes o f  exposure t o  drugs 

t i s s u e  t o  a concen t ra t i on  o f  d rug  i s  presumed t o  be cons tan t  on eve ry  occasion. 

Th is  i s  o n l y  so under na r row ly  de f i ned  c o n d i t i o n s  s i n c e  o therw ise  t i s s u e s  have an 

annoying h a b i t  o f  changing t h e i r  s e n s i t i v i t y ,  e s p e c i a l l y  when l a r g e  concen t ra t i ons  

o f  drugs a re  used. 

( d e s e n s i t i z a t i o n ) ,  me tabo l i c  changes ( s e n s i t i z a t i o n ,  t achyphy lax i s )  o r  phys io -  

l o g i c a l  compensation i n v o l v i n g  many organs i n  t h e  whole animal ( t o l e r a n c e ) .  

t ime  s c a l e  o f  these changes ranges f rom a few minutes t o  seve ra l  days o r  even weeks 

i n  t h e  case o f  t o le rance .  Thus a r u l e  o f  thumb i s  t o  use low concen t ra t i ons  o f  

d rug  f o r  b r i e f  pe r iods  o f  exposure t h a t  a l l o w  a measurement o f  t h e  response t o  be 

made. 

r e l a t e d  t o  t h e  number o f  recep to rs  a c t i v a t e d .  

systems r e v e a l s  t h a t  t h i s  i s  a t reacherous  suppos i t i on  s ince  t h e  measured e f f e c t ,  

u s u a l l y  muscle c o n t r a c t i o n ,  i s  removed f rom t h e  p r imary  event ,  d rug- receptor  i n t e r -  

a c t i o n ,  by a sequence o f  s teps  t h a t  may i n v o l v e  t h e  syn thes i s  o f  secondary mes- 

sengers such as c y c l i c  nuc leo t i des ,  phosphory la t i on  o f  p ro te ins ,  ca l c ium f l u x e s ,  

e t c .  Given such a m u l t i p l i c i t y  o f  p o t e n t i a l l y  v a r i a b l e  stages, i t  i s  obv ious  

t h a t  a s i n g l e  concen t ra t i on  o f  a d rug  r a r e l y  produces a cons tan t  q u a n t i t a t i v e  

response i n  d i f f e r e n t  t i s s u e s  even when t i s s u e  we igh t  i s  taken i n t o  cons ide ra t i on .  

I t  i s  always necessary t o  p rov ide  a s e t  o f  re fe rence  responses i n  each t i s s u e ,  

and responses t o  unknown drug concen t ra t i ons  can be compared w i t h  them. Thus drug  

assay i n  t i s s u e s  i s  a r e l a t i v e  o r  comparat ive exe rc i se  l a c k i n g  t h e  accuracy de- 

manded by t h e  a n a l y t i c a l  chemist ,  b u t  p r o v i d i n g ,  by way o f  compensation, t h e  r e -  

assurance t h a t  t h e  compounds under i n v e s t i g a t i o n  do indeed have pro found and 

r a p i d  e f f e c t s  on l i v i n g  t i s s u e s .  

The use o f  b ioassay methods i n  e v a l u a t i n g  b i o - a c t i v e  compounds was c l a s s i c a l l y  

p r e f e r r e d  where t h e  i d e n t i t y  o f  t h e  a c t i v e  compounds was obscure.  

t r u e ,  a l t hough  c u r r e n t  i n t e r e s t  has moved t o  i n c l u d e  n o t  o n l y  amines, b u t  a l s o  

pept ides ,  f a t t y  ac ids  and t h e i r  d e r i v a t i v e s ,  t h e  p ros tag land ins ,  thromboxanes and 

l e u k o t r i e n e s .  I n s o f a r  as t h e  amines a r e  concerned, the  con ten t  o f  a s i n g l e  amine 

i n  complex m ix tu res  i s  s t i l l  more amenable t o  s imp le  bioassays i n  the  absence o f  

expensive phys i ca l  chemical  apparatus and hence i t  i s  a p p r o p r i a t e  t o  i n c o r p o r a t e  

a chap te r  on bioassay i n  a book o therw ise  devoted p r i n c i p a l l y  t o  chemical methods. 

These changes i n  s e n s i t i v i t y  a r e  t h e  r e s u l t  o f  r e c e p t o r  changes 

The 

Yet another  assumption i s  t h a t  t h e  response o f  t h e  t i s s u e  i s  d i r e c t l y  

An examinat ion  o f  p h y s i o l o g i c a l  

Th is  remains 
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Th is  i s  n o t  a r e s p e c t f u l  genu f lex ion  towards t r a d i t i o n ,  b u t  a reminder t h a t  

a n a l y t i c a l  s o p h i s t r y  remains u l t i m a t e l y  dependent on con f i rma t ion  t h a t  i d e n t i -  

f i e d  compounds possess t h e  a b i l i t y  t o  i n t e r a c t  w i t h  t i s s u e s  and produce r a p i d  

changes i n  a c t i v i t y  o r  metabol ism. 

2 .2  D E S I G N  OF EXPERIMENTS 

I n  des ign ing  exper iments t o  assay b iogen ic  amines i t  i s  impor tan t  t o  remember 

t h a t  t h e  unknown amine i n  a l l  l i k e l i h o o d  has been ob ta ined  i n  an e x t r a c t  o r  e l u a t e  

from b i o l o g i c a l  m a t e r i a l ,  and i t s  guarantee o f  p u r i t y  i s  i n  no way assured. 

assay, a l t hough  s t r i c t l y  de f ined as a q u a n t i t a t i v e  procedure,  nonetheless i n  p rac-  

t i c e  encompasses a q u a l i t a t i v e  s tep ,  i n  which t h e  i d e n t i t y  o f  t h e  a c t i v e  substance 

p resen t  i s  con f i rmed.  Whi le t h e  methods d i f f e r  i n  d e t a i l  f o r  each substance, and 

w i l l  be d e a l t  w i t h  separa te l y  i n  t h e  i n d i v i d u a l  sec t i ons  on these substances, t h e r e  

a re  a few genera l  p r i n c i p l e s  which can be enunc ia ted  here .  

I n  genera l ,  t h e  i d e n t i f i c a t i o n  of an unknown substance r e s t s  on t h e  n a t u r e  and 

s p e c i f i c i t y  of  t h e  response observed and on s e n s i t i v i t y  t o  s p e c i f i c  a n t a g o n i s t  

drugs. The p r i n c i p a l  s t ra tagem i s  t o  e l i m i n a t e  t h e  imposs ib le  cand ida tes  u n t i l  

o n l y  one p o s s i b i l i t y  remains. 

i s  unique t o  a p a r t i c u l a r  amine and which can p rov ide  p o s i t i v e  i d e n t i f i c a t i o n  o f  a 

compound. Our approach i s  g r e a t l y  a ided by t h e  p resen t  a v a i l a b i l i t y  o f  a n t a g o n i s t  

compounds o r  b l o c k i n g  drugs t h a t  show g r e a t  s p e c i f i c i t y  f o r  one p a r t i c u l a r  c l a s s  

o f  recep to r .  Thus w h i l e  most b iogen ic  amines a r e  capable o f  i n t e r a c t i n g  w i t h  more 

than one r e c e p t o r  o f t e n  o c c u r r i n g  t o g e t h e r  i n  t h e  same t i s s u e ,  t h e  p re fe rence  f o r  

each r e c e p t o r  t y p e  may be determined by s e l e c t i v e  blockade o f  t h e  o t h e r s .  

no rad rena l i ne  can be d i s t i n g u i s h e d  from ad rena l i ne  o r  even dopamine, a c e t y l c h o l i n e  

f rom h i s tam ine  and so  on. 

The general  procedure i s  t o  add a s o l u t i o n  o f  t h e  unknown substance t o  a t i s s u e  

B io -  

Rare l y  i s  t h e r e  a s i n g l e  b i o l o g i c a l  response which 

Hence 

suspended i n  an organ ba th  and observe t h e  na tu re  o f  t h e  response. 

i s  t h e  most f r e q u e n t l y  used t i s s u e ,  t h e  response i s  c o n t r a c t i o n ,  o r  r e l a x a t i o n  

i f  t h e r e  i s  a degree o f  p r e - e x i s t i n g  c o n t r a c t i o n  o r  tone.  

a t i o n  such as t h i s  i t  i s  p o s s i b l e  t o  e l i m i n a t e  whole groups o f  substances. 

then p o s s i b l e ,  by u s i n g  approp r ia te  b l o c k i n g  agents,  t o  determine t h e  c l a s s  t o  

which a substance belongs, and u l t i m a t e l y  t o  i t s  i d e n t i t y .  However, th roughout  

such procedures t h e  assumption remains t h a t  t h e  t i s s u e  w i l l  respond no rma l l y  t o  

known agents,  and t h i s  assumption must be tes ted ,  n o t  o n l y  a t  t h e  beg inn ing  o f  an 

exper iment,  b u t  a l s o  a t  f requen t  i n t e r v a l s  th roughout  t h e  i d e n t i f i c a t i o n  process. 

Th is  i s  p a r t i c u l a r l y  impor tan t  when b l o c k i n g  agents a r e  i n  use s i n c e  many o f  them 

w i l l  a c t  as l o c a l  anaes the t ics ,  suppressing membrane e l e c t r i c a l  a c t i v i t y  and thus  

p reven t ing  any mechanical response from muscle. Thus t h e  over-zealous a p p l i c a t i o n  

o f  p r o p r a n o l o l  o r  a t r o p i n e  t o  a t i s s u e  can depress any a c t i v i t y  f o r  cons ide rab le  

pe r iods  of  t ime,  l e a v i n g  t h e  i n v e s t i g a t o r  i n  doubt as t o  whether he i s  b l o c k i n g  

S ince  muscle 

From a s i n g l e  observ- 

I t  i s  
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a response s p e c i f i c a l l y  a t  t h e  l e v e l  o f  recep to rs ,  o r  n o n - s p e c i f i c a l l y  by de- 

p ress ing  t h e  a b i l i t y  o f  t h e  t i s s u e  t o  respond t o  any s t imu lus .  

l i n e ,  t h e r e f o r e ,  i s  t o  use concen t ra t i ons  o f  an tagon is t  which reduce, b u t  do n o t  

comp le te l y  i n h i b i t , t h e  responses evoked by a g o n i s t  substances. 

i n v e s t i g a t i o n .  

Where t h e  na tu re  o f  t h e  amine i s  comple te ly  unknown, a more genera l  screen must 

f i r s t  be used, and t o  t h i s  end t i s s u e s  f rom t h e  i n t e s t i n a l  t r a c t  o f f e r  some advan- 

tages. 

t h e  s e n s i t i v i t y  i s  i n  genera l  l e s s  than i n  some o t h e r  t i s s u e s .  

t h e  r a b b i t  i s  a convent iona l  s imp le  p r e p a r a t i o n  t h a t  o f f e r s  t h e  advantages o f  

r e g u l a r  autonomous c o n t r a c t i l e  a c t i v i t y ,  t h e  pendu lar  movements, so t h a t  agents 

which promote r e l a x a t i o n  can be de tec ted  by depress ion  o r  cessa t ion  o f  t h i s  a c t i v -  

i t y .  A t y p i c a l  p r o t o c o l  f o r  t h e  i n v e s t i g a t i o n  o f  an unknown substance i s  shown i n  

F i g .  2.1. 

The assay procedures themselves have been t h e  s u b j e c t  o f  cons ide rab le  s tandard-  

i z a t i o n .  Because many b i o l o g i c a l  e x t r a c t s  r e q u i r e d  assay be fo re  t h e r a p e u t i c  use, 

t h e  recommended procedures a r e  now inco rpo ra ted  i n  pharmacopoeias. I n  p a r t i c u l a r  

t he  B r i t i s h  Pharmacopoeia ( 3 )  o f f e r s  d e t a i l e d  adv i ce  on how t e s t s  shou ld  be con- 

duc ted  and l a y s  p a r t i c u l a r  s t r e s s  on t h e  s t a t i s t i c a l  aspects o f  measurement. Th is  

n e c e s s i t y  stems from t h e  v a r i a b i l i t y  i n h e r e n t  i n  b i o l o g i c a l  t i s s u e .  

o f  s imp le  obse rva t i on  t h a t  animals d i f f e r  f rom each o t h e r  i n  most parameters.  The 

d i f f e r e n c e s  a r e  smal l  and when a l a r g e  number o f  animals a r e  examined, t h e  d i f f e r -  

ences r e s o l v e  themselves i n t o  a cont inuous  be l l -shaped spectrum about a modal p o i n t .  

I f  t h e  sample s i z e  i s  l a r g e  enough, t h e  modal p o i n t  i s  a l s o  t h e  mean p o i n t  o f  t he  

popu la t i on ,  and we term t h e  d i s t r i b u t i o n  "normal" .  It i s  thus  amenable t o  a n a l y s i s  

by convent iona l  means t o  produce values o f  var iance,  s tandard  d e v i a t i o n  and s tandard  

e r r o r  o f  t h e  mean. 

poss ib le ,  and can be analyzed by S tuden t ' s  t - t e s t ,  a n a l y s i s  o f  var iance o r  t he  x 2  
t e s t .  These t e s t s  a r e  s tandard  t o o l s  o f  s imp le  s t a t i s t i c s  and need l i t t l e  f u r t h e r  

e x p l a n a t i o n  here, o t h e r  than t o  emphasize t h a t  t hey  app ly  when t h e  parameter be ing  

measured i s  i n f i n i t e l y  v a r i a b l e .  Where an event  such as animal death, as i n  LD,, 

de te rm ina t ions ,  i s  o f  i n t e r e s t ,  d i f f e r e n t  s t a t i s t i c a l  cons ide ra t i ons  app ly .  Death 

i s  n o t  i n f i n i t e l y  v a r i a b l e ;  i t  i s  an a l l - o r - n o n e  phenomenon, and popu la t i ons  con- 

fo rm t o  b inomia l  r a t h e r  than normal o r  Gaussian d i s t r i b u t i o n s .  The s t a t i s t i c a l  

t rea tment  i s  c a l l e d  non-paramet r ic  and encompasses rank ing  exper iments where an- 

ima ls  a re  ranked accord ing  t o  performance, e t c .  Many examples can be found even 

i n  t h e  pub l i shed  l i t e r a t u r e  where t h e  improper use o f  t - t e s t s  and x 2 - t e s t s  has ac- 

companied rank ing  exper iments.  Should t h e  reader  w ish  a more d e t a i l e d  cons ide r -  

a t i o n  o f  s t a t i s t i c s  as a p p l i e d  t o  b i o l o g i c a l  sciences, t h e  book by Colquhoun (4)  
i s  one o f  many recommended. 

A u s e f u l  gu ide-  

The cho ice  o f  t i s s u e  r e s t s  l a r g e l y  upon t h e  n a t u r e  of t h e  subs tance(s )  under 

The comments o f  t h e  l a t e r  sec t i ons  o f  t h i s  chap te r  t h e r e f o r e  app ly .  

They a r e  u s u a l l y  r e c e p t i v e  t o  a wide range o f  b iogen ic  amines, a l t hough  

The duodenum o f  

I t  i s  a m a t t e r  

Comparisons o f  s i m i l a r  parameters f rom o t h e r  popu la t i ons  a r e  
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Rabb i t  duodenum o r  je junum (spontaneously a c t i v e )  
respondinq no rma l l y  t o  a c e t y l c h o l i n e  (Ach) and NA 

Add unknown substance 

1 I 
c o n t r a c t u r e  r e l a x a t i o n  

Show a t r o p i  i e  blockade 
o f  Ach c o n t r o l  

I 

Tes t  f o r  NA, A o r  DA 

Spec ia l  t i s s u e s  needed: 
see sec ts .  2.4.1 and 2.4.5. 

No response: 
unknown i s  
muscar in i  c 
agoni  s t .  

con t r a c t u  r e  

I 
Show mepyramine blockade 
o f  h i s tam ine  (HA) c o n t r o l .  
Repeat w i t h  unknown. 

I 

I 
c o n t r a c t u r e  

I 
No resgonse: 
unknown i s  
HA o r  congener. 

Show meth i se rq ide  blockade o f  
s tandard  se ro ton in .  
Repeat w i t h  unknown. 

NO resbonse: 
unknown i s  
s e r o t o n i n  o r  congener. 

c o n t r a c t u r e  : 
unknown i s  spasmogenic 
b u t  no b iogen ic  amine 
e.g. p r o s t a g l a n d i n  F,, 

F ig .  2.1. Typ ica l  p r o t o c o l  used i n  i d e n t i f y i n g  unknown b i o a c t i v e  substances i n  a 
s o l u t i o n .  

For  t h e  purposes o f  b ioassay  o f  t h e  b iogen ic  amines ( o t h e r  than  t o x i c i t y  da ta )  

t h e  parameters most r e a d i l y  determined a r e  muscle c o n t r a c t i o n  o r  t ens ion ,  o r  r e -  

l axa t i on ,  and these a r e  parameters which a r e  no rma l l y  d i s t r i b u t e d  about a mean va lue  

i n  a normal o r  Gaussian curve. 

t h e i r  t i s s u e s  w i l l  va ry ,  so does t h e  response o f  a s i n g l e  t i s s u e  a t  d i f f e r e n t  and 

I n  o t h e r  words, , j us t  as popu la t i ons  o f  animals and 
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o f t e n  ad jacen t  t imes.  The causes o f  t h i s  v a r i a t i o n  a re  n o t  easy t o  e x p l a i n .  M inor  

d i f f e r e n c e s  i n  metabolism, r e c e p t o r  s e n s i t i v i t y  and so on w i l l  produce s l i g h t l y  

v a r i a n t  responses. It i s  assumed, o f  course, t h a t  care  i s  taken t o  ensure minimal 

ope ra to r  e r r o r  i n  t h e  ba th  concen t ra t i ons  o f  f l u i d s ,  t h e  reco rd ing  o f  responses and 

t h e  measurement o f  t h e  records .  Because o f  t h i s  v a r i a t i o n ,  any s i n g l e  response o f  

a t i s s u e  i s  u n r e l i a b l e ,  and o n l y  a f t e r  examining a s e r i e s  o f  responses t o  t h e  same 

dose o f  drug, can an acceptab le  average o r  mean response be ob ta ined.  The response 

o f  t i s s u e  t o  drugs when p l o t t e d  aga ins t  t h e  l o g a r i t h m  o f  t h e  drug c o n c e n t r a t i o n  a l -  

most always assumes an "S"  o r  s igmoid  shape. The r i s i n g  phase o f  t h e  cu rve  i s  

v i r t u a l l y  l i n e a r  between 25% and 75% o f  t h e  maximum response, and f o r  t h e  purposes 

o f  b ioassay, i s  regarded as l i n e a r .  The most accura te  es t imates  o f  d rug  e f f e c t s  

a r e  ob ta ined  where t h e  concen t ra t i ons  o f  drugs produc ing  a g i ven  response a r e  

averaged ( 5 ) ,  s ince  t h e  s lopes  o f  t h e  curves a re  s teeper  and l e s s  open t o  i n t e r -  

p r e t i v e  e r r o r .  

where l i m i t e d  amounts a re  a v a i l a b l e ,  as i n  t i s s u e  e lua tes ,  t h e  most convent iona l  

approach i s  t o  use a s tandard  concen t ra t i on  o f  d rug  and t o  average t h e  responses 

t o  t h i s  concen t ra t i on .  

However such an approach i s  p r o f l i g a t e  i n  i t s  use o f  d rug ,  and 

The t h r e e  p o i n t  assay 

The t h r e e  p o i n t  assay i s  so termed because o n l y  t h r e e  concen t ra t i ons  o f  drug 

a r e  used. Two a r e  known and rep resen t  d i f f e r e n t  d i l u t i o n s  o f  a s tandard  s o l u t i o n ,  

w h i l e  t h e  t h i r d  i s  unknown, be ing  t h e  s o l u t i o n  under t e s t .  The assay assumes t h a t  

t h e  drug  concen t ra t i ons  f a l l  w i t h i n  t h e  l i n e a r  p o r t i o n  o f  t h e  c o n c e n t r a t i o n - e f f e c t  

curve ,  and, i f  necessary, a complete curve  may need t o  be p l o t t e d  t o  ensure t h a t  

t h i s  p r o v i s i o n  i s  v a l i d .  The unknown concen t ra t i on  o f  d rug  dose shou ld  produce a 

response t h a t  i s  i n t e r m e d i a t e  between t h e  responses produced by t h e  s tandard  

doses. Thus t h e  unknown concen t ra t i on  i n  t h e  t i s s u e  ba th  i s  "b racketed"  by known 

ones, and t h e  assay i s  r e f e r r e d  t o  as a b r a c k e t i n g  assay. 

t r a t i o n s  a r e  ob ta ined  by adding d i f f e r e n t  volumes o f  a known drug  s o l u t i o n ( s )  t o  

t h e  t i s s u e  ba th ,  and these doses a r e  i d e n t i f i e d  as s, and s2.  s2 be ing  g r e a t e r  than 

5 , .  

volume o f  known s o l u t i o n  o f  d rug  t h a t  t h e o r e t i c a l l y  produces t h e  same response 

as u, then t h e  concen t ra t i on  i n  t h e  unknown s o l u t i o n  can be c a l c u l a t e d .  The r e -  

sponses o f  t i s s u e  produced by t h e  doses a r e  S,, S, and U r e s p e c t i v e l y .  

Since t h e  r e l a t i o n s h i p  between l o g  dose and response i s  l i n e a r  i n  t h i s  range, 

i t  i s  p o s s i b l e  t o  use s imp le  p r o p o r t i o n a l  a lgebra  t o  r e l a t e  t h e  known and unknown 

concen t ra t i ons  as f o l l o w s :  

The s tandard  concen- 

The volume o f  t h e  unknown drug  s o l u t i o n  used i s  u. I f  x i s  cons idered t h e  

The d i f f e r e n c e  between t h e  responses t o  doses o f  d rug  i s  p r o p o r t i o n a l  t o  t h e  

d i f f e rence  between loga r i t hms  o f  t h e  doses, 
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S 2  
i . e .  S, - S l  l o g  s, - l o g  s1  o r  l o g  (c) 

and U - S 1  o( l o g  x - l o g  s 1  o r  l o g  (?) 

F i n a l l y  t h e  concen t ra t i on  o f  d rug  i n  t h e  unknown s o l u t i o n  can be ob ta ined  by 

d i v i d i n g  x by u and m u l t i p l y i n g  t h e  concen t ra t i on  o f  t h e  known drug  s o l u t i o n  by 

t h i s  r a t i o :  

conc o f  u = m u l t i p l i e d  by conc o f  s .  
U 

The values S,, S, and U are ,  o f  course, measured responses which a r e  s u b j e c t  t o  

t h e  v a r i a t i o n  p r e v i o u s l y  descr ibed.  

r e p e t i t i o n  o f  t h e  assay a number o f  t imes and us ing  t h e  means o f  t h e  responses i n  

t h e  c a l c u l a t i o n .  

The more o f t e n  a response i s  measured, t h e  more accura te  i s  t h e  mean o f  t h e  

measurements. 

Whi le t h e  number o f  doses o f  s o l u t i o n  under t e s t  may be l i m i t e d  by t h e  sma l l  volume 

o f  a v a i l a b l e  s o l u t i o n ,  a minimum number o f  f o u r  a d d i t i o n s  shou ld  be at tempted. 

i s  impor tan t ,  too ,  t o  no te  t h a t  t h e  doses shou ld  n o t  be added always i n  t h e  same 

o rde r .  Residual  e f f e c t s  such as s e n s i t i z a t i o n  o r  d e s e n s i t i z a t i o n  can be c i rcum-  

vented by changing t h e  sequence i n  which doses a re  added, e.g. 

Grea te r  accuracy i s  t h e r e f o r e  encouraged by t h e  

A balance has t o  be s t r u c k  between p r a c t i c a l i t y  and d e s i r a b i l i t y .  

It 

s 1 - u -  s 2 ,  then  

s 1  - S 2  - u, then 

u -sl- s2 

Such a randomiza t ion  p a t t e r n  i s  termed a L a t i n  square. 
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The f o u r  p o i n t  assay 

c e n t r a t i o n - e f f e c t  l i n e  i s  e s s e n t i a l ,  and l a r g e l y  dependent on t h e  a t tempts  t o  

overcome t h e  n a t u r a l  v a r i a t i o n  w i t h i n  and between t i s s u e s .  

o f  a l i n e  determined f o r  a l a r g e r  number o f  p o i n t s  i s  no rma l l y  more a c c u r a t e l y  

known than t h a t  o f  one where t h e  number o f  p o i n t s  used i s  l e s s .  

us ing  two concen t ra t i ons  o f  unknown drug has advantages over  one where o n l y  one 

concen t ra t i on  o f  unknown drug  i s  used. 

mathematical  d e r i v a t i o n  o f  t h e  formula,  one unknown concen t ra t i on  produces a r e -  

sponse e i t h e r  g r e a t e r  o r  l e s s  than those produced by doses o f  known concen t ra t i on ,  

and so  the  assay cannot be descr ibed as a b r a c k e t i n g  assay. I t  i s  more u s u a l l y  

termed t h e  f o u r - p o i n t  assay f o r  obvious reasons. 

t h e  t h r e e  p o i n t  assay, two doses o f  d i f f e r i n g  b u t  known concen t ra t i on  s1  and s 2  

a r e  a p p l i e d  t o  a t i s s u e  and t h e  responses S, and S, are  measured. 

o f  s o l u t i o n  o f  unknown concen t ra t i on ,  u1 and u2, a re  added t o  t h e  t i s s u e  ba th  and 

t h e  responses a r e  aga in  recorded and measured. I t i s  ma themat i ca l l y  conven ien t  

t o  keep t h e  r a t i o  o f  s l / s z  and u,/u, t h e  same (see c a l c u l a t i o n  be low) .  

accuracy i s  improved i f  m u l t i p l e  a p p l i c a t i o n s  by a L a t i n  square randomized p ro -  

cedure a r e  used, and a f i n a l  mean va lue  i s  recorded as t h e  values o f  S 1 ,  S 2 ,  U1 

and U,. 

produce t h e  responses U, and U2 observed w i t h  t h e  drug  s o l u t i o n  o f  unknown concen- 

t r a t i o n ,  then t h e  concen t ra t i on  o f  t h e  unknown s o l u t i o n  can be determined thus .  

For a 

c o n c e n t r a t i o n - e f f e c t  l i n e ,  t h e  s lope i s :  

I n  any assay procedure,  t h e  accura te  es tab l i shment  o f  t h e  t r u e  s lope  o f  t h e  con- 

To t h i s  end t h e  s lope  

There fore ,  an assay 

For  reasons t h a t  a r e  exp la ined  i n  t h e  

Using t h e  same anno ta t i on  as  i n  

Two d i l u t i o n s  

Again, 

Again, i f  xi and x2  a r e  t h e  n o t i o n a l  doses o f  s tandard  s o l u t i o n  which would 

The s lope  o f  a l i n e  i s  o rd ina te /absc issa  o r  y - a x i s  d i v i d e d  by x -ax i s .  

S i m i l a r l y ,  s lope  f o r  an unknown s o l u t i o n  shou ld  be 

I f  t h e  two values f o r  s lope a r e  summed and averaged, t h e  mean va lue  f o r  s lope  be- 

comes 
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bu t ,  s i n c e  t h e  r a t i o  o f  t h e  doses o f  bo th  t h e  s tandard  o r  t e s t  s o l u t i o n  a p p l i e d  

were t h e  same, i . e .  

t h e  mean s lope  i s  

By a s i m i l a r  argument, t h e  d i f f e r e n c e s  between the  responses a t  t he  lower  and 

h i g h e r  doses o f  s tandard  and t e s t  d rug  s o l u t i o n s  can be averaged t o  produce a more 

accura te  mean d i f f e r e n c e  i n  response. 

l ower  dose l e v e l s  s i n c e  t h e  dose r a t i o s  a re  s i m i l a r .  

These shou ld  be s i m i l a r  a t  t h e  upper and 

Thus, a mean response d i f f e r e n c e  o r  y parameter i s  

u, - s, + u ,  - s ,  
2 

We t h e r e f o r e  have a mean s lope and a mean o r d i n a t e  parameter, and a mean abc issa  

parameter can be c a l c u l a t e d  from the  two. However s i n c e  u1  and u, a re  volumes o f  

unknown concen t ra t i on ,  l e t  us aga in  make use o f  t h e  t h e o r e t i c a l  volume o f  s tandard  

s o l u t i o n  x which produces an i d e n t i c a l  response as a dose o f  unknown s o l u t i o n  and 

f rom t h i s  determine t h e  amount o f  drug r e q u i r e d  t o  produce a response. I t  does no t  

m a t t e r  i f  we compare x and u 1  o r  u2, so t o  p rov ide  a comparison w i t h  a t h r e e  p o i n t  

assay l e t  x produce a response U,, i d e n t i c a l  t o  t h a t  produced by u,. 

The d i s tance  on t h e  absc issa  between log x and log sl, i .e .  

X mean o r d i n a t e  d i f f e r e n c e  = 
s lope  l o g  x - l o g  s 1  o r  l o g  (r) 

The r e f  o r e  

1 

X u 2  - s2 + u1 - s,  S 2  

1 s, - s, + u, - u, 
l o g  - 

S 1  
l o g  (y) = 

u, - s, + u, - s, 
s* - s1 + u, - u1 

l o g  21 S 1  s, 

1 

I x = a n t i l o g  

and t h e  concen t ra t i on  o f  u = concen t ra t i on  o f  s m u l t i p l i e d  by p as before.  

2 . 3  CHOICE OF TISSUES 

The t i s s u e s  used i n  t h e  assay o f  b iogen ic  amines a re  determined by s e n s i t i v i t y  

t o  t h e  amine i n  ques t ion ,  a v a i l a b i l i t y  o f  bo th  t i s s u e  and a p p r o p r i a t e  reco rd ing  
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equipment, and o f  course, s k i l l  and competence o f  t h e  i n v e s t i g a t o r .  Assuming t h a t  

t h e  l a s t  can be acqu i red ,  i t  i s  a p p r o p r i a t e  t o  cons ide r  here t h e  genera l  use o f  

t i s s u e s  as i n d i c a t o r s  o f  drug concen t ra t i ons .  Muscular t i s s u e s  have f o r  l ong  been 

t h e  most conven ien t  t i s s u e s  t o  use s ince  t h e i r  response i s  mechanical and can be 

e a s i l y  recorded w i t h  r e l a t i v e  accuracy.  However muscles f a l l  i n t o  d i f f e r e n t  ca te -  

g o r i e s  which d i f f e r  i n  t h e i r  speed o f  c o n t r a c t i o n ,  t h e i r  au tomat ic  o r  myogenic 

c o n t r a c t i l e  a c t i v i t y  and t h e i r  responses t o  t h e  var ious  amines. As a consequence 

some thought  must be g iven t o  the  na tu re  o f  t h e  parameter t o  be measured. 

Where tens ion  i s  t o  be measured independent ly  o f  spontaneous f requency ,  t h e  

cho ice  i s  e s s e n t i a l l y  between an i s o m e t r i c  measurement, where t h e  t e n s i o n  developed 

by t h e  t i s s u e  i s  measured i n  t h e  absence o f  ac tua l  sho r ten ing  o f  t h e  t i s s u e ;  o r  an 

i s o t o n i c  measurement where the  tens ion  i s  kep t  cons tan t  and t h e  sho r ten ing  o f  t h e  

muscle i s  recorded. Auxoton ic  methods, where t h e  l o a d  i s  inc reased as the  t i s s u e  

shor tens ,  a re  r a r e l y  used i n  bioassay work. I n  s i t u ,  many muscles per fo rm t h e i r  

p h y s i o l o g i c a l  r o l e  by e x e r t i n g  an i s o m e t r i c  t ens ion ,  b u t  most muscles undergo o n l y  

an i n i t i a l  i s o m e t r i c  phase o f  c o n t r a c t i o n ,  d u r i n g  which tens ion  i s  inc reased u n t i l  

i t  overcomes t h e  r e s i s t e n c e  o r  i n e r t i a  a g a i n s t  which t h e  muscle a c t s .  The rea f te r ,  

sho r ten ing  a k i n  t o  e i t h e r  i s o t o n i c  o r  auxoton ic  c o n t r a c t i o n  occurs.  When t h e  speed 

o f  c o n t r a c t i o n  i s  r a p i d ,  t h e  v i s c o s i t y  o f  t h e  cytoplasm opposes t h e  sho r ten ing  o f  

t h e  muscle f i b r e s  and reduces t h e  impact o f  any drug  e f f e c t  which m igh t  o the rw ise  

i nc rease  t h e  r a t e  o f  c o n t r a c t i o n .  For  t h i s  reason, ca rd iac  muscle and s k e l e t a l  

muscle a r e  measured i s o m e t r i c a l l y  where e l e c t r o n i c  f o r c e  t ransducers  and o s c i l l o -  

graphs a re  a v a i l a b l e .  Smooth muscle, d e s p i t e  i t s  s low r a t e  o f  t e n s i o n  development 

may be measured i s o m e t r i c a l l y ,  b u t  i s  more o f t e n  measured under i s o t o n i c  c o n d i t i o n s .  

I n  i s o m e t r i c  c o n t r a c t i o n ,  however, i t  i s  wrong t o  assume t h a t  t h e r e  i s  no shor ten-  

i n g  o f  t h e  c o n t r a c t i l e  elements i n  t h e  muscle. The process o f  sarcomere shor ten-  

i n g  proceeds w i t h i n  t h e  l i m i t s  imposed by t h e  system. 

whole muscle may be r i g i d l y  f i x e d ,  t h e r e  remains an i m p e r f e c t l y  i d e n t i f i e d  s e r i e s  

e l a s t i c  component, which s t r e t c h e s  i n  response t o  t h e  sho r ten ing  o f  t h e  sarcomeres. 

There i s  no p r a c t i c a l  method a t  p resen t  t o  o b v i a t e  t h e  s e r i e s  e l a s t i c  component, 

save i n  t h e  case o f  s k e l e t a l  muscle, where i t  may be f u l l y  s t r e t c h e d  d u r i n g  t e t a n i c  

s t i m u l a t i o n .  

A l though t h e  ends o f  t h e  

The c l a s s i c a l  mechanical measurement o f  c o n t r a c t i n g  t i s s u e s  i n v o l v e d  t h e  a c t i o n  

o f  t h e  muscle on l e v e r s  which i n  t u r n  scra tched a t r a c e  on the  sooted su r face  o f  

paper a t tached  t o  a r e v o l v i n g  kymograph drum. Cardiac and s k e l e t a l  muscles were 

made t o  a c t  a g a i n s t  a sp r ing ,  and thus  worked under auxoton ic  c o n d i t i o n s ,  w h i l e  

smooth muscles had a s imp le  i s o t o n i c  leverage system. Whi le t h e r e  may be some 

disadvantage i n  us ing  a kymograph system, i n  t h a t  i t  lacks  some accuracy and may 

be i n c o n v e n i e n t l y  d i r t y  w i t h  soot  i n  t h e  l a b o r a t o r y ,  i n  most cases t h e  r e s u l t s  

ob ta ined  by such methods remain as acceptab le  as r e s u l t s  ob ta ined  by more soph is -  

t i c a t e d ,  and thus expensive,  methods. A u s e f u l  l a b o r a t o r y  handbook i n  t h e  s e t t i n g  
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up o f  t i s s u e s  i s  t h a t  w r  

U n i v e r s i t y  o f  Edinburgh 

have no bas i c  exper ience 

t t e n  by t h e  s t a f f  o f  t h e  Department o f  Pharmacology, 

6 )  t o  which f u r t h e r  re fe rence  may be made by readers  who 

o f  i s o l a t e d  t i s s u e  p repara t i ons .  

2.3.1 Smooth muscle c o n t r a c t i o n  and r e l a x a t i o n  

Smooth muscle i s  t o  be found i n  most v i s c e r a  and i n  b lood vesse ls .  Wi th  such a 

wide d i s t r i b u t i o n  comes an e q u a l l y  wide spectrum of s e n s i t i v i t y  t o  pha rmaco log ica l l y  

a c t i v e  agents,  i n c l u d i n g  t h e  b iogen ic  amines. As  a r e s u l t ,  smooth muscle i n  one 

form o r  another  comprises t h e  vas t  m a j o r i t y  o f  t h e  t e s t  t i s s u e s  used i n  t h e i r  b i o -  

assay. Smooth muscle o f fe rs  t h e  advantage of  response which i s  s low, i s  measurable 

by s imp le  apparatus and i s  rep roduc ib le .  D e s e n s i t i z a t i o n  i s  o f t e n  s low t o  develop. 

Receptors t o  b i o l o g i c a l l y  a c t i v e  substances a r e  d i s t r i b u t e d  over  t h e  c e l l  sur face ,  

and thus  th roughout  the  t i s s u e .  A p p l i c a t i o n  o f  drugs i s  t h e r e f o r e  a s imp le  m a t t e r  

o f  a d d i t i o n  t o  t h e  b a t h i n g  medium. The muscle occurs mos t l y  as t h i n  sheets i n  

ho l l ow  organs and i s  e a s i l y  d i ssec ted  and s e t  up f o r  exper iment.  

Not a l l  smooth muscle behaves s i m i l a r l y ,  however, and a cons ide rab le  degree o f  

s e l e c t i o n  i s  requ i red .  Some smooth muscle has spontaneous o r  myogenic a c t i v i t y .  

Examples a r e  t o  be found i n  t h e  duodenum o f  t h e  r a b b i t  and t h e  p o r t a l  v e i n  o f  t h e  

guinea p i g .  Th i s  a c t i v i t y ,  so o f t e n  o r i g i n a t i n g  f rom a pacemaker group o f  c e l l s ,  

can be spread d i r e c t l y  f rom muscle c e l l  t o  muscle c e l l ,  i n  a wave o f  c o n t r a c t i o n ,  

o r  i t  may be coo rd ina ted  by plexuses o f  nerves found embedded i n  t h e  l a y e r s  o f  

muscle, as seen i n  t h e  i n t e s t i n e .  Such a c t i v i t y  may confuse measurements o f  con- 

t r a c t i o n  produced by s t i m u l a n t  amines; however t h e  i n h i b i t i o n  o f  t h i s  a c t i v i t y  i n  

t u r n  p rov ides  a p o s s i b l e  means o f  assay ing  r e l a x a n t  amines. 

Most smooth muscles are,  however, qu iescen t  u n t i l  s t i m u l a t e d  e i t h e r  th rough 

i n n e r v a t i n g  nerves o r  by a d d i t i o n  o f  an a g o n i s t  substance t o  t h e  b a t h i n g  f l u i d .  

I n  the  assay o f  any substance, t h e  o b j e c t  i s  t o  choose a t i s s u e  which i s  s e n s i t i v e  

t o  t h e  substance a t  t h e  concen t ra t i ons  a v a i l a b l e  and which w i l l  produce a q u a n t i -  

f i a b l e  response. I n  some t i s s u e s ,  such as t h e  u te rus ,  t h e  d e n s i t y  o f  drug recep- 

t o r s  i s  hormone-dependent (oestrogens i n  t h e  case o f  t h e  u t e r u s ) .  I t  i s  advanta- 

geous t o  ensure t h a t  t h e  animal i s  g i ven  adequate doses o f  hormones p r i o r  t o  

s a c r i f i c e  and removal o f  t h e  t i s s u e s .  

The cho ice  o f  parameter t o  measure i s  no rma l l y  reduced e i t h e r  t o  c o n t r a c t i o n  o r  

r e l a x a t i o n  o f  a t i s s u e .  I n  t h e  case o f  c o n t r a c t i o n ,  e i t h e r  t h e  mechanical t ens ion  

produced i n  l o n g i t u d i n a l l y  arranged muscle can be measured d i r e c t l y ,  o r  t h e  pres-  

sure  o f  f l u i d  conta ined i n  a ho l l ow  organ such as a b lood  vessel  o r  b ladder  can 

be determined. Here t h e  measurement i s  s imple,  rep roduc ib le ,  and i n v o l v e s  o n l y  

t h e  substance under i n v e s t i g a t i o n .  The a l t e r n a t i v e ,  measurement o f  r e l a x a t i o n ,  

i s  a ve ry  much l e s s  s a t i s f a c t o r y  approach which nonetheless i s  o f t e n  unavoidable 

under c e r t a i n  c i rcumstances. Re laxa t i on  o f  muscle i m p l i e s  p r i o r  t ens ion ,  however 

produced, and t h e r e f o r e  the  r e l a x a n t  d rug  i s  a c t i n g  i n  p h y s i o l o g i c a l  antagonism 
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t o  an e x i s t i n g  e x c i t a t o r y  process. It i s  t h e  n e t  balance o f  t h e  m u t u a l l y  opposing 

i n f l u e n c e s  t h a t  p rov ides  t h e  parameter f o r  measurement, and t h e  s t a n d a r d i z a t i o n  o f  

t h e  e x c i t a t o r y  process i s  e s s e n t i a l ,  b u t  n o t  always easy. C o n t r a c t i o n  o f  b r o n c h i a l  

muscle can be induced by exposing i t  t o  a concen t ra t i on  o f  e x c i t a t o r y  d rug  such as 

a c e t y l c h o l i n e ;  t h e  opposing e f f e c t  o f  ad rena l i ne  i s  then gauged. However, ch ron ic  

exposure t o  drugs, e s p e c i a l l y  a t  t h e  e leva ted  concen t ra t i on  l i k e l y  t o  be used here,  

b r i n g s  on problems such as d e s e n s i t i z a t i o n .  The depress ion  o f  spontaneous a c t i v i t y  

o f  r a b b i t  duodenum can a l s o  be used as an assay o f  r e l a x a n t  drugs bu t ,  i n  t h i s  case, 

t h e  o r i g i n s  o f  t h e  a c t i v i t y  a re  n o t  under t h e  i n v e s t i g a t o r ' s  c o n t r o l  and lend  an 

e x t r a  dimension o f  v a r i a b i l i t y  i n t o  t h e  a l ready  v a r i a b l e  system. The conc lus ion  i s  

t h a t  assays us ing  smooth muscle r e l a x a t i o n  r a t h e r  than c o n t r a c t i o n  a r e  bes t  avo ided 

i f  a t  a l l  p o s s i b l e .  

2 .3.2 Cardiac muscle c o n t r a c t i o n  and frequency 

Card iac  muscle i s ,  o f  course, r e s t r i c t e d  t o  t h e  h e a r t .  It shou ld  n o t  be assumed, 

however, t h a t  t he  h e a r t  i s  a homogeneous organ, where muscle f rom one p a r t  i s  i n -  

d i s t i n g u i s h a b l e  by pharmacological  i n e r t i a  f rom muscle f rom another  p a r t .  

h e a r t  can be used as an exper imenta l  p r e p a r a t i o n .  I t  must be pe r fused  e i t h e r  v i a  

the  a o r t a  ( r e t r o g r a d e l y )  and t h e  coronary  c i r c u l a t i o n  (Langendor f f  p r e p a r a t i o n  - 
see p.  116 i n  r e f .  6 ) ,  o r  by p e r f u s i o n  o f  t h e  pulmonary v e i n  ( 7 ) .  

a l l o w  t h e  r a t e  o f  bea t ing  d r i v e n  by the  pacemaker i n  t h e  s i n u a t r i a l  node and f r e e  

f rom nervous i n f l uences ,  t o  be measured. Whi le coronary  p e r f u s i o n  pressure  i s  a l s o  

measurable by t h i s  method, i t  i s  n o t  p o s s i b l e  t o  o b t a i n  an unambiguous measurement 

o f  t he  f o r c e  o f  muscular c o n t r a c t i o n ,  s ince  t h e r e  a re  severa l  l a y e r s  o f  muscle 

f i b r e s  o r i e n t e d  i n  d i f f e r e n t  d i r e c t i o n s ,  which produce a t w i s t i n g  o r  w r i n g i n g  o f  

t he  organ d u r i n g  s y s t o l e .  There i s  no a x i s  a long which muscle tens ion  can be 

measured when t h e  ho l l ow  organ e x i s t s  i n  t h r e e  dimensions, and c o n t r a c t i o n  serves 

t o  reduce i t s  volume i n  each dimension. 

d i s s e c t  t h e  hear t .  The a t r i a ,  bo th  r i g h t  and l e f t ,  can be removed separa te l y  o r  

t oge the r  and p rov ide  e n t i r e l y  s u i t a b l e  t i s s u e s  f o r  exper iment.  The r i g h t  a t r i u m  

con ta ins  t h e  pacemaker and i s  spontaneously c o n t r a c t i l e  i n  a t i s s u e  ba th .  

can be overcome, i f  des i red ,  by s t i m u l a t i n g  the  t i s s u e  a t  a r a t e  f a s t e r  than the  

spontaneous r a t e ,  b u t  i t  i s  more usual  t o  s e t  t h e  t i s s u e s  up i n  p a i r s  and compare 

drug  e f f e c t s  on frequency i n  t h e  r i g h t  a t r i u m  w i t h  d rug  e f f e c t s  on t e n s i o n  i n  t h e  

l e f t  a t r i um.  V e n t r i c u l a r  t i s s u e  can a l s o  be used. Th is  i s  much t h i c k e r  than 

a t r i a l  t i s s u e  i n  most exper imenta l  mammals, and some f u r t h e r  d i s s e c t i o n  i s  neces- 

sa ry  t o  a l l o w  adequate oxygenat ion  o f  t h e  t i s s u e  d u r i n g  exper imenta t ion .  R i g h t  

v e n t r i c u l a r  s t r i p s  can be cu t ,  f o l l o w i n g  t h e  a x i s  o f  t h e  t h i c k e s t  muscle l a y e r ,  

o r  p a p i l l a r y  muscles can be removed from the  l e f t  v e n t r i c l e .  V e n t r i c u l a r  t i s s u e s  

a r e  s t ronger  than a t r i a l  t i s s u e ,  b u t  t h e  magnitude o f  t h e  response evoked by drugs 

i s  o f t e n  l e s s .  The s e n s i t i v i t y ,  as de f i ned  by t h e  concen t ra t i on  o f  drug produc ing  

The whole 

Such p repara t i ons  

To measure tens ion ,  i t  i s  necessary t o  

Th is  
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50% o f  t h e  maximum response (ECS0), i s  t h e  same i n  most cases, and so f o r  ease 

of measurement, a t r i a l  t i s s u e  i s  o f t e n  p r e f e r r e d .  

i s  u s u a l l y  more s e n s i t i v e  than t h e  f o r c e  o f  c o n t r a c t i o n ,  and thus  e f f e c t s  o f  drugs 

on muscar in i c  cho l i nocep to rs  and B-adrenoceptors may be de tec ted  a t  lower  con- 

c e n t r a t i o n s  o f  drug by observ ing  changes i n  spontaneous r a t e .  

I n  genera l  r a t  ca rd iac  t i s s u e  possesses poor s e n s i t i v i t y  t o  pharmacological  

agents.  There are ,  f o r  i ns tance ,  no h i s tam ine  recep to rs  i n  r a t  l e f t  a t r i a ,  a l -  

though some a r e  p resen t  i n  t h e  r i g h t .  

o rde r  o f  magnitude o r  more, than i n  o t h e r  spec ies ,  and so f o r  assay work, c a r d i a c  

t i s s u e  f rom t h e  r a t  i s  bes t  avoided. 

The frequency o f  c o n t r a c t i o n  

EC,, va lues  i n  the  r a t  a re  h ighe r ,  by one 

Card iac  t i s s u e  does r e q u i r e  some degree o f  c a r e f u l  hand l i ng  over  and above t h a t  

a p p l i e d  t o  o t h e r  t i s s u e s .  

a t i o n  i s  e s s e n t i a l  du r ing  t h e  exper iment.  I n  d i s s e c t i n g  t h e  t i s s u e ,  oxygen demand 

can be reduced by immersing t h e  t i s s u e  i n  i c e - c o l d  b a t h i n g  f l u i d ,  a l thouqh under 

these c o n d i t i o n s  h e a r t  c e l l s  cannot ex t rude  ca l c ium ions ,  which l eak  inwards across 

the  c e l l  membrane pass i ve l y .  Th is  r i s e  i n  f ree  cy top lasmic  ca l c ium can cause 

damage, p robab ly  by a c t i v a t i n g  Catt-dependent proteases, i f  t h e  c r y o p l e g i a  i s  

pro1 onged. 

It i s  ve ry  s u s c e p t i b l e  t o  anox ia ,  and adequate oxygen- 

I n  a d d i t i o n ,  ca rd iac  muscle, more than o t h e r  types  o f  muscle, e x e r t s  i t s  con- 

t r a c t i o n  as a f u n c t i o n  o f  i n i t i a l  l e n g t h  ( F r a n k - S t a r l i n g  r e l a t i o n s h i p ) .  

f i r s t  be determined a f t e r  s e t t i n g  up each t i s s u e ,  and an exper imenta l  l eng th ,  

which i s  assoc ia ted  w i t h  a t w i t c h  t e n s i o n  l e s s  than maximum ( u s u a l l y  70%), i s  

determined and used th roughout  subsequent exper imenta l  procedures.  

Th is  must 

2.3.3 S k e l e t a l  muscle c o n t r a c t i o n  

The s k e l e t a l  muscle o f  ve r teb ra tes  can be subd iv ided i n t o  two groups. There 

a r e  muscles i n  which each muscle f i b r e  i s  i nne rva ted  by severa l  nerve f i b r e s ,  

where t r a n s m i t t e r  re lease  occurs  a t  many p o i n t s  a long the  muscle, and d i f f u s i o n  

o f  t r a n s m i t t e r  occurs t o  a l l o w  t h e  recep to rs  found over  t h e  e n t i r e  muscle su r face  

t o  i n t e r a c t  and induce c o n t r a c t i o n  d i r e c t l y .  Such m u l t i - i n n e r v a t e d  muscles a r e  

common i n  v e r t e b r a t e  c lasses  o t h e r  than t h e  mammals where they  a r e  r e s t r i c t e d  t o  

e x t r a o c u l a r  muscles and muscle s p i n d l e  f i b r e s .  

recep to rs ,  and ease o f  access t o  them, they  a r e  w e l l  s u i t e d  t o  exper imenta l  

procedures i n  an i s o l a t e d  organ ba th .  

o n l y  one nerve  f i b r e  a r e  known as f o c a l l y  i nne rva ted  muscles. 

Because o f  t h e  d i s t r i b u t i o n  o f  

Muscles where each f i b r e  i s  i nne rva ted  by 

Here t h e  e x c i t a t i o n -  

c o n t r a c t i o n  coup l i ng  process f o l l o w s  on 

o n l y  a f t e r  an i n t e r v e n i n g  a c t i o n  p o t e n t  

l o c a l i z e d  s i t e  o f  r e c e p t o r  a c t i v a t i o n ,  

l a r g e l y  r e s t r i c t e d  t o  t h e  end p l a t e  reg  

i b l e  t o  substances i n  the  b a t h i n g  f l u i d  

c e l l  which o v e r l i e s  t h e  nerve  te rm ina l  

n o t  d i r e c t l y  f rom r e c e p t o r  a c t i v a t i o n ,  b u t  

a1 has swept over  t h e  muscle f rom t h e  

he end p l a t e .  

on, and because they  a r e  n o t  f r e e l y  access- 

due t o  t h e  p r o t e c t i v e  wrapping o f  Schwann 

n such muscles, i t  i s  n o t  p o s s i b l e  t o  use 

Because t h e  recep to rs  a r e  
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f o c a l l y  i nne rva ted  muscle i n  organ ba th  exper iments where t h e  t r a n s m i t t e r  sub- 

s tance ( a c e t y l c h o l i n e  i n  v e r t e b r a t e s )  i s  added t o  t h e  b a t h i n g  f l u i d .  

muscles o f  non-ver tebra te  species can be used i n  bioassays, b u t  o t h e r  than t h e  

muscle o f  t h e  leech,  l i t t l e  use has been made o f  these a l t e r n a t i v e  p repara t i ons .  

I t  would be wrong t o  assume t h a t  o n l y  recep to rs  t o  t h e  endogenous neuro t rans-  

m i t t e r  a re  t o  be found i n  s t r i a t e d  muscle. Whi le t h e  c o n t r a c t i l e  response i s  

no rma l l y  o n l y  evoked by t h e  a c t i o n  o f  t h e  n a t u r a l  t r a n s m i t t e r  o r  an analogue 

( i g n o r i n g  d i r e c t  e l e c t r i c a l  s t i m u l a t i o n ) ,  t h e  magnitude, t i m e  t o  peak ampl i tude 

and r a t e  o f  r e l a x a t i o n  a re  a l l  s u s c e p t i b l e  t o  a number o f  pharmacological  agents.  

However t h e  responses a r e  smal l ,  and such m o d i f i c a t i o n  o f  t he  c o n t r a c t i l e  parameters 

i s  n o t  a s u i t a b l e  assay f o r  b iogen ic  amines o r  o t h e r  substances. 

The s t r i a t e d  

2.3.4 Parameters from n o n - c o n t r a c t i l e  t i s s u e s  

Whi le most assay procedures use muscle c o n t r a c t i o n  as t h e  q u a n t i f i a b l e  parameter, 

t h e r e  a r e  a l t e r n a t i v e  b i o l o g i c a l  a c t i o n s  which a re  used under a v a r i e t y  o f  c i rcum-  

stances t o  i d e n t i f y  and q u a n t i f y  a c t i v e  substances such as the  b iogen ic  amines. 

Nervous a c t i v i t y  i t s e l f ,  e i t h e r  as membrane p o t e n t i a l  changes o r  as r a t e s  o f  d i s -  

charge i n  neurones, i s  commonly used where p u t a t i v e  neuro t ransmi t te rs  a r e  under 

i n v e s t i g a t i o n .  However neurophys io logy  of t h i s  t ype  r e q u i r e s  expensive apparatus 

and cons ide rab le  e x p e r t i s e  i n  i t s  ope ra t i on .  Such p repara t i ons  a r e  t h e r e f o r e  

beyond the  scope o f  t h e  p resen t  chap te r .  

Glands do fo rm an a l t e r n a t i v e  t i s s u e  which i s  respons ive  t o  a v a r i e t y  o f  pharmaco- 

l o q i c a l  agents.  It i s  r e l a t i v e l y  easy t o  c o l l e c t  t h e  s e c r e t i o n  o f  an exoc r ine  g land 

and determine t h e  i n f l u e n c e  o f  va r ious  substances on t h e  r a t e  o f  s e c r e t i o n .  Such a 

techn ique i s  n o t  common w i t h  v e r t e b r a t e  animals,  b u t  i t  i s  u s e f u l  i n  o t h e r  spec ies ,  

p a r t i c u l a r l y  where the  neuro t ransmi t te rs  i n v o l v e d  a r e  unknown o r  mere ly  p u t a t i v e .  

The s a l i v a r y  glands o f  t i c k s  p rov ide  an example where t h i s  techn ique i s  a p p l i e d  i n  

i n v e s t i g a t i n g  t h e  chemical  c o n t r o l  o f  s a l i v a r y  s e c r e t i o n  i n  t h i s  an ima l .  

2 . 4  METHODS OF ASSAY 

Whi le  t h e r e  a re  a wide v a r i e t y  o f  p repara t i ons  which may be used t o  t e s t  f o r  

and assay b i o l o g i c a l l y  a c t i v e  substances, t h e r e  a r e  a number o f  commonly used ones 

which a r e  descr ibed b r i e f l y  i n  t h i s  sec t i on .  The t e s t  i s  n e i t h e r  e x c l u s i v e  n o r  

exhaus t i ve  and t h e  cho ice  o f  t i s s u e  may w e l l  be i n f l u e n c e d  by spec ia l  c i rcumstances ,  

a v a i l a b i l i t y  o f  equipment o r  m a t e r i a l ,  o r  even t h e  persona l  p re fe rence o r  competence 

o f  t he  i n v e s t i g a t o r .  I n  t h e  l a s t  a n a l y s i s ,  t h e  cho ice  i s  determined by s e n s i t i v i t y  

o f  t h e  p r e p a r a t i o n  and t h e  s p e c i f i c i t y  o f  t h e  response. I n e v i t a b l y ,  t h e r e  i s  a 

degree o f  ove r lap .  Several  substances may i n f l u e n c e  t h e  same r e c e p t o r  type ,  o r  

t h e r e  may be seve ra l  t ypes  o f  r e c e p t o r  p resent ,  a l l  o f  which when s t i m u l a t e d  by 

t h e i r  agon is t  l i g a n d  produce t h e  same response. 

o f  s p e c i f i c i t y  may be ensured by t h e  use o f  " s p e c i f i c "  b l o c k i n g  drugs which e f f e c -  

I n  these circumstances a degree 



29 

t i v e l y  e l i m i n a t e  one t ype  of  r e c e p t o r  o n l y  f rom t h e  t i s s u e ,  l e a v i n g  t h e  o the rs  

r e l a t i v e l y  f ree  and a v a i l a b l e  f o r  a c t i v a t i o n .  Reference i s  made t o  such cases 

where approp r ia te .  

2 .4 .1  Catecholamines and congeners 

dopamine (DA). T h e i r  me tabo l i t es  a l s o  possess some b i o l o g i c a l  a c t i v i t y ,  b u t  i t  

i s  s u b s t a n t i a l l y  l e s s  than t h a t  shown by these t h r e e  substances. Ad rena l i ne  i s  

sec re ted  by p o s t g a n g l i o n i c  sympathet ic nerves i n  amphibia,  b u t  i n  mammals i t  i s  

p r i n c i p a l l y  found i n  t h e  medu l la  o f  t h e  adrena l  g land, whence i t  i s  sec re ted  i n t o  
t h e  bloodstream, fo rming  an i n te rmed ia te  between a hormone and a n e u r o t r a n s m i t t e r ,  

and i n  t h e  t e r m i n a l s  of  some neurones, t h e  p e r i k a r y a  o f  which a r e  l o c a t e d  i n  t h e  

caudal medu l la  oblongata.  

co rd  t o  t h e  thalamus and t h e  hypothalamus ( 8 ) .  

i n  mammalian pos tgang l i on i c  nerve f i b r e s ,  and i s  a l s o  found i n  t h e  c e n t r a l  nervous 

system, p r i m a r i l y  i n  the  p r o j e c t i o n s  o f  c e l l s  l y i n g  i n  t h e  locus  coeru leus  and i n  

n u c l e i  o f  t h e  l a t e r a l  r e t i c u l a r  f o rma t ion  (8 ) .  

p e r i p h e r a l  nervous system. 

and p o s s i b l y  a l s o  i n  t h e  nerve  plexuses o f  t he  a l imen ta ry  t r a c t .  

w i d e l y  d i s t r i b u t e d  i n  t h e  c e n t r a l  nervous system. 

Receptors t o  t h e  catecholamines a re  c l a s s i c a l l y  d i v i d e d  i n t o  adrenoceptors 

and DA recep to rs ,  a l t hough  DA i s  a c t i v e  a t  adrenoceptor s i t e s .  

cep to rs  a r e  i n  t u r n  subd iv ided i n t o  al, a 2 ,  B1 and 6, subgroupings which can be 

recogn ized by t h e i r  d i f f e r i n g  s e n s i t i v i t y  t o  va r ious  s y n t h e t i c  a g o n i s t  o r  antag- 

o n i s t  molecules.  They a r e  w i d e l y  b u t  n o t  u n i f o r m l y  d i s t r i b u t e d  i n  t i s s u e s ,  thus  

p r o v i d i n g  a r i c h  cho ice  o f  s u i t a b l e  assay p repara t i ons .  Receptors which show 

s p e c i f i c i t y  towards DA a r e  r a r e  i n  p e r i p h e r a l  t i s s u e s ,  a l t hough  they  a r e  common i n  

t h e  c e n t r a l  nervous system. As a r e s u l t ,  t h e  p o s s i b l e  assay p repara t i ons  a r e  

r e s t r i c t e d  i n  number, b u t  a r e  a v a i l a b l e  and used when t h e  occas ion  war ran ts .  

The t h r e e  p r i n c i p a l  catecholamines a r e  ad rena l i ne  (A),  no rad rena l i ne  (NA) and 

The d i s t r i b u t i o n  o f  t h e  t e r m i n a l s  ranges f rom t h e  s p i n a l  

Noradrena l ine  i s  w i d e l y  d i s t r i b u t e d  

Dopamine i s  n o t  found w i d e l y  i n  the  

It i s  r e s t r i c t e d  t o  some neurones i n  autonomic gang l i a  

However, i t  i s  

The adreno- 

Adrena l i ne  shows equal  a f f i n i t y  f o r  bo th  and B adrenoceptors.  Noradrena l ine ,  

however, i s  more p o t e n t  on 

found i n  h e a r t  muscle, than on b2 recep to rs .  

which possess e i t h e r  a1  o r  B, r ecep to rs .  

synap t i c  r e c e p t o r  on nerve  t e r m i n a l s ,  does e x i s t  as a pos tsynap t i c  r e c e p t o r  i n  some 
t i s s u e s ,  b u t  has n o t  as y e t  been used i n  assay work. 

and NA i n  t h e  p i t h e d  r a t  has been advocated as t h e  parameter o f  cho ice  f o r  b i o -  

assay ( 9 ) .  
from source m a t e r i a l .  Adrena l ine ,  as p o i n t e d  o u t ,  w i l l  a f f e c t  t h e  @2 recep to rs  

of some b lood  vessel  beds, caus ing  v a s o d i l a t i o n .  

e f fec t  i n  o t h e r  vessel  beds and cause l i t t l e  o v e r a l l  changes i n  sys temic  p ressure  
unless a p b l o c k i n g  drug  i s  f i r s t  admin i s te red  t o  t h e  animal.  

recep to rs ,  and on t h e  6, adrenoceptors which a r e  

Most assays t h e r e f o r e  use t i s s u e s  

The a2 recep to r ,  recogn ized as a p re-  

The p resso r  e f f e c t  o f  bo th  A 

Amounts as low as 1.0 ng can be assayed by t h i s  method a f t e r  e x t r a c t i o n  

Th is  would o f f s e t  t h e  c o n s t r i c t o r  

I n  t h i s  regard ,  
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prop rano lo l  a t  a dose o f  0.5 mg/kg w i l l  a b o l i s h  t h e  d i l a t o r  e f f e c t  o f  A and 

leave t h e  p resso r  e f f e c t  f o r  assay. Th is  p r e p a r a t i o n  i s  somewhat demanding 

i n  bo th  s k i l l  and exper ience,  and a s imp le  i s o l a t e d  t i s s u e  p r e p a r a t i o n  may be 

p r e f e r r e d .  

may be used i n  smooth o r  c a r d i a c  muscle p repara t i ons .  

t h e  t e n s i o n  developed i n  a o r t i c  s t r i p s  i s  a conven ien t  and s imp le  p r e p a r a t i o n  o f  

reasonable s e n s i t i v i t y  ( 6 ) ,  w h i l e  t h e  r a b b i t  e a r  a r t e r y  p rov ides  a s l i g h t l y  more 

s e n s i t i v e  though more compl ica ted  p r e p a r a t i o n  (10)  i n  t h a t  a p ressure  t ransducer  

and p e r i s t a l t i c  pump a re  r e q u i r e d  r a t h e r  than t h e  convent iona l  t i s s u e  ba th .  The 

s e n s i t i v i t y  o f  these t i s s u e s  t o  catecholamines can be inc reased by adding 10 u g / l  

( 5 . 7  x lO-*M) s e r o t o n i n  t o  t h e  ba th ing  o r  p e r f u s i n g  f l u i d  (11 ) .  Se ro ton in  i t s e l f  

has l i t t l e  c o n s t r i c t o r  a c t i o n ,  and t h e  n a t u r e  o f  t h e  s e n s i t i z i n g  e f f e c t  has n o t  

been exp la ined.  

super fus ion  technique, i n  which t i s s u e s  a re  ba thed i n  a stream o f  aera ted  f l u i d  

c o n t i n u o u s l y  f l o w i n g  down t h e i r  surface. 

much l e s s ,  and t h e  d i l u t i o n  of  minu te  amounts o f  a c t i v e  substances i s  reduced. 

us ing  t h i s  technique, amounts as low as 20 pg o f  NA can be de tec ted  us ing  e i t h e r  

r a b b i t  a o r t a  o r  i l i a c  a r t e r y  s t r i p s  (12 ) .  

amines A and NA a r e  about equ ipo ten t .  

t h e  guinea p i g  o r  t h e  r a b b i t  (6,13) o f f e r  an a l t e r n a t i v e  i n  which t h e r e  i s  a s i m i l a r '  

potency, a l t hough  t h e  recep to r  i n  t h i s  case i s  e s s e n t i a l l y  o f  t h e  b 1  subtype. 

parameter o f  cho ice  here  i s  t h e  i nc rease  i n  spontaneous beat  f requency, a parameter 

which shows g r e a t e r  s e n s i t i v i t y  and accuracy than f o r c e  o f  c o n t r a c t i o n .  

must be taken and these a r e  d e t a i l e d  i n  a l a t e r  sec t i on .  

To t h i s  end i s o l a t e d  t i s s u e s  c o n t a i n i n g  a, 61 and 6, r e c e p t o r  types  

O f  t h e  vascu la r  t i s s u e s ,  

The assay system can be rendered more s e n s i t i v e  by t h e  use o f  t h e  

The volume sur round ing  t h e  t i s s u e  i s  thus  

By 

Since a-adrenoceptors a re  p resen t  i n  these vascu la r  t i ssues ,  t h e  ca techo l -  

The i s o l a t e d  a t r i a  o r  r i g h t  a t r i u m  o f  e i t h e r  

The 

Where m ix tu res  of  these two catecholamines a re  present ,  spec ia l  p recau t ions  

A l though DA i s  a c t i v e  a t  a and 4 recep to rs  and can be b locked by the  c l a s s i c a l  

an tagon is t s  a t  these s i t e s ,  phentolamine and p rop rano lo l  r e s p e c t i v e l y ,  i t  has o n l y  

one f i f t i e t h  of  t h e  potency of  NA a t  t he  a-adrenoceptor,  and one t h i r t i e t h  o f  t h e  

potency o f  e i t h e r  NA o r  A i n  i n c r e a s i n g  t h e  

If DA a lone were t h e  s u b j e c t  of  b ioassay, i t  would be p o s s i b l e  t o  use any o f  

t h e  p repara t i ons  recommended f o r  A.  

a r e  o f t e n  such t h a t  t h e  DA may be p resen t  a long w i t h  o t h e r  substances, i n c l u d i n g  

t h e  o t h e r  catecholamines, i n  a s o l u t i o n  e x t r a c t e d  o r  e lua ted  from t i s s u e s .  

case, t h e  more s p e c i f i c  t h e  response, t h e  b e t t e r  a r e  t h e  requirements o f  pharmaco- 

m e t r i c s  met. 

produces l o c a l i z e d  v a s o d i l a t i o n  (14) .  S u i t a b l e  l eng ths  o f  l a r g e  b lood  vesse ls  

a re  n o t  apparen t l y  i n v e s t e d  w i t h  s u f f i c i e n t  DA-spec i f i c  recep to rs  t o  recommend 

them as i s o l a t e d  t i s s u e  p repara t i ons  (151, and i t  i s  necessary t o  r e l y  on e i t h e r  

whole animal b lood  pressure  (14)  o r  r e g i o n a l  b lood  f l o w  i n  s e n s i t i v e  t i s s u e s  such 

as t h e  k idney  (16,17) as t h e  t e s t  parameters.  I n  e i t h e r  case t h e  p r e p a r a t i o n  i s  

f o r c e  o f  ca rd iac  c o n t r a c t i o n .  

However, t h e  c i rcumstances o f  b ioassay 

I n  t h i s  

Dopamine recep to rs  a re  found i n  some b lood  vesse ls  and here DA 
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n o t  s imp le  s ince  an anaesthe t ized  animal such as t h e  c a t  o r  dog i s  requ i red ,  

i n  t h e  case o f  r e g i o n a l  b lood  f low, e lec t romagne t i c  f lowmeters o r  some s i m i l a r  

equipment i s  necessary.  

t o  t h a t  used i n  t h e  Langendorff i s o l a t e d  h e a r t  p repara t i on  ( 6 )  and observe t h e  f a l l  

i n  p e r f u s i o n  pressure  caused by DA. 

po r ted  i n  t h e  l i t e r a t u r e .  

b lood  vesse ls ,  i t  i s  necessary t o  p r e t r e a t  animals,  o r  bathe i s o l a t e d  t i s s u e s ,  

w i t h  adequate b l o c k i n g  doses of  phentolamine o r  p rop rano lo l  i n  o rde r  t o  see a 

s p e c i f i c  DA-mediated e f f e c t .  

and 

I t  i s  p o s s i b l e  t o  pe r fuse  t h e  k idney  i n  a manner s i m i l a r  

However t h i s  approach has n o t  been w i d e l y  r e -  

Since recep to rs  t o  o t h e r  catecholamines a r e  p resen t  i n  

The most s e n s i t i v e  b i o l o g i c a l  t e s t  f o r  DA appears t o  be t h e  i n h i b i t i o n  o f  t h e  

e l e c t r i c a l l y - i n d u c e d  c o n t r a c t i o n  o f  t h e  ca rd iac  p o r t i o n  o f  t h e  i n t e s t i n e  o f  t h e  

t a p e s t r y  cock le ,  TqJe.5 wutlingi, a b i v a l v e  mo l lusc  f rom A u s t r a l i a  (18,19).  Other  

members o f  t h e  Venus clam fami l y  (Vener idae) such as V .  verrucosu o r  Mereenaria 

mereenaria would probab ly  be s u i t a b l e  s u b s t i t u t e s  i n  areas where T .  mt l ing’ i  i s  n o t  

a v a i l a b l e .  

s p e c i f i c  b l o c k i n g  agents.  

butyrophenones such as h a l o p e r i d o l ,  a phenoth iaz ine  d e r i v a t i v e  such as chlorprom- 

az ine ,  o r  metoclopramide (19 ) .  

A t e s t  f o r  s p e c i f i c i t y  a t  DA recep to rs  i s ,  o f  course, t o  employ 

Substances which bes t  meet such a requ i rement  a r e  

2 . 4 . 2  A c e t y l c h o l i n e  and congeners 

t u r y ,  and i t s  assay by pharmacometric means i s  l ong  e s t a b l i s h e d .  

on t h e  amount of  m a t e r i a l  a v a i l a b l e  f o r  assay. 

s i f i e d  as two broad ca tegor ies ,  n i c o t i n i c  and muscar in i c .  The n i c o t i n i c  recep to rs  

a re  found i n  v e r t e b r a t e s  i n  s k e l e t a l  muscle and i n  autonomic gang l i a .  The p o s s i b l e  

assay p repara t i ons  a re  l i m i t e d ,  as p r e v i o u s l y  i n d i c a t e d ,  t o  m u l t i p l y  i nne rva ted  

muscles. The r e c t u s  abdominis muscle o f  t h e  f r o g  and t h e  b i v e n t e r  c e r v i c i s  muscle 

of  t h e  c h i c k  a r e  s u i t a b l e  i n  t h i s  regard,  a l t hough  t h e i r  s e n s i t i v i t y  i s  o n l y  moder- 

a t e ,  even i f  t h e  cho l i nes te rase  p resen t  i n  t h e  t i s s u e  i s  f i r s t  i n a c t i v a t e d  by t r e a t -  

ment w i t h  up t o  1 ug/ml diisopropylfluorophosphate (DFP) ( 6 ) .  

a t h r e s h o l d  response t o  10-7M i s  b a r e l y  d i s c e r n i b l e ,  and i t  i s  necessary t o  use more 

s e n s i t i v e  p repara t i ons .  

recep to rs  and p rov ides  a s u i t a b l e  assay p r e p a r a t i o n  which i s  s e n s i t i v e  t o  a t rop ine ,  

r a t h e r  than tubocura r ine ,  as a b l o c k i n g  agent.  

a re  bo th  s u i t a b l e  t i s s u e s  ( 6 ) ,  b u t  t h e i r  s e n s i t i v i t y  i s  o n l y  s l i g h t l y  b e t t e r  than 
the  s k e l e t a l  muscle p repara t i ons .  However, t h e  t ime f o r  response and recovery  i s  

s i g n i f i c a n t l y  s h o r t e r ,  and f o r  t h i s  reason they  a r e  more conven ien t  f o r  r o u t i n e  

assays. 

a u s e f u l  t i s s u e  which w i l l  respond t o  Ach a t  concen t ra t i ons  as low as 10-9M i f  t h e  
muscle i s  p r e t r e a t e d  w i t h  an a n t i c h o l i n e s t e r a s e  such as DFP ( 6 ) .  The disadvantage 

A c e t y l c h o l i n e  (Ach) has been recogn ized as a b i o a c t i v e  amine f o r  almost a cen- 

The p repara t i ons  used va ry  i n  s e n s i t i v i t y  and t h e  u l t i m a t e  cho ice  i s  dependent 

A c e t y l c h o l i n e  recep to rs  a r e  c l a s -  

Under these cond i t i ons ,  

I n t e s t i n a l  smooth muscle i s  w e l l  supp l i ed  w i t h  muscar in i c  

Guinea p i g  i l e u m  o r  r a b b i t  je junum 

If g r e a t e r  s e n s i t i v i t y  i s  requ i red ,  t h e  do rsa l  muscle o f  t h e  l eech  p rov ides  
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o f  the  l eech  muscle i s  t h a t  a s e n s i t i z a t i o n  p e r i o d  o f  up t o  t h r e e  hours i s  rec -  

ommended; t h e r e a f t e r  t h e  responses a re  s low i n  bo th  deve lop ing  and recove r ing .  

The most s e n s i t i v e  t i s s u e  a v a i l a b l e  i s  t h e  h e a r t  o f  c lam species (20,21). A c e t y l -  

c h o l i n e  s lows t h e  spontaneous beat  o f  t h i s  t i s s u e  and reduces t h e  ampl i tude o f  t h e  

t e n s i o n  developed a t  concen t ra t i ons  as low as 3 x 10-I1M; t h e  e f f e c t  can be quan- 

t i f i e d  t o  p rov ide  an e x q u i s i t e l y  s e n s i t i v e  assay. 

ase enzymes i n  t i s s u e s .  

un less  t h e  enzyme i s  i n a c t i v a t e d  w i t h  physost igmine o r  DFP. U n l i k e  many prepara- 

t i o n s  used t o  assay t h e  catecholamines, t h e  response e l i c i t e d  by Ach i s  t h e  c l a s -  

s i c a l  c o n t r a c t u r e  o r  a t  l e a s t  development of t ens ion .  It commends i t s e l f  t o  b i o -  
assay procedures f o r  t h e  reasons out1 i n e d  e a r l i e r .  

A p o i n t  wor th  n o t i n g  i n  r e l a t i o n  t o  Ach i s  t h e  u b i q u i t y  o f  va r ious  c h o l i n e s t e r -  

T issue e x t r a c t s  a re  t h e r e f o r e  prone t o  be c h o l i n o l y t i c  

2 . 4 . 3  H is tamine and congeners 

i l e u m  ( 6 )  o r  s t r i p s  o f  l o n g i t u d i n a l  muscle f rom t h e  i l e u m  (22 ) .  

c e n t r a t i o n s  o f  10-8M a re  capable o f  e l i c i t i n g  a c o n t r a c t i l e  response i n  guinea p i g  

t i s s u e s  s i n c e  t h i s  species i s  p a r t i c u l a r l y  s e n s i t i v e  t o  t h e  amine. The response 

resembles t h a t  t o  Ach i n  t h a t  t h e r e  i s  r a p i d  c o n t r a c t u r e  o f  t h e  t i s s u e ,  and t h e  

recovery  a f t e r  removal o f  t h e  drug  i s  r a p i d .  It forms an i d e a l  b ioassay  system 

i f  t h e  amount o f  m a t e r i a l  t o  be assayed i s  s u f f i c i e n t .  Since Ach produces an 

i d e n t i c a l  response, assays a re  bes t  c a r r i e d  o u t  i n  t h e  presence o f  b l o c k i n g  con- 

c e n t r a t i o n s  (10-6M) o f  a t rop ine ,  and t h e  s p e c i f i c i t y  o f  t h e  response can be 

determined by us ing  a d rug  such as ch lo rphen i ramine o r  mepyramine ( p y r i l a m i n e )  

which w i l l  b l o c k  t h e  H, r ecep to rs  p resen t .  

H, and H2 recep to rs ,  congeners do show s p e c i f i c i t y  f o r  one o r  o t h e r  type .  H, 

recep to rs  a r e  recogn ized as med ia t i ng  g a s t r i c  a c i d  s e c r e t i o n  i n  ve r teb ra tes ;  

however, t h i s  response i s  n o t  r e a d i l y  amenable t o  bioassay. Most b lood  vesse ls  

have bo th  H, and H2 recep to rs  p resen t  and bioassay w i t h  these t i s s u e s  i s  n o t  

s imp le  and unambiguous. The a t r i a  o f  t h e  guinea p i g  h e a r t  man i fes t  a u s e f u l  

separa t i on  o f  t h e  two r e c e p t o r  types  ( 2 3 ) ,  and o n l y  t h e  H2  recep to rs  a r e  found i n  

t h e  r i g h t  a t r i um.  

bas i s  o f  a p o s i t i v e  u s e f u l  b i o l o g i c a l  assay. The t h r e s h o l d  concen t ra t i on  i s  about 

10-7M i n  t h i s  p repara t i on .  S p e c i f i c i t y  can be conf i rmed by us ing  an H,-blocking 

drug  such as c i m e t i d i n e  o r  r a n i t i d i n e .  

H is tamine occurs i n  t h e  t i s s u e s  o f  i n v e r t e b r a t e s  as w i d e l y  as i n  ve r teb ra tes ,  

and i t  i s  c e r t a i n l y  a n e u r o t r a n s m i t t e r  i n  t h e  nervous system o f  gas t ropod mo l luscs .  

No s u i t a b l e  i n v e r t e b r a t e  t i s s u e ,  however, has been developed as a pharmacometric 

p r e p a r a t i o n  w i t h  the  same degree o f  s e n s i t i v i t y  as the  c lam h e a r t .  

The c l a s s i c a l  t i s s u e  used i n  t h e  assay o f  h is tamine (HA) i s  t h e  guinea p i g  

Thresho ld  con- 

Whi le HA i t s e l f  i s  equ ipo ten t  a t  bo th  

There they  mediate a ch rono t rop i c  e f f e c t  which p rov ides  t h e  
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2.4.4 Sero ton in  and congeners 

makes use o f  t h e  f u n d i c  s t r i p  f rom r a t  stomach (6,24). 

a r e  found th roughout  t h e  a l imen ta ry  cana l ,  b u t  t h e  r a t  i s  a p a r t i c u l a r l y  s e n s i t i v e  

animal.  

t ime  c y c l e  o f  6 minutes i s  requ i red .  I n  a d d i t i o n ,  t h e  t i s s u e  must be p a s s i v e l y  

s t r e t c h e d  a f t e r  removal o f  t h e  drug, s i n c e  i t  does n o t  r e l a x  spontaneously.  

Ad rena l i ne  can be used as a pharmacological  r e l a x a n t  i n  p re fe rence t o  mechanical 

s t r e t c h i n g .  The t h r e s h o l d  concen t ra t i on  o f  s e r o t o n i n  i n  t h i s  p r e p a r a t i o n  i s  

around 10-9M, and so r e l a t i v e l y  smal l  amounts o f  m a t e r i a l  a r e  s u f f i c i e n t  f o r  a 

s a t i s f a c t o r y  ( i f  s low)  assay. 

i n  an unknown s o l u t i o n  can be conf i rmed us ing  methysergide (10-7M) o r  cyprohep- 

t a d i n e  (10-6M) as t h e  s tandard  b l o c k i n g  agents.  

deve lop ing  and must be f o l l o w e d  over  a 60 minu te  p e r i o d .  Since t h e  r a t  stomach, 

l i k e  a l l  a l imen ta ry  t i s s u e s ,  i s  r i c h l y  s u p p l i e d  w i t h  muscar in i c  cho l i nocep to rs ,  

and i n  a l l  l i k e l i h o o d  t i s s u e  e x t r a c t s  w i l l  c o n t a i n  some Ach, t h e  assay o f  t i s s u e  

e x t r a c t s  i s  bes t  c a r r i e d  o u t  i n  t h e  presence o f  a t r o p i n e .  Rat stomach i s  o n l y  

weakly s e n s i t i v e  t o  HA and so p r o t e c t i o n  w i t h  an t i h i s tam ines  i s  unnecessary. 

t o  t h e  extreme s e n s i t i v i t y  o f  t h i s  r e a d i l y  a v a i l a b l e  mammalian p repara t i on ,  t h e r e  

has been l i t t l e  i n t e r e s t  i n  deve lop ing  a l t e r n a t i v e  assays. The clam h e a r t  i s  

s e n s i t i v e  t o  se ro ton in ,  responding w i t h  inc reases  i n  ampl i tude and frequency. It 

i s ,  however, n o t  as s e n s i t i v e  as t h e  r a t  stomach s t r i p ,  w i t h  a t h r e s h o l d  concent ra -  

t i o n  i n  excess o f  10-8M, and t h e r e  i s  l i t t l e  advantage t o  i t s  adop t ion  ( 2 5 ) .  

The s tandard  pharmacometric assay f o r  5 -hydroxy t ryp tamine ( s e r o t o n i n ;  5-HT) 

Receptors t o  s e r o t o n i n  

The t i s s u e  i s  s low i n  responding t o  spasmogens, and a modera te ly  l ong  

The r e c e p t o r  s p e c i f i c i t y  o f  t h e  spasmogen p resen t  

Blockade i n  t h i s  case i s  s low i n  

Owing 

2.4.5 Assay o f  complex m ix tu res  

e l u a t e  o r  e x t r a c t .  Such a s i t u a t i o n  i s  more i n  t h e  n a t u r e  o f  a s tuden t  l a b o r a t o r y  

exe rc i se  than p a r t  o f  r o u t i n e  p h y s i o l o g i c a l  research .  

e x i s t  i n  t i s s u e s ,  even w i t h i n  a s i n g l e  c e l l .  

i n i t i o n ,  share a common chemical p roper t y ,  t h e y  tend t o  be e x t r a c t e d  as a group 

d u r i n g  r o u t i n e  chemical  e x t r a c t i o n s  (see f o l l o w i n g  chap te rs ) .  

t o  assay smal l  volumes c o n t a i n i n g  m ix tu res  o f  t h e  amines i n  t r a c e  amounts, r a t h e r  

than r i s k  l o s i n g  them i n  t h e  course o f  f u r t h e r  chemical separa t ion .  

t h e  super fus ion  techn ique (26,27), developed o r i g i n a l l y  t o  i d e n t i f y  a c t i v e  sub- 

stances i n  b lood  has proved t o  be i n v a l u a b l e .  

ba th  c o n t a i n i n g  warmed, ae ra ted  s o l u t i o n  ba th ing  t h e  t i s s u e  i s  rep laced  by a 

j a c k e t e d  vesse l ,  kep t  warm by c i r c u l a t i n g  water .  

vessel  as be fo re ,  b u t  t h e  f l u i d  i s  t r i c k l e d  f rom a smal l  o r i f i c e ,  such as a cannula, 

down over  t h e  su r face  o f  t h e  t i s s u e  and d ra ined  th rough a ho le  o r  spout i n  t h e  base 

o f  t h e  vesse l .  

sma l l ,  and economies o f  m a t e r i a l  a re  thus  p o s s i b l e .  

I t  i s  r a r e  t h a t  o n l y  one b i o l o g i c a l l y  a c t i v e  substance i s  p resen t  i n  a t i s s u e  

Many a c t i v e  substances co- 

Since t h e  b iogen ic  amines, by def- 

I t  may be p r e f e r a b l e  

To t h i s  end 

I n  t h i s  technique, t h e  s tandard  

The t i s s u e  i s  mounted i n  t h e  

The volume of  f l u i d  i n  c o n t a c t  w i t h  t h e  t i s s u e  a t  any t ime  i s  very  

By a r rang ing  severa l  such 
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prepara t i ons  above each o t h e r ,  t h e  same f l u i d  can be brought  i n t o  c o n t a c t  w i t h  a 

number o f  d i f f e r e n t  t i s s u e s  as i t  d r i p s  f rom t h e  d r a i n  o f  one vessel  on t o  t h e  

nex t  l ower  t i s s u e .  The d i f f e r e n c e s  i n  response can then be noted. 

ment i s  known as cascade super fus ion ,  and i s  impor tan t  where t h e  substances i n  t h e  

m i x t u r e  a re  l a b i l e ,  o r  a r e  so a l i k e  chemica l l y  as t o  make r o u t i n e  chemical  separ-  

a t i o n  and a n a l y s i s  d i f f i c u l t  and f r a u g h t  w i t h  t h e  r i s k  o f  l o s i n g  t h e  sample i n  

t h e  process. The general  s t r a t e g y  t o  be f o l l o w e d  i s  t o  use t i s s u e s  u n i q u e l y  

possessed o f  one o r  o t h e r  r e c e p t o r  type .  

approx imate ly  e q u i a c t i v e  a t  a-adrenoceptors,  b u t  A i s  cons ide rab ly  more p o t e n t  

a t  B~ recep to rs .  M ix tu res  o f  t h e  two can be analyzed us ing  r a t  f u n d i c  s t r i p  and 

c h i c k  rectum, bo th  t i s s u e s  be ing  con t rac ted  by t h e  presence o f  10 v g / l  s e r o t o n i n  

(28).  As s o l u t i o n s  c o n t a i n i n g  A pe r fuse  over  the  t i ssues ,  they  respond approx i -  

ma te l y  e q u a l l y .  However when NA i s  superfused, o n l y  t h e  stomach responds v i g o r -  

ous ly .  

t o  NA. 

ma themat i ca l l y  o r  g r a p h i c a l l y  ( 2 9 , 3 0 ) .  

t u r e  con ta ins  bo th  A and NA i n  unknown concen t ra t i ons .  

Such an ar range-  

Adrena l ine  and NA, f o r  example, a r e  

The c h i c k  rectum, hav ing  predominant ly  b2 recep to rs ,  i s  much l e s s  s e n s i t i v e  

The concen t ra t i ons  o f  t h e  two substances p resen t  can be determined e i t h e r  

For  t h e  mathematical  s o l u t i o n  l e t  us con t inue  w i t h  t h e  suppos i t i on  t h a t  t he  mix -  

The concen t ra t i on  o f  pure  A s o l u t i o n  (p repared f rom a s tandard  s tock  s o l u t i o n )  

which produces t h e  same response as t h e  m i x t u r e  can be determined exper imen ta l l y .  

L i kew ise  can t h e  e q u i v a l e n t  NA s o l u t i o n  be determined. I f  two t i s s u e s  a r e  chosen 

which possess predominant ly  a1 o r  B~ recep to rs ,  then t h e  A equ iva len ts  i n  these 

t i s s u e s  a r e  Aa and A and t h e  NA equ iva len ts  a r e  NAu and NA 
4 B '  

equ iva len ts  a re  t h e r e f o r e  

The r a t i o s  o f  t h e  

NA NA 
R =A and R =B 
U B 

Aa 

The A e q u i v a l e n t  o f  t h e  m i x t u r e  i s  t h e  sum o f  t h e  equ iva len ts  o f  t h e  two substances 

p resen t ,  i .e. 

NA NA 
A = A t -  and A = A + -  
01 B 

Ra R B  

A B  RB - Aa Ra 

Rf3 - Ra 

and A = 

Normal ly  Ru i s  n e g l i g i b l e  i n  comparison t o  R, 
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then  NA = (Au  - A ) Ra 
6 

The r a t i o s  of  Ru and R a re  f i x e d  f o r  any one t ype  o f  t i s s u e  and need n o t  be r e -  

l a t e d  t o  the  equ iva len ts  o f  each unknown m ix tu re .  

r a t i o s  of  Ra and R a re  known, o n l y  t h e  A e q u i v a l e n t  need be determined and t h e  

above equat ions  used. If, however, A comprises l e s s  than 10% o f  t he  m ix tu re ,  i t s  

more s p e c i f i c  e f f e c t  i s  l e s s  d i s c e r n i b l e ,  and NA may be used as t h e  s tandard  so lu -  

t i o n  f o r  de te rm in ing  NAa and NA 

6 

Since A i s  more po ten t  a t  t he  6 2  recep to r  than NA, i t  f o l l o w s  t h a t  once t h e  

6 

I n  t h i s  case t h e  equat ions  can be d e r i v e d  t o  g i v e :  
6’ 

(NAB - NAa) NAB Ra A =  and NA = NAa - ___ 

R D  R6  

The g raph ica l  method o f  s o l u t i o n  i s  t o  mark on a l i n e a r  sca le  t h e  p o i n t s  A and NA 

where t h e  o r d i n a t e  and absc issa  a r e  c a l i b r a t e d  as A and NA concen t ra t i ons .  When 

these two values a re  j o i n e d  by a s t r a i g h t  l i n e ,  then t h e  co -o rd ina tes  o f  a l l  p o i n t s  

on t h a t  l i n e  rep resen t  t h e  concen t ra t i ons  o f  A and NA i n  t h e  m ix tu re ,  which would 

have t h e  same e f f e c t  i n  t i s s u e  a. I f  a s i m i l a r  e x e r c i s e  i s  c a r r i e d  o u t  w i t h  t i s s u e  

B and a s t r a i g h t  l i n e  drawn between A and NA 
D 6 ’  

l i n e s  i s  t h a t  p o i n t  o f  equ iva lence i n  bo th  t i s s u e s ,  and f rom i t s  co -o rd ina tes  t h e  

values o f  A and NA can be read. 

1 

t he  i n t e r s e c t i o n  o f  t h e  two s t r a i g h t  

A l l  o f  t h e  fo rego ing  argument presupposes t h a t  t h e  two substances i n  t h e  m i x t u r e  

a r e  a c t i n g  on t h e  same recep to r  i n  a c o m p e t i t i v e  manner. 

A ,  NA and DA, and i n  t h i s  case i t  can be ensured by c a r r y i n g  ou t  t he  de te rm ina t ions  

i n  t h e  presence o f  metoclopramide t o  b l o c k  any DA recep to rs  p resen t .  

o t h e r  b iogen ic  amines may produce s i m i l a r  responses t o  each o t h e r ,  t h e y  a r e  mediated 

by d i f f e r e n t  recep to rs  and t h e  c o n t r i b u t i o n  o f  any s i n g l e  amine i n  a m i x t u r e  can be 

determined s imp ly  by adding t h e  a p p r o p r i a t e  s p e c i f i c  b l o c k i n g  drug  t o  t h e  p e r f u s a t e  

and n o t i n g  t h e  r e d u c t i o n  i n  response. 

Such would be t h e  case w i t h  

A l though t h e  

2 . 5  CONCLUSIONS 

The examples p rov ided  i n  t h i s  chap te r  a r e  n o t  i n tended  as a comprehensive o r  

d e f i n i t i v e  l i s t  o f  techn iques  used i n  the  b i o l o g i c a l  assay o f  a c t i v e  substances. 

I ns tead  they  a re  p rov ided  as an i n d i c a t i o n  o f  t h e  i n g e n u i t y  which has been a p p l i e d  

t o  t h e  i n v e s t i g a t i o n  o f  such substances, an i n g e n u i t y  which s t i l l  f i n d s  express ion  

i n  va r ious  ways. 

t o o  does t h e  l i s t  o f  ways i n  which they  can be assayed. 

i s  i n  i t s  f o rma t i ve  stages, and the  a p p r e c i a t i o n  o f  t he  s e n s i t i v i t i e s  o f  t i s s u e s  

f rom non-ve r teb ra te  sources i s  f a r  f rom complete.  It i s  reasonable t o  p r e d i c t ,  

As t h e  l i s t  o f  known o r  suspected a c t i v e  substances lengthens, so 

Comparative pharmacology 
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t h e r e f o r e ,  t h a t  b i o l o g i c a l  assay methodology w i l l  remain an i n t e g r a l  p a r t  o f  t he  

i n v e s t i g a t i o n  o f  b i o l o g i c a l l y  a c t i v e  substances f o r  many years t o  come. 
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Chapter 3 

THIN-LAYER CHROMATOGRAPHY OF BIOGENIC AMINES 

R .  ANTHONY LOCOCK 

F a c u l t y  o f  Pharmacy and Pharmaceut ical  Sciences, U n i v e r s i t y  o f  A1 b e r t a ,  

Edmonton, A1 b e r t a  T6G 2N8 (Canada) 

3.1 INTRODUCTION 

3.1.1 B r i e f  h i s t o r y  o f  t h e  development o f  t h i n - l a y e r  chromatography (TLC) and 

i t s  a p p l i c a t i o n  t o  t h e  separa t i on  o f  b iogen ic  amines 

The o r i g i n  o f  t h e  chromatographic techn ique now f a m i l i a r l y  known as t h i n - l a y e r  

chromatography (TLC) can be t r a c e d  t o  t h e  work o f  I zma i lov  and Shra ibe r  ( 1 ) .  

These Russian i n v e s t i g a t o r s  used loose l a y e r s  o f  a lumina on g lass  p l a t e s  f o r  t h e  

separa t i on  o f  t h e  c o n s t i t u e n t s  o f  bel ladonna, d i g i t a l i s  and rhubarb  t i n c t u r e s  by 

a process t h e y  c a l l e d  "spo t  chromatography". Th i s  development p re-da tes ,  by s i x  

years,  t h e  p u b l i c a t i o n  by Consden &t. ( 2 )  in 1944 concern ing  paper chromato- 
craphy, which became an impor tan t  separa t i on  techn ique i n  b iochemica l  a n a l y s i s  

f o r  t h e  nex t  f i t t e e n  years .  

The present-day system o f  TLC was in t roduced  by K i r chner  and co-workers (3 )  

i n  1951, who used g l a s s  s t r i p s  coated  w i t h  adsorbents bound by s ta rch ,  "chromato- 

s t r i p s " ,  f o r  t h e  a n a l y s i s  o f  terpenes i n  v o l a t i l e  o i l s .  

TLC was n o t  recogn ized u n t i l  S tah l  descr ibed t h e  f i r s t  p r a c t i c a l  equipment f o r  

p repar ing  t h i n - l a y e r s  on a s tandard i zed  b a s i s  and a p p l i e d  TLC t o  many d i v e r s e  

separa t i on  problems (4,5). S tah l  has e d i t e d  a comprehensive genera l  re fe rence  

book on TLC ( 6 ) .  

More r e c e n t  comp i la t i ons  o f  TLC i n f o r m a t i o n  i n c l u d e  those o f  Macek ( 7 )  and 

K i r chner  (8 ) .  A recen t  tex tbook  which desc r ibes  a l l  t h e  p r a c t i c a l  f e a t u r e s  o f  

TLC has been w r i t t e n  f o r  t h e  beg inn ing  i n v e s t i g a t o r  by Touchstone and Dobbins ( 9 )  

The e a r l y  TLC separa t i ons  o f  b iogen ic  amines were accomplished on c e l l u l o s e  

t h i n - l a y e r s  u s i n g  mob i l e  phases wh ich  had been adapted by analogy f rom paper 

chromatographic methods. 

a t i o n  on t h e  t h i n - l a y e r  was achieved by spray reagents  which had been used 

s u c c e s s f u l l y  on paper chromatograms. 

and s p e c i f i c  analyses f o r  t h e  b iogen ic  amines i n  b i o l o g i c a l  samples, s i l i c a ,  

a lumina and polyamide were used as s t a t i o n a r y  phases and t h e  f r e e  amines o r  

amine d e r i v a t i v e s  were chromatographed. 

by i n  s i t u  measurement o f  absorbance o r  f l uo rescence  o r  r a d i o a c t i v i t y  o r  t h e  

separated amines and r e l a t e d  compounds were removed f rom t h e  t h i n - l a y e r  and t h e  

absorbance, f luorescence,  r a d i o a c t i v i t y  o r  mass spectrum determined f o r  each 

The general  u t i l i t y  of  

The b iogen ic  amines were n o t  d e r i v a t i z e d  and v i s u a l i z -  

As t h e  need developed f o r  more s e n s i t i v e  

The r e s u l t i n g  separa t ions  were analyzed 
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component. 

c a r r y  o u t  s imultaneous separa t i ons  o f  a number o f  samples and t h e  wide cho ice  of  

d e t e c t  i o n  methodol ogy . 
From t h e  l a t e  1950's u n t i l  t h e  e a r l y  1970 's  TLC was an impor tan t  a n a l y t i c a l  

separa t i on  techn ique which used a l i q u i d  mob i l e  phase. 

development o f  more e f f i c i e n t  h i g h  performance (p ressure)  1 i q u i d  chromatographic 

(HPLC) methods, i t  has become l e s s  popu lar .  

ana lyz ing  b iogen ic  amines w i l l  be reviewed and some o f  t h e  new developments i n  

TLC techno logy  w i l l  be descr ibed.  High performance t h i n - l a y e r  chromatography 

(HPTLC) has been in t roduced  r e c e n t l y  (10)  and may o f f e r  an a l t e r n a t i v e  t o  e x i s t i n g  

g a s - l i q u i d  chromatographic and HPLC a n a l y t i c a l  methods f o r  b iogen ic  amines. 

Impor tan t  a t t r i b u t e s  i n h e r e n t  i n  a l l  TLC methods a r e  t h e  a b i l i t y  t o  

I n  recen t  years ,  w i t h  t h e  

I n  t h i s  chapter ,  t h e  TLC methods f o r  

3.1.2 High performance t h i n - l a y e r  chromatography (HPTLC) 

HPTLC i s  a r e l a t i v e l y  new method which f o l l o w s  t h e  p ioneer ing  work o f  S tah l  

and has been r e f e r r e d  t o  as t h e  "second-generat ion o f  t h i n - l a y e r  chromatography" 

(10).  
HPLC. HPTLC i s  f a s t e r ,  more s e n s i t i v e  and e f f i c i e n t ,  uses l e s s  s o l v e n t  and can 

accommodate a l a r g e r  number o f  samples p e r  p l a t e  than convent iona l  TLC. 

s t y l e s  o f  equipment a r e  used. 

m i n i a t u r i z e d  TLC chambers o r  i n  an automated r a d i a l  U chamber, (see  F i g .  3.1) 

which may be opera ted  c o n v e n t i o n a l l y  i n  a c i r c u l a r  o r  r a d i a l  f a s h i o n  whereby 

s o l v e n t  i s  f e d  t o  t h e  cen te r  o f  t h e  p l a t e  and m ig ra tes  outwards o r  i n  an a n t i -  

c i r c u l a r  mode where t h e  mob i l e  phase i s  a p p l i e d  t o  t h e  t h i n  l a y e r  a long a p r e c i s e  

o u t e r  c i r c l e ,  f rom where i t  f l o w s  ove r  t h e  i n i t i a l  zone toward t h e  cen te r .  

HPTLC does o f f e r  s u p e r i o r  r e s o l u t i o n  compared t o  convent iona l  TLC and t h e  

abso lu te  d e t e c t i o n  l i m i t s  a r e  a t  l e a s t  t e n  t imes lower  than conven t iona l  TLC. 

Janchen and Schmutz (11 )  have eva lua ted  TLC and l i n e a r  and c i r c u l a r  HPTLC by 

-- i n  s i t u  r e f l e c t a n c e  measurements f o r  t h e  benzodiazepines, c o r t i c o s t e r o i d s  and 

p o l y c y c l i c  hydrocarbons. I n  a l l  cases t h e  c i r c u l a r  mode o f  o p e r a t i o n  of  HPTLC 

was advantageous. 

I n  HPTLC t h e  samples a r e  a p p l i e d  t o  t h e  t h i n - l a y e r  p l a t e  i n  volumes o f  l e s s  

than 1 111 and t h e  r e s u l t i n g  s p o t  s i z e  shou ld  be 1-2  mm i n  diameter.  

sample a p p l i c a t o r s  such as c o n t r o l l e d  mo t ion  drum sy r inges  a r e  a v a i l a b l e  ( 1 2 ) .  

The r e d u c t i o n  i n  spo t  s i z e  c rea tes  an i nc rease  i n  sample c o n c e n t r a t i o n  on t h e  

p l a t e  and ca re  must be taken t o  avo id  ove r load ing  t h e  HPTLC system. 

a b i l i t y  w i t h  HPTLC i s  i n  t h e  nanogram t o  picogram range. 

g raph ic  p r o p e r t i e s  i s  necessary f o r  HPTLC. Such m a t e r i a l s  a r e  a v a i l a b l e  as 

preformed precoated  p l a t e s .  These p l a t e s  have a sma l le r  p a r t i c l e  s i z e  ( 5  

average), a narrow p a r t i c l e  s i z e  d i s t r i b u t i o n  and a r e  u s u a l l y  200 um t h i c k .  
S i l i c a  g e l  has been t h e  most popu la r  , s t a t i o n a r y  phase m a t e r i a l  f o r  HPTLC. 

The HPTLC des igna t ion  was chosen by analogy t o  t h e  more f a m i l i a r  t e rm 

Two 

HPTLC p l a t e s  may be developed l i n e a r l y  i n  

Spec ia l  

The d e t e c t -  

The use o f  op t im ized  t h i n - l a y e r  m a t e r i a l s  w i t h  super io r  o p t i c a l  and chromato- 



39 

Recent ly,  chemica l l y  bonded s t a t i o n a r y  phases (RP-2, RP-8, RP-18 and C1,) have 

become a v a i l a b l e  (Whatman Inc . ,  New Jersey, and E.  Merck, Darmstadt) .  

p la tes ,  i n  which hydrocarbon cha ins  a r e  bonded t o  t h e  s i l i c a  ge l  suppor t ,  w i l l  

pe rm i t  t h e  use o f  " reve rse  phase" TLC systems f o r  t h e  separa t i on  o f  hydrophobic 

compounds. 

c o n d i t i o n s  comparable t o  HPLC on bonded phase columns (13).  

These 

Reverse phase t h i  n - l aye r  chromatography (RPTLC) may take  p lace  under 

. 3.1 Cross s e c t i o n a l  diagram o f  t h e  CAMAG U-Chamber System. The HPTLC p l a t e  
, measur ing 50 x 50 mm, r e s t s  w i t h  i t s  l a y e r  f a c i n g  down on t h e  U-chamber 

Mob i l e  phase i s  f e d  t o  t h e  cen te r  o f  t h e  p l a t e  v i a  a p la t inum-  
An ex te rna l  vapour phase 

(Courtesy o f  CAMAG, 

body (2 ) .  
i r i d i u m  c a p i l l a r y  (3)  o f  0.2 m i n t e r n a l  d iameter .  
may be passed i n t o  t h e  chamber th rough t h e  c i r c u l a r  channel (4 )  and o u t  th rough 
t h e  c e n t e r  base ( 5 )  o r  t h e  gas f l o w  may be reversed.  
Muttenz, Sw i t ze r land )  

A f i n a l  c h a r a c t e r i s t i c  comnon t o  HPTLC separa t i ons  i s  t h e  use o f  a s o p h i s t i c a t e d  

d a t a  a c q u i s i t i o n  system. Q u a n t i t a t i v e  a n a l y s i s  by d i r e c t  o p t i c a l  scanning o f  t h e  

HPTLC p l a t e  w i t h  an au tomat ic  photodens i tometer  i s  p o s s i b l e  and avo ids  t h e  t ime-  

consuming and i n e f f i c i e n t  s teps  o f  e l u t i o n ,  sample concen t ra t i on  and measurement. 

Touchstone ,and Sherma (14) have r e c e n t l y  w r i t t e n  a comprehensive tex tbook  on 

dens i  tomet ry  i n  t h i n - l a y e r  chromatography. 

I n  a d d i t i o n  t o  t h e  book e d i t e d  by Z l a t k i s  and Ka ise r  ( l o ) ,  Halpaap and 

Ripphahn (15,16) and J u p i l l e  (17)  have a l s o  reviewed t h e  p r i n c i p l e s  and 

performance o f  HPTLC. 

comparable t o  t h a t  achieved by gas chromatography and HPLC (18). 

The p o t e n t i a l  separa t i on  e f f i c i e n c y  by HPTLC i s  now 

3.1.3 Mu1 t i p l e  development i n  t h i n - l a y e r  chromatography 

i s  t h e  case f o r  res idues  and b i o l o g i c a l  e x t r a c t s ,  t h e  separa t i on  can bes t  be 

accomplished by m u l t i p l e  development. 

m u l t i p l e  development, i s  repeated  development o f  t h e  TLC p l a t e  by t h e  same mob i le  

phase i n  t h e  same d i r e c t i o n  and f o r  t h e  same d i s tance .  
been i n v e s t i g a t e d  by Thoma (19), who pub l i shed  t a b l e s  which may be used t o  

I f  volumes l a r g e r  than 1 111 a r e  r e q u i r e d  t o  be a p p l i e d  t o  t h e  TLC p l a t e ,  as 

M u l t i p l e  development, o r  un id imens iona l  

M u l t i p l e  development has 
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determine t h e  number o f  repeated  developments necessary t o  separa te  s o l u t e s  o f  

g i ven  R f  va lues .  

a TLC p l a t e  w i t h  t h e  same mob i le  phase i n  t h e  same d i r e c t i o n  f o r  g r a d u a l l y  

i n c r e a s i n g  d i s tances  (20,21). Each mob i l e  phase advance i s  f o l l o w e d  by  s o l v e n t  

removal by an i n e r t  gas and/or  h e a t i n g  t h e  p l a t e .  

p rog ramed  by  a c o n t r o l l e r  which governs a l l  aspects o f  development and s o l v e n t  

removal .  

(Morton Grove, I l l . ) .  

t he  e f f e c t  o f  t h i s  techn ique on  spo t  concen t ra t i ons .  

component m i x t u r e  m i g r a t e  on a t h i n  l a y e r  p l a t e  t h e  r e s o l u t i o n  o f  t h e  separa t i on  

w i l l  i nc rease  as t h e  d i s t a n c e  o f  development o f  t h e  p l a t e  increases. The 

separa t i on  may be expected t o  doub le  as t h e  development d i s t a n c e  doubles.  

t h i s  i s  i n e f f i c i e n t  s i n c e  an i nc rease  i n  d i s t a n c e  o f  development a l s o  a l l ows  

increased d i f f u s i o n  o f  t h e  spots  t o  occur ,  and doub l i ng  t h e  d i s t a n c e  o f  develop- 

ment w i l l  quadrup le  t h e  t ime  o f  development. D i f f u s i o n  o r  spread ing  o f  t h e  spot  

r e s u l t s  i n  decreased s e n s i t i v i t y .  A s e r i e s  o f  s h o r t  developments ( m u l t i p l e  

development) o f  t h e  p l a t e  i s  an a t tempt  t o  overcome these problems. As develop- 

ment i s  repeated, t h e  spots  a r e  concent ra ted  and an  o r i g i n a l  c i r c u l a r  s p o t  assumes 

an ova l  o r  s t reaked appearance s ince  t h e  deve lop ing  s o l v e n t  con tac ts  t h e  lower  

area o f  t h i s  c i r c u l a r  spo t  f i r s t  and d i s t o r t s  t h i s  t o  a f l a t - l i n e  shape b e f o r e  

reach ing  t h e  r e s t  o f  t h e  c i r c u l a r  spot.  

narrow s t r e a k  o f  m a t e r i a l  which f o r  a g i v e n  separa t i on  i n d i c a t e s  inc reased 

e f f i c i e n c y  and s e n s i t i v i t y  which i s  p r o p o r t i o n a l  t o  t h e  amount o f  spo t /a rea  of  

t h e  spo t .  

reconcen t ra t i on ,  and l a r g e  q u a n t i t i e s  o f  sample may be a p p l i e d  t o  t h e  TLC p l a t e  

(21).  
separa t i on  o f  1-dimethylaminonaphthalene-5-sul fonyl  (dansyl  o r  DNS) d e r i v a t i v e s  

o f  b iogen ic  amines, which as w i l l  be d iscussed l a t e r  i n  t h i s  chapter ,  have o f t e n  

r e q u i r e d  repeated  TLC development. 

Chemical)  t h a t  pe rm i t s  p l a t e s  t o  be developed c o n t i n u o u s l y  over  s h o r t  d i s tances .  

The SB/CD chamber ( s h o r t  bed/cont inuous development) a l l ows  a mob i l e  phase t o  

move r a p i d l y  up t h e  p l a t e ,  which extends o u t  o f  t h e  chamber. When t h e  mob i l e  

phase f r o n t  emerges f rom t h e  chamber i t  evaporates and t h i s  g i v e s  a cont inuous  

r a p i d  f l o w  o f  s o l v e n t  up t h e  p l a t e .  

h i g h e r  t h e  mob i l e  phase v e l o c i t y .  Lower m o b i l e  phase s o l v e n t  s t r e n g t h  systems 

my be used w i t h  t h e  SB/CD chamber, which may improve r e s o l u t i o n ,  and slow-moving 

components i n  low s o l v e n t  s t r e n g t h  mob i l e  phases may be  moved f rom t h e  spo t  o r i g i n .  

F igu re  3.2 p resents  an i l l u s t r a t i o n  o f  t h e  a p p l i c a t i o n  o f  t h i s  techn ique t o  t h e  
separa t i on  o f  DNS d e r i v a t i v e s  o f  noradrena l  i n e  (NA) and 5-hydroxy t ryp tamine 

Programmed m u l t i p l e  development i s  t h e  repeated  development o f  

Each p l a t e  development i s  

Th is  equipment f o r  HPTLC i s  a v a i l a b l e  f rom t h e  Regis Chemical Co. 

An impor tan t  c h a r a c t e r i s t i c  o f  m u l t i p l e  development o f  t h e  t h i n - l a y e r  p l a t e  i s  

As t h e  spots  o f  a two 

However, 

T h i s  d i s t o r t i o n  leads  t o  a " t i g h t "  

Improved r e s o l u t i o n  r e s u l t s  f rom decreased spo t  s i z e  due t o  s p o t  

A p o s s i b l e  a p p l i c a t i o n  o f  m u l t i p l e  development techniques i s  i n  t h e  

A r e l a t e d  development techn ique uses a un ique TLC development chamber (Regis 

The s h o r t e r  t h e  mob i l e  phase path,  t h e  
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(5-HT; se ro ton in ) .  

Convent i ona 1 SB/CD 

f i g .  3.2 The separa t i on  o f  DNS d e r i v a t i v e s  o f  NA ( A )  and 5-HT (B) on s i l i c a  g e l  
by  a convent iona l  s o l v e n t  system ( e t h y l  ace ta te ,  cyclohexane, 6 : 4 )  and by t h e  
mob i l e  phase w i t h  2 p a r t s  hexane added i n  t h e  SB/CD Chamber. (Courtesy o f  t h e  
Regis Chemical Co., Morton Grove, I l l . )  

3.1.4 Recent developments i n  TLC techno logy  

by Zweig and Scherma (13,18,22). 

cove r ing  t h e  yea rs  1973 t o  1977 i s  a v a i l a b l e  (23) .  

Se rv i ce  (24)  enables one t o  q u i c k l y  survey r e c e n t  TLC l i t e r a t u r e .  

Recent developments i n  t h e  techno logy  of TLC systems a r e  b i e n n i a l l y  reviewed 

A cumu la t i ve  b i b l i o g r a p h y  o f  t h e  TLC l i t e r a t u r e  

The Camag B i b l i o g r a p h y  

3.2 TLC AS APPLIED TO THE BIOGENIC AMINES 

T h i n - l a y e r  chromatographic systems f o r  b iogen ic  amines and r e l a t e d  compounds 

a r e  presented  here  i n  four  tab les .  

f o r  u n d e r i v a t i z e d  b iogen ic  amines. 

ca techo l  d e r i v a t i v e s  formed by  t h e  a c t i o n  o f  t h e  enzyme catechol-0-methyl  

t r a n s f e r a s e  and r a d i o l a b e l l e d  S-adenosyl-L-methionine. Table 3.3 p resen ts  a 

b i b l i o g r a p h y  o f  TLC systems f o r  DNS d e r i v a t i v e s  o f  b iogen ic  amines, and 

Table 3.4 i s  a l i s t  o f  systems f o r  o t h e r  d e r i v a t i v e s  o f  b iogen ic  amines. I n  

each t a b l e ,  t h e  re fe rences  a r e  l i s t e d  c h r o n o l o g i c a l l y ,  i . e .  lower  numbers i n  

each t a b l e  r e f e r  t o  e a r l y  work f rom t h e  l i t e r a t u r e  w h i l e  h i g h e r  numbers r e f e r  

t o  more r e c e n t  s tud ies .  

3.2.1 

Tab le  3.1 l i s t s  methods which have been used 

Table 3.2 g i ves  methods f o r  3-0-methyl 

TLC systems f o r  u n d e r i v a t i z e d  b i o g e n i c  amines 

TLC systems f o r  u n d e r i v a t i z e d  b iogen ic  amines (25-63) a r e  presented  i n  
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Table 3.1. 

t h e r e f o r e  c e l l u l o s e  has been used most f r e q u e n t l y  as t h e  s t a t i o n a r y  phase 

(26,28,29-36,41,43,45,47,49,50,51). The n e x t  most popu la r  s t a t i o n a r y  phase i s  

s i l i c a  g e l .  

A t y p i c a l  TLC separa t i on  o f  b iogen ic  amines u s i n g  c e l l u l o s e  as a s t a t i o n a r y  

phase i s  desc r ibed  by  Schneider and G i l l i s  (28) .  
t h a t  TLC had " d e f i n i t e  a p p l i c a t i o n  as a conven ien t  and r e l i a b l e  i n v e s t i g a t i o n a l  

t o o l  i n  b iochemica l  o r  pharmacological  research  i n v o l v i n g  catecholamines" (28) .  

Schneider and G i l l i s  i n  1965 (28)  s t u d i e d  t h e  b iosyn thes i s  o f  NA f rom i t s  

p recu rso rs  d ihydroxypheny la lan ine  (DOPA) and dopamine (DA). 

(1976) which a l s o  used c e l l u l o s e  as a s t a t i o n a r y  phase f o r  t h e  separa t i on  o f  DA 

me tabo l i t es ,  S tou t  g.  (51)  found t h a t  TLC gave poor  recovery  (30  - 50%) and 

poor  p r e c i s i o n  i n  q u a n t i t a t i o n  o f  l a b e l l e d  r a d i o i s o t o p e s  o f  t h e  catecholamines. 

The i n v e s t i g a t o r s  developed HPLC methods which were systems o f  cho ice  f o r  t h e  

q u a n t i t a t i v e  a n a l y s i s  o f  DA m e t a b o l i t e s  i n  p h y s i o l o g i c a l  f l u i d s  (51 ) .  

I n  a r e c e n t  p u b l i c a t i o n  (63) ,  t h e  TLC o f  u n d e r i v a t i z e d  DA m e t a b o l i t e s  on 

s i l i c a  ge l  i s  descr ibed,  and t h i s  serves t o  i l l u s t r a t e  t h e  genera l  a p p l i c a t i o n  

o f  TLC i n  b iochemica l  a n a l y s i s .  A f t e r  i n c u b a t i o n  i n  a p p r o p r i a t e  media w i t h  

14C-DA o r  IbC-NA,  bov ine  r e t i n a s  were cen t r i f uged ,  and t h e  supernatan t  was 

a p p l i e d  t o  s i l i c a  p recoated  p l a t e s .  Chromatography i n  two mob i l e  phase systems 

was c a r r i e d  o u t  and smal l  amounts o f  c a r r i e r  DA, NA, 3-methoxytyramine (3-MTA), 

d i  hydroxyphenyl  a c e t i c  a c i d  (DOPAC) and homovani 11 i c a c i d  (HVA) were added t o  

t h e  spots  on chromatograms o r  chromatographed i n  p a r a l l e l .  

i d e n t i f i e d  by sp ray ing  w i t h  n i n h y d r i n .  

prepared. 

E lua tes  were d r i e d  and counted i n  a s c i n t i l l a t i o n  counter .  

r a d i o a c t i v e  substances was c a l c u l a t e d .  

be 85% (63 ) .  

V i s u a l i z a t i o n  o f  t h e  b iogen ic  amines a f t e r  t h i n - l a y e r  chromatography has been 

accompl ished by  seve ra l  methods. N i n h y d r i n  i s  o f t e n  used f o r  t h i s  purpose. Diazo- 

t i z e d  p - n i t r o a n i l i n e  and potassium f e r r i c y a n i d e  f o l l o w e d  by e thy lened iamine a r e  

a l s o  common spray reagents  f o r  catecholamines. 

p n i t r o a n i l i n e  reagent  o f f e r e d  t h e  most cons tan t  s e n s i t i v i t y  f o r  NA and i t s  metabo- 

l i t e s .  

Aures g fi. (36) have s t u d i e d  va r ious  d e t e c t i o n  reagents  f o r  im idazo les ,  i n d o l e s  

and catecholamines and have compared t h e  f luorescence c h a r a c t e r i s t i c s  o f  i n d o l e s  

and phenols on s i l i c a  g e l  a f t e r  t rea tmen t  w i t h  reagents .  

gen ic  amines c o u l d  be de tec ted  by exposing t h e  t h i n - l a y e r  t o  g -ph tha la ldehyde spray  

o r  paraformaldehyde gas (36 ) .  Cowles & fi. (39) ,  us ing  paraformaldehyde and heat ,  

were a b l e  t o  d e t e c t  1 ng o f  se ro ton in .  

E a r l y  systems were adapted f rom paper chromatographic techn iques ;  

These workers demonstrated 

In a l a t e r  s tudy  

The s tandards  were 

Autoradiograms o f  t h e  chromatograms were 

Substances were e l u t e d  f rom t h e  s i l i c a  ge l  w i t h  methanol, water  ( 1 : l ) .  

The percentage o f  

Recovery i n  t h e  procedure was found t o  

de P o t t e r  &a. (29)  found t h a t  

Formula t ions  f o r  a l l  spray  reagents  a r e  g i ven  i n  t h e  t e x t  by K i r c h n e r  (8 ) .  

Nanogram amounts o f  b i o -  

Osborne (44)  l i s t s  t h e  minimum de tec tab le  



TABLE 3.1 

Thin- layer  systems f o r  under i va t i zed  b iogenic  amines and r e l a t e d  compounds 

Compound S ta t i ona ry  Phase 

noradrenaline (NA), adrenal ine s i l i c a  
(A) ,  normetanephrine (NMN), 
metanephrine (MN), 4-hydroxy- 
3-methoxymandel i c  a c i d  (VMA), 
dopami ne (DA) , 5- hydroxy- 
tryptophan (5-HTP), 5-hydroxy- 
tryptamine (5-HT) 

NA, A, h is tamine (HA), 1 )  c e l l u l o s e  
amphetamine, 6-phenylethylamine 2 )  c e l l u l o s e  
(PEA), ephedrine, i soprenal i ne t r e a t e d  w i t h  

diazomethane 
3) s i l i c a  

polyamide NA, A, NMN, MN, VMA, 
3,4-dihydroxymandelic a c i d  (DOMA), 
DA , 4- hydroxy -3-me thoxyp heny 1 - 
ace t i c  a c i d  (HVA), 3,4-dihydroxy- 
phenylacetic a c i d  (DOPAC) 

3,4-dihydroxyphenylalanine (DOPA), c e l l u l o s e  
NA, DA 

NA, A, NMN, MN, VMA, DOMA c e l l u l o s e  

So 1 vent System 

1) n-butanol, p y r i d i n e  
a c e t i c  a c i d  (70:ZO:lO) 
2 )  isopropanol, e t h y l  acetate, 
a m n i a  (35 :45:20) 

n-butanol, a c e t i c  acid, 
water (4:1:5) 

isobutanol, a c e t i c  acid, 
cyclohexane (80:7:10) 

2 dimensional development: 
F i r s t )  methanol, n-butanol, 
benzene, water (4:3:2:1) 
Second) acetone, t -butanol ,  
formic ac id ,  water  
(180:180:1:39) 
Both systems con ta in  0.0 
EDTA 

n-butanol saturated w i t h  
HC1 and o t h e r  systems 

I 

3N 

Detect ion 

1) n i n h y d r i n  
2)  2,6-dichloroquinone 
ch l  o r o i d i m i  de 
3) d iazo t i zed  p - n i t r o -  
a n i l i n e  

n i n hydr i n 

1 ) d iazo t i zed  
p-ni t r o a n i  1 i ne 
2 )  ethylenediamine 

potassium fe r r i cyan ide ,  
ethylenediamine: 
f luorescence under long 
wave UV 

1 ) potassium fe r r i cyan ide ,  
ethylenediamine 
2) d iazo t i zed  p - n i t r o -  
a n i l i n e  

Reference 

(25) 



TABLE 3.1 (continued) 

Compound 

NA, A, DA 

DOPA, NA, A, NMN, MN, DA, 
amphetamine, ephedrine, 
isopropylar terenol  , norde f r i n ,  
phenyl ephr i  ne 

NA , NMN , 4- hydroxy -3-met hoxy - 
phenylethyleneglycol (MOPEG) , 
3,4-di hydroxyphenyl e t h y l  ene- 
g l yco l  (DOPEG), DOMA, VMA 

A, adnamine, adrenochrome, 
d iadrenal ine ether  

DOPA, NA, DA 

DOPA, NA, NMN, MN, DA, 
amphetamine, ephedrine, 
i sop ropy la r te reno l  , norde f r i n ,  
phenylephri ne 

S ta t i ona ry  Phase 

c e l l u l o s e  
alumina 
s i l i c a  

c e l l u l o s e  
s i l i c a  
a1 umi na 

c e l l  u l  ose 

Solvent System Detect ion Reference 

1 )  n-butanol, a c e t i c  acid, potassium fe r r i cyan ide ,  (30) 
water (4:1:5) organic  l a y e r  
2) n-amyl a lcohol ,  a c e t i c  
ac id ,  water (4:1:5) 
3)  methanol, acetone, 
tri ethylami ne (50: 50: 1 ) 
4) dime t hy 1 f ormami de 
5)  phenol, water (8:2) 

1 ) phenol con ta in ing  
15% 0.1N HC1 
2) n-butanol, a c e t i c  acid, 
water (4:1:5) organic  
1 ayer 

n-butanol, 5N a c e t i c  a c i d  
(1 00 : 35) 

sodium hydroxide 

c e l l  ulose, phenol con ta in ing  15% 
methylcel l u lose ,  0.1N HC1 
s i l i c a ,  alumina 

c e l l  u l  ose n-butanol , ethanol, 1 N 
a c e t i c  ac id  (35:lO:lO) 

c e l l u l o s e  n-butanol, a c e t i c  ac id ,  
water (4:1:5) organic  
1 ayer 

1 )  potassium f e r r i -  (31 1 
cyanide, sodium hydroxide 
2) n i n h y d r i n  

d iazo t i zed  p-n i  t r o -  (32) 
a n i l  ine;  s c i n t i l l a t i o n  
count ing o f  H3-NA and 
metabol i t e s  

potassium fe r r i cyan ide ,  (33) 
sodium hydroxide 

potassium fe r r i cyan ide ,  (34) 
ethylenediamine: 
f l  uorescence 

a n i l i n e  (amphetamine) 
2) n inhyd r in  (DOPA, DA, 
ephedrine) 
3)  potassium fe r r i cyan ide ,  
sodium hydroxide (o the rs )  

1 )  d i a z o t i z e d  p - n i t r o -  (35) 



TABLE 3.1 (continued) 

Compound 

HA and var ious r e l a t e d  
imidazole de r i va t i ves ;  5-HT 
and r e l a t e d  indoles; catechol -  
amines and b i o g e n i c a l l y  
r e l a t e d  compounds 

NMN, MN, VMA, MOPEG 

S ta t i ona ry  Phase Solvent System 

s i l i c a  1 )  n-butanol, a c e t i c  acid, 
c e l l u l o s e  water (15:3:5) 

2) n-butanol, py r i d ine ,  a c e t i c  
acid, water (15:2:3:5) 
3) n-butanol, a c e t i c  a c i d  ( 1 : l )  
4)  ethanol, d i e t h y l  ether, 
ammonia, water (10:10:1:4) 
5) 8% NaCl i n  water 
6) chloroform, methanol, 
ammonia (12:7:1) 
7) e t h y l  acetate, a c e t i c  acid, 
water (15:15:10) 
8 )  e t h y l  acetate, n-propanol , 
10% ammonia (4:3:1) 
9) n-butanol saturated w i t h  
0.1N HC1, 1 s t  d i r e c t i o n :  
isopropanol , 5N NH,OH, 
water ( 8 : l : l )  2nd d i r e c t i o n  

1 ) n-butanol, ethanol, water 
(85:20:30) f o r  VMA 
2) n-butanol, ethanol, water, 
ammonia (100:20:30:1) f o r  
NMN, MN, MOPEG 

1 )  ethanol, water, ammonia 
(40 : 60 : 2) 
2) benzene, acetone, ammonia 
(70: 30: 2) 

1) n-propanol, ammonia (19:1) 
2) n-butanol, a c e t i c  ac id ,  
saturated aqueous SO2 
(4:1:5) upper l a y e r  

s i l i c a  

N,N-dimethyl -B-phenyl ethanolamine s i l  i c a  
N,N-diethyl -B-phenyl ethanolami ne 

5-HT, N-methyl serotonin s i l i c a  

Detect ion 

1 ) o-phthaldehyde 
2) paraformaldehyde gas 
3) o the r  f l uo rescen t  
de tec to r  reagents 

VMA - f a s t  r e d  GG o r  B,  
sodium carbonate 

4-aminophenazone, 
potassium f e r r i c y a n i d e  

UV f luorescence quenching 
Dragendor f f 's  reagent 

NMN, MN, MOPEG - 

paraformal dehyde and heat  



TABLE 3.1 (continued) 

Compound 

DOPA, NA, A, NMN, MN, VMA, MOPEG, 
DOMA, DA, DOPAC, tryptophan (TP), 
5-HTP, 5-HT, tyrami ne (TA) , 
t y r o s i n e  (TYR), adrenochrome, 
homogenti s i c acid, phenyl py ruv i  c 
acid, tri iodo ty ros ine  

DOPA, NA, A, MN, VMA, DA, 
homovani l l ic  ac id  (HVA), TA 

NA, A, DA and the  corresponding 
te t rahydro isoquinol ines formed 
by condensation w i t h  formalde- 
hyde and acetaldehyde 

DOPA, NA, A, NMN, MN, VMA, MOPEG, 
DOPEG, DOMA, DA, 3-methoxy- 
tyrami ne (3-MTA) , HVA, DOPAC, 
octopamine (OA), TA, TYR 

DOPA, NA, A, DA, 5-HTP, 5-HT 

S ta t i ona ry  Phase Solvent System 

pol  yami de 1 ) isobutanol ,  a c e t i c  acid, 
cyc lo  hexane (80:7 : 10) 
2) isopropanol, a m n i a  ( 4 : l )  
3) n-butanol, a c e t i c  ac id ,  
water ( 4 : l : l )  

c e l l  ulose 1) n-butanol, a c e t i c  ac id ,  
water (5:1:3) 
2) e t h y l  acetate, a c e t i c  acid, 
water (5:1.5:3) 
3 )  e t h y l  acetate, n-butanol, 
a c e t i c  acid, water (3:2:1 :3) 
organic  l a y e r  

water (15:3:2) i n  a n i t r o g e n  
atmosphere 

s i l i c a  sec-butanol, formic acid, 

c e l l u l o s e  2 dimensional development: 
F i r s t )  1 -butanol, methanol, 
1 N  formic a c i d  (60:20:20) 
Second) chloroform, methanol, 
1N amnonium hydroxide (60:35:5) 

1) methyl acetate, isopropanol, 
ammonia (9:7:5) 
2) butanol , chloroform, a c e t i c  
a c i d  ( 4 : l : l )  

polyami de 

Detect i on Reference 

a n i l i n e  
2 )  d iazo t i zed  s u l f a n i l i c  
a c i d  
3)  ethylenediamine 
sequenti a1 combinations 
o f  these de tec t i on  agents 

F o l i n  phenol reagent 

1 ) d iazo t i zed  p -n i  t r o -  (40) 

potassium fe r r i cyan ide ,  (42) 
f e r r i c  c h l o r i d e  

d iazo t i zed  p - n i t r o -  (43) 
a n i l i n e  

paraformal dehyde, UV 
1 i g h t  

(44)  



TABLE 3.1 (continued) 

Compound 

DOPA, NA, NMN, VMA, DA, TP, 
5-HTP, 5-HT, tryptamine ( T )  , 
TY R , b u f o t e n i n , d i me t hy 1 - 
tryptamine, i ndo leace t i c  acid, 
5-hydroxyindol eacet ic  acid, 
5-methoxyindoleacetic acid, 
me1 a t o n i  n 

TP metabol i tes and r e l a t e d  
compounds 

NAY A, DA 

OA, TA, and 21 catecholamines 

DOPA, NA, NMN, VMA, MOPEG, 
DOMA, DA, 3-MTA, HVA, DOPAC 

DOPA, NA, NMN, MOPEG, DA, HVA, 
OA, TA, TYR (3H-label led) 

S ta t i ona ry  Phase Solvent  System 

c e l l u l o s e  1 )  n-butanol, 5N a c e t i c  a c i d  
(1 00: 35) 
2) butan-2-oneY acetone, 2.5N 
a c e t i c  a c i d  (40:20:20) 

s i l i c a  2 dimensional development: 
F i r s t )  propanone, 2-propanol , 
water, ammonia (50:40:7:3) 
Second) chloroform, methanol, 
a c e t i c  acid, water (65:10:20:5) 

c e l  

s i l  

u lose n-butanol, a c e t i c  acid, 
water ( 4 : l : l )  

ca chloroform, methanol, a c e t i c  
acid, water (60:25:15:5) 

1 )  n-butanol , ethanol, 1N 
a c e t i c  a c i d  (35:lO:lO) 
2)  methyl e t h y l  ketone, formic 
ac id ,  water (24:l  :6) 
3)  isopropanol , 5N anonium 
hydroxide, water ( 8 : l : l )  
4) e t h y l  acetate, a c e t i c  acid, 
water (5:1.5:3) 

c e l l u l o s e  

c e l l  ulose 1 )  e t h y l  acetate, a c e t i c  acid, 
water (75:26:45) 
2) n-butanol, 6N HC1, water 
(80: 12: 10) 
3)  chloroform, methanol, 1N 
amnonium hydroxide (60:35:5) 

Detect ion Reference 

d iazo t i zed  p - n i t r o -  
a n i l i n e  f o r  catechol -  
ami nes 
p-d i met hy 1 arni noc i nnami c 
aldehyde f o r  indoles 

p-dimethylaminobenzalde- 
hyde 

potassium fe r r i cyan ide ,  
ethylenediamine 

UV, radioscanning 

potassium f e r r i c y a n i d e  
s h o r t  wavelength UV 

s c i  n t i  11 a t i o n  count ing 
o f  [3H]-tyrosine and 
metabol i tes 



TABLE 3.1 (continued) 

Compound 

NA, DA, 3-MTA, HVA 

NA, A, NMN, MN, isoprenal ine,  
3-0-methyl isoprenal  i n e  

NMN, VMA, MOPEG, DOPEG, DOMA, 
H3-NA and corresponding 
metabol i tes 

HA 

NAY NMN, VMA, MOPEG, DOPEG, 
DOMA 

DAY TA, N-methyltyramine, 
gramine, hordenine, p-hydroxy- 
benzoic acid, p-hydroxyphenyl- 
ace t i c  acid, 3,4-dihydroxy- 
phenylacetic ac id ,  p-hydroxy- 
mandelic a c i d  

S ta t i ona ry  Phase 

c e l l u l o s e  

s i l i c a  impreg- 
nated w i t h  d i -  
sodi um t e t r a -  
bo ra te  

ECTEOLA- 
c e l l  u l  ose 

s i l i c a  

s i l i c a  impreg- 
nated w i t h  
sodi  um t e t r a  - 
bo ra te  

s i l i c a  

Solvent System 

n-butanol, a c e t i c  acid, 
water (100:20:60) 

1) toluene, ethanol ( 1 : l )  f o r  
i sop rena l i ne  and 3-0-methyl 
i sop rena l i ne  
2) toluene, e thanol ,  water 
(1O:lO:l) f o r  NA, A, and 
t h e  corresponding 3-0-methyl 
catecholami nes 

n-butanol , ethanol (absolute), 
0.5N a c e t i c  a c i d  (35:7.5:20) 

acetone, ammonia (95:s) 

n-butanol, ethanol, T r i s  
b u f f e r  10 mml pH 8.0 ( 2 : l : l )  

1 )  methanol, a c e t i c  a c i d  ( 9 : l )  
2) ethanol, 2-butanone, 
a m n i a  (48:40:12) 
3 )  n-butanol, ammonia ( 4 : l )  
systems 1-3 f o r  bases 
4) toluene, e t h y l  formate, 
formic a c i d  (5:4:1) 
5)  toluene, chloroform, 
acetone (40: 25 : 35) 
6)  chloroform, a c e t i c  ac id ,  
water (60:35:5) 
7) chloroform, a c e t i c  a c i d  ( 9 : l )  
8) benzene, dioxane, a c e t i c  
a c i d  (5:4:1) 
9)  n -d ibu ty l  e ther ,  n-hexane, 
a c e t i c  a c i d  (75:10:15) 
systems 4-9 f o r  ac ids 

De tec t i on  

s c i n t i l l a t i o n  count ing 
o f  r a d i o a c t i v i t y  

1)  d iazo t i zed  p - n i t r o -  
a n i l i n e  
2) potassium f e r r i -  
cyanide, f e r r i  ch l  o r i d e  

e t  hy 1 ened i ami ne , 
fluorescence 

1)  n i n h y d r i n  
2)  Pauly 's  reagent 

f e r r i c  c h l o r i d e  and 
potassium f e r r i c y a n i d e  

1 )  F o l i n  Ciocal teau 
reagent fo l l owed  by 
Na2C0, f o r  phenols 
2)  n i n h y d r i n  
3) Dragendor f f 's  reagent 



TABLE 3.1 (continued) 

Compound 

HA and 19 o the r  amines 

S ta t i ona ry  Phase Solvent System 

s i l i c a  1 ) n-butanol , acetone, water 
(2:2:1), then chloroform, 
methanol, amnonia (12:7:1) 
2) chloroform, methanol, 
a m n i a  (2:2:1) 
3)  methanol, amnonia (20: l )  
4) acetone, ammonia (95:s) 

NA, amphetamine, no rde f r i n ,  s i l i c a  
mescaline, methoxamine, 
norephedrine, nor fenefr ine,  
phentermine 
melatonin and i n d o l e  metabo- s i l i c a  
l i t e s  o f  N-acety lserotonin 

DOMA, DA, 3-MTA, DOPAC, TYR s i l i c a  

3-MTA and 4-methoxydopamine 

HA, TP, T, agamatine, argenine, 
cadaveri ne, diami nopropane, 
phenylalanine, put resc ine 

NA, DA, 3-MTA, HVA, DOPAC 

s i l i c a  

e t h y l  acetate, methanol, 
formic a c i d  (69:30:1 ) 

1)  chloroform, methano 
a c e t i c  a c i d  (9O:lO:l) 
2)  chloroform, methano 

1 ) n-butanol , methanol 
formic a c i d  (60:20:10) 
ami nes 
21 n-butanol. methanol 

, 

(9O:lO) 

1N 
f o r  

1N 
formic a c i d  (60:20:20) f o r  
ac ids 

n-butanol, e t h y l  acetate, 
amnoni a (60 : 20 : 20) 

i o n  exchange 1) Na c i t r a t e  2H20, NaCl 
(19.6:134.4) Na+ = 2.5M 
and (19.6:58.4) Na+ = 1.2M 

1 ) n-butanol, water, a c e t i c  
a c i d  (12:5:3) 
2) n-butanol, py r i d ine ,  a c e t i c  
a c i d  (15:2:4.5) 

s i l i c a  

Detect ion 

1 )  n i n h y d r i n  
2) o-phthala l  dehyde 
3) f 1 uorescami ne 
4 )  o-diacetylbenzene 

Reference 

(57) 

o-phthalaldehyde then (58) 
f l  uorodensi t omet r i c  
es t ima t ion  

UV and s c i n t i l l a t i o n  (59) 
count i ng 

UV 254nm and (60) 
s c i n t i l l a t i o n  count ing 

1 ) uv f luorescence 
2) p-nitrobenzene d i -  
azonium t e t r a f l u o r o -  
bo ra te  

cadmium, n i  nhyd r i  n 

n inhyd r in  and 
auto rad i ograp hy 



50 

amounts o f  b iogen ic  ami nes and o t h e r  r e l a t e d  compounds a f t e r  formaldehyde t r e a t -  

ment o f  polyamide t h i n - l a y e r s .  

t he  values f o r  t h e  d e t e c t i o n  l i m i t  o f  these neuro t ransmi t te rs  (44) .  L iebe r  and 

Tay lo r  (57)  have compared t h e  s p e c i f i c i t y  and s e n s i t i v i t y  o f  f o u r  v i s u a l i z a t i o n  

reagents f o r  h is tamine (HA). 

and o-diacetylbenzene reagents were p o t e n t i a l l y  t h e  most s p e c i f i c  (57).  

S i x  ng o f  D A Y  5 ng o f  5-HT and 7 ng o f  NA a r e  

N inhyd r in  was t h e  most s e n s i t i v e  and f luorescamine 

3.2.2 TLC systems f o r  3-0-methyl d e r i v a t i v e s  o f  catecholamines 

a t i v e s  o f  t h e  catecholamines (64-69) and t h e i r  me tabo l i t es  (70).  

enzymatic procedures f o r  ana lys i s  o f  catecholamines, ad rena l i ne  (A) and NA were 

conver ted t o  t h e i r  respec t i ve  metanephrines and DA was conver ted t o  3-MTA by 

catechol  0-methyl t rans fe rase  i n  the  presence o f  r a d i o l a b e l l e d  S-adenosyl-L- 

methionine. M a r t i n  g G. (69) then ace ty la ted  t h e  products  be fo re  TLC. S i l i c a  

ge l  i s  used most o f t e n  as t h e  s t a t i o n a r y  phase, and the  mobi le  phases a r e  s i m i l a r  
t o  mob i l e  phases used f o r  under i va t i zed  catecholamines. The references l i s t e d  i n  

Table 3.2 a r e  f o r  radioenzymatic determinat ions o f  b iogen ic  amines. 

i s  covered i n  Chapter 9 i n  t h i s  volume. TLC i s  used as a t o o l  i n  rad ioenzymat ic  

methods t o  o b t a i n  separat ion and s p e c i f i c i t y .  

de te rm ina t ion  o f  t h e  r a d i o a c t i v i t y  o f  t h e  separated d e r i v a t i v e s  o f  t h e  catechol -  

ami nes . 

Table 3.2 l i s t s  TLC systems which have been used t o  separate 3-0-methyl d e r i v -  

I n  r a d i o -  

Th is  t o p i c  

Q u a n t i t a t i o n  i s  achieved by t h e  

3.2.3 TLC systems f o r  DNS d e r i v a t i v e s  o f  b iogen ic  amines 

Thi  n-1 ayer  chromatographic systems f o r  1 -dimethylami nonaphthal ene-5-sul f o n y l  

(dansyl ;  DNS) d e r i v a t i v e s  o f  b iogen ic  amines a r e  g i ven  i n  Table 3.3 (71-87). 

A lso i nc luded  i n  Table 3.3 a r e  TLC systems f o r  analogous dialkylaminonaphthalene- 

s u l f o n y l  d e r i v a t i v e s  where t h e  a l k y l  groups a r e  methyl ,  e t h y l ,  p ropy l  , b u t y l  and 

p e n t y l  (88)  and chromatographic systems f o r  mixed DNS-acetyl d e r i v a t i v e s  (89) .  

S e i l e r  (90)  has reviewed t h e  use o f  f l u o r e s c e n t  d e r i v a t i v e s  o f  b iogen ic  amines 

f o r  t h i n - l a y e r  separat ions,  and the  fo rma t ion  o f  f l u o r e s c e n t  d e r i v a t i v e s  f o r  

f l u o r o m e t r i c  de te rm ina t ion  o r  d e t e c t i o n  e s p e c i a l l y  assoc iated w i t h  chromato- 

g raph ic  o r  e l e c t r o p h o r e t i c  separa t i on  has been reviewed by S e i l e r  and Demisch 

(91) .  
f l u o r e s c e n t  d e r i v a t i v e  (84,91) and has been t h e  d e r i v a t i v e  most s tud ied  by TLC. 

The r e a c t i o n  o f  DNS-C1 w i t h  p r imary  amines, secondary amines and hydroxy l  groups 

takes p lace  a t  a l k a l i n e  pH t o  g i v e  s t a b l e  f l u o r e s c e n t  compounds. 

d e s c r i p t i o n  o f  t h e  DNS r e a c t i o n  has been publ ished by S e i l e r  and Wiechmann (92) .  

The l i m i t  o f  v i s u a l i z a t i o n  f o r  DNS d e r i v a t i v e s  o f  monoamines i s  approx imate ly  

10 - 20 ng; however, t h e  d e s t r u c t i v e  o x i d a t i o n  on s i l i c a  ge l  g i ves  i r r e p r o d u c i b l e  

r e s u l t s  a t  these low concentrat ions (86). An impor tant  use o f  TLC o f  t h e  DNS 
d e r i v a t i v e s  o f  b iogen ic  amines has been f o r  t h e  i s o l a t i o n  o f  m a t e r i a l s  f o r  mass 

The DNS d e r i v a t i v e  o f  low-molecular  weight  compounds i s  t h e  most impor tan t  

An ex tens i ve  



TABLE 3.2 

Thin- layer  systems f o r  t he  separat ion o f  3-0-methyl d e r i v a t i v e s  o f  catecholamines formed by t h e  a c t i o n  of 
catechol-0-methyl t rans fe rase  and l a b e l l e d  S-adenosyl -L-methionine ( 14C-SAM, 3H-SAM) 

Catecholami nes Mobi le  Phases" 

NA, A 

NA, A 

n-butanol, formic acid, water 
(15:215:1.5) 

isopropanol, n-butanol, water, 
formic a c i d  (60:20:19:1) 

NA, A, DA chloroform, ethano 
(16:3:2) 

NA. A. DA two dimensional de 

, ethylamine 70% 

e l  opmen t : 
~~ 

F i r s t )  chloroform, methanol, 
amnonium hydroxide (1 20:70: 10) 
Second) ethanol, d i e t h y l  ether, water, 
amnoni um hydroxide (1 50:90:48: 12) 

amine (6:2:3) 

acetate (10:5:5:4) upper phase (30 m l )  
p lus  e t h y l  acetate 4 m l ,  methanol 2 m l  , 
butan-2-one 6.5 m l  

A, DOPEG, DOMA, DA, 2 dimensional development on c e l l u l o s e :  
DOPET, DOPAC F i r s t )  n-butanol , methanol, 1N formic 

ac id  (60:20:20) 
Second) chloroform, methanol, 
1N ammonium hydroxide (60:35:5) 

NAY A, DA t-amyl a lcohol ,  benzene, 40% methyl- 

NA, A, DA toluene, methanol, water, e t h y l  

Detect ion 

s h o r t  wave UV f o r  l oca t i on ;  e l u t i o n ,  
ox ida t i on  t o  v a n i l l i n ,  
s c i n t i l l a t i o n  count ing H3 and C1'+ 

s h o r t  wave UV, e l u t i o n  o f  spots 
corresponding t o  NMN and NM, ox ida t i on  
t o  v a n i l l i n ,  s c i n t i l l a t i o n  count ing 

UV s h o r t  wave f o r  l oca t i on ;  3-MTA de r i ved  
from 0-methy lat ion o f  DA i s  e l u t e d  and 
r a d i o a c t i v i t y  measured. 
ox id i zed  t o  v a n i l l i n  and r a d i o a c t i v i t y  
counted a f t e r  e x t r a c t i o n  

i o d i n e  vapour, removal o f  spots and 
s c i n t i l l a t i o n  count ing 

NMN and MN a r e  

UV, removal o f  spots, s c i n t i l l a t i o n  
counting 

concentrated amnonia, Fol in-Ciocal teau 
reagent, s c i n t i l l a t i o n  count ing 

s c i n t i l l a t i o n  count ing 

Reference 

(64) 

* S ta t i ona ry  phase i s  s i l i c a  unless otherwise noted. 



TABLE 3.3 

Thin- layer  chromatographic systems f o r  1 -dimethylami nonaphthal ene-5-sul f o n y l  (DNS) d e r i v a t i v e s  o f  b iogenic  
ami nes and re1 a ted  compounds. 

TA 

bu fo ten in  

TA, OA, synephrine 

T 

0-, m-, p-TA 

Compound Mobi le  Phase* 

NA, A, DA, DOPEG, DOPET, 2 dimensional development i n  2 systems: 
N-acetyldopamine, a-methyl- F i r s t )  ch loroform - 2 times 
dopamine, a-methyl noradrenal ine, Second) b u t y l  acetate, cyclohexane, e t h y l  
N-methyladrenal ine,  i s o p r o t e r -  acetate, t r i e t h y l a m i n e  (50:50:20:20) - 2 times 
eno 1 and F i r s t )  d i i sop ropy l  e ther ,  then b u t y l  

acetate, t r i e t h y l a m i n e  (1OO:ZO) - 2 t imes 
Second) t r i e thy lam ine ,  d i  i sop ropy l  e the r  
(100:20) - 2 t imes 

1 )  chloroform, n-buty l  ace ta te  ( 5 : l )  then 
2) e t h y l  acetate, cyclohexane ( 3 : 2 )  

2 dimensional development: 
F i r s t )  e t h y l  acetate, n-buty l  ace ta te  (5 : l )  
then benzene, methanol ( 9 : l )  
Second) t r i e thy lam ine ,  ch loroform (1 :5) 

For separat ion o f  DNS d e r i v a t i v e s  o f  TA and 
synephrine: 
1 ) chloroform, n-buty l  ace ta te  (4: l  ), e l u t i o n  
o f  TA then 
2) e t h y l  acetate, cyclohexane (3:2) 
For DNS d e r i v a t i v e  o f  OA 
1 )  benzene, a c e t i c  acid, e t h y l  ace ta te  (1O: l : l )  
e l u t i o n  o f  OA then 
2) e t h y l  acetate, cyclohexane (1 :2) 

2 dimensional development: 
F i r s t )  n i t roethane,  cumene, d i  isopropyl  
e ther  (5:7:9) 
Second) pentan-1 -01 , propan-2-01 , aqueous 
ammonia (45:35:10) 

2 dimensional development: 
F i r s t )  cyclohexane, n-buty l  ace ta te  (8:3) - 
3 times 
Second) n-buty l  acetate, cyclohexane, 
t r i e t h y l a m i n e  ( 5 : l : l )  

De tec t i on  

UV f luorescence 

e l u t i o n  and 
s c i n t i l l a t i o n  count ing 

e x t r a c t i o n  o f  t he  spot 
cochromatographing w i t h  
DNS-bufotenin and mass 
spectrometry 

e l u t i o n  and 
s c i  n t i  11 a t  i o n  coun t i  ny 

e l u t i o n  and 
s c i n t i l l a t i o n  count ing 

repeat  TLC f o r  
separat ion o f  mono and 
di-DNS-TA isomers 
e l u t i o n  and mass spectro- 
metry  

Reference 

(71 1 

(72) 

(73) 

(74 )  

(75) 

cn 
N 



TABLE 3.3 (continued) 

Compound 

and some r e l a t e d  amines 

some noncatechol i c  biogenic 
amines eg. TP, 0-, m- and 
p-TA, OA and r e l a t e d  compounds 

NMN, MN, HA, 5-HT, T,  OA, TA, 

amines, amino acids and 
ca techol  ami nes 

amino acids, DOPA, NA, A, OA, 
5-HT, T, TA, putresc ine 

amino ac ids and 5-HT 

Mobile Phase 

carbon te t rach lo r i de ,  e thy leneglycol  mono- 
methyl e ther  (85:15) 

1 )  e t h y l  acetate, cyclohexane ( 2 : l )  
2 )  benzene, t r i e thy lam ine  ( 8 : l )  

Oetect i  on 

l ong  wave l e n g t h  UV 

qua1 i t a t i v e  and 
q u a n t i t a t i v e  mass 
spectrometry o f  pure 
d e r i v a t i v e s  

autoradiography o f  
l’+C-DNS de r i va t i ves  

2 dimensional development on polyamide: 
For the amines and amino acids - 
F i r s t )  water, formic a c i d  (100:3) 
Second) benzene, a c e t i c  a c i d  ( 9 : l )  
Several d i f f e r e n t  systems f o r  catecholamines 

2 dimensional development on polyamide o r  s i l i c a  UV,  i n t e r n a l ,  external  
systems i n  d i f f e r e n t  combinations were used f o r  and r a d i o a c t i v e  
ami nes standards, mass 
1)  heptane, butanol, a c e t i c  a c i d  (1O:lO:l) 
2)  benzene, methanol, cyclohexane (88.5:1.5:10) 
3) heptane, butanol, formic a c i d  ( 1 O : l O : l )  
4 )  e t h y l  acetate, methanol , a c e t i c  a c i d  (2O:l : l )  
5) water, formic a c i d  (92 : l )  
6) benzene, a c e t i c  a c i d  ( 9 : l )  

2 dimensional development on polyamide: 
F i r s t )  formic acid, water (3:lOO) 
Second) benzene, a c e t i c  a c i d  ( 9 : l )  sometimes 
fo l l owed  by e t h y l  acetate, methanol, a c e t i c  
a c i d  (2O: l : l )  i n  t he  same d i r e c t i o n  

spectrometry 

Reference 

(77) 

( 7 9 )  

UV moni tor ing,  spot (81 1 
removal and s c i n t i  11 a t i o n  
count ing or autoradio- 
graphy ( 14C-DNS der iva-  
t i v e s ) ,  f luorescence spec- 
troDhotometry, mass spec- 
t rome t ry 



TABLE 3.3 (continued) 

Compound 

m-, p-TA, T, B-phenylethyl- 
ami ne 

N A Y  A, NMN, DA 

Hobi l e  Phase 

1) chloroform, n-buty l  acetate ( 4 : l )  
2)  benzene, t r i e t h y l a m i n e  (12 : l )  and ( 8 : l )  
3 )  benzene, methanol (1O:l) 
4) carbon t e t r a c h l o r i d e ,  t r i e t h y l a m i n e  ( 5 : l )  
2 o r  3 systems used successively 
e l u t e  and t r a n s f e r  zones a f t e r  each development 

m-, p-TA, T, B-phenylethyl- 1 )  chloroform, n-buty l  acetate ( 4 : l )  UV 365nm, q u a n t i t a t i v e  
ami ne 2) benzene, t r i e thy lam ine  ( 8 : l )  and (12 : l )  mass spectrometry 

3) carbon te t rach lo r i de ,  t r i e t h y l a m i n e  ( 5 : l )  
2 o r  3 successive unidimensional separations 

HA, 5-HT, TA, phenethylamine, Systems f o r  the amines e x t r a c t i o n  and 
o t h e r  amines and amino acids 1 )  e t h y l  acetate, cyclohexane (3:2) 

2)  benzene, t r i e t h y l a m i n e  ( 5 : l )  
and 2 dimensional development f o r  t he  others 
F i r s t )  benzene, cyclohexane, methanol (85:15:2) , 
2 times 
Second) d i e t h y l  e ther ,  cyclohexane ( 3 : l )  

For the  separat ion o f  DNS amino acids 
from DNS amines: 

q u a n t i t a t i v e  f l  uor imetry  

methyl acetate, 2-propanol, 25% ammonia 
(90: 60:40) 
then two dimensional chromatography 
F i r s t )  toluene, py r id ine ,  a c e t i c  a c i d  
(150:15:0.5) 3 t imes 
Second) benzene, t r i e t h y l a m i  ne , ammonia 
(100:20:0.1) then ascending paper chromatog- 
raphy on Whatman SG 81, paper i n  e i t h e r  
1 )  benzene, cyclohexane, methanol (90:10:2) or 
2) benzene, e t h y l  acetate (65:35) 

Detect ion 

UV 365nm, q u a n t i t a t i v e  
mass spectrometry 

UV measurement o r  
r a d i o a c t i v i t y  

Reference 

(82) 



TABLE 3.3 (continued) 

Compound 

t r a c e  amines i . e .  noncatechol ic  
a r y l  a1 kylami nes , nonhydroxyl- 
a ted indola lky lamines,  phenyl- 
ethylamine, isomers of t r y p t -  
amine and tyramine 

OA from TA 

T, TA, phenylethylamine and 
0-a1 k y l  ated TA der ivat ives""  

NM, A, NMN, MN, m- and p-OA, 
phenylethanolamine, N-methyl- 
phenylethanolamine, m- and 
p-synephrine*** 

1 ) F i r s t )  cyclohexane, benzene, methanol 
Second) cyclohexane, e t h y l  acetate (1 : I )  
2)  F i r s t )  chloroform, t r i e t h y l a m i  ne (3: l  
Second) benzene, acetone (9: 1 ) 

1 ) benzene, t r i e t h y l a m i n e  ( 5 : l )  
2)  cyclohexane, e t h y l  acetate ( 3 : l )  
3) chloroform, e t h y l  acetate (4 : l )  
4) benzene, t r i e t h y l a m i n e  (2O:l) f o r  0-a 
de r i va t i ves  

Detect ion 

UV 365nm 

Mobile Phase 

unidimensional development i n  two o r  t h ree  
systems con ta in ing  mixtures o f  two o r  t h ree  
o f  the fo l l ow ing :  toluene, chloroform, e t h y l  
acetate, cyclohexane, methanol, benzene, 
t r i e thy lam ine ,  n-buty l  acetate, i n  var ious 
propor t ions depending on the  p a r t i c u l a r  
DNS d e r i v a t i v e  

2 dimensional development i n  two svstems: -- i n  s i  t u  f 1 uorescence 
(2:17:1) 

UV then mass spect ro-  
metry 

1 )  chloroform, e t h y l  acetate ( 6 : l )  and ( 2 : l )  
2)  carbon t e t r a c h l o r i d e ,  t r i e t h y l a m i n e  (1O:l) 
and ( 5 : l )  
3) chloroform, n-buty l  acetate (5:2) and (5:3) 
4)  carbon t e t r a c h l o r i d e ,  t r i e thy lam ine ,  
methanol (1O:Z:l) 
5) benzene, t r i e t h y l a m i n e  (5:2) 

UV then mass spectro- 
metry 

Reference 

(86) 

(87) 

* The s t a t i o n a r y  phase i s  s i l i c a  unless otherwise noted. 
** D ia l  kylaminonaphthalenesulfonyl der i va t i ves  where t h e  a l k y l  groups are methyl,  e t h y l ,  propy l  , b u t y l  and pen ty l .  

*** DNS and acety l  d e r i v a t i v e s  are used. 
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spect rometry  (73,76,78,80-83,93). 

i n t e r n a l  standard which i s  c a r r i e d  through a1 1 t h e  steps o f  e x t r a c t i o n ,  d e r i v a t i z -  

a t i o n  and TLC, as l i t t l e  as 100 pg o f  an endogenous amine i n  o r i g i n a l  t i s s u e  may 

be q u a n t i f i e d  by d i r e c t  probe mass spect rometry  (93) .  

DNS d e r i v a t i v e s  have been used i n  rad iochemical  assays f o r  b iogen ic  amines. 

I n  such assays, t h e  t i s s u e  e x t r a c t  con ta in ing  t h e  amine o f  i n t e r e s t  i s  incubated 

w i t h  r a d i o l a b e l l e d  dansyl  c h l o r i d e .  The DNS d e r i v a t i v e s  a r e  separated by TLC, 

the  approp r ia te  spots a r e  then scraped f rom t h e  TLC p la tes ,  and the  r a d i o a c t i v i t y  

counted (75,79,85). 

The TLC o f  DNS d e r i v a t i v e s  has n e a r l y  always employed s i l i c a  ge l  as s t a t i o n a r y  

phase. 

However, polyamide t h i n - l a y e r s  have a low c a p a c i t y  (84). S e i l e r  and Knodgen (84) 

have evaluated the performance o f  HPTLC precoated s i l i c a  p l a t e s  f o r  t h e  separa t i on  

o f  DNS d e r i v a t i v e s .  HPTLC was more r a p i d  and s e n s i t i v e  than convent ional  TLC w i t h  

r e g u l a r  s i l i c a  p l a t e s .  The s e n s i t i v i t y  o f  t h e  method a l lowed t h e  de te rm ina t ion  

o f  p icomole q u a n t i t i e s  w i t h  good r e p r o d u c i b i l i t y  when f l u o r o m e t r i c  methods were 

used (84) .  

TLC and q u a n t i t a t i o n  i s  t h a t  t h e  o r i g i n a l  DNS r e a c t i o n  i t s e l f  i s  n o t  "c lean" ,  

e s p e c i a l l y  w i t h  m u l t i f u n c t i o n a l  catecholamines such as NA. As can be seen by 

examinat ion o f  t h e  mobi le  phases l i s t e d  i n  Table 3.3, m u l t i p l e  development i n  one 

o r  two dimensions w i t h  t h e  same o r  d i f f e r e n t  mob i l e  phases i s  t h e  r u l e  r a t h e r  

than t h e  except ion f o r  t h e  separa t i on  o f  DNS d e r i v a t i v e s  o f  b iogen ic  amines. 

The use o f  i n t e r n a l  standards does n o t  always s o l v e  t h e  q u a n t i t a t i o n  problem 

s i n c e  t h e  DNS r e a c t i o n  may be a l t e r e d  by extraneous compounds (79) .  
t o  s o l v e  t h i s  s i t u a t i o n ,  DNS-C1 i s  used i n  s t o i c h i o m e t r i c  excess (1OOx) t o  

complete ly  d e r i v a t i z e  a l l  p o s s i b l e  amines, b u t  t he  problem remains t o  remove 

excess DNS-Cl (94) .  

Using a deuter ium l a b e l l e d  analogue as an 

Polyamide has been used (79-81) and may o f f e r  some increase i n  s e n s i t i v i t y .  

A major  disadvantage t o  t h e  DNS d e r i v a t i z a t i o n  and subsequent separa t i on  by 

I n  an at tempt  

3.2.4 TLC systems f o r  o t h e r  d e r i v a t i v e s  o f  b iogen ic  amines 

TLC systems f o r  o t h e r  d e r i v a t i v e s  o f  b iogen ic  amines a re  i nc luded  i n  Table 3.4. 

The a c e t y l  d e r i v a t i v e s  (95,99,102) o f  t h e  catecholamines a re  substances w i t h  

more hydrophobic cha rac te r  and thus mobi le  phases which a r e  l e s s  p o l a r  than those 

used f o r  non-acety la ted amines may be used f o r  TLC on s i l i c a .  A c e t y l a t i o n  a l s o  

increases t h e  s t a b i l i t y  o f  t h e  catecholamines and p r o t e c t s  them f rom degradat ion 

by o x i d a t i o n  a t  a l k a l i n e  pH (98,102,105). An example o f  a r e c e n t l y  repo r ted  TLC 

system f o r  a c e t y l a t e d  catecholamines i s  t h a t  o f  Ge l i j hens  and de Leenheer (102). 

A f t e r  separa t i on  o f  f r e e  u r i n a r y  catecholamines on a b o r i c  a c i d  ge l  column, they 

a c e t y l a t e d  the  column e l u a t e  and spo t ted  a dichloromethane s o l u t i o n  of t h e  

a c e t y l a t i o n  m i x t u r e  on a HPTLC p l a t e .  
w i t h  ethylene-diamine and potassium f e r r i c y a n i d e  spray reagent,  then heated, and 

A f t e r  development, t h e  p l a t e s  were sprayed 



TABLE 3.4 

Thin- layer  systems for  o ther  d e r i v a t i v e s  o f  biogenic amines 

Amines 

NA, A, o the r  catechol -  
amines and 5-HT 

NA, A, DA and 
pharmaceutical phenyl- 
ethylamines 

m-OA, p-OA, PEOH 

NMN 

NA, A, adnamine, 
adrepi ne 

primary catecholamines, 
t h e i r  3-0-methyl 
d e r i v a t i v e s  and r e l a t e d  
phenylethylamines 

D e r i v a t i v e  

ace ty l  

te t raphenylborate 

N-methyl de r i va -  
t i v e s  by phenyl- 
ethano1amine-N- 
methyl t r a n s f e r -  
ase and 3H-SAN, 
f o l  1 owed by 
dansy la t i on  

N-methyl de r i va -  
t i v e  by phenyl- 
ethano1amine-N- 
methyl t r a n s f e r -  
ase and 3H-SAM 

ace ty l  

f l  uorescamine 

Mobile Phase* 

1)  chloroform, methanol ( 9 : l )  
2 )  cyclohexane, chloroform, 
methanol, a c e t i c  a c i d  
(3:5:1:1) 

n-butanol, a c e t i c  acid, 
water (4:1:5) 
(compounds move as t h e i r  
parent  bases) 

1) chloroform, n-buty l  
acetate (5:2) 
2 )  to1 uene, t r i e t h y l  amine, 
methanol (50: 5 : 1 ) 
3) cyclohexane, e t h y l  
acetate (25:35) 

t-amyl a lcohol ,  benzene, 
methyl amine (60 : 20: 30) 

1 )  chloroform, acetone ( 1 : l )  
2) cyclohexane, acetone (3:7) 
3) chloroform, p y r i d i n e  ( 9 : l )  

1 )  e t h y l  acetate,  n-hexane, 
methanol, water (60:20:25:10) 
2 )  chloroform, isopropanol , 
water (2:8:1) 
3)  n-butanol, a c e t i c  acid, 
water (5:2:3) 
4 )  benzene, dioxane, a c e t i c  
a c i d  (2:5:1) 

Reference 

(95) 

Detect i o n  

1 ) phosphoric ac id ,  phosphomolybdic 
2 )  v a n i l l i n ,  s u l f u r i c  a c i d  

(96) f e r r i c  c h l  o r  i de , po t a  s s i um 
f e r r i c y a n i d e  

uv de tec t i on ,  e l u t i o n  and (97) 
s c i n t i l l a t i o n  count ing 

short-wave uv, then e l u t i o n  
and s c i n t i l l a t i o n  count ing 

1 )  ammonia 
2 )  phosphoric acid, phospho- 
molybdic a c i d  

spray w i t h  70% p e r c h l o r i c  a c i d  
observe f 1 uorescence 



01 
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TABLE 3.4 (continued) 

Amines Der i va t i ve  r l ob i l e  Phase* Detect ion Reference 

5-HT, T 3H-methyl d e r i v -  2 dimensional development: UV, then s c i n t i l l a t i o n  count ing (101 1 
a t i v e s  o f  TP F i r s t :  chloroform, methanol, 
metabolism from a c e t i c  a c i d  (94:4:3) 
3H-SAM and r a t  
p inea l  gland ammonia 25% (60:35:5) 

a c e t i c  ac id ,  methanol 
(20:80: 4: 1 ) 

Second) chloroform, methanol, 

NA, A, DA ace ty l  acetone, dichloromethane, f luorescence (102) 

HA 1 -N-methyl HA chloroform, methanol, 70% i o d o p l a t i n a t e  
by h i  stamine-N- 
methyl t ransferase 
and 3H-SAM 

e t h y l  amine (32 :6 :4) 

Na-me t hy l  h i  s tami ne Nu, NT d imethy l -  e thanol ,  water, ammonia r a d i o a c t i v i t y  
histamine by (50:50: 10) 
histamine-N-methyl 
t ransferase and 

H - SAM 

* The s t a t i o n a r y  phase i s  s i l i c a .  
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t h e  r e s u l t i n g  f l uo rescence  was measured w i t h  a TLC scanner. 

u r i n e  samples sp i ked  w i t h  14C- labe l led  A, NA and DA were 74.9 f 3.9, 81.8 + 3.7 

and 84.4 + 2.1 pe rcen t  r e s p e c t i v e l y  (102).  

bo th  b e f o r e  and a f t e r  TLC development i n  two systems f o r  p r imary  catecholamines 

and t h e i r  3-0-methyl d e r i v a t i v e s .  

used when t h e  compounds were d e r i v a t i z e d  a t  t he  o r i g i n  on t h e  TLC p l a t e .  The 

d e t e c t i o n  l i m i t  v a r i e d  from 5 t o  800 pmole (3-MTA and 6 - h y d r o ~ y d o p a m i n e ) ~  and 

t h e  s e n s i t i v i t i e s  o f  t he  methods were comparable t o  those of o t h e r  f l u o r i m e t r i c  

methods ( 1  00). 

Radioenzymatic procedures have been employed f o r  t h e  a n a l y s i s  o f  o t h e r  amines 

i n  a d d i t i o n  t o  t h e  catecholamines. 

ment o f  hydrogen on an a l coho l ,  phenol o r  amine by a r a d i o l a b e l l e d  methy l  group. 

I n  many o f  these assays , t h e  r e s u l t a n t  0 -methy la ted  and/or N-methylated produc ts  

have been i s o l a t e d  by means o f  s e l e c t i v e  o rgan ic  e x t r a c t i o n s ;  TLC has been 

employed as a means o f  c o n f i r m i n g  t h e  s t r u c t u r e s  o f  t h e  f i n a l  d e r i v a t i v e s  (106- 

110), b u t  i s  n o t  a r o u t i n e  p a r t  o f  t h e  assay procedure i t s e l f .  However, some 

rad ioenzymat ic  procedures have u t i l i z e d  TLC as an i n t e g r a l  p a r t  o f  t h e  procedure 

t o  i s o l a t e  t h e  r a d i o l a b e l l e d  produc ts ,  and examples a r e  g i ven  i n  Tab le  3.4 

(97,98,101 ,103,104). 

Recovery va lues  f o r  

Nakamura and Pisano (100) used f luorescarnine as a f l u o r i g e n i c  l a b e l l i n g  reagent  

The mob i l e  phase descr ibed i n  Tab le  3.4 was 

Such assays have u s u a l l y  i n v o l v e d  t h e  rep lace -  

3.3 SUMMARY AND CONCLUSIONS 

From t h e  many TLC systems l i s t e d  i n  Tables 3.1 - 3.4 i t  may be concluded t h a t  

TLC i s  an impor tan t  techn ique f o r  t h e  a n a l y s i s  o f  b i o g e n i c  amines. 

TLC p lays  an a d j u n c t i v e  r o l e  as a separa t i on  techn ique when b iogen ic  amines 

a r e  analyzed by  f l uo rescen t ,  mass spec t romet r i c ,  rad ioenzymat ic  and rad iochemica l  

methods. TLC has been descr ibed as a l a b o r i o u s  procedure,  b u t  t h e  new techno logy  

assoc ia ted  w i t h  HPTLC, eg. preformed mu l t i channe l  p l a t e s ,  can improve t h e  e f f i c -  

i e n c y  and s p e c i f i c i t y  o f  rad ioenzymat ic  assays (111) .  

The need f o r  p re t rea tmen t  o f  samples, t h e  l a c k  o f  s p e c i f i c i t y  o f  d e t e c t i o n  

methods, and the  l e n g t h  o f  t ime f o r  a n a l y s i s  have n o t  made convent iona l  TLC a 

method o f  cho ice  f o r  t h e  measurement o f  low concen t ra t i ons  o f  b i o g e n i c  amines 

( 1  12) .  

t h e  i n c r e a s i n g  s o p h i s t i c a t i o n  o f  sample a p p l i c a t i o n  and TLC p l a t e  development 
(113) have g i ven  rena issance t o  t h e  a n a l y t i c a l  techn ique o f  TLC. 

The new techno logy  o f  HPTLC , t h e  convenience o f  scanning densi  tometers , 
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Chapter 4 

FLUORESCENCE TECHNIQUES FOR DETECTION AND QUANTITATION OF AMINES. 

JUDITH M. BAKER and WILLIAM G. DEWHURST 

Neurochemical Research U n i t ,  Department of  Psych ia t r y ,  U n i v e r s i t y  o f  A l b e r t a ,  

Edmonton, A1 b e r t a  T6G 263 (Canada) 

4.1 INTRODUCTION 

4.1.1 Theory and Ins t rumen ta t i on  

I t  i s  w e l l  known t h a t  o rgan ic  molecules absorb l i g h t  energy, which r e s u l t s  

i n  va r ious  i n t e r a t o m i c  bonds be ing  r a i s e d  t o  a h i g h e r  energy l e v e l .  

may be d i s s i p a t e d  i n  a number o f  ways, one of which i s  t h e  emiss ion  o f  l i g h t .  

t e rm f luorescence commonly r e f e r s  t o  t h e  phenomenon whereby l i g h t  f rom t h e  u l t r a -  

v i o l e t  (UV) spectrum i s  absorbed and emi t ted  i n  t h e  v i s i b l e  spectrum. 

normal c i rcumstances, e m i t t e d  r a d i a t i o n  i s  of  a l onger  wavelength ( l ower  energy) 

than t h a t  absorbed. 

number o f  molecules i nvo l ved ,  t h a t  i s  t h e  c o n c e n t r a t i o n  o f  f l u o r e s c e n t  subs tance(s )  

p resent .  

mined by t h e  d i f f e rence  i n  energy between t h e  e x c i t e d  and ground s t a t e s  and t h e  

r e l a t i v e  importance of  o t h e r  methods o f  energy d i s s i p a t i o n ,  such as c o l l i s i o n a l  

d e a c t i v a t i o n .  One impor tan t  p o i n t  t o  remember i s  t h a t  t h e  chemical  and phys i ca l  

p r o p e r t i e s  (eg. pKa, d i p o l e  moment, i n t e r a t o m i c  d i s tances )  o f  t h e  e x c i t e d  s t a t e  

a r e  v e r y  d i f f e r e n t  f rom those o f  t h e  ground s t a t e .  

d i f f i c u l t i e s  i n  t h e  measurement o f  c e r t a i n  compounds (see s e c t i o n  4.1.2). 

i n  F i g u r e  4.1. 

p roduc ing  UV r a d i a t i o n  which passes th rough t h e  p r imary  f i l t e r  system so t h a t  

o n l y  l i g h t  o f  a p a r t i c u l a r  wavelength i s  d i r e c t e d  on to  t h e  sample cuve t te .  

e m i t t e d  f rom t h e  sample passes th rough a secondary f i l t e r  system so t h a t  o n l y  

l i g h t  o f  a s p e c i f i e d  wavelength reaches t h e  de tec to r .  

c o n s i s t  o f  a p h o t o m u l t i p l i e r  tube, an a m p l i f i e r  and an i n d i c a t o r  o r  reco rde r  g i v i n g  

a readout  i n  a r b i t r a r y  f l uo rescence  u n i t s .  

had t o  be i n s e r t e d  and changed manual ly,  whereas many newer models have g r a t i n g s  

which can be ad jus ted  by  an e x t e r n a l  d i a l ,  a l l o w i n g  t h e  exper imenter  much more 

freedom i n  wavelength s e l e c t i o n ,  Ins t ruments  a r e  a l s o  a v a i l a b l e  which w i l l  scan 

e i t h e r  t h e  e x c i t a t i o n  o r  emiss ion  wavelength, t hus  p r o v i d i n g  spec t ra  o f  responses 

f o r  t h e  substance i n  ques t ion .  The l i g h t  source and d e t e c t o r  a r e  no rma l l y  p laced 

a t  a 90" ang le  t o  .each o t h e r  t o  decrease i n t e r f e r e n c e  f rom t h e  source a t  t h e  detec- 

T h i s  energy 

The 

Thus, under 

The number o f  photons of  l i g h t  e m i t t e d  i s  p r o p o r t i o n a l  t o  t h e  

The f l uo rescence  i n t e n s i t y  observed f o r  a p a r t i c u l a r  substance i s  d e t e r -  

These changes may cause spec ia l  

The bas i c  i n s t r u m e n t a t i o n  f o r  t h e  measurement o f  f l uo rescence  i s  i l l u s t r a t e d  

Very s imp ly ,  such an i ns t rumen t  w i l l  c o n s i s t  o f  a l i g h t  source capable o f  

L i g h t  

De tec t i on  systems no rma l l y  

E a r l y  ins t ruments  had f i l t e r s  which 
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t o r .  

t imes t h a t  achieved by measurement o f  absorbed 1 i g h t  (abso rp t i on  spec t rophotomet ry ) .  

Th i s  arrangement p rov ides  an i nc rease  i n  s e n s i t i v i t y  of  approx imate ly  l O O C  

LIGHT - PRIMARY SAMPLE 
SOURCE FILTER CUVETTE 

SECONDARY 
FILTER 

DETECTOR 

F ig .  4.1. I n s t r u m e n t a t i o n  f o r  f l uo rescence  measurement. 

A n a l y t i c a l  methods based on t h e  measurement o f  f luorescence ach ieve  s p e c i f i c i t y  

1. Not  a l l  compounds absorb UV l i g h t .  

2 .  Not  a l l  compounds f l u o r e s c e  a f t e r  l i g h t  abso rp t i on .  

3. 

f o r  t h e  fo1,lowing reasons: 

Wavelengths f o r  maximal e x c i t a t i o n  (lex) and emiss ion  (hem) a r e  s e t  f o r  t h e  

p a r t i c u l a r  compound o f  i n t e r e s t  and may n o t  correspond t o  those o f  o t h e r  

substances present .  Even i f  Aex i s  t h e  same f o r  two substances, Aem may 

be s u f f i c i e n t l y  d i f f e r e n t  so t h a t  no i n t e r f e r e n c e  e x i s t s .  

4. Many methods i n c o r p o r a t e  p r e p u r i f i c a t i o n  steps. 

C e r t a i n  c h a r a c t e r i s t i c s  o f  t h e  sample i t s e l f  may l i m i t  t h e  use fu lness  o f  f l u o -  

rescence as a method f o r  q u a n t i t a t i o n .  Some substances undergo photochemical  de- 

compos i t ion ;  t h e  l i g h t  used f o r  e x c i t a t i o n  causes or acce le ra tes  chemical  changes 

i n  t h e  compound o f  i n t e r e s t .  

e x c i t a t i o n  energ ies  ( s h o r t e r  hex). 

compos i t ion  occurs i t  i s  impor tan t  t o  choose t h e  l o n g e s t  wavelength p o s s i b l e  f o r  

e x c i t a t i o n .  

sample v i s c o s i t y ;  g e n e r a l l y  an i nc rease  i n  v i s c o s i t y  r e s u l t s  i n  an i nc rease  i n  

f luorescence.  

as temperature,  d i s s o l v e d  oxygen, and i m p u r i t i e s  (see s e c t i o n  4.1 .Z). 
o f  quenching may r e q u i r e  s t r i c t  c o n t r o l  over  sample processing, p u r i t y  o f  chemicals 

used and c l e a n l i n e s s  o f  g lassware. 

Fluorescence may be used as a measurement o r  d e t e c t i o n  t o o l  i n  t h r e e  s i t u a t i o n s .  

C e r t a i n  compounds a r e  n a t u r a l l y  f l u o r e s c e n t  and may be measured d i r e c t l y  i n  so lu -  

Such r e a c t i o n s  a r e  u s u a l l y  more s i g n i f i c a n t  a t  h ighe r  

There fo re  i n  cases where photochemical  de- 

Changes i,n measured f l uo rescence  may a l s o  occur  due t o  v a r i a t i o n s  i n  

F i n a l l y ,  quenching o f  f l uo rescence  may occu r  due t o  such f a c t o r s  

L i m i t a t i o n  
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t i o n .  

t i v i t y  o f  methods measuring n a t i v e  f l uo rescence  i s  l i m i t e d .  

pounds o f  i n t e r e s t  a r e  conver ted  t o  f l u o r e s c e n t  d e r i v a t i v e s .  

a l l y  r e s u l t  i n  s t r o n g l y  f l u o r e s c e n t  p roduc ts .  

assay method i s  inc reased s i n c e  some p o t e n t i a l l y  i n t e r f e r i n g  compounds may n o t  

fo rm f l u o r e s c e n t  d e r i v a t i v e s  under t h e  c o n d i t i o n s  used. F i n a l l y ,  c e r t a i n  sub- 

stances may be de tec ted  o r  q u a n t i t a t e d  because t h e y  quench t h e  f l uo rescence  o f  

o t h e r  s t r o n g l y  f l u o r e s c e n t  compounds. 

rescen t  d e t e c t o r s  used i n  t h i n  l a y e r  chromatography, whereby compounds a r e  v i s u a l -  

i z e d  under U V  l i g h t  as da rk  spots  on a f l u o r e s c e n t  background. 

Such compounds a r e  u s u a l l y  n o t  s t r o n g l y  f l u o r e s c e n t  and t h e r e f o r e  t h e  sens i -  

More commonly, com- 

Such r e a c t i o n s  usu- 

Furthermore, t h e  s p e c i f i c i t y  o f  t h e  

An example o f  t h i s  techn ique i s  t h e  f l u o -  

4.1.2 Common methodo log ica l  problems 

impor tan t .  P o l a r  molecules w i l l  show an inc rease  i n  d i p o l e  moment i n  t h e  e x c i t e d  

s t a t e  wh ich  w i l l  be s t a b i l i z e d  by  t h e  use o f  a p o l a r  so l ven t ,  r e s u l t i n g  i n  a 

decrease i n  f l uo rescence  i n t e n s i t y .  

a l s o  show a s h i f t  i n  x~~ and lem t o  l o n g e r  wavelengths ( l ower  energy).  T h i s  

bathochromic s h i f t  i s  more pronounced as t h e  d i e l e c t r i c  cons tan t  o f  t h e  s o l v e n t  

inc reases  s i n c e  t h e  magnitude o f  t h e  s h i f t  depends on t h e  s t r e n g t h  o f  s o l u t e - s o l v e n t  

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

between t h e  e x c i t a t i o n  and emiss ion  spec t ra .  

a l t e r i n g  s o l v e n t  p o l a r i t y  m igh t  be  used t o  advantage i n  separa t i ng  t h e  emiss ion  

spec t ra  o f  substances o f  d i f f e r i n g  p o l a r i t i e s .  So lven t  e f f e c t s  a r e  u s u a l l y  i n s i g -  

n i f i c a n t  i f  e i t h e r  t h e  s o l u t e  o r  t h e  s o l v e n t  i s  non-po la r .  

S ince  f l uo rescence  i s  u s u a l l y  measured i n  s o l u t i o n ,  s o l v e n t  e f f e c t s  may be 

Po la r  compounds d i s s o l v e d  i n  p o l a r  so l ven ts  

Normal ly  xem s h i f t s  more than x e x , r e s u l t i n g  i n  a l a r g e r  separa t i on  

T h i s  p r o p e r t y  o f  changing Xem by 

So lvents  c o n t a i n i n g  a heavy atom, f o r  example e t h y l  i o d i d e ,  u s u a l l y  cause en- 

hancement o f  phosphorescence a t  t h e  expense o f  f luorescence.  

o f  an a n a l y t i c a l  procedure u t i l i z i n g  f l uo rescence  may be inc reased by a v o i d i n g  

such so l ven ts  o r  removing any excess. 

l yzed .  

5 -hydroxy indo le  a t  pH 7 has x~~ a t  330 nm and i n  s t r o n g  a c i d  a t  550 nm w i th  no 

change i n  xeX. 
i n t e n s i t y  and x~~ o f  t h e  i o n i z e d  spec ies  d i f f e r  f rom those o f  t h e  un ion i zed  species.  

There fore ,  a pH shou ld  be chosen a t  wh ich  v i r t u a l l y  100% o f  t h e  substance t o  be 

measured e x i s t s  as a s i n g l e  spec ies .  Furthermore, s ince  t h e  pKa o f  t h e  e x c i t e d  

s t a t e  i s  d i f f e r e n t  f rom t h a t  o f  t h e  ground s t a t e ,  t h e  s u i t a b l e  pH range may be 

d i f f e r e n t  f rom t h a t  which would be p r e d i c t e d  f rom c o n s i d e r a t i o n  o f  t h e  p r o p e r t i e s  
o f  t h e  ground s t a t e .  F i n a l l y ,  pH ad jus tment  may be used t o  i nc rease  t h e  s e n s i t i v i t y  

and s p e c i f i c i t y  o f  a p a r t i c u l a r  assay by decreas ing  t h e  fo rma t ion  o f  t h e  f l u o r e s c e n t  

d e r i v a t i v e s  o f  i n t e r f e r i n g  substances. 
I n t e r m o l e c u l a r  hydrogen-bonding may r e s u l t  i n  a decrease i n  f l uo rescence  i n t e n -  

Thus t h e  s e n s i t i v i t y  

Fluorescence measurements may be a f f e c t e d  by t h e  pH o f  t h e  s o l u t i o n  be ing  ana- 

The d i f f e r e n c e  between Xex  and xem (S toke ' s  s h i f t )  i l l u s t r a t e s  t h i s  p o i n t :  

E s s e n t i a l l y ,  t h e  e f f e c t s  o f  pH occur  because t h e  f l uo rescence  
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sity in  much the Same manner a s  t h a t  resulting from po la r  so1ute-solvent in te r -  

actions.  
not hydrogen-bond with the substance of in te res t .  
a p p l y  to aromatic carboxyl compounds a n d  nitrogen heterocyclics where hydrogen- 
bonding tends to decrease n - 71* energy transit ions and increase 
which  are more likely t o  resu l t  i n  fluorescence emission. 

s ince  the presence of other solutes may resu l t  in quenching or interference* 
i t  i s  usually necessary t o  employ some prepurification steps before analysis of 
complex samples. 
presence my necessitate degassing the sample or the inclusion of antioxidants. 
Metal ions may also cause d i f f i cu l t i e s  due t o  fluorescence quenching. 
metals a re  implicated, however; Fe2+ i s  an e f f ic ien t  quencher, while Mg2+, Zn2+ 
and Cd2+ a re  poor. 

concentration increases. Practically, fluorescence often levels off or decreases 
a t  high concentrations (concentration quenching). 
accomplished by comparison with suitable standards i t  i s  important t h a t  sample 
concentrations f a l l  within the linear portion of the fluorescence-concentration 
curve. 
before being assayed i f  they are expected to  f a l l  outside these l imits.  

Wenching and chemical ins tab i l i ty  often increase with increasing temperature. 
example of an adverse temperature e f fec t  i s  cited by Gerst 
changes in the fluorescence Of the trihydroxyindole derivatives of adrenal ine ( A )  

and noradrenaline amounting to 14%/"C due to the chemical ins tab i l i ty  of the 
fluorescent molecules a t  increased temperatures. 
important i n  instruments where the l i g h t  source can cause a n  increase in sample 
temperature while meaSUrementS are being conducted. 
ature l ab i l i t y  Should be l e f t  in place for the minimum time necessary t o  obtain a 
fluorescence reading. 

as the tex t  by Guilbault ( 3 5 ) .  

1herefore, sensit ivity may be increased by choosing a solvent which does 
This generalization may not 

- n* transit ions 

Oxygen i s  the most ubiquitous fluorescence quencher and i t s  

Not a l l  

Ideally there should be a l inear increase in fluorescence intensity as solute 

Since quantitation i s  usually 

Most l i t e ra ture  methods quote l inear ranges and  samples should be diluted 

Temperature Per se  usually has l i t t l e  effect  on fluorescence intensity;  however 
An 

c. (1966) who found 

Such effects may be especially 

Samples demonstrating temper- 

F ~ t h e r  detailed information may be obtained from general reference books, s u c h  

4 .2  
4.2.1 Derivatization 

Detection of amines i s  usually accomplished by formation of derivatives which 
fluoresce when exposed t o  UV l igh t .  Such a procedure i s  often used in combination 
with paper or thin-layer chromatoqraphy and in the histochemical fluorescence meth- 
ods described i n  Chapter 5. Many of the same derivatives used fo r  quantitation are 
also used for detection purposes. 
Gaddum 3 g .  (43 )  for detection of A in biological f luids by addition of sodium 

FLUORESCENCE TECHNIQUES FOR DETECTION OF AMINES 

Procedures for  the catecholamines include t h a t  o f  
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hydrox ide and observat ion under UV l i g h t .  

t i f i c a t i o n  o f  NA i n  va r ious  t i s s u e  e x t r a c t s  by paper chromatography f o l l o w e d  by 

spray ing w i t h  f e r r i c y a n i d e  and a i r  o x i d a t i o n .  

rescen t  spo t  s i m i l a r  i n  c o l o u r  and chromatographic c h a r a c t e r i s t i c s  t o  those o f  NA 

standards.  A v a r i e t y  o f  amines may be detected by t h e  method o f  B e l l  and Somerv i l l e  

( 8 )  i n  which amines a re  conver ted t o  f l uo rescen t  d e r i v a t i v e s  on paper chromatograms 

by r e a c t i o n  w i t h  formaldehyde. 

NA, A, dopamine (DA), 5-hydroxytryptamine (5-HT), t ryptamine,  3-hydroxy-4-methoxy- 

phenylethylamine, 4-hydroxy-3-methoxyphenylethylainine, 3,4-dimethoxyphenylethylamine, 

octopamine and bu fo ten in .  

I n  a d d i t i o n  t o  t h e  procedure o f  B e l l  and Somerv i l l e  ( 8 )  va r ious  o t h e r  methods 

have been proposed f o r  d e t e c t i o n  o f  indoleamines. 

f l uo rescen t  d e r i v a t i v e s  of 5-HT and o t h e r  t ryptamines on paper chromatograms sprayed 

w i th  n i n h y d r i n .  

t h i n - l a y e r  chromatograms (68), a l l o w i n g  d e t e c t i o n  o f  va r ious  indoleamines, e s p e c i a l l y  

b u f o t e n i n  and 5-methoxy-N,N-dimethyltryptamine. Axelsson and Nordgren (7 )  have 

descr ibed a method capable of d e t e c t i n g  a v a r i e t y  o f  i ndo les  i n  b lood  plasma us ing  

e i t h e r  a formaldehyde spray o r  o-phthalaldehyde f o l l o w i n g  t h i n - l a y e r  chromatography. 

o-Phthalaldehyde spray (27) combined w i t h  two dimensional  t h i n - l a y e r  chromatography 

has a l s o  been used as a d e t e c t i o n  method f o r  5-methoxytryptamine i n  r a t  b r a i n .  

Other amines have been analyzed a f t e r  f o rma t ion  o f  f l u o r e s c e n t  d e r i v a t i v e s .  

Histamine has been detected a f t e r  t h i n - l a y e r  chromatography o r  e lec t rophores i s  by 

format ion o f  an o-phthalaldehyde d e r i v a t i v e  (86) .  S e i l e r  and Demisch (82) have 

reviewed t h e  p r o p e r t i e s  of  a number of f l uo rescen t  d e r i v a t i v e s  s u i t a b l e  f o r  d e t e c t i o n  

of  amines i n c l u d i n g  1 -dimethylaminonaphthalene-5-sulphonyl c h l o r i d e  (DANSYL-C1 , 
DNS-C1 ) ,  5-di-n-butylaminonaphthalene-1-sulphonyl c h l o r i d e  (BNS-Cl), 6-methyl-  

anilinonaphthalene-2-sulfonyl c h l o r i d e  (FINS-C1) , 2-p-chlorosulfophenyl-3-phenyl 
indone (Dis-Cl ) ,  4-ch loro-7-n i  trobenzo[c]-l,2,5-oxadiazole(4-chloro-7-nitrobenzofur- 

azan ; Nbd-C1 ) , 9- i s o t h i  ocyanatoacr i  d i  ne , f 1 uorescami ne , p y r i  doxal  , o-phthal  a1 dehyde, 

formaldehyde, g l y o x y l i c  ac id ,  and p-dimethylaminocinnamaldehyde. These authors a l s o  

have d e l i n e a t e d  severa l  p r o p e r t i e s  which are d e s i r a b l e  i n  a reagent used t o  form 

f l u o r e s c e n t  d e r i v a t i v e s  f o r  d e t e c t i o n  o f  amines: 

Shore and O l i n  (88)  repo r ted  the  iden-  

Th is  procedure prodoced a f l u o -  

Some o f  t he  compounds detected i n  t h i s  manner a r e  

Jepson and Stevens (44)  prepared 

o-Phthalaldehyde has been used e x t e n s i v e l y  as a spray reagent f o r  

1.  

2. 

The reagent  must r e a c t  q u i c k l y  under m i l d  c o n d i t i o n s .  

The reagent  should form non-polar  d e r i v a t i v e s  which can be i s o l a t e d  and 

concentrated i n  o rgan ic  so l ven ts .  

The d e r i v a t i v e s  should have a h i g h  f luorescence e f f i c i e n c y  and should emi t  

a t  a wavelength l ong  enough t o  be d i s t i n g u i s h a b l e  f rom t h e  b l u i s h  background 

due t o  many so lvents .  
The d e r i v a t i v e  should absorb and emi t  a t  wavelengths c o n s i s t e n t  w i t h  the  

inst ruments a v a i l a b l e .  

3. The excess reagent should be e a s i l y  removable. 

4. 

5. 
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4.3 

4.3.1 Der i  v a t i  z a t i  on 

4.3.1.1 Catecholamines and m e t a b o l i t e s  

S ince  t h e  obse rva t i on  by Gaddum Gal. (32)  t h a t  A exposed t o  oxygen i n  t h e  

presence o f  s t r o n g  a1 k a l i  formed a f l u o r e s c e n t  d e r i v a t i v e ,  numerous f l uo rescence  

methods f o r  t h e  de te rm ina t ion  o f  catecholamines i n  body f l u i d s  and t i s s u e s  have 

been repo r ted .  T h i s  d i scuss ion  w i l l  deal  w i t h  t h e  two major  types  o f  d e r i v a t i v e s  

formed, namely hyd roxy indo le  compounds and condensat ion produc ts  w i t h  e thy lene  

diamine, as w e l l  as c e r t a i n  misce l laneous d e r i v a t i v e s  and more s o p h i s t i c a t e d  

methods f o r  s imultaneous e s t i m a t i o n  o f  severa l  compounds. 

The general  r e a c t i o n  f o r  t h e  fo rma t ion  o f  t r i h y d r o x y i n d o l e  d e r i v a t i v e s  o f  A 

and NA is shown i n  F i g u r e  4.2. The r e a c t i o n  i n v o l v e s  two s teps :  o x i d a t i o n  t o  

FLUORESCENCE TECHNIQUES FOR QUANTITATION OF AMINES 

Hoa-$oH ~ OH' O * m o H  

R 
H O4 

R 

ADRENOLUTINE ADRENOCHROME 
(NORADRENOLUTINE) ( NORADRENOCHROME) 

- R CAT ECHO LAM IN E 
CH, ADRENALINE 
H NORADRENALINE 

F ig .  4.2. Format ion o f  t r i h y d r o x y i n d o l e  d e r i v a t i v e s  o f  no rad rena l i ne  and adrena l ine .  
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form an adrenochrome fo l lowed by rearrangement t o  form an ad reno lu t i ne .  

t h e  " l u t i n e s "  a r e  e a s i l y  des t royed i n  t h e  presence o f  oxygen, Eh r len  (31)  suggested 

t h e  a d d i t i o n  o f  a reduc ing  agent  t o  t h e  f i n a l  s o l u t i o n  t o  s t a b i l i z e  t h e  f l u o r e s -  

cence. Ascorb ic  a c i d  i s  commonly used f o r  t h i s  purpose (31,52,102,18,3), a l t hough  

o t h e r  substances have been u t i l i z e d ,  i n c l u d i n g  t h i o g l y c o l i c  a c i d  (61) ,  p t h i o -  

p r o p i o n i c  a c i d  (74) ,  d imercaptoethanol  i n  sodium s u l f i t e  (38)  and B-mercaptoethanol 

(107) .  S ince  asco rb i c  a c i d  i n  a l k a l i n e  s o l u t i o n  i s  i t s e l f  conver ted  t o  f l u o r e s c e n t  

p roduc ts ,  d iaminoethane (104) o r  sodium borohydr ide  (33)  must be added t o  overcome 

t h i s  problem. 

i n  F i g .  4.2. 

Cohen and Goldenberg (18 ) .  

f e r r i c y a n i d e  and i o d i n e  b u t  concluded t h a t  i o d i n e  was n o t  s u i t a b l e  s i n c e  t h e  t ime  

necessary t o  p repare  a faded b lank  was t o o  long.  

a t i v e s  formed a r e  i o d i n a t e d  i n  t h e  2 - p o s i t i o n  o f  t h e  i n d o l e  r i n g .  

d e r i v a t i v e s  a r e  a l s o  r e p o r t e d  t o  be more s t a b l e  and t o  a l l o w  more complete separ-  

a t i o n  of  A and NA than t h e  hyd roxy indo le  d e r i v a t i v e s  ob ta ined  f rom o t h e r  methods 

I n  o r d e r  t o  speed up t h e  o x i d a t i o n  r e a c t i o n  va r ious  metal  i o n s  have been used 

as c a t a l y s t s ;  Zn2+ (102) and Cu3+ (38,107) a r e  t y p i c a l  examples. 

The d e t a i l e d  work o f  Anton and Sayre (3,4,5) has p rov ided  an e x c e l l e n t  i l l u s t r a -  

t i o n  o f  t h e  many complex f a c t o r s  which a f f e c t  f l uo rescence  measurements, such as 

reagent  concen t ra t i ons ,  c l e a n l i n e s s  o f  glassware, r e a c t i o n  t imes,  and quenching. 

I n  a d d i t i o n  Gers t  gal. (33) have p o i n t e d  o u t  t h a t  t h e  temperature a t  which t h e  

f l uo rescence  o f  t r i h y d r o x y i n d o l e  d e r i v a t i v e s  i s  measured may be ve ry  impor tan t ,  

r e s u l t i n g  i n  a change o f  14%/"C. 

t o  u r i n e  b e f o r e  a n a l y s i s  t o  p reven t  t h e  fo rma t ion  o f  a ca l c ium - magnesium phosphate 

ge l  wh ich  may quench f luorescence.  

D i f f e r e n t i a l  e s t i m a t i o n  o f  A and NA may be achieved by o x i d a t i o n  a t  two d i f f e r e n t  

pH values, measurement o f  f l uo rescence  a t  two d i f f e r e n t  wavelengths, o r  a combina t ion  

o f  both.  

A and NA were o x i d i z e d  a t  pH 6.5. 

used by von E u l e r  and F l o d i n g  (102) .  

ment o f  f l uo rescence  a t  d i f f e r e n t  wavelengths r e s u l t e d  i n  a decrease i n  t h e  volume 

o f  plasma requ i red .  

B e r t l e r  ct. (9), von E u l e r  and L i s h a j k o  (103) ,  and Haggendal (38) .  Other  au thors  

have u t i l i z e d  a combina t ion  o f  these two approaches (100,3,107). 

approach was desc r ibed  by M e r r i l l s  (61)  i n  wh ich  t h i o g l y c o l i c  a c i d  was employed as a 

reduc ing  agent t o  p r o t e c t  o n l y  no rad reno lu t i ne  w h i l e  asco rb i c  a c i d  was u t i l i z e d  t o  
p r o t e c t  bo th  a d r e n o l u t i n e  and no rad reno lu t i ne .  

S ince  

Var ious  o x i d i z i n g  agents have a l s o  been used f o r  t h e  o x i d a t i o n  r e a c t i o n  dep ic ted  

Manganese d i o x i d e  was i n i t i a l l y  u t i l i z e d  by Lund (52) and l a t e r  by 

Von E u l e r  and F l o d i n g  (102) repo r ted  t h e  use o f  potassium 

When i o d i n e  i s  used t h e  d e r i v -  

These i o d i n a t e d  

(23) * 

C rou t  (23)  has suggested t h e  a d d i t i o n  o f  e thy lened iamine t e t r a a c e t i c  a c i d  (EDTA) 

Lund (53)  f i r s t  r e p o r t e d  t h a t  o n l y  A was o x i d i z e d  a t  pH 3 whereas bo th  

T h i s  s e l e c t i v e  o x i d a t i o n  techn ique was a l s o  

P r i c e  and P r i c e  (76)  r e p o r t e d  t h a t  measure- 

T h i s  approach was a l s o  taken by Cohen and Goldenberg (18), 

F i n a l l y ,  a unique 
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I n  a d d i t i o n ,  t h e  s e n s i t i v i t y  and s p e c i f i c i t y  o f  these chemical  methods has been 

increased by p r e p u r i f i c a t i o n  us ing  e i t h e r  alumina (52,18,103,3,61) o r  c a t i o n  ex- 

change r e s i n s  (9,100,38). 

d i f f e r e n t i a l  a n a l y s i s  o f  NA and A. 

analogous t o  t h e  t r i h y d r o x y i n d o l e  d e r i v a t i v e s  formed from NA and A.  

f o r  DA i s  shown i n  F igu re  4.3. 

M e r r i l l s  (61)  has repo r ted  an automated method f o r  

Dopamine has been analyzed by t h e  fo rma t ion  o f  a d ihyd roxy indo le  d e r i v a t i v e  

The r e a c t i o n  

Car lsson and Waldeck (15)  f i r s t  suggested a method 

rear range ment 1 
HO 

H 

F i g .  4.3. Format ion o f  t h e  d ihyd roxy indo le  d e r i v a t i v e  f rom dopamine. 

f o r  a n a l y s i s  of DA based on t h i s  r e a c t i o n  us ing  i o d i n e  as an o x i d i z i n g  agent f o l -  

lowed by exposure t o  U V  l i g h t  t o  c a t a l y s e  fo rma t ion  o f  t h e  f i n a l  d e r i v a t i v e .  

these c o n d i t i o n s  t h e r e  was l i t t l e  i n t e r f e r e n c e  f rom NA and A b u t  d ihydroxypheny l -  

a l a n i n e  (DOPA) formed t h e  same d e r i v a t i v e  as DA and thus  had t o  be removed when 

p resen t  i n  apprec iab le  amounts. Uuspaa ( 9 7 )  suggested o x i d a t i o n  w i t h  manganese 

d i o x i d e  and rearrangement w i t h  z i n c  s u l f i t e ,  a procedure which d i d  n o t  r e q u i r e  

exposure t o  UV l i g h t .  

f i n a l  s o l u t i o n  t o  5. 

agent and an a l k a l i n e  s u l f i t e  s o l u t i o n  t o  f a c i l i t a t e  rearrangement. 

and A d i d  n o t  i n t e r f e r e  t o  any e x t e n t ,  

5N HC1 was added t o  decrease t h e  c o n t r i b u t i o n  due t o  DOPA by 53 - 57% and t h e  f l u o -  

rescence was measured again.  

c a l c u l a t e  t h e  concen t ra t i ons  o f  DA and DOPA p resen t .  

50 column t o  separa te  DOPA and then reac ted  t h e  e l u a t e  w i t h  potassium f e r r i c y a n i d e  

and i r r a d i a t e d  i t  w i t h  UV l i g h t .  

wavelength i n t e r f e r e n c e  f rom NA and A was min ima l .  

Under 

The f luorescence was s t a b i l i z e d  by decreas ing  t h e  pH o f  t h e  

Anton and Sayre ( 4 )  employed sodium p e r i o d a t e  as an o x i d i z i n g  

Noradrena l ine  

A f t e r  t h e  f luorescence was read a t  pH 4, 

A s e t  o f  s imultaneous equat ions  were then used t o  

Atack ( 6 )  employed a Dowex 

Fluorescence was measured a t  375 nm; a t  t h i s  



The methoxy d e r i v a t i v e s  o f  t h e  catecholamines (normetanephr ine, NMN; metanephr ine, 

MN; and 3-methoxytyramine, 3-PITA) have a l s o  been analyzed by convers ion  t o  hydroxy- 

i n d o l e  d e r i v a t i v e s .  The r e a c t i o n  produc ts  o f  these substances possess s p e c t r a l  

c h a r a c t e r i s t i c s  i d e n t i c a l  w i t h  those o f  t h e  cor respond ing  catecholamines. Ana ly t -  

i c a l  procedures must, t h e r e f o r e ,  i n c l u d e  procedures f o r  removal o f  i n t e r f e r e n c e  

f rom NA, A o r  DA as approp r ia te .  B e r t l e r  fit. (10) f i r s t  developed a method f o r  

MN and NMN wh ich  u t i l i z e d  i o d i n e  o x i d a t i o n  a t  pH 5 and pH 7.2. Only A and NA were 

o x i d i z e d  a t  pH 5 w h i l e  A and NA as w e l l  as MN and NMN were o x i d i z e d  a t  pH 7.2. The 

methoxyamines c o u l d  then be determined by d i f f e r e n c e .  A f t e r  o x i d a t i o n  was complete 

t h e  pH was decreased t o  5.3 t o  min imize  i n t e r f e r e n c e  f rom DA. Smith and Wei l -Malherbe 

(90)  have r e p o r t e d  a method f o r  o x i d a t i o n  o f  MN and NMN a t  d i f f e r e n t  pH values. No 

i n t e r f e r e n c e  f rom 3-MTA occur red .  P r i o r  adso rp t i on  on alumina removed i n t e r f e r e n c e  

f rom A, NA and DA. Haggendal (37) has employed p r i o r  o x i d a t i o n  w i t h  potassium 

f e r r i c y a n i d e  t o  remove i n t e r f e r e n c e  f rom A and NA s i n c e  NMN and MN a r e  n o t  o x i d i z e d  

under these c o n d i t i o n s .  The methoxyamines were then adsorbed on an A m b e r l i t e  CG 120 

column, e l u t e d  w i t h  HC1 and reac ted  w i t h  i o d i n e .  Th is  r e p o r t  a l s o  suggested t h a t  

by l eng then ing  t h e  r e s i n  column NA, A, NMN, MN and DA c o u l d  be separated w i t h o u t  

p r i o r  o x i d a t i o n .  Car lsson and L i n d q v i s t  (14)  have m o d i f i e d  t h e  method o f  B e r t l e r  

- _  e t  a l .  (10)  f o r  assay ing  NMN i n  b r a i n .  

removed NA and DA and then samples were passed th rough a Dowex 50 r e s i n  column and 

t h e  e l u a t e  was analyzed a f t e r  i o d i n e  o x i d a t i o n .  

on an a lumina column and f o l l o w e d  t h i s  by potassium f e r r i c y a n i d e  o x i d a t i o n  o f  t h e  

e l u a t e .  

o x i d i z e d  as w e l l .  Fluorescence was a l s o  measured a t  two d i f f e r e n t  wavelengths t o  

a l l o w  more complete separa t i on  o f  FIN and NMN. Anton and Sayre ( 5 )  proposed a method 

f o r  a n a l y s i s  o f  MN and NMN i n  which f l u o r e s c e n t  d e r i v a t i v e s  were formed by pe r ioda te  

o x i d a t i o n  a t  pH 5 f o r  b o t h  MN and NMN and a t  pH 1.5 f o r  MN. 

t h e  m i x t u r e  was measured a t  one wavelength whereas t h e  MN d e r i v a t i v e  a lone was ana l -  

yzed a t  a d i f f e r e n t  wavelength. 

c o u l d  be q u a n t i t a t e d  by f e r r i c y a n i d e  o x i d a t i o n  and MN and NMN es t ima ted  by d i f f e r e n c e .  

Waldeck (16)  employed a Dowex 50 column t o  separa te  t h r e e  f r a c t i o n s  c o n t a i n i n g  A 

and NA, DA and 3-MTA. 

f l u o r e s c e n t  d e r i v a t i v e .  

an e l u a t e  c o n t a i n i n g  DA and 3-MTA. 

was apparen t l y  s p e c i f i c  f o r  3-MTA, whereas DA c o u l d  be analyzed by t h e  method of  

L a v e r t y  and Sharman (48) .  

o f  NA, DA, 3-MTA and 5-HT on a Dowex 50 r e s i n  column, f o l l o w e d  by o x i d a t i o n  of t h e  

3-MTA e l u a t e  by potassium f e r r i c y a n i d e  i n  ammonia. 

me tabo l i t es ,  t h e  hyd roxy indo le  d e r i v a t i v e s  have been u t i l i z e d  f o r  s imultaneous 

P r i o r  o x i d a t i o n  w i t h  potassium f e r r i c y a n i d e  

Brun jes  gal. (12)  removed A and NA 

React ion  a t  l ow  pH a l l owed  e s t i m a t i o n  o f  MN; when t h e  pH was r a i s e d ,  NMN was 

The f l uo rescence  o f  

If l a r g e  amounts o f  NA and/or A were p resen t  t h e y  

3-Methoxytyramine has been analyzed by t h r e e  f l uo rescen-e  methods. Car lsson and 

The f i n a l  f r a c t i o n  was then o x i d i z e d  us ing  i o d i n e  t o  g i v e  a 

Guldberg gtt. (36)  used a Oowex 50 r e s i n  column t o  o b t a i n  

Ox ida t i on  w i t h  potassium f e r r i c y a n i d e  i n  ammonia 

F i n a l l y  Kehr (47) has proposed chromatographic separa t i on  

I n  a d d i t i o n  t o  t h e i r  use i n  a n a l y s i s  o f  s i n g l e  catecholamines o r  catecholamine 
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a n a l y s i s  o f  va r ious  catecholamines and/or r e l a t e d  substances (28,93,59,17,49,109, 

40) .  Furthermore, va r ious  methods have been proposed f o r  s imultaneous a n a l y s i s  of 
catecholamines and t h e i r  me tabo l i t es  by fo rma t ion  o f  hyd roxy indo le  d e r i v a t i v e s  and 

va r ious  i n d o l e  amines by f u r t h e r  d e r i v a t i v e  fo rmat ion  (55,2,63,85,41,21,13,45) o r  

by n a t i v e  f l uo rescence  (46,62,43). 

The second r e a c t i o n  commonly used t o  fo rm f l uo rescen t  d e r i v a t i v e s  of ca techo l -  

amines and me tabo l i t es  i s  o x i d a t i o n  f o l l o w e d  by condensat ion w i t h  e thy lened iamine.  

T h i s  r e a c t i o n  i s  shown i n  F i g u r e  4.4. 

CHOH-CH,-NH-R -4H 

HO - "*moH 0 9  R 

ADRENOCHROME 

R CATECHOLAMINE 

CH, ADRENALINE 

H NORADRENALINE 

F ig .  4.4. E thy lened iamine condensat ion o f  catecholamines. 
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Nate lson gal. (70)  f i r s t  r e p o r t e d  t h a t  A i n  ammonia s o l u t i o n  would condense 

w i t h  e thy lened iamine,  bu ty lamine,  a n i l i n e  o r  o-phenylenediamine t o  produce f l u o -  

rescen t  d e r i v a t i v e s  which cou ld  be e x t r a c t e d  i n t o  b u t y l  o r  amyl a l c o h o l .  Wei l -  

Malherbe and Bone (108) suggested t h e  use o f  t h i s  r e a c t i o n  t o  measure A and NA i n  

blood. Alumina was used t o  adsorb A and NA f rom plasma. The ca techo ls  were e lu ted ,  

reac ted  w i t h  e thy lened iamine,  e x t r a c t e d  i n t o  i sobu tano l  and f l uo rescence  was mea- 

sured. 

more s t a b l e  than those produced by t h e  t r i h y d r o x y i n d o l e  method. 

method f o r  t h e  measurement o f  A and NA i n  va r ious  t i s s u e s  (64 ) ,  i n c l u d i n q  b r a i n  (65) .  

She a l s o  r e p o r t e d  t h e  presence of  an unknown ca techo l  i n  b r a i n  and suggested i t  

c o u l d  be DA. I n  1961, Weil-Malherbe (106) proposed m o d i f i c a t i o n s  o f  h i s  o r i g i n a l  

method t o  i nc rease  i t s  s e n s i t i v i t y  and s p e c i f i c i t y  and t o  a l l o w  simultaneous 

q u a n t i t a t i o n  of A, NA and DA. Even w i t h  these changes, however, e thy lened iamine 

condensat ion was n o t  as s p e c i f i c  a procedure as t h e  t r i h y d r o x y i n d o l e  method. 

Lave r t y  and Sharman (48)  and Sharman (84)  have proposed a method f o r  DA a n a l y s i s  

which i n v o l v e d  a c e t y l a t i o n ,  paper chromatography, e l u t i o n  and e thy lened iamine 

condensat ion and r e s u l t e d  i n  inc reased s e n s i t i v i t y  and s p e c i f i c i t y .  Crawford and 

Yates ( 2 2 )  used a s i m i l a r  procedure and found t h a t  p r i o r  a c e t y l a t i o n  inc reased t h e  

s e n s i t i v i t y  f o r  DA and 3-methoxytyramine (3-FITA), decreased i t  f o r  DOPA, NA and 

normetanephr ine (NMN) and caused no change f o r  A and metanephr ine (FIN). 

-- e t  a l .  (101) suggested t h a t  t h i s  r e a c t i o n  was n o t  a p p r o p r i a t e  f o r  a n a l y s i s  o f  

catecholamines i n  u r i n e  s i n c e  t h e r e  were many substances p resen t  which i n t e r f e r e d  

w i t h  t h e  f i n a l  f l uo rescence  measurement. Va lk  and P r i c e  (98)  concluded t h a t  t h e  

e thy lened iamine condensat ion method agreed w e l l  w i t h  t h e  t r i h y d r o x y i n d o l e  method 

f o r  A b u t  overes t imated t h e  c o n c e n t r a t i o n  o f  NA and thus  was n o t  s p e c i f i c  enough 

f o r  plasma a n a l y s i s .  Mangan and Mason (56)  r e p o r t e d  t h a t  NA d e r i v a t i v e s  were un- 

s t a b l e  and.decayed a t  a r a t e  p r o p o r t i o n a l  t o  t h e  i n t e n s i t y  o f  t h e  e x c i t i n g  r a d i a t i o n .  

F i n a l l y ,  Nadeau and J o l y  (66) suggested t h a t  some o f  t h e  problems assoc ia ted  w i th  

t h i s  method m igh t  be due t o  t h e  fo rma t ion  o f  m u l t i p l e  d e r i v a t i v e s  - n i n e  f o r  A and 

e i g h t  f o r  NA. T h i s  c r i t i c i s m  was quest ioned, however, by Weil-Malherbe (105), who 

s t a t e d  t h a t  under t h e  c o n d i t i o n s  i n i t i a l l y  proposed (108) A formed o n l y  one produc t ,  

w h i l e  NA formed two. 

A smal l  number o f  f l uo rescence  methods f o r  t h e  a n a l y s i s  o f  catecholamines have 

been proposed which do n o t  i n v o l v e  e i t h e r  o f  t h e  two d e r i v a t i v e s  d iscussed p r e v i -  

ous l y .  B e l l  and S o m e r v i l l e  ( 8 )  suggested t h a t  d e r i v a t i v e s  formed on paper chromato- 

grams by r e a c t i o n  between formaldehyde and catecholamines c o u l d  be e l u t e d  and t h e i r  

f l uo rescence  measured. 

DA i n  u r i ne ,  b u t  t h e  method was o n l y  s e n s i t i v e  enough t o  be used i n  cases o f  h i g h  

e x c r e t i o n ,  such as would occur  a f t e r  DOPA t rea tmen t .  

These au tho rs  have r e p o r t e d  t h a t  t h e  d e r i v a t i v e s  formed i n  t h i s  way a r e  

Montagu used t h i s  

Var ious  au tho rs  have c r i t i c i z e d  t h e  e thy lened iamine condensat ion method. Von E u l e r  

Oberman g g.  ( 7 2 )  used a DANSYL d e r i v a t i v e  t o  q u a n t i t a t e  
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4.3.1 .2  I n d o l  eami nes 

Three ma jo r  f luorescence methods have been used f o r  indoleamines. E a r l y  proce- 

dures employed condensat ion o f  t h e  indoleamines w i t h  formaldehyde and o x i d a t i o n  

t o  form t h e  f l u o r e s c e n t  norharman d e r i v a t i v e .  

arnine ( T )  i n  F igu re  4.5. Such a r e a c t i o n  has been used t o  measure T (42,57) 

Th is  r e a c t i o n  i s  shown f o r  t r y p t -  

m c H 2 c H 2 N H 2  __3 HCHO 

H H 

oxidat ion 1 

N O R H A R M A N  

F ig .  4.5. Format ion o f  norharman from t ryp tarn ine .  

and t r yp tophan  (26) .  

5-HT and 5-methoxytryptarnine (5-MT) by Maickel  and M i l l e r  (55 ) .  

5-HT was increased by t h e  a d d i t i o n  o f  c y s t e i n e  (24 ) .  

used t o  q u a n t i t a t e  bu fo ten in ,  5-methoxy-N,N-dimethyltryptamine (68)  and 5-MT (77 ) .  

The s e n s i t i v i t y  of t h e  o-ph tha la ldehyde condensat ion r e a c t i o n  i s  r e p o r t e d  t o  be a t  

l e a s t  2 . 5  t imes t h a t  ob ta ined  u s i n g  the  n a t i v e  f luorescence o f  5-HT i n  s t rong  a c i d .  

The t h i r d  d e r i v a t i v e  commonly used f o r  a n a l y s i s  of  indoleamines i s  t h a t  formed 

by r e a c t i o n  w i t h  n i n h y d r i n .  

of  Jepson and Stevens (44)  so t h a t  5-HT c o u l d  be 'determined i n  s o l u t i o n .  

-- e t  a l .  (91)  used the  n i n h y d r i n  r e a c t i o n  t o  de termine 5-HT i n  t i s s u e s  and have s t a t e d  

t h a t  t h i s  method i s  8 t imes more s e n s i t i v e  than t h e  procedure of  us ing  n a t i v e  

f luorescence i n  s t rong  ac id .  

and found t h a t  n i n h y d r i n  would form f l u o r e s c e n t  d e r i v a t i v e s  w i t h  bu fo ten in ,  5- 

hyd roxy indo leace t i c  a c i d  (5-HIAA), N-acetyl-5-hydroxytryptamine and 5-hydroxy- 

t r yp tophan  ( 5 - H T P ) .  A l l  these substances r e q u i r e d  d i f f e r e n t  temperatures and 

t imes o f  r e a c t i o n ,  and thus  cou ld  e a s i l y  be d i f f e r e n t i a t e d .  

Condensation w i t h  o-phthalaldehyde was i n i t i a l l y  proposed f o r  measurement o f  

S e n s i t i v i t y  f o r  

T h i s  r e a c t i o n  has a l s o  been 

Vanable (99)  m o d i f i e d  t h e  c o n d i t i o n s  o f  t he  method 

Snyder 

Quay (77) examined t h e  s p e c i f i c i t y  o f  t h i s  r e a c t i o n  
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4.3.1.3 Other  amines 

d e r i v a t i v e s .  

f o r  f l uo rescence  q u a n t i t a t i o n  o f  p r imary  and secondary amines, as w e l l  as im idazo les  

and phenols.  

A number o f  o t h e r  b iogen ic  amines have been analyzed by fo rmat ion  o f  f l u o r e s c e n t  

S e i l e r  and Weichmann (83)  have r e p o r t e d  t h e  use o f  DANSYL d e r i v a t i v e s  

T h i s  r e a c t i o n  i s  shown i n  F igu re  4.6. Such d e r i v a t i v e s  may be used 

F i g .  4.6. React ion  o f  DANSYL - C1 w i t h  p r imary  and secondary amines. 

f o r  d i r e c t  f l uo rescence  scanning o f  t h i n  l a y e r  chromatograms. 

range o f  10 -8  t o  

aldehyde i n  s t r o n g  a l k a l i .  The method was m o d i f i e d  by Hakanson a. (39) t o  

p r o v i d e  inc reased s e n s i t i v i t y  and s p e c i f i c i t y .  

methyl  h is tamine,  methyl  im idazo l  e a c e t i c  a c i d ,  i m i  dazol  e a c e t i c  ac id ,  1 -methyl h i  s t i d i  ne, 

3 - m e t h y l h i s t i d i n e  and h i s t i d i n e  by us ing  success i ve l y  N-bromosuccinimide t o  s p l i t  

t h e  im idazo le  r i n g ,  o x i d a t i o n ,  and condensat ion w i t h  o-phenylenediamine t o  fo rm 

f l u o r e s c e n t  d e r i v a t i v e s .  Tyramine has been ana lyzed a f t e r  r e a c t i o n  w i t h  n i t r o -  

sonaphthol  i n  u r i n e  (71)  and t i s s u e s  (95 ) .  b-Phenylethylamine has been measured by 

fo rma t ion  o f  f l u o r e s c e n t  p roduc ts  w i t h  a l l o x a n  ( l l ) ,  p-dimethylaminocinnamaldehyde 

(94)  and n i n h y d r i n  i n  t h e  presence o f  L - l eucy l -L -a lan ine  (96 ) .  

a l s o  have been suggested f o r  t h e  q u a n t i t a t i o n  of 3,4-dimethoxyphenylethylamine (69)  

and f o r  mesca l ine  (3,4,5-trimethoxyphenylethylamine) (19 ) .  

A l i n e a r  q u a n t i t a t i o n  

moles i s  r e p o r t e d  f o r  t h i s  method. 

H is tamine has been q u a n t i f i e d  by Shore gal. (87 )  a f t e r  r e a c t i o n  w i t h  o -ph tha l -  

A lkon g& al. ( 1 )  ana lyzed h is tamine,  

Fluorescence methods 

4.3.2 N a t i v e  f luorescence 

C e r t a i n  substances a r e  n a t u r a l l y  f l u o r e s c e n t  and r e q u i r e  no d e r i v a t i v e  fo rma t ion  

b e f o r e  q u a n t i t a t i o n .  Analyses us ing  n a t i v e  f l uo rescence  a r e  g e n e r a l l y  l e s s  s e n s i t i v e  
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and s p e c i f i c  t h a n  t h o s e  i n v o l v i n g  d e r i v a t i v e  f o r m a t i o n  s i n c e  more i n t e r f e r i n g  

s u b s t a n c e s  may be  p r e s e n t  and t h e  f l u o r e s c e n c e  i n t e n s i t y  o f  t h e  compound i n  q u e s t i o n  

may n o t  be  s t r o n g .  N a t i v e  f l u o r e s c e n c e  i n  s t r o n g  a c i d  i s  a common p r o p e r t y  o f  

i n d o l e s  and has been used  f o r  a n a l y s i s  o f  T and 5-HT ( 7 1 ) .  

f e r e n t i a l  s o l v e n t  e x t r a c t i o n  and measurement o f  f l u o r e s c e n c e  i n  HC1 f o r  t h e  

q u a n t i t a t i o n  o f  5 - h y d r o x y i n d o l e ,  5 - m e t h o x y i n d o l e ,  5-HIAA, 5-HT, 5-HTP, b u f o t e n i n ,  

m e l a t o n i n ,  5-MT, N - a c e t y l s e r o t o n i n  and 5-methoxyindole-3-acetic a c i d .  S i m i l a r  

methods have been used b y  N a r a s i m h a c h a r i  fi c. ( 6 7 )  t o  d e t e c t  d i m e t h y l t r y p t a m i n e ,  

5-methoxy-N, N - d i m e t h y l  t r y p t a m i n e ,  and b u f o t e n i n  and b y  Cohen and Vogen (20)  t o  

measure i n j e c t e d  d i m e t h y l t r y p t a m i n e  and d i e t h y l t r y p t a m i n e .  

Quay ( 7 8 )  used  d i f -  

4 .3 .3 F l u o r e s c e n c e  d e t e c t i o n  combined w i t h  a n o t h e r  q u a n t i t a t i o n  method 

The p r o p e r t y  o f  f l u o r e s c e n c e  i s  o f t e n  u t i l i z e d  i n  a n a l y t i c a l  p r o c e d u r e s  i n v o l v i n g  

F l u o r e s c e n c e  d e t e c t i o n  may be used  w i t h  h i g h -  a n o t h e r  m a j o r  i n s t r u m e n t a l  t e c h n i q u e .  

p e r f o r m a n c e  l i q u i d  ch romatog raphy  (HPLC, see C h a p t e r  1 0 ) .  D a v i s  s a. ( 2 5 )  have 

used p reco lumn d e r i v a t i z a t i o n  w i t h  o - p h t h a l a l d e h y d e  f o l l o w e d  b y  HPLC w i t h  f l u o r e -  

scence d e t e c t i o n  t o  measure NA, DA, 5-HT, NMN, oc topamine  (OA)  and t y r a m i n e .  A 

s i m i l a r  t e c h n i q u e  has been used f o r  amino a c i d s  ( 5 0 ) .  

o f  n a t i v e  f l u o r e s c e n c e  has been used  t o  measure t r y p t o p h a n ,  5-HIAA, i n d o l e a c e t i c  

a c i d  and i n d o l e p r o p i o n i c  a c i d  (110 )  and 5-HT (60) .  R a d i o l a b e l l e d  DANSYL-C1 has 

been employed t o  q u a n t i f y  c a t e c h o l a m i n e s  and 5-HT (80)  and 0 - m e t h y l - c a t e c h o l a m i n e  

m e t a b o l i t e s  ( 8 1 ) .  DANSYL d e r i v a t i v e s  have a l s o  been used f o r  q u a n t i t a t i o n  u s i n g  

h i g h  r e s o l u t i o n  mass s p e c t r o m e t r y  ( s e e  C h a p t e r  7 ) ,  a method a p p l i c a b l e  t o  many 

n o n c a t e c h o l i c  b i o g e n i c  amines ( 2 9 ) .  

HPLC combined w i t h  d e t e c t i o n  

4.3.4 M i  c romethods 

A s p e c i a l i z e d  a p p l i c a t i o n  o f  t h e  f l u o r e s c e n c e  q u a n t i t a t i o n  method i s  t h e  use  o f  

m ic romethods  d e v e l o p e d  f o r  t h e  a s s a y  o f  compounds i n  s i n g l e  c e l l s .  

measured i n c l u d e  NA, DA, 5-HT, T, A, O A  and amino a c i d s  as w e l l  as many o t h e r  

compounds. 

i n  s i n g l e  c e l l s  o f  H i r u d o  m e d i c i n a l i s  u s i n g  e x t r a c t i o n  w i t h  a s p e c i f i c  l i q u i d  

c a t i o n  exchanger  and m i c r o m o d i f i c a t i o n s  o f  t h e  assay  methods o f  M a i c k e l  and M i l l e r  

( 5 5 )  and S h e l l e n b e r g e r  and Gordon ( 8 5 ) .  

and 4 pmol f o r  DA was r e p o r t e d .  

f o r  t h e  s e m i - q u a n t i t a t i v e  e s t i m a t i o n  o f  DA, 5-HT and NA i n  s i n g l e  c e l l s  ( s e n s i -  

t i v i t i e s  o f  6, 5 and 7 n g  r e s p e c t i v e l y ) .  

t h a t  p r o t e i n  i n t e r f e r e s  t o  a g r e a t e r  e x t e n t  t h a n  w i t h  t h e  DANSYL-C1 p r o c e d u r e s .  

I n  h i s  d e t a i l e d  1974 r e v i e w ,  Osborne ( 7 3 )  c a r e f u l l y  o u t l i n e d  m i c r o p r o c e d u r e s  

i n v o l v i n g  r e a c t i o n  w i t h  DANSYL-C1 t o  measure t h e  amines 5-HT, T, NA, A, OA and amino 

Subs tances  

McCaman g c. ( 5 8 )  have r e p o r t e d  t h e  d e t e r m i n a t i o n  o f  5-HT and DA 

A s e n s i t i v i t y  l i m i t  o f  2 pmol f o r  5-HT 

Osborne ( 7 3 )  d e s c r i b e d  a m o d i f i c a t i o n  o f  t h e  method o f  B e l l  and S o m e r v i l l e  ( 8 )  

The method s u f f e r s  f r o m  t h e  d i s a d v a n t a g e  



a c i d s .  

as 5 pmol on t h i n - l a y e r  chromatograms by d i r e c t  f l uo romet ry .  

DANSYL-C1 i s  used and measured by au torad iography ,  as l i t t l e  as 1 pmol may be 

de tec ted .  Whi le  such methods a r e  very  s e n s i t i v e ,  t hey  a r e  n o t  w i t h o u t  problems. 

Q u a n t i t a t i o n  i s  o f t e n  d i f f i c u l t  because o f  t h e  occur rence o f  undes i rab le  s i d e  

r e a c t i o n s ,  v a r i a b i l i t y  i n  t h e  degree t o  which i n d i v i d u a l  compounds r e a c t ,  and 

v a r i a b i l i t y  due t o  changes i n  t h e  r a t i o  o f  reagent  t o  subs t ra tes .  

s t a t e d  t h a t  t h e  i d e n t i t i e s  and s t r u c t u r e s  of a l l  substances t o  be dansy la ted  must 

be known b e f o r e  q u a n t i t a t i o n  can be c a r r i e d  ou t .  

s tandards  can o n l y  be used when t h e  amino a c i d  and amine con ten ts  o f  a l l  samples 

a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

i s o l a t i n g  t h e  compounds o f  i n t e r e s t  b e f o r e  t h e  d a n s y l a t i o n  r e a c t i o n ;  however, a 

decrease i n  s e n s i t i v i t y  o f  up t o  a f a c t o r  o f  1000 may r e s u l t .  

have been a p p l i e d  t o  t h e  measurement o f  s i n g l e  c e l l  con ten t ,  i n  v i v o  syn thes i s  and 

tu rnove r  of  5-HT i n  t h e  g i a n t  s e r o t o n i n  c e l l s  o f  t h e  ce reb ra l  gang l i on  o f  Helix 
pomatia,  d e t e c t i o n  and measurement of T i n  nervous t i s s u e  of  r a t ,  mouse., s n a i l  

and c rab  and measurement o f  NA, A and OA i n  minu te  t i s s u e  samples. 

Such d e r i v a t i v e s  a r e  h i g h l y  f l uo rescen t  and a l l o w  d e t e c t i o n  of  as l i t t l e  

I f  r a d i o l a b e l l e d  

Osborne has 

Due t o  these l i m i t a t i o n s  i n t e r n a l  

Q u a n t i t a t i o n  can be improved by s e l e c t i v e l y  

These micromethods 

4.4 COMPARISON OF FLUORESCENCE TECHNIQUES AND OTHER ANALYTICAL METHODS 

Q u a n t i t a t i v e  methods u s i n g  measurements o f  f l uo rescence  have a number o f  advan- 

tages  i n  comparison w i t h  many o t h e r  a n a l y t i c a l  techn iques .  I n s t r u m e n t a t i o n  and 

reagents  a r e  inexpens ive  r e l a t i v e  t o  those r e q u i r e d  f o r  techn iques  such as gas 
chromatography o r  mass spec t romet ry .  No s o p h i s t i c a t e d  t r a i n i n g  o f  personnel  

i s  r e q u i r e d  and l a r g e  number o f  samples can be processed d a i l y .  I n  a d d i t i o n ,  

measurement o f  f luorescence i s  a v e r s a t i l e  method which can be used f o r  a n a l y s i s  

o f  any f l u o r e s c e n t  mo lecu le  o r  d e r i v a t i v e .  

Great  c a r e  must be taken t o  o b t a i n  t h e  necessary s e n s i t i v i t y  and s p e c i f i c i t y .  

good example o f  t h e  l a r g e  number o f  f a c t o r s  which can a f f e c t  t h e  outcome o f  any 

assay i s  i l l u s t r a t e d  i n  t h e  work o f  Anton and Sayre (3,4,5). A number o f  examples 

e x i s t  whereby va lues  ob ta ined  by a f l uo rescence  assay do n o t  agree w i t h  more spe- 

c i f i c  methods; f o r  example, Suzuki and Yagi (96)  r e p o r t e d  pheny le thy lamine l e v e l s  

i n  r a t  b r a i n  o f  5 ng/g, as compared t o  1.8 ng/g ob ta ined  by mass spec t romet r i c  

methods (29) ;  Spatz and Spatz (94), and Bou l ton  and M i lward  (11)  r e p o r t e d  u r i n a r y  

pheny le thy lamine l e v e l s  o f  239 and 47 ug/24 h r e s p e c t i v e l y  as compared w i t h  1.7 ug/ 

24 h (89)  u s i n g  mass spectrometry;  Spec tor  gtg. (95)  have found CNS ty ramine 

l e v e l s  o f  1-6 ug/g i n  sharp  c o n t r a s t  t o  t h e  2 ng/g l e v e l  determined by mass spec t ro -  

me t ry  (75) .  

Wiechmann (83)  have s t a t e d  t h a t  t h e  use o f  DANSYL d e r i v a t i v e s  combined w i t h  d i r e c t  
scanning o f  t h i n - l a y e r  chromatograms y i e l d s  a s e n s i t i v i t y  comparable w i t h  t h e  use 

These advantages must be cons idered i n  r e l a t i o n  t o  t h e  f o l l o w i n g  disadvantages. 

A 

Several  d i r e c t  comparisons w i t h  o t h e r  methods have been repo r ted .  S e i l e r  and 
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o f  1 4 C  o r  3H t r a c e r s  (0.005 nmol). Hakanson gt. (39)  found t h a t  t h e i r  improved 

method f o r  measurement o f  h i s tam ine  by r e a c t i o n  w i t h  o -ph tha la ldehyde had a sens i -  

t i v i t y  equal  t o  t h a t  o f  t h e  rad ioenzymat ic  procedure o f  Snyder & g.  (92) .  

G iacob in i  (34) compared t h e  s e n s i t i v i t i e s  o f  va r ious  methods (Tab le  4.1).  Only 

t h e  t h r e e  most s e n s i t i v e  methods i n  t h i s  t a b l e  a r e  a p p l i c a b l e  t o  t h e  measurement 

o f  t r a n s m i t t e r  molecules i n  s i n g l e  v e r t e b r a t e  c e l l s .  I n  a d d i t i o n ,  f l u o r i m e t r y -  

c y c l i n g  [a method whereby substances a r e  sub jec ted  t o  a repeated  c y c l e  o f  enzyme 

r e a c t i o n s  i n  o rde r  t o  a m p l i f y  t h e  r e s u l t a n t  f l uo rescence  (51 ) ]  does n o t  appear t o  

have been used f o r  a n a l y s i s  o f  b iogen ic  amines. 

TABLE 4.1 

Comparison o f  t h e  s e n s i t i v i t i e s  o f  va r ious  a n a l y t i c a l  methods [ f rom G iacob in i  

(8 ) l .  
METHOD SENSITIVITY (moles) 

c o l  o r i  me t r i c 10-9 - 10-10 

gas-chromatographic 10-10 - 10-12 

f 1 u o r i  m e t r i  c 10-11 - 10-12 

r a d i o m e t r i c  10-12 - 10-13 

micro-TLC-DANSYL 10-12 - 10-14 

gas chromatographic-mass spec t romet r i c  10-12 - 10-14 

f l u o r i m e t r y - c y c l  i n g  10-14 - 10-16 

4.5 SUMMARY 

Fluorescence methods have been used f o r  measurement o f  a wide range o f  ca techo l -  

amines, indoleamines and o t h e r  p r imary  and secondary amines o f  b i o l o g i c a l  i n t e r e s t .  

Such methods o f f e r  reasonable s e n s i t i v i t y  and s p e c i f i c i t y  w i t h o u t  a l a r g e  c a p i t a l  

o u t l a y .  I n  a d d i t i o n ,  l a r g e  numbers o f  samples can be processed by r e l a t i v e l y  i n -  

exper ienced personne l .  Micromethods have a1 so been developed wh ich  a1 l ow  measure- 

ment o f  a number o f  b iogen ic  amines i n  s i n g l e  neurons. Needless t o  say, these 

techn iques  r e q u i r e  more c a r e f u l  a p p l i c a t i o n  than measurement done on l a r g e r  p ieces  

o f  t i s s u e .  

n iques  con t inue  t o  be ve ry  popu la r  f o r  a n a l y s i s  of b iogen ic  amines i n  b i o l o g i c a l  

samples, 

Desp i te  t h e  l i m i t a t i o n s  d iscussed i n  t h i s  chapter ,  f l uo rescence  tech-  
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Chapter 5 

HISTOCHEMICAL APPROACHES TO THE DETECTION OF B I O G E N I C  AMINES 

JOHN M. CANDY 

MRC Neuroendocr inology U n i t ,  Newcastle General H o s p i t a l ,  Westgate Road, Newcastle 

upon Tyne, NE4 6BE (Un i ted  Kingdom) 

5.1 INTRODUCTION 

5.1.1 V a l i d a t i o n  o f  h is tochemica l  approach 

I t  can be reasonab ly  argued t h a t  t h e  impetus f o r  t h e  exp los i ve  m u l t i d i s c i p l i n a r y  

e x q u i s i t e l y  s e n s i t i v e  method f o r  t h e i r  c e l l u l a r  l o c a l i z a t i o n  

i n t e r e s t  i n  t h e  b iogen ic  monoamines over  a lmost  t h e  l a s t  two decades r e s u l t e d  f rom 

t h e  development o f  an 

( 1 - 3 ) .  

c o n t a i n i n g  neurones and nerve  t e r m i n a l s  i n  t h e  c e n t r a l  nervous system ( 4 , 5 )  had a 

c a t a l y t i c  e f f e c t  on neurochemistry,  pharmacology and psychopharmacology. The f a c t  

t h a t  t h e  chemical bas i s  o f  t h e  h is tochemica l  method t h a t  r e s u l t e d  i n  t h e  c o n t r o l l e d  

s e l e c t i v e  t r a n s f o r m a t i o n  o f  t h e  b iogen ic  monoamines i n t o  i n t e n s e l y  f l u o r e s c e n t  

p roduc ts  had been e x t e n s i v e l y  i n v e s t i g a t e d  and was w e l l  understood (see Sec t ion  

5.2.1), was i ns t rumen ta l  i n  t h e  wide acceptance o f  t h i s  approach. I n  a d d i t i o n ,  

microspectrofluorimetric a n a l y s i s  o f  t h e  e x c i t a t i o n  and emission spec t ra  a l l ows  t h e  

r e a c t i o n  produc ts  t o  be i d e n t i f i e d  (see Sec t ion  5.2.3). 

The a v a i l a b i l i t y  o f  d e t a i l e d  maps o f  t h e  d i s t r i b u t i o n  o f  t h e  monoamine- 

5.1.2 O u t l i n e  of  h i s t o r y  o f  development o f  h is tochemica l  methods f o r  t h e  d e t e c t i o n  
o f  t h e  monoamines 

Eros ( 6 )  and Eranko ( 7 )  were t h e  f i r s t  t o  r e p o r t  f luorescence a f t e r  t h e  form- 

aldehyde f i x a t i o n  of  t h e  adrenal  medu l la .  Th i s  f luorescence was l a t e r  shown t o  

be due t o  r e a c t i o n  o f  t h e  formaldehyde w i t h  5 -hydroxy t ryp tamine (5-HT; se ro ton in ) ,  

(8,9) and no rad rena l i ne  (NA), (10)  r e s p e c t i v e l y .  

formaldehyde method t o  d e t e c t  t h e  monoamines i n  neurones was l a t e r  a t t r i b u t e d  t o  

d i f f u s i o n  o f  t h e  monoamines, (11,12). The s o l u t i o n  t o  t h i s  problem was t h e  d i s -  

covery  by Fa lck  gal. (1 )  t h a t  t h e  catecholamines i n  a d r i e d  p r o t e i n  m a t r i x  a r e  

conver ted  i n t o  i n t e n s e l y  f l u o r e s c e n t  d e r i v a t i v e s  when exposed t o  formaldehyde gas. 

The subsequent a p p l i c a t i o n  o f  t h i s  techn ique t o  f reeze -d r ied  t i s s u e s  (2,3) de te r -  

mined t h e  methodology used f o r  t h e  h is tochemica l  d e t e c t i o n  o f  t h e  monoamines f o r  

t h e  ensuing decade. 

aqueous formaldehyde method ( 7 ) ,  because of  i t s  i n t r i n s i c  s i m p l i c i t y  none r e s u l t e d  

i n  a method w i t h  comparable s e n s i t i v i t y  t o  t h a t  developed by exposure o f  f reeze -  
d r i e d  t i s s u e  t o  formaldehyde gas ( formaldehyde- induced f luorescence, F. I .F.) .  The 

n e x t  ma jor  advance i n  t h e  F.I.F. method was t h e  i n t r o d u c t i o n  by H o k f e l t  and 

The f a i l u r e  o f  t h e  aqueous 

A l though t h e r e  were severa l  a t tempts  (13-16) t o  r e f i n e  t h e  



Ljungdahl ( 1 7 )  of a new way of processing and sect ioning t i s s u e ,  allowing unfixed 
o r  l i g h t l y  fixed t i s s u e  t o  be reproducibly sectioned down t o  20 wn a t  0-50C using 
a vibratome. A t  a b o u t  the  same time Axelsson gtt. (18) were searching f o r  re -  
agents ,  other  t h a n  formaldehyde, t h a t  were capable of forming highly f luorescent  
molecules from the monoamines. From a range of carbonyl compounds screened, glyoxylic 
acid appeared t o  be one of the most po ten t ia l ly  useful reagents. Subsequently, i t  
was shown by Lindvall g a. (19,20) t h a t  appl icat ion of the glyoxylic acid method 
t o  sect ions cut  on a vibratome resul ted in  a remarkable increase in  the s e n s i t i v i t y  
a n d  precision with which the catecholamines could be visual ized.  
acid method which has been successful ly  applied t o  c ryos ta t  sect ions (21-23) i s  an  
improvement on the F . I . F .  c ryos ta t  method (15,24-27). 
introduct ion of the magnesium-catalyzed glyoxylic acid formaldehyde react ion and 
the  aluminium-catalyzed formaldehyde react ion t o  cryostat-cut  sect ions (28,29), 
the c ryos ta t  method i s  n o t  as  s e n s i t i v e  as the vibratome technique. The glyoxylic 
acid method has improved the loca l iza t ion  of the monoamines i n  whole m o u n t  prep- 
a ra t ions  (20,30,31) compared with the F . I . F .  method (32-34). I n t e r e s t i n g l y ,  i t  
has been reported t h a t  monoamines can be demonstrated i n  whole m o u n t  preparations 
with s imi la r  s e n s i t i v i t y  t o  t h a t  of the glyoxylic acid method a f t e r  incubation o f  

the  t i s s u e  a t  ambient temperature with a mixture of formaldehyde a n d  glutaraldehyde 
(35) .  The main advantage of t h i s  technique i s  t h a t  the  t i s s u e  can be subsequently 
processed f o r  e lec t ron  microscopy. 
F . I . F .  method has been made possible by the discovery t h a t  aluminium ions increase 
the fluorescence y i e l d ;  t h i s  modification of the  F . I . F .  method has made i t  as 
s e n s i t i v e  as  the glyoxylic acid vibratome procedure ( 2 9 ) .  

The glyoxylic 

However, even with the  

A major increase i n  the  s e n s i t i v i t y  of the 

5.1.3 Fluorescence microscopy and  microspectrofluorimetry in  the  detect ion of 
the monoami nes 

Fluorescence microscopy allows the detect ion of very low concentrations o f  

substances t h a t  a r e  f luorescent ,  or t h a t  can be made by chemical modification in to  
f luorescent  der ivat ives .  The basic mechanisms of fluorescence a r e  described i n  
Chapter 4 ( t h i s  volume). 
involves the absorption of l i g h t  of short wavelength, i t s  exc i ta t ion  of the  fluoro- 
phore molecules a n d  i t s  re-emission a t  a longer wavelength. Thus, fluorescence 
microscopy involves the  i l luminat ion of the specimen with l i g h t  of the appropriate  
wavelength ( f o r  detect ion of the monoamines the exc i t ing  l i g h t  should be between 
370 and 410 nm) and t h i s  i s  achieved by using an exc i ta t ion  f i l t e r  in  the illumin- 
a t ion  pathway. 
the shor te r  wavelength l i g h t  using a secondary or  b a r r i e r  f i l t e r  ( f o r  the monoamine 
fluorophores a secondary f i l t e r  t h a t  t ransmits  l i g h t  above 460 nm should be used). 

The a b i l i t y  t o  b o t h  accurately loca l ize  and  quant i ta te  substances within t i s sues  
i s  obviously of fundamental importance f o r  quant i ta t ive  histochemistry. Micro- 

Suff ice  i t  t o  say here t h a t  the phenomenon of fluorescence 

The l i g h t  emitted by the specimen i s  detected a f t e r  f i l t e r i n g  out 
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chemical and cytophotometric techniques have been used which enable the localiz- 

ation and quantitation of a substance in tissue. Cytophotometry involves the 

optical quantitation of a substance within a cell and the most commonly used methods 

are those of fluorimetry, absorptiometry and reflectiometry. 

microfluorimetry has a number of advantages over microdensitometric methods, 

including its specificity and extreme sensitivity, allowing both spectral analysis 

and fluorescence quantitation of the amine fluorophores. Spectral analysis re- 

quires that both excitation and emission spectra are recorded and as these are 

often characteristic of a particular fluorophore this approach allows tentative 

identification of the amine fluoroDhore. 

For quantitation, 

5.2 CHEMICAL BACKGROUND TO THE FORMALDEHYDE AND GLYOXYLIC ACID METHOD 

5.2.1 Reaction mechanisms in the formaldehyde method 

The chemical mechanisms involved have been extensively studied and elucidated 

(12,36-40). 

a Pictet-Spengler type cyclization, which only occurs with primary and secondary 

amines. 

nucleus and is promoted by a high electron density at the point of ring closure, 

i.e. the 6-position of the phenylethylamine (PEA) molecule (Fig. 5.1, Al) and the 

2-position of the indolylethylamine molecule (Fig. 5.1, Bl), yielding weak or non- 

fluorescent 1,2,3,4-tetrahydroisoquinoline compounds in the case of the PEA deriv- 

atives (Fig. 5.1, A2) or 1,2,3,4-tetrahydro-~-carboline compounds (Fig. 5.1, B 2 )  

in the case of an indolylethylamine derivative. In the presence of a protein 

matrix, the tetrahydro-derivatives are converted to strong fluorophores. Two 

routes of fluorophore formation are possible; 1) autoxidation to the 3,4-dihydro- 

isoquinoline (Fig. 5.1, A3) for the PEA derivatives or formation of a 3,4-dihydro- 

6-carboline for the indolylethylamine derivatives (Fig. 5.1, B3); 2 )  a further 

acid-catalyzed reaction of the 1,2,3,4-tetrahydroisoquinoline compound to yield 

a 2-methyl-3,4-dihydroisoquinoline derivative (Fig. 5.1, A5) or in the case of the 

1,2,3,4-tetrahydro-B-carboline a 2-methyl-3,4-dihydro-B-carbolinium compound 

(Fig. 5.1, B4). 

exhibit a pH-dependent tautomerism between two states of the fluorophore and this 

is reflected in their fluorescent characteristics. 

intensely fluorescent quinonoidal form is dominant (Fig. 5.1, A4 and A6). 

Fluorophore formation in the formaldehyde reaction involves initially 

Ring cyclization is produced by an electrophilic attack on the phenyl 

The 3,4-dihydroisoquinolines derived from 3-hydroxylated PEAS 

In the pH range 6-10 the 

5.2.2 Reaction mechanisms in the glyoxylic acid method 

glyoxylic acid to form strong fluorophores in basically the same manner in which 

they react with formaldehyde (41-44). 

lethylamine derivative in 

in the formation, via a Schiff base, of a 1,2,3,4-tetrahydroisoquinoline-l-carboxyli~ 

Primary and secondary PEAS and indolylethylamines have been shown to react with 

The initial reaction of a PEA or indoly- 

an acid-catalyzed Pictet-Spengler condensation results 
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Fig. 5.1. Formation of fluorophores from phenylethylamines and indolylethylamines by formaldehyde. In the case of a 
phenylethylamine either a 3,4-di hydroisoquinol ine derivative (A3) or a 2-methyl -3,4-di hydroisoquinol inium compound (A5) 
i s  formed. These derivatives exhibit a pH-dependent tautomerism with their quinonoidal forms ( A 4  and A6 respectively). 
For dopamine R 1  
carboline (63)  or through a second acid-catalyzed reaction a 2-methyl-3,4-dihydro-8-carbolinium compound (84). 
hydroxytryptamine R = OH and for tryptamine R = H. 

= O H ,  R 2  = H and for noradrenaline R ,  = OH, R, = OH. The indolylethylamines yield a 3,4-dihydro-~- 
For 5- 
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a c i d  i n  t h e  case  o f  a PEA ( F i g .  5.2, A2) o r  o f  a 1,2,3,4-tetrahydro-8-carboline-l- 

c a r b o x y l i c  a c i d  ( F i g .  5.2, 82) w i t h  an  i n d o l e t h y l a m i n e .  These i n t e r m e d i a t e  com- 

pounds a r e  o n l y  w e a k l y  f l u o r e s c e n t  and a r e  t r a n s f o r m e d  i n t o  i n t e n s e  f l u o r o p h o r e s  

i n  s i m i l a r  ways t o  t h o s e  o u t l i n e d  f o r  t h e  fo rma ldehyde  r e a c t i o n ,  i . e .  1 )  a u t o x i d -  

a t i v e  d e c a r b o x y l a t i o n  t o  f o r m  a 3 , 4 - d i h y d r o i s o q u i n o l i n e  ( F i g .  5.2, A3) i n  t h e  PEA 

r e a c t i o n  sequence and a 3 , 4 - d i h y d r o - B - c a r b o l i n e  ( F i g .  5.2, 83 )  i n  t h e  case  o f  an  

i n d o l y l e t h y l a m i n e  o r  2 )  a f u r t h e r  a c i d - c a t a l y z e d  r e a c t i o n  w i t h  g l y o x y l i c  a c i d  t o  

y i e l d  i n  t h e  case  o f  a PEA a 2-carboxymethyl-3,4-dihydroisoquinolinium compound 

( F i g .  5.2, A5) o r  w i t h  an i n d o l y l e t h y l a m i n e  a 2-carboxymethyl-3,4-dihydro-B- 

c a r b o l i n i u m  compound ( F i g .  5.2, B4) ,  w h i c h  may p o s s i b l y  be d e c a r b o x y l a t e d  t o  y i e l d  

a 2 - m e t h y l  - 3 , 4 - d i  h y d r o - 8 - c a r b o l  i n i u m  d e r i v a t i v e  ( F i g .  5.2, 8 5 ) .  

i s o q u i n o l i n e  and 2-carboxymethyl-3,4-dihydroisoquinolinium d e r i v a t i v e s  fo rmed  f r o m  

3 - h y d r o x y l a t e d  PEAS e x h i b i t  a pH-dependent tau tomer i sm,  i . e .  a t  n e u t r a l  pH t h e i r  

q u i n o n o i d a l  f o rms  a r e  dominan t  ( F i g .  5.2, A4 and A6 r e s p e c t i v e l y ) .  

The 3,4-d i  h y d r o -  

A number o f  s t u d i e s  have used  a combined fo rma ldehyde  and g l y o x y l i c  a c i d  

t r e a t m e n t  (e.g. 21,28,45); t h e  most  l i k e l y  r e a c t i o n  sequences a r e  shown i n  F i g .  5.3, 

u s i n g  a 3 - h y d r o x y l a t e d  PEA d e r i v a t i v e  as an  example.  

w i t h  g l y o x y l i c  a c i d  ( F i g .  5.3, A1 t o  A4) o r  w i t h  fo rma ldehyde  ( F i g .  5.3, A 1  t o  A5 

t o  A10 o r  A1 t o  A5 t o  A8) i n  t h e  manner a l r e a d y  d e s c r i b e d .  

1,2,3,4-tetrahydroisoquinoline f o rmed  a f t e r  c o n d e n s a t i o n  o f  a PEA w i t h  fo rma ldehyde  

( F i g .  5.3, A5) c a n  f u r t h e r  r e a c t  w i t h  g l y o x y l i c  a c i d  t o  f o r m  a Z - c a r b o x y m e t h y l -  

3,4-dihydroisoquinolinium d e r i v a t i v e  ( F i g .  5.2, A6) .  No f u r t h e r  r e a c t i o n  w i t h  

g l y o x y l i c  a c i d  a t  t h e  4 - p o s i t i o n  can  o c c u r  w i t h  t h i s  d e r i v a t i v e  however; t h e  

3.4-dihydroxyphenylalanine (DOPA) d e r i v a t i v e  r e a c t s  w i t h  g l y o x y l i c  a c i d  t o  f o r m  

a 2,4-dicarboxymethyl-3,4-dihydroisoquinolinium compound. Thus t h e  f l u o r o p h o r e s  

fo rmed  f r o m  DOPA and dopamine (DA) i n  t h i s  m i x e d  r e a c t i o n  have marked s t r u c t u r a l  

d i f f e r e n c e s  and t h i s  fo rms  a p o s s i b l e  b a s i s  f o r  t h e i r  microspectrofluorimetric 
d i f f e r e n t i a t i o n  ( 4 6 ) .  

a f t e r  c o n d e n s a t i o n  w i t h  fo rma ldehyde  a l m o s t  c e r t a i n l y  c a n  r e a c t  f u r t h e r  w i t h  

g l y o x y l i c  a c i d  i n  an  ana logous  way t o  t h e  r e a c t i o n s  o f  t h e  DA and DOPA d e r i v a t i v e s  

( 4 6 ) .  

The PEA can  e i t h e r  r e a c t  

I n  a d d i t i o n  t h e  

The i n d o l y l e t h y l a m i n e s  and t h e i r  c o r r e s p o n d i n g  amino a c i d s  

5.2.3 F l u o r e s c e n c e  and microspectrofluorimetric a n a l y s i s  i n  t h e  d e t e c t i o n  o f  t h e  
monoamines 

T a b l e  5.1 l i s t s  t h e  f l u o r e s c e n c e  y i e l d s  r e l a t i v e  t o  t h o s e  o f  NA o r  DA i n  t h e  

F . I .F .  r e a c t i o n  and t h e  s p e c t r a l  c h a r a c t e r i s t i c s  o f  a number o f  PEA d e r i v a t i v e s  

a f t e r  r e a c t i o n  i n  a p r o t e i n  m a t r i x  w i t h  fo rma ldehyde  vapour  o r  g l y o x y l i c  a c i d  

vapour .  

g l y o x y l i c  a c i d  

o f  t h e  s u b s t i t u e n t s  on  t h e  3 , 4 - p o s i t i o n  o f  t h e  m o l e c u l e .  

f o rma ldehyde  i n d u c e d  f l u o r e s c e n c e ,  t h e  g l y o x y l i c  a c i d  method gave a g r e a t e r  f l u o -  

I t  c a n  be seen t h a t  t h e  f l u o r e s c e n c e  y i e l d  i n  b o t h  t h e  fo rma ldehyde  and 

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

A l s o ,  i n  a l l  cases  where 
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F ig .  5.2. React ion of  phenylethy lamine and i n d o l y l e t h y l a m i n e  d e r i v a t i v e s  w i t h  g l y o x y l i c  ac id .  
3 ,4-d ihydro isoquinol ine (A3)  or  i n  a second ac id -ca ta l yzed  r e a c t i o n  a Z-carboxymethyl-3,4-dihydroisoquinolinium d e r i v a t i v e  
(A5) .  
form e i t h e r  a 3,4-d ihydro-@-carbol ine (83) o r  a 2-carboxylmethyl-3,4-dihydro-@-carboline (B3) o r  a 2-carboxylmethyl-3,4- 
d i  hydro-5-carbol  i n i u m  compound (85) .  

Phenylerhylamines y i e l d  a 

Indo ly le thy lam ines  can These d e r i v a t i v e s  a t  n e u t r a l  pH a re  i n  t h e i r  qu inonoidal  forms (A4 and A6 r e s p e c t i v e l y ) .  



'3oi\ NHZ HOOCCHO -> @ NH- HOOCCHO ~ \ /  N-CH,COO 7 , , N-CHzCoCm 

Ri  
COOH A 3  A 4  A1 PHENYLETHYLAHINE A2  

1, HCHO 

A= I 
Ab A7 

Rz Rz 

A10 A l l  

Fig. 5.3. Illustrates the possible reaction pathways for a phenylethylamine in the combined formaldehyde and glyoxylic 
acid reactions. Derivatives formed by reaction solely with glyoxylic acid include 2-carboxymethyl-3,4-dihydroisoquin- 
olinium compounds (A3, A4), while derivatives formed by reaction solely with formaldehyde are a 2-methyl-3,4-dihydro- 
isoquinolinium compound (A9) and 3,4-dihydroisoquinoline compounds (A10, All). 
dihydroisoquinolinium derivative (A6) may be formed after reaction of a phenylethylamine with formaldehyde and glyoxylic 
acid. W 

In addition a 2-carboxymethyl-3,4- 



TAaLE 5.1 

FLUORESCEiiCE YIELDS L'JD SPECTRAL CmCTERISTICS OF A "JHBER OF PI~EPJYLETHYLAMINE DERIVATIVES AFTER FORMALDEHYCE AND 
GLYOXYLIC ACID TREATMENTS[ADAPTED FROX BJORKLUND % 2. (47), LINDVALL g g. (42), BJORKLUND G. (43), BJORYLUND % 
al. (51) and LINDVALL and BJORKLUND (20)] - 

COMPOUND 

FORMALDEHYDE VAPOUR TREATMENT 

RELATIVE 
FLUORESCENCE 

YIELD* 

PEA (Phenylethylamine) 0 
Phenylalanine 0 
3-Hydroxy-PEA (m-tyramine) 58 

2-Hydroxy-PEA (0-tyramine) 0 

4-Hydroxy-PEA (p-tyramine) 0 
a-Carboxy-4-hydroxy-PEA (p-tyrosine) 0 
4.8-dihydroxy-PEA (octopamine) 0 
3-methoxy-PEA 2 
4-methoxy- PEA 0 

3,4-dihydroxy-PEA (dopamine) 103 
3-hydroxy-4-methoxy-PEA 227 

a-Carboxy-3-Hydroxy PEA (m-tyrosine) NA 

=-Carboxy-2-hydroxy PEA (0-tyrosine) NA 

3-methoxy-4-hydroxy-PEA 0 
3,4-dimethoxy-PEA 0 

=-Carboxy-3,4-dihydroxy-DOPA 120 
=-Crrboxy-3,4,B-trihydroxy-PEA (DOPS) 10 
3.4-f3-trihydroxy PEA (noradrenaline) 100 
=-methyl-3,4,B-trihydroxy-PEA 100 

N-methyl-3,4,B-trihydroxy-PEA (adrenaline) 47 

(a-methylnoradrenaline) 

(=-methyl dopamine) 
a-methyl-3,4-dihydroxy-PEA 70 

NA, data not available. 

EXCITATION 
MAX (nm) 

- 
385 
NA 
- 
NA 
- 

- 
320 and 410 

405 
- 
- 

320 and 410 
320 and 410 

3 80 
320 and 410 
320 and 410 

320 and 410 

EMISSION 
MAX (nm)  

- 
415 and 510 

NA 
- 
NA 
- 

- 
475 
460 
- 
- 
475 
475 
470 
475 
475 

475 

GLYOXYLIC ACID VAPOUR TREATMENT 

RELATIVE 
FLUORESCENCE 

YIELD* 

aa(o)b 
3 

178 
480 
3 
23 
3 
13 
lO(25) 
0 

0 

3443 
90 
2 50 
14 (45) 

638 (570) 
145 
296 (445) 
3 30 

452 (810) 

360 

EXCITATION 
MAX (m) 

- 

NA 
NA 
- 
NA 
- 
NA 
NA 

- 
330 and 375 

NA 
NA 

335 
330 and 380 

NA 
330 and 375 

NA 

- 

NA 

EMISSION 
MAX (nm) 

- 
- 
NA 
NA 
- 
NA 

NA 
NA 

- 

- 
- 
460 
NA 
NA 

485 
4 80 
NA 
460 
NA 

- 

NA 

* Fluorescence yield relative to NA or DA yield in the F.I.F. method. 
a Data from Lindvall g... (42) 
b Data from Bjorklund ete.(43) or Lindvall and Bjorklund ( 2 0 ) .  
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rescence y ie ld .  
cence i n  e i t h e r  react ion.  
the PEA der iva t ives  with only one subs t i tuent  on the benzene r ing gave a s i g n i f i c a n t  
fluorescence y i e l d .  2-Hydroxylated P E A  der ivat ives  (g-tyramine, g - t y r o s i n e ) ,  
4-hydroxylated PEA der ivat ives  (p-tyramine, p- tyrosine and  octopamine), 3-methoxy- 
PEA and 4-methoxy-PEA were without s i g n i f i c a n t  fluorescence. 3-Hydroxylated PEAs 
gave a g rea te r  fluorescence y ie ld  t h a n  3-methoxylated PEAs, thus m-tyramine 
produced a more intensely f luorescent  fluorophore t h a n  3-methoxy-PEA. 
of  a hydroxy or rnethoxy group i n  the 4-position i n  addi t ion t o  a hydroxy g r o u p  
a t  the  3-position ( D A ,  3-hydroxy-4-methoxy-PEA) grea t ly  increased the  fluorescence 
y ie ld  i n  comparison t o  a PEA der iva t ive  with a hydroxy g r o u p  i n  the  3-position 
a n d  no subs t i tuent  in  the 4-position ( p t y r a m i n e ) .  The presence of a hydroxy 
group i n  the  3-position was essent ia l  f o r  fluorescence in  
act ion as 3-methoxy-PEA, 3-methoxy-4-hydroxy-PEA and 3,4-dimethoxy-PEA formaldehyde 
der ivat ives  were non-fluorescent. In te res t ing ly ,  i n  the  glyoxylic acid react ion 
3-methoxy-4-hydroxy P E A  gave s i g n i f i c a n t  fluorescence while the  3,4-dimethoxy-PEA 
der iva t ives  did n o t .  Subst i tut ion on  the nitrogen of the s ide  chain reduces the  
fluorescence y i e l d ,  thus adrenal ine ( A )  produced only half the fluorescence y ie ld  
compared with DA o r  NA i n  the  formaldehyde method and a considerably lower f luo-  
rescence y i e l d  in  the glyoxylic acid react ion.  
on  the  a-carbon of the s ide  chain resu l ted  in  an increased fluorescence y i e l d  in  
the  glyoxylic acid react ion i n  the case of m-tyrosine and  D O P A ,  while DOPA has a 
s imi la r  fluorescence y ie ld  t o  DA i n  the  formaldehyde react’ion. 
of a methyl group on  the  a-carbon (a-methyl-NA and  a-methyl-DA) did n o t  s i g n i f i -  
can t ly  a f f e c t  the fluorescence y ie ld  compared t o  t h a t  of the parent molecule. 
The presence of a B-hydroxyl group in  NA did n o t  a f f e c t  the fluorescence y ie ld  in  
the formaldehyde react ion b u t  s i g n i f i c a n t l y  decreased i t  i n  the glyoxylic acid 
reac t ion ;  however, with a-carboxy-3,4, B-trihydroxy-PEA ( D O P S ) ,  which has both a 
carboxyl g r o u p  on the  a-carbon and a 6-hydroxyl group, there  was a marked decrease 
in  the  fluorescence y ie ld  compared with t h a t  of DA in  both the formaldehyde and 
glyoxylic acid react ions.  Table 5.1 shows t h a t  the  spec t ra l  c h a r a c t e r i s t i c s  of 
the phenylethylamine der iva t ives  (with the  exception of m-tyramine) a re  s imi la r  f o r  
both the formaldehyde and glyoxylic acid methods. 
maxima a r e  a t  320 nm a n d  410 nrn/470-480 nm in  the case of the  formaldehyde-induced 
fluorophores a n d  330 a n d  375 nm/460-480 nm f o r  the glyoxylic acid-induced fluoro- 
phores. 
e a s i l y  s p l i t  o f f  by acid (42,48-50) yielding a dihydroisoquinoline der iva t ive  
which exhib i t s  qu i te  d i f f e r e n t  spec t ra l  propert ies  with the main exc i ta t ion  peak 

a t  320-330 nm. In c o n t r a s t ,  the  exc i ta t ion  peak f o r  the  D A  fluorophore a f t e r  
acid treatment remains unchanged (42,48-50). 
of the NA fluorophore a f t e r  exposure t o  acid forms the  basis  of a method f o r  d i f f e r -  

PEA and  i t s  amino acid phenylalanine gave no detectable  f luores-  
Only the 3-hydroxylated PEAs (m-tyramine, m-tyrosine) of 

The presence 

the formaldehyde re- 

The presence of a carboxy g r o u p  

However, the presence 

Thus the excitation/emission 

The NA and A fluorophores produced have a l a b i l e  4-hydroxy g r o u p  which i s  

This change in  the  exc i ta t ion  spectra  



TABLE 5.2 

FLUORESCENCE YIELDS AND EXCITATION/EMISSIOii MAXIMA OF SOME INDOLYLETHYLAME DERIVATIVES AFTER FORMALDEHYDE OR GLYOXYLIC 
ACID TREATMENTCADAPTED FROM BJORKLUND & g. 
BJORKLUND (2011 

(47), LINDVALL &. (42), BJORKLUND (43) and BJORKLUND, LINDVALL and 

COMPOUND 

Tryptamine 

Tryptophan 

5-Hydroxytryptamine 

5-Methoxytryptamine 

5-Hydroxytryptophan 

5-Methoxytryptophan 

6-Hydroxytryptamine 

5.6-Dihydroxytryptamine 

N-Acetyl-5-hydroxytryptamine 

N-Acetyl-5-methoxytryptamine 
(Melatonin) 

N,N-Dimethyltryptamine 

N,N-Dimethyl-5-hydroxy- 
tryptamine (Bufotenin) 

N-Methyl-5-hydroxytryptamine 

FORMALDEHYDE VAPOUR TREATMENT GLYOXYLIC ACID TREATMENT 

RELATIVE 
FLUORESCENCE 

EXCITATION EMISSION 
MAX (nm) MAX (nm) 

EXCITATION 
MAX (nm) 

RELATIVE 
FLUORESCENCE 

YIELD* MAX (nm) YIELD* 

9 

8 

33 

14 

3 

3 

19 5 

14 

IiA 

0 

0 

0 

3 70 495 

375 435 or 500 

(315Id,385 and 415 520-530 

(330) ,380 and (410) 50SC 

310, 385 and 415 520-530 

(385) and 410 505 

385 (420) 505 

310,(380) and 405 500 

NA NA 

- - 

305a (280) 

375 (240) 

125 (70) 

(100) 

130 (30) 

NA 

( 600 ) 

(190) 

115 (20) 

80 (40) 

3 70 

3 70 

375 

375 

,320) ,380 and 410 

NA 

3 8 5 -400 

405 

3 70 

(335) and 370 

495 

500 

5 20-5 40 

520-540 

520-540 

NA 

500 

500 

480 

500 

- 115 (340) and 370 4 30 

35 (340) and 370 4 30 - 

3 315,(390) and 415 490 80 (20) 370 500 

IJA, Data not available. bData in brackets from Bjorklund g .  (43) 
*Fluorescence yield relative to NA or DA yield in the F.I.F. method. 
aData from Lindvall and Bjorklund (20). centrations. 

CEmission peak maximum 520-53OnM at high con- 

dFigure in brackets indicates the position of a 
small peak or shoulder in the spectrum. 
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e n t i a t i n g  DA from NA a t  t h e  c e l l u l a r  l e v e l  u s i n g  microspectrofluorimetric a n a l y s i s  

(49,50). 

Table 5.2 shows t h e  f luorescence y i e l d s  r e l a t i v e  t o  DA and NA i n  t h e  F . I . F .  
method and s p e c t r a l  c h a r a c t e r i s t i c s  o f  a number o f  i n d o l y l e t h y l a m i n e  d e r i v a t i v e s  

i n  t h e  formaldehyde and g l y o x y l i c  a c i d  r e a c t i o n s .  

a c i d  t r yp tophan  (TP) produce o n l y  a v e r y  l ow  f l uo rescence  y i e l d  i n  t h e  fo rmalde-  

hyde r e a c t i o n ;  however, g l y o x y l i c  a c i d  conver t s  these compounds i n t o  i n t e n s e l y  

f l uo rescen t  d e r i v a t i v e s .  

5-methoxy-T) cons ide rab ly  reduces t h e  f luorescence y i e l d  i n  bo th  t h e  formaldehyde 

and g l y o x y l i c  a c i d  r e a c t i o n s .  

t h e  s i d e  cha in  r e s u l t s  i n  a decreased f luorescence y i e l d  f o r  bo th  5 -hydroxy t ryp-  

tophan (5-HTP) and 5-methoxytryptophan (5-MTP) i n  t h e  formaldehyde r e a c t i o n  b u t  

has l i t t l e  e f f e c t  on t h e  f luorescence y i e l d  o f  5-HTP i n  t h e  g l y o x y l i c  a c i d  method. 

The presence of  a hydroxy group i n  t h e  6 - p o s i t i o n  (6-hydroxy-T) r e s u l t s  i n  a d ramat ic  

i nc rease  i n  t h e  f luorescence y i e l d  i n  bo th  r e a c t i o n s .  However, hydroxy s u b s t i t u -  

t i o n  i n  t h e  5 ,6 -pos i t i on  (5,6-dih.ydroxy-T) d r a s t i c a l l y  reduces t h e  f l uo rescence  

y i e l d .  A c e t y l a t i o n  o f  t h e  n i t r o q e n  o f  t h e  s i d e  cha in  r e s u l t s  i n  some r e d u c t i o n  i n  

f luorescence y i e l d  i n  t h e  g l y o x y l i c  a c i d  r e a c t i o n  f o r  bo th  me la ton in  and N-acety l -  

5-HT, whereas me la ton in  e x h i b i t s  no f luorescence i n  t h e  formaldehyde method. 

Me thy la ted  i n d o l y l e t h y l a m i n e s  (N,N-dimethyl-T, b u f o t e n i n  and N-methyl-5-HT) a l l  

e x h i b i t  f l uo rescence  i n  t h e  g l y o x y l i c  a c i d  method w h i l e  they  a r e  almost t o t a l l y  non- 

f l u o r e s c e n t  i n  t h e  formaldehyde method. 

a c i d  n o r  formaldehyde methods o p t i m a l l y  d e t e c t s  5-HT. 

emiss ion  peak maxima t h a t  a r e  a t  a l o n g e r  wavelength than t h e  pheny ie thy lamine 

f l uo rophores  formed by condensat ion w i t h  formaldehyde ( c f  Tables 5.1 and 5 .2) .  Two 

groups o f  i n d o l y l e t h y l a m i n e  f l uo rophores  can be d i s t i n g u i s h e d  on t h e  b a s i s  o f  t h e i r  

d i f f e r e n t  emiss ion  peak maxima. One group o f  i n d o l y l e t h y l a m i n e s  (T, TP, 5-methoxy- 

T, 5-MTP, 6-hydroxy-T, 5,6-dihydroxy-T and N-methyl-5-HT) has emiss ion  peak maxima 

i n  t h e  range f rom 490-505 nm. The o t h e r  group o f  i n d o l y l e t h y l a m i n e s  has e x c i t a t i o n  

maxima rang ing  f rom 520-530 nrn and i n c l u d e s  5-HT and 5-HTP as w e l l  as 5-methoxy-T 

a t  h i g h  c o n c e n t r a t i o n  (Tab le  5 .2 ) .  The group o f  i n d o l y l e t h y l a m i n e s  w i t h  emiss ion  

maxima i n  t h e  range 490-505 nm can be f u r t h e r  s p l i t  i n t o  two groups on t h e  b a s i s  of  
t h e i r  e x c i t a t i o n  maxima. The f i r s t  group i s  c h a r a c t e r i z e d  by a s i n g l e  e x c i t a t i o n  

peak i n  t h e  r e g i o n  of 370 nm, e.g. T. 

presence o f  two e x c i t a t i o n  peaks w i t h  maxima a t  380-390 nm and a t  405-420 nm, e.g. 

5-HT; i n  a d d i t i o n  t h i s  group o f t e n  has a smal l  peak o r  shou lder  i n  i t s  e x c i t a t i o n  

spectrum a t  310-330 nm. 

Tryptamine ( T )  and i t s  amino 

A hydroxy  o r  methoxy group i n  t h e  5 - p o s i t i o n  o f  T (5-HT, 

The presence o f  a carboxy group on t h e  a-carbon o f  

N- 

I t  i s  apparent t h a t  n e i t h e r  t h e  g l y o x y l i c  

The i n d o l y l e t h y l a m i n e  f l uo rophores  produced i n  t h e  formaldehyde r e a c t i o n  have 

The o t h e r  group i s  d i s t i n g u i s h e d  by t h e  

A f t e r  g l y o x y l i c  a c i d  t rea tmen t  t h e  i n d o l y l e t h y l a m i n e s  can be separa ted  i n t o  3 



T A B L E  5 . 3  

Methods  f o r  t h e  v i s u a l i s a t i o n  o f  t h e  monoamines u t i l i s i n g  f r e e z e - d r y i n g .  

Methods u t i l i s i n g  f r e e z e - d r i e d  p a r a f f i n  embedded t i s s u e  

P r o c e d u r e  
F o r m a l d e h y d e  R e a c t i o n  A l u m i n i u m - C a t a l y s e d  R e a c t i o n  M a g n e s i u m - C a t a l y s e d  R e a c t i o n  

L o r 6 n  e t  a l .  ( 4 5 )  F a l c k  a n d  Owman ( 5 2 )  A j e l i s  e t  a l .  ( 2 9 )  

P e r f u s i o n  
C o n d i t i o n s  

T i s s u e  T i s s u e  r a p i d l y  e x c i s e d  a n d  
P r o c e s s i n g  q u e n c h e d  ( i s o p e n t a n e  o r  

p r o p a n e - p r o p y l e n e  p r e c o o l e d  
i n  l i q u i d  n i t r o g e n )  
F r e e z e - d r i e d  a t  - 3 0  C t o  
-4OOC. T r e a t e d  w i t h  p a r a -  
f o r m a l d e h y d e  ( 50-70% 
r e l a t i v e  h u m i d i t y )  a t  8OoC 
f o r  l h .  Embedded i n  
p a r a f f i n  wax .  S e c t i o n e d .  
S e c t i o n s  mounted  u s i n g  non-  
f l u o r e s c e n t  m o u n t a n t .  

I c e - c o l d  t y r o d e  b u f f e r  (pH7) 
c o n t a i n i n g  2 %  g l y o x y l i c  a c i d  
f o l l o w e d  a t  h i g h  p r e s s u r e  
( 0 . 8 - 2  b a r / c m 2 )  b y  t y r o d e  
b u f f e r  ( P H  3 . 8 )  c o n t a i n i n g  4% 
p a r a f o r m a l d e h y d e  w i t h  150mM 
nlz(SO4) 3 .  

Same a s  f o r m a l d e h y d e  
r e a c t i o n .  

E i t h e r  a )  4 %  p a r a f o r m a l d e -  
h y d e  w i t h  1 M  MgS04 i n  0 . 1 M  
p h o s p h a t e  b u f f e r  ( f i n a l  
pH4-5) o r  b )  2 %  g l y o x y l i c  
a c i d  a n d  0 . 5 %  p a r a f o r m a l d e -  
hyde  w i t h  1 M  MgS04 i n  0 . 1 M  
p h o s p h a t e  b u f f e r  ( f i n a l  
pH4-5) . 
Same a s  f o r m a l d e h y d e  
r e a c t i o n .  
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groups on t h e  bas i s  o f  t h e i r  e x c i t a t i o n  spec t ra .  Thus 5-HT, 5-methoxy-T 

and 5-HTP have e x c i t a t i o n  maxima rang ing  f rom 520-540 nm and N,N-dimethyl-T 

and N,N-dimethyl-5-HT have an e x c i t a t i o n  peak a t  a much s h o r t e r  wavelength 

(430 nm), w h i l e  t h e  remain ing  i ndo ly le thy lam ines  have s i m i l a r  e x c i t a t i o n  peak 

maxima i n  t h e  range 480-500 nm. 

5.3 PRACTICAL ASPECTS OF THE HISTOCHEMICAL DETECTION OF THE MONOAMINES 

5.3.1 T i ssue  p r e p a r a t i o n  

o f  t h e  b i o g e n i c  monoamines and seve ra l  o f  these methods a re  summarized i n  Tables 

5.3, 5.4, 5.5 and 5.6. The e s s e n t i a l  d i f f e r e n c e s  between t h e  methodo log ica l  

approaches a re :  a )  whether t h e  t i s s u e  i s  per fused w i t h  a f l uo rophore - fo rm ing  agent 

o r  a chemical  t h a t  w i l l  promote f luorophore  fo rma t ion ,  b )  whether o r  n o t  t h e  t i s s u e  

i s  f rozen  and c )  which f luorophore  forming agent i s  used. 

t h e  methodologies i s  t h e  r a p i d  removal o r  p e r f u s i o n  o f  t h e  t i s s u e  under i n v e s t i g -  

a t i o n ,  as any l e n g t h y  post-mortem de lay  w i l l  a lmost c e r t a i n l y  have d e l e t e r i o u s  

e f f e c t s  on t h e  v i s u a l i z a t i o n  o f  t h e  amines. 

There a r e  a number o f  methodo log ica l  approaches a v a i l a b l e  f o r  t h e  v i s u a l i z a t i o n  

A p r e r e q u i s i t e  o f  a l l  

The ques t i on  o f  whether o r  n o t  t o  f reeze  t h e  sample i s  always r e l e v a n t .  The 

method adopted w i l l  o b v i o u s l y  depend on t h e  equipment a v a i l a b l e  and t h e  t ype  o f  

i n v e s t i g a t i o n  be ing  undertaken. If t h e  t i s s u e  i s  t o  be f rozen,  then i c e  c r y s t a l  

f o rma t ion  must be prevented, as such c r y s t a l s  d i s r u p t  t h e  t i s s u e .  

o f  t h e  t i s s u e  l i m i t s  i c e  c r y s t a l  f o rma t ion  and t h i s  can be achieved by immersing 

t h e  t i s s u e  i n  a propane-propylene m i x t u r e  t h a t  has been precoo led  t o  t h e  temperature 

o f  l i q u i d  n i t r o g e n  o r  i n  i sopentane precoo led  i n  l i q u i d  n i t r o g e n  u n t i l  c r y s t a l s  

o f  i sopentane s t a r t  t o  appear. 

i n  l i q u i d  n i t r o g e n .  

adequate s i n c e  n i t r o g e n  gas forms around i t  and slows t h e  r a t e  o f  c o o l i n g .  Rapid 

f r e e z i n g  o f  t h e  t i s s u e  f r e q u e n t l y  r e s u l t s  i n  t h e  fo rma t ion  o f  t i s s u e  cracks;  

cove r ing  the  t i s s u e  w i t h  f i n e  c o t t o n  gauze he lps  t o  keep t h e  t i s s u e  i n t a c t  d u r i n g  

subsequent p rocess ing .  The f rozen  sample can then e i t h e r  be f reeze -d r ied  o r  

sec t i oned  i n  a c r y o s t a t .  

F reeze-dry ing  i n v o l v e s  t h e  removal o f  water  by s u b l i m a t i o n  a t  a temperature 

below t h e  f r e e z i n g  p o i n t  o f  t h e  t i s s u e  and i s  c a r r i e d  o u t  i n  vacuo u s i n g  a c o l d -  

f i n g e r  o r  des i ccan t  (52-54). A number o f  s u i t a b l e  t i s s u e  d rye rs  a r e  a v a i l a b l e  

commerc ia l l y  (e.g. f rom Edwards High Vacuum, U.K., Bergman and Beving Co., Sweden, 

and FTS Systems Inc. ,  U.S.A.). F reeze-dry ing  o f  t h e  t i s s u e  i s  no rma l l y  c a r r i e d  

o u t  a t  -30°C t o  -40°C under a vacuum b e t t e r  than 0.01 t o r r  us ing  phosphorus pent-  

ox ide  as t h e  des i ccan t  f o r  pe r iods  rang ing  from 2-14 days depending on t h e  s i z e  
o f  t he  t i s s u e  p ieces .  Large p ieces  o f  t i s s u e  up t o  lcm2 a r e  adequate ly  f reeze -  

d r i e d  a f t e r  a p e r i o d  o f  7-10 days. 

condensat ion,  t h e  t i s s u e  i s  warmed t o  room temperature be fo re  r e l e a s i n g  t h e  vacuum 

Rapid f r e e z i n g  

The t i s s u e  can then  be s t o r e d  a lmost  i n d e f i n i t e l y  

D i r e c t  immersion o f  t h e  t i s s u e  i n  l i q u i d  n i t r o g e n  i s  n o t  

A t  t h e  end o f  t h e  d r y i n g  process, t o  avo id  



TABLE 5 . 4  

C r y o s t a t  m e t h o d s  f o r  t h e  v i s u a l i s a t i o n  o f  t h e  monoamines.  

Methods u t i l i s i n g  c r y o s t a t  sec t ions  

Procedure 
AluminiumCatalysed Magnesium-Catalysed 

Reaction Reaction 
A j e l i s  %a. (29) Loren &.. (28) 

Glyoxlyic Acid Method Formaldehyde Method 
Watson and E l l i s o n  (55) Bloom and Battenberg ( 2 1 )  

Perf us ion  
Conditions 0.5% MgC12 i n  0 .M 

4% paraformaldehyde with 

phosphate buf fer  (pH7) . 

2% glyoxyl ic  a c i d  with 
0.5% paraformaldehyde i n  
0. lM phosphate buf fer  
(pH7.41. 

Tissue Tissue d issec ted .  Frozen 
Processing using compressed Freon. 

Sections c u t  a t  -2ooc, 
d r i e d  i n  vacuo over 
phosphorus pentoxide f o r  
minimum lh .  Treated with 
paraformaldehyde (60% 
r e l a t i v e  humidity a t  80 C 
f o r  l h ) .  Mounted w i t h  
immersion o i l .  

Tissue dissected.  Frozen 
using s o l i d  carbon 
dioxide. Sect ions c u t  a t  
-2OOC. Immersed i n  ice- 
cold 2% glyoxyl ic  a c i d  in 
0 . 1 M  phosphate b u f f e r  
(pH7.4) f o r  llmin. Dried 
i n  w a r m  a i r  for 5 min. 
Heated 100°C f o r  10min. 
Mounted i n  p a r a f f i n  o i l .  

Perfusion not  e s s e n t i a l .  
Per fusa te  tyrode b u f f e r  
(pH3.8) containing 4% 
paraformaldehyde w i t h  
150mM A12(SO4) 3 a t  high 
pressure (0.8-2 bar/cm2). 

Sect ions cut .  For non- 
perfused t i s s u e  immersed 
30-60s i n  ice-cold tyrode 
buf fer  (pH7) containing 
75mM A12 ( S o h )  3 .  Dried i n  
warm a i r  f o r  10-15min, 
f u r t h e r  d r i e d  i n  vacuo 
over phosphorus pentoxide 
f o r  minimum 2h. Heated 
EOOC f o r  lomin, then 
heated with paraformalde- 
hyde (50% r e l a t i v e  
humidity) a t  80°C f o r  lh .  
Sections mounted i n  
p a r a f f i n  o i l .  

4% paraformaldehyde i n  
0 . 1 M  phosphate buf fer  w i t h  
60-13OmM MgS04 ( f i n a l  pH 
6.2-6.5). 

Sect ions cu t  a t  -3OOC. 
Sect ions either a i r -dr ied  
o r  immersed 2% glyoxyl ic  
a c i d  i n  0 . 1 M  phosphate 
b u f f e r  (pH7) before  a i r -  
drying. Further  a i r -dr ied  
i n  vacuo over phosphorus 
pentoxide f o r  up t o  24h. 
Heated w i t h  paraformalde- 
hyde (50-70% reka t ive  
humidity) a t  80 C f o r  l h .  
Sect ions mounted i n  l i q u i d  
paraf f in .  

_- 



TABLE 5.5 

Vibratome techniques f o r  t h e  demonstration of t h e  monoamines. 

Methods u t i l i s i n g  vibratome sec t ions  

Procedure 
Formaldehyde Method 
Hokfelt g g .  (17) 

Glyoxylic Acid Method Magnesium-Catalysed Reaction 
Lindval l  g .  ( 2 0 )  Loren &. (28) 

perfusion Ice  cold calcium-free tyrode 2% glyoxyl ic  a c i d  i n  Krebs-Ringer 4% paraformaldehyde i n  0 .M 
Conditions buf fer  (pH7) - bicarbonate  buf fer  (pH7). phosphate buf fer  with 60-13OmM 

Perfusion a t  high pressure.  MgS04 ( f i n a l  pH6.2-6.5). 

Tissue Sections (20pm) c u t  a t  0-5OC, Sect ions c u t  a t  0-5OC. Incubated 
Processing i n  w a r m  stream of  a i r .  Further  i n  2% glyoxyl ic  acid i n  Krebs- 

dr ied  15h i n  vacuo over Ringer b u f f e r  (pH7) f o r  3-5min. 
phosphorus pentoxide. Heated Dried i n  w a r m  stream of a i r  f o r  
with paraformaldehyde a t  8o°C 15min. f u r t h e r  d r i e d  f o r  15h & 
f o r  lh. Mounted using non- vacuo over phosporus pentoxide. 
f luorescent  mountant. Sect ions heated a t  100°C f o r  6min 

o r  t r e a t e d  with drked glyoxyl ic  
ac id  vapour a t  100 C a t  a p a r t i a l  
p ressure  of 300 t o r r  f o r  2min. 
Mounted i n  l i q u i d  paraf f in .  

Sect ions c u t  a t  O-SOC. Incubated 
i n  0.N phosphate b u f f e r  with 
13OmM MgS04 (pH6.2) f o r  1-2min. 
Sect ions d r i e d  i n  w a r m  stream of  
a i r  f o r  10-15min. Fur ther  d r i e d  
i n  vacuo over phosphorus pentoxide 
f o r  up t o  24h. Treated with para- 
formaldehyde (58-708 r e l a t i v e  
humidity) a t  80 C f o r  l h .  Mounted 
using non-fluorescent mountant. 

-~ 



TABLE 5.6 

Methods f o r  the prepara t ion  of whole mounts of t i s s u e  f o r  t h e  v i s u a l i s a t i o n  of  the monoamines. 

Whole mount methods 

Procedure 
Formaldehyde-Glutaraldehyde AluminiunrCatalysed 

Furness Sd. (35) A j e l i s  + 2. (29) 

CNS Smears Reaction Olson and Ungerstedt (60)  Glyoxylic Acid Reaction Aqueous Method 
FuTnesS and Costa (59) 

Tissue Incubated i n  2% glyoxyl ic  Incubated i n  mixture 4% 
Processing a c i d  i n  0 . 1 M  phosphate paraformaldehyde and 0.5% 

b u f f e r  (pH7) f o r  30min. glutaraldehyde i n  0.1M 
Tissue p a r t i a l l y  air- phosphate b u f f e r  (pH71 
d r i e d  f o r  3-5min. a t  room temperature f o r  
Heated loO°C f o r  Imin. lh. Mounted i n  f i x a t i v e .  
Mounted using non- 
f luorescent  mountant. 

Incubated 3-Smin i n  ice- 
cold tyrode buf fer  (pH7) 
containing A12 (SOL+)  3 
75 mM. Dried i n  w a r m  
a i r  s t ream f o r  10-15min. 
f u r t h e r  d r i e d  i n  vacuo 
f o r  minimum 2h. Heated 
w i t h  paraformaldehyde a t  
~ O O C  f o r  a. Sect ions 
mounted i n  p a r a f f i n  o i l .  

S l i c e  from t i s s u e  punch 
smeared onto clean,  
degreased s l i d e .  Dried 
over phosphorus pentoxide 
15h. Heated with 
paraformaldehyde (60% 
r e l a t i v e  humidity) a t  
80°C f o r  lh .  Mounted i n  
immersion o i l .  
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and removing t h e  t i s s u e .  

(45)  r e a c t i o n s  on f reeze -d r ied  t i s s u e ,  t h e  t i s s u e  i s  per fused w i t h  g l y o x y l i c  a c i d  

o r  g l y o x y l i c  a c i d  and formaldehyde toge the r  e i t h e r  w i t h  aluminium su lpha te  o r  

magnesium su lpha te  be fo re  i t  i s  f rozen,  w h i l e  f o r  t h e  F.I.F. method (52)  t h e  

t i s s u e  i s  n o t  per fused (Tab le  5.3). Methods o f  amine l o c a l i z a t i o n  which use 

c r y o s t a t  secti,ons a r e  summarized i n  Table 5.4. The t i s s u e  i s  no rma l l y  per fused 

w i t h  formaldehyde, g l y o x y l i c  a c i d  o r  a m i x t u r e  o f  these reagents w i t h  o r  w i t h o u t  

t h e  a d d i t i o n  o f  h i g h  concen t ra t i ons  o f  va r ious  c a t i o n s  (21,55,28,29). Sec t ions  

10-20 um t h i c k  a r e  no rma l l y  c u t  a t  between -20°C and -30°C. 

For t h e  a lumin ium-cata lyzed (29) and magnesium-catalyzed 

An a l t e r n a t i v e  approach t h a t  does no t  i n v o l v e  f r e e z i n g  t h e  t i s s u e  p r i o r  t o  

embedding and s e c t i o n i n g  uses 20-50 pm t h i c k  sec t i ons  t h a t  a r e  c u t  u s i n g  a 

Vibratome (Oxford  Ins t rument  Co., U.S.A.) from m a t e r i a l  t h a t  has been per fused w i t h  

g l y o x y l i c  ac id ,  formaldehyde o r  a m i x t u r e  o f  these substances w i t h  o r  w i t h o u t  t h e  

a d d i t i o n  o f  magnesium o f  aluminium s a l t s  (Tab le  5.5).  

b u f f e r  a t  a temperature o f  between 0°C and 5°C. Two o t h e r  approaches t h a t  do n o t  

i n v o l v e  f r e e z i n g  t h e  t i s s u e  i n v o l v e  t h e  use o f  whole mounts o f  p e r i p h e r a l  organs 

(35,59) o r  a t i s s u e  smear techn ique (60)  (Tab le  5.6).  

The sec t i ons  a r e  c u t  i n  

5.3.2 Methods o f  f l uo rophore  fo rma t ion  

ca ta l yzed  (45)  r e a c t i o n s ,  t h e  f reeze -d r ied  t i s s u e  i s  exposed t o  formaldehyde gas 

i n  a t i g h t l y  sea led  c o n t a i n e r  a t  80°C f o r  1 h. The formaldehyde gas i s  generated 

from 5 g paraformaldehyde i n  a 1 l i t r e  vesse l .  A c r i t i c a l  f a c t o r  i s  t h e  wa te r  

conten t  o f  t h e  paraformaldehyde (52,56,57). 

t h e  presence o f  a c e r t a i n  amount o f  water ;  thus  i f  t h e  formaldehyde gas i s  t o o  

d r y  t h e  f luorescence i s  weakly b u t  d i s t i n c t l y  l o c a l i z e d  and i f  t o o  much wa te r  i s  

p resent  quenching can occur  (58).  Paraformaldehyde e q u i l i b r a t e d  t o  a r e l a t i v e  

humid i t y  o f  between 50 and 70% has been found t o  be g e n e r a l l y  s a t i s f a c t o r y .  

i s  achieved by e q u i l i b r a t i n g  paraformaldehyde over  a s o l u t i o n  o f  s u l p h u r i c  a c i d  o f  

t h e  a p p r o p r i a t e  d e n s i t y  (56) .  

specimens a r e  embedded i n  

t i o n  o f  t h e  specimens w i t h  mo l ten  p a r a f f i n  wax shou ld  be as r a p i d  as p o s s i b l e  t o  

avo id  e x t r a c t i o n  o f  t h e  f l uo rophores .  

b l o c k  f o r  seve ra l  months. 

p a r a f f i n  sec t i ons  cannot be re laxed  i n  t h e  conven t iona l  way on a warm water  bath.  

I ns tead  t h e  sec t i ons  have t o  be g e n t l y  me l ted  on to  s l i d e s ,  and t h i s  o b v i o u s l y  can 

c r e a t e  problems due t o  f o l d i n g  o f  t h e  t i s s u e .  A non - f l uo rescen t  mountant such as 

E n t e l l a n  (E.  Merck, W.  Germany), Fluormount (E. Gur r ,  U.K.), l i q u i d  p a r a f f i n  o r  

immersion o i l  i s  used. The sec t i ons  a r e  then warmed f o r  a s h o r t  p e r i o d  a t  60°C 

t o  d i s s o l v e  t h e  p a r a f f i n  wax. 

The c r y o s t a t  methods (21,28,29,55) i n v o l v e  a b r i e f  i n c u b a t i o n  i n  a b u f f e r  

I n  t h e  F.I.F. method (52) and a l s o  i n  t h e  a lumin ium-cata lyzed (29) o r  magnesium- 

The formaldehyde r e a c t i o n  r e q u i r e s  

Th is  

A f t e r  formaldehyde t rea tment  t h e  f reeze -d r ied  t i s s u e  

The i n f i l t r a -  p a r a f f i n  wax i n  vacuo and block-embedded. 

The f l uo rophores  a r e  s t a b l e  i n  t h e  p a r a f f i n  

Because o f  quenching o f  t h e  f luorescence by water  (58) .  
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s o l u t i o n  c o n t a i n i n g  g l y o x y l i c  a c i d  or, i n  t h e  case of  t h e  a lumin ium-cata lyzed r e -  

a c t i o n ,  a luminium su lpha te  fo l l owed  by d r y i n g  i n  a warm stream o f  a i r .  

g l y o x y l i c  a c i d  method (21)  t h e  sec t i ons  a r e  heated a t  100°C f o r  10 min  and mounted 

i n  l i q u i d  p a r a f f i n .  

ca ta l yzed  (28)  r e a c t i o n s  t h e  sec t i ons  a r e  f u r t h e r  d r i e d  over  phosphorus pentox ide  

f o r  up t o  18 h. 

paraformaldehyde (50-70% r e l a t i v e  h u m i d i t y )  a t  80°C f o r  1 h and mounted i n  l i q u i d  

p a r a f f i n .  

sec t i ons  over  phosphorus pentox ide  and then h e a t i n g  w i t h  paraformaldehyde (60% 

r e l a t i v e  h u m i d i t y )  a t  80°C f o r  1 h. 

I n  t h e  g l y o x y l  i c  a c i d  and magnesium-catalyzed vibratome methods (20,28) t h e  

sec t i ons  a r e  b r i e f l y  incubated  i n  g l y o x y l i c  a c i d  o r  a s o l u t i o n  c o n t a i n i n g  a h i g h  

c o n c e n t r a t i o n  o f  magnesium su lphate .  

over  phosphorus pentox ide  f o r  up t o  24 h and then heated e i t h e r  w i t h  paraformaldehydc 

(50-70% r e l a t i v e  h u m i d i t y )  a t  80°C f o r  1 h o r  g l y o x y l i c  a c i d  a t  

The g l y o x y l i c  a c i d  vapour t rea tmen t  i s  c a r r i e d  o u t  by h e a t i n g  g l y o x y l i c  a c i d  

( p r e v i o u s l y  d r i e d  f o r  24 h over  phosphorus pen tox ide )  a t  100°C f o r  1 h. 

g l y o x y l i c  ac id -sa tu ra ted  a i r  i s  i n t roduced  i n t o  an evacuated vessel  c o n t a i n i n g  

t h e  sec t i ons  t o  a p a r t i a l  p ressure  o f  300 t o r r .  

p a r a f f i n .  

a i r - d r i e d  then f u r t h e r  d r i e d  over  phosphorus pentox ide  f o r  15 h; t h i s  i s  f o l l owed  

by h e a t i n g  w i t h  paraformaldehyde (50-70% r e l a t i v e  h u m i d i t y )  a t  80°C f o r  1 h. 

i n  g l y o x y l i c  a c i d  (59 ) ,  i n  4% formaldehyde w i t h  aluminium su lpha te  (29)  o r  i n  a 

m i x t u r e  o f  formaldehyde and g lu ta ra ldehyde  (35) .  

t i s s u e  i s  p a r t i a l l y  a i r - d r i e d  and then heated. 

method no h e a t i n g  above ambient temperature i s  necessary; t h e  t i s s u e  i s  s i m p l y  

incubated  a t  room temperature f o r  1 h. 

whole mounts a r e  tho rough ly  a i r - d r i e d  b e f o r e  h e a t i n g  w i t h  paraformaldehyde. 

vo l ves  d r y i n g  a t i s s u e  smear and then t r e a t i n g  i t  w i t h  formaldehyde vapour. Th is  

method has been a p p l i e d  s u c c e s s f u l l y  t o  t h e  v i s u a l i z a t i o n  o f  monoamine-containing 

nerve  t e r m i n a l s  i n  a number o f  d i f f e r e n t  areas o f  t h e  r a t  b r a i n  (60 ) .  

I n  t h e  

I n  t h e  cases o f  t h e  a lumin ium-cata lyzed (29) and magnesium- 

A f t e r  t h e  p e r i o d  o f  d e s i c c a t i o n  t h e  sec t i ons  a r e  heated w i t h  

The formaldehyde c r y o s t a t  method (55)  i n v o l v e s  d r y i n g  t h e  c r y o s t a t  

The sec t i ons  a r e  a i r - d r i e d  and kep t  i n  vacuo 

100°C f o r  2 min.  

The h o t  

The sec t i ons  a r e  mounted i n  l i q u i d  

I n  t h e  formaldehyde Vibratome method (17) t h e  sec t i ons  a r e  i n i t i a l l y  

Whole mounts o f  p e r i p h e r a l  organs can be processed by immersing t h e  whole mount 

I n  t h e  g l y o x y l i c  a c i d  method t h e  

I n  t h e  formaldehyde-glutaraldehyde 

I n  t h e  a lumin ium-cata lyzed r e a c t i o n  t h e  

A s imp le  smear techn ique was developed by Olson and Ungers ted t  (60)  which i n -  

5.3.3 Fluorescence microscopy and mi,crospectrofluorimetry 

enab l i ng  t h e  v i s u a l  d e t e c t i o n  o f  v e r y  l ow  concen t ra t i ons  o f  a f l uo rophore .  

apparent c o l o u r  and c o n t r a s t  o f  t h e  f luorescence w i l l  depend on t h e  secondary 

f i l t e r  used and a l s o  on t h e  i n t e n s i t y  o f  t h e  f luorescence because t h e  human eye 

i s  unab le  t o  app rec ia te  c o l o u r  p r o p e r l y  a t  low l i g h t  i n t e n s i t i e s .  

i l l u m i n a t i n g  t h e  specimen a re  employed. 

Normal ly  t h e  f l u o r e s c e n t  specimen i s  viewed aga ins t  a dark background, thus  

The 

Two ways o f  

One system uses dark  ground i l l u m i n a t i o n ;  
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in  t h i s  case only fluorescence from the specimen a n d  l i g h t  sca t te red  from the  dark 
g r o u n d  condenser en ters  the object ive.  
with low power object ives  b u t  w i t h  high power object ives  the  l i g h t  i n t e n s i t y  i s  
very low. 
i n  t h i s  case the  object ive i s  a l so  the  condenser,thus concentrating the  i l luminat ion 
precisely on the  f i e l d  of view. The l i g h t  source i s  normally a mercury v a p o u r  
lamp s ince  t h i s  has mercury emission l i n e s  a t  365 nm and 406 nm which a r e  very 
close t o  the  exc i ta t ion  maxima of the P E A  and indolylethylamine fluorophores. 
choice of  primary and  secondary f i l t e r s  i s  crucial  a n d  depends primarily on the  
fluorophore. 
exc i ta t ion  maximum a t  410 n m ,  the  c loses t  mercury emission i s  a t  406 n m .  
a t ion  o f  a wide-band glass  f i l t e r  (e .g .  BG12) 
BG38) has been frequent ly  used as  the  exc i ta t ion  f i l t e r  f o r  the  NA fluorophore b u t  
s e l e c t i v e  exc i ta t ion  would be achieved by using in  addi t ion a narrow band i n t e r -  
ference f i l t e r  (e .g .  Schott AL406). 
i s  a t  475 nm, a n d  consequently the  b a r r i e r  f i l t e r  should be chosen so t h a t  i t s  
cut-off  i s  below 480 nm (e .g .  K460 o r  K470 (Lei tz )  or LP478 ( Z e i s s ) ) .  

A possible  p i t f a l l  i n  re la t ing  the colour of the  observed fluorescence t o  the  
fluorophore present i s  highlighted by the reports  t h a t  i n  ce r ta in  cases the 
fluorescence can appear yellow ( indica t ive  of the  presence of a n  indolylethylamine) 
while microspectrofluorimetric analysis  indicates  i t  i s  typical  catecholamine 
fluorescence a t  480 nm (61,62). 
s h i f t  i n  the  maximum s e n s i t i v i t y  of the  human eye with increasing l i g h t  i n t e n s i t y  
(see 1 1 ) .  Thus microspectrofluorimetric analysis  i s  an essent ia l  tool f o r  the  
unequivocal i d e n t i f i c a t i o n  of the fluorophore. The essent ia l  features  of a micro- 
spectrof luorimeter  (63) a r e  
a n d  emission monochromators, f i e l d  diaphragms t o  r e s t r i c t  the  area illuminated and 
the area from which measurements a r e  t o  be taken and a s e n s i t i v e  photometer. There 
a r e  three  d i f f e r e n t  microspectrofluorimeter systems t h a t  a r e  ava i lab le  commercially 
a n d  t h a t  have monochromators f o r  both exc i ta t ion  a n d  emission. These a r e  the 
Schoeffel-Leitz Microfluorimeter (Schoeffel Instrument Co . ,  U.S.A.), the  Lei tz  
Microspectrograph ( E .  Le i tz ,  W .  Germany) and the  F a r r a n d  MSA ( F a r r a n d  Optical Co., 
U.S .A. ) .  

This system gives a moderate l i g h t  i n t e n s i t y  

Epi-illumination i s  the method of choice f o r  high power object ives  as  

The 

T h u s  f o r  the NA fluorophore in  the F.I.F. method, which has an 
A combin- 

and a red-absorbing f i l t e r  (e.g. 

The emission maximum of the  NA fluorophore 

This discrepancy i s  probably explained by a 

a s t a b i l i z e d  xenon lamp f o r  i l luminat ion,  exc i ta t ion  

Exci ta t ion a n d  emission spectra  a r e  d i s t o r t e d  by fac tors  inherent i n  the  
instrumentation and these a r e  c h a r a c t e r i s t i c  f o r  each instrument. For instance,  
b o t h  the exc i ta t ion  and emission spectra  a r e  affected by the transmission character-  
i s t i c s  of the monochromators and  op t ics .  
t o  c a l i b r a t e  the instrument. 
the i n t e n s i t y  of the ex is t ing  l i g h t  be monitored s ince the  c h a r a c t e r i s t i c s  of this 
l i g h t  vary between lamps and throughout the l i f e  of a p a r t i c u l a r  lamp. 

cording exc i ta t ion  spectra  down t o  about 300 n m ,  q u a r t z  op t ics  and a q u a r t z  con- 

A ca l ibra ted  tungsten lamp can be used 
Correction of the  exc i ta t ion  spectrum requires  t h a t  

For re- 
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denser must be used. I n  a d d i t i o n  t h e  monochromator must have a h i g h  t ransmi t tance  

a t  t h i s  wavelength.  Rapid s p e c t r a l  reco rd ings  shou ld  be made t o  avo id  d i s t o r t i o n  

o f  t h e  spec t ra  due t o  f luorescence f a d i n g .  

o f  t h e  problems i s  t h a t  t h i s  shou ld  have s i m i l a r  f luorescence c h a r a c t e r i s t i c s  t o  

t h e  f l uo rophore  be ing  i n v e s t i g a t e d  and i t  shou ld  a l s o  e x h i b i t  s t a b l e  f luorescence.  

R i t z e n  (58)  has used uranium g lass  p a r t i c l e s  as a f luorescence s tandard  f o r  t h e  

q u a n t i t a t i o n  o f  t h e  monoamines. 

Fluorescence q u a n t i t a t i o n  r e l i e s  on t h e  use o f  a f luorescence s tandard  and one 

5.4 EVALUATION OF THE FORMALDEHYDE AND GLYOXYLIC A C I D  TECHNIQUES 

5.4.1 Format ion and e x t r a c t i o n  o f  t h e  f luorophores  

O r i g i n a l l y ,  i t  was thought  t h a t  f o r  i n t e n s e l y  f l u o r e s c e n t  amines t h e  F . I .F .  

method gave an almost q u a n t i t a t i v e  y i e l d  o f  t h e  f l uo rophore  (37,64) w h i l e  f o r  t h e  

l e s s  i n t e n s e l y  f l u o r e s c e n t  amines t h e r e  was a co r respond ing ly  lower  f l uo rophore  

y i e l d  (65,66). 

produce i n t e n s e  and weak f l uo rophores  r e s p e c t i v e l y  i n  t h e  F.I.F. method, i s  o n l y  

about 10% (40-42).  At tempts t h e r e f o r e  have been made t o  i nc rease  t h e  f l uo rophore  

y i e l d  i n  t h e  F.I.F. r e a c t i o n .  The P ic te t -Speng le r  r e a c t i o n  i s  ca ta l yzed  by 

hydrogen ions  (67 ) .  Thus p r o t e i n  m ic ro  d r o p l e t s  c o n t a i n i n g  monoamines and t i s s u e  

have been t r e a t e d  w i t h  h o t  formaldehyde gas i n  t h e  presence o f  h y d r o c h l o r i c  a c i d  

vapour (47,60). 

a c i d  p r o p e r t i e s  have been s t u d i e d  (28,45,67,68). 

been t r i e d  i n  an a t tempt  t o  i nc rease  t h e  f l uo rophore  y i e l d  f rom t h e  i n d o l e e t h y l -  

amines (65).  

crease i n  t h e  f l uo rophore  y i e l d  u s i n g  t h e  F.I.F. method (see s e c t i o n  5.4.2). Ac id  

c a t a l y s i s  i s  a l s o  impor tan t  i n  bo th  s teps  o f  t h e  g l y o x y l i c  a c i d  r e a c t i o n .  G l y o x y l i c  

a c i d  promotes t h e  i n i t i a l  c y c l i z a t i o n  s t e p  and t h e  subsequent presence o f  a ca rboxy l  

group a t  t h e  1 - p o s i t i o n  o f  bo th  t h e  t e t r a h y d r o i s o q u i n o l i n e  and t e t r a h y d r o - a - c a r b o l i n e  

d e r i v a t i v e s  promotes i n t r a m o l e c u l a r  c a t a l y s i s ,  r e s u l t i n g  i n  t h e  fo rma t ion  o f  i n -  

t e n s e l y  f l u o r e s c e n t  d e r i v a t i v e s  (see s e c t i o n  5.2.2). An impor tan t  f i n d i n g  was t h a t  

i f  t h e  gaseous r e a c t i o n s  w i t h  formaldehyde o r  g l y o x y l i c  a c i d  vapour a r e  c a r r i e d  o u t  

under c o n d i t i o n s  s i m u l a t i n g  t h e  per fus ion- immers ion  procedure (see s e c t i o n  5.3.2), 

t hen  t h e r e  i s  an almost q u a n t i t a t i v e  f l uo rophore  y i e l d  (20,421. 

However, t h e  f l uo rophore  y i e l d  ob ta ined  w i t h  DA and T, which 

I n  a d d i t i o n ,  t h e  e f f e c t s  o f  a number o f  metal  i ons  w i t h  Lewis 

Treatment w i t h  ozone has a l s o  

S u r p r i s i n g l y ,  none o f  these t rea tments  r e s u l t e d  i n  a d ramat ic  i n -  

The F.I.F. r e a c t i o n  r e q u i r e s  t h e  presence o f  a c e r t a i n  amount o f  water  (11,57, 

70) ,  a l t hough  t h e  exac t  r o l e  p layed by t h e  water  i s  u n c e r t a i n .  

i nc rease  t h e  r e a c t i v i t y  o f  t h e  formaldehyde vapour o r  f avou r  t h e  fo rma t ion  o f  t h e  

more f l u o r e s c e n t  qu inono ida l  form o f  t h e  f l uo rophore  (12) .  

s e n s i t i v i t y  o f  t h e  g l y o x y l i c  a c i d  method may be due, a t  l e a s t  i n  p a r t ,  t o  t h e  f a c t  

t h a t  t h i s  r e a c t i o n  i s  n o t  dependent on t h e  presence o f  water  (42) .  

c o v a l e n t l y  l i n k e d  t o  t h e  t i s s u e  b u t  a r e  t rapped i n  a p r o t e i n  m a t r i x  (12,42). 

It may h e l p  t o  

The r e p r o d u c i b i l i t y  and 

The f l uo rophores  formed i n  t h e  formaldehyde and g l y o x y l i c  a c i d  methods a r e  no t  
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Several  o rgan ic  so l ven ts  do n o t  r e a d i l y  e x t r a c t  t h e  f luorophores  however, and water  

produces a marked decrease i n  f luorescence i n t e n s i t y  which i s  p robab ly  due t o  a 

quenching e f f e c t  (12) .  

e f f e c t  on t h e  f luorescence y i e l d  (71) ;  i t  i s  p rudent  t h e r e f o r e  t o  keep exposure o f  

t h e  t i s s u e  t o  these agents i n  t h e  F.I.F. method as s h o r t  as p o s s i b l e  w h i l e  s t i l l  

a l l o w i n g  good h i s t o l o g y .  

A ma jor  drawback o f  g l y o x y l i c  a c i d  vapour i s  i t s  poor p e n e t r a t i o n  i n t o  t i s s u e ,  

making i t  imposs ib le  t o  use on f reeze -d r ied  t i s s u e .  

embedding have seve ra l  advantages over  t h e  v ibratome method. These i n c l u d e  t h e  

a b i l i t y  t o  be a b l e  t o  

s e r i a l  s e c t i o n s  can be c u t .  

Warm xy lene and p a r a f f i n  wax appear t o  have an adverse 

Freeze-dry ing  and p a r a f f i n -  

s t o r e  m a t e r i a l  f o r  l o n g  pe r iods  and t h e  f a c i l i t y  w i t h  which 

5.4.2 Fluorescence y i e l d  and photodecomposi t ion o f  t h e  f l uo rophores  

There i s  a d i s s o c i a t i o n  between t h e  amount o f  f l uo rophore  formed and t h e  f l u o -  

rescence y i e l d .  

i s  o n l y  10% w i t h  g l y o x y l i c  a c i d  vapour, t h e  f luorescence y i e l d  i s  s i m i l a r  t o  t h a t  

o f  t h e  pure  f luorophore  a t  t h e  same concen t ra t i on  as DA (42) .  

L i n d v a l l  -- e t  a l .  (72) have found t h a t  w h i l e  f o r  t h e  indoleamines T and 5-methoxy-T 

i n  t h e  a c i d  ca ta l yzed  F.I.F. method, t h e  formaldehyde ozone r e a c t i o n  and t h e  a l u -  

min ium-cata lyzed r e a c t i o n  t h e r e  i s  a 10-20 f o l d  i nc rease  i n  t h e  f luorescence y i e l d  

compared t o  t h e  F.I.F. method, t h i s  i s  n o t  accompanied by a cor respond ing  i nc rease  

i n  t h e  f l uo rophore  y i e l d ;  indeed t h e  f l uo rophore  l e v e l s  a r e  o n l y  s l i g h t l y  g r e a t e r  

t han  those observed i n  t h e  F . I . F .  method. I t  appears t h a t  p r e v i o u s l y  unrecognized 

f a c t o r s  a r e  o p e r a t i n g  t o  enhance t h e  f luorescence y i e l d  i n  a p r o t e i n  m a t r i x .  

These f a c t o r s  cou ld  conce ivab ly  i n v o l v e  an energy t r a n s f e r  between t h e  i n te rmed ia ry  

r e a c t i o n  produc ts  and t h e  f luorophores  (72 ) .  Using p r o t e i n  m ic ro -d rop le ts  t o  

s i m u l a t e  t h e  p e r f u s i o n  immersion procedure (20)  t h e  convers ion  of  DA t o  a t e t r a -  

h y d r o i s o q u i n o l i n e  was almost q u a n t i t a t i v e ;  however, under these c o n d i t i o n s  t h e  

f luorescence y i e l d  inc reased by o n l y  50-100% (42) .  Consequently t h e r e  does n o t  

appear t o  be a d i r e c t  r e l a t i o n s h i p  between t h e  amount o f  f l uo rophore  formed and 

f l uo rescence  y i e l d .  

compared t o  t h e  F.I.F. method (see s e c t i o n  5.2.3). However bo th  these methods 

a re  n o t  as s e n s i t i v e  i n  d e t e c t i n g  5-HT (see s e c t i o n  5.4.4) as t h e y  a re  f o r  t h e  

catecholamines. 

The f l uo rophores  formed from t h e  b iogen ic  monoamines undergo photodecomposi t ion 

when exposed t o  b l u e  o r  u l t r a v i o l e t  l i g h t  (73) .  

f o r  t h e  5-HT f l uo rophore  than f o r  t h e  catecholamine f luorophores  and t h i s  d i f f e r e n c e  

can be used t o  d i f f e r e n t i a t e  5-HT f luorescence from catecholamine f luorescence (73) .  

Thus w h i l e  t h e  f l uo rophore  y i e l d  f o r  DA i n  a p r o t e i n  m i c r o d r o p l e t  

Furthermore, 

The f luorescence y i e l d  f o r  bo th  NA and DA i s  g r e a t e r  i n  the  g l y o x y l i c  a c i d  

The r a t e  o f  f a d i n g  i s  much g r e a t e r  
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5.4.3 Q u a n t i t a t i o n  o f  t h e  f luorescence 

i n v e s t i g a t e d  by r e a c t i n g  p r o t e i n  m i c r o d r o p l e t s  c o n t a i n i n g  known concen t ra t i ons  o f  

t h e  amine w i t h  ho t  formaldehyde gas. A l i n e a r  r e l a t i o n s h i p  between f l uo rescence  

i n t e n s i t y  and monoamine c o n c e n t r a t i o n  e x i s t e d  up t o  4.5 x 10-2M f o r  t h e  ca techo l -  

amines (70)  and up t o  9 x 10-2M f o r  5-HT (74) ;  above these concen t ra t i ons  marked 

d e v i a t i o n s  f rom l i n e a r i t y  were observed. The p o s s i b i l i t y  o f  incomple te  r e a c t i o n  

w i t h  formaldehyde was excluded, as t h e  pure  catecholamine f l uo rophore  showed t h e  

same concentrat ion-dependent quenching. 

f luorescence t h e r e  was a l i n e a r  c o r r e l a t i o n  between f luorescence i n t e n s i t y  and 

amine c o n c e n t r a t i o n  up t o  8 x 10-2M (42).  

quenching no rma l l y  occurs i n  nerve t e r m i n a l s  i n  t h e  r a t  i r i s .  I t  appears t h a t  t he  

f l uo rescence  i n t e n s i t y  i s  p r o p o r t i o n a l  t o  t h e  NA concen t ra t i ons  up t o  about 30-40% 

o f  t h e  endogenous NA l e v e l  i n  adrenerg ic  nerves (76) .  Q u a n t i t a t i o n  o f  endogenous 

monoamine f luorescence i s  t h e r e f o r e  f r a u g h t  w i t h  d i f f i c u l t y  un less  t h e  amine l e v e l s  

a r e  marked ly  reduced from normal. 

The r e l a t i o n s h i p  between f l uo rescence  i n t e n s i t y  and amine c o n c e n t r a t i o n  has been 

I n  t h e  case o f  g l y o x y l i c  ac id - induced DA 

Jonsson (75)  has shown t h a t  f luorescence 

5.4.4 S p e c i f i c i t y  and s e n s i t i v i t y  

(A)  has been developed (49,50). 

4-hydroxy group on t h e  NA o r  A f luorophore ,  u s i n g  a c i d  t rea tmen t  and r e c o r d i n g  t h e  

s h i f t  i n  t h e  e x c i t a t i o n  peak (see s e c t i o n  5.2.3). 

on t h e  bas i s  o f  t h e  r e a c t i o n  c o n d i t i o n s  r e q u i r e d  t o  produce a f l uo rophore .  Adrena l ine ,  

as i t  i s  a secondary PEA, r e q u i r e s  more i n t e n s e  r e a c t i o n  c o n d i t i o n s  ( h i g h e r  r e a c t i o n  

tempera ture  and/or l onger  r e a c t i o n  t ime)  than does NA (76) .  

A f r e e  hydrogen atom on an amino group o f  t h e  s i d e  cha in  i s  a p r e r e q u i s i t e  f o r  

t h e  P ic te t -Speng le r  r e a c t i o n .  There fore  o f  t h e  DA, NA and A m e t a b o l i t e s  o n l y  

3-methoxytyramine (3-MTA), normetanephr ine (NMN) and metanephr ine (FIN) r e s p e c t i v e l y  

can undergo c y c l i z a t i o n  w i t h  formaldehyde o r  g l y o x y l i c  a c i d .  

none o f  these m e t a b o l i t e s  produces s i g n i f i c a n t  f luorescence,  w h i l e  i n  t h e  g l y o x y l i c  

a c i d  r e a c t i o n  s t r o n g  f luorescence i s  produced by 3-PITA and weak f l uo rescence  by 

NMFl (43) .  

s i g n i f i c a n t  f luorescence b u t  DOPA produces a s t r o n g  f l uo rophore  i n  bo th  t h e  g l y -  

o x y l i c  a c i d  and formaldehyde methods. 

s i m i l a r  s p e c t r a l  c h a r a c t e r i s t i c s  (see s e c t i o n  5.2.3). There i s  a p o s s i b i l i t y  of  

d i s t i n g u i s h i n g  between DOPA and t h e  o t h e r  catecholamine f l uo rophores  us ing  a com- 

b ined formaldehyde and g l y o x y l i c  a c i d  r e a c t i o n  under c a r e f u l l y  c o n t r o l l e d  c o n d i t i o n s  

(46).  

5-HT f luorescence can f r e q u e n t l y  be d i s t i n g u i s h e d  from catecholamine f luorescence 

on t h e  bas i s  o f  co lou r .  

amines e x h i b i t  a green f luorescence i n  keeping w i t h  t h e i r  emiss ion  maxima i f  a 

A method o f  d i f f e r e n t i a t i n g  t h e  DA f l uo rophore  f rom those o f  NA o r  ad rena l i ne  

Th is  method i n v o l v e s  s p l i t t i n g  o f f  t h e  l a b i l e  

NA and A can be d i f f e r e n t i a t e d  

I n  t h e  F . I . F .  method 

O f  t h e  p recu rso r  amino ac ids  n e i t h e r  pheny la lan ine  n o r  t y r o s i n e  produce 

DOPA and t h e  catecholamine f l uo rophores  have 

Thus 5-HT g i ves  a y e l l o w  f luorescence w h i l e  t h e  ca techo l -  
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470 nm secondary f i l t e r  i s  used. 

under c e r t a i n  c o n d i t i o n s  appear y e l l o w  (see s e c t i o n  5.3.3) i t  i s  impor tan t  t o  use 

microspectrofluorimetric a n a l y s i s  t o  d i s t i n g u i s h  between 5-HT and t h e  catecholamines. 

The r a p i d  f a d i n g  o f  f luorescence e x h i b i t e d  by 5-HT f luorophores  can a l s o  be used 

t o  h e l p  d i s t i n g u i s h  5-HT from catecholamine f l uo rophores .  

5 -hyd roxy indo leace t i c  a c i d  and 5-hydroxy t ryp topho l  do n o t  e x h i b i t  f luorescence i n  

the  formaldehyde o r  g l y o x y l i c  a c i d  r e a c t i o n s  (43)  w h i l e  t h e  5-HT p recu rso rs  

T P  o r  5-HIP produce f luorophores  ( 4 3 ) .  

5-HT o r  5 -HTP u s i n g  microspectrofluorimetric a n a l y s i s  (see s e c t i o n  5.2.3). 

It i s  t h e r e f o r e  apparent t h a t  bo th  t h e  formaldehyde and g l y o x y l i c  a c i d  methods 

can be r e l a t i v e l y  s p e c i f i c  f o r  i d e n t i f y i n g  N A ,  DA. A o r  5-HT i n  t i s s u e  

sec t i ons .  

However, s i n c e  catecholamine f luorescence can 

The 5-HT m e t a b o l i t e s  

Tryptophan can be d i s t i n g u i s h e d  from 

Dahlstrom fl. (77)  have c a l c u l a t e d  t h a t  approx imate ly  moles o f  NA a r e  

NA can s t i l l  be de tec ted  u s i n g  

Thus t h e  

conta ined i n  a s i n g l e  v a r i c o s i t y  o f  t h e  r a t  i r i s .  

t h e  F.I.F. method when t h e  t i s s u e  s t o r e s  a r e  dep le ted  by 90% ( 7 5 ) .  

s e n s i t i v i t y  l i m i t  o f  t h e  F.I.F. method may be even lower  than lo- '*  moles o f  N A .  

I n  t h e  case o f  t h e  g l y o x y l i c  a c i d  method i t  has been es t imated t h a t  t h i s  method 

i s  t e n  t imes more s e n s i t i v e  f o r  DA (ZO), thus  a l l o w i n g  t h e  d e t e c t i o n  o f  

o f  DA. 

moles 

The.F.1.F. method, a l t hough  ex t reme ly  s e n s i t i v e ,  does no t  pe rm i t  t h e  v i s u a l i z -  

a t i o n ,  p a r t i c u l a r l y  i n  t h e  c e n t r a l  nervous system, o f  t h e  catecholamine systems 

i n  t h e i r  e n t i r e t y .  

enables ca techo lamine-conta in ing  axons as w e l l  as c e l l  bodies and nerve t e r m i n a l s  

t o  be de tec ted .  

The increased s e n s i t i v i t y  o f  t h e  g l y o x y l i c  a c i d  method however, 

Because o f  t h e  ve ry  low f luorescence y i e l d  f rom 5-HT f luorophores ,  t h e r e  a r e  

problems i n  v i s u a l i z i n g  5-HT-containing systems i n  t h e  b r a i n .  Th is  problem has 

been p a r t i a l l y  so l ved  by u s i n g  pharmacological  t rea tments  t o  i nc rease  t h e  5-HT 

l e v e l s .  

a d m i n i s t r a t i o n  o f  a monoamine ox idase i n h i b i t o r  (4,5) o r  a monoamine ox idase 

i n h i b i t o r  and L- t ryp tophan (78) .  

Thus, t h e  s e n s i t i v i t y  o f  t h e  method can be inc reased e i t h e r  by p r i o r  

5.4.5 Comparison w i t h  o t h e r  a n a l y t i c a l  methods 

i n  d i s c r e t e  areas o f  t h e  nervous system. 

t h e  'punch'  techn ique (79)  i n  which smal l  amounts o f  t i s s u e  a r e  d i ssec ted  o u t  

and analyzed by methods such as radioenzymic and gas chromatographic-mass spec t ro -  

m e t r i c  assays, a r e  r e l a t i v e l y  crude by comparison. I n  c o n t r a s t ,  radioenzymic 

procedures and gas chromatography-mass spec t romet ry  and severa l  o f  t h e  o t h e r  

techniques d iscussed i n  t h i s  book a l l o w  p r e c i s e  q u a n t i t a t i o n  and a measure o f  

s p e c i f i c i t y  n o t  o b t a i n a b l e  w i t h  h is tochemica l  methods. 

techn iques  has made, and doubt less  w i l l  con t i nue  t o  make, s u b s t a n t i a l  c o n t r i b u t i o n s  

The f luorescence h is tochemica l  methods a l l o w  t h e  p r e c i s e  l o c a l i z a t i o n  o f  amines 

M i c r o d i s s e c t i o n  procedures,  t y p i f i e d  by 

The combina t ion  o f  these 
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to our understanding of the monoamine-containing systems in the central nervous 

system. 
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Chapter 6 

GAS CHROMATOGRAPHIC ANALYSIS O F  AMINES I N  BIOLOGICAL SYSTEMS 

GLEN B.  BAKER, RONALD T. COUTTS AND DONALD F. LEGATT 

Neurochemical Research U n i t ,  Department o f  P s y c h i a t r y  and Facu l t y  o f  Pharmacy 

and Pharmaceut ical  Sciences, U n i v e r s i t y  o f  A l b e r t a ,  Edmonton, A l b e r t a  T6G 263 

(Canada ) 

6.1 INTRODUCTION 

Gas chromatography ( G C )  i s  an a n a l y t i c a l  procedure used t o  separa te  m ix tu res  o f  

o rgan ic  compounds f o r  t h e  purposes o f  i d e n t i f i c a t i o n  and/or q u a n t i t a t i o n .  

separa t i ons  a r e  u s u a l l y  performed on s o l u t i o n s  o f  compounds i n  i n e r t  so l ven ts  and 

a r e  accomplished on columns c o n t a i n i n g  a n o n - v o l a t i l e  l i q u i d  ( t h e  s t a t i o n a r y  

phase). 

temperature i s  v a r i a b l e ,  no rma l l y  over  a 20-300" range, depending on t h e  v o l a t i l i t y  

o f  t h e  s o l u t e s  and t h e  s t a b i l i t y  o f  t h e  s t a t i o n a r y  phase. 

m i x t u r e  i n  s o l u t i o n  a r e  c a r r i e d  th rough t h e  column by an i n e r t  c a r r i e r  gas, and 

separa te  f rom one another  accord ing  t o  t h e i r  p a r t i t i o n  c o e f f i c i e n t s  between t h e  

c a r r i e r  gas and t h e  s t a t i o n a r y  phase. As each component e l u t e s  f rom t h e  column, 

i t  i s  de tec ted  and d i s p l a y e d  as a peak on a reco rde r .  The i n t e r v a l  between t h e  

t ime  o f  i n j e c t i o n  and t h e  apex o f  t h e  recorded peak i s  c a l l e d  t h e  r e t e n t i o n  t ime  

o f  t h e  compound. 

compound g i v i n g  r i s e  t o  i t  under t h e  GC c o n d i t i o n s  used. 

kep t  cons tan t )  o r  by temperature programming. 

tempera ture  i s  a l t e r e d  a t  p r e s e t  r a t e s  d u r i n g  t h e  a n a l y s i s ;  t h i s  may pe rm i t  

improved r e s o l u t i o n  and a g rea t  r e d u c t i o n  i n  a n a l y s i s  t ime  when i n v e s t i g a t i n g  

s o l u t i o n s  c o n t a i n i n g  a wide range o f  components. 

GC 

The GC column i s  conta ined i n  t h e  oven o f  a gas chromatograph; t h e  oven 

The components o f  a 

Th is  va lue  i s  c h a r a c t e r i s t i c  o f ,  a l t hough  n o t  unique t o ,  t h e  

Chromatographic separa t i ons  can be performed i s o t h e r m a l l y  (column temperature 

I n  t h e  l a t t e r  case, t h e  column 

6.1.1 GC columns 

S t a i n l e s s  s t e e l ,  n i c k e l ,  copper and aluminum 

columns, and g l a s s - l i n e d  metal  columns a r e  a l s o  a v a i l a b l e .  

f r e q u e n t l y  i n  b i o l o g i c a l  s t u d i e s  because o f  t h e i r  i n e r t n e s s ;  deg rada t ion  o f  o rgan ic  

compounds occurs more r e a d i l y  on heated metal  columns. 

columns a r e  used. The fo rmer  a r e  t y p i c a l l y  1-2 m i n  l eng th ,  w i t h  a 2-4 mm i n t e r n a l  

d iameter ,  and a r e  packed w i t h  an i n e r t  s o l i d  suppor t  which has p r e v i o u s l y  been 

coated  w i t h  t h e  s t a t i o n a r y  phase. 

analyses, and t h e  amount o f  s t a t i o n a r y  phase used t o  coa t  a s o l i d  suppor t  can v a r y  

g r e a t l y .  

Most GC columns a r e  made o f  g lass .  

Glass columns a r e  used 

Both packed and c a p i l l a r y  

Numerous s t a t i o n a r y  phases a re  employed i n  GC 

I n  p r a c t i c e ,  however, o n l y  a few s t a t i o n a r y  phases a re  used r o u t i n e l y  



110 

(1 ) ,  and 1-5% w / w  o f  a s t a t i o n a r y  phase on a s o l i d  suppor t  i s  t h e  common concen- 

t r a t i o n  range. 

( k i e s e l g u h r )  which i s  porous and has a l a r g e  su r face  area. 

a v a i l a b l e  i n  d i f f e r e n t  d e n s i t i e s ;  low d e n s i t y  suppor ts  can be loaded w i t h  more 

s t a t i o n a r y  phase than h i g h  d e n s i t y  suppor ts .  

Most suppor t  m a t e r i a l s  a r e  prepared from diatomaceous e a r t h  

Support  m a t e r i a l s  a r e  

C a p i l l a r y  columns a r e  made o f  g lass  o r  fused s i l i c a  and a r e  g e n e r a l l y  10-100 m 

i n  l e n g t h  and 0.25 - 0.50 mm i n  i n t e r n a l  d iameter  and coated w i t h  a t h i n  l a y e r  o f  

t h e  s t a t i o n a r y  phase. 

wa l l - coa ted  open t u b u l a r  (WCOT) columns, a t h i n  l i q u i d  phase i s  f i l m  coated 

d i r e c t l y  on to  t h e  i n s i d e  su r face  o f  t h e  c a p i l l a r y .  

(SCOT) columns have t h e  i n s i d e  su r face  o f  t h e  c a p i l l a r y  coated  w i t h  a t h i n  l a y e r  

o f  suppor t  m a t e r i a l  which i s  coated w i t h  t h e  l i q u i d  phase. C a p i l l a r y  columns 

g e n e r a l l y  pe rm i t  much b e t t e r  r e s o l u t i o n  o f  components o f  a m i x t u r e  than can be 

a t t a i n e d  u s i n g  packed columns. However, packed columns a re  r e l a t i v e l y  inexpens ive  

and robus t ,  and r e a d i l y  prepared i n  t h e  l a b o r a t o r y .  

columns a r e  f r a g i l e  b u t  f l e x i b l e  fused s i l i c a  columns a re  v i r t u a l l y  i n d e s t r u c t i b l e .  

I n  a d d i t i o n ,  t ime-consuming column s t r a i g h t e n i n g  i s  n o t  r e q u i r e d  w i t h  t h e  f l e x i b l e  

fused s i l i c a  columns. Genera l l y ,  c a p i l l a r y  columns must be purchased from com- 

merc ia l  sources. Comprehensive i n f o r m a t i o n  about t h e  p r o p e r t i e s  o f  t h e  va r ious  

types  o f  c a p i l l a r y  columns i s  a v a i l a b l e  i n  t h e  ca ta logues  o f  seve ra l  commercial 

s u p p l i e r s .  The p o t e n t i a l  users o f  such columns would be w e l l  adv ised t o  read such 

i n f o r m a t i o n  c a r e f u l l y  be fo re  purchase t o  ensure t h a t  t hey  a r e  o b t a i n i n g  t h e  column 

bes t  s u i t e d  t o  t h e i r  needs. 

Two types  o f  g lass  c a p i l l a r y  columns a r e  commonly used. I n  

Support-coated open t u b u l a r  

Ord inary  g lass  c a p i l l a r y  

6.1.2 De tec to rs  

A v a r i e t y  o f  techn iques  have been used t o  d e t e c t  compounds e l u t i n g  f rom a gas 

chromatograph. Four d i f f e r e n t  d e t e c t o r s  a r e  r o u t i n e l y  a v a i l a b l e :  t h e  thermal  con- 

d u c t i v i t y  d e t e c t o r  (TCD), t h e  f lame i o n i z a t i o n  d e t e c t o r  (F ID) ,  t h e  e l e c t r o n - c a p t u r e  

d e t e c t o r  (ECD) and t h e  ni t rogen-phosphorous d e t e c t o r  (NPD) . 
can a l s o  be used as a s o p h i s t i c a t e d  d e t e c t o r  (MSD) i n  GC ana lys i s .  

The mass spec t rometer  

6.1.2.1 Thermal c o n d u c t i v i t y  d e t e c t o r  

capable o f  d e t e c t i n g  a wide range o f  o rgan ic  compounds. 

t i v e ,  t h a t  i s  t h e  e l u t e d  compounds can be c o l l e c t e d  f o r  f u r t h e r  i n v e s t i g a t i o n .  

TCD a l s o  produces a l i n e a r  response over  a wide range o f  sample amounts. 

t h e  TCD i s  r a r e l y  used i n  neurochemical s t u d i e s  because o f  i t s  r e l a t i v e l y  poor sens i -  

t i v i t y .  

The TCD i s  durab le ,  easy t o  ope ra te  and, because o f  i t s  l a c k  o f  s e l e c t i v i t y ,  i s  

TC d e t e c t i o n  i s  nondestruc- 

The 

However, 

The l i m i t  o f  s e n s i t i v i t y  f o r  a TCD i s  around 1 pg. 
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6.1.2.2 Flame i o n i z a t i o n  d e t e c t o r  

The F I D  has probab ly  been t h e  most w i d e l y  used d e t e c t o r  i n  b i o l o g i c a l  i n v e s t i -  

ga t i ons .  Dur ing  opera t i on ,  t h e  e f f l u e n t  f rom t h e  GC column i s  mixed w i t h  hydrogen, 

passed th rough a metal  j e t  and burned i n  an atmosphere o f  a i r .  Th is  produces i o n s  

which a re  c o l l e c t e d  on a charged c o l l e c t o r .  The s t r e n g t h  o f  t h e  e l e c t r i c  c u r r e n t  

produced i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  amount o f  compound combusted. Only com- 

pounds which combust w i t h  i o n i z a t i o n  i n  a hyd rogen la i r  f lame produce an F I D  r e -  

sponse, and t h i s  i nc ludes  most o rgan ic  compounds. 

FID i s  app rox ima te l y  p r o p o r t i o n a l  t o  t h e  number o f  carbon atoms i n  t h e  molecule 

be ing  de tec ted  and i s  l i n e a r  over  a wide sample range. Q u a n t i t i e s  o f  sample as 

low as 1 ng can o f t e n  be de tec ted .  

D e t e c t i o n  s e n s i t i v i t y  o f  an 

6.1.2.3 E lec t ron -cap tu re  d e t e c t o r  

The ECD i s  a r e l a t i v e l y  s e l e c t i v e  d e t e c t o r  which has the  p o t e n t i a l  t o  d e t e c t  as 

l i t t l e  as 1 pg o f  an o rgan ic  compound c o n t a i n i n g  an e l e c t r o p h o r i c  s u b s t i t u e n t .  An 

ECD u s u a l l y  con ta ins  a r a d i o a c t i v e  ( 6 3 N i  o r  3H) source which emi ts  r e l a t i v e l y  h i g h  

energy @ - p a r t i c l e s .  The p a r t i c l e s  c o l l i d e  w i t h  c a r r i e r  gas molecules (no rma l l y  

95% argon/5% methane) and produce a smal l  c u r r e n t  ( t h e  s tand ing  c u r r e n t ) .  When an 

e l e c t r o p h o r i c  compound e l u t e s  f rom t h e  GC column, i t  reduces the  s t r e n g t h  o f  t h e  

s tand ing  c u r r e n t  which r e t u r n s  t o  i t s  o r i g i n a l  l e v e l s  when t h e  sample has l e f t  t h e  

d e t e c t o r .  

The s e n s i t i v i t y  o f  t h e  reco rde r  v a r i e s  g r e a t l y  accord ing  t o  t h e  a b i l i t y  o f  a com- 

pound t o  absorb e l e c t r o n s ,  which causes t h e  r e d u c t i o n  i n  s tand ing  c u r r e n t  s t r e n g t h .  

Compounds which c o n t a i n  halogen atoms, ketone o r  n i t r o  groups o r  o t h e r  e l e c t r o -  

p h o r i c  groups a re  p a r t i c u l a r l y  w e l l  s u i t e d  f o r  a n a l y s i s  by ECO. 

The change i n  c u r r e n t  i s  a m p l i f i e d  and appears as a peak on t h e  reco rde r .  

6.1.2.4 Ni t rogen-phosphorous d e t e c t o r  

The NPD i s  a l s o  a r e l a t i v e l y  s e l e c t i v e  d e t e c t o r  and i s  ex t remely  s e n s i t i v e  t o  

most compounds which possess n i t r o g e n -  and/or phosphorous-containing f u n c t i o n s .  

I n  i t s  ope ra t i on ,  t h e  e f f l u e n t  from t h e  GC column i s  mixed w i t h  a sma l le r  volume 

o f  hydrogen; t h i s  m i x t u r e  en te rs  an e l e c t r i c a l l y  heated d e t e c t o r  chamber which con- 

t a i n s  an a l k a l i  source ( o f t e n  a rub id ium s a l t ) .  A l ow- tempera ture  plasma i s  formed 

and produces a minu te  e l e c t r i c  c u r r e n t  o f  a magnitude which i s  p r o p o r t i o n a l  t o  t h e  

amount o f  compound reach ing  t h e  d e t e c t o r .  Th i s  c u r r e n t  i s  a m p l i f i e d  and recorded. 

The NPD i s  approx imate ly  30,000 t imes more s e n s i t i v e  towards n i t r o g e n  and 60,000 

t imes more s e n s i t i v e  towards phosphorous than i t  i s  towards carbon, and has been 

used f o r  d e t e c t i o n  o f  low picogram q u a n t i t i e s  o f  n i t r o g e n -  and phosphorous-contain- 

i n g  compounds. 

6.1.2.5 Mass spec t romet r i c  d e t e c t i o n  

A mass spec t rometer  can be u t i l i z e d  as a s e n s i t i v e ,  s p e c i f i c  d e t e c t o r  i n  GC 
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a n a l y s i s .  
c a r r i e r  gas, then i s  d r e c t e d  i n t o  t h e  mass spectrometer where t h e  e l u t e d  compound 

i s  bombarded w i t h  h i g h  energy e l e c t r o n s .  The compound i s  i n i t i a l l y  i o n i z e d ,  then 

undergoes f ragmen ta t i on  i n t o  p o s i t i v e ,  nega t i ve  and n e u t r a l  f ragments.  E i t h e r  the  

p o s i t i v e l y  o r  n e g a t i v e l y  charged fragments a r e  conver ted  i n t o  an e l e c t r i c  c u r r e n t  

( t o t a l  i o n  c u r r e n t )  which i s  a m p l i f i e d  and recorded. The s t r e n g t h  o f  t h e  e l e c t r i c  

c u r r e n t  i s  p r o p o r t i o n a l  t o  t h e  amount o f  compound e n t e r i n g  t h e  mass spec t rometer .  

I n s t e a d  o f  measur ing t o t a l  i o n  c u r r e n t ,  t h e  mass spec t rometer  can be programmed t o  

a m p l i f y  t h e  c u r r e n t  produced by an i o n  o f  a p a r t i c u l a r  mass-to-charge r a t i o .  

s i n g l e  ( o r  s e l e c t e d )  i o n  c u r r e n t  i s  produced. Thus, i f  two o r  more compounds e l u t e  

s imu l taneous ly  f rom t h e  GC column, an i o n  which i s  formed from o n l y  one o f  t h e  

e l u t i n g  compounds would be se lec ted  f o r  a m p l i f i c a t i o n ,  and recorded. 

MSD i s  d iscussed i n  d e t a i l  i n  Chapter 8 o f  t h i s  volume. 

The e l u a t e  s f i r s t  passed th rough a separa to r  which removes most o f  t h e  

A 

Combined GC- 

6.1.3 D e r i v a t i z a t i o n  f o r  gas chromatographic a n a l y s i s  

Acylationr 
( R ~ C O )  2~ 

R 1 2  -NH-R R1-$R2 + R3COOH 

R2X 
Alkylatlonr  OH .-> ~ l - 0 2  + HX 

base 

1 ( c 4 ,  3SU R 1 -O-Sl(CH3)3 + HX 
Sllylationi R -OH 

F ig .  6.1. General r e a c t i o n s  f o r  t h e  p r i n c i p a l  t ypes  o f  d e r i v a t i z a t i o n  used f o r  
GC a n a l y s i s .  
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D e r i v a t i z a t i o n  o f  compounds f o r  GC a n a l y s i s  i s  g e n e r a l l y  performed f o r  a v a r i e t y  

o f  reasons: 

p o l a r i t y  o f  t h e  compound s i n c e  p o l a r  compounds (ac ids ,  phenols and some a l c o h o l s  

and amines) o f t e n  chromatograph p o o r l y ;  d )  t o  improve e x t r a c t i o n  e f f i c i e n c y  f rom 

aqueous media (e.g. a c y l a t i o n  o f  pheno l i c  amines); and e )  t o  i n t roduce  a func-  

t i o n a l  group which i s  p a r t i c u l a r l y  s e n s i t i v e  t o  s e l e c t i v e  de tec to rs  such as ECD, 

NPD o r  MSD. 

a )  t o  i nc rease  v o l a t i l i t y ;  b )  t o  i nc rease  s t a b i l i t y ;  c )  t o  r e d u c e ' t h e  

Most d e r i v a t i v e s  a r e  formed by r e p l a c i n g  t h e  a c t i v e  hydrogen atom o f  p o l a r  com- 

General r e a c t i o n s  f o r  each t ype  o f  d e r i v a t i z a -  

pounds (e.g. NH, OH, SH) by chemical  procedures such as a c y l a t i o n ,  a l k y l a t i o n ,  

s i l y l a t i o n  and condensat ion  (1,2).  

t i o n  a r e  i l l u s t r a t e d  i n  F igu re  6.1. Acyl  anhydr ides ,  a c y l  h a l i d e s  o r  a c t i v a t e d  a c y l  

amide reagents  a r e  u s u a l l y  used f o r  a c y l a t i o n  o f  OH, SH and NH groups. I n  a l k y -  

l a t i o n  r e a c t i o n s ,  replacement o f  a c t i v e  hydrogens o f  OH ( i n c l u d i n g  COOH), SH and 

NH ( i n c l u d i n g  CONH) groups y i e l d s  e the rs ,  es te rs ,  t h i o e t h e r s ,  t h i o l e s t e r s ,  N- 

a l ky lam ines  o r  N-alkylamides. The most common t y p e  o f  s i l y l a t i o n  employed i s  r e -  

placement o f  an a c t i v e  hydrogen on OH, SH o r  NH by a t r i m e t h y l s i l y l  group. 

va r ious  t r i m e t h y l s i l y l a t i n g  reagents  a v a i l a b l e  and t h e i r  s i l y l  donor s t r e n g t h  and 

r e a c t i v i t y  have been reviewed (2 ) .  

p roduc ts  formed f o r  GC a n a l y s i s  by condensat ion r e a c t i o n s ;  such r e a c t i o n s  i n v o l v e  

t h e  j o i n i n g  o f  two molecules w i t h  l o s s  o f  water.  

account f o r  t h e  m a j o r i t y  o f  d e r i v a t i z a t i o n s  used i n  GC s t u d i e s ,  b u t  o t h e r  p roduc ts  

such as phosphoryl  and s u l f o n y l  d e r i v a t i v e s ,  k e t a l s ,  ureas, oxazo l i d ines  and oxa- 

zo l i d inones  ( 2 )  have a l s o  been employed. 

i n g  d e r i v a t i z a t i o n  procedures i n  cons ide rab le  d e t a i l  (1 -15) .  Some examples o f  

commonly used d e r i v a t i z i n g  reagents  a r e  shown i n  F i g .  6.2. 

The 

Boronates,  oximes and hydrazones a r e  among 

The r e a c t i o n s  descr ibed above 

Texts and a r t i c l e s  a r e  a v a i l a b l e  desc r ib -  

6.2 ANALYSIS OF SPECIFIC AMINES 

6.2.1 Catecholamines and t h e i r  0-methyl me tabo l i t es  

u t i l i z e d  e l e c t r o n - c a p t u r e  d e t e c t i o n  (ECD). 

can be d e r i v a t i z e d  r e a d i l y  f o r  gas chromatographic a n a l y s i s .  

have i n  t h e i r  s t r u c t u r e s  one o r  two phenol groups and, i n  t h e  case o f  no rad rena l i ne  

(NA), a d r e n a l i n e  (A),  normetanephr ine (NMp) and metanephr ine (MN), an a l coho l  

mo ie ty ,  wh ich  may be d e r i v a t i z e d .  

f r e q u e n t l y  i n v o l v e s  abso rp t i on  on alumina o r  i s o l a t i o n  u s i n g  an ion-exchange r e s i n ,  

f o l l owed  by  e l u t i o n  w i t h  ac id ,  removal o f  t h e  l i q u i d  phase under vacuum, and r e -  

a c t i o n  w i t h  a p e r f l u o r o a c y l a t i n g  reagent .  So lvent  e x t r a c t i o n  procedures,  i o n -  

exchange r e s i n s  and i o n - p a i r  e x t r a c t i o n  have been u t i l i z e d  f o r  i s o l a t i o n  o f  t h e  

0-methy la ted  amine m e t a b o l i t e s  o f  t h e  catecholamines from t i s s u e  and b i o l o g i c a l  

f l u i d s .  

Most o f  t h e  GC a n a l y t i c a l  procedures f o r  these amines i n  b i o l o g i c a l  systems has 

The amine p o r t i o n  o f  these compounds 

These amines a l s o  

For t h e  catecholamines, e x t r a c t i o n  f rom t i s s u e  
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P F 3  
CH -N 

3 \  
COCF3 

(C1CR2C0)20  (CnF2n+lC0)20 

~ ) R = H  a ) n = i  

b ) R = F  b ) n = 2  

c) R = C 1  c ) n = 3  

cs2 ROCOCl 

3 
2 6 5  

a) R = C H ~  

b) R = C2H5 

c)  R = cH2cci 
d) R = CH C F 

F 

Q 4 i 0  

F 

0ZN 4:' 

F i g .  6.2 S t r u c t u r e s  o f  some t y p i c a l  d e r i v a t i z i n g  reagents  used i n  gas chromato- 
graphy. 
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T r i f l u o r o a c e t i c  anhydr ide  (TFAA), p e n t a f l u o r o p r o p i o n i c  anhydr ide  (PFPA) and 

h e p t a f l u o r o b u t y r i c  anhydr ide  (HFBA) a r e  f r e q u e n t l y  used f o r  d e r i v a t i z a t i o n  f o r  

subsequent GC a n a l y s i s .  S t r u c t u r e s  o f  t h e  r e s u l t a n t  d e r i v a t i v e s  a r e  shown i n  

F ig .  6.3. Greer &al-. (16) analyzed u r i n a r y  3-MT, NMN and MN i n  p a t i e n t s  w i t h  

D A r R = H  

NA r R = W O C F  3 

F i g .  6.3.  Products formed when DA ( a )  and NA ( b )  a r e  reac ted  w i t h  t r i f l u o r o a c e t i c  
anhydr ide  under anhydrous cond i t i ons .  

neuroblastoma and pheochromocytoma by c o n v e r t i n g  t h e  amines t o  t h e i r  trifl uoro-  

a c e t y l  (TFA) d e r i v a t i v e s  and q u a n t i t a t i n g  by GC-FID. Kawai and Tamura (17)  em- 

p loyed  t r i f l u o r o a c e t y l a t i o n  f o r  a n a l y s i s  o f  catecholamines by GC-ECD i n  e x t r a c t s  

f rom u r i n e  and tumors. 

catecholamines i n  a v a r i e t y  o f  r a t  t i s s u e s  and serum. 

c o n f i r m  t h e  presence o f  A i n  r a t  b r a i n .  I n  t h e  procedure developed by Wong 5 &. 
(19) ,  u r i n a r y  catecholamines were conver ted  t o  t h e i r  pen ta f l uo rop rop iony l  (PFP) 

d e r i v a t i v e s  f o r  q u a n t i t a t i o n  by GC-ECD. M a r t i n  and Anse l l  (20)  developed a pro-  

cedure which p e r m i t t e d  t h e  a n a l y s i s  o f  NA, dopamine (DA) and 5-hydroxy t ryp tamine 

(5-HT) i n  r a t  b r a i n  us ing  GC-ECD. The amines were conver ted  t o  t h e i r  TFA d e r i v -  

a t i v e s  p r i o r  t o  a n a l y s i s  by GC. A number o f  o t h e r  r e p o r t s  appeared i n  t h e  l i t e r -  

a t u r e  i n  which p e r f l u o r o a c y l a t i o n  and GC-ECD a n a l y s i s  were used t o  measure ca techo l -  

amines and t h e i r  0 -methy la ted  amine m e t a b o l i t e s  i n  body f l u i d s  and t i s s u e s  (21-27).  

Maruyama and Takemori (28) a l s o  r e p o r t e d  a G C - F I D  procedure f o r  e s t i m a t i o n  o f  NA 
and DA i n  b ra in ;  TMS-imidazole was employed t o  d e r i v a t i z e  t h e  catecholamines i n  

t h i s  case. Gy l lenhaa l  $ c. (29)  r e c e n t l y  used methyl  ch lo ro fo rma te  d e r i v a t i z -  

a t i o n  and GC-NPD f o r  q u a n t i t a t i o n  o f  catecholamine standards i n  aqueous s o l u t i o n  

( F i g .  6.4) ;  t h e  d e r i v a t i z a t i o n  was performed d i r e c t l y  i n  t h e  aqueous phase, and 

i t  i s  conce ivab le  t h a t  t h e  procedure c o u l d  be a p p l i e d  t o  b i o l o g i c a l  samples. 

Mixed d e r i v a t i v e s ,  formed by r e a c t i o n  o f  t h e  catecholamines o r  t h e i r  0 -methy la ted  

me tabo l i t es  w i t h  a combina t ion  o f  d e r i v a t i z i n g  agents, have a l s o  been u t i l i z e d  f o r  

q u a n t i t a t i o n  o f  these compounds i n  t i s s u e s  and body f l u i d s .  Kawai and Tamura (30)  
conver ted  t h e  hydroxy l  groups o f  t h e  catecholamines i n t o  t r i m e t h y l  s i l y l  e t h e r s  and 

t h e  p r imary  amines i n t o  S c h i f f  bases (secondary amino groups remained unchanged); 

A s i m i l a r  procedure was used by Imai gal. (18) t o  measure 

These au thors  were a b l e  t o  
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t h i s  techn ique was used i n  c o n j u n c t i o n  w i t h  GC-FID f o r  a n a l y s i s  o f  catecholamines 

i n  bov ine  adrena l  medul la.  

f o l l o w e d  by p e r f l u o r o a c y l a t i o n  under anhydrous c o n d i t i o n s  t o  measure g l y c o l  metab- 

o l i t e s  o f  NA i n  b r a i n  t i s s u e .  Sharman suggested t h a t  t h e  method c o u l d  be m o d i f i e d  

f o r  a n a l y s i s  o f  NA and NMN. I n  a method developed f o r  t h e  assay o f  catecholamines 

i n  b r a i n  t i s s u e ,  A rno ld  and Ford (19)  e t h e r i f i e d  t h e  a l coho l  group o f  NA p r i o r  t o  

p e r f l u o r o a c y l a t i o n  o f  t h e  amine and phenol f u n c t i o n s .  I n  t h e  procedure o f  Haef fner  

-- e t  a l .  (32 ) ,  mixed TFA-TMS d e r i v a t i v e s  were used f o r  i d e n t i f i c a t i o n  i n  u r i n e  o f  DA, 

Sharman (31 )  employed a c e t y l a t i o n  i n  aqueous medium 

C H  ?OCOO, 

OH 

Fig .  6.4. Products formed by r e a c t i o n  o f  catecholamines w i t h  methyl  ch lo ro fo rma te  
under aqueous c o n d i t i o n s .  

NA, NMN and MN by GC-FID. 

idine-TMS d e r i v a t i v e s  o f  NA and DA f o r  q u a n t i t a t i o n  o f  these amines i n  r a t  adrena l  

e x t r a c t .  Nelson g 1. (34)  e t h e r i f i e d  a l coho l  groups and then a p p l i e d  p e r f l u o r o -  

a c y l a t i o n ;  t h i s  p rov ided  f o r  t h e  s imultaneous measurement o f  3-MT, NMN and MN i n  

u r i n e .  

0 - t r i m e t h y l s i l y l  d e r i v a t i v e s  f o r  a n a l y s i s  o f  catecholamines i n  r a t  b r a i n  (F ig .  6 . 5 ) .  

I n  another  r e c e n t  r e p o r t ,  LeGat t  

and NMN and e x t r a c t e d  t h e  r e s u l t a n t  N-acety l  

e t h y l  ace ta te .  P r i o r  t o  removal o f  t h e  e t h y l  ace ta te  under a s t ream o f  n i t rogen ,  

t h e  samples were hyd ro l yzed  w i th  ammonium hydrox ide  t o  s p e c i f i c a l l y  hyd ro l yze  t h e  

a c e t y l a t e d  phenol group. Subsequent r e a c t i o n  w i t h  TFAA l e d  t o  t h e  fo rma t ion  o f  an 

N-acetyl ,  N-TFA, 0-TFA compound i n  t h e  case o f  3-MT; a s i m i l a r  compound was formed 

w i t h  NMN, i n  which t h e  a l coho l  group was a l s o  t r i f l u o r o a c e t y l a t e d .  Th is  techn ique 

was used f o r  q u a n t i t a t i o n  o f  these two 0-methy la ted  amines i n  b r a i n  t i s s u e  and 

human u r i n e  (36,37) and has s i n c e  been a p p l i e d  t o  t h e  s imultaneous a n a l y s i s  o f  a 

number o f  amines (see s e c t i o n  6.2.3).  

Lhuguenot and Maume (33)  formed t h e  pen ta f l uo robenzy l -  

Doshi and Edwards (35) employed N - 2 , 6 - d i n i t r o - 4 - t r i f l  uoromethyl  phenyl  , 

fl. (36)  a c e t y l a t e d  3-methoxytyramine (3-MT) 

pheno l i c  0 -ace ty l  d e r i v a t i v e s  i n t o  

Recent f i n d i n g s  i n  ou r  l a b o r a t o r y  (38)  
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i n d i c a t e  t h a t  pen ta f l uo robenzoy la t i on  f o l l o w e d  by t r i f l u o r o a c e t y l a t i o n  may a l s o  

p r o v i d e  a conven ien t  means f o r  s imultaneous measurement o f  NA and DA i n  t i s s u e  and 

body f l u i d s .  

procedure i n  each case ( r e a c t i o n  w i t h  2,6-dinitropheny1-4-trifluoromethylphenyl 

c h l o r i d e ,  a c e t i c  anhydr ide  o r  penta f luorobenzoy l  c h l o r i d e )  can be performed i n  

aqueous medium. 

I n  t h e  l a s t  t h r e e  methods mentioned above, t h e  i n i t i a l  d e r i v a t i z a t i o n  

F i g .  6.5. N-2,6-dinitro-4-trifluoromethylphenyl, 0 - t r i m e t h y l s i l y l  d e r i v a t i v e s  o f  
catecholamines used by Doshi and Edwards (35). 

There a r e  o t h e r  r e p o r t s  i n  t h e  l i t e r a t u r e  on t h e  fo rma t ion  o f  mixed d e r i v a t i v e s  

o f  catecholamines and t h e i r  0-methylated amine m e t a b o l i t e s  (39-41). 

these s t u d i e s  have been performed w i t h  standards o n l y  and have n o t  been a p p l i e d  t o  

b i o l o g i c a l  samples. However, t h e  p o t e n t i a l  GC user  shou ld  be aware o f  them s ince  

most shou ld  be adaptab le  t o  a n a l y s i s  i n  b i o l o g i c a l  systems. 

Whi le  fo rma t ion  o f  mixed d e r i v a t i v e s  may p rov ide  c e r t a i n  GC advantages such as 

inc reased s e n s i t i v i t y ,  improved peak shape, a l t e r e d  r e t e n t i o n  t ime  o r  separa t i on  

f rom another  compound which would o the rw ise  i n t e r f e r e  i n  t h e  ana lys i s ,  t h e r e  may 

a l s o  be inc reased l i k e l i h o o d  o f  m u l t i p l e  p roduc t  f o rma t ion .  

B r i e f  ment ion shou ld  be made here  about boronate d e r i v a t i v e s .  

I n  many cases, 

B iogen ic  amines 

w i t h  t h e  c o r r e c t  s t r u c t u r a l  requ i rements  (e.g. catecholamines, NMN, MN, octopamine 

(OA) and phenylethanolamine (PEOH) can be conver ted  t o  c y c l i c  boronates by t r e a t -  

ment w i th  an a l k y l b o r o n i c  ac id .  

on GC-ECD (42,43) b u t  t h e  techn ique has n o t  been employed e x t e n s i v e l y  f o r  a n a l y s i s  

o f  amines i n  b i o l o g i c a l  systems. 

The r e s u l t a n t  p roduc ts  have good s e n s i t i v i t y  on 

6.2.2 5-Hydroxytryptamine (5-HT; s e r o t o n i n )  

GC has n o t  been a p a r t i c u l a r l y  popu la r  techn ique f o r  t h e  a n a l y s i s  o f  5-HT i n  
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b i o l o g i c a l  systems. 

5-HT f o r  GC (44-50), much o f  t h i s  work has been done w i t h  standards o r  has been 

u t i l i z e d  f o r  a n a l y s i s  i n  b i o l o g i c a l  media by mass spec t romet r i c  techniques. 

M a r t i n  and Anse l l  (20)  used GC-ECD f o r  a n a l y s i s  o f  5-HT i n  r a t  b r a i n  t i s s u e ;  

t h e  t r i - T F A  d e r i v a t i v e  was formed a f t e r  e x t r a c t i o n  o f  5-HT f rom t h e  t i s s u e  homog- 

enate.  Baker C fi. (51)  employed e x t r a c t i o n  w i t h  a l i q u i d  ion-exchanger, a c e t y l -  

a t i o n  under aqueous c o n d i t i o n s  and r e a c t i o n  w i t h  PFPA t o  ana lyze  5-HT i n  r a t  b ra in ;  

t h e  r e s u l t a n t  c y c l i z e d  d e r i v a t i v e  (46,49,51,52) has e x c e l l e n t  s e n s i t i v i t y  and 

s t a b i l i t y .  

T u s i n g  GC-ECO and a c a p i l l a r y  column (37,53). 

5-HT (and a number o f  o t h e r  i ndo lea l ky lam ines )  i s  p r o p i o n y l a t i o n  i n  aqueous b r a i n  

homogenate, o m i t t i n g  t h e  p r e l i m i n a r y  e x t r a c t i o n  w i t h  a 1 i q u i d  ion-exchanger.  

t h e  r e s u l t a n t  N,O-propionyl d e r i v a t i v e  o f  5-HT was f u r t h e r  reac ted  w i t h  a p e r f l u o r o -  

a c y l a t i n g  reagent  and gas chromatographed, two peaks were always observed (54) ,  

presumably because o f  t h e  fo rma t ion  o f  two s t r u c t u r a l  isomers. 

t i a l l y  these should be a p p l i c a b l e  t o  GC a n a l y s i s  i n  b i o l o g i c a l  e x t r a c t s .  

A1 though t h e r e  a r e  numerous r e p o r t s  on t h e  d e r i v a t i z a t i o n  of  

T h i s  method has now been m o d i f i e d  f o r  concomitant a n a l y s i s  o f  5-HT and 

Another p o s s i b i l i t y  f o r  a n a l y s i s  o f  

When 

The fo rma t ion  o f  mixed d e r i v a t i v e s  o f  5-HT has been r e p o r t e d  (55-58) and poten- 

6.2.3 Trace Amines: pheny le thy lamine (PEA), ty ramine (TA), octopamine (OA), 
phenylethanolamine (PEOH) and t r yp tamine  (T) 

G C - F I D  has been used f o r  a n a l y s i s  o f  PEA and T i n  p u t r e f y i n g  human t i s s u e  (59 )  

and f o r  measurement o f  concen t ra t i ons  o f  PEA i n  dog plasma f o l l o w i n g  i n f u s i o n s  o f  

PEA (60).  

l e v e l s  o f  p-TA and r e l a t e d  amines i n  f o o d s t u f f s  (61-65). 

d e r i v a t i v e  and GC-FID, Haef fner  gtfi .  (32)  i d e n t i f i e d  p-TA i n  u r i n e .  A number o f  

GC assays u t i l i z i n g  FID o r  ECD have been r e p o r t e d  f o r  a n a l y s i s  o f  PEA i n  b r a i n  and 

u r i n e  (66-69), and many o f  these have been reviewed and compared by Schwei tzer  and 

F r i e d h o f f  (70 ) .  

i d e n t i f i c a t i o n  o f  T pe r fusa tes  o f  dog b r a i n .  

analyzed PEA i n  u r i n e  and b r a i n  as i t s  penta f luorobenzoy l  d e r i v a t i v e .  M a r t i n  and 

Baker (74,75) a c e t y l a t e d  PEA i n  an aqueous s o l u t i o n ,  e x t r a c t e d  w i t h  e t h y l  ace ta te  

and reac ted  t h e  N-acetyl-PEA w i t h  PFPA; t h e  procedure p e r m i t t e d  t h e  q u a n t i t a t i o n  o f  

PEA i n  a s i n g l e  c o n t r o l  r a t  b r a i n .  

o f  PEA i n  u r i n e  (37) .  

a c y l a t i o n )  has been a p p l i e d  t o  t h e  a n a l y s i s  o f  t r yp tamine  (T )  i n  u r i n e  (76)  and 

b r a i n  (53) .  

(46,49,51), and r e p o r t s  by o t h e r  workers on the  d e r i v a t i z a t i o n  o f  s i m i l a r  compounds 

(52)  suggests t h a t  a s p i r o c y c l i c  d e r i v a t i v e  i s  formed. 

A c e t y l a t i o n  f o l l o w e d  by p e r f l u o r o a c y l a t i o n  has a l s o  proven u s e f u l  f o r  a n a l y s i s  

o f  pheno l i c  a r y l a l k y l a m i n e s  such as ty ramine (TA) and octopamine (OA). 

o f  such compounds f rom aqueous s o l u t i o n s  i s  o f t e n  d i f f i c u l t  because o f  t h e i r  am- 

Several  GC-FID techniques have been r e p o r t e d  f o r  t h e  i n v e s t i g a t i o n  o f  

Using a mixed TFA-TMS 

M a r t i n  C a. (71)  u t i l i z e d  p e r f l u o r o a c y l a t i o n  and GC-ECD f o r  

Reynolds and co l leagues (72,73) 

Th is  method has now been m o d i f i e d  f o r  a n a l y s i s  

A s i m i l a r  procedure ( a c e t y l a t i o n  f o l l o w e d  by p e r f l u o r o -  

I n  t h e  case o f  T, a c y c l i z a t i o n  occurs d u r i n g  t h e  r e a c t i o n  w i t h  PFPA 

E x t r a c t i o n  
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p h o t e r i c  na tu re .  

i n  a c e t y l a t i o n  o f  amine and phenol f u n c t i o n s  ( b u t  n o t  a l c o h o l )  (77-82) and the  

React ion w i t h  a c e t i c  anhydr ide under aqueous c o n d i t i o n s  r e s u l t s  

R = H (p-TA) 
R = EWF3 (p-OA) 

3 2  AA = (CH GO) 0 

TFAA = (CF3C0),O 

Fig.  6.6. D e r i v a t i z a t i o n  o f  p-TA and p-OA f o r  ana lys i s  by GC-ECD. 
groups a re  a c e t y l a t e d  i n  aqueous medium, the  a c e t y l a t e d  phenols a re  s p e c i f i c a l l y  
hydro lyzed w i t h  ammonium hydroxide, and the  r e s u l t a n t  N-acetyl  compounds a re  per-  
f l  uoroacyl  a ted  under anhydrous cond i t i ons .  

r e s u l t a n t  n e u t r a l  compounds a re  r e a d i l y  e x t r a c t e d  i n t o  organic  so l ven ts  such as 

e t h y l  ace ta te  (83-86). These d e r i v a t i v e s  can be f u r t h e r  reac ted  w i t h  TFAA ( o r  a 

s i m i l a r  p e r f l u o r o a c y l a t i n g  reagent)  under anhydrous c o n d i t i o n s  t o  form N-acetyl  , 
N-TFA, 0 -ace ty l  compounds, w i t h  a lcohol  f u n c t i o n s  a l s o  being pe r f l uo roacy la ted .  

These f i n a l  d e r i v a t i v e s  can be u t i l i z e d  f o r  a n a l y s i s  by GC-ECD (86) b u t  we have 

found i t  more s u i t a b l e  t o  f u r t h e r  modi fy  the  d e r i v a t i z a t i o n  process by hyd ro l yz ing  

the  a c e t y l a t e d  phenol group p r i o r  t o  the  f i n a l  d e r i v a t i z a t i o n ,  f r e e i n g  i t  f o r  r e -  

a c t i o n  w i t h  t h e  TFAA. Th is  r e s u l t s  i n  a d e r i v a t i v e  w i t h  increased v o l a t i l i t y  and 

s e n s i t i v i t y  (see F igu re  6.6).  Separat ion o f  d e r i v a t i z e d  p-TA from an i n t e r f e r i n g  

substance i n  b r a i n  and u r i n e  was a l s o  achieved (84,87). 

w i t h  t h e  use o f  c a p i l l a r y  GC-ECD, i t  i s  now p o s s i b l e  t o  separate PEA, m- and p-TA, 

p-OA, NME and 3-MT i n  a s i n g l e  r u n  (37,86) (see F ig .  6.7).  The mod i f i ed  procedure 

has n o t  proven u s e f u l  f o r  a n a l y s i s  o f  T and 5-HT, b u t  i t  i s  p o s s i b l e  t o  analyze 

these substances i n  the  same sample o f  homogenate o r  body f l u i d  as t h e  o t h e r  amines 

by removing a p o r t i o n  o f  t h e  e t h y l  ace ta te  e x t r a c t  p r i o r  t o  h y d r o l y s i s  (37,54). Th i s  

Phenol and amine 

By combining t h i s  procedure 
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U r i n e  sample o r  supernatan t  f rom 
b r a i n  homogenate i n  p e r c h l o r i c  a c i d  

Make s l i g h t l y  a l k a l i n e .  
Shake w i t h  d i - ( 2 - e t h y l h e x y l )  
phosphor ic  a c i d  
(2.5% v /v  i n  ch lo ro fo rm) .  I 

Reta in  bo t tom l a y e r  

E l u t e  wi th 0.5 N H C l  I 
Reta in  t o p  l a y e r  

N e u t r a l i z e .  
A c e t y l a t e  w i t h  a c e t i c  anhydr ide .  
E x t r a c t  w i t h  e t h y l  ace ta te .  

Shake w i t h  1/10 t h e  volume 
o f  10 N NH,OH. 
N e u t r a l i z e  w i t h  conc. HC1. 

1 
1 

Reta in  o rgan ic  l a y e r  

Evaporate t o  dryness under N2. 

Reta in  o rgan ic  l a y e r  

Residue 

React w i t h  tri f 1 uoroace t i  c 
anhydr ide.  
P a r t i t i o n  b r i e f l y  between 
cyclohexane and s a t u r a t e d  sodium 
bo ra te  s o l u t i o n .  

I 

I 
Reta in  t h e  cyclohexane l a y e r  

A l i q u o t  on GC-ECD 

F ig .  6.7. A procedure f o r  t h e  s imultaneous a n a l y s i s  o f  PEA, m- and p-TA, p-OA, NME 
and 3-MT. 
e thy lamine may be used as i n t e r n a l  standards.  

Benzylamine, 3-phenylpropylamine, t rany l cyp romine  o r  2 - (4 -ch lo ropheny l ) -  
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A = T  
B =5-  METHYLTRYPTAMINE 

C= 5-HT 

( INTERNAL STANDARD) 

L 

14 12 att. 
i 

0 5 10 

F ig .  6.8. Peaks obta ined from T and 5-HT i n  an e x t r a c t  o f  human u r i n e .  
were a c e t y l a t e d  under aqueous c o n d i t i o n s  and reacted w i t h  pen ta f l uo rop rop ion i c  
anhydr ide under anhydrous cond i t i ons .  

The amines 
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p o r t i o n  can be evaporated t o  dryness and reac ted  w i t h  PFPA t o  p rov ide  f o r  q u a n t i -  

t a t i o n  o f  T and 5-HT (53 )  (see F igu re  6.8 f o r  GC t r a c e ) .  

The d e r i v a t i v e s  o f  t h e  t r a c e  amines produced by t h e  combina t ion  o f  a c e t y l a t i o n  

and p e r f l u o r o a c y l a t i o n  a r e  s e n s i t i v e  and remain s t a b l e  f o r  severa l  days under r e -  

f r i g e r a t i o n .  

samples by t h e  p a r t i t i o n i n g  process a t  t h e  t e r m i n a t i o n  o f  t h e  p e r f l u o r o a c y l a t i o n  

r e a c t i o n ,  s ince  t h e  presence o f  water  i n  t h e  samples f o r  l o n g  pe r iods  o f  t ime  f a c i l -  

i t a t e s  degradat ion .  

i n  t h e  s i d e  chain,  oxazo l i ne  d e r i v a t i v e s  (83)  fo rm on s tand ing  ove r  a p e r i o d  o f  

t ime (F ig .  6.9). 

However, ca re  must be taken t o  exclude water  when c o l l e c t i n g  t h e  

I n  t h e  case o f  t h e  d e r i v a t i v e s  o f  amines w i t h  an a l coho l  group 

F i g .  6.9. Format ion o f  an oxazo l i ne  d e r i v a t i v e  f rom d e r i v a t i z e d  PEOH. 

I n  t h e  assay procedures j u s t  descr ibed above, p r e l i m i n a r y  e x t r a c t i o n  must be 

performed t o  separa te  any endogenous N-acety la ted  amine f rom t h e  amine i t s e l f .  

Otherwise t h e  N-acety la ted  compound would g i v e  t h e  same f i n a l  d e r i v a t i v e  as t h e  

amine when c a r r i e d  th rough t h e  procedure and g i v e  a m i s l e a d i n g l y  h i g h  f i g u r e  f o r  

t h e  l e v e l s  o f  t h e  amine. 

f o l l o w e d  by e l u t i o n  w i t h  HC1 i s  a u s e f u l  way t o  e f f e c t  t h i s  separa t i on  (88) .  

HC1 phase can then be b a s i f i e d  and a c e t y l a t e d  d i r e c t l y .  

We have found t h a t  e x t r a c t i o n  w i t h  a l i q u i d  ion-exchanger 

The 

Two o t h e r  d e r i v a t i z a t i o n  procedures which can be conducted under aqueous c o n d i t i o n s  

may have p o t e n t i a l  use f o r  a n a l y s i s  o f  t r a c e  and o t h e r  amines. Pentaf luorobenzene- 

s u l f o n y l  c h l o r i d e  and penta f luorobenzoy l  c h l o r i d e  have bo th  been used i n  ou r  l a b o r -  

a t o r i e s  t o  d e r i v a t i z e  PEA standards d i r e c t l y  i n  aqueous medium. 

c o n t a i n i n g  t h e  amine i s  shaken w i t h  a s o l u t i o n  o f  t h e  d e r i v a t i z i n g  reagent  i n  a 

m i x t u r e  o f  e t h y l  ace ta te  and a c e t o n i t r i l e .  

agent i n  t h e  procedure.  

GC a n a l y s i s  o f  o t h e r  amines and phenols (89-91),  and these techniques may prove 

u s e f u l  f o r  assay ing  a v a r i e t y  o f  impor tan t  amines i n  b i o l o g i c a l  systems. 

The aqueous phase 

A c e t o n i t r i l e  a c t s  as a phase t r a n s f e r  

S i m i l a r  phase- t rans fe r  r e a c t i o n s  have been u t i l i z e d  f o r  

GC-NPD has been l i t t l e  used f o r  a n a l y s i s  o f  t r a c e  and o t h e r  low mo lecu la r  we igh t  

a ry la l ky lam ines ,  a l t hough  t h e  techn ique may be employed more e x t e n s i v e l y  i n  t h e  

f u t u r e .  Tranylcypromine, an an t i dep ressan t  r e l a t e d  c l o s e l y  i n  s t r u c t u r e  t o  PEA, 
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has been assayed i n  plasma samples a f t e r  convers ion  t o  i t s  HFB d e r i v a t i v e  (92) .  

Measurement o f  t h e  u r i n a r y  l e v e l s  of  N-methyl-T and N,N-dimethyl-T u s i n g  t r i f l u o r o -  

a c e t y l a t i o n  and GC-NPD has a l s o  been r e p o r t e d  (93 ) .  The p r o p e r t i e s  o f  va r ious  

d e r i v a t i v e s  o f  standards o f  PEA and r e l a t e d  analogues on GC-NPD has been t h e  o b j e c t  

o f  a recen t  s tudy  (94). Narasimhachar i  and F r i e d e l  r e c e n t l y  r e p o r t e d  t h e  use o f  

GC-NPD f o r  measurement o f  PEA and T i n  plasma, u r i n e ,  ce reb rosp ina l  f l u i d  and b r a i n  

(95) ;  amines were reac ted  w i t h  carbon d i s u l f i d e  t o  fo rm i so th iocyana te  d e r i v a t i v e s .  

It seems p o s s i b l e  t h a t  reagents  such as d ime thy l th iophosph in i c  c h l o r i d e  (96) and d i -  

e thy l ch lo rophospha te  (97) may be used i n c r e a s i n g l y  f o r  a n a l y s i s  o f  b iogen ic  amines 

i n  b i o l o g i c a l  systems by GC-NPD. Jacob (96) found a d e t e c t i o n  l i m i t  o f  

500 fg  f o r  N,N-dimethylthiophosphinylaniline. I n  P r e l i m i n a r y  s t u d i e s  (98) we have 

found t h a t  PEA may be reac ted  w i t h  d ie thy l ch lo rophospha te  under aqueous c o n d i t i o n s ;  

t h e  s t r u c t u r e  o f  t h e  f i n a l  d e r i v a t i v e  was conf i rmed by mass spec t romet ry ,  b u t  i n -  

v e s t i g a t i o n s  on t h e  a p p l i c a b i l i t y  of t h e  d e r i v a t i z a t i o n  procedure t o  measurement o f  

PEA i n  t i s s u e s  and body f l u i d s  have n o t  y e t  been c a r r i e d  ou t .  

6.2.4 H is tamine 

M i t a  gal. (99 )  have developed an assay f o r  h i s tam ine  (HA) i n  which t h e  amine 

i s  e x t r a c t e d  f rom b a s i f i e d  aqueous s o l u t i o n  and d e r i v a t i z e d  w i t h  HFBA and then w i t h  

e t h y l  ch lo ro fo rma te .  The d e t e c t i o n  l i m i t  on GC-FID was c la imed t o  be 20 ng. Th is  

techn ique was a p p l i e d  t o  t h e  a n a l y s i s  o f  HA and 1-methyl-HA i n  u r i n e ,  whole 

b lood and leukocy tes  by GC-MS (100,101). Mahy and Ge lp i  (102) formed t h e  penta- 

f l u o r o a c y l a t e d  d e r i v a t i v e s  o f  HA, h i s t i d i n e  and t h e i r  1-methyl  me tabo l i t es ,  and 

t h e  d e t e c t i o n  range found on GC-FID was 10-30 ng. 

s u l f o n i c  ac id ,  a procedure u s e f u l  f o r  q u a n t i t a t i o n  of  a number o f  pheny le thy lamines  

(69,103), t o  be u n s u i t a b l e  f o r  a n a l y s i s  o f  HA. However, Ooshi and Edwards (104) d i s -  

covered t h a t  2,6-dinitro-4-trifluoromethyl benzenesu l fon ic  a c i d  (DNTS) r e a c t s  r e a d i l y  

w i t h  catecholamines, h is tamines  and r e l a t e d  amines t o  y i e l d  p roduc ts  w i t h  ve ry  

s u i t a b l e  p r o p e r t i e s  f o r  GC-ECD. 

y s i s  o f  HA and 1-methyl-HA i n  u r i n e  samples. 

Format ion o f  t h e  t r i f l u o r o a c e t y l  (40) ,  t r i m e t h y l s i l y l  (105) and h e p t a f l u o r o -  

b u t y r y l  (106)  d e r i v a t i v e s  o f  HA f o r  GC have been repo r ted ,  bu t  these compounds have 

been found t o  be u n s u i t a b l e  f o r  q u a n t i t a t i o n  o f  HA because o f  excess ive  t a i l i n g  

Edwards and co l leagues have r e p o r t e d  d e r i v a t i z a t i o n  w i t h  2,4-dini t robenzene 

These workers have a p p l i e d  t h e  procedure t o  ana l -  

(99) .  
Gas chromatography w i t h  NPD (107) has been a p p l i e d  t o  t h e  s imultaneous a n a l y s i s  

o f  HA and i t s  bas i c  m e t a b o l i t e s  i n  b i o l o g i c a l  samples. A l though procedura l  d e t a i l s  

a r e  l a c k i n g ,  t h e  genera l  method i s  descr ibed.  HA and me tabo l i t es  a r e  f i r s t  ex- 

t r a c t e d  from t h e  b i o l o g i c a l  m a t e r i a l  w i t h  an ion-exchange r e s i n .  A f t e r  e l u t i o n  

and l y o p h i l i z a t i o n ,  t h e  sample i s  reac ted  w i t h  HFBA and t h e  d e r i v a t i v e s  p u r i f i e d  
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on a s i l i c o n e  a c i d  column. 

GC a n a l y s i s .  S e n s i t i v i t y  was r e p o r t e d  t o  be i n  t h e  p icomolar  range. 

A procedure has r e c e n t l y  been developed i n  ou r  l a b o r a t o r i e s  which p rov ides  a 

r a p i d ,  s e n s i t i v e  assay f o r  HA and 1-methyl-HA i n  b r a i n  t i s s u e  us ing  G C - E C D  (108) .  

B r i e f l y ,  t h i s  i n v o l v e s  e x t r a c t i o n  w i t h  a l i q u i d  ion-exchanger, e l u t i o n  w i t h  HC1, 

b a s i f i c a t i o n  o f  t h e  e l u a t e  and r e a c t i o n  w i t h  penta f luorobenzoy l  c h l o r i d e  i n  e t h y l  

ace ta te  c o n t a i n i n g  a smal l  amount o f  a c e t o n i t r i l e  as a phase- t rans fe r  agent.  The 

procedure works ve ry  w e l l  f o r  HA and 1-methyl-HA, w i t h  values ob ta ined  i n  ra t  hypo- 

thalamus f o r  these two amines which a r e  i n  good agreement w i t h  l i t e r a t u r e  r e p o r t s .  

The r e a c t i o n  w i t h  HA i s  shown i n  F igu re  6.10. 

A c e t y l a t i o n  o f  t h e  r i n g  NH group, i f  present ,  precedes 

F i g .  6.10. D e r i v a t i v e  formed by r e a c t i o n  o f  HA w i t h  penta f luorobenzoy l  c h l o r i d e  
under aqueous c o n d i t i o n s .  

6.3  ADVANTAGES AND LIMITATIONS OF GC COMPARED TO OTHER ANALYTICAL METHODS 

GC i s  a r e l a t i v e l y  inexpens ive  techn ique ( p a r t i c u l a r l y  when compared t o  mass 

A l though t h i s  

spec t romet ry )  which can be u t i l i z e d  f o r  a n a l y s i s  o f  a v a r i e t y  o f  amines. I n  many 

cases, t h e  s imultaneous assay o f  severa l  amines can be achieved. 

chap te r  has d e a l t  p r i m a r i l y  w i t h  a n a l y s i s  o f  b iogen ic  amines, severa l  me tabo l i t es  

o f  these amines and numerous o t h e r  b i o l o g i c a l l y  impor tan t  substances and drugs 

can a l s o  be r e a d i l y  measured (109 f o r  rev iew) .  A l though t h e  s e n s i t i v i t y  o f  GC i s  

g e n e r a l l y  l ower  than t h a t  ob ta ined  w i t h  techn iques  such as mass spec t romet ry  and 

radioenzymic procedures,  we have observed t h a t  GC-ECD i s  s u f f i c i e n t l y  s e n s i t i v e  t o  

a l l o w  q u a n t i f i c a t i o n  o f  even t h e  ' t r a c e '  amines i n  nerve  t i s s u e .  I n  t h e  case o f  

a n a l y s i s  o f  TA, GC-ECD a n a l y s i s  pe rm i t s  separa t i on  o f  meta and para isomers (84, 

86), which i s  an advantage over  t h e  radioenzymic procedure r e p o r t e d  f o r  t h i s  amine 

(110). T h e r m o l a b i l i t y  i s  an i n h e r e n t  problem i n  GC b u t  t h i s  does n o t  appear t o  be 

an imposing problem f o r  a n a l y s i s  o f  b iogen ic  amines. 

GC may be c r i t i c i z e d  f o r  i t s  r e l a t i v e  l a c k  o f  s p e c i f i c i t y  compared t o  mass 

spec t romet r i c  methods, b u t  t h i s  i s  a c r i t i c i s m  which may be d i r e c t e d  a t  a number 
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o f  a n a l y t i c a l  techn iques .  I n  fac t ,  s t r u c t u r e s  of  f i n a l  d e r i v a t i v e s  u t i l i z e d  i n  

GC may be r e a d i l y  con f i rmed by a t t a c h i n g  t h e  GC column t o  a mass spec t rometer  and 

ana lyz ing  t h e  column e l u a t e .  

s t r u c t u r e s  o f  d e r i v a t i v e s  and t o  f o l l o w  r e a c t i o n  sequences d u r i n g  development o f  

assays f o r  GC-ECD. Fo l l ow ing  t h i s  con f i rma t ion ,  we f e e l  t h a t  GC-ECD can be used 

a lone f o r  r o u t i n e  a n a l y s i s ;  t h i s  would seem t o  be s u b s t a n t i a t e d  by ou r  r e s u l t s  f o r  

b r a i n  l e v e l s  of t h e  ' t r a c e '  amines, HA and 5-HT, which a r e  i n  good agreement w i t h  

values ob ta ined  u s i n g  mass spec t romet r i c  procedures.  

I n t e r f e r e n c e  peaks a r i s i n g  from t i s s u e ,  so l ven ts  and reagents  may be more o f  a 

problem w i t h  GC than w i t h  o t h e r  techniques. However, i t  has been ou r  exper ience 

t h a t  t h i s  problem can be circumvented by u s i n g  h i g h  q u a l i t y  chemicals,  de ion i zed  

g l a s s - d i s t i l l e d  water  and g l a s s - d i s t i l l e d  o rgan ic  so l ven ts .  

columns may a l s o  be an impor tan t  a i d  i n  overcoming i n t e r f e r e n c e  by extraneous 

peaks. 

GC techno logy  i s  c o n s t a n t l y  be ing  updated, and t h e  wide v a r i e t y  o f  d e r i v a t i z i n g  

reagents,  columns, pack ing  m a t e r i a l s  and accessor ies  (e.g. au tomat ic  samplers) now 

a v a i l a b l e  make i t  an ex t remely  v e r s a t i l e  techn ique.  I n  a d d i t i o n  t o  t h e  rev iews 

and handbooks r e f e r r e d  t o  i n  t h i s  chapter ,  much i n f o r m a t i o n  can be gleaned f rom 

ca ta logues  o f  companies s e l l i n g  GC equipment, and t h e  p o t e n t i a l  user  w i l l  f i n d  

s tudy  o f  these sources i n v a l u a b l e  when s e t t i n g  up a GC apparatus f o r  a n a l y s i s .  

I n  summary, GC i s  a u s e f u l  t o o l  which cont inues  t o  p l a y  an impor tan t  r o l e  i n  

t h e  a n a l y s i s  o f  amines i n  b i o l o g i c a l  systems. 

I t  i s  a l s o  impor tan t  t o  employ GC-IIS t o  c o n f i r m  

The use o f  c a p i l l a r y  
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CHAPTER 7 

QUANTITATtVE HIGH RESOLUTION MASS SPECTROMETRY OF BIOGENIC AMINES 

BRUCE *A. DAVIS AND DAVID A. DURDEN 

Psychiatric Research Division, University Hospital, 

Saskatoon, Saskatchewan S7N OX0 (Canada) 

7.1 INTRODUCTION 

7.1.1 Historical background and development 

The necessity for the determination of low concentrations of biogenic amines in 

brain and brain regions, blood plasma, cerebrospinal fluid and small populations of 

cells has stimulated the search over the past twenty years for analytical methods 

of improved sensitivity and specificity. The term biogenic amines includes the 

trace amines (phenylethylamine, phenylethanolamine, tryptamine, 5 and e-tyramine, 

- m- and p-octopamine and and 1-synephrine), the catecholamines (dopamine, adren- 

aline, noradrenaline), and their metabolites (3-methoxytyramine, metanephrine, and 

normetanephrine), the aliphatic amines (piperidine and histamine) and the polya- 

mines (putrescine, cadaverine, spermidine and spermine). 

Mass spectrometry in conjunction with chromatographic procedures is one of the 

most sensitive and specific methods available for the quantitation of biogenic 

amines. In this review, the emphasis will be on the analysis of the trace amines 

by a thin-layer chromatographic-mass spectrometric technique which we have develop- 

ed, refined and exploited over the last ten years. 

The first attempts at quantitating biogenic amines by mass spectrometric meas- 

urement of a selected ion were carried out on relatively crude extracts from rat 

brain [l-31. It was soon realized, however, that more accurate results could be 

obtained if the amines were first derivatized and purified by chromatography. The 

l-(~,~-dimethylamino)naphthalene-5-sulfonyl (dansyl) derivatives proved to be the 

most suitable with regard to both chromatographic and mass spectrometric proper- 

ties. Dansyl chloride was originally introduced as a fluorescent end-group reagent 

for proteins and peptides [4], and then as a derivatizing reagent for amino acids 

[ 5 ] ,  This was soon extended to include quantitation by fluorescence measurements 

[6-141 and confirmation of identity by mass spectrometry 114-191, the latter 

assisted by the publication of numerous spectra of dansyl amines [20-23]. The 
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partial mass spectrum and structure of bis-dansyl p-tyramine are presented in 

Figure 7.1. 

Since 1973 we have employed a high resolution thin-layer chromatographic-high 

resolution mass spectrometric method for the determination of a number of biogenic 

amines in tissues and body fluids as their dansyl derivatives, with deuterium- 

labelled analogues as internal standards. These studies have included the identi- 

fication and distribution of the trace amines phenylethylamine (PEA), tryptamine 

(T), and 2- and E-tyramine (mTA and pTA) in rat organs and brain regions 124-281, 

in rabbit brain [291, in human brain [30], their subcellular distribution in rat 

brain [31], and their urinary excretion in the rat and human (32-351. Other ainines 

measured by this method include phenylethanolamine (PEOH) [36], 2- and p-synephrine 

(mSYN and pSYN) [37,38] and 2- and e-octopamine (&A and pOA) [381 in various tis- 

sues, benzylamine in rats pre-treated with pargyline [391, tetrahydroisoquinoline 

and tetrahydro-8-carboline alkaloids [401, Y-aminobutyric acid (GABA) in astrocytes 

[41], adrenaline ( A )  in fowl diencephalon (421, and amphetamine and p-hydroxyam- 

phetamine in the rat following amphetamine injection [43-461. In addition, trace 

amine levels in brain [46-561 and in urine 157) after the administration of monoa- 

mine oxidase inhibitors, anti-psychotics and other drugs have been measured. 

Figure 7.1 The partial mass spectrum and structure of bis-dansyl 1-tyramine. 

A somewhat similar procedure using low resolution mass spectrometry of the 

dansyl amines with the internal standard (either a homologue of the compound under 

investigation or a compound possessing a similar evaporation profile but different 

mass) added just prior to quantitation in the mass spectrometer has been used by 

Seiler et al. 1581 to estimate tissue levels of putrescine [59-611, serotonin 
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(5-hydroxytryptamine, 5-HT) and bufotenin [ 621 ,  GABA [591 and piperidine [ 6 3 ] ,  and 

by Dolezalova et al. and Stepita-Klauco et al. to measure piperidine [64-671 and 

cadaverine [68-701 in the brains of snails and mice. 

7.1.2 Mass spectrometric quantitative techniques 

Mass spectrometric methods for the analysis of biogenic amines have followed two 

main lines of development: gas chromatography-mass spectrometry (GC-MS) and thin- 

layer chromatography-mass spectrometry (TLC-MS) . Each of these has been applied in 

a number of ways, depending on the resolution achieved in the chromatography and 

mass spectrometry. Packed GC columns, which are capable only of low resolution, 

can be employed with mass spectrometry at low or high resolution (GC-LRMS or GC- 

HRMS). Capillary or high resolution gas chromatography coupled with low or high 

resolution mass spectrometry (HRGC-LRMS or HRGC-HRMS) can also be used, although 

there are few examples in the literature. The higher the resolution of chromatog- 

raphy and mass spectrometry the greater the specificity of the method. Similarly, 

TLC-MS can be either low or high resolution, depending on the number of TLC separa- 

tions and the resolution of the mass spectrometer (TLC-LRMS and TLC-HRMS). Our 

method involves three TLC separations on three different plates in three different 

solvent systems, which is roughly equivalent to the high resolution obtained with 

GC capillary columns, and the mass spectrometer is operated at high resolution 

(7,000-10,000). 

In all of the above procedures, the mass spectrometer is adjusted so that one or 

more ions characteristic of the compound under investigation are monitored continu- 

ously as an aliquot o €  the sample (from the direct probe or outlet o €  a GC column) 

enters the ion source. This technique has acquired a number of names, including 

integrated ion current, mass fragmentography and single, mltiple or selected ion 

detection, monitoring or recording. The International Union of Pure and Applied 

Chemistry has studied this problem of nomenclature but has made no recommendations 

(711. [721 suggest selected ion monitoring (SIM) and it is this term 

which shall be used in this review. The acronym, SIM, can therefore be added to 

those given above to complete the description of the procedure. For example, the 

abbreviation for our method, high resolution thin-layer chromatography-high resolu- 

tion mass spectrometry with selected ion monitoring, would be HRTLC-HRMS-SIM. 

Watson et&. 

The choice of internal standard and when in the procedure it is added are of 

crucial importance. Isotopically-labelled (usually deuterium) analogues of the 

compound to be measured, although expensive to buy or difficult or time-consuming 

to synthesize, are ideal internal standards for mass spectrometric quantitation. 

When added t o  the tissue homogenate or biological fluid, they are carried through 

all the steps of extraction, derivatization and chromatography in exactly the same 

way as the endogenous amine, so that losses due to decomposition, adsorption and 

inefEicient extraction are automatically corrected for. All other analytical 

methods m s t  rely on homologues or other compounds with similar properties for 
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internal standards, with the attendant requirements for calibration curves, 

recovery estimates and supplementation studies which increase the number of samples 

to be analyzed. 

7.2 PROCEDURE 

7.2.1 Chemical and biochemical preparation of the sample for mass spectrometry 

The isolation, derivatization and separation of trace amines as currently em- 

ployed in the preparation of samples for high resolution mass spectrometric analy- 

sis was first described by Durden et al. for PEA [24] and the d-hydroxyarylalkyla- 

mines [37,38] and by Philips %&. for pTA [26], T[27] and mTA [ 2 8 ] .  This proced- 

ure, which will be described here only briefly, is outlined schematically in Figure 

7.2. 

An aliquot containing a known amount of the appropriate dideutero- or tetra- 

deutero-amine internal standard is added to the tissue homogenate or biological 

fluid before any processing takes place. Two procedures are in use depending on 

the amount of tissue or fluid to be analyzed. If more than 100 mg of tissue or 0.5 

ml of fluid is to be analyzed, tha amine fraction is first isolated by ion-exchange 

chromatography and then dansylated. Otherwise, the homogenate or physiological 

fluid is derivatized directly by the addition of sodium carbonate and an acetone 

solution of dansyl chloride. The derivatization solutions are concentrated under a 

stream of nitrogen and the dansyl amines extracted into benzene. If d-hydroxya- 

mines are to be quantitated, they may be acetylated at this point provided that the 

separation of m and 1-isomers is not required, otherwise the dansylated isomers 

are separated by TLC and then acetylated separately. The benzene extract or acet- 

ylating mixture is dried under nitrogen and the derivatives are re-dissolved in 

toluene and transferred to silica gel TLC plates which are developed uni-dimension- 

ally on two or three different plates each in a different solvent system. Follow- 

ing each chromatographic separation, the zone containing the dansyl amine of inter- 

est is visualized briefly under ultraviolet light, outlined with a spatula, powder- 

ed and extracted. After the final chromatographic separation, the powdered zone is 

transferred to a micro-extraction tube, and extracted by elution with 25-30 vl of 

ethyl acetate. The micro-extraction tube is then sealed at both ends with hemato- 

crit sealing clay and stored at -17°C until mass spectrometric analysis. 

7.2.2 Mass spectrometric procedure for the quantitation of biogenic arnines 

The procedure for the mass spectrometric quantitation by SIM of biogenic amines 

is a modification of earlier procedures developed for other types of compounds 

[2,73-751. In our laboratory in Saskatoon, ions are resolved using an AFJ MS902S 

high resolution double-focussing mass spectrometer equipped with a direct insertion 

probe, operating at 8kV acceleration potential, electron energy of 70 eV and 500 PA 

emission. The direct probe has been modified so that it is of fixed length and 
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with Selected Ion Monitoring 

7,000-10,000 Resolution 
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Triton X-100, adjust OH to 7.0. 

Percolate through Bio-Rad AC 

501J-X2, wash with Na Acetate 

and distilled H20. Elute with 

Methanol/HCl or Ethanol/NH3. 

Figure 7.2. Schematic outline of procedure for the ARTLC-YQMS-SIM analysis of 

trace amines. 
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such t ia t  t he  probe t i p  (Pyrex or qua r t z  g l a s s )  e n t e r s  t he  source  t o  wi th in  1-2 mm 

of t he  e l e c t r o n  beam. Because repea ted  use of a pyrex o r  qua r t z  sample holder  in- 

c r e a s e s  i t s  s u r f a c e  a c t i v i t y  with concurren t  decomposition of t h e  dansyl  compounds, 

t he  probe t i p  i s  rep laced  f r equen t ly .  

, 

The S I M  procedure i s  normally performed with the  mass spec t rometer  tuned t o  a 

r e s o l u t i o n  of 7,000 t o  10,000, depending on the  subs tance  t o  be ana lyzed .  The mass 

spec t rometer  is f i r s t  focussed onto  an ion  c h a r a c t e r i s t i c  of t h e  compound under 

i n v e s t i g a t i o n  ( p r e f e r a b l y  the  molecular ion  M) and the  mass r a t i o  of t he  peak 

matching decade box i s  set so  t h a t  an ion of known exac t  mass of a mass r e fe rence  

compound (such as  perfluorotri-2-butylamine or per f luorokerosene)  i s  centered  on 

t h e  o s c i l l o s c o p e  i n  t h e  high mass p o s i t i o n .  Immediately before  i n t r o d u c t i o n  of t he  

sample, the  r a t i o  of the  decade box i s  changed s o  t h a t  the  mass of t he  correspond- 

ing  ion of the  deu te ra t ed  i n t e r n a l  s t anda rd  occurs  i n  the  high mass p o s i t i o n .  An 

a l i q u o t  of t he  sample e x t r a c t  ( u s u a l l y  5 lil) is t r a n s f e r r e d  t o  the  probe t i p  by 

means of a sy r inge ,  t he  so lven t  i s  c a r e f u l l y  evapora ted  and t h e  probe i s  i n s e r t e d  

i n t o  the  hot  ion source .  As t he  sample evapora tes  t h e  s i g n a l s  from the  endogenous 

amine and deu te ra t ed  i n t e r n a l  s t anda rd  a r e  recorded a l t e r n a t e l y .  A f t e r  measuring 

the  a reas  under the  two p r o f i l e s  by p lan imet ry  o r  by computer [ 3 6 ] ,  t he  amount of 

endogenous amine can be c a l c u l a t e d ,  c o r r e c t i n g  f o r  i s o t o p i c  and chemical impur i t i e s  

i n  the  deu te ra t ed  s t anda rd  and n a t u r a l  i s o t o p i c  c o n t r i b u t i o n s  of t he  low t o  h igh  

mass s i g n a l .  A t y p i c a l  example of t he  p r o f i l e s  ob ta ined  by t h i s  procedure can be 

seen i n  F igure  7 . 3  f o r  dansyl PEA and the  i n t e r n a l  s t anda rd  dansyl  PEA-d4. 

\ m/z 354.1402 

4 
TIME 

Figure  7 . 3  Mass spec t romet r i c  s e l e c t e d  ion  moni tor ing  p r o f i l e s  of t he  molecular 
ions of dansyl  phenylethylamine and dansyl  phenylethylamine-d~+. 
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7 .3  

7 .3 .1  

( i  

t echn  

EVALUATION OF H I G H  RESOLUTION MASS SPECTROMETRY VS OTHER ANALYTICAL 

TECHNIQUES 

S p e c i f i c i t y  

Comparison of va lues  f o r  t r a c e  amines measured by d i f f e r e n t  a n a l y t i c a l  

S p e c i f i c i t y  i s  one of t h e  most important c r i t e r i a  by which an a n a l y t i -  

c a l  t echnique  can be judged. Neve r the l e s s ,  t h e  l i t e r a t u r e  is r i f e  with examples of 

ana lyses  which were thought t o  be s p e c i f i c  but which subsequent ly  were proven not  

t o  be s o .  As a r u l e ,  as a n a l y t i c a l  methods become more advanced and s o p h i s t i c a t e d ,  

ques. 

r epor t ed  va lues  f o r  a given compound f a l l ,  i n d i c a t i n g  t h a t  e a r l i e r  methods lacked 

s p e c i f i c i t y .  In  comparing r e s u l t s  from d i f f e r e n t  l a b o r a t o r i e s ,  one must bear  i n  

mind, however, t h a t  d i f f e r e n c e s  i n  animal s t r a i n ,  housing c o n d i t i o n s ,  d i e t ,  age and 

post-mortem handl ing  of t i s s u e s  may a f f e c t  t h e  t i s s u e  l e v e l s  of some compounds. 

TABLE 7 . 1  Values f o r  phenylethylamine, 1-tyramine and t ryptamine  i n  whole r a t  
b r a i n  as  measured by d i f f e r e n t  a n a l y t i c a l  t echn iques .  

Authors and Reference Method PEA (ng/g)  pTA (ng/g)  T (ng/g) 

F i s c h e r  %&. [761 
Durden % g, "241 
Saavedra [771 
Wil lner  gtt. [791 
Suzuki & Yagi [811 
Martin & Baker [78] 
P h i l i p s  % &. 1301 
Karoum % g.  I861 
Edwards %&. [801 
P h i l i p s  %&. [261 
Tallman &&. [841 
Duf f i e ld  st. [851 
Saavedra & Axelrod [871 
Snodgrass & Horn [911 
P h i l i p s  &. [271 
P h i l i p s  & Boulton [491 
Sloan &. [881 
Warsh gt &. [891 
A r t i g a s  & Gelpi  [901 

SPF 
HRTLC-HRMS-SIM 

REA 
GC-LRMS-SIM 

SPF 
GC-ECD 

HRTLC-HRMS-SIM 
GC-LRMS-SIM 

GC-CI-MS-SIM 
HRTLC-HRMS-SIM 

REA 
GC-CI-MS-SIM 

REA 
Radio-dansyl 

HRTLC-HRMS-SIM 
HRTLC-HRMS-SIM 

SPF 
GC-LRMS-SIM 
GC-LRMS-SIM 

492 
1.8 
1 .5  
1 . 7  
5 .0  
1.1 
2 . 1  
8.1 
1 . 0  

4.2 

2.0 
12.9 
2 .2  

22.0 
69 .O 
0.5  
0.35 

20.9 
not d e t e c t a b l e  

<O .38  

Analyses of t h e  t r a c e  amines PEA, pTA and T i n  r a t  b r a i n  over a period of a few 

yea r s  us ing  d i f f e r e n t  a n a l y t i c a l  methods i l l u s t r a t e  p e r f e c t l y  t h e  importance of 

s p e c i f i c i t y  (Table  7 .1 ) .  PEA i n  rat b r a i n  was f i r s t  measured by Fischer  e t  a l .  

[76] who obta ined  a va lue  of 492 ng/g by t h e  spectrophotofluorimetric (SPF) method, 
ye t  a year l a t e r  Durden et  a l .  [24] had obta ined  a va lue  of 1 .8  ng/g us ing  HRTLC- 

HRMS-SIM. S ince  then o t h e r  methods have been employed and confirmed t h e  la t ter  

r e s u l t ,  f o r  example, the  radioenzymatic assay  (REA) [77 ] ,  gas chromatography wi th  
e l e c t r o n  cap tu re  d e t e c t i o n  (GC-ECD) 1781, GC-MS-SIM [79] and GC-MS-SIM w i t h  chemi- 

c a l  i o n i z a t i o n  (GC-CI-MS-SIM) [ 8 0 ] .  Using an improved SPF procedure,  Suzuki and 

Yagi [81 ]  were ab le  t o  o b t a i n  a va lue  of 5.0 ng/g. A s i m i l a r  phenomenon was 
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observed f o r  PEA i n  r a b b i t  b r a i n ,  i n  which e a r l y  r e s u l t s  by Borison et  a l .  [ 82 ]  

(340 ng/g) us ing  gas chromatography with flame i o n i z a t i o n  d e t e c t i o n  (GC-FID) and 

Mosnaim et  a l .  [831 (400 ng/g) u s ing  SPF turned  out  t o  be much h ighe r  than the  

va lue  obta ined  by Boulton &. "291 (0.44 ng/g) u s ing  HRTLC-HRMS-SIM. S imi l a r  

developments can be observed i n  Table 7 . 1  f o r  pTA and T. The rad ioenzymat ic  assay  

produced a va lue  of 12.9 ng/g f o r  pTA [841 compared t o  2.0 ng/g by HRTLC-HRMS-SIM 

"261. GC-CI-MS-SIM gave a va lue  of 2 . 2  ng/g 1851, but another  GC-MS procedure 

y i e lded  a somewhat h ighe r  va lue  of 4 .2  ng/g [861. For T t h e  REA gave a va lue  of 

22.0 ng/g [871, s i m i l a r  t o  t h a t  r epor t ed  f o r  a SPF method (20.9 ng/g) [88 ] ,  but 

much h ighe r  than t h a t  ob ta ined  by HRTLC-HRMS-SIM (0.50, 0.35 ng/g) [27 ,49] .  One 

paper [89] desc r ib ing  a GC-LRMS-SIM procedure r epor t ed  T t o  be no t  d e t e c t a b l e ,  even 

with t h r e e  pooled b r a i n s ,  and another  [901 r epor t ed  T t o  be less than 0.38 ng/g, 

presumably the  lower l i m i t  of d e t e c t i o n .  A radio-dansyl assay  gave a va lue  of 69 

ng/g 1911. PEOH has been r epor t ed  t o  be p re sen t  i n  whole r a t  b r a i n  a t  a l e v e l  of 

6 . 2  ng/g [921 as measured by t h e  REA, 3 . 8  ng/g by GC-LRMS-SIM [791 and 5.8 ng/g by 

GC-CI-MS-SIM [80], but by HRTLC-HRMS-SIM 1361 a va lue  of on ly  0.06 ng/g was ob ta in -  

ed .  g-TA has been measured i n  t i s s u e  only by the  HRTLC-HRMS-SIM technique  [281 so 

a comparison with o t h e r  a n a l y t i c a l  methods is not  p o s s i b l e .  

TLC-LRMS-SIM wi thout  a t r u e  i n t e r n a l  s t anda rd  ( t h a t  is, a compound s i m i l a r  t o  

the  one under i n v e s t i g a t i o n  is added t o  the  d i r e c t  probe) has been used t o  measure 

t h e  l e v e l  of p i p e r i d i n e  i n  s n a i l  b ra in .  The r e s u l t s  of d i f f e r e n t  workers,  however, 

do not ag ree .  Using dansyl  d e r i v a t i v e s  and dansyl  p y r r o l i d i n e  as  s t anda rd  (added 

t o  the  d i r e c t  probe not  t o  t h e  homogenate), Dolezalova et  a l .  [651 measured 277 

ng/g and Seiler & &. [63 ] ,  us ing  the  cor responding  l-(N,N-di-n-butylamino) 

naptha lene-5-su l fonyl  (bansy l )  d e r i v a t i v e s ,  found 17 ng/g p i p e r i d i n e  i n  s n a i l  

b r a i n .  

( i i )  Eva lua t ion  of t h e  s p e c i f i c i t y  of t h e  d i f f e r e n t  a n a l y t i c a l  t echniques .  

a. Thin- layer  chromatography-mass spec t romet ry .  It i s  i n t e r e s t i n g  t o  no te  t h a t  

HRTLC-HRMS-SIM i s  t h e  only method provid ing  t h e  lowest va lues  (and presumably, 

t h e r e f o r e ,  t he  c o r r e c t  ones) f o r  a l l  t h e  above-mentioned amines. The reason  f o r  

t h i s  i s  undoubtedly t h e  g r e a t e r  s p e c i f i c i t y  of t h e  HRTLC-HRMS-SIM procedure.  This 

g r e a t e r  s p e c i f i c i t y  i s  due not on ly  t o  the  high r e s o l u t i o n  of t h e  th in - l aye r  

chromatography ( t h r e e  p l a t e s  each developed unid imens iona l ly  i n  a d i f f e r e n t  so lven t  

system) and t h e  mass spec t romet ry  ( r e s o l u t i o n  of 7,000 t o  lO,OOO), but a l s o  t o  t h e  

n a t u r e  of t h e  dansyl  d e r i v a t i v e .  The low mass r eg ion  of t h e  spectrum of a b io log i -  

c a l  e x t r a c t  i s  r a t h e r  complex due t o  t h e  presence  of molecular ions  from subs tances  

o t h e r  than  t h e  one of i n t e r e s t  and fragment ions  d e r i v i n g  from h ighe r  molecular 

weight subs tances .  The dansyl  d e r i v a t i v e s  of b iogenic  amines not  only possess  h igh  

enough molecular weights  so as t o  be r e l a t i v e l y  f r e e  of i n t e r f e r i n g  ions ,  bu t  a l s o  

one o r  more mass-def ic ien t  s u l f u r  atoms which f a c i l i t a t e  t h e  r e s o l u t i o n  of t h e  
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characteristic dansyl amine ions from background ions, many of which are non-mass 

deficient hydrocarbons. 

b. Radioenzymatic assay. Since the specificity of the REA is somewhat depend- 

ent on the purity and specificity of the enzyme and even more dependent on the 

selectivity of the isolation procedure, it may be that the high values obtained for 

T, pTA and PEOH are due to alternative substrates for the methylating enzyme which 

were not adequately separated before OK after methylation. Secondly, the REA as 

originally utilized was unable to distinguish between positional isomers, for 

example the 0-, fi- and p-isomers of octopamine[93]. By dansylation of the methyla- 

tion product mixture and isolation of the products by two OK three TLC separations 

it has been shown [941 that separation and quantitation of &A and @A are pos- 

sible, and that these values are lower than those of the original REA [93]. 

c. Gas chromatography-mass spectrometry. The GC-MS-SIM procedure usually 

gives values comparable to those obtained by HRTLC-HRMS-SIM, provided that the 

choices of derivative, internal standard and ion or ions to be recorded are wisely 

made. The ideal internal standard, as mentioned above, is the deuterated analogue 

of the compound under investigation. Many investigators, however, employ homo- 

logues or other similar compounds as internal standards, accepting the resulting 

uncertainty which arises because of possible differences in the extraction, chroma- 

tographic and mass spectrometric properties of the standard compared to the amine 

to be analyzed. A frequently used device to ensure specificity is to monitor two 

or more ions of the same compound; if both (OK all) are present and the relative 

intensities are in the same ratio as for the authentic compound this is taken as 

proof of the purity of the substance being analyzed. While it i s  probably correct 

to assume that the ratio remains constant for periods of a few hours, it has been 

observed that the ratio of ion abundances can vary significantly from day to day 

depending on ion source cleanliness, instrument tuning and changes in source temp- 

erature [95]. It is of particular importance to bear this in mind when analyzing 

biogenic amines as their perfluoroacyl or trimethylsilyl derivatives, the most pop- 

ular derivatives for GC-MS because of the ability of the corresponding reagents to 

react readily with the usual functional groups found in the biogenic amines. Un- 

fortunately, the most abundant ions in the spectra of these derivatives ate often 

common to several different amines (and also their acidic and alcoholic metabo- 

lites), so that specificity must rely on chromatographic resolution (which is com- 

paratively low for the packed columns which are most often used) and the ratio of 

ion abundances (which, as mentioned earlier, can be variable due to instrumental 

factors). Furthermore, these common ions are generally of relatively low mss, 

which increases the likelihood of interference from background ions. For example, 

m/z 174 for the trimethylsilyl derivatives of primary amines 1961, m/z 58 for 

dimethyl tertiary amines [97 ,98 ]  and m/z 140 for the pentafluoropropionyl deriva- 

tives of methyl secondary amines [ 9 9 ]  are each the base peak in the mass spectrum 
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and a l l  r e s u l t  from c leavage  of t he  a , & a l k y l  carbon bond with t h e  charge  remaining 

on the  n i t r o g e n  fragment which provides  no s t r u c t u r a l  in format ion .  

The dangers i nhe ren t  i n  q u a n t i t a t i n g  b iogenic  amines by monitoring low mass, 

non-unique ions a r e  i l l u s t r a t e d  by the  r e s u l t s  ob ta ined  f o r  PEA in  r a t  b ra in  [861 

i n  which the  masses m/z 91 (C7H7) and 104 (CBHB) were monitored. The va lue  obta in-  

ed f o r  rat b ra in  (8 .1  ng/g) [861 i s  s u b s t a n t i a l l y  h ighe r  than the  1.8 ng/g (241 ob- 

t a i n e d  by HRTLC-HRMS-SIM. The moni tor ing  of low mass, non-unique ions  can i n  some 

c i rcumstances  be accep tab le  and produce va lues  comparable t o  those  obta ined  by 

HRTLC-HRMS-SIM, as, f o r  example, i n  t h e  measurement of PEA i n  human u r i n e  [lo01 i n  

which the  va lue  obta ined  (8.0 Pg/24h) agrees  with t h a t  ob ta ined  by HRTLC-HRMS-SIM 

[32 ,35 ] ,  even though the  masses monitored were m/z 91 and 104. Wi l lner  e t  a l .  

[ 7 9 ] ,  u s ing  pentaf luoropropionyl  d e r i v a t i v e s  and deu te ra t ed  i n t e r n a l  s t anda rds  

ob ta ined  a va lue  of  1 . 7  ng/g f o r  PEA i n  r a t  b r a i n  us ing  masses m/z 93 f o r  the  

i n t e r n a l  s t anda rd  and m/z 104 f o r  t he  endogenous amine. Jacob Ct. [ l o l l  employ- 

ed GC-HRMS-SIM i n  order  t o  d i f f e r e n t i a t e  t he  fragment ions  of t he  !-trifluoro- 

a c e t y l - 2 - t r i m e t h y l s i l y l  d e r i v a t i v e s  of ca techolamines  t o  be measured from i n t e r f e r -  

ing subs tances  having the  same nominal mass. A few i n v e s t i g a t o r s  a r e  us ing  GC-CI- 

MS by which they o b t a i n  i n t e n s e  pseudo-molecular ions and t h e r e f o r e  an inc rease  i n  

s p e c i f i c i t y  [80,102-1061 due t o  t h e  uniqueness of such ions .  

d. Gas chromatography. GC i s  i n h e r e n t l y  much less s p e c i f i c  than mass spectrom- 

e t r i c  methods s i n c e  t h e  s p e c i f i c i t y  i s  based f o r  t h e  most pa r t  on r e t e n t i o n  time 

and the  r e so lv ing  power of t he  column. The s p e c i f i c i t y  can be improved somewhat by 

a s u i t a b l e  choice  of d e t e c t o r  and d e r i v a t i v e .  For example, t h e  e l e c t r o n  cap tu re  

d e t e c t o r  w i t h  f l u o r i n a t e d  d e r i v a t i v e s  is more s p e c i f i c  (and more s e n s i t i v e )  than 

t h e  flame i o n i z a t i o n  d e t e c t o r .  The r e l a t i v e l y  low s p e c i f i c i t y  of GC i s  at l e a s t  

p a r t l y  r e spons ib l e  f o r  the  wide v a r i a t i o n  i n  va lues  r epor t ed  fo r  PEA i n  human u r i n e  

and r a t  b ra in .  I n  u r i n e ,  va lues  of 770 [ l o o ] ,  400 [107] ,  10 .3  [lo81 and 6 .8  [lo91 

vg/24 h have been measured by GC,  whereas va lues  determined by MS a r e  c o n s i s t e n t l y  

l e s s  than 10 vg/24 h [32 ,35 ,86] .  S i m i l a r l y ,  t h e  high va lue  (400 ng/g) f o r  PEA i n  

r a t  b r a i n  r epor t ed  by F i sche r  e t  a l .  [76] has been brought down only a f t e r  ex tens-  

i ve  c leanup of t h e  sample before  GC by Martin and Baker (781 t o  1.1 ng/g ,  which 

compares favorably  with va lues  obta ined  by HRTLC-HRMS-SIM [24 ,30 ] .  Obviously,  i f  

t h e r e  is a c a r e f u l  p re l imina ry  c leanup of t he  sample and a s u i t a b l e  choice  of 

column and i n t e r n a l  s t anda rd ,  an a c c u r a t e  va lue  can be obta ined  by GC. 

e .  High-performance l i q u i d  chromatography. The s p e c i f i c i t y  of HPLC r e s t s  on 

t h e  r e s o l u t i o n  of t he  column and the  unique d e t e c t i o n  methods a v a i l a b l e  f o r  a l i m -  

i t e d  number of compounds. The ca techolamines  (and o t h e r  ca techol - type  compounds) 

a r e  usua l ly  measured e l ec t rochemica l ly  (EC), with s p e c i f i c i t y  dependent on t h e s e  

compounds having a low ox ida t ion  p o t e n t i a l  ( t h a t  i s  < 0.7 v o l t s ) .  Because of t h e  

smal l  amounts p re sen t  and t h e i r  high o x i d a t i o n  p o t e n t i a l s ,  t he  t r a c e  amines have 

not  been determined by HPLC-EC. To measure t h e  t r a c e  amines by HPLC i t  would 



p e r h a p s  be n e c e s s a r y  t o  p r e p a r e  f l u o r e s c e n t  d e r i v a t i v e s  and q u a n t i t a t e  them f l u o r i -  

m e t r i c a l l y .  An a t t e m p t  i n  t h i s  l a b o r a t o r y  t o  do t h i s  u s i n g  t h e  d a n s y l  d e r i v a t i v e s  

h a s  so f a r  been u n s u c c e s s f u l  because  of  t h e  enormous number of peaks p r e s e n t ,  t h e  

r e l a t i v e l y  poor  r e s o l v i n g  power of  HPLC columns and t h e  s m a l l  amounts of t h e  amines 

p r e s e n t  [ 1 1 0 ] .  A few t y p e s  of compounds, such a s  t h e  i n d o l e s ,  p o s s e s s  a n a t u r a l  

f l u o r e s c e n c e  and can t h e r e f o r e  be d e t e c t e d  and q u a n t i t a t e d  f l u o r i m e t r i c a l l y  w i t h o u t  

t h e  need f o r  d e r i v a t i z a t i o n .  When HPLC i s  compared w i t h  MS or  t h e  REA, t h e  v a l u e s  

o b t a i n e d  by HPLC a r e  sometimes somewhat h i g h e r ,  p a r t i c u l a r l y  i n  t h e  picogram r a n g e ,  

s u g g e s t i n g  an i n f e r i o r  s p e c i f i c i t y  f o r  HPLC [111,112] .  For example,  Warsh et &. 
ill11 observed  t h a t  v a l u e s  f o r  DA measured by HPLC-EC were 9% h i g h e r  ( p  < 0.01)  

t h a n  t h o s e  o b t a i n e d  by GC-MS. 

f .  Spectrophotofluorimetry. SPF methods a r e  g e n e r a l l y  n o t  v e r y  s p e c i f i c  s i n c e  

t h e i r  s p e c i f i c i t y  r e l i e s  a lmost  e n t i r e l y  on a chemica l  s e p a r a t i o n  of  compounds. 

Even w i t h  f a i r l y  e x t e n s i v e  c l e a n u p  p r o c e d u r e s ,  c o n t a m i n a t i o n  by s u b s t a n c e s  forming  

s i m i l a r  f l u o r o p h o r s ,  d i f f i c u l t i e s  i n  o b t a i n i n g  c o n s i s t e n t l y  low b l a n k s ,  and t h e  

n o n - l i n e a r  r e l a t i o n s h i p  between c o n c e n t r a t i o n  and f l u o r e s c e n c e  i n t e n s i t y  (due t o  

quenching)  c o n t r i b u t e  t o  u n c e r t a i n t y  i n  t h e  a c c u r a c y  of t h e  r e s u l t s .  Not s u r p r i s -  

i n g l y ,  a l l  t h e  v a l u e s  l i s t e d  i n  Table  7 . 1  measured by SPF a r e  s u b s t a n t i a l l y  h i g h e r  

t h a n  t h o s e  o b t a i n e d  by mass s p e c t r o m e t r i c  methods.  

It i s  c l e a r  t h e n  t h a t ,  i n  combina t ion  w i t h  TLC o r  GC w i t h  c a p i l l a r y  columns,  

HRMS-SIN of t h e  m o l e c u l a r  i o n  of a h i g h  m o l e c u l a r  weight  amine d e r i v a t i v e  o f f e r s  

t h e  g r e a t e s t  s p e c i f i c i t y  of t h e  methods c u r r e n t l y  a v a i l a b l e .  

7 .3 .2  S e n s i t i v i t y  

( i )  D e f i n i t i o n .  C o n s i d e r a b l e  c a u t i o n  must be e x e r c i s e d  i n  a s s e s s i n g  t h e  r e l a -  

t i v e  s e n s i t i v i t i e s  of t h e  v a r i o u s  a n a l y t i c a l  t e c h n i q u e s ,  s i n c e  t h e  l i m i t s  of s e n s i -  

t i v i t y  r e p o r t e d  i n  t h e  l i t e r a t u r e  a r e  not  a lways based  on t h e  same premises .  I n  

t h i s  rev iew,  t h e  s e n s i t i v i t y  w i l l  be e x p r e s s e d  a s  t h e  minimum d e t e c t a b l e  q u a n t i t y  

( M D Q ) ,  which we d e f i n e  a s  t h e  q u a n t i t y  of  a s u b s t a n c e  i n  a b i o l o g i c a l  sample g i v i n g  

r i s e  t o  a s i g n a l  ( o r  number of c o u n t s )  t w i c e  t h e  s i z e  of  t h e  b l a n k .  The MDQ r e f e r s  

t o  t h e  amount of t h e  s u b s t a n c e  i n  t h e  o r i g i n a l  sample ,  n o t  t h e  amount i n  t h e  a l i -  

quot  pu t  i n t o  t h e  i n s t r u m e n t .  The MDQ f o r  a number of  b i o g e n i c  amines measured by 

v a r i o u s  t e c h n i q u e s  is summarized i n  T a b l e  7.2. 

( i i )  T r a c e  amines.  Most t r a c e  amine a n a l y s e s  have  been c a r r i e d  o u t  u s i n g  HRTLC- 

HRMS-SIM. The MDQ r a n g e s  from 100-200 pg [ 2 3 , 1 1 3 ] .  The a c t u a l  amount i n s e r t e d  

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

s i n c e  only  a f r a c t i o n  i s  p u t  on t h e  d i r e c t  p robe  and r e c o v e r i e s  a r e  g e n e r a l l y  l e s s  

t h a n  40%. However, because  t h e  samples  have been i s o l a t e d  and p u r i f i e d  by t h r e e  

TLC s e p a r a t i o n s ,  t h e y  a r e  v e r y  pure  so i t  i s  p o s s i b l e ,  when n e c e s s a r y ,  to  put  t h e  

e n t i r e  sample i n t o  i o n  s o u r c e ,  whereas  i n  column chromatographic  t e c h n i q u e s  (GC-MS, 

GC,  HPLC) u s u a l l y  only  a s m a l l  f r a c t i o n  i s  i n j e c t e d  o n t o  t h e  column. 
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TABLE 7.2 .  Minimum d e t e c t a b l e  q u a n t i t i e s  f o r  some b iogenic  amines ( i n  picograms).  

Trace  Amines Catecholamines Indoleamines Polyamines Other Amines 
(PEA, mTA, (A, NA, DA) ( T ,  5HT) ( P i p e r i d i n e ,  

Mpthod pTA, OA, SYN) Histamine) 

HKTLC-MS-SIM 100-200 30011 250 ( T )  - 300 [631 

GC-MS-SIM 400 [lo01 100 500 (T) (891 100 [ i341  2000 (1281 
~101,111,1191 2000 [ i m l  

[77, 84, 941 5000 (TI  [ R 7 1  i n  [ i 3 1 1  

( 2 7 ,  1131 [23 ,  1131 [23 ,  1131 - 

REA 10-2.50 1-5 [116,117] 5-10(5HT)[118] - - 

HPLC - 10-500 100 (5HT) l000-10,000 

GC 20,000 [82] FID - 2500-5000 500[1361 Ecn 3000[129]~cr1  

1,000 [781 Ecn - (5F1T) FID 20,000[1351 FIT, 

[ 124,126,127 1 [ 121-123,125 1 [ 132,1331 100 [1231 

.[ 114,1201 

Radio- - 100 I1151 100 [1151 - - 
dansyl  (5HT) 

The MllQ of 100-200 p~ is by no means the  lowest t h a t  can be a t t a i n e d  bv MS. 

Each a d n e  w i l l  have a much lower b a s i c  s e n s i t i v i t y  depending only on the  mass 

spec t romet r i c  p r o p e r t i e s  of t h a t  compound. The h ighe r  p r a c t i c a l  MDO a r i s e s  because 

of l o s s e s  of t he  sample du r ing  i s o l a t i o n  and d e r i v a t i z a t i o n  and because of c o n t r i -  

bu t ions  t o  the  blank from o t h e r  subs tances  i n  the  e x t r a c t  and t r a c e  i m p u r i t i e s  

p re sen t  i n  e x t r a c t i n g  s o l v e n t s  and chromatographic m a t e r i a l s .  Con t r ibu t ions  t o  t h e  

blank can a l s o  a r i s e  from i s o t o p i c  i m p u r i t i e s  i n  t h e  i n t e r n a l  s t anda rd .  We have 

observed ,  f o r  example, t h a t  i n  us ing  d i d e u t e r o  i n t e r n a l  s t anda rds  the  MDO i s  

somewhat h ighe r  (200-500 pp) than  when us ing  t e t r a d e u t e r o  i n t e r n a l  s t anda rds  (50- 

150 pg) i n  which t h e  amount of undeutera ted  amine present  i s  known t o  he sma l l e r .  

The REA, i n  which t h e  e n t i r e  sample i s  c a r r i e d  through the  procedure and counted 

is capable  of MDQ a s  low a s  10 pg f o r  OA 1941 and 100 pp. f o r  PEA [771. This  

method, however, has seldom been app l i ed  t o  t h e  a n a l v s i s  of t r a c e  amines. 

GC-MS, a l though p o t e n t i a l l y  a very s e n s i t i v e  and s p e c i f i c  technique  f o r  measur- 

i ng  t r a c e  amines, has  a l s o  seldom been used f o r  t h i s  purpose [89 ,100] .  The proced- 

ures  commonly employed f o r  t he  i s o l a t i o n  and d e r i v a t i z a t i o n  of samples f o r  GC-MS 

r e s u l t  i n  high r ecove r i e s  compared t o  HRTLC-HRMS, hu t  u sua l ly  only a smal l  a l i o u o t  

can be i n j e c t e d ,  o therwise  over loading  of t he  column occurs  and reduces the  r e so lu -  

t i o n .  The o v e r a l l  r e s u l t  is a s e n s i t i v i t y  s i m i l a r  t o  t h a t  ob ta ined  bv HRTLC-HRMS. 

By inves t ing  more t i m e  and e f f o r t  i n  p u r i f i c a t i o n  of t he  sample p r i o r  t o  i n j e c t i o n  

i n t o  the  GC, it may he p n s s i h l e  t o  i n j e c t  more concen t r a t ed  s o l u t i o n s  o f  t he  sample 

and thus  o b t a i n  an inc rease  i n  s e n s i t i v i t y .  
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GC-ECD i s  s i m i l a r  t o  GC-MS i n  t h a t  i t  is i n  p r i n c i p l e  a very s e n s i t i v e  method, 

but because of t he  presence  of numerous o t h e r  subs tances  in  the  b i o l o g i c a l  e x t r a c t  

i s  in  p r a c t i c e  only moderately s e n s i t i v e .  Mar t in  and Baker [ 7 8 ] ,  f o r  example, 

appa ren t ly  can d e t e c t  about 4 pg of PEA ( i n j e c t e d  amount) us ing  GC-ECD, but t h e  

sample mst be so d i l u t e d  t o  reduce t h e  concen t r a t ions  of o t h e r  compounds t h a t  a 

nanogram or more must be p re sen t  i n  the  o r i g i n a l  sample. GC-FID, a s  one would 

expec t ,  i s  even less s e n s i t i v e ,  with MDQ of 20 ng f o r  PEA (821 and 5 ng f o r  T [1141 

be ing  r epor t ed ,  n e i t h e r  of which i s  s e n s i t i v e  enough t o  measure these  amines i n  r a t  

b r a i n ,  even i f  s e v e r a l  a r e  pooled. 

The rad iodansyl  method f o r  T is a l s o  not s e n s i t i v e  enough f o r  measuring t h i s  

amine i n  most t i s s u e s  s i n c e  about 10 ng is the  smallest amount d e t e c t a b l e  [ 9 1 ] ,  

a l though the  method is adequate f o r  s e r o t o n i n  and the  ca techolamines  [1151. 

( i i i )  Catecholamines and s e r o t o n i n .  HRTLC-HRMS-SIM of the  dansyl  d e r i v a t i v e s  

of t he  ca techolamines  with a MDQ of about 3 ng has not  proven t o  be as s e n s i t i v e  a s  

f o r  t h e  t r a c e  amines, mainly because of t he  very smal l  r e l a t i v e  i n t e n s i t y  (1% or  

l e s s )  of the  molecular ion and the  bas i c  cond i t ions  r equ i r ed  f o r  dansy la t ion  (which 

favour  o x i d a t i o n ) .  In  a d d i t i o n ,  t h e  very high molecular  weights of t h e  t r i s - d a n s y l  

ca techolamines  ( n e a r l y  1000 amu) a r e  a t  o r  above the  upper l i m i t  of t he  mass range 

i n  which our mass spec t rometer  can be opera ted  a t  maximum s e n s i t i v i t y .  Ace ty la t ion  

of t he  s ide-cha in  hydroxy group a f t e r  dansy la t ion  i n c r e a s e s  s l i g h t l y  the  r e l a t i v e  

i n t e n s i t y  of t he  molecular ion  [37] .  

The REA appears  t o  be the  most s e n s i t i v e  method a v a i l a b l e  f o r  q u a n t i t a t i n g  t h e  

ca techolamines  and 5-HT, the  most advanced mod i f i ca t ions  being capable  of quant i -  

t a t i n g  as  l i t t l e  as  1 pg of A and NA, 5 pg of DA [116,117],  and 5-10 pg of 5-HT 

[118] .  GC-HRMS-SIM [ l o l l  and GC-LRMS-SIM [111,119] a r e  somewhat less s e n s i t i v e ,  

having MDQ of about 100 pg. GC-FID has  been used t o  measure 5-HT i n  b r a i n  i n  

amounts of 2.5 ng [1201. 

I n  the  l a s t  f i v e  y e a r s ,  HPLC with e l ec t rochemica l  o r  f l u o r i m e t r i c  d e t e c t i o n  o f  

t h e  ca techolamines  and indoleamines has  become i n c r e a s i n g l y  popular ,  due t o  good 
s e n s i t i v i t y  as wel l  as  t o  the  low c o s t  per assay ,  speed of a n a l y s i s  and s i m p l i c i t y  

of sample p repa ra t ion .  MDQ of 100 pg [111,121-1271 can be r o u t i n e l y  ob ta ined ,  and 

i n  one procedure [124] i n  which the  e n t i r e  sample i s  i n j e c t e d  onto  the  column, an  

MDQ of 10 pg i s  claimed. 

( i v )  Other  amines. S e i l e r  [63] has employed the  TLC-LRMS-SIM procedure t o  meas- 

u r e  p i p e r i d i n e  as i t s  bansyl  d e r i v a t i v e ,  i n  which t h e  e n t i r e  sample is evapora ted  
on the  d i r e c t  probe and i n s e r t e d  i n t o  t h e  ion  source .  He r e p o r t s  t h a t  as l i t t l e  a s  

300 pg can be measured i n  t h i s  way, P i p e r i d i n e  has  a l s o  been measured by GC-LRMS- 

SIM [128] and GC-ECD [1291, but  i n  these  cases  t h e  MDQ is 2 o r  3 ng. 

Histamine has  been measured by GC-LRMS-SIM [130] ,  M A  [1311 and HPLC with f luo r -  

ime t r i c  d e t e c t i o n  of t he  2-phthalaldehyde d e r i v a t i v e  [123] .  The REA is t he  most 
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s e n s i t i v e  method with a NDQ of about 10 pg, HPLC can d e t e c t  100 pg and GC-LRMS-SIM 

about 2 ng. 

The MDQ f o r  polyamines has not been r epor t ed  f o r  most methods. S e i l e r ,  for  

example, has  used TLC-LRMS-SIW t o  measure p u t r e s c i n e  as  i t s  dansyl d e r i v a t i v e  i n  

r a t  [60,611 and f i s h  [591 b r a i n  in  amounts as  low a s  about 300 ng/g, but t h e r e  i s  

no reason  t o  assume t h a t  t h i s  is the  MDQ. S e i l e r  has a l s o  employed the  dansyl  de- 

r i v a t i v e s  f o r  t he  HPLC f l u o r i m e t r i c  q u a n t i t a t i o n  of as  l i t t l e  a s  1 ng o f  t he  polya- 
mines in  va r ious  t i s s u e s  [1321. Samejima e t  a l .  [1331 r e p o r t  t h a t  p u t r e s c i n e ,  

cadaver ine  and spermidine as t h e i r  f luorescamine  d e r i v a t i v e s  can be de t ec t ed  in  

q u a n t i t i e s  O E  l e s s  than 10 ng by HPLC. Smith and Daves [1341, working only w i t h  

s t anda rd  s o l u t i o n s ,  used GC-LRMS-SIM and deu te ra t ed  i n t e r n a l  s t anda rds  t o  measure 

down t o  100 pg of p u t r e s c i n e ,  cadaver ine  and spermidine and 5 ng of spermine, t h e  

h igh  va lues  f o r  t he  l a t t e r  being due t o  sample r e t e n t i o n  on the  GC column and peak 

broadening. About 20 ng is the  MDQ f o r  t he  measurement of polyamines by GC-FID 

[1351, whereas a s  l i t t l e  as  500 pg can be de t ec t ed  by GC-ECD of t he  pentaf luoro-  

benzoyl d e r i v a t i v e s  11361. 

7 .3 .3  Convenience and e f f i c i e n c y  

In  o rde r  t o  achieve  the  maximum poss ib l e  s p e c i f i c i t y  and s e n s i t i v i t y  a l l  proced- 

u r e s  r e q u i r e  an ex tens ive  p u r i f i c a t i o n  of samples be fo re  ins t rumenta l  a n a l y s i s .  

The HRTLC-HLYS-SIX method involves  an e x t r a c t i o n ,  d e r i v a t i z a t i o n  and TLC p u r i f i c a -  

t i o n  procedure by which about 60-70 samples can be processed i n  two days.  However, 
an advantage of t h i s  method i s  t h a t  each sample then r e q u i r e s  only 5 or 6 minutes 

o f  mass spec t rometer  t i m e  and because of i t s  high p u r i t y  t h e  e n t i r e  sample can, i f  

necessa ry ,  be put on the  d i r e c t  probe and i n s e r t e d  i n t o  the  ins t rument .  Consider- 

ing  the  high c o s t  of purchasing and ope ra t ing  a mass spec t rometer  such e f f i c i e n t  

use  of t he  ins t rument  i s  d e s i r a b l e .  

I n  p r a c t i c e ,  workup procedures f o r  GC-MS-SIW have been less time-consuming than 

those  f o r  HRTLC-HRMS-SIM, although t h i s  can sometimes r e s u l t  i n  reduced s p e c i f i c i t y  

due t o  the  presence of numerous i n t e r f e r i n g  subs tances  not reso lved  on packed 

columns and i n  lower s e n s i t i v i t y  due t o  the  requirement of g r e a t e r  d i l u t i o n  of t he  

sample t o  reduce the  concen t r a t ion  of i n t e r f e r i n g  subs tances .  In  a d d i t i o n ,  more 

mass spec t rometer  time i s  r equ i r ed  than f o r  HRTLC-HRMS-SIM s ince  one must wait  f o r  

t h e  compounds of  i n t e r e s t  t o  e l u t e ,  and then wai t  f u r t h e r  while u n i n t e r e s t i n g  com- 

pounds a r e  e l u t e d .  I f  an ex tens ive  cleanup of the  sample i s  undertaken and the  GC 

c o n d i t i o n s  changed t o  reduce e l u t i o n  time and i f  more than one compound can be de- 

termined from a s i n g l e  i n j e c t i o n ,  the  mass spec t rometer  t i m e  r equ i r ed  per compound 

analyzed can become compet i t ive  w i t h  t he  HRTLC-HRMS-SIM procedure [go ] .  

For  GC-ECD o r  GC-FID, an ex tens ive  and e f f i c i e n t  c leanup of t he  sample is o f  

paramount importance s i n c e  s p e c i f i c i t y  r e l i e s  mainly on the  r e so lv ing  power Of t he  

column and the  r e t e n t i o n  time of t he  subs t ance .  The h ighe r  t he  p u r i t y  of t h e  
sample the  less l i k e l y  i s  t he  p o s s i b i l i t y  of an i n t e r f e r i n g  subs tance  co-e lu t ing  
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with the  compound of  i n t e r e s t .  Furthermore,  a r e l a t i v e l y  pure sample permi ts  

smal le r  volumes of so lven t  t o  be used and t h e r e f o r e  a l a r g e r  f r a c t i o n  oE the  sample 

can be i n j e c t e d .  

For maximum s p e c i f i c i t y ,  t he  REA must inc lude  chromatographic p u r i f i c a t i o n  o f  

t h e  sample i n  a d d i t i o n  t o  s e l e c t i v e  e x t r a c t i o n .  Up t o  50 samples per day can be 

ana lyzed ,  a l though the  time r equ i r ed  t o  prepare  and p u r i f y  the  enzyme i s  usua l ly  i n  

a d d i t i o n  t o  t h i s .  

Twenty t o  t h i r t y  samples can be analyzed by HPLC i n  a day, and fo r  a l i m i t e d  

number of types  of compounds ( c a t e c h o l s  and indo le s )  very l i t t l e  p re l imina ry  pro- 

ces s ing  is r equ i r ed .  In f a c t ,  HPLC lends  i t s e l f  we l l  t o  automation f o r  t he  analy- 

s i s  of t hese  compounds (124,1371. It i s  p a r t i c u l a r l y  s u i t e d  t o  metabol ic  s t u d i e s  

i n  which a number of me tabo l i ca l ly  r e l a t e d  compounds i n  t h e  sample can be determin- 

ed s imul taneous ly  on the  b a s i s  of a common f u n c t i o n a l i t y ,  a s  i n  the  cases  of i ndo le  

[1381 and ca t echo l  compounds [123,138,139].  

7 .3 .4  Other f a c t o r s  

A g r e a t  s t r e n g t h  of the  mass spec t romet r i c  techniques  is t h a t  v i r t u a l l y  any type  

o f  compound w i t h  mass l e s s  than 2,000-3,000 amu can be analyzed. The REA,  on the  

o t h e r  hand, i s  l imi t ed  t o  those  subs tances  f o r  which s u i t a b l e  enzymes e x i s t  and a r e  

e a s i l y  prepared o r  commercially a v a i l a b l e .  HPLC-EC i s  s t r i c t l y  l imi t ed  t o  those  

compounds possess ing  r e a d i l y  ox id i zab le  func t iona l  groups ( e .g .  ca t echo l  and 5- 
hydroxyindole compounds). 

Mass spec t romet ry  i s  becoming i n c r e a s i n g l y  important i n  the  a n a l y s i s  of metabo- 

l i t e s  formed fo l lowing  the  inges t ion  of s t a b l e  i so tope - l abe l l ed  p recu r so r s  

[33,140-1431. Because of t he  hazards  a s soc ia t ed  with them, r a d i o a c t i v e  compounds 

a r e  no longer  accep tab le  f o r  use i n  metabol ic  s t u d i e s  on humans. 

F i n a l l y ,  t h e  ques t ion  of t he  c o s t s  of purchas ing  and ope ra t ing  a p a r t i c u l a r  

ins t rument  must be cons idered .  With o r  wi thout  a d a t a  system, a mass spec t rometer  

i s  the  most expens ive  ins t rument  of those  d i scussed .  Not only i s  t h e  i n i t i a l  c o s t  

h igh ,  p a r t i c u l a r l y  f o r  a h igh  r e s o l u t i o n  mass spec t rometer ,  bu t  because of i t s  com- 

p l e x i t y  and s i z e ,  maintenance and r e p a i r  c o s t s  a r e  h igh .  By comparison, GC,  SPF 

and HPLC a r e  r e l a t i v e l y  inexpens ive  t o  buy, main ta in ,  r e p a i r  and ope ra t e .  The REA 

and r a d i o  dansyl  procedure a r e  a l s o  r e l a t i v e l y  inexpens ive  i n  terms of t h e  i n i t i a l  

c o s t  of t h e  l i q u i d  s c i n t i l l a t i o n  coun te r ,  but t h e  c o s t  of t he  rad iochemica ls  can be 

exceedingly  high i f  ana lyses  a r e  c a r r i e d  out d a i l y .  I n  a d d i t i o n ,  s p e c i a l  pre- 

c a u t i o n s  a r e  r equ i r ed  i n  t h e  handl ing  and d i s p o s a l  of t he  r a d i o a c t i v e  subs tances .  

7.4 SUMMARY AND PROMISING DEVELOPMENTS 

A summary of t he  advantages and l i m i t a t i o n s  of t he  va r ious  procedures i s  pre- 

s en ted  i n  Table 7.3.  Although the  choice  of method depends t o  a cons ide rab le  

ex ten t  on the  background of t he  i n v e s t i g a t o r ,  t he  na tu re  of t he  problem and t h e  

personnel  and equipment a v a i l a b l e ,  high r e s o l u t i o n  mass spec t romet ry  is unequalled 
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i n  terms of s p e c i f i c i t y  and s e n s i t i v i t y .  However, a number of approaches can he 

taken  t o  improve s e n s i t i v i t y  and s p e c i f i c i t y  s t i l l  f u r t h e r .  One approach i s  t o  use 

a d e r i v a t i v e  which produces g r e a t e r  molecular ion  o r  unique fragment ion in t ens -  

i t i es .  The bansyl  d e r i v a t i v e s  e x h i b i t  i n  t h e i r  mass s p e c t r a  very l a r g e  M-43 ions  

( u s u a l l y  t h e  base  peak) as we l l  a s  s i g n i f i c a n t  molecular ions  [63,14&-146]. Unfor- 

t u n a t e l y  t h e  t r i s - b a n s y l  ca techolamines  have such h igh  molecular weiKhts t h a t  they  

are out  of t he  range of maximum s e n s i t i v i t y  on most mass spec t rometers  [1461. How- 

e v e r ,  i f  t he  d e r i v a t i z a t i o n  procedure i s  modified so t h a t  only the  amino Froup i s  

bansy la t ed  and t he  phenol ic  and c a t e c h o l i c  hydroxy groups a l k y l a t e d ,  t he  r e s u l t i n g  

mixed d e r i v a t i v e  has  a more u s e f u l  molecular weight (400-700 amu) and r e t a i n s  the  

M-43 ion as  base peak. This  i s  r e f l e c t e d ,  a t  l e a s t  f o r  s t anda rd  s o l u t i o n s ,  i n  a 

TABLE 7 .3  Advantages and l i m i t a t i o n s  of procedures  f o r  t h e  a n a l y s i s  of b iogenic  
amines. 

Procedure Advantages L i m i t a t  ions  

HRTLC-HRMS-SIM Very s e n s i t i v e  f o r  t r a c e  amines, 
h igh ly  s p e c i f i c ,  can be adapted 
t o  many amines, e f f i c i e n t  use 
of ins t rument  - can measure 60 
samples per day. 

GC-MS-SIM 

REA 

HPLC 

GC 

S e n s i t i v e ,  very  s p e c i f i c  f o r  
high r e s o l u t i o n  MS, c a p i l l a r y  
column o u t l e t  can he i n s e r t e d  
d i r e c t l y  i n t o  ion  source ,  can 
be adapted t o  most amines, can 
measure more than  one compound 
pe r  i n j e c t i o n .  

Very s e n s i t i v e  f o r  most hio- 
genic  amines, inexpens ive  
equipment, can process  up t o  50 
samples per day. 

R e l a t i v e l y  inexpens ive ,  s ens i -  
t i v e ,  f a i r  s p e c i f i c i t y ,  can 
measure more than one compound 
per  i n j e c t i o n ,  simple sample 
p repa ra t ion .  

Inexpens ive ,  can be coupled t o  
a mass spec t rometer .  

Radio-dansyl F a i r l y  s e n s i t i v e ,  p o t e n t i a l  of 
wide a p p l i c a t i o n  t o  amines. 

Not very s e n s i t i v e  f o r  c a t e -  
cholamines,  equipment i s  
expens ive ,  r e l a t i v e l y  h igh  
b l anks ,  t ed ious  sample prepara-  
t i o n ,  t e r t i a r y  amines cannot be 
dansy la t ed .  

Less e f f i c i e n t  use of MS time 
than above, expensive equip- 
ment. 

Aot always s p e c i f i c ,  t e d i o u s ,  
r e q u i r e s  handl ing  of rad io-  
a c t i v e  subs t ances ,  expensive 
r eagen t s .  

Not always s p e c i f i c ,  

Not w e l l  developed f o r  b io-  
genic  amines,  poor s p e c i f i c -  
i t y ,  ex t ens ive  sample c lean-  
up r equ i r ed .  

S p e c i f i c i t y  l i m i t e d ,  expensive 
r eagen t ,  r e q u i r e s  handl ing  of 
r a d i o a c t i v e  subs tances .  
Reaction of dansyl  c h l o r i d e  i s  
no t  cons t an t  a t  low amounts. 
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much g r e a t e r  s e n s i t i v i t y  than f o r  dansyl d e r i v a t i v e s  [146] .  Unfo r tuna te ly ,  bansyl 

c h l o r i d e  i s  not comincrcially a v a i l a b l e  and i s  f a i r l y  time-consuming t o  prepare  and 

p u r i f y ,  so t h a t  i t s  use  on a r e g u l a r  b a s i s  i s  r e s t r i c t e d .  

An obvious and promising approach is t o  combine h igh  r e s o l u t i o n  GC ( i . e .  c a p i l -  

l a r y  columns) with high r e s o l u t i o n  mass spec t romet ry .  Such a technique  has not y e t  

been app l i ed  t o  the  a n a l y s i s  of b iogenic  amines, but has been s u c c e s s f u l l y  employed 

i n  t h e  de t e rmina t ion  of t he  ac id  me tabo l i t e s  of some b iogenic  amines 1142,143,147- 

1491. 
P o s i t i v e  ion CI-MS i s  a technique  which i s  see ing  inc reased  use  i n  the  hope of 

iinproving both s p e c i f i c i t y  and s e n s i t i v i t y  [80,85,103-105].  Although most of t h e  

i o n  c u r r e n t  i s  c a r r i e d  by t h e  molecular ion o r  pro tona ted  molecular ion ,  t h i s  does 

not n e c e s s a r i l y  lead  t o  increased  s e n s i t i v i t y  compared t o  e lec t ron- impact  (EII-MS 

s i n c e  C I  u sua l ly  produces a sma l l e r  t o t a l  ion s i g n a l  due t o  a sma l l e r  ion source  

a p e r t u r e .  Negative ion CI-MS i s  more r e c e n t ,  but c la ims  of s e n s i t i v i t y  four  t imes 

11501 g r e a t e r  than EI-MS and t h i r t y  t imes [1511 g r e a t e r  than p o s i t i v e  ion CI-MS 

have been r epor t ed .  Levy and Markey [152] have been a b l e  t o  d e t e c t  1 pg of mela- 

t o n i n  i n  1 ml of plasma by nega t ive  ion  CI-MS. 

F i n a l l y ,  a new and e l egan t  technique ,  s e l e c t e d  metas tab le  peak moni tor ing  

(SMPM), is showing g r e a t  promise [153-1551. I n  t h i s  method, only s e l e c t e d  daughter  

ions  formed from a s e l e c t e d  parent  ion in t he  f i rs t  f i e l d - f r e e  reg ion  of a double  

focuss ing  mass spec t rometer  a r e  recorded .  This r e s u l t s  i n  a dramat ic  r educ t ion  i n  

the  s i z e  and number of background ions  s i n c e  most, i f  not a l l ,  o the r  fragments de- 

r i v i n g  from endogenous contaminants ,  column bleed o r  so lven t  i m p u r i t i e s  a r e  formed 

by d i f f e r e n t  mechanisms and a r e  t h e r e f o r e  t rapped  i n  the  e l e c t r o s t a t i c  s e c t o r  of 

t h e  mass spec t romete r .  Although t h i s  i n  i t s e l f  does not u s u a l l y  r e s u l t  i n  an abso- 

l u t e  i nc rease  i n  s e n s i t i v i t y ,  the  absence of i n t e r f e r i n g  background ions allows t h e  

ga in  of t he  mass Spectrometer t o  be increased  so t h a t  i n  p r a c t i c e  the re  i s  an 

improvement i n  s e n s i t i v i t y .  Durden [1551 has r e f i n e d  t h i s  technique  with a r e l a -  

t i v e l y  inexpens ive  but s o p h i s t i c a t e d  mod i f i ca t ion  t h a t  permits m u l t i p l e  me tas t ab le  

peak moni tor ing ,  which is necessary  i f  one is t o  use  as  i n t e r n a l  s t anda rds  t h e  

deuter ium-labe l led  analogues of t h e  endogenous compounds oE i n t e r e s t .  The appl ica-  

t i o n  of t h i s  technique  t o  the  de t e rmina t ion  of b iogenic  amines holds  promise of 

improved s p e c i f i c i t y  and s e n s i t i v i t y .  
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Chapter 8 

GAS CHROMATOGRAPHY-MASS SPECTROMETRY AND SELECTED ION MONITORING OF B I O G E N I C  AMINES 
AND RELATED METABOLITES 

EMILIO GELPI 

A n a l y t i c a l  Neurochemistry U n i t ,  I n s t i t u t o  de Qu imica  Bio-Organica,  C . S .  I . C .  
c /  Jorge Girona Salgado, s/n. Barcelona-34 (Spa in)  

8.1 INTRODUCTION 

8.1.1 H i s t o r i c a l  pe rspec t i ve  

spec t romet ry  (GC-MS) rep resen ts  one o f  t h e  most power fu l  and v e r s a t i l e  a n a l y t i c a l  

t o o l s  a v a i l a b l e  f o r  t he  unequivocal  i d e n t i f i c a t i o n  and q u a n t i t a t i o n  of  smal l  amounts 

o f  o rgan ic  compounds i n  complex m ix tu res .  

processes as regards  t h e  number and v a r i e t y  o f  endogenous compounds and drug-  o r  

d i e t - r e l a t e d  produc ts  t h a t  t hey  generate,  i t  i s  n o t  s u r p r i s i n g  t h a t  t h e  GC-MS 

methodology has had a dramat ic  impact on b i o l o g i c a l  research .  

p a r t i c u l a r l y  s i g n i f i c a n t  i n  va r ious  f i e l d s  of  t he  neurosciences such as neuro- 

chemis t ry ,  neuropharmacology and b iochemica l  and c l i n i c a l  psychopharmacology, 

where t h e  b iogen ic  amines und ispu ted ly  p l a y  a major  r o l e .  

an unquest ionab le  p lace  toge the r  w i t h  o t h e r  s tandard  o r  advanced a n a l y t i c a l  tech-  

n iques  commonly used f o r  b iogen ic  amine de te rm ina t ions  and which a r e  d iscussed i n  

o t h e r  chapters  of  t h i s  volume. However, i t  must be no ted  t h a t  i n  b iogen ic  amine 

GC-MS analyses t h e  mass spec t rometer  has a lmost  i n v a r i a b l y  been reduced t o  t h e  

l e v e l  o f  a h i g h l y  s p e c i a l i z e d  and s e n s i t i v e  GC de tec to r ,  o p e r a t i n g  on t he  p r i n c i p l e  

of  con t inuous  m o n i t o r i n g  o f  a l i m i t e d  number o f  p rese lec ted  ions ,  a l l  o f  them 

r e p r e s e n t a t i v e  of  t he  compound(s) s e q u e n t i a l l y  e l u t e d  from t h e  GC column. 

c o n s i d e r i n g  the  work done i n  t h i s  f i e l d ,  i t  becomes immedia te ly  apparent  t h a t  t he  

c o n t r i b u t i o n s  o f  t h e  GC-MS techniques a r e  c l o s e l y  i n t e r r e l a t e d  t o  t h e  development 

o f  t h e  MS techno logy  f o r  se lec ted  i o n  m o n i t o r i n g  (SIM). The f i r s t  b i o l o g i c a l  a p p l i c -  

a t i o n  o f  S I M ,  r epo r ted  by Sweeley Sfi. i n  1966 ( l ) ,  was l i m i t e d  t o  t h e  r e s o l u t i o n  

o f  components c o e l u t i n g  f rom t h e  gas chromatograph. 

demonstrated t h a t  t h e  r a p i d  a l t e r n a t i o n  o f  t h e  a c c e l e r a t i n g  vo l tage  i n  the  mass 

spec t rometer ,  a l l o w i n g  the  s p e c i f i c  reco rd ing  o f  t h e  i o n  c u r r e n t  p r o f i l e s  o f  c e r t a i n  

p rese lec ted  mass values, cou ld  a l s o  be used t o  c h a r a c t e r i z e  and q u a n t i t a t e  molecules 

and c a l l e d  the  techn ique mass fragmentography ( 2 , 3 ) ,  l a t e r  more a p t l y  descr ibed as 

se lec ted  i o n  m o n i t o r i n g  ( s e c t i o n  8.1.2).  Upon r e f l e c t i o n ,  i t  i s  ve ry  f i t t i n g  t h a t  

t h i s  power fu l  a n a l y t i c a l  technique, which has become so impor tan t  i n  neurob io -  

l o g i c a l  research, should have been in t roduced  i n  p r a c t i c e  w i t h  t h e  de te rm ina t ion  

o f  chlorpromazine, one o f  t he  most impor tan t  neu roac t i ve  drugs f o r  t h e  t rea tment  

I t  has repea ted ly  been c la imed t h a t  t h e  use o f  combined gas chromatography-mass 

Cons ider ing  t h e  comp lex i t y  of  me tabo l i c  

Th is  has been 

I n  f a c t ,  GC-MS has taken 

Thus, 

Two years  l a t e r  Hammar afi. 
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o f  mental  i l l n e s s  ( 2 )  and w i t h  t h e  i d e n t i f i c a t i o n  o f  a c e t y l c h o l i n e  (ACh), one of  

t h e  e s t a b l i s h e d  neuro t ransmi t te rs  o f  nervous systems, i n  r a t  b r a i n  ( 3 ) .  I n  the  

f i r s t  case t h e  new method a l l owed  t h e  i d e n t i f i c a t i o n  and q u a n t i t a t i o n  o f  c h l o r -  

promazine and i t s  desmethylated and d idesmethy la ted  me tabo l i t es  i n  human plasma 

and, i n  t h e  second case, t h e  d e f i n i t e  i d e n t i f i c a t i o n  o f  ACh i n  r a t  b r a i n  by 

s e l e c t i v e  d e t e c t i o n  o f  fragment ions  common t o  e s t e r s  o f  c h o l i n e .  In 1929, 40 

kg o f  horse sp leen were r e q u i r e d  f o r  t h e  i s o l a t i o n  o f  ACh, and i n  1937 i t  was 

i s o l a t e d  f rom t h e  same amount o f  ox b r a i n .  I n  c o n t r a s t ,  t h e  combined GC-PIS 

techn ique a l lowed t h e  i d e n t i f i c a t i o n  o f  ACh i n  an homogenate f rom a s i n g l e  r a t  

b r a i n  and w i t h  d e t e c t i o n  l i m i t s  o f  t he  o r d e r  o f  1 ng/g t i s s u e  ( 3 ) .  

A f t e r  these two i n i t i a l  a p p l i c a t i o n s ,  t h e  reco rd ing  o f  se lec ted  i o n  c u r r e n t  

p r o f i l e s  became r a p i d l y  e s t a b l i s h e d  as an a n a l y t i c a l  method f o r  t h e  d e t e c t i o n  and 

q u a n t i t a t i o n  o f  b i o l o g i c a l  components a t  subnanogram l e v e l s  i n  complex m ix tu res .  

I n  t h i s  regard ,  t h e  1974 i ssue  o f  A n a l y t i c a l  Chemistry Bi-Annual I ns t rumen ta l  

Reviews ( 4 )  con ta ins  a s e c t i o n  w i t h  38 re fe rences  t o  a p p l i c a t i o n s  o f  mass f r a g -  

mentography as a new a n a l y t i c a l  techn ique i n  neurob io logy ,  most o f  them d e a l i n g  

w i t h  t h e  de te rm ina t ion  o f  va r ious  b iogen ic  amines and me tabo l i t es  i n  b i o l o g i c a l  

samples. The yea r  1972 was t r u l y  a landmark i n  t h e  s tudy  o f  b iogen ic  amines by 

GC-MS w i t h  t h e  f i r s t  r e p o r t s  on t h e  mass fragmentographic assays of  endogenous 

no rad rena l i ne  (NA) and dopamine (DA) i n  t h e  picomole range ( 5 ) ,  i n d o l e - 3 - a c e t i c  

a c i d  ( IAA)  and 5-hydroxyindole-3-acetic a c i d  (5-HIAA) i n  human CSF (6,7),  5-hydroxy- 

t r yp tamine  (5-HT; s e r o t o n i n ) ,  N -ace ty l se ro ton in  (NAS), 5-methoxytryptamine (5-PIT) 

and me la ton in  ( M )  i n  r a t  p i n e a l  (8 ) ,  and homovan i l l i c  a c i d  (HVA) i n  CSF ( 9 ) .  

remarkable succession o f  r e p o r t s  showed t h a t  t h e  method cou ld  measure picomole o r  

femtomole concen t ra t i ons  o f  b iogen ic  amines i n  smal l  samples o f  CSF o r  nervous 

t i s s u e  and prompted numerous s tud ies  on t h e  GC-MS/S IM de te rm ina t ion  o f  these 

m e t a b o l i t e s  i n  plasma, CSF, u r i n e ,  and b r a i n  t i s s u e  (see Table 8.1 f o r  re fe rences ) .  

P r a c t i c a l l y  a l l  of  these de te rm ina t ions  u t i l i z e d  S I M  because o f  t h e  d i v e r s e  

s t r u c t u r e s  o f  t h e  components o f  t h e  samples as w e l l  as t h e  exceed ing ly  low concen- 

t r a t i o n s  o f  t he  amines and t h e i r  r e l a t e d  m e t a b o l i t e s  i n  body f l u i d s  o r  t i s s u e s .  

I n  t h e  case o f  t h e  catecholamines, t h e  a p p l i c a t i o n  o f  t h i s  techn ique has r e s u l t e d  

i n  t h e  i d e n t i f i c a t i o n  and q u a n t i t a t i o n  o f  DA (5,22) and me tabo l i t es  such as VPA 

(36 ) ,  VLA (35 ) ,  DOPAC (18,19,25,35,40), DOPET (35) ,  HVA (9,16,18,19,21,25,32, 

39-41), iso-HVA (21,32,39), and NOPET (10,35) as w e l l  as NA and A (5,22,43) and 

me tabo l i t es  such as DOMA (36 ) ,  DOPEG (36)  VMA (14,18,19,21,25,30,32,40), PIOPEG 

(lD-12,14,17-20,29,30,40), iso-VPIA (39 ) ,  so-MOPEG (39 ) ,  MN (23)  and NMN (23 ) .  

Comparable s t u d i e s  on indoleamine metabol sm has r e s u l t e d  i n  t h e  i d e n t i f i c a t i o n  

and q u a n t i t a t i o n  o f  5-HT (8,13,24,28,37), T (24,27) and me tabo l i t es  such as 5-HIAA 

(8,38,42), NAS ( 8 )  and 11 (8,311 (see F i g .  8 .1 ) .  

Th i s  

(7,16,24,28,37,40,41), I A A  (6,24,26,37,41 , 5-PITOL (15,34), 5-MIAA (33,40), 5-MT 
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TABLE 8 .1  

GC-MS assays o f  catecholamines, indoleamines and t h e i r  me tabo l i t es  

Ref Cpds Sample/homogenate E x t r a c t i o n  Deriv/GC I .Std.  S e n s i t i v .  

NA,DA b/HCOOH+AA - PFP/OV-17 a-MeNAtDA 0.5 pmol 

6 I A A  CSF HCl/NaCl ,EA MeHFB/XE60 5-MIAA 2ng/ml 

7 5-HIAA CSF HC1 /NaC1 ,EA MeHFB/XE60 5-HIAAd2 2ng/ml 

8 5-HT,M Rat  p i n e a l /  PFP/OV-17 a-Me5-HT 10-12- 

9 HVA CSF pH2,EA MeHFB/SE30 HVA-CD3 400pmol/ml 

5-MT,NAS ZnSOq,Ba(OH)p NAcT 10-13-moi 

10 MOPEG, U r i n e  (F+C) NazSO4,ether PFP/OV-210 TOL <I00 pmol 
MOPET 

11 

12 

14 

15 

16 

17 

18 

& 
19 

20 

22 

23 

24 

25 

26 

27 

28 

29 

MOPEG CSF (F+C) pH5.2, EA 

MOPEG b/(Acetic+AA)F+C PCA ,EA 

MOPEG,VMA b/40% ethano l  HCl/NaCl ,EA 
VMA CSF, serum-XAD-2 AC1 /NaCl, EA 

5-HTOL, CSF (F+C) pH8,Diethyl-  
5-MTOL e t h e r  

HVA,5-HIAA CSF pH3,HCOOH,EA 

FIOPEG CSF,pl asma, U r i  ne EA 
b/40% ethano l  (F+C) 

PHPA,PHMA, b/(F+C) Na 2S04+EA 
HVA,DOPAC Acids:HCl 

VMA,PHPE, Alcohols:ZnSO4+ 

MOPEG Amnio t ic  (F+C) HCl/NaCl ,EA 
MOPEG Ba(OH)2 

A,DA plasma (F+C) PCA,A l  203-FleOH 

3MT,NMN plasma (F+C) PCA3A1203-GC50 
M N XAD-4 

TP,5-HT,T urine,CSF XAD-2 ,MeOH 

DOPAC,HVA u r i n e  EA 
VMA 

IAA b/ZnSOq+AA pH1 , D i  e t h y l  e t .  

5HT, 5HIAA b/HCOOH+AA ether,heptane 

MOPEG u r i n e  XAD-2,MeOH 

I AA ,5-H I AA 

T b/ e thano l  GC-50 ,HC1 

TFA/XE60 MOPEG d2 

PFP/OV-17 VMA 

PFP VMA-d3 
MePFP/OV17 

PFP/SE-54 5Fa-MT 

PFP/OV-17 bo th  d2 
TFA/OV-17 MOPEG-d2 

A l l  d. 
MePFP/SE54 

PFP/OV-210 

PFP/OV-210 a-1 i ndane 

TFA/OV-17 synephr 

TFA/OV-17 4ephr ine  

PEP/SE-30 
MePFP 

MePFP/OV17 DHPPA 

MePFP/OV17 IAAd2 

AC/TFA/OV17 Tdp 

PFP/SP2100 bo th  d2 

TFA/OV- 17 MHPGd2 

lng /ml  

50pmol / m l  
lOpmol / m l  

0. lng/ml 
0.3ng/ml 

27ng/g 

30pmol /g  

1.3ng/ml 
3ng/ml 

12ng/ml 

25ng/ml 

10 pmol 

10 pmol 

54 P9 

230ng/ml 

10ng/g 

<O.  5ng/g 

10 pmol 

0 . 7 W n l  

30 MOPEG,VMA Serum+HClOq pH8-9,IPrAck AcTFA/OV17 bo th  d2 1-2ng/ml 
(F+C 1 HCl/NaCl ,EA MePFP 

31 M plasma Chloroform TMS/OV-17 hexanoyl-T 20pg/ml 

32 VMA,HVA plasma,LCR HCl/NaCl ,EA TFA-HFIP HMPE 2ng/ml 

33 5-MIAA u r i n e ,  pH4 ether,Dowex TMSIOV-17 5MIAAd2 

34 5-HT3L LCR+cyst+serum pH8,NaCl ,EA PFP/OV-17 5HTOLdq O.l5ng/ml 

iso-HVA urine,XAD-4 ov-1  
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Ref Cpds Sample/homogenate E x t r a c t i o n  Deriv/C;C I . S t d .  Sensi t i v .  

35 DOPAC,VLA u r i n e  (F+C) H C l  ,NaC1 ,EA TMS/OV-1 
MOPET, pH6.2,EA OV-225 a l l  d3-d7 0.5ng/g 
DOPET 

36 VPA,DOPEG u r i n e  
DOMA 

NaCl,pH6,EA PlePFP/OV-l a l l  d2-d3 

37 TP,5HT,T b/HCl/KCl.NaHS03 XAD-2,MeOH PFP/OV17 a l l  d 

38 5-MT b/HC104+AA+EDTA NaOH/NaCl CACI3 PFP/SP2100 5 -Md4  3-4 pmol 

39 i H V A , i V M A ,  u r i n e  same as 35 MeTFA/35 a l l  d 3 - d ~  

40 DOPAC,VMA CSF+AA (F+C) HCOOH , EA PFP/OV-17 a l l  d2-d5 1-6 pmol 

I A A  ,5H I AA MePFP 

i M O P E G  

MOPEG, HVA 
5H I A A  , I I I A A  

I A A  
41 HVA,DOPAC urine+Ba(OH)z DEAE Sephadex TMS/OV-225 a l l  d2 

Ref ,  re fe rence  number; Deriv/GC, type  o f  d e r i v a t i v e  and GC column used; I .  Std, 
i n t e r n a l  standard;  S e n s i t i v . ,  s e n s i t i v i t y  repor ted ;  b., b r a i n  t i s s u e ;  AA. ,  asco rb i c  
ac id ;  PFP, pen ta f l uo rop rop iony l  d e r i v a t i v e s ;  F+C, f r e e  + con juga te  f r a c t i o n s  assayed; 
MeHFB, methyl  h e p t a f l  uo robu ty ry l  d e r i v a t i v e s ;  TFA, tr if 1 uo roace ty la ted  d e r i v a t i v e s ;  
NAcT, N-Acety l t ryp tamine;  PCA, p e r c h l o r o a c e t i c  ac id ;  EA, e t h y l  ace ta te ;  ,411 d, a l l  
o f  t h e  i n t e r n a l  s t d s  were deutera ted ;  synephr. ,  synephr ine; $ephr ine, phenylephr ine;  
c y s t . ,  cys te ine .  
The t a b l e  p rov ides  a non-comprehensive survey o f  most o f  t h e  r e p r e s e n t a t i v e  work 
i n  t h i s  f i e l d  w i t h  i n d i c a t i o n  o f  t h e  compounds determined, t h e  t ype  o f  samples 
and homogenizat ion media p l u s  p r e s e r v a t i v e s  used, t he  e x t r a c t i o n  procedure, t he  
type  o f  chemical d e r i v a t i v e s  and GC columns used as w e l l  as t h e  i n t e r n a l  standards 
and s e n s i t i v i t y  l e v e l s  r e p o r t e d .  

I n  f a c t  some o f  these me tabo l i t es  were i d e n t i f i e d  f o r  t h e  f i r s t  t ime i n  d i f f e r e n t  

b i o l o g i c a l  samples ma in l y  as a consequence o f  t he  remarkable s e n s i t i v i t y  and 

s p e c i f i c i t y  o f  t h e  GC-MS/SIPI  method. 

(14 ) ,  5-HTOL and 5-11TOL i n  CSF (15 ) ,  and I A A  i n  b r a i n  e x t r a c t s  (26,37).  Histamine 

(HP) (44 )  and polyamines (45)  have a l s o  been assayed by t h e  same GC-FIS procedures.  

The number o f  papers on t h e  GC-MS i d e n t i f i c a t i o n  and q u a n t i t a t i o n  o f  t h e  a c i d i c  o r  

a l c o h o l i c  m e t a b o l i t e s  o f  catecholamines and indoleamines f a r  surpasses the  number 

o f  r e p o r t s  on t h e  pa ren t  amines. 

d i s t r i b u t i o n  o f  me tabo l i t es  i n  body f l u i d s  compared t o  the  more r e s t r i c t e d  a v a i l -  

a b i l i t y  i n  t i s s u e  samples and lower  concen t ra t i ons  o f  these amines i n  plasma o r  

CSF. 

o r  microamines (46,47) and t h e i r  a c i d i c  me tabo l i t es .  

i n  the  l i t e r a t u r e  on t h e  GC-MS i d e n t i f i c a t i o n  and q u a n t i t a t i o n  o f  these compounds 

(16,19,48,55). 

d iscussed i n  t h e  chapter  by Davis and Durden i n  t h i s  volume. 

Typ ica l  examples a r e  VHA i n  CSF and b r a i n  

Th is  r e f l e c t s  t h e  h i g h e r  concen t ra t i ons  and w ide r  

There i s  a l s o  a c u r r e n t  i n t e r e s t  i n  t h e  a n a l y s i s  of  t h e  s o - c a l l e d  t r a c e  amines 

Var ious r e p o r t s  a re  a v a i l a b l e  

The h i g h  r e s o l u t i o n  PIS de te rm ina t ion  o f  some o f  these amines i s  
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DOPET 

DA -1IT 

TP-T M 
4 4 t  

5-HTP I A A  NAS 

5-HT ' /5-MT - 
1 I 
0 - 5-hTOL 
JI  I 

5-HTOL 5-HIAA 5-MIAA 

(A) 

F ig .  8.1 (A) The metabol ism o f  catecholamines. Abbrev ia t i ons :  DOPA, 3,4-dihydroxy- 
pheny la lan ine ;  MTyr, 3-methoxytyrosine; CPA, 3,4-dihydroxyphenylpyruvic ( ca techo l -  
p y r u v i c )  ac id ;  VPA, 3-methoxy-4-hydroxyphenyl p y r u v i c  ( v a n i l  p y r u v i c )  ac id ;  CLA, 
3,4-dihydroxyphenyllactic ( c a t e c h o l l a c t i c )  ac id ;  VLA, 3-methoxy-4-hydroxyphenyllactic 
( van i  1 l a c t i c )  ac id ;  DOPAC, 3,4-di hydroxypheny lace t ic  ac id ;  HVA, 3-methoxy-4-hydroxy- 
pheny lace t i c  (homovani 11 i c )  ac id ;  DOPET, 3,4-dihydroxyphenylethanol; MOPET, 3- 
methoxy-4-hydroxyphenylethanol; DA, dopamine; MT, 3-methoxytyramine; NA, noradrena- 
l i n e ;  NMN, normetanephr ine; DOMA, 3,4-di hydroxymandel i c  ac id ;  VMA, 3-methoxy-4- 
hydroxymandel i c  ( v a n i l l y l m a n d e l  i c )  ac id ;  DOPEG, 3,4-dihydroxyphenylethyleneglycol, 
HOPEG, 3-methoxy-4-hydroxyphenyl e t h y l  eneg lyco l  ; A ,  adrena l  i n e  ; MN, metanephr i  ne. 
( B )  The metabol ism o f  i ndo lea l ky lam ines .  Abbrev ia t i ons :  TP, t ryp tophan;  5-HTP, 
5-hydroxytryptophan; 5-HT, 5 -hydroxy t ryp tamine,  se ro ton in ;  T, t r yp tamine ;  11, mel-  
a ton in ;  I A A ,  i ndo le -3 -ace t i c  ac id ;  NAS, N-acetyl-5-hydroxytryptamine; 5-MT, 5- 
methoxytryptamine; 5-F1TOL, 5-methoxytryptophol ; 5-HTOL, 5-hydroxytryptophol ; 5-FIAA, 
5-hydroxyindole-3-acetic ac id ;  5-MIAA, 5-methoxyindole-3-acetic a c i d  
mediary a ldehydes) .  

(0 :  i n t e r -  

8.1.2 

gas chromatograph and the  mass spectrometer,  took  p lace  d u r i n g  t h e  l a t e  1950 's .  

Both i ns t rumen ts  had been employed independent ly  u n t i l  i t  was r e a l i z e d  t h a t  t h e  

GC cou ld  be a ve ry  conven ien t  sample i n l e t  system f o r  t h e  mass spectrometer.  

l a t t e r ,  a c t i n g  as a ve ry  s e n s i t i v e  and s p e c i f i c  GC d e t e c t o r ,  was capable of p r o v i d i n g  

the  i d e n t i t y  o f  most of t h e  components o f  complex samples, p rov ided  they  were 

e f f e c t i v e l y  reso lved  by t h e  gas chromatograph. 

combined GC-MS and i t s  a p p l i c a t i o n s  a re  a v a i l a b l e  (56 and re fe rences  t h e r e i n ) .  

Convent iona l  GC-MS and se lec ted  i o n  m o n i t o r i n g  (SIM) 

The f i r s t  success fu l  c o u p l i n g  o f  two complementary a n a l y t i c a l  i ns t rumen ts ,  t h e  

The 

A number of d e t a i l e d  rev iews of  
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Gas chromatography i s  a w e l l  e s t a b l i s h e d  q u a n t i t a t i v e  techn ique i n  a l l  s c i e n t i f i c  

f i e l d s  where separa t i on  power and e f f i c i e n c y  a re  requ i red ,  whereas mass spec t ro -  

me t ry  i s  a techn ique e s p e c i a l l y  s u i t e d  f o r  t h e  i d e n t i f i c a t i o n  o f  unknown compounds 

and f o r  t h e  d e t e c t i o n  o f  exceed ing ly  smal l  amounts o f  known components o f  me tabo l i c  

pathways. Acco rd ing l y ,  some o f  t h e  p r i n c i p a l  b iomed ica l  uses o f  t h e  combined GC-MS 

i n s t r u m e n t a t i o n  a re :  a )  t h e  i d e n t i f i c a t i o n  o f  new s t r u c t u r e s  o r  m e t a b o l i t e s  (e.g.  

r e f s .  14,15,26,37,52); 

s p e c i f i c  methods such as enzymatic o r  f l u o r i m e t r i c  assays (see s e c t i o n  8.5);  

c )  t h e  d iagnos is  o f  c l i n i c a l  pa tho log ies  by me tabo l i c  p r o f i l i n g ,  i d e n t i f i c a t i o n  o f  

s i n g l e  me tabo l i t es  o r  p a t t e r n  r e c o g n i t i o n  (see s e c t i o n  8.1.3);  d )  t h e  q u a l i t a t i v e  

d e t e c t i o n  and q u a n t i t a t i v e  de te rm ina t ion  o f  known compounds (e.g. Table 8 .1 ) ;  

and, e )  t r a c e r  s tud ies  w i t h  s t a b l e  i so topes  ( s e c t i o n  8.4.3).  

Th i s  r e q u i r e s  amounts o f  t he  o r d e r  o f  10-100 ng o f  t h e  unknown f o r  an i n t e r p r e t a b l e  

mass spectrum, which u s u a l l y  i s  n o t  a problem i n  t h e  s tudy  o f  inbGrn e r r o r s  o f  

metabol ism, such as pheny lke tonur ia ,  where normal m e t a b o l i t e s  and t o x i c  by-products 

may accumulate i n  t h e  body (53 ) .  

a g i ven  compound has been e s t a b l i s h e d  i t  can be r e a d i l y  de tec ted  o r  q u a n t i t a t e d  

a t  s u b s t a n t i a l l y  lower  l e v e l s  by focus ing  the  mass spectrometer on a few p r e -  

s e l e c t e d  masses c h a r a c t e r i s t i c  o f  t h e  compound r a t h e r  than scanning th rough t h e  

e n t i r e  mass range. When opera ted  i n  t h i s  mode, the  mass spec t rometer  can be con- 

s ide red  as a h i g h l y  s p e c i f i c  and s e n s i t i v e  GC d e t e c t o r .  

above, v a r i o u s l y  known as mass fragmentography, m u l t i p l e  i o n  d e t e c t i o n  ( M I D )  o r  

s e l e c t e d  i o n  m o n i t o r i n g  ( S I F I ) ,  has been desc r ibed  i n  d e t a i l  i n  t h e  l i t e r a t u r e  

(57,58).  B r i e f l y ,  t h e  remarkable s p e c i f i c i t y  o f  t he  GC-MS/SIM techn ique stems 

f rom t h e  i n t e r p l a y  o f  t h r e e  f a c t o r s  t h a t  when added toge the r  i nc rease  t h e  r e l i a b i l -  

i t y  o f  t h e  q u a n t i t a t i v e  d e t e c t i o n  o f  known compounds o r  m e t a b o l i t e s  i n  complex 

b i o l o g i c a l  samples. These f a c t o r s  a re :  a )  t h e  s p e c i f i c  r e t e n t i o n  t ime  o f  t h e  

compounds, a c h a r a c t e r i s t i c  parameter r e l a t e d  t o  the  na tu re  o f  t h e  s o l u t e  and t h e  

s t a t i o n a r y  phase i n  GC;  b )  t h e  i o n  c u r r e n t  p r o f i l e s  generated a t  t h e  p r e d i c t e d  

GC r e t e n t i o n  t ime  by reco rd ing  t h e  abundance o f  p rese lec ted  i o n  f ragments rep resen t -  

a t i v e  o f  t h e  compound o f  i n t e r e s t .  These a r e  s p e c i f i c a l l y  chosen from the  most 

p rominent  o r  c h a r a c t e r i s t i c  i ons  o f  t h e  f u l l  mass spectrum o f  t h e  compound o r  a 

chemical  d e r i v a t i v e  o f  t h e  same. 

t h i s  respec t  as i t  can enhance t h e  d e t e c t a b i l i t y  of  a g i ven  compound by produc ing  

more c h a r a c t e r i s t i c  o r  abundant i o n s  ( s e c t i o n  8.2.2);  and, c )  t h e  abundance r a t i o  

o f  t h e  p rese lec ted  i ons .  

m i x t u r e  must be c o i n c i d e n t  i n  r e l a t i v e  abundances w i t h  t h e  same i o n s  i n  t h e  complete 

mass spectrum o f  an a u t h e n t i c  sample o f  t he  compound analyzed by GC-PIS. 

b )  t h e  v e r i f i c a t i o n  o f  i d e n t i f i c a t i o n s  made by o t h e r  l e s s  

To da te ,  more than 100 new metabo l i t es  have been i d e n t i f i e d  by mass spec t romet ry .  

However, once t h e  mass f ragmen ta t i on  p a t t e r n  o f  

The technique, as i n d i c a t e d  

Proper d e r i v a t i v e  s e l e c t i o n  i s  impor tan t  i n  

The i o n  c u r r e n t  p r o f i l e s  of  t h e  separated component of  a 

Bear ing  t h i s  i n  mind, i t  can be p r e d i c t e d  t h a t  t h e  c o e l u t i o n  o f  one o r  more 
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compounds w.ith t h e  compound o f  i n t e r e s t  u s u a l l y  w i l l  n o t  a f f e c t  t he  d e t e c t i o n  and 

q u a n t i t a t i o n  o f  t h e  l a t t e r  as l o n g  as i o n s  c h a r a c t e r i s t i c  o f  t h e  o t h e r  c o e l u t i n o  

substances do n o t  c o i n c i d e  i n  mass w i t h  t h e  va lues  p rese lec ted  as c h a r a c t e r i s t i c  

o f  t h e  compound i n  ques t i on .  

unique c a p a b i l i t y  t o  d i s c r i m i n a t e  between unreso lved compounds because i t  a l l o w s  

the  use as i n t e r n a l  standards o f  s t a b l e  i s o t o p e - l a b e l l e d  analogues o f  t h e  same 

mo lecu la r  compos i t ion  and r e t e n t i o n  t i m e  as t h e  sample. 

f o r  l osses  due t o  i r r e v e r s i b l e  abso rp t i on  i n  the  GC system. 

cussed below, most S I l l  de te rm ina t ions  o f  b iogen ic  amines have been c a r r i e d  o u t  

us ing  t h e  deu te ra ted  homologues as i n t e r n a l  s tandards  (Tab le  8 .1 ) .  

approach when no deu te ra ted  homologue i s  a v a i l a b l e  would be t h e  use o f  a r e l a t e d  

compound w i t h  d i f f e r e n t  GC r e t e n t i o n  t ime  b u t  genera t i ng  e i t h e r  an i o n  of t h e  same 

mass ( u s u a l l y  a c l o s e l y  r e l a t e d  compound w i t h  a s i m i l a r  mass spec t romet r i c  

p a t t e r n )  o r  i o n s  s h i f t e d  by a few amu i n  t h e  mass sca le .  

i n  t h e  e a r l i e s t  de te rm ina t ions  o f  catecholamines ( 5 )  and indo lea l ky lam ines  ( 8 ) .  

I n  a l l  of  these cases a-methyl homologues were used as i n t e r n a l  standards.  

i t  can make t h e  d i f f e r e n c e  between success o r  f a i l u r e  i n  a g i ven  assay and t h i s  

' i s  e s p e c i a l l y  c r i t i c a l  i n  b iogen ic  amine assays i n  t i s s u e  o r  b lood  samples. I n  

t h i s  case, concen t ra t i ons  o f  t he  o r d e r  o f  a few nanograms p e r  gram o r  m i l l i l i t e r  

of  samples a re  t y p i c a l ,  and c o n s i d e r i n g  t h e  smal l  volumes i n j e c t e d  i n  t h e  GC t o -  

ge ther  w i t h  t h e  p r a c t i c a l  l i m i t a t i o n s  o f  t he  usual  p reconcen t ra t i on  steps, t h i s  

d i c t a t e s  a requ i rement  f o r  abso lu te  d e t e c t a b i l i t i e s  o f  t h e  o r d e r  o f  a few p i c o -  

grams o r  l e s s .  I n  i ns t rumen ta l  a n a l y s i s  by combined GC-MS these s e n s i t i v i t y  l e v e l s  

a r e  o n l y  p o s s i b l e  by SIP1 s i n c e  i n  t h i s  case t h e  mass spec t rometer  spends a l l  o f  

t he  measurement t ime  on a few i o n s  so t h a t  t h e  ou tpu t  f rom t h e  e l e c t r o n  m u l t i p l i e r  

can be i n t e g r a t e d  over  a l o n g e r  t ime  i n t e r v a l ,  w i t h  t h e  r e s u l t i n g  improvement o f  

t h e  s i g n a l - t o - n o i s e  r a t i o .  Furthermore, i n  magnet ic s e c t o r  i ns t rumen ts  t h e  s l i t  

w id ths  can be inc reased w i t h  t h e  cor respond ing  s e n s i t i v i t y  g a i n  because r e s o l u t i o n  

i s  n o t  as c r i t i c a l  as i n  convent iona l  scanning o f  t h e  e n t i r e  mass spectrum. Thus, 

one can o b t a i n  by S I M  an average inc rease  i n  s e n s i t i v i t y  o f  t h e  o r d e r  o f  1000 f o l d  

r e l a t i v e  t o  conven t iona l  GC-MS. 

Thus, q u a n t i t a t i v e  a n a l y s i s  by S I M  b e n e f i t s  f rom t h i s  

Th is  e f f e c t i v e l y  compensates 

Acco rd ing l y ,  as d i s -  

An a l t e r n a t i v e  

Th is  was t h e  method used 

There a r e  many a p p l i c a t i o n s  where s e n s i t i v i t y  i s  impor tan t  t o  t h e  p o i n t  where 

8.1.3 Me tabo l i c  p r o f i l i n g  assays vs. s i n g l e  component de te rm ina t ions  

by p r o f i l i n g  techn iques  l e a d i n g  t o  t h e  r e c o g n i t i o n  o f  normal and abnormal me tabo l i c  

p a t t e r n s  o r  by i d e n t i f i c a t i o n  o f  s i n g l e  me tabo l i t es  (e.g. 

o f  c e r t a i n  c lasses  o f  tumors). However, i n  t h e  l a t t e r  case much of  t h e  scope i n h e r -  

e n t  i n  GC-MS methodology f o r  r a p i d  and accura te  mult icomponent a n a l y s i s  i s  n o t  

be ing  u t i l i z e d  when one cons iders  t h e  wea l th  o f  i n fo rma t ion  which can be ob ta ined  

th rough metabo l i c  p r o f i l i n g  s tud ies .  

Combined GC-MS can be used f o r  t h e  d iagnos is  o f  c l i n i c a l  c o n d i t i o n s  (59)  e i t h e r  

HVA i n  u r i n e  f o r  d iagnos is  

The p o s s i b i l i t i e s  of GC methods f o r  m u l t i -  
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component a n a l y s i s  l e d  d i r e c t l y  t o  t h e  concept o f  "metabo l ic  p r o f i l e "  (60)  analyses. 

Th is  te rm r e f e r s  t o  t h e  s imultaneous d e t e c t i o n  and i d e n t i f i c a t i o n  o f  a l l  o r  most o f  

t he  members o f  a group o r  c l a s s  o f  i n t e r r e l a t e d  compounds (e.g.  

a g i ven  me tabo l i c  pathway). I n  t h i s  manner t h e  changes i n  t h e  GC r a t i o s  o f  va r ious  

key c o n s t i t u e n t s  i n  a "normal"  p r o f i l e ,  c h a r a c t e r i s t i c  o f  a g i ven  body f l u i d  o r  

t i s s u e ,  can be r e a d i l y  connected i n  many cases t o  me tabo l i c  changes due t o  diseases 

o r  s p e c i f i c  i n b o r n  e r r o r s  o f  metabol ism (59 and r e f s .  t h e r e i n ) .  

a d d i t i o n  t o  expanding ou r  knowledge of  metabol ism i n  known diseases o r  i n b o r n  

e r r o r s ,  GC-MS p r o f i l i n g  techn iques  have a l l owed  t h e  d i scove ry  o f  more than twenty  

new d e f e c t s  (61) .  L ikewise ,  t h e  appearance o f  p r e v i o u s l y  u n i d e n t i f i e d  compounds 

i n  a GC p r o f i l e  f rom a b i o l o g i c a l  e x t r a c t  has f a c i l i t a t e d  the  i d e n t i f i c a t i o n  o f  new 

m e t a b o l i t e s  th rough the  s tudy  and i n t e r p r e t a t i o n  o f  t h e i r  cor respond ing  mass 

spec t ra  ( 6 2 ) .  

which desc r ibe  t h e  s imultaneous de te rm ina t ion  o f  d i f f e r e n t  components o f  t h e  

catecholamine pathways (21,25,36,37,40,63,64). However, o n l y  a few d i r e c t l y  address 

the  t o p i c  o f  b iogen ic  amine me tabo l i c  p r o f i l i n g  ( 6 5 ) .  a l though i t  has r e c e n t l y  been 

shown t h a t  GC-MS/S IM a l l ows  the  d e t a i l e d  s tudy  o f  TP metabol ism th rough bo th  t h e  

s e r o t o n i n e r g i c  and t r y p t a m i n e r g i c  pathways (24,37). 

t h e  components o f  

For example, i n  

I n  t h e  f i e l d  o f  b iogen ic  amines t h e r e  a re  va r ious  r e p o r t s  i n  t h e  , l i t e r a t u r e  

8.2 EXPERIMENTAL APPROACHES 

8.2.1 Sample p r e p a r a t i o n  f o r  GC-"I work 

I n  genera l  a n a l y t i c a l  systems demand s p e c i f i c  sample work-up schemes adequate ly  

t a i l o r e d  t o  t h e i r  performance c h a r a c t e r i s t i c s .  These schemes, i n c l u d i n g  sample 

c o l l e c t i o n  and e x t r a c t i o n ,  compound separa t i on  and de tec t i on ,  a r e  i n v e r s e l y  r e l a t e d ,  

i n  terms o f  t h e i r  exper imenta l  complex i ty ,  t o  t h e  s p e c i f i c i t y  o f  t h e  d e t e c t o r  used. 

Lack o f  s p e c i f i c i t y  i n  t h e  d e t e c t i o n  o f  a g i ven  compound i s  t r a n s l a t e d  i n t o  l ong  

and g e n e r a l l y  t ed ious  sample c lean-up processes, u s u a l l y  l e a d i n g  t o  l a r g e  sample 

l osses  a t  t h e  va r ious  s teps  o f  t h e  procedure w i t h  t h e  consequent l o s s  o f  s e n s i t i v i t y .  

a n a l y t i c a l  techniques i n  t h e  degree o f  s p e c i f i c i t y  t h a t  i t  b r i n g s  t o  t h e  de termin-  

a t i o n  o f  se lec ted  compounds i n  very  complex b i o l o g i c a l  m ix tu res  such as body f l u i d s  

and t i s s u e  e x t r a c t s .  

e s s e n t i a l  f o r  a success fu l  and r e p r o d u c i b l e  assay. I n  t h i s  con tex t ,  b iogen ic  amine 

analyses a r e  n o t  exempt f rom c a r e f u l  a t t e n t i o n  t o  t h e  necessary p re t rea tmen t  of  

b i o l o g i c a l  e x t r a c t s ,  a l t hough  t h i s  can be s i g n i f i c a n t l y  s i m p l i f i e d  when us ing  GC-MS/ 

SIP! r e l a t i v e  t o  o t h e r  l e s s  s p e c i f i c  and s e n s i t i v e  techniques. The p o t e n t i a l  o f  

GC-MS a long these l i n e s  was soon r e a l i z e d  by Costa 's  group a t  t h e  NIHH i n  Washington 

who measured va r ious  endogenous amines and me tabo l i t es  i n  the  picomole range i n  

d i f f e r e n t  r a t  b r a i n  s t r u c t u r e s  by se lec ted  i o n  m o n i t o r i n g  (5,8,66,67) w i t h o u t  any 

sample p re t rea tmen t  o t h e r  than t i s s u e  homogenizat ion and d i r e c t  chemical  d e r i v a t i z -  

Combined GC-MS, i n  t h e  t o t a l  i o n  mode o r  i n  t h e  S I M  mode, i s  unique amongst 

However, even i n  t h i s  case proper  sample p r e p a r a t i o n  i s  
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a t i o n  ( s e c t i o n  8.2.2) o f  t h e  homogenates f o r  GC-MS ana lys i s .  I n  these e a r l y  a p p l i c -  

a t i o n s  of  t h e  new GC-MS methodology t o  b iogen ic  amine assays, i t  was demonstrated 

t h a t  i t  c o u l d  be a p p l i e d  t o  the  s tudy  o f  catecholamines i n  very  d i s c r e t e  b r a i n  

s t r u c t u r e s  we igh ing  l e s s  than 100 pg ( 5 )  and w i t h  s u f f i c i e n t  i ns t rumen ta l  s e n s i t i v i t y  

t o  ana lyze  f o r  NA and DA i n  a volume o f  homogenate e q u i v a l e n t  t o  15 vg  o f  t i s s u e  

(66) .  However, t h e  enthusiasm generated by these d e t e c t a b i l i t y  l e v e l s  must be 

tempered by t h e  c o n s i d e r a t i o n  o f  t h e  concen t ra t i on  o f  t h e  amines i n  t h e  b r a i n  

s t r u c t u r e s  assayed. Fo r  example, a l though i t  i s  t r u e  t h a t  Koslow g .  ( 5 )  were 

ab le  t o  use l e s s  than 100 pg of t i s s u e  from t h e  coeru leus  o f  r a t  b r a i n  f o r  

t h e  S I M  assay o f  NA, t h e  amount r e p o r t e d  was 20 f 1.6 picomoles p e r  sample, which 

i s  e q u i v a l e n t  t o  a concen t ra t i on  o f  33 pg/g vs o n l y  54 f 2 picomoles o r  0.3 pg/g 

i n  s t r i a t u m , f o r  whose de te rm ina t ion  a much l a r g e r  amount (27 mg) o f  t i s s u e  had t o  

be homogenized. Never the less ,  t he  s e n s i t i v i t y  o f  t h e  techn ique i s  h i g h  r e l a t i v e  

t o  o t h e r  convent iona l  assay procedures such as spec t rophoto f luoromet ry  ( 6 6 ) .  

condensed summary o f  d i f f e r e n t  s e n s i t i v i t y  values i s  i nc luded  i n  Table 8.1. 

assay o f  b iogen ic  amines i n  n u c l e i  punched o u t  f rom b r a i n  c r y o s t a t  sec t i ons  (400 pm 

t h i c k )  w i t h  s t a i n l e s s  s t e e l  t u b i n g  (0.8 - 1.2 mm, i .d.)  under stereomicroscope 

obse rva t i on  (13 ) .  The process o f  sample p r e p a r a t i o n  f o r  convent iona l  scanning 

GC-MS o r  s e l e c t e d  i o n  m o n i t o r i n g  o f  b iogen ic  amines i n v o l v e s  t h e  s teps  o f  sample 

c o l l e c t i o n ,  homogenizat ion i n  case o f  t i s s u e s ,  e x t r a c t i o n  o f  t h e  amines o r  t h e i r  

m e t a b o l i t e s  i n t o  a s u i t a b l e  o rgan ic  phase, occas iona l  h y d r o l y s i s  o f  con jugates  

and chemical  d e r i v a t i z a t i o n  of  t h e  f r e e  amines o r  me tabo l i t es  t o  render  them amen- 

ab le  t o  GC separa t i on  i n  t h e  vapor phase. 

(u r i ne ,  b lood, CSF) o r  t i s s u e s .  

p l a s t i c  con ta ine rs  and kep t  a t  4" o r  -20°C d u r i n g  t h e  c o l l e c t i o n  pe r iod .  

24 h r  specimens a r e  a c i d i f i e d  t o  pH 1-3 w i t h  HC1. 

can be s t o r e d  a t  -20" t o  -80°C u n t i l  analyzed (32,35). 

u s u a l l y  determined by any o f  va r ious  m o d i f i c a t i o n s  

Blood i s  u s u a l l y  c o l l e c t e d  by venous punc ture  o r  o c c a s i o n a l l y  by i n d w e l l i n g  

ca the te rs .  

c o n s t r a i n t s  so t h a t  plasma o r  serum samples a r e  prepared accord ing  t o  s tandard ized 

procedures,  m a i n t a i n i n g  t h e  specimens a t  a temperature o f  4" o r  -20°C i f  t h e  

a n a l y t i c a l  de te rm ina t ion  is n o t  c a r r i e d  o u t  immedia te ly  a f t e r  c o l l e c t i o n .  For  

example, venous b lood  has been c o l l e c t e d  i n t o  l i t h i u m  hepar in  tubes, c e n t r i f u g e d  

and t h e  plasma s to red  a t  -20°C (31) .  

t r i f u g e d  and t h e  plasma s to red  a t  -20°C i n  6M HC1 (32) .  

o f  asco rb i c  a c i d  ( 1  mg/ml) and s t o r e d  a t  -20°C o r  -70°C u n t i l  analyzed (14-16, 31, 

32,34,40). Occas iona l l y  6M HC1 o r  c y s t e i n e  HC1 have a l s o  been added t o  t h e  CSF 

A 

The ve ry  h i g h  s p e c i f i c i t y  and s e n s i t i v i t y  of  GC-MS techn iques  a l l o w s  t h e  d i r e c t  

( i )  Sample c o l l e c t i o n .  The samples may be i n  t h e  fo rm o f  body f l u i d  specimens 

I n  t h e  case of u r i n e ,  samples a r e  c o l l e c t e d  i n  

U s u a l l y  

The u r i n e  samples thus  t r e a t e d  

C r e a t i n i n e  con ten t  i s  

o f  t h e  J a f f e  r e a c t i o n .  

The assay o f  b iogen ic  amines by GC-MS does n o t  impose any s p e c i f i c  

A lso ,  b lood can be mixed w i t h  hepar in ,  cen- 

Lumbar CSF f o r  b iogen ic  amine assays i s  u s u a l l y  p r o t e c t e d  w i t h  t h e  a d d i t i o n  
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samples be fo re  s t o r i n g  them a t  -20°C (32,34). 

a f t e r  an o v e r n i g h t  f a s t  and t h e  a l i q u o t s  taken f o r  a n a l y s i s  shou ld  n o t  c o n t a i n  any 

b lood . 
For  t h e  s t u d i e s  o f  body f l u i d  m e t a b o l i t e s  o f  b iogen ic  amines o r  o f  t h e  amines 

themselves i t  i s  recommended t h a t  t h e  sub jec ts  be main ta ined on a low amine and no- 

a l c o h o l  d i e t  f o r  a t  l e a s t  a week before sample c o l l e c t i o n .  

( i i )  Homogenization and e x t r a c t i o n .  T issue samples f o r  b iogen ic  amine assays 

The lumbar punc tures  a r e  performed 

have been v a r i o u s l y  homogenized i n  ace tone: fo rmic  ac id ,  40% e thano l ,  0.1 o r  1N HC1, 

0.1N ZnSO, w i t h  Ba(OH),, f o rm ic  a c i d  o r  HC10, (see Table 8 .1 ) .  Deutera ted  i n t e r n a l  

s tandards  a r e  u s u a l l y  added a t  t h i s  s tep .  Ascorb ic  a c i d  o r  NaHS03 a r e  recommended 

as a n t i o x i d a n t s  t o  p reven t  s t r u c t u r a l  changes o f  t h e  amines o r  m e t a b o l i t e s  d u r i n g  

t h e  e x t r a c t i o n  procedures (5,26,28,37,38). The homogenates a r e  n e x t  c e n t r i f u g e d  

a t  2000 t o  100000 g f o r  pe r iods  of  10 t o  45 minutes,  depending on t h e  o p t i m i z a t i o n  

o f  t h e  d i f f e r e n t  homogenizat ion procedures by va r ious  au thors .  

The supernatan ts  a r e  u s u a l l y  prepared f o r  an e f f i c i e n t  e x t r a c t i o n  o f  t h e  com- 

pounds o f  i n t e r e s t  by s a t u r a t i o n  w i t h  NaCl and t h e  e x t r a c t i o n ,  a f t e r  pH ad jus tment  

w i t h  HC1 f o r  t h e  a c i d i c  o r  a l c o h o l i c  me tabo l i t es  o r  NaOH f o r  t h e  b a s i c  amines, i s  

c a r r i e d  o u t  i n t o  e t h y l  ace ta te ,  d i e t h y l e t h e r  o r  ch lo ro fo rm as i n d i c a t e d  i n  Tab le  3.1. 

The e x t r a c t s  a r e  then taken t o  dryness and r e c o n s t i t u t e d  i n  a s u i t a b l e  so l ven t ,  

depending on t h e  d e r i v a t i z a t i o n  procedure t o  be used, as d iscussed below. 

( i i i )  Hyd ro l ys i s  o f  con jugates .  The de te rm ina t ion  of t h e  a c i d i c  and a l c o h o l i c  

m e t a b o l i t e s  of  t h e  catecholamines and indoleamines i s o l a t e d  from t h e  samples ac- 

c o r d i n g  t o  t h e  usual  e x t r a c t i o n  procedures g i ves  a q u a n t i t a t i v e  account  o f  t h e i r  

f r e e  forms. 

o r  s u l f u r i c  acid,  t h e  de te rm ina t ion  o f  t o t a l  amounts o f  me tabo l i t es  must t a k e  i n t o  

account b o t h  t h e  f r e e  and con jugated  mo ie t i es .  For  t h a t  purpose, t h e  samples have 

t o  be hydro lyzed w i t h  t h e  proper  enzyme p repara t i ons .  

f rom t h e i r  con jugates  a l l o w i n g  t h e i r  GC-F IS /S IM de te rm ina t ion  i n  t h e  same manner as 

desc r ibed  f o r  t h e  unconjugated f r a c t i o n s .  

assays, va r ious  au tho rs  have r e p o r t e d  on t h e  de te rm ina t ion  o f  t h e  con jugated  forms 

o f  d i f f e r e n t  me tabo l i t es  such as t h e  con jugated  t r y p t o p h o l s  i n  CSF (15)  o r  con- 

j u g a t e d  MOPEG i n  human u r ine ,  CSF, plasma o r  r a t  b r a i n  and l i v e r  (1OY12,14,18-2C, 

29,30,40). I n  these cases t h e  s u l f a t e  i o n  can be  p r e c i p i t a t e d  w i t h  CaC1, and t h e  

supernatan ts  incubated  f o r  16-20 hours a t  37°C w i t h  a m i x t u r e  o f  s u l f a t a s e  and 

g lucuron idase.  A w ide r  range o f  con jugated  a l c o h o l i c  and a c i d i c  m e t a b o l i t e s  was 

assayed by  Karoum gtd. (18,191 a f t e r  i n c u b a t i o n  o f  r a t  b r a i n  samples w i t h  g lusu lase  

f o r  20 hours a t  40°C (see Table 8.1) and more r e c e n t l y  by F a u l l  gtd. (40) ,  who 

incubated  1 m l  a l i q u o t s  o f  CSF w i t h  a r y l s u l f a t a s e  H1 ( m i x t u r e  o f  a r y l s u l f a t a s e  and 

6-glucuronidase, Sigma) f o r  1 hour a t  37°C. 

An i n t e r e s t i n g  a l t e r n a t i v e  t o  t h e  use o f  s u l f a t a s e s  has been r e p o r t e d  by Murray 

-- e t  a l .  (29) .  

However, as most of  these m e t a b o l i t e s  can be con jugated  w i t h  g lucu ron ic  

T h i s  re leases  t h e  me tabo l i t es  

For  example, i n  connect ion  w i t h  GC-MS 

These au thors  i s o l a t e d  MOPEG and i t s  s u l f a t e  con juga te  f rom u r i n e  
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passed th rough XAD-2. 

LH-20 

The su f a t e  e s t e r  was then d i sp laced  by r e a c t i o n  w i t h  t r i f l u o r o a c e t i c  anhydr ide  

(TFAA) thus  accompl ish ing  i n  a s i n g l e  s tep  t h e  h y d r o l y s i s  o f  t h e  con juga te  and 

t h e  d e r i v a t i z a t i o n  of t h e  l i b e r a t e d  FIOPEG. 

TFAA so t h a t  t h e  method a l l ows  a s p e c i f i c  de te rm ina t ion  o f  t h e  s u l f a t e  con jugate .  

Th is  f r a c t i o n  was f u r t h e r  reso lved  on a column o f  Sephadex 

n t o  an e l u a t e  c o n t a i n i n g  MOPEG and another  c o n t a i n i n g  i t s  con jugated  f o r m .  

The MOPEG g lucu ron ide  i s  s t a b l e  t o  

8.2.2 S p e c i f i c  d e r i v a t i z a t i o n s  

The need f o r  t h e  chemical  d e r i v a t i z a t i o n  of  b iogen ic  amines and t h e i r  a c i d i c  

o r  a l c o h o l i c  me tabo l i t es  i s  a d i r e c t  consequence o f  t h e  r e l a t i v e l y  low v o l a t i l i t y  

and h i g h  p o l a r i t y  o f  these compounds which render  them u n f i t  f o r  GC a n a l y s i s .  

Acco rd ing l y ,  t h e  d i f f e r e n t  ac id ,  a l c o h o l  o r  amino groups have t o  be b locked by 

r e a c t i o n  w i t h  s u i t a b l e  d e r i v a t i z a t i o n  reagents .  

spectrometer i t s e l f ,  t h e  d e r i v a t i z a t i o n  can a l s o  serve  t h e  u s e f u l  p’urpose o f  

improv ing  severa l  f o l d  t h e  d e t e c t a b i l i t y  o f  a g i v e n  compound by p r o v i d i n g  a more 

s p e c i f i c  o r  d i r e c t e d  f ragmen ta t i on  p a t t e r n .  

enhance t h e  S I M  s e n s i t i v i t y  l e v e l  by concen t ra t i ng  t h e  f ragmen ta t i on  on a few i o n s  

a t  r e l a t i v e l y  h i g h e r  m/z va lues  and thus  f r e e  o f  i n te r fe rences  from t h e  r e s t  o f  

t h e  compounds t h a t  c o n s t i t u t e  t h e  b i o l o g i c a l  m a t r i x  (1  0,15,16,20 ,24,26,27,34,38, 

40,52,63,65,68). 

as t h e  b iogen ic  amines and t h e i r  m e t a b o l i t e s  i t  i s  impor tan t  t o  avo id  those proce- 

dures y i e l d i n g  m u l t i p l e  d e r i v a t i v e s  f rom a s i n g l e  s t a r t i n g  compound (68-69).  

Otherwise, t h i s  may coun te rac t  t h e  i n h e r e n t  mu1 t icomponent assay c a p a b i l i t i e s  o f  

GC-MS i n  me tabo l i c  p r o f i l i n g  s tud ies  by i n t r o d u c i n g  a d d i t i o n a l  i n t e r f e r e n c e s  

generated by t h e  d e r i v a t i z a t i o n  procedures so t h a t  t h e  p r o f i l e s  become compl ica ted  

by a number o f  unnecessary e x t r a  components. 

components o f  i n t e r e s t .  Furthermore, t h e  d e r i v a t i v e  se lec ted  must be s u f f i c i e n t l y  

s t a b l e  t o  l i m i t e d  s to rage  and o f ten  cumbersome assay procedures, and t o t a l l y  i n e r t  

t o  p o s s i b l e  i n t e r a c t i o n s  i n  t h e  gas phase w i t h i n  t h e  GC system (69) .  

f o r  b iogen ic  amine GC-MS de te rm ina t ions .  The usual  procedures a r e  those i n v o l v i n g  

N- and 0 - a c y l a t i o n  o r  s i l y l a t i o n  o f  amino, a l coho l  and pheno l i c  groups (70 and 

re fe rences  t h e r e i n ) .  

permethyl ,  n i t r o p h e n y l ,  i so th iocyana te  and dansyl  as w e l l  as mixed a c y l - s i l y l  

d e r i v a t i v e s ,  a r e  a l s o  descr ibed i n  a comprehensive re fe rence  p u b l i c a t i o n  (70) .  

More r e c e n t l y  Davis (71)  has repo r ted  t h e  use o f  N,N-dial kylamino-naphthalene- 

s u l f o n y l  c h l o r i d e  reagents  w i t h  C, t o  C, a l k y l  groups f o r  t h e  MS o f  b iogen ic  

ami nes . 

From t h e  p o i n t  o f  (view o f  t h e  mass 

For  example, c e r t a i n  d e r i v a t i v e s  can 

On t h e  o t h e r  hand, i n  t h e  case o f  p o l y f u n c t i o n a l  compounds such 

These may ove r lap  and mask many 

A r e l a t i v e l y  wide v a r i e t y  o f  d e r i v a t i z a t i o n  procedures have been desc r ibed  

Several o t h e r  methods, based f o r  i ns tance  on t h e  fo rma t ion  o f  

Nevertheless,  a g lance a t  Table 8.1 shows t h a t  t h e  a c y l a t e d  d e r i v a t i v e s  a r e  

t h e  p r e f e r r e d  choice,  t h e  pen ta f l uo rop rop iony l  (PFP) group be ing  t h e  most commonly 

used. These d e r i v a t i v e s  were shown t o  be s t a b l e  f o r  a t  l e a s t  t h r e e  days i n  e t h y l  
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a c e t a t e  ( 7 2 )  and, w h i l e  i n i t i a l l y  designed f o r  t h e  e l e c t r o n  cap tu re  d e t e c t o r  i n  

GC, t hey  were l a t e r  shown t o  be ve ry  good i n  GC-MS p r o f i l i n g  s tud ies  (65) .  

I n  one o f  t h e  f i r s t  a p p l i c a t i o n s  o f  GC-MS/SIM t o  b iogen ic  amines, Koslow 

-- e t  a l .  c la imed t h a t  t h e  PFP d e r i v a t i v e s  were s t a b l e  over  24 hours ( 5 )  and Takahashi 

-- e t  a l .  r e p o r t e d  t h a t  PFP d e r i v a t i v e s  o f  5-HTOL were s t a b l e  f o r  2 weeks i f  kep t  

r e f r i g e r a t e d .  These same authors  a l s o  i n d i c a t e d  t h a t  t h e  t r i f l u o r o a c e t y l  (TFA) 

d e r i v a t i v e s  gave a response much lower  than t h a t  o f  PFP d e r i v a t i v e s  (34 ) .  I n  a 

comparison o f  PFP, TFA and TMS d e r i v a t i v e s  i n  assays o f  t r y p t o p h o l ,  C u r t i u s  eta. 
(15) came t o  t h e  conc lus ion  t h a t  t h e  f i r s t  o f  these d e r i v a t i v e s  was more a p p r o p r i a t e  

w i t h i n  t h e  c o n s t r a i n t  o f  t h e  l i m i t e d  mass range u s u a l l y  covered i n  t h e  S I M  mode 

by a magnet ic s e c t o r  PIS. 

PFP d e r i v a t i v e s  o f  catecholamines, i ndo lea l ky lam ines  and t h e i r  m e t a b o l i t e s  has 

been pub l i shed  (65) .  

t o  d e f i n e  compromise exper imenta l  c o n d i t i o n s  needed f o r  t h e  s imultaneous d e r i v a t i z -  

a t i o n  and S I M  assay o f  TP, 5-HT, T, 5-HIAA and I A A  (24,37) i n  s i n g l e  body f l u i d  o r  

t i s s u e  samples. The advantages of  u s i n g  penta f luoropropano l  i n  PFPA were discussed 

by F r i  gtt. (16) .  

o f  amino and/or a l c o h o l i c  groups i s  c a r r i e d  o u t  i n  a s i n g l e  s tep .  On t h e  o t h e r  

hand, Warsh gal. (27) used a doub le  a c y l a t i o n  procedure t o  e x t r a c t  p r e v i o u s l y  

a c e t y l a t e d  t r yp tamine  i n t o  d i e t h y l e t h e r  a t  b a s i c  pH. The r e s i d u e  thus  ob ta ined  was 

then reac ted  wi th TFAA. The disadvantages o f  t r i m e t h y l s i l y l a t e d  d e r i v a t i v e s  i n  SIP1 
de te rm ina t ions  have been d iscussed by Zagalak a. (73) .  B a s i c a l l y ,  t h e  problems 

l i e  i n  t h e  major  u n s p e c i f i c  i o n  f ragments generated a t  m/z 218 f o r  a l l  @-amino 

ac ids  and a t  m/z 174 f o r  b iogen ic  amines. 

f o r  f u n c t i o n a l  group mass spectrometry,  as Abramson a. (63)  have shown. Another 

impor tan t  f a c t  t o  cons ide r  i s  t h a t  t h e  s i g n a l s  a r i s i n g  from t h e  n a t u r a l  i so topes  o f  

s i l i c o n  would i n t e r f e r e  w i t h  a q u a n t i t a t i o n  when deu te ra ted  s tandards  a r e  used. 

These au thors  a l s o  comment on the  problem o f  m u l t i p l e  peak fo rma t ion  and l a c k  o f  

r e p r o d u c i b i l i t y  o f  mixed acyl-TMS d e r i v a t i v e s  (73) .  

p i t f a l l s  assoc ia ted  w i t h  t h e  use o f  s i l y l a t e d  d e r i v a t i v e s  f o r  b iogen ic  amine 

de te rm ina t ions  have been addressed i n  d e t a i l  r e c e n t l y  by Mar t i nez  and Ge lp i  (69).  

T h i s  s tudy  has shown how m u l t i p l e  d e r i v a t i v e  fo rma t ion  and d e r i v a t i v e  s t a b i l i t y  

a r e  d i f f i c u l t  t o  c o n t r o l  when s e r o t o n i n  and t r yp tamine  a r e  reac ted  w i t h  TIIS. 

These s t u d i e s  have i n d i c a t e d  t h a t  i ndo lea l ky lam ines  a r e  b e s t  determined by GC-MS 

i n  t h e  fo rm o f  PFP d e r i v a t i v e s .  I n  genera l ,  t h e  amines o r  t h e i r  me tabo l i t es  a r e  

f u l l y  a c y l a t e d  though o c c a s i o n a l l y  i t  may be advantageous t o  use t h e  p a r t i a l l y  

a c y l a t e d  molecules.  

be ob ta ined  i n  h i g h e r  y i e l d s  and a more f a v o r a b l e  f ragmen ta t i on  p a t t e r n  i n  t h e  

IIS may be produced (34,69). 

A d e t a i l e d  account o f  t h e  GC and MS performance o f  t h e  

As a r e s u l t  o f  t h i s  study, i t  was subsequent ly f e a s i b l e  

In t h i s  way, bo th  t h e  a l k y l a t i o n  o f  a c i d i c  groups and a c y l a t i o n  

However, t h i s  can a l s o  be an advantage 

The k i n d  o f  problems and 

In some cases t h e  p a r t i a l l y  a c y l a t e d  amine o r  m e t a b o l i t e  can 
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8.2.3 Some p r a c t i c a l  cons ide ra t i ons  and neg lec ted  aspects 

The concen t ra t i ons  of  endogenous b iogen ic  amines i n  body t i s s u e s  o r  f l u i d s  a r e  

i n  genera l  ve ry  low, sometimes exceed ing ly  low, as i n  t h e  case o f  A and NA c i r -  

c u l a t i n g  i n  plasma (22,43) o r  t r yp tamine  i n  mammalian b r a i n  (27,37,49). F u r t h e r -  

more, these substances as w e l l  as t h e  cor respond ing  chemical d e r i v a t i v e s  used f o r  

GC-MS a n a l y s i s  a r e  r a t h e r  l a b i l e  and prone t o  decomposi t ion o r  abso rp t i on  d u r i n g  

c o l l e c t i o n ,  e x t r a c t i o n  o r  ana lys i s .  

t o  exper imenta l  d e t a i l s  d u r i n g  t h e  process ing  o f  these compounds th rough a g i ven  

a n a l y t i c a l  scheme. I n  consequence, t h e  a n a l y t i c a l  r e p r o d u c i b i l i t y  o f  t h e  GC-MS 

procedures f o r  b iogen ic  amine assays i s  dependent on a number o f  f a c t o r s ,  many o f  

them c l o s e l y  i n t e r r e l a t e d .  If any of  these f a c t o r s  i s  over looked, u n r e l i a b l e  da ta  

may be t h e  r e s u l t .  

d e t a i l e d  t rea tment ,  which neve r the less  would n o t  r e a l l y  be poss ib le ,  because n o t  

enough i s  known about t h e  physico-chemical  bases u n d e r l y i n g  many o f  t h e  p u z z l i n g  

exper imenta l  obse rva t i ons  sometimes made i n  t h e  l a b o r a t o r y .  

s i o n a l l y  compounds t h a t  p r e v i o u s l y  were de tec ted  a lmost  r o u t i n e l y  f o r  unexp la ined 

reasons seem t o  van ish  from t h e  e x t r a c t i o n  and a n a l y t i c a l  schemes. 

p o s s i b l y  have gone wrong? Several  f ac to rs ,  i n c l u d i n g  those which f o l l o w ,  need t o  

be cons idered i n  t h i s  regard .  

t h a t  catecholamines o r  t h e i r  m e t a b o l i t e s  can be r e a d i l y  l o s t  f rom b i o l o g i c a l  samples 

if n o t  p r o p e r l y  p r o t e c t e d  f rom o x i d a t i v e  breakdown processes. 

been r e p o r t e d  t h a t  DOPAC i n  amounts of  24 and 48 picomoles comp le te l y  d isappears  

f rom a r t i f i c i a l  CSF s o l u t i o n s  incubated  

d e r i v a t i z a t i o n  ( 4 0 ) .  

c o n c e n t r a t i o n  o f  1 -2  mM i n  t h e  aqueous phase. 

5 -hydroxy indo le  compounds i n  t i s s u e  o r  u r i n e  samples. 

have t o  be s t o r e d  f o r  a number o f  weeks b e f o r e  a n a l y s i s ,  i t  would be adv i sab le  t o  

v e r i f y  t h e  p o s s i b l e  r a t e  o f  sample l o s s  vs. t ime  by sequen t ia l  a n a l y s i s  a t  d i f f e r e n t  

t ime  i n t e r v a l s  o f  a l i q u o t s  s t o r e d  under i d e n t i c a l  c o n d i t i o n s .  I n  t h i s  sense, 

Takahashi gal. (30) r e p o r t e d  t h a t  NOPEG and VMA a r e  s t a b l e  a t  -20°C f o r  pe r iods  

of  up t o  8 weeks and B e r t i l s s o n  gtt. ( 7 )  r e p o r t e d  l e s s  than  5% l o s s  o f  5-HIAA 

kep t  a t  -15°C f o r  two months. 

t h i s  s o r t ,  t h e  s t a b i l i t y  o f  t h e  samples i s  o f t e n  over looked. To a v o i d  unwanted 

losses, t h e  samples can be p r o t e c t e d  a g a i n s t  o x i d a t i v e  decomposi t ion by t h e  a d d i t i o n  

o f  a n t i o x i d a n t s  and p rese rva t i ves  immedia te ly  a f t e r  c o l l e c t i o n  or  p r i o r  t o  t h e  

s t a r t  o f  t h e  e x t r a c t i o n  and a n a l y t i c a l  procedures. 

t h e  most popu la r  p r e s e r v a t i v e  i s  asco rb i c  a c i d  a l t hough  sodium m e t a b i s u l f i t e ,  
t h i o g l y c o l i c  a c i d  and c y s t e i n e  have a l s o  been used (see Tab le  8 .1 ) .  

pooled human serum ,as a p r e s e r v a t i v e  t o  avo id  t h e  o x i d a t i v e  decomposi t ion o f  5-HTOL 

has a l s o  been r e p o r t e d  (34).  

Th i s  c a l l s  f o r  g r e a t  ca re  and spec ia l  a t t e n t i o n  

The l i s t  i s  indeed long  and space cons ide ra t i ons  p reven t  a 

For example, occa- 

What m igh t  

i )  The s t a b i l i t y  o f  compounds d u r i n g  s to rage  p r i o r  t o  a n a l y s i s .  I t  i s  known 

For  example, i t  has 

f o r  2 h r s  a t  37°C p r i o r  t o  e x t r a c t i o n  and 

T h i s  can be prevented  by a d d i t i o n  o f  asco rb i c  a c i d  t o  a 

A s i m i l a r  s i t u a t i o n  a p p l i e s  t o  

I n  t h i s  rega rd  i f  samples 

However, a l t hough  o t h e r  au thors  a l s o  g i v e  da ta  o f  

I n  GC/MS b iogen ic  amine assays 

The use o f  
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i i )  The c a t a l y t i c  e f f e c t s  o f  r e s i d u a l  i m p u r i t i e s  i n  t h e  so l ven ts  o r  reagents  

used. A s p e c i f i e d  upper l i m i t  o f  o x i d a n t  res idues  o f  0.00025% i n  a 15 m l  volume 

o f  t h e  s o l v e n t  used t o  e x t r a c t  a g i ven  compound would amount t o  a t o t a l  o f  30 ug 

coming i n  c o n t a c t  w i t h  t h e  compound (74) .  Th i s  would be more than enough t o  i n -  

duce t h e  o x i d a t i v e  breakdown o f  t h e  few nanograms o f  endogenous compounds t h a t  

one u s u a l l y  a t tempts  t o  recove r .  

d e t a i l  (74)  and would a l s o  app ly  t o  p o s s i b l e  t r a c e s  o f  t h e  perox ides  i n  de te rgen ts  

absorbed o r  r e t a i n e d  on t h e  w a l l s  o f  glassware. F a u l l  g fi. (40) r e p o r t  t h a t ,  t o  

a v o i d  v a r i a t i o n s  i n  t h e  GC-11s a n a l y s i s  o f  DOPAC and 5-HIAA i n  r e p l i c a t e  samples, 

t h e  e t h y l  ace ta te  used f o r  t h e  e x t r a c t i o n  has t o  be f r e s h l y  r e d i s t i l l e d .  

i i i )  

amines and incomple te  h y d r o l y s i s .  It i s  known t h a t  t h e  a r y l s u l f a t a s e s  and 6-g lu -  

curon idases  used t o  f r e e  con jugated  me tabo l i t es  may c o n t a i n  d e t e c t a b l e  amounts o f  

i n t e r f e r i n g  compounds (12,15) and t h i s  has t o  be taken i n t o  account by runn ing  

enzyme b lanks ,  e s p e c i a l l y  s ince  p u r i f i c a t i o n  o f  commercial enzyme p repara t i ons  nay 

r e s u l t  i n  l osses  o f  a c t i v i t y  (15) .  When a t tempt ing  t o  de termine t h e  f r e e  and t o t a l  

con ten t  o f  b iogen ic  amines o r  t h e i r  m e t a b o l i t e s  by enzymatic d i g e s t i o n  o f  t h e  

con jugated  m o i e t i e s  t h e r e  i s  always t h e  p o s s i b i l i t y  o f  i n c u r r i n g  v a r i a t i o n s  due 

t o  i n s u f f i c i e n t  h y d r o l y s i s .  

anc ies  i n  r e p o r t e d  values o f  c e r t a i n  m e t a b o l i t e s  o f  b iogen ic  amines ( 3 0 ) .  

any r e q u i r e d  i nc rease  i n  t h e  t ime  o f  t h e  h y d r o l y t i c  process can a f f e c t  t h e  s t a b i l i t y  

o f  t h e  d e s i r e d  me tabo l i t e ,  as i n d i c a t e d  above f o r  DOPAC. On t h e  o t h e r  hand, 

i n s u f f i c i e n t  h y d r o l y s i s  can a l s o  be a r e s u l t  o f  t h e  a d d i t i o n  o f  p r e s e r v a t i v e s  such 

as b i s u l p h i t e  t o  t h e  i n c u b a t i o n  media (12 ) .  

i v )  V a r i a b i l i t y  o f  e x t r a c t i o n  e f f i c i e n c y .  As a l ready  discussed, t h e  process 

o f  s e l e c t i v e  t r a n s f e r  o f  a g i ven  substance f rom a t i s s u e  o r  f l u i d  m a t r i x  t o  a 

s u i t a b l e  o rgan ic  o r  aqueous phase r e q u i r e s  t h e  use o f  r e l a t i v e l y  l a r g e  volumes 

o f  so l ven ts .  These so l ven ts  a r e  n o t  always s u f f i c i e n t l y  pure t o  i n s u r e  t h e i r  

abso lu te  chemical  i n e r t n e s s  toward t h e  compound(s) ex t rac ted .  A s i m i l a r  s i t u a t i o n  

a r i s e s  w i t h  t h e  media used t o  homogenize t i s s u e  samples s i n c e  t h e  homogenizing 

agents themselves may i n t r o d u c e  a r e l a t i v e l y  h i g h  amount o f  o x i d a t i n g  i m p u r i t i e s ,  

o c c a s i o n a l l y  l e a d i n g  t o  a lmost  q u a n t i t a t i v e  l osses  o f  t h e  me tabo l i t es  p resen t  i n  

t h e  nanogram range (74) .  I t  i s  a l s o  no tewor thy  t h a t  i n  some ins tances  lower  ex- 

t r a c t i o n  e f f i c i e n c i e s  a r e  assoc ia ted  w i t h  h i g h e r  r e p r o d u c i b i l i t i e s ,  p rov ided  t h a t  

t h i s  can be compensated f o r  by t h e  s e n s i t i v i t y  o f  t h e  d e t e c t i o n  system. Th is  i s  

t h e  case i n  GC/MS/S IM work where sometimes i t  may be more p r a c t i c a l  t o  accept  a 

30% o r  40% recovery  (29,37), d u l y  compensated f o r  by t h e  h i g h  s e n s i t i v i t y  o f  S I f l ,  

than  t o  a t tempt  t o  improve i t  by more e l a b o r a t e  exper imenta l  procedures which may 

r e s u l t  i n  a h ighe r  o v e r a l l  v a r i a b i l i t y  due t o  excess ive  sample process ing .  

C a r r i e r  e f f e c t s  i n  t h e  e x t r a c t i o n  d e r i v a t i z a t i o n  and c lean-up processes. 

It has been c la imed t h a t  t h e  recove r ies  o f  c e r t a i n  b iogen ic  amines and m e t a b o l i t e s  

Th is  t o p i c  has r e c e n t l y  been d iscussed i n  some 

Contaminat ion o f  enzymes used i n  t h e  h y d r o l y s i s  o f  con jugates  o f  b i o g e n k  

Th is  has been suggested as a reason f o r  t h e  d i s c r e p -  

However, 

v )  
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can be substantially improved by coextraction of a previously added large excess 

of structurally related molecules. 

effectiveness of the so-called "carrier effect" in chromatographic systems (75) to 

the processes of extraction, derivatization and sample clean-up. 

were initially introduced in the early days of chromatography as adsorption- 
reducing compounds to minimize losses of sample by decomposition and irreversib;e 

binding on column, the fact is that interactions with surface active sites can 

take place during the whole analytical system; from the syringe or receptacle used 

for sample collection to the GC-MS instrument (69). 

(40) reported that the recovery of 5-HIAA (500 picomoles) in ethyl acetate increases 

from a mere 5% to a 37% in the presence of 100 ug of 5-lrlIAA. Likewise, Bertilsson 

_ _  et al. (7) reported an increased recovery of 5-HIAA in the presence of 4-HIAA 

(2 pg), although these authors suggested that this could be due to the antioxidant 

properties of 4-HIAA. 

analytical sensitivity using deuterated analogues of polyamines has been reported 

by Smith and Dales (45). 

a one picomole sample of trifluoroacetylated putrescine was not possible without 

the addition of 100 picomoles of the deuterated analogue. 

_ _  et al. (76) could not show a carrier effect for octopamine in the extraction 

process or GC elution. 
results in the concurrent assay of various TP metabolites (37). However, later 

on, certain irreproducibilities and experimental difficulties were traced to the 

large excess of carrier and accordingly its use has been discontinued. 

been argued that in the case of labelled analogue carriers, the large excess of 

these compounds may introduce in the analytical system an amount of unlabelled 

impurity, sufficient to produce a carrier effect by itself (75). It may also be 

sufficient to cause unwanted oxidations and decomposition of the relatively much 

smaller amounts of the analytes of interest, Also, one has to consider the 

possible interferences in the GC-F1S assay of derivatized carrier by-products 

which, the parent carrier molecule being an analogue o f  the substance analyzed, 

would be structurally related and thus potentially apt to interfere with certain 

selected ions. 

assay of biogenic amines introduced by a lack of sufficient reproducibility in 

the derivatization process, if not  compensated by the use of a deuterated analogue 
as internal standard, can result in significant sample losses. In our experience, 

the optimization of reaction conditions for certain amines and acidic or alcoholic 

metabolites using a given batch of solvents and reagents is no absolute guarantee 

that the reaction yield will be exactly reproducible with other batches of solvents 
or reagents from the same or different sources. Also, the use of closely related 

derivatization reagents such as PFPA and HFBA does not necessarily give the same 

This would be in line with the extension o f  the 

Although carriers 

For instance, Faull gJd. 

A clear experimental illustration of the enhancement of 

These authors showed that the GC-MS/SIM detection o f  

In contrast, Millard 

In this laboratory 5-MeOT was initially used with good 

It has 

vi) Derivative reproducibility and stability. The variability in the GC-MS 
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r e s u l t s .  

and r e l a t e d  me tabo l i t es  would n o t  be recommended s i n c e  t h e  r e s u l t i n g  HFB produc ts  

a r e  much l e s s  s t a b l e  compared t o  t h e  PFP analogues. 

v i i )  Other  impor tan t  e f f e c t s ,  l i k e  t h e  t ype  o f  r e a c t i o n  vesse ls ,  l osses  on 

evapora t i on  and column and system d e a c t i v a t i o n  a r e  d iscussed and documented i n  

some d e t a i l  i n  a recen t  r e p o r t  f rom t h i s  l a b o r a t o r y  (74).  

I n  o u r  hands, t h e  use o f  HFBA i n  t h e  d e r i v a t i z a t i o n  o f  i ndo lea l ky lam ines  

8.2.4 S p e c i f i c i t y  and s e n s i t i v i t y  

h i g h e r  s p e c i f i c i t y  t r a n s l a t e s  i n t o  h i g h e r  r e s o l u t i o n ,  which i n  p r i n c i p l e  i s  opposed 

t o  t h e  o p e r a t i o n a l  requ i rements  o f  h i g h  s e n s i t i v i t y .  

GC-MS combina t ion  i n  t h e  se lec ted  i o n  m o n i t o r i n g  mode p rov ides  un ique a n a l y t i c a l  

c a p a b i l i t i e s  s ince  i t  combines an ex t remely  h i g h  s p e c i f i c i t y  w i t h  s u r p r i s i n g  

s e n s i t i v i t i e s ,  o f t e n  reach ing  down t o  t h e  femtomole l e v e l  (5,45,63,66). 

ca ted  above, t h e  un ique s p e c i f i c i t y  o f  t h e  S I N  techn ique i s  based on a )  t h e  i n -  

fo rmat ion  d e r i v e d  f rom t h e  s p e c i f i c  r e t e n t i o n  t ime  o f  a g i ven  substance, b )  t h e  

response ob ta ined  m o n i t o r i n g  t h e  appearance o f  one o r  more p rese lec ted  and charac- 

t e r i s t i c  i ons  w i t h i n  t h e  expected r e t e n t i o n  t ime  windows, and c )  t h e  r e l a t i v e  

abundances o f  t h e  recorded i o n  c u r r e n t  p r o f i l e s .  

On t h e  o t h e r  hand, t h e  number o f  i ons  s t r i k i n g  t h e  e l e c t r o n  m u l t i p l i e r  pe r  

second i s  n o t  hampered i n  S I M  by r e s o l u t i o n  requ i rements  as i n  conven t iona l  scan- 

n i n g  mass spectrometry;  consequent ly,  t h e  mu1 t i p 1  i e r  i s  e n t i r e l y  ded ica ted  t o  

a c q u i r i n g  t h e  i o n  c u r r e n t  p r o f i l e s  o f  a few s e l e c t e d  masses. 

s e n s i t i v i t y  can be 100-1000 t imes h i g h e r  than i n  convent iona l  GC-!IS (57-59).  The 

combina t ion  o f  these two p r o p e r t i e s ,  s p e c i f i c i t y  and s e n s i t i v i t y ,  i n  t h e  f i e l d  

o f  b iogen ic  amine assays, which i n  many ways has been assoc ia ted  w i t h  r a t h e r  unspe- 

c i f i c  a n a l y t i c a l  procedures,  l e d  t o  t h e  downward r e v i s i o n  o f  p r e v i o u s l y  r e p o r t e d  

l e v e l s  o f  c e r t a i n  amines by severa l  o rde rs  o f  magnitude. Th is  i s  t h e  case, f o r  

ins tance,  f o r  B-phenylethylamine (46,48,49) and t r yp tamine  (46,49,27,37) i n  r a t  

b r a i n .  I t  has a l s o  a l l owed  t h e  abso lu te  i d e n t i f i c a t i o n  o f  p r e v i o u s l y  unrepor ted  

m e t a b o l i t e s  i n  b i o l o g i c a l  m a t e r i a l s ,  such as 5-HTOL and 5-PlTOL (15) ,  VMA (14 ) ,  

me la ton in  (31),  I A A  (26,37), 2- and m-hydroxymandelic ac ids  (OHMA and MHMA) (52)  

and 5-HT (8,38),  a l t hough  i n  t h e  l a s t  case t h i s  i d e n t i f i c a t i o n  has been r e c e n t l y  

ques t ioned as a p o s s i b l e  a r t e f a c t  produced f rom endogenous me la ton in  (42 ) .  

i n t e r n a l  standards o f  t h e  same mo lecu la r  compos i t ion  and GC r e t e n t i o n  t ime  (9,14, 

17,18,26-29,30,33,35-38,40), thus  b r i n g i n g  a h i g h e r  r e l i a b i l i t y  and p r e c i s i o n  t o  

t h e  o v e r a l l  procedure.  Th is  c a p a b i l i t y  has been e x t e n s i v e l y  e x p l o i t e d  i n  t h e  f i e l d  

o f  b iogen ic  amines as shown i n  Tab le  8.1. 

a t i v e  values o f  t h e  s e n s i t i v i t y  l e v e l s  achieved by d i f f e r e n t  au tho rs .  
e v a l u a t i o n  o f  t h e  da ta  pub l i shed  r e v e a l s  t h a t  t h e r e  a re  no u n i f i e d  c r i t e r i a  f o r  

In a l l  i ns t rumen ta l  spec t romet r i c  a n a l y t i c a l  systems, i n c l u d i n g  mass spec t rone t ry ,  

However, t h e  o p e r a t i o n  of a 

A s  i n d i -  

Thus, l e v e l  o f  

The h i g h  s p e c i f i c i t y  o f  t h i s  techn ique has enabled t h e  use o f  deuter ium l a b e l l e d  

The t a b l e  a l s o  i nc ludes  some rep resen t -  

A d e t a i l e d  
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r e p o r t i n g  t h e  p r e c i s i o n  o f  GC-MS procedures i n  a fo rm s u i t a b l e  f o r  meaningful 

comparison amongst d i f f e r e n t  l a b o r a t o r i e s  and methods. 

known t h a t  t h e  p r e c i s i o n  i n  t h e  i ns t rumen ta l  assay o f  a g i ven  sample v a r i e s  s i g -  

n i f i c a n t l y  depending on t h e  work ing  range se lec ted  on t h e  c a l i b r a t i o n  curve .  

example, B e r t i l s s o n  

7% i n  t h e  8-20 ng/ml range and 1-2% above t h i s  range. However, i n  many cases a 

va lue  i s  g i ven  w i t h o u t  due ment ion of  t h e  concen t ra t i on  l e v e l  t o  which i t  app l i es .  

A lso ,  o c c a s i o n a l l y  t h e r e  i s  no i n d i c a t i o n  whether the  SD g iven  corresponds t o  

s tandard  s o l u t i o n s  o r  t o  t h e  compounds e x t r a c t e d  f rom a b i o l o g i c a l  m a t r i x .  

va r ious  f a c t o r s  i n f l u e n c i n g  s e n s i t i v i t y  and p r e c i s i o n  i n  S I M  work have been 

covered i n  some d e t a i l  i n  t h e  l i t e r a t u r e  (57,58). 

An impor tan t  aspect o f  t h e  h i g h  s p e c i f i c i t y  o f  t h e  MS measurements i s  t h e  r e -  

d u c t i o n  i t  a l l o w s  i n  sample-clean up and p u r i f i c a t i o n  schemes, w i t h  t h e  r e s u l t i n g  

g a i n  i n  recove r ies  and thus  o v e r a l l  s e n s i t i v i t i e s .  For  example, t h e  s p e c i f i c i t y  

o f  t h e  techn ique has a l l owed  t h e  d i r e c t  assay o f  catecholamines and indoleamines 

i n  r a t  b r a i n  homogenates w i t h o u t  e x t r a c t i o n  o r  f u r t h e r  man ipu la t i ons  (5,8,13) and, 

a l t hough  t h i s  has been cons idered as a l i m i t a t i o n  o f  t h e  use fu lness  o f  t h e  method 

(28),  t he  p o s s i b i l i t y  o f  de te rm in ing  a g i ven  m e t a b o l i t e  i n  t h e  presence o f  t h e  

many o t h e r  components o f  a complex b i o l o g i c a l  m a t r i x  i s  p r e c i s e l y  one o f  t h e  s t r o n g  

p o i n t s  o f  t h e  techn ique.  T h i s  has r e c e n t l y  been demonstrated by t h i s  l a b o r a t o r y  

w i t h  t h e  development o f  a SIM procedure f o r  t h e  concur ren t  de te rm ina t ion  o f  most 

o f  t h e  more s i g n i f i c a n t  components o f  t h e  t r yp tophan  metabo l i c  pathway i n  s i n g l e  

r a t  b r a i n  samples (37) ,  as d iscussed below. 

Furthermore, i t  i s  w e l l  

For  

fi. ( 7 )  r e p o r t e d  s tandard  d e v i a t i o n  ( S D )  values of  

The 

8.2.5 General equipment 

Leav ing  as ide  a l l  o f  t h e  s tandard  a n c i l l a r y  l a b o r a t o r y  equipment necessary t o  

p repare  t h e  sample f o r  i n j e c t i o n  i n t o  GC-MS u n i t ,  t h e  e s s e n t i a l  i n s t r u m e n t a t i o n  

f o r  t h i s  type  o f  a p p l i c a t i o n  would be a GC-MS equipped w i t h  a m u l t i p l e  i o n  de tec-  

t i o n  system capable o f  m o n i t o r i n g  s imu l taneous ly  a minimum o f  f o u r  p rese lec ted  

i ons .  T h i s  would p rov ide  f o r  a minimum concur ren t  d e t e c t a b i l i t y  o f  two d i f f e r e n t  

amines o r  m e t a b o l i t e s  and t h e i r  cor respond ing  deu te ra ted  analogues as i n t e r n a l  

standards,  o r  p o s s i b l y  more substances i f  they  produce common i o n s  t o  focus  upon 

(24,63). 

Whi le  a lmost  any mass spectrometer system can be used o r  m o d i f i e d  f o r  GC-MS work 

i n  t h e  s e l e c t e d  i o n  mode (SIN) ,  most o f  t h e  work done i n  t h i s  f i e l d  t o  da te  has 

been c a r r i e d  o u t  w i t h  LKB magnet ic s e c t o r  (Models 9000 o r  2091) o r  F inn igan  quad- 

r u p o l e  systems (Models 3000, 3200 o r  4000), connected t o  gas chromatographs th rough 

j e t  t ype  mo lecu la r  separa tors  o f  one (F inn igan  u n i t s )  o r  two (LKB u n i t s )  stages (56)  

Other  magnet ic s e c t o r  o r  quadrupole ins t ruments  a l s o  used i n  b iogen ic  amine 

analyses a r e  t h e  Var ian  Mat 311A connected t o  a Var ian  Aerograph 1400GC, t h e  

Micromass 16F coupled t o  a C a r l o  Erba G I  450, t h e  H i t a c h i  GC-MS Model 52  and t h e  
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Hewlett-Packard 5985. 

and r e d u c t i o n  systems. 

250-290°C and t h e  i o n i z i n g  energy v a r i e d  between 20eV and 80eV depending on t h e  

f ragmen ta t i on  p a t t e r n  o f  t h e  compounds analyzed. I n t e r e s t i n g l y ,  as d iscussed i n  

t h e  n e x t  sec t i on ,  most o f  t h e  work has been c a r r i e d  o u t  on s tandard  GC packed 

columns and s i l i c o n  phases (Tab le  8 .1 ) .  

Most o f  these systems a r e  a l s o  equipped w i t h  da ta  a c q u i s i t i o n  

U s u a l l y  t h e  mo lecu la r  separa tor  i s  kep t  a t  a temperature o f  

8 .3  SPECIAL TECHNIQUES 

8.3.1 Capi 11 a r y  GC-E1S 

Glass c a p i l l a r y  columns o f f e r  a unique degree o f  v e r s a t i l i t y  t o  p e r m i t  t h e  

separa t i on  o f  c l o s e l y  r e l a t e d  substances i n  mu1 t icomponent samples. However, 

a l t hough  t h i s  t ype  o f  gas chromatographic column has been known f o r  more than 20 

years  (62)  and was used s u c c e s s f u l l y ,  f o r  ins tance,  i n  hydrocarbon and f a t t y  a c i d  

analyses f rom b i o l o g i c a l  and geochemical m a t e r i a l s ,  t h e  l a s t  few yea rs  have w i tnes -  

sed an upsurge i n  t h e  use o f  these columns i n  t h e  biomedical  f i e l d  (59,62). The 

w ide r  a p p l i c a t i o n  o f  c a p i l l a r y  columns has been enhanced by t h e  commercial i n t r o -  

d u c t i o n  o f  reasonab ly  p r i c e d  thermostab le  g lass  open t u b u l a r  c a p i l l a r y  columns 

t h a t  p rov ide  h i g h l y  i n e r t  systems t o  assay l a b i l e  substances as w e l l  as s u f f i c i e n t  

e f f i c i e n c y  and r e s o l u t i o n  t o  separa te  most components. 

u s e f u l  i n  me tabo l i c  p r o f i l i n g  s t u d i e s  and d iagnos is  o f  human diseases (59,62). 

Th i s  has been e s p e c i a l l y  

Never the less ,  as ide  f rom ou r  own work (77,781 and o t h e r  i s o l a t e d  r e p o r t s  (79!, 

t h e r e  does n o t  seem t o  be much enthusiasm f o r  t h e  use o f  c a p i l l a r y  columns f o r  t h e  

GC-MS de te rm ina t ion  o f  b iogen ic  amines i n  b i o l o g i c a l  samples. T h i s  i s  l i k e l y  due 

t o  a combina t ion  o f  two f a c t o r s ;  on t h e  one hand, these columns demand much more 

ca re  and a t t e n t i o n  t o  o p e r a t i n g  parameters than s tandard  packed columns, and on 

t h e  o t h e r  hand t h e  use o f  such a s p e c i f i c  and s e n s i t i v e  d e t e c t o r  as t h e  mass spec t ro -  

meter i n  t h e  S I M  mode may p a r t l y  cancel  one o f  t h e  main advantages o f  c a p i l l a r y  

columns by a l l o w i n g  t h e  d e t e c t i o n  and q u a n t i t a t i o n  o f  GC peaks even i f  n o t  reso lved  

by t h e  packed columns. I n  o t h e r  words, by i n c r e a s i n g  t h e  s p e c i f i c i t y  o f  d e t e c t i o n  

as i n  GC-MS/SIM one may dispense i n  many cases w i t h  t h e  need f o r  g r e a t e r  GC 

e f f i c i e n c y .  

MS de te rm ina t ions  o f  b iogen ic  amines stems f rom t h e  i n h e r e n t  low sample c a p a c i t i e s  

o f  these columns which r e q u i r e s  t h e  use o f  sample s p l i t t i n g  i n j e c t i o n  systems so 

t h a t  o n l y  a minor  p a r t  o f  t h e  t o t a l  volume i n j e c t e d  a c t u a l l y  en te rs  t h e  column 

(77 ) .  Furthermore, as ide  f rom t h e  q u a n t i t a t i v e  l o s s  caused by t h e  i n j e c t i o n  

s p l i t t e r s ,  which may be a l i m i t i n g  s tep  i n  a t tempt ing  t o  ana lyze  t h e  very  smal l  

amounts o f  endogenous b iogen ic  amines, t h e  v a r i a b i l i t y  i n h e r e n t  t o  i n j e c t i o n  

s p l i t t i n g  prevents  t h e  o b t a i n i n g  o f  r e p r o d u c i b l e  q u a n t i t a t i v e  da ta  (79) .  

Recent ly ,  va r ious  a t tempts  have been made t o  bypass t h e  s p l i t t e r  (80,81).  

ever, i t  must be kep t  i n  mind t h a t  t h e  dynamic o p e r a t i o n  o f  a combined GC-MS system 

does pose some r e s t r i c t i o n s  t o  t h e  t ype  o f  i n j e c t i o n  system t h a t  can be used. 

Perhaps one o f  t h e  main drawbacks o f  c a p i l l a r y  columns f o r  t h e  GC-  

How- 
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Also ,  i n  c a p i l l a r y  GC-11s opera t i on ,  p a r t  o f  t h e  sample can be l o s t  i n  t h e  GC-MS 

i n t e r f a c e ,  depending on t h e  c a r r i e r  gas f l o w  r a t e  and t h e  maximum a l l o w a b l e  i o n  

source pressure .  For  example, a w a l l  coa ted  open t u b u l a r  column opera ted  a t  an 

optimum c a r r i e r  gas f l o w  r a t e  of  2 ml/min may be i ncompa t ib le  w i t h  an i o n  source 

connected t o  a vacuum system capable of  removing n o t  more than 0.75 ml/min.  Accord- 
i n g l y ,  open s p l i t  systems a r e  commonly used a t  t h e  GC-PIS i n t e r f a c e  (77 ) ,  a l t hough  

t h e  o u t l e t  o f  t h e  c a p i l l a r y  column can a l s o  be connected t o  a mo lecu la r  separa tor ,  

p rov ided  t h e  necessary make-up gas i s  added f o r  optimum performance o f  t h e  sepa- 

r a t o r  which works bes t  a t  an i n l e t  f l o w  o f  20-30 ml/min.  

l a r y  GC-MS t o  t h e  q u a n t i t a t i v e  assay of b iogen ic  amines i s  l i m i t e d  t o  two r e c e n t  

communications (77,78) on a s imp le  method t h a t  a l l ows  t h e  i n j e c t i o n  o f  b i o l o g i c a l  

e x t r a c t s  of  b iogen ic  amines i n  t h e  s o l i d  s t a t e  w i t h o u t  any m o d i f i c a t i o n  o f  t h e  

GC-PIS system. 

sample i n j e c t o r  and i n t e r f a c e  connect ion .  

a four -channe l  m u l t i p l e  i o n  m o n i t o r i n g  system designed and b u i l t  i n  t h i s  l a b o r a t o r y  

(82) and was opera ted  i n  t h e  d i r e c t  connec t ion  mode a t  a p ressure  range o f  

1 - 5 x 10-5mm Hg w i t h  a column f low r a t e  o f  up t o  3 ml/min. 

columns (20m x 0.3mm i . d . 1  were coated  w i t h  OV-17 o r  SE-30. 

w i t h  a s o l i d s  i n j e c t i o n  s y r i n g e  equipped w i t h  a spec ia l  p lunger  f i t t e d  w i t h  a 

s p i r a l  s e c t i o n  where t h e  l i q u i d  sample i s  depos i ted  and t h e  s o l v e n t  evaporated 

p r i o r  t o  i n j e c t i o n .  The d r i e d  samples were v o l a t i l i z e d  i n  l e s s  than 2 seconds. 

5-HIAA (PFP), and I A A  (PFP) i n  OV-17 c a p i l l a r y  and packed columns a r e  1.92 and 

0.e8, r e s p e c t i v e l y ,  whereas T (PFP), and 5-HT (PFP),, which c o e l u t e  on these 

packed columns,can be b a s e l i n e  reso lved  on t h e  c a p i l l a r y  columns (78 ) .  I t  has 

a l ready  been suggested (62) t h a t  i n  p r a c t i c e  t h e  h i g h e r  r e s o l v i n g  power o f  c a p i l -  

l a r y  columns can be v e r y  u s e f u l  i n  cop ing  w i t h  complex b i o l o g i c a l  e x t r a c t s  because 

t h e  number o f  components t h a t  can be reso lved  increases  ve ry  s i g n i f i c a n t l y .  On 

t h e  o t h e r  hand, f rom a p r a c t i c a l  p o i n t  o f  view, i t  may compensate t o  use a l e s s  

e f f i c i e n t  packed column i n  connect ion  w i t h  a ve ry  s p e c i f i c  d e t e c t o r  such as t h e  

MS i n  t h e  SIFT mode, whereby many unreso lved compounds can be assayed i n  a ve ry  

s e l e c t i v e  manner w i t h  t h e  exc lus ion  o f  unwanted s i g n a l s .  

i n v e s t i g a t o r s  have been do ing  i n  t h e  f i e l d  o f  b iogen ic  amines (Tab le  8.1). 

ever ,  when peaks f rom u n i d e n t i f i e d  substances genera te  t h e  same fragments o r  

d i f f e r e n t  f ragments o f  i d e n t i c a l  mass as those se lec ted  f o r  SIP1 t h i s  c a l l s  f o r  

improved GC separa t i on  (18 ) .  

v a r i a b i l i t y  was compensated f o r  by t h e  use o f  i n t e r n a l  standard3 l a b e l l e d  w i t h  

deuter ium. 

e x t r a c t s  o f  b r a i n  t i s s u e  o r  human u r i n e  w i t h  r e s u l t s  e q u i v a l e n t  t o  those p r e v i -  

Perhaps as a r e f l e c t i o n  o f  these p r a c t i c a l  drawbacks, t h e  a p p l i c a t i o n  o f  c a p i l -  

. 

The mass spectrometer was equipped w i t h  

B r i e f l y ,  t h e  method i n v o l v e s  t h e  use o f  a t o t a l l y  s p l i t l e s s  s o l i d  

The g lass  c a p i l l a r y  

Samples were i n j e c t e d  

For  compara t ive  purposes t h e  r e s o l u t i o n  f a c t o r s  o f  t h e  peaks o f  methy la ted  

T h i s  i s  what most 

How- 

I n  t h e  c a p i l l a r y  GC-PIS system descr ibed by Sunol and Ge lp i  (77,78), i n j e c t i o n  

The system has been a p p l i e d  t o  t h e  s tudy  o f  i n d o l e  metabol ism i n  
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o u s l y  ob ta ined  w i t h  s tandard  packed columns (78) .  

8.3.2 New i o n i z a t i o n  techn iques  

f i r s t  exper iments i n  combined GC-chemical i o n i z a t i o n  mass spec t romet ry  (CIMS) of 

b iogen ic  amines i n  CSF. 

c h a r a c t e r i s t i c  o f  t h i s  techn ique prevented  t h e  ex tens i ve  f ragmen ta t i on  o f  t h e  

cotrpounds t h a t  e n t e r  t h e  i o n  source o f  t h e  C I  mass spectrometer,  t hus  improv ing  

t h e  d e t e c t a b i l i t y  o f  p ro tona ted  mo lecu la r  i ons ,  c o n t r a r y  t o  what happens i n  

e l e c t r o n  impact ( E I )  mass spec t romet ry .  

was t e n  t imes more s e n s i t i v e  than E I ,  a l l o w i n g  t h e  d e t e c t i o n  o f  1 pg o f  NA. 

C I  t h e  i o n i z a t i o n  o f  t h e  GC e f f l u e n t  occurs th rough a process o f  i n t e r a c t i o n  

between i o n i z e d  reagent  gas and t h e  molecu le  under i n v e s t i g a t i o n  i n  which t h e  

energy t r a n s f e r r e d  t o  the  molecu le  i s  much l e s s  than i n  d i r e c t  E I ,  so t h a t  t h e r e  

i s  much l e s s  f ragmenta t ion .  

o f  DA a lmost  comp le te l y  f ragments t o  lower  mass i ons  under e l e c t r o n  impact,  

whereas t h e  C I  spec t ra  ob ta ined  w i t h  methane, i sobutane o r  ammonia as reagent  

gases a r e  dominated by t h e  p ro tona ted  [M+H]+ o r  [M+NH,]+ quas imolecu la r  i o n s  o f  

m/z 592 and 609, r e s p e c t i v e l y .  

[ ( F W H )  - (PFP0H)lf i o n s  as base peaks i n  t h e  spec t ra  o f  indoleamines and ca techo l -  

amine PFP d e r i v a t i v e s  (83 ) ,  whereas w i t h  ammonia t h e  base peaks correspond t o  t h e  

[M+NH,]' i ons .  

h i g h e r  s e n s i t i v i t i e s  i n  S IF l  work. 

i n  a d d i t i o n  t o  t h e  s e n s i t i v i t y  ga in ,  t h e  d im in i shed  mo lecu la r  f ragmen ta t i on  i n  

GC-CIMS p rov ides  another  degree o f  s p e c i f i c i t y  r e l a t i v e  t o  convent iona l  GC-PIS 

work. 

cons ide rab ly  reduced by i t s  ex tens i ve  f ragmen ta t i on  under e l e c t r o n  impact t o  

r a t h e r  u n s p e c i f i c  ions .  

degree o f  s p e c i f i c i t y  by m o n i t o r i n g  a GC e f f l u e n t  i n  search o f  a p rese lec ted  i on ,  

p a r t  o f  t h i s  s p e c i f i c i t y  may be l o s t  i n  t h e  f ragmen ta t i on  o f  t h e  molecu le  t o  

r e l a t i v e l y  u n s p e c i f i c  i ons .  

by E I ,  t h e  b e s t  i o n  f o r  S I F l  d e t e c t i o n  i s  t h e  base peak a t  m/z = 58 ( 3 ) .  

t h i s  i s  a l s o  a major  f ragment c h a r a c t e r i s t i c  o f  many o t h e r  t e r t i a r y  amines. 

f ragment accounts f o r  approx imate ly  65% o f  t h e  t o t a l  i o n i z a t i o n  o f  cho l  i n e  analogues 

and t h e i r  demethylated e s t e r s  (84)  and i f  focussed upon would n o t  d i s t i n g u i s h  

between them; so these compounds have t o  be i d e n t i f i e d  on t h e  bas i s  o f  t h e i r  

chromatographic r e t e n t i o n  t imes.  

i on ,  w h i l e  advantageous f o r  f u n c t i o n a l  group m o n i t o r i n g  (24,63), cannot p r o v i d e  

s u f f i c i e n t  s e l e c t i v i t y  and s p e c i f i c i t y  pe r  se, r e q u i r i n g  t h e  use o f  r e t e n t i o n  t imes 

f o r  i d e n t i f i c a t i o n  purposes. One way t o  recove r  s p e c i f i c i t y  i n  t h i s  p a r t i c u l a r  

(j) P o s i t i v e  chemical i o n i z a t i o n .  I n  1974 Fl iyazaki  g f i . (83) desc r ibed  t h e  

They demonstrated t h a t  t h e  m i l d  i o n i z a t i o n  c o n d i t i o n s  

Accord ing  t o  these au tho rs  (83 )  C I M S  

I n  

For  ins tance,  t h e  molecu la r  i o n  o f  t h e  PFP d e r i v a t i v e  

The use o f  methane o r  i sobutane as reagent  gases u s u a l l y  produces [M+H]+ o r  

I n  genera l ,  t h e  l e s s e r  f ragmen ta t i on  o f  t h e  molecu le  r e s u l t s  i n  

I t  i s  impor tan t  t o  remark i n  t h i s  c o n t e x t  t h a t ,  

Sometimes t h e  s p e c i f i c i t y  i n h e r e n t  t o  a g i ven  mo lecu la r  s t r u c t u r e  i s  

In o t h e r  words, a l t hough  one may ach ieve  a ve ry  h i g h  

Thus, i n  t h e  case o f  GC-PIS a n a l y s i s  o f  c h o l i n e  e s t e r s  

However, 

Th i s  

Th is  c o n s t i t u t e s  j u s t  an example where a common 
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case, wh ich  can serve  as an i l l u s t r a t i v e  example o f  many o t h e r  s i m i l a r  s i t u a t i o n s ,  

i s  w i t h  G C - C I M S .  For  ins tance,  t h e  CI-methane mass spectrum o f  d imethy laminoethy l  

ace ta te  shows a base peak a t  m/z = 72 w i t h  o n l y  about  5% r e l a t i v e  abundance a t  

m/z = 58 and a lmost  75% a t  t h e  [bI+H]+ quas imolecu la r  i o n  a t  m / z  = 132 (84). 

cor respond ing  mo lecu la r  i o n  a t  m/z = 131 by EI/MS i s  b a r e l y  d i s c e r n i b l e  a t  1.3% 

abundance ( 3 ) .  Apar t  from t h e  h i g h e r  s p e c i f i c i t y  ach ievab le  i n  t h i s  way s i n c e  a l l  

o t h e r  analogues w i l l  be d i f f e r e n t i a t e d  by t h e i r  r e s p e c t i v e  [Il+H]+ ions ,  t h e  

impor tan t  f a c t  t o  cons ide r  i n  SIN i s  t h a t  t h e  m/z = 132 i o n  rep resen ts  almost 35% 

o f  t h e  t o t a l  i o n  c u r r e n t .  Th is  can be inc reased t o  a lmost  80% o f  t h e  t o t a l  i o n i z -  

a t i o n  by u s i n g  isobutane i n s t e a d  o f  methane as a reagent  gas ( 8 4 ) .  

Th i s  advantage has n o t  been over looked by o t h e r  groups who have a l s o  a p p l i e d  

t h e  C I  techn iques  t o  t h e  GC-MS measurements o f  b iogen ic  amines and t h e i r  me tabo l i t es  

(85-91).  For  ins tance,  Edwards gtd. (90) r e c e n t l y  descr ibed a method f o r  t h e  

s imultaneous a n a l y s i s  of PFP d e r i v a t i v e s  of pheny lg l yco l s  and pheny le thano ls  i n  

human u r i n e  by G C - C I M S .  The method a l l owed  t h e  f i r s t  i d e n t i f i c a t i o n  o f  p-hydroxy- 

pheny lg l yco l  i n  b i o l o g i c a l  samples, which, as t h e  au tho rs  suggest, may p r o v i d e  2 

means f o r  t h e  de te rm ina t ion  o f  t h e  tu rnove r  o f  octopamine i n  v i v o .  Th is  group has 

a l s o  descr ibed t h e  a p p l i c a t i o n  o f  GC-PIS i n  t h e  C I / S I F I  mode o f  ope ra t i on  t o  t h e  

a n a l y s i s  of  phenylethylamine, phenylethanolamine, m- and p - t y ramine  and octopamine 

as t h e i r  cor respond ing  N-DNP, 0-TMS d e r i v a t i v e s  (89) .  Th i s  work was c a r r i e d  o u t  

us ing  methane o r  i sobutane as reagent  gases and, in c o n t r a s t  t o  t h e  low abundance 

o f  t h e  mo lecu la r  i o n s  i n  t h e  EI  spec t ra ,  t h e  C I  spec t ra  conta ined r e l a t i v e l y  

abundant [N+H]+ ions ,  except  f o r  octopamine which presented  an [ (M+H) - (TIISOH):+ 

base peak. 

SIM p r o f i l e  of these compounds i n  whole r a t  b r a i n  samples cou ld  be ob ta ined,  

e s t a b l i s h i n g  a c o n c e n t r a t i o n  o f  pheny le thy lamine o f  1 ng/g i n  un t rea ted  animals 

(83) .  

The 

By m o n i t o r i n g  t h e  ions  cor respond ing  t o  t h e  [M+H]+ i ons ,  a s imultaneous 

L ikewise ,  t h e  s imultaneous de te rm ina t ion  o f  endogenous NA and DBH a c t i v i t y  i n  

r a t  adrena l  t i s s u e  w i t h  2H-DA as a s u b s t r a t e  has a l s o  been c a r r i e d  o u t  by a combined 

G C - C I M S / S I M  procedure (88). 

PFF d e r i v a t i v e s  o f  catecholamines (NA, A,  DA) i n  smal l  p ieces  punched o u t  f rom 

d i f f e r e n t  reg ions  o f  human autopsy b r a i n  specimens (87) .  As l i t t l e  as 5 mg o f  

t i s s u e  were s u f f i c i e n t  f o r  t h e  q u a n t i t a t i v e  assays. A GC-CIFIS/SII.1 method has a l s o  

been used f o r  t h e  a n a l y s i s  o f  OA and NA i n  adrena l  medu l l a ry  c e l l  c u l t u r e s  (91 ) .  

The CI/SIM a l l ows  d e t e c t i o n s  a t  t h e  nanogram l e v e l  i n  a h i g h e r  mass range than i n  

t h e  EI mode so t h a t  t h i s  r e s u l t s  i n  a s u b s t a n t i a l  g a i n  i n  o v e r a l l  s p e c i f i c i t y .  

Furthermore, t h e  i n h e r e n t  s p e c i f i c i t y  o f  t h e  C I  mode i s  such t h a t  i t  a l l ows  t h e  

s inu l taneous  de te rm ina t ion  o f  t h e  PFP d e r i v a t i v e s  o f  DA and a-methyldopamine and 

@ - e t h y l  e t h e r  PFP d e r i v a t i v e s  o f  NA and a-methy lnoradrena l ine  f rom r a t  b r a i n  

samples, w i t h o u t  any p rev ious  gas chromatographic separa t i on .  

i n g  t h e  m i x t u r e  o f  these amines were d i r e c t l y  i n t roduced  and evaporated i n  t h e  

The same procedure has a l s o  been used f o r  t h e  assay o f  

The samples con ta in -  



i o n  source o f  an MS-9 mass spectrometer,  m o d i f i e d  f o r  chemical  i o n i z a t i o n  (85) ,  v i a  

a s o l i d  d i r e c t  i n s e r t i o n  probe. The p ro tona ted  mo lecu la r  i ons  o f  a l l  amines appear 

i n  t h e  mass range 657 t o  592 amu. 

5-HTOL and IAA i n  t h e  u r i n e  o f  p a t i e n t s  w i t h  c a r c i n o i d  tumours have been determined 

by C I M S  techn iques  (86 ) .  

I n  1976 Hunt &fl. (92)  showed t h a t  e l e c t r o n  

c a p t u r i n g  compounds cou ld  be de tec ted  w i t h  a 10-100 f o l d  i nc rease  i n  s e n s i t i v i t y  

by t h e  new techn ique o f  nega t i ve  i o n  chemical  i o n i z a t i o n  (N IC I )  mass spec t romet ry ,  

which can p rov ide  u s e f u l  complementary i n f o r m a t i o n  r e l a t i v e  t o  p o s i t i v e  C I M S .  The 

f i r s t  b i o l o g i c a l  a p p l i c a t i o n  o f  t h i s  new techn ique belongs t o  t h e  f i e l d  o f  b iogen ic  

amines s i n c e  i t  a l l owed  t h e  r o u t i n e  measurement o f  me la ton in  i n  human plasma a t  t h e  

l e v e l  o f  1 picogram per  m i l l i l i t e r  (93) .  Th i s  l e v e l  o f  s e n s i t i v i t y  i s  i n  l i n e  w i t h  

t h e  t h e o r e t i c a l l y  p o s t u l a t e d  r a t i o  o f  nega t i ve  and p o s i t i v e  sample i o n  c u r r e n t s  

when a mass spectrometer opera ted  under C I  c o n d i t i o n s  a f f o r d s  a m i x t u r e  o f  p o s i t i v e  

resgen t  i ons  and a p o p u l a t i o n  o f  e l e c t r o n s  w i t h  near thermal energ ies  (94) .  These 

low energy e l e c t r o n s  can induce i o n i z a t i o n  by a process o f  resonance e l e c t r o n  

cap tu re  (ECNI), (95) .  The a n a l y t i c a l  p o t e n t i a l  o f  t h i s  methodology was subsequent ly 

demonstrated by Hunt ct. (94)  f o r  severa l  d e r i v a t i v e s  o f  phenols and amines 

under GC-MS c o n d i t i o n s .  

grams o r  53 atomoles o f  a s u i t a b l e  d e r i v a t i v e  o f  DA recorded by G C - E C N I / C I r l S / S I M  

(94 ) .  
d e t e c t i o n  and q u a n t i t a t i o n  o f  every  molecu le  capable o f  f o rm ing  a mo lecu la r  an ion  

on c o l l i s i o n  w i t h  a thermal e l e c t r o n  can be c a r r i e d  o u t  a t  l e v e l s  2 o rde rs  o f  

magnitude lower  than what i s  p o s s i b l e  w i t h  p o s i t i v e  C I  o r  E I  methodology. 

I n  a s i m i l a r  manner, t h e  l e v e l s  o f  t ryptopho:,  

i i )  Negat ive  chemical  i o n i z a t i o n .  

The au tho rs  p resented  t h e  t r a c i n g s  ob ta ined  f rom 25 femto- 

T h i s  impress ive  s e n s i t i v i t y  r e s u l t s  f rom t h e  f a c t  t h a t  i n  t h e  N I C I  mode, 

8.3.3 GC-High r e s o l u t i o n  MS/S IM 

In t h e  s e l e c t e d  i o n  m o n i t o r i n g  mode t h e  s p e c i f i c i t y  depends on t h e  r e c o r d i n g  

o f  t h e  i o n  c u r r e n t  p r o f i l e s  o f  f ragment i ons  bear ing  enough s p e c i f i c  s t r u c t u r a l  

i n f o r m a t i o n  t o  f u l l y  c h a r a c t e r i z e  a g i ven  compound o r  s e t  o f  compounds. 

s p e c i f i c i t y  o f  t h e  i ons  thus  mon i to red  can be f u r t h e r  inc reased i n  t h e  p o s i t i v e  

o r  nega t i ve  C I  modes as d iscussed above. Furthermore, t h e  h i g h  i n h e r e n t  s p e c i f i c i t y  

o f  these 11s techn iques  can be remarkably enhanced by a c o n s i d e r a t i o n  o f  t he  

s p e c i f i c  GC r e t e n t i o n  t ime  windows a t  which these ions  appear i n  GC-PIS ope ra t i on .  

Such windows can even be de f i ned  w i t h  much more accuracy by u s i n g  h i g h  e f f i c i e n c y  

c a p i l l a r y  columns ( s e c t i o n  8.3.1).  However, a l l  o f  these f a c t o r s  combined do n o t  

n e c e s s a r i l y  mean t h e  u l t i m a t e  i n  s p e c i f i c i t y  has been a t t a i n e d .  

(96,97) have descr ibed t h e  r e c o r d i n g  o f  p rese lec ted  i o n  c u r r e n t  p r o f i l e s  by 

i n c r e a s i n g  t h e  r e s o l v i n g  power o f . t h e  mass spectrometer.  

MS mode o f  o p e r a t i o n  has been demonstrated f o r  t h e  d e t e c t i o n  o f  s t e r o i d s  and 

u r i n a r y  ac ids  (96)  and more r e c e n t l y  i t  has been used f o r  t h e  s imultaneous 

de te rm ina t ion  o f  A and NA f rom human plasma (97) .  

The 

A few au tho rs  

The p o t e n t i a l  o f  t h i s  

I n  t h i s  work, t h e  N-TFA-N-TMS 
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derivatives of both catecholamines were detected at an MS resolving power of 5000 

by monitoring the benzylic fragment at m/z 355.1568. The detection limit was 2 pg. 

As the authors point out, this MS resolution was needed to avoid interferences from 

other fragment ions of the same nominal mass 355. For example, an i o n  of this mass 

is characteristic o f  bleeding from the silicon phases used in GC. 

8.4 SELECTED APPLICATIONS 

Different applications of GC-MS in its various operating modes have already 
been described and discussed in earlier sections of this chapter and some o f  them 

are summarized in Table 8.1. 

topics not covered in sufficient detail and which deserve a closer look from the 
point of view of instrumental and practical reasons. These are the trace amines, 

the polyamines and histamine and the application of GC-MS to metabolic studies o f  

biogenic amines or related products with stable metabolic tracers. 

Consequently, this section will deal with a few 

8.4.1 Trace amines 

o f  phenyl or indolealkylamines that includes 6-phenylethylamine (PEA), and the 

- ortho-, -_ meta- and para-isomers o f  tyramine (TA), octopamine (OA) and synephrine 
(SN), all related to phenylalanine and tyrosine (see Fig. 8.2) as well as trypt- 
amine (T) ,  a metabolite of tryptophan. 

The trace amines, also referred to as the microamines (46) constitute a group 

PA A PETA - N-MePTA 
I 

Phe + PEA 0-TA-OHPAA 

p-Tyr- p-TA 
I' \ m- TA \ 

MHPAA 1 \O-\ m-OA OHMA 

1 
PHPET PHPG p-SN MHMA 

1 
PHPAA PHMA A 

Fig. 8.2. The metabolism of trace amines. 
PETA, phenylethanolamine; N-MePETA, N-methyl PETA: Phe, phenylalanine; PEA, 
phenyl ethyl ami ne ; pTA, ortho-tyramine; OHPAA, *-hydroxyphenyl aceti c acid; 
0-, g-, pTA, ortho-, meta-, para-tyramine; 0-, m-, p O A ,  ortho-, meta-, para- 
octopamine; MHPAA, @-hydroxyphenylacetic acid; OHMA, *-hydroxymandelic acid; 
PHPET, para-hydroxyphenylethanol ; PHPG, para-hydroxyphenylglycol ; p-SN, para- 
synephrine; MHIlA, =-hydroxymandelic acid; PHPAA, para-hydroxyphenylacetic acid; 
PHMA, para-hydroxymandel ic acid; A, adrenaline. 

Abbreviations: PAA, phenylacetic acid; 
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Some o f  these substances a r e  known t o  be pharmaco log ica l l y  a c t i v e  o r  t o  i n t e r -  

f e r e  w i t h  aminerg ic  neuro t ransmiss ion ,  f a c i l i t a t i n g  o r  modu la t ing  t h e  e f f e c t  o f  

e s t a b l i s h e d  neuro t ransmi t te rs  (46-49).  ,As  t h e  name imp1 ies ,  t h e i r  concen t ra t i ons  

i n  b r a i n  t i s s u e  a r e  about 1000 t imes lower  r e l a t i v e  t o  t h e  concen t ra t i ons  o f  o t h e r  

c l a s s i c a l  amines such as DA, NA and 5-HT. 

concen t ra t i on  o f  t h e  l a s t  t h r e e  amines range f rom 400-500 ng/g o f  f r e s h  t i s s u e  

whereas those o f  PEA, y- and p-TA and T range f rom 0.05 t o  12.9 ng/g (46,49). 

The ex i s tence  o f  these amines i n  such low  endogenous l e v e l s  i n  mammalian b r a i n ,  

coup led  t o  t h e  l a c k  o f  s u f f i c i e n t l y  s e n s i t i v e  and s p e c i f i c  assay procedures,  prob- 

a b l y  e x p l a i n s  why many e a r l y  de te rm ina t ions  e s t a b l i s h e d  f a l s e l y  e leva ted  values. 

For  ins tance,  i t  has been s a i d  t h a t  due t o  t h e  l a c k  o f  s e n s i t i v e  and s p e c i f i c  p ro-  

cedures, p r a c t i c a l l y  a l l  o f  t h e  q u a n t i t a t i v e  da ta  c o l l e c t e d  f o r  t h e  ty ramines  b e f o r e  

about 1970 were ambiguous (47 ) .  I n  t h i s  sense, w h i l e  mass spec t romet ry  can r e a d i l y  

d i f f e r e n t i a t e  each isomer o f  TA, t h e  rad ioenzymat ic  assays p r o v i d e  combined values. 

Cons ider ing  t h e  l i t e r a t u r e  on t h e  i d e n t i f i c a t i o n  and q u a n t i t a t i o n  o f  these amines, 

i t  c o u l d  be s t a t e d  t h a t  f rom 1970 onwards, t h e  PIS procedures have p layed  a un ique 

r o l e  i n  terms o f  unequivocal  and r e l i a b l e  de terminat ions ,  hav ing  c o n t r i b u t e d  t o  t h e  

d i scove ry  o f  s i g n i f i c a n t  i n c o n s i s t e n c i e s  and a n a l y t i c a l  i naccu rac ies .  For  example, 

u s i n g  a GC method i t  was r e p o r t e d  t h a t  PEA was p resen t  i n  r a b b i t  b r a i n  i n  a concen- 

t r a t i o n  o f  t h e  o r d e r  o f  340.9 f 45.8 ng/g o f  wet b r a i n  w h i l e  more s p e c i f i c  MS 

techn iques  have shown t h a t  t h i s  va lue  i s  e r roneous ly  h igh ,  t h e  t r u e  va lue  be ing  

0.44 f 0.06 ng/g (49) .  

methodology has c o n t r i b u t e d  s i g n i f i c a n t l y  t o  t h e  s tudy  o f  t r a c e  amine metabol ism 

w i t h  t h e  i d e n t i f i c a t i o n  and q u a n t i t a t i o n  o f  PHPA, PHFIA (18,19), PEA, m- and e-TA 

(46,51), 0- and m-OA (98) ,  OHPAA, MHPAA, PHPAA (50 ) ,  OHMA, NHMA and PHMA (52) ,  

OHFIA (53) ,  MHPAA, PHPAA and PAA (54),  PEA and PETA (48)  and MHMA (55 ) .  

d e c i s i v e  due t o  t h e  exceed ing ly  low l e v e l s  o f  t h i s  amine and i t s  a c i d i c  m e t a b o l i t e ,  

IAA, in  mammalian b r a i n  (see F i g .  8.1). For  example, i t  has been r e p o r t e d  t h a t  T i s  

p resen t  i n  r a b b i t  and r a t  b r a i n  a t  concen t ra t i ons  o f  o n l y  0.05 ng/g and 0.5 ng/g, 

r e s p e c t i v e l y  (46) .  On t h e  o t h e r  hand, I A A  had n o t  been de tec ted  u n t i l  Warsh fi c. 
(26)  and A r t i g a s  and Ge lp i  (37)  r e c e n t l y  r e p o r t e d  i t  i n  r a t  b r a i n  a t  l e v e l s  o f  t h e  

o r d e r  o f  10-13 ng/g. 

The GC-HS/SIM methodology n o t  o n l y  p rov ides  t h e  necessary s e n s i t i v i t y  and s p e c i f i c i t y  

b u t  i t  a l s o  a l l ows  a s imultaneous de te rm ina t ion  (metabo l ic  p r o f i l i n g )  o f  t h e  sero ton-  

i n e r g i c  and t r y p t a m i n e r g i c  pathways, a long w i t h  t h e i r  common precursor ,  TP (37 ) ,  i n  

s i n g l e  r a t  b r a i n  samples. 

another  un ique advantage of GC-MS, namely i t s  remarkable dynamic range. 

be no ted  t h a t  t h e  d e t e c t i o n  l i m i t s  r e p o r t e d  f o r  t h e  a c y l a t e d  d e r i v a t i v e s  o f  T and 

I A A  (24,37) rep resen t  543 and 300 femtomoles, r e s p e c t i v e l y .  

For  example, i n  r a t  and r a b b i t  b r a i n  t h e  

A survey o f  t h e  e x i s t i n g  l i t e r a t u r e  shows t h a t  t h e  M S / S I M  

Regarding T, t h e  a p p l i c a t i o n  o f  mass spec t romet r i c  procedures has been 

The e x i s t i n g  GC-PIS methodology i s  summarized i n  F i g .  8.3.  

Perusal  o f  t h e  va lues  g i ven  i n  F i g .  8.3 demonstrates 

I t shou ld  
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RAT B R A I N  HOMOGENATE 

CENTRIFUGATION 
* * 

SOL& I E C  XAD-2 
EXTRACT I ON 

D E R I V A T I Z A T I O N  DERIVATIZATION DERIVATIZATION 

35 min 
1 

1 
(Me-PFP) (Ace t y l a  t i  on) 

1600 C, 2.5h 

GC -MS / S I PI 
4 

1 
EXTRACTION GC-MS/S IM 

I 
I TP 4160 

GC -MS / S  I M 

Ref. (26)  Ref .  ( 2 7 )  Ref.  ( 3 7 )  

F i g .  8.3.  Summarized scheme i n d i c a t i n g  t h e  r e p o r t e d  methods f o r  T and I A A  GC-MS 
assays. Abbrev ia t i ons :  I E C ,  ion-exchange chromatography; r.t., room temperature;  
n.d., n o t  de tec ted ;  1, va lue  ob ta ined  on packed columns; 2, va lue  ob ta ined  on 
cap i  11 a r y  columns (78).  

8.4.2 Polyamines and h i s tam ine  

human u r i n e  t h a t  t h e  main d i f f i c u l t y  i n  t h e  s tudy  o f  these substances was t h e  l a c k  

of  methods f o r  t h e  separa t i on  and q u a n t i t a t i o n  o f  d i -  and polyamines (99) .  
about  t h e  same t i m e  i t  was demonstrated t h a t  t h e  u r i n a r y  e x c r e t i o n  o f  polyamines 

i s  abnormal i n  p a t i e n t s  w i t h  cancer (45 and r e f s .  t h e r e i n ) ,  and t h i s  s t i m u l a t e d  

a search f o r  s u i t a b l e  a n a l y t i c a l  procedures.  Compared t o  o t h e r  b iogen ic  amines, 

t h e  GC-MS techn iques  have n o t  been e x t e n s i v e l y  used f o r  polyamine de te rm ina t ions .  

The number o f  r e p o r t s  t o  da te  i s  r a t h e r  l i m i t e d  i n  s p i t e  o f  t h e  f a c t  t h a t  spermine, 

spermidine, p u t r e s c i n e  and cadaver ine  can be measured by GC-MS/S IM t o  a l e v e l  o f  

1 picomole ( 4 5 ) .  These amines can be N-permethylated ( l o o ) ,  t r i f l u o r o a c e t y l a t e d  

o r  t r i m e t h y l s i l y l a t e d  (45)  f o r  GC-MS work. 

methods r e p o r t e d  f o r  t h e  de te rm ina t ion  o f  t h i s  amine b u t  few r e p o r t s  on i t s  measure- 

ment by GC-MS/SIFI  i n  a b i o l o g i c a l  sample (44) .  

butyryl-NT-ethoxycarbonyl d e r i v a t i v e  and r e p o r t s  a 50 pg d e t e c t i o n  l i m i t  a t  a s i g n a l  
t o  no i se  r a t i o  o f  5 : l .  Other  adequate d e r i v a t i v e s  p o t e n t i a l l y  u s e f u l  f o r  GC-MS have 

been r e p o r t e d  by t h i s  l a b o r a t o r y  (101), though no b i o l o g i c a l  a p p l i c a t i o n s  were c a r r i e d  

As r e c e n t l y  as 1971 i t  was c la imed i n  a paper on t h e  e x c r e t i o n  o f  d iamines i n  

A t  

The s i t u a t i o n  concern ing  h i s tam ine  i s  somewhat s i m i l a r ,  w i t h  many d i f f e r e n t  

T h i s  s tudy  used t h e  Na-hepta f luoro-  
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ou t .  

8.4.3 S tud ies  o f  me tabo l i c  pathways w i t h  s t a b l e  i s o t o p e  t r a c e r s  

The mass spectrometer i s  t h e  b e s t  i ns t rumen t  f o r  t h e  measurement o f  s t a b l e  

i so topes  and thus  i s  un ique ly  s u i t e d  f o r  t h e  d e t e c t i o n  and q u a n t i t a t i o n  o f  metab- 

o l i t e s  endogenously l a b e l l e d  w i t h  s t a b l e  i so topes  by p r i o r  l o a d i n g  w i t h  a l a b e l l e d  

p recu rso r .  Th i s  a l l ows  i n  v i v o  me tabo l i c  s t u d i e s  which o the rw ise  r e q u i r e  t h e  use 

o f  p o t e n t i a l l y  hazardous r a d i o a c t i v e  i s o t o p e  l a b e l l e d  precursors .  I n  t h i s  regard ,  

t h e  GC a f f o r d s  t h e  r e q u i r e d  separa t i on  o f  t h e  m e t a b o l i t e s  o f  i n t e r e s t  f rom t h e  r e s t  

o f  t h e  components i n  t h e  sample w h i l e  t h e  MS i n  t h e  SIM mode can d e t e c t  and quan- 

t i t a t e  bo th  t h e  l a b e l l e d  and u n l a b e l l e d  spec ies  ( these  a r e  n o t  reso lved  by t h e  GC) 

o f  a g i ven  me tabo l i t e .  T h e i r  r e l a t i v e  amounts g i v e  an i n d i c a t i o n  o f  t h e  degree of 

i n c o r p o r a t i o n  o f  t h e  s t a b l e  i so tope,  which i n  t u r n  i s  an index  o f  t h e  me tabo l i c  o r  

enzymat ic a c t i v i t y .  

H o s p i t a l  i n  Z u r i c h  has r e c e n t l y  a p p l i e d  t h e  GC-MS/SIM techno logy  t o  t h e  i n v e s t i g -  

a t i o n  o f  phenylalanine-tyrosine-dopa and t r yp tophan  metabol ism i n  v i v o .  For  t h i s  

purpose h e a l t h y  sub jec ts  and p a t i e n t s  w i t h  d i f f e r e n t  diseases were loaded w i t h  

L -pheny la lan ine-d5 (102),  L - t y ros ine -d2  (64) and t ryp tophan-ds  (103) and t h e  r e -  

s u l t i n g  deutera ted-metabo l i tes ,  i n  plasma o r  u r i n e  samples, were analyzed by S I M  

o f  t h e  cor respond ing  N-,  0-, TFA methyl  es te rs .  Fo r  example, i n  a s tudy  o f  t h e  

a c t i v i t y  o f  phenylalanine-4-hydroxylase i t  was determined t h a t  h e a l t h y  c o n t r o l s  

conver ted  about 10% o f  t h e  deu te ra ted  pheny la lan ine  i n t o  t y r o s i n e ,  whereas p a t i e n t s  

w i t h  pheny lke tonur ia  produced o n l y  1% o r  l e s s  (102).  

o t h e r  groups s imu l taneous ly  descr ibed t h e  l a b e l l i n g  o f  a c e t y l c h o l i n e  i n  mouse b r a i n  

by feed ing  (104) o r  i n j e c t i n g  (105) t h e  animals w i t h  deuter ium l a b e l l e d  c h o l i n e  (Ch). 

Labe l l ed  and u n l a b e l l e d  c h o l i n e  and ACh were measured by GC-MS/SIhI  as p r e v i o u s l y  

descr ibed (3,84). 

and p a r t l y  f rom endogenous sources, t h a t  i t  r a p i d l y  e q u i l i b r a t e s  w i t h  a poo l  o f  

30-40 nmol/g o f  Ch i n  b ra in ,  respons ib le  f o r  ACh b i o s y n t h e s i s  (104) and t h a t  t h e r e  

cou ld  be two f u n c t i o n a l  poo ls  w i t h  d i f f e r e n t  t u rnove r  r a t e s  (105).  

Deuter ium l a b e l l e d  L-Dopa has been used as an analogue t r a c e r  f o r  t h e  s tudy  o f  

DA and NA tu rnove r  i n  r a t  hypothalamus (106) .  The hypothalamic replacement o f  OA 

and NA by  DA-d3 and NA-d3 a f t e r  L-Dopa-d3 i n f u s i o n s  was determined by GC-MS/SIM o f  

t h e i r  r e s p e c t i v e  PFP d e r i v a t i v e s .  The r e s u l t s  showed t h a t  t o t a l  DA i s  p r o p o r t i o n a l  

t o  t h e  dose o f  L-Dopa, w h i l e  NA i s  produced a t  a cons tan t  r a t e .  A d e t a i l e d  account 

o f  t h e  use o f  SIP1 techn iques  i n  t h e  s tudy  o f  DA metabol ism has been g i ven  by Sedwall 

e t  a l .  (107). 

Along these l i n e s ,  t h e  group o f  C u r t i u s  a t  t h e  C h i l d r e n ' s  

I n  a s i m i l a r  manner, two 

Th is  work showed t h a t  plasma Ch i s  p a r t l y  s u p p l i e d  f rom t h e  d i e t  

-- 

8.5 COMPARISON WITH OTHER ANALYTICAL PROCEDURES 

I n  general  t h e r e  i s  a l a c k  o f  r e p o r t s  l i k e  t h e  one r e c e n t l y  pub l i shed  by S jGqu is t  

and Johansson (108) d e a l i n g  w i t h  t h e  d i r e c t  comparison o f  GC-MS de te rm ina t ions  w i t h  
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o t h e r  a n a l y t i c a l  procedures. These au tho rs  c a r r i e d  o u t  a c o n t r o l l e d  comparison 

between f l u o r o m e t r i c  and S I M  methods f o r  HVA and 5-HIAA de te rm ina t ion  i n  human 

CSF. 

ob ta ined  by f luoromet ry ,  t h e  d i f f e r e n c e  be ing  c l e a r l y  s i g n i f i c a n t  i n  t h e  f i r s t  i n -  

s tance b u t  n o t  i n  t h e  second. The s t a t i s t i c a l  c o r r e l a t i o n  f o r  t h e  HVA va lues  ob- 

t a i n e d  by t h e  two methods was h i g h  (0.90) whereas i t  was poor f o r  5-HIAA (0 .55) ;  

however, i n  t h e  l a t t e r  case t h e  mean va lues  ob ta ined  by bo th  methods were s i m i l a r .  

The au tho rs  c l a i m  t h a t  t h i s  e f f e c t  cou ld  be due t o  t h e  f a c t  t h a t  5-HIAA i s  s e n s i t i v e  

t o  a u t o x i d a t i o n .  The reason f o r  t h e  lower  HVA va lues  by f l u o r o m e t r y  cou ld  be t h e  

presence of  unreac ted  HVA ( t h e  f luorescence o f  HVA depends on t h e  c o u p l i n g  o f  two 

HVA molecules t o  form a f l uo rescen t  d imer )  and fo rma t ion  o f  non - f l uo rescen t  o x i d -  

a t i o n  p roduc ts .  

s e l e c t i v e  and s p e c i f i c  t o  d i s c r i m i n a t e  a g a i n s t  p o s s i b l e  i n t e r f e r e n c e s .  

s p e c i f i c i t y  and s e n s i t i v i t y  r e l a t i v e  t o  t h a t  ach ievab le  i n  GC-MS i s  t h e  most f r e -  

q u e n t l y  c i t e d  c h a r a c t e r i s t i c  of  some o f  t h e  p r e v i o u s l y  r e p o r t e d  a n a l y t i c a l  proce- 

dures, i n c l u d i n g  a )  t h e  t r i h y d r o x y i n d o l e  and e thy lened iamine condensat ion methods 

used f o r  t h e  e s t i m a t i o n  o f  plasma catecholamines (22) ,  b )  t h e  c o l o r i m e t r i c ,  f l u o r o -  

m e t r i c  and GC methods r e p o r t e d  f o r  t h e  q u a n t i t a t i o n  o f  t h e  3-0-methylated ca techo l -  

amines, 

procedures used f o r  q u a n t i t a t i o n  o f  a number o f  amines, and d )  chromatographic 

methods combined w i t h  c o l o r i m e t r i c  r e a c t i o n s  f o r  t h e  i d e n t i f i c a t i o n  o r  q u a n t i t a t i o n  

o f  3-0-methylated CA m e t a b o l i t e s  i n  body f l u i d s  and t i s s u e  which have been cons idered 

respons ib le  f o r  t h e  observed d i sc repanc ies  i n  t h e  va lues  r e p o r t e d  by d i f f e r e n t  

au tho rs  (39) .  Along these l i n e s  Cat taben i  fi. (8)  r e p o r t e d  d i f f e r e n c e s  i n  t h e  

GC-MS/SIM values f o r  M and NAS r e l a t i v e  t o  those p r e v i o u s l y  ob ta ined  by t h e  o-ph tha l -  

a ldehyde f luorescence measurements. T h i s  i s  n o t  t o  say t h a t  these o t h e r  methods a r e  

o f  no va lue  i n  b iogen ic  amine assays s ince ,  i n  many cases, t h e  r e s u l t s  ob ta ined  ( f o r  

i n s t a n c e  by spec t ro f l uo romet ry )  a r e  c o i n c i d e n t  t o  those ob ta ined  by GC-PIS methods 
(8,14,66). 

c a p a b i l i t i e s  o f  t h e  techn ique chosen f o r  a g i ven  problem. 

sanple,  t h e  h i g h e r  t h e  s p e c i f i c i t y  r e q u i r e d  f o r  an accu ra te  and unambiguous d e t e r -  

m ina t i on .  

compound, and t h e  r e c o g n i t i o n  o f  c h a r a c t e r i s t i c  i ons  and t h e  GC r e t e n t i o n  t ime  

p r o v i d e  t h r e e  dimensions o f  accuracy t h a t  make t h e  assay v e r y  s p e c i f i c  (66).  

importance o f  bo th  s p e c i f i c i t y  and s e n s i t i v i t y  i s  demonstrated by t h e  w i d e l y  d i v e r -  

gent  values ob ta ined  f o r  t h e  amine T i n  r a t  b r a i n  homogenates, where a r a d i o i s o t o p i c  

enzymatic method gave a va lue  o f  22 ng/g, a TLC-radioassay procedure 70 ng/g w h i l e  

no d e t e c t i o n  c o u l d  be achieved by a f l u o r o m e t r i c  o r  a GC-ECD method (see A r t i g a s  

and Ge lp i  (37)  and Suhol and Ge lp i  (78)  

As ment ioned i n  s e c t i o n  8.4.1, t h e  c o n c e n t r a t i o n  o f  T i n  these samples i s  n o t  h i g h e r  

than 0.5 ng/g, which rep resen ts  140 t imes l e s s  than t h e  TLC-radioassay value. 

T h e i r  r e s u l t s  showed t h a t  HVA and 5-HIAA va lues  by S I M  were h i g h e r  than those 

Th is  shows c l e a r l y  t h e  importance o f  us ing  methods s u f f i c i e n t l y  

Lack o f  

MT, NMN and MN (231, C )  t h e  bioassay, radioirnmunoassay and f l u o r o m e t r i c  

However, one has t o  be p e r f e c t l y  aware o f  t h e  l i m i t a t i o n s  and t h e  

The more complex t h e  

I n  t h i s  sense, i t  i s  acknowledged t h a t  t h e  s p e c i f i c  d e r i v a t i z a t i o n  o f  t h e  

The 

f o r  a d e t a i l e d  d i scuss ion  and re fe rences ) .  



I t  has a l s o  been s a i d  t h a t  GC-ECD and GC-HS/SIM e s s e n t i a l l y  complement each 

o t h e r  as t h e  former i s  f r e e  o f  some o f  t h e  disadvantages o f  GC-MS, such as i t s  

t echn ica l  d i f f i c u l t i e s  and h i g h  cos t ,  a l though GC-MS/SIM i s  100 t imes more sensi -  

t i v e  (13) .  

e s s e n t i a l l y  s i m i l a r  i n  terms o f  s e n s i t i v i t y ,  t h e  h ighe r  s e l e c t i v i t y  o f  S I M  prov ides 

an e f f e c t i v e  increase i n  s e n s i t i v i t y  when d e a l i n g  w i t h  complex b i o l o g i c a l  samples 

(89). 
o f  s e l e c t i v i t y  and s e n s i t i v i t y  i s  p o s s i b l e  through t h e  use o f  G C - C I M S / S I M  (see 

s e c t i o n  8 . 3 . 2 ) .  

i ns t rumen ta t i on .  

Furthermore, even i n  cases where bo th  techniques may g i v e  r e s u l t s  

Also, i n  t h i s  regard i t  should be kep t  i n  mind t h a t  a f u r t h e r  enhancement 

However, t h i s  increases t h e  o v e r a l l  cos t  and comp lex i t y  o f  t h e  

8.6 SUMMARY 

A survey o f  t h e  l i t e r a t u r e  shows t h a t  i n  t h e  pas t  t e n  years,  combined GC-MS 

techniques have c o n t r i b u t e d  t o  a remarkable e x t e n t  t o  t h e  d e t a i l e d  s tudy o f  b i o -  

genic  amine metabol ism and d is turbances i n  metabolism. 

i n t e r e s t i n g  t h a t  p r a c t i c a l l y  a l l  s tud ies  have r e l i e d  on t h e  use o f  se lec ted  i o n  

m o n i t o r i n g  (SIM). 

i z e  a combined GC-MS system a r e  f u r t h e r  enhanced t o  t h e  p o i n t  where c e r t a i n  amines 

o r  t h e i r  me tabo l i t es  can be d i r e c t l y  assayed even i n  the  presence o f  many o t h e r  com- 

ponents of  t h e  b i o l o g i c a l  ma t r i x .  

technique i s  such t h a t  t h e  c o e l u t i o n  o f  t h e  compound o f  i n t e r e s t  w i t h  two o r  more 

substances u s u a l l y  does n o t  rep resen t  a problem f o r  i t s  i d e n t i f i c a t i o n  and q u a n t i t -  

a t i o n .  Th is  i s  a c l e a r  advantage over  o t h e r  techniques r e q u i r i n g  t h e  use o f  e labo ra te  

sample c lean-up and concen t ra t i on  procedures t o  remove p o t e n t i a l  i n t e r f e r e n c e s .  Thus, 

t h e  S I M  technique has prov ided t h e  means t o  d e t e c t  b iogen ic  amines and t h e i r  metab- 

o l i t e s  i n  t h e  p i co -  o r  femtomole range w i t h  a remarkably h i g h  l e v e l  o f  s e l e c t i v i t y ,  

and t h i s  has r e s u l t e d  i n  t h e  i d e n t i f i c a t i o n  f o r  t h e  f i r s t  t ime  o f  severa l  me tabo l i t es  

o f  b iogen ic  amines i n  b i o l o g i c a l  samples. Furthermore, t h e  s e l e c t i v i t y  and s p e c i f -  

i c i t y  o f  t h e  technique can be increased by t h e  use o f  t h e  new sample i o n i z a t i o n  

v a r i a n t s  known as p o s i t i v e  and nega t i ve  chemical i o n i z a t i o n  mass spectrometry.  

i n  many cases prov ides i ons  more s p e c i f i c  f o r  a g i ven  compound, thus i nc reas ing  i t s  

d e t e c t a b i l i t y .  However, s ince  both t h e  GC and t h e  MS work i n  t h e  vapour phase, t h e  

samples have t o  be p r o p e r l y  d e r i v a t i z e d  t o  improve t h e i r  v o l a t i l i t y .  

va r ious  d e r i v a t i z a t i o n  schemes have been descr ibed i n  t h e  l i t e r a t u r e .  Those most 

commonly used a r e  based on t h e  p e r f l u o r o a c y l a t i o n  o f  N- and 0-groups. It i s  a l s o  

wor th n o t i n g  t h a t  chemical d e r i v a t i z a t i o n  o f  b iogen ic  amines f o r  GC-MS can improve 

t h e  s p e c i f i c i t y  o f  t he  assay by d i r e c t i n g  t h e  f ragmentat ion p a t t e r n  o f  t he  molecules 

t o  t h e  p roduc t i on  o f  ve ry  c h a r a c t e r i s t i c  and unique i o n  fragments. Also,  t h e  r e l i -  

a b i l i t y  o f  these assays i s  f u r t h e r  enhanced by t h e  p o s s i b i l i t y  o f  us ing  s t a b l e  i s o -  

tope l a b e l l e d  analogues as i n t e r n a l  standards.  

o v e r a l l  s p e c i f i c i t y  and s e n s i t i v i t y  o f  GC/MS/S IM i s  t h e  f a c t  t h a t  v i r t u a l l y  a l l  o f  

I n  t h i s  regard,  i t  i s  

I n  t h i s  way t h e  s e n s i t i v i t y  and s p e c i f i c i t y  t h a t  u s u a l l y  cha rac te r -  

I n  fact ,  t h e  d i s c r i m i n a t i n g  power o f  t h e  GC-MS/SIM 

This  

I n  t h i s  regard,  

Perhaps a good r e f l e c t i o n  o f  t h e  
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t h e  determinat ions o f  b iogen ic  amines i n  complex e x t r a c t s  f rom b i o l o g i c a l  sources 

have been c a r r i e d  o u t  on low r e s o l v i n g  power s tandard packed GC columns. However, 

p r o v i d i n g  t h a t  proper  precaut ions a r e  taken i t  i s  t o  be hoped t h a t  i n  t h e  f u t u r e  

c a p i l l a r y  columns w i l l  c o n t r i b u t e  more t o  t h i s  area o f  research as they  have done 

i n  many o t h e r  f i e l d s .  I n  conclus ion,  GC-MS techniques a r e  o f  p a r t i c u l a r  va lue i n  

the  f i e l d  o f  b iogen ic  amines. They a r e  ext remely use fu l  f o r  t he  i d e n t i f i c a t i o n  o f  

new metabo l i t es ,  t h e  v a l i d a t i o n  o f  r e s u l t s  obta ined by o t h e r  l e s s  s p e c i f i c  methods, 

t he  s tudy and d iagnos is  o f  c l i n i c a l  pa tho log ies  by metabol ic  p r o f i l i n g  o f  t h e  amines 

and t h e i r  metabol i tes,  t h e  q u a n t i t a t i v e  assay o f  known compounds and a l s o  f o r  t r a c e r  

o r  me tabo l i c  s t u d i e s  w i t h  s t a b l e  i so tope  l a b e l l e d  precursors.  
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Chapter 9 

ANALYSIS OF BIOGENIC AMINES USING RADIOENZYMATIC PROCEDURES 

I A N  L. MARTIN 

MRC Neurochemical Pharmacology Un i t ,  Medical Research Counci l  Centre, Medical  
School, H i l l s  Road, Cambridge, CB2 2QH (England) 

9.1 INTRODUCTION 

The development o f  rad ioenzymat ic  methods f o r  t he  q u a n t i t a t i o n  o f  t h e  b iogen ic  

amines i n  t h e  l a t e  1960s marked t h e  opening o f  a new e ra  i n  t h e  a n a l y s i s  o f  these 

substances. 

surpassed i n  both s e n s i t i v i t y  and s p e c i f i c i t y  t he  s p e c t r o f l u o r i m e t r i c  methods 

which they r a p i d l y  began t o  rep lace,  and today methods o f  t h i s  type remain amongst 

t h e  most s e n s i t i v e  f o r  t h e  q u a n t i f i c a t i o n  o f  c e r t a i n  amines o f  b i o l o g i c a l  i n t e r e s t .  

T h e i r  p o p u l a r i t y  developed l a r g e l y  from the  ease w i t h  which they cou ld  be c a r r i e d  

out ,  t h e i r  s e n s i t i v i t y ,  and l i m i t e d  requirement f o r  c a p i t a l  equipment. 

These methods r e l y  on the  use o f  methyl  t rans fe rase  enzyme p repara t i ons  t o  c a t -  

a l y s e  the  t r a n s f e r  o f  a r a d i o l a b e l l e d  methyl  group t o  the  compound o f  i n t e r e s t .  

The compound, so modi f ied,  i s  p u r i f i e d  and subsequent ly q u a n t i t a t e d  by measurement 

o f  t he  r a d i o a c t i v i t y  assoc iated w i t h  t h e  d e r i v a t i v e s  produced. 

enzyme-catalyzed d e r i v a t i z a t i o n ,  t h e  s e n s i t i v i t y  a t t a i n a b l e  w i l l  be dependent o n l y  

on the  s p e c i f i c  a c t i v i t y  o f  t h e  r a d i o a c t i v e  donor and on t h e  a b i l i t y  t o  separate 

t h e  d e r i v a t i v e s  o f  i n t e r e s t  f rom o t h e r  r a d i o a c t i v e  products  o f  t h e  r e a c t i o n .  I n  

p r a c t i c e ,  however, a number o f  f a c t o r s  have l i m i t e d  t h e  s e n s i t i v i t y  o f  assays o f  

t h i s  type and i n  o rde r  t o  achieve both t h e  s e n s i t i v i t y  and s p e c i f i c i t y  now a v a i l -  

ab le  considerable e f f o r t s  have had t o  be made. 

The radioenzymatic procedures developed over  the  succeeding years 

I n  p r i n c i p l e ,  t h e  method i s  ext remely s imple and, prov ided t h e r e  i s  an e f f i c i e n t  

I t  i s  n o t  t h e  purpose o f  t h i s  chapter  t o  p rov ide  comprehensive d e t a i l s  o f  t h e  

assays, b u t  r a t h e r  t o  rev iew  t h e  approaches used and the  techn ica l  developments 

made which have l e d  t o  t h e  assays a v a i l a b l e  today. 

9.2 THE CATECHOLAMINES 

9.2.1 Assays based on phenylethanolamine-N-methyl t r ans fe rase  (PNMT) 

The obse rva t i on  made by Axel rod i n  1962 (1 )  t h a t  t he  14C-methyl group o f  1 4 C -  

methyl-S-adenosyl-L-methionine ( 14C-SAM) cou ld  be e f f i c i e n t l y  t r a n s f e r r e d  t o  t h e  

pr imary amino f u n c t i o n  o f  a number o f  phenylethanolamine d e r i v a t i v e s  i n  t h e  pres- 

ence o f  t h e  enzyme PNMT (F ig .  9.1) subsequent ly a l lowed Saelens eta. (2 )  t o  

develop a s e n s i t i v e  assay procedure f o r  t he  e s t i m a t i o n  o f  no rad rena l i ne  (NA) i n  

t i s s u e .  T issue samples were homogenized i n  p e r c h l o r i c  a c i d  con ta in ing  i n h i b i t o r s  
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OH 
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14C - SAM - 

t i  0 1io 

F i g .  9.1. N-methy la t ion  i n  t h e  rad ioenzymat ic  assay f o r  noradrena l  

f o r  bo th  monoamine ox idase (MAO) and catechol-0-methyl  t r a n s f e r a s e  

w i t h  EDTA. Subsequent t o  p r o t e i n  p r e c i p i t a t i o n ,  n e u t r a l i z a t i o n  w i  

ne . 

(COMT) toge the r  

h magnesium 

carbonate and c e n t r i f u g a t i o n ,  an a l i q u o t  o f  t h e  c l e a r  supernatan t  was incubated  

w i t h  a PNMT p r e p a r a t i o n  ob ta ined  f rom r a b b i t  adrenal  g lands and l '+C-SAM. 

r e a c t i o n  was a l l owed  t o  proceed f o r  1 hour a t  37" and was te rm ina ted  by p l a c i n g  

t h e  samples on i c e .  The ad rena l i ne  (A) formed was separated f rom t h e  i n c u b a t i o n  

m i x t u r e  by paper chromatography and q u a n t i f i e d  by l i q u i d  s c i n t i l l a t i o n  coun t ing  

(LSC). The method had a s e n s i t i v i t y  o f  about  1 ng and was s p e c i f i c  f o r  NA, w i t h  

no i n t e r f e r e n c e  f rom normal t i s s u e  concen t ra t i ons  o f  dopamine (DA) , metanephr ine 

(FIN), normetanephr ine (NMN) o r  A. 

-- e t  a l . ,  improv ing  t h e  l i m i t  o f  s e n s i t i v i t y  o f  t h e  assay f o r  NA t o  about  100 pg. 

T h i s  i nc rease  i n  s e n s i t i v i t y  was achieved l a r g e l y  by t h e  replacement o f  I ' +C-SAM 

i n  t h e  i n c u b a t i o n  medium w i t h  t h e  h i g h e r  s p e c i f i c  a c t i v i t y  3H-SAM. 

agent  mercaptoethanol  was a l s o  i n t roduced  i n t o  t h e  i n c u b a t i o n  medium and these 

au tho rs  used t i s s u e  homogenates r a t h e r  than t i s s u e  e x t r a c t s  as, i n  t h e i r  hands, i t  

proved d i f f i c u l t  t o  a c c u r a t e l y  a d j u s t  t h e  pH o f  t h e  sample e x t r a c t  w i t h  magnesium 

carbonate  as suggested by Saelens 5 z. ( 2 ) .  I n h i b i t o r s  f o r  MA0 and COMT were 

i n c l u d e d  i n  t h e  i n c u b a t i o n  medium and i n t e r n a l  standards o f  known amounts o f  NA 

were added t o  d u p l i c a t e  samples, a l l o w i n g  t h e  de te rm ina t ion  o f  o v e r a l l  r e c o v e r i e s  

and thus  t h e  c a l c u l a t i o n  o f  abso lu te  va lues  o f  t h e  amine. 

q u i r e d  s p e c i f i c i t y ,  s ince  o t h e r  n a t u r a l  l y  o c c u r r i n g  subs t ra tes  f o r  t h e  enzyme 

y i e l d e d  r a d i o a c t i v e  produc ts  which were reso lved  a t  t he  chromatographic stage. 

An impor tan t  f e a t u r e  o f  t h i s  assay procedure was t h e  obse rva t i on  t h a t  enzymic 

m e t h y l a t i o n  proceeded t o  comple t ion  when s tandard  samples were used, b u t  some i n -  

h i b i t i o n  o f  t h e  enzymic a c t i v i t y  occur red  i n  t i s s u e  homogenates; t h i s  was compen- 

sa ted  f o r  by i n c l u s i o n  o f  i n t e r n a l  standards i n  t h e  procedure.  

which r e s u l t e d  i n  t h e  l i m i t s  o f  s e n s i t i v i t y  be ing  reduced t o  25 pg. 

p e r c h l o r i c  a c i d  homogenates were used as such o r  a f t e r  concen t ra t i on  by a p r e l i m -  

i n a r y  a lumina adso rp t i on  stage. I n  a d d i t i o n ,  t h e  i n c u b a t i o n  medium con ta ined  d i -  

The 

Some t h r e e  yea rs  l a t e r  I ve rsen  and J a r r o t  ( 3 )  m o d i f i e d  t h e  procedure o f  Saelens 

The s t a b i l i z i n g  

The assay had t h e  r e -  

Henry gta. ( 4 )  i n  1975 in t roduced  a f u r t h e r  m o d i f i c a t i o n  t o  t h e  procedure 

I n  t h i s  method 
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t h i o t h r e i t o l  as a s t a b i l i z i n g  a g e n t  f o r  t h e  enzyme. S e v e r a l  a t t e m p t s  were made 

t o  p u r i f y  t h e  p r o d u c t  i n  an e f f o r t  t o  i n c r e a s e  s e n s i t i v i t y .  These c o n s i s t e d  o f  

a l u m i n a  a d s o r p t i o n  o f  t h e  r a d i o a c t i v e  p r o d u c t  A ,  p r e c i p i t a t i o n  o f  t h e  excess  3H-SAM 

w i t h  p h o s p h o t u n g s t i c  a c i d  and f i n a l l y  t h e  i o n  p a i r  e x t r a c t i o n  o f  t h e  A w i t h  d i - ( 2 -  

e t h y l  h e x y l  ) p h o s p h o r i c  a c i d .  

9.2.2 Assays based o n  COMT 

The l i m i t e d  s u b s t r a t e  s p e c i f i c i t y  o f  t h e  enzyme PNMT, w h i l e  c o n f e r r i n g  a c e r t a i n  

deg ree  o f  s p e c i f i c i t y  on  t h e  a s s a y  f o r  NA, p r e c l u d e d  i t s  g e n e r a l  u s e f u l n e s s  f o r  t h e  

a s s a y  o f  o t h e r  c a t e c h o l a m i n e s .  

(COMT) as an  enzyme p r e p a r a t i o n  t o  t r a n s f e r  a r a d i o a c t i v e  m e t h y l  g r o u p  t o  t h e  3- 

p h e n o l i c  s u b s t i t u e n t  o f  t h e  c a t e c h o l s  has become p o p u l a r .  

i n t r o d u c e d  b y  Engelman g e. i n  1968 ( 5 ) .  

s t a n d a r d  i n  each o f  t h e  p lasma samples t o  be  assayed.  

t o  6, samples were p e r c o l a t e d  t h r o u g h  a c a t i o n  exchange r e s i n  co lumn as a p r e l i m -  

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

t h e  amines was t h e n  l y o p h i l i z e d ,  and t h e  r e s i d u e  r e c o n s t i t u t e d  i n  an  i n c u b a t i o n  

m i x t u r e  c o n t a i n i n g  14C-SAM and a COMT enzyme p r e p a r a t i o n  o b t a i n e d  f r o m  r a t  l i v e r .  

The r a d i o a c t i v e  p r o d u c t s  were i s o l a t e d  b y  c a t i o n  exchange r e s i n  ch romatog raphy  and 

s u b s e q u e n t l y  o x i d i z e d  w i t h  sod ium p e r i o d a t e  t o  p roduce  v a n i l l i n  w h i c h ,  a f t e r  f u r t h e r  

p u r i f i c a t i o n  b y  s o l v e n t  e x t r a c t i o n ,  was q u a n t i f i e d  b y  LSC. 

measure o f  t h e  t o t a l  c a t e c h o l a m i n e  (NA and A )  c o n t e n t  o f  t h e  o r i g i n a l  sample as 

t h e  n o r m e t a n e p h r i n e  (NMN) and m e t a n e p h r i n e  ( M N )  p roduced  i n  t h e  m e t h y l a t i o n  r e -  

a c t i o n  were  n o t  s e p a r a t e d  b y  t h e  c a t i o n  exchange r e s i n  ch romatog raphy  s t a g e  and 

b o t h  p r o d u c t s  were o x i d i z e d  t o  v a n i l l i n  b y  t h e  p e r i o d a t e  ( F i g .  9 .2 ) .  

As a r e s u l t ,  t h e  use o f  c a t e c h o l  0 - m e t h y l t r a n s f e r a s e  

The f i r s t  method t o  employ COMT f o r  t h e  q u a n t i t a t i o n  o f  t h e  c a t e c h o l a m i n e s  was 

These a u t h o r s  used 3H-NA as an  i n t e r n a l  

Subsequent  t o  pH a d j u s t m e n t  

The e l u a t e  c o n t a i n i n g  

The method p r o v i d e d  a 

The p r o c e d u r e  

F i g .  9.2. R a d i o e n z y m a t i c  d e t e r m i n a t i o n  o f  c a t e c h o l a m i n e s  U s i n g  COMT, 14C-SAM and 
sod ium p e r i o d a t e .  
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had a s e n s i t i v i t y  o f  about 200 pg f o r  NAY and o f  p o s s i b l e  i n t e r f e r i n g  compounds 

i n v e s t i g a t e d ,  o n l y  i s o p r o t e r e n o l  and alpha-methyl-NA produced s i g n i f i c a n t  i n t e r -  

fe rence.  

These au tho rs  

de termined t h e  o v e r a l l  r ecove ry  o f  t he  amine i n  t h e  assay n o t  by t h e  use o f  ?H-NA, 

b u t  by t h e  a d d i t i o n  o f  i n t e r n a l  standards o f  c o l d  NA t o  d u p l i c a t e  samples. Less 

r i g o r o u s  a t tempts  were made t o  p u r i f y  t h e  r e s u l t a n t  p roduc ts ,  these be ing  ob ta ined  

s imp ly  by s o l v e n t  e x t r a c t i o n  procedures p r i o r  t o  LSC. Desp i te  t h e  much s imp le r  

procedure used by these au thors ,  and t h e  f a c t  t h a t  t h e  t o t a l  recove ry  o f  NA th rough 

t h e  whole procedure was o n l y  10-20%, t h e  s e n s i t i v i t y  recorded was about  300 pg. 

The s p e c i f i c i t y  o f  t h e  assay was s i m i l a r  t o  t h a t  o f  t h e  assay ment ioned i n  t h e  

p rev ious  paragraph, w i t h  i n t e r f e r e n c e  f rom the  same compounds. 

by i n t r o d u c i n g  a t h i n  l a y e r  chromatographic separa t i on  o f  t h e  r a d i o a c t i v e  produc ts  

o f  t h e  enzymic m e t h y l a t i o n  (MN and NMN) p r i o r  t o  t h e i r  i n d i v i d u a l  o x i d a t i o n  t o  

v a n i l l i n  and p u r i f i c a t i o n  as descr ibed p r e v i o u s l y .  T h i s  m o d i f i c a t i o n  produced 

l i t t l e  change i n  t h e  s e n s i t i v i t y  o f  t h e  assay b u t  a l l owed  t h e  separa te  q u a n t i t a t i o n  

o f  NA and A; t h e  i n t e r f e r e n c e  by i s o p r o t e r e n o l  and alpha-methyl-NA was l i m i t e d  t o  

NA, t h e  A assay be ing  spared t h i s  comp l i ca t i on .  Contaminat ion by equ imolar  con- 

c e n t r a t i o n s  o f  DA was r e s t r i c t e d  i n  bo th  cases t o  11, and c ross  con tamina t ion  

between t h e  amines NA and A was less than  0.5%. Again t h e  t o t a l  recove ry  o f  t r a c e r  

amounts o f  3H-NA and A was v e r y  low: 

(8) ,  w i t h  t h e  s e n s i t i v i t y  be ing  inc reased by a f a c t o r  o f  10. The ma jo r  c o n t r i b u -  

t i o n  t o  t h e  i nc rease  i n  s e n s i t i v i t y  r e s u l t e d  f rom t h e  replacement o f  “+C-SAM i n  

t h e  i n c u b a t i o n  medium w i t h  h i g h e r  s p e c i f i c  a c t i v i t y  3H-SAM; t h i s  n e c e s s i t a t e d  i n -  

t e r n a l  s t a n d a r d i z a t i o n  w i t h  c o l d  amines i n  d u p l i c a t e  samples r a t h e r  than t h e  a d d i t i o n  

o f  t r i t i a t e d  t r a c e r  amines t o  each sample. Subsequent t o  t h e  enzymic me thy la t i on ,  

t h e  produc ts  were e x t r a c t e d  i n t o  o rgan ic  s o l v e n t  which was evapora ted  t o  dryness 

p r i o r  t o  TLC separa t i on  o f  t h e  produc ts ,  o x i d a t i o n  t o  v a n i l l i n  and f u r t h e r  s o l v e n t  

p u r i f i c a t i o n  stages. 

o f  reduced g l u t a t h i o n e  i n  p lace  o f  asco rb i c  ac id ,  s i n c e  t h e  l a t t e r ,  w h i l e  adequate ly  

p r o t e c t i n g  t h e  amines f rom o x i d a t i o n ,  was a b l e  t o  c o m p e t i t i v e l y  i n h i b i t  t h e  me thy l -  

a t i o n  o f  t h e  ca techo ls  ( 9 ) .  

n o t  s u f f e r  f rom t h i s  disadvantage. 

tween t h e  amines NA and A was r e p o r t e d  t o  be l e s s  than 0.5% by Cryer  (10)  b u t  i n t e r -  

fe rence f rom bo th  i s o p r o t e r e n o l  and alpha-methyl-NA remained. 

Hor tnag l  gal. (11) were a b l e  t o  i nc rease  t h e  s e n s i t i v i t y  o f  t h e  assay procedure 

o f  Passon and Peu ler  by a f a c t o r  o f  4 by t h e  use o f  a h i g h e r  s p e c i f i c  a c t i v i t y  

3H-SAM, a r e d u c t i o n  i n  t h e  m o l a r i t y  o f  t h e  SAM used i n  t h e  i n c u b a t i o n  medium and 

by improv ing  t h e  s o l v e n t  e x t r a c t i o n  e f f i c i e n c y  o f  t h e  methy la ted  produc ts  by a 

A s i m i l a r  assay was pub l i shed  by N i k o d i j e v i c  g?t. i n  1969 ( 6 ) .  

S h o r t l y  a f te rwards ,  Engelman and Por tnoy  ( 7 )  m o d i f i e d  t h e i r  o r i g i n a l  procedure 

10-11%. 

S i g n i f i c a n t  improvements were made t o  t h i s  assay procedure by Passon and Peu ler  

The enzymic i n c u b a t i o n  medium was m o d i f i e d  by t h e  i n c l u s i o n  

Reduced g l u t a t h i o n e  served t h e  same purpose b u t  d i d  

Using t h i s  procedure,  c ross  contaminat ion  be- 
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f a c t o r  o f  2 s imp ly  by s a t u r a t i o n  o f  t h e  aqueous phase w i t h  sodium c h l o r i d e .  

Coyle and Henry (12)  i n  1973 extended t h e  assay o f  Engelman and Por tnoy  t o  t h e  

q u a n t i t a t i o n  o f  dopamine (DA). Th is  was accompl ished by t h e  e x t r a c t i o n  o f  t h e  3- 
methoxytyramine (3-MT) (F ig .  9.3) formed i n  t h e  m e t h y l a t i o n  r e a c t i o n  f rom DA sub- 

sequent t o  t h e  o x i d a t i o n  o f  t h e  be ta-hydroxy la ted  p roduc ts  t o  v a n i l l i n .  T h i s  

a l l owed  t h e  q u a n t i f i c a t i o n  o f  DA i n  t h e  o r i g i n a l  sample w i t h  a s e n s i t i v i t y  o f  

100 pg. However, a s imp le r  assay procedure f o r  DA was in t roduced  by C u e l l o  gtg. 
(13) ;  p e r c h l o r i c  a c i d  e x t r a c t s  o f  t i s s u e ,  t oge the r  w i t h  d u p l i c a t e  samples c o n t a i n -  

i n g  i n t e r n a l  standards,  were incubated  under s i m i l a r  c o n d i t i o n s  t o  those p r e v i o u s l y  

used by N i k o d i j e v i c  &a. (6), a l though  i t  was found unnecessary t o  use t h e  h i g h l y  

p u r i f i e d  COMT p r e p a r a t i o n  suggested by these l a t t e r  au thors .  

p roduc ts  were separa ted  by paper chromatography and q u a n t i t a t e d  by LSC a f t e r  e l u t i o n  

o f  t h e  p roduc ts  f rom t h e  a p p r o p r i a t e  areas o f  t h e  chromatogram. 

s e n s i t i v i t y  o f  t h e  assay were found t o  be 1-3 ng a l though  a f o o t n o t e  t o  t h e  paper 

suggested t h a t  t h e  s e n s i t i v i t y  cou ld  be inc reased by a f a c t o r  o f  10 by t h e  i n t r o -  

d u c t i o n  o f  a s imp le  s o l v e n t  p u r i f i c a t i o n  s tage p r i o r  t o  t h e  chromatography. 

method was used t o  cons ide rab le  e f f e c t  by van de r  Gugten ec. (14) and Versteeg 

- _  e t  a l .  (15)  who ob ta ined  s e n s i t i v i t i e s  o f  about 10 pg f o r  a l l  t h r e e  amines (NA, A 

and DA) u s i n g  e s s e n t i a l l y  t h i s  procedure.  

The r a d i o a c t i v e  

The l i m i t s  of 

The 

* 
HO CH,O 

COMT 
HO HO 

F i g .  53.3. Dete rm ina t ion  o f  dopamine us ing  COMT and 3H-SAM. 

The recove ry  o f  t h e  pheno l i c  amine produc ts  f rom t h e  i n c u b a t i o n  medium can be 

improved cons ide rab ly  by t h e i r  a c e t y l a t i o n  p r i o r  t o  chromatographic separa t i on .  

I t  was found by Chattaway (16)  t h a t  a c e t y l a t i o n  o f  amino and pheno l i c  groups c o u l d  

be c a r r i e d  o u t  w i t h  f a c i l i t y  i n  aqueous s o l u t i o n  under s l i g h t l y  bas i c  cond i t i ons ,  

and t h i s  obse rva t i on  was e x p l o i t e d  by F r y  gal. (17)  t o  mod i f y  t h e  assay procedure 

o f  C u e l l o  e t  a l .  (13). 

o f  t h e  amino f u n c t i o n  improved t h e  s t a b i l i t y  o f  t h e  r a d i o a c t i v e  produc ts  d u r i n g  

t h e  subsequent paper chromatographic stage. By replacement o f  t h e  paper chromato- 

g raph ic  separa t i on  by TLC, M a r t i n  gtg. (18) were a b l e  t o  separa te  t h e  r a d i o a c t i v e  

a c e t y l a t e d  produc ts  from t h e  i n c u b a t i o n  medium w i t h  a cons ide rab le  sav ing  i n  t ime; 

approx imate ly  40 samples c o u l d  be comp le te l y  assayed f o r  t h e  catecholamines w i t h i n  

a s i n g l e  work ing  day. The method gave s e n s i t i v i t i e s  o f  40-100 pg f o r  NA, 20-40 pg 

f o r  DA and 10-30 pg f o r  A, w h i l e  c ross  examinat ion  between t h e  samples was l e s s  

than 2% w i t h  t h e  excep t ion  o f  ove r lap  o f  DA i n t o  A which amounted t o  n e a r l y  4%. A 

I n t e r e s t i n g l y ,  these au tho rs  a l s o  found t h a t  a c e t y l a t i o n  
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s i m i l a r  approach has been adopted by McCaman gt. (19) ,  however, these au thors  

used an enzyme-catalyzed a c e t y l a t i o n  t o  q u a n t i t a t e  DA w i t h  a s e n s i t i v i t y  o f  15 pg. 

which d a n s y l a t i o n  o f  t h e  NMN and MN was c a r r i e d  o u t  subsequent t o  t h e  0 -me thy la t i on .  

The d e r i v a t i v e s  were then recovered by e x t r a c t i o n  i n t o  e t h y l  a c e t a t e  and reso lved  

by two success ive  TLC separa t ions ,  which a l l owed  t h e  q u a n t i t a t i o n  o f  bo th  amines 

w i t h  a s e n s i t i v i t y  o f  2-3 pg. 

The methods t h a t  have been d iscussed so f a r  r e s u l t e d  i n  cons ide rab le  t e c h n i c a l  

improvements i n  t h e  assay procedures w i t h  t h e  r e s u l t  t h a t  t hey  have become r e l a t i v e l y  

s imp le  t o  use; t hey  produce t h e  r e q u i r e d  s e n s i t i v i t y  f o r  most purposes, and p rov ide  

s u i t a b l e  s p e c i f i c i t y  (as suggested by a comparison o f  t h e  da ta  w i t h  r e s u l t s  ob ta ined 

u s i n g  gas chromatography-mass spec t romet ry ) .  

i t  was imposs ib le  t o  ach ieve  t h e  r e q u i r e d  s e n s i t i v i t y  f o r  t h e  q u a n t i t a t i o n  o f  t h e  

catecholamines i n  b lood  plasma samples where concen t ra t i ons  a r e  ex t remely  low. 

Cons iderab le  e f f o r t s  were t h e r e f o r e  made t o  e l u c i d a t e ,  i n  d e t a i l ,  t h e  optimum 

c o n d i t i o n s  f o r  each stage o f  t h e  assays i n  t h e  hope t h a t  t h e  r e q u i r e d  s e n s i t i v i t i e s  

cou ld  be achieved. 

An a l t e r n a t i v e  d e r i v a t i z a t i o n  procedure has been adopted by P h i l i p s  (20 )  i n  

However, w i t h  many o f  t h e  procedures 

Cons ide ra t i on  was g i ven  t o  t h e  e f f i c i e n c y  o f  t h e  enzymic convers ion  o f  t h e  

catecholamines t o  t h e  a p p r o p r i a t e  me thy la ted  produc t .  

Coyle and Henry (12)  and Hor tnag l  gal. (11)  t h a t  t h e  enzyme COMT s u f f e r e d  i n h i b -  

i t i o n  f rom substances t h a t  were p resen t  i n  samples ob ta ined  f rom b i o l o g i c a l  t i ssue ,  

t hus  n e c e s s i t a t i n g  t h e  use o f  i n t e r n a l  s t a n d a r d i z a t i o n  procedures which have become 

commonplace. 

were a b l e  t o  cause non-compet i t i ve  i n h i b i t i o n  o f  t h e  enzyme COMT w i t h  r e s p e c t  t o  

bo th  t h e  s u b s t r a t e  and t h e  methyl  donor SAM. In a d e t a i l e d  s tudy  o f  p a r t i a l l y  

p u r i f i e d  COMT p repara t i ons ,  t hey  suggested t h a t  maximal enzyme a c t i v i t y  was p ro -  

duced a t  1mM MgC12 and t h a t  0.5mM Ca2+ caused about 50% i n h i b i t i o n  under these 

c o n d i t i o n s ;  t hey  a l s o  found t h a t  d i t h i o t h r e i t o l  inc reased enzyme a c t i v i t y  cons id -  

e r a b l y .  

t r a t i o n s  i n  plasma o r  serum us ing  t h e  procedure o f  Coyle and Henry, found t h a t  

cons ide rab le  i n h i b i t i o n  o f  enzyme a c t i v i t y  occur red .  

t o  the  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n  o f  Ca2+ i n  t h e  samples. 

v e n t  t h i s  problem they  added EGTA t o  c h e l a t e  t h i s  c a t i o n  and added MgC1,. 

r e s u l t e d  i n  r e s t o r a t i o n  o f  enzymic a c t i v i t y  t o  95% o f  t h e  l e v e l  t h a t  was o b t a i n a b l e  

i n  t h e  absence o f  plasma. Q u a n t i t a t i o n  o f  25 pg o f  t h e  catecholamines cou ld  be 

achieved, a l l o w i n g  e s t i m a t i o n s  t o  be c a r r i e d  o u t  i n  as l i t t l e  as 300 p l  o f  serum. 

No d i f f e r e n t i a t i o n  was ob ta ined  between NA and A, and DA caused some 4.8% c ross  

contaminat ion  w i t h  t h e  NA and A f r a c t i o n ,  though t h e  method was cons ide rab ly  s imp le r  

t o  pe r fo rm than t h a t  o f  Engelman and Por tnoy  ( 7 ) .  

A, Weise and Kopin (23) used an assay procedure based on COMT t o  es t ima te  t h e  

It had been no ted  by bo th  

Weinshilboum and Raymond (21 )  p o i n t e d  o u t  i n  1976 t h a t  c a l c i u m  i o n s  

De Champlain cfi. (ZZ), i n  t h e i r  a t tempts  t o  determine catecholamine concen- 

T h i s  was thought  t o  be due 

I n  o r d e r  t o  c i rcum-  

Th is  

I n  o r d e r  t o  measure bo th  NA and 
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concen t ra t i ons  of NA and A, and i n  a d u p l i c a t e  sample determined the  concen t ra t i on  

of NA a lone w i t h  PNMT; the  concen t ra t i on  o f  A was then s imply  found by t h e  d i f -  

ference.  The method was r a t h e r  ted ious  a l though i t  al lowed the  separate q u a n t i f -  

i c a t i o n  o f  a l l  t h ree  catecholamines w i t h  s e n s i t i v i t i e s  o f  20 pg f o r  NA, 17 pg f o r  

A and 130 pg f o r  DA i n  1 m l  o f  plasma. 

Ben-Jonathan and P o r t e r  (24) by a d d i t i o n  o f  EGTA and MgC1, t o  t h e  r e a c t i o n  

m i x t u r e  and t h e  use of  14C l a b e l l e d  standards, added subsequent t o  the  i ncuba t ion  

as 0-methylated products,  were ab le  t o  o b t a i n  10-30 pg s e n s i t i v i t i e s  f o r  each o f  

t he  amines, b u t  t h e r e  was 1-2% cross contaminat ion between the  compounds o f  i n t e r e s t ,  

even a f t e r  two-dimensional TLC. Peuler  and Johnson (25),  by t h e  a d d i t i o n  o f  EGTA 

t o  the  o r i g i n a l  b lood serum sample, t he  use o f  i n t e r n a l  s t a n d a r d i z a t i o n  w i t h  non- 

r a d i o a c t i v e  catecholamines and an ex tens i ve  p u r i f i c a t i o n  o f  t he  methy lated products  

gained s e n s i t i v i t i e s  o f  1 pg f o r  bo th  NA and A and 6 pg f o r  D A Y  thus a l l o w i n g  t h e  

q u a n t i f i c a t i o n  o f  a l l  t h r e e  amines i n  very smal l  samples o f  b i o l o g i c a l  f l u i d s .  

I n  o rde r  t o  c i rcumvent  the  d i f f i c u l t i e s  found by t h e  presence o f  endogenous 

i n h i b i t o r s  i n  c e r t a i n  t i s s u e  and plasma samples, Gauchy eta. (26) i n t roduced  a 

p r e l i m i n a r y  p u r i f i c a t i o n  o f  t he  catecholamines by alumina adsorpt ion.  

were e l u t e d  from t h e  alumina w i t h  o x a l i c  ac id .  It was found t h a t  bo th  o x a l a t e  and 

aluminium ions  caused some i n h i b i t i o n  o f  COMT a c t i v i t y ,  b u t  by j u d i c i o u s  s e l e c t i o n  

o f  t he  exper imenta l  c o n d i t i o n s  i t  proved p o s s i b l e  t o  q u a n t i f y  as l i t t l e  as 17 pg 

o f  NA and 24 pg o f  DA. However, t h e  method d i d  n o t  pe rm i t  t h e  d i f f e r e n t i a t i o n  

o f  NA and A. Th i s  procedure d i d  i n t roduce  t h e  use o f  sodium te t rapheny lbo ra te  

(NaTPB) as a means o f  improv ing cons ide rab ly  the  e x t r a c t i o n  e f f i c i e n c y  o f  3-MT 

formed i n  t h e  reac t i on ,  and t h i s  reagent  has subsequent ly been employed by others.  

Da Prada and Zurcher (27) used NaTPB i n  d i e t h y l  e t h e r  t o  e x t r a c t  t h e  D-methylated 

amines f rom t h e  aqueous r e a c t i o n  m ix tu re .  

HC1 and subsequent ly separated by TLC, then t h e  beta-hydroxy lated amines were 

separa te l y  conver ted t o  v a n i l l i n  p r i o r  t o  LSC. 

bo th  NA and A w i t h  a s e n s i t i v i t y  o f  1 pg and DA w i t h  a s e n s i t i v i t y  o f  5 pg. 

A more s o p h i s t i c a t e d  approach f o r  t h e  separa t i on  o f  t h e  0-methylated r e a c t i o n  

products  has been adopted by Endert  (28). 

assay procedure were separated by h i g h  performance 1 i q u i d  chromatography us ing  a 

reverse phase column w i t h  a t o t a l  chromatography t ime o f  o n l y  3 min. 

r i a t e  f r a c t i o n s  were c o l l e c t e d ;  t h e  d e r i v a t i v e s  were o x i d i z e d  t o  v a n i l l i n ,  r e -  

covered by s o l v e n t  e x t r a c t i o n  and q u a n t i f i e d  by LSC. 

s e n s i t i v i t y  than t h e  method o f  Da Prada and Zurcher (27)  and s u f f e r e d  f rom t h e  d i s -  

advantage t h a t  HPLC equipment was requ i red .  

One aspect o f  these assay procedures n o t  so f a r  considered i s  t h a t  o f  t h e  sample 

blank. 

o f  i n t e r e s t  i t  i s  e s s e n t i a l  t h a t  a n a l y t i c a l  values f o r  t h e  sample b lank should be 

bo th  low and rep roduc ib le .  Many d i f f e r e n t  approaches have been used, f rom at tempts 

The amines 

The amines were then back e x t r a c t e d  i n t o  

Th is  a l lowed the  es t ima t ion  o f  

NMN and MN formed i n  the  COMT-based 

The approp- 

The method produced no g r e a t e r  

I n  o rde r  t o  achieve accurate and rep roduc ib le  q u a n t i t a t i o n  o f  t h e  compound 
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t o  s e l e c t i v e l y  decompose the catecholamines i n  the t i ssue  sample p r i o r  t o  assay t o  

incubat ion i n  the absence o f  t i ssue  o r  incubat ion o f  the blank samples a t  0" instead 

o f  37". An a l t e r n a t i v e  approach, adopted by S a l l e r  and Zigmond (29), was t o  cause 

complete i n h i b i t i o n  o f  the COMT enzyme a c t i v i t y  by a d d i t i o n  o f  h igh concentrat ions 

o f  Ca2+ t o  the blank samples. 

i d e n t i c a l  manner and the c o n t r i b u t i o n  o f  r a d i o a c t i v i t y  from the decomposition o f  

rad ioac t i ve  SAM could be estimated accurate ly .  

p r e c i p i t a t i o n  o f  unreacted 3H-SAM w i t h  phosphotungstic ac id  and a d e t a i l e d  study 

o f  TLC condi t ions f o r  t,he p u r i f i c a t i o n  o f  the products, al lowed s e n s i t i v i t i e s  o f  

1 pg f o r  NA and A and 5-10 pg f o r  DA t o  be achieved. 

Radioenzymatic methods have been modi f ied considerably since the i n i t i a l  work 

o f  Saelens eta. (2 ) .  

a l a r g e  increase i n  s e n s i t i v i t y ,  wh i l e  considerable a t t e n t i o n  t o  the d e t a i l  o f  the 

assay procedure t o  ensure maximal enzyme a c t i v i t y ,  minimal t i s s u e  blanks and care- 

f u l  chromatographic separation o f  the rad ioac t i ve  products has resu l ted  i n  the 

development o f  extremely sens i t i ve  assay techniques. Developments s t i l l  continue. 

Methods published recen t l y ,  however, have concentrated on the marriage o f  techniques 

prev ious ly  reported, w i t h  the r e s u l t  t h a t  the radioenzymatic assays f o r  the catechol- 

amines have become much s impler  t o  use (e.g. Cheng and Wooten (30))  although no 

greater  s e n s i t i v i t y  has been achieved over methods such as those o f  Da Prada and 

Zurcher (27)  and S a l l e r  and Zigmond (29). Nevertheless, radioenzymatic procedures 

remain amongst the most s e n s i t i v e  assay techniques f o r  the catecholamines. 

study o f  Hjemdahl eta. (31) makes a use fu l  comparison between radioenzymatic and 

HPLC/electrochemical detect ion methods f o r  the q u a n t i f i c a t i o n  o f  these compounds, 

the two procedures showing exce l l en t  agreement. 

Blank and assay samples were then t rea ted  i n  an 

This, together w i t h  the  subsequent 

The i n t r o d u c t i o n  o f  h igh s p e c i f i c  a c t i v i t y  3H-SAM al lowed 

The 

9.3 PRECURSORS AND METABOLITES OF THE CATECHOLAMINES 

Space does n o t  permi t  a d e t a i l e d  review o f  the methods ava l a b l e  f o r  the quan- 

t i t a t i o n  o f  the metabol i tes o f  the catecholamines, most o f  wh ch are simple exten- 

sions o f  methods prev ious ly  developed f o r  the parent amines. 

however, o f  considerable importance since the a b i l i t y  t o  quan t i t a te  a number o f  

ca tabo l i t es  has allowed est imat ion o f  the e f f e c t  o f  various drug treatments on the 

metabolic turnover o f  the catecholamines. 

Precursors o r  metabol i tes possessing the catechol moiety can be converted t o  

t h e i r  corresponding 0-methylated de r i va t i ves  using COMT wh i l e  those which r e t a i n  

an amino func t i on  can be de r i va t i zed  w i t h  PNMT. 

The methods are, 

9.3.1 Catechol ami ne conjugates 

There i s  evidence t h a t  the catecholamines are present i n  blood plasma as con- 

conjugates (32-34) , bu t  the poss ib le  importance o f  these substances remains unclear. 
Johnson g d. (35) found t h a t  i n c l u s i o n  o f  a commercial sulphatase preparat ion i n  
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t h e  enzyme i n c u b a t i o n  mix used f o r  t h e  e s t i m a t i o n  o f  t h e  catecholamines accord ing  

t o  t h e  method o f  Peu le r  and Johnson (25)  d i d  n o t  i n t e r f e r e  w i t h  t h e  assay and 

ca ta l ysed  t h e  r e l e a s e  o f  t h e  catecholamines f rom conjugates;  t h i s  p e r m i t t e d  

measurement o f  these con jugates  i n  b lood  plasma. 

9.3.2 3,4-Di hydroxypheny la lan ine  (DOPA) 

t o  be a va luab le  i n d i c a t o r  o f  DA syn thes i s .  Using t h e  catecholamine assay o f  

P a l k o v i t s  &a. (37), H e f t i  and L i c h s t e n s t e i g e r  (36)  were ab le  t o  q u a n t i f y  DOPA 

as 3-0-methyl-DOPA i n  t h e  CNS o f  animals p r e v i o u s l y  t r e a t e d  w i t h  t h e  DOPA de- 

carboxy lase  i n h i b i t o r  3-hydroxybenzylhydrazine. 

t h e  3-0-methyl-DOPA produced i n  t h e  methyl  t r a n s f e r a s e  r e a c t i o n  c o n s i s t e d  o f  

c a t i o n  exchange chromatography f o l l o w e d  by a d s o r p t i o n  o f  t h e  substance on to  pa r -  

t i a l l y  d e a c t i v a t e d  charcoa l  p r i o r  t o  t h e  removal o f  3H-SAM decomposi t ion produc ts  

by an ion  exchange r e s i n s  and q u a n t i f i c a t i o n  by LSC. The method was s p e c i f i c  and 

s u f f e r e d  no s i g n i f i c a n t  i n t e r f e r e n c e  f rom o t h e r  catecholamine m e t a b o l i t e s  a t  con- 

c e n t r a t i o n s  thought  t o  occur  i n  CNS t i s s u e ,  b u t  t h e  s e n s i t i v i t y  (50-200 pg)  was 

i n s u f f i c i e n t  t o  a l l o w  measurement o f  normal DOPA concen t ra t i ons .  

By an ex tens ion  o f  

t h e  method o f  Da Prada and Zurcher ( 2 7 ) ,  t hey  were a b l e  t o  measure DOPA and DA 

concen t ra t i ons  i n  b lood plasma samples taken f rom Park inson ian  p a t i e n t s  r e c e i v i n g  

DOPA therapy. The method was based on t h e  obse rva t i on  t h a t  t h e  COMT enzyme prep-  

a r a t i o n  ob ta ined  f rom r a t  l i v e r  possessed cons ide rab le  DOPA decarboxylase a c t i v i t y  

which r e s u l t e d  i n  t h e  convers ion  o f  DOPA conta ined i n  t h e  assay sample t o  DA. 

Peu ler  and Johnson ( 2 5 )  i n c l u d e d  i n  t h e i r  i n c u b a t i o n  medium benzylhydroxylamine, 

a DOPA decarboxylase i n h i b i t o r ,  t o  p reven t  t h i s  convers ion  t a k i n g  p lace .  

b lood samples i n  t h e  presence and absence o f  t h i s  i n h i b i t o r ,  Rossor &a. (38)  

were a b l e  t o  q u a n t i f y  DOPA s imp ly  f rom t h e  d i f f e r e n c e  o f  t h e  two values ob ta ined.  

The method was s e n s i t i v e  (20  pg/ml) and possessed t h e  r e q u i r e d  s p e c i f i c i t y  f o r  

t h i s  p a r t i c u l a r  a p p l i c a t i o n .  

DOPA accumula t ion  a f t e r  i n h i b i t i o n  o f  DOPA decarboxylase a c t i v i t y  i s  thought  

The p u r i f i c a t i o n  procedure f o r  

An a l t e r n a t i v e  approach was used by  Rossor g a. (38).  

By assay ing  

9.3.3 3,4-Di hydroxypheny lace t ic  a c i d  (DOPAC) 

Comoy and Bohoun (39)  developed an assay f o r  t h e  q u a n t i t a t i o n  o f  DOPAC i n  u r i n e  

based on t h e  use of  COMT and 14C-SAM, b u t  t h e  s e n s i t i v i t y  o f  t h e  procedure (10 ng) 

made i t  s u i t a b l e  f o r  use i n  CNS t i s s u e .  An improved assay based on t h e  method of  

N i k o d i j e v i c  gal. ( 6 ) ,  w i t h  a s e n s i t i v i t y  l i m i t  o f  50 pg, was developed by A r g i o l a s  

and Fadda (40). 

f i c a t i o n  o f  t h e  p roduc t  was c a r r i e d  o u t  by Sephadex G10 column chromatography 

( a f t e r  Wester ink  and K o r f  ( 4 1 ) ) .  

i f i e d  column e l u a t e  w i t h  e t h y l  ace ta te .  

e r y  o f  DOPAC (80-85%), t h e  o n l y  ma jor  i n t e r f e r e n c e  r e s u l t i n g  f rom t h e  a d d i t i o n  

Subsequent t o  convers ion  o f  DOPAC t o  homovan i l l i c  ac id ,  p u r i -  

T h i s  was f o l l o w e d  by e x t r a c t i o n  f rom t h e  a c i d -  

The method achieved an e x c e l l e n t  recov-  
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t o  t h e  o r i g i n a l  sample o f  3,4-dihydroxymandelic a c i d  (DOMA), an a c i d  which i s  

no rma l l y  p resen t  i n  ve ry  low concen t ra t i ons  i n  t h e  CNS. E s s e n t i a l l y  t h e  same 

method was used f o r  t h e  e s t i m a t i o n  o f  DOPAC i n  t h e  r a t  mesol imbic dopaminergic 

pathway by Bear t  and Gundlach (42), and these workers were a b l e  t o  demonstrate t h e  

s p e c i f i c i t y  o f  t h e  method f o r  DOPAC i n  these p a r t i c u l a r  b r a i n  reg ions .  

Fekete g a. (43)  es t imated  DOPAC, toge the r  w i t h  t h e  catecholamines, by d i f -  

f e r e n t i a l  s o l v e n t  e x t r a c t i o n  o f  t h e  a c i d i c  and b a s i c  p roduc ts  f rom t h e  enzymic 

i n c u b a t i o n  medium. A f t e r  p u r i f i c a t i o n  by paper chromatography, s e n s i t i v i t i e s  o f  

30-100 pg c o u l d  be achieved. 

9.3.4 Normetanephrine (NNN) 

V lachak is  and DeOuatro 

based on enzymic m e t h y l a t i o n  w i t h  P N M  u s i n g  3H-SAF1 as t h e  methyl  donor. 

was l a t e r  m o d i f i e d  by V lachak is  eta. (45) f o r  use i n  b r a i n  t i s s u e ;  t h e  3H-MN 

produced was p u r i f i e d  by TLC p r i o r  t o  q u a n t i f i c a t i o n  by LSC. 

t i o n  o f  NMN i n  b lood plasma. 

f i c a t i o n  o f  t he  N M N  u s i n g  a c a t i o n  exchange r e s i n  p r i o r  t o  t h e  enzymic me thy la t i on .  

The p roduc t  was p u r i f i e d  by TLC and e x h i b i t e d  a s e n s i t i v i t y  l i m i t  o f  30 pg/ml b lood 

plasma. 

and u t i l i z e d  f o r  t h e  assays o f  va r ious  catecholamine me tabo l i t es .  

t h a t  i s  r e q u i r e d  i s  t h a t  t h e  compound o f  i n t e r e s t  i s  a s u b s t r a t e  f o r  t h e  enzyme 

used and t h a t  a s u i t a b l e  p u r i f i c a t i o n  procedure f o r  t h e  p roduc t  i s  ob ta ined.  

a number o f  such methods have been developed, i n t e r e s t  i n  t h e  q u a n t i t a t i o n  of  t h e  

catecholamine me tabo l i t es  has developed t o  a l e s s e r  degree than t h a t  f o r  t h e  pa ren t  

ami nes , 

(44) developed a rad ioenzymat ic  assay f o r  NMN i n  u r i n e  

The method 

Kobayashi (46)  r e p o r t e d  a procedure based on t h e  same p r i n c i p l e  f o r  t h e  est ima- 

T h i s  method, however, i nc luded  a p r e l i m i n a r y  p u r i -  

Many methods used f o r  t h e  q u a n t i t a t i o n  o f  t h e  catecholamines have been m o d i f i e d  

E s s e n t i a l l y  a l l  

Wk i l e  

9.4 5-HYDROXYTRYPTAMINE (SEROTONIN, 5-HT) 

The f i r s t  rad ioenzymat ic  procedure t o  be developed f o r  5-HT was pub l i shed  i n  

1973 by Saavedra eta. (47 ) .  

conven ien t l y ,  so t h e  amine i s  i n i t i a l l y  conver ted  enzymat i ca l l y  t o  N-acetyl-5-HT. 

T h i s  compound possesses a h i g h e r  a f f i n i t y  f o r  t h e  methyl  t r a n s f e r a s e  enzyme which 

accompl ishes t h e  convers ion  t o  'H-melatonin. 

n ique  con fe rs  a cons ide rab le  degree o f  s p e c i f i c i t y  t o  the  a n a l y s i s  and a l l o w s  t i s s u e  

b lanks  t o  be generated by t h e  omiss ion  o f  t h e  a p p r o p r i a t e  enzyme o r  c o f a c t o r s  i n -  

vo l ved  i n  t h e  i n i t i a l  a c e t y l a t i o n  stage. The assay i s  based on t h e  f o l l o w i n g  r e -  

a c t i o n s  ( F i g .  9 .4 ) .  

The d i r e c t  m e t h y l a t i o n  o f  5-HT cannot  be accomplished 

The use of  t h i s  coup led  enzyme tech-  
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c630 

*3H-SAM m H C O C b I 3  

Fig. 9.4. Enzymatic react ions i n  the analys is  o f  5-hydroxytryptamine. 

The N-acetyl t ransferase (NAT) enzyme preparat ion was obtained from r a t  l i v e r  

according t o  the method of Weissbach g fi. (481, wh i l e  the hydroxyindole-0-methyl 

transferase (HIOMT) was p u r i f i e d  from bovine p ineals  by the method o f  Axelrod and 

Weissbach (49). 

supernatant were incubated w i t h  the NAT preparat ion i n  phosphate b u f f e r  a t  pH 7.9 

i n  the presence o f  acety l  CoA a t  37" f o r  30 min. 

the 5-HT was acety la ted;  a d d i t i o n  of increased amounts o f  the enzyme resu l ted  i n  

no greater  formation of the N-acetyl-5-HT though i t  d i d  produce increased blank 

values. 

stopped a f t e r  a f u r t h e r  10 min incubat ion by the a d d i t i o n  o f  borate bu f fe r ,  pH 10. 

The 3H-melatonin formed was then ext racted i n t o  toluene. The organic phase was 

evaporated t o  dryness a t  80" i n  order t o  remove v o l a t i l e  rad ioac t i ve  contaminants, 

and the remaining r a d i o a c t i v i t y  was quan t i t a ted  by LSC. Tissue blank values were 

obtained by o m i t t i n g  acety l  CoA i n  the i n i t i a l  a c e t y l a t i o n  react ion.  The l i m i t  o f  

s e n s i t i v i t y  o f  the assay was 50 pg. 

TLC ana lys i s  o f  the toluene ex t rac ts  obtained subsequent t o  the above analys is  i n  

bra in ,  p ineal  and p l a t e l e t s ,  i nd i ca ted  t h a t  over 90% o f  the r a d i o a c t i v i t y  i n  the 

e x t r a c t  co-chromatographed w i t h  melatonin. 

t h a t  in ter ference could occur from contamination by N-acetyl -5-HT, 5-hydroxytryptophol 

o r  bufotenin, although under normal condi t ions the  low concentrat ions o f  these sub- 
stances i n  CNS t i ssue  would i n d i c a t e  t h a t  such in te r fe rence  would be i n s i g n i f i c a n t .  

This method has formed the basis o f  a l l  f u r t h e r  developments i n  radioenzymatic assay 

Tissue samples were homogenized i n  0.1N HC1 and a l i q u o t s  o f  the 

Under these condi t ions 60-70% o f  

Subsequently HIOMT was added, together w i t h  3H-SAM, and the  reac t i on  was 

The s p e c i f i c i t y  o f  the assay, as determined by 

The use o f  reference compounds ind i ca ted  

procedures f o r  5-HT. 
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Saavedra g c. (50) i nc luded  a decarboxylase i n h i b i t o r  i n  assays c a r r i e d  o u t  

i n  hypothalamic t i s s u e  i n  o rde r  t o  prevent  t he  convers ion o f  5-hydroxytryptophan 

t o  5-HT by decarboxylase contaminat ion known t o  be present  i n  t h e  NAT p repara t i on  

obta ined f rom r a t  l i v e r .  

o f  t h i s  i n h i b i t o r ,  and concluded t h a t  t h e  concen t ra t i on  o f  t h e  5-hydroxytryptophan 

i n  hypothalamic t i s s u e  was ve ry  low. 

I n  o rde r  t o  enable the  q u a n t i t a t i o n  o f  5-HT i n  CSF, Boireau eta. (51)  mod i f i ed  

t h e  above procedure. I t  was found t h a t  s a l t s  present  i n  t h i s  p a r t i c u l a r  b i o l o g i c a l  

f l u i d  i n t e r f e r e d  w i t h  the  enzymic convers ion o f  5-HT t o  melatonin.  

p u r i f i c a t i o n  o f  t h e  5-HT i n  the  sample was t h e r e f o r e  c a r r i e d  o u t  on a Sephadex G 10 

column; t h i s  n o t  o n l y  removed t h e  s a l t s  b u t  a l lowed the  separat ion o f  t he  5-HT f rom 

5-hydroxytryptophan and N-acetyl-5-HTY two p o s s i b l e  i n t e r f e r i n g  substances, and 

r e s u l t e d  i n  the  recovery o f  95% o f  t he  5-HT by e l u t i o n  o f  t h e  column w i t h  fo rm ic  

ac id .  

procedure fo l l owed  e s s e n t i a l l y  t h e  method o f  Saavedra, a1 though a b e t t e r  enzymic 

convers ion was achieved by i nc reas ing  the  amount o f  HIOMT used a t  t he  me thy la t i on  

stage. 

o f  10-20 pg i n  up t o  3 m l  o f  CSF. 

and as a r e s u l t  Hammel GaJ. (52) c a r r i e d  o u t  t he  a c e t y l a t i o n  chemica l l y  r a t h e r  

than enzymat i ca l l y .  

produced enzymat i ca l l y  w i t h  HIOMT. 

However, they found no s i g n i f i c a n t  e f f e c t  o f  t h e  i n c l u s i o n  

A p r e l i m i n a r y  

The a c i d  was subsequent ly evaporated t o  dryness. The remainder o f  t h e  

A f i n a l  TLC separat ion a l lowed Boireau st. (51)  t o  achieve a s e n s i t i v i t y  

The i n i t i a l  a c e t y l a t i o n  o f  5-HT achieved by Saavedra w i t h  NAT was o n l y  60-70%, 

Subsequent t o  the  chemical a c e t y l a t i o n ,  t h e  3H-melatonin was 

The r e s u l t a n t  s e n s i t i v i t y  o f  t h e  assay was about 

35 PS. 

9.5 HISTAMINE (HA) 

Snyder gaJ. i n  1966 (53), t h i s  amine was measured by e i t h e r  bioassay o r  f l u o r i -  

m e t r i c  procedures, many o f  which s u f f e r e d  f rom a l a c k  o f  s p e c i f i c i t y .  

procedure r e l i e s  upon t h e  a b i l i t y  o f  histamine-N-methyl t ransferase,  f i r s t  cha rac te r -  

i z e d  by Brown %a. (54),  t o  t r a n s f e r  t h e  14C-methyl group f rom 14C-SAM t o  HA as 

shown i n  F i g .  9.5. 

P r i o r  t o  t h e  development o f  a rad ioenzymat ic  method f o r  t he  e s t i m a t i o n  o f  HA by 

The enzymatic 

F ig .  9.5. Radioenzymatic de te rm ina t ion  o f  h is tamine.  
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Supernatants from t i ssue  homogenates prepared i n  pH 7.9 phosphate b u f f e r  were 

incubated w i t h  14C-SAM and a histamine-N-methyl t ransferase preparat ion f o r  60 min 

a t  37" i n  the presence o f  t r a c e r  amounts o f  3H-HA. 

stopped by b a s i f i c a t i o n  o f  the incubat ion mixture and the 14C-N-methyl-HA was ex- 

t rac ted  i n t o  chloroform. 

was evaporated t o  dryness. Dual l abe l  LSC al lowed the c a l c u l a t i o n  o f  the o r i g i n a l  

HA concentrat ion. 

the chloroform e x t r a c t  co-chromatographed w i t h  N-methyl-HA. The s e n s i t i v i t y  o f  the 

assay procedure was l i m i t e d  t o  2 ng. It was, however, essent ia l  t h a t  each sample 

had i t s  own i n t e r n a l  standard o f  3H-HA since the conversion o f  HA t o  i t s  N-methyl 

d e r i v a t i v e  appeared t o  be both low and extremely var iab le,  a p e c u l i a r i t y  o f  the 

assay which was a t  t h a t  t ime unexplained. 

number o f  the d i f f i c u l t i e s  experienced w i t h  the i n i t i a l  assay procedure o f  Snyder 

-- e t  a l .  (53), w i t h  the r e s u l t  t h a t  marked improvements i n  the est imat ion o f  t h i s  

amine were made. 

but  they found t h a t  by increas ing the incubat ion t ime t o  90 min, v i r t u a l l y  complete 

methy lat ion of the HA occurred. 

a c i d  r a t h e r  than base, and t h i s  appeared t o  g i ve  lower and more reproducib le  assay 

blanks (which i n  t h i s  case were obtained by omission o f  the t i ssue  e x t r a c t ) .  How- 

ever, probably the most s i g n i f i c a n t  f i nd ing  was the observation t h a t  unless l a r g e  

amounts o f  c a r r i e r  N-methyl-HA (25 ug) were added, subsequent t o  the enzymic con- 

version, considerable and va r iab le  losses o f  14C-N-methyl-HA occurred; these were 

probably due t o  i t s  adsorption on the glassware used i n  the assay. 

condi t ions Beavan ct. were able t o  increase the l i m i t  o f  s e n s i t i v i t y  o f  the 

assay t o  100 pg. 

Tay lor  and Snyder (56) improved the l i m i t  o f  s e n s i t i v i t y  o f  the o r i g i n a l  assay 

procedure t o  20 pg by reducing incubat ion volumes and increas ing the concentrat ions 

o f  14C-SAM used, thus increas ing the e f f i c i e n c y  o f  the methy lat ion wi thout  any 

serious de le te r i ous  e f f e c t s  on the assay blanks. However, i n  t h i s  assay procedure 

p last icware was used a t  the incubat ion stage, and t h i s  undoubtedly resolved many 

o f  the adsorption problems prev ious ly  experienced. These workers concluded t h a t  

i t  was no longer necessary t o  use i n t e r n a l  s tandard izat ion f o r  each i n d i v i d u a l  

sample s ince reproducib le  methy lat ion and e x t r a c t i o n  o f  the product was obtained 

i n  t h i s  modi f ied procedure. I t  was the re fo re  poss ib le  t o  e l im ina te  the use o f  

3H-HA and rep lace the "+C-SAM w i t h  the much higher s p e c i f i c  a c t i v i t y  3H-SAM, 

accounting i n  l a r g e  p a r t  f o r  the increased s e n s i t i v i t y  o f  t h i s  procedure. 

(57) t o  determine the HA content o f  i n d i v i d u a l  hypothalamic nuc le i  i n  the r a t .  

was pointed ou t  by ' these workers t h a t  a more e f f i c i e n t  recovery o f  t i s s u e  HA was 
obtained i f  homogenization was c a r r i e d  out  under s t rong ly  a l k a l i n e  condi t ions.  

The enzymic methy lat ion was 

The organic layer ,  a f t e r  washing w i t h  1N sodium hydroxide, 

Paper chromatography i nd i ca ted  t h a t  the on ly  r a d i o a c t i v i t y  i n  

Fur ther  s tud ies c a r r i e d  ou t  by Beavan gtt. (55) were able t o  e luc ida te  a 

Beavan fi a. used e s s e n t i a l l y  the same technique as Snyder gt fi. , 

The enzymic reac t i on  was stopped w i t h  p e r c h l o r i c  

Under these 

The assay method introduced by Beavan gfi. (55) was used by Brownstein sfi. 
It 

One 
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o f  t h e  e a r l i e r  c r i t i c i s m s  o f  such a harsh  e x t r a c t i o n  procedure was t h a t  t h e  h i s t i d i n e  

would be decarboxy la ted  t o  HA; t h i s  appeared t o  be w i t h o u t  f ounda t ion .  The procedure 

used by Brownste in  gta. (57 )  appeared t o  be s p e c i f i c  f o r  t i s s u e  HA and e x h i b i t e d  

a l i m i t  o f  s e n s i t i v i t y  o f  10-20 pg. 

I t  i s  c l e a r  t h a t  t h e  rad ioenzymat ic  assay f o r  HA has proved more conven ien t  and 

more s e n s i t i v e  than t h e  p r e v i o u s l y  popu la r  f l u o r i m e t r i c  method o f  Shore g e, (58 ) .  

The l a t t e r  method s u f f e r e d  from cons ide rab le  i n t e r f e r e n c e  i n  CNS t i s s u e  p repara t i ons .  

The va lues  ob ta ined  by Snyder 5 g .  (53) f o r  whole b r a i n  HA (60 ng /g)  were con- 

s i d e r a b l y  lower  than those ob ta ined  us ing  t h e  f l u o r i m e t r i c  procedure (310 ng/g),  

a l t hough  s i m i l a r  d isc repanc ies  were no t  apparent i n  o t h e r  organs o f  t h e  r a t  such 

as s k i n ,  h e a r t  and spleen. 

9.6 THE TRACE AMINES 

Phenylethylamine (PEA), phenylethanolamine (PEOH), t h e  ty ramines  (TAs) and 

octopamines (OAs)  and t r yp tamine  (T )  f a l l  i n t o  a ca tegory  known v a r i o u s l y  as t h e  

t r a c e  amines, micro-amines o r  t h e  non-ca techo l i c  a r y l a l k y l a m i n e s .  

o f  t h e  t r a c e  amines found i n  mammalian t i s s u e s  a re  ex t remely  l ow  compared t o  those 

o f  t h e  catecholamines and 5-HT. 

compounds a r e  now cons idered.  

The concen t ra t i ons  

Radioenzymatic methods used t o  q u a n t i t a t e  these 

9.6.1 Z-Jbenylethylamine (PEA) and ty ramine (TAL 

Saavedra (59 )  used a rad ioenzymat ic  assay procedure f o r  PEA based on a coup led  

enzyme procedure i n  which PEA was f i r s t  conver ted  t o  PEOH u s i n g  a dopamine-beta- 

hydroxy lase  p r e p a r a t i o n  and t h e  p roduc t  was subsequent ly N-methylated i n  t h e  

presence o f  3H-SAM and PNMT t o  produce N-methyl-PEOH (F ig .  9 .6 ) .  

F i g .  9.6. Sequence o f  r e a c t i o n s  i n  rad ioenzymat ic  assay f o r  2-phenylethylamine. 

T issue was f i r s t  homogenized i n  HC1 c o n t a i n i n g  an MA0 i n h i b i t o r ,  and a f t e r  c e n t r i -  

f uga t ion ,  an a l i q u o t  o f  t h e  supernatan t  was ad jus ted  t o  pH 11 and e x t r a c t e d  w i t h  

to luene.  

an i n i t i a l  p u r i f i c a t i o n  toge the r  w i t h  a c o n c e n t r a t i o n  o f  t h e  amine. The sample was 

then incubated  w i t h  a dopamine-beta-hydroxylase p r e p a r a t i o n  a t  pH 5.5, r e s u l t i n g  

i n  convers ion  o f  40-50% o f  t h e  PEA t o  PEOH under t h e  c o n d i t i o n s  used. The pH o f  

t h e  i n c u b a t i o n  medium was ad jus ted  t o  8.6 and t h e  convers ion  t o  t h e  p roduc t  N- 

methylPEOH was accomplished i n  t h e  presence o f  PNMT and 3H-SAM. E x t r a c t i o n  o f  

The PEA was then back e x t r a c t e d  i n t o  a smal l  volume o f  HC1, thus  p r o v i d i n g  
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t h e  p r o d u c t  was c a r r i e d  o u t  w i t h  t o l u e n e l i s o a m y l  a l c o h o l  w h i c h  was s u b s e q u e n t l y  

e v a p o r a t e d  t o  d ryness ,  w i t h  t h e  l o s s  o f  v o l a t i l e  c o n t a m i n a n t s .  The a s s a y  e x h i b i t e d  

a s e n s i t i v i t y  o f  100-200 pg. TLC i n d i c a t e d  t h a t  i n  excess  o f  95% o f  t h e  r a d i o -  

a c t i v i t y  r e c o v e r e d  was i s o g r a p h i c  w i t h  a u t h e n t i c  N-methyl-PEOH. The l e v e l s  o f  PEA 

i n  who le  r a t  b r a i n  d e t e r m i n e d  w i t h  t h i s  p r o c e d u r e  (1.5 ng /g )  were i n  good agreement  

w i t h  mass s p e c t r o m e t r i c  methods (60,61) .  

o f  dopamine-beta-hydroxylase f r o m  t h e  i n i t i a l  enzymic  c o n v e r s i o n  r e a c t i o n ;  t h i s  

i n d e e d  was e s s e n t i a l  as i t  a l l o w e d  d e t e r m i n a t i o n  o f  t h e  endogenous c o n c e n t r a t i o n  

o f  PEOH, an  amine w h i c h  w o u l d  o t h e r w i s e  l e a d  t o  an  e l e v a t e d  e s t i m a t i o n  o f  t h e  con- 

c e n t r a t i o n  o f  PEA. 

T i s s u e  b l a n k s  were o b t a i n e d  b y  e l i m i n a t i o n  

A s i m i l a r  p r o c e d u r e  has been used f o r  t h e  e s t i m a t i o n  o f  p-TA b y  T a l l m a n  gal. 
( 6 2 ) .  

s u b s e q u e n t l y  N - m e t h y l a t e d  t o  f o r m  s y n e p h r i n e  ( F i g .  9 .7 ) .  

TA i s  f i r s t  c o n v e r t e d  t o  oc topamine  w i t h  dopamine-beta-hydroxylase and  

OH OH 

F i g .  9.7. R a d i o e n z y m a t i c  assay  f o r  p - t y r a m i n e .  

The p r e - e x t r a c t i o n  and c o n c e n t r a t i o n  was c a r r i e d  o u t  w i t h  m e t h y l  a c e t a t e  as t h e  

o r g a n i c  s o l v e n t .  The e f f i c i e n c y  o f  t h e  i n i t i a l  b e t a - h y d r o x y l a t i o n  was f o u n d  t o  be 

90%. The o v e r a l l  assay  s e n s i t i v i t y  was r e d u c e d  t o  a l i m i t  o f  1 ng.  It was sug- 

g e s t e d  t h a t  t h i s  dec reased  s e n s i t i v i t y  compared t o  t h e  PEA assay  was due t o  t h e  

p o o r  recove ry .  o f  t h e  m e t h y l a t e d  p r o d u c t  s y n e p h r i n e  w i t h  t h e  t o l u e n e / i s o a m y l  a l c o h o l  

e x t r a c t i o n  s o l v e n t .  Because o f  t h e  more p o l a r  n a t u r e  o f  s y n e p h r i n e  compared t o  

N-methylphenylethanolamine, t h e  i s o a m y l  a l c o h o l  c o n t e n t  i n  t h e  e x t r a c t i o n  s o l v e n t  

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

i n  h i g h e r  b l a n k  v a l u e s  b e i n g  o b t a i n e d .  

t h e  use  o f  more o r  l e s s  p o l a r  s o l v e n t s  f o r  t h e  f i n a l  r e c o v e r y  o f  t h e  p r o d u c t  i n -  

e v i t a b l y  r e s u l t s  i n  a l a c k  o f  s p e c i f i c i t y .  

d i c a t e d  t h a t  i n  excess  o f  90% o f  t h e  r a d i o a c t i v i t y  co -ch romatog raphed  w i t h  a u t h e n t i c  

s y n e p h r i n e ,  t h e  h i g h  t i s s u e  b l a n k s  r e s u l t e d  i n  t h e  r e l a t i v e l y  l o w  s e n s i t i v i t y  o f  

t h i s  assay .  T h i s  a s s a y  o f  r a t  who le  b r a i n  v a l u e s  o f  p-TA g i v e s  r e s u l t s  w h i c h  a r e  

somewhat h i g h e r  t h a n  t h o s e  r e p o r t e d  u s i n g  mass s p e c t r o m e t r y  ( s e e  63)  o r  e l e c t r o n -  

c a p t u r e  gas c h r o m a t o g r a p h i c  ( 6 4 )  t e c h n i q u e s ,  and does n o t  p r o v i d e  s e p a r a t i o n  o f  

t h e  ;- and p - i s o m e r s  o f  TA. 

R e l i a n c e  i n  such an approach  s i m p l y  o n  

W h i l e  TLC a n a l y s i s  o f  t h e  e x t r a c t  i n -  
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9.6.2 Phenylethanolamine (PEOH) and octopamine (OA) 

d e r i v a t i v e s  i n  t h e  presence o f  PNMT and 3H-SAM was used by Harmar and Horn ( 6 5 )  t o  

q u a n t i t a t e  these amines (F ig .  9 .8) .  

A method based on t h e  convers ion  o f  PEOH and OA t o  t h e i r  a p p r o p r i a t e  N-methyl 

"3H-SAM 

OH OH 

F ig .  9.8. N-methy la t ion  i n  t h e  rad ioenzymat ic  a n a l y s i s  o f  phenylethanolamine and 
octopamine. 

Tissues were homogenized i n  T r i s  b u f f e r ,  pH 8.6, c o n t a i n i n g  an MA0 i n h i b i t o r ,  

and t h e  homogenates were subsequent ly b o i l e d  f o r  5 min a t  100" i n  o r d e r  t o  p re -  

c i p i t a t e  p r o t e i n  and des t roy  some unknown i n t e r f e r i n g  substances. 

a f t e r  c e n t r i f u g a t i o n ,  were incubated  w i t h  PNMT and 3H-SAM a t  37" and t h e  r e a c t i o n  

was stopped a f t e r  40 min by t h e  a d d i t i o n  o f  bo ra te  b u f f e r ,  pH 11. 

p roduc ts  were e x t r a c t e d  i n t o  e t h y l  ace ta te ,  which was then evaporated t o  dryness 

p r i o r  t o  t h e  p u r i f i c a t i o n  o f  t h e  produc ts  by TLC. The method e x h i b i t e d  a sens i -  

t i v i t y  o f  100 pg b u t  t h i s  was r e p o r t e d  t o  be i n s u f f i c i e n t  t o  a l l o w  t h e  q u a n t i t a t i o n  

o f  normal l e v e l s  o f  PEOH i n  b r a i n  t i s s u e .  Harmar and Horn found i t  necessary t o  

use TLC t o  p u r i f y  t he  r a c t i o n  produc ts  because, i n  t h e i r  hands, t he  s o l v e n t  ex- 

t r a c t i o n  procedures o f  Saavedra (66)  lacked s p e c i f i c i t y .  

Subsequent ly Dan ie lson g fl. ( 6 7 )  m o d i f i e d  t h e  above procedure by t h e  conver-  

s i o n  o f  t h e  N-methylated produc ts  t o  t h e i r  dansyl  d e r i v a t i v e s  a f t e r  t h e i r  s o l v e n t  

e x t r a c t i o n  w i t h  e t h y l  ace ta te .  The a p p r o p r i a t e  dansyl  d e r i v a t i v e s  were then sub- 

j e c t e d  t o  t h r e e  sequen t ia l  TLC separa t i ons  i n  d i f f e r e n t  s o l v e n t  systems p r i o r  t o  

t h e i r  q u a n t i f i c a t i o n  by LSC. The method had a l i m i t  o f  s e n s i t i v i t y  o f  10 pg and 

a l l owed  t h e  separa t i on  o f  m- and p - O A .  

i n  mammalian b r a i n  t i s s u e .  

The supernatan ts ,  

The r e a c t i o n  

The former isomer cou ld  n o t  be de tec ted  
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9.6.3 Tryptami ne (T) 

of T in  a number of t i s s u e s ,  including brain (68) .  The method involved ex t rac t ing  
T with a mixture of toluene a n d  isoamyl alcohol (97:3) and i t s  N-methylation using 
14C-SAM a n d  p a r t i a l l y  purif ied N-methyltransferase prepared from rabbi t  lung. The 
radiolabel led product was separated from i n t e r f e r i n g  substances by d i f f e r e n t i a l  
solvent  ex t rac t ion  and was shown t o  co-chromatograph on TLC, in  a number of solvent  
systems, with authent ic  T standards car r ied  through the  same procedure. The value 
obtained f o r  T i n  brain ( 2 2  n g / g )  was i n  good agreement w i t h  t h a t  reported using a 
fluorometric procedure ( 6 9 ) ,  b u t  was considerably higher t h a n  l eve ls  found using 
mass spectrometric (70,71 ,72) o r  electron-capture gas chromatographic (73) techniques. 

Saavedra a n d  Axelrod have employed a radioenzymatic procedure f o r  the analysis  

9.7 CONCLUSIONS 
The introduct ion of the radioenzymatic assay technique f o r  the biogenic amines 

a n d  i t s  subsequent extension t o  the  estimation of a number of metabolites of these 
substances gave considerable impetus t o  invest igat ions i n t o  the  functional relevance 
of these compounds. These methods displayed advantages i n  s e n s i t i v i t y  and, i n  some 
cases s p e c i f i c i t y ,  over the  procedures previously used t o  quant i ta te  these compounds. 
The l imited requirement f o r  capi ta l  equipment ensured the  rapid and widespread 
acceptance of the  methodology. I n  addi t ion,  most der iva t iza t ions  a n d  analyses a re  
done a t  r e l a t i v e l y  low temperatures, so t h a t  thermolabi l i ty ,  a fac tor  which may 
a r i s e  i n  gas chromatographic a n d  mass spectrometric techniques, does not usually 
pose a problem i n  radioenzymatic work. 

become apparent. The enzyme preparations required t o  accomplish the  methyl t r a n s f e r  
react ions have been commonly used in  an impure form; t h i s  i s  of no p a r t i c u l a r  dis- 
advantage i f  the l imi ta t ions  which i t  imposes a r e  rea l ized .  Many contain addi t ional  
enzymes; e .g .  decarboxylase a c t i v i t y  i s  f requent ly  present i n  preparations obtained 
from r a t  l i v e r  a n d  care  must be taken i n  t h e i r  use t o  ensure t h a t  decarboxylation 
of some substance i n  the  t i s s u e  e x t r a c t  wil l  not f a l s e l y  e leva te  the estimation of 
the compound of i n t e r e s t .  This problem i s  r e l a t i v e l y  easy t o  circumvent by the 
addi t ion of the appropriate  enzyme i n h i b i t o r s .  Considerable emphasis has been 
placed on  the s p e c i f i c i t y  endowed u p o n  the analysis  by the very s p e c i f i c i t y  of 
the  enzyme preparations used (e .g .  C O M T ) .  
i n  order t o  achieve the  s e n s i t i v i t y  a n d  s p e c i f i c i t y  obtained in  a number of the  
assays developed (e.g. Da Prada a n d  Zurcher (27) a n d  S a l l e r  and Zigmond ( 2 9 ) )  con- 
s iderable  care  must be taken i n  the separat ion and pur i f ica t ion  of the radioact ive 
products. 
t i s s u e  blank value must be obtained. and in  order t o  make accurate estimates of 
low sample concentrations (and therefore  low leve ls  of rad ioac t iv i ty  associated 
with i t ) ,  a low blank value i s  required. 

I n  p r inc ip le  the  approach has few disadvantages, b u t  i n  prac t ice  a number have 

I t  should be made c l e a r ,  however, t h a t  

In t h i s  regard i t  must a l so  be s t ressed  t h a t  an accurate estimate of the  

I t  i s  l a rge ly  due t o  the e f f i c i e n t  re- 
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d u c t i o n  o f  b lank  va lue  r a d i o a c t i v i t y  t h a t  such h i g h  s e n s i t i v i t i e s  have been achieved. 

i s  t h e  a b i l i t y  o f  c e r t a i n  m a t e r i a l s  t o  adsorb t o  g lass  sur faces .  

which must be cons idered i n  a l l  assay methods, was e x e m p l i f i e d  i n  t h e  f i r s t  r a d i o -  

enzymat ic method developed f o r  t h e  e s t i m a t i o n  o f  HA (53 ) ,  i n  which low and v a r i a b l e  

recovery  o f  t h e  produc t  was encountered. The problem was circumvented by t h e  

a d d i t i o n  o f  r e l a t i v e l y  l a r g e  amounts o f  c a r r i e r  m a t e r i a l .  I n  genera l ,  r a d i o -  

enzymat ic procedures pe rm i t  t h e  a n a l y s i s  o f  a l a r g e  number o f  samples i n  a r e l -  

a t i v e l y  s h o r t  p e r i o d  o f  t ime.  However, these assays have i n  some cases been 

c r i t i c i z e d  f o r  t h e i r  l a c k  o f  s p e c i f i c i t y .  Another problem which i s  u s u a l l y  a 

minor  one b u t  shou ld  be cons idered by t h e  p o t e n t i a l  user  o f  a rad ioenzymat ic  method 

i s  t he  d isposa l  o f  r a d i o a c t i v e  m a t e r i a l s  used i n  t h e  procedure.  

A f u r t h e r  problem a p p l i c a b l e  t o  t h e  q u a n t i t a t i o n  o f  low amounts o f  substances 

Th is  problem, 

Radioenzymatic methods con t inue  t o  be repo r ted ,  which a t t e s t s  t o  t h e i r  con- 

t i n u i n g  p o p u l a r i t y ;  t h e i r  s e n s i t i v i t y  and t h e  ease w i t h  which they  can be accom- 

p l i s h e d  ensure t h e i r  p lace  i n  t h e  cont inued i n v e s t i g a t i o n s  o f  t h e  f u n c t i o n a l  r o l e  

o f  t h e  b iogen ic  amines. 
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Chapter 10 

DETERMINATION OF BIOGENIC MINES AND THEIR METABOLITES BY HIGH-PERFORMANCE 

L I Q U I D  CHROMATOGRAPHY 

J.J. WARSH, A.S. CHIU AND D.D. GODSE 

Clarke  I n s t i t u t e  of Psych ia t ry ,  Un ive r s i ty  of Toronto,  Toronto,  On ta r io ,  Canada. 

10.1 INTRODUCTION 

U n d e r s t a n d i n g  t h e  r o l e  of b i o g e n i c  amines  i n  c e n t r a l  n e r v o u s  s y s t e m  (CNS) 

f u n c t i o n  and In  neu ropsych ia t r i c  d i s o r d e r s  has been con t ingen t  upon t h e  deve lopmen t  

o f  h igh ly  s e n s i t i v e  and a c c u r a t e  assays  of t hese  subs tances  and t h e i r  me tabo l i t e s  i n  

b i o l o g i c a l  s a m p l e s .  The e a r l i e s t  p h y s i c o - c h e m i c a l  methods  f o r  measurement  of 

b iogen ic  amine compounds ( t h e  pa ren t  amines, p r e c u r s o r s  and m e t a b o l i t e s ;  b i o g e n i c  

amine compounds; BACs) i n v o l v e d  t h e i r  i s o l a t i o n  and p u r i f i c a t i o n  f rom complex  

b i o l o g i c a l  ma t r i ces  by l i q u i d - l i q u i d  p a r t i t i o n i n g  o r  a d s o r p t i o n  on i on -exchange  

columns, followed by q u a n t i t a t i v e  f l u o r e s c e n c e  d e t e c t i o n  [1-4]. A l t h o u g h  t h e s e  

methods were ve ry  u s e f u l  i n  t h e  i n v e s t i g a t i o n  of CNS biogenic  amine m e t a b o l i s m  and 

f u n c t i o n ,  they  were l i m i t e d  e s p e c i a l l y  w i t h  r e s p e c t  t o  p r a c t i c a l  work ing  a s s a y  

s e n s i t i v i t y ,  which r a r e l y  exceeded 25 ng per sample. T h i s  p r e v e n t e d  t h e  r e l i a b l e  

measurement  o f  B A C s  i n  s m a l l  b r a i n  r e g i o n s  o r  i n  s m a l l  ( <  1 m l )  a m o u n t s  o f  

c e r e b r o s p i n a l  f l u i d  (CSF) o r  blood. 

I n  t h e  e a r l y  1970's s e v e r a l  new h i g h l y  s e n s i t i v e  a n a l y t i c a l  t e c h n i q u e s  were 

in t roduced  f o r  t h e  de t e rmina t ion  of BACs. Radioenzymatic procedures which employed 

methyl at  i n g  enzymes and 3H-S-adenosyl-me t h i o n i n e  permi t t e d  de t e rmina t  i o n  o f  m e t  h y 1- 

accep t ing  BACs at low picogram l e v e l s .  Gas c h r o m a t o g r a p h y  w i t h  e l e c t r o n  c a p t u r e  

d e t e c t i o n  a l s o  provided a h igh ly  s e n s i t i v e  technique f o r  t he  d e t e r m i n a t i o n  o f  some 

BACs, p a r t i c u l a r l y  when used in con junc t ion  wi th  c a p i l l a r y  gas  ch romatography  ( s e e  

Baker &. , t h i s  volume). However, t h i s  p r o c e d u r e  h a s  n o t  been  w i d e l y  a p p l i e d  

because o f  t h e  n o n - s e l e c t i v i t y  o f  e l e c t r o n - c a p t u r e  d e t e c t i o n  and t h e  need f o r  

format ion  of s u i t a b l e  v o l a t i l e  halogenated d e r i v a t i v e s  f o r  s e p a r a t i o n  and d e t e c t i o n .  

Gas chromatography wi th  mass fragmentographic d e t e c t i o n  (GC-MS) has  o f f e red  a h igh ly  

s e n s i t i v e  and s p e c i f i c  means o f  d e t e r m i n i n g  a wide  v a r i e t y  o f  B A C s  [5-71, bu t  

i nvo lves  c o s t l y  in s t rumen ta t ion  which is complex t o  o p e r a t e  and r e q u i r e s  c h e m i c a l  

t r ans fo rma t ion  of BACs i n t o  s u i t a b l y  v o l a t i l e  d e r i v a t i v e s  f o r  de t e rmina t ion .  
The r ecen t  i n t r o d u c t i o n  of high-performance l i q u i d  chromatography (HPLC) i n t o  the  

f i e l d  o f  BAC a n a l y s i s  r e s u l t e d  in t h e  r a p i d  deve lopmen t  of a number  o f  v e r y  

s e n s i t i v e  and s p e c i f i c  me thods  f o r  BAC measurement  i n  b i o l o g i c a l  s a m p l e s .  The 

technique  of HPLC came i n t o  e x i s t e n c e  about 15 y e a r s  ago, but  p r a c t i c a l  a p p l i c a t i o n  
o f  t h i s  p h y s i c o - c h e m i c a l  method f o r  d e t e r m i n a t i o n  o f  compounds of b i o l o g i c a l  
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i n t e r e s t  was d e l a y e d  by t h e  l a c k  o f  s u i t a b l e  column and d e t e c t o r  t e c h n o l o g y .  

I n t r o d u c t i o n  of p e l l i c u l a r  ion-exchange so rben t s  (30-40 p m  p a r t i c l e  s i z e )  and v e r y  

s e n s i t i v e  low dead volume f luo rescence  and e l e c t r o c h e m i c a l  d e t e c t o r s  l e n d  t o  t h e  

r a p i d  a p p l i c a t i o n  of HPLC t o  measure BACs. The r e l a t i v e l y  low ins t rumen ta l  c o s t  and 

t h e  s i m p l i c i t y  and f l e x i b i l i t y ,  p a r t i c u l a r l y  of reversed-phase HPLC t e c h n i q u e s ,  made 

t h e s e  the  p r e f e r r e d  methods  f o r  d e t e r m i n a t i o n  of p o l a r  b i o g e n i c  amines  s u c h  as 

norad rena l ine  (NA), dopamine (DA), s e r o t o n i n  (5-HT) and a number of t h e i r  r e s p e c t i v e  

m e t a b o l i t e s .  In t h i s  r e v i e w  w e  w i l l  c o n s i d e r  i n  d e p t h  t h e  u t i l i t y  of HPLC, in 

combination wi th  c u r r e n t l y  a v a i l a b l e  d e t e c t o r  s y s t e m s ,  f o r  t h e  a s s a y  o f  B A C s  in 

b i o l o g i c a l  s a m p l e s .  P r i n c i p l e s  o f  c h r o m a t o g r a p h i c  s e p a r a t i o n  r e l e v a n t  t o  t h e  

measu remen t  o f  t h e s e  a n a l y t e s  w i l l  be  c o n s i d e r e d  w i t h  p a r t i c u l a r  e m p h a s i s  on 

s p e c i f i c  f a c t o r s  a f f e c t i n g  t h e  s e p a r a t i o n  and r e s o l u t i o n  o f  B A C s  on v a r i o u s  

commercially a v a i l a b l e  so rben t s .  With r e s p e c t  t o  d e t e c t i o n  s y s t e m s ,  t h i s  r e v i e w  

w i l l  focus  p r i m a r i l y  on t h e  f l u o r e s c e n c e  and e l e c t r o c h e m i c a l  d e t e c t o r s ,  b o t h  of 

which have now been widely used f o r  t h e  measurement  o f  B A C s .  O t h e r  o p t i c a l  and 

vapour phase HPLC d e t e c t i o n  systems w i l l  be cons idered  only  in pass ing  to  p o i n t  o u t  

l i m i t a t i o n s  o r  p o t e n t i a l  f u t u r e  d e v e l o p m e n t s  in d e t e c t o r  t e c h n o l o g y .  The main 

emphasis of t h i s  review w i l l  be on t he  p r a c t i c a l  a p p l i c a t i o n  o f  HPLC t o  d e t e r m i n e  

BACs in a v a r i e t y  of b i o l o g i c a l  samples. In t h i s  r e g a r d ,  w e  w i l l  a l s o  emphas ize  

impor t an t  i s s u e s  i n  sample p repa ra t ion  and ana ly t e  i s o l a t i o n  and p u r i f i c a t i o n  p r i o r  

t o  HPLC a n a l y s i s .  

10.2 PRINCIPLES OF HPLC SEPARATION AM) DETECTION OFPIOGENIC MINES 

Although t h e r e  has been s u b s t a n t i a l  e f f o r t  t o  s impl i fy  chemica l  a s s a y s  of B A C s ,  

t h e  m a j o r i t y  of physico-chemical procedures ,  r e g a r d l e s s  o f  t h e  mode o f  d e t e c t i o n ,  

have involved i s o l a t i o n  from t h e  b i o l o g i c a l  m a t r i x  f o l l o w e d  by s e p a r a t i o n  o f  t h e  

i n d i v i d u a l  compounds p r i o r  t o  q u a n t i t a t i v e  d e t e c t i o n .  I n  t he  main, t hese  p r i n c i p l e s  

s t i l l  hold in t he  a p p l i c a t i o n  of HPLC to  d e t e r m i n a t i o n  o f  t h e s e  s u b s t a n c e s .  The 

i n t r o d u c t i o n  of high r e s o l u t i o n  bonded reversed-phase so rben t s  has made i t  p o s s i b l e  

t o  de te rmine  s e l e c t e d  BACs  d i r e c t l y  in t he  supe rna tan t s  of t i s s u e  homogenates o r  CSF 

wi thou t  e x t e n s i v e  sample p u r i f i c a t i o n  p r i o r  t o  HPLC a n a l y s i s .  In s p i t e  of t h i s ,  t he  

a p p l i c a t i o n  of such d i r e c t  p rocedures  i s  in gene ra l  l i m i t e d  t o  s p e c i f i c  b i o l o g i c a l  

ma t r i ces  o r  groups of BACs as w i l l  be cons idered  i n  a l a t e r  s e c t i o n  of t h i s  review. 

The development of high s e n s i t i v i t y  f luo rescence  and e l e c t r o c h e m i c a l  d e t e c t o r s  

was a c r i t i c a l  an tecedant  f o r  t h e  s u c c e s s f u l  a p p l i c a t i o n  of HPLC t o  BAC measurement. 
Using c u r r e n t  d e t e c t o r  t e c h n o l o g y  t h e  s p e c i f i c i t y  of HPLC methods  f o r  B A C s  is 

p r i m a r i l y  d e p e n d e n t  upon t h e  c h r o m a t o g r a p h i c  s e p a r a t i o n  p r o c e s s  a n d  n o t  t h e  

d e t e c t o r s ,  as t he  l a t t e r  have been employed in r e l a t i v e l y  n o n - s e l e c t i v e  modes of 

o p e r a t i o n .  The i m p o r t a n c e  o f  t h e  column c h r o m a t o g r a p h i c  s e p a r a t i o n  t o  t h e  

s p e c i f i c i t y  and accuracy of t hese  HPLC assays  d i c t a t e s  a more in-depth cons ide ra t ion  
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of t h e  c r i t i c a l  f a c t o r s  i n f luenc ing  t h e  HPLC s e p a r a t i o n  of BACs. 

10.2.1 Chromatographic Sepa ra t ion  

The b a s i c  mechanism o f  a n a l y t e  s e p a r a t i o n  common t o  a l l  f o r m s  o f  l i q u i d  

c h r o m a t o g r a p h y  i n v o l v e s  t h e  mass  t r a n s f e r  o f  a n a l y t e  be tween  t h e  m o b i l e  and  

s t a t i o n a r y  phases.  The mass t r a n s f e r  process  in HPLC is dependent upon such f a c t o r s  

as s o r b e n t  s u r f a c e  a r e a  and e l e c t r i c a l  c h a r g e ,  a n a l y t e  e l e c t r i c a l  c h a r g e  and  

p o l a r i t y ,  and mobile phase composition and p o l a r i t y .  With r e spec t  t o  s u r f a c e  a r e a ,  

t h e  p e l l i c u l a r  o r  m i c r o p a r t i c u l a t e  so rben t s  of HPLC columns have  c o n s i d e r a b l y  more 
u n i f o r m  p a r t i c l e  s i z e  and much g r e a t e r  a c t i v e  s u r f a c e  areas c o m p a r e d  t o  t h e  

an tecedan t  g rav i ty - f ed  open column so rben t s .  A s  a r e s u l t ,  zone spreading  of s o l u t e s  

is s u b s t a n t i a l l y  reduced due t o  much f a s t e r  mass t r a n s f e r  and more uniform pa thways  

of s o l u t e  migra t ion .  This  phenomenon c o n t r i b u t e s  s i g n i f i c a n t l y  t o  t h e  v e r y  h i g h  
column e f f i c i e n c i e s  and d r a m a t i c a l l y  i m p r o v e d  r e s o l u t i o n  o f  a n a l y t e  p e a k s  

c h a r a c t e r i s t i c  of HPLC. However, as a l luded  t o  above, the  q u a l i t y  of r e s o l u t i o n  in 

HPLC d e p e n d s  n o t  o n l y  on t h e  column e f f i c i e n c y ,  f o r  w h i c h  t h e  m a j o r i t y  o f  

commercially a v a i l a b l e  HPLC co lumns  exceed  1 , 0 0 0  p l a t e s  p e r  meter, b u t  a l s o  t h e  

column s e l e c t i v i t y  and composition of t h e  m o b i l e  p h a s e ,  and t h e s e  l a t t e r  f a c t o r s  

vary  in t h e  d i f f e r e n t  modes of HPLC ope ra t ion .  Indeed, t h e  p r e s e n t  c l a s s i f i c a t i o n  

o f  H P L C  is based  on t h e  ?ode of o p e r a t i o n  o r  t h e  p r i n c i p a l  p h y s i c o - c h e m i c a l  

i n t e r a c t i o n s  under ly ing  t h e  mass t r a n s f e r  process  f o r  a p a r t i c u l a r  s o r b e n t  . Thus ,  

HPLC is g e n e r a l l y  c l a s s i f i e d  i n t o  no rma l  p h a s e ,  i on -exchange  and r e v e r s e d - p h a s e  

chromatographies ,  depending on whether t h e  p r i n c i p a l  phys i ca l  p r o c e s s e s  u n d e r l y i n g  

a n a l y t e  s e p a r a t i o n  invo lve  adso rp t ion ,  i o n i c  a f f i n i t y  o r  phase p a r t i t i o n .  

Ion-exchange  HPLC was t h e  f i r s t  mode o f  HPLC t o  be  s u c c e s s f u l l y  a p p l i e d  t o  

measurement of ca t echo lan ines  (CAs) and 5-HT in t i s s u e s  and u r i n e .  T h i s  mode of 

HPLC has now been almost t o t a l l y  supplanted  by the  use  of reversed-phase HPLC (RPLC) 

f o r  t h e  a s say  of BACs.  These l a t t e r  two modes of HPLC w i l l  be cons idered  in g r e a t e r  

d e t a i l .  Normal p h a s e  c h r o m a t o g r a p h y ,  on t h e  o t h e r  h a n d ,  h a s  n o t  p r o v e d  o f  

s i g n i f i c a n t  u t i l i t y  f o r  BAC measurement f o r  a number of r e a s o n s .  F i r s t l y ,  normal  

phase s o r b e n t s  are q u i t e  s u s c e p t i b l e  t o  d e t e r i o r a t i o n  when used in t h e  a n a l y s i s  o f  

b i o l o g i c a l  samples. I n t e r a c t i o n  between i m p u r i t i e s  in t h e  b i o l o g i c a l  m a t r i x  and 

a c t i v e  so rben t  groups r e s u l t s  in r ap id  so rben t  d e t e r i o r a t i o n  and subsequent  loss o f  

r e s o l v i n g  c a p a c i t y .  The p r o c e s s (  e s )  c o n t r i b u t i n g  t o  t h i s  d e t e r i o r a t i o n  l i k e l y  

involve  ac id  o r  base h y d r o l y s i s ,  o r  c o v a l e n t  bond ing  of p o l a r  s o r b e n t  f u n c t i o n a l  

groups wi th  b i o l o g i c a l  i m p u r i t i e s  [8]. S e c o n d l y ,  t h e  l o n g  column e q u i l i b r a t i o n  

times necessary  t o  achieve  s u i t a b l e  ope ra t ing  c o n d i t i o n s  s u b s t a n t i a l l y  l i m i t s  t h e  

u t i l i t y  of t h i s  mode of chromatographic sepa ra t ion .  F i n a l l y ,  t he  hydrophobic mobile 

p h a s e s  r e q u i r e d  in norma l  p h a s e  l i q u i d  c h r o m a t o g r a p h y  h a v e  p o o r  e l e c t r i c a l  

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

e l ec t rochemica l  d e t e c t o r  [ 9 ] .  Desp i t e  t h e s e  s i g n i f i c a n t  d r a w b a c k s ,  normal  phase  
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sys tems may be s u i t a b l e  f o r  v e r y  s e l e c t i v e  a p p l i c a t i o n s  s u c h  as t h e  s e p a r a t i o n  o f  
some of t h e  h i g h l y  p o l a r  m e t a b o l i t e s  o f  b i o g e n i c  a m i n e s :  f o r  e x a m p l e ,  t h e  

s e p a r a t i o n  of DA s u l p h a t e  c o n j u g a t e s  in human u r i n e  [ l o ] .  F u r t h e r m o r e ,  c h e m i c a l l y  

bonded normal phase s o r b e n t s  have been r e c e n t l y  d e v e l o p e d  in w h i c h  t h e  s u p p o r t i n g  

matrix is d e r i v a t i z e d  w i t h  f u n c t i o n a l  groups  of s e l e c t i v e  p o l a r i t y ,  s u c h  as h l g h l y  

p o l a r  amino groups  o r  t h e  less p o l a r  c y a n o  and  d i o l  m o i e t i e s  [ll]. S u c h  bonded 

normal  phase  s o r b e n t s  a l low improved column s e l e c t i v i t y  and  s t a b i l i t y  and in t h e  

f u t u r e  may f u r t h e r  ex tend  t h e  u t i l i t y  of normal phase HPLC in BAC a n a l y s i s .  

(i) Ion-exchange HPLC. A s  in c o n v e n t i o n a l  ion-exchange chromatography,  s o l u t e s  

which r e a d i l y  i o n i z e  i n  b u f f e r e d  sys tems may be s e p a r a t e d  by t h e i r  r e l a t i v e  i o n i c  

a f f i n i t y  t o  a s o r b e n t  which has  f u n c t i o n a l  groups  of o p p o s i t e  c h a r g e  under  t h e  same 
c o n d i t i o n s .  The BACs may be  c a t e g o r i z e d  into b a s i c  ( a m i n e s ) ,  a c i d i c  ( a c i d i c  

m e t a b o l i t e s )  and n e u t r a l  ( g l y c o l  and a l c o h o l  m e t a b o l i t e s )  groups .  Some of t h e  b a s i c  

and a c i d i c  compounds may be r e s o l v e d  by c a t i o n -  and anion-exchange h igh-per  f o r m a n c e  

t e c h n i q u e s ,  r e s p e c t i v e l y .  However ,  i o n - e x c h a n g e  HPLC is n o t  s u i t a b l e  f o r  

d e t e r m i n a t i o n  of u n c o n j u g a t e d  n e u t r a l  m e t a b o l i t e s  s u c h  as 3-methoxy-4-hydroxy- 

p h e n y l e t h y l e n e g l y c o l  (MOPEG) , 3,4-dihydroxyphenylethyleneglycol (DOPEG) o r  

5-hydroxyt ryptophol  (5-HTOL), which do n o t  r e a d i l y  i o n i z e  u n l e s s  extreme a l k a l i n e  pH 

is used. 
( a )  Parameters  a f f e c t i n g  s e p a r a t i o n  and  r e s o l u t i o n .  In t h e  a p p l i c a t i o n  of  

ion-exchange HPLC t o  BAC measurement,  column s e l e c t i v i t y  is more i m p o r t a n t  t h a n  t h e  

mobi le  phase  c o m p o s i t i o n  and  c o n d i t i o n s  in t h e  c o n t r o l  o f  s o l u t e  r e t e n t i o n  and 

s e p a r a t i o n .  Column s e l e c t i v i t y  d e p e n d s  on t h e  s t r u c t u r a l  and p h y s i c o - c h e m i c a l  

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

b a s i c  and a c i d i c  BACs by i o n - e x c h a n g e  HPLC h a s  b e e n  p e r f o r m e d  u s i n g  o n e  of f o u r  

bonded p h a s e ,  s t r o n g  i o n - e x c h a n g e  s o r b e n t s  ( T a b l e  10.1).  S t r u c t u r a l l y ,  t h e s e  

s o r b e n t s  h a v e  f u n c t i o n a l  g r o u p s  d e r i v a t i z e d  on s i l i c a - b a s e d  p a r t i c l e s  t h r o u g h  

s i l o x a n e  b o n d i n g .  T h e s e  s o r b e n t s  c o n s i s t  o f  t h r e e  t y p e s :  t o t a l l y  p o r o u s  

m i c r o p a r t i c u l a t e  p a r t i c l e s  ( N u c l e o s i l )  , s u p e r f i c i a l l y  p o r o u s  s p h e r i c a l  p a r t i c l e s  
(Vydac and Zipax) ,  and non-porous p e l l i c u l a r  p a r t i c l e s  ( C o r a s i l )  . As shown in T a b l e  

10.1, t h e  p a r t i c l e  s i z e  of t h e s e  s o r b e n t s  v a r i e s  f r o m  10 v m  ( N u c l e o s i l )  t o  5 0  v m  
( C o r a s i l ) .  

The major chemica l  i n t e r a c t i o n  between t h e s e  s o r b e n t s  and t h e  b a s i c  and  a c i d i c  

BACs i n v o l v e s  ion exchange by v i r t u e  of t h e  complementary  f u n c t i o n a l  s i d e  g r o u p s .  

However, o t h e r  p o o r l y  unders tood  physico-chemical i n t e r a c t i o n s  may a l s o  p a r t i c i p a t e  
in t h e  s e p a r a t i o n  (mass t r a n s f e r )  p r o c e s s  [12]. It h a s  b e e n  s u g g e s t e d  t h a t  t h e  

s e p a r a t i o n  of o r g a n i c  compounds by ion-exchange HPLC i n v o l v e s  b o t h  e l e c t r o s t a t i c  and 
hydrophobic i n t e r a c t i o n s ,  l e a d i n g  some workers t o  s u g g e s t  t h a t  t h i s  mode of HPLC is 

a subca tegory  of RF'LC [13]. This la t ter  n o t i o n  may account in p a r t  f o r  t h e  s imi la r  
e l u t i o n  sequence of b i o g e n i c  amines from cation-exchange and reversed-phase  c o l u m n s  

as d e s c r i b e d  later.  
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TABLE 10.1  

Common bonded-phase ion-exchange so rben t s  used f o r  de t e rmina t ion  of 

b a s i c  and a c i d i c  BACs 

N a m e  Supp l i e r  P a r t i c l e  P a r t i c l e  Ion-Exchange 

-I__-____ S i z e  (pm) - Type a Capac i tyb -  

Cat ion-exchange r e s i n s  : 

C o r a s i l  CX Waters 37-50 P 0.03-0.04 

Nuc leos i l  SA Machery h Nagel 10( Average) MP 1 

Vydac SCX Sepa ra t ion  Groups 30-44 
Zipax SCX DuPont 25-37 

SP 

SP 
0.1 

5 

Anion-exchange r e s i n s :  

Vydac SAX Separa t ion  Groups 30-44 SP Not a v a i l a b l e  

Zipax SAX DuPont 25-37 SP 1 2  

a P = P e l l i c u l a r ;  MP = M i c r o p a r t i c u l a t e  t o t a l l y  porous; 

SP = s u p e r f i c i a l l y  porous; 

Meqfg d ry  weight.  

I n  ion-exchange HPLC, t h e  i o n i c  s t r e n g t h  and pH of the  b u f f e r  are t h e  p r i n c i p a l  

mobile phase parameters  a f f e c t i n g  s o l u t e  r e t e n t i o n  and r e s o l u t i o n .  I n c r e a s e  i n  t h e  

b u f f e r  i o n i c  s t r e n g t h  dec reases  s o l u t e  r e t e n t i o n  ( o r  c a p a c i t y  f a c t o r ,  k') due to  the  

decreased  a b i l i t y  of a n a l y t e  i o n s  t o  compete wi th  t h e  mobile phase i o n i c  spec ie s  f o r  

a c t i v e  s i t e s  on t h e  so rben t .  Modi f ica t ion  of t he  mobile phase pH a f f e c t s  r e t e n t i o n  

and s e p a r a t i o n  o f  a d j a c e n t  e l u a t e  peaks .  However, as e x p l a i n e d  by Snyder  and 

Kir land  [ 1 2 ] ,  changes i n  s e l e c t i v i t y  as a func t ion  of pH are  d i f f i c u l t  t o  p r e d i c t  

and  u s u a l l y  have  t o  be  d e t e r m i n e d  on a t r i a l - a n d - e r r o r  b a s i s .  The  s p e c i f i c  
c o n t r i b u t i o n  of each of t hese  f a c t o r s  t o  the  s e p a r a t i o n  of BACshas no t  been s t u d i e d  

e x t e n s i v e l y .  The low exchange c a p a c i t y  o f  bonded p h a s e  co lumns  ( s e e  T a b l e  1 0 . 1 )  

c o n s t r a i n s  t h e  upper l i m i t  of mobile phase i o n i c  s t r e n g t h ,  thus  a f f e c t i n g  the  use of 

t h i s  p a r a m e t e r  t o  m a n i p u l a t e  t h e  r e t e n t i o n  o f  B A C s .  F u r t h e r m o r e ,  s i n c e  t h e  
mechanisms governing r e t e n t i o n  and r e s o l u t i o n  of BACs i n  t he  ion-exchange sepa ra t ion  

mode are incomple te ly  unde r s tood ,  t h e  e f f e c t  o f  a l t e r i n g  t h e  m o b i l e  phase  pH t o  

modify t h e  r e s o l u t i o n  of a n a l y t e s  may a l s o  be  u n p r e d i c t a b l e .  C o n s e q u e n t l y ,  t h e  

types  and c h a r a c t e r i s t i c s  o f  t h e  m o b i l e  p h a s e s  u s e d  and t h e  c h o i c e  o f  s o r b e n t  

employed f o r  BAC assay  have been p r imar i ly  empi r i ca l ly  der ived .  
I n  g e n e r a l ,  c i t r i c  acid/sodium a c e t a t e  mobile phase  b u f f e r s  (pH 5 .2 )  h a v e  been  

employed i n  cation-exchange HPLC assays  of bas i c  BACs, whereas sodium a c e t a t e  bu f fe r  
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(pH 4.4) has  been used f o r  t he  assay of a c i d i c  BACs on anion-exchange HPLC columns.  

A t  t hese  pH va lues  the  amines and t h e i r  a c i d i c  m e t a b o l i t e s  are p r e d o m i n a n t l y  in 

t h e i r  r e s p e c t i v e  ionized forms, favourable  f o r  ion-exchange i n t e r a c t i o n s .  Using the 

same c i t r a t e / a c e t a t e  mobile phase (pH 5 .2 ) ,  base l ine  sepa ra t ion  of b ra in  and plasma 

NA, ad rena l ine  (A) and DA has been demonstrated on C o r a s i l  CX [14,15] and Vydac SCX 

columns [ 1 6 , 1 7 ] .  However, t h e  commonly used i n t e r n a l  s t a n d a r d  3 ,4 -d ihydroxy-  

benzylamine (DHBA) co-chromatographs with A on t h e s e  columns.  In c o m p a r i s o n ,  N A ,  

DHBA, A and DA are w e l l  resolved from each  o t h e r  on N u c l e o s i l  10-A columns (Fig. 

10.1A) [ 1 8 , 1 9 ] .  These l a t t e r  a u t h o r s  d i d  n o t  p r o v i d e  an e x p l a n a t i o n  f o r  t h e  

s u c c e s s f u l  s epa ra t ion  of t h i s  group of CAs on Nucleos i l  10-A columns, but t h e i r  da t a  

i n d i c a t e  t h a t  t he  t o t a l l y  porous mic ropa r t i cu la t e  sorbent  (average p a r t i c l e  s i z e  10 
IJ m) o f f e r s  s u p e r i o r  r e s o l u t i o n  and s e l e c t i v i t y  c o m p a r e d  t o  t h e  p e l l i c u l a r  

non-porous and s u p e r f i c i a l l y  po rous  s p h e r i c a l  s o r b e n t s .  S p e c u l a t i v e l y ,  t h e  

mechanisms c o n t r i b u t i n g  t o  t h i s  s u p e r i o r  r e s o l u t i o n  may i n v o l v e  p h y s i c a l  

i n t e r a c t i o n s  between the  d e r i v a t i z e d  s i l i c a  s o r b e n t  m a t r i x  and t h e s e  C A s  b e s i d e s  

ion exchange (e .g .  hydrophobic i n t e r a c t i o n s ) .  

The simultaneous s e p a r a t i o n  of 5-HT a l o n g  w i t h  t h e  N A ,  A and DA has  n o t  been 

achieved using any of  t h e  t h r e e  ion-exchange s o r b e n t s  c o n s i d e r e d  above.  I t  is 

p o s s i b l e ,  however, t o  s e p a r a t e  DA and 5-HT on Zipax SCX (F ig .  10.1B) [20,21],  bu t  

on Vydac So( t h e  5-HT e l u t e s  with a long r e t e n t i o n  time ( >  30 min)  and is p o o r l y  

resolved "221. In comparison, Vydac SCX p r o v i d e s  good s e p a r a t i o n s  of  N A  and D A  

(Fig. l O . l C ) ,  but  on Zipax  SCX t h e  N A  e l u t e s  v e r y  c l o s e  t o  o r  merges w i t h  t h e  

s o l v e n t  peak [22 ] .  
T h e r e  a r e  o n l y  a few r e p o r t s  on t h e  u s e  o f  a n i o n - e x c h a n g e  HPLC f o r  t h e  

de t e rmina t ion  of a c i d i c  me tabo l i t e s  of biogenic  amines. Urinary h o m o v a n i l l i c  a c i d  

(HVA) and 3,4-dihydroxyphenylacetic acid (DOPAC) have  been  d e t e r m i n e d  u s i n g  Vydac 

SAX [23] and Zipax SAX [24] anion-exchange HPLC, r e spec t ive ly .  The CSF HVA,  DOPAC 

and 5-hydroxyindoleacetic ac id  (5-HIAA) have been a s s a y e d  w i t h  Z ipax  SAX [ 2 5 ]  and 

b r a i n  5-HIAA with Aminex 5-A anion-exchange columns [26 ] .  Unfortunately,  r e s o l u t i o n  

of  t hese  a c i d i c  me tabo l i t e s  on t he  bonded phase Vydac and Zipax SAX columns is poor. 

This  l e a d s  t o  i n s u f f i c i e n t  s epa ra t ion  of t hese  compounds from o t h e r  unknown a c i d i c  

s o l u t e s .  The swe l l ing  e f f e c t  of t he  polystyrene d i v i n y l  benzene Aminex 5-A in i t s  

mobile p h a s e  and i t s  low e f f i c i e n c y  a t  room t e m p e r a t u r e  [ll] have  l i m i t e d  t h e  

gene ra l  u t i l i t y  of t h i s  t y p e  of  anion-exchange s o r b e n t  f o r  t h e  a s s a y  of  a c i d i c  

me tabo l i t e s .  

(b) Merits and l i m i t a t i o n s  of  ion-exchange HPLC. Despi te  t h e  s i g n i f i c a n t  r o l e  

of ion-exchange HPLC in promoting and e s t a b l i s h i n g  t h e  use of HPLC f o r  determinat ion 

o f  B A C s ,  t h i s  mode of  HPLC h a s  major  l i m i t a t i o n s  as may be g l e a n e d  f r o m  t h e  

foregoing cons ide ra t ions .  Obv ious ly  t h e  a p p l i c a t i o n  of  a p a r t i c u l a r  s o r b e n t  i s  
l i m i t e d  t o  s e p a r a t i o n  o f  i o n i c a l l y  c o m p a t i b l e  s u b s t a n c e s .  S e c o n d l y ,  opt imum 

chromatographic sepa ra t ion  of ana ly t e s  on ion-exchange HPLC depends  p r i m a r i l y  on 



209 

- 
0 10 20 mln 

NA 

2x IX 

.1 

0 10 POrnln 

T 

1 
OlnA 

0 10 20 50 mln 

Fig. 10.1 Separation of BACs by cation-exchange HPLC. Chromatographic 
systems employed: ( A )  Nucleosil 10-A (redrawn and reproduced 
with permission from Allenmark and Hedman [ 193) ; ( B )  Zipax 
SCX (redrawn and reproduced with permission from Warsh e t  al. 
[135]) ; ( C )  Vydac SCX (chromatographic conditions same as 
( B ) ) ;  ( D )  LiChrosorb Cg (redrawn with permission from Warsh 
e t  a l .  [453) .  
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column s e l e c t i v i t y .  Th i s  sorbent-dependent f a c t o r  f u r t h e r  l i m i t s  t h e  f l e x i b i l i t y  

and  u t i l i t y  o f  t h i s  mode of HPLC. T h i r d l y ,  t h e r e  is s t i l l  n o t  a c o m p l e t e  

unders tanding  of a l l  of t h e  f a c t o r s  a f f e c t i n g  t h e  i n t e r a c t i o n  be tween  s o l u t e s  and 

ion -exchange  s o r b e n t s .  Thus  t h e  r a t i o n a l  p r e d i c t i o n  o f  a n a l y t e  r e t e n t i o n  on 

ion-exchange so rben t s  is d i f f i c u l t .  F i n a l l y ,  f rom a p r a c t i c a l  p e r s p e c t i v e ,  t h e  

working l i f e t i m e  o f  i on -exchange  HPLC columns  is g e n e r a l l y  s h o r t  (<  400 sample  

ana lyses )  and techniques  f o r  column r e g e n e r a t i o n  have  n o t  y e t  been  d e v e l o p e d  o r  

desc r ibed .  

The merits of ion-exchange HPLC lie p r i n c i p a l l y  in low c o s t ,  r e l i a b i l i t y  and 

accu racy  f o r  s e l e c t i v e  a p p l i c a t i o n s  s u c h  a s  measurement  o f  C A s  and 5-HT [Zl]. 

However, t h e  use  o f  i on -exchange  HPLC f o r  t h e  a s s a y  o f  B A C s  h a s  been  v i r t u a l l y  

o u t d a t e d  by t h e  a d v a n c e s  in t h e  r e v e r s e d - p h a s e  mode of HPLC. In c o n t r a s t  t o  

ion-exchange HPLC, t h i s  l a t t e r  technique  permi ts  s u p e r i o r  r e s o l u t i o n  ( F i g . 1 0 .  ZD) , 
v e r s a t i l i t y  and e f f i c i e n c y  and a c l ea re r  r a t i o n a l e  f o r  s o r b e n t  and m o b i l e  phase  

s e l e c t i o n .  

(ii) Reversed-phase HPLC (RPLC). A l though  i n t r o d u c e d  o v e r  t h i r t y  y e a r s  ago 

1271, t h e  a p p l i c a t i o n  o f  r e v e r s e d - p h a s e  t e c h n i q u e s  f o r  q u a n t i t a t i v e  a s s a y  o f  

b i o l o g i c a l  compounds on ly  occurred  a f t e r  t h e  necessary  technology was h a r n e s s e d  t o  
produce chemically-bonded m i c r o p a r t i c u l a t e  r e v e r s e d - p h a s e  s o r b e n t s  o f  c o n s i s t e n t  

un i fo rmi ty .  Unl ike  normal phase HPLC t h i s  mode of chromatography invo lves  t h e  use of 

n o n - p o l a r  s t a t i o n a r y  p h a s e s  and p o l a r  e l u e n t s .  The RPLC o f f e r s  s i g n i f i c a n t  

advantages  over  bo th  ion-exchange and normal phase modes of ope ra t ion ,  p a r t i c u l a r l y  

w i t h  r e s p e c t  t o  t h e  a b i l i t y  t o  s e p a r a t e  compounds of vary ing  p o l a r i t y  us ing  the  same 

chromatographic system and t o  permit p r e d i c t a b l e  s o l u t e  e l u t i o n  p a t t e r n s .  

( a )  T y p e s  o f  RPLC. T h e  a c t i v e  s i t e s  o f  a l l  c o m m e r c i a l l y  a v a i l a b l e  

reversed-phase so rben t s  are o f  t h e  same a l k y l s i l a n e  t y p e ,  a l t h o u g h  c a r b o n  c h a i n  

l e n g t h  v a r i e s .  The a p p r o p r i a t e  c l a s s i f i c a t i o n  of RPLC is based no t  on so rben t  cha in  

l e n g t h ,  b u t  on t h e  c h a r a c t e r i s t i c s  of t h e  m o b i l e  p h a s e ,  as t h e  m o b i l e  p h a s e  
composi t ion  and c o n d i t i o n s  a r e  ma jo r  d e t e r m i n a n t s  o f  s o l u t e  s e p a r a t i o n  in RPLC. 

S i x  types  of r eve r sed -phase  t e c h n i q u e s  have  been  d e s c r i b e d  [ l l ]  i n c l u d i n g :  1) 

r e g u l a r ,  2 )  i o n i z a t i o n  c o n t r o l ,  3 )  ion s u p p r e s s i o n ,  4 )  i o n - p a i r ,  5) s e c o n d a r y  

e q u i l i b r i u m  and 6 )  non-aqueous. To d a t e ,  on ly  t h e  techniques  of i o n i z a t i o n  c o n t r o l ,  

i o n  suppres s ion  and ion p a i r i n g  have  been  d e m o n s t r a t e d  t o  b e  o f  u t i l i t y  in t h e  

a n a l y s i s  of BACs. For t h i s  reason ,  t h e  d i scuss ion  o f  t h e  mechanisms o f  r e t e n t i o n  

and s e p a r a t i o n  involved  in RPLC assay  of BACs w i l l  be l i m i t e d  t o  these  l a t t e r  t h r e e  

techniques .  The remaining types  of RPLC have been cons idered  in a r e c e n t  review by 

Majors [ll]. 

( b )  P a r a m e t e r s  a f f e c t i n g  a n a l y t e  s e p a r a t i o n  and r e t e n t i o n .  D e s p i t e  some 

c o n t r o v e r s y  r e g a r d i n g  t h e  e x a c t  mechanism(s)  o f  a n a l y t e  r e t e n t i o n  in RPLC, 

hydrophobic i n t e r a c t i o n  between sample s o l u t e s  and t h e  non-polar d e r i v a t i v e s  o f  t h e  

s o r b e n t s  is g e n e r a l l y  cons idered  t h e  major r e t e n t i v e  mechanism [28-301. The BACs as 
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a group are r e l a t i v e l y  p o l a r  o rgan ic  compounds. In RPLC, modifying t h e  p o l a r i t y  of 

t h e s e  a n a l y t e s  r e l a t i v e  t o  t h e  mobile phase a l s o  modulates t he  s o l u t e  mass t r a n s f e r  

i n t o  t h e  s t a t i o n a r y  phase and t h i s  may be s u c c e s s f u l l y  accomplished through s e v e r a l  

t echniques .  These inc lude :  1 )  m o d i f i c a t i o n  of t h e  m o b i l e  phase  pH t o  c o n t r o l  o r  

suppres s  a n a l y t e  i o n i z a t i o n ,  2)  a d d i t i o n  of organic  mod i f i e r s  to  t h e  mobile phase to  

reduce s u r f a c e  t ens ion  between sorbent  and mobile p h a s e ,  as w e l l  as t o  modi fy  t h e  

n e t  p o l a r i t y  o f  t h e  m o b i l e  p h a s e ,  3 )  f o r m a t i o n  o f  ion p a i r s  t o  r e d u c e  a n a l y t e  

p o l a r i t y ,  and 4 )  a combination of t he  above methods. 

By employ ing  i o n i z a t i o n  c o n t r o l  t e c h n i q u e s  w i t h  n e a t  a q u e o u s  p h o s p h a t e  

b u f f e r  (pH 2.1),  CAs and c l o s e l y  r e l a t e d  compounds are e l u t e d  from o c t a d e c y l  s i l a n e  

(ODS, C18) columns in t h e  o rde r  of dec reas ing  p o l a r i t y  of t hese  compounds, t h a t  is, 

N A ,  A, normetanephr ine  (NMN), DA,  m e t a n e p h r i n e  (MN) and t y r a m i n e  (TA) [ 3 1 , 3 2 ] .  

Using the  same mobile phase c o n d i t i o n s ,  a c i d i c  CA m e t a b o l i t e s  e l u t e  in t h e  s e q u e n c e  

o f  3,4-dihydroxymandelic ac id  (DOMA), v a n i l l y l m a n d e l i c  a c i d  (VMA), DOPAC and H V A  

[ 3 2 ] .  With c i t r a t e / a c e t a t e  b u f f e r  a t  pH 4.1, 5-HT e l u t e s  from ODS columns fo l lowing  
t h e  l ess  h y d r o p h o b i c  N A ,  A and DA [ 3 3 ] .  In t h i s  l a t t e r  s y s t e m ,  t h e  i n t e r n a l  

s t anda rd  DHBA is u s u a l l y  w e l l  r eso lved  from A and DA 134,351. A l t h o u g h  t h e s e  n e a t  

aqueous systems permit s imul taneous  s e p a r a t i o n  of a v a r i e t y  o f  B A C s ,  t h e y  do have  

c e r t a i n  l i m i t a t i o n s  which may be overcome by using o t h e r  modes o f  RPLC. With  n e a t  

aqueous systems the  r e t e n t i o n  and s e p a r a t i o n  of B A C s  are p r i m a r i l y  a f u n c t i o n  of 

s o r b e n t  and a n a l y t e  c h a r a c t e r i s t i c s  and are l i t t l e  inf luenced  by t h e  m o b i l e  p h a s e .  

I n  a d d i t i o n ,  peak  asymmetry is commonly o b s e r v e d  w i t h  t h e s e  s y s t e m s  [ 3 6 , 3 7 ] .  

Another c o n s i d e r a t i o n ,  which a p p l i e s  t o  a l l  s y s t e m s  u t i l i z i n g  an aqueous  m o b i l e  

phase ,  is t h e  requi rement  to  b u f f e r  in t h e  pH range  of 2 t o  8 ,  t h e  opt imal  range f o r  

s o r b e n t  s t a b i l i t y .  W i t h i n  t h i s  pH r a n g e ,  b u f f e r s  s u c h  as c i t r a t e ,  a c e t a t e ,  

phosphate o r  a combination of c i t r a t e / a c e t a t e  o r  c i t r a t e / p h o s p h a t e  are commonly 

used. However, some of t hese  b u f f e r s  should be used w i t h  care a s  t h e y  may a f f e c t  

column l i f e  o r  e f f i c i e n c y .  For example, c i t r a t e  b u f f e r  has been r e p o r t e d  t o  c a u s e  

permanent d e t e r i o r a t i o n  of ODS columns [ 381.  I t  h a s  been  s u g g e s t e d  t h a t  a c e t a t e  

b u f f e r  g ives  r e l a t i v e l y  low column e f f i c i e n c y ,  poss ib ly  due t o  format ion  of nonpolar 

complexes wi th  t h e  a n a l y t e  molecules [37 ] .  A s  w e l l ,  potassium s a l t  is n o t  s u i t a b l e  

f o r  use  in mobile phases con ta in ing  sodium dodecylsu lpha te  due t o  i n s o l u b l e  complex  

format ion  wi th  t h i s  o rgan ic  d e t e r g e n t  ion-pa i r ing  reagent  (361. 

The a d d i t i o n  of water-miscible o rgan ic  s o l v e n t s  such as methanol,  a c e t o n i t r i l e  o r  

t e t r a h y d r o f u r a n  t o  t h e  mobile phase d e c r e a s e s  s o l u t e  r e t e n t i o n  in R P L C .  O r g a n i c  

mod i f i e r s  al ter the  s o l v a t i o n  p r o p e r t i e s  of t he  mobi le  phase  f o r  a n a l y t e s  t h r o u g h  

d e c r e a s e s  i n  b o t h  t h e  p o l a r i t y  [ 3 0 ]  and s u r f a c e  t e n s i o n  [ 3 9 ]  o f  t h e  e l u e n t s .  

A d d i t i o n  o f  an o r g a n i c  m o d i f i e r  g e n e r a l l y  d e c r e a s e s  column r e t e n t i o n  and t h e  

s e l e c t i v i t y  o f  t h e  m o b i l e  p h a s e  f o r  t h e  a n a l y t e s ,  b u t  t h e s e  e f f e c t s  are a l s o  

dependent on t he  na tu re  of t he  o rgan ic  mod i f i e r s  [ 2 9 ] .  For example, in t h e  a n a l y s i s  
of  plasma C A s  us ing  a methanol and phosphate b u f f e r  (48:52 v /v)  mobile phase  on ODS 
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c o l u m n s ,  unknown p e a k s  c o - e l u t e d  w i t h  N A  a n d  D A  [ 4 0 ] .  A d d i t i o n  o f  

N,N-dimethylformamide (5% v/v) o r  use of a combination of a c e t o n i t r i l e  (10% v/v) and 

methanol (40%, v/v)  i n  the phosphate buffer  enhanced the separat ion of these unknown 

peaks from the above amines. I n  a n o t h e r  i n s t a n c e ,  a mobile  phase comprised of 

a c e t a t e  buffer  (pH 4 .0) /ace toni t r i le  (9O:lO v/v) was found u n s a t i s f a c t o r y  f o r  the 

separa t ion  of CSF HVA and 5-HIAA [41 ,42] .  However, changing t h e  mobile  phase 

composition to  ace ta te  (pH 4.0)/methanol (85:15 v / v )  gave b a s e l i n e  s e p a r a t i o n  of 

these ac id ic  metabolites. Unfortunately, there is s t i l l  an incomplete understanding 

of the fac tors  t h a t  a f f e c t  the s e l e c t i v i t y  of these organic m o d i f i e r s  wi th  r e s p e c t  

t o  t h e  s e p a r a t i o n  of  BACs and what is known has i n  many c a s e s  been  d e r i v e d  

empir ical ly .  

1 - -8  polar compound 

* Morr polar compound 

> Pairing ion 

h 

Fig. 10.2 Schematic i l l u s t r a t i o n  of t h e  primary mechanism of  ion-pair RPLC. 
The s o l i d  and u n f i l l e d  c i r c l e s  represent po lar  moieties of two 
d i f fe ren t  molecules; t h e  complementary receptacle  ind ica tes  polar  
moiety of t h e  pa i r ing  ion;  t h e  arms represent hydrophobic 
components of so lu te  molecules and t h e  reversed-phase sorbent. 
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The technique  of ion-suppress ion  RPLC is very u s e f u l  i n  r e d u c i n g  t h e  t a i l i n g  o f  

c h r o m a t o g r a p h i c  p e a k s  and in o p t i m i z i n g  column r e t e n t i o n  a n d  s e p a r a t i o n  o f  
s t r u c t u r a l l y  similar polar o rgan ic  compounds con ta in ing  ion iz ing  m o i e t i e s ,  as is t he  

case f o r  t h e  b iogenic  amines and t h e i r  a c i d i c  me tabo l i t e s  [ 3 1 , 3 2 , 3 7 ] .  The k' o f  t h e  
a c i d i c  b iogenic  amine m e t a b o l i t e s ,  which are weak a c i d s  in s o l u t i o n ,  v a r i e s  markedly 

wi th  changes i n  mobile phase pH below 6 1 3 1 , 3 9 1 .  For example, when c i t r a t e / a c e t a t e  
(pH 5 . 2 )  is  used as t h e  mobile phase [ 4 3 ]  DOPAC e l u t e s  b e f o r e  N A  from ODS columns  

and is poor ly  r e so lved .  Using t h i s  same mobile phase b u f f e r ,  b u t  a t  pH 4 . 1 ,  DOPAC 

e l u t e s  a f t e r  NA, DA and 5-HT and is completely reso lved  from t h e  l a t t e r  amines [ 4 3 ] .  

The k' v a l u e s  of b i o g e n i c  amines  on ODS columns  show s i g n i f i c a n t  c h a n g e  once  a 

mobi le  phase pH o f  5 is  exceeded [ 3 1 , 4 4 ] .  However, t o  our knowledge t h e  a p p l i c a t i o n  

o f  ion-suppress ion  RPLC t o  s e p a r a t e  b iogenic  m i n e s  has no t  been desc r ibed .  Perhaps 

t h e  reason  f o r  t h i s  lies i n  t h e  f a c i l i t y  of s epa ra t ing  b iogen ic  amines  by i o n - p a i r  

RPLC at  mobile phase pH v a l u e s  below 5 ,  va lues  at which ion-suppress ion  e f f e c t s  may 

be  used t o  concomi tan t ly  opt imize  t h e  s e p a r a t i o n  of t h e  a c i d i c  me tabo l i t e s  [ 4 5 ] .  

In t h e  t e c h n i q u e  o f  i o n - p a i r  RPLC, t h e  r e t e n t i o n  o f  b i o g e n i c  a m i n e s  o r  

m e t a b o l i t e s  may be augmented through t h e  i n c l u s i o n  i n  t h e  m o b i l e  phase  of an ion 

s p e c i e s  ( t h e  coun te r  o r  p a i r i n g  ion )  o f  oppos i t e  electrical  charge  t o  these  a n a l y t e s  

[ 4 6 - 4 8 1 .  Coulombic a s s o c i a t i o n  of t h e  a n a l y t e  ions w i t h  a c o m p a t i b l e  p a i r i n g  ion 

r e s u l t s  in t h e  f o r m a t i o n  of e l e c t r i c a l l y  n e u t r a l  i o n - p a i r s .  The  e n h a n c e d  

h y d r o p h o b i c i t y  of t h e s e  n e u t r a l  complexes  augments  t h e  i n t e r a c t i o n  w i t h  t h e  

non-polar so rben t  (F ig .  10 .2)  [ 4 6 , 4 9 ] .  

Two types  of coun te r  ions, i no rgan ic  and hydrophobic o rgan ic ,  have been employed 

t o  form ion -pa i r s  wi th  BACs. Sepa ra t ion  of C A s  on ODS co lumns  h a s  been  a c h i e v e d  

u s i n g  ino rgan ic  coun te r  ions such as n i t r a t e ,  su lpha te  o r  phosphate [ 4 4 ] .  However, 

w i t h  ino rgan ic  i o n s ,  peak symmetry and r e s o l u t i o n  a r e  u s u a l l y  poor  f o r  C A s  s u c h  as 
N A ,  a -methylnoradrena l ine  (a-MNA) and DHBA which posses  small k' va lues  ( <  1) [ 4 4 ] .  

There may be s e v e r a l  reasons  f o r  t h e  above obse rva t ions .  Ion-pa i r  format ion  between 

C A s  and t h e  ino rgan ic  p a i r i n g  ion is poor  i n  m o b i l e  p h a s e s  w i t h  h i g h  d i e l e c t r i c  

c o n s t a n t s ,  such  as aqueous b u f f e r  [ 4 9 ] .  The l i p o p h i l i c  n a t u r e  of  C A s  is l i t t l e  

enhanced by p a i r i n g  wi th  ino rgan ic  counter  ions in comparison t o  c o u n t e r  ions w i t h  

o r g a n i c  moie t i e s .  Th i s  is exempl i f ied  by t h e  improved peak symmetry and s e p a r a t i o n  

of NA, a-MNA and DHBA when t r i c h l o r o a c e t i c  a c i d  is used  a s  t h e  c o u n t e r  i o n  i n  

comparison t o  s u l p h a t e  o r  phosphate [ 4 4 ] .  

Hydrophobic coun te r  i ons  con ta in ing  h ighe r  a l i p h a t i c  m o i e t i e s  o f f e r  even  b e t t e r  

c o n t r o l  over  r e t e n t i o n  and s e l e c t i v i t y  f o r  BACs [ 4 5 , 4 8 , 5 0 ] .  The f o l l o w i n g  g e n e r a l  

f a c t o r s  should be cons idered  when us lng  a l i p h a t i c  hydrophobic c o u n t e r  i o n s  s u c h  as 

a lky l su lphona te s  o r  a l k y l s u l p h a t e s .  Whi l e  r e t e n t i o n  o f  a n a l y t e s  i n c r e a s e s  w i t h  
a l i p h a t i c  carbon cha in  l eng th  of t he  c o u n t e r  ion [ 4 6 , 4 8 ] ,  t h i s  p a r a m e t e r  is a l s o  

in f luenced  by t h e  hydrophob ic i ty  of  t h e  a l k y l s i l a n e  s o r b e n t .  F o r  example ,  i n  a 
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mobile phase c o n t a i n i n g  p h o s p h a t e  b u f f e r  (pH 3 . 0 ) / m e t h a n o l  (92:8, v / v ) ,  NMN is 

b e t t e r  r e s o l v e d  from DA on o c t y l s i l a n e  (C,) c o l u m n s  when t h e  p a i r i n g  ion 

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

lengthening t h e  r e t e n t i o n  times of the ana ly t e s  with octanesulphonate  as compared to 

heptanesulphonate  may be o f f s e t  by inc reas ing  column temperature from ambient (22OC) 

t o  35OC and mobile phase flow rates from 1.8 t o  3 .0  ml/min [50 ] .  In c o n t r a s t ,  using 

o c t y l s u l p h a t e  in a c i t r a t e / p h o s p h a t e  bu f fe r  at  ambient column t e m p e r a t u r e  and a t  a 

f low rate of 1 ml/min, DA e l u t e s  in less  t h a n  12 m i n u t e s  [ 4 7 ] .  F u r t h e r m o r e ,  in 

mobile phase systems employing organic  mod i f i e r s ,  a lky l su lpha te s  with carbon numbers 

longe r  than 22 are d i f f i c u l t  t o  use because of t h e i r  low s o l u b i l i t y  in t h e  mob i l e  

phase. For t h e  same reason,  a l i p h a t i c  su lpha te s  w i t h  c a r b o n  c h a i n  l e n g t h s  l o n g e r  

than  14 a r e  d i f f i c u l t  t o  use i n  nea t  aqueous mobile phase systems [ 4 6 ] .  The v a l u e s  

o f  k' i n c r e a s e  in d i r e c t  r e l a t i o n  t o  t h e  c o n c e n t r a t i o n  of  a l k y l s u l p h o n a t e  o r  

a l k y l s u l p h a t e  in t he  mobile phase [46 ] .  Using heptanesulphonate ,  t he  k' v a l u e s  f o r  

NA, A, DHBA and DA show no f u r t h e r  change above a c o n c e n t r a t i o n  of 5mM [ 4 8 ] .  The 

concen t r a t ions  of a lkylsulphonate  employed t o  op t imize  t h e  s e p a r a t i o n  of s e l e c t e d  

biogenic  amines usua l ly  vary between 0.1 and 5 mM [45,47,48,50].  

Another f a c t o r  t o  consider  in ion-pair  RPLC is t h e  e f f e c t  of  m o b i l e  phase  pH; 

t h i s  may in f luence  the  i o n i z a t i o n  of both a n a l y t e s  and c o u n t e r  i o n s  [ 4 6 ] .  A t  pH 

va lues  below 5 ,  biogenic  amines e x i s t  p redominan t ly  in i o n i z e d  form c o n d u c i v e  t o  

ion-pair  formation with alkylsulphonates .  However, t he  a d d i t i o n  of s t rong  inorganic  

a c i d s  s u c h  as H2SO4 o r  H3P04 t o  m a n i p u l a t e  m o b i l e  p h a s e  pH c a n  a f f e c t  t h e  

i o n - p a i r i n g  p r o c e s s ,  as h i g h  c o n c e n t r a t i o n s  of  t h e  l a t t e r  i n o r g a n i c  ions w i l l  

compete with t h e  organic  counter  ions f o r  i o n - p a i r  f o r m a t i o n  w i t h  a n a l y t e s  [ 4 6 ] .  
T h i s  problem s h o u l d  a l s o  be c o n s i d e r e d  in r e l a t i o n  t o  t h e  u s e  o f  h i g h  s a l t  

concen t r a t ions  f o r  bu f fe r ing  i n  t h e  mobile phase [46,51] .  For example ,  t h e  u s e  of  
(NH,+)2S04 as a mobile phase bu f fe r  has  been shown to  decrease r e t e n t i o n  times of NMN 

and DA i n  a system using dodecylsulphate  as the  c o u n t e r  i o n  [ 4 6 ] .  T h i s  e f f e c t  is 

c a u s e d  by c o m p e t i t i o n  between t h e  SO, and o r g a n i c  p a i r i n g  i o n s  f o r  i o n - p a i r  

formation with biogenic  amines, a phenomenon similar t o  t h a t  occurr ing w i t h  t h e  use  

o f  high concen t r a t ions  of s t rong  inorganic  a c i d s  in t he  mobile phase. 

- 

F i n a l l y ,  t he  presence of organic  mod i f i e r s  i n  t h e  m o b i l e  phase  may a l s o  a f f e c t  

Ion-pair  RPLC. Organ ic  m o d i f i e r s  s u c h  as me thano l  o r  a c e t o n i t r i l e  d e c e a s e  t h e  

r e t e n t i o n  of biogenic  amine i o n - p a i r s  r e g a r d l e s s  of  t h e  c o u n t e r  i o n  [ 4 6 ] .  T h i s  

e f f e c t  i s  a n a l o g o u s  t o  t h e  d e c r e a s e  in k' f o r  DOPAC and HVA which o c c u r s  w i t h  

i n c r e a s i n g  concen t r a t ions  of methanol in t h e  mobile phase [52 ] .  Enhanced s o l v a t i o n  

and decreased su r face  t ens ion  of t he  e luen t  l ikeLy account f o r  the e f f e c t  o f  mob i l e  

phase organic  mod i f i e r s  on ion-pair  r e t e n t i o n .  

A s  d e t a i l e d  above ,  t h e  h y d r o p h o b i c i t y  of  p o l a r  o r g a n i c  a n a l y t e s  is e a s i l y  

enhanced through mod i f i ca t ion  of mobile phase pa rame te r s ,  whereas  t h e  hydrophob ic  
n a t u r e  of t he  non-polar s t a t i o n a r y  phase v a r i e s  mainly with so rben t  a l i p h a t i c  c h a i n  
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l eng th ,  a parameter which  i s  d i f f i c u l t  t o  a l t e r .  Moreove r ,  t h e  p e r f o r m a n c e  of 
reversed-phase columns wi th  s o r b e n t s  of t h e  same a l i p h a t i c  cha in  l eng th  may a l s o  be 

in f luenced  by t h e  manner and un i fo rmi ty  of sorbent  d e r i v a t i z a t i o n  and t h e  p a c k i n g  

technique .  For so rben t s  of t he  monometric b r i s t l e - t y p e ,  r e t e n t i o n ,  s e l e c t i v i t y  and 

maximum sample load i n c r e a s e  wi th  t h e  l eng th  of t h e  b r i s t l e s  from C1 t o  C 2 2  [ 3 0 , 5 3 ,  
541. D e r i v a t i z a t i o n  of s i l i c a  w i t h  a l k y l s i l a n e  is n e v e r  t o t a l  and t h e  r e s i d u a l  

unde r iva t i zed  s i l a n o l  groups i n t e r a c t  e l e c t r o s t a t i c a l l y  with t h e  p o l a r  m o i e t i e s  of 

t h e  a n a l y t e s .  Th i s  c o n t r i b u t e s  t o  peak  asymmetry and m o d i f i e s  t h e  s t a b i l i t y  of 

s o r b e n t s  wi th  r e s p e c t  t o  changes in mobile phase c o m p o s i t i o n  and c o n d i t i o n s .  The 

above e f f e c t s  are most apparent  f o r  columns w i t h  c a r b o n  c h a i n  l e n g t h  less t h a n  6 

[541 * 
It has been sugges ted  t h a t  t h e  g r e a t e r  t h e  carbon con ten t  o f  t h e  r e v e r s e d - p h a s e  

s o r b e n t ,  t h e  b e t t e r  t h e  s h i e l d i n g  of t h e  unreac ted  s i l a n o l  groups [ 5 4 ] .  Some of t he  

un reac ted  s i l a n o l  groups can be removed ( end-capped)  by f u r t h e r  t r e a t m e n t  of t h e  

reversed-phase so rben t s  w i th  t r i m e t h y l s i l a n i z i n g  a g e n t s  [ 2 8 , 5 4 1 .  T h e r e  is some 

sugges t ion  t h a t  end-capped columns g i v e  improved p e r f o r m a n c e  and d u r a b i l i t y ,  bu t  

t h i s  r e m a i n s  t o  b e  d e m o n s t r a t e d  d e f i n i t i v e l y .  Fo r  a l k y l s i l a n e  d e r i v a t i v e s ,  

r e t e n t i o n  times of a n a l y t e s  i n c r e a s e  wi th  increased  su r face  coverage of t h e  s i l i c a  

[ll]. S t a b i l i t y  of so rben t s  is also enhanced s ince  t h e  unreac ted  s i l a n o l  groups are 
b e t t e r  sh i e lded .  

It is g e n e r a l l y  he ld  t h a t  column e f f i c i e n c y  i n c r e a s e s  wi th  smaller p a r t i c l e  s i z e  

o f  s o r b e n t s ,  bu t  s p e c i f i c  d a t a  on t he  e f f e c t  of t h i s  p a r a m e t e r  on BAC a n a l y s i s  is  

n o t  a v a i l a b l e .  It should be kept  in mind, however, t h a t  t h e  improvement in column 

e f f i c i e n c y  wi th  t h e  smaller so rben t  s i z e s  (e .g .  5 u m  or  l e s s )  occu r s  at t h e  expense 

of h ighe r  column back p res su re  and lower column flow rates [54 ] .  The use  of s h o r t e r  

columns t o  o f f s e t  t hese  l a t t e r  e f f e c t s  and shor t en  r e t e n t i o n  times a l s o  r e d u c e s  t h e  

g a i n  in r e s o l v i n g  power of t hese  smaller p a r t i c l e  s o r b e n t s .  It is  a l s o  a rgued  by 

some [ l l ]  t h a t  s o r b e n t  p a r t i c l e  s i z e  and s h a p e  have  l i t t l e  e f f e c t  on a n a l y t e  

r e t e n t i o n  in RPLC, bu t  t h i s  view remains t o  be s u b s t a n t i a t e d  unequivoca l ly .  

In a d d i t i o n  to  t h e  above so rben t  f a c t o r s ,  t h e  manner in which columns are packed  

may a l s o  a f f e c t  a n a l y t e  sepa ra t ion .  Columns packed wi th  t h e  same type of so rben t  but 

ob ta ined  from d i f f e r e n t  s u p p l i e r s  may show v a r i a t i o n s  in s e l e c t i v i t y .  For example ,  

w e  have found t h e  s e p a r a t i o n  between DHBA and A and between NMN and DA t o  be q u i t e  

s a t i s f a c t o r y  on LiChrosorb (10 pm) RP-8 columns (250 x 4.6 mm i .d . )  supp l i ed  by some 

manufac tu re r s ,  bu t  n o t  on columns  c o n t a i n i n g  t h i s  same s o r b e n t  packed  by o t h e r  

s u p p l i e r s  [ 221 . 
( c )  Merits and l i m i t a t i o n s  of RPLC. In comparison to  t h e  p r e s e n t  s t a t e  o f  t h e  

a r t  of ion-exchange and normal phase HPLC, t h e  advantages of RPLC f o r  d e t e r m i n a t i o n  

o f  B A C s  are s u b s t a n t i a l  and t h e  l i m i t a t i o n s  few. T h i s  s t a t e m e n t  is c l e a r l y  

suppor ted  by t h e  almost e x c l u s i v e  a p p l i c a t i o n  of RPLC in t h e  abundant r e p o r t s  of t h e  

l a s t  two yea r s  on HPLC assay  of BACs. The s u p e r i o r i t y  o f  RPLC is e v i d e n t  in t h r e e  
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p r i n c i p a l  areas:  1) r e s o l u t i o n  and s e p a r a t i o n ,  2 )  f l e x i b i l i t y  a n d  e a s e  o f  

a p p l i c a t i o n  and 3 )  s t a b i l i t y .  The t h r e e  p r e f e r r e d  modes o f  RPLC,  i o n i z a t i o n  

c o n t r o l ,  i o n  s u p p r e s s i o n  and i o n - p a i r ,  used  in c o n j u n c t i o n  w i t h  o c t a d e c y l  o r  
o c t y l s i l a n e  columns, permit s e p a r a t i o n s  of t h e  m a j o r i t y  o f  known B A C s  and i n  many 

cases permit t h e  s imul taneous  assay  of 2.3 o r  occas iona l ly  more of t h e s e  compounds. 

Moreover, t h e  a n a l y t e s  s epa ra t ed  may possess d i f f e r e n t  i o n i c  c h a r a c t e r i s t i c s ,  i n  

c o n t r a s t  to  what is observed i n  ion-exchange HPLC. Th i s  o f t e n  permits t h e  a s s a y  of 

t h e  pa ren t  b iogenic  amine along wi th  i t s  p recu r so r  a n d / o r  p r i n c i p a l  m e t a b o l i t e s  - 
e.g. 5 - h y d r o x y t r y p t o p h a n  (5-HTP), 5-HT and 5-HIAA [ 5 5 ] ;  t h i s  is an i m p o r t a n t  

c o n s i d e r a t i o n  f o r  a p p l i c a t i o n s  s u c h  a s  t u r n o v e r  s t u d i e s .  In a d d i t i o n ,  t h e  

s e p a r a t i o n  of b i o g e n i c  amine a n a l y t e s  c a n  be  a c h i e v e d  w i t h  s h o r t e r  e l u t i o n  

times ( c  20 min),  thus  i n c r e a s i n g  assay  e f f i c i e n c y .  

In RPLC, a n a l y t e  r e t e n t i o n  and  s e p a r a t i o n  a r e  e a s i l y  o p t i m i z e d  t h r o u g h  

mod i f i ca t ion  of t he  mobile phase compos i t ion  and c o n d i t i o n s .  Recen t  advances  i n  

in s t rumen ta t ion ,  such as e l e c t r o n i c a l l y  c o n t r o l l e d  b ina ry  and t e r n a r y  so lven t  mixing 

and programming systems, allow rap id  change of mobile phase composition and t h e  u s e  

o f  g rad ien t  e l u t i o n  systems wi thout  i n t e r r u p t i n g  the  chromatographic p r o c e s s .  T h i s  

pe rmi t s  r a p i d  and convenient development of methods when used  i n  c o n j u n c t i o n  w i t h  

s u i t a b l e  d e t e c t o r s .  The g e n e r a l  s t a b i l i t y  and r ap id  e q u i l i b r a t i o n  of reversed-phase 

columns a l s o  f a c i l i t a t e  t h e  use of so lven t  programming techniques  f o r  development of 

methods or t o  main ta in  c o n s i s t e n t  day-to-day sepa ra t ion  of a n a l y t e s .  F i n a l l y ,  the 

s t a b i l i t y  of reversed-phase columns permi ts  l a r g e  numbers ( >  500)  o f  s a m p l e s  t o  be 

assayed  over  t h e  l i f e  of a column [45 ] ;  s u i t a b l e  column re juvena t ion  t e c h n i q u e s  can  

ex tend  column l i f e t i m e s  even f u r t h e r  [45 ] .  

The two p r i n c i p a l  l i m i t a t i o n s  in use of RPLC f o r  BAC assays  are 1) t h e  i n a b i l i t y  

t o  r e s o l v e  and s e p a r a t e  a l l  of t hese  s u b s t a n c e s  f rom a complex  b i o l o g i c a l  m a t r i x  

u s i n g  e i t h e r  s i n g l e  or m u l t i p l e  modes of RPLC o p e r a t i o n  and 2 )  t h e  r e s t r i c t i o n  i n  

u s e  of extremes of pH i n  aqueous m o b i l e  p h a s e s .  The u s e  o f  a p p r o p r i a t e  sample  

pre-pur i f  i c a t i o n  and compound- se l ec  t i v e  d e t e c t  i o n  c o n v e n i e n t l y  c i r c u m v e n t s  t h e  

r e s o l u t i o n  problem. The l a t t e r  l i m i t a t i o n  i s  o n l y  a problem i n  t h e  s e p a r a t i o n  of 

p o l a r  a n a l y t e s  which have pK va lues  > 8 and are not amenable t o  sepa ra t ion  us ing  the  

ion -pa i r  mode of RPLC. Curren t  reversed-phase so rben t s  are s u b j e c t  t o  i r r e v e r s i b l e  

d e t e r i o r a t i o n  i n  t h e  presence  of a l k a l i n e  pH > 8.  

10.2.2 HPLC De tec to r s  f o r  Biogenic Amine Ana lys i s  

The u l t i m a t e  s e n s i t i v i t y  and i n  p a r t  t h e  s p e c i f i c i t y  of HPLC p r o c e d u r e s  f o r  BAC 

d e t e r m i n a t i o n  depend upon t h e  c h a r a c t e r i s t i c s  and mode o f  a p p l i c a t i o n  o f  t h e  

d e t e c t i o n  system employed. Various d e t e c t o r  systems have been developed and appl ied  

t o  ana ly t e  d e t e c t i o n  in HPLC. These inc lude  t h e  o p t i c a l  systems such 86 u l t r a v i o l e t  

(UV) a b s o r b e n c e ,  f l u o r e s c e n c e  and r e f r a c t i v e  i n d e x  d e t e c t i o n ,  e l e c t r o c h e m i c a l  

( redox)  d e t e c t o r s  and t h e  vapour phase d e t e c t o r s ,  such as thermo-conductivity,  flame 
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i o n i z a t i o n ,  e l e c t r o n  cap tu re  and t h e  very r ecen t  mass spec t romet r i c  d e t e c t o r  system. 

UV absorbence d e t e c t o r s  have been of l i m i t e d  va lue  f o r  BAC de t e rmina t ion ,  being used 

p r i m a r i l y  f o r  ana lyses  of b i o l o g i c a l  s amples  h a v i n g  h i g h  c o n c e n t r a t i o n s  o f  t h e s e  

a n a l y t e s ,  e.g. u r i n e .  The c u r r e n t  modes of HPLC d e t e c t i o n  of g r e a t e s t  u t i l i t y  i n  

BAC a n a l y s i s  are t h e  f luo rescence  and e l ec t rochemica l  d e t e c t o r s .  The use  o f  v a p o u r  

phase d e t e c t o r  s y s t e m s  f o r  BAC d e t e r m i n a t i o n  h a s  n o t  been  d e s c r i b e d ,  p r o b a b l y  

because o f  i n h e r e n t  d i f f i c u l t i e s  in e f f e c t i v e l y  a d a p t i n g  t h e s e  d e t e c t o r s  t o  HPLC. 

However,  a p r o m i s i n g  new v a p o u r  phase  s y s t e m ,  t h e  l i q u i d  c h r o m a t o g r a p h y - m a s s  

spec t romete r  (LC-MS), may prove very va luab le  in BAC a n a l y s i s .  Th i s  d e v i c e  w i l l  be 

c o n s i d e r e d  b r i e f l y  in a f o l l o w i n g  s e c t i o n .  The c u r r e n t  p r a c t i c a l  modes  o f  

q u a n t i t a t i v e  d e t e c t i o n  of BACs fo l lowing  s e p a r a t i o n  by HPLC are U V ,  f l u o r e s c e n c e  

and e l ec t rochemica l  d e t e c t  ion. 

(i) W d e t e c t o r .  The most widely used d e t e c t o r  system in l i q u i d  c h r o m a t o g r a p h y  

is UV d e t e c t i o n .  Most BACs a b s o r b  e n e r g y  in t h e  U V  r a n g e  o f  200-300 nm. The 

abso rp t ion  s p e c t r a  of BACs in t h i s  UV range  a r e  broad and the  abso rp t ion  peaks  show 

h igh  e x t i n c t i o n  c o e f f i c i e n t s .  However,  in b i o l o g i c a l  matrices o t h e r  compounds 

c o n t a i n i n g  conjugated  double  bonds, ke tones ,  a ldehydes ,  a r o m a t i c  and h e t e r o c y c l i c  

r i n g s ,  a l s o  have similar s p e c t r a l  c h a r a c t e r i s t i c s .  Unless t h e s e  are removed, t h e  

c o n t r i b u t i o n  of a b s o r p t i o n  f rom s u c h  compounds s e v e r e l y  l i m i t s  t h e  u s e  o f  U V  

d e t e c t i o n  f o r  t h e  de t e rmina t ion  of BACs in b i o l o g i c a l  samples.  In a d d i t i o n  t o  these  

subs t ances  c e r t a i n  s o l v e n t s  n o t  c o n t a i n i n g  t h e  above  g r o u p s  (e .g .N,N-dimethyl -  

formamide) a l s o  a b s o r b  in t h e  U V  r a n g e  and hence  are u n s u i t a b l e  f o r  u s e  in t h e  

mobile p h a s e s .  However, t h e  m o b i l e  p h a s e s  used  in RPLC which  c o n t a i n  aqueous  

b u f f e r s ,  a l i p h a t i c  a l c o h o l s  and ac ids  a r e  we l l  s u i t e d  f o r  use  in UV d e t e c t i o n .  A t  

t h e  h ighe r  end of t h e  UV spectrum, above 340 nm, n e i t h e r  BACs no r  most i n t e r f e r i n g  

compounds show any a p p r e c i a b l e  a b s o r p t i o n  of U V  l i g h t .  S i n c e  most BACs  show 

a b s o r p t i o n  in t h e  U V  r a n g e  o f  200-300 nm, d e r i v a t i z a t i o n ,  e i t h e r  a t  p r e -  o r  

post-column s t a g e s ,  is of l i t t l e  va lue  t o  enhance s e l e c t i v i t y  and s e n s i t i v i t y .  

In HPLC most a n a l y t e s  a r e  e l u t e d  in very  small volumes of t h e  m o b i l e  p h a s e .  In 

o r d e r  t o  avoid  peak broadening o r  mix ing  of two o r  more c l o s e l y  e l u t e d  and wel l  
r e so lved  a n a l y t e s ,  modern d e t e c t o r  cel ls  have very  small i n t e r n a l  volumes (5-30 111). 

The r educ t ion  in t h e  c e l l  volume r e s u l t s  in decreased  i n t e n s i t y  of UV l i g h t  reaching  

t h e  p h o t o m u l t i p l i e r  t u b e .  The c e l l  c o n s t r u c t i o n  is aimed a t  m a x i m i z i n g  t h e  

t r a n s p o r t  of such low l e v e l s  of energy t o  t h e  pho tomul t ip l i e r  tube whi le  m i n i m i z i n g  

t h e  l o s s  of l i g h t  due t o  s c a t t e r l n g .  Two t y p e s  of U V  d e t e c t o r s  are c o m m e r c i a l l y  

a v a i l a b l e .  Fixed wavelength d e t e c t o r s  u s e  o p t i c a l  s o u r c e s  s u c h  as t h e  z i n c ,  low 
pressure-  o r  h igh  pressure-mercury lamps, wi th  o r  wi thout  f i l t e r s .  These d e t e c t o r s  

are c h a r a c t e r i s t i c a l l y  s imple  t o  o p e r a t e ,  s t a b l e  in r e s p o n s e  c h a r a c t e r i s t i c s  and 

o f f e r  more s e n s i t i v i t y  t h a n  t h e  s c a n n i n g  t y p e  o f  U V  d e t e c t o r .  However,  f i x e d  

wavelength d e t e c t o r s  l a c k  t h e  a b i l i t y  t o  scan  t h e  abso rp t ion  s p e c t r u m  f o r  compound 
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i d e n t i f i c a t i o n .  The m u l t i - w a v e l e n g t h  o r  t h e  s c a n n i n g  i n s t r u m e n t s  use xenon OK 

deuter ium l i g h t  sou rces  which have broad emission s p e c t r a .  G r a t i n g  monochromators  

are used in wavelength s e l e c t i o n  and scanning i s  performed i n  t h e  stopped-flow mode. 

R e c e n t l y ,  U V  d e t e c t o r s  h a v e  b e e n  i n t r o d u c e d  w h i c h  p e r f o r m  a s i m u l t a n e o u s  

multi-wavelength scan in less than 1 sec. I n  these  in s t rumen t s  xenon o r  d e u t e r i u m  

l i g h t  pas ses  through a flow c e l l  and i t s  d e f r a c t i o n  s p e c t r u m  i s  o b t a i n e d  w i t h  a 

g r a t i n g  monochromator. Mul t ip l e  photodiodes pos i t ioned  a t  1-2 nm of wave leng th  pe r  

photodiode  are employed t o  d e t e c t  t h e  t o t a l  Spectrum. During a HPLC run a computer  

is r equ i r ed  t o  c o l l e c t  and p r o c e s s  t h e  l a r g e  amount o f  d a t a  e m a n a t i n g  f rom t h e  

d e t e c t o r  a r r a y  (561. 
The m a n u f a c t u r e r s '  s p e c i f i c a t i o n s  f o r  h i g h  e f f i c i e n c y  d e t e c t o r s  c i t e  

s e n s i t i v i t i e s  f o r  ana ly t e -de tec t ion  of 1-10 ng i n j e c t e d  on column. However, l ack  of 

s e l e c t i v i t y  of UV d e t e c t i o n  l i m i t s  i t s  use to  b i o l o g i c a l  samples having at least 100 

ng of BACs [57]. Never the l e s s ,  UV d e t e c t o r s  are ve ry  u s e f u l  f o r  a p p l i c a t i o n s  such as 

s t a n d a r d i z i n g  a n a l y t i c a l  c o n d i t i o n s  b e c a u s e  of t h e i r  s t a b i l i t y  d u r i n g  s o l v e n t  

programming and tempera ture  changes [ 5 8 ] .  A l i m i t e d  a p p l i c a t i o n  of the  U V  d e t e c t o r  

h a s  been t h e  use  i n  HPLC a s says  of u r i n a r y  VMA and HVA [ 5 7 ] .  Pos t - co lumn,  o n - l i n e  

o x i d a t i o n  of VMA t o  v a n i l l i n  and i ts  subsequent d e t e c t i o n  a t  340 nm h a s  a l s o  been  

r e p o r t e d  f o r  t h e  assay  of u r i n a r y  VMA [59]. For  t h e  r e a s o n s  d i s c u s s e d  above  no 

o t h e r  b i o l o g i c a l  components were d e t e c t a b l e  at  t h i s  wavelength,  t h u s  e n h a n c i n g  t h e  

s e l e c t i v i t y  of t h e  method. 

(ii) Fluorescence  d e t e c t o r .  F l u o r e s c e n c e  d e t e c t i o n  employs  t h e  p r o p e r t y  of  

c e r t a i n  a n a l y t e s  t o  e m i t  h ighe r  wavelength (low energy) photons upon a c t i v a t i o n  with 

low wavelength ( h i g h  energy) photons in t h e  UV-visible range. The a b i l i t y  of B A C s  

t o  f l u o r e s c e  has been known f o r  some time and, as noted ( chap te r  4 ) ,  is t he  b a s i s  of 

a v a r i e t y  of f luo rescence  d e t e c t i o n  assays  f o r  a number of t h e s e  compounds.  T h i s  

group o f  s u b s t a n c e s  e x h i b i t  c h a r a c t e r i s t i c  a c t i v a t i o n - e m i s s i o n  s p e c t r a  i n  t h e  

U V - v i s i b l e  r a n g e  (200-800 nm) wh ich  a r e  r e l a t e d  t o  m o l e c u l a r  s t r u c t u r e .  The  

s p e c i f i c i t y  and s e n s i t i v i t y  of f l u o r e s c e n c e  d e t e c t i o n  d e p e n d s  n o t  o n l y  on t h e s e  

ac t iva t ion -emiss ion  s p e c t r a l  c h a r a c t e r i s t i c s ,  bu t  are a l s o  i n f l u e n c e d  by d e t e c t o r  

c h a r a c t e r i s t i c s  s u c h  a s  t h e  n a t u r e  and i n t e n s i t y  o f  t h e  l i g h t  s o u r c e  and t h e  

t r ansmiss ion  c h a r a c t e r i s t i c s  of t h e  o p t i c a l  system used. The i n t e r a c t i o n  of each of 

t h e s e  l a t t e r  f a c t o r s  a s  t h e y  a f f e c t  f l u o r e s c e n c e  d e t e c t o r  s e n s i t i v i t y  and  
s e l e c t i v i t y  h a s  been  c o n s i d e r e d  i n  d e p t h  by B r a t i n  e t  a l .  [60]. A s  w i t h  U V  

d e t e c t o r s ,  f l u o r e s c e n c e  d e t e c t o r s  a r e  a l s o  a v a i l a b l e  in two t y p e s ,  t h e  f i x e d  

wavelength and scanning  v a r i e t i e s .  I n  gene ra l ,  t h e  f i l t e r  f l u o r e s c e n c e  d e t e c t o r s  

have been  more w i d e l y  a p p l i e d  b e c a u s e  of t h e i r  low c o s t ,  o p e r a t i n g  s t a b i l i t y ,  

s i m p l i c i t y  i n  use  and high s e n s i t i v i t y .  Scanning f luo rescence  d e t e c t o r s  a r e  a b l e  t o  

g e n e r a t e  e x c i t a t i o n  and emiss ion  s p e c t r a  through the  use of g r a t i n g  monochromators  

o r  graded i n t e r f e r e n c e  f i l t e r s .  Th i s  c a p a b i l i t y  accounts f o r  g r e a t e r  s e l e c t i v i t y  of 

t h e  la t ter  d e t e c t o r s  as opt imal  a c t i v a t i o n  and emiss ion  wavelengths can be  employed 
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f o r  compound d e t e c t i o n .  However, i n  o r d e r  t o  a c q u i r e  e x c i t a t i o n  and e m i s s i o n  
s p e c t r a  i n  convent ional  scanning d e t e c t o r s ,  t h e  s c a n n i n g  must be pe r fo rmed  in a 

stopped-flow mode, a technique which is d i s r u p t i v e  to r o u t i n e  a n a l y s i s .  Seve ra l  new 

f l u o r e s c e n c e  d e t e c t o r  d e s i g n s  a i m e d  a t  p e r m i t t i n g  o n - l i n e  a c q u i s i t i o n  o f  

f luo rescence  s p e c t r a  are under i n t e n s i v e  i n v e s t i g a t i o n .  With t h e i r  f a s t  s c a n n i n g  

c a p a b i l i t i e s ,  t h e  d i o d e  a r r a y  d e t e c t i o n  s y s t e m  [ 6 1 ]  o r  v i d e o - f l u o r o m e t e r  

[62] may f u l f i l l  t h e s e  needs,  but t hese  new approaches w i l l  be much more c o s t l y  as 
they r e q u i r e  computers t o  process  the  complex s i g n a l  ou tpu t s  f o r  q u a n t i t a t i o n .  

I n d o l e s  and some CA compounds have good n a t i v e  f luo rescence  c h a r a c t e r i s t i c s  which 

permit  h i g h l y  s e n s i t i v e  HPLC d e t e r m i n a t i o n s  of  t h e s e  s u b s t a n c e s  [ 6 3 - 6 6 ) .  For 

example, d e t e c t i o n  l i m i t s  of 5 pg f o r  i ndo leace t i c  ac id  (IAA) have been r e p o r t e d  by 

Anderson and Purdy [67 ] .  The d e t e c t i o n  l i m i t s  f o r  o the r  BACs s u c h  a s  C A s  [ 6 6 ]  and 

octopamine [68]  were repor t ed  in t he  order  of 5 ng using n a t i v e  f l u o r e s c e n c e .  For  

o t h e r  compounds with e i t h e r  poor o r  no n a t i v e  f luorescence c h a r a c t e r i s t i c s ,  pre- o r  

post-column d e r i v a t i z a t i o n  wi th  f l u o r o g e n i c  compounds is r e q u i r e d  f o r  s e n s i t i v e  

d e t e c t i o n .  Seve ra l  f luorogenic  r eagen t s  have been u t i l i z e d  i n  t h i s  r e s p e c t .  These 

i n c l u d e  o-phthalaldehyde (OPT) w i t h  2 - m e r c a p t o e t h a n o l ,  f l u o r e s c a m i n e  and d a n s y l  

c h l o r i d e  f o r  amines and amino a c i d s ,  OPT w i t h  s t r o n g  a c i d  f o r  i n d o l e s  and 

post-column o x i d a t i o n  to t r i hydroxy indo les  f o r  NA and A. 

Pre-column d e r i v a t i z a t i o n  t e n d s  t o  r e d u c e  t h e  c h e m i c a l  d i f f e r e n c e s  between 

a n a l y t e s  and may s i g n i f i c a n t l y  a f f e c t  t h e  HPLC s e p a r a t i o n  o f  t h e s e  compounds. 

However, pre-column d e r i v a t i z a t i o n  permits  opt imal  y i e l d s  o f  f l u o r e s c e n t  p r o d u c t s  

and s e p a r a t i o n  o f  t h e s e  r e a c t i o n  p r o d u c t s  f rom e x c e s s  f l u o r o g e n i c  r e a g e n t s .  
Post-column d e r i v a t i z a t i o n  r e q u i r e s  f a s t  r e a c t i o n  ra tes  c o m p a t i b l e  w i t h  t h e  r a p i d  

a n a l y t e  e l u t i o n  c h a r a c t e r i s t i c s  of t he  HPLC. In add i t ion ,  t he  f luo rogen ic  r e a g e n t s  

must n o t  t h e m s e l v e s  be f l u o r e s c e n t  s i n c e  t h i s  would r e s u l t  in a h i g h  s i g n a l  

background and low s e n s i t i v i t y .  F i n a l l y ,  post-column d e r i v a t i z a t i o n  r e q u i r e s  
i n t r i c a t e  mixing, hea t ing  and pumping devices  to  c o n t r o l  t h e  d e l i v e r y  o f  r e a g e n t s  

and product formation. Despi te  t hese  problems, t h i s  technique can o f f e r  s i g n i f i c a n t  

convenience in t he  automated ana lys i s  of column e l u a t e s .  

D e r i v a t i z a t i o n  w i t h  OPT and 2 - m e r c a p t o e t h a n o l  c o n v e r t s  p r i m a r y  a m i n e s  t o  

f l u o r e s c e n t  i s o i n d o l e  compounds [69 ] .  This  r e a c t i o n  i s  r a p i d  b u t  t h e  f l u o r e s c e n t  

p r o d u c t  is u n s t a b l e  i n  aqueous  media [ 7 0 ] .  The i n d o l e  d e r i v a t i v e s  o f  C A s ,  

indoleamines,  his tamine,  putrescence and cadaverine are so lub le  in e t h y l  a c e t a t e  and 
are s t a b l e  a t  4OC i n  t h i s  so lven t  f o r  s e v e r a l  weeks [ 7 0 , 7 1 ] ,  t h u s  a l l o w i n g  t h e s e  

d e r i v a t i v e s  t o  be s to red  f o r  some t i m e  p r i o r  t o  a n a l y s i s .  This reagent  is s u i t a b l e  

e i t h e r  f o r  pre-column [70,71] o r  post-column [ 7 2 , 7 3 ]  d e r i v a t i z a ' t i o n  of  t h e  above 

amines. 
Fluorescamine can also be used f o r  pre- and post-column d e r i v a t i z a t i o n  of primary 

amines and amino a c i d s  because of i t s  f a s t  r e a c t i o n  rates and l a c k  of f l u o r e s c e n c e .  

Desp i t e  t hese  advantageous p r o p e r t i e s ,  t h i s  reagent  has  not been widely used f o r  BAC 
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a n a l y s i s .  I n  a few examples of t he  use  of t h i s  reagent  i n  HPLC, u r i n a r y  N A ,  A [ 7 4 ]  

a n d  TA [ 7 5 ]  a s  w e l l  as  b r a i n  C A s  [ 7 6 ]  h a v e  b e e n  a n a l y z e d  by  p r e - c o l u m n  

d e r  i v a t  i z a t  ion. 

Dansyl c h l o r i d e  also reacts with primary and secondary mines t o  p r o d u c e  h i g h l y  

f l u o r e s c e n t  d e r i v a t i v e s  [ 7 7 ] .  Being f l u o r e s c e n t  i t s e l f ,  dansy l  c h l o r i d e  can only  be 

used in pre-column d e r i v a t i z a t i o n ,  and t h e  f l u o r e s c e n t  products  of the  a n a l y t e s  must 

b e  sepa ra t ed  from excess  reagent  p r i o r  t o  HPLC a n a l y s i s .  Th i s  r e a g e n t  a l s o  r e a c t s  

w i th  o t h e r  molecular groups such as imidazoles  and phenols ,  bu t  t h e  r e a c t i o n  r a t e s  

w i th  these  moie t i e s  a r e  very  slow [ 7 7 ] .  Moreover, t hese  s l u g g i s h  r e a c t i o n s  r e s u l t  

in format ion  of m u l t i p l e  d e r i v a t i v e s  and by-products which  r e d u c e  s e n s i t i v i t y  and 

p o s s i b l y  s e l e c t i v i t y .  Fo r  t h e  above  r e a s o n s  d a n s y l a t i o n  p r o c e d u r e s  have  been  

employed i n f r e q u e n t l y  f o r  t h e  a s s a y  o f  BACs by HPLC. One example  o f  t h e  u s e  of 

d a n s y l a t i o n  f o r  t h e  a n a l y s i s  of plasma CAs i s  d e s c r i b e d  by F r e i  e t  a l .  [ 7 8 ] ,  who 

i d e n t i f i e d  some d i f f i c u l t i e s  involved i n  t h e  dansy la t ion  r e a c t i o n .  
It is w e l l  known t h a t  NA and A are oxid ized  and c y c l i z e d  t o  t r i - h y d r o x y i n d o l e s  

u s i n g  potassium f e r r i c y a n i d e  and s t r o n g  a l k a l i  [79]. A s  t r i h y d r o x y i n d o l e s  a r e  

s t r o n g l y  f l u o r e s c e n t  compounds, t h i s  t r ans fo rma t ion  has been used t o  a s say  these  two 

CAs  by an automated post-column r e a c t i o n  fo l lowing  HPLC s e p a r a t i o n  [80] . However,  

t h i s  technique  is not  a p p l i c a b l e  t o  t h e  d e t e r m i n a t i o n  o f  D A  as t h i s  CA d o e s  n o t  

form a f l u o r e s c e n t  t r i hydroxy indo le  d e r i v a t i v e .  Using t r ihydroxy indo le  d e r i v a t i v e s ,  

s e n s i t i v i t y  l i m i t s  in t h e  o rde r  of 10-20 pg/sample have been o b t a i n e d  in t h e  a s s a y  

o f  plasma N A  and A [81 ] .  

Post-column r e a c t i o n s  of NA and A wi th  a l k a l i n e  (pH 9 .7 )  b o r a t e  b u f f e r  [ 8 2 ]  o r  

w i t h  e thy lene  diamine [83]  a l s o  r e s u l t  in format ion  of f l u o r e s c e n t  p roduc t s  b u t  t h e  

s t r u c t u r e  o f  t h e s e  h a s  n o t  been  i d e n t i f i e d .  The . p r o d u c t s  o b t a i n e d  w e r e  n o t  

p a r t i c u l a r y  s e n s i t i v e  t o  HPLC d e t e c t i o n ;  t h u s  the  assay  procedure was r e s t r i c t e d  t o  

t h e  a n a l y s i s  of NA and A i n  u r i n e  only .  

In summary, f l uo rescence  d e t e c t i o n  is  a very  s e n s i t i v e  technique  and p e r m i t s  t h e  

d e t e c t i o n  of BACs i n  low p icomole  o r  in some cases femtomole  r a n g e s .  However,  

f l uo rescence  procedures  a r e  m o l e c u l a r  s p e c i e s  d e p e n d e n t ,  and t h e  s e l e c t i v i t y  of 

d e t e c t i o n  depends upon t h e  f luo rescence  c h a r a c t e r i s t i c s  o f  t h e  a n a l y t e s  o r  t h e i r  

d e r i v a t i v e s ,  t h e  manner i n  which t h e  d e t e c t o r  is u s e d ,  as w e l l  a s  t h e  s e p a r a t i n g  

c h a r a c t e r i s t i c s  of t h e  HPLC s y s t e m  employed .  In t h e  m a j o r i t y  o f  cases t h e  HPLC 

s e p a r a t i o n  is t h e  p r i n c i p a l  p rocess  c o n t r i b u t i n g  t o  t h e  a s s a y  s p e c i f i c i t y  as t h e  

d e t e c t o r s  have been used in r e l a t i v e l y  n o n - s e l e c t i v e ,  h i g h  s e n s i t i v i t y  modes o f  

ope ra t ion .  For those  procedures  which employ format ion  of f l u o r e s c e n t  d e r i v a t i v e s  

of BACs,  t he  HPLC s e p a r a t i o n  is  the  only  b a s i s  f o r  assay  s p e c i f i c i t y .  F i n a l l y  t h e r e  

a re  a v a r i e t y  o f  CA m e t a b o l i t e s ,  b o t h  a c i d i c  a n d  n e u t r a l ,  w h i c h  c a n n o t  b e  

q u a n t i t a t e d  by these  methods because they  possess  poor o r  no n a t i v e  f l u o r e s c e n c e  o r  

t h e y  do n o t  fo rm f l u o r e s c e n t  d e r i v a t i v e s  w i t h  known r e a g e n t s .  Fo r  t h e  l a t t e r  

compounds a l t e r n a t i v e  methods such as e l ec t rochemica l  d e t e c t i o n  must be used. 
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Chemiluminescence, a phenomenon r e l a t e d  t o  f luo rescence ,  is a new and r e l a t i v e l y  

unexplored mode of luminescence d e t e c t i o n  which appears  t o  have p o t e n t i a l  a s  a v e r y  

s e n s i t i v e  method of BAC d e t e c t i o n  in HPLC. In t h i s  t e c h n i q u e ]  c h e m i c a l  r e a c t i o n  

between two o r  more subs tances  provides  the  necessary  energy to  e x c i t e  a € luorophore  

w h i c h  r e t u r n s  t o  t h e  g round  s t a t e  by r e l e a s i n g  t h i s  e n e r g y ,  t h u s  p r o d u c i n g  a 
c h a r a c t e r i s t i c  emission spectrum. For example, s o l u t i o n s  of d a n s y l  d e r i v a t i v e s  o f  

amino a c i d s  or B A C s  r e a c t  w i t h  1 , 2 - d i o x e t a n e - d i o n e  t o  p r o d u c e  m o l e c u l a r  

chemi lu rn inescence  w i t h  maximum e m i s s i o n  a t  495 nm [ 8 4 ] .  T h e  a d v a n t a g e  o f  
chemiluminescence over photoluminescence ( e . g .  f l u o r e s c e n c e )  is t h a t  t h e  fo rmer  

procedure  does not  r e q u i r e  an e x t e r n a l  e n e r g y  s o u r c e .  B a s e l i n e  n o i s e  r e l a t e d  t o  

s t r a y  l i g h t  from t h e  a c t i v a t i o n  source  is a b s e n t  and hence  c h e m i l u m i n e s c e n c e  may 

permi t  h ighe r  s e n s i t i v i t i e s  (in orde r  of one magni tude)  t h a n  c u r r e n t  f l u o r e s c e n c e  

t echn iques .  However, t h e  e m i t t e d  l i g h t  i nduced  in t h i s  manner h a s  a v e r y  s h o r t  

h a l f - l i f e ,  t hus  r e q u i r i n g  f a s t  r a t e s  of r e a c t i o n  wi th  the  chemiluminescent r eagen t s .  

For t h i s  reason  chemiluminescent r eagen t s  must be a p p l i e d  in t h e  pos t -co lumn mode 

and the  de l ay  between t h e  chemical i nduc t ion  of chemiluminescence and d e t e c t i o n  

main ta ined  w i t h i n  t h e  t i m e  c o n s t a n t s  of t h e  decay phenomenon. Dansyl d e r i v a t i v e s  of  

u r i n a r y  CAs have been s e p a r a t e d  on HPLC columns  and d e t e c t e d  u s i n g  t h i s  p r o c e s s  

[85]. The d e t e c t i o n  l i m i t s  in t h i s  l a t t e r  p r o c e d u r e  were found t o  be 5-10 pg ,  

comparable to t h e  s e n s i t i v i t i e s  of t h e  t r i h y d r o x y i n d o l e  method o f  CA a s s a y .  The 

method, however, would l i k e l y  s u f f e r  from the  same d e f i c i e n c i e s  as t h o s e  men t ioned  

f o r  f l u o r i m e t r i c  d e t e c t i o n  of dansyl  d e r i v a t i v e s  a O t h e r  c h e m i c a l  or b i o c h e m i c a l  

luminescence r eagen t s  such as luminol or f i r e f l y  l u c i f e r a s e  have  p o t e n t i a l  as v e r y  

s e n s i t i v e  r e a c t i n g  media in c h e m i l u m i n e s c e n c e  d e t e c t i o n ]  b u t  t h e s e  r ema in  t o  be  

explored  f o r  BAC a n a l y s i s .  

(iii) E l e c t r o c h e m i c a l  d e t e c t o r .  Compounds c o n t a i n i n g  c a t e c h o l i c ,  p h e n o l i c ,  

i n d o l i c  and a ldehyde  g r o u p s  p o s s e s s  low o x i d a t i o n  p o t e n t i a l s  ( <  1 . 5  V )  and are 
amenable t o  e l ec t rochemica l  d e t e c t i o n  in t h e  o x i d a t i o n  mode in t o t a l l y  o r  p a r t l y  

aqueous media .  A s  w e l l ,  compounds c o n t a i n i n g  n i t r o  or k e t o  g r o u p s  p o s s e s s  low 

r e d u c t i o n  p o t e n t i a l s  and are also amenable t o  e l ec t rochemica l  d e t e c t i o n  b u t  in t h e  

r e d u c t i v e  mode. However,  t h i s  l a t t e r  mode o f  e l e c t r o c h e m i c a l  d e t e c t i o n  h a s  no 

a p p l i c a t i o n  in t h e  q u a n t i t a t i v e  assay  of BAC which are not r e d u c i b l e  in t h e i r  n a t i v e  

s ta tes .  For t h i s  reason ,  t h e  p r e s e n t  d i s c u s s i o n  is r e s t r i c t e d  t o  t h e  o x i d a t i v e  

d e t e c t i o n  of BACs on ly .  

When a s o l u t i o n  of  an  o x i d i z a b l e  compound is p l a c e d  in an e l e c t r i c a l  f i e l d  

gene ra t ed  by t h e  a p p l i c a t i o n  of a s u i t a b l e  vo l t age  between two e l e c t r o d e s ,  ox ida t ion  

o c c u r s  demonstrated schemat i ca l ly  as follows: 
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The a b s t r a c t t o n  of two e l e c t r o n s  from t h e  ca t echo l  compound p r o d u c e s  a c u r r e n t ,  

t h e  flow of which is f a c i l i t a t e d  in s o l v e n t s  h a v i n g  h i g h  d i e l e c t r i c  c o n s t a n t s .  

S i m i l a r l y ,  s o l u t i o n s  of phenols may be oxid ized  to  benzoquinones, thereby  gene ra t ing  

an  e l e c t r o n  c u r r e n t  in an appropr i a t e  e l e c t r i c  f i e l d  (0.6-0.8 V ) .  The c u r r e n t  may 

be  ampl i f ied  f o r  d e t e c t i o n  by po ten t iome t r i c  measurements. 

A l t h o u g h  t h e  c o n c e p t  o f  d e t e c t i o n  o f  e l e c t r o a c t i v e  s u b s t a n c e s  Ln a 
chromatographic co lumn-ef f luent  was d e s c r i b e d  as e a r l y  as 1952 [ a s ] ,  i t  was n o t  

u n t i l  1 9 7 3  t h a t  K i s s i n g e r  and h i s  co -worke r s  [ 8 7 ]  s u c c e s s f u l l y  a p p l i e d  t h i s  

technique  t o  t h e  assay  of CAs in b i o l o g i c a l  samples.  In t h e  s y s t e m  used  by t h e s e  

l a t t e r  i n v e s t i g a t o r s  t he  HPLC e f f l u e n t  flowed through the  d e t e c t o r  in a t h i n  l a y e r  

over  an anode o r  working e l e c t r o d e  comprised of g r a p h i t e  and minera l  o i l  pa s t e .  An 

a u x i l i a r y  ( ca thode )  and a r e fe rence  e l e c t r o d e  were loca ted  f u r t h e r  downstream (Fig. 

10.3) .  In such a d e t e c t o r  t h e  o x i d a t i o n  which  o c c u r s  a t  t h e  work ing  e l e c t r o d e  

s u r f a c e  r e s u l t s  in t he  gene ra t ion  of a c u r r e n t ,  t he  i n t e n s i t y  o f  which  depends  on 

t h e  p o t e n t i a l  appl ied  to  t h i s  e l e c t r o d e .  The r e l a t i o n  between t h e  c u r r e n t  and t h e  

app l i ed  vo l t age  of t he  working e l e c t r o d e  is shown by a hydrodynamic voltammogram in 

Fig. 10.4.  Here Emin and Emax a r e  v o l t a g e s  r e q u i r e d  f o r  minimum and maximum 

o x i d a t i o n  r e s p e c t i v e l y  and t h e  h a l f  wave p o t e n t i a l  ( E / 2 )  f o r  a s u b s t a n c e  is t h e  

v o l t a g e  at which ha l f  maximal ox ida t ion  occur s .  E a s i l y  o x i d i z a b l e  s u b s t a n c e s  are 
c h a r a c t e r i z e d  by low half-wave p o t e n t i a l s .  However, t h e  o x i d a t i o n  r e a c t i o n  a l s o  

depends on s e v e r a l  o t h e r  f a c t o r s  such as pH, i o n i c  s t r e n g t h  and f l o w  r a t e  o f  t h e  

mobi le  phase. High media-pH v a l u e s  f a c i l i t a t e  t h e  d i s s o c i a t i o n  and o x i d a t i o n  of 

c a t e c h o l s  and pheno l s ,  r e s u l t i n g  in l o w e r i n g  o f  ha l f -wave  p o t e n t i a l s  for t h e s e  

compounds. In non-polar and a c i d i c  media t h e  oppos i t e  phenomenon is o b s e r v e d ,  t h a t  

is, d i s s o c i a t i o n  and o x i d a t i o n  a r e  i m p a i r e d  and t h e r e  is an i n c r e a s e  in t h e  

half-wave p o t e n t i a l s .  H i g h e r  i o n i c  s t r e n g t h  o f  t h e  medium r e d u c e s  t h e  c u r r e n t  

g e n e r a t e d  due  t o  d e c r e a s e d  d i f f u s i o n  of t h e  o x i d i z i n g  m a t e r i a l  t o w a r d s  t h e  

work ing  e l e c t r o d e .  S i m i l a r l y ,  h i g h e r  f l o w  r a t e s  o f  t h e  c o l u m n  e f f l u e n t  
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F i g .  10.4 Hydrodynamic voltammogram 
of  an o x i d i z a b l e  compound. 

reduce t h e  d i f f u s i o n  and o x i d a t i o n  o f  

a n a l y t e s  a t  t h e  w o r k i n g  e l e c t r o d e .  

Moyer and J i a n g  (481 have o u t l i n e d  t h e  

op t imiza t ion  of t h e  above  f a c t o r s  f o r  

l i q u i d  chromatography-e lec  t r o c h e m i c a l  

d e t e c t i o n  (LC-EC) a s s a y s  o f  C A E .  For  

o t h e r  m o b i l e  phase  s y s t e m s  and o t h e r  

BACs, similar c o n s i d e r a t i o n  s h o u l d  be 

g iven  t o  op t imiz ing  t h e  above  f a c t o r s  

du r ing  deve lopmen t  of t h e  a n a l y t f c a l  

method. 

The i n t e n s i t y  o f  t h e  b a c k g r o u n d  

c u r r e n t  produced i n  t h i s  amperomet r i c  

mode depends  on t h e  c o n d u c t i v i t y  and 

hence  t h e  c o m p o s i t i o n  o f  t h e  m o b i l e  

phase as w e l l  a s  t h e  p o t e n t i a l  a p p l i e d  

t o  the  working e l e c t r o d e .  A c h a n g e  i n  

t h e  m o b i l e  phase  c o m p o s i t i o n  o r  t h e  

working e l e c t r o d e  p o t e n t i a l  r e s u l t s  i n  

a new l e v e l  of background c u r r e n t  ( o r  

b a s e l i n e )  and n o i s e .  I n  p r a c t i c e  t h e  

b a s e l i n e  r e q u i r e s  5-10 min to  settle i f  
t h e  mobile phase is changed and up t o  

30-60 min i f  t h e  w o r k i n g  e l e c t r o d e  

p o t e n t i a l  is a l t e r e d .  T h e s e  c h a n g e s ,  

a s  t h e y  o c c u r  d u r i n g  s o l v e n t  
programming o r  voltammogram s c a n n i n g ,  

w i l l  i n t e r f e r e  w i t h  t h e  d e t e c t i o n  and 

q u a n t i t a t i o n  of ana ly t e s .  

A s  amperomet ry  i s  a s u r f a c e - d e p e n d e n t  p r o c e s s ,  f a c t o r s  s u c h  as t h e  n a t u r e ,  

s u r f a c e  area and c o n f i g u r a t i o n  of t he  working e l e c t r o d e  have r e c e i v e d  c o n s i d e r a b l e  

a t t e n t i o n ,  e s p e c i a l l y  as t h e y  r e l a t e  t o  d e t e c t o r  s e n s i t i v i t y  a n d  s t a b i l i t y .  

I n e r t n e s s  of t h e  working e l e c t r o d e  toward ox ida t ion  and/or f o r m a t i o n  o f  s a l t  f i l m s  

a r e  impor tan t  c o n s i d e r a t i o n s  i n  t h e  choice  of e l e c t r o d e  material, as these  processes  
s h o r t e n  t h e  e l e c t r o d e  l i f e .  V a r i o u s  mater ia ls  s u c h  as d r o p p i n g  mercu ry ,  g o l d ,  

p la t inum and carbon have  been  used  b u t  o n l y  t h e  l a s t  o f  t h e s e  h a s  been  a p p l i e d  

wide ly  because of i t s  r e s i s t a n c e  t o  these  processes .  Carbon has been employed as a 

powdered g r a p h i t e  p a s t e ,  fused g r a p h i t e  d i s c s  and i n  mixtures  with polymers s u c h  a s  

po lye thy lene  o r  t e f l o n .  Powdered g r a p h i t e  p a s t e  r e q u i r e s  t h e  use  of a b inder  such as 

minera l  o i l ,  s i l i cone -g rease  o r  wax. The need f o r  t h e  above  b i n d e r  t o  h o l d  t h e  
g r a p h i t e  powder a l lows  t h i s  working e l e c t r o d e  material t o  be used  i n  m o b i l e  p h a s e s  



con ta in ing  no more than 10% organ ic  s o l v e n t .  A t  h i g h  s o l v e n t  c o n c e n t r a t i o n s  t h e  

b inde r  is s u b s t a n t i a l l y  l eached ,  l e a d i n g  t o  c r a c k i n g  and r a p i d  d e t e r i o r a t i o n  of  

d e t e c t o r  pe r fo rmance .  However, t h e  c a r b o n  pas te  e l e c t r o d e  i s  e a s y  t o  pack and 

p o l i s h ,  g i v e s  a low and r e l a t i v e l y  s t a b l e  b a c k g r o u n d  c u r r e n t ,  p e r m i t s  good 

s e n s i t i v i t y  and has a r e l a t i v e l y  long l i f e  i n  aqueous mob i l e  p h a s e s .  E l e c t r o d e s  

made of s o l i d  g r a p h i t e  such as g l a s s y  carbon d i s c s ,  i s o t r o p i c  carbon, basa l  plane of 
pressure-annealed p y r o l y t i c  g r a p h i t e  as w e l l  as t he  polymer-mixed g r a p h i t e  are a l l  

r e s i s t a n t  t o  mobile phases con ta in ing  organic  s o l v e n t s .  The most f r e q u e n t l y  used 

material has  been g l a s s y  carbon, which is inexpensive and easy t o  maintain.  

In commercial e l ec t rochemica l  d e t e c t o r s  the su r face  area of the working e l e c t r o d e  

i s  g e n e r a l l y  2-4 s q  mm and i t s  o x i d a t i o n  c a p a b i l i t y  i s  1 - 1 0 %  u n d e r  o p t i m a l  

cond i t ions .  Inc reas ing  the  s u r f a c e  area by u s i n g  a l a m i n a r ,  t u b u l a r  o r  m u l t i p l e  

f i b r e  work ing  e l e c t r o d e  i n c r e a s e s  a n a l y t e  o x i d a t i o n  and h e n c e  t h e  d e t e c t i o n  

response.  However, such e l e c t r o d e s  a l s o  g i v e  increased background cu r ren t  and noise  

and thus have l i t t l e  ne t  e f f e c t  on t he  u l t ima te  s e n s i t i v i t y  of t he  d e t e c t o r .  

Various conf igu ra t ions  of t he  pos i t i on ing  of t he  working e l e c t r o d e s  i n  d e t e c t o r  

c e l l s  have been evaluated i n  a t tempts  to inc rease  d e t e c t o r  s e n s i t i v i t y  and e l e c t r o d e  

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

e l e c t r o d e  would r e d u c e  t h e  ohmic r e s i s t a n c e  a c r o s s  t h e  two e l e c t r o d e s  and t h u s  

prevent  a poss ib l e  f a l l  i n  t he  anodic vo l t age  caused by the e l e c t r o n  f l u x  r e s u l t i n g  

from high concen t r a t ions  of ox id i zab le  ana ly t e s .  The l i n e a r  dynamic r a n g e  f o r  BAC 

a n a l y s i s  was shown t o  be i n c r e a s e d  u s i n g  s u c h  a c o n f i g u r a t i o n  [ 8 8 ] .  In a n o t h e r  

c o n f i g u r a t i o n ,  t h e  w a l l  j e t  d e s i g n ,  t h e  c o l u m n  e f f l u e n t  e n t e r s  t h e  c e l l  
pe rpend icu la r  t o  t h e  working e l e c t r o d e  before  t u r n i n g  90' t o  f l o w  p a r a l l e l  t o  t h e  

l a t t e r  [ 8 9 ] .  This des ign  inc reases  the  d i f f u s i o n  of t he  ana ly t e s  by t u r b u l e n c e  and 

y i e l d s  a s l i g h t l y  b e t t e r  s e n s i t i v i t y  t h a n  t h e  w i d e l y  used l a m i n a r  f l o w  d e t e c t o r  

desc r ibed  by Ki s s inge r  &. [ 8 7 ] .  F i n a l l y ,  t h e  r o t a t i n g  d i s c  e l e c t r o d e  c o n c e p t  

was r e c e n t l y  i n t r o d u c e d  i n  e l e c t r o c h e m i c a l  d e t e c t i o n  [ g o ] .  Here, t h e  c o l u m n  

e f f l u e n t  flow e n t e r s  t h e  c e l l  i n  a manner similar t o  t h a t  i n  t h e  wall j e t  d e s i g n ,  

b u t  t he  working e l e c t r o d e  is m e c h a n i c a l l y  r o t a t e d  t o  o b t a i n  f u r t h e r  i n c r e a s e  in 

d i f f u s i o n .  This design a l s o  g ives  some s l i g h t  improvement i n  s e n s i t i v i t y .  

In s p i t e  of t he  va r ious  ce l l  designs and working e l e c t r o d e  materials, t h e  normal 

o p e r a t i n g  d e t e c t i o n  l i m i t  f o r  most commercial d e t e c t o r s  has been 1-10 pg in j ec t ed  on 

column. One of t h e  main r e a s o n s  f o r  t h i s  is t h a t  t h e  d e t e c t o r  f u n c t i o n s  a s  an 

i n t e g r a l  p a r t  of t h e  LC-EC system and as such the  s e n s i t i v i t y  is a l s o  dependen t  on 

t h e  ana ly t e  e l u t i o n  volumes and peak w i d t h s ,  f a c t o r s  which are in t u rn  dependen t  

on the  HPLC c o n d i t i o n s .  E l e c t r o c h e m i c a l  d e t e c t o r s  are more s e l e c t i v e  at lower 
o p e r a t i n g  p o t e n t i a l s  of  t h e  working e l e c t r o d e .  A t  t h e  p o t e n t i a l  of  0.5-0.7 V 

c a t e c h o l s  such as NA, A, DA, DOPA and DOPAC and hydroxyindoles such as 5-HT, 5-HIAA 

and 5-HTP are e a s i l y  d e t e c t a b l e  (451, whereas at 0.8 V o r  higher  the pheno l i c  ( e .g .  

MOPEG, TYR, TA, p-hydroxyphenylacetic acid)  and indo le  (e.g. tryptophan) compounds 
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a re  a l s o  d e t e c t a b l e  [91,92] .  Hence at  higher  vo l t ages  most BACs are d e t e c t a b l e  and 

t h e  d e t e c t o r  i s  l e a s t  s e l e c t i v e .  However ,  when u s e d  in c o n j u n c t i o n  w i t h  

ion-exchange and r e v e r s e d - p h a s e  ch romatography ,  which e f  f e c t i v e l y  s e p a r a t e  and 

r e s o l v e  BACs ,  t he  e l ec t rochemica l  d e t e c t o r  provides an e x c e l l e n t  and v e r s a t i l e  t o o l  

f o r  q u a n t i t a t i n g  phenol ic  and indo le  BACs. The use of e lectrochemical  d e t e c t i o n  f o r  

BAC a n a l y s i s  has a l ready been d e t a i l e d  in r ecen t  reviews [60 ,93 ]  and o n l y  s e l e c t e d  

examples w i l l  be considered i n  a l a t e r  s e c t i o n  t o  demonstrate i t s  c a p a b i l i t i e s  and 

l i m i t a t i o n s  i n  the  a n a l y s i s  of b i o l o g i c a l  samples. 

Current  commercial e l ec t rochemica l  d e t e c t o r s  have s i g n i f i c a n t  advantages compared 

t o  s e n s i t i v e  f luo rescence  d e t e c t o r s  in terms of s i m p l i c i t y  of ope ra t ion ,  l ower  c o s t  

of  i n s t rumen ta t ion  and a wider a p p l i c a b i l i t y  to  BAC a n a l y s i s  w i t h o u t  t h e  need f o r  

d e r i v a t i z a t i o n .  S e v e r a l  new a p p r o a c h e s  t o  e n h a n c e  t h e  a p p l i c a t i o n  o f  

e l ec t rochemica l  d e t e c t o r s  i n c l u d e  t h e  u s e  of  s e r i a l  working e l e c t r o d e s  h e l d  a t  
d i f f e r e n t  p o t e n t i a l s ,  p u l s e d  vo l t ammet ry  and t h e  f o r m a t i o n  o f  e l e c t r o a c t i v e  

d e r i v a t i v e s  of non- o r  poorly-oxidizable  compounds. S e l e c t i v e  monitoring o f  two o r  

more c l o s e l y  e l u t i n g  ana ly t e s  wi th  d i f f e r e n t  ox ida t ion  p o t e n t i a l s  may be performed 

by us ing  two working e l e c t r o d e s  or two d e t e c t o r s  i n  tandem [ 9 4 ] .  Each working 

e l e c t r o d e  is held at  a d i f f e r e n t  p o t e n t i a l .  The d i f f e r e n t i a l  chromatogram o b t a i n e d  

from the  responses  of t he  two e l e c t r o d e s  s i g n i f i e s  t h e  e l u t i o n  c h a r a c t e r i s t i c s  of 

t h e  substance with higher  ox ida t ion  p o t e n t i a l  while  the chromatogram o b t a i n e d  from 

t h e  working e l e c t r o d e  v i t h  lower p o t e n t i a l  s i g n i f i e s  t he  e l u t i o n  c h a r a c t e r i s t i c s  of  

t h e  ana ly t e  with lower o x i d a t i o n  p o t e n t i a l .  S i m i l a r  r e s u l t s  are o b t a i n a b l e  by 

applying two o r  more p o t e n t i a l s  t o  t h e  same working e l e c t r o d e i n  a p u l s e d  form [ 9 5 ]  

and recording the  f a s t  o u t p u t  f rom t h e  e l e c t r o d e .  However, s u c h  d a t a  h a n d l f n g  

r e q u i r e s  the  use of a computer. 

Some e l e c t r o a c t i v e  d e r i v a t i v e s  unde r  i n v e s t i g a t i o n  i n c l u d e  t h e  i s o i n d o l e  

d e r i v a t i v e s  of primary m i n e s  formed by r e a c t i o n  with OPT and m e r c a p t o e t h a n o l  [ 9 6 ]  

and those of organic  a c i d s  formed by r e a c t i o n  with N-hydroxysucc in imide  [ 9 7 ] .  A t  

p r e s e n t  t h e r e  is i n s u f f i c i e n t  d a t a  a v a i l a b l e  t o  i n d i c a t e  the  s p e c i f i c  advantages and 
l i m i t a t i o n s  of t hese  d e r i v a t i v e s .  

( i v )  Vapour phase HPLC d e t e c t o r .  Flame i o n i z a t i o n ,  e l e c t r o n  c a p t u r e ,  thermo- 

c o n d u c t i v i t y  and mass s p e c t r o m e t r i c  d e t e c t o r s  r e q u i r e  t h e  sample  a n a l y t e  t o  be 

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

i n t e r f a c i n g  HPLC t o  these  d e t e c t o r s  is t h e  need f o r  removal of t h e  r e l a t i v e l y  l a r g e  

amounts of non-volat i le  mobile phase p r i o r  t o  i n t r o d u c t i o n  o f  t h e  sample i n t o  t h e  

d e t e c t o r .  A v a r i e t y  of LC-MS i n t e r f a c e s  are a v a i l a b l e  in commercial  i n s t r u m e n t s  

[ 9 8 ] .  For example,  t h e  moving b e l t  d e s i g n  i s  a t  p r e s e n t  t h e  most a p p r o p r i a t e  

i n t e r f a c e  f o r  i n t r o d u c i n g  t h e  p o l a r ,  aqueous and b u f f e r e d  e l u a n t s  used i n  BAC 

a n a l y s i s .  Although the  mass s p e c t r o m e t r i c  d e t e c t o r  o f f e r s  h i g h  s p e c i f i c i t y  and 
s e n s i t i v i t y ,  t h e  d e t e c t i o n  l i m i t s  of LC-MS at t h e  p re sen t  time are only i n  o r d e r  of 
10  ng because of i n e f f i c i e n t  t r a n s f e r  of ana ly t e  from the  moving b e l t  i n t o  t h e  i o n  
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source.  Furthermore,  t h e r e  are no r e p o r t e d  d a t a  on t h e  d e t e r m i n a t i o n  o f  BACs by 

t h i s  technique t o  assess. F i n a l l y ,  t he  c o s t  o f  LC-MS is a b o u t  t e n  times t h a t  o f  

HPLC with any of the convent ional  d e t e c t o r s ;  t h i s  would l i k e l y  be a ma jo r  f a c t o r  

d e t e r r i n g  i ts  r o u t i n e  use.  

10.3 DETERMINATION OF BIOGENIC AMINES I N  BIOLOGICAL SAMPLES 

10.3.1 Choice of Sample P repa ra t ion  

There are now numerous demonstrat ions of t he  u t i l i t y  of HPLC in combinat ion w i t h  

f luorescence o r  e l ec t rochemica l  d e t e c t i o n  f o r  d e t e r m i n a t i o n  of BACs i n  mammalian 

t i s s u e s ,  body f l u i d s  and t i s s u e  p e r f u s a t e s .  I n  a p p l y i n g  HPLC t o  measu re  t h e s e  

compounds c e r t a i n  common t r ends  in methodology are ev iden t .  F i r s t l y ,  reversed-phase 

s e p a r a t i n g  systems have become t h e  chosen chromatographic  t e c h n i q u e  in t h e  f i e l d ,  

p r i m a r i l y  because of t h e  supe r io r  r e s o l u t i o n  and s e p a r a t i o n ,  as d i s c u s s e d  above. 

Secondly,  f o r  r e a d i l y  o x i d i z a b l e  B A C s  e l e c t r o c h e m i c a l  d e t e c t i o n  h a s  become t h e  

p r e f e r r e d  mode of d e t e c t i o n  because of i ts  high s e n s i t i v i t y  as w e l l  as s i m p l i c i t y  

and r e l i a b i l i t y .  Th i rd ly ,  f o r  c e r t a i n  b i o l o g i c a l  matrices assays of s e l e c t i v e  BACs 

may be performed wi th  minimal sample p re -pur i f i ca t ion .  

The high degree of r e s o l u t i o n  and sepa ra t ion  of BACs by HPLC have been t h e  major  

f a c t o r s  l e a d i n g  a number of i n v e s t i g a t o r s  t o  u s e  HPLC w i t h o u t  s u b s t a n t i a l  

pre-purif  i c a t i o n  of these ana ly t e s  from b i o l o g i c a l  matrices. This  approach has been 

a p p l i e d  s u c c e s s f u l l y  t o  assays of a v a r i e t y  of BACs in c r u d e  s u p e r n a t a n t s  d e r i v e d  

f r o m  b r a i n  homogenates  [67,99,100,101]. The a d v a n t a g e s  o f  r e d u c i n g  s a m p l e  

manipulat ion l i e  p r imar i ly  in minimizing a n a l y t e  loss and a s s a y  v a r i a b i l i t y  t h a t  

would otherwise be incu r red  by more ex tens ive  processing.  This  can lead t o  improved 

a s say  s e n s i t i v i t y  and r e p r o d u c i b i l i t y  [41] and r educes  t h e  i m p o r t a n c e  of  i n t e r n a l  

s t a n d a r d i z a t i o n  i n  d i r e c t - i n j e c t i o n  assays.  I n  r e p o r t s  providing d a t a  w i t h  r e s p e c t  

t o  c o e f f i c i e n t s  of v a r i a t i o n  (C.V.) and r ecove r i e s  f o r  d i r e c t - i n j e c t i o n  a s s a y s  of 

BACs, t hese  have been less t h a n  3% and g r e a t e r  t h a n  98%, r e s p e c t i v e l y  [67,102]. 

However, o n e  m u s t  b e a r  in mind t h a t  s u c h  C . V .  v a l u e s  v a r y  w i t h  a n a l y t e  
c o n c e n t r a t i o n  and are n o t  s u b s t a n t i a l l y  b e t t e r  t h a n  t h o s e  o b t a i n e d  in some 

procedures  using more e x t e n s i v e  sample p r o c e s s i n g  a l o n g  w i t h  s u i t a b l e  i n t e r n a l  

s t anda rds  [21]. 

Fac to r s  i n f luenc ing  the success fu l  a p p l i c a t i o n  of d i r e c t - i n j e c t i o n  assays inc lude  
a n a l y t e  concen t r a t ion ,  t h e  n a t u r e  of  t h e  b i o l o g i c a l  m a t r i x ,  t h e  mode of a n a l y t e  

d e t e c t i o n  and the  a b i l i t y  of  a p a r t i c u l a r  c h r o m a t o g r a p h i c  s y s t e m  t o  a d e q u a t e l y  

s e p a r a t e  t h e  a n a l y t e s  of  i n t e r e s t .  F o r  e x a m p l e ,  w h i l e  C A s  c a n  be  r e a d i l y  

assayed in bra in  supe rna tan t s  by d i r e c t  i n j e c t i o n  [99], t he  determinat ion of  low CA 

concen t r a t ions  in human plasma (<400 pg/ml) r e q u i r e s  p r i o r  i s o l a t i o n ,  p u r i f i c a t i o n  

and concen t r a t ion  procedures [103,104]. Simply t o  inc rease  the  sample volume is not 
a s o l u t i o n  t o  d e t e r m i n i n g  low ana ly t e  c o n c e n t r a t i o n s  by d i r e c t - i n  j e c  t i o n  

t e c h n i q u e s ,  as t h i s  w i l l  only be  accompanied by i n c r e a s e d  b a c k g r o u n d  n o i s e  
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Fig.  10.5 Simultaneous determinat ion of 
s e l e c t e d  BACs by t h e  i n - l i n e  
f luo rescence  and e l e c t r o -  
chemical d e t e c t o r s  (Redrawn 
and reproduced with permission 
from Anderson & &. 11413). 

e lec t rochemica l  d e t e c t i o n  o r  f l u o r e s c e n c e  

without s i g n i f i c a n t  improvement in t h e  

s i g n a l  t o  noise  r a t i o  fo r  t h e  a n a l y t e .  

I n  a n o t h e r  e x a m p l e ,  t h e  c o m p l e x  

chemical composi t ion of u r i n e  c r e a t e s  

s u b s t a n t i a l  d i f f i c u l t i e s  i n  

d i r e c t - i n j e c t i o n  assay of CA compounds 

[41] .  However, t h i s  is not a lways t h e  

case. Using a r e v e r s e d - p h a s e  s y s t e m  

w i t h  t r i b u t y l p h o s p h a t e  a s  t h e  

s t a t i o n a r y  l i q u i d  p h a s e ,  Wahlund and 

Edlen [lo51 were a b l e  t o  a s s a y  5-HIAA 

and IAA in ur ine  by d i r e c t  i n j e c t i o n .  

S e v e r a l  g r o u p s  have d e m o n s t r a t e d  

c l e a r l y  t h e  u t i l i t y  o f  L C - E C  in 

d i r e c t - i n j e c t i o n  a s s a y s  of  BACs in a 
number of b i o l o g i c a l  matrices. Indo les  

such as 5-HTP, 5-HT o r  5-HIAA have been 

determined in bra in  s u p e r n a t a n t s  u s i n g  

t h i s  a p p r o a c h  in c o n j u n c t i o n  w i t h  

d e t e c t i o n  [ 3 3 , 6 7 , 1 0 0 , 1 0 2 ] .  C a t e c h o l  

compounds such aa DA, DOPA and HVA i n  b r a i n  s u p e r n a t a n t s  [ 1061.  as w e l l  as HVA, 

MOPEG and MOPET in CSF [ 4 1 , 1 0 1 ]  have  a lso been  a s s a y e d  by LC-EC u s i n g  d i r e c t  

i n j e c t i o n .  Hdwever, t h e  d i r e c t - i n j e c t i o n  a s s a y  o f  N A .  and  s o m e t i m e s  D A ,  

s imultaneously with indo le s  such as 5-HTP and 5-HT cannot be undertaken with c u r r e n t  

reversed-phase systems and e l ec t rochemica l  d e t e c t i o n  s ince  N A  and DA e l u t e  r a p i d l y  

and merge i n t o  t h e  s o l v e n t  f r o n t  w i t h  o t h e r  u n r e t a i n e d  compounds u s i n g  t h e s e  

s e p a r a t i n g  systems. This  de f i c i ency  may be overcome in some s i t u a t i o n s  by t h e  u s e  

of f l uo rescence  d e t e c t i o n  which o f t e n  does  n o t  show t h e  same b road  s o l v e n t  f r o n t  

[41,99] (F ig .  10 .5 ) .  D e s p i t e  t h e  e n c o u r a g i n g  r e s u l t s  of  t h e  d i r e c t - i n j e c t i o n  

approach t o  assay BACs, more than 90% of  t h e  r e c e n t l y  p u b l i s h e d  HPLC methods  f o r  

t h e s e  subs t ances  involve a t  least some degree of p r i o r  sample p u r i f i c a t i o n .  T h i s  
suppor t s  t he  va lue  of more ex tens ive  sample p re -pur i f i ca t ion  in HPLC assays of BACs. 

H o w e v e r ,  t h e  a d d i t i o n a l  s a m p l e  m a n i p u l a t i o n  r e q u i r e d  i n  i s o l a t i o n  a n d  

p re -pur i f i ca t ion  w i l l  reduce sample y i e l d s  in many cases. T h i s  may be a s s o c i a t e d  

with a decrease in abso lu te  s e n s i t i v i t y  of t h e  a s s a y s  and i n c r e a s e d  i n t e r - s a m p l e  

v a r i a b i l i t y ,  as a r e s u l t  of uncontrol led processing l o s s e s .  T h e r e f o r e ,  t h e  u s e  of 

chemical ly  and s t r u c t u r a l l y  similar i n t e r n a l  s t anda rds  becomes more important in the  

l a t t e r  approach  t o  a l l e v i a t e  m e t h o d o l o g i c a l  d e f i c i e n c e s  a r i s i n g  o u t  o f  p r i o r  

clean-up of  t h e  sample .  O n  t h e  o t h e r  hand ,  sample p u r i f i c a t i o n  p r i o r  t o  HPLC 

enhances r e s o l u t i o n  and s p e c i f i c i t y  o f  HPLC a s s a y s  o f  BACs by removing unknown 
i n t e r f e r i n g  compounds. Furthermore,  HPLC column l i f e  can be extended due to  removal 
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of undes i r ab le  p a r t i c u l a t e  material from t h e  samples .  In some i n s t a n c e s  , sample 
clean-up procedures may a c t u a l l y  enhance o v e r a l l  assay s e n s i t i v i t y  by c o n c e n t r a t i n g  

t h e  compounds of i n t e r e s t  before  sepa ra t ion  by HPLC and d e t e c t i o n .  

10.3.2 Approaches t o  Sample Pre-treatment 

(I) Sample d e p r o t e i n i z a t i o n .  Br i e f  c e n t r i f u g a t i o n  is required to  remove d e b r i s  

in t he  less complex b i o l o g i c a l  ma t r i ces  such  as CSF, p r i m a r i l y  t o  p r o l o n g  column 

l i f e  [41,67,101].  In LC-EC a s s a y s  of B A C s ,  a n t i - o x i d a n t s  s u c h  as a s c o r b i c  a c i d  

should a l s o  be e x c l u d e d  i n  sample c o l l e c t i o n  because  of t h e  e l e c t r o c h e m i c a l l y  

r e a c t i v e  na tu re  of t hese  compounds [ 4 2 ] .  D e p r o t e i n i z a t i o n  is e s s e n t i a l  f o r  t h e  

a s s a y  of complex b i o l o g i c a l  m a t r i c e s  s u c h  as b r a i n  t i s s u e .  R e a g e n t s  s u c h  as 

ZnS04/NaOH [102] ,  ZnSO4/Ba(OH),[4l] and pe rch lo r i c  ac id  [lo61 have been employed f o r  

adequate p r e c i p i t a t i o n  of b ra in  p r o t e i n s  and a r e  also s u i t a b l e  f o r  LC-EC or l i q u i d  

c h r o m a t o g r a p h y - f l u o r e s c e n c e  d e t e c t i o n  (LC-F) d e t e r m i n a t i o n  o f  B A C s  in b r  a i n  

supe rna tan t s  by d i r e c t - i n j e c t i o n  assay.  

(ii) Sample p r e - p u r i f i c a t i o n  and c o n c e n t r a t i n g  p r o c e d u r e s .  The t h r e e  most 

commonly used sample c l e a n - u p  p r o c e d u r e s  i n v o l v e  o r g a n i c  e x t r a c t i o n ,  s e l e c t i v e  

a d s o r p t i o n  of  c a t e c h o l  compounds on a l u m i n a ,  or a d s o r p t i o n  on c o n v e n t i o n a l  

ion-exchange s o r b e n t s .  A c i d i c  ( e . g .  5-HIAA, DOPAC, HVA and VMA) and n e u t r a l  

(MOPEG) me tabo l i t e s  of b iogen ic  amines r e a d i l y  p a r t i t i o n  from a c i d i f i e d  aqueous 

media (pH < 3 )  i n t o  organic  so lven t s  such as e t h y l  a c e t a t e  and e t h e r  [107-111].  The 

o rgan ic  phase con ta in ing  these  me tabo l i t e s  may be subsequent ly  evaporated to dryness 

under a stream of n i t rogen  and the  sample r e s idues  r e c o n s t i t u t e d  i n  t h e  mobile phase 

b u f f e r  f o r  HPLC a s s a y .  O r g a n i c  e x t r a c t i o n  p r o c e d u r e s  are less p r e f e r r e d  f o r  

i s o l a t i o n  and p u r i f i c a t i o n  o f  C A s  and 5-HT b e c a u s e  o f  t h e i r  l ow e x t r a c t i o n  

e f f i c i e n c y  (e .g .  low t i s s u e  r ecove r i e s  [ZO]) and l a b i l i t y  of these compounds i n  the 

b a s i c  media required f o r  opt imal  e x t r a c t i o n .  I s o l a t i o n  of c a t e c h o l  compounds such  

as NA, A, DA and DOPAC has been achieved by s e l e c t i v e  adsorpt ion of these compounds 

on d u m i n a  at n e u t r a l  pH, followed by t h e i r  e l u t i o n  i n  a c i d i c  e l u e n t s  [34,35,43,47].  

Th i s  procedure is s u i t a b l e  f o r  assays of BACe with an i n t a c t  c a t e c h o l  moie ty ,  b u t  

n o t  f o r  i ndo le  compounds and methoxy me tabo l i t e s  of C A s  wh ich  are n o t  adso rbed  on 

alumina. 

In RPLC s y s t e m s  which a l l o w  s i m u l t a n e o u s  a s s a y  o f  C A s  a n d  i n d o l e a m i n e s ,  

p u r i f i c a t i o n  o f  t h e s e  compounds  may b e  a c h i e v e d  by  a d s o r p t i o n  on s m a l l  

cation-exchange columns such as Amberli te CG-50 [45,112],  Bio-Rex 70 [113] and Dowex 

SOW [ 1 1 4 ] .  An a d v a n t a g e  o f  u s i n g  c a t i o n - e x c h a n g e  c o l u m n s  f o r  s a m p l e  

p r e - p u r i f i c a t i o n  is t h a t  concurrent  i s o l a t i o n  of secondary biogenic  amines, such as 
A and methoxy-phenylethylamines such as NMN, MN, 3-methoxytyramine (3-MTA), l a  a l s o  

p o s s i b l e  [50,114,115].  Because of  t h e  c a r b o x y l i c  m o i e t y ,  a c i d i c  m e t a b o l i t e s  of  

biogenic  amines may be p u r i f i e d  by adsorpt ion on anion-exchange columns such as AG 1 

(BioRad) [ 1 1 6 ] .  F u r t h e r m o r e ,  by d i f f e r e n t i a l  e l u t i o n  on a m a l l  s ephadex  G-10 
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columns, NA, DA and 5-HT and  some o f  t h e i r  a c i d i c  m e t a b o l i t e s  (DOPAC, HVA and 

5-HIAA) have been convenient ly  p u r i f i e d  from t i s s u e  samples [117 ,118] .  

( i i i )  On-line sample enrichment.  This  technique  is d e r i v e d  f rom t h e  combined 

use of a small, g r a v i t y - f e d ,  l i g a n d - s o l i d  e x t r a c t i o n  column w i t h  an a n a l y t i c a l  

reversed-phase column t o  achieve  s e r i a l  sample p u r i f i c a t i o n  and HPLC a s s a y  o f  B A C s  
[119]. I n  t h i s  approach, b r a i n  s u p e r n a t a n t s  were p a s s e d  t h r o u g h  t h e  e x t r a c t i o n  

columns (Amber l i te  CG-50 f o r  5-HT; Sephadex  G-10 f o r  5-HIAA) and t h e  u n r e t a i n e d  

compounds d i sca rded .  Through t imed s w i t c h e s  t h e  pre-co lumn c a r r y i n g  t h e  i n d o l e  

compounds was connected t o  t h e  a n a l y t i c a l  column and t h e  r e t a i n e d  compounds were  

e l u t e d  i n t o  t h e  RPLC m o b i l e  p h a s e .  The  5-HT a n d  5-HIAA were s u b s e q u e n t l y  

q u a n t i t a t e d  e l ec t rochemica l ly  and, at t h e  same t i m e ,  t h e  pre-co lumn was r e a d y  f o r  

t h e  next  sample i s o l a t i o n .  The u t i l i t y  of on- l ine  e n r i c h m e n t  t e c h n i q u e s  r e q u i r e s  

t h e  p r e c i s e  c o n t r o l  of timed even t s  in order  t h a t  t he  deso rp t ion  of a n a l y t e  from the  

pre-column c o i n c i d e s  d i r e c t l y  w i t h  t h e  l o a d i n g  phase  of t h e  HPLC i n j e c t o r .  Any 

v a r i a t i o n  in t h e  pre-column e l u t i o n  p r o f i l e  of t he  ana ly t e  may r e s u l t  in d e c r e a s e d  

y i e l d  of  s o l u t e  i n t o  t h e  HPLC. Despi te  t hese  p o t e n t i a l  t e c h n i c a l  p r o b l e m s ,  o n - l i n e  

enrichment o f f e r s  t h e  advantages of improved assay  s p e c i f i c i t y ,  a s  w i t h  t e c h n i q u e s  

employing sample p r e - p u r i f i c a t i o n ,  bu t  wi th  h igher  y i e l d s ,  s e n s i t i v i t y  and r e d u c e d  

v a r i a b i l i t y ,  c h a r a c t e r i s t i c  of t h e  d i r e c t - i n j e c t i o n  techniques .  

10.3.3 Accuracy, R e l i a b i l i t y  and S e n s i t i v i t y  of HPLC Assays 
The a c c u r a c y  o f  any  q u a n t i t a t i v e  p r o c e d u r e  depends  upon t h e  s p e c i f i c i t y  of 

de t e rmina t ion ,  t h e  p r e c i s i o n  o f  t h e  e s t i m a t i o n  and t h e  a b i l i t y  t o  estimate t h e  

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

a c h i e v e d  t h r o u g h  t h e  i s o l a t i o n  t e c h n i q u e ,  compound s p e c i f i c  d e t e c t i o n  o r  a 
combination of t hese ,  whereas p r e c i s i o n  o f  e s t i m a t i o n  ( r e p r o d u c i b i l i t y )  r e q u i r e s  

c o n t r o l  o f  v a r i a b i l i t y  be tween  t h e  d e t e r m i n a t i o n s .  F i n a l l y ,  e s t i m a t i o n  and  

c o r r e c t i o n  f o r  r e c o v e r y  l o s s e s  n e c e s s i t a t e s  t h e  u s e  of  a p p r o p r i a t e  i n t e r n a l  

s t a n d a r d s  in each de termina t ion .  For t h e  assay  of BACs in b i o l o g i c a l  matrices these  

c o n d i t i o n s  have only been achieved using GC-MS assays  [ 2 1 ] .  

A s  d i scussed  in s e c t i o n  10.2 most of t h e  commonly used d e t e c t o r s  employed in HPLC 

assays  provide  on ly  p a r t i a l  s e l e c t i v i t y  f o r  p o s i t i v e  i d e n t i f i c a t i o n  o f  B A C s .  F o r  

t h i s  reason ,  t h e  a c c u r a t e  de t e rmina t ion  of t hese  compounds in b i o l o g i c a l  s a m p l e s  is 
c r i t i c a l l y  dependent on adequacy of s e p a r a t i o n  and r e s o l u t i o n  a c h i e v e d  by t h e  HPLC 

system. Var ious  me thods  h a v e  b e e n  a p p l i e d  t o  v a l i d a t e  t h e  s e l e c t i v i t y  of HPLC 

s e p a r a t i o n  o f  s p e c i f i c  c o m p o u n d s  in b i o l o g i c a l  s a m p l e s .  T h e s e  i n c l u d e  
i d e n t i f i c a t i o n  of compound peaks i n d i r e c t l y  by: 1) comparing t h e  r e t e n t i o n  times of 

t h e  p u t a t i v e  s u b s t a n c e s  w i t h  a u t h e n t i c  s t a n d a r d s  o r  r e l a t i v e  t o  a n  i n t e r n a l  
s t a n d a r d ,  p r e f e r a b l y  us ing  two o r  more HPLC s e p a r a t i n g  sys tems,  2 )  d e m o n s t r a t i n g  an 
i n c r e a s e  in t h e  unknown peak  i n t e n s i t y  when co -ch romatographed  w i t h  a u t h e n t i c  

s t a n d a r d s ,  3) o b t a i n i n g  t h e  expected v a r i a t i o n  in unknown peak i n t e n s i t i e s  fo l lowing  
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p r e d i c t a b l e  manipula t ions  of t h e  i n  v ivo  sample concen t r a t ion  [ 1 0 2 , 1 0 6 , 1 2 0 ]  and 4 )  
u s i n g  m u l t i p l e  modes  o f  d e t e c t i o n  i n - l i n e ,  e a c h  m o n i t o r i n g  a d i f f e r e n t  

physico-chemical p rope r ty  [42 ,110] .  
I n  most cases i d e n t i f i c a t i o n  of BACs has been performed exped ien t ly  by comparison 

of t h e  e l u t i o n  p r o f i l e  of unknown peaks  w i t h  t h a t  o f  a u t h e n t i c  s t a n d a r d s  in a 

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

assayed .  Moreover, in p e r u s i n g  t h e  r e c e n t  HPLC l i t e r a t u r e  on BAC a s s a y s ,  f u l l  

e l u t i o n  s p e c t r a  of chemica l ly  and s t r u c t u a l l y  similar BACs are no t  always r e p o r t e d .  

Thus i n t e r f e r i n g  peaks o r i g i n a t i n g  from r e l a t e d  BACs o r  unknown compounds may e a s i l y  

a f f e c t  t h e  s p e c i f i c i t y  and q u a n t i t a t i o n  of the  a n a l y t e s  of i n t e r e s t .  Th i s  s i t u a t i o n  

is more prone t o  o c c u r  i n  d i r e c t - i n j e c t i o n  a s s a y s  in which  t h e  compounds t o  be 

assayed  are not  i s o l a t e d  in advance from p o s s i b l e  i n t e r f e r i n g  compounds.  I n  t h e s e  

a s says  t h e  s p e c i f i c i t y  o f  BAC d e t e r m i n a t i o n  is more l i k e l y  to  be  a f f e c t e d  when 

e l ec t rochemica l  d e t e c t i o n  is used r a t h e r  than  f luo rescence  d e t e c t i o n ,  as t h e r e  is a 

g r e a t e r  abundance of i n t e r f e r i n g  subs t ances  which are e a s i l y  oxid ized  i n  compar i son  

t o  t h e i r  a b i l i t y  t o  f l u o r e s c e  ( s e e  F i g .  10 .5)  [ 4 1 , 1 0 6 ] .  I n  c o n t r a s t ,  s ample  

p r e - p u r i f i c a t i o n  improves  a s s a y  s p e c i f i c i t y  by removing  some o r  m o s t  o f  t h e  

endogenous i n t e r f e r i n g  subs tances  i n  b i o l o g i c a l  samples,  bu t  t he  use  of a p p r o p r i a t e  

i n t e r n a l  s t anda rds  is c r u c i a l  f o r  a c c u r a t e  q u a n t i t a t i o n  f o r  r e a s o n s  d i s c u s s e d .  

T y p i c a l l y  a chemica l ly  and s t r u c t u a l l y  s imilar  compound is used  a s  an i n t e r n a l  

s t anda rd  t o  c o n t r o l  f o r  p r o c e d u r a l  l o s s e s  f o r  t h e  v a r i o u s  a n a l y t e s  i n  HPLC, bu t  

a c c u r a t e  c o r r e c t i o n  f o r  recovery l o s s e s  depends on t h e  chemical similari t ies between 

i n t e r n a l  s t anda rd  and a n a l y t e  [21 ,45 ] .  S t a b l e  and r a d i o i s o t o p i c  c o n g e n e r s  which 

have chemical and phys ica l  c h a r a c t e r i s t i c s  i d e n t i c a l  t o  t h e  a n a l y t e s  c a n  o n l y  be  

employed as i n t e r n a l  s t a n d a r d s  when a p p r o p r i a t e  d e t e c t o r s  a r e  used  c a p a b l e  o f  

d i s c r i m i n a t i n g  t h e  tracer i n t e r n a l  s t a n d a r d  and u n l a b e l l e d  a n a l y t e .  For  example ,  

deuter ium l a b e l l e d  i n t e r n a l  s t anda rds  may be used i n  LC-MS. 

Pe rusa l  of t h e  p u b l i s h e d  me thods  f o r  d e t e r m i n a t i o n  o f  B A C s  by LC-EC o r  LC-F 

a s says  i n d i c a t e s  t h a t  r e c o v e r i e s  of a u t h e n t i c  s t anda rds  added t o  b i o l o g i c a l  s a m p l e s  

v a r y  s u b s t a n t i a l l y ,  f rom 23  t o  100%. I n  p r o c e d u r e s  i n v o l v i n g  l i q u i d - l i q u i d  

p a r t i t i o n i n g  f o r  p u r i f i c a t i o n  of b iogenic  amines ( e . g .  NA, DA and 5-HT) o r  t h e i r  

r e s p e c t i v e  a c i d i c  and n e u t r a l  m e t a b o l i t e s  (e.g.  DOPAC, HVA, 5-HIAA and MOPEG) p r i o r  

t o  HPLC de te rmina t ion ,  r e c o v e r i e s  va r i ed  f rom 2 3  t o  50% f o r  t h e  f o r m e r  compounds 

[20,92,121] and from 31 t o  98% f o r  t h e  la t ter  compounds [110 ,111 ,122] .  S i m i l a r l y ,  

i n  me thods  employ ing  c o n v e n t i o n a l  a d s o r p t i o n  ( e . g .  a l u m i n a )  o r  i o n - e x c h a n g e  
(Amber l i te  CG-50, Sephadex 010 o r  Dowex AG 1) chromatography  t o  i s o l a t e  c e r t a i n  

BACs,  r e c o v e r i e s  ranged from 40  t o  8 5 %  [ 1 5 , 3 4 , 3 5 , 3 8 , 4 0 , 4 3 , 4 5 , 1 1 8 ] .  The h i g h e s t  

recovery  v a l u e s  ( >  98%) have been  o b t a i n e d  by d i r e c t - i n j e c t i o n  a s s a y s  i n  which  

sample manipula t ion  was minimal [41,102].  I n  procedures wi th  r e c o v e r i e s  f o r  BACs of 

l e s s  t h a n  8 0 % ,  c o r r e c t i o n  f o r  p r o c e d u r a l  l o s s e s  i s  a d v i s a b l e  t o  p r e v e n t  

unde res t ima t ion  of t r u e  a n a l y t e  concen t r a t ions .  I n  t h e  m a j o r i t y  of r e p o r t e d  HPLC 
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procedures  f o r  BACs ,  t h i s  has been accomplished by t h e  u s e  o f  i n t e r n a l  s t a n d a r d s .  

For HPLC assays  involv ing  s imul taneous  de t e rmina t ion  of m u l t i p l e  B A C s ,  a c c u r a c y  o f  

e s t i m a t i o n  of e a c h  a n a l y t e  may be  o p t i m i s e d  i f  t h e  i n d i v i d u a l  c o m p o u n d s  a r e  

re fe renced  a g a i n s t  s e p a r a t e  i n t e r n a l  s t anda rds  with c h e m i c a l  c h a r a c t e r i s t i c s  v e r y  

similar t o  t h e  i n d i v i d u a l  ana ly t e s .  However, t h i s  mode of i n t e r n a l  s t a n d a r d i z a t i o n  

is not  always p o s s i b l e  s i n c e  t h e  d e t e c t o r s  used  in HPLC a s s a y  a r e  o n l y  p a r t i a l l y  

s e l e c t i v e  and because m u l t i p l e  i n t e r n a l  s t anda rds  may a f f e c t  t h e  s e p a r a t i o n  o f  t h e  

a n a l y t e s  by o v e r r i d i n g  t h e  l a t t e r  p e a k s .  T h u s ,  in most r e c e n t  LC-EC and LC-F 

a s says ,  s i n g l e  i n t e r n a l  s t anda rds  have been employed f o r  concurren t  de t e rmina t ion  of 

s e v e r a l  BACs.  In t h i s  case, c a r e f u l  s e l e c t i o n  of an a p p r o p r i a t e  i n t e r n a l  s t a n d a r d  

is c r i t i c a l  t o  t h e  accuracy of t h e  assay  and the  v a l i d i t y  of t h e  da t a .  

The b e s t  way of demonst ra t ing  t h e  importance of an appropr i a t e  i n t e r n a l  s t a n d a r d  

t o  t h e  accuracy  of HPLC p r o c e d u r e s  h a s  been  t h r o u g h  d i r e c t  c o m p a r i s o n  t o  GC-MS 

methods. The l a t t e r  are a l m o s t  i d e a l  r e f e r e n c e  p r o c e d u r e s  b e c a u s e  t h e y  employ 

compound s p e c i f i c  d e t e c t i o n  and p h y s i c a l l y  i d e n t i c a l  (mass  l a b e l l e d )  i n t e r n a l  

s t anda rds  f o r  each  ana ly t e .  Such  d i r e c t  c o m p a r i s o n  of HPLC w i t h  GC-MS h a s  been  

r epor t ed  f o r  de t e rmina t ion  of DA, 5-HT, and s e l e c t e d  CA m e t a b o l i t e s ,  HVA and MOPEG 

[ 2 1 , 1 2 2 ] .  Fo r  example ,  employ ing  e p i n i n e  as t h e  i n t e r n a l  s t a n d a r d  in t h e  

ion-exchange LC-EC assay  of rat  hypotha lamic  D A  and 5-HT, r e c o v e r i e s  ( >  9 5 % )  and 

C.V. v a l u e s  ( <  2%) f o r  t hese  two BACs were not  s t a t i s t i c a l l y  d i f f e r e n t  f rom t h o s e  

o b t a i n e d  by GC-MS m e t h o d s  [ 4 5 ] .  D e s p i t e  t h e  s l i g h t l y ,  b u t  s t a t i s t t c a l l y  

s i g n i f i c a n t ,  h ighe r  c o n c e n t r a t i o n s  o f  D A  d e t e r m i n e d  by LC-EC compared t o  GC-MS, 

e p i n i n e  appeared to  be s u i t a b l e  as an i n t e r n a l  s t anda rd  i n  t h i s  ion-exchange mode of 

HPLC assay  [21 ] .  However, in a reversed-phase system, ep in ine  w a s  found  t o  be  less 
s u i t a b l e  than  DHBA as an i n t e r n a l  s t a n d a r d  f o r  t h e  a s s a y  o f  s e l e c t e d  B A C s  [45]. 

When ep in ine  w a s  used, t h e  C.V. v a l u e s  f o r  NA,  DA and 5-HT were 2 7 % ,  25% and 13%, 
r e s p e c t i v e l y .  In c o n t r a s t ,  t h e  C.V.  v a l u e s  ob ta ined  when DHBA was employed were 

3%,  17% and 10% f o r  NA, DA and 5-HT, r e s p e c t i v e l y .  Such f i n d i n g s  c l e a r l y  show t h e  

importance of t h e  s e l e c t i o n  of an appropr i a t e  i n t e r n a l  s t anda rd  to  the  a c c u r a c y  and 

r e p r o d u c i b i l i t y  of t h e  assay .  They a l s o  i n d i c a t e  t h a t  i n t e r n a l  s t a n d a r d s  h a v i n g  

chemica l  c h a r a c t e r i s t i c s  c l o s e l y  similar t o  c e r t a i n  BACs i n  one HPLC sys tem may n o t  

r e t a i n  t h e  same chemical similari t ies to  t h e  a n a l y t e s  in another  HPLC sys tem.  Thus  

t h e  i n t e r n a l  s t anda rd  may no t  prove u s e f u l  in t h e  l a t t e r  in s t ance .  

Concerning t h e  v a r i a b i l i t y  of HPLC p r o c e d u r e s  f o r  B A C s ,  r e p o r t e d  C.V.  v a l u e s  

range  from 2 t o  l o % ,  wi th  m a j o r i t y  of procedures y i e l d i n g  va lues  f a l l i n g  w i t h i n  t h e  

5% l e v e l  [19,21,34,35,41,42,45,50,106,110,118]. This  degree  of v a r i a b i l i t y  compares 

favourably  wi th  C.V. v a l u e s  f o r  GC-MS assay  of t hese  same subs t ances  [5-7].  

In HPLC me thods  employ ing  an e l e c t r o c h e m i c a l  o r  an i m p r o v e d  f l u o r e s c e n c e  

d e t e c t o r ,  assay  s e n s i t i v i e s  ranging  from 5 t o  200 pg are common [21 ,45 ,50 ,67] .  This  

s e n s i t i v i t y  is a l s o  q u i t e  c o m p a r a b l e  t o  t h a t  o f  GC-MS a s s a y  [5-71 .  A l t h o u g h  

rad ioenzymat ic  assays  provide  s l i g h t l y  b e t t e r  s e n s i t i v i t y  ( e . g .  1 t o  50 pg CA)  
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[123-1251 than LC-EC assay ,  t h e s e  enzyme methods  u s u a l l y  h a v e  lower  s p e c i f i c i t y  

because of c ross -contaminat ion  wi th  chemica l ly  similar BACs. A t  p r e sen t ,  LC-EC and 

LC-F methods o f f e r  assay  s e n s i t i v i t i e s  adequate f o r  d e t e r m i n a t i o n  of a m a j o r i t y  of 

BACs in most a p p l i c a t i o n s .  The s e n s i t i v i t y  of t hese  assays  is l i k e l y  t o  be  f u r t h e r  

i nc reased  i n  t h e  f u t u r e  t o  match t h a t  of radioenzymatic assay  f o r  measurement of at 

least  some BACs. This  w i l l  be achieved through opt imiz ing  t h e  d e t e c t o r  d e s i g n s  and 
m a t e r i a l s  a s  well a s  improvements i n  column e f f i c i e n c y .  

10.3.4 HPLC f o r  Enzyme Assays and Turnover S t u d i e s  

The s p e c i f i c i t y  and high s e n s i t i v i t y  o f  HPLC a s s a y s  o f  BACs o f f e r  a means t o  
s t u d y  t h e  a c t i v i t i e s  and k i n e t i c s  o f  enzymes i n v o l v e d  i n  t h e  b i o s y n t h e s i s  o f  

b iogen ic  amines. For example, t h e r e  have been  r e p o r t s  on t h e  a s s a y  o f  b r a i n  TYR 

hydroxylase  [126 ,127] ,  b r a i n  and serum aromatic L-amino ac id  decarboxylase  [128-1301 

and l i v e r  and red  blood ce l l  catechol-0-methyl t r a n s f e r a s e  [ 1 3 1 ] .  A l t h o u g h  t h e s e  

HPLC enzyme assays  are time consuming, t h e i r  s p e c i f i c i t y  and s e n s i t i v i t y  p r o v i d e  an 

e x c e l l e n t  a l t e r n a t i v e  t o  t h e  radioenzymatic assays .  

HPLC t e c h n i q u e s  have  a l s o  p r o v i d e d  a ma jo r  c o n t r i b u t i o n  t o  s t u d i e s  o f  t h e  

turnover  and b iosyn thes i s  of b iogenic  amines [26,132,133].  With t h e  deve lopment  o f  

low dead-volume non-des t ruc t ive  d e t e c t o r s  used i n  c o m b i n a t i o n  w i t h  m i c r o - f r a c t i o n  

c o l l e c t i o n  of t he  column e l u a t e s ,  it is poss ib l e  t o  under take  r ap id  de t e rmina t ion  of 

BAC s p e c i f i c  a c t i v i t i e s  w i t h o u t  u s i n g  m u l t i p l e  a s s a y s  f o r  t h e  p r e c u r s o r s  and  

p r o d u c t s  i n v o l v e d .  T h i s  l a t t e r  a p p r o a c h  h a s  r e c e n t l y  been  d e m o n s t r a t e d  as a 

p o t e n t i a l l y  va luab le  technique  t o  s tudy  CA b iosyn thes i s  and turnover  in s m a l l  b r a i n  

a r e a s  [134] .  

10.4 SUMMARY 

High p e r f o r m a n c e  l i q u i d  ch romatography  is now c l e a r l y  a ma jo r  t o o l  in t h e  

m e t h o d o l o g i c a l  a r m a m e n t a r i u m  f o r  BAC a n a l y s i s .  C u r r e n t  d e v e l o p m e n t s  in 

chromatograph ic  and d e t e c t o r  t e c h n o l o g y ,  s u c h  as t h e  i n t r o d u c t i o n  o f  RPLC and 

e l ec t rochemica l  d e t e c t i o n ,  played a p i v o t a l  r o l e  i n  r a i s i n g  t h i s  methodology t o  i t s  

p r e s e n t  s t a t u r e .  P re sen t  LC-EC and LC-F procedures f o r  BAC d e t e r m i n a t i o n  p r o v i d e  

s e n s i t i v i t y ,  p r e c i s i o n  and a c c u r a c y  which  is  c o m p a r a b l e  t o  t h a t  d e m o n s t r a b l e  

p r e v i o u s l y  o n l y  w i t h  GC-MS t e c h n i q u e s .  Moreove r ,  t h i s  h a s  been  a c h i e v e d  w i t h  

c o n s i d e r a b l y  g r e a t e r  f l e x i b i l i t y  a n d  s i m p l i c i t y  a n d  much l o w e r  c o s t  t h a n  

t echno log ie s  such as GC-MS. In view of t hese  a t t r i b u t e s  i t  is n o t  u n e x p e c t e d  t h a t  

i n  a very s h o r t  time s p a n  HPLC me thods  have  s u p p l a n t e d  o t h e r  a p p r o a c h e s  t o  BAC 

measurement as  t h e  p r e f e r r e d  measurement t o o l .  C u r r e n t  HPLC a s s a y  s e n s i t i v i t i e s  

have reached l e v e l s  of 1 pmol o r  less f o r  some B A C s .  With newer d e v e l o p m e n t s  in 

HPLC d e t e c t o r  technology one can expec t  t o  see even f u r t h e r  g a i n s  i n  s e n s i t i v i t y ,  

poss ib ly  in t h e  o rde r  of one magnitude, and improved s e l e c t i v i t y  of d e t e c t i o n .  HPLC 

i s  a t o o l  which l ends  i t s e l f  e a s i l y  t o  automation as is  a l r eady  q u i t e  ev iden t  i n  the  
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d e g r e e  of c o m p u t e r i z a t i o n  of many commercial i n s t r u m e n t s .  T h i s  a g a i n  w i l l  l e a d  t o  

f u r t h e r  g a i n s  in f l e x i b i l i t y  and u t i l i t y  of HPLC procedures .  However ,  as w i t h  a n y  

t o o l ,  HPLC should  n o t  be  viewed as a p a n a c e a  o f  m e a s u r e m e n t .  T h e r e  a r e  d e f i n i t e  

l i m i t a t i o n s  in c e r t a i n  a p p l i c a t i o n s  of HPLC, t h e  r e c o g n i t i o n  of which w i l l  allow t h e  

i n v e s t i g a t o r  t o  r e a l i z e  t h e  f u l l  p o w e r  a n d  u t i l i t y  o f  t h i s  t o o l  f o r  BAC 

measurement. 
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VOLTAMMETRIC TECHNIQUES FOR THE ANALYSIS OF BIOGENIC MINES. 
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47405 (United S t a t e s )  

In t h e  p a s t  few y e a r s  t h e  use  o f  amperometric t echn iques  f o r  t h e  a n a l y s i s  
o f  b iogen ic  amines has  inc reased  d rama t i ca l ly .  
t rochemica l  d e t e c t i o n  (LCEC) has  been developed and r e f i n e d  t o  such an e x t e n t  
t h a t  it has  become t h e  method o f  cho ice  f o r  many neurochemical ana lyses .  In 

uiuo e l e c t r o c h e m i s t r y ,  t h e  d i r e c t  measurement of e a s i l y  ox id i zed  s p e c i e s  i n  t h e  i n -  
t a c t  mammalian b r a i n ,  i s  a l s o  be ing  i n v e s t i g a t e d  by a wide number o f  r e sea rch  

groups.  Other amperometric methods are j u s t  beginning  t o  appear  which should  

f u r t h e r  i n c r e a s e  t h e  u t i l i t y  o f  e l ec t rochemica l  methods f o r  t h e  a n a l y s i s  o f  b i o -  
genic  amines.  
f u l  f o r  b iogen ic  amine a n a l y s i s  and t h e i r  under ly ing  p r i n c i p l e s ,  e v a l u a t e  them 
wi th  r e s p e c t  t o  o t h e r  methods, and a t t empt  t o  i n d i c a t e  t h e  a r e a s  where ampero- 

m e t r i c  methods can provide  new unique methods f o r  a n a l y s i s .  

Liquid chromatography wi th  e l e c -  

This  review w i l l  examine t h e  d i f f e r e n t  amperometric methods use-  

11.1 VOLTAMMETRY 
11.1.1 In t roduc t ion  t o  voltammetry 

Voltammetry i s  probably  f a m i l i a r  i n  one form o r  ano the r  t o  many s c i e n t i s t s  

as an  a n a l y t i c a l  method. The C la rk ,  o r  "polarographic",  oxygen e l e c t r o d e  oper -  
a t e s  under t h i s  p r i n c i p l e  a s  does convent iona l  polarography wi th  a dropping  
mercury e l e c t r o d e ,  a ve ry  s e n s i t i v e  method f o r  t h e  t r a c e  measurement o f  c e r t a i n  

metal  i o n s .  In t h e s e  techniques  and i n  a l l  o f  t h e  e l ec t rochemica l  experiments 
desc r ibed  i n  t h i s  chap te r ,  a v o l t a g e  i s  app l i ed  between a r e f e r e n c e  e l e c t r o d e  
which ma in ta ins  a cons t an t  p o t e n t i a l  and a working e l e c t r o d e  exposed t o  t h e  
s o l u t i o n  con ta in ing  t h e  s p e c i e s  t o  be  measured. 
between t h e s e  two e l e c t r o d e s  i s  measured and can be  r e l a t e d  t o  even t s  occur r ing  
at  t h e  working e l e c t r o d e  su r face .  
d i f f e r e n c e  between t h e  two e l e c t r o d e s  i s  kep t  a t  a cons t an t  va lue  and t h e  cu r -  
r e n t  i s  simply measured a s  a func t ion  of t ime.  The term voltammetry g e n e r a l l y  

The c u r r e n t  which f lows  

In an amperometric experiment,  t h e  vo l t age  
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imp l i e s  t h a t  t h e  vo l t age  between t h e  e l e c t r o d e s  is a l t e r e d  du r ing  t h e  measure- 

ment and t h e  c u r r e n t  i s  then  recorded  as a func t ion  o f  v o l t a g e .  Various wave- 
forms f o r  t h e  app l i ed  v o l t a g e  i n  voltammetry have been i n v e s t i g a t e d  wi th  t h e  
goa l  o f  o b t a i n i n g  t h e  most u s e f u l  c u r r e n t  in format ion .  

A l l  of  t h e s e  t echn iques ,  and many o t h e r s  t h a t  have not  y e t  been used i n  
t h e  a n a l y s i s  o f  b iogen ic  amines a r e  ca t a loged  under t h e  genera l  term o f  e l e c t r o -  

chemis t ry .  Th i s  i s  a ve ry  l a r g e  a r e a  o f  r e s e a r c h  with many e x c e l l e n t  treatises 
t h a t  a r e  a u s e f u l  gu ide  t o  t h e  f i e l d .  The book by  Ralph Adams, E lec t rochemis t ry  

at  S o l i d  E lec t rodes  ( I ) ,  p rovides  an e x c e l l e n t  i n t r o d u c t i o n  t o  t h i s  a r e a .  The 
au tho r  o f  t h i s  book was one o f  t h e  p ionee r s  i n  t h e  u s e  o f  carbon e l e c t r o d e s  and 

a l s o  in t roduced  e l ec t rochemica l  techniques  f o r  t h e  a n a l y s i s  o f  b iogen ic  amines. 
Other books t h a t  a r e  necessa ry  f o r  i n t e r p r e t i n g  and doing e l e c t r o c h e m i s t r y  a r e  

t h e  tex tbook by Bard and Faulkner ,  which p rov ides  an e x c e l l e n t  i n s i g h t  i n t o  
e l ec t rochemica l  t heo ry  ( Z ) ,  and t h e  work by Sawyer and Roberts (3) which con- 
t a i n s  a l l  t h e  u s e f u l  exper imenta l  d e t a i l s  t h a t  are u s u a l l y  gained on ly  by a 
p a i n f u l  hands-on l e a r n i n g  exper ience .  In t h e  fo l lowing  s e c t i o n ,  a b r i e f  d e s c r i p -  

t i o n  of t h e  more common e l ec t rochemica l  methods i s  given which should provide  a 
s t a r t i n g  p o i n t  f o r  unders tanding  voltammetric methods. 

-- 

11.1.2 Voltammetric p r i n c i p l e s  
A s  mentioned above, e l ec t rochemica l  experiments measure t h e  c u r r e n t  between 

two e l e c t r o d e s  immersed i n  s o l u t i o n  whi le  a vo l t age  i s  app l i ed  between t h e  e l e c -  
t r o d e s .  The o v e r a l l  even t s  t h a t  occur  i n  t h e  experiment a r e  schemat i ca l ly  i l -  

l u s t r a t e d  i n  F ig .  11.1. In t h e  i d e a l  experiment,  t h e  measured c u r r e n t  a r i s e s  

F ig .  11.1. Apparatus f o r  simple e l ec t rochemica l  experiment.  V = v a r i a b l e  v o l -  
t a g e ;  A - ammeter; W - working e l e c t r o d e ;  REF - r e f e r e n c e  e l e c t r o d e .  E lec t ron  
t r a n s f e r  (e )  occu r s  a t  W and REF.  Dotted l i n e  i n d i c a t e s  i o n i c  c u r r e n t  i n  s o l u -  
t i o n .  0 and R are an oxidant  and i t s  cor responding  r educ tan t ,  r e s p e c t i v e l y .  
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from o x i d a t i o n  ( loss  of e l e c t r o n s )  o r  r educ t ion  (ga in  o f  e l e c t r o n s )  o f  a mole- 

c u l e  i n  s o l u t i o n  a t  t h e  working e l e c t r o d e  s u r f a c e .  
through t h e  s o l u t i o n  t o  complete t h e  c i r c u i t  so e lec t rochemica l  experiments a r e  
u s u a l l y  done wi th  a l a r g e  concen t r a t ion  (0 .1  M o r  h ighe r )  o f  i n e r t  i ons  (sup- 
p o r t i n g  e l e c t r o l y t e )  i n  t h e  s o l u t i o n .  The r e f e r e n c e  e l e c t r o d e  should  be  de-  
s igned  so t h a t  i t  can pass  a l a r g e  c u r r e n t  wi thout  a change i n  composition. 
S u i t a b l e  r e f e r e n c e  e l e c t r o d e s  t h a t  a r e  commonly used a r e  composed o f  a metal 
( M )  and i t s  i n s o l u b l e  s a l t  (MX) such a s  Ag/AgCl o r  Hg/Hg2C12 [ t h e  s a t u r a t e d  
calomel e l e c t r o d e  (SCE)], and have a h a l f  c e l l  r e a c t i o n  

Curren t  must be passed  

M X  + ne  __i, M + xn- 

where n is  t h e  number o f  e l e c t r o n s  i n  t h e  h a l f  c e l l  r e a c t i o n  (usua l ly  1 ) .  

p o t e n t i a l  o f  t h i s  r e a c t i o n  is given by t h e  Nernst  equat ion  a s  
The 

where Eo i s  t h e  s t anda rd  p o t e n t i a l  (measured a t  u n i t  a c t i v i t y )  and E i s  t h e  

h a l f  c e l l  p o t e n t i a l .  

t e n t i a l  is on ly  dependent on t h e  concen t r a t ion  o f  x- .  
r e f e r e n c e  e l e c t r o d e  p o t e n t i a l ,  t h e  r e f e r e n c e  e l e c t r o d e  should  be  i n  a compart- 

ment t h a t  p reven t s  any change i n  chemical composition. Porous g l a s s ,  a s b e s t o s  
f i b e r s ,  and even wadded-up f i l t e r  paper  s e r v e  t h i s  r o l e  whi le  a l lowing  i o n i c  
conduction wi th  t h e  remainder o f  t h e  e l ec t rochemica l  c e l l .  

S ince  M and MX a r e  s o l i d s  f o r  t h e  examples above, t h e  po- 
To ma in ta in  a cons t an t  

Exper imenta l ly ,  i t  is  d i f f i c u l t  t o  make t h e  s o l u t i o n  s u f f i c i e n t l y  conduc- 
t i v e  t o  p reven t  a r t i f a c t s  and t o  make t h e  r e fe rence  e l e c t r o d e  remain a t  a con- 
s t a n t  va lue  wh i l e  pas s ing  c u r r e n t  through i t .  Therefore ,  most modern e l e c t r o -  
chemis t ry  is done wi th  a t h r e e - e l e c t r o d e  p o t e n t i o s t a t ,  a dev ice  t h a t  main ta ins  
a d e s i r e d  p o t e n t i a l  between t h e  r e f e r e n c e  and working e l e c t r o d e  wi thout  c u r r e n t  
pas s ing  through t h e  r e f e r e n c e  e l e c t r o d e .  
t e n t i o s t a t  is given i n  F ig .  1 1 . 2 ,  and i t  can be  seen  t h a t  i t  i s  t h e  same c i r -  
c u i t  used i n  v o l t a g e  clamp exper iments .  The t h i r d ,  o r  a u x i l i a r y ,  e l e c t r o d e  
passes  s u f f i c i e n t  c u r r e n t  t o  keep t h e  c i r c u i t  ba lanced ,  with t h e  r e f e r e n c e  e l e c -  
t r o d e  s imply  s e r v i n g  a s  a s ens ing  dev ice  t o  ma in ta in  t h e  d e s i r e d  p o t e n t i a l .  I f  

t h e  r e f e r e n c e  e l e c t r o d e  is  p laced  c l o s e  t o  t h e  working e l e c t r o d e ,  problems wi th  
poor s o l u t i o n  conductance a r e  minimized. 
r epor t ed  vo l t age  i s  g iven  wi th  r e s p e c t  t o  t h e  working e l e c t r o d e ,  

t i v e  p o t e n t i a l s ,  t h e  working e l e c t r o d e  has more ox id iz ing  power wh i l e  a t  nega- 
t i v e  p o t e n t i a l ,  r educ t ions  are more l i k e l y  t o  b e  observed .  

( c u r r e n t  f lowing  i n t o  t h e  working e l e c t r o d e )  i s  normally g iven  a nega t ive  s i g n ,  
a l though t h i s  convention i s  n o t  r i g o r o u s l y  obeyed. 

A schemat ic  o f  a t h r e e - e l e c t r o d e  po- 

In  e l ec t rochemis t ry ,  t h e  s i g n  o f  t h e  
A t  more pos i -  

Oxida t ion  c u r r e n t  
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Fig. 11.2.  Schematic o f  3 -e l ec t rode  p o t e n t i o s t a t .  A - a u x i l i a r y  e l e c t r o d e ;  
W - working e l e c t r o d e ;  REF - r e fe rence  e l e c t r o d e .  The va lue  o f  r e s i s t o r  R f  
i s  s e l e c t e d  f o r  s u i t a b l e  a m p l i f i c a t i o n  o f  t h e  c u r r e n t  ( i ) .  
(R,) are t y p i c a l l y  10 Ks2. The app l i ed  p o t e n t i a l  i s  e 

The o t h e r  r e s i s t o r s  
i '  

Assuming a s t a b l e  r e f e r e n c e  e l e c t r o d e  and a dependable p o t e n t i o s t a t  ( they  
a r e  commercially a v a i l a b l e  from s e v e r a l  companies), t h e  key t o  a s u c c e s s f u l  

e l ec t rochemica l  experiment i s  a r e l i a b l e  working e l e c t r o d e .  

experiment i s  t o  measure c u r r e n t  from t h e  e l e c t r o l y s i s  o f  molecules i n  s o l u t i o n  
wi thou t  looking  a t  a r t i f a c t s .  
i n e r t ;  f o r  example, one does no t  want c u r r e n t  f lowing  because 

t h e  e l e c t r o d e  is  d i s s o l v i n g  a t  t h e  app l i ed  p o t e n t i a l .  
t h a t  has  been shown t o  be  most u s e f u l  f o r  b iogen ic  amine e l e c t r o a n a l y s i s  i s  

g r a p h i t e .  
i a l  is t h e  wide p o t e n t i a l  range  a t  which it  is u s e f u l  (from approximate ly  -1 .0  

t o  +1 .2  V us. SCE i n  aqueous s o l u t i o n ) .  The p o t e n t i a l  limits a r e  def ined  as 

t h e  p o t e n t i a l s  where a l a r g e  c u r r e n t  i s  observed r e s u l t i n g  from decomposition 
of t h e  s o l v e n t  (or  e l e c t r o d e ) .  The a c t u a l  p o t e n t i a l  limits depend on t h e  s o l -  

ven t  composi t ion ,  pH, and type  o f  g r a p h i t e  employed, and should  be  i n v e s t i g a t e d  
f o r  each new e l e c t r o d e  m a t e r i a l  o r  s o l u t i o n .  

p la t inum t end  t o  have a reduced range ,  e s p e c i a l l y  i n  t h e  nega t ive  d i r e c t i o n .  
Mercury e l e c t r o d e s  a r e  ox id i zed  a t  p o t e n t i a l s  s l i g h t l y  p o s i t i v e  o f  0.0 V us. 

SCE and a r e  thus  only  u s e f u l  a t  nega t ive  p o t e n t i a l s .  

The goa l  o f  t h e  

To do t h i s ,  t h e  working e l e c t r o d e  must be  

The e l e c t r o d e  m a t e r i a l  

One o f  t h e  reasons  f o r  g r a p h i t e ' s  s u p e r i o r i t y  a s  an e l e c t r o d e  mater- 

Noble meta ls  such a s  gold and 

The a c t u a l  p rocess  o f  e l e c t r o n  exchange between a s o l u t i o n  molecule and 
To unders tand  t h e  an e l e c t r o d e  s u r f a c e  i s  an extremely complex p rocess  ( 4 ) .  

r e s u l t ,  one must cons ide r  t h a t  t h e  impor tan t  p a r t  o f  t h e  p o t e n t i a l  d i f f e r e n c e  
app l i ed  between t h e  r e fe rence  and working e l e c t r o d e  i s  r e a l l y  l o c a l i z e d  t o  a 
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small  r eg ion  o f  molecular dimensions a t  t h e  working e l e c t r o d e  s u r f a c e .  
e l e c t r o n  t r a n s f e r  t o  occur  t o  a molecule a t  t h e  s u r f a c e  o f  t h e  working e l e c -  
t r o d e ,  s u f f i c i e n t  energy (or p o t e n t i a l )  must be  app l i ed  t o  t h e  e l e c t r o d e  s u r -  

f a c e .  

f a c e ,  t h e  supply of e l e c t r o l y z a b l e  molecules a t  t h e  su r face  must be maintained-- 
i n  o t h e r  words t h e r e  must be a mechanism t o  b r ing  more molecules t o  t h e  e l ec -  
t r o d e  s u r f a c e .  
e l e c t r o n  t r a n s f e r  and t r a n s p o r t  o f  molecules t o  t h e  s u r f a c e ,  a r e  key p o i n t s  i n  
understanding t h e  electrochemical  r e s u l t .  

For 

To maintain t h e  passage o f  c u r r e n t  ac ross  t h e  e l ec t rode - so lu t ion  i n t e r -  

These two p r i n c i p l e s ,  s u f f i c i e n t  energy a t  t h e  e l e c t r o d e  f o r  

The t r a n s p o r t  o f  molecules t o  t h e  i n t e r f a c e  w i l l  b e  considered f i r s t .  An ob- 
vious way t o  induce t h i s  process  i s  t o  s t i r  t h e  s o l u t i o n  o r  r o t a t e  t h e  e l e c t r o d e .  
I n  t h i s  ca se ,  and when t h e  p o t e n t i a l  i s  f i x e d  a t  a va lue  s u f f i c i e n t  t o  e l e c t r o -  
l yze  a l l  t h e  niolecules reaching t h e  working e l e c t r o d e  s u r f a c e ,  t h e  c u r r e n t  ( i )  
i s  given by 

. nFADC I = -  
6 

where n i s  t h e  number of e l e c t r o n s  t r a n s f e r r e d  p e r  e l ec t ro lyzed  molecule,  F is  
t h e  f a raday ,  a s c a l i n g  f a c t o r ,  A i s  t h e  e l e c t r o d e  area, D i s  t h e  d i f f u s i o n  co- 
e f f i c i e n t  of t h e  e l ec t ro lyzed  molecules,  and C i s  t h e  concen t r a t ion  o f  t h e  elec- 
t ro lyzed  molecule ( 1 ) .  
d i f f u s i o n  l a y e r  t h i ckness .  
age d i s t a n c e  from t h e  e l e c t r o d e  where t h e  s o l u t i o n  i s  e s s e n t i a l l y  s t a t i c  with 
r e s p e c t  t o  t h e  e l e c t r o d e .  
hydrodynamic equat ions and a s ta tement  o f  t h e  electrochemical  c e l l  geometry, 

but  i t  i s  always i n v e r s e l y  p ropor t iona l  t o  t h e  degree o f  s t i r r i n g .  

i s  t h e  r e l a t i o n s h i p  o f  c u r r e n t  t o  concen t r a t ion  f o r  amperometry i n  flowing 
streams. 
p r o p o r t i o n a l  t o  t h e  concen t r a t ion  as long as t h e  s o l u t i o n  movement is  maintained 

a t  a cons t an t  ra te .  

The term i n  t h e  denominator, 6 ,  i s  r e f e r r e d  t o  a s  t h e  
This  i s  a conceptual  term which p r e d i c t s  t h e  aver- 

Evaluat ion o f  t h e  a c t u a l  va lue  o f  6 r e q u i r e s  complex 

Equation [ I ]  

The important aspect  of t h i s  equat ion i s  t h a t  t h e  cu r ren t  i s  d i r e c t l y  

If  both t h e  e l e c t r o d e  and t h e  s o l u t i o n  a r e  kept  s t a t i o n a r y ,  then t h e  only 

method o f  t r a n s p o r t  t o  t h e  e l e c t r o d e  s u r f a c e  i s  d i f f u s i o n .  

cond i t ions  and wi th  t h e  same p o t e n t i a l  as above, t h e  c u r r e n t  a t  a d i s k  shaped 

e l e c t r o d e  i s  approximated by 

Under t h e s e  

where t i s  t h e  time t h a t  t h e  p o t e n t i a l  has  been app l i ed ,  and r i s  t h e  r a d i u s  
of  t he  e l e c t r o d e  (5). 

f o r  1 s e c  o r  l e s s  s i n c e  v i b r a t i o n  and o t h e r  sou rces  o f  convection t end  t o  cause 
d e v i a t i o n s  from t h i s  equat ion.  

Typ ica l ly ,  t h e  c u r r e n t  i n  t h e  experiment i s  on ly  measured 

The s i g n i f i c a n c e  o f  t h e  "s teady-state"  o r  
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second term of  t h i s  equat ion was only r e c e n t l y  recognized,  and t h i s  has  been 
t h e  s u b j e c t  o f  a r e c e n t  review (6) .  Experimentally,  one f i n d s  t h a t  t h e  second 

term o f  equat ion [ 2 ]  is  s i g n i f i c a n t  only when t h e  e l e c t r o d e  r a d i u s  is < lo0  p. 

For  l a r g e r  e l e c t r o d e s ,  t h e  c u r r e n t  decays i n v e r s e l y  wi th  t because t h e  mole- 
c u l e s  are dep le t ed  i n  concen t r a t ion  by e l e c t r o l y s i s  a t  a f a s t e r  ra te  than they 
can d i f f u s e  t o  t h e  e l e c t r o d e  s u r f a c e .  

amperometry--the measurement of c u r r e n t  as a func t ion  of  time. Time-indepen- 

den t  c u r r e n t s  a r e  e a s i e r  t o  measure, so e l e c t r o a n a l y s i s  i n  flowing streams o r  

with very small e l e c t r o d e s  (%lo pm diameter)  g ives  s imple r  r e s u l t s .  

s 

This experiment is  r e f e r r e d  t o  as chrono 

Having considered how t h e  molecules g e t  t o  t h e  e l e c t r o d e  f o r  e l e c t r o l y s i s ,  
t h e  next  problem i s  t o  cons ide r  how t h e  e l e c t r o l y s i s  proceeds a t  d i f f e r e n t  po- 

t e n t i a l s .  For t h e  i d e a l  ca se  o f  a s imple and r ap id  e l e c t r o n  t r a n s f e r  from t h e  
molecule t o  t h e  e l e c t r o d e  (an o x i d a t i o n ) ,  t h e  c u r r e n t  is given by 

i. 
131 

L 

where R i s  t h e  gas cons t an t ,  T i s  t h e  a b s o l u t e  temperature ,  and il is given by 

equat ion [ l ]  o r  t h e  l i m i t i n g  form of equat ion [2 ]  f o r  small  e l e c t r o d e s  de- 
pending upon t h e  mode of  t r a n s p o r t  t o  t h e  e l e c t r o d e .  The curve f o r  t h e  oxi-  

d a t i o n  o f  dopamine (DA) a t  a carbon f i b e r  e l e c t r o d e  i s  e s s e n t i a l l y  desc r ibed  

by equa t ion  [3] 
dynamic voltammogram i f  t h e  s o l u t i o n  i s  s t i r r e d ) .  

(Fig.  11 .3 ) ,  and i s  r e f e r r e d  t o  a s  a voltammogram (a hydro- 

200 pA I 
f 

I I I I I I 

0 0.4 0.8 
E ( V )  

Fig. 11.3. 
t r o d e  i n  pH 7 . 4  b u f f e r .  A) Oxidation of  0 . 1  mM DA. B) Oxidation of  0 .1  mM 
DOPAC , 

Voltammograms a t  100 mV s-' sweep rate a t  a carbon f i b e r  microelec-  
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Experimentally, these curves are obtained by simply changing the voltage 

in a linear fashion (a voltage ramp) and measuring the current using the circuit 

of Fig. 11.2. The position on the voltage axis of this curve for a particular 

compound is determined by the molecule's ability to donate o r  accept electrons 
from the electrode surface. This value is expressed us. a reference electrode 

by Et, and is very similar in value to Eo. t 
other electrochemical parameters, so it should be determined for each compound 

under the solution conditions in which the compound will be analyzed. 

stant solution and electrode surface conditions, E is a constant and can be 

used to aid in the identity of  the compound. 

However, E is affected by pH and 

Under con- 

s 

For large (d > 100 pm) electrodes in stationary solution, the rate of dif- 

fusion of molecules to the electrode is much slower than the rate of electroly- 

sis,  s o  the curve predicted by equation (3)  is distorted by a decay in the mea- 

sured current. 

( 7 ) .  In this type of electrochemical experiment, the products generated elec- 

trochemically tend to accumulate at the electrode surface, so a triangular 

voltage waveform permits observation of these products on the reverse sweep. 

This experiment is referred to as cyclic voltammetry (CV) and is shown in 

Fig. 1 1 . 4 .  

ditions, the electrochemically generated products are transported from the 

electrode before they can be observed on the reverse sweep. 

Equations to describe this complex behavior have been derived 

In a voltammogram at a small electrode o r  under hydrodynamic con- 

t t t t 

E E E t 

cv DPV NPV CA 

Fig. 11.4. 
experiments. CV - cyclic voltammetry; DPV - differential pulse voltammetry; 
NPV - normal pulse voltammetry; 
at times a and b in DPV and only at time b in NPV. 

Voltage wave form and current response for different electrochemical 

CA - chronoamperometry. The current is sampled 



These two b a s i c  f a c e t s  of  e l ec t rochemis t ry - - the  mass t r a n s p o r t  of  molecules 

t o  t h e  s u r f a c e  and t h e  cu r ren t -vo l t age  r e l a t i o n s h i p s  about E --are t h e  predomi- 
nant  p r e r e q u i s i t e s  f o r  understanding most e lectrochemical  experiments.  

t o  improve t h e  s i g n a l - t o - n o i s e  r a t i o ,  s e v e r a l  s p e c i a l i z e d  e l ec t rochemica l  t ech -  

niques have been developed and have seen u t i l i t y  i n  t h e  a n a l y s i s  o f  biogenic  
amines (Fig.  11 .4 ) .  Cyc l i c  voltammetry is probably t h e  most widely used method 
t o  c h a r a c t e r i z e  t h e  electrochemical  behavior  of  new compounds. 

p u l s e  voltammetry (DPV) employs a ramp shaped vo l t age  with pu l ses  superimposed 
(F ig .  1 1 . 4 ) .  The c u r r e n t  i s  sampled be fo re  and during t h e  p u l s e ,  and t h e  out-  

pu t  i s  t h e  d i f f e r e n c e  of  t h e  two c u r r e n t s .  

c l o s e  t o  t h e  d e r i v a t i v e  of  equat ion [ 3 ] .  The peak shaped ou tpu t  of  t h i s  tech-  
nique makes it u s e f u l  f o r  r e so lv ing  c l o s e l y  overlapping compounds. 

p u l s e  voltammetry (NPV) ,  t h e  app l i ed  waveform is  a s e r i e s  of  p u l s e s  o f  i n -  
c r eas ing  vo l t age  amplitude.  
t h e  v o l t a g e  p u l s e .  This approach tends t o  minimize t h e  time-dependent e f f e c t s  
o f  equat ion [ 2 ]  so t h a t  normal p u l s e  voltammograms a r e  sigmoidal i n  shape. We 
p r e f e r  t h i s  technique for  in v i m  electrochemical  analyses  because,  f o r  t h e  
ma jo r i ty  o f  t h e  t ime,  t h e  p o t e n t i a l  is  maintained a t  a va lue  where no e l e c t r o -  

chemistry is  occurr ing.  This p reven t s  f i lming  o f  t h e  e l e c t r o d e  s u r f a c e  by 

e l ec t rochemica l ly  generated products ,  w i th  subsequent e l e c t r o d e  f a i l u r e .  
Chronoamperometry (CA) has a l s o  been used ex tens ive ly  i n  in v ivo  experiments.  
The method, as p rev ious ly  d i scussed  (equat ion [ 2 ] ) ,  i s  use fu l  f o r  concen t r a t ion  
methods, bu t  cu r ren t -vo l t age  information is not  obtained.  

.s 
However, 

D i f f e r e n t i a l  

This g ives  a r e s u l t  which is  

In  normal 

Current  i s  only sampled a t  a f i x e d  t ime dur ing  

This b r i e f  i n t r o d u c t i o n  t o  e l ec t rochemis t ry  has given a s i m p l i f i e d  theory 
behind cu r ren t -vo l t age  curves a r i s i n g  from f a r a d a i c  events-- the process  of  
molecules exchanging e l e c t r o n s  with t h e  e l e c t r o d e  su r face .  However, o t h e r  
e f f e c t s  are a l s o  observed i n  e l ec t rochemis t ry ,  and it i s  important  t h a t  t h e s e  
be  d i s t i n g u i s h e d  from t h e  f a r a d a i c  e f f e c t s .  Assuming t h a t  t h e  electrochemical  

c e l l  has  been designed p rope r ly ,  as mentioned ear l ier ,  a l l  of  t h e  non-faradaic  

e f f e c t s  a r i s e  a t  t h e  working e l ec t rode .  
c u r r e n t ;  
I n  t h e  absence of  e l e c t r o l y z a b l e  s p e c i e s ,  t h e  e l e c t r o d e - s o l u t i o n  i n t e r f a c e  can 
be  thought of  as a c a p a c i t o r  and t h i s  i n t e r f a c e  i s  r e f e r r e d  t o  a s  t h e  double 
l a y e r .  When t h e  p o t e n t i a l  of  t h e  e l e c t r o d e  i s  changed, t h i s  r e s u l t s  i n  c u r r e n t  
t o  charge t h e  capac i t ance .  
exponen t i a l ly  with time. 
mally made af ter  1-10 msec t o  al low t h e  charging c u r r e n t  t o  dec rease  i n  magnitude 
t o  an i n s i g n i f i c a n t  value.  

func t iona l  groups o r  molecules adsorbed on t h e  e l e c t r o d e  s u r f a c e .  
a t  a l l  s o l i d  e l e c t r o d e s  inc lud ing  gold and platinum, bu t  seem t o  be least  
problematic  a t  carbon e l e c t r o d e s .  When p o s s i b l e ,  i t  i s  adv i sab le  t o  o b t a i n  a 

One of t h e s e  effects i s  charging 
c u r r e n t  t h a t  pas ses  when t h e  p o t e n t i a l  of  t h e  e l e c t r o d e  i s  changed. 

For a vo l t age  pu l se ,  t h i s  charging c u r r e n t  decays 
Measurements of  f a r a d a i c  e l ec t rochemis t ry  a r e  nor- 

Another sou rce  of  c u r r e n t  is  t h e  e l e c t r o l y s i s  of  

These occur  
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voltammogram in a background solution so that these effects can be easily dis- 

tinguished froTn faradaic electrochemistry. 

charging current and current from the electrolysis of surface compounds are both 

proportional to electrode area. For this reason, a porous, cracked, or  rough 
electrode surface is much more likely to exhibit troublesome effects from these 

sources. 

The magnitudes of double layer 

In the previous discussion of current-voltage curves, it was stated that the 

position of the current-voltage curve on the voltage axis is determined by Eo.  
However, Eo is a thermodynamic quantity and the current-voltage curves are also 

affected by the rate of electron transfer to the electrode surface. If this 

rate is slow (the reaction is electrochemically "irreversible") the current- 

voltage curve will be shifted on the voltage axis and the voltammogram will 

become more drawn out. Predictions of these rate effects are difficult to make 

but they can drastically affect the voltammograms. 

approximately 400 mV more difficult to oxidize than predicted on thermodynamic 

grounds at carbon electrodes. Another example that we have studied (8) is the 

oxidation of DA and 3,4-dihydroxyphenylacetic acid (DOPAC) at carbon fiber mi- 

croelectrodes (Fig. 11.3). Although these two molecules have almost identical 

Eo values, their voltammograms are very different. 

effects to the difference in charge of the side chains of these two molecules 

which apparently alters the rate of their oxidation at carbon fiber surfaces. 

A promising method to control these rate effects and use them to build specifi- 

city for a particular compound is to chemically modify the electrode surface ( 9 ) .  

For example, ascorbate is 

We have attributed these 

Another effect important to the shape of current-voltage curves is the 

state of the electrode surface. 

face, they can block sites for electron transfer and thus reduce the efficiency 

of the electrode. Protein adsorption on solid electrode surfaces is a severe 

problem (10,ll). Adsorption of products generated at the electrode surface 

can create a film that totally stops electron transfer (12,13). Obviously, 

both of these problems are acute in in vivo electrochemistry and one has to 

accept the fact that the electrode is not going to work ideally. 

approach is to design electrochemical strategies to maintain the electrode s u r -  
face at a constant, albeit deteriorated, condition. 

If species are adsorbed on the electrode sur -  

The best 

As can be seen, electrochemistry is relatively simple theoretically, 

however many problems can arise experimentally. 

above result from something changing the properties of the electrode surface. 

If this problem can be avoided, electrochemistry is an extremely sensitive 

technique. 

face in the LCEC experiment seems to clean the electrode surface, and, thus, 

it is probably the most reliable electrochemical technique with solid electrodes. 

All of the problems described 

The constant flow of fresh, clean solvent past the electrode su r -  
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11.1.3 Voltammetry of biogenic amines 

Voltammetry is a useful technique for the analysis of biogenic amines be- 

cause many of them are easily oxidized. 

amines, 3,4-dihydroxyphenylalanine (DOPA), and the dihydroxy acid and alcohol 

metabolites are oxidized at approximately 0.2 V v s .  SCE at physiological pH. 

Electrochemically, these compounds appear very similar and cannot be resolved 

(DOPAC is an exception at carbon fiber electrodes). At slightly more positive 

potentials, 5-hydroxytryptamine (5-HT) and 5-hydroxyindoleacetic acid (5-HIAA) 

are oxidized. At approximately 0.4 V v s .  SCE, the methoxylated catecholamine 

derivatives are oxidized [homovanillic acid (HVA), e t c . ] ,  and at approximately 

0.6 V v s .  SCE in physiological buffer, tyrosine is oxidized. All of these po- 

tentials are pH dependent, with each of these compounds being oxidized at more 

positive potentials at lower values of pH. Variations in pH cannot be used to 

distinguish between a class of compounds; for example, all catechols oxidize at 

approximately the same potential at a fixed pH (14). 

At a carbon paste electrode, the catechol- 

Remarkably, very few other compounds in the mammalian brain are as easy 

to oxidize electrochemically as the compounds discussed above. This is one of 
the key features of voltammetric techniques that has made it especially useful 
for analysis of biogenic amines. 

present include ascorbic acid, reduced nicotinamide adenine dinucleotide (NADH), 

and uric acid. However, proteins and large peptides are faradaically inactive 

at voltammetric electrodes. This is also true for most of the amino acids and 

other neurotransmitters such as y-aminobutyric acid (GABA) and acetylcholine. 

The other easily oxidized species that are 

The biogenic amines that are electrochemically active are oxidized in a 

two-electron, two-proton process. 

the following scheme: 

For example, DA is oxidized as indicated in 

\ HO 

DA OOQ 

The oxidation products formed in this type of reaction are, in themselves, very 

reactive compounds--they can easily be reduced back to the original compound 

or react with nucleophiles such as amines and sulfhydryl groups. 
tivity of the oxidized forms is generally not a problem since only a very small 

percent of the total molecules in the electrochemical cell are oxidized in an 
electroanalytical experiment. 

The reac- 
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11.2  LIQUID CHROMATOGRAPHY WITH ELECTROCHEMICAL DETECTION 

1 1 . 2 . 1  In t roduc t ion  t o  LCEC 

In  t h e  prev ious  c h a p t e r ,  t h e  p r i n c i p l e s  o f  l i q u i d  chromatography f o r  t h e  

a n a l y s i s  o f  b iogen ic  amines were d i scussed .  

f o r  s e p a r a t i n g  mixtures  o f  t h e  b iogen ic  amines. An e l ec t rochemica l  c e l l  at  t h e  

end of t h e  column s e r v e s  a s  t h e  d e t e c t o r  i n  t h e  LCEC method. The e lec t rochemi-  

c a l  d e t e c t o r  i s  advantageous over  o t h e r  d e t e c t i o n  schemes because it i s  ex t remely  
s e n s i t i v e  and it i s  s e l e c t i v e ;  i t  on ly  d e t e c t s  compounds t h a t  can be  e l e c t r o l y z e d  

by t h e  e l e c t r o d e .  

a p p l i e d  p o t e n t i a l .  Although t h e  LCEC method has  been around f o r  a number of 

y e a r s ,  i t s  c u r r e n t  p o p u l a r i t y  was i n i t i a t e d  by a paper by  Kiss inger  e t  aZ. (15) 
i n  which it was demonstrated t h a t  t h e  LCEC method could be  used t o  de te rmine  

DA and NA i n  b r a i n  t i s s u e .  S ince  t h a t  time, t h e  f i e l d  h a s  grown exponen t i a l ly .  

Two r e c e n t  rev iews  g ive  f u l l  d e t a i l s  o f  t h e  use  and a p p l i c a t i o n s  o f  LCEC f o r  

b iogen ic  amines (16,17).  

Obviously,  t h i s  technique  i s  u s e f u l  

The degree  o f  s e l e c t i v i t y  i s  a d j u s t a b l e  by s e l e c t i o n  o f  t h e  

Most LCEC de t e rmina t ions  are done a t  a f i x e d  p o t e n t i a l  (amperometry). 

S ince  c u r r e n t - v o l t a g e  curves  a r e  n o t  ob ta ined ,  i d e n t i f i c a t i o n  o f  compounds i s  
based on comparison o f  chromatographic r e t e n t i o n  t imes .  

t i o n s ,  e s p e c i a l l y  wi th  t h e  small p a r t i c l e  s t a t i o n a r y  phases  commercially a v a i l -  

a b l e ,  g ive  f a r  more r e s o l u t i o n  elements than  could eve r  be obta ined  i n  a v o l -  

tammogram. The i d e n t i c a l  e l ec t rochemica l  response  o f  a l l  t h e  c a t e c h o l s  i s  n o t  

a problem s i n c e  they  can be made t o  e l u t e  a t  d i f f e r e n t  times i n  t h e  chromato- 

gram. 

t h e  peak h e i g h t  o f  t h e  unknown wi th  a c a l i b r a t i o n  curve  from a u t h e n t i c  s t anda rds .  

S ince  t h e  response  o f  t h e  e l e c t r o d e  may a l t e r  from day t o  day, q u a n t i t a t i v e  ex- 

per iments  u s u a l l y  employ an i n t e r n a l  s t anda rd .  

Chromatographic separa-  

The concen t r a t ion  o f  a p a r t i c u l a r  compound i s  c a l c u l a t e d  by comparing 

A t y p i c a l  LCEC chromatogram i s  shown i n  F ig .  11 .5 .  The chromatogram i s  

s i m i l a r  t o  t h a t  ob ta ined  wi th  any o t h e r  on - l ine  d e t e c t o r .  A s  can be  seen ,  t h e  

s igna l - to -no i se '  r a t i o  i s  e x c e l l e n t .  

been r epor t ed  by s e v e r a l  i n v e s t i g a t o r s  (18-20).  The f a c t o r s  which de termine  de- 

t e c t i o n  limits have been cons idered  (21 ,22) .  The most obvious i s  flow f l u c -  

t u a t i o n s  a t  t h e  e l e c t r o d e  su r face ,  which can be minimized by us ing  a ve ry  smooth 

e l e c t r o d e  s u r f a c e  and a cons t an t  flow r a t e .  

The LCEC method i s  so s u c c e s s f u l ,  d e s p i t e  a l l  o f  t h e  shortcomings o f  

Indeed, femtomole d e t e c t  ion l imi t s  have 

e l ec t rochemis t ry  po in ted  o u t  i n  Sec t ion  1 1 . 1 . 2 ,  because t h e  des ign  o f  t h e  ex- 

periment c i rcumvents  many e l ec t rochemica l  problems. T rans i en t  phenomena from 

charg ing  c u r r e n t s  and r e s i d u a l  c u r r e n t  a r e  e l imina ted  by apply ing  a cons t an t  

p o t e n t i a l  and r e l y i n g  on t h e  chromatography t o  provide  r e s o l u t i o n .  

f i lming  i s  minimized because t h e  chromatographic mobile phase c o n s t a n t l y  washes 

t h e  e l e c t r o d e  s u r f a c e  with c l ean  s o l u t i o n .  The low concen t r a t ions  which a r e  
analyzed a l s o  minimize e l e c t r o d e  f i lming  by e l e c t r o g e n e r a t e d  p roduc t s .  

E lec t rode  

In most 
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Fig. 11.5.  LCEC o f  100 U L  o f  whole b r a i n  
homogenate. S t a t i o n a r y  phase: Whatman 
P a r t i s i l  ODS (PXS5/25). Mobile phase: 
pH 3 . 0  McIlvaine b u f f e r  with 10% methanol 
and 25 mg L-’  sodium o c t y l  s u l f a t e ,  flow 
r a t e  1 m L  min-’. 
CP-0 d e t e c t o r .  (Courtesy o f  B ioana ly t i ca l  
Systems, Inc.)  

B ioana ly t i ca l  TL-31 

e l e c t r o a n a l y t i c a l  experiments,  t h e  e l e c t r o d e  i s  r e su r faced  d a i l y ,  o r ,  p r e f e r a b l y ,  

be fo re  each experiment.  
may not  be necessary f o r  s e v e r a l  months. 
v e r s i b i l i t y  a r e  masked because t h e  p o t e n t i a l  is cons t an t .  Compounds t h a t  a r e  

ve ry  i r r e v e r s i b l e  may g ive  reduced peak h e i g h t s  b u t ,  i n  many cases ,  t h i s  can 
be circumvented by inc reas ing  t h e  app l i ed  p o t e n t i a l .  

Th i s  i s  i n  c o n t r a s t  t o  LCEC where e l e c t r o d e  r e s u r f a c i n g  

The e f f e c t s  o f  e lectrochemical  i r r e -  

The LCEC method has  been d i r e c t l y  compared with a number o f  o t h e r  methods. 
Electrochemical  d e t e c t i o n  i s  more s e n s i t i v e  than UV (23 ,24)  o r  f luo rescence  (24)  

d e t e c t i o n  fol lowing LC s epa ra t ion ,  and it has  t h e  added advantage t h a t  it i s  
l e s s  s u s c e p t i b l e  t o  i n t e r f e r e n c e s .  In a d i r e c t  comparison with a gas chromato- 
graphy-mass spectrometry (GC-MS) method f o r  DA and 5-HT, t h e  LCEC was found t o  
have comparable d e t e c t i o n  limits ( 2 5 ) .  

i d e n t i f i c a t i o n  o f  t h e  n a t u r e  o f  t h e  chemical compound i s  abso lu te .  
t h e  LCEC method al lows a higher  throughput of  samples s ince  seve ra l  chroma- 

tographs can be run s imultaneously with much less expense f o r  equipment o r  

o p e r a t o r  t r a i n i n g .  
r e q u i r e  (but  does allow) d e r i v a t i z a t i o n ,  a s t e p  which may introduce e r r o r  i n t o  

an a n a l y s i s .  
i n  t h e  GC-MS s tudy  and i n  comparison with radioenzymatic a s says  ( 2 6 , 2 7 ) ,  good 
agreement of  va lues  f o r  biogenic  amine concen t r a t ions  i n  phys io log ica l  samples 

have been found. The radioenzymatic methods appear t o  be more s e n s i t i v e ,  how- 

ever  t hey  a r e  time-consuming and r e q u i r e  t h e  use  (and subsequent d i sposa l )  of 
r a d i o a c t i v e  m a t e r i a l .  

The GC-MS method has  t h e  advantage t h a t  
However, 

The LCEC method f o r  a n a l y s i s  o f  biogenic  amines does not 

The LCEC method has  been proven t o  be  s u f f i c i e n t l y  s p e c i f i c - -  
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11.2.2 LCEC instrumentation 

The chromatographic instrumentation necessary for the LCEC experiment has 

been described in the previous chapter. Actually, very inexpensive pumps can be 

used since LCEC assays rarely employ gradient elution because of the electrode 

sensitivity to changes in solution composition. Almost all investigators use 

stainless steel tubing, injectors, and columns. Microparticulate ( 5  pm) re- 

verse phase columns provide the best resolution for biogenic amines, and have 

become the column of choice. 

care than the pellicular resins; 

tion can be maintained for several months (28). Three-electrode potentiostats 

(Fig. 11.2) are almost universally employed. 

Their chief drawback is that they require more 

however, with proper maintenance their resolu- 

Several different electrochemical detectors and working electrode materials 

have been proposed. Most detector designs are similar to that shown in Fig. 11.6. 

-STEEL 

Fig. 11.6. Exploded view of an electrochemical cell for liquid chromatographic 
detection with a pressure-annealed pyrolytic graphite (PAPG) working electrode. 
Tefzel is used to form the duct and the steel top serves as an auxiliary elec- 
trode. The reference electrode (REF) is downstream. 

The liquid chromatographic effluent is directed into a duct-shaped electro- 

chemical cell. 

roof is the auxiliary electrode. 

volume of the cell is less than 5 pL so detector-induced band broadening is 

not a problem. 

working electrode, o r  rotate the electrode (29). 
electrodes have been employed. 

background effects (30) o r  as a detector with a different applied potential (31). 
We have designed a very small volume cell for use with a capillary liquid 

The floor of the duct contains the working electrode and the 

The reference electrode is downstream. The 

Other cell designs direct the effluent perpendicularly to the 

Detectors with two working 

The second electrode can be used to reduce 
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chromatographic column, a column which provides  g r e a t l y  improved r e s o l u t i o n  (32 ) .  
Carbon e l e c t r o d e s  seem t o  g ive  far more r ep roduc ib le  r e s u l t s  t han  o t h e r  

e l e c t r o d e s  (33 ) .  Carbon p a s t e  (15 ) ,  p ressure-annea led  p y r o l y t i c  g r a p h i t e  ( 3 4 ) ,  
Kel -F-graphi te  mixtures  (35) and g l a s s y  carbon (21) have a l l  been examined wi th  
only  minor advantages shown f o r  each m a t e r i a l .  

m a t e r i a l  i s  g l a s s y  carbon s i n c e  it i s  easy  t o  work wi th ,  r e l i a b l e ,  and has  a 
l a r g e  p o t e n t i a l  range .  

The most widely used e l e c t r o d e  

11.2.3 App l i ca t ions  o f  LCEC 

The LCEC method has  been used t o  de te rmine  t y r o s i n e  and t ryptophan  metabo- 

l i t e s  i n  b r a i n  t i s s u e ,  plasma, u r i n e ,  and c e r e b r a l  s p i n a l  f l u i d  (16 ,17) .  Pre- 
c i s e  d i r e c t i o n s  f o r  each a n a l y s i s  a r e  a v a i l a b l e  i n  t h e  o r i g i n a l  l i t e r a t u r e .  In 
many c a s e s ,  samples c o n s i s t i n g  o f  t h e  body f l u i d s  o r  t h e  f l u i d  sur rounding  t h e  
homogenized t i s s u e  a r e  d i r e c t l y  i n j e c t e d  on to  t h e  column. 
sample c leanup procedure i s  used ,  such a s  ion  exchange precolumns o r  so lven t  
e x t r a c t i o n  t echn iques .  For t h e  ca techolamines ,  adso rp t ion  onto  alumina i s  an 

i d e a l  method t o  p reconcen t r a t e  t h e  sample. Extreme c a r e  must b e  t aken  i n  a l l  
sample handl ing  t echn iques  t o  prevent  a i r  ox ida t ion  o f  t hese  compounds. Th i s  

can be prevented  by keeping t h e  sample a t  an a c i d i c  pH o r  by deoxygenating 
wi th  a stream of  n i t r o g e n .  

More f r e q u e n t l y ,  a 

Recent ly ,  t h e  LCEC technique  has  a l s o  been used t o  measure t h e  a c t i v i t y  
In t h e s e  methods, o f  enzymes involved  i n  catecholamine and 5-HT r e g u l a t i o n .  

t h e  tu rnove r  o f  p roduc t s  and r e a c t a n t s  i s  measured by t h e  LCEC method (36-39).  
The r e l e a s e  o f  DA and 5-HT from i s o l a t e d  b r a i n  t i s s u e  (40,41) o r  pe r fused ,  i n -  
t a c t  b r a i n  t i s s u e  (42) can be monitored by t h e  LCEC method. In f a c t ,  i t  has  

been shown t h a t  catecholamine r e l e a s e  from per fused  t i s s u e  can h e  d i r e c t l y  
monitored e l ec t rochemica l ly  wi thout  t h e  use  of a column (43 ,44 ) .  

pe rmi t s  t h e  ra te  of pharmacologica l ly- induced  r e l e a s e  o f  n e u r o t r a n s m i t t e r s  

t o  be examined on a very  r a p i d  t ime s c a l e .  

Th i s  method 

The LCEC method i n  i t s  p resen t  form i s  an a n a l y t i c a l  method t h a t  i s  simple 
t o  u s e ,  r e l i a b l e ,  and e s t a b l i s h e d .  Chromatographic and e l ec t rochemica l  con- 
d i t i o n s  e x i s t  i n  t h e  l i t e r a t u r e  f o r  a wide range  o f  b iogenic  amines so t h a t  

t h e  novice  i n  t h i s  f i e l d  does n o t  have t o  spend ex tens ive  time sea rch ing  f o r  
t h e  r i g h t  c o n d i t i o n s .  However, new chromatographic methods such as micro- 
columns and h igh  flow r a t e  systems a r e  c o n s t a n t l y  appear ing  and t h e s e  w i l l  

undoubtedly be  adapted  t o  t h e  LCEC method. The e l ec t rochemica l  technology 
f o r  chromatographic d e t e c t i o n  seems t o  have reached a p l a t eau ;  
have h a r d l y  a l t e r e d  i n  t h e  l a s t  f o u r  y e a r s .  
e l ec t rochemica l  d e t e c t o r s  may well l ead  t o  inc reased  s p e c i f i c i t y  i n  t h e  LCEC 

method. 

d e t e c t i o n  limits 

The inc reased  u s e  o f  m u l t i p l e  

However, t h e  range of compounds amenable t o  LCEC d e t e c t i o n  i s  growing. 



251 

The enkephal ins  have been d e t e c t e d  by t h i s  method (45 ) ,  and ve ry  r e c e n t l y  de-  
r i v a t i z a t i o n  t echn iques  t h a t  a r e  t a i lo r -made  f o r  e l ec t rochemica l  d e t e c t i o n  have 

been in t roduced  t h a t  permi t  b r a i n  GABA t o  b e  determined ( 4 6 ) .  

11 .3  IN V I V O  ELECTROCHEMISTRY 
11.3.1 Voltammetry i n  t h e  b r a i n  

Voltammetry posses ses  m u l t i p l e  a t t r i b u t e s  which a r e  e s s e n t i a l  fo r  in situ 
measurements of n e u r o t r a n s m i t t e r s  and neuromodulators i n  t h e  mammalian b r a i n .  
I t  can provide  a d i r e c t ,  v i r t u a l l y  in s t an taneous ,  cont inuous  readout  of t h e  

c o n c e n t r a t i o n s  o f  endogenous e l e c t r o a c t i v e  compounds i n  t h e  e x t r a c e l l u l a r  f l u i d  
(ECF) n e a r  t h e  e l e c t r o d e  s u r f a c e .  While p o s i t i v e  i d e n t i f i c a t i o n  of t h e  compo- 

nent  from ECF which i s  r e s p o n s i b l e  f o r  t h e  s i g n a l  cannot  always b e  made, e l e c -  
t rochemis t ry  does a l low e l i m i n a t i o n  of  cand ida te s  posses s ing  d i s s i m i l a r  charac-  
t e r i s t i c s  from t h e  measured response .  In a d d i t i o n ,  whi le  i n t e r p r e t a t i o n  o f  
r e s u l t s  r e q u i r e s  a good symbiosis between e l e c t r o c h e m i s t r y  and neurochemis t ry ,  
t h e  t echn ique  i t se l f  i s  r e l a t i v e l y  easy  t o  perform and inexpens ive  t o  imple- 
ment. However, i n  c o n t r a s t  t o  LCEC, in vivo e l e c t r o c h e m i s t r y  i s  n o t  an e s t a -  
b l i s h e d ,  en t renched  t echn ique .  I n t e r p r e t a t i o n  o f  t h e  voltammetric response  i s  

o f t e n  vague, and many provoca t ive  r e s u l t s  have been r epor t ed .  

e l e c t r o c h e m i s t r y  i s  i n  a developmental  s t a g e ,  a more complete a n a l y s i s  of t h e  
a p p l i c a t i o n s  o f  t h e  technique  w i l l  be  p re sen ted  than  was done f o r  t h e  review 

o f  LCEC. 

S ince  i n  v i m  

The b a s i c  exper imenta l  arrangement i s  t h e  same f o r  i n  vivo e l e c t r o c h e m i s t r y  

a s  f o r  t h e  in a i t ro  systems a l r e a d y  d i scussed .  
(F ig .  11.2) i s  employed. The e l ec t rochemica l  c e l l ,  i n t o  which a l l  t h e  e l e c -  
t r o d e s  a r e  p l aced ,  is  t h e  an ima l ' s  head. Suppor t ing  e l e c t r o l y t e  is  provided  
by t h e  h igh  s a l t  con ten t  o f  t h e  ECF i n  t h e  b r a i n .  
b r a i n  is  a much more complex chemical environment than  i s  normally s t u d i e d  i n  
a beaker .  Thus, an e x t e n s i v e  inev i t ro  c h a r a c t e r i z a t i o n  o f  new working e l e c -  

t r o d e s  i s  necessa ry  p r i o r  t o  t h e i r  use  in v i v o  t o  l e s sen  t h e  problem o f  com- 

p l ex  d a t a  i n t e r p r e t a t i o n .  
employed. De ta i l ed  i n s t r u c t i o n  f o r  carbon p a s t e  (47,48), graphi te -epoxy (49 ,  

5 0 ) ,  carbon f i b e r  (S,S,Sl,SZ),  and i o d i d e - t r e a t e d  p la t inum (12) e l e c t r o d e  con- 
s t r u c t i o n  can be  ob ta ined  from t h e  o r i g i n a l  l i t e r a t u r e .  

A t h r e e - e l e c t r o d e  p o t e n t i o s t a t  

However, t h e  mammalian 

To d a t e ,  carbon e l e c t r o d e s  have been most wide ly  

An i d e a l  s e n s o r  f o r  b iogen ic  amines could  moni tor  t h e  r e l e a s e  of neuro- 
t r a n s m i t t e r  a t  a s i n g l e  synapse,  a concept analogous t o  s i n g l e  u n i t  r eco rd ings  

in  e l ec t rophys io logy .  

synapse,  t h e y  a r e  small enough t o  sample d i s c r e t e  r e g i o n s  o f  t h e  mammalian b r a i n .  

An a l t e r n a t i v e  method f o r  acqu i r ing  informat ion  on b iogen ic  amines is t h e  push- 
p u l l  cannula  technique  ( 5 3 ) .  Push-pull  methodology p rov ides  f l u i d  t h a t  can be 
analyzed by  s e p a r a t i o n  t echn iques  f o r  q u a l i t a t i v e  and q u a n t i t a t i v e  a n a l y s i s  of 

While e l e c t r o d e s  are s t i l l  huge with r e s p e c t  t o  a s i n g l e  
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compounds r e l e a s e d  i n t o  t h e  b u f f e r .  

pends on t h e  inhe ren t  s e n s i t i v i t y  o f  t h e  e l e c t r o d e  a t  c h a r a c t e r i s t i c  p o t e n t i a l s  

coupled wi th  pharmacological manipula t ions  t o  i d e n t i f y  t h e  s p e c i e s  observed .  

On t h e  o t h e r  hand, it i s  no t  necessa ry  wi th  voltammetry t o  make assumptions 

concern ing  t h e  e f f e c t s  o f  up take  o r  s y n t h e s i s  on t h e  p a t t e r n  o f  r e l e a s e  i n  

response  t o  drug a d m i n i s t r a t i o n .  In a d d i t i o n ,  less severe  e f f e c t s  o f  t i s s u e  

damage i n  ch ron ic  p r e p a r a t i o n s  a r e  r epor t ed  f o r  in viuo voltammetric exper iments  

(49,51,54,55) than  f o r  push-pul l  cannu la t ion  (56 ) .  

In c o n t r a s t ,  in vivo e l e c t r o c h e m i s t r y  de-  

Clark  f i r s t  used e l ec t rochemis t ry  i n  1964 t o  monitor 02 and a s c o r b a t e  l e v e l s  

i n  t h e  c o r t e x  o f  a n e s t h e t i z e d  c a t s  ( 5 7 ) .  

p roximate ly  300 pm i n  d iameter  and f i x e d  p o t e n t i a l s  between -0 .6  and -1 .6  V vs. 

Ag/AgCl, he was a b l e  t o  observe  changes i n  t h e  ca thod ic  c u r r e n t  (i,) which 

c o r r e l a t e d  wi th  t h e  pO2 i n  t h e  atmosphere b rea thed  by t h e  c a t  ( 5 7 ) .  Oxygen t e n -  

s i o n  d i d  n o t  a f f e c t  t h e  anodic  c u r r e n t  ( i  ) when both  c u r r e n t s  were monitored by 

c y c l i c  voltammetry (58 ) .  Changes i n  ia could b e  produced by in t r avenous  ( i . v . )  

a d m i n i s t r a t i o n  o f  sodium asco rba te  (AA).  When monitored via p y r o l y t i c  g r a p h i t e  

e l e c t r o d e s  implanted benea th  t h e  epicardium o f  t h e  h e a r t s  of a n e s t h e t i z e d  c a t s ,  
AA i n j e c t i o n s  d i d  no t  a f f e c t  ic. Since  AA is  a major component o f  t h e  b r a i n ' s  

redox b u f f e r  ( 5 9 ) ,  it i s  i n t e r e s t i n g  t h a t  AA and 02 l e v e l s  could  n o t  be  c o r r e -  

l a t e d .  

Using g l a s s y  carbon e l e c t r o d e s  ap- 

The idea  o f  u s ing  in uiuo e l e c t r o c h e m i s t r y  t o  s tudy  t h e  b r a i n  l a y  dormant 

f o r  about 10 yea r s  u n t i l  r ev ived  when Adams and co-workers began 

lowering carbon p a s t e  e l e c t r o d e s  i n t o  t h e  b r a i n s  o f  a n e s t h e t i z e d  
r a t s .  Cyc l i c  voltammetry i n  t h e  c o r t e x ,  hippocampus and cauda te  a l l  demon- 

s t r a t e d  an i r r e v e r s i b l e  peak a t  '1.0.4 V us. Ag/AgCl, a t t r i b u t e d  t o  AA, which 
faded r a p i d l y  du r ing  consecu t ive  scans  u n l e s s  a de lay  o f  a t  least 100 seconds 

was i n s e r t e d  between scans  (60 ) .  Clark  had seen s i m i l a r  t r e n d s  i n  ia and ic, 

though ic faded much s lower  than  ia (59) .  

S ince  c y c l i c  voltammograms recorded  from d i f f e r e n t  r e g i o n s  o f  t h e  non- 

s t i m u l a t e d  ra t  b r a i n  a l l  showed e s s e n t i a l l y  t h e  same r e s u l t ,  McCreery e t  aZ. 

(61,62) dec ided  t o  s tudy  t h e  f a t e  o f  e l e c t r o a c t i v e  drugs  i n j e c t e d  d i r e c t l y  

i n t o  t h e  b r a i n s  o f  a n e s t h e t i z e d  r a t s .  

s u l t e d  i n  t h e  format ion  o f  a s i z e a b l e  pool  (30 pL) (61) n e a r  t h e  e l e c t r o d e  t i p ,  

t h e  w a l l s  of which were neu ra l  t i s s u e .  I n j e c t i o n s  o f  AA, N A ,  o r  DA r e s u l t e d  

i n  r e l a t i v e l y  s t e a d y - s t a t e  concen t r a t ions  i n  t h e  pool .  

6-hydroxydopamine (6-OHDA) was r a p i d l y  ox id ized  t o  t h e  p-quinone such t h a t  t h e  

r a t i o  o f  ox id ized  t o  reduced 6-OHDA (determined by CV) was S40/60, appa ren t ly  
a func t ion  o f  t h e  redox s t r e n g t h  o f  t h e  b r a i n ' s  b u f f e r .  The t o t a l  concent ra -  

t i o n  o f  ox id i zed  and reduced forms d isappeared  and was a t t r i b u t e d  t o  consump- 
t i o n  o f  t h e  quinone by i t s  r e a c t i o n  with t h e  sur rounding  neura l  t i s s u e .  

T h e i r  i n j e c t i o n - e l e c t r o d e  assembly re- 

On t h e  o t h e r  hand, 
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These i n j e c t i o n  experiments showed t h a t  e l ec t rochemis t ry  was u s a b l e  i n  t h e  
environment o f  t h e  mammalian b r a i n .  But, continuous monitoring of t h e  chemical 
a c t i v i t y  o f  neurons s t i l l  had no t  been accomplished. 
switched s t r a t e g i e s ,  dec id ing  t o  record me tabo l i t e  changes i n  t h e  la teral  ven- 
t r i c l e s  o f  ra ts  and r a b b i t s  fol lowing e lectr ical  s t i m u l a t i o n s  i n  e i t h e r  t h e  
s u b s t a n t i a  n i g r a  (SN) o r  t h e  Raph6 nucleus.  
v e n t r i c l e s  provided t h e  added advantage of  be ing  a b l e  t o  independently v e r i f y  

by LCEC t h e  compounds d e t e c t e d  in a ivo .  

was s imple r  from r a b b i t s  s i n c e  t h e i r  CSF product ion i s  h ighe r .  

t h e  whole t ime course o f  t h e  response could b e  v e r i f i e d ,  e s t a b l i s h i n g  t h e  v i a -  
b i l i t y  of in vivo e lec t rochemis t ry .  There was a s u b s t a n t i a l  de l ay  (15 t o  45 

minutes) fol lowing s t imu la t ion  b e f o r e  t h e  appearance o f  e i t h e r  HVA or  5-HIM 
i n  t h e  CSF. When it f i n a l l y  d i d  appear ,  t h e r e  was a sharp inc rease  i n  concen- 
t r a t i o n  [SOO-700 pM HVA (47)]  which even tua l ly  d i spe r sed  throughout t h e  CSF 
i n  t h e  v e n t r i c l e s  and was washed away. LCEC confirmed t h e  v e r a c i t y  o f  t h e  time 

course observed by e l ec t rochemis t ry .  

So Wightman e t  aZ. (47,63) 

Placement o f  t h e  e l e c t r o d e s  i n  t h e  

Withdrawal o f  CSF f o r  LCEC a n a l y s i s  

Thus, i n  r a b b i t s  

Unequivocal i d e n t i f i c a t i o n  o f  t h e  e l ec t rochemica l ly  de t ec t ed  s p e c i e s  by 
an independent method i s  obviously much more d i f f i c u l t  i n  b r a i n  t i s s u e .  
eve r ,  voltammograms i n  t h e  s t r i a t a  o f  ra ts  show s e v e r a l  waves (Fig.  11 .7 ) .  
Lane h a s  used slow scan rate c y c l i c  voltammetry of  unmodified carbon p a s t e  e l e c -  
t r o d e s  coupled with i n j e c t i o n  o f  a u t h e n t i c  compounds i n t o  t h e  b r a i n  t o  a i d  i n  
i d e n t i f y i n g  t h e  e l e c t r o l y z e d  components of f o u r  s i m i l a r  waves ( 4 8 , 6 4 , 6 5 ) .  

How- 

Fig. 11.7.  
300 pm) implanted i n  t h e  corpus s t r i a t u m  of an anes the t i zed  ra t .  
scan rate. 

Cyc l i c  voltammogram obtained with a carbon p a s t e  e l e c t r o d e  ( r  
100 mV s 
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With s lower  vo l t age  scans ,  t h e  waves are more apparent  t han  shown i n  F ig .  11.7.  

Both DA and AA caused an i n c r e a s e  i n  t h e  f irst  peak (0.23 V us. Ag/AgCl). Th i s  
r e s u l t e d  from DA c a t a l y s i s  o f  AA ox ida t ion  (v ide  i n f r a ) .  

was in f luenced  by 5-HIAA (48) and 5-HT (64) i n j e c t i o n s ,  which impl i e s  t h a t  t h e  
f irst  peak may a l s o  inco rpora t e  t h e  in v i v o  vol tammetr ic  response  t o  DOPAC. 

The methoxylated me tabo l i t e s  o f  DA, 3-methoxytyramine (3-MTA) and HVA,were t h e  
p u t a t i v e  components o f  t h e  ECF r e s p o n s i b l e  f o r  t h e  gene ra t ion  o f  t h e  t h i r d  
peak (0.49 V ) .  A f o u r t h  peak (0.68 V) has  n o t  been i d e n t i f i e d .  Consecut ive  

scans  10 minutes a p a r t  f o r  2 t o  4 hours  r e s u l t e d  i n  ex t remely  r ep roduc ib le  DPV 

peak h e i g h t s  (2 .4%) (48) ,  though appa ren t ly  t h e  usab le  l i f e t i m e  o f  c h r o n i c a l l y  
implanted e l e c t r o d e s  i s  shor tened  by 10  mV s e c - l  scans  (50) .  

The shou lde r  a t  0.35 V 

AA i n t e r f e r e s  i n  t h e  i n  vivo measurements o f  ca techolamines ,  f o r  example 

DA, wi th  vol tammetr ic  e l e c t r o d e s .  Although AA i s  thermodynamically e a s i e r  t o  
o x i d i z e  than  DA, t h e  peak p o t e n t i a l  f o r  AA o x i d a t i o n  a t  carbon e l e c t r o d e s  i s  
d i s p l a c e d  s e v e r a l  hundred m i l l i v o l t s  i n  a p o s i t i v e  d i r e c t i o n  and i s  a c t u a l l y  

p o s i t i v e  o f  t h e  peak p o t e n t i a l  f o r  DA (66 ,67) .  
t r o d e s  i n  t h e  presence  o f  AA r e s u l t s  i n  a homogeneous c a t a l y t i c  o x i d a t i o n  o f  AA.  

The r egene ra t ed  DA r e t u r n s  t o  t h e  e l e c t r o d e ,  r e s u l t i n g  i n  an enhanced c u r r e n t .  

Oxida t ion  o f  DA a t  carbon e l e c -  

DOQ 

DOQ + AA DA + DHA 

(DOQ and DHA r ep resen t  t h e  ox id ized  forms o f  DA and AA r e s p e c t i v e l y . )  
l y t i c  r a t e  cons t an t  (k,) f o r  t h i s  r e a c t i o n  i s  s u f f i c i e n t l y  f a s t  t h a t  t h e  f a r a d a i c  

c u r r e n t  equa l s  t h e  sum o f  t h e  d i f f u s i o n  c o n t r o l l e d  c u r r e n t s  f o r  DA and AA (64 ) .  

Thus, an i n c r e a s e  i n  an e l ec t rochemica l  s i g n a l  could  b e  due t o  e i t h e r  DA o r  AA.  

Three approaches have been t aken  t o  e l i m i n a t i n g  t h e  problem o f  over lapping  

The c a t a -  

waves. The f i r s t  i s  t o  use  pharmacological manipula t ions  which a r e  thought  t o  
a c t  on on ly  one n e u r o t r a n s m i t t e r .  A s  w i l l  b e  shown, t h i s  approach h a s  impl ied  
t h a t  in v i m  e lec t rochemis t ry  can measure chemical changes from 5-HT and DA 

neurons.  The o t h e r  two approaches,  which w i l l  be  d i scussed  l a t e r ,  are t h e  use  
of chemica l ly  modified e l e c t r o d e s  and ve ry  small voltammetric e l e c t r o d e s .  

11 .3 .2  Elec t rochemica l  response  t o  pharmacological agen t s  and behavior  

Adam and coworkers were t h e  first t o  show t h a t  pharmacological agen t s  known 

t o  a f f e c t  dopaminergic and t ryp tamine rg ic  systems induced an e l ec t rochemica l ly  mea- 
s u r a b l e  response  i n  t h e  b r a i n s  o f  unanes the t i zed  rats (49,68-71).  
chosen f o r  t h e  i n i t i a l  s t u d i e s  s i n c e  it h a s  been p rev ious ly  documented by 

push-pul l  cannu la t ion  and by in u i t ro  methods t o  a f f e c t  DA neuronal  f l u x e s  (41, 
72).  They performed a d d i t i o n a l  in ui t ro  experiments with b r a i n  s l i c e s  and 

Amphetamine was 
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synaptosomes t o  f i n d  t h e  e f f e c t s  of amphetamine on AA. 

amphetamine ranging from t o  M demonstrated t h a t  AA was no t  r e l e a s e d  
from s t r i a t a l  minces whereas DA was (49) .  Thus, t h e  dose-dependent i n c r e a s e s  
i n  chronoamperometric c u r r e n t  measured from e l e c t r o d e s  implanted i n  t h e  caudate  
nucleus fol lowing amphetamine admin i s t r a t ion  were a t t r i b u t e d  t o  t h e  ox ida t ion  

of  DA r e l e a s e d  i n t o  t h e  ECF o f  t h e  b r a i n  (68) .  P o t e n t i a l  s t e p s  t o  e i t h e r  +0.5 

o r  +0.8 V r e s u l t e d  i n  equal c u r r e n t s  measured 1 s e c  a f t e r  t h e  p o t e n t i a l  change, 
so  t h e  p o s s i b i l i t y  o f  a c o n t r i b u t i o n  t o  t h e  c u r r e n t  from t h e  methoxylated 

me tabo l i t e s  o f  DA (3-MTA and HVA) could be dismissed (49,68). However, DOPAC 

was s t i l l  a v i a b l e  candidate .  

Concentrat ions o f  

S i m i l a r l y ,  p-C1-amphetamine (p-C1-amph) r e l e a s e s  5-HT and then causes  a 
d e p l e t i o n  of  5-HT i n  t h e  b ra in .  
hippocampus r e f l e c t e d  t h i s  p a t t e r n  (49,69) .  Thus, 5-HT i s  t h e  p u t a t i v e  com- 
ponent o f  t h e  s i g n a l  measured af ter  p-C1-amph admin i s t r a t ion .  The s t imu la t ed  

5-HT r e l e a s e  induced by p-C1-amph could be prevented by p r i o r  admin i s t r a t ion  o f  
p-C1-phenylalanine (p-C1-phe), a 5-HT s y n t h e s i s  i n h i b i t o r .  In a d d i t i o n ,  s i n c e  
t h e  r a t s  were unanesthet ized and un res t r a ined ,  t h e s e  workers could show t h a t  t h e  time 
course of  t h e  behav io ra l  man i fe s t a t ions  of  t h e  drug and t h e  electrochemical  re- 
sponse were e s s e n t i a l l y  p a r a l l e l  (69) .  Behavior changes were seen Q5 minutes 

b e f o r e  any change i n  t h e  e l ec t rochemis t ry  was noted ( p o t e n t i a l  s t e p s  were app l i ed  
every 5 minutes) and h y p e r a c t i v i t y  l a s t e d  a f t e r  t h e  c u r r e n t  r e tu rned  t o  b a s e l i n e .  
An i n j e c t i o n  o f  f l u o x e t i n e ,  a 5-HT (and p-C1-amph) uptake i n h i b i t o r ,  decreased 

both t h e  behavior  and c u r r e n t  induced by p-C1-amph. E l e c t r i c a l  s t imu la t ion  o f  
t h e  s u b s t a n t i a  n i g r a  (49,70) and t h e  Raph6 nucleus (69,70) both l e d  t o  sharp 

i n c r e a s e s  i n  t h e  electrochemical  s i g n a l  measured i n  t h e  caudate  nucleus and 
hippocampus r e s p e c t i v e l y .  Again, pretreatment  w i th  p-C1-phe blocked t h e  response 
from t h e  hippocampus. 

The electrochemical  s i g n a l  measured i n  t h e  

Huff and Adams (71) monitored changes i n  t h e  caudate  nucleus and t h e  nucleus 
accumbens s imultaneously t o  demonstrate t h e  d i f f e r e n t i a l  e f f e c t s  o f  DA r e c e p t o r  
b locke r s .  Chlorpromazine, a drug with s i g n i f i c a n t  extrapyramidal s i d e  e f f e c t s ,  
was shown t o  cause increased cu r ren t  i n  both n u c l e i .  In c o n t r a s t ,  c lozap ine  
only a f f e c t e d  t h e  nucleus accumbens, a r e s u l t  c o n s i s t e n t  with t h e  claim t h a t  i t  

causes  fewer extrapyramidal  s i d e  e f f e c t s .  Destruct ion o f  t h e  s u b s t a n t i a  n i g r a  
catecholamine c e l l  bodies  by 6-OHDA i n j e c t i o n  e l imina ted  t h e  response t o  e i t h e r  
r ecep to r  b locke r .  

and accumbens DA content  without  changing AA concen t r a t ions .  
c luding t h e  p o s s i b i l i t y ,  a l l  t h e s e  d a t a  from Adam and coworkers suggest  t h a t  
AA i s  not  involved i n  t h e  changes i n  cu r ren t  measured by in V ~ U O  electrochemis-  

t r y ,  bu t  r a t h e r  t h a t  t h e  r e s u l t s  reflect  t h e  f l u c t u a t i o n s  of  neu ro t r ansmi t t e r  
l e v e l s  i n  t h e  b r a i n  (73) .  

These l e s i o n s  produced an 85% e f f e c t i v e  decrease i n  caudate  
While n o t  pre-  

With t h e  slow scanning techniques,  Lane e t  aZ. provided f u r t h e r  pharma- 
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co log ica l  support  f o r  t h e i r  peak i d e n t i f i c a t i o n s .  Haloperidol  (48) and s p i r o p e r i -  
do1 (65) ,  DA r e c e p t o r  b locke r s ,  and DOPA (48) caused i n c r e a s e s  i n  bo th  peaks 1 
and 3,  whereas 5-HTP r e s u l t e d  i n  more c u r r e n t  f o r  t h e  second peak (64) .  A r e l a -  

t i v e l y  l a r g e  dose of amphetamine (10 mg kg-’) produced a l a r g e  change a t t r i -  

buted t o  DA with no e f f e c t  on t h e  p u t a t i v e  5-HT response (65) .  Chemical l e -  

s ion ing  vlia 6-OHDA i n j e c t i o n  i n t o  t h e  SN (48) ,  biochemical d i s r u p t i o n  o f  DA syn- 
t h e s i s  with a-methyl-p- tyrosine (a-MPT) (65) and e l e c t r o l y t i c  d e s t r u c t i o n  of t h e  
n i g r o s t r i a t a l  pathway (65) a l l  r e s u l t e d  i n  a 10-30% decrease i n  peak 1 (con- 
s i s t e n t  with a decrease i n  DA with no change i n  AA) and t h e  complete disappear-  

ance o f  peak 3 .  

without  a n o t i c e a b l e  e f f e c t ,  as was s p i r o p e r i d o l  a f t e r  e l e c t r o l y t i c  l e s i o n i n g  (65) 
Adminis t ra t ion of pa rgy l ine  decreased t h e  peak a t t r i b u t e d  t o  HVA and 3-MTA t o  

20% o f  i t s  p r e - i n j e c t i o n  value ( 4 8 ) .  

l y  reduced af ter  MA0 i n h i b i t i o n  and peak 3 r e f l e c t s  t h e  HVA dec rease .  
changes i n  peak 1 were not  r epor t ed ,  implying t h a t  DOPAC was no t  a s i g n i f i c a n t  
c o n t r i b u t o r  t o  t h e  b a s e l i n e  electrochemical  s i g n a l  measured i n  ECF a t  graphoxy 
e l e c t r o d e s .  

Amphetamine admin i s t r a t ion  subsequent t o  a-MPT t reatment  was 

Production o f  both HVA and DOPAC are marked- 
However, 

Following t h e  premise t h a t  smaller is  b e t t e r ,  Gonon e t  aZ. developed carbon 
f i b e r  microvoltammetric e l e c t r o d e s  with $0.5 mm o f  t h e  8 wn diameter  f i b e r  ex- 

t end ing  beyond t h e  t i p  of t h e  g l a s s  p i p e t  (51) .  
ployed t o  i n c r e a s e  t h e  c u r r e n t  magnitude and t o  produce a reduct ion peak f o r  
DOQ on t h e  r eve r se  scan i n  CV. 

peaks and d i f f e r e n c e  i n  p o t e n t i a l  between t h e  peaks was taken as evidence f o r  

t h e  i r r e v e r s i b i l i t y  of DA e l ec t rochemis t ry  a t  carbon f i b e r s .  

s t a b i l i t y  o f  t h e s e  f i b e r s  i s  good. 
days 2 and 30 i n t o  r a t s  c h r o n i c a l l y  implanted with carbon f i b e r  e l e c t r o d e s  pro- 
duced s t a t i s t i c a l l y  equ iva len t  r i s e s  (51) .  In a d d i t i o n ,  2 amphetamine i n j e c -  
t i o n s  (5 mg kg-’) 5 hours a p a r t  r e s u l t e d  i n  v i r t u a l l y  i d e n t i c a l  responses  from 

c h l o r a l  hydra t e  anes the t i zed  ra ts  ( 7 4 ) .  

t hey  monitored r e f l e c t e d  DA r e l e a s e ,  t hey  observed a gradual  dec rease  of  t h e  
b a s e l i n e  c u r r e n t  fol lowing a-MPT admin i s t r a t ion .  Af t e r  t h i s  b a s e l i n e  dep res s ion ,  

amphetamine no longer  e l i c i t e d  a response (74) .  

The 0.5 mm extension was e m -  

The r e l a t i v e  size of t h e  reduct ion t o  ox ida t ion  

The in V ~ V O  

I n j e c t i o n s  of  amphetamine ( 2  mg kg-’) on 

Searching f o r  evidence t h a t  t h e  signal 

Electrochemistry has  a l s o  been c o r r e l a t e d  with behavior  and wi th  phys ica l  
s t i m u l a t i o n  of  t h e  r a t .  
response t o  a s t a r t l i n g  s t imulus and,Marsden e t  a l .  (69) c o r r e l a t e d  5-HT r e l e a s e  

wi th  i t s  as soc ia t ed  behavior .  

has  been shown by J u s t i c e  e t  aZ. (75) t o  cause an inc rease  i n  t h e  electrochemi-  
cal s i g n a l  recorded from t h e  caudate .  
a c t i v i t y  which fol lows a similar t ime course t o  t h e  augmented electrochemical  
response (76,77) .  Pretreatment  with a-MPT (76) ,  6-OHDA (77) ,  p-C1-amph ( 7 7 ) ,  

or  fenfluramine (77) ,  a 5-HT uptake i n h i b i t o r ,  a l l  suppress  both t h e  voltammetric 

Clark and Lyons (58) noted a sha rp  i n c r e a s e  i n  ic i n  

Eat ing and exp lo r ing  food fol lowing d e p r i v a t i o n  

Tai l  pinch i n i t i a t e s  an inc rease  i n  motor 
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and movement inc reases .  

f luramine,  t h e  inc rease  i n  i and locomotion a r e  no t  prevented. The au tho r s  
conclude t h a t  5-HT prevents  DA r e l e a s e  induced by t a i l  pinch ( 7 7 ) .  

If p-C1-phe i s  adminis tered be fo re  p-C1-amph o r  fen-  

11.3.3 I n t e r p r e t a t i o n  of  i n  vivo e lec t rochemis t ry  
A l l  of t h e  r e s u l t s  discussed i n  t h e  previous s e c t i o n  demonstrate t h a t  chemi- 

c a l  changes i n  t h e  b r a i n  can be de t ec t ed  with a voltammetric e l ec t rode .  The 
chemical changes are induced by pharmacological agen t s  t hough t  t o  a f f e c t  
neuronal a c t i v i t y  and c o r r e l a t e  with behavioral  s t u d i e s .  As w i l l  be shown, 
t h e  chemical changes a l s o  c o r r e l a t e  with d i r e c t  e l e c t r o p h y s i o l o g i c a l  measures 

of  neuronal f i r i n g  rates.  However, i n t e r p r e t a t i o n  o f  t h e  voltammetric d a t a  
i s  ve ry  complex and many o f  t h e  problems are j u s t  beginning t o  be  r e a l i z e d ,  

A s  d i scussed  i n  s e c t i o n  11.2.2,  f i lming  of  t h e  e l e c t r o d e  su r face  i n  v i v o  

tends t o  d i s t o r t  t h e  response.  
t rochemica l ly  generated products  causes  waves t o  be  l e s s  wel l  def ined and t h e i r  
c u r r e n t  amplitude t o  diminish.  
and thus  concen t r a t ions  measured by i n  vivo e lec t rochemis t ry  may be  u n d e r e s t i -  
mated. 

a t  a p o t e n t i a l  where e l ec t rochemis t ry  does no t  occur minimizes f i lming  (13 ) .  
The type o f  carbon e l e c t r o d e s  used a l s o  seems t o  a f f e c t  t h e  r a t e  a t  which t h e  
e l e c t r o d e  response d e t e r i o r a t e s .  C a l i b r a t i n g  t h e  e l e c t r o d e  a f t e r  t h e  i n  vivo 

experiment seems t o  compensate f o r  e l e c t r o d e  d e t e r i o r a t i o n  caused by i n s e r t i o n  
i n  t h e  b r a i n .  

Filming caused by p r o t e i n  adso rp t ion  o r  by e l e c -  

Filming reduces t h e  e f f e c t i v e  e l e c t r o d e  a r e a  

A s  we have shown, maintaining t h e  e l e c t r o d e  f o r  t h e  ma jo r i ty  o f  t h e  time 

The observed concen t r a t ion  of  e l e c t r o a c t i v e  s p e c i e s  may a l s o  d i f f e r  from 

t h e  t r u e  concen t r a t ion  because a small  pool of  e x t r a c e l l u l a r  f l u i d  forms a t  
t h e  t i p  o f  an e l e c t r o d e  implanted i n  b r a i n  t i s s u e  (55,78). 
schemat i ca l ly  r ep resen ted  f o r  a 100 pm and a 10 pm r a d i u s  e l e c t r o d e  i n  Fig.  11.8.  

The response a t  e l e c t r o d e s  o f  50-100 urn r a d i u s  i s  based on e s t a b l i s h i n g  a balance 
between d e p l e t i o n  of  e l e c t r o a c t i v e  spec ie s  i n  t h e  pool by e l e c t r o l y s i s  and 
r e s t r i c t e d  t r a n s p o r t  of new compounds i n t o  t h e  pool from t h e  surrounding b r a i n  

t i s s u e .  Because o f  t h e  r e s t r i c t e d  t r a n s p o r t  i n t o  t h e  pool ,  t h i s  phenomenon 
d i s t o r t s  bo th  t h e  magnitude and time cour se  o f  observed concen t r a t ion  changes. 
By dec reas ing  t h e  volume of  t h e  pool ,  a consequence of  small e l e c t r o d e s ,  and 
dec reas ing  s t e p  t imes,  d i s t o r t i o n  caused by t h i s  pocket of  e x t r a c e l l u l a r  f l u i d  

a t  t h e  t i p  o f  t h e  e l e c t r o d e  can be minimized (13) .  
d i f f u s i o n  pool could exp la in  why peak shaped voltammograms a r e  so o f t e n  found 
i n  b r a i n  t i s s u e ,  e s p e c i a l l y  a t  slow scan rates.  
concen t r a t ion  o f  e l e c t r o a c t i v e  s p e c i e s  d i r e c t l y  ad jacen t  t o  t h e  e l e c t r o d e  i s  
dep le t ed  giving a r a p i d ,  b u t  a r t i f a c t u a l ,  decay i n  c u r r e n t .  

Th i s  phenomenon i s  

The presence of  a r e s t r i c t e d  

During t h e  p o t e n t i a l  scan,  t h e  

To i d e n t i f y  t h e  a c t u a l  compounds which a r e  observed in v ivo ,  modified e l e c -  
t r o d e s  have been used t o  a l imi t ed  e x t e n t .  The f irst  at tempt  by Lane e t  a l .  
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Fig. 11 .8 .  
epoxy e l e c t r o d e  (r = 50 um) and o f  a carbon f i b e r  microvoltammetric e l e c t r o d e  
(r = 7 u m ) .  

Schematic of t h e  pools  formed a t  t h e  e l e c t r o d e  t i p s  of a g r a p h i t e -  

was an iod ide -coa ted  P t  e l e c t r o d e  and a modified p u l s e  t echn ique .  Th i s  e l e c -  

t r o d e  s e p a r a t e s  t h e  DA and AA vol tammetr ic  responses  (12 ,79) .  The iod ide  l a y e r  

i s  thought  t o  b lock  adso rp t ion  o f  phys io log ica l  components. Using McCreery's 

i n j e c t i o n  des ign  (61) ,  t hey  i n j e c t e d  DA o r  AA and demonstrated t h e  independence 

of t h e  two peaks from one ano the r .  

s u b s t a n t i a l  i n c r e a s e  i n  t h e  he igh t  of t h e  peak a t t r i b u t e d  t o  DA w i th  no concur- 

r e n t  change i n  t h e  AA peak. The problem wi th  t h e  P t - I  e l e c t r o d e s  i s  t h a t  t hey  

a r e  n o t  s t a b l e  f o r  long time pe r iods ,  g iv ing  r ep roduc ib le  r e s u l t s  f o r  on ly  

about 1 hour i n  t h e  b r a i n .  In a d d i t i o n ,  t h e  p o t e n t i a l  range is l i m i t e d  t o  

l e s s  t han  0 .5  V US. Ag/AgCl t o  prevent  deso rp t ion  o f  t h e  I -  ( 1 2 , 7 0 ) .  

A l o c a l  i n j e c t i o n  o f  amphetamine caused a 

Buda e t  aZ. have e l ec t rochemica l ly  modified carbon f i b e r  mic roe lec t rodes  

by a p p l i c a t i o n  o f  a 70 Hz  t r i a n g u l a r  wave from 0 .0-3 .0  V t o  t h e  e l e c t r o d e  i n  a 

phosphate-buf fered  s a l i n e  s o l u t i o n  (PBS) (80 ,81) .  This  t r ea tmen t  a l lows  DPV 

r e s o l u t i o n  of AA ( E  -50 mV u s .  Ag/AgCl, peak 1) from D A  and DOFAC ( E  2 

100 mV, peak 2) by dec reas ing  t h e  o v e r p o t e n t i a l  f o r  AA o x i d a t i o n  a t  t h e  carbon 

s u r f a c e .  Such v i o l e n t  t r ea tmen t  a l s o  produces d e f e c t s  i n  t h e  c r y s t a l  l a t t i c e  

s t r u c t u r e  o f  t h e  carbon f i b e r ,  r e s u l t i n g  i n  a porous e l e c t r o d e  wi th  an i n -  

c r eased  s u r f a c e  a r e a  and wi th  a h igh  d e n s i t y  of s u r f a c e  f u n c t i o n a l  groups .  

Consequently,  t h e s e  modified e l e c t r o d e s  a r e  more s e n s i t i v e  probes .  However, t h e  

p o r o s i t y  o f  t h e  e l e c t r o d e  should have a similar e f f e c t  on t ime and concent ra -  

t i o n  responses  t o  t h a t  p r e d i c t e d  by pool t heo ry .  Both phenomena cause  marked 

damping o f  t h e  t r u e  ECF concen t r a t ion  changes. They d i s p l a y  l i n e a r  c a l i b r a t i o n  

P P 
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curves  in v i t r o  f o r  D A ,  DOPA, DOPAC, and AA, be ing  most s e n s i t i v e  t o  DA and 

DOPA, %I0 t imes  less r e spons ive  t o  DOPAC than  DA and 250 times poore r  f o r  AA 

de te rmina t ions  than  f o r  DA. 

compounds i s  n o t  exp la inab le  by s imple  DPV t h e o r y  (82)  and thus  r e q u i r e s  t h e  i n -  

voca t ion  o f  t h e o r i e s  involv ing  adso rp t ion ,  d i f f e r e n c e s  i n  a c c e s s i b l e  a r e a ,  

d i f f e r e n c e s  i n  r e v e r s i b i l i t y ,  o r  c a t a l y t i c  c o n t r i b u t i o n s  t o  t h e  ca t echo l  peak 

t o  e x p l a i n  t h e  observed r e s u l t s .  

The d iscrepancy  between t h e  responses  t o  t h e  v a r i o u s  

Recording d i f f e r e n t i a l  p u l s e  voltammograms eve ry  2 .5  minutes from -200 t o  

t200  mV vs. Ag/AgCl, t hey  demonstrated bo th  peaks were s t i l l  observed in vivo, 

and t h a t  t h e  two peaks were d i f f e r e n t i a l l y  s e n s i t i v e  t o  pharmacological manipu- 

l a t i o n s .  The peak a s s igned  t o  AA,  o f t e n  d i s t o r t e d  and v a r i a b l e  (81) ,  appeared 

t o  be  p a r t i a l l y  a func t ion  o f  t h e  depth  o f  a n e s t h e s i a .  

from s c o r b u t i c  guinea p i g s  whi le  t h e  ca t echo l  peak decreased  %SO% (80) .  Lesions 

with 6-OHDA e l imina ted  t h e  ca t echo l  peak, wi th  no e f f e c t  on AA. 

a-MPT, NSD1015 [a DOPA decarboxylase  i n h i b i t o r )  and pa rgy l ine  a l l  suppressed  

peak 2 ,  w i th  pa rgy l ine  comple te ly  e l i m i n a t i n g  it (80 ,81) .  A l l  t h e s e  drugs  p re -  

vent even tua l  DOPAC format ion .  Thus, peak 2 appa ren t ly  r e f l e c t s  DOPAC dynamics 

in vivo. Making t h i s  assumption, background DOPAC l e v e l s  i n  t h e  rat caudate  

nuc leus  a r e  r epor t ed  t o  be  22 ? 4 yM (80 ,81) .  

Peak 1 d isappeared  

S i m i l a r l y ,  

Haloper idol  and r e s e r p i n e  both  cause  l a r g e  i n c r e a s e s  i n  t h e  ca t echo l  peak 

(80 ,81 ,83 ) .  

ob ta ined  wi th  Lane's modified e l e c t r o d e  (79 ) ,  presumably via i t s  i n h i b i t o r  e f -  

f e c t s  on MA0 (80 ,81) .  S imul taneous ly ,  amphetamine inc reased  t h e  he igh t  o f  t h e  

peak a t t r i b u t e d  t o  AA. The ef . fec t  o f  r e s e r p i n e  was t o t a l l y  abo l i shed  by  pargy- 

l i n e  p re t r ea tmen t ,  whereas ha lope r ido l  and amphetamine under s i m i l a r  c o n d i t i o n s  

each r e s u l t e d  i n  a small  peak 2 ,  presumably due t o  f r e e  DA (81) .  

e t  uZ. mainta in  t h a t  t h e  two major components o f  in Viva e lec t rochemica l  s i g n a l s  

from t h e  cauda te  nuc leus  o f  t h e  r a t  are AA and DOPAC (81 ) .  

be made f o r  t h e  nuc leus  accumbens, SN, and v e n t r a l  mesencephalic tegmentum (83) .  

Amphetamine dec reases  t h e  ca t echo l  peak i n  c o n t r a s t  t o  t h e  r e s u l t s  

Thus, Gonon 

The same c la im may 

In c o n t r a s t  t o  t h e  long, t h i n  e l e c t r o d e s  j u s t  desc r ibed ,  we have des igned  

carbon f i b e r  e l e c t r o d e s  (5 ,8)  w i th  an a c t i v e  s u r f a c e  a r e a  de f ined  by t h e  d i a -  

meter o f  t h e  f i b e r  (8 um). Th i s  geometry u t i l i z e s  t o  t h e  g r e a t e s t  e x t e n t  t h e  

c a p a c i t y  o f  carbon f i b e r s  f o r  s p a t i a l  d i s c r i m i n a t i o n .  The small s i z e  o f  t h e  

e l e c t r o d e s  p rov ides  s e v e r a l  o t h e r  b e n e f i t s  i n  a d d i t i o n  t o  s p a t i a l  r e s o l u t i o n  

of r eg ions  w i t h i n  t h e  b r a i n .  
t i o n  of  b r a i n  t i s s u e  du r ing  implan ta t ion  and a r e  thus  not  s u b j e c t  t o  t h e  d i s t o r -  

t i o n  o f  time and concen t r a t ion  changes r e s u l t i n g  from pool format ion  a t  t h e  

e l e c t r o d e  t i p  (13 ) .  A s  a consequence, we observe  a b a s e l i n e  c u r r e n t  c o r r e s -  

ponding t o  %SO0 pM AA, cons ide rab ly  h ighe r  t han  t h a t  seen  wi th in  l a r g e r  e l e c -  

t r o d e s  (49 ) .  
r egene ra t e  DA i s  minimized ( 8 ) .  

Carbon f i b e r  mic roe lec t rodes  cause l e s s  p e r t u r b a -  

The e f f e c t  o f  t h e  EC c a t a l y t i c  r e a c t i o n  between DOQ and AA t o  
Th i s  a l lows  p a r t i a l  r e s o l u t i o n  o f  DA o x i d a t i o n  
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from that of AA (8,13). Filming does occur, but apparently it happens primarily 

during electrode implantation. In  addition, it does not prevent acquisition 

of data from short potential pulses (13). Thus, voltammograms can be utilized 

for measuring the time course of changes in chemical concentrations in the 

brain, and also for identifying the half-wave potentials of these compounds. 

To demonstrate the ability of our electrodes to differentiate DA from AA and 

DOPAC, these compounds have been injected into the brains of anesthetized rats 

while recording normal pulse voltammograms. 

over AA and DOPAC is illustrated in Fig. 11.9. 

The selectivity obtained for DA 

. 
* * B  

. 
. . *  

0.4 
E ( V  1 

0 

Fig. 11.9. Normal pulse voltammograms of compounds injected into the cortex of 
an anesthetized rat recorded as they diffused past a microelectrode. Concentra- 
tions of each were 230 VM, 20 mV sec-l scan rate. A) a-MeDA. B) AA. C) DOPAC. 

To our surprise, voltammograms recorded after amphetamine administration 

do not resemble those for DA. Unilateral lesions of the nigrostriatal tract 

with 6-OHDA altered, but did not abolish, the amphetamine-induced response in 

the striatum (Fig. 11.10). The chronoamperometric current reached a maximum of 

similar magnitude but at a later time than that for the intact side. Reinter- 

pretation of data reported by Gonon e t  aZ. (74) shows a similar trend. Voltammo- 

grams recorded on the lesioned side were very similar to those obtained on the 

intact side and both resemble those for AA. The difference in time course ob- 

served on the lesioned and non-lesioned sides suggests that DA neurons affect 
the electrochemical response. However, these data also indicate that striatal 
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Fig. 11.10. Chronoamperometric response (0.55 V) to i.p. amphetamine administra- 
tion (t = 0, 1.8 mg kg-') to an anesthetized rat previously unilaterally depleted 
of DA (96% lesioned) by 6-OHDA injection into the substantia nigra. The current 
response has been normalized to electrode areas calculated from post in vivo 
calibration with DA. 

DA ( o r  its metabolites) is not the only easily-oxidized compound which changes 

in concentration in the ECF of anesthetized rats following amphetamine admini- 

stration. Our results indicate the need for careful interpretation of in uiuo 

voltammetric results. However, even if AA is what everyone has been observing 

in in uivo electrochemistry, this compound may be playing an important, and 

previously unrecognized, role in neuronal activity. 

Adams' lab (84) and data from push-pull cannula experiments (85) further support 

this contention. 

Recent in uitro data from 

11.3.4 Future directions 

Despite the uncertainties in the interpretation of electrochemical experi- 

ments, several recent papers demonstrate new approaches and applications of in 

vivo electrochemistry. Combining electrochemistry with an expertise in ionto- 

phoretic techniques and electrophysiology, Armstrong-James e t  aZ. have vastly 

improved the reliability of iontophoretic studies (86-89). 

high impedance electrophysiology probe which could be incorporated into a mul- 

tiple barrel assembly, they investigated the feasibility of employing carbon 

fibers (52,90-92). 

Desiring a low-noise, 

Iontophoresis did not affect the simultaneous acquisition 
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of  m u l t i p l e  u n i t  r eco rd ings  (52 ) .  In a d d i t i o n ,  by swi tch ing  p rocess ing  modes, 

f a s t  (280 V sec- ')  c y c l i c  voltammograms could be  recorded  through t h e  carbon f i b e r  

a f t e r  i on tophores i s  (87-89).  C a l i b r a t i o n  curves  r e l a t i n g  t h e  e j e c t i o n  c u r r e n t  

t o  concen t r a t ion  i n  a s a l i n e  s o l u t i o n  were non- l inea r  f o r  NA (87 ) ,  5-HT ( 8 8 ) ,  and 

DA ( 8 9 ) .  E lec t rochemica l  s i g n a l s  in uiuo a f t e r  i n j e c t i o n  i n t o  t h e  somatosensory 

c o r t e x  o f  c a t s  were not  p r e d i c t a b l e  from t h e  in vitro exper iments .  

voltammetric c u r r e n t  in uivo f o r  a given e jec t j .on  c u r r e n t  was a t t r i b u t e d  t o  

r e s t r i c t e d  d i f f u s i o n  i n  t h e  b r a i n ,  whereas a lower va lue  p o s s i b l y  r e f l e c t e d  

inc reased  uptake  o f  t h e  i n j e c t e d  subs t ance  (87-89) .  These d a t a  emphasize the 

n e c e s s i t y  f o r  moni tor ing  t h e  concen t r a t ions  o f  compounds i n j e c t e d  by ion tophore-  

s i s  i f  p roper  c o r r e l a t i o n s  o f  concen t r a t ions  with e f f e c t  a r e  t o  be  made. 

A l a r g e r  

Also demonstrated by t h e s e  experiments i s  t h e  f e a s i b i l i t y  o f  combining 

e l ec t rophys io logy  wi th  e l ec t rochemis t ry .  Armstrong-James et aZ. have e l e c t e d  

t o  use  t h e  carbon f i b e r  bo th  f o r  e l ec t rophys io logy  and e l ec t rochemis t ry  a l t e r -  

n a t e l y  by swi tch ing  p rocess ing  modes (87-89).  Cons t ruc t ion  o f  an assembly with 

an a d d i t i o n a l  carbon f i b e r  i n  a fou r th  b a r r e l  would a l low s imul taneous  measure- 

ments w i th  t h e  two t echn iques .  

A d i f f e r e n t  approach t o  t h e  concurren t  a p p l i c a t i o n  o f  t h e s e  complementary 

methodologies has  proven t h e i r  c o m p a t i b i l i t y .  Schenk et al. (93) and Ewing 

e t  a l .  (94) have independent ly  implemented experiments i n  which u n i t  r eco rd ing  

and e l ec t rochemica l  probes  were implanted i n t o  t h e  same r a t .  W i t h  p rope r  c a r e  

t o  i n s u r e  e l e c t r i c a l  i s o l a t i o n  of t h e  two systems, it was shown t h a t  r e s u l t s  
from t h e  combination were equ iva len t  t o  those  run i n d i v i d u a l l y ,  a l lowing  f o r  

v a r i a t i o n s  among r a t s ,  

S ince  t h e  e l ec t rophys io logy  and e l ec t rochemis t ry  were performed s imul-  

t aneous ly ,  c o r r e l a t i o n  of t h e  two techniques  was s i m p l i f i e d .  Thus, Schcnk e t  
al. (93)  showed t h e  r e l a t i o n s h i p  between e l ec t rophys io logy  and e l e c t r o c h e m i s t r y  

fo l lowing  5-HT i n j e c t i o n  i n t o  t h e  hippocampus, amphetamine admin i s t r a t ion  ( i . p . 1 ,  
and c o r t i c a l  dep res s ion  induced by 52 K C 1 .  Typica l  voltammetric r e s u l t s  ( 6 8 )  

were ob ta ined  fo l lowing  anplietainine a d m i n i s t r a t i o n ,  which corresponded t o  a 
dec rease  i n  t h e  f i r i n g  r a t e  o f  SN DA-containing neurons.  

Rebec, we have measured f i r i n g  r a t e  dec reases  i n  t h e  s t r i a t u m  with low doses  

o f  amphetamine t h a t  c o r r e l a t e  w i th  an i n c r e a s e  i n  e l ec t rochemica l  s i g n a l  (F ig .  

11 .11) .  

Working wi th  George 

Refinements of t h e  e l e c t r o d e s  w i l l  b e  an i n t e g r a l  p a r t  o f  t h e  s t r a t e g y  t o  

d i f f e r e n t i a t e  among t h e  p o s s i b l e  major components o f  t h e  e l ec t rochemica l  r e -  

sponse.  

chemical r e a c t i o n s  (8 ,95 ) .  Mod i f i ca t ion  o f  t h e  charge  on e l e c t r o d e  s u r f a c e s  

should  a l low a degree  o f  s p e c i f i c i t y  between c a t i o n s  (DA) and an ions  (AA,  

DOPAC) t o  be achieved .  In t h i s  manner, it may be  p o s s i b l e  t o  e s t a b l i s h  a r o l e  

played by AA i n  r e g u l a t i n g  neuronal  a c t i v i t y .  Indeed, t h e  emphasis o f  i n  viuo 

Charged moie t i e s  have been shown t o  in f luence  t h e  r a t e  o f  e l e c t r o -  
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Fig. 11.11. Comparisan of the electrochemical response (0, 0.55 V) to ampheta- 
mine administration (t = 0, 2.5 mg kg-l) with that of the electrophysiological 
single unit recording (-) from probes implanted in the corpus striatum of a 
tubocurar ine- immobi l ized  rat. Voltammetric current reported as change from 
baseline, unit recordings as % baseline. 

electrochemistry may shift from the in situ analysis of catecholamines to elu- 

cidating the effects of drugs on AA concentration fluctuations. 

chemistry, already a valuable component of the neurochemist's armamentarium, 

has the potential for  exciting new developments in the near future. 

Thus, electro- 
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12.1 INTROOUCTION 

The con ten ts  o f  t h i s  volume bear w i tness  t o  t h e  importance o f  ana y t i c  

techn iques  f o r  unders tand ing  t h e  chemical n a t u r e  o f  neuro t ransmiss ion .  Dur ing  

t h e  pas t  cen tury ,  t h i s  sc ience has advanced f rom rud imentary  b i o l o g i c a l  assays 

(1 -3) ,  t o  t h e  use o f  h i g h l y  s o p h i s t i c a t e d  and expensive e l e c t r o n i c  equipment. 

S e n s i t i v i t y ,  s p e c i f i c i t y ,  v e r s a t i l i t y ,  p r e c i s i o n ,  speed, s i m p l i c i t y  and c o s t  a re  

the  c h i e f  cons ide ra t i ons  when contempla t ing  the  use o r  development o f  an a n a l y t i c a l  

procedure.  

t h a t  i s  s u p e r i o r  t o  a l l  o the rs  i n  eve ry  ca tegory .  

The a b i l i t y  t o  measure t r a c e  q u a n t i t i e s  o f  b i o l o g i c a l  chemicals and drugs 

has been a d r i v i n g  f o r c e  i n  t h e  advancement o f  b iomedica l  science. 

o f  i n c r e a s i n g l y  more s e n s i t i v e  assays has f a c i l i t a t e d  t h e  s tudy  o f  known agents 

i n  a d d i t i o n  t o  a i d i n g  i n  t h e i d e n t i f i c a t i o n  and q u a n t i f i c a t i o n  o f  b i o l o g i c a l l y  

impor tan t  substances t h a t  were unknown t o  t h e  l a s t  genera t i on  o f  s c i e n t i s t s .  

Furthermore, these advances have made i t  p o s s i b l e  t o  d e t e c t  v a n i s h i n g l y  smal l  

q u a n t i t i e s  o f  chemicals i n  b i o l o g i c a l  f l u i d s  and i n  d i s c r e t e  reg ions  o f  t i s s u e s  

and organs. 

radioimmunoassay (Chapter 13, t h i s  volume). 

t h a t  t h e  q u a n t i t y  o f  a r a d i o l a b e l e d  a n t i g e n  bound t o  a s p e c i f i c  an t i body  i s  a 

f u n c t i o n  o f  t h e  amount o f  un labe led  a n t i g e n  p resen t  i n  t h e  assay medium. Th is  

p r i n c i p l e  has now been a p p l i e d  f o r  use w i t h  r a d i o l i g a n d  membrane b i n d i n g  assays 

f o r  n e u r o t r a n s m i t t e r  and drug  recep to rs .  

termed a r a d i o r e c e p t o r  assay (RRA). 

t o  be analysed. 

As  i s  e v i d e n t  f rom these chapters ,  no assay has y e t  been developed 

The development 

One o f  t h e  methods t h a t  has been p a r t i c u l a r l y  u s e f u l  i n  t h i s  rega rd  is t h e  

The p r i n c i p l e  o f  t h i s  techn ique i s  

I n  t h i s  l a t t e r  case the  method i s  

For  radioimmunoassay, a n t i b o d i e s  must f i r s t  be prepared aga ins t  t h e  substance 
Because o f  t h i s ,  these assays a re  bes t  s u i t e d  f o r  q u a n t i f y i n g  
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more h i g h l y  a n t i g e n i c  mo lecu la r  e n t i t i e s ,  such as p r o t e i n s .  However, t h e  procedure 

has a l s o  been s u c c e s s f u l l y  used t o  measure s t e r o i d  hormones and c y c l i c  nuc leo t i des ,  

s i n c e  these agents can be rendered more a n t i g e n i c  by c o v a l e n t l y  l i n k i n g  them t o  

l a r g e r  s t r u c t u r e s .  Nevertheless,  t h e  radioimmunoassay i s  o f  l i m i t e d  use f o r  

s tudy ing  most drugs, neu ro t ransmi t te rs  and t h e i r  me tabo l i t es .  I n  t h e  case o f  

drugs, cova len t  at tachment t o  a l a r g e r  mo lecu le  may produce an an t i body  which 

does n o t  recogn ize  t h e  pa ren t  compound. 

t h e  assay can, i n  theory ,  be employed t o  measure any substance which i n t e r a c t s  

w i t h  a membrane recep to r .  For  example, Le fkow i t z  gal-. ( 6 )  f i r s t  used t h i s  

approach t o  measure ACTH i n  t i s s u e  e x t r a c t s  by t a k i n g  advantage o f  t h e  f i n d i n g  

t h a t  125I-ACTH bound i n  a s p e c i f i c  manner t o  recep to rs  p resen t  i n  adrena l  c o r t i c a l  

t i s s u e .  

a number o f  these have been used as r a d i o r e c e p t o r  assays. 

am inobu ty r i c  a c i d  (GABA) r e c e p t o r  b i n d i n g  t o  b r a i n  membranes ( 7 )  i s  now w i d e l y  

employed as a means f o r  measuring t h e  GABA con ten t  o f  va r ious  b i o l o g i c a l  t i s s u e s  

and f l u i d s ,  i n c l u d i n g  b ra in ,  b lood  and CSF ( 8 , 9 ) .  

The RRA has severa l  advantages over  o t h e r  a n a l y t i c a l  procedures. Because 

o f  i t s  s i m p l i c i t y ,  t h i s  assay can be r e a d i l y  mastered by inexper ienced i n v e s t i g a t o r s ,  

p r o v i d i n g  them w i t h  a s e n s i t i v e ,  rap id ,  and accura te  means o f  measur ing a wide 

v a r i e t y  o f  b i o l o g i c a l  substances. Furthermore, i n  some ins tances ,  t h e  RRA has 

proven t o  be t h e  most s e n s i t i v e  means o f  de tec t i on .  Whi le GC/MS and HPLC are, 

f rom a q u a l i t a t i v e  s tandpo in t ,  super io r ,  q u a n t i t a t i v e l y  t h e  RRA i s  equal  o r  

s u p e r i o r  t o  these more c o s t l y  and s o p h i s t i c a t e d  techniques. 

Th is  chap te r  d iscusses  t h e  fundamentals o f  t h e  RRA as an a n a l y t i c a l  procedure 

f o r  b i o l o g i c a l  research. Whi le emphasis i s  p laced on t h e  p r a c t i c a l  aspec ts  o f  

t h i s  assay, t h e o r e t i c a l  i ssues  a r e  cons idered when necessary. Both t h e  advantages 

and disadvantages o f  t h e  RRA r e l a t i v e  t o  o t h e r  assays w i l l  be ca ta logued and 

s p e c i f i c  examples used f o r  i n s t r u c t i v e  purposes. 

f o rma t ion  on t h i s  t o p i c  a re  urged t o  c o n s u l t  any o f  a number recen t  rev iews 

The source o f  b i n d i n g  m a t e r i a l  f o r  t h e  RRA i s  b i o l o g i c a l  t i ssue .  Therefore,  

Subsequently, numerous r e c e p t o r  b i n d i n g  assays have been developed and 

For ins tance,  y- 

Readers d e s i r i n g  f u r t h e r  i n -  

(10- 13).  

1 2 . 2  COMPETITIVE B I N D I N G  ASSAYS 

S ince  r e c e p t o r  b i n d i n g  assays a r e  t h e  bas i s  o f  t h e  RRA, knowledge o f  t h e  

b a s i c  p r i n c i p l e s  o f  l i gand- recep to r  i n t e r a c t i o n s  i s  e s s e n t i a l  f o r  unders tand ing  

t h e  u t i l i t y  and l i m i t a t i o n s  o f  t h i s  a n a l y t i c a l  procedure.  I n  a d d i t i o n ,  f a c t o r s  

which i n f l u e n c e  r e c e p t o r  b i n d i n g  must be taken i n t o  account when deve lop ing  an 

RRA s i n c e  s u b t l e  a l t e r a t i o n s  i n  t h e  b i n d i n g  assay can d r a m a t i c a l l y  a f f e c t  t h e  

s e n s i t i v i t y  and s p e c i f i c i t y  o f  t h e  method. 
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12.2.1 T h e o r e t i c a l  Cons idera t ions  

( i )  Sa tu ra t i on .  Receptor-1 igand b i n d i n g  i s  cha rac te r i zed  by two impor tan t  

p r o p e r t i e s ,  bo th  o f  which must be cha rac te r i zed  t o  e s t a b l i s h  t h e  v a l i d i t y  o f  a 

p a r t i c u l a r  RRA. 

p h y s i o l o g i c a l l y  r e l e v a n t  membrane recep to rs  i s  q u i t e  smal l  f o r  any g i v e n  t r a n s m i t t e r  
o r  drug. I n  c o n t r a s t ,  t h e  number o f  n o n s p e c i f i c  at tachment s i t e s  i s  v i r t u a l l y  

i n f i n i t e .  Accord ing ly ,  when a r e c e p t o r  b i n d i n g  assay i s  conducted under e q u i l i b r i u m  

c o n d i t i o n s ,  i n c r e a s i n g  t h e  amount o f  r a d i o l i g a n d  i n  t h e  i n c u b a t i o n  medium shou ld  

a l s o  i nc rease  t h e  amount o f  r e c e p t o r - s p e c i f i c  b i n d i n g  up t o  a p o i n t  a t  which 

s a t u r a t i o n  occurs.  The i n f l e c t i o n  i n  a b i n d i n g  curve  represents  the  p o i n t  a t  

which a l l  o f  t h e  s p e c i f i c  b i n d i n g  s i t e s  a r e  occupied w i t h  l i g a n d  ( s a t u r a t i o n ) .  

The f i r s t  o f  these i s  s a t u r a b i l i t y .  That i s ,  t h e  number o f  

15000 - 

5 10 15 20 25 30 35 40 45 

[3H-X], nM 

F igu re  12.1 B ind ing  curve  f o r  t h e  at tachment o f  3H-X  t o  i t s  s p e c i f i c  r e c e p t o r  
s i t e  showing t o t a l ,  s p e c i f i c  and non-spec i f i c  b ind ing .  
type ,  a f i x e d  amount o f  t i s s u e  i s  incubated  i n  t h e  presence o f  i n c r e a s i n g  
concen t ra t i ons  o f  r a d i o l i g a n d  w i t h  o r  w i t h o u t  an excess o f  un labe led  l i g a n d .  
L i n e a r  t r a n s f o r m a t i o n  o f  these da ta  would revea l  t h a t  o n l y  a s i n g l e  p o p u l a t i o n  
o f  recep to rs  was present .  

I n  

a r e  

I n  an exper iment o f  t h i s  

A t y p i c a l  b i n d i n g  cu rve  f o r  an i d e a l  l i g a n d  i s  shown on F igu re  12.1. 

t h i s  exper iment,  membranes c o n t a i n i n g  recep to rs  f o r  t h e  r a d i o 1  igand 3 H - X  

incubated  w i t h  i n c r e a s i n g  concen t ra t i ons  o f  t h e  i so tope  i n  t h e  presence and 

absence o f  a l a r g e  excess o f  un labe led  compound X. T o t a l  b i n d i n g  i s  represented  



270 

by t h e  amount o f  r a d i o a c t i v i t y  bound t o  t h e  membranes a t  each concen t ra t i on  o f  

3H-X i n  t h e  absence o f  t h e  un labe led  l i gand .  Nonspec i f i c  b i n d i n g  (b lank )  i s  

t h e  amount o f  r e s i d u a l  r a d i o a c t i v i t y  found when t h e  i n c u b a t i o n  takes  p lace  i n  

t h e  presence o f  excess un labe led  l i g a n d .  I n  c o n t r a s t  t o  r e c e p t o r - s p e c i f i c  

b i n d i n g ,  t h e  number o f  n o n s p e c i f i c  b i n d i n g  s i t e s  i s  exceed ing ly  l a r g e ,  and 

the re fo re  can accommodate bo th  l a b e l e d  and un labe led  l i g a n d .  Because o f  t h i s ,  

n o n s p e c i f i c  b i n d i n g  inc reases  i n  a l i n e a r  fash ion  w i t h  i n c r e a s i n g  concen t ra t i ons  

o f  i s o t o p e  (F ig .  12.1).  

t o t a l  and n o n s p e c i f i c  b ind ing ,  and i t  i s  t h i s  d i sp laceab le  l i g a n d  t h a t  i s  presumably 

a t tached  t o  t h e  b i o l o g i c a l l y  r e l e v a n t  recep to r .  

Th i s  t y p e  o f  da ta  y i e l d s  two impor tan t  p ieces  o f  i n fo rma t ion .  

a t  which s p e c i f i c  b i n d i n g  p la teaus  represents  t h e  concen t ra t i on  o f  r e c e p t o r  

s i t e s  (Bmax), whereas t h e  r a t e  a t  which t h e  curve  approaches t h i s  p l a t e a u  r e f l e c t s  

t h e  a f f i n i t y  (Kd) o f  t h e  l i g a n d  f o r  t h e  recep to r .  

o f  Bmax and Kd a r e  r o u t i n e l y  made us ing  a l i n e a r  t rans fo rma t ion .  The most popu la r  

o f  these i s  t h e  one dev ised by Scatchard (14) ,  a l though o t h e r  methods a r e  e q u a l l y  

acceptable.  

l i n e ,  i n d i c a t i n g  t h a t  t h i s  l i g a n d  b inds  t o  a s i n g l e  p o p u l a t i o n  o f  s i t e s .  

many cases, however, b i n d i n g  curves have m u l t i p l e  components, i n d i c a t i n g  severa l  

s i t e s  w i t h  d i f f e r i n g  a f f i n i t i e s .  Nevertheless,  even i n  these s i t u a t i o n s ,  a 

j u d i c i o u s  cho ice  o f  l i g a n d  concen t ra t i on  l i m i t s  t h e  r e c e p t o r - l i g a n d  i n t e r a c t i o n  

t o  a s i n g l e  p o r t i o n  o f  t h e  b i n d i n g  curve. 

t r a c e r  i s  s u b s t a n t i a l l y  l e s s  than t h e  Kd f o r  t he  h i g h e s t  a f f i n i t y  s i t e s ,  t h e  

at tachment o f  l i g a n d  can be cons idered s e l e c t i v e  f o r  t h i s  popu la t i on ,  and t h e  

system may be t r e a t e d  as though i t  were monophasic. 

f o r  c o n c l u s i v e l y  demonst ra t ing  t h a t  a l i g a n d  b inds  t o  t h e  p h y s i o l o g i c a l l y  r e l e v a n t  

s i t e .  For  t h i s  i t  i s  impera t i ve  t h a t  t h e  s p e c i f i c i t y  o f  t h e  b i n d i n g  s i t e  be 

es tab l i shed .  That  i s ,  p r o o f  t h a t  a substance i s  b i n d i n g  t o  a p h y s i o l o g i c a l l y  

r e l e v a n t  r e c e p t o r  r e q u i r e s  t h a t  t h e  l i g a n d - r e c e p t o r  i n t e r a c t i o n  be s e n s i t i v e  

o n l y  t o  those compounds known t o  be b i o l o g i c a l l y  a c t i v e  a t  t h i s  s i t e .  

e lec t rophys ica l  s t u d i e s  have revea led  a number o f  compounds t h a t  a r e  r a t h e r  s e l e c t i v e  

as GABA r e c e p t o r  agon is t s  and an tagon is ts .  

k o j i c  amine a r e  a l l  GABA r e c e p t o r  agon is ts ,  based on e l e c t r o p h y s i o l o g i c a l  f i n d i n g s  

(15, 16).  I n  a d d i t i o n ,  these compounds i n h i b i t  3H-GABA b i n d i n g  t o  b r a i n  membranes 

i n  v i t r o ,  w i t h  an o r d e r  o f  potency t h a t  i s  q u i t e  s i m i l a r  t o  t h a t  found i n  e l e c t r o -  

p h y s i o l o g i c a l  t e s t s  ( 1 7 ) .  

a c i d  and guvacine, i n h i b i t o r s  o f  GABA t r a n s p o r t ,  a re  devo id  o f  any apprec iab le  

e l e c t r o p h y s i o l o g i c a l  a c t i v i t y  and a r e  i n a c t i v e  as d i s p l a c e r s  o f  s p e c i f i c a l l y  

bound 3H-GABA. Furthermore, ( + ) - b i c u c u l l i n e ,  a GABA r e c e p t o r  an tagon is t ,  i s  

a c t i v e  as a d i s p l a c e r  o f  s p e c i f i c a l l y  bound 3H-GABA, whereas t h e  p h y s i o l o g i c a l l y  

S p e c i f i c  b i n d i n g  t h e r e f o r e  i s  t he  d i f f e r e n c e  between 

The p o i n t  

More p r e c i s e  de te rm ina t ions  

Trans format ion  af t h e  da ta  shown on F igu re  12.1 y i e l d s  a s t r a i g h t  

I n  

I f the  concen t ra t i on  o f  r a d i o a c t i v e  

( i i )  S p e c i f i c i t y .  Whi le c r u c i a l ,  s a t u r a b i l i t y  i n  i t s e l f  i s  n o t  s u f f i c i e n t  

For  example, 

Agents such as muscimol, THIP and 

I n  c o n t r a s t ,  GABA analogs such as d iam inobu ty r i c  
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l e s s  a c t i v e  isomer ( - ) - b i c u c u l l i n e  i s  much weaker as an i n h i b i t o r  o f  GABA b i n d i n g .  

L ikewise ,  (+ I -bu tac lomol ,  a c l i n i c a l l y  e f f e c t i v e  n e u r o l e p t i c ,  i s  more po ten t  

than ( - ) -bu tac lomo l  as an i n h i b i t o r  o f  dopamine r e c e p t o r  b i n d i n g  (18). 

The degree o f  s a t u r a b i l i t y  and s p e c i f i c i t y  a r e  very  much dependent upon 

i n c u b a t i o n  t ime ,  temperature,  t i s s u e  concen t ra t i on ,  pH, and b u f f e r .  Genera l l y ,  

however, by t h e  t ime a b i n d i n g  assay i s  used as an RRA, these c o n d i t i o n s  have 

been e s t a b l i s h e d  t o  i n s u r e  op t ima l  b i n d i n g  s i t e  s p e c i f i c i t y .  However, because 

changes i n  these c o n d i t i o n s  can mod i fy  r e c e p t o r  b i n d i n g  parameters, i t  i s  impor tan t  

t h a t  t hey  be c a r e f u l l y  ma in ta ined when under tak ing  an RRA. 

12.2.2 P r a c t i c a l  Cons idera t ions  

Since r e c e p t o r  l i g a n d  b i n d i n g  i s  s a t u r a b l e  and s p e c i f i c ,  i t  i s  p o s s i b l e  

t o  use t h i s  techn ique f o r  q u a n t i f y i n g  n e u r o t r a n s m i t t e r  and drug  concen t ra t i ons .  

Thus, f o r  an RRA, by i n c u b a t i n g  membranes w i t h  a r a d i o l i g a n d  t h a t  b inds  i n  a 

s p e c i f i c  and s a t u r a b l e  manner i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  amount o f  un labe led  

l i g a n d  i n  t h e  i n c u b a t i o n  m i x t u r e  by s imp ly  de te rm in ing  the  degree o f  i n h i b i t i o n  

of  t h e s p e c i f i c  b ind ing ,  and comparing t h i s  va lue  t o  a s tandard  displacement cu rve  

f o r  t h e  r a d i o l i g a n d .  Since many fac to rs  i n f l u e n c e  r e c e p t o r - l i g a n d  i n t e r a c t i o n s ,  

i t  i s  impor tan t  t o  be cogn izant  o f  those which may be o f  p a r t i c u l a r  importance 

w i t h  respec t  t o  r a d i o r e c e p t o r  assays. 

( i )  Tissue. 

a b i n d i n g  assay i s  t h e  low d e n s i t y  o f  s p e c i f i c  r e c e p t o r  s i t e s  r e l a t i v e  t o  o t h e r  

c e l l u l a r  components. For  ins tance,  o n l y  femtomole q u a n t i t i e s  o f  r a d i o l i g a n d s  

a re  bound t o  b r a i n  r e c e p t o r  s i t e s  a t  s a t u r a t i n g  concen t ra t i ons  (10-12). 

t h e  abso lu te  number o f  p h y s i o l o g i c a l l y  r e l e v a n t  recep to rs  f o r  a substance i n  

t i s s u e  may be low, t h e  number o f  membrane c o n s t i t u e n t s  t h a t  w i l l  n o n s p e c i f i c a l l y  

b i n d  t h e  l i g a n d  i s  h igh .  For t h i s  reason, some p u r i f i c a t i o n  o f  t h e  r e c e p t o r  

complex i s  at tempted. 

methods employing d i f f e r e n t i a l  c e n t r i f u g a t i o n  a re  used f o r  t h i s  purpose. 

though these procedures r a r e l y  produce a homogeneous o r  h i g h l y  p u r i f i e d  r e c e p t o r  

sample, by removing extraneous t i s s u e  components they  serve t o  enhance the  

r a t i o  o f  s p e c i f i c  t o  n o n s p e c i f i c  b ind ing .  With respec t  t o  t h e  RRA, an i nc rease  

i n  t h i s  r a t i o  inc reases  t h e  p r e c i s i o n  o f  t h e  assay. 

on F igu re  12.2. 

u n p u r i f i e d  whole t i s s u e  homogenate, w h i l e  curve  B represents  b i n d i n g  t o  a recep to r -  

enr iched t i s s u e  p repara t i on .  

i f  t h e  cumula t ive  e r r o r  ( t h e  sum o f  t h e  exper imenta l  and coun t ing  e r r o r )  of  t h e  

assay i s  t e n  percent ,  t h e  range o f  p o s s i b l e  values es t imated  f o r  a sample f rom 

curve  A w i l l  be 60 percent  g r e a t e r  than those es t imated f o r  t h e  same sample f rom 
curve  B a t  t h e  m idpo in ts  of t h e  displacement curves. The d i f f e rence  i n  accuracy 

occurs because n o n s p e c i f i c  l i g a n d  b ind ing ,  which c o n t r i b u t e s  d i s p r o p o r t i o n a t e l y  

One o f  t h e  immediate cha l lenges  t h a t  must be met when conduct ing  

Whi le 

Wi th  b r a i n ,  a f requen t  source o f  t i s s u e  f o r  t h e  RRA, 

Even 

Th is  p o i n t  i s  i l l u s t r a t e d  

I n  t h i s  example, curve  A rep resen ts  l i g a n d  b i n d i n g  t o  an 

In bo th  cases, s p e c i f i c  b i n d i n g  i s  5000 cpm. However, 
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t o  the e r r o r  o f  the assay, has been reduced in  the  purif ied t i s s u e  preparation. 
I n  displacement curve A ,  nonspecific binding represents  50% o f  the  t o t a l ,  whereas 
incurve B i t  i s  only about 30% of t o t a l  binding. 

10oot 

I I I I 

-8 -7 -6 -5 
LOG [XI, M 

Figure 12.2. 
(A) and a receptor-enriched t i s s u e  preparation (B). 
f ixed concentration of t i s s u e  and radioligand i s  incubated with increasing 
concentrations of unlabeled ligand. The horizontal bars represent the  range o f  
possible  values obtained from each curve f o r  a concentration of d i sp lacer  which 
should i n h i b i t  50 percent of the s p e c i f i c a l l y  bound l igand,  assuming the cumulative 
e r r o r  f o r  each system i s  10 percent. 

Displacement curves f o r  a ligand binding in  whole t i s s u e  homogenate 
For t h i s  experiment, a 

Inspection o f  e i t h e r  curve wil l  a l s o  reveal t h a t  the most accurate  es t imate  
o f  the  amount o f  unlabeled ligand present i s  obtained when 50 percent of the 
s p e c i f i c a l l y  bound rad ioac t iv i ty  i s  displaced. This point i s  better i l l u s t r a t e d  
when displacement data a r e  p lo t ted  in  a l i n e a r  fashion on l o g i t  paper 119) (Fig. 
12.3) .  However, f o r  prac t ica l  purposes, radioreceptor assays a r e  q u i t e  accurate 
and reproducible i f  the  sample assayed displaces  l e s s  than 80 percent, o r  more 
than 20 percent, of  the s p e c i f i c a l l y  bound t r a c e r .  

of the  ligand t o  the receptor  complex i s  most avid. 
there  may be a f a i r l y  wide optimal pH range, with o t h e r s i t  may be qui te  l imited.  

e x t r a c t  the substance i n t o  an ac id ic  o r  a lka l ine  medium, i t  i s  important t o  

( i i )  E. Receptor binding assays have an optimal pH a t  which the attachment 
While f o r  some receptors  

Since i n  preparing a sample f o r  analysis  by RRA i t  may be necessary t o  
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a s c e r t a i n  whether t h e  sample e x t r a c t  s i g n i f i c a n t l y  a l t e r s  t h e  pH o f  t h e  r e c e p t o r  

b i n d i n g  assay medium. 

t h e  e x t r a c t  p r i o r  t o  assay. However, when poss ib le ,  i t  i s  adv i sab le  t o  p repare  

t h e  f i n a l  sample i n  a n e u t r a l  s o l u t i o n ,  o r  i n  t h e  i n c u b a t i o n  bu f fe r  i t s e l f .  

Th i s  problem can sometimes be circumvented by d i l u t i n g  

11 

50 

90 

1 10 100 1000 

Picomoles GABA 

F igu re  12.3. Log 
12.1. L i n e  B shows 
i s  performed i n  a 

i t  p l o t  of  3H-GABA b ind ing .  Data f o r  A ob ta ined  f rom Table 
t h e  t h e o r e t i c a l  i nc rease  i n  assay s e n s i t i v i t y  i f  t h e  r e a c t i o n  
f i n a l  volume o f  0.2 m l .  

( i i i )  Contaminants. I n  many ins tances  i t  i s  n o t  necessary t o  p u r i f y  a 
sample before ana lys ing  by RRA. 

o n l y  t h e  substance o f  i n t e r e s t  b u t  a l s o  a v a r i e t y  o f  o t h e r  t i s s u e  c o n s t i t u e n t s .  

Normal ly  t h e  presence o f  these contaminants has l i t t l e  e f f e c t  on t h e  assay, even 

i n  those s i t u a t i o n s  where a major p o r t i o n  o f  t h e  assay b u f f e r  i s  rep laced by 

e x t r a c t .  

s p i r o p e r i d o l  b ind ing ,  serum i s  p laced  d i r e c t l y  i n t o  t h e  assay tube a f t e r  t h e  

removal o f  an e q u i v a l e n t  volume o f  b u f f e r  [ZO). 

GABA i s  analysed w i t h o u t  e x t r a c t i n g  t h e  amino a c i d  f rom t h i s  f l u i d ,  and a q u a n t i t y  

o f  un t rea ted  ce reb rosp ina l  f l u i d  rep resen t ing  up t o  10% o f  t h e  t o t a l  volume o f  

i n c u b a t i o n  b u f f e r  can be added t o  t h e  assay medium w i t h o u t  s i g n i f i c a n t  e f f e c t  (21) 

Accord ing ly ,  t h e  f i n a l  e x t r a c t  con ta ins  n o t  

For  example, i n  m o n i t o r i n g  human serum n e u r o l e p t i c  l e v e l s  us ing  3H- 

S i m i l a r l y ,  ce reb rosp ina l  f l u i d  

However, n o t  a l l  b i n d i n g  assays a r e  r e s i s t a n t  t o  t h e  e f f e c t s  o f  extraneous 
For  ins tance,  t h e  serum l e v e l s  o f  t h e  B-adrenergic an tagon is t  substances. 

p rop rano lo l  can be q u a n t i f i e d  by ana lys ing  t h e  po tency  o f  the samples t o  d i s p l a c e  
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s p e c i f i c a l l y  bound 3H-d ihydroa lp reno lo l  f rom b r a i n  membranes ( 2 2 ) .  

n e u r o l e p t i c  assay however, human serum must f i r s t  be d i a l y z e d  be fo re  use i n  t h i s  

RRA s i n c e  minu te  amounts o f  plasma p r o t e i n s  s i g n i f i c a n t l y  i n t e r f e r e  w i t h  t h e  b i n d i n g  

o f  t h i s  t r a c e r .  

I t  i s  a l s o  no tewor thy  t h a t  some r e c e p t o r  b i n d i n g  assays a re  m o d i f i e d  by 

i n o r g a n i c  ions .  

f o r  t h e  assay, 3H-GABA b i n d i n g  i s  d r a m a t i c a l l y  a l t e r e d  i n  t h e  presence o f  Na' 

(23) .  Indeed, when us ing  f r e s h  t i s s u e  and p h y s i o l o g i c a l  concen t ra t i ons  o f  t h i s  

i on ,  GABA i s  bound p r i m a r i l y  t o  t r a n s p o r t  s i t e s  r a t h e r  than t o  t h e  pos tsynap t i c  

recep to r .  

t h a t  found w i t h  t h e  sodium-independent s i t e ,  b u t  a l s o  a d i f f e r e n t  pharmacological  

s p e c i f i c i t y  (23) .  Obv ious ly ,  under these cond i t i ons ,  the  s e n s i t i v i t y  and s e l e c t i v i t y  

o f  an RRA f o r  GABA would be d r a m a t i c a l l y  a l t e r e d .  

diazepam t o  b r a i n  membranes i s  m o d i f i e d  by C1- (24) .  

o f  p o s s i b l e  sample contaminants on t h e  b i n d i n g  assay. 

s teps  must be taken t o  e l i m i n a t e  them. 

o r  a d d i t i o n a l  e x t r a c t i o n  s teps  w i l l  s u f f i c e .  However, i f  i t  i s  imposs ib le  t o  

r i d  t h e  e x t r a c t  o f  i n t e r f e r i n g  substances, then a c o r r e c t i o n  may be made f o r  these 

U n l i k e  t h e  

For  example, when f r e s h l y  prepared b r a i n  membranes a r e  used 

The b i n d i n g  t o  t r a n s p o r t  s i t e s  has n o t  o n l y  a d i f f e r e n t  a f f i n i t y  than 

L ikewise ,  t h e  b i n d i n g  o f  3H- 

There fore ,  when deve lop ing  an RRA, i t  i s  c r u c i a l  t o  a s c e r t a i n  t h e  e f f e c t s  

Should e f f e c t s  be noted, 

Usua l ly ,  a f u r t h e r  d i l u t i o n  o f  t h e  sample 

n o n s p e c i f i c  e f f e c t s  by i n c l u d i n g  comparable amounts o f  v e h i c l e  i n  t h e  r e f e r e n  

( s tandard )  curve. 

12.3 ASSAY PROCEDURE 

12.3.1 Equipment and Reagents 

The equipment and reagents r e q u i r e d  f o r  r a d i o r e c e p t o r  assays a r e  minima 

and no rma l l y  p resen t  i n  any l a b o r a t o r y  r o u t i n e l y  engaged i n  b iochemica l  s tud ies .  

I n  f a c t ,  t h e  requirements a re  such t h a t  t h i s  method can e a s i l y  be used as a 

teach ing  a i d  i n  l a b o r a t o r y  courses. 

An e s s e n t i a l  requ i rement  i s  a r e f r i g e r a t e d  c e n t r i f u g e .  The Dupont-Sorval 

RC-5B, o r  equ iva len t ,  has proven dependable i n  t h i s  regard .  Since t h e  c e n t r i f u g e  

i s  used f o r  p repar ing  t i s s u e  f o r  t h e  b i n d i n g  assay, i t  shou ld  be equipped w i t h  

a r o t o r  capable o f  accommodating m u l t i p l e  samples o f  up t o  50 m l  volume each. I n  

a d d i t i o n ,  i f  t h e  RRA r e q u i r e s  t e r m i n a t i o n  o f  t h e  assay by c e n t r i f u g a t i o n ,  i t  i s  

necessary t o  have a r o t o r  designed t o  handle a number o f  samples o f  s m a l l e r  

vo l  ume. 

Whi le some RRA r e a c t i o n s  r e q u i r e  c e n t r i f u g a t i o n ,  most a r e  te rm ina ted  by 

c o l l e c t i n g  t h e  r e c e p t o r - l i g a n d  complex on a s u i t a b l e  support .  

accomplished by pass ing  t h e  i ncuba t ion  m i x t u r e  over  a f i l t e r  ma in ta ined under 

reduced pressure .  

unbound 1 igand and b u f f e r  s o l u t i o n  pass through. 

Th is  i s  u s u a l l y  

T issue w i t h  bound l i g a n d  i s  t rapped on t h e  f i l t e r ,  w h i l e  t h e  

A u s e f u l  dev i ce  f o r  t h i s  purpose is a custom manufactured f i l t e r  apparatus 
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t h a t  c o n s i s t s  o f  a 45-we l l  m a n i f o l d  f i t t e d  on a metal  s o l v e n t  tank.  A t  t h e  end 

o f  t h e  b i n d i n g  assay, t h e  t i s s u e  i s  t rapped on a 2.5 cm f i l t e r  l o c a t e d  over  t h e  

m a n i f o l d  we1 1s. S i m i l a r  equipment can be purchased f rom commercial s u p p l i e r s .  

s c i n t i l l a t i o n  coun te r  i s  e s s e n t i a l  f o r  assay ing  r a d i o a c t i v i t y .  A d d i t i o n a l  supp l i es  

i nc lude  items such as b u f f e r s ,  drugs, l a b e l e d  l i g a n d s  and s c i n t i l l a t i o n  m a t e r i a l s ,  

a l l  o f  which a r e  commerc ia l l y  a v a i l a b l e .  

I n  a d d i t i o n  t o  t h e  c e n t r i f u g e  and f i l t e r  apparatus,  access t o  a l i q u i d  

12.3.2 P repara t i on  o f  T issue f o r  t h e  B ind ing  Assay 

T h i s  s t e p  no rma l l y  e n t a i l s  t h e  homogenizat ion and c e n t r i f u g a t i o n  o f  t h e  

t i s s u e  t o  remove substances which may i n t e r f e r e  w i t h  t h e  b i n d i n g  assay. 

t h e  s p e c i f i c  b i n d i n g  o f  t h e  1 igand, these man ipu la t i ons  i nc rease  t h e  accuracy and 

p r e c i s i o n  o f  t h e  RRA. 

Since most r a d i o r e c e p t o r  assays u t i l i z e  n e u r o t r a n s m i t t e r  recep to r  b ind ing ,  

b r a i n  i s  a popu la r  source of  receptors ,  and t h e r e f o r e  many s i m i l a r i t i e s  e x i s t  i n  

t h e  way t i s s u e  i s  prepared f o r  d i f f e r e n t  l i gands .  Nevertheless,  s u f f i c i e n t  

d i f fe rences  e x i s t  among t h e  va r ious  r e c e p t o r  b i n d i n g  assays t h a t  d e t a i l s  a r e  

impor tan t  when p repar ing  b r a i n  membranes f o r  an RRA. 

For  example, t o  p repare  t i s s u e  f o r  t h e  3H-GABA b i n d i n g  assay, whole r a t  

b r a i n  i s  homogenized i n  i c e - c o l d  sucrose and t h e  crude mi tochondr ia1  f r a c t i o n  

i s  i s o l a t e d  by d i f f e r e n t i a l  c e n t r i f u g a t i o n .  Th is  f r a c t i o n  i s  l y s e d  w i t h  d i s t i l l e d  

water  and washed repea ted ly  by  homogenizat ion and c e n t r i f u g a t i o n  t o  remove endogenous 

GABA t h a t  would i n t e r f e r e  w i t h  t h e  b i n d i n g  assay. The washed p e l l e t  i s  f rozen  f o r  

a t  l e a s t  18 hours, f u r t h e r  enhancing t h e  r a t i o  o f  s p e c i f i c  t o  n o n s p e c i f i c  b ind ing ,  

and e l i m i n a t i n g  t h e  i n f l u e n c e  o f  Na+. 

i nc rease  i n  s p e c i f i c  b i n d i n g  (23).  

i s  homogenized i n  s u f f i c i e n t  T r i s - C i t r a t e  b u f f e r  (0.05 M, pH 7.1, 4OC) t o  y i e l d  

a p r o t e i n  concen t ra t i on  o f  1 mg/ml, and Tr i ton-X-100 (0.05% v /v )  i s  added. The 

m i x t u r e  i s  incubated  f o r  30 minutes a t  37OC, a f t e r  which t h e  t i s s u e  i s  c e n t r i f u g e d  

a t  48,000 x g f o r  10 minutes.  

decanted and t h e  p e l l e t  i s  resuspended i n  f r e s h  b u f f e r  and c e n t r i f u g a t i o n  and 

homogenizat ion a r e  repeated  t w i c e  aga in  t o  remove r e s i d u a l  de tergent .  

t h e  p e l l e t  i s  resuspended i n  f r e s h  b u f f e r  f o r  use i n  t h e  b i n d i n g  assay. 

3H-diazepam b i n d i n g  t o  b r a i n  membranes r e q u i r e s  no p r i o r  t rea tment  w i t h  de te rgen t  

and can be performed on e i t h e r  f r e s h  o r  f rozen  t i s s u e .  

as f o r  measur ing se ro ton inp  r e c e p t o r  b i n d i n g  (251, f r e e z i n g  t h e  t i s s u e  may cause 

a p r e c i p i t o u s  d e c l i n e  i n  s p e c i f i c  b ind ing ,  n e c e s s i t a t i n g  a n a l y s i s  w i t h  f r e s h l y  

prepared b r a i n  membranes. 

f rozen  f o r  l o n g  pe r iods  of t i m e  w i t h  l i t t l e  o r  no  l o s s  i n  recep to r  b i n d i n g  capac i t y .  

By enhancing 

P r i o r  t rea tmen t  o f  t i s s u e  w i t h  t h e  de te rgen t  Tr i ton-X-100 y i e l d s  an a d d i t i o n a l  

Thus, on t h e  day o f  t h e  RRA, t h e  f rozen  p e l l e t  

Fo l l ow ing  t h i s  c e n t r i f u g a t i o n ,  t h e  supernatan t  i s  

F i n a l l y ,  

Thus, The t i s s u e  p r e p a r a t i o n  c o n t r a s t s  markedly w i t h  o t h e r  procedures.  

I n  some ins tances ,  such 

However, f o r  most r e c e p t o r  b i n d i n g  assays, t i s s u e  can be 
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Caut ion  must a l s o  be exe rc i sed  i n  c e r t a i n  ins tances  when s e l e c t i n g  p a r t i c u l a r  

b r a i n  reg ions  as t h e  r e c e p t o r  source. For example, t h e  b i n d i n g  o f  3H-sp i rope r ido l  

t o  dopamine recep to rs  i n  t h e  corpus s t r i a t u m  has been used as t h e  bas i s  o f  an RRA 

t o  m o n i t o r  serum n e u r o l e p t i c  l e v e l s  (20). 

t o  a number o f  n e u r o t r a n s m i t t e r  recep to rs  (adrenerg ic ,  c h o l i n e r g i c  and s e r o t o n e r g i c )  

i n  o t h e r  b r a i n  reg ions ,  i t  would be i n a p p r o p r i a t e  t o  use a whole b r a i n  p r e p a r a t i o n  

f o r  t h i s  assay as s p e c i f i c i t y  would be compromised. 

I n  summary, no s i n g l e  t i s s u e  o r  p r e p a r a t i o n  procedure i s  s u i t a b l e  f o r  a l l  

r a d i o r e c e p t o r  assays. Since each method i s  t a i l o r e d  t o  t h e  i n d i v i d u a l  r e c e p t o r  

b i n d i n g  assay, i t  i s  impera t i ve  t o  f o l l o w  t h e  c o n d i t i o n s  e s t a b l i s h e d  d u r i n g  t h e  

development o f  t h e  b i n d i n g  assay. 

Since t h i s  i s o t o p e  i s  capable o f  b i n d i n g  

12.3.3 Sample P repara t i on  

than  t h a t  r e q u i r e d  f o r  more s o p h i s t i c a t e d  a n a l y t i c a l  methods. 

measure GABA i n  ce reb rosp ina l  f l u i d ,  an a l i q u o t  o f  un t rea ted  CSF i s  p laced  

d i r e c t l y  i n  t h e  b i n d i n g  assay, and t o  q u a n t i f y  b r a i n  GABA con ten t  t h e  substance 

i s  s imp ly  e x t r a c t e d  i n t o  water  p r i o r  t o  assay (21) .  Neuro lep t i cs  need n o t  

be e x t r a c t e d  f rom serum p r i o r  t o  a n a l y s i s  by t h e  dopamine recep to r  b i n d i n g  

method. 

Thus, GABA must be e x t r a c t e d  f rom b lood i n t o  p e r c h l o r i c a c i d  be fo re  assay s i n c e  

serum can s i g n i f i c a n t l y  a l t e r  t h e  c h a r a c t e r i s t i c s  o f  3H-GABA b ind ing .  

because o n l y  smal l  q u a n t i t i e s  o f  GABA a r e  found i n  b lood  (400-800 picomoles/ml) ,  

a s u f f i c i e n t  d i l u t i o n  cannot be made t o  e l i m i n a t e  s o l v e n t  e f f e c t s ,  making i t  

necessary t o  n e u t r a l i z e  t h e  a c i d  e x t r a c t  p r i o r  t o  a n a l y s i s  (8). 

t o  ana lys ing  serum t r i c y c l i c  an t i dep ressan t  concen t ra t i ons  by RRA, these compounds 

must be e x t r a c t e d  i n t o  an o rgan ic  s o l v e n t  ( 2 6 ) .  

f rom t h e  aqueous plasma m ix tu re ,  and t h e  t r i c y c l i c s  a r e  r e - e x t r a c t e d  i n t o  a c i d .  

F i n a l l y ,  t h e  o rgan ic  phase i s  removed and t h e  a c i d  s o l u t i o n  i s  n e u t r a l i z e d  be fo re  

ana lys i s .  

HC1, and t h e  a c i d  supernatan t  l y o p h i l i z e d .  

cen t r i f uged ,  t h e  supernatan t  decanted, n e u t r a l i z e d  and c e n t r i f u g e d  a f i n a l  t ime.  

Th is  f i n a l  e x t r a c t  i s  aga in  l y o p h i l i z e d  p r i o r  t o  RRA (27) .  

I n  summary, as w i t h  a l l  a n a l y t i c a l  procedures, sample p r e p a r a t i o n  f o r  RRA 

depends o n t h e  n a t u r e  of  t h e  compound t o  be measured and t h e  source o f  t h e  t i s s u e  

from which t h e  substance i s  prepared. Once again,  i t  i s  e s s e n t i a l  t h a t  p r e l i m i n a r y  

exper iments be performed t o  determine whether t h e  e x t r a c t i o n  medium a l t e r s  t h e  

b i n d i n g  c h a r a c t e r i s t i c s  o f  t h e  assay. 

12.3.4 Standard Curve and Data Ana lys i s  

The p r e p a r a t i o n  o f  a sample f o r  RRA a n a l y s i s  i s  g e n e r a l l y  l e s s  complex 

For example, t o  

However, i n  o t h e r  cases, more e labo ra te  e x t r a c t i o n  procedures a r e  requ i red .  

In a d d i t i o n ,  

S i m i l a r l y ,  p r i o r  

The o rgan ic  phase i s  separated 

To e x t r a c t  o p i o i d  pep t ides  f rom b r a i n ,  t h e  t i s s u e  i s  f i r s t  homogenized i n  0.1N 

The res idue  i s  resuspended i n  ac id ,  

The s tandard  curve  f o r  an RRA represents  t h e  displacement o f  s p e c i f i c a l l y  
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bound t r a c e r  by known concen t ra t i ons  o f  un labe led  l i g a n d .  

o f  r e c e p t o r  bound r a d i o a c t i v i t y  d i sp laced  by the  unknown sample t o  t h e  s tandard  

curve, i t  i s  p o s s i b l e  t o  determine t h e  amount o f  l i g a n d  i n  t h e  sample be ing  analysed. 

TABLE 12.1 

Standard curve  a n a l y s i s  f o r  GABA i n h i b i t i o n  o f  3H-GABA b i n d i n g  t o  r a t  b r a i n  

membranes 

By comparing t h e  amount 

T o t a l  cpm S p e c i f i c a l l y  % o f  S p e c i f i c a l l y  

Bound 
Bound 3H-GABA 

(cpm) Cond i t i on  Bound 

3H-GABA (5  nM) 

t GABA ( 1 0 - 3 ~ )  

t GABA (5  x 1 0 - 7 ~ )  

t GABA ( 1 0 - 7 ~ )  

t GABA ( 5  x 

t GABA (10-8M) 

t GABA ( 5  x 1 0 - 9 ~ )  

t GABA ( 1 0 - 9 ~ )  

9000 

1000 

1480 

2600 

3640 

6360 

7320 

8680 

8000 100 

0 0 

480 6 

1600 20 

2640 33 

5360 67 

6320 79 

7680 96 

Displacement curve  f o r  3H-GABA b i n d i n g  t o  r a t  b r a i n  membranes. 
p r o t e i n )  was incubated  w i t h  3H-GABA ( 5  nM) a t  40C i n  2 m l  0.05 M T r i s - C i t r a t e  
bu f fe r  (pH 7.1) f o r  5 minutes w i t h  o r  w i t h o u t  va r ious  concen t ra t i ons  o f  un labe led  
GABA. The r e a c t i o n  was te rm ina ted  by c e n t r i f u g a t i o n  a t  48,000 x g f o r  10 minutes.  

T issue ( 1  mg 

The p r o t o c o l  and r e s u l t s  o f  a s tandard  curve  a n a l y s i s  f o r  3H-GABA b i n d i n g  

t o  b r a i n  membranes areshown on Table 12.1. 
presence o f  3H-GABA a lone i s  9000 cpm, and n o n s p e c i f i c  b i n d i n g  ( i n  t h e  presence 

of  1 mM GABA) i s  1000 cpm. 

t o t a l  s p e c i f i c  b ind ing .  

10 and 50 nM, t h e  concen t ra t i on  o f  3H-GABA used was 5 nM, w e l l  below t h e  apparant 

a f f i n i t y  cons tan t .  I n  o rde r  t o  i n s u r e  accuracy, concen t ra t i ons  o f  un labe led  GABA 

rang ing  between a t  l e a s t  10- fo ld  lower  and 1 0 - f o l d  h i g h e r  than t h e  Kd a r e  used 

t o  genera te  a complete displacement curve. 

l o g i t  paper t o  o b t a i n  a s t r a i g h t  l i n e  (19) ( F i g .  12.3). E x t r a p o l a t i o n  t o  t h e  

o r d i n a t e  f rom t h e  approp r ia te  pe rcen t  displacement revea ls  t h e  concen t ra t i on  o f  

un labe led  l i g a n d  i n  t h e  sample. 

As d iscussed above, these s tandard  curves a r e  most accura te  a t  t h e  midpo in t ,  

and t h e r e f o r e  a t tempts  shou ld  be made t o  p repare  RRA samples such 

l e s s  than 20% n o r  more than 80% o f  t h e  s p e c i f i c a l l y  bound i s o t o p e  i s  d isp laced.  

When feasab le ,  i t  i s  bes t  t o  analyze seve ra l  d i l u t i o n s  such t h a t  approx imate ly  

25, 50 and 75% o f  t h e  s p e c i f i c  b i n d i n g  i s  d isp laced.  Since t h e  assay i s  l i n e a r  

ove r  t h i s  range, t h e  mean o f  t h e  t h r e e  va lues  shou ld  be more accura te  than a 

I n  t h i s  example, t o t a l  b i n d i n g  i n  t h e  

The d i f f e rence  between these values, 8000 cpm, rep resen ts  

Since, under these c o n d i t i o n s ,  t h e  Kd f o r  GABA i s  between 

For  ana lys i s ,  these da ta  a r e  p l o t t e d  on 

t h a t  no 
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de te rm ina t ion  made on the  b a s i s  o f  a s i n g l e  p o i n t .  

12.4 SENSITIVITY 

The lower  l i m i t  o f  s e n s i t i v i t y  f o r  an RRA depends upon a number o f  f a c t o r s  

(28, 2 9 ) .  

tance.  These inc lude ,  (1) t h e  a f f i n i t y  o f  t h e l i g a n d  f o r  t h e  recep to r ;  ( 2 )  t h e  

f i n a l  i n c u b a t i o n  volume o f  t h e  assay; and (3 )  t h e  s p e c i f i c  a c t i v i t y  o f  t h e  

r a d i o l i g a n d .  

Whi le  i t  would appear t h a t  t h e  h i g h e r  t h e  a f f i n i t y  o f  t he  r a d i o l i g a n d  f o r  

t h e  r e c e p t o r  t h e  g r e a t e r  t h e  s e n s i t i v i t y  o f  t h e  RRA, t h i s  p r i n c i p l e  a p p l i e s  o n l y  

when t h e  a f f i n i t y  o f  t h e  i so tope  i s  l e s s  than t h a t  o f  t h e  compound t o  be de tec ted .  

For ins tance,  w h i l e  t h e  GABA agon is t  3H-muscimol has a 1 0 - f o l d  h i g h e r  a f f i n i t y  

f o r  t h e  GABA b i n d i n g  s i t e  than  GABA i t s e l f ,  t h e  use o f  t h i s  i s o t o p e  as a l i g a n d  

f o r  d e t e c t i n g  GABA (30) o f f e r s  l i t t l e  advantage i n  terms o f  s e n s i t i v i t y  s i n c e  

t h e  a f f i n i t y  o f  GABA f o r  t h e  recep to r ,  and t h e r e f o r e  t h e  s e n s i t i v i t y  o f  t h e  

assay, remains unchanged. I n  some ins tances ,  t h e  use o f  h i g h  a f f i n i t y  l i g a n d s  

may even have a nega t i ve  e f f e c t  on assay s e n s i t i v i t y .  

b inds  t o  s t r i a t a l  dopamine recep to rs  w i t h  a Kd o f  around 0.5 nM, and t h i s  assay 

has been used as an RRA t o  s tudy  serum l e v e l s  o f  n e u r o l e p t i c s  (20).  Whi le  i t  

migh t  be a n t i c i p a t e d  t h a t  t h i s  same system may be u s e f u l  t o  q u a n t i f y  dopamine 

as w e l l ,  t h e  assay i s  l e s s  r o b u s t  i n  t h i s  rega rd  s ince  1 LIM dopamine i s  necessary 

t o  d i s p l a c e  50% o f  s p e c i f i c a l l y  bound 3H-sp i rope r ido l .  

t o  use 3H-doparnine as t h e  b i n d i n g  l i g a n d  s ince  as l i t t l e  as 20 nM dopamine w i l l  

i n h i b i t  50% o f  t h e  s p e c i f i c a l l y  bound catecholamine (31) .  

a r a d i o r e c e p t o r  assay, i t  i s  bes t  t o  s e l e c t  a r a d i o l i g a n d  w i t h  an a f f i n i t y  f o r  

t h e  r e c e p t o r  s i m i l a r  t o  thesubs tance be ing  measured. 

The s e n s i t i v i t y  o f  an assay i s  a l s o  a f u n c t i o n  o f  i n c u b a t i o n  volume ( F i g .  12.3). 

I n  an i n c u b a t i o n  volume o f  2 m l ,  w i t h  an a f f i n i t y  o f  10 nM, t h e  amount o f  

GABA r e q u i r e d  t o  d i s p l a c e  50 pe rcen t  o f  t h e  s p e c i f i c a l l y  bound i s o t o p e  i s  45 

picomoles.  A 1 0 - f o l d  r e d u c t i o n  i n  i n c u b a t i o n  volume, t i s s u e  and r a d i o l i g a n d  

concen t ra t i ons  reduces t h e  amount o f  un labe led  1 igand r e q u i r e d  t o  d i s p l a c e  t h e  

same percentage o f  s p e c i f i c a l l y  bound 3H-GABA. 

t o  4.5 picomoles.  

The f i r s t  o f  

these r e l a t e s  t o  t h e  minimum amount o f  t i s s u e  and r a d i o i s o t o p e  t h a t  must be used 

t o  o b t a i n  a r e l i a b l e  assay. 

s u b s t a n t i a l  r e d u c t i o n  i n  assay accuracy and p rec i s ion .  Secondly, as t h e  volume o f  

t h e  assay i s  reduced, t h e  p o s s i b i l i t y  t h a t  contaminants may i n t e r f e r e  w i t h  t h e  assay 

i s  g rea te r .  

more f e a s i b l e  t o  reduce t h e  volume o f  i n c u b a t i o n  t o  i nc rease  assay s e n s i t i v i t y .  

From a p r a c t i c a l  s tandpo in t ,  t h r e e  cons ide ra t i ons  a r e  o f  g r e a t e s t  impor- 

Thus, 3H-sp i rope r ido l  

Rather, i t  would be b e t t e r  

Accord ing ly ,  i n  deve lop in9  

I n  t h i s  case t h e  r e d u c t i o n  i s  10-fold, 

The optimum i n c u b a t i o n  volume i s  dependent upon two f a c t o r s .  

I f  t h e  number o f  cpm bound i s  t o o  low, t h e r e  i s  a 

As i so topes  hav ing  g r e a t e r  s p e c i f i c  a c t i v i t i e s  become a v a i l a b l e  i t  becomes 
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Thus, a t w o - f o l d  i nc rease  i n  s p e c i f i c  a c t i v i t y  pe rm i t s  a r e d u c t i o n  i n  assay 

volume o f  50% w i t h  no l o s s  of  assay p r e c i s i o n ,  s i n c e  w h i l e  t h e  amount o f  i s o t o p e  

i s  reduced by one-ha l f ,  t h e  number o f  cpm added i s  t h e  same because o f  t h e  h i g h e r  

s p e c i f i c  a c t i v i t y .  

12.5 SPECIFICITY 

The ma jo r  disadvantage of  t h e  RRA r e l a t e s  t o  s p e c i f i c i t y .  That  is, s ince  

For  example, i n  deve lop ing  a r a d i o r e c e p t o r  assay t o  measure 

One 

t h i s  i s  an i n d i r e c t  assay any substance t h a t  may i n t e r f e r e  w i t h  l i g a n d  b i n d i n g  

w i l l  be de tec ted .  

b lood  GABA i t  was e s s e n t i a l  t o  e s t a b l i s h  t h a t  b lood  con ta ins  no substances o t h e r  

than  GABA which a r e  capable o f  d i s p l a c i n g  3H-GABA f rom i t s  b i n d i n g  s i t e .  

such substance cou ld  be i m i d a z o l e a c e t i c  a c i d ,  a GABA r e c e p t o r  agon is t  and a 

n a t u r a l l y  o c c u r r i n g  compound. One way t o  demonstrate t h e  s p e c i f i c i t y  o f  t h e  RRA 

f o r  GABA i n  b lood  was t o  v e r i f y  t h e  values us ing  an a l t e r n a t e  method o f  a n a l y s i s  

(Tab le  12.2). When t h e  same samples were analyzed by bo th  GC/MS and RRA, t h e  r e s u l t s  

ob ta ined  were q u i t e  s i m i l a r .  

p o s s i b i l i t y  t h a t  a d d i t i o n a l  substances m igh t  be p resen t  i n  b lood  which cou ld  d i s p l a c e  

s p e c i f i c a l l y  bound 3H-GABA, they  suggest t h a t  such substances a r e  e i t h e r  e l i m i n a t e d  

d u r i n g  t h e  e x t r a c t i o n  procedure,  o r  a r e  p resen t  i n  such smal l  q u a n t i t i e s  t h a t  t hey  

do n o t  s i g n i f i c a n t l y  i n t e r f e r e  w i t h  t h e  b i n d i n g  assay. Th is  problem o f  s p e c i f i c i t y  

can be circumvented t o  some e x t e n t  by express ing  t h e  amount o f  endogenous d i s p l a c i n g  

a c t i v i t y  as equ iva len ts .  

o p i o i d  pep t ides  a r e  expressed as morphine equ iva len ts ,  s ince  t h e  assay w i l l  n o t  

d i f f e r e n t i a t e  between t h e  va r ious  pep t ides  (27) .  

Exogenously admin i s te red  compounds must a1 so be cons idered when conduct ing  

an RRA. For example, s e r o t o n i n  may be measured by RRA us ing  s p e c i f i c  b i n d i n g  o f  

3H-sero ton in  t o  b r a i n  membranes as a b i n d i n g  procedure (32 ) .  

would be l e s s  u s e f u l  f o l l o w i n g  t rea tment  o f  animals w i t h  e r g o t  a l k a l o i d s ,  LSD o r  

neu ro lep t i cs ’  s i n c e  a l l  o f  these agents w i l l  d i s p l a c e  3H-serotonin i f  p resen t  i n  

s u f f i c i e n t  concen t ra t i ons .  Accord ing ly ,  i t  would be necessary t o  demonstrate 

t h a t  t h e  q u a n t i t y  o f  any i n j e c t e d  substances i s  i n s u f f i c i e n t  t o  i n t e r f e r e  w i t h  

t h e  assay. I f  in te r fe rence  i s  noted, then s teps  must be taken t o  separa te  the  

o f f e n d i n g  substance f rom t h e  e x t r a c t .  Such a p recau t ion  was taken by C h i l d e r s  

5 e. (33)  d u r i n g  t h e i r  s tud ies  aimed a t  examining t h e  i n f l uence  o f  o p i a t e  
agon is t s  and an tagon is t s  onenkepha l in  l e v e l s  i n  b ra in .  Since t h e  drugs admin is te red ,  

morphine and naloxone, a r e  bo th  a c t i v e  u s i n g  an o p i a t e  r e c e p t o r  RRA, i t  was necessary 

t o  separa te  r e s i d u a l  d rug  f rom t h e  b r a i n  e x t r a c t s  us ing  column chromatography 

be fo re  measuring t h e  op iod  pep t ides .  

o f  t h e  RRA f o r  met-enkephal in under these c o n d i t i o n s  was reconf i rmed us ing  a 

h i g h l y  s p e c i f i c  radioimmunoassay. 

Whi le these da ta  do n o t  comple te ly  r u l e  o u t  t h e  

Accord ing ly ,  when analysed by RRA, values f o r  endogenous 

However, t h i s  techn ique 

Even w i t h  t h i s  s tep  however, t h e  s p e c i f i c i t y  

I n  some ins tances  low s p e c i f i c i t y  may be used t o  advantage. Thus, u s i n g  
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h i g h l y  s p e c i f i c  methods o f  ana lys i s ,  a t tempts  have been made> to  c o r r e l a t e  serum 

n e u r o l e p t i c  l e v e l s  w i t h  c l i n i c a l  symptoms. However, a b e t t e r  c o r r e l a t i o n  was 

found us ing  a r a d i o r e c e p t o r  assay s ince  t h e  RRA measured bo th  t h e  pa ren t  compound 

as w e l l  as a c t i v e  me tabo l i t es  (20) .  

TABLE 12.2 

Blood GABA a n a l y s i s  by r a d i o r e c e p t o r  assay and gas chromotography/mass 

spec t romet ry  

GABA Concent ra t ion  

(picornoles/ml ) 

Sample RRA GCIMS RRA/GCMS 

469 

557 

520 

479 

5 1022 

Mean S.E.M. 609 5 104 

567 0.83 

581 0.96 

733 0.71 

65 1 0.75 

1071 0.95 

720 5 93 0.86 

Rat b lood  was ob ta ined  by ca rd iac  punc ture  f r o m  5 animals and t h e  GABA con ten t  
o f  each sample was measured s imu l taneous ly  by RRA and a GC/MS. 
the mean o f  two separa te  de terminat ions .  

Each va lue  i s  
Adapted f rom Ferkany e t  a l . ,  ( 8 ) .  

12.6 APPLICATIONS 

Rad ioreceptor  assays have become popu la r  t o o l s  f o r  bo th  c l i n i c a l  and b a s i c  

research  (Tab le  12.3). Using an RRA, ce reb rosp ina l  f l u i d  and b lood GABA l e v e l s  

have been measured i n  l a b o r a t o r y  animals and man. 

a s u i t a b l e  RRA, t h e  o n l y  f e a s i b l e  way t o  mon i to r  t h e  smal l  q u a n t i t i e s  o f  t h i s  

amino a c i d  i n  these f l u i d s  was by GC/MS o r  i o n  exchange f l uo romet ry  (34, 35).  

Whi le bo th  o f  these methods a r e  ex t remely  s e n s i t i v e  and p rec i se ,  t hey  i n v o l v e  

t h e  use o f  r e l a t i v e l y  s o p h i s t i c a t e d  and expensive equipment, and o n l y  a few 

samples can be analysed a t  a t ime. 

approx imate ly  t h e  same p r e c i s i o n  and s e n s i t i v i t y  b u t  l e s s  expensive equipment 

i s  r e q u i r e d  and i t  i s  p o s s i b l e  t o  ana lyse  dozens o f  samples i n  a day. 

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

de tec ts  n o t  o n l y  t h i s  agent b u t  a l s o  any me tabo l i t es  which possess 3H-sp i roper ido l  

d i s p l a c i n g  a c t i v i t y .  

dopamine recep to rs  i n  b ra in ,  i t  cou ld  be argued t h a t  r a d i o r e c e p t o r  a n a l y s i s  y i e l d s  

a b e t t e r  i n d i c a t i o n  o f  t h e  t o t a l  amount of  a c t i v e  substance. I n  a d d i t i o n  t o  

n e u r o l e p t i c s ,  assays have a l s o  been developed t o  mon i to r  serum l e v e l s  of  benzo- 
d iazep ines  (36)  as w e l l  as an t idepressants  (26)  and B-adrenergic an tagon is t s  (22 ) .  

P r i o r  t o  t h e  development o f  

Wi th  t h e  r a d i o r e c e p t o r  assay t h e r e  i s  

Rad ioreceptor  assayshave a l s o  been used t o  mon i to r  serum n e u r o l e p t i c  con- 

Whi le t h e  pa ren t  compound can be measured by radioimnunoassay, t h e  RRA 

Since n e u r o l e p t i c s  a r e  be1 ieved  t o  f u n c t i o n  by b l o c k i n g  
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The l a t t e r  compounds e x e r t  power fu l  i n f l u e n c e s  on c e n t r a l  aminerg ic  systems and 

these assays a r e  o f  growing importance i n  c o r r e l a t i n g  drug  l e v e l  w i t h  bo th  c l i n i c a l  

response and exper imenta l  observa t ion .  

themselves have n o t  been e x t e n s i v e l y  u t i l i z e d ,  s e n s i t i v e  l i g a n d  b i n d i n g  procedures 

i n  which dopamine (38 ) ,  5-HT (25,39), norep inephr ine  (40) and ep inephr ine  (40)  

a r e  a c t i v e  a r e  now a v a i l a b l e .  

s imp le  approach f o r  t h e  de te rm ina t ion  o f  b iogen ic  amines i n  t i s s u e .  

U h i l e  t o  da te  RRA f o r  b iogen ic  amines 

Thus, these methods may rep resen t  a r a p i d  and 

TABLE 12.3 

Some r a d i o r e c e p t o r  assays f o r  neu ro t ransmi t te rs  and drugs 

Substance 

Measured 

B ind ing  

Assay Reference 

B-Adrenergi c 

Antagon is ts  3H-D hydroa l  p r e n o l o l  22 

A n t i c h o l  i n e r g i c s  3H-Qui nuc l  i d i n y l  benz i  1 a t e  37 

Benzodi azepi  nes 3H-Di azepam 36 

GABA 3H-GABA 8 

Op io ids  3H-Naloxone 27 

Neuro lep t i cs  3H-Spi r o p e r i  do1 20 

T r i c y c l i c  

Ant idepressants  3H-Quinucl i d i n y l  benz i  1 a t e  26 

Rad ioreceptor  assays a re  a l s o  use fu l  f o r  d i scove r ing  neuro t ransmi t te rs  and 

neuromodulators. For  example, once i t  was d iscovered t h a t  3H-naloxone bound i n  a 

s p e c i f i c  manner t o  b r a i n  t i s s u e  o p i a t e  recep to rs ,  i t  was reasoned t h a t  t h i s  organ 

may c o n t a i n  some endogenous s u b s t r a t e  f o r  t h i s  s i t e .  The use o f  t h e  3H-naloxone 

r a d i o r e c e p t o r  assay f a c i l i t a t e d  t h e  search f o r  t h i s  subs t ra te .  

i d e n t i f i c a t i o n  o f  3H-diazepam b i n d i n g  s i t e s  i n  b r a i n  has l e a d  t o  t h e  suggest ion  

t h a t  an endogenous benzod iazep ine - l i ke  substance may e x i s t .  

e x t r a c t s  a r e  now be ing  screened by RRA i n  an a t tempt  t o  v e r i f y  t h i s  hypothes is .  

I f  an e x t r a c t  does e x h i b i t  d i s p l a c i n g  a c t i v i t y ,  then t h e  RRA can be used t o  

examine t h e  r e l a t i v e  a c t i v i t y  o f  t h e  substance d u r i n g  p u r i f i c a t i o n  procedures.  

F i n a l l y ,  once t h e  agent i s  i d e n t i f i e d ,  t h e  RRA can be used r o u t i n e l y  to, d e t e c t  

t h e  compound. 

12.7 SUPlMARY 

S i m i l a r l y ,  t h e  

T issue and f l u i d  

The development o f  r a d i o a c t i v e  substances hav ing  h i g h  s p e c i f i c  a c t i v i t y  has 

f a c i l i t a t e d  t h e  development o f  r e c e p t o r  b i n d i n g  assays f o r  a v a r i e t y  o f  neuro t rans  

m i t t e r s  and drugs. Because t h e  amount o f  receptor -bound r a d i o l i g a n d  i s  p ropor -  
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t i o n a l  t o  t h e  amount o f  un labeled l i g a n d  present ,  recep to r  b i n d i n g  assays can be 

used t o  measure a v a r i e t y  o f  chemical agents. 

s imple t o  per form and compare favo rab ly  t o  o t h e r  a n a l y t i c a l  methods w i t h  respec t  

t o  s e n s i t i v i t y  and p r e c i s i o n .  

s i b l e  t o  analyse l a r g e  numbers o f  samples a t  a s i n g l e  t ime.  

o f  r a d i o r e c e p t o r  assays i s  t h e i r  s p e c i f i c i t y .  However, i n  some cases, t h e  r e l a t i v e  

l a c k  o f  s p e c i f i c i t y  has been advantageous i n  t h a t  i t  a l l ows  f o r  t h e  s imultaneous 

a n a l y s i s  o f  m u l t i p l e  l i gands .  

number o f  neu ro t ransmi t te rs  and drugs i n  a wide v a r i e t y  o f  b i o l o g i c a l  t i s s u e s  and 

f l  u i  ds . 

These rad io recep to r  assays a r e  

I n  a d d i t i o n ,  these assays are r a p i d ,  making i t  pos- 

The major  l i m i t a t i o n  

Radioreceptor assays have been used t o  measure a 
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Chapter 13 

RADIOIMMUNOASSAYS FOR PHENALKYLAMINES 

KAMAL K. MIDHA 

College o f  Pharmacy, University of Saskatchewan, Saskatoon, Saskatchewan, 
S7N OW0 (Canada) 

and 

JOHN W .  HUBBARO 

Faculty o f  Pharmacy, University of Manitoba, Winnipeg, Manitoba, 
R3T 2N2 (Canada) 

1 3.1 INTRODUCTION 

13.1.1 A brief outline of the principles of radioimmunoassay- 
Radioimmunoassay (RIA) is a highly sensitive assay technique which was developed 

in the 1950's by Solomon Berson and Rosalyn Yalow (1). 

porcine insulin into humans or guinea-pigs, they observed the production of a 

globulin (antibody) with an extraordinary specific affinity for insulin. Their 

RIA depends upon competition between natural insulin and '311-labelled insulin 

for binding sites on a limited amount of the antibody. After separation of the 

antibody-bound insulins from the free, unbound insulins, the amount of radioactivity 

in each fraction is determined. The ratio of radioactivity in the free fraction to 

radioactivity in the bound fraction is related to the concentration of natural 

('cold') insulin in the sample. RIA procedures have been developed subsequently 

for other macromolecules such as growth hormone, parathyroid hormone and adreno- 

corticotrophic hormone and also for a wide variety of low molecular weight com- 

pounds. 

they are covalently attached to a high molecular weight 'carrier antigen'. 

the drug is modified chemically to provide a chain of 2-5 atoms through which 

covalent linkage with the macromolecule can be established. The modified drug is 

called the 'hapten', and the hapten-macromolecule complex is often referred to as 

the 'conjugate'. The choice of the 'haptenic modification' is very important be- 
cause it can have a profound influence on the specificity of antibodies subsequently 

raised to the conjugate. 

between the drug and analogs of the drug which differ in structure at the point 

of derivatization of the hapten. There are a number of good examples o f  this 

phenomenon in the review of RIA procedures for phenalkylamines which follows. 

Following the injection o f  

Small drug molecules, such as the phenalkylamines, are not antigenic unless 

Usually 

For example, the antibody may be unable to distinguish 
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Fig. 13.1. 
radioimmunoassays. 

Phenylethylamines which have been studied in the development of 

A wide variety of macromolecular carrier antigens have been employed success- 

fully in the development of RIAs for small molecules. 
gen and the methods of coupling the hapten to the macromolecule have been descri- 

bed el sewhere (2-4). 

Satisfactory antisera to hapten-macromolecule conjugates have been raised in 

The choice of carrier anti- 

many animal species, although guinea-pigs or rabbits are most often used. The 

immunization procedure ( 5 )  is largely empirical and the responsiveness o f  antisera 

from different animals varies a great deal (6). For these reasons, it takes a 

considerable amount of patience and skill to recognize when an antiserum of ade- 

quate sensitivity and specificity has been obtained. It i s  important to realize 

that, although the antiserum is raised to a hapten-macromolecule conjugate, the 

antiserum can recognize and interact strongly with the original small molecule. 
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The radiolabelled tracer ( 7 )  is a critical component of the RIA because it is 
the component which is actually analyzed by counting. 

labelled tracer is the original small molecule in which tritium (or less frequent- 

ly, carbon-14) has been incorporated. These radioisotopes have long half-lives, 

but they have much lower specific activities than isotopes such as iodine-125 or 

iodine-131. When the isotopes of iodine are employed in the RIA o f  small mole- 

cules, the advantage of their high specific activities is offset by their short 

half-lives and by the fact that the chemical modification brought about by the 

incorporation of iodine into the small molecule often changes its affinity for 

the antibody. 

For an extensive review on the development of RIA (591 references), see Skelley 

et al. ( 8 ) .  

The most popular radio- 

_ _  

13.1.2 Comparison of radioimmunoassay with other analytical methods 

Without question, RIA is one of the most highly sensitive analytical techniques. 

Once the antiserum has been produced and characterized, the RIA is a very simple, 

rapid and reproducible procedure which requires very little manipulation of the 

sample. RIA can also be highly specific, although the specificities of different 

antisera vary enormously. Therefore the cross-reactivity profile of each anti- 

serum must be assessed carefully. In addition, the authors believe that a new 

RIA procedure should be 'validated' by direct comparison with a more rigorous 

chemical method of analysis such as combined gas chromatography-mass spectrometry 

or high performance liquid chromatography. Any discrepancy between the 'chemical 

method' and the RIA then invites a more searching appraisal of the cross-reactivity 

profile o f  the antiserum. 

There are two common methods by which cross-reactivities are expressed: a) The 

amount of interfering substances which causes 50% inhibition of the binding of 

the radiolabelled tracer is quoted; 

inhibition o f  the binding of the radiolabelled tracer is divided by the amount of 

interfering substance which causes a 50% inhibition of the binding o f  the radio- 

labelled tracer and multiplied by 100. This figure is often referred to as the 

'percentage cross-reactivity'. 

b) The amount of drug which causes a 50% 

13.2 RADIOIMMUNOASSAY OF PHENALKYLAMINES 

13.2.1 Phenethylami nes 

is the highly specific RIA procedure for p-tyramine (p-TA) published by Faraj 
-- et al. (9). 

to methylated bovine serum albumin (BSA) by the carbodiimide method. The amino 

groups o f  the p-aminohippuric acid residues were then diazotized and coupled to 

E-TA. 

One of the most interesting developments in assay methodology for phenolic amines 

In the preparation of the antigen, e-aminohippuric acid was coupled 

The authors assumed that the coupling took place ortho to the phenolic 
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group at the 3-position of the benzene ring of p T A  (Fig. 13.2). 

ly interesting to note therefore that the antiserum subsequently raised to this 

antigen (rabbits) did not cross-react significantly with dopamine (DA) (2.4%)), 

3-methoxytyramine (3-MT) 

( <  l%), or 3,4-dimethoxyphenethylamine (DMPEA) ( <  l%), all of which have a sub- 

stituent at the 3-position of the benzene ring, It frequently happens that the 

antiserum is unable to distinguish between its true ligand and interfering 

It is especial- 

(2.4%), noradrenaline (NA) ( <  l%), adrenaline (A) 

BSA NH-CO- I ,C%CH2NH2 

F i g .  13.2. p-Tyramine antigen, prepared using p-aminohippuric acid. 

substances which differ at the point of haptenic modification. 

ever, the antiserum showed remarkable specificity when challenged with a repre- 

sentative range of ring-modified analogs. 

with a variety of side-chain-modified derivatives, including octopamine (OA), p- 

hydroxyphenylethanol (p-HPE), p-hydroxyphenylacetic acid (pHPAA), p-hydroxymandel ic 

acid (p-HMA), L-tyrosine and L-dopa. 

cross-reactivity with any agent likely to interfere with the analysis of p-TA in 

biological fluids. The RIA procedure, which was reported to detect 1 ng of p-TA 

(0.1 ml sample), was validated by comparison with an established radiochromato- 

graphic method for p-TA. 

Taking a different approach, Grota and Brown (10) conjugated p-TA to BSA by 

means of the Mannich formaldehyde reaction (11) which had been used previously to 

couple 5-hydroxytryptamine (5-HT) (12) to BSA. 

ing to precedent (ll,lZ), a hapten containing a phenolic hydroxyl group could be 

attached t o  an albumin carrier by means of a methylene bridge ortho to the phenolic 
substituent. The suggestion of a haptenic modification at the 3-position of the p- 
TA residues of the conjugate is supported by the observation that the antiserum sub- 

sequently raised (rabbits) had a stronger affinity for 3-MT 

cross-reactivity 213%) than for p-TA itself (100%). 

In this case how- 

As would be anticipated, the antiserum also gave very low cross-reactivities 

In fact, this antiserum showed no significant 

The authors speculated that, accord- 

(radiotracer 3H-p-TA 

Certainly, the antiserum 
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showed v e r y  l o w  c r o s s - r e a c t i v i t i e s  f o r  t h e  N-methy l  compounds s y n e p h r i n e  (SYN) 

(0 .04%) ,  A (0 .04%)  and m e t a n e p h r i n e  (MN) (0.01%).  Fu r the rmore ,  6 - h y d r o x y l a t i o n  

o f  t h e  s i d e - c h a i n  reduced  t h e  c r o s s - r e a c t i v i t i e s  o f  n o r m e t a n e p h r i n e  (NMN) ( 4 0 % ) ,  

O A  ( 9 % )  and NA (1 .6%) ,  compared w i t h  t h e i r  r e s p e c t i v e  u n h y d r o x y l a t e d  c o u n t e r p a r t s ,  

3-MT (2132) ,  p-TA (100%) and DA ( 2 2 % ) .  These c r o s s - r e a c t i v i t y  d a t a  a l l  sugges t  

t h a t  t h e  c o u p l i n g  o f  p-TA t o  BSA i s  much more l i k e l y  t o  have o c c u r r e d  on  t h e  3- 

p o s i t i o n  o f  t h e  benzene r i n g  t h a n  on  t h e  amino g roup  o f  t h e  s i d e - c h a i n  ( F i g .  1 3 . 3 ) .  

I H O o C H 2 C H 2 N H 2  

BSA NH-CH2 t 
F i g .  13.3. p - T y r a m i n e  a n t i g e n  p r e p a r e d  u s i n g  t h e  Mannich fo rma ldehyde  r e a c t i o n  

G r o t a  and Brown ( 1 3 )  o b t a i n e d  s i m i l a r  r e s u l t s  when t h e y  used t h e  Mann ich  f o r -  

maldehyde r e a c t i o n  t o  c o u p l e  S Y N  t o  BSA. I n  t h i s  case,  t h e  a n t i s e r u m  r a i s e d  ( r a b -  

b i t s )  t o  t h e  SYN-BSA c o n j u g a t e  had a s t r o n g e r  a f f i n i t y  f o r  t h e  3-methoxy a n a l o g  

MN ( r a d i o t r a c e r  3H-MN, c r o s s - r e a c t i v i t y  o f  MN 800%)), t h a n  f o r  SYN ( 1 0 0 % ) .  

t h e  c r o s s - r e a c t i v i t i e s  o f  t h e  s i d e - c h a i n  m o d i f i e d  d e r i v a t i v e s  t e s t e d  were v e r y  l ow .  

The o n l y  compound r e p o r t e d  t o  have a s i g n i f i c a n t  c r o s s - r e a c t i v i t y  was A ( 6 0 % ) .  

I t  s h o u l d  be n o t e d ,  however, t h a t  i f  t h e  c r o s s - r e a c t i v i t i e s  a r e  r e c a l c u l a t e d  w i t h  

MN as l o o % ,  SYN becomes 12.5% and A becomes 7.5%. When v i e w e d , i n  t h i s  manner, 

t h e  a n t i s e r u m  c o u l d  f o r m  t h e  b a s i s  o f  a r e a s o n a b l e  R I A  f o r  MN. I t  i s  i n t e r e s t i n g  

t o  n o t e  t h a t  G r o t a  and Brown chose t o  r a i s e  t h e i r  a n t i s e r a  w i t h  " s o l u b l e  c o n j u g a t e s  

w i t h  an  a p p a r e n t  m o l a r  r a t i o  o f  g r e a t e r  t h a n  50" .  T h i s  i s  i n  c o n t r a s t  t o  t h e  

recommendat ions o f  L a n d s t e i n e r  ( 2 )  who c o n c l u d e d  t h a t  w i t h  serum a l b u m i n  a s  t h e  

c a r r i e r  a n t i g e n ,  10 h a p t e n i c  m o l e c u l e s  p e r  m o l e c u l e  o f  a l b u m i n  was o p t i m a l ,  and 

t h a t  t o o  l i t t l e  o r  t o o  much h a p t e n  l e d  t o  a p o o r  response .  The MN a n t i s e r u m ,  how- 

e v e r ,  d i s p l a y e d  r e m a r k a b l e  s e l e c t i v i t y  amongst t h e  compounds r e p o r t e d ;  t h i s  was 

combined w i t h  a s e n s i t i v i t y  range  o f  25-100 pg.  

A g a i n  

Lam e. ( 1 4 )  used t h e  method o f  G r o t a  and Brown ( 1 3 )  t o  d e v e l o p  a h i g h l y  

The s m a l l e s t  q u a n t i t y  o f  u n l a b e l l e d  MN w h i c h  p roduced  a s e n s i t i v e  R I A  f o r  MN. 

s i g n i f i c a n t  mean d i s p l a c e m e n t  o f  3H-MN r e l a t i v e  t o  c o n t r o l  was 40 pg, w h i c h  c o r -  

responds  t o  a s e n s i t i v i t y  o f  400 pg/ml .  

M e t a n e p h r i n e  and SYN d i s p l a c e d  3H-MN e q u a l l y  f r o m  t h e  a n t i b o d y .  The c r o s s -  



290 

r e a c t i v i t i e s  o f  NA, NMN, 3-MT, p T A ,  DA and v a n i l l y l m a n d e l i c  a c i d  (VMA) were r e -  

p o r t e d  t o  be l e s s  t h a n  1%. The c r o s s - r e a c t i v i t y  o f  A (15%)  was reduced  t o  1% i n  

t h e  R I A  p r o c e d u r e  b y  t h e  a d d i t i o n  o f  2 ng o f  A p e r  assay  t u b e .  

t h e  R I A  t o  t h e  a n a l y s i s  o f  MN i n  u r i n e ,  b u t  t h e y  d i d  n o t  r e p o r t  any a t t e m p t  t o  

compare t h e  R I A  w i t h  a c h e m i c a l  method o f  a n a l y s i s .  

More r e c e n t l y ,  Raum Gal. ( 1 5 )  have deve loped  a h i g h l y  s e n s i t i v e  RIA f o r  MN, 

based on  a n t i s e r a  p roduced  i n  r a b b i t s  b y  t h e  SYN-albumin method o f  G r o t a  and Brown 

( 1 0 ) .  The c r o s s - r e a c t i v i t y  p r o f i l e  o f  t h e  a n t i b o d y  ( S Y N  20%, A 13%) was s i m i l a r  

t o  t h a t  o f  G r o t a  and Brown ( 1 0 ) .  

s i g n i f i c a n t l y  w i t h  t h e  a n t i b o d y .  

OA, and a s e l e c t i o n  o f  s i d e - c h a i n  m o d i f i e d  m e t a b o l i t e s  o f  t h e  b i o g e n i c  amines.  

The a u t h o r s  i n c l u d e d  i n  t h e i r  R I A  p r o c e d u r e  an  e x t r a c t i o n  s t e p ,  w h i c h  removed SYN 

and A f r o m  t h e  samples, and r e d u c e d  t h e i r  e f f e c t i v e  c r o s s - r e a c t i v i t i e s  t o  5% and 

e s t a b l i s h e d  c o l o u r i m e t r i c  method. 

between t h e  two assays ,  a l t h o u g h  t h e  a u t h o r s  p o i n t  o u t  t h a t  t h e i r  R I A  i s  f a s t e r ,  

more p r e c i s e  and 1000 f o l d  more s e n s i t i v e  t h a n  t h e  c o l o u r i m e t r i c  method.  

t h e  r e a s o n  f o r  t h e  h i g h  s e n s i t i v i t y  o f  t h i s  R I A  stems f r o m  t h e  use  o f  [3-lZ5I]3- 

i o d o s y n e p h r i n e  as t h e  r a d i o t r a c e r  ( s p e c i f i c  a c t i v i t y  1000-2000 K C i / m o l ) .  The lZ5I- 

l i g a n d ,  w h i c h  was e a s i l y  p r e p a r e d  b y  e s t a b l i s h e d  methods, a t t a i n e d  a h i g h e r  m a x i -  

mum b i n d i n g  t h a n  3H-MN, and m a i n t a i n e d  a h i g h e r  b i n d i n g  w i t h  i n c r e a s i n g  d i l u t i o n s  

o f  t h e  a n t i s e r u m .  

The a u t h o r s  a p p l i e d  

None o f  t h e  o t h e r  1 6  compounds t e s t e d  r e a c t e d  

These compounds i n c l u d e d  NMN, NA, D A ,  3-MT, g-TA, 

r e s p e c t i v e l y .  The RIA of  MN i n  u r i n e  was v a l i d a t e d  b y  compar i son  w i t h  an 
Good c o r r e l a t i o n  ( r 2  = 0.993)  was demons t ra ted  

P a r t  o f  

Peska r  eta. ( 1 6 )  p roduced  a n t i b o d i e s  t o  NMN b y  i m m u n i z i n g  r a b b i t s  w i t h  con- 

j u g a t e s  w h i c h  were  s y n t h e s i z e d  b y  l i n k i n g  t h e  s i d e - c h a i n  amino g r o u p  o f  t h e  h a p t e n  

t o  t h e  c a r r i e r  a n t i g e n  w i t h  g l u t a r a l d e h y d e .  

c r o s s - r e a c t e d  (106%) w i t h  MN, w h i c h  d i f f e r s  i n  s t r u c t u r e  f r o m  NMN o n l y  a t  t h e  

p o i n t  o f  h a p t e n i c  m o d i f i c a t i o n .  

3-MT (21%)  and 3-methoxy-4-hydroxyphenylglycol (MHPG) (4 .5%) ,  a1 t h o u g h  t h e  a n t i -  

serum d i d  n o t  r e c o g n i z e  VMA o r  h o m o v a n i l l i c  a c i d  ( H V A ) .  

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

t h e  c a t e c h o l a m i n e s .  

As wou ld  be a n t i c i p a t e d ,  t h e  a n t i s e r u m  

O t h e r  s i d e - c h a i n  m o d i f i e d  c r o s s - r e a c t a n t s  were 

The a n t i s e r u m  d i d  n o t  

The R I A  f o r  NMN/MN ( 1 6 )  employed ' 2 5 1 - l a b e l l e d  albumin-NMN c o n j u g a t e  as t h e  

D e s p i t e  t h e  use  o f  a 1 2 5 1 - l a b e l l e d  t r a c e r  however, t h e  d e t e c t i o n  r a d i o t r a c e r .  

l i m i t  was d i s a p p o i n t i n g  (100  n g / m l ) .  

i t y  were  improved  t h e  R I A  c o u l d  be  a p p l i e d  t o  t h e  measurement o f  NMN i n  c e r e b r o -  

s p i n a l  f l u i d ,  o r  i n  b r a i n ,  where i n t e r f e r e n c e  f r o m  MN i s  n e g l i g i b l e .  The p r e s e n t  

r e v i e w e r s  ag ree  w i t h  t h i s  approach,  b u t  p o i n t  o u t  t h a t  t h e  c r e d i b i l i t y  o f  d a t a  so 

o b t a i n e d  i s  g r e a t l y  enhanced if t h e  method has been v a l i d a t e d  b y  compar i son  w i t h  

a n  a p p r o p r i a t e  c h e m i c a l  method. 

me thoxyphene thy lamine  (DMPEA), t h e  c o n t r o v e r s i a l  ' p i n k  s p o t '  m a t e r i a l  f ound  i n  t h e  

Peskar  cd. sugges ted  t h a t  i f  t h e  s e n s i t i v -  

W isse r  gal. ( 1 7 )  deve loped  t h r e e  d i f f e r e n t  t y p e s  o f  a n t i b o d i e s  t o  3 .4 -d i -  
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u r i n e  o f  sch i zophren ics  (18)  and normal i n d i v i d u a l s  (19 ) .  

( F i g .  13.4, A )  was prepared by t h e  r e a c t i o n  of  t h e  s ide -cha in  amino group o f  DMPEA 

w i th  s u c c i n i c  anhydr ide,  f o l l o w e d  by t h e  ca rbod i im ide -ca ta l yzed  c o u p l i n g  o f  t h e  

hapten t o  bov ine  y -g lobu l  i n .  

The second hapten ( F i g .  13.4, B )  was prepared by t h e  n i t r a t i o n  o f  t h e  6- 

p o s i t i o n  o f  t h e  benzene r i n g  o f  DMPEA. The f r e e  amino group o f  t h e  s ide -cha in  was 

p r o t e c t e d  w i t h  a T-bu ty loxycarbony l  group d u r i n g  t h e  subsequent r e d u c t i o n  o f  t h e  

n i t r o  group by hydrogenlRaney-Nickel .  

The hapten so formed was coup led  t o  human serum albumin (HSA) o r  t o  bov ine  -(- 

g l o b u l i n .  F i n a l l y  t h e  p r o t e c t i n g  group was removed by h y d r o l y s i s  w i t h  d i l u t e  hydro- 

c h l o r i c  a c i d .  

i n f r a r e d  and p r o t o n  magnet ic resonance spectroscopy and by  e lementa l  a n a l y s i s .  The 

rev iewers  b e l i e v e  t h a t  t h e  chemical  c h a r a c t e r i z a t i o n  and e s t i m a t i o n  o f  t h e  p u r i t y  

o f  t h e  haptens i s  impor tan t  because these measures g r e a t l y  a s s i s t  i n  t h e  subsequent 

e v a l u a t i o n  o f  t h e  a n t i s e r a .  

A n t i s e r a  t o  t h e  t h r e e  an t i gens  were r a i s e d  i n  r a b b i t s .  The an t iserum t o  a n t i -  

gen A had t h e  h i g h e s t  t i t e r  (1:16000) a g a i n s t  [5-3H] DMPEA w h i l e  t h e  t i t e r s  o f  t h e  

a n t i s e r a  t o  HSA a n t i g e n  B and bov ine  y - g l o b u l i n  an t i gen  B were 1:lOOO and 1:4000. 

The c r o s s - r e a c t i v i t i e s  o f  a l l  t h r e e  a n t i s e r a  t o  a v a r i e t y  o f  catecholamines, t h e i r  

3-methoxy m e t a b o l i t e s  and s ide -cha in  degradat ion  produc ts  and o f  some mono-hydr ic 

p h e n o l i c  amines were a l l  l e s s  than 0.1%. Taken t o g e t h e r  w i t h  t h e  obse rva t i on  t h a t  

a l l  t h r e e  a n t i s e r a  c ross - reac ted  w i t h  3,5-DMPEA l e s s  than 0.1%, these da ta  s i g n i f y  

t h a t  t h e  a n t i b o d i e s  were a l l  h i g h l y  s p e c i f i c  f o r  s u b s t i t u e n t s  on t h e  benzene r i n g .  

T h e i r  f i r s t  a n t i g e n  

The new amino group was then succ inoy la ted .  

The haptens and t h e i r  s y n t h e t i c  i n te rmed ia tes  were c h a r a c t e r i z e d  by 

The an t i se rum t o  bov ine  y - g l o b u l i n  an t i gen  B a l s o  showed ex t remely  h i g h  spec i -  

f i c i t y  f o r  t h e  s ide -cha in  o f  DMPEA, showing c r o s s - r e a c t i v i t i e s  o f  0.1% o r  l e s s  w i t h  

a l l  of t h e  s ide -cha in  m o d i f i e d  compounds w i t h  which t h e  an t iserum was cha l lenged.  

I n  f a c t ,  o f  t h e  17 compounds tes ted ,  t h e  h i g h e s t  c r o s s - r e a c t i v i t y  r e p o r t e d  was an 

i n s i g n i f i c a n t  0.8% c r o s s - r e a c t i v i t y  o f  mescal ine (MES). Th is  an t iserum serves as 

a model o f  t h e  s p e c i f i c i t y  which can be achieved by a t h o u g h t f u l  approach t o  t h e  

development o f  R I A  and by p a t i e n t  and p a i n s t a k i n g  a t t e n t i o n  t o  d e t a i l  i n  eve ry  s t e p  

o f  t h e  p roduc t i on  o f  t h e  an t iserum.  

The an t i body  t o  HSA an t i gen  B was l e s s  s p e c i f i c  f o r  t h e  s ide -cha in  o f  DMPEA, and 

c ross - reac ted  w i t h  3,4-dimethoxybenzyl a l coho l  (13.1%), 3,4-dimethoxycinnamic a c i d  

(9.6%), 3,4-dimethoxyphenylacetic a c i d  (11.4%) and 3,4-dimethoxybenzoic a c i d  (1 .2%) .  

The an t iserum t o  a n t i g e n  A, i n  which t h e  hapten was a l s o  coup led  th rough t h e  s ide -  

chain,  c ross - reac ted  t o  a much g r e a t e r  degree w i t h  t h e  same f o u r  compounds (47%, 
521, 15% and 7.5% r e s p e c t i v e l y ) .  

cha in  succ inoy la ted  DMPEA coup led  t o  p o l y - l y s i n e  (F ig .  13.4 C )  as t h e i r  an t i gen .  

T h e i r  an t i body  ( r a i s e d  i n  r a b b i t s )  showed much g r e a t e r  s p e c i f i c i t y  f o r  t h e  sub- 

s t i t u t e d  r i n g  system o f  DMPEA than  f o r  t h e  s ide-cha in .  

A s i m i l a r  r e s u l t  was ob ta ined  by R iceberg  and Van Vunakis (20 ) ,  who used a s ide -  

Thus t h e  an t iserum c ross -  
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A 

NH-CO-CH,CH,CO- 

MeO@H2CH2 NH, 

Me0 
B 

M e O D  CH2CH2NH -CO - CH ,CH,CO- NH poly - lysine 

Me0 i. 
C 

M e O D  CH ,C H,N H - CO - 

Me0 
D 

F i g .  13 .4 .  3,4-Dirnethoxyphenylethylarnine ( D M P E A )  a n t i g e n s  ( A - C )  and a r a d i o t r a c e r  
( 0 )  f o r  t h e  DMPEA a s s a y .  
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r e a c t e d  w i t h  a v a r i e t y  o f  s i d e - c h a i n  t y p e s  i n  w h i c h  t h e  3,4-d imethoxyphenyl  g r o u p  

was p r e s e n t ,  b u t  d i d  n o t  r e c o g n i z e  compounds i n  w h i c h  t h e  r i n g  s u b s t i t u t i o n  p a t t e r n  

was changed. T h i s  i s  w e l l  i l l u s t r a t e d  b y  t h e  v e r y  h i g h  c r o s s - r e a c t i v i t y  (450%)  o f  

N ,N-dimethy1-3,4-dimethoxyphenethyl ami ne ( N  ,N -d ime thy l  -DMPEA) , whereas t h e  c r o s s -  

r e a c t i v i t y  o f  N,N-dimethyl-3,4,5-trimethoxyphenethyl amine ( N  ,N -d ime thy l  -MES) was 

an  i n s i g n i f i c a n t  0.5%. 

The h i g h  p e r c e n t a g e  c r o s s - r e a c t i v i t y  (225%) o f  t h e  a c t i v e  m e t a b o l i t e  N - a c e t y l -  

DMPEA ( 2 1 )  i s  perhaps u n d e r s t a n d a b l e  s i n c e  t h e  s i d e - c h a i n  n i t r o g e n  f u n c t i o n  i n  b o t h  

N-acetyl-DMPEA and t h e  h a p t e n  a r e  p r e s e n t  as ca rboxamide  f u n c t i o n s .  I t  i s  s u r p r i s -  

i n g ,  however ,  i n  v i e w  o f  t h e  l a c k  o f  s p e c i f i c i t y  o f  t h i s  a n t i s e r u m  f o r  s i d e - c h a i n  

d e v i a n t s ,  t h a t  t h e  DMPEA m e t a b o l i t e  3,4-dimethoxyphenylacetic a c i d  had a l o w  c r o s s -  

r e a c t i v i t y  (0.9%). N e v e r t h e l e s s ,  i t  i s  i m p o r t a n t  t o  r e c o g n i z e  t h a t  t h i s  m e t a b o l i t e  

may be p r e s e n t  i n  t h e  u r i n e  i n  much h i g h e r  c o n c e n t r a t i o n  t h a n  DMPEA ( 2 1 ) ,  espe-  

c i a l l y  i n  e x p e r i m e n t s  i n  w h i c h  DMPEA i s  a d m i n i s t e r e d  t o  man o r  a n i m a l s .  

I n  o r d e r  t o  overcome t h e  a n a l y t i c a l  p rob lems  posed b y  t h e  l a c k  o f  s p e c i f i c i t y  o f  

t h e  a n t i s e r u m ,  R i c e b e r g  and Van Vunak is  ( 2 0 )  used h i g h  p r e s s u r e  l i q u i d  ch romato -  

g r a p h y  i n  c o n j u n c t i o n  w i t h  R I A  t o  i d e n t i f y  and measure i m m u n o l o g i c a l l y  a c t i v e  

m a t e r i a l  i n  u r i n e .  The r a d i o t r a c e r  employed i n  t h e  R I A  was N-2 - (3 ,4 -d ime thoxy -  

phenyl)ethyl-2-(4-hydroxyphenyl)acetamide ( F i g .  13.4 D )  a f t e r  i o d i n a t i o n  b y  r e -  

a c t i o n  w i t h  Na'"I. The RIA p r o c e d u r e  was s e n s i t i v e  enough t o  d e t e c t  100 pg o f  

DMPEA i n  a 0.1 m l  sample.  

I n  an  e a r l i e r  s t u d y ,  Van Vunak is  sfl. ( 2 2 )  p roduced  an a n t i g e n  f o r  DMPEA b y  

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

L - g l u t a m i c  a c i d .  

r a b b i t s  was n o t  c h a r a c t e r i z e d  p r o p e r l y  because an  a p p r o p r i a t e  s e l e c t i o n  o f  p o t e n -  

t i a l  c r o s s - r e a c t a n t s  was u n a v a i l a b l e .  A s i m i l a r  a n t i g e n  f o r  MES gave r i s e  t o  an  

a n t i s e r u m  w h i c h  was s p e c i f i c  f o r  t h e  r i n g  system o f  MES, b u t  w h i c h  showed a h i g h  

degree  o f  c r o s s - r e a c t i v i t y  w i t h  t h e  t w o  s i d e - c h a i n  a l t e r e d  d e r i v a t i v e s  o f  MES 

w h i c h  were examined (N-methyl-MES, 76% and N,N-dimethyl-MES, 60%) .  

The same g roup  s u b s e q u e n t l y  improved  upon t h e i r  a n t i s e r u m  f o r  MES ( 2 3 ) .  

r e p o r t e d  t h e  p r e p a r a t i o n  o f  two new a n t i g e n s  f o r  MES, t h e  f i r s t  o f  w h i c h  ( F i g .  13.5 

A) was l i n k e d  t h r o u g h  t h e  s i d e - c h a i n  amino f u n c t i o n  d i r e c t l y  t o  c a r b o x y l i c  a c i d  

f u n c t i o n s  o f  BSA. 

s u c c i n o y l a t e d  MES t o  BSA. 

r a b b i t s .  

b u t  were l e s s  s p e c i f i c  f o r  t h e  s i d e - c h a i n .  

a n t i g e n  ( F i g .  13.5 A )  c r o s s - r e a c t e d  s t r o n g l y  w i t h  N-methyl-MES (92%)  and w i t h  N,N- 

d imethy l -MES (75%) ,  w h i c h  a r e  s i m i l a r  t o  t h e  c r o s s - r e a c t i v i t i e s  o f  t h e s e  compounds 

w i t h  t h e  a n t i s e r u m  t o  MES-po ly -L -g lu tamic  a c i d  ( 2 2 ) .  The r e a s o n  f o r  t h e  v e r y  h i g h  

c r o s s - r e a c t i v i t i e s  o f  t h e s e  a n t i s e r a  w i t h  t e r m i n a l  s i d e - c h a i n  s t r u c t u r a l  d e v i a n t s  

p r o b a b l y  stems f r o m  t h e  l a c k  o f  a ' h a p t e n i c  b r i d g e '  t o  h o l d  t h e  h a p t e n  away f r o m  

U n f o r t u n a t e l y ,  t h e  a n t i s e r u m  w h i c h  was s u b s e q u e n t l y  r a i s e d  i n  

They 

The second a n t i g e n  ( F i g .  13.5 B) was p r e p a r e d  b y  c o u p l i n g  

A n t i s e r a  t o  b o t h  t y p e s  o f  a n t i g e n  were r a i s e d  i n  

B o t h  a n t i s e r a  were s p e c i f i c  f o r  t h e  r i n g  s u b s t i t u t i o n  p a t t e r n  o f  MES, 

The a n t i s e r u m  t o  t h e  d i r e c t l y  c o u p l e d  
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F i g .  13.5.  M e s c a l i n e  a n t i g e n s .  

t h e  s u r f a c e  o f  t h e  c a r r i e r  a n t i g e n .  C e r t a i n l y ,  t h e  a n t i g e n  i n  w h i c h  MES was 

l i n k e d  t o  BSA t h r o u g h  a s u c c i n o y l  b r i d g e  ( F i g .  13.5 B )  gave r i s e  t o  an  a n t i s e r u m  

w h i c h  had much l o w e r  c r o s s - r e a c t i v i t i e s  t o  N-methyl-MES (24%)  and N,N-d imethy l -  

MES (20%) .  The N - a c e t y l  d e r i v a t i v e  o f  MES was n o t  t e s t e d ,  b u t  on t h e  b a s i s  o f  t h e  

d a t a  p r e s e n t e d ,  i t  must  be  presumed l i k e l y  t o  c r o s s  s i g n i f i c a n t l y  w i t h  t h e s e  a n t i -  

s e r a .  N e i t h e r  a n t i s e r u m  c r o s s - r e a c t e d  s i g n i f i c a n t l y  w i t h  3 ,4 ,5 - t r ime thoxypheny l -  

a c e t i c  a c i d  w h i c h  i s  a m e t a b o l i t e  o f  MES ( 2 4 ) .  

I n  t h e  development  o f  a R I A  f o r  MES, R i c e b e r g  eta. ( 2 3 )  employed lz5I- 

1 a b e l  1 ed  N-[ 2- (3 ,4 ,5 - t r ime thoxypheny l  ) e t h y l  1-2- (4 -hyd roxypheny l  )ace tamide ,  w h i c h  

s i m i l a r  t o  t h e  r a d i o t r a c e r  f o r  DMPEA ( F i g .  13.4 D ) ,  as  a r a d i o t r a c e r .  The d e t e c -  

t i o n  l i m i t  o f  t h e  R I A  was 100 pg i n  a 0.1 ml sample, w h i c h  c o r r e s p o n d s  t o  1.0 ng/  

S 

ml o f  MES. The a u t h o r s  used  t h e i r  R I A  t o  f o l l o w  t h e  r a p i d  d i s a p p e a r a n c e  f r o m  t h e  

p lasma o f  i n t r a v e n o u s l y  a d m i n i s t e r e d  MES. 

13.2.2 Ca techo lamines  

The deve lopmen t  o f  RIAs f o r  c a t e c h o l a m i n e s  (25-27)  has p r o v e d  t o  be a d i f f i c u l t  

c h a l l e n g e  because o f  t h e  i n h e r e n t  i n s t a b i l i t y  o r  r e a c t i v i t y  o f  t h e  c a t e c h o l a m i n e s  

d u r i n g  d e r i v a t i z a t i o n ,  c o u p l i n g  and i m m u n i z a t i o n  p r o c e d u r e s .  

p r e p a r e d  c o n j u g a t e s  o f  DA s i m i l a r  t o  t h e i r  a n t i g e n s  f o r  DMPEA ( F i g .  13 .4 ) ,  b u t  

were u n a b l e  t o  r a i s e  a n t i s e r a  t o  DA d e s p i t e  t h e  f a c t  t h a t  t h e y  p r o t e c t e d  t h e  c a t e -  

W isse r  et g .  ( 1 7 )  
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c h o l  g r o u p ,  b y  c o n v e r s i o n  i n t o  t h e  i s o p r o p y l i d e n e  d e r i v a t i v e ,  d u r i n g  t h e  d e r i v a -  

t i z a t i o n  and c o u p l i n g  p rocedures .  

t h e  c a t e c h o l a m i n e s  were t o o  u n s t a b l e  t o  undergo  h a p t e n - p r o t e i n  c o u p l i n g  b y  t h e  

Mann ich  fo rma ldehyde  c o n d e n s a t i o n .  

Miwa g c. ( 2 8 )  r e c o g n i z e d  t h a t  t h e  s i d e - c h a i n  o f  a c a t e c h o l a m i n e  c a n  undergo  

c y c l i z a t i o n  ( 2 9 )  under  t h e  c o n d i t i o n s  o f  t h e  Mann ich  fo rma ldehyde  r e a c t i o n  u n l e s s  

t h e  amino f u n c t i o n  i s  f i r s t  s u b s t i t u t e d  w i t h  a s u i t a b l e  p r o t e c t i n g  g roup .  

S i m i l a r l y ,  G r o t a  and Brown ( 1 0 )  c o n c l u d e d  t h a t  

A c c o r d i n g l y ,  t h e  N-maleoy l  d e r i v a t i v e s  o f  L-A, L-NA, D A  and L-dopa were c o u p l e d  

t o  BSA b y  t h e  Mannich fo rma ldehyde  r e a c t i o n .  The c o n j u g a t e s  were t h e n  r e a c t e d  

w i t h  0.01 N HC1 a t  60" f o r  3 h o u r s  t o  remove t h e  m a l e i c  a c i d  r e s i d u e s  ( 3 0 ) .  I n  

o r d e r  t o  i n v e s t i g a t e  t h e  p o s i t i o n  o f  d e r i v a t i z a t i o n  on  t h e  c a t e c h o l a m i n e  r i n g  sys -  

tem, Miwa gal. ( 3 1 )  c a r r i e d  o u t  t h e  Mann ich  fo rma ldehyde  c o n d e n s a t i o n  w i t h  

e t h y l a m i n e  and a model compound, 4 - m e t h y l c a t e c h o l .  The r e s u l t ,  c o n f i r m e d  b y  

i n f r a - r e d  s p e c t r o s c o p y  and b y  p r o t o n  and 13C n u c l e a r  m a g n e t i c  resonance  s p e c t r o -  

scopy,  i n d i c a t e d  t h a t  t h e  p r o d u c t  o f  t h e  r e a c t i o n  was 5 - e t h y l a m i n o m e t h y l - 4 - m e t h y l -  

c a t e c h o l .  T h i s  s u g g e s t s  t h a t  t h e  c a t e c h o l a m i n e  undergoes t h e  Mann ich  fo rma ldehyde  

c o n d e n s a t i o n  para t o  t h e  3 - p o s i t i o n  h y d r o x y  f u n c t i o n .  

h y d r i c  p h e n o l s  such as p-TA w h i c h  appear  t o  undergo  t h e  r e a c t i o n  ortho t o  t h e  

p h e n o l i c  g roup  ( F i g .  1 3 . 3 ) .  

The p r o b a b l e  s t r u c t u r e s  o f  t h e  ca techo lamine -BSA c o n j u g a t e s  o f  Miwa & e. (30, 

T h i s  i s  i n  c o n t r a s t  t o  mono- 

31 )  a r e  shown in F i g .  13 .6 .  The R I A  p r o c e d u r e  f o r  A ( 3 2 )  was e x t r e m e l y  s e n s i t i v e  

CH2 NH- BSA 

CH-CH - NH 
1 1 1  wo HO R1 R2 R3 

F i g .  13.6. Ca techo lamine  a n t i g e n s .  

( d e t e c t i o n  l i m i t ,  a b o u t  20 pg )  and h i g h l y  s p e c i f i c  ( 3 H - A  t r a c e r )  f o r  b o t h  c a t e c h o ?  

and s i d e - c h a i n  f u n c t i o n s .  

DA (0 .017%),  L-dopa ( <  0.01%),  NMN ( <  0.01%), 3,4-dihydroxyphenylacetic a c i d  (DOPAC) 

( <  0.001%), 3 ,4 -d ihyd roxymande l i c  a c i d  (DHMA) ( <  0 .001%) ,  HVA (O.OOl%), VMA (0.001%) 

and i s o p r e n a l  i n e  (0.05%). The h i g h e s t  c r o s s - r e a c t i v i t i e s  o f  t h e  compounds t e s t e d  

C r o s s - r e a c t i v i t i e s  were e x t r e m e l y  l o w  t o  NA (0 .017%) ,  
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were t o  MN and SYN (bo th  1.25%), which have t h e  same s ide -cha in  as A .  Cu r ious l y ,  

t h e  an t iserum recogn ized bo th  enant iomers o f  A equa l l y ,  a l though t h e  an t i body  was 

apparen t l y  r a i s e d  t o  a con jugate  o f  L-A-BSA (30) .  

I n  a r e c e n t l y  pub l i shed  i n v e s t i g a t i o n  o f  t h e  p o t e n t i a l  f o r  t he  development o f  

RIAs f o r  catecholamines and t h e i r  me tabo l i t es ,  Diener &a. (33)  prepared con- 

j uga tes  f o r  e-TA, OA, SYN, NMN and DA. 

d iscussed i n  t h i s  rev iew.  The c r o s s - r e a c t i v i t y  p r o f i l e s  o f  t h e  a n t i s e r a  were 

e s s e n t i a l l y  c o n s i s t e n t  w i t h  e a r l i e r  exper ience. 

a. (34,35) developed an enzyme-RIA procedure f o r  t h e  measurement o f  

L-dopa, DA and 3-MT i n  u r i n e .  Th is  method was based on the  i n c u b a t i o n  o f  u r i n e  

i n  t h e  presence o f  catechol-0-methyltransferase, aromat ic  L-amino-acid decarboxy- 

l a s e  and S-adenosylmethionine. The concen t ra t i on  o f  t h e  DA m e t a b o l i t e  3-MT i n  

t h e  u r i n e  sample was then measured by R I A  (36) .  

The an t igens  were a l l  prepared by methods 

F a r a j  

13.2.3 5-Hydroxytryptamine (Sero ton in ;  5-HT) 

I n  one o f  t h e  e a r l i e s t  approaches t o  t h e  development o f  R I A  f o r  se ro ton in ,  

Ranadive and Sehon (12)  pioneered t h e  adap ta t i on  o f  t h e  Mannich formaldehyde r e -  

a c t i o n  t o  t h e  syn thes i s  o f  p r o t e i n  conjugates o f  s e r o t o n i n  and 5-hydroxy indo le -  

a c e t i c  a c i d  (5-HIAA). An t ibod ies  subsequent ly r a i s e d  t o  t h e  s e r o t o n i n  con jugates  

were capable o f  i n h i b i t i n g ,  i n  mice, t h e  cutaneous r e a c t i o n s  evoked by i n t rade rma l  

i n j e c t i o n  o f  se ro ton in .  

Grota and Brown (13)  adapted t h e  method o f  Ranadive and Sehon t o  syn thes i ze  

p r o t e i n  con jugates  f o r  s e r o t o n i n  and N-ace ty l se ro ton in ,  b u t  were unable t o  p repare  

s u i t a b l e  con jugates  f o r  5-methoxy-N-acetylserotonin (me la ton in ) .  

specu la ted  t h a t  t h e  f a i l u r e  o f  me la ton in  i n  t h e  Mannich formaldehyde c o n j u g a t i o n  

r e a c t i o n  was due t o  t h e  l a c k  o f  a f r e e  pheno l i c  group i r l  t h e  molecule.  I t  has been 

demonstrated t h a t  aminomethylat ion occurs ortho ( o r  para) t o  a pheno l i c  group under 

these c o n d i t i o n s  (11) .  

r e a c t i o n  had occur red  a t  a p o s i t i o n  ortho t o  t h e  5-hydroxy group o f  s e r o t o n i n  o r  o f  

N -ace ty l se ro ton in .  Th is  proposal  i s  supported by t h e  c r o s s - r e a c t i v i t y  p r o f i l e s  o f  

t h e  a n t i s e r a  r a i s e d  t o  the  con jugates .  

(166%) w i t h  5-methoxytryptamine (5-MT) b u t  d i d  n o t  c ross - reac t  w i t h  a v a r i e t y  o f  

s ide -cha in  v a r i a n t s  o f  se ro ton in .  The i n a b i l i t y  o f  t h e  an t iserum t o  recogn ize  

chemical  m o d i f i c a t i o n s  t o  t h e  pheno l i c  group i s  c o n s i s t e n t  w i t h  t h e  c o n j u g a t i o n  o f  

t h e  p r o t e i n  a t  one o r  bo th  p o s i t i o n s  ortho t o  t h e  pheno l i c  group. 

vo lved t h e  immunizat ion o f  r a b b i t s  w i t h  con jugates  prepared by t h e  r e a c t i o n  o f  sero- 

t o n i n  c r e a t i n i n e  s u l f a t e  w i t h  d i a z o t i z e d  p-aminoacetan i l ide .  

t h e  a c e t y l  p r o t e c t i n g  group, t h e  hapten was d i a z o t i z e d  and coupled t o  t h e  c a r r i e r  

an t i gen .  The a n t i b o d i e s  had low t i t r e s  and were n o t  used f o r  R I A ,  a l t hough  they  

were shown t o  be capable o f  i n h i b i t i n g  t h e  i n  v i v o  r e a c t i o n  o f  s e r o t o n i n  i n  r a t s .  

The au thors  

Grota and Brown (13)  t h e r e f o r e  suggested t h a t  t h e  c o u p l i n g  

The an t iserum f o r  s e r o t o n i n  c ross - reac ted  

A d i f f e r e n t  approach t o  t h e  development o f  a n t i b o d i e s  f o r  s e r o t o n i n  (37)  i n -  

A f t e r  c leavage o f  
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Peskar  and S p e c t o r  ( 3 8 )  a l s o  used  a d i a z o t i z a t i o n  r e a c t i o n  t o  c o u p l e  s e r o t o n i n  

c r e a t i n i n e  s u l f a t e  t o  BSA w h i c h  had been p r e v i o u s l y  e n r i c h e d  w i t h  p - a m i n o p h e n y l a l -  

a n i n e  r e s i d u e s .  The a n t i s e r a  r a i s e d  t o  t h i s  c o n j u g a t e  i n  r a b b i t s  c r o s s - r e a c t e d  

( 9 3 % )  w i t h  5-MT, b u t  d i d  n o t  r e c o g n i z e  m e l a t o n i n ,  N - a c e t y l s e r o t o n i n ,  5 -hyd roxy -  

t r y p t o p h a n  (5-HTP), 5-HIAA o r  any  o f  t h e  o t h e r  s i d e - c h a i n  m o d i f i e d  d e r i v a t i v e s  o f  

s e r o t o n i n  t e s t e d .  These d a t a  s u p p o r t  t h e  a u t h o r ' s  s u g g e s t i o n  t h a t  d i a z o t i z a t i o n  

had o c c u r r e d  & t o  t h e  5 - h y d r o x y  g roup  o f  s e r o t o n i n ,  l e a v i n g  t h e  a m i n o e t h y l  s i d e -  

c h a i n  u n m o d i f i e d .  The R I A  i s  c a p a b l e  o f  d e t e c t i n g  1 n g  o f  s e r o t o n i n  and has been 

compared f a v o u r a b l y  w i t h  a s t a n d a r d  s p e c t r o f l u o r o m e t r i c  method f o r  s e r o t o n i n  (39 ,  

4 0 ) .  

m i n a t i o n  o f  s e r o t o n i n  i n  p l a t e l e t s  ( 4 0 )  and t o  t h e  measurement o f  serum s e r o t o n i n  

c o n c e n t r a t i o n  i n  normal  ma le  and fema le  r a t s  a f t e r  i n t e s t i n a l  i s c h e m i a  shock ( 4 1 ) .  

J a f f e  and co -worke rs  have deve loped  a RIA f o r  s e r o t o n i n  (42,43) based o n  t h e  

method o f  Peska r  and S p e c t o r  ( 3 8 ) .  The a n t i s e r u m  c r o s s - r e a c t e d  t o  a l e s s e r  e x t e n t  

( 2 7 % )  w i t h  m e l a t o n i n  t h a n  d i d  t h a t  o f  Peska r  and S p e c t o r  b u t  was s i m i l a r  i n  t h a t  

i t  d i d  n o t  r e c o g n i z e  s i d e - c h a i n  m o d i f i e d  v a r i a n t s  o f  s e r o t o n i n .  

c a n  d e t e c t  100 pg s e r o t o n i n ,  has been v a l i d a t e d  b y  compar i son  w i t h  a s p e c t r o f l u o r o -  

m e t r i c  method and a p p l i e d  t o  t h e  measurement o f  s e r o t o n i n  c o n c e n t r a t i o n s  i n  p r o t e i n -  

f r e e  s u p e r n a t a n t s  o f  human w h o l e  b l o o d  and i n  p l a t e l e t - r i c h  p lasma and p l a t e l e t -  

p o o r  p lasma (42 ,43 ) .  

enough t o  f a c i l i t a t e  s t u d i e s  i n t o  t h e  p h y s i o l o g i c a l  r o l e  o f  s e r o t o n i n  and t h a t  

t h e r e  a r e  a number o f  p o t e n t i a l  c l i n i c a l  a p p l i c a t i o n s  f o r  t h e  p r o c e d u r e .  

S p e c t o r  and h i s  co -worke rs  have s u b s e q u e n t l y  a p p l i e d  t h e  R I A  t o  t h e  d e t e r -  

The R I A ,  w h i c h  

The a u t h o r s  p o i n t  o u t  t h a t  t h i s  R I A  i s  s e n s i t i v e  and s p e c i f i c  

13.2.4 P h e n i s o p r o p y l  amines : s t e r e o s p e c i  f i c  (R IA)  

A b r i e f  s e c t i o n  on  t h e  R I A  o f  p h e n i s o p r o p y l a m i n e s  has been i n c l u d e d  because 

r e c e n t  deve lopmen ts  i n  t h i s  f i e l d  have shown t h a t  R I A  f o r  p h e n a l k y l a m i n e s  c a n  be 

h i g h l y  s t e r e o s p e c i f i c .  

n o n - s t e r e o s p e c i  f i c  RIAs f o r  t h e  p o t e n t  ha1 l u c i n o g e n  1-(3,5-dimethoxy-4-methyl pheny1)-  

2 - p r o p y l a m i n e  (DOM; STP) (22,23,44), b u t  t h e  f i r s t  a t t e m p t  t o  d e v e l o p  a s t e r e o -  

s p e c i f i c  R I A  f o r  a p h e n i s o p r o p y l a m i n e  was r e p o r t e d  b y  F a r a j  eta. ( 4 5 ) .  

p r o c e d u r e  was based on  a n o n - s t e r e o s p e c i f i c  R I A  f o r  amphetamine (AM)/methamphet- 

amine (Me-AM) ( 4 6 ) .  

( 4 - b r o m o b u t y l  I p h t h a l i m i d e  and t h e  subsequen t  c o u p l i n g  o f  N-(4-aminobuty l )Me-AM t o  

BSA. The a n t i s e r u m  d i s p l a y e d  an  e n c o u r a g i n g  p r e f e r e n c e  f o r  ( + ) - A M  (100%) and 

(+)-Me-AM (118%) ,  b u t  d i d  c r o s s - r e a c t  w i t h  t h e  ( - ) -AM t o  t h e  e x t e n t  o f  36%. 

I n  o r d e r  t o  e x p l o r e  t h e  p o t e n t i a l  l i m i t s  o f  s t e r e o s e l e c t i v i t y  f o r  t h e  R I A  o f  

phena l  k y l a m i n e s ,  t h e  p r e s e n t  a u t h o r s  p r e p a r e d  s e p a r a t e  a n t i g e n s  f o r  ( + ) -  and ( - ) -  
e p h e d r i n e  (EPH). These d r u g s  were chosen as models  because t h e y  have  two  c h i r a l  

c e n t e r s ,  w h i c h  a f f o r d  f o u r  o p t i c a l  i somers  t o  c h a l l e n g e  t h e  s t e r e o s e l e c t i v i t y  o f  

t h e  a n t i s e r a .  Haptens were p r e p a r e d  b y  t h e  r e a c t i o n  o f  t h e  secondary  amino g roup  

of  (+ ) -  o r  (-)-EPH w i t h  m e t h y l  a c r y l a t e  (47,48), f o l l o w e d  b y  m i l d  a l k a l i n e  

There  have been a number o f  r e p o r t s  on  t h e  deve lopmen t  o f  

T h i s  

The a n t i g e n  was p r e p a r e d  b y  t h e  r e a c t i o n  o f  (+)-Me-AM w i t h  N- 
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hydrolysis of the  methyl e s t e r .  This method was chosen because the reaction con- 
d i t ions  a re  mild, there  i s  l i t t l e  or no contamination from s ide  products a n d  n o  
racemization, and  because the nitrogen atom of the hapten remains as  an a l i p h a t i c  
amino function. Thus, the e lec t ronic  environment of the hapten a t  the  posi t ion o f  

der iva t iza t ion  i s  s imi la r  t o  t h a t  in the or iginal  d r u g .  The haptens were coupled 
t o  BSA by the carbodiimide method, a n d  the antigens so produced (Fig.  13.7) were 
used t o  immunize rabbi t s .  

The an t i se ra  t o  ( + ) -  a n d  ( - ) - E P H  were highly s te reospec i f ic .  Some cross-  
r e a c t i v i t i e s  of the an t i se ra  a re  shown in Fig. 13.7. Neither antibody cross-  
reacted with the opt ical  antipode of i t s  subs t ra tes  nor with a racemic mixture o f  
the diastereoisomers ( 4 9 ) .  

R I A  procedures for  ( + ) -  and  ( - ) - E P H  based on these an t i se ra  were validated by 
comparison with a gas-1 iquid chromatography ( G L C )  method with electron-capture  
detect ion.  The G L C  method was n o t  s te reospec i f ic  a n d  the sum of the concentrations 
of the enantiomers of  EPH, as determined by R I A ,  was compared with the concentra- 
t ion  o f  t o t a l  EPH, as determined by G L C .  Treated thus,  the RIA- a n d  GLC-generated 
data gave v i r t u a l l y  ident ical  plasma concentration/time curves a f t e r  the adminis- 
t r a t i o n  of racemic EPH t o  two healthy volunteers. 
the s t e r e o s p e c i f i c i t y  of the RIAs a n d  t h a t  they were f ree  from interference from 
metabolites of EPH or from endogenous substances. 

Findlay a. ( 5 0 )  developed a highly s te reospec i f ic  R I A  for  (+)-pseudo- 
ephedrine ( P E P H ) .  

scr ibed above a n d  was used t o  immunize rabbi t s .  The antiserum was highly s te reo-  
s p e c i f i c  and did n o t  cross-react  s i g n i f i c a n t l y  with ( - ) - P E P H ,  ( + ) - E P H ,  ( - ) - E P H  or 
( + ) - n o r - P E P H  or with a var ie ty  of other  re la ted compounds. The R I A  based on  t h i s  
antiserum was compared with a G L C  procedure in  the determination of PEPH concen- 
t r a t i o n s  in  h u m a n  plasma. The r e s u l t s  were in excel lent  agreement, a n d  the R I A  
was subsequently applied t o  assess  the bioequivalence of immediate and  sustained-  
re lease PEPH formulations in  normal volunteers. 

These experiments confirmed 

The antigen was prepared by the methyl acry la te  method de- 

13.3 C O N C L U S I O N  
The foregoing review has i l l u s t r a t e d  t h a t  R I A  can be extremely s e n s i t i v e ,  highly 

s p e c i f i c  and even highly s te reospec i f ic .  I t  i s  a l so  apparent t h a t  R I A  i s  n o t  a 
panacea. Each antiserum a n d  each R I A  procedure have t h e i r  own individual charac- 
t e r i s t i c s  and  must be evaluated in the context in which they a re  t o  be applied. 
Cri t ic ism of R I A  almost invariably centers  on the c ross - reac t iv i ty  p r o f i l e  of the 
antiserum, a n d  on  the concern t h a t  there  may be unidentified cross-reactants  which 
might i n t e r f e r e  with the assay. All t o o  of ten t h i s  kind of c r i t i c i sm i s  invi ted 
by authors who describe t h e i r  RIAs as being ' s p e c i f i c '  when c l e a r l y  there  a re  
worrying c r o s s - r e a c t i v i t i e s  associated with the procedures. These concerns can  be 
addressed d i r e c t l y ,  i f  the RIA procedure, in a par t icu lar  appl ica t ion ,  i s  compared 
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Compound T e s t e d  I + ) - E p h e d r i n e  A n t i s e r u m  ( - ) - E p h e d r i n e  A n t i s e r u m  

( - ) - E p h e d r i n e  .2 100 
( + ) - E p h e d r i n e  100 .2 
(+ ) -Pseudoephedr ine  .1 .1 
( f ) -No r e p  h e d r  i ne 0 .1 
(+)-Parahydroxyephedr ine 0 0 

F i g .  13 .7 .  E p h e d r i n e  a n t i g e n s  and some c r o s s - r e a c t i o n s  
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w i t h  a more r i g o r o u s  c h e m i c a l  method.  

t h e  R I A  c a n  be used  t o  a n a l y z e  thousands  o f  samples w i t h  a g r e a t  d e a l  more c r e d -  

i b i  1 i ty .  

Once t h i s  k i n d  o f  compar i son  has been made, 

C o n s i d e r a b l e  p r o g r e s s  has been made i n  t h e  development  o f  RIAs f o r  t h e  a n a l y s i s  

o f  l o w  c o n c e n t r a t i o n s  o f  p h e n o l i c  p h e n a l k y l a m i n e s  i n  b i o l o g i c a l  f l u i d s  and t i s s u e  

p r e p a r a t i o n s .  

means b y  w h i c h  t h e  most  h i g h l y  s e n s i t i v e  and s p e c i f i c  a n t i s e r a  c a n  be r e l i a b l y  

r e p r o d u c e d ,  R I A  seems d e s t i n e d  t o  p l a y  an  i m p o r t a n t  p a r t  i n  t h e  a n a l y s i s  o f  t h e  

b i  o g e n i  c ami nes . 

W i t h  a g r e a t e r  u n d e r s t a n d i n g  o f  t h e  immune response  and o f  t h e  
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adrep ine  57 
agmatine 49 
alumina 37, 44, 70, 71 
amino ac ids  53, 54, 76, 87, 162, 

219, 221, 246, 273 
y-aminobuty r ic  a c i d  130, 131, 246, 

amphetamine 43, 44, 49, 130, 254- 

a n t i c h o l i n e r g i c s  281 
ant idepressants  8, 276, 280, 281 
ant iserum 286-291, 293, 297 
a n x i e t y  1 
argen ine  49 
aromat ic  amino a c i d  decarboxylases 

asco rb i c  a c i d  69, 154, 160, 163, 186, 

a t r o p i n e  17, 19, 32 
autorad iography  42, 49, 77 
au xo t on i  c me as u r e  men t 
benzodiazepines 38, 274, 275, 280, 

benzylamine 120, 130 
b i c u c u l l i n e  270, 271 
bioassay o f  complex m ix tu res  33-35 
bioassays 9, 15-36, 177 
b l o o d - b r a i n - b a r r i e r  4 

281 

285 

251, 268, 270, 271, 273-281 

256, 259, 260-262, 297 

191, 232, 259, 296 

228, 245, 246, 252, 254, 255, 258- 
263 

24 

281 

b u f o t e n i n  47, 52, 67, 74, 76, 92, 
93, 131, 193 

b u t a c l  amol 271 
cadaver ine 49, 129, 131, 142, 175, 

219 
c a p i l l a r y  columns 109, 110, 118, 

119, 131, 139, 145, 168-170, 172, 

carbon f i b e r  mic rovo l tammet r ic  

a- ca r b oxy - 3 ,4,B - t r i hy d r oxyp he ny 1 

c a r c i n o i d  tumor 7 
c a r d i a c  muscle 24, 26, 27, 32, 33 
c a r r i e r  an t i gen  285, 289, 290 
catecho l  0-methyl t r a n s f e r a s e  2, 

41, 50, 51, 184, 185, 187-191, 
199, 232, 296 

c e l l u l o s e  37, 42-48 
chemical i o n i z a t i o n  135, 145 

chemi luminescence 221 
ch lo rphen i ramine 32 
- p-chloroamphetamine 255-257 
p-ch lo ropheny la lan ine  255, 257 
~ - ( 4 - c h l o r o p h e n y l  ) e t h y l  amine 120 
chlorpromazine 31, 151, 152, 255 
c h o l i n e  152, 170, 176 
cho l  i nes te rase  31, 32 
chronoamperometry 243, 244 
c i m e t i d i n e  32 
c o e l i a c  disease 6 
c o l o r i m e t r i c  procedures 78, 177, 

conjugates 160, 161, 164, 190, 191, 

c o r t i c o s t e r o i d s  38 
c r o s s - r e a c t i v i t y  287-291, 293, 298 
c r y o s t a t  84, 96, 99, 100, 157 
c y c l i c  nuc leo t i des  16, 268 
c y c l i c  vol tammetry 243, 244, 252, 

253, 262 
cyproheptad i  ne 33 
c y s t e i n e  154 
c y s t i c  f i b r o s i s  6 
cy top  ho tome t ry 85 
dens i tomet ry  39 
depress ion  4, 6, 7 
d e r i  va t  i z a t  i on and de r i  v a t i  z i n g 

acy l  amides 113 
acy l  anhydr ides 113 
acy l  h a l i d e s  113 
a c y l a t i o n  50, 56, 57, 73, 

93, 112, 113, 116, 118, 

153, 161, 162, 175, 192, 
193 

179 

e lec t rodes  256-262 

ethy lamine 90, 91 

170-172 

290 

206, 285, 290, 294 

reagents 

119, 121-124, 132, 137, 
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a l k y l a t i o n  112, 113, 162 
N-a1 kylami des 113 
N-alkylamines 113 
a l l o x a n  75 
aminoacetani l ide 296 
p-ami nohi  ppu r i  c a c i d  287, 
- 2aa 
p-aminophenylalanine 297 
V-aminophenazone 45 
boronates 113, 117 
(4-bromobutyl )ph tha l  i m i  de 

N-bromosuccinimide 75 
carbodi imide method 287, 291, 

carbon d i s u l f i d e  123 
4-ch loro-7-n i t robenzo la- 

condensation 112, 113 
o-diacetylbenzene 49, 50 
aiaminoethane 69 
d i a z o d i z a t i o n  287, 297 
5-d i  -n-butylaminonaphtalene- 

2,6-dichloroquinone ch lo ro -  

d ie thy lch lorophosphate 123 
d i  hydro-6-carbol  ines 85-88 
d i  hyd ro i soqu ino l i nes  85-88 
d i  hydroxy i  ndole 70 
d i  me rca  p t oe t han o 1 
p- d i  me thy1 ami no benz a 1 de hy de 
- 47 

297 

298 

-1,2,5-oxadiazole (4-ch l  oro-  
7-ni  t ro furazan;  Nbd-C1) 67 

-1-Tul fony l  c h l o r i d e  (BNS-C1) 
67, 136, 141, 144 

i d i m i d e  43 

69 

- p- d i met hy 1 ami noc i  nn ama 1 de hyde 
47, 67, 75 

1-( N,N-dimethylami no)-  
naphtha 1 ene- 5- su 1 f ony 1 
c h l o r i d e  (dansyl  c h l o r i d e ;  
DNS-C1) 40, 41, 50, 52- 
57,. 67, 75-77, 129, 130, 
132-134, 136, 142, 144, 
145, 161, 188, 198, 219- 
22 1 

d imethy l th iophosphnic  
c h l o r i d e  123 

N,N-dimethylthiophosphinyl- 
a n i l i n e  123 

2,4-dini  trobenzene s u l  f o n i  c 
a c i d  123 

d i n i  t rophenyl  171 
2,6-dini  t r o p h e n y l - 4 - t r i -  

f luoromethy lphenyl  116, 117 
2,6-dini  t r o - 4 - t r i f l u o r o -  

methylbenzene s u l f o n i c  
a c i d  123 

Dragendor f f 's  reagent 45 , 
48, 58 

e s t e r s  113 
e the rs  113 
e t h y l  ch loroformate 123, 175 
ethylenediamine 42, 43, 46, 

47, 48, 56, 68, 72, 73 
177, 220 

f e r r i c  c h l o r i d e  57 
f luorescamine 49, 50, 57, 

59, 67, 142, 219 
Fol i n -C ioca l  teau reagent 

46, 48, 51 
formaldehyde 67, 73, 74 

g lu tara ldehyde 84, 98, 100, 

g l y o x y l i c  a c i d  67, 84, 85, 

h e p t a f l u o r o b u t y r i c  anhydr ide 
115, 123, 133, 154, 165, 
166, 175 

hydrazones 113 
N-hydroxysuccinimide 225 
i sop ropy l i dene  295 
i soth iocyanate d e r i  va t i ves 

123, 161 
9-isothiocyanotoacridine 67 
k e t a l s  113 
N-maleoyl 295 
Mannich r e a c t i o n  288, 289, 

methyl a c r y l a t e  297 
methyl  ch loroformate 115 
6-methylanilinoaphthalene- 

2-sul  f o n y l  c h l  o r i  de 

83-85, 87, 89-94, 96-105, 
288, 289, 296 

290 

87-94, 96-100, 102-105 

296 

f M N S - C l l  67 
n i n h y d r i n  42-44, 47-50 

53. 74. 75 
n i t r o a n i l  {ne-42-44, 46-45 
- p-n i  trobenzene diazonium 

t e t r a f l  uoroborate 49 
n i  t rophenyl  161 
n i t rosonaph tho l  75 
oxazol  i nes  122 
oxazo l i d ines  113 
oxazol id inones 113 
oximes 113 
paraformaldehyde 42, 45, 

Pau ly ' s  reagent 48 
p e n t a f l  uorobenzene su l  f o n y l  

c h l o r i d e  122 
pen ta f l  uorobenzoyl c h l o r i d e  

117, 118, 122, 124, 142 
oen ta f l uo roo roo ion i c  

46, 94, 96, 98-100 

' anhydr ide i 1 5 ,  118, 
121, 122, 137, 138, 153, 

171, 175 
154, 161, 162, 165, 169- 

permethyl  153, 154, 161 
o-phenylenediamine 75 
phosphomolybdic a c i d  57 
phosphoryl  d e r i v a t i v e s  113 
o-phthalaldehyde 42, 45, 

49, 67, 74, 76, 78, 141 
177, 219, 225 
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Pic te t -Speng le r  condensat ion  
85. 102. 104 

po ly -L -g lu tamic  a c i d  293 
p o l y - l y s i n e  291 
potassium f e r r i c y a n i d e  42- 

S c h i f f  base 85, 115 
s i l y l a t i o n  112, 113, 161 
sod i  um bo rohydr i  de 69 
s u l f a n i l i c  a c i d  46 
s u l f o n y l  d e r i v a t i v e s  113 
s u c c i n i c  anhydr ide  291 
te t rahvdro-B-carbo l ines  85, 

44, 46-48, 56, 57, 67, 69, 
71, 220 

87 ,- 102 

85. 87. 102. 103 
t e t r a h y d r o i s o q u i n o l i n e s  46, 

- -  
t e t rapheny lbo ra te  57, 189 
t h i o l e s t e r s  113 
t h i o e t h e r s  113 
B- th iop rop ion i c  a c i d  69 
t h i o g l y c o l i c  a c i d  69 
TMS-i m i  dazole 115 
t r i f l u o r o a c e t i c  anhydr ide  115. 

120, 123, 138, 153, 154, 
161, 162, 172, 175 

tri hydroxy indo le  d e r i v a t i v e s  

t r i m e t h y l s i l y l a t i o n  113, 

66, 68-70, 73, 177, 219- 
22 1 

115, 116, 118, 123, 137, 
138, 154, 162, 171, 172, 
175 

d e s e n s i t i z a t i o n  16 
d e t e c t o r s  

e lec t rochemica l  139, 142, 143, 

e lec t ron -cap tu re  110, 113, 115, 

204, 216, 217, 220-228, 
230-232, 237, 247-251 

118, 119, 123-125, 135, 138, 
140-142, 177, 178, 199, 203, 
217, 225, 298 

f lame i o n i z a t i o n  110, 111, 115, 
116, 118, 123, 136, 138, 
140-142, 216, 217, 225 

f luorescence 76, 139, 204, 
216-221, 227, 228, 230-232 

n i  trogen-phosphorous 110, 111, 
113. 115. 122. 123 

r e f r a c t i v e  i n d e x -  216 
thermal c o n d u c t i v i t y  110, 216, 

u l t r a v i o l e t  216-218 
225 

d i  ami n o b u t y r i  c a c i  d 270 
diaminopropane 49 
diazepam 274, 275, 281 
N,N-diethyl-B-phenylethanol ami ne 

d i  - ( 2 -e t hy 1 hexy 1 ) ph 0s p ho r i  c a c i  d 

N ,N-di e t h y l  t r y p t a m i  ne 
d i f f e r e n t i a l  pu l se  vol tammetry 

45 

120, 185 
76 

243, 244, 259 

d i h y d r o a l p r e n o l o l  274 
3,4-dihydroxybenzylamine 208, 

3,4-di hydroxymandel i c a c i d  43, 

3,4-dihydroxyphenylacetic a c i d  42, 

209, 211, 213-215, 231 

46-49, 51, 152, 154, 155, 192, 
211, 295 

43, 46-49, 51, 152, 154, 155, 
163, 164, 191, 192, 206, 208, 
211, 213, 214, 224, 228-230, 245, 
246, 248-250, 254-256, 258-260, 
262, 295 

46. 47. 70. 73. 87. 90. 104, 
3,4-di hydroxyphenyl  a1 an ine  42-44, 

155, ij6, i91,~224; 22j, 246, 
256, 259, 295, 295, 296 

3,4-di hydroxypheny le thano l  51, 152, 
153 

3,4-di hydroxypheny le thy lene g l y c o l  
46, 48, 51, 152, 154, 155, 206 

3,4-di hydroxyphenyl  1 a c t i  c a c i d  
155 

3,4-dihydroxyphenylpyruvic a c i d  152, 
155 

5,6-di hydroxy t ryp tami  ne 92, 93 
diisopropylf luorophosphate 31, 32 
3,4-dimethoxybenzoic a c i d  291 
3,4-dimethoxybenzyl a1 coho1 291 
1- (3,5-dimethoxy-4-methyl pheny1)- 

2-propylamine (OOM; STP) 297 
3,4-dimethoxyphenyl a c e t i c  a c i d  291, 

293 
3,4-dimethoxyphenylethylamine 67, 

N-2-(3,4-dimethoxyphenyl ) e t h y l -  
2-(4-hydroxyphenylacetamide) 293 

N ,N-dimethyl d imethoxypheny le thy l  ami ne 
293 

N ,N-dimethy1-5-hydroxytryptami ne 94 
N,N-dimethylmescaline 293, 294 
N,N-dimethyl-B-phenylethanolamine 45 
N,N-dimethyl t ryptamine 47, 76, 92, 

dopamine 1, 2, 4, 17, 19, 29-31, 35 

152, 

75, 90, 286, 288-294 

93, 94, 123 

42-54, 57-59, 67, 68, 70-73, 76, 
86, 87, 90, 91, 93, 102-105, 
115-117, 129, 139-141, 152, 153, 
155, 159, 170, 171, 174, 176, 184, 
186-191, 204, 206, 208, 209, 211, 
212-215, 220, 224, 227-231, 245- 
248, 250, 252, 254-256, 258-262, 

288-290, 294-296 
271, 276, 278, 280, 281, 286, 

dopamine B-hydroxylase 171, 196, 

emiss ion  63-65, 83-85, 90, 92, 93, 

enkepha l ins  251, 279 
ephedr ine  44, 297-299 
e p i - i l l u m i n a t i o n  101 
e p i l e p s y  7 
ep inephr ine  (see ad rena l i ne  ) 
e p i n i n e  209, 231 

197 

101 
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e x c i t a t i o n  63-65, 83-85, 90, 93, 
95, 101 

f a t t y  a c i d s  16 
f en f l u ramine  256, 257 
f luorescence microscopy 84, 85, 

f luorescence techniques 37, 48, 50, 
100-102 

55, 57, 59, 63-81, 83-107, 129, 
135, 139, 142, 143, 199, 203, 280, 
297 

f luorescence y i e l d  103 
f l u o r i m e t r y - c y c l i n g  78 
f luorophore  y i e l d  103 
f l u o x e t i n e  255 
f l u p e n t h i x o l  6 
f ou r  p o i n t  assay 22 
f reeze-dry ing  94, 95, 99, 103 
gas chromatography 77, 78, 109-128, 

gas chromatography-mass spec t romet ry  

135, 138-141, 143, 144, 177, 199, 
203, 298 

78, 105, 125, 131, 135-142, 144, 
188, 203-229, 231, 248, 268, 279, 
280, 285, 297 

glutamate 15 
gramine 48 
growth hormone 285 
guvacine 270 
h a l o p e r i d o l  31, 255, 256, 259 
hapten 285, 286, 288-291, 293, 

296, 297, 298 
h e p a t i c  coma 6, 7 
h e p a t i c  encephalopathy 6 
h i g h  performance t h i n - l a y e r  

chromatography 38-40, 56, 59 
h i g h  pressure  l i q u i d  chromatography 

38, 76, 139, 141-144, 203-236, 
247-251, 268, 287 

h is tamine  1, 7, 17, 19, 27, 32, 33, 
43, 45, 49, 50, 53, 54, 58, 75, 
78, 123-125, 129, 140, 141, 154, 
175, 194-196, 198, 200, 219 

h i s t i d i n e  75, 123, 196 
h is tochemica l  f luorescence 66, 

homoqentesic a c i d  46 
83-107 

h o m o i a n i l l i c  a c i d  42, 46-49, 152, 
155, 157, 177, 191, 208, 211-214, 
218, 227-231, 246, 253-256, 290, 
295 

i s o - h o m o v a n i l l i c  a c i d  152, 153 
horden ine  48 
p- hydroxyamphetami ne 130 
r iydroxybenzoi  c a c i d  48 
6-hydroxydopami ne 

p-hydroxyephedr ine 299 
5-hyd roxy indo le  76 
4-hydroxy i  ndo le -3-acet i  c a c i d  165 

59, 252, 255, 256, 
259-261 

5-hydroxyindole-3-acet ic a c i d  47, 
74, 76, 105, 152-155, 162-165, 

224, 227-230, 246, 248, 253, 
169, 175, 177, 208, 212, 216, 

254, 296, 297 

174, 288 
hydroxymandel ic a c i d  48, 166, 173, 

3-hydroxy-4-methoxyphenyl e t h y l  ami ne 

hyd roxy i  ndo l  e-0-methyl t r a n s f e r a s e  
67, 90 

193. 194 
hydroxypheny lace t ic  a c i d  6, 48, 173, 

174, 224, 288 
hydroxyphenylethanol  173, 288 
hydroxypheny lq lyco l  171, 173 
5 - hy d roxy  t ry p t ami ne ( s e r o t  on i n ) 1 , 

3, 4, 7, 19, 30, 33, 34, 40-46, 
50, 5 3 ,  54, 57, 58, 67, 71, 74, 
76, 77, 83, 86-93, 95, 103-105, 
115-119, 121. 122, 124, 125, 130. 
131, 140, 141, 152-155, 1621 
169-175, 192-194, 204, 205, 208- 
211. 213. 216. 224. 227-231. 246. 
248; 250; 254:257,-262, 275; 276; 
279, 281, 288, 296, 297 

6-hydroxy t ryp tamine 92, 93 
5-hydroxy t ryp tophan 43, 46, 47, 74, 

76, 93, 95, 105, 194, 216, 224, 
227, 256, 297 

5-hydroxy t ryp topho l  105, 153, 155, 
162, 163. 166. 172, 193. 206 

hyper tens ion  7 . 
hyper thy ro id i sm 7 
h y p e r t y r o s i  naemi a 6 
i m i d a z o l e a c e t i c  a c i d  75. 279 
i n  v i v o  e l e c t r o c h e m i s t r y  215, 237, 
- -263 _ ~ ~ .  

indo le -3 -ace t i c  a c i d  47, 76, 152- 

i n d o l e p r o p i o n i c  a c i d  76 
i n s u l i n  285 
ion-exchanqe HPLC 205-210. 216, 224, 

155, 162, 166, 169, 172, 174, 175, 
219, 227 

227, 23i 
i o n t o o h o r e s i s  261. 262 
i s o m e t r i c  measurements 24 
i s o p r e n a l i n e  43, 48, 295 
i s o t o n i c  measurement 24 
i s o p r o t e r e n o l  44, 52, 186 
k o j i c  amine 270 
l e u k o t r i e n e s  16 
mass spec t romet ry  52-56, 59, 76-78, 

110-113, 124, 129-149, 151-181, 
199, 21i 

mela ton in  47. 49. 76. 92. 93. 152. - _ .  
153-155, 166, i77, 192-194, 296; 
297 

mepyramine 19, 32 
mercaptoethanol  219, 225 
mesca l ine  49, 75, 291, 293, 294 



306 

metabo l i c  p r o f i l i n g  156-158, 168, 

metanephrine 2, 43, 45, 46, 48, 50, 
176, 179 

52, 55, 71, 104, 113, 115, 117, 

189, 192, 211, 228, 286, 289 
129, 152, 153, 177, 184-186, 188, 

methamphetamine 297 
methoxami ne 49 
5-methoxy-N ,N-dimethyl t ryptamine 67 , 

4-methoxydopamine 49 
3-methoxy-4-hydroxyphenyl ethanol  152 , 

74, 76 

155, 227 
3-methoxy-4-hydroxyphenyl e t h y l  ene 

g l y c o l  (MOPEG; MHPG) 45, 47, 48, 
152, 153, 155, 160, 163, 206, 224, 
227, 230, 231, 290 

- i so-3-methoxy-4-hydroxyphenyl e t h y l  ene 
a l v c o l  152. 154 

3-m&6oxy-4-hydroxyphenyll a c t i c  a c i d  

3-methoxy-4-hydroxyphenyl py ruv i  c 
a c i d  152, 155 

5-methoxyindole 76 
5-methoxyindole-3-acetic a c i d  

3-methoxyphenylethylamine 90 
5-methoxytryptamine 67, 74, 76, 

5-methoxytryptophan 92, 93 
5-methoxytryptophol  152-155, 166 
3-methoxytyramine 2, 42, 44, 46-50, 

152-155 

47, 76, 152-155, 165 

92, 93, 95, 103, 152-155, 165, 
166, 296, 297 

59, 67, 71, 73, 90, 104, 115, 116, 
119, 120, 129, 153, 155, 157, 177, 
187, 228, 254-256, 286, 288-290, 
296 

3-methoxytyrosine 155 
a-methyldopamine 52, 90, 91, 171, 

methy lh is tamine 58, 75, 123, 124, 

m e t h y l h i s t i d i n e  75 
3-methyl -4-hydroxyphenyl a lan ine  

N-methyl-5-hydroxytryptamine 92 
methy l imidazoleacet ic  a c i d  75 
3-0-methyl i soprenal i n e  48 
N-methylmescaline 293, 294 
a-methylnoradrenal ine 5 2 ,  90, 91, 

N-methylnoradrenal ine 52 
N-methylphenylethanolamine 55, 173, 

N-methylserotonin 45 , 92 , 93 
N-methyl t rans fe rases  58, 183-185 , 

N-methyl t ryptamine 123 
5-methyl t ryptamine 121 
N-methyl ty rami  ne 48 

26 0 

195 

191 

171, 186, 213 

197 

189, 190, 192 , 194-199 

a-methy l -p- tyros ine 256, 259 
methysergide 19, 33 
metoclopramide 31 
m i c r o f l u o r i m e t r y  85, 93, 100-102, 

migra ine 1, 4 
monoamine oxidase 4, 6, 78, 105, 

morphine 279 
mu1 ti p l  e development 
muscar in ic  receptors  19, 27, 31, 

muscimol 270, 278 
naloxone 279, 281 
n a t i v e  f luorescence 65, 75, 76, 219 
neuro lep t i cs  ( a n t i - p s y c h o t i c s )  6, 

n i co t i nami  de adenine d i n u c l e o t  i d e  

n i c o t i n i c  receptors  31 
n o n - c o n t r a c t i l e  t i s s u e s  28 
noradrenal ine (norepinephr ine)  

104 

130, 184, 196, 198, 259 

39-41 

33 

31, 130, 273, 276, 278-280 

246 

1, 2, 4, 17, 19, 29, 30, 34, 35, 
40, 42-54, 56-59, 67-73, 76, 77, 
83, 86, 87, 91, 93, 101-105, 
113-117, 129, 140, 141, 152, 153, 
155, 159, 163, 170-172, 174, 176, 
183-190, 204, 208, 209, 211-214, 
219, 220, 224, 228-230, 247, 
248, 252, 262, 281, 286, 288-290, 
295 

no rad reno lu t i ne  69 
n o r d e f r i n  44, 49 
norephedr ine 299 
norepinephr ine (see noradrenal  i n e )  
n o r f e n e f r i n e  49 
norharman 74 
normal phase h i g h  pressure l i q u i d  

normal pu l se  voltammetry 243, 244, 
chromatography 205, 206 

260 
normetanephrine 2, 43-48, 50, 5 2 ,  

54, 55, 57, 71, 73, 76, 104, 113, 
115-117. 119. 120. 129. 152. 153. 
155, 17j, 184-186; 188; 189; 192; 
211, 214, 215, 228, 286, 289, 
290, 295, 296 

norphenylephr ine 298, 299 

octopamine 1, 5, 7, 46, 47, 52, 53, 
NSD-1015 259 

55, 57, 67, 76, 77, 90, 91, 
117-120, 129, 130, 137, 140, 165, 
171, 173, 174, 196, 198, 219, 
286, 288-290, 296 

ODioids 276. 279. 281 
paper chromatography 37, 67, 73, 

184, 195 
p a r a f f i  n-embeddi ng 103 
p a r a t h y r o i d  hormone 285 
p a r g y l i n e  256, 259 
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