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PREFACE 

This volume of Annual Reports in Medicinal Chemistry contains 32 chapters organized in the 
format of previous volumes. In selecting the chapter topics, the editors again sought to obtain a 
suitable balance between updates of the literature in areas of current active drug research, and 
developing areas of science that may provide a basis for future drug discoveries. Included in this 
volume are in-depth reviews of the neurotransmitter functions of adenosine, bacterial penicillin- 
binding proteins, immunotherapy for infectious diseases, pharmacological developments in der- 
matology, calmodulin antagonists, and mechanisms of action of insulin, glucagon, and somatos- 
tatin. Chapters on substance P and calcium antagonists extend reviews of these topics that ap- 
peared in the previous volume. Similarly, a chapter in volume 17 that reviewed the techniques 
employed in recombinant DNA research is followed this year with two chapters concerning the 
applications of this technology. One deals with the study of structure -function relationships of 
proteins, and another discusses other applications of potential interest to medicinal chemists. A 
review of the biochemical events involved in IgE-mediated degranulation of mast cells and ba- 
sophils complements the annual chapter on pulmonary and antiallergy agents, while scientific 
advances discussed in chapters on oncogenes, tyrosine-specific protein kinases, plasminogen 
activators, and natural killer cells suggest entirely new approaches to the development ofantican- 
cer drugs. 

A cumulative author index has been included in this volume to complement the cumulative title 
keyword index. 

In concluding my five-year term as editor-in-chief, I would like to extend my sincere gratitude 
and appreciation to the many authors for their excellent contributions, to the section editors for 
their conscientious assistance and advice, and especially to Mary Heinold, whose help was in- 
valuable in preparing the manuscripts for photoreproduction. The opportunity of serving in this 
capacity has been to me both intellectually stimulating and personally gratifying. 

Huns-Jiirgen Hess 
Groton, Cownrcticut 

MCI v I983 

xi 
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Sec t ion  I - CNS Agents 

Edi tor :  John McDermed, Burroughs Wellcome Company, 
Research T r i a n g l e  Park,  NC 27709 

Chapter 1. Adenosine as a Neuromodulator i n  t h e  
Mammalian C e n t r a l  Nervous System 

Michael Williams and J o e l  R. Huff 
Merck I n s t i t u t e  f o r  Therapeut ic  Research 

Merck Sharp and Dohme Research Labora to r i e s ,  West P o i n t ,  PA 19486. 

While the ca rd iovascu la r  effects of adenosine have been known for 
over half a century, '  the  neuromodulatory p o t e n t i a l  of t h i s  pu r ine  has, 
u n t i l  the  las t  decade, received l i t t l e  a t t e n t i o n . 2  
r e s u l t e d  l a r g e l y  from skep t i c i sm about a discrete modulatory r b l e  f o r  so 
ub iqu i tous  a compound which is ,  w i t h  its nuc leo t ides ,  involved i n  a l l  
a s p e c t s  o f  c e l l u l a r  m e t a b ~ l i s m . ~  Despi te  t h i s ,  t h e  seminal s t u d i e s  of 
Burnstock4 on non-chol inergic ,  non-adrenergic neurotransmission i n  
p e r i p h e r a l  t i s s u e s ,  those o f  S a t t i n  and Rall on adenos ine -e l i c i t ed  
i n c r e a s e s  i n  b r a i n  t i s s u e  c y c l i c  AMP  level^,^ and o t h e r  b i ~ c h e r n i c a l ~ , ~  
and e l e c t r o p h y s i o l o g i c a l  s t u d i e s  ,' have ind ica t ed  t h a t  adenosine,  by 
i n t e r a c t i n g  w i t h  e x t r a c e l l u l a r  r ecogn i t ion  sit s,  can modulate ce l l  
func t ion  i n  a phys io log ica l ly  r e l e v a n t  manner. 

i sop ropy l  (e-PIA, 2 )  analogs are potent  c e n t r a l  dep res san t s  .9 
v e r s e l y ,  t he  c e n t r a l  s t imu la to ry  p r o p e r t i e s  o f  the a l k y l x a n t h i n e s ,  
c a f f e i n e  and theophy l l ine ,  have been ascribed t o  antagonism o f  endogenous 
aden0s ine .5 , ' ~  Adenosine and its ana logs  a l s o  have profound effects on 
p e r i p h e r a l  ca rd iovascu la r  func t ion  ,11 and it is important t o  d i s t i n g u i s h  
between direct  effects o f  t h e  compound on nerve t i s s u e  e x c i t a b i l i t y  and 
secondary effects r e s u l t i n g  from changes i n  blood flow.12 

Biochemical Effects o f  Adenosine - Both c y c l i c  AMP and c y c l i c  GMP have 
been described as i n t r a c e l l u l a r  second messengers. '3 
l e v e l s  o f  these nuc leo t ides  by va r ious  e f f e c t o r s  can be related t o  nerve 

1: R= 0 ; R'= H ; R"= cH20H 

T h i s  h i a t u s  has 

% 

Adenosine and its N6-substi tuted cyclohexyl (CHA, 1) and 1-phenyl- 
Con- 

Thus changes i n  t he  

NHR cel l  a c t i v i t y .  Adenosine can 
either s t i m u l a t e  o r  i n h i b i t  

mammalian t i s s u e s ,  depending 
on the type o f  r e c e p t o r  
a c t i v a t e d .  l4 9 l 5  Guanylate 
cyclase a c t i v i t y  can a l s o  be 
s t imu la t ed  by adenosine16 
a t  5-50 f o l d  higher concen- 

formation is mediated by 
e x t r a c e l l u l a r  r ecogn i t ion  

sites ra th  r than by adenosine uptake and i nco rpora t ion  i n t o  p recu r so r  
pools.  '3 ,18 While a lky lxan th ines  such as c a f f e i n e ,  t heophy l l ine ,  and 

2 :  R = U l - C H C H 2 P h ;  R ' = H ;  R " = C H 2 0 H  c y c l i c  Am formation i n  
I 

- 
C H 3  

R" R' 

- 3: R =  H ; R ' X C I  ; R " =  C H 2 0 H  

- 4: R =  R ' = H  ; R " =  C O N H C ~ H ~  

5:  R *  R'. H, R". CH2SCH3 

6: R =  t r a t i o n s .  Increased c-AMP 

- OH OH 

; R': H ; R " = C H 2 0 H  

p-C'CgH4 
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2 - Sect. I - CNS Agents McDermed, Ed. 

isobutylmethylxanthine (IBMX, 1) are 
gene ra l ly  considered phosphodiesterase 

sugges t s  t h a t  the physiological  effects 
of these compounds are probably due t o  
antagonism of endogenous adenosine. 

- 7 :  CH31 R ' * i - B u  ; R " = H  i n h i b i t o r s ,  more r e c e n t  evidencelg s20 
- 8 .  R .  R'. C2H5; R''. Ph 

N 
H A' 9: R *  R ' -  CH3; R". Ph - 

I n  fa t  cells,23 mouse f e t a l  b r a i n  cel ls  ,14 ra t  s t r ia ta l  homogen- 
 ate^*^ and o the r  t i s sues ,25  evidence has been obtained f o r  three adeno- 
s i n e  reco n i t i o n  si tes (Table l) ,  designated A - 1  
tissue2,1f and R i ,  Ra and P i n  o the r   tissue^.^,^^,^^^ The A and R sites 
( a c t i v a t i o n  dependent on an i n t a c t  ribose moiety) are e x t r a c e l l u l a r  and 
s u s c e p t i b l e  t o  a lkylxanthine blockade while the P (pu r ine  r equ i r ing )  s i t e  
is i n t r a c e l l u l a r  and i n s e n s i t i v e  t o  a lky lxan th ine  blockade. 
r ecep to r s  are a c t i v a t e d  at  low purine COnCentratiOnS (lO'9M) and i n h i b i t  
adenylate  cyclase a c t i v i t y .  A t  higher concentrat ions ( 10'6M) , adenosine 
s t i m u l a t e s  c y c l i c  AMP formation by a c t i v a t i n g  A-2 o r  Ra receptors.14i15 
Act ivat ion of  the P s i te  causes an i n h i b i t i o n  of cyc la se  a c t i v i t y  possi-  
bly v i a  a GTP-dependent mechanism.25 
cussed f u r t h e r  below i n  t h e  s e c t i o n  on radiol igand binding. 

A-2 and P i n  b ra in  

A-1  o r  R i  

These r ecep to r  subtypes are d i s -  

Receptor Location 

P-1 Extracellular 
P-2 Extracellular 
Ra Extracellular 
Ri Extracellular 

P Intracellular 
A-1 Extracellular 
A-2 Extracellular 

Ado e adenosine 
Phado = phenyladenosine 

Table 1. Adenosine Receptor Subtypes 

Agonist Af finity 
Pharmacology (W 

10-6 

10-6 
10-9 

Ado > AMP > ADP > ATP 
ATP > ADP > AMP L Ado - 
NECA > Ado L PIA 

2-CAD0, Ado > N6-methyl ado > 
N6-benzyl ado > d-PIA, NECA 
2'5?-dideoxyadenosine >> Ado lod 
CHA = &-PIA > 2-CAW > d-PIA 10-9 
NECA > 2-CAW > Ado > PIA 

CHA > 1-PIA > Phado > 

10-6 

Biochemical 
Response 

4 a-AMP Formation4 
4 Prostaglandin formation4 
4 c-AMP formation15 
+ c AMP formation15~100 

Adenosine can depress spontaneous and evoked release of  neurotrans-  
mitters both i n  vivo and i n  v i t r o .  
t i o n s ,  the purine i n h i b i t s  t he  re ease of  norepinephrine,  a c e t y l c h o l i n e ,  
dopamine , se ro ton in  and CABA. 26-28 Adenosine a l s o  i n h i b i t s  spontaneous 
ace ty l cho l ine  release from guinea p ig  neocortex i n  s i t u 2 9  v i a  a process  
which is theophyl l ine s e n s i t i v e .  I n  c o n t r a s t  , the a l k  lxan th ines  enhance 
r e s t i n  ace ty l cho l ine  release from n e o c o r t i c a l  s l i ~ e s 3 ~  and rat c o r t e x  &I 
s i t u .  3f 2-Chloroadenosine 2-CAN, 2) po ten t ly  i n h i b i t s  dopamine release 
from s t r i a t a l  synaptosomes2 ( 1 5 0  10 nM) and in vivo decreases acetyl- 
chol ine turnover i n  ra t  hippocampus and parietal  c 0 r t e x . 3 ~  133 
ethylcarboxamide analog of adenosine (NECA, 4) a l s o  modulates str iatal  
dopaminergic funct ion when d i r e c t l y  i n  jectedT40 Adenosine may a f f e c t  
t r a n s m i t t e r  r e l e a s e  by reducing uptake of Ca2+.34 I n  o l f a c t o r y  c o r t e x  
s l i ce s35  adenosine i n h i b i t i o n  of  pos t synap t i c  p o t e n t i a l  generat ion is 
antagonized by e l eva ted  (56 mM) Ca2+ concentrat ions.  K+-depolarized 
synaptosomal calcium uptake is theoph l i n e  s e n s i t i v e ,  and is probably 
mediated by the A-2 r ecep to r  subtype.$' Ade o s i n e  also antagonizes  the  
e f f e c t s  of calcium i n  per iphera l  t i s ~ u e . 3 ~ 9 3 '  Evidence has been pre- 
sented f o r  i n t e r a c t i o n s  between adenosine and dihydropyridine calcium 
e n t r y  blockers  .39 

s i n e  .41-43 

I n  prelabeled b r a i n  s l ice  prepara- 

d - 
The 

The a c t i v i t y  of t y r o s i n e  hydroxylase is modulated by adeno- 
I n  pheochromocytoma cel ls  143 adenosine deaminase (ADA) 
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decreases b a s a l  t y r o s i n e  hydroxylase a c t i v i t y ,  while i n  ADA-pretreated 
cel ls ,  2-CAD0 e l i c i t s  a 2-5 f o l d  i n c r e a s e  i n  enzyme a c t i v i t y  which is 
as soc ia t ed  with an inc rease  i n  c y c l i c  AMP l e v e l s .  Tyrosine hydroxylase 
may be a c t i v a t e d  by a c y c l i c  AMP-dependent p r o t e i n  k inase  m e ~ h a n i s m , 5 ~  
support ing t h e  hypothesis of  a p o s i t i v e  feedback system f o r  catecholamine 
neurotransmission .41 
are, however, complicated by high a f f i n i t y  uptake systems f o r  t he  purine,  
which cause an underestimate o f  t h e  nuc leos ide ' s  eff icacy.44 
s t imu la t e s  nore inephrine metabolism i n  rat  b r a i n  v i a  a c lon id ine  sens i -  

S t u d i e s  on the  presynapt ic  effects of  adenosine 

IBMX 

t i v e  mechanism. 85 

E lec t rophys io log ica l  Effects of Adenosine - Ion tophore t i c  a p p l i c a t i o n  of 
adenosine o r  adenosine nuc leo t ides  depresses  spontaneous b r a i n  c e l l  
f i r i n g . 8  This  response is antagonized by a lky lxan th ines  and enhanced by 
dipyridamole and ADA i n h i b i t o r s ,  such as deoxycoformycin. ADA and 
a lky lxan th ines  i n c r e a s e  spontaneous e l ec t rophys io log ica l  a c t i v i t y  in 
b r a i n  slices ,lr6 presumably by antagonizing the  effects of endogenous 
adenosine. Th i s  observat ion and t h e  c e n t r a l  s t imu lan t  p r o p e r t i e s  of  
a lky lxan th ines  s g e s t  t h a t  c e n t r a l  neurons are under a pu r ine rg ic  

adenosine on ce l l  f i r i n g  r e s u l t  from presynapt ic  i n h i b i t i o n  of  t r ans -  
mitter release, more r ecen t  s t u d i e s  using i n t r a c e l l u l a r  recording tech- 
niques a l s o  i n d i c a t e  a pos t synap t i c  a c t i o n  on K+ c o n d ~ c t a n c e . ~ g  A poor 
c o r r e l a t i o n  between t h e  effects o f  a series of  adenosine analogs on 
c y c l i c  AMP accumulation and t h e i r  depression o f  cel l  f i r i n g  i n  hippo- 
campal s l ices  suggest  t h a t  c y c l i c  AMP is not  involved as a second mes- 
senger i n  t h e  e l e c t r o p h y s i o l o g i c a l  a c t i o n s  of  adenosine .5O 
the  d i b u t y r y l ,  monobutyryl and 8-bromo analogs of  c y c l i c  AMP51,52 enhance 
r a t h e r  than decrease pos t synap t i c  poten i a l s  i n  o l f a c t o r y  c o r t e x  and 

e x t r a c e l l u l a r  recogni t ion s i t e  no t  l inked t o  adenylate  cyc la se  which 
mediates t h e  e l ec t rophys io log ica l  a c t i o n s  of  adenosine.  However, an 
e x c e l l e n t  c o r r e l a t i o n  has been found i n  rat hippocampal sl ices between 
t h e  potencies  o f  a series of adenosine analogs i n  d i s p l a c i n g  r ad io l igands  
f r o m  A - 1  r ecep to r s  and i n  depressing evoked p o t e n t i a l s  .53 

i n h i b i t o r y  tone.4 9 ,Q8 While it is gene ra l ly  accepted t h a t  t h e  effects of 

Furthermore, 

hippocampal sl ice p repa ra t ion .  P h i l l i s  i has suggested a t h i r d  type of  

Behavioral  Effects o f  Adenosine - When administered e i t h e r  c e n t r a l l y  o r  
p e r i p h e r a l l y ,  adenosine,  s e v e r a l  of  its s t a b l e  analogs and ATP have 
s e d a t i v e  and an t i convu l san t  effects . S 4 4  
purine causes  hypnogenic and s e d a t i v e  effects i n  dog55 and induces 
behavioral  and e l e c t r o c o r t i c a l  s l e e p  i n  chicks .56 
t a t i o n  o f  t h e  enantiomers o f  P I A  depresses  mouse locomotor a c t i v i t y ,  t h e  
Lenan t iomer  being more potent  thar. t h e  d-enantiomer .57 CHA, l - P I A  and 
2-CAD0 cause seda t ion  and hypothermia and i n c r e a s e  s e i z u r e  l a t ency  when 
given p r i o r  t o  the convulsants  metrazole ,  s t rychn ine  and k a i n i c  a ~ i d . 5 ~  
While t h e  s e d a t i v e ,  hypothermic and an t i convu l san t  a c t i o n s  o f  CHA and 
2-CAD0 are blocked by theophy l l ine ,  t h e  an t i convu l san t  a c t i o n  of  1 - P I A  is 
n o t ,  suggest ing t h a t  d-PIA may i n t e r a c t  with nonpurinergic  r e c e p t 0 1 - s . ~ ~  
Theophylline i n c r e a s e s  locomotor a c t i v i t y 5 9  and s e n s i t i v i t y  t o  nocio- 
c e p t i v e  s t i m u l i  ,60 r e i n f o r c i n g  t h e  pu r ine rg ic  tone concept. A c l o s e  
c o r r e l a t i o n  between t h e  hypotensive effects of  a number of  adenosine 
analogs and t h e i r  a c t i o n  on r a t  c o r t i c a l  cel l  f i r i n g  has  been reported.12 

Endogenous Adenosine i n  t h e  Mammalian CNS - The effects of  adenosine 
documented so f a r  refer t o  the  a c t i o n  of  exogenously app l i ed  compound. 
A phys io log ica l  r o l e  f o r  t he  purine may, however, be i n f e r r e d  from 
increased c e l l u l a r  a c t i v i t y  r e s u l t i n g  from removal 
endogenous adenosine by ADA and a lky lxan th ines .  47 9 48 Fur the r  evidence 

Cen t ra l  admin i s t r a t ion  of  t he  

P e r i p h e r a l  adminis- 

r antagonism of 



4 Sect.  I - CNS Agents McDermed, Ed. - 

f o r  a physiological  r o l e  f o r  adenosine and related nuc leo t ides  depends, 
however on demonstrating some o f  t he  cr i ter ia  required of a neurotrans-  
mitter.61 While adenos ne is present  i n  the CNS a t  concen t r a t ions  of up 
t o  2 nmol g wet 
0 b s e r v e d . ~ $ ~ 3  S i m i l a r i l y ,  because o f  its ub iqu i ty ,  s y n t h e s i s  and degra- 
dat ion have not  been demonstrated, nor have d i s c r e t e  neuronal pathways 
been mapped. Nonetheless, A - 1  adenosine r ecep to r s  have a d i f f e r e n t i a l  
d i s t r i b u t i o n  ,64 and adenosine release has  been ex tens ive ly  s tud ied .  

no r eg iona l  v a r i a t i o n s  i n  content  have been 

i) Release - Since release of adenosine is o f t e n  expressed i n  terms 
of  the  r a d i o a c t i v i t y  derived from t i s s u e s  prelabeled with adenine o r  
adenosine, there is some degree of  controversy as t o  t h e  i d e n t i t y  and 
o r i g i n  of  t he  purines  r e l e a ~ e d . ~ , ~ ~  

Electrical s t imu la t ion ,  K+-depolarization, ouabain and v e r a t r i d i n e  
evoke i n  v i t r o  release of  rad i  
and synaptosomal p repa ra t ions .  gtJ9 I n  guinea p ig  ne c o r t i c a l  synapto- 
somes; K+-evoked purine release is calcium-dependent ,g9 whi le  i n  hypo- 
thalamic s naptosomes it was l a r g e l y  Ca2+-independent .7O 
@-evoked 38-purine release i n  rat c o r t i c a l  s l ices  lags behind t h a t  of  
3H-GABA ,T1 suggest ing t h a t  purine release is secondary t o  c a t i o n  eleva-  
t i o n  .72 

c i v e  purines  from prelabeled b ra in  s l ice  

Temporally, 

Cycl ic  AMP has  a l s o  been considered as a major source of  released 
Th i s  is c o n s i s t e n t  w i t h  s t u d i e s  showing t h a t  i nc reases  i n  adenosine .65 

adenosine l e v e l s  fol lowin b r a i n  sl ice s t imu la t ion  occur subsequent t o  
inc reases  i n  c y c l i c  AMP.69 It is a l s o  c o n s i s t e n t  w i t h  the finding73 tha t  
adenosine,  and not  ATP, is released from b r a i n  l ices  d e s p i t e  the high 

I n  pe r iphe ra l  t i s s u e s ,  ATP u dergoes Ca2+-dependent release 

i n t r a c e l l u l a r  concen t r a t ions  of  the nucleot ide.  f 5  

purine modulated neurohumoral events  i n  the CNS. 6 
fol lowing electrical  s t imu la t ion  ,78*75 and the co-release of ATP w i t h  
n0 rep inephr ine7~  and acetylchol ine77 ~7~ is well documented. 
appears un l ike ly  from a v a i l a b l e  evidence t h a t  AT 

However, it 
p lays  any r o l e  i n  

Measurement of endogenous purines  by high performance l i q u i d  
chromatography techniques ,115 rather than p re l abe l ing ,  may r e so lve  some 
of t h e  confusion a t t endan t  on purine release i n  v i t r o .  
o f  labeled u r i n e  from exposed cat and rat cerebral c o r t e x  is calcium 
d e ~ e n d e n t , 3 ~ , 7 9  and over 70% o f  the purine is released i n  the form of  
nucleot ide I n  the pulmonary a r t e r y  adenosine au to recep to r s  have been 

I n  s i t u ,  release 

described. 86 

ii) I n a c t i v a t i o n  - The e f f e c t s  of  adenosine and adenine nuc leo t ides  
can be terminated either by e x t r a c e l l u l a r  catabolism81 o r  by reuptake.  
The l a t t e r  system is divided i n t o  a r ap id  high a f f i n i t y  system and two 
slower systems o f  low and h igh  a f f i n i t y .  
nucleoside .82 s83 

A l l  are specific f o r  t h e  

Radioligand Approaches t o  Adenosine Receptor Charac t e r i za t ion  - Histor-  
i c a l l y ,  t h e  first c l a s s i f i c a t i o n  o f  pu r ine rg ic  r ecogn i t ion  sites was due 
t o  B u r n ~ t o c k . ~  Receptors s e n s i t i v e  t o  adenosine were designated P-1, 
w h i l e  those responding t o  ATP were designated P-2 (Table 1). 
den t ly ,  Londos and Wolff classified adenosine r e c e p t o r s  with r e spec t  t o  
effects o f  var ious purines  on aden la te  cyclase a c t i v i t y  i n  ad ipocy te s ,  
hepatocytes and Leydig ce l l  l i n e ~ . ~ 5  Those r ecep to r s  termed R required 
an i n t a c t  r i b o s e  r i n g  f o r  a c t i v a t i o n ,  were s e n s i t i v e  t o  a lky lxan th ine  

Indepen- 
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blockade, and were l o c a t e d  on t h e  e x t e r n a l  s u r f a c e  o f  t h e  ce l l  membrane. 
A second i n t r a c e l l u l a r  nuc leos ide  r e c e p t o r  subtype,  termed P, was insen-  
s i t i v e  t o  a lky lxan th ine  blockade and r equ i r ed  an i n t a c t  pu r ine  r i n g  f o r  
a c t i v i t y .  The R s i t e  was f u r t h e r  designated Ra and R i  based on whether 
r ecep to r  a c t i v a t i o n  r e s u l t e d ,  r e s p e c t i v e l y ,  i n  a c t i v a t i o n  o r  i n h i b i t i o n  
o f  cyc la se  a c t i v i t y .  
r ecep to r  subtypes correspond t o  Ra and R i  sites, r e s p e c t i v e l y .  I n  
gene ra l ,  CNS s t u d i e s  use t h e  A - 1  and A-2 nomenclature.*,7 
t i o n  i n h i b i t s  cyc la se  a c t i v i t y . 7  9 1 5  Pharmacologically,  A - 1  and A-2 
r ecep to r s  have a l s o  been d e l i n e a t e d  i n  terms o f  t h e  e f f i c a c y  of t h e  
d i a s t e reo i somers  of PIA.19 
i n h i b i t i o n  of evoked p o t e n t i a l  gene ra t ion  i n  rat hippocampus showed a 
50-100 f o l d  d i f f e r e n c e  i n  the  potency o f  d- and l -P IA,  only a four-fold 
d i f f e rence  was observed i n  t h e  A-2-mediated effects on c y c l i c  AMP produc- 
t i o n  i n  guinea p i g  hippocampal s l ices .  A more r e c e n t  s tudy has  suggested 
t h a t  t h i s  is a s p e c i e s  r a t h e r  than r e c e p t o r  d i f f e r e n ~ e . ~ ~  

s t u d i e s  us ing  %-adenosine as l igand  were l a r g e l y  unsuccessful.  
showed low a f f i n i t y  and had s u b c e l l u l a r  l o c a l e  and pharmacology incons i s -  
t e n t  with t h a t  expecte  
s y n a p t i c  t ransmission .if5 886 

I n  mouse fe ta l  b r a i n  cells ,14 t h e  A - 1  and A-2 

P s i t e  ac t iva -  

It was notedl9 t h a t  while  A - 1  mediated 

Because of t h e  ub iqu i ty  o f  adenosine i n  mammalian t i s s u e s ,  e a r l y  
Binding 

of an adenosine r ecogn i t ion  s i t e  involved i n  

Table 2 .  Radioligands f o r  C e n t r a l  Adenosine Recognition Si tes  

Bmax Receptor 
3H-Ligand Kd (nM) (pmoles/mg p r o t e i n )  Subtype 

CHA 
1-P IA 
2-CAD0 
NECA 

DPX 
Adenosine 
2 '5  ' -Dideoxyadenosine 
Adenosine Arabinoside 

0.3-5.2 
0.9-5.1 
1.3-24.0 

2.4 
30-40 

5 -0-70 -0 
50-13000 

80 
90 

0.34-0 -92 
0.2-0.8 
0.2-0.5 

0.1 
0.4 

0.5-1.0 
31-165 

0.6-1.8 
1.3 

A - 1  
A- 1 
A - 1  
A - 1  
A-2 

A-1  and A-2 
? 

?P 
?P 

Data from r e f e r e n c e s  86-89,92 

Using ADA i n  conjunct ion with t h e  me tabo l i ca l ly  s t a b l e  adenosine 
analogs CHA, 2-CAD0 and 1-PIA,  h i  h a f f i n i t y ,  s a t u r a b l e  r ad io l igand  
binding has  been d e m o n ~ t r a t e d . ~ 7 - # 9  I n  a d d i t i o n ,  t h e  a lky lxan th ine  1,3- 
diethyl-8-phenylxanthine (DPX, 8 )87  a l s o  binds t o  ADA p r e t r e a t e d  rat 
b r a i n  membranes. S p e c i f i c  2-CADOa8 and CHA9O binding is enhanced i n  
synaptosomal s u b f r a c t i o n s  of mammalian b r a i n s ,  and re  i o n a l  v a r i a t i o n s  i n  
t h e  binding of t he  former l i gand  have been descr ibed.I8 Binding is 
h ighes t  i n  caudate  and hippocampus and lowest  i n  h pothalamus and s p i n a l  

shown a high d e n s i t y  i n  h i p p o ~ a m p u s . ~ ~  The c e l l u l a r  l o c a l i z a t i o n  o f  A - 1  
b inding sites thus  c o r r e l a t e s  with t h a t  o f  t h e  enzyme 5 ' -nucleot idase.  
I n  cerebellum A - 1  r e c e p t o r s  are l o c a l i z e d  on Purk in j e  ce l l  d e n d r i t e s  and 
g ranu le  cells.91 The pharmacology o f  CHA, 2-CAW and8-PIA binding is 
c o n s i s t e n t  with l a b e l i n g  of an A - 1  r e c e p t o r  subtype. 
phy l l ine  (2) i the  most po ten t  a lky lxan th ine ,  i t h  a K i  of 857 nM 

t heophy l l ine  had K i  values  between 2.6 and 26 
binding a s says .  The a n t a g o n i s t  DPX shows mu1 

cord.  Autoradiographic determinat ion o f  s p e c i f i c  I H-CHA binding has  a l s o  

8-Phenyltheo- 

a g a i n s t  3H-CHA 8 7 and 116 nM a g a i n s t  3H-2-CAD0.8g IBMX, c a f f e i n e  and 
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a g a i n s t  a g o n i s t s ,  bu t  monophasic displacement of  a n t a g o n i s t s .  
suggests  t h a t  t he  a lky lxan th ine  binds t o  both A - 1  and A-2 r e ~ e p t o r . 9 . ~ ~  
The carboxamide, NECA (2) may a l s o  bind t o  both A - 1  and A-2 r e c e p t 0 r s . 9 ~  
Adenine ara inoside and 2l5l-dideoxyadenosine do no t  t t p a r e n t l y  label t h e  
P r ecep to r . I6  Since the  i n i t i a l  s t u d i e s  with 2-CADO, t h i s  l igand ha 
been found f o r  t e c h n i c a l  reasons to be u n s a t i s f a c t o r y  for r o u t i n e  use. 
Species  d i f f e r e n c e s  i n  A-1  r ecep to r  r ad io l igand  have been observed, 
suggest ing that there are A - 1  r ecep to r  subtypes.93 

d i f f e r e n t i a t i o n  .g8 Metrazole-induced convulsions cause a 21% decrease i n  
cerebellar, bu t  not  c o r t i c a l ,  3H-CHA binding,g5 whi l e  ch ron ic  t reatment  
with caffeineg6 and theophylline97 up-regulate adenosine r ecep to r s  i n  ra t  
brain.  

T h i s  

85 

The ontogen o f  A - 1  r ecep to r  binding is c o n s i s t e n t  w i t h  neuronal 

Detailed s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i  s (SAR)  have been developed 
f o r  the biochemical effects of adenosine,l5,g8*g9 w i t h  more fragmentary 
p r o f i l e s  a v a i l a b l e  based on phys io log ica l  responses .2 
w i t h  l i p o p h i l i c  N6 s u b s t i t u e n t s  are the  most potent  a g o n i s t s  a t  A - 1  
r ecep to r s  (Table 1). I n  gene ra l ,  there is some on s tency between these 

A t  A-2 r e c e p t o r s ,  however, N6-substit t i o n  gene ra l ly  decreases 

Adenosine analogs 

s t u d i e s  and those involving radiol igand binding. 87 ,li 

a f f i n i t y .  An ex tens ive  SAR s tudy by Brunsg’ i n d i c a t e s  t h a t  modif icat ion 
of t h e  r i b o s e  moei ty  affects efficacy, wh i l e  purine modif icat ion a l ters  
a f f i n i t y .  Furthermore, comformationally r i g i d  analogs support  the 
importance f the a n t i  conformer of  adenosine analogs i n  a c t i v a t i n g  A-2  receptor^.^^ Agonist pote cies f o r  A-2 r e c e p t  rs i n  human f i b r o b l a s t s  
are NECA > 2- ADO, Ado > N t -phenyladenosine, Ng -benzyladenosine > A-PIA, 
CHA ~ - P I A . ~  s 

The alkylxanthine a n t a g o n i s t s  show no selec- 
t i v i t y  f o r  ei ther A - 1  o r  A-2 r ecep to r  sub- 
types.g8 
i d e n t i f i e d  as adenosine a n t a g o n i s t s  a r e  
51-deoxy-51-methylthioadenosine (z), 8,5’-S- 
cycloadenosine (2) and a l l o x a z i n e  ( 2 ) . g 8  
I n  human f i b r o b l a s t s g 9  t h e  SAR f o r  alkylxan- 
t h i n e s  shows that  l i p o p h i l i c  s u b s t i t u t i o n  a t  
p o s i t i o n s  1 and 8 dramatically enhances 
a f f i n i t y  f o r  both A-1 and A-2 r ecep to r s .  

Other compounds which have been 

OH OH - I1 

10 - 

Adenosine and Cen t ra l  Psychotropic Agents - Pur ine rg ic  mechanisms have 
been implicated i n  the a c t i o n s  o f  s e v e r a l  classes of psychotropic  agen t s .  
I n  add i t ion  t o  t h e  p o s s i b i l i t y  t h a t  t h e  c e n t r a l  s t imu la to ry  a c t i o n s  of  
a lky lxan th ines  r e s u l t  f r o m  antagonism o f  endogenous adenosine ,2 9 7  ,lo 
purines have been implicated as p o t e n t i a l  endogenous l i g a n d s  for the  
benzodiazepine receptor .  lol, lo2 
(6) ,1°3 is a p u t a t i v e  a n x i o l y t i c ,  whi le  t h e  imidazopyridines EMD 39593 

A l i p o p h i l i c  adenosine analog,  BMD 28422 

are s e l e c t i v e  

It has a l s o  been sug- 
,cHJ a z i o l y t i c  an tagon i s t s .  

N J )  gested t h a t  benzodi- 
N azepines  may e l i c i t  some 

of t h e i r  c l i n i c a l  a c t i o n s  
by i n h i b i t i o  of adeno- 
s i n e  uptake. 

I 
13 

8 
CH3 - 

12 - 



Chap. 1 Adenosine as a Neuromodulator W i l l i a m s ,  Huff 

Because a n t i d e p r e s s a n t s  and e l ec t roconvu l s ive  shock therapy produce 
marked effects on c y c l i c  AMP, S a t t i n  has suggestedlO5 tha t  an t idep res -  
s a n t s  may produce t h e i r  effects by a t t e n u a t i o n  of adenosine related 
systems. Chronic an t idep res san t  t reatment  does n o t ,  however, affect A - 1  
r ecep to r  d e n s i t  i n  ra t  b ra in .  lo5 Alkylxanthines reduce morphine &al- 

They a l s o  e l i c i t  "quasi-morphine withdrawal syndrome" i n  morphine- 
dependent rats ,lob which may be related t o  effects on norepinephrine 
turnover .45 
release i n  vitro1°9 and -- i n  ~ i t u . 3 ~  $-PIA and CHA block the effects of  
t he  psychot ic ,  phencycl idine,  i n  an animal d i sc r imina t ive  model,lll  
suggest ing tha t  adenosine may antagonize the psychot ic  effects of  t h i s  
substance.  

gesia i n  mice 107 and i n c r e a s e  s e n s i t i v i t y  t o  nociocept ive s t i m u l i .  

Conversely, morphine enhances veratr idine- induced purine 
-- 

Considering t h e  p o t e n t i a l  r o l e  o f  adenosine i n  the  a c t i o n s  of  
s e v e r a l  classes of psychotropic agen t s ,  t h e  ques t ion  is raised as t o  how 
a pur ine rg ic  compound might be developed as a t h e r a p e u t i c  agent .  
f r o m  compounds such as CV 1808 (2-phenylaminoadeno~ine),~~~ which is a 
potent  coronary v a s o d i l a t o r ,  there has been l i t t l e  p rogres s  toward 
developing a pu r ine rg ic  drug. Two f a c t o r s  may, however, have discouraged 
adenosine-related chemistry from being more than an ad junc t  t o  basic 
academic research. One is t h e  p o t e n t i a l  f o r  c y t o t o x i c i t y .  113 Adenosine 
can, f o r  example, i n t e r f e r e  with c e l l u l a r  methylat  on processes ,  a l though 
t h i s  does n o t  appear t o  be a problem i n  the CNS. 
involves  the p o t e n t i a l  f o r  s e l e c t i v i t y  f o r  so ubiqui tous a compound. The 
quest ion of  s p e c i f i c i t y ,  e s p e c i a l l y  from a psychotropic  viewpoint,  is 
se r ious .  While purines  a c t i n g  a t  cardiovascular  sites may, by exclusion 
from the  blood b r a i n  barrier,  be considered s e l e c t i v e ,  the converse is 
no t ,  at  the p resen t  moment, t r u e .  How would one make an alkylxanthine-  
based c e n t r a l  s t imu lan t  which would no t  have profound, and perhaps 
d e l e t e r i o u s ,  effects on r e n a l ,  ca rd iovascu la r  and g a s t r o i n t e s t i n a l  
funct ion? 

Apart 

The second problem 

Despite these d i f f i c u l t i e s ,  the aggregate  r e s u l t  of  basic r e sea rch  
on CNS pu r ine rg ic  systems evidences t h e  p o t e n t i a l  t o  develop novel 
t he rapeu t i c  agents .  
depend on the  discovery of novel compounds, s t r u c t u r a l l y  dissimilar t o  
the  known adenosine a g o n i s t s  and a n t a g o n i s t s ,  which may a id  i n  f u r t h e r i n g  
our understanding o f  t h e  f u n c t i o n a l  r o l e ( s )  of c e n t r a l  adenosine modula- 
t o r y  systems. The a v a i l a b i l i t y  o f  such compounds may t u r n  half a century 
of  dedicated b i o l o g i c a l  research i n t o  a t h e r a p e u t i c a l l y  v iab le  drug 
candidate .  A phencyclidine an tagon i s t  ,111 a long a c t i n g ,  non-toxic 
c e n t r a l  s t imu lan t  ,2 97 a novel anx io ly t i c8  ,lo2 o r  a non-opioid anal-  
gesiclo8 are a l l  chal lenging goa l s .  

The a b i l i t y  t o  c a p i t a l i z e  on t h i s  p o t e n t i a l  w i l l  
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Chapt.er 2. Anti-Anxiety Agents, Anticanvulsants F* Sedative-Hypnotics 

Joseph P. Yevich, James S. New and Michael S .  Eison 
Bristol-Myers Research and Development, Evansville, Indiana 47721 

Introduction - Insight into a rational pharmacotherapy for anxiety con- 
tinues to evolve along the dual paths of agents and actions. While the 
benzodiazepines (BZs) continue to be the agents of choice for anxiolysis, 
new series of non-BZ compounds are emerging which may offer alternatives 
in the management of anxiety disorders. Continuing efforts, at both the 
molecular and animal model level, to understand BZ receptor binding, the 
actions of endogenous ligands, and t.he properties of BZ antagonists pro- 
vide new insight into the mechanisms of action of agents with anti- 
anxiety properties. The dynamic interchanges between preclinical pharma- 
cology and clinical verification of anti-anxiety efficacy continue to 
define the science of anxiolysis. 

Animal Models - The use of animal models continues to increase our under- 
standing of how anti-anxiety agents work, and aids in the rational design 
of drug candidates. Alterations of  stress-induced effects in animals by 
anxiolytics have been investigated. Neurochemically, anti-anxiety drugs 
antagonize stress-induced increases in dopamine turnover, ’ GABA turn- 
over,2 and prolactin release3 in rats. Behaviorally, they reduce hypo- 
neophagia4 and the burying of objects associated with aversive electro- 
shock.5 That the impact of noxious stimuli upon behavior is reduced by 
anti-anxiety agents is also reflected in reduced attempts to escape from 
electrical stimulation of brain sites such as the periaqueductal g r a ~ , ~ ’ ~  
and increased latency to terminate aversive brain stimulation. The 
effect of anxiolytics upon intracerebral self-stimulation depends upon 
the stimulation site; diazepam increases self-stimulation in the lateral 
hypothalamus, but suppresses it in the dorsolateral hippocampus. The 
most commonly used tests for anxiolytic potential continue to be anti- 
conflict paradigms, with more attention being focused on inter- 
subject variability.13 While BZs have been reported to induce a hyper- 
dipsia in water-deprived rats14 which is blocked by opiate antagonists, l 5  
anticonflict activity reflected in licking for water can be dissociated 
from non-conflict related increases in water consumption. l6 Anticonflict 
activity may be related to GABA17 mechanisms in the am~gdala’~’~’ and 
does not appear to reflect direct serotonergic activity. 20’21 While 
intracerebral administration of chlordiazepoxide to the largely sero- 
tmergic dorsal raphe nucleus reduces shock-induced suppression of 
behavior, this may be due to its effects upon GABAergic neurons found 
in this and neighboring brain sites.22 BZs are observed to exert anti- 
conflict effects in rats which have been subjected to neonatal forebrain 
norepinephrine depletion. 23 Other whole animal tests for examining 
properties of anti-anxiety agents include discrimination l e a r r ~ i n g , ~ ~ ’ ~ ~  
drug loconiotor,28-30 and rot.ationa131 models. At the 
cellular level, changes in the activity of n~radrenergic,~~ dopamin- 
ergic ,33’34 serotonergic ,35 and G A B A ~ ~ ~ ~ c ~ ~  nerve cells have been 
reported. Interactions of antianxiety agents with caffeine ,37 morphine,38 
and selective BZ antagonists have been described. BZ effects upon 
conflict behavior ,39 drinking,40 drug di~crimination,~’ visually evoked 
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pot.entials , 42 and kindled sei.zures , 43 as  well as anxiogenic compounds 
effects upon social intera~tion~~ can be reversed with selective BZ 
antagonists. Tolerance develops to the sedative45 and motor impairment46 
component of some anti-anxiety drugs' actions. Dependence resulting in 
withdraw1 syndromes4' upon cessation of treatment has also been reported. 

Benzodiazepine Receptor Dynamics - Studies pursuing the mechanism by 
which the BZs elicit their biological responses continue to focus on a 
supramolecular complex which displays saturable, stereospecif ic, binding 
dynamics for this class of compounds. The proposed linking between the 
GABA and BZ binding sites in this complex has led to an & vitro binding 
assay which discriminates between BZ agonists and antagonis- In the 
presence of 10 pM GABA the potency of BZ agonists to displace [3H]carbo- 
ethoxy-$-carboline ($-CCE) from BZ receptor sites is considerably 
enhanced, while no effect is observed with BZ antagonists. Similarly, 
GABA causes a moderate increase in the binding affinity of flunitrazepam 
( F L U , h )  in ligand/ [ 3H]FLU competition experiments, but has no effect on 
binding of the BZ antagonists propyl !3-carboline-3-carboxylate (8-CCP) 

R" R ' C X !  
or RO 15-1788 ( 3 ) .  It 

R ' R '  
was also confirmed that P1 
pyrazolopyridines, A, 4y 
certain barbiturates, 
and late etomidate the binding (2) of stimu- BZs d%'R' 

in this system in a \ R' 

chloride-dependent 
manner. 49 The ability 
to define diverse 

R' 

NO? 
c1 
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I - groups of BZ receptor 
ligands, based on the different factors which modulate their binding 
affinity, has further strengthened the postulate that heterogeneity 
exists among BZ receptor  type^.^^'^^ The existence of multiple areas or 
"domains" of BZ receptors is inferred from studies with irazepine (*), 
an alkylating BZ, which reduces the B of [3H]diazepam ( D Z , E )  binding 
by 25-33% in competitive binding experiments; a small reduction (< 8.5%) 
is observed in the B of [3H]$-CCE.52 Photoaffinity labelling of 
BZ receptors with FLU M k r s  BZ agoaist but not antagonist binding.53'54 
A portion of the apparent heterogeneity observed in the BZ receptors 
may be a reflection of the differential interaction existing between BZ 
agonists, and antagonists, with irreversibly photolabelled receptors. The 
cooperativity proposed to exist among the BZ receptor sites may reduce 
[3H]FLU binding by 80%, in a receptor population that has had only 25% of 
its sites irreversibly photolabelled with FLU; the binding character- 
istics of BZ antagonists are virtually unchanged under these conditions. 

max 

2 - 3 - 
Quantitative autoradiography has been used to support the existence 

of multiple BZ receptor types,55 as well as the functional coupling 
between a portion of these sites atid a particular subpopulation of GABA 
 receptor^.'^ The barbiturates are proposed to have a binding site on 
the GABA-BZ ionophore receptor complex through which they enhance [ 3H]DZ 
binding in a picrotoxin-sensitive and chloride-dependent manner. It 
is suggested they may be divided into different groups accorded by their 
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pharmacological actions, based on their type of interaction with BZ 
receptor binding. 57 GABA and ethylenediamine (EDA) potentiate the 
binding of [3H]DZ to BZ receptors in a nonadditive manner through 
mechanisms that are probably unrelated. 58 

Further biochemical and electrophysiological evidence supports 
the notion that BZs exert their primary action in the CNS by facilita- 
ting GABAergic transmission. A dimension of increasing importance is 
the role of anions and cations in this mechanism. BZ receptors were 
protected against heat inactivation by a combination of one of several 
possible divalent cations, plus GABA, but by neither substance alone. 59 

The anion-dependent picrotoxin inhibition of GABA potentiated [ 3H]FLU 
binding was also observed. This was formulated as interference with the 
GABA receptor effector system, which might involve an allosteric perturb- 
ation of GABA recognition sites.60 The stimulatory effects of GABA on 
[3H]FLU binding derive from not only an increase in the rate of binding, 
but also from an increase in the stability of the ligand-receptor 
complex. 6 1  ’62 These experiments indicate GABA may provoke a disaggre- 
gation of the native dimeric BZ binding complex which abolishes the co- 
operativity among the respective units. 62 

The complex correlation between in vivo BZ receptor binding and the 
resultant pharmacological responses effected through this process has 
been the subject of several  paper^.^^-^^ The ligand [3H]R0 5-4864 (11) 
has been used to characterize the peripheral type of BZ receptor believed 
to be localized predominantly on glial elements. 69 The physiological 
role of this binding site is unresolved but probably excludes mediation 
of the anticonvulsant or anxiolytic effects of the BZ class. Virtually 
all BZ receptor ligands are inactive at the inhibition of [3H]R0 5-4864 
binding to this peripheral receptor, which apparently is not coupled to 
the GABA system.70 RO 15-1788 lacks major pharmacological activity out- 
side its role as a BZ antagonist, but does display specific proconvulsant 
activity on isoniazid induced convulsions.71 Autoradiographical local- 
ization of the receptors interacting with this ligand revealed they were 
indistinguishable from those labelled by [3H]FLU.72 The pharmacological 
utility of the BZ antagonist properties of RO 15-1788 is disclosed in 
several reports.43’73-77 The convulsant BZ, RO 5-3663 (&), is reported 
to have anxiolytic properties, suggesting a dissociation between the 
anticonflict and anticonvulsant properties of the BZs may be possible. 78 
Characterization of type 1 and type 2 BZ receptors, distinguished in part 
by their affinity for the ligand CL 218,872 (g), and sensitivity to 
GABA, has been further p~rsued.’~ A distance geometry approach was 
employed to propose a BZ binding site model which could accommodate a 
structurally diverse group of ligands. 8o 

Endogenous Ligands - The list of putative endogenous ligands for the 
GABA-BZ ionophore receptor complex continues to expand, with the f3- 
carboline compounds forming the most extensively researched category. 81-83 
The fl-carbolines generally antagonize the anxiolytic, anticonvulsant and 
sedative properties of BZs such as DZ and flurazepam. The viva 
potency to inhibit BZ receptor binding for several p-carboline deriva- 
tives is much less than their effects when measured in ~itro.’~ Receptor 
binding studies on membrane preparations from bovine brain indicated 
[3H]fl-CCP (5b) binds to only a portion of those sites specifically 
labelled byT3H]FLU. 8 5  This, and other differences between the binding 
characteristics of the f3-carbolines and BZs, implies that BZ receptor 
subtypes may exist for each class of ligand. 86’87 Studying the anxiogenic 
action of the fl-carbolines in various animal models could possibly lead 
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to the development of a reproducible model of 
human anxiety.39’45’88 The ability of BZ antago- 
nists RO 15-1788 and CGS 8216 to block f3-CCM (z) induced seizures in mice suggests different 
mechanisms for BZ antagonism are available. 89 

Structure-activity relationship studies have 
been initiated in the f3-carboline c l a s ~ . ~ ~ ’ ~ ~  
The inhibition of adenosine uptake has been 
linked to the anxiolytic action of the BZs, 
encouraging the study of purine derivatives as BZ antagonists. Presently, 
there appears to be little high affinity, specific binding of purine 
analogues at the BZ re~eptor,’~ or of BZs at sites of adenosine uptake.93 

Benzodiazepines 

Anxiolytic Agents - The neuropharmacology of the BZs with their applica- 
tions and performance in various anxiety disorders has been the subject 
of several reports. 94-100 A double-blind study indicated ketazolam (6 )  
had an anxiolytic efficacy equivalent to clorazepate (g) with slightly 
fewer side effects.lol The relationship of DZ serum levels to its anti- 
anxiety effects, lo2 the combination of DZ and propranolol in anxiety 
therapy, lo3 and the anti-tardive dyskinesia effects of DZ were studied. lo4 
The central effects of DZ in man were antagonized by RO 15-1788 without 
alteration of its bioavailability. 73 Low dose DZ may offer an alternative 
treatment for extrapyramidal symptoms in some patients. lo5 RO 15-1788 
was also found to antagonize the sedative effects of acute lorazepam (e) 
in rats, but chronic treatment concomitantly with lorazepam did not 
prevent the development of tolerance to this drug.lo6 The prolactin 
lowering effects of centrally active BZs were prevented by the simul- 
taneous administration of RO 15-1788. lo7 A reassessment of ethanol-BZ 
interactions was reported. lo8 Studies evaluating DZ’ s performance versus 
clobazam (z) ,log cloxazolam (S), 110 and tofisopam ( z ) ,  ‘11 and its 
efficacy in several clinical models of anxiety were reported. ‘12’113 A 
comprehensive review of clobazam’s pharmacology has been issued. 
Halazepam (If), contrary to chlordiazepoxide and diazepam, did not 
increase hostility or aggression in man but was equally effective in 
producing sedative or anti-anxiety effects. Other clinical studies 
have addressed the efficacy of bromazepam (Q) ,116’117 ketazolam (6) lo1  - 
and alprazolam (@)l18 in the treatment of anxiety. 

Sedative-Hypnotics - The hypnotic effects of different BZs and their 
related pharmacokinetics have been the subject of two reviews. 119’120 A 
model of insomnia induced by methylphenidate and caffeine has been used 
in the evaluation of temazepam (g). 12’ The thienodiazepine, brotizolam 
(g), proved superior to flurazepam (g) in the treatment of chronic 
insomnia122 and several reports continue to document the hypnotic 
efficacy of quazepam (9). 123-125 Three studies have evaluated the 
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safety and efficacy of 
triazolam (z) versus 
nitrazepam (E). While 
triazolam usually 
appeared to be the 
subjective preference, 
no significant differ- 
ences existed between 
the two in their side 
effect profiles. 126-128 
Midazolam (11) is less 
effective than DZ in 

anticonflict models in animals,129 but it may prove to be an effective 
sleep inducer or i.v. anaesthetic with rapid onset and short duration in 
man. l3O’l3I An extensive series of reports on the pharmacodynamics of 
this drug have appeared. 132 

Non-Benzodiazepines 

Anxiolytic Agents - Tracazolate (ga) enhances both BZ and GABA 
binding.133 It is less potent than chlorodiazepoxide in conflict models 
but is also less sedating.134 Etazolate (s), cartazolate (13c), and 
tracazolate show @ vitro inhibition of adenosine-stimulated[3H] CAMP 
formation in guinea pig cortical preparations. 135 CL 218,872 (g) 

- 1 5  - 16a. X - H  
6 Fa 

14 3 -  
13a, R 1 - ~ - C , , H ~ . R ~ - C H  

16b. X - C 1  
- 
- 13b.R1-N-C(CH ) ,R2-H - 
- 13C, R1-~-C4H9:J-H 

labels two distinct BZ receptor sites in rat cerebral cortex with % 
values of 10-30 and 200-600 nM.136 A study in rats failed to confirm 
earlier reports of the drug’s lack of sedation.13’ Both PK 8165 (15)138 
and CGS 9896(16b)139 showed GABA-enhanced inhibition of p-CCP binding in 
rat brain. CGS 9896 has been described as having anticonflict activity 
comparable to that of DZ but without ~ e d a t i o n , ~ ~ ” ~ ~ ~  while CGS 8216 
(&) is a potent BZ antagonist which inhibited [3H]FLU binding and 
blocked the pharmacological effects of DZ. 142 

The anti-anxiety effects of p-adrenergic blockers have been 
reviewed,143 as has the role of dopamine and dopaminergic agents in 
anxiety.14 A single 5 or 10 mg dose of the p-blocker mepindol failed 
to reduce examination anxiety in students. 144 The a-agonist clonidine 
(c) was found superior to placebo in a double-blind study in patients 
having either generalized anxiety or panic disorders. 145 Buspirone (E) 

n 

I&la.R,R--(CH ) - 
- 1 8 b . R - C H ,  

2 6  - 

demonstrates clinical anxiolytic efficacy equivalent to DZ without 
sedation, anticonvulsant or muscle relaxant effects and in various 
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binding studies shows affinity only for dopamine receptors. 14' In bio- 
chemical studies in rats, the drug increased whole brain DOPA formation 
while decreasing 5-HTP formation. 147 It also caused a dose-dependent 
decrease in striatal acetylcholine levels,148 and at high doses raised 
plasma prolactin levels. 149 The drug reversed drug-induced catalepsy in 
both unaltered and dopamine-depleted rats. 150 In a double-blind crossover 
comparison with lorazepam in healthy volunteers, buspirone, unlike the 
BZ, did not impair psychomotor function or interact with alcohol.151 The 
analogue MJ 13805 (E) showed good activity in the Vogel conflict model 
(M.E.D. = 1.0 mg/kg) without dopaminergic activity. 152 

Clinical assessment of fenobam (19) vs. placebo showed it to be an 
effective anxiolytic with minimal side effects153 and the drug was found 
to be as effective as DZ in a double-blind clinical A 50 mg 
dose of melperone (20) abolished experimental anxiety in normal 
subjects. 112 The phenylpiperazine, DU 27716 (21), inhibited hypotha- 
lamically-induced aggression in rats. 155 The el&trocorticogram/operant 
task profiles of various non-BZ anxiolytics differ from those of 32s in 
monkeys. 56 

Sedative-Hypnotics - The viva effects and potential biochemical 
mechanisms,157 structure-activity relationships, and GABA receptor 
interasti~nsl~' of barbiturates have been reviewed. The interactions of 
various barbiturates with BZ receptors have been studied; 160' 
barbiturate enhancement of GABA binding correlated with the anesthetic 
activity of the studied compounds. 162 A clinical study of the hypnotic 
activity of zopiclone (3) showed it to have favorable effects on sleep 

2 4  - 23 - 2 2  - 
with neither impairment of performance nor interaction with alcohol. 163 
The significant sedative effects of adenosine analogues appear to be 
mediated by mechanisms different than that of the BZS.~'~ Compounds 23 
and 14 both induce sleep in monkeys at 15-30 mg/kg, P.O.~'~ Cerebral 
infusion of 5 pmol/kg of Factor S, a small glycoprotein isolated from 
human urine, induced a 50% increase in slow wave sleep in rabbits."' 

Anticonvulsants - Anticonvulsant structure-activity relationships have 
been reviewed. 167 Several clinical evaluations of valproic acid have 
been reported.168-170 Studies in rodents suggest a possible role €or 
both pr~staglandinsl~~ and opioid p e p t i d e ~ l ~ ~  as endogenous anti- 
convulsants. Clonidine (17) and related selective a2 adrenergic agonists 
showed anticonvulsant activity in rats. 173 The neuropharmacology and 
anticonvulsant profiles of the GABA agonist, progabide (25a) and its 
major metabolite SL 75102 (z) have been described.l14 Other GABA- 
mimetic agents which exhibit protection against seizures in rodents are 
EDA17' and the p-nitrophenyl esters of nipecotic (a) and isonipecotic (m) acid. 17' Additional compounds reported to have anticonvulsant 
activity in various animal models are the a-substituted y-butyrolactones 
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(27), 177 1,2,4-triazoles ( g ) ,  17' 4-quinazolones (29), 17' AHR-8559 
(@)lSo and MK-801 (31) which also shows anticonflict activity. l6 Neither 
the anticonvulsant nor anticonflict activities of MK-801 are blocked by 
RO 15-1788. p-Substituted analogues of 11 are proconvulsant. 177'182 
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Chapter 3. An t ipsycho t i c  Agents and Dopamine Agonis t s  

Tomas de P a u l i s ,  Astra Llkemedel AB, S-151 85 S t i d e r t a l j e ,  Sweden 

The pas t  two y e a r s  have produced s u b s t a n t i a l  p rog res s  i n  med ic ina l  
chemis t ry  and neuropharmacology r e l a t e d  t o  psychos is .  Seve ra l  symposia 
and reviews have appeared on neuropharmacological a s p e c t s  of sch izo-  
ph ren ia . l  New i n s i g h t  has been ga ined  i n  t h e  f u n c t i o n  and b iochemis t ry  of 
dopamine (DA) r e c e p t o r s , 2  which c i r c u m s t a n t i a l l y  a r e  involved  i n  t h e  
pathophysiology of t h i s  and o t h e r   disease^.^ 
pounds a r e  be ing  developed as a n t i p s y c h o t i c s ,  many i n s p i r e d  by t h e  a t y p i -  
c a l  d rugs  c lozap ine  and s u l p i r i d e .  The emergence of s e l e c t i v e  p re synap t i c  
DA a g o n i s t s  i n s t e a d  of conven t iona l  DA b locke r s  has i n c r e a s e d  ~ t r o n g l y . ~  
Thei r  c l i n i c a l  u s e f u l n e s s ,  however, i s  s t i l l  unproven. 

A l a r g e  n m b e r  of new com- 

The unique p r o f i l e  of c lozap ine  i s  sugges ted  t o  depend on i t s  a n t i -  
c h o l i n e r g i c  e f f e ~ t , ~  o r  on i t s  s p e c i f i c  DA-blockade i n  t h e  mesolimbic 
system.6 
c a t e d  t h a t  on ly  t h e  W2 r e c e p t o r  i s  involved  i n  t h e  r e g u l a t i o n  of s t r i a t a l  
c h o l i n e r g i c  t r ansmiss ion  and subsequen t ly  involved  i n  t h e  ex t r apyramida l  
f ~ n c t i o n . ~  
induced by sub- s t e reo typ ic  doses  of apomorphine i s  found t o  c o r r e l a t e  t o  
a n t i p s y c h o t i c  a c t i v i t y  i n  man.' 

S tud ie s  of drug-induced e l e v a t i o n  of a c e t y l c h o l i n e  have i n d i -  

The a b i l i t y  of n e u r o l e p t i c s  t o  an tagon ize  hypothermia i n  rats 

Ant ipsycho t i c  Drugs 

Dibenzepines - I s o s t e r i c  permuta t ion  of v a r i o u s  he te roa toms i n  t h e  1 1 H -  
dibenzo b e 1 ,4-d iazepine  s t r u c t u r e  has  produced a number of a c t i v e  com- 
p o u n d s u o r i n e  is o f t e n  being in t roduced  i n  o r d e r  t o  improve t h e  phar- 
macologica l  p r o f i l e  and t o  p r o t e c t  a g a i n s t  metabolism.1° 

Flumezapine (LY-120363, l a )  h a s  been s e l e c t e d  f o r  c l i n i c a l  t r i a l s  .ll 

The cor responding  methylene b r idge  compound J& i s  one of  t h e  
I t s  r a t i o  €or  an tagon iz ing  DA G e r  a c e t y l c h o l i n e  i s  5 t imes  t h a t  of 
c lozap ine .12  
most po ten t  i n  the  antiapomorphine and h a l o p e r i d o l  d i sp lacement  t e s t s  .g 

2a X = F  - 
3 X = H  

2 G = CH , A = CH2 
3b G = N . A  = O  
I 

Flupe raz ine  (NB 106-689, a) i s  a n o t h e r  drug  c u r r e n t l y  undergoing  
c l i n i c a l  e v a l u a t i o n  i n  sch izophren ic  p a t i e n t s . 1 3  
than 1 mg/kg i n  t h e  h y p e r a c t i v i t y  blockade tes t ,  and i s  wi thout  t h e  seda-  
t i v e  p r o p e r t i e s  of p e r l a p i n e  ( 5 ) . 1 4  The a l l - ca rbon  analogue & i s  twice  
a s  po ten t  as' c l o z a p i n e  i n  d i s p l a c i n g  H-clozapine from nonmuscarinic bind- 
ing  s i tes ,  demons t r a t in  t h e  s i g n i f i c a n c e  of t h e  d i s t a l  n i t r o g e n  atom i n  
t h e  d ibenzepine  s e r i e s  .85 The p ipe raz ine  s u b s t i t u t e d  d ibenzoxepine  3b h a s  
a 12-fold g r e a t e r  a f f i n i t y  f o r  t h e  sp ipe rone  r e c e p t o r  t h a n  c l o z a p i n e ,  
while being 164 times l e s s  a n t i c h o l i n e r g i c . 1 6  

It i s  a c t i v e  a t  less 
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The effect of heteroatom substitution i n  the seven-membered ring was 
examined i n  a series of thieno[ 3,4-b]benzazepines 5. "he presence of an 
oxygen bridge (5) increases protection against amphetamine lethality 2- 
fold,17 compared to having an NH-bridge (5) , l 8  while the sulfur analogue 
- 4c is inactive.17 

I 6 - 
Isofloxythepin (VUFB 10662, 5) is a long-acting neuroleptic which 

raises prolactin levels and induces DA supersensitivity i n  rats .I9 In 
comparison to octoclothepin, 5 is a potent neuroleptic i n  the locomotor 
activity model.20 Loxapine, Thich generates a 6 times higher steady-state 
level in human plasma of its active 8-hydroxy metabolite 6 than the parent 
compound,21 has demonstrated dose-related efficacy i n  five therapy re- 
sistant patients.22 The importance of protecting these tricyclic agents 
against metabolic degradation is further demonstrated i n  the long acting 
teflutixol (LU 10-022, 7a) and piflutixol (LU 13-013, c), which are shown 
to be potent and selective D-1  antagonist^.^^ 

QSAR calculations on phenothiazines show that inhibition of apomor- 
phine-induced emesis i n  dogs correlates positively with the electron-with- 
drawing properties of the 2-substituent and negatively with their pKa 
values.24 
chain of chlorpromazine by incorporation into a five ,25 six25 or seven26 
membered ring have removed neuroleptic activity, at least i n  the non- 
halogen substituted analogues. 

Attempts to restrict the conformational freedom of the mine 

& G - N ,  sat 

2 c - CH , unsat 
NMeR 

- 8a A = O , R = M ~  

A = S , R n H  

Chronic administration of zotepine (9) reduces striatal 3H- 
spiperone binding i n  the rat brain but does not cause enhancement in apo- 
morphine-induced ~tereotypy.~~ 'Ihe corresponding thia analogue is 
twice as active as imipramine i n  tetrabenazine antagonism, revealing anti- 
depressant activity.28 
analgeti~.~~ The clomipramine isostere (RMI 81582) (9) shows a clozapine- 
like pharmacological profile. Its ability to potentiate 3H-flunitrazepam 
binding i n  vivo suggests the involvement of GABA-ergic mechanisms in non- 
classical antipsychotic action. 30 

Its fluoro analogue, fluradoline, is a potent 

Substituted Benzamides (Orthopramides) - With the increasing number of re- 
ports of successful antischizophrenic therapy with sulpiride (=) ,31 a 
variety of structural modifications have emerged. The N-methyl analogue 
sulmepride (TER 1546, =) displays post- and possibly presynaptic D-2 
antag~nism,~~ a property it shares with sulpiride. 'Ihe N-propyl analogue 
prosulpride (GRI 1665, 1Oc) is an antipsychotic with psychostimulant pro- 
per tie^.^^ "he trifluoroethyl derivative * is an appetite stimulant,34 
illustrating a close structural relationship of these CNS-activities. 
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Cipropride (10e) , equipped with an N-cyclopropylmethyl group, is  a 
potent antiemetic.r  In f lubepr ide  (SL 74205, 10 f ) ,  t h e  anti-DA a c t i v i t y  
r e s i d e s  i n  t h e  R-(+)-enantiomer .36 
a l i z a p r i d e  (11) - is marketed as an an tie me ti^.^^ 

The benzimidazole d e r i v a t i v e  

IOa R = H 

10b R = CH 

- 10c R = C2H5 

10d R i C F  

10e R I c-C H 

- 1 O f  R I p-FC6Hq 

- 

H 

3 - 

OMe CH -R 3 - 
2 3 5  - 

11 - 

Replacement of t h e  sulfonamide group i n  s u l p i r i d e  with more l i p o -  
p h i l i c  s u b s t i t u e n t s  such as an e thy l su l fone  i n  s u l t o p r i d e  (z) i n c r e a s e s  
potency8, but causes extrapyramidal s i d e  e f f e c t s  .38 
2163, &) r eve r ses  hypothermia in low doses i n  the  rat8. 

Amisulpride (DAN 

Increased potency i s  a l s o  demonstrated i n  a series of pyrimidines .  
The l evoro ta to ry  2-ethoxyp rimidinecarboxamide 13 is 13  t i m e s  more potent  
o r a l l y  than ( - ) - s ~ l p i r i d e . { ~  Ibis e f f e c t  is f u r t h e r  improved i n  remoxi- 
p r ide  (FLA 731, 14) .40 
apomorphine-induced h y p e r a c t i v i t y  and drug-induced c a t a l e p s y  i n  rats i s  
1 2  times t h a t  of s u l p i r i d e  o r  ha lope r ido l .  Racemic 14 shows only 10% of 
t h i s  s epa ra t ion .  In f a c t ,  t he  S-(-)-enantiomer i s  l r t i m e s  more a c t i v e  
than the  racemate i n  the hyper-act ivi ty  assay.40 

The sepa ra t ion  i n  14 between t h e  i n h i b i t i o n  of 

Attempts t o  inc rease  potency i n  t h e  s u l p i r i d e  series by inco rpora t -  
i n g  the p y r r o l i d i n e  i n  a r i g i d  azabrendane r i n g  system were unsuccessful  .41 

Only p r e c l i n i c a l  da t a  on clebopride (G) as a p o t e n t i a l  a n t i -  
psychot ic  agent seem t o  be avai lable . l t2  
drug shows it  t o  be a very s e l e c t i v e  and potent an tagon i s t  of p e r i p h e r a l  
presynapt ic  DA r e c e p t o r s  i n  the  dog ( i n h i b i t i o n  of dipropyl-DA-induced 
reduct ion of tachycardia)  .43 
freedom of t h e  p i p e r i d i n e  r i n g  of c l ebopr ide  has been inves t iga t ed .  The 
tropane d e r i v a t i v e  BRL 25594 (z), with an e q u a t o r i a l  t r a n s - c h a i r  con- 
formation, d i s p l a y s  a 20-fold inc rease  i n  an t i eme t i c  a c t i v i t y  compared t o  
- 15a i n  dogs and 2-fold i n  blocking apomorphine-induced climbing i n  mice.44 
Reversal  of t h e  amido group t o  the a n i l i d e  BRL 20596 (16) r e t a i n s  anti-DA 
a c t i v i t y . 4 4  
neuro lep t i c  p r o p e r t i e s ,  such as i n h i b i t i o n  of apomorphine-induced 
climbing, conditioned avoidance, and h y p ~ t h e r m i a . ~ ~  

Fur the r  c h a r a c t e r i z a t i o n  of t h i s  

The e f f e c t  of r e s t r i c t i n g  t h e  conformational  

The deschloro-pyrimidine analogue 2 shows a v a r i e t y  of 

A I n i l  

15b A = CH2C112 
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Considerably enhanced potency i s  found i n  the ring-contracted s t ruc-  
t u r a l  isomer YM 09151-2 (18a) compared t o  ~ l e b o p r i d e . ~ ~  
- 18a i n  blocking apomorphiGinduced s t e reo typy  i n  r a t s  a f t e r  subcutaneous 
adminis t ra t ion i s  13 times t h a t  of haloperidol  and twice t h a t  of t h e  
e a r l i e r  reported YM 08050 (18b). '+6, '+7 'Ihe sepa ra t ion  f o r  3 between the 
stereotypy-blocking dose a n n h e  dose t h a t  induces ca t a l epsy  i s  28 times 
t h a t  of chlorpromazine and 6 times t h a t  of h a l ~ p e r i d o l . ~ ~  It i s  a l s o  an 
extremely potent e l eva to r  of p r o l a c t i n  Berun l e v e l s  i n  t h e  r a t  .48 

The a b i l i t y  of 

18a R = M e  R - H , X = S02DM2 
._ 

R = H  a R = N H 2 * X - C 1  20 - 
Replacement of t h e  benzyl group i n  18b with cyclohexyl produces a 

10-fold decrease i n  a c t i v i t y . 4 5  
sulfonamido group of AHR-6092 (19a)49 with 4-amino-5-chloro s u b s t i t u e n t s  
t o  AHR 5859 (E) i nc reases  ant iemetic  potency 50-f0ld,~O while r e t a i n i n g  
low a c t i v i t y  on t h e  pe r iphe ra l  D-1  receptor^.^^ 

On the  o the r  hand, replacement of t he  

Tropapride (MD 790501, 2) induces ca t a l epsy  i n  rats a t  a 61-fold 
higher  dose than t h a t  which i n h i b i t s  apomorphine-induced ~ t e r e o t y p y , ~ ~  
ind ica t ing  a very s e l e c t i v e  ac t ion .  

Butyrophenones and Diphenylbutylamines - Timiperone (G), a thioxo- 
benzimidazole d e r i v a t i v e  of benperidol 2, is 8 t i m e s  more potent than 
haloperidol  on apomorphine antagonism i n  r a t s , 5 3  and i t  i s  supe r io r  t o  
perphenazine i n  an t ip sycho t i c  e f f e c t s  i n  schizophrenic pa t i en t s .54  

21a X I  s 
21b X - 0  
- 

a 22 - - 
A c y c l i c  analogue Y-12112 of pimozide, i n  which t h e  butylamine chain 

i s  incorporated i n t o  a cyclohexylpiper idine moiety, i s  equipotent  with 
p i m ~ z i d e . ~ ~  Amperozide (FG 5606 22) i n h i b i t s  conditioned avoidance i n  
r a t s  but produces no catalepsy.5b I t  has pronounced an t i aggres s ive  pro- 
p e r t i e s .  S t ruc tu ra l  modif icat ion of f lupen th ixo l  has produced t e f l u d a z i n e  
(LU 18-012, 23), which has a long duration.57 Compared t o  f lupen th ixo l  i t  
is 3 times less cataleptogenic  i n  r e l a t i o n  t o  i t s  antiamphetamine a c t i v i -  
t y .  From a p i l o t  study on schizophrenic p a t i e n t s ,  f l u t r o l i n e  (CP-36584, 
- 24) seems t o  begin exe r t ing  an ant ipsychot ic  e f f e c t  from t h e  t h i r d  day of 
treatment .5* 

24 - 26 - 
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Miscellaneous S t r u c t u r e s  - Mezilamine (25 R=Me) shows a lower p ropens i ty  
than ha lope r ido l  o r  t i a p r i d e  t o  e l i c i t  a c u t e  dysk ines i a s  i n  s q u i r r e l  
monkeys.59 
sp iperone  binding assay60 and about h a l f  as a c t i v e  as ha lope r ido l .  
S tud ie s  with z e t i d o l i n e  (DL 308-IT, 26) a g a i n s t  sch izophrenia  have shown 
c l i n i c a l  improvement i n  50% of t h e  p a t i e n t s  .61 me pharmacological pro- 
f i l e  of 26 inc ludes  a n t i c h o l i n e r g i c  p rope r t i e s .62  
t h i o p h e n r i s o s t e r e  of t h e  a n t i d e p r e s s a n t  tac lamine ,  is e q u i p z e n t  w i t h  
chlorpromazine i n  classical  tests f o r  n e u r o l e p t i c  a c t i v i t y . 6 3  

The t?-benzyl analogue UK-177 is  8-fold more a c t i v e  i n  t h e  

QM-7184 ( 2 7 ) ,  a 

A 

II - 28 29a 

A new trazodone d e r i v a t i v e ,  dap ip razo le  (AF 2139, 28 ) ,  d i s p l a y s  
both c e n t r a l  and p e r i p h e r a l  a d r e n o l y t i c  proper tie^.^^ I r i s  4 times more 
a c t i v e  than chlorpromazine i n  p r o t e c t i o n  a g a i n s t  l e t h a l  doses  of  amphet- 
amine but  i n a c t i v e  a g a i n s t  apomorphine-induced ~ t e r e o t y p y . ~ ~  P re l imina ry  
c l i n i c a l  exper iences  show improvementof d e l i r i u m ,  de lus ions  and i n t e r p e r -  
sona l  r e l a t i o n s h i p s  .6 
(3) , is  showing p a r t i c u l a r  improvement i n  such items as coope ra t ion  and 
r e l i e f  of t e n s i o n  i n  a double b l ind  e v a l u a t i o n  versus  chlorpromazine.66 
Another m-chlorophenylpiperazine d e r i v a t i v e ,  OPC-4139 (=),is a po ten t  
suppressor  of DA a c t i v i t i e s  i n  ra ts  without catalepsy-inducing 
p r o p e r t i e s  .67 

A ring-opened hydrotrazodone analogue, e tope r idone  

The carbazole  BW 234U (30) b locks  apomorphine-induced c l imbing  i n  
mice and aggres s ion  i n  rats b u t  f a i l s  t o  b lock  s te reo typy .68  S i g n i f i c a n t  
improvements and few s i d e  e f f e c t s  were observed wi th  30 i n  a c u t e  schizo- 
phrenic p a t i e n t s  .69 

- 

C I  

The r i g i d  molindone analogue RO 22-1319 (31) was s e l e c t e d  f o r  i t s  
s e p a r a t i o n  between t h e  a b i l i t y  t o  i n h i b i t  condi t ioned  avoidance and 
escape response.70 A l l  a c t i v i t y  r e s i d e s  i n  t h e  4aR, 8Ar- ( - ) -enant i0mer .~ l  

Des- t yrosine-y -endor phine DTy E) d i s p l a y s  n e u r o l e p t i  c-li ke a c t i v i t y  
i n  a v a r i e t y  of behaviour tests.J2 Its a c t i v e  me tabo l i t e  has  been i d e n t i -  
f i e d  as p-endorphin-(6-17) , which, l i k e  DTyE, i s  a c t i v e  only  i n  v ~ v o . ~ ~  
Pe r iphe ra l ly  adminis te red  cholesystokinin-octapeptide (CCK-8) i n  rats 
diminishes apomorphine-induced s t e r e o t  py a t  0.64 mg/kg i .p.  and shows 

-- 

neuro lep t i c - l i ke  e f f e c t s  on behaviour.  J74 

Dopamine Agonists - The continued i n t e r e s t  i n  DA r ecep to r  a g o n i s t s  i n  
the  CNS seems t o  focus on two a spec t s .  (he i s  t o  f ind  s e l e c t i v e  agen t s  
which s t i m u l a t e  only  t h e  p re synap t i c  DA r e c e p t o r ,  thereby  g iv ing  t h e  
p o s s i b i l i t y  of t r e a t i n g  mental d i s o r d e r s  i n  which neuronal DA hype rac t i -  
v i t y  is  the  pa thophys io logica l  cond i t ion ,  as an a l t e r n a t i v e  t o  n e u r o l e p t i c  
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therapy.75 The other  is t o  f ind  agents which s t imu la t e  only the  post- 
synapt ic  DA r ecep to r ,  thereby overcoming DA def i c i ency  d i seases  such as  
parkinsonism .4 
f ind agonis ts  which are ab le  t o  induce s p e c i f i c  behavioural e f f e c t s  f o r  
use i n  animal models,8 and t o  gain topographical knowledge of the DA 
receptor  through these  agon i s t s ,  i n  view of t h e  mounting evidence t h a t  
the s t r u c t u r a l  requirements f o r  agonis t  r ecep to r  a f f i n i t y  may be d i f f e r e n t  
from those of t h e  DA  antagonist^.^ 
c l a t u r e  of c e n t r a l  and pe r iphe ra l  DA r e c e p t o r s  have appeared. 78* 79 

Additional pharmacological and chemical ob jec t ives  a r e  t o  

Recent commentaries on t h e  nomen- 

R = H ,  X - O H  

2 R = O H , X - H  

OH 

"a N P r 2  

OH 

a R I O H  

94b R - H  

In the aminotetral ine series, maximm potency on both D-1 and D-2 
r ecep to r s  is obtained with the  enantiomer of 9 having (+)-2R configura- 
t i on  and with t h e  enantiomer of 32b having (-)-2s This 
i nve r s ion  of s tereochemistry is f u r t h e r  evidence t h a t  t hese  agon i s t s  bind 
v i a  a s ing le  aromatic hydroxyl group t o  t h e  DA receptor  site.81 
hydrox 1 aminotetral ine s is as a c t i v e  a s  t he  6,7-dihydroxy analogue 
TL-99,i2 and t h e  methyl s u b s t i t u t e d  d e r i v a t i v e  DK 118 (33b) appears t o  
s e l e c t i v e l y  s t imu la t e  presynapt ic  DA r ecep to r s  .*3  

configurat ion.80 

'Ihe mono- 

- 

The indanylamine congeners a r e  weak i n  agonis t  and an tagon i s t  re- 
cep to r  bindin 
stimulation,8"and is a potent s t imu la to r  of DA-mediated behaviour i n  
reserpinized rats .85 
(CI-686, 35) ,  which d i sp lays  both s t imu la t ing  and blocking e f f e c t  on DA- 
mediated behaviour,  8 6  has f a i l e d  t o  show e f f i c a c y  i n  schizophrenic 

but % i n h i b i t s  postgangl ioic  ca rd ioacce le ra to r  nerve 

An oxa-analogue of t he  amino te t r a l ines ,  trebenzomin 

p a t i e n t s  .87 

2 

The more 

X = H  g x = c 1  

R = CH=CH2 

R = CH 
3 

f l e x i b l e  benzazepine SKI? 38393 (e) e x e r t s  i t s  stereo- 
s e l e c t i v e  DA a g o n i s t i c  effect  exc lus ive ly  v i a  the R-(+)-enantiomer .88 36a 
may prove t o  become a use fu l  t oo l  i n  psychopharmacology s i n c e  i t  is 
demonstrated t o  be a s p e c i f i c  D1 agonis t .89 The 6-chloro d e r i v a t i v e  - 36b is a potent r ena l  vasod i l a to r  besides  having c e n t r a l  e f f e c t s  s u p e r i o r  
t o  those of DA.90 Hydroxylation i n  the phenyl group completely abo l i shes  
the c e n t r a l  a c t i v i t y  ,'l a r e s u l t  a l s o  encountered with aromatic hydroxyla- 
t i o n  of a p ~ m o r p h i n e . ~ ~  

- 

The N-ally1 thiazoloazepine B-HT 920 (e) shows no e f f e c t  on motor 

The e t h y l  analogue B-HT 933 (z) a c t i v i t y  i n  reserpinized mice, but i n  untreated animals 3 s e l e c t i v e l y  
s t imulates  presynapt ic  DA receptors .93 
s e l e c t i v e l y  s t imu la t e s  adrenoreceptors . 93 

Apomorphine decreases  psychotic symptoms when given i n  doses which 
a c t i v a t e  the presynapt ic  DA autoreceptor  i n  schizophrenic p a t i e n t s  .94 
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(-)N-Propylapomorphine (NPA, *) is 20 times more potent  than apo- 

Thus, % is  
morphine.95 "he dura t ion  and b i o a v a i l a b i l i t y  of NPA is f u r t h e r  enhanced by 
using the  10, l l -methylendioxy 
an o r a l l y  e f f e c t i v e  long-acting c e n t r a l  DA agon i s t  .96 

d e r i v a t i v e  38b as a prodrug. 

I 
Pr 

38a R = H  

R E -CH2- 
2& R = O H  

R = H  

OH 

40 - 
From s t u d i e s  of t h e  behavioural  e f f e c t s  of t h e  r i g i d  octahydro- 

benzo[ f l q u i n o l i n e s  it w a s  concluded t h a t  DA e x e r t s  i t s  f u n c t i o n a l  a c t i o n  
i n  the a - t r ans  rotameric  c ~ n f i g u r a t i o n . ~ ~  Thus, 39a i s  more potent i n  
reducing motor a c t i v i t y i n m i c e  than t h e  7,8-dihydroxy analogue correspond- 
ing t o  the  f3-rotamer of DA.97 
a c t i v i t y , 9 8  and removal of t he  ethano br idge i n  the  5,6-posit ion r e s u l t s  
i n  the  presynapt ic  agonis t  3-PPP, 40.99 

The monohydroxyl analogue r e t a i n s  t h i s  

The blocking e f f e c t s  of va r ious  n e u r o l e p t i c  agen t s  on 40 show t h a t  
i t  i s  s e l e c t i v e  on the  D-2 receptor .75 The unique p r o f i l e  of 3-PPP i s  
explained by i t s  s t e r e o s e l e c t i v i t y .  While t h e  (+)-form is a mixed pre- 
and postsynapt ic  agon i s t  l i k e  apomorphine, the (-)-form i s  a s e l e c t i v e  
presynapt ic  agon i s t  without e f f e c t  on t h e  pos t synap t i c  receptor .100 
R e s t r i c t i o n  of t h e  conformational mob i l i t y  of 40 by inco rpora t ion  of t he  
propyl group i n t o  an azabicyclo[ 2.2.21 octane system abol ished apomorphine 
binding ac t iv i ty .1°  

- 42 42 41a bond 
41b no bond - 

Replacement of t h e  hydroxyl group with indo le  n i t rogen  (RU 27251, 
- 41a) r e t a i n s  agon i s t  a c t i v i t y . l o 2  
s t r u c t u r e  have produced s e v e r a l  i n t e r e s t i n g  compounds based upon Cannon's 
proposed e rgo l ine  pharmacophore 41b.lo3 
however, s tand ou t  i n  support  of Bach and Kornfeld's  py r ro l e thy lamine  
moiety 43 as t h e  e r g o l i n e  pharmacophore.lo4 
D-2 agon i s t  as evidenced by p o t e n t i a t i n g  s t r ia ta l  a c e t y l c h o l i n e  t r a n s -  
mis s ion lo5  and i n h i b i t i o n  of a-MSH r e l e a s e  without e f f e c t  on the  D-1 
recep to r . l o6  
a c t i v e  an t ihype r t ens ive  agent i n  t h e  rat  .lo* 

Fur the r  approaches towards the  e r g o l i n e  

The e f f e c t s  of LY 141865 (42 ) ,  

Compound 42 i s  a s e l e c t i v e  

It is a l s o  a potent H-2 a g o n i s t , l o 7  bes ides  being an  o r a l l y  

R-N 3 

N P r  

44 - 

H-N aN-R 
O d  

R = M e  

% R = H  

N-Me 

I-/ 
NHS02NMeR 

Another e rgo l ine  ana lo  ue, RU 28251 (%), i s  a potent  a g o n i s t  i n  t h e  
Ungerstedt r o t a t i o n  model. 108 The oxa-ergoline RU 29717 (e) i s  equi- 
potent with pe rgo l ide  i n  causing c i r c l i n g  behaviour of u n i l a t e r a l  
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n i g r o s t r i a t a l  6-OHDA-lesioned rats . log 
t i v e ,  (-)-EOE (e), although more potent  o r a l l y  than apomorphine,l lo is 
equa l ly  a c t i v e  on both 

The corresponding +e thy l  deriva- 

- and postsynapt ic  DA r e c e p t o r s  and thus not  
useful  t h e r a p e u t i c a l l y .  K 

h a series of 8-amino-6-methylergolines, CU 32-085 (e) was one o f  
t h e  most a c t i v e  compounds.l12 
syn thes i s  and turnover  is observed with 46a , l13  i n d i c a t i n g  f i r s t  an  anta-  
g o n i s t i c  a c t i v i t y  which later becomes a g o n i s t i c  by formation of t he  1,20- 
di-desmethyl me tabo l i t e  46b.l l4  
amide e r g o l i n e  CQ 3 2 - 0 8 4 T  a mul t ip l e  D-l/D-2 a o n i s t ,  bes ides  being a 

A time-dependent b iphas i c  e f f e c t  on DA 

lhe corresponding diethylaminosulfonyl-  

blocker of presynapt ic  a-adrenergic r e c e p t o r s .  11f 

48 - 
Presynapt ic  DA-agonistic p rope r t i e s  with no marked e f f e c t s  on t h e  

pos t synap t i c  r ecep to r s  i n  striatm are shown with FND 23448 (+).l16 In 
add i t ion ,  fi is lacking antiapomorphine a c t i v i t y  on locomotion,117 i n  
c o n t r a s t  t o  the two-carbon s h o r t e r  analogue AHR 1709 (%).49 
nylpiperazine AY 27110 (48) r ep resen t s  a novel class of DA agon i s t s .  A l l  
of its behavioural e f f e c G  on 6-OHDA-lesioned rats r e s i d e  i n  t h e  !+(-)- 
enantiomer.l17 A new r i g i d  he t e rocyc l i c  compound, TVX 4148 (E), d i s p l a y s  
mul t ip l e  a c t i o n s  such as a n t i a g r e s s i v e ,  a n t i c a t a l e p t i c ,  and serotonin-  
po ten t i a t ing  p r o p e r t i e s ,  besides  being a DA agon i s t  i n  t h e  l e s i o n  model .l18 

The tropo- 
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Chapter 4 .  Cholecys tokin in  and Substance P i n  t h e  Cen t ra l  
Nervous Sys tern 

P.C.  Emson and B.E.B.  Sandberg 
MRC Neurochemical Pharmacology Uni t ,  

Medical Research Council Cent re ,  H i l l s  Road, 
Cambridge CB2 2QH, UK. 

I n t r o d u c t i o n  - An inc reas ing  number of neu rona l ly  l o c a l i z e d  b i o a c t i v e  
pep t ides  have been found i n  t h e  mammalian CNS, and s e v e r a l  r e c e n t  
volumesl,2 g i v e  an  overview of t he  neurobiology of many of t hese  
pep t ides  which a r e  u s u a l l y  cons idered  t o  be e i t h e r  neurohormones ( e . g . ,  
t h e  hypothalamic r e l e a s i n g  f a c t o r s 3 s 4 )  o r  slow a c t i n g  n e u r o t r a n s m i t t e r s .  
Apart from t h e  enkephal ins ,  t he  two neuropept ides  t h a t  have a t t r a c t e d  
most i n t e r e s t  amongst pharmacologists a r e  cho lecys tok in in  (CCK) and 
subs tance  P .  The reason  f o r  t h i s  i n t e r e s t  i n  CCK i s  due p r i m a r i l y  t o  t h e  
co-exis tence  of  a CCK-like immunoreactivity wi th  dopamine i n  neurones i n  
t h e  mesolimbic dopaminergic neurones ,5 perhaps provid ing  a c l u e  t o  novel 
approaches t o  t h e  therapy  of Park insons  d i s e a s e  and sch izophrenia  i n  
which dopaminergic unde rac t iv i ty6  o r  h y p e r a c t i v i t y , '  r e s p e c t i v e l y ,  a r e  
imp l i ca t ed .  I n  t h e  case  of subs tance  P ,  t h e  l o c a l i z a t i o n  of  t h i s  
neuropept ide  i n  small  diameter primary a f f e r e n t  sensory  f i b r e s  sugges t s  
t h a t  subs tance  P and o t h e r  pep t ides  may be r e s p o n s i b l e  f o r  t h e  
t r ansmiss ion  of "pa infu l"  sensory  informat ion  through t h e  s p i n a l  cord t o  
h ighe r  c e n t r e s  i n  t h e  CNS8, so t h a t  development of subs tance  P 
a n t a g o n i s t s  might provide a new class of non-opioid ana lges i c  d rugs .  

Cholecys tokin in  

The cho lecys tok in in  o c t a  e p t i d e  (CCK-8) (Table 1) i s  t h e  major CCK- 
l i k e  pept ide  found i n  the  CNS' ( a l though  an unknown CCK-like e p t i d e  i s  
p re sen t  i n  primary a f f e r e n t s  i n  t h e  s p i n a l  cord of t h e  rat''), and i t  
be longs  t o  t h e  c e r u l e i n  fami ly  of pep t ides .  The c e r u l e i n s ,  l i k e  t h e  
t achyk in ins ,  are a family of amphibian s k i n  pep t ides  . ll  The carboxy- 
t e rmina l  pentapept ide  sequence of CCK-8 i s  i d e n t i c a l  t o  t h a t  o f  g a s t r i n ,  
and both pep t ides  a r e  unusual amongst CNS pep t ides  i n  being s u l f a t e d .  
The sequence s i m i l a r i t i e s  between g a s t r i n  and cho lecys tok in in  led  t o  the  
o r i g i n a l  s c r i p t i o n  of t h e  CCK innnunoreactivity i n  t h e  b r a i n  a s  
"gas t r in" ,"  a confus ion  t h a t  was soon reso lved  by t h e  sequencing of 
ov ine  b r a i n  CCK-8, l3 Development of s u i t a b l e  radioimmunoassays and 
improved immunoc y t  ochemic a1  techniques  have loc  a 1  ized  CCK 
immunoreactivity i n  p a r t i c u l a r  t o  the  c e r e b r a l  c o r t e x ,  b a s a l  gang l i a  
hypothalamus and s p i n a l  cord i n  a l l  mammalian s p e c i e s ,  i nc lud ing  man. 
CCK immunoreactivity i s  concent ra ted  i n  synap t i c  vesicle/membrane 
f r ac t ions '  and can be r e l e a s e d  by d e p o l a r i z i n g  ~ t i m u l i , ' ~ , ~ ~  c o n s i s t e n t  
wi th  a phys io log ica l  r o l e  f o r  t he  pep t ide  E l e c t r o p h y s i o l o g i c a l  
experiments show t h a t  i n  the  hippocampus ,'16 s p i n a l  cord17 and 
mesencephalon,18 CCK is p o t e n t l y  e x c i t a t o r y  when appl ied  t o  neurones.  In 
neuro log ica l  i l l n e s s  a d e p l e t i o n  of CCK immunoreactivity has been 
r epor t ed  i n  Huntington'  s disease' '  and i n  Park insons  d i s e a s e . 2 0  The 
m a j o r i t y  of CCK i n  human b r a i n  i s  found i n  the  c e r e b r a l  c o r t e x  where i t  
has  been suggested t o  have a r o l e  i n  s t i m u l a t i n g  l o c a l  metabol ic  a c t i v i t y  
and enhancing l o c a l  blood flow.*' 
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Apart from a neurotransmitter/modulator r o l e ,  CCK has been 
implicated as a c e n t r a l  s a t i e t y  factor,22-26 and t h i s  would be i n  keepin 

I n t r a v e n t r i c u l a r  i n j e c t i o n s  of CCK i n t o  sheep produce s a t i e t y .  I n t r a -  
v e n t r i c u l a r  i n j e c t i o n s  of CCK a l s o  reduce plasma l u t e i d z i n g  hormone and 

with t h e  documented r o l e  of plasma CCK as a pe r iphe ra l  s a t i e t y 2 j i g n a l .  29 

TABLE I. Ceru le ins  

Glp-Gln-Asp-Tyr(S03H)-Thr- 

Gly-Trp-Met-Asp-Phe-NH, Cerule i n  

Glp-Asn-Asp-Tyr(S03H)-Leu- 

Gly-Trp-Me t-Asp-Phe-WH, A m 2 ,  Leu5-cerulein 

Glp-Glu-Tyr(S03H)-Thr- 

GI y-Trp-Me t-Asp-Phe-NH, Phy l loce ru le in  

Asp.Tyr(SO3H)-Met-9- 

Trp-g-Asp-Phe-9 CCK-8 

Tyr-(S03H)-Gly-Trp-Met- - 
Asp-Phe-NH, Hexagastrin I1 

thyroid s t imu la t ing  hormone con ten t ,  wh i l s t  only 40 ng CCK-8 e l e v a t e  
p r o l a c t i n  and growth h o g o n e  levels ,  an e f f e c t  probably mediated through a 
hypothalamic mechanism. 

S t r u c t u r e - a c t i v i t y  Re la t ionsh ips  - A number of e a r l y  s t u d i e s  compared 
g a s t r i n ,  CCK, c e r u l e i n  and analogues f o r  t h e i r  f f e c t s  on pe r iphe ra l  
systems, including the  stomach and pancreas .30-3'. Stud ies  on acid 
s e c r e t i o n  showed t h a t  t h e  C-terminal t e t r a p e p t i d e  of g a s t r i n  (Trp-Met- 
Asp-PheNH2, " t e t r i n " )  r e t a i n s  f u l l  a c t i v i t y  but i s  some 10-20 fo ld  less 
potent  t h a n  gastrin-17 The s u l f a t e d  and non-sulfated gastrin-17 were 
approximately equipotent  ,33 9 34 and within the  C-terminal t e t r i n  sequence 
the  a s p a r t a t e  r e s idue  was c r i t i c a l  f o r  a c t i v i t y .  32 In  c o n t r a s t  t o  
g a s t r i n ,  t h e  p o s i t i o n  of t he  tyrosyl-0-sulfate  i n  CCK i s  of p a r t i c u l a r  
importance. Moving the  tyrosyl-0-sulfate  t o  l e f t  o r  r i g h t  r e s u l t s  i n  
loss of t h e  c h a r a c t e r i s t i c  cholecystokinin e f f e c t s  on smooth muscle and 
pancreas and leaves only g a s t r i n  l i k e  a ~ t i v i t y . ~ ~ - ~ '  S imi l a r ly ,  
replacement of the s u l f a t e  group by a phosphate group o r  removal of t h e  
s u l f a t e  dramatical  reduces the a b i l i t y  t o  enhance am lase s e c r e t i o n .  
S tud ie s  using the 'q51-Bolton-Hunter l abe l l ed  CCK-33 o r  'H-cerulein have 
shown t h a t  on the panc rea t i c  r ecep to r  s u l f a t i o n  of CCK increased r ecep to r  
a c t i v i t y  some 100-1000 fo ld  cons i s t en t  with i t s  e f f e c t  on amylase 
~ e c r e t i o n . ~ '  There a r e  two binding s i tes  fo r  CCK-33 on t h e  panc rea t i c  
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acinar  c e l l ,  a high a f f i n i t y  (Kd=64 pM) and a low a f f i n i t y  (Kd=21nM) 
s i t e . 4 1  The high a f f i n i t y  s i t e  i s  t h a t  involved with amylase s e c r e t i o n ,  
s t i m u l a t i o n  of cGMP formation and increased calcium e f f l u x  and is l i k e l y  
t o  be the  phys io log jca l  r ecep to r  responding to  c i r c u l a t i n g  CCK l e v e l s  
found a f t e r  a meal I n  c o n t r a s t ,  al though t h e  b r a i n  CCK binding s i t e  
demonstrated using '1251-CCK-33 has  the h ighes t  a f f i n i t y  f o r  t he  s u l f a t e d  
CCK-8, i t  resembles the "gas t r in"  r e c e p t o r s  i n  the stomach more c l o s e l y  
i n  t h a t  both the d e s u l f a t e d  CCK-8, CCK-4 and g a s t r i n  a r e  r e l a t i v e l y  
potent a t  d i s p l a c i n g  1251-CCK-33 from the  b r a i n  binding s i t e  .42-47 The 
d i s t r i b u t i o n  of CCK binding s i t e s  i n  the  b r a i n  c o r r e l a t e s  reasonably with 
d i s t r i b u t i o n  o f  CCK-like immunoreactivity (Table 2) The m a j o r i t y  of t h e  
CCK binding s i tes  develop p o s t n a t a l l y  i n  the rat.4' The d i f f e r e n c e s  i n  
r ecep to r  a f f i n i t y  and s p e c i f i c i t y  between pancreas and b r a i n  a r e  of 
p a r t i c u l a r  i n t e r e s t  i n  r e l a t i o n  t o  t h e  panc rea t i c  a n t a g o n i s t s ,  d i b u t r y r y l  
c y c l i c  GMP, proglumide (1) and benzo t r ip t  (2) .48a 

0 0 0 
t i  OC I I  - c H -CH2- C H - C 11 - N /CH2-cH2-cH3 pJ-JCHri- H 11 - OH 

I \CH~-CH,--CH, 

I I 
NH 

4 CI 

Progluintde ( I  1 - Benzotript ( 2 )  - 

Dibutyryl-cGMP d i s p l a c e s  lZ5I-CCK-33 binding from mouse b r a i n  s i t e s  ,45 
but  no evidence i s  y e t  a v a i l a b l e  on proglumide and b e n z o t r i p t ,  nor i s  it  
known whether these compounds a r e  an tagon i s t s  o r  a g o n i s t s  a t  CNS CCK 
r e c e p t o r s .  There i s  a c l e a r  need f o r  a s u i t a b l e  i n  v i t r o  test  system f o r  
CNS CCK r e c e p t o r s .  

TABLE I1 Regional d i s t r i b u t i o n  of CCK-33 binding i n  ra t  and guinea pig 
b r a i n  

Region Rat*d Guinea pig*a Rat*' 

Cerebral  co r t ex  100 
Ol fac to ry  bulb 87 
Hypothalamus 85 
Pons/medulla oblongata  70 
C aud a t e  / put amen 66 
Hippocampus 40 
Sp ina l  cord ( c e r v i c a l /  t h o r a c i c )  25 
Cerebellum 10 

40 
100 

18 
15 
23 
24 
11 
54 

94 
100 
46 
13 
80 
46 
N.D.  
0 

*Percentage of region with h ighes t  binding.  
Bref .  42 
b r e f .  44. N.D. = Not Determined. 
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Using l e s i o n  experiments t i n t e r r u p t  CNS pathways t h a t  might c a r r y  
CCK binding s i tes ,  Hays e t  a1 inves t iga t ed  the  l o c a l i z a t i o n  of CCK 
binding s i tes  i n  the ra t  b a s a l  gang l i a .  They concluded t h a t  most b a s a l  
gang l i a  s i tes  were on i n t r i n s i c  neurones,  as neurotoxin l e s i o n s  using 
ka in i c  acid depleted the  striatum of some 75% of i t s  CCK-binding s i tes ,  
wh i l s t  a f u r t h e r  25% of binding si tes were on ascending a f f e r e n t s  t o  t h e  
striatum. P a r a l l e l l i n g  these animal d a t a ,  a similar r educ t ion  (75%) was 
found i n  t h e  number of CCK binding s i tes  i n  p a t i e n t s  dying with a 
d i agnos i s  of Huntington 's  d i s e a s e .  The l o c a l i s a t i o n  of CCK r e c e p t o r s  on 
ascending a f f e r e n t s  t o  the  striatum suggests  t h a t  some of t hese  r e c e p t o r s  
may be p re sen t  on t h e  axon8 of the mesolimbic dopamine neurones,  which 
con ta in  a CCK-like pept ide.  Consis tent  with t h i s  suggest ion,  
i n t r a c e r e b r a l  i n j e c t i o n s  of CCK enhanced dopamine turnover  ,50 enhanced DA 
r e l e a s e  from s t r ia ta l  sl ices has a l s o  been r epor t ed .  I n  add i t ion  t o  
these  observat ions,  s eve ra l  groups have reported e f f e c t s  of CCK-8 on 
binding of dopamine a g o n i s t s  and an tagon i s t s  t o  s t r i a t a l   membrane^.^^ s 5 2  
F i n a l l y ,  a very r ecen t  r e p o r t  has  shown t h a t  endogenous dopamine 
apparent ly  a l s o  enhances t h e  r e l e a s e  of CCK from ra t  striatum. 53 

Substance P 

Substance P (SP) i s  one of t he  most ex tens ive ly  s tudied of t h e  
pept ide messengers i n  the nervous system. I n s i g h t  i n t o  t h e  mode of 
a c t i o n  of SP may, t h e r e f o r e  , give some general  understanding of pep t ides  
as neuro t r ansmi t t e r s .  SP has  p a r t i c u l a r  s i g n i f i c a n c e  i n  t h a t  it has  been 
proposed as the  "pain t ransmit ter ' '  used by a sub-population of sensory 
nerve5@6es a t  t h e i r  f i r s t  r e l a y  po in t  i n  t h e  d o r s a l  horn of t h e  s p i n a l  
cord.  I n  the b r a i n ,  SP i s  present  within a number of i n t r i n s i c  
neuronal pathways. Although the  func t ion  of SP i n  t hese  pathways i s  
unknown a t  p re sen t ,  t h e  f ind ing  t h a t  some of t hese  pathways terminate  i n  
areas containing catecholamine neurones,  *, s u b s t a n t i a  n i g r a  
(dopamine), locus coeruleus (norepinephrine) ,  suggests  t h a t  SP may be 
involved i n  t h e  r e g u l a t i o n  of catecholamine turnover .57 Thus , t he  s tudy 
of t h e  physiology of SP may o f f e r  important i n s i g h t s  i n t o  pa in ,  
ana lges i a ,  neuropathology and the des ign  of novel c e n t r a l l y  a c t i n g  
ana lges i c  o r  neu ro lep t i c  drugs.  There have, however, u n t i l  r e c e n t l y  been 
seve ra l  key elements missing from our b a s i c  understanding of SP as a 
neuro t r ansmi t t e r ,  such as the biochemical c h a r a c t e r i z a t i o n  of i t s  
r ecep to r s  and t h e  mechanism of i t s  synapt ic  i n a c t i v a t i o n .  

Receptor Recognition and Ca2+Mobilisation - A number of d i f f e r e n t  SP 
r ecep to r  binding assays i n  br-ain t i s s u e ,  using e i t h e r  1251-Tyr8-SP, 1251- 
Bolton-Hun er l abe l l ed  SP o r  'H-SP as the  r a d i o l a b e l l e d  l i gand ,  have been 
r epor t ed .  5'-62 Because SP i s  r a p i d l y  degraded by s e v e r a l  enzymes p resen t  
i n  the  b r a i n  s p e c i a l  precaut ions have t o  be taken i n  o rde r  t o  prevent 
degradat ion of the  r a d i o l a b e l l e d  l i gand .  Receptor binding t o  b r a i n  
membrane p repa ra t ion  has ,  t h e r e f o r e ,  been c a r r i e d  out  a t  low temperature 
o r  i n  the  presence of pept idase i n h i b i t o r s  o r  both.  In  s p i t e  of t h e  
t e c h n i c a l  problems involved , SP binding si tes have been demonstrated t o  
be s p e c i f i c ,  s a t u r a b l e ,  r e v e r s i b l e  and l i n e a r l y  dependent upon p r o t e i n  
concen t r a t ion  and are thus c o n s i s t e n t  with expec ta t ion  for pep t ide  
receptor sites. A t  least one of t hese  "binding assays" e x h i b i t s  a good 
c o r r e l a t i o n  between t h e  potencies  of C-terminal fragments of SP and t h e  
b i o l o g i c a l  a c t i v i t y  of t h e  same fragments on guinea i g  ileum c o n t r a c t i o n  
o r  t h e i r  a b i l i t y  t o  e x c i t e  r a t  s p i n a l  cord neurones. 82 

A number of c e l l  su r f ace  r e c e p t o r s ,  including SP r e c e p t o r s ,  which 
r a i s e  i n t r a c e l l u l a r  Ca2+, are linked t o  the  hydro lys i s  of i n o s i t o l  
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phospholipids i n  t h e  c e l l  membrane.63 Although the exact  r o l e  i s  l a r g e l y  
unknown, t h e r e  i s  now evidence t h a t  t h e  “phospha t idy l inos i to l  response“ 
i s  c l o s e l y  l inked t o  the  occupat ion of a class of r e c e p t o r s  which a r e  not  
coupled t o  CAMP, and it has  been suggested t h a t  it may be a r e a c t i o n  
e s s e n t i a l  t o  t he  coupling between t h  a c t i v a t i o n  of r e c e p t o r s  and the 
mob i l i za t ion  of Ca2+ wi th in  the c e l l .  62 

S has been shown t o  cause a phospha t idy l inos i to l  response i n  ra t  
parot id” gland,  but similar s t u d i e s  i n  b r a i n  t i s s u e s  have been hampered 
by the  low s e n s i t i v i t y  of t h e  assay.  Recently a s i g n i f i c a n t  improvement 
i n  the  assay ampl i f i e s  t he  SP-induced response t o  the  e x t e n t  t h a t  i t  i s  
now a l s o  s u i t a b l e  f o r  s t u d i e s  i n  b r a i n  t issue.66 Recently, r e s u l t s  from 
work with h y p ~ t h a l a m i c ~ ~  s l i c e s  i n d i c a t e  t h a t  t h i s  could be an important 
method i n  t h e  s t u d i e s  of t h e  r e c e p t o r  mediated events  induced by SP. 

Metabolic I n a c t i v a t i o n  - I f  SP can be r e l eased  from nerve-terminals and 
i n t e r a c t  with s p e c i f i c  r e c e p t o r s  s i tes  , t h e r e  i s  presumably a mechanism 
by which the  a c t i o n  of substance P i s  terminated.  In  p r i n c i p l e  t h i s  
could occur e i t h e r  by re-uptake,  d i f f u s i o n ,  o r  by enzymatic degrad 
Since no uptake system has ever  been demonstrated f o r  substance P 
enzymatic i n a c t i v a t i o n  o r  d i f f u s i o n  are t h e  more l i k e l y  means of 
terminat ing substance P a c t i o n .  There are a number of enzymes reported 
t o  degrade SP.71-86 However, most of t he  enzymes are e i t h e r  
i n t r a c e l l u l a r ,  o r  SP i s  no t  t h e i r  p re fe r r ed  s u b s t r a t e .  Recently,  a 
plasma membrane bound enzymes7 from human b r a i n  was i s o l a t e d  which 
c l eaves  f P  between one of t he  following amino acid r e s i d u e s :  Gln6-Phe7, 
Phe7-Phe o r  Phe8-Gly’. It i s  a n e u t r a l ,  metallo-endopeptidase with a 
molecular weight of 40-50,000. The c l o s e  similari t ies between the  
cleavage p a t t e r n  of 3H-SP by the  p u r i f i e d  enzyme from human b r a i n  and by 
a synapt ic  membrane p repa ra t ion  from r a t  b ra in ,87  as well as from 
hypothalamic s l i c e  p e r f u s a t e ,  suggests  a similar enzyme may be involved 
i n  SP a c t i v a t i o n  i n  the CNS. A number of SP analogues e x h i b i t i n g  
d i f f e r e n t  degrees  of r e s i s t a n c e  towards t h e  enzyme were designed. One of 
these  (Glp5,MePhea MeGlyg)-SP~5-ll) was r e s i s t a n t  not  only towards the  
p u r i f i e d  enzymeY8” but more important ly ,  completely s t a b l e  towards 
d i g e s t i o n ,  both by crude ra t  b r a i n  synapt ic  membrane preparations8’ and 
hypothalamic s l i c e s .  The analogue r e t a i n s  the  f u l l  b i o l o g i c a l  a c t i v i t y  
o f  SP i n  the  CNS and has a number of physical  p r o p e r t i e s  which makes i t  a 
ve ry  a t t r a c t i v e  t o o l .  When the analogue was i n j e c t e d  i n t o  a s p e c i f i c  
r eg ion  of t h e  ra t  b r a i n ,  i t  was ap roximately equipotent  with SP i n  
causing increased locomotor a c t i v i t y .  However, i n  c o n t r a s t  t o  t h e  
b r i e f  e f f e c t s  of SPY the  behavioural  response t o  the  analogue was 
cons ide rab ly  prolonged. The prolonged a c t i o n  of t he  analogue i s  
supported by the  obse rva t ions  t h a t  although SP was almost completely 
degraded a f t e r  5 min i n  t h e  b r a i n ,  t h e  enzyme-resistant analogue was 
v i r t u a l l y  i n t a c t  50 min a f t e r  t he  i n j e c t i o n .  Biochemical evidence 
supports  t he  claim t h a t  d i f f u s i o n  r a t h e r  than enzymatic i n a c t i v a t i o n  
determines the  time-course of t he  behavioural  response t o  the  analogue. 89 

Mammalian Tachykinins - A c l a s s  of n a t u r a l l y  occur r ing  SP-related 
pep t ides  c a l l e d  tachykinins  has been f r equen t ly  used i n  SP r e ~ e a r c h . ’ ~  
Tachykinins can be subdivided i n t o  the  SP-physalaemin family and 
e l edo i s in -kass in in  family.  For a l l  t hese  pep t ides ,  t he  C-terminal 
sequence Phe-X-Gly-Leu-Met-NH2 i s  a common f e a t u r e .  However, SP- 
physalaemin pept ides  have an aromatic amino acid i n  p o s i t i o n  X ,  whereas 
e l edo i s in -kass in in  pep t ides  have a hydrophobic non-aromatic amino acid i n  
t h i s  p o s i t i o n .  The N-terminal sequences of t hese  pep t ides  do not show 

bIii88 
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any obvious s imi la r i t i es .  The e l edo i s in -kass in in  family shows a 
d i f f e r e n t  spectrum of a c t i v i t y  compared with SP and SP-like pep t ides .  
These d i f f e r e  c e s  have led t o  a pos tu l a t ed  sub-divis ion of SP 
r ecep to r s .  93-99 

The high s e l e c t i v i t y  of some t i s s u e s  €or e l e d o i s i n  and k a s s i n i n ,  
r a t h e r  than SP, suggests  t h a t  SP i t s e l f  may not n e c e s s a r i l y  be the b e s t  
candidate  fo r  mediating physiological  a c t i o n  a t  t hese  s i tes .  C e n t r a l l y  
administered e l e d o i s i n  has been reported t o  be s u b s t a n t i a l l y  more potent 
than SP i n  inducing an t id ipso  en ic  a c t i v i t y g 7  i n  r a t  and e l i c i t i n g  
sc ra t ch ing  behaviour i n  mice,$8 suggest ing the  p o s s i b i l i t y  of an 
e l edo i s in -kass in in  l i k e  l igand i n  the  mammalian CNS. Consequently, a 
search f o r  a novel tachykinin i n  m a m m a l s  has  begun i n  s e v e r a l  
l a b o r a t o r i e s .  Recently,  a pept ide was i s o l a t e d  from a human lung tumour 
which i s  id  n t i c a l  i n  a number of p r o p e r t i e s  t o  the  amphibian pep t ide  
p h y ~ a l a e m i n . ' ~  There i s  a l s o  s t rong evidence f o r  t he  presence of another  
tachyf&jin,  s i m i l a r  but not i d e n t i c a l  t o  kas s in in ,  i n  t h e  bovine s p i n a l  
cord.  It i s  t h e r e f o r e  poss ib l e  t h a t  i n  the  near f u t u r e  we w i l l  have 
t o  consider  t h a t  t h e r e  may be a number of n a t u r a l l y  occur r ing  mammalian 
tachykinins  and t h a t  some of the physiological  even t s  assumed t o  be 
mediated by SP might i n  f a c t  be mediated by o the r  mammalian tachykinins .  

TABLE 111. Tachykinins 

Mo 1 1 usc an 
Glp-Pro-Ser-Lys-Asp-Ala- 
- Phe-Ile-Gly-Leu-Met-NH2 

Amphibian 
Glp-Ala-Asp-Pro-Asn-Lys- 
- Phe-Tyr-Gly-Leu-Met-NH2 

Glp-Ala-Asp-Pro-Lys-Thr- 
Phe-Tyr-Gly-Leu-Me t-NH2 

Glp-Pro-Asp-Pro-Asn-Ala 
Phe-Tyr-Gly-Leu-Met-NH2 

G 1 p- Asn-Pr 0- Asn- Arg- 
Phe-Ile-Gly-Leu-Met-NH2 

Asp-Val-Pro-Lys-Ser-Asp-Gln- 
- Phe-Val-Gly-Leu-Met-NH2 

Asp-Glu-Pro-Lys-Pro-Asp-Gln- 
Phe-Val-Gly-Leu-Met-NH2 

Asp-Pro-Pro-Asp-Pro-Asp-Arg- 
Phe-Tyr-G1 y-Leu-Me t-NH2 - 

Mamma 1 i an 
Arg-Pro-Lys-Pro-Gln-Gln 
Phe-Phe-Gly-Leu-Me t-NH2 - 

Not Determined 
Not Determined 

E ledo i s in  

Physa 

BY85 

aemin 

Thr6] Physalaem 

Upero l e i n  

Phyllomedus i n  

Kassinin 

[Glu2,Pro5]Kassinin 

Hylambatin 

Substance P 

n 

Ph y sa  1 aemin- l i k e  pep t i d e  
Kassinin- l i k e  pept i d e  
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C h a p t e r  5. Ant idepressants  

C. J. Ohnmacht ,  J. B. Malick, W.  J. F r a z e e  
S t u a r t  Pharmaceut ica ls ,  Division of ICI A m e r i c a s  Inc. 

Wilmington, DE 19897 

Introduct ion - T h e  r o l e  of neuro t ransmi t te r  a m i n e s  i n  depression h a s  remained  a 
c e n t r a l  theme.  1- 5 T h e  proceedings of symposia  on  n e w o t r a n s m i t t e r s  and re-  
cep tors ,6  lithium,' and  an t idepressants  ( A D d 8 - l  have been published, as have  
monographs on a f f e c t i v e  disorders  1 1 and a typica l  ADS. 
prof i les  of ADS have been studied.' A repor t  of a g e n e t i c  l inkage of depressive 
disorders  to human leukocyte  an t igen  (HLA) markers  l 4  

and criticism.'6 Although numerous  new chemica l  e n t i t i e s  w e r e  pred ic ted  to be  
ADS based upon f indings in an imals  and  man,  t h e  f ina l  verdict  as to whether  such 
a g e n t s  a r e  t r u l y  advances  m u s t  a w a i t  resu l t s  f r o m  extens ive ,  carefu l ly  cont ro l led  
clinical trials. 

T h e  pharmaco-EEC 

has  e l ic i ted  both support15 

- Tricyc l ic  Compounds wi th  Ant idepressant  Act iv i ty  - T h e  cl inical  use? 7 toxici ty ,  1 8  

and cont inuat ion and main tenance  therapy  19 of TCAs were  reviewed.  S o m e  estab- 
lished T C A s  w e r e  reviewed (amoxapine, 20 t r imipramine,21 maprotiline: mian- 
serin 23 and dimexipt i l ine 4 ) and/or  ex tens ive ly  s tudied ( lofepramine,2 c l o m i p  
ramine,  26 d e s m e t h y l d o m i p r a m i n e ,  2 6  cianopramine27 and  oxapro t i l ine  2 8 ) .  Ami- 
triptyline-N-oxide was  shown in clinical t r ia l  to give a m o r e  rapid improvement  
with less s e v e r e  s ide  e f f e c t s  t h a n  ami t r ip ty l ine  and  i m i ~ r a m i n e . ~ ~  T h e  solution 
conformation of t h e  alkylamino side cha in  in a ser ies  of polycyclic ami t r ip ty l ine  
ana logs  w a s  found to b e  folded toward  t h e  polycycl ic  r ings wi th  t h e  posi t ively 
charged ni t rogen s i tua ted  above  a n  a r o m a t i c  ring. 3 0  

Severa l  mianser in  ana logs  w e r e  s tudied whose cl inical  eva lua t ion  might  
c lar i fy  t h e  role  of a antagonism and c o n c o m i t a n t  NE uptake inhibition in mian- 
serin's mode  of AD ac t iv i ty .  They  could  a l so  provide a test of t h e  AD predic t ive  
value of human EEC studies. Both t h e  mianser in  m e t a b o l i t e  8-hydroxymianserin 
and  6-azamianser in  ( I ,  - ORG 3770) r e t a i n  t h e  a 2  antagonis t  p roper ty  of mianser in  

2 

but a r e  only 1/300 and  1/60 as a c t i v e  as NE 
u p t a k e  inhibitors. As w i t h  mianser in ,  t h e  a 
antagonis t  p roper ty  of ORG 3770 i s  s te reose lec-  pv t i v e  and resides  i n  t h e  (+) i somer .  3 1  However ,  
human EEG s tudies  pred ic t  AD a c t i v i t y  not  
on ly  f o r  c)-ORG 3770 ( a t  1/3 mianser in  dose)  
and  (t)-ORG 3770 but  also f o r  t h e  (-)-isomer.32 

an tagonis t  -- i n  vivo than  mianser in  

2 

- 2 N ~ H ,  - c H, 

CGS 7525 A (2) is a considerably m o r e  poten t  c1 
and re ta ins  th; weak  uptake  inhibition of mianszr in  on  5-HT and  NE. 3 

T h e  dibenzthiepin 3 i s  t w i c e  as a c t i v e  as imipramine  i n  an tagoniz ing  t e t r a -  
benazine ptosis and  h a s  ana lges ic  a c t i v i t y  comparable  to p e n t a ~ o c i n e . ~  
macological  and biological prof i le  of RU 5031 (4) i s  s imilar  to des ipramine .  
Noveril (2) was r e p o r t e d  in a n  open s tudy  to be e f f e c t i v e  in severa l  c lasses  of de- 
pression. 36 T h e  dibenzoxathiepin - 6 was  t h e  bes t  of a s e r i e s  in  t h e  antagonism of 

T h e  phar- 
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reserpine ptosis and hypothermia in mice and in the  antagonism of the gastric 
ulcerogenic effect of reserpine in rats.37 

Non-tricyclic Compomds with Antidepressant Activity - Many non-TCAs, particu- 
larly nomifensine, trazodone, 39 citralopram,'+a bupropion,s 1 iprindole,r2 
~ i l o x a z i n e , ~  ~ i m e l i d i n e , " ~  alprazolam,'+5 diclofensine,46 perafensine, 4 7  

binodaline, c B  ciclazindol,'+9 clovaxamine50 and BRL 1434251 have been the subjects 
of reviews and/or clinical trials. 

LY 139603 (7), a specfic competitive NE uptake inhibitor is nine t imes more 
potent fi vitro t h a n t h e  (+)-isomer and 
inhibitor a n d o n g e r  acting than nisoxetineT.52 MCI-2016 (9) potentiates NE by 
reuptake blockade and is devoid of a antagonist propertiesT3 Adinazolarn (10, 
U 43,465F) was shown to exe r t  s imu l theous  but independent anxiolytic and antide- 
pressant effects in animal testing.54 The best of a series, HRP 543 (111, is 
equipotent to amitriptyline in antagonism of tetrabenazine ptosis and potentiation 
of yohimbine toxicity and is without M A 0  inhibitory or anticholinergic properties.55 

vivo is both more effective as a NE uptake 

8 R=OCH, 

B 777-81 (12) reverses tetrabenazine or reserpine ptosis with a potency simi- 
lar to imipramine and nomifensine. In vitro, B 777-81 inhibits 5-HT uptake in plate- 
lets, potentiates t he  effect of NE on isolated vas deferens, and has less anticholiner- 
gic activity than imipramine (ileum).% RS-84353 (13) and RS-99707 (2) are  more 
effective than TCAs in  reversing reserpine-inducebhypothermia. RS-84353 may 
act as a prodrug fo r  RS-99707, which is two orders of magnitude more potent as 
an in vitro inhibitor of NE, dopamine (DA) and 5-HT uptake but is less active fi 
- vivo.57DEAP (Is) was reported t o  be a potential AD with less propensity toward 
cardiovascular problems than t h e  T C A S . ~ ~  

- 

H c H 3 0 ~ " o N ~ H z ) 3  N(C2H;) z 

02 
NHz 13 R=CO,CH, C H P  

15 
- 

- 12 - 14 R = H  

CH3 

BRL 16644 (16) is a potent in vitro inhibitor of DA, NE, and 5-HT reuptake 
as well as a potent Khibitor of reserpine-induced hypothermia.59 The most act ive 
of a series of hexahydro- lH-indenoIl,2-b Jpyridines (17) a r e  potent inhibitors of 
tetrabenazine ptosis and uptake (rat synaptosomes) of NE and DA; the activity 
resides almost exclusively in  one enantiomer.60 UP 614-04 (g), structurally similar 
t o  viloxazine, is equipotent to imipramine in antagonizing tetrabenazine ptosis 
and is active in several other tests indicative of AD activity; it exhibits central 
anticholinergic and MA0 inhibitory properties and is less cardiotoxic than the 
TCAS.~ Another series of viloxazine-like compounds (19) possesses both NE uptake 
inhibitory and a adrenergic antagonist SARs have appeared on con- 

eners of the Adcl inical  candidate a antagonists RX 781094 @)63 and RS 21361 
f2l).64 Wy 26002 (22) is a more se l ed lve  5-HT uptake inhibitor in vitro and 
invivo than fluoxecne o r  zimelidine. 65  Sertraline [(lS,4S)-N-methyl-4-(3,4-di- 
a I x p h e n y 1 ) -  1,2,3,4-tetrahydro-l-napthylamine ] is  a selective, competitive 
5-HT uptake inhibitor, active in the behavioral despair model, which on chronic 
administration gave diminished NE-stimulated CAMP formation in r a t  limbic 
forebrain.66 Rolipram (23, ZK 6271 l), a potent phosphodiesterase inhibitor, 
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i s  equipotent to imipramine in potentiating yohimbine toxicity and 15 t imes more 
potent in antagonizing reserpine hypothermia. Preliminary results in endoge- 
nously depressed patients indicate t h a t  rolipram has a rapid onset of action. 

Reviews on neuropeptides,68 neurotransmitter precursors6 and hormones 70 

as antidepressants have appeared. RX 77368 [pyroClu-His-(3,3-Me )ProNH 1, a 
stabilized TRH analog, is active in reserpine hypothermia, behavioqal desp&r, and 
olfactory bulbectomy rn0dels.~1~R Subsequent t o  a report  of AD activity in a study 
in retarded adult  and geriatric patients, ORG 2766 [ 4-Met(O ),&D-Lys,S-Phe- 
ACTH ] was tested and found active in the bulbectomizez rat and apomorphine- 
induce$#ypomotility models.73 SAMe (S-adenosyl-L-methionine) was effective 
as an AD in two small clinical trials74, 7 5  and abbreviated the t ime  required for  
clinical improvement with the f3 agonist phenoterol?6 The f i rs t  controlled study 
confirming the effectiveness of 2-triiodothyronine (T3) in converting TCA non- 
responders t o  responders was p ~ b l i s h e d . 7 ~  In a study with 12 patients refractory t o  
imipramine or amitriptyline, eight patients showed marked improvement in one t o  
three days with a combination of t he  TCA and T 
patients refractory to electroconvulsive therapyTECT) or TCAs improved dramati- 
cally with a combination of desipramine and T .78 The effect with T is 
reminiscent of rapid (within 48 hours) recoverBof TCA non-responded when Li 
was added to  t h e  TCA treatment.  79 

Monoamine Oxidase Inhibitors (MAOIS) - Reviews on MAOIseO and on the  "one mol- 
ecular entity" hypothesis for MAO-A and MAO-Be' were published. As the clinical 
AD efficacy of type B selective MAOIs remains equivocal most research appears 
directed toward discovery of reversible, selective type A MAOIs free of t h e  "cheese 
effect." Several compounds which mee t  t he  first  two cr i ter ia  (i.e. cimoxatone, 
24,82s83 CGP 11 305 A, 25,84 Ro 11-1163, 2685 and (+)-FLA 336 [2-CH -4-(CH 
C H  CH CH(CH3)NH ] - B b , e 7 )  have r e c e i v a  attention. However, no ?ype A $A61 
h t s  hmerged free of t8e "cheese effect." Combinations of specific tricyclics (ami- 
triptyline,*4 89 imipramine" and desipramine") with MAOIs have been f o m d  to 
be effective in preventing the uptake of tyramine into NE storage sites, thus 

77 In another report two 

N- 



44 Sect. I - CNS Agents McDermed, Ed. - 

preventing the release of NE and therefore the  indirect pressor effect of tyramine. 
K 1349 (N-propargyl desipramine), an  irreversible selective MAO-A inhibitor, blocks 
tyramine effects on the vas deferens but blocks NE effects only at high concentra- 
tions. 0 

Miscellaneous Antidepressants - The B, adrenergic agonist phenoterol was effective 
in a study of eight patients with endogenous depression?6 The authors of a review 
on the  ciinical ir iais of the B, agonis< salbutamol, concluded tha t  further salbuta- 
mol-type AD studies should await t he  development of a B agonist that  will cross 
the blood-brain barrier more readily.91 Minaprin (271, a Aew psychotropic drug, 
demonstrated potential in certain depressive s ta tesTvrt icular ly  "masked depres- 
sions". 92 (+)-Sulpiride, suggested to be "disinhibitory" in clinical evaluation, 
is active in the behavioral despair modeLg3 The AD effect of exercise was re- 
viewed.94 ECT was found t o  be more efficacious than drug t reatment  in unipolar 
depressed patients. 9 5 

Diagnosis and Classification - The search for biological markers to aid in the clas- 
sification of depression and for prediction of treatment outcome continues t o  be 
intense. Two of the most widely studied markers, t he  use of urinary MHPG to clas- 
sify subtypes of unipolar depression96 and the dexamethasone suppression test 
(DST), 9 7  have been reviewed. The use of an abnormal DST result as an aler t  t o  
a n  increased suicidal potential was also r e v i e ~ e d . 9 ~  Some other markers receiving 
attention were sleep disorders (particularly REM sleep),99 growth hormone response 
to  clonidinelOO or  t o  insulin-induced hypoglycemia,' O TRH-induced release of 
TSH,102 physostigmine stimulated release of B endorphinlo 
(used to predict the effectiveness of benzodiazepines versus TCAs in anxiodepressive 
states).lo 4 In addition, t he  platelets of depressed patients have continued to be 
studied for abnormalities in c1 recTptor binding (decreased lo  and unchanged O 

k!?$ state dependent markerlog ) and MA0 activity (increased 1 1 0  ). 

and t h e  diazepam test 

1, 5-HT uptake (reduced&,), H-imipramine binding (increased Bmax 1 0 8  

Screening Methods - Animal models which clearly mimic t h e  features of human de- 
pression a r e  still lacking, thus hindering the search for novel ADS. In rats,  classical 
learned helplessness, which mimics certain features of depression, is reversed by 
subacute TCAs, MAOIs, atypicals and ECT.' The Porsolt Vxhavioral despair" 
test  was found to detect  convulsants a s  false positives.112 Amine depletors (e.g., 
reserpine and tetrabenazine) also reduce tonic immobility in this procedure. 11  3 

Since these agents a re  believed to  precipitate depression rather than alleviate it, 
serious questions about the specificity of the procedure were raised. Chronic re- 
straint stress, which produces B-subsensitivity similar to ADS, reduces tonic im- 
mobility in the behavioral despair test, 1 1 4  A water wheel modification of this 
procedure was claimed t o  be more objective and selective.115Chronic administration 
of atypical antidepressants reverses the behavioral deficits  produced by multiple 
stressors in a new animal model.'16 Repeated forced running stress i n  female r a t s  
results in a syndrome characterized by complete inactivity and constant diestrus 
in some subjects; 10 days of imipramine causes recovery of spontaneous activity 
and cyclicity. 11' The kindling model was re-evaluated as a method for assessing 
antidepressant potential, and earlier results could only be partially confirmed. 1 1 8  

treatment with many ADS leads t8 c1 subsensitivity, models have been developed 
to assess the ability t o  antagonize clgnidine-induced responses. Chronic desipra- 
mine, but not amitriptyline or iprindole, attenuates the  clonidine inhibition of the  
acoustic s tar t le  reflex. 
mice. 2o Similarly, chronic AD treatment in rats results in facilitation of shock- 
induced aggression. 121 Chronic administration of ADS abolishes muricidal behavior 
24 hours af ter  t he  last injection and induces a significant decline in t h e  number of 

Since mianserin exhibits a receptor blocking activity and since chronic 

Chronic ADS enhance clonidine-induced aggression in 
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B-adrenergic, but not 5-HT2, receptors in cor tex  tha t  is correlated with the  t i m e  
of onset for behavioral change. 122 

Mechanism(s1 of Action - The major thrust  in this a r ea  continues to focus  on t h e  
e f fec ts  observed only a f t e r  chronic administration5* l 2  3-125 since the  onset of 
clinical e f f icacy  is typically delayed by a week or more. The most consistently 
reported alteration after chronic AD t r ea tmen t  is B-receptor subsensitivity. Signif i- 
can t  decreases i n  t he  number of &receptors, especially in the  cortex,  have been con- 
sistently reported with the  majority of ADS, including imipramine,126-1 3 0  Y 32- 3 4  

desipramine, 126--131~Iomipramine,1~~~ 1 3 0  amitriptyline, 128* 129 iprindole, 1 2 9  
nortriptyline,l26~129*130nialamide,~~6* 1 3 0  phenelzine,134 dorgyline 1 3 4 *  3 5  

and pargyline.129 However, a f ew ADS failed to produce f3-subsensitivity: mian- 
serin,l28-130 ni~oxetine,1*9*130bupropion~~~ ~ a l b u t a m o l ~ ~ ~  and 1ithium.l 
I t  was claimed t h a t  previous ECT B-subsensitivity studies had not  utilized clinically 
relevant t rea tment  regimens; however, when appropriate t r ea tmen t  schedules were  
utilized (3 t rea tments  per week for 4 weeks), B-subsensitivity still  occurred.' In 
ra t s  with unilateral locus coeruleus lesions, desipramine and iprindole reduced the  
CAMP response to NE on t h e  non-lesioned side although no significant change OC- 
curred on t h e  lesioned side.138 &Receptor loss a f t e r  chronic ADS only occurs when 
5-HT neurons a r e  in tac t  since lesions with 5,7-dihydroxytryptamine blocked this 
effect; 1 3 9  ,140 however, t he  decreased responsiveness of adenylate cyclase to NE 
still occurred. 1 4 0  

Alterations in t h e  sensitivity of b a d r e n e r g i c  receptors have been observed. 
Treatment with ECT,132 T C A ~ 1 3 ~ * " + 1 - " + ~ a n d  MAOjs134, 1 3  5 resulted in decreased 
numbers of a receptors; occasionally, increased H-donidine binding was 
reported.12 7-%31,14 'Desipramine caused enhanced electrically-evoked NE release! 
whereas no attenuation of clonidine suppression of release was observed a f t e r  clor- 
g ~ l i n e . ' ~ ~  Mianserin resulted in supersensitive c1 
of release by NE) although K+-evoked release was unaffected!45 In electrophysio- 
logical studies, desipramine reduced and lithium enhanced responsivity to iontophor- 
etically applied NE in cerebellum.131 Many of the  actions of donid ine  have been 
attenuated a f t e r  chronic AD t r ea tmen t ,  e.g., hypothermia, 32*13 h y p ~ m o t i l i t y : " ~ * ' ~ ~  
EEC synchronization146 and decreased brain MHPG.129 Both increases (imipramine 
and dorgyline) 
observed a f t e r  3 weeks of AD t rea tment .  

receptors (enhanced inhibition 

and decreases ( M A O I S ) ~ ~ ~  in c1 I-receptor density have been 

Subsensitivity at 5-HT sites was consistently observed following chronic 
ADS. 14'-' 51  Although variable results have previously been reported,  only decreased 
receptor densities at 5- T sites were reported.l48, 152 ADS caused t h e  induction 
of two binding sites for %~5-HT.149 Both raphe lesions 153 and lesions with pchloro-  
amphetamine 1 5 4  failed to prevent t h e  decrease  in 5-HT receptors following TCAs. 
Decreased behavioral responses (e.g., head twitches) to %HTP 50*155 or 
5-MeODMT 151*156 were observed a f t e r  chronic ADS. Since head-twitching i s  a 
5-HT receptor-mediated response, functional 5-HT2 down-regulation occurs a f t e r  
chronjc AD treatment.  

2 

Adaptive changes of DA, histamine, and opia te  receptors may also play a 
role in the  mechanism(s) of action of ADS. Acutely, f e w  ADS a l t e r  DA release, 
reuptake o r  metabolism.' However, upon chronic administration ECT,' 58  lith- 
ium, 159 and TCAs 160 caused DA autoreceptor subsensitivity although down-regula- 
tion has not been observed in other studies.161*162rreatment with desjpramine (14 
days) caused a decrease in cortical opiate receptors as measured by H-naloxone 
binding;127however, chronic t rea tment  with several ADS failed to a l te r  t h e  respon- 
siveness of locus coeruleus neurons to iontophoretically applied r n 0 r ~ h i n e . l ~ ~  
Naloxone a t tenuated  the  effects of clomipramine in t h e  Porsolt behavioral despair 
test in mice.16'+ Chronic AD caused hippocampal neurons to become supersensitive 
to histamine, although t h e  response of adenylate cyclase to histamine was  



46 Sect. I - CNS Agents McDermed, Ed. - 

~ n a 1 t e r e d . I ~ ~  Histamine receptor subsensitivity was reported in guinea pig brain 
following chronic AD treatment.  l b 6  

Several agents have been studied for their  ability to accelerate  t h e  adaptive 
responses of receptors to ADS. A more rapid decline in @-receptor numbers 
occurred when t h e  a antagonist yohimbine was combined with desipramine 
o r  imipramine; however, this potentiation did not occur with several other ADs.16' 
Yohimbine caused a more rapid subsensitivity at S H T 2  sites when combined 
with most ADS. 167 ACTH caused a more rapid decline in @ but not 5-HT receptor 
density when combined with imipramine; ACTH did not accelerate t h e  e&ect 
of other ADS on @-receptors, but a more rapid decline in 5-HT receptors occurred 
when ACTH was combined with iprindole or mian~erin.16~ Me?hiothepin, a 
presynaptic 5-HT antagonist which enhances 5-HT release, precipitated rapid 
5-HT1 receptor down regulation when coadrninistered with ADs.l68 

With one exception, 169 there  is agreement that  high-affinity H-imipramine 
binding sites are  associated with, but not idegtical to, the recognition sites for 5-HT 
reuptake into nerve terminals,170 -177 while H-desi rarnine binding sites are  
analogously associated with NE reuptake sites.'78-1 
that these ligands might be labelling the binding sites for endogenous neuromodula- 
tors  o r  cotransmitters. 181,182 The frontal cortex of suicides has been f o m d  to 
contain a reduced number of H-imipramine binding sites. 

3 

r I t  has been suggested 

3 

The relationship between REM sleep and depression has been 
and additional studies have appeared confirming the  suppression of REM sleep by 
antidepressants in depressed patients,186-188 normal volunteers,' 
In support of the  cholinergic-adrenergic hypothesis of depression and mania, 
bipolar affective patients in remission were shown t o  be hyper-responsive t o  
the induction of REM sleep by the cholinergic agonist arecoline. 9 1  

has been presented. 192-194 Neurons of the suprachiasmatic nucleus (SCN) of t he  
hypothalamus, identified as critical to t h e  generation and entrainment of mammalian 
circadian rhythms, lg5 have been shown in electrophysiological studies to be 
responsive t o  iontophoretic S H T ,  imipramine and clorgyline. l9 Electrical stimu- 
lation of t he  SCN of blinded r a t s  and hamsters has been reported to cause phase 
shifts and period changes in circadian feeding and activity rhythms.lg7 Chronic 
imipramine treatment enhanced the responsiveness of r a t  SCN neurons to 5-HT. l g8  

and cats. 

The evidence for a circadian rhythm phase-advance hypothesis of depression 
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Introduction - Vigorous research efforts continue to be focused on the 
endogenous opioids and their biosynthesis and metabolism, on the multipli- 
city of opioid receptor sub-types, and on the development of receptor- 
specific ligands. During the past year reviews were provided on endogen- 
ous opioids and opioid receptors,lr2 endorphins and pain modulation, 3-6 
opiate and non-opiate analgesia,' neural mechanisms of pain transmission,8 
the behavioral pharmacology of the endor hinsr9rl0 CNS effects of neuro- 
peptides,ll endorphins and enkephalins.l$ and stress and endogenous opi- 
oids.13 The proceedings of a conference on opioids in mental illness14 
and the proceedings of the 1982 International Narcotic Research Confer- 
ence15 were provided. The search for superior analgesics with improved 
side-effect profiles continues in the clinic through additional evalua- 
tions of non-steroidal antiinflammatory peripheral analgesics, and through 
continued study of oral administration of centrally acting analgesics. 
Proceedings of symposia on pain16 and on narcotic analgesics in treatment 
of postoperative and cancer pain17 were 
of methods of postoperative pain relief .YE 

ublished, as was a brief overview 

CLINICAL HIGHLIGHTS 

Peripheral Analgesics - Non-s teroidal ant iinf lammatory drugs (NSAIDs) 
evaluated during 1982 as oral analgesics for postoperative pain included 
fenoprof en , 19 etodolac, 20 isoxepac , 21 zomepi rac, 22 and dif luni sal. Z3-25 
For relief of pain following outpatient surgery, oral fenoprofen (200 mg) 
compared favorably with parenteral morphine (8 mg) after an initial two 
hour period during which morphine was more effective.lg 
(Dolobid'), approved by FDA in 1982, appears to be a well-tolerated NSAID. 
Diflunisal was an efficacious and long-acting (up to 12 hours) analgesic 
for oral surgery patients,23-25 and was effective against pain encountered 
in general practice.z6 
(500 mg twice daily) appears superior to paracetamol (1000 mg four times 
a daylI27 although less effective than naproxen sodium (550 mg twice a 
day) .28 Studies with dif lunisal, 29 f lurbiprofen, 30 ibuprofen, 31 naproxen 
sodium,31 and zomepirac s0dium3~ provided additional evidence of the 
effectiveness of oral NSAIDs for treatment of symptoms of primary dysmen- 
orrhea.33 
NSAID diclofenac (50 mg) was reported to be more effective than injection 
of a narcotic-spasmolytic combination drug.34 
model in man, carprofen (200 mg p.0 . )  and aspirin (1200 mg p.0.) provided 
similar analgesic effects.35 Reviews on the pharmacology and efficacy of 
zomepirac36 and on the metabolic disposition of etodolac37 and t01metin~~ 
were provided. 
metone (BRL 14777),40 and KB-104341 were reported to have analgesic 
effects and to have only weak ulcerogenic properties. Nabumetone was 
reported to be clinically effective against pain and symptoms of rheuma- 
toid arthritis. 42 

Diflunisal 

In treatment of chronic back pain, diflunisal 

In treatment of renal colic, intramuscular injection of the 

In an experimental pain 

In animal studies, the non-acidic NSAIDs GP 650,39 nabu- 
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Diflunisal GP 650 Nabumetone KB 1043 

Centrally Acting Analgesics - The opiate agonist-antagonists ciramadol,43 
meptazinol ,44-48 and n a l b u ~ h i n e ~ ~  received additional clinical evaluation 
as-orally active strong analgesics. 
sublingual administration of buprenorphine50-S2 and the oral use of mor- 
phine53-55 were reported. Meptazinol (200 mg p.0.) had efficacy compar- 
able to a combined preparation of dextropropoxyphene (32.5 mg) and parace- 
tamol (325 m )44 and appears to have a generally acceptable side-effect 
~ r o f i l e . ~ ~ - ~ q  Additional efficacy studies of oral bicifidine56 (a non- 
opiate analgesic) and parenteral dezocine57 and butorphan0158 were re- 
ported. In a comparative study of epidurally administered strong anal- 
gesics, morphine had the longest duration of action.59 
kinetics in man of the potent short-acting opiate analgesic alfentanil 
have been described.60-63 
tani1,66 provided satisfactory cardiovascular stability for cardiac sur- 
gery. Curiously, alfentanil appeared to reduce the analgesic effect of 
morphine in mice.67 
related to fentanyl was presented.68 

Several additional studies on the 

The pharmaco- 

Anesthesia with alfentani1,64,65 or with sufen- 

A brief review of alfentanil and other analgesics 

Epidural B-endorphin produced analgesia of slower onset and shorter 
duration than in trathecal B-endorphi n. 69 
studies with enkephalin analogs were described. 
surgical pain, metkephamid (€I-Tyr-D-Ala-Gly-Phe-MeMet-NH2) acetate (70 mg 
i.m.) was at least as effective as pethidine (100 mg i.m.); temporary 
side effects included nasal congestion, drowsiness, and a heavy sensation 
in the extremities.70 Epidural administration of the Met5-enkephalin 
analog FK 33-824 (H-Tyr-D-Ala-Gly-MePhe-Met(0)-ol) produced an unpre- 
dictable, dose-independent, and clinically insufficient analgesia,T1 
although FK 33-824 was reported to facilitate detoxification of hard-core 
heroin abusers.72 The enkephalinase (carboxypeptidase) inhibitor D-phen- 
ylalanine was reported to alleviate acute or incident pain in terminal 
cancer patients whose chronic pain had been controlled by other treat- 
men ts .7 

Several additional clinical 
In treatment of post- 

BIOSYNTHESIS AND METABOLISM OF OPIOID PEPTIDES 

Enkephalin Metabolism - Enz matic inactivation of the natural enkephalins 
continues to be studied.74-$8 Inhibitors of the peptidases which degrade 
the enkephalins are of particular interest. Thiorphan (d,l-3-mercapto-2- 
benzylpropanoylglycine), a potent inhibitor of enkephalin dipeptidyl car- 
boxypeptidase (“enkephalinase A”), was reported to potentiate the anal- 
gesic effects of D-Ala2-Met5-enke~halinamide,7~r80 D-Ala2-Met5-enkeph- 
alin,81 and MetS-enkephalin82r83 in viva; enhanced potentiation was ob- 
served with combinations of thiorphan and the aminopeptidase inhibitor 
bestatin.82t83 A combination of four peptidase inhibitors (thiorphan, 
bestatin, captopril and Leu-Leu) provided pronounced potentiation of Mets- 
enkephalin effects vitro.84 Thiorphan was also reported to potentiate 
stress-induced analges- Structure-activity studies were reported on 
amino acid hydroxamates86 and 8-endorphin analogs87 as inhibitors of en- 
kephalin-degr ading ami nopept idases. Compounds related to bes ta ti n, 88 
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hydroxamates ,e9 phos horyl-Leu-Phe,go and carboxyalkyl  d e r i v a t i v e s  o f  
Phe-Leu and Phe-Ala, 51 were s t u d i e d  as i n h i b i t o r s  o f  enkephalinase-A. 

B iosyn thes i s  o f  Endogenous Opioid P e p t i d e s  - Three major groups  of endo- 
genous o p i o i d  p e p t i d e s  have now been i d e n t i f i e d :  enkepha l ins ,  B-endor- 
ph ins ,  and dynorphins.  Their cor responding  p recu r so r  p e p t i d e s  are pro- 
opiomelanocor t in  (POMC) , grod  norphin  (also c a l l e d  proenkephalin-B) and 
proenkephalin-A ( f i g .  1). 2-98 These t h r e e  p e p t i d e s  are similar i n  
l e n g t h  and s h a r e  a number of common f e a t u r e s .  Each c o n t a i n s  a t  its N- 
t e rminus  a s i g n a l  sequence of 20-26 amino a c i d s ,  p redominant ly  hydro- 
phobic. Each p recu r so r  c o n t a i n s  more than  one copy o f  a t  l eas t  one o f  
t h e  b i o l o g i c a l l y  a c t i v e  p e p t i d e  p roduc t s ,  and a c t i v e  p e p t i d e  sequences  
are f l anked  by p a i r e d  b a s i c  amino a c i d s  which p rov ide  s i g n a l s  for post- 
t r a n s l a t i o n a l  c leavage .  

Figure 1. Opioid Precursors 
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H HI I 
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6-Endorphin - POMC is t h e  p recu r so r  o f  s e v e r a l  p i t u i t a r y  p e p t i d e s ,  
i n c l u d i n g  ACTH, $-endorphin, and a- and 6-melanocyte-stimulating hormone 
(MSH) .92,93 
t i o n .  The co- and p o s t - t r a n s l a t i o n a l  m o d i f i c a t i o n s  involved  i n  t h e  bio- 
s y n t h e t i c  pathway i n c l u d e  p r o t e o l y t i c  c l eavages ,  g l  c o s y l a t i o n ,  phosphor- 
y l a t i o n ,  amida t ion  and N-terminal ace ty la t ion .100-186 P r o t e o l y s i s  and N- 
t e r m i n a l  a c e t y l a t i o n  have profound e f f e c t s  on  t h e  biological a c t i v i t i e s  
of t h e  p roduc t  p e p t i d e s ,  and t h e s e  processes are t i s s u e  and species spe- 
c i f i c .  lol Various a c e t y l a t e d ,  phosphoryla ted  and/or 1 c o s y l a t e d  p r o d u c t s  
have been i s o l a t e d  from r a t  i n t e r m e d i a t e  p i tu i ta ry .101-106 

Research is now concen t r a t ed  i n  p o s t - t r a n s l a t i o n a l  r egu la -  

Enkephalins - Various  s i z e s  o f  p recu r so r  p e p t i d e s  which c o n t a i n  
enkephal in  sequences were i s o l a t e d  from bovine a d r e n a l  medulla,  p i t u i t a r y  
and h y p o t h a l a m u ~ . ~ o ~ - ~ ~ ~  The n u c l e o t i d e  sequences o f  com lete cDNA co ies 
of enkephal in  p recu r so r  mRNA from human p h e o c h r o m o c y t ~ n n a ~ ~  and bovinegirg5 
and humang7 a d r e n a l  medulla were reported. The corresponding  amino acid 
sequences show t h a t  t h e  p r e c u r s o r s  are abou t  265 amino a c i d s  long  and 
c o n t a i n  one Leu-enkephalin and s i x  Met-enkephalin sequences.110 

Dynorphin (DYN) - Since  t h e  i d e n t i f i c a t i o n  of t h e  t r i d e c a p e p t i d e  
DYN-13,ll-l s e v e r a l  DYN-related p e p t i d e s  have been c h a r a c t e r i z e d .  
are DYN- (1-8) , a 4000 d a l t o n  DYN-32 which c o n t a i n s  heptadeca- 
p e p t i d e  DYN-A1I1 and ano the r  t r i d e c a p e p t i d e  DYN-B117 (which h a s  been 
independent ly  c a l l e d  r imorphin)  ,118 and a- and B-neoendorphin. 112-114 
A l l  of t h e s e  p e p t i d e s  c o n t a i n  a Leu-enkephalin sequence a t  t h e  N-terminus 
followed by two b a s i c  amino a c i d  r e s i d u e s .  Immunocytochemical s t u d i e s  
sugges ted  a close r e l a t i o n s h i p  between d i s t r i b u t i o n  of DYN-A, DYN- (1-8) 

These 
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and a-neoendorphin,ll5,116 which is supported by the structure, deduced 
by the cloning method, of a precursor peptide from porcine hypothalm~s.~~ 
This pro-DYN contains all three DYN-related peptides (fig. 1). B-Neo- 
endorphin, DYN-A and DYN-B are each bounded by Lys-Arg. This protein, 
like proenkephalin-A and POMC, comprises multiple repetitive units. 98 

OPIATE RECEPTORS 

Four subtypes of opiate receptors which now have been well char- 
acterized are p-, 6-, K- and €-receptors. a-Receptors, originally pro- 
posed to account for the psychomimetic activity of SKF10047 (N-allyl- 
normetazocine) and related compounds, are now believed to be non-opiate 
and perhaps related to putative phencyclidine receptors.ll9,120 

y-Receptors - The distribution of p-opiate receptors in monkey cerebral 
cortex was determined by autoradio- 
graphic visualization of 3H-naloxone 
binding.121 
called Mi-receptor sites appear to 
mediate the morphine-induced release 
of prolactin, but not growth hor- 
mone .I22 Evidence supporting the Lo&]* concept that -receptors mediate 

In the rat, the so- 1 R = a l l y l  

3 R=Me 
R=CH,Q - 

- 

antinociceptive activity continued to accumulate.~*31124 The irreversible 
antagonist activity of naloxazone is now believed to be attributed to the 
divalent azine naloxonazine, 1; more potent azines naltrexonazine (2) and 
oxymorphonazine (2) have also been described.1Z4 

Several p-receptor selective ligands were reported. An octapeptide 
somatostatin analog, SMS 201-995, is p-selective in vitro and has antag- 
onist properties in vivo (vs. morphine, mouse tail flick).125 Syndaph- 
alin (SD-25), Tyr-D-Met(0)-Gly-MePhe-01, has an IC5o value of 0.29 nM in 
displacing the binding of the p-agonist 3€I-dihydrom0rphine.~2~,1~~ Its 
potency in displacing 6- and K-agOniStS is at least 3000-fold lower, and 
it is thus as selective as morphiceptin128 and DAG0129 for p-receptors. 
SD-25 is 23,000 times as active as morphine in the guinea pig ileum assay, 
and nine times as active in the tail flick analgesic test (s.c.). 
cyclic enkephalin analog, Tyr-cyclo-(NY-D-A2bu-Gly-Phe-Leu), was shown to 
be selective for p-receptors, both in isolated tissues and receptor bind- 
ing studies. 130 The analgesic activity of morphiceptin and B-casomorphin 
correlated with their p-receptor binding affinity.l3l 

6-Receptors - Many neuroblastama cell lines contain homogenous &-receptors 
and this system has been extensively used to study the mechanism of opioid 
action. 
tides but not by p-, K- or a-agonists.132-134 
was actually blocked by classical agonists and a n t a g o n i s t ~ . ~ ~ ~ , 1 3 ~  
process evidently involves receptor-mediated endocytosis. 135 
peptides appear to reduce adenylate cyclase activity in neuroblastoma- 
glioma hybrid cells by stimulation of GTP hydroly~is.137,13~ 
serve well to distinguish agonist/antagonist drug profiles.139 

The 

Down-regulation of these receptors was produced by opioid pep- 
Rather, dawn-regulation 

This 
Opioid 

Such models 

lb~o conformationally constrained cyclic enkephalin analogs, [l-p- 
penicillamine, 5-L-cysteinel- and [2-D-penicillamine, 5-D-cysteinelenkeph- 
alinamide, were shown to be &-selective ligands in mouse vas deferens and 
rat brain membranes.140 
Gly-J, (CH2S) -Phe-Leu-OH ( X I  154129) was shown to be a selective 6-receptor 
antagonist in the mouse vas deferens.141 

The novel compound N,N-bisallyl-Tyr-Gly- 

Furthermore, ICI 154129 antag- 
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onized the slowing of the etorphine-induced head turn in ~ a t s , l ~ ~  which 
appears to be an in vivo model of &-receptor activation.1421143 
strongly 6-selective enkephalin dimers were reported (vide infra). 

K-Receptors - The existence of K-receptors is now well established by: 
(1) the selectivity of dynorphins and a-neoendorphin for receptors in 
isolated tissues;144,145 (2) the remaining K-binding sites in guinea pig 
brain and spinal cord after suppression of the p- and 6-binding sites 
with highly selective p- and 6-agonists;146,147 (3) the unique distribu- 
tion of K-binding sites in the cerebral cortex in guinea pig brain utiliz- 
ing autoradiographical localization;l48 (4) K-specific receptors on human 
placental membranes149 and rabbit vas deferens; 145 and finally (5) the 
discovery of several new K-Specif ic compounds. 150-155 K-AgOniStS have 
diuretic activity in the rat;156 their analgesic activity is mainly at 
the spinal level. 157 

Certain 

The benzodiazepine analog, tifluadom (4) , which is devoid of benzo- 
diazepine activity, was shown to be an orally effective K-opioid analgesic 
which produced no respiratory depression in rats, was not self-applied by 
rhesus monkeys, and did not elicit opiate withdrawal  symptom^.^^^,^^^ 
Another recently discovered K-selective agonist is U-50488H (5) ,152-155 
which displays analgesic actions in a variety of antinociceptive assays 
in rodents, and causes opioid receptor mediated sedation, diuresis and 
corticosteroid elevation. U-50488H does not produce physical dependence, 
but produces tolerance upon chronic administration. Receptor binding, 
cross tolerance, and behavioral models distinguish its effects from those 
of morphine, a M-agonist. 

The irreversible p-antagonist $-flunaltrexamine blocked the activ- 
ity of normorphine and Leu-enkephalin, but not of dynorphin or ethyl- 
ketazocine, in the guinea pig ileum, which further suggests that DYN acts 
predominantly at K-receptors.158 A guinea pig brain membrane preparation 
containing only K-receptor sites can be obtained by treating membranes 
with 8-chlornaltrexamine in the presence of d~n0rphin.l~~ 

€-Receptors - Detailed studies of the activities of $-endor hin and frag- 
ments on €-receptors of rat vas deferens were reported.160rf61 

NEW LIGANDS, STRUCTURAL STUDIES, SAR 

Quaternary Narcotics - There is increasing interest in development Of 
opiate agonists and antagonists which are excluded from the CNS. Quater- 
nization of classical narcotics provides peripherally active opiate agon- 
ists such as N-methylmorphine and antagonists such as N-methylnalorphine 
and N-methylnaloxone. 162-166 N-Methylmorphine was an active analgesic in 
the acetic acid-induced writhing test in mice, but was inactive in the 
hot plate test.163 
both naloxone and N-methylnalorphine, which indicates a peripheral compon- 
ent to antinociception in this model. N-Methylnalorphine was ineffective 
against the central antinociceptive action of morphine163 but effectively 
antagonized morphine-reduced GI tract transit of a charcoal meal. l64 

Its activity in the writhing test was antagonized by 

Row- 
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ever, such peripheral selectivity is transient, possibly due to biological 
N-demethylation. 164 Levallorphan ally1 bromide (CN32191) was found to be 
more peripherally selective than naloxone methyl bromide. 
methylnalorphine isomer with the greatest affinity for u- and 6-rece tors 

The N- 

was shown to have the N-ally1 group in an equatorial configuration. 185 

Opioid Dimers - Certain dimeric (bivalent) ligands, formed by covalent 
linkage of two opioids through a bridging chain, have been reported to 
have enhanced potency and receptor sub-type selectivity compared with the 
Corresponding monovalent ligands. 
cross-linking. Dimers derived from $-endorphinI167 enkephalins, 168-170 
tetrapeptide enkephalin analogs,l71 naltrexamine,172,173 and oxymorpha- 
mine168,173 have been studied. 
vary with receptor ~ub-type~l69-171 and with the agonist or antagonist 
nature of the monomeric units.173 The most potent and selective 8-ligand 
from a series of enkephalin dimers was DPE2 (2).170 A selectivity inver- 
sion was found with DTEl2 (z), a dimer of the u-selective ligand H-Tyr-D- 
Ala-Gly-Phe-NH2. 
fold greater d/p selectivity than the u-selective monomer. 
was 7-fold more potent in the ileum than the corresponding thio1.168 
Dimers 9 and 2 appear to be selective antagonists for K- and B-recep- 
tors, respectively.172 In the ileum, the most potent pantagonist was 
and the most potent agonist was =.I73 

These effects may arise from receptor 

The optimal bridging distance appears to 

DTEl2 was a 6-selective ligand which had nearly 1000- 
Disulfide 8 

[ H -1yr -D -A1 a - GI Y - Phe- Leu - N H -  CHZ 1 2 [ H- Tyr -D- Alo- GI y - Phe- NH- (C HZ ) 8 1 2 

- 6 DPE, - 7 DTE,, 

RzCH3;ZaCH2CH2-S-S-CHzCH2- 
- 9 RzCHzd;Z'(CHpCH,O),CHz CH2- 
12 R z C H z d ;  Zz(CH2 CH, 0) sCH, CHZ- 
- 1 1  RzCH,Q; Z=CO-CHzCH,-CO 
- 12 RzCH3; Z=[ (COCHeNH)  2COCH2Ip-  H O  

Enkephalin Analogs - Numerous studies have examined the structures of the 
enkephalins and their analogs to identify those elements important for 
their activity. Law energy conformations were sought by computation- 
a1174-176 and spectroscopicl77 methods. 
of a group of analogs variously substituted in the 4- and 5-residues were 
studied by QSAEt, and good correlations were found with electronic, hydro- 
phobic and steric parameters.178 Several studies with conformationally 
restrained enkephalin analogs were reported. 130,140 179,180 Replacements 
of the Gly-Gly amide bond of Met-enke halin by CH2-CH2,181 and the Tyr- 
Gly bond of Leu-enkephalin by CH=CB1112 result in complete retention of 
binding activity. The Phe residue was also successfully replaced by a $- 
dehydro-Phe, to give analogs with enhanced affinity for 6-receptors.181 
It was reported that replacement of the Tyr residue by Trp at the 27-posi- 
tion of human @-endorphin improves potency fourfold (i.c.v., mouse tail 
flick) , though binding affinity is slightly reduced.184 The inactivity 
of a metazocine/Met-enkephalin hybrid was interpreted as evidence that 
the tyramine moiety in opiate drugs does not 
role as the Tyr residue in opioid peptldes.18g 

Other Analgesics - A series of codeinones and morphinanones containing a 
14-mH3 group was reported.186 Compound 13 was regarded as the most 
interesting, because of its good balance of agonist and antagonist effects 

The in vitro opiate activities 

lay the same functional 
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in antinociception in rodents. 
the 7-position of a similar series resulted in generally reduced agonist 
activity (mouse writhing) .187,188 
produced significant opiate agonist (hot plate) and antagonist (tail 
flick) effects, though they lack either phenolic hydroxyls or quaternary 
carbons normally associated with potent analgesic activity.189 A series 
of 14 conformationally restricted analogs of profadol proved to have gen- 
erally reduced analgesic activity (P.o., mouse writhing) .I90 

Placement of acyl or carbethoxy groups at 

Both cis and trans 2-aminotetralins 14 

Portoghese, et al., synthesized the enantiomers of erythro-5-methyl- 
methadone (2) and studied their opiate properties and X-ray struc- 
tures.191 They concluded that p-receptors and &-receptors have slightly 
different stereochemical requirements, and/or that different compounds in 
the methadone series interact with opiate receptors in different conforma- 
tions. 
studied with the enantiomers of 4-phenylpiperidine analgesics. lg2 
favored conformations of methadone (16) and several analogs, which were 
inferred using an empirical computational methcd,193 were apparently con- 
sistent with Portoghese’s hypotheses and with other SAR. 

The stereochemical properties of opioid receptors were further 
The 

Of a large 

series of analgesic 4-substituted 4-piperidinols8 
in rodents (30 x morphine, s.c.; blocked by naloxone).194 
series of aromatic esters of N-methyl-4-piperidinol was expanded by 16 
compounds and the effects of aromatic substitution on analgesia (mouse 
hot plate) were analyzed by QSAR.lg5 Low-energy conformations of various 
analgesic 4-phenylpiperidines were predicted by computational methods and 
compared to conf ormati on8 seen by X-ray cyr s tallogr aphy .I96 

was the most potent 
A previous 

Other To ics - The analgesic properties of the peptides Tyr-Arg (kyotor- 
iZm5-7 ,198 Tyr-D-Arg8199 cycle(-Tyr-Arg) and analogs,200 and mr- 
Ser-Lys-Tyr-Arg (neo-kyotorphin) 201 were studied. Reviews on GABA-ergic 
analgesia,202 the possible roles of substance P in nociception and neu- 
ronal function, 203-206 and the role of endogeneous opioids in appetite 
r egula ti on207 were provided . 
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I n t r o d u c t i o n  - Compounds o f  s p e c i f i c  i n t e r e s t  w i t h  r e s p e c t  t o  a l l e r g y  and 
asthma a r e  d i s c u s s e d  i n  some o f  t h e  f o l l o w i n g  s e c t i o n s .  R e s e a r c h  on 
a r a c h i d o n i c  a c i d  and  i t s  v a r i o u s  m e t a b o l i t e s  p r o c e e d e d  a t  a b r i s k  p a c e  i n  
1982.  S e v e r a l  g e n e r a l  reviews d e a l i n g  w i t h  c y c l o o x y g e n a s e  a n d / o r  l i p o x y -  
g e n a s e  p r o d u c t s  have  a p p e a r e d . ' - 5  However, u n t i l  c l i n i c a l  d a t a  a p p e a r  on 
a g e n t s  a f f e c t i n g  a r a c h i d o n i c  a c i d  m e t a b o l i t e s ,  w h e t h e r  i n  i n h i b i t i n g  
s y n t h e s i s  o f  l e u k o t r i e n e s ,  b l o c k i n g  r e l e a s e  o r  e f f e c t s  o f  SRS, o r  
i n h i b i t i n g  l i p o x y g e n a s e  p r o d u c t s ,  t h e  c l i n i c a l  b e n e f i t  o f  t h i s  t y p e  o f  
a g e n t  remains  u n c l e a r .  

Slow R e a c t i n g  S u b s t a n c e  (SRS) and L e i i k o t r i e n e s  (LTs) - S e v e r a l  s i g n i f -  
i c a n t  p a p e r s  have  a p p e a r e d  which d e s c r i b e  new s y n t h e t i c  p r e p a r a t i o n s  o f  
l e u k o t r i e n e s .  A s t e r e o s p e c i f i c  s y n t h e s i s  of l e u k o t r i e n e s  from 2-deoxy- 
D - r i b o s e  h a s  been  d e s c r i b e d , 6  and LTC4, LTD4,  and  LTE4 have  b e e n  p r e p a r e d  
from 5-HPETE by a s t e r e o s e l e c t i v e ,  b i o m i m e t i c  r o u t e .  E i g h t  s y n t h e t i c  
i s o m e r s  o f  LTD4 have  been  s y n t h e s i z e d  and compared. Only the 5 S , 6 R , 7 , 9 -  
t r a n s , l l , l 4 - c i s  i somer  was i d e n t i c a l  t o  b i o l o g i c a l l y - g e n e r a t e d  g u i n e a  
p i g  LTD4 i n  a l l  r e s p e c t s . '  I n  a n o t h e r  s t u d y  i n v o l v i n g  a n a l o g s  o f  LTC4 
and LTD,, it was found t h a t  t h e  5-OH and c a r b o x y l  g r o u p s  were e s s e n t i a l  
f o r  SRS a c t i v i t y  b u t  v a r i a t i o n  o f  t h e  p e p t i d e  m o i e t y  o n l y  p a r t i a l l y  
d e c r e a s e d  a ~ t i v i t y . ~  S u l f o n e s  o f  L I T 4 ,  LTD4 and LTE4 have  b e e n  p r e p a r e d  
from t h e  c o r r e s p o n d i n g  LTs. l o  They were b i o l o g i c a l l y  s imi la r  t o  t h e  LTs 
w i t h  a b o u t  h a l f  t h e  p o t e n c y .  l 1  

Ll'C4 a d m i n i s t e r e d  by a e r o s o l  was shown t o  c a u s e  b r o n c h o c o n s t r i c -  
t i o n  i n  normal  human v o l u n t e e r s > 2  w h i l e  i n  c u l t u r e s  o f  human l u n g  ce l l s  
b o t h  LTC, and LTD413 were found t o  i n c r e a s e  mucus p r o d u c t i o n .  I n  mon- 
k e y s ,  LTC4 caused  a d e c r e a s e  i n  pulmonary  c o m p l i a n c e ,  c o n t r a c t e d  i s o l a t e d  
t r a c h e a l  s p i r a l s  and reduced  c i r c u l a t i n g  l e u k o c y t e s .  l 4  S t u d i e s  i n  g u i n e a  
p i g s  have  a t t e m p t e d  t o  e l u c i d a t e  t h e  mechanisms o f  a c t i o n s  of t h e  LTs. 
In g u i n e a  p i g  t r a c h e a l  p r e p a r a t i o n s ,  LTC4 c a u s e d  a d e c r e a s e  i n  CAMP b u t  
d i d  n o t  a l t e r  cGMP. The c o n t r a c t i o n s  c a u s e d  by  LTC4 i n  t h i s  s t u d y  were 
n o t  a l t e r e d  by i n d o m e t h a c i n .  l 5  In  a n o t h e r  s tudy ,  LTC4 and LTD4 were shown 
t o  r e l e a s e  TXA2 and p r o s t a g l a n d i n - l i k e  m a t e r i a l  from g u i n e a  p i g  l u n g  and 
induce  c o n t r a c t i o n  i n  parenchymal  s t r i p s .  Both t h e s e  a c t i o n s  were 
i n h i b i t e d  by i m i d a z o l e ,  a thromboxane s y n t h e t a s e  i n h i b i t o r .  l 6  

SRS A n t a g o n i s t s  - S e v e r a l  compounds o t h e r  t h a n  FPL 55712 and  i t s  a n a l o g s  
a n t a g o n i z e  t h e  a c t i o n s  o f  SRS. The bromo d e r i v a t i v e  1 s e l e c t i v e l y  
i n h i b i t e d  the SRS-induced c o n t r a c t i o n s  o f  g u i n e a  p i g  i leum" 
(ICs,-, = 50 PM)~; w h i l e  t h e  f u s e d  r i n g  a n a l o g  2 i n h i b i t e d  w i t h  a n  
IC5o o f  5 pM. BL5255 ( 3 )  a n t a g o n i z e d  SRS and LTD4-induced c o n t r a c t i o n  
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of guinea pig tracheal rings over the concentration range 10-6-10-4M. l9 
At the higher concentrations, histamine- and methacholine-induced con- 
tractions were also inhibited. The propenamides k and 5 are representa- 
tive of a series that was shown to antagonize SRS actions on guinea pig 
ileum at 10-~~.2O'~1 

- 4 A =SJHCOCH=CHCOOH OH 

- 5 A z  coo" - 6 R e H  

7 R = M e  - r;r 0- 

Leukotriene Synthesis Inhibitors - The pyrrole prostacyclin analog 
U-60,257 (6) - and its methyl ester U-56,467 (1)inhibited LTC4 and LTD4 
synthesis induced by calcium ionophore in human polymorphonuclear 
leukocytes.22 U-60,257 did not inhibit formation of 12-HETE in human 
platelets but did inhibit antigen-induced bronchopulmonary changes in 
monkey and guinea pig in v ~ v o . ~ ~  Ro 21-7634 ( S )  inhibited the synthesis 

0 

9 - 8 - 

of SRS in rat peritoneal mast cells and TXA2 synthesis in perfused 
guinea pig lung at similar concentrations but did not inhibit TXA2 
production induced by direct perfusion of SRS into the lung.24 A 
preliminary report indicated that the urea 9 is a selective inhibitor of 
LTCd synthesis. 25 Diethylcarbamazine inhibited LTB4 and C4 biosynthesis 
in calcium ionophore stimulated mouse mastocytoma cells, while cyclo- 
oxygenase and lipoxygenase activity were unaffected. 26 

Lipoxygenase Inhibitors - The non-steroidal anti-inflammatory agent 
benoxaprofen, previously reported to selectively inhibit lipoxygenase at 
therapeutic levels, failed to be efficacious in aspirin-sensitive 
 patient^.^' In in vitro studies, benoxaprofen inhibited SRS release from 
human and guinea pig lung following antigen challenge and reduced SRS 
release in vivo but did not antagonize the actions of SRS.28 Nafazatrom 
(Bay g 6575) inhibited tumor cell lipoxygenase activity but not cycloox- 
ygenase product formation at pM concentrations. 29 The 5,6-methano- 
leukotriene A4, (KCN-TEI-6173, E), a stable LT, inhibited 5-lipoxygen- 
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ase synthesis, (IDSo = 18 pM) and did not inhibit prostaglandin (cyclo- 
oxygenase) synthesis at concentrations up to 150 The acetylenic CH J,COOH 

CSHll 

5,6-dehydroarachidonic acid, 11, inhibited 5-lipoxygenase in RBL 
extracts (K = 15 pM) but was much less active in intact cells due to 
metabolism. The flavonoid baicalein. 
platelet lipoxygenase (IC50 = 0.12 VM).~* ' 

l2, selectively inhibited 

1 2  - 

Mediator Release Inhibitors - The imidazopyridine, 3-deaza-SIBA (E), at 
concentrations of approximately 10-4M, inhibited IgE-mediated histamine 
release from rat basophilic leukemia cells and histamine release from 
rat peritoneal mast cells induced by compound 48/80, calcium ionophore, 
and ATP.33 

- 14 R = CH,CH,OH 
1 5  R - H  - 

hie 

16 - 

In asthmatic patients, tiaramide improved lung function and reduced 
the need for inhaled beta agonist.34 Tiaramide (2, RHC 2592-A) and its 
major metabolite, desethanol tiaramide (2, RHC 3281) inhibited IgE- and 
IgG-mediated histamine release from rat peritoneal mast cells and guinea 
pig lung slices, respectively. 3 5  In other studies, tiaramide inhibited 
formation of TXA2 and antagonized bronchoconstrictor mediators with se- 
lectivity for PGF2a and SRS in guinea pigs. 

The hydrazine derivative 16 had activity 3 x DSCG in the rat PCA 
test and also inhibited histamine release from rat mast The 
pyrimidine urea 17 inhibited IgE-mediated histamine release from human 
basophils, as well as the PCA in rats.39 The oxamate 18 (MTB) 
inhibited IgE-mediated histamine release from rat peritoneal cells 
and the PCA reaction in rats and guinea pigs.4o The orally active 
antiallergy compound traxanox sodium inhibited histamine release from 
rat mast cells induced by antigen or compound 48/80 but had only marg- 
inal effects on calcium ionophore-induced release. *' The azaxanthine 
19 - (M&B 22,948) was 30 x DSCG as a mediator release inhibitor and was 
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effective against exercise-induced but not histamine-induced bron- 
choconstriction (fall in FEV,) in asthmatic patients.42 TR 2855, a 
chromone that inhibits antigen-induced release of histamine and SRS from 
passively sensitized human lung, relaxed human bronchial and guinea pig 
tracheal muscle and caused bronchodilation in guinea pigs. 43 

p-Adrenoceptor Agonists - Clinical trials in asthmatic patients of the 
p2-agonists terbutaline, albuterol, fenoterol and carbuterol failed to 
differentiate between the group in that all four compounds showed the 
side effects of tremor and t a c h y ~ a r d i a . ~ ~ ' ~ ~  Another study with two new 
highly selective p2-agonists D-2343 (20) and QH25 (21) also failed to 
separate bronchodilator and tremorigenic effects and concluded that the 
p2-adrenoceptor in bronchial muscle and skeletal muscle are the same. 46 
D-2343 and QH25 were found to have a potency of 0.2 x terbutaline and 12 
x albuterol, respectively. 47 Although clenbuterol showed a selectivity 
for p2-adrenoceptorsY its high agonist potency was attributed to high 
affinity for the fi-adrenoceptor rather than efficient adrenoceptor 
activation. 48 In patients with reversible airway obstruction, procat- 
erol exhibited a dramatic bronchodilator effect with duration up to 
12 h.49 

An FDA study commission has concluded from recent animal studies 
that cardiac toxicity of p-adrenoceptor agonists was enhanced by 
concomitant administration of methyl xanthines . There are , however , 
conflicting reports; in a study of albuterol and theophylline in 
~ombination~~ and a second study of theophylline and terbutaline results 
indicated that low-dose bronchodilator/theophylline combinations gave 
better bronchodilation with fewer tremors and tachycardia than a high 
dose of either drug alone.52 In a different context the combination of 
fenoterol and ipratropium, an anticholinergic bronchodilator (see 
below), achieved bronchodilatory efficacy similar to high doses of 
fenoterol alone but with fewer side effects.13 

The activity of the terbutaline analog KWD 2131 (22) in bronchial 
allergen challenge was shown to be due entirely to bronchodilation with 

- B C R A 

20 H OH - 
I-\ 

H 

H 

CHfQ 

OMe 
H 

22 OH H OH OH 

23 

- 
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no antiallergic effect being observed. '* The terbutaline pro-drugs 
KWD 2183 (g) and D 2438 (2) were potent bronchodilators in guinea pigs 
and maintained therapeutic plasma levels in dogs for 23 h and 12 h 
respectively. These compounds caused a significantly smaller increase 
in heart rate than did terbutaline.55 

The bronchodilatory activity of 26 was found to be in the 2-isomer 
as was the case for its parent TMQ (g).56 The g-methyl derivatives, 
27 and 28,  were 15- and 4-times more selective for p2-adrenoceptors over 
E-adrenoceptors than TMQ. 57 

! L ! i l % h  

- 25 OH H H H 

- 26 H OH H H 

- 27 OH H Me H threo 

b M e  28 OH H H Me erythro 

A study of the four drugs isoprenaline, terbutaline, albuterol, 
and soterenol as to the effect of N-aralkyl substitution indicated that 
this substitution increased 8 2 -  and al-adrenoceptor selectivity with 
the 8 2  effect most noticeable with soterenol.5s 

Calcium-Antagonist - Verapamil and nifedipine were found to inhibit 
exercise - induced b roncho cons tr i c t ion in asthmatic sub j ec tsP9 while in 
animal studies nifedipine was found to inhibit bronchoconstriction 
induced by histamine in both guinea pigs60 and dogs.61 In an in vitro 
study, methoxyverapamil (D-600) inhibited concanavalin A-induced hista- 
mine release and calcium ion influx in rat peritoneal mast cells but did 
not inhibit compound 48/80-induced histamine release. 62 Verapamil 
inhibited experimental anaphylaxis in guinea pig tracheal smooth muscle 
but failed to inhibit histamine release from tracheal mast cells. 63 
Nifedipine inhibited the PCA reaction in rats with a potency 50 x DSCG 
but did not inhibit skin reactions induced by histamine or metha- 
choline . 

Corticosteroids - The mechanism whereby anti-inflammatory steroids 
inhibit IgE-mediated histamine release from human leukocytes was 
explored. It was shown that overnight culture of cells with dexametha- 
sone did not alter either total or occupied Fc receptor number and 
indirect considerations eliminated the possibility the CAMP levels had 
changed. 65 Additionally, it was found that dexamethasone failed to 
inhibit histamine release from human leukocytes induced by TPA, A23187 
or F-met-leu-~he~~ or from purified human lung mast cells challenged 
with anti-IgE. 66 

Budesonide inhibited antigen-induced bronchoconstriction in 
actively sensitized guinea pigs immunized to produce both IgE and IgG 
antibodies but failed to affect bronchoconstriction in animals that only 
produced IgG antibodies, 67 Following overnight preincubation, betameth- 
asone inhibited release of SRS from passively sensitized human lung but 
did not affect histamine release.68 In two clinical ~tudies~~'~' 
dealing with hayfever and chronic asthma, budesonide was found to be 
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superior to beclomethasone and produced no observable side effects. In 
a separate study, beclomethasone propionate aerosol produced marked 
improvement in patients with chronic allergic asthma. 71 Inhaled flun- 
isolide significantly controlled symptoms in patients with perennial 
rhinitis with no adverse steroidal effects.72 In a six-month study 
in patients with chronic airflow obs t ruc t ion ,p redn i so lone  failed to show 
improvement. 73 

Miscellaneous - The imidazole 29 (SQ 80,338) and the prostaglandin 
analog 30 (SQ 24775), both inhibited arachidonate-induced bronchocon- 
striction in the guinea pig but failed to alter histamine or antigen- 
induced bronchoconstriction. SQ 80.338 inhibited release of TXA2 from 

isolated guinea pig lung. 74 Astemizole, a histamine HI-antagonist with 
high affinity and long duration, was effective for allergic rhinitis 
with no sedative or cholinergic side  effect^.'^'^^ Clinical studies of 
terfenadine (RMI 9918) have shown it to be an effective anti-HI anti- 
histamine with no anticholinergic, CNS or CV side  effect^.^^-'^ In 
guinea pigs and monkeys terfenadine produced no adrenergic or histamine 
H2-antagonism. Amrinone, a cardiotonic compound, has been shown 
to inhibit bronchoconstriction in dogs and tracheal contractions in 
guinea pigs induced by histamine." 

The xanthine, enprofylline (z), showed bronchodilator activity 5 
x theophylline with no emetic, CNS or renal effects. Lack of CNS ef- 
fects in asthmatic patients were reportedly due to absence of a 1- 
nitrogen substituent. 82 BB1502 (32) was reported to be a bronchodilator 
with long duration in allergic asthma in guinea pigs when administered 
prior to allergic challenge. 83 The pyrimidobenzothiazole 2 and its 
8-chloro analog 34 inhibited allergic bronchospasm in rats with E D ~ ~ s  
of 0.38 and 0.11 mg/kg, re~pectively.~~ Inhaled thiazinamium chloride 

Pr 
I 

0 
32 - 

showed potent bronchodilator activity with rapid onset and moderate 
duration and no motor or CV effects in guinea pigs and monkeys.85 

Inhaled ipratropium bromide, an anticholinergic agent, was found 
to be a clinically effective bronchodilator with a low incidence of side 
effects. 86-89 The pyrazolo-pyrimidine 35 and the pyrazolotriazine 6 
were PDE inhibitors with potencies 15x and 67x theophylline respec- 
tively. 36 was selective for lung PDE over heart PDE and protected 
against histamine-induced bronchospasm in guinea pigs. y91 
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Chapter 8. Antihypertensive Agents 

John J. Baldwin and Charles S. Sweet 
Merck Sharp & Dohme Research Laboratories, West Point, PA 19486 

Introduction - In the past decade, significant advances have been made in 
the treatment of of ferin great potential for prolonging 
lifetime for large numbers of The results of four important 
mild hypertension trials have been critically analyzed,5a and the bene- 
ficial trends from lowered blood pressure in fatal myocardial infarcts 
and cerebrovascular complications continue to be demonstrated. However, 
a multiple risk factor intervention trial raised questions about the 
value of primary intervention with antihypertensive drugs. The results 
of this study suggested that the beneficial effects on blood pressure 
were obscured by undesirable metabolic consequences. 5b 

Provocative results from basic research which may influence future 
directions include the role of a circulating sodium-transport inhibitor. 
This factor has been hypothesized to be involved in the pathogenesis of 
hypertension.6 
reports that inad quate calcium intake may be a previously unrecognized 
causative factor;' in contrast, other studies find a highly si nificant 
positive correlation between serum calcium and blood pressure.' The 
situation with calcium is similar to the relationship between sodium and 
blood pressure which remains equally complex and incompletely understood. 
The effectiveness of short term sodium restriction as an alternative to 
medication continues to be documented.1° 
brane sodium handling in hypertensive patients remains confusedll but has 
received additional experimental support. l2 
that improved therapeutic agents are needed, and interest in new methods 
and models for hypertension research remains high.13 
a growing concern relates to the adverse effect of certain antihyperten- 
sive drugs on lipid metabolism. 

Another new point of focus is based on recent clinical 

9 

The abnormality of cell mem- 

It is generally accepted 

In terms of therapy, 

14 

Centrally Acting Antihypertensive Agents - It is well established that 
neuronal systems lay a major role in the increased peripheral resistance 
in hypertension." In the brain, some of the adrenergic pathways are 
linked to cholinergic mechanisms; this pathway may be involved in the 
antihypertensive action of certain drugs, e.g. clonidine.16 
CNS regulates sympathetic outflow by a complex interaction of different 
neuronal centers, the brain remains an important site for blood pressure 
regulation. 1 7  

Since the 

The search for selective a -adrenoceptor agonists with affinity for 
2 

specific sites such as brain stem nuclei has continued. Since most or 
all of clonidine's therapeutic and undesirable effects are mediated by a2- 

20 
receptors ,la, l9 more specific agents conceivably could be developed 
based on a greater affinity for the central "hypotensive" receptors. 
The cellular events underlying clonidine's action are beginning to be 
understood. 
fall in cellular CAMP levels as a consequence of inhibition of membrane- 
bound adenylate cyclase.21 

The molecular mechanism involves an a2-adrenoceptor mediated 

Some of the newer a2-agonists belong to the 
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24 
imidazoline , 22 tetrahydropyrrol~imidazole~~ and hydrazino triazole 
classes. At the clinical leve1,the sedative liability of these agents 
continues to be a problem. 25 

Among the newer agents operating by a mechanism other than a2- 
stimulation are LR-9985326 (L) and CP-804-S. 27 
derivative of clonidine, does not appear to act via a-adrenoceptor 
stimulation. With the latter, selective blockade 
of central a -receptors may be important. The 
role of central opioid peptides in blood pressure 
control continues to be studied, but a coherent 2,6-diC1-c6H3-~0 
concept of the mechanisms involved has not yet 
emerged. 28 
N-methyltransferase in central blood pressure 
control remains attractive, but a-adrenoceptor 

to be taken into account when interpreting the 
cardiovascular effects. 29 

The former, although a 

1 

The role of phenylethanolamine 

1 blocking properties of the PNMT inhibitors need - 

Effecting octopamine, 30 tyrosine and tryptophan levels may provide 
new approaches to the central regulation of blood pressure. Tryptophan 
lowers blood pressure by uptake into the brain and conversion to sero- 
tonin?la The tyrosine progenitor (2) was 
more orally effective than tyrosine in 
reducing blood pressure in SHR. 
separation between antihypertensive and 
locomotor depressive effects suggested 
that a mechanism other than a -adrenergic 
stimulation was involved. 

Renin-Angiotensin System - Interest in the renin-angiotensin system (US) 
as an approach to lower elevated blood pressure remains high as new 
compounds, particularly those which inhibit angiotensin converting 
enzyme (ACE), continue to rove efficacious in the long-term treatment of 
essential hypertension. 32,93 Approaches to inhibit angiotensin I1 forma- 
tion,as well as its blockade of renin release,continue to be studied. 

A 

2 31b 2 
- 

D-600, a calcium channel blocker, abolished angiotensin I1 mediated 
inhibition of renin release without affecting isoproterenol stimulation 
of renin release.34 
renal nerve stimulation was not altered by a-adrenoceptor blockade in 
dogs ,35 phentolamine increased plasma renin activity in patients with 
essential hypertension. 36 
of a-adrenoceptors in the control of renin release. 
adenosine in the regulation of renin release has been reviewed,37 but 
several criteria must be established before an intrarenal role for 
adenosine can be established. 

Although renin secretion resulting from low-frequency 

This finding confirmed the inhibitory effect 
A proposed role for 

38 
Tonin, an enzyme capable of forming angiotensin I1 directly from 

angiotensinogen, has been shown to activate human amniotic fluid renin. 
Thus, tonin shares with other enzymes, notably trypsin, pepsin and 
kallikrein, the ability to activate renin. 
chyma raises the interesting possibility that it may have an important 
physiological role in activation of renin. 

Potent and specific inhibitors of human renin such as H-77, H-113 

Its presence in renal paren- 

and H-142 were designed by modifying the N-terminal sequence of human 
angiotensinogen at the scissile Leu-Leu bond. 39,40 
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Captopril, when used in small doses, has been associate 
sufficient modulation of the RAS to reduce arterial pressure.'lwi:!vera1 
proposed mechanisms are under active nvestigation, including inhibition 
of the vasopressor action of the U S 4 '  and4the sympathetic nervous 

46 s y s t e ~ ~ ~ ~  increased prostaglandin activity and bradykinin accumula- 
tion, and decreased vascular responsiveness to a-adrenergic agonists. 
Several studies with enalapril (MK-421 demonstrate that its mechanism of 
action, like captopril, is elusive. 47,h8  In addition to these estab- 
lished agents, new ACE inhibitors have been d e ~ c r i b e d . ~ ~ - ~ ~  The strategy 
used in the synthesis of these agents utilized a peptide-like structure 
free of a mercapto function, an approach used successfully in the design 
of enalapril. 

The mechanism by which the U S  system affects aldosterone produc- 
tion is through a direct effect on the adrenal glomerulosa cells via 
angiotensin 11-induced increases in phosphatid 1 inositol turnover, which 
in turn alters cellular calcium distribution. 59 

Vasodilators - Recent studies with vasodilators have involved established 
agents or structural analogs of such agents. Among these prazosin has 
been shown to have favorable effects on blood lipids. 57y58 However, in 
combination wi!? 8-blockers, a favorable lipid profile has not always 
been achieved. macology of prazosin and its use in hyperten- 
s i o n  have been reviewed. The prazosin analog doxazosin (UK-33274) 
lowered blood pressure in normal volunteers and increased heart rate. 
The inhibition of al-receptors was implicated in the mechanism of 

The ph 35 

action. 59 

Several limited clinical studies with known vasodilators have been 
reported. In one of these, tolmesoxide lowered blood pressure and 
increased heart rate in hypertensive patients. 
lators, it had a short plasma half-life but a long duration of action. 

60 As with other vasodi- 

The triple combination of endralazine, a B-blocker, and a diuretic 
controlled blood pressure in resistant hypertensives. Heart rate 
increased acutely but returned to base line during chroni administration. 
Tolerance to the antihypertensive effect did not develop." The pharma- 
cology, toxicology and clinical experience with the structurally related 
cadralazine have been summarized. This hydralazine analog, either alone 
or in combination, was effective and well tolerated.62 

Among the newer agents, the synthesis of RO-124713 (z), a vasodi- 
lator related to minoxidil, has been described.63 
preparation and pharmacology of the peripheral vasodilator HL-725 (5) 
have been summari ed. Mechanistically, inhibition of phosphodiesterase 
may be involved.6z A series of compounds, exemplified by 5, was hypoten- 
sive in rats. Receptor studies with 5 using [3H]-prazosin suggested that 
inhibition of central and peripheral a-receptors was the mechanism 
involved. 65 

H3C0 

H3C0 y.,f NH A 

\C6H2-2, 4,6- (CH3) 

In addition, the 

4-F-C H -N 
b 4  LJ 

5 - 4 - 3 - 
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An in vitro method for comparing the inhibitory effects of vasodi- 
lators has been developed. This technique depends on comparing the 
reduction of phenylephrine versus barium induced tension. Using this 
ratio, nifedipine, papaverine and dantrolene were distinguishable. 

Calcium Entry Blockers - The role of calcium entry blockers (see also 
Chapter 9) in the therapy of hypertension remains to be defined. They 
are particularly useful as third step therapy when hypertension and 
angina are present. In addition to their effects on calcium flux, other 
mechanisms may be involved, such as a decrease in adrenal responsiveness 
to angiotensin 1167 and inhibition of calmodulin activation of calcium 
dependent myosin light chain kinase.68 
mechanism, verapamil and proadifen were shown to interact directly with 
calmodulin at a different site than the phenothia~ines.~~ The role of 

1 calcium in the mediation of the vasoconstrictor effects of selective ct 
and a -agonists continues to be discussed and debated.70 Verapamil has 
been shown to inhibit more rea ly blood vessel contractions due to ct 

than to ct -selective agonists.” Others suggest that calcium entry 
blockers Inhibit the a -receptor mediated component of vasoconstriction. 

In support of this latter 

2 
1 

72 
2 

Both the use of calcium entry blockers in hy~ertension~~ and the 
clinical experiences with specific agents, e. g. diltia~em~~ and nifedi- 
pine,75 have been reviewed. The potential of the latter in angina, 
hypertensio infarction, ~ardiomyopathy~~ and experimental cardiac 
hypertrophyqf has been summarized. Reports continue to appear on the 
combination of nifedipine with 8-adrenergic blocking agents such as 
metoprolol, timolol and propranolol. The antihypertensive effect was 
potentiated, but fluid retention occurred if diuretic therapy was not 
part of the regimen. 78 

B-Adrenoceptor Antagonists - Evidence continues to accumulate in support 
of potential therapeutic advantages for 8-adrenoceptor blocking agents. 
Whether such advantages, developed around individual agents, can be 
generalized to the class remains highly controversial. In the area of 
cardioprotection, sotalol in a multicenter trial lowered the rate of 
reinfarction. However the mortality rate, although slightly lower, was 
not significantly different for the treated group. 79 
infarct size was significantly reduced by timolol; a combination of 
hemodynamic and metabolic effects was responsible for protection of the 
ischemic myocardial tissue. 8o It has been suggested that propranolol’s 
cardioprotective effect may be partly due to a reduction in thrombo ane 

In animal studies, 

induced vasoconstriction and to inhibition of platelet aggregation. 81 

Further studies demonstrated that rladolol does not decrease 
glomerular filtration rate or renal blood flow while normalizing blood 
pressure.82 
complete summary on the clinical experience with this agent. 83 However, 
a renal component may not be specific for nadolol, since it has been 
hypothesized that there is a direct effect by B-adrenoceptor antagonists 
on the kidney tubules, which is believed to be exerted via inhibition of 
the sympathetic control of tubular sodium and water reabsorption. 84 

The renal effect of nadolol has been reviewed as part of a 

Extensive clinical studies with pindolol have been described. The 
compound was effective in reducing blood pressure both alone and in com- 
bination therag? with only slight or clinically insignificant reductions 
in pulse rate. Bopindolol @), a compound structurally related to 
pindolol, was effective once-a-day in reducing blood pressure in man 
without pronounced bradycardia. 86 



Chap. 8 Antihypertensive Agents Baldwin, Sweet 73 

The use of 
is being applied 
pure enantiomers 
IPS-339 (1) have 
mode 

chiral three carbon precursors derived from D-mannitol 
with greater frequency in the synthesis of the optically 
of B-adrenoceptor antagonists. Both enantiomers of 
been prepared by this ~trategy.~’,~~ In vitro only 

st B2-selectivity was found for IPS-339 and no chiral preference for 
the (S) enantiomer was observed. An explanation for his lack of chiral 
discrimination was based on symmetry considerations .86 This same chiral 
methodolo has also been applied to the synthesis of (R) and (S)-  
pindolol. 86 

B -Selective Adrenoceptor Antagonists - Atenolol and metoprolol were 
-1 
compared in hypertensive patients with asthma. The former was better 
tolerated and caused significantly fewer asthmatic atta~ks.~’ 
selective antagonist, EMD-33512 (E), a compound structurally related to 
metoprolol and betaxolol, was ten-fold more effective than metoprolol in 
reducing heart rate. 91 

The B1- 

A series of 1-heteroaryl and l-phenoxy-3-[[(substituted amido)- 
alkyl]amino]-2-propanols represented by 2 has provided further evidence 
that the aminoalkyl moiety is an important structural determinant of B1- 
receptor selectivity. 92 

NHCONHC6H5 
2-NC-C6HL-0 Tw 

- .  
OH 

Vasodilator/&Adrenoceptor Antagonists - Prizidilol, the structural 
hybrid of hydralazine and a B-adrenoceptor antagonist, lowered blood 

94 pressure acutely but raised heart rate.93 
blood pressure reductions were achieved without tachycardia; however, 
increases in plasma volume without changes in body weight were observed. 
In addition to the prizidilol type of vasodilator/B-blocker, studies have 
continued on compounds in which vasodilation is induced by a-receptor 
blockade. The synthesis of the four stereoisomers of 1-abetalol by 
classical resolution has been rep~rted.’~ 
is a 6-receptor antagonist with intrinsic sympathomimetic activity and 
little a-blocking abilit The (S,R) isomer possesses most of the a- 
adrenoceptor antagonism.86 Structural modification of labetalol yielded 

In longer term studies, 

The (R ,R)  isomer (Sch 19927) 
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compounds having a greatly enhanced H NO s 
a ( l o ) ,  -blocking YM-09649 component. (11) and YM-09686 YE-09538 R+20cb (12) were competitive a and @- 
antagonists in vitro. Using the 
atria and vas deferens preparations 
from rats, YM-09686 was 100-fold 
more potent in blocking the a than 
the @-receptor; YM-09538 was equi- 

- 10: R = CH3 

- 11: R = OCH3 

12: R = OH potent at bott~.97~98 - 

In addition to @-receptor blockade, a papaverine-like action on 
smooth muscle has been described for butofilolol (13) ." 
action has been demonstrated in man with BM-12434 (14); the mechanism 
of actip~~is unknown but is assumed to be a direct one on the blood 
vessel. 
of sulfinolol, MK-761 and pindolol. 
mediated mechanism was implicated with sulfinolol and pindolol but not 
MK-761 or prizidilol.lo1 

A vasodilating 

In the dog a @-agonist component was involved in the action 
In the rat a @-receptor agonist 

14 - 13 - 

Miscellaneous - In man,ketanserin caused dilatation of resistance and 
capacitance vessels and of the renal vascular bed. lo2 
suggest that the hypotensive effect of ketanserin involves peripheral a1 
rather than 5-HT receptor antagonism. Io3 
action was suggested by studies in rabbit femoral arteries; ketanserin 
inhibited the amplifying effect of 5-HT on the vascular responses to 
other vasoconstrictor substances .Io4 

Studies in rats 

An alternative mechanism of 

The peripheral dopamine receptors have been reviewed with emphasis 
otential for dopamine agonists as multitarget antihypertensive on the 

agents. The dopamine agonist M-7 (15) reduced blood pressure and 
heart rate in rats via stimulation of presynaptic dopamine receptors on 
sympathetic neurons to the vasculature and presynaptic a2-receptors on 
cardiac sympathetic nerve endings. SKF-82526 (16) , a dopamine agonist 
specific for the renal dopamine receptor, blunted the development of 
hypertension in spontaneously hypertensive rats. lo7 

c1 

OH 

" " $ q - J H  HO 

4-HO-C6H4 

16 - 15 - 
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A series of quinazolinones exemplified by E G - 1 0 8 8  (17) reduced 
blood ressure in rabbits and S H  rats; no single mechanism was identi- 
f ied . Blood pressure and heart rate lowering effects were observed in 
rats with the oxabicyclooctanamine (18) and related examples. '09 On oral 
administration 15-deoxy-16-hydroxy-16-vinyl P G E  (DHV-PGE ) produced a 
rapid and long lasting hypotensive effect in razs; topicafly DHV-PGE was 
active at 30 ug/kg and a dose of 1 mg/kg had a duration greater than 
2 4  hr. 
confirmed in man, and prolonged effects were observed using transdetmal 
delivery. 110 

2 

The hypotensive activity of DHV-PGE methyl ester has been 
2 

18 - 17 - 
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Chapter 9. Calcium Antagonists - New Opportunities 
H. Meyer, S. Kazda and P. Bellemann, Bayer AG, 

Wuppertal-Elberfeld, FR Germany 

Introduction - Only three compounds from the class of calcium antagonists 
- verapamil, nifedipine and diltiazem - have been approved by the FDA for 
the treatment of angina. Results from animal experiments and recent cli- 
nical data give rise to the hope that other disorders (hypertension, 
asthma, migraine, etc.), which can be caused by spasms of the smooth mus- 
cle, will also respond to this new mode of action.1 

The medicinal chemistry of the calcium antagonists is characterised 
at present by a large number of new development compounds - comparable to 
the development of $-blockers in the seven tie^.^-^ However, the majority 
of these new products resembles in their structure the clinically estab- 
lished calcium antagonists verapamil, nifedipine and diltiazem. In addi- 
tion, some cardiovascular drugs, which have already been introduced or are 
being developed, have been claimed to be calcium antagonists. Completely 
new structures whose pharmacological action is primarily due to inhibition 
of the influx of calcium into contractile cells are still rare. 

Investigation of the binding sites of the basic structures having 
calcium-antagonistic action should give new leads for drug design. 

New Drugs: Verapamil Analogues - Gallopamil (D 600, L) is superior in po- 
tency to the parent substance verapamil, but the activity profile is 
largely comparable. This also applies to the enantiomers (-) -Gallopamil 
has pure "calcium-antagonistic'' properties (lowering the blood pressure 
and the dp/dtmax at and above 0.02 mg/kg i.v. in the rat), whereas the (+)- 
isomer has a significantly weaker effect in this model. 
isomer shows an interesting antiarrhythmic effect at higher doses, possibly 
due to an additional stabilising effect on the membrane.5 The greater cal- 
cium-antagonistic effect of the (-)-isomer can also be demonstrated 
vitro on the guinea-pig ileum.6 

However, the (+)- 

2 3 

2 3  
- 1 R1= OCH3 R = iPr R = CN 

1 2 R = H  R R = S02(CH2)3S02 - 
3 - 

The achiral tiapamil (2) is markedly less effective than verapamil 
in most in vitro models. However, it is equally active on the potassium- 
depolarised coronary artery of the dog, and this leads to the conclusion 
that it has a certain vascular selectivity. Consistent with this, the hypo- 
tensive and negative inotropic effects are less pron0unced.7-~ 
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The condensed verapamil analogue AQ-A 39 (2) has been demonstrated 
to have specificity with respect to a bradycardic effect . 9 The heart 
rate of anaesthetised cats is decreased as a function of the dose above 
0.1 mg/kg, whereas the contractility and blood pressure are only lowered 
at a dose 4-6 times higher. In contrast to this, the hypotensive and nega- 
tive inotropic effect of verapamil occur at lower doses than the brady- 
cardic effect. 

Energies of interaction between receptor models and verapamil deri- 
vatives have been determined using the monopole-bond polarisibility meth- 
od. As a result of the highly significant correlation between the calcu- 
lated binding energy and the negative inotropic effect on papillary muscle 
of the cat, the amino acid arginine has been postulated as the possible 
binding site for verapamil and its derivatives. 

Nifedipine Analogues - Because of the possibility of wide structural vari- 
ation and their superior potency, the 1,4-dihydropyridines (DHPs) of the 
nifedipine type are the class of calcium antagonists which has been most 
extensively investigated. The second generation of DHP development candi- 
dates having the reatest potency are all chiral, owing to non-identical 
ester functions. 19 and can exist in enantiomeric 
absolute configiration at C4.13 The research aim 
selectivity or specificity. 
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if nimodipine (41, which 
preferentially dilates cerebral vessels, l 5  is probably ether cleavage of 
the methoxyethyl ester function. The metabolites have only weak or no 
calcium-antagonistic activity. (-)-Nimodipine is significantly more active 
on rabbit aorta strips than the (+)-antipode.l6 
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Stereoselectivity is also found with the enantiomers of nicardipine 
(51, which has been marketed in Japan as a cerebral vasodilator since 
1981. (+)-Nicardipine is about 3x more potent than the (-)-isomer in in- 
creasing the vertebral flow and lowering the blood pressure after i.v. ad- 
ministration to anaesthetised dogs. 17 

Nitrendipine (6) is a DHP calcium antagonist which is particularly 
suitable as an antihypertensive agent because of its selective vasodila- 
tation. Blood pressure of dogs with renal hypertension is lowered by doses 
as low as 0.03 mg/kg p.o.18 The IC50 for inhibition of potassium-induced 
contractions of rabbit aorta strips is 2 x lO-9M for (-)-nitrendipine, which 
is lox lower than that of the (+)-isomer.lg 

The outstanding vasodilator effectiveness of nisoldipine (2) has 
been demonstrated in a study of the hemodynamics in anaesthetised dogs: a 
dose of 5 pg/kg i.v. doubled the flow in the coronary sinus and at the 
same time reduced peripheral resistance. 2o 

Felodipine (5) is characterised by pronounced peripheral vasodila- 
tation, so it appears to be particularly interesting for therapy of 
hypertension. 21 

FR 7534 (2) 22 and FR 34235 (10) are DHP development compounds which 
are substituted in the 2-position E2) by hydroxymethyl and cyano, respec- 
tively, in place of the customary methyl group. Furthermore,FR 34235 has 
non-identical ester groups and has been shown to be highly active in a 
chronic coronary occlusion model in the dog: infusion of 0.75 pg/kg/min 
brought about a significant rise in the blood flow in the normal myocar- 
dium and the ischemic subepicardium. 23 

Flordipine (11) is the first DHP development compound with a sub- 
stituent on the niGogen atom. It exhibits antihypertensive activity in 
rats and dogs by the oral route. Vascular selectivity has been demon- 
strated: vasoconstriction is attenuated in veins at doses similar to that 
of nifedipine, whereas in arteries it is about lox less effective (& 
vitro studies) .24,25 

PY 108-068 (12) antagonizes the calcium-induced contractions of the 
rabbit aorta in cozentrations comparable to nifedipine. 26 Preliminary 
findings in anaesthetised cats ( 5 0  pg/kg i.v.) and anaesthetised dogs 
(10 pg/kg i.v.) show, in contrast to nifedipine, a bradycardic effect, 
but no data have been published of studies in conscious animals in which 
reflex tachycardia might occur, 27 s Z 8  

PN 200-110 (2) resembles PY 108-068 in being characterised by benz- 
oxadiazolyl substitution in the 4-position of the DHP nucleus, but it has 
non-identical ester groups. The superior effect of DHPs with non-identical 
ester functions is again shown by this example: PN 200-110 is lOOx more 
potent than the achiral PY 108-068 on the coronary artery of the dog & 
vitro. 29 

An interesting correlation between the puckering of the DHP ring 
found by X-ray structure analysis and the calcium-antagonistic activity 
has been demonstrated: in the series of 4-phenyl-substituted DHPs, an 
ortho substituent brings about a very slight deviation from planarity of 
the DHP ring.30 This is apparently an important criterion for high 
activity . 
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The chemistry of dihydropyridines has been dealt with in a recent 
review. 31 

New Structures - The benzofuran derivative piprofurol (3) is the most po- 
tent calcium antagonist vitro aside from the DHPs. It has an IC50 of 2x 
10'8M in the potassium-depolarised coronary artery of the dog and thus is 
markedly more active than verapamil , 32  which it resembles in its profile 
of action in vivo (increase in coronary flow, lowering of blood pressure, 
bradycardia and antiarrhythmic properties). Good antih pertensive activity 
in the dog (at and above 1 mg/kg p.0.) is noteworthy. 33  

15 - 14 - 

Another calcium antagonist having a basic structural element 
bepridil (15),which is less potent than verapamil on rabbit aorta. 
dose of 5 G/kg i.v. shows a marked protective effect against myocardial 
ischaemia after arterial occlusion (dog) .35 An antianginal effect, at 100 
mg p.0. t.i.d., and ood toleration have been demonstrated in a clinical 

' 

3tSA 

double-blind study. 3g 

Caroverine fumarate (16) has been commercially available as a spas- 
molytic for a number of years in some countries. Recent investigations 
have indicated that it has a calcium-antagonistic mechanism of action. 
Caroverine has an interesting structural relationship to diltiazem, in 
which a similarly substituted thiepine ring is fused to a benzene ring. 
Potassium-induced contractions of the rat aorta are suppressed at signi- 
ficantly lower concentrations ( 0-6M) than those induced by noradrenaline. 
Moreover, an inhibition of 45Cad+ uptake in the potassium-depolarised 
aorta has been detected at a similar concentration.37 In addition, the 
electrophysiological effects are comparable to those of calcium antago- 
nists of the verapamil type, but the negative inotropic effect is markedly 
lower. 38 

Hoo>':OOH 

1 7  - 16 - 

Benzothiazolylbenzylphosphonate KB-944 (2) is a completely new 
structure having a calcium-antagonistic action without an essential basic 
structural element, Potassium-induced contractions of the coronary artery 
of the dog are inhibited as a function of dose 
and profile of action in vivo are comparable to those of diltiazem. In 
dogs, doses at and above 0.1 mg/kg i.v. lead to a rise in coronary sinus 
outflow and to a decrease in the myocardial oxygen consumption. Its 

above 10-7~1.~~ Its potency 
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antiarrhythmic effect has been demonstrated in a variety of models. 
spontaneous and renal hypertensive rats, blood pressure is lowered at and 
above 3 mg/kg P.o.~O 

In 

0 m.o 
H3CnH 

Therapy with calcium antagonists is not completely new. Pyranocouma- 
rin (E), which was isolated from extracts of roots of Peuce-danum prae- 
ruptorum Dunn, is the active principle of an old Chinese folk medicine 
having spasmolytic activity. 
firmed by inhibition of potassium-induced contractions of the guinea-pig 
ileum and inhibition of the 45Ca2+ uptake.41 

New Indications: Acute Myocardial Ischemia, Myocardial Infarction - In 
isolated beating heart preparations verapamil (VER), nifedipine (NIF) and 
diltiazem (DIL) prevent the ischemic increase in mitochondria1 Ca2+ con- 
tent, 02 consumption, breakdown of myocardial ATP and enzyme leakage, and 
improv 
NIF46,z7 and VER47 correlated with the degree of negative inotropic effect 
during pretreatment of hearts in preischemic perfusion. In cultured 
neonate rat myocytes both VER and NIF inhibited LDH release induced by 
hypoxic 
the coronary artery, reduced the degree of ATP deficiency, metabolic 
acidosis and depression of cardiac c~ntractility.~~ NIF and nisoldipine 
completely prevent ventricular fibrillation and death and reduce the total 
number of ectopic beats after coronary ligation in rats.50 NIF, DIL, 
nisoldipine, gallopamil, bepridil" and FR 753452,53 all reduce the "area 
of risk" or the infarct size after coronary ligation in dogs. It is not 
clear whether calcium antagonists diminish 
loading effect of peripheral va~odilation,~' increase of collateral circu- 
lation in the hearts5 or by specific inhibition of ischemic influx of 
extracellular calcium with conse uent mitochondria1 damage and depletion 
of high energy phosphate stores.36 Proof for the therapeutic or prophy- 
lactic utility of calcium antagonists in acute myocardial infarction will 
have to await the completion of clinical trials in progress. 

Cardioplegia - The addition of NIF 58-60 or VER6' '62 to cardioplegic solu- 
tions improves reperfusion and cardiac viability after cardiopulmonary by- 
pass in dogs. Preliminar 

Its calcium-antagonistic action has been con- 

postischemic heart ~ontractility.~*-~~ The protective action of 

In rats NIF and VER administered before ligation of 

he infarct size by the un- 

57 

reports seem to confirm the beneficial effect 
of NIF in human surgery. 3 7  

Cerebrovascular Disorders - Nimodipine (NIM improves the impaired reper- 
fusion in the brainbJ and reduces mortality 
cats, and prevents stroke and death in stroke-prone spontaneously hyper- 
tensive rats.65 

occuring after full circulatory arrest in dogs.66 NIM nearly doubles 

b4 after cerebral ischemia in 

Flunarizine prevents the reduction of cerebral cortical blood flow 
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cerebral blood flow in the delayed post-ischemic hypoperfusion and improves 
neurological recovery in dogs with complete cerebral ischemia due to tem- 
porary aortic ligation.67 

NIM against cerebrovascular spasm after aneurysm surgery in humans ,68 in- 
creased cerebral blood flow in the ischemic brain of post-stroke pa- 
t i e n t ~ , ~ ~  and a prophylactic effect in patients with migraine.70 

Pulmonary Hypertension - NIF, VER, DIL, gallopamil and prenylamine inhi- 
bit K+-induced contractions and Ca2+ uptake in isolated guinea-pig pul- 
monary arteries. 7 1  N i s ~ l d i p i n e ~ ~ , ~ ~  and nitrendipine (NIT) 73 dilate the 
pulmonary vascular bed in cats depending on the existing tone level of 
pulmonary vessels. Nisoldipine specifically prevented pulmonary vasocon- 
striction in cats produced by an endoperoxide analogue but failed to af- 
fect vasoconstrictor response to norepinephrine or serotonin. 7 2  

Ongoing clinical trials have demonstrated the protective effect of 

Clinically beneficial results were obtained in numerous short-term 
studies in patients with primary pulmonary hypertension, congenital heart 
disease, pulmonary fibrosis or hypoxic pulmonary vasoconstriction.57 NIF 
maintains its therapeutical effect in pulmonary hypertension patients con- 
tinuously treated over 4 months.74 

Bronchial Asthma - NIF75 and nicardipine (but not f lunarizine, cinnarizine 
and VERIo)inhib<ted histamine or acetylcholine-induced contractions of 
guinea-pig tracheal preparations. In vivo, NIF attenuated histamine-induced 
bronchoconstriction in guinea-pigs?yclinical trials, VER77 and NIF78 
inhibited exercise-induced asthma. NIF also inhibits skin reactions to 
histamine, compound 48/80 and acetylcholine, and inhibits 45Ca2+ uptake in 
mast cells stimulated by antigen IgE antibody.79 

Atherosclerosis - VER 80'81 and DIL81 prevent arterial calcinosis produced 
by overdoses of vitamin D3 or dihydrotachysterol. VER 
calcinosis and eye cataracts in alloxan diabetic rats.81 NIF reduces the 
development of atherosclerotic plaques and the increase in aortic choleste- 
rol and Ca2+ content in cholesterol-fed r a b b i t ~ . ~ ~ - 8 ~  

revents arterial 

Tissue Damage - VER and NIF inhibit the development of hypertension and 
CaLt overload of the arterial wall in spontaneously hypertensive rats .85 
NIF prevents malignant hypertension and fibrinoid necrosis of arterial 
vessels86 and induces healing of already existing vascular lesions87 in 
salt-sensitive Dahl rats. NIM prevents cerebro- and renovascular necrosis 
and death in stroke-prone spontaneously hypertensive rats without affec- 
ting the high blood pressure.65 Flunarizine protects rat brain against 
hypoxic structural damage induced by unilateral carotid occlusion and re- 
peated exposure to a nitrogen atmosphere .88 As calcium overload obviously 
plays an ultimate role in tissue necrosis,89 its specific prevention by 
calcium antagonists promises fundamental progress in the pharmacotherapy 
of a broad variety of diseases. 

Receptor Pharmacology Aspects: Alterations in transmembranal fluxes of 
cations, e.g., CaL+, exert intracellular reactions of enormous potency. 
Features of the molecular mechanism of enhancing the intracellular concen- 
tration of free (ionized) Ca2+ - a concomitant incidence of excitation- 
contraction processes - involve certain plasma membrane structures and 
"channels" to translocate membrane signals into cellular responses. It i s  
generally accepted that ion currents, e.g., Na+, Ca2+, are controlled by 
distinct loci associated with membrane channels mediating these ionic 
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fluxes. Two major types have been postulated for Ca2+: 
dependent Ca2+-channels are activated by electrical signals, e.g. , depola- 
rization, whereas receptor-operated Ca2+-channels are stimulated preferen- 
tially by membrane interaction of compounds via receptor sites .91-94 Ca2+ 
influxes can be either enhanced by a variety of cardiostimulatory drugs, 
e.g., adrenalineg5 or theophylline (for further refs. see 96) or inhibi- 
ted by a structurally heterogeneous group of compounds, the "calcium anta- 
gonists", 97 "slow channel inhibitors",98 or "Ca2+ entry blockers"99 which 
are thought to bind to specific receptor sites and subsequently exert 
their pharmacologic effects. The original report on a high-affinity bin- 
ding site for DHP calcium antagonists was presented in 1981,demonstrating 
specific binding of 3H-nitrendipine (3H-NIT) to cardiac membranes; loo 
these results were subsequently confirmed for smooth musclelol and brain 
preparations. O2 The biochemical properties of the radioligand binding 
experiments are generally consistent with an interaction at a site (or 
ites) where DHPs exert their pharmacologic action. Binding of 3H-NIT or 

'H-nimodipine (3H-NIM) lo3 is reversible, saturable and of high affinity. 
The equilibrium dissociation constants range between K~=0.1-0.3 nM using 
3H-NIT, but, in addition a low-affinity binding component for 3H-NIT was 
also reported in heartloo and brain membranes. Equilibrium binding data 
of the neuro- and psychopharmacologically active16 9 lo4 3H-NIM (unspecific 
binding 8-202) gave a KD value of 1.1 nM in cortical membranes ,Io5 and the 
regional distribution of the DHP receptor in various brain areas showed no 
major differences in the dissociation constant and receptor density. 
Binding of 3H-NIT and 3H-NIM is Ca2+-dependent:107-10g removal of Ca2+ by 
chelators elicited a reversible reduction of DHP binding, an effect that 
was particularly prominent in brain tissue. 107 Modulation of 3H-NIM bin- 
ding by mono-, bi-, and trivalent cationslo7 is generally in accord with 
electrophysiological findings (for further refs. see 110-112). Cs+, Rb+, 
Mn2+, Ni2+, Co2+, Cd2+, La3+, Ce3+ and Eu3+, which inhibit 3H-NIM or 3H- 
NIT binding also block Ca2+-channel function; binding seems to be related 
to the ionic crystal radii,90 while tissue specificity may correspond to ef- 
fects of anions and ionic strength.103 The high specificity of the recep- 
tor site is confirmed by inhibition constants (K;-values) of pharmacolo i- 

105-qO7 cally potent DHP analogues in the nano- or even subnanomolar range. 
In addition, DHP derivatives of weaker affinity also exhibit less potent 
calcium antagonistic action. lo5 The stereoselectivity, an additional cri- 
terion of specificity of action,was further evidenced with the enantiomers 
of NIT,' l 3  NIM, lo7 and (+> isopropyl methyl 1,4-dihydr0-2 6-dimethyl-4- 
(3-nitrophenyl)-3,5-pyrixine dicarboxylate (BAY E 6927). ld5 The (-)-opti- 
cal isomers of these DHPs generally displayed greater affinity than the 
racemates, or the less potent (+)-stereoisomers, 105-107 substantiating 
that the receptor protein contains a pharmacophoric group that preferen- 
tially recognizes the (-)-isomer. The differences in potencies of the bin- 
ding data (Ki-values) between the individual enantiomers agrees we 1 
the results (IC50-values) of functional pharmacology studies. 

potential- 

13 , 10k , 18jth 

The structurally dissimilar, but pharmacologically active antago- 
nists VER and gallopamil, cinnarizine analogues, prenylamine, benc clane, 
tiapamil and others, elicited rather weak displacement of %-NIM. lB5-lo7 
They may act preferentially via voltage dependency,' I4-l l 7  or may bind to 
another118 allostericlo2 site shown by only partial inhibition of 3H-NIT, 
3H-NIM or 3H-NIF binding by VER or gallopami1,102~107~1~~ or DIL.102~119 
3H-VER was reported to bind to cardiac membranes, but unfortunately re- 
vealed 40-55% unspecific binding at the KD concentrations (4.25 nM) 
used.lZ0 The selectivity of the DHP receptor is apparent by the lack of 
effects of potent DHPs on other receptors in brain and heart tissue. Inter- 
action of NIM, NIF, and several other DHP derivatives with ten different 
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receptors revealed very low affinities.lo5 In order to term the DHP bin- 
ding site a "receptor", the biochemical attributes of radioligand binding 
properties must correlate with the appropriate pharmacologic responses, 
e.g., in the rabbit aortic strip or in intact smooth muscle preparations. 
Binding characteristics of the DHP receptor correlate well (r=0.954) with 
pharmacolo ic activities in vascular smooth muscle over five orders of 
magnitude,?05 substantiating that the DHP receptor is physiologically and 
pharmacologically significant and that it mediates the action of DHP cal- 
cium antagonists. Recently, interaction of slow channel blocking calcium 
antagonists with myocardial a-adrenoce torsl21 was reported, and certain 
a-adrenergic antagonists may act as Ca5+ channel inhibitors. 122 Close 
correlation was also found between calcium antagonistic action and relief 
of vasoconstriction in vivo and in vitro.123 -- 

Several authors reported to have identified Ca2+-channels simply by 
radioligand binding studies using 3H-NIT or 3H-NIM. 109 3 124 125 However, 
the mere detection of a binding site is not evidence for a receptor site, 
and certainly not of such a complex protein structure as a plasma membrane 
channel. This requires coherent results from binding, transport, electro- 
physiological, electronmicroscopic, and autoradiographic studies; preli- 
minary data on the latter appeared recently.126 

Nevertheless, ongoing investigations to correlate tissue selectivity 
of various newly radiolabelled 3H-DHPs with their pharmacologic profiles 
may facilitate the understanding of the interaction of calcium entry 
blockers with the DHP receptor. 

References 

1 .  B.Merz, JAMA 248, 1285 (1982) .  
2 .  

3 .  H.Meyer, Annual Reports in Medicinal Chemistry 17, 71 (1982) .  
4 .  F.Bossert, H.Meyer & E.Wehinger. Ang.Chem.Intern.Ed. 20,  762 (1981) .  
5 .  B.Muller & K.Wilsmann, J.Cardiovasc.Pharmaco1. 6, 6 1 5 7 1 9 8 2 ) .  
6. K.Jim, A.Harris, L.B.Rosenberger & D.J.Triggle, Eur.J.Ptarmaco1. 76,  67 (1981) .  
7 .  R.Eigenmann, L.Blaber, K.Nakamura, S.Thorens & G.Haeusler, ArzneiK-Forsch. 2, 1393 

8. M.Gerold, R.Eigenmann & G.Haeusler, J.Cardiovasc.Pharmaco1. 4 ,  419 (1982) .  
9 .  
10. W.Kobinger & C.Lillie, Eur.J.Pharmaco1. 72,  153 ( 1 9 8 n .  
1 1 .  H.-D.Hoeltje, Arch.Pharm.(Weinheim) 3 1 5 , 7 1 7  (1982) .  
12 .  H.Meyer, F.Bossert, E.Wehinger, K.Stoepe1 & W.Vater, Arzneim.-Forsch. 2, 407 (1981) .  
13. R.Towart, E.Wehinger & H.Meyer, Naunyn Schmiedeberg's Arch.Pharmaco1. 317, 183 (1981) .  
14. H.Meyer, E.Wehinger, F.3ossert & D.Scherling, Arzneim.-forsch, 33, 1 0 6 7 9 8 3 ) .  
15. S.Kazda, B.Garthoff, H.P.Krause & K.SchlolJmann, Arzneim.-ForschT32, 331 (1982) .  
16. R.Towart, E.Wehinger, H.Meyer & S.Kazda, Arzneim.-Forsch. 32, 3 3 8 7 1 9 8 2 ) .  
17. T.Takenaka, I.Miyazaki, S.Higuchi 8 H.Maeno, Japan.J.Pham~o1. 32, 665 (1982) .  
18. K.Stoepe1, A.Heise & S.Kazda, Arzneirn.-Forsch. 31, 2056 (1981) .  
19. R.Towart & E.Wehinger, Abstracts, 1nt.Symposiuman Calcium Modulators, Venice 1982, 

20. G.M.Maxwel1, S.Crompton & V.Rencis, J.Cardiovasc.Pharmaco1. 4 ,  393 (1982) .  
21. B.Ek, M.Ahnoff, M.Hallback Nordlander 8 B.Ljung, Arch.Pharmaco1. 313, Suppl. R 37 
22. S.R.Jolly, H.F.Hardmann & G.J.Gross, J.Pharmaco1.Exp.Ther. 217, 20 (1981) .  
23 .  D.C.Warltier, M.G.Zyvoloski, H.I.Brooks & G.J.Gross, Eur.J.%rmacol. 80, 149 (1982) .  
24. R.D.Smith, D.V.Romano, B.Loev, T.P.Pruss & P.S.Wolf, Pharmacologist 24,241 (1982) .  
25. W.S.Mann, P.S.Wolf, R.D.Smith & B.Loev, Pharmacologist 2, 242 ( 1 9 8 2 r  
26. R.P.Hof, H.J.Vuorela & P.Neumann, J.Cardiovasc.Pharmaco1. 4 ,  344 (1982) .  
27. R.P.Hof, A.Hof 8 P.Neumann, J.Cardiovasc.Pharmaco1. 6, 352-(1982). 
28. R.P.Hof & K.Menninger, Abstracts. 1nt.Symposium on Calcium Modulators, Venice 1982, 

29. R.P.Hof, H.J.Vuorela, A.Hof & P.Neumann, Abstracts, 1nt.Symposium on Calcium Modula- 

R.G.Rahwan, DXWitiak & W.W.Muir, Annual Reports in Medicinal Chemistry 16, 257 
(1981). 

(1981) .  

J.Daemmgen, R.Kadetz & W.Diederen, Arzneim.-Forsch. 31, 666 71981) .  

p 100. 

(1980) .  

p 60. 

tors, Venice 1982. p 103. 



Chap, 9 Calcium Antagonists Meyer, Kazda, Belletnann 87 

30. R.Fossheim, K.Svarteng, A.Mostad, C.Roming, E.Shefter & D.J.Triggle, J.Med.Chem. 

31. m S t o u t  & A.I.Meyers, Chem.Rev. 82, 223 (1982). 
32. B.Pourrias, R.Santamaria & J.Tisne-Vaersailles, Brit.J.Pharmaco1. 2, Suppl. 172 P 
33. B.Pourrias, D.Garnier & G.Raynaud, J.Pharmaco1. 1977, 8 ,  125. 
34. S.Mras 8 N.Sperelakis, Blood Vessels l8, 196 (1981). 
35. N.F.Reifart, M.Zierler, A.Taylor & S.Khuri, Clin.Res. 30, 215 A (1982). 
36. W.Kupper, C.W.Ham & W.Bleifeld, Circulation, 1982, 66.329. 
37. Y.Ishida, H.Ozaki & S.Shibata, Br.J.Pharmaco1. 71, 343 (1980). 
38.  N.Ikeda, I.Kodama, S.Shibata, N.Kondo & K.Yamadc J.Cardiovasc.Pharmaco1. 6, 70 (1982 
39. T.Morita, T.Kanazawa, K.Ito & T.Nose, Arzneim.-Forsch. 32, 1043 (1982). 
40.  T.Morita, K.Ito & T.Nose, Arzneim.-Forsch. 32, 1053 (1982). 
41. T.Kozawa, K.Sakai, M.Uchida, T.Okuyama & S.sibata, J.Pharm.Pharmaco1. 2, 317 (1981) 
42. W.G.Nayler, Eur.Heart J., 1, Suppl.B, 5 (1980). 
43. W.G.Nayler, F.Ferrari & A.Slade in "Calcium-Antagonismus", A.Fleckenstein, H.Roskam, 

44. L.R.Bush, Y.Li, M.Schlafer, S.R.Jolly & B.R.Lucchesi, J.Pharmacol.Exp.Ther. 2, 653 

45. A.J.Higgins, Brit.J.Pharmaco1. 76, Suppl. 176 P (1982). 
46. G.Thomas & K.Schloflmann, Naunyn3chmiedeberg's Arch.Pharmaco1. 3 1  1 ,  34 (1980). 
47. A.Truog, M.Meier & H.Rogg, J.Mol.Cell.Cardio1. 12, Suppl.1, 1707980). 
48. T. J. C .Higgins, P. J.Bai ley, D.Allsopp & D.A. Imhoc J.Pharm.Pharmaco1. 2, 644 (1 98 1 ) . 
49. P.F.Livitsky, Farmakol.Toksiko1. 2, 65 (1982). 
50. 0.Fagbemi & J.R.Parratt, Eur.J.Pharmaco1. 75, 179 (1981). 
51. A.Zalewski, D.B.Faria, W.Cheung, L.G.T.RibZI-0 & P.R.Maroko, C1in.Res. 30, 232A(1982). 
52. C.M.Mohus, M.G.Zyvoloski, G.J.Gross, H.L.Brooks & D.C.Warltier, C1in.Res. 28, 801 A 

53. C.M.Meils, G.J.Gross. H.J.Erooks & D.C.Warltier. Cardiology 68, 146 (1981). 
54. A.P.Selwyn, E.Welman, K.Fox, P.Herlock, T.Pratt & M.Klein, Circ.Res. 44, 16 (1979). 
55. G.C.Geary, G.T.Smith, G.T.Suehiro & J.J.McNamara, Am.J.Cardio1. 49, 3 3 1  (1982). 
56. L.G.Lange & B.E.Sobe1, Ann.Rev.Pharmacol.Toxico1. 22, 115 (1982): 
57. R.Krebs in "International Symposium: Calcium Antagonists and Cardiovascular Disease", 

58. R.E.Clark, 1.V.Christlieb & P.D.Henry, Am.J.Cardio1. 44, 825 (1979). 
59. A.Tschirkov & H.Just in "Kalziumantagonisten zur Kardzplegie und Myokardprotektion 

1982, 126. 

(1982). 

Eds., Springer Verlag, Berlin, Heidelberg, New York, 1980, p 119. 

(1981). 

(1980). 

Stellenbosch, South Africa, Sept.1982, to be published by Raven Press, N.Y. 

in der offenen Herzchirurgie", H.Just, A.Tschirkov & V.Schlosser, Eds., Georg Thieme 
Verlag Stuttgart-New York, 1982, p 94. 

Myokardprotektion in der offenen Herzchirurgie", H.Just, A.Tschirkov & V.Schlosser, 
Eds., Georg Thieme Verlag Stuttgart-New York, 1982. p 43. 

61. W.W.Pinsky, Am.J.Physio1. 240, H326 (1981). 
62. P.D.Bourdillon & P.A.Pooleqlson, Circulation 62, 31 (1980). 
63. S.Kazda, F.Hoffmeister, B.Garthoff & R.Towart, Acta neurol.Scand. 60, Supp1.72, 302 

(1979). 
64. F.Hoffmeister, H.P.Krause & S.Kazda, Acta neurol.Scand. 60, Supp1.72, 358 (1979). 
65. S.Kazda, B.Garthoff, G.Luckhaus & G.Nash, in "Calcium Modulators", T.Godfraind, 

A.Albertini & R.Paoletti, Eds., Elsevier Biomedical Press, 1982, p 155. 
66. B.C.White. D.S.Gadzinski, P.J.Hoehner, C.Krome, T.Hoehner, J.D.White 8 J.H.Trombley, 

Ann.Emerg.Med. 11, 119 (1982). 
67. P.A.Steen, L.A.Gwberg, J.H.Milde & G.D.Michenfelder, J.Cereb.Blood Flow Metab., in 

press 1983. 
68. L.M.Auer, Z.Ito, A.Suzuki & H.Ohta, Acta Neurochir. 63, 297 (1982). 
69. M.R.Gaab, A.Brawanski, J.Bockhorn, I.Haubitz, Ch.P.Rse & V.A.Maximilian, rCBF 3. 47 

70. H.H.Kanniainen, V.V.Myllyla & E.Hokkanen, Acta neurol.Scand. 65, Suppl.90, 77 (1982). 
71. E.Lindner & D.Ruppert, Pharmacology 24, 294 (1982). 
72. P.A.Nandiwada, P.J.Kadowitz, H.Lipptz, A.L.Hyman & L.J.Ignarro, Clin.Res. 2, 846 A 

(1981). 
73. P.Nandiwada, P.J.Kadowitz & A.L.Hyman, C1in.Res. 28, 894 A (1980). 
74. A.A.McLeod, J.P.Wise, K.Daly & D.E.Jewitt, CircuGtion 64, IV, 180 (1981). 
75. C.H.Fanta, C.S.Vennogopalan, P.G.Lacouture & J.M.Drazen, Am.Rev.Resp.Dis. 125, 61 

76. A.Abdallah, J.Lunsfood & J.Burnell, Pharmacologist 3, 126 (1981). 
77. K.R.Pate1, Brit.J.Dis. Chest 75, 319 (1981). 
78. K.R.Pate1. Clin.Allergy 1 1 ,  429 (1981). 
79. K.Akagi, Y.Tanizaki, Y.Szo, A.Bewtra & R.Tomley, Clin.Res. 9. 688 A (1981). 
80. M.Frey, J.Keide1 & A.Fleckenstein in "Calcium-Antagonismus", A.Fleckenstein, H.Roskamm, 

81. A.Fleckenstein, M.Frey & H.von Witzleben in " 5 t h  International Adalat Symposium", 

8 2 .  P.D.Henry 8 K.I.Eentley, J.Clin.Invest. 68, 1366 (1981). 
8 3 .  K.I.Bentley & P.D.Henry, Circulation 64,24 (1981). 

60. R.E.Clark, 1.V.Christlieb & B.K.Clark in "Kalziumantagonisten ZUK Kardioplegie und 

( 1  982) . 

(1982). 

Eds., Springer-Verlag Berlin-Heidelberg-New York 1980, p 258. 

M.Kaltenbach, H.N.Neufeld, Eds., Excerpta Medica, Amsterdam 1982, p 36. 



88 Sect, I1 - Pharmacodynamic Agents Comer, Ed, - 
84. P.D.Henry in "5th International Adalat Symposium", M.Kaltenbach, H.N.Neufeld, Eds., 

Excerpta Medica, Amsterdam 1982, p 55. 
85. M.Frey, H. von Witzleben, J.Keide1 & A.Fleckenstein, Naunyn-Schmiedeberg's Arch. 

Pharmacol. 313, Suppl. R48 (1980). 
86. G.Luckhaus, B.Garthoff & S.Kazda, Arzneim.-Forsch./Drug Res. 2 (II), Nr.11, 1421 

87. S.Kazda, B.Garthoff, G.Luckhaus & G.Nash in "5th International Adalat Symposium", 

88. A.Wauquier, D.Ashton, C.Clincke & J.van Reempts in "Cerebral Hypoxia in the Pathoge- 

(19821. 

M.Kaltenbach, H.N.Neufeld, Eds., Excerpta Medica, Amsterdam 1982, p 133. 

nesis of Migraine", F.Clifford Ross & W.K.Amery, Eds., Pitman Med.Publ., Turnbridge 
Wells 1982, p 139. 

89. B.Siesj8, J.Cereb.Blood Flow Metab. 1, 155 (1981). 
90. D.J.Triggle in "New Perspectives on Calcium Antagonists", G.B.Weiss, Ed., Waverly 

Press Inc., Baltimore, MD 1981, p 1. 
91. L.Rosenberger & D.J.Triggle in "Calcium and Drug Action", G.B.Weiss, Ed., Plenum Press, 

New York 1978, p 3. 
92. T.B.Bolton, Physiol.Revs. 59, 606 (1979). - 
93. C.van Breemen & B.Siege1, Circ.Res. 5, 426 (1980). 
94. K.Meisheri, O.Hwang & C.van Breemen, J.Mem.Bio1. 59. 19 (1981). 
95. H.Reuter, Naunyn-Schmiedeberg's Arch.Pharmaco1. E, 401 (1965). 
96. P.Bellemann & H.Scholz, Naunyn-Schmiedeberg's Arch.Pharmaco1. 292, 29 (1976). 
97. A.Fleckenstein in "Calcium and the Heart", P.Harris & L.Opie, Eds., Academic Press, 

98. A.M.Katz & H.Reuter, Am.J.Cardio1. 44, 188 (1979). 
99. W.G.Nayler, Eur.Heart J. 1, 225 (ism). 

London & New York 1971, p 135. 

100. P.Bellemann, D.Ferry, F.Lzbbecke & H.Glossmann, Arzneim.-Forsch./Drug Res. 2, 2064 

101. G.T.Bolger, P.J.Gengo, E.M.Luchowski, H.Siege1, D.J.Triggle & R.A.Janis, Biochem.Bio- 

102. F.J.Ehlert, E.Itoga, W.R.Roeske & H.I.Yamamura, Biochem.Biophys.Res.Comun. 104, 937 

103. P.Bellemann. D.Ferry. F.LUbbecke & H.Glossmann, Arzneim.-Forsch./Drug Res.Z,361(1982). 
104. F.Hoffmeister, U.Benz, A.Heise, H.-P.Krause & V,Neuser, Arzneim.-Forsch./Drug Res. 2, 
105. P.Bellemann, A.Schade & R.Towart, Proc.Natl.Acad.Sci. USA 80, in press (1983). 
106. P.Bellemann & A.Schade, in "Cell Surface Receptors", P.G.Strange, Ed., Ellis Horwood 

Ltd., Chichester, UK 1983, 
107. P.Bellemann, in "Membrane-Located Receptors for Drugs and Endogenous Agents". E.Reid, 

G.M.W.Cook & J.D.Morr6, Eds., Plenum Press, New York 1983, in press. 
108. F.J.Ehlert, W.R.Roeske, E.Itoga & H.Yamamura, Life Sci. 20, 2191 (1982). 
109. R.J.Gould, K.M.M.Murphy & S.H.Snyder, Proc.Natl.Acad.Sci.USA 2, 3656 (1982). 
110. H.Reuter, Prog.Biophys.Mol.Bio1. 26, 1 (1973). 
111. S.Hagiwara 8 L.Byerly, Ann.Rev.Nezosci. 4, 69 (1981). 
112. S.Hagiwara, J.Fukuda & D.Eaton, J.Gen.Physio1. 63, 564 (1974). 
113. H.Meyer, F.Bossert, E.Wehinger. R.Towart & P.Beiiemann, Hypertension, in press (1983). 
114. A.Fleckenstein, Ann.Rev.Pharmacol.Toxico1. 17, 149 (1977). 
115. R.Bayer, R.Kaufmann & R.Mannhold, Naunyn-ScGiedeberg's Arch.Pharmaco1. 2, 69 (1975). 
116. T.Ehara & R.Kaufmann, J.Pharmacol.Expt1.Therap. 207, 49 (1978). 
117. L.B.Rosenberg, M.K.Ticku & D.J.Triggle, Can.J.PhTol.Pharmaco1. 57, 333 (1979). 
118. D.R.Ferry & H.Glossmann. Naunyn-Schmiedeberg's Arch.Pharmaco1. 3 2 r  80 (1982). 
119. M.Holck. S.Thorens & G.Haeusler, Eur.J.Pharmaco1. 85, 305 (1982). 
120. U.L.Hulthbn, R.Landmann, E.Biirgisser & F.R.BUhler, J.Cardiovasc.Pharmaco1. 4, S 291 

121. W.G.Nayler. J.E.Thompson & B.Jarrott, J.Mol.Cell.Cardio1. 14, 185 (1982). 
122. D.Atlas & M.Adler, Proc.Natl.Acad.Sci., USA 2, 1237 (1981'TT 
123. P.A.van Zwieten, J.C.A.van Meel & P.B.M.W.M.Timermans, J.Cardiovasc.Pharmaco1. 4, 237 

124. H.Glossmann, D.R.Ferry, F.Liibbecke, R.Mewes & F.Hofmann, Trends Pharmacol.Sci. 2, 431 

125. M.Fosset, E.Jaimovich, E.Delpont & M.Lazdunski, Eur.J.Pharmaco1. 86, 141 (1983). 
126. K.M.M.Murphy, R.J.Gould & S.H.Snyder, Eur.J.Pharmaco1. 81, 517 (1982). 

(1981). 

phys.Res.Comun. 2, 1604 (1982). 

(1982). 

347 (1982). 

P 101. 

(1982). 

(1982). 

( 1  982). 



Chapter 10. Agents for the Treatment of Peptic Ulcer Disease 

David E. Bays and Roger Stables, 
Glaxo Group Research Ltd., Ware, Hertfordshire, England 

General - Reduction in gastric acid secretion by histamine H2-antagonists, 
anticholinoceptor drugs o r  by compounds that affect specific enzymes within 
the parietal cell continues to be the main approach to therapy for peptic 
ulcers. Some good reviews on the mechanisms of acid production have 
appeared. l-3 
receptors includes a chapter on structure activity relationships. 
The role of peptide hormones in the control of acid secretion,5i6 and the 
antisecretory and cytoprotective properties of prostaglandins, 79 have been 
reviewed. 

A comprehensive book on the pharmacology of histamine 

Clinical experience with histamine H2-antagonists and other treat- 
ments for ulcers form the basis for many symp0sia.9,~~ The options for 
treating peptic ulcers with drugs were discussed in an editorial The 
assessment of antisecretory dru s,l2l13 the role of endoscopy1$ in the 
clinic, and surgical approaches, $5 have been reviewed. 

Histamine H?-Antagonists- The discovery of cimetidine (1) and its clinical 
success have provided both the rationale and stimulus for the development of 
improved H2-antagonists. The pharmacology and clinical use of ranitidine 
(AH 19065 2 )  has been reviewed, and it has been the subject of numerous 
symposia.f7T18 Ranitidine is 4 to 10 times more potent than cimetidine in 
inhibiting stimulated gastric secretion in volunteers, and 150mg b.i.d. is 
clinically effective in healing gastric and duodenal ulcers over 4 to 6 
weeks. Ranitidine is more selective than cimetidine in that it does not 
displace 3H-dihydrotestosterone from androgen binding sites ,I9 nor alter 
hepatic metabolism of drugs since it does not bind to cytochrome P450,20,21 
and it does not augment the response of lymphocytes from patients to in vitro 
mitogenic stimulation.22 Although cholinomimetic effects of ranitidine have 
been seen in some gastrointestinal tissues in certain s ecies,23 they are of 
no clinical significance as they do not occur in man. 34,25 The parietal 
cells of patients treated with ranitidine for 1 year appeared normal on 
examination by light and electron microscopy.26 With cimetidine over 4 weeks 
the population of the parietal cells does not change.27 

Further reviews on cimetidine have ap eared,28,29 including one on 
the effects of cimetidine on drug metabolism.fO In a recent clinical trial 
in 848 patients cimetidine b.i.d. (800% daily) was equivalent to q.i.d. 
( lOOOmg daily) .31 The possibility that cimetidine treatment might raise 
intragastric nitrosamine levels and predispose to gastric cancer has been 
explored. In studies measuring intragastric bacterial counts and con- 
centrations of nitrite and N-nitroso compounds during cimetidine treatment, 
no changes were detected during 24 hour sampling from normal v0lunteers,~2 
but there were significant increases in these parameters in samples taken 
from peptic ulcer patients after an overnight fast.33 However, a survey of 
9940 patients treated with cimetidine found no evidence of an increased 
incidence of gastric cancer. 34 N-Nitrosocimetidine (3 )  was not carcinogenic 
in rats.35 
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The pyrimidinone (SK&F 93479, 2) was more potent than cimetidine in 
the rat (xl0) and dog (x16) and had a longer duration of action than either 
cimetidine or ranitidine. 36 In man it inhibited nocturnal gastric acid 
secretion at 0.6 and 0.9 mg/kg37 and 40~1g.3~ Trials were suspended following 
the discovery in the rat of some non-malignant changes in the mucosa at doses 
of 1000mg/kg/day .39 

In man, oxmetidine (21, 400mg b.i.d., reduced mean gastric acidit 
over 24 hr. by 59% and it had a similar duration of action to cimetidine. 48 
In a clinical trial, oxmetidine, 400mg b.i.d., was equivalent to cimetidine, 
Ig, in the treatment of duodenal ulcer.41 Unlike cimetidine, oxmetidine does 
not penetrate the cerebrospinal fluid after a single iv dose42 o r  affect the 
mixed function It does not raise serum prolactin 
levels after an i.v. bolus dose of 50 or 200mg,44 or alter basal levels of 
gonadotrophins in male patientsS45 It did not affect the parietal cell 
population.27 

oxidase in the li~er.~3 

The background to the discovery of ranitidine, the guanidinothiazole 
tiotidine (61, and some of SK&F's work on H2-antagonists and histamine 
receptors, has been published.46 Introduction of a benzyl group into 
histamine did not give new H2-antagonists, and both HI- and H2-agonist 
activity was reduced. 47 

The guanidinothiazole famotidine (YM-11170, 7) lacks the usual NH in 
the chain. It is 40 and 50 times as potent as cimetidine in inhibiting acid 
secretion in the dog48 and pylorus-ligated rat respectively. 49 Doses as low 
as 5-10mg reduced basal and tetragastrin-induced gastric secretion in man .5O 
It was more active than cimetidine in inhibiting gastric lesions in the rat 
induced by aspirin or  indomethacin, and it is not antiandr~genic.~g 

H Y 

c H 3 m  CH2SCH2CH2NH y F 3 a : )  N (H2N12C=N i&H2scH2~~NHR 

H N V N  X Y R 1  

CH3 - 7 CH2 NS02NH2 H 
- 5 6 CH2NH NCN - 

One of the most significant developments in this field is the 
discovery of two new classes of H2-antagonists with a long duration of 
action, the thiadiazoles BL-6341A (8),51 L-643441 (2) ,52 and the triazole 
lamtidine (AH 22216, 10) .53954 BL-6341A is described as a competitive 
antagonist on guinea pig atrium, 45 times as potent as cimetidine. In the 
pylorus-ligated rat, it is 116 times more potent than cimetidine. In the dog 
lumol/kg p.0. is significantly longer acting than an equieffective dose of 
cimetidine or ranitidine in that 9 hours after dosing inhibition of acid 
secretion is still >50%.5' L-643441 was 152 times as potent as cimetidine in 
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the rat.52 The Merck group described L-643441 as an irreversible H2- 
antagonist on guinea pig atrium.55 In the dog, it had a similar potency to 
ranitidine but had a longer duration of action, in that 24 hours after an oral 
dose of 15mg/kg secretion was reduced by 84% . 56  

The two thiadiazoles (!,9) had significantly less affinity than 
cimetidine for andro en receptors and did not potentiate hexabarbital 
sleeping time in mice 3 2  

The triazole (10) is an unsurmountable antagonist of histamine on the 
guinea pig atri~m.~THowever in the dog, in vivo, it is a competitive 
antagonist, 4 to 10 times as potent as ranitidine against various secre- 
tagogues, and it has a prolonged duration of action. At O.lm /kg P.o., 
gastric secretion was still inhibited by 50% after 18 h0urs.~3,~' 

Other Antisecretory Agents 

1. Inhibitors of H+/K+z ATPase. The benzimidazole omeprazole (H168/69,X), 
one of a series of compounds which act b inhibiting the parietal cell H+/K+- 
ATPase, 57 was reviewed at a symp~sium.~~ Omeprazole inhibits acid secretion 
in the dog (ED50 0.3mg/kg) and at 0.6mg/kg 30-40% inhibition was present 
after 22-24 hours. Pentagastrin stimulated acid secretion in volunteers was 
inhibited by 65% at 40mg, and clinically 4Omg daily for 4 weeks is effective 
in the treatment of duodenal ulcer. It has also been used successfully in 
patients with Zollinger-Ellison syndrome. 59 

2. Tricyclic Compounds. Pirenzepine ( 2 1 ,  a selective antimuscarinic 
agent, has been the subject of another symposium.60 Clinically it is about 
as effective as cimetidine but side effects such as dry mouth have been 
reported. Pirenzepine and atropine have been compared with ranitidine and 
cimetidine in the anaesthetised dog.6 The anticholinoceptor agents 
reduced both gastric and salivary secretions, but the H2-antagonists selec- 
tively inhibited acid secretion. In another study62 in the rat, pirenzepine 
had less effect on pupil diameter than on salivary or  acid secretion; ED50 
1.8, 0.5 and 0.7 mg/kg respectively. 

A phenothiazine (LM24056, 13) inhibited gastrin, gastrin plus be- 
thanacol but not histamine stimulated gastric secretion in the d0g.~3 The 
long duration of action (>20 hours) in the dog at 2.5 mg/kg p.0. may i%eai;; 
be due to the formation of an active metabolite, desmethyl LM24056 
vitro, this metabolite had a higher affinity for  the muscarinic receptor than 
LM24056. In man at 100-300mg1 LM24056 inhibited nocturnal acid ~ecretion.~5 
Dry mouth was a side effect at the highest dose. 

Desmethylimipramine (14) was compared with atropine in the rat.66 
Both markedly inhibited acidsecretion, but unlike atropine the former did 
not substantially increase pupil size, cause urinary retention, or increase 
heart rate. Desmethylimipramine may act at central a*-adrenoceptors. 66 
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3. - Gut Peptides. A number of gut peptides can inhibit gastric acid 
secretion, but their therapeutic use is limited by their short half life and 
lack of selectivity. 67 Intracranial administration of peptides such as 
bombesin, calcitonin, the opioid peptides and neurotensin decreased gastric 
acid secretion and protected against stress-induced ulcers in the rat.5 The 
opiate antagonist naloxone inhibited gastric secretion elicited by intra- 
venous met-enkephalin68 or  sham feeding69 in man. The protective effect of 
somatostatin against ethanol induced astric damage in the rat may involve 
an interaction with sulfhydryl groups. $0 

4. Other Structures. An imidazopyridine (SCH 28080, 15) inhibited histamine 
stimulated acid secretion in dogs (ED50 0.09 mg/kg i.v., 4.4 mg/kg p.0).7~ 
It is 4 to 10 times more potent than cimetidine in the pylorus ligated rat. 
It prevented aspirin induced gastric lesions in the rat and protected rats 
from necrosis induced by ethanol (ED50 In man, doses of 50- 
200mg inhibited gastric secretion by a mechanism not related to H2-blockade 
or an anticholinoceptor effect .T2 

4mg/kg p.0.). 

In the anaesthetised dog, the chromone (FPL 52694, 16) inhibited 
pentagastrin stimulated acid secretion by 70% .73 In conscious dogs with 
gastric fistulae it was more potent given intragastrically than by i.v. 
infusi0n.7~ A 32% reduction in pentagastrin stimulated acid secretion was 
seen in man.75 

In man, the thioamide (RP 40749, 31, at 2mg/kg P.o., inhibited pen- 
tagastrin stimulated gastric secretion by an unknown me~hanism.7~ 

The amidine fenoctimine (2) inhibits acid secretion in rats and 
In the latter, given intragastrically, it resembles cimetidine dogs.77 

but shows prolonged activity at a dose of 6mg/kg. It is not an anticholi- 
nergic, nor an H2-antagonist, but may act directly on parietal cells. It 
inhibits food and pentagastrin stimulated secretion in man and was active 8 
hours after d0sing.7~ 
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Prostaglandins - Prostaglandins have antisecretory and cytoprotective pro- 
perties, and may have a physiological role in peptic ulcer disease. 
Mechanisms of mucosal damage and of cytoprotection have been reviewed.79 $7 
An important defence against mucosal damage may be a "mucus-bicarbonate 
barrier" consisting of bicarbonate ions trapped below a mucus gel layer 
covering the gastroduodenal mucosa.80 A pH gradient across this layer, from 
a luminal pH of 2 to pH7 at the mucus/mucosa interface, has been measured in 
rat and human gastric mucosa.81,82 Aspirin treatment reduced this pH 
gradient by lowering the intra mucus pH, an effect prevented by 16,16-di- 
methyl P G E Z . ~ ~  ,a2 16,16-Dimethyl PGE2 increased mucus synthesis by rat 
isolated mucus cells,83 and increased the mucus gel thickness in the rat.84 
Gastric ulcer patients had gastric mucus with a weak structure.a5 Gastric 
bicarbonate secretion has been detected in man, and is stimulated by 
PGs. 86 3 87 

Other mechanisms involved in cytoprotection could include direct 
effects of PGs on the mucosal cells. 16,16-Dimethyl PGE2 (lpg/ml) prevented 
ethanol induced increases in 5lCr release from rat isolated gastric mucosal 
cells.a8 A decrease in mucosal DNA levels following ethanol was prevented by 
16,16-dimethyl PGE2 (lpg/kg s.c.) in the rat89 and by PGE2 (20pg/ml) in human 
rnuc0sa.9~ Proliferation of gastric mucosal cells resulted from chronic 
administration to rats of PGE2, (15R),15-methyl PGE2, (arbaprostil, 2),and 
16,16-dimethyl PGE2.g1 ,g2 Although 16,16-dimethyl PGE2 completely pre- 
vented formation of macroscopically visible necrotic lesions in rat gastric 
mucosa exposed to ethanol o r  to indomethacin, microscopic analysis revealed 
that damage to the surface epithelial cells was unaffected or  only reduced by 
the pG.93394795 

Endogenous prostanoids may have a cytoprotective function. Human 
gastrointestinal mucosa forms PGE2, P G F p  and PGI2 from arachidonic acid ,g6 
and PGE levels are low in gastric mucosal samples from gastric ulcer 
patients. 97 Arachidonic acid protected rat gastric mucosa from ethanol 
damageg8 and inhibited gastric acid secretion in canine parietal cells ,99 
both effects being prevented by indomethacin. In the rat, paracetamol, 
sodium salicylate and mild irritants, such as 20% ethanol, increased mucosal 
PG generation and protected the mucosa from damage by 100% ethanol. ' O 0 *  l o l  
This effect was prevented by indomethacin. However in the dog, acfaptive 
cytoprotection to bile salt did not occur,lO2 and the importance of 
endogenous PGs to mucosal integrity in this species has been questioned. '03 
In man there was no correlation between severity of mucosal damage and degree 
of reduction of mucosal PGE following 5 days treatment with acetyl salicylic 
acid. lo4 
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Both PGE2 and (15R),15-methyl PGE2 reduced gastric damage caused by 
non-steroidal antiinflammatory compounds, and enhanced duodenal ulcer heal- 
ing in man. Faecal blood loss following indomethacin in rheumatic disease 
patients was inhibited by oral PGE2, 0.33mg t.d.s., or  (15R),15-methyl PGE2, 
0.05mg t . d . s . ,105 and gastric bleedi;l(;b induced in volunteers by aspirin was 
inhibited by orai PGE2, 0.5mg q.d.s. Duodenal ulcer healing was enhanced 
by 4 weeks oral treatment with PGE2, 0.5mg t.d.s. plus lmg at night,l07 or  
(15R),15-methyl PGE2 at O.lmg q.d.s.lo8 PGE2 does not inhibit gastric acid 
secretion at these dose levels. lo6, 

16,16-Dimethyl PGE , at 0.1-l.Opg/kg P.o., inhibited gastric acid 
secretion in volunteers ,lo+lpg/kg t.d.s. , reducing acidity over 24 hours by 
60%. lo Lower, non-antisecretory dose levels prevented the fall in gastric 
potential difference caused b aspirin, 111 o r  sodium taurocholate ,I12 but 
not that caused by ethanol. 111 

ll-Methyl-16,16-dimethyl PGE2 (R021-6937, 0)  inhibited astric acid 
secretion in the dog at doses of 5pg/kg i .v. o r  30pg/kg p.0. ‘14 and also 
inhibited secretion induced by a test meal in man.l15 R021-6937 prevented 
chemically induced gastric o r  duodenal ulcers in the guinea pig and rat, but 
was ineffective against gastric lesions caused by ethanol in the rat. It did 
not produce side effects such as hypotension o r  diarrhea. l4 

2-Decarboxy-1~-deoxy-16-hydroxy-2(hydroxyacetyl)-l6-methyl PGEl (CL 
115,574, 1) prevented experimental ulcers in the rat at doses of 3-100pg/kg 
P.o., inhibited gastric acid secretion in the rat (100-1000pg/kg s.c.) and 
dog (5-100~ /k i.g.1, and was free from behavioural effects in the dog at 

500-1OOOpg P.o., reduced basal secretion by 85% and pentagastrin-stimulated 
secretion by 50%. 

500pg/kg.11 f 4  y 1  7 In volunteers CL 115,574 was well tolerated at doses of 

The thia PGE1 analogue (EMD 33290, 2) was a potent, but short acting 
inhibitor of basal acid output in man (ED50 20~g/kg p.0.). Doses of O.7pg/kg 
and 36pg/kg p.0. prevented the fall in gastric potential difference caused by 
aspirin and sodium taurocholate , respectively. l9 

16-Methyl-16-methoxy PGEl methyl ester (DL646, 3) was cytoprotective 
in rats at doses of 0.02-O.lpg/kg P.o., inhibited gastric acid secretion at 
15pg/kg i.g., and higher oral doses did not cause diarrhea in mice o r  rats, 
o r  hypotension in dogs.120 

(15S), 15-Methyl PGE2 (4) infused subcutaneously at 0.015-0.03pg/ker/ 
min, (15S),15-methyl PGFp (carbaprost, 3) at l-2pg/kg/min s.c., and 
prostacyclin infused intravenously at 0.125-0.25pg/kg/ min all inhibited 
gastric acid secretion in the rhesus monkey, but stimulated a non-parietal 
secretion to differing degrees. l2 Prostacyclin reduced aspirin-induced 
gastric ulceration when infused intravenously in the cat. 122 In the rat two 
stable prostacyclin analogues, nileprost (26) and ciloprost (3) inhibited 
gastric secretion, reduced indomethacin lesions123, 124 and neither induced 
diarrhea123 nor inhibited it. 124 Thus it is possible to obtain PGs in which 
cytoprotective and antisecretory properties are separated from side effects 
such as diarrhea. 
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Non-prostaglandin Mucosal Protectants - Other drugs that increase mucosal 
resistance include colloidal bismuth subcitrate (De-No11 and sucralfate, an 
aluminum salt of sucrose octasulphate. ' De-No1 and sucralfate form a 
protective coating on the surface of pe tic ulcers.125,126 Sucralfate also 
inhibits pepsin and binds bile a ~ i d s . ~ ~ 7  Both drugs are as effective as 
cimetidine in the treatment of peptic ulceration and have been the subject of 
recent symposia. Studies have su gested a lower relapse rate after 
treatment with De-Noll3O o r  s~cralf'atel3~ 

129 
than after cimetidine. 

In Vitro Studies On Gastric Mucosa - The importance of histamine in the 
control of acid secretion was demonstrated in rabbit gastric gland132 and 
canine parietal cell preparations,l33 where potentiating interactions occur 
between histamine and other secretagogues. However, pepsin secretion by 
isolated rabbit gland~I3~ o r  rat chief cells135 is more responsive t o  the 
muscarinic agonist , carbachol. PGE2 binding sites ,136 stimulation of mucus 
secretion83 and cytoprotective effects of PGs88990 have also been studied & 
vitro. 
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Chapter 11. Prolonged V e n t r i c u l a r  R e p o l a r i s a t i o n  - A P reven t ion  o f  
Severe Ar rhy thmias? 

J e f f  Thomis and Paul Tenthorey, B r i s to l -Myers  Pharmaceut ical  Research 
and Development, Brusse ls ,  Belgium, and E v a n s v i l l e ,  Ind iana,  USA 

I n t r o d u c t i o n  - Pro long ing  v e n t r i c u l a r  r e p o l a r i s a t i o n  as a means o f  p reven t  
i n g  v e n t r i c u l a r  a r rhy thmias  has rece ived  new a t t e n t i o n  i n  t h e  l a s t  yea r .  
Al though i t  was a l ready  suggested i n  1970 t h a t  an agent which prolonged 
c a r d i a c  r e p o l a r i s a t i o n  t ime  cou ld  p reven t  o r  a b o l i s h  a r rhy thmias , l  i t  i s  
o n l y  w i t h  t h e  r e c e n t  r e p o r t s  o f  t h e  e f f e c t s  o f  amiodarone i n  l i f e - t h r e a t -  
en ing  ar rhy thmias  t h a t  i n t e r e s t  i n  t h e  mechanics o f  these e f f e c t s  and the  
development o f  new drugs has been rev i ved .  T h i s  chapter  summarises some 
o f  t he  e l e c t r o p h y s i o l o g i c a l  background and w i l l  rev iew o l d  and newer drugs 
which p ro long  v e n t r i c u l a r  r e p o l a r i s a t i o n  w i t h  emphasis on some r e c e n t  
devel opmen t s  . 
O r i g i n  o f  t he  Cardiac A c t i o n  P o t e n t i a l  - I n t r a c e l l u l a r  m ic roe lec t rode  
techniaues have Dermi t ted  measurement o f  t h e  e l e c t r i c a l  a c t i v i t v  o f  s i n a l e  
ca rd iac  c e l l s . 2  ' I n  r e s t i n g  f i b r e s ,  t h e  transmembrane po ten t ia l " ,  t h e  c e i l  
i n t e r i o r ,  which i s  nega t i ve  w i t h  respec t  t o  e x t r a c e l l u l a r  f l u i d ,  v a r i e s  
f rom -60 t o  -95 mV, depending on t h e  c e l l  t ype  w i t h i n  t h e  hear t .  T h i s  
l e v e l  i s  ma in l y  determined by intracellular/extracellular potassium con- 
c e n t r a t i o n  r a t i o .  A t  e q u i l i b r i u m ,  potassium i s  concent ra ted  i n t r a c e l l u -  
l a r l y  and sodium and c h l o r i d e  predominate i n  e x t r a c e l l u l a r  f l u i d .  
non -equ i l i b r i um d i s t r i b u t i o n  of  potassium and sodium i o n s  i s  ma in ta ined by 
an ongoing expend i tu re  o f  energy by t h e  c e l l .  The c e l l  a c t i v e l y  pumps 
th ree  sodium i o n s  o u t  o f  t h e  c e l l  i n  exchange f o r  two potassium ions  and 
t h i s  sodium-potassium t r a n s p o r t  process i s  r e l a t e d  t o  membrane ATP-ase 
a c t i v i t y .  
t h e  membrane s e l e c t i v e l y  excludes them. The i n f l u x  o f  potassium f rom t h e  
o u t s i d e  i s  acce le ra ted  u n t i l  an e q u i l i b r i u m  i s  a t t a i n e d ,  i.e., same number 
a r e  passing i n  and o u t  per  u n i t  t ime. 

Fo l l ow ing  e x c i t a t i o n ,  t h e  transmembrane a c t i o n  p o t e n t i a l  undergoes a 
s e r i e s  o f  changes, r e s u l t i n g  i n  i n s c r i p t i o n  o f  t h e  c a r d i a c  a c t i o n  poten- 
t i a l  ( f i g . ) .  
i n i t i a t i o n  e x c i t a t o r y  c u r r e n t  causes a change i n  t h e  p e r m e a b i l i t y  o f  t h e  
membrane and induces a l a r g e  t r a n s i t  i n f l u x  o f  sodium i o n s .  I n  a d d i t i o n ,  
as t h e  p o t e n t i a l  becomes more p o s i t i v e ,  t h e  p e r m e a b i l i t y  o f  t h e  membrane 
t o  potassium f a l l s ,  i .e., inward-going r e c t i f i c a t i o n ,  so t h a t  t h e  t o t a l  
conductance d u r i n g  t h e  p la teau  d i f f e r s  l i t t l e  f rom t h e  t o t a l  r e s t i n g  con- 
ductance d u r i n g  d i a s t o l e .  T h i s  i s  f o l l o w e d  by a second inward  c u r r e n t  
which i s  sma l le r  and slower than t h e  f a s t  sodium c u r r e n t  and which i s  
p robab ly  c a r r i e d  by bo th  sodium and ca l c ium ions .  
c u r r e n t  d e c l i n e s  as a r e s u l t  o f  p a r t i a l  i n a c t i v a t i o n  of t he  channels, t he  
p la teau  (phases 1 and 2 )  d r i f t s  towards a more nega t i ve  p o t e n t i a l ,  and r e -  
p o l a r i s a t i o n  (phase 3 )  i s  acce le ra ted  w i t h  a p o s i t i v e  feedback e f f e c t  due 
t o  d e a c t i v a t i o n  o f  s low inward  c u r r e n t  w i t h  r e t u r n  o f  potassium conduc- 
tance ( i nward  r e c t i f i c a t i o n ) .  I n  some t i ssues ,  a background outward po- 
tassium c u r r e n t  may a l s o  c o n t r i b u t e  t o  r e p o l a r i s a t i o n .  Immediately a f t e r  
complet ion o f  phase 0-3 o f  t h e  a c t i o n  p o t e n t i a l ,  a c t i v e  exchange o f  sodium 
and potassium ions  i s  r e q u i r e d  d u r i n g  phase 4 t o  r e s t o r e  t h e  c e l l  t o  i t s  

T h i s  

Sodium i o n s  are  prevented  f rom l e a k i n g  back i n  aga in  because 

Dur ing  d e p o l a r i s a t i o n  (phase 0 of t h e  a c t i o n  p o t e n t i a l ) ,  t h e  

When t h e  s low inward  
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Pro longa t ion  o f  t he  V e n t r i c u l a r  R e p o l a r i s a t i o n  Time - As v o l t a g e  i s  t h e  
pr imary  determinant o f  t h e  t ime  course o f  r e o o l a r i s a t i o n .  a c t i o n  o o t e n t i a l  
d u r a t i o n  (APD) becomes an es t imate  o f  t h e  e f ’ f e c t i v e  r e f r a c t o r y  p e h o d  
(ERP), which i s  t he  p e r i o d  d u r i n g  which a premature impulse f a i l s  t o  prop- 
agate. 
ious  reg ions  of t he  hear t .3  APD i n  t h e  muscle i s  about 150 ms s h o r t e r  
than i n  t h e  P u r k i n j e  system, so t h a t  t h e r e  i s  no p o s s i b i l i t y  o f  re t rog rade  
e x c i t a t i o n  of t h e  P u r k i n j e  f i b r e  by t h e  muscle. 
on the  c e l l u l a r  e l e c t r o p h y s i o l o g y  o f  P u r k i n j e  f i b r e s  may d i f f e r  depending 
on whether t h e  f i b r e s  a re  i n  t h e  major bundles o f  t h e  conduct ing  system o r  
a re  p e r i p h e r a l  and subendocardial .  Whatever t h e  e f f e c t s  on t h e  i n d i v i d u a l  
p a r t s  o f  t h e  P u r k i n j e  conduct ing  system, d i s p e r s i o n  o f  t h e  r e f r a c t o r y  per -  
i ods  between ischemic and ad jacent  normal areas w i l l  d i s t o r t  t h e  c r i t i c a l  
balance o f  r e f r a c t o r y  pe r iods  between ad jacen t  areas. An a s s o c i a t i o n  be- 
tween decrease i n  f i b r i l l a t i o n  th resho ld  and t h e  d i s p e r s i o n  o f  r e f r a c t o r i -  
ness i n  v e n t r i c u l a r  myocardium under d i v e r s e  exper imental  c o n d i t i o n s  has 
been shown.4 A t he rapeu t i c  i n t e r v e n t i o n  designed t o  i n t e r f e r e  should 
e i t h e r  r e s t o r e  t h i s  balance by a c c e l e r a t i n g  o r  by p ro long ing  r e p a l a r i s a -  
t i o n  and r e f r a c t o r i n e s s .  

A c t i o n  p o t e n t i a l  d u r a t i o n  (APD) v a r i e s  q u i t e  cons ide rab ly  i n  var -  

The e f f e c t s  o f  ischemia 

I n d i r e c t  evidence i n  humans t h a t  p ro long ing  ca rd iac  r e p o l a r i s a t i o n  i s  
a n t i a r r h y t h m i c  stems from t h e  obse rva t i on  t h a t  a t r i a l  a r rhy thmias  a re  com- 
mon i n  t h y r o t o x i c o s i s  b u t  a re  r a r e  i n  hypothyroidism. I n  an e l e c t r o p h y s i -  
o l o g i c a l  s tudy  o f  d i f f e r e n t  t h y r o i d  s t a t e s  on i n t r a c e l l u l a r l y  recorded 
ca rd iac  a c t i o n  p o t e n t i a l s ,  thyroidectomy caused a l a r g e  and un i fo rm pro-  
l o n g a t i o n  of t h e  APD. s No o t h e r  e l e c t r o p h y s i o l o g i c a l  parameters i n  a t r i a l  
muscle were af fected by v a r i a t i o n s  i n  t h e  t h y r o i d  s t a t e .  An a d d i t i o n a l  
argument was t h e  d i scove ry  t h a t  amiodarone prolonged t h e  monophasic a c t i o n  
p o t e n t i a l  d u r a t i o n  (MAPD) w i t h  the  consequent l eng then ing  o f  t h e  e f f e c t i v e  
r e f r a c t o r y  p e r i o d  (ERP) i n  animals6 and humansY7 and i s  an ex t remely  po- 
t e n t  a n t i a r r h y t h m i c  drug.8s9 

Amiodarone and D e r i v a t i v e s  - Amiodarone (1) , a benzofuran d e r i v a t i v e ,  was 
i n t roduced  some twenty yea rs  ago as an a n t i a n g i n a l  agent, when i t  was 
shown t o  be a po ten t  smooth muscle r e l a x a n t  and coronary v a s o d i l a t o r . 8  A 
moderate degree o f  noncompet i t i ve  i n h i b i t o r y  e f f e c t  on sympathet ic e x c i  t a -  
t i o n  was a l s o  e ~ i d e n t . ~  I t  was d iscovered t h a t  ch ron ic  amiodarone admin- 
i s t r a t i o n  (20  mg/kg d a i l y ,  i . p . )  produced marked leng then ing  o f  t h e  a t r i a l  
and v e n t r i c u l a r  APD i n  t h e  r a b b i t  (23.7% a f t e r  3 weeks, 33.5% a f t e r  6 
weeks).’ The MAPD f rom t h e  bundle o f  H i s  i n  t h e  dog6 and r i g h t  a t r i u m  i n  
man7 a f t e r  4 weeks o f  ch ron ic  a d m i n i s t r a t i o n  was pro longed by approx imate ly  
30%. 
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Some d i f f e rences  of  e l e c t r o p h y s i o l o g i c a l  e f f e c t s  have been observed 
a f t e r  acu te  and ch ron ic  amiodarone a d m i n i s t r a t i o n  i n  man, which may be o f  
c l i n i c a l  s i g n i f i c a n c e .  A f t e r  acu te  in t ravenous a d m i n i s t r a t i o n  ( 5  mg/kg) , 
the  v e n t r i c u l a r  ERP was unchanged w h i l e  a t r i a l  ERP and anterograde conduc- 
t i o n  th rough t h e  AV node was prolonged. l O - 1 3  A f t e r  ch ron ic  o r a l  adminis-  
t r a t i o n ,  changes become more prominent and v e n t r i c u l a r  e f f e c t i v e  r e f r a c -  
t o r y  pe r iods  i n  c o n t r a s t  t o  t h e  e f f e c t s  seen a f t e r  acu te  a d m i n i s t r a t i o n  
a r e  s i g n i f i c a n t l y  increased. l 4  

a t r i a l  a r rhy thmias  i n c l u d i n g  those o f  t h e  Wolf f -Parkinson-White syndrome 
go back t o  1970,15 t h e  impress ive  r e s u l t s  have been o n l y  r e c e n t l y  r e p o r t e d  
i n  p a t i e n t s  w i t h  r e c u r r e n t  v e n t r i c u l a r  t achyca rd ia  (VT) and f i b r i l l a t i o n  
(VF).16-25 Amiodarone (2.5-5 mg/kg, i . v . )  was a l s o  s u c c e s s f u l l y  used i n  
95 p a t i e n t s  w i t h  va r ious  ar rhy thmias  f o l l o w i n g  c a r d i a c  opera t i ons  w i t h  ex- 
t raco rpo rea l  c i r c u l a t i o n . 2 6  Another i n t e r e s t i n g  obse rva t i on  i s  t h a t  t h e  
c l i n i c a l  e f f i c a c y  o f  amiodarone i n  p a t i e n t s  w i t h  v e n t r i c u l a r  a r rhy thmias  
may n o t  be r e l i a b l y  p r e d i ~ t e d . ~ ~ ~ ~ ~  
unc lear .  

A l though t h e  f i r s t  r e p o r t s  on i t s  e f f e c t i v e n e s s  i n  a v a r i e t y  o f  

The reason f o r  t h i s  d i s p a r i t y  i s  

Usage o f  o r a l  amiodarone i n  r e f r a c t o r y ,  sus ta ined  l i f e - t h r e a t e n i n g  
v e n t r i c u l a r  tachyar rhy thmias  has been d i f f i c u l t  because o f  i n s u f f i c i e n t  
knowledge concerning i t s  pharmacokinet ics i n  man and because o f  t h e  l a c k  
o f  a s e n s i t i v e  and r e l i a b l e  assay. A s imp le  and r a p i d  HPLC method f o r  de- 
t e r m i n i n g  amiodarone concen t ra t i on  and i t s  desethy l  m e t a b o l i t e  i s  now 
a ~ a i l a b l e . ~ ’  A f t e r  a s i n g l e  o r a l  dose o f  1400-1800 mg, o r a l  abso rp t i on  i s  
s low and e r r a t i c . 2 8  Peak l e v e l s  a re  seen a f t e r  4.9 hours and serum h a l f -  
l i f e  i s  7.2 hours.29 A f t e r  a mean dose o f  1327 mglday f o r  4.1 weeks, t h e  
concen t ra t i on  o f  i t s  desethy l  m e t a b o l i t e  was about 50 pe rcen t  t h a t  o f  ami- 
odarone. Serum e l i m i n a t i o n  h a l f - l i f e  was 29 days. The r e c e n t  observa- 
t i o n  t h a t  serum reve rse  T3 l e v e l s  c o r r e l a t e d  c l o s e l y  w i t h  a r rhy thmia  sup- 
p ress ion  and appearance o f  s i d e  e f f e c t s ,  w i l l  enable u n i t s  which have no 
access t o  HPLC methodology t o  mon i to r  e f f i c a c y  and c e r t a i n  s i d e  e f f e c t s . 3 1  

A l though amiodarone has a h i g h  t h e r a p e u t i c - t o - t o x i c  r a t i o ,  t h e  major  
s i d e  e f f e c t s  a re  e i t h e r  hypo- o r  hyper thy ro id i sm and pulmonary abnormal- 
i t i e ~ . ~ ~  Pulmonary abnorma l i t i es ,  e.g. , d i f f u s e  pulmonary f i b r o s i s  and 
h y p e r s e n s i t i v e  pneumonit is,  a r e  now recogn ised as t h e  more s e r i o u s  poten- 
t i a l  compl ica t ions  o f  a m i o d a r ~ n e . ~ ~ , ~ ~  Cessat ion o f  amiodarone therapy  
and s t e r o i d  therapy  i s  recommended. Corneal mic rodepos i ts  a r e  a lmost  i n -  
v a r i a b l y  seen i n  p a t i e n t s  t r e a t e d  w i t h  amiodarone, b u t  a r e  r e v e r s i b l e  upon 
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withdrawal o f  t h e  drug. 
p a t i e n t s  t a k i n g  the  drug. 
degree o f  exposure t o  the  sun, a l though t h i s  i s  n o t  always 
darone i n t e r a c t s  w i t h  severa l  o the r  ca rd iovascu la r  agents.  I t  increases  
plasma d i g o x i n  l e v e l s ,  p robab ly  by a displacement o f  d i g o x i n  f rom va r ious  
b i n d i n g  s i t e s ,  which may r e s u l t  i n  symptoms o f  d i g i t a l i s  
Amiodarone may p o t e n t i a t e  t h e  an t i coagu lan t  e f f e c t s  o f  w a r f a r i n ,  and c l o s e  
mon i to r i ng  o f  t h e  pro thrombin  t imes i s  r e q u i r e d  when amiodarone i s  i n t r o -  
duced and t h e  dose o f  an t i coagu lan t  r e q u i r e s  a1 t e r a t i o n .  36 Amiodarone may 
p o t e n t i a t e  the  bradycard ia  i n  p a t i e n t s  on 6-adrenoceptor b l o c k e r  therapy  
o r  on ca lc ium antagon is ts .  Two cases have a l s o  been r e p o r t e d  o f  to rsade 
de po in te37 a f t e r  combinat ion of  q u i n i d i n e  and amiodarone. Torsades de 
p o i n t e  have a l s o  r e c e n t l y  been repo r ted  on amiodarone monotherapy. 38939 

Because of t he  e a r l y  f i n d i n g  o f  hypo- and hyper thyro id ism,  and t h e  
poss ib le  r e l a t i o n s h i p  t o  t h e  i o d i n e  atoms on t h e  molecule,  a t tempts  have 
been made t o  syn thes ise  d e r i v a t i v e s  n o t  c o n t a i n i n g  i od ine .  A bromo-analog, 
L-8040 (2) was admin is te red  t o  r a b b i t s  f o r  6 weeks as d a i l y  i . p .  i n j e c t i o n s  
of  20 mg/kg.'+O APD t o  90% r e p o l a r i s a t i o n  (APDgo) inc reased by a mean o f  
17% i n  a t r i a l  and 16% i n  v e n t r i c u l a r  t i s s u e .  Under i d e n t i c a l  c o n d i t i o n s ,  
amiodarone prolonged APDgO by 34% and 31%, respec t i ve1y . l  L-9146 (3 )  was 
found t o  have e l e c t r o p h y s i o l o g i c a l  e f f e c t s  s i m i l a r  t o  those o f  amioza- 
rone. '+ l  I t  i s  an an tagon is t  o f  bo th  a- and 8-adrenoceptor-mediated ca r -  
d iovascu la r  e f f e c t s  of  a noncompet i t i ve  type .  Chronic a d m i n i s t r a t i o n  t o  
r a b b i t s  l e d  t o  a mean p r o l o n g a t i o n  o f  a t r i a l  APDg0 by  22% (10 mg/kg/day). 
I n  v e n t r i c u l a r  t i ssues ,  APDgo was markedly prolonged, e.g., by 75% i n  ven- 
t r i c u l a r  w a l l  muscle. The degree o f  APDgo p ro longa t ion  was dependent on 
the  p a r t i c u l a r  t i ssue .  As a r e s u l t ,  APOgO became un i fo rm th roughout  t h e  
v e n t r i c l e .  Butoproz ine  (L-9394, 4) i s  more a c t i v e  than amiodarone a g a i n s t  
c e r t a i n  exper imental   arrhythmia^.^^ I t  was found t o  decrease t h e  f a s t  so- 
dium and slow ca lc ium inward  c u r r e n t s  and t h e  delayed outward c u r r e n t  i n  a 
dose-dependent manner i n  vo l tage  clamp exper iments on f r o g  a t r i a l  and f e r -  
r e t  v e n t r i c u l a r  f i b r e s ,  and thus  combines a c t i o n s  common t o  amiodarone and 
verapamil .42 In t ravenous i n j e c t i o n  o f  doses between 0.5 and 2 mg/kg o f  4 
l e d  t o  s u b s t a n t i a l  increases o f  t he  e f f e c t i v e  r e f r a c t o r y  p e r i o d  (ERP) i n -  
t he  AV node and the  re t rog rade  v e n t r i c u l o - a u r i c u l a r  pathway i n  32 p a t i e n t s .  
The drug  had no e f f e c t s  on conduct ion  i n  t h e  a t r i a ,  H i s - P u r k i n j e  o r  t h e  
v e n t r i c l e . 4 3  I n  p a t i e n t s  w i t h  s u p r a v e n t r i c u l a r  tachycard ias ,  i n j e c t i o n  o f  
- 4 r e s u l t e d  i n  t e r m i n a t i o n  of  i n t r a n o d a l  t achyca rd ia  ( 3  o f  3 cases) o r  
tachycard ia  w i t h  WPW-syndrome ( 2  o f  3 cases) .'+'+ P r i f u r o l  i n e  (14843JL, 5) 
i nc reased a t r i a l ,  AV nodal and, t o  a l e s s e r  degree, v e n t r i c u l a r  ERP i n  
dogs a f t e r  in t ravenous a d m i n i ~ t r a t i o n . ~ ~  I n  c o n t r a s t  t o  t h e  e f f e c t s  o f  
amiodarone, 5 a l s o  inc reased H is -Purk in je  conduct ion  t ime, thus  combining 
q u i n i d i n e - l i k e  and amiodarone p r o p e r t i e s .  

Cutaneous p h o t o s e n s i t i v i t y  may appear i n  3-10% of 
The frequency i s  g e n e r a l l y  dependent on t h e  

Amio- 

B r e t y l  ium and Other Quaternary  Ammoni um Compounds - B r e t y l  ium t o s y l a t e  (5) 
was i n i t a l l y  i n t roduced  as an a n t i h v u e r t e n s i v e  auent because i t  i n t e r f e r e s  
w i t h  pos tgang l i on i c  sympathet ic nerve transmissi&. '+6 The f i r s t  prominent 
e f f e c t  o f  b r e t y l i u m  a f t e r  in t ravenous a d m i n i s t r a t i o n  i s  i t s  sympathomimetic 
e f f e c t . 4 7  Release of  ad rena l i ne  f rom p e r i p h e r a l  adrenerg ic  nerve  t e r m i n a l s  
has been demonstrated i n  t h e  heart. '+B B r e t y l i u m  a l s o  b locks  t h e  uptake o f  
noradrena l ine  and ad rena l i ne  i n t o  adrenerg ic  nerve endings.49 The impor- 
tance o f  these adrenerg ic  e f f e c t s  o f  b r e t y l i u m  f o r  i t s  a n t i a r r h y t h m i c  e f -  
f i c a c y  i s  n o t  y e t  es tab l i shed .  
e f f e c t s  o f  b r e t y l i u m  were o n l y  demonstrated i n  t h e  e a r l y  70's.  B r e t y l i u m  
produces a marked inc rease  i n  APD and ERP i n  v e n t r i c u l a r  muscle and 
P u r k i n j e  f i b r e s 5 0  even a f t e r  s u r g i c a l  denerva t ion51 and t h i s  e f f e c t  i s  i n -  
dependent o f  ca rd iac  sympathet ic nerve uptake. 52 A t  h ighe r  concent ra t ions ,  
r a t e  o f  d e p o l a r i s a t i o n ,  conduct ion  v e l o c i t y  and a u t o m a t i c i t y  were a l s o  

The d i r e c t  ca rd iac  e l e c t r o p h y s i o l o g i c a l  
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affected, demonstrat ing t h a t  e l e c t r o p h y s i o l o g i c a l  e f f e c t s  a r e  s i m i l a r  t o  
a m i ~ d a r o n e . ~ ~  
normal c e l l s  bo rde r ing  t h e  i n f a r c t  zone than i n  t h e  i n f a r c t e d  r e g i o n  where 
APD was prolonged a l ready  by  ischemia and so reduces d i s p a r i t y  between 
normal and i n f a r c t e d  reg ions .54  B r e t y l i u m  a l s o  inc reases  p r o s t a g l a n d i n  
syn thes i s  which i n  t u r n  increases t h e  f i b r i l l a t i o n  th resho ld .  55 

B r e t y l i u m  produced g r e a t e r  inc reases  i n  APD and ERP i n  t h e  

B r e t y l i u m  has been shown t o  be e f f e c t i v e  i n  a v a r i e t y  o f  animal 
models o f  r e - e n t r a n t  v e n t r i c u l a r   arrhythmia^^^,^^ and v e n t r i c u l a r  f i b r i l -  
l a t i ~ n . ~ ~ , ~ ~  I n  t h e  presence o f  ischemia, b r e t y l i u m  r a i s e s  t h e  v e n t r i c u -  
l a r  f i b r i l l a t i o n  th resho ld60 and reduces t h e  occurrence o f  e i t h e r  spon- 
taneous o r  induced v e n t r i c u l a r  f i b r i l l a t i o n . 6 1  ~6~ As absorp t i on  i n  humans 
i s  somewhat poor,63 b r e t y l i u m  i s  used p a r e n t e r a l l y  i n  t h e  p reven t ion  o f  
recurrences o f  v e n t r i c u l a r  f i b r i l l a t i o n  r e s i s t a n t  t o  most s tandard  a n t i -  
a r rhy thmic  d r ~ g s 6 ' + - ~ 6  and f o r  p a t i e n t s  i n  cardiopulmonary a r r e ~ t . ~ ~ - ~ ~  
The most s i g n i f i c a n t  adverse e f f e c t  o f  pa ren te ra l  b r e t y l i u m  i s  hypotens ion  
due t o  adrenerg ic  neuronal  blockade, which m i g h t  respond t o  p r o t r i p t y l  i n e  
therapy .66  

CH3 

R'  R2 

CH 3 

- 6 B r  C2H5 

7 1  - 

x -  
C7H7S03 

c1- 

As w i t h  amiodarone, d e r i v a t i v e s  o r  s t r u c t u r a l l y  s i m i l a r  compounds, 
l a c k i n g  t h e  gang l i on  b l o c k i n g  e f f e c t s  o f  b re ty l i um,  have been synthesized. 
UM-360 (7 )  was shown t o  l a c k  t h e  catecholamine r e l e a s i n g  and adrenerg ic  
b lock ing-ac t ion  of  b r e t y l i u m  b u t  s t i l l  i nc reased t h e  f i b r i l l a t i o n  th resh-  
o ld .61  C l o f i l i u m  phosphate (S) i nc reased APDg5 max imal ly  by 35%, and ERP 
by 39%, i n  i s o l a t e d  canine P u r k i n j e  f i b r e s e 7 0  A t  t h e  same concen t ra t i on  
(3  X lO-7M), 8 had no e f fek t  on r a t e  o f  r i s e  o f  d i a s t o l i c  d e p o l a r i s a t i o n ,  
r e s t i n g  po tenT ia l  o r  a c t i o n  p o t e n t i a l  ampl i tude.  APDg5 i n  a t r i a l  muscle 
was n o t  a f f e c t e d .  The v e n t r i c u l a r  f i b r i l l a t i o n  t h r e s h o l d  (VFT i n  dogs 
was s i g n i f i c a n t l y  inc reased a f t e r  i n f u s i o n  o f  0.5 o r  1 pM/kg.71 I n  22% 
o f  t h e  v e n t r i c u l a r  f i b r i l l a t i o n s  induced d u r i n g  VFT measurements, spon- 
taneous r e v e r s i o n  t o  s inus  rhythm occurred. 
P u r k i n j e  f i b r e s  f rom i n f a r c t e d  and n o n - i n f a r c t e d  zones showed c l o f i l i u m  t o  
be more p o t e n t  i n  normal t i s s u e  w i t h  rega rd  t o  p r o l o n g a t i o n  o f  APDg5, thus  
l e a d i n g  t o  n e a r l y  un i fo rm APDg5 i n  bo th  zones. 
concent ra ted  i n  r a t  and dog h e a r t  t i ssue .72  C l o f i l i u m  reduced t h e  i n c i -  
dence o f  complex v e n t r i c u l a r   arrhythmia^^^ and was a n t i f i b r i l l a t ~ r y ~ ~  i n  
a c h r o n i c a l l y  i n f a r c t e d  can ine  model. I n  man, i . v .  c l o f i l i u r n  (60-300 
pg/kg) inc reased ERP by 19 and 13% i n  a t r i u m  and v e n t r i c l e ,  r e s p e c t i v e l y ,  
w i t h o u t  s lowing  c 0 n d u c t i o n . ~ 5  I n d u c i b l e  v e n t r i c u l a r  t achyca rd ia  (VT)  i m -  
proved i n  5 o f  6 p a t i e n t s .  
VT, c l o f i l i u m  abo l ished i n d u c i b i l i t y  by e l e c t r i c a l  s t i m u l a t i o n  i n  f i v e  
cases. 76 

S o t a l o l  - Apar t  f rom having B-adrenoceptor b l o c k i n  proper tie^,^^ s o t a l o l  
-(_9)longs APD and ERP i n   animal^^^'^^ and ibis p r o l o n g a t i o n  
i s  dose-dependent ove r  t h e  range o f  2 X 10-6 and 6 X 10- M. 
a r e  more marked i n  P u r k i n j e  f i b r e s  than i n  v e n t r i c u l a r  muscle. A t  l a r g e r  

A comparison o f  can ine  

Rad ioac t ive  c l o f i l i u m  was 

I n  another group o f  16 p a t i e n t s  w i t h  i n d u c i b l e  

The e f f e c t s  
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concent ra t ions  of 2 (10-3M), APD and r a t e  o f  r i s e  of d i a s t o l i c  depo la r i sa -  
t i o n  were reduced. Changes i n  APD and ERP were magn i f ied  a t  s lower r a t e s  
o f  s t i m u l a t i o n .  

9 - 8 - 

I n  8 p a t i e n t s  w i t h  a t r i a l  f i b r i l l a t i o n ,  40-100 mg of 2 ( i . v . )  saw a 
c o n s i s t e n t  inc rease (13-17%) i n  the  v e n t r i c u l a r  r e p o l a r i s a t i o n  t ime as 
measured from ERP and MAPD.82 I n  a doub le -b l i nd  s tudy  i n  17 p a t i e n t s ,  a 
s i g n i f i c a n t  inc rease i n  Q T - i n t e r v a l  (from 281 t o  419 ms), r i g h t  a t r i a l  e f -  
f e c t i v e  r e f r a c t o r y  p e r i o d  ( f rom 235 t o  289 ms), r i g h t  v e n t r i c u l a r  e f f e c -  
t i v e  r e f r a c t o r y  p e r i o d  ( f rom 252 t o  277 ms), r i g h t  a t r i a l  monophasic 
a c t i o n  p o t e n t i a l  d u r a t i o n  ( f rom 263 t o  307 ms) and r i g h t  v e n t r i c l e  mono- 
phasic a c t i o n  p o t e n t i a l  d u r a t i o n  ( f rom 313 t o  344 ms) was observed a f t e r  
0.3 o r  0.6 mg/kg i . v .  o f  9.83 These v a r i a b l e s  were unchanged a f t e r  0.15 
o r  0.2 mg/kg i . v .  o r  p rop rano lo l .  A dose o f  0.4 mg/kg i . v .  o r  9 p ro longed 
a t r i a l  , v e n t r i c u l a r  and AV nodal e f f e c t i v e  r e f r a c t o r y  e r i o d  ana te rm i -  
nated AV r e - e n t r a n t  tachycard ia  i n  5 o u t  o f  12 cases.8e A f t e r  a dose o f  
0.6 mg/kg i . v . ,  increases were observed i n  AV nodal conduct ion,  AV nodal 
ERP (26%) and r i g h t  v e n t r i c u l a r  ERP (6%) i n  15 pa t i en ts .85  A dose o f  1.5 
mg/kg produced s i g n i f i c a n t  leng then ing  o f  AH i n t e r v a l  and ERP o f  r i g h t  
a t r ium,  l e f t  a t r i u m  and r i g h t  v e n t r i c l e ,  i n  9 p a t i e n t s .  Retrograde ERP o f  
t he  accessory pathway was a l s o  prolonged i n  t h e  3 p a t i e n t s  s t u d i e d e 8 6  A 
dose o f  1.5 mg/kg i . v .  inc reased a t r i a l  ERP f rom 224 t o  264 m i l l i seconds ,  
and v e n t r i c u l a r  ERP f rom 209 t o  245 m i l l i s e c o n d s  i n  15 p a t i e n t s  w i t h  ac- 
cessory a t r i o v e n t r i c u l a r  pathways.87 ERP o f  t h e  accessory pathway was 
prolonged i n  an te re t rog rade  ( 3  o u t  o f  3 )  and re t rog rade  (10 o u t  o f  10) 
d i r e c t i o n .  Al though s o t a l o l  has undergone ex tens i ve  e l e c t r o p h y s i o l o g i c a l  
i n v e s t i g a t i o n s ,  t h e r e  have been few r e c e n t l y  pub l i shed r e p o r t s  o f  t h e  use 
o f  bo th  in t ravenous and o r a l  s o t a l o l  i n  a r rhy thmias .88  From t h e  s tud ies  
which a r e  a v a i l a b l e ,  i t  seems r a t h e r  d i f f i c u l t  t o  d i f f e r e n t i a t e  between 
those a n t i a r r h y t h m i c  e f f e c t s  o f  s o t a l o l  mediated v i a  i t s  p a d r e n o c e p t o r  
b lock ing  a c t i v i t i e s  and i t s  e f f e c t  on v e n t r i c u l a r  r e p o l a r i s a t i o n .  
p ro longa t ion  o f  t he  QTC i n t e r v a l ,  a measure o f  APD has u n i f o r m l y  been ob- 
served a f t e r  t he rapeu t i c  doses .89,go Adverse e f f e c t s  a r e  those u s u a l l y  
seen a f t e r  B-adrenoceptor blockade. There have a l s o  been r e p o r t s  o f  t o r -  
sade de p o i n t e  a f t e r  l a r g e  doses of  s o t a l o l  (2.4-8 gm).91 

Bethan id ine  and Analogs - The neuronal b locke r  be than id ine  (10) i nc reases  
VFT i n  t h e  normal dog hear tg2  and conver ts  induced-VF t o  nonsustained VF 
w i t h  spontaneous convers ion  t o  s inus  rhythm. O f  23 p a t i e n t s  w i t h  r e c u r -  
r e n t  m u l t i p l e  d rug  r e f r a c t o r y  VT and VF, 18 had complete suppression of 
spontaneous o r  e l e c t r o p h y s i o l o  i c a l l y  induced tachyar rhy thmias ;  3 were 
improved and 2 had no b e n e f i t . j 7  P r o t r i p t y l e n e  was necessary t o  p reven t  
o r t h o s t a t i c  hypotension. 

o C H 2 N H f = N C H 3  - [ C H , O O  1 \ -H2S04 

However, 

NHCH3 

11 - 10 - 
Meobentine su lphate  (11) , a be than id ine  d e r i v a t i v e  has no neuronal  

b lock ing ,  sympathomimetic Or a n t i c h o l i n e r g i c  ac t i ons .94  Twenty mg/kg of 
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- 11, i . v . ,  prevented r e - i n i t a t i o n  o f  VF i n  5 dogs f o r  a range o f  5-12 h r ~ . ~ ~  
I t  has no e f fec t  on d i a s t o l i c  e x c i t a b i l i t y  t h r e s h o l d  o f  e i t h e r  normal ( N )  
o r  i n f a r c t  ( I )  t i s s u e  a t  t h e  t ime o f  i t s  a n t i a r r h y t h m i c  a c t i v i t y ,  b u t  i t  
d i d  p ro long t h e  ERP a t  b o t h  N (mean inc rease  25 ms) and I s i t e s  (mean i n -  
crease 69 ms). P ro longa t ions  o f  ERP a t  I s i t e s  were bo th  more marked and 
o f  l onger  d u r a t i o n  (167 min) than a t  N s i t e s  (120 min) and c o r r e l a t e d  w i th  
t ime course o f  a n t i a r r h y t h m i c  a c t i v i t y .  11 has n o t  been t e s t e d  y e t  i n  man. 

Me1 perone - Melperone (FG 51 11 , 12) , a n e u r o l e p t i c  butyrophenoneg6 pro-  
longed ERP i n  i s o l a t e d  g u i n e a - p i g p a p i l l a r y  muscle w i t h o u t  reduc ing  con- 
t r a ~ t i l i t y . ~ ~  I n  anaesthet ised, normal dogs, 12 l e d  t o  s u b s t a n t i a l  i n -  
creases i n  a t r i a l  ERP, and t o  l e s s e r  i n c r e a s e s i n  v e n t r i c u l a r  ERP, a f t e r  
i . v .  i n f u s i o n  o f  0.5-12.5 mg/kg.98 No e f f e c t s  on a t r i a l  o r  v e n t r i c u l a r  
conduct ion  t imes were observed. 
a t r i a l  f i b r i l l a t i o n  and f l u t t e r ,  12 conver ted  t h e  ar rhy thmias  a f t e r  admin- 
i s t r a t i o n  o f  i . v .  doses o f  2.5-10 mg/kg.99 
c a n t l y  inc reased by 13% a f t e r  10 mg i . v .  o f  1 2 . l o o  I n  9 p a t i e n t s  w i th  
recen t  myocardial  i n f a r c t i o n  and v e n t r i c u l a r e c t o p i c  beats  (VEB) , i .v. 
a d m i n i s t r a t i o n  o f  50 mg s i g n i f i c a n t l y  reduced 9EBs and t h i s  t rea tmen t  was 
super io r  t o  p lacebo. lo1  However, o n l y  1 p a t i e n t  was comple te ly  f ree  of 
a r rhy thmias .  

I n  dogs w i t h  exper imen ta l l y  induced 

I n  humans, MAPD was s i g n i f i -  

Other Drugs which Pro long V e n t r i c u l a r  R e p o l a r i s a t i o n  - Several  s tandard  
a n t i - a r r h y t h m i c  agents have been shown under c e r t a i n  exper imenta l  condi-  
t i o n s  t o  p ro long  v e n t r i c u l a r  r e p o l a r i s a t i o n  and so disopyramide w i l l  pro- 
l o n g  APD i n  t h e  presence o f  low potassium concent ra t ions . lO2 INPEA (n i -  
f e n a l o l ) ,  a 6-adrenoceptor b locke r  has been shown t o  p ro long  t h e  APD and 
ERP o f  i s o l a t e d  gu inea-p ig  a t r i a . 8 0  
8-adrenoceptor b locke rs  r e s u l t e d  i n  a p r o l o n g a t i o n  o f  t h e  APD o f  t i s s u e s  
taken f rom t h e  hear t s  severa l  days a f t e r  cessa t ion  o f  t h e r a p y . l o 3  
p rop rano lo l  i n  acu te  exper iments had e i t h e r  no e f f e c t  on r e p o l a r i s a t i o n  
t ime  o r  shortened it, t h e  obse rva t i ons  were exp la ined by an adap ta t i on  of 
prolonged i n t e r r u p t i o n  o f  sympathet ic c o n t r o l  o f  t h e  hear t .  A s i m i l a r  ob- 
s e r v a t i o n  has been made i n  man where d a i l y  doses o f  400 mg of  me top ro lo l  
f o r  5 weeks r e s u l t e d  i n  a s l i g h t  (6%) b u t  s i g n i f i c a n t  i nc rease  i n  M A P D . l o 4  

Chronic t rea tmen t  o f  r a b b i t s  w i t h  

As 

Conclusion - Compounds w i th  a v a r i e t y  o f  chemical s t r u c t u r e s  have been 
shown t o  p ro long  APD and ERP o f  t h e  v e n t r i c l e  suggest ing  t h a t  more than 
one mechanism i s  i nvo l ved .  Th is  i s  n o t  s u r p r i s i n g  g i ven  t h e  d i f f e r e n t  
c u r r e n t s  f l o w i n g  d u r i n g  t h e  p la teau  and r e p o l a r i s a t i o n  phase o f  t h e  a c t i o n  
p o t e n t i a l .  The compounds might  a l s o  e x h i b i t  a d i f f e r e n t i a l  e f f e c t  on APD 
and ERP which under c e r t a i n  c o n d i t i o n s  m igh t  be arrhythmogenic.  A g r e a t e r  
p ro longa t ion  o f  t h e  APD versus ERP cou ld  r e s u l t  i n  a c t i v a t i o n  o f  an advanc- 
i n g  wave o f  d e p o l a r i s a t i o n  and w i t h  s lower p ropagat ion  o f  t h e  wave f r o n t ,  a 
r e - e n t r a n t  a r rhy thmia  cou ld  become sustained. L a s t l y ,  most o f  t h e  agents 
which have been shown t o  be e f f e c t i v e  i n  l i f e - t h r e a t e n i n g  ar rhy thmias  
(amiodarone, b re ty l iu rn ,  s o t a l o l )  have o t h e r  p r o p e r t i e s ,  so t h a t  t h e r e  i s  
no d i r e c t  evidence t h a t  t h e  p r o l o n g a t i o n  o f  v e n t r i c u l a r  r e p o l a r i s a t i o n  i s  
t h e  mechanism by which they  a c t .  The c l i n i c a l  e f f i c a c y  o f  an agent which 
s o l e l y  p ro longs  v e n t r i c u l a r  r e p o l a r i s a t i o n  may p rov ide  t h i s  evidence. 
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General - During 1982, p-lactam research continued to  occupy a large portion of the 
literature dealing wi th discovery of new antibacterial agents. New developments in the SAR 
of monobactams were reported, and novel carbapenem antibiotics continued t o  be 
discovered in nature. An orally active third generation cephalosporin was disclosed, and 
publications on 0-lactamase inhibitors appeared a t  a brisk rate. Aminoglycosides which are 
both well-tolerated and resistant t o  enzymatic inactivation mechanisms remained research 
objectives. Striking spectrumlpotency improvements continued t o  emerge in the pyridone 
carboxylic acid class o f  synthetic antibacterial agents. Books devoted t o  the chemistry and 
biology of p-lactam antibiotics,l-s mode of action of antibiotics,G antibiotic research' and 
antibiotic screenings were published, as were the proceedings of the 12th International 
Congress of Chemotherapy9 and of an international conference on trends in antibiotic 
research. 10 

Monobactams - The structure-activity relationships leading t o  azthreonam (SQ 26,776), and 
the results of in vitro, in vivo, P-lactamase stability, mechanistic and pharmacokinetic studies 
o f  azthreonam, have been published.11 Azthreonam has the highest affinity for penicillin- 
binding protein 3 (PBP-3) of Gram-negative bacteria, moderate affinity for PBP-la, and poor 
affinity for PBP-lb and PEP-2, indicating a mode of action similar to that of the 
cephalosporins.12 Interestingly, the -SO$-) residue of the monobactams can be replaced by 
other acidic activating groups, such as -0S0$-),13.14 -CON(-)S02-,15.16 and -P(OR)O2(-),17 with 
retention of potent antimicrobial activity. Full papers on the fermentation, isolation, 
biological properties, structure determination and synthesis of SQ 26,180,18.19 as well as five 
members of the EM5400 family o f  monobactam antibiotics20.21 have appeared. A study 
comparing the behavior of azthreonam and related monobactams with third generation 
cephalosporins towards several p-lactamases has shown that azthreonam possesses poor 
affinity for p-lactamases from Gram-negative bacteria and is highly resistant t o  enzymatic 
hydrolysis.22 Stereospecific syntheses of 3-amino-2-oxoazetidine-1-sulfonic acids, the basic 
nuclei o f  the monobactams, from L-a-amino-P-hydroxy acids, have been reported.23.24 

R =CHJ 
X Y  2 M 

R= H z N 4 &  R , = H  

SO26.823 OCHJ H H Na N-O-CiCH3l2--COOH R~ = O C H ~  

R 1 =  CHJ isa ~6.1801 S026.875 OCH- H OH K 
R Z = H  

lAZTH REONAhll 
saz6.700 H H OH K 

saz6.970 O C H ~  OH OS03-Na+ Na 
saz6,mz O C H ~  OS03-Na+ OSO,-N~+ Na 

Cephalosporins - FR 17027, a novel oral cephalosporin, has an antibacterial spectrum 
comparable t o  that  of the third generation parenteral cephalosporins, wi th the exception of 
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antipseudomonal activity.25 It is less active than cefaclor or amoxicillin against staphylococci 
but is  Considerably more potent against Gram-negative pathogens. FR 17027 exhibited 
excellent stability t o  both penicillinases and cephalosporinases and was highly effective orally 
in protecting mice against lethal infections caused by a wide variety of Gram-negative 
bacteria. When administered orally t o  rats and dogs, FR 17027 was better absorbed than 
cephalexin and amoxicillin.26 KIT-180 (KI-6269) is a new cephalosporin wi th a broad, potent 
antibacterial spectrum similar to that of cefoperazone.27 T-1982, a new cephamycin 
antibiotic, is equal t o  or more active than cefmetazole and cefoperazone against various 
Gram-negative bacteria but is less active against staphylococci.28 In animal infection models, 
T-1982 i s  reportedly more active than cephalosporins having comparable in vitro potency 
because of the potentiation of i t s  bactericidal activity by complement and phagocytes.29 The 
greater activity o f  AC 1370 (U-63,196E) in vivo than would be expected from i t s  in vitro 
potency is attributed t o  enhancement of i t s  bactericidal activity by serum.30 E-0702 is a 
cephalosporin with a broad antibacterial spectrum which is notable for i ts  highly potent 
antipseudomonal activity.31.32 L-640,876. a structurally novel quaternary heterocyclylarnino- 
cephem, possesses good activity against Gram-negative and Gram-positive bacteria with the 
exception of Pseudornonas aeruginosa, Serratia rnarcescens and Streptococcus faecalis.33.34 
In mouse protection studies, L-640,876 was highly effective against a variety of bacterial 
pathogens.35 Papers on the laboratory and clinical evaluation o f  ceftazidime.36 
cefotaxime.37 ceftizoxime,38 moxalactam39 and cefadroxil,40 which were presented a t  their 
respective symposia, have been published. Structure-activity relationships related t o  
ceftizoxime.41 the chemistry and structure-activity relationships o f  1 -0xacephems42 and the 
pharrnacokinetics of the new cephalosporins,43 have been reviewed. 
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Penicillins - The laboratory evaluation of temocillin (BRL 17421), a parenteral semi-synthetic 
penicillin, has been the subject o f  numerous publications.44-46 Temocillin i s  stable t o  a wide 
variety o f  p-lactamases and possesses good activity against most Enterobacteriaceae, 
Haemophilus and Neisseria strains but is not active against Pseudomonas, Bacteroides and 
Gram-positive organisms. TA-058 is reported t o  be equal t o  or better than piperacillin in 
antimicrobial spectrum and potency, t o  exhibit good pharmacokinetics in man and t o  be 
efficacious in the treatment o f  lower respiratory tract infections.47.48 The results of 
laboratory, clinical and pharmacological studies o f  mezlocillin49.50 and azlocillin5o have been 
reported. 

R' TEMOClLLlN (BRL 17421) R = *<O- R' = OCH3 

AOpNa 
R - N H ~ ~ H ~  

0 C02Na CH3 TA-058 R =  H O ~ ~ H ~ O -  
R ' =  H 0 

II 
NH 
I 

O=C-CH-CH2CNHCH3 
I 
NHZ ..\,.lt;;t CH3 ' 0 N /  

Sch29482 R=SCH2CH3 

FCE 22101 R = CH20CONH2 
COOH 

Penems - Sch 29482 is an orally active penem derivative which has broad, potent antibacterial 
activity, except against Pseudomonas, and is highly stable to a wide variety of p-lactamases. 
Studies o f  the comparative in vitro activity, p-lactamase stability, in vivo activity, and 
pharmacokinetics of Sch 29482, have been published.51 Like the carbapenem antibiotics, Sch 
29482 is susceptible t o  hydrolysis by renal dipeptidase, accounting for i t s  low urinary 
recoveries.52 FCE 22101 is a new penem which exhibited broad, potent antibacterial activity 
in vitro and in vivo, except against Pseudomonas.s3 The p-lactamase stability and mode of 
action of penems with various C-6 substituents have been studied.54 Penems have the 
highest affinity for PEP-2 and high affinity for PEP-1A and PEP-1Bs. but reduced affinity for 
PEP-3. A novel, practical synthesis o f  penems via an oxalimide cyclization reactiori has been 
published,ss and a versatile method for replacing the 2-alkyithio side chains o f  penems with 
other th io side chains has been reported.56 

Carbapenems - Full papers on the fermentation, isolation, structure determination, 
antibacterial activity, and P-lactamase inhibitory activity of asparenomycin (ASM) A, B and C, 
have been published.57-61 S Q  27,860 is the first bicyclic p-lactam antibiotic isolated from 
bacteria and i s  structurally the simplest carbapenem possessing broad antibacterial activity, 
albeit modest potency.62 Other new carbapenem antibiotics that have been isolated from 
Streptomyces include the OA-6129 group,63-65 C-19393 E5,66 6643-X,67 PS-8,68 M M  27696,69 8- 
epi-thienamycin70 and 9-northienamycin.70 Structurally, they are minor variants of known 
carbapenem antibiotics and are less active than thienamycin. The relationship between 
carbapenem structures and their susceptibility to hydrolysis by renal dipeptidase has been 
studied.52.71 A significant species variation in the degree o f  metabolism has been observed 
for thienamycin.71 Carbapenems bearing a basic substituent in the C-2 side chain are less 
susceptible t o  hydrolysis by the dipeptidase.71 RS-533 is a new sem i-synthetic carbapenem 
exhibiting broad, potent activity in vitro and in viv0.72 The synthesis of carbapenem 
antibiotics has been reviewed.73 and a versatile method for replacing the 2-alkylthio side 
chains of carbapenem antibiotics by other thio side chains has been reported.74 

sa 27,860 R = R '  = H 

R = (CH3)zCH- R ' =  -SCH=CHNH -CH3 li PS-8 

9-NORTHIENAMYCIN R = H O C H ~ ~ I ~ ~  R ' =  -SCHzCHzNHz 
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p-lactamase Inhibitors - A comprehensive review o f  p-lactamase inhibitors has been 
published.75 Augmentin, a physical combination of the 0-lactamase inhibitor clavulanic acid 
and amoxicillin, continues t o  be the subject of extensive laboratory and clinical studies.76-81 
Sultamicillin, a mutual prodrug of ampicillin and sulbactam which delivers good blood levels 
of ampicillin and the p-lactamase inhibitor upon oral administration, has been extensively 
evaluated.82-85 Ro 15-1903 is a more potent inhibitor of a variety of p-lactarnases than 
clavulanic acid or sulbactam when preincubated with the enzymes.87 However, in vitro and 
in vivo Ro 15-1903 did not demonstrate greater synergy than clavulanic acid or sulbactam 
against various 0-lactamase-producing bacteria when combined with ampicillin, piperacillin 
or ceftriaxone.88 The structurally simple penam derivative, 6~-(trifluoromethanesulfonyl)- 
amidopenicillanic acid sulfone, i s  a potent inhibitor of Bacillus cereus 569/H p-iactamase I and 
E. coli RTEM p-lactarnase when preincubated with the enzymes.89 Novel carbapenem SF-2103 
A possesses only modest antibacterial activity but is reported t o  be a potent inhibitor o f  both 
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penicillinases and cephalosporinases.90 Combinations o f  cephalosporins and SF-2103 A 
exhibited synergy both in vitro and in vivo against a variety o f  0-lactamase-producing 
0rganisms.91~92 Pluracidomycin (PLM) A, B and C are new carbapenem antibiotics possessing 
potent @-lactamase inhibitory activity.93 Pluracidomycin A is probably identical t o  SF-2103 
A.93 The j3-lactarnase inhibitory activities and synergistic effects of twelve 5,6-&-carbapenem 
antibiotics have been compared.94 Although MM 4550 and MM 13902 were the most active 
in terms o f  breadth of j3-lactamase inhibitory spectrum and potency, C-19393 52 was the most 
active in potentiating the activity of ampicillin against penicillinase-producing bacteria. 

Cell Wall Inhibitors - Structure activity relationships in the 3-(N-acyl-N-hydroxyamino)-propyl 
phosphonic acid series have been published and suggest superior activity for the N-formyl 
derivative fosmidomycin (FR-31,564).95 Synergy was found between fosmidomycin and beta- 
lactam antibiotics, trimethoprim and gentamicin.96 A reduction in antibacterial activity of 
phosphonic acid antibiotics in urine versus Mueller-Hinton or nutrient broth was reported.97 
Phosphonopeptides based on glycine rather than alanine (alafosfalin), are effective 
antibacterials and inhibit enzymes that operate on both D- and L-amino acid substrates.98 

Teichomycin, a glycopeptide with good Gram-positive activity, continues t o  generate 
interest.99-101 Configurational studies of ristocetin A have led t o  a proposed structural 
assignment which may help rationalize i t s  mechanism of action at the molecular level.102 A 
structure revision for vancomycin was also reported. 103 

Aminoglycosides - Breadth o f  spectrum and good potency of the aminoglycosides (AGs) 
continued t o  stimulate efforts t o  identify products wi th improved toleration and decreased 
susceptibility t o  enzymatic resistance pathways. A novel, synergistic approach t o  the 
resistance problem was disclosed with the report that 7-hydroxytropolone is a competitive 
inhibitor of 2"-O-adenylyltransferase and produces synergy wi th AGs inactivated solely by 
that enzyme.lo4.lo5 Evaluation of 0-demethylfortimicin A, in vitrolo6 and in vivo,lO7 
indicates efficacy equivalent to currently used AGs with diminished ototoxic effects108 and 
improved resistance t o  enzymatic inactivation. Further chemical modifications o f  fortimicin 
A through manipulation of substituents in the fortamine ringlog produced improved 
antibacterial activity in 2-deoxy-3-demethoxy fortimicin A.110 Decreased potency observed 
after 4-N-amino acylation of lysinomicin did not correlate with similar fortimicin 
modifications.111 Chemical conversion of fortimicin B t o  dactimicin was reported.112 

An improved synthesis of dibekacin was described.113 and further kanamycin 
transformations and SAR were examined.114-116 Novel tobramycinl16-118 and gentamicinl 19 

modifications were reported, as well as deoxy amikacinlzo and butirosin derivatives.121 
Variations on the sporaricins provided compounds with improved toxicity and resistance 
characteristics,122-124 and work with istamycinsl25-127 and sagamicins128-132 was also 
described. The synthesis133 and SAR of dihydrostreptomicin epimers134 were reported as 
were transformations of paromomycin,l35 lividomycin B136 and syntheses of paromaminel37 
and glycocinnamoylspermidines. 138.139 

CH3 
7' 

.HW 

3' H2N o y y 2  1' 

SPECTINOMKIN 
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Chemical modifications of spectinomycin produced dramatic changes in antibacterial 
spectrum and potency. Methods for N-demethylation were found,140 and procedures for 
modification of the sugar moiety were described,l41-142 which gave improved activity over 
spectinomycin.143 Improved activity for lipophilic 4-dihydro-4-deoxy-4(R) amino analogs was 
reported. 144 

The structure of streptothricin has been fully elucidated,145 and i t s  synthesis reported. 146 

Applications of mass spectral techniques for improved AG structural studies have been 
developed. 147.148 

Macrolides and Lincosamides - Comparisons among 16-membered ring macrolides related to  
tylosin (T) provided new SAR helping to  define the relative importance of  T substituents for 
antibacterial acti~ity.149~150 The mycarose and mycinose sugars were unnecessary for good 
activity, and antibiotics lacking these sugars have been isolated from mutants of 
Streptomyces fradiae. 151 Transformations of  seco acid derivatives of mycaminosyl tylonolide 
(MT) diethyl acetal to macro lactones of the primary alcohol were studied, and the products 
showed some antibacterial activity.152 Syntheses of 23-dialkylamino derivatives in the MT 
and 4'-deoxy MT series gave compounds with enhanced in vitro activity, particularly against 
Gram-negative bacteria.153 Derivatives of T arylated or sulfonylated at the 4"-OH position 
were studied and SAR developed.154 The improved activity of some of the most potent 
analogs was attributed to  strong ribosomal binding. Competitive binding studies of 3-0- 
acetyl-4"-O-isovaleryl T t o  ribosomes from resistant Staphylococcus aureus further indicate 
that 4"-0 acylation markedly enhances ribosomal binding.155 Application of hybrid 
biosynthesis t o  16-membered ring macrolides was reported, providing information both with 
regard to  SAR and to  the properties of the enzymes involved in the biosynthesis.156 
Mutasynthesis in the mycinamicin series provided biosynthetic intermediates to  
rosaramicinl57 and novel antibacterial macrolides as well.158.159 The structure of the AR-5 
antibiotics (mycinamicins) was studied by chemical degradation and X-ray analysis. 160 
Chemical modifications of oleandomycin neutral sugars were examined,161.162 and an 
improved synthesis of 10,ll-anhydro erythromycin was reported.163 

Alanine peptides of erythromycin A and of 9-(S)-erythromyclamine were prepared in an 
unsuccessful attempt to  facilitate macrolide transport into Gram-negative cells. 164 isolation 
of erythromycin F, a new possible biosynthetic precursor to  erythromycin E, was reported.165 

Chemical conversion of ten-membered ring macrolide nodusmicin to  nargenicin and 
other 9-0 esters allowed development of SAR in this class of Staph. aureus active 
antibiotics.166 Erythromycin showed superior in vitro activity t o  midecamycin in a direct 
comparison,l67 and synergistic effects of midecamycin and other antibiotics such as 
carbenicillin, dibekacin and fosfomycin were demonstrated in vitro and in vivo.168-170 

Pirlimycin (U57930E), a lincosamide antibiotic, exhibited anaerobe activity in vitro 
It was also effective against aerobic Gram-positive cocci,l72 superior t o  clindamycin.171 

particularly in mastitis.173 

F"3 

MYCAMINOSYL TYLONOLIDES NODUSMICIN 
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Ansamycins - Two new 16,17-dihydrorifamycin S derivatives were identified as products o f  a 
recombinant strain o f  Nocardia mediterranei.174 Surprisingly, the absence of the 16,17 
double bond dramatically decreased antibacterial potency against Gram-positive bacteria. 
An interesting rearrangement of 3-hydrazino-rifamycins was discovered.175 Enlargement of 
the ansa bridge with terminal carbonyl transfer from the 2-amino t o  3-hydrazino moiety 
produced loss o f  antibacterial activity. Conformations of rifamycins were studied by 1 H-NMR 
and X-ray, in solution and the solid state,176 and a new efficient diastereoselective aldol 
approach t o  synthesis of the  ansa chain of rifamycin S was employed.177 The in vitro activity 
of semi-synthetic rifamycin DL-473 was compared to rifamicin and found to be about two- 
fold less active.178 A complete report on the structure of rubradirin was published.179 

Polyether lonophores - New polyether antibiotics continued t o  be discovered. Both X-14868 
A and B exhibit potent anticoccidial activity and transport metal ions across membranes but 
wi th different specificities.180 Ferensimycins A and B are congeners of lysocellin and are also 
effective against coccidiosis in fowl.181 Cezomycin, a demethyl amino analog of A23187, was 
produced by controlled biosynthesis.182 Tetronomycin, a novel polyether containing a 
tetronic acid instead of a carboxylic acid moiety, has been discovered and found t o  possess 
potent Gram-positive activity, as well as the toxicity characteristic o f  carboxylate 
ionophores. 183 Relatively low toxicity was found for cationomycin and the crystal structure 
of i t s  thallium salt was determined.184 Selective acylation of laidlomycin gave a series of 
esters, some of which displayed enhanced anticoccidial activity over the parent.185 

?me u:: 
R=H: Antibiotic X-14888A 
R=M.: Antibiotic X-148686 

Synthetic Aqents- Pyridone Carboxylic Acids- Analogs of nalidixic acid continue to be o f  
interest, as impressive improvements in spectrum and potency have been obtained with 
compounds like pefloxacin,186 AT 2266,187 DL-8280188 and norfloxacin (AM-71 5, MK- 
0366).189-200 SAR development for this class of orally effective antibacterials has 
continued.201-204 

New Antibiotics - Some novel compounds recently discovered in antibacterial screening are 
tabulated below, along with their source, producing organism, and general activity. 

Table I 

Antibiotic Producing Organism Activity Reference 

Factumycin (A40A) 

Bulgecin 

Thiolactomycin (2-200) 
Myxovirescins 
Thiosporamicin CP-46,192 

AB-3 1 5 

AT-265 

L-681.2 17 

Streptomyces lavendulae 
Gluconobacter 
Pseudomonas acidophila 
Streptomyces rishiriensis 
Nocardia 
Myxococcus virescens 
Streptosporangium roseum 
Streptomyces 

G+,G- 
G+,G- 
p-lactam synergist 
G+,G- 
G + , G-, AA. AF 
G + , G -  
G +  
G+,G- 

G + (Gram-positive), G- (Gram-negative), AA (anaerobic), AF (acid fast) 

205 
206 
207 
208 

213 
214 
215 

209-2 12 
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Chapter 13. Bacterial Penicillin-Binding Proteins 

Nafsika H. Georgopapadakou 
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Introduction - Penicillin-binding protein (PBP) studies have significantly 
improved our understanding of the mechanism of action of $-lactam anti- 
biotics in recent years. At the cellular level, they have helped 
elucidate some of the processes involved in bacterial cell-wall bio- 
synthesis and morphogenesis. At the molecular level, they have contri- 
buted to our understanding of intrinsic antibiotic activity and have 
provided the framework for structure-activity relationships. 
sensitive enzyme (PSE) studies have focused on DD-carboxypeptidases, 
non-essential PBPs which are plausible models for the interaction of 
penicillin with its targets. Together, PBP/PSE studies represent an 
approach to the rational design of inhibitors of bacterial cell-wall 
biosynthesis. 
the better-studied bacteria of clinical importance. The role of 
individual PBPs in bacterial susceptibility/resistance is also discussed. 
Additional information is available in several recent reviews. 1-5 
excellent early account of the topic has been published,6 while a related 
report on $-lactamases has appeared in this series. 

PBPs: General - Penicillin and other B-lactam antibiotics inhibit 
bacterial growth by binding to specific transpeptidases which crosslink 
peptidoglycan, ' the rigid, bag-like macromolecule responsible for the 
mechanical strength of the bacterial envelope. " l o  
suggested to act at the cell- wall level a few years after discovery of 
this remarkable antibiotic, but the exact site and the molecular 
mechanism of penicillin action were only proposed in 1965.' Known as the 
Tipper-Strominger hypothesis, it suggests that penicillin acts as a steric 
analogue of the pentapeptide chain in growing peptidoglycan, forming a 
stable penicilloyl-enzyme complex with peptidoglycan transpeptidase. This 
model is now generally accepted and the alternative allosteric model' has 
been abandoned. In variations of the steric analogue model, enicillin 
acts as a transition-state analogue14'15 or a k 
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The steric analogue model is believed to apply to all peptidoglycan 
enzymes which cleave the peptide terminal bond in R-D-Ala-D-Ala. These 
are the DD-carboxypeptidases and the peptidoglycan transpeptidases. 
types of enzymes may proceed by similar mechanisms involving the formation 
of an acyl intermediate with the peptide substrate.17-19 Both are 
sensitive to penicillin hence the term penicillin-sensitive enzymes and 
both bind penicillin covalently hence the term penicillin-binding 
proteins. PBPs are presumed to be PSEs, although so far this has been 
shown only for E. coli PBPs.~”~’ Essential PBPs are those PBPs whose 
deletion by mutation, or binding to B-lactam antibiotics, is associated 
with cell death. Therefore, intrinsic antibiotic activit &, activity 
in the absence of B-lactamases and permeability factors,29’is a direct 
consequence of binding to essential PBPs. PBP patterns, essential PBPs, 
and B-lactam-binding profiles are different in different bacteria. 27 
Nevertheless, there are mechanistic similarities in the interaction of 
PBPs with enicillin and PSEs with the substrate in different 
bacteria. ’” 19’28 With DD-carboxypeptidases, the similarity includes 
homologies in the amino acids lining the active site and this also extends 
to f3-lactama~es.~~’~~ Alterations in PBP patterns, often observed in 
organisms lacking an essential PBP,31-34 can be taken to suggest some 
overlap of enzymatic activities and physiological functions of PBPs within 
an organism. 

PBPs have been found in all bacteria so far examined.27 Typically, an 
organism will contain four to eight PBPs with molecular weights between 
35,000 and 120,000 daltons. 
of decreasing molecular weight. 
relative abundance ranging from a few molecules to a couple of thousand 
molecules per cell. Essential PBPs are usually minor proteins, of 
molecular weights 60,000 to 120,000 daltons. Although essential PBPs have 
been identified in several bacteria, physiological functions have been 
assigned so far only for those of E. coli and related b a ~ t e r i a . ~ ~ - ~ ~  
Decreased binding of B-lactam antibiotics to essential PBPs has been 
inplicated in resistance in several organism. 39-43 
temporal distribution of PBPs in the cell is largely unknown. 
associated with localized functions, such as septum formation, are 
probably concentrated at specific regions in the cytoplasmic membrane. 44 
Studies with synchronously growing E. coli have uncovered transpeptidase 
activity associated with septation but not cell. el~ngation.~’ 
megaterium, changes in the PBP pattern associated with sporulation have 
been observed. ‘ 6  

Both 

They are numbered by convention in the order 
Particular PBPs vary greatly in their 

The spatial and 
Minor PBPs 

In Bacillus 

The most extensively studied PBPs are the DD-carboxypeptidases, 
proteins of molecular weight typically between 40,000 and 50,000 daltons. 
They are relatively ubiquitous in bacteria, although they are seldom 
essential. 47-49 
to which they appear to be evolutionarily related. 

Endopeptidase and transpeptidase activities (Fig. 1) are also associated 
with DD-carbox 
importance. 35r‘g’92’53 DD-carboxypeptidases from Streptomyces R61 and R39, 
Bacillus subtilis, Bacillus stearothermophilus, Staphylococcus aureus, and 
-- coli have been studied as models for the interaction of penicillin with E. 
its targets. 4’53’54 

Their wide distribution parallels that of 8-lactamases, 
According1 

DD-carboxypeptidases usually possess weak B-lactamase activity. 57’ 

e tidase, the latter being probably of no physiological 

PBPs are detected by the binding of radiolabeled benzylpenicillin. 
Typically, whole cells or bacterial membranes are incubated for ten 
minutes with [ 4C] benzylpenicillin. Proteins are then solubilized with 
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detergent, fractionated on sodium dodecylsulfate (SDS)-polyacrylamide 
gels, and fl~orographed.~~ Differences in binding between whole cells and 
membranes have been reported recently, 56 Incubation with clavulanic acid 
prior to penicillin permits PBP detection in the presence of 
penicillinases, provided PBPs are not sensitive to clavulanic acid at the 
concentrations used.” 
measured indirectly, as decreased binding of [ I4C] benzylpenicillin. 
Binding can also be measured directly, with radiolabelled 8-lactam of 
specific activity comparable to that of penicillin. 57 Binding results 
have been correlated with minimal inhibitory concentrations (MICs) and 
cell morphology. 58 
functions of individual PBPs have emerged. 58 Complications arise when: 1) 
binding occurs to more than one PBP at near-MIC c~ncentration;~~’~’ 2) PBP 
binding is not associated with discrete morphological changes; 6 o  and 3)  
more than one PBP is responsible for a given f~nction.‘~ 

Binding of a given B-lactam to PBPs is usually 

From such studies , essential PBPs and physiological 

Purification of PBPs is usually accomplished by affinity 
chromatography on Sepharose, the B-lactam ligand being selected on the 
basis of PBP affinit 
hydroxylamine. 35y61y9i Most of the purified PBPs are devoid of enzymatic 
activity, a fact variously attributed to inactivation during purification 
or inappropriate assay conditions, especially substrate. 62 Penicillin 
binding is obviously a necessary but not sufficient condition for full 
enzymatic activity. 

PBPs are subsequently eluted with neutral 

PBPs in Gram-Negative Bacteria - In E. coli cytoplasmic membrane,seven 
PBPs have been consistently found (Table 1). They are coded by separate 
genes which are dispersed in the E. coli PBPs 1,-2, and 
3 are essential and are involved, respectively, in elongation, shape, and 
septation. B-Lactam antibiotics which bind to PBP 1 cause cell lysis, 
while those binding to PBP 2 produce giant spherical-shaped cells, and 

PBP 

la 
lb 

2 66,000 

3 60,000 

- 

91,000 

4 49,000 

40,000 
6 

Table I 

Properties of E. coli PBPs 

Copiesjcell Activity 

transpeptidasej 
transglycosylase 230 

20 transpeptidase 

50 transpeptidasej 
transglycosylase 

DD-carboxypeptidasel 
endopeptidase 110 

800 DD-carboxypeptidase 
570 penicillinase 

Function 

cell elongation 

cell shape 

septation 

autolysin? 

regulation of 
crosslinking? 

Ref 

20 
21 

22 

- 

23 

24,70 

25,72 

those binding to PBP 3 result in filamentation. 58 
into two genetically distinct components, a and b, with similar physio- 
logical functions although different affinities toward B-lactam 
antibiotics. PBP lb has been further resolved into three genetically 
indistinguishable proteins.” 

PBP 1 has been resolved 

PBP la and each of the three components of 
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PBP lb are bifunctional enzymes with transpeptidase and transglycosylase 
activities.20'21 
those lacking PBP lb are hypersensitive to 6-lactam antibiotics,reflecting 
the high sensitivity of PBP la? 
used in the discovery of naturally-occuring @-lactam antibiotics. 66 PBP 2 
is highly sensitive to mecillinam (L), to some penicillins, and to a 
lesser extent thienamycin (2) and clavulanic acid (2). It is generally 
resistant to cephalosporins, and to the recently discovered monobactams 

sensitive to penicillins, cephalosporins, and monobactams, and is, in 
general, less affected by structural changes on the B-lactam nucleus than 
are PBP 1 and 2 .  It is usually the target of 8-lactamase-stable 
antibiotics, such as tetrazolyl amoxicillin (CP 3 5 , 5 8 7 ,  5) ,67 ceftazidime 
(i), 68 and aztreonam (4). 69 
not essential. 70-72 According1 binding of B-lactam antibiotics to these 
PBPs causes no growth defects.5t;' PBP 4 is generally sensitive to B-lactam 
antibiotics and has DD-carboxypeptidase, endopeptidase, and model 
trans e tidase activity, all three activities occuring at the same active 
site. '3E75 Mutants with defective PBP 4 are viable, but have reduced 
peptidoglycan crosslinking. 76 PBP 516 is moderately sensitive to B-lactam 
antibiotics and has DD-carboxypeptidase and weak penicillinase activity. 5 1  
The major activity is associated with PBP 5.77 
defective both PBP 5 and PBP 4 have increased pentapeptide content.76 
Mutants with increased PBP 5 are spherical,78 possibly reflecting 
decreased availability of pentapeptide substrate for cell elongation. 79 
Complete loss of PBP 516 has been associated with hypersensitivity to 
B-lactam antibiotics. 8o 

Mutants lacking PBP la have no phenotypic defect, while 

PBP lb mutants have been successfully 

PBP 2 is also a peptidoglycan transpeptidase.22 PBP 3 is 

The low molecular weight PBPs 4 and 516 are 

Predictably, mutants with 

OH 

+ J 

4 
COOH 

- 

coon + II p .  
HN -N 

COOH 5 

Among other gram-negative bacteria, Enterobacter, Klebsiella, and 
Salmonella have PBPs very similar to those of E. coli.27,35,38 In Proteus 
species, PBPs are almost identical from species to species and somewhat 
different from, though still correlatable to, E. coli PBPs. 36 Serratia 
PBPs, on the other hand, vary from strain to strain, ranging from almost 
identical to E. coli to substantially different.'l Like E. coli, both 
Proteus and Serratia possess a 36 000-dalton PBP with DD-carboxypeptidase 
and weak penicillinase activity. " 
aeruginosa is correlatable to that of E. coli and binding of 6-lactam 
antibiotics results in morphological changes similar to those observed in 
-- E. ~ 0 1 1 . ~ ~  
differ as a result of differences in permeability,82 B-lactamase~,~~ and 
PBP affinity. 84 a-Sulfocephalosporins constitute an important exception 
in that PBP 3 of 5 aeruginosa is very sensitive to them, while PBP 3 of 
-- E. coli is resistant. Consequently, these compounds induce filamentation 
and lysis in 5 aeruginosa but only lysis in E. ~ 0 1 1 . ~ ~  

The PBP pattern of Pseudomonas 

However, the concentration range over which these occur may 
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In Neisseria gonorrhoeae three PBPs have been detected of molecular 
weights 87,000 (PBP 11, 59,000 (PBP 2 )  and 44,000 (PBP 3 ) . 8 6  
least sensitive to 8-lactam antibiotics and is possibly the major 
peptidoglycan transpeptidase; binding of cephaloridine and penicillin 
results in spher~plasts.~~ 
a major peptidoglycan transpeptidase, since binding is not associated with 
inhibition of peptidoglycan crosslinking. Bindin to PBP 2 causes an 
increase in cell size and thickening of the septum.i6 PBP 3 may be a 
DD-carboxypeptidase similar to PBP 4 of the related Branhamella 
catarrhalis. Specific resistance to B-lactam antibiotics is associated 
with decreased binding to PBP 1 and 2,'' while nonspecific resistance 
appears to correlate more closely with decreased outer membrane 
permeability. 'O Hem0 hilus influenza has eight PBPs of molecular weights 
27,000 to 90,000 & PBP 2 (84 ,000)  and 4 (68 ,000)  correspond, on 
the basis of sensitivity to B-lactam antibiotics, to PBPs la and 2 of 5 
- coli. 
is also similar to E. coli. Bacteroides fra ilis has four PBPs of 
molecular weights 32,000 to 100,000 d a l t o h B P  2 (86,000) is the 
target for most B-lactam antibiotics and may be involved in septation. 
PBP 4 (32 ,000)  has weak penicillinase activity and may be a DD- 
carboxypeptidase. 

PBP 1 is the 

PBP 2 is normally the killing site but is not 

The morphological response of this organism to B-lactam antibiotics 

PBPs in Gram-Positive Bacteria - In Staphylococcus aureus, four PBPs of 
molecular weights 42,000-87,000 have been observed.- PBP 4 (42.000)  . - .  
is a DD-carboxypeptidase with transpeptidase and weak penicillinase 
activitie~.~' 
the secondary cross-linking of peptidoglycan. '' Physiological, as well as 
mutant studies, have suggested that PBPs 2 (78,000)  and 3 ( 7 5 , 0 0 0 )  are the 
killing sites for B-lactam antibiotics in this organism.40y93y95 
related Staphylococcus epidermidis has a similar PBP pattern. 2 7  
Streptococcus faecalis five PBPs have been observed of molecular weights 
42,000-105,000 daltons. 3 4 y 5 9 y 9 3  PBP 5 (42 ,000)  is a DD-carboxypeptidase 
with penicillinase and transpeptidase activities. 96 
studies, using several structurally diverse B-lactam antibiotics, have 
suggested that the killing sites are PBP 1 (105,000)  and 3 ( 7 9 , 0 0 0 ) . 9 3 y 9 7  
More recent studies, however, have indicated that the situation may be 
more complex due to PBP inter-compensation. In Streptococcus neumoniae 
five PBPs have been detected of molecular weights 52,000-100,000. h 
(43 ,000)  is a DD-carboxy e tidase and has been recently purified by 
affinity chromatography. 
isolates sug est that PBPs 1 and 2 are the killing sites for B-lactam 
antibiotics." In Clostridium perfringens six PBPs have been observed of 
molecular weights 42,000-100,000.bU 
insensitive to B-lactam antibiotics.lol PBPs 3 and 4 have been su gested 
to be the killing sites and possibly to be involved in septation. 6% 

Penicillin-Sensitive Enzymes - As already stated, DD-carboxypeptidase and 
peptidoglycan transpeptidase are the two main types of bacterial enzymes 
which are inhibited by B-lactam antibiotics. DD-carboxypeptidase (M.W. 
range 25,000-50,000 daltons) from a variety of species have been isolated 
and studied extensively. lo' In contrast , peptidoglycan transpeptidases 
(M.W. range 90,000-100,000) have only recently been isolated and their 
properties are largely unknown. Therefore, most of the discussion that 
follows relates to DD-carboxypeptidases with (e.p., Streptomyces R61) or 
without (e.p., & subtilis) in vitro transpeptidase activity. 

Although it is a non-essential rotein, it is involved in 

The 
In 

Pharmacological 

Studies with penicillin-resistant clinical 

PBPs 1 and 2 are relatively 
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Almost all the DD-carboxypeptidases studied thus far are readily 
inhibited by penicillin, 7a- rne tho~y-cepha lospor ins~~ '  lo2 and, to a lesser 
degree, non-methoxylated cephalosporins and monobactams. 5 7 y  O 3  
excreted into the growth medium (Streptomyces R61)lo4 or are found in the 
soluble fraction upon rupture of the cells (E. coli DD-carboxypeptidase 
lBL51 
only by treatment with detergents. 
according to the signal hypothesis, O 5  anchorage to the cytoplasmic 
membrane being achieved through a hydrophobic COOH terminus (pseudo- 
periplasmic enzymes). ' O6 DD-carboxypeptidases act on the peptide bond 
between the two terminal D-alanine residues of UDP-MurNAc-L-Ala- 
D-Glu-E-Dap-D-Ala-D-Ala and the related synthetic substrate Diac-L- 
Lys-D-Ala-D-Ala. l o 7  Bot substrates bind to the enzyme poorly, with 
typical K values of 10 M. Formation of the acyl-enzyme intermediate is 
rate-deteFmining and therefore K includes the acylation constant. They 
are turned over at rate rangingmfrom 10 (min-l) for the B. subtilis 
enzyme17 to 3,300 (min ) for the Streptomyces R61 enzyme7- 

Some are 

The majority, however, are membrane bound and can be solubilized 
The enzymes are probably processed 

-9 

-f 

Like most peptidases, DD-carboxypeptidases also possess esterase 
activity, hydrolysing the de sipeptide analog of the synthetic substrate, 
Diac-L-Lys-D-Ala-D-Lactate. lg  The K for the depsipeptide is 
substantially lower than that of themcorresponding peptide , re lecting a 
higher acylation rate.17 The low K values of penicillin (10 M in the 

i case of Streptomyces R61 DD-carboxypeptidase) have been attributed to a 
fast acylation step, the initial reversible bindin having an equilibrium 
constant comparable to the K for the substrate. lo' In addition to 
exopeptidase and esterase acpivities, DD-carboxypeptidases possess 
endopeptidase, transpeptidase, and penicillinase activities, all five ac- 
tivities most likely occurring at the same active site (Fig. 1).102,109 

-6 

D-Lac 
R -D-Ala-D-Lac 
1 

R - D - A l a  

1 H2< D - A l a  
R -D-Ala-D-Ala 

R 2 N H X =  R 1 -D-Ala-R2 

R1,R2 = p e p t i d e  

0 
P h a C  .N 

H 
COOH 

0 ,. 

ESTERASE 

DD-CARUOXYPEPTIDASE 

DD-TRANSPEPTIDASE 

ENDOPEPTIDASE 

PENICILLINASE 

Figure 1: Enzymatic  a c t i v i t i e s  of DD-carboxypept idases .  
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The similarity of the endopeptidase and DD-carboxypeptidase reactions is 
evident since a to the susceptible peptide bond is a free carboxyl group 
on the D-asymmetric center of diaminopimelic acid in the former and the 
carboxyl group of D-Ala in the latter. 

Depending on the nature of the nucleophilic acceptor, DD-carboxy- 
peptidase-associated transpeptidase activity can be divided into two 
types: (i) acceptor is hydroxylamine, glycine, or other amino acid and 
probably binds at the donor site; i.e., transpeptidation is reversed 
hydrolysis; (ii) acceptor is Gly-L-Ala or other peptide and binds at a 
site topologically distinct from the donor site, (natural-model 
transpeptidation). Until recently, the natural-model transpeptidation 
was the only model for the interaction of B-lactam antibiotics with their 
enzyme targets. 

DD-carboxypeptidase-associated penicillinase activity can be divided 
into two categories depending on the type of penicillin cleavage: (i) 
exclusive cleavage at the amide bond of the 6-lactam producing penicilloic 
acid; (ii) additional cleavage at the C -C of the B-lactam producing 
phenylacetylglycine and penicillamine. 5Th8 first type is found in PBP 4 
of S. aureus, PBP 516 of Enterobacteria and probably PEP 3 of N. 
gonorrhoeae. It is associated with fast release of hydrolysis products 
(typical t = 5 min). The second type is found in PBP 5 of & 
stearothehophiluslll and Streptomyces R61. It is associated with slow 
release of hydrolysis products (typical t = 2 hr). Interestingly, a 
similar fragmentation of penicillin sulfobides by the related $-lactamases 
has been reported, l 3  indicating similarity of the active-site 
environments in DD-carboxypeptidases and B-lactamases. In either 
cleavage, a covalent penicillo 1 enzyme complex is formed involving a 
serine residue on the en2yme.l ’ This serine residue appears to be 
conserved in the amino acid sequence of several DD-carboxypeptidases. 30 
The half-time of release is not substantially affected by the nature of 
the penicillin side chain during secondary fragmentation. 02’ l o 3  However, 
complete lack of the side chain increases the rate of release, possibly by 
altering the reaction pathway. I o 3  
significant cephalosporinase activity. With the R61 enzyme, half-times of 
release ran ed from 3 days to about one month, depending on the side 
chain. 0 8 ’  lg6 Cephalosporin release probably does not involve secondary 
fragmentation. 

Until recently, peptido 1 can transpeptidase was studied, in cell 
wall-membrane preparations 11fjsr19 or bacterial cells made permeable to 
exogeneous nucleotide su ar peptidoglycan precursors by treatment with 
toluene120 o r  ether. 79 ’Ip1 In these studies, multiple transpeptidases 
could not be differentiated. In addition, assays were often affected by 
the presence of DD-carboxypeptidases. ’’‘ 
transpeptidase activity has been correlated with specific PBPs in several 
organisms with varying degrees of success. 20’32 Generally, P. aeruginosa 
peptidoglycan transpeptidase shows sensitivity to 8-lactam antibiotics 
equal to its E. coli counterpart, indicating that the Characteristic 
6-lactam resistance of the former or anism is not due to a change in 
affinity of the antibiotic target. 12” 124 Peptidoglycan transpeptidase 
has been recently purified from E. coli membranes and identified to be PBP 
la,20 lb,’l 2,“ and 3.23 With the exception of PBP 2, these PBPS are 
bifunctional, acting both as transpeptidases and transglycosylases. The 
former activity is sensitive to $-lactam antibiotics, while the latter 
activity is sensitive to the phosphoglycolipid moenomycin. l Z 5  

DD-carboxypeptidases do not have 

A similar situation exists with monobactams. l o 3  

Nevertheless, peptidoglycan 
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Chapter 14. Antineoplastic Agents 

Victor E. Marquez, National Cancer Institute, NIH,  Bethesda, MD 20205 

Introduction - The goal of synthesizing more selective antitumor agents 
through the rational design of target-specific compounds; the ability to 
overcome drug resistance by the judicious use of combination chemother- 
apy, improved delivery systems, and prodrugs; and ultimately, the possi- 
bility of achieving prophylaxis, tumor regression, and inhibition of 
metastases by chemical means, continued to be important objectives during 
1982. Parallel to these efforts, a considerable amount of work continued 
on the isolation and characterization of new antitumor agents from natur- 
al sources. The mechanism and development of chloroethylnitrosoureas, 
the development of radiosensitizers ,2 the biological activity of purine 
and pyrimidine  analog^,^ and the activity of nucleoside and nucleotide 
analogs as inhibitors of the critical enzyme inosine monophosphate dehy- 
dr~genase,~ have been reviewed. Results of the first conference on 
prostaglandins and cancer have been published and the role of retinoids 
as chemopreventive and anticancer agents has been reviewed.5~~ Other 
studies dealing with the mechanism of action of antitumor antibiotics 
have appeared7s8 and the mechanism of action of interferon and its 
role in cancer was reviewed.9 , l o  Clinically, an important advance was 
represented by the treatment of relapsed leukemic AML patients with 
ara-C, VP-16-213, vincristine and vinblastine with a 75% success rate.ll 

Alkylating Agents - A novel water soluble nitrosourea, 1-(2-chloroethyl)- 
3-isobutyl-3-($-maltosyl)-l-nitrosourea, produced > 60 day survivors in 
all L1210 tumor-bearing mice when employed at a dose of 100 mg/kg (qd 
1-5), either ip or ~0.12 The drug also had a life-prolonging effect 
on early and advanced forms of LL carcinoma and produced complete regres- 
sion against the MX human mammary carcinoma in athymic mice.13 The 
maltosyl group proved to be essential for good a~tivity.1~ Other very 
active 3,3-disubstituted nitrosoureas in which the nitrosoureido group 
was attached to sugar moieties, such as methyl glucose or arabinose 
produced ILS values - 700% at doses ranging from 25 to 50 ~g/kg.l~91~ 
The l-(2-chloroethyl)nitrosourea congener of the L-aminoacid amide sarco- 
sinamide was very active amongst a series of amino acid analogs synthe- 
esized as carriers of the active moiety. This material, at doses 
between 96-225 mg/kg, cured all mice by day 60 (ILS > 700%).17 Pure 
N,N'-bis[(2-chloroethyl)nitrosocarbamoyl]cystamine produced > 50% cures 
in L1210 leukemic mice at 10 mg/kg. This compound was regiospeci- 
fically synthesized by a novel procedure that allowed the selective 
introduction of the NO group at the nitrogen atom bearing the alkyl 
group. 18 PCNU, a piperidone-2,6-dione chloroethylnitrosourea, commenced 
Phase I1 clinical trials. This compound has shown consistent activity 
against brain tumors.19 L1210 cells resistant to the cytotoxic agent 
L-phenylalanine mustard (L-PAM) were completely sensitized to the drug 
by reducing the intracellular concentration of glutathione. *O 

Folic Acid Antagonists - Synthetic efforts in the area of 1-deaza-7,8- 
dihydropteridines continued in light of the confirmed activity of the 
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parent ethyl 5-amino-l,2-dihydro-3-[(N-methylanilino)methyl]pyrido[3,4-b]- 
pyrazin-7-yl-carbamate against P388 cells resistant to both methotrex- 
ate (MTX) and vincristine. The N-methyl-4-methoxyanilinomethyl analog 
produced an ILS of 150% after a single dose of 25 mg/kg against the 
P388 MTX-resistant line. This group of compounds exert their antitumor 
activity by causin mitotic arrest and not by inhibiting dihydrofolate 
reductase (DH R).2f 5,8-Dideazaisofolic acid was found active in vitro 
(ED50 N 5~10-'-10-~M) against seven MTX-nonresponsive human tumor cell 
lines. It inhibited the development of human osteosarcoma in 70% of 
the hamsters treated with 80 m /kg when given at the time of tumor 
implantation and 10 days later.2f Alteration of the lipophilic charac- 
ter of the Cg-Nio bridge of MTX by 10-alkyl-10-deaza analogs produced 
compounds with improved transport properties. The 10-methyl-10-deaza 
analog gave an ILS value of 235% against L1210 in mice at 18 mgIkg.23 
An interesting synergism between MTX and epipodophyllotoxins (VM-26 
and VP-16-213) was observed in relation to increase uptake and polyglu- 
tamation of MTX in Erlich ascites vitro.24 MTX-resistant hepatoma 
cells lacking an efficient transport of the drug, accumulated, hydroly- 
zed, and glutamylated MTX as much as the wild-type cells when MTX was 
given as a poly(L-lysine) complex.25 Similarly, a clone of human CCRF- 
CEM cells resistant to MTX was sensitive to MTX encapsulated in cationic 
unilaminar vesicles .26 Metoprine, by virtue of its enhanced lipophilic 
character and increased penetration by passive diffusion, showed activity 
against transport-deficient L1210 cells resistant to MTX. ILS values 
of 138 and 129% were obtained at 28 mg/kg qd 1-3.27 In order to circum- 
vent some of the clinical limitations of metoprine in clinical trials 
due to interference with the metabolism of histamine, other lipophilic 
DHFR inhibitors were investigated. 2,4-Diamino-6-(2,5-dimethoxybenzyl)-5- 
methylpyrido[2,3-d]pyrimidine showed potent DHFR inhibition and no inter- 
ference with histamine N-methyl transferase. The compound showed very 
fast entry into the cells and proved to be active against P388 (ILS 
64%, 100 mg/kg), S180 (ILS 209%, 200 mg/kg) and Erlich ascites (ILS 
263%, 100 mg/kg).28 

Purine and Pyrimidine Antagonists - 2-~-D-Ribofuranosylthiazole-4-carboxa- 
amide (L) is being pursued as a high priority clinical candidate for 

the treatment of lung tumors and metastasis. 
CONH, Remarkable activity against LL carcinoma in 

mice was obtained at 25-50 mg/kg (qd 1-9) 
where it produced 100% tumor-free 60-day sur- 
vivors.29 This drug appears to be metabol- 

1 ized to an NAD-like structure where the nico- 
tinamide portion is replaced by thiazole-4- 
carboxamide. 30 The important compound 5'- 
deoxy-5-fluorouridine (5'-dFUrd), which func- 
tions as a 5-FU prodrug, continues to generate 
a great deal of interest. A relative higher 

activity of pyrimidine nucleoside phosphorylase found in tumor tissue 
and capable of cleaving the drug to 5-FU may explain the selectivity of 
this drug in vivo.31 Other analogs which included C1, F, or OMS substi- 
tuents at the 5'-position gave superior ILS values (58-64%) against 
murine L1 0 leukemia at 250 mg/kg (qd 1-5) when compared to the parent 
5'-dFUrd. '' Other 5-FU derivatives included the N1- and N3-phthalidyl 
analogs which showed good activity against two solid tumors (MH134 and 
Meth A). The N3-analog caused reduction in tumor weight of 81-83% at 
200 mg/kg PO given twice for 20 days.33 The N1-undecanoyloxpethyl 
and N1-dodecanoyloxymethyl derivatives of 5-Fu were active orally or 
ip against L1210 leukemia in mice. The dodecanoyl derivative at 100 

U 
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mg/kg ip produced an ILS of 106% with a therapeutic ratio of 23.34 The 
3',4'-dehydro analog of ftorafur showed superior activity than the parent 
(ILS 56% vs 8%) against murine L1210 leukemia at an equal dose of 50 
mgIkg.35 A curative effect with minimal toxicity was reported for 
3'-amino-3'-deoxythymidine against murine L1210 leukemia (ILS 144%, at 
160 mg/kg qdx2 1-3) .36 The antitumor activity of pseudouridinedicarbox- 
aldehyde, the periodate oxidation product of the C-nucleoside pseudouri- 
dine, appears to be related to its ability to produce cell arrest in the 
G2+M phase. An ILS value of 90% was obtained at a dose of 100 mg/kg 
(qd 1,4,7) against L1210 leukemia in mice.37 2'-Fluoro-5-methyl-l-B- 
D-arabinofuranosyluracil (FMAU) was very active against ara-C resistant 
L1210 and P815 lines in vitro and in vivo. ILS values of 86 and 250% 
were observed, respectively, for each tumor at 800 mg/kg qd 1-9.38 
Several phospholipid derivatives of ara-C in which the fatty acid side 
chains have been varied (ara-CDP-L-dipalmitin, L-diesterarin, L-dimyris- 
tin, and L-diolin) exhibited ILS values of 188, 167, 153, and 153%, re- 
spectively, at 40 mg/kg/day for 5 days. These diphosphate prodrugs 
appear to be more active than the monophosphates .39 Liposome encapsulated 
ara-CTP helped overcome are-C resistance in a mouse lymphoma cell 
line.40 3-Deazaguanine was found active ip against L1210 sensitive 
(ILS 63%) and ara-C resistant (ILS 50%) tumors in mice at doses ranging 
from 40-80 mglkg.41 A 6-mercaptopurine glucuronate behaved as a latent 
selective agent against L1210 cells in culture while showing no inhibi- 
tion of growth against non-tumor Chinese hamster lung fibroblasts. This 
selectivity is attributed to the higher levels of 8-glucuronidase that 
exist in cancer tissues .42 Acylated derivatives (n-butyryl and n-hexanoyl) 
of P1 ,PZ-bis (6-mercaptopurine-9-fi-D-ribofuranoside-5 ' ) pyrophosphate par- 
tially circumvented the resistance to mercaptopurine riboside in L1210/ 
MPR cells by an increase in uptake of the intact m0lecule.~3 This com- 
pound may have a totally different mechanism of action according to 
another study.44 A discussion dealing with the role of the conforma- 
tion of nucleosides and nucleotides in enzyme reactions and its relevance 
to the design of antitumor and antiviral agents has been p~blished.4~ 

Anthracyclines - The trend observed in this important class of drugs is 
towards the development of more active compounds through chemical manipu- 
lation of the sugar moiety. Biological studies with the newer analogs 
suggest that these antibiotics have other sites of action besides nuclear 
DNA. Replacement of the aminosugar daunosamine in adriamycin (ADM) and 
daunomycin (DNM) analogs by 2-amino-pyranosyl or 3-amino-3,S-dideoxy-D- 
ribofuranosyl moieties, resulted in compounds equivalent to ADM itself 
when tested in vivo, despite a lower in vitro cytotoxicity and a lower 
order of interaction with DNA.46 When ADM was coupled to an insoluble 
agarose support to block its entry into the cell, the material still 
showed potent cytotoxicity against L1210 cells in culture. This effect 
could only be explained by the drug's interaction with cell surface 
c0mponents.~7 Among more than 500 analogs tested by the NCI, a 3'-deami- 
no-3'-morpholino derivative of daunorubicin (DNR) is being described 
as the most potent anthracycline antibiotic, capable of producing compar- 
able increases in life-span to those achieved with ADM in mice but at a 
dose forty times lower (0.2 mg/kg) .48 4-Ot-tetrahydropyranyl-AM was 
found superior to ADM against in vivo P388, B16, LL, and colon adenocar- 
cinoma 38. This fact combined with its reported lower cardiotoxicity 
is considered to be significant .49 Rat peritoneal macrophages collected 
24 h after ip administration of ADM (10 mg/kg) were rendered cytotoxic 
to syngeneic cancer cells in culture. Such in vivo labelled macrophages 
accumulated ADM in cytoplasmic vacuoles which was then transferred into 
the nuclei of cancer cells.50 Another area of active research was the 
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coupling of anthracyclines to polymers and macromolecules, 51 ,52 and en- 
capsulation of the drugs into liposomes to alter transport proper- 
ties ,53954 reduce toxicity, and increase activity. 

Aminoacids and Peptides - Four small peptides (MW - 3000-5000) isolated 
from Palythoa species showed in vitro activity against P388 cells (ED50 
0.02-0.0023 pg/ml). The A and B isomers produced ILS values of 22 
and 32% at 150-300 pg/kg against P388 leukemia in mice.55 Protamine, 
an arginine-rich protein, inhibited the growth of new capillary vessels 
necessary for tumor growth. In mice bearing LL or B16 tumors a dose of 
60 mg/kg sc every 12 h inhibited lung metastases (77-9231, despite the 
lack of cytotoxicity towards these cells in vitro.56 A histidine 
analog, histidinol, appears to be effective in combination with phase- 
specific anticancer agents by being capable of maintaining normal cells 
(CHO cells, LR73 line) in a Go-like stage while transformed cells 
continue their cyclic transit and vulnerability to cytotoxic agents. 
L-histidinol (1mM) protected normal cells from 5-20 mg/ml of ara-C.57 

Steroids, Prostaglandins and Analogs - A dichloro cyclopropyl deriva- 
tive of stilbene which behaved as a "pure" antiestrogen appeared to 
be superior to tamoxif en in reduciff the growth and occurrence of a 
DMBA-induced rat mammary carcinoma. The transformation of stilbenes 
into more rigid indene-type structures does not appear to reduce re- 
ceptor affinity.59 3,3'-Diacetoxy-a,@-diethylstilbene and the corres- 
ponding epoxide exhibited strong antitumor activity against a DMBA-in- 
duced hormone-dependent mammary carcinoma of the rat. The epoxide 
produced complete remission in 76% of the treated animals at 1 mg/kg/day 
for 28 days.60 A SAR study in a series of 1,1,2-triphenylbut-l-enes 
in relation to estradiol receptor affinity, indicated that p-substitution 
in the E-isomer series was associated with higher receptor affinity 
and better antitumor activity.61 Among several aromatase inhibitors, 
lO-propargylestr-4-ene-3,17-dione, behaved as the most potent compound 
(8000 times more potent than aminoglutethimide) in MCF-7 human breast 
cancer cells.62 The proceedings of a conference dealing with the 
subject of aromatase inhibitors and new perspectives in the chemotherapy 
of breast cancer were published.63 Prostaglandin PGD demonstrated 
potent cytotoxicity against L1210 cells in culture. Almost complete 
inhibition of growth was achieved at 5 ~gIm1.6~ On the other hand, 
prostaglandin synthesis inhibitors such as, flurbiprofen and indomethacin, 
increased the survival of mice after surgical excision of a transplantable 
adenocarcinoma when treated in conjunction with melphalan or MTX. 65 

Miscellaneous Synthetic Agents - Several selected bis(acyloxymethy1) de- 
rivatives of pyrroles and pyrrolizidines with significant and reprodu- 
cible activity against P388 -leukemia in mice were evaluated in a- panel 
of experimental tumors. Compounds 2a and 3 showed good activity 
against B16 melanoma in mice, achieving 3 out of 10 cures for each com- 
pound at doses of 50 and 25 mg/kg, respectively.66 Some cyanine dyes used 
mainly as photographic sensitizers showed marked prolongation of survi- 
val in mice bearing P388 and B16 tumors. ILS values of 82% at 10 mg/kg 
(€988) and 137% at 2.4 mg/kg (B16) were obtained for the most active 
congener. 67 A new benzothiazolo [ 3,2-a] quinolinium salt was shown to 
be very active against P388 murine leukemia producing an ILS of 118% at 
200 mg/kg after a single dose. The activity correlated well with the 
degree of interaction with DNA.68 Two 7-hydroxylated lucanthone ana- 
logs, predicted to have an increased association constant with DNA, 
demonstrated increased activity over the parent drug against P388 leukem- 
ia in mice producing ILS values of 88% (50 mg/kg) and 165% (64 mg/kg), 
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respectively.69 Selected among a series of 9,lO-anthracenedicarboxal- 
dehyde bishydrazones, compound 2 showed activity against L1210 and P388 
leukemia in mice with ILS values of 151 and 173% after a single dose of 
125 and 150 mg/kg for each respective tumor.70 Silylation at 0 or N- 
positions of several established antitumor agents suggests that these 
compounds may behave as useful prodrugs. The 0-tribenzylsilyl carba- 
mate, (ClCH2CH2)2N-COOSi(CH2C6H5) produced an ILS of 114% at 50 mg/kg 
against P388 leukemia in mice. 7?’ A novel lipoidal amine 4 showed 
potent antimetastatic activity against B16 melanoma. After surgical 
removal of the primary tumor, the compound, administered at 0.15-2.5 
mg/kg iv, increased the number of metastasis-free animals from 19% 
(controls) to 56%.72 A high antimetastatic effect after removal of 
a LL primary tumor in mice was also displayed by l-p-(3,3-dimethyl-l- 
triazeno)benzoic acid and l-p-tolyl-3,3-dimethyltriazene, which pro- 
duced 23% to 43%. cures when administered daily for 8 days prior to 
tumor removal at a dose range of 25-50 mg/kg.73 Cimetidine, a common- 
ly used antiulcer drug in cancer patients, has no antitumor effect. 
However, when used in a single dose regimen at 100 mg/kg in combination 
with cyclophosphamide, it produced increases in survival of P388 leukem- 
ic mice comparable to those obtained after_.doubling the dose of cyclo- 
phosphamide but without increased toxicity .74 
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Metal Complexes and Polymers - The platinum complexes dominated the 
scene of recent research efforts in terms of novel structures and stu- 
dies aimed at understanding their mechanism of action at the molecular 
level. Cis-diammine-1,l-cyclobutane dicarboxylate Pt(II), which pos- 
sesses good antitumor activity, was evaluated in 60 patients. It repre- 
sents a possible alternative to cis-diamminedichloro Pt(I1) (cisplatin, 
CDDP) because it is less emetic and signficantly less nephrot0xic.~5 The 
selenoguanine Pt(I1) complex proved to be active against a murine lymph- 
oma (L5178Y/MP) resistant to mercaptopurine. The sulfur analog exerted 
its cytotoxic effect after hydrolysis to thioguanine, whereas the seleno 
analog was active per ~ e . ~ 6  A new complex, cis-dichloro-bis [ 1-(2-hydrox- 
yethy1)-2-methyl-5-nitroimidazol-N3 1 Pt ( 111, with low toxicity towards 
Chinese hamster ovary cells, was superior (10-fold) to metronidazole as 
a radiosensitizer toward hypoxic cells in VitTO at 50 pM.77 An exten- 
sive study of a series of 28 new analogs of CDDP which included Pt(I1) 
and Pt( N) complexes was published.78 Using small oligodeoxynucleotides, 
the interaction between DNA and CDDP was studied. The products were 
separated and characterized by NMR.79980 Bioactivation of CDDP and cis- 
[Pt(diaminocyclohexane)C12] involved intracellular hydrolysis to reac- 
tive pla inum species containing aquo ligands such as cis-[(NH3)2Pt 
(H20),]+’. The degree of intra/extracellular reactivity of Pt complexes 
may depend on the relative ease of hydrolysis of the non-amine ligand.81 
S180 cells treated with CDDP lose their surface charge associated with 
nucleic acids. These surface nucleic acids, detected by electrophoretic 
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techni es on all of several types of tumor cells, were absent on normal 
Pt-Ig complexes were prepared with K2PtC14 and a specific Ig 

towards a particular tumor line (Moloney virus-induced lymphoma and a 
B-cell leukemia). The specific Pt-Ig complexes inhibited DNA synthesis 
more efficiently than nonspecific Pt-Ig complexes .83 A new N-phosphon- 
oacetyl-L-aspartate Pt(I1) complex demonstrated good activity against 
murine tumors and human xenografts. Against the ADJ-Pc6 plasma cell 
tumor, the ILS was 351% at 25 mg/kg with 60% survivors on day 75.84 The 
Cu(I1) complex of an otherwise inactive ligand derivative of 2-acetylpyri- 
dine thiosemicarbazone showed the highest level of activity among a 
series of transition metal complexes of the ligand (ILS=64% at 6.25 
mg/kg) 85 An L-asparaginase-albumin polymer more resistant to biodegra- 
dation was found 20 times more active than the free enzyme. In mice 
bearing 6C3HED lymphosarcoma, 50% of the treated animals survived for 
27 days as opposed to 13 days for the controls.86 A low molecular 
weight polyelectrolite polymer composed of amide and ammonium salt 
groups, separated by ethylene units, was evaluated in viva against a 
series of tumor systems. Activity against LL was observed over a dose 
range of 60-2500 mg/kg with exceptionally low toxicity.87 

Fermentation Products and Antibiotics - The first total synthesis of 
bleomycin was reported.00 The physico-chemical properties of this anti- 
biotic in relation to its mechanism of action have been reviewed.89 
The role of the bisthiazole moiety of bleomycin in DNA bindin was studied 
using DNA fragments of defined sequences as substrates. g8 Different 
site specificities for DNA fragmentation by bleomycin and talisomycin 
were demonstrated and correlated with structural  parameter^.^^ Saframy- 
cins A and C, both antibiotics containing two heterocyclic quinone 
moieties, interact with DNA and produce single strand sc sions by the 
generation of oxygen-mediated reactive 02., H20 and OH'.'' A SAR study 
of dextran conjugates of mitomycin C revealed a positive correla- 
tion with polymer size. The MW - 500,000 polymer produced an ILS 
of 105% at 10 mg/kg against B16 tumor-bearing mice.93 An increase 
in activity and therapeutic index over actinomycin D was obtained with 
the 7-(2,3-epoxypropoxy) actinomycin D analog. At optimal doses of 
1.2-1.8 m /kg, it produced cures in 3 out of 7 mice treated against P388 
leukemia.84 The complete structure of the antitumor antibiotic carzino- 
philin A was described. This compound is considered to be the first 
natural intercalative bisalkylator with two aziridine moieties undergoing 
an acid-catalyzed interstrand crosslinking with DNA.95 Continuing stu- 
dies with the highly active DNA-binding antibiotic CC-1065 (NSC-298223) 
revealed this compound as one of the most potent cytotoxic agents known 
(400 times more cytotoxic than adriamycin), causing 90% growth inhibition 
of L1210 cells at 0.05 ng/m1.96 Fredericamycin A, a novel cytotoxic 
antibiotic with an asymmetric spiro carbon that gives the molecule an 
unusual L-shape structure has been completely characterized. 97 

Natural Products - A complex phyllanthoside isolated from Phyllanthus 
acuminata was characterized and found curative at 8 mg/kg against P388 
leukemia in mice. ILS values at 4-16 mg/kg were in the range of 62-72%. 
Curative levels of activity were also detected against B16 melanoma.98 
Microhelenin E, a new antileukemic norpseudoguaianolide from Helenicum 
microcephalum was active at 8 mg/kg against P388 murine leukemia (ILS 
66%).yy In search for anguidin congeners with superior activity over 
the parent compound, two 3,8-diketo analogs with the highest activities 
against various murine tumors were discovered. ILS values against P388 
leukemia were 170 and 206%, respectively, with multiple survivors ob- 
served at 1.6 mg/kg.loO A series of quassinoids related to the clinical 
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Phase I1 agent bruceantin, which included several active bisbrusatolyl 
dicarboxylic acid esters, showed a strong correlation between antileu- 
kemic activity and ability to inhibit protein synthesis in P388 leukemic 
cells.lol Four toxic proteins recently isolated form the seeds of Abrus 
precatorius were shown to be active against S180 cells in vivo. Life 
span increases from 71 to more than 400% were observed at very low doses 
(0.04-0.12 ug/kg).l02 A SAR study for VP-16-213, VM26 and podophyllo- 
toxin was published. lo3 

Immunotherapeutics and Anticarcinogens - Retinoic acid (RA) waa shown 
to effectively inhibit the clonal growth of the human cell lines KG-1, 
acute myeloblastic leukemia, HL-60, and acute promyelocytic leukemia, at 
very low concentrations (2-25nM). RA also inhibited clonal growth 
of leukemic The conversion of a 
malignant murine embryonal carcinoma to benign teratomas was also 
achieved chemically with RA and dimeth lacetamide in vivo either systemi- 
cally or by intratumor injections. 1J5 It was demonstrated that N- 
(4-hydroxypheny1)retinamide (4-HPR) was highly effective in inhibiting 
a chemically-induced hormone-independent ovarian cancer in rats with- 
out affecting the ovarian hormone action. 106 Similarly, retinyl acetate 
was found to be equally effective in inhibiting the induction of ovarian 
hormone-responsive and nonresponsive mammary carcinomas chemically 
induced by DMBA. 107 of small molecular weight immunomodu- 
lators, capable of binding to cell surface enzymes has been studied. 
The activity of one of such agents, bestatin, capable of annhilating 
minimal residual tumor in the lungs, was discussed in detail.lO8 The ste- 
aroyl derivative of N2(y-D-glutamyl)-meso-2(L) ,2' (D)diaminopimelic acid 
was highly effective in inhibiting tumor growth of Meth-A fibrosar- 
coma in mice, producing complete suppression at 100 pg/ site.lo9 The 
toxic subunit of ricin was conjugated to a monoclonal murine antibody 
specific for the common acute lymphoblastic leukemia (CALLA) antigen 
expressed only on human lymphoblastic leukemia cells. This conjugate 
proved to be a potent cytotoxin for CALLA- ositive cells growing 2 
vitro, producing 50% inhibition at 2x10-1oM. The anthracycline dauno- 
mycin after covalent attachment via a dextran bridge to specific anti- 
bodies against rat a-feto protein was more effective than daunomycin 
alone. Against rat ascites (AH66), the specific conjugate produced 
> 80% cures at 2 rng/rat.l1l BCG plus conventional chemotherapy signi- 
ficantly increased the survival of patients with prostate cancer when 
compared with conventional therapy alone. l2 

cells from 5 of 7 patients with AML.lO4 

The activity 

- QSAR - In a series of neutral 2-nitroimidazoles the importance of elec- 
tron affinity and octanol/water partition coefficients in relation to 
the drugs' antitumor enhancement properties of CCNU versus radiosen- 
sitization were studied. Lipophilicity appears to be more critical for 
the antitumor enhancement properties of CCNU. 113 Qualitative and quanti- 
tative SAR studies of the classical antifolates were conducted with 32 
new MTX analogs. Minimal topological differences were used to get the 
best fitting with the unknown shape of the receptor cavity.l14 QSAR com- 
parison of the inhibition of growth of MTX-sensitive and resistant leu- 
kemia cells in culture by a series of 45 triazenes was performed and 
compared with the degree of inhibition of DHFR. The results showed that 
potent triazine inhibitors against resistant tumors can be achieved by 
strongly hydrophobic compounds. 115 A similar trend was found for the 
diaminopyrimidines. 116 A QSAR study of 509 tumor-active members of the 
9-anilino-acridine family was completed. The study revealed the capa- 
bilit of this approach in handling large amounts of biological informa- 
tion. 117 
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Infectious viral diseases remain an important medical problem as 
attested to by the significant morbidity associated with influenza 
disease and the high incidence of genital herpes simplex virus (HSV) 
infections. Important advances in antiviral chemotherapy have been made 
in recent years with the FDA approval of idoxuridine, vidarabine and tri- 
fluridine for the topical treatment of herpetic keratitis and of amanta- 
dine for oral treatment of all influenza A virus infections. The past 
year has seen the approval of acyclovir, the first selective antiherpetic 
drug for treatment of primary genital herpes and mucocutaneous HSV infec- 
tions. Acyclovir, with its unique mechanism of action, although one 
shared to some degree by a number of new antiviral pyrimidine nucleosides, 
may mark the beginning of a period of development of drugs with selective 
antiviral activity against several classes of viruses. 

In this Chapter we review both new and old compounds with activity 
against DNA viruses and include a brief update of advances in the RNA 
area. Interferon inducers, which were discussed in the 1982 Annual 
Reports, are not included.1 
viruses and RNA viruses were summarized in the 19802 and 19813 Annual 
Reports, respectively. Several reviews which have appeared during the 
past two years give a comprehensive overview of the most promising clin- 
ical and experimental antiviral agents4-14 and provide additional back- 
ground on viral diseases.15-18 

Antiviral agents with activity against DNA 

AGENTS ACTIVE PRIMARILY AGAINST DNA VIRUSES 

Of the DNA viruses, the herpes group is the source of the most com- 
mon viral illnesses in man. The family consists of herpes simplex virus 
(HSV) types 1 and 2 (cause of "cold sores", encephalitis, eye and genital 
infections) , varicella zoster (VZV) (chickenpox and shingles), cytomegalo- 
virus (CMV) (pneumonia, CNS diseases, and disseminated infections espe- 
cially in neonates) and Epstein-Barr virus (EBV) (mononucleosis) . HSV-2 
has been implicated in cervical carcinoma, and EBV may be the causative 
agent of nasopharyngeal cancer, immunoblastic lymphoma and Burkitt's 
lymphoma. All of the herpesviruses share the characteristic of under- 
going periods of dormancy during which they reside either in ganglionic 
sites or, in the case of EBV and possibly CMV, in lymphocytes. For rea- 
sons that are not well understood, these latent viruses may be reactivated 
to initiate recurrent or new forms of illness. Recent research has led 
to a better understanding of virus replication, particularly those steps 
specifically directed by viral enzymes. Several mechanisms are operative 
for the inhibition of the herpesvirus. As a preliminary step a compound 
may be an alternate substrate of the viral-induced thymidine kinase (TK). 
After processing to the triphosphate form, the agent may be an alternate 
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substrate for and/or a competitive inhibitor of the viral DNA polymerase. 
Incorporation of fraudulent nucleosides into the viral DNA may terminate 
or delay chain elongation and also can cause distortion of the secondary 
and tertiary structure of the DNA molecule. 

Pyrimidine Nucleosides 

Idoxuridine (5-iod0-2~-deoxyuridine, IDU) - This pyrimidine nucleoside 
was the first drug approved for clinical use in the treatment of herpes 

keratitis, a sight threatening eye infection. Because of 
Iits systemic toxicity, idoxuridine (1) is used mainly as 
a topical preparation and is a standard drug for herpetic 

cessfully used in treating herpes zoster ,I9 particularly 
trigeminal zoster, but not for thoracic involvement.20 
30% DMSO solution of IDU was ineffective and possibly 
hazardous in genital herpes therapy. 21 In controlled 
animal studies, 5-iodo-3',5'-diacetyl-2'-deoxyuridine, a 

eye infections. Solutions of IDU in DMSO have been suc- 

A 

OH 
I - 

prodrug form, significantly reduced ulcerative keratitis.22 

Trifluridine (5-trifluoromethyl-2t-deoxyuridine, TFT) - Trifluridine (2) 
has become one of the standard drugs for the treatment of herpetic kera- - 

titis, particularly in patients unres nsive or hyper- 
CF3 sensitive to other antiviral agents. l c l l  Trifluridine 

is converted to the S'-rnonophosphate by viral and cell- 
ular kinases, and the subsequently formed triphosphate 
is incorporated into viral and cellular DNA but does 
not appear to cause chain te~mination.~~ Because of 
systemic toxicity TFT is used only topically. TFT 
showed in vitro activity against human CMV (HCMV) with 
a therapeutic ratio of 108, suggesting that it might 

A combination of acyclovir 

OH 
2 - 

have clinical use as an anti-HCMV agent.24 
and TFT on clinical isolates of HCMV was synergistic against three out of 
four strains and may be of clinical use in the treatment of this dis- 
ease. 25 

E-5- (2-Bromovinyl)-2'-deoxyuridine (BVDU) - BVDU (3) is a potent inhibitor 
of HSV-1, VZV and pseudorabies virus, but it has weak activity against 
HSV-2.26,27 Indeed, BVDU may serve as a useful clinical probe to dis- 
tinguish between the two types of HSV.28 
ilar to that of other antiherpetic pyrimidine nucle~sides,~g and host 
cell toxicity is very low.26 

Its mechanism of action is sim- 

The selectivity of BVDU for HSV-1 over 
HSV-2 may be due to differences in their thymidine 

Both viral enzymes appear to be bi- 
functional, capable of phosphorylating nucleosides 
and also their monophosphates. BVDU is efficiently 
phosphorylated by both type 1 and type 2 TK's, but 
the monophosphate of BVDU is a poor substrate for 
the type 2 enzyme.30 The triphosphate of BVDU is 
equally active against both viral DNA polymerases. 29 
In controlled studies, BVDU was more effective than 

Br kinase (TK) .3O 

H o d  N? ' = c=H 

OH 
3 - 

TFT in the treatment of herpetic iritis in rabbits31 and showed substan- 
tial healing of the more deeply 
titis, in rabbits32 and in man.3C 33 
hairless mice, early initiation of BVDU therapy, either systemically or 
topically, significantly prevented establishment of latent virus in the 
trigeminal ganglia but had no effect on established virus.34 In uncon- 
trolled trialgoral BVDU was efficacious in the treatment of six patients 

netrating eye disease, stromal kera- 
In orofacial HSV-1 infections in 
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suffering from herpes zoster ophthalmicus with no toxic effects.35 
arabinosyl analog of B M U  was ten times less active than BVDU against 
HSV-1 in vitro. Unlike BMU, the arabinoside is not incorporated into 
replicating DNA in virus infected ~ells.3~ 

The 

2'-Fluoro-5-iodo-1-~-~-arabinofuranosylcytosine (FIAC) - This cytosine 
derivative has activity against HSV-1, HSV-2, VZV and CMV. 
range from 0.0025-0.0116 pM and 0.0044-0.0126 pM for HSV-1 and HSV-2, 
respectively, with IC50 values for VZV and CMV of 0.01 pM and 4 pM, 
respectively. 37 FIAC (A) has only minimal cytotoxicity in uninfected 
Vero cells which is reversed by 2'-deoxycytidine. The latter compound 

does not compromise the antiviral effect of FIAC, so 
this combination may have clinical application for poten- 

idine nucleosides, FIAC is first phosphorylated by the 

triphosphate is more inhibitory to the HSV-1 and HSV-2 
DNA polymerases than to the cellular polymerases and 

ICgo values 

I tial toxicity problems.38 As with several other pyrim- 

viral thymidine kinase. The subsequently formed FIAC 

OH appears to be an alternate substrate only for the viral 
- 4 DNA polymerase.39 In metabolism studies on [2-14cI 

FIAC, the predominant metabolites were the deaminated derivatives 
2'-fluoro-5-iodo-l-~-g-arabinofuranosyluracil (FIAU) ( 7 3 % ) ,  2'-fluoro- 
5-methyl-l-~-g-arabinofuranosyluracil (FMAU) (5.4%) , and 2'-fluoro-l-B-g- 
ar abinof uranosyluracil (FAU) (2.3% ) . 40 These metabolites , particularly 
FMAU, are also potent antiherpetic agents. FIAC is active in vivo as 
demonstrated by the rescue of the majority of mice inoculated with 20 M L D  
HSV-1 24 hours prior to drug t~eatrnent.~~ 
10-100 times more protective, and both compounds are effective against 
HSV-2 and CMV.41 
herpes zoster were reported to show significant benefit.ll FMAU, which 
is currently in clinical trial as an antiherpetic agent, is also active 
against ara-C resistant leukemias. 41 

The metabolite, FMAU, was 

Uncontrolled clinical trials with FIAC in patients with 

Pyrimidine Acyclic Nucleosides - The antiviral activity of acyclovir has 
stimulated interest in acyclic analogs of pyrimidine nucleosides. A num- 

ber of 2-hydroxyethoxymethyl derivatives of cytosine, 
N % ~ 2  uracil, thymine and 5-halouracils (2) showed little or no 

antiviral activity,although some analogs were inhibitors 
of 5. coli growth in vitr0.~2,~~ A study of the nucleo- 
tides of some 5-alkyl acyclouridine analogs (2; R1 = OH, 
R2 = alkyl) on HSV-1 DNA polymerase demonstrated that the 
mono-, di- and triphosphates of 5-propyl-l-(2-hydroxy- 

0 

H0-O 
5 - 

ethoxymethy1)uracil (2; R1 = OH, R2 = CH~CHZCH~) were inhibitory with 
the IC50 of the triphosphate equal to 0.3 pM. However, 5 itself was not 
inhibitory to HSV at 100 pM concentration suggesting that lack of phos- 
phorylation may be partly responsible for the lack of activity.14 

Purine Nucleosides 

Vidarabine (9- (1-B-g-arabinofuranosyl) adenine, ara-A) - Ara-A (6) is a 
synthetic nucleoside with in vitro activity against HSV-1, HSV-2, VZV, 
EBV, CMV, vaccinia, variola and hepatitis B viruses.45 
of the drug is the 5'-triphosphate (ara-ATP) which appears to inhibit the 
synthesis of viral DNA and is competitive with d-ATP. Ara-ATP is also 
inhibitory to cellular DNA polymerases but to a lesser extent than HSV 
DNA polymerase. Vidarabine ointment is used for the therapy of ocular 
herpes diseases.46 

The active form 

The use of a combination of ara-A, acyclovir and the 
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adenosine deaminase inhibitor, 21-deoxycoformycin, has been shown to sig- 
nificantly reduce the severity of herpes keratitis in rabbits caused by 
resistant strains against which neither drug alone was effective & 
vitro.47 Ara-A is the only drug approved in the U.S. for the systemic 

treatment of HSV encephalitis.48 
form, the 5'-monophosphate (ara-AMP) , is under investiga- 

N T  N tion.49 Topical ara-AMP was ineffective in a controlled, 
&, I \> double-blind trial for genital he~pes.5~ In controlled, 

A more water-soluble 

double-blind trials of immunocom romised patients with 

ous healing of lesions and when administered within 
72 hours of onset, reduced or prevented spread of the in- 
fection to the viscera with minimal clinical toxicity. 
Ara-A and ara-AMP have been under intense evaluation in the 

therapy of chronic hepatitis B virus (HBV) infections, both alone and in 
combination with inte~feron.5~t~~ In a study of five patients with 
chronic hepatitis B receiving doses of ara-A of 5-10 mg/kg/day for 5 days, 
a transient fall in the levels of HBV associated DNA polymerase was 
demonstrated in all patients, with the effect lasting two to three months 
in three cases.55 In an uncontrolled trial, the combination of ara-A and 
human leukocyte interferon showed little clinical efficacy and consider- 
able neurotoxicity in bone marrow transplant recipients with CMV pneu- 
monia. 56 Toxicity was also encountered with this combination in chronic 
HBV patients, the effect being dose dependent and rever~ible.~? 

herpes zoster51 or chicken pox, 5q ara-A accelerated cutane- 
Ho+N 

- 

Acyclovir (9-(2-hydroxyethoxymethyl)guanine, ACV) - Acyclovir (1) is a 
purine nucleoside with activity against both human and animal herpes 

viruses.58 
uninfected cells, is phosphorylated by the viral TK to the 

conversion by cellular kinases59 r60 produces the tr iphos- 
phate which is both a substrate and a potent inhibitor of 

viral DNA is self-limiting since it lacks a 3'-hydroxy group, 

Acyclovir , which is essentially non-toxic to 

monophosphate form in herpesvirus infected cells. 58 Further 

HO w 0 J  the viral DNA polymerase. The incorporation of ACV into 

was approved by the FDA for the topical and i.v. treatment of primary 
(initial) genital herpes and for cutaneous herpes simplex infections in 
immunocompromised patients. An oral formulation is under review.61 On- 
going clinical trials with acyclovir for a wide range of herpes infec- 
tions have produced an extensive literature in the past few years of which 
the following is a brief sample. The proceedings of an acyclovir sympo- 
sium in 1981 has been published.62 Acyclovir decreased viral shedding 
and shortened the duration of pain and lesion healing in the treatment of 
primary genital herpes.63 
duration of recurrent (as opposed to primary) herpes genitalis (HSG) and 
labialis, ACV ointment has not shown statistically significant clinical 
benefit for these indications in immunocompetent patients.63,G4 
the oral form has shown efficacy for HSG.65 
the drug in prodromal stages are currently underway.61,65 
therapy of herpetic keratitis,66 zoster (shingles) ,67 chicken pox,68 and 
neonatal herpes69 infections has been demonstrated. In the treatment of 
herpes encephalitis, an often fatal infection studies in animal models 
have shown significant decrease in mortality.jO 
diseases caused by Epstein-Barr virus and human c tomegalovirus (HCMV) 
has produced both positive and negative findings.31-73 Although neither 
of these viruses is known to induce a thymidine kinase, low levels of ACV 
triphosphate produced by viral-stimulated cellular enzymes appear to be 
sufficient to inhibit the viral DNA polymerase, especially the more sensi- 

- thereby acting as a chain terminator.13 In 1982 acyclovir 

Because of the rapid development and short 

However , 
Studies involving the use of 

Successful 

Use of the drug in 
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tive EBV enzyme.74 
there is no correlation between in vitro susceptibility and clinical bene- 
fit.72 In other studies acyclovir has been reported to transiently lower 
levels of HBV associated DNA polymerase in patients infected with chronic 
hepatitis B (another DNA virus), but no permanent clinical effects were 
noted.75 Development of strains resistant to acyclovir, always a serious 
potential Troblem with anti-infective drugs, has been intensively investi- 
gated.76,7 
created in vitro has been shown.78 
ciated with either reduced thymidine kinase a c t i v i F o r  altered viral 
DNA polymerase.80 
of herpes strains resistant to acyclovir, all due to altered TK. Several 
studies with ACV have shown that generally, if therapy is commenced early 
in the course of the infection, establishment of latency can be prevented, 
but the drug has no significant effect on already latent viruses.13 
of the most beneficial uses of ACV has been in prophylactic action against 
recurrent HSV infections in immunocompromised patients, whose subnormal 
immune defense exposes them to especially severe and often life threaten- 
ing viral illnesses. This was demonstrated in a double-blind, controlled 
trial of bone marrow transplant recipients. 
group, who were maintained on acyclovir prior and subsequent to surgery, 
none developed generalized herpes infections during therapy, whereas 70% 
of the placebo group did.81 

However, CMV inhibition varies with the strain, and 

The lowered virulence in animals of TK-def icient mutants 
Resistance & vitro is usually asso- 

In clinical situations there have been a few incidences 

One 

Of subjects in the drug 

9- (2-Hydroxy-1- (hydroxymethyl) ethoxymethy1)guanine (g) - In 1982 four 
independent groups of investigators reported the antiherpetic activity of 

- 8,  an analog closely related to acyclovir, differing only 
in the addition of a hydroxymethyl group on the acyclic 

2 * ~ ~ ; , 8 5  the compound has been reported to be superior to 
acyclovir in potency and bioavailability in selected 
vivo studies. The general mechanism of action appears to 
be similar to that of acyclovir. However, it is claimed 

chain.82-85 Also variously termed BIOLF-62 ,83 DHFG84 and 

- 
OH that in vitro 8 has activity against some HSV-1 strains 

!. which are resistant to acyclovir.82 Compound g is equally 
active against HSV-1 and HSV-2 (IC50 = 0.2-2.0 pM),82,83 but there are 
conflicting reports on its activity against the other herpesviruses. One 
group claims potency against EBV and CMV greater than acyclovir (IC50 = 
1.0 and 1.0-5.4 pM, respectively),83 while another found little or no 
activity with these two viruses at non-toxic doses.82 Activity against 
equine herpesvirus and VZV was also ~ e p o r t e d . ~ ~ , 8 ~  
little toxicity in vitro or in viv0.~~-8~ 
tality of mice infected with HSV-2 was reported in studies using 
80 mg/kg/day of 5 orally.83 In studies with HSV-1 thymidine kinase, S 
was claimed to be a superior substrate for the phosphorylating enzymes, 
with the Km of the viral thymidine kinase for g comparable to thymidine 
(66 and 8.5 pM, respectively) and considerably lower than that of ACV 
(426 pM) .84 

The compound shows 
Significant reduction in mor- 

(2) -9- (2,3-Dihydroxypropyl) adenine (DHPA) - DHPA (9) has antiviral 
activity against a number of DNA and RNA vi~uses.~ 
ism of action may be inhibition of S-adenosyl-L-homocysteine (AdoFIcy) 
hydrolase.86 
AdoHcy, which results in inhibition of viral mRNA methylation, an obliga- 
tory step for viral maturation.5 
effect on testicular germ cells in mice at a dose otherwise nontoxic to 
the host or to other organs.87 

The principal mechan- 

Inhibition of this hydrolase leads to an accumulation of 

DHPA has been reported to have a toxic 

This effect is reversible, and the 
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resulting offspring were seemingly normal. However, when 
evaluated in the developing chick embryo, DHPA manifested strong 

\) embryotoxic actions at 30- and 100-pg doses.88 Unchanged drug 
appears to be responsible for the embryotoxicity which may be 
mediated via the inhibitory properties of DHPA towards AdoHcy 
hydrolase. 

OH OH 
9 - 

(~)-9-(3,4-Dihydroxybutyl)guanine (DHBG) - This new compound (lo) is a 
selective antiherpetic agent which reduces HSV-1 and HSV-2 
plaque formation by >90% at 5-10 pM, whereas the IC50 for 
uninfected cells is about 500 pM. Its activity is mediated 
by the HSV thymidine kinase with a Ki = 1.5 pM for the HSV-1 

H 2 N 3  TK and a Ki >250 pM for the cellular enzyme. In placebo- 
controlled studies, a 5% ointment of the racemic drug showed HO 
good therapeutic effects on HSV-1 cutaneous lesions in guinea 

H . 5 ;  
- lo pigs and in herpes keratitis in rabbits. Oral DHBG reduced 

mortality from HSV-2 systemic infections in mice by >SO% when given twice 
daily at 25 mg/kg.89 

3-Deazaadenosine and 3-deazaaristeromycin - 3-Deazaadenosine (11) and its 
carbocyclic analog 12 comprise a new class of antiviral 

NH2 agents of undetermined potential. Both compounds are active 
N against HSV-1 and HL-23 C-type v i r u ~ . g ~ , ~ ~  The antiviral 

of 12 was correlated with accumulation of S-adenosyl- 
L-homocysteine (AdoHcy), presumably due to inhibition of 
AdoHcy hydrolase.90 
activity may be inhibition of the methylation by AdoHcy of 

phorylated by L1210 leukemia cells, it is probably not incor- 

agent without some of the undesirable effects of other anti- 
viral nucleosides. 

A probable mechanism for its antiviral 

- viral mRNA methylation at the Sl-cap. Since 12 was not phos- 
OH OH 

- I I  X =  0 porated into RNA or DNA and may be a potential antiviral 
12, X n ~ ~ 2  - 

Other Agents 

Foscarnet (phosphonoformic acid, PFA) - Foscarnet (13) is an inhibitor of 
HSV replication both in vitro and in 
phosphonoacetic acid (PAA) against HSV replication in cell cultureg3 and 

PAA has lagged due to concern about its deposition in bone.6 

selective inhibitor of HSV-induced DNA polymerase, as has 

It is more potent than 

0 causes less severe skin irritation.94 Clinical interest in 

bH 'OH The literature on PAA has been recently reviewed.95 
~o-b(-C/p 

PFA is a 

- 13 been substantiated in studies on HSV in HeLa BU cells93 and 
in work with EBV virus.96 
pendently derived PFA-resistant variants of HSV-1 suggest that resistance 
may result from several different types of active-site alterations. 97 
Structure-activity relationships have been studied for pyro hosphate ana- 

on avian myeloblastosis virus reverse transcriptase.99 
effect of PFA in combination with acyclovir, BVDU and 8 against HSV-1 and 
HSV-2 has been reported.100 
synergistic for both types 1 and 2. Foscarnet cream has been reported to 
be more effective than acyclovir in the treatment of cutaneous HSV-1 
infections in guinea pigs.101 

Studies on the DNA polymerase from five inde- 

logs on isolated CMV DNA polymerase and CMV multiplication, 9t; as well as 
The in vitro 

The combination of PFA and 8 was strongly 
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2-Deoxy-~glucose (2-DG) - 2-Deoxy-g-glucose (2) is an inhibitor 

of protein glycosylation which has been reported to have selective anti- 
viral activity against enveloped viruses including HSV.102 
Although an earlier report claimed that human herpes geni- 
talis could be successfully treated by topical application 
of 2-~~,103 the actual in vivo efficacy of 2-ffi has remained 

“&OH 
HO 

- 14 controversial. 104 Two recent studies in experimental animal 
models (guinea pigs and mice) have found 2-DG to be ineffective in the 
treatment of herpetic cutaneous or genital infections. 105,106 

Arildone[4-(6-(2-chloro-4-methoxyphenoxy)hexyl-3,5-heptanedione] - 
Arildone (g) is a @-diketone which selectively inhibits replication of 

some DNA and RNA viruses by blocking virion uncoat- 
ing.3 The compound, which is in clinical trials 

to be orally active in protecting mice a ainst 
pol iovirus- induced paralysis and death. 1% This 
work further demonstrates the usefulness of agents 
blocking virion uncoating in the systemic treatment 

CH2CH3 of viral infections. Studies on the metabolism of 
arildonelog and techniques for its assay in physi- 

soluble pyrazole derivative of arildone, Win 41258- 

c H 3 0 ~ 0 - ~ C H & - R  for HSV infections,lo7 has recently been reported 

- 15, R =  - C H ( C C H ~ C H ~ ) ~  

0 
II 

Is, ological samples have been reported.110 A water- 

CHzCH3 3 (g), has antiviral activity against HSV-1 
In testing in two different animal and HSV-2 in tissue culture.111 

models, 16 had a significant therapeutic effect in the topical treatment 
of HSV.lTT 

Thiosemicarbazones - The thiosemicarbazones represent a milestone in anti- 
S viral chemotherapy due to the early use of methisazone 
II 

N N H C N H ~ ( ~ )  in clinical medicine. An extensive review on the 

A =  @o 
I 
CH2- 

1, A-H 

n 

le’ A-N4-A 
CH3 

antiviral activities of thiosemicarbazones has been 
published.112 
(la), is active against vaccina virus, both in vitro 
and in vivo. In the treatment of ectodermal lesions in 
mice, TSKI-VI had anti-vaccinia virus properties similar 
to methisazone.113 
semicarbazones has been found to selectively inhibit 
replication of HSV-1 and HSV-2 with mean 50% inhibition 
values of 1.3 vg/ml and 0.22 pg/ml, respectively.114 

The dimeric methisazone analog, TSKI-VI 

A series of 2-acetylpyridine thio- 

Significant 

RNA Viruses 

progress has been made in the clinical use and develop- 
ment of agents active against RNA viruses. 
amantadine and rimantadine for the treatment of influenza A infections 
has been further substantiated.115 Ribovirin appears to be effective 
against influenza when administered by inhalation of a small-particle 
aerosol through a face mask. 116 A new compound, sodium 5-aminosulfonyl- 
2,4-dichlorobenzoateI has good in vitro activity against several strains 
of influenza virus and was effective in reducing mortality in mi~e.1~7 
Several other agents have been reported with potent in vitro activity 
against rhinovirus. Enviroxime has an excellent serotype profile in 
vitro, but activity has not been substantiated in clinical trials.=* 
4’,6-Dichloroflavan is another new compound with potent in vitro rhino- 
virus activity. 119 
natural product,120 have led to the development of 4 I-ethoxy-2 ‘-hydroxy- 

Clinical efficacy with both- 

Studies on 41,5-dihydroxy-3,3’,7-trimethoxyflavone , a 
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4,6'-dimethoxychalcone which was reported to have activity against 46 of 
53 rhinovirus serotypes. 121 
of ninety rhinovirus serotypes has been found for 2-(3,4-dichlorophenoxy)- 
5-nitrobenzonitr ile. 122 

Good in vitro activity against seventy-two 

From this brief overview, it is evident that agents with potent & 
vitro activity against some RNA viruses have emerged but, with the excep- 
tion of agents active against influenza, clinical efficacy remains to be 
demonstrated. Thus, the development of antiviral agents against respira- 
tory diseases remains a challenge to the medicinal chemist. 
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Introduction - Immunotherapy, defined as the use of e i the r  na tura l ly  
occurring substances or drugs to  modify the  immune response t o  a 
par t icu lar  a n t i g e b o f f e r s  a possible modality to  improve our a b i l i t y  t o  
prevent or t r e a t  infect ious diseases.  Altnough an t ib io t i c s  have made a 
dramatic difference i n  the morbidity and mortal i ty  of infect ious disease,  
improvements are  s t i l l  necessary. For  instance,  bac te r ia l  meningitis  
ca r r i e s  a 5-10 percent mortal i ty  during childhood and as many as 50 
percent of the survivors  may suf fer  some neurologic sequel lae;  neonatal 
meningitis  ca r r i e s  an even worse prognosis. Infect ions with gram negative 
bacter ia  complicated by sep t i c  shock continue to  carry an unacceptably 
high mortal i ty  and ser ious v i r a l  in fec t ions  s t i l l  pose a major problem 
since there  a r e  few eff icacious an t iv i r a l  drugs. 

The a b i l i t y  to  manipulate the immune response i s  becoming more of a 
r e a l i t y  as our understanding of the immune system improves. The f i r s t  
intent ional  manipulation of the immune response dates  back almost 200 
years t o  Jenner ' s  observation tha t  pr ior  infect ion with cowpox prevented 
subsequent infect ion with smallpox. He was then able t o  t r a n s l a t e  h i s  
observation into the f i r s t  successful ac t ive  immunization with an attenu- 
ated l i v e  virus vaccine. In 1901 von Behring was awarded the f i r s t  Nobel 
pr ize  in Medicine for  his  work in developing passive as well as ac t ive  
immunization against  bac te r ia l  toxins .  In the ea r ly  1900's spec i f i c  
immune animal se ra  were successful ly  used in the treatment of es tabl ished 
infec t ions  caused by y. meningi t idis ,  5. pneurnoniae and - H .  inf luenzae.  
The r a p i d  development o f  e f fec t ive  antimicrobial  drugs, coupled with the 
complications associated with the administration of animal a n t i s e r a ,  led 
t o  a diniinished i n t e r e s t  in the immunotherapy of es tabl ished infec t ions .  

The past decade has seen a renewed i n t e r e s t  i n  manipulating the immune 
response to  both prevent and t r e a t  infect ions.  
immune system by d r u g s ,  natural  or synthet ic  products, or der iva t ives  of 
these products represents  an a t t r a c t i v e  adjunct i n  the treatment of 
infect ions.  Many of the experimental foundations for  t h i s  approach have 
been la id  by the  expanding knowledge of endogenous regula tors  and medi- 
a to r s  of lympho-myeloid cooperation and d i f f e ren t i a t ion .  Human in te r fe ron  
a n d  spec i f i c  monoclonal antibodies have been produced in v i t r o  and both 
have been used or wil l  shor t ly  be used in c l in i ca l  t r i x s  against  
numerous viruses  and pathogenic organisms. The ro l e  of these modulatory 
agents may be three-fold: a )  enhancement of phagocytosis of infect ious 
agents;  b )  res tora t ion  of impaired immune functions; and c)  treatment 

The manipulation of the  
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o f  i n f e c t i o n f s )  wi thout  e x e r t i n g  s e l e c t i v e  pressure on m ic rob ia l  
populat ions which i s  an inherent  problem w i t h  a n t i b i o t i c  therapy. 

immunotherapy and some o f  the more recent  and s i g n i f i c a n t  advances i n  t h e  
immunotherapy o f  i n f e c t i o u s  disease. 

Immunosuppression - Aside from the var ious forms o f  congeni ta l  and 
acquired imnunodeficiencies or  s p e c i f i c  immune defects, t h e r e  are a 
v a r i e t y  o f  condi t ions i n  which the immune system i s  compromised and t h e  
defect  i n  the  system i s  unknown. These are associated w i t h  increased 
i n f e c t i o u s  complications. For instance, m a l n u t r i t i o n  can adversely a f f e c t  
the immune host  defenses r e s u l t i n g  i n  increased s u s c e p t i b i l i t y  t o  
i n f e c t  ion. 1 Cancer p a t  i en t s under go i n g t reatment by chemotherapy , 
x - i r r a d i a t i o n  or  surgery represent a l a rge  populat ion suscept ib le  t o  
i n fec t i ons .  

This review w i l l  serve t o  update the  reader on the r a t i o n a l e  f o r  

The wide spectrum o f  neoplast ic  diseases and accompanying t r e a t -  
ments make more than a b r i e f  d iscussion o f  these disease cond i t i ons  
impossible. Each neoplasm has a p re fe r red  method o f  t reatment which may 
produce a unique defect  i n  the immune system. 
i n f e c t i o n  has been associated w i t h  more i n tens i ve  and prolonged 
therapy.* 
therapy f a l l  i n t o  th ree  major types: (1) decrease i n  neutrophi ls ,  ( 2 )  
a1 te red  imnunoglobul i n  leve ls ,  and (3) lowered ce l  l -mediated immunity. 
The major defect  predisposing t o  i n f e c t i o n  appears t o  be a decreased 
neu t roph i l  or  granulocyte count. Impaired cel l -mediated immunity i s  
associated w i t h  increased v i r a l  and fungal  i n fec t i ons .  

a l coho l i c  and c i r r h o t i c  p a t i e n t s  i nc lud ing  abnormal pulmonary defense 
mechanisms and systemic defense mechanisms associated w i t h  d e f e c t i v e  
granulocyte f u n c t i o n  and decreased numbers. 
t i o n s  associated w i th  alcohol ism inc lude decreased serum complement l e v e l s  
and abnormal leukocyte chemotaxis. Defects i n  c e l l  mediated immunity are 
r e f l e c t e d  i n  a decreased a b i l i t y  t o  be sens i t i zed  t o  the  ant igen keyhole 
1 impet hemocyan i n .6 

Diabe t i c  pa t i en ts  present a unique imnunocompromised p r o f i l e  s ince i t  
i s  con t rove rs ia l  whether res i s tance  t o  i n f e c t i o n  i n  the well-managed 
d i a b e t i c  p a t i e n t  i s  considered normal. Abnormal i t ies i n  the  d i a b e t i c ' s  
immune system w i t h  respect  t o  c e l l  -mediated immunity and neu t roph i l  func- 
t i o n  are controvers ia l .  There i s  a consensus, however, t h a t  i n f e c t i o n s  
do create specia l  problems i n  d iabe t i cs  s ince the i n f e c t i o n  can lead t o  
d i f f i c u l t y  i n  management o f  t he  disease.4 

acute rena l  f a i l u r e .  Two-thirds o f  p a t i e n t s  w i th  chronic  rena l  f a i l u r e  
have a h igh  incidence of i n f e c t i o n  and one-third o f  these p a t i e n t s  
succumb t o  i n fec t i on .  These compl icat ions are associated w i t h  impaired 
leukocyte func t i on  and c e l l  mediated immunity. Current ly ,  rena l  a l l o g r a f t  
t ransp lan ta t i on  i s  considered an accepted method o f  t reatment f o r  chronic  
rena l  f a i l u r e .  While successful rena l  t ransp lan ta t i on  w i l l  reverse the 
defects associated w i t h  chronic  uremia, immunosuppressive agents t o  
prevent r e j e c t i o n  predispose the t ransp lan t  r e c i p i e n t  t o  i n fec t i ons .  The 
1 i f e l  ong bal  ance between adequate immunosuppression t o  a1 1 ow acceptance 
o f  the g r a f t  and over-immunosuppression leading t o  i n f e c t i o n  i s  c r i t i c a l  
t o  these pat ients .  Various defects i n  immune mechanisms i n  t h e  rena l  

I n  neop las t i c  disease, 

I n  general, t h e  imnunologic defects  associated w i t h  cancer 

Several defects i n  the immune system have been associated w i t h  

Other host  defense a1 tera-  

I n f e c t i o n  i s  the most important compl icat ion and cause o f  death i n  
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t r ansp lan t  p a t i e n t  ranging from leukocyte t o  T and B c e l l  and monocyte 
f u n c t i o n  have been reported. 
t h e  f i r s t  three months a f t e r  t ransplantat ion.8 

associated w i t h  var ious k inds o f  suppression o f  t he  immune system. It i s  
we l l  known t h a t  burn pat ients ,  f o r  example, are e x q u i s i t e l y  s e n s i t i v e  and 
have a h igh incidence o f  Pseudomonas i n f e c t i o n s .  This increased incidence 
i n  i n f e c t i o n  i s  probably associated w i t h  decreased neu t roph i l  f u n c t i o n  
and poss ib l y  t h e  appearance o f  suppressor T c e l l s  which a c t i v e l y  suppress 
a normal imnune response.6 

F i n a l l y ,  t h e  propor t ion o f  people i n  the  U.S. over 65 years o f  age 
w i l l  increase t o  approximately 45 m i l l i o n  by the year 2020. 
imnune func t i on  occurs w i th  aging i n  animals and man.7-9 The age- 
associated dec l ine i n  the immune response represents an oppor tun i t y  t o  
r e s t o r e  the  response o r  h a l t  i t s  decl ine.  T lymphocyte f u n c t i o n  i s  most 
severely a f f e c t e d  and manifested by a dec l ine i n  delayed-type hypersensi- 
t i v i t y  reac t i ons  and delay i n  a l l o g r a f t  r e j e c t i o n .  The e l d e r l y  have a 
decrease i n  ant ibody responses t o  f o r e i g n  antigens, poor pers is tence o f  
a n t i  body responses, poor generat ion o f  memory responses, and an increased 
incidence o f  autoant ibodies and benign monoclonal gammopathies. Such 
abnormal i t ies  o f  imnune func t i on  may con t r i bu te  t o  the increased 
incidence o f  i n f e c t i o n s  i n  t h e  e lder ly .7  

Most o f  these defects are c r i t i c a l  w i t h i n  

Trauma, whether caused by phys ica l  i n j u r y ,  burn or  surgery, has been 

Loss o f  

Several explanat ions have been o f f e r e d  f o r  t h i s  immunologic senes- 
cence. 
t o  promote T lymphocyte d i f f e r e n t i a t i o n .  
t he  thymus gland can not  be detected i n  humans o lde r  than 60 years o f  
age.1° A l t e r a t i o n  o f  T i f 1 1  subpopulations, a decrease i n  T c e l l  
pro1 i f e r a t i o n  responses, - l 3  and a marked de f i c iency  o f  E-induci- 
b l e  T 1 phocyte precursors have been r e c e n t l y  described i n  e l d e r l y  
humanslT These f i n d i n g s  could r e f l e c t  e i t h e r  an absolute d e f i c i e n c y  
o f  i nduc ib le  precursors or  an impaired response o f  precursors t o  induc- 
t i v e  s ignals .  
and animals both produce less T-cel l  growth hormone o r  i n t e r l e u k i n  2 
(IL-2) and show a decreased r e c e p t i v i t y  and decre sed b ind ing  o f  normal 
IL-2 than ac t i va ted  T c e l l s  o f  young indiv iduals. f5-17 I n  a d d i t i o n  t o  
a qua1 i t a t i v e  and/or q u a n t i t a t i v e  T c e l l  de f i c iency  s ta te ,  ove rac t i ve  
i n h i b i t o r y  mechanisms i n  the  e l d e r l y  may c o n t r i b u t e  t o  diminished imnune 
responses. Excessive suppressor c e l l  a c t i v i t y ,  increased s e n s i t i v i t y  t o  
suppression, and augmented autologous a n t i - i d i o t y p i c  ant ibody responses 
have been described t o  occur w i t h  aging.18s19 The s e n s i t i v i t y  o f  
lymphocytes t o  endogenous immunomodulators prostaglandin E, h istamine, 
and hyd roco r t i  sone changes w i t h  aging .20 

Other biochemical a1 t e r a t i o n s  o f  aged lymphocytes t h a t  have r e c e n t l y  
been described include: low a c t i v i t y  o f  5 'nuc leot idase,2~ a1 t e r a t i o n s  
o f  LDH isoenzyme at terns, l3  and low basal l e v e l s  o f  C-AMP and h igh 
l e v e l s  o f  C-GMP.28 although t h e  l a s t  has not been confirmed by 
others.23 Decreased ant ibody responses i n  the e l d e r l y  have been shown 
t o  be associated w i t h  decreased T lymphocyte helper a c t i v i t y ,  increased 
suppressor c e l l  a c t i v i t y ,  and w i t h  i n t r i n s i c  B lymphocyte 
d e f e ~ t s . ~ ~ - Z ~  The progressive incidence o f  immunosenescence may be an 
important t a r g e t  f o r  therapeut ic  i n te rven t ion .  

Vaccines and Adjuvants - Vaccines f o r  t he  prevent ion o f  i n f e c t i o u s  
disease have been used f o r  a long per iod.  

With age, t h e  thymus gland invo lu tes  and has a decreased capaci ty  
Further,  hormones secreted by 

It has been r e c e n t l y  shown t h a t  T c e l l s  o f  e l d e r l y  adu l t s  

Recently, syn the t i c  pept ide 
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vaccines have been introduced as a therapeut ic  manipulation. Synthet ic  
pept ide vaccines have the f o l l o w i n g  p o t e n t i a l  advantages over conven- 
t i o n a l  vaccines: decreased cost, increased sa fe ty  because o f  e l i m i n a t i o n  
o f  t he  necess i ty  t o  grow and at tenuate o r  i n a c t i v a t e  a v i r u s  o r  t o  p u r i f y  
a v i r u s  from blood products (as w i th  r e  a r a t i o n  o f  H e p a t i t i s  B vaccine 
f o r  humans), and increased stab i l i ty .97-99 The techniques t o  design 
and produce syn the t i c  pept ide vaccines are dependent on recent  advances 
i n  biotechnology. To ensure t h a t  t he  se lected pept ide w i l l  induce a n t i -  
bodies which r e a c t  w i t h  surface-exposed determinants o f  the na t i ve  
epitopes, computer programs have been used t o  p r e d i c t  surface o r i e n t a t i o n  
based on r e l a t i v e  h y d r o p h i l i c i t  o f  the i n d i v i d u a l  amino ac ids o f  p r o t e i n s  
w i t h  known amino ac id sequence .30-32 When amino ac id sequences were 
unknown, the nuc leot ide sequence was used t o  determine amino a c i d  
sequence.33934 Short peptides, synthesized by h igh  r e p e t i t i v e  y i e l d  
methods us ing automatic synthesizers,35 have been coupled t o  e i t h e r  
natura l  p r o t e i n  c a r r i e r s  (keyhole 1 impet hemocyanin [KLH] o r  bovine serum 
albumin) o r  t o  syn the t i c  c a r r i e r s  (poly-DL-alanine-poly-L-lysine) and 
administered t o  animals w i t h  adjuvants (Freunds, aluminum hydroxide, 
N-acetylmuramyl-L-alanyl-D isoglutamine [MDP] or  liposomes) t o  induce 
a n t i  body responses. 

made recen t l y .  
poo r l y  immunogenic. 
p r o l i n e  residues, proved t o  be most immunogenic. 
could correspond t o  regions o f  the p r o t e i n  t h a t  i n  c r y s t a l  s t r u c t u r e  had 
a-helix, &sheets, o r  random c o i l  conformation and t o  l oca t i ons  i n  the 
i n t a c t  p r o t e i n  t h a t  were no t  r e s t r i c t e d  t o  e i t h e r  the  NH2 or  COOH 
terminus. I n  fac t ,  i t  has been found t h a t  s i t e s  i n  the n a t i v e  p r o t e i n  
accessible t o  peptide-induced ant ibodies are f a r  more numerous than the  
s i t e s  recognized by the ant ibodies e l i c i t e d  dur ing na tu ra l  i n f e c t i o n  o r  
by immunization w i t h  the  i n t a c t  p u r i f i e d  prote in .  Thus, pept ide vaccines 
can induce unique ant ibody s p e c i f i c i t i e s  w i t h  p r o t e c t i v e  p o t e n t i a l  as 
long as t h a t  p a r t  o f  t h e  pept ide sequence i s  exposed on the  surface o f  
t he  molecule t o  a l low b ind ing  o f  ant ib0dy.3693~ 

E a r l i e r  research w i t h  tobacco mosaic v i r u s  and MS-2 bacteriophage 
demonstrated the  ant igenic  and immunogenic p o t e n t i a l  o f  syn the t i c  pep- 
t i des  (reviewed i n  27). More recent  i n v e s t i g a t i o n s  have demonstrated 
t h a t  n e u t r a l i z i n g  ant ibodies can be induced i n  animals w i t h  syn the t i c  
pept ide o f  t h e  V P 1  v i r u s  polypept ide o f  foot-and-mouth disease v i r u s  
(FMOV)38 and a syn the t i c  hemagglutinin polypept ide o f  i n f l uenza  
v i r ~ s . ~ ~ , 3 9  Protect ion i n  guinea p igs against  FMDV was induced w i t h  a 
KLH-coupled pept ide administered w i th  e i t h e r  Freunds or  alum adjuvant. 
I n h i b i t i o n  o f  i n  v i v o  growth o f  i n f l uenza  v i r u s  w i t h  p r o t e c t i o n  o f  animals 
has been i n d u c z  peptides.29,39 Both a l i n e a r  and a c y c l i c  
pept ide which reproduced the na t i ve  conf i rmat ion o f  t he  h e p a t i t i s  B 
surface ant igen (HBsAg) have proven immunogenic and capable o f  dupl ica- 
t i n g  s e r o l o g i c a l l y  important subdeterminants o f  HBsAg ( the  l a t t e r  i n  the 
absence o f  l inkage t o  a p r o t e i n  c a r r i e r  b u t  a c t i v e  p r o t e c t i o n  has no t  
yet been repor ted w i t h  the  vaccines.37,~~-42 Synthet ic  pept ides o f  
rab ies  v i r u s  g lycoprote ins have also been demonstrated t o  be immunogenic 
but none has been shown t o  p ro tec t  animals from challenge w i t h  l i v e  
virus.29 Synthet ic  peptides o f  d iph the r ia  t o x i n  represent ing amino 
ac id  sequences found i n  the t o x i n  loop which comprises the two func- 
t i o n a l  segments o f  t he  t o x i n  induced p r o t e c t i v e  ant ibodies i n  guinea 
pigs.43 The peptides were immunogenic when coupled t o  e i t h e r  a p r o t e i n  
or  t o  a syn the t i c  c a r r i e r ,  mu1 t i c h a i n  poly-DL-alanine-poly-L-lysine, and 

General izat ions about the  app l i ca t i on  o f  pept ide vaccines have been 
Peptides w i t h  s i x  o r  fewer amino a c i d  residues were 

Longer, so lub le peptides, e s p e c i a l l y  those w i t h  
E f f e c t i v e  pept ides 
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when administered w i t h  e i t h e r  Freund's adjuvant o r  i n  aqueous medium w i t h  
the  syn the t i c  adjuvant muramyl d ipept ide (MDP). Type-specific p r o t e c t i v e  
ifrununity t o  S t r e  tococcus pyogenes has been induced by immunization w i t h  
syn the t i c  p e m  type 24 M protein.44 

s t r u c t u r e  which may provide a means o f  augmenting pept ide imnuno- 
g e n i ~ i t y . ~ 5  However, f u r t h e r  research t o  de f i ne  the best  p r o t e i n  
c a r r i e r ,  the optimum and safest  adjuvant and the  nature o f  pept ides w i t h  
p r o t e c t i v e  p o t e n t i a l  are requ i red  p r i o r  t o  adapt ing t h i s  technology t o  
the prevent ion o f  human i n f e c t i o n s .  

Recently, pept ides have been modi f ied t o  produce a s t a b l e  secondary 

Synthet ic  adjuvants such as muramyl d ipep t ide  (MDP), a d ipep t ide  
component o f  the Mycobacterium c e l l  wal l ,  have been synthesized as 
N-acetyl-muramyl-L-alanyl-D-isoglutarnine. It can rep lace whole mycobac- 
t e r i a  i n  Freunds complete adjuvant (FCA)  i n  generat ing ant ibody product ion 
o r  delayed h y p e r s e n s i t i v i t y  t o  an ant igen i n j e c t e d  simultaneously and can 
s t imulate nonspeci f ic  res i s tance  o f  t he  host.46-50 MDP i s  a t  l e a s t  
equal i n  a c t i v i t y  t o  FCA and has t h e  advantages t h a t  i t  i s  non-immuno- 
genic, devoid o f  t o x i c i t y  i n  mice, and can induce ant ibodies t o  ant igen 
i n  a completely aqueous m e d i ~ m . 4 ~  It has r e c e n t l y  been shown t h a t  
covalent attachment o f  MDP t o  macromolecular antigens o r  s y n t h e t i c  
peptides can induce even h igher  ant ibody r e ~ p o n s e s . 5 ~  Studies o f  t h e  
s t ruc tu re -b io log i c  a c t i v i t y  requirements o f  syn the t i c  MDP have shown: 
a) an N-acetyl-muramyl s t r u c t u r e  i s  essen t ia l  f o r  f u l l  a c t i v i t y ;  b)  
L-Ala can be rep laced by L-Ser bu t  no t  by Gly and change i n  stereo- 
chemistry o f  L-Ala produces an immunosuppressor; c )  D-Glu a-amide can 
no t  be replaced by D-Asp a-amide nor by y aminobutyric acid;  d) 
replacement o f  0-Glu by L-Glu leads t o  l oss  o f  a c t i v i t y ;  e)  t h e  two 
carboxyl  f unc t i ons  o f  D-Glu can be subst i tu ted,  bu t  the dimethyl-  
amide i s  i nac t i ve ,  and replacement o f  t h e  a-amide by Gly i n a c t i v a t e s  the 
molecule; f )  l i p o p h i l i c  de r i va t i ves  o f  MDP produced by replacement o f  the 
pr imary hydroxyl  group a t  t he  C-6 pos i t i on ,  are l ess  r a p i d l y  excreted and 
d i sp lay  greater nonspeci f ic  res is tance,  e s p e c i a l l y  when incorporated i n  
1 iposomes; g)  i t s  N-acetylmuramyl-L-alanyl-D-glutaminyl-n-butyl es te r  
d e r i v a t i v e  produces an adjuvant w i t h  comparable immunostimulatory 
a c t i v i t y  but  w i t h  markedly l ess  pyrogenicity.46-52 The mechanism 
o f  the adjuvant p roper t i es  o f  MDP have been reviewed.46-50 Recent 
r e p o r t s  have described t h a t  macropha es s t imu la ted  by MDP synthesize and 

MDP has been employed as an adjuvant t o  induce ant ibody responses t o  
t h e  f o l l o w i n g  i n f e c t i o u s  agents: 
s tered w i t h  6-0-stearoyl MDP i n  c a r r i e r  liposomes induced p r o t e c t i o n  i n  
m o n k e y ~ ; ~ ~ , 5 5  b) MDP po ten t i a ted  t h e  immune response o f  hamsters t o  
i n f l uenza  v i r u s  subuni t  vaccines;56 and c )  syn the t i c  peptides o f  
d iph the r ia  t o x i n  coupled t o  e i t h e r  p ro te ins  o r  t o  syn the t i c  c a r r i e r  
molecules (poly-DL-Ala-poly-L-1 s ine )  administered with MDP induced 

secrete T c e l l - a c t i v a t i n g  monokines. 83 

a) Plasmodium fa lc iparum admini- 

p r o t e c t i v e  a n t i  body responses. 5Y 

Nonspeci f ic  enhancement o f  h o s t  defenses against  i n f e c t i o n  has been 
induced w i th  MDP i n  animals. MDP has been shown t o  enhance res i s tance  t o  
K l e b s i e l l a  neumoniae, Pseudomonas aeru inosa, Candida albicans, L i s t e r i a  
m o n o c y t o g e n b e l l a  typh imur i&ococcus pneumoni ae, 
Trypanosoma c r u z i  and Toxo lasma ond i i .  The mechanism o f  increased 

C-18 and C-20 f a t t y  ac ids show increased ac t i v i t y .g8  MDP i s  repo r ted  
t o  a c t i v a t e  macrophages59 and analogues o f  MDP t h a t  produce the  most 

res i s tance  i s  unknown. ++ Acy a t e  e r i v a t i v e s  o f  MD con ta in ing  l i n e a r  
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non-speci f ic  p r o t e c t i v e  a c t i v i t y  produce the greatest  a c t i v a t i o n  o f  t h e  
re t i cu loendo the l  i a l  system.60 
non-speci f ic  res i s tance  also s t imu la te  chemotactic m o b i l i t y ,  phagocytic 
a c t i v i t y  and superoxide anion product ion o f  polymorphonuclear leukocytes 
i n  mice.60 

Der ivat ives o f  MDP a c t i v e  i n  producing 

Serotherapy - Immunoglobulin therapy and i t s  c l i n i c a l  a p p l i c a t i o n  f o r  t h e  
prevent ion o r  treatment o f  i n f e c t i o u s  diseases had i t s  beginnings a t  t h e  
t u r n  o f  t h e  century. 
are administered i n  the  form o f  human immune serum g lobu l i n ,  spec ia l  
h igh - t i t e red  immune serum g l o b u l i n  and most recen t l y ,  as modi f ied immune 
serum g l o b u l i n  ava i l ab le  f o r  intravenous use.61 
uses o f  human immunoglobulin preparat ions i nc lude  post-exposure prophy- 
l a x i s  o f  h e p a t i t i s  A and B, chicken-pox i n  immunosuppressed pat ients ,  
measles, prevent ion and treatment o f  tetanus and as replacement therapy 
i n  p a t i e n t s  w i t h  var ious ant ibody de f i c iency  syndromes.@ 
has been r a p i d l y  accumulating over the past few years suggesting many 
other i n f e c t i o n s  may be amenable t o  imnunoglobulin therapy. 

I n f e c t i o n  w i th  gram negat ive bac te r ia  complicated by endotoxin shock 
and Group B streptococcal  i n f e c t i o n  i n  neonates are two b a c t e r i a l  i n fec -  
t i o n s  t h a t  s t i l l  c a r r y  a h igh m o r t a l i t y  despi te  appropr ia te a n t i b i o t i c  
admin is t ra t ion.  Animal data has i nd i ca ted  t h a t  ant ibody t o  t h e  core 
reg ion  o f  t he  l ipopolysacchar ide obtained from the "55" mutant o f  E. c o l i  
p ro tec ts  against  several d i f f e r e n t  types o f  gram negat ive i n f e c t i o X . 6 3  
Recently a c o n t r o l l e d  study has shown t h a t  serum obtained from volunteers 
vaccinated w i t h  the  "55" mutant had a b e n e f i c i a l  e f f e c t  when in fused i n t o  
p a t i e n t s  w i t h  documented gram negat ive in fect ion.64 Add i t i ona l  s tud ies 
are needed t o  determine the r e l a t i v e  c o n t r i b u t i o n  o f  IgG versus IgM i n  
p r o t e c t i n g  against  gram negat ive shock. Although s i m i l a r  c o n t r o l l e d  
s tud ies have no t  been c a r r i e d  out  i n  i n f a n t s  w i t h  Group B s t reptococcal  
i n fec t i on ,  animal data suggests t h a t  passive admin i s t ra t i on  of ant ibody 
may enhance the su rv i va l  o f  i n f a n t s  w i t h  t h i s  i n f e c t i ~ n . ~ ~ ~ ~ ~  These 
f i n d i n g s  support the observat ion t h a t  exchange t ransfus ions enhance t h e  
su rv i va l  o f  i n f a n t s  w i t h  Group B Streptococcal disease.67 

Another we l l  -studied a p p l i c a t i o n  o f  immunoglobulin therapy i s  i n  t h e  
i n t e r r r u p t i o n  o f  t ransmission o f  h e p a t i t i s  B v i r u s  f rom mother t o  
i n fan t .  This i s  an e s p e c i a l l y  important problem i n  the Far East where 
h e p a t i t i s  B i n f e c t i o n  i s  endemic and 40-90 percent o f  i n f a n t s  born t o  
c a r r i e r  mothers become in fected.68~69 The e f f i c a c y  o f  h e p a t i t i s  B 
immunoglobulin i n  prevent ing the  v e r t i c a l  t ransmission o f  h e p a t i t i s  B 
from mother t o  i n f a n t  was r e c e n t l y  demonstrated i n  a double-bl ind 
placebo-control l e d  study.70 

I n  the  cu r ren t  p r a c t i c e  o f  medicine, imnunoglobulins 

General ly accepted 

Informat ion 

There are several o ther  examples where imnunoglobul i n  administra- 
t i o n  has been less w e l l  s tud ied or where the  r e s u l t s  have n o t  been c l e a r  
cut .  Echovirus meningoencephalit is, a u s u a l l y  f a t a l  disease i n  p a t i e n t s  
w i t h  X-linked agammaglobulinemia, has been repor ted t o  respond favo rab ly  
t o  imunoglobul  i n  a d m i n i ~ t r a t i o n . ~ ~  I t  has also been suggested t h a t  
antibody therapy might be b e n e f i c i a l  i n  the  t reatment o f  sepsis i n  preterm 
neonates or  i n  adul ts  w i t h  overwhelmi b a c t e r i a l  i n f e c t i o n  who may have 
" s e l e c t i v e  immunoglobul i n  d e p l e t i ~ n " . ~ ~ , ~ ~  

therapy have been w i t h  t h e  use o f  immunoglobulin preparat ions t h a t  have a 
h igh t i t e r  o f  antibody t o  the disease causing pathogen. However, these 
h igh t i t e r e d  preparat ions are o f t e n  d i f f i c u l t  t o  produce and l i m i t e d  i n  

The most c o n s i s t e n t l y  successful app l i ca t i ons  o f  immunoglobul i n  
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supply. The technique o f  monoclonal ant ibody product ion o f f e r s  a 
p o t e n t i a l  s o l u t i o n  t o  t h i s  pr0blem.7~ An un l im i ted  supply o f  ant iserum 
o f  def ined potency could be produced against  a p a r t i c u l a r  pathogen. To 
date, mouse monoclonal ant ibodies have been produced t o  a wide v a r i e t y  o f  
microorganisms and p r o t e c t i o n  has been demonstrated w i t h  these ant ibodies 
i n  several animal models o f  i n f e ~ t i o n . ~ 5 - 7 8  While these s tud ies are 
promising, t h e  r o u t i n e  use o f  monoclonal ant ibodies i n  humans f o r  i n  v i v o  
diagnosis and treatment o f  i n f e c t i o u s  diseases may r e q u i r e  t h e  p r o x c m  
o f  human monoclonal ant ibody i n  order t o  avoid s e n s i t i z a t i o n  t o  f o r e i g n  
prote ins.  Several human monoclonal ant ibodies have been produced t o  date, 
and two have been demonstrated t o  have a p r o t e c t i v e  e f f e c t  i n  animal 
models o f  tetanus and H. in f luenzae i n f e ~ t i o n . ~ g , ~ o  As the  technique 
o f  human monoclonal anTibody product ion becomes perfected, human mono- 
c lonal  a n t i  body preparat ions should supplement o r  rep1 ace cu r ren t  
immunog 1 ob u 1 i n  preparat ions ob t a i  ned from h uman v o l  un t e e r  s . 
Immunoregulation - The idea l  s i t u a t i o n  would be one i n  which t h e  s p e c i f i c  
defects i n  the Tmmunosuppressed hos t  are known, a l lowing admin i s t ra t i on  
of a spec i f i c  b i o l o g i c a l  response m o d i f i e r  (BRM). 
mimic t h e  a c t i o n  o f  a depressed cytok ine (na tu ra l  biochemical messengerfs) 
o f  t he  immune system) l e v e l  or  antagonize the ac t i on  o f  an abnormally 
h igh l e v e l  o f  another cytokine. 
a c t i v i t y  o f  reduced numbers o f  immunoreactive c e l l s  perhaps by inducing 
the p r o l i f e r a t i o n  o f  such c e l l s .  U n t i l  disease associated s p e c i f i c  
innnunologic defects  are i d e n t i f i e d ,  we w i l l  probably have t o  r e l y  on 
c u r r e n t l y  a v a i l a b l e  agents t o  augment a less s p e c i f i c  phase o f  the immune 
res ponse . 

Cytokines, such as i n te r fe ron ,  have been r e c e n t l y  demonstrated t o  
augment and/or e f f e c t  NK c e l l  f u n c t i o n  as wel l  as a c t i v a t e  macrophages. 
In ter ferons,  which were f i r s t  discovered i n  1957,81 are h i g h l y  a c t i v e  
g lycoprote ins which are produced b y  var ious mammalian c e l l s  a f t e r  i n fec -  
t i o n  w i t h  a v i r u s  o r  when exposed t o  a l a r g e  number o f  o ther  s t i m u l i  such 
as double stranded RNA, fungal  ex t rac ts ,  b a c t e r i a  or  b a c t e r i a l  products, 
o ther  microorganisms o r  m i  togens.O2 Many d e t a i l e d  reviews have been 
w r i t t e n  which summarize the b iosynthes is  chemistry, mechanism o f  a c t i o n  
and genet ics o f  i n t e r f e r o n  The i r  u l t i m a t e  r o l e  i n  the  
therapy o f  i n f e c t i o n s  i s  s t i l l  uncertain.  Although a wide v a r i e t y  o f  
microorganisms have been shown t o  induce i n t e r f e r o n  synthesis,  i n t e r f e r o n  
has genera l l y  been used as a therapeut ic  agent i n  the t reatment o f  v i r a l  
i n f e c t i o n s .  Since t h e  f i r s t  c l i n i c a l  t r i a l  i n  1962 the re  have been over 
three dozen stud ies done i n  humans w i t h  var ious types o f  v i r a l  i n fec -  
tionB6,a7 and although some a n t i v i r a l  e f f e c t  has been noted,the o v e r a l l  
r e s u l t s  have n o t  l i v e d  up t o  the e a r l y  expectat ions f o r  these substances. 

The most cons i s ten t  and impressive r e s u l t s  us ing  i n t e r f e r o n  seem t o  
be i n  the t reatment o f  chronic  h e p a t i t i s  B i n f e c t i o n  o r  v a r i c e l l a  i n  
cancer pa t i en ts .  
ment o f  chronic  a c t i v e  or  chronic  p e r s i s t e n t  h e p a t i t i s  B i n f e c t i o n  
demonstrated t h a t  i n t e r f e r o n  e i t h e r  alone o r  i n  combination w i t h  adenine 
arabinoside suppressed v i r a l  r e p l i c a t i o n ,  decreased the  contagiousness o f  
a s i g n i f i c a n t  propor t ion o f  p a t i e n t s  and r e s u l t e d  i n  permanent disappear- 
ance o f  h e p a t i t i s  B v i rus-associated DNA polymerase from a s i g n i f i c a n t  
number o f  study patients.88 

This BRM could e i t h e r  

Add i t i ona l l y ,  a BRM could augment t h e  

The mos t  recent  study us ing  i n t e r f e r o n  i n  t h e  t r e a t -  

V a r i c e l l a  and herpes t o s t e r  i n f e c t i o n s  are a major problem i n  
immunosuppressed pat ients .  
pr imary v a r i c e l  l a  have v i s e r a l  d isseminat ion and 7 percent die.89 When 

One-third o f  c h i l d r e n  w i t h  cancer who develop 
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s t a r t e d  w i t h i n  72 hours o f  t he  appearance o f  t h e  exanthem, i n t e r f e r o n  
reduced both the  r a t e  o f  new v e s i c l e  format ion and the  number o f  episodes 
o f  l i f e  threatening disseminat ion when compared t o  a placebo group.90 
The number o f  pa t i en ts  was too small t o  determine the e f f e c t  on m o r t a l i t y .  
The use o f  human leukocyte i n t e r f e r o n  was s i m i l a r l y  e f f e c t i v e  f o r  t h e  
t reatment o f  herpes zoster  i n  p a t i e n t s  w i t h  cancer.91 For a sumnary o f  
a l l  t he  c l i n i c a l  t r i a l s  up t o  1980 the reader i s  r e f e r r e d  t o  references 
86 and 87. 

The a v a i l a b i l i t y  o f  l a rge  amounts o f  r e l a t i v e l y  pure i n t e r f e r o n  has 
p rev ious l y  been a problem which has complicated c l i n i c a l  t e s t i n g  o f  t h i s  
ma te r ia l .  Because o f  t h i s  problem, i n t e r e s t  arose f o r  us ing i n t e r f e r o n  
inducers as a way t o  s t imu la te  the i n  v i v o  product ion o f  i n t e r f e r o n  by 
the  pa t i en t .  The e n t i r e  t o p i c  o f  i n t e r f e r o n  inducers has been e x c e l l e n t l y  
reviewed i n  the  previous issue o f  t h i s  ~ e r i e s . ~ 2  T o x i c i t y  o f  many o f  
these i n t e r f e r o n  inducers has been a s i g n i f i c a n t  obstac le  i n  t h e i r  
development as therapeut ic  agents, although some o f  t h e  low molecular 
weight inducers such as t i l o r o n e ,  benzimidaole r i bos ides  o r  var ious 
pyr imid ine molecules have re ta ined  ant i tumor o r  a n t i v i r a l  a c t i v i t y  w h i l e  
demonstrating a lessened toxicity.85,92,93 

are f e l t  t o  be secondary t o  endogenous product ion o f  i n te r fe ron ,  these 
inducer molecules possess immunomodulating e f f e c t s  which can be separated 
from i n t e r f e r o n  ef fects.85 I n  addi t ion,  i n t e r f e r o n  inducers have been 
used successfu l ly  against  several d i f f e r e n t  b a c t e r i a  and paras i tes i n  
animal models o f  infection.94-97 A1 though i n t e r f e r o n  inducers have 
been more widely  s tud ied i n  man as ant i tumor agents, a few c l i n i c a l  
t r i a l s  have been performed t o  determine t h e i r  e f f i c a c y  as a n t i v i r a l  
agents. 
when the agent was administered e a r l y  against  Rhinovirus i n f e c t i o n ,  a study 
o f  experimental i n f l  
show any b e n e f i t  . 98 ~ 8 8  9 

I n  a recent  review, Oldhamlo1 has character ized the  d i f f e r e n t  
classes o f  BRM agents which w i l l  be tested and evaluated by the  Nat ional  
Cancer I n s t i t u t e  B io log i ca l  Response Mod i f i e rs  Program, Some o f  these 
BRMs inc lude immunoaugmenting agents such as BCG, methanol e x t r a c t i o n  
residue o r  BCG f rac t i ons ,  C. Par um, other  b a c t e r i a l  products (muramyl 
dipept ides,  FK156 and FK565,102,y03 polysaccharides and b e s t a t i n )  and 
syn the t i c  agents (such as the pyran copolymers). 
agents which modulate the immune response inc lude c imet id ine,  indometha- 
c in,  isopr inos ine,  l en t i nan  and t u f t s i n .  Levamisole and azimexon may be 
considered imnunorestorat ive agents. Some o f  the more s p e c i f i c  BRMs may 
be the  biochemical messengers o f  the immune system i n c l u d i n g  cytokines 
such as In te r l euk in -1  and Inter leukin-2.  These might be considered as 
therapeut ic  agents wh i l e  i n  o ther  cases drugs may be developed which 
agonize o r  antagonize the ac t i on  o f  such cytokines. However, t he  complex 
nature o f  these substances obscure a c l e a r  cause and e f f e c t  r e l a t i o n s h i p  
f o r  c l i n i c a l  use o f  these agents. Another i n t e r e s t i n g  c lass  o f  compounds 
are the thymic f a c t o r s  or  agents se r e t e d  as thymic hormones or  f r a c t i o n s  
o f  thymic hormones as polypeptides.fo4 

regu la to r  molecule. 
s y n t h e t i c a l l y  or  from the  b a c t e r i a l  c e l l  wa l l  o f  mycobacter ia l  c e l l s  
regulate (enhance o r  depress) imnune response because i t  '9nimics" a 
regu la to r  molecule o f  the immune system? It has become inc reas ing l y  

A1 though the antitumor and a n t i v i r a l  e f f e c t s  o f  i n t e r f e r o n  inducers 

While t w o  s tud ies were able t o  demonstrate a p r o t e c t i v e  e f f e c t  

n ae v i r u s  i n f e c t i o n  i n  human volunteers f a i l e d  t o  

Some o f  the other  

MDP i s  an i n t e r e s t i n g  example o f  a b a c t e r i a l  product serv ing as a 
Does t h i s  sugar d ipep t ide  which i s  der ived e i t h e r  
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apparent t h a t  s imple pept ides  w i l l  r ep lace  t h e  need f o r  macromolecules 
p r e v i o u s l y  thought  e s s e n t i a l  i n  severa l  b i o l o g i c a l  systems. For ins tance,  
t h e  d i scove ry  o f  endorphins and t h e  i d e n t i f i c a t i o n  of s p e c i f i c  o p i a t e  
recep to r  s i t e s  may s t i m u l a t e  o t h e r  i n v e s t i g a t i o n s  f o r  s y n t h e t i c  congeners 
o f  n a t u r a l  substances endowed wi th ad juvant  a c t i v i t y . 4 7  An i n c r e a s i n g  
number o f  substances are capable o f  mod i f y ing  imnune responses. T h e i r  
t he rapeu t i c  use aga ins t  i n f e c t i o n s  i s  s t i l l  uncommon. Several  reasons 
f o r  t h i s  e x i s t  b u t  t h e  major  reason s t i l l  appears t o  be the  mechanisms of  
immunoregulat ion are  n o t  w e l l  understood and, depending on t h e  r o u t e  and 
the  t i m i n g  o f  i n j e c t i o n ,  t h e  immunostimulants can e x h i b i t  suppress ive  
ac t  i v i t i es .lo5 

Eva lua t i on  - There a r e  severa l  ways one cou ld  eva lua te  imnunomodulating 
agents f o r  t r e a t i n g  i n f e c t i o u s  diseases.106 Systemic h o s t  defenses 
i nc lude  phagocyt ic c e l l s  ( n e u t r o p h i l s  and macrophages), humoral immunity, 
and ce l l -med ia ted  immunity. Three general ways t o  modulate h o s t  defenses 
are  b i o l o g i c a l  man ipu la t ion ,  pharmacologic agents and r a d i a t i o n .  Non- 
s p e c i f i c i t y  o f  man ipu la t i on  means a general  i n h i b i t i o n  o r  immunost imulat ion 
o f  a v a r i e t y  o f  immune responses which cou ld  l ead  t o  undes i rab le  s i d e  
e f f e c t s .  S p e c i f i c  man ipu la t i on  o f  h o s t  defense would, t he re fo re ,  be more 
des i rab le .  Whi le i t  i s  a w e l l  worn phrase t h a t  what we need i s  a b e t t e r  
unders tand in  o f  b a s i c  immunology, i t  r e a l l y  i s  t rue .  For example, 
F i d l e r  e t  a h  r e c e n t l y  reviewed t h e  r a t i o n a l e  f o r  t h e  design o f  a 
s e q u e n t E l T e s t  system f o r  de termin ing  t h e  p o t e n t i a l  va lue  o f  b i o l o g i c a l  
response-mod i fy ing  agents f o r  t rea tment  o f  cancer i n  general  and metast-  
as i s  i n  p a r t i c u l a r .  Many o f  t h e  s t u d i e s  t h a t  t h e  B i o l o g i c a l  Response 
M o d i f i e r s  Program o f  t h e  Na t iona l  Cancer I n s t i t u t e  per fo rm a r e  founded on 
t h e  b e l i e f  t h a t  h o s t  responses are d imin ished o r  absent and an awakening 
o f  a h o s t s  response would be h i g h l y  b e n e f i c i a l .  For t h e  m o n i t o r i n g  o f  
h o s t  de fense(s )  a g a i n s t  i n f e c t i o n ,  t h e  b a s i c  assumptions o f  t h e  BRM are  
c e r t a i n l y  p e r t i n e n t ,  ye t ,  t h e  problems o f  v a r i a b l e  e f f i c a c y ,  i n c o n s i s t e n t  
bioassays and paradoxic immunosuppression must a l s o  be addressed. For 
example, a d m i n i s t r a t i o n  o f  an imnunoregulatory agent, b e s t a t i n ,  has 
induced changes i n  myelopoesis and f u n c t i o n s  o f  b lood phagocytes.108 
For a d e t a i l e d  exp lana t ion  o f  these assays used by the  BRM program, see 
re fe rence  101. 

Some o f  these undes i rab le  i n c o n s i s t e n t  e f f e c t s  may be due t o  t h e  
i n c o r p o r a t i o n  o f  an t igens  o t h e r  than those r e q u i r e d  f o r  h o s t  defense 
enhancement. 
immune response would be b e n e f i c i a l .  Amongst these a r e  severa l  s y n t h e t i c  
immunostimulants de r i ved  from t h e  b a c t e r i a l  c e l l  wa l l 50  which were 
r e c e n t l y  reviewed by  Dukor e t  a1.109 Stud ies  t o  examine t h e  
d isc repanc ies  between b i o a s G y F a n d  n a t u r a l  r e s i s t a n c e  f a c t o r s  i n  t h e  
h o s t  need t o  be emphasized. I s  a n t i b i o t i c  therapy  t a k i n g  p a r t  i n  t h e  
hea l  i ng mech an isms s y n e r g i s t  i c a l l  y , add i  t i v e l  y , antagon i s t i c a l l  y o r  
w i t h o u t  r e l a t i o n s h i p  t o  t h e  n a t u r a l  mechanisms o f  defense? The e f f i c a c y  
o f  a n t i b i o t i c  t he rapy  and t h e  p o s s i b i l i t y  o f  i n t e r f e r e n c e  w i t h  t h e  
i n d u c t i o n  o f  acqu i red  r e s i s t a n c e  rmst,  t he re fo re ,  be analyzed i n  i n f e c t e d  
and non- infected animals. Time o f  i n f e c t i o n  w i t h  respec t  t o  t rea tmen t  
be ing  simultaneous o r  delayed, cont inuous o r  d iscont inuous  must be 
examined. Determinat ion  o f  i n f e c t i o n  r a t e  and dependence o f  h o s t  defense 
w i t h  innnuno-deprived animals i s  e s s e n t i a l .  

Immune modu la t ion  may have a p r i c e .  Many ques t ions  s t i l l  e x i s t .  
H o p e f u l l y  we s h a l l  f i n d  t h a t  h o s t  defense can be and should be 
manipulated along wi th a n t i b i o t i c  therapy. 

Therefore,  t h e  pu res t  component capable o f  s t i m u l a t i n g  t h e  
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Section IV - Metabolic Diseases and Endocrine Function 
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Chapter 17. Progress in Atherosclerosis Therapy: Hypolipidemic Agents 

John D. Prugh, C. Stanley Rooney and Robert L. Smith 
Merck Sharp & Dohme Research Laboratories, West Point, PA 19486 

Introduction - The localized deposition of plasma lipids, primarily 
cholesteryl esters, in the intima of the arterial wall accompanies 
formation of the atheromatous plaque or atheroma, the characteristic 
lesion of atherosclerosis Growth of the atheroma eventually leads to 
constriction of the coronary arterial lumen and ultimately results in 
coronary heart disease (CHD), the major cause of death in Western coun- 

394 
tries. In 1978, the economic impact of CHD in the United States was 
estimated to be $37 billion or 14% of the total cost of all disease. 
These observations, coupled with compelling epidemiological evidence 
implicating hypercholesterolemia as a primary risk factor for CHDY3y5 
have provided impetus for the development of therapeutic approaches to 
the prevention and treatment of atherosclerosis based on the attenuation 
of plasma cholesterol levels. Recent advances made in research directed 
toward this objective are pre e t d below. Recent reviews on the various 
aspects of lipid disorders 3yzy'-' the metabolism and function of hi h- 
density lipoproteins (HDL)I0-I3 and low-density lip0 roteins (LDL) , 
the therapeutic management of hyperlipidemic states ," and the metabolism 
of antihyperlipidemic drugs" should be consulted for further details. 

Risk Factors - Epidemiologically-documented, major risk factors for the 
development of atherosclerosis and CHD include hypertension, smokin 
diabetes mellitus, obesity, age, sex and hyperlipoproteinemia. 3920-" 
Less well established are posi correlations between CHD and dietary 
intake of saturated animal fat 53ys4 or type A social b e h a v i ~ r . ~ , ~ ~  In 
contrast, plasma HDL levels are inversely correlated with CHD, a findin 
that has greatly stimulated research on HDL metabolism and function. 
A general awareness of these risk factors likely accounts, at least in 
part, for the 29% decline in the age-adjusted death rate from cardio- 

10 , 56 

vascular disease (including CHD) recorded in the United States since 
1960.27,28 

Lipoproteins and Lipid Transport - The importance of the lipoprotein 
transport system to the regulation of plasma lipid levels in man is 
firmly established.16 
erides (TG) primarily to adipose and muscle tissues and for continuously 

29 shuttling cholesterol between intestine, liver and extrahepatic tissues. 
Exogenous and endogenous TG and cholesterol enter, are transported in, and 
depart the bloodstream complexed to specific proteins called "apoproteins" 
which are integral components of circulating lipoprotein particles or 
carriers. Each lipoprotein particle consists of a hydrophobic core 
containing TG and cholesteryl esters encased by a surface monolayer 

This system is responsible for delivering triglyc- 
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composed of polar phospholipids, apoproteins and small amounts of choles- 
terol. Lipoproteins are grouped into major classes according to their 
relative densities; each class also differs in lipid and apoprotein 
content. Plasma lipoproteins are directed to their sites of metabolism 
by interactions of their constituent apoproteins with enzymes and cell 
surface receptors. As discussed in the next section, the number and 
viability of lipoprotein receptors, which mediate the uptake and degrada- 
tion of cholesterol-carrying lipoproteins, largely determine the effi- 
ciency of plasma cholesterol handling. 

The major classes of lipoproteins known to participate in lipid 
transport are chylomicrons, chylomicron remnants, very-low-density 
lip0 roteins (VLDL), intermediate-density lipoproteins (IDL), LDL and 
HDL.?' Chylomicrons are assembled in the intestine. VLDL and HDL are 
packaged in the liver and in the intestine. Chylomicrons and VLDL, the 
two triglyceride-rich carrier particles, are converted to the cholesterol- 
rich chylomicron remnants and IDL by lipoprotein lipase (E.C. 3.1.1.34, 
LPL), an enzyme activated by apoprotein C-I1 (apoC-11) and situated on 
the luminal surface of endothelial cells lining the capillaries in 
adipose and muscle tissues. Fulminant atherosclerosis is produced in man 
by elevated plasma levels of LDL, IDL and chylomicron  remnant^,^' whereas, 
chylomicrons and VLDL appear to be neutral. As noted earlier, elevated 
plasma HDL levels are associated with a reduction in symptomatic 
atherosclerosis .lo, 26 

Lipoprotein Receptors and Hypercholesterolemia - New insights into the 
critical role played by receptor-mediated metabolism of atherogenic 
lipoproteins, particularly LDL, in the regulation of plasma cholesterol 
levels have been achieved during the last five years. Extensive investi- 
gation has focused on the LDL receptor, a transm mbrane glycoprotein of 
molecular weight 164,000 which avidly binds LDL. 51932 LDL receptors are 
situated on the cell membrane surface and, prior to internalization, they 
become clustered in invaginated portions of the cell membrane called 
''coated pits", 33 which are sheathed with clathrin on their cytoplasmic 
side. Clathrin is composed of three proteins having molecular weights of 
33,000, 36,000 and 180,000 daltons. Assembly of three of the largest 
protein units with three of the smaller ones forms a triskelion or basic 
building unit bearing three arms which radiate away from the building 
unit's center. Triskelions, in turn, are joined together to form a 
polygonal, ball-like structure composed of five- and six-sided figures 
which mimic the seams on a soccer ba11.34~35 Recognition of apoB, the 
major LDL apoprotein, by the LDL receptor initiates the binding inter- 
action between LDL and its receptor. As the coated pit begins to fill 
with LDL, the cell wall is pinched off to form an endocytic vesicle; this 
event completes the process of receptor-mediated endocytosis. 36 The 
newly-formed vesicle carri s the internalized LDL to lysosomes in the 
cytoplasm. Recent studiesf7 suggest that the LDL receptor is recycled 
between the cytoplasm and cell surface an average of 150 times during its 
half-life of about 20 hours. Upon exposure of the vesicular contents to 
the lysosomal proteases, apoB is hydrolyzed to amino acids and cholesteryl 
esters are cleaved to cholesterol and fatty acids. The liberated choles- 
terol performs four important, regulatory functions in the cell. First, 
it suppresses the activity of 3-hydroxy-3-methylglutaryl-coenzyme A 
reductase (E.C. 1.1.1.34; HMG-CoA reductase), the rate-limiting enzyme in 
cholesterogenesis .37 
acyltransferase (ACAT), which catalyzes the conversion of cholesterol to 
cholesteryl esters. The resulting esters are stored as liquid droplets 
in the cytoplasm. Third, it suppresses the synthesis of LDL receptors 

Second, it activates acyl-coenzyme A: cholesterol 
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and thereby limits cellular LDL uptake and prevents over-accumulation of 
cholesterol in the ce11.38,39 Fourth, it suppresses squalene synthetase 
activity under conditions of minimal HMG-CoA reductase activity. 

A genetic defect exists in the LDL receptor locus of individuals 
with familial hypercholesterolemia (FH). Inheritance of a single copy of 
the FH gene limits the number of viable LDL receptors in FH heterozygotes 
to one-half of normal, whereas, FH homozygotes inherit two copies of the 
FH gene and have few, if any, viable LDL receptors.40 
consequences of these genetic defects are profound. The diminished 
number o r  non-existence of functional LDL receptors results in either a 
half-rate of receptor-mediated LDL catabolism in FH heterozygotes or no 
receptor-mediated LDL catabolism in FH homozygotes .16,41 
plasma LDL-cholesterol (LDL-C) levels rise to average values of 300 mg/dL 
in FH heterozygotes and 700 mg/dL in FH homozygotes, values far abov 
those (120 mg/dL) generally observed in normocholesterolemic adults. 
Myocardial infarcts usually begin at age 30, peak between ages 40 and 50, 
and occur in 85% of all male FH heterozygotes before age 60. This prog- 
nosis is delayed by about 10 years in heterozygous FH females. FH homo- 
zygotes show clinical signs of coronary artery atherosclerosis before age 
10 and generally succumb to a myocardial infarction before age 

The atherogenic 

As a result , 

f4 

Approximately 45% of the plasma LDL pool in normal humans is 
catabolized daily, 30% by the LDL receptor-mediated or specific pathway 
and 15% by non-specific pathways. 
catabolic rate (FCR) of 30% with 15% being catabolized by the specific 
pathway and 15% by non-specific pathways. FH homozygotes have a 15% FCR 
for LDL, all of which results from catabolism by non-specific pathways.41 
Based on these observations, the non-specific pathways of LDL uptake and 
catabolism have been examined to determine if they hold the key to under- 
standing how atheromas and xanthomas are formed in FH patients. In cell 
culture studies , various kinds of macrophages or “scavenger cells”15 have 
been demonstrated to effect LDL uptake and catabolism by non-specific 
pathways which first require that LDL be altered in one of several ways. 
The enhanced negative charge attending acetylation of the lysine amino 
groups in the apoB component of LDL affords an altered LDL particle 
(acetyl-LDL) which is recognized by macrophage high affinity receptors. 
After internalization by receptor-mediated endocytosis, acetyl-LDL is 
metabolized in the normal way.15 In the presence of normal plasma, a 
portion of the liberated cholesterol moves from the cell into the plasma 
where it is picked up by HDL; the remaining intracellular cholesterol is 
esterified by ACAT and stored as cholesteryl esters. Interestingly, in 
the presence of acetyl-LDL and in the absence of either serum or serum 
substitute, cultured macrophages amass large quantities of cholesteryl 
esters and are converted to foam cells,42 a component of the atheromas 
and xanthomas which are the characteristic lesions of FH patients. 
Mal~ndialdehyde,~~, 44 a breakdown product of the 
peroxides (PGG2, PGH2), and cyc.lohexan-1,2-dione4’ also alter LDL in ways 
that render the altered LDL particles recognizable by macrophage 
receptors. 

type which specifically takes up 6-VLDL z‘?7 and another type which 
recognizes dextran sulfate-modified LDL. 48 
the plasma of cholesterol-fed experimental animals correlates with a 
massive accumulation of cholesteryl esters in macrophages of many tissues, 
including those of the arterial walls.49 

FH heterozygotes have a LDL fractional 

rostaglandin endo- 

Other lipoprotein receptors posse by macrophages include one 

The appearance of 8-VLDL in 

A lipoprotein similar to 6-VLDL 
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builds up in patients with familial dysbetalipoproteinemia and is 
associated with atherosclerosis .50 An accumulation of LD bound to 
sulfated glycosaminoglycans is found in human atheromas. " The struc- 
tural resemblance of dextran sulfate to sulfated glycosaminoglycans 
confers interest to this observation. Hence, the artifically-altered 
forms of LDL recognized by macrophage receptors in vitro appear to relate 
to the altered forms of LDL detected in man.41 The exact alterations 
responsible for rendering LDL recognizable by macrophages in vivo remain 
to be elucidated. Nevertheless, macrophages are throught to be one of 
the first cell types involved in the develo ment of atherosclerosis in FH 
and other hypercholesterolemic patients. 41 , 19 

Animal Models - Efforts to develop improved animal models of athero- 
sclerosis have continued. Of particular interest are recent papers 
describing the Watanabe heritable hyperlipidemic (WHHL) rabbit as a model 
of human FH.52-58 
marked atherosclerosis and cutaneous xanthomas are manifested by these 
animals. The homozygous WHHL rabbits develop plasma cholesterol levels 
of 650 to 950 mg/dL (90% of which is contained in LDL) ,53 are devoid of 
LDL receptors on membranes from cultured fibroblasts, liver and the 
adrenal gland53,55 and fail to take up and catabolize LDL by the high 
affinity, re eptor-mediated pathway both in V ~ V O ~ ~  and in their isolated 
hepatocytes .57 Other recently reported animal models include strains of 
rats which develop spontaneous hypercholesterolemia, 59,60 the Yucatan 
miniature swine which is sensitive to diet-induced atherosclerosis , 61 and 
rabbits fed a wheat starch-casein diet.62-64 

Hypercholesterolemia, elevated plasma LDL levels , 

Hypolipidemic Agents - Although dietary intervention is often the first- 
line approach to the treatment of hyperlipidemia, many hyperlipidemic 
patients fail to respond adequately to diet alone and require the adjunc- 
tive use of one or more hypolipidemic agents.18,65-67 These agents are 
grouped below in two classes: (a) nonabsorbable agents which elicit 
their hypolipidemic effects in the intestinal lumen by interfering with 
lipid or bile acid absorption, and (b) absorbable agents which elicit 
their hypolipidemic effects via mechanisms affecting lipoprotein levels. 

Nonabsorbable Agents - Inhibitors of Cholesterol Absorption - Dietary 
administration of the fat-like compound sucrose polyester (SPE) to 
African green monkeys for a two-month period proved hypocholesterolemic 
only in those animals having initial plasma cholesterol concentrations 
greater than 200 mg/dL, the relative response to SPE's action being 
directly related to each animal's degree of response to ingested dietary 
cholesterol.68 
solely to a reduction in plasma LDL levels; neither plasma HDL-cholesterol 
(HDL-C) nor TG levels were affected. In view of SPE's demonstrated 
hypocholesterolemic activity in man,69 these results suggest that SPE may 
be therapeutically useful in individuals who are hyperresponsive to 
dietary cholesterol. 68 The poor tolerance displayed by experimental 
animals to the block copolymer Pluronic L-81 given in the diet has been 
surmounted by converting Pluronic L-81 to the corresponding benzoate 
(BEP).70 
months, BEP lowered blood and tissue lipid levels, particular1 plasma 
cholesterol, and prevented the development of atherosclerosis. 

Bile Acid Sequesterants - In spite of their unpleasant features, such as 
poor palatability, grittiness and gastrointestinal side effects, 7 2  as 
well as the necessity to use them in large doses, the bile acid seques- 
terants or resins are the most important class of drugs currently used to 

The cholesterol-lowering effect of SPE was attributed 

When administered in an atherogenic diet to rabbits for two 

31 
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lower plasma LDL-C levels .67 
activity stems from their ability to sequester bile acids in the intes- 
tinal tract for excretion in the feces. Studies with cholestyramine in 
man showed that sequestration of bile acids caused the liver to increase 
its LDL uptake by receptor-mediated endocyt~sis,~' to convert the result- 
ing i n t r ace l lu l a r ly - l ibe ra t ed  cholesterol to bile acids and to synthesize 
de novo cholesterol. The net effect of these combined actions was a two- 
fold increase in the high affinity FCR for LDL,73 a result also observed 
in cholestyramine-treated rabbits. 74 The effects of low-dose cholestyr- 
amine therapy have been evaluated in children with Type IIa hypercholes- 
terolemia. Daily cholestyramine doses of 8 g and 16 g lowered plasma 
cholesterol levels by 17% and 269 respectively; both doses lowered 
plasma LDL levels by about 30%.7sy The results of a recent low-dose study 
with colestipol, another clinically-useful resin, led the investigators 
involved to suggest that patients whose cholesterol levels are only 15- 
20% above normal after dietary intervention may be adequately managed 
with minimal doses of colestipol. 76 

The basis for their hypocholesterolemic 

_- 

The increase in de novo cholesterogenesis evoked by the bile acid 
resins laces a ceiling on their ability to lower plasma cholesterol 
levels.77 In order to expand their therapeutic usage, these bile acid- 
binding drugs have been studied in combination with a variety of hypo- 
lipidemic agents having different mechanisms of action. Illustrative of 
such studies is that involving the evaluation of coleStiP01, 78 mevinolin 
(vide infra) , a recently-discovered HMG-CoA reductase inhibitor, 79 and 
their combination in dogs. Administered at a daily dose of 700 mg/kg, 
colestipol reduced plasma LDL levels by 24%. A daily oral dose (10 
mg/kg) of mevinolin elicited a 57% decrease in plasma LDL levels. 
given at these same doses in combination, colestipol plus mevinolin 
produced a three-fold increase in liver LDL receptors, a two-fold 
increase in the FCR for LDL and an unprecedented 71% decrease in plasma 
LDL levels. These results clearly indicated that the actions of coles- 
tipol and mevinolin are syner istic. Combinations of colestipol with 
~lofibrate,~O-~~ fenofibrate8f and nicotinic acid,80,85,86 as well as 
combinations of cholestyramine with probuco18' and nicotinic acid, 88 have 
been evaluated in hypercholesterolemic individuals. The most effective 
of these hypolipidemic combinations appears to be colestipol plus nico- 
tinic acid which, in heterozygous FH patients, decreased plasma choles- 
terol and LDL-C levels by 45% and 55%, respectively,80 and arrested the 

86 progression of angiographica l ly-demonst ra ted  coronary artery lesions. 

When 

Absorbable Agents - Nicotinic Acid - Mechanism of action studies in 

C02H 

1 
.v 

0 
'f 

hyperlipidemic patients were recently reported for 
nicotinic acid (A), which decreased plasma TG, TG in 
VLDL, transport of VLDL-TG, and plasma cholesterol 
levels by average values of 52%, 36%, 21% and 22%, 
respectively.89 
reduction resulted more from a reduction in lipo- 
protein size than in number. Nicotinic acid is 
apparently capable of concomitantly lowering VLDL and 
LDL and elevating HDL levels in plasma.90 The kinetic 
and metabolic patterns in hum= volunteers have been 
determined for acipimox (2) ,  an isosterically-modified 
analog of nicotinic acid,fl Acipimox was rapidly 
absorbed and was excreted essentially unchanged in 
the urine. It was 20 times more potent than nicotinic 
acid in inhibiting lipolysis and was well tolerated. 

Kinetic modeling suggested that TG 
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A significant reduction of plasma LDL levels and a significant elevation 
of plasma HDL levels were observed in Type IIa patients treated with 
acipimox; total plasma cholesterol levels were not altered. 92 

Probucol - Probucol (2) modestly lowered plasma cholesterol levels in 
some FH patients who previously failed to respond to clofibrate. 93 

Because probucol lowers plasma 
levels of HDL, probably as a con- 
sequence of suppressed apoA-I syn- 

HO * s-c-s 7 3 4  H 3 ) 3  thesis,94 and has been associated 
with electrocardiographic abnor- 
malities, some investigators do not 
recommend its use in the treatment 
of hypercholesterolemia. 66,95 

(CH3) 3c 

C(CH3)3 (CH3) 3c CH3 

3 rv 

Clofibrate - Clofibrate (42) has been reported to increase plasma apoA-I 
and HDL levels in hyperlipidemic subjectsg6 and to inhibit phosphatidyl 
choline synthesis, an effect suggested to play a role in its mechanism of 

R R' CH - I 3  
B+O-h-CO2R' a, c1 CH3CH2 

I b, C l e  CONH(CH2) H 
CH, 

L 

4 
N 

98 
action.97 
and fenofibrate (&)99,100 two congeners of clofibrate, are more potent 
antihyperlipidemic agents than clofibrate in patients with primary 
familial hyperlipoproteinemias. 

Gemfibrozil - No correlation between Lp phenotype and hypolipidemic 
response to gemfibrozil (2) was found in male volunteers with either Type 

Recent clinical studies demonstrated that bezafibrate (2) 

I1 or Type IV hyperlipoproteinemia. 101 

Treatment of male MI survivors with gem- 
fibrozil corrected their dyslipidemias: 

reduced by 17% and 54%, respectively; plasma 
HDL-C and apoA-I1 levels were increased by 
16% and 20%, respective1 and plasma apoA-I 
levels were not altered. "2 More recently , 
gemfibrozil was demonstrated to elevate 

total plasma cholesterol and TG levels were 

CH3 CH3 

N 5 

plasma levels of a oA-I, as well as apoA-I1 and HDL, in hyperlipidemic 
individuals. 103,10E: 

HMG-CoA Reductase Inhibitors - Compactin and Mevinolin - Reduction of 
plasma cholesterol levels in man by specifically inhibiting HMG-CoA 
reductase was first realized with compactin (62, ML-236B = CS-500), a 
potent, competitive HMG-CoA reductase inhibitor isolated from Penicillium 
(P) citrinumlo5 and P. brevicompactum.106 
plasma cholesterol levels was achieved with orally-administered compactin 
(50-150 mg daily) i n  heterozygous FH and combined hyperlipidemic patients. 
Higher drug doses were re uired to achieve similar therapeutic results in 
a homozygous FH patient. 
blasts from homozygous FH patients was also less susceptible to inhibition 

An average 27% reduction of 

Cholesterogenesis in cultured skin fibro- 
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by com actin than it was in fibroblasts from their heterozygous counter- 
parts. In heterozygous FH patients, compactin (30-60 mg daily) 
lowered plasma cholesterol levels by an average of 28%. Plasma levels of 

LDL and LDL-ubiquinone-10, but not ubiquinone 
per se, were also decreased. log 
been reported to depress the rate of ubiquinone 
synthesis in cultured fibroblasts by as much as 
70-80%.110,111 
structurally-related HMG-CoA reductase inhibitor 
isolated from Aspergillus (A) terreus and 
Monascus ruber (as monacolin K),'-as a Ki 
value of 0.6 nM and is two to three-fold more 
potent than c~mpactin.~~ 
of 6.25-50 mg twice daily in normal human volun- 
teers, mevinolin reduced serum levels of choles- 
terol and LDL by 23-27% and 35-45%, respective- 
ly, and did not significantly alter serum HDL, 

VLDL and TG levels. No significant difference was found between the drug 
effects elicited by the lowest and the highest doses. Plasma choles- 

terol levels and atherosclerotic severity were signifi- 
cantly diminished in mevinolin-treated rabbits maintained 
on an atherogenic diet.'l4 Dih dro derivatives of com- 
pactin (trans-4a 5-dihydro k)lI5 and mevinolin (trans- 
4a, 5-dihydro 6b)i16 displaying slightly less HMG-CoA 
reductase inhibitory activities than their parent struc- 
tures were isolated recently from P. citrinum and 
A.  terreus, respectively. A series of mevalonate deriv- 
atives (L) with relatively modest HMG-CoA reductase 
inhibitory potencies has been described. 

Compactin has 

Mevinolin (2, M K - ~ O ~ ) ,  79 a 

CH3 

Given orally at doses 
5 

N 6a, R=H; 9, R'CH3 

OH 

x 

7 By virtue of their remarkable degree of inhibitory - 
specificity, compactin and mevinolin have become valuable 

tools for probing those fundamental aspects of cell function involving 
HMG-CoA reductase. Exposure of cells containing this enzyme to compactin 
results in inhibition of the existing enzyme and a compensatory increase 
in enzyme levels. Addition of mevalonate, the product of HMG-CoA reduc- 
tase action, blocks the increase in enzyme levels, an observation which 
suggests that one or more of the components participating in the multi- 
valent feedback regulation of HMG-CoA reductase must be a non-steroid 
product (or products) derived from mevalonate.ll8 A parallel vivo 
result has been obtained in mevinolin-treated, cholesterol-fed mi='' 
Under conditions of diminished conversion of mevalonate to cholesterol and 
biocked mevalonate production, i.e., in the presence of LDL and compactin, 
[ HI-mevalonate is incorporated into A2-isopentenyl t-RNA, ubiquinone and 
dolichol.120 Whether any or all of these natural products participate as 
feedback regulators is a topic of current investigation. In a series of 
related experiments, the normal S-phase burst of DNA synthesis attending 
cell growth in synchronized cells was prevented when HMG-CoA reductase 
was inhibited b compactin, an effect that was overcome by the addition 
of mevalonate. 
zeatin were recently found to be effective in restoring the S-phase of 
cell growth. 122 

Isopentenyl adenine and its 4'-hydroxy derivative 
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Chapter 18. Disease Modifging Anti-Rheumatic Drugs 

Vera J. Stecher and John A. Carlson 
Sterling-Winthrop Research Institute, Renaselaer, NY 12144 

Introduction - The scope of this review is limited to anti-rheumatic 
drugs defined as those drugs which have shown efficacy as disease- 
modifying anti-rheumatic drugs ( D M A R D s ) .  In order to be classified as 
a DMARD, a drug need not necessarily effect a cure, but rather must 
retard or stop the underlying progression of the disease.1 The term 
DMARD has replaced the term SAARD or slow-acting anti-rheumatic drugs 
which appeared in the literature for a brief period. Furthermore, only 
synthetic compounds are considered in our survey and natural products 
were deliberately excluded. Steroids and immunosuppressive therapies 
are not considered because there is little evidence that these forms of 
therapy are able to modify or retard the progression of arthritis.2 
Likewise, we have omitted the non-steroidal anti-inflammatory drugs or 
N S A I D s .  These agents are highly effective in reducing the acute 
inflammatory response seen during exacerbations, but the underlying 
progression of the disease continues.3 The DMARD therapeutic category 
attempts to address the chronic inflammatory response which is of major 
concern in rheumatology . 

There are only three classes of synthetic compounds currently mar- 
keted in the USA for which clinical evidence exists for their being 
classified as DMARDs.~ These are antimalarials, gold salts and d-peni- 
cillamine. Therapies with each of these was found to be useful in 
rheumatology as a consequence of first being used for the treatment of 
other diseases. Astute clinical observation led to their development 
as DMARDs. The pharmaceutical industry has yet to market a DMARD as a 
product of its research and drug development programs. The unknown 
etiology of the disease combined with the dearth of experimental models 
which detect DMARDs has made the task formidable.6 

PATHOGENESIS OF RHEUMATOID ARTHRITIS 
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Figure 1 illustrates the two compartments involved in the patho- 
genesis of rheumatoid arthritis.7 $8 The NSAIDs are considered to exert 
their activity primarily in the joint space and reduce the inflammatory 
response through an influence on neutrophils and their mediators. The 
DMARDs, which have little direct effect on inflammation, probably modu- 
late the cellular response occurring in the surrounding synovial tissue 
o r  pannus. 

Investigations into the mode of action of the known DMARDs have 
been numerous but inconclusive. There are several extensive and recent 
reviews which address possible mechanisms. 9-1 1 Criteria have been pro- 
posed for fulfillment of a clinical definition of remission in rheuma- 
toid arthritis. 12 

We will first review possible mechanisms of action of the known 
DMARDs, their clinical efficacy and side-effects. The severity and 
extent of side-effects associated with the currently available anti- 
rheumatic drugs represents the primary reason why their market has been 
limited. The section devoted to new compounds under consideration as 
DMARDs contains clinical candidates which may represent safer and more 
efficacious therapy. 

The development of a drug which has the capacity to arrest or re- 
verse the underlying rheumatic process and has a wide margin of safety 
would allow treatment to begin earlier, before there has been signifi- 
cant damage to the connective tissue (Figure 2) Currently, treatment 
with DMARDs is not usually initiated until therapeutic attempts using 
several NSAIDs have failed. 

The Effect of Drugs on the Course of R A  
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Antimalarials - Although aminoquinoline antimalarials have been used to 
treat rheumatoid arthritis (RA) since 1951,13 hydroxychloroquine is 
currently the only aminoquinoline marketed in the United States. The 
use of antimalarial agents as basic remission-inducing drugs was the 
subject of a recent symposium14 and the clinical use of hydroxychloro- 
quine has been reviewed by MacKenzie.15, l6 Several features of 
hydroxychloroquine, compared to other marketed DMARDs, commend its use. 
These include a low dropout rate due to side effects, a good safety 
record when used at a clinical dose of 4-6 mg/kg, proven efficacy of 
moderate degree, and low cost to the patient. Although hydroxychloro- 
quine can cause retinal changes risk can be limited by clinical obser- 
vation for opthalmic changes.\T Although retinopathy is rare in 
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patients taking the recommended low doses, ophthalmological evaluations 
at six month intervals are recommended since early retinal lesions are 
reversible. Limitation of daily dosage and ophthalmic monitoring can 
limit significant retinopathy even for prolonged therapy. 18 19 Clinical 
studies by Rynes have concluded that neither duration of treatment nor 
total cumulative dosage is important.20,21 

Among the DMARDs, antimalarials have both the lowest dropout rate 
and best safety record. After a delayed onset of action, a high degree 
of disease suppression is seen in about 10 percent of arthritics and a 
moderate degree in 65 percent. Subjective benefit is usually not 
apparent until after six weeks of therapy and is measurable after three 
months.22 Sixty percent or more of the effectiveness of hydroxychloro- 
quine is obtained with six to nine months of continuous treatment. 
Diminution of erosive changes has not been confirmed statistically due 
to the lack of controls in most clinical studies. Among the DMARDs, 
the reduced potential for side effects by antimalarials permits earlier 
therapeutic intervention in the course of RA before there is joint des- 
truction. Furthermore, NSAID therapy can be continued during treatment 
with hydroxychloroquine. It is of interest to note that the antirnalar- 
ials are the only DMARDs that are also effective for the treatment of 
systemic lupus erythematosus. 18 

The diversity of actions reported for hydroxychloroquine are so 
numerous that the drug may be inhibiting several different systems 
which are relevant to its therapeutic profile.23-31 Although direct 
inhibition of phospholipase A2 and prostaglandins by hydroxychloroquine 
requires high concentrations, the drug in vivo may exert its activity 
indirectly via secondary messenger proteins such as macrocortin. 
Indeed, there is evidence that DMARDs have an indirect effect on cells 
and plasma proteins, and for this reason in vivo assays may facilitate 
their detection.32~33 Although it is clear that a modification in the 
disease process of a chronic inflammatory condition will not be 
immediate, it may be possible to detect changes on cells or in plasma 
proteins relatively early. For example, Nagarkatti attempted to study 
the action of chloroquine on cell surface receptors in vitro, but found 
that human lymphocytes treated in vitro did not demonstrate any change 
in their capacity to bind the third component of complement (C3) and 
erythrocytes. 32 When chloroquine was administered orally, there was a 
significant decrease in the number of human peripheral lymphocytes with 
C3 and erythrocyte receptors. It was concluded from these studies that 
chloroquine is not acting directly on lymphocyte surface markers, but 
rather indirectly affecting factor(s) involved in the expression of the 
receptors. Likewise, it was shown that in vitro incubation with 
chloroquine has no effect on leukocyte adherence, whereas viva 
dosing and subsequent ex viva evaluation results in a significant 
reduction in the ability of peripheral blood leukocytes to adhere.33 It 
has been demonstrated that a plasma factor(s) is responsible for 
changes in leukocyte adherence. 34-36 

Cold The majority of rheumatoid arthritic patients who complete a 
course of injections of gold compounds experience measurable improve- 
ment. 37-39 Aurothioglucose, an oil suspension, and gold sodium thio- 
malate, an aqueous solution, are considered therapeutically equivalent. 
Although chrysotherapy appears to retard the progression of the proli- 
ferating pannus in RA, the significant and consistent incidence of 
side effects has limited its use. Mucocutaneous reactions are most 
common with a reported41 incidence of 15-308 but proteinuria and bone 
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marrow depression represent major toxicity problems. Approximately 15- 
20% of patients discontinue therapy because of side effects. lo 

Preliminary studies have indicated that auranofin, an oral gold 
preparation, may prove to be an important therapeutic alternative to 
injections of gold.42 The effects of auranofin on humoral and cell- 
mediated immunity are greater than for injectable gold.43 Extensive 
clinical trials have been pursued in order to establish a clear safety 
margin for auranofin over currently available chrysotherapeutic agents. 

There are at least ten clinically effective gold compounds which 
have been investigated for anti-rheumatic activity; their potencies and 
toxicities are similar.44 Each of these chrysotherapeutic agents con- 
tains ionic gold at the gold (I) oxidation level, and an ionic sulfur- 
gold bond. The importance of the thiol group in these compounds with 
respect to mechanisms of action is under in~estigation.~~ 

Since RA is a disease of unknown etiology, the mechanism of 
action of gold salts remains the subject of extensive investigation and 
review.45 46 The pharmacology of gold is thoroughly discussed in a 
recent chapter by Lewis and Walz.44 More than 50 years of clinical use 
of gold in the treatment of RA has established that chrysotherapy is 
effective and can cause a modification or remission in the course of 
the disease. 

D-Penicillamine and Other Thiol-Containing Ag ents - The use of penicil- 
lamine in the treatment of RA was pioneered two decades ago by 
Jaffee.47 In a number of controlled studies, D-penicillamine was shown 
to be as effective as gold therapy as a remission-inducing dr~g.~~-5O 
Chrysotherapy usually precedes penicillamine in order of therapeutic 
preference because the high dropout rate seen with penicillamine 
detracts from its ultimate clinical value.51952 Skin rashes are the 
most common side effect, and complicate 44% of cases.53 Bone marrow 
depression is a major side effe~t,5~ although thrombocytopenia is more 
frequent than leukopenia and is seen in approximately 15% of patients. 

There has been considerable speculation that the efficacy of 
penicillamine in RA is due to its copper chelating and copper mobiliz- 
ing properties.9 Other studies have suggested an effect on collagen 
biosynthesis 55 lymphocytes ,56 mononuclear phagocytic function, 57 
complement, 56 antibody responses, 59 and cell-mediated immunity.60 As 
is the case for the other DMARDs, the mechanism of action of D-penicil- 
lamine has not been defined. 

Although the clinical value of penicillamine is limited by a high 
incidence of both toxicity and relapse during treatment, those patients 
able to tolerate the drug exhibit impressive improvement. 10 This fact 
has led investigators to examine additional thiol containing amino 
acids as potential DMARDs. Among the compounds which have be n 

and captopril (3).63 These compounds all elicit a spectrum of side 
effects not significantly different in frequency or severity from peni- 
cillamine. Additional linical trials are ongoing with 2 being 

examined clinically are cysteine (1) , 61 mercaptopropionyl glycine (2) t2 

compared to penicillamine. g2 
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Two sulfur containing compounds which, unlike penicillamine, do 
not chelate copper but have shown a positive anti-arthritic effect, are 
5-thiopyridoxin (3164 and pyrithioxine (2) .61 5-Thiopyridoxin is a 
vitamin B6 analogue which does not antagonize Bfj. PYrithiOXine is 
marketed in Europe as a cerebral stimulant. Controlled clinical trials 
with 2 and open trials with dimer 5 show that these compounds possess 
the same efficacy as penicillamine. Interestingly, although side 
effects of the drugs are similar, patients who withdrew from penicilla- 
mine therapy because of toxicity seem able to tolerate 3 and 5.64 In 
addition, some patients responded to pyrithioxine therapy after an 
ineffective course of penicillamine. More extensive laboratory and 
clinical studies will be required before 4 or 5 can be considered truly 
effective DMARDs. 

CHpOH CH20H 

JPC-80 (6) also shows clinical efficacy as measured by clinical 
score, decreased erythrocyte sedimentation rate (ESR) and rheumatoid 
factor titers.65 Additional studies with appropriate controls are 
awaited. 

6 - 7 - 
Salicylazosulfapyridine (Salazopyrin, 1) , first described66 in 

1946 and used occasionally in ulcerative colitis, has been examined at 
various times for anti-rheumatic a~tivity.~7 y68 The most recent report 
of Salazopyrin therapy is an open trial conducted by McConkey in which 
74 patients were given 0.5 g daily, increasing to 2 g per day for up to 
one year.69 This regimen resulted in a significant improvement in 
clinical scores, and decreases in serum C-reactive protein concentra- 
tions and sedimentation rates. Side effects were limited and not 
severe. The anti-rheumatic mode of action remains unknown but is 
probably not attributable to the drug's salicylate content or its anti- 
bacterial activity. Randomized blind clinical trials are now underway 
in England .7* 
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The 2-[(phenylthio)methyl lpyridine (8> and similar compounds are 
reported to inhibit the rat dermal as well as pleural reverse passive 
Arthus reaction.71 They also inhibit both exudate volume and cell 
accumulation in the rat pleural carrageenin assay. This profile is 
different from that observed for both NSAIDs and steroids. Clinical 
studies have not been reported. 

Arg-Lyr-Asp-Val-Tyr 

a - 9 - 

Immundulators - Levamisole, an antihelminthic agent with immuno- 
stimulatory activity, has been used experimentally for the treatment of 
RA since 1974.72-74 The drug has little effect on inflammation,75,76 
but is able to restore defective cell-mediated immunity.77 The degree 
of impairment of cell mediated immunity in RA correlates with the 
severity and activity of the disease.78 The efficacy/Si.de effect ratio 
was found to be better with 150 mg levamisole once weekly, than with 
150 mg on three or seven consecutive days each week.79 

The mode of action of levamisole is still unclear, although 
several hypotheses have been ro osed,80 and numerous effects on mono- 
cytes have been demonstrated. -14 The occurrence of sudden unpredic- 
table agranulocytosis limits the uncontrolled practical use of levami- 
sole as an anti-rheumatic, despite the fact that the drug appears to 
prevent progression of the disease. 

A synthetic form of thymopoietin is now available as pentapeptl.de 
- 9. This sequence contains the immunomodulatory activity of the 49 
amino acid peptide.85 In a controlled study of patients receiving 50 mg 
per week intravenously, 9 was shown to be more effective than levami- 
sole and as effective as penicillamine in improving the clinical status 
of patients with RA.86 There were small reductions in ESR and immuno- 
globulin levels; rheumatoid factor titers did not change. Although 
thymopoietin's mechanism of action is very likely related to its 
immunomodulatory properties,87 it is probably not the same as that of 
levamisole. 86 

Potential DMARDs - The compounds included in this section reportedly 
demonstrated DMARD activity clinically, or elicited pharmacodynamic 
responses in chronic and systemic laboratory models of RA which distin- 
guish them from NSAIDs. In the dextran-induced pleurisy assay in rats, - 10 reduced total leucocytes by 40-45%, while the differential count 
showed a 4-fold increase in mononuclear cells.88 In the carrageenin 
pleurisy model, lo reduced the exudate volume by 60% and the total 
number of leucocytes by 75% at 4 hours. Venalot, a coumarin-rutin (2) 
preparation, significantly reduced paw volume and cornea-edemas in a 
rat erysipelas model .89 Although the benzopyrones are predicted to be 
of value in the treatment of RA,88 clinical evaluation of these agents 
has not yet been reported. 
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The leprostatic antibacterial agent dapsone (12) improved the 
clinical symptoms of rheumatoid patients in an open trial conducted by 
McConkey.90 This result was accompanied by a gradual decrease in ESR 
and serum C-reactive protein levels, but titers of rheumatoid factor 
remained unchanged. Animal studies91 showed that dapsone has anti- 
inflammatory activity and in vitro investigations demonstrated an inhi- 
bitory effect on complement activation and on selected lysosomal 
enzymes as well. 92 Although a subsequent controlled clinical trial93 
confirmed the anti-rheumatic activity of 12,its well documented toxi- 
city involving blood dyscrasias prohibits serious consideration as an 
anti-rheumatic drug. 

12 - 

@ NH 

13 - 
Phentoin (diphenylhydantoin, 13) was prescribed as an anti- 

epileptic for several rheumatoid arthritics who developed seizure dis- 
orders. Within six months, there was a modest reduction in ESR, no 
change in rheumatoid factor titers and an improvement in clinical 
score.94 This drug has been shown to inhibit collagenase activity and 
imuno-reactive protein concentrations vitro.95 These results ma 
define important aspects of the mechanism of anti-arthritic activity.9 
Nevertheless, the clinical improvement associated with phentoin remains 
to be assessed in appropriately designed trials. 

8 

Benzoylacetonitrile (3) represents a group of @-ketonitriles 
which inhibit the development of adjuvant arthritis in rats.97 These 
compounds are inactive in the prostaglandin-mediated assays and display 
little or no ulcerogenic potential in rats at 800 mg/kg. Initial 
animal studies suggest that reticuloendothelial stimulation may be a 
mechanism of action. 97 

16 15 - - 14 - 
Two additional members of this structural 

17 - 
class have been 

reported. Compound 15 is the active metabolite of Hoechst’s new 
isoxazole 16 (HWA x86) .g8, 99 Pyrrolpropionitrile 17 has been 
patentedlOO ?;y Walker as an agent exhibiting both indomethacin and 
levamisole type activities. 
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Chapter  1 9 .  Pharmacologica l  Developments i n  Dermatology 
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I n t r o d u c t i o n  - A r e c e n t  Heal th  and N u t r i t i o n  Examination Survey 
(HAWS-1) e s t i m a t e d  t h a t  60.6 m i l l i o n  Americans had one o r  more s k i n  
c o n d i t i o n s  t h a t  r e q u i r e d  medica l  t rea tment ,  s u g g e s t i n g  an  impress ive -  
l y  h igh  preva lence  o f  de rma to log ica l  d i s e a s e . l  Among the  most 
f r e q u e n t  de rma to log ica l  d iagnoses  of  t he  ambula tory  popu la t ion  are 
those  d i s e a s e s  o f  t h e  sebaceous  g l a n d s ,  such  as acne ,  dermatophyte 
i n f e c t i o n s ,  mal ignant  and ben i  n tumors, s e b o r r h e i c  d e r m a t i t i s ,  
a t o p i c  d e r m a t i t i s  and psor ias i s . ( i  Dermatology has  had t o  be con- 
t e n t  t o  use  drugs  i n i t i a l l y  developed f o r  o t h e r  d i s e a s e s ,  a l though  
t h e  new d i s c i p l i n e  of dermatopharmacology h a s  emerged t o  opt imize  
d e l i v e r y  o f  e x i s t i n g  drugs  and ,  more i m p o r t a n t l y ,  t o  deve lop  an imal  
models of s k i n  d i s e a s e s  and use  them t o  i d e n t i f y  new de rma to log ic  
agen t s .  The f i e l d  o f  immunodermatology has  a l s o  been reviewed2 
s t r e s s i n g  t h e  importance o f  immunologic derangement i n  many s k i n  
d i s o r d e r s .  

The scope  of t h i s  review w i l l  i nc lude  s p e c i f i c  developments 
made concern ing  p s o r i a s i s  , a t o p i c  d e r m a t i t i s  and a c n e ,  and i n c l u d e  
more g e n e r a l  s e c t i o n s  on inflammatory med ia to r s  l i k e l y  t o  p l ay  a 
r o l e  i n  s k i n  inf lammat ion ,  t o p i c a l  a n t i i n f l a m m a t o r i e s  and v e h i c l e s  
o f  c u r r e n t  u s e  i n  t o p i c a l  therapy .  

P s o r i a s i s  - P s o r i a s i s  i s  a common, m u l t i f a c t o r i a l ,  g e n e t i c a l l y  de- 
termined d i s e a s e  o f  unknown e t i o l o g y  t h a t  i s  c h a r a c t e r i z e d  by a be- 
n ign ,  u n r e s t r i c t e d  e p i t h e l i a l  growth o f  sk in .3  It produces r e c u r -  
r e n t  l e s i o n s  t h a t  a r e  o f t e n  emot iona l ly  and p h y s i c a l l y  d e b i l i t a t i n g  
t o  t h e  ~ a t i e n t . ~  

Epidemiologic  popu la t ion  s t u d i e s  r e v e a l  e i t h e r  a n  autosomal 
dominant o r  po lygenic  i n h e r i t a n ~ e . ~  Th i s  is f u r t h e r  suppor t ed  by 
h i s t o c o m p a t i b i l i t y  complex (HLA) s t u d i e s .  I t  is o f t e n  found t h a t  
t he  HLA a n t i g e n s  913, B 1 7 ,  927, 937, Cw6, D 1 1 ,  and DR7 are i n c r e a s e d  
i n  f requency  r e l a t i v e  t o  c o n t r o l s . 6  

The pa thophys io logy  of  p s o r i a s i s  h a s  been  e x t e n s i v e l y  re- 
viewed.3,4,7,1° Research  h a s  focused  on  i n t r a c e l l u l a r  m e d i a t o r s ,  
e .g . ,  c y c l i c  n u c l e o t i d e s  (CAMP and CGMF') , p r o s t a g l a n d i n s  (PGs) , 
polyamines,  a u t o a n t i b o d i e s  t o  s t r a t u m  corenum and p ro tease -an t ip ro -  
t e a s e  complexes. An imbalance o f  ep idermal  CAMP and cGMF', which a c t  
a s  modula tors  of  p r o l i f e r a t i o n  and d i f f e r e n t i a t i o n  and levels of  
which a r e  ma in ta ined  through p r o s t a g l a n d i n  r e g u l a t i o n , l l - 1 3  has  been 
impl i ca t ed  i n  p s o r i a s i s .  cGMP l e v e l s  are  e l e v a t e d , l l  a l t hough  con- 
f l i c t i n g  v a l u e s  f o r  CAMP l e v e l s  i n  involved  and uninvolved p s o r i a t i c  
ep idermis  have been reported.14-18 A v a r i e t y  o f  s t u d i e s  demonst ra ted  
t h a t  ep idermal  c y c l i c  n u c l e o t i d e  l e v e l s  are i n f l u e n c e d  by p ros t a -  
g l and ins .  Epidermal CAMP l e v e l s  are e l e v a t e d  by PGs i n  guinea  p i g  
e p i d e r m i s a n d k e r a t i n o c y t e s a s  w e l l  as human p s o r i a t i c  e p i d e r m i s . 1 9 ~ 2 0  
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I n  guinea pig ears treated wi th  t o p i c a l  vi tamin A a c i d ,  a sca- 
l y ,  erythematous, p r o l i f e r a t i v e ,  psoriaform d e r m a t i t i s  develops giv- 
ing r ise t o  increased l e v e l s  of PGE and CAMP, suggest ing t h a t  PGE 
s y n t h e s i s  and release s t i m u l a t e s  CAMP levels.21 Arachidonic a c i d  
(AA),  12-HETE and PGs i n  the  F series are as soc ia t ed  with e l eva ted  
CGMP levels.22,23 

The concentrat ions of AA and i t s  me tabo l i t e s  from t h e  l ipoxy- 
genase pathways are inc reased  i n  involved,  r e l a t i v e  t o  those i n  un- 
involved epidermis. F ree  AA and 12-HETE l e v e l s  are markedly in-  
creased,  whereas modest e l eva t ions  are observed with P G E Z . ~ ~  
Recently,  LTB4 has been r epor t ed  p resen t  i n  extracts of chamber 
f l u i d  from p s o r i a t i c  plaques.25 This f ind ing  coupled t o  the re- 
p o r t  t h a t  intradermal  i n j e c t i o n  of LTB4 produces an  inflammatory 
r e a c t i o n  i n  human skin25 impl i ca t e s  LTB4 as an inflammatory media- 
i n  psoriasis, 26,27 

Polyamines appear t o  be e s s e n t i a l  f o r  c e l l  d i f f e r e n t i a t i o n . 2 8  
Elevated l e v e l s  of polyamines have been r epor t ed  i n  involved and 
uninvolved s k i n  of p s o r i a t i ~ s . ~ ~  The c r i t i ca l  enzyme i n  polyamine 
b iosyn thes i s  i s  o r n i t h i n e  decarboxylase (ODC) which i s  a l s o  e l eva ted  
i n  involved skin.  Glucocort icoids  reduce ODC a c t i v i t y  t o  normal.29 

A mainstay i n  the  treatment of p s o r i a s i s  is t he  a p p l i c a t i o n  of 
occ lus ive  emoll ients  such as petroleum j e l l y  o r  mineral  oi l .30 
K e r a t o l y t i c  agen t s  such as s a l i c y l i c  a c i d  a i d  i n  the  removal of 
scale from plaques; furthermore,  s u l f u r  i n  combination with s a l i c y l -  
i c  a c i d  p o t e n t i a t e s  t he  k e r a t o l y t i c  a c t i 0 n . ~ ~ - 3 3  

1 - 4 2, R= =0, R 1 =COC 3 7  H - 
3, R= -OH, R1=COC H 2 5  

Glucocort icoids  are s t i l l  the  most commonly used therapy f o r  
p s ~ r i a s i s . ~  These drugs have an t i i n f l aama to ry ,  v a s o c o n s t r i c t i v e  
and a n t i m i t o t i c  e f f e c t s  when app l i ed  t o  p s o r i a t i c  plaques. Budeso- 
n ide  (1 )  w a s  equ iac t ive  t o  f luocinolone ace ton ide  i n  p s o r i a s i s  .34 
ClobetGone b u t y r a t e  (2) w a s  more e f f e c t i v e  than hydrocort isone i n  
p s o r i a s i s  and reduced plasma c o r t i s o l  l e v e l s  less.35 Clobetasol  
17-propionate (2) was a l s o  an  e f f e c t i v e  a n t i p s o r i a t i c  by two app l i -  
c a t i o n  schedules.36 Dif lorasone acetate (5) normalized f r e e  AA 
l e v e l s  and reduced 12-HETE con ten t  i n  p s o r i a t i c  p l a q ~ e s . 3 ~  

The a n t h r a l i n  products continue t o  be major t o p i c a l  noncortico- 
s t e r o i d  a n t i p s o r i a t i c  remedies. The s y n t h e t i c  anthrone (5) has re- 
placed i ts  n a t u r a l l y  occurr ing r e l a t i v e ,  chrysarobin (6), as a 
t reatment  f o r  p s o r i a s i s  and s t r u c t u r e  s p e c i f i c i t y  s t u d i e s  of t h e  
anthrones have been reviewed.38 Mid-range u l t r a v i o l e t  l i g h t  (UVB) 
and long wave u l t r a v i o l e t  l i g h t  (UVA) combined wi th  t h e  psoralens 
(PUVA) have dramatic e f f e c t s  i n  the  c l e a r i n g  of s eve re  p s o r i a s i s  and 
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t h e  s u b j e c t  has  been reviewed.5 The use of systemic chemothera- 
peu t i c  agents  i n  p s o r i a s i s  has  been ex tens ive ly  reviewed.39 

T" ' 

0 A A  N 0 0  &A0 
H 

3 6, R = CH 

OCH~CHZCH~CH~ 8 Jg..PC' - 9 

" O D C L  

CH3 &%<YO NH - 

Razoxane ( ICRF 159; 7), a n  a n t i m i t o t i c  drug, was r epor t ed  t o  be 
h igh ly  e f f e c t i v e  i n  cutaneous and a r t h r o p a t h i c  psoriasis .40 No 
hepa to tox ic i ty  w a s  r epor t ed  bu t  depressed neu t roph i l  counts were 
observed. 

The PDE i n h i b i t o r ,  Ro-20-1724 (8), s i g n i f i c a n t 1  improved psor- 

was somewhat less e f f e c t i v e  than triamcinolone bu t  it produced less 
systemic and t o p i c a l  t o x i c i t y .  

iasis when t o p i c a l l y  app l i ed  (1%) tz the  plaques. 4P This  treatment 

The H2 a n t a g o n i s t ,  c imet idine,  was i n e f f e c t i v e  in the  t r e a t -  
ment of p s o r i a s i s  and i t  was suggested t h a t  i t  may even worsen the 
condition.42 Human growth hormone (HGH) l e v e l s  a r e  r epor t ed  t o  be 
e l eva ted  i n  70% of p s o r i a t i c  p a t i e n t s e 4 3  Somatostatin,  an i n h i b i -  
t o r  of HGH, w a s  r epor t ed  t o  induce remission or a r educ t ion  of dis-  
ease a c t i v i t y  i n  75%-80% of pat ients .44 The s y n t h e t i c  i n h i b i t o r  
of HGH, bromocriptin, w a s  shown t o  be a s  e f f e c t i v e  as somatostat in  
i n  psoriasis .45 

It has been suggested t h a t  t h e r e  is a b a s i c  de f i c i ency  i n  the 
cyclooxygenase enzyme i n  p s o r i a s i s ,  and i t  has been r epor t ed  t h a t  
t he  c clooxygenase i n h i b i t o r ,  indomethacin, may exacerbate  the d i s -  
ease.T3 Hypothet ical ly ,  t h i s  could l ead  t o  an overproduction of 
l euko t r i enes  r e s u l t i n g  i n  an accumulation of inflammatory leukocytes 
and a secondary i n c r e a s e  in epidermal ce l l  p r o l i f e r a t i o n .  Lipoxy- 
genase i n h i b i t o r s ,  t he re fo re ,  may have b e n e f i c i a l  e f f e c t s  i n  psoria- 
sis. Benoxaprofen (z) ,  r epor t ed  t o  be a l ipoxygenase i n h i b i t o r ,  

improved or c l ea red  the d i sease  i n  8 of 13 p s o r i a t i c  pa- 
t i e n t s .  

One of the most promising approaches t o  the treatment of psori-  
a s i s  is the  use  of  systemic r e t i n o i d s .  E t r e t i n a t e ,  ( R o  10-9359; 
- lo), i s  ex tens ive ly  
used i n  Europe and may 

become the  treatment COOCSH, 
of choice i n  pus tu l a r  
p so r i a s i s .  47-50 
Atopic Dermatitis (AD) C H ~ O  
- AD is  a chronic  in- 
flammatory s k i n  d i s -  
ease t h a t  occurs most 
f requent ly  i n  persons 
w i t h  a personal  or 
family h i s t o r y  of 

10  - 
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a l l e r g i e s  (e.g. asthma or  a l l e r g i c  r h i n i t i ~ ) . ~ , ~ ~ , ~ ~  AD i s  char- 
a c t e r i z e d  by abnormali t ies  r e l a t e d  t o  type I and type 11 immunity. 
IgE antibody is e leva ted  i n  80% of AD p a t i e n t s ,  and o f t en  the  degree 
of e l eva t ion  corresponds with the s e v e r i t y  of t he  disease.  The pa- 
thogenic s i g n i f i c a n c e  of t h i s  f inding i s  quest ionable .  For example, 
normal serum IgE l e v e l s  occur i n  AD, e l eva ted  l e v e l s  occur i n  o the r  
d i seases  and serum IgE l e v e l s  may remain e l eva ted  following c l i n i c a l  
r e m i ~ s i o n . 5 ~  Nevertheless,  l o c a l  cutaneous r eac t ions  of IgE with 
an t igen  may con t r ibu te  t o  the  inflammation and p ru r i tu s .  C i r cu la t -  
ing immune complexes containing IgE have a l s o  been descr ibed i n  
p a t i e n t s  with AD.53 

There is evidence f o r  a de fec t ive  c e l l u l a r  immune system i n  AD. 
51954,55 There is  an increased s u s c e p t i b i l i t y  t o  seve re  cutaneous 
i n f e c t i o n s  with v i r u s e s ,  decreased s k i n  s e n s i t i v i t y  t o  s e v e r a l  a n t i -  
gens ,52 increased spontaneous l y m  hocyte p r ~ l i f e r a t i o n ~ ~  and a 
c i r c u l a t i n g  T-lymphocyte d e f i c i t .  5p A reduct ion of c i r c u l a t i n g  
suppressor/cytotoxic  (OKT 8+) T cel ls  bu t  no t  helper l inducer  (OKT 
4+) cells  has been r epor t ed  and suggests  a c t i v e  AD is assoc ia t ed  
with a s e l e c t i v e  reduct ion i n  the T8+ subset.54 A predominance of 
T-lymphocytes has been shown i n  the  s k i n  i n f i l t r a t e s  of AD57 and 
immune mediated sk in  damage by au tocy to tox ic  lymphocytes occurs re- 
s u l t i n g  i n  s k i n  f i b r o b l a s t  killi11g.~4 

Depressed monocyte and neutrophi l  chemotaxis and serum inh ib i -  
t i o n  of monocyte chemotaxis has been found i n  p a t i e n t s  with 

58 The na tu re  of the i n h i b i t o r  of chemotaxis is no t  known. 

The inc rease  i n  s e n s i t i v i t y  of suppressor T cells  t o  r e l eased  
his tamine i n  AD may be the explanat ion of the c e l l u l a r  immune d e f i -  
ciency and e l eva t ion  i n  serum 1gE.59 

There appears t o  be an endogenous D-blockade i n  kerat ino-  
cy te s  ,60 lymphocytes and polymor phonuclear leukocytes from pa- 
t i e n t s  with AD61 t h a t  is not  a t t r i b u t e d  t o  abnormal or  reduced 
numbers of D-adrenergic receptors.62 An imbalance i n  the c y c l i c  
nuc leo t ide  r egu la to ry  system may indeed explain man of the physio- 
l o g i c ,  pharmacologic and immunologic de fec t s  i n  AD.51,52 

AD cannot be prevented or cured although partial con t ro l  is 
achieved by top ica l  s t e r o i d s .  No s a t i s f a c t o r y  s stemic therapy is 
yet  ava i l ab le .  Topical ly  applied63 and disodium cromo- 
g lyca te  (DSCG) were e f f e c t i v e  i n  AD; however, o the r  r e p o r t s  f a i l  t o  
confirm this65 and o r a l l y  e f f e c t i v e  cromones r e l a t e d  t o  DSCG were 
a l s o  without effect.66-68 Neither H 1  nor H2 his tamine antago- 
n i s t s  a lone  or i n  combination were e f f e c t i v e  i n  AD.b9 Immunologic 
in t e rven t ion  using levamisole and t r a n s f e r  f a c t o r  w a s  a l s o  unsuc- 
c e s ~ f u l . ~ ~  The the rapeu t i c  va lue  of reducing PDE us ing  i n h i b i t o r s  
such a s  Ro-20-1724 (8) i s  a t t r a c t i v e  i n  view of i t s  a b i l i t y  t o  nor- 
malize IgE and his tamine r e l e a ~ a b i l i t y . ~ ~  Recently,  agg res s ive  
PUVA therapy was l o c a l l y  e f f e c t i v e  i n  m . 5 6 ~ ~ ~  The mechanism by 
which PUVA therapy induces an improvement i s  n o t  known bu t  is un- 
l i k e l y  t o  involve the  immunological changes t h a t  i t  reduces. 56 

Acne - Acne v u l g a r i s  is t he  most common d i sease  of the sk in .  I n  a 
r ecen t  survey, 68.1% or 15.5 mil l ion  people between the  ages of 12 
and 17  exhibi ted f a c i a l  a ~ n e . ~ 3  Acne is cha rac t e r i zed  by a va r i e -  
t y  of l e s i o n s  which may be noninflammatory (open and closed come- 
dones) or  inflammatory (papules,  pustules ,  nodules) .74-76 
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The b a s i c  cause of acne i s  unknown, however, cons ide rab le  in- 
formation on its e t i o l o g y  has  accumulated i n  r e c e n t  y e a r ~ . ~ ~ - 7 ~  
I t  is a m u l t i f a c t o r i a l  d i sease  involving sebum production, a kera-  
t i n i z a t i o n  abnormality and b a c t e r i a  in t h e  sebaceous f o l l i c l e  as 
e s s e n t i a l  con t r ibu t ing  pathogenic f a c t o r s .  A t  puberty,  c i r c u l a t i n g  
and t i s s u e  androgen l e v e l s  are  increased.  78 These androgens pro- 
mote the  s i z e  of sebaceous glands and t h e i r  production of sebum78 
which is comedogenic.79 Sebum production and s e v e r i t y  of acne are 
c l o s e l y  r e l a t e d  .80-82 Hyperkerat inizat ion i n  t h e  sebaceous f o l l i -  
c l e  i n i t i a t e s  microcomedone formation and development of open o r  
c losed  c0medones.7~ The r u p t u r e  of microcomedones and c losed  co- 
medones l e a d s  t o  formation of papules,  pus tu l e s  and nodules r e s u l t -  
i ng  in an  accumulation of inflammatory cells a t  the f o l l i c u l a r  
w a l l . 8 3  A number of f ind ings  suggest  a r o l e  f o r  t h e  anaerobic  
d iph the ro id ,  Propionibacterium acnes (E. acnes ) ,  i n  t he  pathogenesis 
of inflammatory acne lesions.a3-- 

The r e t i n o i d s  inc lude  n a t u r a l  forms and s y n t h e t i c  analogs of 
vi tamin A. Bene f i c i a l  e f f e c t s  with o r a l  vi tamin A were f i rs t  repor- 
t e d  in 1943.94 Subsequently,  c o n t r o v e r s i a l  s t u d i e s  followed on 
t h e  use of o r a l  vi tamin A in t he  management of acne.95-98 A re- 
cen t  r e p o r t  desc r ibes  c l i n i c a l  improvement i n  inflammatory acne vul-  
g a r i s  with l a r g e  o r a l  doses of vi tamin A ( r e t i n o l )  ranging from 
300 , 000 t o  500,000 I n t e r n a t i o n a l  Units  . 99 

Topical  t r e t i n o i n  (vi tamin A a c i d ,  a l l -E - re t ino ic  a c i d ;  11) is 
probably the  most e f f e c t i v e  t o p i c a l  agen t  i n  the  t reatment  and pro- 
phylaxis o f  comedonal and inflammatory acne.loo,lol It r e v e r s e s  
the  primary event (abnormal f o l l i c u l a r  k e r a t i n i z a t i o n )  i n  the  patho- 
genesis  of acne and prevents t h e  formation of new comedones by in -  
c r eas ing  e p i t h e l i a l  c e l l  turnover and by reducing the  cohesiveness 
of horny cells.102-104 Consequently, inflammatory l e s i o n s  which 
resul t  from comedones are reduced.lO4 

Ro 11-1430 (mot re t in ide ;  g), was compared t o  t r e t i n o i n  in c l i -  
n i c a l  acne s t u d i e s .  Both drugs were e f f e c t i v e ,  however, t o p i c a l l y  
a p p l i e d  t r e t i n o i n  a t  0.05% w a s  su e r i o r  t o  0.1% Ro 11-1430 i n  reduc- 
i n g  the  number of comedones. 187 

COOH 

- 

The most e x c i t i n g  new drug i n  t h e  t reatment  of s eve re  c y s t i c  
acne is  o r a l  i s o t r e t i n o i n  (13-2-retinoic a c i d ;  13). A t  2 mg/kg/day 
or less, dramatic  t h e r a p e u t i c  e f f e c t s  with prolonged remissions of 
s eve re  c y s t i c  acne were repor t ed  with o r a l  isotret inoin.108-113 
The mechanism of a c t i o n  of i s o t r e t i n o i n  is unknown, a l though i ts  
t h e r a p e u t i c  e f f e c t s  i n  seve re  c y s t i c  acne are a s s o c i a t e d  with a 
marked i n h i b i t i o n  of sebum p r o d ~ c t i o n . l l 4 , ~ ~ 5  I s o t r e t i n o i n  admin- 
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is t e r e d  subcutaneously116 or orally113 t o  male hamsters produced 
a marked diminution i n  the  s i z e  of f l ank  organ sebaceous glands 
without  any d i s c e r n i b l e  e f f e c t s  on o the r  androgen s e n s i t i v e  s t ruc -  
t u r e s  of t he  f lank organ. Ro 10-9359 (g), o r a l l y  e f f e c t i v e  i n  
p s o r i a s i s ,  was less e f f e c t i v e  than o r a l  i s o t r e t i n o i n  i n  t h e  treat- 
ment of s eve re  c y s t i c  acne and i n  i t s  a b i l i t y  t o  decrease sebum pro- 
duc ti  on. 117 

Since 1934, benzoyl peroxide (BPO), has  been used as a t o p i c a l  
agent  f o r  t he  treatment of acne.lo4 The e f f e c t i v e n e s s  of BPO is  
r e l a t e d  t o  i t s  a n t i b a c t e r i a l  a c t i o n  s i n c e  i t  has been shown t o  re- 
duce the  f o l l i c u l a r  population of p. a ~ n e s . l l 8 , ~ ~ g  Various BPO 
p repa ra t ions  are a v a i l a b l e  i n  l o t i o n  and newer more e f f e c t i v e  g e l  
veh ic l e s  which improve i t s  a n t i b a c t e r i a l  e f f e c t  i n  suppressing P. 
acnes and lowering f r e e  f a t t y  acids.120 

- 

The e f f i c a c y  and s a f e t y  of systemic a n t i b i o t i c s  f o r  t h e  treat- 
ment of acne v u l g a r i s  has  been r e p 0 r t e d . l ~ ~ - l 2 4  Recent r e p o r t s  
support  t h e  use of t o p i c a l  a n t i b i o t i c s  as e f f e c t i v e  a e n t s  i n  the  
t reatment  of mild t o  moderate inflammatory acne.125-f39 Antibi-  
o t i c s  used i n  the  treatment of acne have been shown t o  reduce P. 
a cnes populations,  119 9 125 possess an tiinflamma t o r y  proper t i es ,  
and i n h i b i t  leukocyte c h e m 0 t a x i s . ~ 4 ~  

Oral z i n c  s u l f a t e  is  e f f e c t i v e  i n  inflammatory acne.142-145 
The exact mode of a c t i o n  of z inc  i n  acne is  unknown; however, an  
i n t e r a c t i o n  between z i n c  and r e t i n o l  binding p ro te in  was sugges- 
ted.146 An o r a l  antiandrogen, cyproterone a c e t a t e ,  reduced sebum 
s e c r e t i o n  i n  man, and was shown t o  be e f f e c t i v e  i n  t h e  c o n t r o l  of 
r e c a l c i t r a n t  acne i n  males.147 In combination with e t h i n y l  estra- 
d i o l ,  cyproterone acetate had a pronounced e f f e c t  i n  t h e  t reatment  
of p e r s i s t e n t  acne i n  a d u l t  females.148 Benoxaprofen ( L ) ,  i n  a 
l i m i t e d  t r i a l  was repor t ed  t o  be b e n e f i c i a l  i n  the t reatment  of 
nodular acne.i49 A r e c e n t  s tudy  showed t h a t  s a l i c y l i c  a c i d  a t  
0.5% i n  an a l coho l  de t e rgen t  v e h i c l e  improved mild t o  moderate acne 
v u l g a r i s  .I50 

Topical Antiinflammatories - Topical ant i inf lammatory s t e r o i d s  are 
of p a l l i a t i v e  use  only b u t  are plagued by adverse s i d e  e f -  
fects.151-153 These inc lude  suppression of the hypothalamus-pitu- 
i t a ry -ad rena l  a x i s  due t o  percutaneous abso rp t ion ,  as w e l l  as dermal 
t o x i c i t y .  Thus, t h e r e  has been continued i n t e r e s t  i n  t h e  develop- 
ment o f  s a f e r ,  potent  non-fluorinated t o p i c a l  s t e r o i d s  with an en- 
hanced r a t i o  between t h e i r  t o p i c a l  and systemic potencies .  

dienes possessing 16,  17 acetal  substitution^.^^^-^^^ 

High t o p i c a l  and low systemic a c t i v i t y  was r epor t ed  f o r  
RS-35909 (2) 157 and fo r  s e v e r a l  7-chloro and 7-bromo co r t i co -  
s t e r o i d  17 21 d i e s t e r s ,  e s p e c i a l l y  the  17-benzoates and 21-ace- 
tates,158-1k1 Sch 22219 (15) and Sch 23409 (16). I n  mice, Sch 
22219 showed a g r e a t e r  d i z o c i a t i o n  of an t i i nxammato ry  a c t i v i t y  
from s i d e  e f f e c t s  than Sch 23409 al though the r e v e r s e  w a s  t r u e  i n  
rats.162 Org 6216 ( R i m e x 0 1 o n e ~ ; z ) ~ ~ ~  and t i x o c o r t o l  p i v a l a t e  
( P i ~ a l o n e ~ ; 1 8 ) ~ 6 4  a l s o  possess potent  l o c a l  ant i inf lammatory 
a c t i v i t y  with low systemic a c t i v i t y .  Furthermore, (17) does n o t  
appear t o  produce s k i n  a t rophy  i n  r a t s . l 6 3  

Budesonide (i) was t h e  most potent  of a series of 1,4-pregna- 
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The ant i inf lammatory e f f e c t s  of g lucocor t i co ids  were re- 
viewed.l65 Recently,  they were proposed t o  be a s s o c i a t e d  wi th  t h e  
induc t ion  o f  phospholipase i n h i b i t o r y  p r o t e i n ~ . ~ 6 6 , ~ 6 ~  These pro- 
t e i n s  have been i s o l a t e d  from g lucocor t i co id - t r ea t ed  r a b b i t  neutro-  
p h i l s  ( l ipomodulin with Mr=40,000) and rat  macrophages (macrocort in  
with Mr=lS,OOO). Macrocortin may be a phosphorylated fragment of 
li pomodulin. 

Evaluation of  t o p i c a l l y  a p p l i e d  nons t e r o i d a l  ant i inf lammatory 
drugs (NSAID) has  a t t r a c t e d  a t t e n t i o n  f o r  s e v e r a l  years.169-177 
Bufexamac ( p-butoxy-phenylacethydroxamic a c i d )  remains t h e  only to- 
p i c a l  NSAID which i s  used cl inical ly ,178 al though i ts  t o p i c a l  e f -  
f i c a c y  has r e c e n t l y  been q ~ e s t i 0 n e d . l ~ ~  Antirazafen (19) has  
r e c e n t l y  been shown t o  possess 
potent  t o  i c a l  ant i inf lammatory 

z yl-4- [ 1-0x0-2-( 4-chlor obenz y l  ) -3- 
phenyl-propyl] phenyl phospho- 
n a t e ) ,  a s e l e c t i v e  a n t a g o n i s t  o f  
PGs with a n  a b i l i t y  t o  i n h i b i t  
thromboxane production, reduced 

min i s t e red  t o  p i ca l ly .  174 , 181 

a c t i v i t y . l I 0  N-0164 (Na p-ben- CH3O / 

S C H 3  

\ 
19 

CH3O 
experimental  erythema when ad- - 

Inflammatory Mediators - The p r i n c i p a l  med ia to r t s )  of subacute  and 
chronic  inflammatory dermatoses, t h e i r  sequence of  a c t i o n  and possi-  
b l e  synergism are n o t  c l e a r l y  e s t a b l i s h e d .  Both H i  and H2 his- 
tamine r ecep to r s  are p resen t  in human s k i n  and may c o n t r i b u t e  t o  t h e  
v a s o d i l a t o r  and p r u r i t i c  response induced by histamine.lB2 The 
combination of HI (chlorpheniramine) and H2 (c ime t id ine )  recep- 
t o r  a n t a g o n i s t s  causes s i g n i f i c a n t l y  g r e a t e r  sup r e s s i o n  of h i s  ta- 
mine erythema than e i t h e r  drug given alone183,P84 al though t h i s  
synergism i s  c o n t r o ~ e r s i a l . ~ ~ ~  Histamine p r u r i t u s  is l a r g e l y  me- 
d i a t e d  v i a  HI act ivat ion.186 

Recently,  r o l e s  f o r  s e v e r a l  l i p i d  mediators and pept ides  i n  
dermatoses have been i d e n t i f i e d .  PGs E l ,  E2 and PGI2 enhance 
p ro te in  leakage from s k i n  v e s s e l s  induced by substances t h a t  i n -  
crease permeabi l i ty  such as his tamine,  LTB4 and bradykinin.  187 9 188 
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P l a t e l e t  a c t i v a t i n g  f a c t o r  (PAF-acether) is one of t he  most potent  
inflammatory mediators so f a r  descr ibed fo r  the induct ion of in-  
cr eas ed PAF -a ce t h  er 
produces an e a r l y  wheal and f l a r e  response followed by a l a t e  res- 
ponse a s  w e l l  a s  a t r a n s i e n t  burning pain i n  ma11.~9~-~93 The in -  
creased vascular  permeabi l i ty  i n  the  s k i n  of r a b b i t s  and guinea 
may i n  part be due t o  r e l e a s e  of cyclooxygenase me tabo l i t e s  
l ipoxygenase products .195 

va s cu la r  permea b i 1 i t  y .I8 , I n  tr adermal 

Several  gut  hormones t h a t  are present  i n  pe r iphe ra l  nerves may 
have neurotransmit ter  r o l e s  i n  the  p r u r i t i c  r e s p o n ~ e . ~ ~ 6 ,  lg7 Va- 
s o a c t i v e  i n t e s t i n a l  polypeptide ( V I P )  e l ic i t s  p r u r i t u s ,  whealin and 
erythema i n  human skin.  It is a very potent vasod i l a to r lg f  and 
his tamine r e l ease r l97  and may be involved i n  physiological  con t ro l  
of normal blood flow i n  hyperemia i n  inflammatory condi t ions.  I n  
c o n t r a s t ,  substance P i s  a weak vasod i l a to r  i n  the  s k i n l g 9  b u t  
produces a wheal and f l a r e  r e a c t i o n  i n  man possibly by r e l e a s i n g  
his tamine from s k i n  mast c e I l ~ . ~ 9 9 - 2 0 ~  Substance P is present  i n  
t h e  s k i n  i n  high concentrations202 and may play a physiological  
r o l e  i n  causing p ru r i tu s .  Met-enkephalin may be a sensory neuro- 
t r ansmi t t e r  i n  the skin.203 Naloxone a t t e n u a t e s  histamine-induced 
p r u r i t u s  i n  man and t h i s  suggests a r o l e  f o r  endorphins i n  
itch.204 Naloxone and r e l a t e d  o p i a t e  an tagon i s t s  may be of thera-  
peu t i c  va lue  i n  a v a r i e t y  of p r u r i t i c  conditions.205 

Vehicles - It is well-known t h a t  agents  i n  t o p i c a l  v e h i c l e s  may in- 
f luence  t h e  pene t r a t ion  of drugs through the  stratum corneum i n t o  the  
skin.206-209 Dimethyl sulfoxide,210 a l k  1 methyl su l fox ides ,  211 di-  
methylacetamide,212 dimethylformamide21s and N-methyl-2-pyrroli- 
done213,214 a r e  examples of such veh ic l e s .  

A new compound, N-0252 (l-dodecylazacycloheptan-2-one, AZONER; 20),  
w a s  r epor t ed  t o  i n c r e a s e  the permeabi l i ty  of s k i n  and e n h a n c e t h e  
penetrat ion of a n t i b i o t i c s ,  glucocort icoids  and 5 - f l u o r o u r a ~ i l . 2 ~ 5  
AZONER is co lo r l e s s ,  r e l a t i v e l y  odorless  and minimally i r r i t a t i n g  
when app l i ed  t o  human skin.  215 
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Introduction - Insulin, glucagon and somatostatin (SRIF) are polypeptide 
hormones synthesized and secreted by Islets of Langerhans of the pancreas 
and effect several major target tissues (liver, muscle, fat, GI tract). 
The metabolic effects of insulin and glucagon involve binding to specific 
membrane receptor sites with subsequent modulation of plasma membrane 
functions and numerous intracellular catabolic and anabolic processes. 
SRIF mainly alters metabolism indirectly by affecting the secretion of 
insulin and glucagon. 
briefly addressed these hormones' action in discussions of diabetes 
mellitus, however, a detailed review of their molecular mechanisms has 
not been presented. Our intent is to fill this void by emphasizing 
certain aspects of these hormones' actions which have undergone rapid and 
important new advances. In the case of insulin, these advances have been 
mainly in the areas of insulin's second messenger and effects on membrane 
structure and function. For glucagon, effects on enzyme systems will be 
emphasized. We, therefore, refer the reader to selected reviews on the 
mechanism of insulin,l-12 glucagon13-16 and SRIF17-19 for detailed 
background information, 

Previous volumes in this series (9,14,16) have 

Insulin Binding to Receptors - Insulin interacts with specific high 
affinity (Kd-lnM)I cell surface membrane receDtors. The number of 
these receptors is smal120 and can be decreased by insulin exposure 
vitro21 or hyperinsulinemia -- in ~ i v o . ~ ~  9 2 3  

occupancy by insulin has been shown to incur maximal ph siological 
response ,24 ,25 although exceptions have been reported .29 Insulin 
binding to receptors generally yields non-competitive dissociation 
kinetics and curvilinear Scatchard plots, which have been attributed to 
negative cooperativity or multi le classes of independent recep- 
tors .27 ,28 Recent reports ,29-3f however, suggest no cooperative 
interactions for liver receptors and conversion of the receptor complex 
to a high affinity state subsequent to binding. These differences may 
relate to the varied incubation conditions and cell types employed.34 
The roles of cell membrane phospholipids for insulin binding to rat liver 
plasma membranes35 and the role of lipid composition on binding36 to 
turkey erythrocyte membranes have also been examined. 

Only minimal receptor 

Insulin Receptor Structure - Insulin receptor identification and subunit 
structure has recently been deduced using 1251 affinity labelling and 
purification techniques combined with selective disulfide bond reduc- 
t i ~ n . ~ ~  Whether studied by photo-activatable insulin analogs, *38-42 
crosslinking with disuccinimidyl suberate,43-47 immunoprecipitation 
with anti-insulin receptor antibodies ,48 or radiation inacti~ation,~~ 
it is generally agreed that the insulin receptor complex has an apparent 
molecular Weight of 300-350K and is composed of subunits of a proximately 
125K (a subunit) and 90K ( B subunit) molecular weight.38-42,4t,45 The 
intact insulin receptor has a subunit structure B - w - C ~ ~ ~ O  with the 
major insulin binding site being the 125K 01 subunit.42 
90K subunit in insulin binding is currently unresolved. Heterogenous 

The role of the 
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receptor populations, ranging in molecular weight from 260K to 550K, as 
well as smaller fragments of 45-503 molecular weight have also been 
reported. These appear due to in vitro processing of the 330-350K form 
by released intracellular p r o t e z e m  945 
receptor populations and the cleavage of the Bsubunit have been observed 
following treatment of intact adipocytes with elastase or lysosomal 
pro tease^.^^ 
intact cell or are artifacts of in vitro membrane preparations. 

Similar heterogeneous 

It is not clear if these receptor forms are native to the 

Studies using mixed glycosidases, neuramidase, tunicamycin and triti- 
ated monosaccharides have demonstrated the complex glycoprotein nature of 
the receptor complex, as well as the necessity of glycosylation for 
synthesis of functional receptors .48 3 52-54 

Binding of insulin to the cell surface membrane receptor induces both 
an alteration in receptor subunit structure49 and a decrease in the 
half-life of receptor subunits.55 

Insulin Action on Membrane Transport - Insulin-sensitive transport 
systems include those for cations, anions, amino acids and glucose with 
the latter being understood in the greatest detail. 
rapidly activates glucose transport ,56 957 increasin 
transport without having marked effects on the Km.5i Similar results 
have recently been observed in humans using the glucose clamp tech- 
n i q ~ e . ~ ~  
adipose and/or muscle tissue appears to involve multi-step translocation 
of glucose transport units from an intracellular storage location to the 
plasma membrane and recycling of the transporters away from the plasma 
membrane during transport deactivation. Incubation of intact adipocytes 
or reconstituted fat cell liposomes with insulin increases the number of 
glucose transporters and stoichiometricall 
either Golgi-rich or microsomal fractions.90-62 Confirmatory results 
have been reported for diaphragm.63 
for these effects,61 they do not appear to depend on protein synthe- 
sis. Interestingly, agents known to have insulin-like effects on glucose 
transport in intact adipocytes also increased transport activity by 
plasma membrane but decreased the activity in Golgi-rich fractions .62 
Furthermore, neither the presence of the insulin receptor nor its inter- 
nalization is absolutely required for migration of transport activ- 
ity.61 However, depletion of the intracellular glucose transporter 
pool has been suggested to account for diet-3.nduced reduction of insulin 
stimulated glucose transport. 64 

Insulin binding 
the V,, of 

The major mechanism of insulin-activated glucose transport in 

reduces the activity of 

While an energy source is required 

Internalization and Intracellular Processing of Insulin and the Insulin 
Receptor - Following in;$r??lization of insulin-receptor complexes via 
adsorptive inocytosis,oJ900 ligand-receptor complexes translocate to 
the G ~ l g i , ~ ~ , ~ ~  l y s o s ~ r n e s , ~ ~ ~ ~ ~  and intermediate density vesicles71 
and are intracellularly processed via an energy dependent, apparently 
saturable process.72 
p l e ~ , ~  r 7 3  initially degraded to intermediate products of molecular 
weight close to insulin but with greatly decreased biologic/immunologic 

fraction of internalized receptors is processed via lysosomal proteoly- 
sis8945942~79~80 with remaining intact receptors recycled to the plasma 
membrane.8,79 The rate and magnitude of ligand-receptor endocytosis is 
dependent on cell type with adipocytes and hepatoc tes internalizing a 
greater percentage of complexes than  lymphocyte^.^^^^^ 972 s81 

Insulin is separated from the receptor com- 

and subsequently degraded f ~ r t h e r . ~ , ~ ~  978 A variable 

Although the biochemical events involved in processing and recycling 
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are currently unknown, some understanding of the relationship between 
receptor down-regulation (a mode of decreased cell responsiveness to 
increased insulin levels) and intracellular events has been elucidated. 
Down-regulation in cultured hepatocytes appears to result from decreased 
cell-surface receptor number without concomitant alterations in receptor 
affinity or rates of receptor synthesis and d e g r a d a t i ~ n . ~ ~ , ~ ~  Total 
cellular insulin receptor number remained constant, suggesting that 
insulin exposure increased the percentage of receptors sequestered in a 
state inaccessible to insulin or translocated to an intracellular com- 
partment.82 
degradation showed that receptor-mediated insulin degradation exceeds the 
rate of receptor degradation by over 200-fold and that most of the inter- 
nalized receptor complexes recycle to the cell surface following insulin 
loss .73 
differentiated 3T3-Ll adipocytes results from alterations in receptor 
degradation with decreases in both total and cell-surface receptor 
numbers .83 

Comparison of the rates of receptor turnover to insulin 

Interestingly, insulin-induced receptor down-regulation in 

Receptor degradation rate was inhibited by cycloheximide and puro- 
mycin, im lying that protein synthesis is required for normal receptor 
turnover. f;4 Mechanisms for receptor down-regulation similar to those 
obtained with 3T3-Ll cells were reported for theaand @-receptor subunits 
using IM-9 lympho~ytes.85,~~ 

Effects of Insulin on Intracellular Enzymes - Our understanding of the 
molecular events for insulin's effects on a number of intracellular 
enzymes remains incomplete. Several of these enzymes, such as glycogen 
~ y n t h e t a s e , ~ ~ , ~ ~  pyruvate dehydrogenase complex (PDH) ,89 and pyruvate 
kinase appear to be regulated by phosphorylation-dephos horylation 

Mg+2-ATPase, 91 CAMP phosphodies teraseg2 and adenylate cyclase. 93 
However, there is yet little agreement as to the precise mechanisms 
involved. Most interesting is the recent work of Seals et al., in which 
they have essentially reconstituted the insulin effect on PDH in adipose 
tissue .94 sg5 These investigators added insulin-treated plasma mem- 
branes to mitochondria and observed that phosphorylation of what appeared 
to be the a-subunit of PDH was retarded. They postulated that a second 
messenger other than CAMP is released from the plasma membrane upon 
insulin addition and that this factor mediates the changes in PDH. 
Insulin-ex osed particulate fractions from skeletal r n u ~ c l e , ~ ~ , ~ ~  sg7 and 
l i ~ e r , ~ ~ , ~ ~  and exposure of heart mitochondria,100 hepatoma 
cells,lol and IM-9 lymphocytesg9 to insulin were reported to release 
one or more similar low-molecular weight substances, which affected 
certain insulin-sensitive enzymes. Fat-feeding of rats decreases 
generation of the low-molecular weight substances.lo2 In nearly all 
cases, insulin's effect on generation of this substance a ears to be 
biphasic with respect to the concentration of hormone,98,Ep3,104 and 
this has been attributed to the release of two antagonistic sub- 
s t a n c e ~ . ~ ~ ~ ~ ~ ~ - ~ ~ ~  
these two antagonistic activities have appeared and although the chemical 
nature of these substances remains elusive, it has been suggested that 
they are pep tide^^^,^^^ or oligoglyco e p t i d e ~ . ~ ~  It should be noted 
here that added Ca+2 produces effects94*95p108 similar to insulin on 
PDH and Ca+2 has frequent1 
messenger for insulin.108-1l0 However , experimental results have 
failed to establish Ca+2 as a primary mediator for either insulin or 
glucagon, 
concentration may ultimately prove significant. Study of the effects of 
insulin on inositol lipids may prove a fruitful area of research since 

reactions. Similar processes have been postulated for Ca+ 4 , 

The first reports105*107 of the separation of 

been suggested to be an important secondary 

though secondary changes in the intracellular Ca+2 
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hydro1 sis of these lipids appears to be intimately involved in a number 
of Ca+$-mediated ef fects of hormones. 112 9 

Insulin might be mediating a number of the above effects on enzymes 
through its well-established ability to inhibit fatty acid mobilization. 
The resulting decreased fatty acid oxidation would, for instance, 
decrease the mitochondria1 acetyl CoA/CoA and possibly NADH/NAD and thus 
result in less PDH in the active fom.114-118 

Glucagon: Regulation of Carbohydrate Metabolism - It is thought that 
glucagon regulates the direction and magnitude of cellular carbon flux by 
?nfluencing-the activity of three al1os;eric enzymes [L-isozyme of 
pyruvate kina~e,ll~-l~~ 6-phosphofructo 1-kinase 
ase)11g~122 ,123 and fructose 1,6-bi~phosphatase~~'~~~~] that are 
important sites for the regulation of gluconeogenesis and glycolysis. 
These enzymes are believed to be regulated by 1) direct effects of 
allosteric effectors, 2 )  phosphorylation of the enzyme, with phos- 
phorylation modifying the influence of the allosteric effectors on the 
activity of the enzyme, and 3 )  in the case of pyruvate kinase, by the 
ability of the allosteric ligands to influence a conformational change, 
thereby making the enzyme more or less susceptible to phosphorylation by 
protein kinase.119 ,124 

PF l-kin- 

Even though extensive data exist that glucagon stimulates the cyclic 
AMP dependent 
enzymes ,122,12g-127 the role of covalent modification in regulating 
their activity remains equivocal. 
the role of fructose 2,6-bisphosphate (fructose 2,6-P2, l), a novel 
sugar phosphate, as an important physiological mediator of glucagon's 
effects on hepatic carbohydrate metabolism. 

rotein kinase to catalyze the phosphorylation of all three 

More recent studies have focused on 

In the absence of hormone, 

fructose 2,6-P2 and AMP are believed to act synergistically to activate 
PF 1-kinase and to competitively inhibit fructose 1,6-bisphosphatase, 
thus limiting the rate of gluconeogeneais by allowing substrate cycling 
to occur. 125 8 128, 129 For fructose 1,6-biephosphatase, fructose 
2,6-P2 binds to the catalytic site as well as the allosteric site for 
AMP with two separate rou s of tyrosine residues being associated with 
each of these sites.138*13E Fructose 2,6-P2 is a potent allosteric 
activator of PF 1-kinase with a Ka of 0.05 pM and it is 100-2500 times 
more effective than fructose l,6-P2 in activating the enzyme.122,128,129,132 
In the presence of glucagon, fructose 2,6-P2 levels are dramatically 
lowered relieving the inhibition on the bisphosphatase and decreasing the 
activation of the PF 1-kinase, thus promoting glucose synthe- 
sis.125,128 This offers a possible mechanism for glucagon's regulation 
of this substrate cycle without invoking phosphor lation-induced activity 
changes in either enzyme. PF 1-kinase in liver139 appears to be mainly 
under this allosteric control rather than under regulation by phosphory- 
lation. However, glucagon does'appear to be influencing the regulation 
of gluconeogenesis/glycolysis through CAMP-dependent phosphorylation 
processes that result in alterations of the synthesis and degradation of 
fructose 2,6-P2. Recent results indicate that a cycle between fructose 
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6-P and fructose 2,6-P2 occurs in liver in which the synthesis of 
fructose 2,6-P2 is catalyzed by PF 2-kinase and the hydrolysis is 
catalyzed b fructose 2,6-Pase.122~125~128~134 A number of 
reports125~P28~135~136 have shown that the addition of glucagon to 

Fructose 6-P Fructose 2, 6-P, - 
Fructose 2, 6-Pase 

P 

hepatocytes leads to inhibition of PF 2-kinase and to a decrease in the 
level of fructose 2,6-P2. 
bifunctional enzyme having both phosphohydrolase and phosphotransferase 
activities,137 with both activities being regulated by glucagon through 
CAMP-dependent phosphorylation. 
phosphorylase kinase in the presence of Ca+2 and calmodulin and be 
activated by phosphorylase pho~phatasel~~ setting up the possibility 
that glucagon-induced changes in glycogen synthesis and glycolysis are 
coordinated in this manner. In diabetes he atic levels of fructose 
2,6-P2 were also found to be very low,12B913B probably secondary to 
the decreased levels of glucokinase and the glucagon-mediated decrease of 
PF 2-kinase activity.139 
restored the levels probably by virtue of its ability to reverse the 
above changes. 

6-Phosphofructose 2-kinase appears to be a 

The enzyme can also be inactivated by 

Insulin administration to diabetic rats 

Recent studies indicate that glucagon may also control the 
non-oxidative segment of the hepatic pentose pathway through alterations 
in the levels of fructose 2,6-P2.140 
been raised about the physiological significance of fructose 2,6-P2 in 
controlling muscle carbohydrate m e t a b ~ l i s m . ~ ~ ~ , ~ ~ ~  

However, serious questions have 

Another hypothesis is that the primary site of glucagon's effects on 
gluconeo enesis is located within the mitochondria rather than the 
cytosol. f42,143 Mitochondria derived from Blucagon-treated rats show 
enhanced rates of pyruvate m e t a b ~ l i s m ~ ~ ~ , ~ ~ * +  and it has been suggested 
that the production of a more alkaline matrix supports faster rates of 
pyruvate transport into the mitochondria.143 ,145 Glucagon also 
decreases the quantity of exchangeable Ca+2 within the cell but it is 
not known whether the levels of fructose 2,6-P2 are sensitive to 
changes of Ca+2.146,147 Glucagon may also be influencing the rate of 
gluconeogenesis through activation of pyruvate carboxylase secondary to 
its well known activation of fatty acid oxidation. 

Glucagon: 
fed to the fasted state, the liver turns from the utilization of 
carbohydrate and the biosynthesis of FFA to the consumption of FFA for 
energy with the production of ketones as by-products. While increased 
adipose-tissue lipolysis, brought on by a relative insulin deficiency, is 
necessary for this changeover to be ex ressed in v ~ v o , ~ ~ ~  the changes 
in liver are induced by g l u c a g ~ n . l ~ ~ - ~ ~ ~  Glucagon action is thought to 
be mediated through its control of the cytoplasmic malonyl-CoA concentra- 
tion.16 
biosynthesis) is a potent inhibitor (Ki 1-2 pM) of carnitine palmi- 

Regulation of Fatty Acid (FFA) Metabolism - In going from the 

Malonyl-CoA (the first committed intermediate in fatty acid 
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toyl-transferase-I (CPT-I) ,151,152 an enzyme required for the uptake of 
long chain FFA into mitochondria where the are oxidized. Malonyl-CoA 
reduces FFA oxidation by liver h o m ~ g e n a t e s ~ ~ ~  
m i t ~ c h o n d r i a l ~ ~ - ~ ~ ~  9 155-157 presumably by slowing the entry of FFA into 
the f3-oxidative pathwa Glucagon treatment lowers malonyl-CoA in iso- 
lated hepatocytes, 158-162 a system which displays a tight inverse 
relationship between malon 1-CoA levels (or llpogenesis) and the rate of 
FFA oxidation. 158-161,163-j165 Glucagon's depression of malonyl-CoA 
occurs mainly as a consequence of its inhibition of g l y c o l y ~ i s ~ ~ ~  and 
through a partial suppression of the enz 
synthesis, acetyl-CoA carboxylase. 159,16r166 Insulin may have a 
direct, opposite effect.162 

reports have documented a reduced sensitivity of cpT-11~~ slg7-l7O and 
FFA oxidation152 9 155-157 to malonyl-CoA in fasting. 
decrease in sensitivity is of sufficient magnitude to raise questions 
about the physiological significance of the further decline of 
malonyl-CoA concentrations. As such, glucagon manipulation of CPT-I 
characteristics and not the concentration of malonyl-CoA per se might be 
primary. 
malonyl-CoA sensi tivity have been debated. 152 , 

and isolated 

e responsible for malonyl-CoA 

While the "malonyl-CoA hypothesis" has gained wide acce tance, recent 

In some cases, the 

Both the magnitude and the significance of the changes in 
8 172 

In addition to effects relative to malonyl-CoA, glucagon may 
influence the rate of FFA oxidation b 
esterification pathwa 162,165,1739171 by elevating liver carnitine and 
long chain acyl-CoA, 11;2*175 by stimulating mitochondria1 carnitinelacyl 
carnitine transport 

decreasing the activity of the 

,177 and by increasing CPT-I1 activity.178 

Somatostatin (SRIF) - SRIF produces a wide variety of antisecretory 
effects, including the inhibition of insulin and glucagon secre- 
tion.17-19,179 
conclusively elucidated, though ap arently it does not involve 
a-receptors, phosphodiesterase, Nae-K+ ATPase, or effects on hormone 
biosynthesis or glucose metabolism.179 
binding sites have been identified in 
pancrea~;~~-l~~ with SRIF addition resulting in decreased CAMP levels 
and adenylate cyclase a ~ t i v i t y . ~ ~ ~ , ~ ~ ~  
hormone secretion by interference with cyclic nucleotide action. It 
inhibited the activation of cAMP-dependent protein kinase in islet 
tissue179 and has been reported to induce phosphorylation of mast cell 
proteins186 and to be a potent activator of phosphoprotein phospha- 
tase.lB7 SRIF has also been po~tulatedl~-~~ to act by altering the 
intracellular status of Ca+2. It inhibited Cai2 influx into pitui- 
tary cells179 188 and disrupted glucose-induced pancreatic insulin 
secretion by activating and deactivating K+ and Ca+2 permeability, 
respectively, as well as inhibiting adenylate ~yc1ase.l~~ 9lgo 
since SRIF has been shown to inhibit insulin secretion in the absence of 
extracellular Ca+2,179,1899190 the precise role of Ca+2 in SRIF 
action remains unclear. 

The mechanism of these effects has not been 

Specific hi h affinity SRIF 
and 

SRIF may also be inhibiting 

However, 
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Chapter  2 1 .  S t r u c t u r e - A c t i v i t y  R e l a t i o n s h i p s  o f  
Calmodulin A n t a g o n i s t s  

Walter C. P r o z i a l e c k  
Department of  P h y s i o l o g y  and Pharmacology 

P h i l a d e l p h i a  C o l l e g e  of O s t e o p a t h i c  Medic ine  
4150 C i t y  Avenue, P h i l a d e l p h i a ,  Pa.  19131 

I n t r o d u c t i o n  - Calmodulin (CM) i s  a w i d e l y - d i s t r i b u t e d ,  Ca2+-binding pro- 
t e i n  h a v i n g  a m o l e c u l a r  w e i g h t  o f  a p r o x i m a t e l y  17,000. S i n c e  i t s  d i s c o v -  
e r y  i n  1970 as an a c t i v a t o r  o f  a Ca5+-sens i t ive  form o f  p h o s p h o d i e s t e r a s e ,  
CM h a s  been shown t o  r e g u l a t e  a v a r i e t y  of  Ca2+-dependent enzymes and pro-  
c e s s e s  l v 2 .  C o n s i d e r a b l e  e v i d e n c e  now s u g g e s t s  t h a t  CM i s  t h e  p r i n c i p a l  
m e d i a t o r  of  t h e  e f f e c t s  of Ca2+ i n  most e u k a r y o t i c  ce l l s .  F o r  d i s c u s s i o n s  
of t h e  b i o c h e m i c a l  p r o p e r t i e s  and t h e  p h y s i o l o g i c a l  f u n c t i o n s  of CM, t h e  
r e a d e r  i s  r e f e r r e d  t o  any o f  s e v e r a l  e x c e l l e n t  r e v i e w s .  3-9 

S i n c e  CM p l a y s  a fundamenta l  r o l e  i n  c e l l  b i o l o g y ,  a g e n t s  t h a t  i n -  
h i b i t  i t s  a c t i v i t y  s h o u l d  have  i m p o r t a n t  p h a r m a c o l o g i c a l  e f f e c t s .  An un- 
d e r s t a n d i n g  of t h e  mechanisms by which t h e s e  a g e n t s  a l t e r  CM a c t i v i t y  may 
h e l p  t o  e x p l a i n  t h e i r  p h a r m a c o l o g i c a l  a c t i o n s  o r  may s u g g e s t  new approach-  
es f o r  modi fy ing  v a r i o u s  p h y s i o l o g i c a l  o r  p a t h o l o g i c a l  p r o c e s s e s .  In 
a d d i t i o n ,  t h e  development  o f  s e l e c t i v e  CM a n t a g o n i s t s  may p r o v i d e  a u s e f u l  
means f o r  f u r t h e r  s t u d y i n g  t h e  b i o l o g i c a l  r o l e s  of CM. 

I n  t h e  mid 1 9 7 0 ' s  Weiss and co-workers  r e p o r t e d  t h a t  t h e  p h e n o t h i a -  
z i n e  a n t i  s y c h o t i c s  i n h i b i t e d  t h e  CM-induced a c t i v a t i o n  of p h o s p h o d i e s t e r -  
ase. Subsequent  s t u d i e s  have shown t h a t  a v a s t  a r r a y  o f  compounds 
b e l o n g i n g  t o  d i v e r s e  c h e m i c a l  and p h a r m a c o l o g i c a l  c l a s s e s  c a n  i n h i b i t  t h e  
a c t i o n s  of  CM i n  a v a r i e t y  of b i o c h e m i c a l  s y s t e m s .  8,12913 T a b l e  1 l is ts  
t h e  c l a s s e s  of a g e n t s  t h a t  have been  shown t o  i n h i b i t  one o r  more a c t i o n s  
of  CM. The purpose  o f  t h i s  rev iew i s  t o  b r i e f l y  summarize t h e  g e n e r a l  
mechanisms by which t h e s e  a g e n t s  modify t h e  a c t i v i t y  of  CM and  t o  examine 
i n  d e t a i l  t h e  s t r u c t u r a l  f a c t o r s  t h a t  e n a b l e  d r u g s  t o  i n t e r a c t  d i r e c t l y  
w i t h  CM. S e v e r a l  as  e c t s  o f  t h e  pharmacology o f  CM have  been  rev iewed 
e l s e w h e r e .  8,12913,y2953 

Mechanisms of P h a r m a c o l o g i c a l l y  A l t e r i n g  CM A c t i v i t y  - Most i f  n o t  a l l  of  
t h e  e f f e c t s  of CM r e s u l t  from t h e  a c t i v a t i o n ,  o r  o c c a s i o n a l l y  i n h i b i t i o n ,  
of s p e c i f i c  enzymes. 3-6 F i g u r e  1 i l l u s t r a t e s  t h e  g e n e r a l  mechanism by 
which CM r e g u l a t e s  most Ca2+-dependent enzymes. N e i t h e r  Ca2+, n o r  CM a l o n e  
i s  a c t i v e .  However, e a c h  CM m o l e c u l e  can b i n d  up t o  4 Ca2+  ions .3-7 ,50 ,54  
The b i n d i n g  of Ca2+  a l t e r s  t h e  c o n f o r m a t i o n  of  CM, 3-7 i n c r e a s i n g  i t s  
h e l i c a l  c o n t e n t  54-56 and e x p o s i n g  hydrophobic  r e g i o n s .  57758 I n  t h i s  con- 
f o r m a t i o n ,  t h e  Ca2+-CM complex c a n  b ind  t o  r e g u l a t o r y  si tes on t a r g e t  
enzymes and through a n  unknown mechanism a l t e r  t h e i r  a c t i v i t i e s .  3-6,59 
Although c o n t r o v e r s i a l ,  some e v i d e n c e  s u g g e s t s  t h a t  v a r i o u s  CM-sensi t ive 
enzymes may r e q u i r e  d i f f e r e n t  s t o i c h i o m e t r i c  amounts o f  Ca2+ and CM f o r  
a c t i v i t y  . 5 6 947 9 60-63 

There  a r e  s e v e r a l  mechanisms by which d r u g s  might  a c t  t o  i n h i b i t  t h e  
a c t i o n s  of CM. 8 ,52  Agents  might  a c t  by:  (A) d e c r e a s i n g  t h e  c o n c e n t r a t i o n  
of  a v a i l a b l e  Ca2+ and p r e v e n t i n g  t h e  f o r m a t i o n  o f  t h e  a c t i v e  Ca2+-CM com- 
p l e x ,  (B) b i n d i n g  t o  CM and a l t e r i n g  i t s  a b i l i t y  t o  b i n d  Ca2+, (C) b i n d i n g  
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t o  t he  Ca2+-CM complex and modi fy ing  i t s  a c t i v i t y ,  (D) b i n d i n g  t o  t he  CM- 
r e c o g n i t i o n  s i t e  on the CM-sensitive enzyme and t h u s  p r e v e n t i n g  the in t e r -  
action o f  the Ca2+-CM complex w i t h  the  enzyme, (E) i n t e r a c t i n g ,  ei ther 

T a b l e  1 - Classes o f  Agents  t h a t  I n h i b i t  the A c t i o n s  o f  Calmodulin 

Pharmacological Chemical Representative *Probable **Selected 
Class Class Agent Mechanism References 

a -adrenergic benzyl- 6 -chloro- phenoxybenzamine 
antagonist ethylamine 

6 -adrenergic alkylaminonaph- propranolol 
mtagonist thy1 ether 

agent 

antianginal agent dine 

ergot alkaloid dihydroergotamine 

antianxiety benzodiazepine diazepam 

antiarrhythmic- 1,4-dihydropyri- felodipine 

dimethoxyphenyl- verapamil 

dibenzocyclohep- amitriptyline 

acetoni t r i le  
antidepressant dibenza zepine Mpramine 

tadiene 
antidiarrheal diphenylalkyl- loperamide 

piperidine 
antihistamine phenothiazine promethazine 
antimalarial aminoacridine quinacrine 

cinchona alkaloid quinme 
antipsychotic butyrophenone haloperidol 

benzocyclohepta- b u t a c l m l  

dicnzodiazmine 
p idoisoquinoline 

cancer chemo- 
therapeutic 
agent 

local anesthetic 

neuropeptide 

smooth muscle 
relaxant 

miscellaneous 
agents 

diphenylbutfi - 
piperidine 

phenothiazine 

thioxanthene 
anthracycline 
vinca alkaloid 

benzoic es ter  
cinchoninamide 
phenylacetamidine 
pheny lamide 
opioid peptide 
insect venom pep- 
t ide 

mine 
diphenylpropyla- 

naphthalenesful- 

Ca chelator 
fypide 

t e  in 

detergent 

insecticide 

04-binding pro- 

polpxyethylene 

chlorinated ethane 

modified 

metal ion 
methylxanthene 
miconazole- 
analogue 
B -aminoethyl- 
diphenylpente- 
noate 

clozapine 
penfluridol 

trifluoperazine and 
analogs 

chlorprothixene 
adriamycin 
vinblast ine 

tetracaine 
dibucaine 
phenacaine 
lidocaine 
B -endorphin 
me1 itt in 

prenylamine 

W-7 and analogs 

EGTA 
calcineurin 

Triton X-100 

DDT 

chlorpromazine-linked 
04 

Mg2’ 
theophylline 
R-24571 

proadifen 
(SKF-525A) 

C 

C 
C 

C,D 

A,C,E  

A,C,E 

C 
C 

C 

C 
C 
C 
C 
C 

C 
C 

C 

C 
C 
C 

C 
C 
C 
C 
C 
C 

C 

C 

A 
C 

C 

C,D 

D 

B 
E 
C 

C 

14,15 

14 
16,17 

18,19 

20,21 

21 

11 ,22  
11 

23 

11,22 
16,17,22 
17 
11,12,24 
24 

12,24 
1 1 , 1 2 , 2 4  

11,12,22 

12,22,24 
2q 
15,26 

16 ,17,27 
16,17,27 
16,17,27 
27 
12,28-30 
30,31 

32 

32-34 

8 ,I1 
35-40 

41 

42 

43 

44-47 
48-50 
51 

16,17 

*Probable mechanism refers to  l e t t e r s  shown i n  Figure 1, as discussed in the text. 
‘“References are  for each chemical class, not only the representative agent. 
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Figure 1 - Mechanisms f o r  t h e  Ac t iva t ion  and 
I n h i b i t i o n  of CM-Sensitive Enzymes 

RESPONSE a 
competi t ively o r  non-competit ively,  with t h e  c a t a l y t i c  p o r t i o n  of the CM- 
s e n s i t i v e  enzyme and a l t e r i n g  i t s  a c t i v i t y ,  (F) i n t e r a c t i n g  wi th  t h e  ter- 
nary Ca2+-CM-enzyme complex. 

2+ 
Agents t h a t  a c t  by decreasing t h e  concen t r a t ion  of Ca (Mechanism A) 

inc lude  c h e l a t i n g  agen t s  (e.g. EDTA and EGTA) and t h e  so-cal led Ca2+- 
channel b locke r s  (e.g.  verapamil and n i f i d i p i n e ) ,  which i n h i b i t  t h e  i n f l u x  
of e x t r a c e l l u l a r  Ca2+(see Chapter 9 and r e fe rences  64,65) .  Since they do 
not  i n t e r a c t  d i r e c t l y  with CM, t h e s e  a g e n t s  d i s p l a y  l i t t l e  s p e c i f i c i t y  f o r  
CM-regulated systems. For example, t h e  Ca2+-chelators i n h i b i t  a l l  bio- 
chemical a c t i o n s  of Ca2+ ,  not  only i t s  i n t e r a c t i o n  w i t h  CM. It should be 
noted t h a t  t h e r e  is some evidence t h a t  c e r t a i n  Ca2+ channel b l o c k e r s  might 
i n t e r a c t  with CM i t s e l f .  20,21 

L i t t l e  i s  known about a g e n t s  t h a t  i n t e r a c t  w i th  CM and a l t e r  i t s  
a b i l i t y  t o  bind Ca2+ (Mechanism B ) .  Such agen t s  might a c t  by binding di-  
r e c t l y  t o  t h e  CaZ+-binding s i t e s  on CM o r  by binding t o  some o t h e r  s i te on 
the  molecule and inducing conformational changes i n  t h e  Ca2+-binding re- 
gions. Although a v a r i e t y  of  d i -  and t r i v a l e n t  c a t i o n s  can i n t e r a c t  with 
Ca2+ b ind in  sites on CM, 50,66 and t o  varying degrees  m i m i c  t h e  a c t i o n s  
of CaZf66,8$it is less c l e a r  whether t h e s e  agen t s  can an tagon ize  o r  poten- 
t i a t e  t h e  e f f e c t s  of Ca2+. Several  s t u d i e s  have shown t h a t  M 2+ i n h i b i t s  
t h e  a c t i v a t i o n  of CM-dependent enzymes by competing w i t h  Ca2' f o r  i o n  
binding sites on CM. 44-47 However, La3+, which enhanced t h e  Ca2+-mediated 
binding of CM t o  ra t  s t r ia ta l  p a r t i c l e s ,  had no e f f e c t  on t h e  a c t i v a t i o n  
of adeny la t e  cyc la se  by Ca2+ and CM. 67 Recent ly ,  s e v e r a l  metals inc lud ing  
Hg, Cd, Zn, Co and S r  have been shown t o  i n h i b i t  t h e  CM-induced a c t i v a t i o n  
of phosphodiesterase,  a l though t h e  mechanism underlying t h i s  e f f e c t  has  
y e t  t o  be determined. 88 Resu l t s  of s t u d i e s  examining t h e  NMR spectrum of 
CM suggest  t h a t  t h e  binding of phenothiazine a n t i p s y c h o t i c s  by t h e  Ca2+- 
CM complex ( s e e  below) a l t e r s  t h e  Ca2+ binding domains of CM. 68369 How- 
eve r ,  t h e  s i g n i f i c a n c e  of t h i s  i s  unc lea r  s i n c e  t h e  binding of t h e  drugs 
themselves r e q u i r e s  Ca2+ 8,12 and t h e  i n h i b i t o r y  e f f e c t s  of t h e  drugs 
cannot be overcome by inc reas ing  t h e  concen t r a t ion  of Ca2+. 11 

By f a r ,  t h e  l a r g e s t  group of CM a n t a g o n i s t s  c o n s i s t s  of those agen t s  
t h a t  i n t e r a c t  d i r e c t l y  with t h e  Ca2+-CM complex (Mechanism C) . According- 
l y ,  t h i s  group of compounds will se rve  as t h e  focus of t h i s  review. 

Thus f a r ,  l i t t l e  a t t e n t i o n  has  been given t o  agen t s  t h a t  act a t  t h e  
CM-binding s i tes  on CM-sensitive enzymes (Mechanism D). However, r ecen t  
f i nd ings  suggest t h a t  t hese  may provide u s e f u l  s i t es  f o r  pharmacological 
i n t e rven t ion .  CM t h a t  had been i r r e v e r s i b l y  l i nked  t o  chlorpromazine by 
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u l t r a v i o l e t  i r r a d i a t i o n  ( s e e  below) i n h i b i t e d  t h e  a c t i v a t i o n  of phospho- 
d i e s t e r a s e  By n a t i v e  CM. 43 The chlorpromazine-CM complex, which w a s  un- 
a b l e  t o  a c t i v a t e  phosphodiesterase,  appa ren t ly  competed wi th  CM f o r  a reg- 
u l a t o r y  s i t e  on t h e  enzyme, suggest ing t h a t  it may be p o s s i b l e  t o  develop 
a new c l a s s  of CM a n t a g o n i s t s  t h a t  are d i r e c t e d  a t  t h e  CM-binding s i tes  on 
CM-sensitive enzymes. Since t h e r e  is some evidence t h a t  v a r i o u s  CM-sensi- 
t i v e  enzymes may have somewhat d i f f e r e n t  CM-binding sites,5,6,60-62 agen t s  
d i r ec t ed  a t  these  si tes might d i sp l ay  g r e a t e r  s e l e c t i v i t y  than agents  t h a t  
i n t e r a c t  w i th  CM i t s e l f .  

Like t h e  Ca2+-chelators, agen t s  t h a t  i n t e r a c t  w i t h  t h e  c a t a l y t i c  
po r t ions  of CM-sensitive enzymes (Mechanism D; e.g. methylxanthine phos- 
phodiesterase i n h i b i t o r s )  should be considered as i n d i r e c t  CM a n t a g o n i s t s ,  
s i n c e  they do not  i n t e r a c t  w i t h  CM o r  i t s  binding sites. These agen t s  are 
r e l a t i v e l y  non-specif ic  because they can i n h i b i t  t h e  non-stimulated form 
of t h e  enzyme as w e l l  as t h e  CM-stimulated form. 48-50 I n  a d d i t i o n ,  t hey  
can i n h i b i t  t h e  a c t i v a t i o n  of t h e  enzyme b agen t s  o t h e r  t han  CM, o r  in-  
h i b i t  CM-insensitive forms of t h e  enzyme. %8 

No agents  t h a t  i n t e r a c t  s p e c i f i c a l l y  w i t h  t h e  t e r n a r y  Ca2+-CM-enzyme 
complex (Mechanism F) have been desc r ibed ,  although agen t s  t h a t  a c t  on t h e  
enzyme o r  CM i t s e l f  might remain bound a f t e r  t h e  t e r n a r y  complex i s fo rmed .  

It is ,  of course,  p o s s i b l e  t h a t  c e r t a i n  agen t s  may act by more than  
one of t h e  mechanisms descr ibed above. For example i t  h a s  r e c e n t l y  been 
suggested t h a t  t h e  an t ip sycho t i c  agen t s  t r i f l u o p e r a z i n e  and p e n f l u r i d o l  
i n h i b i t  t h e  CM-induced a c t i v a t i o n  of Ca2+-transport ATPase by i n t e r a c t i n g  
wi th  both CM and t h e  enzyme i t s e l f  ?g ,70,89The benzodiazepine a n t i a n x i e t y  
agents  not  only bind d i r e c t l y  t o  CM, l8 bu t  a l s o  i n t e r a c t  w i t h  t h e  CM- 
s e n s i t i v e  p r o t e i n  k inase  of ra t  b r a i n  membranes. 19 The an t i a r ryh thmic  and 
a n t i a n g i n a l  agent nimodipine i n h i b i t s  t h e  CM-induced a c t i v a t i o n  of phos- 
phodiesterase b i n t e r a c t i n g  with bo th  CM and with t h e  c a t a l y t i c  p o r t i o n  
of t h e  enzyme. L 
Reversible  Binding of Drugs t o  CM - Of t h e  drugs t h a t  i n t e r a c t  d i r e c t l y  
with CM o r  t h e  CaZ+-CM complex, t h e  phenothiazine a n t i p s y c h o t i c s  have been 
s tud ied  most ex tens ive ly .  These agents  bind t o  two d i s t i n c t  classes of 
sites on CM: a c l a s s  of s p e c i f i c ,  h igh -a f f in i ty ,  CaZ+-dependent s i tes;  and 
a c l a s s  of non-specif ic ,  low a f f i n i t y ,  CaZ+-independent sites. 18971-73 
The Ca2+-dependent si tes appear t o  be t h e  pharmacologically important 
s i tes s i n c e  t h e r e  i s  an exce l l en t  c o r r e l a t i o n  between t h e  Ca2+-dependent 
binding of var ious drugs and t h e i r  anti-CM potencies .  8,18 There are 2-3 
CaZ+-dependent binding s i tes  pe r  CM molecule,  with t h e  most po ten t  pheno- 
t h i a z i n e s  d i sp l ay ing  d i s s o c i a t i o n  c o n s t a n t s  i n  range of 1-10 uM. 12,18 
Several  o t h e r  classes of drugs a l s o  bind t o  these  same CaZ+-dependent 
sites on CM. Ligand binding s t u d i e s  have shown t h a t  t h e  diphenylbutylpi-  
pe r id ine  and butyrophenone a n t i p s y c h o t i c s ,  l2 ,I8 t r i c y c l i c  a n t i d e p r e s  - 
s a n t s ,  benzodiazpine a n t i a n x i e t y  agen t s ,  l2 3 l8 neuropept ides  , 28 and 
naphthalenesulfonamide smooth muscle r e l a x a n t s  32 bind t o  CM i n  a Ca2+- 
dependent manner and can compete with phenothiazines  f o r  sites on CM. The 
va r ious  a e n t s  do, however, e x h i b i t  markedly d i f f e r e n t  a f f i n i t i e s  f o r  t h e  
p ro te in .  82318 I n t e r e s t i n g l y ,  t h e  more po ten t  agen t s  show c e r t a i n  s t r u c -  
t u r a l  s i m i l a r i t i e s  which may enable  them t o  bind t o  s imilar  r ecep to r  sites 
on CM. 13922 It should be emphasized t h a t  t h e  binding s t u d i e s  j u s t  de- 
s c r ibed  do not completely r u l e  out t h e  p o s s i b i l i t y  t h a t  a p a r t i c u l a r  agent  
may bind t o  s e v e r a l  sites on CM, some of which might d i f f e r  from t h e  
phenothiazine binding s i tes .  
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Among the a g e n t s  t h a t  i n t e r a c t  w i t h  t h e  Ca2+-CM complex are several 
na tu ra l ly -occur r ing  p r o t e i n s  and p e p t i d e s .  These i n c l u d e  a Ca2+-binding 
p r o t e i n  c a l l e d  c a l c i n e u r i n ,  39 a h e a t  s t a b l e  p r o t e i n ,  35 myel in  b a s i c  
t e i n ,  38 h i s t o n e ,  38 B-endorphin, 28-30 dynorphin ,  2 9 ~ 3 0  subs t ance  P 
and t h e  bee  venom p e p t i d e  melit t in?0'31Although t h e  p h y s i o l o g i c a l  s i g n i f -  
i cance  of t h e  i n t e r a c t i o n  of  t h e s e  endogenous compounds w i t h  CM i s  n o t  y e t  
known, they may f u n c t i o n  as endogenous modula tors  of CM a c t i v i t y  and may 
the reby  p rov ide  p o t e n t i a l  sites of drug a c t i o n .  

I r r e v e r s i b l e  Binding of Drugs t o  CM - Although t h e  b inding  of t h e  pheno- 
t h i a z i n e s  and r e l a t e d  compounds t o  CM can b e  r eve r sed  by removing Ca2+ o r  
by d i a l y z i n g  a g a i n s t  an excess  of competing drug ,  18,71-73 several a g e n t s  
have been shown t o  interact i r r e v e r s i b l y  wi th  CM. Upon i r r a d i a t i o n  w i t h  
u l t r a v i o l e t  l i g h t  o r  t r ea tmen t  w i t h  peroxidase-hydrogen pe rox ide ,  t h e  
phenoth iaz ine  a n t i p s y c h o t i c s  chlorpromazine and t r i f l u o p e r a z i n e  b ind  irre- 
v e r s i b l y  t o  CM, presumably through a f r e e  r a d i c a l  mechanism. 12974 L i k e  
t h e  r e v e r s i b l e  b ind ing  of t h e s e  a g e n t s  t o  CM, t h e  i r r e v e r s i b l e  b i n d i n  i s  
enhanced by Ca2+. The Ca2+-dependent b ind ing  is s a t u r a b l e  w i t h  one Ca5+- 
dependent drug b ind ing  s i t e  per  molecule.  The i r r e v e r s i b l e  b ind ing  of t h e  
pheno th iaz ines  t o  CM r e s u l t s  i n  t h e  i r r e v e r s i b l e  i n a c t i v a t i o n  of CM. 7 4  
CM t h a t  had been i r r e v e r s i b l y  l i n k e d  t o  chlorpromazine o r  t r i f l u o p e r a z i n e  
by u l t r a v i o l e t  i r r a d i a t i o n  w a s  unable  t o  activate phosphod ies t e ra se ,  l2 9 7 4  
a l though  t h e  drug-CM complex d i d  i n h i b i t  the a c t i v a t i o n  of phosphodies te r -  
a s e  by n a t i v e  CM. 43 

2 v o -  

E a r l  et  a l .  l4 r e p o r t e d  t h a t  t h e  a -adrenerg ic  a n t a g o n i s t s  phenoxy- 
benzamine and dibenamine a l s o  i n h i b i t e d  CM i r r e v e r s i b l y ,  p robably  by bind- 
i n g  d i r e c t l y  t o  CM i n  a Ca2+-dependent manner. These a g e n t s  g e n e r a t e  
ethyleneimmonium and carbonium i o n  i n t e r m e d i a t e s  that  might b ind  i r r e v e r -  
s i b l y  t o  e l e c t r o n - r i c h  f u n c t i o n a l  groups on CM. 7 5  Severa l  a l k y l a t i n g  
a g e n t s  t h a t  are no t  a - ad rene rg ic  a n t a g o n i s t s  d i sp l ayed  l i t t l e  anti-CM 
a c t i v i t y  . 14  915 

Along w i t h  t h e s e  s t u d i e s  showing t h a t  c e r t a i n  d rugs  can i r r e v e r s i b l y  
i n a c t i v a t e  CM, some evidence  s u g g e s t s  t h a t  it may a l s o  be p o s s i b l e  t o  
i r r e v e r s i b l y  activate CM-sensitive enzymes. Andreasen et a l .  d e s c r i b e d  a 
procedure  f o r  p repa r ing  azido-CM that r e t a i n e d  most of the  b i o l o g i c a l  
a c t i v i t y  of n a t i v e  CM. 76  Upon i r r a d i a t i o n  wi th  U.V. l i g h t ,  the azido-CM 
formed cova len t  l i n k a g e s  w i t h  s e v e r a l  CM-sensitive enzymes and CM-binding 
p r o t e i n s  and i r r e v e r s i b l y  a c t i v a t e d  t h e  CM-sensitive ATPase o f  human 
e r y t h r o c y t e s .  

Fac to r s  In f luenc ing  the I n t e r a c t i o n  of Drugs w i t h  CM: S t r u c t u r e - A c t i v i t y  
S t u d i e s  - The s p e c i f i c  s t r u c t u r a l  f a c t o r s  that  enab le  drugs  t o  b ind  t o  CM 
are poor ly  understood. It h a s  been sugges ted  t h a t  t h e  a b i l i t i e s  of v a r i o u s  
drugs  t o  i n t e r a c t  w i t h  CM may be  c l o s e l y  r e l a t e d  t o  t h e i r  a b i l i t i e s  t o  
p a r t i t i o n  between a l i p i d  phase  and an  aqueousphase ,  
t h e i r  a b i l i t i e s  t o  s t a b i l i z e  membranes. 77-79 These f i n d i n g s  are c o n s i s t -  
e n t  w i t h  t h o s e  showing t h a t  hydrophobic r e g i o n s  o f  CM are involved  i n  t h e  
b inding  of drugs .  57-59 Y 80 According t o  proposed models, t h e  b ind ing  of 
Ca2+ induces  conformat iona l  changes i n  CM, exposing a hydrophobic domain 
which can then  bind l i p o p h i l i c  drugs  o r  serve as an i n t e r f a c e  f o r  t h e  
b inding  of CM t o  i t s  t a r g e t  enzymes. 57-59 

2 4 3 2 7 ~ ~ 4 3 ~ ~  o r  t o  

However, t h e r e  is a l s o  ev idence  sugges t ing  t h a t  o t h e r  f o r c e s  b e s i d e s  
hydrophobic i n t e r a c t i o n s  may be  involved  i n  t h e  b ind ing  of d rugs  t o  CM. 
Many h i g h l y  l i p o p h i l i c  drugs  are on ly  weak i n h i b i t o r s  of CM and c e r t a i n  
h y d r o p h i l i c  drugs  are ve ry  p o t e n t  CM a n t a g o n i s t s .  13922 S t u d i e s  on the 
pH-dependence of t h e  b ind ing  of t r i f l u o p e r a z i n e  t o  CM sugges t  t h a t  i o n i c  
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f o r c e s  may p lay  an impor tan t  r o l e  i n  t h i s  i n t e r a c t i o n .  12 ,13  F i n a l l y ,  re- 
cent  s t r u c t u r e - a c t i v i t y  s t u d i e s  have shown t h a t  v a r i o u s  classes of CM i n -  
h i b i t o r s  e x h i b i t  c e r t a i n  s t r u c t u r a l  s imilari t ies.  l 3 y Z 2  I n  many c a s e s ,  
s l i g h t  mod i f i ca t ions  i n  chemical s t r u c t u r e  can g r e a t l y  a l te r  t h e  a b i l i t y  
of a compound t o  b ind  t o  CM and i n h i b i t  i t s  a c t i v i t y .  Such s t r u c t u r a l  
s p e c i f i c i t y  is  sugges t ive  of s p e c i f i c  drug-receptor i n t e r a c t i o n s  and n o t  
simple hydrophobic bonding. 

To more p r e c i s e l y  determine t h e  s t r u c t u r a l  f a c t o r s  t h a t  enable  drugs  
t o  i n t e r a c t  w i t h  CM, i t  i s  necessary  t o  s y s t e m a t i c a l l y  e v a l u a t e  t h e  s t r u c -  
t u r e - a c t i v i t y  r e l a t i o n s h i p  of r e p r e s e n t a t i v e  chemical c l a s s e s  of CM antag- 
o n i s t s .  To d a t e ,  on ly  a few such s t u d i e s  have been performed. Thei r  re- 
s u l t s  are summarized below. 

Seve ra l  s t u d i e s  examining t h e  s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p s  of 
t h e  phenoth iaz ines  have been r epor t ed .  Modif ica t ions  of t h e  promazine 
s t r u c t u r e  (1) included r i n g  s u b s t i t u t i o n ,  11 ,13 ,22 ,23 ,77 ,81  l e n g t h  of 
side-chain,-22 s t r u c t u r e  of s ide-cha in  amine, 22 ,82 o x i d a t i o n  s t a t e  of 
s u l f u r ,  11,22,81 and attachment of an a d d i t i o n a l  a romat ic  r i n g  82 (2-11). _ -  

Within a series of r i n g - s u b s t i t u t e d  promazine d e r i v a t i v e s ,  good 
c o r r e l a t i o n  was found between o r t a n o l / b u f f e r  p a r t i t i o n  c o e f f i c i e n t s  and 
IC50 va lues  f o r  i n h i b i t i o n  of CM a c t i v i t y ,  i n d i c a t i n g  t h a t  t h e  hydropho- 
b i c i t y  of t h e  phenoth iaz ine  nuc leus  may be an important de te rminant  of 
potency. By c o n t r a s t ,  no such c o r r e l a t i o n  w a s  found among a series of pro- 
mazine ana logs  i n  which t h e  s ide-cha in  was modified,  a l though vary ing  t h e  
n a t u r e  and p o s i t i o n  of t h e  s i d e  cha in  amino group d i d  i n f l u e n c e  potency.22 
A l i k e l y  explana t ion  f o r  t h e s e  f ind ings  is t h a t  both hydrophobic and e l ec -  
t r o s t a t i c  i n t e r a c t i o n s  p l a y  a r o l e  i n  t h e  b inding  of phenoth iaz ines  t o  t h e  
Ca2+-CM complex. 13 ,z2  

Although only  l i m i t e d  informat ion  i s  now a v a i l a b l e ,  t h e  s t r u c t u r e -  
a c t i v i t y  r e l a t i o n s h i p s  of t h e  dibenzaze i n e s  (12-14) appear t o  be s i m i l a r  
t o  t hose  of t h e  phenoth iaz ines .  1 1 9 1 2 * z 3  

-- 

The th ioxanthene  a n t i p s y c h o t i c s  
(15)conta in  an  exocyc l i c  double bond 

I '  pounds were s l i g h t l y  more po ten t  CM in -  
c 7 2  h i b i t o r s  than  t h e i r  analagous phenothia- 
C r z  2 z ines .  12,22,24 Although geometric i s o -  

7 4 2  
m e r s  can exist a c r o s s  t h e  double bond, 
t h e r e  w a s  l i t t l e  evidence of s t e r e o -  
s p e c i f i c i t y  i n  t h e  i n t e r a c t i o n  o f  t h e s e  N / \  

CH3 CH3 agen t s  w i t h  CM. 12,18,24 The implica- 

4 - 5-11 - 
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tions of this lack of stereospecificity have been considered else- 
where. 8~12, 13~24 

The diphenylbutylpiperidine antipsychotics pimozide (16) and pen- 
fluridol (=) are among the most potent CM antagonists. 1 3 ~ m ~ 2 4  Both aro- 
matic rings appear to be necessary for high potency, since the compound 
R-6033 (g), a pimozide analog lacking one phenyl group, was only 116 as 
potent as pimozide. 22 Similarly, the butyrophenone antipsychotic halo- 
peridol @), which contains only a single aromatic ring,is a relatively 
weak CM antagonist. 12~13,22 

Hidaka and his co-workers have studied the structure-activit rela- 
tionships of the naphthalenesulfonamide class of  CM  antagonist^?^^^^^^^,^^ 
The effect on potency of ring substitution and modifying the length of the 
side chain 
been examined. Within a series of 1-naphthalenesulfonamides, good corre- 
lation was found between octanolfbuffer partition coefficients and anti-CM 
potencies. However, the significance of this correlation was reduced when 
data from the corresponding 2-substituted series was factored in ,34 in- 
dicating that the position of the amino group as well as hydrophobicity 
may be important in determining potency. 

34983984 and position of the sulfonamide function 33934 have 

Compound R 24571, calmidazolium (z), is a derivative of the anti- 
mycotic agent miconazole and appears to be an especially potent and selec- 
tive CM antagonist. It is about 500 times more potent than trifluoperazine 
in inhibiting the activation of several M-dependent enzymes, but displays 
little affinity for several neurotransmitter and hormone receptors to 
which other CM inhibitors bind.s1 In  addition, R 24571 has been shown to 
be more potent in preventing the activation of Ca2+ transport ATPase by 
CM than in preventing the activation of the enzyme by other agents. 59 
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Although i t  is  no t  y e t  clear whether t h e  polypept ide class of CM in-  
h i b i t o r s  bind t o  t h e  s a m e  si tes on CM t o  which t h e  phenothiazines  b ind ,  
t h e i r  s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p s  suggest  t h a t  both hydrophobic and 
e l e c t r o s t a t i c  i n t e r a c t i o n s  are involved i n  t h e i r  binding t o  CM. Of several 
pep t ides  t h a t  bound w e l l  t o  CM,29 o r  displayed anti-CM a c t i v i t y ,  30 a l l  
contained a region of b a s i c  amino a c i d  r e s idues  i n  c l o s e  proximity t o  
s e v e r a l  hydrophobic r e s idues .  

General S t r u c t u r e  C h a r a c t e r i s t i c s  of CM I n h i b i t o r s  - Although t h e  v a r i o u s  
CM-binding drugs Belong t o  d i f f e r e n t  chemical c l a s s e s .  many e x h i b i t  cer-  - - - 
t a i n  s t r u c t u r a l  similarities. The e s s e n t i a l  f e a t u r e s  of t hese  agents  are 
a l a r g e  hydrophobic region c o n s i s t i n g  of a t  least two aromatic  r i n g s ,  
e i t h e r  ad jacen t  t o  each o t h e r ,  o r  j o ined  a t  one o r  two p o s i t i o n s ,  and a 
s i d e  chain amino group t h a t  i s  a t  least  4 atoms removed from t h e  aromatic 
r ings .  13  $22 

The geometric conformation of t h e  r i n g  s t r u c t u r e  does not  appear t o  
be an important determinant of anti-CM a c t i v i t y  because compounds having 
d i f f e r e n t  r i n g  s t r u c t u r e s ,  such a s  t h e  diphenylbutylpiperidines, pheno- 
t h i a z i n e s ,  thioxanthenes,  dibenzazepines,  and naphthalenesulfonamides, can 
a l l  i n t e r a c t  with CM. A more important f a c t o r  appears t o  b e  t h e  hydropho- 
b i c i t y  of t h e  r i n g  s t r u c t u r e ;  s u b s t i t u e n t s  t h a t  i n c r e a s e  hydrophobicity 
inc rease  a n t i  CM potency, whereas those t h a t  decrease hydrophobicity de- 
c rease  potency. 13 9 22 9 34 

The type of amino group does no t  seem t o  be c r i t i c a l  s i n c e  primary, 
secondary, t e r t i a r y ,  p ipe raz iny l  and imid iazo le  amines i n h i b i t  CM. A l l  
t h a t  seems necessary i s  t h a t  t h e  amino group c a r r y  a p o s i t i v e  charge and 
that i t  b e  separated from t h e  hydrophobic region of t h e  drug molecule by 
4 o r  more atoms, a l though t h e  d i s t a n c e  r equ i r ed  f o r  opt imal  a c t i v i t y  is 
not y e t  known. 13,22934 This  i s s u e  is  complicated by t h e  f a c t  t h a t  amino 
groups a t  t h e  end of long,  f l e x i b l e  a l k y l  chains  could assume a v a r i e t y  of 
d i f f e r e n t  p o s i t i o n s  t o  a l low binding t o  CM, o r  t h e  long a l k y l  chains  might 
undergo hydrophobic i n t e r a c t i o n s  w i t h  CM. I n t e r e s t i n g l y ,  t h e  amino-acri- 
d ine  d e r i v a t i v e  qu inac r ine ,  which has  a v e r y  hydroph i l i c  s i d e  cha in ,  and 
t h e  thioxanthene a n t i p s y c h o t i c s ,  which have t h e i r  s i d e  chain amino groups 
held i n  f i x e d  p o s i t i o n s ,  are potent  CM i n h i b i t o r s ,  22,24 suggest ing t h a t  
t h e  p o s i t i o n  of t h e  amino group, r a t h e r  than t h e  hydrophobici ty  of t h e  
s i d e  chain,  determines potency. 

This model f o r  t h e  i n t e r a c t i o n  of drugs wi th  CM a p p l i e s  only t o  
agents  t h a t  i n t e r a c t  w i th  t h e  phenothiazine binding sites. It i s  p o s s i b l e  
t h a t  drugs having somewhat d i f f e r e n t  s t r u c t u r a l  c h a r a c t e r i s t i c s  might bind 
t o  d i f f e r e n t  s i t e s  on CM. Agents such as DDT and T r i t o n  X-100 have s t r u c -  
t u r e s  t h a t  d i f f e r  from t h e  proposed model. A t  p r e sen t ,  i t  i s  not known 
whether t h e s e  agen t s  bind t o  t h e  same sites on CM t h a t  t h e  phenothiazines  
do. 41942 Resu l t s  of NMR and f luo rescence  spectroscopy s t u d i e s  have pro- 
vided some evidence f o r  t h e  ex i s t ence  of s e v e r a l  t ypes  of drug binding 
si tes on CM. 15,20921 

E f f e c t s  of Drug Binding on t h e  Conformation and A c t i v i t y  of CM - The mech- 
anism by which drug b ind in  
understood. NMR 2°,68,69 ,86,86and f luo rescence  spectroscopy 15,21929 d a t a  
i n d i c a t e  t h a t  t h e  binding of drugs induces changes i n  t h e  conformation of 
CM. S tud ie s  examining t h e  binding of 125I- label led CM t o  membrane s i tes  
have shown a t  drug binding decreases  t h e  a f f i n i t y  of CM f o r  its t a r g e t  
enzymes. 62r@These d a t a  suggest  t h a t  drug binding alters t h e  conformation 
of t h e  Ca2+-CM complex and decreases  i t s  a b i l i t y  t o  i n t e r a c t  with recog- 
n i t i o n  sites on CM-sensitive enzymes. 

a l t e r s  t h e  a c t i v i t y  of CM i s  not  completely 
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The l o c a t i o n  of t h e  pheno th iaz ine  b ind ing  sites on CM i s  n o t  known. 
It has  been sugges ted  t h a t  t h e  drugs  may b ind  t o  a hydrophobic r eg ion  of 
CM t h a t  s e r v e s  as an i n t e r f a c e  f o r  t h e  b ind ing  of CM t o  its t a r g e t  en- 
zymes. 57-59 R e s u l t s  of I H  NMR s t u d i e s  i n d i c a t e  t h a t  meth ionine  and 
pheny la l an ine  r e s i d u e s  nea r  Ca2+-binding domains 11, 111 and I V  of CM may 
p lay  an  impor tan t  r o l e  i n  b ind ing  pheno th iaz ines .  8 0 9 8 6  Other  r e s u l t s  
sugges t  t h a t  a c i d i c  r e s i d u e s  on CM are involved  i n  b ind ing  b a s i c  
drugs .  l 2 3 l 3  These d a t a  sugges t  t h a t  drug b ind ing  si tes on CM may c o n s i s t  
of a hydrophobic r e g i o n ,  con ta in ing  meth ionine  r e s i d u e s ,  i n  c l o s e  
proximi ty  t o  an  a c i d i c  r e s i d u e  such  as a s p a r t i c  o r  g lu t amic  a c i d .  Head 
-- et a l .  r epor t ed  t h a t  a cyanogen bromide-cleavage fragment of CM, con ta in -  
i n g  r e s i d u e s  77-124, w a s  a b l e  t o  b ind  pheno th iaz ines  i n  a Ca2+-dependent 
manner. 85 The r e c e n t  f i n d i n g s  t h a t  c e r t a i n  drugs  can b ind  i r r e v e r s i b l y  
t o  CM should a i d  i n  f u r t h e r  i d e n t i f y i n g  drug b ind ing  s i tes  on CM. 14s70  
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Introduction - Recently, a new class of protein phosphotransferases has 
been identified. The enzymes which comprise this group can be 
distinguished from other protein kinases by a number of criteria, most 
notably, their specificity for phosphorylation of tyrosine residues. 
The importance of these phosphotransferases is not merely a consequence 
of their tyrosine-specificity, but the evidence that all of the enzymes 
in this class appear to be associated with the regulation of cellular 
morphology and growth control. 

Tyrosine phosphorylation was first identified in association with 
the transforming proteins o f  several oncogenic viruses. 1-3 
"Transforming" proteins are those polypeptides which are responsible 
for the initiation and maintenance of the transformed phenotype (see 
review 4). The viral genes which encode these transforming proteins 
are highly homologous to genes found in normal eukaryotic cell DNA (see 
reviews 4 and 5). It is believed that these viral transforming or 
"onc" genes were acquired from normal cell chromosomal DNA by genetic 
recombination. The proteins encoded by several of these cellular 
homologues of viral onc genes have been identified in uninfected cells. 
These normal cell proteins are structurally and functionally similar to 
their viral counterparts.4 It is speculated that these normal cellular 
proteins might regulate cellular events involved in growth control and 
that aberrant expression of the viral homologues of these cellular gene 
products is responsible for a loss of normal cell growth regulation. 

A second group of tyrosine-specific protein kinases has been 
identified in normal cells. This group contains the membrane receptors 
for many cellular growth factors including epidermal growth factor 
(EGF), insulin, and platelet derived growth factor (PDGF). Interaction 
of each of these factors with their respective cellular receptor 
results in activation of tyrosine-specific kinase activity associated 
with the receptor molecule. 

The precise mechanism whereby these tyrosine kinases interact with 
other cellular proteins to exert their biological effects is presently 
unknown. In this review, we will summarize the current state of 
knowledge on these two groups of tyrosine kinases. 

Viral Transforming Proteins - With one exception,l tyrosine- 
phosphorylation has been identified in conjunction with a single group 
of viruses, designated retroviruses. Retroviruses possess an RNA 
genome, yet replicate via a double-stranded DNA intermediate which 
becomes stably integrated into the cell (see review 6). Retroviruses 
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which are highly oncogenic and induce tumors after a very short latency 
period each encode a single gene product which is responsible for the 
initiation and maintenance of the transformed state. Thus far, 
seventeen different ”onc” genes have been identified in association 
with oncogenic retroviruses (see review 5 ) .  Tyrosine-specific protein 
kinase activity is not associated with the gene products of all “onc” 
genes. The transforming proteins which have been identified as 
tyrosine-specific protein kinases are the products of the s)”c, fps, 
- fes, w, s, and yes genes. Although each o f  these represent unique 
gene products, analysis of the amino acid sequence of these 
transforming proteins has revealed a high degree of amino acid 
homology. The extensive nucleotide and amino acid homology which 
exists between the avian sarcoma virus fEI. gene and the feline sarcoma 
virus fes gene suggests that the fes gene is the feline homologue of 
the avian fps gene.7~11 Eighty-two percent of the amino acids of the 
transformin protein of Y73 (pp90Yes)8 and Rous sarcoma virus 
(pp60src)9yj0 are homologous. The strongest degree of homology is 
found in a 133 amino acid sequence in the carboxyl-half of these 

The Fuginami sarcoma virus proteins where 93% homolog 
transforming protein, pp130 PS, shows greater divergence from pp60src 
than pp90Yes yet there is a high degree of homology in the carboxy- 
terminal 280 residues of both proteins.11 These results strongly 
suggest that the 3’ regions of the s)”c, yes, and fps and fes genes 
originated from a common cellular progenitor sequence. The domain of 
pp6src encoded by this 3’ region of the src gene has been shown to 
possess tyrosine-specif ic kinase activity. 12- 

.y is found. 

The best characterized oncogenic retrovirus is Rous sarcoma virus 
(RSV). Since RSV is the only replication-competent transforming virus, 
it has been amenable to genetic and biochemical studies which were 
technically difficult to perform on the replication-defective viruses. 
The transforming gene of RSV, termed z, encodes a 60,000 dalton 
phosphoprotein, denoted pp60src. 13-15 When isolated from RSV- 
transformed cells pp60src contains both phosphoserine and 
phosphotyrosine.3~16~17 At least one of the serine residues is 
phosphorylated by a CAMP-dependent protein kinase. 18 Phosphorylation 
on tyrosine is believed to result from autophosphorylation. 

In Vitro Protein Kinase Activity - The first evidence that pp60src 
Possesses Phosuhotransferase activity involved an unusual enzvme assay. 
Immunoprecipitates containing p$Osrc bound to its - specifjc 
immunoglobulin molecule were incubated with y-[32PlATP. Under these 
conditions the antibody molecules served as substrates of pp60src- 
mediated protein kinase activity and a tyrosine residue in the variable 
region of the IgG heavy chains was phosphorylated.18~19 The antiserum 
used in this assay (TBR serum) is obtained from rabbits bearing tumors 
induced by RSV. 13 

Following this report, further evidence was sought and found which 
clearly demonstrated that the enzyme activity identified in this immune 
complex assay is intrinsic to pp60src. The most conclusive evidence 
included the following findings: 1) The protein kinase activity of 
pp60src from mutant viruses containin temperature-sensitive defects in 

copurified with the tyrosylphosphotransferase activity through 
extensive chrornotography procedures.22-25 3)  The pp60Src protein 
translated in an in vitro system programmed with purified viral RNA is 
active as a protein kina~e.26~27 

the gene is thermolabile.1892 B ,21 2) The pp60src protein 

4) The pp60src expressed in E. 



Chap. 22 Tyrosine-Specific Protein Kinases Brugge, Chinkers 215 

cells carrying a plasmid which contains a cloned co y of the gene 

The immune-complex kinase assay for pp60src proceeds almost 
instantaneously at 0°C in the presence of Mn* or Mg* ions and either 
ATP or GTP.18,19 Other nucleotide triphosphates can also serve as 
phosphate donors including CTP and some deoxyribonucleoside 
triphosphates.36 The rate of this reaction is independent of 
concentration of the protein reactants. 19,36 

Tyrosine-specific protein kinase transforming proteins encoded by 
the fps, fes ros and @J genes are also active within an immune 
c o m p l e x . 2 ~ ~ 3 ~  T t k e  all o f  these proteins are chimeric proteins 
containing a portion of the viral structural protein precursor, Pr76 
(see reviews 4 and 5), they can be immunoprecipitated by antibodies 
directed against this structural protein. Immune-complex bound 
transforming-proteins encoded by the above genes are able to 
phosphorylate RSV-specific TBR-1gG as well as exogenous substrates such 
as casein. The cation requirements and phosphate donors for several of 
the viral tyrosine-specific protein kinases as well as the growth 
hormone stimulated kinases are shown in Table 1. Phosphorylation o f  
pp60src and the other viral transforming proteins also takes place 
within the immune complex. The tyrosine acceptor sites of the src, *, yes, fes proteins (shown below) have similar amino acid sequencK. 

functions as a tyrosi ne-speci f i c protein kinase. 2892 B 

pp60src GluAspAsnGluTyrThrAlaArgGl nGly99 10~16, 38 

ppgOYes GluAspAsnGluTyrThrAlaArgGlnGly8 

ppl40fPs 

pp85fes 

G 1 uAspG 1 yVal TyrAl aSerThrGlyGly11 

A1 aAspGlyI 1 eTyrAl aAl aSerGlyGly7 

It has not been rigorous1 demonstrated that this reaction occurs 
via autophosphoryl ation. Aythough no tyrosine phosphotransferase 
activity other than pp60src has been detected in immune complexes, 
autophosphorylating activity was not found associated with the E. G- 
produced pp60src protein.28929 The latter evidence also suggests that 
tyrosine phosphorylation of pp60src is not essential for its enzymatic 
activity. Another line of evidence also supports this conclusion. By 
chemical mutagenesis o f  cloned copies of the gene, a phenylalanine 
residue was substituted for the tyrosine acceptor site on pp60src.39 
This form of pp60src i s  active as a protein kinase and able to cause &I 
vitro transformation. This evidence suggests that tyrosine 
phosphorylation is not necessary for the functional activity of 
pp60src. One cannot rule out from the above result that 
phosphorylation of pp60src on tyrosine causes subtle differences in the 
enzymatic activity o f  pp60src which are over-ridden by the excess 
amounts of the protein in transformed cells. Tuyrosine phosphorylation 
could be involved in regulating the functional activity of the normal 
cellular protein. 

Most of the viral transforming proteins are phosphorylated on 
serine as well as tyrosine. It is not known whether this modification 
regulates the functional activity of these proteins. 

Soluble phosphotransferase reactions have also been performed 
using partially purified preparations of pp60src. pp60src has been 
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purified by both immunoaffinity chromatography and more standard 
chromatographic procedures.22-25 When prepared by the latter method, a 
52K cleavage product of pp60src is generated. This modified protein 
has lost a portion of the amino terminus of pp60src but retains kinase 
activity. Several proteins have been shown to serve as substrates in 
vitro including casein, actin, tubulin, and histones H4 and H5. T 6  
cation requirements and phosphate donors of the soluble 
phosphotransferase reaction are very similar to those of the immune 
complex assay. Maximum enzymatic activity was found to occur at pH 
6.5-6.8 and the Km for ATP is 30M. The reaction is sensitive to ionic 
strength; 0.1M KC1, 0.1M NaC1, 50 mM KP04 or 50 mM Nap04 inhibit casein 
phosphoryl at ion.25 

There is evidence which suggests that the functional activity of 
the transforming proteins is contained within a distinct domain of the 
molecule and can function independently of the remainder of the 
molecule. 1) A fragment of pp60src from the carboxyl-half of the 
molecule is able to phosphorylate IgG in the immune complex protein 
kinase assay.12 2) Deletion mutants have been constructed which 
contain varying portions of the v-abl gene.40-42 A small fragment of 
the gene representing 1000 nucleotides from the 5' end of the gene was 
found to be both necessary and sufficient for oncogenic transformation. 
In addition, naturally occurring isolates of retroviruses which contain 
varying portions of the gene have been characterized.43-45 While 
these isolates do not define the narrowest limits of activity, they do 
indicate that portions of the gene are not necessary for 
oncogenesis. 

Table I. Properties of Tyrosine Kinases 

Gene Product P Donor Cation 

- src ATP,GTP18,19,23,24 Mg, Mn 

fps ATP30 Mn>Mg30 

Yes ATP ,GTP34 Mn>Mg34 

abl - ATP2 Mn . Mg2 

fes Mn > Mg 113 

PDGF - 

The only non-retrovirus transforming protein which has an 
associated tyrosine-kinase activity is the middle T antigen of polyoma 
virus. In the presence of ATP and Mg++ immunoprecipitates containing 
this antigen allow phosphorylation of two species of middle T (56 and 
58K).1 There is presently no definitive evidence that would indicate 
whether the kinase activity is intrinsic to the middle T protein(s) or 
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resides in an associated cellular enzyme. Efforts to obtain kinase 
activity associated with middle T synthesized in an in vitro 
translation system or when cloned and expressed in E. coli 6 v e  been 
negative.46 Studies on mutant virus (Py-1387T) and subcellular 
localization studies indicate an association between the insertion of 
middle T into membranes and its ability to function as a protein 
kina~e.35~48 These results suggest the possibility that middle T may 
be associated with a cellular tyrosine-specific kinase within the 
plasma membrane. 

In Vivo Protein Kinase Activity - Tyrosine phosphorylation is a rare 
event in eukaryotic cells. Phosphotyrosine accounts for only .01-.03% 
of the total phosphoaminoacids in proteins.47 Since this level 
increases 7- to 10-fold after transformation by RSV and this increase 
is temperature-sensitive in cells transformed by viruses containing a 
mutation in the src gene, it would appear that pp60src functions as a 
protein kinase invivo and that tyrosine phosphorylation is involved in 
the events mediating transformation by pp60src.47 It i s  therefore 
crucial to identify the substrates which are phosphorylated by pp60src 
in and understand the biological consequences of these 
phosphorylation events. Although pp60src has been reported to be 
localized in various regions of the cytoplasm, the majority of this 
protein appears to be ti htly associated with the cytoplasmic face of 
the plasma 1nembrane.12~48-51 Specialized regions within the plasma 
membrane like adherence placques and gap junctions show specific 
staining with antibody directed against pp60Src.50,52 There is not 
strong evidence that any portion of pp60src is exposed on the external 
surface of the cell. It is therefore speculated that pp60src exerts 
its biological effects at the cytoplasmic face of the plasma membrane: 
however, mutant forms of pp60src which have an altered association with 
the membrane, yet still retain the ability to transform cells in vitro, 
have been de~cribed.53~54 While the requirement for membrane 
association has not been clearly demonstrated, it would appear that 
many of the phenotypic alterations of transformation do not require 
involvement of the nucleus. Enucleated transformed cells have been 
shown to display many of the phenotypic properties of RSV-transformed 
cell s .55 

Many approaches have been employed to identify proteins containing 
elevated levels of phosphotyrosine after RSV-transformation. The 
number of substrates identified by these methods is quite large and it 
is likely that the search has not uncovered all protein targets.56-67 
Indeed, by a somewhat crude analysis of total cell proteins separated 
on SDS-polyacrylamide gels, elevated levels of phos hotyrosine were 

Individual 
protein s ecies have been resolved by two-dimensional separation of 
proteins.f6,57,61 It is possible to increase the resolution of 
phosphotyrosine-containi i fq proteins by treating the gels in alkali 
before autoradiography. This technique was designed to take 
advantage of the a1 kal i lability of phosphoserine and phosphothreonine 
relative to phosphotyrosine. Another recently described set of 
reagents for the detection of phosphotyrosine containing proteins are 
monoclonal and polyclonal antibodies to phosphotyrosine or analogues of 
phosphotyrosine.68 These reagents are able to bind to the transforming 
proteins of several retroviruses, the growth-hormone receptors, and 
several candidate substrates of these phosphotransferases. 

found in proteins from every molecular weight range.6 s 964 
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The identity of some of the protein substrates has been 
determined. Three of the substrates are glycolytic enzymes 
(phosphoglycerate mutase, enolase and lactate dehydrogenase) ,67 at 
least one is a cytoskeletal protein (vinculin)60 and one protein (pp50) 
is associated with pp60src in a short-lived protein 
complex. 3,  58,59,69 970 The functional significance of the tyrosine 
phosphorylation of these proteins is an important and complex question. 
The fact that expression of the abl transforming protein in E. coli 
results in the tyrosine-specific phosphorylation of multiple bacterial 
proteins raises the question of whether some (if not most) of the 
phosphorylation events in the virus transformed cells have no 
biological significance.71 This is especially important in view of the 
fact that only 1-10% of the total cellular opulation of these 

Resolution of 
these questions awaits demonstration o f  a functional change in a 
substrate after tyrosine phosphorylation. 

It is also important to note that all proteins which contain 
elevated levels of phosphotyrosine after RSV transformation may not be 
directly phosphorylated by pp60src. It is possible that pp60src could 
activate other cellular tyrosine kinases. Direct demonstration of 
pp60SrC phosphorylation of candidate substrates in vitro would not 
necssarily prove that pp60src is responsible for the phosphorylation fi 
- vivo since certain tyrosine kinases might have overlapping substrate 
specificities. Indeed, there is considerable (but not complete) 
overlap in the major phosphotyrosine-containin roteins observed after 
transformation by yes, fps, s)”c, and ab1.62y7j9T3 This suggests that 
transformation mediated by each of the different oncogene products 
involves similar phosphorylation events and that these kinases share 
cellular protein substrates. 

One candidate substrate of pp60SrC phosphorylation is a cellular 
protein of M 50,000 (pp50) which is associated with pp60src in a short- 
lived protein complex. The functional role of this complex is unclear, 
however, the localization and the kinetics o f  the turnover of this 
complex suggest that it may be involved in some aspect of the 
processing of newly synthesized pp60src before its association with the 
plasma membrane. It has been demonstrated that pp90 and p 50 bind to 
pp60src shortly after its translation on soluble po1ysomes.A pp90 and 
pp50 are complexed with pp60src in the cytosol fraction of the cell; 
membrane-associated pp60src is not bound to pp90 or ~ ~ 5 0 . 7 4 ~ 7 5  The 
transforming proteins o f  Y73, Fujinami and PRCII viruses are also 
associated in a complex with pp90 and pp50.73 This suggests that these 
cellular proteins may have a common functional interaction with the 
transforming proteins which possess tyrosine-specific protein kinase 
activity . 
Normal Cell Protein Kinases - As mentioned earlier, normal cells 
contain genes homologous to the retrovirus transforming genes. The 
protein products encoded by the cellular c-src, c-fps, c-fes and c-abl 
genes have been identified and partially characterized. The c-src and 
c-fps gene products are both phosphoproteins which possess tyrosine- 
specific protein kinase activity.76-78 Phosphotransferase activity has 
not been found associated with the c-abl gene product.79 Two possible 
explanations have been proposed to account for the oncogenicity of the 
virus-encoded gene products. 1) The oncogenicity of the viral 
transforming protein may be a dosage phenomenon. The continual 
overexpression of cellular protein homologues which play an important 
role in cellular growth control and metabolism could be responsible for 

substrates are phosphorylated on tyrosine.57,58, B oy67 
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oncogenic transformation. Indeed, twenty-to-fifty-fold higher levels 
o f  the v-onc gene products are found in virally transformed cells 
compared to the levels of the c-onc proteins in uninfected ~ells.76~77 
2) Changes in the amino acid sequence of the virus-encoded protein 
could alter the functional expression of the protein. This change 
could be very subtle and difficult to assay in vitro but cause dramatic 
changes in cellular metabolism e, i.e. change the substrate 
specificity of the phosphotransferase activity. 

Differences in the nucleotide sequence between cellular and viral 
- src genes have been detected but it is not known whether these changes 
are responsible for oncogenic properties of pp60v-src. This question 
could be addressed by constructing hybrid genes containing various 
mixtures of the viral and cellular genes as performed with the ras gene 
from normal and bladder tumor cells (see review 5). This type of 
reconstruction has not been reported for any of the oncogenes which 
encode tyrosine-specific protein kinases. It has also not been 
reported that transfection with either the c-fps, c-src, c-yes or c-abl 
DNA induces cellular transformation (as has been reported for the c-mos 
and c-ras genes (see review 5). 

Therefore, the issue is not yet resolved as to whether 
overexpression of any of the c-onc genes which encode tyrosine-specific 
protein kinases can inducencogenic transformation or whether 
mutations in the c-onc genes are required to confer oncogenicity on 
these genes. 

Growth Factor-Activated Protein Kinases - Tyrosine-specific protein 
phosphorylation appears to be involved in the action of at least three 
mitogenic hormones: EGF, PDGF and insulin. Tyrosine-specific protein 
kinases are rapidly activated following binding of these hormones to 
specific plasma membrane receptors on target cells. In their 
specificities for divalent cations and phosphate donors (Table I) as 
well as in their low Km for ATP, rapid kinetics at O'C, and membrane 
association, these kinases resemble the virally coded tyrosine kinases. 
By analogy with the viral tyrosine kinases, it seems likely that these 
hormonally-activated kinases are important in the changes in metabolism 
and growth with which they are associated. (For reviews of the biology 
of these factors, see references 80-83). 

Hormonally-activated tyrosine phosphorylation was first described 
in studies of the interaction of EGF with its rece tor in plasma 
membranes prepared from A431 human carcinoma cel ls.84-87 This unusual 
cell line was useful in that it possesses on the order of 100-fold more 
EGF receptors than typical EGF-responsive cells such as fibroblasts. A 
tyrosine-specific protein kinase activity present in these membranes 
was found to be stimulated several-fold by EGF, and to copurify with 
the EGF receptor. These early studies, which have been reviewed,82,88 
provided evidence that the EGF receptor of Mr 170,000 is itself an EGF- 
stimulated protein kinase able to phosphorylate itself or exogenous 
substrates on tyrosine. This hypothesis has recently been confirmed by 
a series of experiments in which A431 cell membranes were affinity- 
labeled with 125I-EGF and 1%-fluorosulfonyl benzoyl adenosine 
(FSBA).89 Both rea ents specifically labeled the 170 Kd EGF receptor, 
and attachment of 12C-FSBA to the receptor correlated with inactivation 
of kinase activity. This indicated that the same molecule contained 
both the EGF-binding site and the kinase ATP-binding site. 
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The observation that EGF stimulated tyrosine phosphorylation in 
A431 membranes in vitro was quickly extended to living A431 cells. 
Within one minute of exposure to EGF, levels of phosphotyrosine in 
total cellular protein rose several-fold; these levels remained high 
for many hours in the presence of EGF, but declined to control levels 
upon removal of EGF from the culture medium. When A431 cell protein 
phosphorylation was analyzed using alkali-treated two-dimensional gels, 
EGF was found to stimulate hosphorylation on tyrosine of an 81 Kd 
protein and a 39 Kd protein.io This 39 Kd protein is the same 39 Kd 
protein phosphorylated on tyrosine in response to viral transformation, 
and is phosphor lated on the same tryptic peptide in response to either 
RSV or EGF.9{,92 In addition, EGF stimulates phosphorylation 
phosphorylation of its receptor in living A431 cells. This stimulation 
involves increased phosphorylation on serine and threonine as well as 
on tyrosine.90 

Recent studies on EGF-induced tyrosine phosphorylation have 
focused on normal cells which are growth-responsive to EGF; A431 cells 
not only have abnormally high numbers of EDG receptors, but they are 
also abnormal in that they are tumor cells and are growth-inhibited by 
EGF. Nevertheless, the effects of EGF vitro on tyrosine 
phosphorylation of membranes from normal cells are essentially the same 
as those observed using A431 membranes; the responses in these 
membranes are of lower magnitude, since normal cells have far fewer EGF 
receptors. EGF-stimulated phosphorylation of a 170 Kd protein is 
observed in vitro in membranes from fibroblasts, NRK cells, placenta 
and liverT3-V6-In the case o f  liver, this 170 Kd protein has been 
purified and shown to be the EGF receptor and to have tyrosine kinase 
activity, as described above for the A431 cell EGF receptor.96 The 
effects of EGF on tyrosine phosphorylation in intact normal cells, 
however, are quite different from those observed in A431 cells, and are 
discussed below. 

Parallel investigations concerning the mechanisms of action of 
PDGF and insulin have resulted in reports that both of these hormones 
activate tyrosine kinases when they bind to their receptors in vitro or 
in living cells. In partially purified preparations of insulin 
receptor from rat liver, mouse 3T3-Ll cells, or human placenta, binding 
o f  insulin to the alpha subunit of its receptor stimulates tyrosyl 
phosphorylation of the beta subunit of the receptor and of exogenous 
substrates.97-100 As with the EGF receptor, binding of insulin to its 
receptor in living cells results in increased phosphorylation of the 
receptor on serine and threonine as well as on tyrosine. PDGF- 
stimulated tyrosine phosphorylation has been observed in plasma 
membranes repared from human fibroblasts, human glial cells, and 3T3 

preparations is a 180 Kd protein thought to be the PDGF receptor based 
on its size and single-chain structure, as well as by analogy to the 
EGF system. 

Several recent studies have addressed the role of tyrosine 
phosphorylation in the growth response of normal cells to EGF and PDGF. 
Such investigations have been technically difficult in normal cells as 
compared with A431 cells, where the EGF response is amplified perhaps 
100-fold over the phosphorylation response in fibroblasts. 

the alkaline two-dimensional Nevertheless, it has been possible, 
gel analysis of Cooper and Hunter 1 and the one-dimensional 
gel/phosphoamino acid analysis technique of Martinez et al.63 to detect 

cells.101- P 03 The major PDGF-dependent phosphoprotein in these 

usin% 
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PDGF-stimulated tyrosine phosphorylation of several proteins of about 
40 Kd; the hosphorylation of two of these proteins is also stimulated 

embryo fibroblasts i s  induced by PDGF or by sarcoma viruses. The 81 Kd 
and 39 Kd proteins phosphorylated on tyrosine in response to EGF in 
A431 cells are not generally phosphorylated in growth-stimulated 
fibroblasts, although some phosphorylation of the 39 Kd protein may be 
observed following PDGF treatment of certain 3T3 sub1 ines. 104-106 
Thus, it seems doubtful that phosphorylation of these proteins is 
involved in EGF- or PDGF-induced mitogenesis. Again, in contrast to 
the EGF response in A431 cells, EGF induces negligible increases in 
whole cell phosphotyrosine in 3T3 cells. Thus, gross differences in 
tyrosine phosphorylation are not needed for the stimulation of 
transport, glycolysis, macromolecular synthesis, and growth by EGF. 
PDGF induces a greater, although transient, increase in whole-cell 
phosphotyrosine. The greater magnitude of the PDGF effect is 
presumably due to the greater number of PDGF receptors than EGF 
receptors on these cells, and the transcience of the response is 
probably due to down regulation of PDGF receptors. 

Such studies o f  normal cells have raised several questions about 
the role of tyrosine phosphorylation in growth and transformation. The 
relatively low levels of tyrosine phosphorylation induced by EGF and 
PDGF suggest that the vast majority of tyrosine phosphorylations 
induced by viruses are not responsible for the many similar metabolic 
events induced by both growth factors and viral transformation. Some 
virus-specific phosphorylations may be involved in transformation- 
specific events, while others may be meaningless. Recent studies by 
Schlessinger et al. suggest further complexities.107-108 These workers 
found that CNBr-treated EGF, which retains binding activity, can 
stimulate tyrosine phosphorylation in A431 membranes and can induce 
early EGF-induced changes in living A431 cells or fibroblasts. 
Nevertheless, this EGF derivative is not mitogenic. Although it may be 
premature to conclude that the CNBr-EGF-activated tyrosine 
phosphorylation response in A431 membrane preparations also occurs in 
living fibroblasts, these results suggest that EGF-induced tyrosine 
phosphorylation may be necessary, but not sufficient, to stimulate DNA 
synthesis and growth. 

Another area in which the relationship of growth factors, tumor 
viruses, and tyrosine phosphorylation is being explored is the field of 
transforming growth factors (TGF's). A variety of tumor cells 
including those induced by RNA tumor viruses produce and secrete 
polypeptides, referred to as TGF's, which are capable of reversibly 
inducing the transformed phenotype in target cells. The best-studied 
TGF's are able to bind to the EGF receptor and stimulate tyrosine 
phos hor lation, although they are antigenically distinct from 

acting through the same receptor and inducing the same changes in 
tyrosine phosphorylation, can have different biological effects: TGF, 
but not EGF, can induce growth in soft agar. A recent study in which 
125I-TGF was cross-1 inked to membranes of target cells suggested that 
the factor bound both to the EGF rece tor, and to a separate 60 Kd 
protein which may bind TGF but not EGF.!11 Thus, the EGF-like effects 
o f  TGF's may be produced by binding to the EGF receptor and stimulating 
tyrosine phosphorylation, while growth in soft agar may be induced by 
binding of TGF to a separate receptor. It is not yet known whether 
this putative TGF receptor has any role in regulating tyrosine 

by EGF.104, P 05 Tyrosyl phosphorylation of one 43 Kd protein in chicken 

EGF. P Y  09, 10 It has been difficult to imagine how similar polypeptides, 
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phosphorylation. It is of interest that TGF's are produced by cells 
infected with RNA tumor viruses whose transforming proteins are not 
tyrosine kinases. Thus, even these viruses may rely on tyrosine 
phosphorylations to induce some aspects of the transformed phenotype. 

Conclusions - Independent investigations of two different types of 
agents which alter cellular growth behavior have uncovered multiple 
enzymes which possess tyrosine-specific protein kinase activity. It i s  
likely that future searches will reveal a greater number o f  similar 
enzymes. Indeed, Wong and Goldberg112 have identified at least seven 
tyrosine-specific phosphotransferases in normal liver tissue using the 
tyrosine-containing eight amino acid peptide, angiotensin, to probe 
cell fractions for kinase activity. The function of these multiple 
tyrosylphosphotransferases is open to speculation. There is no 
experimental evidence which suggests any functional interaction between 
these enzymes, i.e. by a cascade-type mechanism. For instance, 
infection with the avian sarcoma viruses Y73 or FSV does not stimulate 
phosphorylation o f  the normal cell s)*c gene product. However, 
sufficient information has not been obtained to rule out this 
possibility. It is possible that each tyrosyl phosphotransferase 
controls one o r  more specific events which occur in response to 
stimualtion of cellular growth. Further multiplicity would be required 
if these kinases are regulated independently during growth and 
development. Preliminary screening of the expression of the various 
normal cellular "onc" genes and their gene products have revealed 
tissue-specif ic differences in some of these proteins, however, no 
clear pattern has emerged.114-116 

The preliminary characterization of the viral and cellular 
tyrosine-specific protein kinases in this chapter provides evidence 
that these enzymes play a crucial role in the regulation of cellular 
growth control. Further understanding of the mechanisms involved in 
these events awaits identification of the biologically relevant 
substrates of these kinases and elucidation of the functional changes 
elicited by these phosphorylation events. 
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Chapter 23. Oncogenes 

Ronald W. E l l i s ,  Deborah DeFeo, and Edward M. Scolnick 
Merck Sharp 6 Dohme Research Labs, West Po in t ,  PA 19486 

The n a t u r e  of t h e  biochemical changes which d i s c r i m i n a t e  tumor cel ls  
from normal c e l l s  has  been t h e  focus of much i n t e r e s t  i n  t h e  las t  two de- 
cades.  Three independent l i n e s  of r e sea rch  have focused a t t e n t i o n  upon 
changes i n  c e l l u l a r  DNA as being involved i n  oncogenic t ransformation:  1) 
Most, i f  no t  a l l ,  chemical mutagens are chemical carcinogens,  an observa- 
t i o n  which sugges t s  t h a t  c e r t a i n  DNA mutat ions can be oncogenic. 2) The 
transformed phenotype is  h e r i t a b l e ,  e i t h e r  as a r e s u l t  of m i t o s i s  o r  as 
shown i n  somatic c e l l  hybrids .  3) Cells can be oncogenical ly  transformed 
by c e r t a i n  types of v i r u s e s  which encode p r o t e i n s  t h a t  are r e s p o n s i b l e  f o r  
t h e  i n i t i a t i o n  and maintenance of t h e  transformed s ta te .  Recent i n v e s t i -  
ga t ions ,  b u t t r e s s e d  by such f i n d i n g s ,  have l e d  t o  t h e  discovery of one 
genes o r  oncogenes, i . e . ,  genes whose polypept ide products  are capable  of 
causing oncogenic t ransformation.  I n  t h i s  review, w e  s h a l l  d i s c u s s  onco- 
genes and t h e i r  p o t e n t i a l  r o l e s  i n  c e r t a i n  types of human cancers .  

VIRAL ONCOGENES 

Re t rov i ruses  - RNA tumor v i r u s e s ,  o r  r e t r o v i r u s e s ,  have been u s e f u l  agen t s  
f o r  s tudying t h e  molecular events  accompanying t ransformation.  The or ig-  
i n a l  tumor-derived i s o l a t e s  were found t o  be a b l e  t o  t r ansmi t  n e o p l a s t i c  
d i s e a s e s  of t h e  same types as t h e  tumors from which they were i s o 1 a t e d . l  
I n  t h e  l as t  t h i r t y  yea r s ,  many more i s o l a t e s ,  bo th  oncogenic and nononco- 
gen ic ,  have been made from normal t i s s u e s  and from tumors of a wide range 
of v e r t e b r a t e  s p e c i e s .  The genome of repl icat ion-competent  r e t r o v i r u s e s  
con ta ins  t h r e e  genes important t o  t h e  r e p l i c a t i o n  process:  1) (group- 
s p e c i f i c  an t igens )  encodes f o u r  s t r u c t u r a l  polypept ides  which compose t h e  
v i r i o n  core;  2 )  pol (polymerase) encodes t h e  v i r a l  reverse t r a n s c r i p t a s e  
(RNA dependent DNA polymerase);  3) env (envelope) encodes t h e  v i r i o n  en- 
velope g lycopro te in  (and a s s o c i a t e d  nonglycosylated envelope p r o t e i n )  
which i s  r e spons ib l e  f o r  v i r a l  i n f e c t i v i t y  and h o s t  range. Following at- 
tachment of a v i r i o n  t o  an uninfected ce l l ,  t h e  v i r a l  RNA molecule e n t e r s  
t h e  ce l l  cytoplasm and i s  copied i n t o  a double-stranded DNA molecule by 
means of r e v e r s e  t r a n s c r i p t a s e .  An important s t r u c t u r a l  f e a t u r e  of t h i s  
DNA i s  t h e  presence of both i t s  5 '  and 3 '  termini of long terminal  r e p e a t  
(LTR) segments of several hundred nuc leo t ides .  The LTR i s  an  amalgam of 
sequences from t h e  5' and 3 '  t e rmin i  of t h e  v i r a l  RNA molecule and con ta ins  
s i g n a l s  f o r  t h e  e f f i c i e n t  promotion and t e rmina t ion  of RNA t r a n s c r i p t i o n  
from t h e  v i r a l  DNA template.  Subsequent t o  r e v e r s e  t r a n s c r i p t i o n ,  t h e  
l i n e a r  DNA molecule c i r c u l a r i z e s  and i n t e g r a t e s  i n t o  t h e  h o s t  c e l l u l a r  DNA 
by covalent  attachment a t  appa ren t ly  random l o c a t i o n s .  

Discovery of 
f o c i  of morphologically transformed c e l l s  fol lowing i n f e c t i o n  by c e r t a i n  
r e t r o v i r u s e s ,  has  e rmi t t ed  t h e  d i v i s i o n  of r e t r o v i r u s e s  i n t o  two major 
b i o l o g i c a l  groups:! 1) t ransforming r e t r o v i r u s e s ,  i s o l a t e d  only from tu- 
mors, cause morphological t ransformation i n  v i t r o ,  are gene ra l ly  r e p l i c a -  
t i on -de fec t ive  o r  helper-dependent (Rous sarcoma v i r u s  (RSV) being a nota- 
b l e  excep t ion ) ,  and are oncogenic i n  vivo wi th  r e l a t i v e l y  s h o r t  l a t e n t  

- The focus assay which q u a n t i t a t e s  t h e  appearance of 

ANNUAL REPORTS IN MEDICINAL CHF.MISTRY-\II Copyright D 1983 by Academic Press. Ine 
All righis of reproduction tn any form rewved.  

ISBN 0- I20405 I 8 4  



226 Sect. V - Topics in Biology Cordes, Ed. - 
periods. 2 )  Nontransforming or helper-independent retroviruses, isolated 
from tumors or normal tissue, do not induce morphological changes 
vitro, are generally replication-competent, and either are nononcogenic or 
induce lymphoid tumors with relatively long latent periods. The recogni- 
tion of these two classes of viruses as well as nontransforming or trans- 
formation-defective variants of transforming retroviruses suggested the 
existence of a viral gene(s) responsible for the initiation and mainte- 
nance of the transformed cell phenotype. 

The first virus for which an oncogene was demonstrated definitively 
was RSV. From the viral stock of this replication-competent transforming 
retrovirus could be isolated mutants that were transformation-defective 
(td) or temperature-sensitive for transformation but not for virus repli- 
cation (ts). These mutants suggested the existence of a functional viral 
oncogene, known as (sarcoma) .6 Since was not required for viral 
replication, its polypeptide product was considered unlikely to be a virion 
structural component. Therefore, two approaches were taken toward identi- 
fying this putative one protein. 
RSV in search of a translational product not encoded by td RSV. Also, 
antiserum from rabbits transplanted with RSV-induced tumors was used to 
imunoprecipitate radiolabeled proteins from extracts of cells transformed 
by RSV. Both approaches revealed a 60,000 dalton phosphoprotein, pp60=, 
whose expression was found to be ts in cells transformed by ts RSV mutants.7 
The gene has been sequenced and found to contain a single open-reading 
frame of nearly 1.6 kilobases (kb), from which a se uence of 526 amino 

Cell-free translation was performed on 

acids (approximately 60,000 daltons) was predicted. 3 

Other Viral Oncogenes - The definition of other viral oncogenes (conven- 
tionally referred to according to three letter abbreviations such as E,  
~pyc, =, etc.9) was not as straightforward as with E, due to the fact 
that the other transforming retroviruses were replication-defective and 
many lacked conditional mutants for genetic analyses. Besides the above- 
mentioned approaches on the polypeptide level, i.e., cell-free translation 
of viral RNA and the use of antiserum to virally-induced tumors, a combina- 
tion of nucleic acid hybridization techniques (including recombinant DNA 
and heteroduplex analyses as detailed below) helped resolve the location 
of these other oncogenes on their viral genomes. Such transforming se- 
quences could be assayed for biological activity by the DNA transfection 
assay (see below). Furthermore, hybridization of these transformation- 
specific viral oncogene sequences to cellular genomic DNA of a wide vari- 
ety of species detected cellular genes whose polypeptide products are ex- 
pressed in cells from many species. 
viral oncogenes and their related cellular genes will be detailed below 
(see ttProto-oncogenestt). A s  a result of a combination of the above ap- 
proaches, a total of sixteen distinct viral oncogenes have been identified 
to date. Some of the viral oncogenes have been recognized as a result of 
a single transforming retrovirus isolate from a single species, while 
others represent multiple isolates. 
to as Harvey or has) is represented by two independent isolations from 
rat and one from mouse. l o  The 
pendent avian isolates. l 1  Most interestingly, the same viral oncogene has 
been identified across class barriers among three avian (fsv) isolates and 
two feline (fes) isolates.12 
tified as members of a gene (z) family, EH and xK (also referred to 
as Kirsten ras or e). While their nucleotide coding sequences are only 
75% homologous, their polypeptide products share 85% of their amino acids, 
and both are approximately 21,000 daltons in molecular weight, serologic- 
ally cross-reactive, and functionally related, As more viral oncogenes 
have continued to be defined, certain general structural principles of 

Details of the relationship between 

For instance, EH (sometimes referred 

oncogene has been found in four inde- 

Among viral oncogenes, two have been iden- 
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t h e i r  o rgan iza t ion  have been noted. Some oncogenes, such as and x, 
encode polypept ides  whose sequence l a c k s  v i r a l  s t r u c t u r a l  components. 
Such p r o t e i n s ,  which are t o t a l l y  un re l a t ed  t o  v i r i o n  p r o t e i n s ,  are 
r e p r e s e n t a t i v e  of t ype  I oncogenes. 
der ived p a r t i a l l y  from v i r a l  s t r u c t u r a l  p r o t e i n s  and are r e p r e s e n t a t i v e  of 
type I1 oncogenes, o r  "fusion" p r o t e i n s  of t h e  gene ra l  s t r u c t u r a l  m - X . 1 4  
The c o n t r i b u t i o n  of t h e m  g e n e t i c  information t o  t h e  f u n c t i o n  of such 
- onc p r o t e i n s  i s  unknown. 

& P r o t e i n  Biochemistry - I n  l i g h t  of t h e  a b i l i t y  of one p r o t e i n s  t o  me- 
d i a t e  c e l l u l a r  t ransformation,  t h e s e  polypept ides  have been t h e  o b j e c t  of 
i n t e n s e  s tudy.  Since RSV w a s  t h e  f i r s t  t ransforming r e t r o v i r u s  whose on- 
cogene w a s  i d e n t i f i e d  and s i n c e  ts mutants of = were a v a i l a b l e ,  pp602.E 
has  been by f a r  t h e  most widely s t u d i e d  one p r o t e i n .  Analysis  of phospho- 
amino a c i d s  by thin- layer  chromatography demonstrated t h a t  t h e  polypept ide 
contained one major phosphoserine r e s i d u e  and one major phosphotyrosine 
r e s idue .  15, l 6  
a t  t h i s  r e s i d u e  appears  t o  c o r r e l a t e  w i th  t h e  t ransforming phenotype of 
t h e  p r o t e i n :  
t y r o s i n e  a t  t h e  non-permissive temperature  bu t  i s  phosphorylated a t  t h e  
permissive temperature.  This t y r o s i n e  phosphorylat ion is  mediated by a 
c y c l i c  AMP-independent p r o t e i n  k inase .  I n  c o n t r a s t ,  t h e  s e r i n e  phosphor- 
y l a t i o n  is  mediated by a c y c l i c  AMP-dependent p r o t e i n  k inase ;  t h i s  may be 
s i g n i f i c a n t ,  s i n c e  t h e  s u b s t r a t e s  of t h e  c y c l i c  AMP-dependent p r o t e i n  
k inases  o f t e n  are regu la t ed  by t h e i r  phosphorylat ion state.  I n  iunnuno- 
p r e c i p i t a t e s ,  p p 6 0 E  w a s  found t o  phosphorylate  t h e  heavy cha in  of IgG on 
a t y r o s i n e  residue.16 That t h i s  enzymatic func t ion  i s  s p e c i f i c  t o  pp6O- 
r a t h e r  than a copurifying contaminant w a s  demonstrated by recombinant DNA 
technology: s. a were engineer ing t o  produce pp60=, and t h i s  pp6=, 
f r e e  of a l l  euca ryo t i c  p r o t e i n s ,  w a s  capable  of phosphorylat ing IgG a t  ty- 
rosine.18 Add i t iona l  i n  v i t r o  and i n  vivo d a t a  have suggested t h a t  p p 6 O E  
possesses  autophosphorylat ing a c t i v i t y  a t  t h e  t y r o s i n e  r e s i d u e ,  The ts RSV 
has  been used t o  t r y  t o  i d e n t i f y  n a t u r a l  c e l l u l a r  t a r g e t s  f o r  p p 6 w .  The 
a n a l y s i s  of phosphoamino a c i d  con ten t  of c e l l s  has  shown t h a t  t r ans fo rma t ion  
by RSV i s  a s s o c i a t e d  with a 10-fold e l e v a t i o n  i n  phosphotyrosine levels, 
suggest ing t h a t  t y r o s i n e  phosphorylat ion a c t i v i t y  is c r i t i ca l  t o  t h e  t r ans -  
forming func t ion  of p p 6 e .  Following a s h i f t  from nonpermissive t o  per- 
mi s s ive  temperature,  a 35,000 d a l t o n  p r o t e i n  w a s  found t o  be phosphorylated 
on a t y r o s i n e  r e s i d u e  i n  mutant-infected cel ls .  l9 
f i e d  nonphosphorylated form of t h i s  p r o t e i n  could be phosphorylated i n  v i t r o  
by p p 6 0 E  a t  t h e  same t y r o s i n e  r e s idue .  
gested t o  be a p o s s i b l e  s u b s t r a t e  of ~ ~ 6 0 %  i n  vivo.  
s i n c e  v i n c u l i n  i s  a s s o c i a t e d  wi th  c e l l u l a r  adhesion plaques,  and pp60s 'c  
has  been l o c a l i z e d  t o  adhesion plaques by immunoflorescence a n a l y s i s .  2 o  

Other one p r o t e i n s  c o n t a i n  sequences 

The l a t te r  r e s i d u e  i s  very s t r i k i n g ,  since phosphorylat ion 

p p 6 O E  i n  c e l l s  i n f e c t e d  by ts RSV i s  n o t  phosphorylated a t  

Furthermore, t h e  puri-  

S i m i l a r l y ,  v i n c u l i n  has  been sug- 
This is provocat ive,  

With t h e  precedent  set by pp60=, o t h e r  one p r o t e i n s  have been t e s t e d  
f o r  p r o t e i n  k inase  and autophosphorylat ion a ~ t i v i t y . ~ , ~ ~  
t e i n s  have been shown t o  be t y r o s i n e  k inases ,  wh i l e  o t h e r  % p r o t e i n s  l a c k  
such a c t i v i t y .  
d i f f e r e n t  amino a c i d s ,  i nc lud ing  s e r i n e  and threonine.  Type I1 f u s i o n  pro- 
t e i n s  can be phosphorylated i n  e i t h e r  t h e i r  m o r  t h e i r  % sequences. 
The rasH and r a s K  p21 molecules,  l ack ing  t y r o s i n e  k i n a s e  a c t i v i t y ,  possess  
auto-phosphorylating a c t i v i t y  s p e c i f i c  f o r  a s i n g l e  th reon ine  r e s i d u e  a t  
p r o t e i n  59. 
phosphate donor, p 2 l r a s  s p e c i f i c a l l y  b inds  guanine-containing nuc leo t ides  
as phosphate donors.22 The f a c t  t h a t  t h i s  guanine nuc leo t ide  binding ac- 
t i v i t y  is  unique t o  p 2 m  among v i r a l E  p r o t e i n s  sugges t s  t h a t  %may 
have a mechanism of a c t i o n  d i s t i n c t  from o t h e r  oncogenes. 
t he  a s s o c i a t i o n  of 

Several one pro- 

The s p e c i f i c  one p r o t e i n s  themselves are phosphorylated on 

Moreover, u n l i k e  o t h e r  one p r o t e i n s  which u t i l i z e  ATP as a 

I n  t h i s  regard,  
gene expression w i t h  c e r t a i n  human tumors i s  
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provocative (see "Activated Oncogenes") . 
PROTO-ONCOGENES 

The observation that the passaging of slowly leukemogenic viruses 
through rodents sometimes gave rise to acutely malignant viruses was the 
first direct experimental indication that normal cells might harbor gene- 
tic information capable of causing malignant transformation, as hypothe- 
sized by several  worker^.^^,^^ 
leukemia viruses had transduced genetic information from the host animal, 
thereby enabling the viruses to become acutely transforming. It is now 
known that the =-specific sequences of acutely oncogenic retroviruses do 
have cellular homolo ues, termed proto-oncogenes, from which they were 

It appeared that these usually slow-acting 

derived. 6, 0, l 4  $1 

Methodologies - Two highly relevant methodologies became available during 
this period of investigation into the cellular origin of viral oncogenes. 
The first involved the use of restriction endonucleases with recombinant 
DNA cloning technology. Using these enzymes, it became possible to cut 
DNA molecules at specific sites into fragments of defined size. These 
fragments could be electrophoresed in agarose gels, visualized by ethidium 
bromide staining, transferred onto nitrocellulose paper and hybridized to 
radiolabeled nucleic acid probes of known specificity . 2 5  3 26 Newly defined 
DNA fragments, whose length could be quantitated using size markers in 
gels, then could be cloned into bacteriophage or plasmid vectors which 
enable the amplification of the DNA fragments in bacteria and the isola- 
tion of large quantities of homogeneous DNA. Furthermore, the presence of 
defined restriction endonuclease sites in the cloned DNA permits the easy 
isolation and manipulation of specific fragments of the clone.27 
second important methodology was the calcium phosphate precipitation tech- 
nique of Graham and van der Eb.28 
fection or gene transfer, involves exposure of recipient cell cultures, 
such as NIH3T3, to donor DNA. This DNA, which is presented to the cells 
as a calcium phosphate precipitate, can be large fragments of cellular DNA 
or small, defined restriction endonuclease fragments of viral DNA. This 
ensures that any phenotypic change observed is genetic in origin, i.e., 
attributable to the polypeptide products encoded by the transfected DNA. 
NIH3T3 cells are a flat, non-neoplastic mouse cell line which is able to 
stably integrate donor DNA with a relatively high efficiency. The inte- 
gration of donor DNA is assayed efficiently by nucleic acid hybridization 
techniques. In the case of oncogene (viral or cellular) transfection, 
scoring for foci or transformed cells is relatively easy on the mouse mono- 
layer background and iuantitative (with single-hit kinetics) with respect 
to the DNA inoculum. Several methodologies which became essential to 
the defining of cellular oncogenes initially were applied to viral onco- 
genes, as discussed above. Restriction endonuclease mapping coupled with 
DNA transfection and focus assays allowed delineation of the functional 
- onc gene regions of these viruses. This was done by taking differently- 
sized restriction endonuclease fragments (spanning the cloned viral genome) 
and transfecting them onto NIH3T3 cells to assay for focus formation. 3 9  5,29 
In addition, heteroduplexing studies gave further physical delineation of 
the one gene region. 
between two molecules and electron microscopic visualization of the homolo- 
gous regions. 3 O  

Discovery of Cellular Genes - The identification of the ~ T C  gene region of 
RSV provided the first tool to explore the origin and distribution of this 
transforming sequence in normal vertebrate cells, Using uncloned E-spe- 
cific DNA as a radiolabeled probe, molecular hybridizations were performed 

The 

This procedure, also termed DNA trans- 

This technique involves nucleic acid hybridization 
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a g a i n s t  DNA and RNA prepared from a v a r i e t y  of normal uninfected v e r t e -  
b r a t e  cells .31 This experiment gave t h e  i n i t i a l  evidence t h a t  t h e r e  w e r e  
a c t i v e l y  t r ansc r ibed  c e l l u l a r  sequences,  h igh ly  conserved i n  v e r t e b r a t e s ,  
which were homologous t o  t h e  v i r a l %  gene. 
t r a n s c r i p t s  homologous t o  t h e  src gene and t h e  subsequent i d e n t i f i c a t i o n  
of a 60,000 d a l t o n  p r o t e i n  i n  normal ce l l s  c l o s e l y  homologous by s i z e ,  en- 
zymatic func t ion ,  and pep t ide  composition t o  t h e  v i r a l  p p 6 0 z  gave f u r t h e r  
support  t o  t h e  c e l l u l a r  o r i g i n  of t h i s  gene.32 S imi l a r  molecular hybridi-  
z a t i o n  s t u d i e s  were performed w i t h  o t h e r  i s o l a t e d  v i r a l  oncogene sequences 
t o  determine t h e i r  e x i s t e n c e  and d i s t r i b u t i o n  as proto-oncogenes in normal 
c e l l u l a r  DNA. It now is ap  a r e n t  t h a t  t h e s e  proto-oncogenes are h igh ly  
conserved e v o l u t i o n a r i l y .  9‘9 Many have been found t o  be t r a n s c r i b e d  
a c t i v e l y  i n  normal cel ls ,  during c e r t a i n  s t a g e s  of mouse enbryogenesis,  
and p r e f e r e n t i a l l y  i n  p a r t i c u l a r  t i s s u e s . 3 3  
product c l o s e l y  homologous t o  t h e  v i r a l  oncogene product has  been i d e n t i -  
f i e d .  A l l  of t h i s  taken toge the r  would suggest  t h a t  t h e s e  proto-oncogenes 
play some e s s e n t i a l  r o l e  i n  c e l l u l a r  metabolism o r  d i f f e r e n t i a t i o n .  34 

Cloning of Proto-oncogenes - Subsequent t o  t h e  i d e n t i f i c a t i o n  of t h e s e  
proto-oncogenes i n  normal ce l l s ,  many groups began sc reen ing  recombinant 
DNA l i b r a r i e s  of d i f f e r e n t  spec ie s .  A recombinant l i b r a r y  c o n s i s t s  of 
fragments of DNA, r e p r e s e n t a t i v e  of t h e  e n t i r e  genome of t h e  organism 
used, cloned i n t o  b a c t e r i a l  vec to r s .26  
i t  w a s  p o s s i b l e  t o  i s o l a t e  i n d i v i d u a l  c lones  which r ep resen ted  t h e i r  cel- 
l u l a r  proto-oncogene homologs. The f i r s t  proto-oncogenes t o  be cloned 
were homologous t o  t h e  v i r a l  (v-) oncogenes of two rodent  r e t r o v i r u s e s ,  
v-mos3’ and v - x .  36 The normal mouse c e l l u l a r  gene equ iva len t  t o  v-mos, 
c a z d  c (cel lular)-=,  w a s  t h e  f i r s t  proto-oncogene t o  be cloned a n r  
shown t o  have b i o l o g i c a l  a c t i v i t y .  
v-E by r e s t r i c t i o n  endonuclease and heteroduplexing ana lyses .  Proof of 
b i o l o g i c a l  a c t i v i t y  was accomplished by t r a n s f e c t i o n  s t u d i e s  using NIH3T3 
cel ls .  The c-= c lone  a lone  d i d  n o t  g i v e  f o c i  when t r a n s f e c t e d .  
l i g a t i o n  of an  LTR, t h e  po ten t  v i r a l  promotor, t o  t h e  c-E clone r e s u l t e d  
i n  t ransformation fol lowing t r a n s f e c t i o n .  37 Neither  c-E nor  c - z H  w a s  
found t o  be f lanked by r e t r o v i r a l  sequences. These f i n d i n g s  corroborated 
r e s u l t s  observed i n  t h e  RSV system which provided f i r m  evidence t h a t  t h e  
oncogene of a c u t e l y  t ransforming r e t r o v i r u s e s  d i d  arise by recombinat ional  
events  with normal c e l l u l a r  sequences: i n f e c t i o n  of chickens wi th  t d  RSV 
r e s u l t e d  i n  t h e  i s o l a t i o n  of t ransforming RSV as a r e s u l t  of recombination 
with t h e  chicken c-E gene. 38 
r e c e n t l y ,  from t h e  l a c k  of an i d e n t i f i a b l e  v i r a l  one p r o t e i n  product.  
Furthermore, c-E t r a n s c r i p t i o n  i n  vivo has  never  been observed. Conse- 
quent ly ,  i n v e s t i g a t i o n s  i n t o  c-E biology have been impossible .  This  
has  n o t  been t h e  case with t h e  second cloned proto-oncogene, c - x H ,  whose 
p 2 1 E  
c e l l s . 1 8  The cloning of t h e  c - ~ ~  gene provided t h e  f i r s t  example f o r  
t h e  e x i s t e n c e  of i n t e r r u p t e d  proto-oncogenes. Heteroduplexing s t u d i e s  
combined wi th  r e s t r i c t i o n  enzyme mapping showed c - ~ ~  t o  have 3 r eg ions  
of noncoding information ( i n t r o n s )  i n t e r r u p t i n  t h e  coding sequences (exons) 
and t o  be disposed over 2 kb of c e l l u l a r  DNA.3E Other c - z  genes have 
s e v e r a l  exons which are disposed over as much as 25 kb.2 
c-E, t r a n s f e c t i o n  of t h e  c - x H  a lone  f a i l e d  t o  g i v e  f o c i .  
ga t ion  of t h e  v i r a l  LTR t o  t h e  c e l l u l a r  c lone  r e s u l t e d  i n  t r ans fo rma t ion  
upon t r a n s f e c t i o n .  
21,000 d a l t o n  p r o t e i n  which w a s  homologous t o  p 2 m .  
were e l eva ted  l e v e l s  of a n  mRNA of a s i z e  s u f f i c i e n t  t o  encode such a pro- 
t e i n .  
capable  of being a c t i v a t e d  i n  v i t r o .  I n  a d d i t i o n ,  t h e  a c t i v a t i o n  of c-E 
showed d e f i n i t i v e l y  f o r  t h e  f i r s t  t i m e  t h a t  e l eva ted  l e v e l s  of a normally 

The i d e n t i f i c a t i o n  of RNA 

21 

In many cases, a p r o t e i n  

By using v i ra l  oncogenes as probes,  

C-E w a s  shown t o  be c o l i n e a r  w i th  

However, 

The system has s u f f e r e d ,  u n t i l  very 

ene product i s  found t o  b e  expressed a t  low l e v e l s  i n  normal 

S i m i l a r l y  t o  
However, li- 

The transformed c e l l s  showed e l eva ted  l e v e l s  of a 
I n  a d d i t i o n ,  t h e r e  

This w a s  t h e  f i r s t  example of a s p l i c e d  c e l l u l a r  = gene shown 
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expressed cellular protein can cause transformation. 
indicated that quantitative chan es in the expression of a cellular gene 

- 
These experiments 

could be involved in neoplasia. 3E 

ACTIVATED ONCOGENES 

Neoplasms and Oncogenes - As discussed above, carcinogenesis has been hy- 
pothesized to be a result of dominant genetic alteration. The finding 
that elevated expression levels of normal cellular proto-oncogenes are 
sufficient to cause transformation represents a quantitative model for 
such an alteration. 
DNA transfection assay has been the cornerstone for testing the nature of 
potential genetic changes in tumors, Several workers reasoned that if 
neoplasia were the result of dominant genetic changes involving potential 
cellular cancer genes, then it should be possible to induce transformation 
of normal (NIH3T3) cells by transfection of tumor cell DNA. Prototype ex- 
periments indicated that while transfection of high molecular weight (30 
kb) DNA from normal cells did not induce cellular transformation, frag- 
mentation of these same DNA's to smaller (1-5 kb) sizes did induce trans- 
formation. This suggested that potential transforming genes of normal 
cells could become activated to oncogenes when dissociated from their sur- 
rounding regulatory sequences. 34 The first case in which it was shown 
that the DNA of some neoplasms contained activated oncogenes involved the 
transfection of DNA derived from 3-methylcholanthrene transformed mouse 
cells.39 
lar DNA did not induce foci. This result quickly was followed by similar 
findings utilizing DNA from either chemically-induced or spontaneously 
occurring tumors from a variety of species, whose normal cellular DNA did 
not induce foci. Activated oncogenes now have been detected by transfec- 
tion of DNA from chicken B-cell lymphoma and nephroblastoma, rodent neuro- 
blastoma and glioma, human promyelocytic leukemia, and human bladder, 
colon, pancreas, gall bladder, lung and mammary carcinoma. 34 Secondary 
transfection assays, utilizing the primary transformed cells as a source 
for donor DNA gave similar efficiencies of transformation (0.05-1.0 trans- 
formants per microgram DNA), as expected for serial transfer of a trans- 
forming gene. It was possible to further analyze these oncogenes by de- 
termining the sensitivity of their transforming capabilities to digestion 
with different restriction endonucleases. By use of this phenotypic an- 
alysis of the DNA, it was possible to determine whether the same enzyme 
abrogated the biological activity of the activated oncogenes from different 
tumors. 34, 39 

In search of a qualitative genetic alteration, the 

Transfection of this DNA induced foci, while normal mouse cellu- 

Genes - The first breakthrough in identifying these transforming se- 
This 

quences occurred with the molecular cloning and isolation of discrete 
transforming sequences from a human bladder carcinoma cell line. 40 
was achieved by the serial transfer of transforming sequences in trans- 
fection assays and the monitoring for the presence of the responsible 
human sequences in the transformed NIH3T3 cellular DNA. This monitoring 
utilized a radiolabelled probe made to cloned human repetitive DNA to 
demonstrate the presence of discrete human sequences in these transformed 
cells. In addition to showing that the transformation event was mediated 
by human DNA, this also allowed the identification and subsequent cloning 
of the human sequences. 
these transforming sequences were present in normal human cells. It nat- 
urally followed that a comparison could be made between this gene and the 
available cloned proto-oncogenes. 
bladder oncogene was homologous to the human C-EH proto-~ncogene.~~ At 
the same time as these experiments with the human bladder carcinoma were 
occurring, similar experiments were being performed utilizing DNA from 

Nucleic acid hybridization demonstrated that 

This analysis demonstrated that the 
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human lung and colon carcinomas. The activated oncogenes in both these 
human cancers not only were similar to each other by restriction enzyme 
inactivation analysis, but were also homologous to the second member of 
the ras gene family, c - ~ ~ . ~ '  
be activated in several other solid tumors, including those of the gall 
bladder, pancreas , and bladder. These coincident findings unified for 
the first time the potential role of proto-oncogenes and dominant genetic 
changes in human oncogenesis. 

The c - ~ ~  gene recently has been found to 

The bladder oncogene/c-EH homology has been the focal point f o r  the 
determination of the nature of the DNA changes which relate to the activa- 
tion event. J'ust prior to the isolation of the bladder oncogene, the hu- 
man equivalent to e - ~ ~  had been cloned.44 This made possible a detailed 
comparison between the two genes. 
cussed more fully in earlier sections, encodes a phosphoprotein of 21,000 
daltons termed p2l'as (the cellular p2l'as is not phosphorylated).45 
tial studies of the NIH3T3 cells transformed by the bladder oncogene re- 
vealed an interesting result: it was discovered that there was only a 
small (less than three-fold) increase in =-specific mRNA relative to 
normal cells. 41 A similar finding resulted from protein studies using 
monoclonal antibodies to p 2 e .  However, a comparison of p2lras imuno- 
precipitates from normal and bladder gene transformed NIH3T3 cells revealed 
a difference in the electrophoretic migration of the proteins in SDS-gel 
electrophoresis. 
occurred in the protein concomitant with oncogene activation. 
localization of the region which was responsible for the genetic altera- 
tion, followed by DNA sequencing of this region in the cloned bladder on- 
cogene and human e _ ~ ~  gene, delineated the change at the nucleotide and 
amino acid level. It was found that a single base change (a point muta- 
tion from G to T) corresponding to amino acid residue 12 converted the 
normally present glycine residue to a valine residue, thus affecting the 
function and structure of p2e.46,47 
change in p2- being responsible for its transforming capability, along 
with the previously described finding (see "Proto-oncogenes") that in- 
creased levels of expression of c - ~ ~  are sufficient to cause transfor- 
mation, strongly suggests that, at least for the xH gene, there are two 
independent mechanisms which can be operative in causing transformation. 
In this regard, it is noteworthy that the p 2 m  encoded by the activated 
- rasK gene from human colon or lung tumors demonstrates an altered electro- 
phoretic mobility suggestive of a similar qualitative change. 42 

Other Activated Oncogenes - Efforts to elucidate the function of cellular 
oncogenes are of primary importance to understanding cancer. To this end, 
the identification and analysis of proteins associated with these genes is 
an area of intensive investigation, The use of sera from tumor-bearing 
animals in immunoprecipitation assays has allowed the detection of some 
transformation-associated proteins in these tumors. 34 
p 2 W ,  specific proteins have been found associated with the activation 
of the mammary carcinoma transforming gene (86,000 dalt~ns)~' and of the 
rat neuroblastoma and glioma transforming genes (185,000 daltons) .49 A 
tumor-specific transplantation antigen has been detected in association 
with the transforming gene of a chemically-induced mouse sarcoma. 50 The 
continued investigations into various transforming genes of different tu- 
mors has led to some general conclusions. It is apparent that different 
transforming genes are activated in different types of tumors. However, 
it also is apparent that the same transforming gene, e.g., c - ~ ~ ,  can be 
activated in independent tumors of the same differentiated cell type. Im- 
plicit in these observations is the fact that these transforming genes ap- 
parently can become activated across species and tissue boundaries. 

The ras gene family, as has been dis- 

Ini- 

These results indicated that a qualitative change had 
Genetic 

This finding of a qualitative 

In addition to 

It 
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should be noted at this point that only 50% of the tumors so far tested 
have activated oncogenes. 3 4  However, 
one possibility is that these tumors contain transforming genes of a type 
that are unable to induce transformation of NIH3T3 cells, either because 
of changes these heteroploid cells have already undergone, or because of a 
specificity for transformation by these genes for a particular cell type, 
which NIH3T3 cells do not represent. Investigations into alternative 
assaying systems, to be used alone or in conjunction with the NIH3T3 trans- 
fection system, are in progress. 
obtained, two systems worth mentioning are the Chinese hamster embryo 
fibroblast system and the athymic nude mouse, 51,52 

Virally-induced Oncogenes - The above-described tumors in which activated 
oncogenes have been detected presumably were spontaneous or chemical in 
origin. In addition, it has been found that there are activated oncogenes 
in tumors induced by weakly oncogenic, nontransforming retroviruses, in- 
cluding avian leukosis virus, murine leukemia virus, and murine mammary 
tumor virus.' The long latent period of tumors induced by these viruses 
suggests an indirect mechanism of leukemogenesis, unlike that of trans- 
forming retroviruses and their direct viral oncogene mechanism. This 
indirect mechanism was substantiated by nucleic acid hybridization exper- 
iments. The DNA in the NIH3T3 cells transformed by the virally-activated 
oncogenes was hybridized to a radiolabelled probe of the retrovirus which 
induced the tumor. In no case was hybridization detected in any of the 
transformed cell lines. 53 The molecular biology of retrovirus infection 
was hypothesized t o  bear upon oncogene activation. A s  mentioned above, 
the integrated retrovirus genome is flanked by an LTR at both its 5' and 
3' terminus. The 5' LTR provides the promoter function while the 3' LTR 
provides the mRNA polyadenylation signal, Given the duplicated structure 
of the two LTRs, the 3' LTR could provide promoter signals for adjacent 
cellular sequences. 3 , 4  
a radiolabelled LTR probe to detect novel nonviral mRNA transcripts in 
retrovirus-induced tumors. 54 

The reasons for this are unclear. 

Since positive assay results have been 

This hypothesis was demonstrated by the ability of 

The most closely studied system of virally-induced tumors is the 
chicken bursa1 lymphoma induction by avian leukosis virus. The viral 
genome has been found to integrate in the vicinity of the avian onco- 
gene.55,56 Moreover, high levels of expression of mRNA have been 
found in many of these virally-induced tumors. Many tumors contained vi- 
ral genomes either 5' or 3' to w and in either of the two transcrip- 
tional orientations, suggesting an indirect effect of the viral LTR upon 
myc transcription. 
transfected onto NIH3T3 cells, it was found that the activated oncogene 
in the transformed cells was not w.57 
a mechanism of at least two steps operative in these virally-induced tu- 
mors: 
levels of transcription, and 2) a distinct oncogene becomes activated, 
perhaps as a result of transcription. Since the development of cancer 
seems to be a multistage process, the virally-induced leukemia model merits 
further study. This indirect mechanism of oncogenesis may be useful for 
understanding the sequential steps of gene expression in tumor development. 

Conclusion - The manner in which normal cellular genes become activated 
oncogenes is an area of great importance, since there is finally the poten- 
tial to draw together the areas of chemical carcinogenesis and oncogenes. 
It has been known for a long time that chemical carcinogens act as chemical 
mutagens for DNA. The finding of a point mutation in the bladder oncogene 
which results in its acquiring transforming activity correlates well with 
such a pathway. In addition, some chemical carcinogens have been associated 

When DNA from these virally-induced lymphomas was 

These data suggest that there is 

1) viral integration directly or indirectly leads to very high 
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with DNA rearrangements such as deletions and translocation. Studies have 
shown that the s gene is associated with translocated chromosomes, an 
abnormality often found in human cancer cells. 58,59,60 
myc mRNA in these cells can be quantitatively or qualitatively altered 
relative to s mRNA in normal cells. 
the Philadelphia chromosome in chronic myelocytic leukemia. Such relo- 
cating of proto-oncogenes may be the signal which allows an alteration in 
their expression. In addition to the possibility of translocations result- 
ing from chemical carcinogens, there are recent data implicating the s 
gene as being involved in a translocation event that is a consequence of 
normal antibody gene rearrangements. 62 Therefore, it appears that cellu- 
lar oncogenes can be involved in several different processes which could 
affect their expression. A major reservation which one must have in mind 
when interpreting these data is that the biological activity of oncogenes 
may be a consequence, rather than a cause, of tumorigenesis. Nevertheless, 
oncogenes represent some of the most promising molecular markers for cellu- 
lar transformation. The fact that specific oncogenes are activated in 
lymphoid tumors of distinct stages of differentiation and that the same 
oncogene can be activated in independent tumors of the same histology ar- 
gue for specificity in the mechanism of action of oncogenes. 

Furthermore, the 

The oncogene is translocated to 

In conclusion, several experiments in the last two years have provided 
the first connection between oncogenes and human cancer. 
- ras gene activation and of s a n d  gene translocation represent two of 
the most promising leads in this regard. Future work in this field should 
address some of the following questions: 

1) Are additional proto-oncogenes activated beside E? 
systems be developed for detecting activation? 

2 )  Aside from proto-oncogenes, what other types of genes have been detected 
as activated genes? 

3) What is the mechanism of action of one proteins? 
targets do these proteins interact? 

4 )  What are the molecular events associated with oncogene activation (par- 
ticularly of EK)? 

5) How does 
translocation? 

The findings of 

Can other assay 

With which cellular 

and abl gene expression change concomitant with 
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Chapter 2 4 .  In Vitro Mutagenesis: 

Relationships in Proteins 
Powerful New Techniques for Studying Structure-Function 

Gloria Dalbadie-McFarland and John H. Richards 
California Institute of Technology, Pasadena, California 91125 

Introduction - The linear sequence of amino acids uniquely determines the 
exquisite three-dimensional structures of proteins and their wide diver- 
sity of biological function--as catalysts, hormones, transport agents, 
cell surface receptors, structural elements, transducers of chemical 
energy into work. To be able to generate, at will, any sequence of amino 
acids will therefore allow rational study of the relation between protein 
structure and function. This objective has become possible o n l y  recently 
through development of reliable methods for chemical synthesis of oligode- 
oxynucleotides and DNA sequence analysis; these advances, along with 
rapidly developing cloning technology, have made possible a large variety 
of genetic manipulations that alter the structures of genes and of gene 
products. Not only do these techniques now allow one to generate essenti- 
ally any variant of a protein to study how three dimensional structure and 
biochemical function depend on amino acid sequence, they further ensure 
that, once the DNA of the structural gene has been prepared, the protein 
can be produced ever after in any quantities desired. 

-- In vitro mutagenesis of a cloned structural gene of a protein can 
introduce deletions, insertions and single or multiple amino acid substi- 
tutions either randomly within a pre-selected region o r  at a single, 
specific site. In addition to these mutagenic techniques, the in vitro 
synthesis of entire structural genes has been accomplished. '-'I - Together, - 
these techniqaes now allow the relatively rapid construction of a protein 
with any predetermined amino acid sequence. In short, one can specify a 
particular structure and determine its function. Analogous approaches 
have, over the years, greatly enriched our resources of useful pharma- 
ceuticals. The procedures characteristic of this approach are those of 
site-directed, specific mutagenesis. 

For structure-function studies of proteins, a second powerfully 
complementary approach should also be emphasized. This approach takes 
advantage of the ability of biological systems to produce a very large 
number of random structural variants; these can then be screened for 
those variants that have a particular function. In this case, one speci- 
fies a particular function and then determines which structures, of many 
millions that can be easily tested, have that function. The procedures 
useful in this approach are those of random mutagenesis, perhaps directed 
toward a particular region of the protein. 

This review will focus particularly on those aspects of mutagenesis 
that have a direct bearing on the study of protein function. These tech- 
niques have also been used to address a large variety of genetic problems 
as well as to probe structure-function relationships; the more general 
subject has been reviewed extensively. 5 - 8  
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Amino Acid Substitutions - The roles of particular amino acid residues in 
catalysis, ligand binding, folding and in determining other properties of 
a protein can be investigated by the study of the effects on these prop- 
erties of both specific and non-specific substitutions. Mutant proteins 
can be generated by methods that fall into four major categories: 
deliberate, site-specific substitutions, (b) segment directed, random 
mutagenesis, (c) non-directed, random mutagenesis, and (d) suppression of 
nonsense codons generated by an appropriate mutagenic procedure. 

a. Site Specific Mutagenesis - Unique, predetermined base changes at any 
desired specific site in a structural gene, leading to any desired amino 
acid substitution in the corresponding protein, can be readily accom- 
plished by oligonucleotide-directed mutagenesis; this is the most specific 
and generally applicable form of site-directed mutagenesis. First devel- 
oped in the single stranded phage @x 174,’,’’ this method has since been 
used to produce several point mutations in this phage,”-” as well as 
in M13I6 and genes cloned into M13. l7-I9 
also to double-stranded circular D N A s .  

(a) 

The technique has been extended 
o-22  

As outlined in Figure 1, this method involves priming in vitro DNA 
replication with a chemically synthesized oligodeoxynucleotide that has 
been designated to have a sequence that is largely complementary to the 
”wild-type” DNA template in the region where the mutation(s) is(are) to be 
introduced. The synthetic nucleotide contains, however, one, or more, 

Synthetic 
Oligonucleotide 

P- 

Supercoded 8 - 0 Nicked - 0 Porliol 
Plasmid Duplex Duplex 

o ( N A  + DNA Polymerose Llgose - -. 
Heleroduplei with 

TWO Mismolches 

000000 
0000.0 
000000 0 000000 

Colony 
Screening 

Tronsformotion 0 
K 2  

J Transformotion 
Ropid Piasmid @) i 

P”rlflc0tlon 

-1 I 

Mixed Genotype 
Bacterial Cell 

W 

FIGURE 1: OveraZl scheme for oligonucleotide-directed mutagenesis of 
doubZe stranded circuZar pZasmid DNA. 
nicked i n  one strand and rendered partialZy single stranded by treatment 
with exonuclease. 
oligodeoxynucleotide carrying, by design, some mismatches. I n  v i t r o  DNA 
synthesis, primed i n  part by the o Zigodeoxynuc Zeotide, Zeads tohe tero-  
dupZex plasmid c i rc les .  Molecular cloning and -- i n  vivo DNA repZication 
generates homodupZexes, some o f  which have the DNA sequence o f  the primer 
o ZigodeoxynucZeotide. Co Zony screening, wi th  the same oligodeoxynucleo- 
t ide  ZabeZed with 3 2 P  as a hybridization probe, alZows iden t i f i ca t ion  of 
the desired mutant coZony regardless of i t s  phenotype. 

bases that are not complementary to the wild-type template; the mutation 
originates from these mismatched bases. Annealing of the synthetic oligo- 
nucleotide to the wild-type circular DNA, which must of course be at least 

Supercoiled plasmid c i rc l e s  are 

The gapped circZes are hybridized with a homologous 
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partially single stranded, can be accomplished under conditions of suffi- 
ciently low strigency that a heteroduplex forms,in spite of some mis- 
matching of bases. The site-specificity of this duplex formation is, 
nevertheless, exceedingly high. For example, in a 15 base oligodeoxynu- 
cleotide there will normally be 13-14 complementary base pairings and 1-2 
mismatches at the site where the mutation is being introduced. 
the synthetic oligonucleotide to the template DNA anywhere else than at 
the desired site will generally involve no more than 9-10 pairings by 
design. The heteroduplex region thus formed now serves as an initiation 
site for in vitro DNA synthesis that occurs in the presence of the four 
deoxynucleotide triphosphates and is catalyzed by the Rlenow fragment of 
DNA polymerase I (which requires a double stranded region to begin DNA 
replication). After ligation, the heteroduplex is introduced into an ap- 
propriate bacterial host and multiplies as a result of normal semiconser- 
vative, in vivo replication into two types of homoduplexes; the mutant 
homoduplexes have a sequence that reflects the synthetic, mutagenic oligo- 
nucleotide; the other homoduplexes have the original, wild-type sequence. 

Binding of 

An essential feature of any procedure for producing specific mutants 
is the necessity of identifying mutant colonies in a background of wild- 
type colonies. To be generally applicable, the procedure should allow 
identification of mutants at the level of DNA and not rely on some pheno- 
typic difference between mutant and wild-type that may be difficult to 
predict and to assay. In this regard, oligonucleotide mutagenesis has the 
distinct advantage that mutants can be found by screening bacterial colo- 
nies with the same synthetic oligonucleotide, now labeled with 32P, that 
was originally used to introduce the In this case, the 
hybridization is carried out under conditions of high stringency such that 
even a single base mismatch between oligonucleotide probe and template can 
be readily distinguished from perfectly matching hybridization. This 
allows clear discrimination between wild-t pe and mutant colonies of 
bacteria randomly spread on a Petri dish-'. d,m 

We have recently demonstrated that these procedures for oligonucleo- 
tide directed mutagenesis applied to the structural gene of an expressed 
protein can be used to produce mutant proteins with amino acid substitu- 
tions introduced deliberately and precisely, and we have shown that these 
sequence changes can be generated with a negligible background of non- 
specific mutations.20 Both single and double base changes, leading to 
single and double amino acid substitutions, were created in the structural 
gene for fi-lactamase in the double stranded circular plasmid pBR322. 
Specifically, synthetic 15 and 16 base oligomers, respectively, were used 
to mutate the wild-type sequence, 5'-AGC ACT-3' (-ser70 thr71-) to 5'-Ak 
TtT-3'; (-tfir ser-)( 

Both of these mutants are catalytically inactive. 
position 70 is known to be involved in c a t a l y s i ~ ~ ~ - ~ ~  and all lactamases 
of this family have a conserved ser-thr dyad at residues 70-71.") In 
these cases mutants were recovered at the level of several mutants per 
thousand colonies. Though seemingly a low yield, this represents a few 
mutant colonies on each Petri dish and oligonucleotide screening at the 
DNA level is sufficiently rapid and reliable that at least several mutants 
can be easily recovered from each successful mutagenesis. (We have also 
obtained the fourth possible combination of serine-threonine residues in 
this region, (-ser70-~er71-); this protein shows a significant level of 
catalytic activity and was obtained by spontaneous mutation as discussed 
later.) 

double base, and double amino acid mutation) and 
to 5'-AtC ACT-3': * i t  (t r thr)(a single base, single amino acid mutation).21 

(The serine residue at 
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@-Lactamase has recently proved a popular subject for studies of 
mutagenesis. In an elegant use of oligonucleotide directed mutagenesis, a 
primer was used to create a ser'arg substitution at the second position in 
the leader sequence. 3 0  
plate had an ochre codon TAA at residue 4; the oligonucleotide primer cor- 
rected this sequence to CAA (gl-u), thereby allowing protein expression, 
and also introduced the mutation of ser+arg at the nearby site; at the 
same time a new Eco RI site was introduced in this region which facili- 
tated screening for mutants. Another mutant of 8-lactamase, thiolacta- 
mase, with a cysteine residue at position 70 was prepared by a specific 
reconstruction of the DNA sequence.31 This approach depended on the loca- 
tion of a restriction site in this region of the genome. In fact, the ser 
7Wcys mutant has lost this restriction site, which was useful in identi- 
fying mutants. The thiolactamase shows catalytic activity. 

In this "piggyback" procedure, the original tem- 

As noted earlier, single-strand templates serve very effectively as 
subjects for oligonucleotide directed mutagenesis, and generally give a 
higher yield of mutants than do double-stranded plasmids. 
has been used in creating a substitution mutant, with cysteine in place of 
serine, in the ATP binding site of tyrosyl tRNA ~ynthetase.'~ 
stitution was achieved by mutating the structural gene attached to M13 and 
was accompanied by an unusually efficient protein synthesis allowing easy 
isolation of the mutant protein. The major effect of the seecys substi- 
tution was manifest in Km for binding ATP which was raised from 0.9 to 4.1 
mM; Vmax was reduced from 1.4 to 0.9 sec-'. 

This approach 

This sub- 

Oligonucleotide directed mutagenesis has also been used to study22 
the role of positively charged amino acids in the amino-terminal region of 
the outer membrane prolipoprotein of g .  &. Substitutions that reduce 
or eliminate the positive character of the amino terminus of the signal 
peptide substantially alter the processing and secretion of the prolipo- 
protein. 

b. Segment Directed Mutagenesis - The techniques so far described focus 
on the creation of a mutant protein with a predetermined structure; such 
approaches are useful to learn the properties and functions of a protein 
with a prespecified structure. An alternate approach i s  to generate, by 
nonspecific mutagenesis, a large number of structural variants, to select 
those with particular properties and thus to determine the structures of 
those variants that manifest the desired properties. Such random muta- 
genesis can be allowed to take place anywhere in the structural gene of 
interest or, to focus more closely on the role of a particular domain of 
the protein, can be restricted to a region, such as the leader sequence or 
a loop of a catalytic domain. 

Several methods are available to restrict the action of a non-spe- 
cific mutagen to a particular segment of DNA. In general they depend on 
the in vitro generation of a single stranded gap or loop in the desired 
region of a double stranded DNA molecule, followed by a mutagenesis 
technique that operates only on single stranded DNA. 

i. Deletions Target a Region of DNA for Mutagenesis - To target a parti- 
cular region of DNA for subsequent mutagenesis, deletion mutants have 
proved useful; they are relatively easy to obtain and have been extensive- 
ly used in diverse genetic studies. In deletion loop mutagenesi~~~' 3 3  the 
wild-type DNA and the deletion mutant DNA, both cloned in a bacterial 
plasmid in the same manner, are used to form circular heteroduplexes that 
contain a looped-out single stranded region of DNA from the wild-type 
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strand; this looped-out single stranded region corresponds to the segment 
that was absent in the deletion mutant (see Fig. 2a). 

A gapped heteroduplex can also be constructed by annealing two 
linear molecules derived from the same plasmid if the shorter of the two 
is open at the site of the deletion.34 
region of DNA to be mutagenized (see Fig. 2b). 

ii. Specific Nicks Target Regions of DNA for Mutagenesie - In a related 
approach, single strand gaps can be introduced into a double stranded DNA 
molecule (see Fig. 2c). In one procedure, the site is specified by a 

introduced at a site recognized by a specific restriction 
endonuclease. 3 7  

restriction fragment in the presence of Rec A protein to generate a dis- 
placement loop that is then susceptible to the action of S1 (single strand 
specific) nuclease3' (see Fig. 2d). The "nick" introduced by these pro- 
cedures can now be converted to short, single stranded gaps by limited 

Again, the deletion defines the 

llnickll 3 5 9 3 6 

An alternate approach used a single strand of a suitable 

0 
a. b. 

0 

d. Supercoiled 
DNA + 

RecA protein + 
DNA 

fragment -B S 1  Nuclease * 

FIGURE 2: Speci f ic  segments of DNA can be made 
single stranded i n  various ways. These s ingle  stranded 
regions then can be subjected t o  the action of a s ingle  
strand spec i f i c  mutagen fa,b, c,d) o r  used t o  introduce 
mutations during i n  v i t r o  enzymatic DNA synthesis f b ,  c, d )  . 
a )  

b )  

c )  

dl 

digestion 
cules can 

Deletion loop 

Deletion gap 

Nicking a t  a spec i f i c  s i t e  followed by gap expansion. 

Nicking i n  a spec i f ic  region folloued by gap expansion. 

with an exonuclease; alternately, specifically nicked 
serve a s  substrates for nick translation. 39 

mole- 

After formation of single stranded gaps by the types of methods just 
discussed, a variety of techniques are available to mutagenize the single 
stranded regions. For example treatment with sodium bisulfite selectively 
converts cytosine to uracil residues in the single stranded DNA but leaves 
intact cytosine residues in the double stranded DNA. This procedure 
generates single or multiple G-C to A-T transitions. 
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Procedures are also available for misincorporation of non-comple- 
mentary nucleotides during enzymatic repair of the single stranded re- 
gion.40'41 
incorporate mismatched nucleotides at a specific site on the 4x174 genome. 
The site on the single strand phage template was specified by a restric- 
tion fragment used to prime in vitro DNA synthesis. When the DNA sequence 
in the region of interest is known, as in this case, base substitutions 
can be introduced at a particular site; the method can also be used to 
generate a "library" of mutations directed to a given region of the DNA 
template. 

For example, an error prone DNA polymerase has been used41 to 

One can also achieve misincorporation simply by omitting one of the 
four deoxynucleotide triphosphates normally present during enzymatic gap 
repair; under certain conditions, misincorporation of the three remaining 
nucleotides occurs at roughly equal frequency. Use of excess DNA ligase 
traps the misincorporated base. 

cl-Thionucleotide~~~'~ have been shown to be incorporated into DNA 

vitro DNA 
in lieu of the normal nucleotides by DNA polymerase I of E. a.44 These 
thionucleotide analogues prevent normal proofreading during 
synthesis with both E. coli DNA polymerase I and T4 DNA polymerase;"' they 
also prevent digestion by. a exonuclease III.'6 These analogues have 
also been used for misincorporation of non-complementary, excision resis- 
tant bases into circular DNA molecules that contained single stranded gaps 
in specific regions. 

Both types of misincorporation reactions are reported to be effi- 
cient. The nucleotide omission method, however, produces substitutions 
that are not predictable a priori and may introduce multiple base substi- 
tutions when the single stranded segment of DNA being "misrepaired" is 
longer than a few bases." 

Again, 6-lactamase has served as the subject of many of these ap- 
Two different single stranded fragments of the DNA of the B- proaches. 

lactamase gene were used to direct the formation of D-loop structures in 
the presence of Rec A protein;3e subsequent digestion with S1 nuclease 
produced single stranded nicks distributed throughout the length of the 
single stranded D-loops. 
then mutagenized with bisulfite and repaired enzymatically. Mutants were 
selected by screening for loss of ampicillin resistance; virtually all 
such mutants have base substitutions in the regions spanned by either one 
or the other of the two single stranded fragments used to direct muta- 
genesis; they were a 369 base pair Taq I fragment that includes the ini- 
tial 135 base pairs (45-N-terminal amino acids) of the B-lactamase 
structural gene and a 128 base pair PvuI-PstI fragment from the center of 
the gene. 

c. 
usefully cpmplemented by approaches involving random mutagenesis. For 
example, the construction of a catalytically inactive mutant enzyme by 
site-specific mutagenesis provides a uni ue opportunity to study the 
structural requirements for reactivity. 2q Such an inactive mutant, pro- 
duced for example by a change in one of the residues at the active site 
that is essential for catalytic activity, can serve as a subject for 
testing what changes, if any, will lead to a restoration of activity. 
Such changes could either be at the active site itself or might, more 
interestingly, occur elsewhere in the protein in a fashion that compen- 
sates for the original, inactivating mutation. Such compensatory sequence 
changes at a secondary site, should they be observed, would provide infor- 

The nicks were then enlarged to gaps and these 

Random Mutagenesis - The mutagenic strategies discussed above can be 
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mation on residues that can play a key role in catalysis or in protein 
folding and may be distant, in terms of primary sequence, from the site of 
the original mutation. 
subunit of tryptophan synthetase constitute a well-known example of second 
site reversion: the substitution of glycine 211 by glutamate abolishes 
catalytic activity, but activity is restored by a tyrosine to cysteine 
mutation at position 175.)47 

(The mutations at positions 211 and 175 of the c1 

Such an approach has been applied to the double mutant of 8-lacta- 
The normal level of misincorporation of mase (ser 7O+thr; thr 71"ser);l 

bases, in the absence of techniques to enhance mutagenesis, in the repli- 
cation of plasmid DNA in E. coli is of the order of 1/106 at any locus, 
Accordingly, one might expect to recover catalytically active revertants 
of an inactive double mutant that have changes at a single amino acid 
residue; changes in two or more sites are very much less likely; thus 
phenotypic screening for catalytically active revertants is unlikely to be 
overwhelmed by reversions to the original wild-type enzyme. When applied 
to the inactive double mutant of a-lactamase, this procedure gave rise to 
an active revertant (thr71+ser) that had recovered the normal serine 
residue at 70, apparently essential for catalytic activity, but retained 
the mutant serine (in place of threonine) at residue 71. 

- -  

Random point mutations, both spontaneous and induced by mutagenic 
agents can be useful in identifying sites essential for function, and also 
for the isolation of large numbers of nonsense mutations as in the case of 
the lac repressor protein."' 
the generation of proteins with altered characteristics when selective 
pressures are applied to mutagenized populations of cells; this approach 
produced a mutant 6-lactamase with an increased affinity for cephalospor- 
ins."' 

Random mutagenesis is also well suited to 

d. Suppression of Nonsense Mutations - Nonsense mutations can be obtained 
in large numbers at many different sites or at a specific site or region 
by adaptation for this purpose of any one of a number of mutagenic strate- 
gies, including any of those described above. Proteins with altered amino 
acid sequences can then be obtained when the mutant gene is expressed in 
an appropriate suppressor strain.50 In this way a single amber mutant can 
be used to introduce different amino acid substitutions by using different 
suppressor strains. As an example of this approach, many mutants of the 
lac repressor protein have been and 
yielding important insights into the nature of protein-DNA interactions. 

Major Restructuring - Today's ability to manipulate the DNA of structural 
genes allows one not only to create proteins that are relatively minor 
variants of the parent; it also allows one to create almost totally 
redesigned structures. For example, to establish the relationship between 
structural domains and the contribution of these domains to function, 
various segments in the structural gene can be progressively deleted. Such 
an approach has been used52 to delete from the structural gene for alanyl 
tRNA synthetase segments that code for the carboxyl terminal region of the 
protein. 

Another approach to the elimination of C terminal regions involved 
the use of chain terminating mutations; 5 3  '" the objective in this case 
was to study the role of the carboxyterminus in the processing and secre- 
tion of B-lactamase into the periplasmic space. Drastic alteration in the 
sequence in a region of a protein, without altering the length of the 
polypeptide chain, has also been accomplished in this system by the intro- 
duction of double frameshif t mutations. 
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Other major restructurings involve use of recombinant techniques to 
produce fused or hybrid proteins so that, for example, the products of 
exogenous genes can be expressed, and even sometimes secreted, by bacte- 
rial cells. Examples abound, but two involving 6-lactamase may serve to 
illustrate the strategy. In one, the gene for rat proinsulin was fused to 
the gene for the leader sequence of 6-lactamase with consequent transport 
of the proinsulin into the periplasmic space of E. G. 5 6 y 5 7  In a second 
example, the gene for B-lactamase, devoid of its own leader sequence was 
fused to the leader sequence of a-amylase from 2. amyloliquefasiens; in 
consequence, 6-lactamase from gram negative E. was efficiently 
secreted by gram positive g. subtilis. 

Conclusion - A s  we hope this review demonstrates, many techniques have 
recently been developed that allow a variety of quite novel approaches to 
studies of the relationship between the linear sequence and the function 
of proteins. Much of the discussion has focused on procedures for mani- 
pulating the DNA to achieve proteins with altered function. 
because it is still early days, few specific cases have been discussed in 
which insights have been gained into the functional roles of particular 
structural domains, or even single residues of proteins. However, toward 
solution of these problems, the new methodologies allow, for the first 
time, a truly systematic approach; their application should now proceed 
rapidly and allow one to address such intriguing questions as: 
the essential structural features for a protein to function effectively as 
a catalyst, hormone, or receptor? How are the various structural aspects 
of an antibody related to its ability to distinguish self from non-self 
and thereby, for example, to initiate the destruction of infectious agents 
such as bacteria and viruses, or the altered cells that form tumors? What 
regions of a protein located on the surface of a cell carry the informa- 
tion essential to the interactions between cells that play a central role 
in the development from a single cell (the fertilized egg) of a complex 
organism such as man? From these studies will come striking new insights 
into the mechanisms by which proteins successfully carry out their myriad 
functions as well as the ability to design proteins with specific, novel, 
and useful properties. 

Largely 

What are 
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Chapter 25. Early Biochemical Events Leading to Mast Cell and 
Basophil Degranulation 

Hans J. Zweerink 
Department of Immunology and Inflammation Research 

Merck Sharp & Dohme Research Laboratories 
Rahway, NJ 07065 

Introduction - Immediate hypersensitivity or anaphylactic reactions are 
caused by the release of vasoactive mediators from mast cells or basophils. 
Significant progress has been made over the last few years in 
understanding the early membrane associated immunoglobulin E ( IgE)  
mediated biochemical events that lead to mast cell and basophil degranu- 
lation and mediator release. This chapter will review how the binding of 
IgE to specific receptors triggers a series of biochemical reactions. 
These reactions represent well-defined biochemical targets for novel anti- 
allergic drugs. Such drugs, by acting at an early stage of mast cell 
degranulation, should prevent the release of a wide spectrum of mediators. 
In contrast, most current available anti-allergic drugs inhibit the 
activity or the synthesis of a single class of mediators. 

Mast Cells, Basophils and Mediators - A number of differences exist 
between tissue-localized mast cells and circulating basophils. For 
example, turnover of mast cells is very slow (months to years) whereas 
that of basophils is much faster (approximately 10 days); recently it has 
been shown that human mast cells do release and basophils do not release 
prostaglandin D 
person. comun.?. 
released after the cells have been stimulated. A number of mediators are 
released with the granules (see Table 1) and these have been discussed in 
detail in a recent review article.' 
stored in the granules; however, activation of mast cells also induces 
the synthesis and subsequent release of specific mediators such as 
prostaglandins and leukotrienes, the oxidative products of arachidonic 
acid. Heparin i present in mast e Is and basophils only?s3 whereas 
prostaglandins4 3' and leukotrienes'-' are released by a number of 
additional cell types. Histamine, the mediator most commonly associated 
with allergic reactions,is largely contained within mast cells and baso- 
phils, but it is also present in cells without granules. ' y 1 O  

such as histamine or leukotriene C4 (LTC4) have an immediate effect; 
others, such as chemotactic peptides or LTB4 have a delayed effect 
presumably because they attract other cell types (polymorphonuclear 
leukocytes and mononuclear cells) that in turn exert their inflammatory 
effect. 

(PGD2) and platelet activating factor (L. M. Lichtenstein, 
However, both cell types contain granules that are 

Most mediators are preformed and 

Mediators 

1 

The origin of human mast cells and basophils is not known. Recent 
experiments in rats and mice suggest that mast cells are derived from 
thymus, bone marrow or mesenchymal cells. '1-17 Cell transfer experi 
with an inbred strain of mice (W/Wv) that is deficient in mast cells 
will contribute significantly to our understanding of the ontogeny of 
these cells and their biological functions. 

T7:H 
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X 
Table 1 

MAST CELL DERIVED MEDIATORS 

Preformed, rapidly eluted under physiologic conditions 
Histamine 
Eosinophil chemotactic factors 
Neutrophil chemotactic factors 
Superoxide 
Arylsulfatase A 
Exoglycosidases 
Serotonin 

Preformed, firmly associated with the granule under 
physiologic conditions 
Heparin 
Chymotrypsinf trypsin 
Peroxidase 
Superoxide dismutase 
Arylsulfatase B 

Mediators generated as a consequence of mast cell 
activationlsecretion 
Slow-reacting substance (leukotrienes) 
Prostaglandins 
Thromboxanes 
Platelet activating factor 

X 
From Reference 1. 

It should be kept in mind that degranulation does not necessarily 
lead to pathological manifestations. Many parasitic infections cause 
increased IgE synthesis and it is believed that the resulting release 
of mediators plays a role in eliminating the infection. 18-20 
more, it has been postulated that mediators such as the leukotrienes play 
an im ortant physiological role in the regulation of the microenviron- 
ment . 
Degranulation - The role of a serum factor in the activation of granulo- 
cytes and the release of granules was reco nized early, and subsequent 
work established this factor to be IgE. 22y'3 As will be discussed below 
in more detail, IgE binds via its Fc fragment to the receptor molecule on 
the cell surface. Polyvalent antigens bind to this cell-bound IRE and 
this results in degranulation. Recently, it has been recognized that 
degranulation in rodents, rabbits and guinea pigs can also be mediated by 
subclasses of IgG that bind to receptors that are different from those 
f o r  IgE. 24-28 
mast cell degranulation is inconclusive. 

Further- 

!!1 

The evidence f o r  the possible involvement of human IgG in 
29,30 

A number of non-immunological compounds also induce degranulation. 
Many of these such as 48/8031 and the calcium ionophore A2318732 are 
non-physiological. On the other hand, degranulation by anaphylatoxins 
that are generated during complement activat ion33 and low molecular 
weight cationic polypeptides that are released by polymorphonuclear 
leukocytes34 map he physiologically important. 
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Earlier studies on mast cell degranulation were carried out on 
mixtures of cells or on whole tissues. In recent experiments using IgE 
affinity chromatography,it was established that human bas0 hils and lung 
mast cells can be obtained as highly purified populations. " y 3 6  However, 
purification procedures are laborious and the yields are relatively low 
s o  that biochemical studies are difficult to pursue. Therefore, most 
biochemical analyses have been done with pure populations of rodent 
peritoneal mast cells that can be purified readily or with rat basophil 
leukemia (RBL) cells. The latter cells prow in tissue culture to high 
yields, they contain histamine and other mediators and they can be stimu- 
lated with IgE and antigen. 37138 However, it should be kept in mind that 
RBL cells may represent an artifact and experimental results should be 
verified against freshly isolated human cells. 

Regulation of IgE Biosynthesis - One obvious target for the development of 
antiallergic drugs would be the control of IgE biosynthesis. Evidence for 
the existence of T cells that regulate IRE formation has been 
presented, 46 ,47 suggesting the potential for anti-allergic immunoregulatory 
drugs. 
selectively inhibits IgE antibody formation.'* 
outside the scope of this review. 

Binding of IgE to Mast Cells - Binding of IgE to mast cells or basophils 
is the initial event that leads to depranulation. Receptor molecules 
(10 -10 per cell) are present at the cell surface that specifically 
interacts with the Fc frapment of the IgE molecule.49950 
turally ver similar to IgG but the heavy chain contains one extra domain, 
called Cc4. 31-54 This domain as well as Cc3 seems to be involved in 
receptor binding. IgE contains lar e amounts of carbohydrate but this is 
not necessary for receptor binding.'5 Early studies on the biochemical 
properties of IgE and its interaction with mast cells were made possible 
hy the availability of myeloma proteins. 23,40 More recently, hybridomas 
have been developed that secrete monoclonal IgE s o  that milligram quanti- 
ties of pure IgE are now available. 41-43 
amounts of IgE will greatly facilitate studies on the molecular basis of 
IgE binding. It will also make it possible to investigate a controversial 
observation that a specific penta eptide in the Fc fragment is responsible 
for binding to the receptors. 

IgE-Receptors - Receptor molecules on the surface of RBL cells that 
specifically bind IgE were characterized as follows. Surface proteins 
were labeled with 125-iodine, solubilized with non-ionic detergents, and 
receptor molecules were purified by affinity chromatography usinp IgE 
bound to Sepharose. 49,58-60 From these studies, it was established that 
the IgE receptor consists of at least one membrane glycoprotein with a 
molecular weight of 45,000-55,000 as judged by SIX-polyacrylamide gel 
electrophoresis. Chemical cross-linking studies provided evidence that 
another polypeptide with a molecular weight of 30,000-35,000 is part of 
the receptor complex.61 
to the 50,000 D IgE binding protein but not to receptor bound IgE. 
investigators have reported two IgE bindin polypeptides with molecular 

receptor polypeptide could be a mixture of two polypeptides; alternatively,n 
the 45,000 D and 55,000 D polypeptides could represent the same polypep- 
tide with, for example, different degrees of glycosylation. Functional 
heterogeneity in IRE receptor complexes was observed by Sterk and 
I s h i ~ a k i ~ ~  who demonstrated that mouse mast cells have two distinct 
receptors; one that binds rat and mouse IgE and the other that binds mouse 
IgE only. Using affinity chromatography, a presumed human IgE receptor 

Indeed it has been reported that 2-pentyl-8-D-fructopyranoside 
However, this area is 

5 6  

IgE is struc- 

The availability of large 

56,5? 

This polypeptide can be cross-linked chemically 
Other 

weights of 45,000 and 55,000,respectively. '8,62 The 45,000 D to 55,000 D 
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(molecular weight 58,000 to 68,000) was demonstrated at the surface of 
basophils from patients with basophilic leukomia and chronic myelogenous 
leukemia. 64 

Receptor Cross-Linking - Binding of IgE to the receptor is not sufficient 
to induce degranulation. Adjacent IgE molecules need to be cross-linked 
and this is accomplished physiologically by the reaction of multivalent 
antigens with the antibody binding sites on the IgE molecules. Cross- 
linking of IgE molecules brings the receptor molecules in closer proximity 
and this triggers a number of biochemical events that ultimately lead to 
mast cell degranulation. The evidence for this comes from the observa- 
tions that chemically cross-linked IgE will induce degranulation without 
the addition of antigen;40 that the addition of the small monovalent 
hapten dinitrophenol (DNP) to anti-DNP monoclonal IRE-mast cell complexes 
will not result in degranulation,whereas the addition of multivalent DNP 
(as DNP-bovine serum albumin complexes) will lead to degranulat ion; that 
bivalent F(ab1l2 fragments of antibodies against E will induce egranu- 
lation,whereas monovalent Fab fragments will not;" and that F(ab I2 
fragments of antibodies against the receptor molecule will degranu 
mast cells without addition of IgE,whereas Fab fragments will not. 

Changes in Phospholipid Metabolism - Cross-linking of receptor molecules 
triggers changes in lipid metabolism; phosphatidic acid, phosphatidylino- 
sitol and phosphatidylcholine are phosphorylated and there is a rapid 
release of arachidonic acid6' which is then converted to products of the 
lipoxygenase and cyclooxygenaae pathways. 70y71 
demonstrated that receptor bridging of rat mast cells wxhyoncanavalin A 
resulted in the methylation of phosphatidylethanolamine to form phospha- 
tidylcholine. 
and two methyltransferases that are present in the plasma membrane. A 
similar methylation pattern was observed when receptors were cross-linked 

73 with receptor-specific antibodies or with IgE and anti-IgE antibodies. 
Kinetic studies showed that methylation occurred within 30 seconds after 
receptor cross-linking and this was followe b an influx of Ca++ and 
release of histamine. It has been proposed 99y314 that Ca++ uptake and 
arachidonic acid release are closely coupled events. 

Cyclic AMP - Rapid chan es in cyclic AMP (CAMP) levels occur prior to mast 
cell degran~lation.~~-~' Within 15 seconds after receptor bridging cAMP 
levels increase 2-3 fold; and within 60 seconds cAMP levels have returned 
to normal. This rapid increase and decrease in cAMP parallels the kinetics 
of phospholipid methylat ion. A second and much less significant increase 
is observed approximately 3 minutes later. This second CAMP increase does 
not seem to be a significant factor in promoting degranulation since 
indomethacin inhibits this rise without inhibiting degranulation. 

9 
&F%7 

72 Hirata et al. 

This conversion is mediated through S-adenosylmethionine 

75 

The mechanism by which CAMP is synthesized after bridging of the IgE 
receptor has been reviewed recently by Winslow and Austen7' (see also 
References 80 and 81). 
coupling protein (the G/F protein) responds to receptor cross-linking and 
activates adenylate cyclase which converts ATP to CAMP. Levels of cAMP 
are also controlled by phosphodiesterase which converts CAMP to 5'-AMF'. 

A membrane associated regulatory multi-subunit 

cAMP activates CAMP-dependent protein kinases. The inactive form 
of the kinase is a tetramer with a regulatory dimer bound to 
two catalytic subunits. Binding of cAMP to the regulatory polypeptide 
releases active subunits that catalyze the transfer of the terminal 
phosphorus from ATP to serine or threonine on receptor proteins. These 
are involved in cellular functions such as growth, differentiation, and 
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metabolic regulation.83 
kinase are present in mast cells and the increase in their activity 
parallels that of histamine r e l e a ~ e . ~ ~ , ~ ~  

Two isoenzymatic forms of CAMP-dependent protein 

Exposure of mast cells to A23187 leads to the phosphorylation of a 
85-87 number of polypeptides including the IgE binding polypeptide. 

However, so far, phosphorylation of mast cell proteins under more 
physiological conditions has not been reported. 

A number of experiments (mostly with rat mast cells) have demon- 
strated the importance of changes in CAMP levels for the release of 
mediators from mast cells. Compounds that increase adenylate cyclase 
activity through their action on the G/F protein [e.g. adenosine or 
N -phenylisopropyl adenosine (PIA)] increase CAMP levels and potentiate 
IRE stimulated mediator release; whereas compounds that inhibit adenylate 
cyclase activity [e.g. 2',5'-dideoxyadenosine (DDA)] inhibit the initial 
rise in CAMP and suppress degranulation.82 The addition of adenosine or 
PIA to mast cells without IgE receptor cross-linking increases CAMP levels 
but it does not result in mediator release demonstrating that increased 
CAMP alone is not sufficient for degranulation. 

6 

It is not clear how these changes relate to phospholipid methyla- 
tion. This reflects, in part, the complexity and multitude of stimuli 
that change CAMP levels, and of the biochemical events that are mediated 
by CAMP. Dibutyryl CAMP raises CAMP levels and inhibits the methylation 
of phosphatidylethanolamine to p h o ~ p h a t i d y l c h o l i n e ; ~ ~ ' ~ ~  and theophylline, 
a phosphodiesterase inhibitor prevents methylation, Ca++ influx and hista- 
mine release in a dose-dependent fashion.82y91 It was speculated that 
the inhibitory effect of CAMP is mediated through the generation of an 
inhibit ry phosphorylated protein79 or through an inhibitor of protein 
kinase.82 On the other hand, 2' ,5'-dideoxyadenosine, which inhibits the 
initial rise in CAMP and suppresses mediator release,does not inhibit 
phospholipid methylat ion!' and inhibition of phospholipid methylat ion by 
3-deaza-SIBA only partially suppresses the initial rise in Thus, 
it was suggested by Winslow and A ~ s t e n ~ ~  that phospholipid methylation and 
activation of adenylate cyclase are parallel responses to IgE rece tor 
binding. Possibly each of these events will promote Ca uptake. 

Proteases - An involvement of proteases in mast cell degranulation has 
been suggested by Austen and Brocklehurst" and this has been supported by 
the observation of Ishazaki7' that inhibitors of serine esterases prevent 
phospholipid methylation and changes in CAMP levels in RBL cells when 
challenged with anti-receptor antibodies. Similar results are obtained 
when RBL cell plasma membrane preparations are used in such studies. 

Ca++ Influx - As was discussed above, changes in phospholipid methylation 
and CAMP levels occur within 30 seconds after IgE receptor bridging. 
These hanges re followed by an influx of Ca and the release of hista- 
mine. 7E,75,77,'1 
observed 2 and 3 minutes after stimulation, respectively. Inhibitors of 
Rlycolytic or oxidative phosphorylation do not affect Ca uptake 
significantly but they do abolish histamine release!' demonstrating that 
Ca++ u take is not a consequence of degranulation. 
to Ca" after receptor cross-linking is a transient phenomenon and its 
decay parallels that of histamine release.91 
detail below, changes in membrane phospholipid composition lead to Ca 
uptake. 

++ 1 go 

77 

++ 
Maximum levels of Ca++ influx and histamine release were 

++ 

Membrane permeability 

As will be discussed in more ++ 
In regard to its mechanism, the involvement of Ca++-Mg++ 
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++ 
activated adenosine triphosphat transport has been demonstrated 
for the sarcoplasmic reticulum, g':9'na!i has been stronaly suggested for 
mast cells. The enzyme is present in mast cell plasma and granule mem- 
branes , 94y95 and inhibitors of Ca++-Mp++ ATPase also inhibit histamine 
release.96 
observa ion that amiloride (a Na channel blocker) induces histamine 
releaseh7 , presumably through the accumulation of cytoplasmic Ca. 

A role of Na+-Ca++ channels has been implicated by the recent + 
++ 

Ennis et al. reported that histamine will be released from rat ++ 
peritoneal mast cells in the absence of extracellular Ca . At least 
three pools may be present: 
the plasma membrane, Ca++ bound to regulatory sites in the membrane, and 
intracellular Ca". Extracellular membrane-bound Ca is probably 
utilized for optimal IgE-mediated degranulation. 

Mechanism of Degranulation - Increases in cytoplasmic Ca concentration 
change the integrity of intracellular cytoskeleton and this may induce 
degranulation. The role of the cytoskeleton in the fusion of granules to 
the plasma membrane and mediator release is illustrated by the fact that 
heavy water, which stabilizes microtubules, inhibits degranulation, and 
that choleratoxin which dissociates microtubules, facilitates mast cell 
degranulation. 38,89 
cross-linking results in the accumulaton of a number of potent fusogens 
that include 1,2-dia~ylglycerol.~~ It seems likely that these fusogens 
facilitate the fusion of granules with the cell membrane and the 
subsequent release of the contents of granules. 

Pathway of Biochemical Events Leading to Mast Cell Degranulation - It has 
not been established whether all biochemical reactions described above are 
directly responsible for mast cell degranulation or are a consequence of 
degranulation. Neither is it known whether these reactions can be 
arranged into a pathway between IRE binding and degranulation. These 
questions can be approached by studying the effect of specific inhibitors 
of these biochemical reactions on degranulation, or by analyzing cell 
mutants that are defective in histamine release for their biochemical 
defects . 

extracellular Ca++ that is loosely bound to 

++ 

++ 

Altered phospholipid metabolism after receptor 

Cell Mutants - RBL cells that release histamine when stimulated with 
A23187 or with IRE and antigen were m u t a g e n i ~ e d ~ ~ , ~ ~  and two classes of 
cells with normal I R E  receptor activity were selected: the first class 
fails to release histamine when stimulated with IgE or ionophore and the 
second class releases histamine after A23187 stimulation but not after 
stimulation with IgE. The second class of mutants are presumably defec- 
tive in one (or more) of the early biochemical events but normal in the 
late events. Mutants of the second class were stimulated with IgE and 
antigen and analyzed for phospholipid methyltransferase I and I1 
activities, percent change in phospholipid methylation, Ca influx, and 
Ca+'-dependent phospholipase activity (as measured by arachidonic acid 
release). In wild type cells, IRE stimulation resulted in an increase of 
all activities, and A23187 stimulation increased all activities except 
phospholipid methylation. One variant (called A5) failed to increase 
phospholipid methylation (although phospholipid methyltransferase activity 
was within the normal range), Ca++ influx and Ca++-dependent phospholipase 
activity. Two other variants (B1 and B6) lacked either phospholipid 
methyltransferase I or I1 and showed no increase in methylation, Ca 
influx and phospholipase activity. Variant A3 showed a normal pattern of 
phospholipid methylation but no increase in Ca influx and phospholipase 

++ 

++ 

++ 
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activity and the two variants A4 and A7 failed to increase phospholipid 
methylation but did show an increase in Ca++ influx. 
A7 showed increased phospholipase activity, whereas variant A4 did not. 

Of these, variants, 

From these studies, a sequence of events was proposed by Siraganian 
et al.38 that is initiated by IgE binding and receptor bridging and that 
leads to the release of histamine (Figure 1). 

FIGURE 1 

Receptor Bridging 

1- 
Phospholipid Methyltransferase I B1 

Phospholipid Methyltransferase I1 c-- B6 

L- 
Ca++ Influx 1 t-- A4 

Arachidonic Acid Release 

!-A7 

Histamine Release 

Biochemical Steps Leading to Mast Cell Degranulation (From Reference 38) 

(A5, B1, 86, A 3 ,  A4, A7 are variants of RBL cells discussed in the text.) 

The results obtained with variants A4 and A7 could suggest that 
phospholipid methylation is not essential for Ca++ influx. 
variants failed to release histamine which indicates that the increased 
Ca++ levels did not contribute to degranulation. 
time it is not known whether these variants represent single or multiple 
site mutational events. The importance of phospholipid methylation was 
demonstrated in an experiment where variant B1 (phospholipid methyl- 
transferase I and histamine release deficient) was fused with variant B6 
(phospholipid methyltransferase I1 and histamine release deficient). 
Hybrid cells were isolated with activities of both methyltransferases 
within the normal range, and these cells were capable of releasing 
histamine upon IRE stimulation. 

Inhibitors - S-isobutyryl-3-deazaadenosine (3-deaza-SIBA1, a specific 
inhibitor of S-adenosyl-L-methionine-mediated methylation, was used to 
verify the scheme of events proposed in Figure 1. Preincubation of mast 
cells with 3-deaza-SIBA followed by receptor cross-linking inhibited 

However, these 

Furthermore, at this 
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++ 
phosphol ip id  methgJa t ion ,  C a  
dependent manner, 
me thy la t ion  i n  d e g r a n u h t i o n .  
h i s t amine  r e l e a s e  of Ca 
d e a l i n g  wi th  Ca++ uptake  and CAMP. 

Conclusion - The purpose of t h i s  paper was t o  demonst ra te  t h a t  a number of 
unique b iochemica l  r e a c t i o n s  a r e  r e s p o n s i b l e  f o r  IRE-mediated mast c e l l  
deg ranu la t ion ;  and t h a t  t h e  r e a g e n t s  and s u i t a b l e  a s s a y s  and s c r e e n s  a r e  
now a v a i l a b l e  f o r  t h e  development of s p e c i f i c  and novel  a n t i - a l l e r g i c  
drugs .  Some r e a c t i o n s  (IgE b inding ,  r e c e p t o r  b r i d g i n g  and p o s s i b l y  t h e  
f u s i o n  of g ranu le s  wi th  t h e  mast c e l l  o r  b a s o p h i l  plasma membrane) are 
unique t o  mast c e l l s  and b a s o p h i l s  and a r e  t h e  most l i k e l y  ones t o  y i e l d  
drugs  wi th  t h e  h i g h e s t  deg ree  of s p e c i f i c i t y .  Others  (phospho l ip id  
me thy la t ion ,  Ca uptake ,  CAMP changes) occur  i n  many o t h e r  c e l l  t ypes  
a f t e r  a c t i v a t i o n .  Thus, d rugs  i n t e r f e r i n g  a t  t h i s  l e v e l  a r e  less l i k e l y  
t o  be s p e c i f i c .  
comparative s t u d i e s  wi th  o t h e r  c e l l  t y p e s  t h u s  i n c r e a s i n g  t h e  l i k e l i h o o d  
of  deve loping  s e l e c t i v e  i n h i b i t o r s .  

up take ,  and h i s t amine  release i n  a dose- 
a g a i n  sugges t ing  t h e  importance of phosphol ip id  

Other  ev idence  f o r  t h e  dependence of 
up take  has  been p resen ted  i n  t h e  s e c t i o n s  

++ 

++ 

However p u r i f i e d  mast c e l l s  and b a s o p h i l s  can  be used f o r  
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Chapter 26. Plasminogen Activators 
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Introduction - Proteases function through limited, selective, enzymatic cleavage of peptide 
bonds and are well-recognized for their regulatory capacity in diverse physiological and 
pathological processes, including: blood coagulation, fibrinolysis and hormone activation.1 
Limited proteolysis may be limited t o  a single event or may trigger sequential, cascading 
steps by specific, rapid and irreversible zymogen activation(s).l Proteolytic action can take 
place extracellularly, intracellularly or intercellularly. Proteolytic enzymes therefore have the 
capacity t o  regulate biological functions within these microenvironments. The specificity of 
proteolytic peptide bond cleavage, coupled with irreversible consequences of limited 
proteolysis, are key factors involved in the regulatory action of proteases in multiple control 
mechanisms.2 

This chapter wi l l  review recent developments w i th  an intriguing group of specific, 
neutral, serine proteases that proteolytically convert plasminogen, a serum zymogen, t o  the 
active enzyme plasmin: For extensive and historical 
accounts of PAS beyond the scope of this chapter, the reader is directed t o  a number of 
reviews dealing w i th  their biochemistry, cell biology and role in normal and pathological 
degradative function.3-9 This review wi l l  summarize PA biochemical characterization t o  
highlight the relationship between the molecular properties of PAS and their biological 
function. The association o f  PA and malignant cells will also be emphasized as an example of 
the role of PAS in a variety of invasive and degradative biological processes. 

the plasminogen activators (PAS). 

PA Characterization - PAS may be broadly classified as being urokinase-like, non urokinase- 
like or as bacterial activators.9-11 Urokinase (UK) is a PA produced in the kidney and excreted 
in urine. UK-like PAS have also been found in kidney cell cultures, in malignantly transformed 
cells in culture and in many tumor-derived tissues. Non urokinase-like PAS have been isolated 
from many organs and tissues, secretions, vascular endothelium, plasma, malignantly 
transformed cells in culture and from some tumors. Streptokinase, which upon binding t o  
plasminogen yields an efficient plasminogen-activating complex, is an example of a bacterial 
activator. UK-like and non UK-like PAS have distinct biochemical and immunochemical 
differences that appear t o  be related t o  particular biological properties, as described below. 

Urokinase - Human UK is an extensively studied enzyme and is widely considered as a 
prototypical PA. Human UK exists in several molecular weight forms. Predominant forms are 
termed "high molecular weight" (HMW) and "low molecular weight" (LMW); HMW UK is o f  
approximately 54,000 Mr, and LWM UK is approximately 32,000 Mr.10-11 HMW UK is a two- 
chain molecule wi th polypeptide chains of 20,000 Mr and 34,000 Mr connected by a single 
disulfide bridge.11-12 Recently, a single chain UK wi th  a Mr of 50,000 has also been 
described.13 LMW UK has generally been considered t o  be a single chain molecule, probably 
identical t o  the heavy chain of HMW UK.14 Recent studies, however, have reported that the 
LMW form o f  UK has either a two-chain minor componentls-16 or a two-chain 
composition.17-19 I t  has been suggested that LMW UK is a proteolytic degradation product o f  
HMW UK.18 It remains unclear whether proteolytic degradation of HMW t o  LMW UK is 
mediated by autocatalysis17 or by plasmin.20 Although both UK forms cleave plasminogen t o  
plasmin in the same manner, it has been suggested that they display enzymatic 
differences.lo.21 HMW and LMW UK differ in their activation of glu-plasminogen and lys- 
plasminogen substrates,l7.21 in their response to  fluorescent active-site probes22 and in their 
rate of inhibition wi th  plasma inhibitors.23 lmmunochemical studies have also probed the 
relationship between HMW and LMW UK.14.24 It appears that LWM UK does not show 
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immunochemical relatedness t o  the light chain of HMW UK.24 PA characterization by 
radioimmunoassay has shown that LMW UK appears t o  be a component of HMW UK, which 
in turn contains determinants lacking from LMW UK.25 

Tissue PA -Tissue PA (TPA) and UK are immunologically distinct and unrelated PAs.26 TPA, 
however, does appear t o  be related or identical to the PA in the vascular wall  which is 
released into circulating blood. TPA has been purified from a human melanoma cell culture 
and is identical t o  human uterine PA.27 The Mr of TPAs range between 60,000 and 75,000 
and can exist as two  polypeptide chains linked by disulfide bridges or as a single chain.28.29 
The one-chain form of TPA has a Mr of approximately 72,000, and the two-chain form has a 
Mr o f  approximately 33,000 and 39,000.28 A key biochemical difference between TPA and 
UK i s  that the former PA type27 efficiently adsorbs t o  fibrin and fibrin clots, whereas w i th  the 
exception o f  a single chain form of UK,13 the latter PA type does not. Kinetic studies suggest 
that TPA yields efficient activation of plasminogen on a fibrin clot but prevents efficient 
activation in the absence of fibrin.30 The potential of TPA, relative t o  UK, for thrombolytic 
therapy is discussed later in this chapter. 

Although UK is widely considered to be the kidney PA and TPA is considered t o  be  the 
PA in blood, recent reports have added new complexity t o  the issue of PA classification: in 
addition t o  UK, TPA has been found in urine26 and kidney;31 in contrast, it has recently been 
shown that human plasma contains a PA identical t o  UK.32-34 Several studies have shown 
that several PAS of UK-like and TPA-like antigenic characteristics can be simultaneously 
produced by cultured human cells35.36 and hamster ceIls.37 It is of interest that all classes of 
PAS appear t o  exist in multiple molecular weight forms37.38 and appear to be 
glycosylated. 19.39 

Zymoqen Forms of PA - Zymogen forms exist for neutral serine proteases,l.z and recent 
reports indicate that PAS are not exceptions to  this general rule. Although a trypsin- 
activatable PA produced by kidney cells and the conversion o f  a plasma plasminogen 
proactivator has been described,40.41 more recent studies wi th cells in culture have further 
elucidated the existence of PA precursor forms. For example, activatable proenzyme and 
active forms o f  PA can be found in the conditioned medium of human embryonic kidney 
cells.42 Recently, the proenzyme form of a PA produced by a human epidermoid carcinoma 
(HEp3), indistinguishable from UK, has been described.43 The enzyme exists as a single chain 
form o f  53,000 Mr, has only barely detectable catalytic activity and cannot be easily labeled 
with diisopropyl fluorophosphate (DFP).43 Upon activation wi th plasmin, the HEp3 PA 
zymogen is converted to an active enzyme that is identical t o  urinary UK in specific catalytic 
reactivity, peptide chain composition and DFP labeling. The potential relationship o f  the 
single chain proenzyme t o  the recently described single chain, fibrin-binding, UK remains 
unknown.13 An inactive form o f  PA from human glioblastoma cells in culture has also been 
isolated by affinity chromatography on a sepharose-bound anti-UK monoclonal antibody.44 
Studies w i th  sarcoma-virus transformed murine cells have also revealed that PA in culture is 
released as an inactive proenzyme;45 the inactive form consists of a single polypeptide chain 
of 48,000 Mr, as compared t o  the two-chain active forms with Mr of approximately 29,000 
and 18,000. As for the human zymogens, DFP does no t  label the murine proenzyme but is 
incorporated into the larger chain of the active enzyme.45 

Subcellular Distribution of PA - PA exists in a cell-associated form in addition t o  a soluble, 
extracellular form.6 Early studies indicated that the subcellular location o f  PA was in t w o  
particulate subcellular fractions: the lysosome-rich fraction and the microsome fraction.46 
More recent studies have shown that PA is associated with plasma membrane-like elements 
of the cell; in studies employing differential centrifugation and sucrose gradient 
centrifugation, PA was isolated in a membrane fraction (that contains less than 10% o f  the 
total cellular protein), which contained plasma membrane markers but little or no  nuclear or 
cytoplasmic contaminants.47 The electron-microscopic appearance of this fraction, the high 
specific activities of Na + K + ATPase, 3H fucose and S’nucleotidase and i t s  buoyant density 
indicated that this fraction was enriched in surface membrane.47 Additional biochemical48-53 
and immunocytochemica154 studies also indicated a plasma-membrane association for PA in a 
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wide variety o f  cell types. However, an immunofluorescent study suggests that  PA might be 
found in intracellular granules contaminating membrane fractions.55 PA o f  cultured human 
fibrosarcoma cells is reportedly localized t o  light subcellular structures likely associated w i th  
the membrane o f  Golgi-derived vesicles.56 Thus, most studies suggest that PA is closely 
associated w i th  plasma membrane-like or Golgi membrane-like cellular entities which are not 
enclosed within granules but are rather firmly associated with membrane components.47 

Release of PA - Recent studies have probed the mechanism whereby the cell-associated, 
membrane-bound PA is processed t o  an extracellular soluble form.57 It has been found that 
chymostatin, an inhibitor of chymotryptic proteases, inhibits the release o f  PA.57 A 
chymostatin-sensitive enzyme associated with a membrane fraction, which may play a direct 
role in the proteolytic release of PA from i t s  membrane association, has recently been 
described.58 The issue of cell density-dependent secretion of PA has been examined by a 
number of investigators wi th conflicting results.59 The possibility that PA release may be due 
to  membrane shedding, rather than due t o  secretion, has also been discussed.60 

Plasminoqen Activation - All PAS studied t o  date function as zymqgen activators through 
proteolytic hydrolysis of the Arg 560-Val 561 peptide bond in plasminogen t o  produce the 
two-chain plasmin molecule.10 Human plasminogen exists as a single-chain glycoprotein 
w i th  a Mr value of approximately 93,000; native glu-plasminogen has amino-terminal 
glutamic acid and is readily converted t o  modified amino-terminal forms: lys-plasminogen, 
Val-plasminogen and methionine-plasminogen.7~9~lo Plasminogen contains lysine binding 
sites which interact w i th  lysine, 6-aminohexanoic acid and trans-4-aminomethylcyclohexane- 
1-carboxylic acid; one high-affinity binding site and four low-affinity binding sites are 
located in the plasmin A chain.9 The two-chain plasmin molecule is comprised of a heavy A 
chain originating from the amino terminus of plasminogen and a light B chain derived from 
the carboxyl terminus of plasminogen; the B chain contains the trypsin-like, DFP-sensitive, 
active site.9 Activation of glu-plasminogen t o  plasmin by UK appears t o  be 20 times slower 
than activation of lys-plasminogen, and in both cases lys-plasmin is formed.9 Studies w i th  
monoclonal antibodies exploring the domains of plasminogen have recently been 
described.61 

PA and Degradative Processes: Overview - Previous reviews have described the association 
of PA in embryonic development, ovulation, blastocyst implantation, inflammation and 
mammary gland invoIution.4.62 PA has been well-correlated with cellular migration of 
malignant ceIls,63 Schwann ceIls,64 neuronal migration65 and embryonic cell migration.66 
Recent reports have demonstrated that PA is also associated with morphogenetic remodeling 
in the Bursa o f  Fabricius during embryonic development,66 disease activity in psoriasis,67 
granulomatous tissue reaction in  murine leprosy68 and, as a consequence o f  secretion by  
skeletal muscle cells, may play a role in degeneration of neuromuscular contacts in 
pathologic denervation.69 The general role o f  PA in cellular migration, tissue modeling and 
invasive processes, is abundantly illustrated in the relationship between PA and the 
malignant phenotype, as described below. 

PA and the Malignant Phenotype - PA activity associated with malignant transformation is 
dependent upon the interaction of PA, produced by transformed cells and the serum 
zymogen, plasminogen.4.6 PA activity is barely detectable in many normal cells, such as chick 
embryo fibroblasts, bu t  is elevated ten t o  one-hundred fold in primary cultbres of cells 
malignantly transformed by RNA or DNA tumor viruses, primary cultures o f  tumor cells, cells 
transformed by carcinogens, chemically induced tumors and in numerous tumor cell lines, 
including human tumor cell lines.3.4.6.8 Cytocidal DNA or RNA viruses and non-transforming 
avian leukosis viruses, in contrast, have no PA enhancing effect.6 The production of PA in 
cultures of malignant cells i s  an early event and precedes morphological evidence o f  
transformation by temperature-sensitive RNA tumor viru~es.4~6 The generation of plasmin, 
mediated by PA activation of plasminogen, further enhances proteolytic activity in the 
microenvironment of the malignantly transformed cell; plasmin can modify cytoskeletal 
components, induce cellular division and alter proteins a t  the cell surface and within the 
basement membrane.6.8.70 Both the production of PA and catalytic activation o f  
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plasminogen t o  plasmin mediated by PA has been strongly correlated with a variety of 
processes that characterize the malignant phenotype, including: anchorage independent 
growth in agar,71 tumorigenesis of D N A  tumor virus transformants in nude mice,72 
tumorigenicity of bromodeoxyuridine-regulated, murine melanoma cells,73 tumorigenesis of 
dihydrotestosterone-dependent murine, mammary carcinoma ceIls,74 temperature-sensitive 
expression of the Rous sarcoma virus gene product6 and tumor promoter treatment of 
normal and malignant cells.8 In addition, transformed cell morphology, adhesion and 
migration have also been linked, t o  a substantial degree, t o  PA production or conversion of 
plasminogen to  plasmin.6.8 The PA-plasmin system has been correlated with the induction of 
celllular proliferation,lo with the disappearance of intracellular actin cables, anchorage 
independent growth and malignant potential.74 A direct relationship among PA production, 
growth in agar and the ability t o  form tumors in nude mice has been shown for 
independently isolated clones of simian virus 40 transformed rat embryo cells.72 It has 
recently been reported that PA production, acquisition of anchorage independence and 
phosphorylation of a 36,000 Mr protein of chick cells infected with partial Rous sarcoma virus 
mutants show good correlation with their tumor-forming ability in nuds mice and 
chickens.75 PA and anchorage-independent growth in agar have also been considered as 
markers of neoplastic cells transformed in culture following exposure t o  a chemical 
carcinogen.76 Recent studies with chemical carcinogen-induced transformed guinea pig 
fibroblast lines possessing thousand-fold differences in tumorigenicity showed a quantitative 
correlation between PA production, lymphotoxin sensitivity, induction of delayed-type skin 
reactivity and the capacity to  give rise t o  tumors;77 tumorigenic cells produced PA at a level 
which directly correlated with tumorigenic potential, whereas non-tumorigenic cells failed to  
produce PA. In summary, a large body of experimental evidence suggests an association 
between PA activity and the malignant phenotype. It should be re-emphasized, however, 
that cells other than malignant cells also produce PA; for many normal cells it appears that 
PA synthesis is under developmental, temporal, physiologic or hormonal regulation.6.8.62 In 
normal cells a relationship between PA production and cell-remodeling has been 
observed.4.62 For example, extensive degradation of the graafian follicle at the time of 
ovulation has been described, as has transient production of PA by trophoblasts during the 
time period in which invasive embryonic implantation takes place.4,8,62 It should also be 
noted that some exceptions to the correlation between PA production and malignant 
transformation have been noted. For a number of these studies, however, issues of accurate 
quantitative methods, cells with variable karyotypes, failure to examine extracellular as well 
as cell associated PA levels and culture media with inappropriate levels of hormones have not 
been adequately addressed.6.62 

PA Substrate in Malignant Cells - It has been suggested that PA can function catalytically on a 
cellular substrate other than plasminogen to directly modify the morphology and behavior of 
malignant cells.78 Evidence to support this claim is based on studies in which protease 
inhibitors were employed to block alterations in the colonial morphology resulting from the 
high PA levels observed during super-transformation mediated by tumor virus-tumor 
promoter interactions.78.79 Compounds that inhibited the colonial aggregates that 
characterize the super-transformed phenotype were shown to be inhibitors of PA by a direct 
fluorometric assay that employed the fluorogenic peptide substrate Cbz-gly-gly-arg-amino- 
4-methyl-coumarin.78.80 This substrate allows for direct determination of PA independently 
of the interfering potential of plasmin.80 Experimental results demonstrated that a DFP 
sensitive protease with arginine specificity is involved in producing the morphological 
alterations that accompany tumor promoter treated, virally transformed cell cultures.78.79 It 
appears that PA itself, and not plasmin, is  involved in mediating these morphological 
alterations.78 A recent report has shown that UK can cleave a 66,000 Mr human lung, 
pericellular-matrix protein to  a 62,000 Mr product;81 this protein, which is also cleaved by 
alpha thrombin, is the first described cellular target for PA. 

PA in Tumor Invasion and Metastasis - The PA-plasmin system has been examined for i t s  
potential role in tumor invasion and metastasis.8 Several studies have suggested that PA, or 
the enzymatic activity it generates, may play a role in the local and rapid dissolution of 
basement membrane required for metastasis by invasive malignant ceIls.70.82.83a.83b It 
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appears that PA, through generation o f  plasmin, plays a role in destruction of the  basement 
membrane, since the latter enzyme can degrade glycoproteins associated w i th  the basement 
membrane: laminin and fibronectin.8.70.84 In addition, plasmin also activates latent forms of 
type IV and type V collagenase that play a role in degradation of the collagenous 
components of the basement membrane.8.70 Although PA (UK) does not appear t o  directly 
cleave fibronectin, laminin, type IV collagen or type V collagen, the potential direct role of PA 
in activation of latent collagenase, or cathepsin B, is s t i l l  an open question;8.70 the potential 
role of TPA and the possible existence of additional basement membrane substrates for PA 
also remain open questions. The potential role o f  PA in invasive cell migration and/or in 
chemotaxis across the basement membrane are also unanswered questions. One report, 
however, has suggested that the generation of plasmin from plasminogen by metastatic cells 
i s  not necessary for the degradation of subendothelial matrix by metastatic cells.85 This 
report demonstrated that in the absence of serum protease inhibitors and/or plasminogen, in 
witro matrix solubilization is enhanced; this suggests that a cel l  surface-associated or rapidly 
inactivated, released protease, perhaps PA, plays a role in matrix solubilization upon tumor 
cell surface-matrix interaction. 

It has been suggested that PA may play a role in tumor neovascularization, a process 
prerequisite t o  the metastatic spread of cancer.86 I t  has recently been demonstrated that 
homogeneously pure PA (UK) but no t  active-site inhibited PA is angiogenic in the rabbit 
cornea.8.87 These results suggest that PA may function, in part, by contributing t o  the process 
of tumor angiogenesis and thereby play some role in this aspect of tumor invasion and 
metastasis. 

A number of studies have examined the issue of whether a quantitative relationship 
exists between PA production by malignant cells and their capacity t o  metastasize. Studies 
employing melanoma variant sublines of differing metastatic potential have given 
conflicting results. One report has indicated that low metastatic B16F1 and variants of 
increasing potential (B16F5, B16F10 and B16F13) showed similar levels o f  high PA activity.88 
In contrast, a quantitative difference in PA production between B16F1 and B16F10 sublines 
has also been described.89 I t  has been suggested that this quantitative difference in PA 
production may contribute t o  the varying metastatic capability of the t w o  melanoma 
variants. Studies with UV 2237 fibrosarcoma cells have shown that some cloned tumor cell 
lines (e.g., clone 12) with high in wiwo metastatic potential produce low levels of PA relative t o  
cells with lower metastatic capacity (e.g., clone 46).90 However, this study is  not  conclusive 
relative t o  the role of PA in metastasis, since it is  not known what level of PA is required for 
contribution to the metastatic process. For example, clones of relatively " low PA levels" may 
provide adequate enzyme for contributing to  metastatic spread.90 I t  is also worth noting 
that in immuno-suppressed hosts clone 46 is  highly metastatic.90 In the Lewis lung carcinoma 
system no consistent difference was noted for PA levels in metastatic versus primary tumor 
cell cultures;91 however, the cultures studied were atypical upon comparison t o  parental 
tumors with respect to slow cel l  growth upon reinjection at the primary site and with respect 
t o  their decreased metastatic potential. The question has been raised that PA levels in 
cultured cells may not reflect PA levels of the original tumor cells; it has been noted that very 
high-PA producing clones can be selected by anchorage-independent growth from Lewis 
lung carcinomas.91 Studies wi th metastatic variants from a cloned cell line, derived from an 
epitheloid cell line of hepatic origin, have shown no correlation between metastatic ability 
and fibrinolytic activity.92 In contrast, quantitative models of metastasis employing HEp-3 
human epidermoid carcinoma cells in the chick embryo have utilized PA as a quantitative 
marker for HEp-3 metastasis in both chick embryos and in newly hatched chicks.93 In 
addition, recent studies dealing wi th the secretion of basement membrane degrading 
collagenase and PA by transformed cells suggest that the concommitant secretion o f  both 
enzymes is a prerequisite for metastasis.94a PA levels have also been associated w i th  the 
metastatic spread of rat prostate adenocarcinoma cells.94b It is interesting to note that in 
studies with human colon tumors, tumor samples produced high PA levels in comparison t o  
normal mucosael samples and that a correlation was found for high PA levels in tumors with 
a phenotype of invasiveness and metastasis.95 In contrast, primary and metastatic tumors o f  
human breast cancer did not show significant differences in their PA content.96 For further 
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discussion of the role of PA in metastasis, the reader is  directed t o  several reviews.8.97.98.99 It 
is clear that further experimentation wil l  be required to delineate the exact scope and role of 
PA in metastasis. Critical analysis of this issue must await, as previously suggested, thorough 
testing in models of metastasis in vivo, and the development o f  as yet to be described 
specific, efficient, potent, non-toxic, non-antigenic, bioavailable inhibitors.100 

PAS and Thrombolytic Therapy - An important therapeutic application of the degradative 
capacity of PAS involves the lysis of fibrin clots; differences in the biological role of distinct 
molecular classes of PA have been clearly noted in this regard.27 Although streptokinase and 
UK have received widespread scientific and clinical attention for their capacity t o  mediate 
thrombolytic therapy,tOl-lOs recent advances with TPA has further heightened interest in this 
area.27.28.105 It has been suggested that TPA is a more effective and specific thrombolytic 
agent than UK;loG it appears that TPA is more efficient than UK due t o  i t s  high affinity for 
fibrin under conditions that do not lead t o  degradation of fibrinogen. It has been suggested 
that TPA has a lower threshold activity than UK and also displays a more progressive effect 
than UK wi th  time.106 It thereforeappears that TPA in thrombolytic therapy might eliminate 
bleeding tendency noted for thrornbolytic agents (UK and streptokinase), which activate 
both fibrin-bound as well as circulating plasminogen.107 TPA has recently been used 
therapeutically in man, and rapid lysis of an old intravascular, iliofemoral thrombus was 
noted, in the absence of bleeding, as a result o f  systemic activation o f  the fibrinolytic system. 
Direct comparison of thrombolysis by TPA and UK in rabbits w i th  experimental pulmonary 
embolus has shown that the former enzyme is thrombolytic a t  lower doses than UK without 
widespread plasminogen activation in the blood. 108 Similar findings have been noted for 
TPA in dogs with femoral vein thrombosis and in rabbits with experimental jugular vein 
thr0mbosis.lo9~1lo An interesting preliminary report has indicated that TPA can yield 
coronary thrombolysis upon intravenous administration t o  dogs bearing coronary clots.111 
Interest in the role of PA in thrornbolytic therapy has led t o  exciting, recent advances in 
achieving mass production of PAS by methods including recombinant DNA technology. The 
construction of hybrid bacterial plasmids containing DNA sequences for UK that produce UK 
in Escherichia coli has been described.112 It has also been reported that UK-like material is 
synthesized from poly A ( + )  RNA isolated from cultured human embryonic kidney cells.113 In 
addition, the messenger RNA for human TPA has been described,l14 and the cloning and 
expression of TPA cDNA in Escherichia coli has been reported.115 The isolation o f  a bacterial 
clone bearing a cDNA sequence for a portion of human TPA has also been described.116 The 
purification of TPA in centigram quantities from human melanoma cells in cultures has also 
been reported.117 

Conclusions - As described above, PAS have many regulatory functions and contribute to a 
number o f  biological degradative processes. In the case o f  malignant cells, the expression of 
PA may be related t o  pleiotropic aspects of the malignant phenotype: invasive degradation, 
cell migration, cell proliferation, angiogenesis and modification o f  cell surface and 
cytoskeletal composition. In the case of thrombolytic reactivity, the degradative properties 
of PAS can be of great importance in therapeutic lysis of clots. Recent observations 
concerning the production of PA by leukemic cells and natural killer cells118-12o and the 
regulation of PA by protease nexinl*l indicate that future studies may elucidate additional 
biological roles for the PAS. 
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Chapter 2 7 .  Natural Killer Cells: Role in Cell-Mediated Immunity 

Ronald H. Goldfarb and Michael J. Berendt 
Central Research Division, Pfizer Inc., Groton Ct. 06340 

Introduction - The role of the immune response in host resistance against tumor 
development and infection by microbial organisms has been an area of intense experimental 
and clinical interest In the past, T-lymphocytes have received major attention as the key 
effector cell population in immune surveillance against cancer 1-3 Although mature, immune 
T-cells play some role in rn VIVO resistance to  tumor challenge, substantial experimental 
evidence has accumulated to indicate that this effector cell population fails t o  account for all 
facets of host immune resistance to either tumor development or microbial infection 2 

During the last few years, considerable interest has been focused on the role o f  natural cell- 
mediated immunity in host defense against primary and metastatic tumors, as well as 
microbial infection This chapter wi l l  summarize recent findings with the most extensively 
studied and characterized effector cell that mediates natural immunity natural killer (NK) 
cells This review wil l  discuss the  characteristics of NK cells, the regulation of their cytotoxic 
potential, the role of NK cells in immune reactivity, and the potential widespread clinical 
relevance of the modulation of NK activity Emphasis wil l  be placed on the role of NK cells as 
antitumor effector cells in resistance against malignant disease The reader i s  directed t o  a 
number of recent and comprehensive reviews and texts beyond the scope of the present 
discussion 4-12 

Characteristics of NK Cells - NK cells were discovered less than ten years ago during studies 
dealing with the specific cytotoxic activity of lymphocytes of tumor-bearing individuals 
against either their own tumors, or against tumors of the same etiologic or histologic type 
Although specific cytotoxic activity was observed in several studies dealing wi th cancer 
patients.3 or wi th virally induced tumors in animaIs,l it was also found that lymphocytes of 
some normal, control individuals were indeed more cytotoxic against some tumor target 
cells, than were those from the tumor-bearing individuals 9 The term "natural killer" was 
employed since the  cytotoxic reactivity of the lymphoid effector cell population was observed 
spontaneously, without the requirement for prior immune sensitization, I e , naturally Since 
NK cells are present in unimmunized individuals, and unlike other lymphoid effector cell 
populations do not require long time periods to  be activated or primed for cytotoxic 
capability, they have been considered as a first line of immune defense against cancer 

NK cells are nonadherent and nonphagocytic, and have therefore been considered t o  
be a subpopulation of lymphocytes rather than macrophages or monocytes 10-12 NK cells are 
distinguishable from mature T cel ls since high levels of NK activity are found in neonatally 
thymectomized, or athymic nude mice Although NK cells are thymic-independent, they do 
possess a number of T cell-associated markers and it appears that NK cells may be of the T cell 
lineage 11 Approximately 50% of human NK cells have receptors for sheep erythrocytes and 
most can react wi th monoclonal antibodies to  T cell-associated antigens 10 A t  least 50% of 
murine NK cells express THY 1 and approximately 20% react wi th a monoclonal anti-Lytl 
antibody 10 In addition, NK cells both produce and grow in response t o  stimulation by IL2 (T 
cell growth factor, TCGF) and additional T cell rnitogens It should be noted, however, that 
NK cells also possess some cell surface markers that are in common wi th  PMN's and 
macrophages Human NK cells, for example, react wi th OKMl and antibodies t o  asialo GM1 
and MAC 1 (see below) The receptor for the Fc portion of IgG i s  also found on the cell 
surface of NK cells11 and has raised the  question of the relationship between NK cells and K 
cells that mediate antibody-dependent cell-mediated cytotoxicity (ADCC) It appears that NK 
and K cells are in the same subpopulation of lymphocytes and that NK and ADCC functional 
activities may be mediated by the same cells Cytotoxic effects might therefore be mediated 
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by either interaction w i th  antibody-coated target cells through the Fc receptor, or by distinct 
NK surface antigen-mediated binding t o  target cells (see below). 

NK Cellsare Large Granular Lymphocytes - I t  has recently been noted12 that NK cells are large 
granular lymphocytes (LGL), which are large lymphocytes w i th  prominent azurophilic 
granules in the cytoplasm and which contain an indented, kidney-shaped nucleus. LGL have 
a high cytop1asmic:nuclear ratio, and therefore have a relatively low density when compared 
t o  other lymphoid populations.12 It has been possible t o  enrich human LGL from their 
frequency in the peripheral blood of 2-6% t o  a purity of 90-95% by employing a number of 
purification stepsl3.14 including discontinuous Percoll gradient centrifugation and 
elimination of cells that form high affinity rosettes wi th sheep erythrocytes at 29 degrees 
Centrigrade. The majority of NK cell activity, as well as ADCC activity, has been found in 
Percoll fractions that contain 75-85% LGL, whereas these fractions contained only 10-20% o f  
the input peripheral blood lymphocytes.13.14 The Percoll fractions containing the majority of 
the small t o  medium lymphocytes, however, have been devoid of NK or ADCC activity. That 
LCL are responsible for NK cytotoxic reactivity i s  supported by observations that 
approximately 50% of LGL form conjugates with, and lyse, highly NK-cell sensitive target 
cells. I t  appears, that LGL also account for a large percent of human T gamma (TG) cells. Only 
TG cells with LGL morphology have NK cell and ADCC activities.ll.12 

Rat NK cells in the peripheral blood and spleen also appear t o  be LGL, and are enriched 
by a procedure similar to that used for the isolation of human LGL.14.15 LGL have also been 
detected in mouse spleen, peripheral blood, lung, bone marrow, and lymph nodes.11.16-18 
Recently, a naturally occurring LGL rat leukemia has been identified, which may be a useful 
means for obtaining large numbers of LGL.19 

Studies with monoclonal antibodies, reported to  be selective for T cells or other 
lymphoid populations, and fluoresence activated cell sorting, have demonstrated that LGL 
show a pattern of reactivity distinct from T cells and from monocytes or granulocytes.2o.21 A 
portion of LGL express several T-cell associated markers (OKT8,OKTl O,LyT3) but fail t o  express 
other markers (OKT3,OKT4,OKT6,OKT1 l).zo In contrast, some human LGL are reactive for 
antigens which are undetectable on typical T cells, but present on granulocytes andlor 
monocytes (OKMl, asialo-GM1, and la).lo It therefore appears that the LGL phenotype is 
distinct from that of T cells or macrophages. It i s  not clear whether LGL are in the T-cell 
lineage, the monocyte lineage, or represent a separate lineage of lymphoid cells.5 

Interferon(1FN)-augmented, as well as spontaneous NK and ADCC activities, are 
exclusively associated with LGL-enriched fractions.14 I t  has been suggested that LGL are also 
the main effector cells exerting spontaneous and IFN-boosted activity against adherent as 
well as nonadherent tumor cell lines.22 A single cell cytotoxicity assay has been employed in  
the examination of the frequency of NK cells among LGL, the effects of IFN on their tumor 
cell-binding, and lytic reactivity.23 It has been found that up t o  80% of human LGL can 
function as NK cells. It was also found that IFN affects human NK activity in a number of 
distinct ways: IFN can convert some nonbinding LGL t o  tumor cell-binding LGL; IFN can 
activate non-lytic, target-cell binding LGL; IFN can increase t h e  rate of lysis of lytically-active, 
target-cell binding LGL; and IFN can facilitate the recycling of NK cell binding to  additional 
target cells by eliminating refractoriness t o  rebinding by LGL.23 It has recently been noted 
that IFN influences restricted subpopulations of NK cells, primarily HNK-1 + cells, by 
influencing cytotoxic events rather than by triggering cellular rnaturation.24-26 

A number of studies have recently employed LGL in a variety of experimental settings. 
For example, LGL treatment wi th W+,  an alkaline ion known t o  cause granulocyte 
degranulation, has led t o  LGL degranulation and loss of NK lytic activity.27 Upon in vrtro 
cultivation, Sr2 +-treated LGL recovered NK lytic function as cytoplasmic granules reappeared. 
It therefore appears that LGL intracytoplasmic granules may play a role in the mechanism of 
LGL-mediated tumor cell lysis. The effect of a monoclonal anti-LGL antibody on human NK 
reactivity has also been investigated.28 The NK-8 hybridoma was found to react with 33% of 
peripheral blood LGL and 70% of LGL forming conjugates wi th NK-susceptible K562 target 
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cells.28 NK-8 inhibited LGL cytotoxicity against K562 cells by 60%. in the absence of 
complement, and inhibited tumor cell induction of IFN by LGL.28 In contrast, monocytes, 
granulocytes, and other lymphocytes were nonreactive wi th NK-8. Studies with the 
carboxylic ionophore, monensin, has led t o  irreversible inhibition of the NK lytic mechanism 
and has shown that LGL require an intact secretory process t o  mediate cytotoxicity.29 Studies 
have indicated that IL 2 plays a role in the activation of human LGL activity.30 The 
characteristics o f  purified LGL cultured in  the presence of IL  2 have also been examined.31 
Upon culturing, LGL lost reactivity wi th monoclonal antibodies OKMt and OKT10, expressed 
increased reactivity w i th  OKT3 monoclonal antibodies and with anti-la, and maintained their 
IFN-augmentable cytolytic profile.31 The rationale behind attempted long-term culturing of 
LGL is t o  obtain large amounts of cells for detailed biochemical studies. Another approach t o  
this goal has been directed towards the cloning of NK ceIls.32-34 

Requlation of NK Cytotoxic Activity - To date, IFN and IFN-inducers appear to  be the major 
positive regulators of NK cytotoxic activity.35 Experiments wi th pure human leukocyte and 
fibroblast IFNs have led to substantial augmentation of NK activity,35 thereby confirming 
that IFNs have direct NK-boosting capacity. The issue of whether IFN is the only positive 
regulator of NK activity has also been examined. It has been suggested that some of the NK- 
augmenting activity mediated by C. ~ J W U ~  may b e  caused by a factor other than IFN 36.37 A 
more pronounced example of an IFN-independent augmentation of NK activity has been 
noted in studies dealing wi th alloantisera and monoclonal antibodies, and lectins.38.39 
Retinoic acid has also been found to  augment NK activity and may d o  so in an IFN- 
independent manner since retinoids often inhibit IFN production in a number of cell 
types.40a41 

Inhibition of NK activity may be classified into several categories and a number of 
agents that inhibit NK activity have been described.35 NK cells can be directly inhibited, 
accessory cells can be inhibited, and suppressor cells can inhibit NK reactivity.l.2.35 
Prostaglandins (PG) have been reported as inhibitors of both spontaneous and IFN- 
augmented murine and human NK activity in vitro.35.42 Aspirin or indomethacin, inhibitors 
of PG synthesis, were reported t o  partially restore NK activity in tumor bearing animals.43 
Pretreatment of NK cells by PGE2 can activate NK activity by increasing the frequency of NK 
cells in the absence of alterations to  the number of target-binding lymphocytes.44 Exposure 
of NK cell-target cell conjugates to  PGE2 during the cytotoxic assay led t o  inhibition of NK 
lytic activity. I t  was subsequently noted that activation of NK lysis can be either enhanced or 
blocked by the interaction of PGE2 and 1FN.45 If PGE2 was present during cellular processing 
needed for NK activation induced by IFN, pre-NK lytic potential was blocked. If PGE2 was 
added following complete IFN-induced activation of NK cells, there was an enhanced 
recycling capability of the same number of NK ceIls.45 It has also been reported that IFN- 
stimulated NK cells are protected from suppression by PGE2.46 

Tumor promoting phorbol esters and teleocidin have been found to  inhibit both 
murine and human NK cell activity.40.47 Phorbol-12- myristate-13-acetate (PMA), but not 
non-tumor promoting phorbol esters, was found t o  inhibit both spontaneous as well as IFN- 
boosted murine NK activity.40 In studies wi th human LGL, it appears that PMA can inhibit 
either both spontaneous and IFN-augmented NK activity, or only IFN- boosted activity.40 
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Intact cholera toxin, but neither subunit A or subunit B of the toxin, blocks both 
spontaneous, as well as IFN-augmented, or retinoic acid augmented, NK activity of LGL.40,47 
It therefore appears that the inhibitory ef fect  of cholera toxin requries both binding through 
the B subunit, as well as activation of adenylate cyclase through the A subunit.40.48.49 I t  has 
been reported that agents that increase CAMP inhibit human NK activity.50 Studies with LGL 
have demonstrated that increased levels of cellular cyclic AMP mediates the action of PGE2 on 
the suppression of NK lytic activity.51 

Suppressor cells also appear t o  be involved in aspects of NK cell inhibition.35 
Suppressor cells induced by pyran copolymer were presumed to be macrophages since they 
were adherent and phagocytic.52 A soluble factor appears t o  play some role in the 
mechanism of inhibition. It has been suggested that macrophages may contribute to low NK 
activity in various murine strains.53 Adherent peritoneal cells from C. parvum- injected mice 
had reduced capacity t o  inhibit NK activity.54 A naturally occurring cell type w i th  inhibitory 
activity for NK cells, which is non- adherent, has been isolated from lymphoid organs of both 
mice and rats.55 The cell, which lacks surface lg and Fc receptors for IgG, expresses receptors 
for Helix pomatia A agglutinin and bears Thy-1 antigen. suggesting that the cell is w i th in  the 
T lymphocyte lineage, and is not a B lymphocyte or a monocyte/macrophage.55 Studies of 
cellular regulation of human NK cells have demonstrated that monocytes or 
polymorphonuclear leukocytes can suppress NK activity, apparently through the generation 
of reactive forms of molecular oxygen.56 Of mononuclear phagocytes isolated by adherence 
from various sources, only bronchoalveolar macrophages appeared t o  inhibit the expression 
of human NK cell activity.57 A recent study has indicated that peripheral blood granulocytes 
can inhibit human NK cell activity In vitr0.58 

Mechanism of NK Cytotoxic Activity - The biochemical and molecular basis by which NK cells 
recognize, interact with, and lyse tumor target cells has not been fully elucidated.11.59-62 It 
has been demonstrated, however, that the binding of NK cells t o  tumor cells usually precedes 
target cell cytolysis.11.59-62 Steps involved in the NK lytic mechanism have been resolved into 
binding, programming for lysis, and killer cell- independent steps.63 Isolation of target 
structures from NK-susceptible tumor cells have been reported.64 The NK target structures of 
YAC lymphoma cells appear t o  be cell surface glycoproteins of 130,000, 160,000 and 240,000 
Mr.64 Although the target antigens prevented binding of intact target cells t o  NK-containing 
cells, they failed t o  inhibit cytolysis. Target molecules were not observed in NK insensitive 
target cells, and their expression varied directly among target cells according to their 
sensitivity t o  NK cell-mediated lysis.64 A correlation between the expression o f  a glycolipid, 
asialo GM2, and the susceptibility of target cells t o  NK lysis has also been observed 65 The 
ratio of expression of asialo GM2 t o  GM2, has been shown to have a good correlation w i th  NK 
cell-mediated lysis of target cells.66 It has been suggested that asialo G M 2  and some 
gangliosides could play a role in the binding or lytic events involved in NK cell-target cell 
interaction. High levels of sialic acid and sialylation at the cell surface could modify or inhibit 
such interactions.66 I t  has recently been suggested that receptors for transferrin may 
function as a target structure for recognition by human NK cells.67 A number o f  studies have 
examined the morphological aspects of NK cell-target cell interaction.27.68-70 Studies have 
implicated that LGL granules play a role in the mechanism o f  cytotoxicity.27.68.69 The role of 
uropods of LGL in NK effector cell function has also been discussed.69.70 

A number of biochemical processes have been implicated in the lytic mechanism of NK 
cells.11.59-62 It has been demonstrated that human LGL produce neutral serine proteolytic 
activity, and that tryptic and chymotryptic inhibitors block cytolysis in vitro. 11.59.77-72 The use 
of protease inhibitors for NK cells of a variety of species has also suggested some role in the 
lytic process by neutral serine proteases.73.74 A role for phospholipid methylation and 
phospholipase A2 has also been suggested.59.75 A role for oxygen intermediates in NK cell- 
mediated cytotoxicity has been reported.76 Since highly purified human LGL fail to produce 
an oxidative burst in response t o  a number of stimuli, including PMA, some skepticism has 
been directed towards the involvement of oxygen intermediates in NK killling.11.59.77 Much 
attention has recently been focused on the production by NK cells of soluble cytotoxins that 
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appear to  be specific for NK-sensitive target cells.78.79 Murine target cells, resistant to NK 
cytotoxic factors, are also resistant t o  NK cell-mediated cytotoxicity.80 It has been suggested 
that, for lysis t o  take place, a NK sensitive target cell must be recognized by the NK cell, NK 
cytotoxic factors must be released by the effector cells, and the factor must bind t o  the target 
cells.80 It appears that NK resistant murine target cel l  clones lack, or display decreased levels 
of binding sites for NK cytotoxic factors.80 The specificity of cytotoxic factors produced by 
human LGL has also been described.81 It appears that the specificity of the human factor 
depends on target cell recognition. Several reports have also suggested that ultrastructural 
membrane lesions take place during cytolysis, and that target cell membrane lesions may 
result from the insertion of tubular complexes inserted into the membrane during 
cytoIysis.82.83 

Biological Response Modifiers and NK Cells - The use of biological response modifiers to  
augment the in vitro and in vivo antitumor reactivity of human and rodent NK cells has 
received considerable investigative attention over the past few years.4.5 It  has been 
hypothesized that the manipulation of NK cell function above spontaneous background 
levels by adjuvant immunotherapy in cancer patients may be o f  therapeutic benefit.84 
Interferon, as discussed above, appears to  be the major regulator of NK cytolytic function.4.5 
Many additional biological response modifiers of both microbial and chemical origin can 
increase resistance t o  tumor growth. A partial list of agents which have been shown t o  
induce higher levels of NK cell cytotoxicity and increase antitumor resistance follows: C. 
Parvum; 85 BCG; 86 OK4323 87 bestatin; 88 I ipopolysaccharide;89 poly I : C; 89 pyran copolymer;90 
lentinan;91 retinoic acid;40 Tuftsin;gz MDP;93 and Cis-platinum.94 Many of these agents 
stimulate macrophage reactivity as well as NK activity, and further study is required to  
evaluate the selective role of a given effector mechanism. 

Bestatin Retinoic Acid 

NK Cell-Mediated Immunity Against Tumors - The overall in vitro profile of NK cell activity of 
lymphocytes from normal donors against established tumor cell lines has been well 
documented in a number of species including human, rat, and mouse.4.5 More recently, a 
profile of reactivity for NK cel ls in vitro against spontaneous rodent and human tumors has 
been steadily emerging. Studies wi th murine splenic cells against a variety of mouse 
spontaneous mammary tumors has shown that a considerable number o f  tumors were 
sensitive t o  natural cell-mediated cytotoxicity.95 The cytotoxic activity was associated w i th  
LGL fractions and could be augmented with IFN. Recent studies have shown that the lytic 
capacity of human LGL are not limited to in vitro tumor cell lines since allogenic, freshly 
isolated tumor biopsy cells from carcinomas and sarcomas were also killed wi th a high level of 
efficiency.96 In studies dealing wi th tumor cell suspensions derived from human carcinomas 
of the lung, colon, breast, or neck, and melanomas, the cytotoxic reactivity of different 
subpopulations of lymphoid cells from the peripheral blood o f  normal donors was 
examined.97 I t  was found that the majority of most primary tumors can be lysed by normal 
lymphoid cells and that the activity is strongly associated with LGL. Additional work is yet to  
be done in comparing the sensitivity of human, and rodent, tumor cells taken from primary 
autochthonous tumors and their subsequent metastases. 

Considerable evidence has also been steadily accumulating which shows that NK cells 
function in vivo to eliminate tumor cells NK cells prevent rn VWO growth of lymphomas98 
and, in addition, play a major role in the elimination of tumor cells in vivo 99 In contrast, it 
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has been reported that NK activity is inhibited by urethan carcinogenesis.100 An important 
role for NK cells in radiation-induced leukemogenesis has also been reported.101 Selective 
depletion of NK cell activity wi th anti- asialo GM1 or anti-NK 1 antisera has established an 
important role for NK cells in controlling primary tumor growth of experimental tumors, and 
has provided direct evidence that NK cells are involved with tumor cell elimination in 
vivo.1O2-1O4 A number of studies have also examined the relationship between NK cells and 
metastatic spread o f  cancer.105-115 It has been shown that metastatic cells are more resistant 
to  NK activity than cells derived from local tumors, and it has been suggested that this 
increased resistance may play a role in metastatic spread.107 Low levels o f  NK cell activity 
have been found t o  be associated with enhanced incidence of experimental metastasis.108 A 
close correlation between host NK cell activity and the capacity t o  eliminate blood-borne 
tumor cells suggests that NK cells play an important role in host defense against circulating 
tumor cells and can therefore prevent the development of tumor metastasis.109 Additional 
studies in NK-deficient berge mice have also indicated that NK cells play an important role in 
host control over tumor growth and metastasis.110 Direct evidence for inhibition of 
experimental tumor metastasis in vivo by NK cells has recently been demonstrated.111-115 A 
cloned cell line wi th NK activity, upon transfer into NK-deficient hosts, has been shown t o  
have anti-metastatic activity against melanoma tumor cells.112 Studies w i th  anti-asialo G M  1 
serum have demonstrated that NK cells play an important role in resistance t o  tumor cell 
dissemination, and thereby contribute to control over tumor cell growth and metastatic 
spread in mice. 114 Recently, it has been shown that the adoptive transfer of an enriched rat 
LGL population t o  asialo GM1 treated rats led t o  partial restoration of their cytotoxic activity 
against established cel l  lines.116.117 Conclusive experiments concerning the role o f  NK cells 
await the critical testing of adoptive transfer of LGL in models o f  experimental and 
spontaneous metastasis in vivo. A number of intriguing observations have recently been 
made concerning NK cell activity in patients wi th advanced cancer. NK activity measured in 
peripheral blood mononuclear cells of patients wi th disseminated disease was significantly 
lower than NK activity of either patients wi th localized disease, or normal donors.118 
Defective NK activity in cancer patients has been correlated with LGL recycling capacity119 or 
low LGL presence in situ. 120 It has also recently been found that NK activity of patients with 
advanced carcinoma of the lung is a useful prognostic indication of the effect of 
chemotherapy on patient prognosis and may be useful for the establishment of improved 
treatment regimens for advanced carcinoma of the lung.121 Studies of patients w i th  acute 
leukemia in remission have suggested that during remission there is a gradual recovery f rom 
low to normal NK activity when compared t o  the NK activity of healthy donors. In contrast, 
patients who relapsed were found t o  have lower activity than patients who remained in 
remission.122 The exact role and scope of NK activation in evaluation o f  the effects of 
biological response modifiers, and the extent of NK activity in human anti-tumor reactivity, 
remains unknown.5 Clinical studies wi th IFN, for example, have indicated a variety o f  results 
ranging from a highly significant and consistent increase in NK cell cytotoxicity of some 
patients, t o  a diminished NK cell response, t o  a transient increase in  NK activity that  then 
declines.123-125 It i s  clear that issues of route and t iming of biological response modifiers, as 
well as dosage wil l  be critical in determining biological activity of any endpoint, including NK 
cell activity.5.84.94 

Conclusions - Natural killer cells, a specific lymphoid subpopulation comprised o f  large 
granular lymphocytes, appears t o  play an important role as a natural effector cell against 
primary and metastatic tumor cells. Rapid advances and widespread interest in this area o f  
cell- mediated immunity promises to  fully define the role of NK cells in anti- tumor immune 
reactivity in the near future. Recent studies exploring the role of NK cells in a number of 
disease states, such as X-linked lymphoproliferative syndrome, multiple sclerosis, atopic 
dermatitis, as well as studies examining the in vivo reactivity of NK cells against a number of 
microbial agents, including herpesviruses, cytomegalovirus, hepatitis virus, babesia microti, 
malaria. cryptococcus, and various bacterial infections, suggests that NK cells, and natural 
immunity, wi l l  continue t o  receive substantial experimental and clinical attention during the 
next few years. Studies dealing wi th the role of NK cells in bone marrow transplantation 
reinforce this view.5 
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Chapter 28. Recent Advances in Drug Delivery System Technology 

Norman L. Henderson, Hoechst-Roussel Pharmaceuticals hc., 
Somerville, New Jersey 08876 

Introduction - During recent years, much attention has been focused on new systems 
of drug delivery. The goal of this new technology is to optimize drug therapy by 
enhancing the specificity and efficacy of drug action and by decreasing the 
incidence of side effects and undesired responses in non-target tissues. The ideal 
drug delivery system would deliver drug only to the target tissue where i t  would 
maintain a therapeutic concentration for a specified period of time. These new 
systems would also improve drug therapy by promoting patient compliance. No drug 
can be effective if the patient does not follow a prescribed dosage regimen because 
of drug side effects  or because an excessive frequency of dosing is required. 

A review of the literature since the previous reviews in this series in 1979 on 
liposomes! and in 1980 on drug delivery systems2 and antibodies as drug 
carriers3 indicates that this new technology has become a burgeoning multi- 
disciplinary science in which a variety of approaches have been employed in the 
search for new systems. Recent publications, which provide general descriptions of 
the new approaches, as well as more detailed discussions on the rationale for drug 
delivery systems, refer to the systems as ~ o n t r o l l e d , ~  intelligent, novel, 6 ra te  
~ o n t r o l l e d , ~  smartla targeted,9 therapeutic)l and even as a "magic gun" to 
deliver "magic bullets." l 2  

Reports of new developments are scattered across the literature of many 
disciplines under a variety of keywords such as liposomes, monoclonal antibodies, 
polymeric carriers, prodrugs, transdermal devices, etc. In addition, one can now 
find reports of transdermal delivery systems containing liposomes, l 3  or of 
liposomes containing monoclonal antibodies.I4 Clearly, the topic of drug delivery 
systems is rapidly becoming very complex. When discussing drug delivery systems, 
therefore, i t  will be helpful to realize that: 

1) They are not single entities such as prodrugs or liposomes. They 
are systems composed of several interdependent components. The 
design of a drug delivery system must take into consideration the 
drug component, the carrier or vehicle component, and the 
intended route of administration to the body. 

2)  These systems are not universal but are rather specific; that is, a 
system developed for one drug may not be usable per se for 
another drug with different physicochemical and pharmacokinetic 
properties. Nor can a transdermal system developed for a drug be 
used per se as an ocular system with the same drug. 
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A review article on this complex topic cannot provide a textbook review of 
the subject, but rather only a global impression or overview. Therefore, recent 
developments in drug delivery system technology will be discussed in progression 
from chemical approaches, through polymeric and biological approaches to 
pharmaceutical approaches. They will be highlighted according to keywords for the 
benefit of the reader who has an interest in a particular aspect of this new 
technology. 

L Drug Components 

Soft Drugs and Antedrugs - "Soft Drug" is a term proposed by Bodor for active 
compounds that undergo in vivo metabolism to inactive and non-toxic moieties after 
achieving their therapeutic roles.15 Soft drugs have been proposed for both 
systemic and topical use. "Antedrug" is a term proposed by Lee and Soliman for 
derivatives of parent compounds that are active but which are metabolized to an 
inactive form upon entry into the general circulation.16 Antedrugs are intended 
only for local activity. Both concepts have been applied to topical steroids as a 
means of providing local activity without systemic side effects. These concepts 
should find application for drugs used in other tissues of the body. 

Prodrugs - The topic of prodrugs is vast enough to require a separate comprehensive 
review article. Therefore, the following discussion will attempt only to provide a 
brief summary of prodrugs with respect to their general application to drug delivery 
systems. 

Prodrugs have been defined by Stella _ _  et al. as agents "which must undergo 
chemical or enzymatic transformation to the active or parent drug after adminis- 
tration."17 The general subject of prodrugs has also been reviewed recently by 
Bodor,'* Bundgaard and Hansen,19 and Notari.20 

The concept of prodrugs finds application in two areas. The first is to 
improve the overall properties of a parent drug with respect to i ts  absorption, 
bioavailability, duration of action, safety, solubility, stability or taste. The second 
is to provide targeting or site-specific drug delivery by enhancing selective 
concentration in the target tissue and/or by selective conversion to its active 
moiety by an enzyme which is present only in the target tissue.'9y20 The design of 
prodrugs for use in drug delivery systems must take into consideration the enzyme 
systems available at  the intended site of application. 

Readers with interest in specific prodrugs are directed to the most recent 
publications in the comprehensive series by: Bodor & al.21 y Z 2  on "Improved 
Delivery Through Biological Membranes"; Bundgaard et al.-TJ 9 2 4  on "Prodrugs as 
Drug Delivery Systems"; and Repta &&. on "Enol Esters as Potential Prodrugs." 
The preparation of prodrugs of amides, imides and amines through N-alkylation, N- 
acylation, reduction or ring-opened derivatization of cyclic compounds has been 
reviewed by Pitman.26 The application of the prodrug principle to antibiotics has 
been reviewed by E k ~ t r G m . ~ ~  

Recent developments in prodrug design which should be considered significant 
include a renewed interest in the concept of mutual prodrugs, the concept of tri- 
partate prodrugs, and polymeric prodrugs. 

Mutual prodrugs may be defined as the coupling of two active moieties so 
that each acts as the prodrug of the other.28 The concept of mutual prodrugs is 
not new, since such compounds were in use even before the concept of prodrugs w a s  
developed. For example, sulfasalazine was developed in the 1940's for use in 
treating ulcerative colitus by releasing sulfapyridine and 5-aminosalicylic acid in the 
intestine. However, the concept does offer interesting possibilities and is finding 
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n e w  applications. Baltzer and Godtfredsen reported the development of mutual 
prodrugs of 6-lactam antibiotics and 8-lactamase inhibitors.28 In principle, the 
objective is to deliver an antibiotic and its potentiating agent (enzyme inhibitor) to 
the body in a 1:l ratio. A recent example is the development of sultamicillin a 
mutual prodrug of ampicillin and the 6-lactamase inhibitor sulbactam. 29 The ideal 
mutual prodrug would be well absorbed and i ts  two components released, distributed 
and eliminated in a similar fashion. 

Tripartate prodrugs were recently suggested by Carl e t  a L 3 0  To date, 
prodrugs have been essentially bipartate in nature, with the drug or active moiety 
attached directly to the carrier or specifier moiety. A tripartate prodrug utilizes a 
spacer or connector group between the active and specifier moieties to provide 
better selection and control over the enzymatic system or systems required to 
release the drug. 

Polymeric prodrugs are formed when drugs are attached to a polymer through 
chemical bonds. A polymeric prodrug may also be considered to be a type of macro- 
molecular drug carrier. Langer refers to these compounds as pendant chain 
polymeric controlled release  system^.^ Polymeric prodrugs will be considered 
under drug carrier systems, along with other types of macromolecular drug carriers 
in which drugs are weakly bonded to and/or encapsulated in macromolecules. 

II. Drug Carriers or Vehicles 

The majority of recent developments in drug delivery system technology have 
been in the area of drug carrier systems. These carrier systems have utilized a 
variety of materials to provide controlled release rates with implants and injections, 
or to provide better target tissue selectivity. 

Classification of these various carrier systems depends upon the viewpoint of 
the discipline involved. For example, in his book, Drug Carriers in Biology 
Medicine, Gregoriadis 32  provides a biological viewpoint and classifies carriers as: 
macromolecular (albumin, antibodies, glycoproteins, etc.); cellular (erythrocytes, 
fibroblasts); and synthetic (synthetic polymers, liposomes). On the other hand, in 
their paper "Present and Future Applications of Biomaterials in Controlled Drug 
Delivery Systems," Langer and Peppas provide a physical polymeric chemistry 
viewpoint and classify drug carriers as: diffusion controlled (liposomes, membrane 
systems, non-bioerodible matrices); chemically controlled (bioerodible matrices and 
pendant chain systems); swelling controlled and magnetically controlled. They also 
classify polymers as being either hydrophilic, hydrophobic or biodegradable. The 
aforementioned references 31 '  3 2  and an article by Wood33 on "Bioerodible Drug 
Delivery Systems" will provide the reader with detailed discussions on carrier 
systems. 

Polymeric Prodrugs - The design of polymeric prodrugs using biodegradable polymers 
has been reviewed by Kim e t  al.34 They define three different models of 
chemically bound drug/polymer systems: monomeric drugs attached to a polymeric 
chain; drugs incorporated into the polymeric chain; and drugs in oligomeric or 
polymeric form attached to a polymer chain. 

Recent developments of interest in this area include: 

- small synthetic glycolipids or glycopeptides, such as tri- 
mannosyldilysine as cell specific ligands for the anti-inflammatory 
steroid dexamethasone. The ligands are reported to be attacked 
by microsomal enzymes in the macrophages present in inflamed 
tissue. This type of prodrug is expected to provide a targeted 
delivery of an anti-inflammatory drug to the site of inflammation. 
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- glycosaminoglycans, which are polydisaccharides derived from 
connective tissue, as inert biocompatible  carrier^.^ Drugs can be 
attached to the polymer backbone through derivatization with a 
variety of functional groups. This approach provides control over 
the rate of drug release depending upon whether the derivative bond 
is attacked rapidly by hydrolysis or over a longer period of time by 
enzymatic action. Since the glycosaminoglycans are not species- 
specific, these types of prodrugs would be free of the immune 
reactions possible with some other polymeric carriers. 

oxidized cellulose as a biodegradable carrier for a-chymotrypsin to 
provide 3$rolonged enzyme activity and increased enzyme 
stability. The enzyme is immobilized through an imine linkage 
and is protected from proteolysis until the matrix decreases by 
hydrolysis. This system can be utilized for other compounds 
containing amino groups. 

an alternating copolymer of vinyl pyrrolidine and maleic anhydride 
to form polymeric prodrugs of a number of drugs, including quinidine 
and the antineoplastic agent melphalan. 3 8  

- 

- 

Polymers of organometallic compounds have been proposed as drug delivery carriers 
for antitumor agents, such as platinum diamminodichloride. 39  Dextrans have been 
reviewed by Molteni with respect to their use as carriers for antibiotics, enzymes, 
peptides and metals through the formation of various linkages.4o 

Biomaterial Vehicles - In addition to the aforementioned polymer backbones, a host 
of other materials has been employed as biocompatible carriers for drugs in an 
attempt to provide better control over the rate and site of drug action. The list of 
these biomaterials is long and growing. In the book by Gregoriadis, albumin, 
antibodies, artificial cells, DNA, glycoproteins, erythroc tes, synthetic polymers 
and liposomes, as well as many others, are discussed. r2 The nature of the 
drudcarrier interactions range from true covalent bonds, to weak or ill-defined 
bonds, to simple entrapment or encapsulation of the drug by the macro-molecular 
material. 

The development of tumor-specific monoclonal antibodies4 has renewed 
interest in their use for targeting drugs to tumor cells.42 Cell-specific delivery of 
ricin to leukemia cells43 with monoclonal 
antibodies have recently been reported. Monoclonal antibodies containing 
radioactive metal chelates have now been used to permit tumor imaging by Y-ray 
scintigraphy. 4 4  

and of methotrexate to tumor cells14 

Insofar as other biomaterials are concerned, i t  should be noted that chitin,45 
have recently been suggested for use as drug fibrin film,46 

carriers. 
and  lipoprotein^^^ 

Liposomes - Li osomes were previously reviewed in this series in 1979 by 
Paphadjopoulos.P He defined liposomes as being “vesicles composed of one or 
more lipid bilayers completely surrounding an internal aqueous space . . . usually 
composed of phospholipids . . . ranging in size from 0.5-5 Um.” The phospholipid 
normally used in liposomes is lecithin. These phospholipid vesicles closely resemble 
biomembranes and liposomes were developed originally as model systems for 
biomembranes. The ability of liposomes to carry both hydrophilic and lipophilic 
substances led to their evaluation as drug carriers. Detailed discussions on the use 
of various types of liposomes have been presented recently by 
Weinstein, Gregoriadis, Juliano,48 and Kaye. 
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Liposomes have great potential as drug delivery vehicles, but they also have 
significant problems with res ect  t o  their manufacture as steri le and stable 
preparations on a large scale.“ While many drugs have been incorporated into 
liposomes, not one has yet  advanced past the clinical stage of development. Today, 
however, there is a greater awareness that the characteristics of liposomes can be 
adjusted by varying their size, surface charge and lipid composition. It is also safe 
to assume that problems relating to  the manufacture and stability of liposomes can 
be resolved with time. 

The recent l i terature contains reports on the use of liposomes by various 
routes of administration: 

Parenteral U s e  - Liposomes containing methotrexate in monoclonal antibodies have 
been used to  deliver drug to specific cells in vitro.14 Liposomes have also been 
used to deliver methotrexate to tumors in vivo. The tumor w a s  preheated by 
ultrasound to  42 ‘ C ,  the phase transition temperature of the liposomal bilayers, t o  
promote release of drug a t  the intended site of a ~ t i o n . ~ ’  

Topical Use  - Liposomes of triamcinolone incorporated into a gel resulted in 
improved local drug activity. Significantly higher concentrations of drug w e r e  found 
in the skin and significantly lower concentrations were  determined in the blood than 
with the non-liposome control preparation.’ 

Ophthalmic U s e  - The uptake of penicillin G unilamellar liposomes into rabbit 
corneas was found to be highest from positively charged li osomes, less from 
negatively charged liposomes, and least from neutral liposomes. 5% 

Oral U s e  - Liposomes of heparin administered by mouth significantly increased 
prothrombin t imes in dogs.53 Liposomes of insulin administered by mouth to 
diabetic ra ts  and rabbits rovided unpredictable results in that  they were effective 
in some but not all cases. g, 
Nanoparticles and Microspheres - Many of the aforementioned drug delivery vehicles 
such as macromolecular complexes and liposomes a re  in fact  colloidal drug delivery 
systems. Other colloidal drug delivery systems which are intended primarily for 
injectable use include: emulsions, nanoparticles and microspheres. 

Multiple emulsion systems (w/o/w and o/w/o) have been proposed as drug 
delivery system vehicles for parenteral  use. Like liposomes, multiple emulsion 
systems hold much promise but as yet have l i t t le  application, due to  their inherent 
i n ~ t a b i l i t y . ~  Attempts to resolve the problems associated with the preparation and 
stability of liposomes and multiple emulsions as drug delivery carriers probably 
contributed to the development of the solid colloidal sized systems, namely, 
nanoparticles and microspheres. In theory, these microparticulate carriers are small 
enough to permit parenteral administration and transport via the general 
circulation. Selective uptake of the drug carrier by various tissues would be 
obtained by controlling the size and shape of the particles, their surface charge and 
their hydrophobicity. In their review of the use of microspheres to target drugs, 
Illum and Davis stated that  particles larger than 7 pm would be entrapped in the 
lungs, particles larger than 100 nm would normally be entrapped by the liver and 
spleen, and particles less than 100 nm would be taken up by bone marrow and 
tumors. 56 

Nanoparticles have been defined by Oppenheim e t  al. as “cross-linked, non- 
They are  submicron in 

Nanoparticles normally range 
They can be dispersed easily in water to 

For 

porous aggregates of naturally occuring macromolecules. 
size and can be stored as a freeze dried powder.” 57 
in particle size between 50 to 500 nm. 
form relatively stable dispersions that can pass through hypodermic needles. 
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discussions on the roperties and preparation of nanoparticles the reader is referred 
to Marty et al.5EPand Oppenheim.59 Recent reports on the successful use of 
nanoparticles include the development of triamcinolone diacetate nanoparticles as 
a parenteral sustained release system.60 The use of insulin nanoparticles to achieve 
a limited degree of gastrointestinal absorption has been d e m o n ~ t r a t e d . ~ ~  

Microspheres are discrete micron sized particles containing a drug and a 
selected carrier. Thus far, serum albumin has been utilized most commonly as the 
carrier material to form microspheres or beads. Sokolski and Royer reported the 
preparation of microspheres (100-200 pm) of progesterone in glutaraldehyde cross- 
linked bovine serum albumin.61 Longo e t  al. reported the preparation of glutar- 
aldehyde cross-linked human serum albumin (3-150 Other materials used to 
prepare microspheres include: modified cellulose6 beads (40-160 pm) containing 
1 3  lZ; p ~ l y a c r y l a m i d e ~ ~  beads of tetrac cline (ca. 150-350 vm) and theophylline 

Morris and Warburton reported the preparation of dry, free-flowing spherical 
microcapsules (3-50 um) from w/o/w multiple emulsions.66 Yoshioka et al. reported 
the incorporation of gelatin microspheres of bleomycin into a water-in-oil emulsion 
to form a sphere in oil-in-water emulsion (s/o/w) which provided prolonged release 
of bleomycin after injection.67 

(ca. 350-600 pm); and polylactic acid6 v beads of local anesthetics (ca. 50 pm). 

Widder e t  al. proposed the use of human albumin microspheres (ca. 1 pm) 
containing drug and a magnetizable material such as magnetite as a means of 
achieving localization of drug action through the use of externally applied 
magnets6* Since then, Morimoto e t  al. have been able to localize microspheres 
(ca. 1 pm) containing 1251 in either the lungs or the kidneys of mice using external 
magnets.69 When external magnets were not used, the microspheres concentrated in 
the liver. Ibrahim et al. reported the development of magnetic polyalkylcyano- 
acrylate nanoparticles (ca. 300 nm).70 

Devices, Implants, Infusion Pumps and Other Controlled Release Systems - Devices 
developed for use in drug delivery systems were reviewed in this series by Shaw in 
1980.2 These devices include the Ocusert@ ophthalmic system, the Ores@ oral 
system, transdermal systems, and infusion pump systems. A more detailed review of 
this topic was published by T h e e ~ w e s . ~ ~  These systems find their most promising 
applications with drugs of low molecular weight or low daily doses. Thus f a r ,  the 
ophthalmic system for pilocarpine and transdermal systems for scopolamine and 
nitroglycerin have been marketed in the United States. The oral system which 
provides a once-daily dosage for indomethacin has recently been approved in the 
United Kingdom.72 

Implantable drug delivery devices, including contraceptive implants, narcotic 
antagonist implants, magnetically controlled implants, devices to provide zero-order 
release of macromolecules, and implantable infusion pumps have been reviewed by 
 anger. 3 1  9 7 3  

The magnetically controlled devices use biocompatible polymers such as 
ethylene-vinyl acetate copolymers to form matrices containing drug and magne- 
tizable materials. After implantation the rate of drug release can be adjusted by 
applying an external magnetic flux. Release rates have been increased as much as 
200% by this method, probably as the result of alternating compression and 
expansion of channels in the matrix during periods of magnetic flux. This device 
offers the possibility of increasing or decreasing the release rates of a drug like 
insulin as required during the day by means of a programmed external magnet. 
Hsieh et al. have developed a laminated hemispherical device which is claimed to 
provide zero-order release for compounds with molecular weights up to 68,000 for 
up to 60 days.74 
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Infusion pumps, whether implanted or worn externally, are finding more 
frequent application in the treatment of diabetes, cancer and other conditions. A 
recently published article com ares five different portable external infusion pumps 
designed for use with insulin.7P Recent publications on totally implantable infusion 
pumps discuss their use with the antiarrhythmic drugs bretylium and 
p r ~ c a i n a m i d e ~ ~  and with chemotherapeutic agents in the treatment of 
cancer. 77 9 78 

Other controlled release systems of interest include: a "hydrodynamically 
balanced system" for diazepam which is designed to float on the contents of the 
stomach while releasing drug for up to 10 hours;79 a polymeric film (ethylene-vinyl- 
N,N-diethylglycinate random copolymer) in which the rate of diffusion of non-ionic 
species varies with the pH of the gastrointestinal environment;80 the PennkineticTM 
system which utilizes polymer coated drugjion-exchange resin complexes to provide 
sustained oral drug delivery for up to 12 hours;81 and finally, an oral preparation 
which utilizes an acrylic-based coating to deliver drugs such as prednisolone and 
5-aminosalicylic acid to the colon.8 

III. Routes of Administration 

Drugs which are inactivated or poorly absorbed by the gastrointestinal tract 
and drugs which are subject to extensive first pass metabolism following oral 
administration are usually administered parenterally. Attempts to overcome these 
problems have employed various body orifices and organs as alternative routes of 
administration for certain drugs. For a comprehensive discussion of drug delivery 
systems with respect to various routes of administration, readers are referred to the 
recent book, Novel Drug Delivery Systems by Chien. 13 

Recent developments relating to factors affecting drug delivery by these 
alternate routes will be presented according to the route employed. 

Nasal - The administration of progesteroneE3 and propranololE4 by the nasal route 
was studied by Hussain and co-workers. They found that the nasal route avoided 
first pass metabolism effects and provided blood levels equal to intravenous 
administration and higher than obtained with oral administration. Prolonged 
propranolol blood levels were also achieved through the use of different salts Of 

propranolol. Buserelin acetate, a synthetic nonapeptide with a molecular weight of 
about 1300, has been employed successfully as a contraceptive when administered by 
the nasal route.8 

Navel - The navel appears to be a unique site for the application of drugs to avoid 
first pass metabolism effects. A recent report indicated that a bandage-type 
delivery device containing testosterone provided plasma drug levels for up to  five 
weeks. Absorption of drug from the device w a s  more rapid and more extensive when 
applied to the navel area than when applied to the forearm skime6 

Ocular - The Ocuserta Delivery System has been on the market in the United States 
for several years.' Following its introduction, several alternative systems for 
pilocarpine have been explored. These include the use of pseudo-latex drops which 
provides 24 hour activity,87 a fibrin film system which provides 8 hour activity,88 
and a hydrophilic thermoplastic matrix.8 Formation factors affecting pilocarpine 
activity include the evaluation of poloxamer gels90 to promote longer octic 
contact time and the use of an ionophore, lasalocid, to enhance drug transfer 
through the ocular  membrane^.^' 

Readers with a specific interest in ocular delivery systems are referred to 
the book, Ophthalmic Drug Delivery Systems, by Robinson for detailed  discussion^.^^ 
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Oral Mucosal - Tablets containing nitroglycerin in an inert polymer vehicle have 
been marketed recently. When placed in the buccal pouch the tablets adhere to the 
oral mucosa and provide activity for up to 6 hours. This system, which can be 
utilized for other drugs, is described in a recent patent>3 An oral mucosal dosage 
form of insulin has been reported to provide a limited degree of oral insulin 
absorption. 94 

Transdermal - Transdermal absorption was the subject of a recent international 
symposium. The proceedings of the symposium provide a review of the current s ta te  
of the art.95 The three transdermal nitroglycerin devices recently approved for 
marketing in the United States have been reviewed with respect to differences in 
their d e ~ i g n . ~  Transdermal devices for ~ l o n i d i n e ~ ~  and nicardipineq8 have been 
reported to be under development. The use of adjuvants and modified vehicles to 
potentiate the transdermal absorption of clindamycinq and indomethacin O O  have 
been reported. 

Rectal - The rectal, oral and intra-arterial administration of propranolol were 
compared by deBoer and co-workers1 They found that the rectal route permits 
drugs to enter the general circulation without first passing through the liver. 
Higuchi and co-workers studied the use of non-surfactant adjuvants to promote the 
rectal absorption of theophylline and lidocaine1O2 as well as insulin and heparin.lo3 
Murakami and co-workers studied the use of enamine adjuvants to promote the 
rectal absorption of B-lactam antibiotics.lO4 

Uterine/Vaginal - Intrauterine and intravaginal devices have been in use since the 
early 1970's to deliver contraceptive steroids to the target organ. The book by 
Chien contains individual chapters on intrauterine devices, intravaginal devices and 
devices for esterus control in animals.6 A recent report by Morimoto and co- 
workers on the vaginal absorption of insulin from polyacrylic acid gels indicates that 
this route also has potential for the systemic administration of drugs.l O 5  

Conclusion - Drug delivery system technology has made remarkable progress in the 
past f e w  years. Rate controlled drug delivery systems, designed on the basis of the 
pharmacokinetic and pharmacodynamic properties of the drug, are now a rea1ity.l O 6  
New Drug Applications for advanced delivery systems for several old drugs have 
been approved recently. The acceptance of these new systems by the medical 
profession and patients has stimulated interest in the application of this new 
technology to other drugs. During the next decade w e  can look forward to the 
development of new therapeutic systems for many drugs. 

As w e  enter this new era of therapeutics it should be realized that drug 
delivery system technology will, of necessity, find application in the search for new 
drugs. A recent publication by Goldman suggests that the principles of ra te  
controlled drug delivery should also be applied to the preclinical evaluation of the 
safety and efficacy of potential new drugs in  animal^.^ In that way promising new 
drugs, which have poor therapeutic ratios when evaluated by non-rate controlled 
methods, could find possible acceptance and utility. 
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Chapter  2 9 .  Enzyme Immunoassay 

Joseph W. Amshey 
Calbiochem-Behring 
La Jolla, CA 92037 

Introduction - Enzyme immunoassay (EIA) i s  a technique closely re la ted  in concept 
t o  t h e  technique of radioimmunoassay (RIA) developed by Yalow & Bers0n.l I t  was 
f i r s t  described by van Weemen and Schuurs2 and  by Engvall and  Perlmann.3 Like 
RIA, i t  relies on t h e  use of substances which bind the  ana ly te  of in te res t  with high 
affinity and specificity. Enzyme immunoassay is one of a group of a l te rna t ives  to 
RIA dubbed %on-isotopicIf techniques and variations of t h e  basic principle have been 
described by numerous acronyms: ELISA, EMIT, SLFIA, CELIA, ELA,TELISA, ELIA, 
IEIA, etc. Several excellent reviews of EIA and  i t s  variants a r e  available. 4-10 

EIA was developed to avoid t h e  problems of radioactive waste disposal and 
limited shelf l ife of radio-labeled reagents. Radioactive labels a r e  useful because 
they have  an  inherently favorable signal-to-noise ratio. Enzymes a r e  a t t r ac t ive  
alternatives to radioactive t r ace r s  because e a c h  enzyme molecule genera tes  many 
molecules of product when exposed to substrate,  thereby  amplifying t h e  signal and 
producing a favorable signal-to-noise ratio. Sensitivity in a properly constructed 
EIA can  be comparable t o  an  RIA. 

This review will compare  enzyme immunoassay t o  radioimmunoassay which 
was discussed previously in th i s  series.l 
variations on t h e  technique along with their  applicability and limitations. Recently 
developed a l te rna t ive  non-isotopic immunoassay techniques will be noted. 

Basic Principles of Ligand Assay - The  methods of RIA or  EIA rely upon t h e  binding 
of an  ana ly te  to  specific binding substance, usually a n  antibody. Many RIA reviews 
a r e  available and t h e  concepts a r e  of ten  applicable to EIA.I1-16 Both assays can 
be car r ied  out in competit ive and non-competitive modes. 

I t  will provide an  overview of t h e  

In a competit ive assay, t h e  ana ly te  (antigen) from the  sample competes  with 
a known quantity of labeled ana ly te  ( t racer )  for a limited number of antibody 
binding sites. Af te r  t h e  competit ion has  been allowed to approach equilibrium, t h e  
antibody is removed from t h e  solution along with whatever has  bound to it. The  
level of t r ace r  bound to t h e  antibody is inversely re la ted  to t h e  amount of 
unlabeled ana ly te  in t h e  sample. Results from unknown specimens a r e  compared 
with a standard curve constructed with known dilutions of unlabeled analyte.  
Mathematical  methods have been developed which linearize t h e  standard curve  and 
allow easy calculation of unknown ana ly te  levels. 15917 

molecule covalently linked to ana ly te  as t h e  t r ace r  in compet i t ive  assays for IgG 
and HCG. Figure la describes how this principle is used. Ab i s  antibody, Ag is t h e  
ana ly te  antigen complementary to t h e  antibody and Ag-E is t h e  enzyme labelled 
tracer.  For simplicity, one  ligand is shown immobilized. Enzyme label (E) conver t s  
substrate ( S )  to de tec tab le  product (P). Figure l b  is also a compet i t ive  assay in 
which antigen is immobilized. In this case enzyme-labelled antibody (Ab-E) i s  t h e  

Engvall and Perlmann3 and van Weemen and Schuurs2 first  used a n  enzyme 
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tracer. Numerous methods have been used to couple enzymes to proteins 4,18919 
and techniques used to  prepare protein conjugates of small molecules before 
immunization a r e  applicable t o  the preparation of enzyme-labelled smaller 
moIecuIes.20 

la. 

Ib. 

FAg wash, [ Ab As- E cs stop reaction& meaSure 
P 

i n c u b a t i o n  and  i n c u b  a t  i on w i t h  
c o m p e t i t i o n  s u b s t r a t e  

.a $g*Ab-E stop reaction_ , 

XAb-E 

Figure I: Competitive EIA approaches 

The separation of antibody-bound tracer from unbound or f r e e  tracer must 
occur before the  t racer  concentration is determined. This is done either by 
immobilizing one of t he  ligands before the  competition so that  it can b e  physically 
removed afterward, or by precipitationhrapping afterwards.4 EIA's require one 
step more than RIA: incubation with substrate. Thus immobilization before the 
competition is most often used as shown in Figure la and lb. 

An alternative to t h e  competitive RIA is the  immunoradiometric assay or 
IRMA technique.13 In this method, the unknown is allowed to bind to antibody 
which is present in excess. The antibody-antigen complex is usually separated, 
and then incubated with a labelled second antibody against t he  antigen to  form an 
antibody-antigen-labelled antibody "sandwich". In this case t h e  second antibody is 
the tracer. This assay is frequently termed the "sandwich technique". Figure 2a 
describes the  EIA version of IRMA, which has been applied to many analytes since 
i ts  first description.21,22 Version (a) is used to  determine antigen such as a 
protein. Version (b) is used t o  determine antibody in t h e  sample. Here a second 
antibody (Abg) is raised in goat against human IgC and binds t o  the  analyte, human 
antibody (Abh) against Ag, in the  sample. 

IRMA or sandwich EIA's also require tha t  t he  antibody-bound components be 
separated from the unbound or f r ee  components. Most separation methods used for 
RIA can be used with EIA. If t h e  label is t o  be determined in the  solid phase such 
as for sandwich methods, the ability t o  wash the solid phase to remove t races  of 
liquid phase is essential. For such methods it is preferable t o  a t t ach  t h e  first  
antibody t o  a solid phase, such as the interior of a plastic tube, t he  surface of a 
plastic bead, or t o  t h e  surface of a readily sedimented particle which can be 
physically separated from the fluid components. If t h e  label is t o  be determined in 
the liquid phase, bound phase must be completely precipitated, leaving an  optically 
clear supernatant. 

The selection of t h e  enzyme to be used as t h e  label depends on t h e  
sensitivity required for the assay, since the molar absor tivity of the product and 
the turnover number of enzymes a r e  quite variable. 4 ~ 2 f  Peroxidase has been 
generally used in spectrophotometric assays, such as hepatitis B surface antigen, 
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2 a .  

Z b .  

incubation with incubation with incubation with 
sample second antibody subs t ra te  

Figure 2: Sandwich EIA. 

which require maximum sensitivity.2%25 The  subs t ra te  usually used is 0- 
phenylenediamine. For assays requiring less sensitivity alkaline phosphatase/ p- 
nitrophenyl phosphate is o f t en  used. This has  the  advantage t h a t  t h e  subs t ra te  is 
not light sensitive. Glucose oxidase/2,2-azino-di [3-ethylbenzthiazolin sulfonate-6] 
is reported to be superior to peroxidase/g-phenylenediamine.26 Substrates which 
produce fluorescent roducts 27 have been used with alkaline phosphatase or beta- 
galactosidase labels. 58 

Determination of Macromolecules - Since high affinity antibodies to 
macromolecules c a n  usually be  easily raised, immunoassays are readily used to 
determine trace proteins. As t h e  sandwich technique is eas ie r  to automate, this 
has been the  method of choice in commercial  assays. A good supply of purified 
antigen is required to synthesize t h e  t r a c e r  if a competit ive assay is to be used. 
Linking the  analyte with a large enzyme molecule c a n  also significantly alter its 
immunoreactivity. Moreover, sandwich assays a r e  performed with t h e  antibody 
concentration in excess. The procedures used to adsorb antibody to the  solid phase 
d o  not easily produce re roducible antibody concentrations on  tubes, beads or o ther  
easily washed carriers,  $9930 so i t  is much more difficult to produce a competit ive 
assay having good precision. 

Competit ive assays also have thermodynamic limitations when some solid 
phase-supported antibody is used. Antibody is used in limiting quantit ies so t he  
amount of t r ace r  bound can be  very small  when t h e  concentration of analyte in t h e  
sample is low. To increase t h e  signal one  must increase antibody concentration. 
The amount of antibody which can be  bound to a plastic bead or tube is l imited by 
the surface area of the  solid support. Moreover, large solution volume to solid 
surface ratios result in tests with long incubation t imes  because t h e  slower 
diffusion r a t e  of proteins leads to a slow approach to equilibrium. Competit ive 
assays a r e  of ten  done with finely divided solid support to increase t h e  sur face  a r e a  
available and minimize the  diffusion distance. Competit ive assays with bound 
antigen and f r e e  antibody have been described for t h e  determination of unbound 
antigen. The antibody can  be  labeled as the  t r ace r  in this case. 22,31932 

Homogeneous EIA for macromolecules where no  separation is required has 
been demonstrated using the  EMIT technique described below for smaller 
mo1ecu1es.5 I 

Sandwich assays for macromolecules with separable an tigenically distinct 
subunits have also been described using an  antibody against one  subunit on the solid 
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phase, and antibody specific for t he  other subunit as the  tracer.33 Monoclonal 
antibodies have also been used in the  same way.34 A variation on this approach for 
single-subunit proteins has been t h e  use of two monoclonal antibodies directed 
against different regions of the same molecule.35 In both cases, the  t racer  will not 
interfere with the  binding of analyte to t h e  solid phase so one incubation and one 
washing s tep can be eliminated. 

EIA's have become well accepted tools in microbiology. Microbial antigens 
have been determined b using sandwich techniques for many medically significant 
virus infections.24,26,3136 Monoclonal antibody can be used t o  enhance t h e  
specificity of the test, 23 since the preparation of pure microbial antigen for 
immunization is often difficult.37 

In most viral infections, viral antigen is complexed with excess circulating 
antibody and infection or immunity is diagnosed by detecting circulatin specific 
antibody. EIA methods have proved useful for detection of antibodies, 56 
especially t o  distinguished IgM antibody produced in response to a recent infection 
from IgC antibody present from a previous infection or immunization.38 This is 
illustrated in Figure 2b. Viral antigen on the solid phase complexes with 
circulating antibody. A second labeled antibody specific t o  either IgC or IgM 
allows the class of the antibody t o  be determined. These assays are usually 
semiquantitative, but a r e  a significant improvement over hemagglutination or 
complement fixation assays. Monoclonal antibodies allow immunization with 
impure ant i  en and selection from the resulting array of specific antibodies 
p r o d u c e d . 3 b  

Immobilized antigen EIA methods have been used to  screen clones of 
hybridoma for antibody production. 40 EIA has also been used t o  de t ec t  carcinogen 
binding t o  DNA. Antisera raised to benzo[a]pyrene covalently linked t o  DNA were 
used in a noncompetit ive EIA.78 

When t h e  analyte is an  enzyme, it can be used as its own tracer.  The 
enzyme creatine kinase is composed of two subunits either "MI'  or "B". I t  is usually 
found as either MM or MB. Antibodies have been raised which selectively inhibit 
the M subunit. 4l The MB activity is estimated as twice the residual activity af ter  
inhibition of M activity in a homogeneous system. The MB isoenzyme has also been 
determined by precipitating i t  with immobilized non-inhibitin anti-B and then 
determining t h e  enzyme activity in the precipitated fraction. Ij2 

Precipitating antibodies t o  the enzyme lactate  dehydrogenase have been 
used to achieve a similar goal. The enzyme is composed of four subunits of t h e  
types M and H. The enzyme is found in the forms MMMM, MMMH, MMHH, MHHH 
and HHHH. Precipitation of four of t h e  five isoenzyme forms can be achieved by 
adding anti-M, and the supernatant activity is only that  of the HHHH isoenzyme.43 

Determination of Small Molecules - The determination of small molecules by EIA 
can only be done by competitive binding assays, since these analytes generally lack 
the  two distinct sites to  which antibody can bind without interference. 
Homogeneous assay systems not requiring separation of bound and f r ee  ligands have 
been developed. 

Conventional heterogeneous competitive EIA's have more steps and require 
more t ime to perform than RIA'S, since at least two incubations a re  required, one 
with antibody and a second with substrate. Nevertheless, t h e  applicability of 
heterogeneous EIA to hormones, drugs and small peptides has been well 
documented. In principle, EIA is applicable to  t h e  determination of any small 
molecule analyte which can be labeled with an  enzyme, so that  the tracer and 
native analyte will compete for t he  antibody binding site. The length of t h e  
bridging group in the tracer, the nature of the carrier molecule used t o  elicit 
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antibody production and the  position on t h e  analyte where t h e  brid ing linkage is 
attached will affect the  binding constants with the  a n t i b ~ d y . l ~ , ~ ~ j ~  

As drugs in physiological fluids a r e  frequently determined in clinical 
laboratories, EIA's have been developed t o  meet  this need.46 Assays for thyroid 
hormones have received much attention because of t h e  large volume of testing and 
the reasonably high concentrations in serum. 4 7 ~ 4 8 ~ 4 9  An assay t o  simultaneously 
determine T-3 and T-4 using two separate enzyme/substrate systems has also been 
demonstrated.50 Hetero enous systems for aminoglycoside antibiotics,28 
digoxin,51 m e t h o t r e x a t e j  3 steroids, 53-56 and other  hormones 57944 have been 
reported. Monoclonal antibodies have been used t o  reduce cross-reactivity 
problems.58 

The ult imate goal of EIA development has been t o  eliminate t h e  need to  
separate the  t racer  which is bound to antibody from the unbound tracer. This would 
make EIA more convenient than RIA which always requires a separation step. 
Several such "homogeneous" alternatives have been developed into successful 
commercial products in part  because of their applicability to the determination of 
circulating therapeutic drug levels. Most therapeutic drugs a r e  found in the  
microgram per milliliter range in serum; this is well above t h e  level of most 
hormones, but within the detection range for several homogeneous assay systems. 

+ P  Aq-E s add 
A / ~ ~ - ~  substrate ~ a. E M I T  AbK 

AbrAg-E v no 
A *reaction Ag S 

Ag-S E P add 
b.SLFIA Ab @g-' enzyme 

\Ag 

\ 

Ab*Ag-S**no 
reaction 

> P  E 

A g - I * E  no 
S reaction 

add s 
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\Ag + substrate 
+ C I E I A  Ab 

Figure 3: Homogeneous EIA methods. 

EMIT (enzyme multiplied immunoassay technique, Figure 3a) is the 
prototype homogeneous EIA system.59,60 Analyte molecules a r e  covalently linked 
t o  enzyme, such that  one or more a r e  near the enzyme active site. In one version, 
anti-analyte, when mixed with this enzyme, binds to t h e  analyte thus sterically 
hindering access of substrate t o  the active site.61 F ree  analyte from sample also 
occupies t h e  antibody binding site, so t h e  amount of active enzyme is proportional 
t o  the  free  analyte in the sample. No separation of bound from f r ee  phases is 
required. The effect can be enhanced by using macromolecular substrates 62 and 
has even been applied t o  macromolecule determination. 63 The most extensive 
application has been to determine circulating or urine levels of thera  eut ic  or 
abused drugs such as tobramycin, 64 valproic acid, 6 5  phencyclidine, 1 6  and 
cannabinoids, 67 among many others.60 

Several homogeneous alternatives have been demonstrated. SLFIA (substrate- 
linked fluorescent immunoassay, Figure 3b) uses drug covalently linked t o  a 
substrate. An enzyme is capable of reacting with t h e  drug-substrate t o  form a 
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fluorescen product. The enzyme will not react  with drug-substrate bound to  
antibody. 6h 

Systems have also been described which rely on an enzyme inhibitor or 
modulator coupled to  the analyte. These systems have been dubbed IEIA (inhibition 
enzyme immunoassay, Figure 3c) or EMIA (enzyme modulated immunoassay). In 
these techniques, the complex Ab-Ag-I does not affect the enzyme activity, 
presumably due to steric hindrance. Unbound Ag-I irreversibly inhibits the enzyme. 
Its residual activit is inversely proportional t o  the concentration of f r ee  Ag from 
the sample. 6 9 , 7 d 9  

Analogous assay methods in which coenzyme is coupled to t h e  analyte have been 
described.71 In these systems the antibody-bound modulator-analyte is incapable 
of affecting the  activity of an enzyme in t h e  solution, so t h e  enzymatic activity 
observed is related t o  the amount of f ree  analyte in competition for t he  antibody 
binding site. 

Alternatives t o  EIA - Enzyme immunoassay is a clearly useful technique. I t  uses 
readily available equipment, and the amplification properties of the enzyme label 
give it excellent sensitivity. An enzyme label has t h e  disadvantage t h a t  one must 
incubate it with substrate to obtain a signal, and many alternatives to enzymes as 
labels have been described including electron spin labels chemiluminescent and 
bioluminescent compounds and live virus particles. 59729f3 

For routine testing in clinical situations, fluorescent labels have the  
advantage of no radioactivity, extensive shelf life and no need for incubation with 
substrate. Homogeneous techniques, such as fluorescence polarization for small 
molecules 7 4 ,  75 and fluorescence quenching 76977 for both large and small 
molecules, appear t o  be well suited for routine use provided adequate 
instrumentation is available. 
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Chapter 30. P rogres s  i n  t h e  Development of Radioimaging Agents 

Ned D. Heindel and Natalie F o s t e r  
Center f o r  Hea l th  Sc iences ,  Lehigh U n i v e r s i t y ,  Bethlehem, PA 18015 

I n t r o d u c t i o n  - The h i s t o r y  of t h e  development o f  rad io imaging  a g e n t s  h a s  
been r e ~ i e w e d , ' , ~ , ~  and several a u t h o r s  have summarized t h e  mechanisms 
which o erate t o  e x p l a i n  t h e  i n  v i v o  p a r t i t i o n i n g  of rad iopharmaceut i -  
cals. 4-B0 One r e c e n t  c l a s s i f i c a t i o n  system views rad io imaging  a g e n t s  as 
e i t h e r  s u b s t r a t e  non-spec i f ic  ( t h e  compound does  n o t  p a r t i c i p a t e  i n  a 
s p e c i f i c  chemica l  r e a c t i o n )  o r  s u b s t r a t e  s p e c i f i c  ( t h e  s u b s t r a t e  must 
p a r t i c i p a t e  i n  a d e f i n i t e  chemica l  r e a c t i o n  o r  t a k e  p a r t  i n  a s p e c i f i c  
l i g a n d - s u b s t r a t e  i n t e r a c t i o n )  .8 
l a b e l e d  cel ls  as  blood poo l  o r  s p l e e n  imaging a g e n t s ,  tagged p a r t i c l e s  
f o r  d e l i n e a t i n g  c a p i l l a r y  beds  and r a d i o c o l l o i d s  f o r  up take  i n  t h e  
r e t i c u l o e n d o t h e l i a l  system are examples of s u b s t r a t e  non- spec i f i c  r ad io -  
d i a g n o s t i c s ,  Enzyme s u b s t r a t e s  o r  i n h i b i t o r s ,  r e c e p t o r  b ind ing  l i g a n d s ,  
m e t a b o l i c a l l y  t rapped  b iomolecules  and t h e i r  models, and a n t i b o d i e s  t o  
s i t e - a s s o c i a t e d  a n t i g e n s  are  prime examples of s u b s t r a t e  s p e c i f i c  r ad io -  
pharmaceut ica ls .  Although r e s e a r c h  s t i l l  c o n t i n u e s  i n  t h e  development of 
new s u b s t r a t e  non- spec i f i c  a g e n t s ,  t h e  a t t e n t i o n  of s y n t h e t i c  med ic ina l  
chemis ts  has  been l a r g e l y  d i r e c t e d  t o  t h e  s u b s t r a t e  s p e c i f i c  class. 

Rad ioac t ive  g a s e s  f o r  lung  v e n t i l a t i o n ,  

Overview of Commercial Radiopharmaceut ica ls  - Since  t h e  f i r s t  NDA (1-131 
NaI) w a s  approved i n  1951, more than  50 med ica l ly  d i a g n o s t i c  rad io-  
tracers have achieved  t h a t  s t a t u s .  Today 48 are a v a i l a b l e .  Technetium 
l a b e l e d  (Tc-99m) l i g a n d s ,  c o l l o i d s  and p a r t i c l e s  predominate on t h e  NDA 
l i s t ,  b u t  many of these subs t ances  would b e  c l a s s i f i e d  as s u b s t r a t e  non- 
s p e c i f i c  agen t s .  A few o r g a n i c  r ad iopha rmaceu t i ca l s ,  bo th  s u b s t r a t e  non- 
s p e c i f i c  and s u b s t r a t e  s p e c i f i c ,  have achieved  commerc ia l iza t ion ;  t h e s e  
i n c l u d e  r a d i o i o d i n a t e d  r o s e  benga l ,  f i b r i n o g e n ,  o l e i c  a c i d ,  human serum 
albumin, h i p p u r i c  a c i d ,  as w e l l  as radiomercury ch lormerodr in  and Se-75 
se lenometh ionine .  

Commercially a v a i l a b l e  items, however, by no means r e p r e s e n t  t h e  
l i m i t  of c l i n i c a l l y  employed r ad iopha rmaceu t i ca l s .  Many new a g e n t s  are 
employed d i a g n o s t i c a l l y  i n  major medica l  c e n t e r s ,  o f t e n  syn thes i zed  and 
used o n - s i t e  under t h e  broad i n v e s t i g a t i o n a l  p r e r o g a t i v e s  a v a i l a b l e  t o  
c l i n i c a l  r e s e a r c h e r s .  The p r o s p e c t s  f o r  manufac tur ing  and shipment by 
pharmaceut ica l  companies of a g e n t s  c o n t a i n i n g  p o s i t r o n  emitters (e.g.  
C - 1 1 ,  t +  = 20 min; N-13, th  = 10 min; F-18, t +  = 110 min) may be  s l i m  
indeed ,  bu t  t h e  growing a c c e s s  t o  medica l  c y c l o t r o n s  and t h e  s i g n i f i c a n t  
d i a g n o s t i c  v a l u e  of such a g e n t s  mean t h a t  t h e i r  c l i n i c a l  u s e  i s  n o t  on ly  
l a r g e  b u t  expanding. 

Contemporary r e s e a r c h  concerns  of r ad iopha rmaceu t i ca l  chemis t s  are 
t h e  development of convenient  and r a p i d  l a b e l i n g  methods f o r  i n t r o d u c l n g  
r ad ioha logens  i n t o  b i o l o g i c a l l y  impor t an t  carr ier  molecules ,  p r e p a r a t i o n  
and e v a l u a t i o n  of r ad ioha logena ted  imaging a g e n t s ,  s y n t h e s i s  and 
s t r u c t u r a l  s t u d i e s  on metal i o n  r ad ionuc l ide -con ta in ing  pha rmaceu t i ca l s ,  
r ap id  i n c o r p o r a t i o n  of pos i t ron -emi t t i ng  i s o t o p e s  i n t o  imaging a g e n t s ,  
an t ibody t r a n s p o r t  of imaging n u c l i d e s  t o  t a r g e t  t i s s u e s ,  and q u a n t i t a t i v e  
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s t r u c t u r e - d i s t r i b u t i o n  s t u d i e s  of r a d i o a c t i v e  d i agnos t i c s .  

Radiohalogenation Methods - I n  radiopharmaceut icals  which l o c a l i z e  by 
r ecep to r - subs t r a t e  i n t e r a c t i o n ,  t h e  s p e c i f i c  a c t i v i t y  of t h e  adminis tered 
agent must b e  as high as poss ib l e . l l  Much e a r l y  work i n  radiopharma- 
c e u t i c a l  s y n t h e s i s  w a s  done wi th  r ad io iod ide  d i l u t e d  w i t h  s u f f i c i e n t  
1-127 i o d i d e  so t h a t  f i n a l  products  could be i s o l a t e d  and purified.12a 
Because image q u a l i t y  is diminished by receptor-competing non-radio- 
a c t i v e  spec ie s ,  radiopharmaceut ical  syntheses  are now performed wi th  no 
carrier added. Radioiodinat ion techniques have been reviewed. 12b 

Classical thermal o r  p h o t o l y t i c  halogen exchange methods which 
y i e l d  a product i n sepa rab le  from unreacted s t a r t i n g  mater ia l  are now 
l a r g e l y  avoided i f  an a l t e r n a t i v e  l a b e l i n g  method  exist^.^^'^^ However, 

Ar-X + *X'- Ar-*X + X- 

t h e  r ecen t  r e p o r t s  that a solid-phase the rma l ly  induced exchange between 
r ad io iod ide  and a r y l h a l i d e s  can be done w i t h  high radiochemical y i e l d s  
by adding ammonium s u l f a t e  t o  t h e  medium renews i n t e r e s t  i n  t h i s  simple 
l a b e l i n g  method.15 Thermal h a l i d e  exchange l a b e l i n g  is  s u i t a b l e  f o r  non- 
a c t i v a t e d  a r y l  r i n g s  e d i r e c t s  t h e  incoming n u c l i d e  t o  a p o s i t i o n  which 
might no t  be a c c e s s i b l e  t o  d i r e c t  e l e c t r o p h i l i c  s u b s t i t u t i o n .  Ammonium 
s u l f a t e  c a t a l y s i s  of such exchanges succeeds under s u f f i c i e n t l y  mild 
cond i t ions  t h a t  thermally l a b i l e  func t ions  i n  t h e  molecule survive.  

S p e c i f i c  a c t i v i t i e s  up t o  100 ci/mmol are 
NH 
11 d i n e  (1) - w i t h  1-125 iodide.15 

obtained i n  t h e  l a b e l i n g  of m-iodobenzylguani- 

qH2 -NH-C -mz 
Long-chain, w-radioiodinated f a t t y  a c i d s  

have been prepared by a similar exchange from 
\ I  w-bromo f a t t y  ac ids .  Conditions s tud ied  

included r e f l u x i n g  i n  ace tone  o r  t o luene ,  m e l t ,  
1 o r  phase- t ransfer  c a t a l y s i s .  Melt condensation 

gave high s p e c i f i c  a c t i v i t y  w i t h  radiochemical 
y i e l d s  of about 80% i n  f i v e  minutes of c o n t a c t ,  

0 
- 

and appeared t h e  s imples t  of a l l  methods evaluated.  l6 

Reactions i n  which t h e  l abe led  products  are of d i f f e r e n t  mass and/ 
o r  p o l a r i t y  than t h e  p recu r so r s  lend themselves t o  t h e  p r e p a r a t i o n  of 
high s p e c i f i c  a c t i v i t y  product because t h e  "hot" compound can b e  chromat- 
og raph ica l ly  separated.  I n  a s tudy on t h e  r a d i o i o d i n a t i o n  and radio- 

bromination of a n i s o l e  ca t a lyzed  by s e v e r a l  
N-chloroamides and imides,  c h l o r i n a t i o n  could 
b e  suppressed by working i n  anhydrous 
so lven t s .  S p e c i f i c  a c t i v i t i e s  of 600-1200 
Ci/mmol could b e  obtained i n  t h e  s y n t h e s i s  of 
Br-77  4-bromoestrogens (2) by d i r e c t  bromina- 
t i o n  of t h e  s t e r o i d  with Br-77  NaBr  and 
N-chlorosuccinimide. l8 

E l e c t r o p h i l i c  ips0 s u b s t i t u t i o n  can d i r e c t  a r a d i o h a l i d e  t o  a 

OH 

HO 

- 
deac t iva t ed  p o s i t i o n ,  but  u s u a l l y  r e q u i r e s  t h e  presence of a competing 
halogen source i n  t h e  oxidant  t h a t  can lower t h e  s p e c i f i c  a c t i v i t y  of 
t h e  product. S u b s t i t u t i o n  of r ad io iod ine  on a chloromercurated quinone 
(A), and of radiobromine o r  r ad io iod ine  on m- t r ime thy l s i ly l  t o luene  (4) 
gave products  wh h could no t  be obtained by d i r e c t  e l e c t r o p h i l i c  
s ~ b s t i t u t i o n . ~ ~ * ' ~  Br-82 6-bromocholesterol could n o t  b e  obtained by 
Br-for-Br exchange w i t h  t h e  non-radioactive p recu r so r  i n  numerous 
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*x- + NCS or TBHC 

Si (CH3) 6 *X 
4 

NCS = N-chlorosuccinimide 
TBHC = t-butylhypochlorite 

- 

solvents or in a melt, but treatment of 6-chloromercurycholesterol with 
Br-82 Br 
purity. 21 

resulted in a 46% radiochemical yield and 95% radiochemical 

Another route for radiohalogenation at unactivated carbons, which 
does not require the presence of a non-radioactive halide source, is the 
Wallach modification of the Sandmeyer reaction.22-26 
have shown that simple aryl fluorides (2),  haloperidol (a) and spiro- 
peridol (2) can be prepared from the triazenes (g)  trapped from the 
diazonium ion precursors. 22-24 
variable (0.1 to 50%) with choice of aryl amine, solvent, and acid, but 
specific activities were high (%lo5 Ci/mmol) .22 

Tewson and Welch 

Radiochemical yields were low and 

R = H, CH CN, 3' 

7 
CO(CH2) 3 C 1  

5 - - 
HNO R2NH Hx 

Ar-NH -* A r - N 2  + ___$ Ar-N=N-NR2 + A r - X  + N2 + R2NH 2 
s 

Radiofluorination methods24 and methods of producing F-18 have been 
A radiofluorination exchange on aryl fluorides and a reviewed.25 

displacement of chloride or trimethylammonium groups fro purines by 
F-18 fluoride have shown utility as labeling ~nethods.~~~'~ 

The Wallach reaction has been applied to radioiodination of simple 

pheny1-2H-l,&-benzodiazepin-2-one 
(10) .28,29a Radioiodinated pro- 
ducts were obtained at no-carrier 
added levels which could not be 
obtained in the parallel 
Sandmeyer reaction. 29b 

aromatics and the pharmaceuticals methoxsalen (9) and 1,3-dihydro-5- 

0 

10 
OCH3 
9 - 
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I-125-15-(P-iodoPhenYl)-6-tellurapentadecanoic a c i d  (11) a compound 
which d i s p l a y s  t h e  b i o d i s t r i b u t i o n  o f  a t y p i c a l  f a t t y x c l d ,  w a s  prepared 
by t h e  Wallach technique.30 
a t ed  and radiobrominated by decomposition of t h e  t r i a z e n e s  w i t h  t r imethyl-  
s i l y l  ha l ides .  31 

l-Aryl-3,3-diethyltriazenes were radioiodin-  

11 - 
For s u b s t i t u t i o n  a t  an a l i p h a t i c  carbon, a non-carrier-added radio-  

bromination of primary and secondary a l coho l s  w a s  reported w i t h  Br-77  and 
t r i m e t h y l s i l y l  c h l o r i d e  and used t o  prepare Br-77 12-bromododecanoic 
acid.  32 
v iny l ,  o r  a r y l  compounds invo lves  the  hydroboration o f  an 0 1 e f i n ~ ~  and 
the  subsequent t r  atment w i t h  r ad io iod ide  o r  bromide i n  t h e  presence of 
c h l ~ r a m i n e - T . ~ ~ * ~ '  F a t t y  a c i d s  (2) and esters (12) were i s o l a t e d  i n  
46-79% radiochemical y i e l d s  on t h e  no-carrier-added scale. The p recu r so r  
v i n y l  and a r y l  r a d i o t r a c e r s  were prepared from vinylboronic  a c i d s  o r  

A v e r s a t i l e  s y n t h e s i s  of r ad io iod ina ted  o r  radiobrominated a l k y l ,  

(C6H 1) BH Na*X/chloramine-T,X(CH cooR 
H2C=CH (CH2 ) ,COOMe >- 2 n  

l.2, n=10, R=Me - 13, n=18, R=H 

a ry lbo ron ic  ac i  s previously synthesized by t r a n s m e t a l l a t i o n s  o r  cate-  
cholborat ions.  3g 
obtained. Although carrier h a l i d e  w a s  p re sen t  i n  t h e  l a b e l i n g  of t hese  
boronic a c i d s ,  one prel iminary experiment a t  no-carrier-added l e v e l  was 
successful .  35 

A r ad io iod ina ted  d e r i v a t i v e  (14) of mestranol  was a l s o  

Several  i n d i r e c t  r ad io iod ina t ion  methods have been developed i n  which 
a pendant f u n c t i o n a l i t y  carries t h e  l a b e l .  
with g a l a c t o s e  oxidase t o  in t roduce  an aldehyde, condensed w i t h  tyramine, 
reduced, and r ad io iod ina ted .  The ethod may have gene ra l  u t i l i t y  f o r  
carbonyl con ta in ing  biomolecules. 3y Simi la r ly ,  r ad io iod ina ted  2,4,5- t r i -  
iodobenzoate, phenylalkanoates and iopanoate  esters of c o l e s t e r o l ,  
pregnenolone, and dehydroepiandrosterone were prepared. 3'-40 While t h e s e  
compounds d id  undergo i n  vivo hydro lys i s  of t h e  l a b e l ,  t h e i r  b i o d i s t r i b u -  
t i o n  i n d i c a t e d  promise as s i t e - d i r e c t e d  imaging agen t s  f o r  o v a r i e s  and 

Ganglioside GM1 w a s  oxidized 

1. NaBH3CN 

2. 1-125 NaI 
& IC1 

GMICHO + H2NCH OH I G M 1 C H Z N H ~ ~ 2 ~ ~  

adrena l  cor tex.  Exposure of t y ros ine ,  chloroquine,  and bovine serum 
albumin t o  Kr-76 and Kr-77 r e s u l t e d  i n  low e f f i c i e n c y  ((1%) e x c i t a t i o n  
l a b e l i n g  w i t h  Br-76 and Br-77  r e ~ p e c t i v e l y . ~ ~  
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Radiopharmaceuticals f o r  Imaging t h e  Es t rogen  Receptor - S e v e r a l  r e c e n t  
rev iews  hav 
l i g a n d ~ . ~ ~ - ' '  The o b j e c t i v e  of t h e s e  s t u d i e s  i s  a r e c e p t o r  s p e c i f i c  
r a d i o d i a g n o s t i c  f o r  tumors a r i s i n g  i n  t i s s u e s  b e a r i n g  e s t r o g e n  r e c e p t o r s .  
S ince  t h e  e s t r o g e n  r e c e p t o r  i n  v i v o  i s  c h a r a c t e r i z e d  by a h i g h - a f f i n i t y  
b ind ing  c o n s t a n t  (Ka 
very  h igh  s p e c i f i c  a c t i v i t y  agen t  i s  r equ i r ed .  
b ind ing  r ad iopha rmaceu t i ca l s  d i s c u s s e s  t h e  e s t r o g e n  and o t h e r  r e c e p t o r  
systems. 52 
c a l s  f o r  t h e  e s t r o g e n  r e c e p t o r ,  and recommendations have been made on 
s t e r o i d a l  m o d i f i c a t i o n s  which "design away" from t h e s e  s i tes .  43 

appeared  on s y n t h e s i s  and e v a l u a t i o n  of e s t r o g e n i c  r ad io -  

l o 9 )  and a low r e c e p t o r  d e n s i t y  (0.1 t o  10  nM), a 
A review on r e c e p t o r -  

Non-specific b ind ing  i s  a c r i t i c a l  f a c t o r  i n  rad iopharmaceut i -  

While c a n d i d a t e  r a d i o  h r m a c e u t i c a l s  ha e been prepared  w i t h  rad io-  
i o d i n e , 4 7 ~ 4 8  radiobromine, 4'-27 F-18, 53 C-l l ,"  r ad iose len ium 54 and 
o t h e r  n u c l i d e s ,  t h e  most promising a g e n t s  t o  d a t e  are 16a-[Br-77Ibromo- 
e s t r ad io l -176  (15, R=H; X=Br) and 16c t -~Br-77~bromo- l l~-methoxyes t rad io l -  
178 (15, R=OMe; X=Br).45~46 Earlier s t u d i e s  w i t h  l a b e l e d  e s t r o g e n s  and 
a n t i e s t r o g e n s  have been summarized. 44 Pre l imina ry  c l i n i c a l  s t u d i e s  w i t h  
(2, R=H; X=Br) have been e n ~ o u r a g i n g , ~ ~  bu t  t h e  p o t e n t i a l  advantage  of 
u s ing  I-123-labeled agen t s  ( s h o r t e r  t4, b e t t e r  gamma energy) prom t e d  t h e  

Although t h e  b i o d i s t r i b u t i o n  w a s  f avorab le ,  t h e  24-hour s y n t h e s i s  t i m e  
precluded t h e  use  o f  an  1-123 l a b e l  ( t+=13 h r ) .  
r equ i r ed  t o  p repa re  t h e  ana logs  o f  (2). An a l t e r n a t i v e  compound, 
17a~I-125~iodovinylestradiol (16) could  be  prepared  i n  minutes ;  b io-  
d i s t r i b u t i o n  i n  immature female r a t s  showed a u t e r i n e  up take  and a u t e rus -  
to-blood r a t i o  comparable t o  o r  b e t t e r  t h a n  15 (R=H; X=I) .48 

s y n t h e s i s  of r a d i o i o d i n a t e d  1 6 a - i o d o e s t r a d i o l - 1 7 ~ ( ~ ,  R-H; X = I ) .  47 

HPLC i s o l a t i o n  w a s  

125 

Non-steroidal e s t r o g e n s  ( h e x e s t r o l s )  and a n t i e s t r o  ens  tamoxifens) 

h e x e s t r o l s  (17) d i s p l a y  receptor-mediated up take  i n t o  u t e r i n e  t i s s u e ,  b u t  
have been prepared  and eva lua ted  f o r  u t e r i n e  uptake.  50,5!?,55,46 The 

proved t o o  l a b i l e  

18 - 17: X = I - 1 2 5 :  Br-77 - 
bu t  t h e  impress ive  r a t i o  w a s  more t h e  r e s u l t  o f  low 
than  h igh  t a r g e t  t i s s u e  ~ p t a k e . ~ 6  

toward i n  v ivo  de- 
ha logena t ion  t o  m e r i t  
f u r t h e r  inves t i g a -  
t i ~ n . ~ ~  An 1-125 
iodotamoxifen (18) 
gave uterus-to-blood 
r a t i o s  i n  immature 
female rats of 2311 
a t  6 hour s  pos tdos ing ,  
blood c o n c e n t r a t i o n  

F a t t y  A c i d  Analogs - From 1975 t o  t h e  p r e s e n t  more t h a n  f i f t y  r e f e r e n c e s  
have appeared t o  new ana logs  of f a t t y  a c i d s  tagged  w i t h  r a d i o i o d i  

r e c e n t  reviews summarize t h e  pre-1982 s t u d i e s .  59,60 

bromine, f l u o r i n e ,  se len ium,  t e l l u r i u m ,  technet ium and carbon. 57,3@ mo 
Two new t e l lu r ium-  
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containing acids (11) and (19) appea be retained in the heart longer 
than simple w-iodinated fatty acids. 5osg1 A radioiodinated phenylsul- 

fonamide attached to a fatty 
13'1-( CH2I8Te(CH2) 7COOH (19) acid has also been prepared. 

t 

Radiolabeled Aryl-and Aralkylamines for Brain Imaging- Synthesis and 
evaluation of over 50 aryl-and aralkylamines led to the selection of 1-123 
N-isopropyliodoamphetamine (2) for clinical trials; these studies 
cate that (20) is useful in assessing regional brain perfusion. 6 3-6 fTld 
An isotopic alternative, the 1-131 counterpart of (g), has been 
synthesized by a modified Leuckart re ction on p-iodoacetophenone and 
labeled by exchange with radioiodide. '6 Se-labeled diamines, I-123- 
labeled N,N,N'-trimethyl-N'-~2-hydroxy-3-methyl-5-iodoben~yl~-l,3- 
propanediamine (g), and a series of 6-125-labeled xylylenediamines have 
shown marked uptake in rat brains.67- 

Other Enzyme Inhibitors and Substrates - Radiolabeled inhibitors, 
especially for adrenomedullar and adrenocortical enzymes, remain an 
active area of inve~tigation.'~-~~ Improvements in producing F-18 
2-deoxy-2-fluoro-D-glucose have appeared,73,74 
methods have been advanced.75~~~ 
in detection of tumors, strokes and regions of altered glucose metabolism 
in ma11.7~ ,78 F-18 2-Fluoro-2-deoxy-D-mannose has also been prepared and 
evaluated as a tumor-seeking radiopharmaceutical. 79 

and two new synthetic 
This agent is finding clinical utility 

C-11 Radiopharmaceuticals - The short ti and the ability to prepare 
inherently labeled biological molecules%ave made C-11 chemistry unique. 
The early work has been reviewed,80 and while some improvements are still 
being made in microscale syntheses 81 remote control  procedure^,^^,^^ and 
semiautomated chemical proce~sing,~4 most investigations focus on 
synthesis of new agents. C-11 Spiroperidol, a dopamine antagonist for 
brain imaging, has been prepared from C-11 HCN, and C-11 1,3-b 
(2-chloroethyl)nitrosourea was obtained from C-11 phosgene. "," Both 
agents were chromatographically isolated after less than 40 minutes 
synthesis time. 
carbonylation of the requisite Grignard. 87 
prepared enzymatically from C-11 methionine and then incubated with 
methyltransferases to yield C-11-methoxytyramine and CC-11-methylladren- 
aline.88 
~N-7-methyl-C-lllcaf feine and [l-C-llIpyruvic acid. 89,90 A racemic C-11 
valine, developed as a pancreatic imaging agent,has been resolved 
on a reverse phase HPLC column using a chiral mobile phase.91 The 
method appears adaptable to other C-11 amino acid racemates. 

Technetium-99m Radiopharmaceuticals - Technetium-99m is the preferred 
nuclide of nuclear medicine research due to its short t+ (6 hr), 
favorable emission (140 KeV), and simplicity of chelative attachment to 
ligands. Virtually all of the Tc-99m complexes prepared to date 
distribute by substrate non-specific processes depending mainly on 
lipophilicity/hydrophobicity. Those cleared through the kidney have 
proven useful in evaluating renal disease, while those excreted by a 

~-Methyl[l-C-ll~-heptadecanoic acid was prepared by 
C-11 S-adenosylmethionine was 

Other C-11 biomolecules for which syntheses were reported are 
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hepatobiliary pathway are useful in assessing liver function. 92 yg3 
Burns noted that relative liver uptake of a series of Tc-99m imino- 
diacetate complexes correlated with a modified partition function,94 
and others have reviewed similar correlations which relate charge 
character is t ics to hepa t ic uptake . lo 9 95 9 96 

Technetium-99m chelates of N-pyridoxyl-5-methyltryptophan, 95 of 
2-[(9-thioethyl) iminoldiacetic acid, 96 and of napthalene-like 
iminodicarboxylates a l l  displayed biliary excretion patterns. 97 
soluble Tc-99m dextran complex has been prepared and proposed as a blood 
pool imaging agent.98 
Tc-99 complexes containing sulfur and nitrogen ligands. g9-101 

Other Metal Ions in Radiopharmaceuticals - Lipophilic complexes of indium 
have been used to label platelets, leucocytes and liposomes for diag- 
nostic and therapeutic purposes. Acetylacetone,lo2 t r o p ~ l o n e , ~ ~ ~  and 
8-hydr0xyquinolone~~~ have all been studied as labeling reagents for 
indium. Tropolone has also been used as a lipid solubilizing agent for 
Ga-67 and Fe-59.1°5 
important proteins with Ga-67 uses deferoxamine as a bifunctional chel- 
ating agent. 
less deteriorating effects of conjugation and labeling than does the 
conventionally labeled radioiodinated agent. lo6 

A highly 

Structural studies have been reported on several 

A new efficient method for labeling biologically 

The human serum albumin complex thereby labeled shows 

Osmium metallocenes have been prepared by thermal exchange between 

Metallo- 
0s-191 Osc14 and ferrocene derivativesy107 and a preparation of Re-186 
perrhenate as a candidate imaging agent has also appeared.lo8 
porphyrins bearing radioindium and radiogallium have shown promise as 
tumor and lymph node imaging agents. lo9 
incorporations with In-111 labeled tetra-(N,N,N-trimethylanilinium) 
porphyrin and tetra- N-methyl-4-pyridy1)porphyrin in rats and rabbits 

Syntheses and striking node 

have been reported. I 0-111 
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Chapter 31. Mathematical Models for Toxicity Evaluation 

Paul N. Craig, National Library of Medicine, Bethesda, MD 20209 

Impetus for research on alternate methods of toxicity evaluation arises from 
two sources-first, from groups desirous of reducing the use of animals in research 
and testing, and second, because animal testing is costly, the substitution of models 
for animal testing promises significant economic advantages. Both of these reasons 
have come to the fore in recent years, and the Division of Research Resources of 
the National Institutes of Health (NIH) has begun to monitor progress in the general 
area known as "alternatives to animal research". This has followed a conference 
sponsored by the National Toxicology Program and NIHl held on that subject in 
1981. 

This review will  cover those mathematical models which are under study with 
the goal of producing results comparable to those obtained by testing in animals. 
Bacterial cell culture studies, such as the Ames test or the many in vitro cell 
transformation studies, will not be included. Since several recent reviews in this 
series have dealt with QSAR and Drug Design, this field will not be covered.2,3,4 

Methodology - Various statistical methodologies have been applied to the 
modeling/classification problem encountered when one has a number of objects, 
which are described by a number of descriptors, to classify the objects in terms of 
the descriptors. These methods include 2-group multiple regression analysis, 
principal components, discriminant analysis, and the linear learning machine. 
Despite individual preferences shown by workers for one or another of these 
methods, they are all related, have common bases in statistics, and can all be 
expected to provide similar, although not identical, classifications and to  provide 
similar predictability.5,6,7 The technological advances which have permitted real 
progress in these areas are the continuing simultaneous increase in capabilities and 
reduction in costs of computers. 

Toxicity Models: LD50 - The first biological test to come under scrutiny, primarily 
from animal care advocates but also from leaders in toxicology research, was the 
LD50 test. The history of this test, including i ts  development, methodology, 
limitations, and conflicting legal requirements from country to country, have been 
thoroughly reviewed.899 A strong case has been made for its replacement by an 
approximate LD50 value, which requires many fewer animals for its determination. 
The importance of obtaining an LD50 value for any compound for which the value is 
in excess of 1 or 2 g/kg has also been seriously questioned. 

Verification of the unreliable nature of experimental LD50 values was 
recently made in a study performed by the Commission of the European Communi- 
ties, in which rat  oral LD50 values for the same five test compounds were obtained 
experimentally by 65 testing laboratories. The results (expressed as the ratio of the 
maximal/minimal values obtained for each compound) varied from 3.66 to 11.89.10 
More rigorous control of the testing conditions using the same five compounds and 
80 laboratories, reduced the ratios from 2.44 to  8.38. Such results bring into serious 
question the value of requiring oral rat LD50 values to  be determined for regulatory 
purposes, by showing the improbability of obtaining or recognizing an "exact" LD50 . 
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Independent of these developments, beginning in 1976 the first statistical 
model for estimation of oral ra t  LD50 values by regression analysis, was developed 
by Craig and Enslein,ll using LD50 values recorded in the 1974 Toxic Substances 
- List12 for 425 diverse compounds, substructural features obtained from the U.S. 
Army CIDS system,l3 the molecular weights, and the n-octanol/water partition 
coefficients. Utility of the prototype model was limited and has been challenged,l4 
but it demonstrated the feasibility of this approach. Refinements have resulted in a 
model based on 1,851 compounds for which LD50 values were reported in the 
computer version of the Registry of Toxic Effects of Chemical Substances (RTECS). 
This model employed substructural features which were assigned by a modification 
of the CROSSBOW system.15 The model contained 83 substructural keys and the 
molecular weights; the partition coefficient was not used in its development. 
Results were reported from a study which used this expanded model to estimate oral 
rat LD50 values for 908 compounds, none of which were used to develop the 
modei.16 Cumulative d i s t r i b u t i o n  of r e s i d u a l s  i s  shown i n  Fig.  1. As can 
be seen,  90% of the p red ic t ed  values  are wi th in  1 l o g  u n i t  of the observed. 
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Figure 1. 

Keeping in mind the established indefinite nature of experimental LD50 values when 
obtained in different laboratories,lO the general correspondence between the 
estimates and experimental values is acceptable. Examination of the original 
literature for 18 of most poorly predicted values resulted in the identification of six 
major errors (of from 8- to 1000-fold) in the values reported in the computer version 
of RTECS (6/18 = 33% error). A s  a control, the original literature was checked for 
LD50 values for 20 of the 908 compounds for which the estimates were in excellent 
agreement with the RTECS values; no significant errors were found. 
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The actual uses to which the LD50 values are put should be reviewed in light 
For many situations it may suffice to use the less expensive of these findings. 

estimates provided by such a model in lieu of performing the animal tests. 

A promising sideline development has been reported, using the same method- 
ology which resulted in the LD50 model. With 160 test compounds, a model was 
obtained which estimates the rat oral LD50, based on oral mouse LD50 values, eight 
substructural features and the partition coefficient.36 This prototype model 
resulted in a slight, but statistically significant improvement over the use of the 
mouse data alone to estimate the rat  LD50 value. Further refinements promise to  
assist the difficult problem of species-to-species translation of data.. 

Carcinogenicity - Many attempts to  correlate carcinogenicity of polycyclic aro- 
matic hydrocarbons by electronic indices, calculated by quantum chemical methods, 
are summarized by Neelyl7 and Loew, e t  al.18 Yuan and Jurs have reported the 
development of a useful linear discriminant based on pattern recognition method- 
ologies, which relates the carcinogenicity of some 200 polycyclic aromatic hydro- 
carbons and heteroc clic analogs to 28 various structural, geometric and calcuated 
physical properties.Io Norden, et al., have used the SIMCA (Simple Modeling of 
Chemical Analogy) principal components approach to  relate carcinogenicity of 32 
polycyclic aromatic hydrocarbons to 15 calculated quantum chemical indices and 
eight experimentally measured variables.21 

Wishnok and Archer reported a simple correlation between the carcinogen- 
icity of 47 nitrosamines and the number of carbon atoms in each molecule.l9 
Nitrosamines as carcinogens have been studied by Dunn and Wold,22 and by Rose and 
Jurs,23 who present a useful linear discriminant analysis model based on physical 
and substructure attributes. Jurs and colleagues have also used the same a proach 
to model carinogenic effects of aromatic amines24 and diverse compounds.2t Dunn, 
et al., have reported the application of the SIMCA method to a series of 4- 
nitroquinoline-1-oxides.26 The carcinogenicity of a diverse set of 343 compounds 
evaluated by the International Agency for Research on Cancer was modeled by 
Enslein and Craig, using a discriminant analysis approach.27 All the carcinogenesis 
models reported appear to correctly estimate from 75 to 90% of the chemicals used 
in their derivation. 

Mutagenesis - Hansch and co-workers have reported the development of a QSAR 
equation which satisfactorily related the "Ames test" mutagenicity of a series of 15 
organoplatinum analogs to an electron withdrawal parameter.28 Hopfinger and 
Potenzone obtained a QSAR equation for eighteen l-phenyl-3,3-dialkyltriazenes, 
which related well to an equation they developed for the antitumor potency of 24 
analogs in the same series. Their analysis indicates the importance of the 3- 
dimensional shape of these compounds as a useful QSAR parameter.29 Parodi, e t  
al., have reported a statistical study of 21 compounds for carcinogenicity and 
mutagenic potency in the "Ames test". 30 

Kier, et al., described a good correlation between mutagenesis and molecular 
connectivity indices for a series of 15 nitr0samines.3~ Craig and Enslein reported a 
discriminant analysis model which relates "Ames test" mutagenicity of 416 diverse 
compounds to 48 substructural features.32 

Tinker has developed a model for relating "Ames test" results of more than 
100 diverse compounds to substructural features.33 Based on the method of 
Hodes,34 the model estimated the mutagenicity of 88% of 34 unknown compounds to 
within 

Teratogenesis - A teratogenesis discriminant analysis model was developed by 
Enslein and colleagues using substructural features from 426 compounds which were 

one level of activity out of a range of eight levels. 
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evaluated by a panel of teratolo ists from 670 compounds reported as tested for 
teratogenesis in the literature.3f The model correctly classified 78% of the 
compounds used in i ts  development and incorrectly classified 13%. 

Conclusion - Statistical estimates have not yet achieved general acceptance in the 
field of toxicology, but their increasing availability has compelled scientists t o  
recognize that  experimental toxicity da t a  are also not exact end points; they are 
subject t o  considerable variation due to  the many factors enumerated by Zbinden,8 
and are in themselves estimates. It may well be accepted soon that  an estimate of 
an LD50, which is based on a model built from a large database, may be as or more 
accurate than an experimental tes t  run on only three or four animals a t  three or 
four doses. 

The major role for these models a t  present is t o  aid in the sett ing of 
priorities to reduce the thousands of compounds as yet  untested to a small 
manageable set  of candidates for animal testing. 

References 

1. 

2. 
3. 
4. 
5. 

6. 
7. 
8. 
9. 
10. 

11. 
12. 

13. 
14. 
15. 
16. 

17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 

33. 
34. 
35. 

36. 

"Trends in Bioassay Methodology-In Vivo, In Vitro and Mathematical Approaches". 
held Feb. 18-20, 1981, Washington, D.C., NM Publication No. 82-2382, Dec. 1981. 
M. Cory, Annu. Rep, Med. Chem., 11, 281 (1982). 
J. G. Topliss and J. Y. Eukunaga, Annu. Rep. Med. Chem., 12, 292 (1978). 
R. D. Cramer, III, Annu. Rep. Med. Chem., 11, 301 (1976). 
J. Neter  and W. Wasserman, "Applied Linear Statistical Models", Richard C. Irwin, Inc., 
Homewood, IL, 1974. 
H. H. Harman, "Modern Factor  Analysis", University of Chicago Press, 1960. 
N. J. Nilsson, "Learning Machines", McGraw-Hill, 1965. 
G. Zbinden and M. Flury-Roversi, Arch. Toxicol., 41, 77 (1981). 
A. N. Rowan, Pharm. Tech., 5, 65 (1981). 
W. Lingk, in "Quality Assurance of Toxicological Data", W. J. Hunter and C. Morris, Eds., Report 
EVR-727OEN, EEC, Luxembourg, 1982. 
K. Enslein and P. N. Craig, J. Envir. Pathol. Toxicol., 4, 115 (1978). 
H. E. Christensen and T. Luginbyhl, Eds., "Toxic Substances List", National Institute for 
Occupational Safety and Health, Rockville, MD, 1974. 
"Handbook of CIDS Chemical Search Keys", Fein-Marquart Assoc., Inc., Baltimore, MD, 1975. 
R. F. Rekker, Trends Pharmacol. Sci., I, 383 (1980). 
D. L. Eakin, E. Hyde and G. Parker, Pest. Sci., 2, 319 (1974). 
K. Enslein and P. N. Craig, Abstracts of 184th National Meeting, American Chemical Society, 
Kansas City, MO, September 14, 1982. 
W. B. Neely, Int. J. Quantum Chem; Quantum Biol. Symp., 2, 171 (1975). 
G. Loew, M. Poulsen, J. Ferrell and D. Chaet, Chem. Biol. Interact., 31, 319 (1980). 
J. S. Wishnok and M. C. Archer, Brit. J. Cancer, 2, 307 (1976). 
M. Yuan and P. C. Jurs, Toxicol. Appl. Pharmacol., 52, 294 (1980). 
B. Norden, U. Edlund and S. Wold, Acta Chem. Scand, Ser. B, B32, 602 (1979). 
W. J. Dunn, m, and S. Wold, J. Chem. Inf. Comput. Sci., 3, 8 (1981). 
S. L. Rose and P. C. Jurs, J. Med. Chem., 25, 769 (1982). 
K. Yuta and P. C. Jurs, J. Med. Chem., 24, 241 (1981). 
P. C. Jurs, J. T. Chou and M. Yuan, J. Med. Chem., g, 476 (1979). 
W. J. Dunn, III and S. Wold, J. Med. Chem., 3, 100 (1979). 
K. Enslein and P. N. Craig, J. Toxicol. Envir. Health, 10, 521 (1982). 
C. Hansch, B. H. Venger and A. Panthananickal, J. Mex  Chem., 23,459 (1980). 
A. J. Hopfinger and R. Potenzone, Mol. Pharmacol., 21, 187 (1982). 
S. Parodi, M. Taningher, P. Boero and L. Santi, Mutat. Res., 93, 1 (1982). 
L. B. Kier, R. J. Simons and L. H. Hall, J. Pharm. Sci., 67, 725 (1978). 
P. N. Craig and K. Enslein, in "Hazard Assessment ofChemicals: Current Developments", Vol. I, 
J. Saxena and F. Fisher, Eds., Academic Press, NY, 1981, pp 404-410. 
J. F. Tinker, J. Comput. Chem., 2, 231 (1981). 
L. Hodes, J. Chem. Inf. Comput. Sci., 21, 132 (1981). 
K. Enslein, T. R. Lander, M. E. Tomb and J. R. Strange, "Teratogenesis-A Structure-Activity 
Model", J. Teratogen. Carcinog. Mutagagen., in press. 
Ref. 32, pp 410-417. 

Symposium 



Chapter 32. Applications of Recombinant DNA Technology 
of Interest to Medicinal Chemists 

John A. Lowe 111 and Peter M. Hobart 
Central Research Division, Pfizer Inc., Groton, CT 06340 

Introduction: One of the most exciting scientific achievements of the last decade is the develop- 
ment of recombinant DNA technology. The techniques involved in cloning both eukaryotic and 
prokaryotic genes were reviewed in Volume 17 of Annual Reports in Medicinal Chemistry.' 
Physiologically important proteins, such as insulin, growth hormone and interferon,z have been 
cloned and produced on a large scale. In fact, human insulin obtained by recombinant DNA 
techniques has been recently introduced for clinical use. However, the most significant impact of 
recombinant technology on therapy is likely to come from a novel source: an improved under- 
standing of medicinally relevant processes to aid chemists in the design of new types of medicinal 
agents. We will emphasize in this review the regulatory aspects of gene transcription, RNA pro- 
cessing, and protein post-translational processing, since these processes may offer opportunities 
for therapeutic intervention at regulatory sites in medicinally relevant systems. We will outline 
the use of recombinant technology to supplement classical techniques for study of the mechanisms 
of action of expressed proteins. Finally, we will discuss how recombinant DNA methodologies can 
improve our understanding of the etiology of, and suggest possible therapy for, inherited 
metabolic diseases. 

Gene Transcription: Eukaryotic gene expression involves a sequential cascade of events beginning 
with the transcription of DNA into RNA in the nucleus, processing of the RNA into biologically 
active mRNA, transport of mRNA to the cytoplasm, translation of the mRNA at the ribosome into 
protein, and processing andlor assembly of the final polypeptide into a biologically active protein. 
Each step of this generalized cascade represents a point of regulatory control which may afford an 
opportunity for therapeutic intervention by new medicinal agents. Recombinant DNA technology 
will help to elucidate structural features of regulatory processes which may prove important to 
medicinal chemists for the design of such new agents. Aspects of regulation at the level of 
eukaryotic gene transcription have been recently reviewed.3 As opposed to prokaryotes, direct 
regulation of mRNA transcription by protein interactions with specific DNA sites has been 
established in only a few eukaryotic systems. These include viral SV 40 early gene repression by T 
antigen protein4 and puff induction with resultant transcriptional activation in the polytene 
chromosomes of Dosophila melanogaster (fruit fly) by the ecdysterone-receptor ~ o m p l e x . ~  In most 
eukaryotic systems, however, it has been difficult to distinguish such transcriptional activation 
from the contributions of post-transcriptional RNA processing, mRNA stability, and enhanced 
translation to the observed increase in protein synthesis. Recombinant DNA technology has been a 
valuable tool in sorting out these factors, because it enables complete isolation of a gene of interest 
and measurement of levels of expression in normal and artificial cell systems. Gene fusion ex- 
periments have been especially important in this regard. Briefly, thse studies involve excision of 
the putative regulatory sequences of a cloned gene, their fusion to the structural part of a different 
cloned gene coding for a selectable marker, and assay of the predicted regulatory behavior of the 
resultant fusion gene in a transformed host cell. Mapping techniques can then be used in an at- 
tempt to delineate the DNA sequence in the regulatory region responsible for the observed 
behavior. 

Some of the most interesting work which tests the role of eukaryotic DNA-protein interactions in 
regulating gene expression comes from studies of hormone-inducible cell systems. One example is 
the regulation of the metallothionein gene. Metallothionein is a mammalian protein involved in 
heavy metal detoxification and homeostasis. Its synthesis in the liver can be induced to very high 
levels by metal ions and/or glucocorticoids. The gene for mouse metallothionein-1 (MT-1) has been 
cloned and characterized.6 The cloned sequence was initially used to show that levels of MT-1 
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mRNA increased during induction by either cadmium7 or the steroid hormone dexamethasone.s 
However, it has also been shown that MT-1 mRNA stability is affected by these agents in the nor- 
mal cell.7 Consequently, to completely isolate the components of the hormone/heavy metal induc- 
tion, the gene and its regulatory regions were transferred to an artificial cell system.9 It was found 
that MT-1 synthesis in the resulting cells was regulated by metals but not by glucocorticoids. The 
same result was obtained using a similar vector to transform mouse L cells, known to contain the 
appropriate glucocorticoid receptor. In addition, this study constructed a fusion gene using only 
the promoter region of the MT-1 gene with the Herpes simplex virus thymidine kinase (HSV TK) 
structural gene. TK production in mouse TK- L cells transfected with a plasmid carrying the fusion 
gene was induced by cadmium, but not glucocorticoids, showing that MT-1 mRNA specific RNA 
processing or stability does not contribute to induction by cadmium. These studies suggest that 
glucocorticoid regulation of metallothionein is mediated by a trans-acting element, which is not 
transferred along with the cloned MT-1 gene. Further studies have involved microinjection of the 
MT-l/HSV TK fusion plasmid into mouse egg cells, with the result that the transformed cells' HSV 
TK was regulated again only by cadmium.lOGene mapping techniques were then used to establish 
that cadmium regulation depends on a region 90 bases upstream from the MT-1 transcription start 
site. The egg cells were then used to impregnate female mice. Ten percent of the resulting offspr- 
ing produced HSV TK in their livers which was regulated by cadmium but not by glucocorticoids, 
illustrating the independence of the cadmium-regulatory sequence from environmental 
variables.11 

A second system which has been studied to elucidate possible DNA sequences mediating steroid 
receptor binding involves cultured cells that have integrated sequences of the mouse mammary 
tumor virus (MMTV).lZ It has been shown that transcription of MMTV mRNA from the integrated 
genome is induced by dexamethasone in cells expressing the dexamethasone receptor.13 The 
results of several studies suggest that, unlike the metallothionein gene, the MMTV genome (con- 
taining only 3200 bases) carries the steroid receptor binding sequence.14 One likely candidate is a 
sequence at each end of the MMTV genome, termed the Long Terminal Repeat (LTRJ, which is not 
transcribed, but appears to be necessary for integration. To test its possible involvement in regula- 
tion, the MMTV-LTR was fused to the structural gene for mouse dihydrofolate reductase 
(DHFR).I5 When the resultant plasmid was used to transfect Chinese hamster ovary cells, DHFR 
production could be increased ten-fold by exposing the cells to dexamethasone. Further studies 
have measured specific binding of purified glucocorticoidlreceptor complex to subfragments of 
MMTV DNA containing the LTR, in one case mapping the binding site far downstream of the 5' 
end of MMTV mRNA,16 in another to within 100 to 150 bases of the transcription start site,l7 and 
in a third to a fragment covering positions -400 to -50 of the LTR.l8Work is underway to delineate 
the exact DNA sequences involved in steroidlreceptor binding, and to isolate other factors, such as 
chromatin, which may also modulate induction. 

Similar techniques have been applied to the study of growth hormone gene expression. The rat 
and human growth hormone genes have been cloned and sequenced along with large stretches of 
contiguous genomic DNA. Both the rat and human genes are known to be regulated at the 
transcriptional level by dexamethasone and triiodothyronine.19 One study has shown that human 
growth hormone synthesis in mouse fibroblasts transformed with the human growth hormone 
gene could be induced three to five-fold by steroids.20 Consequently, a fusion gene was con- 
structed by connecting a 500 base pair segment contiguous to the 5' end of the growth hormone 
structural gene with the marker HSV TK structural gene. Expression of the resultant TK gene was 
regulated by steroids, supporting the hypothesis that steroidlreceptor binding normally mediates 
growth hormone induction. These studies do not rule out possible mRNA stabilization effects, 
however. Another hormone-induced system studied by similar techniques is azP-globulin, a pro- 
tein whose production in the liver is regulated by steroids.21 Mouse TK- L cells were cotransform- 
ed with cloned rat crzp-globulin DNA and the HSV TK gene.zz Both cu,,-globulin mRNA and protein 
were induced by dexamethasone in the resulting TK+ cells. 

Recombinant DNA technology has enabled considerable progress on the elucidation of 
steroid/receptor DNA binding sequences in the chicken oviduct protein system. Each of the four 
major steroid-induced proteins, ovalbumin, conalbumin, ovomucoid, and lysozyme, is regulated 
differentially by the various classes of steroids, each class acting via its own receptor.23 In the case 
of lysozyme, a gene fusion experiment similar to those described above indicates that the steroid 
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receptor binding site resides upstream from the 5' end of the gene.24 Two groups have been in- 
volved in elucidating the sequence(s) required for steroid receptor recognition in these genes. One 
group isolated a series of restriction fragments from cloned genes for the various oviduct proteins 
and measured the ability of these fragments to specifically displace calf thymus DNA-cellulose 
from the progesterone receptor.25 The smallest fragment shown to be active, 48 base pairs long, 
was analyzed via computer for sequence homology with the whole genes in an effort to prove its 
specificity for binding the steroid hormone receptor. One consensus sequence, ATC AT- 
T TCTG TTGTA, showed homology to a variety of presumptive regulatory sites of these genes, 
and may thus represent a common binding site for the steroid receptor. The second group 
measured the binding of oviduct gene fragments to highly purified steroid receptor subunit A, nar- 
rowing binding to a region 135 to 247 bases upstream from the start of transcription of the 
ovalbumin gene.z6 These authors proposed a different, A + T  rich, sequence as the steroid receptor 
binding site. The synergistic combination of the A and B subunits (the latter does not bind DNA 
with high affinity but rather to a protein component in chromatin) may act to expose the 
ovalbumin gene to enhanced transcription. 

Induction of interferon (IFN) by viruses and viral RNA is well known and recombinant DNA 
studies have suggested that this induction depends on sequences in the IFN genes. To prove this 
sequence dependence, a vector containing the human a,-interferon (IFN-a,) gene and the HSV TK 
gene was used to transform TK- mouse L cells.*7 The resulting TK + cells produced incorrectly ini- 
tiated IFN-a, mRNA. However, when these cells were induced with Newcastle disease virus 
(NDV), their IFN-a, mRNA was correctly initiated and polyadenylated. Similar studies with 
human IFN-/3 have shown that NDV and the duplex poly riboinosine-ribocytidine (rI.rC) induce in- 
creased amounts of IFN-f3 mRNA in mouse cells transformed with cloned IFN-/3 DNA.28 In addi- 
tion, mouse L TK- cells transformed with a cloned TK gene and a fusion plasmid constructed from 
the TK promoter and human IFN-/3 structural gene resulted in TK+ cells showing no constitutive 
expression of human IFN-/3. IFN-f3 protein could be induced by poly (rLrC), although its expres- 
sion could not be subsequently shut off.29 This result suggests that the IFN-fi coding sequence 
alone directs the inducible synthesis of IFN-0, but not the mechanism that switches it off. 

The structural aspects of the chromosome which any DNA binding protein must recognize are 
greatly influenced by two factors, in addition to the primary DNA sequence: chromatin structure 
and DNA methylation. Recent reviews have addressed the role of both factors in the regulation of 
gene expression.30,31 It should be appreciated that eukaryotic DNA, as it exists in the cell nucleus, 
is packaged with protein in a highly complex structure, termed chromatin. The protein-DNA com- 
plex, comprising both histone and non-histone proteins, is almost completely refractory to the 
transcriptional machinery. Consequently, the specificity by which regions of DNA, in individual 
cell types, are decondensed and thereby made available for transcription is largely unknown. Two 
changes of chromatin structure have been shown to result from such an activation event: increased 
DNAse sensitivity and acetylation of histones associated with the activated region. Though many 
examples of both these changes have been documented, such studies have not provided evidence 
of how the transition is signalled. It may be that recognition of specific regions of chromatin is 
achieved via non-histone protein molecules which initially interact with incoming induction 
molecules, as mentioned above in the case of ovalbumin gene activation, by the progesterone 
receptor protein. 

The degree of DNA methylation has long been implicated as a regulatory element in gene ex- 
pression. The 5 position of approximately 5% of all cytosine residues in DNA is methylated, 
generally in the sequence CpG. One of the most definitive studies to date linking methylation to 
transcriptional deactivation involves the use of the hamster adenine phosphoribosyl transferase 
(aprt) gene cloned into pBR 322 with the HSV TK gene to cotransform mouse L TK- aprt- cells.3z 
Cells transformed with unmethylated aprt DNA expressed the protein, while those transformed 
with a methylated aprt gene did not. The connection between methylation and gene expression is 
not always so clear, however, as is illustrated by studies in the metallothionein system discussed 
above. Earlier work showed that MT-1 DNA was methylated in non-expressing cells, but 
unmethylated in those expressing the protein.33 But in studies discussed above, when the MT-1 
genes of mice, whose mothers had been impregnated with egg cells carrying the fusion gene be- 
tween the MT-1 promoter and the HSV TK structural gene were examined, there was no direct cor- 
relation between degree of DNA methylation and TK expression.10 A recent study of expression of 
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the albumin gene in rat hepatoma cells found that undermethylation of the 5' end of the gene was 
necessary but not sufficient for expression.34 The authors suggest that transcription may hinder 
methylation of a gene, so that the resulting undermethylation is an effect and not a cause of gene 
expression. DNAase sensitivity and acetylation of histones also seem to be necessary but not suffi- 
cient requirements for induction of transcription, indicating that they are the secondary results of 
other mechanisms which activate quiescent genes. 

RNA Processing: Eukaryotic RNA must be processed before it can leave the nucleus and be 
translated into protein. It has been known for some time that this processing involves addition of a 
cap structure to the 5' end and polyadenylation of the 3' end. However, more recent evidence indi- 
cates that this processing is much more complex in that most genes require removal of one or more 
intervening non-coding sequences (introns) and splicing together of the coding regions (exons). 
RNA sequence information (largely from cDNA cloning) has indicated several common sequences 
involved in signaling processing events. A polyA tail is added to an RNA 15 to 20 bases 
downstream of the recognition sequence, AAUAAA. The exon splicing machinery recognizes con- 
sensus sequences of AGIGURAG and Y-YYY-CAGI at the 5' and 3' boundaries between exon and 
intron, respectively (where I represents the boundary, R is A or G, and Y is C or U).  The 5' exon's 
AG is then joined to the RNA following the Y-YYY-CAG sequence with excision of the intervening 
intron RNA.35 A primary transcript may contain many alternate poly A and splice recognition 
sites, but, at present, the mechanism determining which ones are selected is unknown. It is this 
possibility of alternate splicing options, the use of 'exon-shuffling',36 that has been shown to be one 
mechanism for generating a great diversity of polypeptide products. Control of splicing also af- 
fords the possibility of tissue-specific generation of a protein and regulation of its level of expres- 
sion.37 The small DNA tumor viruses, where introns were first discovered, are a good example of 
the use of differential RNA splicing to maximize usage of a limited genome.38 A case which better 
illustrates the importance of RNA processing in medicinal systems is found in the expression of 
immunoglobulins. 

The mechanisms which provide the tremendous diversity of antibody expression have been ex- 
tensively reviewed.39 The most relevant work in the present context has delineated the construc- 
tion of the CF,~O C6,41 CyZa,42 and G 4 3  genes. The figure below illustrates this process in the case of 
C6. These heavy chain constant region genes are made up of several exons coding for structural 
regions (El  to E3), and a C-terminal segment, which determines whether the antibody will be 
secreted (E4) or membrane-bound (E5 to E7). RNA processing then not only joins the structural 
regions, but also makes the choice between secreted and membrane forms of the antibody. The 
process regulating this choice of alternate exon splices is unknown, although one recent study sug- 
gested that thymidine-rich regions of the genes may be involved.44 

RNAS RNA, 

mRNA for secreted IgD mRNA tor membrane-bound IgD 

Though research in the area is stiil at an early stage, it is already clear that hormone and enzyme 
diversity can be generated by differential RNA processing. Recent studies of the processing of the 
calcitonin gene stem from the observation that mouse medullary thyroid carcinoma continues to 
make large amounts of calcitonin-reactive nuclear RNA even after it has switched to producing 
very low levels of the hormone.45 The normal splicing protocol for this RNA in the thyroid uses the 
exon coding for calcitonin, which is subsequently cleaved post-translationally from its larger 
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protein prec~rsor.~6 An alternate splicing event occurs in the hypothalamus, or in thyroid car- 
cinoma tissue, to include a different exon coding for an unrelated polypeptide which is similarly 
excised from its larger precursor. Although the mRNA for this new polypeptide can be detected in 
the hypothalamus, the protein’s function is as yet unknown. This example illustrates the tissue 
specific expression of different proteins from a single gene. 

RNA processing may also be instrumental in controlling the level of a polypeptide in different 
tissues, as has been found for amylase in mouse liver and salivary gland.47 The two amylase 
mRNAs isolated from these tissues, though transcribed from a common gene and coding for the 
same enzyme, contain different lengths of RNA at their 5’ ends, resulting from the use of alternate 
exons during RNA processing.48 This non-translated RNA is postulated to influence processing effi- 
ciency and/or RNA stability so as to account for the different levels of enzyme in each tissue. In 
addition, the mRNAs in each tissue consist of major and minor forms resulting from the use of 
alternate polyadenylation The fact that the ratio of major to minor mRNA is the same in 
both tissues suggests the possibility that the RNA sequences determine the frequency at which 
each polyadenylation site is used. 

Variant forms of a known hormone are another possible result of alternate RNA processing 
events. The cloning of genomic human growth hormone DNA revealed the source of a related, 
though somewhat smaller, polypeptide found in the p i t ~ i t a r y . ~ ~  Splicing of the second exon of the 
human growth hormone gene to an alternate splice site, 45 nucleotides 3’ to the normal end of the 
second intron, produces an mRNA coding for a polypeptide 15 amino acids shorter than growth 
hormone, consistent with the observed size of the related protein. The physiological function of 
this product remains unknown. Two forms of rat prolactin mRNA have been shown to result from 
splicing to different sites separated by three nucleotides, resulting in proteins differing by one 
amino acid residue.51 

Post-translational Processing: As the initial product of transcription requires processing, so the ini- 
tially translated protein is often proteolytically modified to produce the final polypeptide 
product(s). Proteins destined for secretion are synthesized with a hydrophobic signal or leader pep- 
tide at their amino terminus which guides the nascent polypeptide into and through the endo- 
plasmic reticular membrane as a first step toward storage and ultimate secretion.52 Once this func- 
tion is accomplished, the signal sequence is proteolytically removed by signal peptidase. Many 
proteins are then glycosylated and/or proteolytically modified further before attaining biological 
activity. By determining the primary structure of protein’s mRNA through cDNA cloning and se- 
quence analysis, it is possible to predict the complete structure of precursor peptides and thereby 
unravel the details of processing events. The elucidation of these steps can also help establish 
whether they contribute to the tissue-specific expression of the proteins under study. 

The precursor molecules for many of the small peptide hormones appear to undergo extensive 
post-translational processing steps. Since the processing pathway of mammalian insulin precur- 
sors had been worked out by classical techniques,53 recombinant technology only confirmed these 
findings and established the signal sequence of the preprohormone.54 However, the cloned gene 
has proven useful in studying cellular components necessary for the correct expression of the 
insulin hormone. An SV40 vector which contained a genomic DNA fragment comprising the rat I 
insulin gene was used to transfect monkey kidney cells.55 The resultant lytically infected cells 
expressed the rat proinsulin peptide, indicating that they possessed the enzymes necessary to cor- 
rectly splice the RNA’s one intron, and remove the signal portion of the initial product of transla- 
tion. However, it is clear that these cells do not possess the proteolytic activity necessary to 
remove the C-peptide. This post-translational processing activity could account, in part, for the 
tissue-specific expression of mature insulin in pancreatic B-cells. A similar system described 
recently, with general applicability to the study of gene expression in mammalian cells in culture, 
confirmed that processing of cloned rat genomic insulin DNA proceeded only as far as cleavage of 
the signal sequence.56 

The cloning of cDNA from mRNA sequences expressed by the fish endocrine pancreas has pro- 
ven to be a rich source of other pancreatic hormones.57 The cloned cDNAs have been used to 
predict the precursor peptide sequences for both the preproglucagon58 and preprosomatostatin59 
hormones. The somatostatin precursor peptide is 121 amino acids in length, the C-terminal 14 
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amino acids of which comprise the biologically active hormone. The fish preproglucagon peptide 
is of similar size (125 amino acids) with the 29 amino acid hormone centrally located within the 
precursor. Pairs of basic amino acid residues separate the hormone from the rest of the precursor 
peptide sequence, suggesting that, like insulin, the precursor molecule is processed post- 
translationally by a trypsin-like protease activity. Of further interest is the disclosure that a 
heretofore unknown glucagon-like peptide sequence is synthesized as a part of the glucagon 
precursor, and could also be cleaved from the precursor peptide at dibasic residues.58The function 
and/or biological activity of this peptide is presently unclear, but it could represent the fish 
counterpart of one of several glucagon-related peptides such as secretin, gastric inhibitory peptide, 
or peptide PHI. The important fact established by this primary sequence data is that the two 
hormones, in fish, are coordinately expressed. The combined results from several groups have also 
shown that, among other cloned sequences from fish endocrine mRNA, are cDNAs which encode 
other naturally occurring somatostatin analogues 59-61 and a pancreatic peptide-like protein which 
is closely analogous to peptide PYY. 62 The latter peptide has a glycine preceding its C-terminal 
dibasic residue cleavage site, an arrangement found in several other biologically active peptides 
such as progastrin63 and procalcitonin,64 which require an amidated carboxy terminal residue for 
activity. Subsequent cloning of the rat and human preprosomatostatin cDNA sequences has in- 
dicated that the large precursor peptide first seen in the fish is probably common to all 
vertebrates.65~66 In addition, a larger somatostatin peptide (SS-28) which has been isolated from 
both porcine gut67 and hypothalamic tissue68 comprises the last 28 amino acids of both the human 
and rat precursors. The fact that both peptides are present in the same tissue suggests the possibil- 
ity that the precursor molecule is differentially processed. The presence of this 28 amino acid pep- 
tide is significant, since it shows greater potency in inhibiting both pancreatic69 and pituitary7O 
endocrine function, possibly through a greater affinity for the somatostatin receptor.71 

Perhaps the most elaborate post-translational processing of precursor molecules has been 
demonstrated for the opioid peptides expressed in both the central and peripheral nervous 
systems. Prior to molecular cloning, the best evidence for a multifactor opioid precursor was the 
pro-opiomelanocortin (POMC) peptide synthesized in the mammalian adrenal medulla and shown 
to contain Met-enkephalin, @-endorphin, @-melanocyte stimulating hormone (0-MSH), a-MSH, and 
@-lipotropin (@-LPH), in addition to adrenocorticotropin jACTHf.72173 Sequence analysis of the 
bovine POMC cDNA confirmed the presence of the above peptides within the single secreted 
precursor and, in addition, revealed the sequence of the "cryptic" amino terminal region shown to 
contain a third (7) MSH.74 Subsequent sequence analysis of both rat and human genomic 
fragments indicates the POMC precursor peptide is highly conserved, as is the general structure 
(the number and location of introns) of the gene.75176 However, there is good evidence that the Met- 
enkephalin sequence found in the POMC peptide represents only a small portion, if any, of 
biologically active Met-enkephalin expressed in mammals. A search for another Met-enkephalin 
precursor led to the sequencing of both the bovine 771 78 and human79 preproenkephalin cDNAs 
synthesized from mRNAs of the adrenal medulla. The preproenkephalin peptides contain four 
copies of Met-enkephalin, a single copy of Leu-enkephalin, and one copy each of two related but 
previously unknown peptides. A cloned cDNA sequence derived from hypothalamus mRNA has 
resolved the sequence of a single precursor for the porcine @-neoendorphin and dynorphin opioid 
peptides.so A cloned cDNA for bovine preproArg-vasopressin has revealed that the Arg- 
vasopressin sequence is located next to a sequence coding for its carrier protein neurophysin 11.81 

The structures of these opioid and pancreatic peptide precursors suggest some general facets of 
small peptide synthesis in mammals. First, they are almost all cleaved from their respective 
precursors by a trypsin-like proteolytic enzyme which recognizes dibasic residues. Second, their 
occurrence on a common precursor provides for the possibility of a coordinated response in effect- 
ing a known biological activity (e.g., modulation of pain by preproenkephalin78). A common 
precursor can also be processed in different tissues to afford various biological activities, as in the 
differential processing of the POMC precursor by the two lobes of the pituitary.72 Finally, resolu- 
tion of the primary sequence for several of these precursors has revealed other, often related, pep- 
tide sequences whose structure suggests a potential biological activity. The prediction that these 
previously unknown peptides are coordinately synthesized with known biologically active 
molecules provides indirect evidence that they may be involved in a particular physiological 
response. Although the mechanisms regulating post-translational processing are largely unknown, 
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a recent study using cloned MMTV gene probes has taken the first steps toward delineating the 
role played by glucocorticoids in this area.82 

Expressed Proteins: While the classical techniques will continue to provide the basis for study of 
expressed proteins, recombinant DNA technology can make a substantial contribution in this field 
as well. An important technique in this regard is in vitro mutagenesis, various versions of which 
have been recently reviewed (see Chapter 26).83 Briefly, this technology allows the production of 
new proteins by engineering specific changes in their cloned genes. For example, a single base 
change resulting in a gene coding for a new protein with a single amino acid substitution can be 
engineered by hybridizing a synthetic oligonucleotide carrying the new base sequence to single 
strands of the wild type gene. The remainder of the wild type gene is duplicated and ligated to the 
synthetic fragment under stringent conditions.84 Expression of the mutant gene allows study of the 
effect of a single amino acid change on the activity of the parent protein. A recent example of an 
application of the technique comes from work on bacterial tyrosyl tRNA synthetase, where a 
serine residue was substituted for cysteine.85 The resulting decrease in ATP binding affinity was 
consistent with the x-ray crystallographic data for the interaction of the cysteine SH group with the 
bound ATP. 

Recombinant DNA technology has proven useful in studying certain proteins normally available 
only in minute quantities from natural sources. A dramatic illustration of this potential is the 
wealth of new information gleaned about the human interferons. Extensive reviews of the field 
have appeared re~ently.*~#87 Of special interest to this discussion is the total synthesis of the human 
a1 interferon gene88 and its expression in E. Coli and M. methylotrophus.89 The gene was synthe- 
sized so that it carries restriction enzyme sites which enable maximal flexibility for engineering 
variant or hybrid structures.gO One example of such a study involved constructing a variant human 
PI interferon with tyrosine substituted for a single cysteine residue by splicing together two in- 
terferon gene fragments at a common restriction enzyme site.91 The fact that no interferon activity 
was measured in cells carrying the new gene suggests that the cysteine in the native protein may 
form a disulfide bond crucial for the active configuration of the molecule. Results from another 
study, using similarly constructed hybrids which could be highly purified, suggest the presence of 
at least two types of interferon receptors.92 Recombinant technology has also aided in obtaining 
crystals of a-interferon, which may enable x-ray characterization of the protein.93 Other valuable 
proteins being studied by recombinant methods include human insulin,94 human growth hor- 
m0ne,~5 human urokinase,96 tissue plasminogen activator,97 and al-antitrypsin.g8 

A related application of recombinant DNA technology is the production of vaccines by synthesiz- 
ing small peptides mimicing the antigenic regions of a foreign protein, as deduced by recombinant 
methods. For example, while cloning of the genes for antigens of the foot and mouth disease virus 
(FMDV)99 has had variable success in providing proteins which could serve as vaccines, smaller 
polypeptides were synthesized which possessed sufficient antigenicity to be effective in immuniz- 
ing animals against the virus.100 Expression of a cloned gene for human influenza virus haemag- 
glutinin has been studied in E. coli for possible use as a vaccine.101 Another approach, similar to the 
FMDV precedent, involves synthesizing peptide fragments based on the deduced antigenic regions 
of haemagglutinin."Jz Efforts to produce vaccines for rabies,103 malaria,104 cholera,lo5 herpes 
simplex virus106 and hepatitis B virus107 by recombinant DNA methods have also been reported. 

Hereditary Disease: Recombinant DNA technology has enabled considerable progress in the 
understanding and diagnosis of certain human hereditary diseases and may suggest possible 
therapy in some cases. The foremost example is study of the thalassemias. Briefly, the normal 
hemoglobins (Hb) are composed of two pairs of protein subunits: Hb A, aZ&; Hb A2, az&; and Hb 
F (fetal), azyz. Thalassemias result when a or P chain synthesis is defective, resulting in accumula- 
tion of single globin subunits and damage to red blood cells.*Os Mutations in the genes coding for 
the a, p, and 6 chains that make up  adult hemoglobin are of two basic types: extensive deletions, 
which remove some or all of a globin chain coding sequence, and small deletions or base substitu- 
tions, which result in incorrect RNA splicing or generation of a premature termination codon. The 
relevance of an understanding of the genetic basis of thalassemia to therapy was recently 
demonstrated by the successful treatment of a P-thalassemic patient with 5-azacytidine.109 This 
compound induces undermethylation of DNA, a process which has been observed to stimulate ex- 
pression of repressed genes in culture. It was postulated that 5-azacytidine would derepress the 
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fetal y-globin genes, allowing y-globin chain production and pairing with the normal a-globin 
chains to restore red blood cell function. Indeed, the y-globin gene was undermethylated and 
levels of y-globin peptide increased, leading to clinical improvement of the patient. An alternate 
approach employs in vitro mutagenesis techniques to produce an altered human tRNAIYs that 
could be used to suppress a nonsense mutation (premature termination codon) found in some 
forms of P-thalassemia, and thus allow expression of normal @-globin chains.110 The implications of 
these studies for the therapy of genetic diseases have been discussed.111 

It is conceivable that diagnosis of more prevalent diseases such as diabetes may be approached 
with such techniques. Thus the 5 noncoding region of the human insulin gene has been analyzed 
in several studies, some of which found a correlation between DNA polymorphisms and type I1 
diabetes. 112~113 Other hereditary diseases which may lend themselves to diagnosis by recombinant 
techniques include sickle cell anemia,114 Christmas disease,l15 Huntington's disease,116 and 
Duchenne muscular dystrophy.117 The potential and problems of gene therapy have been recently 
reviewed.118 

Conclusion: Despite remarkable progress in the last decade, recombinant DNA technology is still 
an embryonic field. Nevertheless, it has enabled some very far-reaching questions to be asked 
which will have a significant impact on future drug development. The molecular mechanisms 
which regulate the expression of genes at the 1f of transcription and translation are being 
unravelled, so that the possibility of therapeutic ii.sb. fention in these areas can be evaluated. Ex- 
periments designed to provide an expression system for genes in mammalian cells, as exemplified 
in the study of insulin gene expression, are particularly important illustrations of the potential of- 
fered. The opportunity to study proteins of interest previously available only in trace amounts and 
an understanding of the molecular basis for hereditary disease also afford the promise of new 
therapeutic strategies. Hopefully, this review will stimulate medicinal chemists to consider ad- 
vances in recombinant DNA technology in the design and development of new therapeutic agents. 
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6643-X, 111, 112 9-anilinoacridine analogs, 135 
14843 JL (prifuroline), 102 anthrone, 182 
22-708 (endralazine), 71 antirazafen, 187 
A 23187, 115 apomorphine, 26 

AC 1370 (U 63,1963), 110 ara-A (vidarabine) , 141 
2-acetylpyridine thiosemicarbazone ara-C (cytosine arabinoside) , 129 , 
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ACTH, 46, 53 ara-CDP-L-dimyristin, 131 
acyclovir , 142 ara-CDP-L-diolin, 131 
adenine arabinoside, 6 ara-CDP-L-dipalmitin, 131 
adenosine, 1, 16 ara-CTP, 131 
adenosine-5'-N-ethylcarboxamide arbaprostil [(15R),15-methyl PGEz], 

S-adenosyl-L-methionine (SAMe), 43 arginine-lys-asp-Val-tyr (thymopoie- 
adinazolam (U 43,465F), 42 tin), 176 
a-adrenergic antagonists, 204, 207 arildone, 145 

AB 315, 115 AQ-A39, 80 

- Cu complex, 134 131 

(NECA) , 2, 5, 6 93, 94 

adriamycin, 131, 134 
adriamycin-4'-0'-tetrahydropyranyl 

derivative, 131 
AF 2139 (dapiprazole), 25 
AH 19065 (ranitidine), 89 
AH 22216 (lamtidine), 90 
AH 5158A (labetalol), 73 
AHR 1709, 28 
AHR 5859, 24 
AHR 6092, 24 
AHR 8559, 17 
alafosfalin, 113 
albuterol, 64, 65 
alf entanil, 52 
alizapride, 23 
alloxazine, 6 
N-allylnonnetazocine (SKF 10047), 

alprazolam, 14, 42 
amikacin, 113 
aminoglutethimide, 132 
aminoglycoside antibiotics, 289 
6-aminohexanoic acid (€-amino 

caproic acid, EACA), 259 
5-aminosalicylic acid, 276, 281 
amiodarone (L 34281, 99, 100, 101, 

amisulpride (DAN 2163), 23 
amitriptyline, 43, 44, 45 
amitriptyline-N-oxide, 41 
amoxapine, 41 
amperozide (FG 5606), 24 
ampicillin, 277 
amrinone, 66 
anguidin analogs, 134 
10,ll-anhydroerythromycin, 114 

54 

102, 103, 105 

asparenomycin A, 111, 112 
asparenomycin B, 111, 112 
asparenomycin C, 111, 112 
aspirin, 267 
astemizole, 66 
AT 265, 115 
AT 2266, 115 
atenolol (ICI 66,082), 73 
augmentin, 112 
auranofin, 173, 174 
aurothioglucose, 173 
AY 27110, 28 
6-azamianserin (ORG 3770), 41 
azimexon, 156 
azlocillin, 111 
azone (N 0252), 188 
azthreonam (SQ 26,776), 109, 122 

Bay a 1040 (nifedipine) , 72 
Bay e 6927, 85 
Bay g 6575 (nafazatiom), 62 
baicalein, 63 
BE 1502, 66 
BCG, 135, 156, 269 
beclomethasone propionate, 66 
benoxaprofen, 62, 183, 186 
benzimidaole ribosides , 156 
benzo[a]pyrene, 288 
benzotript, 33 
N6-benzyladenosine, 6 
benzylpenicillin (penicillin G) , 

bepridil, 82 
bestatin, 52, 135, 156, 269 
betamethasone, 65 
bethanidine (BW 467C60), 104 

B 777-81, 42 

119, 120, 123 
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bezaf i b r a t e ,  166 
B-HT 920, 26 
B-HT 933, 26 
b i c i f i d i n e ,  52 
binodal ine,  42 
BIOLF-62 (DHPG), 143 
b i s o p r o l i l  (EMD 33512), 73 
BL 5255, 61 
BL 6341, 90 
bleomycin, 134, 280 
BM 12434, 74 
bopindolol (LT 31-200), 72 
Br-82 6-bromocholesterol, 294 
bretyl ium (BW 373C57) , 102, 103, 

105, 281 
BRL 14342, 42 
BRL 14777 (nabumetone), 51  
BRL 16644, 42 
BRL 17421 ( t emoc i l l i n ) ,  111 
BKL 20596, 23 
BRL 25594, 23 
bromazepam, 14 
bromocr i p  t in  , 
8-bromo-cyclic AMP, 3 
brotizolam, 14 
bruceant in ,  135 
budesonide, 65, 182, 186 
buf examac , 187 
bulgecin,  115 
buprenorphine, 52 
bupropion, 42, 45 
b u s e r e l i n  acetate, 281 
buspirone, 15, 1 6  
b u t i r o s i n ,  113 
b u t o f i l o l o l  (CM 6805) , 74 
butoprozine (L 9394), 102 
butorphanol,  52 
BVDU, 140 
BW 234U, 25 
BW 373C57 (bretyl ium t o s y l a t e ) ,  

BW 467C60 (bethanidine)  , 104 
C - 1 1  s p i r o p e r i d o l ,  298 

18  3 

102, 103, 105 

C-19393E5, 111, 112 
C-19393S2, 1 1 2 ,  113 
cad ra l az ine  (ISF-2469), 71 
ca f f e ine ,  1, 6 
cannabinoids,  289 

cationomycin, 115 
Cbz-gly-gly-arg-amino-4-methyl-cou- 

marin, 260 
CC-1065, 134 
CCNLJ, 135 
cef a d r o x i l  , 110 
cefotaxime, 110 
ce f t az id ime  (GR 20263), 110, 122 
cef t izoxime,  110 
cepha lo r id ine ,  123 
c e r u l e i n ,  31, 32 
cezomycin, 115 
CGP 11305A, 43 
CGS 7525A, 4 1  
CGS 8216, 1 4  
CGS 9896, 1 5  
chlordiazepoxide,  11, 14 
B-chlornaltrexamine, 55 
2-chloroadenosine (CADO), 2, 3,  5,  

2-chloroimipramine, 209 
chlorpromazine, 206, 207, 208 
chlorpheniramine, 187 
cholecystokinin,  25, 31, 32, 33, 

cholestyramine, 165 
chrysarobin,  182 
chymostatin,  259 
a-chymo t r y p s  i n  , 
CI-686 (trebenzomin) , 26 
cianopramine, 41 
c i c l a z i n d o l ,  42 
c i l o p r o s  t , 94 
cimetidine,  89, 133, 156, 183, 187 
cimoxatone, 43 
ciramadol,  52 
c ipopr ide ,  23 
c i s p l a t i n  (cis-diamminedichloro) 

c i t ra lopram, 42 
CL 115574, 94 
CL 218,872, 13, 1 5  
c l a v u l a n i c  ac id ,  1 2 1 ,  122 
clebopride,  23, 24 
c l enbu te ro l ,  64 
clindamycin, 114 , 282 
clobazam, 14 
c l o b e t a s o l  17-propionate,  182 

6 

34 

2 7 9 

P T ( I I ) ,  133 

c a p t o p r i l  (SQ 14,225) , 52, 71, 174 clobetasone b u t y r a t e ,  182 
ca rbapros t ,  94 c lo f  i b r a t e ,  165 , 166 
~-carboline-3-carboxylate, 12, 13, c l o f i l i u m  phosphate (LY 150378), 

ca rbu te ro l ,  64 clomipramine, 41, 45 
caroverine,  82 c l o n i d i n e  (ST-155), 15,  16 ,  69, 

carprof en, 51  c lo razepa te ,  14 
c a r t a z o l a t e ,  1 5  c l o r g y l i n e ,  45, 46 
c a r z i n o p h i l i n  A ,  134 clovoxamine, 42 
f3-casomorphinY 54 cloxazolam, 1 4  

1 4  103 

c a r p r a z i d i l  (RO-124713) , 71 282 
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clozapine, 21 

colestipol, 165 
compactin (ML-236B9 CS-500), 166, 

CM 6805 (butofiioioi), 74 

167 
CP-~O~-S, 70 

CP-35 , 587 , 1 2 2  

CQ 32-084, 28 

cu 32-085, 28 

CP-12 , 299-1 (prazosin) , 71 

CP-36,584 (flutroline), 24 

CS 500 (compactin), 166, 167 

CV 1808 (2-phenylaminoadenosine), 

N6-cyclohexyladenosine (CHA) , 1, 

cyclophosphamide, 133 
cyproterone acetate, 186 
cytosine arabinoside (AM-C) , 129, 

D 365 (verapamil), 72 
D 600 (methoxyverapamil, gallo- 

pamil), 65, 70, 79 
D 2343, 64 
D 2438, 65 
dactimicin, 113 
DAN 2163 (amisulpride), 23 
dantrolene (F-368) , 72 
dapiprazole (AF 2139), 25 
dapsone, 177 
daunomycin, 131, 135 
daunorubicin-3’-deamino-3’-morpho- 

DEAP, 42 
3-deazaadeno~ine~ 144 
3-deazaaristeromy~in~ 144 
3-deazaguanine, 131 
3-deaza-SIBA, 63 
0-demethylfortimicin A,  113 
deoxycoformycin, 3 
2-deoxy-3-demethoxyfortimicin A, 

15-deoxy-16-hydroxy-16-vinyl PGE2, 

desipramine, 43, 44, 45, 46, 209 
desmethylclomipramine, 41 
desmethylimipramine, 91 
dexamethasone, 277, 308 
dextropropoxyphene, 52 
dezocine, 52 
DHBG, 144 
DHF’A, 143 

diaminopyrimidine analogs, 130, 135 
- cis-diammine-1,l-cyclobutane dicar- 

- cis-diamminedichloro Pt (11) (cis- 

diazepam, 11, 12, 14, 15, 281 

7 

3, 5, 7 

131 

lino derivative, 131 

113 

75 

DHPG (BIOLF-62), 143 

boxylate Pt(II), 133 

platin), 132 

dibekacin, 113 
dibenzazepines, 204, 208, 209 
- cis-dichlorodiaminocyclohexane 

- cis-dichloro-&[ 1- (2-hydroxyethyl) - 
Pt(II), 133 

2-methyl-5-nitroimidazol-N3] 
Pt(II), 133 

diclofenac, 51 
diclofensine, 42 
diethyl carbamazine, 62 
1,3-diethyl-8-phenylxanthine (DPX), 

diethylstilbene, 132 
diflorasone acetate, 182 
diflunisal, 51 
digoxin, 289 
dihydrostreptomicin, 113 
diltiazem (KB-944), 72, 79, 80, 

16,16-dimethyl PGE2, 93, 94 
dimethyl sulfoxide, 188 
dimexiptiline, 41 
diphenylhydantoin (phentoin) , 177 
dipyridamole, 3 
disodium cromoglycate, 184 
DK 118, 26 
DL 473, 115 
DL 646, 94 
DL 8280, 115 
dopamine, 15, 21, 25, 31, 34 
doxazosin (UK-33,274) , 71 
DU 27716, 16 
dynorphin, 53, 55 

5, 6 

81, 82, 83, 84, 85, a6 

E-0702, 110 
EG-1088, 75 

EMD 23448, 28 
EMD 28422, 6 

eledoisin, 35, 36 
EM 5400, 109 

EMD 33290, 94 
EMD 33512 (bisoprolil), 73 
EM, 39593, 6 
EMD 41717, 6 
enalapril (MK-421) , 71 
endorphin, 51, 52, 53, 55, 56, 207 
endralazine (22-708) , 71 
enkephalin, 51, 52, 53, 56 
enprofylline, 66 
erythromycin A, 114 
9- (s)-erythromycyclamine, 114 
etazolate, 15 
ethidium bromide, 228 
etodolac, 51 
etomidate , 1 2  
etoperidone, 25 
etretinate (Ro-9359) , 183 
F-18 haloperidol, 295 
F-18 spiroperidol, 295 
F-368 (dantrolene) , 72 
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factor S, 16 
factumycin (A40A) , 115 
famotidine (YM 11170), 90 
FCE 22101, 111 
felodipine, 81 
fenobam, 16 
fenoctimine, 92 
fenofibrate, 165, 166 
f enoprof en, 51 
fenoterol, 64 
fevensimycins, 115 
FG 5111 (melperone), 105 
FG 5606 (amperozide), 24 
FIAC, 141 
FK 156, 156 
FK 565, 156 

FL 1060 (mecillinam), 122 

FLA 731 (remoxipride), 23 
flordipine, 81 
flubepride (SL 74205), 23 
f lumezapine (LY-120363), 21 
8-flunaltrexamine, 55 
flunarizine, 83 
flunisoli.de, 66 
f lunitrazepam, 12 
fluperazine (NB 106-689) , 21 
f luradoline, 22 
flurazepam, 14 
f lurbiprof en, 51, 132 
flutroline (CP-36,584), 24 
fortimicin A ,  113 
fortimicin B, 113 
f oscarnet (PFA) , 144 
fosmidomycin (FR-31,564) , 113 
FPL 52694, 92 
FPL 55712, 61 
FR 7534, 81 
FR 17027, 109, 110 
FR 34235, 81 
fredericamycin A ,  134 
f toraf ur , 131 

GABA, 12, 13 
gallopamil (D 600), 70, 79 
gastrin, 31, 32, 33 
gemfibrozil, 166 
gentamicin, 113 
glucocorticoids, 182 
gold sodium thiomalate, 173 
GP 650, 51 
GR 20263 (cef tazidime) , 122 
GRI 1665 (prosulpride), 22 
gut peptides, 92 

H 93/26 (metoprolol), 73 

FK 33-824, 52 

(+)-FLA 336, 43 

5-FU, 130 

H-77, 70 

H-113, 70 
H-142, 70 

H 168/69 (omeprazole), 91 
halazepam, 14 
haloperidol, 204, 209 
heparin, 279, 282 
L-histidinol, 132 
HL-725 (trequinsin) , 71 
HE? 543, 42 
HWA-486, 177 
hydroxychloroquine (plaquenil) , 

172, 173 
8-hydroxymianserin, 41 
N- (4-hydroxyphenyl) retinamide, 135 
I-125-iodotamoxif en, 297 
ibuprofen, 51 
ICI 45520 (propranolol) , 72 
ICI 66,082 (atenolol), 73 
ICI 154129, 54 
ICRF 159 (razoxane), 183 
idoxuridine, 140 
imipramine, 43, 44, 45, 46, 204, 

indomethacin, 132, 156, 267, 280, 

insulin, 279, 280, 281, 282 
interferon (IFN), 149, 155, 267, 

interleukin I and 11, 156 
ipratropium bromide, 64, 66 
iprindole, 42, 44, 45, 46 

irazepine, 12 
ISF-2469 (cadralazine) , 71 
isobutylmethylxanthine (IBMX) , 2, 

isofloxythepin (VUFB 10662) , 22 
isonipeco tic acid , 16 
isoprenaline, 65 
isoprinosine, 156 
isotretinoin (13-Z-retinoic acid), 

185, 186 
isoxepac, 51 
istamycins, 113 

K 1349 (N-propargyldesipramine), 

kanamycin, 113 
kassinin, 35, 36 
KB-944 (diltiazem) , 72 

208 

282 

269, 270 

IPS-339, 73 

3, 5 

JPC-80, 175 

44 

KB-1043, 51 
KCN-TEI-6173, 62 
ketanserin (R41468), 74 
ketazolam, 14 
KI-6269 (KIT-180) , 110 
KIT-180 (KI-6269), 110 
KWD 2131, 64 
KWD 2183, 65 
kyotorphin, 57 
L 3428 (amiodarone), 99, 100, 101, 

102, 103, 105 
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L 8040, 102 
L 9146, 102 
L 9394 (butoprozine), 102 
L 640,876, 110 
L 643,441, 90 
L 681,217, 115 
labetalol (AH 5158A), 73 
B-lactam antibiotics, 277, 282 
6-lactamase inhibitors, 277 
laidlomycin, 115 
lamtidine (AH 22216), 90 
lasalocid , 281 
LB-46 (pindolol), 72 
lentinan, 156, 269 
levamisole, 156, 176, 184 
lidocaine, 281 
lipopolysaccharide (LPS) (endo- 

toxin), 269 
lithium, 41,  43, 45 
lividomycin B, 113 
LM 24056, 91 
lofepramine, 41 
lorazepam, 14, 16 
loxapine, 22 

LT 31-200 (bopindolol), 72 
LTC4, 61 
LTD4, 61 

LU 10-022 (teflutixol), 22 

LU 18-012 (tef ludazine) , 24 
lucanthone-7-hydroxyl, 132 
LY-120363 (flumezapine), 2 1  

LR-99853, 70 

LTE4, 61 

LU 13-013 (piflutixol), 22 

LY-139603, 42 
LY-141865 , 27 
LY-150378 (clofilium phosphate), 

lysine, 259 
lysinomicin, 113 
lysocellin, 115 
M-7, 74 
maprotiline, 41 
M&B 22,948, 63 
MCI 2016, 42 
MD 790501 (tropapride) , 24 
MDP (muramyl dipeptide) , 269 
mecillinam (FL 1060), 122 
melittin, 207 
melperone (FG 5111), 16, 105 
melphalan (L-phenylalanine mustard), 

meobentine, 104 
mepindol, 15 
meptazinol, 52 
mercaptopropionyl glycine (thiopro- 

nine), 174 
methadone, 57 
methiothepin, 46 

10 3 

129, 132, 278 

methisazone, 145 
methotrexate, 130, 132, 135, 278, 

methotrexate-poly(L-lysine complex), 

methoxyverapamil (D 600), 65 
ll-methyl-16,16-dimethyl PGE2 (Ro 

5-methylmethadoneY 57 
N-methylmorphine, 55 
N-methylnalorphine, 55 
(15S),15-methyl PGE2, 94 
metkephamid , 52 
metoprine, 130 
metoprolol (H 93/26), 73 
metromidazole, 133 
mevinolin (MK-803), 165, 166, 167 
mezilamine, 25 
mezlocillin, 111 
mianserin, 41, 45, 46 
midazolam, 15 
midecamycin, 114 
minaprin, 44 
mitomycin C-dextran polymer, 134 
MJ 1999 (sotalol), 103, 104, 105 
MJ 13805, 16 
MK 421 (enalapril), 71 
MK 761, 74 
MK 801, 17 
MK 803 (mevinolin), 165, 166, 167 
MK 950 (timolol), 72 
ML 236B (compactin), 166, 167 
MM 4550, 112, 113 
MM 13902, 112, 113 
MM 27696, 111, 112 
moenomycin, 125 
monacolin K, 167 
monensin, 267 
monobactams, 109 
monoclonal antibody, 135, 149, 155, 

monobutyryl-cyclic AMP, 3 
morphiceptin, 54 
morphine, 52 
motretinide (Ro 11-1430), 185 
moxalactam, 110 
MSH, 53 
MTB, 63 
muramyl dipeptide (MDP) , 153 
mycinamicins, 114 
myxovirescins, 115 
N 0164, 187 
N 0252 (azone), 188 
nabumetone (BRL 14777), 51 
nadolol (SQ 11725), 72 
nafazatrom (Gay g 6575), 62 
nalbuphine, 52 
nalidixic acid, 115 
naloxazone, 54 

279, 289 

130 

21-6937), 94 

288, 289 
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naloxonazine, 54 
naloxone, 45, 188 
nal tr exona zine , 
naproxen, 51 
nargenicin, 114 
NB 106-689 (f luperazine) , 21 
neoendorphin, 53 , 55 
nialamide , 45 
nicardipine, 81, 282 
nicotinic acid, 165 
nifedipine (Bay a 1040), 72, 79, 

54 

80, 81, 82, 83, 84, 85, 86, 204, 
205 

PFA (foscarnet) , 144 
PGE2, 267 
phencyclidine, 289 
phenelzine, 45 
phenoterol, 43, 44 
phenothiazines, 203, 204, 206, 

phenoxybenzamine, 204, 207 
phentoin (diphenylhydantoin), 177 
L-phenylalanine mustard (melphalan), 

2-phenylaminoadenosine (CV 1808), 

207, 208 

129, 132 

7 
nileprost , 94 N6-phenylisopropyladeno sine (PIA) , 
nipecotic acid, 16 phorbo1-12-myristate-13-acetate 
nisoxetine, 42, 45 (PMA) (12-0-tetradecanoylphorbol- 
nitrazepam, 15 13-acetate(TPA)), 267 
nitrendspine, 81 phosphatidylinositol, 35 
nitroglycerin, 280, 282 physalaemin, 35, 36 

nodusmicin, 114 pilocarpine, 280, 281 
nornif ensine, 42 pimozide, 24, 209 
norfloxacin (AM 715, MK 0366), 115 pindolol (LB-46), 72 
9-northienamycin, 111 piprofurol, 82 
nortriptyline, 45 pirenzepine, 91 
noveril, 41 pirlimycin (U 57930E), 114 
OA 61298, 111, 112 pivalone (tixocortol pivalate), 
OA 6129B1, 111, 112 186 
OA 6129B2, 111, 112 PK 8165, 15 
OA 6129C, 111, 112 - cis-platinum, 269 
octoclothepin, 22 pluracidomycin A, 112, 113 
octopamine, 70 pluracidomycin B, 112, 113 
oleandomycin, 114 pluracidomycin C, 112, 113 
OK 432 (picibinil), 269 pluronic L-81 benzoate, 164 

oncogenes, 225 poly I:C, 269 

ORG 2766, 43 prazosin (CP-12,299-1) , 71 
ORG 3770 (6-azamianserin), 41 prednisolone, 66, 281 
ORG 6216 (rimexolone), 186 prenylamine, 84 
ouabain, 4 prifuroline (14843 JL), 102 
oxaprotiline, 41 prizidilol (SKF 92657), 73 
ometidine, 90 proadifen (SKF 525A), 72 
oxymorphonazine, 54 probucol, 165, 166 
papaverine, 72 procainamide, 281 
paracetamol, 51 procaterol, 64 
pargyline , 45 profadol, 57 
paromamine, 113 progabide, 16 
paromomycin, 113 progesterone, 280, 281 
PCNU (piperidone-2,6-dione-chloro- proglmide, 33 

nimodipine, 80 1, 3, 5, 7 

2-nitroimidazole analogs, 135 piflutixol (LU 13-013), 22 

omeprazole (H 168/69), 91 PN 200-110, 81 

OPC 4139, 25 3-PPP, 27 

ethylnitrosourea) , 129 promazines, 208 
pef loxacin, 115 
penfluridol, 204. 209 

N-propargyldesipramine (K 1349) , 
11 . .  

D-penicillamine, 174, 175 propranolol (ICI 45520), 14, 72, 

peraf ensine, 42 prostaglandin PGD2, 132 
perlapine, 21 prosulpride (GRI 16651, 22 

penicillin G (benzylpenicillin), 281, 282 
119, 120, 123, 279 prostacyclin, 94 
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protamine, 131 
PS-8, 111 
PY 108-068, 81 
pyrithioxine, 175 
QH 25, 64 
QM 7184, 25 
quassinoids analogs, 134 
quazepam, 14 
quinacrine, 204, 210 
quinidine, 278 

R-24571 (calmidazolium) , 204. 209 , 
R-6033, 209 

sagamicins, 113 
salbutamol, 44, 45 
SAMe (S-adenoxyl-L-methionine), 43 
Sch 19927, 73 
Sch 22219, 186 
Sch 23409, 186 
Sch 28080, 92 
Sch 29482, 111 
scopolamine, 280 
SD-25 (syndaphalin) , 54 
selenoguanine Pt(I1) , 133 
serotonin. 70 . .  

210 
R 41468 (ketanserin), 74 
ranitidine (AH 19065) , 89 
razoxane (ICRF 159), 183 
remoxipride (FLA 731), 23 
retinoic acid, 135, 267, 269 
13-Z-retinoic acid (isotretinoin), 

RHC 2592-A (tiaramide), 63 
RHC 3281, 63 
ricin, 135 
rif amycins , 115 
rimexolone (ORG 6216) , 186 
rimorphin, 53 
ristocetin A ,  113 
RMI 81582, 22 
Ro 9359 (etretinate). 183 

18 5 

. -  

RO 5-3663, 13 
RO 5-4864, 13 
RO 10-9359, 186 
RO 11-1163, 43 
Ro 11-1430 (motretinide), 
Ro 12-4713 (carprazidil), 
RO 15-1788, 12, 13, 14 
RO 15-1903, 112 
RO 20-1724, 183, 184 
RO 21-6937, 94 
RO 21-7634, 62 
RO 22-1319, 25 
rolipram (ZK 62711), 42 
rosaramicin, 114 
RP 40749, 92 
RS 533, 111 
RS 21361, 42 
RS 35909, 186 
RS 84353, 42 
RS 99707, 42 
RU 5031, 41 
RU 27251, 27 
RU 28251, 27 
RU 29717, 27 
rubradirin, 115 
Rx 71,107 (tolmesoxide) , 
Rx 77368, 43 
Rx 781094, 42 
saframycin A, 134 
saframycin C, 134 

185 
71 

71 

sertraline, 42 
SF 21038, 112, 113 
SKF 5258, 72, 204 
SKF 10047 (N-allylnormetazocine) , 

SKF 38393, 26 
SKF 82526, 74 
SKF 92657 (prizidilol), 73 

SL 74205 (flubepride) , 23 
SL 75102, 16 

sotalol (MJ 1999), 72, 103, 104, 

soterenol, 65 
spectinomycin, 113, 114 
sporaricins, 113 
SQ 11725 (nadolol), 72 
SQ 14,225 (captopril), 71 
SQ 24,775, 66 
SQ 26,180, 109 
SQ 26,700, 109 
SQ 26,776 (azthreonam), 109 
SQ 26,812, 109 
SQ 26,823, 109 
SQ 26,875, 109 
SQ 26,970, 109 
SQ 27,860, 111 
SQ 80,338, 66 
ST-155 (clonidine), 69 
streptothricin, 114 
substance P, 31, 34, 36, 57 
sucralfate, 95 
sulbactam, 277 
sulfasalazine, 276 
sulfentanil, 52 
sulf inolol, 74 
sulmepride (TER 1546), 22 
sulpiride, 22, 23, 44 
sultamicillin, 112, 277 
sultopride, 23 
syndaphalin (SD 25), 54 
T3 (L-triiodothyronine) , 43 
T 1982, 109 
TA 058, 111 
tachykinin , 31 , 35 , 36 
talisomycin, 134 

54 

SKF 93479, 89 

SMS 201-995 , 54 

10 5 
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tef ludazine (LU 18-012) , 24 
teflutixol (LU 10-022) , 22 
teichomycin, 113 
teleocidin, 267 
temazepam, 14 
temocillin (BRL 17421), 111 
TER 1546 (sulmepride) , 22 
terbutaline, 64, 65 
terfenadine, 66 
tetracycline, 280 
tetronomycin, 115 
theophylline, 1, 3, 6, 64, 280, 

thienamycin, 111, 122 
8-ep i- thienamyc in , 
thioguanine Pt(II), 133 
thiolactomycin (2-200), 115 
thiopronine (mercaptopropionyl gly- 

cine), 174 
thiorphan, 52 
thiosporamicin (CP-46,192), 115 
thymopoietin (arg-lys-asp-Val-tyr), 

tiapamil, 79 
tiaramide (RHC 2592-A), 63 
tiazofurin (2-8-D-ribof uranosylthi- 

tif luadom, 55 
tilorone, 156 
timiperone, 24 
timolol (MK 950), 72 
tiotidine, 90 
tixocortol pivalate (pivalone), 

186 
TMQ, 65 
tobramycin, 113, 289 
tofisopam, 14 
tolmesoxide (Rx 71,107), 71 
tolmetin, 51 
TR 2855, 64 
tracazolate, 15 
tranexamic acid , 259 
trazodone, 42 
trebenzomin (CI-686) , 26 
trequinsin (HL-725), 71 
tretinoin (vitamin A acid), 185 
triamcinolone, 279 
triazolam, 15 
trif luoperazine, 204, 206 , 207, 

208 
6~-(trifluoromethanesulfonyl)amido- 

penicillanic acid sulfone, 112 
trifluridine, 140 
L-triiodothyronine (T3) , 43 
trimethoprim, 113 
trimipramine, 41 
tropapride (MD 7905@1), 24 

tuftsin, 156, 269 

28 2 

111 

176 

azole-4-carboxamide) , 130 

TSKI-VI, 145 

TVX 4148, 28 
tylosin, 114 
U 43,465F (adinazolam), 42 
U 50488H, 55 
U 56,467, 62 
U 60,257, 62 
U 63,1963 (AC 1370), 110 

UK-33,274 (doxazosin) , 71 
UM 360, 103 
UP 614-04, 42 
valproic acid, 16, 289 
vancomycin, 113 
venalot, 177 
verapamil (D 365), 65, 72, 79, 80, 

veratridine, 4, 7 
vidarabine (ara-A) , 141 
viloxazine, 42 
vinblastine, 129 
vincristine, 129, 130 
vinculin, 226 
vitamin A acid (tretinoin), 182, 

VM 26, 130 

VUFB 10662 (isofloxythepin) , 22 
W-7(N-(6-aminohexyl)-5-chloro-l- 

naphthalene sulfonamide. 209 
Wy 26002, 42 
X 14868A, 115 
X 14868B. 115 
Y 12112, 24 
YM 08050, 24 

YM 09538, 74 
YM 09649, 74 
YM 09686, 74 
YM 11170 (famotidine), 90 
yohimbine, 46 
zimelidine, 42 
ZK 62711 (rolipram), 42 
zomepirac, 51 
zopiclone, 16 
zotepine, 22 

UK-177, 25 

81, 82, 83, 84, 85, 86, 204, 205 

185 

VP-16-213, 129, 130 

YM 09151-2, 24 
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adenylate cyclases, dopamine sensitive, 12, 172 
adenylate cyclase, glucagon-sensi tive, 6,233 
adenylate cyclase, adrenergic SAR, 
adenylate cyclase, 6-adrenergic, 12; 112 
adenosine, neuromodulator, 2, 1 
adjuvants, 9, 244 
adrenal steroidogenesis, 2, 263 
B-adrenergic blockers, 
affinity labeling, 2, 222 
alcohol consumption, drugs and deterrence, 4, 246 
alkaloids, 1, 311; 2, 358; 5, 322; 5, 323; 5, 274 
aminocyclitolantibiotics, 12, 110 
analgesics (analgetic), 

- 8, 20; 9, 11; 10, 12; 11, 23; 12, 20; 13, 41; 14, 31; 2, 32; 16, 41; 
17, 21;-g, 51- 

6, 227 

10: 51; 14, 81 

1, 40; 2, 33; 2, 36; 5, 37; 5, 31; 5, 34; 7, 31; 

anezhetics, 
animal models, anxiety, 15, 51 
animal models, memory and learning, 
anorexigenic agents, 
antagonists, calcium, 
antagonists, GABA, g,41; 13, 31 
antagonists, narcotic, 7, 31; 8, 20; 9, 11; 10, 12; 11, 23 
antagonists, non-steroidal, 
antagonists, steroidal, 
anthracycline antibiotics, 2, 288 
antiaging drugs, 9 ,  214 

1, 30; 2, 24; 2, 28; 4, 28; 1, 39; 8, 29; 10, 30 

12, 30 
1, 51; 2, 44; 2F47; 5, 40; 8, 42; 2, 200; 15, 172 
16, 257; 17, 71; g,-79 

1, 191; 2, 184 
1, 213; 2, 208; 2, 207; 4, 199 

- 
antiallergy agents, 1, 92; 2, 83; 3, 84; 1, 89; 9, 85; 10, 80; 11, 51; 

antznginals, 1, 78; 2, 69; 2, 71; 5, 63; 1, 69; 8, 63; 9, 67; 12, 39; 
12, 70; 13, 51; a,-51; 15, 59; 2, 51; 18, 61 
.- -. 2, I 1  

10, 2; 11, 13; - 12, lo; 2, 21; 14, 22; g, 22; g, 31; 17, 11; g, 11 
antianxiety agents, 1, 1; 2, 1; 2, 1; 4, 1; 5, 1; 6, 1; 1, 6; 8, 1; 9, 1; 

antzrrhythmics, 
antibacterial agents, syntFetic, 

antTbiotics, 

I, 85; 6, 80; - 8, 63; 2, 67; 12, 39; 18, 99 
1, 118; - 2, 112; 2, 105; 4, 108; 2, 87; 

1, 109; 2, 102; 2, 93; 4, 88; 5, 75; 2, 156; 5, 99; 7, 99; 
6, 108; 17, 107; 18, 109 

- 7, 217; 8, 104; 9, 95; 10, 109; 11, 89; 11, 271; 12, 110; 2, 103; 
14, 103; - 15, 106717, 107; la, 109 

antEiotics, aminocyclitol, 12, 110 
antibiotics, 8-lactam, 12, 101 
antibiotics, B-lactam nonzlassical, 13, 149 
antibiotics, polyether, 10, 246 
antibodies, drug carriers and  toxicity reversal, 
antibodies, monoclonal, 16, 243 
anticonvulsants, 

antidepressants, 

antGiabetics, 
antifungals, 

antihypexipidemics, 2, 162; 2, 161 
antihypertensives, 

15, 233 

1, 30; 2, 24; 2, 28; 5, 28; 1, 39; 8, 29; lo, 30; 11_, 

1, 12; 2, 11; 2, 14; 4, 13; 2, 13; 6, 15; 7, 18; 8, 11; 
13; 12, 10; 13, 51; 3-22; 15, 22; 16, 31; 17, 11; 18, 11 

11, 3; 12, 1; 2; 1; 14, 1; 15, 1; 16, 1; 17, 41; 18, 41 
1, 164; 2, 176; 2, 156; 6, 164; 6, 192 

2,-157; 3,-145; 6,  138; 2, 129; 6, 129; I, 109; 8, 116; 2, 
107; 10, 120;2, 101; 13, 113; 15, 139; 17, 139 

1, 59; 2, 48; 2, 53; 6, 47; 5, 49; 5, 52; I, 59; 8, 
52; 2, 57; - 11, 61;-12, - 60; 13, 71; 2, 61; 15, 79; 16, 73; 17, 61; 18, 
69 
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antiinflammatories, non-steroidal, 1, 224; 2, 217; 3, 215; 4, 207; 2, 

anti-ischemic agents, 17, 71 
antimetabolite concept, drug design, 
antineoplastics, 

225; 6, 182; 1, 208; 8, 214; 9, 197; 10, 172; 2, 167; 2, 189 

11, 233 
2, 166; 3, 150; 4, 1%; 5, 144; 1, 129; 8, 128; 9, 139; 

- 10, 131; 11, 110: l2, 125; 13, 1TO; 2, T32; 15, 130; 16: 137; 17, 163; 
18, 129 

- 5, 116; 7, 145;-g, 141;-2, 115;-g, 154; 2, 121; 12, 140; l3, 130; 2, 
122; 15, 120; 16, 125; 2, 129 

antGarasitics, 1, 136; 1, 150; 2, 131; 2, 147; 3, 126; 3, 140; 4, 126; 

antiparkzsonism drugs, 
antipsychotics, 

antiradiation agents, 1, 324; 2, 330; 2, 327; 5, 346 
antirheumatic drugs, lz; 171 
antithrombotics, 
antiviral agents, 1, 129; 2, 122; 2, 116; 4, 117; 2, 101; a, 118; 1, 119; 

8, 150; 2, 128; 161; 11, 128; 2, 139; 2, 149; 16, 149; 18, 139 
aporphine chemistry, 4, 331 
arachidonate lipoxygenase, 16, 213 
arachidonic acid cascade, 
arachidonic acid metabolites, 17, 203 
arthritis, new agents, 
asymmetric synthesis, 13, 282 
atherosclerosis, 

8, 183; 15, 162;-2, 161'- 
bacterial resistance, 
bacterial toxins, 12, 211 
basophil degranulatiG, biochemistry , 
behavior, serotonin, 1, 47 
benzodiazepine receptors, 16, 21 
biological factors, 10, 3 9 7 2 ,  42 
biological membranes, 11, 222 
biopharmaceutics, 

biosynthesis, ahtibiotics, 2, 130 
blood enzymes, 1, 233 
bone, metabolic dysease, 
calcium antagonists, 
calmodulin antagonists, SAR, 18, 203 
cancer imunotherapy, 

6, 42; 9, 19 
1, 1; &-l; 2, 1; 2, 1; 5, 1; 5, 1; 7, 6; 8, 1; 2, 1; 10, 

2; 2, 3; l2, l y g ,  11; 2, 12; 15, 12; l6, 11; 18, 21 

1, 7 8 ; 8 ,  73; 9, 75; 10, 99; 12, 80; 14, 71; 17, 79 

Lr 182; 14, 178 
13, 16772, 189; 17, 175; 18, 171 

1, 17% 2, 187; - 3, 172; 4, 178; 5, 180; 6, 150; 1, 169; 

13, 239; 2, 119 

18; 247 

I., 331; - 2, 340; 2, 337; 4, 302; 5, 313; 6, 264; L, 259; 
8, 332 

12, 223; 15, 228; 17, 261 
l.6, 257; l7, 71; 18, 79 

2, 166;2, 150; 5, 154; 5, 144; 1, 129; i, 128; 2, 
139; 9, 151; 10, 131;-2, 110; 12, 120; 2, 120; 14, 132; 15, 130; 16, 
137; l.7, 163; Is, 129 

cannabinoids , 9, 253 
carboxylic acids, metalated, 12, 278 
carcinogenicity, chemicals, 12, 234 
cardiotonic agents, 
cardiovascular agents, 10, 61 
catalysis, intramolecular, 1, 279 
cell invasion, 2, 229 
cell metabolism, 1, 267 
cell metabolism, cyclic AMP, 
cellular responses, inflammatory, 12, 152 
chemotaxis, 
cholecystokini;;; 2, 31 
chronopharmacology, 11, 251 
complement inhibitors, 15, 193 
complement system, 7, 228 
conformation, nucleosTde, biological activity, 

16, 93; 13, 92 

2, 286 

15, 224; 2, 139; 2, 253 

2, 272 
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conformation, peptide, biological activity, 13, 227 
cyclic AMP, 2, 286; 5, 215; 8, 224; 11, 291 
cyclic GMF', 11, 291 
cyclic nucleotGes, 
cytochrome P-450 monoxygenases, 9, 290 
DDT-type insecticides, 9, 300 
dermatology, 12, 162; 18, 181 
diabetes, 
Diels-Alder reaction, intramolecular, 9, 270 
diuretic, 

100 
dopamine agonists, CNS, 13, 11; 2, 12; 15, 12; 16, 11; 18, 21 
dopamine agonists, blood flow, 

9, 203; 10, 192; 15, 182 

2, 182; 11, 170; 2, 159 

A, 67; 2, 59; 2, 62; 6, 88; E, 83; a, 71; 2, 71; 13, 61; 15, 

16, 103 
drug 
drug 
drug 
drug 
drug 
drug 
drug 
drug 

-- 
abuse; CNS agents, 9, 38 
allergy, 3, 240 
carriers, antibodies, 15, 233 
carriers, liposomes, 14, 250 
delivery systems, 15,302; 18, 275 
discovery, natural sources, 17, 301 
dimosition. 15. 277 
metabolism,' 3,227; 4 ,  259; 5, 246; 5, 205; 8, 234; 9, 290; 11, 190; 

i2, 201; 2, 196713, 306; g, 188; 16, 319; 17, 333 
elezrosynthesis, 12, 309 
enantioselectivity, drug metabolism, 13, 304 
endorphins, 
enzymatic monooxygenation reactions, 15, 207- 
enzymes, blood, I, 233 
enzyme inhibitors, 1, 249; 9, 234; 13, 249 
enzyme immunoassay, 18, 285 
enzymes, proteolytic inhibition, 13, 261 
fertility control, 
free radical pathology, 10, 257 
GABA, antagonists, 
gamete biology, fertiEty control, 
gastrointestinal agents, 

gene therapy, 8, 245 
glucagon, mechanism, 18, 193 
glucocorticosteroids, 3, 179 
glycosylation, non-enzymatic, 14, 261 
hallucinogens, 
heart disease, ischemic, 
heart failure, 13, 92; 16, 93 
hemorheologic agezs, 17, 99 
herbicides, 17, 311 
heterocyclic csmistry, 14, 278 
hormones, glycoprotein, 12, 211 
hormones, non-steroidal, 1, 191; 2, 184 
hormones, peptide, 
hormones, steroid, 1, 213; 2, 208; 2, 207; 6, 199 
host modulation, infection, 
5-hydro~ytryptamine~ 2, 273;-7-, 47 
hypersensitivity, delayed, 8, 284 
hypersensitivity, immediate, 7, 238; 8, 273 
hypertension, etiology, 9 ,  50- 
hypnotics, 

IgE, 18, 247 
immunity, cellular mediated, 

13, 41; 2, 31; 15, 32; Lc 41; 17, 21; 18, 51 

10, 240; 14, lg 

13, 31; 15, 41 
10, 240 

1, 99; 2, 91; 6, 56; 6, 68; 8, 93; 10, 90; 2, 
91; 16, 83; 17, 89; 18, 39 

1, 12; 2, 11; 2714; i, 13; 5, 23; 5, 24 
15, 89; 2, 71 

5, 210y7, 194; 8, 204; 10, 202; 11, 158; 16, 199 

8, 160; 2, 146; 2, 149 

1, 30; 2, 24;-2, 28; 4, 28; 1, 39; 8, 29; lo, 30; 11, 13; 12, 
10; 13, 21T14, 22; 2, 22; 16, 31; 17, 11; 18, 11 

17, 191; 18, 265 
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innnunoassay, enzyme, 18, 285 
immunostimulants, arthrzis, 
immunosuppressives, arthritis, 11, 138 
immunotherapy, cancer, 
immunotherapy, infectiousdiseases, 18 , 149 
infections, sexually transmitted, 147114 
inhibitors, complement, 15, 193 
inhibitors, connective tissue, 17, 175 
inhibitors, enzyme, 13, 249 
inhibitors, irreversibG, 
inhibitors, platelet aggregation, 6, 60 
inhibitors, proteolytic enzyme, 13: 261 
inhibitors, renin-angiotensin, Lr 82 
inhibitors, reverse transcription, 8, 251 
inhibitors, transition state analogs, 7, 249 
inorganic chemistry, medicinal, 8, 294- 
insecticides, 9, 300; 5, 311 
insulin, mechanism, 18, 193 
interferon, 8, 150; 12, 211; l.6, 229; 17, 151 
interoceptfve Ziscriminative stimuli, animal model of anxiety, 
intramolecular catalysis, 7, 279 
ionophores , monocarboxylic acid, 
iron chelation therapy, 13, 219 
isotopes, stable, in medicGal chemistry, 
8-lactam antibiotics, 12, 101 
8-lactam antibiotics, non-classical, 13, 149 
8-lactam antibiotics, synthesis , 
8-lactamases, 13, 239; 17, 119 
learning, 3 ,  279; 16, 51 
leukocyte motility, E, 181 
leukotrienes, synthesis structure, 17, 291 
lipid metabolism, 

lipzomes, 2, 250 
lipoxygenase, 16, 213; l.7, 203 
lymphocytes, delayed hypersensitivity, 8, 284 
magnetic resonance, drug binding, 
mast cell degranulation, biochemistry, 18, 247 
mechanism, drug allergy, 3, 240 
mechanisms of antibiotic resistance, 
membrane function, 10, 317 
membrane regulators, 11, 210 
membranes, active transport, 11, 222 
memory, 
metabolism, cell, 1, 267; 2, 286 
metabolism, drug, 3,  227; 5, 259; 5, 246; 5, 205; 8, 234; 2, 290; 11, 

metaboliG, lipid, 
metabolism, mineral, 12, 223 
metal carbonyls, 8, 322 
metals, disease, 14, 321 
monoclonal antibodies, 16, 243 
monoxygenases , cytochrome~-450, 
muscle relaxants, 
muscular disorders, 12, 260 
mutagenicity, mutagens, 12, 234 
mutagenesis, SAR of protein8, 
narcotic antagonists, 
natural products, 

11, 138; 14, 146 
9, 151 (see cancer) 

9, 234; 16, 289 

15, 51 

10, 246 

12, 319 

2, 271 

9, 172; lo, 182; 11, 180; 12, 191; 13, 184; 14, 198; 
15, 162 

11, 3il 

I, 217; 12, 239; 17, 119 

3, 279; 12, 30; 16, 5 1  

190; 12, 201; 13,196; 2, 304;  2, 188 
9, 172; 10, 182; g, 180; 12, 191; 14, 198 

9 , 290 
1, 30; 2, 24; 2; 28; 5, 28; 8, 37 

18, 237 
7, 31; 8720; 2, 11; 10, 12; 11, 23; 13, 41 

5, 274; - 15, 255; 17, 301 
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natural killer cells, 18, 265 
neoplasia, 8, 160; g , 1 4 2  
neurotensin, 17, 31 
neurotransmitters, 4, 270 
neurotransmitters, amyno acid, 2, 42 
neurotransmitters, brain receptor, 3, 264; 12, 249 
non-enzymatic glycosylation, 16, 26i 
non-nutritive, sweeteners, 17, 323 
non-steroidal antiinflamnatorGs, 

nucieic acid-drug interactions, 13, 316 
nucleic acid, sequencing, 16, 2 9 F  
nucleic acid, synthesis, Lx 299 
nucleoside conformation, 5, 272 
nucleosides, 1, 299; 2, 304; 2, 297; 5, 333 
nucleotides, 1, 299; 2, 304; 3, 297; 5, 333 
nucleotides, cykic, 
obesity, 
oncogenes, 18, 275 
opioid receptor, 

opizds, endogenous, 
organocopper reagents, 10, 3 2 7  
PAF, platelet activating factor, 
parasite biochemistry, 16, 269 
pathophysiology, plasma rnGbrane, 10, 213 
penicillin binding proteins, 18, 1 3  
peptic ulcer, 

17, 89; 18, 87 
pepzde conformation, 13, 227 
peptide hormones, 
peptide, hypothalamus, 
peptide, neurotensin, 17, 31 
peptide, SAR, 5, 266 
peptide, synthesis, 
peptide, synthetic, 1, 289, 2, 296 
peptide, thyrotropin, 17, 31 

1, 224; 2, 217; 2, 215; 4, 207; 5, 225; 
6, 182; I, 208; 8, 214; 9, 193; lo, 172; 2, 167; 16, 189 

9, 203; 10, 192; 15, 182 
1, 51; 2, 4472, 47; 2, 40; 8, 42; 11, 200; 15, 172 

11, 33; - 12, 20; 13, 41; 16, 31; 15, 32; 16, 41; 17, 21; 
18, 51 

12, 20; 16, 41; 17, 21; 2, 51 

17, 243 

1, 99; 2, 91; i756; 6, 68; 8, 93; 10, 90; 12, 91; 16, 83; 

2, 210; 7, 194; 8, 204; g, 202; 11, 158 
7, i94; - 8, 204; 2, 202; 16, 199 

2, 307; I, 289; 16, 309 

periodontal disease, 10, 228 
pharmaceutics, 

pharmacokinetics, 

1, 33172, 340; 2, 337; &, 302; - 5, 313; 6 
7, 259; 8, 332- 

3, 227; 3, 337; 4, 259; 4, 302; 5, 246 
- 8, 234; 9, 290; 17, 190; 2, 201; 2, 196; 13, 304; 14, 
16, 319; 17, 333- 

pharmacophorridentification, 15, 267 

254; 5, 264; 

5, 313; 6, 205; 
1%; 14, 309; 

pharmacophoric pattern searching,' 14, 299 
physicochemical parameters, drug de&n, 
pituitary hormones, 
plasma membrane pathophysiology, 10, 213 
plasminogen activator, 18, 257 
platelet activating factor'(PAF), 17, 243 
platelet aggregation, 5, 60 
polyether antibiotics, 10, 246 
polyamine metabolism, 17, 253 
polymeric reagents, 117281 
prodrug approach, drugxesign, 2, 306 
prolactin secretion, 15, 202 
prostacyclin, 2, 178- 
prostaglandins, 5, 170; 6, 137; 1, 157; 8, 172; 9, 162 
prostaglandins, SE, 

3, 348; 4, 314; 5, 285 
7, 194; 8, 204; 10, 252 

2, 290; 11, 80 
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protein growth factors, 17, 219 
proteinases, arthritis, 14, 219 
protein kinases, 18, 213- 
psoriasis, 12, 1 6 F  
psychiatric disorders, 11, 42 
psychoses , biological f aczrs , 
psychotomimetic agents, 9, 27 
pulmonary agents, 

80; 11, 51; 12, 70; 3, 51; l4,-51; 9, 59; 2, 51; 18, 61 
quantitative SAR, 5, 245; 8, 313; 2, 301; 13, 292; 17, 281 
radioimunoassays, 10, 284’- 
radioisotope labeled drugs, 7, 296 
radioimaging agents , 
receptor binding, 12,249 
receptor mapping, 2, 299; 15, 267 
receptors, adrenergic, 15, 217 
receptors, 8-adrenergic bzckers, 14, 81 
receptors, benzodiazepine, 16, 21 
receptors, cell surface, 12721.1 
receptors, drug, 1, 236; 227; 8, 262 
receptors, histamine, 14, 91 
receptors, neurotransmitters, 
receptors, neuroleptic, 2, 249 
receptors, opioid, XI, 33; 2, 20; l3, 41; 14, 31; 15, 32; 16, 41; 17, 

recombinant DNA, 17, 229, 18, 307 
renal blood flow, 16, 103 
renin-angiotensin system, 13, 82 
reproduction, 
reverse transcription, 8, 251 
rheumatoid arthritis, 
SAR, adrenergic, 6, 2 2 7  
SAR,  calmodulin antagonists, l8, 203 
SAR, non-classical 8-lactams, 17, 291 
SAR, peptides, 5 ,  266 
SAR, prostaglandiGs, 11, 80 
S A R ,  quantitative, 
sedative-hypnotics, 

sedxives, 

serotonz, behaxor, 
serum lipoproteins, regulation, 13, 184 
sexually-transmitted infections, 2, 114 
silicon, in biology and medicine, 
skeletal muscle relaxants, 8, 37 
slow-reacting substances, 
solute active transport, 11, 222 
somatostatin, 14, 209; 187199 
SRS, 
steroidxormonec 
steroidogenesis, adrenal, 2, 263 
steroids, 

3, 39 

1, 92;-2, 83; 3, 84; 4, 67; 5, 55; I, 89; 2, 85; 10, 

18 , 293- 

3, 264; 12, 249 

21 

1, 205; 2, 1-; 2, 200; 4, 189 

li, 138; 14, 219; 2, 171 - 

5,245; 8, 313; ll, 301; 13, 292; 17, 291 
7, 39; 3, 29; 11, 13; 12, 10; l3, 21; 14, 22; 15, 22; 

16, 31; 17, 11; G,-l1 

10; 13, 217 14, 22; 15, 22; l6, 31; 17, 11; l8, 11 
1, 30; 2, 24; 3, 28; 4, 28; I, 39; 8, 29; 2, 30; 11, 13; 12, 

2, 273; 1, 47 

3, 265 

17, 69; 16, 213; 17, 203; 17, 291 - 

15, 69; 16, 213; 17, 203; 17, 291 
1, 213; - 2, 2 0 x  2, 207; 5, 199 

2, 312; 2, 307; p ,  281; 5, 296; - 5, 192; a, 162; 2, 182; 8, 194; 
- 11, 192 

stimulants, 
substance P, 17, 271; 2, 31 
subs tituent conzants, 2, 347 

1, 12; 2, 11; 2, 14; 4, 13; 5, 13; 5, 15; 1, 18; 8, 11 

suicide enzyme inhibitors, 16, 289 
superoxide dismutases, 10, 257 
superoxide radical, g , 2 5 7  
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sweeteners, non-nutritive, 17, 323 
synthesis, asymmetric, 13, 282 
synthesis, computer-assisGd, 
thrombosis, 5, 237 
thromboxanes , 14 , 178 
thyrotropin relezing hormone, 17, 31 
toxicity reversal, 15, 233 
toxicity, mathematicarmodels, 18, 303 
toxicology, comparative, 11, 2 4 y  
toxins, bacterial, 2, 2 1 F  
transcription, reverse, S, 251 
vasoconstrictors, 4, 77 
vasodilators, i, 77 
vasodilators, cerebral, 12, 49 
veterinary drugs, 16, 1 6 1  
viruses, 14, 238 
vitamin D, 10, 295; 2, 288; 17, 261 
waking functis, 10, 21 
water, structures, 5, 256 
xenobiotics, cyclic nucleotide metabolism, 15, 182 

12, 288; - 16, 281 
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