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A b s t r a c t .  Us ing  a  new n i t r i c  o x i d e  a n a l y s e r ,  we h a v e  d e v e l o p e d  a  
s e n s i t i v e  c h e m i l u m i n e s c e n c e  a s s a y  t o  d e t e c t  t r a c e  q u a n t i t i e s  o f  NO i n  
aqueous  s o l u t i o n s .  T h i s  improved t e c h n i q u e  i n  c o m b i n a t i o n  w i t h  t h e  
b i o a s s a y  h a s  b e e n  employed t o  v e r i f y  t h e  t h e o r y  t h a t  NO r e l e a s e d  by 
v a s c u l a r  e n d o t h e l i u m ,  a c c o u n t s  f o r  t h e  r e l a x a t i o n  p r o d u c e d  b y  a c e t y l -  
c h o l i n e ,  l y s o p h o s p h a t i d y l c h o l i n e  a n d  c a l c i u m  i o n o p h o r e  A23187. Our 
r e s u l t s  show t h a t  w h i l e  c a l c i u m  i o n o p h o r e  A23187 c o n t i n u o u s l y  r e -  
l e a s e d  N O ,  a c e t y l c h o l i n e  and l y s o p h o s p h a t i d y l c h o l i n e  r e l a x e d  v a s c u l a r  
s t r i p s  w i t h o u t  r e l e a s i n g  NO o v e r  t h e  b a s a l  l e v e l .  

I n t r o d u c t i o n .  N i t r i c  o x i d e  has been i m p l i -  
c a t e d  as t h e  endo the l i um-de r i ved  r e l a x i n g  f a c t o r  
(EDRF) , whi ch media tes  t h e  vascu l  a r  r e l a x a t i o n  
produced by a c e t y l c h o l i n e  and c a l c i u m  ionophore 
A23187 ( I  ,2). Recen t l y  we have demonst ra ted t h a t  
1ysop;;;sphatidyl cho l  i n e  (LPC) a1 so produces 
endothel ium-dependent r e l a x a t i o n  o f  r a b b i t  t h o r -  
a c i c  a o r t a  as w e l l  as bov ine  i n t r a p u l m o n a r y  
a r t e r y  and v e i n  (3 -6 ) .  The n a t u r e  o f  t h e  r e l a x i n g  
substance produced by  LPC has n o t  been determined.  
The i d e a  t h a t  EDRF c o u l d  be NO emerged f rom a n a l -  
agous f i n d i n g s  w i t h  n i t r o v a s o d i l a t o r s ,  a c i d i f i -  
c a t i o n  o f  i n o r g a n i c  n i t r i t e  which generates  NO, 
and t h e  v a s c u l a r  r e l a x i n g  e f f e c t s  o f  aqueous 
s o l u t i o n s  o f  NO gas i n  supe r fus ion  cascade b i o -  
assays (7- 9 ) .  The chemica l  assays f o r  t h e  de- 
t e c t i o n  NO have u t i l i z e d  t h e  chemiluminescence 
r e a c t i o n  o f  NO w i t h  ozone t o  f o r m  NO2, o r  t h e  
d i a z o t i z a t i o n  o f  s u l p h a n i l  i c  a c i d  (1,2).  Both  
these  techn iques  r e q u i r e  t h e  a c i d i f i c a t i o n  o f  
t h e  e f f l x n t s  f rom c u l t u r e d  e n d o t h e l i a l  c e l l s  o r  
a r t e r i a l  vesse l s ,  and hence do n o t  c o n c l u s i v e l y  
i d e n t i  f v  t h e  a c t u a l  v a s c u l a r  smooth muscle 
r e l j x a n t  as NO, s i n c e  under a c i d i c  c o n d i t i o n s  
n i  t r o s o  compounds, i n o r g a n i c  and a1 k y l  n i t r i t e s ,  
as we1 1  as n i t r o s a m i n e s  can l i b e r a t e  NO ( 1 9 , l l ) .  
I n  t h i s  paper we d e s c r i b e  a  s e n s i t i v e  chemilum- 
i n e s c e n c ~ ~ a s s a y  t o  d e t e c t  t r a c e  q u a n t i t i e s  o f  NO 
( 3  X 10- " id )  i n  aqueous b i o l o g i c a l  s o l u t i o n s  i n  
t h e  presence and absence o f  a c i d .  I n  comb ina t i on  
w i t h  b ioassay  s u p e r f u s i o n  exper iments  t h i s  t ech -  
n ique  i s  more d i r e c t  and s e n s i t i v e  f o r  t h e  de- 
t e c t i o n  o f  NO than  those p r e v i o u s l y  descr ibed.  

F l a t e r i a l  s  and ~ e t h o d s .  ~ e t e c t i o n  o f  n i t r i c  
ox ide .  N i t r i c  Oxide Ana lvse r  (NOA) model 270 
was purchased f rom s ieve&  ~ e s e a r c i i ,  I n c .  , 
~ o u l d e r ,  CO. D e t e c t i o n  o f  NO i s  based on t h e  
chemiluminescence r e a c t i o n  o f  NO w i t h  ozone. 
N O + O - ) N O Z + O  + n v .  

~ $ e  b a s ~ c  ap$aratus  i s  shown i n  f i g u r e  1. 
The apparatus  c o n s i s t s  o f  a  s p e c i a l  purge and 
t r a p  dev i ce  (J.  P i r o l o ,  A1 hambra, CA) i n t e r f a c e d  
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t o  t h e  NOA. The l e a k - ? r o o f  purge and t r a p  dev i ce  
c o n s i s t s  o f  a  p u r g i n g  u n i t  made o f  b o r o s i l i c a t e  
g l a s s  (7 .5  cm X 1.27 cm) w i t h  a  g l a s s  b u l b  (3 .7  
cm) a t  t h e  t o p  and a  medium p o r o s i t y  g l a s s  f r i t  
a t  t h e  bottom. T h i s  i s  connected by a  U-tube and 
an o b l i q u e  h i g h  vacuum cup s topcock t o  an i n l e t  
o f  he1 ium. The p o r t  a t  t h e  t o p  p e r m i t s  i n t r o -  
d u c t i o n  and removal of  samples. The s i d e  arm 
on t h e  b u l b  i s  connected by  a  h i g h  vacuum s top -  
cock t o  t h e  NOA which i s  ma in ta ined  under reduced 
p ressu re  (0-1  T o r r )  by  a  vacuum pump (Edwards 
Model E2M-1). Gases f r o m  t h e  purge dev i ce  pass 
th rough  a  needle  v a l v e  t h a t  r e g u l a t e s  t h e  f l ow  
upstream and e n t e r s  t h e  d e t e c t o r .  Aqueous samp- 
l e s  can be i n j e c t e d  th rough  a  g a s - t i g h t  septum 
(Hewlet t -Packard,  PA) a t  t h e  t o p  p o r t .  The purge 
vesse l  i s  degreased w i t h  o r g a n i c  s o l v e n t s  and 
r i n s e d  c o p i o u s l y  w i t h  d i s t i l l e d  water .  Ozone 
i s  generated i n  s i t u  by e l e c t r i c a l  d i scha rge  o f  
a i r  drawn i n  by t h e  vacuum pump and i s  mixed w i t h  
t h e  e f f l  u c n t  gases from t h e  purge vesse l  i n  a  4  ml 
chemi 1  umi nescence c e l l  1  oca t e d  d i r e c t l y  i n  f r o n t  
o f  a  coo led,  r e d - s e n s i t i v e  p h o t o m u l t i p l i e r  t ube  
(tlamamatsu R712-PHA) . The 1 i g h t  f rom t h e  reac-  

t i o n  i s  measured by photon c o u n t i n g  techn ique  and 
i s  reco rded  on a  c h a r t  ( S o l t e c  Corpo ra t i on ,  Sun 

Va l l ey ,  CA). 
I n  a  t y p i c a l  exper iment ,  t h e  purge vesse l  i s  

evacuated t o  0-1 T o r r .  Wi th  t h e  o u t l e t  and i n l e t  
s topcocks c losed,  2  ml o f  t h e  sample i s  i n j e c t e d  
i n t o  t h e  vesse l .  Hel iur ' i  i s  i n t r o d u c e d  a t  t h e  
r a t e  o f  40 ml/min f o r  15 seconds and t h e  gases 
a r e  purged i n t o  t h e  chemiluminescence c e l l  by  
openinrj t i l e  o u t l e t  s topcock.  The maximum s i g n a l  
i s  reco rded  as a  measure of t h e  a b s o l u t e  amount 
o f  NO formed. 

B ioassay f o r  EDRF. The super fus ion  cascade 
e x p e r x e n t s  have been desc r ibed  i n  d e t a i l  e l s e -  
che re  (12,9,6). Bov ine 1  ungs were o b t a i n e d  f r o m  
Shamrock Co., Vernon, CA. A  segment of  t h e  i n -  
t rapu lmonary  a r t e r v  (12 cm l o n g )  was per fused 
w i t h  Krebs-Hense le i  t ( 3 )  and t h e  p e r f u s a t e  was 
a l l o w e d  t o  supe r fuse  an endo the l i um-depr i ved  
d e t e c t o r  s t r i p .  Thg p e r f u s i o n  and s u p e r f u s i o n  
media c o n t a i n e d  10- M  indomethacin.  Changes i n  
t h e  i s o m e t r i c  t e n s i o n  o f  t h e  d e t e c t o ~ ~ w e r e  r e -  
corded a f t e r  p r e c o n s t r i c t i o n  w i t h  10 M h i s t a -  
mine. I n  a  t y p i c a l  exper iment ,  b ioassays were 
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Figure 1. Schematic representation of the nitric oxide analyzer model 
270 with the purge and trap device. 

c a r r i e d  ou t  f i r s t .  Fol l o t i n g  t h i s ,  r e l a x i n g  sub- 
s t a y e s  t o  be tes ted ,  10- M a c e t y l c h o l i n e  (Agh), 
10- M l ysophospha t idy l cho l ine  (LPC), and 10- M 
ca lc ium ionophore A23187 were added to  t h e  gen- 
e r a t o r  and the  r e l a x a t i o n  of the  d e t e c t o r  was 
recorded. Subsequently, NO de te rm ina t ion  was 
c a r r i e d  o u t  i n  2  ml o f  the  e f f l u e n t  c o l l e c t e d  
d i r e c t l y  from t h e  generator  i n  a  pressure- lok 
gas sy r inge  (Dynatech P r e c i s i o n  Sampling Corp. , 
Baton Rouge, LA) i n  an atmosphere o f  N  . The 
procedure was repeated by c o l l e c t i n g  t 2 e  e f f l u -  
e n t  i n  10% v /v  of 4N HCL. I n  experiments i n v o l v -  
ing8ACh, a r t e r i a l  s t r i p s  were p r e t r e a t e d  w i t h  
10- M a t r o p i n e  su lphate t o  prevent  the  d i r e c t  
c o n t r a c t i l e  e f f e c t s  o f  ACh (15 ) .  

P repara t ion  of Standard So lu t ions  o f  NO. 
To prepare a  sa tu ra ted  s o l u t i o n  o f  NO a t  25"C, 
10 nl o f  Krebs o r  water  were deoxvqenated bv 
fl ushing w i t h  N2. NO gas (99.9916 i a t h e s o n  k a s  
Co. , Cucamonga, CA) was bubbled through a t  a  
r a t e  o f  one bubble pe r  second f o r  20 minutes, 
w h i l e  the  gas above was f lushed away w i t h  N . 
The tube was q u i c k l y  c losed  w i t h  a  serum3ca$. 
The s o l u b i l i t y  of NO i n  water  i s  7.34 cm / I 0 0  ml 
and assuming s a t u r a t i o n  (13) ,  t h e  maximal concen- 
t r a t i o n  o f  NO i n  t h e  s o l u t i o n  i s  3.3 mM which i s  
e q u i v a l e n t  t o  3  nmoles of NO/.q1 o f  sample. D i -  
l u t e  s o l u t i o n s  were prepared s i m i l a r l y  by bub- 
b l i n g  pure NO through 100 ml o f  s o l u t i o n  f o r  20 
minutes and 10 minutes r e s p e c t i v e l y .  

Drugs. Histamine, a c e t y l c h o l i n e  c h l o r i d e  
indomethacin and l ysophospha t idy l cho l ine  from 
egg yo1 k  were ob ta ined  f rom Sigma Chemical Co., 
St .  Louis, MO. A t rop ine  su lpha te  was f rom Lypo- 
med, Inc. ,  Rosemont, I L .  

Res~r l  t s .  The cherni 1  uminescence responses 
ob ta ined  from aqueous s o l u t i o n s  of NO were 
1  i n e a r  between 300 piconioles and 35 nlnoles (F ig .  
2a and b )  . l i i  gher concen t ra t ions  over1 oaded t h e  
de tec to r .  The i n i t i a l  response upon purg ing  was 
ve ry  r a p i d  as was the  decay from t h e  peak value. 
T a i l i n g  of t h e  peaks was n o t  no t i ced .  For i n t e -  
g r a t i o n  t imes above 0.25 seconds, the  no ise  l e v e l  
increased. Standard s o l u t i o n s  prepared i n  water  
as w e l l  as Krebs gave i d e n t i c a l  responses i n  the  
ranges s tud ied .  

nmoles 

nmoles 
Figure 2. (a) Chemiluminescence responses obtained with higher 
concentrations of aqueous NO solution. (b) Chemiluminescence re- 
sponses obtained with lower concentrations of aqueous NO solution. 

F igures 3a and b  rep resen t  t h e  r e l a x a n t  r e -  
sponses and the  concomitant re lease  of NO from 
the  e f f l y e n t  o f  the  generator  g f t e r  p e r f u g i n g  
w i t h  10; M h i s tamine  (HA), 10- M LPC, 10- M ACh 
and 10 M A23187. Per fusa te  f rom t h e  generator  
produced r e l a x a t i o n  o f  t h e  d e t e c t o r  a f t e r  pre-  
c o n t r a c t i o n  w i t h  h i s tamine  i n d i c a t i n g  basal r e -  
lease o f  EDRF. Per fus ion  w i t h  ACII and LPC caused 
f u r t h e r  r e l a x a t i o n ,  b u t  t h e  NO s igna l  was very  
low. I n  most cases the  s i g n a l  was n o t  g r e a t e r  
than t h e  basal re lease .  On t h e  o t h e r  hand, 
A23187 generated s u b s t a n t i a l  amounts o f  NO con- 
t i n u o u s l y  f o r  over  90 minutes. Upon a c i d i f i c a -  
t i o n  o f  the  e f f l u e n t  a l l  NO s i g n a l s  increased 
by seven t o  t h i r t e e n  f o l d .  

The chemiluminescence response ob ta ined  f rom 
sodium n i t r i t e  i n  s o l u t i o n  was a  thousand t imes 
l e s s  when compared t o  NO s o l u t i o n .  2900 nmoles 
o f  sodium n i t r i t e  produced t h e  c h r a c t e r i s t i c  
s-ignal o f  3  nmoles o f  aqueous s o l u t i o n .  Ac id-  
i f i c a t i o n  enhanced the  s igna l  by f o u r  fo ld .  

Discuss ion.  We have descr ibed here a  sens i -  
t i v e  chemiluminescence assay t o  d e t e c t  NO up t o  
300 picomoles d i r e c t l y  i n  aqueous b i o l o g i c a l  sam- 
p les .  I n  a  s im i  1  a r  chemi 1  unlinescence technique 
t o  determine NO f rom seawater, Z a f i r i o u  and 
McFarland have e s t a b l i s h e d  t h a t  t h e  s ignal -caus-  
i n g  gas i s  NO (14) .  I n  the  present  method NO can 
be generated under reduced pressure, thus e l i m -  
i n a t i n g  the  a c i d i f i c a t i o n  s tep  employed p r e v i -  
ous ly .  Using t h i s  technique we have at tempted 
t o  i d e n t i f y  the  na tu re  o f  t h e  endothel ium-der ived 
r e l a x i n g  fac to r ,  re leased  from bov ine i n t r a p u l -  
monary a r t e r y  upon s t i m u l a t i o n  w i t h  ACh, LPC and 
t h e  ca lc ium ionophore A23187. Our observa t ions  
p rov ide  pharmacological evidence o f  the  re1  ease 
o f  EDRF a f t e r  p e r f u s i o n  w i t h  ACh and LPC, b u t  
t h e  chemical evidence does n o t  revea l  t h e  r e -  
lease o f  :43 above basal  l e v e l  w i t h o u t  a c i d  hy- 
d r o l y s i s .  On the  o t h e r  hand, upon p e r f u s i o n  
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Figure 3. (a) Superfusion bioassay for EDRF. A segment of the bovine intrapulmonary artery was perfused with Krebs-Henseleit containing 
1 0-5 M indomethacin. The perfusate superfused an endothelium-deprived detector strip from the third branch. Changes in isometric tension of 
the detector were recorded after preconstriction with 1 0-5 M histamine. G, effluent from the generator: 1 0-5 M LPC, M ACh, and 1 0-6 M 
calcium ionophore A23187 were delivered by superfusion. (b) Chemiluminescence response for NO obtained from effluents of bovine 
intrapulmonary artery. Following the bioassay, the detector was disconnected and 2 ml of the effluent were collected directly for NO 
determination in the presence and absence of 1O0/0 v/v of 4 N HCI. KH (Krebs-Henseleit), with lop5 M indomethacin; HA, M histamine; 
LPC, 1 0-5 M lysophosphatidylcholine; ACh, 1 OP6 M acetylcholine; A231 87, 1 0-6 M calcium ionophore. 

w i t h  c a l c i u m  ionophore A23187 t h e r e  was substan- 
t i a l  r e l e a s e  o f  NO which p e r s i s t e d  ove r  90 min- 
u t e s .  A c i d i f i c a t i o n  o f  t h e  e f f l u e n t  enhanced t h e  

s i g n a l  f r om a1 1  t h e  r e l a x i n g  agents  as we1 1  as 
t h e  basa l  re lease .  

I n  summary, o u r  r e s u l t s  suggest  t h a t  w h i l e  
t h e  r e l a x a t i o n  produced by  c a l c i u m  ionophore 
A23187 may b e m e d i a t e d t h r o u g h  NO, i t  i s  u n l i k e l y  
t h a t  t h e  genera t i on  of  NO i s  r e q u i r e d  f o r  t h e  
a c t i o n  o f  ACh and LPC. The e n d o t h e l i a l  p recu r -  
so rs  r e s p o n s i b l e  f o r  t h e  enhanced r e l e a s e  o f  NO 
upon a c i d i f i c a t i o n  cou l  d  be o r g a n i c  o r  i n o r g a n i c  
n i t r i t e ,  n i t r o s o  compounds and n i t rosamines .  
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