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Assay of cyclo-3', 5'-Adenosine Monophosphate  (cAMP) in Sub-picomole  Quantities Using a Covalent 
Protein-Sepharose  Complex 1 

Two types  of a s say  based  on t h e  c o m p e t i t i v e  a d s o r p t i o n  
( 'b ind ing ' )  of cold a n d  r ad ioac t ive ly  label led  cAMP to  spe- 
cific ' b i n d i n g  p ro t e in '  molecules  are known.  T he  f i rs t  is a n  
i m m u n o l o g i c a l  m e t h o d  e m p l o y i n g  an t ibod ie s  p roduced  
aga ins t  cAMP s , t h e  second uses n a t u r a l l y  occurr ing,  pre-  
fo rmed  ' cAMP b i n d i n g  p ro te ins '  e x t r a c t e d  f rom var ious  
t i ssues  3. W e  h a v e  found  b o t h  to  h a v e  t he i r  d r a w b a c k s :  
The  an t i gen i c i t y  of cAMP (free or coupled  to a carrier)  is 
low a n d  t he  p r e p a r a t i o n  of an t ibod ie s  r a t h e r  t r i cky .  Af te r  
t he  e s t a b l i s h m e n t  of equ i l ib r ium be t w een  t h e  a m o u n t  of 
cAMP ' b o u n d '  (Cb) a n d  free in  so lu t ion  (cf), i t  is d i f f icul t  to  
ach ieve  a c lean-cu t  s e p a r a t i o n  be t w een  t h e  two phases  so 
t h a t  on ly  e i the r  Cb or cf, b u t  no t  bo th ,  c an  be  measured ,  
t h u s  r educ ing  t he  precis ion a n d  i n t r o d u c i n g  a n u m b e r  of 
e x p e r i m e n t a l  p rob lems .  

W e  h a v e  the re fo re  cova l en t ly  a t t a c h e d  pa r t i a l l y  pur i -  
fied ' b i n d i n g  p ro te ins '  f rom cow ad rena l s  to  Sepharose  2B 
b y  t he  cyanogen  b r o m i d e  m e t h o d  4. T he  resu l t ing  p r o d u c t  
is v e r y  s t ab le  and  r e t a in s  i t s  specific b i n d i n g  p roper t i e s  
u n c h a n g e d  d u r i n g  m o n t h s  a t  1-4  ~ T he  m e a n  associa t ion  
c o n s t a n t  for cAMP a t  p H  7.4 is Kas s ~-- 4.5 • 103 1/mole, 
a n d  t he  m a x i m a l  b i n d i n g  capac i ty  P _~ 1.5 p icomoles /ml  
of p r o t e i n - S e p h a r o s e  suspens ion  (assays in 0 . 0 3 M  Tris- 
HC1 buffer) .  E q u i l i b r a t i o n  w i t h  cold a n d  t r a c e r  ( t r i t ium) 
cAMP is ach ieved  w i t h i n  less t t l an  1 h a t  4 ~ w i t h o u t  
shaking ,  and  t he  ' S e p h a r o s e  p r o t e i n  cAMP complex '  can  
be  r ap id ly  a n d  q u a n t i t a t i v e l y  i so la ted  b y  f i l t r a t ion  ove r  a 
35 ~xm po lyes te r  ne t  ( f i l t ra t ion  and  w as h i ng  t ake  a b o u t  
20 sec.). B o t h  cr a n d  Cb can  be  d e t e r m i n e d  b y  sc in t i l l a t ion  
coun t ing ,  because  n e i t h e r  sepharose  no r  po lyes te r  ne t  in- 
terfere .  The  Compound ha s  been  used for qu ick  a n d  rel iable  
assays  of p icomole  and  subp icomole  a m o u n t s  (down to 
a b o u t  0.2 pmoles)  of cAMP in biological  samples .  The  re- 
su i t s  c o m p a r e  v e r y  well  w i t h  those  of para l le l  i m m u n o l o -  
gical  assays  r u n  on  less d i lu ted  samples  w i t h  1-2 pmoles  of 
cAMP. 

Sl ight  p H  a n d  sa l t  c o n c e n t r a t i o n  effects  on  Kass and  Po 
as well  as t he  Hill-coefficient were observed .  I t  is the re fore  
necessa ry  to  measu re  b o t h  s t a n d a r d  a n d  u n k n o w n  a t  t h e  
same  p H  a n d  sa l t  c o n c e n t r a t i o n  (p.e. a d d i t i o n  of NaC1 to  
_ 0 .7M).  No specific sa l t  effects  are shown.  None  of t he  

c o m m o n  nuc leo t ides  in te r fe re  w i t h  t h e  assay  a t  less t h a n  
500 t imes  t h e  cAMP c o n c e n t r a t i o n ;  on ly  cyclo-Y, 5"- 

inos ine  m o n o p h o s p h a t e  (Kass --- 1 • 108 1/mole) could be 
d i s tu rb ing .  

Assay. 50 ~1 of s t a n d a r d  or u n k n o w n  cAMP solu t ion;  
50 ~xl of 8H-cAMP so lu t ion  ( con ta in ing  ___ 0.2 pmole  of 
t racer ,  15 Ci/mole) ;  200 ~1 of ' s epharose  coupled  cAMP 
b i n d i n g  p ro t e in '  suspens ion  (con ta in ing  _~ 0.3 pmole  of 
b i n d i n g  sites). Keep  for 1 h a t  4 ~ P i p e t t e  a n  a l iquo t  of 
s u p e r n a t a n t  (no need  for  cen t r i fuga t ion)  in to  c o u n t i n g  vial  
a n d  c o u n t  (-+ cf). F i l t e r  t h r o u g h  35 ~xm po lyes te r  ne t ,  r inse 
a n d  wash  w i t h  1.5-2 m l  of 50 m M  Tris-HC1 5 m M  theo-  
phy l l i n  buffer .  T rans fe r  ne t  plus  p r ec ip i t a t e  in to  a scint i l la-  
t i on  v ia l  a n d  c o u n t  (-+ cb). Ca l ib ra t ion  curves  were de- 
t e r m i n e d  anew for eve ry  assay  series. 

Zusammen/assung. Es  wird  eine neue,  e infache  u n d  aus- 
s e ro rden t l i ch  empf ind l i che  B e s t i m m u n g s m e t h o d e  fiir Men- 
gen y o n  0.2-1 P icomol  cAMP beschr ieben .  Sic v e r w e n d e t  
spezif ische B i n d u n g s p r o t e i n e ,  die d u r c h  cova len te  Ver-  
k n i i p f u n g  m i t  Sepharose  unl6s l ich  g e m a c h t  u n d  s tab i l i s ie r t  
wurden ,  u n d  a r b e i t e t  n a c h  dem I s o t o p e n - K o m p e t i t i o n s -  
ve r f ah ren .  
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Inhibition of Liver Lactate Dehydrogenase by Serotonin: Possible Relationship to Endotoxin Effects 1 

T h o u g h  E. coli e n d o t o x i n  does i n h i b i t  t h e  func t ion  of 
i so la ted  m i t o c h o n d r i a  ~, 3, i t  shows no  genera l  in te r fe rence  
w i t h  ene rgy  m e t a b o l i s m  in vivo,  as long as t he  shock  s t a t e  
p roduced  b y  i ts  i.v. i n j ec t ion  ha s  no t  en t e r ed  t h e  s tage of 
h e m o d y n a m i c  d e c o m p e n s a t i o n  4. This  suggests  t h a t  pri-  
m a r y  in t r ace l lu l a r  effects of endotox ins ,  if p resen t ,  are 
slow to develop,  p r o b a b l y  because  of a size r e s t r i c t ed  pe- 
n e t r a t i o n  of cel lular  m e m b r a n e s .  However ,  t h e  in  v ivo  in- 
j ec t ion  of e n d o t o x i n  releases low-molecular ,  h u m o r a l  'me-  
d ia tors ' ,  wh ich  m i g h t  b e  a p o t e n t i a l  cause  of ear ly  in t r a -  
cel lular  a l t e ra t ions .  One of these  - ep i neph r i ne  - a c t i v a t e s  
t h e  a d e n y l  cyclase s y s t e m  5, b u t  the re  is no  i n f o r m a t i o n  on  
a possible  in te r fe rence  w i t h  e n z y m e  ac t iv i t i e s  b y  t he  o the r  
media to r s .  As will be  shown in th i s  paper ,  se ro ton in  is cap-  
able  of i n h i b i t i n g  l iver  l a c t a t e  d e h y d r o g e n a s e  (LDH).  

Materials and methods. Five  adul t ,  o u t b r e d  h e a l t h y  rab-  
b i t s  were anes the t i z ed  w i t h  N e m b u t a l  | 30 m g / k g  i.v., and  
t h e  l iver  was  r ap id ly  removed .  10 g of l iver  t i s sue  were 
m i n c e d  and  homogen ized  in cold 0 .25M sucrose + 5 m M  
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Inhibition of rabbit liver cytosol LDH by serotonin 
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Cytosol No. 1 2 3 4 5 x :t: SD 95 % confidence interval of x 

Max. inhibition (% of control) 87.4 87.0 93.2 81.0 81.5 86.0 :[: 5.0 81.6- 90.4 

ST concentration for max. inhibition 985 998 985 1011 985 992.8 -t- 11.6 982.6-1003.0 
(y/ml) 

Cg o (y/ml) 72.8 74.5 79.8 106.4 79.8 82.7 q- 13.6 70.7- 94.6 

C10 (y/ml) 10.64 1 0 . 6 4  13.30 4.52 6.65 9.15 :f: 3.51 6.07-- 12.23 

cysteine,  p H  7.4. A p re l imina ry  cen t r i fuga t ion  a t  1,500 g 
r emoved  nuclei and  non -d i s rup t ed  cell f ragments .  The 
s u p e r n a t a n t  ob ta ined  was t h e n  cent r i fuged a t  105, 00 0 g for 
1 hour.  The final  s u p e r n a t a n t  - cytosol  according to  t he  
t e rmino logy  of L a r d y  - conta ins  the  soluble glycolyt ic  
enzymes.  1 ml  a l iquots  of th is  p r epa ra t i on  were s tored  a t  
- -20~  and  defros ted  pr ior  to analysis.  Control  experi-  
m e n t s  showed t h a t  L D H  was s tab le  for a t  least  4 h follow- 
ing thawing .  

L D H  was  assayed by  the  m e t h o d  of KORNBERG 6, wi th-  
out  any  modif icat ions .  A 1:100 di lu t ion of cytosol  was 
made  up in 0 .25M sucrose + 5 m2V/cysteine, p H  7.4. The 
assay vo lume was b rough t  to  2 ml  wi th  double-dis t i l led  
wa te r  (controls);  wi th  a 10-~M solut ion of epinephrine,  
norepinephr ine ,  h i s t amin  or sero tonin ;  w i th  fu r ther  dilu- 
t ions  of these  media to r s ;  or w i th  E. coli 0111 endo tox in  
p repa red  by  one of us (B.U.) and  dissolved by  shaking  for 
5-10 min  in a manni to l -sucrose  solut ion (0.225 +0 .025M) 
to a concen t ra t ion  of 6 rag/El .  The following assays - all a t  
p H  7.4 - were run on each cytosol :  1. Control  = intr insic  
L D H  act iv i ty .  2. Add i t ion  of t he  10-~M med ia to r  solut ion 
ins tead  of water .  The L D H  ac t iv i ty  change in th is  med i u m 
was expressed as percen t  of the  contro l  value and  t e rmed  
' m a x i m u m  ac t iv i ty  change '  (ac t ivat ion or inhibi t ion).  
3. The med ia to r  Concentrat ion p roduc ing  a h a l f - m a x i m u m  
ac t iv i ty  change  was de t e rmined  ( 'Cd ) .  4. We  t h e n  esta- 
b l ished the  med ia to r  concen t ra t ion  yielding a 10 % change 
of t he  control  ac t iv i ty  ('C10'), th i s  being considered to  re- 
p resen t  a s ignif icant  difference.  5. Finally,  we rechecked 
the  contro l  or in t r ins ic  L D H  act iv i ty .  

Results. Endotox in ,  ep inephr ine ,  norep inephr ine  and  
h i s t amin  showed no s igni t icant  in ter ference  wi th  r abb i t  
l iver  cytosol  L D H  act iv i ty .  By  contras t ,  t he  m a x i m u m  
sero ton in  (ST) concen t ra t ion  as def ined above inh ib i t ed  
L D H  a lmos t  complete ly .  The m e a n  ST concen t ra t ion  pro- 
ducing a 10% inhib i t ion  was  9.15 Viral. The comple te  re- 
sults  are given in the  Table.  

Discussion. Al though  one s t u d y  using labelled ST re- 
vealed an increase of ar ter ia l  b lood rad ioac t iv i ty  dur ing 
hemor rhag ic  shock ~, there  are no indica t ions  t h a t  ST is of 
ma jo r  impor t ance  in t h a t  s ta te  s-10. By cont ras t ,  t he  mas-  
sive ST release in the  ini t ial  s tage of endo tox in  shock is 
well d o c u m e n t e d  s ,9,n-la.  The average ST concen t ra t ion  
of 9A5 y /ml  which  p roduced  a 10% inhib i t ion  of l iver cy- 
tosol  L D H  in the  p resen t  s t u d y  is only abou t  twice the  phy-  
siological ST level of 4-6 y/ml  in r abb i t  blood 14,15. If  the  
same measured  oxygen  deb t  is expe r imen ta l ly  induced in a 
hemor rhag ic  and  an endotox ic  shock, lac ta te  p roduc t ion  is 
m u c h  smal ler  in the  la t t e r  t h a n  in the  former  s t a t e  14. In  
h u m a n  pa t i en t s ,  the  blood lac ta te  levels ref lect ing a 50% 
m o r t a l i t y  ra te  are s imilar ly  lower in endotox ic  t h a n  in 
hemor rhag i c - t r auma t i c  shock 16. I t  is t e m p t i n g  to specu- 
late  t h a t  the  inh ib i t ion  of l iver  L D H  by  serotonin  record-  
ed here  m a y  in some way  be re la ted  to  th is  d iscrepancy.  

However ,  the re  is no lack of po in t s  still  requir ing clari- 
f icat ion.  Several  au thors  s,9,11-13 repor t  a rapid  and  per-  
s i s ten t  fall of blood serotonin  levels to  20% and less of 
cont ro l  values, fol lowing the  early explosive release. A p a r t  
f rom possible  methodologica l  uncer ta in t ies  and the  ques- 
t ion of a brief or p ro t r ac t ed  ST l iberat ion,  we do not  know 
w h e t h e r  such a decrease of blood sero tonin  levels is due to 
i ts  rap id  b reakdown  only, or if the  ST released pene t ra t e s  
in to  ceils and exer t s  in t racel lular  effects  of the  t y p e  de- 
m o n s t r a t e d  here. At  any  rate,  i t  appears  t h a t  the  act ion of 
serotonin  m a y  no t  be conf ined to  blood vessels, bu t  t h a t  i t  
is also po ten t i a l ly  capable  of in terfer ing di rec t ly  w i th  me- 
tabol ic  events .  

Zusammenfassung. Serotonin  h e m m t  die L a c t a t d e h y -  
drogenase  im Lebercy toso l  von  K a n i n c h e n  in vi tro.  Fiir  
eine 10%ige A k t i v i t / i t s h e m m u n g  gegeniiber  den Kon-  
t ro l lwer ten  geniigte eine durchschn i t t l i che  K o n z e n t r a t i o n  
yon  9,15 y/ml, die nur  e twa zweimal  h6her  l iegt  als der  nor- 
male ]31utspiegel. Dieser Ef fek t  ist  m6glicherweise all der  
im Verh~Lltnis zum Sauers toffdef iz i t  auffa l lend geringen 
Lac t a tb i l dung  im E n d o t o x i n s ch o ck  betei l igt .  
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