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I t  is gene ra l l y  a c c e p t e d  t h a t  ep ineph r ine  is d e r i v e d  f rom pheny la l an ine .  E v i d e n c e  

for th is  was  o b t a i n e d  b y  GURIN AND DELLUVA 1 w h o  d e m o n s t r a t e d  t h a t  e i the r  d e u t e -  

r i u m  or t r i t i u m - l a b e l l e d  p h e n y l a l a n i n e  g a v e  rise to  l abe l led  ad rena l  ep ineph r ine  in ra ts .  
A p rev ious  r epo r t  f rom this  l abora to ry*  has  i n d i c a t e d  t h a t  b o t h  14C-labelled pheny l -  

a l an ine  a n d  ty ros ine  a re  p recursors  of ad rena l  ep inephr ine .  H o w e v e r ,  l i t t l e  is k n o w n  

a b o u t  t he  s teps  l ead ing  to  n o r e p i n e p h r i n e  a n d  ep inephr ine .  S o m e  t e x t b o o k s  sugges t  
t h a t  t y r a m i n e  is an  i n t e r m e d i a t e  in th is  process  3, o the r s  cons ider  d i h y d r o x y p h e n y l -  

a l a n i n e  (DOPA)  as a m o r e  l ike ly  precursor  4. 
T h e  p re sen t  c o m m u n i c a t i o n  descr ibes  e x p e r i m e n t s  showing  t h a t  p h e n y l a l a n i n e ,  

t y ros ine  a n d  D O P A  act  as  p recursors  of ad r ena l  ep ineph r ine  a n d  n o r e p i n e p h r i n e  

in t h e  r a t  whe rea s  p h e n y l e t h y l a m i n e  a n d  t y r a m i n e  do not .  E v i d e n c e  is also p r e s e n t e d  

showing  t h a t  in t h e  a d r e n a l  g l a n d  the  t u r n o v e r  ra tes  of n o r e p i n e p h r i n e  as wel l  as  

ep inephr ine*  are  r e l a t i ve ly  slow. 

MATERIALS 

L-Epinephrine bitartrate and L-norepinephrine bitartrate were donated by Winthrop Stearns. 
D-LTyrosine-2-14C and D-L phenylalanine-3-14C were obtained from Tracerlab, Inc. D-L 

DOPA-3A4C and D-L epinephrine-2-~C were obtained from Nuclear Chemical and Instrument Co. 
Tyramine-I-1~C and phenylethylamine-2A4C were prepared by decarboxylation of the correspond- 
ing amino acids as previously described 5. 

METHODS 

Epinephrine and norepinephrine were assayed by mod;rcations of the fluorimetric procedures 
of LUND 6 using 12 instead of MnO~** for the initial oxidation. Excess 12 was destroyed by adding 
an equivalent amount of thiosulfate after the reaction. In this procedure epinephrine and nor- 
epinephrine fluoresce to approximately the same extent at pH 5 whereas at pH 3 epinephrine 
fluoresces twenty times as much as does norepinephrine. If measurements of unknowns and 
standards are made at both pH values the amounts of each catecholamine in a mixture of the two 
can be determined. Epinephrine was determined at pH 3 with no correction for norepinephrine 
since its fluorescence contribution at this pH is very low, and in rat adrenals only about 2o % of 
the total catecholamines is norepinephrine. 

The 14C-labelled compounds were administered intraperitoneally, in divided daily doses, 

* Present address: National Institute of Arthritis and Metabolic Diseases , National Institutes 
of Health, Bethesda, Md. 

** The rates of oxidation of the epinephrines were found to be more reproducible with 12 than 
with MnOz. 
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for several days. Details of dosage are presented in the appropriate  tables. One to two days after 
the  last dose the animals  were sacrificed, and the adrenals were removed and homogenized in 
2 ml of o.I  N HC1 in a glass homogenizer.  One of two techniques was then  used for isolation of 
the  catecholamines;  the direct carrier method for epinephrine alone and paper  ch roma tography  
for bo th  epinephrine and norepinephrine.  

Isolation o] epinephrine by direct carrier method 
Two ml of 15 % trichloracetic acid was added to the homogenate  and the proteins were removed 
by  centrifugation. The superna tan t  solution was transferred to a glass-gtoppered centrifuge tube,  
extracted several t imes with io ml port ions of ether  to remove the trichloracetic acid and the  
aqueous  layer was then warmed  to evaporate  dissolved ether. An aliquot containing about  i /~g 
of epinephrine was taken for fluorimetric assay. In  another  aliquot, comprising a lmost  all the  
remainder  of the adrenal extract ,  20-25 mg of L-epinephrine b i ta r t ra te  was dissolved as carrier 
and the solution was evapora ted  to about  I ml under  a s t ream of nitrogen. Several crystals  of 
sodium bisulfite* were added and the solution was chilled to o °. An equal volume of ice-cold 
concentra ted NH a sa tura ted  with sodium bisulfite was added and the solution was left s tanding 
in the cold until  crystall ization of epinephrine was complete. The tube  was centrifuged and the 
supe rna t an t  solution was decanted. The crystals  were washed twice with absolute alcohol, twice 
with anhydrous  ether, suspended in 0.2-0. 3 ml of ether, and transferred to a planchette .  After 
the crystals  had sedimented the ether  was removed by evaporat ion under  an infrared lamp. 
Radioact ivi ty  was measured in a gas flow proport ional  counter  having a background of about  
2 c.p.mZ. All samples  were recrystallized t o  cons tant  specific activity. 

Recrystallization controls 
Purification by  recrystallization alone may  give misleading results since solid solution may  occur 
with closely related compounds  and give the impression of isotopic homogenei ty  s. The control 
exper iments  shown in Table I indicate t ha t  the.eatechol compounds  under  investigation readily 
separate  f rom one another  during crystallization and tha t  it is valid to use the a t t a inmen t  of 

TABLE I 

CONTROL EXPERIMENTS DEMONSTRATING THE SEPARABILITY OF VARIOUS 

CATECHOL COMPOUNDS DURING CRYSTALLIZATION 

About  IO mg of ei ther epinephrine or norepinephrine was used as carrier. To these were added #g  
quant i t ies  of var ious 14C labelled compounds.  The carriers were then  crystallized several t imes 

(see text) and specific activity was determined after each recrystallization. 

Carrier Cayrier 
z4C Compound added Number ol times epinephrine norepinephrine 

recrystatli*ed c.p.m./mg c.p.m.]mg 

Epinephr ine  o - -  2o0 
2 - -  53 

Epinephr ine  2 289 - -  
3 3 °2 - -  
4 286 - -  

Norepinephrine § 2 2420 - -  
3 1814 - -  
4 I ° 5 °  - -  

Norepinephrine ~ 2 - -  i i z 
3 - -  I iO 
4 - -  I I2  

Dopamine  o 2442 - -  
i i 8 o  - -  

2 16 - -  
DOPA o i 637 - -  

I 2 - -  

2 O - -  

§ l~C-norepinephrine was obtained enzymically from 14C-DOPA by incubat ion with homo- 
genized pheochromocy toma  tumor .  

" Sodium bisulfite is added to prevent  oxidation of catecholamines during crystall ization 
from ammonia .  
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c o n s t a n t  specific ac t iv i ty  as a cr i ter ion of isotopic homogene i ty .  I n  addi t ion,  tyrosine ,  pheny l -  
alanine,  t y r a m i n e  and  p h e n y l e t h y l a m i n e  are r emoved  a lmos t  comple t e ly  f rom carr ier  ep inephr ine  
a n d  norep inephr ine  a f te r  one crystal l izat ion.  F u r t he rmore ,  because  of thei r  s low ra tes  of t u r n o v e r  
(see below) t he  ep inephr ines  could be isolated f rom an ima l s  sacrificed w h e n  t he  specific ac t iv i ty  
of t he  precursors  in t h e  t i ssues  had  fallen to low levels. 

Isolation o[ epinephrine and norepinephrine by paper chromatography 
Adrena l s  were homogen ized  in o.5 ml  of o. 15 N HCI, IO ml  ~f  e thano l  was added  and  t he  m i x t u r e  
r ehomogen ized  and  allowed to s t a n d  I5 minu tes .  After  cent r i fugat ion ,  t he  clear s u p e r n a n t  so lu t ion  
was  e v a p o r a t e d  to d ryness  a t  4 °0 unde r  a s t r e am of ni t rogen.  The  res idue  was ex t r ac t ed  by  
t r i t u r a t i o n  wi th  o. 5 ml  and  t h e n  wi th  o.25 ml  of o.I N HC1 in 95% ethanol ,  and  t he  ex t r ac t  was  
appl ied to W h a t m a n  No. I paper  as a single smal l  spot  which  was t hen  b lown d ry  wi th  ni t rogen.  
The  following c h r o m a t o g r a p h i c  m e t h o d s  are modif ica t ions  of those  of CRAWFORD AND OUTSCHOORN 9. 
AS markers ,  25 # g  each of epinephr ine ,  norepinephr ine ,  D O P A  and  d i h y d r o x y p h e n y l e t h y l a m i n e  
(DOPamine)  were appl ied as ad j acen t  spo t s  a t  the  origin. Descending  c h r o m a t o g r a m s  were 
developed ove rn igh t  wi th  wa t e r - s a t u r a t ed  phenol  t h r o u g h  which  SO s had  been bubb l ed  for 
io  m i n u t e s  a t  r oom t empera tu re .  Ai r - t igh t  c h r o m a t o g r a m  jars  in which  the  a t m o s p h e r e  was  
replaced by  SO~ were used.  Following d e v e l o p m e n t  of a c h r o m a t o g r a m  t h e  pape r  was washed  in 
benzene  and  dried a t  room t e m p e r a t u r e  for 3o-6o minu tes .  The  control  a rea  was t h e n  cu t  ou t  
and  sp rayed  wi th  ferr icyanide reagen t  l°. Adrena l  ep inephr ine  and  norep inephr ine  were a s s u m e d  
to be opposi te  the i r  control  spo t s  and  these  a reas  were cu t  ou t  and  e lu ted  wi th  i - 2  ml  of o.oi  N HCI 
by  descending  c h r o m a t o g r a p h y  in an  a i r - t ight  glass bell jar. The  e luates  were t hen  w a s h e d  t h r e e  
t imes  wi th  2 ml  por t ions  of benzene  to r emove  t races  of phenol .  Al iquots  were t hen  a n a l y s e d  for 
ep inephr ine  or norepinephr ine*  and  o ther  a l iquots  were dried on p lanche t s  and  coun ted  d i rec t ly .  
In  some  e x p e r i m e n t s  t he  final a l iquot  was  divided and  coun ted  bo th  direct ly ~md af ter  recrys ta l l iza-  
t ion wi th  added  carrier;  t he  specific ac t iv i ty  va lues  ob ta ined  by  bo th  m e t h o d s  were in exce l len t  
a g r e e m e n t  for bo th  compounds .  

RESULTS 

The results of typical experiments in which various compounds were tested as possible 
precursors of adrenal epinephrine and norepinephrine are summarized in Table II. 

T A B L E  II  

C O M P O U N D S  T E S T E D  A S  P R E C U R S O R S  O F  A D R E N A L  E P I N E P H R I N E  

Speci~ aaivity Speci~ aai~y 
14C, C ~  Total coungs o! adrenal o! adrenal 
adcmn~ed adrainG~emd epinephrine rim, epinephrine 

× z o  u c.p.m./ pmoJe c.p.m./ #mole 

D-L-Phenyla lanine-3  -14C 9.4 180 - -  
D-L-Phenylalanine-3-asC x 8.8 600 - -  
D-L-Tyrosine-2-14C 6.6 280 - -  
D-L-Tyrosine-2 -14C 6.6 31 o -- 

D-L-Tyrosine-2-14C 8.6 834 492 
D-L-Tyrosine-2-14C 8.6 648 994 
T y r a m i n e -  I-~4C 4. I o - -  
Tyramine-I -x4C 4.I o 
Phenylethylamine-2-1~C 12.0 0 -- 
Phenylethylamine-2 -14C 12.0 0 
D-L-Dihydroxyphenyl- 

alanine-3-x4C 6.o 25 x o - -  
D-L-Dihydroxypheny l -  

alanine-3-x4C 6. o 176o - -  
D-L-Dihydroxypheny l -  

a lanine-  3 -14C 6.o 191 o 1250 
D-L-Epinephrine-i-14C 7.o 174 - -  

* Overal l  recoveries  of ep inephr ine  and  norep inephr ine  carr ied t h r o u g h  t he  ent i re  ch roma to -  
g raph ic  procedure  were a b o u t  6o-7o  %. 
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t'C-labelled phenylalanine, tyrosine and DOPA served as precursors. The highest 
labelling was obtained with DOPA. ~4C-tyramine and phenylethylamine produced 
no labelling whatever. I t  is of interest that the administration of 14C-D-L-epinephrine 
also yielded labelling of adrenal epinephrine, which though slight was significant 
since no other tissue examined contained 14C-epinephrine. 

Because of the slow turnover of adrenal epinephrine and norepinephrine it was 
necessary to administer precursors over several days to get significant labelling. In 
Table I I I  are shown the specific activities of rat adrenal epinephrine and those of 
circulating tyrosine which were obtained at the time of sacrifice. Initially, tyrosine 
was more highly labelled than epinephrine but after several days the reverse was 
true, thus satisfying the criteria of a precursor end-product relationship. It is obvious 
that the activity of adrenal epinephrine, in the later periods, cannot be due to 
relabelling from tyrosine. 

In Table IV are shown the specific activities of epinephrine and norepinephrine 
isolated chromatographically from rat adrenals I-8 days following the final injection 
of labelled tyrosine. Although individual variation is too great to permit exact 
calculation of turnover rates it is evident that the half-lives of both catecholamines 
in the adrenal gland are of the order of several d a y s .  

TABLE 111 

COMPARISON OF ACTIVITIES OF A D R E N A L  

E P I N E P H R I N E  A N D  P L A S M A  T Y R O S I N E  

TABLE IV 

T U R N O V E R  S T U D I E S  O N  A D R E N A L  E P I N E -  

P H R I N E  A N D  N O R E P I N E P H R I N E  I N  T H E  R A T  

Specific activity (¢.p.m./#mole] Epinephrine Time lapse e.p.m.l#mole 
ExpL Days alter 

last dose Free plasma A drenal days Epingphrine Norepinephrine 
.tyrosine epinophrine Tyrosine 

I t835 I35 o 
I I 700 280 0. 4 I 1226 21OO 
2 I 93O 180 O.2 I 1320 1945 
3 I 6OO 310 O.3 
4 7 258 1088 4.0 5 618 I358 
5 7 148 1604 10.8 5 648 994 
6 12 150 450 3. 0 5 834 726 
7 12 178 836 4.8 8 425 804 

8 438 778 

D-L-Phenylalanine-3-14C (2.6. IO 5 c.p.m, per  pmole) 
or V-L-Tyrosine-2-14C (2.0.10 ~ c.p.m, per  #mole) were 
administered in doses of about  I m g  per  day for 
several days. The animals were sacrificed at  specified 

t imes after the last dose. 

D-L Tyrosine-2-14C (2.0. Io 5 c .p.m./pmole)  
were given i.p.,.2 mg/day  x 4 days, and 
the ra ts  were sacrificed af ter  the indicated 

t ime lapse. 

DISCUSSION 

The findings that phenylalanine, tyrosine and DOPA can serve as precursors of 
adrenal epinephrine and nor~pinephrine are in agreement with many currently 
accepted theories concerning the biogenesis of these hormonal agents. However, 
they present the first direct evidence of such roles for tyrosine and DOPA. They do 
not support the possibility that tyramine n and phenylethylaminO 2 are intermediates. 

Further problems remain concerning formation of these hormones. The inter- 
mediate between DOPA.and norepinephrine may be either DOPamine or 3-4 di- 
hydroxyphenylserine. Since the enzyme DOPA decarboxylase is present in adrenal 
medulla and in other tissues and since DOPA and DOPamine have been found in 

Re/erenees  p.  52. 
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urine13,14, D O P a m i n e  is considered to be the  more l ike ly  in termedia te .  This is suppor t -  
ed b y  p re l iminary  s tudies  in this  l abo ra to ry  ind ica t ing  t ha t  homogenates  of pheo- 
ch r om ocy toma  tumors  can convert  DOPA and  D O P a m i n e  to norepinephrine*.  
In  vitro convers ion of l*C-DOPamine to norepinephr ine  has  also been repor ted  
b y  HAGEN 15. 

The finding t ha t  c i rcula t ing epinephr ine  can be t aken  up b y  the  ad rena l  medul la  
is of in teres t  since it m a y  demons t r a t e  an inherent  p rope r ty  of this  t issue to b ind  
epinephr ine  and  norepinephr ine .  However ,  the  smal l  ex ten t  of the  label l ing ob ta ined  
in this  way  indica tes  tha t  the  bulk  of adrena l  epinephr ine  is synthes ized from some 
precursor  wi th in  the  gland.  If  one assumes tha t  all the  epinephrine and  norepinephr ine  
synthes ized  b y  the adrena l  g land  mus t  first mix with  ma te r i a l  a l r eady  s tored there,  
before being secreted,  then  the slow tu rnover  requires a chemical  explanat ion .  This 
would suggest  t ha t  a t  least  one s tep in their  synthesis  in the  adrena l  g land is slow. 
Since the  tu rnover  ra tes  of bo th  ca techolamines  in the  ra t  adrena l  g land are of 
a p p r o x i m a t e l y  equal  ra tes  the  me thy l a t i on  of norepinephr ine  cannot  be l imit ing 
wi th  respect  to epinephr ine  formation.  I t  m a y  be t ha t  the  slow s tep  in this  p a t h w a y  
is the  conversion of ty ros ine  to DOPA.  

An a l t e rna t ive  exp lana t ion  is t ha t  the  slow tu rnover  of adrena l  catecholamines  
is only  appa ren t .  This would assume tha t  thei r  synthesis  t akes  place at  a r ap id  ra te  
bu t  t ha t  most  of the  newly synthes ized  mate r i a l  is con t inua l ly  secreted into  the  blood, 
only  smal l  amoun t s  being t aken  up for s torage in the  gland.  The s tored  supp ly  of 
ca techolamines  in the  g land  mus t  then be re la t ive ly  iner t  to normal  st imuli .  

SUMMARY 

Isotopically labelled phenylalanine, tyrosine, and dihydroxyphenyalanine, in the intact rat, 
serve as precursors of adrenal epinephrine and norepinephrine; tyramine and phenylethylamine 
do not. The turnover rates of adrenal epinephrine and norepinephrine are relatively low, both 
having half-lives of about one week. 
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