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L i v e r  M o n o a m i n e  O x i d a s e  i n  N o r m a l  a n d  R e g e n e r a t i n g  D i e m i c t y l u s  v i r i d e s c e n s  

The  a m p u t a t i o n  of l i m b s  in  a d u l t  urodeles  in i t i a t e s  a 
series of local  a n d  sys t emic  r eac t ions  l ead ing  to  t he  
r e g e n e r a t i o n  a n d  r e s t i t u t i o n  of a f u n c t i o n a l  l imb.  M u c h  
a t t e n t i o n  ha s  been  focused on  t h e  h i s t o - c h e m i s t r y  a n d  
molecu la r  ecology of t h e  w o u n d  s i te  (HAY x, SCHMIDT2). 
R e c e n t l y  WOLFE a n d  COHEN 3 h a v e  d e m o n s t r a t e d  t h a t  
a m p u t a t i o n  causes  a t e m p o r a r y  inc rease  in x -g lucan  
p h o s p h o r y l a s e  a c t i v i t y  in  i n j u r e d  musc les  a n d  a g r a d u a l  
increase  in  musc le  glucose 6 -PO 4 d e h y d r o g e n a s e  d u r i n g  
d e d i f f e r e n t i a t i o n  in  urode le  l imbs .  SCHMIDT 4 h a s  s h o w n  
t h a t  inc reased  e n z y m e  a c t i v i t y  is r e f l ec ted  in  a r a p i d  
decrease  in  l i m b  s t u m p  glycogen.  Howeve r ,  r epo r t s  of 
sy s t emic  m e t a b o l i c  a l t e r a t i o n s  in  r e sponse  to  a m p u t a -  
t i o n  a re  s can ty .  SCH~'tlDT 5 h a s  s h o w n  t h a t  l ive r  a ldo lase  
a c t i v i t y  increases  a f t e r  l i m b  a m p u t a t i o n .  R e c e n t l y  h i s to -  
c h e m i c a l  i n v e s t i g a t i o n s  h a v e  i n d i c a t e d  t h a t  l ive r  m-glucan 
p h o s p h o r y l a s e  a n d  glucose 6-PO4 d e h y d r o g e n a s e  ac t i -  
v i t i e s  s ign i f i can t ly  inc rease  a f t e r  l i m b  a m p u t a t i o n  s . 

SCHOT~ 7 ha s  sugges ted  t h a t  t h e  phys io log ica l  s t ress  
r e s u l t i n g  f r o m  a m p u t a t i o n  i n i t i a t e s  a ser ies  of h o r m o n a l  
r eac t ions ,  p a r t i c u l a r l y  inc reased  A C T H  a n d  cor t i ca l  ho r -  
m o n e  levels,  w h i c h  a re  neces sa ry  for  w o u n d  h e a l i n g  a n d  
l i m b  r egene ra t ion .  I t  is poss ib le  t h a t  c a t e c h o l a m i n e s  
p r o d u c e d  b y  ad rene rg i e  n e u r o n s  a n d / o r  a d r e n a l  c h r o m -  
a f f in  m a y  b e  t h e  s t ress  a f fec tors  s. WEBER e t  e l 2  h a v e  
s h o w n  t h a t  c a t e c h o l a m i n e s  a l t e r  p e n t o s e  p a t h w a y  m e t a b -  
o l i sm  in  t h e  l ivers  of i n j u r ed  m a m m a l s .  S ign i f ican t ly ,  
KOPIN zo d e m o n s t r a t e d  t h a t  in  m a m m a l s  t h e  l iver  is t h e  
m a j o r  s i te  of c a t e c h o l a m i n e  m e t a b o l i s m  b y  S-adenosy l -  
m e t h i o n i n e  a n d  m o n a m i n e  ox idase  (MAO). I t  was  of 
i n t e r e s t  in  t h i s  s t u d y  to  e v a l u a t e  poss ib le  c a t e c h o l a m i n e  
i n v o l v e n l e n t  in  l i m b  r e g e n e r a t i o n  b y  d e t e r m i n i n g  t he  
p resence  a n d  a c t i v i t y  of l ive r  MAO in n o r m a l  a n d  fore- 
l i m b  r e g e n e r a t i n g  D. viridescens. 

Mater ia l s  and methods. A d u l t  D. viridescens were b i la -  
t e r a l l y  a m p u t a t e d  p r o x i m a l  to  t h e  h u m e r a l  condyles  
w i t h  a s ingle edged razor .  A m p u t a t e d  a n d  con t ro l  ani -  
ma l s  were m a i n t a i n e d  in i n d i v i d u a l  f inger  bowls  p r o v i d e d  
w i t h  p o n d  w a t e r  t r e a t e d  w i t h  ~ 'ung i s top  to  p r e v e n t  
infect ion,  a n d  fed r a w  beef  l iver  da i ly .  M o n a m i n e  ox idase  
a c t i v i t y  was  m o n i t o r e d  in  12 u n o p e r a t e d  a n i m a l s  (con- 
t rols)  a n d  in  12 a m p u t a t e d  a n i m a l s  a t  e igh t  d i f f e ren t  
t i m e s  a f t e r  fo re l imb  a m p u t a t i o n :  0, 1, 2, 24, 48, 72, 96 
a n d  1 2 0 h .  B o t h  g roups  of a n i m a l s  were  m a i n t a i n e d  
u n d e r  i den t i ca l  cond i t ions .  A t  t h e  t i m e s  specif ied l ivers  
were  qu i ck ly  r emoved ,  we ighed  in 5 m l  cold 0 . 2 5 M  
sucrose, p H  7.8, a n d  h o m o g e n i z e d  for  2 ra in  in  4 ml  cold 
sucrose  (0 .25M) in  a cold glass homogenize r .  F o r  con-  
venience ,  h o m o g e n a t e s  were f rozen a t  - - 2 0 ° C  u n t i l  use. 
MAO a c t i v i t y  was  d e t e r m i n e d  b y  t h e  m e t h o d  of WEISS- 
BACH et  al. zz. One m l  of c rude  t i s sue  h o m o g e n a t e  a t  
r o o m  t e m p e r a t u r e  was  i n t r o d u c e d  i n to  a 3 m l  si l ica 
cuve t t e ,  a l r e ady  c o n t a i n i n g  0.3 ~mole  K y n u r a m i n e  (Regis  
Chemica l  Co., Chicago),  0.3 m l  p h o s p h a t e  buf fe r ,  p H  7.4, 
a n d  w a t e r  to  a v o l u m e  of 3 ml.  K y n u r a m i n e  .is r a p i d l y  
ox id ized  b y  MAO p r e s e n t  a n d  t h e  r a t e  of k y n u r a m i n e  
d i s a p p e a r a n c e  c a n  be  fol lowed as  a c h a n g e  in  op t i ca l  
dens i ty .  S p e c t r o p h o t o m e t r i c  r ead ings  a t  360 n m  were  
p e r f o r m e d  for  1 h a t  37 °C in  a B e c k m a n  D.B.  r eco rd ing  
s p e c t r o p h o t o m e t e r  e q u i p p e d  w i t h  a H a a k e  c o n s t a n t  t e m -  
p e r a t u r e  a p p a r a t u s .  E n z y m e  a c t i v i t y  was  expressed  as  
t h e  c h a n g e  in  a b s o r b e n c y  a t  360 n m / h .  Tissue  p r o t e i n  
c o n t e n t  was  d e t e r m i n e d  b y  t h e  B i u r e t  t e s t  n .  T h e  t -s ta-  
t i s t i c  was  ca l cu la t ed  o n  a n  I B M/ 360  d ig i t a l  c o m p u t e r ,  
u s ing  t h e  I B M  scient i f ic  s u b r o u t ; n e  for  t - test .  M e a n s  a n d  
s t a n d a r d  d e v i a t i o n s  were  c a l c u l a t e d  s i m u l t aneous l y .  

Resul ts  and  discussion.  T h e  ev idence  c lea r ly  i nd i ca t e s  
t h a t  MAO is p r e s e n t  in  a n  a c t i v e  f o r m  in  t h e  a d u l t  

u rode le  l iver.  I t  a p p e a r s  t h a t  MAO ac t{v i ty  is i n d e p e n d e n t  
of sex. The  re su l t s  also i nd i ca t e  (Figure)  t h a t  t h e r e  is a 
s ign i f i can t  increase  in MAO a c t i v i t y  (0.0 ! conf idence  
level) i m m e d i a t e l y  a f t e r  fo re l imb  a m p u t a t i o n .  I n  m a m -  
ma l s  t h e  r e sponse  to  s t ress  is nea r ly  i m m e d i a t e ,  occur r ing  
w i t h i n  seconds  of t h e  s t i m u l u s  x2. EXTON a n d  PARKS x3 
n o t e d  ' t h a t  s t r e s s - induced  b r e a k d o w n  of h e p a t i c  a n d  
musc le  g lycogen  in  m a m m a l s  occurs  as  a r e su l t  of ca te -  
c h o l a m i n e  m e d i a t e d  a c t i v a t i o n  of o¢-glucan p h o s p h o r y -  
lase. I n  urodeles ,  SCHMIDT ~ d e m o n s t r a t e d  a q u a l i t a t i v e  
g lycogen loss f ron l  i n j u r e d  p o r t i o n s  of s t r i a t e d  musc le  
f ibers  w i t h i n  24 h a f t e r  a m p u t a t i o n .  R e c e n t  ev idence  n 
i n d i c a t e s  t h a t  a 50% decrease  in  g lycogen  occurs  in  t h e  
u rode le  l iver  2 - 4  h a f t e r  l i m b  a m p u t a t i o n .  

Whi l e  s t ress  r e sponse  i n t e r v a l s  are  n o t  k n o w n  for  lower  
v e r t e b r a t e s ,  i t  is r e a s o n a b l e  to  a s s u m e  t h a t  t hose  re- 
sponses  m e d i a t e d  b y  t h e  c a t e c h o l a m i n e s  wou ld  occur  
i n s t a n t a n e o u s l y %  Since  t h e  c a t e c h o l a m i n e s  a re  m e t a b -  
ol ized v e r y  r a p i d l y  (LEHNINGER 14) all  i m m e d i a t e  r ise in  
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Liver MAO activity in amputated animals (--)  expressed as changes 
in optical density at 360 nm/h/mg protein. Control (unamputated) 
values ( - - - )  varied between 0.0040 4- 0.0010 and 0.0032 4- 0.0014 
during the 120 h. fi~ significant change in MAO activity (0.01 con- 
fidence level) occurred at 0 through 2 h after amputation. 

E. D. HAY, Regeneration (Holt, Rinehart and Winston, New York 
1966), 
A. J. SCHMIn% The Cellular Biology o] Vertebrate Regeneration 
and Repair (University of Chicago Press, Chicago 1968). 
H. J. WOI.~E and R. B. COHEN, Devl. Biol. 8, 48 (1963). 

* A. sT. SCH~tIDT, J. exp. Zool. 149, 171 (1962). 
A. J. SCHMIDT, The Molecular Basis o] Regeneration: Enzymes 
(University of ltlinois Press, Chicago 1966). 

s D. J. PROCACClI~!I and C. M. DOYLE, in press (1971). 
70 .  E. SCHOTTf~, in Molecular and Cellular Synthesis (Ed. D. RHUD- 

niCK; Ronald Press, New York 1961), p. 161. 
o O. E. SCHOTT1~ and A. DoRI~, Rev. suisse Zoot. 72, 205 (1965). 
9 G. WEBER, R. R. SINGHALL, N. g .  STAMIVl, E. A. FISHER and 

M. A. MEnTERDIEK, Adv. Enzyme Reg. 2, 1 (1964). 
xo I. J .  KoPm, Pharm. Rev. 16, 179 (1964). 
11 H. ~VEISSBACH, T. E. SMITIaI, J.  W. DALY, B. WITCOP and S. UDEn- 

FRXEUD, J. biol. Chem. 235, 660 (1960). 
z3 C. D. TURNER, General Endocrinology (VV. B. Saunders, Phila- 

delphia 1966). 
is j .  H. ExTort and C. R. PARKS, Pharm. Rev. 18, 181 (1966). 
ta A.L. LEHNINGER, Biochemistry (Worth Publishing Co., New York 

1970). 



15. 9. 1971 Speclalia 1013 

liver MAO act ivi ty  after l imb amputat ion is consistent 
with the notion tha t  amputat ion increases circulating 
catecholamine levels, even though there is no conclusive 
proof that  MAO is acting exclusively on catecholamines. 
In view of the results, it is interesting to speculate that  
the significant and rapid increase in MAO activi ty after 
amputat ion is probably due to act ivation of MA0 pre- 
cursors present in the liver rather than de novo induction 
of the enzyme. 

ant6rieur, on peut noter une augmentat ion appr6ciable 
de l 'activit6 de l 'oxydase monoamine. Cette augmenta- 
tion indique que la tension physiologique produite par 
l ' amputat ion rend actifs dans le foie les pr6curseurs de 
l 'oxydase monoamine qui peuvent, h l e u r  tour, stimuler 
un m6tabolisme plus rapide et augmenter la quantit6 des 
cat6cholamines qui circnlent. 

D. J. PROCACCINI, R. g. PROCACCINI 
and CATHERINE M. DOYLE 

Rdsumd. L'oxydase monoamine se t rouve sous une 
forme active dans le toie d 'un urodble adulte capable 
d 'act ivi t6 normale et r~g6n~ratrice. Au cours des deux 
premieres heures qui suivent l ' amputa t ion  d 'un membre 
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A d r e n a l  E n z y m e s  of Catecholamine Biosynthes is  and Metabol ism in  S p o n t a n e o u s l y  H y p e r t e n s i v e  R a t s  

I t  was reported in our previous paper 1 tha t  the acti- 
vities of tyrosine hydroxylase and dopamine fl-hydroxy- 
lase in the adrenal glands of spontaneously hypertensive 
(SH) rats (a strain of ~¥istar rats, which had been devel- 
oped by OKAMOTO and AoKt 2) are increased about  2-fold 
as cou pared with those of the normotensive Wistar  rats. 
The mxrked hypotensive effect of. the inhibitors of tyro- 
sine hydioxylase and dopamine fl-hydroxylase on SH-rats 
was also notedL This finding prompted us to investigate 
the changes of other enzymes involved in the catechol- 
amine biosynthesis and metabolism in the adrenals of SH- 
rats. This communication describes the activities of DOPA 
decarboxylase, phenylethanolamine N-methyltransferase, 
monoamine oxidase and catechol 0-methyltransferase in 
the adrenals of SH-rats. 

SH-rats used were 4 months old. Their blood pressures 
were between 160 and 200 mm Hg. Normotensive Wistar 
rats, of the same age and raised in the same conditions, 
were used as controls. The rats were sacrificed by decapi- 
tation. The adrenals were quickly removed and stored 
frozen on dry ice. The frozen adrenals were homogenized 
in 2 ml of 0.1M potassium phosphate buffer (pH 7.5). 

DOPA decarboxylase act ivi ty  was measured by the 
method of LOVENBERG et al. 3. The incubation mixture 
contained 100 tzmoles of potassium phosphate buffer 
(pH 7.0), 0.3 ~mole of harmaline, 0.07 ~zmole of pyri- 
doxal phosphate, 1.0 [~mole of L-DOPA, 0.2 ml of the 
homogenate, and water to 1.0 ml. Incubation was carried 
out at 37°C for 20 rnin in air under shaking. As blank, 
L-DOPA was omit ted during the incubation and added 
after the incubation. Phenylethanolamine N-methyl-  
transferase was determined by the method of CONNETT 
and KIRSHNER 4. The incubation mixture contained 
25[zmotes of potassium phosphate buffer (pUT.9), 
115 nmoles of DL-normetanephrine, 1.8 nmoles of S-ade- 
nosyl-L-mcthionine containing 0.1 vCi of S-adenosyl-L- 
methionine (methylA4C), 200 tzI of the homogenate and 
water to 300 V1. Incubation was carried out at  37 °C for 
60 min in air under shaking. As blank, S-adenosyl-L- 
methionine (methyl-X4C) was omit ted during the incuba- 
tion and added after the incubation. Monoamine oxidase 
ac t iv i ty  was measured Iluorometrically by the formation 
of 4-hydroxyquinoline from kynuramine 5. The incuba- 
tion mixture  contained 75 ~zmoles of potassium phos- 
phate buffer (pH 7.4), 0.25 ~xmole of kynuramine and 
0.05 ml of the homogenate in a total  volume of 1.5 ml. 
Catechol O-methyltransferase was measured b y .  the 
method of AXELROD and TOMCHICK 6. The incubation 

mixture (50 vtl) contained 5 txmoles of potassium phos- 
phate buffer (pH 7.6}, 0.5 [zmole of magnesium chloride, 
15 nrnoles of epinephrine, 1.8nmoles of S-adenosyl-L- 
methionine containing 0.1 tzCi of S-adenosyl-L-methio- 
nine (methyl-14C) and 25 lzl .of the homogenatc. Incuba- 
tion was carried out at  37°C for 20 rain in air under 
shaking. As blank, S-adenosyl-L-methionine (methyl-laC) 
was omitted during the incubation and added after the 
incubation. The enzyme activities are expressed in the 
amount  of the product (nmoles or pmoles)/min per both 
adrenals or per mg protein. Protein was measured by the 
method of LowRY et al.L 

As shown in Table I, DOPA dccarboxylase and phenyl- 
ethanolamine N-methyltransferase activities in the adre- 
nal glands of SH-rats were slightly higher than those of 

Table I. The activities of DOPA decarboxylase and phenylcthanol- 
amine N-methyltransferase in the adrenals of spontaneously hyper- 
tensive rats 

Enzyme activity Normo- Sponta- 
tensive neously 
Wistar hypertensive 
rats rats 

DOPA decarboxylase 
nmoles/rnin/both adrenals -b S.E.M. 11.9 4- 1.2 
nmoles/min/mg protein 4- S,E.M. 1.95 + 0.17 

Phenylethanolamine N-methyltransferase 
pmoles/min/both adrenals ± S.E.M. 16.3 4- 0.8 
pmoles/min/mg protein 4- S.E.M. 2.67 + 0.10 

16.9 4- 1.4" 
2.53 -t- 0.12 b 

21.1 4- 1.3 
3.15 4- 0.08 a 

The result is the average for 6 animals. * p<0.02, bp<0.05. 
cp<o.02, a p<0.0t. 

1 I. NAGATSU, T. N&GATSO, K. MIZUTANI, I-I. UMEZAWA~ ~l. ]~IATSU- 
ZAKI and T. TAKEUeUI, Nature, Lond. 230, 381 (1971). 
K. OKAMOTO and K. AoKI, Jap. Circ. J. 27, 282 (1963). 

3 W, LOVENBERG, H, WEISSBACH and S. UDENFRIEND, J. bioL 
Chem. 237, 89 (1962). 

a R. J. CO~NETT and N. KIRSIINER, J. biol. Chem. 2.¢5, 329 (1970). 
M. KRAML, Biochem. Pharmac. ld, 1684 (1965). 
J. AXrLROD and R, TOMCmCK, J. biol. Chem. 23.3, 702 (1958). 
O. H. LOWRy, N. J. ROSEBROUGH, A. L. FARR and R. J. RANDALL, 
J. biol. Chem. 793, 265 (1951). 


