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inject ions.  However ,  a l though  significance was no t  
reached  f rom the  3rd to the  5th h, the  convuls ive  score 
was h igher  for me thyse rg ide - t r ea t ed  mice compared  to 
cont ro l  mice receiving CSF  prior  to  an in ject ion of d- 
a m p h e t a m i n e .  
The figure i l lustrates  the  peak  in tensi f ica t ion effect  of 
me thyse rg ide  on a m p h e t a m i n e - i n d u c e d  convuls ions elic- 
i ted by  hand l ing  in mice. Af ter  2 h following drug  ad- 
minis t ra t ion ,  mice p re t r ea t ed  wi th  methyserg ide  (10 ~xg/ 
an imal  i.c.) plus a m p h e t a m i n e  (50 ~g/animal  i.c.) had  a 
mean  seizure score of 1.0 =~ 0.15. These results  indicate  
t h a t  me thyse rg ide  intensif ied the  convulsive response of 
a m p h e t a m i n e  by  63%. These f indings provide  evidence 
for an inh ib i to ry  role of 5HT in the  a m p h e t a m i n e -  
induced convulsive response.  
Discussion. The f indings of this  s t u d y  indicate  t h a t  inter-  
rup t ion  of serotonergic  recep tor  ac t iv i ty  by  ut i l izat ion of 
methyserg ide ,  a serotonergic  receptor  blocker,  results  in 
an enhanced  convuls ive  response induced  by  d - a m p h e t -  
amine  in mice. 
I t  is i m p o r t a n t  to po in t  out  t h a t  a m p h e t a m i n e  has a 
d i rect  act ion on serotonergic  receptors  in a va r i e ty  of 
smoo th  muscles1*, 15. In  addi t ion,  our f indings are in 
comple te  ag reemen t  wi th  previous  expe r imen t s  repor t ing  
e n h a n c e m e n t  of a m p h e t a m i n e  act ion af ter  in te r rup t ion  
of ascending serotonergic  p a t h w a y s  ~6. 
As previously  discussed, there  has been considerable  
con t rove r sy  concerning the  mechan i sms  of a m p h e t a -  
amine  act ion on behavior .  Along these  lines, Havl icek  e 
suggested t h a t  poss ib ly  CA's released by  a m p h e t a m i n e  
m a y  be p a r t  of a feedback mechan ism t h a t  inhibi ts  ex- 
cessive exci ta t ion  induced by  the direct  ac t ion of a m p h e t -  
amine.  The possibi l i ty  exists  t h a t  DA released by a m p h e t -  
amine  enters  serotonergic  neurons  n and release 5HT 
which m a y  serve as the  inh ib i to ry  modula tor .  

There  is considerable  evidence t h a t  5HT exer ts  an in- 
h ib i to ry  effect  on a va r i e ty  of behaviors .  The deple t ion  
of 5HT by  lesions or drugs  leads to an enhanced  wake-  
fulness 1~, enhanced  lever press ing  for in t racrania l  s t imu-  
la t ion  ~, and  enhanced  respons iveness  to  painful  s t imul i  19. 
An a l te rna t ive  exp lana t ion  is based on the  poss ibi l i ty  
t h a t  a m p h e t a m i n e  exer t s  its p r i m a r y  act ion on the  
ea techolaminergic  sys tem.  If  we assume this  to be the  
p r i ma ry  mechan i sm of a m p h e t a m i n e - i n d u c e d  exci ta t ion,  
then  the  reIeased CA's  are normal ly  under  the  inh ib i to ry  
control  of the  serotonergic  sys tem.  Thus,  the  deple t ion  
of 5HT by  p-ch lorphenyla lan ine  ~~ Medial Forebra in  
Bundle  (MFB) lesions or serotonergic  receptor  b lockade  
(obtained in these studies),  reduces  the  inh ib i to ry  in- 
f luence and  allows a m p h e t a m i n e  to exer t  a s t ronger  ef- 
fect  on behavior .  
Never theless ,  our  expe r imen t s  fu r the r  suggests  t h a t  a 
full unde r s t and ing  of the  behaviora l  effects of a m p h e t -  
amine  m u s t  take  into account  the  role of the  serotonergic  
sys t em in the  cent ra l  act ion of amphe t amine .  
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Summary. Isolated ra t  hear t s  were subjec ted  to hypoxic  perfus ion on a reci rcula t ing Langendor f f  appara tus .  Fol lowing 
a 30-min-period of aerobic s tabi l iza t ion the  hear t s  were perfused for 30 min wi th  media  equi l ib ra ted  wi th  84% N2, 
1 2% O 2 and 4% CO2.-At the  end of the  hypox ic  per iod myocard ia l  concen t ra t ions  of cyclic AMP and  cyclic GMP were 
de t e rmined  by  rad io immunoassay .  Exposu re  to hypox ia  resul ted  in a s ignif icant  increase in cyclic AMP (p < 0.01) 
and  a decrease in cyclic GMP (p < 0.05) as compared  to hear t s  perfused for 60 rain wi th  media  gassed wi th  96% O2, 
4% CO~. 

The convers ion of a s t imulus  such as work  overload,  
i schemia  or hypox ia  to a b iochemica l  signal in i t ia t ing the  
increase in R N A  and pro te in  synthes is  observed  in cardiac 
h y p e r t r o p h y  is no t  clear. One of t he  earl iest  even ts  no ted  
in models  of h y p e r t r o p h y  such as pressure  over load 3, and  
c a r d i o m y o p a t h y  4 is an increase in adeny la te  cyclase 
ac t iv i ty .  The isolated perfused  ra t  hea r t  p repa ra t ion  sub-  
j ec ted  to hypox ia  has  been used in th is  l abora to ry  in 
series of s tudies  a imed at  clarifying the  possible sequence 
of even t s  leading to cardiac h y p e r t r o p h y .  We have  de- 
m o n s t r a t e d  t h a t  exposure  of the  perfused hea r t  to  30 min 
of hypox i a  results  in a 60-100% increase in myocard ia l  
R N A  synthes is  following reoxygena t ion  5. The purpose  
of the  p resen t  s t u d y  was to  de te rmine  whe the r  cyclic 
nucleot ide  levels are a l tered in hear t s  sub jec ted  to 
30 min  of hypoxia ,  preceding  the  increase in R N A  syn- 
thesis  observed in th is  model.  

Materials and methods. H ear t s  f rom 230-250 g male 
Wis t a r  ra ts  (Charles River  ]i,aboratories) were per fused  
on a modif ied  reci rcula t ing Langendor f f  appa ra tu s  as 
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descr ibed in de ta i l  e lsewhere 6, L Fol lowing 30 m i n  of 
aerobic  per fus ion  (equi l ib ra ted  w i t h  96% O 2 and  4 %  
CO2) t he  h e a r t s  were per fused  for 30 m i n  w i t h  hypox i c  
per fus ion  (12% O2, 84% N~, 4 %  CO~). Cont ro l  h e a r t s  
were per fused  ae rob ica l ly  for 60 min.  Le f t  v e n t r i c u l a r  
pressure  (LVP),  pe r tus ion  pressure ,  E CG  a n d  L V d p / d t  
were m o n i t o r e d  c o n t i n u o u s l y  Oil a d i r ec t -wr i t ing  recorder  
( B e c k m a n  D y n o g r a p h  t y p e  R 411). 
A t  t he  end  of t he  e x p e r i m e n t a l  period,  h e a r t s  ven t r ic les  
were f reeze-c lamped w i t h  a l u m i n i u m  tongs  cooled in 
l iquid n i t rogen  and  pu lve r i zed  u n d e r  l iquid n i t rogen .  The  
t i ssue  was homogen i zed  in 6% t r i ch lo roace t i c  acid a n d  
a p p r o x i m a t e l y  300,000 D P M  of 8-14C-cyclic A M P  (Schwarz /  
Mann,  49.2 mCi /mmole)  a n d  500 ,000DPM 8-3H-cyclic G M P  
( A m e r s h a m  Searle, 13 Ci/mmole) ,  were added  as i n t e r n a l  
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Fig. 1. The effect o~ hypoxic perfusion on myocardial concentration 
of cyclic AMP. 
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Fig. 2. The effect of hypoxie perfusion on myocardial concentration 
of cyclic GMP. 
Each of groups A, B or C represent the concentrations of cyclic 
nucleotides determined in 3-4 aerobic and 3-4 hypoxic hearts using 
the same radioimmunoassay kit (-~ S. E. M.). 

s t a n d a r d s .  The  cyclic nuc leo t ide  were s epa ra t ed  b y  pas-  
s ing t h r o u g h  a AG 1-X8 co lumn  and  cyclic A M P  a n d  
cyclic G M P  c o n c e n t r a t i o n  were m e a s u r e d  b y  r ad io im-  
m u n o a s s a y  s. Less  t h a n  1% cross c o n t a m i n a t i o n  was 
obse rved  in e i the r  cyclic A M P  of  cyclic G M P  f rac t ions  
o b t a i n e d  f rom t h e  co lumn.  The  a n t i b o d y  p r e p a r a t i o n s  
were rou t i ne ly  checked  for cross r e a c t i v i t y  w i t h  u p  to 
20 nmoles  pe r  t u b e  of cyclic AMP,  cyclic GMP,  A M P  a n d  
adenos ine  (S igma Chemica l  Co.). F ina l  c o n c e n t r a t i o n s  
of cyclic nuc leo t ides  d e t e r m i n e  b y  r a d i o i m m u n o a s s a y  
were cor rec ted  for r ecove ry  of al l -cycl ic  G M P  a n d  ~4C- 
cyclic AMP.  S ta t i s t i ca l  ana lys is  was  car r ied  o u t  a t  t he  
5% level  of s ignif icance or  less b y  m e a n s  of t w o - w a y  
ana lys i s  of va r i ance  w i t h  in te rac t ion .  
Results.  Studies  on  card iac  pe r fo rmance ,  m e t a b o l i c  
changes  as well  as t i ssue  i n t e g r e t y  fol lowing exposure  to  
i n t e r m i t t e n t  h y p o x i a  were p rev ious ly  r epo r t ed  6, L E x p o -  
sure of t he  i so la ted  per fused  h e a r t s  to  30 m i n  of h y p o x i a  
r e su l t ed  in a s ign i f ican t  increase  in cyclic A M P  (figure 1) 
a n d  a s ign i f ican t  decrease  in cyclic G M P  (figure 2) con- 
cen t ra t ions .  The  h e a r t s  were a s sayed  in g roups  of 3-4  
aerobic  a n d  3-4  hypox i c  p r e p a r a t i o n s  p e r  r a d i o i m m u n o -  
assay  k i t  (groups A, B a n d  C). The  m e a n s  of  t he  hypox i c  
g roups  h a d  cyclic A M P  c o n c e n t r a t i o n s  h igher  b y  50, 65 
a n d  540% t h a n  those  of t h e i r  aerobic  cont ro l s  (p < 0.01) 
whi le  cyclic G M P  c o n c e n t r a t i o n s  were lower b y  18, 16 
a n d  48% respec t ive ly  (p < 0.05). 
Cons iderab le  v a r i a t i o n  in t he  levels of cyclic nuc leo t ides  
were obse rved  be tween  t he  d i f fe ren t  groups  of h e a r t s  as- 
sayed.  This  m a y  be  due  to differences in  basa l  levels  of 
t he  nuc leo t ides  in  t he  d i f fe rent  groups,  or due to  d i f fe ren t  
degrees  of specif ic i ty  of t he  i nd iv idua l  r a d i o i m m u n o a s s a y  
kits.  
Discussion.  Cyclic A M P  has  been  imp l i ca t ed  in genet ic  
a c t i v a t i o n  in p r o k a r y o t e s  9 and  in t he  s t i m u l a t i o n  of R N A  
syn thes i s  in  m a m m a l i a n  l iver  lo, 11. Our  r ecen t  d e m o n s t r a -  
t ion  t h a t  r a t  h e a r t s  sub jec t ed  to hypox ic  pe r fu s ion  ex- 
h i b i t e d  increased  pos t -hypox ic  R N A  syn thes i s  5 led us to 
e x a m i n e  t he  effects  of h y p o x i a  on  m y o c a r d i a l  cyclic 
nuc leo t ide  levels. The  s ign i f ican t  increase  in m y o c a r d i a l  
c o n t e n t  of cyclic AMP,  r epo r t ed  in t h e  p r e sen t  c o m m u n i -  
ca t ion ,  pr ior  to  t h e  increase  in h y p o x i a - i n d u c e d  R N A  
syn thes i s  suggests  a possible  r e l a t i onsh ip  be tween  t h e  2 
events .  S u p p o r t  for th i s  k ind  of cor ro la t ion  is sugges ted  
f rom a l te red  cyclic A M P  c o n c e n t r a t i o n  seen in o the r  
models  of i n i t i a t i on  of card iac  h y p e r t r o p h y .  L imas  a n d  
co-workers  12 r epo r t ed  increased  levels of cyclic A M P  in 
t he  r a t  h e a r t  5 ra in  a f t e r  acu te  aor t i c  cons t r ic t ion .  
E l e v a t e d  a d e n y l a t e  cyclase a c t i v i t y  was found  in t he  
h e a r t s  of m y o p a t h i c  h a m s t e r s  4, a n o t h e r  model  of card iac  
h y p e r t r o p h y .  Schre iber  e t  al. 3 d e m o n s t r a t e d  increased  
a c t i v i t y  of a d e n y l a t e  cyclase in t he  p a r t i c u l a t e  f rac t ion  
of pe r fused  gu inea-p ig  h e a r t s  w i t h i n  10 min  of onse t  of 
p ressure  ove r load  and  pr io r  to  increased  R N A  poly-  
merase  ac t iv i ty .  

6 A.M. Weissler, R. A. Altschuld, L. E. Gibb, M. E. Pollack and 
F. A. Kruger, Circ. Res. 32, 103 (1973). 

7 A. M. Weissler, F. A. Kruger, N. Bada, D. G. Scarpelli, R. F. 
Leighton and J: K. Gallimore, J. Clin. Invest. 47, 403 (1968). 

8 Schwarz/Mann and Collaborative Research Product Bulletin, 
Cyclic AMP and Cyclic GMP Radioimmunoassay kits. Schwarz/ 
Mann, Orangeburg, N. Y., and Collaborative Research Inc., 
Waltham, Mass. 1975. 

9 I. Pastan and R. Perlman, Science 769, 339 (1970). 
10 L. A. Dokas, M. O. Botney and L: J. Kleinsmith, Arch. Biochem. 

Biophys. 759, 712 (1973). 
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1008 (1974): 
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The  s ignif icance of an  increase  in m y o c a r d i a l  cyclic A M P  
in response  to  h y p o x i a  is p r e s e n t l y  unreso lved .  I t  h a s  
been r e p e a t e d l y  sugges ted  t h a t  cyclic A M P  is t he  i n t r a -  
cel lular  a g e n t  m e d i a t i n g  the  ino t rop ic  ac t ion  of adrenerg ic  
amines .  However ,  in t he  h y p o x i c  s t a t e  ca rd iac  muscle  is 
largely  dep le ted  of i t s  h igh  ene rgy  i n t e r m e d i a t e s  5, 0,13,14 
and,  hence,  would  be u n a b l e  to  r e spond  to an  increase  in 
cyclic A M P  c o n t e n t  w i t h  increased  con t rac t i l i t y .  The  role 
of cyclic A M P  in the  convers ion  of glycogen phosphory la se  
f rom the  b- to  the  more  ac t ive  a - fo rm has  been  also well- 
d o c u m e n t e d .  Therefore ,  an  increase  in cyclic A M P  levels 
in the  hypox ic  h e a r t  m i g h t  be  i n t e r p r e t e d  as an  a t t e m p t  
b y  t he  m y o c a r d i u m  to  overcome  the  ene rgy  dep le t ion  
due  to oxygen  d e p r i v a t i o n  b y  a c t i v a t i o n  of glycogen 
phosphory lase .  Meerson 15 ha s  sugges ted  t h a t  the  com- 
m o n  cond i t ion  p reced ing  the  i n i t i a t i on  of card iac  h y p e r -  
t r o p h y  b y  var ious  causes,  i nc lud ing  work  over load  and  
hypox ia ,  is a re la t ive  ene rgy  defici t .  He  has  f u r t h e r  sug- 
ges ted  t h a t  cyclic A M P  m i g h t  p rov ide  t he  b iochemica l  
l ink  be tween  ene rgy  defici t  a n d  increased  R N A  and  
p ro t e in  synthes is .  However ,  t he  m e c h a n i s m  w h e r e b y  
ene rgy  dep le t ion  leads to  a l t e r a t i ons  in cyclic nuc leo t ide  
levels has  n o t  been  es tab l i shed .  
The  i n h e r e n t  d i f f icul ty  of d i r ec t ly  co r re l a t ing  increased 
cyclic A M P  c o n t e n t  w i t h  increased  R N A  s y n t h e t i c  ac t iv -  
i ty  in  t h e  per fused  h e a r t  led us to  i nves t i ga t e  t he  effect  

of cyclic nuc leo t ides  on  R N A  syn thes i s  in  i so la ted  myo-  
card ia l  nuclei .  W e  h a v e  obse rved  t h a t  cyclic A M P  s igni f i -  
c a n t l y  s t i m u l a t e s  t he  a c t i v i t y  of R N A  po lymerase  u n d e r  
cond i t ions  of low ionic s t r e n g t h  in t he  p resence  of mag-  
n e s i u m  ion in th i s  sys t em (manusc r ip t  in press).  
I n f o r m a t i o n  r ega rd ing  levels of cyclic G M P  in card iac  
t i ssue  has  been  l imi ted  to  the  rec iprocal  r e l a t i onsh ip  be- 
tween  cyclic A M P  a n d  cyclic G M P  d u r i n g  t h e  c o n t r a c t i o n  
cycle of frog h e a r t s  b e a t i n g  a t  low rates1% a n d  to t h e  
d e m o n s t r a t i o n  of an  increase  in cyclic G M P  assoc ia ted  
w i t h  a decrease  in c o n t r a c t i l i t y  in the  i so la ted  per fused  
h e a r t  follo~ving a d m i n i s t r a t i o n  of ace ty lcho l ine  17, is. The  
s ignif icance of a decrease  in m y o c a r d i a l  cyclic G M P  in 
response  to h y p o x i a  n o t e d  in th i s  s t u d y  requ i res  addi -  
t i ona l  inves t iga t ion .  

13 J. R. Williamson, J. Biol. Chem. 2dl, 5026 (1966). 
14 J. Scheurer and S. W. Stezoski, Circ. Res. 23, 519 (1968). 
15 F. Z. Meerson, Physiol. Rev. 55, 79 (1975). 
16 A. Wollenberger, E. B. Babskii, E. G. Krause, S. Genz, D. Blohm 

and E. V. Bogdonova, Biochem. Biophys. Res. Comm. 55, 446 
(1973). 

17 W. J. George, .1. B. Polson, A. G. O'Toole and N. D. Goldberg, 
Proe. Nat. Acad. Sei. USA 66, 398 (1970). 

18 W. J. George, R. D. Wilkerson and P. J. Kadowitz, J. Pharmae. 
exp. Ther. 78d, 228 (1973). 

Cerebral application of enkephalins 
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Department of Pharmacology, The Hebrew University-Hadassah Medical School, Jerusalem (Israel), and Miles-Yeda 
Ltd., Kiryat Weizmann, Rehovot (Israel), 18 August 7976 

Summary. I m p l a n t a t i o n  of enkepha l i n s  A or B in to  t he  v e n t r a l  t h a l a m u s  or in jec t ion  in to  t he  la te ra l  ven t r i c l e  of r a t s  
evoked only  weak  signs of s t e r eo t yped  behavior ,  b u t  d id  no t  cause gnawing.  

Since the  d i scovery  and  s t r u c t u r e - d e t e r m i n a t i o n  of enke-  
pha l ins  1, 2, these  p e n t a p e p t i d e s  h a v e  become  ava i l ab le  b y  
syn thes i s  3. The  h igh  biological  a c t i v i t y  of these  pep t ides  
is usua l ly  d e m o n s t r a t e d  in v i t ro  b y  t he i r  morph ine - l ike  
ac t i v i t y  on t he  guinea-p ig  i leum or on  the  mouse  vas  
deferens  1,4. In  v ivo  app l i ca t ions  are, however ,  hand i -  
capped  b y  the  fac t  t h a t  the  pep t ides  undergo  rap id  enzy-  
m a t i c  hydro lys i s  2. 
We  h a v e  shown  recen t ly  t h a t  depos i t ion  of smal l  a m o u n t s  
of m o r p h i n e  (50-100 ~zg on each  side) in to  t he  v e n t r a l  
t h a l a m u s  evokes  s t e r eo typed  b e h a v i o r  in r a t s  ~. This  is a 
s t i m u l a t o r y  effect  and  is easi ly recognisable .  Stil l  smal ler  
a m o u n t s  of t he  a lka lo id  are effect ive if i n j ec ted  in to  t he  
l a te ra l  ven t r i c le  of t he  r a t  6. Since in such  top ica l  appl ica-  
t ions  the  chances  of me tabo l i c  su rv iva l  are g rea te r  e.g. 
t he  CSF  is k n o w n  to h a v e  a v e r y  low level  of p ro te ins  and  
of enzymic  ac t iv i t ies  - we h a v e  t r i ed  b o t h  i m p l a n t a t i o n  
of 20 or 50 ~zg in to  t he  v e n t r a l  t h a l a m u s  and  i n t r a v e n t r i c -  
u lar  in jec t ion  of 10 or 50 [xg, us ing  (meth ion in- )enke-  
pha l in  A as well  as ( leuc ine- )enkephal in  B. On the  basis  
of in  v i t ro  e x p e r i m e n t s  1, 2, these  a m o u n t s  should  be equiv-  
a l en t  to  the  same or larger  doses of morph ine .  For  each  
dosage, 10 male  r a t s  of 150-200 g b o d y  we igh t  were used. 
For  i m p l a n t a t i o n  in to  t he  t h a l a m u s ,  aqueous  solut ions  of 
t he  pep t ides  were mixed  w i t h  ta lc  and  the  ma te r i a l  was 
dr ied a t  room t e m p e r a t u r e .  Fo r  de ta i led  desc r ip t ion  of t he  
t echn ique ,  see reference  5. 
I n  all  an ima l s  wh ich  received t he  h ighe r  doses, and  in 
some wi th  the  lower a m o u n t s  of enkephal ins ,  we found  
signs of cen t r a l  exc i t a t ion  such  as r u b b i n g  and  licking, 
b u t  in  no case did  t he  full p i c tu re  of s t e r e o t y p y  develop,  

i.e. t he  s tage  of b i t ing  and  gnawing  was no t  reached.  
3 h a f t e r  appl ica t ion ,  all r a t s  were qu ie t  and  s o m e w h a t  
depressed.  
Thus  even  w i th  these  forms of top ica l  appl ica t ion ,  t he  full 
effect  of enkepha l i n s  on  m o r p h i n e  receptors  has  no t  been  
u n e q u i v o c a l l y  d e m o n s t r a t e d .  A p p a r e n t l y  t he  su rv iva l  of 
ex t r ins ic  enkephMins  in cerebra l  t issue is n o t  suff ic ient ly  
p ro longed  to p e r m i t  t he  long- las t ing  s t i m u l a t i o n  wh ich  is 
requ i red  b y  t he  an ima l s  to  develop m o r p h i n e - i n d u c e d  
gnawing.  The  l a t t e r  appea r s  w i t h i n  1 3 h a f te r  top ica l  
app l i ca t ion  of t he  alkaloid.  P e r h a p s  b e t t e r  resu l t s  could 
be o b t a i n e d  w i t h  con t inuous  infus ion  of e n k e p h a l i n s  in to  
the  ven t r i c les ;  h o w e v e r  t he  m a t e r i a l  ava i l ab le  was insuf-  
f ic ient  for th i s  purpose .  
A n o t h e r  poss ib i l i ty  m u s t  also be  considered,  viz. t h a t  in  
the  b ra in  larger  pept ides ,  like t he  C - f r a g m e n t  of Brad -  
b u r y  et  al. 7 are requ i red  to a c t i v a t e  t he  op ia te  recep tors  
efficiently.  
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