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Turnover of noradrenaline in rat heart during the period of light at a room temperature of 23 • 1 ~ and 32 :L I ~ resp. 
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Room temperature: 23 ~- 1 ~ Room temperature: 32 ~: 1 ~ 
Half-life Rate constant Turnover rate Half-life Rate constant Turnover rate 
ti/2 (h) k (h i) (~tg • g-1 • h 1) ti/~ (h) k (h -1) (#g / g - i  X h - i )  

17.7 0.0392 0.035 11.0 0,0629 0.057 
14.6 0.0475 0.045 11.7 0.0594 0.063 
17.8 0.0389 0.038 8.5 0.0818 0.074 
15.7 0.0442 0,040 10.3 0.0675 0.081 

X 16.3(14.1 19.4)* 0.0425 0.039 10.2(8.3-13.3)* 0.0679** 0.069** 
SEM ::Jz 0.0020 -E 0.002 ::j_ 0.0049 i 0.006 

The parameters of the turnover were calculated from decay of the specific activity after i.v. injection of ~ H-(-)-noradrenaline. Mean values 
~: SEM of 4 separate ex~berimeats at either room temperature. *Geometric mean with 95% confidence limits. **p (control to heat) < 0.005. 

Discussion. Unt i l  now no d a t a  are available d e m o n s t r a t -  
ing the  effect  of an e levated  env i ronmen ta l  t e m p e r a t u r e  
on the  cardiac t u r n o v e r  of noradrena l ine  in the  rat .  The 
expe r imen ta l  resul ts  p resen ted  here clearly show t h a t  an 
acute  increase in env i ronmen ta l  t e m p e r a t u r e  f rom 23~ to 
32 ~ resul ts  in a s ignif icant ly  increased cardiac t u rn o v e r  
of noradrenMine  in the  rat .  Such an e levat ion  in the  
room t e m p e r a t u r e  leads to  an increase in the  recta l  t em-  
pera tu re  9, to an increased s y m p a t h e t i c  nervous  ac t iv i ty  
in some per iphera l  organs  1~ and  to an increase in the  
cardiac  o u t p u t  ma in ly  due to an e levated  hea r t  ra te  l~ 
Thus,  the  increased cardiac t u rnove r  of noradrena l ine  on 
acute  exposure  to hea t  can be expla ined  as a consequence  
of an accelera ted s y m p a t h e t i c  nervous  act iv i ty .  However ,  
it  remains  unsolved whe the r  the  increased tu rnove r  is 
due to a specific effect  of hea t  on the  t h e r m o r e g u l a t o r y  
centers  s, t h e r e b y  increasing the  per iphera l  s y m p a t h e t i c  
nervous  sys tem,  or whe the r  a non-specif ic  s tress react ion 
takes  place s. 

The resul ts  p resen ted  here  t oge the r  wi th  earlier f indings 
d emo n s t r a t i n g  circadian var ia t ions  in t he  cardiac tu rn -  
over  of noradrena l ine  4 and  the  dopamine  t u rn o v e r  in ra t  
brain  1~, fu r ther  indicate  the  impor t ance  of exac t  s t anda rd -  
izat ion of expe r imen ta l  condi t ions  in an imal  studies.  The 
impor t ance  of a control led t h e rma l  e n v i r o n m e n t  was 
a l ready  shown by  F u h r m a n  and F u h r m a n  1, and  Weihe  15 
who could d e m o n s t r a t e  t h a t  var ia t ions  in env i ronmen ta l  
t e m p e r a t u r e  grea t ly  inf luence the  sens i t iv i ty  of experi-  
men ta l  animals  to  drugs, leading to var ia t ions  of results  
in drug  tes t ing.  

12 A. Eisalo, Ann. Med. exp. Fenn. 34, 1 (1956). 
13 B. Lemmer and T. Berger, Naunyn-Schmiedebergs Arch. Phar- 

mak. suppl, vol. 287, R 13 (1975 t. 
14 G. J. Fuhrman and F. A. Fuhrman, A. Rev. Pharmac. l, 65 

(1961). 
15 W. H. Weihe, A. Rev. Pharmac. 13, 409 (1973). 

Fluorescence histochemical demonstration of the uptake of dopamine-derived 
dihydroisoquinoline in the hypothalamic neurons 
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22 November 1976 

Summary. The up take  and  the  accumula t ion  of dopamine -de r ived  f luorescent  d ihydroisoquinol ine  Were d e m o n s t r a t e d  
wi th  d i rec t  f luorescence h i s t ochemis t ry  in the  h y p o t h a l a m i c  dopaminerg ic  neurons,  in t he  nerves  of the  neuro in te r -  
media te  lobe, and  in some endocr ine  cells of the hypophys i s  of the  rat .  

I t  has  been sugges ted  t h a t  the  in vivo fo rma t ion  of 
t e t r ahydro i soqu ino l ines  (TIQs) der ived f rom the  conden-  
sa t ion  of ca techolamines  (dopamine,  noradrena l ine  and  
adrenaline)  w i th  a ldehydes  p roduced  in the  me tabo l i sm 
of alcohols p lays  a p a r t  in t he  pa thologica l  man i fe s t a t ion  
of alcohol in tox ica t ion  and  dependence1-3.  Fu r the rmore ,  
an increase in dopamine  concen t ra t ion  in the  t issues 
migh t  lead to  the  fo rma t ion  of dopamine -de r ived  TIQs 
p roduced  in the  condensa t ion  react ion be tween  dopamine  
and ace ta ldehyde  or 3 ,4 -d ihyd roxypheny lace t a ldehyde  4, 5. 
Ano the r  possible rou te  to  t he  fo rma t ion  of biologically 
ac t ive  isoquinolines and fl-carbolines is the  enzymat i c  
p roduc t ion  of fo rma ldehyde  f rom 5-methy l t e t rahydrofo l i e  
acid and  subsequen t  condensa t ion  of the  fo rma ldehyde  
wi th  ca techolamines  or indolamines  ~, 7. TIQs are t aken  
up by  an act ive,  d e s m e t h y t i m i p r a m i n e -  and  cocaine-  

sensi t ive mechan i sm in the  nerve  endings,  and released 
upon s t imula t ion  of the  nerves,  giving rise to  the  pos t -  
synap t ic  effect  1. 

1 G. Cohen, in: Frontiers in Catecholamine Research, p. 1021. 
Ed. E. Usdin and S. Snyder. Pergamon Press, Oxford 1973. 

2 R.G. Rahwan, Life Sci. 75, 617 (1975). 
3 M.A. Collins and M. G. Bigdeli, in: Alcohol Intoxication and 

Withdrawal, col. 2, p. 79. Ed. M. M. Gross. Plenum Publishing 
Corporation, New York 1975. 

4 M. Sarldler, S. Bonham Carter, K. R. Hunter and G. M. Stern, 
Nature 247,439 (1973}. 

5 A.J.  Turner, K. M. Baker, S. Algeri, A, Frigerio and S. Garat- 
tini, Life Sei. 14, 2247 (1974). 

6 L, L, Hsu and A. J. Mandell, J. Nenrochem. 2d, 631 (1975). 
7 P. Laduron and J. Leysen, Biochem. Pharmac. 24, 929 (1975). 
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Fo r  a full  a c c o u n t  of t h e  effects of TIQs,  t he i r  cel lular  
loca l iza t ion  is i m p o r t a n t .  C a t e c h o l a m i n e - d e r i v e d  TIQs  
are we l l -known i n t e r m e d i a t e s  in a v e r y  sens i t ive  fluo- 
rescence h i s t ochemica l  m e t h o d  for t h e  cel lular  loca l iza t ion  
of c a t echo l amines  (CAs), in wh ich  CAs are condensed  
w i t h  f o r m a l d e h y d e  or  g lyoxyl ic  acid lead ing  f i rs t  to  t h e  
f o r m a t i o n  of weak ly  f luorescen t  TIQs,  a n d  s u b s e q u e n t l y  
t h r o u g h  d e h y d r o g e n a t i o n  (ca ta lyzed  b y  f o r m a l d e h y d e  
a n d  p ro t e ins  or acid) to  t he  f o r m a t i o n  of s t rong ly  fluo- 
r e scen t  d ihydro i soqu ino l ines  (DIQs)s-10. The  u p t a k e  an d  
s to rage  of 6 , 7 - d i h y d r o x y - l , 2 , 3 , 4 - t e t r a h y d r o i s o q u i n o l i n e  
a n d  4 ,6 ,7 - t r i hyd roxy - l , 2 , 3 , 4 - t e t r ahyd ro i soqu ino l i ne  in 
t he  adrenerg ic  ne rves  of t he  iris has  been  d e m o n s t r a t e d  
v i sua l ly  b o t h  in v i t ro  a n d  in v ivo  1,11,12. The  irides, in- 
c u b a t e d  in a so lu t ion  c o n t a i n i n g  TIQ or o b t a i n e d  f rom 
an ima l s  in j ec ted  w i t h  TIQ,  were exposed  to f o r m a l d e h y d e  
vapour ,  a p rocedure  wh ich  p r o m o t e s  t he  d e h y d r o g e n a t i o n  
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Fig. 1. Proposed reactions of dopamine (DA) with glyoxylic acid 
(GA) (slightly modified after Lindva11 et al.9). GA-MH = glyoxylie 
acid monohydrate, TIQ = 6,7-dihydroxy-l,2,3,4-tetrahydroiso- 
quinolilie-l-earboxylie acid, DIQ = 2-carboxymethyl-6,7-dihydro- 
isoquinolinium compound, DIQa = tautomeric quilioidal form. 

of TIQ to s t rong ly  f luorescent  DIQ. Af te r  th i s  t r e a t m e n t ,  
a r i ch  n e t w o r k  of f luorescen t  ne rves  was vis ible  u n d e r  
f luorescence microscope,  p r o v i d i n g  ev idence  of t h e  u p t a k e  
an d  s torage  of TIQs.  However ,  endogenous  n o r a d r e n a l i n e  
f i rs t  h a d  to be  dep le ted  w i t h  reserp ine  or syn thes i s  in-  
h i b i t o r  to  avo id  in te r fe rence  f rom i ts  f luorescence.  Th i s  
dep le t ion  m i g h t  well  a l t e r  t h e  phys io logica l  u p t a k e  a n d  
s torage  m e c h a n i s m  of t h e  t r a n s m i t t e r  s u b s t a n c e  in t h e  
ne rve  endings.  
A n o t h e r  possible  w ay  to d e m o n s t r a t e  t h e  cel lular  local- 
i za t ion  of TIQs  is b y  us ing  oxidized forms of TIQs,  i.e. 
DIQs ;  these  can  be  expec ted  to be  d e m o n s t r a b l e  d i rec t ly  
u n d e r  t h e  f luorescence microscope a t  low c o n c e n t r a t i o n s  
owing to t h e i r  s t rong  f luorescence,  in  t h e  same  w ay  as the  
f luorescence h i s tochemica l  d e m o n s t r a t i o n  of v e r y  m i n u t e  
a m o u n t s  of CAs. I t  h a s  been  e s t ima ted ,  for example ,  t h a t  
5 • 10 -4 pg  of n o r a d r e n a l i n e  or d o p a l n i n e  can  be  de tec ted  
in a single va r i cos i t y  of t h e  axon  us ing  t h e  f o r m a l d e h y d e -  
i nduced  f luorescence m e t h o d  an d  even  smal le r  q u a n t i t i e s  
w i t h  glyoxyl ic  ac id - induced  f luorescence 1~ Us ing  DIQs,  
t h e  dep le t ion  of endogenous  CAs is n o t  necessary ,  pro-  
v ided  t h e  t r e a t m e n t  of t i ssue  w i t h  f o r m a l d e h y d e  v a p o u r  
is omi t t ed .  But ,  on  t h e  o the r  h a n d ,  i t  is possible  t h a t  
DIQs  a n d  TIQs  are  h a n d l e d  d i f fe ren t ly  in t h e  t issues.  I t  
has ,  however ,  been  sugges ted  t h a t  o x i d a t i o n  of TIQs  to 
DIQs  occurs  in  t h e  n e r v o u s  s y s t e m  an d  t h a t  DIQs  m i g h t  
cause  n e u r o n a l  d a m a g e  3, t h u s  m a k i n g  t h e  cel lular  locali- 
za t ion  of DIQs  i m p o r t a n t .  I n  th i s  work,  some p r e l i m i n a r y  
o b s e rv a t i o n s  are  r epo r t ed  conce rn ing  t h e  u p t a k e  an d  s tor-  
age of D IQ  de r ived  f rom t h e  c o n d e n s a t i o n  of d o p a m i n e  
w i t h  glyoxyl ic  acid in  t h e  h y p o t h a l a m o - h y p o p h y s e a l  
s y s t e m  of t h e  ra t .  
Mater ia ls  and methods. D o p a m i n e  h y d r o c h l o r i d e  and  
glyoxyl ic  acid m o n o h y d r a t e  were dissolved a t  a mo la r  
c o n c e n t r a t i o n  of 1 :2  in abso lu te  e t h a n o l  a n d  h e a t e d  in a 
loosely closed vessel  a t  70~ for 3 h in a n  oven ;  t h e  vessel  
was t h e n  left  open  a t  70 ~ for 17 h an d  t h e  e t h a n o l  a l lowed 
to  evapora t e .  The  yel low p o w d e r y  p r o d u c t  was  sc raped  
off a n d  dissolved in de ionized  w a t e r  a n d  t h e  p H  a d j u s t e d  
to 7.0 w i t h  sod ium hydrox ide .  No d o p a m i n e  was de t ec t ed  
in s u b s e q u e n t  t h i n  layer  c h r o m a t o g r a p h y  on  silica gel 
( so lvent  s y s t e m  : n - b u t a n o l - e t h a n o l - a c e t i c  ac id -wa te r  
2 : 1 : 1 : 1 )  w i t h  exposure  to  f o r m a l d e h y d e  v a p o u r  la or 
w i t h  n i n h y d r i n  reagent .  Before  t h e  a b o v e - m e n t i o n e d  
r eagen t s  were appl ied,  a smal l  spo t  w i t h  v e r y  weak  blue  
f luorescence a n d  a larger  spo t  w i t h  v e r y  s t rong  blue 
f luorescence were seen in U V  l igh t  (405 rim, t h r o u g h  a 
Lei tz  K 470 filter).  T h e  weak ly  f luorescen t  spo t  r ep resen t -  
ed 6, 7 -d ihydroxy-  1 ,2 ,4 ,4- te t rahydroisoquin01ine-  1-carbo- 
xylic acid an d  t h e  s t rong ly  f luorescen t  spo t  a 2-carbo-  
x y me t h y l -6 ,  7 -d ihyd roxy-3 ,4 -d ihyd ro - i soqu ino l in ium 
compound ,  which  is in equ i l ib r ium w i t h  i t s  qu ino ida l  fo rm 
d e p e n d i n g  on  t h e  p H  9,14 (figure 1). 2 s lowly m o v i n g  spots  
w i t h  m o d e r a t e  yel low f luorescence were also de tec ted .  

Figures 2, 3 and 4 are fluorescence photomicrographs of the iso- 
quinoline-injeeted rat. Fig. 2. The pars intermedia (left side), in which 
brightly fluorescent nerve endings arc seen between IIonfiuoreseelit 
cells and around the lobules. In the pars nervosa (right side) some 
fluorescent nerves are observed in the zone adjacent to the pars ili- 
termedia. No fluorescent nerves are seen around the blood vessel. 
Calibration bar 25 tim. 

8 G. Jonsson, The Formaldehyde Fluorescence Method for the 
Histochemieal Demonstration of Biogenic Monoamines. Ivar 
HeggstrSms Tryekeri AB, Stockholm 1967. 

9 O. Lindvall, A. Bj6rklund alid L.-A. Svensson, Histochemistry 
39, 197 (1974). 

10 A. BjSrklulid, B, Falek and O. Lindvall, in: Methods in Brain 
Research, p. 249. Ed. P. B. Bradley. John Wiley and Sons, 
London 1975. 

11 G. Cohen, C. Mytilineou and R. E. Barret, Science 175, 1269 
(1972). 

12 C. Mytilineou, G. Cohen and R. Barret, Eur. J. Pharmnac. 25, 
390 (1974). 

13 D. Aures, R. Fleming and R. H~kanson, J. Chromat. 33, 480 
(1968). 

14 L.-A. Svelisson, A. Bj6rklund and O. Lilidvall, Acta chem. 
stand. B 29, 341 (1975). 
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One of t h e m  p r o b a b l y  was t h e  e thy l  es ter  of DIQ,  a n d  
t he  o the r  t he  p r o d u c t  fo rmed  in t h e  r eac t ion  of g lyoxyl ic  
acid w i t h  t he  c a r b o x y m e t h y l  side cha in  of DIQ  14. 
The  a d u l t  male  r a t s  were i n j ec t ed  i .p.  w i t h  50 m g / k g  
b . w t  of syn thes i zed  i soquinol ines  2.5-3 h before  ki l l ing 
b y  rap id  decap i t a t i on .  The  m e d i o b a s a l  h y p o t h a l a m i  an d  
t he  h y p o p h y s e s  of t he  in jec ted  ra t s  a n d  of t he  con t ro l  
an ima l s  were r ap id ly  d issec ted  out ,  f rozen in i s o p e n t a n e  
precooled in l iquid  n i t r ogen  and  processed t h r o u g h  a 
f reeze-dry ing  p rocedure  a n d  e m b e d d e d  in pa ra f f in  w ax  
in v a c u u m  ( m e t h o d  of B j 6 r k l u n d  e t  al.lS). 7 ~zm t h i c k  
sectiOns were depara f f in ized  w i t h  xy lene  a n d  m o u n t e d  
in En te l l an .  The  sect ions  were e x a m i n e d  and  p h o t o -  
g r a p h e d  w i t h  a Lei tz  O r t h o l u x  microscope  equ ipped  w i t h  
a n  ep i - i l l umina to r  and  H B O  200 h igh  pressure  m e r c u r y  
lamp,  t h e  p~ imary  f i l ters  were B G  38, B G  3, T A L  405 
(Scho t t  & Gen.) and  t he  s e c o n d a r y  f i l ter  was  a Lei tz  
K 470. 

Fig. 3. A frontal section of the nucleus areuatus, in which many 
brightly fluorescent neurons are seen scattered against a nonfluo- 
rescent background. A corner of the third ventricle is on the left 
upper part of the picture. Calibration bar 40 ixm. 

Results and discussion. I n  t h e  sect ions  o b t a i n e d  f rom 
i soquino l ine- in jec ted  rats ,  t he re  were some b r i g h t  b lue  
f luorescen t  cells in  t h e  pars  dis ta l is  of t h e  hypopbys i s .  I n  
t h e  pa r s  in t e rmed ia ,  blue f luorescen t  do ts  a n d  f ibres  were 
seen b e t w een  nonf luo rescen t  cells (figure 2) as well  as in  
the  pa r s  n e rv o s a  a d j a c e n t  to  t h e  pars  i n t e rmed ia .  In  t he  
basa l  h y p o t h a l a m u s ,  m a n y  blue  f luorescen t  neu rons  were 
seen in t h e  nuc leus  a r c u a t u s  a n d  pe r iven t r i cu l a r i s  (figure 
3). I n  t i le m e d i a n  eminence ,  a blue f luorescence was seen 
in t h e  zona  e x t e r n a  (figure 4). The  f luorescence i n t e n s i t y  
decreased  r ap i d l y  in U V  light,  a n d  was q u e n c h e d  w i t h  
water .  I n  t h e  sect ions  f rom t h e  con t ro l  an imals ,  t h e  on ly  
f luorescen t  s t r u c t u r e s  were o range  f luorescen t  g ranules  
in some n eu ro n s  of the  h y p o t h a l a m u s .  
I t  is ev i d en t  f rom t h e  resu l t s  t h a t  h igh ly  f luorescen t  DIQ 
is t a k e n  up  a n d  s tored  in some basa l  h y p o t h a l a m i c  
neurons ,  in  the  ne rves  of t h e  pars  i n t e r m e d i a  an d  in some 
endocr ine  ceils of t h e  pa r s  dis ta l is  of t h e  hypophys i s .  
These  h y p o t h a l a m i c  neu rons  are s i t u a t e d  a n a t o m i c a l l y  
in the  same  areas  as t h e  dopamine rg i c  t u b e r o i n f u n d i b u l a r  
n e u r o n  s y s t e m  16-1s, a n d  i t  seems t h a t  D IQ  is t a k e n  up  
b y  these  neurons .  The  ad rene rg i c  ne rves  of t h e  pars  in- 
t e r m e d i a  are of cen t r a l  or igin an d  b o t h  dopamine rg ic  a n d  
no rad rene rg ic  t e r m i n a l s  h a v e  been  de t ec t ed  w i t h  micro-  
s p ec t ro f l u o ro me t ry  17. The  ques t ion  r ema i n s  as to  w h e t h e r  
D IQ  is t a k e n  up  a n d  s tored  in dopamine rg i c  or in  nor-  
adrenerg ic  t e rmina l s .  No u p t a k e  of DIQ in t h e  s y m p a t h e t i c  
pe r ivascu la r  adrenerg ic  f ibres of t h e  h y p o t h a l a m o - h y p o -  
p h y s ea l  complex  was found  u n d e r  t h e  e x p e r i m e n t a l  con-  
d i t ions  used in the  p r e s en t  s tudy .  The  u p t a k e  a n d  s torage  
of D IQ  in t h e  cells of t h e  a d e n o h y p o p h y s i s  seem to occur  
in t h e  same cells wh ich  ex h i b i t  f o r m a l d e h y d e - i n d u c e d  
f luorescence a f te r  t h e  in jec t ion  of L -dopa  or 5 -HTP,  a phe -  
n o m e n o n  whose  physiological  s ignif icance is ~lot k n o w n  19. 
I t  is also i n t e r e s t i ng  t h a t ,  a f t e r  a d m i n i s t e r i n g  large doses 
of L - t r y p t o p h a n  to t h e  rats ,  b lue  f luorescent  cells were 
obse rved  in the  pars  dis ta l is  w i t h o u t  f o r m a l d e h y d e  v a p o u r  
t r e a t m e n t  20. I t  h a s  been  sugges ted  t h a t  t h e  f luorescence 
is der ived  f rom some f luorescen t  m e t a b o l i t e  of t r y p t o p h a n .  
I t  is possible  t h a t  t h e  f luorescence was caused  b y  fluo- 
rescen t  dihydro-15-carboline fo rmed  b y  t h e  in v ivo  con-  
d e n s a t i o n  of t r y p t o p h a n  or t r y p t a m i n e  w i t h  a ldehyde  
lead ing  f i rs t  to  t e t rahydro- /~-carbol ine  an d  t h e n  t h r o u g h  
a u t o x i d a t i o n  to d i h y d ro ca rb o l i n e  ana logous ly  w i t h  t h e  
f o r m a t i o n  of TIQs  f rom d o p a m i n e  an d  a c e t a l d e h y d e  a f t e r  
the  a d m i n i s t r a t i o n  of L - d o p a  4. 
T h e  resu l t s  of the  p r e s en t  s t u d y  show t h a t  exogenous ly  
a d m i n i s t e r e d  DIQs  can  be  de t ec t ed  a t  t h e  cel lular  level  
w i t h  f luorescence h i s tochemis t ry .  The  same  t e c h n i q u e  is 
p e r h a p s  useful  for the  d e m o n s t r a t i o n  of d ihydro-f i -car-  
bolines,  c o n d e n s a t i o n  p r o d u c t s  of i ndo lamines  an d  al- 
dehydes .  DIQs  fo rmed  in v ivo  f rom t h e i r  i m m e d i a t e  
precursors ,  TIQs,  can  also be expec ted  to be  d e m o n s t r a b l e  
on t h e  same  principle ,  if t h i s  chemica l  r eac t ion  does t ake  
place. I n  t h e  n e rv o u s  tissue, t h e  u p t a k e  an d  s torage  of 
DIQs  seems to  be  a n e u r o n a l  process,  an d  i t  is possible  
t h a t  TIQs  are h a n d l e d  in t h e  same  way.  

Fig. 4. A frontal section of the median eminence of the hypothalamus. 
Bright granular fluorescence is seen in the zona externa. Calibration 
bar 25 ~Lm. 
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