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levels b rough t  abou t  by  di f ferent  mechanisms.  Previous  
exper imen t s  carr ied out  on adipose t issue a n d  hea r t  ~~ ~ 
s t a t ed  t h a t  drugs able to  s t imula te  adenylcyclases  act  
synergical ly  w i th  phosphod ies te rase  inhibi tors .  The 
po ten t i a t ion  found by  us be tween  sa lbu tamol  and  theo-  
phyl l ine  ex tends  sudh a s t a t e m e n t  to  the  bronchia l  smoo t h  
muscle and  indirec t ly  conf i rms t h a t  sa lbu tamol  behaves  
as an adenylcyclase  s t imula t ing  agent.  
On tile o ther  hand,  the  f inding t h a t  po ten t i a t i on  also 
exists  be tween  sa lbu tamol  and  d ibu ty r r i l -3 ' 5 'AMP 
suggests  t h a t  the  phosphodies te rase  inh ib i t ing  proper t ies  
of the  la t t e r  com pound  p lay  an i m p o r t a n t  role, Thus,  the  
assumpt ion  t h a t  i t  acts  only as an easily pe rmeable  
Y5 'AMP m u s t  be regarded  wi th  some crit icism. 

Riassunto. ~, s t a t o  d imos t ra to  che la con t emporan ea  
s t imolazione delle adenilciclasi,  real izzata  con sa lbuta-  
molo, e la inibizione delle fosfodiesterasi  p r o d o t t a  da 

teofil l ina eserci tano effet t i  b roncodi la ta tor i  sinergici. Ii 
po t enz i amen to  osservato  anche Ira sa lbu tamolo  e dibu- 
t i r r i l -3 '5 'AMP ~ s ta to  r iferi to alia inibizione delle fosfo- 
diesterasi  d e t e r m i n a t a  da ques t ' u l t ima  sostanza.  
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S a t u r a b l e  T r a n s p o r t  o f  A m p h e t a m i n e  A c r o s s  t h e  B l o o d - B r a i n  B a r r i e r  ~ 

The rap id  onset  of CNS s t imula t ion  af ter  a m p h e t a m i n e  
admin i s t r a t ion  is usually ascribed to free diffusion of its 
nonionized,  l ipophil ic form across the  b lood-bra in  barr ier  
(BBB) 2. However ,  a m p h e t a m i n e  has a p K a  of 9.98; a t  an 
ar ter ial  p H  of 7.4, abou t  99.7~o of the  p lasma  amphe t -  
amine  concen t ra t ion  would be p ro tona t ed  and  l ipophobic.  
This  d i spar i ty  be tween  pred ic ted  effects (slow ra te  of 
barr ier  permeabi l i ty)  and observed effects (abrupt  
p s y c h o m o t o r  changes  and s t e reo typed  behavior)  suggests  
t h a t  some por t ion  of the  p r e d o m i n a n t l y  ionized form of 
a m p h e t a m i n e  enters  the  bra in  f rom the  circulat ion by  a 
t r a n s p o r t  mechanism.  This  in vivo s tudy  describes some 
aspects  of D-amphe tamine  up take  across the  B B B  which  
migh t  expla in  the  onset  d iscrepancy,  and  demons t r a t e s  
for a m p h e t a m i n e  up take  two ha l lmarks  of carrier- 
med ia ted  t r anspor t :  sa turab i l i ty  and  compet i t ive  inhibi-  
t ion. 

Melhods. The pene t r a t i on  of 14C-D-amphetamine sulfate 
into bra in  was s tudied  wi th  the  in ternal  t r i t i a t ed  wa te r  
technique  descr ibed by  OLDENDORF 4. Male Sprague-  
Dawley  rats ,  350-400 g, were  anes the t ized  wi th  45 mg/kg  
i.p. pen toba rb i t a l  sod ium and p repared  for in t raca ro t id  
injection.  A single b o h s  (constant  volume of 0.2 m l) was 
in jec ted  in to  the  co mmo n  carot id  of each r a t  w i thou t  imp-  
eding the  ar ter ial  b lood flow. The solut ion consis ted of 
0.25 FCi 14C-D-amphetamine sulfate (s.a. 15.5 mC/ mM,  
Schwarz/Mann) ,  0.25 FCi ~H-water  (s.a. 0.25 mC/g, New 

1 Supported in part by USPHS Research Grant No. NSO8884, 
NINDS. 

2 j.  M. VAN Rossu•, Int. Rev. Neurobiol. 12, 307 (1970). 
T. ]3. VI~EE, A. Th. J. M. MUSKENS and J. ~. VAN Rossug, J. Pharm. 
Pharmac. 21,774 (1969). 
W. H. OLDE~noRF, Brain Res. 24, 372 (1970). 

�9 Nounlabelled compound 
70 �9 D-amphetamine ] 

~, : I~-phenethylamine~ pH 7.4 
"# ' ~  Methylphenidate J 

~ 3  

d 
~ r  

g 
- O  

�9 -= 30 

= 10 

1'0 5'0 1()0 "' 2;0 # 400 
Concentration [rnh'/)unlabelled compound 

Fig. 1. The effects of increasing concentrations of various compounds 
on the uptake of t4C-D-ampbetamine sulfate into rat brain. All 
compounds were injected as a bolus (0.2 ml) into the carotid artery. 
Standard errors of the means are given ior those values which 
represent 3 or more animals; other points are from individual rat 
brains. 

1~103 

50 

30 

10 

V14c_amphet BU I o- BU [D 

Z 
D-amphetamine 
km =17mM 

1; 2; 
1)• 102mM 

Fig. 2. Lineweaver-Burk plot of the effects of increasing concentra- 
tions of unlabelled D-amphetamine and methylphenidate on the 
uptake of a small dose (1 ~xg/kg) of l~C-n-ampbetamine into rat brain. 
Abscissa: reciprocal of the concentration of unlabelled drug (D). 
Ordinate: reciprocal of the differences in uptake of labelled amphet- 
amine in the presence of specific concentrations of D. 
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Eng land  Nuclear),  and va ry ing  concentra t ions  of unlab- 
elled compounds  (vide infra) dissolved in lac ta ted  
Ringer ' s  solut ion buffered to p H  7.4. 

Ra t s  were decap i ta ted  15 sec after  the  inject ion and the  
brains qu ick ly  r emoved  from the  calvaria.  The cerebral 
hemispheres  ipsi lateral  to the  inject ion site and rostral  to 
the  midbra in  were prepared  for double isotope l iquid 
scint i l la t ion count ing by  dissolving the  macera ted  tissue 
in 1.5 ml  NCS Solubil izer (Amersham/Searle) ,  then  adding 
10 ml  of a t o h e n e - P P O  scinti l lant .  Samples  of the  injec- 
t ion mixtures  were s imilar ly prepared for scint i l lat ion 
counting.  S tandard  quench  curves were ut i l ized to conver t  
conn ts /min  for each isotope (14C and 3H) to DPlVi 5. A 
bra in  up take  index (BUI) for l~C-o-amphetamine  was 
obta ined  by d iv id ing  the  ~4C-DPM/~H-DPM rat io in the  
brain sample by  the  same rat io  in the  inject ion mix tu re  4. 
This  f ract ion mul t ip l ied  by  100 yields a percent  index of 
brain up take  of 14C-D-amphetamine re la t ive  to t r i t i a ted  
water .  B U I  values thus  represent  the  ex ten t  to which 
a m p h e t a m i n e  enters the  brain, dur ing a 15 sec interval ,  
compared  to the  freely permeable  water .  

In i t ia l ly  the  brain up take  of a small  f ixed dose of 
~4C-D-amphetamine (0.016 m M  approx ima te ly  1.0 vg/kg) 
was determined,  then  measured amount s  of un labe l l ed  
D- and L-amphetamine ,  f l -phenethylamine,  or methy l -  
phenida te  were a d d e d t o  the  in ject ion mix tu re  in a final  
vo lume  of 0.2 ml to assess the  degree of saturabi l i ty ,  
stereospecificity,  and compet i t ion  by compounds  s t ructur-  
a l l y  re la ted to D-amphetamine.  A pharmacologic  profile 
of the  possible mechanisms by  which amphe t amine  enters 
the  brain was made  by adding dopamine  HCI, phenyl-  
ephrine HC1, phenylalanine,  or arginine to the  inject ion 
mixture .  Tile concentra t ions  of all agents are repor ted  as 
the  free base. The effects of p H  on a m p h e t a m i n e  uptake  
were de te rmined  in several  exper iments  by  buffer ing the  
inject ions mix tu re  to p H  6.4. 

Results.  The B U I  (mean • SE) for the  f ixed dose of 
1*C-D-amphetamine was 73 ~ 3% (Figure 1), which 
approx imates  the  67 ~ 5% B U I  which has been repor ted  
for 14C-/%phenethylamineK Unlabel led D-amphetamine,  
when added to the  in ject ion mixture ,  reduced the  bra in  
up take  of ~4C-o-amphetamine. At  100 m M  concentra t ions  
of unlabel led compound  the  B U I  for the  Iabelled agent  
was approx ima te ly  29%. However ,  the  up take  index of 
14C-D-amphetamine was not  reduced to values  less than  
23 %, even in the presence of a m p h e t a m i n e  concentra t ions  
as high as 200 and 400 mM.  Methylphenida te  and fl- 
phene thy lamine ,  s t ruc tura l  analogues of amphetamine ,  
also depressed the  B U I  for 14C-D-amphetamine (Figure 1). 
VVhen the  p H  of the  solution was lowered to 6.4, compet i -  
t ion be tween labelled and unlabel led D-amphetamine  
reduced the  B U I  f rom an init ial  va lue  of 30% to 10%. 

Effects of phenethylamine derivatives and amino acids on the brain 
uptake index (BUI) of laC-D-amphetamine. Each value is the mean 
(•  SE) BUI obtained from 3 rat brains 

Compounds tested for inhibition 14C-D-amphetamine BUI (%) 
of amphetamine uptake 

Control* 73 ~= 3 
i00 mM Dopamine HCI 74 nt= 5 
i00 mM Phenylephrine HC1 54 -b 3 
100 mM L-arginine 70 -t- 2 
100 mM L-phenylalanine 65 ~= 3 

0.016 mM lr sulfate (1.0 [zg/kg). 

The saturation data for amphetamine and methyl- 
phenidate are presented in Figure 2 in the form of a double 
reciprocal plot. A Km of 17 mM was calculated for am- 
phetamine f rom the  slope and in tercept  of the  amphe t -  
amine  curve. The  me thy lphen ida te  and a m p h e t a m i n e  
curves share the  same intercept ,  p rov id ing  evidence for 
compet i t ive  inhibit ion,  i.e. the  agents apparen t ly  compete  
for a common  binding site in a crit ical  step of t ransport .  

When  unlabel led L-amphetamine  was subs t i tu ted  for 
the  D-isomer, min imal  differences were found be tween  the  
compounds  wi th  respect  to 14C-I)-amphetamine uptake.  
Dopamine,  a 3,4-dihYdroxy der iva t ive  of fi-phenethyl- 
amine,  did not  inhibi t  amphe tamine  up take  (Table), 
while phenylephrine,  a 3-hydroxy analogue, elicited only 
modes t  depression of the  a m p h e t a m i n e  BUI .  Arginine 
and phenylalanine,  representa t ives  of the  basic and 
neutra l  amino acids which are t ranspor ted  across the  
B B B  ~, also failed to depress amphe t amine  uptake.  

Discussion.  Our observat ions  on t h e  sa tu rab i l i ty  of 
a m p h e t a m i n e  uptake  into bra in  suggest t ha t  there is a 
car r ie r -media ted  component  in the  passage of the  
compound  across the  ]3BB. The B U I  for a compound  
entering solely by  free diffusion would no t  be reduced by  
increasing the  concent ra t ion  of the  agent  in the  micro-  
vaseulature .  On the  o ther  hand,  if a compound  t raverses  
the  barr ier  only by  faci l i ta ted mechanisms,  large con- 
centra t ions  of t ha t  agent  should cause the  B U I  of a small  
labelled f ract ion to approach the  background of the  
methodology,  1 -2% 6. Unlabel led a m p h e t a m i n e  in con- 
centra t ions  up to 400 m M  did not  depress the  B U I  for 
14C-D-amphetamine beyond 23%, indicat ing t h a t  this  
considerable fract ion of the drug enters the  bra in  by  a 
nonsaturable  free diffusion process. 

The effects of bolus p H  on a m p h e t a m i n e  up take  
provide  addi t ional  informat ion  about  the  free diffusion 
mechanism. Lowering the  p H  of the  in ject ion mix tu re  
f rom 7.4 to 6.4 increases the  concent ra t ion  of ionized 
drug only s l ight ly f rom 99.7 to 99.9%, as calculated f rom 
the  t tenderson-Hasse lbach  relationship.  The nonionized 
fraction,  however,  is reduced by  an order  of magni tude  
f rom 0.3 to 0.03%. Exper imenta l ly ,  changing the  p H  
from 7.4 to 6.4 causes a reduct ion  in the  B U I  for a small  
dose of 14C-D-amphetamine f rom 73 to 300/o. This  change 
in barr ier  penet rabi l i ty ,  consonant  wi th  the  marked  shift  
in the  concent ra t ion  of nonionized species, suggests t h a t  
free diffusion predomina tes  over  faci l i ta ted t ransfer  in 
thei r  re la t ive  contr ibut ions  to amphe t amine  uptake.  

The  t ranspor t  mechan ism for amphe tamine  is apparen t ly  
not  stereospecific, bu t  is subject  to sa tura t ion  by  methyl -  
phenidate ,  a compound  wi th  central  s t imulan t  propert ies  
s imilar  to those of amphetamine .  The ex ten t  of a romat ic  
hydroxy la t ion  of phene thy lamine  appears  to be an 
impor t an t  de te rminan t  of carrier  affinity.  Thus, 100 m M  
concentra t ions  of f l -phenethylamine marked ly  depressed 
a m p h e t a m i n e  uptake,  whereas equiva len t  concentra t ions  
of phenylephr ine  and dopamine,  mono- and d ihydroxy  
analogues, respectively,  elicited progressively less compe- 
t i t ion  for the  amphe t amine  carrier. The  mechan ism for 
faci l i ta ted uptake  of amphe t amine  is apparen t ly  un- 
re la ted to the  processes by  which basic and neut ra l  
amino acids are t ranspor ted  across the  BBB6, v, since 
100 m2VI arginine and phenyla lanine  failed to depress the  
amphe t amine  BUI .  

r 
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In conclusion, our results  indicate  that a m p h e t a m i n e  
gains access to  the  bra in  by  a combina t ion  of 2 i ndependen t  
mechan i sms  : free diffusion and a car r ie r -media ted  process.  
The a m p h e t a m i n e  carrier  is sa turable ,  pFI dependen t ,  
and par t i c ipa tes  in t he  up take  of m e t h y l p h e n i d a t e  and  
f l -phenethylamine.  The rap id  onset  of ac t ion of a m p h e t -  
amine  af ter  in t ravenous  admin i s t r a t ion  m a y  reflect  the  
s imul taneous  opera t ion  of these  up t ake  mechanisms .  

Zusammen/assung. Unte r suchungen  fiber die die Pene-  
t r a t ion  yon A m p h e t a m i n e n  ins Gehirn b e s t i m m e n d e n  

Faktoren .  En twick lung  neuer  Aspekte  im Hinbl ick  auf 
den Transpor t  yon  A m p h e t a m i n e n  tiber d i e  B lu t -Hi rn -  
Schranke  mi t t e l s  eines TrXgers. 
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A S t u d y  of  t h e  M e c h a n i s m  of  L o w e r i n g  t h e  
S y m p a t h e t i c  H y p e r i n n e r v a t i o n  

Nerve  g rowth  factor  (NGF) is k n o w n  to induce the 

h y p e r t r o p h y  and hype rp l a sy  of s y m p a t h e t i c  and  embryo-  
nal sensory cells1-% The in ject ion of N G F  to new-born  
mice resul ts  in an increase in the  a m o u n t  and  d imens ions  
of t he  s y m p a t h e t i c  ganglia neurons  ~, ~, a th ickening  of 
s y m p a t h e t i c  t runks  due to an increase of the  f iber  number ,  
and also an a u g m e n t a t i o n  of the  dens i ty  of s y m p a t h e t i c  
t e rmina ls  in t he  effector  organ 2, 4, 5. As compared  wi th  
the  normal ,  the  noradrenal in :  con ten t  of the  per iphera l  
organs is a u g m e n t e d  in such animals  6. Thus,  by  means  of 
NGF,  animals  can  be ob ta ined  in which  organs are 
h y p e r i n n e r v a t e d  by  s y m p a t h e t i c  terminals ,  An invest iga-  
t ion of the  in tes t ine  smoo th  muscle  w i th  s y m p a t h e t i c  
hype r inne rva t ion  revealed t h a t  t he  sens i t iv i ty  of th is  
muscle to noradrena l in  is lowered as compared  wi th  the  
controlT. I t  has  been assumed t h a t  dene rva t ion  m a y  no t  
only increase t he  sens i t iv i ty  of t he  effector,  according to  
the  dene rva t ion  law, bu t  decrease a t  hype r inne rva t i o n  7. 

Adrenerget ic  t e rmina l s  are known  for the i r  capac i ty  to  
up take  ca techolamines  f rom the  env i ronment .  Therefore,  
some a m o u n t  of t he  in jec ted  agen t  is up t aken  by  the  
t e rmina l s  af ter  noradrena l in  in ject ion and  the  noradren-  
alin concen t ra t ion  in the  area of the  smoo th  muscle  
m e m b r a n e  decreases.  An augmen ted  response  of the  
smoo th  muscle to  humora l  s t imulus  m a y  occur as a 
result  of the  des t ruc t ion  of s y m p a t h e t i c  fibers, e.g. due to  
the i r  degenerat ion,  even if the  sens i t iv i ty  of t he  post-  
synap t i c  m e m b r a n e  has  remained  u n c h a n g e d <  I t  is clear 
t h a t  the  effect  of lowering the  sens i t iv i ty  on account  of 

S e n s i t i v i t y  of  S m o o t h  M u s c l e  to  N o r a d r e n a l i n  w i t h  

t he  te rmina ls  witl be  more  p ronounced  if t he  n u mb er s  of 
t e rmina l s  on the  pe r iphe ry  has increased.  Agains t  a cocaine 
background  the  te rmina ls  lose the i r  capac i ty  to  take  up- 
ca techolamines  s-l~ Therefore,  a compara t ive  s tudy  of 
sens i t iv i ty  in a normal  and  h y p e r i n n e r v a t e d  s mo o t h  
muscle  in response  to noradrena l in  agains t  a cocaine back-  
ground pe rmi t s  us to de te rmine  w h e t h e r  the  sens i t iv i ty  
of the  effector  organ cells to th is  agent  differs or not.  

Material and method. In  the  p resen t  work  we used the  
N G F  prepa ra t ion  f rom t h e  Wellcome,  Kent ,  England .  
The p repa ra t ion  was in jec ted  to  young  mice  a t  a ra te  of 
500 biological uni ts  per  1 g of body  weight  for 15 days,  
af ter  which the  animals  were tes ted.  
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Mean noradrenalin doses (M -4- m; in bg) causing standard responses of the smooth muscle in normal and hypersympathetized animals in 
intact preparations and after cocaine treatment 

Response .Norm Hypersympathetization Cocaine 

Norm Hypersympathetization 

Threshold 0.865 + 0,097 1.693 + 0,349 
- -  0,088 -- 0,288 

n = 27 n = 14 
p < O.Ol 

50% of the maximal 1,914 + 0.375 5.009 + 1.122 
-- 0.311 -- 0.915 

n = 22 n = 12 
p < O.Ol 

Maximal 43.29 + 5.37 149.0 + 39.0 
- -  4.78 -- 30.9 

n = 28 n = 13 
p < 0.001 

0.322 + 0,038- 0,473 + 0.075 
-- 0.034 -- 0.065 

n = 25 n -- 16 
p < 0.05 

0.726 4- 0,095 1.446 + 0.269 
-- 0.084 -- 0.227 

n -- 18 n = I0 

p < 0.01 

II.Ii + 1.91 40.90 + 11.67 
- -  1.62 -- 9.08 

n : 25 n = 15 

p < o.ool 


