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these  a p p a r e n t l y  ' n o r m a l '  s u r v i v i n g  an imals ,  we gave  
i n t r a p e r i t o n e a l  in jec t ions  of a m p h e t a m i n e  a n d  apomor -  
p h i n e  a n d  m e a s u r e d  i nduced  t u r n i n g  behav io r .  
A d u l t  gerbi ls  (60-80 g) were sub j ec t ed  to  p e n t o b a r b i t a l  
a n e s t h e s i a  a n d  t he  lef t  c o m m o n  ca ro t id  was d issec ted  
a w a y  f rom the  v a g u s  n e r v e  and  ad jo in ing  b lood  vessels.  
The  a r t e r y  was  t h e n  e i t he r  p e r m a n e n t l y  l iga ted  or t e m p o -  
r a r i ly  c l amped  for 30 m i n  us ing  a su ture .  
I n  a p i lo t  s t u d y  20 an i m a l s  rece ived  p e r m a n e n t  uni -  
l a te ra l  l iga t ion  and  a f t e r  one week  t h e  15 su rv ivo r s  were 
t e s t ed  for  t u r n i n g  b e h a v i o r  to  a m p h e t a m i n e .  As c o m p a r e d  
to t h e  effects  of a m p h e t a m i n e  pr io r  to  su rge ry  t he re  was 
a s ign i f ican t  increase  in t u r n i n g  b e h a v i o r  t o w a r d s  t he  side 
of t he  l igat ion.  S u b s e q u e n t l y ,  t he  effects  of saline,  am-  
p h e t a m i n e ,  a n d  a p o m o r p h i n e  were c o m p a r e d  before  a n d  
i or 8 weeks a f t e r  a 30 m i n  un i l a t e r a l  ca ro t id  c lamp.  T u r n s  
in  b o t h  d i rec t ions  were m e a s u r e d  separa te ly .  W i t h  r ega rd  
to t h e  side of t h e  su rge ry  ips i la te ra l  t u r n s  were des igna t ed  
pos i t ive  and  c o n t r a l a t e r a l  t u r n s  were d e s i g n a t e d  nega t ive .  
N e t  t u r n s  refer  to  t he  a r i t h m e t i c  s um  of these  2 values.  
W h e r e  t o t a l  t u r n s  are  ana lyzed  b o t h  these  n u m b e r s  are 
s igned  pos i t ive  a n d  added.  Large  increases  in  t u r n i n g  
b e h a v i o r  a f t e r  a m p h e t a m i n e  in j ec t ion  were aga in  ob-  
se rved  in these  an im a l s  ( table).  T he  use of n e t  t u r n s  in t he  
d a t a  ana lys i s  impl ies  t h a t  an i m a l s  shou ld  t u r n  cons i s t en t l y  
t o w a r d s  t h e  s t roked  side in t h e  case of a m p h e t a m i n e  a n d  
a w a y  f rom t h e  s t roked  side in t h e  case of a p o m o r p h i n e .  
A l t h o u g h  t he  overa l l  effects  are  s ign i f ican t  i t  shou ld  be  
po in t ed  o u t  t h a t  some an i m a l s  do n o t  increase  t u r n i n g  
b e h a v i o r  to  a m p h e t a m i n e  a f t e r  t h e  ca ro t id  c l amp  a n d  
some an ima l s  are i nduced  to  t u r n  in t h e  c o n t r a l a t e r a l  
d i rec t ion ,  t h u s  s u b t r a c t i n g  f rom t he  s ignif icance of ipsila-  
t e ra l  or  ne t  t u r n i n g  for  t h e  group.  I n  t h i s  s t u d y  55% of 

Mean difference scores for postoperative 
minus preoperative turns per rain 
Saline Amphet- Apo- 

amine morphine N 

1 week postoperative 
net turns -0.03 +1.16" +0.4 16 
1 week postoperative 
total turns 0.24 1.13" 0.78 16 
8 weeks postoperative 
net turns +0.09 +1.64" -0.21 12 
8 weeks postoperative 
total turns 0.24 1.25" 1.9" 12 

Effect of (+)-amphetamine (5.0 mg/kg) and apomorphine (2 mg/kg) 
before and after a 30 min unilateral carotid clamp. Turning was 
measured for 1 min periods at 40 and 50 min after inieetion and 
averaged. Drugs were administered in 0.1 ml saline/20 g b.wt. lpsi- 
lateral turns were designated as positive (+) and contralateral turns 
were designated as negative (-). 
*Significant at p <0.05 using a paired t-test. N > 12 for all groups. 

all  an ima l s  showed  increased  ips i la te ra l  t u r n i n g  to am-  
p h e t a m i n e  a f t e r  ca ro t id  c lamp.  H o w e v e r  a n  a d d i t i o n a l  
4 %  of c l amped  an ima l s  r e sponded  to  a m p h e t a m i n e  b y  
t u r n i n g  cons i s t en t l y  in t h e  c o n t r a l a t e r a l  d i rect ion.  There -  
fore t o t a l  t u r n s  s u m m e d  i r respec t ive  of d i r ec t ion  were 
also sub j ec t ed  to  ana lys i s  as, a priori ,  t h e  d rug  induced  
d i rec t ion  of t u r n i n g  m a y  n o t  be  p r ed i c t ed  w i t h o u t  a 
knowledge  of t he  s i te  of a n y  i schaemic  damage .  Apomor -  
p h i n e  p roduced  no  s ign i f ican t  effect  a t  1 week  b u t  was  
s ign i f i can t  a t  8 weeks w h e n  t o t a l  t u r n s  are considered.  
I n  t h e  case of a p o m o r p h i n e  in jec t ions  26% d e m o n s t r a t e d  
increased  c o n t r a l a t e r a l  t u r n s  a f te r  8 weeks  b u t  t h e  g roup  
effect  was  s ign i f i can t  on ly  where  c o m p u t e d  as t o t a l  t u r n s  
i r respec t ive  of d i rect ion.  The  b ra ins  of 17 gerbi ls  f rom 
t h e  c o m b i n e d  su rv ivo r s  were p r e p a r e d  for  h is to logica l  
e x a m i n a t i o n  a t  t he  end  of t he  e x p e r i m e n t a l  reg imen.  
These  gerbi ls  were se lected f rom t h e  a n i m a l s  who  were  
m o s t  sens i t ive  to  t he  effects  of a m p h e t a m i n e  as j u d g e d  
b y  t u r n i n g  behav io r .  Nissl  s t a ins  of corona l  sec t ions  were 
e x a m i n e d  for ev idence  of swell ing a n d  in fa rc t ion .  As ha s  
been  p rev ious ly  r epo r t ed  ~ no i schaemic  lesions were 
e v i d e n t  in  a n y  of t h e  su rv ivo r s  as revea led  b y  t he  l igh t  
microscope.  
I t  would  a p p e a r  t h e n  t h a t  gerbi ls  t h a t  recover  f rom th i s  
p rocedure  are n o t  n o r m a l  b u t  are m a r k e d l y  af fec ted  b y  
a m p h e t a m i n e ,  caus ing  t u r n i n g  behav io r .  Therefore ,  i t  
m a y  be  a s sumed  t h a t  a m p h e t a m i n e  now has  a d i f fe ren t i a l  
ac t ion  on  b o t h  sides of t he  b r a i n  wh ich  was n o t  obse rved  
pr io r  to  t h e  ca ro t id  c lamp.  I t  is possible  t h a t  some 
n e u r o c h e m i c a l  or e n z y m a t i c  d i s t u r b a n c e  is i nduced  b y  
t h e  c l amp  on t h e  ips i la te ra l  side t h u s  in t e r f e r ing  w i t h  
t he  ab i l i ty  of a m p h e t a m i n e  to  ac t  on  t h i s  ha l f  of t h e  
b ra in .  Since t h e  i n i t i a t i o n  of our  own  s tud ies  a r e p o r t  
ha s  a p p e a r e d  sugges t ing  t h a t  in  t he  Mongol i an  gerbi l  D A  
levels b u t  n o t  n o r e p i n e p h r i n e  levels are m a r k e d l y  r educed  
in t h e  ips i l a te ra l  h e m i s p h e r e  a f t e r  ca ro t id  l iga t ion  5. As 
one of t he  m a j o r  effects  of a m p h e t a m i n e  in b r a i n  is to  
increase  ava i l ab le  d o p a m i n e  in t h e  s y n a p t i c  reg ion  t h e n  
i t  is poss ible  t h a t  t he  t u r n i n g  b e h a v i o r  w h i c h  we h a v e  
obse rved  is due  to  t he  u n a v a i l a b i l i t y  of d o p a m i n e  for 
re lease on  t h e  les ioned side. These  s tud ies  sugges t  t h a t  
a l t h o u g h  a ce r t a in  p r o p o r t i o n  of gerbi ls  recover  f rom 
u n i l a t e r a l  l iga t ion  w i t h  no  vis ible  defici t ,  e i the r  b e h a v i o r a l  
or  his tological ,  a n  u n d e r l y i n g  p a t h o l o g y  m a y  be  r evea led  
b y  t h e  a d m i n i s t r a t i o n  of a m p h e t a m i n e  w h i c h  induces  
t u r n i n g  behav io r .  Th i s  t e s t  w h i c h  a p p a r e n t l y  ampli f ies  
an  i n h e r e n t  i m b a l a n c e  in b r a i n  func t i on  will p rov ide  a 
sens i t ive  m e t h o d  b y  w h i c h  to cor re la te  t he  f u n c t i o n a l  
aspec ts  of i s chaemia  w i t h  t h e  u n d e r l y i n g  n e u r o c h e m i c a l  
a l t e r a t ion .  

5 N.T. Zervas and R. J. Wurtman, Nature 247, 283 (1974). 
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Summary. The  effect  of p e n t o b a r b i t a l  was  s tud ied  in  a mixed  p o p u l a t i o n  of n e r v e  a n d  glial  cells d i ssoc ia ted  f rom b r a i n s  
of 7 -day  ch ick  e m b r y o s  a n d  m a i n t a i n e d  in cul ture .  P e n t o b a r b i t a l - N a  was a d d e d  in  va r ious  c o n c e n t r a t i o n s  r a n g i n g  f rom 
5 • 10 -5 M to  1 • 10 -3 M. T he  n e u r o n a l  d e n s i t y  was m o n i t o r e d  b y  c o u n t i n g  of neurons ,  n e u r o n a l  i d e n t i t y  was e s t ab l i shed  
b y  s t a i n i n g  for Nissl  Bodies  a n d  ace ty lcho l ines te rase .  Over  a cu l tu re  per iod  of 3 weeks, i t  was  found  t h a t  t h e  b a r b i t u r a t e  
exe r t s  a p r e f e r en t i a l  d o s e - d e p e n d e n t  cy to tox i c  effect  on  neurons .  

Chronic  a d m i n i s t r a t i o n  of a b a r b i t u r a t e  to  n e w b o r n  r a t s  1 The expert technical assistance of Miss A. Wolf is appreciated. 
ha s  been  found  to  r e t a r d  b r a i n  g r o w t h  S. I t  is n o t  c lear  This work was supported by grant 6-74-27, INSERM (Physio- 
w h e t h e r  th i s  p h e n o m e n  is caused  b y  a n  effect  o n  neurons ,  logic et Pathologic du D6veloppement Nerveux). 
on  glial  cells or  a c o m b i n a t i o n  of b o t h  cell types .  I n  v iew 2 R.J .  Schain and K. Watanabe, Exp. Neurol. 50, 806 (1976). 
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of our  previous  f indings t h a t  p e n t o b a r b i t M  induces  pro-  
found  morphologica l  and  b iochemica l  changes  in var ious  
t ypes  of glial ceils grown in cul ture  a, ~, i t  was  of in te res t  to 
inves t iga te  t he  effect  of p e n t o b a r b i t a l  on a mixed  cul ture  
of dissociated e m b r y o n a l  nerve  and  glial cells. The resul ts  
indica te  t h a t  p e n t o b a r b i t a l  exer t s  a d o s e - d e p e n d e n t  cyto-  
toxic  effect  on neurons .  
P r i m a r y  cul tures  of a popu la t ion  of nerve  and  glial cells 
were  p repa red  f rom the  bra ins  of 7-day-old chick embryos ,  
and  ma in t a ined  in cu l tu re  according to  the  m e t h o d  of 
Booher  and  Sensenbrenne r  5. Dissocia t ion of t he  bra ins  
was achieved b y  forcing t h e m  gen t ly  t h r o u g h  a ny lon  
mesh  ~ (48 Fm pore  size). Fa lcon  plas t ic  flasks (surface 
25 cm 2) were  coa ted  b y  1% collagen 7 upon  which  the  dis- 
sociated cells were  grown. The ceils were  seeded a t  a 
s t a r t ing  popu la t ion  of a p p r o x i m a t e l y  2 X 105 cel ls /cm 2. 
The cul tures  were observed  and  p h o t o g r a p h e d  under  a 
Lei tz  inverse  phase  con t r a s t  microscope  and  camera  as- 

Effect of pentobarbital-Na on total protein 

mg protein/flask -4- SE Percent 
reduction 

Control medium 1.913 =~ 0.140 (3) 
Pentobarbital 
medium 5 x 10 .5 M 1.851 (2) 4.2 
Pentobarbital 
medium 5 • 10 .4 M 1.483 ~ 0.139 (3) 22.5 

For experimental details, see 'methods'. Protein was determined 
according to Lowry et al. 9 at day 21 of the experimental period. 
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Fig. 1. Effect of pentobarbital-Na on number of neurons in cultures 
prepared from the brains of 7-day chick embryo. The rate of dis- 
appearance of neurons was estimated by determining the slope of 
the line fitted to the data points by least square fit. 

sembly.  Neurons  were coun ted  on var ious  days  of cul tur-  
ing f rom day  7 t h ro u g h  21 as follows: The Falcon flask 
was  placed on a movab le  stage, g radua ted  in m m  and  
observed  at  each of 5 des igna ted  coord ina tes  (cor- 
r e spond ing  to  locat ions wi th  ver t ica l  coordina tes  100, 
110, 120 m m  and  hor izonta l  coordina tes  20, 30, 40 mm) 
t h r o u g h  a q u a d r a n t  eye piece a t  a magni f ica t ion  of 
200 •  The ac tua l  area coun ted  a t  each po in t  corre- 
sponded  to 44.2 m m  ~. At  least  3 flasks were coun ted  at  
each dose and  each day,  resul t ing  in a m i n i m u m  eval- 
ua t ion  of 15 squares /dose /day .  Values r ep resen t  the  means  
of 3-5 flasks (SEM 10%). P e n t o b a r b i t a l - N a  was added  
af ter  7 days  of cul ture  in concen t ra t ions  va ry ing  f rom 
5 • 10 _5 M to 1 • 10 -a M to a t  least  3 flasks per  dose. 
The m e d i u m  was changed  every  4 th  d a y  and  drug-free  
and  b a r b i t u r a t e - t r e a t e d  cul tures  were hand led  ident ica l ly  
t h r o u g h o u t  t he  exper iment .  The p H  was mon i to red  and  
ranged  f rom 7.45 or 7.47. 
Figure  I shows for the  f i rs t  t ime in a quan t i t a t i ve  fashion 
the  we lLknown p h e n o m e n o n  of spon taneous  neurona l  de- 
genera t ion  as a func t ion  of t ime in cul ture  ~. The add i t ion  
of p e n t o b a r b i t a l - N a  to  the  cul ture  of nerve  and  glial ceils 
dissociated f rom embryon ic  chick bra ins  resul ts  in a dose- 
d e p e n d e n t  reduc t ion  of the  neurons  which  were ident i f ied 
by  s ta in ing  of Nissl bodies.  S ta t i s t ica l ly  s igni f icant ly  
less neurons  (p a t  least  < 0.05) are p re sen t  in all bar-  
b i t u r a t e - t r e a t e d  cul tures  beg inn ing  wi th  day  10 of drug  
t r e a t m e n t  (corresponding to  day  17 of culture).  In  ad-  
di t ion,  the  ra te  of d i sappearance  of the  neurons  is signif- 
i can t ly  grea te r  in all b a r b i t u r a t e - t r e a t e d  t h a n  in cont ro l  
cul tures  (p < 0.01). 
Some morphologica l  aspec ts  of the  cul tures  are shown in 
figure 2. Pane l  A is a r ep re sen ta t ive  pho to  of an un-  
t r e a t ed  cul ture  a f te r  7 days  of incubat ion .  Large  n u m b e r s  
of neurons  can be seen which  are a t t a ch ed  to the  no t  ye t  
conf luen t  layer  or und i f fe ren t i a t ed  glial ceils. Pane l  B 
shows an example  of t he  same contro l  cul ture  a t  day  21 
which  cor responds  to  the  last  cul ture  per iod s tudied.  In  
b o t h  cases, well d i f fe ren t ia ted  neurons  are d ispersed on a 
glial layer, b u t  t he  n u m b e r  of neurons  is reduced  at  day  
21 when  compared  to  day  7. This  reflects  t he  cell coun t  
dep ic ted  in figure 1. Pane l  C and  D represen t s  cul tures  
i ncuba t ed  in drug-free  m e d i u m  for 7 days  and  t h e n  
t r e a t e d  wi th  5 • 10 .4 M p e n t o b a r b i t a l  for 7 and  14 days,  
respect ively .  As can be seen in Pane l  C, t he  n u m b e r  of 
neurons  is reduced  and  the i r  neur i t ic  ex tens ions  are less 
e labora te  or non-ex i s ten t ,  w h e n  co mp ared  to  t he  contro l  
cultures.  In  addi t ion ,  t he  glial ceils have  changed  the i r  
appea rance  to  a more  fus i form shape.  This  morphologica l  
change  is even  more  a p p a r e n t  in those  cul tures  t r e a t ed  
wi th  p e n t o b a r b i t a l  for 2 weeks  (Panel  D). A t  th is  t ime,  
ve ry  few neurons  r ema in  in the  cul ture  and  the  glial cells 
exh ib i t  a paral leI  fusi form morphology .  The morpho-  
logical appea rance  of cul tures  t r e a t ed  wi th  lower con- 
cen t ra t ions  of t he  drug  fall be tween  these  ex t remes .  For  

3 B. Roth-Scheehter and l ~ Mandel, Biochem. Pharmac. 25, 
563 (1976). 

4 B. Roth-Scheehter, M. Sensenbrenner and P. Malldel, C. r. 
Acad. Sci. Paris 283, series D, 1333 (1976). 

5 J. Booher and M. Sensenbrenner, Neurobiology 2, 97 (1972). 
6 M. Selisenbrenner, J. Booher and P. Mandel, Z. Zellforseh. 117, 

559 (1971). 
7 G.G. Jaros, M. Sensenbrenner, T. C. Downes, B. J. Meyer and 

P. Mandel, Experientia 31,251 (1975). 
8 M.J .  Karnovsky and L. Roots, J. Histochem. Cytoehem. 72 

219 (1964). 
9 O.H. Lowry, N. J. Rosebrough, A. L. Farr and R. J. Randall, 

J. biol. Chem. 193, 265 (1951). 
10 S.U. Kim, Experientia 26, 292 (1970). 
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Fig. 2. Effect of pentobarbita1-Na on the morphology of 7-day chick embryo dissociated brain cells in culture. All cultures were incubated 
for 7 days in drug-free medium. A Control day 7; B control day 21 ; C 5 • 10 -~ M pentobarbital day 14 (7 days of treatment) ; D 5 • 10-4M 
pentobarbital day 21 (14 days of treatment). • 200. 

example ,  a cu l tu re  t r e a t e d  w i t h  5 • 10 .5 M p e n t o b a r b i t a l  
for  2 weeks  r e sembles  one t r e a t e d  w i t h  5 x 10-~ M for 
5-7  days .  
T h r o u g h o u t  t he  expe r imen t ,  some cu l tu res  were s t a ined  
for  t he  presence  and  d i s t r i b u t i o n  of ace ty lcho l ines te rase  
(ACHE) 8. Th i s  e n z y m e  is k n o w n  as a ' m a r k e r '  e n z y m e  in 
n e r v e  cells in  cu l tu re  10. I t  was  found  t h a t  all n eu rons  pre-  
s en t  in  con t ro l  as well  as b a r b i t u r a t e - t r e a t e d  cu l tu res  
were  s t a ined  un i fo rmly .  The re  was no  di f ference in t h e  
d i s t r i b u t i o n  or t he  i n t e n s i t y  of t he  co lo ra t ion  b e t w e e n  
con t ro l  a n d  t r e a t e d  neurons .  However ,  t h e  cell bodies  of 
al l  t r e a t e d  cu l tu res  a p p e a r e d  smal le r  a n d  t h e  neu r i t e s  
shor te r ,  b u t  th i s  was  n o t  quan t i f i ed .  
A t  t he  end  of t he  3-week cu l tu re  per iod,  t o t a l  p ro t e i n  was 
m e a s u r e d  in some con t ro l  cu l tu res  and  in some cu l tu res  
t r e a t e d  w i t h  p e n t o b a r b i t a l  a t  severa l  doses (table).  Al- 
t h o u g h  t h e r e  is a 20 % r educ t i on  of t o t a l  p ro t e in  in  cu l tu res  
t r e a t e d  w i t h  t he  h i g h  c o n c e n t r a t i o n ,  t h i s  does no t  r each  
s t a t i s t i ca l  s igni f icance  ( S t u d e n t ' s  t - t e s t ,  p = 0.05) 
p r o b a b l y  due  to t he  smal l  n u m b e r  of de t e rmina t i ons .  
Our  resu l t s  d e m o n s t r a t e  t h a t ,  in  a mixed  cu l tu re  of 
n e u r o n a l  a n d  glial  cells, p e n t o b a r b i t a l  exh ib i t s  a specific 
n e u r o t o x i c  effect. The  r a t e  of d i s a p p e a r a n c e  of t h e  
n e u r o n s  d u r i n g  t he  c u l t u r i n g  pe r iod  was  s ign i f i can t ly  
acce le ra ted  in a d o s e - d e p e n d e n t  f a sh ion  b y  t he  drug.  T h e  
fac t  t h a t  A C h E  d i s t r i b u t i o n  and  a p p a r e n t  a c t i v i t y  were 
found  u n c h a n g e d  implies  n o r m a l  f unc t i on ing  of the  sur-  
v i v i n g  neurons .  S i m u l t a n e o u s l y  w i t h  t he  neu ro tox i c  

effect, p e n t o b a r b i t a l  i nduced  t h e  same  morpho log ica l  
changes  in the  s u p p o r t i n g  glial  cell p o p u l a t i o n  as seen 
p rev ious ly  in cu l tu res  cons i s t ing  of glial  cells on ly  a. I n  
those  cell popu la t ions ,  i t  was also e s t ab l i shed  t h a t  pen to -  
b a r b i t a l  reduces  glial  g r o w t h  r a t e  b y  b e t w e e n  15 a n d  
30% for cu l tu re  per iods  of 3-5  weeks. This  p h e n o m e n o n  
was r econf i rmed  w i t h  t h e  t o t a l  p ro t e i n  d e t e r m i n a t i o n  and  
t h e  end  of th i s  s tudy .  I t  m a y  be a s sumed  t h a t  the  20% 
loss of t o t a l  p ro t e i n  the re fore  p r i m a r i l y  ref lects  glial  
g r o w t h  r e t a r d a t i o n .  T h e  more  t h a n  80% loss of n eu ro ns  is 
d i sp ropor t i ona l ly  g rea t e r  a n d  can  be i n t e r p r e t e d  to in-  
d ica te  a p re fe ren t i a l  n e u r o t o x i c  ac t ion  of t h e  b a r b i t u r a t e .  
The  cell specific t o x i c i t y  of p e n t o b a r b i t a l  in cu l tu res  of 
deve lop ing  b r a i n  cells m a y  exp la in  t h e  effect  of b a r b i -  
t u r a t e s  on deve lop ing  b r a i n  in  vivo2. Since b a r b i t u r a t e s  
read i ly  cross t h e  p l a c e n t a  11, an d  h a v e  been  shown  to  h a v e  
a t e r a togen ic  ac t ion  TM, these  f indings  h a v e  obv ious  im-  
p l ica t ions  w h e n  b a r b i t u r a t e s  are  used in cl inical  pract ise .  

11 S. C. Harvey, in: The pharmacoiogical basis of therapeutics, 
p. 110. Ed. L. S. Goodman and A. Gilman. Macmillan Publ. Co., 
London 1975. 

12 K. Setala and O. Nyyssonen, Naturwissenschaften 51, 413 
(1964). 


