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SCHAEFER, G. J., R. J. BARRETT, E. SANDERS-BUSH AND C. V. VORHEES. p-Chloroamphetamine. evidence against 
a serotonin mediated learning deficit in PKU. PHARMAC. BIOCHEM. BEHAV. 2(6) 783-789,  1974. - Rats were injected 
with 5.0 mg/kg of p-chloroamphetamine (PCA) or saline from 1-28  days of age. Groups treated with PCA showed 
hypoactivity in the open field at 29, 50 and 75 days of age when compared to rats treated with saline and facilitated 
avoidance in Y-maze acquisition at 57-61 days of age. At 36 and 68 days of age, at the time of behavioral testing, brain 
serotonin (5HT) was reduced slightly or not at all. However, in separate groups, brain 5HT was reduced 23% and 35% in 14 
and 26 day-old rats after only a single treatment with PCA, suggesting that 5HT was reduced during the treatment period. 
At 6 6 - 6 8  days of age, 5HT turnover was also unaltered. These results suggest that the behavioral effects were due to 
neonatal 5HT depletion during a critical period of development rather than a concurrent 5HT depletion at the time of 
behavioral testing. Moreover, these data are at variance with the concept that neonatal 5HT depletion impairs learning 
ability and is the underlying CNS defect in phenylketonuria. 
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THE genet ical ly  d e t e r m i n e d  b iochemica l  defec t  in pheny l -  
kel:onuria (PKU)  is r educed  or  inact ive  hepa t i c  phenyla l -  
anJne h y d r o x y l a s e  [ 1 7 ] .  This b iochemica l  lesion p roduces ,  
direct ly ,  a b lock  in the  convers ion  of  pheny la l an ine  to  
tyros ine ,  and  an a c c u m u l a t i o n  of  p h e n y l a l a n i n e  and its 
me tabo l i t e s  in p lasma and  urine.  Ind i rec t ly ,  the  accumula-  
t ion  of  pheny la l an ine  and p h e n y l p y r u v i c  acid p roduces  a 
decrease in s e ro ton in  (5HT)  in rat  bra in  [4, 5, 10, 20, 35, 
4011, appa ren t ly  by  impai r ing  the  u p t a k e  of  5HT precursors  
[22,  30, 39 ] .  It has been  p roposed  t ha t  this  ind i rec t  ef fec t  
of  reduced cerebral  5HT dur ing  some crit ical stage of  early 
d e v e l o p m e n t  may  be the  basis of  the  severe men ta l  re tarda-  
t ion  associated wi th  PKU [ 3 7 , 3 8 ] .  E x p e r i m e n t a l  a t t e m p t s  

to  induce  PKU have t r ad i t iona l ly  involved chron ic  neona t a l  
a d m i n i s t r a t i o n  of  excess pheny la l an ine  [15]  or p- 
ch lo ropheny l a l an ine  (PCPA) [14, 16, 25, 31, 3 6 ] ,  a 
pheny la l an ine  and t r y p t o p h a n  hydroxy lase  inh ib i to r ,  or 
c o m b i n a t i o n  of  b o t h  [1, 6, 7, 29, 34] .  Only the  l a t t e r  
model  has been  cons i s t en t ly  successful in p roduc ing  a 
p e r m a n e n t  behaviora l  change a f te r  the  t r e a t m e n t  reg imen  
has been  d i scon t inued ;  however ,  all of  these  PKU models  
fail to  adequa te ly  separate  the  effects  of  reduced  5HT f rom 
o t h e r  p o t e n t i a l  behaviora l  effects  of  excess pheny la l an ine .  
This is fu r the r  compl ica ted  in cases where  PCPA is used, 
since as n o t e d  above,  PCPA inhib i t s  5HT synthes is  t he r eby  
c o n f o u n d i n g  the  direct  effects  p roduced  by PCPA wi th  the  

1 Supported in part by Training Grant MH-08107 and by MH-11468. 
2 The authors wish to express their thanks to Michael J. Germain for his assistance in the conduct of these experiments. 
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indi rect  effects  p roduced  by pheny la l an ine  or its me tabo-  
lites on  5HT metabol i sm.  What  is needed ,  there fore ,  is a 
drug which  inhib i t s  pheny la l an ine  hyd roxy la se  w i t h o u t  
di rect ly  af fec t ing 5HT synthesis ,  or conversely,  a drug 
which  depletes  5HT w i t hou t  elevat ing pheny la lan ine .  

A second cons ide ra t ion  involves the  na tu re  of  the  learn- 
ing i m p a i r m e n t  associated wi th  induced  PKU. Few of  the  
invest igat ions  have a t t e m p t e d  to provide  mul t ip le  con- 
verging measures  o f  learning in order  to  insure t ha t  the  
behaviora l  changes observed cons t i t u t e  a general  model  o f  
men ta l  r e t a rda t ion  [ 15 ]. 

Thus,  the  present  inves t iga t ion  was u n d e r t a k e n  in order  
to: ( i )  d e t e r m i n e  more  specifically the  long t e rm  behaviora l  
consequences  of  neona ta l  5HT dep le t ion ,  and  ( 2 ) p r o v i d e  
mul t ip le  behaviora l  measures  in order  to  b e t t e r  d i f fe ren t ia te  
a s s o c i a t i v e  versus p e r f o r m a n c e  factors  and to more  
accura te ly  evaluate the  pa t t e r n  of  behaviors  resul t ing f rom 
neona ta l  5HT deple t ion .  

In order  to accompl i sh  the  first objec t ive  p-chloro-  
a m p h e t a m i n e  (PCA) was employed .  PCA offers  two 
advantages  compared  to PCPA: (1)  in adu l t  ra ts  PCA has 
been  shown  to cause a long-last ing decrease in the  act ivi ty 
of  t r y p t o p h a n  hydroxylase ,  ex t end ing  up to four  m o n t h s  
[27]  and (2) PCA is a specific in vivo inh ib i to r  of  bra in  
t r y p t o p h a n  hydroxy lase  and the re fo re  causes a selective 
r educ t ion  of  bra in  5HT [ 2 6 , 2 8 ] ,  w i t h o u t  af fec t ing phenyl -  
a lanine hydroxy lase  [ 1 2 ] .  In order  to accompl i sh  the  
second object ive b o t h  open  field act ivi ty and Y-maze 
d i sc r imina ted  avoidance  tasks were used. The open  field 
was used to assess general  l o c o m o t o r  act ivi ty,  and  was 
chosen  for two reasons:  (1) act ivi ty changes  associated wi th  
the  induc t ion  o f  PKU and with 5HT dep le t ion  have no t  
been cons i s ten t  [1, 29, 34 ] ,  bu t  may  be i m p o r t a n t  when  
considered  toge the r  wi th  o the r  measures  in def in ing  a 
specific pa t t e rn  of  behaviors  re la ted to the  effects  p roduced  
by  e i ther  pheny la l an ine  or 5HT changes.  (2) The open  field 
was used as a general  screening p rocedure ,  especially in 
de t e rmin ing  the  du ra t ion  of  the behaviora l  effects.  The  
Y-maze was used in preference  to shu t t l e  box  avoidance  
because the  avoidance response  a lone  is no t  adequa te  for 
d i f fe ren t ia t ing  associat ive and mot iva t iona l  inf luences .  In 
the  Y-maze an an imal  mus t  learn  where  to run,  i.e., to 
d iscr iminate  the  safe s t imulus,  ref lect ing pr imari ly  associ- 
ative factors,  in add i t ion  to learning w h e n  to run,  i.e., 
avoiding or escaping, ref lect ing pr imar i ly  mot iva t iona l  
factors.  For  example ,  it has been  shown  tha t  poor  avoid- 
ance pe r fo rmance  does no t  necessari ly reflect  a general  
learning defici t ,  since some strains of  rats tha t  do not  learn 
to avoid (due  to shock- induced  response  suppress ion,  such 
as freezing and  crouching,  which  are i n c o m p a t i b l e  wi th  
avoiding),  nevertheless ,  readily learn to d iscr iminate  the  
safe s t imulus  [2 ] .  Therefore ,  the  Y-maze represents  a more  
powerfu l  too l  for de l inea t ing  b e t w e e n  various behaviora l  
factors.  

E X P E R I M E N T  1 

To d e t e r m i n e  if reduced  5HT dur ing  neona ta l  develop-  
men t  p roduced  de tec tab le  behaviora l  ef fects  and,  if so, the  
t ime  course of  those  effects,  open  field act ivi ty was mea- 
sured at varying intervals  af ter  the  t e r m i n a t i o n  of  t reat-  
ment .  The range of t r e a tmen t - t o - t e s t  intervals  used was 
arb i t ra ry  (2, 23 or 47 days af te r  t r e a t m e n t ) ,  bu t  was 
designed to include possible cumula t ive  effects  of  the  
28-day t r e a t m e n t  regimen as well as possible long- te rm 

effects  p roduced  dur ing  some critical stage of  early develop- 
men t .  

Method 

Animals. The animals  were offspr ing of Sprague-Dawley 
rats (Zivic-Miller Labora tor ies ,  Glenshaw,  Penn.) .  The  
females were ob ta ined  at 14 days of  ges ta t ion  and  housed  
individual ly  in s tandard  (18 × 18 x 24 cm) wire mesh  cages 
u n d e r  no rma l  l abora to ry  condi t ions .  Bo th  dams and  off- 
spring were al lowed free access to food  and wate r  th rough-  
ou t  the  expe r imen t .  

Apparatus. The open  field appara tus  consis ted of  a b lack  
w o o d e n  box.  It measured  81 x 81 cm wi th  walls 27 cm 
high and wi th  the  f loor  marked  off  in to  20.5 x 20.5 cm 
squares  wi th  whi te  lines. The r o o m  which  con t a ined  the  
open  field was sound  a t t e n u a t e d  wi th  masking noise and 
l ight ing was provided  by  a single 40 W red light bu lb  sus- 
pended  110 cm above  the  cen te r  of  the  field. 

Procedure. The prewean ing  t r e a t m e n t  was the  same in all 
expe r imen t s  and was as follows. Offspr ing were assigned by  
l i t ter  to  e i ther  the  drug or vehicle con t ro l  group. Drug and 
vehicle admin i s t r a t i on  began on the  day of  b i r th  and lasted 
for  28 days. In all cases the  an imals  received the  drug or 
vehicle subcu taneous ly .  The PCA rats  were in jected wi th  5 
m g / k g  o f  p - c h l o r o a m p h e t a m i n e  hyd roch to r ide  (Regis 
Chemical  Company ,  Chicago, Ill.), expressed as the  free 
base in 1 ml /kg  of  normal  saline. The con t ro l  group re- 
ceived an equal  vo lume  of  saline. The day af ter  the  last 
in jec t ion  all an imals  were weaned and housed  two per  cage 
of  like sex. 

Separate  groups (n = 6 8 per  group)  of males and 
females  t rea ted  wi th  e i ther  saline or PCA were tes ted  in the  
open  field at the  fol lowing ages: 29, 50 and 75 days of  age. 

Results 

No signs of  PCA-induced tox ic i ty  occur red  as evidenced 
by  weight  changes dur ing  the  1 - 2 8  day per iod of  adminis-  
t ra t ion .  The  mean  weight  on  the  last day of in jec t ion  was 
not  s ignif icant ly  d i f fe rent  (saline = 67 +- 1.5 g vs PCA = 69 
+- 1.4 g, t = 1.16, dr= 98, p > 0 . 1 0 ) .  In add i t ion ,  the  hyper-  
t he rmic  response  typica l ly  no ted  wi th  adul t  PCA in jec t ions  
was not  observed unt i l  the  pups  were app rox ima te ly  25 
days old. 

A 2 (sex) x 2 ( t r e a t m e n t )  × 5 (days)  analysis  of  variance 
was pe r fo rmed  on the  open field data  at each age. All 
s ignif icant  results  are r epo r t ed  at p < 0 . 0 5 .  

As can be  seen in Fig. 1 b o t h  male and female PCA 
groups  were s ignif icant ly  less active t h a n  the i r  respect ive 
saline con t ro l s  at all t h ree  ages tes ted ,  F (1 ,20 )  = 26.98,  
F (1 ,24)  = 9.34,  F (1 ,28)  = 10.03, respectively.  Fu r the r ,  the  
females  were more  active t han  males  regardless of  t reat-  
ment ,  a l t hough  this  effect  was not  s ignif icant  for the  
29-day-old animals  (50-day  groups,  F (1 ,24)  = 12.19;  75-day 
groups,  F ( 1 , 2 8 ) =  6.24).  

Discussion 

The hypoac t i v i t y  seen in the  open  field suggests t ha t  
early 5HT dep le t ion  dur ing  a crit ical stage of deve lopmen t  
leads to an appa ren t ly  p e r m a n e n t  r educ t ion  in exp lo ra to ry  
behavior .  U n f o r t u n a t e l y ,  cons i s ten t  act ivi ty changes have 
no t  been  repor ted  f rom studies  a t t e m p t i n g  to mode l  PKU, 
even those  using pheny la l an ine  in c o m b i n a t i o n  wi th  PCPA 
[ 1, 29, 34 ] .  Given this  incons i s tency  and lacking addi t iona l  
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F:[G. 1. Mean activity in the open field over 5 daily sessions m separate groups of animals tested at 29, 50 and 75 days of age as a function of 
sex and drug treatment. 

and  more  specific behaviora l  measures  for  compar i son ,  it is 
di f f icul t  to  draw any  mean ingfu l  conc lus ions  a b o u t  a 
measure  as nonspec i f ic  as act ivi ty.  This led to the  use of  the  
Y-maze in E x p e r i m e n t  2. 

E X P E R I M E N T  2 

Since the  act ivi ty  data  were cons i s t en t  at  the  th ree  ages 
tes ted,  avoidance  b e h a v i o r  was measured  at an i n t e r m e d i a t e  
interval  a f te r  weaning.  It was also reasoned  t h a t  the  act ivi ty  
d i f ferences  resul t ing  f rom PCA a d m i n i s t r a t i o n  migh t  a f fec t  
p e r f o r m a n c e  in an act ive avo idance  task wi thoug  mod i fy ing  
the  o rgan i sm 's  abi l i ty  to  learn  a l i g h t - d a r k  d i sc r imina t ion .  
Tile second s tudy  was c o n d u c t e d  to  assess this  possibi l i ty .  

Me th od  

Animals .  The an imals  used in this  e x p e r i m e n t  had  
previously  been  tes ted  in the  open  field at  5 0 - 5 4  days  of  
age. Test ing in the  Y-maze was begun  w h e n  these  an imals  
we:re 57 days of  age. 

Apparatus .  Three  fully a u t o m a t e d  symmet r i ca l  Y-mazes  
were used for  act ive avo idance  tes t ing  and  have been  
descr ibed e lsewhere  [ 8 , 3 2 | .  Briefly,  the  mazes  consis ted of  
three  arms each measur ing  27.9 × 17.5 x 15.2 cm wi th  a 
17.5 cm t r iangula r  choice  area. The grid f loor  consis ted  o f  
stainless steel bars  0.3 cm in dia. suspended  f rom Plexiglas 
str ips m o u n t e d  on  the  side walls. A 7 W bu lb  pos i t ioned  
b e h i n d  a t r ans lucen t  Plexiglas panel  at  the  end of  each  a rm 
served as the  cue light.  F o o t  shock  was 1.0 m A  60 Hz a.c. 
del ivered to the  grid f loor  t h r o u g h  a sc ramble r  (For r inger ,  
Model  No. 1925)  and  regula ted  by  an a u t o t r a n s f o r m e r .  A 
fixed res is tor  (270  k n )  in series wi th  the  an imal  p rov ided  a 
relat ively c o n s t a n t  cur ren t .  Avo idance  and  d i sc r imina t ion  
r e spond ing  were m o n i t o r e d  by  means  of  p h o t o e l e c t r i c  cells 
ac t iva ted  when  an  an imal  en te red  8.9 cm in to  an arm.  
S tandard  relay swi tch ing  ci rcui t ry ,  t imers  and digital  
coun te r s  were used to p rogram the  behaviora l  con t ingenc ies  
and  d i f fe ren t i a te  r e s p o n d i n g  i n to  var ious  categories.  The 
mazes were housed  in a da rkened  r o o m  ad jacen t  to  the  
p r o g r a m m i n g  e q u i p m e n t  and  mask ing  noise was used to 
e l imina te  e x t r a n e o u s  a u d i t o r y  st imuli .  

Procedure.  Trials in the  Y-maze were p r o g r a m m e d  on a 
cons t an t  30 sec in te r t r ia l  inverval  and consis ted of  switch-  

ing the  safe s t imulus  ( l ight onse t )  in a r a n d o m  order  to  one  
of  the  previously  dark  arms.  E n t r y  in to  the  safe a rm wi th in  
10 sec successful ly avoided shock.  Fai lure  to  avoid wi th in  
10 sec resul ted  in the  onse t  o f  shock a f te r  wh ich  on ly  
escape responses  were possible.  Ente r ing  a dark  arm dur ing  
the  in ter t r ia l  in terval  t u rned  shock  on  everywhere  in the  
maze excep t  in the  safe arm.  The an imals  were given 25 
trials per  day  for  5 days. The  fol lowing response  measures  
were r ecorded  dur ing  each session. (1)  Avoidances :  en t ry  
in to  the  l ighted  a rm any t ime  dur ing  the  10 sec pr ior  to  
shock onset .  ( 2 ) C o r r e c t  d i scr imina t ions :  the  n u m b e r  of  
trials on  which  the  ini t ial  response  ( w h e t h e r  avoidance  or  
escape)  was to run  in to  the  l ighted (safe) arm.  (3) Response  
la tency:  the  t ime  elapsed b e t w e e n  onse t  of  a trial  and  the  
an imal ' s  en t ry  in to  the  l ighted arm. 

Resu l t s  

Separa te  analyses of  var iance were pe r fo rmed  on each of  
the  response  measures  r ecorded  in the  Y-maze. The left  
panel  o f  Fig. 2 presents  the  m e a n  n u m b e r  o f  avoidances  
m a d e d u r i n g  the  5 dai ly sessions of  25 trials. As can be seen 
the  PCA animals  avoided s ignif icant ly  b e t t e r  t h a n  saline 
groups  i r respect ive of  sex, F (1 ,24 )  = 5.41. 

Mean correc t  d i sc r imina t ions  are p resen ted  in the  r ight  
panel  of  Fig. 2. All groups regardless o f  t r e a t m e n t  or sex 
made  a comparab le  n u m b e r  o f  correc t  d iscr iminat ions .  

Response  la tencies  are no t  shown  because  they  essen- 
t ially ref lect  the  avoidance  results.  PCA animals  of  b o t h  
sexes had  s ignif icant ly  sho r t e r  la tencies  t han  the  saline 
animals ,  F (1 ,24)  = 5.41. 

Discussion 

There  are two  i m p o r t a n t  po in t s  to  be derived f rom the  
Y-maze data.  First ,  avo idance  acquis i t ion  was faci l i ta ted 
r a t h e r  t han  impai red  as would  be expec ted  if neona t a l  5HT 
dep le t ion  p roduced  a learning defici t  re lated to PKU. 
Second,  it is clear f rom the  lack of  d i f fe rences  in dis- 
c r imina t ion  acquis i t ion  in the  p resen t  s tudy  and based on  
several recen t  analyses of  active avoidance  acquis i t ion  [2,8]  
t ha t  the  avoidance  response  is no t  a valid ind ica to r  of  learn-  
ing in and  of  itself. Avo idance  acquis i t ion  is also re la ted to  
the  an imal ' s  p red i spos i t ion  to r un  in response  to shock,  i.e., 
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FIG. 2. Mean number of avoidances and correct discriminations over 5 daily sessions as a 
function of sex and drug treatment. 

shock induced  act ivi ty  changes.  The val idi ty of  this  inter-  
p r e t a t i o n  has been  d e m o n s t r a t e d  elsewhere [2 ,8 ] .  However ,  
these  cons idera t ions  raise some d o u b t  a b o u t  previous  
s tudies  o f  PKU in which  act ive avoidance  acquis i t ion  was 
used as an  index of  learn ing  abi l i ty  [ 13, 16, 19, 31 ] .  While 
an  avoidance  defici t  occurs  in t he  PKU model ,  it is no t  
necessari ly  indicat ive of  a learning defici t  in a more  general  
sense. The  d i sc r imina t ion  measure  c i rcumvents  this  p rob l em 
and  clearly shows in the  present  con tex t  tha t  the  learning 
abi l i ty  of  the  PCA animals  was not  changed in any general  
sense of  the  word.  

E X P E R I M E N T  3 

In order  to de t e rmine  the  degree to which  a r educ t i on  in 
b ra in  5HT at the  t ime  of  tes t ing  may  accoun t  for  the  behav- 
ioral changes no t ed  above,  the  levels o f  5HT in whole  bra in  
were de t e rmined .  Since a previous  inves t igat ion wi th  adul t  
rats  d e m o n s t r a t e d  long- te rm 5HT dep le t ion  af ter  a single 
in jec t ion  of  PCA [ 2 7 ] ,  it was t h o u g h t  tha t  long- te rm 5HT 
dep le t ion  might  also result  f rom chorn ic  neona ta l  PCA 
admin i s t r a t ion .  In addi t ion ,  b o t h  raph6 lesions, which  
des t roy  5HT cell bod ies  [ 3 2 ] ,  and PCA adm i n i s t r a t i on  in 
adul t  rats [33]  have been  shown  to p roduce  Y-maze avoid- 
ance fac i l i ta t ion  and  co r re spond ing  5HT deple t ion .  

M e t h o d  

Animals .  Four  rats f rom each sex and t r e a t m e n t  which  
had been  tes ted  in the  open  field at 2 9 - 3 3  days of  age were 
sacrificed at 36 days of  age. In addi t ion ,  six male saline and 
five male PCA t rea ted  animals  which  were left  u n d i s t u r b e d  
f rom the  t ime  of  weaning  were sacrificed at 68 days of  age. 

Procedure.  Whole bra ins  were assayed for  5HT levels 
accord ing  to  the  p rocedure  descr ibed by Bogdanski  et al. 

[31. 

Resul t s  

A p p r o x i m a t e l y  a 10% reduc t i on  in 5HT levels in b o t h  
male and female rats  t r ea t ed  wi th  PCA was found  at 36 
days of  age (Table  1); however ,  this  d i f fe rence  did no t  
reach  a conven t iona l  level of  stat ist ical  significance,  F (1 ,12)  
= 3.92, p = 0.069.  No signif icant  d i f ferences  b e t w e e n  sexes 

was found .  In the  PCA group killed at 68 days of  age, a 
10% reduc t i on  in the  b ra in  levels of  5HT was found ;  this  
d i f fe rence  was s ignif icant  (t = 2.54, d r =  9, p < 0 . 0 5 ) .  

Discussion 

The lack of  p r o f o u n d  5HT dep le t ion  found  in the  
present  e x p e r i m e n t  suggests tha t  the  long- term behaviora l  
effects  may no t  be re la ted to 5HT dep le t ion  at the  t ime  of  
test ing.  In con t ras t  to  previous  expe r imen t s  showing avoid- 
ance fac i l i ta t ion  fol lowing raph6 lesions or PCA adminis-  
t r a t i on  associated wi th  subs tan t ia l  r educ t ions  in 5HT 
( 6 7 - 7 0 % )  [ 3 2 , 3 3 ] ,  in the  present  repor t ,  PCA was given 
chronica l ly  to developing  organisms resul t ing in avoidance  
fac i l i ta t ion  associated wi th  l i t t le  or no 5HT r educ t i on  at the  
t ime  of  testing. Thus,  the  10% reduc t ion ,  a l t hough  statis- 
tically s ignif icant  at 68 days, is appa ren t ly  no t  func t iona l ly  
significant .  This raises the  ques t ion  of  w h e t h e r  PCA is 
capable  of  reduc ing  5HT in neona tes .  In order  to  get at this  
p rob l em addi t iona l  da ta  were col lected on  bra in  5HT levels 
at  selected ages of  early deve lopmen t .  A single dose of  5 
mg/kg  of  PCA admin i s t e red  to 14 or 26 day-old rats  pro- 
duced 23% and 35% reduc t ions  in cerebral  5HT, respec- 
tively, measured  48 hours  af ter  t r e a t m e n t .  These results 
suggest tha t  PCA did reduce  cerebral  5HT dur ing  the  t reat-  
m e n t  per iod  and t ha t  the  observed avoidance  faci l i ta t ion 
and  reduced open  field act ivi ty is no t  re lated to 5HT 
dep le t ion  at the  t ime  of  testing. 

E X P E R I M E N T  4 

An a l te rna t ive  exp lana t ion  of  the  results  still relying 
u p o n  5HT might  be t ha t  5HT tu rnove r  was reduced  in the  
PCA-t rea ted  animals  at the  t ime  of  behaviora l  test ing,  long 
a f te r  PCA t r e a t m e n t  had s topped ,  even t h o u g h  5HT levels 
were not  subs tan t ia l ly  al tered.  Indeed,  t u rnove r  more  
closely ref lects  the  func t iona l  s tate  of  the  5HT sys tem than  
do levels. Thus,  in the  final expe r imen t ,  5HT tu rnove r  was 
measured.  

Me t hod  

Animals .  Six male saline and seven male PCA-t rea ted  
animals  which  were left und i s t u rbed  f rom the  t ime  of  wean- 
ing served as the  animals.  
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T A B L E  1 

W H O L E  B R A I N  5 H T  L E V E L S  

Age at Treatment Percent of 
Assay* Sex PCA SAL Saline 

36 M 0.26 -+ 0.02 (4) t 0.28 + 0.02 (4) 93 

F 0.25 -+ 0.01 (4) 0.29 _+ 0.01 (4) 86 

68 M 0.41 -+ 0.01 (5) 0.46 _+ 0.01 (6) 892 

*Rats assayed at 36 days were injected with either 5 mg/kg of p-chloroamphetamine or saline from 
birth to 28 days of age and tested in the open field from 29-33  days of age. Rats assayed at 68 days 
were prepared similarly but were not tested in the open field. 

tValues are group means and are expressed as #g/g -+ SE, with the number of animals per group in 
parentheses. 

~p<0.05 

Procedure. At 61 days  o f  age, a p o l y e t h y l e n e  cannu la  
was i m p l a n t e d  i n to  the  lateral  vent r ic le  by  the  m e t h o d  of  
de Balbian Vers te r  et al. [ 1 1 ] .  Five to seven days a f te r  
p l a c e m e n t  of  cannulas ,  t he  an imals  were gent ly  res t ra ined  
and 20 uc  of  t r y p t o p h a n - H  3 were admin i s t e r ed  in t raven-  
t r icular ly  in a v o l u m e  o f  10 ul. F i f t een  m i n u t e s  a f te r  the  
i n t r aven t r i cu l a r  admin i s t r a t i on ,  all an imals  were sacrificed 
by  decap i t a t ion .  The brains  were rapid ly  r emoved  and 
frozen.  The  specific ac t iv i ty  o f  5HT and t r y p t o p h a n  in 
whole  bra in  was measured  accord ing  to  a mod i f i ca t i on  of  
the  p rocedure  descr ibed by  Neff  et al. [ 2 4 ] .  For  each 
sample,  a convers ion  index  [9] e s t ima t ing  the  in vivo con- 
version rate of  t r y p t o p h a n  in to  5HT was calculated.  

Results  

A two- ta i led  t - test  was pe r fo rmed  on the  convers ion  
indexes  for  each sample.  No s ignif icant  d i f fe rence  (t  = 1.21, 
d f  = 11, p > 0 . 1 0 )  b e t w e e n  the  saline (2 .0  n m o l / g / h r )  and  
PCA-t rea ted  (2 .4  n m o l / g / h r )  animals  was found .  

Discussion 

Failure  to  find a s ignif icant  a l t e ra t ion  in b ra in  5HT turn-  
ow,~r at  a t ime  af te r  t r e a t m e n t  c o m p a r a b l e  to  the  age at  
which  behav iora l  t es t ing  in the  Y-maze was u n d e r t a k e n  
suggests tha t  the  avo idance  fac i l i t a t ion  was no t  due to  
changes  in the  5HT sys tem at the  t ime  of  test ing,  bu t  r a t h e r  
to a change p roduced  b y  neona t a l  5HT dep le t ion  at a 
cril ical per iod  of deve l opm en t .  

GENERAL DISCUSSION 

[t  has b e e n  suggested tha t  the  b iochemica l  lesion 
respons ib le  for  the  m e n t a l  r e t a r d a t i o n  associa ted wi th  PKU 
is a r e d u c t i o n  in cerebral  5HT [ 3 7 , 3 8 ] .  S u p p o r t  for  the  
5HT dep le t ion  h y p o t h e s i s  has been  ind i rec t  and consis ts  of  
the  fo l lowing observa t ions .  (1)  High doses of  p h e n y l a l a n i n e  
admin i s t e red  to  rats  p roduces  a dep l e t i on  of  cerebral  5HT 
tha t  may  be  associated wi th  cer ta in  learning def ic i ts  [ 2 0 ] ;  
(2)  in h u m a n s  wi th  PKU a r e d u c i t o n  o f  5HT in b lood  is 
found  [ 17] ; (3) p re l imina ry  da ta  ind ica te  a r e d u c t i o n  in the  
levels of  5HT and ca t echo l am i nes  in bra ins  of  h u m a n  

pa t i en t s  [ 2 1 ] ;  and  ( 4 ) e l e v a t e d  serum pheny la l an ine  and 
reduced  cerebral  5HT are associated wi th  behaviora l  learn-  
ing def ic i ts  in ra ts  admin i s t e r ed  PCPA n e o n a t a l l y  [16,  25, 
31 ] .  The la t t e r  f indings  are par t icu la r ly  suspect ,  however ,  
because  of  the  very slight e leva t ion  o f  p lasma p h e n y l a l a n i n e  
levels a f te r  t r e a t m e n t  wi th  PCPA. These levels never  
app roach  those  seen in h u m a n  PKU, bu t  such e leva t ions  are 
general ly cons idered  a prerequis i te  to  PKU by the  very  
de f in i t ion  of  the  disease [ 1 7 ] .  

The p resen t  inves t iga t ion  was u n d e r t a k e n  in an a t t e m p t  
to  o b t a i n  a more  d i rec t  assessment  o f  the  5HT dep le t ion  
hypothes i s .  The  resul ts  suggest tha t  the  unde r ly ing  bio- 
chemica l  defec t  in PKU is no t  a neona t a l  dep le t ion  of  
cerebral  5HT dur ing  some cri t ical  per iod of  d e v e l o p m e n t ,  
since n e o n a t a l  animals  t rea ted  chron ica l ly  wi th  the  5HT 
deple tor ,  PCA, no t  on ly  failed to show a behaviora l  p a t t e r n  
cons i s t en t  wi th  a PKU model  (no  defici t  in avo idance  or  
d i sc r imina t ion  learning),  bu t  ac tual ly  showed  a fac i l i t a t ion  
in avoidance  acquis i t ion.  

The  failure of  these  data  to suppo r t  the  5HT dep le t ion  
hypo thes i s  are more  s ignif icant  w h e n  con t ras t ed  to var ious  
PKU models .  (1)  Models  e m p l o y i n g  neona ta l  admin i s t r a t i on  
of  excess pheny la l an ine  have d e m o n s t r a t e d  a var ie ty  o f  
behaviora l  learning defici ts  [ 15 ],  inc luding  defici ts  in active 
avoidance  acquis i t ion  [ 1 3 , 1 9 ] ,  and in some ins tances  a 
c o n c o m i t a n t  r e d u c t i o n  in cerebral  5HT [ 2 0 ] ;  however ,  
these models  have failed to d e m o n s t r a t e  a causal re la t ion-  
ship b e t w e e n  the  5HT r e d u c t i o n  and  the  behaviora l  
changes,  given the  u n k n o w n  c o n t r i b u t i o n s  of  excess phenyl -  
a l a n i n e  and its me tabo l i t e s  on  o the r  CNS systems.  
(2)  Models  emp loy ing  PCPA, a pheny la l an ine  hyd roxy l a se  
inh ib i to r ,  have also s h o w n  behaviora l  learning def ic i ts  [ 16, 
25, 3 6 ] ,  again, inc luding  defici ts  in active avoidance  acqui- 
s i t ion [ 1 6 , 3 1 ] ,  bu t  PCPA is also a p o t e n t  i n h i b i t o r  o f  
t r y p t o p h a n  hydroxy lase .  I n h i b i t i o n  of  t r y p t o p h a n  h y d r o x y -  
lase leads to  a dep le t ion  of  5HT,  t h e r e b y  mak ing  it 
imposs ib le  to  separate  the  relat ive c o n t r i b u t i o n s  s t e m m i n g  
f rom pheny la l an ine  hyd roxy l a se  i nh ib i t i on  and  t ryp to -  
p h a n  hydro~y lase  i n h i b i t i o n  to the  behaviora l  changes.  
(3)  Obviously ,  c o m b i n e d  mode ls  emp loy ing  b o t h  excess 
pheny la l an ine  and PCPA are d o u b l y  c o n f o u n d e d  wi th  
regard to the  role o f  5HT deple t ion .  By cont ras t ,  on ly  one  
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of  these factors was manipula ted  in the  present  investiga- 
tion, namely,  5HT deple t ion  using PCA. Since PCA 
apparent ly  does no t  inhibit  phenyla lanine  hydroxylase  
[ 12] the  behavioral  results seen here are not  a t t r ibutable  to 
the effects  o f  excess phenyla lanine  or its metabol i tes ,  but  
are more  pars imoneous ly  related to  neonata l  5HT deple t ion  
per se. That  neona te l  5HT deple t ion,  i ndependen t  of the 
phenylalanine  effects ,  p roduces  a facil i tat ion in avoidance 
acquisi t ion suggests that  the  behavioral  defici ts  seen wi th  
phenylalanine  and phenylalanine-PCPA models  are more  
closely related to phenyla lanine  than  to 5HT deplet ion.  The 
relat ionship be tw een  PCPA models  and associated behav- 
ioral learning deficits  are even less clear, if the above argu- 
ment  is true, since they  cannot  be related to  e i ther  5HT 
deple t ion  or to phenylalanine.  However,  these behavioral 
effects  have been shown to be reversible within several 
weeks following the t e rmina t ion  of  t r ea tmen t  [25,36] and 

may be related to the  reduc t ion  of  norep inephr ine  after  
PCPA [23] .  In any case the fact that  the behavioral  effects  
are reversible means that  they  are inadequate  as models  of  
PKU on behavioral  grounds alone. 

In te rpre ta t ion  of  the  open field data is less clearcut,  at 
least within the realm of  PKU models,  primarily because 
these models  make no obvious predic t ions  about  activity 
changes. Empirically,  PKU models  have been repor ted  
showing bo th  hypo-  [29,34] and hyperact iv i ty  changes 
[1] ,  fur ther  compl ica t ing in te rpre ta t ion  of the present  
open field results. But ra ther  than  compar ing activity in 
isolation f rom o the r  behavioral  measures,  it may be more  
prof i table  to consider  changes in activity as a func t ion  of  
task requ i rement  and the relat ionship of these activity 
changes to the behavioral defici ts  predic ted by the PKU 
model.  
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