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EDWARDS, E., J. JOHNSON, D. ANDERSON, P. TURANO AND F. A. HENN. Neurochemical and behavioral 
consequences of miM, uncontrollable shock: Effects of PCPA. PHARMACOL BIOCHEM BEHAV 25(2) 415-421, 
1986.--The present experiments examined the role of the serotonergic system in the behavioral deficit produced by 
uncontrollable shock. In Experiment 1: Establishment of model, the behavioral potential of the Sprague-Dawley rat was 
defined. When exposed to mild uncontrollable stress such as a 0.8 mA electric footshock, a significant percentage of rats 
developed a shock escape deficit which was evident when subsequently placed in a shock escape paradigm. Serotonin 
depletion was produced by chronic treatment with p-chlorophenylalanine. Biogenic amine levels and 5-HT levels were 
monitored in various brain areas using HPLC. Following chronic treatment with PCPA, the shock escape capability of the 
Sprague-Dawley rat was assessed. The severe depletion of 5-HT in various brain regions was highly correlated with a 
dramatic improvement in the shock escape scores. Thus, the detrimental effects of exposure to a mild course of inescapable 
shock can be prevented by chronic treatment with PCPA. These experiments implicate the serotonergic system as a 
possible mediator of the "learned helplessness" phenomenon. 
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PCPA (p-chlorophenylalanine) 

SELIGMAN and his associates demonstrated that exposure 
to uncontrollable shock produces a behavioral deficit de- 
scribed as "learned helplessness" [39]. This phenomenon 
transfers across different aversive training and testing con- 
texts and the apparent development of an escape deficit 
seems to depend on factors such as the nature of the aversive 
stimulus [20,44], the parameters of the presentation of that 
stimulus [1,38] and the nature of the escape response [39,48]. 

The mechanism by which exposure to uncontrollable 
shock produces this behavioral deficit remains undefined. A 
great deal of experimental attention has been devoted to in- 
vestigating the role of catecholamines in the modulation of 
behavioral effects of exposure to inescapable shock [4, 23, 
45, 46]. Alpha-methyl-p-tyrosine, a tyrosine hydroxylase 
inhibitor, mimics the behavioral effects of inescapable shock 
while substances such as L-dopa, which increase catechol- 
aminergic activity, reverse the escape deficits typically ob- 
served after exposure to inescapable shock [5]. 

The evidence implicating catecholamines in the modula- 
tion of the behavioral effects of uncontrollable shock does 
not preclude the possibility that other neurotransmitter sys- 
tems may be involved. Numerous studies indicate that stress 
also affects the activity of serotonergic neurons. Thierry [42] 
reported that the synthesis of 5-HT is moderately increased 
following exposure to stress. Serotonin metabolism was 
shown to be accelerated in the central nervous system after 
stressful conditions [10,22]. Specific stressors, such as ines- 

capable shock seem to produce an enhanced functional ac- 
tivity at serotonergic receptor sites as evidenced by an in- 
crease of 5-HIAA [23] in addition to increases of the levels of 
brain serotonin [26]. 

Petty and Sherman [33] also measured serotonin levels in 
cortical perfusate of rats exposed to inescapable shock and 
reported decreased 5-HT levels from rats that had developed 
a behavioral deficit after exposure to shock. This behavioral 
deficit was reversed by injection of 5-HT in frontal neoc0rtex 
while no reversal was experienced after injection of norepi- 
nephrine, GABA, acetylcholine, glutamate and aspartate 
[40]. These authors also implicated serotonin (5-HT) in the 
mediation of the learned helplessness reversal by 
antidepressant drugs since chronic treatment of deficient rats 
with tricyclic antidepressants increased the calcium specific 
5-HT release from cortical slices [40]. 

However, other stressors such as immobilization, fight- 
ing, or shock, also affect serotonin levels and turnover [4,16] 
suggesting that these systems may be important in the medi- 
ation of inescapable shock on subsequent behavior. This 
possibility is supported by evidence that manipulations 
which effect levels of serotonin modulate the acquisition and 
performance of aversively motivated behavior. Increasing 
the levels of serotonin by injections of L-tryptophan 
produces deficits in the performance of a conditioned 
avoidance task [18]. The administration of the precursors of 
5-HT, D,L-5 hydroxytryptophan (5HTP) as well as 
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L-tryptophan to rats or pigeons working on certain schedules 
of  food reinforcement resulted in a behavioral decrease in 
response rates [7,8]. This behavioral  effect was apparently 
due to increased release of 5-HT [6,30]. Pretreatment with a 
monoamine oxidase inhibitor such as iproniazid or a 5-HT 
reuptake inhibitor as fluoxetine, enhanced the behavioral  
deficit induced by tryptophan [24] as well as by 5-HTP alone 
[7]. Pretreatment with para-chlorophenylalanine (PCPA), an 
inhibitor of  t ryptophan-5-hydroxylase (the enzyme govern- 
ing serotonin synthesis), sensitized animals to the disruptive 
effects of 5-HTP [11,19] and resulted in improved perform- 
ance in a shuttle avoidance task [41]. 

The present study seeks to establish further support  for 
5-HT involvement in the mediation of the effects of uncon- 
trollable stress. We hypothesized that the development of a 
performance deficit following exposure to mild uncontrolla- 
ble shock is mediated through an initial release of serotonin 
at specific synapses. If  this purported increase of 5-HT fol- 
lowing uncontrollable shock mediates the learned helpless- 
ness effect, then pretreatment with PCPA, followed by ines- 
capable shock, should prevent the establishment of the 
stress-induced increase of  serotonin as suggested by the re- 
sults of Bliss [10], Aprison and Hingtgen [6,8] and hence 
prevent the development of  the shock escape deficit. 

Our laboratory has been studying a modified version of  
Seligman's " learned helplessness" model where the experi- 
mental animals are exposed to mild uncontrollable shock. 
After exposure to inescapable shock there have been numer- 
ous reports of a learning deficit which only show a degree of 
internal consistency within each investigator 's  paradigm. 
Researchers from various laboratories have agreed that there 
is a behavioral difference between response deficient rats 
and rats that have received identical shock and still respond 
to control levels [27]. There is a high degree of variability in 
obtaining the behavioral deficit after inescapable shock train- 
ing, but in the present study a revised " learned helpless- 
ness"  model was used. With this approach we have com- 
pared two distinct groups of  rats which emerge when sub- 
jec ted  to a mild course of inescapable shock: one group de- 
veloped a performance deficit on a subsequent shock escape 
test; another group under identical shock conditions per- 
forms like controls in the shock escape test. The selection 
from two very different groups of animals, those that show 
no deficit in subsequent shock escape test and those that 
show a profound escape learning deficit, has provided a bet- 
ter medium for behavioral and pharmacological manipula- 
tions. The role of serotonin in the mediation of the learned 
helplessness effect is evaluated in these behaviorally distinct 
groups of rats. 

METHOD 

Sprague-Dawley rats (150-200 g) obtained from Charles 
River Breeding Laboratories  (Wilmington, MA) were housed 
in a temperature/humidity-controlled facility and a twelve 
hour dark-light cycle was maintained. 

Animals were allowed a week of habituation in their new 
environment before use in an experiment.  They were kept on 
an ad lib food and water  schedule. The experiments were 
conducted between 8.00 and 14.00 hr. 

Experiment 1 : Establishment o f  the Model 

Before proceeding with any pharmacological manipula- 
tions of  the serotonin system in rats exposed to uncontrolla- 
ble shock, we first determined the spontaneous response of  
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FIG. 1. Features of escape responding after exposure to inescapable 
shock. (A) Escape response in rats trained 24 hours previously. 
Hatching indicates response proficient (0-4 failures, 132 rats) and 
response deficient (10-15 failures, 107) animals. (B) Scoring of naive 
animals exposed to escape task, no prior training. 

this system following the course of treatment being studied. 
The critical element of this behavioral-biochemical study is 
the consistency and accuracy with which the behavior can be 
quantified. In this experimental set-up each of the 374 rats 
were placed in an experimental  chamber with an electrified 
grid floor. Each chamber  is 12 cm long × 18 cm high × 12 cm 
wide. Sides and ceilings are constructed of  aluminum and 
Plexiglas. The floor is constructed of stainless steel rods 
spaced 1.9 cm apart. During the shock escape test a lever is 
mounted 7 cm off the grid floor on one wall. A yellow cue 
light is placed 5 cm above the lever. Shock is delivered to 
each chamber by a Coulbourn solid state shock source 
(Model E13-16). 

Shock training. Training consisted of  placing the rats in 
the experimental chamber where they receive intermittent 
inescapable 0.8 mA footshock. Each training session lasted 
forty minutes. The onset and offset of the shock being estab- 
lished by a probabili ty generator resulted in an average 
schedule of  20 minutes of  shock with a minimum time of 1.5 
seconds between on and off events.  

Shock escape testing. Twenty-four hours after training, 
each rat is individually tested in an escape situation where 
footshock can be eliminated by a single bar press. Shock is 
delivered at the intensity of 0.8 mA in a pulsating schedule of 
35 msec on/35 msec off with the yellow cue light being on 
during the shock period. Shock onset begins one trial and 
pressing the lever or  the end of 60 seconds shuts off the 
shock. Intertrial intervals of 24 seconds begin with the yel- 
low cue light out. Fifteen trials are given in each testing 
session. Latencies up to 20 seconds before the lever is 
pressed and the shock terminated are considered a suc- 
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FIG. 2. Effects of PCPA on shock escape testing. P-NS: PCPA- 
treated, no shock pretreatment, N=20. C-NS: Control saline, no 
shock pretreatment, N=20. P-IS: PCPA-treated, inescapable shock, 
N=20. C-IS: Control saline, inescapable shock, N=20. After shock 
escape testing rats scoring 11-15 failures are represented as C-IS~ 
(n=7). Rats scoring 0--4 failures are represented as C-ISL (n=8). 
Behavioral deficit is expressed as number of failures___ SD. 

cessful escape to shock. Twenty to sixty second latencies are 
recorded as failures. Scores are recorded automatically. 
Nonspecific effects of  footshock are eliminated by including 
internal controls in the testing paradigm. Behavioral, phar- 
macological and biochemical determinations are also carded 
out for these internal controls. These rats are only subjected 
to the shock escape test,  enabling us to determine the effects 
of  shock per se. From past experiments carried out in our 
laboratory,  these controls routinely do not show any signifi- 
cant changes both behaviorally and biochemically from the 
non-deficit or naive rats. Behavioral deficits are measured as 
the number of  failures, using the following criteria: rats scor- 
ing 0-4 failures in a 15-trial testing session are not "he lp less"  
and learn this shock escape test equally as quickly as con- 
trois. Rats scoring 10-15 failures are considered deficient in 
the escape response while animals falling in the range of 6-9 
failures are not considered in this analysis. 

Experiment 2: P-Chlorophenylalanine Pre-Treatment 

Experiment 2 consists of  the following eight steps: drug 
treatment,  96 hr recovery,  activity monitoring I, IS/NS train- 
ing, 24 hr recovery,  shock escape test, 2 hr recovery,  activity 
monitoring II. 

PCPA treatment: Drug schedule. Animals were randomly 
assigned to the four experimental conditions, each with an N 
of  20. PCPA-treated rats received 1 ml, IP injection of  PCPA 
methyl ester (100 mg/kg of  body weight) dissolved in physi- 
ological saline for three days. Control rats received 1 ml, IP 
injections of  saline for three days. All rats were allowed a 96 
hour period of recovery before the subsequent training and 
testing shock procedure. 
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FIG. 3. Motor activity measurements in PCPA-treated rats and 
saline controls. P-NS: PCPA-treated, no shock pretreatment, N =20. 
C-NS: Control saline, no shock pretreatment, N=20. P-IS: PCPA- 
treated, inescapable shock, N=20. C-IS: Control saline inescapable 
shock, N=20. After shock escape testing rats scoring 11-15 failures 
are represented as C-ISH. Rats scoring 0-5 failures are represented 
as C-ISL. The upper panel shows the number of crossings and rear- 
ings prior to any shock training. The lower panel shows the activity 
measurements obtained after the shock escape test. All measure- 
ments are expressed as means+-SD. 

Following PCPA treatment,  the subsequent procedure of  
uncontrollable shock training and shock escape testing re- 
mained as previously described in Experiment 1. However,  
in the present experiment,  the design was a 2x2 factorial 
design: inescapable shock versus no shock pretreatment and 
drug pretreatment versus no drug. Hence,  the following 
groups were generated: PCPA--no  inescapable shock (P- 
NS); PCPA-- inescapable  shock (P-IS); Saline cont ro l - -no  
inescapable shock (C-NS); Saline control-- inescapable  
shock (C-IS). 

Behavioral activity. After exposure to the shock (testing 
session), both PCPA treated and saline treated rats 
(N=20/group) were returned to their home cages for a two- 
hour recovery period; they were then placed in the middle of  
an open field apparatus (kept in a separate room) similar to 
that described by Broadhurst  [13]. The apparatus consisted 
of a circular plywood floor 70 cm in diameter. A circular wall 
30 cm high constructed from Plexiglas and painted flat white 
served to enclose the test arena. To provide a basis for scot'- 



418 E D W A R D S  ET AL. 

T A B L E  1 

REGIONAL LEVELS OF 5-HT, 5-HIAA, NE AND DA IN SALINE AND PCPA RATS 

P-NS P-IS C-NS C-IS 

ANC 
5-HT 0.9 ± 0.23 0.90 ± 0.3 
5-HIAA 0.25 --. 0.08 0.20 ± 0.1 
NE 3.2 ± 0.5 2.7 ± 0.4 
DA 0.29 ± 0.05 0.15 ± 0.06 

HC 
5-HT 0.84 ± 0.2 1.4 ± 0.5 
5-HIAA 0.30 ± 0.07 0.50 - 0.12 
NE 3.9 ± 0.7 3.7 +- 0.4 
DA 0.2 +_ 0.08 0.25 ± 0.08 

Septum 
5-HT 2.01 ± 0.25 2.0 ± 0.5 
5-HIAA 0.90 ± 0.11 0.90 ± 0.2 
NE 7.0 _+ 1.2 5.8 ± 0.8 
DA 5.8 ± 0.8 5.1 ± 1.6 

Raphe 
5-HT 11.8 ± 0.94 10.8 ± 0.52 
5-HIAA 6.8 ± 1.2 6.92 ___ 0.33 
NE 17.01 ± 0.6 17.68 ± 0.4 
DA 2.3 ___ 0.26 2.0 - 0.19 

4.5 ± 0.5 a 5.4 ± 1.1 a'b 
1.6 ± 0.3 ~ 3.0 ± 1.0 a'b 
3.3 ± 0.3 3.1 ± 1.1 
2.3 ± 0.1 0.2 ± 0.1 

4.2 - 0 . 8  a 5.5 ---1.4 a ' b  

2.3 ± 0.15 a 4.1 ± 1.4 a'b 
4.3 ± 0.8 3.4 ± 0.4 
0.28 ± 0.07 0.2 +- 0.14 

6.7 ± 0.7 a 6.0 --- 2.0 ~ 
3.01 ± 0.3 a'b 4.9 ± 1.0 a.b 
7.9 ± 1.3 7.4 -+ 1.9 
5.8 ± 0.6 6.65 - 0.82 

17.45 ± 0.70 a 20.0 ± 0.51 a 
12.6 ± 0.95 a 13.2 -+ 1.2 a 
18.0 ± 1.26 17.91 -- 0.34 
2.28 -+ 0.28 2.72 ± 0.24 

5-HT, 5-HIAA, NE and DA levels in PCPA-treated rats and saline controls. Rats were sacrificed 2 
hours after the shock escape test. Brains were rapidly removed and dissected on ice. ANC, HC, 
septum and raphe samples were sonicated in 0.2 M perchloric acid and aliquots were taken for the 
analysis of 5-HT, 5-HIAA, NE and DA levels by HPLC with electrochemical detection. Levels are 
expressed in ng/mg protein _+ S.D. 

ap<0.001 vs. P-NS and P-IS. 
bp<0.001 VS. C-NS. 

ing the  a m b u l a t i o n  o f  the  an imals ,  b l ack  mark ings  w e r e  m a d e  
f rom the  c e n t e r  o f  the  e n c l o s e d  f loor ,  d ividing the  to ta l  sur- 
face a r ea  into eight  74 sq. in. uni ts .  

Ac t ive  m o t o r  b e h a v i o r  was  m e a s u r e d  in 5 minu te  ses-  
s ions.  T w o  behav io ra l  p a r a m e t e r s  were  m e a s u r e d :  locomo-  
t ion  ( the pos i t ion ing  o f  four  paws  wi th in  a f loor  space  was  
def ined  as a uni t  o f  am bu l a t i on )  and  s tanding  on  the  h ind  legs 
(rearing) .  T h e s e  p a r a m e t e r s  we re  r e c o r d e d  wi th  a v ideo  sys- 
t em (Es te r l ine  Angus  e v e n t  r ecorder ) .  The  v ideo  t apes  were  
la te r  d i sp layed  to two  t r a ined  o b s e r v e r s  b l ind  to the  exper i -  
m e n t a l  cond i t ion ,  yie lding i n d e p e n d e n t  ra t ing  sco re s  for  e a c h  
animal .  Base l ine  ac t iv i ty  m e a s u r e m e n t s  were  also r e c o r d e d  
pr ior  to  t ra in ing  ( inescapab le  shock  exposu re )  and  s h o c k  es- 
cape  test .  

Neurochemical  Analysis 

Brain dissection. I m m e d i a t e l y  a f te r  b e h a v i o r a l  tes t ing ,  
an ima l s  were  decap i t a t ed ,  t he i r  b ra ins  were  r e m o v e d  and  
rap id ly  d i s sec t ed  on  ice. Bra in  s amples  we re  t aken ,  inc luding 
f ive regions:  h y p o t h a l a m u s ,  an t e r i o r  n e o c o r t e x ,  h i p p o c a m -  
pus ,  s e p t u m  and  r a p h e  nuclei .  T he  d i s sec t ion  o f  hypo tha la -  
mus ,  h i p p o c a m p u s  and  a n t e r i o r  n e o c o r t e x  w as  done  as de-  
sc r ibed  by  Re ins te in  et al. [34] w h e r e  a n t e r i o r  n e o c o r t e x  is 
t a k e n  as the  cor t ica l  g ray  m a t t e r  gent ly  s c raped  f rom the  
f ron ta l  sur face  o f  the  c e r e b r u m .  The  " r a p h e  n u c l e i "  was  
t a k e n  as the  en t i re  region s ta r t ing  f rom the  col l icul i  and  ex- 
t end ing  to the  pons  and  medul la .  This  region inc luded  clus- 
te rs  o f  5HT-ce l l s  lying in or  n e a r  the  midl ine  o f  the  pons  and  

u p p e r  b r a in s t em.  It  also inc luded  more  ros t ra i  5HT celt 
g roups  ( raphe  dorsal is ,  r aphe  m e d i a n u s  and  cen t ra l i s  
super io r ,  Br-Bg) [9]. 

HPLC determinations. Bra in  regions  were  a n a l y z e d  for  
the i r  c o n t e n t  of  DA,  N E ,  5 -HT and  5 -HIAA.  Af ter  
h o m o g e n i z i n g  the  bra in  regions  in 0.2 M perch lor ic  acid,  
a l iquots  were  t aken  for  ana lys i s  of  DA,  N E ,  5-HT and  
5 -HIAA.  S imu l t aneous  a s says  were  p e r f o r m e d  by r eve r se  
phase  high p e r f o r m a n c e  liquid c h r o m a t o g r a p h y  ( H P L C )  wi th  
e l ec t rochemica l  de t ec t ion ;  s epa ra t ion  was a c h i e v e d  at 37 ° 
us ing  a n  Appl ied  Sc ience  C,~ c o l u m n  (150×4.6  raM, 3 tz 
a b s o r b o  sphere) .  The  mobi l e  phase  c o n s i s t e d  of  0.15 M 
m o n o c h l o r o a c e t i c  acid,  2.0 m M  d i s o d i u m - E D T A  b r o u g h t  to 
p H  3.0 wi th  N A O H ,  270 mg/l i ter  sod ium octy l  sulfate and  
4.5% acetoni t r i le .  The  f low ra te  was  set  a t  2 ml /minu te  and  
d i h y d r o x y b e n z y l a m i n e  ( D H B A )  se rved  as an  in terna l  s tand-  
ard.  We  used  the  B e c k m a n  mode l  345 f i t ted wi th  a Bioanaly t -  
ical S y s t e m  (BAS)  L C  4B de tec to r .  The  glassy c a r b o n  elec- 
t rode  was  se t  at  a po ten t i a l  o f  650 m V  aga ins t  Ag/Agcl /3M 
NaCI  r e fe rence  e lec t rode .  The  sample  in jec to r  (Al tex  210) 
was  f i t ted wi th  a 20/xl loop.  Peak  he ight  ra t ios  we re  r e c o r d e d  
and  re la ted  to the  in te rna l  s t andard .  

Statistical Analysis 

Ind iv idua l ly  sco red  b e h a v i o r s  we re  t r ea t ed  as i ndepend-  
en t  measu res .  A two-way  ana lys i s  o f  va r i ance  ( A N O V A )  
was  p e r f o r m e d  fol lowed by N e w m a n - K e u l s '  mul t ip le  range  
tes t  for  d i f fe rences  b e t w e e n  means .  The  n e u r o c h e m i c a l  
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means were compared using a two-tailed Student 's  t-test. 
For  all comparisons, the level of statistical significance was 
set at p<0.05.  

RESULTS 

Shock Escape Behavior 

After exposure to uncontrollable shock, the response of 
Sprague-Dawley rats in a subsequent shock escape test was 
evaluated. The features of escape responding after prior ex- 
posure to shock and control responding are detailed in Fig. 1. 
In panel A, sub-populations of  Sprague-Dawley rats are 
classified as: response deficients when they score 10-15 fail- 
ures in a 15-trial shock escape test; non-deficient when they 
score 0-4 failures in a 15-trial shock escape test after under- 
going identical treatment. The total number of  Sprague- 
Dawley rats included in this analysis was 374 with 107 rats 
falling in the range of  10-15 failures, and 132 rats falling in 
the range of  0--4 failures. Panel B illustrates the shock escape 
scores of control rats (N=86). These controls are naive rats 
which are exposed to the escape paradigm with no prior 
training (inescapable shock exposure). Sixty-four percent of  
these rats (N=55) score 0-4 failures in the 15-trial shock 
escape paradigm. 

In Experiment 2, (PCPA pre-treatment),  the scores re- 
corded in the shock escape test for the C-NS, C-IS, P-NS, 
P-IS groups are detailed in Fig. 2. Scores are expressed as 
number of failures-+S.D. The C-IS group exhibited scores 
which averaged 7.6-+3.3 failures. However,  after exposure 
to a mild course of  inescapable shock, two distinct groups of  
rats emerged within the saline controls (C-IS group, N=20). 
A significant percentage (N=7) of  these rats exhibited a 
deficit in their shock escape behavior as compared to the 
control group (C-NS, N=20).  These animals, C-ISH group, 
scored an average of  11.3-+0.6 failures while control animals 
scored an average of  3.8---1.04 failures. Conversely,  some of 
the saline controls (C-IS group), although subjected to the 
same shock regimen, did not show any deficit in their shock 
escape behavior. These animals, C-ISI, group (N=8),  scored 
an average 3.8-+0.68 failures and their behavior closely paral- 
leled that of the control group (Fig. 2). 

Pretreatment with PCPA significantly decreased the ad- 
verse effect of exposure to inescapable shock. As seen in 
Fig. 2, the P-IS group (N=20) exhibited a minimal number of  
escape failures when tested in a shock escape paradigm 
(3.2_+0.51). None of  the rats from the P-IS group were "help- 
less ."  The average score for that group, 3.2-+0.51 failures, 
was significantly different from the average score of the 
entire C-IS group (7.6-+3.3: C-IS vs. 3.2---0.51: P-IS, t=4.3,  
p <0.001). A two-way analysis o f  variance examined the per- 
formance of the four groups: (N=20 per group) P-NS, P-IS, 
C-NS, C-IS and revealed a reliable shock pretreatment ef- 
fect, F(1,34)=35.6, p<0.001,  indicating that shock- 
pretreated animals were reliably slower in escaping from 
shock, and a reliable drug effect, F(1,34)=30.06, p<0.001,  
indicating that rats treated with PCPA escaped faster from 
shock. No other effects were significant. In the analysis of  
variance the entire C-IS group (not the pre-selected C-ISH 
and  C-ISI. groups) were used. 

Behavioral Activity 

A 96-hour recovery period was observed after the last 
PCPA injection. Drug effect (PCPA) on behavioral activity is 
shown in Fig. 3, top panel. Baseline activity measurements 

(before training with inescapable shock) revealed significant 
differences in units of  ambulation between PCPA-treated 
and saline control rats (28.5_+2.6:PCPA vs. 41.0-+2.9: 
control ,  t=3 .0 ,  p<0 .01 ,  N=20/group).  Rearing was not 
significantly different between PCPA-treated rats and 
saline controls (14.08-+I.7:PCPA vs. 17.85-+l.7:control, 
N=20/group). The same activity parameters were measured 
two hours after the shock escape test. The P-NS group com- 
pared individually to the C-NS, P-IS and C-IS displayed 
more crossings and rearings, t = l . 9 ,  p<0.05.  Two sample 
t-test statistical comparison of  the groups: P-IS vs. C-IS; 
C-NS vs. C-IS; P-IS vs. C-NS did not reach significance 
level, t=0.20, n.s. With a two-way analysis of variance, the 
differences in the number of  crossings and rearings between 
the P-NS, C-NS, P-IS and C-IS group did not reach the 
significance level, F(1,48)=1.1 and F(1,48)=0.02 revealing 
no shock treatment effect and no overall drug treatment ef- 
fect (Fig. 3, lower panel). 

However ,  the differences in the number of crossings and 
rearings were striking when comparing baseline measure- 
ments (Fig. 3, top panel) and measurements taken after the 
shock escape test (P-NS, C-NS, P-IS, C-IS groups). A 
three-fold decrease (p <0.001) in the activity parameters was 
observed in the P-NS, C-NS, C-IS and P-IS groups. How- 
ever, none of  the rats in the P-NS, C-NS, P-IS groups were 
response deficient. 

Regional Brain Levels of 5-HT, 5-HIAA, NE and DA 

Previously, our laboratory has published data which indi- 
cate that exposure to uncontrollable shock within the time 
frame of  our protocol,  did not affect the levels of  NE,  EPI, 
DA in any of  the brain regions examined [3]. 

PCPA pretreatment caused no change in NE levels in 
unstressed animals (P-NS group) as well as in animals ex- 
posed to shock (P-IS group) (see Table 1). 

Preliminary experiments in our laboratory have shown 
that norepinephrine levels were decreased after the PCPA 
treatment (about 30%) while 5-HT and 5-HIAA levels were 
depleted up to 90% when compared to saline controls. How- 
ever, at the time of the behavioral shock escape test, (96 
hours after PCPA injection) catecholamine levels routinely 
returned to control levels [17]. Therefore, the time span be- 
tween PCPA injections and the testing sessions is of primary 
importance in order to ensure the specificity of  the adminis- 
tration of PCPA. Catecholamine levels in PCPA-treated rats 
returned to saline control levels within 48 hours while 5-HT 
levels are still depleted by 50-60% eight days after the last 
PCPA injection. 

Exposure to uncontrollable shock resulted in an increase 
of 5-HT and 5-HIAA levels in all of  the brain areas examined 
(Table 1). These changes were more evident in the anterior 
cortex and hippocampus. 5-HT levels were increased by 24% 
(C-IS group vs. C-NS group, p<0.001). 5-HIAA levels were 
increased by 48% (C-IS group vs. C-NS group, p<0.001).  

Pretreatment with PCPA produced a highly significant 
decrease in 5-HT and 5-HIAA levels regardless of  shock 
treatment. 5-HT and 5-HIAA levels were decreased by 80% 
in the anterior cortex and the hippocampus. The decreased 
levels in septum (68%) and raphe region (40%) also reached 
statistical significance (p<0.001, when P-NS and P-IS groups 
were compared to C-NS and C-IS groups). 

DISCUSSION 

The data from these experiments show that exposing rats 
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to a mild course of inescapable shock results in the develop- 
ment of a subsequent shock deficit in a distinct population of 
rats. The ability to subsequently escape exposure to electric 
shock was significantly decreased in that group. However, 
pretreatment with para-chlorophenylalanine (PCPA) blocks 
the shock-induced decreases in escape behavior. This de- 
crease in behavioral deficit is concomitant with a substantial 
decrease in 5-HT levels in the brain while other monoamine 
levels shown no change within the same subjects. 

This study complements the work of Brown and her 
group [15] where it was determined that manipulations 
known to increase levels of serotonin mimic the effect of 
inescapable shock. Treatment with L-tryptophan and 5-HTP 
produced a deficit in the acquisition of shuttle escape behav- 
ior which was prevented by treatment with the serotonin 
antagonist methysergide. 

Support for serotonin (5-HT) involvement in the media- 
tion of the effects of inescapable shock also stems from ex- 
periments where a specific behavior is equally modulated 
both by 5-HT and exposure to inescapable shock. Shock 
aggression decreases after treatment with 5-HT precursors 
[35] and similarly after exposure to inescapable shock 
[29,47]. Elevated 5-HT levels result in a decrease of affec- 
tively motivated behaviors [19, 31, 32] and inescapable 
shock also interferes with the subsequent acquisition of af- 
fectively motivated behaviors [36,37]. In studies employing 
parameters similar to ours, 5-HT turnover was enhanced 
after exposure to electric shock [10, 16, 42] and increased 
5-HT levels produced deficits in the performance of a con- 
ditioned avoidance task [18]. Thus, our procedure yielded 
data consistent with those from other studies describing ef- 
fects of stress on regional brain 5-HT status. 

We cannot discount the possibility that PCPA-treated 
animals regardless of the shock pretreatment condition 
produced shorter response latencies in the shock escape test- 
ing because of a heightened reactivity to shock. This would 
lend support to the findings of Harvey and Lints [21] who 
report that reduction in brain 5-HT levels resulted in in- 
creases in the animal's sensitivity to electric shock. How- 
ever, in our study, drug controls with no prior exposure to 
inescapable shock (C-NS group) were not statistically differ- 
ent from PCPA-treated rats with no prior exposure to ines- 
capable shock (P-NS group) and PCPA treated rats exposed 
to inescapable shock (P-IS group) in their shock escape be- 
havior (Fig. 2). 

Some could argue that the enhanced shock escape re- 
sponse demonstrated in PCPA-treated rats could result from 

a general increased hyperactivity in these rats. The behav- 
ioral concomitants of daily injections of PCPA have been 
demonstrated to produce a transitory enhancement of day- 
time motor activity [12,49]. However, in our study, a four 
day recovery period was observed prior to the shock escape 
test and our data from the open field experiment refute the 
contention of hyperactivity in the PCPA-treated rats (Fig. 3). 

Shock escape testing did produce a decrease in motor 
activity in the groups examined. Activity has always been 
found to be a confounding variable in the measure of a learn- 
ing deficit. Several reports have claimed decreased motor 
activity in animals which have an associated learning deficit 
[2, 28, 45]. Weiss et al. [45] even suggested that the learned 
helplessness phenomenon could be explained by learned in- 
activity. Our data is at odds with this theory. Motor activity 
was decreased after the shock escape test in all the groups 
examined: P-NS, P-IS, C-NS and C-IS but simultaneously 
the PCPA-treated rats did not show any behavioral deficit in 
their shock escape response. Intensity of the shock treat- 
ment is an important determinant of the degree to which 
interference with ambulation will occur. A strong shock 
treatment intensity reduced open field movement [1,28] 
while a relatively weaker shock treatment intensity, similar 
to the shock levels we have used, only had a modest influ- 
ence on subsequent activity [14]. Our data is in agreement 
with Jackson's studies where a number of learning tasks were 
developed in which activity and learning were either uncor- 
related or negatively correlated [25]. 

The animal model we have presented has been considered 
a reasonable model of some types of human depression. Our 
data raises the possibility that a mechanism which decreases 
serotonergic processes in the brain may be beneficial in some 
human subjects exposed to severe stressors. At present, the 
status of the post-synaptic serotonin receptors, S, and $2 is 
being investigated in our laboratory. Preliminary data indi- 
cate some supersensitivity of the S, serotonin receptor after 
PCPA treatment (also see [19]). Modifications at the receptor 
level in response to chronic PCPA action may provide a 
promising avenue in the search of a neurochemical basis of 
the behavioral deficit that we described. 

ACKNOWLEDGEMENTS 

This work was supported by the Department of Psychiatry and 
Behavioral Science, SUNY at Stony Brook. We thank Mrs. Dorothy 
Caselles for typing the manuscript. 

REFERENCES 

1. Anderson, D. C., C. Koehn, C. Crowell and J. V. Lupo. Differ- 
ent intensities of unsignalled inescapable shock treatments as 
determinants of nonshock motivation open field behavior: A 
resolution of disparate results. Physiol Behav 17: 391-394, 1976. 

2. Anderson, D. C., C. R. Crowell, C. L. Cunningham and J. V. 
Lupo. Behavior during shock exposure as a determinant of sub- 
sequent interference with shuttle box escape avoidance learning 
in the rat. J Exp Psychol [Anita Behav] 5: 243-257, 1979. 

3. Anderson, D. J., J. O. Johnson, P. T. Leyra and F. A. Henn. 
Brain monoamine changes with inescapable shock. Soc 
Neurosci Abstr 10: 1172, 1984. 

4. Anisman, H. Neurochemical changes elicited by stress. In: Psy- 
chopharmacology of Aversely Motivated Behaviors, edited by 
H. Anisman and G. Bignami. New York: Plenum Press, 1978, 
pp. 119-172. 

5. Anisman, H., G. Remington and L. S. Sklar. Effects of inescap- 
able shock on subsequent escape performance: Catechola- 
minergic and cholinergic mediation of response initiation and 
maintenance. Psychopharmacology (Berlin) 61: 107-124, 1979. 

6. Aprison, M. H., J. N. Hingtgen and W. J. McBride. Serotoner- 
gic and cholinergic mechanisms during disruption of approach 
and avoidance behavior. Fed Proc 34: 1813-1822, 1975. 

7. Aprison, M. H. and C. B. Ferster. Neurochemical correlates of 
behavior. I. Quantitative measurements of the behavioral ef- 
fects of the serotonin precursor. J Pharmacol Ther 131: 100-- 
107, 1961. 

8. Aprison, M. H. and J. N. Hingtgen. Neurochemical correlates 
of behavior, lnt Rev Neurobiol 13: 325-341, 1970. 



E F F E C T S  O F  P C P A  421 

9. Azmitia, E. C. The serotonin producing neurons of the midbrain 
median and dorsal raphe nuclei. In: Handbook of Psychophar- 
macology, vol 9, edited by L. L. Iversen, S. D. Iversen and S. 
H. Snyder. New York: Plenum Press, 1978, pp. 233-314. 

10. Bliss, E. L. Effects of behavioral manipulation upon brain 
serotonin and dopamine. In: Serotonin and Behavior, edited by 
J. Barchas and E. Usdin. New York: Academic Press, 1973, pp. 
315-324. 

11. Boggan, W. O., D. A. Freedman and J. B. Appel. 
P-chlorophenylalanine-induced alterations in the behavioral ef- 
fects of 5-hydroxytryptophan. Psychopharmacologia 33: 293- 
298, 1973. 

12. Borbely, A. A., J. P. Huston and P. G. Waser. Physiological 
and behavioral effects of parachlorophenylalanine in the rat. 
Psychopharmacologia 31: 131-142, 1973. 

13. Broadhurst, P. L. Experiments in psychogenetics: Applications 
of biometrical genetics to the inheritance of behavior. In: Exper- 
iments in Personality, Vol I, Psychogenetics and Psychophar- 
macology, edited by H. J. Eysenck. London: Routledge and 
Kegan Paul, 1960, pp. 1-102. 

14. Brookshire, K. R., R. A. Littman and C. N. Steward. Residual 
of shock-trauma in the white rat: A three facet theory. Psychol 
Monogr Whole 514: No. 10, 1961. 

15. Brown, L. R., R. A. Rosellini, O. B. Sanauels and E. P. Riley. 
Evidence for a serotonergic mechanism of the learned helpless- 
ness phenomenon. Pharmacol Biochem Behav 17: 877-883, 
1982. 

16. Culman, J., R. Kvetnansky, A. Kiss, E. Mezey and K. Mur- 
gaus. Interaction of serotonin and catecholamines in individual 
brain nuclei in adrenocortical activity during stress. In: Cate- 
cholamines and Stress: Recent Advances, edited by E. Usdin, 
R. Kvetnansky and I. J. Kopin. New York: Elsevier/North Hol- 
land, 1980, pp. 69-74. 

17. Edwards, E., J. O. Johnson, D. J. Anderson, P. Leyra and F. A. 
Henn. Effects of P-chlorophenylalanine on learned helplessness 
in the rat. Soc Neurosci Abstr 10: 1172, 1984. 

18. Engel, J. and K. Modigh. Tryptophan-induced suppression of 
conditioned avoidance behavior in rats. In: Advances in 
Biochemical Pharmacology, edited by E. Costa, G. Gessa and 
M. Sandier. New York: Raven Press, 1974, pp. 405-409. 

19. Fleisher, L. N., R. Simon and M. H. Aprison. A biochemical 
model for studying serotonin hypersensitivity in brain. J Neuro- 
chem 32: 1613-1620, 1979. 

20. Goodkin, F. Rats learn the relationship between responding and 
environmental event: An expansion of the learned helplessness 
hypothesis. Learn Motivation 7: 382-393, 1976. 

21. Harvey, J. A. and C. E. Lints. Lesions in the medial forebrain 
bundle: Relationship between pain sensitivity and telecephalic 
content of serotonin. J Comp Physiol Psychol 74: 28--36, 1971. 

22. Hellhammer, D. H., J. N. Hingtgen, S. E. Wade, P. A. Shea and 
M. H. Aprison. Serotonergic changes in specific areas of rat 
brain associated with activity-stress gastric lesions. Psychosom 
Med 45: 115-122, 1983. 

23. Hellhammcr, D. H., M. A. Rea, B. Bell, L. Belkien and M. 
Ludwig. Learned helplessness: Effects on brain monoamines 
and the pituitary gonadal axis. Pharmacol Biochem Behav 21: 
481, 1984. 

24. Hingten, J. N. and M. H. Aprison. Behavioral depression in 
pigeons following L-tryptophan administration. Life Sci 16: 
1471-1476, 1983. 

25. Jackson, R. L., J. H. Alexander and S. F. Maier. Learned 
helplessness, inactivity and associative deficits: Effects of ines- 
capable shock on response choice escape learning. J Exp 
Psychol [Anita Behav] 6: 1-20, 1980. 

26. Karczmar, A. G., C. L. Scudder and D. L. Richardson. Inter- 
disciplinary approach to the study of behavior in related mice 
types. In: ChemicalApproaches to Brain Function, edited by S. 
Ehrenpreis and I. J. Kopin. New York: Academic Press, 1973, 
pp. 260-264. 

27. Katz, R. J. Animal models and human depressive disorders, 
Neurosci Biobehav Rev 5: 231-246, 1981. 

28. Levine, S. J., I. V. J. Madden, R. L. Conner, J. R. Moskal and 
C. D. Anderson. Physiological and behavioral effects of prior 

aversive stimulation (preshock) in the rat. Physiol Behav 10: 
467-471, 1973. 

29. Maier, S. F., C. Anderson and D. A. Liberban. Influences of 
control of shock on subsequent shock elicited aggression. J 
Comp Physiol Psychol 81: 94-100, 1972. 

30. McBride, W. J., M. H. Aprison and J. N. Hingtgen. Effects of 
5-hydroxytryptophan on serotonin nerve endings. J Neurochem 
23" 385-391, 1974. 

31. Nagayama, H., J. N. Hingtgen and M. H. Aprison. Pre- and 
postsynaptic serotonergic manipulations in an animal model of 
depression. Pharmacol Biochem Behav 13: 575-579, 1980. 

32. Nagamaya, H., J. N. Hingtgen and M. H. Aprison. Postsynaptic 
action by four antidepressive drugs in an animal model of de- 
pression. Pharmacol Biochem Behav 15: 125-130, 1981. 

33. Petty, F. and A. D. Sherman. Learned helplessness induction 
decreases in vivo cortical serotonin release. Pharmacol 
Biochem Behav 18: 649, 1983. 

34. Reinstein, D. K., R. 1. Isaacson and A. J. Dunn. Regional 
changes in 6-deoxyglucose uptake after neocortical and hip- 
pocampal destruction. Brain Res 175: 392-397, 1979. 

35. Rolinski, Z. and M. Herbut. The role of the serotonergic system 
in foot-shock induced behavior in mice. Psychopharmacology 
(Berlin) 73: 246-251, 1981. 

36. Rosellini, R. A. Inescapable shock interferes with the acquisi- 
tion of a free appetitive operant. Anim Learn Behav 6: 155-159, 
1978. 

37. Rosellini, R. A. and J. P. DeCola. Inescapable shock interferes 
with the acquisition of a low activity response in an appetitive 
context. Anim Learn Behav 9: 487-490, 1981. 

38. Rosellini, R. A. and M. E. P. Seligman. Role of shock intensity 
in the learned helplessness paradigm. Anim Learn Behav 6: 
143-146, 1978. 

39. Seligman, M. E. P. and G. Beagley. Learned helplessness in the 
rat. J Comp Physiol Psychol 88: 534-541, 1975. 

40. Sherman, A. D. and F. Petty. Neurochemical basis of the action 
of antidepressants on learned helplessness. Behav Neural Biol 
30: 119, 1980. 

41. Tennen, S. The effects of p-chlorophenylalanine, a serotonin 
depletor on avoidance acquisition, pain sensitivity and related 
behavior in the rat. Psychopharmacologia 10: 204-219, 1967. 

42. Thierry, A. M., M. Fekete and J. Glowinski. Effects of stress on 
the metabolism of noradrenaline, dopamine and serotonin in the 
central nervous system of the rat. II. Modification of serotonin 
metabolism. Eur J Pharmacol 4: 384, 1968. 

43. Thierry, A. M. Effect of stress on the metabolism of serotonin 
and norepinephrine in the central nervous system of the rat. In: 
Hormones, Metabolism and Stress: Recent Progress and Per- 
spectives, edited by S. Nemeth. Bratislova: Slovak Academy of 
Sciences, 1973, pp. 37-53. 

44. Weiss, J. M. and H. I. Glazer. The effects of acute exposure to 
stressors on subsequent avoidance behavior. Psychosom Med 
37: 499-521, 1975. 

45. Weiss, J. M., H. I. Glazer and L. A. Pohorecky. Coping behav- 
ior and neurochemical changes: An alternative explanation for 
the original "learned helplessness" experiments. In: Animal 
Models in Human Psychobiology, edited by G. Serban and A. 
Kling. New York: Plenum Press, 1976, pp. 141-173. 

46. Weiss, J. M., P. A. Goodman, B. G. Losito, S. Corrigan, J. M. 
Charry and W. H. Bailey. Behavioral depression produced by 
an uncontrollable stressor: Relationship to norepinephrine, 
dopamine and serotonin levels in various regions of rat brain. 
Brain Res Rev 3: 167-205, 1981. 

47. William, J. L. Influence of shock controllability by dominant 
rats on subsequent attack and defensive behaviors toward col- 
ony intruder. Anita Learn Behav 10: 305-313, 1982. 

48. Wilson, W. J. and L. L. Butcher. A potential shock reducing 
contingency in the back shock technique: Implications for 
learned helplessness. Anim Learn Behav 8: 435-440, 1980. 

49. Zucker, I., B. Rusak and R. G. King. Neural bases for circadian 
rhythms in rodent behavior. In: Advances in Psychobiology, vol 
3, edited by A. H. Riesen and R. F. Thompson. New York: 
Wiley, 1976, pp. 35-74. 


