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PADICH, R. AND H. ZENICK. The effects of developmental and/or direct lead exposure on FR behavior in the rat. 
PHARMAC. BIOCHEM. BEHAV. 6(4) 371 -375 ,  1977. - In the present study, 21-day old female rats were exposed to 
daily doses of 750 mg/kg of lead acetate via a restricted water intake regimen for 70-80 days prior to mating. Treatment was 
then continued throughout gestation and nursing. At weaning, litters from half of the treated and control mothers were 
placed on treatment for the remainder of the experiment. This manipulation yielded four groups for testing: Group Pb/Pb, 
developmental and direct, postweaning exposure; Group Pb/(', developmental exposure only; Group C/Pb, direct exposure 
only; and Group C/C, no exposure to lead acetate treatment. Beginning at 42-49 days of age, offspring were shaped to bar 
press on a Fixed Ratio 20 (FR20) schedule of reinforcement and then received 20 sessions each 20 min in length. Analyses 
revealed that Group Pb/Pb received significantly fewer reinl\)rcements/min across sessions than the other three groups and 
also took significantly longer to emit each 20 response block. Contrary to previous reports in the literature, it is suggested 
that rats may not be impervious to postweaning lead exposure, particularly when there is a history of developmental 
exposure. 

Development lead Fixed ratio schedules 

THERE t lAVE been a number  of s tudies that have 
examined  the ef fec ts  of  early postnata l  lead exposure  on 
rodent  behavior.  The lead t r ea tmen t  has most  o f t en  
occurred e i ther  during nursing only [3, 4, 18, 19, 20] or 
during nursing with con t inued  pos twean ing  exposure  for 
the dura t ion of  testing [7, 9, 10, 14, 15, 16, 171. These 
approaches  may essentially be viewed as analogs to the 
model  of pica of  lead-containing materials  by the human 
infant  [ t'~l. 

t lowever ,  in addi t ion to the pica threat  it is conceivable 
that ano the r  cond i t ion  which is suff ic ient  to insure damage 
occurs  when offspr ing are born to mo the r s  living in elevated 
lead envi ronments .  In such an instance,  one is examining  
the effects  of  prolonged maternal  exposure  that may 
include prcmat ing  exposure  as well as gestat ion and nursing 
[ 2, 5. 11 ]. In addi t ion  to this deve lopmenta l  exposure ,  the 
o p p o r t u n i t y  also exists for the offspr ing Io be directly 
exposed ,  pos tweaning.  A t t e m p t s  by our  laboratory  to 
simulate such a model  have been repor ted  in an earlier 
s tudy in which one or both  parent  animals were exposed  to 
lead for an ex t ended  period of  t ime prior to mating with 
mo the r s  con t inued  on t r ea tmen t  during gestat ion and 
nursing [ 2] .  Offspring were subsequent ly  tested at 30 days 
of  age, employ ing  a black-white d iscr iminat ion water  T 
maze. Analyses revealed that offspr ing of  lead-exposed 
parents  made more errors and had longer latencies than 
control  counte rpar t s .  

In the present  exper iment ,  the effect  of  prolonged 
maternal  exposure  was examined further .  In addi t ion ,  at 
weaning offspr ing from half of the lead and contro l  
mo the r s  were directly adminis tered lead for the remainder  
of the exper iment .  Thus the effects  of  deve lopmenta l  
exposure  (gestat ion-nursingl  were cont ras ted  with direct  
exposure  lpos tweaning)  or the combined  developmenta l -  
direct exposure .  

Effor ts  to assess the effects  of deve lopmenta l  lead 
exposure  in the rodent  have primarily concen t r a t ed  on two 
areas, namely ,  measures of activity [7. 9. 10, 11, 14, 15. 
16. 17] and /o r  d iscr iminat ion learning [ 2 , 3 . 4 , 5 ,  lq.  20] .  
Few effor ts  have been made to examine behavior main- 
tained under  various schedules of re in forcement  11,12].  
Yet, such measures have proven to be invaluable to the 
psychopharmacolog is t  and have an obvious role for the 
behavioral toxicologist .  Thus our laboratory  has under taken  
a series of  studies to examine the effects  of  lead exposure  
on schedule-mainta ined behavior.  In the present  s tudy,  the 
ability of offspring to maintain bar press behavior on a 
Fixed Ratio (FRI  schedule of re in forcement  was assessed. 
Since there is not  only a dearth of  in format ion  on the 
effects  of  lead on schedule behavior,  but also a lack of  data 
on the acquisi t ion of  such behaviors in the developing 
rodent ,  a relatively simple schedule was selected for initial 
analysis. It seemed essential to know if the offspr ing could 
acquire and maintain per formance  on this schedule before 
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a t t e m p t i n g  to assess hehaviors  ma in ta ined  u n d e r  more  
complex  schedules.  

M ETH O D 

Animals 

For ty ,  42 40 day o l d C I )  offspr ing (20 male)  were used. 
These  pups  were born  and reared in our  l abora to ry  in 
accordance  with p rocedures  descr ibed below. At 21 days  of  
age, these of fspr ing  were weaned  and then caged indivi- 
dually for the du ra t i on  of the expe r i m en t .  Mothers  and 
pups  were ma in t a ined  on Purina Lab Chow No. 500.  The 
l abora to ry  was ma in t a ined  at 78 ° with  a 1 2 h r  l ight-dark 
cycle. 

Groups and Conditions 

At 21 days of  age 20 female,  (71) rats. bo rn  in our  
l abora to ry  and des ignated  po ten t i a l  mo the r s ,  were weaned  
and r andomly  assigned to the lead (10 m o t h e r s ) o r  con t ro l  
c o n d i t i o n s  and began on the i r  respect ive t r ea tmen t s .  All 
m o t h e r s  were caged individual ly .  

Trea ted  m o t h e r s  received 750 mg/kg  of lead ace ta te  
(PbAc)  daily, dissolved in varying a m o u n t s  of  disti l led 
water.  A d m i n i s t r a t i o n  was via daily res t r ic ted wate r  in take,  
with t r e a t m e n t  being available from 6 p.m. to g a . m , .  
fol lowed by access to tap water  unt i l  noon .  The vo lume of  
water  admin i s t e red  to each animal  was set to insure to ta l  
c o n s u m p t i ( m  wi thin  the 1 4 h r  per iod.  F u r t h e r m o r e ,  avail- 
abil i ty of tap water  unti l  n o o n  reduced  the possibi l i ty  of  
dehydra t i on .  ( ' on t ro l  m o t h e r s  received equiva lent  a m o u n t s  
of disti l led water.  

Matings occurred  be tween  00- 100 days of age, with 
vaginal lavages t aken  to conf i rm the presence of  sperm.  
Maternal  t r e a t m e n t  was c o n t i n u e d  t h r o u g h o u t  ges ta t ion  
and nursing.  During these periods,  water  sp rou ts  were 
s i tua ted  so tha t  only the m o t h e r s  could gain access to the 
t r e a t m e n t .  

l ' h e  pups  were weaned at 21 days of age. Offspr ing  from 
five of the m o t h e r s  tha t  had  received PbAc and from five of  
the con t ro l  m o t h e r s  were m a i n t a i n e d  on PhAc t r e a t m e n t  
for the du ra t ion  of the expe r i m en t .  The  remain ing  pups 
received distil led water.  The res t r ic ted and ad lib water ing  
schedules  for these offspr ing fol lowed the same p ro toco l  
descr ibed earl ier  for the mo the r s .  These m a n i p u l a t i o n s  
yielded four  groups:  G r o u p  Pb /Pb ,  of fspr ing exposed  to 
lead dur ing  ges ta t ion-nurs ing  and direct ly ,  pos twean ing ;  
( ; roup  Pb/ ( ' ,  of fspr ing exposed  dur ing  ges ta t ion-nurs ing  
on ly :  G r o u p  C/Pb,  offspr ing exposed  direct ly ,  pos twean ing  
only ;  and ( , roup  C/C offspr ing not  exposed  to the PbAc 
t r e a t m e n t .  

A male anti female pup were r a n d o m l y  selected from 
each of the five l i t ters in each group to yield an N of  10 
o f f spr ing /g roup  for ope ran t  cond i t i on i ng  which began 
42 4q days of age. 

Apparatus 

All c o n d i t i o n i n g  was c o n d u c t e d  in Lafayet te  ope ran t  
chambers .  Each unit  was enclosed in a sound  p r o o f  box ,  
vent i la ted  with an induc t ion  fan. P rogramming  was accom- 
plished with a G e r b r a n d s  ( ; 4 0 1 0  Rat io  P rog rammer  and 
G 4 6 1 5  Cont ro l  Panel.  Data were recorded  on  a l l a rvard  
( ' umula t i ve  Recorder ,  Model ( '-3 and a l ,a fayet te  event  
recorder  for la ter  analyses.  

Procedure 

Cond i t i on ing  was delayed unt i l  42 40 days of age, to 
allow the of t spr ing  to gain suff ic ient  size and s tamina  to 
per form the task. Al though  t ra in ing might  have begun 
earlier, it woukt  have required extensive  mod i f i ca t ion  of 
bo th  e q u i p m e n t  and cond i t i on ing  t echn iques  e m p l o } c d  m 
this l abora to ry .  Animals  were gradually reduced to g0"; of 
thei r  t ree-feeding weight and then ma in t a ined  at that  level 
relative to the i r  f reefeeding,  appropr ia t e  sex, l i t te rmates .  
l ' eed ing  occurred  at the c o m p l e t i o n  of each expe r imen ta l  
trial. Animals  were run three  t imes a week. Monday 
Sa turday .  with  each daily trial lasting 20 ram. Since at the 
start  of  t ra in ing  the animals  were still exh ih i t ing  rapid 
g rowth ,  a supp lemen ta l  ra t ion ~',,as provided Sa turday  or 
Sunday  (depend ing  on the an imal ' s  s c h e d u l e ) t o  insure 
c o n t i n u e d  growth .  

l h e  animals  were init ially t ra ined to bar press under  ~, 
c o n t i n u o u s  r e in fo rcemen t  schedule  ~( 'RF)  with rein- 
f o r c e m e n t  being Noyes pellets  ~4.0 mm × 3.3 mm × 
45 rag). Upon  a t t a i n m e n t  of  the bar press response,  animals  
were then al lowed to make  300  re inforced responses  across 
sessions with t ime required to a t t a in  this cr i ter ion recorded.  
This m a n i p u l a t i o n  al lowed for a quas i -exper imenta l  check 
on mot iva t iona l ,  anorexic ,  or o the r  in ter fer ing tactors.  In 
the absence  of  these factors,  the t ime to reach cr i ter ion 
should  have been equiva lent  across groups.  

Fol lowing this manipulatio,T, the offspr ing were shaped 
to an I"R20 schedule  anti subsequen t ly  received 20 daily 
sessions each 2 0 r a i n  m length.  The I"R20 cr i ter ion w+,s 
selected fol lowing extensive  pilot work with F R I 0 ,  I ' :RIS, 
and I"R20 schedules.  In the fo rmer  two instances ,  there 
were no  d i f ferences  be tween  groups  in the n u m b e r  of 
r e in fo rcemen t s / r a in ,  l lowever ,  observa t ion  of  ( ; roup  Pb/Pb  
revealed a d i f ference m the behavior  pa t t e rns  exh ib i t ed  by 
these offspr ing while in the Sk inner  box.  Aninlals  m this 
group wouht  cons i s ten t ly  disengage from bar pressing to 
engage in a n u m b e r  of  bizarre behaviors  not  conduc ive  to 
max imiz ing  r e i n f o r c e m e n t  {e.g., . jumping at thei r  ref lec t ion,  
man ipu la t i ng  cage light, etc.). 11 was hypo the s i zed  that  if' 
the Ph /Pb  offspr ing persis ted in en l i l l ing  behaviors  that  
c o m p e t e d  with bar pressing, then at some pc)in{ as schedule  
cr i ter ion increased,  there would be a significant  r educ t ion  
H1 the n u m h e r  of  re in t 'o rcements  a t t a ined  as c o m p a r e d  lo 
the o the r  groups.  Prel iminary invest igat ions  had indicated 
that  such d i f ferences  were mani fes ted  on an ["R20 
schedule .  Thus  this schedule  cr i ter ion was emp loyed  m the 
present  s tudy .  In order  to more  accura te ly  measure  this 
effect ,  the n u m b e r  of r e in fo rcemen t s /mmute / sub . i ec t  was 
recorded for each session and the length of the pos t re in-  
fo rcemen t  pause ( interval  be tween  r e in fo rcemen t  and the 
next  resp,,mse), and the rate t ime ( t ime to emil  each 20 
response b lock)  were recorded on F R 2 0  sessions I0 and 20. 

RESUI. IS AND DIS('USSI()N 

A compar i son  of  tile PbAc and con t ro l  groups  revealed 
that  there  were no  di f ferences  in l i t ter  size or l ime of 
occur rence  of  deve lopmen ta l  l andmarks  such as eye open-  
ing, appearance  of  hair.  or coo rd ina t ed  walking. There  were 
no di f ferences  in daily wate r  c o n s u m p t i o n  be tween  PbAc or 
con t ro l  m o t h e r s  or of fspr ing unde r  the part ial  depr iva t ion  
schedule .  This is i m p o r t a n t  in light of the p rob lems  
e n c o u n t e r e d  with o the r  modes  of exposure  such as the 
unna tu ra lnes s  of  in jec t ion ,  the stress of i n tuba t i on ,  the 
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inaccuracy  and spillage e n c o u n t e r e d  in diet  mix tu res ,  and 
the inabi l i ty  to precisely con t ro l  dosage when  adminis-  
t r a t ion  is via ad lib wate r  in take.  In the la t ter  ins tance ,  the 
animal  de t e rmines  the dosage as a f unc t i on  of  varying its 
daily water  intake.  With the present  t echn ique ,  there  were 
only  a few ins tances  where  the  animals  failed to c o n s u m e  
the  t r e a t m e n t  in a careful ly  measured  a m o u n t  of disti l led 
water.  Thus  the daily dosage was cons t an t  and solely a 
func t i on  of  body  weight .  

Weight and weight  gains did not  differ  for mo the r s .  
However,  t - tests  run on group  mean  l i t te r  weights  at b i r th  
revealed tha t  lead offspr ing were s ignif icant ly  smaller  than  
con t ro l s  (t = 2 .865,  df = 18. p,, 0.01).  These  d i f ferences  
were not  seen by weaning.  G r o u p  mean  weights  and 
s t andard  devia t ions  are presen ted  in Table  1. The  con t r ibu -  
t ion of  these d i f fe rences  to FR pe r f o r m ance  is discussed 
below.  

T A B I , E  I 

GROUP MEAN ("X) WEIGHTS AND STANDARD DEVIATIONS (SD) 
FOR BIRTH AND WEANING 

Maternal Exposure Birth Wean 

I 

X SD X SD 
l,ead Acetate 5.58 0.52 31.41 4.10 
Control 6.17 0.43 34.03 3.84 

A 2 (ges ta t ion-nurs ing ,  GN)  x 2 (pos twean ing ,  P) 
ANOVA run  on  minu tes - to -c r i t e r ion  {300 bar  presses. ( ' R F I  
indica ted  no  s ignif icant  d i f fe rences  across the four  groups.  
These  data  suggest tha t ,  at least at the CR F  d e m a n d ,  the 
an imals  were equal ly  mo t iva t ed  to pe r fo rm the task, and 
PbAc did not  appea r  to be exer t ing  any anorex ic  effecI.  

A 2 x 2 x 20 (sessions)  repeated  measures  A N O V A  was 
run on the mean  r e i n f o r c e m e n t s / m i n u t e / s u b j e c t .  These  F 
values are repor ted  in Fab le  2. Analyses  revealed signif icant  
main ef fec ts  for  sessions,  ges ta t ion-nurs ing  exposure  ((;N}, 
pos twean ing  exposure  (P), and  the a t t e n d a n t  in te rac t ions .  
The  sessions ef fec t  was a result of  an increase in the n u m b e r  
of  r e in fo rcemen t s  emi t l ed  across the 20 sessions,  col lapsed 
across groups.  Post hoc comparisons [SJ of the significant 
( ;N, P. and in te rac t ion  effects  revealed that  these dif- 
ferences  were a result  of ( ; r o u p  Pb /Pb  receiving fewer 
reinforcements/minute across sessions 9 - 2 0 .  F u r t h e r n m r e ,  
G r o u p  Pb/Pb  failed to exh ib i t  the significant  increase in 
r e i n f o r c e m e n t s / m i n u t e  across sessions tha t  was wi tnessed in 
the o the r  groups.  "lhese t rends  are g raphed  in Fig. 1. 

As was observed in pi lot  work,  the Pb /Pb  offspr ing 
repea tedly  i n t e r rup t ed  bar  pressing to engage in c o m p e t i n g  
behaviors ,  and.  as h y p o t h e s i z e d ,  with  a suff ic ient ly  de- 
mand ing  schedule  cr i te r ion ,  there  was a s ignif icant  reduc-  
t ion in the n u m b e r  of r e i n f o r c e m e n t s  a t ta ined .  This 
eva lua t ion  of  the Pb /Pb  g roup ' s  behav ior  was fu r the r  
suppo r t ed  by analyses of  rate t ime and pos t - r e i n f o r cemen t  
pauses (PRP).  A 2 x 2 x 2 (Sessions 10 and 20) repeated  
measures  A N O V A  run on rate l ime revealed a s ignif icant  P 
effect ,  1:( 1,361 = 27.14,  p,  0.001 ) and a s ignif icant  GN x P 
in t e rac t ion ,  / - (1 ,36)  = 9.76,  p~ 0.01 ). Similar analysis of  
PRP data  revealed no  s ignif icant  differences.  

Posthoc [8] com pa r i s ons  revealed tha t  G r o u p  Pb /Pb  
had a s ignif icant ly  longer  rate t ime for the b locks  of  20 
presses than  Groups  ( ' /(" and Pb/(" for Session 10 aml 

T A B L E  2 

ANAI.YS|S OF VARIANCE OF" REINFORCEMENTS/MINUTE 

df M S F 

Gestation-Nursing (GN) I 25.64 10.34" 
Postweaning (p) t 21.63 bL72* 
GN x P I 22.74 9.17" 
Between Error 36 2.48 
Sessions (S) 19 154.78 34.50* 
S x (IN 19 12.69 2.91' 
S x P 19 27.38 6.28* 
S x GN x P 19 13.25 3.04* 
Within Error 684 4.36 

*p <0.01. 
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longer rate t imes than ( ; roups  ( ' / ( ' ,  Pb/C', and ( ' /Pb  for 
Session 20. The means  and s tandard  devia t ions  for rate t ime 
and PRP arc presented  in Fable  3. These f indings suppor t  
obse rva t ions  made  regarding the Pb /Pb  an imal ' s  repeated 
a b a t e m e n t  f rom bar pressing while pursuing  cr i ter ion.  

Tile possibi l i ty  of  d i f ferences  m mot iva t iona l  levels as an 
exp l ana t i on  for lhese f indings  must  be considered.  Al- 
though  the groups  did not  differ  in the ( 'RE  minutes - to -  
c r i te r ion  measure ,  the in te rac t ion  be tween  depr iva t ion  and 
the d e m a n d s  of the F R 2 0  task may have been d i f fe rent  
be tween  groups,  t lowever ,  it is wor th  re i te ra t ing  that  lhe 
groups  did not  differ  in the length  of  the PRP which has 
been used as an index of  mot iva t iona l  level (e.g.. [6 ,13]  I. 

Another factor that  mus t  be considered is the relevance 
of  reduced  bir th  weights  of the lead pups  as related to 
subsequen t  FR pe r fo rmance .  The reduc t ion  observed in this 
s tudy  does not  seem to s tem from an u n d e r n u t r i t i o n  
prec ip i ta ted  by a sharp decrease in f o o d / w a t e r  c o n s u m p t i o n  
on the part  of the lead m o t h e r  when  presen ted  with the 
t r e a t m e n t  in one of these sources.  A l though  such an 
exp lana t ion  has  been fo rwarded  in o the r  studies,  in the 
present  e x p e r i m e n t ,  there were no di f ferences  be tween  lead 
and con t ro l  mo the r s  in terms of weight ,  weight  gain or 
wate r  c o n s u m p t i o n  dur ing  the course of the t r ea tmen t .  
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T A B I , E  3 

GROUP MEANS AND STANI)ARD DEVIATIONS FOR RATE TIMES AND POSTREINFORCFMI':.NT 
PAUSE lENGTH (SEC) 

Group I0 211 

Rate Postreinforcement Pause 
Sessions Sessions 

10 20 

C/C 12.96 _+ 4.31 8.73 _+ 3.10 4.0 _+_ 2.41 3.18 -- 2.57 
C/Pb 16.9(I _+ 6.08 11.42 _+ 4.86 3.66 _+ 2.23 3.42 = 2.14 
Pb/Pb 19.76 _+ 5.41" 17.88 ± 4.03* 4.46 _+ 2.78 3.87 -" 2.21 
Pb/C 13.96 _+ 6.25 10.25 +_ 4.69 3.64 -* 2.81 3.57 = 1.63 

*p<0.01. 

Whatever the process account ing  for the reduced birth 
weights,  it is ques t ionable  that this p h e n o m e n o n  can serve 
as a comple te  explana t ion  for the FR dif ferences  in light o f  
Group Pb/ ("s  per formance .  These offspr ing also exhib i ted  
reduced birth weights;  however ,  their FR per fo rmance  was 
equivalent  to the cont ro ls  (Fig. 11. Fu r the rmore ,  h y p o t h e -  
sizing a con t inued  nutr i t ional  deficit  on the part of Group 
Pb/Pb is not  reasonable in light of the absence of  significant 
weight d i f ferences  be tween  groups at weaning. Al though 
the in teract ion of  factors  under ly ing reduced birth weight 
and subsequent  FR behavior cannot  be dismissed,  this 
relat ionship is not clear, and any s t ronger  conclus ions  
would present ly be unwarran ted .  

It was surprising that the behavior of the developmenta l  
exposure-only  group (Pb/( ' )  was not al tered in light of  the 
numerous  studies report ing disrupt ion of  behavior in 
offspr ing exposed  developmenta l ly .  Rather  the effect  
appeared to require the combined  influence of  develop- 
mental  and direct exposure  (Group Pb/Pb).  In contrast  to 
the popular  belief espoused in the l i terature,  the weaned rat 
may not be impervious to lead insull. I lowever,  the 
express ion of  this direct effect  may require prior develop- 
mental  exposure .  

In te rpre ta t ion  of  the results from this s tudy is l imited by 
the pauci ty of  data on the effects  of lead on schedule-  
control led  behavior.  Avery et al. 11] examined  the c t fcc ts  

of a single i.p. injection of the organic c o m p o u n d .  
te t rae thyl  lead. on FR 5 behavior of adult rats. I h e y  found 
a significant decrease in rate from pre t r ea tmen t  levels in the 
highest  dosage group which could not be a t t r ibu ted  to 
anorexia.  The several procedural  d i f ferences  be tween  their 
s tudy and the present  one ntay account  for the appearance 
of a depress ion on their  much less demanding  schedule.  
However,  the assumpt ion  that the decreased rate observed 
in the Avery et al. s tudy [1] is support ive  of  the results of 
the present  s tudy nlust be tempered ,  since no report  is 
provided of the lead animal 's  behavior in the Skinner box. 

The relat ionship of the peculiar behaviors observed in 
this s tudy with that exhib i ted  by lead offspring in o ther  
laboratories  is not clear. As Reiter et al. [11] have 
c o m m e n t e d ,  the lead offspring has been repor ted  to show a 
gamut of  behaviors ranging from hypoact iv i ty  to hyper-  
activity, t lowever ,  it is premature  to conclude that the 
behavior observed in the Skinner box is hyperac t iv i ty ,  a 
term that has been far too loosely applied to al terat ions in 
activity observed in the lead offspring.  The inability of the 
Pb/ l 'b  offspr ing to persist in responding could also be 
reflective of sensory,  a t ten t iona l ,  and motivat ional  vari- 
ables: all are a part of  a myriad of  factors that con t r ibu te  to 
mo to r  per formance .  Fur ther  expcr in ten ta t ion  with o ther  
schedule combina t ions  should yield insight into the mech- 
anisms under lying the behaviors observed in this s tudy.  
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