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BARRETr, J AND P J LIVESEY. Low level lead effects on actwtty under varymg stress condtttons m the developing 
rat PHARMACOL BIOCHEM BEHAV 22(1) 107-118, 1985 --The study was designed to determine whether lead inges- 
tion by nursing rats would affect the way offspnng reacted to the stress reducing properties of the test envtronment both as 
juvemles and mature rats Dams were exposed to diets with 0.0, 0 2, 0 4 or 1.0 percent by weight metallic lead. Mean 
blood-lead levels of pups at weanmg were 4, 25, 36 and 55 #g/100 ml of blood respectively. The stress factor was vaned by (1) 
changing the test apparatus, 1.e , forcing rats to occupy an open field or allowing the ammal to be a free agent m the start 
box of a T-maze; (2) testing rats under a longitudinal and a cross-sectional experimental design to vary famdmnty with the 
apparatus, and (3) companng behavior m the presence or absence of noise ReactivRy was assessed by examining the rater- 
and mtra-sessmn pattern of ambulations and defecations. Analysis of data revealed that lead treated rats demonstrated the 
greater response to stress Tlus response was generally dose related although recovery was dependent upon the test apphed 
and measures taken The findings provide a conceptual framework to account for vaned results across previous studies 

Stress Actiwty Lead treated rats 

A pressing need in lead research is for the assessment of 
possible hazardous effects of exposure to levels of toxin 
which do not produce obwous signs of neurotoxlcRy in chd- 
dren, namely "asymptomatic" or "subclinical" levels. An 
animal model (the rat) is indicated for assessment of adverse 
toxicologic reactions since experimental procedures and in- 
terventions can be carried out which are not possible in hu- 
mans with tighter control over extraneous variables. While 
existing animal reports point to the possibility that early 
low-level lead exposure produces altered behavior m the rat 
that can persist into maturity, the unconfounded nature of 
the behavioral impairment and the duration of its effect re- 
roams to be determined [5, 6, 19]. 

Various attempts to assess the effect of lead on rat behav- 
ior by measunng the act~wty of these anmlals have revolved 
a variety of devices for different time periods [6]. In the 
majority of such studies, means for the total test period were 
gwen thus obscunng inter and intra session patterns of ac- 
tiwty. This dmunishes test sensRiwty since animals may dif- 
fer m behavior at certain phases of testing [26]. 

There is evidence to suggest that lead affected and control 
rats vary in the way they react to a novel environment m 
studies that have prowded a temporal analysis of behavior. 
Both decreased and increased acUvlty m lead affected versus 
control animals on imtml placement in the test apparatus 
have been reported [12, 14, 22, 29]. Lead related results were 
attributed to an altered reacUon to novelty [14,22] and nor- 
real emotionality (control rates of grooming and defecation) 
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but increased activity (elevated rearing and ambulation 
scores) [29]. 

It is difficult to draw conclusions from these reports. The 
test environments and age at testing differed, lead treated 
rats were raised m smaller litters than controls [29] and ex- 
perimental animals showed evidence of malnutrition [12] 
thereby compromising results [19]. All dams drank lead ace- 
tate and the acetate component is capable of confounding 
lead effects [3]. Furthermore, explanations in terms of reac- 
tiwty and emotlonalRy need further exploraUon. A review of 
effects of a novel environment on rats cautions against re- 
course to a single emot~onahty construct in whatever form 
[1]. These findings indicate the need for measurement of 
changes m frequency of particular types of behavior over 
time to build a pattern of the overall responsiveness of the 
ammai. Th~s revolves the recognmon that responses to a 
novel environment will be contingent upon a number of fac- 
tors. For example, the pattern of actiwty and defecation 
displayed by rats depends upon whether the rat is forced to 
occupy an enclosure or allowed freedom of choice of entry 
into the same situation [27,28]. Adaptation to novelty also 
depends upon the type of apparatus used [13,20], the age of 
rats [18], previous experience m the apparatus [27] and vari- 
ation in levels of stimulus intensity [18,26]. 

The purpose of this paper is to show that lead treated and 
control rats differ in the ways they react to a test enwron- 
ment. To achieve this all of the above factors need to be 
considered in explaining the temporal differences m behav- 
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lor As well, the results should not be confounded by the 
extraneous vanables which have plagued other studies [6,19] 

The procedure for lead administration was via the dam to 
suckling pups Elemental lead was selected in preference to a 
lead salt [3]. Elemental lead has been utilized in research into 
the effects of  lead on sheep [9] and absorption of  metallic 
lead particles from the gastrointestinal tract of  the rat has 
been investigated using blood-lead as an index of  internal 
lead levels [2]. The use of elemental lead IS a viable means of 
elevating blood-lead levels and overcomes problems of  at- 
tempting to control for the second radical in lead salts Al- 
though petrol containing tetraethyllead has been shown to be 
the main source of  lead contamination in the environment, 
the exhaust product is inorganic lead [5]. Introducing lead 
via the dam is a reallstm model for lead insult in human 
development since the mother is a likely source of  lead con- 
tamlnatlon in the suckling infant Increased maternal care is 
an early consequence of  lead treatment which means that 
expenmental  dams are no less solicitous of  their pups than 
control rats [4] 

E X P E R I M E N T  1 

METHOD 

Ammals 

Twenty female Wistar albino rats (from the colony main- 
tamed by the State Animal Resources Centre at Murdoch 
University), each with ten newborn male pups, were 
utilized Where dams faaled to dehver  ten males, litters were 
made up immediately following parturition, from the pool of 
htters born at the Resource Centre on the same day Five 
replications of  the basic experiment were run Pups from the 
four litters in each rephcatlon were pooled, rank ordered by 
weight and distributed across dams so there were no signifi- 
cant weight differences between litters on PN 0 and to 
minimize genetic bias. 

Apparatus 

All htters were housed in 30x30x 15 cm plastic cages m a 
room maintained on a 12-hr hght/dark cycle and at a tem- 
perature of  23°C Food jars were fitted with an internal collar 
and wtred to the cages to prevent spillage of  powdered chow. 

To measure the ambulation of  offspring two open fields 
were utilized. For  the testing of  pre-weaned pups, the open 
field was 50×50 cm square with a 10 cm high surround 
White lines divided the field into 25 squares. For older rats a 
cylinder 100 cm in diameter with a wall 40 cm high was used. 
The wall and floor, hke that of the first field, were pmnted 
matt black. The floor was divided by white concentric and 
radial lines into 21 sections. 

The black wooden T-maze employed m the spontaneous 
alternation task had a start alley which was 84×8x9  cm 
deep. The first 24 cm could be Isolated by a sliding metal 
door and formed the start box. Each goal arm was 37×8x9  
cm. The final 30 cm of each arm could be closed off by a 
sliding metal door to constitute a goal box. The hinged tops 
to the start alley and goal arms were made from Plexiglas. 

Procedure 

Three experimental groups and one control group were 
used Dams assigned to the experimental groups were fed a 
diet of  either 0.2, 0 4 or 1 0 percent by weight metallic lead in 
powdered rat chow. Contaminated food was prepared by 

weighing out ground lead (particle size 150/zm to dust) and mix- 
lng this with ground rat pellets in a blender for some 5 min- 
utes. Dams in the control group were fed normal rat pellets m 
powdered form All rats drank tap water After PN 18, exper- 
imental rats received the control diet to prevent pups con- 
sumlng lead directly. 

The food intake of  the four dams in each rephcatlon was 
measured every second day from PN 0 to PN 18 Dams were 
weighed every four days from parturition At PN 18 when 
lead was removed from the dams'  diet, two pups from each 
htter were sacrificed for blood-lead analysis Offspring were 
weighed every four days from birth until being sacrificed at 
PN 44 To collect blood, the rat was anaesthetized and a 
blood sample was obtained m a heparmtzed syringe through a 
heart puncture and transferred to a heparlmzed tube Whole 
blood was treated with Triton X-100 and analyzed for its lead 
content using a Vanan AA-575 atomic absorption spec- 
trophotometer fitted with a CRA-90 carbon rod atomizer and 
an ASD-53 automatic sample dispenser [17] 

To measure activity, young rats were tested every three 
days from PN 3 until weaning at PN 21 The ambulations of 
weaned rats were sampled at PN 28, 36 and 44. The same 
rats were tested at each age, 1 e ,  a longitudinal destgn was 
used with age vanation a within groups factor Subjects were 
transferred to the large open field for testing on PN 28 Am- 
bulations were scored at the end of  each minute of the three 
minute trial and the total defecaUons recorded for the com- 
pleted trial 

The T-maze was utilized to measure spontaneous alter- 
nation. During this procedure the rat was placed m the start 
box, the door opened and a stop watch activated On entry to 
either goal arm the watch was stopped, the goal box door 
closed and the time recorded Each animal remained in the 
goal arm for 50 sec and was then removed to a bucket while 
the maze was cleaned Animals received five such tnals m 
the maze and spontaneous alternation was assessed by 
counting the number of times an animal altered ~ts choice 
from Tnal n to Trial n+ 1 

This method obviates the need for large numbers of 
animals and produces comparable results to those obtaaned ff 
ammals complete only two trmls [I I] Any animal that re- 
fused to make a choice within 300 sec was given no further 
tnals at that age Rats were tested at PN 20, 24 and 40 

RESULTS 

All results, apart from those relating to behavior m the 
T-maze have been analyzed with a one between (Treatment) 
one within (Days) Analysis of  Vanance The Duncan method 
of  multiple compansons at the 5 percent level of slgmficance 
was used to make pair-wise comparisons between groups 
[16] 

Food Intake and Wetght of Dam~ 

There were no significant differences m food consump- 
tion or maternal weight gain between treated and control 
dams 

Mortahty of Offsprmg 

There was no significant mortahty amongst the lead ex- 
posed pups 

Blood-Lead Analysts 

There was a direct relationship between the dose of  lead 
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FIG 2. Mean ambulation scores by minutes m the field for the 4 
groups (a) Mean scores summed over PN 15, 18 and 21. S.E. values 
ranged from 2.8 to 3 9 (b) Mean scores summed over PN 28, 36 and 
44 S E values ranged from 3.0 to 5.0 

admimstered to the dam and the quantity of  lead present in 
the blood of  offspring at PN 18. The mean values (_+S.E.) for 
/zg of lead per 100 ml of blood for each of the four groups were: 
1.0% (87.4-+11.3), 0.4% (50.4-+3.0), 0.2% (31 7-+3 5) and 
controls (1.7-+0 4). 

Wetght of  Offsprmg 

There was a significant difference in weight between 1.0% 
lead treated rats and all other groups between PN 12 and 
PN 20 This disparity continued after weaning from lead con- 
tamlnated mdk at PN 21 until PN 35. After that time no 
slguificant differences between groups were ewdent  (pre- 
weaning, F(3,136)=16.4, p<0.01;  weaned, F(3,136)=3.78, 
p <0.05). 

Ambulattons m the Open Fteld 

Mean ambulation scores for rats in each of  the four treat- 
ment groups are shown m Fig. 1. 

Ambulattons of  Pre-Weaned Pups (Ftg la) 

For  control ammals there was a striking increase m activ- 
ity after PN 15 when pups had both eyes open and walking 
was well developed. This same pattern of  locomotion was 
shown by the low level lead groups. However,  the 1.0% 
group did not reach the levels of  activity demonstrated by 
the other groups on PN 18 until PN 21. The higher activity by 
pups in the three lead groups on PN 15 is notable. The inter- 
action between Days and Treatment was significant, 
F(18,816)= 1.66, p<0.05.  

Ambulattons of  Weaned Rats (Fig. Ib) 

There was a tendency for all lead affected animals to be 
less active than controls except the 0.4% group on PN 28. 
TMs reduction m actwlty is most obvious m the 1.0% group. 
The analysis of  results did not reveal significant differences 
between groups or significant interactive effects. However ,  
differences in ambulatmns between groups approached sig- 
nificance, F(3,136)=2.32, p=0.07.  The reporting of  
probability values close to the accepted value of  sigulficance 
(0.05), where this contnbutes  to a conclusion, has been rec- 
ommended [21]. 

Temporal Exammatton of  Ambulation Scores 

Figure 2 shows the pattern of  activity in the open field for 
each minute of  the three minute trial. In Fig. 2a the data have 
been summed over the three earliest test  days (PN 15, 18 and 
21) Figure 2b shows the data summed for the remaining ages 
(PN 28, 36 and 44). The figures reveal a sharply declining 
pattern of  actavity with time for the older rats which is not 
apparent in young rats. In the case of  pre-weaned rats there 
was a siguLficant Minutes effect, F(2,272)=6.76, p<0.01.  No 
other differences were significant although the interaction 
between Treatment and Minutes approached significance, 
p=0.08.  The analysis of  data  for weaned rats produced a 
significant Minutes effect, F(2,272)=205, p<0.001,  but no 
significant interaction between Treatment and Minutes. The 
difference between groups approached significance,p =0.08. 

The overall pattern of  activtty collapsed across PN 15 to 
21 is not as well defined as that for older rats and could 
benefit from scrutiny. Therefore a further analysis of  the 
temporal pattern of  actwity for young rats m provided in Fig. 
3 by considenng the ambulations for each of  the three min- 
utes at PN 15, 18 and 21 separately. The figure shows that 
expenmental  rats were more active than controls for each of  
the three minutes of  the test session at PN 15 but less active 
on the remaining days (apart from the 0.2% group on PN 21). 

Defecations tn the Open FieM 

Figure 4 illustrates mean defecation scores for each day 
that more mature rats (PN 21-44) were m the open field. 
Defecation rates for younger rats were too low to warrant 
inclusion. It is notable that rats from the 0.2% and 1.0% 
groups showed an increase in defecation on PN 28, the first 
day of  exposure to the large open field. The interaction be- 
tween Treatment and Days was the only significant effect, 
F(9,408) =2.99, p<0.01.  

Assessment of  Spontaneous Alternation Behavior 
m the T-Maze 

A rate of spontaneous alternation of  between 60 and 70% 
was achieved by all groups across the three ages at which 
testing occurred. However ,  the data for the three lead groups 
at PN 20 and 24, when any developmental  disparttles were 
likely to be evident are equivocal because of  failure to corn- 
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plete trials by many of  these animals This is illustrated in 
Fig 5 winch shows percentage o f  rats completing five trials 
m the T-maze for each group at PN 20, 24, and 40. Tins figure 
shows failure on the part o f  experimental animals to com- 
plete successive trials in the T-maze.  A Chl-square test o f  the 
number of  ammals winch surwved the five trials at each age 
when spontaneous alternatmn testing occurred revealed a 
significant difference between treatment groups at PN 20 
(xz=7.85, df=3, p<0.05) and PN 24 (X2=8.87, df=3, 
p <0.05).  There was no slgnLficant difference between groups 
w~th regard to the number of  animals completing all trials at 
PN 40 

Latency to Make a Chowe t n  the T-Maze 

Figure 6 shows the time taken for lead treated and control 
rats to make a choice m the T-maze across the five trials at 
each test age. When an ammal faded to complete all trials, 
the maximum latency of  300 sec was recorded for the faded 
and remaining trials on that day 

This figure shows that lead affected rats took more time to 
travel from the start box to the arm of  the maze,  particularly 
at PN 20 and 24 There was a stgmficant Treatment effect on 
PN 20, F(3,136)=2.59, p < 0  05, and PN 24, F(3,136)=2.97, 
p < 0  05 There was also a sigmficant Trials effect at both of  
these ages, F(4 ,12)=243 ,  p < 0 0 0 1 ,  and F(4,12)=3.96, 
p<0 .05 .  There were no significant differences between dos- 
ages at PN 40 On PN 20, the main effects occurred dunng 

Trial 1 between control and 1.0% rats and on Trial 2 between 
control and 0.4 and 1.0% animals At PN 24, control rats 
differed slgmficantly from all lead groups on Tnals 2 and 3. 

Ammals  Whtch Faded to Complete Trials 

Rats winch failed to fimsh trials m the T-maze either re- 
mamed in the start box or once outs]de the start alley re- 
mamed motionless or attempted to return by gnawing at the 
lowered perspex door It was also observed that 50 percent 
o f  animals winch failed to complete trials at PN 20 were 
among those rats not succeeding at PN 24 

DISCUSSION 

The lead dosages utlhzed m tins experiment produced two 
asymptomatlc groups with respect to weight gain (0 2 and 
0 4%) and a third lead group with retarded growth (1 0%) 
Any behavioral aberraUons noted m tins group must there- 
fore be interpreted m the hght o f  this undernutntlon [19] 

Blood-lead values for the lower dosages at PN 18 were m 
accord with levels considered asymptomatlc m humans, 
whereas internal lead levels m the 1.0% group were m the 
range where clinical manifestations o f  lead poisoning are 
considered hkely to occur [7,10]. 

An examinatmn of  ambulatmn scores for weaned rats re- 
vealed that all animals displayed an miUal burst o f  activity 
when placed into the field with attenuation of  that actwlty 
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across the test session However,  lead treated rats demon- 
strated ambulation scores which were consistently below 
control levels. Preweaned rats failed to habituate to the open 
field m the same way as older animals and overall, exhibited 
an increase m actwity in the second minute followed by a 
levelling off or  decline m the final minute. The only notable 
treatment effect on actwity during this stage was elevated 
actw]ty in lead affected rats on PN 15. 

Taken together the results show that lead treated and con- 
trol rats differ in their reaction to the novelty of  the open 
field. The 15 day old rat is particularly aroused by a novel 
environment [8]. In the present expenment  th~s was the first 
age of  exposure to the field when rats had at least one eye 
open. Thus the event would be novel with the appearance of 
visual information. Lead affected pups were more active 
than controls across the three minute trial. Campbell and 
Raskin [8] have explained the arousal m 15 day old rats as 
reflecting stress to an unfamiliar environment rather than 
curiosity or exploratory behavior. Stress is often denoted by 
physiologists as all forces or stimuli in the environment 
capable of  inducing changes and adaptations in the organism. 
The magnitude of  environmental stress can only be meas- 
ured indirectly through the response of  the animal [24]. In 
this case lead treatment enhanced the stress effect. 

Weaned rats forced to occupy a novel space exhibit high 
initial activity which declines throughout the session [ 18,27]. 
The motwating agent for the first burst of  activity has been 
interpreted as escape onented  behavior [27]. Lead treated 
rats failed to demonstrate this activity to the same extent  as 
controls and were less actwe overall. In the present expen-  
mental situation animals had been regularly exposed to an 
open field since PN 3 thus hawng the opportunity to 
habituate to the environment. Under  these conditions lead 
treated rats become less reactive than controls. 

While these lead effects were more pronounced at the 
highest level where results were confounded with undernu- 
trition, asymptomatic  levels produced a similar trend in be- 
havior pointing to a dose dependent  lead effect. 

It has been concluded that a rat placed in the open field 

first seeks an escape from the field with high activity and low 
defecation. When this is not successful activity declines and, 
with increasing stress, defecation increases [18]. On PN 28 in 
th~s study, defecation scores for rats in the 0.2 and 1.0% 
groups were significantly above control levels. This was the 
first day of  exposure to the large open field. It is not possible 
to determine whether this lead related increase m defecation 
occurred towards the end of  the tnal,  since boll were 
counted after the three minute trial ended. Experiment 2 will 
present a temporal analysis of  defecation which shows that 
lead treated rats demonstrate a greater stress effect than con- 
trols. 

In the T-maze, where animals were free to leave a start 
box,  a lead effect was again evident.  At  PN 20 and 24 control 
rats revealed more rapid running on the initial trials than lead 
affected rats, to the extent  that a significant number of  exper- 
imental subjects failed to complete trials. All rats revealed 
short trial latencies at PN 40 and no lead effect was observed 
at this age. Longer trial latencies in the T-maze on the part of 
experimental rats may also reflect enhanced susceptibility to 
stress. Where the rat is a free agent, the initial stress re- 
sponse is immobility [20,26]. 

Like the results from other lead studies this experiment 
has demonstrated that, in terms of  activity, lead treated rats 
can be hyperactive,  hypoactive or no different from controls. 
By recognizing that factors such as previous experience, age 
and test apparatus determine how an animal reacts to the 
stress of  novelty,  these seemingly varied results become 
more meaningful. Experiment 1 has suggested that lead 
treated rats are likely to exhibit an enhanced response to 
stress in a novel situation compared with controls. When the 
situation is familiar and therefore less stressful the response 
of  experimental  rats is hkely to fall below control levels. The 
aim in the second experiment was to maintain the stress of a 
novel situation by testing rats in the open field at one age 
only. As well, the added stress of  loud noise was introduced 
for some groups. Response measures were taken at frequent 
intervals with both ambulauons and defecations recorded 
every 30 seconds. 
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EXPERIMENT 2 

METHOD 

Ammals 

Thirty-six female Wlstar albino rats, each with eight new- 
born male pups, were uUhzed in this study. Four rephcaUons 
of the basic expenment  were camed  out m the no noise 
condition and five m the noise condition Pups were cross- 
fostered as previously descnbed. 

Apparatus 

The housing of antmals and the open felds employed 
were described m Expenment  1 

Noise was generated through a speaker mounted 20 cm 
above the wall of the open field Noise intensity was meas- 
ured at 85 db at the center of the field floor 

Procedure 

The placement of ammals into groups, dmt preparation, 
measurement of food retake and weight of dams parallels 
procedures m the first experiment Pups were weighed every 
four days to PN 16 and on PN 18 and PN 20 Litters were 
reduced to six pups on PN 4, principally to ensure wabdlty m 
the highest lead group, by sacrificing the smallest pups m the 
1 0% group and matchmg color-coded ammals m remaining 
groups. 

To measure blood-lead levels, blood was collected from 
the dams at PN 21 and offspnng on PN 21, 28, 38, 50 and 74 
after behavioral testing was completed for the parUcular 
animals to be sampled. Samples of blood were taken from 
the rats of selected rephcations at each of the above PN days 
and five out of the nine sets of animals were uUhzed for th~s 
purpose. It was assumed that these blood-lead values would 
be typtcal of the wider populaUon. The remaining four sets of 
animals were allowed to survive and regularly weighed to 
determine whether normal weight levels were achieved m 
young affected by lead m the preweaning period. 

Ambulattons and defecaUons were measured under two 
conditions, that of noise and no noise at PN 15, 18 and 24 m 
the smaller of the two open fields and at PN 35, 47 and 70 m 
the larger field. Thus each of the six rats m a litter was tested 
at one of these ages and then removed from this aspect of the 
expenment  To examine rats at the desired range of ages 
between PN 15 and 70, a necessary condmon given that 
adaptation to novelty changes with age [18], all comparisons 
were made between the six age groups within each noise 
condmon rather than between the noise and no noise cond,- 
Uon, the developmental sequence being the mare concern 
Th~s expenment  was therefore cross-sectional m design w~th 
age vanatlon a between groups factor Each rat was ob- 
served for three minutes at the same time on three consecu- 
tive days from the commencement age. AmbulaUons and 
defecations were scored every 30 seconds. The test room 
was at 23°C and the amount of incident hght was 44 lux. 

RESULTS 

The results for both the no noise and noise condition are 
presented side-by-side. Food retake and weight of dams, 
blood-lead levels of pups and pup weights have been 
analyzed with a one between (Treatment), one within (Days) 
Analysis of Variance Ambulation and defecaUon scores in 
the open field were analyzed in two configurations. To exam- 
lne ambulation and defecation differences between groups 
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FIG 7 Mean blood-lead levels for dams and pups m the 4 groups 
taken over 5 ages between PN 21 and PN 74 S E values ranged 
from 0 2 to 5 6 

by half-mmutes over days and at each test age, scores were 
analyzed with a two between (Treatment, Age), two w~thln 
(Half-minutes, Days) Analysis of Variance Palrwlse com- 
parisons were made as m Experiment 1 

Food Intake and Weight of  Ammals 

There was no s,gmficant difference between the food m- 
take of dams m the four treatment groups m e,ther the no 
noise or no~se condmon. Dams m the 1 0% and to a lesser 
extent m the 0 4% group, exhibited an imtial weight drop 
between parturition and PN 4 The analys,s of data faded to 
produce a s~gmficant Treatment effect m rats used for e~ther 
no~se condmon but d~d result m a slgmficant Treatment by 
Days interaction m both condmons,  F(15,60)=2 58, p < 0  01, 
F(15,80)= 1 98, p<0.05 

Pups from the 1.0% group faded to gain weight at the 
same rate as offspnng m the remaining groups. The analyses 
produced a s,gmficant Treatment and Days effect and a 
Treatment by Days mteracuon for rats used in both 
noise conditions, F(3,92)=18 3, p < 0  001, F(6,552)=2698, 
p<0.001; F(18,552)=17.0, p < 0 0 0 1 ,  and F(3,116)=90. 
p<0.001, F(6,696)=3111, p<0.001, F(18,696)=5 4, p<0.001 
The 1.0% group were lighter than all other pups from PN 4 to 
PN 20 These results are m accord with those of Experiment 
1. Weaned rats from 1.0% dams continued to demonstrate 
below normal body weights after removal from lead The 
analys,s produced a slgmficant difference between groups 
and a significant Days effect, F(3,95)=4 1, p < 0 0 1 ,  
F(6,552)=2100.0, p < 0  001 The 1.0% rats faded to reach 
normal we,ght by PN 70 whereas m the previous experiment, 
rats m this group had shown a weight "catch-up" by PN 40 

Blood-Lead Analysts 

Figure 7 dlustrates the mean blood-lead levels m dams at 
weaning and offspnng at five ages between PN 21 and PN 74 
There was a dose related elevation of blood-lead levels m 
pups although these levels were below those of correspond- 
mg dams Lead levels dechned after pups were removed 
from contaminated milk Data analysis on the lead levels m 
pups produced a significant Treatment and Days effect and a 
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mgnificant Treatment by Days interaction, F(3,16)=45.5, 
p<0.001; F(4,64)=74.63, p<0.001; F(12,63)=8.6, p<0.001 

If the mean blood-lead levels from Experiment 1, which 
were taken on PN 18 (1.0%, 87.4_+11.3; 0.4%, 50.4---3.0; 
0.2%, 31.7-+3.5, 0.0%, 1.7-.+0.4) are compared with the val- 
ues from this experiment on PN 21 (1.0%, 55.0-+5 1; 0.4%, 
36.0-+4.7; 0.2%, 25.0-+5.6, 0.0%, 4.0_+ 1.5) it ~s apparent that 
lead levels begin to fall as soon as the dam is removed from 
the contaminated diet on PN 18 

Ambulations tn the Open Field 

Mean ambulations for each age group by lead levels are 
shown separately for the no noise and noise condition in Fig. 
8 As set out above, comparisons can only be made within 
each noise condition From this figure lead affected rats tend 
to be more active than controls. In the no noise condition 
(Fig. 8a), this elevated activity Is most notable just  after 
weaning with little variation between groups after this stage. 
Hyperactwl ty  on the part of  lead treated rats is more obvious 
m the nmse condition (Fig 8b), with only the 0.2% rats ex- 
hibiting recovery in the Immediate post-weaning period. 

In the no noise condition the analysis failed to produce a 
significant Treatment effect There was a significant Age ef- 
fect, F(5,72)= 18.4, p<0.001 but no significant interaction 
between Treatment and Age. The analysis produced further 
significant effects, namely a Half-minute effect and interac- 
tions between Half-minutes and Treatment and between Age 

and Half-minutes In the field, F(5,360)=44.3, p<0.001; 
F(15,360)=2.5, p<0.01;  F(25,360)=4.3, p<0.001.  These re- 
stilts will be examined when the activity of  young and older 
rats is compared. 

The analysis of  scores In the noise condition did reveal a 
significant Treatment effect, F(3,96)=8.82, p<0.001.  There 
was, as in the case of  the no noise condition, a significant 
Age result, F(5,96)=20.7, p<0.001 but no significant in- 
teraction between Treatment and Age. There was a Days 
effect, F(2,192)=13.1, p<0.001,  and Half-minutes effect, 
F(5,48) = 34.9, p <0.001, as well as significant interactions be- 
tween Days and Age, F(10,192)=5.6, p<0.001,  Age and 
Half-minutes, F(25,480)=3.5, p<0.001,  Days, Treatment 
and Age, F(30,192)=1.4, p<0.05  and Age, Days and Half- 
minutes, F(50,960)=1.61, p<0.01.  These effects will be 
examined below• 

Scores were then summed for young pre- and im- 
mediately post-weaned rats (PN 15, 18 and 24) and for older 
rats (PN 35, 47 and 70), to exarmne the course of  activity at 
each 30 sec interval over  each 3 rmnute period. 

Figure 9 displays the results for juveniles in both the no 
noise and noise conditions. It is evident that without noise 
(Fig. 9a), young lead treated rats, particularly from the 0.4 
and 1.0vA groups, tended to be more active on initial place- 
ment in the field, although by Day 3 this applied only to 
ammals in the highest lead group. In the noise condition (Fig. 
9b), all lead affected rats were more active mlUally and 
tended to maintain this elevated activity beyond the initial 
minute In the field. The 1.0vA juveniles,  particularly on Day 
1, were less active than might be expected from the results in 
Experiment 1. The 1.0% pups In this experiment appeared to 
have more nutritional problems than those in Experiment 1 
since they failed to achieve control weights after weaning 
from lead contaminated milk. This may account for a lag In 
the lead-related arousal effect 

A one between (Treatment), two within (Half-minutes, 
Days) Analysis of  Variance in the no noise condition 
produced one significant effect, a Half-minute effect, 
F(5,60)=6 8, p<0.001 Tlus supports the observation that 
activity declined with time in the field but the trend towards 
higher actwlty by lead treated young was not significant. 
In the noise condition, there was a significant Days 
effect, F(2,32)=11 1, p < 0 0 0 1 ,  and Half-minutes effect, 
F(5,80)=5.9, p < 0  001. Activity declined with days and once 
again this behavior changed with time, generally decreasing 
between the first and second half-minute in the field but then 
tending to increase again. As m the no nmse condition, the 
activity of experimental rats was not significantly above con- 
trol levels. 

Figure 10 illustrates the activity pattern of  older rats in 
both nmse conditions. Once again the most striking effects 
were the elevated initial activity by lead treated rats in the no 
noise condition (Fig. 10a) and initial elevation in the noise 
con&tion (Fig. 10b) which was maintained across time 

The analysis of  ambulation scores in the no noise condi- 
tion produced a significant Half-minute effect, F(5,60) = 46.3, 
p<0.001,  as well as a significant Treatment by Half-minutes 
interaction, F(15,60)=2.4, p<0.01.  The interaction between 
Days and Half-minutes was also sigmficant, F(10,120)=2.2, 
p<0.05.  The interaction between Treatment and Half- 
mmutes in the field shows that groups exhibited different 
patterns of activity within trials This would support the ob- 
servation that lead affected rats, particularly subjects from 
the 0.4 and 1.0% groups, were more active during initial 
stages in the field. 
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In the noise condit ion,  a one  be tween ,  two within 
Analys i s  o f  Var iance  p roduced  a signif icant  T r e a t m e n t  
ef fec t  as well  as a s ignif icant  Hal f -minute  e f fec t  and a 
Days  by Half-minutes  interact ion,  F(3,16)=3 6, p < 0 0 5 ,  
F(5,80)=36.9,  p < 0  001; F(10,160)=l  9, p < 0  05 On Day 1 
rats m the 0.4 and 1 0% groups were  more ac t ive  than con- 
trols at the 1.0 minute  mark,  with subjects  in the highest  dose  
remmning more  act ive at the 1.5 and 3 minute  marks  On Day  
2, 0.4 and 1.0% rats were  more  act ive  during the first half- 
minute and after  one  and a half-minutes.  The 1.0% group 
remained  more  act ive  at the 2.5 minute  mark  By Day  3 only 
the 1.0% subjects  exhibi ted e leva ted  act ivi ty  and this oc- 
curred  at the 2 0 and 2.5 minute segments .  

The  overal l  Analysis  o f  Var iance  for the no noise and 
noise  condi t ions  produced  a significant Age by Half-minutes  
interact ion.  Figures  9 and 10 show that  the mtrasess ion de- 
chne in act ivi ty  f rom the first to the last half-minute was 

more character is t ic  of  the older  animals A slgmficant 
Trea tment  by Age by Days  interact ion was ach ieved  with 
noise and is also ref lected in these figures Rats in the highest  
lead groups were  more  act ive  as mature  animals on all three 
days in the field, whereas  control  rats revea led  this t rend on 
Day 3 only 

Defecattons m the Open-Fteld 

Defecat ion  scores  were  analyzed  m a similar fashion to 
ambulat ion results  U n d e r  the no noise  condi t ion defecat ion 
levels  were  low and did not  produce  any significant effects  

Figure 11 plots the defecat ion scores  for each  group in the 
noise condi t ion and shows general ly increased rates of  defe- 
cat ion with age and higher scores by lead t reated rats,  par- 
t lcularly at the 0 4 and 1 0% levels .  A two be tween  two 
within Analysis  of  Variance m this c o n d m o n  resulted In a 
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significant Treatment and Age effect, F(3,96)=2.8, p < 0  05; 
F(5,96)=4.1, p < 0  01. There was also a slgmficant Days and 
Half-minutes result as well as a s]gmficant Interaction be- 
tween Age and Half-minutes in the field, F(2,192)=5.7, 
p<0.01; F(5,480)=21 4, p<0.01; F(25,480)=2.8, p<0.001. 
These results will be examined below. 

Figure 12 reveals defecaUon levels at each 30 sec interval 
for the three days of testing for rats m the noise condition as 
juveniles (Fig. 12a) and more mature animals (Fig. 12b). Fig- 
ure 12a shows that as juveniles (PN 15-24) there were no 
obvious treatment differences apart from an elevation In def- 
ecation scores by 0 4% rats on Day 2 There was an increase 
m defecation across days and most defecation occurred in 
the last minutes in the field. The analysis produced two sig- 
nificant effects which support the above observations, 

namely Days and Half-minutes, F(2,32)=3 55, p<0.05;  
F(5,80)= 10.1, p<0.001. 

Figure 12b illustrates mean defecation rates across the 
three days of testmg for older rats (PN 35 to 70). This figure 
shows that defecation for older rats is also more likely 
towards the end of a t n a l  and is highest m the 0 4 and 1.0% 
groups A one between two within Analysis of Variance 
produced a stguificant Treatment effect, F(3,16)=4.65, 
p<0.05,  and an interaction between Treatment and Half- 
minutes that approached significance, p =0.06. There was a 
significant Days and Half-minute effect, F(2,32)=5.0, 
p<0.05;  F(5,80)=9.6, p<0.0001. Pair-wise comparisons re- 
vealed that treatment effects were due to the 1.0% group. 
Animals at this dosage level defecated more than controls at 
the 2.5 minute interval on each of the three test days. 
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FIG 11 Mean defecation scores m the 4 groups for each 3 day block 
over 6 ages m the noise condition S E values ranged from 0 5 to 
12 

The  s ignif icant  in t e rac t ion  b e t w e e n  Age and  Hal f -minu tes  
ach i eved  m the  overa l l  ana lys is  can  also be  i l lus t ra ted by  Fig 
12 I f  the  da ta  o v e r  the  th ree  days  for  b o t h  juven i l e  and  
m a t u r e  ra ts  is cons ide red ,  o lder  a m m a l s  exh ib i t ed  more  def- 
eca t ion  ac ros s  all m inu t e s  in the  field than  younge r  con-  
specif ics  

DISCUSSION 

In keep ing  wi th  the  resu l t s  in the  p rev ious  e x p e r i m e n t  this  
s tudy  has  p r o d u c e d  two  lead g roups  d e m o n s t r a t i n g  n o r m a l  
we igh t  gains  (0.4 and  0.2%) and  a low weight  lead g roup  
(1 0%) 

Lead  loaded  rats  r evea l ed  a close re la ted  e l eva t ion  In 
blood-lead levels at the time of  weaning from lead contami- 
nated milk at  P N  21 Af te r  this  age,  b lood- lead  levels  fell 
rapidly  to be  nea r  con t ro l  levels  by  P N  50 The  m a x i m u m  
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blood-lead levels were found in 1.0% offspring at PN 21 
(mean, 55 /xg/100 ml) although levels would be higher im- 
mediately after weaning at PN 18 In keeping with the find- 
ings from the first experiment, lead levels in 0.2 and 0.4% 
pups were in the range considered asymptomatic m the 
human population. 

As in Experiment 1, it is evident that age and level of 
stress (noise in this case) need to be taken into account to 
explain activity and defecation differences between lead 
treated and control rats. 

The frequency of defecation increases with age and in 
response to the stress of continuing confinement to an open 
field or stressors such as shock and noise [15,18] An exam- 
inatIon of defecation rates m the open field under the no 
noise condition showed low levels of defecation which did 
not discriminate between groups. With the added stress of 
noise, defecation rates were more substantial At the 
juvenile stage (PN 15 to 24), all rats demonstrated an rater- 
and mtra-sesslon increase m defecation. Between PN 35 and 
70 the within session increase in defecation was marked for 
rats from the 1 0% group on all days and 0.4% rats on the 
third day. 

As set out in Experiment 1, limiting a rat to an open field 
produces high initml activity which dechnes with time. If the 
temporal pattern of activity is examined for young rats in the 
no noise condition, there was a non-significant early eleva- 
tion in activity for 0.4 and 1.0% rats. The ambulation results 
for rats between PN 35 and 70 revealed a significant interac- 
tion between treatment and half-minutes in the field. Th~s 
was due to initial elevation in actiwty by lead treated rats 
However, this elevation occurred m the first 0 5 minutes and 
m contrast to results from the noise experiment (see below), 
activity was not kept above control levels beyond this time 

An assessment of ambulation scores for young rats under 
the stress of a noise revealed that all groups exhibited a 
s~mdar mtra- and inter-sess,on pattern of activity and al- 
though lead treated rats were more active than controls, the 
differences were not sigmficant. Older lead loaded rats were 
significantly more active than controls, particularly subjects 
from the 0.4 and 1 0% groups. For rats from the 0.4% group 
this elevated act~wty occurred dunng the imtaal minute in the 
field and was maintained for the first half of the trial on Test 
Days 1 and 2. Subjects m the highest lead group were also 
most active at th~s t,me and remained active across the whole 
session. They were stdl significantly more active by the third 
test day. 

It is notable that the pattern of an lntrasesslon decline in 
activity was more characteristic of older rats m all groups 
and the establishment of this pattern of act~wty made more 
apparent the resultant slgmficantly elevated activity by ex- 
perimental subjects Furthermore, lead affected rats showed 
a sigmficant increase m their activity with age characterized 
by an elevated m~tml burst of actiwty upon introduction to 
the field and the maintenance of this behavior over half- 
minutes m a dose related manner 

In th~s cross-sect~onal study where rats were tested at one 
age only, lead affected rats responded to the stress reducing 
properties of the open field by showing greater mltml activity 
and higher defecation rates toward the end of trials than 
controls Th~s effect was most apparent m older rats and m 
the presence of a noise but was also evident without the 
added stressor In the previous longitudinal experiment, rats 
had been removed from the home cage and placed in the 
open feld on 10 occasions before the complet,on of testing at 
PN 44 and were, therefore, becoming increasingly famdmr 

w~th test s~tuat~ons and less likely to find the experience 
stressful Elevated activity and defecation m lead treated 
rats were achieved on only two occastons At PN 15, the first 
day of testing when rats would have visual awareness of the 
environment, expenmental  animals exhibited elevated ac- 
t~wty On PN 28, the age at which rats were first placed m 
the larger open feld, lead treated rats demonstrated higher 
defecation scores 

Once agmn the effect of lead on behavior is varied, rang- 
lng from small or non-existent differences between groups to 
substantml and significant disparities in actiwty and defeca- 
tion However, by recognizing that response to novelty 
changes with age and level of stress (noise, previous expen- 
ence) it becomes apparent that lead loading exacerbates the 
typical stress response for a rat under prevailing conditions 
of testmg 

GENERAL DISCUSSION 

Much of research into the effects of lead treatment on 
behavior has been concerned with simply producing a differ- 
ence between groups This has led to a number of different 
results under varying test parameters. The present studies 
have shown that when the findings are viewed within a par- 
ticular conceptual framework a coherent picture emerges. 
By recognizing that the reaction of rats to the stress of a 
novel environment is dependent upon a number of factors, it 
becomes evident that lead loaded rats exhibit an enhanced 
response to stress. The nature of this response depends on 
the test apparatus used (open field or T-maze), age of sub- 
jects (pre and immediately post weaned versus adults), pre- 
vious experience (continuous placement in the apparatus 
versus experience at one age) and level of stimuli (no noise 
and noise conditions). Thus it has been demonstrated that 
lead effects can be seen as consistent, If the subtleties of 
animal behavior are taken into account rather than searching 
for gross differences per se. 

The testing of animals across a number of ages permits 
conclusion to be made m respect to the duration of behav- 
ioral aberrations after the cessation of lead treatment. The 
analysis of blood-lead levels in offspnng at regular intervals 
between PN 21 and 74 revealed a dose related decline in lead 
levels after weaning from the lead loaded dam and there was 
evidence of behavioral recovery as levels fell. Ambulation 
scores in the open field under the noise condition produced 
well defined disparities between groups. Under these condi- 
tions there was a dose related recovery in behavior. Off- 
spring from the 0.2% group reduced their activity to control 
levels by PN 35 and subjects in the 0.4% group approached 
control levels of activity by PN 70 However, rats from 1 0% 
dams contmued to be more active after this age, and at a time 
when blood-lead levels were quite small (mean, 10/zg/100 ml) 
All experimental groups evidenced a behavioral recovery in 
the T-maze by PN 40 Rehabilitation appears to be dose 
related and occurs as blood lead levels fall However, re- 
covery was not always apparent and it is likely that the type 
of test applied to the animal and variables measured deter- 
mine whether lead effects are ameliorated. For example, 
lead treated rats were still hypoactive with respect to con- 
trols at PN 44 after being tested In the open field from PN 3 
and although testing may not have proceeded to an age when 
recovery would be observed, the behavior of experimental 
rats appeared to be increasingly dwergent from control 
levels as the rats matured. The display of increased defeca- 
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t lon by  0 4 and  1.0% ra ts  in the  o p e n  field u n d e r  the  noise  
c o n d i t i o n  was  no  less  a p p a r e n t  b y  P N  70 t han  at  ear l ie r  ages  

F o r  resu l t s  to  be  u nequ i voca l  b e h a w o r a l  a b e r r a t i o n s  can  
on ly  be  a sc r ibed  to lead m the  a b s e n c e  o f  an  a c c o m p a n y i n g  
we igh t  loss.  Whi le  b e h a v i o r a l  e f fec ts  m this  s tudy  were  gen-  
eral ly  m o r e  a p p a r e n t  in ra t s  f rom 1.0% d a m s ,  s tgni f icant  al- 
t e ra t ions  m b e h a v i o r  we re  a lso d i s c o v e r e d  in 0.2 and  0 4% 
ra ts  R e c o v e r y  was  more  l ikely in ra t s  wi th  low lead levels  
bu t  was  a lso  ev iden t  in 1.0% ra t s  in the  T - m a z e  and  no  exper -  
imen ta l  sub jec t s  exh ib t t ed  r e c o v e r y  w h e n  r epea t ed ly  t e s t ed  
in the  o p e n  field. T h e s e  paral le ls  b e t w e e n  b e h a v i o r a l  def ic i ts  
in all e x p e r i m e n t a l  ra ts  sugges ts  t ha t  resu l t s  are  l ikely to be  a 

p r o d u c t  o f  lead t o x i o t y  r a t h e r  t han  nu t r i t iona l  def ic ienc ies  
A n  a l t e rna t ive  poss ib i l i ty  tha t  c a n n o t  be  ru led  out  is t ha t  lead 
at  va ry ing  dosage  levels  resu l t s  in p o o r e r  qual i ty  milk so tha t  
all lead  a f fec ted  ra t s  are  su f f enng  nu t r i t iona l  def ic ienc ies  of  
va ry ing  degrees  H o w e v e r ,  the  m o s t  s ignif icant  and  d rama t i c  
effects  m this  s tudy  o c c u r r e d  af te r  an ima l s  were  w e a n e d  and  
w h e n  nu t r i t iona l  defici ts ,  if  any,  would  be  d e c h n m g  
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