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“The goal of establishing an misal model of subclinical I.l‘d poisoning in
the developing ;:rmul has set wvith limited success. Mmy but Jn.m. all
investigators have been sble to d-::m:.nu an elevated motor activity in
rodnt.a that have received chronic lead 'tnatnnt. In addition, it has been
reported 'tlut lud-o‘:poud sbdﬁtl dhhay s "paradoxical” respomse to (NS ‘

‘stimilants. Both of these observations are comsistent with symptoms that have
been-described in children who have experienced subclinical™lesd poisaming.
"uuroduuul mmupti.au suggést that lud induced hypcn:t’ivity in rodents
asy be r.latod to alterations in mdr-unic snd dopaminergic snto- in the
cm. However, there is little concensus on the characteristic neurocheaical

p .q_hupi. if sny, associated with heightened locomotor activity obu'rnd in
d:miculy lead treated animals.

Thou is soms evidemcs to suggest that lead may not be oqmny distributed
to all regions of the brain and that the wetal -y prefereatially accumulate
in séme sreas of the ONS (e.g. hippocampus) over others. However, the kinetics
of lead distribution to differeat regioms of the brain hm not been examined.
Purthom, it m to be determined whether or not tlu unequal distribution
of lead in the brain will result in regiomal varistioms in the neurctoxic effects
of chromic exposure to the utu.

In mmy of the previous studies om chromic lead toxicity, the dose of -tal
administered was 30 large that tho relevance of observations made to subclinical

\lo;d poisoning is questionable. The presemt study was umdertaken to wumo

the behavioural™hd neurochemical consequemces of chromic lesd exposure in the
~ developing rast uﬂn; truly low doses of the -t;l. The doses of lead selected
foruutnthisstudy (o 1“0925-.1.-!/1;) npmtwthnnd 10 thu
respectively, the total daily intake of lead by the humen populatiom. I%is
usu-d that the resulting blood and brain lead concemtration in trested rats

will bolr soms relationship to the smoumt of metal that is found in lead oxpoud

vi.



vil,

children. .
A series of experiments were dntpod. to saswer the following ‘qmtim:
- Doss chromic exposure of rats to relatively low doses of lead result in s
heightened spontmmecus locomotor activity? :
- Will chronic lead treatment result in a generalized increase in locomotor
_activity over the whole circadian cycle or will hyperactivity be restricted to
S specific periods of this cycle?
. - Wil the extent of change in locomotor activity be rolatod'to the dose of lead
muncnd nd the duration of chromic exposure? :

- wl lead treated rats display an altered response to the ONS stisulant
d-ql%t‘-hu and, if so, will this altered response be related to lesd induced
changes in basal locomotor activity?

T -Do tiuu low cbscg of lead ruu‘lt in any significant alterations in the steady

"state levels of normun and dopamine in various brain regions?

- Do alterstions in locomotor .ctivtty of chronically lead treated rats correlats

with sny ch-ps in the brain regional levels of catecholamines?

- Are there sipiﬁcnt ¢ifferences in the distribution and kinctics of lnd

smong various regioms of the brain?

- Do n;ianl differemces i.n lead q-eutr-tia if say, correlate with any
varistions mg brain ngins in the nonrotuic offocts of chronic lud

sxposure? : : ' - m ey
By sttempting to mswer the above qmstfm the pmiuﬁ study .should further
WV
oux understamding of the behavioursl nd mch-icu cusqmcu of chronic

 low lml lead poimin;.
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Environmental Sources of Lead

Lead is one of the most common heavy metals presemt in the enviromment.

By measuring the cuacontnﬁca of lead in snow strata preserved in glaciers,
scientists have demomstrated that the concentration of lead in ice resulting
from precipitation has risen from 1 nglt; present in 800 3.C. to mthu

200 ng/kg recorded in more recent times (Murotusi et sl., 1969). This increase
in the lead contemnt oé the biosphc; over time has been attributed to t'ho
actﬁritlu o man. In industrialized centers of the world, a primary source
of lead in the environment has been the combustion of leaded gasoline by

" ailtomobiles and melter emissioms (Mardy et al., 1971; Lepow st al., 1975).

For urban man there are three msjor routes of lead exposurs; the air we breathe
and the food and water we conmume. Therefore, some of this metal f3 ultimately
absorbed resulting in an elevated body burden of lead (Lockeretz et al., 1975;
Landrigan et al., 1975a). For example, the mean comcentration of lead in the
blood of a sample population from an industrialized city (Ax;n Arbor, Michigan)
was 14.6 ug/dl. This is many times greater than 0.33 ug/dl... the megn blood
level measured for a similar sized suyle of natives living in a remote part

of a South American jungle (Hecker et al., 1974).

The amount of lead absorbed by individuals vary greatly depending on their
occupation, the geographical location of their residence and their eating habits
(Lepow et al., 1975; Caprio et al., 1974; Kasowski and Kasowski, 1976; Richter
et al., 1979). However, in order to sstablish a standard, it has been estimated
by the National Resurc}; C;nncil of Canada that the daily intake of lead by the
average Canadian is about 178 uf . Tﬁis is made up of 140 ug from food, 10 .g
from water and 15 .g from air (NRC, 197%) .-

In addition to the sources of lead intake described above, children are
sus'ceptible to further lead exposure resulting from the practice of pica or by

other hand to mouth activities. Up until the 1940's white lead was widely used



in the manufacture of indoor paints. Thus children with the habit of puc"m.
non-nutritional objects in their mouth and who resided lnloldor homes with
poo}{nllpllst.r and paint voro-found to be at greater &igy of experiencing

an elevated lead intake (Grigg¥ et>el., 1964; -Chisolm and Ksplan, 1968).
_McCusker (1979) in a recent paper demonstrated that there wvas 3 direct relation-
ship between exposure to paint and plaster and a rise in blood lead levels in
young children. 'This finding is in agreement with the observation that there

is a greater incidence of pica in children with what is considered moderate
(36;49 ug/dl) and high (50-67 ug/dl) blood lead levels (Johnson and Tenuta, 1979).
Lead from vehicle exhsust and smelter emissions eventually fall out of the.
atmosphere to contaminate the dust and soil surrounding a child's home and ~
plnyﬁng area. Dust samples taken from houses in Boston were found to contain
0.1% to 0.2% lead by uuight and the concentr\fion of metal measured in Boston
and Washington street dirt was greater than 0.5V (Needleman and Scanlon, 1973).
This is 250 times higher than the reported concentration of this metal in the
earth's crust (Merck Index). It is thought that in addition to pica, other hand
to mouthactivities typical of children such as sucking fingers and other
unhygenic practices insdvertently result in the ingestion of contaminated dirt
and dﬁst and thus contribute to the lead intake of children (Lin-Fu, -1973;
Landrigan et al., 1975a; Day et al., 1975; LePow et al., 1975). Sayre and co-
workers (1974) conducted a study in which they were able to demonstrate that
there was a definite relntion;hip\yetueen the amount of lead recovered from
children'{ hands and the household levels of metal. They-arzued that the lead
on the children's hand originated from house dust and that 15 a result of the
southing activities, {t would be ingested and abs.orbed. This ﬁu been con'ﬂrned
by Roels et al. {1980) who investigated the association between bi;Od lead
levels in children, the amount of metal on their hand and the airborn; lead
concentrations in the region where they lived. They determined that there was

a significant relationship between lead on hands and lead in blood. They



concluded that in children the ingestion of lead from cont'niutod hands
represented a source of intake that was of groﬂtcr importance than the sbsorp-
. tion of airborne lead via the lungs. Therefore, in addition to the daily
intake of lead from contaminated food, water and sir, these reports clearly
indicate that children are exposed to additional amounts of lead via pica and
other hand-to-mouth activities, |

The greater oral intake of lead by children provides an explanation as
to why their blood lo;d levels are elevated as compared to adults residing in'
the same region. Sayre and collaborators (1974) conducted a study in I;»cﬁuttr.
N.Y. where they observed that the mean blood lead levels of a group of children
(1-6 years old) was 44 ug/dl. This value was more than 2-fold greater than the
mean concentration of metal in the blood 20 ug/dl of adults from the same region.
Similar observations have been made by another group (Roels et al., 1980) who
investigated the blood lead levels of children residing in the vicinity of a
lead smelter. They found that the mean concentration of lead in the blood of
children living less than 1 km from the smelter was 27.8 ug/dl in comtrast to
18.0 ug/dl observed in s sample of adults taken from the same ares. Thcy also
noted that the blood lead levels of children from a rural area, so-t-dﬁt’an-ce
from the smelter, was less than half (10.7 ug/dl) of that of a similar group
who lived in the vicinity of the lead smelter. The observations described above
emphasize that children are at a greater risk of elevated lead intake in compa-
rison with adults.

Measures of Lead Exposure

)
Lead in blood exists in a dynamic state. A study of lead metabolism in

humans indicated that the kinetics and distribution of the metal could be inter-
preted by a 3 compartment model. As a result c;f excretory and redistribution
processes the concentration of lead in blood decreases when exposure is dis-

continued, the half life of lead in the blood was found to be 27 days



(llbiﬁwitz et al., 1973). There is evidence which indicates that the noxious
effects of the metal] can persist for long after the source of lead exposure is
removed (Mellins and Jenkins, 1955; de la Burbé et al., 1975). Thus it is important
"to be able to gauge both current and past incidences of lead ﬁauko. In contrast
to blood, lead is stored and retained by ca'lciﬂod tissues therefore the concen-
tration of lead in teeth can be used successfully u a measure of previous lead
exposure (Altshuller ot al., 1962). Studies using dentine lead levels have
confirmed :u:{"’m amount of metal to which an individual is exposed is s
function of geographical location (Needleman !t_:a_l_., 1972; 'de 1a Burbé and
Shapiro, 1975). However, since it takes some time for lead to be incorporated

in teeth, and because teeth are not readily sccessible, the concemtration of
lead in blood is still used as the primary messure of the smount of metal
absorbed P the body and in screeming studies to identify high risk children.

Ove? the'years, there has been considerable debate as to how much lead in
blood shotld be regarded as acceptable. In 1961, a subcommittes on Accidental
Poisonitu\ (Press et al., 1961) reported that the upper limit of normal blood
lead levels in children should be 60 ug/dl. This value was determined om the
basis that this was the concentration associsted with the omset of climical
symptoms of lead poisoning. However, epidemiological studies later demonstrated
that the range of blood lead levels in the general North American populatiom was |
15-40 ug/dl (Berman, 1966; Goldwater and Hoover, 1967; Blanksma et al., 1969).
Therefore the Surgeon General in 1971 (Steinfeld, 1971) recommended that 40 ug/dl
instead of 60 ug/dl should be established as the maximum allowable blood lead
levels. B3ibchemical studies have indicated that the heme biosymthetic pathway
is very sensitive to the presence of lead in blood. It has been demonstrated
that there is a positive correlation between blood lead levels and the concen-
tration of protoporphyrin in blood and researchers have observed that heme
biomthes‘u'\is affected even when biood lead values were less than 40 ug/dl

(Sassa et al., 1973; Tomokuni et al., 1975). In 1975 the Center for Dissase



Control (1975) conductod'n screening study of blood lead concentrations and
erythrocyte protoporphyrin levels. A significant fraction of childrea with
blood lead of 30-39 ug/dl were found to suffer from impaired heme biosynthesis
as detected by erythrocyte protoporphyrin determination. They concluded that
m lead absorption exists when a child has confirmed blood lead levels
between 50 and 79 ug/dl and/or erythrocyte protoporphyrin values of 60-189 ug/dl.
Neuropsychological Consequences of lLow Lsad Expasure in Children

One of the most dramatic consequences of lead intoxication is the damage
dons to the central nervous system (CNS) (Smith, 1964). 'Acute lead poisoning,
usually associated with blood lead levels greater than 80 ug/dl can result in

.c_:qino?uhy. This severe neurclogical disorder manifests itself in symptoms
" which inciude comvulsions, coms and respirstory arrest (Smith, 1964; Greengard
et al., 1965). In the more severs cases it can result in death (Niyogi ™

1974). The persistemt nsture of the neurotoxic effects of the heavy metal is
evident in the large percemtage of childrea who survive scute lead encephalopathy
but retain some brain damage. Mellins and Jenkins (1955) observed that 6 months
following lead poisoming st least 11 out of 1S children displayed deficits in
lmi ability and fine motor coordinatiom.

Although it is obvious that lead in large doses is highly neurotoxic, the
extent to which moderate .ucruu in lead intske damages the CNS is somewhat
less clear. Over the y;nrs. thers have been a number of reports which have
assessed the impact 6_1’ slightly elevated body burdens of lead on children's
behaviour. Many investigators have employed sensitive neuropsychological
measures in order to detect subtle changes in behaviour that :vould normally
escape clinical detection, hence the term subclinical lead poisoming is often
used to describe these cases.

In 1972, de la Burbé and Choate (1972) examined a group of 4 year old

children who had a history of aoderate lead exposure. None had clinical
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"symptoms, but the mean blood lead concentration was $8.0 ug/dl. These
thildren were compared to others from a similar socioocondnic'backgmmd but
who had had no unusual.exposure to lead. Results indicated that there was a
greater incidence of subnormal I.Q.' (Stanford-len:li) in children vlth.olmud
lead exposure. In addition, the lead exposed group displayed otl}or?bi:avlounl
disorders, such as extreme distractibility, with greater frequency 'thn dig
controls. A follow-up study.m dot;o 3 fears later by de la Burbé q-_,.cﬁ'uu
on these same children (de la Burbé and Chbcto. 1975). The authors demonstrated
that dentine lead concmtntiono-;f a sample of children from the orlginallf
defined lead exposed group " €202.1 ug/g) was gruter than that from the control
group (111.6 ug/g). These findings confirmed that the two groups of children
had indeed differed-in lead intake. Psychologiul assessaent of these 7 year
olds, using tl{e Yechler Intelligence Scale for children, indicated that the
lead exposed’ chi.ldren still had a lower 1.Q. than did the controls. Other
‘tests indicated that the lead exposed youngsters suffered from additional
problems such as reduced visual and fine notor co-—ordinlti.on. and these
children were found to still have a shorter attention span than control.s. The
results of this follow up study clearly indicate that subtle behavioural
disorders in lead exposed children are truly of a persistent nature.

These observations of reduced I.Q. in ;hilldren wvith slight 1p&ems in
lead body burden have been supported by otlier' studies ihich point to a relation-
ship between méhtal retardation and elevated lead intake (Beattie et al., 1975;
Landrigan et al., 1975; Needleman et al., 1979). Landrigan and coworkers
(1975b) using the Wechsler Intelligence scale test demonstrated that the 1.Q.
of le:d exposed children (mean blood lead level of 48 1g/d1) was significantly
lower than that of controls (mean blood lead level of 27 yg/dl), the mean scores
being 95 versus 103, However, the association hetween moderate increases in

lead intake and subtle behavioural deficits is not unequivical. VYotok (1972)

U




conducted a study in 'tduch he demonstrated that there was no' difference in mental
performance between controls (blood lead » 38 ug/dl) and lead exposed children

(blood lead « 81 ug/dl), but he did note that both of these groups of children

displayed dwolo;:uum delays relative to a third"poup of children from a
higher socimm: level, .In nuothc'-r study, Lansdown and colleagues (1974)
demonstrated that childrem living near a source of lead pollution had higher
blood lead levels than those who 1ived further swsy. Howsver, they found that
seasures of intelligence and boluvh;ur were unrelated either to blood lead
concentrations or to the distance of their homes from the pollution source.
In both of these reports (Kotok, 1972; Lansdown st al., 1974) it was implied
that social factors rather than elevated lead exposure were primarily respon-
sidle for the lower 1.Q. scores and grester frequency of behaviour disturbances.
There ars many confounding varisbles that can result in s aisinterpretation
of data in.studies of this nature. FElevated lead intake occurs more frequemtly
in immer-city area which are often associated with economic disadvantages.
Consequently there are a number of other factors such as poor educational
facilities, unstimulating home environment and inadequate nutrition that could
handicsp a childs mental development. These situations could d:l'stort the

effect that lead may have on s child's behaviour. Another source of controversy

" has been the sensitivity of behavioursl tests employed, obviously if the appro-

priate measures are not used then deficits will Bot be observed. Interestingly,
both Kotok (1972) and Lansdown and colleagues (1974) acknowledged the possibly
that the psychological tests they utilized sasy not have been sensitive enough
to detect subtle behavioural alterations that could result from subclinical
lead poisoning. ‘

In 1979, Needleman and coworkers (1979) published on a comprehensive study
in which they attempted to analyze some of the shortcomings of many of the
earlier papers. Using dentine lead levels so that they could more accurately

gauge 8 child's history of lead oxpos'uro. they identified two groups of school



" children within a population of first and second graders. The "elevated lead
group” were children with dentine metal levels greater than 20 ppm, whereas the
controls: or the "low lead group” as they were referred to, had concentrations
of 1d¥s than 10 pps in their teeth. After controlling for 39 possible
confounding variables including medical history, socioeconcmic status and
parents' 1.Q., members of the "hill;n laad group" were found to have a signiﬂ-.
cantly loyex 1.Q. than those in the "low lead group”. In additiom,)\the children
that had :;u elevated lead intake also scored less well than controls other
tests of verbal ability and were found to be less attentive and more'impulsive.
Based on their results the authors concluded that subclinical lead poisoning
sppears to be umutui with nmopsychololicu disorders that may interfer
.vith a chd's clusroc- porfomco.

It has also been suuostod {Dayid et al., 1972; Baloh et al., 1975;
Beattie et al., 1975} that some hcidmu' of hyﬁrmtivity in children may be
the result of subclinical lead poisoalu.l Hyperactivity is a multifaceted
behavioural disorder and in sccordance with this the American Psychiatric
Association Diagnostic and Statistical Mamual (DSM ITI, 1979) has suggested
that it be rensmed as "attention disorder deficit with hyperactivity”. The
diagnosis of this behavioural disorder is not made solely on the basis of
sxaggersted body movement. The following criteria have been established by the
Diagnostic Statistical Manual:

[

a) Exaggerated body mis. excessive crawling, tlimbing, walking or fidgeting

are characteristic. The quality of the activity as well as the quantity differs

from the norm.

b) Poor sttentiom spen, difficulity in ssintaining attemtion for a lomg enough
period to complete s task that has been started. )
¢) Impulsive behaviour, chromic ﬁtimo and low tolersacs threshold.

d) The above abnormalities persist for a durstiom of at least ome year.

e e A



When counselling and dshaviour modification techniques fail to L-provo a
child's condition, medication, in pu'tlculu'l d-amphetamine and msethylphenidate,
are often prescribed. This seemingly paradoxical response to CNS stimulants is
another feature of the hypcrictivo. syndrome. Clinical studies with hyperactive
children have d-on;tntd lthat following treatment with these agents, originally
pointless activity becomes more goal oriented (Conners et al., 1967), in additionm,
impulsive behaviour (Campbell st al., 1971) and aggression is notably reduced
(Winsberg ot al., 1972). Th:ro ‘have also been reports that treatment with CNS
stimulants results in a longer attention span (Sykes et al., 1972), improved
learning abilities and detter performance of fine motor tasks (Knights and
Hinton, 1969). '

In 3 study by David st al. (1972) the body burdcns of lnd in hyperactive
and nom- hrpoﬂctivo groups of children were captrod The diagnosis of hypor-
activity was determined by the observations of physicisns, teachers and parents.
The physician's rating scale was based on- the incidence ’of increased motor
activity, poor impulse control, short attention span, hyperexcitability and low
frustration tolerance. Children diagnosed as being hyperactive were subsequently
found to have significantly higher blood luld levels and the post-penicillamine
urine lead concentration of these children was also greater than that of
controls. Pemnicillamine is ametal cliolatiug agent which mobilizes much of the
lead stores in the body.: 15/601 of the hyperactive group versus only 20\ of
controls, the urine lead levels were in the toxic range. These findings thus
indicate that hypersctive children have an elevated body' lead burden relative
to controls\. This observation by David et al. (1972) has been confirmed by
.,othtr.rmrts_of elevated Jocomotor sctivity in children with pdoﬁtolr
increased lead levels (David, 1974; Balch et al., 1975; hummo st al., 1979).

It is interesting to note that while not all the studies of children with
elevated lead burdens have reported a greater incidence of exaggersted body
aoveasnt, for the -ost pert authors have noted other symptoms of ﬂu hyperactive
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syndrome in lead exposed childrem such as greater distractibility (Mellins and Jenkins,
1955; de la Burbé et al., 1972), fine motor dysfunction (Pueschel st al., 1972;
de 1a Burbé et al., 1975; Landrigan et al., 1975b) and heightened irritability
(Pusschel et al., 1972). In the study by Needleman and collesgues (1979)

hyperactivity per se was not reported: ln_ children from the high lead group.

However, it is interesting to note that these children aid display with greater
frequency than did the low-lead group, other. bghnviwnl pnttcm: that ars
typical of the hyperactive syndrome such as greater dist‘rgcti.bi.uty. lack of
persistance, inability to follow directions and lack of organizstion. The
authors explain this discrepancy by suggesting that teachers were relunctant
to label a child as being 'Myperactive”. This observation by Needleman snd ‘
coworkers (1979) emphasizes how ox.incr'bin can interfer with the accurate
assessment of neuropsychological function when subjective m: are
utilized and underlines the need for more objective studies of the relationship
between elevated lead jntake and hyperactivity.
Anima] Models of Chromnic Lead Poisoning o
In an atteapt to better understand the behavioural comsequences of chromic
increased lead intake many researchers have undertaken animsl studies of lead
poisoning. Since locomotor activity of small animals can be measured with little
or po bias on the part.of the researcher and with relative ease by using loco-
motor activit.y seasuring dc-mlces. animal studies have for the most part focused
on the qt'ustion as to whether or not subclinical lead poisoning results in
hyperactivity of developing animals. At the same time, numerous investigators
have wnod various neutochemical parameters in brains in an attempt to
slucidate the mechanism by which lead may alter behavicur. .
Pentschew and Garro (1966) demonstrated that a diet of 4% lead carbonate
administered to lactating rats can cause encephalopsthy in their suckling -
offspring. Whereas the mother rats were able to tolerate the 4% lead ﬁ:lot.

their litters developed symptoms of acute lesd poisoning. Between 23 and 25
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days of age, 90% of the lead exposed of_fspring developed transient parsplegis
which lasted no longer than 2 weeks and about 85-90% of thﬁc animals died
during this pericd. . Examination of the brains from the poisoned littefs
indicated that much of the damage was confined to the ccr;bollt- and was
attributed to an increased permeability of the intracerebral capillaries.
Nmopothlo;icall changes in the brain have also been reported in immsture
mice that have encountersd an increased level of lead intake via mother's milk
(Rosenbluma and Jﬁlmson. 1968). In another study of lead encephalopathy in rats
Goldstein and coworkers (1974) also observed hindlimb paralysis between 26 and
28 days of ‘sge in the offspring of mothers that were treated with lead ina
similar manner as were those in the study by Pentschew and Garro (1966). The
brains of these animals revealed diffuse hemmorages and severs edems which was
more prominent in the cersbellum than in other brain sreas. The authors
proposed that the observed damage was the result of increased cspillary permea-
bility md further suggested !:hat cerebellar capulnr'ios are mors vulnerable to
lead than those in other regions of the brain. These injuries observed in rats
exposed to large doses of lead are in accordance with hemorrhagic and edematous
encephalopathy observed in children suffering from acute lead poisoning (Lin-FPu,
1973 and Barltrop, 1969). The introduction of this animsl model of lead
poisoning i.nit;.atod an extensive study on the effects of lead on the behaviour
and usocht;d neurochemical systems in developing rollu.sts.

Kinetics of Lead —

In view of the greater vulnerability of newborn animals to the toxic
effects of lead, many studies have compared the kinetics of the metal in mcum
rodents and in adults. Experiments have indicated that age is an important .
variable vhich in.ﬂmncu the extent of lesd sbsorption from the gastrointestimal
tract (GIT). In 1971, Xostial and colleagues (1971) demonstrated that whereas
558 of an oral dose of radicactive lead was sbsorbed and retained over a 3 day

narind by 1 week old vups. only 1V was taken up from the GIT in older animals



, w_.lg!orptioh of lead and consequently may play a complex role in the increased
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(4 months old). Forbés and Reina ‘(.1972) have also observed that aga,lnfl;ncnces
the intestinal absorptlonl of the metal. These authors noted that prior to
wun.ing .lbout 90% of the lead dose is absorbed but within two weeks after
weaning 'tﬁo fraction of metal taken up from the GIT drops to 15V. Findings
of tlwttd sbsorptim of lead in immature rodents, have been confirmed in
-allm (Milles et sl.. 1977; Pounds et al., 1978)

The i.ntpstinal uptake of lead has been shown to be influenced by diet.

’ Qurtcma‘ and Morrison (1975) demonstrated that a reduced intake of dietary °

calcium and phosphate in adult rats resulted in an elevated absorption of

load. These results were later confirmed and extended by Conrad\ and hrtqn: g
(1978) who reported that in the GIT lead is absorbed primarily in the dusdemu.
They also found that calcium, iron and zinc decrease the 1ntesti.ul absorption -
of the metal. In addition, Conrad and Barton (1978) reported that substances
which couplex with lead and increase its solubllity enhance absorptim of the
motal. Milk is the principal dietary intake of suckling pups and 1t has becn
shown that the presence of ailk in a diet signif_icmtly increases the intestinal

uptake of lead in both adult and immature animals (Kello and Kostial, 1973).

Moreover, it was demonstrated that the milk sugar, lactose, is capable of

enhancing the absorption of lead from the GIT in weaning rats. Bushnell and
Deluca (1981) reported that llcto;e-in physiological quantities administered
by gastric intubatiom, .significmtly increased the intg:tinajl uptake into
blood of a single dose of radiolabelled lead that was alsd adninistered by
gavage. Bned. on the findings of the above studies, it was concluded that

milk, the principal food of suckling animals, influences the intestinal

sensitivity to the metal observed in developing animals.
In addition to the differences in intestinal absorption of lead between
developing and adult animals, differences in the kinetics of lead distribution

and excretion hayve also been described. Moacilovic and Kostial (1974) noted



that the rate of eulinntion of lud from the whole body was lmr in suckling
pups (15 dnys old) as compared to adult (150 days old) rats. 'l'his observation
cf prolonged retention of lead in immature rats have been conﬂrlod in mice by
Keller and Doherty. (1980) who demonstrated that tho rate of lead elilinatiou

from the whole body of 10 day old mice was leu rapid than eli-imtion of the

metal from mice tlut were 13 to 16 weeks old. Thus it appears that thc gruter :

vullncrnblnty of immature rodents to lead poisonlng could be due to an elevated
uptake and prolonged retention of the metal by these younger animals.

Both clinical (Barry and Mossman, 1970; Barry, 19.7_5). and animal studies
(Mykkinen et sl., 1979; Mykkinen et al., 1980) on the distribution of lead to
the various organs of the body indicate that the lowest concentrations of the
" aetal can be found in the brain suggesting that the ONS is better protected
sgainst lead exposure. Houmr. ‘there 1s evidence to suggest that in i-ature
animals the brain is more accessible to the metal. Following a single dose of
‘ndiolabolled lead aé.nltiist‘ered intraperitoneally, Hom¥ilovic and Kostial (1974)
observed that a greater fraction of the dose had accumulated and was retained
in tl;e' brain of suckling rat pups when compared to the adults. Fl.xrthemre, a
:tudy on the effect of age on tissue distribution of lead (Myk_k:nm et al.,
1979) has demonstrated that whereas liver and kidney lead levels parallel.thc
declinq in blood lead, with increasing age and duration.of_ treatment the metal |
content of the brain remzins consistently el?nted for up to 7 weeks of age.

Therefore the increased deposition of lead in the brain incurred by an animal
| during its early stages of devﬂop-ent can persist into adulthood and continue

to exert its tc';xic effects on the CNS.

In addition to interorgan differences in lead distribution there have been
. —
reports that lead is not deposited equally to the different ateas of the brain.

one of the first reports of regional variation in lead distribution came from

Stowe and colleagues (1973) who reported that in dogs receiving chronic lead

13.
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treatment the coqccntratibﬁ of lead in the occipital gray region of the brain
(2.347 pp;) was significantly greater thian the lead content of seven other
brain areas examined. Fjerdingstad and others (1974) roported thak in untreated
ritslthe concentration of lead in the hippocampus was much greater than that in
hnlf-brains and it was later demonstrated that Frcre is also a selective
accumulation of.the motal in the amygdaloid regiJ;s of the rat brain (Danscher
. et al., 1975). Th§ findings of preferential deposition of lead in the hippo-
campus has been confirmed in chronically lead treated rats in a recent study
by Fox and colleagues (1982). 'It is interesting to note that the hgnvy-notul
selectively accumulates in the hippocampus, an area of the brain thought to be
'1nvolved in the process of habituation to a novel stimulus and the central

r.gulation of goal directed behaviour (Sanwald et al., 1970; Powell and Hines,,

- ")

..1974).

!

Effect of Chronic Lead Treatment on Locomotor Activity

Silbergeld and éoldberg (1973) were among the first to report on lead 7

fnduced hyperactivity in rodents. Newbomn mice were exposed to lead via its

" transfer from the mother's drinking uaterﬁio milk on which the suckling animals

. fed. The dams were exposed to three lefels of metal; 2, S or 10 ng lead/ml of
drinking water. At zll doses the iocomotor activity of lead treated offgfring
was significantly elevated relative to age natched controls. The lead poisoned
nice were also found to be more aggressive than the untréated groups as
denonstrated by a greater frequency of fighting among littermates. However,
the a;ses of metal used in this study were so large that some of the animals

' developea symptoms of severe neurological damage such as ataxia of the hindlimbs,
the largest level of lead exposure even produced convulsions and deaths. In
addition, growth and physical development was retarded in pups at all levels of
treatment. This observation is of particular significance in view of the recent
studies which have demonstrated that.undernutrition or food deprivation alone

can cause hyperactivity in rodents that have not been treated with lead (lLoch
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ot al., 1978; Yamamoto and Kutscher, 1981).

Michaelson and coworkers (Sauerhoff and Michselson, 1973; Michawlson and
Sauerhoff, 1974) were first to roporc on lead induced hyperactivity in the rat.
Their experimental design was considered sn improvement over that of Silbergeld
.and Goldberg (1973) in two respects. First the dose of lead administered was
reduced to a level such that symptoms of severe neurological damage were not
evident. Secondly, the control pups wers raised by pair fed mothers. Pair
feeding is the process by which control mothers were given a restricted quantity
of .rc;ular_ rat chow that was equivalent in weight to the amount of lead con-
taminated food consumed by dams in the treatment group. In so doing, the )
discrepancy in nutritiomllinuko between untreated and lead exposed mothers
was minimized. This was a necessary control because Michaelson and Sauf_r_hoffu
(1974) had demonstrated that lactating rats raised on a lead contaminated die't
(5% lead acetate) consumed 30% less foodqif‘hm controls which would resultr in
undernatrition of the pups'. thus introducing a confounding varizbl‘e. No
significant differences in physical development was observed between the

of fspring of lead treated and pair fed control mothers. However, examination

of behaviour revealed an elevated locomotor activity and heightened aggressiveness

in the lead exposed group as compared to the offspring of pair-fed controls.
These observations by Michaelson and Sauerhoff (1974) clearly demonstrated that
lead induced hyperactivity in the rat is not necessarily associated with retarded
body growth.

As discussed earlier one of the characteristics of the hyperactive syndrome
in some children, isl their paradoxical response to ONS stimulants (Sykes et al.,
1972; Winsberg et al., 1972). This clinical obsmation too has been
d;.\plic:ted in animal models of lead induced hyperactivity. Silbergeld and
Goldberg (1974) reported that lead exposed hyperactive mice displayed an
unusual response to centrally active drugs. As expected injection of amphetaa:ne

and uethyuhenid;te increased the‘ locomotor activity of controls. However,
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in lead treated hypet.-active mice these drugs significantly suppressed their
elevated motor activity, Furthermore, a CNS dcprn.s‘ant drug, phenobarbital,
produced as expected a decrease in the motor.activity of 'control minal; bu_t
caused a further increase in the ;lrudy heightenad loco-otlon in lud

poisoned mice. A more extensive pharmacological investigatlon of chronic lead
poisoning (Silbergeld and Goldberg, 1975) t:vealed that lead treated hypen‘ctive
mice disﬂayed'nlter#d locomotor responses to a number of other centrally active
drugs including apomorphine, atropine, benzotropine, L-DOPA, fenfluraaine and
physostigmine. Lead exposed mice were found to respond in a similar manner *
as did the cofftrols to other drugs; for exagple, chlorpromazine causcd
sedation in both groups of animals. Neostigmine a qUaternary anticholinesterase
which in contrast to physostigmine poorly penetrates the blood-brain barrier
and consequently had minimal central activityihad no effectmgn lead induch
hyperactivity. =
The phegomenon of lead induced hyperactivity in rodents is not without
controversy. In contrast to previous studies, Sobotka and colleagues (1974 and
1975) failed to observe an increase in basa! locomotor activity of lead poisoned
rats although they w;rc able to duplicate the earlier findings of a "paradoxical”
response to d-amphetamine by animals that had received chronic lead treatment
(Sobotka and Cook, 1974). Unlike the earlier experiments, in these studies by
Sobotka and coworkers {1974 and 1975S) lead was administered daily directly to
the pups via gastric in;ubation and doses of 9, 27 and 81 mg lead acetate/kg

were used. However, Overmann {1977) observed a significantly elevated

pmotor activity in rats that were also treated directly (by gavage) with similar
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doses of lead (10, 30 and 90 mg lead acetate/kg; daily). Thereforc it does not scem

that the difference in the method of lead aiZainistration could account for
the varied results. Other workers (Krehbdriel et al., 1976; Cutler
ct al., 1977, Grang et al., 1980; Rafales et al., i1C81) have reported an

unaltered motor activity in animals exposed to lead indirectly via the mother's



milk in a similar manner as had been used in sarlier experiments which reported
incidences of hyperactivity (Ssuerhoff and Michaelson, 1973; Silbergeld and
Goldberg, 1973). It would ti\orifore appesr that the method of lead adminis-
t.ratiop to the pup'(be it either directly via gastric intubation or indirectly
via mother's milk) {s not the confounding variable which could explain the
inconsistent findings. The controversy surrounding the effects qf lead on
motor activity is further fueled by observations of reduced ioco-otor activity
in lead poisol:od rodents. Oriscoll and Stegner in 1976 reported a significantly
lower level of open field motor ac‘tivity in rats that nm‘ exposed to lead via
their mother's milk. The metal was administered to the dams via their drinking
water using a similar concentration (AI mg lead acetate/ml) as was given by
Silbergeld and Goldberg (1975). Furthermore, the running wheel activity had
been found to be significantly reduced in the offspring of rats treated with
0.1 mg lead chloride/ml (Verlangieri et al., 1979) and 1 mag lead acetate/ml
¢lastings et al., 1977} in their drinking waters. The offspring of mice exposed
;o 0.02s, 0.05 and 0.1 ag lead acetate/ml have also been found to be hypoactive
relative to controls as measured by magnetic locomotor activity measuring
devices (Modak and Stavinoha, 1979). '

of thirty papers on the effect of subletha] lead exposure on locomotor
activity, about 50\ have demonstrated lead induced hyperactivity, I3t found
that the metal had no significant effect and 17V have reported a reduced
locomotor activity in lead exposed animals. Because of the varied methods or
lead administration employed it is difficult to establish a dose-response
relationship between lead and locomotion. However, as has been discusscdl
earlier, there have been a few cases where different experiments that were
'using similar doses of metal and the same route of administration have produced
confliczing results, suggesting that variables other than the dose of lead and

» method of administration may e responsihle for at least some of the conflicting
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results. .

" Strain dependent variation in the .circadhn‘pattoﬁ: of locomotor activity
has been observed in rats (Lemmer ot g . 1981) and there have been reports of
differences in locﬁnotor resppnse to centrally active agents between vnriqik;
strains of mice have also been reported (Davis et al., 1974; Anisman et al.,
1975). In addition, Mykkanen and coworkers (1980) demonstrated that there is
‘a varied sensitivity to.lend poisoning between different strains of rats. With
x"egard fo physical aﬁd neurological development of newborns they observed that
the Hooded strain was less susceptiﬁle than the Wistar strain to lead intoxica-""’
tion. Over the years, there have been at least Ii\reports on lead and locosbtor
';ctivlty which have utilized the Sprague;Duulef'Strain of rat, 8 (62%) have
found hyperactivity in the lead treated animals. Of 5 studies that used the
Lonj-Evans strain 3 (60%) noted an elevated l;;or activity in the poisoned
animals. Moreover, 48% (n.2l) of those investigators that used rats reported
significant increases in locomotor activity whilit a similar proportion of the
mice 57% (n:z7) were also found to be hyperactive. Since the proportion of
different strains and species which have reportedly displayed hyperactivity
following lead treatment is similar, it would appear that the lead induced
hyperactivity is not strain or species dependent.

it has been demonstrated that hyperactivity in lead poisoned rats is of

a transient nature (Reiter, 1977; Dubas and Hrdina, 1978)° Dubas and
Hrdina (1978) reported that the motor activity of lead treated rats was
significantly elevated between 6 and 10 weeks of age but had returned to within
the range of controi activity levels at the age of 12 weeks. This would suggest
that age at the time of activity seasurement may be a confounding variable.
However, upon examination of many experimental reports on postnatal lead
cexposure and locomotor activity we found that the age range of those rats

reported to be hyperactive (13-84 days) was similar to that of the non-hyper-

active lcad treated cases (21-90 days). From this we can conclude that age alone



13 not likely to be the variable responsible for the inconsistemt locomotor
sctivity findings in lead treated rodents.
- When messuring locomotor activity some authors (Saverhoff and Michaslson,
1973; Krehdiel et al., 1976; Dubas and Hrdina, 1978) have recorded the total
body movements of groups of u':hnl: collectively whilst others (Silbergeld and
Goldberg, 1973; Sobotka and Cook, 1974) have assessed the locomotion of esch
anima]l individually. .A distinctioq should be made between these two methods
- of measurement, since group activity %n addition to rieording the spontaneous
locomotor activity of individual animals, also rt!loc;s :ho degree of social
interaction between members of the group. Upon examination of the results from
previous experiments on lead and behaviour we noted that 60% of researchers
that measured group agtivity reported an elevated locomotor activity in
poisoned animals. Of the remsinder who recorded the motor activity of indivi-
dual animals a similar fraction (61%) reported incidences of lead induced
hyperactivity. This comparison indicates that although the two sethods of
measurement record different types of body movements, it does not appear to
make any difference to the detection of lead induced hyperkinesis.

The locomotor activity of rodents is characterized by its relaiionship
to the dark/light illumination cycle in a circadian rhythm. Rodents are
nocturnal animals and as such are always markedly more active during the dark
period as compared to the light period of a circadian cycle (Holmquest et al.,
1966). Lemmer and Berger (1978) demonstrated that a dopamine 8-hydroxylase
inhibitor FLA 63 elevated motor activity during the light phase, but in
contrast caused a reduction in activity during darkness. This phase dependent
variation in locomotor response has also been observed in lead treated rodents.
In a study by Dolinsky and coworkers (1981) the locomotor activity of mice
treated with lesd pre- and postnatally was examined for 3 hours, at
different times during the circadian cycle. The authors observed that whereas

the locomotor activity of lead exposed aice was significantly greater than that



20.

of mtn;tod snimals during the dark phase no difference in locomotion was
noted between the anisals that had received lead trestment and control during
the light period. It is interesting to note that in instances whcr't lead
induced hypoactivity has been observed and where the lo@or activity of
lead expofed rodsnts was compared with that of controls during both the dark
snd light cycle, some investigators (Reiter and coworkers, 1975; Modak and
Stavinchoa, 1979) have reported a significant reduction in both the nocturnal
and diurnal activity of chi-miully lead tresated rodents u compared to .
controls.

On the basis of the comparisons made earlier between t!.x'o controvers.hl
studies on the effects of lead on locomotor activity, it appears that the method
of lead adlinistration: species and strain differences, age at time ;; testing,
or group versus individusl activity uuMs do not singularly 'o:plnn the
conflicting findings of previous experiments. However, we cannot rule out the
possibility that an interaction between some or all of the above factors may be
responsible for some of the inconsistent results observed from the different -

laboratories.

Central Regulation of Locomotion '

Central regulation of locomotor activity is thought to be mediated 8t least
in part by dopaminergic ad noradrenergic systems in the brain (Benkert ot al.,
1973; Pijnenburg sand Vsn Rossum, 1973). Dopamine containing neuruns in the rat
brain are condensed systems with highly specific and organized pathways that are
located primarily in the upper sesencephslon and diencephalon regions (Moore and
Bloom, 1978). There are three major components to the system: 1) the nigro-
striatal pathway which originates from the substantia nigrs amd ventral tegmental
area; the axons of cells in this pathway tc;'linato principally in the neostr'htt-
and globus pallidus; 2) the mesocortical pathway; the neurons of this pathway
have their cell bodies in the ventral tegmental ares and terminate in the frontal

and cingulate cortex as well as the limbic system. The constituent of the
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mesocortical pathway that imnervates the nucleus accumbens and smygdala is

- sonetimes diltin(uishod and identified as the mesolimbic system; 3) the tubero-
infundibular system; dopamine containing neurons or'iginatin. in the arcuate
nucleus prpject their axons to the pituitary stalk. This system is important
for central neurcendocrine regulation. )

In contrast to the dopaminergic pathways, the noradrenergic neuromal
system in the rat brain is a diffuse network innervating many regions of the
CNS (Moore and Bloom, 1979). Noradrenaline containing neurons originate from’
cell bodies located in the region of' the pons and medulla. The locus c;:orulm
is made up of A¢ and A7 cell bodies and contains the most abundant norsdrenergic
neuron population. Axons from this group of cell bodies project rostrally via
the dorsal catecholamine bundle and the median forebrain bundle to inmervate
the cortex, thn.l'a-.n. hypothalamus and other structures of the limbic systea.

A second grouping of cell bodies A), Az and Ag ars also located in the medulls,
These neurons collectively form the ventral catecholamine tundle and via the
median forebrain bundle thay innervate the septal area, the periventricular
region and the substantis nigra among other structures of the brain.

The role that catecholamines play in the regulation of locomotor sctivity
has been extensively investigated. Benkert and coworkers (1973) pharmacologically
manipulated catecholamine metabolism in rats to cause an increase in endogenous
noradrenaline and dopamine levels in brain. Associated with the rise in whole
brain concentrations of catecholamines the suthors observed a significant
elevation in the locomotor activity of rats, they also noted an incressed
incidence of fighting smong these \an:lnls. Sililar'obsgﬂl.tions were made dy
Pijnenburg and van Rossum (1973). In their ytudy exogenous dopamine injected
directly into the nucleus accumbens of nhluido-protmiod rats utgad &n
tncrease in motor activity of the animals. In addition, the apthors noted that
dopamine produced a greater stimulation of locomotion than did noradrenaline.

It was later demonstrated (Pijnenburg et al., 1975) that in the nucleus
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accumbens the dopaminergic system is the principal pathway via which catechol-

amines exert their effects.

Amphetamine is s sympat t which enhances the activity of

br.:th noradrenergic and do in the CNS (Glowinski and Baldessarini,
1966; KcXenzie and Szerb, 1 Moore, 1969; von Voigtlander and Moore,
1973; Horn et al., 1974). The behavioural effects of d-amphetamine are dose
dcpcndnnf;. Low doses (1.5 mg/kg) elevate locomotor activity while hi.gh doses

(5 mg/kg) produce stereotypic behaviour. Using this varied response to amphetamine
Kelly and collo:guu (1'975) demonstrated that locomotor activity and stereotypic
behaviour in rats are probably contrclled by separate dopaminergic systems in

the brain. They cbserved that 6-hydroxydopsmine induced lesions of the dopsmine
psthways in the caudate nucleus caused a suppression of the stereotypic behaviours
noraally associated with high doses of amphetamine but did not alter the

elevated locomotor activity mpimu to low dpses of the drug On the other

hand, similarly induced lesions of the dopaminergic systems in the nucleus
accumbens had no effect on the stereotypic response to high doses of amphetamine
and dramatically suppressed the elevated locomotor activity normally caused by

low doses of the CNS stimulant. Kelly and collesgues concluded that the

dopamine pathways in the caudate are essential for amphetamine induced stereotypy
while the dopsainergic system in the nucleus accumbens problbly' play an important
role in locomotor activity responses to the drug. ‘

The importance of noradrenergic mechanisams in the regulation of locomotor
sactivity has also been de-t;nstratcd. The administration of an a sdrenergic
receptor blocking agent (phenoxybenzamine) to rats was found to inhibit the
spontaneous lpcomotor activity of these animals indicating thet the proper
ﬁmc_tion{ng of the central noradrenergic systems is necessary for the regulation

of basal motor nct}vity’ ia these animals (Msj et al., 1972:). It is also
thought that llphetl.li;le induced hyperactivity in ﬁts is mediated partly via

the stimulation of central g-adrenergic receptors located in the brain (Maj



et al., 1972b;. And‘a and coworkers (1977) cxllino; the role of noradrenergic
systems in L-dopa induced hyperactivity, and écncludod that noradrenaline
receptor activation was probably invoived in iodiating the elevated locomotor
activity response to L-dopa. Lemmer and Berger (1978) proposed that whereas
dopamine may be involved in regulation of nocturnal locomotion, noradrenaline
is proh,bly assogiated with the control of diurnal locomotor activity.
Neurochemical Consequences of Chronic Lead Poisoning _

The possible involvement of brain catecholamines in lead lnducod'hypcr-,
nciivity was first reported on by Sauerhoff and Michaelson (1973) who observed
a significant decrease in whole brain dopamine levels of lead exposed hyper-
sctive rats. Since this report there have been several investigations into the
concentrations of noradrenaline and dopamine in the brains of lead exposed
rodents. The findings of reduced dopamine content in the whole brain of

poisoned animals (Ssuerhoff and Michaslson, 1973) has been confirmed and extended
by further reports of significantly lower levels of this catecholamine in the
cortex (Dubas and Hrdina, 1978), stristum (Jsson and Kellogg, 1931j and hypo-
thalamus (Dubas et al., 1978). However, othér studies have found no changes in
the dopamine concentrations in the whole brain (Golter and Michaelson, 197S;
Schumann et al., 1977) or brain regions such as the cortex (Grant et al., 1976;

' Sobotka et al., 1975), striatum (Grant et al., 1976; Dubss and Hrdins, 1978) and
'hypothtlms_,‘{ﬁriht et al., 1976) in rodents that have received chronic lead
treatment during postnatal development.

The results of investigations into brain regional noradrenaline levels of
lead exposed animals have also been controversial. In their 1973 study,
Sauerhoff and Michaslson reported no significant changes in the whole brain
concentration of noradrenaline in treated rats relative to controls. In a
reappraisal, Golter and Michaelson (1975) found that noradrenaline levelg were
elevated in the brains of lead exposed rats. Analysis of the noradrenaline

content of the brain by reglons has failed to resolve this c;ntroversy. In



rodents receiving chronic lead treatment during postnatal development researchers
have observed that tho.noradronnlino levels in the cortex -.y be reduced (Dubas
and Hirdina, 1978) or unchanged (Grant et al., 1976) and in the striatum, the
level of this catecholamine has been observed to be lower (Dubas et al., 1978;
Dubas and Hrdina, 1978) or uhaltered (Grant et al., 1976).

In addition to investigating the steady state }cvols of noradrenaline and
dopaaine in the CNS of lead poisoned animals, resenrchgrs have also examined
other measures of catecholamine function both at the presynaptic and post-
symptic'lwel. Much of the research has concentrated on dopamine and relatively
little work has been done on the norad;enargic s;ste-:.

The effect of chronic lesd treatment on the turmover rate of dopamine in
various regions of the rat brain has been investigax;d axton:ively by Govoni
and others (Govoni et al., 1978; Govoni et al., 1979; Memo st al., 1979;

Govoni et al., 1980; Memo et 2_.'. 1980). These researchers have consistently
observed that in lead poisoned rats dopamine turnover is elevated in the

nucleus accumbens, reduced in the striatum but remains unaltered in the substantia
nigra. These findings have been confirmed in part by s study from snother
laboratory which also demonstrated a significant reduction in the rate of
dopamine turnover in the striatum of lead poisoned rats (Jason and Kellogg, 1981).
In contrast to the experiments conducted by Govoni and colleagues (1978-1980) in
which they measured the accumulation of dopamine metabolites following the
inhibition of synthesis with a-MPT, Jason and Kellogg (1981) estimated the rate
of turnover by measuring the rate of decline in the levels of monoamine itself
following the administration of the tyrosine hydroxylase inhibitor.

Experiments which examined the effects of lead on °H spiroperidol binding
to dopa;inergic receptors (Govoni et al., 1979) demonstrated no significant
alterations in the mmber (Bpax) or affinity (Xp) of dopamine recept;;; irf the -

stristum of rats following chronic lead treatment. Lucchi and colleagues (1981)

investigated the effects of lead on the two subclasses of dopamine receptors, D
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and D;. The suthors reported that while chronic treatment with the metal had
no significant effect on the D; receptors in various brain regions tyo} noted
an incre;se in the number of Dy receptors (Byay) in the striatum and a reduced
number (l.u) of the same receptors in the nucleus accumbens in lud. exposed
rats rolativo to control. The observation that in vivo lead oxposur. has no
effect on the By, or Kp of dopamine receptors linked to ndcnylnto cyclase is
in agreement with earlier studies which found that dopamine stiunlated adenylate
cyclase and cAMP levels were unaltered in various brain regions of chronically
lead ‘treated rats (Govoni et al., 1979; Govoni et al., 1980). There have been .
reports-'of reduced ademyl cyclase activity in the CNS following in vivo and
. yitro lead exposure (Nathanson and Bloom, 1975; Ewers and Erbe, 1980). However,
in contrast to Govoni et al. (1979) the above researchers (Nathanson and 81001///
1975; Ewers nnd Erbe, 1980) did not specifically measure the activity of
dopllino-sensitive adenylate cyclase. - Therefore the reduced basal adenylate
cyclase activity that they observed following lead exposurelay be a reflection
of changes in neurotransmitter mechanisms that are not specific to the dopami-
nergic pathways in the brain.

Numerous studieQ have attempted to correlate neurochemical alterations in
the CNS with hyperactive behaviour resulting from lead exposure. Researchers
have reported that nor;dronorgic mechanisas may be enhanced (Golter and
Michaelson, 1975; Silbcrgela and Goldberg, 1975; Dubas and Hrdina, 1978) or
suppressed (Dubas and Hrdina, 1978) in various brain regions of lead treated
hyperactive animals. On the.other hand, there are a number of papers which
;ugggst that there is a correlation between depressed function of dopanine?zic
pathways in the brain and hypera&tivity in rodents treated with lead. The high
affinity uptake of dopamine by forebrain synaptosomal preparations from lead
trested hyperactive mice have been reported to be lower than that of controls
(Silbergeld and Goldberg, 1975). In addition, Dubas and Hrdina (1978) observed

that the transient elevation in motor activity of lead exposed rats was in
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temporsl phase with transient reductions in dopamine content of the cortex, hypo-
thalasus and midbrain. ' Purther investigations have reported a significantly
slower raio of dopamine turnover in the striatum (Govoni ot al., '1980) andll
decrease in the K+ induced release of this catecholamine from forsbrain slices

as well as a reduction in the dopamine stimulated adenylste cyclase activity of °
;ho neostriatum (Wince et al., 1980) in h;pcrtctive rats that were poisoned with
the metal. Hence while it is apparent that hyperactivity in lead poisoned
rodents may be the result of metal induced changes in catecholamine neuronal
.l}stlls of the brain, researchers are yet to characterize the exact neurochemical

alterations associated with this behavioural disorder. .,
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ggggrilontsl Design ,

) ”Lactating dams of the Sprague-Dawley strain (Canadian Breeding Parm Ltd.)
with one-day éld litters were housed individually in plastic cages lﬁd were :
given Purina Laboratory Chow and tap water gg_libitun. Lead measurement by
atomic absorption spe&trophotonetry revealed that the concentration of lead in
a random sample of lab chow was 0.211 ug/g. At two dfys of age the pups were
pooled and randomly cross-fostered, 10-12 pups were returned to each dam and an
attempt was made to have equal numbers of both sexes in each litter. The ﬁhps
were weaned at 22 days of age on the same diet fe; to th;ir mothers and at 29
days they were separated on fhe basis of sex. - Control and lead-treated rats”
were housed in separate cages, )

Lead was administered to the pups by gastric intubation, a polyethylene tube
was passed‘doun the oesophagus and into the stomach via'whi%h an appropriate
volume of lead acetate solution was dispensed. Controls received an equal
amount of sodium acetate. All solutions were made up in distilled water,
During the first two.wegks of treatment the concentrations of the lead acetate
an& sodium acetate solutions were such that a volume of 5 wl/g body weight
was administered to each pup. As the animals grew, the concentrations were
adjusted regularly so that the volume given to each rat did not exceed 0.3 n;s.
Treatment was carried out at the same time each day.

The bo&y weight as well as the onset of developmental landmarks such as
incisor eruption, hair appearance, eye opening and ability to walk were monitored
daily. At the end of the eiposure regimen, the animals were sacrificed by
decapitation and blood was collected from the trunk. The blood was stored in
heparinized polypropylene tubes at -49C until used for blood lead measurement.
The brain was rapidly removed then placed on an ice-cold aluminum block and

carefully dissected into cerebral cortex, striatum, hippocampus and midbrain

as defined by Glowinski and Iversen (1966). Brain regions were placed in poly-
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propylene tubes and frozen imsedistely in 1iquid nitrogen them stored at -409C

. until analyzed. Regions dissected from one half of the brain (sagittal pluoi

t

were used for the assay of nondﬂnauno.md dopamine concentrations or for the
estimation of the turnover rate of noradremaline vhile samples from the other
half were used for the dot_orﬂnation of l'ead content.

The data presented in this thesis are the results of six series of

1t

_experiments (ses" Table 1). Series A was designed to be s reference study which

would enable us to compare our results with regard to the effects of lead on the

circadian pattern of locomotor activity, with observations made by other
researchers who had used similar doses of the nefal. Beginning at 3 days post
partus pups received daily 10.0 mg lead/kg, via gastric intubation until 4 weeks
of age (Series A)., The diurnal locomotor activity patterns of these animals
were measured at 3 and 4 weeks of age. In addition, at ~ weeks we compared
the locométor responses of control and treated animals to the ONS stimulant
d-uphetlgine.

In or;dcr to investigate the consequences of moderate lead exposure, groups
of rats uerle treated via the ora! route with 0.1 mg lead/kg dailvy from 3 lavs .
unt‘il'-i, 6 or 8 weeks _of age ‘Series B, C and D). The basa] circadian moT:r ‘\\
activity as well as the locomotor response 2o i-amphetamine were recorded wher
t he lnil{ls were 4, = and 8 weeks old. Ar these ages we also examined the
steady stat;: levels of norldren_al::e in the cerebral! cortex m::'. Yippocamyus,
as well as the concentrat:i:on of Jdopamine :n the striatum anc hippocampus
The lead content of four bra:in regions, the Cerebral cortex, striatum, hirro-

campus and midbrain were aisc leterained. A roup 5! IORITT. anl leal exrosel

rats were withdrawn following 9 weeks -f treatzent and kept foroam addiviona.

2 weeks Series I} *n o these an.nbh.s we examine! *he efferts f eithiramea!
from elevatel leal expcsure Cn D ISRITTI AlTivite, M DTAIN Tegional Ldielno
1mine levels and an o the  Lmo_emtTal. ot Colralo o7 TIood Anl LATLL LY aTCal R 2

NS )
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‘ TABLE 1
- Schedule of Lesd Treatment I
Series " Dose; Duration of Age at SLA Measurement? Age at CA and
) Pb Exposure* Basal d-Amp. Response Pb measurement$

A 10.0 ag/kg; 8 wks 3,4 ? ' .

i 0.1 mg/kg; 4 wks 4 1 - 1

c 0.1 mg/kyg; 6 wks ' 6 . 6 6

D | 0.1 mg/kg;, 8 wks 8,10 ] 9,10

F 0.025 mg/kg; 8 wks 3,5,6,° g

‘-Beginning at 3 days and continuing until 4, 6 or 8 weeks of age lead 'Pb) was
adm:in:stered to rat pups daily by gastric intubation as a lead acetate
solut:iam. Tantrols received an equal amount of sodium acetate. In Series D,
4 grour ¢ anumals that had been exposed 0 0.1 ag lead/kg for 8 weeks were
withirawn from treatment and kept for 1 weeks at which time (i.e., 10 weeks of
age “er~av:cural and neurochemical measurements were conducted.

lit _miicate: ages, the :nd:vidual spontaneous locomotor activity /SLA) of equal
: + ssntrol and .ead exposed rats was simultaneously recorded. In
iocomotor response of sontrol and treated animals to 3.0 mg kg
i-Aap was Zompared.

AT the en: ¢ the exposure regimen The <Ieaiv state levels of catecholaa:ines

A, -mcradrenaline and dcpamine, were Teasured in various regions of the
Tral I leries I, the rate of turncuer 3¢ noradrenaline in the hippocampus
wds5 a.5C letermined. f%l::-z:g throri: leal cTeatTment the Confenmtraticn 3
~eta. wac TEeasuTes Lo TLD02 ANI JATLZUT TTain TelL TS
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In an attempt to establish a "no effect” level of lead exposure, we
“!urth& -reduced the dose of lead administered. Groups of newborn r;ts wore'
treated in a similar manner as described above with 0.025 mg lead/kg until
8 weeks of age (Series E). The circadian pattermn of locomotor activity of thege
animals was recorded at vnrioﬁs times during postnatal development-. The
steady state levels of catecholamines in the striatum, hippocampus and cortex, *
as well as the concgntration of lead in blood and !;nin regions were also
| measured.

"Experimental Procedures

Measurement of locomotor activity

At appropriate ages, the individual locomotor activity of equal numbers of
sex-matched (both sexes) control and lead treated rats was simultaneously
recorded over a2 23 hour period. Locomotor activity was recorded in an isolated
room, with a 12 hour dark/light cycle (6:00 a.m. to 6:00 p.m.) and with
controlled tcnpe;nturt (24°C) and humidity (60%). Food and water were available
ad libitum for the duration of locomotor activity measurement.

The apparatus used to measure locomotor activity consisted of a low
:ntensity oscillator, the frequency of which is determined by the capacitance

.
hetween two insulated aluminum plates (IO x 10° . A standard polyc;rbonatc cage
)9 x 12" x 8" containing a r3t was placed between'these plates. Movements of
the animal caused a change in capacitance between the two aluminum plates which
in tum a.tered the frequency of the oscillator. The number of cycles of the
oscillator was monitored Juring successive 90 msec intervals, any movement by
the an:izmal wh:ich caused a change in frequency by a predetermined magnitude was
detected and recorded as one count >y a computeriled counter. Activity :s
jefined as the number of 30 msec periods during which body movement was registercd
in a one-hour interval, therefore 1t is expressed as counts per hour. There

were 5 such electronic act:ivily measuring Jeviies connected to a Commodore PET

200! Series computer. However, because there were more anizals than there were
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recording dovicc;: and since one session lasted 23 hours, it was necessary to
‘subdivide the sample population of control and treated rats into groups and

conduct the activity seasurements on successive days.

Response to d-ggggctanina

The locomotor response to d-amphetamine was investigated in rats that had"

received 10.0 mg lead/kg for 7 weeks or 0.1 mg lead/kg/(or 4, 6 and 8 weeks,

A d-amphetamine sulfate solution was made up in saline, ;o a concentration of
1 mg/ml. At selected ages, equal numbers of comtrol and treated anilals.uoro
injected intraperitoneally with 3.0 mg d-amphetamine sulfate/kg body wWeight in
an altemnating fuhi.cﬁ, i.e., a control rat then a lead exposed followed by
another control, or visa versa. All animals were in their cages and activity
seasurements began within 10 minutes following the time when the first rat was
injected.

For animals treated with the 10.0 ag/kg dose ofylead the response to

d-amphetamine by control and lead treated rats was compared in a manner siailar

zo that outlined by Sobotka and Cook (1974). The animals were placed in the

locomotor activity measuring device for two hours to allow them to become

accustomed to the novel environment. The SLA during the third hour of recording

3.

was used as the baseline activity. Following the measurement of basal locomotion,

+he rats were injected with amphetamine sulfate and motor activity was recorded.

The response to d-amphetamine during the subsequent 3 hours was expressed as the

mean percent increase in SLA counts above the baseline activity levels.

For those rats that were treated with 0.1 mg lead/kg for 4, 6 and 3 weeks,
the procedure was altered slightly in order that we might investigate the loco-
Qotor response to d-amphetamine throughout the circadian cycle. In these cases
control and treated animals were injected with the stimulant then placed into
the locomotor recording cages. No acclimatization period was allowed prior to
administration of d-amphetamine and no baseline activity levels were measured.

The response to the drug is expressed as the mean hourly SLA counts for the



Neurochemical Assays

Concentration of catecholamines in brain _

The.stndy state levels of noradrenaline and dopamine in the various brain
regions were measured using a fluorometric technique according to the methods
of Laverty and Taylor {1968). "l'.ho brain tissue samples were homogenized in 3 ml
of ac;,dtﬁed butlnc;l (0.1% v/v conc. HC1 in n-butanol). The homogenate was then
centrifuged at 1400 g for 10 minutes and the supernatant which contains the
catecholamines extracted from the brain tissue was. transferred to a capped test
tube togother with 5 ml of n-heptane and 1.0 ml of 0.1 N HC1. This mixture
‘was shnken,\t’or 10 qim.:tes then centrifuged for S minutes in order to separate
the aqueous fro;'the organic layer. For the analysis of dopamine a 0.2 m1 .-~
aliquot of the 0.1 N HC1 extract was mixed with 1 ml c;f 0.1 M potassium
phosphate buffer (pH 8). Then 0.1 ml of iodine solution (0.25 g iodine and
5.0 g potassium iodide dissolved in 100 mls of distilled water) was added.
Exactly 4 minGites later 0.25 ml of alkaline sulfite (2 g sodium hydroxide plus
0.5 g sodium sulfite and 0.2 g disodlum'ethylenedianine-tetraacetate (EDTA)
in 20 m] of distilled water) was-nixed in, followed exactly 5 minutes later
with 0.1 m] of glacial acetic acid. The mixture was shaken vigourously and
the test tubes were incubatedgin a 60°C water bath, in the dark, for 40 minutes.
The samples were then cooled on ice and the fluorescence read within one hour
after the end of incubation.

The procedures used for the oxidation of noradrenaline w;re similar to that
outlined above for dopamine witﬁ only minor modifications. A 0.2 m! aliquot
of the 0.1 N HC1 extract was mixed with 0.6 nl of 1.0 M phosphate buffer (pH ?L.
The same amount (0.} m=}) of iodine so!utioﬁ 8s used in the dopamine assay was
added. However, the volume of alkalint sulfite and glacial acetic acid was
increcased to 0.5 @] and 0.2 nl respectively. The time interval between the

addition of rcagents was the same as those used for the oxidation of dopamine.

* Samples were not incubated in a 60°C water bath, instead the fluprescence was
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. read after allowing the samples to stahd at room tempersture for 20 minutes.
For the measurement of dopamine fluorescence an excitation wavelength
of 330 nm and an emission vavelength of 390 nm was used. Noradrenaline fluo-

rescence was read with excitation » 380 na/emission « 480 nm. An Aminco

—Bowman spectrophotoflurometer (American Instrument Cospany, Maryland, U.S.A.)

was utilized for the fluorescence determinations. The concentration of catechol-
amine was determined from s standard curve. The standards w.ore prepared by
making up (0, 0.05, 0.10, 0.20 and 0.50 ug/ml) concentrations of dopamine and
noradrenaline in 0.1 N HC1 then subjecting them to the same oxidation reactions
as described sbove for the catecholamines extrscted from brain samples. In
order to produce zero standards (blanks) the order in which iodine and alkaline
sulfite are added is reversed so that the oxidation of contaminants into fluo-
rophores is prevented.

Catecholamine turnover in the brain:

The rate of catecholamine turnover can be estimated’ from the decline in
sonosmine levels after the inhibition of synthesis. Tyrosine h.ydroxylue is
the rate limiting enzyme in the synthesis of catecholamines, by blocking the
activity of this enzyme in vivo with n-uthyi para-tyrosine (aMPT) the production

of noradrenaline and dopamine are effectively halted. Inhibition of tyrosine
| hydroxylase in an intact animal will result in a decline in the stesdy state
levels of catecholamines in brain, due to physiological processes such as neuro-
transmitter release and metabolism at the level of the synapse. By measuring
the concentration of catecholamine at varying times after the injection of aMPT
the rate of decline can be determined. In the absence of a tyrosine hydroxylase
inhibitor and at stesdy state conditions the loss of catecholamines in the QNS
is replaced by synthesis of new monozmines and at equilibrium the rate of
noradrenaline synthesis is equal to the rate of efflux. Therefore the rate of
depletion of catecholamines following the administration of aMPT is an estimate

of the rate of monoamine synthesis and is usually refered to as the rate of
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On the basis of results obtained from the measurement of noradrenaline and
dopamine concentration in various brain regions the tumover rate of noradrenaline
in the ﬂippoclnpus was examined. The procedure used was a slight modification
of tnat described by Brodie and colleagues (1966). Foilowing-chronic treatment
~ with O.i »g lead/kg for 6 weeks, control and lead exposed rats were injected with
250‘n¢/kg aMPT intrlperitonecliy then sacrificed 0.5, 1 or 2 hours later. A group of
animals were not iiven oMPT, measurement of the ievois of norndrenaline in the
hippocampus of these animals indicated the initial concentration of the lenonnine,'
i.e., the steady state levels thnt were present at' time zero after the adminis-
trltion of cNPT The log of noradrenaline concentration versus time was plotted.
From the slope of the straight iine and the steady state levels of norldreneline
at time zero, the fractional rate constant (K) and the turnover rate of noradren-
lline in the hi ue were calculated. | _ )

; The concentration’s of noradrenaline in the hippocampus was measured according.
to the method of Laverty and Taylor (1968) as described earlier. A 2% solution '
of aMPT was prepareo by dissolving 1.0 g of DL-a methyl-tyrosine nethyl ester
hydrochloride in about 5 m] of 4 N NaGH. The pH was adjusted to 9 with 10 N Hél
then the volume was brought up to 50 ml with distilled water.

Lead determinations in blood and brain regions

The concentration of lead in blood and brain regions was measured by
flameless atomic absorption spectrophotometry. Whole blood was prepared for
analysis using a modification of the method described by Richter and colleagues
(1979). A 100 .1 aliquot of blood was placed in a polypropylene test tube and
diluted with 400 ul of 0.5% (w/v) Triton X-100 (0.05 N HNO3). The diluted blood
samples were then allowed to stand at room temperature for one hour after which
a 10 ul aliquot was injected into the graphite furnace of the spectrophotometer.
Each sample was done in duplicate.

.Prelininnry studies in our laboratory confirmed the findings of Richter

and coworkers (1979) that dilution of blood samples with Triton X-100 prepnrcd



with acid rather. than wateg enhances the recovery of lead. . Our investigations

revealed that by incressing the concentration of HNOs in which 0.5% (w/v) Tritom

X-100 was made up from 0.01 N to 0.05 N we were able to {ncrease the recovery

of iud from blood samples by 64% (Table 2). ﬂo' therefore chose to use 0.5%

(l/\.f) Triton x-ioo prepared with 0.05 N HNOs. Furthermore, we observed that

by allowing the diiuted bllood .u.ple to stand for 1 hour befors proceeding with

analysis, the recovery of lead from prepared blood samples increased about 7

fold (Table 3) relative to that noted if no incubstion time was sllowed. This
\hding' is in agreement with the methodology described by Nilso' ‘and coworkers

(1978) who allowed their diluted samples to stand for 30 minutes before measuring

‘ the lead levels.

Brain samples were prepared for leasd messurement using a sddification of
the procedure outlined by Gross and Parkinsan (1974). The tissues wers weighed
then plsced into polypropylene t.ost tubes, to which was added 2 ul/mg tissue of
tetramethy] ammonium hydroxide (TMAH) (23% in methanol). The samples and added
base were then incubated in a water bsth at 70°C for 2 hours, by Quch time the
brain tissues had been digested. To the thick syrupy liquid in the test tubes
8 ul/mg tissus of 1 N HNOy was added and mixed vigourously on a vortex agitator,
then allowed to stand at room temperature for 1 hour before proceeding with lead
messurement. A 10 ul aliquot of the solubilized tissue was "then injected into
the mhito tube of the fumace. Each sample was assayed in duplicste.

As was tfe case with blood, we observed that dilution of the solubilized
brain samples with 1 N HNO3 rather than water resulted in a greater recovery
of lead fron tissue. In addition, we obscfved that incubation of the sample in *
the presence of HNO3 for one hour improved recovery of the metal by 77V as
compared to when no incubation period was allowed (Table 3).' Using the same

procedure described above for brain, we were able to aeasure the lead content

-
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TABLE 2

Bffect of nitric acid concentration on the measurement of lead
from blood samples

N Sclvent

" Tissue 0.5% Triton X-100 0.5% Triton X-100
in 0.01 N HNOg ' in 0.05S N HNOjy
Absorbance® ‘
Blood+t 0.368 0.603

tSamples of blood from lead treated rats (100.0 mg lead/kg;
p-o., daily for S days} were diluted (1:19) with Triton X-100
prepared either in 0.01 N HNO3 or 0.05 N HNOj.

*Lead was measured as the mean absorbance resulting from the

injection of 10ul aliquots of prepared sample into a flameless
AAS, . .

Each sample was analysed in duplicate.

A



TABLE 3

Effect of incubation time on the amount of lead detected
in blood and brain samples

Duration of incubation (min.)

Tigsue v 0 30 60
Absorbance
Control 0.023* 0.040 * 0.030
Bloodt
Lead 0.044 0.368 0.346
Control 0.122 . 0.133 0.134
Irain* ' _
Lead 0.134 0.250 - 0,237

*

, tBlood samples from a lead exposed (100.0 mg lead/kg; p.o., daily
for 5 days) and control rats were diluted (1:19) with 0.5% Triton
X-100 (0.01 N HNOs3). ‘

$The whole brain was digested with 2 ul/mg tissue of TMAH and then
diluted (8 ul/mg tissue) with 1 N HNO3.

The samples were incubated for 0, 30 or 60 aminutes at room tempe-
rature before pruoceeding with analysis.

*Lead was measured as the mean absorbance resulting from the injec-
tion of 10 ul aliquots of prepared sample into a flameless AAS.

Each sample was analysed in duplicate.

in a random sample of~Puri';u Laboratory Chow, as well as the concentration of

asetal in the stomach contents from a one week old untreated pup.

The concentration of lead in a sample was determined from simultaneously

agation curves. These wers prepared by sdding known smounts of the
hpb - 50.0 ppb) to blood or brain samples (cersbral cortex) from
control Enimals.

A Jarrell-Ash Model 850 (Division of Fisher Scientific Company) atomic
absorption Wthtn (AAS) with a background corrector equipped with
a Jarrell-Ash FLA-100 graphite furnace attachment for the flameless method
of analysis was used. Absorbance was measured at an analytical wavelength of

283.3 nm and with a spectral bandpass of 0.4 nm. The operating conditions of

atha avanhita frenacra uwava ae fallame- ny IN <o at IOOOC' Agi- ‘S secs at
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425-450°c ATOMIZE, 5 secs at 2500°C. Argon gas flow rate was 1.5 L/min.

The temperature and durstion of the ash cycle is critical to the proper
asasurement of lead. If the temperature is too high or the cycle is too long,
lead uili vaporize and escape from the furnace resulting in an artificially
low reading. On the other hand, if the temperature is too low or if the
Quratiou of the cycle is not long enough, residual material in the furnace may
resulf in excess background absorption which can cause an artificially high
absorbance reading, particularly if there are relatively low concentrations of’

lead in the sample. Background absorption occurs when the vapor of sample

residue (usually organic material) absorbs light at the analyticil wavelength .

either b; msolecular absorption or by scattering the light beanm. R 4
lithin certain limits this problem can be corrected by the background integrator
of the AAS. However, it is still essential to minimize the background absorbance
of a sample by optimizing the conditions of the ash cycle.

In order to verify that we were using proper furnace conditions we compared
the calibration curves of tissue lead standards with that of reagent standards.
Reagent standards consist of known amounts of lead (12.5 ppb - 50.0 ppb) added
to the solvents used in the preparation of blood and brain samples for lead
analysis. They are therefore similar to tissue lead standards except for the
absence of blood or bra%n tissue. As can be seen in Figures 1 and 2, the
tissue standard curve is above and parallel to that derived from the reagent
standards indicating that the recovery of lead from brain and blood tissue blanks
(zero standards) was greater than that from their respective'resgent blanks
and thus desonstrating that our methodology was sensitive enough to detect and

measure the small amounts of endogenous lead present in the blood and brains of

control animals.
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ABSORBANCE
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CONCENTRATION OF LEAD (p.p.b.}

FIG. 1: Brain and reagent standard curves of lead determined by flame-
less atomic absorption spectrophotometry. Lead standards in brain
(e——e) were made up by adding known amounts of lead (final concen-
tration equal 12.5, 25.0, 50.0 and 100.0 ppb) to brain samples digested
with 10 ul/mg of 20\ Tetramethy! ammonium hydroxide (TMAH) in 1 N HNO4.
Reagent lead standards (o---o0) were prepared by adding known amounts of
lead (final concentration equal 12.5, 25.0, 50.0 and 100.0 ppd) to a
solution of 20% TMAH in 1 N HNO3y. Each point is the mean of two deter-
minations which differed by less than 15%\.
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FIG. 2: Blood and reagent standard curves of lead determined by flame-

less atomic absorption spectrophotometry. Lead standards in blood

(e—a) were made by adding known amounts of lead (final concentration
equal 12.5, 25.0 and 50.0 ppb) to blood samples diluted (1:4) with 0.5%
{w/v) Triton X-100 in 0.05 N HNO3y. Reagent lead standards (o---o) were
prepared by adding known amounts of lead (final concentration equal
12.5, 25.0 and 50.0 ppb) to 0.5% (w/v} Triton X-100 in 0.05 H HNOx.

Each point is the mean of two determinations which differed by less than
15%.
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Stltisticel Analysis

' All results are expressed as means t S.BE.M. Differences in circadian
locomotor™ictivity rhythm (both basal and following d-amphetamine) between
control and lead expose& rats were analysed by two-way ANOVA with repeated
measures over one factor (time), followed by Scheffe's post hoc test of .
significance. The two-tail Studeﬁt's t-test was used for the comparison of - -
cumulative locomotor activity between control and treated rats as well as for
analysis of the data on d-amphetamine response that were expressed as percent
‘of preinjection activity. The significance of differences in the concentration
of noradrenaline and dopamine was also tested by the two-tail Student's t.

A one-tail Student's t-test was also used for the comparison of blood and brain
lead levels between contro! and treated rats. However, for analysis of inter-
regional variations in leaJ content within the brain, two-way ANOVA together
with Scheffe's post hoc test was used and the two-tail Student's t-test was
employed to examine the time course of change in tissue lead levels. The
significance of difference in the slope of noradrenaline depletion following
aMPT (hence the turnover rate constant) between control and lead exposed rats
was determined by using the test of parallelism (Tallarida and Murray, 1981).
Differences between means were considered significant when the calculated p

values were less than 0.05.

Drugs and Chemicals

d-Amphetamine sulfate was-aidcﬁation from Smith, Kline and French Laboratories

(Montreal). All other chemicals were obtained commercially in the highest purity

r”

available. For lead analysis "virgin" polypropylene test tubes were used.
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Growth and sical Devel t
*. ' .
Daily exposure of newbore rats to 10.0 mg lead/kg was found to have no

significant effect on growth, as msasured by body nlght gain (Fig. 1). In
addition, the time of appesrance of certain charscteristics of physical develop-
aent such as—hair growth, 'i.nc/:a- eruption, eye opening -and ability to walk U.ﬂ |

also unaffected in rats exposed to this dose of lead (Table 1). The onset of
these developmenta! landmarks in rats trut.od with the 0.1 mg/kg dose of lead .
was 8130 similar to that observed in comtrols (Tabie 2) and umtil 3 witks of
age there werw no s:gnificant differences in growth between untreated and lead
exposed animals ‘Fig. 1. . However, slight but significant decreases in body.
we ghts were noted at <4 and ° weeks of age in both sexes of treated rats and at
- weeks onlv the femaies were found %o weigh significantly less than their
—espect:ve ZonIrsis and v T weeds of age the body .-exghts of both sexes of lead
exnosed TaTe had returned o within control values. It was also observed that
~rar. erTonire St orats To the [owest lose of tead. 0.00S mg/kg) during pos:-
~ata. Se.e.ommert  ti: onot sigmififantiv-alter the:ir body weight gain fFig. 3

LTTAZIAT haOnTaAnesdus LOCOmOTCT AITlwity

By ersrese.rg the LA ¢ "me ratc orour hourlv basis over a period of I°
”

oUTt we weTe 21 .e o estatliut an: omrare *he Cirvcadian patterns of locomotor

a/t ...ty T lORITOL AR [eal Trrmatesn it 5 an ~e seen :n Figures 4-8 t?e
A st *mese anImRLS . LSl .. lTamat. ... c.~.ated 2uring the init:ial twc

*hree hours fo.lowing The JnseT ! measurement “his heightened activity
?PTY?;Cnff *The imitiaLl. exT.oTAT M teman:oour “tat is exhibited v oan anima.

wher .7 .3 p.aced :ntc a hove. emvironmert, .n this Zase The new surrouncdings

3¢ *he :solated oom and "he _>como!or ac*:ivitv measuring Jdevile Once the
arn:ma.s have serv.ed down, their [ocomoicr FCTIVITY :ur;n} *he -remainder of *ne

cLght ohase :s s!wavs marked!v lesser tnan Tuar during tHe darr nhase aof the ..

. . ' . s . -
nour iark gt .:ghting Cvcle ThIs obSeTVATION 13 LN ACCoTmAance with the race
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TABLE 1

Effect of chronic exposure to 10.0 mg lead/kg pn the appearance of
landmarks of physical development

Hair . Ingisor Eye

. .. b4

Treataent Appearance Eruption Opening Walking
" Age$ (Days)

Jontrol 9 A 10 16 16

Lead 9 11 15 16

-Beg:nning at 3 days of age pups were given 10.0 mg lead/kg daily
hy gastric intubation. Controls received an equal amount of
sodi:um acetate. .

*The leveloping pups were monitored daily for the appearance of

Sody hair, the eruption of incisor teeth, open eyes and for the
abiiity to walk.

fach value s the mean age of the litter at the appearmnce af the
.ar:ous markers 2f phyvsical levelopment.
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_ - TABLE 2
Effect of chromic exposure to 0.1 mg lead/kg on the appearance of
. - landmarks of physical development

: Hair ~ Incisor Eye : %

Trea . o Appearance Eruption Opening Walking”
Age$ (Days) ]

Control 11 . ' 12 16 - 17
Lead 12 Bt 16 1~

*Begimning at.3~dxys of age pups were given 0. mg lead/kg daily
by gastric intubation. Contraols received an equal amount of
sodium acetate.

*The developing pups were monitored daily for the appearance of
body hair, the eruption of incisor teeth, open eves and for the
ability to wall,

Fach value s the =ean age o2¢ the l:itter at the appearance ot *he
various markers of physical levelopment.
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£15. 2: The body weight gain of rats treated with 0.1 mg leadlig‘%‘_/
Juring postnatal development (open symbols). Pups (circTes] were
given 0.1 mg lead/kg daily by gastric intubation from 3 days until

3 weeks of age. Controls (closed symbols) received an equal amount

of sodium acetate. At 29 days of age the animals were divided by

sex (.0 males; 8, A: females). Each point is the mean : S.E. M.
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that rats are nocturnal anisals and therefore are nor; aétivo during the dark
period. Furthermore, as can be seen in Figure 6 the circadian pattem of 4 week
oih rats is flatter fhln that of the mOTe mature nnllnls} {.e., the nocturnsl
‘sctivity of 4 week oid rats lack the typical peaks of activity cbserved at 8 and
10 weeks. - This observation suggests that the regulation of loconot;r activity in |
:_ rlli‘il'lllo 1nflulncod during ontogcnic dcvoloplcnt.
Prclcntcd in Figure 4 is the circadian .locomotor lctivity of rats exposed
to 10 0 mg load/kg for 3 weeks. We cbserved that durihg the 1n1t111 hour of _ 7
seasurement (10 00 - 11:00 hrs) the SLA of treated rats was significnntly greater
(by 191%) than that of controls. In addition, during the last quarter of the
dark pu'-iod-u:oq - 7:00 hrs) there was ;.tmdmgy for lead exposed animals to
be hypcractivn relative to controls (ANOVA: F(1,11) : 5.42, p<0.05) and there
were tuo time 1ntcrvals (5:00 - 6:00 hrs and 6:00 - 7:00 hrs) during which the
activity of tr.atod rats was sl;nificantly (p<0 0S, Student's t-test) greater |
then that of untreated snimals. Moreover, a comparisom of the total locomotor
activity counts (i.e. the sum of the recorded body movements) during the dark
period (Table 3) revesled that indeed the nocturnal activity of poisoned rats
wes 3ignificantly greater (by 64%) than that of controls. The hyperactivity
observed in 3 week old lead trested rats was a transiedt phenomenon. Measure-
ment of the locomotor activity of animals exposed to the 10.0 mg/kg dose of
metal for an additionsl week revealed no significant alterations in the diurnal
SLA rhytha of 4 week old llo;d poisoned rats when compared to age matched controls
(Fig. 5). ' '
-
. Summarized in F;guro 6 is the circadian SLA cycle of rats treated with
0.1 mg lead/kg dlilx fér varying pcriodq_dﬁrin; postnatal development. Whereas
4 and 6 veeks of exposure to this dose of lead had no significant effect on
locomotor activity, trestment with the metal for 8 weeks did result in hyper-
activity. Two-way ANOVA indicated that_thort was a significant inioraction

between treatment and time (F(7,84) « 4.48, p<0.05) during the initial light
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LOCOMOTOR ACTIVITY
(COUNTS/HR)

12:00 18:00 24:00 6:00
TIME (24 HOUR CLOCK)
4

FIG. 4: The circadisn spontaneous locomotor activity (SLA) of
rats treated with 10.0 mg lead/kg for 3 weeks (o---0). Pups
were given 10.0 mg lead/kg daily by gastric intubation froa 3
days until 3 weeks of age. Controls (e—e) received an equal
’m&mt of sodium acetate. The SLA was individually recorded
over an 11 hour light/12 hour dark illumination cycle, by an
electronic activity meter. Each point is the mean = S.E.M.
of 8 rats. °*Significantly different from control; p<0.05.
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TABLE 3

Cumulative nocturnal locomotor activity of rats treated daily with
10.0 ng lead/kg from 3 days until 3 weeks of age

Time Interval Treataentt Total Locomotor Activity
: (counts)
s Cantrol S 2922+301%
19:00-7:00 hrs | + (100)
Lead 47792827
(164)

tPups were given 10.0 mg lead/kg daily by gastric intubation from
* 3 days until 3 weeks of age. Control received an equal amount of
sodium acetate.

}values are the means + S.E.M. of 6 rats. Data are also giv‘en as

percentages (in parentheses) taking the value of controls as 100
percent.

L

*Significantly different from control values (p<0.05).

.y
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FIG. 5: The circadian spontaneocus locomotor activity (SLA) of rats
treated with 10.0 mg lead/kg for 4 weeks (o---0). Pups were given
10.0 mg lead/kg daily by gastric intubation from 3 days until 4
weeks of age. Controls (e——e) received an equal amount of sodium
acetate. The SLA was individually recorded over an 1l hour light’
12 hour dark illumination cycle, by an electronic activity .meter.
Each point is the mean = S.E.M. of 7 rats.
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FIG. 6: The circadian spontaneous locomotor activity (SLA) of rats
that were exposed to 0.1 mg lead/kg for various periods of time during
postnatal development (o---o). Pups were given 0.1 mg lead/kg daily
hy gastric intubation from 3 days until 4, 6 or B weeks of age.

~ Zontrols (e—e) received an equal amount of sodium acetate. Treat-

ment was discontinued at 8 weeks and a group of animals were kept

until 10 weeks of age. The SLA was individually recorded over an 1l
hour !:ght/12 hour dark illumination cycle, by an electronic activity
aeter. fach point is the mean + S.E.M. of 6-" animals at 4, 6 and 8

weeks and of 4 rats at 10 weeks. “Significantly diffeprent from the
zontrol value, p-0.0%.



phllt.(loibo - 18:00 hrs). Post hoc analysis of these data revealed that
between 12:00 and 1%00 hrs the SLA of lind treated rats was significantly
elevated as compared to that of gontrols. However, during the dark periocd
(18:00 - 6:00 hrs) the locOIotﬁr activity of rats roccivini the metal for 8
woeeks was ﬁ&t signific;ntly altered relative to that of untreated animals
0(1.12)‘ = 2.66, p>0.05). '

When motor activity was measured two wesks after lead was withdrawn (i.e.
©at 10 u;oks of age) the reverse trend was apparent. The animals appeared to_be
hypoactive relative to controls over much of the 23 A;ur period, including the
1hitisl hours of measurcment. Tio-;a} ANOVA indicated that there ;:s 2
significant effect of withdrawal on SLA (F(1,6) « 6.15, p<0.05) during the light
period (10:00 - 18:00 hrs). However, no points of significantly reduced loco-
motor activity were indicated by Scheffe's post hoc fe;t. Analysis of the

locomotor activity of these animals, during the dark phase (18:00 - 6:00 hrs).

revealed that the SLA of previously lead treated rats was not statistically ‘'%.

4

signific;ntly reduced relative o controls (F(1,6) = 3.70, p>0.05).

We further analysed the data obtained at 8 and 10 weeks of age'ﬁy comparing
the total locomotor activity counts of treated rats with that of cont;;ls during
the period from 10:00 hrs to 14:00 hrs (Table 4). At 8 weeks, the cumulative
.SLA of rats receiving the 0.1 mg/kg dose of lead was significantly elevated (by
69%) relative to controls. Following the withdrawal of treatment for 2 weeks a
rebound phegnomenon was apparent; the cumulative locomotor acfivity of previously
lead exposed rats was found to be significantly lower (by 35%) than in controls.

Presented in Figure 7 are the circadian patterns of locomotor activity of
rats that were treated with 0.025 =ag lead/kg for varying periods of’time during
sostnatal development. We ob;c;vcd no changes in the locomotor activity of 3
week 21d lead treated rats as compared to controls. Animals that had received

+his Jose of metal far 5 weeks were found ®o be hyperactive during the first

e
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TABLE 4
Cumulative locomotor actlivity of rats treated daily with 0.1 mg lead/kg
from 3 days until 8 weeks of age

Time Interval Treatment F "e,kg Age 10 Weekst—
Control 1927£113 2139+219
(100) (100)
10:00-14:00 hrs
Lead 3256+445* ~ 1379+164*
{169) ) (65)

tPups were given 0.1 mg lead/kg daily by gastric intubation from 3 days
until 8 weeks of age. Controls received an equal amount of sodium

" acetate, Treatment was discontinued at 8 weeks and g group of control
‘and lead treated rats were tested 2 weeks later (i.c, at 10 weeks of

fralues are the means ¢ S E.M, of 4-7 rats. The cumulative spontancous
locomotor activity is expressed as the total counts between 10:00 hrs
and 14:00 hrs. Data are also given as percentages (in parentheses)
taking the value of controls as 100 percent.

*Significantly different fron the control values (p<0.05}).
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i, a .
hour of measuremsnt (10:00 - 11:00 hrs) but displayed no othn uptﬁcm
alterstions relstive to controls !or ‘the _iﬁt of tho ctrudua cycle.
mﬂthooqul-dluﬁortndﬂ'mkhdidgamcauputmt
affoct: on the circadism locomotor activity of rats, Mmm that the lead
induced hyperactivity observed in S week old mminals was s transitory u!turuec.
Locomotor he to d- AL De )

In sddition to assessing the effects of chromic lesd exposure on basal

locdcr activity we'also compared the motor responses of lead trested and
cant rol mu-l.s to d-amphetamine sulfate.

For the ane hour -p'c-nod ‘prior tn. the :n;octlxm vf d-amphetamine, the SLA
of contro! snimald "I cownts.hr' was similar to that of the lead expote.d rats
0% ounts ’hr. demonst rat:ng “hat there was no difference id dSasal locomotor
acT:vi®v hetweer the Two groups® DJuring the one ht.:ur interval ft;;;ou:ng the
noect.or of T mg kg d-alphc'tmne sujfate, the SLA of control rats increased
- .;vr; hat was abou? (b1 greater than "he basal ocomOTOr ACT vwily recorded
Jne toLT Defore the adgministration of the NS stimulant Fig L In contrast

. {n.i. rats treated with !0 O mg lead kg for " weeks during postnatal develor

sent’ responded o the smme dose of drug wi.th omiv a T-foid elevaliom ir .0CO-

mot.on above- basa. ace: ’.\evr 5 Wngdioat.ng Thal RArOn.. (€Al FXPOSUTT LAl

Zaused a reducecd motor response *o the z:.er Jose J¢ i-amphelamine Bomr Ly T

‘secmd hour fo..o-.ng the administTalion ! - JEDhCTAR.NE, we nolec “Rat Cner

was no s:gnificant difference in [OCOMO%LUT TeIPOR:e et weer  ORITT. an. ral
cxposec TAaTs
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' 8.weeks (Fig. ..ll) lead :ru't‘od rats were found to be less active than controls during

tho ﬂpt 3 hours folluinl the 1njccti.on of d nphotulne (ANOVA. (F(1,8).7.39, *

pth..OS) 'No marked: difference in the oveull SI.A pattem were noted between lead

exposed and untreated ml-ll duﬂng the remsinder of ‘the ciradhn cyclo:\”"

Brain Regional Catecholamine Levels lnd Noradrtnaline Turnover Rate B < -
! s-lrlud in Table 5 is the sto'ndy state levels of norulmul.u in the

Mppc-qnn and cortex ot rats treated w!th tho 0.1 -gm dese of lead for wp

to 8 weeks m: pnlmtu dtvoloput Etposuu to this dose of the heavy

metsl for 4 mks resulted in a 43\ ‘increase ia the noradremnsline content of

the hippocampus, while at ¢ weeks the concentration of the -monin.o in the

u;. brain region was reduced by 47\ relative to controls. . Polluu;g 8 weeks qof

Iea,d treatment, no changes were observed in either of the brain regions cxamined.
N with regard to striatal and hippocampal dopamine levels concentrations

ssssured in rats treated with 0.1 =g lead/kg, no significant changes in the

b' .
levels of this moncamine were observed i{n either areas of the ONS (Table 6).

Ne fyrther investigated the cffects of low level lead exposure on noradre-
nergtc neurotransaission 1n £re Cxs by neasuring the turnover rates of noradre-
naline in the hippocampus of rats treated vith 7.1 =g lcad/kg for 6 weeks (Table
T Tris was the'only region ;n which charges :n catechuiamine content was

observed following chronmic lead exposure.  In the hippooaspus of animals treated

with T is Neavy metal, the rate constant () of noralreraline depletion following

ere admirictration of a-methy! tyrosine (a7 was foiml to be reduced by 36%

relative T Lontrole. By utiliciing the test of parallelise, 1t was dct!.hxnei
hat tte ooe of noradrenalite depletion in lead treated rate was significantly

. -~ P Y *r Lo . R R, P - - - R I L ol.

; Ster tran that Seriiold from Cortrols. Sinte ¥Fogn oegunl 1o tRe sicpe
oot wetart 0 13 we sonclude! that fracticnal rate cometart
radrenaote Por et e ma T o statisticalls sapmsfl oty relle! oan the

lea!l o vl fram 4 comparison of rate conctaste of Cate holunmine
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FIG. 1ll: The effect of d-amphetsmine on he
Zircadian spontaneous locomotor activity cycle
of rats exposed to 0.1 mg lead/kg for 8 weeks
0---0). Pups were given 0.] sg lead/kg daily
by gastric intubation from 3 days unti] 8 weeks
>¢ age, Controls (s—e) received an equal
amount of sodium acetate. d-Amphetamine was
administered intraperitoneally to control and
icad “reated rats them their locamotor activity
was recorded over an 1l hour light/1] hour dark
:iluminatian cycle“dy an electronic activity
aeter. EFach point is the mean : S.E.M. of 6

rats. °*Sagmificantly differtnt from the contro!
vajuwe; pd 05
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TABLE §

Concentration of noradrensline in the hi cortex of rats

Age .. prain Regiom \

(Weeks) = (reatmentt Hippocaspus , To‘ﬁx
Coatrol 0.12120.013% (100) - 0.089:0.008 (100)

Lead 0.173:0.018° (143) 0.063:0.011

6 Cont rol 0.19620.025 (100)°  0.11820.006

. Lead . 0:106:0.011°" . (53) 0.16520.020

.8 Coatrol 0.47520.063 (100) 0.312:0.030

Lead 0.448:0.072 (94) 0.247:0.023

10 Control 0.272:0.056 (100) - O 170:0.016
Lead 0.220:0.041 (81) - 0.217:0.023 (128)

*Beginning st 3 days and continuing until 4, 6 or 8 weeks of age,

0.] mg lead/kg was administered to rat pups daily by gastric iatu-
bation. - A group of rats that had been exposed to 0.1 mg lead/kg

for 8 weeks were withdrawm from treatment and kept for an additional
2 weeks (i.e. until 10 weeks of age) at which time neurochemical’
mcasurements were made. Controls received equal amounts -of sodium
acetate. S

tyalues are the mean : S.E.M. of 5-8 rats. The concentration of
noradrenaline 13 expressed as .g/g tissue weight. Data are also
given as percentages (in parentheses) taking the value of controls
as 100 pd¥rcent.

*Sign:ficant!y 1:¢ferent from the zontrol values (p-0.25;.
g, i P

p
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" TABLE 6 -

Conemntiu of dopnino in the striatum snd hippocampus of rats trested
daily with 0.1 mg lead/kg during postnatal development .

T Age ' : Brain Region
(Weeks) Treatmentt Stristum “Hippocaspus

s © Comtrol 7.67:0.33% (100) 2.6820.20 (100) .
Lesd 6.86:0.38  (89) ' 2.6520.18 (99)
6 ' Comtrol 4.26:0.81 (100) 4.9620.24 (100)
© Lead 4.93:1.33 (116) 4.9620.25 (100)
8 . Contrel 8.67:0.64 (100) 2.1420.15 (100)
- Lead. © 8.26:0.96  (95) 2.37:0.41 (111)
10 Control 8.12:1.14 (100) 1.85:0.35 (100)
: Lead - 8.63:1.09 (106) 1.47:0.10 (79)

tSeginning at 3 days and continuing umtil 4, 6 or 8 weeks of age, 0.1 ng
lead/Kg was administered to rat pups daily by gastric intubation. A
group of rats that had been exposed to 0.1 mg lead/kg for 8 weeks were
witlidrawn from treatment and kept for an additional 2 weeks (i.e. until
10 weeks of age) at which time neurochemical msasurements were aade.
Gontrols received equal amounts of sodium acetate.

!values are the mean : S.E.M. of 5-8 rats. T'he concentration of dopamine
is expressed as ug/g “wet tissue weight . ta are also given as percen-
tages fin parcﬂt'hens) taking the valu f controks as 100 percent

*Significantly different from the control values ‘p-0.05:.

R
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TABLE 7
Turnover rate of norsdrensline in the hippocsmpus of rats t_ro'atod
with 0.1 ng lead/kg for 6 weeks
Treatmentt K (hr-1y} : T.R. (ug/g/he}y’
Control - *0.721 (100) 0.188 (100) -’,
‘ Lead  0.459° (64) 0.066 (42)

tRats were treated daily with 0.1 ag lead/kg via gastric intubas-
tion from 3 days until 6 weeks of age. Comtrols received an .
equal amount of sodium acetate,

‘Fractional rate constant (K) of norsdrenaline decline was calcu-
lated from the rate of amine depletion after inhibition of its
synthesis by a-sethyl-p-tyrosine. Data are also given as per-
centages (in parentheses) taking the value of controls as 100%.

iTurnover rate (T.R.)} of noradrenaline was calculated by multi-
plying the fractional rate constant and the initial concentration
of norsdrenaline sessured in the hippocampus. Deta.are also

given as percentages (in parentheses) taking the value of controls
as 100 percent.

~

*The slope of noradrenaline depletion obtained from lead treated
rats was sigificantly less than that from controls; p-0.05.

bl
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dcploticn !blloutn; the ldldnistrltiun of a-MPT, it was concluded ‘that ‘expo-
sur- of rlts to 0.1 ng lond/k; !br 6 weeks restilted in s rtducod ratc ‘of
npradrensline turnovcr in the hippocampus.

~ We further rlducod the dose of lead administered dnun to 0 025 -'/kg
Anllysis of tha load concuntrttlou in the st contents of two ono-uook M&d
' pups (mean body weight oqu.l to 13 gl revul:i-t in controls tho total 2 ’
quantity of lead in the stomach amounts to 44 ng‘ lith the 0.025 mg lud/lg |
dose of setal, a totnl of 0.325 ug of lead is given to each of the pups uhich
U.ighod 13 g. V¥e therefore estimated thlt durlng the prtuoaainl period aniﬁ*\M‘H
treated with this doso of lead were given a quantity of metal that was equivs- ‘J
lent to at least 5 times th? smount of lead in the stomach contents of controls.

As can be seen in Table 8 treataent ;ith 0.025 mg lead/kg for 8 weeks

resulted in 25V reduction in the norsdrenaline content of the hippocampus but
did not significantly alter the ;oncentrntion of this monoamine in the other
brain regions. On the other hand, this dose of lead treatment did not s:gni-
ficantly alter the levels of dopsmine in any of the brain areas examined.

“oncentration of Lead in Blood and Brain Regions

N
Presented in Figure 12 is the concentration of lead in blood and brain

regions of rats treated with 0.1 mg lead/kg for 4 weeks. This dose of exposure
resulted in a2 73V increase in blood lead level and a significantly elevated
concentration of lead in the cortex (by 125%) and the-hippocampus (by 52I%)
of thes® animals. Note that in treated rats the lead content of the hippocampus
was about 4 times greater than the amount of metal deposited in the cortex and
was significantly greater than the lead content of the three other brain ireas
examined (ANOVA: F(3,31)46.50, p<0.05).

The mean concentration of lead in the blood of those rats treated with
the same dose of metal (0.1 mg/kg) for 6 weeks was 13.8 ug/dl, an increase of

76% over control values (Fig. 13). This duration of treatment resulted in a

eimniFicanr alavation af lasad levels in three of the brain regions examined,



- S TABLE 8 . : ‘ A
Concentration of .noradraulln and dopamine in discrete, brain rogim-of .
. rats trutod daily with 0.025 u lead/kg for 8 weeks :

. . . ' Trestment +
_ Catocholsd.gc Drnn Region Tontrol _ Tead
: Hippocampus 0.274:0.0093(100)  0.206:0.18* (75)
Noradrenaline :
' Cortex ~0.11620.010 (100)  0.137:0.007 (118)
., Striatum 10.33 :0.857 (100) 11.27 =1.28 (109) —
Dopaaine
Hippocampus’ 5.07 :0.137 (100)  5.59 =0.654 '10C)

“Beginning at 3 days and continuing until 8 weeks of age 0.025 mg lead kg
was administered to rat pups daily by gastric intubation. Controls
received an equal amount of sodium acetate.

*The values are the mean = S.E.M. of 6 rats. The concentrations of nora-
irenaline and Jdopamine are expressed as .g/g wet tissue weight. Jata are
i1lso given as percentages /in parentheses) taking the value of controls
as 100 percent.

*Significantiv lifferent from the control values, p-7 "
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FIG. 12: The concentration of lead in blood and 'various brain regions

of rats treated with 0.1 mg lead/kg for 4 weeks. Pups were given

7.1 mg lead/kg daily by gastric intubation from 3 days until 4 wecks
of age. Controls received an equal amount of sodium acetate. ' The
concentration_of lead in tissues was determined by flameless atomac
absorption spectrophotometry. Each point is the mean : S.E.M. of 5-7
animals. Data are also given as percentages (in parentheses) taking
the value of controls as 100 percent. *Significantly greater than
control; p<0.05. ~<Significantly different from all other regions,
p<0.05.
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CONCENTRATION OF LEAD IN BRAIN
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CAMPUS

3LO0D

FIG..13: The concentration of lead in blood and various brain -
regions of rats treated with 0.1 mg lead/kg for 6 weeks. Pups
were given 0.1 mg lead/kg daily by gastric intubation from 3 days
until 6 weeks of age. Controls received an equal amount of sodium
acetate. The concentration of lead in tissues was measured by

flameless atomic absorption spectrophotometry.

Each point is the

of 5 rats.

mean = S.E.M. Data are also given as percentages (in
parentheses) taking the values of controls as 100 percent.
*Significantly greater.than control; p<0.05.



'the eortu (dby SS\), striatum (by 209%) md the hippocampus (by ’0!\) Stuu{ .

-,

L]
Ta %t
.

oy, T

- .

.tical uu}yih lndlcatod that there wers. no significant differences in '1n¢

concentrations among the nriou brain nﬂm

.

In ¢ats ncoiving 0.1 ng lud/u for 3 weeks the mean-blood lead cu:mtmun‘
" (12,7 ug/dl) was 38% grester tlu.n that measured in the untrested: group (Fig. IlJ.

-

In these lead treated animsls the lesd content of all four brain regions examined

was significantly elevated relstife to their 'r!lp.étl'" cuatrol:s' but there UC'I'O'
no significant inter-regional variations in lead content.

- The distribution of lead in blood and bxain regions was slso emmod sfter
the w;lthdmll of chronic lead exposure. When the administration of:0.]1 mg lead/kg
was discontinued at 8 weeks of age and ‘measurements made two -.cehs later, blood
lead levels were found to be within the nn';.c of contro! values. However, the
concentrations of the meta] in the striatum, hippocampus and midbrain were still,
silgnificu;tly greater than thon' seasured in their respective controls (Fig. 14 .

Illustrated in Figure 15 and 16 is the change u;concmtruion of lead
with llge ‘in the blood and brain regions of Ebh\fﬁ!g and of rag;‘e;posed to the
0.1 ng/kg'dqse of metal. Blood lead levels of :relzg:; animals increased
between 4 md 6 weeks of age and reached a saximm. value of 13.8 ag/dl, but
between 6 md 8 there was no sxgmfu:ant chang.e in the cancenrration of lead :n
blood. Note that the le;d content in the blood of controls at B weeks of age
was significantly greater t!;an that at 4 weeks, indicat ing. that the blood lead

level o't' untreated rats has also increued between 4 .;nd 8 weeks of age.

lhereu the small age related chnnges in lead content were simglar in the o

PO
od .

brraln regions of control animals, there were significant inter-regiod®l dif- -
ferences in the time course of lead distribution within thc brains of ;'ntsl -
exposed to the metal (Fig. 16). 1In contrust to othqr brain regions cmmned

-tlhe concentration of lead in the hippocampus was ag.jts max iam \.nluc (0 122 ug/g)

after onlv 4 weeks of lead administration. Furthermore, whereas the leveis of ¢

. . - .
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CONCENTRATION OF LEAD IN BRAIN
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FIG. 14: The concentration of lead in blood and various brain regicns

of rats treated with 0.1 mg lead/kg.for 3 weeks (A) and of rats that -

were subsequently withdrawn from treatment for I weeks (B). Pups were
given D.! =mg lead/kg daily by gastric intubation from 3 days until @
weeks of age. Controls received an’equal dose of sodium acetate. At
3 weeks a group of control and lead-treated rats were withdrawn from
further treatment and kept for an additional 2 weeks. The concentra-
tion of lead in tissues was determined by flameless atomic absorption
spectrophotometry. Each point is the mean ¢ S.E.M. of 5-7 animals.
Data are also given as percentages (in parentheses) taking the value

of control as 100 percent. *Significantly greater than control; p-0.05.
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 the uul in coﬂu. stristum and midbrain attu- 8 noks of lead trestmsat was

-muw-nr greater than the values st 4 weeks, a slight but nom- stptﬁcm

ndncuu in the metal content of the luppocm was observed as the duratiom
of treatamnt increased. '

-

The coac'nirqtion of setal in the blood of mt-‘ls t.hat had received chromic

c:putm to the 0.025 mg/kg dose of lead: for 8 weeks was not significantly oxe-‘

vated relative to controls (Fig. 17). However, at this dose level we-did observe ‘

a two-fold increase in the lead content of the hippocampus. Moreover. since the
concentration of lead was significantly elevated only in this region it sppears

that there was a preferential deposition of the metal :n the hippocampus.
’ L=

L

T3
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FIG. 17: The concentration of lea in blood and various brain
regions of rats treated with 0.025 lead/kg fog 8 weeks. Pups
ere given 0.025 mg, lead/kg daily by gastric intubation from 3 days
til 8 weeks of age. Controls rfceived an equal amount of sodium
acetate. The concentration of lead in tissues was measured by
flameless atomic absorption spectirophotometry. Each point is the
mean * S.E.M. of 5 rats. Dsta age also given as percentages (in
parentheses) taking the values of controls as 100 percent. .
'Signifficmtly greater tHan control; p<0.05.
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Int roduction

Kesearch on the nmebehpiioqrel consequences of subclinical lead poisoning ’
has been the source of much ‘diecuu’len and controversy. Clinical studies have
reported that moderste increnen in body &:rden of lead in children msy (David
gt al., 1972; Beattie et al., 1975 laloh ‘ot al., 1975; Needleman st 6‘../ 1979)
ry .

or may not (Kotok, 1972 Lnnd:dovn ot al./ 1974) be associated with various e

subtle neurepsychologtcll deficits, including hyperactivity, Animal studies with
rodents have had- limited success in establishing s model of subclinical lead
.polsonh‘u. Since it was first established that suckling rats are vulnerable to
;l;e neurotoxic effects of lead (Pentschew ahd Garro, 1966), mumerous experiments
have been conducted to 1nve;t1ﬁte the neurochemical and behavioural consequences
of chronic sublethal lead ‘poisoning in the developing redmt Qﬂchaelson and
Sauerhoff, 1974; Silbergeld and Goldberg, 1974; Sobotks and Cook, 1974; Krehbiel
et al., 1976; Dubas and Hrdina, 1978; Govoni et al., 1979; Jason and Kellogg,
1981). However, in most of these earlier studies the ds;se of lead administered
was so large that their relevance with regarg to subclinical iead poivsoningiis

a point of question. | )

One of t‘he ways in which -the presen; study. on chronic lead poison_ir}g ie
uhiquely di'fferent from most earlier investigatiot;s is t!mt the doses of metal
used (0.025 and 0. I‘u lpad/kg) are among the lowest exaein.e'd and may even be
' considered environlentallr relevant levels of lead exposure The total daily?

intake of leayy indivjluals of the general Cansdian pepulntion has hﬂen esti-
. mated té-be 0.175 =g (NRC, 1973). Asm:ing\a- standard 70 kg body mass, the
. ‘0.1 ng/kg dose of lead used in this study is eﬁuinlent to 40 times the total
dn_il‘y intake. Tﬁe'rqm bl_oo.d lead level observed‘ in ;iu expased to 0.1 ag
— _le-d/kg Tdose of leraI.@ 13.8 uz/dl—u—s& the -lnrgest‘eoncentration measured in
the brain regions was 0.122 ug(z lhilst these levels are 'significantly grenter
than those noted in controls they do nog represent an excessive increase in blood

and brain lead content. The values obtained at this dose are within the rang

)
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of blood and brain lead concentrations found in “normal" children less than 9

: . o’ |
years of-age (0.090 ugAj?ln blood and 0.070 ug/g in cortex) and slightly greater

than that of children less than 1 year old (0.030 .g/g ih blood and 0,030 ug/g
in cortex) (Barry, 1975). ' “

Y

Growth and Physical Development
_ Reduced body weight gain has been reported in animals that have indirectly

.h?.*

received chronic lead treatment via the nuraing mothers milk (Siiborgold.lnd

Goldberg, 1973 Modak and Stavinohn. 1979). However, studies indicate that the

metal 1:301! does not directly cause ret od growth rate. This instead, seems
to rosult from nutritional deprivation during the suckling period, which is
socondnry to mkinutrition of dams raised on a diet trottod with large gmounts of
lead (Michaelson lﬁz/*:uorhoff. 1974; Michaelson, 1980). This explanation is |
consistent with the obsqrvations that relatively large doses of the metal fup

fo 90 ag lead acetate/kg) séliniitered directly to developing rats via the oral

route have not been lssocintod'iifn reduced growth rate (Sobotka and Cook, 1974;

i
Golter and Michaelsop, 1975; Overmann, 1977; Dubas and Hrdina, 1978).

In our results we observed little evidence of retarded physical develop-

"ment in lead treated rats espagially during the preweaning period. Exposure to

the largest (10.0 mg/kg) and the lowest (0.025 ng/kg) doses of lead did not
significantly alter the body weight gain at any time during the 8 weeks of.

e

treatment and for the first three; weeks of 1ife the growth rate of rats roc;ﬂvihz’

v .
the 0.1 ng/kg dose of metal vas l::;\!i‘ii!:_ﬁo that of controls. In addition;

the ti-c course of appearance of developnental land-arks for animals receiviﬁg
10.0 and 0.1 mg lead/kg was indistinguishable fron that ‘of untreatcd TAts.

However. at 4, S and 6 weeks of age" slight (less than 10%) but statistic;lly

F

sizniflcant (p<0.05) reductians in body weight were observed in aninals treated

with the lower dose of metal. ’

- " '

Alth&ugh there is some evidence to suggest thnt'nutritiona}‘stltbs during

LY

the early stages of development can. influence the regulation bﬁ'f;cuiotbr -~

76.
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by
activify and the brain neurocheaistry of rodents (Loch et sl1., 1978; Shoemaker

- and Wirtman, 1973) these observations have been }epcrted‘in animals that were

‘malnouyished during their suckling period and fo such an extent that their body

re reduced to as low as 500 of normal values. Furthermore, experiments

ueig;}\\

" on learning which use reinforcement schedyles frequently elp%?y food deprived
" - *

animals that are maintained at 80% Of their free feeding body weight without
- ﬂ '
causing any dramstic alterations in behaviour [(Ferster and Skinner, 1957; Zenick

et al., 1979). Because the decrease in body weight that we had observed in rats '

~ receiving 0.1'mg lead/kg was less than 10V in all cases and since signs of

physical develepeent.e;d growth during the critical preweaning period were
normal, we reasoned that the biological significance of such a snell reduction -
in body Ueight with regard to malnutrition induced behavioural chnnges is
doubtful

Effect of Chronic Lead Exposure ‘on Circadian Loconotor Activity '

The locomotor activity of rodents is characterized by its correlation with
the;ﬂlrk/light illumination cycle in a circadian rhythm. Rodents are nocturnal
animals and as such are always markedly more-active during the dark period as
compared to the light period in the cycle (Holnquest et al., 1966). Studi.s
indicate that there are circadian phase ependent variltions in the effects of °
centrally ective drugs which alter loc or activlty (Lemmer’ ‘and- Berger, 1978).
Fﬁrthernore,'there is some evidence to suggest that the expression of lel& .
induced behaviour changes may be influenced by the dark/light cycle of the
circddian rhythm. Dolinsky and colleazues (1961) noted that in lead poisoned -
nice hyperactivity was observed only during the dsrk period‘bf the cycle. It
is therefore lpparentzékat measurement of SLA at one point of the circadian i’:'
rhythn may yield a result which is not consistent eith findings made at other
times. -

'Pfevioﬁs studies on lead and locomotor activity have met with limited

success. For the most part they have demonstrated that chronic lead exposure
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can rosult in hypernctivity (Snuorhoff and Michselson, 1973; Silbergdld snd

—,A—Goldborg, 1973' Dubas and Hrdina, 1978- Jason and Kellogg. 1981 -Hoq:ver.

this finding has’ not been consistent and there have been reports of unaltered
(Sobotka and Cook 1974; Krehbiel et al., 1976) as wsll as reduced uctivity |
(Dr!scoll and Stegnsr. 1976- Vsrlmzier:l 1979) in rodents that "have been.
chronicslly truted with the metal. One of the shortcomings of prwious
experinents has been in the tininz of locomotor measurements. For the most

(5

ﬁart the notor—activity of control, d lead exposed rats had been recorded

- either over relatively. short perigdds of time (5 mins - "3 hrs) (Silbergeld
E Goldberg, 197\ Sobotka Cook, 1974, Brown, 1975; Petit sn(d\ Alfano,
1979; Grtnt et al., 1980; Memo et al., .1980; Wince et al., 1980; Jason and
Kellogg, 1981) or the cumulative SLA counts Jere compnre& over much longer tins

intervals (6-24 hrs) (Sauerhoff and Michaelson, 1973; Krchbiel et al., 1976;

Overmann, 1977; Cutler et al., 1977; Modak and Stnvinoha,‘1979;,Dolinsky et al,,

1981). While these methods provide information on the locomotor activity of

[N

animals at some point during thc circadian rhythm or on the o¥erall trend of

activity, neither of them are able to fully describe how chronic 1éad poisoning

.affects the locomotion of animals throughout their circadian cycle. ~

Tr

.-- In order that we might deternmine what effect lead has on the circadian
) 4

. - ‘ ,
SLA of the rat we compared the hourly activity counts of control and treated

‘
animals over a 12 hour dark/11 hour light cycle, Our rcsults‘indicatc that

chronic exposure to relatively large doses of the metal (10.0 mg lead/l?)\i\
n;soCiated with a transient clcvat;on in locomotor activityrat 3 weeks of age.

In these animals, exploratory bchaviour was sigﬁificantly enhanced and there

. ) <
was heightcncdlocomotiop during the last quarter of the dark cycle. These.

results arc consistent with the observatigy of other authors who have reported

that reactivity is significantly elevated in-rodents that have received chronic.

treatment with relatively larhc dbses of metal (Reiter, 1977; Petit and Alfano, °

78.
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l979). That 10.0 mg lecd/kg resulted in hyperactivity during the last quacter
of 4the dark cycle but did not.affect the SLA during the light. pe:iod is .in
cgrceneht uith the observotions of Dolinsky and coworkers (l981) who noted thct
lead’ induced hyperactivity in nice occurred prinarily during the dark phnse C
of the circadian cycle, ' _
The lO%Iglkg‘ dose of lead i3 rolntivoly llrge, and as''such the rolevance
of our observntlons at this dose lovol to. subclinic:l lead. poisoninz in children

is questionable. WNe therefore»studlod the behavioural consequences of the 0 1

ng loadlkg dosc that results in significant but ‘not excessive tncreases in blood ‘.

and brain lead levels, Chronic treatment of newborn rctsuith 0.1 mg Jpodjkg for
4 and 6 weeks was found to have no effect on their circadian locomotor activity.
However, exposure to this dos; for 8 weeks did result in hypcractivity}uhich was
not evident upon withdrawal from treatment for 2 weeks. In animals receiving
;the 0.1 mg/kg dose'for 8 weeks there was.no significant difference between
untreated and léad exposed rats during the initial hour of SLA measurement.
However, while in controls the SLA.counts subsequent tlo the initial ncriod
decreased stcadily with time, 1nd1catmg no 11 habituation to the novel cnvi-
ronment, the activity of treated animals remained clevated. Thcscj findings

/
sugge\n that while control and poisoned rats responded Ra similar manner to

\

the novel .environment jt took the lead exposed.raodents about one hour longer
to acclimate “to ifi}nc: surroundings. A similar disruptidbn of the habituation
mcchﬁsm was observed also in rats treated with the \&025 mg/kg dose of lead.

A
Exposure to this low dose of metal during postnatal development was found in 5

€

week old rats to result in a transient hcightenedlreactivicy as indicated by

an almost 2-fold increasec in SLA counts over controls dufing the first hour of

“activity measurement. A - . -
' - 3

»

" *From the results of our cxporiucnts on chronic’ Tead poi?oning there appears
"to be some indication of a dose rcsponse rolatxonship nith.regard Yo c;rcadxnn

lgfomoto; activity. Exposure of the ncwborn rats to telatively hxgh,doscs of

.



__nmﬁhatnmine and other\?ﬂs stimulants that is unlike that seen in untreated -

the metal (10.0 mg/kg) was found to cause a heightened exploratory netivity as
well as a Joceli:ed period of hyperactivity during the dark phape of the
circndien rhythn On the other ‘hand, lower levels of lead trentnent‘(o 1 end

10.025 ng/kg) seemed.to slter only the habituation process  but-had no éffect

on the.remainder of the circadian cycle. The;e observations are consietent with
" the’ hypothesis that in rats chronic leed exposure during postnatal develepnent

does not.result in a generali:ed elevation in notor activity, insteed the

océhrre!l. of'hyperectivity is 1nf1uenced by the ‘circadian nature of their loco-

_ motor beheviour..- . .

-

. The results of the present study also indicate thit the lead induced hyper-

activity was s transient phenonenon. For those rats receiving ‘chronic treatment
with 10.0 mg lead/kg heightened motor activity was noted at 3 weeks of age but
was not evident when measurements were again made during the following weeks

of lead exposure. Similar obscrvations were also made of those rats that were
administeredlo.ozs mg lead/kg. This level of. chronic lead exposd}e resulted

in an e1evated reactivity at 5 weeks of age which was not- observed during

subsequent recordings conducted following 6 and 7 yeeks of treatment. Our

. v -
- observation thaeziend induced hyperactivity in rats is a transitory occurrence

% 3

' which does not persist with the duration of exposure is consistent with previous

. reports of transient elevations in locomotor activity of lcad treated rats

(heiter, 1977; Dubas and Hrdina, 1978).

Response to d-Amphetamine

. ) ‘.. o L. . »
In addition to an elevation in basal locomotor activity, it has been

reported that: rodents chrpnieélly exposed to lead display a locomotor response to

- . . : .

animals. Amphetamine is a sympathomimetic agent which upon administration to

pormal redents results in a dramatie increase in'locomotion (Maj et al., 1972b).
a

On the other hamd lead treated rats and nice have been found to dxsplay a pnra-

. doxnca;¢yesponse.to the stiuulnnt. In_ eninals that have bedh exposed to the

-

80.
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“‘metal the elevltion in feconotor activity reeultinz from té, ad:inisfretiqn of ¢

. llpheteninel or other CN§ etilulents is not as greet as that observed 1n controls

(Sobotka and Cook, 1974; Kostas et el.. 1978). Furthermore, it has elso been

reported thet amphetanine can lctuelly subdue the heightened activity observed

An ‘lead treated hyperactive mice (Silbergeld and Goldberg, 1974; 1975) o

In our study, chronic exposure of rats to 10. 0 mg lead/kg for 7 weeks during
postnetel developlent was found to'result in.a suppressed locomotor response to
d-llphetlline During the one haur intervnl following injection of the stinulant,
the percent increase in loconotion-nbove baseline ectivity'ﬁevel in rats that nnd
received this dose of lead was about one-half of the reepense cbserved in un- .
treated animals. There was no'dffference in besei‘notor activity Petweén control

L]
and lead treated rats during the one hour period preceeding the administration

of amphetamine. Therefore the observed variation in locomotor response between

the lead exposed and untreated groups was not secondary to an already elevnged
basal SLA which may result from lead exposure. Our findings are in agreement

with the results of other researchers who have reported a suppressed response to

. amphetamine by lead poisoned non-hyperactive rats (Sobotka and Cook, 1974;

Reiter, 1977; Yamamoto and Kutscher, 1981).
Ne observed little evidence of a reduced locomotor response to d-nnphetnniﬁ!

in rats that had been treated with 0.1 mg lead/kg for 4 and & weeks. Howe&errf

' those animals that hnd received -this dose of metal for.8 weeks did displly an

altered response to the stimulant. During the first three hours following the -

"intraperitoneal injection of d-n-phetnline the SLA of chronically lead exposed

rats did not increase to the same gxtent as that of untreated animals. The

,suppressed motor response to d-llphetlline is consisteqt with our earlier

observ:tions that exposure to this dose of the netal for 8 weeks was also asso-’
ciated with & heightened basal locomotor activity. Moreover,in both experiments
the lead induced alterations in locomotion were confined to the initial 3 hours. -

of measurement and the overall pattetn of circadian SLA did not differ iignifi{
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~

cantly between control and lesd exposed rats. These n;ults therefore confira

_the D‘}on that the low level of chroa%c lead exposure (o.'x u/kdund in this

. study can csuse a subtle distuption in the regulation of locomotor sctivity ia

“t‘.
L4

Mech-iul Consequences of Laad Tuici_t_.l
‘ There i3 evidence to suggest that the h-ctionl activity of noradressline

and dopsmine in the hippocampsl and Striatak regions df the bdrain may iaflusace
the loen;tcr bebaviour of rodemts. Norsdremergic pathways which termimate ia

.mwmmuammuwmamtummnu.

1979) and microinjectiom of soradremaline iato the hippocampus of the rat has
been foumd to result in sm elevated cdhem field activity as well as heightensd
resctivity to stimuli (Gage and Sprimger, 1901). A mpjor dopsminergic system
in the O is the nigrostristal psthwsy. These aeurcas heve their origias ia the
substantia nigra and terminste in the neostristum where the fibers are distri- °
buted throughwt the cauhto and putanen. The isportance of this pnth-y in

the mulnticn of loenotor activity is well documented mnnyuadc:

.1966) . Stimulation of this \syst- in rodents by intrastriatai njoction of '

dopsminergic sgonists have been reported to cause heightened body movement in
the forl.of dyskinesia, stmotygic bohlviopr or a more ‘gnmlizd Wtivity
(Costall et al., 1974; Costsll et al., 1975). ' |

In the present sttiy\. examination of the steady state levels of catecholmmines
in the hippocampus, striatum and cerebral cortex revealed that chronic exposure
to relatively low doses of lead (0.1 and 0.025 mg/kg) selectively alter ths
noradrenergic systmhc hippocampus. No significant changes in the dopamine °
levels in the striatum and hippocampus were noted, and the noradrenaline concen-
tration in the cortex was also unaffected by these levels of lead exposure.
However: the nqradrmline oentent of the hippocampus was found to be signi-
ficantly dltered in those rats-that were treatad with 0.1 mg lead/kg for 4 and

6 weeks as well as in those that had received the 0.025 mg/kg dose of metal




- . for 8 weeks. In addition, upon a&iliér'imszipt:oa;- we cbserved that'ths -
turacnr uto of aoradmaunc iu the hippocanpus was ;lplﬂmuy reduced in -
";'tbu animals exposed to 0.1 ng lead/kg for 6 weeks which confifmed: that the -
functional acttvlty of the nnndronmic mt- in the hippoa-pus m lntirod
.by this dose of metal. . ' o, o
Previous imvestigations on tho moch-utry of lnd treated rod-uts have
rqortd that lead induced hyp-nctivtty may be uucutd vith a!tmtiou h
thn.ﬁsut.‘lmlsofuwmaﬂmmuthﬂs.(Wlﬁ_T :
Michaslsom, 1973; Golter and Mickaslsca, 1575; Silbergeld and Goldberg, 1975; '
Rrdiss ot a1., 1976; Dubas and Hrdina, 1978) and further studies suggest that |
' chroaic 1ead trestment may result in changes in the reldase (Wince s al., 1980),
uptake (Jasca and Kellogs. 1981) and ‘turnover (Govoni st al., 1979) of these
ssirotransmitters. In many of the sarlier studies attempts were made to correlate |
the observed neurochemical changes with lead ‘induced Ryperactivity. It has beea
shown that altered brain regional comcentraticas of moradresaline and dopsminé®

scmetimes occur in temporal phase with transiest hyperactivity observed in rats A
}

_receiving chronic lead exposure (Dubas and Hrdina, 1978). - In additiom, Govomi -
lad.othm (}980)  demonstrated that in lead tr;at-d hyperactive rats dopimine
synthesis was elmtd in the mucleus accumbens. nus observation is.in agm-.
-ment with the report by Pijnenburg and colleagues {1975) that billtml
administration of dopsmine into the nucleus accumbens nh_acos loeo.o}:ion.‘
Wor, nemch-ical. changes obsméd fo'l lowing lead exposure have been
himnsistent and there is liptle concensus on a characteristic iWul

. change in the brains of lead exposed hyperactive rodents (see Introductiom).
‘1110' qole earlier studies suggest a correlation between elmt.od nétor

activity and alterations in central catecholamine function, a cause-effect

relationship has not yet been established. In this study we noted no changes

g |
in brain regional concentrations of noradrenaline and dopamine in lead exposed



hypersctive rats. This obsmation suggests that the slevated locomotor

e

activity noted in our treatsd rats wai not dssociated A irmrbod catechol -
aminergic pathways in the striatm, hippocampus and cort

results thus
ced hyperactivity.
1 systams in the brain.

do not support the proposed relatdonship between lead
and alterstions in noradrenergic and dopaminergic

It is important to note that most of the earlier

ies on. lead toxicity

eaployed relatively large doses of lead. For e, in the experiment by

Dubas and Mrdine (1978) thc_ concentration of lead in brain ions ranged from
1.27 to 2.88 ug/g; the blood lead level and brain lesd comtest Heport
and colleagues (1580) was 85 .g/d1 and 0.87 ug/g respectively.
are at least 5 times p-uur than the maximm cuc-ntntiou of lead measured in
blood and bnin rqtau of .treated nu in our study. locuu of tho large
asousts ‘of metal found in the brains of treated animals in prwim unctultim.
1t is poumo that the observed cstodnl-hn chun nay Imn been m-tpociﬂc
uurochdical consequences of a greatly elevated lead SXpOSUTS. With the
relatively small doses of setal used in our study n have rcdnc-d the likou.hood
ot'. this occurring. Indeed, the only alterations tn bnin mim catecholamine
conc tioms oburnd ia the present study, was in the norsdrensline comtent
ofththimlbrnnmtoathnmfomdtostmgrntn-mtsoftho
metal than other areas of the OfS.

Correlation Between the Neurotaxic Effects of Lesd and Brain Regiomal Distribution

of the Metal .
It has been previously reported that lead does not accumulste .oqm'lly in
all brain areas. Fjerdingstad and colleagues (1974), and more recently Fox et
. (1962) have  demomstrated that in the rat brain more lead is stored in
the hippocampus than in other rqiou Our rmlts on brain regiomal lead
distribution confirm and extend these earlier observations. Exposure of newborn

rats to 0.1 mg lead/kg for 4 weeks was found tp result in s u'lo;tive deposition
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of the metal in the hippocampus. In'the brains of these younger snimals, the
concentration of lead in the M.ppocqu was about 3 ‘t.hu greater than the
levels msasured ln other brain areas qxaslined. Similarly, we noted that in
those rats that had been sxposed to the 0.025 ulk. dose of metal for 8 weeks, -
the hippocsmpus was the ouly region with s significantly elevated lead content.
Following 4 and 6 weeks ot chromic exposure to 0.1 mg lead/kg, slgni.ﬂmt
alterstions in the steady state levels of noradrenaline were nlso observed only
in the hippocampus. Purthermore, chromic cpcsuﬂ to the lowest dose of lead
used in this study (0.025 mg lead/kg) was fousd to result in & reduced morsdren-
alihe comcemtratiom in the hippocampus but had no effect om the other brain aress

- thaet vere u-hd These anu-cu of selective msurochemical alterstioms in

the hippocampus of rats chrouculy exposed to low doses of lead correlates-well
with the greater comceatrations of lead deposited ia this regiom. It would thus

wmmmuiud—mu-ufm:mmﬁumhw

. wm&u“dmhahmmmhunoacrmtmum

1t

asurotoxic effects of lead. Indesd, our resuits are supported by -n'pholoﬂcal
studies Mcb suuut that the hippocampus msy be a major site of tuic lead
action (Petit and Alfsmo, u'n Le Boutillier et al., m).

Mcsdbﬂhllodﬂluhu ..

Our data suggest that the distrnmttoa of lesd to various braim regioms
is influenced by the mmcunt of lead aduinistered to the rats. Wheress 2 smller

dose of lead (o.nzs_-.n:g lead for 8 weeks) resulted in a significant increase
‘in the lead comtent of oaly the hippocampus, similar comcemtratioms of the methl

were foumd in each of the brain regioms of rats given s larger dose (0.1 mg/kg
lead) for the seme period of time. In addition to the dose of lead administered,
it appears thet the duration of exposure also influences the distribution of
this metal to various braim regioas: Treatment of rats with 0.1 sg lead/kg for
4 weeks resulted in sipi.ﬂcnt preferential sccumulation of the setal in the

hippocampus, but in animals receiving the same dose of lead for 6 or 8 weeks,



° {evels of rats treated with 0.1 mg/kg dose increased betwesn 4 and 6 wesks 6!

L]

no- sini!icant inter-regional differences in lead distribution were obsdrved.
', The kinotics of -1e3, in blood and various organs has been prcviomly shown
to be 1nf1mcod by age (lbncllovlc and Kostul. 1974; Nykkanen ot ll., 1979;

Juao. 1980; Xeller and Doherty, 1980). In the present study, the blood lead

age but then plateaued between 6 and 8 weeks. The levelling off of blood leed
levels oi:smod in this experiment is at variance with the findings of Mykkinen
and coworkers (1979) who reported that there was a pmuouncod decrease in the
eonccltntion of lead in blbod between 5 And 7 weeks of age in rats receiving

o ehmte lopd';:rt. They attrih:tod their finding to a declining "lead

' -

_ubu::ptica frop-the gastrointestinal tract with increasing age (Forbes and Reima,

1972). It should be noted however, that in the study by Mykkinen et al. (1979)
lead (2% lead acetats) was admninistered via the food. It could thud:ore be

argued that in addition to the age dependemt reduction in lead absorptiom, the

.marked decrcue'-ia blood lead levels observed with age might have also been dpe

to docroued lead intake multiu from a reduced food counqtion by lead-
poisoned animals (‘lllchulun and Sauerhoff, 1974). In the present experiment

the lead intake was kept relatively constant since a fixed dose of lead relative

to body weight was ‘ndnhiis‘tgrﬂod airictly~:o the animal. This differgace in the
method Of lead administration may account !”or the less pronounced decrease in
blood lead levels cbserved in this study. Although lead absorpticn from the
gutrpintesthul tnct is nduced inm adult rats, some lud is still absorbod fru
the gutrolntcstiul tract of utm animals (Aungst et al., 1901) This
observation is supported by cur results which shou that upon withdrml of lead
treatment for tno weeks, blood lud levels docrnse?by 168, Purthermore, h

ooagnes oo _cegrpges o "

!

™

our control animals blood lud lmu were found to increase with age until
thcy were 8 weeks old prohbly due to the enn-ptien of food coauhuu mall
but measurable mts ot :-Ho 211-ppm) —

There was a noublc difference in the tﬁcties o.f lead distribution to



e
‘various b'riiﬁ rogions'buwun contro! and lud-trutod rats. In controls,
- the change in the concentration of lead vith age was shnn for all brain =

&umu cxm}md was pot uniike tha tm cqurse of changes in the blood.
On the other hand, in rats receiving 0.1 mg lead/kg ll;nui.cant regional »
* differences were observed in the kinetics of lesd distribution. In contrast
‘to the coftex, striatum and aidbrain, the concentration of lesd in the hippo- .
campus attained s maximum value (0.122 ug/g) after 4 weeks of lead treatment
. at_which time it was even greater than blood lead levels (9.4 ug/dl). Purther-
- more tho lead content of thc;himc-pxs remained virtually unchanged as the.

anisal grew older, ‘u,‘,;.). eoucntnttoa of setal in other brain regioms
lncruud between 4 and 8 weeks of m

The -odult- by ﬁlch lead selectively sccumulates in the hw

remains m However, tho unusual kinetics of lead d.htrlhuticn to thu
brain rqiou nay holp qhtn vy fouo-m m to 0.02S sg lead/kg for

8 weeks, the lnd content of tho hippocampus was 2-fold greater than that .
. measured in u-tmtd Tats yot at the time blood lead levels were similar to
control values. As can be seen from cur results, the preferemtial depositiom of
lead in the hippocampus of Tats receiving the 0.1 mg/kg dose occurred im 4 week
old rats and was not evident at 6 and 8 weeks of age suggesting that this
pheacmencn occurs primarily in m«r aninals. We propose that with the 0.025
ng lead/kg dose, the moderate lm’h lead intake (estimated to be about §
times greater than the imtake of 13 during the suckling period) was
sufficient to raise blood lesd val above comtrol levels during tllo. -rly"
states of dgvilopment and result with a greater acSumulation of lead in the
hippocsmpus of\Jead exposed rets as cqn.nd to untreated nhals. |

If one-can assume tAEt-the time course of change in blood lesd coscemtratios is

the same during chromic exposure to 0.025 mg lead/kg as itmtcrﬂuo.ln'll;
-dose. Thea blood lead levels during exposure to 0.025 mg lead/kg mldr probably
level off following 6 weeks of treatmest. Hence, while the coaceatrstiom of leed

N i



C'\*. in the blood of rats treated with 0,025 mg lead/kg may have been greater than )
" that of controls in younger snimals the resulting stesdy state blood lead level
- at 8 ‘lvnks of age may have been too low to be significantly greater tlhn the
l;ul content of blood from controls at 8 weeks of age.

Little is known about ‘tho' chlu'u in miuu'all llud distribution within
the rat brain following the withdrawa) o:‘cum:: lead treatment. A study by
Moadilovié and Kostisl (1974) in which the smount of lead radioisctope (203 Pb)
in rat brain was followed for 8 days after a single injection (i.p.), showed
that lead is retained in the brain even after blood lesd Jevels had declimed.

' More recemtly, Jasom snd Kellogg (1981) reported that after oral lead treat-
ment was discontimued, the comcemtration of the metal in the neo-stristus

- did not decrease as rapidly as du\tln iuood lead level. This is now comfirmed

and exteaded by our results’which show that after the withirswal of chromic
lead treatment for 2 weeks, the comceatrstion of lesd in most brais regioas
remains significantly greater than their respective controls evea though
blood 1ead levels are vithin the raage of control values. Thus, the washout
time of lesd from same brain regioas of rats that have received chromi¢ lesd

treatment must be relsfively slow.
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In conclusion, the present study has shown that chronic exposure of rats
to relatively low doses of lead (0.1 mg lead/kg, for 8 weeks; 0.025 ag lead/kg
for S weeks) influences the regulation-of motor activity. The ‘lud induced
sffects included hypersctivity and a depressed motor response to the CNS |
stimulant, d-amphetamine. The elevated locomotion cbserved in snimals mofvug
thase lon doses of setal occurred primarily during tho m:m sxploratory
period of the circadian locomotor activity cyclc. while the x‘-nador of the
cycle was unsitered. A larger dose of lead (10, o ng/kg for 3 weeks) produced
.in addition to this hyper-reactivity, an increase in nocturnal locamotor. activity.
Our results thus m:‘to that l'o.d does not cause & generalized increase in
locomotion throughout the entire circadisn .;m':.u sad indicate that the exteat to
which hypersctivity occurs amu the circadisa cycle u_a.p;-u-: on the dose
of Eh_ru.ie l‘-ul sXposure. o ' |
Measurement of the steady stato' levels of aor;h‘nlm-nd dopemine in the
striatum, hippocampus sad cortex revealed no evidence of a relationship between -
elevated motor activity aad altcnll catecholamine mtm in thu areas of
the CNS. For the brain muuu-hd the only changes in steady state levels
of catecholamines observed were in the hippocampus where relative to comtrols
‘noradresaline content was significantly altered following trestmeat with ‘
0.1 ug l;dlt. for 4 and 6 weeks as well as 0.025 ng lm for § woeks.
The turnover rate of noradremaline was also significantly reduced in the .hippo-
campus of rats exposed to the 0.1 mg/kg dose of metal for & weeks. These
uloctlv; a-ir‘och-ical changes correlate well with the grester depositiom of
mlmhm&mncwtouhrmdtthluﬂ
tr;;lrau Thus these fiadiags suggest that the preferemtisl accumulation
axdumwnmwmmmum.um ' .
meurvtoxic sffects of the heevy metsl: mmw Teod -
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content indicated that the kinetics of lead distribution to the ccrtu. strhtt-. ‘

hippocampus and midbrain is varied and is lnﬂmcod ‘both by the dou of lead '
sduinistersd and the duration of chronic treatment.
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; RESWE
. There has been much discussion sbout the neurotoxic effects of low level

lead exposure in developing ormi;u. Clinical investigations report that

hyperkinesis may be s symptom of subclinical lead isoning in children with

slightly elevated body burdens of lead. Some of these i‘l?ron display

paradoncal response to central stimulants such as amphetamine and -othyl-

phehidate, in that these drugs actually alleviate their hyperactive bohnviour.
e Experiments with rodents have had limited success in establishing an snimal
‘ model of subclinical lead poisoning. While it has b.oen reported that\in rodents
chronic lead exposure can cause hyperactivity and a paradoxical locomotor
nsp&ue to centrally active stimulants, :hc e. observations have not been
calﬁ.md by all researchers. Hemchelical(h\fes‘tigltioﬁs reveal that nora-
dronorzic and dopaminergic systems in the bnin which are thought to plny a2 role
in the ccntral regulation of lpcomotor activity may be altered by chroni.c lead

/
treatment. However, there is little concensus on the characteristic neuro-

ek e —— 4

chemical changes in the brains of lead exposed hyperactive rodents. A drawback

of many of the earlier animal studies is that the dose of chronic lead treatment

is so large that the relevance of observations amade to subclinical lead poisoning

if questionable. In the present study the effects of chronic low level lead
exposure -on th§ circadian hé@ntor activity rhythm snd on brain regional concen-
trations of noradrenaline snd dopamine wers investigated in the rat. In addition,
ihe kinetics of lead distribution in blood and various areas of the central
nervous system (CNS) were examined. Begimning at 3 dsys of age and continuing
for various periods of time during postnatal development, lek (10.0 mg,. 0.1 ng

e md 0.025 mg/kg/day} ¥as administered directly to the animals by gutric-intnba-*_— .
tion. None of the tnt;unts n;'e found to have an effect on growth .and
physical developmsnt during the critical preweaning period.

-
Exsmination of the circadian spontaneous locomotor activity (SLA) of rats



r
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that hulu received 10.0 mg lead/kg until 3 weeks of age revealed that their initial
exploratory activity was elevated by 191V as compargd to untreated snimsls. |
.Punhomro. the SLA during the last quarter of the dark phase was allso signi-
ficantly greater (164%) than that of controls. The altered loco-otiala obs:md
at this dose was transitory 'and was not present after sn additional week bf lead
treatment (i.e. at 4 uoeks); Rats expased to 10.0 mg lead/kg for 7 weeks'dis-
played a rc'ducod locomotor response to d-amphetamine. In rats that ;n-c exposed
to 0.1 ng lead/kg for 8 weeks, the duration of elevated motor activity associated
with fho habituation porio& was prolonged. However, treatment with this dose of
setal for 4 and 6 ?ocks had ;o offect on the SLA cycle of d.voiﬁpiu( animals.
Purther evidence that chromic exposure to 0.1 mg lead/kg for 8 weeks had altered
the regulation of locomotor activity came from a comparison of th‘ BOtOr responsses
of control and lead treated rats to lqiut..tno.. Rats That were treated with
this~dose of metal for B deeks displayed a lower motor response to d-amphetsmine.
However, no alterations in response to amphetaminé were observed in those

animals that had received the 0.1 ag/kg dose of lead for 4 and 6 weeks.

Chronic treatment of newborn rats with a lower (0.025 mg/kg) dose of lead
during posf:nanl development was also found to result in hn;cnctiu behaviour
during the habituation period. Reactivity to a novel environment by animals
receiving this dose of metal for 5 weeks was 91\ greater than that of untreated
rats. This elevatiwm in SLA of lead exposed rats (0.025 mg/kg for S weeks) was
s transient phenonnou.. since it was not observed when measurements were again
conéﬁcéod following 6 and 7 weeks of treatment.

In rats which were chronically exposed to relatively larke doses of.leld.
elevations in SLA occurred both during the habituation period and during the |
dark phase of the circadian cycle. On.tho other hand, hyperactivity of rats
tfented with lower doses of lead (0.1 and 0.025 mg/kg) was found to occur
exclusively during the initial exploratory period while the remainder of the

circadian locomdtor activity cycle was unaltered. These results demonstrate



“that lead does not cause a generalized 1nmuo.1n locomotion r.hroughol.n: the
‘circa.dhn SLA thythm, rather, only'specific periods of the circadisn cycle are
affected. Moreover, the extent of damage is dependent on the dose of chronic
lead exposure. 3 |

Measurement of the steady state levelg of noradrenaline and dopamine in the
stristum, hl'ppoc.pus and cortex indicated no significant changes in brain

regional catecholamine content of rats that were' ad;lnhtorod the 0.1 mg/kg dose

of lead for 8 weeks. This observation suggests that the elevated locomdtor -
activity noted at this level of lead exposure was not usocitto:l with utoniions
in the catecholaminergic pathways of the brain regions. However, exposure to
0.1 mg lead/kg resulted in ulectivi. alterations of noradrenaline levels in the
hippdclqms (a 43% increase at 4 weeks but a reduction by 47% at 6 weeks of age).
.The tumover rate of norsdrensline in the hi'ppoc-pul of rats receiving the
0.1 mg/kg dose of metal for 6 weeks was also significantly.reduced (I;y 24\)..
At the lowest dose of ;oad used in our study (0.025 mg le;d/kg), a'si;n:l.éicmt
-roduction‘ (by 25%) in the noradrenaline content of the hippocampus was observed
after 8 weeks of exposure. No significant alterstions in the steady state levels
of dopamine in the striatum or the hippocampus and of norsdrenaline content of,
the cortex were found. Our results on b'l;ti.n rogia.ul lead concentrations demons-
‘trated a preferential storage of metal in the hippocampus. In rats that were
treated with 0.1 mg lead/kg for 4 weeks or with the 0.025 mg/kg dose of metal
for 8 ;eoks. the lead content of the hippocaspus had increased 3-fold and 2-fold,
respectively over that found in other brain sreas. From thess observations we
concluded that the selective neurochemical changes noted in the hippocasmpus may
have resulted from the preferential deposition of lead in this brain region of
rttsJ receiving chronic lead treatment.

The blood lelg levels of rats treated with 0.1 mg lead/kg for 4, 6 and 8
weeks was found t.o_ti_hitinlly increase with the duration of exposure, reach a

maximum value of 13.8 ug/dl at 6 weeks and level off thereafter. Whereas
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exposurs to ssall smounts of lead (0.‘0'25' ng/kg)} resulted in s pntomlt_hl
accumulation of lead in the hippocampus, a larger dose -of un‘l (0.1 mg/kg)
aduinistered forl the same period of time produced significant "']lncroms in the
lead cmicnt.of all four brain areas uuiiud; the cortex (by 80\), striatum
(by 1068}, hippocn.q.:ua (by 134%) and midbrain (by 67%) but no significant inter-
regional differences in lead content were noted. _In addition to the dose of
metal, the duration of treatment was also found to influence the distributiom
of lead. Exposure to 0.1 mg lead/kg for 4 weeks resulted in a significany
increase in the lead levels of only the cortex (by 125V) and hippocampus (by. |
§22%), vhile the same trestment for 8 weeks resulted in ;;uniﬂcant accuma-
lation of lead in gll of the u(iolis examined. These data indicate that in the
case of chronic low level lead poisoning brain regional lead distributiom is
influenced by both the dose of metal administered and the duration of exposure.
Significant amounts of lead were found to persist in brain regions for as lomg
as two weeks after the withdrawal of lead treatment even though by this time

. blood lead levels were in the range of control values.

A In conclusion, our results indicate that chronic exposure of rodents to
relatively low doses of metal results ig heightened locomotor activity which
occurs primarily during the habituation period but does not alter the overall
pattern of the circadian SLA rhythm. The observed lead induced hyperactivity
was not accompanied by any changes in the steady stata levels of nbndrmnuac
and dopamine in discrete regioms of the CNS. However, there was a correlation
between selective alterations in the norsdrenergic systea of the hippocampus -

and a preferential accumulation of lead in this brain regiom.





