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Abstract

Background: The most critical effects of lead (Pb) toxicity
occur among children exposed during fetal development,
postnatal development or both. Malnutrition is a common
problem worldwide and occurs in both developing and
developed countries. Zinc is an essential mineral and a
fundamental component of the endogenous enzymatic
antioxidant system.

Objective: To evaluate the possible protective effects of
zinc against postnatal Pb-induced alterations in the
physical and neurobehavioral development in both
normally-fed (NF) and protein malnourished (PM) rats.

Methods: Protein sufficient diet (20% casein) for NF
groups and protein deficient one (8% casein) for PM
groups were utilized. Both NF and PM groups were
subdivided to 3 groups 6 dams/each and received daily
from parturition until weaning (together with diet); saline
for control, 1 ml lead acetate (12 mg/ml) and zinc
sulphate (32 mg/kg) with Pb. Pups were evaluated for
physical and neurobehavioral development as well as for
performance in Neonatal T-maze and Open-field test
(OFT).

Results: Postnatal Pb exposure inhibited most physical
and neurobehavioral development of both NF and PM
pups. It also reduced number of correct choices as well as
ambulation and rearing frequencies in both pups, the
effect was more pronounced in PM pups. However, Zinc
increased these parameters in NF and PM pups but
increased body weight, ambulation and rearing
frequencies while decreased time of appearance of eye
opening and grooming time in NF pups only.

Conclusion: Postnatal Pb exposure caused alteration in
some aspect of physical and neurobehavioral
development as well as in some behavioral functions as
learning, emotionality as well as locomotor and
exploratory activities. The alterations were much greater
under the condition of protein malnutrition. Zinc was
shown to protect against these lead-induced alterations in
both NF and PM rat pups. However the protective effect
of Zinc sometimes declined under concomitant protein
malnutrition.
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Introduction
Lead (Pb) is ubiquitous and one of the earliest metals

discovered by the human race [1]. Unfortunately, exposure to
Pb is unavoidable because of many applications of this metal
in the current life of human and its accumulation in
environment [2]. Lead may enter the body by ingestion
through the intestines, through the lungs by inhalation or
through the skin [3]. Lead cannot be considered safe or
acceptable even at low blood levels as it causes alterations in
the developing brain neurotransmitters [4].

Throughout pregnancy, lead readily crosses from the
maternal to the infant circulation. Infant blood lead
concentration becomes virtually identical to that of the
mother [3]. Studies in human or in experimental animals have
shown that Pb accumulates in the fetus from the second
trimester onwards [5] and also during lactation since it is
excreted into the milk leading to continues the risk to nursing
offspring [6]. It was found that level of lead in milk and plasma
during lactation are similar [7] and the lactation transfer of
lead was considerably higher than the placental transfer [8].
Lead can also penetrate the blood brain barrier (BBB) of the
infant and enter the developing brain [9]. The developing
human brain is highly susceptible to lead even at very low
concentrations [10]. Chronic lead exposure during perinatal or
early postnatal development causes CNS impairments
indicated by different behavioral, physiological and
biochemical measures [11,12]. In children, exposure to low
levels of Pb can lead to disorders of brain functions as
impaired cognition, hearing and sight as well as different
neurobehavioral functioning disorders including aggression. It
was also found that Pb may be an important factor in inducing
lower IQ in schoolchildren [13,14].

Lead poisoning exerts its most severe consequences during
development, thus its developmental toxicity has become a
vital area of research [15]. This can be attributed to the intense
cellular proliferation, differentiation, and synaptogenesis in
the developing brain [16]. Moreover, developing organism
lacks of functional BBB in addition of being fivefold greater
absorption of pb [17,18]. It is worthy to mention that, Pb
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exposure during gestation and early childhood has been
reported to cause a variety of toxic effects in both human and
animals [15]. Regarding this point, studies of animals and
human have reached to similar results, since behavioral
deficits induced by lead are seen at approximately the same
blood levels in both [15,19]. Lead may produces its deleterious
effects by causing oxidative stress which ultimately alters the
cellular processes. Such effects might be affecting the
morphological developments as well as the sensory motor
reflexes of the pups and the behavior of the young adult
offspring [15].

Nutritional inadequacy remains one of the most important
non-genetic factors affecting development of brain. It
continues to be of interest because of the widespread
incidence of fetal and infantile nutritional deficiencies and the
growing body of evidence that its effects on the developing
brain are long-lasting and lead to permanent deficits in
learning and behavior [20,21]. It has been shown that status of
mother nutrition during gestation and lactation is essential to
normal growth and development in both human and
experimental animals [22]. Unfortunately, there are limited
published data regarding human fetal physical and
neurodevelopment delays under nutritional deficiency, but
appropriate animal studies help to understand the effect of
maternal malnutrition on fetal development [23].

As dietary protein is an important source of essential amino
acids that can serve as intracellular antioxidant, its restriction
may lead to an increase in oxidative damage by diminishing
antioxidant defenses of tissue [24]. Protein malnutrition can
occur throughout the lifespan from fetal life through
adulthood. The most significant neurodevelopment effects
appear to occur when severe PM is imposed on a rapidly
growing brain during fetal and early postnatal life [25]. In rats,
there are two principal types of PM experimental models:
prenatal and early postnatal malnutrition [26]. During prenatal
period, the fetus can take the essential elements from the dam
thus may moderate the effect of malnutrition on the
developing brain, whereas postnatal malnutrition can induce
marked physiological, behavioral and cognitive deficits [20].
Protein malnutrition in early life was demonstrated to produce
memory impairments in different experimental conditions
[27].

Zinc (Zn) is a known fundamental component of the
endogenous enzymatic antioxidant system. It plays an
essential role in cell membrane integrity and functions in many
aspects of cellular metabolism [28]. It acts as antioxidant [29]
or a cofactor for the antioxidant enzyme [2]. Zn is notable
among individual nutrients that have been designated as
problem nutrients, adequate intake of which is difficult from
complementary foods without fortification [30]. Zn can easily
penetrate the placenta, the blood-brain barriers and also
transferred through milk during nursing [31]. Importantly,
maternal zinc status can influence the pregnancy and lactation
outcomes. Many features of fetus and offspring such as
growth, birth weight and morbidity, mental development or
behavior depend on neonatal and early postnatal zinc
availability [32,33]. Zinc deprivation during fetal life, lactation

and early postnatal period induces several neurobehavioral
abnormalities as anxiety, memory deficits and learning
impairments [34,35]. Dose-dependent improvement of spatial
learning and memory in rat pups has been evidenced after
pre- and postnatal zinc administration. The influence of Zn on
cognitive function is attributed to its anti-oxidative activity
[35].

Thus, the aim of the current study was to investigate the
influence of postnatal Pb exposure on physical development,
neurobehavioral maturation and behavioral functions in the
neonates of both NF and PM dams. Additionally, we aimed
also to roll out and compare the possible protective effect of
Zn against postnatal Pb-induced developmental and
neurobehavioral alterations in both conditions of normal
feeding and under concomitant protein malnutrition.

Materials and Methods
Animals: The study was performed in accordance with the

ethical guidelines of Faculty of Pharmacy, Al-Azhar University,
Egypt. Adult male Sprague-Dawley rats weighing 200-220 g
and female Sprague-Dawley rats weighing 170-200 g were
utilized. Rats were obtained from The NILE Co. for
Pharmaceuticals and Chemical Industries, Cairo, Egypt. They
were kept under the same adequate environmental conditions
and provided with their daily dietary requirements consisting
of standard diet pellets (El-Nasr Chemical Co., Abu Zaabal,
Cairo, Egypt) and water was given ad-libitum. Either males or
females rats were housed in stainless-steel cages (three to four
per cage) and kept at the animal house for an acclimation
period of one week prior to mating. Each male rat was
introduced into a cage together with two to three pro-estrous
females overnight and vaginal smears from females were
examined microscopically in the following morning. The
presence of sperms in the vaginal smears marked the
occurrence of mating and was considered as day 1 of
gestation. One week prior to the projected delivery date the
females were caged individually.

Nourishment: From parturition which considered postnatal
day 0, experimental lactating female (dams) were maintained
on special diet containing standard quantities of all the
required dietary components [36]. They were allowed food
and water ad-libitum. Two preparations of diet were utilized in
this study, a protein sufficient diet (20% casein) for NF groups;
each 100 g diet contain (20 g) casein, (70 g) sucrose-starch
mixture 1:1, (4 g) salt mixture, (5 g) oil and oil-soluble vitamins
and (0.6 g) vitamin mixture in starch [37] and protein deficient
one (8% casein) for protein PM groups [38]. It has the same
composition as protein sufficient diet except that casein was
reduced to 8 g instead of 20 g per 100 g of the diet. The
remained 12 g was replaced by sucrose-starch mixture.

Drugs and chemicals: Lead acetate and Zinc sulfate were
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA). Both were freshly dissolved in distilled water.

Experimental design: After parturition dams were divided
randomly into two major groups. Group A (NF groups): Dams
were maintained on a protein sufficient diet (20% casein) from
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parturition (PND 0) until PND 25. Group B (PM groups): Dams
were maintained on a protein deficient diet (8% casein) from
parturition (PND 0) until PND 25. Both PM and PM groups
were further subdivided into three subgroups (6 dams/each).
Group 1: Dams received saline daily from parturition (PND 0)
until weaning (PND 21) and served as control group. Group 2:
Dams were gavaged daily with 1 ml solution of lead acetate
containing 12 mg/ml pb [39] from parturition until weaning
(PND 21) and served as a Pb groups Group 3: Dams were
gavaged daily with 1 ml solution of lead acetate containing 12
mg/ml pb, they were also administered Zinc sulphate orally 32
mg/kg [35] from parturition until weaning (PND 21) and served
as zinc treated groups. All treatments were at a dose volume
not exceeding 0.5 ml/100 g body weight. The litter size was
holding constant between 6-8 offspring per dam which
represents the optimal size [40]. Tests were conducted on 3-4
offspring per each litter which were selected at random and
marked for testing on postnatal day 1.

All dams and their offspring were taken to the test situation
for examination of the testing parameters after removing food
and water from the home cage. Physical and neurobehavioral
testing began on postnatal day 1 and extended until the end of
all examinations at PND 25. Rat pups were evaluated for
postnatal physical and neurobehavioral development as well
as for functional behavioral deficits using the following
developmental test battery which used as indicator for
postnatal adversities: Change in body weight, Development of
physical signs including Pinna detachment, Downy hair, Incisor
eruption, Fur development, Ear opening and Eye opening
[40,41]. Development of reflexes and sensory functions
(neurobehavioral development) including Righting reflex, Cliff
avoidance, Negative geotaxis 25°, Palmar grasp, Negative
geotaxis 45° and Auditory startle [41]. In addition rat pups
were evaluated in two types of behavioral experiments:
performance in the Neonatal T-maze: in which number of
correct choices /10 trials was measured and performance in
the Open-field test: in which latency time, ambulation
frequency, rearing frequency and grooming time were
measured.

1. Physical development:

• Body weight changes: Rat pups were weighed at different
ages: PND 0, 5, 10, 15, 20 [15,42].

• Development of physical signs: The test infant rats (3-4/
litter) in all groups were daily examined carefully according
to a suitable time schedule where the time at which the
following physical signs had been evident was recorded for
each rat pup in all groups [41,43].

• Pinna detachment: Observed until unfolding of the
external ear was evident for each infant rat.

• Downy hair: Observed until the appearance of primary
coat of downy hair in all infants.

• Incisor eruption: Upper and lower incisors were observed
daily until they had erupted through the gum-line for each
test pup.

• Fur development: Observed daily until complete
development of fur for each infant rat.

• Ear opening: Observed until complete opening of both ears
for each neonate.

• Eye opening: It was observed daily for each pup until all
test pups exhibited complete opening of both eyes.

2. Neurobehavioral development: Time of appearance of
various reflexes and sensory functions were daily
recorded for all examined rat pups (3-4 pups/litter) in all
groups according to a time schedule which determine the
approximate time for development of these reflexes and
sensory functions [41,43].

• Righting reflex: Rat pup turns over to rest in normal
position when placed on its back (from a supine to prone
position), two trials per day with a maximum time
allowance of 30 sec. per trial.

• Cliff avoidance: Infant rats crawl away from the edge of a
cliff or a table top with the forepaws and face over the
edge to avoid drop, they show retraction and backward or
sideward movement within 60 sec.

• Negative geotaxis 25°: Test pups rotate up by 180° on 25°
inclined plywood plane where placed in a head down
position, pups were given one trial per day and allowed a
maximum time of 60 sec.

• Palmar grasp: Infant rats try to grasp a paper clip with
forepaws if stroked.

• Negative geotaxis 45°: Infant rat rotates 180° on 45°
inclined plywood plane from a head-down to head-up
orientation; each infant was given one trial per day up to a
limit of 60 sec. It must be noticed that the approximate
time for development of negative geotaxis behavior is
directly proportional with the angle of the slope.

• Auditory startle: Observed until a positive startle response
(jerk of the head and extension of the hind limbs) occurred
to an auditory stimulus 15 cm over the head of the infant
rat, infants were given one trial per day and the presence
or absence of startle response can be readily recognized.

3. Behavioral experiments: They include evaluation of the
behavioral development in an unfamiliar environment by
using learning and memory tests for infant rats
[40,41,43].

• Performance in the neonatal T-maze: Infant rats were
alternatively tested in the neonatal T-maze which was used
as index of learning and memory. The neonatal T-maze is
made of black acrylic and measured 5.1 × 30.5 × 5.1 cm in
the stem and 5.1 × 25.4 × 5.1 cm in the cross arm [41]. A
correct choice resulted in a door being opened to a
connected chamber containing the pup's home bedding
and its littermates while an incorrect choice led to a dead
end, followed by being picked up and placed in an empty
cage for 1 min of isolation. Gates at the entrance of each
choice arm prevented retracing once a decision was made.
Number of correct choices out of ten trials was recorded
for each neonate.

• Open-Field Test (OFT): It is a general test for motor activity,
excitability, emotionality and exploratory behavior in
rodents. OFT is considered as one of the most important
procedures in the majority of behavioral studies. It consists
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of a square wooden box 40 cm × 40 cm × 25 cm height
[44], with red sides and white floor. The floor of the field
was divided by black lines into 16 equal squares 4 × 4
[45,46]. The test was performed under white light in a
quiet room. The experiment performed between 10:00
A.M. - 4:00 P.M. One hour before the experiment, all
animals were taken to test situation after removing food
and water from the home cage. Experimental animal were
taken from their cages alternately; placed into the central
squares of the open-field and videotaped for 3 min [47].
The open-field was thoroughly wiped using 10% isopropyl
alcohol and dried before application of a new subject in
order to obviate possible effect on its behavior due to odor
remained from previous rats [48].

The behavior of the experimental rat in the open-field was
continuously recorded during the 3 min. observation period
[46] using coded symbols for the following parameters:

Latency, time from putting the animal at the middle of the
arena until decided to move [43]. It was measured in seconds
using a stopwatch. Ambulation frequency; number of squares
crossed by the animal [45,49]. It was scored as a total count
during a 3 min. period. Rearing frequency, number of time the
animal stood stretched on its hind limbs with and without
forelimbs support [49,50]. It was scored during a 3 min.
observation period. Grooming time, time elapsed while the
animal was scratching face, licking paws, fur or genitals [50].

Statistical analysis: Data was expressed as the mean + SEM.
and statistical analysis was carried out by one way ANOVA
followed by Tukey-Kramer multiple comparisons test to
calculate significance of the difference between treatments.
Values of p<0.05 were considered significant. All statistical
analyses were performed using Instat (version 3) software
package. Graphs were sketched using GraphPad Prism (ISI®,
USA) software (version 5).

Figure 1 Effect of Zinc on postnatal lead-induced changes in the body weight in the neonates of both normally-fed (i) and
protein malnourished (ii) rats. (Data was expressed as means ± S.E.M. Number of neonates in each group (n) = 18-24. a, b, c:
Significantly different from corresponding control, postnatal Pb exposed, value of normally-fed rat pups respectively at p> 0.05
using one way ANOVA followed by Tukey – Kramer multiple comparison test).

Results
1. Change in body weight: As shown in Figure 1 (i and ii),

postnatal Pb administration induced a significant
reduction in the body weight of only NF rat pups at PND
5, 10, 15, 20 to (55.38%, 50.93%, 59.19%, 49.39% of
normally fed control value) respectively as compared to
their corresponding control group.

Induction of protein malnutrition in lactating dams
significantly decreased the body weight of their pups at PND 5,
10, 15 and 20 to (68.8%, 53.32%, 44.88% and 37.93% of
normally fed control value) respectively as compared to
normally-fed control rat pups. Zinc co-administered postnatal
with lead caused a significant increase in the body weight of
only NF pups at PND 5, 10, 15, 20 to (80.74%, 74.79%, 74.81%
and 69.95% of normal control value) respectively but it didn’t
significantly alter the body weight of PM pups as compared to
corresponding postnatal lead alone exposed.

2. Development of physical signs: As shown in Figure 2 (i-
vi), postnatal Pb administration induced a significant

prolongation in the time of appearance of downy hair, fur
development, ear opening and eye opening in NF rat pups
to (138.64%, 124.19%, 122.21% and 111.61% of normal
control value) respectively as compared to their
corresponding control. Zinc co-administered postnatal
with lead induced a significant decrease in the time of
appearance of downy hair, fur development, ear opening
and eye opening in NF pups to (108.07%, 99.2%, 104.41%
and 101.23% of normal control value) respectively as
compared to corresponding postnatal lead alone exposed
pup.

Induction of protein malnutrition in lactating dams
significantly prolonged the time of appearance of fur
development, ear opening and eye opening in their pups to
(115.21%, 122.65% and 117.95% of normal control value )
respectively as compared to normal control group. In PM pups
postnatal Pb exposure significantly increased the time of
appearance of downy hair, fur development and ear opening
to (147.09%, 128.78% and 145.44% of normally fed control
value) respectively as compared with their corresponding
control. While with respect to corresponding value of NF rat

JOURNAL OF NEUROLOGY AND NEUROSCIENCE

ISSN 2171-6625 Vol.7 No.3:117

2016

4 This article is available from: http://www.jneuro.com/

http://www.jneuro.com/


pups there was a significant prolongation in the time of
appearance of ear opening only. Zinc significantly reduced the
time of appearance of downy hair, fur development and ear
open to (113.64%, 114.15% and 123.48% of normal control
value) respectively in PM pups as compared to corresponding

postnatal lead alone exposed pups. But with respect to
corresponding value of NF rat pups; there was a significant
prolongation in the time of appearance of fur development,
ear opening and eye open.

Figure 2 Effect of Zinc on postnatal lead induced changes in the time of appearance (days) of Pinna detachment (i), Dawny hair
(ii), Incisor eruption (iii), Fur development (iv), Ear open (v) and Eye open (vi) in the neonates of both normally-fed and
protein-malnourished rats. (Data was expressed as means ± S.E.M. Number of neonates in each group (n) = 18-24. a, b, c :
Significantly different from corresponding control, postnatal Pb exposed, value of normally-fed rat pups respectively at p> 0.05
using one way ANOVA followed by Tukey – Kramer multiple comparison test).

3. Development of reflexes and sensory functions
(neurobehavioral development): As illustrated in Figure 3
(i-vi) postnatal lead administration induced a significant
prolongation in the time of appearance of Negative
geotaxis 25°, Negative geotaxis 45° and auditory startle in
NF rat pups to (127.99%, 118.1% and 120.89% of
normally-fed control value) respectively as compared to

their corresponding control. Zinc co-administered
postnatal with lead induced a significant decrease in the
time of appearance of Negative geotaxis 25°, Negative
geotaxis 45° and auditory startle in NF pups to (98.14%,
100.2% and 103.54% of normal control value) respectively
as compared to corresponding postnatal lead alone
exposed pups.
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Figure 3 Effect of Zinc on postnatal lead induced changes in the time of appearance (days) of Righting reflex (i), Cliff avoidance
(ii), Negative geotaxis 25°(iii), Palmar grasp (iv), Negative geotaxis 45° (v) and Auditory startle (vi) in the neonates of both
normally-fed and protein malnourished rats. (Data was expressed as means ± S.E.M. Number of neonates in each group (n) =
18-24. a, b, c: Significantly different from corresponding control, postnatal Pb exposed, value of normally-fed rat pups
respectively at p> 0.05 using one way ANOVA followed by Tukey – Kramer multiple comparison test).

Induction of protein malnutrition in lactating dams
significantly prolonged the time of appearance of Negative
geotaxis 45° and auditory startle in their pups to (116.34% and
121.74% of normally-fed control value) respectively. In PM
pups postnatal lead exposure significantly increased the time
of appearance of Negative geotaxis 25°, Negative geotaxis 45°
and auditory startle to (142.27%, 133.06% and 141.16% of
normal control value) respectively as compared to their
corresponding control. With respect to corresponding value of

NF rat pups there was a significant prolongation in the time of
appearance of Negative geotaxis 45° and auditory startle only.
In PM pups zinc significantly reduced the time of appearance
of Negative geotaxis 25°, Negative geotaxis 45° and auditory
startle to (112.18%, 110.47% and 110.47% of normal control
value) respectively as compared to corresponding postnatal
lead alone exposed pups. But With respect to corresponding
value of NF rat pups; there was a significant prolongation in
the time of appearance of auditory startle.
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4. Performance in the neonatal T-maze: As shown in Figure
4 postnatal Pb administration induced a significant
reduction in the number of correct choice in NF pups to
77.6% of normally fed control value as compared to their
corresponding control. Induction of postnatal protein
malnutrition in lactating dams significantly reduced the
number of correct choice in their pups to 80.54% of
normally fed control value. In PM pups postnatal Pb
exposure showed an additional significant reduction in
the number of correct choice to (55.42% of normal
control value) as compared to their corresponding

control. Also, with respect to corresponding value of NF
rat pups there was a significant decrease in the number of
correct choice. Zinc co-administered postnatal with lead
induced a significant elevation in the number of correct
choice in both NF and PM pups to (96.51% and 77.81% of
normally fed control value) respectively as compared to
the corresponding postnatal lead alone exposed pups.
However, with respect to corresponding value of NF rat
pups; there was a significant decrease in the number of
correct choice in PM pups.

Figure 4 Effect of Zinc on postnatal lead induced changes in the mean number of correct choice (Out of 10 trials) in the
neonates of both normally-fed and protein malnourished rats in the neonatal T-maze. (Data was expressed as means ± S.E.M.
Number of neonates in each group (n) = 18-24. a, b, c: Significantly different from corresponding control, postnatal Pb
exposed, value of normally-fed rat pups respectively at p> 0.05 using one way ANOVA followed by Tukey – Kramer multiple
comparison test).

5. Performance in the open-field test: As illustrated in
Figure 5 (i-iv) postnatal Pb administration induced a
significant reduction in the ambulation and rearing
frequencies to (66.41% and 63.38% of normal control
value) respectively while it showed a significant elevation
in the grooming time to 143.32% of normal control value)
in NF rat pups as compared to their corresponding
control.

Induction of protein malnutrition in lactating dams
significantly decreased the ambulation frequency, rearing
frequency and grooming time to (64.75%, 46.54% and 48.74%
of normal control value) respectively as compared to normal
control group. In PM pups postnatal lead exposure caused an

additional significant reduction in the ambulation and rearing
frequencies to (23.22% and 22.06% of normal control value) as
compared to their corresponding control. With respect to
corresponding value of NF rat pups there was a significant
decrease in the ambulation frequency, rearing frequency and
grooming time.

Zinc co-administered postnatal with lead induced a
significant increase in the ambulation and rearing frequencies
to (94.04% and 93.97% of normally fed control value)
respectively and a significant decrease in the grooming time to
(84.55% of normally fed control value) only in NF pups as
compared to corresponding postnatal lead alone exposed
pups. But with respect to corresponding value of NF rat pups,
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there was a significant decrease in the ambulation, rearing
frequencies and grooming time.

Figure 5 Effect of Zinc on postnatal lead induced changes in the mean latency time (i), Ambulation frequency (ii), Rearing
frequency (iii) and Grooming time (iv) of the neonates of both normally-fed and protein malnourished rats in the open-field
test. (Data was expressed as means ± S.E.M. Number of neonates in each group (n) = 18-24. a, b, c: Significantly different from
corresponding control, postnatal Pb exposed, value of normally-fed rat pups respectively at p > 0.05 using one way ANOVA
followed by Tukey – Kramer multiple comparison test.

Discussion
Lead is an environmental and industrial pollutant that has

been detected in almost all biological system. Developing brain
has been shown to be more susceptible to the neurotoxic
effect of Pb [51]. Thus, Pb exposure/toxicity continues to be a
leading environmental health issue for children and women of
childbearing age [15]. In the present study, developmental
lead exposure was carried out postnatally during lactation
period. Lactational transfer of Pb from mother to fetus has
been demonstrated in several studies [15]. A Pervious study
has shown that the level of Pb in milk are thus similar to those
in plasma [7] and that lactational transfer after current or
recent exposure to Pb in dams was considerably higher than
placental transfer [8].

Results of the current study showed that, postnatal
administration of Pb to lactating dams induced suppression in
the rate of somatic growth of their pups as reflected by
significant decrease in the body weight which was evident very
early at PND 5. Body weight reductions in dams and offspring
are a frequent observation in standardized testing protocols
designed to assess the developmental toxicity of

environmental contaminants [52,53]. These results are in
agreement with the previous studies of Kahloula et al. and
Luthman et al. which showed that Pb induce reduction of food
intake. The Pb induced reduction of food intake, may be due of
Pb action on certain centers responsible to the control of the
hunger in the brain [54,55]. In addition, the endocrine and
biochemical mechanisms underlying the growth suppression
produced mainly by gestational and lactational lead exposure
are related with decreases in growth hormones and associated
factors [56].

Current investigation showed that induction of protein
malnutrition in lactating dams significantly decreased the body
weight of their pups which reflected as decline in the rate of
somatic growth. The protein malnutrition induced weight
reduction was also demonstrated in the studies of Fukuda et
al., da Silva Hernandes et al. and Falcao-Tebas et al. [57-59].
PM induced weight reduction may be explained by the fact
that, maternal protein restriction is associated with lower
stores of maternal nutrients and, subsequently, lesser transfer
of nutrients to the offspring, which is related to reduced
postnatal growth [60].
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In the present study lead didn’t show any significant
alteration in the body weight of PM pups as compared to PM
control pups which revealed that lead didn’t cause additional
decline in the body weight over that induced by protein
malnutrition. The severity of malnutrition-induced body
weight reduction is a function of the type (malnutrition or
under nutrition) and the age at onset of diet restriction.
Malnutrition-induced decrease in body weight was higher
when it occurred at birth, during lactation and through the
month following weaning [1]. Thus, in the present study
induction of protein malnutrition during the lactation period
has large inhibitory effect on the body weight which may
explain the lack of Pb-induced reduction in the body weight of
PM pups. On the other hand, current results showed that lead
induced a significant reduction in the body weight of PM pups
with respect to corresponding value of normally fed rat pups.
However this significance was achieved just at PND 15. These
data indicated that the deleterious effect of postnatal lead
exposure on the rate of somatic growth of rat pups was
markedly greater under condition of concomitant protein
malnutrition however, this difference was clear only after
longer period of Pb exposure.

There are increasing considerations have been given to the
interactions occurring in the organism between toxic and
essential metals. So, one can use a beneficial or less harmful
element to combated damages induced by toxic element. In
this regard Zn has been shown to reverse some toxicity of Pb in
experimental animals [51,61]. It was demonstrated that, Zn
easily penetrates the placenta and blood-brain barriers, and is
transferred to a suckled child via mother’s milk [62]. In the
current work Zn, administered concomitantly with Pb induced
a significant increase in the body weight of NF pups without
any significant alteration in the body weight of PM pups. These
data reflect the protective effect of zinc against lead induced
deficit in the rate of somatic growth of NF rat pups. This
protective role of zinc was abolished under a condition of
protein malnutrition which may be due to the additional effect
of protein malnutrition itself on the body weight. The findings
of the current work are in harmony with several previous
studies which demonstrated the protective role of zinc against
lead toxicity in different body system. A decrease in blood Pb
level of rats during Zn co-administration was reported [63].
Additionally, the maternal zinc status influences the pregnancy
and lactation outcomes [35]. Many features of fetus and
offsprings such as growth, birth weight and morbidity, mental
development or behavior depend on neonatal and early
postnatal zinc availability [32,33].

Results of the current work revealed that developmental Pb
exposure induced a decline in the postnatal physical and
neurobehavioral development in both NF and PM rat pups as
indicated by the delay in the time of appearance of some
landmarks of physical growth (including downy hair, fur
development, ear opening, eye opening) and by prolongation
in the time of appearance of some reflexes and sensory
function (including Negative geotaxis 25°, Negative geotaxis
45° and auditory startle). In addition, there was a significant
prolongation in the time of appearance of ear open, Negative
geotaxis 45° and auditory startle in PM pups with respect to

corresponding value of NF pups which revealed that some of
the postnatal lead induced deteriorations in the physical and
neurobehavioral maturation was markedly greater when a
condition of concomitant protein malnutrition is coexist. The
most of the physical sign and neurobehavioral reflexes that
didn’t altered by Pb exposure are those which are evident
early in the postnatal life as pinna detachment, righting reflex
and cliff avoidance. These finding are parallel to the findings
which showed delayed eye opening and prolongation in the
time of Negative geotaxis [55]. In agreement with our study
the delay in the appearance of ear unfolding and Negative
geotaxis was also demonstrated by Shallie et al. [15]. However
the Shallie et al. study pointed to an advance in the day of
appearance in some physical maturation as accelerated eye
open and incisor eruption [15]. It was reported that Pb
treatment (in contrast to our result) hastened the day of
appearance of eye opening, startle reflex and negative
geotaxis while it (in agreement with our result) caused no
effect on the date of ear unfolding or incisor eruption in the
pups [42]. This disagreement among results may be attributed
to different onset, duration, dosage and method of imposing
heavy metal intoxication, and alterations in maternal behavior.

The present study showed that protein malnutrition during
the critical period of development resulted in a deterioration
in the postnatal physical and neurobehavioral development in
rat pups as reflected by the delay in the time of appearance in
some landmarks of physical growth (fur development, ear
opening, eye opening) and some reflexes and sensory
functions as Negative geotaxis 45° and auditory startle. The
physical signs and neurobehavioral reflexes that were
significantly delayed by postnatal protein malnutrition are
those which are evident lastly in the postnatal life (when the
protein malnutrition was well established). These results are in
accordance with the results of the study of Falcao-Tebas et al.
which demonstrated that pups born to mothers provided with
the low-protein diet during gestation and lactation showed a
delay in the appearance of physical feature and most reflexes
and a deficit in somatic growth [59]. Additional evidence was
also provided by numerous studies [23,64].

There are some factors which can contribute to the delay in
the physical growth and neurobehavioral development of pups
induced by maternal under nutrition, such as the non-
avoidable stress and neurotransmitter systems [23]. Many
investigators found biochemical alterations in the nervous
system in experimental malnutrition models [9], especially
those related to neurotransmitter systems [65]. Also it was
reported that rats submitted early in life to low-protein diets
revealed altered brain levels of noradrenalin, dopamine, and
serotonin [66]. Moreover, this deterioration in brain
development may be due to increased oxidative stress since
dietary protein is an important source of essential amino acids
that can be used as intracellular antioxidants. Therefore, its
restriction may lead to an increase in oxidative damage [9,65].

Results of the current work suggested the protective role of
postnatal zinc against developmental lead induced
deterioration in the physical and neurobehavioral
development in both NF and PM rats as indicated by
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acceleration in the time of appearance of some sign of physical
and neurobehavioral maturation which were delayed by lead
(as downy hair, fur development, ear opening, eye opening,
Negative geotaxis 25°, Negative geotaxis 45° and auditory
startle) when Zn was co-administered along with lead to NF,
PM dams. However, there was a significant prolongation in the
time of appearance of fur development, ear opening, eye
opening and auditory startle in PM pups with respect to
corresponding value of normally fed rat pups. These data
suggested that the protective role of Zn against some aspect of
lead induced deficit in the physical and neurobehavioral
development may be attenuated under a condition of protein
malnutrition. This decline may be attributed to the additional
deteriorating effect of protein malnutrition itself on these
parameters.

There are several mechanisms were suspected to be
involved in the lead induced defect in the physical and
neurobehavioral development and zinc has been
demonstrated in several studies to inhibit most of these
mechanisms. Reduction in the level of Ach may explain why
the motor reflexes of lead exposed pups were compromised
[15]. Pb-exposure mainly affects cholinergic system by
reducing Ach release [66,67], uptake [68] and turnover rates
[69]. Zinc supplementation was demonstrated to protect the
brain from the Pb-induced alterations in cholinergic system
[70]. Additionally, lead produces its deleterious effects
probably by causing oxidative stress which ultimately alters
the overall morphological developments and sensory motor
reflexes of the developing pups and behavior of the young
adult rat [15]. Zinc supplementation significantly protects
against lead-induced perturbations in antioxidant enzymes and
lipid peroxidation in developing mouse brain, a major
contributing factor to neurotoxicity [71]. The neonatal reflexes
may be considered as an index of brain maturation [23]. Thus,
the observed actions of lead may be related to impaired
maturation of sensitive brain regions which develop postnatal
[15]. Zinc was shown to possess a critical role for correct brain
development and functioning of the CNS in many experimental
studies in animals [35].

The current results showed that Pb significantly decreased
the number of correct choice in the neonatal T-maze in both
NF and PM pups. Additionally there was a significant reduction
in the number of correct choice in PM pups with respect to
corresponding value of NF pups. These data revealed that
postnatal lead exposure induced a significant impairment in
the learning and memory in both NF and PM pups. The
impairment in learning and memory was significantly higher in
the PM pups than in NF pups. The present findings are in
harmony with numerous studies which demonstrated a
significant impairment of learning and memory after
developmental exposure to lead either postnatal during
lactation [72-74] or from beginning of gestation (prenatal)
until weaning [75,76]. Abundant evidence suggests that many
of the neurochemical, neuroanatomical, and neurophysiologic
sites sensitive to Pb may play crucial roles in the regulation of
cognitive processes [77]. It has been shown that hippocampus
is particularly sensitive to Pb in animal models [78] and in
humans [79]. Spatial memory is a hippocampus-dependent

process and it is well established that Pb impairs this arm of
cognition [73]. Morphologically, Pb exposure affects
neurogenesis in hippocampus [80]. Neurochemically, pb
replaces calcium resulting in altered calcium channel; and
metabolically, it causes oxidative stress and damages [81]. All
these effects can lead to learning and memory deficits [73].

The data of the present work revealed that early postnatal
malnutrition induced an impairment of learning and memory
as indicated by a significant reduction in the number of correct
choice in the neonatal T-maze in PM pups. The malnutrition
induced learning and memory impairment was supported with
several studies which showed learning and memory deficit
after malnourishment imposed postnatal only as revealed by
Valadares et al. and Reyes-Castro et al. [43,82] or prenatal
and/or postnatal as demonstrated by Reyes-Castro et al. [82].
There are several mechanisms suggested for malnutrition
induced impairment in learning and memory. It has been
shown that early protein deprivation affects the glutamatergic,
cathecolaminergic, cholinergic, serotoninergic, GABAergic and
opioids neurotransmitter systems [83]. Additionally, it was
known that the hippocampus has been associated with spatial
and non-spatial learning and memory [84]. It is very sensitive
to different stressful challenges such as malnutrition [85]. Long
periods of malnutrition decrease hippocampus volume and
number of neurons [86] which may partly explain the
emotional, motivational, and memory disturbances commonly
observed in malnourished rats [87].

Results of the present study revealed that Zn effectively
reverses the Pb induced deficit in learning and memory in both
NF and PM pups as reflected by increased the number of
correct choice in neonatal T-maze. The protective role of Zn
against Pb induced impairment in learning and memory
decline to some extent when PM is coexist. This may be
attributed to the additional deleterious effect of protein
malnutrition itself on learning and memory. The findings of the
current work are in harmony with other findings [88]. A direct
evidence of the dose-dependent improvement of spatial
learning and memory in rat pups after pre- and postnatal zinc
administration was provided by another study [35]. Our results
are in consistency with several studies which suggested that
zinc supplementation may be an effective treatment option for
improving behavioral deficits such as cognitive impairment
induced by various insults such as maternal zinc deficiency [89]
and following traumatic brain injury (TBI) [90].

Zinc is believed to play an important role in cognition and
memory via its function as a neuronal messenger, modulator
of synaptic transmission and cortical plasticity [91]. It is
important for myelination and for the release of the
neurotransmitters GABA and glutamate, which are key
modulators of neuronal excitability [92]. The neuromodulatory
effect of zinc may be connected with its antioxidant
properties. Thus the influence of zinc supplementation on
cognitive function may depend also on its anti-oxidative action
[35]. Additionally, Jaako-Movits et al. demonstrated that
developmental lead exposure induces persistent inhibition of
neurogenesis in the rat hippocampus which could, at least
partly, contribute to behavioral and cognitive impairments
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[93]. The key roles for the essential trace element zinc in the
control of both developmental and adult neurogenesis has
been revealed [94].

Data obtained from the current work suggested that
postnatal Pb exposure induced a significant reduction in
locomotor and exploratory activities in both NF and PM rat
pups as reflected by a significant reduction in the ambulation
and rearing frequencies. The reduction in locomotor and
exploratory activities was markedly greater in case of protein
malnutrition which may be attributed to the additional effect
of protein malnutrition itself. Regarding the emotional
behaviour, lead resulted in an increase in the emotional
behavior as indicated by a significant increase in grooming
time in the NF rat pups only while lead induced alteration in
the emotionality was not detected in PM rat pups. The current
results are supported by the results of previous studies which
showed that Pb poisoning caused a reduction of locomotor
activity and decrease of environment exploration in offspring
born from lead exposed dams either during lactation only as
previously demonstrated [55] or starting from gestations untill
weaning [95]. While in contrast to the present study a
significant increase in spontaneous locomotor activity as
revealed by Moreira et al. [96] as well as rearing which was
reported by Hassan and Jassim [97]. Regarding the
emotionality the current findings are in conformity with the
findings of Lisboa et al. [98]. However, in contrary to present
findings, Basha et al. [95] reported a decrease in grooming
activity. Generally studies assessing the behavioral effects of
Pb exposure have found conflicting results. The exposure
regimen and behavioral protocols are very variable and have
led to different results in the literature [96]. Based on this
consideration, the discrepancy between our findings and
results of some study could be ascribed to differences in Pb
dose, route of administration, developmental stage (through
gestation, lactation or post weaning), duration of exposure
and the PND at which the test is conducted.

It was reported that the open-field behavioral alterations
induced by lead can be attributed to the perturbations in the
cholinergic and aminergic systems in the Pb-exposed
hippocampus [95]. There are increasing numbers of reports
regarding Pb related changes in dopaminergic system [99]
which play critical roles in the regulation of cognitive processes
and locomotor activity [54]. The current results showed that
induction of postnatal protein malnutrition resulted in a
significant reduction in locomotor and exploratory activity as
well as a reduction in the emotional behavior as indicated by
OFT. The reported hypoactivity in OFT is supported by other
findings [82]. The present study is not in harmony with that of
Ohishi et al. [100] in which there no statistically significant
difference between the normal was and low protein diet group
in male offspring while in female offspring, statistically
significant high values were recorded in the motor activity in
the low protein diet group. This contradiction may be due to
the difference in the malnutrition regimen that has been
applied in different stages of development, the period of
nutritional rehabilitation and to the age of animals at which
locomotor activity were evaluated. Regarding emotionality the
findings of the present study agreed with that obtained by

Vicente et al. [101]. However, it was found that severe protein
malnutrition resulted in hyperactivity in the OFT [101]. It has
been shown that early protein deprivation affects the
glutamatergic, cathecolaminergic, cholinergic, serotoninergic,
GABAergic and opioids neurotransmitter systems [83]. Most of
these neurotransmitter systems play critical roles in the
regulation of locomotor activity [54] the observed hypoactivity
in the OFT may be due to the alteration in the
neurotransmitter systems induced by protein malnutrition.

These data revealed that postnatal zinc administration
inhibited lead induced alterations in the locomotor,
exploratory activities as well as in the emotional behavior (as
indicated by a significant increase in the ambulation and
rearing frequencies and a significant decrease in the grooming
time) in the neonates of NF dams while it didn’t exert this
action in the neonates of PM dams. These findings are in
conformity with the findings of Piechal et al. and Prasanthi et
al. studies [35,88]. Also it was demonstrated that zinc
deficiency during the last trimester of pregnancy and during
lactation impaired motor activity [102]. Zinc was suggested to
alter the kinetics of Pb toxicity and reduce the Pb burden on
the body; thereby confirming that intake of Zn nutrient may be
beneficial in preventing the toxic effects of Pb [88]. The lead
induced behavioral disorders seen in the open-field
experiments could be due to alterations in any of the various
neurotransmitter systems [88] such as the cholinergic [103],
aminergic [95] glutaminergic, or dopaminergic systems
[104,105]. Zinc was shown to protect against these lead
induced alterations which account for the behavioral
impairment. Zinc supplementation reversed the Pb-induced
perturbations both in the levels of monoamines and in the
activity of MAO [106]. Additionally, Zinc was reported to
protect the brain from the Pb-induced alterations in
cholinergic system [70]. Moreover, Zn supplementation
reversed the Pb-induced effects on antioxidant enzymes, lipid
peroxidation and free radical formation. These findings
strongly support that zinc supplementation significantly
protect the Pb-induced oxidative stress, a major contributing
factor to neurotoxicity [71].

Conclusion
Postnatal lead exposure caused delay in some aspect of

physical and neurobehaviol development as well as in some
behavioral functions as learning, locomotor and exploratory
activities in addition to increased emotionality. Most of the
lead-induced alterations were much greater under condition
of protein malnutrition. Zinc was shown to protect against
these lead-induced alterations in both NF and PM rat pups.
However, the protective effect of Zinc sometimes declined to
some extent under concomitant protein malnutrition which
can be attributed to and also explained by the additive
deteriorating effect of protein malnutrition itself.
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