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Abstract

Gestational administration of cadmium (10 mg/l) and lead (300 mg/l) produced a strong decrease in proteins at
birth (−17%) and on day 5 (−31%) as well as in brain lipid amount on both days (−11 and −23%, respectively).
At day 5 postnatal the exposure also produced a marked decrease in DNA and RNA concentrations with respect to
the control group. On the other hand, we found a significant increase of indoleamine content in all brain areas studied
in the cadmium-lead group and so the dopamine and its metabolite in mesencephalon, whereas dopamine levels in
metencephalon decreased significantly. This data suggests that gestational and early lactational exposure to low dose
of cadmium and lead could produce alterations in monoaminergic metabolism that can place the exposed animal to
a significant risk in adulthood. © 1999 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Because lead and cadmium are chemicals that
continue to present health-related threats to hu-
mans and biota, the scientific community has
focused its attention on the toxicologic correlates
of these trace metals. With increasing knowledge
of potential health effects of metal during fetal
life, there is a need for better understanding on

how toxic metals are transferred from mother to
fetus. There is also a need to identify factors that
influence or modify fetal toxicity.

One of the most serious toxic effects of these
metals in mammals is damage to the immature
central nervous system. Neurotoxicity of cad-
mium and lead are well established (Lai et al.,
1985; Bondy, 1988; Bressler and Goldstein, 1991;
Gupta et al., 1993) and on chronic exposure sig-
nificant amounts reach the brain since the imma-
ture blood-brain barrier seems not to protect
against any xenobiotics. Alterations in central
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nervous system functioning resulting from
chronic, relatively low-level exposure, may result,
at least in part, from lead and cadmium-induced
alterations in zinc metabolism. zinc deficiency re-
duces the activity of numerous enzymes in the
brain that may lead to a stop in cell multiplication
at a crucial period in morphogenesis (Sorell and
Graziano, 1990).

Besides that, lead and cadmium may block the
influx of calcium through membrane channels
into the nerve terminal following the action po-
tential (Boykin et al., 1991). Thus, it is not sur-
prising that decrease in calcium influx caused by
these toxic metals would be associated with an
altered transmitter release. On the other hand, the
interference of cadmium and lead with DNA syn-
thesis, transcription and translation (Hartwig,
1994; Theocharis et al., 1994) and interactions
with proteins (Goering, 1993) may represent some
fundamental molecular mechanisms by which
both metals exert toxicity.

Since it is known that the central nervous sys-
tem of newborn animals is very susceptible to
metals, the developmental patterns of certain neu-
rochemicals in rat pups after cadmium and lead
exposure during the gestation and lactation period
were studied to explore the possible mechanism of
lead-cadmium-induced neurotoxicity in growing
animals. Therefore, the present study examines
the developmental profiles of nucleic acids,
proteins, lipids, and monoaminergic metabolism
in several areas of rat brain at delivery and post-
natal day five, as well as the possible relationship
established between both metals.

2. Methods

Wistar rats weighing between 250 and 300 g
were used in the experiment. Females in oestrus
were mated with males and the pregnancy was
confirmed by the presence of sperm in vaginal
smears. Pregnant rats were housed individually in
cages under standard laboratory conditions
(light–dark schedule 12/12 h, 2191°C) and pro-
vided a special diet for rat-gestational stages ad
libitum. They were maintained under the supervi-
sion of a licensed veterinarian in accordance with

the principles set forth in the NIH guide for the
care and use of laboratory animals.

The rats were divided into four groups of four
animals on day 1 of pregnancy. In one of them
(cadmium–lead group), cadmium acetate (10 mg/
l) and lead acetate (300 mg/l) (Merck) dissolved in
distilled water were given as drinking water ad
libitum to pregnant rats from the beginning of
pregnancy to delivery (cadmium–lead treated day
0) or to postnatal day 5 (cadmium–lead treated
day 5). The other groups received distilled water
as drinking water throughout gestation until de-
livery (control day 0) or until postnatal day 5
(control day 5). At parturition, litters were culled
to 12–14 pups. Maternal weight and fluid intake
were monitored throughout the experiment and
neonate weight gain assessed in the postnatal
period.

When the pups were born or on postnatal day
5, they were weighed and sacrificed by decapita-
tion. Blood was collected, pooled by litter and
frozen at −25°C. Some encephalons, selected
randomly among different litters from each
group, were used to detemmine the amount of
cadmium, lead, nucleic acids, proteins, and lipids.
Blood and brain samples were processed to deter-
mine the amount of lead and cadmium by
graphite furnace atomic absorption spectrophoto-
metry (Spectra M-10/20, Varian) after wet diges-
tion with perchloric and nitric acids (Antonio and

Table 1
Blood lead and cadmium levels, water consumption, and
weight, from control and cadmium–lead treated dams

Control Experimental

Blood lead levels Not detected 6.5090.40 (n=
4)
0.7090.40 (n=Not DetectedBlood cadmium levels
4)

35.9999.73Dams water consump- 28.3399.17
tion (ml/dl)

278.8093.83287.4093.21Dams weight 1st week
307.50918.32Dams weight 2nd 309.16910.18

week
332.16935.04Dams weight 3rd 358.00940.91

week

Results are expressed as mean (number of observations)9
S.D. for each value.
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Table 2
Brain weight, biochemical parameters and birth weight from control and cadmium–lead treated pups

Day 0 Day 5

Control control Cadmium–leadCadmium–lead

9.0891.44 (45) 8.8690.71 (39)Body weight (g) 5.5090.59 (55) 5.9490.39** (45)
264.20936.20** (45) 433.50947.80 (45)Brain weight (mg) 223.5099.80 (55) 445 4092.60 (39)

48.0092.31 (45)43.3093.31 (45) 48.6092.30 (39)42.8094.50 (55)Relative brain weight*
63.3096.40** (10) 97.78910.22 (17)Proteins (mg/g) 76.1195.80 (11) 64.7394.80** (16)

28.4395.30 (12) 23.9892.99** (12)Lipids (mg/g) 23.8492.70 (12) 21.1792.60* (12)
4.1390.36 (12) 3.2790.43 (10)DNA (mg/g) 4.2690.35 (11) 2.7490.22** (12)
3.0090.27 (12) 2.2790.35 (10) 1.9990.21* (12)2.8890.27 (11)RNA (mg/g)
1.3790.01 (12) 1.4390.04 (10)DNA/RNA 1.3690.03** (12)1.4690.07 (11)

Results are expressed as mean (number of observations)9S.D. for each value at postnatal day 5.
a Relative brain weight (brain weight/body weight)×103.
* P50.05; ** P50.01.

Corpas, 1990). Determinations were done by trip-
licate and metal concentrations calculated from
standard curves assayed under identical conditions
to those for the experimental samples.

The amounts of DNA and RNA in the brain
were measured by Schneider’s method using a UV
spectrophotometer (Pharmacia LK B-Ultrospec
III) at 260/280 nm (Sheneider, 1957). The DNA/
RNA ratio was calculated from both DNA and
RNA values of each sample, proteins were mea-
sured by Lowry’s method (Lowry et al., 1951) and
the total lipid content was measured by the con-
stant weight method (Folch et al., 1957).

Additional encephalons from each group were
immediately dissected in mesencephalon, meten-
cephalon, diencephalon, and telencephalon
(Glowinski and Iversen, 1966) and stored at 40°C
until monoaminergic determination. Samples were
homogenized in 0.5 ml of cold 0.2 N perchloric acid
containing 0.4 mM sodium bisulphite and 0.4 mM
EDTA. 3,4-Dihydroxybenzylamine (DHBA) was
also added to each sample as an internal standard
to control for procedural losses. The homogenates
were centrifuged and supernatants were used for
monoamine determination using high performance
liquid chromatography (HPLC-ED).

Separation of monoamines was performed by a
RP-18 column (22 cm, 4.6 mm, 5 mm particle size,
Brownee Labs) after precolumn, then eluted with
a mobile phase consisting of 0.05 M monopotas-
sium phosphate, 0.1 mM EDTA, 1 mM heptane

sulphonate and 8–10% methanol (pH adjusted to
3.4 with acetic acid). Dopamine (DA), 3,4-dihy-
droxyphenylacetic acid (DOPAC), serotonin (5-
HT), and 5-hydroxyindole-3-acetic acid (5HIAA)
were measured at a potential of 0.8 V relative to a
Ag/AgCI reference electrode (Leret et al., 1993).
Transmitter or metabolise concentrations in super-
natants of unknown samples were determined by
calculating peak height ratios based on the internal
standard and then extrapolating from a standard
curve generated from peak height ratios for buffer
samples spiked with predetermined amounts of the
amines.

Results are expressed as mean9S.D. or mean9
S.E.M. (see figures). Student’s t-test for indepen-
dent groups was used for statistical free comparison
of the different parameters studied. A value of
PB0.05 was considered to be significant.

3. Results

Gestational administration of cadmium and lead
at low doses did not disturb net weight gain and
water consumption of dams (Table 1). The amount
of cadmium and lead ingested during the experi-
mental period were 1.1490.30 mg/kg body weight-
day and 34.4799.30 mg/kg body weight-day,
respectively. It was calculated using the formula:
(ml H2O consumed/day×metal dose)/rat weight
(kg).
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Table 3
Cadmium and lead levels in pup’s blood (mg/dl)

Day 0 Day 5

Control Cadmium–leadControlCadmium–lead

40.4490.08 1.5590.20** 0.4490.02 2.4090.60**Cadmium (mg/dl)
7.3092.00 21.5091.13**20.5091.70**Lead (mg/dl) 3.9391.05

Results are expressed as mean9S.D. (n=4).
** P50.01, Student’s t-test.

Pups weight increased significantly in the cad-
mium–lead group with respect to control group
at delivery, but on postnatal day 5 there were no
differences between control and experimental
groups (Table 2). Brain weight also increased in
the experimental group either on day 0 or on day
5 postnatal although it was significantly different
only at day 0, while relative weight was not
altered (Table 2). The metal concentration found
in the brain of intoxicated pups was: 66910 ng
Cd/g tissue and 2.9090.46 mg Pb/g tissue (n=8)
whereas neither cadmium nor lead were detected
in control pup’s brain.

Blood–cadmium (Cd–B) and blood–lead (Pb–
B) levels in the treated pups was significantly
higher than controls, and reached their maximum
on postnatal day 5 (Table 3).

Coadministration of lead and cadmium pro-
duced a strong decrease in brain protein content
at delivery (−17%) and on postnatal day 5 (−
31%) as well as in brain lipid amount on both
days (day 0: −11%, day 5: −23%) with respect
to control. On postnatal day 5, the exposure
produced also a marked decrease in the content of
nucleic acids (Table 2).

On the other hand, catecholamine levels in tele-
ncephalon of treated animals did not differ signifi-
cantly from the control group. In diencephalon,
the content of DOPAC and the ratio DOPAC/
DA were slightly increased in the cadmium–lead
treated group. We also found a significant in-
crease of both DA and DOPAC levels in mesen-
cephalon, but the ratio DOPAC/DA was not
affected by the exposure. However, DA levels in
metencephalon decreased significantly (−88%) in
the cadmium–lead group. (Fig. 1a, b, Table 4).

We found a significant increase of indoleamine
content in all the brain areas studied in the cad-
mium–lead intoxicated group. This increase was
greater in the 5-HLAA than in 5-HT concentra-
tion. The 5-HIAA amount was from 2.5 to 4.6
times greater than control whereas 5-HT amount
was equal or only 1.9 times greater than the
control group (Fig. 2a, b). For this reason the
ratio 5-HIAA/5-HT increased significantly in all
the brain areas in the cadmium–lead group
(Table 5).

4. Discussion

The lack of any significant effect on the weight
gain during pregnancy of lead and cadmium ac-
etate treated animals compared to the controls
indicates that neither the dose of metals selected,
nor the compounds themselves affected the dams
in any overt manner. This suggests that any ef-
fects on the pups at birth does not result from
maternal undernutrition and are not the result of
obviously impaired dams.

It is well established that lead is rapidly trans-
ferred from mother to fetus, particularly during
the late stages of gestation and that the flux of
lead from maternal to fetal circulation favors the
last compartment (Mahaffey, 1991). According to
that, the pups lead levels in blood were 2-fold
higher than dams lead blood levels. However,
although it is known that the placenta affords
some protection from cadmium exposure, proba-
bly due to metallothionein induction (Saillenfait
et al., 1992), our results do not agree with this
fact, because we also obtained cadmium blood
levels in pups higher than in dams (Table 3).
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Fig. 1. (a) Dopamine (DA) contents on brain areas. Results are expressed as mean9S.E. (n=6–10). ** P50.01. (b) 3,4-Dihydrox-
yphenylacetic acid (DOPAC) contents on brain areas. Results are expressed as mean9S.E. (n=6–10). * P50.05; ** P50.01.

Besides that, the metal blood levels in the new-
born pups treated with both metals were dismin-
ished with respect to the levels obtained with the
sole administration of cadmium (Antonio et al.,
1998) or lead (Antonio et al., 1996) at the same
doses. A possible mechanism that could explain
this fact is a competition between lead and cad-
mium at absorption sites.

Gestational administration of cadmium and
lead produced an increase in brain weight of
experimental pups. This result was the same with
the gestational administration of 10 mg Cd/l (An-
tonio et al., 1998), whereas lead did not produce
any changes in the weight of the exposed pup’s
brain (Antonio et al., 1996). A possible explana-
tion for the present results could be due to the
induction of brain oedema ocurring as described
in brain and other organs in response to cadmium
exposure (Ohta and Imamiya, 1986). It is well
known that in the developing organism cadmium
readily crosses the immature blood–brain barrier
(Webster and Valois, 1991) but as the vascular
system matures, the entry of cadmium into the
central nervous system decreases drastically. In

this sense it has been described that the adminis-
tration of 50–165 nmol CdC12 per fetus on gesta-
tional day 19 resulted in a dose-related increase of
hydrocephalus (White et al., 1990). So, the
amount of cadmium found in the brain of ex-
posed pups could damage the capillaries enough
to cause loss of ionic control and oedema. Per-
haps an appropiate hystological study could be
necessary to confirm this idea.

At postnatal day 5 we found a significant re-
duction in proteins and nucleic acid amount in the
brains of exposed pups. It has been described that
cadmium and lead interfere with nucleic acids in a
variety of ways. Many enzymes involved in nu-
cleic acid synthesis contain zinc as an essential
component and both metals may replace zinc in
these enzymes. It is also known that low levels of
cadmium caused a strong inhibition of thymidine
kinase (Theocharis et al., 1994).

When we compared the effects of the coadmin-
istration of lead and cadmium with the isolated
administration of each metal, we found that lead
did not vary the acid nucleic content but cadmium
produced a strong decrease (around 50%) in brain
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Fig. 1. (Continued)

DNA and RNA content (Antonio et al., 1996,
1998). Thus, it seems that the changes in nucleic
acids caused by cadmium are antagonized by lead,
probably due to a direct competition between
them.

Previous studies made in experimental animals
have reported that these metals alter the lipid
metabolism and enhance the lipid peroxidation,
directly or indirectly through the inhibition of
superoxide dismutase in all brain regions (Shukla
et al., 1987; Skoczynska et al., 1990). From our
results, we can talk of synergism between both
metals, because neither cadmium nor lead isolated
caused any changes in brain lipid content (Anto-
nio et al., 1996, 1998).

Fetal monoamine systems represent a potential
target of lead and cadmium exposure throughout
a great number of mechanisms (Bressler and
Goldstein, 1991; Gupta et al., 1993). Although
differential exposure routes and analytical tech-
niques necessarly introduce some contradiction

Table 4
DOPAC/DA ratio from control and cadmium–lead groups

DOPAC/DA ratio Control Cadmium–lead

Telencephalon 2.0691.30 9.2193.68**
0.4990.060.3790.15Diencephalon

Mesencephalon 0.5390.20 0.6490.10
0.6490.14**Metencephalon 0.3590.11

Results are expressed as mean9S.D. (n=6–10).
** P50.01, Student’s t-test.
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Fig. 2. 5-Hydroxytriptamine (5-HT) contents on brain areas. Results are expressed as mean9S.E. (n=6–10). * P50.05;
** P50.01. (b) 5-Hydroxyindoleacetic acid (5-HIAA) contents on brain areas. Results are expressed as mean9S.E. (n=6–10).
* P50.05; ** P50.01.

and ambiguity into the literature, the data is
generally reliable in suggesting that low doses of
lead and cadmium have stimulatory effects over
neurotransmission systems. Anyway, most studies
on these two metals have dealt with each in
isolation and in adult animals. Since the metal
content found in the brain of intoxicated pups
was very low, a stimulatory effect, as observed,
would not be unexpected. Our results showed a
strong increase of 5-HT and 5-HIAA in all the
studied brain areas, as well as of DA and DOPAC
in mesencephalon. It is possible that the decrease

of the tryptophan pirrolase activity and so the
increase of the plasmatic tryptophan found in lead
exposure (Bondy and Prasad, 1988) might be re-
lated with the increase of indoleamines.

Anyway, the most important mechanism in-
volved in the altered neurotransmitter levels could
be the competition of cadmium and lead with
calcium. Thus, both metals, which are not distin-
guished from calcium by calmodulin, activates
disordely calmodulin-dependent functions in the
brain. In this sense, it has been demonstrated that
biogenic amine synthesizing enzymes, i.e. tyrosine
hydroxylase and tryptophan hydroxylase are en-
hanced by calcium through a calmodulin-depen-
dent system (Den’ et su Sutoo, 1994), and this fact
could explain the stimulatory effect of low-level
cadmium and lead exposure on the neurotrans-
mitters amount, mainly indoleamines, found in
our experiment.

However, the general increase in the production
of intraneural metabolises was more important
than the neurotransmiters. So this resulted in a
significant increase in the DOPAC/DA and 5-

Table 5
5-HIAA/5-HT ratio from control and cadmium–lead groups

5-HIAA/5-HT ratio Control Cadmium–lead

3 3991.30Telencephalon 6.9491.60**
Diencephalon 4.3591.39 12 7093.06**
Mesencephalon 5.7290.92**2 4590.71
Metencephalon 2 0090.99 7.6890.78**

Results are expressed as mean9S.D. (n=5–11).
** P50.01, Student’s t-test.
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HIAA/5-HT ratios, which is indicative of in-
creased neurotransmitter turnover. Although it
has been described that cadmium is a good in-
hibitor of MAO-activity in the brain (Leung et al.,
1992), it seems that the low dose of cadmium and
lead used in the exposure were not enough to alter
the enzimatic activity.

The different susceptibility of the brain areas to
cadmium and lead exposure could not be related
with a preferential accumulation of these metals,
because a homogeneous distribution has been de-
scribed within the brain (Wizosky and Cory-
Slechta, 1994) but with local differences in the
formation and maduration of the different brain
regions and transmitter identified systems. In this
way, telencephalon and diencephalon, that repre-
sent the last and first areas in development, re-
spectively (Pares-Herbuté et al., 1989) are less
affected by the exposure than metencephalon and
mesencephalon.

Some authors have found that co-treatment
with both metals diminished the increase of DA
and 5-HT provoked by exposure with either cad-
mium or lead (Nation et al., 1989). When we
compared the data obtained with both metals
with the isolated administration of cadmium or
lead, we found that the increase in indoleamine
levels was around two to seven times greater than
our results. Moreover, with respect to cate-
cholamine levels, the isolated administration of
lead produced a significant decrease of DA and
DOPAC (Antonio et al., 1996, 1998). So, from
our results, it seems that there could be a neuro-
chemical antagonism between cadmium and lead
that might involve lead or cadmium interaction
related to the neuronal influx of calcium.

5. Further reading

See White et al. (1990a) and Murphy et al.
(1991).

References

Antonio, M.T., Corpas, I., 1990. La paloma urbane como
bioindicador (Promo en la ciudad de Madrid). Ayun-
tamiento de Madrid (Eds.)

Antonio, M.T., Martinez, S., Leret, M.L., Corpas, I., 1996.
Neurotoxic effects of gestational administration of low-
dose lead acetate. J. Appl. Toxicol. 16 (54), 431–436.

Antonio, M.T., Benito M.J.M., Leret, M.L., Corpas, I. 1998.
Gestational administration of cadmium alters the neuro-
transmitters levels in newborn rat brains. J. Appl. Toxicol.,
(in press)

Bondy, S.C., Prasad, K.N., 1988. The neurotoxicity of organic
and inorganic lead. Metal Neurotoxicity. CRC Press: Boca
Raton, FL, pp. 1–17.

Bondy, S.C., 1988. The neurotoxicity of organic and inorganic
lead. In: Bondy, S.C., Prasad, N. (Eds.), Metal Neurotoxi-
city. CRC Press, Boca Raton, FL, pp. 1–17.

Boykin, M. J., Chetty, C.S., Rajanna, B., 1991. Effects of lead
on kinetics of 3H-Dopamine uptake by rat brain synapto-
somes. Ecotoxicol. Environ. Saf. 22 (1), 88–93.

Bressler, J.P., Goldstein, G.W., 1991. Mechanisms of lead
neurotoxicity. Biochem. Pharmacol. 41 (4), 479–484.

Den’ et su sutoo, 1994. Disturbances ofthe brain function by
exogenous cadmium. The vulnerable brain and environ-
mental risks. Toxins Air Water 3, 281–300.

Folch, J., Lees, M., Sloanstamley, G.H., 1957. A simple
method for the isolation and purlfication of total lipids
from animal tissues. J. Biol. Chem. 226, 497–509.

Glowinski, J., Iversen, L.L., 1966. Regional studies of cate-
cholamines in the rat brain. The disposition of (3H) nore-
pinephrine, (3H) dopamine and (3H) dope in various
regions of the brain. J. Neurochem. 13, 665–669.

Goering, P.L., 1993. Lead-Protein interaction as a basis for
lead toxicity. Neurotoxicology 14, 45–60.

Gupta, A., Murthy, R.C., Chandra, S.V., 1993. Neurochemi-
cal changes in developing rat brain after pre- and postnatal
cadmium exposure. Bull. Environ. Contam. Toxicol. 5 (1),
1217.

Hartwig, A., 1994. Role of DNA repair inhibition in lead- and
cadmium-induced genotoxicity: a review. Environ. Health
Perspect. 102 (3), 45-50.

Lai, J.C.K., Leung, T.K.C., Lim, L., 1985. Effects of metal
ions on neurotransmitter function and metabolism. In:
Gabay, S., Harris, J., Ho, B.T. (Eds.), Metal Ions in
Neurobiology and Psychiatry. Alen Liss, New York, pp.
177–197.

Leret, M.L., Gonzalez, M.I., Arahuetes, R.M., 1993. Effect of
maternal adrenal deprivation oon the content of cate-
cholamines in fetal brain. Life Sci. 52 (20), 1609–1615.

Leung, T.K.C., Lim, L., Lai, J.C.K., 1992. Differential effects
of metal ions on type A and type B monoamino oxidase
activities in rat brain and liver mitochondria. Metab. Brain
Dis. 7, 139–146.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.I.,
1951. Protein measurements with the folin-phenol reagent.
J. Biol. Chem. 193, 175–265.

Mahaffey, K.R., 1991. Biokinetics of lead during pregnancy.
Fund. Appl. Toxicol. 16, 15–16.

Murphy, V.A., Embrey, E.C., Rosenberg, J.M., Smith, Q.R,
Repoport, S.I., 1991. Calcium deficiency enhances cad-
mium accumulation in the central nervous system. Brain
Res. 557, 280–284.



M.T. Antonio et al. / Toxicology Letters 104 (1999) 1–9 9

Nation, J.A., Frye, G.D., Von Stulz, J, Braton, G.R., 1989.
Effect of combined lead and cadmium exposure: changes in
schedule-controlled responding and in dopamine, serotonin
and their metabolises. Behav. Neurosci. 103, 1108–1114.

Ohta, H., Imamiya, S., 1986. Selenium protection against the
acute cadmium toxicity in testis. Kitasato Arch. Exp. Med.
59, 27–35.
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