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Summary. The neurotoxic effects of inorganic lead are
known to include peripheral neuropathy in adults and
encephalopathy in children. The purpose of this study
was to determine the effect of inorganic lead (PhCl,)
administration on norepinephrinergic neurons of the
locus ceruleus in neonatal rats by immunocytochemical
and electron microscopic analyses.

Lead chloride solutions, 0.05%;, 0.19% and 0.29% in
concentrations, were prepared in distilled water and
administered orally via drinking water. After 4, 8, or 12
weeks of continuous administration, the rats were
sacrificed and brains were immunostained with the
tyrosine hydroxylase antibody. The number of immuno-
reactive cell bodies in the locus ceruleus was estimated.
Densitometric analysis of immunoreactive profiles
visualized by electron microscopy was performed using
an image analyzer.

The numbers of immunoreactive neurons in the locus
ceruleus were increased statistically by lead administra-
tion. The intensity of the immunoreaction, both under
the light and electron microscopes was also increased.

Degenerative changes, including intra-axonal vacuole
formation and widening of the extracellular spaces,
were found by electron mieroscopy in and around the
tyrosine hydroxylase immunoreactive axons.

Increased tyrosine hydroxylase immunoreactivity
may correlate with the hyper-reactivity of lead intoxi-
cated children. Degenerative changes may account for
the reported deficits in intellectual attainment and
achicvement in lead intoxicated children.

Lead poisoning is one of the most common environ-
mental hazards worldwide, especially in children
(KRIGMAN et al., 1980; ROSEN, 1995; WINNEKE et al.,
1996; KOIKE, 1997; NEVIN, 2000). Although the tox-

icity of lead was recognized centuries ago, concern
was restricted to overt symptoms such as colic,
encephalopathy, anemia, or renal disease (GOYER, 1990).
The results of recent clinical studies indicate that
“chronic” low level lead exposure during develop-
ment may result in behavioral alterations in the
absence of overt encephalopathy (MILLER et al., 1990;
ROSEN, 1995; FINKELSTEIN et al., 1998).

The neurotoxicity of low-level long-term exposure
to lead has a special relevance in children. An ex-
tensive database has provided a direct link between
low levels of lead exposure and deficits in the neuro-
behavioral-cognitive performance evidenced in child-
hood and adolescence (FINKELSTEIN et al., 1998). A
number of studies have demonstrated a relationship
between lead poisoning and the hyperactivities of
lead-exposed children (WINDER, 1982; WINDER and
KITCHEN, 1984; THOMSON et al., 1989; BROCKEL and
CORY-SLECHTA, 1998). Correlations between lead poi-
soning and both learning disability and hyperactivity
have been demonstrated in animal studies (WINDERLE
and KITCHEN, 1984; HoLLOwAY and THOR, 1987;
SHIGETA et al., 1989; FELDMAN and WHITE,
1992; JETT et al., 1997; KUHLMANN et al., 1997).

Although these behavioral changes were attributed
to the monoaminergic neurotransmitters, contro-
versy remains concerning the role of norepinephrine,
dopamine and serotonin. In the mid-seventies,
GOLTER and MICHAELSON (1975) reported that in
chronically lead-poisoned rats endogenous levels of
brain norepinephrine increased, whereas dopamine
levels remained unchanged, a result suggesting a
possible relationship between lead exposure during
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the earliest developmental periods, increased motor
activity, and brain norepinephrine. DECASTRO (1990)
measured plasma catecholamine concentration and
found that norepinephrine and epinephrine were
significantly elevated in chronic lead poisoning.
Recently COMINGS et al. (2000) analyzed dopamine,
serotonin, and norepinephrine genes and found that
the adrcnergic genes play a greater role in the atten-
tion deficit hyperactivity disorder (ADHD) than the
combined effect of the dopaminergic and serotoner-
gic genes.

Norepinephrine producing neurons are located in
the brain stem, mostly within the area of the nucleus
locus ceruleus (A6 nucleus of DAHLSTROM and FUXE);
their fibers are distributed throughout the central
nervous system.

We find it surprising that few reports have focused
on the morphological changes in the nucleus locus
ceruleus of chronically lead poisoned young rats. The
purpose of this study was to investigate the immuno-
histochemical and immunocytochemical changes of
tyrosine hydroxylase, a rate limiting enzyme of cate-
cholamine synthesis, on the immunoreactive nore-
pinephrinergic neurons of lead poisoned young rats.

MATERIALS AND METHODS

Sixty Sprague-Dawley rat pups of either sex, in
twelve groups of five, were used for this experiment.
Rats were given PbCly (0.059%, 0.194, and 0.29%)
containing water ad /ibitum from the first day of
postpartum until weaning on day 21 postpartum. The
pups continued drinking the same water until
sacrifice. To enhance the taste, sucrose was added to
the drinking water to a ratio of 5%9. Rat pups were
grouped for the duration of lead administration,
postnatal 4 weeks, 8 weeks, and 12 weeks, respective-
ly. Age matched control rats were given only 5%
sucrose water until sacrifice.

After 4 weeks, 8 weeks, and 12 weeks, respectively,
the rats were anesthetized with ether or sodium
pentobarbital, perfused through the left ventricle
with 29 sodium nitrite-29§ heparin containing solu-
tions followed by 3% paraformaldehyde-3% glutar-
aldehyde-0.19% picric acid in 0.1 M phosphate buffer
(pH 7.4). Under the stereomicroscope, brain stems
were carefully dissected, removed, and placed in
fresh fixative for 4 to 24 h at 4°C. Brain stem regions
of the nucleus locus ceruleus were sectioned with a
vibratome, 50 gm-thick free-floating vibratome sec-
tions were collected in tissue well plates and proces-
sed for immunohistochemistry.

In some animals, blood samples and brain tissues

were prepared without fixation and processed for
lead concentration determination. Lead levels in the
brain and blood of the animals were determined using
atomic absorption spectrophotometry.

Sections were immunohistochemically stained
against tyrosine hydroxylase using the peroxidase-
antiperoxidase (PAP) method by STERNBERGER
(1986). Sections were placed in 3% normal goat serum
(NGS) for 30min followed by incubation with
tyrosine hydroxylase (Peninsular Lab., Belmont, CA,
USA) at a dilution of 1:2,000 for 72h at 4°C. After
several rinses in phosphate buffered saline (PBS), the
tissue was placed in 3% NGS for 30 min and incubat-
ed with goat anti-rabbil IgG at a dilution of 1: 50 for
1 h at room temperature. It was then rinsed several
times with PBS and placed in 39 NGS for 30 min and
incubated with PAP at a dilution of 1:100 for 1h at
room temperature. Following several rinses in PBS,
the sections were placed in a 0.059% diaminobenzidine
(DAB) solution containing 0.019% hydrogen peroxide
for 10 min. Triton X-100 (0.75%) was then added to
the antibody containing the solution, to enhance the
penetration of antibodies. Controls were prepared
using an incubating solution devoid of primary anti-
bodies. Sections were dehydrated with graded alcohol
and xylene, and coverslipped with synthetic resin.
Every other serial section between the immunohisto-
chemically stained sections was Nissl stained with
cresyl violet.

For electron microscopy, the stained tissue sections
were thoroughly rinsed in a phosphate buffer and
placed in 194 osmium tetroxide in a 0.1 M phosphate
buffer for 30 min. They were then rinsed in a maleate
buffer (pH 6.0), stained with uranyl acetate in a
maleate buffer, rinsed, dehydrated, and embedded
with an Epon-Araldite mixture. Regions of the
nucleus locus ceruleus were selected, trimmed, and
mounted on an Epon chuck with a drop of Epon. Thin
sections were then cut, mounted on copper grids, and
viewed with or without lead citrate staining. Obser-
vations were made using a Philips electron micro-
scope.

Tyrosine hydroxylase immunostained cells and
Nissl stained cells in the nucleus locus ceruleus were
counted in serial sections under an Olympus AX 80
optical microscope. Serial sections of the locus ceru-
leus area were alternatively stained by Nissl and
next by tyrosine hydroxylase immunohistochemistry.
In each slide of serial sections, all the cells in the
locus ceruleus region were counted. To avoid over-
counting errors, only cells with nuclei were counted
in immunostained sections; in Nissl stained sections,
only cells revealing nucleoli were counted, with over-
counting errors corrected using KONIGSMARK’s
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method (KONIGSMARK, 1970). Total counts of the locus
ceruleus neurons were doubled against the sum of the
cell count of every other serial section in one series of
rat specimens. Two researchers separately counted
the same sections to ensure more reliable results. The
differences in counts by two researchers were within
a 10% limit, and we averaged the data of the two.
Gray scale densities of tyrosine hydroxylase immuno-
reactive profiles in electron photomicrographs were
measured using an image analyzer program (Optima
VI). Electron photomicrographs were placed under
the CCD camera connected to personal computers. In
an OptimaVI program, the gray scale was divided by
256 (2% densities from 1 (pure white) to 256 (pure
black), and background correction was made by the
OptimaVI densitometry software with the lightest
background as pure white. Nerve cell counts and
electron microscopic densities were analyzed statisti-
cally using the ANOVA and Mann-Whitney U test.

RESULTS

Changes in body weight

The average weights of control rat pups were 92.7+
19.1 g at 4 weeks of age, and 199.6+27.7 g at 8 weeks.
Rat pups treated with 0.05% lead weighed 85.34+24.0
g at 4 weeks, and 184.3+38.8 g at 8 weeks, showing
no significant change. Animals treated with (.19 lead
weighed 81.64-32.3 g at 4 weeks, and 191.5+36.7 g at
8 weeks. In the 0.29 lead administered group, aver-
age weights decreased to 53.8+22.3g (58% of the
control pups) at 4 weeks, but rcturned to 183.4 +288 g
(approximately 9095 of the control pups) at 8 weeks
of age. At 12 weeks of age no significant body weight

changes for rats treated with 0.29 lead (231.74+33.6 g)
and the control animals (243.5+29.5 g) were apparent.

Changes of lead concentration in the blood
and brain

Lead concentrations in the blood and the brain in-
creased after lead administration. They gradually
increased according to the duration and concentra-
tion of the lead administered (Table1). The lead
levels in the blood and brain increased dramatically
at 8 weeks in 0.195 lead treated rats. In the 0.29 lead
administered group, the levels were higher than in the
0.19% lead treated rats.

Light microscopy

The nucleus locus ceruleus in the A6 group of DAHL-
STROM and FUXE was clearly demarcated on the
lateral side of the fourth ventricle. It appeared from
the upper end of the ventricle (around Bregma -9.1
mm) to the level of the abducens nucleus (around
Bregma -10.6 mm). Nissl stained preparations show-
ed closely aggregated cell bodies and a clear bounda-
ry around the nucleus locus ceruleus.

Tyrosine hydroxylase immunoreactive neurons
were concentrated in the nucleus locus ceruleus
region. Small numbers of the immunoreactive neu-
rons were observed outside the nucleus (Fig. 1).
Axons were also stained immunohistochemically
within and outside the nucleus. In the lead treated
groups, cells and processed were more darkly stained
than those of the controls (Figs. 1, 2). However, no
differences were found in animals treated with
different lead concentrations.

Tyrosin hydroxylase immunoreactive neurons

Table 1. Average lead concentration in the blood and brain.

Blood lead concentration
(zg/dl) N=8 (each group)

Brain lead concentration
(ug/dl) N=3 (each group)

2.44+ 0.65

18.18+ 2.21
26,324+ 6.59
32.68+ 6.45

Control group 14.72+ 2.84
Lead treated group
0.19 4 weeks 30.20+ 4.86
0.1% 8 weeks 94.754+16.33
0.19 12 weeks 07.30+14.65
0.29 4 weeks 74.32+11.21
0.29% 8 weeks 106.49+19.66

0.29% 12 weeks

121.25+24.72

38.68+ 4.68
4098+ 9.44
46.18+14.21

Mean+8.D.
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Fig. 1. Tyrosine hydroxylase im-
munoreactivity in the nucleus
locus ceruleus (LC) in a control rat
(CON) and in a 0.19%-8 week lead
treated rat (Pb0.1). Nerve cells
and processes are more intensely
immunoreactive in the lead treat-
ed animal. X75

Fig.2. Tyrosine hydroxylase
immunoreactivity in the locus
ceruleus of a control rat (CON)
and in 0.29§ (’b 0.2)-4 week, 8
week and 12 week lead treated
animals. x 38
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were also found in other locations, including the
dopaminergic neurons of the substantia nigra pars
compacta (A9 group of DAHLSTROM and FUXE). It
was however hard to find differences in the intensity
of the immunoreactivity except in the nucleus locus
ceruleus (not shown).

Changes in cell counts

In the control group, the average number of tyrosine
hydroxylase immunoreactive cells in the nucleus
locus ceruleus was 418.6 £65.1 at 4 weeks, 453.2+68.4
at 8 weeks, and 464.1+55.4 at 12 weeks. In the lead
treated groups, statistically significant (p<0.05)
changes in cell counts were apparent compared with
equivalent aged controls, but no statistically
significant changes were observed between the lead
treated groups (Table 2).

The average number of Nissl stained cells in the
nucleus locus ceruleus in the control group was
550.7+93.4 at 4 weeks, 565.8+76.5 at 8 weeks, and
558.3+89.0 at 12 weeks. In the lead treated groups, no
statistically significant changes in cell counts were
apparent compared with equivalent aged controls
(Table 3).

Iig. 3. Election micrograph showing tyrosine hydro-
xylase immunoreactive profiles in the locus ceruleus of a
control rat. Numerous immunoreactive axons (arrows)
are shown in the vicinity of a locus ceruleus neuron. Nu
nucleus, No nucleolus, x 7,000

Table 2. Changes in tyrosine hydroxylase immunoreactive neurons in the

nucleus locus ceruleus of the rat.

4 weeks 8 weeks 12 weeks

Control group 418.6+ 65.1 453.2+ 68.4 464.1+ 554
Lead treated group

0.05% 493.3+ 794 501.2+101.5 562.1+ 91.0

0.1% 4816+ 94.3 4837+ 77.5 573.2£103.4

0.29% 509.9+112.7 538.1+ 81.2 570.1+126.8

N =5 (each group), Mean=S.D.

Table 3. Changes in Nissl stained neurons in the nucleus locus ceruleus of the

rat.
4 weeks 8 weeks 12 weeks
Control group 550.7+ 93.4 565.8+ 76.5 558.3+ 89.0
Lead treated group
0.05% 569.1+107.1 546.4+101.7 583.2+101.7
0.1% 554.8+ 84.7 873.2+117.1 575.9+ 86.3
0.2% 570.0+103.5 560.9+105.6 581.64+111.2

N =5 (each group), Mean+S.D.
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Fig. 4. Tyrosine hydroxylase immunoreactive profiles (arrows) in the nucleus locus ceruleus of a lead treated
rat (0.059%, 4 weeks). Densely positive granular structures are shown within axons. Widened extracellular spaces
(es) and large vacuolar spaces ( VS) are noted. Intracellular organelles are disorganized in some fibers. x 16,000

L

Fig.5. Tyrosine hydroxylase immunoreactive profiles (arvows) in a lead treated rat (0.05%, 8 weeks). Darkly
immunoreactive granules and a large vacuolar region (VS) is seen in the axons. Vacuolar regions are not
demarcated by membranes. x 9,000

Fig. 6. Tyrosine hydroxylase immunoreactive profiles (arrows) in a lead treated rat (0.1%, 8 weeks). The
centrally located large vacuolar region (VS) in the axon, is surrounded by densely immunoreactive granules.
Note that the vacuolar region is not demarcated by membranes. x 22,000

Fig. 7. Longitudinally sectioned tyrosine hydroxylase immunoreactive axon in a lead treated rat (0.29%, 4
weeks). Vacuolar spaces (VS) are located in the central region of the axon, while minute immunoreactive
granules (arrows) are found in the periphery. Almost intact portions of tyrosine hydroxylase immunoreactive
granules are found in the proximal and distal part of the axon. x 22,000

axoplasm was rather evenly filled with the electron-

Electron microscopic observation

In the control animals, the immunoreactivity for
tyrosine hydroxylase was visualized under the elect-
ron microscope as electron-dense granules in axons
and neuronal cell bodies. The tyrosine hydroxylase
immunoreactive axons were unmyelinated. Their

dense granules. The granules were clearly demarcat-
ed from membrane structures (Fig. 3).

In the lead treated animals, extracellular spaces
were widened and large vacuolar spaces were present
within the axons. Axonal organelles were disorgan-
ized in some fibers (Fig. 4). Frequently, large vacuolar
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regions were found in tyrosine hydroxylase immuno-
reactive axons, and these were surrounded by im-
munoreactive granules and vacuoles not demarcated
by membranes (Figs. b, 6). Large vacuolar spaces
were often located in the central region, while
extremely small tyrosine hydroxylase immuno-
reactive granules were found in the periphery. Almost
intact portions of the immunoreactive granules were
found in the proximal and distal parts of the axons
(Fig. 7). Organelles such as mitochondria and vesicles
were absent from the large vacuolar central region,
but observed between the immunoreactive granules.

The severity of these changes was unrelated to the
lead concentration administered. The vacuolar
changes were frequently encountered even in the rats
treated with the smallest doses (0.05%) of lead. On
the other hand, the severity of the changes seemed
somewhat related to the duration of the lead expo-
sure. Widened intercellular spaces and intracellular
vacuoles were more frequently found in rats treated
with lead for 12 weeks than in the animals treated for
4 weeks.

Tyrosine hydroxylase immunoreactive granules
were more darkly stained in the lead treated rats
than in the control animals. Repeated careful elect-
ron microscopy revealed differences in the immuno-
staining intensity between both groups. Gray scale
(256 grade) densities of each electron photomicro-
graph were measured using an image analyzer with
the Optomax VI software program. The average
gray scale values of the granules in the control rats
were 223.6+15.6, while those in the lead treated rats
were 248.7+7.1, for a significantly difference (<0.05).

DISCUSSION

Ever since DAVID et al. (1972) found that chronic
exposure to low level lead could be associated with
hyperactivity in children, studies have concentrated
on the relationships between lead levels, hyper-
activity and catecholamines. GOLTER and MICHAEL.-
SON (1975) found a 139 increase in the level of brain
norepinephrine, whereas dopamine levels remained
unchanged during the early stages of chronic lead
exposure in rats with signs of hyperactivity. SILBER-
GELD and GOLDBERG (1975) also reported that there
was a 27% increase in norepinephrine but no change
in the level of dopamine in the brain of mice chroni-
cally exposed to lead. DECASTRO (1990) measured
plasma catecholamine concentrations and found that
norepinephrine and epinphrine were significantly ele-
vated in children with chronic lead poisoning. The
exposure of rats to low doses of lead selectively

increased tyrosine hydroxylase activity in the pons-
medulla region (CHIN et al.,, 1992). In multivariate
linear regression step-forward models, 24-h exertions
of epinephrine and norepinephrine were significantly
and positively associated with blood lead, whereas,
both 24-h dopamine and 2-h serotonin excretions
were negatively associated with blood lead in 645
male participants (PAYTON et al, 1993). Recently
COMINGS et al. (2000), who analyzed dopamine, sero-
tonin, and norepinephrine genes by multivariate
regression analysis, found that the adrenergic genes
play a greater role in attention deficit hyperactivity
disorder (ADHD) than the dopaminergic and seroto-
nergic genes combined.

In this study, tyrosine hydroxylase immunoreactive
profiles in the locus ceruleus, both by light and elec-
tron microscopy, showed darker, denser staining
after chronical exposure to lead. This finding sup-
ports the view that the norepinephrinergic system
might be activated by that treatment, and this in turn
may be responsible for hyperactivity. These results
were further substantiated by an increased number of
tyrosine hydroxylase immunoreactive neuronal cell
bodies with no changes in Nissl stained cells, which
represent functional hyperactivity, in the nucleus
locus ceruleus region of rats chronically exposed to
lead.

SAUERHOFF and MICHAELSON (1973), on the other
hand, reported increased levels of dopamine in the
brain, and no changes in the levels of norepinephrine
in rats during early lead exposure. LASLEY et al.
(1984) found that there were no changes in either
norepinephrine or dopamine levels. DUBAS and
HRDINA (1978) reported significant decreases in cor-
tical norepinephrine, dopamine and serotonin, mid-
brain dopamine, striatal norepinephrine and hypo-
thalamic dopamine and serotonin, whereas the nor-
epinephrine level in the midbrain was elevated in
8-week-old hyperactive rats during early lead expo-
sure. On the other hand, SINGH and ASHRAT (1989)
recorded decreased levels of norepinephrine in the
whole brain of early lead-exposed rats.

Changes in the activity of tyrosine hydroxylase, the
rate-limiting enzyme of catecholamine synthesis,
have previously been explored, though with contro-
versial results. Some investigators have reported
decreased enzyme activity, especially in relation to
dopaminergic systems; the decrease was seen region
specifically in the nucleus accumbens, hypothalamus,
in combination with no alterations in other regions
(MEREDITH et al., 1988; MCINTOSH et al., 1988, 1989;
JabHAv and RAMESH, 1997; KOHLER et al.,, 1997;
RAMESH and JADHAV, 1998). CHIN et al. (1992) report-
ed increased tyrosine hydroxylase activity in the
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pons-medulla region. The findings of these authors on
the regional differences in tyrosine hydroxylase acti-
vity and increased enzyme activity in the pons-
medulla region are in accordance with our histoche-
mical data on the enzyme activity in the nucleus
locus ceruleus.

The mechanism of the increased activity of tyrosine
hydroxylase by lead is largely unknown. Evidence is
available suggesting that lead stimulates brain pro-
tein kinase C (MARKOVAC and GOLDSTEIN, 1988;
CHEN et al,, 1998) and consequently induces c¢-fos
mRNA in PC 12 cells (KIM et al., 1997, 2000), and it is
known that ¢-fos mRNA may induce enzyme activa-
tion. It is also possible that ¢-fos mRNA induction
could be responsible for the activation of tyrosine
hydroxylase in neurons of the nucleus locus ceruleus,
but further investigation is needed to clarify this
hypothesis.

Under the electron microscope, generalized degene-
rative profiles, such as widened extracellular spaces,
large vacuolar spaces within processes, and disorgan-
ized intra-axonal organelles were observed in this
study. DE GENNARO (1978) found that lead effects the
ultrastructure of the developing spinal cord and
results in prominent morphological changes, namely,
extensive vacuolation and disorganization of the
endoplasmic reticulum of neuroglial astrocytes. Post-
natal lead administration reportedly altered the
development of cerebellar Purkinje cell morphology
(McCONNELL and BERRY, 1979; PATRICK and ANDER-
SON, 2000). In our present study, degenerative changes
were region-specifically evident in the tyrosin hydrox-
ylase immunoreactive axons of the nucleus locus
ceruleus region. Large vacuolar regions surrounded
by darker tyrosine hydroxylase immunoreactive
granular profiles were frequently encountered under
the electron microscope.

The average blood lead concentration in Ameri-
cans was reported to be 8.2 g/dl (4.0-26.0 g/d/) as
measured in 645 male subjects (PAYTON et al., 1993),
which is slightly lower than that measured in our
control rats (14.72+2.84 g/d/). Blood lead levels have
steadily decreased in Americans, but this is not a
worldwide trend (KOIKE, 1997). In our present study,
changes in neurons in the nucleus locus ceruleus were
evident at a blood lead level of 0.19§ in 4 week lead-
exposed rats, just twice the level of control rats. Our
result further suggests that the severity of the effects
of lead was not related to the lead level but to the
duration of exposure. The results of our study would
hopefully reinforce the importance of avoiding
chronic lead exposure, especially in childhood.
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