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�
Doctorado en Ciencias Biológicas, Universidad Autónoma

Metropolitana, México D.F., México

Lead (Pb) is a heavy metal with no apparent biological func-

tion. This metal is used in a variety of compounds with mul-

tiple applications (Verstraeten et al. 2008). This confirms

that Pb exposure in human populations still persists and

constitutes a significant public health problem, despite

efforts to reduce its level in the ecosystem.

The effects of chronic Pb exposure during development of

the central nervous system have showed alterations in gran-

ule cell neurogenesis and morphology in the hippocampus

(Verina et al. 2007). In addition, it produces changes in the

subunit composition of glutamatergic N-methyl-D-aspartate

(NMDA) receptors and reduces Ca2+ ⁄ cyclic AMP response
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Summary

Lead (Pb) exposure alters the temporal organization of several physiological and

behavioural processes in which the suprachiasmatic nucleus (SCN) of the hypothala-

mus plays a fundamental role. In this study, we evaluated the effects of chronic early

Pb exposure (CePbe) on the morphology, cellular density and relative optical density

(OD) in the cells of the SCN of male rats. Female Wistar rats were exposed during

gestation and lactation to a Pb solution containing 320 ppm of Pb acetate through

drinking water. After weaning, the pups were maintained with the same drinking

water until sacrificed at 90 days of age. Pb levels in the blood, hypothalamus, hippo-

campus and prefrontal cortex were significantly increased in the experimental group.

Chronic early Pb exposure induced a significant increase in the minor and major

axes and somatic area of vasoactive intestinal polypeptide (VIP)- and vasopressin

(VP)-immunoreactive neurons. The density of VIP-, VP- and glial fibrillary acidic

protein (GFAP)-immunoreactive cells showed a significant decrease in the experimen-

tal group. OD analysis showed a significant increase in VIP neurons of the experi-

mental group. The results showed that CePbe induced alterations in the cells of the

SCN, as evidenced by modifications in soma morphology, cellular density and OD in

circadian pacemaker cells. These findings provide a morphological and cellular basis

for deficits in circadian rhythms documented in Pb-exposed animals.
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element-binding protein (CREB) phosphorylation in cortical

and hippocampal nuclear extracts (Toscano et al. 2002).

Moreover, it induces apoptosis in hippocampus (Han et al.

2007; Kumar et al. 2009; Sharifi et al. 2010) as well as a

decrease in the number of neurons of CA1, CA3 and dentate

gyrus regions of the hippocampus (Han et al. 2007). The

same phenomenon is associated with changes in glutamate

and GABA release in the hippocampal CA1 and dentate

regions (Lasley & Gilbert 2002) and impairment of learning

(Winneke 1996).

Circadian oscillators with intrinsic periods of approxi-

mately 24 h enable organisms to anticipate and synchronize

(entrains) their physiology and behaviour to periodic

changes in the environment. In mammals, a central pace-

maker exists in the suprachiasmatic nucleus (SCN) of the

hypothalamus, which generates and communicates a circa-

dian rhythm to other parts of the brain and to peripheral tis-

sues. The self-sustained oscillation is generated by the

interaction of a set of activated clock genes. These included

the transcriptional activators: CLOCK and BMAL1, and

repressors: PER1-3, CRY 1-2 and REV-ERVa, and these

constitute the transcriptional–translational feedback loop

that occurs with near 24-h kinetics (Reppert & Weaver

2002; Hastings & Herzog 2004). However, these are not

the only transcription factors for generating intrinsic circa-

dian rhythms. Additional genes have been proposed as circa-

dian clock components (Tho 2008).

The SCN is anatomically divided into shell (dorsomedial)

and core (ventrolateral) regions. The shell region cells con-

tain vasopressin (VP) and mostly receive non-photic input.

The core subdivision of the SCN contains vasoactive intesti-

nal polypeptide (VIP) immunoreactive neurons and receives

direct or indirect photic information from the retina (Yan &

Silver 2002; Hastings et al. 2007; Karatsoreos & Silver

2007).

The VIP neurons are believed to act as an integrator of

external input. They relay this information to the rest of the

SCN. VP neurons appear to generate the most robust circa-

dian oscillations (Yan & Okamura 2002).

Studies carried out to analyse the effects of chronic Pb

exposure on the circadian timing system showed the exis-

tence of alterations in circadian rhythms in rats. An increase

in the rhythm of locomotor activity during the light phase

(Collins et al. 1984) and alterations in the time between the

locomotor activity onset and lights-off under the light ⁄ dark

cycle (which may reflect an alteration in the entrainment to

light ⁄ dark cycle) (Rojas-Castañeda et al. 2007) have been

reported. Furthermore, a significant decrease in motor cortex

and hippocampus in the alpha and theta band electroenceph-

alogram spectral power in both wakeful and slow wave

sleep stages were reported (Kumar & Desiraju 1992). An

increase during the light phase in the rhythm of locomotor

activity (Shafiq-ur-Rehman et al. 1986) and in behavioural

patterns such as rearing and preening (Shafiq-ur-Rehman

1999) was observed in rats with acute Pb exposure.

The changes observed in the studies mentioned previously

suggest that Pb exposure may affect the structures and ⁄ or

functions involved in the circadian timing system. However,

possible structural changes on the cells of the SCN associated

with Pb exposure have not been investigated. This study was

designed to establish whether the reported alterations in the

circadian rhythms of rats exposed to Pb might be accompa-

nied by changes in SCN morphology. Therefore, we evaluated

the effects of exposure to Pb on the morphology of VIP- and

VP-immunoreactive neurons, cellular density of VIP-, VP-

and glial fibrillary acidic protein (GFAP)-immunoreactive

cells and expression of VIP-, VP-and GFAP-proteins using rel-

ative optical density (OD) analysis in the middle sections of

the SCN of rats with chronic early Pb exposure (CePbe).

Materials and methods

Animals and exposure protocol

Female (250–275 g) and male (300–325 g) Wistar rats born

and bred at the Instituto Nacional de Pediatrı́a were used

for breeding. They were maintained with tap water and

standard laboratory food ad libitum (LabDiet 5001�; PMI

Nutrition International, Inc., Brentwood, MO, USA) and

housed in a temperature-controlled room (21 ± 1 �C) with

relative humidity of 52 ± 10%. The room lighting was set to

a 12:12-h light ⁄ dark cycle (lights on at 07:00). Vaginal

smears were obtained each morning to detect the occurrence

of mating determined by the presence of sperm in the smear

and showed the beginning of the exposure period.

Pb-exposed pregnant rats received as the only source of

beverage a solution containing 320 ppm of Pb acetate (J.T.

Baker, Edo. de Mex., Mexico) in tap water during the gesta-

tion. Control pregnant rats ingested tap water. To prevent

the formation of Pb precipitate, 0.5 ml of glacial acetic acid

to prepare 1000 ml of solutions was added to all drinking

solutions (Wang et al. 2006; Han et al. 2007). The pups

from both groups were treated after birth in the same way

until 90 days of age. This exposure protocol was chosen

based on previous studies demonstrating an increase in lipid

peroxidation in several brain regions (Villeda-Hernández

et al. 2001) and alterations in the rhythm of locomotor

activity (Rojas-Castañeda et al. 2007).

At 21 days of age, pups were weaned to the same drinking

water as that given to their dams, housed in groups of four in

same-sex colony cages and were maintained on these regimens

until sacrifice. All animals were treated humanely to minimize

discomfort in accordance with the ethical principles and speci-

fied regulations as stated in the Official Mexican Norm

NOM-062-2OO-1999 entitled ‘Technical specifications for

the production, care and use of laboratory animals’. This

work was approved by our Institutional Animal Care and Use

Committee (Instituto Nacional de Pediatrı́a).

Determination of Pb in blood and brain regions

Pb levels in blood and brain regions (hypothalamus, hippo-

campus and prefrontal cortex) were analysed by graphite

furnace atomic absorption spectrophotometry.
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On postnatal day 90, five male rats from each group were

randomly selected and anaesthetized with sodium pentobar-

bital (40 mg ⁄ kg, ip; Pfizer, Edo. de Mex., México) between

12:00–13:00 h to prevent circadian fluctuations. Blood sam-

ples were obtained for Pb analysis by cardiac puncture in

blood collection tubes with EDTA (BD Vacutainer, NJ,

USA). Brains were rapidly removed and kept on ice for rapid

dissection of several brain regions (Glowinski & Iversen

1966) for Pb analysis.

Blood samples of 200 ll were added to 800 ll of 30%

suprapur HNO3 (Merck, Edo. de Mex., Mexico) and centri-

fuged at 18,500 g (15 min). From the clear solution, 100-ll

aliquot was taken and diluted (1:5 v ⁄ v) with deionized

water.

Tissue samples of brain regions were weighed, placed in

polypropylene tubes and digested in 1 ml of concentrated

HNO3 suprapur (Merck) in a shaking water bath at 60 �C
for 30 min. Thereafter, a 100-ll aliquot was taken from

the clear solution and diluted (1 ⁄ 5 v ⁄ v) with deionized

water. Diluted samples of blood and brain regions were

injected into an atomic absorption spectrophotometer

(Model 3110; Perkin-Elmer, Norwalk, CT, USA) with

graphite furnace (HGA-600) and auto-sampler (AJS60)

adjusted to a wavelength of 283.3 nm. For each analysis,

quality control standards (Wisconsin State Laboratory of

Hygiene, Madison, WI, USA) and calibration curves (con-

structed by adding known amounts of Pb standard; Merck,

Darmstadt, Germany) were determined at the beginning

and end of the sample run to optimize conditions and vali-

date the results. Blood Pb results were expressed as lg of

Pb ⁄ dl blood, and the content of Pb in brain regions was

expressed as lg of Pb ⁄ g tissue wet weight.

Animal perfusion, tissue processing and
immunohistochemistry

At 90 days of age, male rats (five animals per treatment)

were randomly selected and anaesthetized with sodium

pentobarbital (40 mg ⁄ kg, ip; Pfizer) between 12:00–13:00 h

to prevent circadian fluctuations. Animals were perfused

intracardially with physiological saline for vascular rinse,

followed by 4% cold paraformaldehyde in 0.1 M phos-

phate-buffered saline (PBS) at pH 7.4, with a continuous

infusion pump (Masterflex, Vernon Hills, IL, USA). After

perfusion, each brain was dissected carefully from the cra-

nial cavity and postfixed for 3 h in fresh fixative at 4 �C
and rinsed in PBS. Small blocks of tissue containing the

anterior hypothalamus were cryoprotected in solutions of

15% and 30% sucrose in 0.1 M PBS until they sank.

These tissue samples were subsequently sectioned in coro-

nal plane at 40 lm thickness with a cryostat (CM1850,

Leica Microsystems, Nussloch GmbH, Germany). Alternate

sections were separately collected in PBS, to obtain four

independent sets of sections from each brain. Each set was

then processed for VIP, VP or GFAP immunostaining. To

show cellular bodies, another set was stained with Cresyl

Violet acetate (Sigma, St. Louis, MO, USA).

Free-floating sections from each animal were treated with

0.3% hydrogen peroxide (Merck, Germany) solution for

10 min to inhibit endogenous peroxidase activity and later

with 1% Triton x-100 (Sigma) in PBS for 10 min. Non-spe-

cific binding sites were blocked by incubation in 5% bovine

serum albumin (BSA; Amersham Biosciences, Buckingham-

shire, UK) and 1% Triton X-100 in PBS (BSA-TX-PBS) for

2 h at room temperature. The floating sections were incu-

bated with rabbit-polyclonal antibodies against VIP, VP or

GFAP (Biomeda, Foster City, CA, USA), at a dilution of

1:500 in BSA-TX-PBS, for 48 h at 4 �C. Then, the sections

were incubated for 1 h at room temperature with biotinylat-

ed anti-rabbit IgG (DAKO, Carpinteria, CA, USA). The

sections were subsequently incubated with streptavidin–

horseradish peroxidase (DAKO) for 1 h at room tempera-

ture. Immunoreactivity was visualized with the diam-

inobenzidine reaction (DAKO). Three 10-min washes in

0.1 M PBS were performed between steps. The sections were

mounted on poly-l-lysine (Sigma)-coated slides, air-dried,

cleared with xylene and coverslipes were applied with

entellan (Merck). All tissue sections from control and experi-

mental animals were processed at the same time and in

parallel to minimize any potential variance in staining proce-

dure.

Morphometric analysis

Morphometric analysis was manually performed using a

computerized image analysis system (Metamorph, version

4.5; Molecular Devices, Downington, PA, USA) attached to

a light microscope (DMLS, Leica Microsystems, GmbH

Wetzlar, Germany). Two representative sections from the

middle level of the SCN were selected of each animal, corre-

sponding approximately to anterioposterior )1.3 mm from

bregma (Paxinos & Watson 1998). Slides from two groups

were randomized and coded such that all subsequent analy-

ses were blindly conducted. The anatomical borders of the

SCN were delimited with phase-contrast microscopy. The

area of the SCN was measured at ·20, and the number of

cells in the SCN area was counted at ·60. The criterion to

manually select the targets to be counted was a minimum

ratio of background to immunoreactivity of 1:3 in OD. Cel-

lular density was expressed in 1000 lm2 (estimated from the

number of targets counted and the area of the region from

which they were collected).

Twenty well-delimited neuronal bodies, in which the cell

nucleus could be clearly identified, were randomly chosen

and outlined manually in each animal for the measurement

of VP- or VIP-immunoreactive neurons. On each cell cho-

sen for study, the major and minor axes and somatic area

were determined. Previous studies have shown that OD

measurements reflect changes in protein expression parallel

to those obtained using a biochemical protein assay such as

Western blot (Mufson et al. 1997). Therefore, in these same

cells, the OD, expressed as arbitrary OD units, was deter-

mined (Rojas et al. 2005) at ·100. Cellular OD was

expressed in 100 lm2. Furthermore, OD in the SCN of
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VIP- and VP-immunoreactive sections was determined at

·20 and expressed in 10 000 lm2. Owing to the fact that

glial cells increase the expression of GFAP in the case of

toxicity by Pb (Selvı́n-Testa et al. 1991), the OD of the

astrocytes was determined in tissue sections that were pro-

cessed for GFAP immunostaining. However, because of the

difficulty in delimiting the outline of glial cytoskeleton with

image analysis system, we decided to determine the OD in

the area occupied by SCN (at ·20 and expressed in

10 000 lm2).

Statistical analysis

Data are expressed as mean ± SEM and were analysed by

using one-way analysis of variance (anova). Values of

P < 0.001, P < 0.01 or P < 0.05 were considered significant.

The brain regions were analysed with Tukey’s test. Values

of P < 0.05 were considered significant.

Results

Body and brain weights

At 90 days of age, no significant difference was found

between control and experimental groups in the body weight

(one-way anova: F = 0.2[df = 1,8], P > 0.05; 544.8 ± 19.8,

533.6 ± 13.5, respectively) and brain weight (one-way

anova: F = 1.8[df = 1,8], P > 0.05; 2.1 ± 0.1, 2.1 ± 0.3,

respectively).

Pb levels in blood and brain regions

The developmental Pb dosing regimen used in the present

experiments caused significant increases in metal in blood

and brain regions. Blood Pb level was significantly increased

by 14-fold when compared with the control group (one-way

anova: F = 204.4[df = 1,8], P < 0.001). The content of Pb in

hypothalamus, hippocampus and prefrontal cortex was

significantly increased by 8.4-fold (one-way anova:

F = 229.9[df = 1,8], P < 0.001), 11.7-fold (one-way anova:

F = 661.6[df = 1,8], P < 0.001) and 10.5-fold (one-way

anova: F = 418.9[df = 1,8], P < 0.001), respectively, in the

Pb-treated animals compared with the control group

(Table 1). In the Pb-exposed group, the content of this metal

in prefrontal cortex and hypothalamus was significantly

increased, compared with hippocampus (P < 0.05).

SCN cytoarchitecture

Anatomical distribution of VP-, VIP- and GFAP-immunore-

active cells in the SCN was similar in control and experi-

mental animals. Vasopressin immunoreactive neurons were

observed in the shell (dorsomedial) subdivision. A few

immunoreactive neurons were scattered in the core (ventro-

lateral) region of the SCN. VIP-immunoreactive neurons

were located in the area of the SCN immediately adjacent to

optic chiasm (core region). The soma of some of the neurons

was scattered in the dorsal region of the SCN. Some VP-

and VIP-immunoreactive neurons were entirely embedded

within the optic chiasm. GFAP-immunoreactive cells were

distributed throughout SCN, but especially in the ventrolat-

eral region. The middle level of the SCN stained for VP,

VIP, GFAP and Nissl stain in control and experimental ani-

mals is shown in Figure 1.

Morphometric analysis

Table 2 shows the effects of CePbe on the cellular density,

morphology and OD of the cells in the SCN. Results from the

morphometric analysis of cellular density showed a signifi-

cant decrease in the animals exposed to Pb compared with

the control group [VIP, one-way anova: F = 12.5[df = 1,8],

P < 0.01, ()22.4%); VP, one-way anova: F = 18.1[df = 1,8],

P < 0.01, ()16.7%); GFAP, one-way anova: F = 10.6[df = 1,8],

P < 0.05, ()18.5%); Nissl stain, one-way anova: F =

8.9[df = 1,8], P < 0.05, ()19.7%)]. Chronic early Pb exposure

induced significant increases in the minor and major axes and

somatic area of VIP- [one-way anova: F = 6.4[df = 1,198],

P < 0.05, (7.5%); one-way anova: F = 15.7[df = 1,198],

P < 0.001, (10.1%); one-way anova: F = 16.4[df = 1,198],

P < 0.001, (18.7%), respectively] and VP- [one-way

anova: F = 7.4[df = 1,198], P < 0.01, (4.9%); one-way anova:

F = 22.0[df = 1,198], P < 0.001, (11.2%); one-way anova:

F = 21.8[df = 1,198], P < 0.001, (19.4%), respectively) immu-

noreactive neurons. The densitometric analysis of VIP-immu-

noreactive cells in SCN showed a significant increase in the

experimental group [one-way anova: F = 7.0[df = 1,198],

P < 0.01, (17.8%)] compared with the control group. How-

ever, no statistical difference was found in the OD of VP-

immunoreactive cells between control rats and animals

exposed to Pb [one-way anova: F = 2.9(df = 1,198), P > 0.05,

(10.2%)] The OD in the SCN of tissue sections processed for

VIP immunostaining was significantly increased in the experi-

mental group [one-way anova: F = 5.7(df = 1,8), P < 0.05,

(36.4%)]. No significant difference was found in OD of the

SCN in tissue sections immunostained for VP (one-way

Table 1 Effects of chronic early lead (Pb) exposure (320 ppm,
prenatal and postnatal) on the Pb levels in blood and brain
regions of rats of 90 days of age

Sample

Concentration of Pb

Control

group

Pb-exposed

group

Blood (lg ⁄ dl) 2.1 ± 0.2 29.5 ± 1.9*

Frontal cortex (lg ⁄ g tissue) 6.6 ± 0.3 69.1 ± 3.0*

Hypothalamus (lg ⁄ g tissue) 7.8 ± 0.3 65.5 ± 3.8*
Hippocampus (lg ⁄ g tissue) 4.7 ± 0.3 53.8 ± 1.9*�

Data were obtained from five animals per group and are expressed

as means ± SEM. *Statistically significant difference compared with
control group, P < 0.001, one-way anova. �Statistically significant

difference when compared to prefrontal cortex and hypothalamus of

the group exposed to Pb.
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anova: F = 3.1(df = 1,8), P > 0.05, 14.8%) and GFAP [one-

way anova: F = 1.8(df = 1,8), P > 0.05, 15.4%].

Discussion

It has been established that development of the central ner-

vous system is more vulnerable to Pb effects than adult brain

because of the not fully developed blood–brain barrier and

defence mechanisms. Deane and Bradbury (1990) reported

that Pb crosses the blood–brain barrier of adult brain. This

suggests that the central nervous system is a target for Pb in

children and adults.

In this study, developmental Pb exposure resulted in

an increase in Pb levels in the blood and a marked

accumulation of Pb in the brain regions analysed. These sug-

gest the free access of the metal from the environment to the

blood and brain. In the group exposed to Pb, prefrontal cor-

tex and hypothalamus significantly accumulated more Pb,

when compared to hippocampus. This shows that the SCN

is a preferential target for Pb. Several studies reported that

damage produced by Pb occurs preferentially in the hippo-

campus, prefrontal cerebral cortex (Finkelstein et al. 1998)

and hypothalamus (Wang et al. 2006) as shown in the

current study.

It has been reported that Pb exposure disrupts the tempo-

ral organization of behavioural patterns (Shafiq-ur-Rehman

1999), circadian rhythm of locomotor activity (Collins

et al. 1984; Shafiq-ur-Rehman et al. 1986; Rojas-Castañeda

et al. 2007) and sleep-wake cycle (Kumar & Desiraju

1992). These disruptions ultimately alter the ability of the

organism to cope and interact with its environment. To our

knowledge, this is the first morphological evidence of

Pb-induced abnormalities on the cells of circadian pace-

maker. The size of cell bodies and the complexity of the

dendritic tree in maturing granule cells have been shown to

correlate with changes in their electrophysiological proper-

ties (Liu et al. 2000). Our data indicate that CePbe induces

a significant increase in the minor and major axes and

somatic area of VIP- and VP-immunoreactive neurons.

These morphometric results show alterations in the mor-

phology of the neurons of the SCN, which could alter its

functional properties.

The significant decrease in the density of VIP and VP neu-

rons in animals exposed to Pb during development may be

due, at least in partial way, to: (i) decrease in antioxidant

enzymes and an increase in oxidative stress, induced by free

radicals leading to lipid peroxidation with damage to the

cytoplasmic membranes (Villeda-Hernández et al. 2001; Pra-

santhi et al. 2010); (ii) apoptosis, in several brain regions of

the central nervous system (Han et al. 2007; Kumar et al.

2009; Sharifi et al. 2010); (iii) inflammatory factors released

by glia may result in neuronal death (Chao et al. 1995; Liu

et al. 2000) and (iv) reduction in intracellular level of VIP or

VP in SCN cells that would preclude detection by immuno-

staining because of subthreshold amounts of antigen ⁄ epitope,

as a consequence of changes in the metabolism. The results of

the present investigation suggest that CePbe induces a signifi-

cant decrease in the cellular density in Nissl-stained SCN

slices. This mainly suggests a direct loss of cells.

A decrease in the number of cells may affect the innerva-

tion of the SCN and ⁄ or alter its afferents ⁄ efferents path-

ways. This can contribute to the generation of

morphological and functional alterations of the SCN and ⁄ or

affect the function of peripheral clocks. Chronic Pb exposure

has been shown to decrease the number of neurons of the

hippocampus (Han et al. 2007), to reduce dendritic branch-

ing and to decrease synaptic density and development (Veri-

na et al. 2007).

Previous report showed that astroglia can accumulate and

store Pb (Tiffany-Castiglioni et al. 1986). Accumulation of

Pb may provide the mechanism that protects neurons that

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 1 Histological images of coronal sections of suprachias-
matic nucleus of rat at the middle level at 90 days of age.
Immunohistochemistry for vasopressin (VP), vasoactive intesti-
nal polypeptide (VIP) and glial fibrillar acidic protein (GFAP),
and sections stained with Cresyl Violet (Nissl) of control
animals (a, c, e and g) and animals subjected to chronic early
lead (Pb) exposure (320 ppm, prenatal and postnatal) (b, d, f
and h). (a–f) There are no visible differences in the anatomical
distribution of immunoreactivity pattern between both groups.
Sections of 40 lm thickness. Calibration bar 100 lm. The
inserts show a magnification view (·60). 3V, third ventricle;
OC, optic chiasm. ·20.
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are more sensitive than astroglia to the toxic effects of Pb

(Tiffany-Castiglioni 1993). However, such storage of Pb in

astroglia may provide a reservoir for its continuous release

and thereby may contribute to the toxicity of adjacent neu-

rons or glia themselves (Struzynska 2009). Under several

pathological conditions, including chronic toxicity by Pb,

glial cells undergo rapid changes, example of which is the

increased expression of GFAP (Selvı́n-Testa et al. 1991),

which have been described as reactive gliosis. In activated

form, glia may generate and ⁄ or maintain the inflammatory

reaction in brain by producing interleukin (IL)-1b, IL-6 and

tumour necrosis factor-a, (Zhao & Schwartz 1998). It is

postulated that these inflammatory factors released by glia

contribute to the destructive processes resulting in neuronal

cell death (Chao et al. 1995; Liu et al. 2000). This could be

associated, at least in partial form, with the decrease in the

cellular density observed in this work.

The circadian pacemaker is regarded as a multioscillatory

system, in such a way that neurons are considered indepen-

dent oscillators, whose coupling may determine the output

of the circadian system (Welsh et al. 1995; Miller 1998). A

coupling mechanism must exist among the individual neu-

rons of the SCN, to generate a robust 24-h collective self-

sustained rhythm under constant environmental conditions.

Several candidate coupling factors, such as VIP and astro-

cytes (Prosser et al. 1994; Aton & Herzog 2005), have been

implicated in this mechanism. Therefore, a decrease in the

neuronal density and alterations in the intracellular level of

VIP and VP, and ⁄ or a decrease in the number of GFAP cells

and abnormalities of its function, could involve alterations

in the function of circadian pacemaker.

In this study, we observed that CePbe resulted in a signifi-

cant increase in the OD level of VIP in the SCN. This result

could be associated with significant increases in both soma

size and cellular optical density in animals exposed to Pb in

response to a significant decrease in the cellular density.

There was a non-significant enhancement in the OD of VP,

per neuron and in the SCN, after Pb administration. How-

ever, we found a significant increase in the cellular size in

this brain region in the same experimental group. These

results may be related to a significant decrease in the cellular

density. Therefore, the expression of VIP was significantly

increased in the experimental group and the expression of

VP was similar in control and experimental groups. This

might be related to the alterations in the synthesis and

release of proteins. Our results suggest neuronal plasticity

mechanisms as well as a specific response in different regions

of the SCN. In particular, the most vulnerable is the core

region. Therefore, this suggests a higher vulnerability for

VIP neurons in relation to the VP cells, after Pb exposure, as

reported for other environmental factors that affect the

developing VP and VIP cells in the SCN (Rojas-Castañeda

et al. 2008). Each brain region or subregion has different

metabolic activity, and the morphometric alterations

observed in this study may be secondary to metabolic

changes initiated by exposure to Pb.

VIP cells receive photic information directly through the

retino-hypothalamic tract, and this information is relayed to

the VP cells. Interplay between these two cellular types is

responsible for the output of circadian information from the

SCN (Antle & Silver 2005). Therefore, alterations in VIP cells

can induce disorders in the transmission of photic information

in SCN. These alterations could be related to disorders in the

onset of locomotor activity (in the phase transition of light ⁄
dark cycle) in rats chronically exposed to lead (Rojas-Castañeda

et al. 2007). The levels of VIP and VP in the SCN are crucial

for the maintenance of rhythmic functions, and these levels

have a circadian rhythm. VP level shows a peak (acrophase)

during the light phase, while the level of VIP shows an acro-

phase during dark phase (Van Esseveldt et al. 2000). In addi-

tion, changes observed in circadian rhythms associated with

Pb exposure might be related to possible changes in the acro-

phase and ⁄ or phase of expression of VIP and ⁄ or VP in the

SCN. Further studies are needed to investigate whether the

circadian rhythms in the levels of VIP and VP in the SCN are

altered by exposure to Pb.

Table 2 Effects of chronic early lead (Pb) exposure (320 ppm, prenatal and postnatal) on morphometric parameters of vasoactive
intestinal polypeptide (VIP), vasopressin (VP) and glial fibrillar acidic protein (GFAP) immunoreactive cells and stained neurons with
Nissl in the suprachiasmatic nucleus (SCN) of rats at 90 days of age

Group

Cellular

density

(1000 lm2)

Minor axis

(lm)

Major axis

(lm)

Somatic

area (lm2)

Cellular optical

density (100 lm2)

(arbitrary units)

Optical density

in the SCN

(10 000 lm2)

(arbitrary units)

VIP Control 5.8 ± 0.2 6.7 ± 0.1 9.9 ± 0.2 40.7 ± 1.2 0.45 ± 0.02 0.030 ± 0.003

Pb 4.5 ± 0.3** 7.2 ± 0.1* 10.9 ± 0.2*** 48.3 ± 1.5*** 0.53 ± 0.03* 0.040 ± 0.003*

VP Control 6.0 ± 0.2 6.1 ± 0.1 8.9 ± 0.1 32.4 ± 0.9 0.49 ± 0.02 0.034 ± 0.002

Pb 5.0 ± 0.1** 6.4 ± 0.1** 9.9 ± 0.2*** 38.7 ± 1.0*** 0.54 ± 0.02 0.039 ± 0.001
GFAP Control 2.7 ± 0.1 0.13 ± 0.01

Pb 2.2 ± 0.1* 0.15 ± 0.01

Nissl Control 13.2 ± 0.3

Pb 10.6 ± 0.8*

Results are expressed as mean ± SEM of 5 animals per group. Statistically significant difference compared with control group: *P < 0.05;

**P < 0.01; ***P < 0.001, one-way anova.
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In our study, cellular GFAP immunoreactivity displayed a

normal pattern of anatomical distribution in the SCN of ani-

mals exposed to Pb. A significant decrease in cellular density

of astrocytes in the SCN was observed, and this deficiency

may contribute to alterations in function of the circadian

pacemaker. We determined a non-significant increase in OD

(calculated on the area occupied by the SCN, not by each

cell) that may be related to the significant decrease in the

number of astrocytes in the SCN induced by the CePbe.

On the other hand, a developmental delay of astrocytes

has been postulated to occur after CePbe (Buchheim et al.

1994), which can explain the decreased number of astrocytes

without discarding the effects of apoptosis on the astrocytes.

Our findings suggest that CePbe induces abnormalities in

the density and morphology of the cells of circadian pace-

maker, as well as possible disorder in the levels of VIP and

VP. These alterations provide a morphological and cellular

substrate underlying circadian alterations previously

reported in animals with exposure to chronic Pb.
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de la rata. 1ª. Reunión bienal de investigación pediátrica, 37.
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