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ABSTRACT

Prenatal exposure to ethanol is frequently associated with microencephaly, hypomyelinization, delayed cell migration,

and impaired neuronal and glial maturation in the offspring. The mechanism by which ethanol induces its effects on

the development of the nervous system is still not fully understood. In this study, the influence of acute prenatal

exposure to ethanol on the prefrontal cortex cells of rats were examined. Three doses of ethanol (3g/kg of body

weight) were administered intraperitoneally to pregnant female rats on the 12th day of pregnancy, at 8 h intervals.

Control rats received the same treatment but with a saline solution. Cells in the synthesis phase (S) of the cell cycle

were labeled with bromodeoxyuridine. Six controls and 12 ethanol-treated neonates were sacrificed on the 8th day of

postnatal life. The distance between nuclear cores in immunohistochemically labeled cells was determined by image

analysis. Control rats had a normal neocortex, with six layers in the prefrontal region. Rats treated with ethanol

showed ectopia of pyramidal neurons in layers I and II, heterotopia in the basal area of the prefrontal fissure, and a

decrease in cellular density in layers II and VI of the cerebral prefrontal cortex. These alterations could help to explain

some of the dysfunctions reported in patients with fetal alcohol syndrome.
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INTRODUCTION

The development of the central nervous system

involves a series of programmed cellular and

molecular events, including patterned neuronal

migrations and axonal growth. The generation of

neurons and glial cells from the neocortex begins in

the ventricular pseudostratified epithelium close to

the ventricular cavity. Most neurons originate in the

ventricular and subventricular zones. From these

proliferative regions, the cells migrate to  their targets

where they differentiate into neurons. Thus, most

neurons in the developing vertebrate nervous system

are generated at sites that are significantly different

from those where they reside in the adult brain [22].

In the ventricular and subventricular zones, neuronal

precursors form a secondary proliferative population

of pseudostratified epithelium. These cells migrate

in the interval from embryonic stage E11 to E17,

during which they complete 11 cell cycles in rats [26].

From those two proliferative zones, the cells migrate

to reach their target site, where differentiation occurs.

Migration involves the displacement of a neuronal

cell body from the proliferative zone to its final

destination in the mature brain [20]. These events are

regulated in such a way as to produce a neuronal

density that is approximately the same from an area

to another in the same brain and in the brains of several

mammalian species [26]. The regulation of neuronal

migration involves different cell populations,

including Cajal-Retzius neurons, subplate neurons,

neuronal precursors or radial glia, and multiple

molecular mechanisms, such as cell cycle control,

cell-cell interactions (usually mediated through cell

adhesion molecules, CAMs, that include cadherins,

selectins, integrins, mucins, and members of the IgG

superfamily), neurotransmitter release, growth factor

availability, platelet-activating factor degradation and

signal transduction pathways [6-8]. Studies of the

developing cerebral cortex have shown that its six

layers are generated in an orderly sequence. The firsts

neurons to migrate form the deep cortex layers,
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whereas the last neurons to migrate form the most

superficial layers [4,23]. Horizontal stratification of

the brain cortex is very important for the normal

physiology of the brain.

Disorders of neuronal migration lead to a variety

of congenital malformations. The complexity and

multiplicity of the mechanisms involved probably

accounts for the clinical, radiological and genetic

heterogeneity seen in human disorders of neuronal

migration [8]. Prenatal exposure to ethanol is a cause

of several abnormalities in the development of the

brain cortex, and abnormal development can result

in functional disturbances [5,9,14,18,27].

The aim of this study was to determine the

effects of acute prenatal exposure to ethanol on the

prefrontal cortex of rats treated with ethanol on the

12th day of intrauterine life (E12), when the

neuroepithelia differentiate into neuroblasts [26], and

neuronal migration begins. To our knowledge, this is

the first report to describe the acute effects of ethanol

on neuronal migration in the prefrontal cortex at the

moment the first neurons are formed.

MATERIAL AND METHODS
Female Wistar rats (180-230 g), were housed overnight with

male rats. The presence of a vaginal plug and sperm in the vagina

confirmed successful mating and indicated the first day of

gestation (E
0
). Eighteen-day pregnant female rats were housed

in cages at 22 ± 0.4°C, on a 12 h light/dark cycle, with free

access to food and water. On the 12th day of pregnancy (E
12

), 12

rats received three intraperitoneal injections of a 20% ethanol

solution (3 g of ethanol/kg of body weight), at 8 h intervals.

Ethanol was administered intraperitoneally because this route

ensured that all rats received an equal volume and amount of

drug and there was almost 100% absorption. Also at E
12

, six

control pregnant rats received saline injections of 0.9% at the

same intervals as the ethanol-treated rats. Proliferating cells

were labeled as described elsewhere [26]. All rats received a

single intraperitoneal injection of BrdU (5 mg/mL in 0.9%

NaCl, containing 70 mM NaOH) at a dose of 60 mg/kg 2 h

after the last injection of ethanol or saline solution.

On the 8th day of postnatal life (P
8
), all 18 litters were

anesthetized with sodium pentobarbital (50 mg/kg, i.p.), and

perfused with saline followed by 70% ethanol. The brains were

removed and processed as described elsewhere [18]. Briefly, the

brains were embedded in paraffin, sectioned saggitally (7 μm

thick sections), and mounted on gelatin-coated slides. The

sections were deparaffinized, hydrated in a graded ethanol series

and treated with 1 N NaOH followed by 1 N sodium borate buffer

(20 min each), prior to washing with phosphate buffer. After

blocking non-specific sites with serum, the sections were

incubated for 2 h with a monoclonal anti-BrdU antibody (diluted

1:500; Sigma, St. Louis, MO, USA) followed by incubation for

1 h with a goat anti-rat secondary antibody (diluted 1:200; Vector,

Burlingame, CA, USA) and then treated with an avidin-biotin

complex (Vector) and incubated with 3,3'-diaminobenzidine

(Sigma). Sections were cover slipped with Entellan.

The presence of neuron clusters different from those

normally seen in the prefrontal area was indicative of heterotopia,

and the presence of unusual solitary neurons in the cerebral

cortical layers was indicative of ectopia.

The distances among the nuclear cores of immuno-

histochemically labeled cells in each layer of the prefrontal cortex

were determined by image analysis (ImageLab, version 2.3) and

were measured perpendicularly to the major plane of the cortical

layer. Thirty-six distances were measured per layer. Data were

analyzed statistically using ANOVA and Student’s t-test, with a

value of p<0.05 indicating significance. All statistical analyses

were done using the software Origin 6.0 (Microcal Software Inc.).

The experimental protocols described here were approved

by the institutional ethics committee at the Federal University

of Goiás.

RESULTS

Figure 1 shows the mean intercellular distances

in layers I to VI of the cerebral prefrontal cortex. The

differences between control and ethanol-treated rats

were significant only for cortical layers II and VI.

Ethanol-treated rats had lower neuronal densities in

layers II and VI when compared with control rats.

The most conspicuous change was the decrease in

the neuronal population in the deepest layer (VI) of

the prefrontal cortex in alcohol-treated rats.

Cellular ectopia was seen in all ethanol-treated

rats (Fig. 2). Typical pyramidal neurons were seen

invading the molecular and external granular layers.

Ectopic neurons were observed underlying the pial

surface above the molecular layer. Heterotopia was

Figure 1. Distances between cell nuclei in the six cortical layers.

The columns are the mean ± S.D. of 36 slides; *p<0.05 compared

to the corresponding control.
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observed in 16.7% of the rats that had been treated

with ethanol, with a cluster of labeled heterotopic cells

in the inferior area of the prefrontal fissure (Fig. 3).

Control rats showed a homogenous pattern of cell

distribution in the six layers of the prefrontal cortex,

with no heterotopia or ectopia, and very similar

distances among cells in each layer (Fig. 2A).

DISCUSSION

Human fetal alcohol syndrome (FAS) is

characterized by retardation, microencephaly, neurologic

abnormalities, facial dysmorphology, and other

congenital anomalies [24]. Although several studies have

demonstrated the negative effects of ethanol on the

generation, migration, and concentration of neurons in

the cerebral cortex of animals, the vulnerability of

specific neuronal populations remains unclear

[17,25,29].

Figure 2. Pia matter and layers I (between the dotted lines) and II of the cerebral prefrontal cortex of control (A) and ethanol-treated

(B) rats. S-phase cells labeled with BrdU have darkly stained nuclei. Neurons with pyramidal shapes (arrows) are present in layers I

and II of the prefrontal cortex only in ethanol-treated rats (B). Bar = 20 μm.

The mammalian prefrontal cortex consists of six

distinct thin layers that are rich in granular neurons and

poor in pyramidal neurons [3]. These layers are

characterized by distinct connections, neuro-transmitters

and functions that vary with the age of the brain.

The effect of ethanol on neuronal migration can

account for the presence of heterotopic clusters of

neurons in the cerebral cortex [17]. Prenatal exposure

of embryos to ethanol delays neuronal migration and

inhibits the development of specific neuronal

pathways in vivo and in vitro [17,28]. Ectopic

pyramidal neurons were seen in all ethanol-treated

rats examined here.

Defective neuronal migration is the major cause

of gross brain malformations and more subtle

abnormalities,  such as abnormal neuronal

positioning or altered patterns and sequence of

synaptic circuits [1,21].
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The time of exposure markedly influences the

degree of injury since the teratogenic effects of ethanol

appear to be greater when exposure occurs during

neurogenesis. Little is known about the actual

mechanism for the movement of neurons along glial

fibers, although have been suggested to be involved

in neuronal migration [10]. Ethanol consumption

during pregnancy affects the phospholipid com-

position of the brain, liver and plasma of animals,

with alterations in the polyunsaturated fatty acid

content of brain phospholipids [2]. Exposure to

ethanol also affects the phospholipid composition of

Xenopus embryos [13]. Alterations in the lipid

composition of the neuronal membrane will change

the membrane fluidity and electrical behavior of the

cell, and will probably also affect the physical and

chemical forces that guide neuron migration. Such

changes could be responsible for the neuronal ectopia

reported in the literature [15,16] and also seen here.

Neuronal migration also depends on an intact

peroxisomal function in brain and in extraneuronal

tissues. Indeed, a deficiency in peroxisome activity can

lead to the accumulation of very long chain fatty acids

(VLCFA) in brain and a specific impairment of neuronal

migration, as seen in Zellweger’s’syndrome [11]. Another

possible cause of a change in neuronal migration may

be related to the cell adhesion pattern since several

acquired neurodevelopmental disorders have been

correlated with defects in cell adhesion [7,30].

Acute exposure to ethanol also decreased the

neuronal density in layers II and VI of the cerebral

cortex, particularly during the period of cell

proliferation, as shown by the increased distances

among cell nuclei (Fig. 1). This effect could be caused

by a decrease in the production of pyramidal and

granular neurons. Another plausible explanation for

the observed increase in the distance among cells

could be an extensive loss of neuronal populations

Figure 3. Normal neuronal migration (asterisks) to the olfactory bulb in control (A) and ethanol-treated (B) rats. The prefrontal

fissure (white arrows) is evident in both groups. Abnormal neuronal migration to the olfactory bulb (black arrows) and heterotopic

neurons (arrowheads) are present in ethanol-treated rats (B). Bar = 20 μm.

*
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[19,29]. Ethanol enhances cell death in the primitive

neuroepithelium [9], which would explain the

widespread cell death seen in the brain after

intoxication [31]. Acute exposure of cultured neurons

to ethanol results in single-strand breaks in DNA [12].

Ultimately, the deleterious effects of ethanol are

probably related to the marked decrease in glucose

metabolism throughout the brain.

In conclusion, the acute exposure of pregnant

female rats to ethanol changes the structure of the

cerebral prefrontal cortex of the offspring by altering

the migration of neurons towards the deepest layers

of the prefrontal cortex, by decreasing the neuronal

density, and by producing ectopia and heterotopia.

These changes could explain some of the dysfunctions

reported in fetal alcohol syndrome in humans.
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