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There is growing concern that prenatal exposure to excessive
glucocorticoids may have deleterious effects on the development
of various organs, including the nervous system. This study aimed
at evaluating whether prenatal exposure to high levels of glu-
cocorticoids might produce long-term effects on neuronal cell
survival. Pregnant rats were injected i.p. with 0.1 mgykg dexa-
methasone (DEX) from day 14 postconception, and cerebellar
granule cells (CGC) were prepared from 1-week-old rats from
DEX-treated and control dams. After 7 days in culture, cells were
exposed to H2O2, methylmercury, or colchicine at concentrations
known to induce apoptotic cell death. After exposure to H2O2 or
methylmercury, both inducing oxidative stress, the number of
apoptotic cells was significantly higher in DEX- than in control-CGC.
Because mitochondria play a key role in apoptosis, mitochondrial
function was investigated, and a decrease in the threshold level of
Ca21 necessary for induction of mitochondrial permeability tran-
sition, in Ca21 accumulation rate, and in oxygen consumption was
detected in DEX-CGC. Moreover, the activity of the antioxidant
enzyme catalase was significantly decreased in DEX-CGC. A similar
decrease in catalase activity was observed in cerebellar homoge-
nate from newborn and 40-day-old DEX-rats. In conclusion, these
results indicate that prenatal exposure to high levels of glucocor-
ticoids induces long-lasting changes in CGC rendering them more
sensitive to oxidative stress. With the increasing use of multiple
doses of glucocorticoids in preterm infants, the possibility that
prenatal exposure to excess glucocorticoids may lead to long-term
neurological consequences becomes a relevant issue.

Substantial evidence from several epidemiological studies
indicates that some diseases of adult life may arise from early

events occurring in the prenatal period (1, 2). These observations
have raised the hypothesis that alterations in the intrauterine
environment, such as abnormal hormonal levels, might modify
the developmental program of fetal organs, inducing responses
that produce dysfunction later in life.

Glucocorticoid hormones modulate the rate of differentiation of
numerous fetal tissues, the most well studied being the lung (3).
During most of pregnancy, the fetal circulating levels of glucocor-
ticoids are lower than the maternal levels because of the activity of
the placental 11 b-hydroxysteroid dehydrogenase, which metabo-
lizes most maternal cortisol to inert metabolites (4). However, the
maternal cortisol that still crosses the placenta represents 25–50%
of the plasma cortisol in the fetus, and therefore high levels of
maternal glucocorticoids, exceeding the limit of placental 11 b-
hydroxysteroid dehydrogenase, or pathological conditions impair-
ing placental functions might lead to fetal exposure to excess
glucocorticoids (5). In humans fetal cortisol levels are increased
during fetal growth retardation (6, 7), a situation that often is
associated to impaired placental function (8). Prenatal excess of
glucocorticoids modifies the development of several organs, includ-
ing the lung, heart, gut, and kidney (9, 10). There is now growing
evidence from a number of studies on different species that fetal
exposure to excess glucocorticoids at critical stages of development
also can have lifelong effects on the nervous system (see ref. 11).

The mechanisms by which prenatal exposure to glucocorticoids can
program neuronal development with long-term consequences are
not well understood.

In the present study we have investigated whether prenatal
exposure to high levels of glucocorticoids modifies neuronal sus-
ceptibility to stimuli inducing cell death. Cerebellar granule cells
(CGC) prepared from 1-week-old rats exposed in utero to the
synthetic glucocorticoid dexamethasone, which is poorly metabo-
lized by 11 b-hydroxysteroid dehydrogenase, were exposed to
stimuli that mimic conditions occurring in neurodegeneration and
that we have previously shown to induce apoptosis in CGC (12–16).
H2O2 and methylmercury(MeHg) were used to induce oxidative
stress, which is known to be involved in age-related disorders and
the pathogenesis of a variety of neurological and neurodegenerative
conditions, such as Alzheimer’s disease (17), Parkinson’s disease
(18) and amyotrophic lateral sclerosis (19). The microtubule dis-
rupting agent colchicine, mimicking the cytoskeletal damage that
occurs in Alzheimer’s disease (20), but not causing oxidative stress,
also was tested. Because mitochondria play a key role in many
models of apoptosis (21, 22) the mitochodrial function also was
investigated.

Materials and Methods
Experimental Animals. Pregnant Sprague–Dawley rats (B&K,
Stockholm, Sweden) were injected with dexamethasone (DEX)
(Merck Sharp & Dohme, 0.1 mgykg body weight per day i.p.) or
vehicle from day 14 of pregnancy until parturition. As previously
reported, prenatal DEX treatment results in 20–25% reduction
in fetal growth, without affecting litter size or gestational length
(10). Procedures used in animal experimentation were approved
by the local ethical committee.

Cell Culture and Treatments. CGC were prepared on postnatal day
7 as described (14–23) from pups that received DEX or vehicle
(control, CON) in utero. Cerebella were dissected, minced,
dissociated with trypsin, and seeded on poly-L-lysine- (molecular
weight 300,000; Sigma) coated dishes, or glass coverslips for
microscopic analysis, at a density of 500,000 cellsycm2. Cells were
maintained in basal Eagle’s medium supplemented with 10%
inactivated FCS, 25 mM potassium chloride and 0.5% (volyvol)
penicillin-streptomycin. To prevent growth of glial cells, 10 mM
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cytosine arabinoside (Sigma) was added to the cultures 40 h after
seeding. The cells were left for 7 days in culture to differentiate.
At that time the cultures contained '95% neuronal cells (23).
On day 7, cell viability was analyzed by evaluating living cell
permeability to impermeant DNA dies. Cells then were exposed
for 24 h to 25 mM H2O2, 1 mM MeHg, or 1 mM colchicine, stimuli
inducing chromatin condensation and appearance of high mo-
lecular weight DNA fragments (12–16). For biochemical anal-
yses on unexposed cells, CGC were collected after 1 week in
culture.

Detection of Apoptotic Cells. Chromatin condensation, associated
with the initial step of DNA cleavage generating high molecular
weight DNA fragments, is considered a characteristic feature of
apoptosis, and it occurs independently from the subsequent and
dispensable internucleosomal DNA fragmentation (24). Apo-
ptotic cells therefore were identified by the altered nuclear
morphology showing chromatin condensation (25, 26) as de-
tected by the staining with the DNA dye propidium iodide (PI).

CGC were fixed in ice-cold methanol-water (4:1), washed in
PBS, subsequently stained with PI (5 mgyml; Molecular Probes)
for 5 min, and rinsed in PBS. Coverslips were mounted onto glass
slides with PBS-glycerol (3:1) containing 0.1% phenylenedi-
amine (Sigma) and examined in a Bio-Rad MRC 600 confocal
microscope by using the 488-nm excitation line of the krypton-
argon. The number of cells showing chromatin condensation
(apoptotic cells) then was counted, using an Olympus BX60
fluorescence microscope, by the same investigator who was blind
to the experimental group. In each experimental group the
number of apoptotic cells was determined in five separate
experiments (n 5 5), and for each experiment three different
coverslips were analyzed. On each coverslip four separate mi-
croscopic fields containing at least 100 cells each were analyzed.
The variation in cell number between coverslips from the same
experiment was less than 10%. The number of apoptotic cells was
expressed as percentage of total neuronal cells.

Evaluation of Mitochondrial Function. The rate of mitochondrial
Ca21 accumulation was investigated. Cells (5 3 106) were washed
in a buffer containing 120 mM NaCl, 5 mM KCl, 25 mM Hepes
and 9.1 mM glucose (pH 7.4) and upon initiation of measure-
ments resuspended in a buffer containing 0.15 M KCl, 5 mM
KH2PO4, 1 mM MgSO4, 5 mM succinate, and 5 mM Tris, pH 7.4.
After 2 min cells were permeabilized with 0.005% digitonin and
5 mM rotenone was added (Fig. 1A). In these experimental
conditions, addition of Ca21 to permeabilized cell suspension
results in a rapid elevation of Ca21 level in the buffer followed
by a time-dependent decrease (Fig. 1 A). The restoration of
initial level is caused by Ca21 uptake by the mitochondria,
because it is completely prevented by antimycin, an inhibitor of
the mitochondrial respiratory chain. The sequential additions of
Ca21 induces mitochondrial permeability transition (MPT) fol-
lowed by Ca21 release (Fig. 1 A). The Ca21 concentration in the
buffer was monitored with a Ca21 sensitive electrode. The rate
of Ca21 uptake was calculated as nmol of Ca21ymin per 107 cells.
The threshold amount of Ca21, necessary for MPT induction
(Ca21 capacity) was expressed as nmol Ca21y107 cells.

Mitochondrial respiration also was estimated. Cells (3 3 107)
were washed in a buffer containing 120 mM NaCl, 5 mM KCl,
25 mM Hepes, and 9.1 mM glucose (pH 7.4) and upon initiation
of measurements resuspended in a buffer containing 0.15 M KCl,
5 mM KH2P04, 1 mM MgSO4, 5 mM succinate, and 5 mM Tris,
pH 7.4. After 2 min, cells were permeabilized with 0.005%
digitonin. To estimate the rate of uncoupled respiration, 1 mM
carbonyl cyanide-m-chlorophenyl hydrazone, an uncoupler of
oxidative phosphorylation, was added and oxygen consumption
was initiated with 5 mM succinate as respiratory substrate in the

presence of 5 mM rotenone (Fig. 1B). The rate of oxygen
consumption was measured with a Clark-type oxygen electrode.

Catalase Activity. The activity of catalase was measured in cul-
tured CGC or in tissues from CON and DEX-treated rats of
different postnatal ages. Quantification of catalase activity was
based on the decomposition of H2O2 as described by Aebi (27).
Cells or tissues were washed in PBS and sonicated while kept on
ice. Total protein concentration was determined by using the
Bio-Rad kit. The reaction was started by the addition of 5 mg
total protein to PBS (1:100 volyvol) containing 10 mM H2O2.
Catalase activity was measured as the rate of disappearance of
H2O2 during 30 s by monitoring absorbance at 240 nm. To
determine the specificity of the reaction, catalase activity was
inhibited by the addition of azide.

Statistical Analysis. Statistical analyses were performed by Stu-
dent’s t test.

Results
Effects of Prenatal Treatment on Animals and Cell Cultures. At birth
rat pups born from DEX-treated mothers exhibited reduced
weight (20–25%) when compared with CON pups. CGC were
prepared from 1-week-old rats and used for experiments after 7
days. After 7 days in culture, no major differences in cell viability,
cell density, and culture growth patterns could be observed (as
determined by microscopic evaluation of culture appearance
relating to aggregation of cells and fiber arborization), between
CGC prepared from DEX-exposed pups (DEX-CGC) and from
controls (CON-CGC). In addition, total protein yieldyculture
dish was the same in DEX-CGC and CON-CGC (0.99 6 0.10 mg
vs. 0.92 6 0.13 n 5 4). CGC from both CON and DEX-exposed
pups presented normal nuclear morphology with dispersed
chromatin diffusely stained (Fig. 2 A and E).

Induction of Apoptotic Morphology. After 7 days in culture CGC
were exposed to different toxicants that have previously been
shown to induce apoptosis. As expected, CGC exposed to H2O2,
MeHg, or colchicine for 24 h exhibited morphological alterations

Fig. 1. Analysis of mitochondrial function. (A) Mitochondrial Ca21 accumu-
lation. CGC are permeabilized with digitonin (dig), and rotenone (rot) is
added. Ca21 is repeatedly added and accumulates in mitochondria until MPT
is induced and Ca21 is released. (B) Mitochondrial respiration. Respiration is
measured in permeabilized CGC after addition of succinate in the presence of
rot and carbonyl cyanide-m-chlorophenyl hydrazone (CCCP).
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consistent with apoptosis. Cells presented altered nuclear mor-
phology, with chromatin condensed and aggregated in granular
masses, sometimes accompanied by convolution of the nuclear
membrane. The number of apoptotic cells was determined by
counting cells stained with PI exhibiting chromatin condensation
(Fig. 3). After exposure to 25 mM H2O2 the number of apoptotic
cells was significantly higher in DEX-CGC as compared with
CON-CGC (51% 6 8 vs. 27% 6 5)(Figs. 2 B and F and 3). Also
after exposure to 1 mM MeHg the number of cells with chro-
matin condensation was significantly higher in DEX-CGC cul-
tures than in CON-CGC (77% 6 4 vs. 60% 6 3)(Figs. 2 C and

G and 3). In contrast, after exposure to 1 mM colchicine, no
significant difference in the number of apoptotic cells between
CON and DEX-CGC cultures was observed (64% 6 2 vs. 60%
6 3) (Figs. 2 D and H and 3).

Effects of Prenatal Treatment on Mitochondrial Function. To inves-
tigate possible mechanisms that might contribute to the in-
creased susceptibility to apoptosis, mitochondrial function was
investigated. The threshold level of Ca21 necessary for induction
of MPT (28, 29) was significantly lower (25–30%) in DEX-CGC
than in CON-CGC (Table 1). In addition, the rate of mitochon-
drial Ca21 uptake was markedly decreased by the prenatal
exposure to glucocorticoids (Table 1).

Mitochondrial uptake of Ca21 is supported by the membrane
potential, which under our experimental setting is built up via
oxidation of succinate in the respiratory chain. To further
elucidate the mechanism behind the lower rate of calcium
uptake, we monitored the rate of mitochondrial respiration. A
35–40% decrease in oxygen consumption was detected in DEX-
CGC as compared with CON-CGC (Table 1).

Catalase Activity. To investigate whether the increased suscepti-
bility of the DEX-CGC to undergo apoptosis induced by oxi-

Fig. 2. Confocal microscopy images showing PI-stained CGC prepared from CON rats (A–D) or DEX rats (E–H). CON-CGC (A) and DEX-CGC (E) were exposed to
25 M H2O2 (B and F), 1 M MeHg (C and G), or 1 M colchicine (D and H) for 24 h. (Magnifications: 31,000.)

Fig. 3. Percentage of cells exhibiting chromatin condensation, as detected
by PI staining (apoptotic cells). Values are mean 6 SEM (n 5 5). *, Significantly
different from CON, P , 0.05.

Table 1. Evaluation of mitochondrial function

CON DEX

Ca21 capacity, nmol Ca21y107 cells 43.4 6 3.1 32.7 6 2.9*
Rate of Ca21 accumulation, nmol Ca21ymin

per 107 cells
4.9 6 0.4 2.8 6 0.5*

Rate of respiration, nmol O2ymin per
107 cells

3.8 6 0.6 2.7 6 0.4*

Values are mean 6 SEM (n 5 3). *, Significantly different from CON, P ,
0.05.
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dative stress was associated with a decrease in the antioxidant
defenses, the activity of catalase was analyzed. Catalase activity
was significantly reduced in DEX-CGC as compared with CON-
CGC (Fig. 4A). To evaluate whether such a difference was
present also in vivo, we measured catalase activity in cerebellar
homogenate from newborn pups and found a significantly lower
activity in DEX rats as compared with CON (Fig. 4B). The
decrease in catalase activity persisted later in life, as shown by
the decrease detected in the cerebella of 40-day-old DEX rats
(Fig. 4B). In contrast, catalase activity was increased in cerebral
cortex of newborn and 7-day-old DEX rats (Table 2). This
increase was transient because no significant difference was
observed in 40-day-old rats.

Discussion
This study shows that exposure to excess prenatal glucocorti-
coids permanently alters the ability of differentiated CGC to
respond to oxidative stress. The increased sensitivity of CGC
prepared from rats exposed to high levels of glucocorticoids in
utero (DEX-CGC) correlates with an impaired mitochondrial

function and a decrease in catalase activity. Under normal
conditions these impairments do not seem to affect cell mor-
phology and viability. However, when DEX-CGC are challenged
with agents inducing oxidative stress they exhibit a higher rate of
chromatin condensation, an alteration typical for apoptotic cell
death (25).

The mechanisms damaged by the noxious effects of prenatal
glucocorticoids seem to play a key role in oxidative stress-related
cellular events, because no worsening was observed after incu-
bation with colchicine. In previous experiments (12–16), we have
shown that all three toxic stimuli used in the present study (H2O2,
MeHg, and colchicine) induce apoptosis in CGC. Both H2O2 and
MeHg cause an increase in intracellular reactive oxygen species
and intracellular Ca21 (30, 31). Instead, the toxic effects of
colchicine are mainly at the cytoskeletal level and cannot be
blocked by antioxidants (15) or Ca21 channel blockers (12).

In light of the pivotal role of mitochondria in the apoptotic
process, we investigated whether the increased susceptibility to
oxidative stress after glucocorticoid treatment was associated with
mitochondrial dysfunctions. An important mitochondrial function
is related to the sequestration of cytosolic Ca21 into the matrix
(32–34). Up to a certain point, this accumulation can benefit the
cell, while an excess of Ca21 induces MPT with release of apop-
togenic factors (35). Our experiments revealed that mitochondrial
capacity for Ca21 uptake was markedly decreased in DEX-CGC
and that the threshold levels of Ca21, necessary for MPT induction,
were significantly lower in DEX-CGC. Moreover, the rate of Ca21

uptake was decreased. Mitochondrial uptake of Ca21 is supported
by the membrane potential generated by electron transfer via the
respiratory chain and consequent pumping of protons out of the
mitochondrial matrix. Interestingly, the rate of mitochondrial res-
piration, as measured by oxygen consumption, was found to be
decreased in DEX-CGC.

Catalase is one of the enzymes responsible for converting
H2O2 to water. It is localized to peroxisomes, organelles that are
present in all cell types, including cerebellar neurons (36, 37).
Therefore, the decrease in catalase activity can be easily corre-
lated to the increased sensitivity to oxidative stress. Catalase also
can protect cells from MeHg toxicity (38). In addition, exoge-
nous catalase has been shown to protect mitochondria and
prevent MPT (39). It is well known that oxidative stress is a
potent MPT-inducing factor (28, 40). Under normal conditions,
from 2% to 5% of consumed oxygen is converted in mitochon-
dria into reactive oxygen species (41). Generation of reactive
oxygen species can be increased in the presence of Ca21 ions or
when the antioxidant defense mechanisms are compromised,
leading to irreversible damage of mitochondria, including MPT,
and ultimately cell death (39). Therefore the decrease in the
activity of catalase in combination with an impaired mitochon-
drial function observed in DEX-CGC might facilitate the MPT
induction and increase the rate of apoptosis when cells are
exposed to oxidative stress-related challenges.

However, the mechanisms whereby prenatal glucocorticoids
increase the sensitivity of CGC to oxidative stress-induced cell
death are far from being elucidated. It has been shown that
hippocampal neurons exposed to glucocorticoids in vitro are
more vulnerable to oxidative injuries (42–44). Yet, it is very
unlikely that the effects of glucocorticoids observed in the
present study are caused by similar mechanisms of action. In our
experimental model, CGC, which develop during a prolonged
postnatal period starting around day 4 (45), were never exposed
directly to glucocorticoids, because they were prepared from
7-day-old pups. In addition, cells were kept in culture for 1 week,
a period required for differentiation and selection, before the
exposure to toxic agents. Our study therefore suggests that
prenatal exposure to excess glucocorticoids has permanently
altered the differentiation of CGC, developing a phenotype
more sensitive to oxidative stress. It still remains to be deter-

Table 2. Catalase activity in cerebral cortex (mmolymin per mg)
from CON and DEX rats at different ages

Rats CON DEX

Newborn 19.1 6 2.4 35.4 6 3.7*
n 5 6 n 5 6

7 days old 40.1 6 2.9 49.1 6 1.7*
n 5 6 n 5 4

40 days old 37.4 6 3.1 36.5 6 2.6
n 5 4 n 5 5

Values are mean 6 SEM. *, Significantly different from CON, P , 0.05.

Fig. 4. (A) Catalase activity measured in CON-CGC and DEX-CGC after 7 days
in culture. (B) Catalase activity measured in cerebella from CON and DEX
newborn and 40-day-old rats. Values are mean 6 SEM (n 5 4). *, Significantly
different from CON, P , 0.05.
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mined whether glucocorticoids act directly on the program that
regulates differentiation of CGC, or whether they act indirectly,
for instance by regulating the synthesis of factors that are
essential for CGC development.

Our experimental model did not allow us to exclude that the
impaired cellular mechanisms observed in the DEX-CGC after
1 week in culture could be because of a less successful adaptation
to the culturing conditions. To partially answer this question, we
determined catalase activity in tissue homogenate from newborn
and young rats. The results clearly show that catalase activity is
impaired in cerebellar homogenate and therefore strongly sug-
gest that prenatal glucocorticoids program CGC differentiation
also in vivo. The decline in catalase activity appears to be
persistent, because it was observed also in young-adult rats. The
observed effect of prenatal DEX on catalase activity reported in
this paper seems to be specific for cerebellar neurons. In cerebral
cortex, as well as in lung (46), prenatal DEX seems to accelerate
the postnatal maturation of catalase activity.

Glucocorticoid hormones exert their effects by binding to
specific domains (glucocorticoid response elements) on the
promoter region of target genes. Glucocorticoid response ele-
ments are present in a large number of genes, some of them
expressed ubiquitously, others in a cell-specific pattern. There-
fore, depending on the cell-specific developmental schedule and
the time of exposure to excess glucocorticoids in utero, a variety
of alterations and responses are likely to be expected. Indeed,
glucocorticoid hormones modulate tissue development during
both the prenatal and the weaning period regulating organ
maturation at different times in a synchronized and orderly
fashion (3, 47). There are time- and organ-specific windows of
opportunity for the action of glucocorticoids during develop-

ment. For instance, experimental and clinical studies have
convincingly demonstrated that maternal and fetal glucocor-
ticoids are essential to stimulate lung maturation just before
birth (3).

Synthetic glucocorticoids therefore are widely used to treat
fetuses at risk of preterm delivery. However, experimental
studies in several animal species point to long-term conse-
quences of prenatal exposure to excess glucocorticoids (see ref.
11). Although clinical short-term follow-up studies reporting the
outcome of corticosteroid treatment of preterm infants are
scanty and nonconclusive, the impressive evidence from animal
studies has become a matter of concern among clinicians (see
ref. 48). Moreover, because no long-term clinical follow-up is
available, it is still unknown whether glucocorticoids’ adverse
effects became apparent later in life influencing i.e., the quality
of aging.

In conclusion, our data show that prenatal exposure to high
levels of glucocorticoids leads to permanent programming of the
mechanisms affecting neuronal cell sensitivity to specific stimuli,
such as oxidative stress. Oxidative stress is known to be involved
in a variety of neuropathological conditions, including age-
related disorders (49). Thus, the possibility that prenatal expo-
sure to glucocorticoids may have long-term effects on the
nervous system, increasing its vulnerability to insults occurring
later in life, becomes a relevant issue.
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16. Daré, E., Götz, M., Zhivotovsky, B., Manzo, L. & Ceccatelli, S. (2000)
J. Neurosci. Res. 62, 557–565.

17. Behl, C. (1999) Prog. Neurobiol. 57, 301–323.
18. Jenner, P. & Olanow, C. (1996) Neurology 47, 161–170.
19. Cookson, M. & Shaw, P. (1999) Brain Pathol. 9, 165–186.
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