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Glucocorticoids applied prenatally alter birth weight and the maturation of the
lungs. Moreover, glucocorticoids impair neuronal proliferation and differentiation in
the hippocampal dentate gyrus. In the present study proliferation and neuronal differ-
entiation in the dentate gyrus were studied in newborn common marmoset monkeys
which were intrauterinely exposed to the synthetic glucocorticoid dexamethasone
(DEX). Pregnant marmoset monkeys received DEX (5 mg/kg body weight) daily either
during early (days 42–48) or late (days 90–96) pregnancy. In the hippocampi of new-
born monkeys immunohistochemistry was performed with markers of proliferation
(Ki-67), apoptosis (in situ tailing) as well as early and late neuronal differentiation
(calretinin and calbindin). Both after early and late intrauterine exposure to DEX, pro-
liferation of dentate gyrus cells was significantly decreased (P < 0.05). The density of
apoptotic neurons was not altered by DEX treatment. Quantification of calretinin- and
calbindin-immunoreactive neurons showed no significant differences between DEX-
exposed and control animals. In conclusion, the proliferation of putative precursor cells
but not the differentiation into mature cells was impaired in the dentate gyrus of
newborn marmosets exposed intrauterinely to DEX.

Brain Pathol 2006;16:209–217.

INTRODUCTION

Factors influencing fetal development
such as hormones, nutrients and growth
factors may also exert long-lasting effects
that persist to adolescence and adulthood
(14, 36). In this context glucocorticoid
hormones are of special interest because
their corresponding receptors are found
in many different cell types (3, 38, 45).
Experimental studies in rats revealed that
fetal exposure to glucocorticoid hormones
may result in a disturbed hormone feed-
back mechanism of the hypothalamic-
pituitary-adrenal (HPA) axis leading to
higher endogenous glucocorticoid levels as
well as alterations in glucose tolerance and
blood pressure (5, 37, 53). Synthetic glu-
cocorticoid hormones such as dexametha-
sone (DEX) can exert detrimental effects
on neuronal tissue including loss of neu-
rons, reduction of brain volume, increased
apoptosis, altered neuronal structure and
synapse formation (2, 27, 29). In rodents,
overexposure to synthetic glucocorticoids

can lead to alterations in adult behavior
such as impaired coping in adverse situa-
tions (63). Studies of maternal or postnatal
administration of DEX revealed a reduced
body and brain weight (4), and alterations
in the expression of transcription factors
(57) and monoamine metabolism (43) in
the brain. In accordance to these observa-
tions in rodent models, children at school
age who had received early postnatal DEX
for the prevention of chronic lung disease
of prematurity suffered from impaired
motor and cognitive function (69).

A brain area known to be very sensitive
to circulating glucocorticoids is the hip-
pocampal formation because of its high
density of glucocorticoid receptors (GR).
High abundance of these receptors was
shown in rats (1, 41, 42), mice (58) and in
non-human primates. Within the hippo-
campal formation of common marmoset
monkeys, in situ hybridization of GR
mRNA revealed high expression levels in
the granule cell layer of the dentate gyrus

(47). In contrast, in the rhesus monkey the
GR is only weakly expressed in the dentate
gyrus but more abundant in the hypothal-
amus, cerebellum and cerebral cortex (51).
In humans, GR are highly expressed in the
dentate gyrus, CA3 and CA4 (54).

In postnatal neurogenesis, precursor cells
proliferate within the subgranular layer of
the dentate gyrus. Many of these cells die
shortly after division but a significant sub-
population of these cells survive and partly
differentiate into neurons (31). These neu-
rons are believed to be integrated into the
neuronal network by extending their den-
drites to mature pyramidal neurons in CA3
through the mossy fiber pathway (28, 40).
In the adult brain, proliferation of neuronal
precursor cells is increased by various stim-
uli such as physical exercise (46), enriched
environment (9, 33) or antidepressant
drugs (67). Glucocorticoids (70) as well as
stress (24) decrease neuronal cell prolifera-
tion probably through an N-methyl-D-
aspartate (NMDA)-receptor-mediated
mechanism (10, 11, 22). Conversely, min-
eralocorticoids stimulate neuronal prolifer-
ation within the hippocampal granule cell
layer (17).

Synthetic steroid hormones such as
DEX, prednisolone or prednisone are
widely used for the treatment of optic
neuritis and multiple sclerosis during
pregnancy and for the prevention of the
neonatal respiratory distress syndrome pre-
natally or immediately postnatally (16, 25,
26, 39). To our knowledge there are no
consistent experimental studies concerning
the effects of prenatal glucocorticoid expo-
sure on neuronal development in newborn
primates. Most of the studies investigating
the influence of prenatal glucocorticoids
were performed with rodents, mainly rats
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(2, 3, 36, 63). Because of the physiological
differences between rodents and humans
these results can only partly be transferred
to man. The continuous use of glucocorti-
coids during pregnancy in clinical medi-
cine illustrates the necessity of a study in
primates  on  the  impact  of  glucocorti-
coids on neuronal proliferation and death
in the hippocampal formation. Therefore,
the present  study  was  carried  out  with
the common marmoset monkey. In com-
parison with old world monkeys common
marmoset monkeys carry twins and a high
percentage of triplets which cannot be
brought up by their mothers. Moreover,
compared with the gestation and preg-
nancy in old world monkeys such as rhesus
and baboon, in new world monkeys such
as common marmosets the speed of devel-
opment during organogenesis is almost
identical with that in man (44). DEX as a
specific GR agonist, instead of the non-
selective compounds prednisolone or pred-
nisone was used in order to study the
stimulation of the GR only. To be able to
distinguish whether there are divergent
effects of DEX during different stages of
pregnancy, female marmosets were exposed
to DEX either in the phase of organogen-
esis or at a time point where organogenesis
was already terminated. As organogenesis
in the common marmoset monkey approx-
imately occurs from day 46 to day 61 of
gestation (44), time points of DEX expo-
sure were set during organogenesis from
day 42 to day 46 and later during preg-
nancy from day 90 to day 96.

MATERIAL AND METHODS

Animals and experimental groups.
Adult common marmoset monkeys
(Callithrix jacchus) were used for this
experiment. The animals were obtained
from the breeding colony at the German
Primate Center in Göttingen, Germany,
and housed in pairs on a regular day/night
cycle (lights on from 07:00 h to 19:00 h)
at 26°C, 55% relative humidity, with
free access to food and water. Animal
experiments were conducted in accordance
with the European Communities Council
Directive of November 24, 1986 (86/
EEC), and were approved by the Govern-
ment of Lower Saxony, Germany. We used
the minimum number of animals required
to obtain consistent data. This study was

performed within the EC-funded project
EUPEAH.

Pregnant marmosets were treated orally
with 5 mg DEX/kg body weight daily
either during early pregnancy from day 42
to day 48 or during late pregnancy from
day 90 to day 96 post conception,
respectively. The average expected full-
term gestation for a marmoset is 145 days.
For this purpose DEX tablets (Dexametha-
sone 0.5, 1.5 or 4 mg Jenapharm®, Jena,
Germany) were split and dosed according
to the body weight of the individual ani-
mal. Each dose was dissolved in 0.4 mL of
tap water and mixed with 1.6 mL Nutri-
Cal (Albrecht, Aulendorf, Germany) in a
syringe. This mixture was taken voluntar-
ily, control animals received vehicle only
either during early or late pregnancy.

While common marmoset monkey pairs
naturally can bring up only two offspring,
more than 50% of the breeding females
deliver more than two newborns in captiv-
ity. Natural rearing of triplet litters by the
parents is generally not possible and with-
out intervention the weakest young will die
some days after birth (65). In most breed-
ing facilities surplus newborn marmoset
monkeys are killed for reasons of animal
protection because hand-reared animals
often are not normally socialized and suffer
from metabolic diseases in adulthood as it
has been demonstrated for other species
(62). Therefore, in triplet litters one animal
was killed within 2 days after birth. Only
such third offspring were included in the
study and each animal was from a different
mother. The early DEX-exposed group
comprised nine females and two males
(n = 11); the late DEX-exposed group
comprised six females and one male (n = 7)
and the control group consisted of eight
females and one male (n = 9) (five animals
received vehicle from day 42 to day 48,
four received vehicle from day 90 to day
96). These animals were killed in general
anesthesia with an overdose of xylazine
(Rompun®, Bayer, Leverkusen, Germany)
and ketamine (Ketavet®, Pharmacia &
Upjohn, Erlangen, Germany) after birth.
The brain was removed and the dorsal part
of the left hemisphere was immersion fixed
in 4% paraformaldehyde.

Immunohistochemistry. Deparaffinized
and hydrated brain tissue was cut into
1-µm-thick sections. Sections were then

pretreated with microwaving for 3 × 5
minutes in citric acid buffer, 10 mmol/L,
pH 6.0. After blocking with 10% fetal calf
serum/phosphate-buffered saline (FCS/
PBS) for 30 minutes, primary antibodies
were applied at the concentrations indi-
cated and allowed to bind overnight at 4°C
(calretinin) or for 90 minutes at room tem-
perature (Ki-67 and calbindin).

Ki-67 was detected by binding of mouse
monoclonal anti-Ki-67 (1:100, Dako,
Kopenhagen, Denmark). Calretinin and
calbindin were visualized by binding of
rabbit polyclonal anti-calretinin (1:200,
Swant, Bellinzona, Switzerland) and mouse
monoclonal anti-calbindin-D-28k (1:150,
Sigma-Aldrich, St. Louis, MO, USA) anti-
bodies. For light microscopy, sections were
incubated with appropriate biotinylated
secondary antibodies (Amersham, Buck-
inghamshire, UK) followed by treatment
with avidinperoxidase (Sigma-Aldrich, St.
Louis, MO, USA). DAB was used as the
chromogenic substrate (Roche, Man-
nheim, Germany) for Ki-67. For calretinin
and calbindin the color reaction was
developed with Newfuchsin (Dako,
Kopenhagen, Denmark). All slices were
counterstained with hemalum (Merck,
Darmstadt, Germany). Control sections
were incubated with isotype control anti-
bodies or without primary antibody.

In situ tailing. Deparaffinized 1-µm
sections were incubated with 100 µg/mL
proteinase K (Sigma-Aldrich, St. Louis,
MO, USA) for 15 minutes at 37°C. Then
they were treated for 1 h at 37°C with a
mixture of 5 × tailing buffer, 1-µL digoxi-
genin DNA labeling mix, 2-µL cobalt
chloride, 12.5 U terminal transferase and
distilled water to a final volume of 50 µL.
Sections were incubated with 10% FCS
for 20 minutes and treated with anti-
digoxigenin antibody (1:250, Roche,
Mannheim, Germany) for 90 minutes at
room temperature. The color reaction was
developed with 4-nitroblue-tetrazolium-
chloride/5-bromine-4-chloride-3-indolyl-
phosphate (NBT/BCIP), and sections
were counterstained with red-aluminum
hydroxide (Roche, Mannheim, Germany)
(19, 21, 71).

Double-labeling of Ki-67 and glial
fibrillary acidic protein (GFAP). Double-
labeling with Ki-67 and the specific glial
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marker GFAP was performed to exclude
that the proliferation observed was repre-
sented by cells of glial origin only. For flu-
orescence double-labeling, sections were
incubated for 90 minutes at room temper-
ature with rabbit anti-GFAP (Dako,
Kopenhagen, Denmark) followed by 1:200
biotinylated secondary antibody and for
1 h with 1:200 Cy-2-streptavidin (Jackson
Immunoresearch, West Grove, PA, USA)
and then incubated for 90 minutes with
mouse monoclonal anti-Ki-67. Finally,
slices were incubated with 1:200 goat-anti-
mouse Cy3 (Jackson Immunoresearch,
West Grove, PA, USA) for 1 h.

Thickness of the dentate granule cell
layer. The thickness of the dentate granule
cell layer was evaluated with a 10× objective
and an imaging system (BX51; Olympus,
Hamburg, Germany; software AnalySIS®

3.2; Soft Imaging System GmbH, Münster,
Germany). Two straight lines along the
borders of the upper and the lower blade
were drawn at the curvature of the dentate
gyrus, and 300 µm from the intersection
of the straight lines the thickness of the
upper and lower blade of the dentate gyrus
was measured (Figure 1).

Quantification of immunoreactive cells.
The marmoset brains were cut in regular
intervals of 5 µm in posterior–anterior
direction. Quantification of immunoreac-
tive cells was performed in brain sections
containing the hippocampal formation
and the pulvinar medialis beginning
500 µm behind the first slice with cells of
the fascia dentata. The coronal level
coordinates used for quantification ranged

from anterior–posterior 4.5 to 6.5 mm,
the whole dentate gyrus extending from
anterior–posterior 0.5 to 7.5 mm.

All slices were randomized and evaluated
in a blinded fashion. The sections were
examined using a 40× objective and all
immunoreactive cells in the region of inter-
est were quantified. Furthermore, the total
number of neurons in the dentate gyrus
was counted. Only cells within the granule
cell layer and on the border of the sub-
granular zone were considered for analysis.
The area of the granule cell layer in the
dentate gyrus was measured by using an
imaging system (BX51; software AnalySIS®

3.2). The density of immunolabeled cells
was expressed as the number of marked cells
per mm2 of the area measured and per total
number of cells in the dentate gyrus. The
quotient of total cell number divided by
the area measured was also calculated.

The  marmoset  brains  were  included
in the EUPEAH brain bank; the tissue
block containing the dorsal part of the
left hippocampal formation was fixed in
4% paraformaldehyde and embedded in
paraffin. Therefore only a part of the
hippocampal formation was available for
this investigation and it was impossible
to determine the hippocampal volume.
Quantification of cells by means of
stereology was limited by the fixation
of the tissue with paraformaldehyde.
Paraformaldehyde-fixed and paraffin-
embedded tissue—as used in the present
study—cannot be cut into 20–40-µm-
thick slices necessary for stereology.

Statistical analysis. Values are expressed
as mean ± standard deviation. Data were
compared by the two-tailed parametric

one-way analysis of variance (ANOVA)
followed by Dunnett’s post hoc test, and
P < 0.05 was considered statistically signi-
ficant. Statistical analysis was performed
using GraphPad Prism version 4.00
(GraphPad Software, San Diego, CA,
USA).

RESULTS

Birth weights. The birth weights of the
early and late DEX-exposed newborn
marmosets were not significantly different
compared with control animals (P > 0.05;
Table 1). The birth weights of the litter-
mates, which were brought up by their
mothers, were not significantly different
from marmosets which had to be killed
immediately after birth (P > 0.05 surviving
vs. sacrificed offspring; Table 1).

Suppression of urinary cortisol-excretion
after DEX exposure. Compared with old
world monkeys common marmoset mon-
keys exhibit up to 25 times higher gluco-
corticoid concentrations in blood plasma,
that is, 2000–3900 ng/mL, with cortisol
being the main component (64, 68).
Plasma cortisol concentrations in common
marmoset monkeys were suppressed to
about 250 ng/mL after a single intramus-
cular injection of 5 mg/kg DEX (50). In
the experiments reported here, in the preg-
nant mothers after normalization for crea-
tinine concentration the same magnitude
of suppression of urinary cortisol excretion
was observed at the third and the fifth days
of DEX treatment.

Thickness of the dentate gyrus. Analysis
of thickness of the dentate granule cell
layer did not reveal differences between
control, early and late DEX-exposed ani-
mals (P > 0.05; Table 2).

Decreased proliferation after exposure to
DEX. The proliferation of putative neu-
ronal precursor cells in the dentate gyrus

Figure 1. Determination of the
thickness of the granule cell
layer of the dentate gyrus: two
straight lines (black) were
drawn at the curvature of the
dentate gyrus along the bor-
ders of the upper and lower
blade of the granule cell layer.
Three hundred micrometers
from the intersection of the
straight lines in a 90° angle the
thickness of the upper and
lower blade was measured
(white lines).

Table 1. Birth weights of controls, early and late
dexamethasone-exposed newborn marmosets in
comparison with birth weights of the littermates
(mean ± standard deviation; P > 0.05).

Control
Early

treatment
Late

treatment

Newborn 29.7 ± 3.3 g 30.6 ± 2.7 g 29.5 ± 3.2 g

Littermates 30.2 ± 2.6 g 30.6 ± 2.8 g 32.2 ± 4.4 g
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was determined by using Ki-67. This
marker labels a specific nuclear antigen
which is present in all proliferating cells
during cell cycle G1, S, G2 and mitosis but
is absent in the G0 phase (20). The density
of Ki-67-immunoreactive cells showed no
significant difference between control ani-
mals that received vehicle early or late
during pregnancy. Control animals were
therefore united to one control group. The
density of proliferating cells in the granule
cell layer of the dentate gyrus was signifi-
cantly decreased after early exposure to
DEX by 37% relative to untreated control
animals (P < 0.05; Table 3). Similarly, after
exposure to DEX during late pregnancy
the proliferation rate of dentate gyrus cells
was significantly decreased in comparison
to controls by 44% (P < 0.05; Table 3;
Figures 2 and 3A–C). Determination of
Ki-67-immunoreactive cells per total num-
ber of neurons of the dentate gyrus con-
firmed the decreased proliferation rate after
exposure to DEX (Table 3).

The quotient of number of neurons per
mm2 dentate gyrus showed no difference
between all groups. The means ± standard
deviations of total number of neurons per
mm2 dentate gyrus for controls, early and
late treatment were 14 161 ± 7120/mm2 vs.
14 201 ± 3296/mm2 vs. 11 730 ± 4928/
mm2 (P > 0.05).

Furthermore, there was no difference
in the density of hippocampal pyramidal

neurons or any neuronal degeneration ob-
served among the investigated groups in
the CA1-4 region. In particular, in DEX-
exposed animals no morphological ab-
normalities of pyramidal neurons were
observed. Rarely, Ki-67-immunoreactive
cells were seen in the hippocampal pyrami-
dal layer.

Density of apoptotic neurons. Apopto-
tic neurons were detected by in-situ
tailing of fragmented DNA and by mor-
phological criteria (19, 21). The density of
apoptotic neurons/mm2 and per total
number of neurons in the dentate gyrus in
early and late DEX-exposed and control
animals revealed no major difference
between these groups (P > 0.05; Table 4;
Figure 4A,B).

Detection of calretinin and calbindin in
the dentate gyrus. Calretinin and calbin-
din are both calcium-binding proteins
and markers for postmitotic granule cells.
While calretinin is expressed only tran-
siently in early postmitotic and still imma-
ture granule cells, calbindin labels more

differentiated granule cells. For how long
calbindin is expressed, is not known yet
(8, 32). Calretinin-immunoreactive cells
were most abundant in the subgranular
layer of the dentate gyrus and to a smaller
extent in the area CA1/2 of the hippoc-
ampus. The density of cells expressing
calretinin in the subgranular layer of the
dentate gyrus was not significantly
different between control marmosets and
DEX-exposed animals (P > 0.05; Table 5;
Figure 5A,B).

Calbindin was predominantly seen in
the subgranular layer of the dentate gyrus
and in the area CA1/2 of the hippo-
campus. Comparison of the density of
calbindin-immunoreactive neurons in the
dentate gyrus of DEX-exposed and control
animals revealed a similar density of cells

Table 2. Thickness of the dentate granule cell
layer of controls, early and late dexamethasone-
exposed newborn marmosets (mean ± standard
deviation; P > 0.05).

Control Early treatment Late treatment

79.01 ± 15.8 µm 83.21 ± 6.8 µm 75.35 ± 7.9 µm

Table 3. Number of proliferating cells/mm2 and number of proliferating cells/total number of neurons
(Ki-67-immunoreactive cells) in the granular cell layer of the dentate gyrus in controls, early and late
dexamethasone-exposed newborn marmosets (mean ± standard deviation; P < 0.05 control vs. early/
late treatment*).

Ki-67 Control Early treatment Late treatment

/mm2 164.1 ± 72.0 103.0 ± 56.5* 91.1 ± 33.1*

/total cell number 0.0137 ± 0.007 0.0074 ± 0.004* 0.0068 ± 0.003*

Figure 2. Density of Ki-67-
immunoreactive cells in the
dentate gyrus of untreated and
early and late dexamethasone-
exposed newborn marmosets.
Cell proliferation was signifi-
cantly decreased both after
early and late intrauterine
exposure to dexamethasone.
Results are presented as
means ± standard deviation;
*P < 0.05.
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Figure 3. Ki-67-immunoreactive cells in a new-
born control monkey (A) and marmosets with
dexamethasone treatment during early (B) and
late pregnancy (C) showing a decreased density
of proliferating cells in the dentate gyrus (scale
bar = 50 µm).
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in all groups investigated (P > 0.05;
Table 5; Figure 6A,B).

In all three groups investigated, the den-
sity of calretinin-immunoreactive neurons
of the dentate gyrus was higher than the
density of calbindin-immunoreactive cells.
This is probably due to the newborn state
of the brain where a large fraction of neu-
rons may not be finally differentiated.

Double-labeling of Ki-67 and GFAP.
Double-labeling of Ki-67 and GFAP was
observed only seldom while the majority of
Ki-67-immunoreactive cells did not coex-
press GFAP (Figure 7A–C).

DISCUSSION

There is accumulating evidence that
excessive fetal exposure to glucocorticoid

hormones not only influences prenatal
development but can also be the origin of
diseases in adulthood such as high blood
pressure and deranged glucose tolerance
(5, 14, 36, 37, 53). Prenatal glucocorti-
coids exert their actions during the so-
called phase of “early life programming”
where the prenatal environment including
hormones, growth factors, nourishment,
drugs etc. has effects that may persist
throughout life if induced in a vulnerable
phase during development or may even
cause intergenerational effects (15).

Glucocorticoids can induce neuronal
apoptosis (27, 29) and cause alterations in
gene expression of transcription factors
(57) and protein synthesis in monoamine
metabolism of the nervous system (43).
Exposure of pregnant rhesus monkeys to
adrenocorticotropic hormone (ACTH) for
14 consecutive days during mid-pregnancy
impaired the newborn’s motor coordina-
tion (49). As the hippocampal formation
is most sensitive to the effects of glucocor-
ticoids and also a region where neurogen-
esis in adults takes place, research has
emphasized the impact of these hormones
on neuronal proliferation in the hippocam-
pal formation. The administration of high
doses of prenatal DEX to fetal rhesus mon-
keys (59) or recurrent stressing of the preg-
nant mother (13) resulted in a modestly
decreased hippocampal volume of the
neonatal monkey. Similarly, administra-
tion of intramuscular DEX to pregnant
rhesus monkeys one month before term
resulted in a reduced hippocampal volume
of the offspring (60).

In our study, prenatal treatment of the
common marmoset monkey with 5 mg/kg
body weight DEX for 7 days during early
and late pregnancy led to a distinct
decrease in dentate granule cell prolifera-
tion by 37% and 44%, respectively after
birth. Interestingly, the degree of the
impairment of proliferation was indepen-
dent of the chosen time point during preg-
nancy although there are differences in
neuronal development at the two selected
periods chosen for gestational manipula-
tion. Moreover, DEX exerted a long-lasting
effect that was still detectable many weeks
after administration. In this study we mea-
sured the direct effect of intrauterine expo-
sure to DEX, because the offspring were
killed within 2 days after birth, and the
proliferation of dentate gyrus cells was not

Figure 4. A. Apoptotic neurons in the subgranular cell layer of the dentate gyrus (scale bar = 50 µm). B.
Density of apoptotic cells in the dentate gyrus of marmosets in controls and after early and late intrau-
terine exposure to dexamethasone (mean ± standard deviation; P > 0.05).
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Table 4. Number of apoptotic cells/mm2 and number of apoptotic cells/total number of neurons (in situ
tailing, IST) in the granular cell layer of the dentate gyrus in controls, early and late dexamethasone-
exposed newborn marmosets (mean ± standard deviation; P > 0.05 control vs. early/late treatment).

IST Control Early treatment Late treatment

/mm2 40.5 ± 21.6 36.2 ± 19.2 30.0 ± 9.2

/total cell number 0.0022 ± 0.001 0.0036 ± 0.002 0.0021 ± 0.001

Figure 5. A. Cells expressing the neuronal marker calretinin in the subgranular layer of the dentate
gyrus. B. Comparison of calretinin-immunoreactive cells/mm2 in the dentate gyrus of control marmosets
and after early and late exposure to prenatal dexamethasone (means ± standard deviation; P > 0.05).
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Table 5. Number of calretinin- and calbindin-immunoreactive cells/mm2 and number/total number of
neurons in the granular cell layer of the dentate gyrus in controls, early and late dexamethasone-
exposed newborn marmosets (mean ± standard deviation; P > 0.05).

Control Early treatment Late treatment

Calretinin

/mm2 137.4 ± 75.7 133.3 ± 84.4 125.3 ± 62.2

/total cell number 0.05 ± 0.018 0.057 ± 0.043 0.054 ± 0.043

Calbindin

/mm2 68.2 ± 20.1 69.0 ± 26.5 50.2 ± 24.8

/total cell number 0.029 ± 0.01 0.024 ± 0.01 0.024 ± 0.02
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influenced by effects like postpartal mater-
nal behavior, rearing conditions or carry-
over effects of influencing factors by breast
milk. Our observations compare well with
work showing a reduced number of BrdU-
positive cells in the dentate gyrus of juve-
nile rhesus monkeys after prenatal stress
during either early or late pregnancy (13).

Although there are studies addressing
the effects of synthetic steroids on the hip-
pocampal volume (13, 59), less is known
about the impact of prenatal glucocorti-
coids on neuronal differentiation. In adult
neurogenesis, new cells are generated
within the subgranular layer of the dentate
gyrus. Many of these cells die shortly after
division but a part of these cells do survive
and differentiate into functionally signifi-
cant neurons which are believed to be inte-
grated into the neuronal network (7, 31).
Which role glucocorticoids play in neu-
ronal differentiation is not completely
understood yet. A recent study in rats
revealed that corticosterone influenced the
survival of precursor cells in the adult
hippocampus depending on the pre- or
postmitotic stage of the cells (66). Dehy-

droepiandrosterone (DHEA) prevented
the inhibitory effects of high doses of glu-
cocorticoids on precursor cell proliferation
and on the survival of newly formed cells
in the dentate gyrus (30). In a recent study
in mice approximately 50% of the dividing
precursor cells expressed GR whereas no
expression of mineralocorticoid receptors
was detected early after division (18). In
contrast to these observations in mice,
no expression of GR was found in
[3H]thymidine-labeled cells early after
division in the dentate gyrus of adult rats
(12). In rodents, gene expression levels of
steroid hormone receptors change with
age. In rat and mouse low levels of GR
were detected at birth with an increase dur-
ing adulthood (48, 52). Contrarily, no
major changes in GR mRNA was observed
from neonatal development to adulthood
in common marmoset monkeys (47). With
respect to the expression of GR in precur-
sor cells, the effects of steroid hormones
could be either due to direct receptor bind-
ing or being mediated indirectly by sur-
rounding cells such as glia. The effect of
DEX might in part be induced by alter-

ations in gene expression and protein syn-
thesis of cell cycle mediators, transcription
factors, growth factors or neurotrophins.
More studies with respect to the underly-
ing mechanisms involved in steroid effects
will support our understanding of the
complex interactions in the development
and maintenance of the cellular homeosta-
sis in the hippocampal formation.

We investigated the impact of prenatal
DEX administration on early and late
neuronal differentiation by evaluating the
expression pattern of calretinin and calbi-
ndin in the dentate gyrus. Calretinin is
transiently expressed in immature granule
cells which represent the early neuronal
development. Later during differentiation
the expression is switched from calretinin
to calbindin, a calcium-binding protein
characterizing mature granule cells (32).
In the common marmoset, no difference
in the density of calretinin- or calbindin-
immunoreactive neurons was observed
between DEX-exposed and control ani-
mals. Taken together, the proliferation of
putative precursor cells was reduced while
the neuronal differentiation as marked by
calretinin and calbindin expression was
unchanged.

Additionally, the density of neurons
labeled by in situ tailing was similar
between the investigated groups and
showed that DEX did not result in a long-
term increase of neuronal apoptosis in the
hippocampal formation. Similar to these
results in rats, treatment with DEX intra-
peritoneally caused a reduced proliferation
rate in the hippocampal formation while
no change in neuronal apoptosis or differ-
entiation was observed (34). A reduced
number of neurons and degeneration of
neuronal perikarya and dendrites of gran-

Figure 6. A. Cells expressing the neuronal marker calbindin which represents more differentiated gran-
ule cells in the subgranular cell layer of the dentate gyrus (scale bar = 50 µm). B. No significant changes
in the density of calbindin-immunoreactive cells were observed between controls and dexamethasone-
treated animals.
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Figure 7. Detection of Ki-67 (red) (A) and glial fibrillary acidic protein (GFAP) (green) (B) by double-label fluorescent immunocytochemistry in the dentate
gyrus. The merge of both markers is illustrated in C. The majority of Ki-67-immunoreactive cells did not colocalize with GFAP, indicating that the newly divided
cells in the subgranular layer of the dentate gyrus did not express the glial marker. However, very few double-labeled cells were detected (scale bar = 50 µm).
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ule and pyramidal neurons were detected
in the hippocampal formation of fetal
rhesus monkeys after intrauterine exposure
to a single dose of 0.5–10 mg/kg body
weight DEX 3 days before delivery (60).
This is in contrast to our findings in new-
born marmosets where no degeneration of
neurons or dendrites in the hippocampal
formation was detected. Similar to our
observations, elevated glucocorticoid levels
caused by stress did not affect the number
of neurons in the tree shrew hippocampus
(61).

DEX treatment in pregnancy impaired
putative precursor cell proliferation in
offspring without change of apoptotic
cell death or neuronal differentiation as
indicated by expression of calretinin and
calbindin. Consequently, a reduction of
proliferation should have resulted in a
decreased volume of the dentate granule
cell layer and the hippocampus, respec-
tively. As only the dorsal part of the left
hippocampal formation was available in
this study it was impossible to evaluate the
overall size of the hippocampus. To get
indirect information about the size of the
dentate gyrus, the thickness of the dentate
granule cell layer was measured in coronal
slices showing no significant differences
between all three groups. This indirect
indicator of hippocampal volume, how-
ever, might have missed moderate changes.
Furthermore, investigation of the coronal
plane cannot detect changes in the
anterior–posterior plane of the hippocam-
pal formation. Therefore, immunohisto-
chemical quantification  demonstrating
an impaired proliferation rate without
changes of neuronal differentiation marked
by calbindin and calretinin and apoptotic
cell death suggests a decrease of the hippoc-
ampal volume which was probably not
detected by the measurement of the thick-
ness of the dentate granule cell layer in
coronal slices.

DEX unfolds a direct effect on prolifer-
ation independent of the time period of
administration during gestation. Whether
these effects are long-lasting and persist
until adolescence and adulthood remains
to be further investigated. The fetal devel-
opment of the hippocampal dentate gyrus
of monkeys and humans during pregnancy
is rather similar (6). At term, the majority
of the granule cells within the dentate
gyrus have been formed in humans and

monkeys. Nevertheless, the proliferation
and differentiation of granule cells contin-
ues well into the postnatal period (23, 35,
55, 56). As the human brain reaches its
final form after birth, there might be
capacity for compensating prenatally
acquired deficits. We showed that the effect
of intrauterine DEX exposure on the pro-
liferation of putative neuronal precursor
cells is still detectable after birth. The ques-
tion of whether prenatal glucocorticoid
exposure leads to effects on neuronal pro-
liferation and differentiation still detect-
able in adulthood will be answered with
the siblings of the common marmoset
monkeys studied by us, which will be
investigated in a subsequent study 2.5
years after birth within the EUPEAH
project.

In conclusion, intrauterine exposure to
DEX both during early and late pregnancy
led to a decreased density of proliferating
dentate gyrus cells. In contrast, no influ-
ence on the rate of neuronal apoptosis was
observed. Additionally, no major differ-
ence in the density of cells expressing early
and late neuronal markers was detected.
Taken together, these results suggest that
the proliferation of dentate granule cells
but not the differentiation into dentate
gyrus neuronal cells is impaired by intrau-
terine exposure to DEX in newborn com-
mon marmoset monkeys.
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