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Abstract

Objective: To investigate if antenatal glucocorticoid treatment has an effect on hippocampal histology of the human
preterm newborn.

Patients and Methods: Included were consecutive neonates with a gestational age between 24 and 32 weeks, who were
born between 1991 to 2009, who had died within 4 days after delivery and underwent brain autopsy. Excluded were
neonates with congenital malformations and neonates treated postnatally with glucocorticoids. The brains were routinely
fixed, samples of the hippocampus were stained with haematoxylin and eosin and sections were examined for presence or
absence of large and small neurons in regions of the hippocampus. Additional staining with GFAP, neurofilament and
vimentin was performed to evaluate gliosis and myelination. The proliferation marker Ki67 was used to evaluate neuronal
proliferation. Staining with acid fuchsin-thionin was performed to evaluate ischemic damage.

Results: The hippocampi of ten neonates who had been treated with antenatal glucocorticoids showed a lower density of
large neurons (p = 0.01) and neurons irrespective of size (p = 0.02) as compared to eleven neonates who had not been
treated with glucocorticoids. No difference was found in density of small neurons, in myelination, gliosis, proliferation or
ischemic damage.

Conclusion: We found a significantly lower density of neurons in the hippocampus of neonates after antenatal
glucocorticoid treatment. Although the pathophysiological and clinical interpretations of these findings are not clear, they
are consistent with those from experiments in mice and rhesus monkeys.
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Introduction

Administration of glucocorticoids (GCs) to pregnant women at

risk of preterm birth has led to a major improvement in the

outcome of preterm born neonates. Treatment with antenatal GCs

reduces the risk of neonatal death, respiratory distress syndrome,

periventricular/intraventricular haemorrhage, necrotising entero-

colitis, infectious morbidity, need for respiratory support and

neonatal intensive care unit admission [1]. Betamethasone and

dexamethasone, the synthetic GCs that are given for this

indication, cross the placenta and have a high affinity for the

GC receptors. These receptors are found in most organs including

the brain [2]. GCs promote cellular differentiation at the expense

of proliferation resulting into dose related effects in many different

species [3]. Regarding the brain there is a dose related reduction in

weight in for instance fetal sheep and rat pups [4–6]. In humans, a

reduction of head circumference after multiple antenatal GC

courses has been found in various observational studies [7–9] and

in one out of four recent large randomised controlled trials in

which head circumference was an outcome measurement [10–13].

The effects of GCs on brain cell proliferation are most pronounced

in areas undergoing active growth and differentiation at the

moment of treatment [14]. In this respect, the hippocampal

structure, which is part of the limbic system, plays a crucial role in

cognitive functions such as learning, memory storage, and spatial

orientation and is a metabolic active structure [15,16]. Further-

more, receptors for GCs are highly expressed in the hippocampus

[2]. It is therefore likely that among various brain regions the

hippocampus appears to be the most vulnerable to antenatal GC

treatment. Disturbance in development of the hippocampus may

have effects later in life. In monkeys, multiple doses of

dexamethasone were associated with a dose-dependent decrease

in the number of neurons in the hippocampus as well as

degeneration of neurons in this region [17,18]. A study in mice

using a clinically relevant dose has established a link between

prenatal exposure to dexamethasone and reduced hippocampal
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volume as well as a reduced number of hippocampal neurons

shortly after treatment [19]. Follow-up at adulthood of offspring

mice who received corticosteroid treatment in utero showed

decreased cell proliferation in the dentate gyrus and adverse effects

on hippocampal function [20].

As far as we know, there are no data on the effects of antenatal

GC therapy on hippocampal histology of the human fetus or

neonate yet. It was our aim to investigate if antenatal GC

treatment affects the histological structure of the hippocampus of

the fetus and the neonate.

Methods

Ethics Statement
The study protocol was approved by The Ethics Committee of

the University Medical Center, Utrecht. They concluded that the

Medical Research Involving Human Subjects Act did not apply

for this study and that the parents of the research subjects didn’t

need to be asked for consent. Anonymous use of redundant tissue

for research purposes is part of the standard treatment agreement

with patients in our hospital.

Population
From a database containing data on all children born in the

University Medical Center, Utrecht, The Netherlands, we

identified consecutive neonates with gestational age between 24

and 32 weeks, born between 1991 to 2009, who died during or

within 4 days after delivery and underwent a brain autopsy after

oral informed consent of the parents. Neonates with congenital

malformations or massive brain destruction, such as massive

cerebral haemorrhage or encephalitis and/or treated with

postnatal GCs were excluded.

We reviewed in retrospect the medical files of the included

neonates and their mothers. We recorded the reason for

admission, use of antenatal GCs, interval between the first gift of

GCs and birth, use of postnatal GCs and other drugs, gestational

age at delivery, route of delivery, birth weight, sex, parity of the

mother, neonatal morbidity, underlying cause and mechanism of

perinatal mortality and the interval between birth and death. A

complete antenatal GC course consisted of two intramuscular

doses of 12 mg betamethasone with a 24-hrs interval. Birth weight

percentiles were calculated using birth weight z-scores. Growth

charts corrected for gestational age, sex and parity according to

the Dutch Perinatal Registry were used to calculate the birth

weight z-scores (http://www.perinatreg.nl) [21]. Weight for GA at

the 50th percentile was used as the mean of the population and the

average standard deviation (SD) calculated by the formula

[21SD+1SD]/2 was used. Subsequently, the z-score was con-

verted into an exact percentile for each studied subject with a z-

score to percentile web calculator (http://www.measuringusability.

com). Underlying cause and mechanism of perinatal mortality was

based on clinical and pathological findings classified using the Tulip

classification [22].

Histological preparation
Brain tissue was fixed in buffered formalin 4%. Four weeks after

removal, coronal slices were made and embedded in paraffin after

which 3 mm sections were cut and stained with haematoxylin and

eosin (H&E). Subsequently the hippocampus was examined for the

density of large, small and neurons irrespective of size in all four

cornu-ammonal (CA) regions of the hippocampus (CA1, CA2,

CA3 and CA4). The density of large and small neurons was scored

using semiquantitative analysis comparable with the method used

by Groenendaal et al. [23]: high density (4 points), moderate

density (3 points), low density (2 points) or (nearly) absent

(1 point). Density of neurons irrespective of size was scored by:

high (4 points), moderate (3 points), low/moderate (2 points) or

low (1 point).

In order to study possible effects of antenatal GC treatment on

myelination and gliosis, we performed additional staining on 4 mm

sections with antibodies reacting against neurofilament (Monosan,

1:800), vimentin (Dako, 1:400) and glial fibrillary acidic protein

(GFAP, Dako, 1:800) on the hippocampus of 11 of the 21 neonates

(Table S1, numbers 2-5, 7-9,11,14,15,21). The sections were

examined for intensity of staining in all four cornu-ammonal (CA)

regions of the hippocampus (CA1, CA2, CA3 and CA4) and

scored as: high (4), moderate (3), low (2) or (nearly) absent (1).

Proliferative activity of neurons was evaluated using the

proliferation marker Ki67 (Dako, 1:400). The Ki67 protein is

expressed in all proliferating cells in late G1, S, G2 and M phases

of the cell cycle [24]. Sections were examined for the number of

Ki67 positive nuclei in the dentate gyrus and germinal matrix, two

areas where active proliferation usually takes place. The number

of Ki67 positive immunoreactive cells was scored as: high (4),

moderate (3), low (2) or (nearly) absent (1).

To visualise neuronal degeneration and hypoxic ischemic

damage a combined staining procedure, acid fuchsin-thionin

(0.1% fuchsin, Gurr/BDH; 0.25% thionin, Chroma) was used.

Neurons showing ischemic cell change with acidophilic (pink)

cytoplasm and contracted nuclei were regarded as nonviable.

Sections were examined for intensity of staining, markers of acute

ischemia as apoptotic figures and cytotoxic edema in the

hippocampus and scored for every category as: high (4), moderate

(3), low (2) or (nearly) absent (1).

In order to test the hypothesis that small neurons are mature

neurons and large neurons immature neurons, we performed an

additional staining with antibodies reacting against doublecortin

(1:200, Santa Cruz). Doublecortin is a microtubule-associated

protein expressed by neuronal precursor cells and immature

neurons.

An experienced perinatal pathologist who was blinded for the

treatment of GCs and for the other clinical data, performed the

histological examination.

We studied the relation between hippocampal histology and the

use of antenatal GCs. Furthermore, relations between the density

of large, small or neurons irrespective and gestational age at

delivery (#28 weeks versus .28 weeks), birth weight (#1000 grams

versus .1000 grams), obstetrical complications (small for gesta-

tional age (weight,p10), preeclampsia (PE) and/or HELLP versus

other pathology), mode of delivery (vaginal delivery versus

caesarean section (CS)), placenta pathology (small placenta (weight

,p10) with infarcts versus other pathology), signs of inflammation

in the placenta (placenta with chorioamnionitis and/or funisitis

versus no signs of infection in the placenta) and mechanism of death

(respiratory insufficiency versus other pathology) were also

investigated.

Statistical analysis
Clinical characteristics between the groups were compared by

the student t-test or Mann-Whitney U test. Histological data were

analysed using the Mann-Whitney U test. SigmaStat software

(SigmaStat for Windows, Version 2.0) was used for all statistical

analyses. P values ,0.05 were accepted as statistically significant.

Results

A total of twenty-one neonates were included. Eleven neonates

had not received GCs Ten had received a complete course of

Hippocampal Histology after Antenatal Corticoids
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antenatal GC therapy. In Table S1, the clinical characteristics of

the 21 included neonates are shown. Mean gestational age of the

neonates not treated with GCs (n = 11) was 27.1 weeks (SD 2.4

weeks) and of the neonates treated with antenatal GCs (n = 10)

28.2 weeks (SD 2.1 weeks; p = 0.28). Median birth weight was 610

grams (range 450–1700 g) in the group not treated with GCs, 865

grams (range 475–1985 g) in the group treated antenatal-

ly.(p = 0.13). Median birth weight percentile was 10.1 (range

0.1–85) in the group not treated with GCs, 38.6 (range 0.4–80) in

the antenatally treated group (p = 0.11). The median interval

between the first dose of antenatal GCs and delivery was 3 days

(range 1–16 days); one neonate had received a repeated course of

GCs before birth (number 17).

With routine H&E staining we examined in all neonates the

presence or absence of large and small neurons in the different

hippocampal regions (Figure 1A–D). The nuclei of large neurons

showed hypochromatic staining and were large. When present,

large neurons showed the highest density in the CA1 region and

density gradually decreased in the CA2, CA3 and CA4 region.

The nuclei of small neurons were small and round and showed a

hyperchromatic staining. When present, small neurons had the

lowest density in CA1 and the density increased gradually in the

CA2, CA3 and CA4 region. We found no relation between the

density of large, small or neurons irrespective of size and

gestational age at delivery (#28 weeks versus .28 weeks), birth

weight (#1000 grams versus .1000 grams), obstetrical complica-

tions (small for gestational age, PE and/or HELLP versus other

pathology), mode of delivery (vaginal delivery versus CS), placenta

pathology (small placenta with infarcts versus other pathology),

signs of inflammation in the placenta (placenta with chorioamni-

onitis and/or funisitis versus no signs of infection in the placenta)

and mechanism of death (respiratory insufficiency versus other

pathology) (Table 1). In hippocampi of neonates treated with

antenatal GCs, we found significantly more often a low density of

large neurons (p = 0.01) as compared to hippocampi of neonates

not treated with GCs (Table 1 and 2). No difference in small

neurons was found (p = 0.35; Table 1 and 2). When we consider

the density of neurons irrespective of their size, neonates treated

Figure 1. Example of the hippocampus of a patient not treated with GCs and of a patient treated with antenatal GCs. Figure 1A shows
an example of the hippocampus of a patient not treated with GCs (number 6) and 1B of a patient treated with antenatal GCs (number 19). Panel 1C
and 1D represent a magnification of transition zone 2 and zone 3 of panel 1A and 1B. Neuronal density is lower in Figure 1D compared to 1C.
Figure 1A and 1B (206, H&E) and Figure 1C and 1D (2006, H&E).
doi:10.1371/journal.pone.0033369.g001

Hippocampal Histology after Antenatal Corticoids

PLoS ONE | www.plosone.org 3 March 2012 | Volume 7 | Issue 3 | e33369



with antenatal GCs showed a significant lower density of neurons

in the hippocampus than untreated neonates (p = 0.02;Fig. 1C,D,

Table 1 and 2).

The neurofilament and GFAP staining showed the same low

intensity in all hippocampal regions. The intensity of the vimentin

staining was the highest in the CA4 region in all hippocampi. In

one neonate (number 4) the vimentin staining could not be

evaluated because of absence of the hippocampal structure in the

additional sections. Because we found no differences at all between

the first eleven studied cases for the neurofilament, vimentin or

GFAP staining, we terminated this investigation.

We found no differences in the degree of hypoxic ischemic

damage by comparing the presence of apoptotic figures (p = 0.27),

degree of cytotoxic edema (p = 0.84), intensity of fuchsin stained

neurons (p = 0.06), number of Ki67 positive neurons in the dentate

gyrus (p = 0.91) and germinal matrix (p = 0.75), between the group

treated with antenatal GC and the group not treated with GC

(Fig. 2, Table 3). In one neonate (number 20) the Ki67 staining

could not be evaluated in the germinal matrix and in one neonate

(number 1) the fuchsin staining could not be evaluated in the

hippocampus, both because of absence of these structures in the

additional sections.

Small and large neurons were both doublecortin immunoreac-

tive. In the brains with most severe damage using acid thionin-

fuchsin staining, we detected less doublecortin immunoreactive

neurons, supporting the loss of neurons due to hypoxic ischemic

damage.

Discussion

To our knowledge, this is the first study evaluating the effects of

antenatal GC therapy on the histology of the human hippocampus.

We found a significantly lower density of neurons in the

hippocampus of neonates after antenatal GC treatment

(p = 0.02). No effect was found on gliosis or myelination after

antenatal GC therapy in the eleven cases in which this was studied.

A limitation of this study is the heterogenicity of our patient

group. Several pathological conditions during pregnancy, delivery

and early neonatal life may have caused hypoxic ischemic damage

in the fetus or neonate, a condition in which hippocampal

neuronal damage can easily occur. These potentially confounding

effects can only be ruled out in a large cohort study with a

controlled prospective design. However, for obvious reasons it will

not be possible to realise a study with such a design in human

neonates. In our study we tried to minimise confounding factors in

several ways. First, by including only neonates, who lived for a

maximum of four days, limiting influences of early neonatal life.

Furthermore, we compared groups for indicators of recent

Table 1. Density scores according to subgroups of patients characteristics.

Score large neurons p-value Score small neurons p-value
Score neurons
irrespective of size p-value

Antenatal GC treatment

No AGCs 4.0 [3.0–4.0] 0.01 3.0 [1.3–3.0] 0.35 3.0 [3.0–3.8] 0.02

AGCs 2.0 [2.0–3.0] 2.0 [2.0–3.0] 2.5 [2.0–3.0]

GA at delivery

,/ = 28 weeks 3.0 [2.0–4.0] 0.29 3.0 [2.0–3.0] 0.13 3.0 [3.0–3.5] 0.07

.28 weeks 3.0 [2.0–3.0] 2.0 [1.0–3.0] 3.0 [2.0–3.0]

Birth weight

,/ = 1000 grams 3.0 [2.0–4.0] 0.19 3.0 [2.0–3.0] 0.27 3.0 [3.0–3.0] 0.10

.1000 grams 2.5 [2.0–3.0] 2.0 [1.0–3.0] 2.5 [2.0–3.0]

Obstetrical complications

SGA, PE and/or HELLP 3.0 [2.0–4.0] 0.68 3.0 [2.0–3.0] 0.18 3.0 [3.0–3.8] 0.09

Other pathology 3.0 [2.0–3.0] 2.0 [2.0–3.0] 3.0 [2.0–3.0]

Mode of delivery

Vaginal delivery 3.0 [2.0–4.0] 0.51 3.0 [2.0–3.0] 0.08 3.0 [2.8–3.0] 0.49

Caesarean section 2.5 [2.0–3.5] 1.5 [1.0–3.0] 3.0 [2.0–3.0]

Placenta pathology

Small placenta (.p10) with infarcts 3.0 [2.0–4.0] 0.78 3.0 [1.3–3.8] 0.56 3.0 [2.3–4.0] 0.30

Other pathology 3.0 [2.0–3.0] 2.0 [2.0–3.0] 3.0 [2.0–3.0]

Signs of inflammation in the
placenta

Chorioamnionitis and/or funisitis 3.0 [3.0–3.3] 0.23 2.5 [2.0–3.0] 0.74 3.0 [3.0–3.0] 1.00

No signs of inflammation 2.0 [2.0–3.8] 2.0 [1.3–3.0] 3.0 [2.0–3.0]

Mechanism of death

Respiratory insufficiency 3.0 [2.0–4.0] 0.68 2.0 [2.0–3.3] 0.60 3.0 [2.8–3.3] 0.38

Other pathology 3.0 [2.0–3.5] 2.5 [1.5–3.0] 3.0 [2.0–3.0]

Numbers represent the median scores, assigned for density of large, small and neurons irrespective of size (see text for details). Between square brackets: p25–p75
range.
Differences are tested with the Mann-Whitney U test.
doi:10.1371/journal.pone.0033369.t001
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damage, by performing a staining with acid fuchsin-thionin, which

highlights neurons with recent hypoxic ischemic damage. No

significant differences were found between the two groups. The

mode of delivery may affect the density of neurons, but there was

no difference in neuronal density between the group born by a

vaginal delivery compared to the group delivered by caesarean

section.

The results of our study are consistent with earlier investigations

using animal models [17–19]. In mice, antenatal dexamethasone

treatment significantly decreased the number of neurons in the CA

regions of the hippocampus directly after treatment until postnatal

day 10 and in the dentate gyrus even till postnatal day 20 [19].

Also in two of the three studies investigating the effect of antenatal

GC treatment on the hippocampus of rhesus monkeys, a

decreased number of pyramidal neurons was found, which was

ascribed to antenatal GC treatment. Beside this, shrunken neurons

with pycnotic nuclei were found in the treated group [17,18]. In

the third study these phenomena were found in the treated as well

as in non-treated animals and the findings could therefore not be

ascribed to the GC treatment [25].

The mechanism behind the decreased neuronal density was not

unveiled in this study. Several animal studies have focused on GC-

induced hippocampal damage, however very few of them have

used clinically relevant doses. Two studies that did use a clinically

relevant dose, mention two possible mechanisms; suppression of

proliferation and/or caspase-3 mediated apoptosis. However these

studies are inconclusive. In 2003 Scheepens et al. [26] published a

study determining the effects of a single course of prenatal

betamethasone (2 doses of 170 mgram/kg) within the rat. They

demonstrated that betamethasone was antiproliferative to brain

cells, including hippocampal cells shortly after treatment for up to

4 days, with some catch-up recovery of the anti-proliferative effects

there-after. No changes in caspase-3 mediated apoptosis were

seen. In contrast Noorlander et al. [19] used a single, somewhat

higher, dose of antenatal dexamethasone (1 dose of 400 mgram/

Table 2. Density of large neurons, small neurons, and
neurons irrespective of size in the hippocampus of 21
neonates.

No GCs
(n = 11)

Antenatal
GCs (n = 10) p-value

Lage neurons

High 6 0

Moderate 3 4

Low 2 6

(Nearly) absent 0 0 0.01

Small neurons

High 2 0

Moderate 5 3

Low 1 6

(Nearly) absent 3 1 0.35

Neurons irrespective of size

High 3 0

Moderate 7 5

Low/moderate 1 4

Low 0 1 0.02

Numbers represent individual cases.
Differences are tested with the Mann-Whitney U test.
doi:10.1371/journal.pone.0033369.t002

Figure 2. Apoptosis, cytotoxic edema, fuchsin staining and Ki67 positivity in the hippocampus and Ki67 positivity in the germinal
matrix of preterm neonates not treated with antenatal GCs and treated with antenatal GCs. Horizontal axis: the two study groups,
vertical axis: staining score (see text for details). Median values are indicated by horizontal lines. Differences are tested with the Mann- Whitney U test.
doi:10.1371/journal.pone.0033369.g002
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kg) to investigate the effects on hippocampal development in mice.

They detected, shortly after treatment, beside a decreased

proliferative activity in the subgranular zone of the dentate gyrus,

the zone where neurogenesis predominantly occurs, increased

caspase-3 apoptotic activity throughout the whole hippocampus.

The precise mechanism behind the anti-proliferative effect of GCs

on the brain are unknown but possibly involve a down regulation

in expression of the trophic growth factors: brain-derived

neurotrophic factor (BDNF), IGF-1 and basic fibroblast growth

factor (bFGF) [27–29]. Furthermore, administration of any of

these three factors has been shown to specifically increase

neurogenesis [30,31]. In our study we found no difference in

proliferative and apoptotic activity between the antenatal treated

group and the control group. An explanation could be that the

time interval between corticosteroid exposure and brain analysis

may have been too long to detect a possible increase in apoptosis.

Another explanation could be that the examined groups were too

small to detect a difference.

There was no evidence of a reduction in myelination in our

study. However since there is very little myelination in the

immature brain between 24 and 32 weeks of gestation, we can not

speculate on the possible effects of GCs on myelination given the

very low gestational age of the neonates studied. Quantification of

myelination at two years of age would be a more appropriate time

to examine the effects of antenatal GCs on myelination.

We observed large and small neuronal cells in the hippocampus

and both cell types showed its own distribution pattern in the

hippocampal regions (large neurons highest density in CA1; small

neurons highest density in CA4). By light microscopic examina-

tion, both cell types appeared to be neurons of the pyramidal layer

of the hippocampus consisting of large and small pyramidal

neurons. Our data showed that perinatal GC treatment has more

effect on the density of large neurons than on the density of small

neurons. We hypothesize that the large neurons might be more

immature neurons and the small neurons mature neurons. To test

this hypothesis we conducted a doublecortin immunoreactive

staining. Both, large and small neurons were doublecortin

immunoreactive. Hence, in our study the pathophysiological

significance of the density of large and small neurons was not

unveiled. Therefore, we also provided the density of all neurons,

irrespective of size, which was also lower in the infants treated with

GCs (Table 2).

The functional consequences of the effects on hippocampal

neuronal density that we observed are unknown. In mice,

decreased cell proliferation after exposure to GCs in utero has

functional consequences like failure in a number of cognitive and

behavioral functions in later life and accelerated aging [20].

However, caution is necessary when extrapolating data from

animal models to the human situation.

A study that compared brainweight of neonates who had been

delivered between 24 and 34 weeks of gestation showed no

significant difference in brain weight between the group that

received single or multiple courses of antenatal GCs and a group

that did not receive GCs [32]. Thus far, long term outcome after

one course of antenatal GCs has been reassuring, and shows only

subtle neurological impairment at the age of 6 [33], but normal

development in terms of physical, intellectual and emotional

development at the age of 12, 20 and 30 years [34–37]. Repeated

courses of antenatal GCs, however, have been associated with

psychomotor delay and hyperactivity in childhood. [38]. More-

over, GC therapy after birth, with higher dosages and prolonged

administration as compared to the antenatal therapy, has been

shown to increase neuro-developmental impairment [39].

In conclusion, in this unique dataset we found a lower density of

neurons in the hippocampus of preterm neonates who were

antenatally treated with GCs. We cannot rule out the fact that the

observation is caused by other factors as well. Determination of a

causal relationship would require a randomized trial. Long-term

effects are hard to predict because effects may be transient and the

plasticity of the brain at this age may perhaps compensate for a

decrease in neurons in the hippocampus. Our observations may

cause concern because of the wide use of GC treatment in the

perinatal period and indicate that more detailed and specific

follow-up studies in humans are required.
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Table S1 Clinical characteristics of 21 included neo-
nates. Abbreviations:AGCs = antenatal glucocorticoids, Admi-

n. = administration; CS = caesarean section; GA = gestational age

at delivery; SGA = small for gestational age (weight ,p10);

PE = preeclampsia; PPROM = preterm premature rupture of

membranes; TTTS = twin to twin transfusion syndrome; NA =

Not available. * Birth weight in grams. 1 Enrolled in HELLP trial

(high dose prednisolone versus placebo). 2 Repeated courses

antenatal GCs.
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Table 3. Semiquantitative analysis of the degree of apoptosis, cytotoxic edema fuchsin staining and Ki67 positivity in the
hippocampus and of Ki67 positivity in the germinal matrix.

No GCs (n = 11) Antenatal GCs (n = 10) p-value

Apoptosis 3.0 [2.0–3.0] 2.0 [1.0–3.0] 0.27

Cytotoxic edema 3.0 [2.3–3.0] 3.0 [3.0–3.0] 0.84

Fuchsin staining 3.0 [2.0–3.0]1 2.0 [2.0–2.0] 0.06

Ki67 staining dentate gyrus 3.0 [2.0–3.0] 2.5 [2.0–3.0] 0.91

Ki67 staining germinal matrix 3.0 [2.3–4.0] 3.0 [2.0–4.0]2 0.75

Numbers represent the median scores, assigned for high/moderate/low or (nearly) absent and the p25–p75 range between square brackets. Differences are tested with
the Mann-Whitney U test.
1n = 10 cases.
2n = 9 cases.
doi:10.1371/journal.pone.0033369.t003

Hippocampal Histology after Antenatal Corticoids

PLoS ONE | www.plosone.org 6 March 2012 | Volume 7 | Issue 3 | e33369



References

1. Roberts D, Dalziel S (2006) Antenatal corticosteroids for accelerating fetal lung
maturation for women at risk of preterm birth. Cochrane Database Syst Rev

3CD004454.
2. Meijer OC, de Kloet ER (1998) Corticosterone and serotonergic neurotrans-

mission in the hippocampus: functional implications of central corticosteroid
receptor diversity. Crit Rev Neurobiol 12: 1–20.

3. Liggins GC (1994) The role of cortisol in preparing the fetus for birth. Reprod

Fertil Dev 6: 141–150.
4. Huang WL, Beazley LD, Quinlivan JA, Evans SF, Newnham JP, et al. (1999)

Effect of corticosteroids on brain growth in fetal sheep. Obstet Gynecol 94:
213–218.

5. Jobe AH, Wada N, Berry LM, Ikegami M, Ervin MG (1998) Single and

repetitive maternal glucocorticoid exposures reduce fetal growth in sheep.
Am J Obstet Gynecol 178: 880–885.

6. Kanagawa T, Tomimatsu T, Hayashi S, Shioji M, Fukuda H, et al. (2006) The
effects of repeated corticosteroid administration on the neurogenesis in the

neonatal rat. Am J Obstet Gynecol 194: 231–238.

7. French NP, Hagan R, Evans SF, Godfrey M, Newnham JP (1999) Repeated
antenatal corticosteroids: size at birth and subsequent development. Am J Obstet

Gynecol 180: 114–121.
8. Abbasi S, Hirsch D, Davis J, Tolosa J, Stouffer N, et al. (2000) Effect of single

versus multiple courses of antenatal corticosteroids on maternal and neonatal
outcome. Am J Obstet Gynecol 182: 1243–1249.

9. Dirnberger DR, Yoder BA, Gordon MC (2001) Single versus repeated-course

antenatal corticosteroids: outcomes in singleton and multiple-gestation preg-
nancies. Am J Perinatol 18: 267–267.

10. Murphy KE, Hannah ME, Willan AR, Hewson SA, Ohlsson A, et al. (2008)
MACS Collaborative Group, Multiple courses of antenatal corticosteroids for

preterm birth (MACS): a randomised controlled trial. Lancet 372: 2143–2151.

11. Crowther CA, Haslam RR, Hiller JE, Doyle LW, Robinson JS (2006)
Australasian Collaborative Trial of Repeat Doses of Steroids (ACTORDS)

Study Group, Neonatal respiratory distress syndrome after repeat exposure to
antenatal corticosteroids: a randomised controlled trial. Lancet 367: 1913–1919.

12. Wapner RJ, Sorokin Y, Thom EA, Johnson F, Dudley DJ, et al. (2006) National
Institute of Child Health and Human Development Maternal Fetal Medicine

Units Network, Single versus weekly courses of antenatal corticosteroids:

evaluation of safety and efficacy. Am J Obstet Gynecol 195: 633–642.
13. Guinn DA, Atkinson MW, Sullivan L, Lee M, MacGregor S, et al. (2001) Single

vs weekly courses of antenatal corticosteroids for women at risk of preterm
delivery: A randomized controlled trial. JAMA 286: 1581–1587.

14. De Kloet ER, Rosenfeld P, Van Eekelen JA, Sutanto W, Levine S (1988) Stress,

glucocorticoids and development. Prog Brain Res 73: 101–120.
15. Olton DS, Walker JA, Gage FH (1978) Hippocampal connections and spatial

discrimination. Brain Res 139: 295–308.
16. Eichenbaum H, Otto T, Cohen NJ (1992) The hippocampus–what does it do?

Behav Neural Biol 57: 2–36.
17. Epstein MF, Farrell PM, Sparks JW, Pepe G, Driscoll SG, et al. (1977) Maternal

betamethasone and fetal growth and development in the monkey. Am J Obstet

Gynecol 127: 261–263.
18. Uno H, Lohmiller L, Thieme C, Kemnitz JW, Engle MJ, et al. (1990) Brain

damage induced by prenatal exposure to dexamethasone in fetal rhesus
macaques. I. Hippocampus. Brain Res Dev Brain Res 53: 157–167.

19. Noorlander CW (2005) Effects of antenatal glucocorticoid treatment on fetal

development. In: Noorlander CW, De Graan PNE, Visser GHA Antenatal
glucocorticoid treatment affects hippocampal development in mice Febodruk

B.V. ISBN 90-9019918-7. pp 72–82.
20. Noorlander CW, Visser GH, Ramakers GM, Nikkels PG, De Graan PN (2008)

Prenatal corticosteroid exposure affects hippocampal plasticity and reduces
lifespan. Dev Neurobiol 68: 237–246.

21. Visser GH, Eilers PH, Elferink-Stinkens PM, Merkus HM, Wit JM (2009) New

Dutch reference curves for birthweight by gestational age. Early Hum Dev 85:

737–744.

22. Korteweg FJ, Gordijn SJ, Timmer A, Erwich JJHM, Bergman KA, Bouman K,

Ravise JM, Heringa MP, Holm JP (2006) The Tulip classification of perinatal

mortality: introduction and multidisciplinary inter-rater agreement. BJOG

113(4): 393–401.

23. Groenendaal F, Lammers H, Smit D, Nikkels PG (2006) Nitrotyrosine in brain

tissue of neonates after perinatal asphyxia. Arch Dis Child Fetal Neonatal Ed 91:

F429–33.

24. Scholzen T, Gerdes J (2000) The Ki-67 protein: from the known and the

unknown. J Cell Physiol 182: 311–322.

25. Sumi SM, Truog 3rd WE, Kessler DM (1984) Maternal corticosteroid therapy

and the fetal brain in experimental hyaline membrane disease. Pediatr Res 18:

440–444.

26. Scheepens A, Van de Waarenburg M, Van den Hove D, Blanco CE (2003) A

single course of prenatal betamethasone in the rat alters postnatal brain cell

proliferation but not apoptosis. J Physiol 552: 163–175.

27. Adamo M, Werner H, Farnsworth W, Roberts Jr. CT, Raizada M, et al. (1988)

Dexamethasone reduces steady state insulin-like growth factor I messenger

ribonucleic acid levels in rat neuronal and glial cells in primary culture.

Endocrinology 123: 2565–2570.

28. Schaaf MJ, Hoetelmans RW, de Kloet ER, Vreugdenhil E (1997) Corticosterone

regulates expression of BDNF and trkB but not NT-3 and trkC mRNA in the rat

hippocampus. J Neurosci Res 48: 334–341.

29. Molteni R, Fumagalli F, Magnaghi V, Roceri M, Gennarelli M, et al. (2001)

Modulation of fibroblast growth factor-2 by stress and corticosteroids: from

developmental events to adult brain plasticity. Brain Res Brain Res Rev 37:

249–258.

30. Wagner JP, Black IB, DiCicco-Bloom E (1999) Stimulation of neonatal and

adult brain neurogenesis by subcutaneous injection of basic fibroblast growth

factor. J Neurosci 19: 6006–6016.

31. Aberg MA, Aberg ND, Hedbacker H, Oscarsson J, Eriksson PS (2000)

Peripheral infusion of IGF-I selectively induces neurogenesis in the adult rat

hippocampus. J Neurosci 20: 2896–2903.

32. Murphy DJ (2001) Effect of antenatal corticosteroids on postmortem brain

weight of preterm babies. Early Hum Dev 63(2): 113–22.

33. MacArthur BA, Howie RN, Dezoete JA, Elkins J (1982) School progress and

cognitive development of 6-year-old children whose mothers were treated

antenatally with betamethasone. Pediatrics 70: 99–105.

34. Schmand B, Neuvel J, Smolders-de Haas H, Hoeks J, Treffers PE, et al. (1990)

Psychological development of children who were treated antenatally with

corticosteroids to prevent respiratory distress syndrome. Pediatrics 86: 58–64.

35. Dessens AB, Haas HS, Koppe JG (2000) Twenty-year follow-up of antenatal

corticosteroid treatment. Pediatrics 105: E77.

36. Dalziel SR, Rea HH, Walker NK, Parag V, Mantell C, et al. (2006) Long term

effects of antenatal betamethasone on lung function: 30 year follow up of a

randomised controlled trial. Thorax 61: 678–683.

37. Dalziel SR, Lim VK, Lambert A, McCarthy D, Parag V, et al. (2005) Antenatal

exposure to betamethasone: psychological functioning and health related quality

of life 31 years after inclusion in randomised controlled trial. BMJ 331: 665.

38. French NP, Hagan R, Evans SF, Mullan A, Newnham JP (2004) Repeated

antenatal corticosteroids: effects on cerebral palsy and childhood behavior.

Am J Obstet Gynecol 190: 588–595.

39. Barrington KJ (2001) The adverse neuro-developmental effects of postnatal

steroids in the preterm infant: a systematic review of RCTs. BMC Pediatr 1: 1.

Hippocampal Histology after Antenatal Corticoids

PLoS ONE | www.plosone.org 7 March 2012 | Volume 7 | Issue 3 | e33369


