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Allopregnanolone protects the fetal brain and promotes normal development including myelination. Preterm birth results in the early separation of
the infant from the placenta and consequently a decline in blood and brain allopregnanolone concentrations. Progesterone therapy may increase
allopregnanolone and lead to improved oligodendrocyte maturation. The objectives of this study were to examine the efficacy of progesterone
replacement in augmenting allopregnanolone concentrations during the postnatal period and to assess the effect on cerebellar myelination – a
region with significant postnatal development. Preterm guinea pig neonates delivered at 62 days of gestation by caesarean section received daily s.c.
injections of vehicle (2-Hydroxypropyl-β-cyclodextrin) or progesterone (16 mg/kg) for 8 days until term-equivalent age (TEA). Term delivered
controls (PND1) received vehicle. Neonatal condition/wellbeing was scored, and salivary progesterone was sampled over the postnatal period.
Brain and plasma allopregnanolone concentrations were measured by radioimmunoassay; cortisol and progesterone concentrations were
determined by enzyme immunoassay; and myelin basic protein (MBP), proteolipid protein (PLP), oligodendroctye transcription factor 2 (OLIG2)
and platelet-derived growth factor receptor-α (PDGFRα) were quantified by immunohistochemistry and western blot. Brain allopregnanolone
concentrations were increased in progesterone-treated neonates. Plasma progesterone and cortisol concentrations were elevated in progesterone-
treated male neonates. Progesterone treatment decreased MBP and PLP in lobule X of the cerebellum and total cerebellar OLIG2 and PDGFRα in
males but not females at TEA compared with term animals. We conclude that progesterone treatment increases brain allopregnanolone
concentrations, but also increases cortisol levels in males, which may disrupt developmental processes. Consideration should be given to the use of
non-metabolizable neurosteroid agonists.
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Introduction

A recent systematic review of the literature identified that at
6 months of age, up to 30% of all preterm infants have some
degree of neurodevelopmental impairment.1 The severity and
incidence of neurodevelopmental disorders increases with
decreasing gestational age at birth.2 However, even late preterm
infants, born between 34 and 36 weeks gestation, are over three
times more likely to develop cerebral palsy and other neuro-
developmental deficits.3 The increased incidence of neurode-
velopmental disorders that become evident in childhood such
as behavioral, attention and learning deficits underscore the
impact of preterm birth even at these later stages.4 Structural
and functional deficits have been observed in preterm infants
after reaching term-equivalent age (TEA) when compared with
infants delivered at term.5,6

With the advent of functional magnetic resonance imaging,
the cerebellum has emerged as a region important for cognitive
and complex behavior development, in addition to its accepted
role in motor co-ordination.7,8 The cerebellum undergoes
major growth and maturation during mid to late gestation and
throughout the 1st year of life.9,10 Perinatal insults that occur
during the period of rapid cerebellar growth may result in
marked disruption of development, such as reductions in cer-
ebellar hemispheric volumes, loss of white matter and changes
to cerebellar morphology including external granular layer
thickness.11–13 Cerebellar injury following preterm birth is
increasingly being recognized as a potential cause of a number
of long-term neurodevelopmental deficits.14

Despite the advance in diagnostic techniques and ther-
apeutic interventions that have improved the survival of even
extremely preterm infants, the development of effective thera-
pies to treat preterm brain injury and improve developmental
outcomes remains limited. Progesterone, largely responsible for
maintaining uterine quiescence during pregnancy, is produced
in human pregnancy by the placenta in increased amounts with
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advancing gestation, with plasma concentrations reaching over
600 nmol/l,15–17 and with both progesterone and its direct
metabolites reaching both the maternal and fetal circulations.
One of the most important of these metabolites is allopregna-
nolone, a neuroactive pregnane steroid, which is a potent
positive allosteric modulator of γ-aminobutyric acid type A
(GABAA) receptor function. Allopregnanolone, therefore, has
the effect of increasing GABAergic inhibition, decreasing
central nervous system excitability, producing anxiolytic,
sedative and anticonvulsant effects, which in the context of
hypoxia–ischemia are neuroprotective effects.18 As a result of
placental steroidogenesis, maternal plasma concentrations of
allopregnanolone increase nine-fold between 10 and 36 weeks
gestation, and concentrations of >40 nmol/l have been
reported, but they fall abruptly to <2 nmol/l at delivery,17

indicating the critical importance of the placental supply of
progesterone metabolites during pregnancy itself.

The fetal and neonatal brain express the enzymes and have
the capacity for the synthesis of allopregnanolone from
progesterone.19–21 5α-reductases, the rate-limiting enzymes in
the conversion of progesterone to allopregnanolone, are
strongly expressed in Purkinje and other cerebellar cells, and
allopregnanolone levels are high in the fetal cerebellum during
late gestation.22–25 This ‘in situ’ production of allopregnano-
lone during fetal life may also depend on placentally derived
precursors, and therefore levels of this important neuroactive
steroid in this (and other) brain region are likely to fall
following preterm birth. Progesterone has positive effects on
myelination and oligodendrocyte development,26 and is known
to promote dendritic growth of Purkinje cells in neonatal rat
slice cultures.27 In vivo studies have demonstrated that pro-
gesterone administered into the reticulospinal fluid around the
posterior vermal lobule of the cerebellum of 3- to 7-day-old rat
pups increased dendrite area, differentiation, synapse density
and the size (perimeter) of Purkinje cells.27 These effects pro-
vide evidence for the growth-promoting action of allopregna-
nolone and progesterone within the fetal brain, and suggest that
neuroactive steroids may provide important regulatory,
neuroprotective and developmental signals in the immature
brain. Therefore, experimental reduction of allopregnanolone
concentrations is associated with increased cell death in the fetal
sheep cerebellum.28

Thus, the loss of the important neurotrophic effects of
progesterone and allopregnanolone with preterm birth may
contribute to the poor developmental outcomes associated with
the early loss of the placenta. Specifically, we hypothesize that
the premature loss of progesterone and allopregnanolone
contributes to the disruption of cerebellar maturation, in
particular maturation of cerebellar white matter. The objective
of this study was to assess whether cerebellar white matter
maturity is altered in the neonatal guinea pig after preterm
delivery, and subsequently to determine whether progesterone
replacement in these preterm neonates increases allopregna-
nolone concentrations in the brain and improves cerebellar
development.

Method

Animals

All animal procedures were carried out with approval from the
University of Newcastle Animal Care and Ethics Committee
according to guidelines from the Australian Code of Practice for
the Care and Use of Animals for Scientific Purposes. Pregnant,
outbred tricolor guinea pigs were supplied by the University of
Newcastle Research Support Unit and were housed indoors with
a 12-h light/dark cycle, with commercial guinea pig pellets and
water (fortified with ascorbic acid) provided ad libitum.
Neonates were delivered by caesarean section at 62 (preterm) or

69 (term) days of gestation and maintained until TEA (70 days of
gestation –i.e, for 8 days or 1 day, respectively). C-section delivery
was performed following maternal anesthesia with 1–3%
isoflurane and 24 h after maternal administration of 1mg/kg (s.c)
betamethasone sodium phosphate/betamethasone acetate. The
uterus was exposed via a midline abdominal incision, fetuses were
removed from the fetal membranes and the umbilical cord was tied
and cut. The maternal guinea pig was then euthanized using
intracardiac sodium pentobarbital (200mg/kg). Neonatal guinea
pigs received surfactant treatment (50 μl Curosurf, 80mg/ml
Poractant Alfa, Douglas Pharmaceuticals) and continuous positive
airway pressure (CPAP) ventilation (7mmH2O positive end-
expiratory pressure and 20mmH2O peak inspiratory pressure) via
a Neopuff Infant T-Piece Resuscitator (Fisher & Paykel Health-
care, Australia) fitted with a modified small animal mask. Once
stabilized, neonates were transferred to a small animal incubator
and fed at 2-h intervals using commercial milk formula
(Wombaroo Food Products, Adelaide, Australia) and then with
mixed pellet food after postnatal day 4–5. Saliva was collected from
the neonates before each feed at 8 am, 4 pm and midnight, by
allowing them to chew on a cotton bud for 3min to collect passive
salivary secretions. At these times, pups were also monitored for
wellbeing as previously described.19 In brief, this involved assess-
ment and scoring of respiration, posture and alertness out of a
maximum of 12 points, with low scores indicating poor wellbeing.
Preterm neonates were randomly assigned to progesterone

treatment (16mg/kg in vehicle) or vehicle [control, 22.5% w/v
(2-Hydroxypropyl)-β-cyclodextrin]. Neonates received an initial
i.p. injection at 1 h after delivery, followed by a second s.c
injection at 6 h and daily s.c injections until TEA (8 days post-
natal). Neonates were euthanized at TEA and cerebellar tissue
and plasma were collected. Each cerebellum was divided in half
along the sagittal plane, and one half was immersion-fixed in 4%
paraformaldehyde before paraffin embedding, sectioning and
immunostaining, and the other half was snap-frozen in liquid N2

for steroid or protein extraction. To prevent pregnancy bias, one
neonate of each sex per pregnancy was included in the study.
Additional whole brains were frozen for steroid analyses.

Steroid analyses

Salivary progesterone concentrations were measured over
the postnatal period using Salivary Progesterone enzyme
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immunoassay (EIA) kits (Salimetrics LLC, State College, PA,
USA). Assays were performed according to the manufacturers’
instructions, with samples diluted in assay buffer as needed.
The intra-assay coefficient of variance of this assay was 16.5%.

Allopregnanolone concentrations were measured in the neo-
natal brain (total brain homogenate) and plasma by radio-
immunoassay, as described in detail previously.21,29 In brief,
plasma and brain steroids were isolated using solid-phase extrac-
tion with graded, acidified, methanol washes. To reduce
cross-reactivity, the extracts were then treated with potassium
permanganate to oxidize the excess progesterone. Plasma assays
were performed using a polyclonal anti-allopregnanolone anti-
body supplied by Dr R.H. Purdy (Department of Psychiatry,
Veterans Administration Hospital, San Diego, CA, USA). All the
brain assays of allopregnanolone were performed using an egg-
yolk polyclonal anti-allopregnanolone antibody supplied by
Agrisera (Vannas, Sweden) and raised against the same antigen
(3α-hydroxy-20-oxo-5α-pregnan-11-yl carboxymethyl ether)
coupled with bovine serum albumin.30 The Agrisera antibody
had previously been validated against the Purdy antibody for use
following steroid extraction.31 The average extraction recovery
was 53.4± 1.4% for plasma samples, with an intra-assay coeffi-
cient of variance of 15.6%. Brain extractions had 60.3± 1.3%
average recovery and an intra-assay coefficient of 8.1%. Owing to
the large amount of brain tissue required to perform the steroid
extraction, only the brains (one hemisphere) of five animals per
group (two to three of each sex) could be quantified, and thus
brain allopregnanolone data are not split by sex.

Plasma progesterone and cortisol concentrations were
assayed in neonatal guinea pig plasma, collected at the termi-
nation of the experiments, by EIA carried out by Hunter Area
Pathology Service (John Hunter Hospital, Newcastle, NSW,
Australia) using the Beckman Coulter UniCel Dx1800 Access
Immunoassay system. The intra-assay coefficients of variance
were 7.9% for progesterone and 4.3% for cortisol assays.

Immunoblot analysis

Frozen cerebellum tissue was crushed and the proteins
were extracted in protein extraction buffer (50 mM Tris
HCl, 150 mM NaCl, 1% Nonidet P-40, 0.5% Sodium
deoxycholate, 0.1% sodium dodecyl sulfate with protease
and phosphatase inhibitors). Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis was performed using
Novex 12% Bis/Tris gels (Invitrogen), followed by western
transfer to polyvinylidene fluoride membranes. Expressions of
oligodendrocyte transcription factor 2 (OLIG2, a marker of
oligodendrocytes at all stages of their lineage)32 and platelet-
derived growth factor receptor-α (PDGFRα), a marker of
oligodendrocyte progenitor cells) were determined in the
cerebellar protein extract by immunodetection with polyclonal
primary antibodies (OLIG2, AB9610, Millipore; PDGFRα,
AF1062, R&D Systems) and detected using horseradish
peroxidase (HRP)-conjugated secondary antibody (anti rabbit
polyclonal, RPN1004; GE Healthcare and anti-goat

polyclonal, P0449; DakoCytomation, respectively) and
chemiluminescence, quantified usingMultigauge v2.4 software
(Fuji), normalized to β-actin and internal controls.

Immunohistochemistry

Immunohistochemistry was performed on cerebellar sections
from formalin-fixed, paraffin-embedded brains. Sections (8 μm)
cut using a rotary microtome were de-waxed, antigen retrieval was
carried out using RevealIt Solutions (ImmunoSolution Pty Ltd)
and the sections were incubated in primary antibody overnight
(Calbindin, ab9481, Abcam; MBP, M9434, Sigma-Aldrich;
PLP, MAB388, Millipore). Sections were subsequently incu-
bated in biotinylated secondary antibodies, streptavidin–biotin–
HRP complex (RPN1051V; Amersham), and immunostaining
was detected using diaminobenzidine tetrahydrochloride chro-
magen. Myelin basic protein (MBP) and proteolipid protein
(PLP) immunostaining (for the quantification of mature, myelin-
producing oligodendrocytes and axonal myelination) were
quantified in lobules VIII and X of the cerebellum; these lobules
were chosen because of the time (lobule X early; lobule VIII late)
of their major development and maturation during gestation.33

The area of positive staining was analyzed using ImageJ software
for three fields of view per region, on two serial sections per
animal, at 40× magnification. Purkinje cells in mid-sagittal cer-
ebellar sections were stained for calbindin for morphometric
analysis and cell counting in lobules VIII and X. In captured
images taken from lobules VIII and X (photomicrographs at
20× magnification taken from two serial sections), Purkinje cells
were counted manually, and the length of the Purkinje cell layer
was measured using ImageJ software to determine overall number
and linear density (cells/mm) of cells within the Purkinje cell
layer. The soma area of Purkinje cells (with a clearly defined cell
body) and the cell perimeter (six cells per animal) were also
calculated using ImageJ software analysis on photomicrographs at
40× magnification. Photomicrographs were coded and
researchers were blinded to treatment groups until the analysis
was completed.

Statistical analyses

All data are presented as the mean ± S.E.M. for each treatment
group. Normal distribution was assessed by the Q-Q plot, and
data were log or square root transformed if necessary. In order
to identify sex differences, data were first analyzed using
two-way ANOVA by neonatal sex and treatment group. Post-
hoc Bonferroni analysis was then performed when P< 0.05 by
two-way ANOVA. Where data were not normally distributed,
non-parametric Kruskal–Wallis analysis was performed with
post-hoc multiple comparison using Dunn’s test. Salivary pro-
gesterone and neonatal scoring data were analyzed by repeated
measures two-way ANOVA. Survival data were analyzed using
Fisher’s exact test. P< 0.05 was considered statistically
significant and indicated on graphs by asterisks. All the analyses
were performed using Prism v6.0f for Mac OSX (GraphPad
Software Inc., La Jolla, CA, USA).
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Results

Survival, physical characteristics and wellbeing scoring

There were 3.31± 0.17 pups/litter with 1.32 males for every
female pup. Of all the neonates delivered preterm in this study,
56.8% of the vehicle-treated and 47.6% of the progesterone-
treated neonates survived until postmortem age at PND8.
Overall survival of male neonates was 45.7% (52.4%, vehicle-
treated; 40%, progesterone-treated), and for female neonates it
was 60.6% (62.5%, vehicle-treated; 58.8%, progesterone-trea-
ted). Of the offspring that did not survive, the period of greatest
loss was the immediate neonatal period, the first 8 h after birth,
due to respiratory failure. Neonates showing signs of respiratory
distress during this period were administered further CPAP.
There was no difference between the number of male and female
pups who required further CPAP, nor in the duration of this
respiratory aid. There were no significant differences in survival
rates between preterm male and female neonates or between
vehicle- and progesterone-treated groups. All term neonates sur-
vived the postnatal period.

The mean body weights and organ weights for term, preterm
neonates at TEA and progesterone-treated neonates at TEA are
presented in Table 1. The relative weight loss was similar from
delivery to postmortem (% weight change) for all the groups.
As expected, placental weight at birth as well as the body, brain
and kidney weights at postmortem were significantly lower in
preterm neonates compared with neonates delivered at term
(P< 0.05). These differences were also present when data were
analyzed by sex. When brain and kidney weights were assessed
as a ratio to body weight, however, no differences were found
except in the female TEA neonates who demonstrated sig-
nificantly higher brain:body weight ratio compared with female

neonates born at term. There were no differences in body,
organ weights or ratios at TEA between the preterm groups that
received the vehicle or progesterone treatment. Liver weights
were not different between groups, but for progesterone-treated
preterm males liver weight was lower at TEA compared with
term male neonates. No differences were identified in male
body:liver weight ratio; however, female TEA neonates exhib-
ited higher body:liver weight ratio compared with term female
neonates. Brain-to-liver ratio was not found to differ between
any of the neonatal groups. Adrenal weight did not differ apart
from progesterone-treated TEA males who had greater adrenal
weight and adrenal:body ratio than the other male groups.
Although vehicle-treated preterm female neonates had sig-
nificantly lower birth weights compared with term females, the
progesterone-treated female preterm neonates that survived the
postnatal period had birth weights that did not differ from
female neonates delivered at term (P = 0.063).
The average daily wellbeing scores (1 being very poor, 12

being excellent) are presented in Fig. 1. As expected, term
neonates received higher scores than neonates delivered pre-
term, whose scores remained low until postnatal day 4. There
were no differences in average daily scores between female
vehicle- and progesterone-treated preterm neonates at any time
point until TEA. Male progesterone-treated neonates demon-
strated overall lower scores than male vehicle-treated neonates
(P = 0.008). No sex differences were observed.

Salivary progesterone concentrations during the postnatal
period

As expected, neonatal salivary progesterone concentrations
were markedly higher in the progesterone-treated group

Table 1. Physical characteristics of term, vehicle-treated preterm (TEA) and progesterone-treated preterm (TEA+ Prog) neonates at term-equivalent age

Male Female

Term (n = 6) TEA (n = 5) TEA+ Prog (n = 5) Term (n = 6) TEA (n = 5) TEA+ Prog (n = 5)

Birth weight (g) 86.21 ± 4.17 69.95 ± 9.05* 65.76 ± 2.83* 88.76 ± 3.33 66.18 ± 4.58* 72.19 ± 2.53
PM weight (g) 80.70 ± 3.99 66.3 ± 3.32* 62.23 ± 3.81* 85.16 ± 3.50 63.28 ± 3.45* 65.31 ± 4.05*
% change body weight − 6.73 ± 1.4 − 4.61 ±3.7 − 5.34 ± 4.3 − 4.13 ± 1.1 − 3.66 ± 4.2 − 9.67 ± 3.6
Placental weight (g) 3.85 ± 0.30 2.16 ± 0.51* 1.25 ± 0.10* 4.06 ± 0.22 1.70 ± 0.61* 1.67 ± 0.49*
Brain weight (g) 2.31 ± 0.04 2.05 ± 0.07* 2.06 ± 0.07* 2.301 ± 0.04 2.08 ± 0.06* 2.09 ± 0.05*
Brain:body weight (%) 2.92 ± 0.12 3.12 ± 0.09 3.34 ± 0.20 2.74 ± 0.11 3.33 ± 0.13* 3.24 ± 0.15*
Liver weight (g) 3.69 ± 0.26 3.00 ± 0.20 2.80 ± 0.20* 3.59 ± 0.21 3.09 ± 0.25 3.03 ± 0.19
Liver:body weight (%) 4.54 ± 0.19 4.41 ± 0.16 4.49 ± 0.08 4.20 ± 0.13 4.87 ± 0.23* 4.63 ± 0.09
Kidney weight (g) 0.903 ± 0.05 0.513 ± 0.17* 0.379 ± 0.04* 0.967 ± 0.04 0.562 ± 0.16* 0.522 ± 0.10*
Kidney:body weight (%) 1.08 ± 0.04 0.74 ± 0.24 0.60 ± 0.03 1.08 ± 0.02 0.88 ± 0.23 0.82 ± 0.18
Adrenal weight (g) 0.0311 ± 0.0034 0.0352 ± 0.0015 0.0528 ± 0.0148* 0.0379 ± 0.0016 0.0363 ± 0.0030 0.0318 ± 0.0029
Adrenal:body weight (%) 0.040 ± 0.005 0.052 ± 0.003 0.084 ± 0.022*+ 0.043 ± 0.003 0.057 ± 0.003 0.048 ± 0.004
BLR 0.655 ± 0.043 0.717 ± 0.041 0.745 ± 0.046 0.659 ± 0.031 0.688 ± 0.05 0.702 ± 0.035

BLR, brain-to-liver ratio; PM, postmortem; TEA, preterm born, vehicle-treated neonates at term-equivalent age (PND8); TEA+ Prog, preterm
born, progesterone-treated neonates at term-equivalent age; term, term born neonates.
*P< 0.05 compared with term neonates within sexes.
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compared with the vehicle-treated neonates during the post-
natal period (Fig. 2a). However, when pooled daily salivary
progesterone concentrations were assessed, a significant differ-
ence was only found on postnatal day 3 and 6 in the male
neonates and on postnatal day 1 in the female neonates. Sali-
vary progesterone concentrations at term were lower at delivery
and throughout the following 24-h period compared with both
preterm groups (P< 0.05) in both sexes. When preterm neo-
natal salivary progesterone concentrations were assessed based
on the time of collection (8 am, 4 pm and 12 am), male
progesterone-treated neonates demonstrated higher salivary
progesterone concentrations at all time points (P< 0.01,
P< 0.05 and P< 0.01, respectively; average PND1–8 values;
Fig. 2b), whereas female progesterone-treated neonates
demonstrated higher salivary progesterone concentrations at 4
pm (P< 0.05). Interestingly, although salivary progesterone
was always low for the vehicle-treated preterm group at TEA,
there were time-related differences in progesterone concentra-
tions with significantly higher concentrations present at 4 pm
compared with 8 am (P< 0.05) in the female neonates. In
addition, a reduction in progesterone concentrations was found
between 4 pm and 12 am in the progesterone-treated female
neonates (P< 0.05).

Plasma steroid concentrations

Plasma progesterone concentrations in the progesterone-
treated male neonates were significantly elevated compared
with term and vehicle-treated preterm neonates (P< 0.01 and
P< 0.001, respectively, Fig. 3a), but no such differences were
identified in female neonates, suggesting rapid breakdown of
progesterone in the circulation. Plasma allopregnanolone con-
centrations (Fig. 3b) were not different between male term or

preterm (both vehicle-treated and progesterone-treated) neo-
nates. However, in the preterm female neonates, progesterone
treatment resulted in markedly higher plasma allopregnanolone
concentrations at TEA (P< 0.01) compared with term neo-
nates. Circulating cortisol concentrations were found to be
significantly higher in the progesterone-treated male neonates
than in the vehicle-treated neonates at TEA (P< 0.05; Fig. 3c).
There were no differences in circulating cortisol concentrations
between the female neonates.

Brain allopregnanolone concentrations

Brain allopregnanolone concentrations were significantly
higher in the progesterone-treated neonates compared with
vehicle-treated neonates at TEA (P< 0.05; Fig. 4). Despite a
trend for allopregnanolone concentrations to be lower in the
brain of vehicle-treated preterm neonates at TEA compared
with the full-term brain, this difference was not significant.

Purkinje cell morphology

There were no differences in the cell number or linear density
of Purkinje cells in lobules VIII or X between any of the groups
(data not shown). In lobule X only, Purkinje cell area and
perimeter were significantly reduced in the preterm cerebellum
of both vehicle- and progesterone-treated neonates at TEA
compared with the term cerebellum (P< 0.05; Fig. 5).

Myelination and oligodendrocytes

MBP expression in lobule X was lower in progesterone-treated
preterm male neonates compared with term male neonates
(P< 0.05; Fig. 6a and 6c). Despite a trend for lower MBP
expression in lobule VIII in vehicle- and progesterone-treated
male neonates compared with term neonates, no statistical
significance was identified (P = 0.07 and 0.07, respectively,
Fig. 6b). As for MBP, PLP area coverage was lower in lobule X
in progesterone-treated preterm male neonates compared with
term male neonates (P< 0.01; Fig. 7a and 7c). PLP expression
in lobule VIII of progesterone-treated preterm male neonates
tended to be lower, although again no statistical significance
was found (P = 0.08 and P = 0.14, respectively; Fig. 7b). No
differences in MBP or PLP expressions were seen in the cere-
bella of female neonates from any birth or treatment group nor
between the male vehicle- or progesterone-treated preterm
neonates.
OLIG2 protein expression was significantly lower in the

cerebellum of both vehicle- and progesterone-treated preterm
male neonates compared with male term neonates (Fig. 8;
P< 0.01). PDGFRα protein expression was significantly lower
in progesterone-treated preterm male neonates compared with
term male neonates (Fig. 9, P< 0.05). The trend for lower
expression in vehicle-treated preterm male cerebella compared
with term males did not reach statistical significance
(P = 0.07). No differences in cerebellar OLIG2 or PDGFRα
protein expressions were found between female neonates.

Fig. 1. Mean daily condition scores in term (open; postnatal day 1),
vehicle-treated preterm [term-equivalent age (TEA), black] and
progesterone-treated preterm neonates (TEA+ Prog, gray) at TEA
(male, diamond; female, circle symbols). Neonates were scored on a
4 hourly basis on respiration, activity and posture, with a maximum
score of 12 indicating very good condition. Preterm neonatal scores
were lower than term neonatal scores and increased significantly over
the postnatal period (P< 0.05). Progesterone-treated TEA males had
lower scores than vehicle-treated TEA male neonates (P = 0.008).
Each point represents daily group mean ± S.E.M.
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Discussion

A key finding of this study was the ability of progesterone
treatment to raise allopregnanolone concentrations in the
neonatal brain. The dose of progesterone used raised salivary

progesterone levels throughout the postnatal period until TEA,
and the results suggest that this dose also increased allo-
pregnanolone synthesis in the brain. However, the elevation of
plasma progesterone in the treated preterm males, but not
females, at the time of postmortem, suggests that there are

Fig. 2. Mean daily salivary progesterone concentrations (a) in term (open), vehicle-treated preterm [term-equivalent age (TEA), black] and progesterone-
treated preterm (TEA+Prog, gray) neonates at TEA (2aii, male, diamond; 2aiii, female, circle symbols). Preterm neonates were studied until TEA
(postnatal day 8). The mean salivary progesterone concentrations over the postnatal period (b) were significantly elevated at each of the three sampling
times in TEA+Prog (gray) compared with TEA (black) neonates. Each bar/symbol represents mean± S.E.M. *P<0.05 between TEA and TEA+Prog
groups. Letters indicate significant difference between samples within the vehicle-treated or the progesterone-treated preterm groups (P<0.05).
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significant differences in progesterone metabolism between the
sexes. This suggestion of a fundamental sex difference in steroid
metabolism was also supported by the increased plasma cortisol

concentrations in the progesterone-treated male neonates
compared with vehicle-treated males and increased plasma
allopregnanolone concentrations in the preterm female
neonates compared with term female neonates. The elevated
circulating cortisol concentrations observed in progesterone-
treated preterm male neonates may have some negative effects
on neurodevelopment, similar to those produced by chronic
stress, reversing the neuroprotective benefits conferred by
progesterone or its metabolites such as allopregnanolone.34 In
support of this contention, we found that expression of markers
spanning the whole oligodendroctye lineage remained mark-
edly lower in the cerebellum of pretermmales at TEA following
progesterone treatment. Oligodendroctye markers in the
vehicle-treated TEA neonates, although appearing lower, were
not statistically different, suggesting that the increased circu-
lating cortisol in the progesterone-treated neonates could be
perturbing myelination. A study in rat neonates found that
cortisol treatment caused a significant reduction in the amount
of myelin and the number of myelinated axons (but not total
number of axons).35 These investigators found no evidence of
myelin debris or degeneration of myelin sheaths, suggesting
that cortisol blocked the formation of myelin rather than
causing degeneration. Our data demonstrate a reduction in all
oligodendrocyte markers measured in the male preterm
progesterone-treated cerebellum, further supporting the role of
cortisol in preventing myelination.
The male vehicle-treated TEA neonates demonstrated

delayed cerebellar development, with lower expression of the
oligodendroctye markers, although only OLIG2 expression was
statistically lower, and smaller Purkinje cells. Interestingly,
unlike male TEA neonates, female neonates at TEA had greater
brain:body weight ratio than term neonates, suggesting
different ex utero growth. This brain sparing fits with clinical
data in pregnancy, suggesting that female fetuses are able to
alter their growth and protect their brain when faced with
adverse conditions.36 There was no difference in

Fig. 3. Circulating progesterone (a), allopregnanolone (b) and
cortisol (c) concentrations in term (open bars), vehicle-treated
preterm [term-equivalent age (TEA), black bars] and progesterone-
treated preterm (TEA+ Prog, gray bars) male and female neonates at
term-equivalent age. *P< 0.05.

Fig. 4. Brain allopregnanolone concentrations for term (open bars,
n = 6), vehicle-treated preterm [term-equivalent age (TEA), black
bars, n = 6) and progesterone-treated preterm (TEA+ Prog, gray
bars, n = 6) neonates at term-equivalent age. *P< 0.05.
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oligodendrocyte expression in the cerebellum of preterm female
neonates compared with term born females at TEA, indicating
a difference in ‘catch up’ development between the sexes and
which is consistent with clinical findings that preterm male
neonates have poorer outcomes.37 Further investigation is

required to assess this developmental sexual dimorphism,
including the examination of cell proliferation, apoptosis and
astrocyte and microglial influence on myelination.
We have previously reported that treatment of preterm guinea

pigs over 24 h with progesterone, as used in this study, markedly

Fig. 5. Average Purkinje cell perimeter (a), area (b) and representative images in lobule X (c) of the cerebellum in term (n = 6, open bars, i ),
vehicle-treated preterm [n = 6, term-equivalent age (TEA), black bars, ii ] and progesterone-treated preterm (n = 6, TEA+ Prog, gray bars,
iii ) male and female neonates at term-equivalent age. Scale bar = 100 μM; *P< 0.05.

Fig. 6. Myelin basic protein (MBP) expression in the cerebellum of term (open bars, i ), vehicle-treated preterm [term-equivalent age (TEA),
black bars, ii ] and progesterone-treated preterm (TEA+ Prog, gray bars, iii ) neonates at term-equivalent age. Average MBP area coverage is
shown in male and female neonates in lobule X (a) and VIII (b) and representative images (c) of lobule X cerebellum of male neonates. Scale
bar = 100 μM; *P< 0.05.
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Fig. 7. Proteolipid protein (PLP) expression in the cerebellum of term (open bars, i ), vehicle-treated preterm [term-equivalent age (TEA),
black bars, ii ] and progesterone-treated preterm (TEA+ Prog, gray bars, iii ) neonates at term-equivalent age. Average PLP area coverage is
shown in male and female neonates in lobule X (a) and VIII (b) and representative images (c) of lobule X cerebellum of male neonates. Scale
bar = 100 μM; *P< 0.05.

Fig. 8. Oligodendroctye transcription factor 2 (OLIG2) expression
in the cerebellum of term (open bars), vehicle-treated preterm [term-
equivalent age (TEA), black bars] and progesterone-treated preterm
(TEA+ Prog, gray bars) neonates at term-equivalent age. Average
OLIG2 expression in male and female neonates (a) and
representative male OLIG2 and β actin western blots (b). IC,
internal control. *P< 0.05.

Fig. 9. Platelet-derived growth factor receptor-α (PDGFRα)
expression in the cerebellum of term (open bars), vehicle-treated
preterm [term-equivalent age (TEA), black bars] and progesterone-
treated preterm (TEA+ Prog, gray bars) neonates at term-equivalent
age. Average PDGFRα expression in male and female neonates (a)
and representative male PDGFRα and β actin western blots (b). IC,
internal control. *P<0.05.
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increased both plasma and brain allopregnanolone levels.19

The increase of allopregnanolone 24 h after progesterone
treatment18 was larger than those seen in the present study, sug-
gesting that more prolonged progesterone treatment induces
other changes in progesterone metabolism, reducing the amount
of allopregnanolone that can be produced. Evidence for induc-
tion of alternative metabolic pathways with chronic treatment is
suggested by the increased cortisol production in male neonates;
elevated levels of progesterone and metabolites may render
redundant (i.e., bypass) the rate-limiting step of cholesterol
availability for steroid synthesis by mitochondrial and 11-βHSD
activities.38 These findings are also consistent with lower plasma
levels of progesterone that were achieved in the present study with
longer exposure.19 The finding that increased cortisol was only
observed in progesterone-treated males is noteworthy. Although
plasma cortisol levels in the females were already somewhat higher
than in the males, the greater stress arising from preterm birth
that typically occurs in males37 may have induced the sympatho-
adrenal pathways for cortisol production in the early postnatal
period, with the consequence of greater conversion of progester-
one metabolites to cortisol. Thus, preterm birth in females may
allow more allopregnanolone to be produced, whereas cortisol
production is increased in males.

As the postnatal period is important for cerebellar develop-
ment,39 the immaturity or abnormal development of this neu-
rosteroid endocrine system may explain some of the postnatal
morbidity associated with preterm birth. Models of
in utero asphyxia in fetal sheep have demonstrated the vulner-
ability of the immature cerebellum, with lipid peroxidation pro-
ducts and pyknosis increased in Purkinje cells and other regions
of the cerebellum as soon as 24 h after the asphyxial (umbilical
cord occlusion) event.40 Clinical studies have also identified the
vulnerability of the immature preterm cerebellum in the ex utero
environment.11,13 In the present study, somal area and perimeters
of the Purkinje cells in lobule X were reduced in both preterm
groups compared with the neonates born at term, suggesting an
effect of postnatal development on Purkinje cell growth and
development in the preterm guinea pig, with no ‘catch up’
growth by TEA. As somal size has been correlated with dendritic
arborisation in Purkinje cells and other neurons,41–43 the reduc-
tion in somal size observed in the present study may have
important implications on cerebellar function and signaling. The
delay in Purkinje cell development following preterm birth may
also be significant for postnatal neuroactive steroidogenesis, as the
Purkinje cell is an important site of progesterone and allo-
pregnanolone synthesis.25,44,45 The contribution of altered cere-
bellar development in the etiology of lifelong cognitive and
sensorimotor deficits is also gainingmore clinical attention.46 The
cerebellum has traditionally been reported to process sensory data
and regulate motor movements with lobule X having roles in
balance and gait (the execution of motor activity to maintain and
adjust body posture) and stabilization of the eye on a moving
object.47 There is increasing recognition that the cerebellum
contributes to cognitive processing and emotional control in
addition to its role in motor co-ordination; however, further

exploration of cerebellar function and structure in this area is
required.8 The development of the myelin sheath enables the
rapid and synchronized information transfer required for co-
ordinated movement, decision-making and other higher order
cognitive, behavioral and emotive functions; therefore any delay
or perturbation of myelination can have detrimental functional
outcomes.48 Further functional assessment of the male TEA and
TEA+Prog neonates is required to assess any balance, gait and
possible cognitive deficits.
Studies in slice cultures of the neonatal rat cerebellum have

shown increases in MBP expression mediated by both proges-
terone and allopregnanolone signaling at the progesterone
receptor and GABAA receptor, respectively.49 However, this
was not confirmed by the present in vivo study of the preterm
cerebellum at TEA. The marked rise in plasma cortisol in male
neonates following 8 days of postnatal progesterone therapy
raises the possibility that exposure to chronically elevated
cortisol may have had a negative impact on the ability of the
developing cerebellum to respond to such progesterone
treatment, although the increased cortisol levels were not suf-
ficient to impact on neonatal growth (weight) or other indixes
of neonatal wellbeing. Exogenous glucocorticoid treatment and
increases in perinatal cortisol concentrations have been asso-
ciated with altered stress responses, neurobehavioral changes,
programming of the HPA axis and increased risk for metabolic
diseases in later life.50 In addition, exposure of guinea pig
fetuses to prenatal maternal stress, when endogenous gluco-
corticoid secretion is significantly increased, is associated with
reduced myelination and reduced transfer of neuroactive
steroids to the fetal brain.51 Although we cannot exclude a
direct action of progesterone in addition to an effect of cortisol,
this seems less likely, as effects were restricted to males, whereas
progesterone was elevated in both sexes.
Progesterone rather than allopregnanolone was selected for

postnatal treatment due to its apparent safety profile and wide-
spread use, even at high doses, in clinical practice.52 The rationale
was that the treatment with progesterone would provide the
substrate for augmentation of allopregnanolone synthesis over the
time normally covered by placental production of progesterone,
and which is lost in the event of preterm birth. Furthermore,
earlier studies about potential benefits of progesterone and estra-
diol replacement in preterm infants have provided promising
findings with respect to neonatal respiratory function,53 bone
mineralization54 and neurodevelopmental outcomes.55 Impor-
tantly, no adverse effects were identified in these trials of postnatal
steroid replacement therapy, although effects on cerebellar and
brain development in general have not been investigated. The
present findings, although supporting a role for progesterone
therapy inmaintaining neurosteroid synthesis after preterm birth,
highlights the potential for negative wide-reaching endocrine
effects in the male preterm neonates following progesterone
treatment. Therefore, the use of progesterone in some high-risk
pregnancies may have significant, and sex-dependent, adverse
effects on neuroactive and adrenal steroid concentrations in the
perinatal brain.
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The findings of this study suggest that chronic progesterone
treatment in early postnatal life, although raising neurosteroid
levels toward gestation levels, may affect other steroidogenic
pathways. The evaluation of a less metabolizable allopregna-
nolone analog may have greater efficacy in replacing allo-
pregnanolone action and promoting development compared
with progesterone, and such strategies following preterm birth
warrant investigation.
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