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Background: Preterm birth can lead to brain injury and currently there are no targeted
therapies to promote postnatal brain development and protect these vulnerable neonates.
We have previously shown that the neurosteroid-analogue ganaxolone promotes white
matter development and improves behavioural outcomes in male juvenile guinea pigs born
preterm. Adverse side effects in this previous study necessitated this current follow-up
dosing study, where a focus was placed upon physical wellbeing during the treatment
administration and markers of neurodevelopment at the completion of the treatment
period.

Methods: Time-mated guinea pigs delivered preterm (d62) by induction of labour or
spontaneously at term (d69). Preterm pups were randomized to receive no treatment
(Prem-CON) or ganaxolone at one of three doses [0.5 mg/kg ganaxolone (low dose; LOW-
GNX), 1.0 mg/kg ganaxolone (mid dose; MID-GNX), or 2.5 mg/kg ganaxolone (high dose;
HIGH-GNX) in vehicle (45% β-cyclodextrin)] daily until term equivalence age. Physical
parameters including weight gain, ponderal index, supplemental feeding, and wellbeing (a
score based on respiration, activity, and posture) were recorded throughout the preterm
period. At term equivalence, brain tissue was collected, and analysis of hippocampal
neurodevelopment was undertaken by immunohistochemistry and RT-PCR.

Results: Low and mid dose ganaxolone had some impacts on early weight gain,
supplemental feeding, and wellbeing, whereas high dose ganaxolone significantly
affected all physical parameters for multiple days during the postnatal period when
compared to the preterm control neonates. Deficits in the preterm hippocampus were
identified using neurodevelopmental markers including mRNA expression of
oligodendrocyte lineage cells (CSPG4, MBP), neuronal growth (INA, VEGFA), and the
GABAergic/glutamatergic system (SLC32A1, SLC1A2, GRIN1, GRIN2C, DLG4). These
deficits were not affected by ganaxolone at the doses used at the equivalent of
normal term.
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Conclusion: This is the first study to investigate the effects of a range of doses of
ganaxolone to improve preterm brain development. We found that of the three doses, only
the highest dose of ganaxolone (2.5 mg/kg) impaired key indicators of physical health and
wellbeing over extended periods of time. Whilst it may be too early to see improvements in
markers of neurodevelopment, further long-term study utilising the lower doses are
warranted to assess functional outcomes at ages when preterm birth associated
behavioural disorders are observed.
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INTRODUCTION

Despite significant efforts, preterm birth in Australia and other
resource-rich nations continues to impact around 8–10% of
newborns, with even higher rates reported in resource-limited
settings. With increased survival into childhood and adult life, the
adverse impact of preterm-associated brain injury has become
increasingly clear yet there are no targeted postnatal therapies to
either mitigate or prevent its occurrence (Beck et al., 2010; Singh
et al., 2013; Morris et al., 2020). Compared to their term-born
peers, children born preterm are at an increased risk of
developing behavioural disorders such as anxiety and attention
deficit hyperactivity disorder (ADHD), in addition to reduced
academic attainment at school (Chyi et al., 2008; Lindström et al.,
2011; Peralta-Carcelen et al., 2018). It is well established that
deficits in white matter microstructure are a leading contributor
to the development of these neurodevelopmental disorders, with
evidence emerging to suggest that an imbalance between the
inhibitory GABAergic and excitatory glutamatergic pathways
plays a key role (Caldinelli et al., 2017; Vollmer et al., 2017;
Shaw et al., 2020). Importantly, an integral trophic mechanism of
in utero neurodevelopment is the GABAergic neurosteroid,
allopregnanolone (3α-hydroxy, 5α-pregnane-20-one) (Hirst
et al., 2014). Allopregnanolone is synthesised from placentally-
derived progesterone, either within the placenta itself, or within
the fetal brain. As such, it is found in very high concentrations in
the fetal plasma and brain compared to concentrations in the
neonate (Bičı´ková et al., 2002; Kelleher et al., 2013). By acting on
GABAA receptors throughout the fetal brain, allopregnanolone
promotes the fetal ‘sleep-like’ state by increasing GABAergic
inhibitory tone (Nicol et al., 2001). Furthermore,
allopregnanolone also promotes the maturation of immature
oligodendrocytes and the production of myelin by mature
oligodendrocytes (Ghoumari et al., 2003; Shaw et al., 2021).

Preterm birth leads to a loss of placentally derived
progesterone. As progesterone and other neurosteroids are not
exogenously provided to the preterm neonate, the preterm brain
must continue on its trajectory of development and maturation
without the presence of trophic factors that are key for optimal
brain development in a fetus of equivalent post conceptional age.
Thus, we propose that following preterm birth, postnatal
restoration of allopregnanolone warrants investigation as a
novel strategy to protect and optimise neonatal brain
development in this high-risk group. However, the
administration of allopregnanolone itself comes with some

difficulty due to its very short half-life (~2 h in adult humans),
and its potential to be metabolised into other steroids such as its
immediate precursor (5α-dihydroprogesterone) which has very
low affinity for the GABAA receptor, or isopregnanolone which is
a potent GABAA receptor antagonist (Mellon and Griffin, 2002;
Timby et al., 2006; Bengtsson et al., 2015). Ganaxolone, as a
synthetic, longer-acting analogue of allopregnanolone, may
enable the neuroprotective actions of allopregnanolone to be
achieved without the complication of steroid metabolism side-
effects.

Ganaxolone is a β-methylated analogue of allopregnanolone
with similar binding affinity for GABAA receptors as
allopregnanolone. It has the advantages of a methyl group
which prevents metabolism into other active steroids and a
much longer half-life of ~12–20 h in adult humans (Carter
et al., 1997). Whilst still under clinical testing, ganaxolone has
shown great promise in neonates as a treatment for various
epilepsy disorders and seizures due to its anti-seizure/anti-
convulsant properties through its action on extrasynaptic
GABAA receptors (Yawno et al., 2017; Bialer et al., 2020;
Lattanzi et al., 2021). In line with these observations,
preclinical rodent studies have focused on seizure models such
as those induced by bicuculline and picrotoxin, where
administration of ganaxolone reduces seizure length and
severity (Yum et al., 2014; Bialer et al., 2020). Additionally,
emergent data from rodent studies highlight how ganaxolone
can reduce anxious, aggressive and, or depressive behaviours in
neuropathological states such as the socially isolated mouse
model of post-traumatic stress disorder (Pinna and
Rasmusson, 2014).

Following extensive in vivo research using ganaxolone for
other applications, the first in vivo assessment of its potential to
reduce preterm-associated brain injury was undertaken by our
group. Between birth and their term equivalent age (‘due date’;
TEA) we administered a dose of 5 mg/kg/day to male guinea pigs
born moderately preterm (d62 of a 69-days gestation; analogous
to a 28–30 weeks gestational age human) (Berry et al., 2015; Shaw
et al., 2019). This dose of ganaxolone was intended to mimic in
utero exposure to allopregnanolone and allow preterm brain
development to continue along the same trajectory as it would
in utero. At 25 days corrected postnatal age (CPNA 25: 25 days
after term ‘due date’ and equivalent to early childhood in
humans) guinea pigs born preterm or at term underwent a
suite of behavioural tests followed by evaluation of white
matter development. Importantly, the hyperactive behavioural
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phenotype observed in the preterm control pups was diminished
in the preterm pups that received neonatal ganaxolone therapy,
shifting them towards a term phenotype. Furthermore,
myelination deficits related to preterm birth in the CA1 region
of the hippocampus and overlying subcortical white matter were
prevented in the group of animals born preterm but treated with
ganaxolone. These results highlight the potential benefits of
short-term restoration of GABAergic action in the preterm
brain such that behavioural state in later life is more aligned
to that of a term-born animal. Crucially, treatment was intended
to mitigate the ‘preterm deficit’ (difference in neurosteroid
availability between a postnatal preterm individual and a fetus
of the same post-conceptional age) and all therapy ceased once
TEA was reached. However, the dose used was derived from that
used to treat neonatal seizures in a sheep model (Yawno et al.,
2017), which resulted in side effects including sedation and
respiratory depression during the treatment period. Therefore,
in the current study we have used three descending doses; 2.5, 1,
and 0.5 mg/kg/day to maximise therapeutic gain free of adverse
dose-related side effects. As in the previous study the treatment
ended at TEA, at which time the current study was completed to
allow for tissue analysis immediately followed the treatment
period. Additionally, we also performed this dosing study in
female neonates to ensure any sex dependent responses to the
treatment were elucidated. Our aim was to identify the
ganaxolone treatment approach that would protect the normal
developmental trajectory of cerebral myelination such that by
TEA minimal differences would be found between preterm and
term-born pups.

METHODS

Unless specified otherwise, all reagents were supplied by Sigma
Aldrich (Castle Hill, Australia).

Animals
Mature breeding Dunkin Hartley female guinea pigs were
obtained from the University of Otago Wellington Biomedical
Research Unit. Guinea pigs were housed indoors under a 12 h
light/dark cycle and supplied with standard guinea pig pellets,
Specialty Feeds (Glen Forrest, Australia), hay, fresh vegetables,
and drinking water supplemented with Vitamin C. Time mated
pregnant sows were randomly allocated to either preterm (n = 18)
or term (n = 10) delivery. Term delivery sows received no further
intervention, with pups (Term; n = 15) delivered spontaneously
and receiving no additional support.

Preterm induction of labour was performed as previously
described (Berry et al., 2015; Shaw et al., 2016; Shaw et al.,
2019). In brief, sows received betamethasone 1 mg/kg
subcutaneously (Celestone Chronodose; Merck, Sharp and
Dohme, Auckland, New Zealand) 48 and 24 h prior to
preterm delivery to accelerate fetal lung maturation and
surfactant production. Aglepristone 10 mg/kg (Provet,
Auckland, New Zealand) was administered subcutaneously
24 h prior to, and on the morning of delivery to inhibit
progesterone-based continuance of pregnancy. Intramuscular

oxytocin 3IU/kg (Provet) was administered to stimulate
uterine contractions 1 h after the second Aglepristone dose
and repeated until all pups and placentas were delivered.

Pups were delivered on d62 of 69-days pregnancy (n = 61; see
Supp Figure 1 for survival) (Berry et al., 2015) and randomly
allocated to standard care only (PREM-CON), vehicle only
(PREM-VEH, 45% β-cyclodextrin), or one of three treatment
groups. Treated preterm-born pups received either 0.5 mg/kg
ganaxolone (low dose; LOW-GNX), 1.0 mg/kg ganaxolone (mid
dose; MID-GNX), or 2.5 mg/kg ganaxolone (high dose; HIGH-
GNX) in vehicle (45% β-cyclodextrin) split over 2 doses, 12 h
apart per day by subcutaneous injection until TEA. Nomore than
2 pups/sex/sow were used in any allocation. There was no
significant difference between the physical parameters for
preterm neonates in the PREM-CON and PREM-VEH groups
(see Supplementary Figure S2), therefore the PREM-VEH group
was not included for further analyses.

Resuscitation and respiratory support of preterm pups
occurred as previously described (Berry et al., 2015; Shaw
et al., 2016; Shaw et al., 2019). Respiratory support was
provided for at least 3 min to all preterm pups by continuous
positive airway pressure (CPAP) support at 5 cm H2O using the
“Neopuff” t-piece infant resuscitator (Fisher & Paykel, Auckland,
New Zealand) with blended oxygen delivered at 5 L/min. All
preterm pups were also given an initial fractional inspired oxygen
concentration of 30% that was titrated to effect. Once stable
respiration was maintained, pups were housed with their mothers
and littermates in a warm humidified human infant incubator
(Dräger 8000 IC; Drägerwerk AG & Co., Lübeck, Germany);
ambient temperature 33°C (titrated down to 28°C by 24 h), and
60% humidity (titrated down to 35% by 12 h).

Preterm pups received 0.2–0.4 ml of Impact guinea pig
colostrum replacement (Wombaroo Food Products, Adelaide,
Australia) orally within the first hour after birth and then every
2 h until 24 h old. Between postnatal days 1–7 the pups were fed
0.5–1.0 ml of Impact guinea pig milk replacement (Wombaroo
Food Products) every 2 h or as needed to supplement
independent suckling. Blood sugar levels were measured by ear
prick 1 h post drug treatment, and standardised assessments of
‘wellbeing’ (see Table 1) scored 2 h post each drug treatment.

Tissue Collection
Preterm neonates were euthanized at term equivalence, and term
neonates within 24 h of birth, by exsanguination under isoflurane,
and organ weights recorded. Each brain was sectioned in the
sagittal plane to separate the hemispheres. Each left hemisphere
was fixed in 4% paraformaldehyde, whilst the right hemisphere
was further dissected and frozen in liquid nitrogen.

Immunohistochemistry
Mature myelinating oligodendrocyte and neuronal nuclei
expression was quantified in the CA1 region of the dorsal
hippocampus and overlying subcortical white matter as
previously described (Shaw et al., 2016; Shaw et al., 2019) by
immunohistochemistry performed on 8 μm sections of paraffin-
embedded brains cut using a Leica RM2145 Microtome (Leica
Microsystems Pty Ltd, North Ryde, Australia). Briefly, dewaxing
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FIGURE 1 | Fractional weight gain (A,B), ponderal index (C,D), supplemental feeding (E,F), and wellbeing score (G,H)was recorded from birth (days since birth 0)
until term equivalence (postnatal age 7) for male (A,C,E,G) and female (B,D,F,H) preterm neonates receiving high-GNX (downward facing triangle; males n = 6, females
n = 5), mid-GNX (upward facing triangle; males n = 6, females n = 6), and low-GNX (square; males n = 6, females n = 6) and compared to control (circle; males n = 7,
females n = 7) preterm neonates. Data presented as means ± SEM with * indicating significance at p < 0.05.
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and rehydrating of tissue sections were performed by xylene and
ethanol incubations, antigen retrieval was performed by
incubation in citrate buffer (pH 6.0) at 90–95°C for 25 min
and cooling for a further 15 min. Blocking for endogenous
peroxidases occurred in phosphate buffered saline (PBS)
containing 3% hydrogen peroxide for 20 min, and for non-
specific staining in a goat serum block (2% goat serum, 0.4%
BSA, 0.3% TritonX in PBS) for 1 h. Incubation in primary
antibodies at 1:1,000 dilution [myelin basic protein (MBP)
M9434; neuronal nuclei (NeuN) MAB377 Millipore] was
performed overnight, and incubation in secondary antibodies
at 1:300 dilution (biotinylated anti-rat IgG B7139; biotinylated
anti-mouse IgG B6649) for 1 h before tertiary incubation in
streptavidin-biotin-horseradish peroxidase complex (ab7403
Abcam) at 1:400 dilution for 1 h. All incubations
took place at room temperature unless specified. Incubation in

3,3’-diaminobenzidine tetrahydrochloride solution (Metal
Enhanced DAB Substrate Kit; ThermoFisher Scientific,
Scoresby, Australia) revealed immunolabelling.

Stained slides were digitally imaged using the Aperio imaging
system (Leica Biosystems, North Ryde, Australia). ImageJ v1.51
(National Institutes of Health, Bethesda, Maryland) was used to
calculate percent area coverage by conversion to grayscale and
then binary, and manually adjusting threshold based on the
original stained image. Overall average of staining was
calculated by taking the average of four images captured from
two consecutive sections per animal, i.e., a total of eight images/
region/animal.

Real Time PCR
Frozen hippocampal tissue was prepared for PCR as previously
described (Shaw et al., 2016; Shaw et al., 2019; Crombie et al.,

TABLE 1 | Wellbeing scoring.

Score Respiration Posture Movement

1 Gasping only Lying down; severe spasticity of neck and front paws Only when stimulated
2 Gasping with some normal breathing Can sit up, but difficulty holding head up; some spasticity Some spontaneous movement
3 No gasping but irregular or shallow breaths Upright, sitting, can walk but wobbly and uncoordinated Some activity
4 Normal, fast, and regular breaths No spasticity, can stand and walk easily Very active and alert

Scoring for each category was obtained 2 h following drug administration for each neonate each day until term equivalence. Each category was assigned a score from 1–4 (with 1 being the
poorest, and 4 being the optimal score). Scores were then added together to give a total out of 12 for each time point.

TABLE 2 | Guinea pig specific primers for real time PCR.

Gene ID Protein Forward primer Reverse primer Amplicon size (Bp)

ABAT GABA aminotransferase (GABA-T) GGATGTCCCAGCTTGTCACTA TTGCTCCGGTACCACATGAA 85
ACTB Beta Actin (housekeeper) TGCGTTACACCCTTTCTTGACA ACAAAGCCATGCCAATCTCAT 72
CALB1 Calbindin CTGACTGAGATGGCCAGGTTA CCCACACATTTTAACTCCCTGAAA 75
CSPG4 Chondroitin Sulfate Proteoglycan 4 (NG2) CTCCTCACCACCACCCTCAA ACTCTTCAGCACAGCCCTCA 79
DLG4 Postsynaptic density protein 95 (PSD-95) TATTCCCAGCACCTGGACAA TCATGGCTGTGGGGTAATCA 70
GABRA1 GABAA Receptor Subunit Alpha 1 CTCAAGCCCGCAATGAAGAAA TCCAGTCAACGTGCTCAGAA 81
GABRA2 GABAA Receptor Subunit Alpha 2 ACTAGGCCAATCAATTGGGAA TCAAGTGGAAATGAGCTGTCA 80
GABRA3 GABAA Receptor Subunit Alpha 3 TTGGCAGCTATGCCTACACA ACCTCCACAGACTTGTTCTTCC 73
GABRA4 GABAA Receptor Subunit Alpha 4 TGGACAAAGGGTCCTGAGAAA CACTGTTTGCCCAATCAGATCA 84
GABRA5 GABAA Receptor Subunit Alpha 5 TGGTTCATCGCTGTGTGCTA CCCAGCCTCTCTTCGTGAAATA 85
GABRD GABAA Receptor Subunit Delta ATGCTGGACCTGGAAAGCTA GGATCTGCTCCTGGTTCTCA 76
GABRG2 GABAA Receptor Subunit Gamma 2 AGGCAGATGCCCATTGGATA TGTAGAGCACTCTGCCATCA 72
GAD1 (67) Glutamate Decarboxylase 1 (67 kDa) AGCTCGCTACAAGTACTTCCC TGTGTTCTGAGGTGAAGAGGAC 83
GAD2 Glutamate Decarboxylase 2 GGCGCCATCTCCAACATGTA TGCCCTTCTCCTTGACCTCA 73
GLS1 Glutaminase CACGTTGGTCTTCCTGCAAA GCACATCATGCCCATGACA 78
GRIN1 Glutamate Ionotropic Receptor 1 (GluN1) AGAGCATCCACTTGAGCTTCC TACACGCGCATCATCTCGAA 82
GRIN2C Glutamate Ionotropic Receptor 2C (GluN2C) ATGCACACCCACATGGTCAA CGTCCAGCTTCCCCATCTTAA 79
INA Alpha-internexin ACAAGATCATCCGCACCAAC GTGCACCTTTTCGATGAACAC 80
MBP Myelin Basic Protein ACCTCCTCCGTCTCAAGGAAA GCTCTGCCTCCATAGCCAAA 66
OLIG2 Oligodendrocyte Transcription Factor 2 GCACTCATCCTGGGGACAA CCGACGACGTGGATGATGAA 78
PVALB Parvalbumin AAGGATGGGGACGGCAAA GGGTCCATCAGCTCTGCTTA 77
RBFOX3 RNA Binding Fox-1 Homolog 3 (NeuN) CACAGACAGACAGCCAACCA CGGAAGGGGATGTTGGAGAC 88
SLC1A2 Excitatory amino acid transporter 3 (EAAT3) CACAGTCGTCTCCCTGTTGAA CAGGCCCTTCTTGAGAACCA 76
SLC32A1 Vesicular inhibitory amino acid transporter (vGAT) ACACGACAAGCCCAAGATCA TAGCACGAACATGCCCTGAA 76
SST Somatostatin AAGCAGGAACTGGCCAAGTA TGGGACAAATCTTCAGGTTCCA 92
TBP TATA-binding protein (housekeeper) CAAGCGGTTTGCTGCTGTAA CACCATCTTCCCGGAACTGAA 79
UBE2D2 Ubiquitin Conjugating Enzyme E2 D2 (housekeeper) CAGTGCTGCGTGTTGTACATA TGCTAGGAGGCAATGTTGGTA 76
VEGFA Vascular endothelial growth factor A GGAGAATGTCCCTCCCAGAA GCCTCCCTAGAAGGGACAAA 84
YWHAZ Tyrosine 3-Monooxygenase (housekeeper) GCTTCACAAGCAGAGAGCAA CAGCAACTTCGGCCAAGTAA 76

Primer sequences for detection of genes of interest in the guinea pig hippocampus. Primer sequences are displayed from 5’-3’ for forward and reverse primers.
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2021). Briefly, tissue was homogenised in RLT Plus Buffer
(Qiagen RNeasy Plus Mini Kit, Qiagen Pty Ltd, Chadstone,
Australia) using a Precellys 24 dual-tissue homogenizer (Bertin
Technologies, France). RNA extraction was then performed using
the Qiagen RNeasy Plus Mini Kit (Qiagen) by following the
manufacturers instructions. Synthesis of cDNA was then
performed using the Superscript III Reverse Transcripton Kit
(Invitrogen) on a GeneAmp 9700 PCR machine (Applied
Biosystems, Life Technologies Pty Ltd, Mulgrave, Australia).
cDNA samples were then preamplified on the QuantStudio 6
Flex RT-PCR system (Applied Biosystems) using PreAmpMaster
Mix (Fluidigm, San Francisco, United States), according to
manufacturer’s instructions. Relative mRNA expression
analysis was conducted simultaneously on an integrated fluidic
chip (Fluidigm). The primer master mix for each primer
(0.5 pmol/μl, Fluidigm) and EVAGreen (Bio-Rad Laboratories,
Hercules, United States) was used to detect PCR products of the
genes of interest (Table 2). RT-PCR was then performed using
the Biomark HD system (Fluidigm) and results analysed by RT-
PCR analysis software v4.5.2 (Fluidigm) using the comparative
CT method of analysis normalised to four housekeeping genes
(ACTB, TBP, YWHAZ, UBE2D2).

Statistical Analyses
Statistical analyses were programmed using SAS v9.4 (SAS
Institute, Cary, North Carolina, United States). A priori, p <
0.05 (two-tailed) was used to indicate statistical significance.
Graphs were made using Prism v9.0 (Graphpad Software Inc.,
La Jolla, California) and data presented as adjusted means ± SEM.
For outcomes that were measured over time, the difference
between untreated preterm animals and those receiving LOW-,
MID- and HIGH-GNX was examined with the inclusion of fixed
effects for time and the interaction of treatment and time, and
random intercepts and random slopes for pups nested within
dam. For outcomes that were measured at one time, mixed linear
regression modelling with comparisons made between term and
all preterm groups with random intercepts and random slopes for
the effect of dam included in the model. Assumptions for mixed
linear regression were examined and were deemed appropriate.

RESULTS

Physical Characteristics During Preterm
Period
All pups born preterm were extensively monitored until they
reached term equivalence age (7 days since birth). Key indicators
of health and wellbeing included daily fractional weight gain
(Figures 1A,B), ponderal index as weight (kg)/length (m3)
(Figures 1C,D), daily supplemental feeding volume (Figures
1E,F), and a wellbeing score taken at 2 h post GNX dose or at
the equivalent time for controls (Figures 1G,H). High dose
ganaxolone significantly impaired fractional weight gain for
males compared to preterm control males (postnatal day 2:
p = 0.002; 3: p = 0.005; 4: p = 0.003; 5: p < 0.001; 6: p <
0.001; and 7: p = 0.001). Ganaxolone also impaired fractional
weight gain for female preterm neonates at postnatal day 2 (low T
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p = 0.049; mid p = 0.024; high p < 0.001), 3 (low p = 0.026; high p <
0.001), 4 (high p = 0.012), 5 (high p = 0.016), 6 (high p = 0.016),
and term equivalence (7; high p = 0.016). Ponderal index was
unaffected for females receiving ganaxolone, however males
receiving high dose had a significantly lower ponderal index
than preterm control males at postnatal day 4 (p = 0.044).
Preterm males receiving mid and high dose ganaxolone
required significantly larger volumes of supplemental feeding
at postnatal day 3 (mid p = 0.022; high p = 0.007), whilst
females receiving high dose required significantly more at
postnatal day 1 (p = 0.009) and 2 (p = 0.001). Whilst
wellbeing score was lower for males receiving ganaxolone on
their day of birth (mid p = 0.023; high p = 0.001) and postnatal
day 1 (high p = 0.046), females receiving ganaxolone appeared to
be impacted to a greater degree, achieving lower wellbeing scores
for longer (day of birth: high p = 0.019; postnatal day 1: low p =
0.014; mid p < 0.001; high p < 0.001; 2: mid p = 0.002; high p <
0.001; 3: mid p = 0.015; high p < 0.001; and 4: high p < 0.001)
compared to the control preterm neonates. There were no other
significant differences identified. Adjusted means, SEM and
model p-value for each parameter are available in the
supplemental text.

Body Measurements and Organ Weights at
Term Equivalence
At the time of tissue collection (term equivalence) body and organ
weights (Table 3), in addition to body measurements (Table 4)
were recorded and are displayed below. There was no significant
effect of ganaxolone on body weights for animals born preterm of
either sex when compared to their term-born counterparts.
Similarly, there were also no significant differences identified
for absolute brain, hippocampus, ½ cerebellum, liver, or heart
weights. However, ganaxolone treatment appeared to affect
kidney and adrenal weights for males. Kidneys of preterm
males receiving low (p = 0.001), mid (p = 0.001) and high
(p = 0.004) dose were significantly heavier than those of term
males. Adrenals of preterm males receiving low (p = 0.035), mid
(p = 0.010), and high (p = 0.017) dose were also heavier than term
males. Interestingly, this increase in weight appears to be due to
the vehicle, as the kidneys (males p = 0.0023; females p = 0.032)

and adrenals (males p = 0.012) of vehicle-treated preterm
neonates were significantly heavier than untreated preterm
controls (Supplementary Table S7). There was no significant
difference between male preterm controls and term-born for
either kidney or adrenal weight, or between any of the female
preterm groups. Visceral fat was significantly reduced in all
preterm groups compared to term (males: all p < 0.001;
females: control p = 0.002; low p = 0.002; mid p = 0.002; and
high p < 0.001). Conversely, subcutaneous fat was only lighter for
control preterm males (p = 0.010) and those treated with high
dose ganaxolone (p = 0.047) when compared to male term-born
controls. Body measurements were largely unaffected by timing
of delivery, apart from hock toe length which was significantly
shorter for all pretermmales compared to term (control p = 0.010;
low = 0.023; mid = 0.023; high p = 0.009). There were no other
significant anthropometric differences identified, including
between vehicle-treated and untreated control preterm
neonates (Supplementary Table S7).

Myelination and Neuronal Nuclei Protein
Expression in the Hippocampus and
Subcortical White Matter
Mature myelin (Figure 2) and neuronal nuclei (Figure 3) protein
area coverage was quantified in the CA1 region of the
hippocampus and overlying subcortical white matter by
immunohistochemistry. There were no significant differences
identified between the preterm groups and the term controls
for either sex. Adjusted means, SEM and model p-value for each
parameter are available in the supplemental text.

Relative mRNA Expression of
Oligodendrocyte Lineage and Neuron
Markers
Hippocampal mRNA expression of key oligodendrocyte lineage and
neuron development genes were quantified by high throughput
Fluidigm and are displayed in Figure 4. Markers of early stage
(CSPG4, Figure 4A) and late stage (MBP, Figure 4C) cells of the
oligodendrocyte lineage were significantly higher in term cohorts
compared to preterm. CSPG4 expression was significantly higher in

TABLE 4 | Body measurements at term equivalence.

Sex Delivery Treatment Nose-rump Head
Length

Crown
rump

Hind
limb

Hock
Toe

Head
Circ

Neck
Circ

Chest
Circ

Abdo.
Circ

Male Term 168.6 ± 2.4 53.1 ± 2.4 130.9 ± 1.8 38.0 ± 0.8 37.3 ± 0.5 87.8 ± 0.8 74.9 ± 1.3 92.6 ± 2.5 96.6 ± 2.6
Preterm — 158.6 ± 3.4 48.6 ± 2.3 127.0 ± 3.2 35.9 ± 0.8 34.6 ± 0.6* 88.8 ± 2.9 70.3 ± 2.5 90.0 ± 3.4 94.9 ± 4.2

Low-GNX 163.8 ± 2.1 51.2 ± 2.3 130.2 ± 1.6 36.3 ± 0.4 35.0 ± 0.4* 85.7 ± 1.3 69.7 ± 1.2 90.2 ± 1.9 97.2 ± 3.2
Mid-GNX 163.7 ± 1.5 49.7 ± 1.8 129.5 ± 2.5 36.3 ± 0.6 35.0 ± 0.4* 86.5 ± 1.6 70.3 ± 2.9 92.8 ± 1.9 96.7 ± 3.6
High-GNX 157.5 ± 4.7 48.0 ± 1.2 126.3 ± 3.7 35.3 ± 0.4 34.3 ± 0.6* 84.8 ± 2.8 66.7 ± 2.7 89.3 ± 3.8 93.5 ± 5.3

Female Term 168.4 ± 2.4 53.4 ± 1.6 131.6 ± 2.3 38.3 ± 0.6 37.3 ± 0.5 88.9 ± 1.2 74.7 ± 1.6 90.4 ± 1.7 94.9 ± 2.7
Preterm — 158.9 ± 2.8 47.6 ± 1.2 126.9 ± 3.0 36.0 ± 0.7 34.6 ± 0.6 85.3 ± 1.1 68.3 ± 4.3 89.3 ± 2.3 93.6 ± 3.5

Low-GNX 159.5 ± 3.1 46.5 ± 2.2 125.8 ± 1.9 35.8 ± 0.7 34.3 ± 0.6 83.8 ± 1.2 66.7 ± 1.8 88.7 ± 2.5 92.5 ± 3.3
Mid-GNX 157.5 ± 2.1 51.5 ± 2.2 122.5 ± 2.3 35.3 ± 0.6 34.2 ± 0.5 82.0 ± 1.1 68.2 ± 2.8 85.3 ± 1.7 90.2 ± 3.5
High-GNX 154.6 ± 5.4 46.6 ± 1.9 119.8 ± 5.6 34.7 ± 1.0 33.8 ± 1.1 81.8 ± 2.1 65.4 ± 2.4 86.8 ± 5.0 92.0 ± 5.8

Means and standard error of the means for body measurements (in millimetres) recorded upon tissue collection at term equivalence age. Comparisons are made within sex with difference
to term at p < 0.05 signified by *. GNX, ganaxolone, circ = circumference, abdo = abdominal.
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term males compared to those receiving mid (p = 0.045) and high
(p = 0.05) dose ganaxolone, and in females the expression in term-
born animals was significantly higher than in all preterm groups
(control p = 0.006; low p= 0.004;mid p = 0.005; high p= 0.010).MBP
expressionwas also significantly higher in termmales compared to all

preterm groups (control p = 0.029; low p = 0.019; mid p = 0.010; high
p = 0.010), and in term females compared to all preterm groups
(control p = 0.019; low p = 0.008; mid p = 0.015; high 0.015).
Meanwhile, the expression of OLIG2 (Figure 4B, representing the
entire oligodendrocyte lineage) was not significantly higher in the

FIGURE 2 |Myelin basic protein (MBP) immunostaining was quantified in the brain of term control (black; males n = 8, females n = 7), preterm control (white; males
n = 7, females n = 7), low-GNX (diagonal stripes; males n = 6, females n = 5), mid-GNX (horizontal stripes; males n = 6, females n = 6), and high-GNX (vertical stripes;
males n = 6, females n = 5) for (A) the CA1 region of the hippocampus and (B) the overlying subcortical white matter. Data presented as means ± SEM with * indicating
significance at p < 0.05. (C)Representative photomicrographs of MBP immunostaining of the (C)CA1 region and (D) overlying subcortical white matter (i, vi = term;
ii, vii = preterm control; iii, viii = low-GNX preterm; iv, ix = mid-GNX preterm; v, x = high-GNX preterm). Scale bar = 50 μm.
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term cohorts compared to preterm. Markers of GABAergic
interneurons were also significantly decreased in preterm females
with PVALB (parvalbumin, Figures 4D) and SST (somatostatin,
Figure 4E) significantly lower in all preterm female groups compared
to term (PVALB: control p = 0.004; low p = 0.001; mid p = 0.006; high

p = 0.002; SST: control p = 0.010; low p = 0.004; mid p = 0.010; high
p = 0.015). There was also a statistically nonsignificant trend in males
for both markers. Conversely, neither CALB1 (calbindin, Figure 4F)
nor RBFOX3 (NeuN, Figure 4G) were significantly affected by
preterm birth or treatment in either sex. Interestingly, neuron

FIGURE 3 | Neuronal nuclei (NeuN) immunostaining was quantified in the brain of term control (black; males n = 8, females n = 8), preterm control (white; males n =
6, females n = 7), low-GNX (diagonal stripes; males n = 6, females n = 5), mid-GNX (horizontal stripes; males n = 6, females n = 5), and high-GNX (vertical stripes; males
n = 6, females n = 5) for (A) the CA1 region of the hippocampus and (B) the overlying subcortical white matter. Data presented as means ± SEM with * indicating
significance at p < 0.05. (C) Representative photomicrographs of NeuN immunostaining of the (C) CA1 region and (D) overlying subcortical white matter (i, vi =
term; ii, vii = preterm control; iii, viii = low-GNX preterm; iv, ix = mid-GNX preterm; v, x = high-GNX preterm). Scale bar = 50 μm.
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assembly appears to be impacted by preterm delivery with INA
(alpha-internexin, Figure 4H) significantly decreased in all
preterm male groups compared to term (control p = 0.007;
low p = 0.008; mid p = 0.003; high p = 0.004). There was also a
statistically non-significant trend in females. Overall cell
migration and growth as quantified by VEGFA expression
(Figure 4I), was also significantly decreased in all preterm
groups compared to term-born animals (males: control p =
0.010; low p = 0.005; mid p = 0.003; high p = 0.003; females:
control p = 0.001; low p = 0.002; mid p < 0.001; high p < 0.001).
There were no other significant differences identified. Adjusted
means, SEM and model p-value for each parameter are available
in the supplemental text.

Relative Expression of GABA andGlutamate
Synthetic Enzymes, Transporters, and
Receptors
Hippocampal mRNA expression of key GABA and glutamate
synthetic enzyme, transporter and receptor genes were quantified
by high throughput Fluidigm and are displayed in Figures 5, 6.

GABA and glutamate synthetic enzymes [GAD1(67), GAD2,
GLS1, and ABAT, Figures 5A–D] were largely unaffected by
preterm birth, apart from a significant decrease in GAD2
expression in the preterm females receiving high dose
ganaxolone (p = 0.029). However, transport of GABA into
synaptic vesicles (SLC32A1; vGAT, Figure 5E) and reuptake of
synaptic glutamate (SLC1A2; EAAT2, Figure 5F) were
significantly decreased in all male preterm groups compared to
term born animals (SLC32A1: control p = 0.018; low p = 0.048;
mid p = 0.030; high p = 0.037; SLC1A2: control p = 0.018; low p =
0.007; mid p = 0.006; high p = 0.006). There was also a statistically
non-significant trend towards a reduction in females.
Additionally, key glutamate receptors (GRIN1 and GRIN2C,
Figures 5G,H) which are involved in memory and learning
through their interactions with DLG4 (post-synaptic density
protein, Figure 5I) were also significantly decreased in all
preterm male groups (GRIN1: control p = 0.027; low p =
0.021; mid p = 0.009; high p = 0.014; GRIN2C: control p =
0.003; low p = 0.002; mid p < 0.001; high p < 0.001; DLG4: control
p = 0.008; low p = 0.007; mid p = 0.002; high p = 0.002) compared
to the term-born males. This also appeared to be the case for

FIGURE 4 | Relative mRNA expression for oligodendrocyte and neuronal markers in the hippocampus of term control (black; males n = 8, females n = 7), preterm
control (white; males n = 7, females n = 6), low-GNX (diagonal stripes; males n = 5, females n = 6), mid-GNX (horizontal stripes; males n = 6, females n = 6), and high-GNX
(vertical stripes; males n = 6, females n = 6). (A) CSPG4, (B) OLIG2, (C)MBP, (D) PVALB, (E) SST, (F) CALB1, (G) RBFOX3, (H) INA, and (I) VEGFA. Data presented as
means ± SEM with * indicating significance at p < 0.05.
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preterm females but only reached significance for GRIN2C
(control p < 0.001; low p < 0.001; mid p < 0.001; high p <
0.001). GABAA receptors (Figure 6) in the hippocampus were
largely unaffected by preterm delivery or treatment, with only
males receiving low ganaxolone dose showing a significant
increase in GABRA4 expression compared to term males
(Figure 6D, p = 0.027). There were no other significant
differences identified. Adjusted means, SEM and model
p-value for each parameter are available in the supplemental text.

DISCUSSION

The aim of this study was to identify the lowest safe and effective
dose of ganaxolone for improving brain development following
preterm birth. Our previous studies show that 5 mg/kg daily from
birth until term equivalence in the guinea pig was able to
ameliorate behavioural changes and improve myelination at
the equivalent of childhood in male guinea pigs born preterm
(Shaw et al., 2019). Despite these promising results, there were
adverse side effects during the treatment period that necessitated

revisiting the dosing regimen. In the present study three lower
doses were used (0.25, 0.5, and 1.25 mg/kg twice daily), and a
particular focus placed on the physical effects within the
treatment period. Of the three doses, as expected it was the
highest dose that invoked the greatest effects on physical
wellbeing. For both male and female preterm neonates, daily
fractional weight gain was largely reduced in those receiving the
high dose, suggesting a reduction in level of activity that
prevented active suckling from their mother. Ponderal index
was also decreased in males receiving the high dose, again
highlighting the altered growth trajectory associated with the
higher dose. Following on from these results it is not unexpected
that neonates receiving the high dose also required additional
supplemental feeding, but this was still insufficient at replacing
nutritional support from the dam as evidenced by the reduced
weight gain in these neonates. An aggregate wellbeing score was
also recorded each day following the treatment doses, and
represented level of respiration, movement, and posture.
Interestingly, it was females that were affected to a larger
degree here with lower aggregate scores across the treatment
period for mid and high doses, whilst males were only affected in

FIGURE 5 |Relative mRNA expression for GABA and glutamatergic markers in the hippocampus of term control (black; males n = 8, females n = 7), preterm control
(white; males n = 7, females n = 6), low-GNX (diagonal stripes; males n = 5, females n = 6), mid-GNX (horizontal stripes; males n = 6, females n = 6), and high-GNX (vertical
stripes; males n = 6, females n = 6). (A)GAD(67), (B)GAD2, (C)GLS1, (D) ABAT, (E) SLC32A1, (F) SLC1A2, (G)GRIN1, (H)GRIN2C, and (I) DLG4. Data presented as
means ± SEM with * indicating significance at p < 0.05.
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the early postnatal period. This score is an effective representation
of activity level, and whilst some sedation during this period may
be beneficial for brain development by mimicking the ‘fetal sleep
state’ (Nicol et al., 2001; Hirst et al., 2008), a reduced activity level
may lead to a reduction in overall growth due to reduced
independent feeding, as seen for the higher dose. Altogether,
these findings suggest that in the clinical setting a neonate
receiving this level of ganaxolone therapy may require
additional support. Importantly, neonates receiving mid and
low dose ganaxolone did not have these physical side-effects to
the extent nor the duration of those receiving the high dose
suggesting that long term studies, similar to the original pilot
study, should be performed to examine functional behavioural
outcomes using these lower treatment doses.

Whilst we are unable to compare these physical parameters to
a fetus of the same post-conceptional age, body measurements
and organ weights at term equivalence can reveal some
information on growth of treated and untreated preterm
neonates compared to appropriately grown term neonates.
After a week of ex utero growth, the preterm neonates were
no different to those born at term (regardless of treatment) for

body measurements apart from males have a lesser hock-toe
length. Absolute organ weights however were altered by preterm
delivery and treatment, once again highlighting how basic
anthropometric measures may not capture important changes
in growth at a tissue level despite this being critical for optimal
long-term growth and multi-system wellbeing. For instance,
visceral fat was reduced for all preterm groups suggesting this
is a result of prematurity as fat is laid down in the last trimester.
Other organ systems appeared to be differentially affected by
treatment rather than by gestational age; adrenal and kidney
weights were increased for males receiving ganaxolone suggesting
a treatment effect. However, upon further investigation, it was
revealed that this effect could be attributed to the vehicle. In
future studies utilising this vehicle, renal analysis should be
included to determine the impact on kidney and adrenal
development.

When looking at the brains of these neonates, it appears that
myelin protein is unaffected. However we know from previous
studies that at 24 h after birth, myelination of the preterm brain is
reduced compared to 24 h after term birth (Timby et al., 2006).
We also know that at the equivalent of childhood age there is a

FIGURE 6 |Relative mRNA expression for GABAA receptors in the hippocampus of term control (black; males n = 8, females n = 7), preterm control (white; males
n = 7, females n = 6), low-GNX (diagonal stripes; males n = 5, females n = 6), mid-GNX (horizontal stripes; males n = 6, females n = 6), and high-GNX (vertical stripes;
males n = 6, females n = 6). (A)GABRA1, (B)GABRA2, (C)GABRA3, (D)GABRA4, (E)GABRA5, (F)GABRD, and (G)GABRG2. Data presented as means ± SEMwith
* indicating significance at p < 0.05.
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reduction in myelination of the preterm brain compared to age-
matched term brain (Shaw et al., 2016; Shaw et al., 2019). Thus,
the findings here suggest that there is a period of catch-up growth
for myelination until at least term equivalence, which fails to
continue along an optimal trajectory after TEA. The relative
mRNA expression may hold the key to this failure in ongoing
development, with reductions in early (CSPG4, also known as
NG2) and final stage oligodendrocyte maturation (MBP) seen in
preterm neonates. A reduction in the transcription of this mRNA
at both ends of the oligodendrocyte lineage may set up for an
ongoing reduction in protein translation, ultimately resulting in
reduced myelination later in life. Unfortunately, none of the
ganaxolone doses were able to reverse this effect and thus may
not have been sufficient (dose itself, dose frequency or duration of
treatment) to prevent long-term deficits. Prominent GABAergic
interneurons within the hippocampus (PVALB, SST) were also
reduced in preterm neonates, regardless of treatment, which may
also play into the hypothesised lack of ongoing catch-up
myelination. Oligodendrocytes and GABAergic interneurons
are tightly coupled in terms of development and function,
with the maturation of oligodendrocytes promoted by
interaction with GABAergic interneurons, and the function of
GABAergic interneurons promoted by myelin sheathing
(Boulanger and Messier, 2017; Micheva et al., 2018). It is
important to note that all preterm neonates in the study
received a single course of betamethasone (48 and 24 h prior
to birth) to improve lung function and ultimately, survival. This
may have dampened the effect of ganaxolone, as without
betamethasone a greater degree of brain injury, particularly
hypoxic oligodendrocyte injury, may have been seen for which
ganaxolone therapy may have had a greater benefit. Neurons
overall don’t appear to be affected in the current model of preterm
birth, with no differences observed in protein or mRNA
(RBFOX3), however the gene responsible for the assembly of
neurons is reduced in preterm neonates (INA), in addition to a
marker of overall growth (VEGFA). These two key genes may also
be contributing to the lack of GABAergic interneuronmRNA and
emphasises the immature nature of the preterm brain.

Ganaxolone, like allopregnanolone, exerts its inhibitory effects
on the central nervous system through binding to extrasynaptic
GABAA receptors (Nohria and Giller, 2007; Lambert et al., 2009).
We have previously shown in the cerebellum that the delta
subunit exhibits a dramatic increase in expression in the term-
born neonate compared to a preterm neonate at 24 h of age; this
may be an adaptation to decreased levels of allopregnanolone
following birth that does not occur in the preterm cerebellum.
The same does not occur in the hippocampus, possibly due to
slightly differing timelines for development. Here, there were
again no stark differences between the term and term equivalence
preterm neonate. However, some of the extrasynaptic GABAA

receptor subunits appear to increase in response to ganaxolone,
particularly in the males, and with additional numbers these
trends may prove significant suggesting a positive feedback
mechanism in response to ganaxolone.

By positively modulating the GABAA receptors, ganaxolone (and
allopregnanolone) increase the binding of GABA, thus raising
inhibitory tone in the brain (Nohria and Giller, 2007; Lambert

et al., 2009). There is a growing number of studies suggesting that
preterm birth may disrupt the GABAergic pathway and result in a
shift towards excitation due to a dominance of glutamatergic
transmission (Sánchez-Gómez et al., 2003; Robinson et al., 2006;
Shaw et al., 2018; Basu et al., 2020; Shaw et al., 2021). Whilst we are
unable to comment on levels of GABA and glutamate in our preterm
neonates, we did measure mRNA responsible for the production and
breakdown of GABA and glutamate. At TEA there were no major
differences between the term and preterm neonates for any of these
genes (GAD67(1), GAD2, GLS1, ABAT) suggesting that production
and breakdown are not impacted by preterm delivery by the time the
offspring had reached term equivalence. The highest dose of
ganaxolone did decrease the expression of GAD2 in females,
which may represent a negative feedback mechanism whereby
additional GABA is not required due to the high presence of
ganaxolone occupying GABAA receptors. Where there are
apparent differences between the term and preterm neonate
(regardless of treatment) is the transport of GABA (SLC32A1, also
known as vGAT) and glutamate (SLC1A2, also known as EAAT2).
Reduced expression of vGAT (vesicular inhibitory amino acid
transporter) may represent an adaptive mechanism in preterm
neonates to increase the amount of available GABA within the
synapse for maintaining inhibitory action. However, the reduced
expression of EAAT2 (excitatory amino acid transporter 2) indicates
that glutamate clearance from the synapse may be limited. This in
turn may be explained, at least in part, by the decreased expression of
key glutamate NMDA receptors (GRIN1, GRIN2D) involved in
formation of memory and synaptic plasticity (Chen et al., 2009;
Wei et al., 2016) through interaction withDLG4 (also known as PSD-
95) (Kim and Sheng, 2004). A reduction in these genes is
hypothesised to result in learning disorders (Chen et al., 2009;
Wei et al., 2016), which is a common sequelae in survivors of
preterm birth.

In conclusion, based on the neuroprotection demonstrated in our
pilot work the purpose of the current study was to investigate the
impact of a dosing range on tolerability and sedation in male and
females born preterm to inform future longer-term studies on
functional outcomes. We have shown that low and mid doses of
ganaxolone only resulted in short-term side effects within the
preterm neonatal treatment period suggesting that the therapy
was being administered at an effective level with increased
tolerability and safety compared to the high dose which
significantly impaired weight gain in guinea pig pups born
preterm. The longer-term effects of reduced activity and growth
therefore require further studies although the current data support
the use of the lower doses in ongoing studies. Whilst we have not
identified improvements in key proteins and genes in response to
ganaxolone, it may be too early for some of these effects to be
apparent as our previous data does suggest a clear improvement in
myelination and behaviour at the equivalence of childhood.
Therefore, long-term behavioural studies using the mid should be
performed and will investigate any sex-specific dosing requirements.
Finally, we have identified additional stark alterations in
oligodendrocyte, neuronal, GABAergic, and glutamatergic genes
in preterm neonates that may play integral roles in
developmental programming for poor outcomes in preterm born
offspring and warrants further investigation within this area.

Frontiers in Physiology | www.frontiersin.org April 2022 | Volume 13 | Article 87126513

Shaw et al. Neurosteroid-Analogues and the Preterm Neonate

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by University of
Otago, Wellington Animal Ethics Committee.

AUTHOR CONTRIBUTIONS

JS: Experimental work, Laboratory analysis, Data analysis,
Manuscript preparation. RD: Experimental work,
Manuscript edits. HP: Laboratory work, Manuscript edits.
RS: Experimental work, HB: Experimental work. CP:
Laboratory work. GC: Laboratory work. MB: Experiment
design, manuscript edits. JH: Experiment design,
manuscript edits.

FUNDING

This study was funded by the Neurological Foundation of
New Zealand (Wellington, New Zealand), the National Health
and Medical Research Council (NHMRC) (Grant Number
APP1003517) (Newcastle, Australia), and by the Otago
Foundation Trust (Preterm Birth Philanthropic Support)
(Wellington, New Zealand). RD was supported by a
University of Otago Health Sciences Career Development

Fellowship. RS was supported by Postgraduate Scholarships
from the Neonatal Trust (NZ) and the Heart
Foundation (NZ).

ACKNOWLEDGMENTS

We acknowledge Maureen Prowse and Taylor Wilson for their
contributions to the animal work, and Kerrin Palazzi and
Joshua Dizon from the Clinical Research Design and
Statistics team at HMRI for their assistance with the
statistical analysis.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphys.2022.871265/
full#supplementary-material

Supplementary Figure S1 | Preterm survival from birth until term
equivalence (7 days since birth) for (A) males and (B) females receiving
no treatment (control), vehicle (45% b-cyclodextrin), 0.5 mg/kg
ganaxolone (low dose), 1.0 mg/kg ganaxolone (mid dose), or 2.5 mg/kg
ganaxolone (high dose). Group numbers at birth to TEA were control
(males = 11–7; females = 9–7), vehicle (males = 11–6; females = 8–6),
low (males = 8–6; females = 7–6), mid (males = 9–6; females = 9–6), and
high (males = 8–6; females = 10–5).

Supplementary Figure S2 | Fractional weight gain (A,B), ponderal index (C,D),
supplemental feeding (E,F), and wellbeing score (G,H) was recorded from
birth (days since birth 0) until term equivalence (postnatal age 7) for male
(A,C,E,G) and female (B,D,F,H) preterm neonates receiving vehicle (45% β-
cyclodextrin; diamond; males n = 6, females n = 6) and compared to control
(circle; males n = 7, females n = 7) preterm neonates. Data presented as
means ± SEM.

REFERENCES

Basu, S. K., Pradhan, S., Jacobs, M. B., Said, M., Kapse, K., Murnick, J., et al. (2020).
Age and Sex Influences Gamma-Aminobutyric Acid Concentrations in the
Developing Brain of Very Premature Infants. Sci. Rep. 10, 10549. doi:10.1038/
s41598-020-67188-y

Beck, S., Wojdyla, D., Say, L., Pilar Bertran, A., Meraldi, M., Harris Requejo, J., et al.
(2010). The Worldwide Incidence of Preterm Birth: A Systematic Review of
Maternal Mortality and Morbidity. Bull. World Health Org. 88, 31–38. doi:10.
2471/blt.08.062554

Bengtsson, S. K. S., Nyberg, S., Hedström, H., Zingmark, E., Jonsson, B., Bäckström,
T., et al. (2015). Isoallopregnanolone Antagonize Allopregnanolone-Induced
Effects on Saccadic Eye Velocity and Self-Reported Sedation in Humans.
Psychoneuroendocrinology 52, 22–31. doi:10.1016/j.psyneuen.2014.10.025

Berry, M., Gray, C., Wright, K., Dyson, R., andWright, I. (2015). Premature guinea
Pigs: a New Paradigm to Investigate the Late-Effects of Preterm Birth. J. Dev.
Orig Health Dis. 6, 143–148. doi:10.1017/s2040174414000592

Bialer, M., Johannessen, S. I., Koepp, M. J., Levy, R. H., Perucca, E., Perucca, P.,
et al. (2020). Progress Report on New Antiepileptic Drugs: A Summary of the
Fifteenth Eilat Conference on New Antiepileptic Drugs and Devices (EILAT
XV). II. Drugs in More Advanced Clinical Development. Epilepsia 61,
2365–2385. doi:10.1111/epi.16726

Bičı´ková, M., Klak, J., Hill, M., Zizka, Z., Hampl, R., and Calda, P. (2002). Two
Neuroactive Steroids in Midpregnancy as Measured in Maternal and Fetal Sera
and in Amniotic Fluid. Steroids 67, 399–402. doi:10.1016/s0039-128x(01)
00196-9

Boulanger, J. J., and Messier, C. (2017). Oligodendrocyte Progenitor Cells Are
Paired with GABA Neurons in the Mouse Dorsal Cortex: Unbiased
Stereological Analysis. Neuroscience 362, 127–140. doi:10.1016/j.
neuroscience.2017.08.018

Caldinelli, C., Froudist-Walsh, S., Karolis, V., Tseng, C.-E., Allin, M. P., Walshe,
M., et al. (2017). White Matter Alterations to Cingulum and Fornix Following
Very Preterm Birth and Their Relationship with Cognitive Functions.
Neuroimage 150, 373–382. doi:10.1016/j.neuroimage.2017.02.026

Carter, R., Wood, P. L., Wieland, S., Hawkinson, J. E., Belelli, D., Lambert, J. J., et al.
(1997). Characterization of the Anticonvulsant Properties of Ganaxolone (CCD
1042; 3α-Hydroxy-3β-Methyl-5α-Pregnan-20-One), a Selective, High-Affinity,
Steroid Modulator of the γ-Aminobutyric AcidA Receptor. J. Pharmacol. Exp.
Ther. 280, 1284–1295.

Chen, P. E., Errington, M. L., Kneussel, M., Chen, G., Annala, A. J., Rudhard,
Y. H., et al. (2009). Behavioral Deficits and Subregion-specific Suppression
of LTP in Mice Expressing a Population of Mutant NMDA Receptors
throughout the hippocampus. Learn. Mem. 16, 635–644. doi:10.1101/lm.
1316909

Chyi, L. J., Lee, H. C., Hintz, S. R., Gould, J. B., and Sutcliffe, T. L. (2008). School
Outcomes of Late Preterm Infants: Special Needs and Challenges for Infants
Born at 32 to 36 Weeks Gestation. J. Pediatr. 153, 25–31. doi:10.1016/j.jpeds.
2008.01.027

Crombie, G. K., Palliser, H. K., Shaw, J. C., Hodgson, D. M., Walker, D. W., and
Hirst, J. J. (2021). Effects of Prenatal Stress on Behavioural and
Neurodevelopmental Outcomes Are Altered by Maternal Separation in the
Neonatal Period. Psychoneuroendocrinology 124, 105060. doi:10.1016/j.
psyneuen.2020.105060

Frontiers in Physiology | www.frontiersin.org April 2022 | Volume 13 | Article 87126514

Shaw et al. Neurosteroid-Analogues and the Preterm Neonate

https://www.frontiersin.org/articles/10.3389/fphys.2022.871265/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.871265/full#supplementary-material
https://doi.org/10.1038/s41598-020-67188-y
https://doi.org/10.1038/s41598-020-67188-y
https://doi.org/10.2471/blt.08.062554
https://doi.org/10.2471/blt.08.062554
https://doi.org/10.1016/j.psyneuen.2014.10.025
https://doi.org/10.1017/s2040174414000592
https://doi.org/10.1111/epi.16726
https://doi.org/10.1016/s0039-128x(01)00196-9
https://doi.org/10.1016/s0039-128x(01)00196-9
https://doi.org/10.1016/j.neuroscience.2017.08.018
https://doi.org/10.1016/j.neuroscience.2017.08.018
https://doi.org/10.1016/j.neuroimage.2017.02.026
https://doi.org/10.1101/lm.1316909
https://doi.org/10.1101/lm.1316909
https://doi.org/10.1016/j.jpeds.2008.01.027
https://doi.org/10.1016/j.jpeds.2008.01.027
https://doi.org/10.1016/j.psyneuen.2020.105060
https://doi.org/10.1016/j.psyneuen.2020.105060
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Ghoumari, A. M., Ibanez, C., El-Etr, M., Leclerc, P., Eychenne, B., O’Malley, B. W.,
et al. (2003). Progesterone and its Metabolites Increase Myelin Basic Protein
Expression in Organotypic Slice Cultures of Rat Cerebellum. J. Neurochem. 86,
848–859. doi:10.1046/j.1471-4159.2003.01881.x

Hirst, J. J., Palliser, H. K., Yates, D. M., Yawno, T., and Walker, D. W. (2008).
Neurosteroids in the Fetus and Neonate: Potential Protective Role in
Compromised Pregnancies. Neurochem. Int. 52, 602–610. doi:10.1016/j.
neuint.2007.07.018

Hirst, J. J., Kelleher, M. A., Walker, D. W., and Palliser, H. K. (2014). Neuroactive
Steroids in Pregnancy: Key Regulatory and Protective Roles in the Foetal Brain.
J. Steroid Biochem. Mol. Biol. 139, 144–153. doi:10.1016/j.jsbmb.2013.04.002

Kelleher, M. A., Hirst, J. J., and Palliser, H. K. (2013). Changes in Neuroactive
Steroid Concentrations after Preterm Delivery in the Guinea Pig. Reprod. Sci.
20, 1365–1375. doi:10.1177/1933719113485295

Kim, E., and Sheng, M. (2004). PDZ Domain Proteins of Synapses. Nat. Rev.
Neurosci. 5, 771–781. doi:10.1038/nrn1517

Lambert, J. J., Cooper, M. A., Simmons, R. D. J., Weir, C. J., and Belelli, D. (2009).
Neurosteroids: Endogenous Allosteric Modulators of GABAA Receptors.
Psychoneuroendocrinology 34 (Suppl. 1), S48–S58. doi:10.1016/j.psyneuen.
2009.08.009

Lattanzi, S., Riva, A., and Striano, P. (2021). Ganaxolone Treatment for Epilepsy
Patients: from Pharmacology to Place in Therapy. Expert Rev. Neurother. 21,
1371–1332. doi:10.1080/14737175.2021.1904895

Lindström, K., Lindblad, F., and Hjern, A. (2011). Preterm Birth and Attention-
Deficit/Hyperactivity Disorder in Schoolchildren. Pediatrics 127, 858–865.
doi:10.1542/peds.2010-1279

Mellon, S. H., and Griffin, L. D. (2002). Neurosteroids: Biochemistry and Clinical
Significance. Trends Endocrinol. Metab. 13, 35–43. doi:10.1016/s1043-2760(01)
00503-3

Micheva, K. D., Chang, E. F., Nana, A. L., Seeley, W. W., Ting, J. T., Cobbs, C., et al.
(2018). Distinctive Structural and Molecular Features of Myelinated Inhibitory
Axons in Human Neocortex. eNeuro 5, ENEURO.0297-18.2018. doi:10.1523/
eneuro.0297-18.2018

Morris, J., Brown, K., and Newnham, J. (2020). The Australian Preterm Birth Prevention
Alliance. Aust. N. Z. J. Obstet. Gynaecol. 60, 321–323. doi:10.1111/ajo.13171

Nicol, M. B., Hirst, J. J., and Walker, D. W. (2001). Effect of Finasteride on
Behavioural Arousal and Somatosensory Evoked Potentials in Fetal Sheep.
Neurosci. Lett. 306, 13–16. doi:10.1016/s0304-3940(01)01861-4

Nohria, V., and Giller, E. (2007). Ganaxolone. Neurotherapeutics 4, 102–105.
doi:10.1016/j.nurt.2006.11.003

Peralta-Carcelen, M., Schwartz, J., and Carcelen, A. C. (2018). Behavioral and
Socioemotional Development in Preterm Children. Clin. Perinatol. 45,
529–546. doi:10.1016/j.clp.2018.05.003

Pinna, G., and Rasmusson, A. M. (2014). Ganaxolone Improves Behavioral Deficits
in a Mouse Model of post-traumatic Stress Disorder. Front. Cel. Neurosci. 8,
256. doi:10.3389/fncel.2014.00256

Robinson, S., Li, Q., DeChant, A., and Cohen, M. L. (2006). Neonatal Loss of γ-
aminobutyric Acid Pathway Expression after Human Perinatal Brain Injury.
J. Neurosurg. Pediatr. 104, 396–408. doi:10.3171/ped.2006.104.6.396

Sánchez-Gómez, M. V., Alberdi, E., Ibarretxe, G., Torre, I., and Matute, C. (2003).
Caspase-dependent and Caspase-independent Oligodendrocyte Death
Mediated by AMPA and Kainate Receptors. J. Neurosci. 23, 9519–9528.
doi:10.1523/jneurosci.23-29-09519.2003

Shaw, J. C., Palliser, H. K., Dyson, R. M., Hirst, J. J., and Berry, M. J. (2016). Long-
term Effects of Preterm Birth on Behavior and Neurosteroid Sensitivity in the
guinea Pig. Pediatr. Res. 80, 275–283. doi:10.1038/pr.2016.63

Shaw, J. C., Palliser, H. K., Dyson, R.M., Berry,M. J., andHirst, J. J. (2018). Disruptions to
the Cerebellar GABAergic System in Juvenile guinea Pigs Following Preterm Birth.
Int. J. Dev. Neurosci. 65, 1–10. doi:10.1016/j.ijdevneu.2017.10.002

Shaw, J. C., Dyson, R. M., Palliser, H. K., Gray, C., Berry, M. J., and Hirst, J. J.
(2019). Neurosteroid Replacement Therapy Using the Allopregnanolone-
Analogue Ganaxolone Following Preterm Birth in Male guinea Pigs. Pediatr.
Res. 85, 86–96. doi:10.1038/s41390-018-0185-7

Shaw, J. C., Crombie, G. K., Zakar, T., Palliser, H. K., and Hirst, J. J. (2020).
Perinatal Compromise Contributes to Programming of GABAergic and
Glutamatergic Systems Leading to Long-Term Effects on Offspring
Behaviour. J. Neuroendocrinol. 32, e12814. doi:10.1111/jne.12814

Shaw, J. C., Crombie, G. K., Palliser, H. K., and Hirst, J. J. (2021). Impaired
Oligodendrocyte Development Following Preterm Birth: Promoting
GABAergic Action to Improve Outcomes. Front. Pediatr. 9, 618052. doi:10.
3389/fped.2021.618052

Singh, G. K., Kenney, M. K., Ghandour, R. M., Kogan, M. D., and Lu, M. C. (2013).
Mental Health Outcomes in US Children and Adolescents Born Prematurely or
with Low Birthweight. Depress. Res. Treat. 2013, 570743. doi:10.1155/2013/
570743

Timby, E., Balgård, M., Nyberg, S., Spigset, O., Andersson, A., Porankiewicz-
Asplund, J., et al. (2006). Pharmacokinetic and Behavioral Effects of
Allopregnanolone in Healthy Women. Psychopharmacology 186, 414–424.
doi:10.1007/s00213-005-0148-7

Vollmer, B., Lundequist, A., Mårtensson, G., Nagy, Z., Lagercrantz, H., Smedler,
A.-C., et al. (2017). Correlation between white Matter Microstructure and
Executive Functions Suggests Early Developmental Influence on Long Fibre
Tracts in Preterm Born Adolescents. PLoS One 12, e0178893. doi:10.1371/
journal.pone.0178893

Wei, B., Li, L., He, A., Zhang, Y., Sun, M., and Xu, Z. (2016). Hippocampal
NMDAR-Wnt-Catenin Signaling Disrupted with Cognitive Deficits in
Adolescent Offspring Exposed to Prenatal Hypoxia. Brain Res. 1631,
157–164. doi:10.1016/j.brainres.2015.11.041

Yawno, T., Miller, S. L., Bennet, L., Wong, F., Hirst, J. J., Fahey, M., et al. (2017).
Ganaxolone: A New Treatment for Neonatal Seizures. Front. Cel. Neurosci. 11,
246. doi:10.3389/fncel.2017.00246

Yum, M.-S., Lee, M., Ko, T.-S., and Velíšek, L. (2014). A Potential Effect of
Ganaxolone in an Animal Model of Infantile Spasms. Epilepsy Res. 108,
1492–1500. doi:10.1016/j.eplepsyres.2014.08.015

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Shaw, Dyson, Palliser, Sixtus, Barnes, Pavy, Crombie, Berry and
Hirst. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org April 2022 | Volume 13 | Article 87126515

Shaw et al. Neurosteroid-Analogues and the Preterm Neonate

https://doi.org/10.1046/j.1471-4159.2003.01881.x
https://doi.org/10.1016/j.neuint.2007.07.018
https://doi.org/10.1016/j.neuint.2007.07.018
https://doi.org/10.1016/j.jsbmb.2013.04.002
https://doi.org/10.1177/1933719113485295
https://doi.org/10.1038/nrn1517
https://doi.org/10.1016/j.psyneuen.2009.08.009
https://doi.org/10.1016/j.psyneuen.2009.08.009
https://doi.org/10.1080/14737175.2021.1904895
https://doi.org/10.1542/peds.2010-1279
https://doi.org/10.1016/s1043-2760(01)00503-3
https://doi.org/10.1016/s1043-2760(01)00503-3
https://doi.org/10.1523/eneuro.0297-18.2018
https://doi.org/10.1523/eneuro.0297-18.2018
https://doi.org/10.1111/ajo.13171
https://doi.org/10.1016/s0304-3940(01)01861-4
https://doi.org/10.1016/j.nurt.2006.11.003
https://doi.org/10.1016/j.clp.2018.05.003
https://doi.org/10.3389/fncel.2014.00256
https://doi.org/10.3171/ped.2006.104.6.396
https://doi.org/10.1523/jneurosci.23-29-09519.2003
https://doi.org/10.1038/pr.2016.63
https://doi.org/10.1016/j.ijdevneu.2017.10.002
https://doi.org/10.1038/s41390-018-0185-7
https://doi.org/10.1111/jne.12814
https://doi.org/10.3389/fped.2021.618052
https://doi.org/10.3389/fped.2021.618052
https://doi.org/10.1155/2013/570743
https://doi.org/10.1155/2013/570743
https://doi.org/10.1007/s00213-005-0148-7
https://doi.org/10.1371/journal.pone.0178893
https://doi.org/10.1371/journal.pone.0178893
https://doi.org/10.1016/j.brainres.2015.11.041
https://doi.org/10.3389/fncel.2017.00246
https://doi.org/10.1016/j.eplepsyres.2014.08.015
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Examining Neurosteroid-Analogue Therapy in the Preterm Neonate For Promoting Hippocampal Neurodevelopment
	Introduction
	Methods
	Animals
	Tissue Collection

	Immunohistochemistry
	Real Time PCR
	Statistical Analyses

	Results
	Physical Characteristics During Preterm Period
	Body Measurements and Organ Weights at Term Equivalence
	Myelination and Neuronal Nuclei Protein Expression in the Hippocampus and Subcortical White Matter
	Relative mRNA Expression of Oligodendrocyte Lineage and Neuron Markers
	Relative Expression of GABA and Glutamate Synthetic Enzymes, Transporters, and Receptors

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


