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interneurons in a rodent hyperoxia model of preterm birth
brain injury with deficits in social behavior and cognition

Till Scheuer’*, Elena auf dem Brinke', Sabine Grosser?, Susanne A. Wolf34, Daniele Mattei® >,
Yuliya Sharkovska' %7, Paula C. Barthel’-%, Stefanie Endesfelder’, Vivien Friedrich"7, Christoph Biihrer?,

Imre Vida? and Thomas Schmitz!

ABSTRACT

The inhibitory GABAergic system in the brain is involved in the
etiology of various psychiatric problems, including autism spectrum
disorders (ASD), attention deficit hyperactivity disorder (ADHD) and
others. These disorders are influenced not only by genetic but also by
environmental factors, such as preterm birth, although the underlying
mechanisms are not known. In a translational hyperoxia model,
exposing mice pups at P5 to 80% oxygen for 48 h to mimic a steep
rise of oxygen exposure caused by preterm birth from in utero into
room air, we documented a persistent reduction of cortical mature
parvalbumin-expressing interneurons until adulthood.
Developmental delay of cortical myelin was observed, together with
decreased expression of oligodendroglial glial cell-derived
neurotrophic factor (GDNF), a factor involved in interneuronal
development. Electrophysiological and morphological properties of
remaining interneurons were unaffected. Behavioral deficits were
observed for social interaction, learning and attention. These results
demonstrate that neonatal oxidative stress can lead to decreased
interneuron density and to psychiatric symptoms. The obtained
cortical myelin deficit and decreased oligodendroglial GDNF
expression indicate that an impaired oligodendroglial-interneuronal
interplay contributes to interneuronal damage.

KEY WORDS: Preterm birth, Cortical interneurons, Oxidative stress,
Oligodendroglial GDNF, ADHD, ASD

INTRODUCTION

Preterm birth is one of the major pediatric public health problems of
our time with 1-2% of all live births being preterm. Although in
earlier studies, brain tissue injury in preterm infants was often found
to be due to tissue destruction and necrosis, leading to cystic brain
lesions, nowadays a more subtle form of brain injury is much more
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characteristic (de Kieviet et al., 2009; Larroque et al., 2008; Penn
et al., 2016). This includes deficits in cognition and motor
development, but is also reflected in a high incidence of psychiatric
problems, such as attention deficit hyperactivity disorder (ADHD)
and autism spectrum disorder (ASD) (Johnson and Marlow, 2011,
Limperopoulos et al., 2008; Lindstrom et al., 2011). A cell population
that has increasingly been linked to various psychiatric diseases is the
group of inhibitory GABAergic (y-aminobutyric acid) interneurons
(Edden et al., 2012; Hashemi et al., 2017; Nakazawa et al., 2012;
Northoff'and Sibille, 2014). GABAergic interneurons represent up to
25-30% of neurons in the cortex (Wonders and Anderson, 2006), and
they play a central role in orchestrating neuronal activity. Different
sub-populations of cortical interneurons are generated from distinct
regions of the ganglionic eminence: parvalbumin- (PVALB) or
somatostatin (SST)-positive interneurons are generated from the
medial ganglionic eminence (MGE), while reelin- (RELN) or
vasoactive intestinal peptide (VIP)-expressing interneurons are
derived from the caudal ganglionic eminence (CGE) (Hu et al.,
2017; Rudy et al., 2011). In humans, generation and migration of
GABAergic interneuron peaks between gestational weeks 16 and 35
(Achim et al., 2014; Arshad et al., 2016). A decrease of GABAergic
interneurons could be linked to preterm birth and to white matter
pathologies in preterm infants (Lacaille et al., 2019; Panda et al.,
2018; Stolp et al., 2019). Even though brain pathologies in preterm
infants are often attributed to perinatal infection/inflammation,
hypocapnia and hyperoxia, the underlying mechanisms leading to
behavioral deficits and also to psychiatric diseases are poorly
understood (Dammann and Leviton, 2004; Leviton et al., 2010; Penn
etal., 2016; Volpe, 2009). Results from clinical studies suggest a link
between higher oxygen saturation limits for the more earlier preterm
infants on intensive care units and worse neurological outcome later
on (Collins et al., 2001; Leviton et al., 2010). There are two major
mechanisms through which high oxygen levels may interfere with
the development of immature neural cells: by direct dysregulation of
cellular pathways and, more nonspecifically, by oxidative stress. The
tissue injury caused by oxidative stress has been shown to be induced
by exposure to hyperoxia (Endesfelder et al., 2017; Felderhoff-
Mueser et al., 2004; Schmitz et al., 2014) and is a characteristic
finding in injured brain tissue after preterm birth (Haynes et al., 2009).
Oxidative stress may impair neuronal development (Scheuer et al.,
2018), increase apoptosis (Endesfelder et al., 2017) and induce
autophagy (Bendix et al., 2012; Wyrsch et al., 2012). Besides these
global toxic effects, oxygen is also more specifically a fundamental
regulator of cell function and gene expression (Zhang et al., 2011). In
neural progenitor and stem cells, lower oxygen tensions induce an
increase of proliferation activity while higher oxygen levels lead to
diminished proliferation (Rodrigues et al., 2010).

DEVELOPMENT


mailto:till.scheuer@charite.de
http://orcid.org/0000-0002-9465-7200

RESEARCH ARTICLE

Development (2021) 148, dev198390. doi:10.1242/dev.198390

Directly after birth, the arterial oxygen tension increases in pre-
term infants from 25 mmHg up to 60-80 mmHg, even without extra
supply of oxygen (Castillo et al., 2008), hence reflecting a three- to
fourfold increase in comparison to the prenatal, i.e. fetal, situation.
This happens at a time when the oxidative stress defense system of'the
fetus, and also of the preterm baby, is still immature and has very low
activity (Ikonomidou and Kaindl, 2011). To mimic the increase of
oxygen disposability, we use a well-established hyperoxia model
(Felderhoff-Mueser et al., 2004; Schmitz et al., 2012). Mice pups at
postnatal day 5 (P5) were exposed to 80% oxygen for 48 h until age
P7, which has previously been demonstrated to induce a three- to
fourfold increase of oxygen levels and to delay white matter
development in newborn mice (Schmitz et al., 2011). In this study, we
are using this model in order to investigate the impact of oxygen and
oxidative stress on GABAergic interneuron development and on
psychiatric symptoms until young adult ages.

RESULTS

Decreased cortical expression of GABAergic interneuron
markers after exposure to hyperoxia

Parvalbumin (PVALB), somatostatin (SST), vasoactive intestinal
peptide (VIP) and reelin (RELN) expression can be used to
distinguish the vast majority of cortical GABAergic interneurons
(Hu et al., 2017). Precursors of PVALB" and SST" interneurons

express the transcription factor LHX6 (Alifragis et al., 2004). To
analyze the impact of perinatal 48 h exposure to hyperoxia from PS5 to
P7 on cortical interneuron development, we analyzed the RNA
expression of Lhx6, Sst, Reln and Vip in mice cortices immediately
after hyperoxia at P7, and also during recovery in room air at P9, P11,
P14, P30 and P60. Western blot analysis was performed to identify
the effect of long-term changes in cortical expression on protein level.

PVALB, the most prominent marker of GABAergic interneurons,
starts to be expressed at around P12-P14 (de Lecea et al., 1995;
Miyamae et al., 2017; Rudy et al., 2011) and was therefore analyzed
at juvenile and adult ages P14, P30 and P60. RNA expression of
Pvalb was significantly lower at P14 and P30 in animals with
perinatal exposure to hyperoxia when compared with controls. At
P60 there was a high tendency (P=0.07) of decreased Pvalb RNA
expression (Fig. 1B). In the western blot analysis, PVALB protein
expression was significantly reduced in cortical samples of
hyperoxia exposed animals at all time points (P14, P30 and P60)
(Fig. 1C,D).

Gene expression of Lhx6, as a marker proceeding PVALB™ and
SST* in immature interneurons, was lower at P9, P11 and P14, but
levels were similar to controls at older ages (Fig. 1A). Gene
expression of the markers for the other interneuron subunits Sst,
Reln and Vip was lower at P9 and/or P11 and then similar to controls
at older ages (Fig. 2A-C). At P14 and P30, western blot analysis
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Fig. 1. Decreased cortical expression of interneuron subtype markers LHX6 and PVALB. (A,B) Real-time PCR analysis of the markers of GABAergic
interneurons: LIM/homeobox protein 6 (Lhx6) and parvalbumin (Pvalb) at P7, P9, P11, P14, P30 and P60. (A) As a marker for immature SST* and immature
PVALB®* interneurons being derived from the medial ganglionic eminence, expression of Lhx6 was reduced in cortical samples from animals exposed to hyperoxia
at P9 (80%+5%), P11 (70%+6%) and P14 (55%+9.5%), while it returns to control level at P30 and P60. (B) Expression of the marker Pvalb, representing the major
subtype of cortical GABAergic interneurons, starts at later time points during maturation. RNA expression analysis of Pvalb at P14, P30 and P60 reveals a
significant reduction in hyperoxia animals at P14 (53%+5.5%) and P30 (90%+2%), while at P60, there was a tendency (P=0.07) for reduced Pvalb expression
(64%+8%) [for gPCR: n=8 (P7), 7 (P9), 6 (P11-P60), t-test, Mann—Whitney U-test *P<0.05]. (C,D) Western blot analysis reveals decreased cortical PVALB
expression at the ages P14 (0.57+0.1), P30 (0.58+0.07) and P60 (0.67+0.06) (for western blot: n=6; t-test: *P<0.05; **P<0.01, ***P<0.001). White bar, control;

black bar, hyperoxia. The line in the center of the box plot indicates the median.

Whiskers indicate the minimum and maximum.

2

DEVELOPMENT



RESEARCH ARTICLE

Development (2021) 148, dev198390. doi:10.1242/dev.198390

revealed long-term recovery of cortical SST, RELN and VIP
expression in mice that experienced hyperoxia (Fig. 2D-F).

Hyperoxia diminished the number of cortical PVALB-
expressing interneurons

PVALB" interneurons are the main subgroup of GABAergic
interneurons, representing 40% of all cortical interneurons
in rodents (Rudy et al., 2011). Preterm birth is a risk factor for
impaired PVALB" interneuron development (Panda et al., 2018)
and oxidative challenges can alter PVALB™ interneuron numbers in
the cortex (Cabungcal et al., 2013). To verify the observed decrease
of cortical parvalbumin expression on the cellular level, we
performed immunohistochemical staining at P14, P30 and P60 for
PVALB (Fig. 3A). During this developmental period, the number
of PVALB" interneurons in the cortex increased dynamically in
both groups (Fig. 3B). However, in the hyperoxia animals, cell
density of cortical mature PVALB-expressing interneurons was
significantly reduced in comparison with control litters at all three
time points (Fig. 3B). Hence, these results show a persistent
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decrease in PVALB-expressing cortical interneurons caused by
neonatal hyperoxia. In addition, immunohistochemical staining for
SST and serotonin receptor 3A (HTR3A) indicated no decrease
in the density of SST', RELN" and VIP" cortical interneurons at
P14 and P30 (Fig. 4A-D). HTR3A was used as a marker for all
GABAergic interneurons that express VIP and RELN (Rudy et al.,
2011) (Fig. 4C,D).

Oxidative stress exposure did not alter apoptosis

and autophagy

Oxidative stress represents a potentially toxic stimulus for neuronal
cells that can also inhibit or damage PVALB" interneurons and
result in behavioral disorders (Cabungcal et al., 2013; Jiang et al.,
2013; Sorce et al., 2012). Immature neuronal cells have been shown
to be vulnerable to oxidative stress (Ikonomidou and Kaindl, 2011).
Hyperoxia can induce apoptosis and autophagy in the immature
rodent brain (Bendix et al., 2012; Endesfelder et al., 2014). As
oxidative stress can lead to lipid peroxidation (Yoshida et al., 2013),
we evaluated levels of oxidative stress induced by 48 h hyperoxia
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Fig. 2. Cortical expression of interneuron subtype markers SST, RELN and VIP. (A-C) Real-time PCR analysis of the markers of GABAergic interneurons:
somatostatin (Sst), reelin (Reln) and vasoactive intestinal peptide (Vip) at P7, P9, P11, P14, P30 and P60. (A) Sst was reduced in cortices of hyperoxia-exposed
animals at P9 (70%+6.5%) and P11 (50%+9%). At P14, Sst expression returns to levels of control litters. (B) RELN™ and VIP* interneurons represent subtypes
derived from the caudal ganglionic eminence. RNA expression of Reln was reduced at P11 (70+£7%). (C) Cortical expression of Vip was reduced at P11
(70%=7.5%) and returned to control levels at P14 [for qPCR: n=8 (P7), 7 (P9), 6 (P11-P60); t-test, Mann—Whitney U-test: *P<0.05; **P<0.01]. (D-F) Western blot
analysis reveals long-term recovery of cortical protein expression at P14 and P30. Cortical RELN expression was slightly increased (1.14+0.04) in animals
exposed to hyperoxia at P14 (for western blot: n=6; t-test: *P<0.05). White bar, control; black bar, hyperoxia. The line in the center of the box plot indicates the

median. Whiskers indicate the minimum and maximum.
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in neonatal mouse brains by TBARS ELISA assay (Fig. 5D). As
a result, we detected a more than twofold increase of lipid
peroxidation in the hyperoxic mouse brain at the age P7. Hyperoxia-
induced lipid peroxidation was reflected by increased expression
of the glutamate-cysteine ligase catalytic subunit (Gclc) and
superoxide dismutase 2 (Sod?2) as a cellular response to oxidative
stress in cortical samples at P7 (Fig. SE,F).

To identify the impact of hyperoxia-induced oxidative stress on
GABAergic interneuron apoptosis, we used transgenic GAD67-

EGFP mice to analyze the number of cleaved caspase 3* (CASP3A)
and GAD67" (GFP+) cells at P7, P9, P11 and P14 (Fig. 5A). Overall,
the amount of cortical apoptosis and the number of apoptotic
interneurons was very low. Hyperoxia exposure did not increase the
numbers of GAD67 " CASP3A" interneurons at any of the analyzed
time points (Fig. 5B). Moreover, qPCR analysis of Casp3 expression
in cortical samples did not reveal changes after hyperoxia (Fig. 5C).
For analysis of autophagy activity, western blot analyses for LC3 and
p62 were performed using cortical protein samples (Fig. 6A,B), and
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Fig. 3. Numbers of cortical PVALB* GABAergic interneurons. (A) PVALB" interneurons represent the main subgroup of GABAergic interneurons with 40% of all
GABAergic interneurons being PVALB™. Immunohistochemical staining for PVALB of 10 pm coronal brain sections obtained from mice after 48 h of neonatal
hyperoxia (P5-P7) and controls at P14, P30 and P60. Insets show the areas outlined at higher magnification. (B) The number of cortical PVALB-expressing
interneurons was largely reduced by neonatal hyperoxia at all ages analyzed, specifically at P14 (control=280+14 versus hyperoxia=190+13), P30 (control=420+19
versus hyperoxia=322+6) and P60 (control 502423 versus hyperoxia=426+16) [n=4 (P14, P30) n=5 (P60); t-test, Mann—Whitney U-test: *P<0.05; **P<0.01]. Scale
bar: 500 um. White bar, control; black bar, hyperoxia. The line in the center of the box plot indicates the median. Whiskers indicate the minimum and maximum.

4

DEVELOPMENT



RESEARCH ARTICLE

Development (2021) 148, dev198390. doi:10.1242/dev.198390

Control

Hyperoxia B

[ Control EE Hyperoxia

4007

w

o

o
1

N

o

o
1

cortical SST+ cells
per hemisphere)

-

o

o
1

o

Control

D

Hyperoxia

2207

200

ere)

< 180'

(per hemisp
N a
o o
1 1 1

Sin

P30

cortical HTR3A+ cells

120

100
P14

Fig. 4. Numbers of SST* and HTR3A" interneurons in the mouse cortex. (A,C) Immunohistochemical staining for SST (A) and HTR3A (C) of 10 um coronal
brain sections obtained from mice after 48 h neonatal hyperoxia (P5-P7) and controls at P14 and P30. Insets show the areas outlined at higher magnification.
(B) Number of SST* interneurons, representing the second subgroup of cortical GABAergic interneurons derived from the medial ganglionic eminence was not
affected by hyperoxia at the ages P14 and P30. (D) All GABAergic interneurons derived from the caudal ganglionic eminence express the 5-hydroxytryptamine
receptor 3 A (HTR3A), representing all RELN™ and VIP* interneurons. At P14 and P30, number of HTR3A* interneurons was not affected by hyperoxia exposure
from P5 to P7 (n=4). Scale bar: 500 um. White bar, control; black bar, hyperoxia. The line in the center of the box plot indicates the median. Whiskers indicate the

minimum and maximum.

gene expression analysis was obtained for A7g3 and A7gl2 by qPCR
(Fig. 6C,D). At the ages P7-P14, there was no increase of autophagy
detectable after neonatal exposure to hyperoxia. Microglial activation
can affect interneuron development and may result in decreased
interneuron density (Lacaille et al., 2019). To identify microglial
activation as a possible cause of interneuronal damage, we performed
immunohistochemical staining for IBA1 of the immature mouse
cortex and analyzed cortical tumor necrosis factor o (7rf) and
interleukin 1 B (//1b) RNA expression. As a result, we did not detect
signs of increased microglial activity after exposure to hyperoxia in
newborn mice at ages P7 and P9 (Fig. S1).

No impairment of mature PVALB"* interneurons in
patch-clamp analysis and morphology

In order to describe possible changes of electrophysiological
properties in PVALB" interneurons as a consequence of neonatal
oxidative stress, we applied patch-clamp analysis in transgenic
VGAT-YFP-mice after exposure to 48 h hyperoxia (from P5-P7)

in comparison with normoxic controls. At P23, when the expression
of PVALB in mouse cortical interneurons can be observed in
all cortical layers (Alcantara et al., 1996), electrophysiological
properties such as maximal firing, the amplitude, the input
resistance or the resting membrane potential of cortical
PVALB*YFP" interneurons were not affected by neonatal
hyperoxia (Fig. 7A,B,D). For further morphological assessment,
Sholl analysis, and length of axons and basal dendrites, as important
morphological and functional features of PVALB" interneurons
were determined, which did not show any changes in the hyperoxic
animals (Fig. 7C, Fig. S2).

Hyperoxia induces cortical white matter injury with altered
oligodendroglial GDNF secretion

Hyperoxia and oxidative stress induced white matter injury has been
demonstrated in various studies, and white matter injury has
recently been found to evoke interneuronal maldevelopment
(Schmitz et al., 2011, 2014; Serdar et al., 2016; Stolp et al.,
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Fig. 5. Cell death of GABAergic interneurons in the cortex and oxidative stress in the mouse brain after exposure to hyperoxia. (A) Coronal brain sections
(10 pm) from transgenic GAD67-EGFP mice were stained for CASP3A to detect cell death of cortical GABAergic interneurons at P7, P9, P11 and P14. Scale bar:
500 pm. (B) Hyperoxia exposure from P5 to P7 did not alter the number of GFP*CASP3A* GABAergic interneurons at any time point [n=3 (P7, P9, P14), 4 (P11)]. (C)
gPCR analyses of Casp3 expression of cortical samples at P7, P9, P11 and P14 confirmed that no increase in cell death was detectable after hyperoxia exposure.
However, at P9, gene expression of Casp3 was decreased in cortical samples of animals exposed to hyperoxia (66%+11%). (D) TBARS assay to analyze lipid
peroxidation detected an enhancement of oxidative stress in hyperoxia mouse brains at P7 (control=0.8+0.2 pM/mg versus hyperoxia=2.1+0.4 yM/mg) (for ELISA:
n=8; t-test: *P<0.05). (E,F) Gene expression analysis of glutamate-cysteine ligase catalytic subunit (Gclc) (E) and superoxide dismutase 2 (Sod2) (F) at P7, P9, P11
and P14 reflected increase oxidative stress response in cortical samples. At P7, RNA expression of Gcle (162%%21%) and Sod2 (154%+16%) was increased.
However, Sod2 (79%+6%) expression was decreased at P11 in the hyperoxia group [for qPCR: n=8 (P7), 7 (P9), 6 (P11-P14); t-test, Mann—Whitney U-test:
*P<0.05]. White bar, control; black bar, hyperoxia. The line in the center of the box plot indicates the median. Whiskers indicate the minimum and maximum.

2019). To confirm that oligodendroglia injury also occurs in the nucleotide 3'-phosphodiesterase (Cnp) (Fig. 8A,B). At P7, P9 and
cortex, we analyzed cortical gene expression of the oligodendroglia P14, gene expression of Olig2 and Cnp was significantly reduced in
transcription factor Olig2 and the maturation factor 2',3’-cyclic-  the cortex of hyperoxia animals but returned to control level at P30

DEVELOPMENT

6



RESEARCH ARTICLE

Development (2021) 148, dev198390. doi:10.1242/dev.198390

[ Control EE Hyperoxia
i i C 2007
Control Hyperoxia Control Hyperoxia
- - - — —— LC31 o - - e p62 c
P7 v v o emwm == (C3]] P7 B2 1907
evever wmpewww [(-ACTIN 2 2 3
LC31 = e — .- P62 T 25 100-
== - - S & g100
P9 . . = = LC31 P9 L L — B-ACTIN £ 2 og ]
oz<
LC31 -— s Gng " e es 62 4 50
P11 egg m LC31l e I B-ACTIN
0
- s s e 1C3] NNE aOmN P7 P9 P11 P14
P14 25 s e Y P14 evewew wewses [-ACTIN
D 2007
[ Control B Hyperoxia > 1 Control I Hyperoxia
1.0 g 0 5 § ="
‘ T ° 282
=08 = § £ g 1007 xx E
o N ~ 15 b=t < 2 E
| © 3 33
- o = OF .
=06 ! ﬁ c § 50
5, BP0 oEE L |
S o4 82 0
S §' & P7 P9 P11 P14
T s 05
& 0.2 4
1=
00 g o0
P7 P9 P11 P14 o P7 P9 P11 P14

Fig. 6. Autophagy in the immature mouse cortex. (A-D) To analyze the impact of hyperoxia on autophagy at P7, P9, P11 and P14, western blots of microtubule-
associated protein light chain 3 (LC3) and of sequestosome 1, also known as ubiquitin-binding protein p62 (p62), as well as gPCR analysis of autophagy-related
gene 3 (Atg3) and Atg12 were performed. For LC3 activity analysis, the ratio of the active membrane-bound form LC3 Il and the cytosolic form LC3 | (LC3 Il/LC3 1)
was determined. (A) At all time points, there was no altered autophagy in cortical samples of mice exposed to neonatal hyperoxia. (B) Levels of p62 were
normalized by B-actin expression. At all time points, p62 expression did not reveal any influence of hyperoxia on autophagy in the cortex (for western blots n=6).
(C,D) RNA expression of Atg3 (C) and of Atg72 (D) confirmed no hyperoxia-induced alteration of autophagy in the cortex at P7, P9 and P14. However, expression
of Atg12 was decreased by earlier hyperoxia at P11 (71%+4%) [for gPCR: n=8 (P7), 7 (P9), 6 (P11-P14); t-test: **P<0.01]. White bar, control; black bar,
hyperoxia. The line in the center of the box plot indicates the median. Whiskers indicate the minimum and maximum.

(Fig. 8A,B). To verify in our cortical experiments the findings of
previous studies on subcortical white matter, including myelin
deficits after hyperoxia (Ritter et al., 2013), we quantified myelin
basic protein (MBP) expression by western blot in cortical samples
(Fig. 8C). At P9, P11 and P14, decreased protein expression of MBP
in the cortex revealed diminished myelin production (Fig. 8D). At
P30, MBP expression returned to control level.

Neuronal development and survival can be regulated
by oligodendrocytes. For example, glial cell line-derived
neurotrophic factor (GDNF) synthesized by oligodendrocytes
is supporting neuronal development and maturation (Wilkins
et al., 2003). In the mouse cortex, GDNF is expressed in OPCs
and newly generated oligodendroglia (Poyhonen et al., 2019). In
our immunohistochemical co-staining for GDNF and OLIG2, we
identified oligodendrocytes as a source of GDNF expression in the
immature mouse cortex (Fig. 9A). RNA expression analysis
documented a decrease in cortical Gdnf expression after exposure
to hyperoxia at the age P7 and after 4 days of recovery at P11
(Fig. 9B). Given the pronounced variability of RNA expression in
both the control group and hyperoxia group, we also performed
western blot analysis at P7, P9, P11 and P14 (Fig. 9C). At all time
points, western blot results confirmed a marked decrease in GDNF
protein expression in the mouse cortex after hyperoxia (Fig. 9D).
To verify oligodendroglial origin of the decrease in GDNF
expression after exposure to hyperoxia, we analyzed GDNF
protein levels in vitro in cultured cells of the oligodendroglia cell-
line OLNO93 after incubation at 80% O, or 21% O, for 48 h

(Fig. 9E). As a result, the cell culture experiments verified that
oligodendroglial lineage cells represent a source of GDNF being
downregulated by increased oxygen exposure. Western blot analysis
reveals decreased GDNF expression in OLN93 cells exposed to
80% O, (Fig. 9F). To highlight impaired GDNF signaling as a
possible source of interneuronal maldevelopment, we investigated
GDNF receptor o. 1 (GFRa1) expression of PVALB" GABAergic
interneurons in the postnatal cortex by immunohistochemistry at
P14. Most of the PVALB™ interneurons in the cortex express
GFRal (Fig. 9G). However, GFRal expression is not limited to
PVALB™ interneurons.

Impaired learning and memory in mice exposed to hyperoxia

In recent studies, the involvement of PVALB™ cortical interneuron
activity in learning and memory consolidation was highlighted
(Tripodi et al., 2018; Xia et al., 2017). To analyze the impact of
the observed reduction of cortical PVALB-expressing interneurons
on learning and memory, we performed the switched and the novel
object test. All mice were habituated to four different objects in
two exploration trials (Fig. 10C). For the third trial, two known
objects were switched with each other (switched object test). The
time spent with the two switched objects was compared with
the time spent with the non-switched objects, both in correlation
with the time spent with the objects in the previous trial. In the
fourth trial, a known object was substituted for a new object (novel
object trial). The time spent with the novel object was compared
with the time spent with the known objects, both in correlation with
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Fig. 7. Electrophysiological measurements in cortical PVALB* GABAergic interneurons. (A,B,D) Patch-clamp recording in cortical PVALB* GABAergic
interneurons did not indicate any differences in resting membrane potential (RMP), input resistance (Rin), capacitance, the membrane time constant (Tau),
rheobase, the maximum firing (MaxFiring), the amplitude, the after-hyperpolarization (AHP), rise and decay. (C) Morphological imaging of PVALB* GABAergic
interneurons [control n=7 (12 PVALB" interneurons), hyperoxia n=12 (25 PVALB+ interneurons)]. White bar, control; black bar, hyperoxia. The line in the center of
the box plot indicates the median. Whiskers indicate the minimum and maximum.

the times spent with the objects in the previous trial. As a result,
animals exposed to neonatal hyperoxia showed no significant
differences in exploring switched or novel objects compared
with known objects at P60-P70 (Fig. 10A,B). Notably, this stands
in clear contrast to the behavior observed in control animals,
which spent significantly more time to explore the newly introduced
or changed objects (Fig. 10A,B). Hence, neonatal exposure to
hyperoxia abolished the ability to properly respond to novelty at
young adult ages.

Early cerebral oxidative challenge resulted in altered social
behavior in young adult mice

The function of PVALB" GABAergic interneurons is involved in
establishment of functional social behavior and social interaction
(Bicks et al., 2020). Poor social/interactive skills are one of the most
common behavior problems in individuals born prematurely, and
symptoms of autism spectrum disorders during childhood are
largely increased and have been described in up to 8% of the
children born prematurely (Arpi and Ferrari, 2013; Johnson et al.,

2010). Moreover, pathologies of PVALB" interneurons were
associated with schizophrenia-like symptoms (Jiang et al., 2013).
To identify changes in the social behavior in mice caused by
postnatal oxidative stress, we performed the sociability test and the
social proximity test at age P60 (Fig. 11A-G). In the sociability test,
which is a test of social interaction, hyperoxia-exposed mice did not
show the same preference for interacting with an unfamiliar mouse
as was observed in control mice (Fig. 11A,B). In the social
proximity test, which is a test of social avoidance, social interaction
(nose-to-head contact and nose tip-to-nose tip contact) of
hyperoxia-exposed mice to an unfamiliar mouse was reduced
prematurely compared with controls (Fig. 11D,E). To test for
behavioral changes in mice indicating schizophrenia symptoms as a
possible confounding reason for observed deficits in social
interactions, we performed the prepulse inhibition (PPI) test.
However, the results of the PPI test did not indicate impairments
in sensori-motor gating in hyperoxia-exposed animals (Fig. 11H).
Although ASD patients show an increased anxiety in unfamiliar
environments (American Psychiatric Association and American
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Psychiatric Association, 2013; Strang et al., 2012), hyperoxia-
exposed animals did not show any symptoms of increased anxiety in
two behavioral tests: elevated plus maze (Fig. 12A-I) and open field
test (Fig. 12J-N).

DISCUSSION

In our experiments using the hyperoxia mouse model of preterm
birth brain injury, neonatal oxidative stress caused pathologies of
the GABAergic interneuronal cell population at juvenile and at adult
ages, which was documented by reduced cortical RNA expression
of Lhx6 and Pvalb, and by markedly diminished density of mature
PVALB-expressing interneurons in the cortex expanding from
postnatal to young adult ages. In extension to the previously
described developmental delay of the white matter, oligodendroglia
impairment was documented in our experiments not only by
diminished MBP production but also by decreased oligodendroglia-
derived GDNF expression. Therefore, poor performance in the
behavioral tests for recognition and memory, as well as impaired
social interaction with peers, might be due to the interneuronal
changes in mice after the neonatal hyperoxic challenge. As an
underlying mechanism of cellular damage, we propose here that an
increase in lipid peroxidation is an important oxidative stress
indicator.

During fetal and early postnatal development, the brain
undergoes dynamic processes of neuronal and interneuronal
network establishment (Jiang and Nardelli, 2016; Vasung et al.,
2019). Starting from the third trimester of gestation and extending
for several months after birth, crucial steps of migration and

maturation influence the fate and the functionality of GABAergic
interneurons, as well as the GABAergic inhibitory network in the
cortex, which is finally modulating neuronal and axonal signal
transmission (Hu et al., 2014; Jovanovic and Thomson, 2011;
Kilb, 2012). A pronounced susceptibility of GABAergic
interneurons during early brain development to external stimuli
has been characterized in human studies in response to perinatal
inflammation (Vasistha et al., 2019), prenatal stress (Lussier and
Stevens, 2016) and preterm birth (Panda et al., 2018; Stolp et al.,
2019).

In the cortex, inhibitory GABAergic interneurons are modifying
and directing neuronal activity, and interneuronal dysfunction is
acknowledged to play an important role in the etiology of several
psychiatric diseases, including ADHD (Wang et al., 2012) and ASD
(Gao and Penzes, 2015; Hashemi et al., 2017). Oxidative stress can
cause cellular damage of GABAergic interneurons, leading to
decreased neuronal activity (Sakurai and Gamo, 2019). In adult
patients with ADHD, cortical GABA levels measured by magnetic
resonance spectroscopy were lower in comparison with healthy
control individuals (Edden et al., 2012), complementing the concept
of interneuronal deficits being involved.

The relevance of the GABA network for psychiatric diseases has
also been underlined by studies in adult mice with a genetic
knockout of the GABA transporter subtype 1, which developed
symptoms of motor hyperactivity and ADHD (Yang et al., 2013). In
animal studies, reduction of PVALB™ interneuron number or
PVALB expression has been linked to ASD symptoms (Filice and
Schwaller, 2017), and energy deficit in PVLAB" interneurons
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caused impaired social interaction (Inan et al., 2016). Moreover,
mice with Pvalb knockout display behavioral phenotypes of ASD
with relevance to core symptoms in humans: abnormal reciprocal
social interactions, impairments in communication, and repetitive
and stereotyped patterns of behavior (Wohr et al., 2015).

A role of oxidative stress for interneuronal impairment was
demonstrated by Cabungcal and co-workers, who exposed Gclm
knockout mice with genetically downregulated anti-oxidant
capacity to oxidative challenges using a pharmacological
approach (Cabungcal et al., 2013). However, a behavioral
phenotype resulting from the interneuronal damage was not the
subject of that study.

In our current experiments, the expression of interneuronal
markers Sst, Reln and Vip was transiently affected by exposure to
neonatal oxidative stress and returned back to control levels a few
days after recovery in room air. Gene expression analysis and
immunohistochemistry did not reveal persistent changes in these
subpopulations. In contrast, alterations of SST" interneuronal
numbers or marker expression has been reported to coincide with
depressive-like behaviors (Girgenti et al., 2019; Lin and Sibille,
2013). In humans, a reduction of SST* interneurons in the upper
cortical layers can be caused by preterm birth (Lacaille et al., 2019).
Instead, the deficits in the gene expression of Lhx6 and Pvalb
in cortical samples persisted for longer times after the oxidative
challenge, and a marked loss of mature PVALB-expressing
interneurons was maintained until adult ages, as confirmed by
western blot and immunohistochemistry in the cortex. Additionally,
long-term recovery of cortical SST*, RELN" and VIP" interneurons
could also be demonstrated by immunohistochemistry and
western blot.

So far, the origin of psychiatric disorders related to pathologies
of the cortical GABAergic system has mostly been linked to
abnormalities in PVALB" interneurons (Ferguson and Gao, 2018).
In our experiments in mice, the loss of PVALB-expressing
interneuronal cells after hyperoxia could not be explained by overt
signs of increased autophagy in hyperoxic wild-type mice or by
increased apoptotic cell death in the GAD67-EGFP mice. However,
in theory, apoptosis could have occurred at earlier time points
during exposure to hyperoxia and might have affected immature
PVALB" interneurons. Theoretically, postnatal maturation of
parvalbumin-expressing interneurons was interrupted by oxidative
stress. Redox dysregulation during postnatal development
disables parvalbumin expression in PVALB™ interneurons with a
loss of function in different models of schizophrenia (Powell
et al.,, 2012). Potentially, a lack of or incomplete maturation of
PVALB" interneurons can also result from altered interneuron-glia
interaction during brain development. In a previous study, we
showed that neonatal hyperoxia and oxidative stress is causing white
matter pathologies, including delayed oligodendroglial maturation
and hypomyelination (Schmitz et al., 2011), which was confirmed
for the cortex in this study. White matter damage has been found to
coincide with a reduced number of cortical GABAergic
interneurons in humans and in animal models of preterm birth
brain injury (Stolp et al., 2019). Oligodendrocytes provide electric
isolation and metabolic support for GABAergic interneurons, and
PVALB" interneurons have the highest myelination proportion of
all GABAergic interneurons. The development of immature
interneurons and  oligodendrocyte precursor cells occur
interactively in the immature cortex (Benamer et al., 2020; Orduz
et al.,, 2015), and disturbed crosstalk between these cells may
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Fig. 11. Social behavior of young adult mice. (C,G) Social interaction of P60 mice was observed by the sociability test and the social proximity test. In the sociability
test, the preference of the mouse to interact with an unfamiliar mouse was analyzed in a tripartite chamber, which is composed of three chambers of equal size; two
cylindrical cages, one empty and one containing the unfamiliar mouse, were placed in the lateral chambers. (A) After 10 min, the preference for interacting with the
unfamiliar mouse when compared with the empty cage was determined by the ratio of time spent with the unfamiliar mouse over the time spent with the empty cage.
Hyperoxia-exposed mice did not show a preference for interacting with the unfamiliar mouse. The ratio of time interacting with the mouse peer over time spent with the
empty cage was decreased (control=1.6+0.2 versus hyperoxia=1.1+0.1). (B) In a similar way, the ratio of time spent in the unfamiliar mouse chamber by time spent in the
empty chamber was decreased in hyperoxia-exposed animals (control=1.6+0.2 versus hyperoxia=1.1+0.1) (control, n=8; hyperoxia, n=9, t-test: *P<0.05). (G) The social
proximity test provides a sub-analysis of behavior in a situation in which the focus is not on avoidance of peer animals but instead on characteristics of interaction during
contact. For 10 min, interactions with an unfamiliar mouse were analyzed in a testing cage (7 cmx14 cm). (D) After 8 min, hyperoxia-exposed animals significantly
reduced the nose-to-head contact with the unfamiliar mouse (control=2.5+0.5 versus hyperoxia=1.1+0.1). (E) A reduction of the nose tip-to-nose tip contact occurred at
much earlier time points: there was a tendency towards decreased contact after 4 min (P=0.07, control=1.8+0.4 versus hyperoxia=0.8+0.3), and nose tip-to-nose tip
contact was significantly reduced after 6 min (control=2.9+0.5 versus hyperoxia=1.5+0.4) and 8 min (control=2.6+0.4 versus hyperoxia=1.010.4) (t-test: *P<0.05). (F)
Interaction by nose-to-anogenital contact was not affected by hyperoxia (n=11, t-test: *P<0.05). (H) A prepulse inhibition (PPI) test to measure sensorimotor gating was
performed in a standard startle chamber. PPI did not reveal any change in startle or reflex response (control, n=8; hyperoxia, n=9). White bar, control; black bar, hyperoxia.
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Fig. 12. Investigation of anxiety behavior in young adult mice. (I,N) The elevated plus maze (I) and the open field test (N) were performed to study anxiety
behaviorin P60 mice. In the elevated plus maze test, hyperoxia-exposed mice did not show altered anxiety. (A-H) There was no difference in the number of entries
to the open (A) or closed arms (E), in the time spent in the open (B) or closed arms (F), in the distance walked in the open (C) or closed arms (G), in the number of
entries into the risk zone (D) or in head dips (H) compared with control animals. (J-L) In the open field test, anxiety behavior of control and hyperoxia-exposed
animals was equal. There was no difference in total distance walked (J), or in the time spent in (K), in entries into (L) or in distance walked into (M) the center region

(control, n=8; hyperoxia, n=9). White bar, control; black bar, hyperoxia.

represent the cellular basis of brain pathology in schizophrenia
(Raabe et al., 2019). We identified decreased oligodendroglial
GDNF expression as a consequence of postnatal hyperoxia. GDNF
function is involved in migration, differentiation and maturation of
MGE-derived cortical GABAergic interneurons (Canty et al., 2009;
Pozas and Ibafiez, 2005). Hence, the loss of the cortical PVALB*
interneuron population in our study may occur in close relation to
oligodendroglial damage in hyperoxic mice, which is mediated by
reduction of oligodendroglial GDNF.

Neurotransmitter signaling, such as GABA release, is important
for developmental processes through the regulation of intracellular
calcium, which is required for many cellular functions, i.e.
cytoskeletal remodeling (Manent and Represa, 2007), and GABA
signaling is indispensable for oligodendroglia development
(Habermacher et al., 2019). Bi-directional damage as a secondary
consequence, caused by decreased numbers of mature parvalbumin-
expressing interneurons, might enhance the damage in cortical
oligodendroglia after previous exposure to oxidative stress. White
matter alteration might also interfere with deficits in learning and
cognition, and could contribute to the development of psychiatric
disorders, such as ADHD and autism (Fields, 2008). However,

although myelin deficits and white matter damage are compensated
for during long-term recovery in room air in this mouse model
(Schmitz et al., 2011), the persistent changes in cortical PVALB*
interneurons until the ages when behavior tasks were performed,
i.e. interneuronal damage, can be regarded as an important cause of
behavioral impairment.

In this study, ASD-like behavior was observed, characterized by a
poor interest in peer animals and loss of interaction with unfamiliar
mice. Marked learning deficits were revealed in the switched object
and novel object tests. Our data extend the picture of an ADHD-like
phenotype in the hyperoxia mice in line with a previous study in the
same model showing motor hyperactivity and reduced motor learning
at young adult ages (Schmitz et al., 2012). Although increased levels of
anxiety and poor stress management are often reported as common
concerns in preterm infants and in children with ASD (Johnson and
Marlow, 2011; White et al., 2009), and silencing of PVALB"
interneurons may contribute to anxiety-related neurological and
psychiatric disorders (Panthi and Leitch, 2019), we did not discover
signs of anxiety in our animals in the open field and the elevated plus
maze test. The results from the PPI test did not reveal the presence of
sensorimotor gating deficits in hyperoxia-exposed mice, which suggest

13

DEVELOPMENT



RESEARCH ARTICLE

Development (2021) 148, dev198390. doi:10.1242/dev.198390

the lack of a schizophrenia-like phenotype. A reduced number of
PVALB" interneurons has also been found in an animal model of
schizophrenia (Lodge et al., 2009), and in NMDAR hypofunctional
mice, increased oxidative stress was induced after maternal separation
to aggravate schizophrenia-like symptoms (Jiang et al., 2013). Our
environmental model is applied in wild-type mice without genetic
manipulation of interneurons, and the extent of interneuronal damage
might be less pronounced and may therefore not result in
schizophrenia-like symptoms. The rather mild extent of brain injury
in the hyperoxia model, though, closely resembles the subtle
pathologies often seen in preterm infants. The translational value of
our study is also strengthened by the fact that the shared features
of ASD and ADHD found in our hyperoxia-exposed animals has also
been obtained in human cohorts after preterm birth (Lake et al., 2019).

The results of our study show that the early increase in oxygen
exposure largely and persistently reduces the number of mature
PVALB-expressing GABAergic interneurons in the cortex and can
be one of the causes leading to behavioral problems similar to the
psychiatric symptoms often found in preterm infants. Impaired
development of cortical interneurons may interact with the observed
cortical white matter injury and could also be induced or enhanced
by decreased oligodendrocyte-derived GDNF expression. Oxygen-
induced oxidative stress therefore represents an early external factor
that contributes to symptoms of psychiatric disorders in preterm
infants and offers a potential target for future preventive and
therapeutic strategies.

MATERIALS AND METHODS

Animal experiments

All animal experiments were performed with the permission of the Animal
Welfare Committee of Berlin (G0084/11, G0151/14 and G0224/16). Wild-type
mice (C57BL/6), transgenic VGAT-EYFP mice and GAD67-EGFP transgenic
mice age P5 were exposed to 80% oxygen for 48 h together with their mothers
in an OxyCycler chamber (OxyCycler BioSpherix). The animals recovered in
room air for different times thereafter until analysis at ages P9, P11, P15, P23,
P30 and P60. Behavioral analyses were performed at P60-P70.

Cell culture
We received cells of the oligodendroglia lineage cell line OLN93 (Richter-
Landsberg and Heinrich, 1996) from Dr C. Richter-Landsberg (Oldenburg,
Germany). Cells were cultured as described previously (Brill et al., 2017).
Briefly, for protein expression analyses, 1.5x10° cells per six-well plate
were incubated at 80% and 21% oxygen. During oxygen exposure, cells
were cultured with only 1% FCS and without any antibiotic, to avoid anti-
oxidative stress effects of medium compounds. Aftera 48 h incubation, cells
were harvested for western blot analysis.

Real-time PCR

Total cellular RNA was isolated from snap frozen tissue by acidic phenol/
chloroform extraction (peqGold RNA—Pure, peqLab). Two pg of total RNA
was reverse transcribed (M—MLV Reverse Transkriptase, Promega) after
DNase (Qiagen) pre-treatment. The cDNA was analyzed with specific
primers and probes for markers of the distinct GABAergic interneuronal
subtypes (Lhx6, Sst, Pvalb, Reln and Vip), oligodendroglia (Olig2 and Cnp),
apoptosis (Casp3), autophagy (Atg3 and Azgl?2), inflammation (7nfa and
111b), oxidative stress (Gcle and Sod2) and glia cell-derived neurotrophic
factor (Gdnf) (Table S1). The expression of target genes was analyzed with
the StepOnePlus Realtime PCR System (Applied Biosystems) according to
the 2724C€T method (Livak and Schmittgen, 2001). Expression of the
housekeeping gene Hprt was used as an internal reference.

Western blot
For western blotting, 20 pg of isolated protein was separated by
electrophoresis using a 4-20% Criterion TGX Precast Mini/Midi Protein

Gel (Bio-Rad). After electroblotting (Trans—Blot Turbo Transfer System,
BioRad) to a nitrocellulose membrane and blocking of nonspecific binding
sites (Roti—Block, Roth), membranes were exposed to primary antibodies:
LC3 (Abcam, ab48394, 1:1000), SQSTM1/p62 (Abcam, ab91526, 1:1000),
GDNF (Invitrogen, PA1-9524, 1:1000), MBP (Covance, SMI-99P, 1:1000),
PVALB (Abcam, ab11427, 1:1000), SST (R&D Systems, MAB2358, 1:500),
RELN (Millipore, MAB5364, 1:1000), VIP (ABclonal, A1804, 1:1000) and
B-actin (Sigma, A5316, 1:5000) followed by appropriate secondary antibodies
conjugated with horseradish peroxidase (donkey anti rabbit Pierce 31458,
1:5000; rabbit anti mouse Dako P0260, 1:5000; goat anti chicken Invitrogen
A16054, 1:5000) and detection by chemiluminescence (PerkinElmer, USA).
Loading control B-actin was used as an internal reference. For western blot,
sample size depends on gel size.

Thiobarbituric acid reactive substances (TBARS) assay

Lipid peroxidation in whole-brain samples was determined using the
TBARS assay kit (Cayman Chemical) according to the manufacturer’s
instructions. TBARS concentration was normalized to the total amount of
protein.

Immunohistochemistry

Mice were anesthetized following German guidelines and transcardially
perfused with PBS followed by 4% paraformaldehyde (PFA). Brains were
dissected, post-fixed with 4% PFA at 4°C overnight before they were
preserved in paraffin wax. Coronal brain sections were cut (10 um) and stored
on slides at room temperature. After removal of paraffin wax, fluorescence
staining was performed for the GABAergic interneuron subtype markers
parvalbumin (PVALB, Abcam ab11427, 1:1000), somatostain (SST, Atlas
Antibodies, HPA019472, 1:1000) and serotonin receptor 3A (HTR3A,
ABclonal, A5647, 1:200), as well as oligodendrocyte marker OLIG2 (R&D
Systems, AF2418, 1:2000), GDNF (R&D Systems, MAB212, 1:100), GDNF
receptor alpha 1 (GFRal, R&D Systems, AF560, 1:100) and microglia
marker IBA1 (Wako, 019-19741, 1:750). For HTR3A detection, signal
amplification was performed with the TSA Plus Cyanine 3 kit (Perkin Elmer,
NEL744001KT) according to the manufacturer’s instructions. Brain slices
from GAD67-EGFP mice were stained using anti-GFP antibody (Abcam,
ab6673, 1:1000) and apoptosis marker cleaved caspase 3 (CASP3A, Cell
Signaling, #9664, 1:200). After incubation with the primary antibodies, brain
sections were incubated with the secondary antibodies Alexa Fluor 488 goat
anti-rabbit IgG (Thermo Fisher Scientific A11034, 1:200), Alexa Fluor 594
goat anti-rabbit IgG (Thermo Fisher Scientific A11037, 1:200), Alexa Fluor
594 goat anti-mouse IgG (Thermo Fisher Scientific A11032, 1:200) and
Alexa Fluor 488 donkey anti-goat IgG (Thermo Fisher Scientific A11055,
1:200). After the final incubation step, sections were mounted in Fluoroshield
with DAPI (4',6-diamidino-2-phenylindole, Sigma). For cell counting, two
plane hemisphere sections (left and right) per animal were analyzed. Cell
number of all layers in the frontal cortex were counted without layer
distribution.

Microscope measurements

Immunohistochemically stained brain sections were analyzed using a
Keyence compact fluorescent microscope BZ 9000 with a 10x, 20x and 40%
objective, the BZ-II Viewer software and BZ-II Analyzer software
(Keyence). The number of immunolabeled cells were determined using
Photoshop CSM (Adobe). Merged images were processed in Photoshop
CSM with minimal manipulation of contrast.

Acute cortical slice preparation

Acute brain slices were obtained from ~23-day-old C57BL/6 VGAT-YFP
mice by quickly removing brains after deep isoflurane (3%) anesthesia and
transferring them into carbogenated (95% 0,/5% CO,), ice-cold sucrose-
ACSF (sACSF, in mM: 87 NaCl, 2.5 KCl, 25 NaHCO;, 1.25 NaH,PO,, 25
glucose, 75 sucrose, 1 sodium pyruvate, 1 sodium ascorbate, 7 MgCl,, 0.5
CaCl,). Coronal brain slices (300 pm) were cut on a Vibratome (VT1200s;
Leica), transferred to a submerged holding chamber -containing
carbogenated sucrose-ACSF at a temperature of 34°C, incubated for
30 min and subsequently stored at room temperature.
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Whole-cell patch-clamp recordings

For electrophysiological patch-clamp recordings, slices were visualized
using an infrared differential contrast illumination by means of an upright
microscope (BX-50, Olympus) equipped with a 20x water-immersion
objective. Whole-cell patch-clamp recordings were performed using a
Multiclamp 700B amplifier (Molecular Devices). Recording pipettes were
pulled from borosilicate glass capillaries (2 mm outer/1 mm inner diameter,
Hilgenberg, Germany) on a horizontal electrode puller (P-97, Sutter
Instruments) and filled with intracellular solution (in mM: 130 potassium
gluconate, 10 KCl, 2 MgCl,, 10 EGTA, 10 HEPES, 2 Na,-ATP, 0.3 Na,-
GTP, 1 Naj-creatinine and 0.1% Biocytin; 290-310 mOsm; pH 7.4).
Voltage-clamp recordings were performed at a holding potential of —65 mV
and all current-clamp recordings from the resting membrane potential at a
sampling rate of 20 kHz were made on an analog-digital interface (Axon
Digidata 1440A, Molecular Devices) and acquired with WinWCP software
(courtesy of John Dempster, Strathclyde University, Glasgow, UK). Data
were analyzed offline using the open source Stimfit software package
(Guzman et al., 2014). Cells were recorded initially in current clamp and a
family of depolarizing to hyperpolarizing current steps was injected (=250
to 450 pA, 500 ms duration) to determine intrinsic membrane properties and
action potential discharge properties. At the end of each recording, the
pipette was carefully removed from the cell to form an outside-out patch and
the slice was fixed overnight in 0.1 M PB containing 4% PFA.

For histological staining, slices were incubated with primary antibody
mouse anti-PVALB (SWANT, 235, 1:5000) and then incubated with
secondary antibody goat anti-mouse Alexa Fluor 405 (Thermo Fisher
Scientific A-31553, 1:500) and Alexa Fluor 647 conjugated streptavidin
(Thermo Fisher Scientific S21374, 1:500). After the final washing step,
slices were mounted on glass slides with a 300 um metal spacer and
mounting medium (Fluoromount-G, Southern Biotech).

Imaging and reconstructions

Image stacks were acquired on a confocal laser-scanning microscope
(FluoView 1000; Olympus) using a 30x silicone oil-immersion objective
(N.A. 1.05; Olympus) with a resolution of 1024x1024 and a step size of
0.8 um. 3D reconstructions of PVALB" interneurons were generated from
image stacks using Neutube (Feng et al., 2015) and subsequently analyzed
using Neuron (Hines and Carnevale, 1997).

Behavioral analyses

For all behavioral analyses, only male animals were used. Open field test,
switched object and the novel object recognition test, elevated plus maze
test, sociability test and prepulse inhibition test were performed with the
same number of animals and the same cohort of mice. Social proximity
testing was performed in two separate cohorts.

Open field test

Mice show distinct aversions to large, brightly lit, open and unknown
environments (Seibenhener and Wooten, 2015). The open field test was
used to analyze anxiety-like behavior in the mice. In a square-shaped box
with high walls (72x72x33 c¢m) made of white high density and non-porous
plastic, mice were placed in the center region. For 5 min, the mice had the
ability to explore the area. The behavior of the animals was recorded by a
camera. Measurements were performed with anymaze software (ANY-maze
4.50, Stoelting Europe, Dublin, Ireland). Distance walked, time and entries
in the center region were recorded.

The switched object and the novel object recognition test

The test was performed in a square-shaped open-field box with high walls
(72x72x33 cm) as described previously (Mattei et al., 2017) with some
modifications. Briefly, after 5 min open field trial, the mouse explored four
different objects in two exploration trials (5 min each). Following the second
exploration trial (trial 2), two of the known objects were displaced with each
other. In this switched object trial (trial 3), the mouse explored the four
different objects for 5 min again. In the last trial, the novel object trial (trial 4),
one of the objects was replaced by a novel unknown object. In that final trial,
the mouse explored the four objects for 5 min again. The behavior of the

animals was recorded using a camera. Analysis was performed with anymaze
software. In sessions four and five, objects were classified in different groups
for switched objects (SO) and non-switched objects (NSO), as well as novel
object (NO) and known objects (KO). The ability of the animals to selectively
react to the spatial changes were analyzed by calculating the spatial re-
exploration index based on the exploration time, as described by De Leonibus
et al. (2009). SO (trial 3)—SO (trial 2)=SO and NSO (trial 3)-NSO (trial
2)=NSO; NO (trial 4)-NO (trial 3)=NO and KO (trial 4)-KO (trial 3)=KO.

The elevated plus maze test

The elevated plus maze test (EPM) is an animal test for anxiety-like
behavior. The test apparatus is made of four equal arms in length and width.
These arms form a plus sign shape radiating from a center platform with two
opposed closed arms and two opposed open arms. The EPM is elevated
from the bottom (Rodgers and Dalvi, 1997). For testing, a mouse was placed
on the central platform, and behavior was recorded by a camera for 5 min.
Measurements were performed with anymaze software. Head dips, entries
into the risk zone, the time, entries and distance traveled in the open and
closed arms were recorded.

Sociability test

Social behavior of the mice was analyzed by the sociability test as described
elsewhere (Mattei et al., 2017). Briefly, after a 5 min habituation in the middle
chamber of a tripartite chamber composed of three chambers of equal size
(20x40 cm), two cylindrical cages, one empty and one containing an
unfamiliar mouse, were placed in the lateral chambers. For 10 min, the mouse
had access to all chambers. The preference for the unfamiliar mouse over the
empty cage was assessed by calculating the ratio of time spent with the
unfamiliar mouse over the time spent in the empty cage. The ratio of time
spent in the chamber of the unfamiliar mouse over the time spent in the empty
cage chamber was also calculated. The behavior of the animals was recorded
using a camera. Measurements were performed with anymaze software.

Social proximity test

The social proximity test was performed as described elsewhere (Defensor
et al., 2011). The test mouse was placed together with an unfamiliar mouse
in atesting cage (7 cmx 14 cm; transparent walls, custom made). For 10 min,
social interaction was recorded using a video camera and viewer software
(Biobserve). Nose tip-to-nose tip contact (NN), nose-to-head contact (NH)
and nose-to-anogenital contact (NA) were counted over time.

Prepulse inhibition test

The prepulse inhibition (PPI) test, also known as startle reduction or reflex
modification test, is a behavioral test in which a weak stimulus (prepulse)
can reduce the startle response to an originally stronger startle stimulus
(pulse). Reduced PPI is considered to be a biomarker of schizophrenia
(Mena et al., 2016). The PPI of startle reflex was determined using a
standard startle chamber (San Diego Instruments) according to the
manufacturer’s instructions as previously described (Mattei et al., 2014).
The test started with 5 min habituation where the mouse was exposed to
white noise of 65 decibels (dB). After the habituation session, a
pseudorandomized session started with 10 different types of trials: eight
acoustic startle pulse alone (120 dB) and 10 different prepulses followed by
pulse trials were applied in which mice were exposed to either 69, 73 or
81 dB stimulus 100 ms before the pulse. In a random duration of 10-25 s, the
trials were separated by 65 dB with noise. In the prepulse plus startle-pulse
trials, the amount of PPI is measured and expressed as percentage of the
basal startle response (startle pulse alone).

Statistics

Results are in general presented in box and whisker plots. For behavior
analyses, results are expressed as meants.e.m. Samples were tested for
normal distribution using the Shapiro-Wilk test and outliers using the
GraphPad outlier calculator (https://www.graphpad.com/quickcalcs/
Grubbsl.cfim). For statistical analysis, r-test was used (two-tailed), for
nonparametric distribution Mann—Whitney U-test was performed. All
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graphics and statistical analysis were performed using the Graph Pad Prism
5.0 software.
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Fig. S1. Microglia response to hyperoxia exposure

IBA1 staining of 10 um coronal brain section at the ages P7 and P9 (A). The number and the
morphology of cortical IBA1+ microglia was not affected by neonatal oxygen exposure from
P5 to P7 (B) (n = 4). RNA expression of cortical Tnfa (C) and //18 (D) was similar in both

groups (for gPCR: n =8 (P7), 7 (P9))
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Fig. S2. Morphology of cortical Interneurons
Morphological analysis did not reveal any significant difference in dendritic length (A). Sholl
analysis of basal dendrites (B) and axons (C) did not show changes in intersections (control

n =7 (12 PVALB+ interneurons), hyperoxia n = 12 (15 PVALB+ interneurons)).
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Table S1. Oligonucleotides

Gene Forward Primer Reverse Primer Probe Detection

Atg3 NM_026402.3 TAGTGGAAGCCT | GTGGGAGATGAG SYBR
GCAAAGCTA GATGGTTTT Green

Atgl2 | NM_026217.3 GCTGAAGGCTGT | ACCATCACTGCC SYBR
AGGAGACACT AAAACACTC Green

Casp3 | NM_001284409.1 | ATGGGAGCAAGT | ATTTCAGGCCCA | TGTCATCTCGC | TagMan
CAGTGGAC TGAATGTC TCTGGTACG

Cnp NM_001146318.1 | AGCAGGAGGTGG | GATGGCTTGTCC | TTTGTGACACC | TagMan
TGAAGAGA AGATCA CAAGACAGC

Gclc NM_010295.2 GTGGAGGCCAAT | CTGGGTTGGGTC | AGGCTCTCTGC | TagMan
ATGAGGAA TGTGTTCT ACCATCACT

Gdnf NM_001301332.1 | TTTGAAGACGCC | TGTCCAGAATCA SYBR
AGGGAAATG ACCACCAAG Green

Hprt NM_013556.2 TGCTCGAGATGT | TATGTCCCCCGT | ATCACATTGTG TagMan
CATGAAGG TGACTGAT GCCCTCTGT

11g NM_008361.4 TGACGGACCCCA | TGCTGCTGCGAG | TGCTTCCAAAC | TagMan
AAAGATGA ATTTGAAG CTTTGACCT

Lhx6 NM_008500.2 AAGGTAGAGCCT | AGGTTGTTGACC SYBR
CCCCATGT TTGAGCAGA Green

Olig2 NM_016967.2 ATCTTCCTCCAG GGGCTCAGTCAT | CCACGTCTTCC | TagMan
CACCTCCT CTGCTTCT ACCAAGAAA

Pvalb NM_001330686.1 | GGCGATAGGAGC | ACCTCATCCGGG SYBR
CTTTGCT TTCTTTTTC Green

Reln NM_011261.2 AGTGTGGCACCA | TGTTGTTGTGTTC SYBR
TCATGCAT AGGCATGTG Green

Sod2 NM_013671.3 CCGAGGAGAAGT | ATATGTCCCCCA | ACAACTCAGGT | TagMan
ACCACGAG CCATTGAA CGCTCTTCAG

Sst NM_009215.1 CCCAGACTCCGT | GGGCATCATTCT SYBR
CAGTTTCTG CTGTCTGGTT Green

Tnfa NM_013693.3 ACCACGCTCTTC | TCTGGGCCATAG | AAGGGATGAGA | TagMan
TGTCTACTGAACT | AACTGATGAGA AGTTCCCAA

Vip NM_011702.3 CTCTTCAGTGTG | AAACGGCATCCT SYBR
CTGTTCTCTCAGT | GTCATCCA Green
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