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Advances in neonatal care have allowed premature infants
to survive at earlier gestational ages, but they are often
afflicted with neurological delays or deficits. Maternal
inflammation has been identified as a major risk factor for
premature birth and once born, infants often require
supplemental oxygen for survival. Nurr1 (NR4A2) is an
orphan nuclear receptor with no known binding site and is
essential for the growth of midbrain dopamine neurons.
Others have reported that Nurr1 can act as an anti-
inflammatory transcription factor in microglia and
astrocytes and respond lipopolysaccharide (LPS). We have
previously reported decreased numbers of
oligodendrocytes and increased numbers of microglia in the
mice exposed to both maternal inflammation and neonatal
hyperoxia in the perinatal period. These studies tested the
hypothesis that the combined exposures to inflammation
and hyperoxia would increase Nurr1 expression in microglia
in our mouse model and in an immortalized microglia cell
line, BV2 cells. Our data indicate that Nurr1 protein
expression is increased at postnatal day 0 and postnatal
day 28 in whole-brain homogenates from mice exposed to
LPS and hyperoxia. Alternatively, Nurr1 message is
decreased at postnatal day 60 in isolated microglia,
indicating that the increases in whole-brain homogenates

may be due to other cell types. In BV2 cells, Nurr1 message
in increased by exposure to hyperoxia, but this increase is
attenuated in cells exposed to both LPS and hyperoxia.
Although Nurr1 regulation is not straightforward, these data
indicate that Nurr1 expression is increased in whole-brain
homogenates in response to inflammation, but is decreased
in isolated primary microglia and BV2 cells in response to
similar inflammation. Our data support the hypothesis that
Nurr1 expression may play a significant role in regulating
inflammation in the brain and understanding the complex
regulation of Nurr1 could lead to new therapeutic
strategies. NeuroReport 27:1120–1127 Copyright © 2016
Wolters Kluwer Health, Inc. All rights reserved.
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Introduction
Advances in neonatal intensive care have increased sur-

vival rates of premature infants at increasingly earlier

gestational ages. However, these vulnerable infants

remain at significant risk of the morbidities associated

with preterm birth. Neurodevelopmental delays and

deficits that can vary widely in type and severity are of

principal concern to those who care for these infants and

children. These can include cerebral palsy, sensory def-

icits, cognitive impairments, and behavioral and social

dysfunction and their frequency is inversely correlated to

the gestational age at birth [1]. Such impairments can

affect quality of life throughout childhood and potentially

throughout an entire life. Maternal inflammation has

been identified as a major risk factor for premature birth

[2]. After birth, premature infants often require supple-

mental oxygen for survival, and this exposure can lead to

additional inflammatory responses. Both of these sources

of inflammation, independently and in combination,

have the potential to contribute to neurodevelopmental

impairments.

Nurr1 (NR4A2) is an orphan nuclear receptor with no

known ligand [3], but is described as a transcription factor

and is associated with specific physiological roles. The

role of Nurr1 has been characterized most thoroughly in

midbrain dopaminergic neurons, where it is essential for

the growth and maintenance of this neuronal population.

Moreover, a Nurr1 knockout is embryonic lethal because

of lack of movement in the offspring [4]. In human kid-

ney cells exposed to an oxidative stimulus, Nurr1 is

exported from the nucleus into the cytoplasm, indicating

a potential role for Nurr1 in response to oxidative stress

[5]. Other studies have found that Nurr1 gene expression

is induced by lipopolysaccharide (LPS) in macrophages

as well as microglia [6–8]. Most relevant to our current

studies, Saijo et al. [8] reported that Nurr1 may play an

anti-inflammatory role in microglia and astrocytes

exposed to LPS by acting as a transrepressor of the NFκB
cascade and attenuating the release of inflammatory

mediators by these cells. Their data indicated that the

release of inflammatory mediators from microglia was
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significantly increased when Nurr1 was genetically

deleted.

Previous studies in our lab have investigated the com-

bined effects of maternal LPS and neonatal hyperoxia

exposures in a mouse model, a common clinical scenario

for very preterm infants. We have reported pathological

changes in the lung, the heart, and the brain of the off-

spring [9–13]. Specifically, we have observed decreased

numbers of early cortical oligodendrocytes and increased

numbers of microglia in the cortex and hippocampus of

mice exposed to both maternal inflammation and neo-

natal hyperoxia [9]. Although inflammation [14,15] and

hyperoxia exposure [16–18] have been shown to be

particularly harmful to the developing brain, we spec-

ulate that the combined exposures will have a more

severe effect and potentially alter pathways not affected

by either insult individually.

Given the increased numbers of microglia in our model

and reports of a potential anti-inflammatory role for Nurr1

in these cells, the aim of our studies was to test the

hypothesis that the combined exposures of LPS and

hyperoxia would alter Nurr1 expression in microglia in

our mouse model and in an immortalized microglia cell

line, BV2 cells.

Materials and methods
Animal model
All studies were carried out in strict accordance with ani-

mal study protocols that were approved by the

Institutional Animal Care and Use Committee at

Nationwide Children’s Hospital Research Institute

(Columbus, Ohio, USA). All studies were carried out

within the guidelines set forth by the ‘Guide for Care and

Use of Laboratory Animals’ and within an AAALAC-

accredited facility. The animal model utilized in this

study has been described extensively in our previous

publications [9,10]. Briefly, pregnant C3H/HeN mice

were injected with 80 µg/kg LPS [EMD Millipore

(CalBiochem), Billerica, Massachusetts, USA] or saline

intraperitoneally on embryonic day 16. Once the pups

are born, they are exposed to room air (RA) or 85% oxygen

(O2) for 14 days and then placed back in RA. Mice were

anesthetized with an intraperitoneal injection of ketamine

and xylazine (150 and 15mg/kg, respectively). This

effectively creates four exposure groups: saline/RA, saline/

O2, LPS/RA, and LPS/O2. Brains were collected from

pups in each group on postnatal day 0 (PN0), postnatal day

28 (PN28), and postnatal day (PN60).

Microglial enrichment
Microglia were isolated from whole-brain homogenates as

described previously by Sawicki et al. [19] and Norden

et al. [20]. Brains were homogenized and the cell pellets

were resuspended in 70% Percoll (17-0891-01; GE-

Healthcare, Little Chalfont, UK). Decreasing con-

centrations of Percoll (50, 35, 0%) were overlaid and the

entire sample was centrifuged at 2000g for 20 min.

Enriched microglia were collected between the 70 and

50% Percoll layers. Previous studies have shown that this

method yields more than 90% CD11b+ cells [21,22].

BV2 cells
BV2 cells (mouse microglial cell line) and related proto-

cols were generously provided by Dr Jonathan Godbout.

These cells were cultured in Dulbecco’s modified Eagle

medium supplemented with 10% fetal bovine serum

(S1115 0H; Atlanta Biologicals, Flowery Branch, Georgia,

USA) and streptomycin. BV2 cells were plated at a

density of 2× 106 cells/plate. After 24 h, cells were incu-

bated in 50 ng/ml LPS or saline for 24 h. A portion of the

cells was then harvested and the remaining cells were

washed 3× with PBS, plated with new media, and

incubated in 85% O2 or RA for 48 h and harvested.

Cell counts
Media were collected from BV2 cell plates, and adherent

BV2 cells were collected through trypsinization. Both
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Nurr1 protein expression is increased in whole brain. Whole-brain
homogenates were prepared from pups exposed to maternal LPS and/
or neonatal hyperoxia at (a) PN day 0 and (b) PN day 28. Protein levels
of Nurr1 were measured by Western blot and quantified by
densitometry. Data were analyzed by two-way ANOVA, with Tukey’s
post-hoc (*P<0.05, **P<0.01, n=5–8), and are presented as
mean ±SD. ANOVA, analysis of variance; LPS, lipopolysaccharide; PN,
postnatal.
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media and cells were centrifuged at 2500 rpm for 5 min at

4°C. The supernatant was removed and the cell pellet

was resuspended in 1 ml of media. A small aliquot of the

media was diluted with PBS and mixed with trypan blue

exclusion dye. Viable and nonviable cells were counted

on a hemocytometer.

Real time quantitative PCR
RNA was isolated from brain tissues or cells using TRIzol

(Invitrogen, Carlsbad, California, USA) and the RNeasy kit

(Qiagen, Hilden, Germany) following the manufacturer’s

protocols. RNA (2 μg) was reverse transcribed per

instructions using the Maxima First Strand cDNA

Synthesis Kit (Thermo Scientific, Waltham Massachusetts,

USA). PCR with Maxima SYBR green master mix

(Thermo Scientific) was performed on an Eppendorf

Realplex Master Cycler using custom DNA primers

(Integrated DNA Technologies, Coralville, Iowa, USA).

Western blot analysis
Whole brains were removed from pups on PN0 and

PN28 and flash frozen and stored at − 80°C until analysis,

at which point the tissue was homogenized in lysis buffer.

The brain homogenates were centrifuged at 14 000 rpm

for 15 min. Cells were suspended with 500 μl lysis buffer
(20 mM HEPES, pH 7.4, 50 mM β-glycerophosphate,
2 mM EGTA, 1 mM dithiothreitol, 10 mM NaF, 1 mM

NaVO4, 10% glycerol, 1% triton), mixed thoroughly, and

centrifuged at 14 000 rpm for 15 min. Supernatants were

saved for protein analysis. Protein concentrations were

determined using the Bradford assay. Samples were load-

ed onto SDS-page gels (30 µg for cells, 80 µg for tissue),

separated by gel electrophoresis, and transferred onto

nitrocellulose membranes. Membranes were probed with

rabbit polyclonal anti-Nurr1 (SC-991; Santa Cruz

Biotechnology, Santa Cruz, California, USA) at 1–500

concentration. The Nurr1 primary antibody was then
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Nurr1 and cytokine levels in microglia isolated from mice exposed to LPS and hyperoxia. Enriched microglia were isolated from mice exposed
previously to maternal LPS and neonatal hyperoxia at PN60 as described in the Materials and methods section. RNA was isolated and cytokine
expression was measured by RT-qPCR. Data were analyzed using a t-test (*P<0.05, n=4) and are presented as mean ±SD. LPS,
lipopolysaccharide; RA, room air; RT-qPCR, quantitative reverse transcription PCR.

Table 1 Adherent and nonadherent BV2 cell counts after treatment
with lipopolysaccharide and hyperoxia

Treatment Adherent cells Nonadherent cells

Nonviable
adherent
cells

Nonviable
nonadherent

cells

Saline/RA 172.3 ±10.7 8.7 ± 12.1 19.3 ±9.4 9.4 ±0.8
Saline/O2 7.3 ±3.7**** 74.7 ± 9.8** 2.6 ±3.3 5.8 ±0.2
LPS/RA 98.9 ±20.5** 3.2 ± 1.6 36.2 ±8.2 7.4 ±1.9
LPS/O2 5.2 ±1.4**** 67.7 ± 12.5*** 6.4 ±1.4 15.7 ±4.5

Cells were collected and counted on a hemocytometer. Data were analyzed by
two-way ANOVA with Tukey’s post-hoc, (**P<0.01, ***P<0.001, ****P<0.0001,
n=3) and presented as mean ±SD per high-powered field (×100).
ANOVA, analysis of variance; LPS, lipopolysaccharide; RA, room air.
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detected using a secondary goat antirabbit (170-6515;

Bio-Rad Laboratories, Hercules, California, USA) at

1 : 12 000 and developed using enhanced chemilumi-

nescene. The band density was normalized to β-actin
protein (ab62676; Abcam, Cambridge, UK).

Immunofluorescence
Coverslips were placed on the bottom of six-well plates

and cells were plated as described earlier. After the

exposures, the media were removed and the plates were

washed 3× with PBS. Cells were fixed with 4% para-

formaldehyde in PBS (MP Bio 199983) for 10 min. Cell

plates were kept in PBS at 4°C until staining. Cells were

permeabilized with ice-cold methanol for 2 min and

blocked for 1 h with 10% rabbit serum and subsequently

incubated in rabbit anti-Nurr1 (1 : 100) (SC 991; Santa

Cruz Biotechnology) at 4°C overnight. After washing, the

cells were incubated in AlexaFluor 488 donkey anti-goat

for 1 h (A21206; Life Technologies, Carlsbad, California,

USA). Coverslips were mounted onto slides with

Vectashield containing DAPI (H-1500; Vector

Laboratories Inc., Burlingame, California, USA).

Statistics
Statistical analyses were carried out by two-way analysis

of variance or Student’s T-test. All data are presented as

means ± SEM. All analyses were carried out using

GraphPad PRISM 5 (Graphpad Software Inc., La Jolla,

California, USA).

Results
Nurr1 protein expression in whole-brain homogenates is
increased by inflammation
Nurr1 protein expression was measured in whole-brain

homogenates from mice exposed to maternal LPS (PN0)

or maternal LPS and neonatal hyperoxia (PN28).

Western blot analyses indicated that maternal LPS

exposure alone increased Nurr1 expression (Fig. 1a). At

PN28, after RA or hyperoxia exposure and recovery, the

combined LPS and oxygen exposed group also showed a

relative increase in Nurr1 protein expression (Fig. 1b).

These data suggest that Nurr1 protein expression in the

brain is increased in response to inflammatory stress.

Nurr1 expression is suppressed in isolated microglia
from mice exposed to maternal lipopolysaccharide and
neonatal hyperoxia
Microglia are able to respond to inflammation and often

changes in these cells persist long after the initial insult.

To determine whether the increases in Nurr1 expression

were because of microglia changes and whether these

changes persisted, primary microglia were isolated from

Fig. 3

Two-way ANOVA:
effect of LPS
effect of O2
interaction

Two-way ANOVA:
effect of LPS
effect of O2
interaction

Two-way ANOVA:
effect of O2

4

3

2

1

0
RA O2

BV
2 

ce
lls

(fo
ld

 c
ha

ng
e)

BV
2 

ce
lls

(fo
ld

 c
ha

ng
e)

∗∗

10

8

6

4

2

0
RA O2

TNFα

∗∗∗∗

∗∗

2.0

1.5

1.0

0.5

0.0
RA O2

TGF-β 

IL-1β

BV2 cell showed increased cytokine expression in response to LPS exposure. BV2 cells were exposed to LPS (50 ng/ml) or saline and exposed to
room air or hyperoxia for 48 h (85% O2). Cells were harvested and RNA extracted. Cytokine expression was measured by RT-qPCR. Data were
analyzed using a t-test (**P<0.01, ***P<0.001, n=6) and are presented as mean±SD. ANOVA, analysis of variance; LPS, lipopolysaccharide; RA,
room air; RT-qPCR, quantitative reverse transcription PCR.
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whole brains taken from mice exposed to maternal LPS

and neonatal hyperoxia at PN60. Expressions of IL-1β,
iNOS, TGFβ, and Nurr1 were quantified by real time-

PCR (RT-PCR) analyses. No differences were observed

in IL-1β, iNOS, or TGFβ expression at this late time

point. In contrast to the protein measurements at earlier

time points (Fig. 1), Nurr1 message in microglia was

suppressed in mice exposed to LPS/O2 (Fig. 2).

Microglial BV2 cell model
To further investigate the changes in Nurr1 expression,

we chose to use a microglial cell line (BV2). Doses of LPS

or time of hyperoxia exposure were established in BV2

cells to mimic the mouse model in vivo. BV2 cells were

exposed to increasing doses of LPS (5–100 ng/ml) and

increasing durations of hyperoxia (0–72 h). Media were

collected and cell injury was measured by lactate dehy-

drogenase (LDH) release. LDH release was increased

two-fold at 100 ng/ml, indicating cell death. Similarly,

LDH release was increased two-fold at 72 h of hyperoxia

exposure. We chose the highest dose that would not

result in overt cell death, 50 ng/ml of LPS, followed by

48 h of hyperoxia for the rest of the experiments (data not

shown). A substantial number of BV2 cells are non-

adherent after oxygen exposure; consequently, adherent

and nonadherent cells were collected separately using

both trypsinization and centrifugation. The LPS/O2-

exposed cells had significantly more nonadherent, dead

cells compared with saline/RA-exposed cells; however,

hyperoxia exposure alone was associated with consider-

able loss of adherence (Table 1).

Lipopolysaccharide and hyperoxia cause increases in
cytokine expression in BV2 cells
Cytokine levels were measured by RT-PCR in BV2 cells

(nonadherent and adherent cells combined) exposed to

LPS and hyperoxia. IL-1β and TNFα expression levels

were elevated with exposures to O2 and treatment with

LPS (statistical effects of O2, LPS, and an interaction).

TGFβ expression levels were also increased, but more

specifically in response to O2 (statistical effects of O2)

(Fig. 3). These data indicate that BV2 cells responded to

inflammatory stimuli by increasing the expression of

representative cytokines.

Lipopolysaccharide and hyperoxia cause decreases in
Nurr1 levels in BV2 cells
Nurr1 levels were measured by RT-PCR both in non-

adherent (Fig. 4a) and in adherent (Fig. 4b) BV2 cells.

Oxygen exposure alone induced a marked increase in

Nurr1 expression that was attenuated in the LPS/O2-

exposed cells (Fig. 4), with both cell groups showing a

statistical effect of oxygen.

Nurr1 protein expression is decreased in
lipopolysaccharide/O2-treated cells
BV2 cell lysates were collected and Nurr1 protein levels

were measured by Western blot. Cells exposed to

hyperoxia and/or LPS showed significantly reduced

Nurr1 protein expression (Fig. 5a). These data are in

contrast to the increases in message observed by RT-

PCR and may represent RNA or protein instability or

turnover in the context of acute inflammation.

Immunohistochemical analyses of Nurr1 expression in

BV2 cells indicate perinuclear expression in the saline/

RA-exposed cells and greater nuclear expression in the

LPS-exposed and/or O2-exposed cells (Fig. 5b). The

cells exposed to LPS/O2 were markedly smaller in size

and contained less cytoplasm (a more condensed cell

morphology) and fewer of these cells were adherent than

in the other exposure groups.
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exposed to room air or hyperoxia for 48 h (85% O2). Nonadherent cells
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analyzed by a two-way ANOVA with Tukey’s post-hoc, (*P<0.05, n=6)
and are presented as mean ±SD. ANOVA, analysis of variance; LPS,
lipopolysaccharide; RT-qPCR, quantitative reverse transcription PCR.
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Discussion
In our original report, mice exposed to the combination of

maternal LPS and neonatal hyperoxia showed micro-

gliosis in the cerebral cortex and hippocampus [9].

Although microglia are essential for the protection of

fragile brain tissue from infection or injury, they can

produce and excrete substances that are responsible for

prolonged, and sometimes misdirected, inflammatory

responses. The aim of this study was to determine the

role of Nurr1 in microglia in the pathologies observed

previously.

Nurr1 is expressed in microglia, but its exact role has not

been identified. Studies have suggested that Nurr1 is an

Fig. 5
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anti-inflammatory cytokine that is increased in response

to inflammation. Furthermore, Saijo et al. [8], have shown
that Nurr1 protein and gene expression increase imme-

diately in response to LPS. Initially, we investigated

Nurr1 protein expression in whole-brain homogenates at

PN0 in mice born to dams exposed to LPS (Fig. 1a) and

at PN28 after maternal LPS and neonatal hyperoxia

exposure. Our data were similar to those reported by

Saijo and colleagues with considerable increases in Nurr1

in response to LPS, but an additive increase with the

additional exposure to hyperoxia (Fig. 1b). The elevated

levels of Nurr1 at PN28 were surprising in that these

mice were analyzed after 14 days of recovery, indicating

that the change in Nurr1 expression persisted after a

return to normoxia.

Because of technical limitations, isolation of significant

quantities of primary microglia from younger animals is

not feasible. Consequently, primary microglia were iso-

lated from mice at PN60. At this late time point, no

differences in cytokine expression were observed, sug-

gesting that these cells had recovered from the inflam-

matory insult by this time (Fig. 2). Interestingly, long

after cessation of both exposures, these mice showed

decreased Nurr1 mRNA expression in enriched micro-

glia, suggesting that the effect of combined LPS and

hyperoxia on the expression of Nurr1 may be long-lasting

despite a resolution of the inflammatory response.

To further understand the inconsistencies in our model

in vivo, a clinically similar model in vitro was established
using the BV2 cell line to study microglial responses to

the combined exposures of LPS and hyperoxia. At 24 h,

no increases in cytokines were observed with LPS alone

and only the expression of TNFα was increased with

hyperoxia alone; however, robust increases were

observed with combined LPS and hyperoxia (Fig. 3).

Interestingly, Nurr1 mRNA levels were increased with

hyperoxia alone, but this increase was attenuated in the

cells exposed to LPS and hyperoxia (Fig. 4). This same

trend was observed when Nurr1 protein levels were

assessed by Western blot (Fig. 5a). These findings sug-

gest that there might be transcriptional suppression,

increased turnover, or increased degradation of Nurr1 in

the LPS/O2 group. Although it is clear that the hyperoxia

alone induces an inflammatory state, it is the ‘double hit’

of inflammation and hyperoxia that appears to exacerbate

the inflammatory response while also suppressing Nurr1

expression in microglia. Taken together, these data

indicate that Nurr1 is increased by LPS/O2 exposure in

whole-brain homogenates, but suppressed in both pri-

mary microglia and BV2 cells. Our data suggest that the

increases in Nurr1 levels observed in whole-brain

homogenates are because of Nurr1 expression in a cell

type other than microglia.

We do acknowledge the limitations of our studies. First,

brains taken at early time points could not be

microdissected because of their small size, and testing

whole-brain homogenates does not allow for regional

analysis. Second, we could not isolate sufficient quan-

tities of primary microglia from younger animals to assess

Nurr1 expression; however, studies in BV2 cells did allow

us to assess the role of Nurr1 in microglia. In addition,

some concerns have been raised about the cross-reactiv-

ity of Nurr1 antibodies with Nur77. Because of this, we

assayed Nurr1 and Nur77 levels through qPCR. There

was markedly less Nur77 expression compared with

Nurr1 in our animal model and there was minimal Nurr77

(marginally detectable) expression in our BV2 model.

Collectively, our data reinforce the existing data that

Nurr1 expression, regulation, and cell specificity is not

straightforward and requires continued study for further

elucidation. Others have observed that Nurr1 agonists are

effective in treating the symptoms of a mouse model of

Parkinson’s disease [23,24] and in curbing inflammation

[8,25], indicating that there may be therapeutic potential

in modulating Nurr1 expression. Although our data

indicate that Nurr1 is increased in one or more cell types

in the brain, identification of this (these) cell type(s) is

beyond the scope of these studies.

Conclusion
Neurodevelopmental impairments stemming from

complications with preterm birth are an understudied

problem with wide-ranging impacts. Our study provides

novel insight into the possible mechanisms underpinning

these neurodevelopmental impairments and Nurr1 as a

potential target for further investigation in this field.
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