Experimental Brain Research (2019) 237:3351-3362
https://doi.org/10.1007/500221-019-05680-2

RESEARCH ARTICLE q

Check for
updates

NRG1-ErbB4 signaling promotes functional recovery in a murine
model of traumatic brain injury via regulation of GABA release

Weike Deng'2 - Fei Luo? - Bao-ming Li"2 - Lin Mei**

Received: 19 May 2019 / Accepted: 9 September 2019 / Published online: 13 November 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Traumatic brain injury (TBI) is a serious health problem in the world. However, little is known about the pathogenesis and
molecular mechanisms of TBI. Here, we show that TBI activates neuregulin 1 (NRG1)-ErbB4 signaling, with an increased
expression of NRG1 and ErbB4 in the traumatic region. Specifically knocking out ErbB4 in parvalbumin-positive (PV*)
interneurons exacerbates motor function deficits in mice after TBI. Consistently, PV-ErbB4~'~ mice showed larger necrotic
area and more edema when compared with PV-ErbB4™* mice. Replenishment of NRG1 through intranasal application of
the recombinant protein in PV-ErbB4*"* mice enhanced neurological function. Moreover, using an in vitro neuronal culture
system, we found that NRG1-ErbB4 signaling protects neurons from glutamate-induced death, and such protective effects
could be diminished by GABA receptor antagonist. These results indicate that NRG-ErbB4 signaling protects cortical neu-
rons from TBI-induced damage, and such effect is probably mediated by promoting GABA activity. Taken together, these
findings unveil a previously unappreciated role for NRG1-ErB4 signaling in preventing neuronal cell death during functional
recovery after TBI.
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Introduction

Traumatic brain injury (TBI) represents a major cause of
lifelong physical, behavioral, emotional and cognitive
impairments globally, affecting more than 2 million patients
per year in USA (Alexander 1995; Bigler 2003; Blennow
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et al. 2012; Smith et al. 2013; Taylor et al. 2017). TBI can
lead to brain edema and hemorrhage through disruption of
the blood brain barrier (BBB) (Smith et al. 2013; Brickler
et al. 2018). These effects involve in primary and secondary
damage via glutamate toxicity, oxidative stress, ischemia,
neuroinflammation, and metabolic imbalance (Maas et al.
2008; Johnson et al. 2013; Bramlett and Dietrich 2015; Jas-
sam et al. 2017).

Neuregulin 1 (NRG1), a growth factor, contains the epi-
thelial growth factor (EGF)-like domain (Falls 2003; Mei
and Xiong 2008; Buonanno 2010; Mei and Nave 2014).
Alternative splicing produces more than 30 different
NRGI isoforms, which are types I, II and III (Falls 2003;
Steinthorsdottir et al. 2004; Harrison and Law 2006; Bublil
and Yarden 2007; Mei and Xiong 2008; Mei and Nave
2014). NRG1 isoforms differ in their patterns and levels
of expression in different tissues including brain (Mei and
Xiong 2008). Mice that carry mutations inactivating particu-
lar isoforms show different changes in neural development,
suggesting that the different NRG1 isoforms have distinct
functions (Mei and Xiong 2008). The ErbB receptors are a
family that contains receptors of ErbB1 (or EGFR), ErbB2,
ErbB3 and ErbB4 (Mei and Xiong 2008; Chen et al. 2010;
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Mei and Nave 2014). EGFR does not bind to NRG1, but can
form heterodimers with ErbB4. ErbB2 functions as a co-
receptor by forming heterodimers with other ligand-bound
ErbBs. ErbB3 can bind to NRG1, but its homodimers are
catalytically inactive. Among the ErbB proteins, ErbB4 is
best characterized for its function in the CNS. It can both
interact with NRG1 and become activated by NRG1 as a
tyrosine kinase (Mei and Xiong 2008). ErbB4 undergoes
tertiary structural changes when it binds to NRG1 and
forms functional homodimers or heterodimers with ErbB1,
ErbB2, or ErbB3 (Mei and Nave 2014). Phosphorylation
of the ErbB4 receptor leads to the recruitment of adaptor
molecules and activates numerous downstream signaling
pathways that are crucial to neuronal development, axonal
navigation, neuronal migration and synaptic function (Mei
and Nave 2014). NRG1-ErbB4 signaling has been impli-
cated in the assembly of the GABAergic circuitry (Fazzari
et al. 2010). NRG1 and ErbB4 are necessary for the E/I
balance by promoting or maintaining y-Aminobutyric acid
(GABA) release (Woo et al. 2007; Fazzari et al. 2010; Mei
and Nave 2014).

NRG1-ErbB4 signaling protects neurons against ischemic
injury, which may involve the inhibition of pro-inflammatory
responses (Xu et al. 2004; Li et al. 2007, 2012). Increasing
GABAergic neurotransmission is known to reduce cerebral
ischemia-induced neuronal apoptosis (Costa et al. 2004;
Zhou et al. 2008; DeFazio et al. 2009). It is interesting that
ErbB4 is expressed specifically in GABAergic neurons (Faz-
zari et al. 2010), and NRG1 promotes GABA release via
stimulating ErbB4 receptors (Fazzari et al. 2010). So it is
possible that NRG1 neuroprotection may be mediated by
ErbB4 receptors on GABAergic neurons.

In this study, we investigated NRG1-ErbB4 signaling
during the pathological process of TBI. We demonstrate that
TBI activates NRG1-ErbB4 signaling near the traumatic
region of mice. In addition, we found that PV-ErbB4~~ mice
showed aggravated motor function deficits when com-
pared with PV-ErbB4*/* littermates. Moreover, intranasal
delivery of recombinant NRGI1 after TBI improves the
long-term functional recovery in mice, we also found that
NRG1-ErbB4 signaling protects neurons from glutamate-
induced death in vitro, and such protective effects could be
diminished using a GABA receptor antagonist. Thus, this
study demonstrated that NRG1-ErbB4 signaling may play
arole in promoting neurological recovery after TBI.

Materials and methods
Animals

C57B6/] (male 8-12 weeks of age, and 25-30 g of
body weight) were used. Wild-type (WT) mice were
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purchased from The Jackson Laboratory. Mice with tar-
geted knockin transgenes ErbB4::CreERT2 and Rosa::
LSL-tdTomato (Madisen et al. 2010; Bean et al. 2014)
were purchased from The Jackson Laboratory. Double-
transgenic ErbB4::CreERT2; Rosa::LSL-tdTomato mice
(here after referred as ErbB4-reporter mice) were gener-
ated by ErbB4::CreERT2 and Rosa::LSL-tdTomato mice.
The administration of tamoxifen was done as previously
described (Bean et al. 2014). Heart-rescued ErbB4 knock-
out mice (Tidcombe et al. 2003), LoxP-flanked ErbB4 mice
(Garcia-Rivello et al. 2005) and PV-Cre mice were described
previously (Wen et al. 2010). Parvalbumin (PV)-Cre mice
were crossed with LoxP-flanked ErbB4 mice to generate
PV-ErbB4~/~ mice, with PV-ErbB4™* mice as a control.
Mice were kept on a 12 h light/dark cycle with access to
food and water ad libitum in a temperature-controlled room
(~22 °C). All animal procedures were carried out in strict
accordance with the principles of laboratory animal care and
use approved by the Augusta University Animal Care and
Use Committee guidelines.

Controlled cortical impact (CCl)

Unilateral TBI was induced in the right parietal lobe as
described previously (Miller et al. 2015). A parietal cra-
niotomy (diameter 3.5 mm) was centered 0.5 mm anterior
and 2.0 mm lateral to bregma in anesthetized mice. CCI was
induced using a 3-mm convex tip attached to an electromag-
netic impactor (Leica) and a stereotaxic apparatus. The con-
tusion depth was set to 1.5 mm from dura with a velocity of
3.0 m/s sustained for 150 ms. Sham mice underwent craniec-
tomy surgeries but without the focal injury. After surgical
procedures, the mice were seamed and received an intra-
peritoneal injection of warm saline to prevent dehydration,
then the mice were transferred to a temperature-controlled
chamber for recovery.

Rotarod test and beam walk test

Mice were habituated in the experimental room for 1 h prior
to testing and equipment was cleaned with 70% ethanol
between each test. The rotarod test was used to evaluate sen-
sorimotor balance and coordination as previously described
(Adelson et al. 2012). Briefly, animals were pre-trained for
4 days before CCI or sham injury. A baseline was collected
on the fourth day of training, then again at 1 day, 2 days,
4 days, 8 days, 16 days and 32 days post-CCI or sham injury.
Mice were placed on the rod and the starting velocity was
set at 4 rpm and accelerating to 40 rpm in 300 s. Mice were
given four trials each testing day with a 2-min intertrial
interval. The time to fall was recorded for each mouse.

The beam walk test was used to assess fine motor coor-
dination and balance as previously described (Merkler et al.
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2001). Briefly, the square wood beam was 30 cm in height,
6 mm wide and 80 cm long. Mice were pre-trained to walk
to a dark goal box for 4 days with four trials each day and
the baseline total number of foot slips was collected on the
fourth day of training, then again at 1 days, 2 days, 4 days,
8 days, 16 days and 32 days post-injury.

Evaluation of lesion volume

The brain section selection and lesion volume determina-
tion were performed as described previously (Brickler et al.
2018). In brief, lesion volume was assessed using Caveleri
Estimator from Stereolnvestigator (MicroBrightField, Wil-
liston, VT) and an upright Olympus BX51TRF motorized
microscope (Olympus America, Center Valley, PA). Lesion
volume was analyzed by estimating the area of tissue loss
in the ipsilateral cortical hemisphere using five serial coro-
nal sections (—1.34 to +1.11 mm posterior from Bregma).
Nissl-stained sections were viewed under microscopy at a
magnification of 4x. A random sampling scheme was used
that estimates every 10th section from rostral to caudal,
yielding five total sections to be analyzed. A randomly
placed grid with 100 pm spaced points was placed over the
ipsilateral hemisphere and the area of contusion was marked
within each grid. Lesion boundaries were identified by loss
of Nissl staining, pyknotic neurons and tissue hemorrhage.
The marked areas, using grid spacing, was then used to esti-
mate total tissue volume based on section thickness, section
interval and total number of sections. Data are represented
as volume of tissue loss or damage (mm?>).

Brain water content analysis

To measure water content, brains were freshly dissected and
weighed to obtain the wet weight (mg). They were then dried
at 70 °C for 3 days to obtain the dry weight. Hemispheric
water content was calculated as follows: % hemispheric
water content = (wet weight — dry weight)/(wet weight) x 100
(Brickler et al. 2018).

Intranasal delivery of recombinant NRG1

The intranasal approach for NRG1 delivery into the brain
was performed as described previously (Xia et al. 2018).
Briefly, mice were randomly assigned to receive PBS or
recombinant NRG1 treatment 2 h after TBI and subsequently
to receive the similar treatment every other day for 14 days.
The recombinant NRG1 was obtained as described previ-
ously (Woo et al. 2007). All mice were anesthetized and
placed in a supine position with dorsal side down. NRG1
was freshly dissolved in PBS (1.0 pg/pL), delivered at a dose
of 0.5 mg/kg, and applied into each nostril five times (~3
pL into each nostril for each trial), with an inter-treatment

interval of 5 min. Animals in the control group received an
equal volume of sterile PBS using the same regimen. For a
30 g mouse, approximately 15 pL of NRG1 or an equivalent
volume of PBS was delivered over the course of ~25 min.

Neurological behavioral tests

Modified Neurological Severity Scale (mNSS) scores were
used to evaluate the neurological function as previously
described (Horita et al. 2006). The mNSS was a composite
of motor, sensory, reflex, and balance tests. Neurological
function was graded on a scale of 0-18 (normal 0; maximal
deficit score 18). The higher the score, the more severe the
injury was.

Body curl test for contralateral torso flexion

Neurological function was assessed after CCI using a modi-
fied elevated body swing test as previously described (Wash-
ington et al. 2012). Briefly, mice were hand-suspended by
the tail by a blinded investigator and rated for degree of
torso flexion from vertical toward the contralateral injury
side. A numerical scoring system was developed based on
the degree of contralateral body curl: absent (1), mild (2),
moderate (3), and severe (4). Normal mice hang vertically
without flexion and thus deviate 0° from vertical (rating
of 1). Flexion of the torso 22.5° from vertical was rated 2
(mild), flexion between 22.5° and 45° from vertical was
rated 3 (moderate), and flexion of the torso 45° or more and
with/or without grasping of the hindlimb by forelimb was
rated 4 (severe). Contralateral torso flexion was assessed 1,
2,4, 8, 16 and 32-day after injury.

Immunohistochemistry and confocal microscopy

Tissue distributions of GFAP and Iba-1 were assessed by
immunohistochemistry using an image analysis workstation
(Yang et al. 2019). Mice were administered ketamine/xyla-
zine (150 mg/kg and 10 mg/kg, respectively) and perfused
with 0.1 M PB followed by ice-cold 4% paraformaldehyde
(PFA). Brains were removed and postfixed in 4% PFA over-
night at 4 °C, and cryoprotected in 10%, 20%, 30% (w/v)
sucrose (Sigma) before freezing in OCT. Brains were cut
into 20-pm sections.

The primary antibodies and their sources are listed in
Table 1. The primary antibodies were diluted in blocking
solution [0.1% (v/v) Triton x-100 and 10% fetal calf serum
in 0.01 M PBS][and applied to brain sections overnight
at 4 °C. Then, brain sections were washed and incubated
with secondary antibodies for 2 h (for details see Table S1).
Finally, brain sections were mounted on glass slides.

Mounted slides were then imaged under an inverted laser
scanning confocal microscope (FV1000; Olympus). A total
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Table 1 Source of primary antibodies

Target Host species Source #Catalog  Dilution
protein or
maker
Phospho- Rabbit CST 4757 1:100
HER4/
ErbB4
(Tyr1284)
ErbB4 Rabbit Gift (Zhu et al. 0618 1:1000
1995)
NRG1 Rabbit Invitrogen PA5-34648 1:1000
PV Rabbit Swant PV 25 1:1000
Bactin Mouse Sigma A1978 1:4000
GFAP Mouse Millipore MAB360  1:1000
Ibal Goat Abcam ab5076 1:1500
NeuN Mouse Neuromics MO22122  1:2000

of 3-5 sections (— 1.06 to —0.58 mm posterior from bregma)
were examined per mouse, and 5-8 mice were analyzed for
each data point. Confocal images represent projected stacks
of 15-20 images which were collected at 0.5-pm steps. The
cells were counted by FV10-ASW (Olympus) and Image J
(NIH, http://imagej.nih.gov/ij).

Western blotting

Lysates were generated using RIPA buffer (Thermo Scien-
tific) supplemented with 1% protease inhibitor cocktail set
III EDTA-free (vol/vol, Calbiochem). Protein concentration
was determined using the Thermo BCA Protein Assay Kit
(Thermo Scientific) according to the manufacturer’s instruc-
tions. Samples were heated at 100 °C for 10 min, and 10 pg
of total protein was loaded onto 12% acrylamide gel. Then,
proteins were transferred onto polyvinylidene difluoride
(PVDF) membranes (Millipore) for 2 h at 56 V in transfer
buffer. Membranes were blocked with 5% powdered milk
in Tris-buffered saline (TBST) for 2 h at room tempera-
ture on an orbital shaker. Then, membranes were incubated
with primary antibody overnight at 4 °C, washed thrice in
TBST for 5 min, and incubated with horseradish peroxidase
(HRP)-conjugated IgG secondary antibody for 2 h at room
temperature. Chemiluminescent substrate detection reagent
(Pierce™ ECL Western Blotting Substrate, Thermo Scien-
tific) and autoradiography film processing was performed,
followed by analysis with Image Lab (Bio-Rad).

Cell culture and treatment
Primary rat cortical neurons were prepared from 1-day-old
Sprague—Dawley (SD) rats. Cells were cultured in Dulbec-

co’s modified Eagle’s medium/Ham’s F12 (DMEM/F12, 1:1,
v/v) (Invitrogen) and 2% B27 (GIBCO) supplemented with
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20 ng/ml basic fibroblast growth factor (bFGF) and 20 ng/
ml epidermal growth factor (EGF) (Sigma) for 5 days. Cells
were routinely maintained in DMEM containing at 37°C in
a humidified atmosphere of 5% CO,. After 24 h, cultures
were subjected to treatment with different concentrations
of glutamate. NRG1 was used as a recombinant polypep-
tide containing the entire EGF domain of the p-type NRG1
(rtHRG pB177-244) (Holmes et al. 1992). Ecto-ErbB4 was
prepared from HEK293 cells as previously described (Woo
et al. 2007).

Assay for cell viability and death

Cell viability was determined using the Dojindo Cell Count-
ing Kit-8 (CCK-8, Dojindo Laboratories). Cells were seeded
into a 96-well plate at a density of 1x 10* cells per well,
and CCK-8 solution (10 pl in each well containing 100 pl of
medium) was added 24 h or 48 h later. The plate was incu-
bated at 37 °C for 4 h, and the absorbance at 450 nm was
then measured using a microplate reader. All experiments
were done in triplicate and performed three times.

Cell viability (%) was calculated using the formula:
(As— Ab)/(Ac— Ab)] x 100, where As is the experimental
well absorbance (absorbance of cells, medium, CCK-8 and
wells of the test compound), Ab is the blank well absorb-
ance (absorbance of wells containing medium and CCK-8),
and Ac is the control well absorbance (absorbance of wells
containing cells, medium and CCK-8. Cell death ratio (%)
was thus calculated using the formula: 100% cell viability.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
6. Data are presented as mean + SEM. When two groups
were compared, a two-tailed unpaired Student’s ¢ test was
used unless otherwise noted. Two-way analysis of variance
(ANOVA) followed by Bonferroni post-tests was used to
analyze experiments with two variables.

Results

TBIl induces persistent activation of NRG1-ErbB4
signaling in the cortex

To investigate whether TBI activates the NRG1-ErbB4
signaling in the injured cortex, we induced focal contusion
injury using CCI in mice (Fig. 1a, b). Firstly, we collected
the cortex ipsilateral to the injury (Fig. 1c¢) and quantified
full-length NRG1, cleaved NRG1, ErbB4 and pErbB4 levels
at 1, 2,4, 8 and 16 days post-TBI (dpi) by western blotting
analysis (Fig. 1d, e). Results showed that the full-length
NRGI level was significantly increased in the cortex of TBI
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Fig.1 TBI triggers a persistent activation of NGR1-ErBb4 signaling
in the cortex. a The procedures for CCI. b The brain of mice after
sham or TBI. Scale bar: 4 mm. ¢ Diagram of coronal mice brain sec-
tion showing relationship of lesion cavity (red) to regions used for
western blot analysis (red squares). d, e Representative Western blot

animals at 1, 2, 4 and 8 days post-injury (dpi), and return
to normal level at 16 dpi (Fig. 1f). The cleaved NRG1 level
was significantly increased in the cortex of TBI mice at 1,
2,4, 8 and 16 dpi (Fig. 1g). Furthermore, ErbB4 level was
decreased in the cortex of TBI mice at 1 and 2 and 4 dpi,
then return to normal level at 8 dpi, and increased in the
cortex of TBI mice at 16 dpi (Fig. 1h). pErbB4 level was
increased in the cortex of TBI mice at 2, 4, 8 and 16 dpi
(Fig. 11).

As shown, the total ErbB4 level first decreased and
then increased after TBI. It was possible that the death of
neurons (including the ErbB4™* cell) occurred at the begin-
ning of TBI, or the rapid production of pErbB4 leaded to
the decrease in ErbB4 level. Taken together, these results
indicate that TBI triggers a persistent activation of the
NRGI1-ErbB4 signaling near the injured site.

PV-ErbB4~'~ mice display increased cortical lesion
volume and neuron death after TBI

ErbB4 expression in the cortex is largely restricted to
GABAergic interneurons (Fazzari et al. 2010; Mei and
Nave 2014). In particular, it is expressed by a majority of

bands of full-length NRG1, cleaved NRG1, ErbB4 and p-ErbB4 from
the ipsilateral hemisphere after sham or TBI. f-i Quantitative analy-
ses of endogenous full-length NRGI, cleaved NRGI1, ErbB4 and
p-ErbB4 at 1, 2, 4, 8, 16 dpi. Data are represented as mean + SEM,
*p<0.05, **¥p <0.01, n=>5 animals per group

PV™ cells, one specific class of GABAergic interneurons
(Fazzari et al. 2010; Wen et al. 2010). Here, our results
also showed that ErbB4 is mainly expressed in PV* corti-
cal interneurons (Fig. S1A-C), which is consistent with
previous studies. Thus, we used the PV-ErbB4~'~ mice
in which ErbB4 is ablated specifically in PV-positive
interneurons to address the potential role of NRG1-ErbB4
signaling in the outcomes of TBI. Interestingly, we also
found that there was a significant increase in the num-
ber of ErbB4™ neurons in the cortex of TBI mice as com-
pared to sham mice at 16 dpi (Fig. S1D, E). To evaluate
whether PV-ErbB4 knockout influences the acute and
sub-acute histological outcome following cortical trauma,
we evaluated lesion formation at 4 dpi in PV-ErbB4*/*
mice and PV-ErbB4~'~ littermates. Tetrazolium chloride
(TTC) stains (Fig. 2a) and Nissl-stained sections (Fig. 2b)
were used to assess for cortical tissue damage. We found
that PV-ErbB4~/~ mice displayed larger lesion volumes
(Fig. 2a—c) and more water content (Fig. 2d) in the ipsilat-
eral cortex compared to PV-ErbB4*/* mice at 4 dpi. These
findings correlated with decreased Neun™ cells (Fig. 2e, f)
in the ipsilateral cortex of PV-ErbB4 ™'~ mice compared to
PV-ErbB4** mice. Taken together, these findings suggest
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Fig.2 Analysis of cortical lesion volume and cell death after TBI. a
TTC staining was performed on PV-ErbB4 ™"~ mice and PV-ErbB4*+*+
mice that had received TBI. Scale bar: 3 mm. b Nissl staining was
performed on PV-ErbB4™~ mice and PV-ErbB4™* mice that had
received TBI. Scale bar: 1 mm. ¢ Quantified representation of lesion
volume (mm?) shows that PV-ErbB4 ™~ mice have increased cortical
loss at 4 dpi compared to PV-ErbB4** mice. d PV-ErbB4™/~ mice
showed a significant increase in the overall water content of the brain.

that PV-ErbB4 knockout increases cortical lesion volumes
and neuron death after TBI.

The activation of astrocytes and microglia
is enhanced in PV-ErbB4~'~ mice following TBI

TBI can induce an inflammatory response characterized
by infiltration of leukocytes and monocytes, production of
inflammatory cytokines, and activation of resident glial cells
(Jassam et al. 2017; Simon et al. 2017). Thus, we evalu-
ated the number of astrocytes and microglia in the site of
injury. We found that PV-ErbB4~'~ mice exhibit significantly
increased astrocyte (GFAP™) in the injured ipsilateral cortex
when compared with PV-ErbB4™'* littermates (Fig. 3a, b).
Then, we used western blot analysis to determine the level
of GFAP in the injured ipsilateral cortex, which was con-
sistent with the results of immunohistochemistry (Fig. 3c,
d). Next, we found a significant increase in the number of
microglia (Ibal™) cells in the injured ipsilateral cortex of
PV-ErbB4 ™'~ mice when compared with PV-ErbB4™* mice
(Fig. 3e, ).

Taken together, these results indicate that a specific
knockout of ErbB4 in PV™ interneuron enhances the acti-
vation of astrocytes and microglia in the TBI site. These
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e Confocal immunofluorescence staining for NeuN in the ipsilateral
cortex of PV-ErbB4** mice and PV-ErbB4~'~ mice at 4 dpi after
TBI. Scale bar: 40 pm. f Quantification of the number of NeuN* cells
in the ipsilateral cortex at 4 dpi shows a significant reduction in the
number of neuron in the cortex of PV-ErbB4~'~ mice compared to
PV-ErbB4*"* mice. Data are represented as mean+SEM, *p <0.05,
*#p<0.01, ¥**p <0.001, n=5 animals per group

observations suggest that the astrocytic and microglial
response after TBI partly relies on NRG1-ErbB4 signaling.

ErbB4 knockout influences functional recovery
following cortical impact injury

Cortical impact injury usually results in significant behavio-
ral deficits in mice (Zhao et al. 2012). To evaluate whether
ErbB4 knockout influences behavioral recovery after TBI,
we assessed changes in gross and fine motor function using
rotarod test and beam walk test, respectively, at 1, 2, 4, 8,
16 and 32 dpi in PV-ErbB4** mice and PV-ErbB4 ™'~ lit-
termates. PV-ErbB4~~ mice showed significant less time
on the rotarod compared to PV-ErbB4™* littermates at 4, 8,
16 and 32 dpi (Fig. S2A). Furthermore, PV-ErbB4~'~ mice
showed more foot slips compared to PV-ErbB4** littermates
at1,2,4, 8 and 16 dpi in beam walk test (Fig. S2B). In addi-
tion, neurological performance was evaluated by mNSS. The
higher scores indicate the more severe injury. As shown in
Fig. S2C, higher scores in PV-ErbB4~'~ mice were observed
compared to PV-ErbB4** littermates at 4, 8 and 16 dpi, sug-
gesting that ErbB4 knockout in PV* interneuron exacerbates
neurological deficits in mice after TBI. Moreover, abnormal
posturing was quantified using the contralateral torso flex-
ion test on multiple days after injury showing a significant
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Fig.3 Knocking out of ErbB4 in PV* neuron enhances astrocytic and
microglial response. a Representative images of astrocytes immu-
nostained for GFAP at 4 dpi. Scale bars: 1 mm. Rectangle indicates
cortical area used for cell counting. Scale bars: 50 pm. b Quantifi-
cation of GFAP" cells in PV-ErbB4™* mice versus PV-ErbB4~/~
mice at 4 dpi. ¢ Representative Western blot bands GFAP from the

increase in the scale in PV-ErbB4~'~ mice compared to PV-
ErbB4*/* littermates at 2, 4, 8, 16 and 32 dpi (Fig. S2D).
These results suggest that NRG1-ErbB4 signaling plays an
important role in the behavioral function recovery after TBI.

Intranasal delivery of recombinant NRG1 rescues
neurological functions after TBI

As the absence of endogenous NRG1-ErbB4 signaling wors-
ens neurological impairments and brain injury after TBI, we
hypothesized that intracerebral delivery of exogenous NRG1
to TBI-treated mice would ameliorate neurological deficits
after TBI. To test this, we employed the intranasal approach
for NRG1 delivery into the brain (Kozlovskaya et al. 2014).
In a pilot dose—response study, we tested the effects of vari-
ous intranasal NRG1 dosages (0, 0.5, 1, and 1.5 mg/kg)
on behavioral performance up to 32 d after TBI using the
rotarod test. The results showed that 0.5 mg/kg was the low-
est dose among the tested doses to improve post-TBI per-
formance in the rotarod test significantly (Fig. 4A). Higher
doses did not exhibit further protection (data not shown).
Therefore, 0.5 mg/kg was selected as the optimal dose for
all subsequent studies. PV-ErbB4*/* mice were subjected to
TBI, and equal volumes of PBS or NRG1 (0.5 mg/kg, freshly
dissolved in PBS at 1 pg/puL) were delivered into their nos-
trils 2 h after the injury and then once every other day for
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ipsilateral hemisphere of PV-ErbB4*"* mice and PV-ErbB4~'~ mice
at 4 dpi. d Quantitative analyses of GFAP at 4 dpi. e Representative
images of astrocytes immunostained for Ibal at 4 dpi. Scale bars:
40 pm. f Quantification of Ibal* cells in PV-ErbB4™* mice versus
PV-ErbB4™"~ mice at 4 dpi. Data are represented as mean+SEM,
*p<0.05, **p <0.01, n=5 animals per group

32 days. After post-TBI intranasal NRG1 administrations,
the motor function of PV-ErbB4™* mice was significantly
improved in rotarod test and beam walk test (Fig. 4a, b).
Furthermore, NRG1 treatment alleviates neurological defi-
cits (Fig. 4c) and abnormal posturing (Fig. 4d). In contrast,
NRG1 has no effects on the motor function improvement
in PV-ErbB4~'~ mice after TBI (Fig. 4e—h). These results
suggest that intranasal administration of recombinant NRG1
improves most of the neurological functions examined in
PV-ErbB4*"* mice after TBI.

NRG1-ErbB4 signaling-mediated neuroprotection
involves GABAergic transmission

TBI induces deleterious effects involving in primary
and secondary damages via glutamate toxicity (Bramlett
and Dietrich 2015). TBI-induced upregulation of gluta-
mate release in the extracellular space cannot be cleared
effectively and result in neuronal cell death (Faden et al.
1989; Kierans et al. 2014; Dorsett et al. 2017). Increasing
GABAergic neurotransmission is known to reduce cere-
bral ischemia-induced neuronal apoptosis (DeFazio et al.
2009). So it is possible that NRG1 neuroprotection may be
mediated by ErbB4 receptors on GABAergic neurons via
the regulation of GABA transmission. To test this hypoth-
esis, we established a primary cortical neurons culture
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Fig.4 Intranasal delivery of exogenous, recombinant NRG1 facili-
tates motor function recovery after TBI in mice. a—d PV-ErbB4*/*
mice were subjected to unilateral TBI in the right hemisphere.
Recombinant NRG1 (0.5 mg/kg) or an equivalent volume of vehicle
(PBS) was delivered intranasally 2 h after TBI and every other day
up to 32 dpi. Rotarod test (a), beam walk test (b), neurological func-
tion test (¢) and contralateral torso flexion test (d) were used to assess
motor functions in mice. NGR1 improves motor function recovery in
the PV-ErbB4** mice after TBI. e—h PV-ErbB4~'~ mice were sub-

system in the present of 4 mM glutamate in vitro (Takada
et al. 2003; Kim et al. 2016). Different concentrations of
NRG1 were added to the primary neuronal culture media.
After 24 h, the percentages of cell death were determined
by CCK-8 assay. As shown in Fig. SA, NRG1 treatment
can significantly decrease the percentages of cell death
compared to vehicle treatment. These data suggested that
NRGI1 reduced cell death in the presence of glutamate in
a dose-dependent manner.

To confirm the specificity of NRG1's neuroprotective
effect, we expressed and purified ecto-ErbB4, which binds
to and prevents NRG1 from interacting with ErbB4 recep-
tor kinases. Cortical neuronal cultures were treated with
4 nM NRG1 in the presence of 2 pg/ml ecto-ErbB4, or
with 4 nM NRGI1 alone. As shown in Fig. 5b, the per-
centage of cell death in the NRG1-treated group with
ecto-ErbB4 was higher than that in the NRG1 only. The
results show that ecto-ErbB4 can neutralize the neuropro-
tective effect of NRG1. In addition, AG1478, an ErbB4
inhibitor, was used to explore the involvement of ErbB4
in NRG1’s neuroprotection. As shown in Fig. 5b, AG1478
neutralizes the neuroprotective effect of NRGI, and the
percentage of cell death was increased compared to the
group treated with NRG1 only. Then, we tested the effect
of PV-ErbB4 knockout on neuroprotection of NRGI.
As shown in Fig. 5c, the percentage of cell death in the
PV-ErbB4~'~ group treated with NRG1 was significantly
higher than that of PV-ErbB4** group. Taken together,
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jected to unilateral TBI in the right hemisphere. Recombinant NRG1
(0.5 mg/kg) or an equivalent volume of vehicle (PBS) was delivered
intranasally 2 h after TBI and every other day up to 32 dpi. Rotarod
test (e), beam walk test (f), neurological function test (g) and con-
tralateral torso flexion test (h) were used to assess motor functions in
mice. NGR1 does not affect motor function in the PV-ErbB4 ™~ mice
after TBI. *p<0.05, **p<0.01, ***p <0.001, n=12-14 animals per
group

these results provide evidence that the neuroprotective
effect of NRG1 is mediated by ErbB4.

NRGI1 can promote GABA release via ErbB4 receptors.
Increased GABA neurotransmission exerts neuroprotec-
tive effects to reduce cerebral ischemia-induced neuronal
death (DeFazio et al. 2009). To test whether the neuro-
protective effects of NRG1-ErbB4 signaling are mediated
by a GABAergic mechanism, we first examined the effect
of co-application of NRG1 and GABA receptor agonists
in the cortical neuronal cultures. As shown in Fig. 5d,
co-application of the GABA , receptor agonist Mus and
GABAG receptor agonist Bac had a neuroprotective effect,
which is consistent with the findings of a previous inves-
tigation (Guan et al. 2015). Then, we examined the effect
of co-application of NRG1 and the GABA receptor ago-
nists muscimol and baclofen. As shown in Fig. Se, co-
application of muscimol and baclofen with 4 nM NRGI
markedly diminished neuronal death, but the effect was
similar to that induced by 4 nM NRG1 alone. This result
indicates that the GABA receptor agonists and NRG1 do
not have synergistic effects, suggesting that NRG1-medi-
ated neuroprotection may involve GABAergic release.
Next, we tested the effect of blockade of GABA recep-
tors, treated with GABA receptor antagonists BMI and
CGP, on neuroprotection conferred by NRG1. As shown
in Fig. 5f, the percentage of cell death in the group treated
with 1 pM BMI, 10 pM CGP and in the group treated
with 4 nM NRG1 was significantly higher than that in the
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Fig.5 The neuroprotective effect of NRGI1-ErbB4 signaling in
TBI may involve GABAergic transmission. a NRGI significantly
decreased cell death. b Ecto-ErbB4 can block the neuroprotective
effect of NRG1, and AG1478 can block the neuroprotective effect of
NRGI1. ¢ The NRGI neuroprotection against glutamate-induced cell
death is abolished in PV-ErbB4~'~ neuron. d GABA receptor ago-

group treated with 4 pM NRG1 alone. These results sug-
gest that the neuroprotective effects of NRG1 were partly
blocked by GABA receptor antagonists, providing further
support for the hypothesis that NRG1-mediated neuro-
protection is via increasing GABAergic release. Taken
together, these results demonstrate that the neuroprotec-
tive effects of NRG1-ErbB4 signaling are mediated, at
least in part, via increasing GABAergic transmission.

Glutamate Glutamate

nist rescues neuron from glutamate-induced death. e GABA receptor
agonists decrease cell death but do not have a synergistic effect with
NRGI. f The neuroprotective effects of NRG1 are partially blocked
by GABA receptor antagonists. Mus muscimol, Bac Baclofen. Data
are represented as mean=+SEM, *p <0.05, **p<0.01, ***p <0.001,
*#%%p <0.0001, n=8 samples per group

Discussion

There are four major findings in the present study. First,
TBI activates NRG1-ErbB4 signaling in the cortex fol-
lowing TBI. Second, specific ablation of ErbB4 in PV™*
interneurons impaired functional recovery following
TBI. Third, NRG1 reduced cortical neuronal cell death
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in vitro and in vivo. Fourth, the neuroprotective effect of
NRG1-ErbB4 signaling against glutamate-induced neu-
ronal apoptosis may involve GABAergic transmission.
Together, the results indicate that NRG1-mediated neu-
roprotection involves enhanced GABAergic transmission
via ErbB4 receptors.

ErbB4 is specifically expressed in GABAergic interneu-
rons and is important for normal CNS function (Mei and
Nave 2014). Previous studies reported that NRG1 was neu-
roprotective in rat models of ischemia (Li et al. 2012; Lu
et al. 2016), and ErbB receptors are upregulated in neurons
following ischemic stroke and may be involved in neuro-
protection and repair (Xu and Ford 2005; Lu et al. 2016).
In addition, closed head injury also induces up-regulation
of ErbB-4 receptor at the site of injury (Erlich et al. 2000).
Therefore, we are interested in whether there is a neuro-
protection effect of NRG1-ErbB4 signaling in the model
of TBI. Using a well-established focal contusion model of
TBI, we found that TBI elevates the expression of NRG1
and ErbB4 in the injured site. Furthermore, we found that
cortical lesion formation was significantly increased post-
CCI injury in PV-ErbB4~'~ mice when compared with PV-
ErbB4™* littermates which correlated with reduced num-
bers of NeuN-positive cells in the cortex, increased motor
deficits and increased numbers of astrocytes and microglia.
However, it is still unknown how NRG1-ErbB4 signaling
modulates immune system. Future studies are needed to
dissect the relative contribution of glia cells to outcomes
of TBI. Then, we found that NRG1 rescues cortical neuron
death induced by glutamate treatment, then we used this
in vitro cortical neuron culture model to clarify the molecu-
lar mechanisms of NRG1’s neuronal protection. Our study
demonstrated that the ErbB4 inhibitor AG1478 blocked
NRGI1 protection against glutamate-induced apoptosis.
These observations demonstrate that NRG1 is working via
ErbB4, and all the neuroprotective effect of NRG1 was abol-
ished in PV-ErbB4~'~ neurons.

GABAergic inhibitory interneurons are the only source
of GABA (Guan et al. 2015). Although GABAergic cells
constitute 10-20% of the neuronal population, they serve
important roles in CNS. An increasing number of studies
have demonstrated that enhanced GABAergic transmis-
sion is neuroprotective using in vivo and in vitro models
of ischemia (Mayor and Tymianski 2018). Previous stud-
ies showed that NRG1 regulates GABAergic transmission
via ErbB4 receptors, which are expressed in GABAergic
presynaptic terminals in the cerebral cortex (Fazzari et al.
2010; Mei and Nave 2014). In this study, GABA recep-
tor agonists Mus and Bac abolish the neuroprotection
effects of NRG1. Furthermore, NRG1 treatment does not
show neuroprotection against glutamate-induced death
in the neurons with a specific ablation of ErbB4 in PV*
GABAergic interneurons. The result supports that the
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NRGI1-mediated neuroprotection against brain damage are
mediated via ErbB4 by enhancing GABA release. These
findings indicate that GABAergic transmission contributes
to the neuroprotective effects of NRG1-ErbB4 signaling,
but NRG1-ErbB4 signaling-mediated neuroprotection
against glutamate- or TBI-induced neuronal death may
also involve some other mechanisms.

The surprising results presented here have yet to be
extended from mouse models to human physiology. We also
found that NRGI1 treatment can restore the motor function
defects in vivo. Therefore, a better understanding of these
neuroprotective pathways in TBI may broader therapeutic
potential, especially when the window for treating acute
injuries has passed. We are hopeful that our findings can
offer a promising therapeutic avenue for patients who are
suffering from functional deficits associated with TBI and
other neurodegenerative disorders.

In conclusion, our findings suggest that the roles of the
pleiotropic NRG1-ErbB4 signaling extend to protection
of neuronal network communication and improvement of
functional outcomes in acute and chronic phases of TBI. If
similar mechanisms operate in humans, they might partly
contribute to the normal life expectancy of TBI patients.
Therefore, recombinant forms of NRG1 should continue to
be tested for their potential to preserve or rescue neurons
and improve long-term functional recovery after acute brain
injuries.
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