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Abstract
Blood-brain-barrier disruption occurs with a high incidence after traumatic brain injury, and is an
important contributor to many pathological processes, including brain edema, inflammation, and
neuronal cell death. Therefore, blood-brain-barrier integrity is an important potential therapeutic
target in the treatment of the acute phase of brain trauma. In this short communication, we report
our data showing that neuregulin-1 (NRG1), a growth factor with diverse functions in the CNS,
ameliorates pathological increases in endothelial permeability and in BBB permeability in
experimental models of injury. For in-vitro studies, rat brain endothelial cells were incubated with
the inflammatory cytokine IL-1β, which caused an increase in permeability of the cell layer. Co-
incubation with NRG1 ameliorated this permeability increase. For in-vivo studies, C57Bl mice
were subjected to controlled cortical impact (CCI) under anesthesia, and BBB permeability was
assessed by measuring the amount of Evans blue dye extravasation at 2h. NRG1 administered by
tail-vein injection 10 minutes after CCI resulted in a decrease in Evans blue dye extravasation by
35%. Since Evans blue extravasation may result from an increase in BBB permeability or from
bleeding due to trauma, hemoglobin ELISA was also performed at the same time point. There was
a trend towards lower levels of hemoglobin extravasation in the NRG1 group, but the results did
not reach statistical significance. MMP-9 activity was not different between groups at 2h. These
data suggest that NRG1 has beneficial effects on endothelial permeability and BBB permeability
following experimental trauma, and may have neuroprotective potential during CNS injury.
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Introduction
Traumatic brain injury (TBI) is a leading cause of death and disability in the developed
world. In the US, the annual incidence of TBI is over 1.4 million, resulting in over 50,000
deaths annually and leaving many survivors with long-term disabilities [1-3]. Blood-brain-
barrier (BBB) disruption occurs with a high incidence after traumatic brain injury, and
contributes to many neurological pathologies after brain injury [4, 5]. These include acute
processes such as brain edema, inflammation, and loss of neuronal function or viability [5].
BBB disruption has also been implicated as a factor in long-term sequelae commonly seen
after head trauma, such as cognitive impairment, memory loss, motor deficits, and seizures
[5-8]. Due to its association with acute and long-term pathological processes after brain
injury, the integrity of the blood-brain-barrier constitutes a potential therapeutic target in the
treatment of brain trauma.

In this short communication, we report our data showing that neuregulin-1 (NRG1)
ameliorates pathological increases in endothelial permeability and in BBB permeability in
experimental models of injury. NRG1 is an endogenous growth factor with diverse functions
in neurons and glia [9, 10]. Recent investigations from our group have shown that NRG1
signaling is also active in brain microvascular endothelial cells [11]. Here we extend the
investigation of NRG1 effect on brain endothelial cells by examining its effect on
endothelial permeability in an in-vitro model and on BBB permeability in an in-vivo model.
In-vitro studies were conducted using IL-1β to induce an increase in permeability in RBE.4
rat brain endothelial cells. In-vivo studies were performed in a controlled cortical impact
model of TBI in mice.

Materials and Methods
Endothelial cell permeability assay

A rat brain microvascular endothelial cell line (RBE.4) was cultured in complete growth
media EGM-2 MV (Lonza, Walkersville, MD). RBE.4 cells were seeded onto the inner
surface of collagen-coated transwell inserts (6.5mm diameter, 3.0 μm pore size
polycarbonate filter; Corning, Corning, NY), which were placed in wells of a 24-well plate
with complete EGM-2 growth media. When the monolayer of cells was confluent,
confirmed by testing that it is impermeable to media, the cells were serum starved for 8h
with EBM media without growth supplement, then incubated with IL-1β (10ng/ml) for 24h.
30 min prior to addition of IL-1β, NRG1 (12.5nM or 37.5nM) or vehicle (PBS) was added.
After 24h, media in both upper and lower chambers was removed and replaced with fresh
media. Permeability was measured by adding 0.1 mg/ml of Fluorescein isothiocyanate
(FITC)-labeled dextran (MW, 40,000; Sigma, St. Louis, MO) to the upper chamber. After
incubation for 10 min, 100ul of sample from the lower compartment was measured for
fluorescence at excitation 490nm and emission 520nm. All independent experiments were
performed in duplicate or triplicate.

Controlled Cortical Impact
The trauma protocol was approved by the Massachusetts General Hospital Institutional
Animal Care and Use Committee and complied with the NIH Guide for the Care and Use of
Laboratory Animals. Male C57Bl/6 mice (10-12 weeks of age), weighing 22 to 26 kg, were
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used. They were given food and water ad libidum and were housed in pathogen free
facilities with 12h day/night cycles. The controlled cortical impact (CCI) model was used as
previously described with minor modifications [12]. Mice were anesthetized with 4%
isoflurane (Anaquest, Memphis, TN) in 70% N2O and 30% O2 using a Fluotec 3 vaporizer
(Colonial Medical, Amherst, NH) and positioned in a stereotaxic frame. Anesthesia was
maintained using 2-3% isoflurane. A right craniotomy was made using a portable drill and
5mm trephine over the right parieto-temporal cortex, and the bone flap was removed. Mice
were subjected to CCI using a pneumatic cylinder with a 3mm flat-tip impounder, velocity
6m/s, depth of 0.6mm, and 150ms impact duration. Following CCI, the scalp was sutured
closed and mice were returned to their cages to recover from anesthesia. Vehicle (PBS) or
NRG1 at a dose of 2.5ng/kg and 50ng/kg body weight was administered by tail-vein
injection 10 min after trauma. An injection volume of 150ul was used for all injections.
Investigators were blinded to treatment type (vehicle vs. NRG1) during surgery and data
acquisition. Vehicle- and drug-treated mice (n=9-12 per group) were subjected to CCI
concomitantly, with the investigator alternating between groups when performing CCI.

Determination of Evans Blue dye extravasation after CCI
Evans Blue dye (2% wt/vol in PBS) in a volume of 4ml/kg was given by tail vein injection
30 min after CCI and allowed to circulate for 1h 30min. 2h after CCI, the mice were
sacrificed under deep anesthesia by intra-cardiac perfusion with PBS, at the end of which
clear PBS was seen to return to the right atrium in all the animals. The brains were removed;
the hemispheres were separated, then homogenized in 50% trichloroacetic acid (wt/vol)
solution and centrifuged at 10,000rpm for 20 min. The supernatant, which contains the
extracted dye, was diluted with ethanol (1:3), and 100ul from each sample was read using a
fluorescence plate reader (ex/em: 620 nm/680 nm). Calculations were based on Evans blue
external standards (25-2000 ng/ml) in the solvent 50% TCA /ethanol (1:3). The amount of
Evans blue was quantified according to a linear standard curve and is expressed as
nanograms of Evans blue per gram of brain tissue.

Hemoglobin ELISA
Vehicle (PBS) or NRG1 at a dose of 50ng/kg body weight was administered by tail-vein
injection 10 min after CCI. 2h after CCI, animals were sacrificed under deep anesthesia by
intra-cardiac perfusion with PBS. Brains were removed; hemispheres were separated and
homogenized in cell lysate buffer (Cell Signaling Technologies, Danvers, MA) containing
Halt Protease Inhibitor Cocktail (Thermo Scientific, Waltham, MA) and centrifuged at
14,000rpm for 20 min. Bio-Rad Protein Assay was used to determine the protein
concentration and 10ug of protein was used for the Mouse Hemoglobin ELISA (Kamiya
Biomedical Company, Seattle, WA).

Gelatin zymography
Brain homogenates were prepared in the same fashion as for the hemoglobin ELISA. 50ug
of brain homogenate from each hemisphere was loaded and separated by 10% Tris-glycine
gel with 0.1% gelatin as substrate. After separation by electrophoresis, the gel was re-
naturated and then incubated with developing buffer at 37°C for 24h as described previously
[13]. After developing, the gel was stained with 0.5% Coomassie Blue R-250 for 1.5h and
then distained appropriately. In all gels, human MMP-2 standard and human MMP-9
standards (Calbiochem, EMD Chemicals, Darmstadt, Germany) were used as positive
controls. Clear bands were quantified using Image-J and integrated band intensities
expressed as a percentage of the loaded MMP-9 and MMP-2 controls.
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Statistical Analysis
Quantitative data for experiments were analyzed using ANOVA followed by Tukey HSD
for multiple comparisons when there were more than 2 groups, and using students’ t-test
when there were only 2 groups. Statistical significance was set at p<0.05.

Results
NRG1 ameliorates the IL-1β-induced increase in endothelial permeability in rat brain
endothelial cells

Incubation of RBE.4 cells with IL-1β (10ng/ml) in this model of cytokine-induced
endothelial permeability does not result in cell death, based on MTT and LDH assays (data
not shown). After incubation with 10ng/ml of IL-1β for 24h, RBE.4 cells exhibited
increased permeability averaging 1.5-fold of baseline (p<0.01), as measured by the
extravasation of FITC-labeled dextran-40 through the transwell. Incubation with IL-1β in
the presence of NRG1 (12.5nM and 37.5nM, equivalent to 100ng/ml and 300ng/ml) resulted
in a reduction of the amount of extravasated dextran-40 to near-baseline levels (p<0.01)
(Fig.1a). NRG1 alone did not affect endothelial permeability (Fig.1b).

NRG1 decreases acute blood-brain barrier injury in a controlled cortical impact model of
traumatic brain injury

In a CCI model of TBI in mice, acute BBB permeability was assessed by measuring Evans
blue dye extravasation 2h after trauma (Fig. 2a). Evans blue extravasation was reduced by
35% in mice given 50ng/ml NRG1 (p<0.05) (Fig. 2b). Hemoglobin ELISA was also
performed at the same time point. There was a trend towards lower levels of hemoglobin
extravasation in the NRG1 group, but the results did not reach statistical significance
(p=0.24, Fig. 3). At the same time point (2h after TBI), MMP-9 activity was measured to
determine its possible role as a mediator of barrier disruption. There was an approximately
2-fold increase in MMP-9 activity in the ipsilateral hemisphere compared to the contralateral
hemisphere in both the PBS- and NRG-treated groups, but no difference was observed
between the 2 groups (Fig. 4a, b).

Discussion
The data provide evidence that NRG1 has a beneficial effect on the barrier function of brain
microvascular endothelial cells. NRG1 ameliorated the increase in endothelial permeability
induced by IL-1β. Additionally, administration of NRG1 by tail-vein injection 10 min after
trauma reduces acute BBB permeability in a controlled cortical impact model in mice.

Results from the in-vitro study suggest that NRG1 has a beneficial effect on endothelial
barrier function during inflammation. These results are consistent with findings in the invivo
study, which shows that NRG1 administered by tail-vein injection 10 min after trauma,
decreases BBB permeability. Although Evans blue extravasation may also result from
rupture of blood vessels due to trauma, hemoglobin extravasation was not significantly
different between the PBS- and NRG1-treated groups at this early time point. However, we
cannot rule out the possibility that NRG1 may have an effect on vessel integrity and post-
traumatic bleeding at a later time point. Additionally, the decrease in Evans blue
extravasation does not appear to be correlated with changes in MMP-9 activity at this time
point after brain trauma. Our data suggest that NRG1 can ameliorate this acute BBB injury
via MMP-independent mechanisms, at least at this time point.

To our knowledge, this is the first report that NRG1 affects the barrier function of brain
microvascular endothelial cells in-vitro and the BBB in-vivo. IL-1β -induced endothelial
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permeability was used in our in-vitro model because inflammation is present after traumatic
brain injury and promotes BBB permeability [14-16]. IL-1β is an inflammatory cytokine
which contributes to BBB disruption after brain trauma. Alterations in systemic and
intrathecal levels of IL-1β have been reported in patients following TBI. After brain injury,
IL-1β is released from activated microglia and astrocytes, and can mediate rapid disruption
of the BBB, increase in excitotoxicity [16], and seizure activity.

Our finding that NRG1 enhances endothelial barrier function is consistent with our previous
report that NRG1 is cytoprotective for microvascular endothelial cells [11]. In a previous
study [17] in which NRG1 was given by tail vein injection prior to CCI, NRG1-treated mice
show an improvement in spatial memory. Our current findings suggest that NRG1 effect on
BBB permeability may be one component of its neuroprotective properties.

There are several limitations to our study. Our in-vitro experiments, which utilized a cell
line, do not incorporate the interactions between the different cell types that constitute the
BBB. Within the in- vivo experiment, BBB permeability was evaluated only at one early
time point after CCI, when peak BBB permeability is expected to occur. It is possible that a
difference in MMP-9 activation between the PBS- and the NRG-treated groups may occur at
a later time, since MMP-9 activation has been reported to be present even after 48h [18].
Additionally, the experiments did not delineate the mechanism by which NRG1 decreases
BBB permeability in this model. Further experiments will be needed to clarify whether
NRG1 acts on some or all of the cell types that constitute the BBB, including endothelial
cells, astrocytes, and pericytes, as well as on the matrix that constitute the basement
membrane.

Post-traumatic BBB disruption can lead to many immediate and long-term harmful sequelae.
Our data suggest that TBI-BBB injury is ameliorated by NRG1. These findings may open
new possibilities for investigating NRG1 in neuroprotective strategies after TBI.
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Fig. 1. NRG1 reduces endothelial permeability induced by IL-1β
Fig. 1a 24h incubation with IL-1β (10ng/ml) resulted in an increase in permeability of the
endothelial monolayer, measured as extravasated dextran-40, averaging 1.5-fold that of the
baseline level (*p<.01). The presence of NRG1 during IL-1β incubation reduced endothelial
permeability to baseline (**p<.01, comparing incubation with IL-1β vs. IL-1β and NRG1).
Values are expressed as % of baseline. n = 3 experiments.
Fig.1b NRG1 alone did not alter permeability.
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Fig. 2. Tail-vein administration of NRG1 after brain trauma decreases acute BBB permeability
Fig. 2a Increased Evans blue extravasation is evident in the ipsilateral hemisphere 2h after
CCI.
Fig. 2b Evans blue extravasation is reduced by 35% in NRG1-treated mice (50ng/kg) (*p<.
01). Values are expressed as ng of extravasated Evans Blue per gm brain tissue (+/− SD).
n=9 in vehicle group; 9 in 2.5ng/kg NRG1 group; 12 in 50ng/kg NRG1 group
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Fig. 3. Hgb ELISA did not show a significant reduction in hemoglobin extravasation
There was a trend towards lower levels of hemoglobin extravasation in the NRG1 group, but
the results did not reach statistical significance with n=5 per group (p=0.24).
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Fig. 4. Tail-vein administration of NRG1 after brain trauma does not affect MMP-9 activity at
2h after CCI
Fig. 4a A representative zymogram shows MMP-9 and MMP-2 levels in contralateral and
ipsilateral hemispheres of PBS- and NRG1-treated mice 2h after CCI. Mouse MMP-MMP-9
standard was used for calibration of the amount of MMP-9 activity
Fig. 4b Integrated band intensities were expressed as a percentage of the loaded MMP-9
control. n=9 in vehicle group; 9 in 2.5ng/kg NRG1 group; 12 in 50ng/kg NRG1 group.
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