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Abstract

Neuroinflammation is an essential mechanism involved in the pathogenesis of subarachnoid 

hemorrhage (SAH)-induced brain injury. Recently, Netrin-1 (NTN-1) is well established to exert 

anti-inflammatory property in non-nervous system diseases through inhibiting infiltration of 

neutrophil. The present study was designed to investigate the effects of NTN-1 on 

neuroinflammation, and the potential mechanism in a rat model of SAH. Two hundred and ninety-

four male Sprague Dawley rats (weight 280–330 g) were subjected to the endovascular perforation 

model of SAH. Recombinant human NTN-1 (rh-NTN-1) was administered intravenously. Small 

interfering RNA (siRNA) of NTN-1 and UNC5B, and a selective PPARγ antagonist bisphenol A 

diglycidyl ether (BADGE) were applied. Post-SAH evaluations included neurobehavioral function, 

brain water content, Western blot analysis, and immunohistochemistry. Our results showed that 

endogenous NTN-1 and its receptor UNC5B level were increased after SAH. Administration of 

rh-NTN-1 reduced brain edema, ameliorated neurological impairments, and suppressed microglia 

activation after SAH, which were concomitant with PPARγ activation, inhibition of NFκB, and 

decrease in TNF-α, IL-6, and ICAM-1, as well as myeloperoxidase (MPO). Knockdown of 
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endogenous NTN-1 increased expression of pro-inflammatory mediators and MPO, and 

aggravated neuroinflammation and brain edema. Moreover, knockdown of UNC5B using specific 

siRNA and inhibition of PPARγ with BADGE blocked the protective effects of rh-NTN-1. In 

conclusion, our findings indicated that exogenous rh-NTN-1 treatment attenuated 

neuroinflammation and neurological impairments through inhibiting microglia activation after 

SAH in rats, which is possibly mediated by UNC5B/PPARγ/NFκB signaling pathway. Exogenous 

NTN-1 may be a novel therapeutic agent to ameliorating early brain injury via its anti-

inflammation effect.
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1. Introduction

Activation of neuroinflammatory response plays a crucial role in the progression and 

exacerbation of brain injury following subarachnoid hemorrhage (SAH) (Lucke-Wold et al., 

2016). The innate immune response triggered by SAH is characterized by leukocyte 

infiltration, resident immune cells activation, and release of pro-inflammatory mediators 

within brain tissues, which result in blood-brain barrier (BBB) disruption and brain injury 

via various mechanisms (Frontera et al., 2012; Frontera et al., 2017). Therefore, inhibition of 

inflammatory response represent a potential treatment for attenuating brain injury following 

SAH (Chen et al., 2014; Provencio et al., 2016).

Netrin-1 (NTN-1), a laminin-related molecule, was initially discovered as a chemoattractive 

or chemorepulsive cue for directing axon outgrowth and neuron migrating during the 

development of the nervous system (Serafini et al., 1996). NTN-1 is also known to modulate 

the immune response via the inhibition of inflammatory cells migration and control 

inflammation in non-nervous system diseases, such as hypoxia, acute lung injury, liver 

injury, peritonitis, and inflammatory bowel disease (Aherne et al., 2013; Aherne et al., 2012; 

Ly et al., 2005; Mirakaj et al., 2011; Mirakaj et al., 2010; Rosenberger et al., 2009; Schlegel 

et al., 2016). Exogenous NTN-1 treatment has been shown to reduce the inflammation-

mediated kidney injury by suppressing leukocytes infiltration and the production of 

inflammatory cytokine and chemokine through activating its receptor uncoordinated family 

member 5 B (UNC5B), which is abundantly expressed in leukocytes (Ranganathan et al., 

2013a; Tadagavadi et al., 2010). A recent study reported that NTN-1 could prevent immune 

cells infiltration into brain parenchyma and ameliorate the severity of experimental 

autoimmune encephalomyelitis (EAE)-related inflammation, suggesting that NTN-1 exerts 

the potent anti-inflammatory property in autoimmune central nervous system diseases 

(Podjaski et al., 2015). Our previous study also showed that NTN-1 was upregulated in the 

brain and possessed neuroprotective functions of anti-apoptosis and preserving BBB 

integrity after SAH via distinct pathways (Xie et al., 2017b; Xie et al., 2017c). Nevertheless, 

the effect of NTN-1 on neuroinflammation after SAH has not been determined so far.
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Peroxisome proliferator-activated receptor gamma (PPARγ), belonging to the nuclear 

hormone receptor superfamily, is a pivotal transcription factor that regulates inflammation, 

apoptosis, and oxidative stress (Glatz et al., 2010; Lehrke and Lazar, 2005; Zhao et al., 

2015). PPARγ was identified as a downstream molecule of NTN-1 in response to 

inflammation during ischemia-reperfusion (IR) injury in kidney and heart (Mao et al., 2014; 

Ranganathan et al., 2013b). Moreover, activation of PPARγ effectively diminished 

inflammation through inhibiting NFκB pathway and reducing the production of pro-

inflammatory cytokines after stroke (Culman et al., 2007; Zhao et al., 2015).

In the present study, we hypothesized that exogenous recombinant human NTN-1 (rh-

NTN-1) binding UNC5B receptor could attenuate neuroinflammation and early brain injury 

(EBI) after SAH, and the anti-inflammation mechanism of rh-NTN-1 is mediated through 

PPARγ/NFκB-related signaling pathway.

2. Materials and Methods

2.1. Animals

All experimental protocols in this study were approved by the Institutional Animal Care and 

Use Committee at Loma Linda University. The study complied with the National Institutes 

of Health’s Guide for the Care and the Use of Laboratory Animals and the ARRIVE 

(Animal Research: Reporting In Vivo Experiments) guidelines. Adult male Sprague Dawley 

rats (weight 280–330 g; Indianapolis, IN) were housed in a controlled humidity and 

temperature room with a 12-h light/dark cycle and ad libitum access to water and food.

2.2. Experimental design

Five separate experiments were performed in a rat model of SAH, as shown in Figure 1. A 

total of 294 rats were used (Table 1).

Experiment 1—The role of rh-NTN-1 treatment in neuroinflammation was determined at 

24 h and 72 h after SAH. Exogenous rh-NTN-1 (R&D Systems, USA) dissolved in 

phosphate-buffered saline (PBS) was administered through tail vein with a total volume of 

200 µL at 1 h after SAH induction. Neurobehavioral function, and brain water content were 

examined at 24 h and 72 h post-SAH. Microglia activation was detected by 

immunofluorescence staining at 24 h after SAH. Rats were randomly divided into five 

groups: sham, SAH + PBS, SAH + rh-NTN-1 (5 µg/kg), SAH + rh-NTN-1 (15 µg/kg), and 

SAH + rh-NTN-1 (45 µg/kg).

Experiment 2—The time course of endogenous NTN-1, its receptor UNC5B, and PPARγ 
protein levels in the ipsilateral/left cerebral cortex at 3, 6, 12, 24, and 72h after SAH were 

measured by Western blot analysis. The cellular localization of NTN-1 and UNC5B were 

detected using double immunofluorescence staining.

Experiment 3—To evaluate the effect of in vivo knockdown of endogenous NTN-1 on 

neuroinflammation. NTN-1 small interfering RNA (NTN-1 siRNA) was administered by 

intracerebroventricular injection (i.c.v.) at 48 h before SAH induction. SAH grade, 

neurobehavioral function, brain water content, and Western blot were measured at 24 h after 
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SAH. Rats were randomly divided into five groups: sham, SAH + PBS, SAH + rh-NTN-1 

(45 µg/kg), SAH + scrambled siRNA (Scr siRNA), and SAH + NTN-1 siRNA.

Experiment 4—To assess the role of UNC5B receptor in the neuroprotective effects of 

exogenous rh-NTN-1. UNC5B siRNA was administered by i.c.v. at 48 h prior to SAH 

induction and then followed with rh-NTN-1 (45 µg/kg) treatment at 1 h after SAH. 

Neurobehavioral function and brain water content were evaluated, and inflammation-related 

molecules were detected by Western blot at 24 h after SAH. Rats were randomly divided 

into five groups: sham, SAH + PBS, SAH + rh-NTN-1, SAH + rh-NTN-1 + Scr siRNA, and 

SAH + rh-NTN-1 + UNC5B siRNA.

Experiment 5—To explore the role of PPARγ in the anti-inflammation effect of 

exogenous rh-NTN-1. The selective PPARγ antagonist bisphenol A diglycidyl ether 

(BADGE) (30 mg/kg, Sigma-Aldrich, MO, USA) [22] dissolved in polyethyleneglycol 

(PEG) was injected intraperitoneally (i.p.) with a total volume of 200 µL at 1 h before SAH 

induction, and then followed with rh-NTN-1 (45 µg/kg) treatment at 1 h after SAH. Control 

animals were injected PEG (2 ml/kg) at 1 h before SAH induction and then followed with 

rh-NTN-1 (45 µg/kg) treatment. Neurobehavioral function, brain water content, and Western 

blot were evaluated at 24 h post-SAH. Rats were randomly divided into five groups: sham, 

SAH + PBS, SAH + rh-NTN-1, SAH + rh-NTN-1 + PEG, and SAH + rh-NTN-1 + BADGE.

2.3. SAH model

The endovascular perforation model of SAH was performed as previously described 

(Enkhjargal et al., 2017). Briefly, rats were anesthetized with 3% isoflurane and 

mechanically ventilated throughout the operation. Body temperature was maintained at 

37 °C ± 0.5 °C using a heating lamp. A sharpened, 4-0 monofilament nylon suture was 

inserted into the left internal carotid artery from the external carotid artery, and then 

advanced 3 mm further to perforate the bifurcation of the anterior and middle cerebral 

arteries. In the sham group, rats were subjected to the same procedures without perforation. 

After the surgical procedure was completed, the rats were allowed to recover on a heated 

blanket.

2.4. Intracerebroventricular injection

As described previously (Huang et al., 2015), rats were anesthetized with 3% isoflurane and 

placed on a stereotaxic frame. The needle of a 10-µL Hamilton syringe (Microliter 701; 

Hamilton Company, USA) was inserted through a burr hole into the right lateral ventricle 

according to the following coordinates relative to bregma: 1.5 mm posterior, 1.0 mm lateral, 

and 3.2mm below the horizontal plane of the bregma. Following the manufacturer’s 

instructions, a total volume of 5 µL (500 pmol) of rat NTN-1 siRNA (Thermo Fisher 

Scientific, USA), or UNC5B siRNA (Thermo Fisher Scientific, USA) dissolved in nuclease-

free water was injected into the right ventricle by a pump at the rate of 0.5 µL/min at 48 h 

before SAH. The same volume of Scr siRNA (Thermo Fisher Scientific, USA) was used as a 

negative control. The needle was kept in place for an additional 5 minutes after injection to 

prevent possible leakage and was slowly withdrawn within 5 minutes. After the needle was 

Xie et al. Page 4

Brain Behav Immun. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



removed, the burr hole was sealed with bone wax, the incision was closed with sutures and 

rats were allowed to recover.

2.5. Short-term neurological score evaluation

Neurobehavioral function were evaluated before euthanasia by an investigator (W.W.) blind 

to group information using the modified Garcia and Beam balance tests as previously 

described (Wu et al., 2016). The modified Garcia test assessed spontaneous activity, 

spontaneous movement of all limbs, forelimbs outstretching, climbing, touch of trunk, and 

vibrissae touch. Each part of the test has a score ranging from 0 to 3, with a maximum score 

of 18. Beam balance test evaluated rat’s walking distances on a wooden beam for 1 minute. 

The scores for this test ranged from 0 to 4. Higher scores represented better neurological 

function.

2.6. SAH grade

Assessment of the severity of SAH was performed in a blinded fashion with a grading 

system immediately after euthanasia as previously described (Sugawara et al., 2008). The 

base of the brain was divided into six parts, each part was scored (0–3) according to the 

amount of subarachnoid blood. The total score was calculated as the total SAH grade 

(maximum SAH grade = 18). SAH rats with a score < 8 at 24 hours were excluded from this 

study.

2.7. Brain water content

Brains were quickly removed at 24 h or 72 h after surgery, and separated into left 

hemisphere, right hemisphere, cerebellum, and brain stem. Each part was weighted 

immediately after removal (wet weight) and then dried in an oven at 105 °C for 72 h (dry 

weight). After that, the percentage of brain water content was calculated as [(wet weight-dry 

weight)/wet weight] × 100% (Chen et al., 2015).

2.8. Immunohistochemistry staining

Immunohistochemistry staining was performed as described previously (Guo et al., 2016). 

Briefly, at 24 h after operation, rats were transcardially perfused under deep anesthesia with 

ice-cold PBS (0.1M, pH 7.4), then perfused with 10% paraformaldehyde. Brains were 

removed and fixed in 10% paraformaldehyde at 4°C for 24 h, and then in 30% sucrose for 

72 h. Frozen coronal slices (10 µm) were sectioned in cryostat (CM3050S; Leica 

Microsystems). Sections were blocked with 5% donkey serum for 1 hour and incubated 

overnight at 4°C with the following primary antibodies: rabbit anti-NTN-1 (1:500, Abcam, 

USA), rabbit anti-UNC5B (1:200, Abcam, USA), mouse anti-CD31 (1:100, Abcam, USA), 

goat anti-ionized calcium binding adaptor molecule 1 (Iba-1, 1:200, Abcam, USA), mouse 

anti-NeuN (1:500, Abcam, USA), and mouse anti-glial fibrillary acidic protein (GFAP, 

1:500, Abcam, USA). Appropriate FITC-conjugated secondary antibodies (Jackson 

ImmunoResearch, West Grove, PA) were applied in the dark for 2 h at room temperature. 

Negative control staining was performed by omitting the primary antibody. The sections 

were visualized under a fluorescence microscope Leica DMi8 (Leica Microsystems, 

Germany). Microphotographs were analyzed with LASX software. The number of Iba-1 
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positive cells was counted in 3 different fields in the ipsilateral cortex from 5 random 

coronal sections per brain using a magnification of ×400 over a microscopic field of 0.01 

mm2, and data were expressed as cells/field (Zhang et al., 2015).

2.9. Western blot analysis

After rats were perfused with ice-cold PBS (0.1M, pH 7.4) at 24 h post-operation, the 

ipsilateral cortex were collected and stored in −80 °C freezer until use. Western blot was 

performed as described previously (Tong et al., 2017). After protein samples preparation, 

equal amounts of protein (50 µg) were separated by SDS-PAGE gel electrophoresis, and then 

transferred onto nitrocellulose membranes. Membranes were blocked and incubated with the 

following primary antibodies overnight at 4 °C: rabbit anti-NTN-1 (1:800, Abcam, USA), 

rabbit anti-UNC5B (1:1000, Abcam, USA), rabbit anti-PPARγ (1:500, Abcam, USA), 

rabbit anti-NFκB P65 (1:1000, Abcam, USA), mouse anti-IL-6 (1:1000, Abcam, USA), goat 

anti-TNF-α (1:1000, Abcam, USA), rabbit anti-ICAM-1 (1:1000, Santa Cruz 

Biotechnology, USA), and rabbit anti-myeloperoxidase (MPO, 1:1000, Santa Cruz 

Biotechnology, USA). β-actin was used as the internal loading control. Then, membranes 

were incubated with horseradish-peroxidase conjugated secondary antibodies (Santa Cruz 

Biotechnology, USA) for 1 h at room temperature, The immunoblots were probed with an 

ECL Plus chemiluminescence reagent kit (Amersham Biosciences, USA). The relative 

density of protein was analyzed by ImageJ software (ImageJ 1.5, NIH, USA).

2.10. Statistics analysis

All Data were presented as a mean ± SD. All analyses were performed using SigmaPlot 11.0 

and GraphPad Prism 6 (GraphPad software). Data normality was first confirmed using the 

Shapiro-Wilk normality test. For the data that passed the normality test, the statistical 

differences among groups were further analyzed using one-way ANOVA followed by Tukey 

multiple comparison post hoc analysis. For the data that failed the normality test, Kruskal-

Wallis one-way ANOVA on Ranks was used, followed by Tukey multiple comparison post 

hoc analysis. P value of less than 0.05 was considered statistically significant.

3. Results

3.1. Mortality rates and SAH grade score

The overall mortality of SAH was 19.05% (56/294). There was no significant difference in 

mortality rates among all SAH groups (P > 0.05). No rats died in the sham group. 

Representative brain samples in each group are presented in Fig. 2A. At 24 h after SAH, 

subarachnoid blood clots were obviously present around the Circle of Willis (Fig. 2A). The 

SAH grade scores were not significantly different among all SAH groups (P > 0.05, Fig. 

2B). According to the SAH grade score, 25 rats with mild SAH were excluded from this 

study (Table 1). The basal cortex of the left hemisphere was the region of interest for 

Immunochemistry staining and Western blot (Fig. 2C).
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3.2. Exogenous rh-NTN-1 treatment attenuated neurobehavioral deficits and brain edema 
after SAH

At 24 h post-SAH, rats in the PBS and rh-NTN-1 (5 and 15 µg/kg) groups showed severe 

neurological deficits (P < 0.05, Fig. 3A) and higher brain water content in the left and right 

hemispheres (P < 0.05, Fig. 3C), when compared with sham group. However, administration 

of rh-NTN-1 at a dose of 45 µg/kg evidently improved neurological performance (P < 0.05, 

Fig. 3A, B) and diminished brain water content in both hemispheres (P < 0.05, Fig. 3C, D) 

both at 24 h and 72 h after SAH, when compared with PBS, rh-NTN-1 groups at dose of 5 

and 15 µg/kg. Given that the high dose of rh-NTN-1 (45 µg/kg) was most effective on 

neurobehavioral score and brain water content, we decided to use this high dose for the 

following studies.

3.3. Expression of endogenous NTN-1, UNC5B receptor and PPARγ after SAH

Western blot analysis showed there was significant increase in endogenous NTN-1 level in 

the ipsilateral cortex at 12, 24, and 72 h after SAH (P < 0.05, Fig. 4A). UNC5B level was 

slowly increased from 12 h, and reached its peak at 24 h, but declined at 72 h after SAH (P < 

0.05, Fig. 4B). PPARγ was significantly increased from 12 h and peaked at 24 h, but 

decreased at 72 h after SAH (P < 0.05, Fig. 4C). Double immunofluorescence staining 

revealed that NTN-1 was predominantly expressed in endothelial cells (Fig. 5A), and 

neurons (Fig. 5B) in cerebral cortex at 24 hours after SAH. UNC5B was expressed in 

microglia (Fig. 5C), endothelial cells (Fig. 5D), and neurons (Fig. 5E) at 24 h after SAH.

3.4. Depletion of endogenous NTN-1 exacerbated neurological impairments, brain edema 
and inflammatory response after SAH

The depletion efficiency of NTN-1 siRNA was confirmed by Western blot. The result 

showed that NTN-1 expression in the ipsilateral cortex was inhibited by NTN-1 siRNA (P < 

0.05, Fig. 6A). Depletion of endogenous NTN-1 exacerbated neurological impairments (P < 

0.05, Fig. 6B), and increased brain water content in both hemispheres (P < 0.05, Fig. 6C) at 

24 h after SAH. We explored the effects of NTN-1 siRNA on MPO expression in the 

ipsilateral cortex by Western blot. As shown in Figure 6D, administration of exogenous rh-

NTN-1 decreased MPO expression in the ipsilateral cortex at 24 h after SAH (P < 0.05, Fig. 

6D). However, knockdown of endogenous NTN-1 using specific siRNA increased MPO 

expression (P < 0.05, Fig. 6D).

3.5. Effect of exogenous rh-NTN-1 on expression of inflammatory molecules after SAH

Administration of exogenous rh-NTN-1 further augmented PPARγ expression in the 

ipsilateral cortex at 24 h post-SAH, which suppressed the expression of downstream 

inflammation-related proteins including NFκB, TNF-α, IL-6, and ICAM-1 (P < 0.05, Fig. 

7A–F), compared with PBS group. In contrast, depletion of endogenous NTN-1 by NTN-1 

siRNA reduced PPARγ level and enhanced the expression of inflammation-related 

molecules (P < 0.05, Fig. 7A–F).
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3.6. Knockdown of UNC5B abolished the neuroprotective effects of rh-NTN-1 after SAH

Knockdown of UNC5B by specific siRNA significantly abolished the neuroprotective 

effects of rh-NTN-1 against neurological impairments (P < 0.05, Fig. 8A) and brain edema 

(P < 0.05, Fig. 8B) at 24 h post-SAH. Western blot result showed UNC5B siRNA inhibited 

UNC5B expression in ipsilateral cortex at 72 h after siRNA injection (P < 0.05, Fig. 8C). 

Knockdown of UNC5B significantly decreased PPARγ expression, which was accompanied 

by increasing the expression of NFκB, TNF-α, IL-6, and ICAM-1, as well as MPO in the 

ipsilateral cortex at 24 h after SAH (P < 0.05, Fig. 8D–J).

3.7. Exogenous rh-NTN-1 treatment suppressed microglia activation after SAH

We examined the effects of rh-NTN-1 and BADGE on Iba-1 positive cells. As shown in 

Figure 9, the numbers of Iba-1positive cells were significantly increased in the ipsilateral 

cortex in PBS group at 24 h after SAH, and activated microglia showed shorter processes 

(Fig. 9A). Administration of exogenous rh-NTN-1 significantly reduced the number of 

Iba-1-positive cells (P < 0.05, Fig. 9A, B). However, BADGE reversed the effect of 

exogenous rh-NTN-1 (P < 0.05, Fig. 9A, B).

3.8. Inhibition of PPARγ reversed the anti-inflammation function of rh-NTN-1 after SAH

PPARγ antagonist BADGE significantly aggravated neurological impairments (P < 0.05, 

Fig. 10A) and increased brain water content (P < 0.05, Fig. 10B) at 24 h after SAH. 

Moreover, BADGE upregulated the expression of NFκB, TNF-α, IL-6, ICAM-1, and MPO 

in the ipsilateral cortex at 24 h post-SAH (P < 0.05, Fig. 10C–H).

4. Discussion

The novel findings in the current study were: (1) endogenous NTN-1 and UNC5B receptor 

levels were significantly increased in the ipsilateral cortex during the early stage of SAH; (2) 

administration of exogenous rh-NTN-1 at a dose of 45 µg/kg significantly ameliorated brain 

edema and neurological impairments after SAH; (3) exogenous rh-NTN-1 treatment 

suppressed microglia activation, and inhibited the expression of MPO, TNF-α, IL-6, and 

ICAM-1 in the ipsilateral cortex, thereby attenuated brain injury after SAH; (4) knockdown 

of endogenous NTN-1 by specific siRNA significantly increased the expression of 

inflammatory molecules, aggravated neurological impairments at 24 h post-SAH; (5) 

UNC5B siRNA reversed the beneficial effect of rh-NTN-1 on neuroinflammation at 24 h 

following SAH; (6) PPARγ antagonist BADGE also abolished the anti-inflammatory 

function of exogenous rh-NTN-1 after SAH. Taken together, our findings suggested that 

exogenous rh-NTN-1 binding UNC5B attenuated neuroinflammation and EBI through 

inhibiting microglia activation after SAH, which is at least in part mediated by PPARγ/

NFκB signaling cascade (Fig. 11).

Mounting evidence from both clinical and preclinical studies suggests that early 

inflammation is an important factor to contribute to brain injury after SAH (Frontera et al., 

2012; Lucke-Wold et al., 2016). The presence of subarachnoid blood contributes to 

microglial activation, and initiates vigorous inflammatory cascades after SAH. Microglia 

activation and leukocytes infiltration into brain parenchyma after stroke represent the 
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hallmark of immune response, release inflammatory mediators such as TNF-α and IL-6, and 

trigger deleterious inflammation response that leads to neuroinflammation and brain injury 

(Chamorro et al., 2012; Xu et al., 2017). In turn, excessive production of pro-inflammatory 

cytokine and chemokine released from immune cells further amplify the inflammatory 

response, including further microglia activation and leukocyte infiltration into brain, 

subsequently trap in a vicious circle to exacerbate brain injury after stroke (Keep et al., 

2012; Xie et al., 2017a). Therefore, suppressing microglia activation and neutrophils 

infiltration is beneficial to prevent excessive inflammation and ameliorate inflammation-

induced brain injury after SAH.

NTN-1 has been reported to regulate the inflammation by inhibiting immune cells 

infiltration into tissues in different pathological settings (Aherne et al., 2013; Aherne et al., 

2012; Ly et al., 2005; Mirakaj et al., 2011; Mirakaj et al., 2010; Rosenberger et al., 2009; 

Schlegel et al., 2016). During the acute kidney injury, administration of exogenous NTN-1 

suppressed leukocytes infiltration into ischemic kidney and the production of cytokine and 

chemokine, and alleviated renal ischemia-reperfusion (IR) injury through decreasing the 

production of cyclooxygenase 2-mediated prostaglandin E2 and thromboxaneA2 

(Ranganathan et al., 2013a; Tadagavadi et al., 2010). During the liver IR injury, NTN-1 

decreased neutrophil migration and the expression of pro-inflammatory mediators, 

controlled the resolution of inflammation, and thereby promoted hepatic repair and 

regeneration (Schlegel et al., 2016). Up to date, there is only one study focused on the role 

of NTN-1 in regulating the inflammation in the central nervous system, which demonstrated 

that exogenous NTN-1 treatment could decrease pro-inflammatory cytokine secretion from 

human brain-derived endothelial cells in vitro, and inhibit immune cells invasion into brain, 

thereby mitigate the severity of inflammatory lesions after EAE in vivo (Podjaski et al., 

2015). Consistent with the findings in EAE model, our results showed that administration of 

exogenous rh-NTN-1 resulted in a significant inhibition of microglia activation, and 

downregulation of MPO, TNF-α, IL-6, and ICAM-1, and ameliorated brain edema and 

neurological impairments after SAH. Whereas, silencing of endogenous NTN-1 by specific 

siRNA mainly suppressed the expressions of NTN-1 in neurons and endothelial cells, thus 

induced inflammatory response by increasing the expression of MPO, pro-inflammatory 

mediators and adhesion molecules, as well as exacerbated neurological dysfunction and 

brain edema, which were also associate with neuronal apoptosis and BBB breakdown 

induced by knockdown of endogenous NTN-1 with NTN-1 siRNA. These observations 

indicated that exogenous NTN-1 could suppress neuroinflammation by inhibiting the 

expressions of inflammatory molecules following SAH.

NTN-1, acting through UNC5B receptor, powerfully inhibited leukocyte infiltration into 

tissues and inflammation in vitro and in a peritonitis model (Ly et al., 2005). Likewise, 

previous studies also provided solid evidence that NTN-1 binding UNC5B receptor, 

attenuated inflammation by suppressing leukocytes infiltration and the production of 

inflammatory mediators. While neutralization of UNC5B receptor with blocking antibody 

abolished the beneficial effects of NTN-1 on inflammation in the kidney injury 

(Ranganathan et al., 2013a; Tadagavadi et al., 2010). In the current study, we observed that 

UNC5B receptor was expressed in microglia, endothelial cells, and neurons. Moreover, 

knockdown of UNC5B using specific siRNA significantly abolished the anti-inflammation 
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property of exogenous rh-NTN-1, which suppressed microglia activation, and diminished 

the pro-inflammatory TNF-α and IL-6 levels as well as adhesion molecules ICAM-1 

expressions. Therefore, it is reasonable to speculate that UNC5B receptor mediates NTN-1-

induced anti-inflammation effects after SAH.

PPARγ has been shown to play an essential role in regulating inflammatory response 

(Chawla, 2010; Croasdell et al., 2015; Jiang et al., 1998). After stroke, activation of PPARγ 
with its agonists significantly reduced the expression of pro-inflammatory mediators, and 

suppressed migration of macrophages and neutrophils into brain, as well as promoted 

phagocytosis-mediated hematoma resolution by promoting the M2 phagocytic phenotype of 

microglial cells, suggesting that PPARγ, a cytoprotective protein, exerted anti-inflammation 

property (Culman et al., 2007; Gliem et al., 2015; Gu et al., 2015; Kumari et al., 2010; Zhao 

et al., 2007; Zhao et al., 2015). In addition, PPARγ was also proven to prevent against the 

development of intracranial aneurysmal rupture (Shimada et al., 2015). Recent studies have 

revealed that PPARγ is a downstream mediator of NTN-1-mediated anti-inflammation 

during the IR injury in kidney and heart. Ranganathan et al. showed that PPARγ signaling 

pathway was activated by NTN-1-induced macrophage M2 polarization and ameliorated 

inflammation in the renal IR injury, while inhibition of PPARγ activation offset the 

protective effects of NTN-1 on the kidney injury (Ranganathan et al., 2013b). Another study 

also documented that NTN-1 treatment promoted PPARγ activation in cardiac allograft and 

decreased infiltration of neutrophils and macrophages into allograft, and then mitigated 

myocardial IR injury, while the beneficial effects of NTN-1 was significantly abrogated by 

PPARγ antagonist (Mao et al., 2014). Furthermore, numerous studies have demonstrated 

that PPARγ serves as a negative factor to modulate NFκB signaling pathway (Feinstein et 

al., 2005; Wan et al., 2008; Zhao et al., 2015). NFκB is well-known to be involved in 

inflammation and immune processes through upregulating multiple proinflammatory 

cytokines, chemokines, proteases, and adhesion molecules (Behrouz, 2016; Harari and Liao, 

2010). In this study, we observed that PPARγ protein level was increased after SAH, which 

was consistent with the previous findings in a stroke model (Victor et al., 2006; Xiong et al., 

2016). However, the extent of endogenous PPARγ upregulation was not sufficient to inhibit 

NFκB elevation after SAH. After administration of exogenous rh-NTN-1, PPARγ protein 

level was further augmented, resulted in an effective inhibition of NFκB activation, and 

subsequent inflammatory molecules expression after SAH. In contrast, inhibition of PPARγ 
with BADGE reversed the anti-inflammatory effect of exogenous rh-NTN-1, promoted the 

NFκB activation, and up-regulated expression of TNF-α, IL-6, ICAM-1, and MPO, thereby 

worsened neurological deficits and brain edema. Thus, our findings supported the hypothesis 

that anti-inflammation effect of exogenous rh-NTN-1 is mediated at least in part through 

PPARγ/NFκB signaling pathway after SAH. Additionally, our previous study showed that 

NTN-1 possessed neuroprotective functions through inhibiting neuronal apoptosis and 

preserving BBB integrity after SAH via distinct signaling pathways (Xie et al., 2017b; Xie et 

al., 2017c). Thus, it cannot be ruled out that the anti-inflammation property of NTN-1 may 

be also related with NTN-1-mediated preservation of BBB integrity.

There are several limitations in our study. Previous studies reported that NTN-1 possesses 

other protective functions, such as promoting angiogenesis and white matter repairing (He et 

al., 2013; Wilson et al., 2006). In this study, we only investigated the anti-inflammation 
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effect of NTN-1 after SAH. Therefore, we cannot exclude the possibility that NTN-1 also 

exert other neuroprotective roles in EBI after SAH. Further studies are needed to elucidate 

other effects of NTN-1 after SAH and its underlying signaling mechanisms. We did not have 

any groups using BADGE or PEG only without rh-NTN-1 treatment. It is possible that 

BADG or PEG alone has some specific effects in addition to rh-NTN-1 effects. In addition, 

long-term neurological benefits of NTN-1 in the setting of SAH require further to be studied 

in the future.

5. Conclusions

Exogenous rh-NTN-1 binding UNC5B could attenuate neuroinflammation and improve 

neurological functions through inhibiting microglia activation via PPARγ/NFκB signaling 

pathway after SAH. Therefore, exogenous NTN-1 may serve as a promising therapeutic 

agent against brain injury for SAH patients.

Supplementary Material
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Highlights

Exogenous Netrin-1 (NTN-1) significantly attenuated neurological impairments and 

brain edema after SAH.

NTN-1 ameliated neuroinflammatory responses through inhibiting microglia activation 

after SAH.

NTN-1 binding UNC5B activated PPARγ and inhibited NFκB signaling pathway.

NTN-1 may serve as a promising therapeutic agent against neuroinflammation in early 

brain injury after SAH.
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Fig. 1. 
Experimental design and animal groups. BADGE, bisphenol A diglycidyl ether; IF staining, 

immunofluorescence staining; NTN-1 siRNA, Netrin-1 siRNA; PEG, polyethyleneglycol; 

rh-NTN-1, recombinant human Netrin-1; SAH, Subarachnoid hemorrhage; Scr siRNA, 

Scrambled siRNA; siRNA, small interfering RNA; UNC5B siRNA, UNC5B siRNA; WB, 

Western blot.
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Fig. 2. 
Representative pictures of brains from each group and SAH grade score at 24 h after SAH. 

(A) Representative brains from sham, PBS, rh-NTN-1 (5 µg/kg), rh-NTN-1 (15 µg/kg), and 

rh-NTN-1 (45 µg/kg). (B) Quantitative analyses of SAH grade score. n=6/group. *P<0.05 vs 

sham. (C) The schematic diagram shows the optimal region of brain section for 

Immunochemistry staining and Western blot (red circle).
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Fig. 3. 
The effects of exogenous recombinant human Netrin-1 (rh-NTN-1) on neurological function 

and brain edema after SAH. Administration of exogenous rh-NTN-1 at a dose of 45 µg/kg 

markedly improved neurological impairments (A, B) and reduced brain water content in the 

left and right hemispheres (C, D) both at 24 h and 72 h post-SAH. n=6/group. *P<0.05 vs 

sham; #P<0.05 vs PBS, rh-NTN-1 (5 µg/kg), and rh-NTN-1 (15 µg/kg). BS, brain stem; Cb, 

cerebellum; LH, left hemisphere; and RH, right hemisphere.
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Fig. 4. 
Time course of endogenous Netrin-1 (NTN-1), UNC5B receptor, and PPARγ expression 

after SAH. Representative Western blot bands and quantitative analyses of NTN-1 (A), 

UNC5B (B), and PPARγ expression (C) in the ipsilateral cortex after SAH. Relative 

densities of each protein have been normalized against the sham group. n=6/group. *P<0.05 

vs sham.
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Fig. 5. 
The cellular localization of Netrin-1 (NTN-1) and UNC5B receptor in the ipsilateral cortex. 

Representative microphotographs of double immunofluorescence staining showed that 

NTN-1 was expressed in endothelial cells (A) and neurons (B) in cerebral cortex at 24 h 

after SAH. UNC5B was co-localized with ionized calcium binding adaptor molecule 1 

(Iba-1) positive microglia (C), also expressed in endothelial cells (D) and neurons (E) in 

cerebral cortex at 24 h after SAH. n=3/group. Scale bar=50 µm.
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Fig. 6. 
The effects of depletion of endogenous Netrin-1 (NTN-1) on neurological scores, brain 

edema, and myeloperoxidase (MPO) expression after SAH. (A) NTN-1 expression in the 

ipsilateral cortex was significantly inhibited by NTN-1 siRNA. n=3/group. *P<0.05 vs Scr 

siRNA. Depletion of endogenous NTN-1 significantly exacerbated neurological deficits (B), 

and increased brain water content (C) in both hemispheres at 24 h after SAH. (D) 

Representative Western blot band and quantitative analyses of MPO expression indicated 

that exogenous rh-NTN-1 treatment decreased MPO expression in the ipsilateral cortex, and 

NTN-1 siRNA pretreatment increased MPO expression. Relative density of MPO protein 

has been normalized against the sham group. n=6/group. *P<0.05 vs sham; #P<0.05 vs PBS; 

and &P<0.05 vs PBS, rh-NTN-1 and Scr siRNA. NTN-1 siRNA, Netrin-1 siRNA; Scr 

siRNA, scrambled siRNA. LH, left hemisphere; RH, right hemisphere.
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Fig. 7. 
The effects of recombinant human Netrin-1 (rh-NTN-1) and knockdown of endogenous 

NTN-1 on expression of inflammatory molecules at 24 h after SAH. Exogenous rh-NTN-1 

treatment further augmented PPARγ expression, and inhibited the expression of NFκB, 

TNF-α, IL-6, and ICAM-1 in the ipsilateral cortex (A–F). In contrast, when depleted the 

endogenous NTN-1 with specific siRNA, PPARγ expression was decreased, but the 

expression of NFκB, TNF-α, IL-6, and ICAM-1 were increased (A–F). Relative densities of 

each protein have been normalized against the sham group. n=6/group. *P<0.05 vs sham; 
#P<0.05 vs PBS; and &P<0.05 vs PBS, rh-NTN-1 and Scr siRNA. NTN-1 siRNA, Netrin-1 

siRNA; Scr siRNA, scrambled siRNA.
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Fig. 8. 
The effects of UNC5B siRNA on the neuroprotection associated with recombinant human 

Netrin-1 (rh-NTN-1) at 24 h after SAH. Knockdown of UNC5B significantly abolished the 

neuroprotective effects of rh-NTN-1 against neurological impairments (A) and brain edema 

(B) at 24 h post-SAH. (C) UNC5B siRNA efficiently knocked down UNC5B expression in 

the ipsilateral cortex. n=3/group. *P<0.05 vs Scr siRNA. Knockdown of UNC5B abolished 

the effects of rh-NTN- 1 on the promotion of PPARγ expression, and inhibition of the 

expression of NFκB, TNF-α, IL-6, and ICAM-1, as well as MPO in the ipsilateral cortex 

(D–J). Relative densities of each protein have been normalized against the sham group. n=6/
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group. *P<0.05 vs sham; #P<0.05 vs PBS; and &P<0.05 vs rh-NTN-1 and rh-NTN-1+Scr 

siRNA. UNC5B siRNA, UNC5B siRNA; Scr siRNA, scrambled siRNA.
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Fig. 9. 
Microglia activation in the ipsilateral cortex at 24 h after SAH. Representative 

immunofluorescence microphotographs and quantitative analysis of ionized calcium binding 

adaptor molecule 1 (Iba-1) positive cells showed that administration of exogenous 

recombinant human Netrin-1 (rh-NTN-1) significantly decreased the number of Iba-1 

positive cells. However, BADGE abolished the effect of exogenous rh-NTN-1. n=4/group, 

15 fields/rat. #P<0.05 vs PBS; and &P<0.05 vs rh-NTN-1. BADGE, bisphenol A diglycidyl 

ether. Scale bar=100 µm.
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Fig. 10. 
Inhibition of PPARγ by BADGE reversed the anti-inflammation effect of recombinant 

human Netrin-1 (rh-NTN-1) at 24 h after SAH. BADGE significantly aggravated 

neurological deficits (A) and increased brain edema (B). BADGE reversed the effects of rh-

NTN-1 on the inhibition of the expression of NFκB, TNF-α, IL-6, and ICAM-1, as well as 

MPO in the ipsilateral cortex (C–H). Relative densities of each protein have been normalized 

against the PBS group. n=6/group. *P<0.05 vs sham; #P<0.05 vs PBS; and &P<0.05 vs rh-

NTN-1 and rh-NTN-1+PEG. BADGE, bisphenol A diglycidyl ether; PEG, 

polyethyleneglycol; LH, left hemisphere; RH, right hemisphere.
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Fig. 11. 
The schematic diagram of potential molecular mechanisms of anti-inflammation effects of 

recombinant human Netrin-1 (rh-NTN-1) through UNC5B/PPARγ/NFκB signaling pathway 

after SAH.
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