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Abstract

Neuroinflammation occurs after germinal matrix hemorrhage (GMH) and induces secondary brain 

injury. Interferon-α (IFN-α) has been shown to exert antiinflammatory effects in infectious 

diseases via activating IFNAR and its downstream signaling. We aimed to investigate the anti-

inflammatory effects of Recombinant human IFN-α (rh-IFN-α) and the underlying mechanisms 

in a rat GMH model. Two hundred and eighteen P7 rat pups of both sexes were subjected to GMH 

by an intraparenchymal injection of bacterial collagenase. rh-IFN-α was administered 

intraperitoneally. Small interfering RNA (siRNA) of IFNAR, and siRNA of tumor necrosis factor 

receptor associated factor 3 (TRAF3) were administered through intracerebroventricular (i.c.v.) 

injections. JAK1 inhibitor ruxolitinib was given by oral lavage. Post-GMH evaluation included 

neurobehavioral function, Nissl staining, Western blot analysis, and immunofluorescence. Our 

results showed that endogenous IFN-α and phosphorylated IFNAR levels were increased after 

GMH. Administration of rh-IFN-α improved neurological functions, attenuated 

neuroinflammation, inhibited microglial activation, and ameliorated post-hemorrhagic 
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hydrocephalus after GMH. These observations were concomitant with IFNAR activation, 

increased expression of phosphorylated JAK1, phosphorylated STAT1 and TRAF3, and decreased 

levels of phosphorylated NF-κB, IL-6 and TNF-α. Specifically, knockdown of IFNAR, JAK1 and 

TRAF3 abolished the protective effects of rh-IFN-α. In conclusion, our findings demonstrated that 

rh-IFN-α treatment attenuated neuroinflammation, neurological deficits and hydrocephalus 

formation through inhibiting microglial activation after GMH, which might be mediated by 

IFNAR/JAK1-STAT1/TRAF3/NF-κB signaling pathway. Rh-IFN-α may be a promising 

therapeutic agent to attenuate brain injury via its anti-inflammatory effect.
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1. Introduction

Germinal matrix hemorrhage (GMH) is a devastating neonatal stroke, of which the 

complications include neuroinflammation, hydrocephalus, primary and secondary brain 

injury and developmental delay (Koschnitzky et al., 2018). Among all of the complications, 

the activation of inflammatory cascades could be the main contributing factor of a series of 

post-hemorrhagic consequences, such as long term morphological and functional 

impairment (Zhang et al., 2018; Feng Z et al., 2017). Therefore, inhibition of inflammatory 

response is critically important at the early stage after GMH. Microglia are resident immune 

cells in the central nervous system (CNS) (Tang J et al., 2017). Following GMH, microglia 

are activated immediately and release proinflammatory cytokines, such as tumor necrosis 

factor-α (TNF-α) and interleukin-6 (IL-6), leading to secondary brain injury (Brouwer et 

al., 2016). Thus, treatments focused on reducing proinflammatory cytokines by inhibiting 

microglia could be potentially important in attenuating neuroinflammation after GMH.

Interferon-α (IFN-α), one of type one interferons, can access the CNS to modulate 

microglial function in innate immune response (Owens et al., 2014). Binding to its receptor, 

IFN-α receptor (IFNAR), can activate the receptor-associated protein tyrosine kinases Janus 

kinases 1 (JAK1), which phosphorylates the latent cytoplasmic transcription factor signal 

transducer and activator of transcription 1 (STAT1). Currently, a number of studies have 

reported several pathways that link IFN-α with IFN-regulatory factors (IRF), toll-like 

receptors (TLRs), phosphatidylinositol 3 kinase (PI3K) and mitogen-activated protein 

kinases (MAPK) (L. Wang et al., 2010). On the other hand, the tumor necrosis factor 

receptor associated factor 3 (TRAF3) molecules are largely involved in signaling by a 

variety of adaptive and innate immune responses. TRAF3 signaling pathways typically lead 

to the activation of nuclear factor-κB (NF-κB) and IRFs, which is also related to 

immunomodulation (Tang et al., 2018). Although both IFN-α and TRAF3 were reported to 

interact with IRFs after inflammatory activation, it is still unknown whether TRAF3 is a 

downstream mediator of IFN-α in exerting its anti-inflammatory effect.

Therefore, based on the above mentioned evidence, we hypothesized that rh-IFN-α 
treatment would attenuate neuroinflammation after GMH by suppressing microglial 
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activation and consequently reduce the secretion of proinflammotory cytokines, improve 

neurological function in the short and long term and ameliorate posthemorrhagic 

hydrocephalus, and that these beneficial effects may be mediated by JAK1-STAT1/

TRAF3/NF-κB signaling (Figure 1).

2. Materials and Methods

2.1. Animals

All experimental procedures were approved by the Institutional Animal Care and Use 

Committee at Loma Linda University. All studies were conducted in accordance with the 

United States Public Health Service’s Policy on Humane Care and Use of Laboratory 

Animals and reported according to the ARRIVE guidelines. Two hundred and eighteen P7 

Sprague-Dawley neonatal pups (weight=12-14g, Harlan, Livermore, CA) were randomly 

divided into Sham (n=36) and GMH (n=182) groups. All pups were housed with controlled 

temperature and 12-hour light/dark cycle, and given ad libitum access to food and water.

2.2 Experimental design

Seven separate experiments were performed in a rat model of GMH, as shown in 

Supplementary Figure 1. Total of two hundred and six pups were used as supplementary 

figure 5.

Experiment 1. The time course of endogenous IFN-α, its receptor IFNAR and 

phosphorylated IFNAR in the whole brain at 1, 3, 5, and 7 days after GMH was analyzed by 

Western blot. The cellular localization of IFNAR was detected by double 

immunofluorescence staining.

Experiment 2. The outcome of rh-IFN-α treatment was assessed during the first 3 days and 

21-28 days after GMH. The pups were randomly divided into 5 groups: Sham, GMH+PBS, 

GMH+ rh-IFN-α (104U/kg), GMH+ rh-IFN-α (105U/kg), GMH+ rh-IFN-α (106U/kg). 

Exogenous rh-IFN-α (Millipore Sigma) was dissolved in phosphate-buffered saline (PBS) 

and administered in a total volume of 60μl intraperitoneally at 1 hour, 2 days and 3 days 

post-GMH. Short-term (negative geotaxis and body righting reflex) and long-term (rotarod 

test, foot fault and water maze) neurological tests were examined during the first 3 days and 

21-28 days, respectively. Microglial activation was evaluated on the 3rd day after GMH by 

immunofluorescence staining.

Experiment 3. To identify the anti-neuroinflammatory effect of rh-IFN-α after GMH by 

blockage of endogenous IFN-β via intracerebroventricular injection of rat anti-IFN-β 24 

hours prior to GMH induction and persistent intraperitoneal injection of anti-IFN-β once a 

day during the first 3 days after GMH. IL-6 and TNF-α levels were tested by Western blot 

on the 3rd day after GMH. Rats were divided into five groups: Sham, GMH + Vehicle, GMH

+ rh-IFN-α (105U/kg), GMH + rh-IFN-α (105U/kg) + anti-IFN-β isotype control, GMH + 

rh-IFN-α (105U/kg) + anti-IFN-β.

Experiment 4. To evaluate the effect of IFNAR in vivo on neuroinflammation after 

administration of rh-IFN-α post-GMH. IFNAR small interfering RNA (IFNAR siRNA) and 
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scramble siRNA (Scr siRNA) were infused via intracerebroventricular injection (i.c.v.) at 24 

hours prior to GMH induction. The whole brain samples were collected to conduct Western 

blot testing on the 3rd day after GMH. The pups were randomly divided into five groups: 

Sham, GMH + Vehicle, GMH + rh-IFN-α (105U/kg), GMH + rh-IFN-α (105U/kg) + 

IFNAR siRNA, GMH + rh-IFN-α (105U/kg) + Scr siRNA.

Experiment 5. To access the role of JAK1-STAT1 pathway in vivo in neuroinflammation 

after administration of rh-IFN-α post-GMH. Ruxolitinib was administered via oral lavage at 

24 hours prior to GMH induction and continued daily for three days. The whole brains were 

collected for Western blot on the 3rd day after GMH. The pups were divided randomly into 

Sham, GMH + Vehicle, GMH + rh-IFN-α (105U/kg), GMH + rh- IFN-α (105U/kg) + 

Ruxolitinib solvent, GMH + rh-IFN-α (105U/kg) + Ruxolitinib.

Experiment 6. To explore the role of TRAF3 in anti-neuroinflammation after administration 

of rh-IFN-α post-GMH. TRAF3 siRNA and Scr siRNA were administered via 

intracerebroventricular injection (i.c.v.) 24 hours prior to GMH induction. Brains were 

collected on the 3rd day after GMH. Rats were divided randomly into Sham, GMH + 

Vehicle, GMH+ re-IFN-α (105U/kg), GMH+re-IFN-α (105U/kg) +TRAF3 siRNA, GMH + 

re-IFN-α (105U/kg) + Scr siRNA.

Experiment 7. To evaluate the side effect of rh-IFN-α (105U/kg) administered during the 

first 3 days after GMH at 3 days and 28 days, respectively. The rats were divided randomly 

in two groups: naive and rh-IFN-α (105U/kg) treatment. Open field test and T maze were 

tested on the 28th day after treatment rh-IFN-α (105U/kg). The rat brains were collected on 

the 3rd day and 28th day after administration of rh-IFN-α (105U/kg) three times to analyze 

the expression of NeuN, GFAP and Synaptophysin.

2.3. Germinal matrix hemorrhage (GMH) model

The procedure for GMH model in unsexed P7 rats using collagenase infusion was performed 

as previously described (Feng et al., 2017). Briefly, pups were anesthetized with isoflurane 

(3.0% induction, 1-1.5% maintenance on a stereotaxic frame. After the skin was incised on 

the longitudinal plane and the Bregma was exposed, a 27-gauge needle with 0.3U clostridial 

collagenase (0.3 units of clostridial collagenase VII-S, Sigma-Aldrich, MO) was inserted 

(2.7 mm deep from the dura) through a burr hole drilled on the skull (1.6 mm lateral, 1.5 mm 

anterior to the Bregma) and infused (1 μl/min) using a 10 μl Hamilton syringe (Hamilton Co, 

Reno, NV, USA) guided by a microinfusion pump (Harvard Apparatus, Holliston, MA). The 

needle was kept in place for an extra 10 min to avoid leakage and withdrawn at speed of 0.5 

mm/min. The pups were placed back to a heated blanket after infusion and euthanized at 

different time points according to the experimental design.

2.4. Drug administration

2.4.1. Recombinant human interferon-α—Recombinant human interferon-α (rh-

IFN-α, Sigma-Adrich) was dissolved within phosphate-buffered saline (PBS) as described 

previously (Liu et al., 2016). Pups were administered different dosages (104U/kg, 105U/kg 

Li et al. Page 4

Brain Behav Immun. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and 106U/kg) or PBS via intraperitoneal injection at 1 hour post-GMH and then once daily 

for 3 days.

2.4.2. In vivo RNA—Rat-derived IFNAR siRNA (0.5nm/2αl, Thermo Fisher), TRAF3 

siRNA (0.5nm/2αl, Thermo Fisher) and Scramble siRNA (0.5nm/2αl, Thermo Fisher) were 

infused via intracerebroventricular injection (i.c.v.) at 24 hours prior to GMH induction 

(1.0mm anterior, 1.0 mm lateral to the Bregma and 1.7 mm deep on the contralateral 

hemisphere).

2.4.3. Ruxolitinib—Ruxolitinib, dissolved in 2% dimethylsulfoxide, 30% polyethylene 

glycol (PEG) and dd H2O, was administered via oral gavage with a lavage apparatus at 24 

hours prior to GMH induction and persistently in the first 3 days after GMH(Heine et al., 

2013; Shuey et al., 2016). Each rat was administered the dosage of 90mg/kg. Its solvent was 

administered as the vehicle control.

2.5. Histological analysis

Pups were transcardially perfused under deep anesthesia with isoflurane (≥5%). Brains were 

removed and fixed in 10% formalin for 24 hours and then in 30% sucrose for 72 hour at 

4 °C. Frozen coronal slices were sectioned as 10 μm for immunofluorescence (at 3 day after 

GMH) and 15 μm for Nissl staining (at 28 day after GMH) in a cryostat (CM3050S; Leica 

Microsystems, Wetzlar, Germany).

2.5.1. Immunofluorescence—Double fluorescence staining was performed as 

described previously (Xie et al., 2017). Sections were blocked with 5% donkey serum for 1 

hour and incubated at 4°C overnight with primary antibodies: rabbit anti-IFNAR (1:100, 

Antibodies online), mouse anti-NeuN (1:200, Abcam), chicken anti-GFAP (1:200, Abcam), 

and mouse anti-Iba1(1:100, Abcam) followed by incubation with appropriate fluorescence-

conjugated secondary antibodies for 2 hours at room temperature. Negative control staining 

was performed by omitting the primary antibody. Fluorescence microscopy and LASX 

software were used to image the sections (Leica DMi8; Leica Microsystems, Wetzlar, 

Germany).

2.5.2. Nissl staining—Nissl staining was conducted and analyzed as previously (Z. 

Wang et al., 2018). Brain sections were dehydrated in 95% and 70% ethanol for 2 min, and 

then washed in distilled water for 2 min. Sections were stained with 0.5% cresyl violet 

(Sigma-Aldrich, USA) for 2 min and washed in distilled water for 10s followed by 

dehydration with 100% ethanol and xylene for 2 min twice respectively before a coverslip 

with permount was placed. The volume of ventricular, gray matter loss, relative cortical 

thickness and relative white matter area were calculated with Image J 4.0 (Media 

Cybernetics). Calculations were performed in a blinded fashion.

2.6. Western blot analysis

Brain tissues were collected and stored in −80°C freezer after being perfused with cold PBS 

(0.1M, pH 7.4) at 1d, 3d, 5d, and 7d for the time course study, at 3d for the mechanistic 

study after GMH induction separately, and at 3d and 28d after administration of IFN-α for 
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the side effect study. Western blot was processed as described previously (Nowsheen et al., 

2018). After extraction of protein samples, protein quantification was performed using 

Lowry methodology (BioRad, USA). Each sample containing 50μg of protein were 

separated by SDS-PAGE gel electrophoresis, and then transferred onto nitrocellulose 

membrane. Membranes were blocked with milk and incubated with the following primary 

antibodies overnight at 4 °C: rabbit anti-interferon-α (Biomatik, USA), rabbit anti-IFNAR 

(antibodies-online, USA), rabbit anti-phospho-IFNAR (Thermofisher, USA), rabbit anti-

JAK1(Abcam, USA), rabbit anti-phospho-JAK1(CST, USA),rabbit anti-STAT1(CST, USA), 

rabbit anti-phospho-STAT1 (CST, USA),mouse anti-TRAF3 (Abcam, USA), rabbit anti-NF-

κB (Novusbio, USA), rabbit anti-phospho-NF-κB (CST, USA), rabbit anti IL-6 (Abcam, 

USA), rabbit anti TNF-α (Abcam, USA), goat anti-β-actin (Santa Cruz Biotechnology, 

USA), rabbit anti-NeuN (Abcam, USA), rabbit anti-GFAP (Abcam, USA), mouse anti-

synaptophysin (Chemicon International, USA), and anti human interferon-α (Sigma, 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. Membranes 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).

2.7. Neurological tests

Neurological tests were performed blindly in a random and unbiased setup as previously 

reported (Segado-Arenas et al., 2017). Short-term neurological tests, as negative geotaxis 

and righting reflex, were conducted from 1d to 3d after GMH. Long-term neurological tests, 

including rotarod, foot fault and water maze were performed from 21-28d after GMH. Open 

field test and T maze were conducted 28d after administration of IFN-α for the side effect 

study.

2.7.1. Negative geotaxis—Negative geotaxis was tested to record the duration of the 

pups to turn 90° and 180° when positioned head downward on a 45° inclined plane. The 

maximum recording time was 60s (three trials/pup/day). The average value of all three trials 

were calculated.

2.7.2. Righting reflex—The pups were placed on the back onto a horizontal plane, and 

the time needed by the pup to right itself in a prone position on its four paws was recorded. 

The maximum recording time was 20s (three trials/pup/day). The average value of all three 

trials were calculated.

2.7.3. Rotarod test—The pups were placed on a rotating wheel (Columbus Instruments) 

and tested at a starting speed of 5-RMP and 10 RMP with acceleration at 2RPM per 5s. The 

time pups remained on the rotating wheel and the speed at which pups fell down from the 

rotarod were measured and averaged from 3 repeated trials.

2.7.4. Footfault—Foot-fault was recorded as the total numbers of missteps. When the 

pup's forelimb or hind limb fell into one of the grid openings, a foot fault was recorded. The 

maximum recording time was 60s.
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2.7.5. Water maze test—According to our preliminary work and other similar studies, 

the water maze test was performed at 21-28 days after GMH. The water maze test used a 

circular pool (diameter: 110cm) filled with water at 24 ± 1 °C. A transparent escape 

platform (diameter: 11cm) was submerged 1 cm beneath the water and placed at a fixed 

position at the center of one of the quadrants. All pups underwent four trials per day with a 

10 min inter-trial interval, for five consecutive days. In this process, pups needed to be 

guided to the platform if they did not find the platform. On Day 6, a probe trial was 

performed to assess spatial memory retention. During this trial, pups were allowed to swim 

freely for 60s, but no platform was present. Swim distance, latency, velocity and the 

percentage of time in targeting quadrant were digitally recorded and analyzed by a tracking 

software (Noldus Ethovision).

2.7.6. Open field test—A black rectangular box was used (100 cm × 100 cm × 45 cm) 

for the Open Field Test (OFT). The box was illuminated with three 30 W fluorescent bulbs 

placed 2 m above the box (Hou et al., 2018). The pups were placed in the corner of the box 

and allowed 10 min of exploration. The total distance travelled and the percent of time spent 

in the center were analyzed by a computerized video tracking system (Noldus Ethovision).

2.7.7. T-maze—Each pup was placed at the start area of the T-maze and allowed to 

choose an arm to enter. Once the pup selected an arm, it was confined to that arm for 30s 

and then returned to the start arm and confined there for 10s. Afterwards, the rat was 

allowed to choose an arm again. Ten trials were performed per pup. The total alternate 

numbers were recorded and repeated for 10 trials as corrected percentage for each animal.

2.8. Statistical analysis

All data were presented as a mean ± SD. All analyses were performed using GraphPad 

Prism 6 (GraphPad software). Data were first confirmed using the ShapiroWilk 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’s 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’s multiple comparison post hoc analysis. P<0.05 was 

considered statistically significant.

3. Result

3.1. Endogenous IFN-α and phosphorylated IFNAR were upregulated after GMH.

Western blot results showed that there was a significant difference in the expression of 

endogenous IFN-α on the 3rd (df=25, P<0.001), 5th (df=25, P<0.001) and 7th (df=25, 

P<0.001) day after GMH (Fig. 2 A, B). The expression of phosphorylated IFNAR increased 

slowly from the 3rd day (df=25, p<0.001), peaked on the 5th day (df=25, p<0.001), and 

declined on the 7th day after GMH (p=0.003, Fig. 2 A, C). No changes were observed in the 

expression of IFNAR (Fig. 2A). Double immunofluorescence staining demonstrated that 

receptor IFNAR was abundantly expressed on neurons (Fig. 3A, B, C, and D), astrocytes 

(Fig. 3E, F, G, and H) and microglia (Fig. 3I, J, K, and L) on the 3rd day after GMH.
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3.2. Intraperitoneal administration of human recombinant interferon-α improves short-
term neurological function at 72h post GMH

Three dosages (104U/kg, 105U/kg and 106U/kg) of rh-IFN-α were performed via 

intraperitoneal injection 1h after GMH. Pups in the vehicle group took significantly more 

time to finish the action from head downward to the prone 90° (Fig. 4A) and 180° (Fig. 4B) 

position compared to the sham group in the first 3 days after GMH. There were significant 

differences in negative geotaxis between 3 treatment groups and vehicle on the 1st (df=29, 

90°: *p<0.001, #p<0.001, &p<0.001; 180°: *p<0.001, #p<0.001, &p<0.001) and 2nd (df=29, 

90°: *p<0.001, #p<0.001, &p<0.001; 180°: *p<0.001, #p<0.001, &p<0.001) day after 

GMH. Among these treatment groups, both the medium and high dosage of rh-IFN-α 
improved short-term neurological function in negative geotaxis and body righting reflex 

(df=29, *p<0.001, #p<0.001, Fig. 4C). Considering the safety of pups and the potential side 

effects, we chose the medium does of rh-IFN-α (105U/kg) for the following studies. 

Additionally, IFN-α was expressed in brain tissues on the third day after intraperitoneal 

injection post-GMH detected by Western blot (df=14, *p<0.001, #p<0.001, Fig. 4D, E), 

which confirmed that intraperitoneal administration of rh-IFN-α (105U/kg) was successfully 

delivered into the brain tissues.

3.3. rh-IFN-α treatment inhibited microglial response after GMH

In order to explore whether rh-IFN-α alters the microglial response after GMH, we used 

Iba-1 as microglial marker in the perihematoma area on the 3rd day after GMH. The result 

showed that the microglia in vehicle (Fig. 4I, J, and K) and treatment (Fig. 4L, M, and N) 

animals demonstrated bigger soma (Fig.4P) and shorter and more cell processes than sham 

animals (Fig. 4F, G, and H). The total number of microglia was decreased in rh-IFN-α 
treatment (df=17, #p=0.03, Fig. 4L, M, N and O) compared to Vehicle (Fig. 4I, J and K).

3.4. rh-IFN-α treatment ameliorated long-term neurological deficits post GMH

In the rotarod test, rh-IFN-α (105U/kg) treatment significantly decreased the falling speed 

and falling latency in both 5 rpm (df=33, # p<0.001, Fig. 5A, B) and 10 rpm (df=33, # 

p<0.001, Fig. 5A, B) acceleration compared to the vehicle group. In the foot fault test, pups 

in the vehicle group had significantly more total foot slips compared to the rh-IFN-α 
(105U/kg) treatment group (df=33, # p<0.001, Fig. 5C). Moreover, the water maze test 

showed that pups from the vehicle group swam significantly longer in 1 min (df=33, # 

p<0.001, Fig. 5E), took more time to find the platform (df=33, # p<0.001, Fig. 5F) and had 

less latency in the target quadrant during the probe trial (df=33, # p<0.001, Fig. 5G, H) 

compared to sham. In contrast, rh-IFN-α-treated pups performed better (df=33, # p<0.001, 

Fig. 5H) than vehicle. These findings indicated that rh-IFN-α treatment improved memory 

function at 28 days after GMH. There was no significant difference in swimming velocity 

among these 3 groups (df=33, p=0.089, Sham vs. GMH + Vehicle; p=0.969, Sham vs. GMH 

+ rh-IFN-α; p=0.123, GMH + Vehicle vs. GMH + rh-IFN-α; Fig. 5D), meaning that the 

differences in finding the platform was related to the memory recovery, rather than the 

swimming ability. Studies have indicated that estrogen is a potent protective factor in young 

females in various stroke models (Ahnstedt et al., 2016; Faber et al., 2017). Thus, we 

categorized the behavioral data by sex to see if female pups were protected after GMH. Our 

Li et al. Page 8

Brain Behav Immun. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



data showed that there was no difference between females (supplementary figure 2) and 

males (supplementary figure 3) in the long-term behavioral outcome after analyzing by sex.

3.5. rh-IFN-α treatment reduced ventricular dilation and gray matter loss, and increased 
cortical thickness and white matter area

Ventricular dilation is a major demonstration of PHH. We evaluated whether this could be 

attenuated by IFN-α treatment. Significant ventricular dilation (Fig. 6A) was observed in 

vehicle-treated pups, but the ventricular volume was reduced significantly by IFN-α 
treatment (df=14, *p<0.001; #p<0.001, Fig. 6B). Gray matter loss was significant in vehicle-

treated animals, while it was also significantly attenuated with IFN-α treatment (df=14, 

*p<0.001, #p=0.0004, Fig. 6C). Loss of cortical tissues was significantly attenuated with 

IFN-α treatment (df=14,*p<0.001, #p<0.001, Fig. 6D) compared to vehicle-treated animals. 

Relative white matter area was significantly less in the vehicle group than that of sham and 

IFN-α treatment pups (df=14, *p<0.001, #p<0.001, Fig. 6E).

3.6. rh-IFN-α exerted anti-inflammatory effects after neutralizing endogenous interferon-β

Research has shown that during CNS inflammation, the production of endogenous IFN-I is 

locally up-regulated in the brain (Brendecke et al., 2012). In order to tease out the effect 

from endogenous IFN-β, we neutralized endogenous IFN-β with rat IFN-β antibody. The 

expression of inflammatory cytokines IL-6 (df=24, *p<0.001, #p<0.001, Fig. 7D, E) and 

TNF-α (df=24, *p<0.001, #p<0.001, Fig. 7D, F) was not significantly different from those 

treated by rh-IFN-α at 3 days after GMH. Moreover, there was no significant difference in 

the expression of inflammatory cytokines between IFN-β and isotype antibody group at 3 

days after GMH. These data indicated that endogenous IFN-β did not interfere with the anti-

inflammatory effect of IFN-α significantly after GMH.

3.7. Selective inhibition of IFNAR/JAK1-STAT1/TRAF3 pathways abolished the anti-
inflammation of rh-IFN-α after GMH

3.7.1. Knockdown of IFNAR abolished the anti-neuroinflammation effects of 
rh-IFN-α post-GMH—Knockdown of IFNAR by specific siRNA significantly inhibited 

the expression of IFNAR and phosphorylated IFNAR in naive and GMH pups (df=19, 

*p<0.001, Sham vs. Sham + siRNA; *p<0.001, Sham vs. GMH + siRNA; #p<0.001, GMH 

vs. GMH + siRNA; Fig. 7A, B; Fig. 8; Fig. 9A2) at 3 days after intracerebraoventricular 

injection. Western blot results also showed that IFNAR siRNA significantly decreased 

phosphorylated JAK1 (df=30, &p<0.001, Scr siRNA vs. IFNAR siRNA, p=0.985>0.05, 

Sham vs. IFNAR siRNA, Fig. 8, Fig. 9A3), phosphorylated STAT1 (df=30, &p<0.001, Scr 

siRNA vs. IFNAR siRNA, p=0.978, Sham vs. IFNAR siRNA, Fig.8, Fig. 9A4) and TRAF3 

(df=30, &p<0.001, Scr siRNA vs. IFNAR siRNA, p=0.978, Sham vs. IFNAR siRNA, Fig. 8, 

Fig. 9A5) expression, which was accompanied by increase of phosphorylated NF-κB 

(df=30, &p<0.001, Scr siRNA vs. IFNAR siRNA ; *p<0.001, Sham vs. IFNAR siRNA, Fig. 

8, Fig. 9A6), IL-6 (df=30, &p<0.001, Scr siRNA vs. IFNAR siRNA; *p<0.001, Sham vs. 

IFNAR siRNA Fig. 8, Fig. 9A7) and TNF-α (df=30, &p<0.001, Scr siRNA vs. IFNAR 

siRNA ; *p<0.001, Sham vs. IFNAR siRNA Fig. 8, Fig. 9A8) at 3 days after GMH.
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3.7.2. Inhibition of JAK1 reversed the anti-neuroinflammatory effect of rh-
IFN-α after GMH—Ruxolitinib was used as the inhibitor of JAK1. The results 

demonstrated that phosphorylated JAK1 (df=30, &p<0.001, Ruxolitinib Solvent vs. 

Ruxolitinib; p=0.1>0.05, Sham vs. Ruxolitinib, Fig. 8, Fig. 9B3) was declined significantly 

by ruxolitinib at 3 days after intraperitoneal injection, and the expression of phosphorylated 

STAT1 (df=30, &p<0.001, Ruxolitinib Solvent vs. Ruxolitinib; p=0.913>0.05, Sham vs. 

Ruxolitinib, Fig. 8, Fig. 9B4) and TRAF3 (df=30, &p<0.001, Ruxolitinib Solvent vs. 

Ruxolitinib; p=0.144, Sham vs. Ruxolitinib, Fig. 8, Fig. 9B5) decreased subsequently. 

However, phosphorylated NF-κB (df=30, &p<0.001, Ruxolitinib Solvent vs. Ruxolitinib; 

*p<0.001, Sham vs. Ruxolitinib, Fig. 8, Fig. 9B6), IL-6 (df=30, &p<0.001, Ruxolitinib 

Solvent vs. Ruxolitinib; *p<0.001, Sham vs. Ruxolitinib, Fig. 8, Fig. 9B7) and TNF-α 
(df=30, &p<0.001, Ruxolitinib Solvent vs. Ruxolitinib; *p<0.001, Sham vs. Ruxolitinib, 

Fig. 8, Fig. 9B8) elevated significantly at 3 days after GMH.

3.7.3. Decrease of the expression of TRAF3 exacerbated neuroinflammation 
after GMH—The expression level of TRAF3 was significantly inhibited by its siRNA in 

naive and GMH pups 3 days after intracerebroventricular injection (df=19, *p<0.001, Sham 

vs. Sham + siRNA; *p<0.001, Sham vs. GMH + siRNA; #p<0.001, GMH vs. GMH + 

siRNA; Figure 6A and C; Figure 9C5). As shown in Fig.8C, inflammatory proteins, 

phosphorylated NF-κB (df=30, &p<0.001, Scr siRNA vs. TRAF3 siRNA; *p<0.001, Sham 

vs. TRAF3 siRNA, Fig. 8, Fig. 9C6), IL-6 (df=30, &p<0.001, Scr siRNA vs. TRAF3 

siRNA; *p<0.001, Sham vs. TRAF3 siRNA, Fig. 8, Fig. 9C7) and TNF-α (df=30, 

&p<0.001, Scr siRNA vs. TRAF3 siRNA; *p<0.001, Sham vs. TRAF3 siRNA, Fig. 8, Fig. 

9C8), were highly expressed after inhibition of TRAF3 3 days after GMH compared to the 

Scr siRNA group.

3.8. rh-IFN-α did not affect the expression of NeuN, GFAP, Synaptophysin and 
neurological behavior

Recently, some papers reported the side effects from IFN-α, such as psychiatric syndrome, 

after chronic administration. We analyzed the expression of NeuN, GFAP and synaptic 

related protein Synaptophysin in the cortex, striatum and hippocampus respectively at 3 days 

{Supplementary Figure 4A, B [df=9, p=0.196 (cortex), p=0.246 (striatum), p=0.068 

(hippocampus)], C [df=9, p=0.586 (cortex), p=0.947 (striatum), p=0.506 (hippocampus)], D 

[df=9, p=0.483 (cortex), p=0.199 (striatum), p=0.675 (hippocampus)]} and 28 days 

(Supplementary Figure 4A, E [df=9, p=0.839 (cortex), p=0.778 (striatum), p=0.213 

(hippocampus)], F [df=9, p=0.486 (cortex), p=0.746 (striatum), p=0.780 (hippocampus)], G 

[df=9, p=0.237 (cortex), p=0.277 (striatum), p=0.439 (hippocampus)]) after administration 

of rh-IFN-α. The result demonstrated that rh-IFN-α did not change the proportion of 

neurons, astrocytes and synaptic related protein Synaptophysin in these brain regions 3 days 

and 28 days after GMH. We also performed mood-related neurobehavioral tests 28 days 

after GMH. In an open field test, results showed no significance in total distance (df=9, 

p=0.996>0.05,Supplementary Figure 4H) and percentage of time in the center (df=9, 

p=0.323>0.05,Supplementary Figure 4I) between naive and rh-IFN-α treatment for 28 days. 

T-maze data revealed that the percentage of correct entries in rh-IFN-α treatment remained 

the same as naive group (df=9, p=0.1>0.05, Supplementary Figure 4 J).

Li et al. Page 10

Brain Behav Immun. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Discussion

The incidence of GMH is approximately 50% in preterm infants between 24 and 30 weeks 

of gestation (Lekic et al., 2012; Koschnitzky et al., 2018). The newborn rat has 

neurodevelopmental similarities to preterm humans at 24-26 weeks. A previously 

publication also indicated that P7 Sprague-Dawley rats are comparable to 32 weeks of 

human gestational age. (Lekic T et al., 2015). GMH is a devastating neonatal stroke 

characterized as neuroinflammation, hydrocephalus, primary and secondary brain injury, 

neurodevelopmental delay (Agyemang et al., 2017). Furthermore, neuroinflammation is also 

a trigger of secondary injury after GMH. In our present study, we assessed the therapeutic 

effect of rh-IFN-α against neuroinflammation and explored the underlying mechanisms. 

Firstly, we observed the expression of endogenous IFN-α and phosphorylated IFNAR 

increased in the early phase after GMH, and receptor IFNAR was expressed on microglia, 

neurons and astrocytes. Additionally, administration of rh-IFN-α at the dosage of 105U/kg 

improved neurological functions and inhibited microglial activation in the first 3 days, and 

also attenuated the motor and memory dysfunction in long term. Moreover, knockdown of 

IFNAR using IFNAR siRNA exacerbated neuroinflammation, as shown by the decreased 

levels of phosphorylated IFNAR, phosphorylated JAK1, phosphorylated STAT1 and TRAF3 

and increased in IL-6 and TNF-α. Furthermore, neuroinflammation also worsened after 

inhibiting JAK1 with ruxolitinib, concomitant with downregulation of phosphorylated JAK1, 

phosphorylated STAT1 and TRAF3, as indicated by the increased levels of IL-6 and TNF-α. 

The anti-neuroinflammatory effect was also abolished after silencing TRAF3 with TRAF3 

siRNA, leading to upregulation of phosphorylated NF-κB, IL-6 and TNF-a. Finally, rh-IFN-

α administrated on the 3rd day after GMH was tested in the brain but not in sham and 

vehicle, and also it did not change the expression of NeuN, GFAP and synaptophysin in 

cortex, striatum and hippocampus at 3 days and 28 days in the side effect study.

IFN-α belongs to the type one IFN family and is causally linked to the development of 

inflammatory encephalopathy (Murray et al., 2015; Sheehan et al., 2015). IFN-α has also 

been shown to limit production of inflammatory cytokines to prevent potential damage in 

neuroinflammation (Alammar L et al., 2011; Wang J et al., 2002). The brain injury is 

deteriorated by the activation of the inflammatory cascade, which is a major contributing 

factor in a series of other post-hemorrhagic complications (Dang et al., 2017). In this study, 

rh-IFN-α has been shown as an effective regulator involved in anti-neuroinflammation. We 

observed the expression of endogenous IFN-α and phosphorylated IFNAR were up-

regulated as early as 3 days post-GMH, indicating a protective response to attenuate 

neuroinflammation. This data was consistent with previous research in encephalomyelitis 

(Ortego et al., 2014; Wei J et al., 2017). Our further studies showed that neurological deficits 

were attenuated significantly in short and long term after GMH. Hence, the improved 

neurological outcomes were attributed to neuroinflammatory inhibition by rh-IFN-α 
administration intraperitoneal injection which accessed the hemorrhagic brain.

The exact mechanism by which rh-IFN-α exerted its anti-neuroinflammatory effect in GMH 

still remains unclear so far. IFNAR(-/-) mice were more susceptible to infection and had 

more pronounced proinflammatory immune responses in various infectious models (Ortego 

et al., 2014). In our results, after knockdown of IFNAR by specific IFNAR siRNA, the result 
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that inflammatory cytokines IL-6 and TNF-α and classic phosphorylated NF-κB increased 

was consistent with viral infection outcome (Kothur K et al., 2016). Therefore, IFNAR could 

be an important target to attenuate inflammatory response after GMH.

Our current results revealed that the inflammation was deteriorated after inhibition of JAK1 

and also led to the decrease of phosphorylated STAT1 on the 3rd day after GMH. Mounting 

research evidence has identified JAK-STAT axis as a major therapeutic target in suppressing 

various immune responses. IFNAR, as the receptor of IFN-α, is expressed on most cells, 

including microglia, and can activate and phosphorylate JAK1 and STAT1 after stimulation 

by pathological factors (Brendecke & Prinz, 2012; Murira et al., 2016). All of the above 

mentioned evidence supports our results observed in GMH.

It is known that TRAF3, belonging to the TRAF family, is an important immunomodulator, 

as it suppresses NF-κB p100 signaling (Yang et al., 2015). As shown in our results, after 

knockdown of IFNAR and JAK1 in GMH animals, TRAF3 expression was significantly 

reduced on the 3rd day, suggesting that TRAF3 might be a downstream factor of IFNAR and 

JAK1-STAT1 in the context of GMH. Meanwhile, decrease of TRAF3 promoted the 

expression of p-NF-κB and inflammatory cytokines IL-6 and TNF-α after inhibiting by 

specific siRNA on the 3rd day post GMH. In this process, after activation and 

phosphorylation of IFNAR by rh-IFN-α, an increase of TRAF3 mediated the degradation of 

NF-κB-inducing kinase (NIK) and served as a pivotal negative regulator of NF-κB p100 

signaling (Yang & Sun, 2015; Yao et al., 2009; Tang X et al., 2018). Previous reports also 

showed that TRAF1 (Yu et al., 2018), TRAF2 (Schneider et al., 2012), and TRAF6 (Seijkens 

et al., 2018) mediated the anti-inflammatory effects in other disease models. Although we 

focused on TRAF3 on microglia in this study, we did not exclude the possibility that IFN-α 
activates other TRAF members and pathways in other cell types to inhibit inflammation, 

which will be our future research interest. According to what has been discussed above, our 

findings, coupled with the previous research, suggested that rh-IFN-α attenuated GMH-

induced inflammation primarily mediated through the JAK1-STAT1/TRAF3/NF-κB 

pathway in microglia.

Some recent publications reported that the psychiatric syndrome, such as depression, was 

associated with administration of rh-IFN-α for 2 weeks (Dipasquale et al., 2016; Dowell et 

al., 2016). However, in our current study, the long-term behavior tests, namely open field test 

and T-maze, did not demonstrate a difference between naive and rh-IFN-α-treated animals 

on the 28th day. Furthermore, mature neuron marker NeuN, astrocyte marker GFAP and 

synaptic function related protein Synaptophysin did not change in the cortex, striatum and 

hippocampus on the 3rd day and 28th day between naive and rh-IFN-α-treated animals. This 

data suggested that short-phase treatment with rh-IFN-α did not elicit significant mood-

related behavioral changes in animals nor did it alter the proportion of neurons and 

astrocytes.

There are some limitations in this current study. Besides the anti-neuroinflammatory effect 

of IFN-α, our study did not explore its potential neuroprotective effects on neurons in GMH. 

Additionally, in vitro study would eliminate the interplay between microglia and other cell 

types and further verify this signaling pathway that holds true in microglial reaction after 
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GMH. And in behavioral test for side effect, we need do more to reflect the depression, such 

as force swim, tail suspension or sucrose preference.

In conclusion, rh-IFN-α binding of IFNAR could attenuate neuroinflammation and improve 

neurological function through inhibiting NF-κB through the JAK1-STAT1/TRAF3 signaling 

pathway after GMH in a rat model. Therefore, rh-IFN-α may serve as a promising 

therapeutic agent against neuroinflammation and secondary brain injury for GMH patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

rh-IFN-α improves neurological behavior and attenuates post hemorrhagic hydrocephalus 

after GMH.

Rh-IFN-α inhibits neuroinflammation after GMH.

Anti-inflammatory effect of Rh-IFN-α is mediated through IFNAR/JAK1-STAT1/

TRAF3/ NF-Kb pathway after GMH.
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Figure 1. 
Proposed pathway in this study.
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Figure 2. 
Time course of endogenous IFN-α, phosphorylated IFNAR (p-IFNAR) and IFNAR 

expression after GMH. Representative Western blot bands (A) and quantitative analysis of 

IFN-α (B), p-IFNAR and IFNAR (C) expression in the whole brains after GMH. Relative 

density of each protein has been normalized against the Sham group. n=6. *p<0.001 vs 

Sham.
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Figure 3. 
The cellular localization of IFNAR in the perihematinoma area of brains. Representative of 

double immunofluorescence staining showed that IFNAR was expressed on neurons (A, B, 

C, and D), astrocytes (E, F, G, and H) and microglia (I, J, K, and L) on the 3rd day after 

GMH. n=2. Scale bar=50μm.
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Figure 4. 
Intraperitoneal administration of recombinant human interferon-α (rh-IFN-α) improved 

short-term neurological function 3 days after GMH and the numbers of activated microglia 

decreased on the 3rd day after GMH in rh-IFN-α treated animals (L, M, N and O). Negative 

geotaxis (A, B) and Righting reflex (C) demonstrated that medium (105U/kg) and high 

(106U/kg) dosage of rh-IFN-α significantly improved neurological function compared to 

vehicle-treated pups in the first 3 days. * P<0.001 vs Sham, # P<0.001 vs GMH + Vehicle, $ 

p<0.001 vs low dosage (104U/kg) of rh-IFN-α, @ p<0.001 vs high dosage of rh-IFN-α one-

way ANOVA, Tukey’s test, n=7/group. (D, E) Intraperitoneal administration of rh-IFN-α 
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was delivered into brain tissue at 3 days after GMH. * P<0.001 vs Sham, # P<0.001 vs 

GMH + Vehicle, one-way ANOVA, Tukey’s test, n=6. Scale bar=50μm.
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Figure 5. 
rh-IFN-α administration improved long-term motor and memory function at 21-28 days 

after GMH. rh-IFN-α improved GMH pups’ motor function evaluated by rotarod test (A, B) 

and foot fault (C). rh-IFN-α treatment significantly improved memory function as shown by 

less swim distance (E), escape latency (F) and more time in the target quadrant (G, H) in 

Morris water maze test, but the swim velocity (D) showed no significantly difference among 

three groups. * P<0.001 vs Sham, # P<0.001 vs Vehicle, one-way ANOVA, Tukey’s test, 

n=12.
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Figure 6. 
rh-IFN-α administration reduced ventricular volume (A, B) and gray matter loss(C), and 

increased relative cortical thickness(D) and relative white matter area(E) area significantly. * 

P<0.001 vs Sham, # P<0.001 vs vehicle, one-way ANOVA, Tukey’s test, n=6.
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Figure 7. 
Knockdown of IFNAR and TRAF3 by specific siRNA significantly inhibited the expression 

of IFNAR, p-IFNAR (Fig. 7A, B) and TRAF3 (Fig. 7C) in the pups 3 days after 

intracerebroventricular injection. The expression of inflammatory cytokines IL-6 (Fig. 7D, 

E) and TNF-α (Fig. 7D, F) at 3 days post GMH after neutralizing endogenous IFN-β.
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Figure 8. 
Representative bands of Western blot after knockdown IFNAR, JAK1 and TRAF3 

respectively.
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Figure 9. 
Quantitation of Western blot data of Figure 7. The expression of endogenous IFN-α 
increased significantly in all treatment groups (A1, B1 and C1). IFNAR siRNA significantly 

decreased p-IFNAR, IFNAR (A2), p-JAK1 (A3), p-STAT1 (A4) and TRAF3 (A5) 

expression, which was accompanied by an increase of p-NF-κB (A6), IL-6 (A7) and TNF-α 
(A8) 3 days after GMH. p-JAK1 (B3) was declined significantly by ruxolitinib 3 days after 

intraperitoneal injection, and the expression of p-STAT1 (B4) and TRAF3 (B5) decreased 

subsequently. However, p-NF-κB (B6), IL-6 (B7) and TNF-α (B8) increased significantly 3 

days after GMH. The expression level of TRAF3 was significantly inhibited by its siRNA 3 
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days after intracerebroventricular injection, and p-NF-κB (C6), IL-6 (C7) and TNF-α (C8) 

maintained at high expression levels after declining of TRAF3 3 days after GMH.
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