
Neurotrophin-3 provides neuroprotection via TrkC receptor 
dependent pErk5 activation in a rat surgical brain injury model

Onat Akyola, Prativa Sherchana, Gokce Yilmaza, Cesar Reisa, Wingi Man Hoa, Yuechun 
Wanga, Lei Huangb, lhsan Solarogluc, John H. Zhanga,b,d,*

aDepartment of Physiology and Pharmacology, Loma Linda University, Loma Linda, CA 92354, 
USA

bDepartment of Neurosurgery, Loma Linda University, CA 92354, USA

cKoç University, School of Medicine, Department of Neurosurgery, Rumelifeneri Yolu, 34450 
Sanyer, Istanbul, Turkey

dDepartment of Anesthesiology, Loma Linda University, CA 92354, USA

Abstract

Background: Surgical brain injury (SBI) which occurs due to the inadvertent injury inflicted 

to surrounding brain tissue during neurosurgical procedures can potentiate blood brain barrier 

(BBB) permeability, brain edema and neurological deficits. This study investigated the role of 

neurotrophin 3 (NT-3) and tropomyosin related kinase receptor C (TrkC) against brain edema and 

neurological deficits in a rat SBI model.

Methods: SBI was induced in male Sprague Dawley rats by partial right frontal lobe resection. 

Temporal expression of endogenous NT-3 and TrkC was evaluated at 6, 12, 24 and 72 h after SBI. 

SBI rats received recombinant NT-3 which was directly applied to the brain surgical injury site 

using gelfoam. Brain edema and neurological function was evaluated at 24 and 72 h after SBI. 

Small interfering RNA (siRNA) for TrkC and Rapl was administered via intracerebroventricular 

injection 24 h before SBI. BBB permeability assay and western blot was performed at 24 h after 

SBI.

Results: Endogenous NT-3 was decreased and TrkC expression increased after SBI. Topical 

administration of recombinant NT-3 reduced brain edema, BBB permeability and improved 

neurological function after SBI. Recombinant NT-3 administration increased the expression of 

phosphorylated Rapl and Erk5. The protective effect of NT-3 was reversed with TrkC siRNA but 

not Rapl siRNA.

Conclusions: Topical application of NT-3 reduced brain edema, BBB permeability and 

improved neurological function after SBI. The protective effect of NT-3 was possibly mediated via 

TrkC dependent activation of Erk5.
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1. Introduction

Neurosurgery is one of the most practiced surgical procedures in daily hospital care 

either in emergency or elective situations. Neurosurgical procedures can cause inevitable 

injury to surrounding neural tissue due to trauma inflicted by the surgical technique itself. 

Additionally, the proximity of vulnerable anatomic regions in the central nervous system 

to the surgical site poses a risk of injury to the normal surrounding tissue during surgeries 

(Jadhav and Zhang, 2008). Especially after brain tumor surgeries, neural tissue close to 

the surgical removal area can have tissue edema which aggravates postoperative neurologic 

deficits depending on both the surgical location and severity of surgery. In a pre-clinical 

setting, the surgical brain injury (SBI) rat model, which involves a right partial frontal lobe 

resection has been established to demonstrate brain injury associated with neurosurgical 

procedures (Jadhav et al., 2007; Sulejczak et al., 2008).

Endogenous growth factors in recombinant form have been used as neuroprotective 

molecules in various brain injury and stroke models (Ren and Finklestein, 2005). 

Neurotrophins are endogenous polypeptide growth factors that play crucial roles during 

neuronal growth and differentiation primarily by acting on their specific tyrosine kinase 

receptors. Mitogen activated protein kinase (MAPK) cascade is the essential downstream 

pathway for neurotrophins functioning inside the cell (Cai et al., 2014). Neurotrophin-3 

(NT-3) is one of the members of the neurotrophin family which shows a higher expression 

profile throughout embryogenesis period and thereafter declines during adulthood. Topical 

application of NT-3 has previously been shown to have neuroprotective properties in 

cerebral ischemia and spinal cord injury animal models (Zhang et al., 1999; Sharma, 2007).

Neurotrophin-3 binds to tropomyosin related kinase receptor C (TrkC), a receptor with 

tyrosine kinase activity, to exert its effects. Rapl is a small G protein that mediates 

neurotrophin signaling involved in neuronal growth and polarization, and it has been 

shown to function as an upstream of MAPK cascade with the binding of NT-3 to its 

receptor TrkC (York et al., 1998; Je et al., 2006). Extracellular signal-regulated kinase 

5 (ERK5) is a member of MAPKs family with slight structural differences from other 

classical MAPKs and has a role in cell survival and neuronal differentiation (Nishimoto 

et al., 2005; Nishimoto and Nishida, 2006). Previous study indicated the involvement of 

endothelial Rap1-Erk5 interaction during angiogenesis (Doebele et al., 2009) and brain 

derived neurotrophic factor (BDNF) activated Erk5 via RAPI mediated signaling in cortical 

neurons (Wang et al., 2006). However, there is no research on the association of NT-3 and 

Rap1-Erk5 in brain injury models including SBI.

The objective of the current study was to evaluate the blood brain barrier (BBB) protective 

effects of NT-3 and to evaluate the contribution of its receptor TrkC and Rap1-Erk5 pathway 

in the protective effects of NT-3 in a SBI rat model.
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2 Materials and methods

2.1. Animals and surgical brain injury model

All procedures in this study were approved by the Institutional Animal Care and Use 

Committee at Loma Linda University and followed instructions of NIH Guide for Care and 

Use of Laboratory Animals. Adult male Sprague Dawley rats (weight 280—300 g) were 

housed in the animal facility for a minimum of 3 days before surgery with a 12 h light/dark 

cycle and ad libitum access to food and water. A total of 162 male Sprague Dawley rats were 

used. Animal groups and numbers used per group/per outcome are shown in Table 1.

The rodent model of SBI was made as established previously (Hyong et al., 2008). 

Isoflurane 4% was used as for anesthesia induction in an induction chamber and isoflurane 

2.5% delivered via nasal mask was used for anesthetic maintenance. Rats were placed prone 

in a stereotactic frame under surgical microscope. A midline skin incision was made and 

the periosteum was reflected to expose the skull and bregma was identified. A craniotomy 

5 × 5 mm square was made using a microdrill on the right frontal skull. The dura was 

incised after bone removal and the underlying right frontal lobe was exposed and a partial 

right frontal lobe resection was performed at a distance of 2 mm lateral to the sagittal suture 

and 1 mm proximal to the coronal suture. The resection cavity was packed and normal 

saline irrigation was performed to obtain hemostasis. The incision was closed with sutures 

and subcutaneous injection of 0.03 mg/kg buprenorphine was administered for postoperative 

pain. Sham animal underwent identical surgical procedure with craniotomy removal of the 

bone flap but without partial right frontal lobe resection. Vital parameters were monitored 

during surgery and recovery. Animals were sacrificed at different time points as indicated in 

the experiments.

2.2. Animal treatments and experimental groups

2.2.1. Experiment 1—The time course expression of endogenous NT-3 and TrkC 

expression was evaluated in whole brain samples at 6, 12, 24 and 72 h after SBI. Rats 

were randomly divided into five groups sham, SBI-6 h, SBI12 h, SBI-24 h and SBI-72 h 

and whole brain samples were used for western blot. The time course expression of TrkC 

expression in the right frontal lobe was characterized at 6, 12, 24 and 72 h after SBI. Rats 

were randomly divided into five groups sham, SBI-6 h, SBI-12 h, SBI-24 h and SBI and 

right frontal lobe samples were used for western blot.

2.2.2. Experiment 2—The cell types expressing TrkC was identified at 24 h after SBI. 

The TrkC receptor was co-localized with astrocytes, vascular endothelial cell and neurons at 

the right frontal lobe perisurgical site using immunofluorescence staining.

2.2.3. Experiment 3—The effect of topical application of recombinant NT-3 in SBI 

outcomes was evaluated. Recombinant NT-3 was directly delivered to the surgical resection 

site using gelfoam. Sterile gelfoam was cut into 8 mm3 size piece to fit in the surgical cavity. 

The gelfoam was soaked in either recombinant NT-3 or saline and then directly applied into 

the surgical cavity at the end of resection. Two doses of recombinant NT-3 (5 μg and 10 

μg) were tested. The dose and delivery of NT-3 was chosen based on previous publication 

Akyol et al. Page 3

Exp Neurol. Author manuscript; available in PMC 2022 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Zhang et al., 1999; Sharma, 2007). Rats were randomly divided into 4 groups sham, SBI 

+ Vehicle (12 μl saline), SBI + NT-3 (5 μg), SBI + NT-3 (10 μg). Neurological function 

was evaluated 24 h after SBI after which animals were sacrificed and brain samples were 

collected for brain water content evaluation.

Next, the effective dose of NT-3 (10 μg) was used to evaluate outcomes 72 h after SBI. Rats 

were randomly divided into 3 groups sham, SBI + Vehicle (12 μl saline), SBI + NT-3 (10 

μg). Neurological function was evaluated at 24 and 72 h after SBI. Animals were sacrificed 

at 72 h to collect brain samples for brain water content evaluation.

Lastly, BBB permeability was evaluated using Evans blue assay at 24 h after SBI. Rats were 

randomly divided into 3 groups sham, SBI + Vehicle (12 μl saline), SBI + NT-3 (10 μg). 

Evans blue dye extravasation assay was performed at 24 h after SBI.

2.2.4. Experiment 4—The role of TrkC and Rapl in pErk5 induction with recombinant 

NT-3 mediated protection after SBI was evaluated. Rats were randomly divided into 6 

groups sham, SBI + Vehicle (12 μl saline), SBI + NT-3 (10 μg), SBI + NT-3 (10 μg) 

+ Scramble siRNA, SBI + NT-3 + Rap1 siRNA, SBI + NT-3 (10 μg) + TrkC siRNA. 

Neurological function and western blot assay was performed to measure Rapl, pErk5 and 

Erk5 expression at 24 h after SBI.

The expression of TrkC was evaluated to verify the knockdown of TrkC using siRNA. Rats 

were randomly divided into 2 groups SBI + Scramble siRNA and SBI + TrkC siRNA. 

TrkC siRNA or Scramble siRNA 500 pmol was administered by ICV injection 24 h before 

SBI and brain samples were collected 24 h after SBI for western blot to measure TrkC 

expression.

2.2.5. Intracerebroventricular injection—The siRNAs were given by 

intracerebroventicular (ICV) injection 24 h before SBI as previously described (Chen et al., 

2013). The rats were anesthetized and placed prone on a stereotactic frame. A burr hole was 

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

and 3.2 mm below the horizontal plane to inject siRNAs into the ipsilateral ventricle. Using 

a 10 μl Hamilton syringe, TrkC siRNA (500 pmol), Rapl siRNA (500 pmol) or Scramble 

siRNA (500 pmol) (all from Origene, MD) in 2 μl sterile saline was injected at a rate of 

0.5 μl/min through the burr hole. At the end of injection, the needle was kept in situ for 

an additional 10 min to prevent leakage and withdrawn slowly over 5 min. The needle was 

removed, the burr hole was sealed with bone wax and skin incision was sutured.

2.3. Brain water content measurement

The animals were sacrificed under deep isoflurane anesthesia at 24 and 72 h after SBI. Rat 

brains were immediately removed and dissected into six parts right frontal, left frontal, right 

parietal, left parietal, cerebellum and brainstem in a petri dish over ice. The wet weights of 

each brain parts were measured immediately and dry weights were measured after drying in 

an oven at 104°C for 48 h. The percentage of water content in each region was calculated as 

[(wet weight-dry weight)/wet weight] × 100% (Yamaguchi et al., 2007).
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2.4. Neurological assessment

Neurological assessment was performed by examiner blinded to the groups using modified 

Garcia test as previously described (Yamaguchi et al., 2007). For the 24 h outcome group, 

neurological evaluation was performed using Garcia test at 24 h after SBI. For the 72 h 

outcome group, Garcia test was performed at 24 and 72 h after SBI. The 24 h behavior data 

of animals from both the 24 and 72 h outcome groups were combined during analysis. The 

test consisted of 7 parameters which included spontaneous activity, side stroking, vibrissae 

touch, limb symmetry, climbing, lateral turning, and forelimb walking. Each parameter 

received a score ranging from O to 3, with a maximum total score of 21.

2.5. Evans blue extravasation assay

The permeability of the BBB was quantified using Evans blue dye extravasation assay 

as previously described (Suzuki et al., 2010; Sherchan et al., 2017). Evans blue dye 2% 

at 5 ml/kg was administered by intraperitoneal injection and allowed to circulate for 4 h 

after which rats were sacrificed. Brain samples were removed after transcardial phosphate 

buffered saline (PBS) perfusion and dissected into right and left frontal, right and left 

parietal, brainstem and cerebellum. The right frontal lobe samples were homogenized in 

PBS 1 ml/300 g and the supernatant was collected after centrifuge was performed at 14,000 

rpm for 30 min. The supernatant 500 μl was added to equal amount of trichloroacetic acid 

(50%) and incubated at 4 °C overnight, followed by centrifuge the next day. Extravasation of 

Evans blue dye was measured by spectrophotometer at 620 nm and quantified according to 

the standard curve. The results were expressed as a fold compared to sham.

2.6. Western blot analyses

Western blotting was performed at 24 h after SBI as described previously (Sherchan et 

al., 2016). Rats were transcardially perfused with ice-cold PBS after which the brain 

was removed and dissected into 6 regions as in brain water measurement process. The 

brain samples were put in liquid nitrogen and stored at −80°C until use. The ipsilateral 

residual right frontal samples were homogenized in RIPA lysis buffer for protein extraction 

(Santa Cruz Biotechnology, TX) and centrifuged at 14,000 g at 4°C for 30 min. The 

supernatant was obtained and protein concentration in the samples was measured using a 

detergent-compatible assay (Bio-Rad, CA). Equal amounts (50 μg) of protein were loaded 

on SDS-PAGE gel and allowed to run using electrophoresis. Next steps included transfer 

to a nitrocellulose membrane, blocking and incubation with primary antibodies overnight at 

4°C. The primary antibodies used were rabbit polyclonal anti-Neurotrophin-3 (1:200), rabbit 

polyclonal TrkC antibody (1 :500), goat polyclonal anti-Erk5 and anti-pErk5 (1:500), mouse 

monoclonal anti-Rapl antibody (1:500) (all from Abcam, MA). For loading control, the 

same membranes were blotted with primary antibody goat anti-Actin (1:5000; Santa Cruz 

Biotechnology, TX). The following day, the nitrocellulose membranes were incubated with 

appropriate secondary antibodies (1:2000; Santa Cruz Biotechnology, TX) for 2 h at room 

temperature. Immunoblot bands were further probed with a chemiluminescence reagent kit 

ECL Plus (GE Healthcare, IL). The bands were analyzed by Image J software.

Akyol et al. Page 5

Exp Neurol. Author manuscript; available in PMC 2022 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.7. Immunohistochemistry

Immunohistochemistry staining was performed 24 h after SBI as described previously 

(Sherchan et al., 2016). During sacrifice rats were transcardially perfused with ice-cold 

PBS followed by 10% formalin. The brain samples were kept in 10% formalin at 4°C for 24 

h and then in 30% sucrose with PBS until the brain samples sank to the bottom. The right 

frontal brain samples were cut into 10 μm thick coronal sections in a cryostat (CM3050S; 

LeicaMicrosystems). The brain sections were incubated overnight at 4°C with the following 

primary antibodies; rabbit polyclonal anti-TrkC (1:100) (Abcam, MA) co-stained with 

mouse monoclonal anti-GFAP (1:100), mouse monoclonal anti-NeuN (1:100), and goat 

anti-Von Willebrand factor (1:100) (all from Santa Cruz Biotechnology, TX). The sections 

were then incubated with appropriate FITC- or Texas Red-conjugated secondary antibodies 

for 2 h at room temperature. The sections were visualized with a fluorescence microscope 

(Olympus BX51).

2.8. Statistical analysis

Statistical analysis was performed using the Sigma Plot 10.0 and Sigma Stat version 3.5 

(Systat Software, San Jose, CA, USA). Data were expressed as mean ± SD. One-way 

ANOVA followed by Student Neuman Keuls test was used to analyze statistical differences 

between groups. P values < 0.05 was considered statistically significant.

3 Results

3.1 Temporal expression of endogenous neurotrophin-3 (NT-3) after SBI

The expression of endogenous NT-3 in whole brain samples was evaluated at 6, 12, 24 and 

72 h after SBI. The expression of NT-3 significantly declined at 24 and 72 h after SBI 

compared to sham operated animals and SBI animals at 6 and 12 h after injury (Fig. 1A).

3.2 Temporal expression of endogenous TrkC after SBI

The expression of endogenous TrkC in whole brain samples was evaluated at 6, 12, 24 and 

72 h after SBI. The expression of TrkC significantly increased at 12, 24 and 72 h after 

SBI compared to sham operated animals and SBI animals at 6 h after injury (Fig. 1B). The 

expression of TrkC was highest at 24 h after SBI. The expression of TrkC in the right frontal 

region only was not different between the groups (Fig. 1C).

3.3 Cellular localization of TrkC after SBI

The cell types expressing TrkC receptor at the perisurgical site in right frontal perisurgical 

site was evaluated 24 h after SBI. Double immunofluorescence staining of brain sections of 

SBI rats demonstrated that TrkC receptor co-localized with markers of endothelial cells and 

neurons at the perisurgical site 24 h after SBI (Fig. 2).

3.4 Effects of topical administration of recombinant NT-3 on brain edema and 
neurological function 24 and 72 h after SBI

The SBI animals had significantly higher brain water content at the perisurgical site of the 

right frontal lobe compared to sham operated animals at 24 and 72 h after SBI (Fig. 3A 
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and Fig. 3C, respectively). Recombinant NT-3 (10 μg) embedded in gelfoam significantly 

reduced brain water content at 24 and 72 h after SBI compared to vehicle group (Fig. 

3A and C, respectively). Garcia test showed SBI rats had significantly worse neurological 

function at 24 and 72 h after injury, and recombinant NT-3 (10 μg) significantly improved 

neurological function at 24 and 72 h after SBI (Fig. 3B and D, respectively). Recombinant 

NT-3 (5 μg) did not significantly reduce brain water content and neurological deficits 24 h 

after SBI (Fig. 3A and B, respectively) and therefore, recombinant NT-3 (5 μg) was not used 

for further studies.

3.5. Effects of topical administration of recombinant NT-3 on BBB permeability 24 h after 
SBI

The permeability of BBB was evaluated by measuring Evans blue dye extravasation into 

the right frontal perisurgical site 24 h after SBI. The extravasation of Evans blue dye at the 

perisurgical site was significantly increased in SBI rats compared to sham operated animals 

24 h after SBI (Fig. 4). Recombinant NT-3 (10 μg) embedded in gelfoam significantly 

reduced Evans blue dye extravasation 24 h after SBI compared to vehicle group.

3.6. Recombinant NT-3 administration increased Rapl and phosphorylated Erk5 (pErk5) 
expression 24 h after SBI

Western blot analysis showed that the expression of Rapl was significantly reduced in the 

vehicle group 24 h after SBI. Recombinant NT-3 (10 μg) embedded in gelfoam significantly 

increased Rapl expression compared to vehicle group 24 h after SBI. The administration of 

Rapl siRNA but not scramble siRNA reversed the effects of recombinant NT-3 (10 μg) on 

Rapl expression. The administration of TrkC siRNA with recombinant NT-3 (10 μg) did not 

reverse the effect of recombinant NT-3 (10 μg) on Rapl expression (Fig. 5A).

The expression of pErk5/Erk5 was significantly increased 24 h after SBI with recombinant 

NT-3 (10 μg) embedded in gelfoam compared to vehicle. The expression of pErk5/Erk5 

induced by recombinant NT-3 (10 μg) was significantly reduced with TrkC siRNA but not 

with Rapl siRNA or scramble siRNA administered with recombinant NT-3 (Fig. 5B). Total 

Erk5 expression was not different among all groups (Fig. 5C).

The administration of TrkC siRNA decreased the expression of TrkC compared to scramble 

siRNA administration measured 24 h after SBI (Fig. 5 D1 and D2).

3.7. TrkC knockdown reversed the protective effects of recombinant NT-3 on neurological 
function 24 h after SBI

Knockdown of TrkC receptor using siRNA reversed the protective effect of recombinant 

NT-3 (10 μg) on improving neurological function at 24 h after SBI (Fig. 6).

4. Discussion

Neurotrophins promote neuroplasticity after acute CNS injury (Bothwell, 2014). Among the 

members of neurotrophin family, NT-3 plays a major role in neuronal survival, migration 

and differentiation during embryonic development and its level declines through adulthood 
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(Tabakman et al., 2004). The effects of NT-3 were shown to be concentration and age 

dependent in neuronal cell culture (Lowenstein and Arsenault, 1996). Recently, the function 

of NT-3 in mature nervous system was explored in spinal cord injury models (Harvey et 

al., 2015). In this study, we evaluated the neuroprotective effects of topical application of 

recombinant NT-3 in a SBI rat model, and we examined the role of its receptor TrkC and 

downstream mediators Rapl and Erk5 in NT-3 mediated protection.

We first examined the endogenous response of NT-3 and its receptor TrkC to SBI. We 

observed that the expression of endogenous NT-3 declined at 24 and 72 h after SBI. Previous 

studies report variable NT-3 expression in response to brain or spinal cord injury. An 

increase in NT-3 mRNA levels at 4 to 8 h after TBI was reported followed by a decline 

to control values by 48 h after injury (Felderhoff-Mueser et al., 2002). The levels of NT-3 

mRNA and protein expression declined in the hippocampus at 2, 4 and 6 h after TBI in 

a rat model (Yang et al., 2005). The possible explanation for the variability noted in the 

expression of NT-3 following injury may be due to a number of factors such as a difference 

in the injury type, different animal models used in these studies, variability in time points 

used to measure NT-3 expression and difference in the techniques used to measure NT-3 

expression.

Next, we observed that TrkC receptor was expressed by endothelial cells and neurons at 

the perisurgical site 24 h after SBI. TrkC, the high-affinity tropomyosin-related kinase 

receptor of NT-3 been shown to mediate the neuroprotective function of NT-3 and has been 

reported to be located on neurons, astrocytes, microglia and endothelial cells in the central 

nervous system (Ishitsuka et al., 2012; Lawn et al., 2015). Similar to NT-3, the expression 

of endogenous TrkC varies in different experimental brain injury models in the literature 

(Hicks et al., 1999). Previous study showed that the levels of TrkC receptor mRNA was 

reduced in a spinal cord injury model (Hajebrahimi et al., 2008). In contrast to this study, 

there was no change in TrkC expression following excitotoxic brain injury (Canals et al., 

1999). In a rat model of focal mechanical injury in the hippocampus, the expression of TrkC 

mRNA increased after the injury reaching a peak at 4 h then tapered off to control levels 

at 8 h after the injury (Mudó et al., 1993). In the SBI model, we observed an increase in 

TrkC expression from 12 h up to 72 h after injury in the whole brain samples. However, we 

did not find a difference in TrkC expression after SBI in the right frontal lobe only samples. 

It is possible that the right frontal lobe only samples may not be adequate enough to 

measure the expression of TrkC receptor. Previous study showed that TrkC expression was 

differentially expressed in various brain regions in the rat central nervous system. A study by 

Merlio et al. that examined the mRNA expression of different members of Trk family found 

that cells expressing TrkB and TrkC mRNAs were widely distributed in the rat brain with 

higher levels of expression in the olfactory formations, neocortex, hippocampus, thalamic 

and hypothalamic nuclei, brainstem nuclei, cerebellum and spinal cord motoneurons (Merlio 

et al., 1992). Therefore, the change in TrkC expression is likely to be detected to a greater 

extent in the whole brain samples than only the right frontal lobe samples.

Exogenous delivery of NT-3 either with recombinant viral vector or gelatin sponge scaffold 

has been shown to have promising therapeutic effects after ischemic neural injuries. 

Recombinant NT-3 application with a gelfoam carrier reduced neuronal apoptosis after 
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cerebral ischemia in a rat model (Zhang et al., 1999). In a spinal cord injury model, NT-3/

fibroin coated gelatin sponge scaffold allowed controlled release of NT-3 and facilitated 

regeneration after injury (Li et al., 2016). In this study, we used direct topical application 

of recombinant NT-3 using a gelfoam which was embedded at the surgical resection site. 

Gelfoam is a biocompatible, biodegradable and hemostatic gelatin sponge that is widely 

used in clinical practice as a drug delivery material to maintain sustained release of drugs 

directly to the injury site (Abada and Golzarian, 2007; Valentine et al., 2009). We first 

tested two doses of NT-3 (5 μg and 10 μg) and evaluated outcomes at 24 h after SBI. We 

observed that NT-3 (10μg) dose reduced brain edema and improved neurological function 

24 h after SBI. We therefore, use NT-3 (10 μg) dose for rest of the experiments. Our results 

showed that NT-3 (10 μg) administration improved outcomes up to 72 h after SBI which 

was evidenced by reduced brain edema and neurological deficits in the NT-3 treatment 

group. Additionally, BBB permeability 24 h after SBI was reduced with NT-3 (10 μg) 

administration.

We next assessed whether Rapl and/or Erk5 signaling via TrkC receptor contributed to the 

protective effects of NT-3. During embryonic neurogenesis, neurotrophin signal transduction 

involves activation of Trk receptors which has docking sites for adaptor proteins that in turn 

activate small G proteins and the MAPK pathways (Jossin and Cooper, 2011). Rapl is one 

of the small Ras-related guanine triphosphatase (GTPase) which functions as a downstream 

effector of NGF and BDNF signaling during neurite outgrowth and neuronal polarization 

(Hisata et al., 2007). Previous study reported that NT-3 binding to TrkC activated Rapl 

throughout long-term structural and functional synaptic changes (Je et al., 2006). Our results 

showed that expression of Rapl at the perisurgical region decreased in SBI rats and the 

expression of Rapl increased in SBI rats treated with recombinant NT-3. We therefore 

knocked down TrkC using siRNA in SBI rats treated with recombinant NT-3 to determine 

if NT-3 mediated the activation of Rapl via its receptor TrkC. Knockdown of TrkC did not 

reverse recombinant NT-3 mediated increase in Rapl. Our findings indicate that recombinant 

NT-3 induced the expression of Rapl, but Rapl may not be the major downstream effector 

of TrkC activation by NT-3. It is possible that Rapl may be activated through other Trk 

receptors and neurotrophic factors after SBI.

Erk5 is a novel MAPK which has been shown to have a supportive role for the cytoskeleton, 

permeability regulation as well as pro-survival role in cerebral ischemia (Pi et al., 2004; 

Wang et al., 2009). The phosphorylated (p)-ERK5 signaling pathway has been shown to be 

involved in neurogenesis and its level declines through postnatal development (Parmar et al., 

2015; Wang et al., 2015). Previous study reported the activation of Erk5 in medulloblastoma 

cell line with NT-3/ TrkC stimulation (Sturla et al., 2005). Likewise, the role of Rap1-Erk5 

was reported in angiogenesis (Doebele et al., 2009). Additionally, previous study showed the 

activation of Erk5 via Rapl signaling cascade after BDNF stimulation in cortical neuronal 

cell culture (Wang et al., 2006). In this study we proposed that Erk5 is a downstream 

target of Rapl signaling subsequent to NT-3 binding on TrkC. Our results showed there 

was no difference in pErk5/Erk5 levels between sham and vehicle SBI groups at 24 h after 

SBI. Even though endogenous NT-3 was downregulated 24 h after SBI, it is possible that 

the upregulation of TrkC as a response to injury may offset NT-3 signaling and therefore, 

does not affect pErk5 expression at 24 h after injury. Additionally, other members of 
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endogenous neurotrophins such as BDNF may stabilize or induce cerebral pErk5 expression 

as a compensatory neuroprotective mechanism after injury. BDNF is one of the upstream 

neurotrophic factors for Erk5 activation and its expression was shown to be increased in 

brain injury models (Mohapel et al., 2005; Bath et al., 2012). Furthermore, we observed 

that recombinant NT-3 increased the expression of pErk5/Erk5 after SBI which was reversed 

with TrkC knockdown. However, Rapl knockdown did not reverse NT-3 mediated increase 

in pErk5/Ekr5 expression after SBI. This suggested that NT-3 regulated the activation of 

Erk5 dependent on TrkC but Rapl was not the major adaptor protein that regulated Erk5 

activation by NT-3. Additionally, the improvement in neurological function observed with 

recombinant NT-3 was reversed with TrkC knockdown. These observations suggested that 

Erk5 activation has a possible role in the neuroprotective effects of NT-3 as a downstream 

mediator of TrkC receptor activation.

There are some limitations in our study. The role of Erk5 in NT-3 induced protection 

requires further exploration. Previous studies have reported that Erk5 signaling pathway 

was crucial for cell survival and anti-apoptotic function (Simöes et al., 2016). Erk5 was 

essential for survival of dopaminergic neurons and inhibition of Erk5 decreased the viability 

of dopamine neurons in vitro (Parmar et al., 2014). Additionally, phosphorylated Erk5 

activated the Ca+ +/cAMP response element binding protein (CREB) which regulates 

the transcription of survival genes (Watson et al., 2001). Our study focused on the BBB 

protective effects of NT-3. The role of NT-3 and Erk5 in neuronal surVival needs to be 

explored in future studies.

In summary, we observed that endogenous NT-3 expression in whole brain sample was 

downregulated after SBI. Topical administration of recombinant NT-3 using gelfoam directly 

applied to the surgical injury site reduced brain edema, neurological deficits and BBB 

permeability after SBI. Recombinant NT-3 increased pErk5/Erk5 expression and improved 

neurological function which was reversed with the knockdown of TrkC receptor using 

siRNA but not with Rapl knockdown.

Overall, these results showed that NT-3 was decreased in response to SBI and topical 

application of recombinant NT-3 improved outcomes after SBI. The protective effect of 

NT-3 was possibly dependent on TrkC receptor mediated pErk5 activation. As a clinical 

perspective, topical application of recombinant NT-3 using a gelfoam or other novel delivery 

techniques may be a potential new therapeutic option particularly after neurosurgical 

operations.
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Abbreviations:

SBI Surgical brain injury

BBB Blood brain barrier

NT-3 Neurotrophin 3

TrkC Tropomyosin related kinase receptor C

MAPK Mitogen activated protein kinase

Erk5 Extracellular signal-regulated kinase 5

BDNF Brain derived neurotrophic factor

ICV Intracerebroventicular

GFAP Glial Fibrillary Acidic Protein

vWF von Willebrand Factor

NeuN Neuronal Nuclei

TBI Traumatic brain injury

GTPase Guanine triphosphatase
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Fig. 1. 
Endogenous expression of NT-3 and TrkC after SBI. Representative western blot bands for 

NT-3, TrkC in whole brain sample and right frontal region TrkC (rfTrkC) in sham and SBI 

rats at 6, 12, 24 and 72 h following SBI. Quantitative analysis of (A) NT-3 (B) TrkC and (C) 

rfTrkC expression in the western blot bands. Data were expressed asrnean ± SD. *p < 0.05 

versus sham, #p < 0.05 versus SBI-6h, &p < 0.05 versus SBI-12h, %p < 0.05 versus SBI-24h, 
@p < 0.05 versus SBI-72 h.
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Fig. 2. 
Representative images of immunofluorescence staining showing co-localization of TrkC 

(Texas Red/red) with endothelial cell marker vWF and neuronal marker NeuN (both 

FITC/green) at the right frontal perisurgical site 24 h after SBI. Scale bar: 25 μm. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.)
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Fig. 3. 
Brain water content and Garcia neurological test scores at 24 and 72 h after SBI. 

Recombinant NT-3 (10 μg) reduced brain edema and improved neurological function at 

24 h after SBI (A and B, respectively) and at 72 h after SBI (C and D, respectively). Brain 

samples were divided into six parts: right frontal (RF), left frontal (LF), right parietal (RP), 

left parietal (LF), cerebellum (C) and brainstem (BS) to measured brain edema. Data were 

expressed as mean ± SD. *p < 0.05 versus sham, #p < 0.05 versus SBI + Vehicle, &p < 0.05 

versus SBI + NT-3 (5 μg).
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Fig. 4. 
Evans blue dye extravasation assay at 24 h after SBI. Recombinant NT-3 (10 μg) reduced 

Evans blue dye extravasation at the right frontal perisurgical site 24 h after SBI. Data were 

expressed as mean ± SD. *p < 0.05 versus sham, #p < 0.05 versus SBI + Vehicle. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.)
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Fig. 5. 
Representative western blot bands and densitometric quantification of Rapl, pErk5/Erk5, 

ERK5 and TrkC expression at 24 h after SBI. (A) Recombinant NT-3 (10 μg) increased 

Rapl expression 24 h after SBI which was reversed with Rapl siRNA but not TrkC siRNA. 

(B) Recombinant NT-3 (10 μg) increased pErk5/Erk5 expression 24 h after SBI which was 

reversed with TrkC siRNA but not Rapl siRNA. (C) Total Erk5 expression was not different 

among all the groups. (DI and D2) The expression of TrkC was reduced in the TrkC siRNA 

group but not with Scramble siRNA. TrkC siRNA or Scramble siRNA was administered 24 

h before SBI and brain samples were collected 24 h after SBI. Data were expressed as mean 

± SD. *p < 0.05 versus sham, #p < 0.05 versus SBI + Vehicle, $p < 0.05 versus SBI + NT-3 

(10μg) + Rapl siRNA, < 0.05 versus SBI + NT-3 (10μg) + TrkC siRNA, < 0.05 versus SBI + 

Scramble siRNA.
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Fig. 6. 
TrkC siRNA reversed the protective effects of recombinant NT-3 on neurological function 

24 h after SBI. Recombinant NT-3 (10 μg) significantly improved Garcia test scores 24 

h after SBI which was reversed with TrkC siRNA administration. Data were expressed as 

mean ± SD. *p < 0.05 versus sham, p < 0.05 versus SBI + Vehicle, @p < 0.05 versus SBI + 

NT-3 (10 μg) + TrkC siRNA.
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