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Abstract

Alpha synuclein (α-synuclein) is a neuronal protein found predominately in pre-synaptic 

terminals. While the pathological effects of α-synuclein aggregates has been a topic of intense 

study in several neurodegenerative conditions, less attention has been placed on changes in 

monomeric α-synuclein and related physiological consequences on neuronal function. A growing 

body of evidence supports an important physiological role of α-synuclein in neurotransmission. In 

the context of traumatic brain injury (TBI), we hypothesized that the regional abundance of 

soluble monomeric α-synuclein is altered over a chronic time period post-injury. To this end, we 

evaluated α-synuclein in the cortex, hippocampus and striatum of adult rats at 6 hours, 1 day, 1, 2, 

4, and 8 weeks after controlled cortical impact (CCI) injury. Western blot analysis demonstrated 

decreased levels of monomer α-synuclein protein in the ipsilateral hippocampus at 6 hours, 1 day, 

1, 2 and 8 weeks, as well as in the ipsilateral cortex at 1 and 2 weeks and in the ipsilateral striatum 

at 6 hours after CCI compared to sham animals. Immunohistochemical analysis revealed lower α-

synuclein and a modest reduction in synaptophysin staining in the ipsilateral hippocampus at 1 

week after CCI compared to sham animals, with no evidence of intracellular or extracellular a-

synuclein aggregates. Collectively, these findings demonstrate that monomeric α-synuclein protein 

abundance in the hippocampus is reduced over an extensive (acute-to-chronic) post-injury interval. 
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This deficit may contribute to the chronically impaired neurotransmission known to occur after 

TBI.
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Introduction

Traumatic brain injury (TBI) is a leading cause of morbidity and mortality with an estimated 

incidence of approximately 10 million worldwide [1]. TBI can result in memory and 

cognition impairment, altered states of consciousness, psychiatric disturbances including 

depression, and physical impairments that may be temporary or progress to permanent 

disability and contribute to reduced quality of life [2–4]. TBI initiates a complex cascade of 

pathophysiological changes that includes, among others, excitotoxicity, impaired 

mitochondrial function, axonal injury, and delayed long-lasting alterations in 

neurotransmitter release and synaptic function [5–14]. The rat model of controlled cortical 

impact (CCI) is a widely-utilized and well-established TBI model that produces a 

progressive cortical contusion and hippocampal synaptic and cell loss, in the dentate gyrus, 

CA1, CA3, and hilus, that contributes to altered synaptic function [14, 54, 71, 72] and the 

manifestation of motor and cognitive impairments, including in executive function and 

spatial learning and memory, in the days and weeks following CCI injury [6, 25, 73, 74, 75].

Synucleins are a family of small, abundant, presynaptic proteins including α-, β-, and γ-

synuclein. The physiological role of synucleins in normal neuronal function has been a topic 

of ongoing investigation. Studies evaluating the structure, presynaptic location, and protein-

protein interactions suggest a regulatory and modulatory role in synaptic vesicle trafficking 

and neurotransmitter release [15–19]. The formation of the N-ethylmaleimide-sensitive 

factor attachment protein receptor (SNARE) complex is an important step for synaptic 

vesicle docking and the release of neurotransmitters into the synaptic cleft [20–22]. A 

critical role for α-synuclein involvement in neurotransmitter release was identified in α-

synuclein knockout mice exhibiting impaired SNARE complex formation [18,23], 

highlighting that a reduction in soluble monomeric α-synuclein may be associated with 

impaired synaptic function. We have previously demonstrated that SNARE complex 

formation is reduced in the hippocampus, in two experimental models of TBI, including 

CCI, in the weeks post-injury [24–26]. Collectively, these reports draw a strong link between 

α-synuclein abundance and the SNARE protein machinery important for neurotransmission 

and maintenance of the vesicle pool, providing support that changes in monomeric α-

synuclein levels at the synapse contribute to impaired neuron function following TBI.

Accumulating evidence links chronic neurodegenerative proteinopathies including Parkinson 

disease (PD), Alzheimer’s disease (AD), and chronic traumatic encephalopathy (CTE) to 

TBI-induced altered metabolism of proteins including α-synuclein, amyloid-β, tau, and 

TDP-43 [27, 28]. In particular for α-synuclein, prior efforts have been focused on 

understanding pathological forms, with a focus on the striatum and substantia nigra as these 
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regions are typically associated with PD. Further evidence comes from findings of 

pathological α-synuclein aggregates in neurons and axons following TBI in humans [31–

33]. However little work has been completed to understand the effect of TBI on monomeric 

levels of α-synuclein. Elevated monomeric α-synuclein was observed in the cerebrospinal 

fluid (CSF) of adults [29] and infants and children [30] in the week following a severe TBI, 

highlighting the utility as a biomarker. This knowledge gap highlights the need for studies in 

experimental TBI to define alterations in monomeric α-synuclein, as these changes can have 

direct implications in impaired neurotransmission and chronic neurodegeneration.

In the current study, we sought to determine changes in soluble monomeric α-synuclein 

protein over an extensive time course (6 hours, 1 day, 1, 2, 4 and 8 weeks) after CCI injury 

in adult rats. The abundance of α-synuclein was assessed by western blot in the cortex 

hippocampus and striatum, and immunohistochemistry was assessed in the dorsal 

hippocampus, including CA3, a region of established alterations in SNARE protein 

abundance following CCI [26].

Materials and methods

Animals

All experimental procedures were approved by the University of Pittsburgh Institutional 

Animal Care and Use Committee in accordance with the guidelines established by the 

National Institutes of Health in the Guide for the Care and Use of Laboratory Animals. A 

total of 144 adult male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing 250–300 

grams were used for this study. Rats were group-housed (2 per cage) in standard housing 

cages with 12-h light/dark cycles (light on at 07:00 AM) with access to food and water ad 
libitum.

Surgical Procedures for Controlled Cortical Impact

Animals were randomly assigned to receive either control sham or CCI injury as previously 

described [34,25]. All rats were anesthetized initially with 4% isoflurane with a 2:1 N2O/O2 

mixture in a vented anesthesia chamber. Following endotracheal intubation, rats were 

ventilated mechanically with a 1–1.5% isoflurane mixture. Animals were mounted in a 

stereotaxic frame on the injury device and secured by ear and incisor bars. The head was 

held in a horizontal plane with respect to the interaural line. A midline incision was made, 

the soft tissues reflected, and a 7 mm craniotomy was made between lambda and bregma 

and centered 5 mm lateral of the central suture. The animals received an impact with a 6 mm 

diameter flat impactor tip to the exposed dura through the right craniotomy. The injury 

device was set to produce a tissue deformation of 2.8 mm at a velocity of 4 meters/sec with a 

dwell time of 150 msec. Control sham rats underwent identical surgical procedures but did 

not receive a TBI. Core body temperature was monitored continuously throughout surgical 

procedures by a rectal thermistor probe and maintained at 37 ± 0.5° C with a heating pad. 

Following sham or CCI injury, the scalp was sutured, anesthesia stopped, and the righting 

time of each animal was monitored and recorded. Once ambulatory, the animals were 

returned to their home cage.
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Brain tissue preparation for Western blot analysis

A total of 72 rats (n=6 per injury group at each time point) received an overdose of sodium 

pentobarbital (i.p., 100 mg/kg; Fatal-plus, Vortech Pharmaceuticals, Dearborn, MI) and were 

euthanized at 6 hours, 1 day, 1, 2, 4, or 8 weeks following sham or CCI injury. The time 

course of 6 hours to 8 weeks post-injury was selected to assess α-synuclein protein 

abundance at time points preceding and subsequent to changes in hippocampal SNARE 

protein abundance described after CCI [25,26]. At the specified time points, brains were 

quickly removed and placed on a chilled ice plate for regional dissection. Tissues from the 

ipsilateral and contralateral cortex, hippocampus and striatum were rapidly dissected and 

immediately frozen in liquid nitrogen and stored at −80°C. Samples were washed with ice 

cold 0.1 M PBS then homogenized and sonicated in the lysis buffer (0.1M NaCl, 0.01M tris-

Cl, 0.001M EDTA, pH 7.6) with protease inhibitor cocktail kit (Pierce, Rockford, IL), and 

centrifuged at 15,000 ×g for 30 minutes. The supernatant was collected, frozen and used for 

Western blot assays. The protein concentration was determined by a BCA protein assay kit 

(Thermo Scientific, Pittsburgh, PA) using a 96-well microplate reader (Biotek, Winooski, 

VT).

Brain tissue preparation for immunofluorescence and histology

Tissue preparation and immunohistochemistry procedures were completed as previously 

reported [26]. Briefly, a total of 72 rats (n=6 per injury group for each time point) received 

an overdose of sodium pentobarbital (i.p., 100mg/kgFatal-plus) at the designated time points 

between 6 hours to 8 weeks post-injury. Animals were transcardially perfused with USP 

saline, followed by 10% neutral buffered formalin (Fisher Scientific, Waltham, MA). The 

brains were post-fixed for an additional 24 hours in 10% neutral buffered formalin and 

transferred to 15% sucrose in 0.1 M phosphate buffer pH 7.4 at 4°C for 24 hours, switched 

to 30% sucrose in 0.1 M phosphate buffer pH 7.4 at 4 °C for an additional 24hrs, and once 

the brain were cryoprotected, frozen for sectioning. The frozen brains were embedded in 

Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA), and 35 μm thick coronal 

sections were cut using a cryostat (Leica Microsystems Inc., Buffalo Grove, IL). Sections 

between -−3.24mm and −3.60mm bregma were selected and processed for 

immunofluorescence and Cresyl violet staining.

Western blot analysis

To evaluate α-synuclein abundance in the ipsilateral and contralateral cortical, hippocampal 

and striatal tissues from injured or sham rats, samples containing 20 μg of protein were 

boiled for 10 minutes prior to sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) through a 12% gel to separate protein samples and molecular weight markers 

(Bio-Rad, Hercules, CA). Resolved proteins were electrophoretically transferred to a 

nitrocellulose membrane. The membrane was blocked in 5% non-fat dry milk in 0.1 M PBS 

with 0.05% Tween-20 (PBST) at room temperature for one hour, and immunolabeled using a 

commercially available antibody recognizing monomeric α-synuclein at aa15–123 (mouse 

monoclonal clone 42/α-synuclein, 1:2,000, BD Biosciences) [18,35–37] with a 

representative immunoblot staining pattern shown at 6 hours post injury in Figure 1. Primary 

antibody was incubated at 4°C overnight followed by goat anti-mouse immunoglobulin G 
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conjugated to peroxidase (1:10,000; PIERCE, Rockford, IL) at room temperature for one 

hour. Proteins were visualized with a chemiluminescence detection system (SuperSignal, 

PIERCE, Rockford, IL). To normalize for protein loading, the membranes were stripped and 

re-blotted with mouse anti-β-actin monoclonal antibody (1:10,000, Sigma, St. Louis, MO). 

The injured tissue and the sham control were loaded together in the same gel for 

comparison. Blots were exposed to autoradiographic X-ray film for 10 sec to 1 min and 

bands were quantitated using SCION ImagePC (Frederick, MD) software. Values are 

reported as the ratio of optical densities of injured samples, normalized to actin, as a 

percentage of ipsilateral or contralateral sham control for each hemisphere at every time 

point.

Cresyl violet and immunofluorescence staining and double labeling

Immunofluorescence staining was completed in free floating coronal hippocampal sections 

in 24 well plates. Sections were rinsed in 1X PBS and blocked with 10% normal horse 

serum (NHS; Cat# S-2000,Vector Laboratories, Burlingame, CA) and 0.1% Triton X-100 in 

0.1 M PBS. Sections ranging from −3.24mm to −3.60mm bregma were selected and 

incubated with the same commercially available α-synuclein antibody utilized for 

immunoblot analysis (mouse monoclonal anti-α-synuclein, 1:1,500, BD Biosciences) with 

5% NHS and 0.1% Triton X-100 in 0.1 M PBS overnight at 4°C. For double labeling, 

sections were incubated with primary anti-α-synuclein antibody, and either rabbit polyclonal 

anti-NeuN (1:2,500, Millipore) or rabbit polyclonal anti-synaptophysin (1:500, Abcam) 

antibodies. On the following day, sections were rinsed in 1X PBS and incubated with biotin-

conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) for 1 hour at 

room temp, rinsed with 1X PBS, and subsequently incubated with Streptavidin conjugated 

Alexa Fluor 488 or 594 fluorophores (Molecular Probes) with 5% NHS and 0.1% Triton 

X-100 in 0.1 M PBS at 4°C for 2 hours on a rocker. Tissues were rinsed between all steps 

with 0.1% Triton X-100 in 0.1 M PBS three times for at least 10 min in each time. Stained 

sections were mounted on gelatin subbed slides, cover slipped and stored at 4°C until 

imaged. To corroborate the immunoblot findings, in the stained immunohistochemical 

sections hippocampal α-synuclein and synaptophysin immunoreactivity were quantified 

independently using mean pixel intensity measures with ImageJ (NIH). Briefly, the 

hippocampus was outlined to designate the region for analysis, and mean pixel value was 

measured for each animal (n=1 section/animal; n=6/group/time point). To normalize the 

hippocampal mean pixel intensity measures, at each time point, the measured intensity value 

for each section was normalized to the calculated mean value for the sham ipsilateral group. 

The reported values represent sham ipsilateral as 100% and percent difference for each time 

point. Cresyl violet staining was completed in coronal brain sections at −3.48mm (Sham 

control) and −3.60mm (CCI) bregma as previously described [24].

Confocal microscopy was performed to visualize changes in hippocampal α-synuclein 

protein immunoreactivity after CCI, as compared to NeuN and synaptophysin to assess 

neuronal localization. The 1 week time point was selected for double labeling 

immunofluorescence staining as α-synuclein protein levels were maximally lower in the 

hippocampus at this time point by immunoblot. Control experiments, in which primary 

antibodies were omitted, were completed in parallel to confirm antibody specificity. Images 
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were acquired on a C2 confocal microscope (Nikon, Melville, NY). Representative images 

in the figures are maximum intensity projection images collected as a z stack (1.5 μm step 

size) at 4X or 20X magnification.

Statistical analyses

All quantification was completed by an investigator blinded to the injury conditions of each 

animal. Western blot data for α-synuclein abundance are presented as the group means ± 

standard error of the mean (SEM). Western blot data for each hemisphere and region were 

compared by two-way analysis of variance (ANOVA). When appropriate, a Sidak post hoc 

multiple comparisons t-test was completed. Mean pixel intensity measures of 

immunohistochemical staining were analyzed by one-way ANOVA at each time point. When 

appropriate, a Sidak post hoc multiple comparisons t-test was completed. Statistical tests 

were completed using Graphpad (Graphpad, La Jolla, CA). A p value less than 0.05 was 

considered statistically significant for all comparisons.

Results

Western blot analyses of α-synuclein protein in cortex, hippocampus, and striatum of rats 
subject to CCI

In the ipsilateral cortex, α-synuclein abundance was significantly lower at 1 and 2 weeks 

following CCI compared to shams (Two-way ANOVA: main injury effect, p<0.001 F(1, 

60)=15.21; main time effect, p<0.05 F(5, 60)=2.559; interaction, p<0.05 F(5, 60)=2.559; 

post hoc t-test, p<0.05; Figure 1A). In the contralateral cortex, there were no significant 

changes in α-synuclein protein except for a non-significant elevation at 8 weeks post-injury 

(main injury effect p=0.22 F(1, 60)=1.532; Figure 1B). In the ipsilateral hippocampus, CCI 

resulted in significantly lower α-synuclein protein abundance at 6 hours, 1 day, 1, 2, and 8 

weeks, but not 4 weeks post-injury, as compared to sham injury (Two-way ANOVA: main 

injury effect, p<0.0001 F(1, 60)=111.5; post-hoc t-test p<0.05; Figure 2A). No significant 

changes in α-synuclein were observed in the contralateral hippocampus at any time point 

assessed (Two-way ANOVA: main injury effect, p=0.07 F(1,60)=3.323; main time effect, 

p=0.18 F(5, 60)=1.591; interaction, p=0.18 F(5, 60)=1.592; Figure 2B). In the ipsilateral 

striatum, CCI resulted in significantly lower α-synuclein protein levels at 6 hours post-

injury, as compared to sham injury (Two-way ANOVA: main injury effect, p<0.05 F(1, 

60)=6.34; post-hoc t-test p<0.05; Figure 3A). No significant changes in α-synuclein protein 

were observed in the contralateral striatum at any time point examined (Figure 3B).

Immunohistochemical analyses of α-synuclein in the hippocampus of rats subject to CCI

Cresyl-violet staining demonstrated a cortical lesion and cell loss in the hippocampal dentate 

gyrus, CA3 and hilus at 1 week following CCI compared to sham control surgery (Figure 4), 

as established previously in the unilateral CCI experimental model of TBI. 

Immunohistochemistry analysis of monomeric α-synuclein showed no evidence of α-

synuclein aggregates at time points examined. Our analysis of monomeric α-synuclein 

immunolabeling in the hippocampus was performed at 1 week following CCI, the time point 

when α-synuclein protein levels were lowest and reduced SNARE complex formation was 

observed by immunoblot in our previous studies [25,26]. Consistent with the 
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immunoblotting results obtained in the entire hippocampus homogenate (described in Figure 

2), α-synuclein immunoreactivity was significantly lower in the ipsilateral CCI 

hippocampus at 1 week after CCI when compared to contralateral CCI hippocampus and 

sham control (Figure 5A, B; one-way ANOVA; main effect, p<0.005 F(3,20)=9.275; post-

hoc t-test p<0.05). In the same sections co-labeled with α-synuclein, immunoreactivity for 

synaptophysin (marker for pre-synaptic terminals) was also lower in the ipsilateral CCI 

hippocampus, but this was not significant (one-way ANOVA; main effect p=0.26 

F(3,20)=1.451; Figure 5C). Mean pixel intensity analysis at each time point, shown in Table 

1, showed no significant differences between CCI groups at 6 hr (one-way ANOVA: 

p=0.1867, F (3, 20)=1.762) or 24 hr (one-way ANOVA: p<0.05, F(3, 20)=3.401), but did 

reveal significant reductions in α-synuclein immunoreactivity in the ipsilateral hippocampus 

after CCI at 1 week (one-way ANOVA: p<0.005, F (3, 20) = 9.275), 2 weeks (one-way 

ANOVA: p<0.001, F (3, 20) = 15.18), 4 weeks (one-way ANOVA: p<0.001, F (3, 20) = 

4.972) and 8 weeks (one-way ANOVA: p<0.05, F (3, 20) = 4.671 ) post-injury. Assessment 

of double-labeled α-synuclein and synaptophysin immunohistochemistry (Figure 6A, B) in 

the hippocampal CA3 at 1 week post-injury, showed reduced α-synuclein immunoreactive 

punctate structures and lower immunoreactivity in the CA3 radiatum layer. In the molecular 

layer, synaptophysin-immunoreactive punctate structures were also reduced. In addition to 

changes in synaptophysin, reduced NeuN-positive pyramidal neurons, suggestive of 

neuronal loss, was observed in CA3 (Figure 7A, B) at 1 week post-injury, supporting the 

observation of histological changes observed in Figure 4.

Discussion

The objective of the current study was to determine the effect of a unilateral TBI on the 

abundance of soluble monomeric α-synuclein protein over an extensive time course from 6 

hours to 8 weeks following CCI injury. While aggregated α-synuclein have been a major 

focus of interest after TBI, little is known about changes in monomeric α-synuclein forms 

which play an important role in neurotransmission, and are the precursors of oligomeric and 

fibrillar pathological aggregates. The findings presented here provide new evidence of 

deficits in soluble monomeric α-synuclein protein in the ipsilateral cortex, hippocampus and 

striatum regions which are affected differentially during the course of 8-week survival 

following TBI.

In the ipsilateral cortex, CCI resulted in lower α-synuclein protein abundance at 1 and 2 

weeks post-injury while in the ipsilateral hippocampal lower abundance was seen as early as 

6 hours and up to 8 weeks post-injury. Only a handful of studies have evaluated the effect of 

TBI on α-synuclein in the hippocampus and cortex post-injury. In wild type mice subjected 

to CCI at 24 months of age, Uryu et al. (2003) reported age related transient increases in α-

synuclein immunoreactivity in CA3 and fimbria at 1 and 9 weeks post-injury. Liu et al. [38] 

reported reduced hippocampal monomeric α-synuclein levels as early as 1 hour and 

sustained reductions at 1, 3, 5 and 7 days in rats subjected to CCI. Additionally, Liu et al. 

showed the post-translational regulator of α-synuclein, mR-153, was elevated at each of the 

test points between 1 hour and 7 days post-injury, suggesting that mR-153 could influence 

post-translational modifications or the expression of α-synuclein protein. In frontal cortical 

post-mortem tissue collected from a small group of retired boxers, decreased α-synuclein 
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concentration was measured in the gray matter by enzyme-linked immunoabsorbance assay 

[39]. The current immunohistochemical analysis shows lower α-synuclein and 

synaptophysin immunoreactivity throughout the ipsilateral hippocampus, particularly in the 

CA3. The findings in this study corroborate and expand the temporal assessments of 

previous reports to show lower cortical α-synuclein abundance at 1 and 2 weeks post-injury 

and a more extensive time course of protein loss in the hippocampus, during hours and up to 

8 weeks following TBI. Interestingly, our Western blot analysis showed a transient recovery 

in hippocampal α-synuclein abundance at 4 weeks post-injury. While additional work is 

warranted to better understand the mechanisms leading to reduced monomeric α-synuclein, 

this finding could represent a biphasic curve and the combination of synaptic loss and 

synaptogenesis shown to occur in the hippocampus by ultrastructural analysis completed at 

time points assessed in the current study [54]. Our current findings also show lower α-

synuclein abundance in the ipsilateral striatum, but this change was restricted to the most 

acute time point measured (6 hours post-injury). The current study design did not 

specifically address the mechanism underlying the transient striatal reduction in α-

synuclein; however, it is possible that this reduction could be the result of post-translational 

changes in the species of α-synuclein from monomeric to another state that is not detected 

by the antibody utilized. It may also be necessary to utilize synaptosomal enriched lysates to 

enhance detection of striatal changes in α-synuclein abundance, as we have previously 

shown this approach to be sensitive to synaptic protein changes at 1 week post-injury [56]. 

Previous studies using CCI model reported increased α-synuclein abundance in the 

substantia nigra and tissue homogenates encompassing multiple midbrain regions at 1 and 2 

months after injury in adult wild type CD1 mice [40] and adult Sprague-Dawley rats [41]. 

The current study did not focus on the substantia nigra, but together with the previous 

reports our findings in the striatum suggest that components of the nigrostriatal pathway 

may have differing responses to TBI.

Reductions in the abundance of soluble monomeric α-synuclein have important implications 

for neuronal function as a growing body of literature supports the physiological role of α-

synuclein in presynaptic neurotransmitter release and the maintenance and trafficking of the 

synaptic vesicle pool [19,18,42,23,43,44]. Α-synuclein promotes synaptic vesicle clustering 

and restricting the mobility of vesicles, which influences the kinetics of vesicular docking 

and neurotransmitter release [45,19,18]. α-synuclein has also been shown to promote the 

formation of the SNARE complex, the protein machinery critical for the docking of vesicles 

at the synaptic cleft [18], through its association with synaptobrevin-2 [46,18,47]. 

Highlighting the complex role of α-synuclein, there is some debate about the direct effect of 

α-synuclein in neurotransmitter release, as published studies utilizing multiple in vitro and 

in vivo models have shown that genetic modulation of α-synuclein protein levels results in 

decreased release [42,48–50], enhanced release [44,43,51,52], or no change in release 

[19,18,23,53]. Provided the intricate role α-synuclein plays in vesicular docking and 

neurotransmitter release, an improved understanding of the temporal and regional changes in 

soluble monomeric α-synuclein is essential to understanding and targeting α-synuclein 

related neurotransmission impairments in the context of neurodegeneration.

We have previously shown that lower soluble monomeric α-synuclein protein levels are 

associated with reductions in SNARE complex formation in the hippocampus in the days 
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following CCI or fluid percussion injury [24,25]. Collectively with our current study, these 

findings suggest that changes in synaptic proteins occur in multiple brains regions and in 

multiple experimental TBI models, highlighting the need for additional work to understand 

changes in α-synuclein across the spectrum of injury. We have previously reported CA3 of 

the dorsal hippocampus as a region of observable alterations in SNARE protein abundance 

[26]. In the current study, at 1 week post-injury the reduction of α-synuclein 

immunoreactivity in CA3 of the dorsal hippocampus was more pronounced than the loss of 

synaptophysin. In comparison to previous reports in the rat CCI model detailing the 

temporal changes in synaptophysin protein levels of the entire hippocampus [24,25] and a 

time course ultrastructural assessment of synaptic density in CA1 [54], α-synuclein displays 

greater reductions in the days following CCI compared to reductions in synaptic density, 

suggesting that loss of neurons and synapses may not fully account for the reduction in α-

synuclein acutely after CCI. However, additional more direct methods may be required, 

beyond synaptophysin intensity assessments, to determine the contribution of cell loss to 

changes in α-synuclein abundance. While we did not exclusively assess CA1, as studied by 

Scheff et al. (2005), the observed changes in hippocampal α-synuclein immunoreactivity 

may be the result of neuronal loss in CA3 and other hippocampal subregions, and 

subsequent changes in Schaffer collaterals or other parts of the hippocampal trisynaptic 

circuit after CCI. Alternatively, considering the magnitude of acute synaptophysin 

immunoreactivity loss was less than that observed with α-synuclein, the current findings 

suggest that α-synuclein protein may be more vulnerable or it reflects a change in its 

conformational and aggregation state [32,55]. It is possible that acute reductions in α-

synuclein protein abundance can be attenuated by therapeutic interventions, with the goal of 

improving neurotransmission. We have previously shown that daily posttraumatic 

administration of 1.0mmol/kg/d lithium increased hippocampal and striatal monomeric α-

synuclein abundance, compared to vehicle treatment, and this was associated with 

improvements in both striatal dopamine neurotransmission and cognitive performance in the 

weeks following CCI [56,25]. Additional work is warranted to expand our understanding of 

the mechanism/s contributing to α-synuclein reductions after TBI, and the identification of 

therapeutic interventions that can restore α-synuclein abundance to promote recovery of 

synaptic and neurobehavioral function.

The role of pathologically altered synucleins has been increasingly recognized in the 

pathogenesis of several chronic neurodegenerative diseases. The spectrum of 

neurodegenerative disorders associated with aggregation of α-synuclein, which includes but 

is not limited to PD, dementia with Lewy bodies (DLB), and Lewy body variant of 

Alzheimer’s disease, is collectively referred to as synucleinopathies [57–60]. Insoluble 

aggregates of α-synuclein are due to α-synuclein gene mutations in familial Parkinson’s 

disease (PD) [61,62], and have pathogenic role as the primary component of Lewy bodies 

and Lewy neurites in sporadic PD and DLB [63–68].

α-synuclein positive Lewy bodies are also present in approximately 20 percent of autopsy 

brains diagnosed with chronic traumatic encephalopathy (CTE) [69] and chronic increases in 

α-synuclein immunoreactivity were reported in the dorsal raphe nucleus of professional 

athletes diagnosed with CTE [70]. Increased oxidized α-synuclein immunoreactivity and 

α,β,γ isoform immunoreactivity was observed in a subset of cases who had temporal 
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cortical biopsy tissue resected acutely (hours to days) after severe TBI, in addition to axonal 

accumulation of Aβ precursor protein (APP) and diffuse Aβ plaques [32,27]. Increased 

oxidized α-synuclein immunoreactivity was also observed in damaged neurons in survival 

times as early as 4 hours and up to 4 weeks in patients with a TBI [33,31]. At 1 week after 

CCI injury in mice, pathological forms of nitrated, oxidized and conformationally-altered α-

synuclein were observed in the cortex and axon tracks of the striatum and corpus callosum 

in aged animals, but limited immunoreactivity was present in young mice [55]. While the 

current study was focused on examining TBI-induced changes in the soluble monomeric 

form of α-synuclein, these previous reports of post-translationally modified α-synuclein 

forms demonstrate that acute and sustained alterations in α-synuclein occur in human TBI 

and are recapitulated in experimental TBI models. An improved understanding of TBI 

induced changes in monomeric α-synuclein, as well as β,γ-synuclein isoforms, may shed 

light on the pathways leading to development of pathological forms of α-synuclein and their 

role in chronic neurodegeneration after TBI.

Conclusion

Our results demonstrate that soluble monomeric α-synuclein protein levels are differentially 

altered in the hippocampus, cortex and striatum in the days to months post-injury in the rat 

controlled cortical impact model of experimental TBI. These changes may contribute to the 

disruption of physiological processes in the synapse, impair neuronal transmission, and 

contribute to chronic neurodegeneration after TBI.
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Figure 1. Controlled cortical impact (CCI) altered cortical α-synuclein abundance post-injury.
Representative western blot images of α-synuclein and actin in cortical whole cell lysates 

post-injury. The 6 hr immunoblot images show the representative single band pattern for 

monomeric α-synuclein (18 kDa, markers are 15, 20, 160 kDa). Subsequent images were 

cropped due to the number of immunoblots and space. Semiquantitative measurements of 

cortex homogenates from CCI-injured or sham operated rats sacrificed at 6 hour, 1 day, 1 

week, 2 weeks, 4 weeks and 8 weeks post-injury were assessed by Western blot analysis. 

Assessment of α-synuclein (18 kDa, markers are 15 and 20 kDa) revealed significantly 

reduced abundance at 1 and 2 weeks post-injury in the ipsilateral cortex (*p<0.05). The 

abundance of α-synuclein in the contralateral cortex was not changed post-injury. α-

synuclein was normalized to actin (42 kDa, marker is 37 kDa; n = 6 per group per time 

point).
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Figure 2. Controlled cortical impact (CCI) reduced ipsilateral hippocampal α-synuclein 
abundance at multiple time points over the 8 weeks post-injury.
Representative western blot images of α-synuclein and actin in hippocampal whole cell 

lysates post-injury. Semiquantitative measurements of hippocampal homogenates from CCI-

injured or sham operated rats sacrificed at 6 hour, 1 day, 1 week, 2 weeks, 4 weeks and 8 

weeks post-injury were assessed by Western blot analysis. Assessment of α-synuclein (18 

kDa, markers are 15 and 20 kDa) revealed significantly lower protein in the ipsilateral 

hippocampus at 6 hours, 1 day, 1, 2, and 8 weeks, but not 4 weeks after CCI injury 

(*p<0.05), compared to sham injury. The abundance of α-synuclein in the contralateral 

hippocampus was not changed post-injury. α-synuclein was normalized to actin (42 kDa, 

marker is 37 kDa; n = 6 per group per time point).
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Figure 3. Controlled cortical impact (CCI) reduced ipsilateral striatal α-synuclein abundance at 
6 hours post-injury.
Representative western blot images of α-synuclein and actin in striatal whole cell lysates 

post-injury. Semiquantitative measurements of striatal homogenates from CCI-injured or 

sham operated rats sacrificed at 6 hour, 1 day, 1 week, 2 weeks, 4 weeks and 8 weeks post-

injury were assessed by Western blot analysis. Assessment of α-synuclein (18 kDa, markers 

are 15 and 20 kDa) revealed significantly lower protein in the ipsilateral striatum at 6 hours 

after CCI injury (* p<0.05), compared to sham injury. The abundance of α-synuclein in the 

contralateral hippocampus was not changed post-injury. α-synuclein was normalized to actin 

(42 kDa, marker is 37 kDa; n = 6 per group per time point).
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Figure 4. Controlled cortical impact produces cortical and hippocampal cellular loss at 1 week 
post-injury.
The anatomical position of the CCI is illustrated by representative cresyl violet stained 

sections of the ipsilateral cortex and hippocampus at 1 week after (A) sham control 

(−3.48mm bregma) or (B) CCI injury (−3.60mm bregma). CCI resulted in pronounced tissue 

loss at the epicenter of injury at 1 week post-injury. In the hippocampus, cell loss is observed 

in the CA3 (arrow), dentate gyrus and hilus (arrowheads). Scale bar is equal to 500μm.
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Figure 5. Controlled cortical impact (CCI) reduced α-synuclein immunoreactivity in ipsilateral 
hippocampus at 1 week post-injury.
Representative images of hippocampal α-synuclein and synaptophysin immunoreactivity in 

sham and CCI-injured brain sections at 1 week post-injury (A). CCI resulted in reduced α-

synuclein immunoreactivity in the ipsilateral hippocampus. Quantitative assessment of α-

synuclein immunoreactivity revealed a significant reduction in pixel intensity in the 

ipsilateral hippocampus at 1 week following CCI (* p<0.01), as compared to sham injury 

(B). However, intensity measurements of synaptophysin in the same sections revealed no 
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significant differences (one-way ANOVA; p=0.26; C). Scale bar is equal to 500μm (n=6 per 

group at each time point).
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Figure 6. Controlled cortical impact (CCI) reduced hippocampal α-synuclein and synaptophysin 
immunoreactivity in CA3 at 1 week post-injury.
Representative images of immunofluorescent staining for α-synuclein (red) and presynaptic 

terminal marker synaptophysin (green) shows decreased immunoreactivity in the stratum 

lucidum (SLu) of CA3 (A,B) at 1 week post-injury. Stratum radiatum (Rad) and pyramidal 

cell layer (Py). Scale bar represents 100μm (n=6 per group at each time point).
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Figure 7. Controlled cortical impact (CCI) reduced hippocampal α-synuclein and NeuN 
immunoreactivity in CA3 at 1 week post-injury.
Representative images of immunofluorescent staining for α-synuclein (red) and the neuronal 

nuclei marker NeuN (green) show decreased immunoreactivity for both markers in CA3 

(A,B) at 1 week post-injury. Stratum radiatum (Rad), pyramidal cell layer (Py), stratum 

lucidum (SLu), Scale bar represents 100μm (n=6 per group at each time point).
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Table 1:

Hippocampal α-synuclein immunoreactivity following controlled cortical impact

Time point Sham (ipsilateral) Sham (contralateral) CCI (ipsilateral) CCI (contralateral)

6hr post-injury 100 ± 14% 113 ± 13% 73 ± 12% 98 ± 11%

24hr post-injury 100 ± 4% 115 ± 7% 75 ± 21% 132 ± 13%

1 week post-injury 100 ± 11% 102 ± 19% 37 ± 7% * 133 ± 21%

2 week post-injury 100 ± 3% 100 ± 7% 33 ± 3% # 88 ± 14%

4 week post-injury 100 ± 9% 100 ± 8% 55 ± 9% * 101 ± 13%

8 week post-injury 100 ± 5% 84 ± 7% 56 ± 11% * 76 ± 10%

Analysis of α-synuclein immunoreactivity by mean pixel intensity. Mean pixel values are depicted as percentage values of sham ipsilateral 
hemisphere measurements. All quantified sections were within the −3.24mm and −3.60mm bregma position range. Statistical comparison of one-
way ANOVA was completed for each time point.

When appropriate a post hoc Sidak multiple corrections t-test was completed, with significance depicted (* p <0.05 or # p<0.001 as compared to 
sham ipsilateral). N=6 per group.
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