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and then followed by slow rewarming. CSF samples were ob-

tained continuously via an intraventricular catheter for 6 

days after TBI. Control CSF (n = 9) was sampled from children 

receiving lumbar puncture for CSF analysis of infection that 

was proven negative. Associations of initial Glasgow Coma 

Scale (GCS) score, age, gender, treatment, mechanism of in-

jury and Glasgow Outcome Scale (GOS) score with CSF  � -

synuclein were compared by multivariate regression analy-

sis. CSF  � -synuclein levels were elevated in TBI patients com-

pared to controls (p = 0.0093), with a temporal profile 

showing an early, approximately 5-fold increase on days 1–3 

followed by a delayed,  1 10-fold increase on days 4–6 versus 

control.  � -Synuclein levels were higher in patients treated 

with normothermia versus hypothermia (p = 0.0033), in pa-

tients aged  ! 4 years versus  6 4 years (p  !  0.0001), in females 

versus males (p = 0.0007), in nonaccidental TBI versus acci-

dental TBI victims (p = 0.0003), and in patients with global 

versus focal injury on computed tomography of the brain

(p = 0.046). Comparisons of CSF  � -synuclein levels with initial 

GCS and GOS scores were not statistically significant. Further 

studies are needed to evaluate the conformational status of 

 � -synuclein in CSF, and whether TH affects  � -synuclein ag-

gregation. 
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 Abstract 

  � -Synuclein is one of the most abundant proteins in presyn-

aptic terminals. Normal expression of  � -synuclein is essential 

for neuronal survival and it prevents the initiation of apop-

tosis in neurons through covalent cross-linking of cyto-

chrome c released from mitochondria. Exocytosis of  � -synu-

clein occurs with neuronal mitochondrial dysfunction, mak-

ing its detection in cerebrospinal fluid (CSF) of children after 

severe traumatic brain injury (TBI) a potentially important 

marker of injury. Experimental therapeutic hypothermia 

(TH) improves mitochondrial function and attenuates cell 

death, and therefore may also affect CSF  � -synuclein con-

centrations. We assessed  � -synuclein levels in CSF of 47 in-

fants and children with severe TBI using a commercial ELISA 

for detection of monomeric protein. 23 patients were ran-

domized to TH based on published protocols where cooling 

(32–33   °   C) was initiated within 6–24 h, maintained for 48 h, 
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 Introduction 

  � -Synuclein is a ubiquitous synaptic protein that com-
prises 0.5–1.0% of the brain within the neurons of the 
neocortex, basal ganglia and cerebellum [Iwai et al., 
1995], and is not found in significant quantities in other 
organ systems [Giasson et al., 2000; Ischiropoulos, 2003; 
Scherzer et al., 2008; Uéda et al., 1993]. Within the neu-
ron, it is primarily localized to the presynaptic terminal 
[Jakes et al., 1994] and constitutively exocytosed via en-
doplasmic-reticulum- and Golgi-apparatus-independent 
mechanisms [Lee et al., 2005]. There is also evidence that 
it is found in glial cells [Mori et al., 2002], but is likely first 
produced in the neuron and transported to glial cells [Lee 
et al., 2010; Solano et al., 2000]. Recent reports also sug-
gest that a portion of  � -synuclein is present in the mito-
chondrial membrane in normal neurons [Li et al., 2007] 
and its exocytosis increases with mitochondrial dysfunc-
tion [Lee et al., 2005]. The exact function of  � -synuclein 
itself is unclear, but it likely plays a role in synaptic func-
tion and maintenance, given its localization to the pre-
synaptic terminal [Jakes et al., 1994]. It is involved in fat-
ty acid metabolism, particularly in mitochondrial cardio-
lipin acyl chain composition and production [Ellis et al., 
2005]. Recently, an antiapoptotic role for  � -synuclein has 
been elucidated as it undergoes lipid-dependent, covalent 
heterooligomerization with cytochrome c [Bayir et al., 
2009b]. Thus,  � -synuclein levels in cerebrospinal fluid 
(CSF) may reflect the progression of synaptic and mito-
chondrial dysfunction and neuronal apoptosis – impor-
tant secondary injury mechanisms after traumatic brain 
injury (TBI) [Ansari et al., 2008; Gobbel et al., 2007; 
Reeves et al., 1995; Robertson et al., 2007, 2009; Singh et 
al., 2006].

  Studies in patients with degenerative and infectious 
disorders of the central nervous system indicate the pres-
ence, as well as both increases and decreases in levels of 
 � -synuclein monomers in human CSF [Borghi et al., 
2000; El-Agnaf et al., 2003; Mollenhauer et al., 2008; Mu-
kaetova-Ladinska et al., 2008; Öhrfelt et al., 2009] as well 
as in plasma, where soluble aggregates of the protein have 
also been identified [El-Agnaf et al., 2003, 2006; Fjorback 
et al., 2007; Mollenhauer et al., 2008]. Despite evidence 
that TBI victims demonstrate a neuropathology and clin-
ical propensities for neurodegenerative syndromes [Iko-
nomovic et al., 2004; Uryu et al., 2007], there has not been 
a study evaluating  � -synuclein levels in CSF after TBI in 
adults or children. Moreover, there have been no previous 
studies relating CSF  � -synuclein levels to any pediatric 
disease process. During normal neuronal development, 

 � -synuclein is localized to cytosol and growth cones at 3 
days in vitro (DIV), then within axons and growth cones 
by 10–21 DIV [Quilty et al., 2003]. Furthermore,  � -synu-
clein accumulates within damaged axons at 21 DIV and 
at later time points after injury to growth-cone-like struc-
tures in regenerating neurites, suggesting a role for the 
protein in regeneration and recovery. Corroborating 
these data, Newell et al. [1999] and Uryu et al. [2007] have 
described localization of  � -synuclein to axonal swellings 
post mortem in the traumatized brain in adults. The ox-
idized form, which is prone to aggregation, has also been 
identified in the neuronal cytoplasm of TBI victims, and 
likely reflects postinjury modification [Ikonomovic et al., 
2004].

  The temporal profile of potential CSF neuronal injury 
markers could have significant ramifications for second-
ary injury mechanisms and therapeutic interventions. 
The behavior of  � -synuclein in the traumatized brain 
may depend on several parameters. Age is tied to the pro-
gression of synucleinopathies, as well as slower  � -synu-
clein axonal transport [Freichel et al., 2007; Jellinger, 
2004; Li et al., 2004; Stéphan et al., 2002; Thiruchelvam 
et al., 2004]. Age-dependent synaptic density may also 
influence  � -synuclein levels because of the protein’s
localization to presynaptic terminals. Factors affecting 
apoptosis, particularly cytochrome-c-mediated caspase 3 
activation, may also influence  � -synuclein levels and its 
conformational status. Apoptotic cell death following 
TBI is well documented [Darwish and Amiridze, 2010; 
Huang et al., 2009; Jia et al., 2009; Nathoo et al., 2004]. In 
addition, levels of CSF cytochrome c are increased at 4 
days after TBI in females, in nonaccidental head injury 
victims and in patients with a Glasgow Coma Scale (GCS) 
score of  6 5 versus 3 or 4 [Satchell et al., 2005]. Injury de-
gree and predicted functional outcome have also corre-
lated with the activation of proapoptotic triggers in hu-
mans and animal models [Darwish and Amiridze, 2010; 
Knoblach et al., 2002; Nathoo et al., 2004]. Based on these 
previous findings, age, gender, mechanism of injury, time 
and degree of initial insult may all influence extracellular 
 � -synuclein levels.

  Therapeutic hypothermia (TH) has been postulated as 
a neuroprotective intervention following TBI, though ex-
act mechanisms have yet to be defined [Adelson, 2009; 
Bayir et al., 2009a; Mansfield et al., 1996]. No study to date 
has assessed the effect of TH on synaptic dysfunction after 
TBI, though TH has been shown to preserve certain syn-
aptic properties. In particular, it decreases misfolding and 
aggregation of proteins in postsynaptic densities of hip-
pocampal neurons after global cerebral ischemia [Capani 
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et al., 2009; Dong et al., 2001]. Hypothermic conditions 
have also been reported to attenuate the constitutive re-
lease of  � -synuclein from the presynaptic terminal [Lee et 
al., 2005]. Whether this mediates the effects of TH on the 
injured brain is important but unknown.

  The current study was aimed at investigating the effect 
of TBI on CSF  � -synuclein levels compared to controls. 
Patients were randomized to normothermia or TH after 
admission. Additional goals were to determine the effects 
of age, gender, mechanism of injury, initial GCS score, 
6-month Glasgow Outcome Scale (GOS) score and TH on 
CSF  � -synuclein levels in TBI patients.

  Patients and Methods 

 Patients 
 This study was approved by the institutional review board of 

the Children’s Hospital of Pittsburgh and informed consent was 
obtained from parents for sample collection. All patients with se-
vere TBI (GCS score  ! 8) admitted to the Children’s Hospital of 
Pittsburgh are treated with a ventricular catheter insertion, and 
CSF is drained continuously to limit intracranial hypertension. 
CSF (n = 155) from 47 infants and children with severe TBI en-
rolled at our center in 3 concurrent randomized controlled trials 
assessing the effect and safety of moderate TH in severe TBI in 
infants and children was utilized for analysis. The general para-
digm for patients treated with TH involved cooling to 32–33   °   C 
(within either 6 or 24 h following injury) for 48 h, and then grad-
ual rewarming. The details of the study protocols and results of 2 
of these trials on clinical outcome have been previously reported 
[Adelson et al., 2005]. Briefly, patients receiving TH were cooled 
to 32–33   °   C for a period of 48 h. The core temperature was mea-
sured by rectal probe, and patients in the normothermia arm were 
also maintained at 36.5–37.5   °   C for the initial 48-hour study pe-
riod, and if the patient’s initial core temperature was below 36   °   C, 
the patient was passively warmed. Neuromuscular blockade and 
sedation were implemented to prevent shivering in both groups 
during the study period. Predetermined enrollment criteria were 
closed head injury with a GCS score of  ̂  8, age  ! 13 (multicenter 
trial) or 18 years (single-center trials). Patients were excluded if 
they had a normal head computed tomography scan, penetrating 
brain injury, brain death, uncorrectable coagulopathy (prothrom-
bin time/partial thromboplastin time  1 16/40 s), prolonged hypo-
tension ( 1 15 min), and there was a failure to obtain informed con-
sent within 6 h of injury (the 2 multicenter trials), or a failure to 
obtain informed consent within 24 h of admission to the Chil-
dren’s Hospital of Pittsburgh (single-center trial). Patient man-
agement was in accordance with guidelines for the management 
of severe pediatric TBI (GCS scores  ̂  8) [Adelson et al., 2003]. 
Barbiturates and mechanical ventilation to a Pa CO  2  of  ! 35 were 
used as second-tier therapies for refractory intracranial hyperten-
sion. Control CSF was excess CSF obtained via lumbar puncture 
from infants and children who were later proven not to have men-
ingitis based on cell count, culture and Gram stain. CSF samples 
were centrifuged for 10 min at 5,000  g  and stored at –70   °   C until 
the time of analysis. Clinical data collected included demograph-

ic information, mechanism of injury, GCS score at presentation, 
survival status and GOS at 6-month follow-up if available.

  CSF Collection and ELISA 
 CSF  � -synuclein content was measured by a commercial ELI-

SA kit (Invitrogen Corp., Carlsbad, Calif., USA). The detection 
limits of the assay were 0.2–15 ng/ml. An optimal dilution was 
determined and the ELISA was performed according to the man-
ufacturer’s instructions.

  Statistical Analysis 
 All values are expressed as means  8  standard errors of the 

mean unless otherwise noted. A nonparametric Wilcoxon test was 
used to compare daily mean and peak synuclein levels in the cases 
to the levels in the control population, pairwise comparisons of 
levels between days after injury, as well as between peak values in 
focal as opposed to global brain injury. Multivariable longitudinal 
regression models were used to compare the association between 
CSF  � -synuclein levels and age, gender, time after injury, nonac-
cidental head injury, treatment (randomization to TH or normo-
thermia) and initial GCS score. Because of multiple observations 
for each person, the assumption of independent observations nec-
essary for standard regression models was violated. Therefore, gen-
eralized estimating equation models and regression models that 
control for correlation within individuals were used. A logistic re-
gression model was used to estimate the association of peak synu-
clein levels with outcome as measured by the GOS. Categorical 
data between groups were assessed using Fisher’s exact test. Pa-
tients were compared on the basis of age as being less than 4 years 
or greater than or equal to it, based on data from the National Trau-
matic Coma Databank that describes unfavorable outcome in TBI 
patients less than 4 years of age [Levin et al., 1992]. Patient injury 
as a result of nonaccidental head injury was also considered a fac-
tor, given differences in biochemical markers of brain injury seen 
between accidental TBI and nonaccidental head injury patients 
[Beers et al., 2007]. p  !  0.05 was considered statistically significant.

  Results 

 Patient Demographics 
 The characteristics of the TBI patients and controls are 

shown in  table 1 . Demographics were available for 8 con-
trol patients. The age ranged from 4 weeks to 16 years for 
the TBI patients, and from 5 weeks to 14 years for the con-
trols. Twenty-three patients were randomized to TH and 
24 patients were randomized to normothermia. There 
were proportionally more males in the control group 
than in the TBI group; however, this was not statistically 
significant (p = 0.239). The initial GCS score of the TBI 
patients was used as part of the statistical analysis, and 8 
patients initially presented with a GCS score of  1 8; how-
ever, these patients’ level of consciousness deteriorated 
and met the study criteria within the enrollment period. 
Aside from the aforementioned, there neither were sig-
nificantly different clinical or demographic attributes be-
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Table 1. C linical and demographic characteristics of study population

TBI patients Hypothermia Normothermia Controls

Number 47 23 (49) 24 (51) 9
Age, years 7.4084.99 7.0485.00 7.2285.08 4.5084.58
Female gender 18 (38) 8 (35) 10 (42) 1 (13)
Mechanism

Nonaccidental TBI 11 (23) 5 (22) 6 (25)
Fall 5 (11) 3 (13) 2 (8)
MVI 14 (30) 8 (35) 6 (25)
Pedestrian struck by auto 5 (11) 2 (9) 3 (13)
Other 12 (25) 5 (22) 7 (29)

Initial GCS score
3–4 9 (19) 5 (22) 4 (17)
5–8 30 (64) 15 (65) 15 (62)

>8 8 (17) 3 (13) 5 (21)
GOS score

1–2 23 (64) 13 (65) 10 (62)
3–5 13 (36) 7 (35) 6 (38)

V alues are means 8 SD, percentages in parentheses. MVI = Motor vehicle injury.
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  Fig. 1.   � -Synuclein levels for all TBI patients, inclusive of both 
those receiving TH and normothermia, during the first 6 days 
(D1–6) of admission compared to controls and the mean peak 
level during the period of observation. Levels for D1–6 and peak 
levels for TBI patients were significantly higher than those for 
control.  *  Levels for D4–6 were significantly higher than those for 
D1 or D2.  *  *  Levels for D5 and D6 were also significantly higher 
than D3 levels. Bars: mean values for given day. Error bars: stan-
dard errors of the mean. D = Day. 

  Fig. 2.   � -Synuclein levels for all TBI patients treated with TH ver-
sus normothermia. TBI patients randomized to TH demonstrated 
significantly lower levels of CSF  � -synuclein overall. There was a 
differential time course in patients treated with hypothermia. 
 *  Levels demonstrated a significant elevation in day 6 (D6) above 
D2. D = Day. 
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tween TBI patients and controls, nor between TH pa-
tients and those treated with normothermia.

  TBI patients demonstrated mean daily  � -synuclein 
levels that were significantly higher than that of controls 
( fig. 1 ). CSF mean  � -synuclein levels ranged from 2.203 
to 8.734 ng/ml in TBI patients, and peak CSF  � -synucle-
in levels during the period of observation averaged 8.381 
 8  1.70 ng/ml, which is significantly higher compared to 
controls (0.463  8  0.10 ng/ml). TBI patients demonstrated 
an approximately 5-fold increase in CSF synuclein levels 
on days 1–3 after injury compared to controls. A delayed 
elevation  1 10-fold compared to controls was observed on 
days 3–5, and regression analysis revealed that there was 
an effect of time after injury on  � -synuclein levels (p = 
0.0010). Post hoc analysis demonstrated that values for 
postinjury days 1 and 2 were significantly lower than 
those for days 4, 5 and 6. For day 3, the value was also 
significantly lower than for days 5 and 6.

  Hypothermia 
 There were no significantly different clinical param-

eters or demographic characteristics between patients 
treated with TH or normothermia. TBI patients random-
ized to TH demonstrated significantly lower levels of
CSF  � -synuclein overall (p = 0.0033) ( fig. 2 ). To evaluate 
whether there is a differential time course by treatment, 
we performed individual pairwise comparisons between 
days among patients treated with TH. There was no sta-

tistically significant difference in patients treated with 
hypothermia with the exception of day 2 versus day 6 af-
ter injury (p = 0.043).

  Age and Gender 
 Patients younger than 4 years as well as females dem-

onstrated significantly higher  � -synuclein levels (p  !  
0.0001 and p = 0.0007, respectively) ( fig. 3, 4 ). Interdepen-
dence between age and nonaccidental head injury was not 
found in multivariate regression analysis of the data de-
spite the higher representation of young patients in the 
nonaccidental head injury group as noted above.

  Nonaccidental Head Injury 
 Nonaccidental head injury victims also demonstrated 

 � -synuclein levels significantly elevated above those of 
accidental TBI patients (p = 0.0003) ( fig. 5 ). The represen-
tation of patients  ! 4 years of age in the nonaccidental 
head injury population was significantly higher than that 
in the accidental TBI group (p = 0.002), as might be ex-
pected. The presence of nonaccidental head injury did 
not influence the time course of the rise in  � -synuclein 
levels (p = 0.8489).

  GCS and Injury Severity 
 There was no association of the severity of injury as 

measured by the GCS with synuclein levels.  � -Synuclein 
CSF levels were significantly higher in patients who sus-
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  Fig. 3.   � -Synuclein levels for all TBI patients  ! 4 years old versus 
those 4 years or older. Patients  ! 4 years of age demonstrated sig-
nificantly higher  � -synuclein levels. D = Day.   

  Fig. 4.   � -Synuclein levels for all female versus male TBI patients. 
Females demonstrated significantly higher  � -synuclein levels.
D = Day.         
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tained global brain injury as opposed to focal injury, as 
assessed by computed tomography of the brain during 
the patients’ admission (p = 0.046) ( fig. 6 ).

  Outcome 
 With regard to the GOS, the odds ratio of a higher 

peak CSF  � -synuclein level being associated with either 
good outcome (GOS score 1 or 2) or poor outcome (GOS 
3–5) was not significant. Patients who had a GOS score of 
1–2 at the 6-month follow-up had a mean peak CSF  � -
synuclein level of 6.209  8  1.76 ng/ml, and those with a 
GOS score of 3–5 had a level of 15.760  8  6.409 ng/ml 
( fig. 7 ). Regression analysis showed that for a 1 ng/ml in-
crease in peak synuclein in the TBI patients, the odds of 
having a poor outcome increase by 4.8%, but this was not 
significant (p = 0.1339).

  Discussion 

 Our study shows that  � -synuclein is significantly ele-
vated in CSF after TBI, and patients who were treated 
with TH manifest lower  � -synuclein levels. We demon-
strated that nonaccidental head injury is a significant risk 
factor for elevated levels of CSF  � -synuclein, as well as age 
and gender, and that these effects were not interrelated. 

Regression analysis did not demonstrate a significant ef-
fect of initial GCS score or 6-month GOS score on  � -
synuclein levels.

  This is the first study to examine CSF  � -synuclein lev-
els in TBI. We observed an initial 5-fold increase on days 
1–3 followed by a  1 10-fold increase on days 4–6 in  � -
synuclein levels in TBI patients compared to controls. 
This could reflect different mechanisms involved in the 
progression of TBI pathophysiology. Initial increases 
could be due to a disruption of tissue after the initial in-
sult with the release of intracellular components into the 
extracellular space; hence, levels for the first 3 days are 
elevated over those of controls. Subsequently, the notable 
rise on day 4 and after may be related to secondary injury 
mechanisms and therefore amenable to therapeutic in-
terventions. As such, it is possible that significant tissue 
injury may provoke a release of  � -synuclein from glial 
cells as well, though the largest contribution of soluble
 � -synuclein is likely from injured neurons [Mori et al., 
2002; Solano et al., 2000]. It is also possible that  � -synu-
clein has a protective antiapoptotic effect that accompa-
nies elevated levels of cytochrome c, as demonstrated in 
previous studies [Hashimoto et al., 1999; Satchell et al., 
2005]. Another possibility is that CSF synuclein levels are 
elevated as a result of synaptic dysfunction and altered 
transport mechanisms following TBI.
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  Fig. 5.   � -Synuclein levels for all trauma patients admitted with a 
diagnosis of accidental TBI versus nonaccidental head injury. 
Nonaccidental head injury victims demonstrated  � -synuclein 
levels significantly elevated above those of accidental TBI pa-
tients. D = Day.         

  Fig. 6.   � -Synuclein levels for all TBI patients who sustained glob-
al brain injury versus focal brain injury.          *  Peak levels for patients 
with global injury were higher than levels for patients who had 
focal injury. D = Day. 
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  Effect of Hypothermia 
 TH attenuates proteolysis, inflammation and apopto-

sis among numerous other biochemical processes in the 
aftermath of TBI in various animal models [Büki et al., 
1999; Huang et al., 2009; Jia et al., 2009; Lotocki et al., 
2006]. Secondary injury pathways after TBI are promis-
ing avenues of investigation, whether they can directly 
improve outcome or widen therapeutic windows for oth-
er interventions. In addition to reducing early astrocyte 
c-Jun N-terminal kinase activation [Huang et al., 2009; 
Lotocki et al., 2006], TH decreases X-linked inhibitor of 
apoptosis protein cleavage in experimental TBI [Lotocki 
et al., 2006], and reduces the expression of proapoptotic 
tissue inhibitor of metalloproteinase-3 expression [Jia et 
al., 2009]. Our study demonstrates that TH has negative 
effects on  � -synuclein release into the CSF after TBI. This 
is supported by previous observations that TH attenuates 
constitutive  � -synuclein release from the synapse [Lee et 
al., 2005]. There are several possibilities as to the underly-
ing mechanisms behind these results. One is that  � -synu-
clein release is increased after TBI, as is the case in other 
neuronal injury mechanisms [Lee et al., 2005, 2010], and 
TH reduces its transport and exocytosis. Alternatively, 
 � -synuclein release may be blunted because of a neuro-
protective effect from TH against secondary injury mech-
anisms. A third possible mechanism is that  � -synuclein 
production is upregulated following TBI and TH attenu-

ates its levels. Whether the effects of TH on CSF  � -synu-
clein levels are mediated directly, or are the consequence 
of other phenomena that can result from TH such as se-
rum electrolyte changes, blood pressure and fluid bal-
ance changes, altered immunity and others, remains to 
be discovered. A larger study population with more fre-
quent  � -synuclein sampling would be instrumental in ac-
complishing this. Finally, mitochondrial dysfunction, in-
clusive and exclusive of cytochrome c release, is also an 
important factor in secondary injury following TBI [Rob-
ertson et al., 2009; Uzan et al., 2006]. TH is a promising 
intervention protecting mitochondrial viability in ani-
mal models of ischemic injury [Canevari et al., 1999].

  Effect of Age 
 Severe TBI in the 0- to 4-year-old patient has been as-

sociated with a 1-year postinjury mortality rate approach-
ing 62% and a poor GOS score at the 6-month follow-up 
[Levin et al., 1992]. Factors such as the mechanism of in-
jury, relative size of the patient to the injury source as well 
as synaptic density [Gill et al., 2009; Glantz et al., 2007; 
Tsujimoto, 2008] may play a role in the significance of the 
initial insult. Moreover, animal models of pediatric and 
young adult TBI have described progressive decreases in 
synaptic proteins in injured cortex and hippocampus 
suggestive of synaptic dysfunction [Ansari et al., 2008; 
Gobbel et al., 2007]. Given that synaptic proliferation is 
exuberant by the age of 2 years in children [Johnston et 
al., 2009], the synaptic pathology following severe TBI is 
perhaps more significant in the young than in older pop-
ulations. In this study, TBI patients  ! 4 years of age had 
greater elevation in CSF  � -synuclein than patients  6 4 
years of age. This possibly reflects increased extracellular 
 � -synuclein dispersion after injury after cell lysis, dis-
rupted cell membrane integrity or disrupted regulation 
of normal exocytosis. Another potential reason for de-
creased release of  � -synuclein from the injured neuron is 
reduced axonal transport of the protein in older individ-
uals, as seen in a transgenic mouse model [Li et al., 2004]. 
The age dependence of this phenomenon is unknown, 
however, and requires further investigation.

  Effect of Gender 
 Memory function following moderate-to-severe pedi-

atric TBI has been demonstrated to be significantly worse 
in males than in females [Donders and Hoffman, 2002; 
Donders and Woodward, 2003]. This complements other 
literature that also describes protective effects of female 
gender after TBI [Bayir et al., 2004; Berry et al., 2009; 
O’Connor et al., 2003; Ost et al., 2008], though this has 
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been controversial [Davis et al., 2006; Ponsford et al., 
2008]. Mechanisms to explain this have included the ex-
trinsic effect of circulating sex steroids [Berry et al., 2009] 
as well as greater antioxidant capacity [Du et al., 2004]. 
There has not been a study to date delineating the behav-
ior of  � -synuclein after TBI between males and females; 
however, work done by Satchell et al. [2005] described a 
relationship between female gender and increased CSF 
levels of cytochrome c as an indicator of apoptosis.

  Nonaccidental Head Injury 
 Nonaccidental TBI is a significant cause of head injury 

in children  ! 4 years of age [Gao et al., 2007; Langlois et 
al., 2006]. A number of CSF biochemical markers exam-
ining inflammatory and excitatory cascades are more 
pronounced in nonaccidental TBI than in other TBI 
mechanisms [Bell et al., 1997; Lai et al., 2004; Ruppel et 
al., 2001], and nonaccidental TBI victims fare more poor-
ly in measures of functional and cognitive testing when 
matched for injury severity and demographics [Beers, 
2007]. Furthermore, Satchell et al. [2005] also found that 
cytochrome c elevation in nonaccidental TBI patients ex-
ceeded levels in accidental TBI patients, suggesting non-
accidental TBI patients are at higher risk for apoptotic cell 
death following injury. Similarly, in this study, CSF  � -
synuclein levels were higher in victims of nonaccidental 
TBI. One might argue that lower CSF levels of both cyto-
chrome c and synuclein would be expected due to seques-
tration of cytochrome c by  � -synuclein during apoptosis 
forming intracellular aggregates. Clearly, factors affect-
ing production, clearance and interactions with other 
cellular components for both proteins are involved. Ulti-
mately, increases may correlate more closely with severity 
of tissue damage following TBI and resultant cell lysis or 
disrupted permeability. The initial presenting GCS score 
for each group was not significantly different, however. It 
is possible that  � -synuclein levels are more closely tied to 
secondary injury magnitude than the degree of initial 
impact. Lastly, the increases in cytochrome c and  � -synu-
clein seen several days after injury may also reflect accu-
mulation of the proteins in excess of available lipids for 
aggregation to occur.

  GCS and GOS 
 In the current study, we did not find a correlation be-

tween CSF  � -synuclein levels and injury severity or glob-
al outcome. Several studies in neurodegenerative diseases 
have also failed to show a consistent correlation between 
increased serum  � -synuclein levels and the presence of 
disease symptoms/signs [El-Agnaf et al., 2006; Lee et

al., 2006; Li et al., 2007; Mollenhauer and Trenkwalder, 
2009]. Furthermore, an inverse correlation between CSF 
 � -synuclein levels and disease severity has been shown 
for patients with Alzheimer’s disease and Parkinson’s dis-
ease [Öhrfelt et al., 2009; Mollenhauer et al., 2008], sug-
gesting the possibility that  � -synuclein levels correlate 
with synaptic integrity and thus show a decline over time 
with neurodegeneration. Supporting a role for  � -synucle-
in and synaptic density, our study demonstrated higher 
 � -synuclein levels in patients younger than 4 years. How-
ever, further studies evaluating other measures of synap-
tic function in addition to  � -synuclein are required to 
assess this assumption.

  Limitations of the Study 
 Despite the heterogeneity of TBI and how it is affected 

in terms of mechanism, demographic data and clinical 
characteristics, this study was able to demonstrate sig-
nificant elevations in  � -synuclein in pediatric TBI pa-
tients and several important subgroups. As with other 
studies investigating children with TBI, it is difficult to 
obtain control CSF. The demographics of the control CSF 
donors differed from those of the study population, and 
the control CSF collection method also differed from that 
for the trauma patient CSF. It is likely that protein levels 
in continuously drained CSF would be lower than in lum-
bar-puncture-derived CSF. Corroborating this, it has 
been reported that continuously collected CSF demon-
strates lower concentrations of neuronal injury markers 
compared to samples obtained intermittently [Shore et 
al., 2004].  � -Synuclein exists in a number of different 
conformational states including aggregated and oligo-
meric states [Uversky and Eliezer, 2009] in the adult brain 
after TBI [Ikonomovic et al., 2004; Uryu et al., 2003, 
2007], and soluble  � -synuclein aggregates have been de-
tected in plasma of patients with Parkinson’s disease [El-
Agnaf et al., 2006]. The assay we used in this study for the 
evaluation of  � -synuclein in CSF was primarily designed 
for detection of the monomeric protein, using a monoclo-
nal antibody that identifies amino acid residues 115–125 
in the C-terminal domain. It has been shown that nitra-
tion and phosphorylation of several amino acid residues 
in the C-terminal domain of  � -synuclein facilitates its 
oligomerization [Giasson et al., 2000; Uryu et al., 2003]. 
We previously showed that  � -synuclein monomers and 
its cross-linked complexes with cytochrome c and car-
diolipin can be detected by Western blot using an anti-
body that recognizes the C-terminal 111–131 residues 
[Bayir et al., 2009b]. The immunoreactivity of monomers 
to the detection antibody appears grossly similar to
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that of  � -synuclein-cytochrome c-cardiolipin oligomers 
formed in the presence of hydrogen peroxide. Therefore, 
it is possible that  � -synuclein oligomers were detected by 
the ELISA we used; however, it is more likely that insolu-
ble aggregated forms would largely be found in tissue, as 
opposed to soluble monomers in CSF.

  Conclusions 

 In summary, we conclude that CSF  � -synuclein is sig-
nificantly elevated in pediatric TBI, and levels for postin-
jury days 4–6 are higher than for days earlier in the hos-

pitalization. Levels are significantly higher in victims of 
nonaccidental TBI, in those under 4 years of age and in 
female patients. Lastly, elevations in  � -synuclein after 
TBI are also significantly attenuated in patients receiving 
TH after injury.
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