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Abstract
Object—Traumatic brain injury (TBI), the third most common central nervous system (CNS)
pathology, plagues 5.3 million Americans with permanent TBI-related disabilities. To evaluate
injury severity and prognosis, physicians rely on clinical variables. Here we seek objective,
biochemical markers reflecting molecular injury mechanisms specific to the CNS as more accurate
measurements of injury severity and outcome. One such secondary injury mechanism, the innate
immune response, is regulated by the inflammasome, a molecular platform that activates
caspase-1 and interleukin-1β.

Methods—We investigated whether inflammasome components are present in the cerebrospinal
fluid (CSF) of 23 TBI patients, and whether levels of inflammasome components correlate with
outcome. We performed immunoblot analysis of CSF samples from TBI patients and non-trauma
controls and assessed outcome five months post-injury by the Glasgow Outcome Scale (GOS).
Data were analyzed by Mann-Whitney U tests and linear regression analysis.

Results—Patients with severe or moderate cranial trauma exhibited significantly higher CSF
levels of the inflammasome proteins apoptosis-associated speck-like protein containing a caspase
recruitment domain (ASC), caspase-1, and NAcht leucine-rich-repeat protein-1 (NALP-1)
compared to non-trauma controls (P < 0.0001; P = 0.0029; P = 0.0202, respectively). Expression
of each protein correlated significantly with GOS at five months post-injury (P < 0.05). ASC,
caspase-1, and NALP-1 were significantly higher in the CSF of patients with unfavorable
outcomes, including death and severe disability (P < 0.0001).

Conclusions—NALP-1 inflammasome proteins are potential biomarkers to assess TBI severity,
outcome, and the secondary injury mechanisms impeding recovery, serving as adjuncts to clinical
predictors.
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Introduction
TBI affects an estimated 1.5 million people each year and causes one third of injury-related
deaths. Approximately 5.3 million Americans are living today with a permanent TBI-related
disability. Predicting the severity and outcome of TBI is difficult given the lack of objective,
laboratory-based biomarkers. Currently the Glasgow Coma Score (GCS) is the best
available clinical predictor of injury severity; however its value is limited in patients
undergoing pharmacological paralysis for intubation, as a motor score cannot be obtained1.
Predicting outcome is further complicated by the heterogeneity of pathology in patients with
a similar GCS. Therefore, the identification of diagnostic and prognostic biomarkers that
directly reflect injury to CNS cells is imperative. Such biomarkers of TBI will enable
clinicians to assess the degree of damage to the brain, relay prognostic information to the
patient's family members, and target acute and chronic treatments to specific brain damage
mechanisms. For the research scientist and clinician— these biomarker discoveries will
advance our understanding of the pathophysiological mechanisms of TBI and allow new
therapies to be developed.

Morbidity and mortality remain high after TBI due to secondary cell injury and the
progressive loss of CNS tissue. The initial injury is exacerbated by a robust and poorly
controlled inflammatory response, which contributes to secondary cell death in areas of the
brain distant to the initial trauma. The innate immune response is activated by endogenous
danger signals, termed damage-associated molecular patterns (DAMPs). DAMPs are
molecules derived from injured host tissue that alert the body to impending danger by
initiating an inflammatory response in the absence of microbial infection20.. Primary cell
death, which occurs at the location of the initial force of injury due to immediate mechanical
tissue damage, results in the release of DAMPs, including heat shock proteins, uric acid,
adenosine triphosphate, and nucleic acids. DAMPs permeate throughout the extracellular
space and are found in the CSF of patients following TBI5,16. Since CSF directly reflects the
extracellular milieu bathing the neurons, it is likely that activation of the innate immune
response by DAMPs contributes to inflammation after TBI.

DAMPs are recognized by NOD-like receptors (NLRs), a group of cytosolic pattern
recognition receptors that initiate the innate immune response6. NAcht leucine-rich-repeat
protein-1 (NALP-1) is a NLR that interacts with caspase-1, an inflammatory cysteine-
aspartic protease, and apoptosis-associated speck-like protein containing a caspase
recruitment domain (ASC), an adaptor protein, to form a multi-protein complex termed the
inflammasome19,25. Activation of the inflammasome leads to cleavage of pro-caspase-1 into
proteolytically active subunits, which in turn cleave prointerluekins-1β and -18 (IL-1β and
IL-18) into mature, active forms.

IL-1β is a critical mediator of the inflammatory response following TBI4,10. In rodents,
neutralization of inflammasome components decreases contusion volume after fluid-
percussion brain injury, results in tissue sparing and functional improvement after spinal
cord injury, and significantly reduces the levels of proinflammatory cytokines in a mouse
model of stroke2,7,8. Although IL-1β is elevated in the CSF of TBI patients21, the levels of
inflammasome components in the CSF have not been studied.

Upon activation of the inflammasome by DAMPs, ASC and caspase-1 are secreted22. We
thus sought to identify whether the CSF of TBI patients contained components of the
inflammasome that may contribute to the pathophysiology of TBI. Our a priori hypotheses
were: (a) inflammasome proteins ASC, caspase-1, and NALP-1 are acutely elevated in the
CSF of TBI patients compared to non-trauma controls, and (b) there is a difference in
inflammasome protein levels between functional outcomes.
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Here, we report quantitative analysis of inflammasome components in the CSF from TBI
patients and non-trauma controls. We correlate levels of these biomarkers with disability
five months after injury, assessed by the GOS. As inflammation is a key mediator of
secondary damage after TBI, analysis of inflammasome proteins may be used to assess the
extent of inflammation-induced CNS damage, predict the functional outcome of patients,
and direct therapeutic interventions.

Methods
Participants

TBI patients recruited for this single-center prospective, observational study from Jackson
Memorial Hospital (Miami, Florida) presented with the following inclusion criteria: severe
or moderate head trauma (GCS ≤ 12); age 1 month to 65 years; and ventriculostomy.
Control patients required a ventriculostomy for non-traumatic pathology. Patients with acute
meningitis, cerebral vasculitis, or other recent CNS infection were excluded. Written
informed consent was obtained from all patients. The University of Miami’s Institutional
Review Board approved the study.

Patient demographics are shown in Table 1. Nine patients, five males and four females, with
a mean age of 66.3 years (range 29–91) served as controls. A total of 45 CSF samples were
collected from 23 TBI patients on the day of injury and up to three days post-injury. Of the
23 TBI patients, 18 were males and five were females. The mean age was 29.78 years (range
16 to 65). The mechanisms of injury included: 18 motor vehicle accidents (MVA) (including
one ATV and four motorcycle occupants); two gunshot wounds; one fall; one sports injury;
and one assault. 22 of the TBI patients suffered severe brain trauma (GCS ≤ 8) and one
suffered moderate brain trauma (GCS 9–12). At five months post-injury, three patients had a
GOS of 1 (death), 11 patients had a GOS of 3 (severe disability), six patients had a GOS of 4
(moderate disability), and three patients had a GOS of 5 (good recovery). Within the sample
of TBI patients, no patient remained with a GOS of 2 (persistent vegetative state).

Sample Collection and Analysis
CSF samples were collected within 12 hours of injury and up to 72 hours after injury.
Samples were centrifuged at 2000 × g for 10 min at 4°C to pellet cellular bodies and debris.
Supernatants were resolved by gel electrophoresis and immunoblotted as described8.
Quantification of band density was performed with UN-SCAN-IT gel digitizing software
(Silk Scientific, Orem, Utah). Due to the low volume of sample available, NALP-1 was
analyzed in six of the nine controls, caspase-1 was analyzed in 43 of the 45 TBI samples,
and NALP-1 was analyzed in 42 of the 45 TBI samples.

Antibodies
Rabbit anti-ASC serum was prepared by Bethyl Laboratories (Montgomery, TX) as
described8. Anti-caspase-1 (Epitomics, Burlingame, CA) and anti-NALP-1 (Abcam,
Cambridge, MA) were purchased commercially.

Outcome Evaluation
Observers blind to biomarker concentrations assessed global outcomes 5 months post-injury
with the Glasgow Outcome Score (GOS)13, assigned retrospectively using medical records.

Statistics
Statistical comparisons were made using nonparametric tests, considering the ordinal nature
of the GOS variable, a non-Gaussian data set, and a small sample size. Two-tailed p values
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are reported for all statistical tests. CSF expression levels of ASC, caspase-1, and NALP-1
were compared between TBI patients and non-trauma controls using the Mann-Whitney U
Test.

GOS were dichotomized into favorable (GOS-4 or 5) and unfavorable (GOS-3 or 1)
outcome for ease of presentation and interpretation of results. Expression levels of ASC,
caspase-1, and NALP-1 were compared between the outcome dichotomies using the Mann-
Whitney U Test.

To control for multiple comparisons, target p values for data presented in Figures 1 and 2
were adjusted according to the sequentially selective Bonferroni method12. The adjusted
target p values to reject the null hypothesis are p≤0.017 (ASC), p≤0.025 (caspase-1), and
p≤0.05 (NALP-1).

Correlations between GOS and CSF expression levels of ASC, caspase-1, and NALP-1 were
analyzed by linear regression, although GOS is an ordinal variable. A Kruskal-Wallis test
with post-hoc comparisons was utilized to analyze expression levels of ASC, caspase-1, and
NALP-1 for each GOS category. Dunn’s post-hoc tests controlled for multiple comparisons.

Results
Immunoblot analysis shows the inflammasome proteins ASC, caspase-1 (p20), and NALP-1
are present in the CSF of TBI patients and non-trauma controls. Quantitative data from a
densitometric analysis are shown in Figure 1. Expression of the 22kDa isoform of ASC
(Figure 1A), the p20 subunit of cleaved caspase-1 (Figure 1B), and NALP-1 (Figure 1C) is
significantly elevated in the CSF of TBI patients compared to non-trauma controls
(P<0.0001; P=0.0029; P=0.0202, respectively).

To determine if the levels of inflammasome components correlate with outcome, we
grouped study subjects by outcome category (GOS-1 and 3=unfavorable outcome; GOS-4
and 5=favorable outcome). We detected significantly higher levels of ASC (Figure 2A),
caspase-1 (p20) (Figure 2B), and NALP-1 (Figure 2C) in the CSF of TBI patients with
unfavorable outcomes, including death and severe disability with complete dependence on
others for activities of daily living (P < 0.0001).

To further understand the relationship between outcome and inflammasome proteins, we
constructed modified scatter plots of expression levels of ASC, caspase-1 (p20), and
NALP-1 and GOS (Figure 3). A calculated linear regression line is shown for each plot.
Linear regression analysis shows that expression of ASC (Figure 3A; P<0.05), caspase-1
(p20) (Figure 3B; P<0.01), and NALP-1 (Figure 3C; P<0.05) correlate significantly with
outcome at five months. Post-hoc, Dunn’s multiple comparison tests following a Kruskal-
Wallis test showed that the levels of ASC are significantly higher in patients with severe
disability (GOS = 3) compared to patients with moderate disability (GOS = 4) (P<0.001)
and patients with mild to no disability (GOS = 5) (P<0.05). Similarly, expression levels of
caspase-1 (p20) and NALP-1 are significantly higher in patients with severe disability (GOS
= 3) compared to patients with moderate disability (GOS = 4) (P<0.001).

Discussion
Inflammasome Proteins are Acutely Elevated in the CSF of TBI Patients

Inflammation contributes strongly to chronic neuronal cell death after TBI17. We therefore
analyzed protein components of the innate immune response to tissue injury in the CSF of
TBI patients and non-trauma controls. ASC is an adaptor molecule that contributes to
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inflammation in neurons and astrocytes by recruiting pro-caspase-1 to the inflammasome24.
Upon inflammasome activation, ASC oligomerizes into a supramolecular complex that
serves as a platform for caspase-1 activation9. ASC is elevated in cortical homogenates of
rats after spinal cord injury and TBI, and immunocytochemistry reveals ASC expression is
increased specifically in neurons following CNS traumatic injury7,8. Our finding that ASC is
elevated in the CSF of TBI patients within 72 hours of injury, coupled with the existing data,
suggests ASC plays a role in the acute phase of TBI.

The p20 subunit is a component of active caspase-1, which cleaves pro-IL-1β into mature,
active IL-1β. IL-1β is a mediator of the inflammatory response to TBI, contributing to post-
traumatic hyperthermia, blood-brain-barrier permeability, leukocyte recruitment, and further
cytokine production23. Thus, levels of caspase-1 (p20) in the CSF reflect the robust
activation of inflammation in the CNS following TBI.

NALP-1 is a pattern recognition receptor and a member of the NOD-like receptor family,
critical in innate immune responses to tissue injury. NALP-1 forms an inflammasome with
ASC and caspase-1, and antibody-mediated neutralization of the NALP-1 protein reduces
the production of inflammatory cytokines in a mouse model of stroke2. While ASC and
caspase-1, studied predominantly in macrophages, are secreted upon activation of the
inflammasome22, NALP-1 has not been identified in the supernatant of stimulated cells. Qu
and colleagues (2007) propose exosomes containing assembled inflammasome complexes
are packaged into multivesicular bodies that fuse with the plasma membrane and release
inflammasome proteins into the extracellular space. This is one potential mechanism for
releasing proteins into the CSF, though further studies are needed. In sum, elevation of ASC,
active caspase-1, and NALP-1 in the CSF following TBI may reflect the extent of
neuroinflammation, suggesting inflammasome components are acute biomarkers of CNS
injury.

Lower Levels of Inflammasome Proteins are Associated with Favorable Outcomes after
Moderate and Severe TBI

We found that inflammasome proteins are significantly higher in the CSF of patients with
death and severe disability compared to patients with moderate to no disability. The data
suggest inflammasome activation produces chronic neuroinflammation, contributing to
secondary injury and poor outcome five months after TBI. The extent of acute elevation of
these proteins potentially predicts an unfavorable vs. favorable outcome. Such markers
could also direct treatment and rehabilitation efforts. The clinician would target therapies to
patients identified has having a greater risk of inflammation-mediated secondary injury.
Response to treatment could be monitored by following the levels of ASC, active caspase-1,
and NALP-1 in the CSF. One such treatment, therapeutic hypothermia, attenuates the
endogenous inflammatory response of the CNS to TBI by decreasing cytokine production
and reducing activation of astrocytes and microglia3,11,15,28; and, cortical neurons exposed
to moderate hypothermia in culture show a decrease in activation of the inflammasome27.
Looking forward, ASC, active caspase-1, and NALP-1 could serve as objective, biochemical
indicators of treatment efficacy. Additional studies that employ a larger sample size and
extended post-injury time points are needed to explore this potential.

There is a significant, positive correlation between the acute levels of inflammasome
proteins in the CSF and the long-term functional outcome of TBI patients. However, post-
hoc comparisons did not identify a significant difference between GOS-3 and GOS-5 for
caspase-1 or NALP-1. Note that samples were limited— few patients had mild to no
disability at follow-up. No significant differences were found between GOS-3, 4, or 5 and
GOS-1 (death). TBI is a highly heterogeneous disease, and the pathology of the injury may
be clinically devastating while causing only a modest release of inflammatory mediators.
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For example, a relatively small lesion affecting the brainstem and not triggering massive
release of inflammatory mediators into the CSF could still be incompatible with life. Indeed,
one subject represented near the lowest datum point in GOS-1 for each protein in Figure 3
suffered an uncal herniation that compressed the brainstem. The area of lesioned brain may
have been small and the levels of biomarkers relatively low, but the neurological and
functional impact was significant. These findings highlight the need for multiple clinical,
radiological, and biochemical assessments to determine prognosis. Another subject, also
near the lowest datum point in GOS-1 in Figure 3, suffered from diffuse axonal injury. This
patient had only a modest increase in ASC, caspase-1, and NALP-1 in his CSF. His poor
outcome was likely determined by chronic Wallerian degeneration rather than the acute
release of inflammatory mediators. Note this patient received therapeutic hypothermia prior
to the collection of CSF, possibly attenuating the inflammatory response to injury and
release of biomarkers. No other subjects were treated with hypothermia.

While our findings illustrate a diagnostic potential for these proteins in distinguishing
patients with and without a TBI, it remains to be seen if the same proteins distinguish a TBI
patient from one experiencing an acute cerebrovascular accident (CVA). The inflammasome
mediates the acute inflammatory response to a variety of insults, not just trauma26, and may
be elevated in the CSF of patients with other severe disruptions to the brain parenchyma.
This unknown should be explored in future studies that include non-trauma control patients
whose brain parenchyma was still violated (i.e. CVA, tumor resection, abscess, etc.).

Conclusion
Inflammasome proteins are acutely elevated in the CSF of patients suffering from a TBI
compared to non-trauma controls, and the degree of elevation correlates significantly with
long-term functional outcome. Our findings are clinically relevant, as CSF biomarkers are
more specific indicators of neuropathology than serum biomarkers. CSF directly bathes the
brain, closely reflecting the extracellular milieu and biochemical changes that are specific to
the CNS. Sampling the CSF eliminates influences of multi-organ trauma or other systemic
pathology represented in the serum— significant as TBI patients often present with trauma
to other organ systems.

Diagnosis of TBI severity and prediction of recovery currently require neurological
evaluation. If developed, biomarkers could also predict the initial damage to the brain and
recovery potential. In the acute phase of TBI, the physician could rely on the predictive
value of these biomarkers in choosing a neuroprotective treatment. Therefore, an early,
accurate test designed to measure inflammasome proteins as biomarkers of TBI should
provide a most desirable prognostic tool.

One challenge facing biomarker research in any field is the multitude of promising
preliminary studies that upon further investigation are difficult to validate. However, the
potential benefits to the patient provide sufficient justification to continue to explore this
field. To illustrate, a key example of the power of validated biomarkers is the simple test of
serum cholesterol, identified as a biomarker of cardiovascular disease by the Framingham
Heart Study 13 years after the first patient was enrolled14. Here, we demonstrate a potential
for inflammasome proteins as diagnostic and prognostic biomarkers in TBI, whereby better
outcomes are associated with lower levels of ASC, caspase-1 (p20), and NALP-1 in the
CSF. We hope our findings drive further investigation to validate inflammasome proteins as
predictive markers of outcome and optimize an assay for clinical use.
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Fig. 1.
Scatter plots of expression of inflammasome proteins in control and TBI patients. N = the
number of TBI samples analyzed. Samples were immuoblotted for (A) ASC, (B) Caspase-1,
and (C) NALP-1. P values in the upper left corner represent results of a Mann-Whitney U
test. Densitometric analysis revealed a significant increase in expression of ASC, Caspase-1
(p20), and NALP-1 in the CSF of TBI patients compared to non-trauma controls. Solid lines
denote mean values for each group. Different shapes correspond to patient outcomes at 5
months post injury. ★ GOS-5.■ GOS-4.○ GOS-3. ▽ GOS-1. Representative immunoblots
are shown. Samples were run on the same gel but were noncontiguous.
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Fig. 2.
Boxplots of expression of inflammasome proteins sorted by outcome category. The ends of
the whiskers represent the lowest datum within 1.5 interquartile range (IQR) of the lower
quartile and the highest datum within 1.5 IQR of the upper quartile. Outliers are represented
as *. Mann-Whitney U tests indicate higher expression of (A) ASC, (B) Caspase-1 (p20),
(C) and NALP-1 are significantly associated with an unfavorable outcome 5 months after
injury (P < 0.0001). Representative immunoblots of each protein are shown. Samples were
run on the same gel but were noncontiguous.

Adamczak et al. Page 10

J Neurosurg. Author manuscript; available in PMC 2013 February 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Scatter plots and estimated linear regression of (A) ASC, (B) Caspase-1 (p20), and (C)
NALP-1 expression in the CSF with GOS. P values of the linear regression are shown in the
top left of each graph. Expression of each protein correlated significantly with GOS at 5
months post-injury. The P values on the X-axis represent post-hoc comparisons of a
Kruskal-Wallis test. Representative immunoblots are shown. Samples were run on the same
gel but were noncontiguous.
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