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Traumatic brain injury (TBI) elicits the immediate production of proinflammatory cytokines which participate in regulating the
immune response. While the mechanisms of adaptive immunity in secondary injury are well characterized, the role of the innate
response is unclear. Recently, the NLR inflammasome has been shown to become activated following TBI, causing processing
and release of interleukin-1f3 (IL-1f3). The inflammasome is a multiprotein complex consisting of nucleotide-binding domain and
leucine-rich repeat containing proteins (NLR), caspase-1, and apoptosis-associated speck-like protein (ASC). ASC is upregulated
after TBI and is critical in coupling the proteins during complex formation resulting in IL-1f3 cleavage. To directly test whether
inflammasome activation contributes to acute TBI-induced damage, we assessed IL-183, IL-18, and IL-6 expression, contusion
volume, hippocampal cell death, and motor behavior recovery in Nlrpl'/ ., Asc™! ~, and wild type mice after moderate controlled
cortical impact (CCI) injury. Although IL-18 expression is significantly attenuated in the cortex of NlrpI”’~ and Asc™’~ mice
following CCI injury, no difference in motor recovery, cell death, or contusion volume is observed compared to wild type. These
findings indicate that inflammasome activation does not significantly contribute to acute neural injury in the murine model of

moderate CCI injury.

1. Introduction

Mechanical trauma to the CNS results in the disruption of
the cellular microenvironment leading to massive necrotic
and apoptotic loss of neuronal and glia populations. The
progressive cascade of secondary events, including ischemia,
inflammation, excitotoxicity, and free radial release, con-
tributes to neural tissue damage. Activation of the innate
immune response, including microglia, peripheral-derived
macrophages, and astrocytes [1-3], can lead to the expression
of proinflammatory cytokines, chemokines, and reactive oxy-
gen species, thereby triggering the inflammatory responses
in the central nervous system (CNS). Recently, the initiation
of such a response following tissue injury was shown to
involve a multiprotein complex called the inflammasome
[4]. This cytosolic complex enables the activation of proin-
flammatory caspases, mainly caspase-1 [5, 6], resulting in

a potent inflammatory response. Inflammasome complexes
generally have three main components: an NLR protein; the
enzyme caspase-1; and an adaptor protein that facilitates
the interaction between the two. The NOD-like receptors
(NLRs) are critical in this process and members of the
inflammasome forming NLR subfamily recruit the adapter
apoptosis-associated speck-like protein (ASC) to activate
caspase-1. Currently, at least 8 different NLR proteins are well
characterized as being capable of inflammasome formation
under a diverse range of stimuli. In the brain, the inflam-
masomes forming NLRs, NLRPI, NLRP2, and NLRP3 have
each been shown to modulate caspase-1 activation and the
subsequent processing of IL-1$ and IL-18, primarily from glia
cells [7-10]. The CNS is particularly sensitive to IL-13 and IL-
18 signaling, since multiple neural cell types express receptors
for these cytokines [11-13]. In addition, activated caspase-1
can mediate a form of necrotic cell death known as pyroptosis
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[14-16], making it a potential candidate for cell death sig-
naling within neurons following injury. Therefore, induction
of the NLR-mediated inflammasome complex could con-
tribute to the proinflammatory milieu as well as neuronal
pyroptosis following immunopathogenic conditions such as
traumatic brain injury (TBI). Interestingly, recent studies
have demonstrated assembly of the NLRP1- and NLRP3-
inflammasome complex including increased expression of
ASC, activation of caspase-1, and processing of IL-1§3 in a rat
model of TBI [8, 9]. Furthermore, therapeutic administration
of anti-ASC neutralizing antibodies was shown to reduce the
innate immune response and significantly decrease contusion
volume in the same model [9]. These studies suggest that
inflammasome activation plays a critical role in acute neural
injury and that pyropotosis may be a key element of neuronal
cell death following brain trauma.

To better understand the role of the NLRP1 inflamma-
some complex in TBI-induced damage, we sought to evaluate
the effects of NLRP1 and ASC gene deletion on cortical
tissue loss in a murine model of controlled cortical impact
(CCI) injury. This model produces a well-demarcated cortical
lesion that mimics the contusions commonly observed in TBI
patients. Because the pathophysiological sequela of TBI is
dependent on impact severity and location, we investigated
whether the absence of inflammasome activation impacts
the histopathological outcome using this distinct model. The
overall goal of this study was to assess the role of the NLR
inflammasome following CCI injury by quantifying IL1-f
and IL-18 expression and determine whether inflammasome
disruption impacts cortical contusion volume and motor

recovery in wild type, NlrpI™/~, and Asc”/~ mice.

2. Materials and Methods

2.1. Animals/Ethics Statement. The NlrpI”/~ mice were pro-
vided by Dr. Beverly H. Koller (UNC Chapel Hill) and
the Asc™/~ (Pycard /") mice were acquired from Genetech.
The generation and characterization of Nlrpl™/~ and Asc™/~
mice have been previously described [17, 18]. All mice were
maintained on the C57Bl/6 background and all animals were
genotyped using standard PCR analysis prior to each study.
All experiments were conducted in accordance with the
NIH Guide for the Care and Use of Laboratory Animals
and were conducted under the approval of the Virginia
Tech Institutional Animal Care and Use Committee (IACUC;
#12-081) and the Virginia-Maryland College of Veterinary
Medicine.

2.2. CCI Injury. Male mice, 2-4 months old, were anes-
thetized with ketamine and xylazine by intraperitoneal (i.p.)
injection and positioned in a stereotaxic frame [19, 20].
Body temperature was monitored with a rectal probe and
maintained at 37°C with a controlled heating pad set. A 5 mm
craniotomy was made using a portable drill over the right
parietal-temporal cortex (—2.5mm A/P and 2.0 mm lateral
from bregma). Injury was induced by moderate CCI using the
eCCI-6.3 device (Custom Design & Fabrication, Richmond,
VA; 4mm impounder) at a velocity of 3.5m/s, depth of
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0.5 mm, and 150 ms impact duration [19, 20]. Moderate CCI
injury results in a well-demarcated cortical lesion or cavity
that mimics the contusions commonly observed in TBI
patients. Sham controls received anesthesia, skin incisions,
and sutures only. Following injury, the incision was closed
using Vetbond tissue adhesive (3M, St. Paul, MN, USA) and
the animals were placed into a heated cage to maintain body
temperature for 1h after injury. At 1, 3, or 14 days after
CCI injury, mice were anesthetized and brain tissue removal
was performed following decapitation. Fresh frozen tissue
was embedded in OCT and sectioned at 30 ym thick. Five
serial coronal sections were (300 ym apart) stained for Nissl
substance [21].

2.3. Rotarod Assessment. Motor function was evaluated using
Rotarod testing, as previously described [21, 22]. Assessment
was performed on the Economex (Columbus Instruments,
Columbus, OH) at 3, 7, and 14 days after CCI by an observer
unaware of experimental groups. The starting velocity was
set at 10 rpm and accelerated to 0.1 rpm/sec. Animals were
pretrained for 4 consecutive days prior to CCI injury with
3 trials (2 minutes resting in between) each day. Each trial
ended when the animal fell off the Rotarod or gripped the rod
and passively spun more than once. Time to fall was recorded
for each trial per animal. A baseline (seconds) was collected
on the fourth day of training. Evaluation of motor function
after injury was based on individual scores relative to each
animal’s baseline latencies and represented as percentage of
baseline.

2.4. Evaluation of Contusion Volume. Lesion or contusion
volume was assessed by a blinded investigator using Cav-
alieri estimator from Stereolnvestigator (MicroBrightField,
Williston, VT, USA) and an Olympus BX51TRF motorized
microscope (Olympus America, Center Valley, PA, USA).
Contusion volume (mm?®) was determined as previously
described [21]. Briefly, volume analysis was performed by
estimating the area of tissue loss in the ipsilateral cortical
hemisphere for five coronal serial sections at or around the
epicenter (—1.1 to —2.6 mm posterior from bregma) of injury.
Nissl stained serial sections were viewed under brightfield
illumination at a magnification of 4x. A random sampling
scheme was used that estimates every 10th section from
rostral to caudal, yielding five total sections to be analyzed. A
randomly placed grid with 100 ym spaced points was placed
over the ipsilateral hemisphere and the area of contusion
was marked within each grid. Contusion boundaries were
identified by loss of Nissl staining, pyknotic neurons, and
tissue hemorrhage. The contoured areas, using grid spacing,
were then used to estimate total tissue volume based on
section thickness, section interval, and total number of
sections within the Cavalieri program, Stereolnvestigator.
Data is represented as volume of tissue loss or contusion
volume (mm?) for wild type, Nlrpl_/ =, and Asc”’™ mice.

2.5. Evaluation of Protein Cytokine Levels in Cortical Tissue
Samples. Protein was isolated from cortical tissue samples of

wild type, NIrpI/~, and Asc™/~ mice 1 day after CCI injury
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as previously described [21]. Briefly, fresh brain tissue was
dissected in L15 (Gibco) media on ice and homogenized in
RIPA buffer (pH 7.5, 1% NP-40, 1% sodium deoxycholate, 0.1%
SDS, 0.15M NaCl, 2mM EDTA, and 0.01 M sodium phos-
phate) in the presence of complete protease inhibitor cocktail
(Roche, Florence, SC, USA) and phosphatase inhibitor cock-
tail 2 (Sigma-Aldrich, St. Louis, MO, USA). Supernatant was
collected by centrifuging at 14 000 xg for 30 min at 4°C and
the Lowry assay was used for the determination of protein
concentration (Pierce, Rockford, IL, USA). Protein samples
were then tested for IL-1p3, IL-18, and IL-6 expression levels
using ELISA (BD Biosciences), as previously described [23].
Final concentrations of each cytokine were calculated based
on internal standard controls and represented as pg/mL, then
normalized to the amount of protein (mg) loaded per well of
the ELISA and represented at (pg/mL)/mg for each sample.
This is a standard procedure to account for differences in
starting protein levels that could significantly influence the
final concentration of each cytokine [24-26].

2.6. Metadata Analysis. The microarray data was gener-
ated following a metadata analysis or data mining of
publically available datasets using a publically accessible
microarray meta-analysis NextBio search engine, available
at http://www.nextbio.com/b/search/ba.nb. The data anal-
ysis was performed from the following datasets: human:
GSE2392, 1432, 10612, 12837, 12305 12679; mouse: GSE17256,
10246, 9566, 11288; TBI study: GSE2392.

2.7 Statistical Analysis. Data was graphed using GraphPad
Prism, version 4 (GraphPad Software, Inc., San Diego, CA).
Student’s two-tailed ¢-test was used for comparison of two
experimental groups. Multiple comparisons were done using
one-way and two-way ANOVA, where appropriate, followed
by Tukey test for multiple pairwise examinations. Changes
were identified as significant if P was less than 0.05. Mean
values were reported together with the standard deviation
(SD).

3. Results

3.1. NLRPI Inflammasome Activation Does Not Contribute
to Acute Cortical Damage after CCI Injury. Inflammasome
complex formation has been shown to play a critical role in
initiating inflammation in a variety of settings [27], though
our understanding of its role in neuroinflammation is limited.
Here, we sought to analyze the effects of inflammasome
disruption on acute neural tissue damage and cytokine
production following TBI. Specifically, we evaluated injury
outcome in NlrpI”/~ and Asc™~ mice, using the controlled
cortical impact (CCI) model [19-21], at 3 days after injury.
Serial sections were subjected to Nissl staining and contusion
boundaries were demarcated by loss of Nissl stain, pyknotic
neurons, and tissue hemorrhage. Using the Cavalieri estima-
tor, we found no significant difference in contusion volume
(F = 137, P = 0.3) among wild type (4.22 + 0.97 mm?;
n = 8), NlrpI”/~ (3.70 + 112mm* n = 7), and Asc™/~ (4.57

+ 1.43mm’; n = 5) mice at 3 days after CCI (Figures 1(a)-
1(c) and 1(g)) or 14 days (F = 1.07; P = 0.49); (3.113 +
0.85mm’ n = 8;3.0 £ L.2mm’ n = 5 3.76 + 0.66mm’ n =
5, resp.) (Figures 1(d)-1(f)) after CCI injury. These results
indicate that genetic ablation of specific genes known to be
involved in the formation of the NLR inflammasome complex
has no effect on neural tissue loss in the cortex following
acute TBI. We also performed Rotarod behavioral analysis
to test whether motor deficit and recovery were affected by
inflammasome disruption following CCI injury. Mice were
pretrained on the Rotarod 4 days prior to CCI injury then
subjected to motor assessment at 3, 7, and 14 days after sham
or CCI injury. Time to fall was recorded then normalized
to the average baseline time for each mouse. No differences
between groups were seen following sham injury for each
time point tested (Figure 1(h)). Although motor deficits were
observed following CCI injury, no difference between groups
was observed in motor ability at 3 days (wild type 60.07% +
184 n = 9; Nlrpl™"~ 55.7% + 9.1 n = 5; Asc”~ 45.44% +
10.5n = 5) compared to baseline, or at any other time
point tested (Figure 1(i)). These data correlate with contusion
volume estimates and confirm that inflammasome disruption
has no effect on neural tissue loss or motor function after CCI
injury.

Next, we investigated the protein expression of the proin-
flammatory cytokines IL-1/3, IL-18, and IL-6 in the cortex of
Nirp1™/~, Asc™~, and wild type mice following CCI injury.
Following injury, we collected cortical tissue samples from
the ipsilateral and contralateral hemispheres of sham- and
CCl-injured mice at 24 hours. Total IL-1f3, IL-18, and IL-6
levels were quantified using ELISA. Our findings demonstrate
that CCI injury results in a significant increase in IL-13 (1.3-
fold; 78.2 + 13.6 pg/mL per mg protein) and IL-6 (5-fold;
229.3 £ 30.9) levels in the wild type CCI-injured ipsilateral
cortex compared to uninjured contralateral (IL-18 56.8 +
2.9; IL-6 43.3 + 29.2) or sham-injured ipsilateral tissue (IL-
18 453 + 5.7; IL-6 56.6 + 12.9) (Figures 2(a) and 2(c)).
However, ipsilateral IL-1 levels are significantly attenuated
in CClI-injured Nlrpl_/_ (51.9 + 6.5) and Asc’™ (56.8 +
3.7) mice, where levels reach that of uninjured wild type
samples (Figure 2(a)). On the other hand, we observed a
similar increase in IL-6 in the injured cortex of wild type,
Nlrplf/ ~,and Asc”’~ mice (Figure 2(c)). Ipsilateral IL-6 levels
are slightly reduced in NirpI”/~ (172.6 + 34.9) but not in
Asc™!™ (1974 + 29.7) compared to wild type. Interestingly, no
significant difference in IL-18 levels was found following CCI
injury, although a reduced trend in all ipsilateral samples is
observed (Figure 2(b)). We find that disruption of the NLRP1
inflammasome complex leads to an attenuation of IL-183
production, an end-product of the inflammasome complex,
while having minimal effects on IL-6 following CCI injury.
These data indicate that IL-18 does not significantly con-
tribute to the neural tissue injury in this model. We further
characterized the histopathological changes induced by CCI
injury in wild type (Figure 2(d)), Nlrp]f/f (Figure 2(e)),
and Asc”” (Figure 2(f)) using H&E staining. For each
strain of mice, we found a well-demarcated area of oncosis,
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FIGURE 1: Genetic disruption of the NLRP1 inflammasome complex has no effect on contusion volume and motor deficits following CCI
injury. Using Cavalieri estimator on Nissl stained sections collected from (a, d) wild type, (b, €) NlrpI™'~, and (c, f) Asc”/~ brains at 3 and 14
days after injury, respectively, shows no significant change in contusion volume (mm?®). (d) Bar graph represents mean contusion volume +
SD in wild type, NlrpI™'~, and Asc™~ mice (n = 5-8 per group). Rotarod assessment or motor function was performed in each group and

demonstrates no significant difference between sham-injured mice (h) or CCI-injured mice (i). n = 5-9 per group, represented as mean +
SD.
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FIGURE 2: Cytokine protein expression and histopathology in wild type, NlrpI”~, and Asc”~ mice. Quantification of IL-1f3, IL-18, and IL-6
in wild type, Nlrp1/~, and Asc™/~ cortical tissue samples analyzed by ELISA 1 day after CCI injury. (a) IL-18, a direct release product of the

inflammasome signaling cascade, is significantly reduced in the ipsilateral cortex of NlrpI™/~ and Asc™

/= compared to wild type cortex. (b) No

significant differences were observed in IL-18 levels 1 day after injury. (c) IL-6 is increased in wild type, NlrpI™'~, and Asc™~ mice following

trauma with a slight attenuation in Nlrp]f/ ~ ipsilateral cortex compared to wild type.
P < 0.001 compared to wild type ipsilateral cortex. (d) H&E staining on coronal brain
mice shows no difference in histopathological outcome. Prominent cellular features present

injured cortical control samples. *P < 0.05 and ***

sections from wild type, (e) Nlrpl_/ ~,and (f) Asc™”~

EET]

P < 0.001 compared to the contralateral and sham-

in all sections include large numbers of necrotic neurons (thin arrows), few macrophages (arrowheads), and neutrophils (thick arrows); insets.

Scale bar = 1 mm. n = 4-5 per group, represented as mean + SD.

hemorrhage, and loss of neuropil at 3 days after CCI injury.
In all sections tested, the surrounding devitalized brain tissue
was vacuolated and contained numerous oncotic neurons
(Figure 2 insets; thin arrows), low numbers of macrophages
containing phagocytized erythrocytes and cellular debris
(Figure 2 insets; arrowheads), and numerous neutrophils
present in the perilesion site and perivascular spaces (Figure 2
insets; thick arrows). Histopathological assessments revealed
no significant differences in inflammatory cell composition
or quantity between the wild type, NIrpI™~, and Asc™~ mice
in our assessments 3 days after CCI injury. Likewise, no overt
differences in the pathological phenotype were observed
between the strains of mice following CCI injury.

In order to gain more robust insight regarding gene
expression patterns related to the NLRP1 inflammasome
following CCI injury, we compared our ELISA data with

previous microarray data obtained from murine cortical
tissue samples following sham and CCI injury at 4-72hrs
after trauma using meta-analysis [28]. At each time point
tested from the datasets GSE2392, no change was observed
in gene expression for Nirpl or Asc between sham and injury
levels (Figure 3). However, in agreement with our ELISA
results, the microarray metadata shows an increase in Il1b
(1.8-fold) and Ii6 expression (2.54-fold) at 24 hr after CCI
injury (Figure 3). Likewise, Illa (data not shown; 8 hr after
injury) and IlIrl (Figure 3) are also increased during acute
trauma. Interestingly, at this time, there was also an observed
decrease (—1.28-fold) in 1118 expression. We also observed
that Ccl2 expression consistently showed the highest fold
increase at each time point tested (5.78-,17.2-, 8.86-, and 5.59-
fold, resp.). These results emphasize that trauma-induced
changes occur at the transcriptional level in genes related to
inflammasome associated pathways.
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FIGURE 3: Time course of gene expression in the murine parietal
cortex after CCI injury. Expression of several inflammasome related
genes was compiled using the metadata-analysis system. Cortical
tissue samples from sham- and CCI-injured mice were subjected to
microarray analysis [28, 29]. Changes in expression are represented
as fold change from uninjured levels. No change in Nlrpl or Asc
was detected, while greater expression is noted for II-1b, Il-Irl, II-
6, and Ccl2 at 4, 8, 24, or 72 hrs after trauma. Conversely, there was
a reduced fold change (-1.28) in the expression of II-18 at 24 hours
after CCI injury.

Hippocampal dysfunction and cellular loss are the hall-
mark of TBI [21, 30-32]. In addition to cortical lesion volume,
we evaluated cell death using terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) in the dentate
gyrus (DG) and cortex of wild type, NlrpI”~, and Asc™~
mice (Figure 4). Serial coronal sections were stained with
TUNEL and optical fractionator, and Stereolnvestigator was
used to quantify the total number of TUNEL-positive cells
in the contralateral and ipsilateral DG at 3 days after CCI.
In all three strains, our analysis revealed a similar increase
in cell death in the ipsilateral DG compared to contralateral;
however, no significant difference was observed (Figure 4(a))
between wild type (15077 + 1221.2), NlrpI”~ (1840.6 +
862.3), and Asc”’~ (1635.8 + 315.8) mice in the ipsilateral DG
(Figures 4(b), 4(c), and 4(d), resp.). Similarly, no differences
in TUNEL were seen in the cortex between the experimental
groups (Figures 4(e)-4(g)). These findings indicate that the
extent of cell death induced by cortical impact injury was not
affected by the loss of Nlrpl or Asc expression.

3.2. Meta-Analysis of NLRPI, ASC, and IL-13 Gene Expres-
sion. Prior studies have shown that therapeutic targeting of
the NLRPI inflammasome attenuates the immune response
and significantly improves histopathologic features associ-
ated with traumatic brain injury in rats (PMID: 19401709;
22781337). Likewise, the inflammasome has been suggested to
be a promising target for therapeutic development in humans
to treat a variety of conditions, including following CNS
injury (reviewed in 26024799). Due to the therapeutic interest
in targeting the NLR inflammasome, we sought to evaluate
cell-specific expression in murine and human samples using
a data mining bioinformatics approach. NLRPI, ASC, and IL-
13 expression were analyzed in immune and neural cell types
from both humans and mice using a publically accessible
microarray meta-analysis search engine (NextBio website,
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available at http://www.nextbio.com/b/search/ba.nb), as pre-
viously described [29]. This analysis revealed highly variable
levels between select cell populations relevant to the immune
response compared to neural tissue. Overall, human NLRP],
ASC, and IL-13 show greater median cell expression in
the naive peripheral blood (PB) cells known to respond
to trauma. These include neutrophils, macrophages, and
monocytes (Figures 5(a)-5(c)), with the exception of IL-
13, which has the highest level of expression in human
microglial cells (Figure 5(c)). Brain-derived cell types show
lower median expression levels of these genes suggesting that
the greatest activity occurs in response to immune activation.
Nirpl (Nlrpla; Nlrplb; Nlrplc) (Figure 5(d)) expression data
has not been added to the datasets evaluated using this
method. However, similar results to the human findings were
obtained for Asc and I/I-b in naive C57Bl/6 mice (Figures 5(e)
and 5(f), resp.).

4. Discussion

New insights into the role of the NLR inflammasome complex
during acute inflammation have prompted its investigation in
the pathogenesis of numerous neurological diseases, includ-
ing TBI [33, 34]. The current study shows that genetic deletion
of NLRP1 (Nlrpla, Nirplb, and NlrpIc) or ASC, essential pro-
teins for the assembly of the NLRPI inflammasome complex,
has no direct effect on cortical tissue loss, hippocampal cell
death, or motor behavior deficits. In the present study, we
utilized the Rotarod as a measure of functional recovery
following CCI injury in the motor cortex. This technique
measures aspects of motor impairment that are not evident
by either the beam-balance or beam-walking tasks in our
model. For this reason our current experiments focused on
the Rotarod, which is the most robust, sensitive, and efficient
index for assessing motor impairment produced by CCI
injury [22]. Although we find a significant attenuation of
IL-18 in NlrpI™/~ or Asc”’~ mice, histopathological changes
seen following cortical trauma were similar to that found
in wild type mice. These results are the first to identify
a nonessential role for the NLR inflammasome in injury
outcome following controlled cortical impact using a genetic
approach. Our data is not consistent with previous findings
that demonstrate significant protection following adminis-
tration of ASC neutralizing antibodies in the rat lateral fluid
percussion injury (FPI) model of TBI [9]. This discrepancy
may be due to species differences between rats and mice or
possible variations in the cytokine profile induced between
the CCI and fluid percussion TBI models. Likewise, recent
studies indicate that mouse and rat genetic factors may also
mediate some of this variability [35]. It is also possible that
other compensatory mechanisms may be associated with
TBI progression in the Nlrpl”~ and Asc”~ mice, which
are completely devoid of NLRPI inflammasome function
from birth. The discrepancies observed in our model versus
the prior studies in rats underscore the need for further
investigation to develop additional mechanistic insight into
the role of the NLRPI inflammasome following traumatic
brain injury.
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FIGURE 4: TUNEL analysis in the dentate gyrus and cortex of wild type, NlrpI™~, and Asc”’~ mice. (a) Quantification of TUNEL-positive
cells in the ipsilateral and contralateral dentate gyrus (DG) 3 days following CCI injury. Increased cell death is observed in the ipsilateral
compared to contralateral DG in all groups; however, no significant difference in TUNEL is observed between wild type, NlrpI™'~, and Asc™/~
mice following trauma. Representative immunofluorescence images of TUNEL (green) DAPI (blue) colabeled cells in the ipsilateral DG and
cortex of (b and e) wild type, (c and f) Nlrpl_/ “,and (d and g) Asc”!™ mice, respectively. Images from 4x magnification; scale bar = 0.5 mm

(b-d) and 1mm (e-g). n = 4-5 per group, represented as mean + SD.

In the present study, we utilized NLRP1 and ASC gene
targeted knockout mice, which have been previously shown
to prevent NLRPI-mediated inflammasome complex forma-
tion during acute inflammation [17, 18, 36]. We demon-
strate attenuated inflammasome function in the NlrpI /™ and
Asc™™ mice, as evidenced by reduction of IL-18 following
acute CCI injury. Interestingly, IL-18 levels were unaffected
in the cortex after trauma (Figure 2(b)). In fact, we observed
a trend towards reduced IL-18 levels in wild type, NirpI /™,
and Asc”/~ mice indicating that noninflammasome regulated

pathways may be acting to suppress IL-18 induction in
response to cortical impact. This is further supported by
our metadata analysis that also shows reduced expression of
II-18 at the transcription level (Figure 3). Overall, we find
that abolishing IL-1f3 expression in the absence of ASC and
NLRP1 does not correlate with changes in lesion volume or
behavioral outcome after controlled cortical impact. There-
fore, in order to identify key cytokines that may play a more
central role, we further analyzed IL-6, as this cytokine has
been largely implicated in tissue damage and progression of
cavity formation. IL-6 generation has also been shown to be
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FIGURE 5: Cell-specific gene expression of NLRPI, ASC, and IL-If3 in human and murine tissue. Expression of human (a) NLRPI, (b) ASC,
and (c) IL-1 in relevant immune and neural system cell types was compiled using a publically accessible microarray meta-analysis search
engine (NextBio website: http://www.nextbio.com/b/search/ba.nb. Accessed on September 8, 2014). Expression of mouse (d) Nirpl, (e) Asc,
and (f) Il1b from the C57Bl/6 strain can be directly compared to the human expression profile in specific immune and neural cells. No gene
expression data was available for Nlrpl (Nlrpla, Nlrplb, and Nlrplc) at the time the search engine was accessed. PB: peripheral blood; PFC:

prefrontal cortex.

significantly modulated by several NLRs and is often dysreg-
ulated in NLR deficient mice in other models beyond the
nervous system [36-38]. Compared to the ~2-fold increase
in IL-1f, there was a ~6-fold increase in IL-6 expression
after TBI implying that this protein, among others, is more
central to the inflammatory response in brain trauma. NLRP1
has not previously been shown to regulate IL-6 and the
small reduction seen in the cortical tissue samples of TBI-
injured NlrpI™~ mice (Figure 2(c)) is somewhat surprising.
We do not believe such minimal changes would impact the
overall downstream effects on IL-6 production. However, it is
possible that earlier induction (6-12 hrs) of IL-6 is unaffected,
which is also critical for stimulating the inflammatory milieu
and progression of injury.

ASC, NLRPI, and IL-1§3 are expressed in neurons and
glial, vascular endothelial and peripheral-derived immune
cells [39, 40] and have been shown to be upregulated after
TBI [8, 9]. These immune mediators play a vital role in
activating the inflammatory response, which is a necessary
component of repair and healing [41, 42]. However, acute
inflammation also exacerbates tissue damage in the brain

for which IL-1 has been implicated as a major player [43,
44]. Previous studies in ischemic stroke have demonstrated
that exogenous IL-1 administration can exacerbate neuronal
injury [45], while inhibition of caspase-1 or IL-1 receptor
provides protection [46, 47]. Deletion of IL-la and IL-
13 also can significantly reduce ischemic injury in mice
[48]. Furthermore, current clinical trials of IL-1 receptor
antagonist are underway in patients who suffer acute stroke
[49]. However, our studies indicate that attenuation of IL-
13 does not correlate with neuroprotection in CCI-injured
Nirpr™'~ and Asc™'~ mice suggesting that NLR inflammasome
activation and IL-1 production may not play a significant role
in neuronal damage after TBI. Injury-induced expression of
IL-1p in the current model may be too weak to participate in
eliciting a majority of the immune response. Our data shows
that IL-1f3 is minimally upregulated at 24 hr (1.3-fold increase)
as compared to IL-6 (5-fold increase) suggesting that other
proinflammatory pathways may play a more prominent role
[50]. For example, TNF expression is consistently upregulated
across several TBI models in rodents including CCI, FPI, and
stab wound injury, with detectable levels at 1h after injury,



Mediators of Inflammation

maximal concentration at 3-8 h, and a decline at 24 h after
injury [51, 52]. Similarly, IL-6 is also an important mediator of
neuroinflammation in the brain [53, 54] suggesting that these
and other cytokine pathways may predominate following CCI
injury. Indeed, human clinical studies have demonstrated that
levels of TNF, IL-6, IL-8, and IL-10 correlate with TBI severity
and rates of complication [55-58].

We conclude that disruption of the NLRP1 inflammasome
has no effect on injury outcome in the murine moderate
CCI model. Inflammasome activation and subsequent IL-1f3
expression are not a limiting factor in the behavioral deficits,
neuronal loss in the cortex, or hippocampus associated with
acute CCI injury. NLR inflammasomes have been shown to
be involved in a diverse range of conditions associated with
aberrant inflammation, including many neurological and
neurodegenerative conditions. While our current negative
findings using a genetic approach were unexpected, they
emphasize the need to further explore the clinical relevance
and mechanistic details underlying the NLRP1 inflamma-
some in brain injury and other related central nervous system
disorders.
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