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Abstract

Traumatic brain injury (TBI) causes long-lasting neurodegeneration and cognitive
impairments, however, the underlying mechanisms of these processes are not fully
understood. Acid-sensing ion channels 1a (ASIC1a) are voltage-gated Na*-and Ca?*-
channels shown to be involved in neuronal cell death, however, their role for chronic
post-traumatic brain damage is largely unknown. To address this issue we used

ASICla-deficient mice and investigated their outcome up to six months after TBI.

ASICla-deficient mice and their wild-type littermates were subjected to controlled
cortical impact (CCl) or sham surgery. Brain water content was analyzed 24 h and
behavioral outcome up to six months after CCl. Lesion volume was assessed

longitudinally by magnetic resonance imaging and six months after injury by histology.

Brain water content was significantly reduced in ASIC1a” animals compared to wild-
type controls. Over time, ASIC1la” mice showed significantly reduced lesion volume
and reduced hippocampal damage. This translated into improved cognitive function
and reduced depression-like behavior. Microglial activation was significantly reduced

in ASIC1la” mice.

In conclusion, ASICla-deficiency resulted in reduced edema formation acutely after
TBI and less brain damage, functional impairments, and neuroinflammation up to six
months after injury. Hence, ASICla seems to be involved in chronic

neurodegeneration after TBI.

Key words: traumatic brain injury, controlled cortical impact, brain edema, animal

studies, cognitive function

Manuscript key words: acid sensing ion channels, neuroinflammation, traumatic
brain injury, long-term outcome, chronic posttraumatic brain damage, cognitive

outcome



Introduction

Traumatic brain injury (TBI) is a major cause of death and disability wordlwide.*3 In
past decades, most clinical and experimental studies concentrated on clarifying
pathomechanisms occurring in the first hours and days after trauma. It is, however,
increasingly recognized that pathophysiologic processes that aggravate posttraumatic
brain damage thus causing progressive neurocognitive and behavioral deficits are not
restricted to the first few days but may be active for months and even years after TBI.*

9 Furthermore, a history of TBl is a risk factor for the development of neurocognitive,*?

11 14-16

neurodegenerative,'> 3 and psychiatric disorders, and increases all-cause
mortality.l” 18 These clinical symptoms were linked to progressive brain atrophy and
persisting inflammatory changes,*® 2° findings corroborated by experimental studies
showing that progressive histological damage occurs up to one year after
experimental TBI and is accompanied by cognitive dysfunction and depressive

behavior.?124 The exact mechanisms resulting in chronic posttraumatic brain damage

are, however, not fully elucidated yet.

Acidosis is important in the development of acute posttraumatic brain damage and
occurs after experimental as well as clinical TBI.>>?” The mechanisms of acidosis-
induced neuronal damage in TBI are, however, not completely understood. Recently,
acid-sensing ion channels (ASICs) have been proposed as important acid-sensors?® 2°
and hypothesized to play an important role for acidosis-induced post-ischemic
neuronal damage.3% 3! ASICs are widely expressed in the central (CNS) and peripheral
nervous system. 3235 ASIC1a, one of the most prevalent isoforms in the CNS, 333637 js
permeable to Na* and Ca?* and results in neuronal (over)excitation when activated by
extracellular acidosis.3® Based on its potential role in amplifying excitotoxicity, ASICla
has been investigated in a variety of cerebral diseases: its pharmacological inhibition
or genetic disruption reduced infarct volume after cerebral ischemia,3® 3% 4% conferred

neuroprotection in ischemic pre- and post-conditioning*!, reduced brain injury in



models of autoimmune encephalomyelitis,*? and improved outcome in Huntington’s
disease models.** In TBI, ASICla-deficient mice showed attenuated neuronal cell-
death 24 hours and partially improved memory function four days after the insult.*
So far, however, the role of ASIC1a for chronic brain damage and long-term behavioral

impairments after TBI is unknown.

Based on these previous results we hypothesize that acidosis-induced
pathomechanisms mediated by ASICla contribute to the development of chronic
posttraumatic brain damage. To test this, we investigated posttraumatic
neuropathological and neurobehavioral outcome in ASICla-deficient mice up to six

months after experimental TBI.

Methods

Experimental animals
ASIC1la transgenic mice were purchased from Jackson Laboratories (strain## 013733),
male homo- and heterozygous mice and their wild-type littermates were bred

heterozygously* for experiments.

Experimental protocol

All procedures were approved by the Animal Ethics Board of the Government of Upper
Bavaria. Mice of all genotypes were randomly assigned to experimental groups by
drawing lots. All procedures and analyses were performed by a researcher blinded to
group allocation/ genotype and reported according to the ARRIVE criteria. Mice not
reaching the end of the study, i.e. 180 days after TBI, were excluded from analysis in

order to avoid mortality bias.

Brain water content was assessed in 8-10 week-old male ASIC1a”-and wild-type (WT)
littermates (Sham: n=4/group, TBI groups: n=16/group). Long-term evaluation was
performed in 8-10 week-old male ASICla*" (n=12), ASICla”’ (n=12), and WT

littermates (n=11; Figure 1).



Experimental TBI

Controlled Cortical Impact (CCl) was induced as previously described.?? 46-48 After right
parietal craniotomy CCl (impact depth: 1 mm, impact duration: 150 ms, impact
velocity 8 m/s) was performed onto the intact dura, then the bone flap was re-

implanted. Sham operation consisted in craniotomy without CCI.

Body weight
Body weight was evaluated from three days before until 180 days after surgery using

a scale with movement correction (OHAUS®, Munich, Germany).

Brain water content

Brain water content was measured 24h after TBI by the wet-dry-weight-method as
previously described.?% 46 47. 49, 50 Briefly, both hemispheres were dissected and
weighed to obtain the wet weight. After drying (100°C, 24 hours) to obtain the dry
weight, brain water content was calculated using the following formula: wet weight-
dry weight)/wet weight x 100%. The difference between traumatized and non-

traumatized hemisphere was calculated and plotted.

Beam walk test
The Beam walk test for the evaluation of motor function was performed as previously
described.?? 51 32 The time to cross the beam and the number of missteps were

assessed from three days before until 180 days after CCI.

Tail Suspension test

The Tail Suspension test is a widely used behavioral test for the evaluation of
depression-like behavior in rodents.?% >3 >* Animals were fixed by the tail and
suspended head down in a custom-made frame; movement patterns were digitally
recorded for three minutes on day 60, 90, and 180 after TBI. Mobility/ immobility time
were automatically analyzed (EthoVision®XT, Noldus Information Technology,

Wageningen, Netherlands).



Barnes Maze test

The Barnes Maze test is a test paradigm evaluating spatial learning and memory.?% >>
¢ The animal is placed on a brightly lit circular platform and trained to locate the
home-cage placed under one of the 20 holes at the platform rim. Mice were trained
twice daily for four days. On day six the time to reach the home cage (latency),

distance, and speed travelled were evaluated by automated image analysis

(EthoVision®XT).

Analysis of cortical and hippocampal lesion volume

Floating sections were prepared using a vibratome as previously described.>’ Briefly,
13 50 um thick coronal brain sections were prepared at 500 um intervals. Sections
were stained according to Nissl and digitized at 12.5-fold magnification (Zeiss Axio
Imager M2, Carl Zeiss, Oberkochen, Germany). The area of the non-traumatized (A)
and the traumatized hemisphere (B) were determined (Supplemental Fig. 1a) and the
lesion area (C) was calculated (A-B=C) for each level. The lesion volume was then
calculated according to the following formula:

Lesion volume = 0.5 mm*(C1/2+ C2+......+ C13/2).22

Six sections containing the hippocampus (1.5 mm anterior to 4 mm posterior to
bregma) were used to determine hippocampal damage as depicted in Supplemental

Fig. 1b.

Evaluation of lesion volume by Magnetic Resonance Imaging (MRI)

Lesion size after TBI was assessed longitudinally by T2-weighted (T2W) imaging using
a 3 Tesla Nanoscan PET/MRI scanner (Mediso Medical Imaging Systems, Budapest,
Hungary) on day 14, 60, 90, and 180 following TBI as previously described.?? On 19
coronal slices, both hemispheres were manually segmented (Supplemental Fig. 1c)
and lesion volume was analyzed using an image analysis software (InterView™
FUSION, Mediso Medical Imaging Systems, Budapest, Hungary) and calculated as

described above.



Immunohistochemistry

Sections were incubated overnight with the respective primary antibody in 1% bovine
albumin, 0.1% gelatin, 0.5% Triton X-100 in 0.01 M PBS before addition of the
secondary antibody (1:200, 2h, Alexa Fluor® 594, Jackson, Pennsylvania, USA). The
following primary antibodies were used: iba-1 (Wako, #019-19741, 1:200), CD68

(Milipore, #MAB1435, 1:200), NeuN (Synaptic Systems, #266004).

To quantify iba-1 and CD68 positive cells, maximum projection Z-stacks were obtained at
bregma level with a 40-x oil immersion objective using a confocal microscope (Zeiss LSM810,
Zeiss, Oberkochen, Germany) as previously described. ®/ Quantitative image analysis was
performed by an investigator blinded to the genotype (Imagel software; NIH, Bethesda, MD).
Quantitative image analysis was performed by an investigator blinded to the genotype
(Imagel software; NIH, Bethesda, MD). Three corresponding ROIs (x:354 um, y:354 um, z:25
pum) in the ipsi- as well as the contralateral hemisphere were analyzed; after background
correction, all iba-1 or CD68 positive signals/pixels were subjected to automated threshold

processing and subsequently counted.
Statistical analysis

Statistical analysis was performed using Sigma plot 13.0 (Systat, Erkrath, Germany).
Sample size calculations were performed with the following parameters: alpha-
error=0.05, beta-error=0.2, standard deviation 15 - 20% (depending on the parameter
investigated), and a biologically relevant difference of 30%. For comparing two groups
the Mann—Whitney test was used, while the Kruskal-Wallis followed by Dunn’s post-
hoc test was used for multiple-group comparisons. For correlation analysis, the
Pearson test was used. Survival rate was analyzed by the Log Rank test. Differences
between groups were considered significant at P<0.05. All data is expressed as mean

+ standard deviation (SD).

Results



ASICla-deficiency does not affect mortality and body weight after TBI

Two animals in the WT group, three in the ASIC1a*/ group, and three in the ASICla”
group died within seven days after trauma. All other mice survived until at least 180
days after TBI. After three more WT and two more ASICla*/- mice and one more
ASICla”’ mouse died around 190 days after trauma, the study was terminated and all
animals were sacrificed. There was no significant difference between groups regarding
acute or delayed mortality (Fig. 2a). Body weight of all mice decreased by
approximately 13% one day after TBI, then gradually recovered back to baseline.

There was no significant difference between genotypes (Fig. 2b).

ASIC1a knock-out reduces brain edema formation 24h after TBI

In wild-type littermates TBI induced a significant increase in brain water content 24
hours after injury (+2.5 + 2.0%). In ASIC1la’" animals, this increase was significantly
reduced by almost 75% (0.6 + 1.4%, p<0.01), indicating a reduction of brain edema

formation in these animals (Fig. 3).

ASICla-deficiency has no effect on motor function after TBI

Three days before TBI, all animals crossed the beam in about 10 seconds, and without
missteps. One day after CCl, motor function significantly deteriorated in all
investigated groups as indicated by a prolonged crossing time (70-100s; p<0.01 vs
baseline, Fig. 4a) and an increase in the number of missteps (Fig. 4b, p<0.01). Both
parameters partially recovered within 7 days, but did not return to pre-trauma values.

There was no difference between groups at any time point.

ASICla-deficiency reduces depression-like behavior after TBI long-term

When hanging head down by the tail mice usually try to right themselves up for most
of the observation time, i.e. 180 seconds. In wild-type and heterozygous mice TBI
reduced the time the animals tried to right themselves up (mobility time) to about 100
seconds. Homozygous ASICla-deficient animals, however, showed a significantly

higher mobility time of about 140 seconds at all time points (Fig. 5; p<0.01). These
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findings strongly suggest that ASICla-deficiency improves depression-like behavior

after TBI.

ASICla-deficiency improves long-term memory function after TBI

Following TBI, WT and ASIC1a*- mice had difficulties finding their home cage as
evidenced by representative heat map analysis (Fig. 6a). When quantifying memory
function, latency to goal as well the distance travelled improved over time in all groups
(Fig. 6b and c), however, ASIC1a” mice found their home cage twice as fast (Fig. 6b;
p<0.05) and covered half of the distance compared to their wild-type littermates at
the end of the observation time (Fig. 6¢; p<0.05). These results suggest that ASICla-

deficiency preserved memory function after TBI.

ASICla-deficiency protects the brain against TBl-induced neurodegeneration

In order to evaluate lesion volume in the same animals over time, we performed
longitudinal T2-weighted MR-imaging up to six months after injury (Fig. 7a). In wild-
type mice lesion volume steadily increased from 14 until 180 days after TBI (Fig. 7b;
open circles; p<0.01 vs 14 days after TBI). In heterozygous and homozygous ASICla-
deficient animals, however, this increase was not observed (Fig. 7b, closed circles).
Despite similar lesion volumes 14 days after brain injury, there was no obvious
longitudinal lesion progression in these animals. 60, 90, and 180 days after TBI
heterozygous and homozygous ASICla-deficient animals had significantly smaller
lesion volumes than their wild-type littermates (Fig. 7b). There was, however, no
difference between homozygous and heterozygous ASICla-deficient mice. At the end
of the observation time, lesion volume was also determined by histomorphometry
(Fig. 7c). Also this analysis revealed that WT mice had significantly larger lesion
volumes (37.0 £ 5.1 mm3) than ASIC1a*/- (26.9 + 3.3 mm3; p<0.01 vs WT) and ASICla”"
mice (25.8 + 3.9 mm?3; p<0.01 vs WT; Fig. 7d). Volumes obtained by histology strongly
correlated with those measured by MRI (r=0.8266, P<0.0001, Fig. 7e), indicating that

MRI measurements are a reliable way to quantify posttraumatic brain damage.
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TBI caused significant hippocampal damage in the traumatized hemisphere (Fig. 8a).
WT animals lost over 80% of their ipsilateral hippocampal volume 180 days after injury
(26.3£4.0% of hippocampal volume preserved vs. non-traumatized side). In
homozygous and heterozygous ASICla-deficient mice hippocampal volume loss was
significantly reduced from 80 to about 55% (ASICla*/": 44.2 + 13.1%, ASIC1la”’": 45.4 +

4.8%, Fig. 8b).

ASICla-deficiency results in less neuroinflammation after TBI

In order to examine neuroinflammation, we assessed microgliosis by iba-1-staining
and microglial activation by CD68-staining near the rim of the contusion and in the
same area of the contralateral hemisphere in WT and homozygous ASICla-deficient
mice six months after TBI (Fig. 9a). Even at this very late time point after injury, the
traumatic contusion was surrounded by a large number of iba-1- (red fluorescence)
and CD68-positive (green fluorescence) cells, suggesting massive microglia
proliferation and activation (Fig. 9a; ipsi WT). No such changes were observed in the
contralateral hemisphere (Fig. 9a; contra WT). In homozygous ASICl1a- deficient mice
much less iba-1- and CD68-positive cells were observed and most cells were located
in the immediate proximity of the lesion boarder (Fig. 9a; ipsi ASIC1a”"). Again no
activated microglia were observed in the contralateral hemisphere (Fig. 9a; contra
ASICla”’"). When quantifying iba-1 and CD68-fluorescence signals by integrated
density analysis, we found the same amount of iba-1-fluorescence in the contralateral
hemisphere of both genotypes, suggesting that our approach was sensitive enough to
detect quiescent microglia in healthy brain tissue (Fig. 9b; open and closed bars). After
TBI, the iba-1 signal increased by more than nine-fold in WT mice, but only 3.5-fold in
homozygous ASICla-deficient mice (Fig. 9b; striped bars; p<0.01 vs. contralateral and
vs. WT). Regarding CD68, a marker for microglia activation, as expected, almost no
CD68 signal was detected in healthy brain, i.e. in the contralateral hemisphere (Fig.

9¢; open and closed bars). After TBI, however, the CD68 signal in WT mice increased
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by more than 25-fold (Fig. 9c¢; striped open bar; p<0.001). This massive activation of
microglial cells was significantly reduced in homozygous ASICla-deficient mice
(p<0.01); in these animals, the CD68 signal increased only three-fold (Fig. 9¢; striped
closed bar; p<0.001), suggesting that ASIC1a may play a significant role for microglial

activation and maintenance of neuroinflammation following TBI.

Discussion

Here, we investigated the effect of ASICla-deficiency on long-term structural and
functional outcome after experimental traumatic brain injury. We observed a
significant reduction of cortical and hippocampal brain damage accompanied by
improvement of cognitive and behavioral deficits as compared to littermate controls
up to six months after TBI. The improved outcome seems to be mainly caused by
reduction of hippocampal damage as the extent of posttraumatic hippocampal
atrophy has been shown to correlate to cognitive deficits and mood disorders.>86!
Heterozygous knock-out of ASICla led to a significant reduction of structural brain
damage, comparable to that seen in homozygous knock-out mice, however,
behavioral testing yielded variable results, i.e. there was a trend towards reduced
depression like behavior and towards worse performance in learning and memory
function. However, these changes were not significantly different as compared to wild
type animals and may be may be caused by varying ASICla activity levels in
heterozygous animals. Nevertheless, to our knowledge this is the first report of a
gene-dose effect in ASICla mediated neuronal damage. The results in heterozygous
animals may have implications for a future putative pharmacological treatment

strategy with possibly incomplete ASIC1a inhibition.

Acidosis is considered a pivotal factor in the pathophysiology of secondary brain injury
after cerebral insults.®%%* After TBI, a drop in extracellular pH occurs and seems to

correlate with injury severity and adverse outcome.®>"%8 Acidosis is most commonly
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caused by posttraumatic cerebral ischemia which is a major pathomechanism of
secondary brain damage after traumatic brain injury and can be detected very early
on after TBI, 2> %972 pbut has also been described to occur and persist at later time
points, e. g. in association with delayed phenomena like posttraumatic vasospasm,’
% and cortical spreading depolarizations.”>”” Acidosis may, however, also develop
without obvious ischemia, most probably due to metabolic derangement,
dysfunctional autoregulatory mechanisms, or a mismatch between cerebral blood
flow and energy demand after TBIL.”® 7° While it is well established that acidosis
induces and exacerbates neuronal injury®* e.g. by protein denaturation,®® induction of
cell swelling,2184 or impeding mitochondrial energy metabolism,%> the exact damage

pathways are not entirely clear yet.

Acid-ion sensing channels 1a (ASICla) are pH-dependent sodium and (to a lesser
degree) calcium-channels expressed on the postsynaptic membrane of central and
peripheral neurons.®® ASICla facilitate excitatory neurotransmission, thereby
mediating synaptic plasticity and memory functions under physiological conditions.?®
3% 87 |t is increasingly recognized, that ASICs also may mediate acidosis-associated
damage after cerebral insults by inducing glutamate-independent neuronal cell
death.?> 4% 88 They also seem to be involved in necroptotic neuronal cell death,?® % a
caspase-independent form of cell death that is mediated by receptor-interacting
protein (RIP) 1 and 3.°'°2 ASIC1a has been shown to play a role in the development
of neuronal damage in the acute phase after TBI.** In the present study, this was
corroborated by our finding that ASICla-deficiency significantly decreased brain
edema formation 24h after TBI. This acute protection has previously been reported to
partially improve memory function in the first days after fluid percussion TBI.**
However, ASICla-effects on structural or functional outcome in the chronic

posttraumatic phase have not been previously investigated. Thus, it remained unclear

whether ASICla-mediated protection was only short-lived or covered also clinically
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relevant time windows, i.e. three or six months. Here, we show that ASICla-deficiency
notably attenuates progression of lesion volume and hippocampal tissue loss for up
to six months after trauma. Furthermore, it ameliorated depressive behavior and

cognitive dysfunction at six months post-TBI, while not affecting motor deficits.

Chronic changes after a single traumatic brain injury are characterized by progressive
global, hippocampal, and gray matter atrophy, as well as ventricular enlargement.?%
22,939 These long-term progressive posttraumatic changes are thought to be caused
by chronic neuroinflammation®® °7 and to persist for years and even decades after a
single TBI.%* 8 Anti-inflammatory strategies have been shown to reduce chronic
posttraumatic neuroinflammation, thereby improving neurocognitive deficits long-
term.?* %2 Chronic inflammation promotes low tissue pH and may thus activate ASICs.
Whether this is a pathway of importance when it comes to chronic posttraumatic
changes, however, has previously not been investigated. ASIC1a has been shown to
contribute to inflammasome activation,!® cytosolic multi-protein complexes which
play an important role for neuroinflammation after TBI.2°%1%* Fyrthermore, in dorsal
root ganglia, inflammatory cytokines increased ASICla-activity.’® Our data support
the notion that acidosis-related ASIC1a-activation is (at least) partially responsible for
the chronic inflammatory reaction after TBI, since ASICla-deficiency resulted in
reduced microglia activation in the present investigation. Our results therefore
indicate that ASICla-mediated inflammatory pathways play an important role for
chronic lesion progression after traumatic brain injury. Acidosis-induced brain damage
mediated by ASICla is a novel and previously not considered factor in the
pathogenesis of chronic posttraumatic brain damage and may therefore be a suitable

target to reduce long-term sequelae of traumatic brain injury.

Conclusion
Acidosis-associated mechanisms seem to play an important role in the development

of long-term consequences of TBI. ASICla-deficiency led to an improvement of

15



structural and functional outcome, most probably by attenuating posttraumatic
inflammatory changes. Targeting ASICla-channels may therefore be a

pharmacological treatment strategy for chronic posttraumatic brain damage.

16



Acknowledgements

The authors would like to thank Anna-Lena Miuller and Janina Biller for technical

assistance.

Authorship confirmation statement

Conception or design of the study: SC, NP, NAT, MW, FR

Acquisition, analysis, or interpretation of the data: SC, XM, XL, AW, SH, UM, IK, NP,

NAT

Drafting the paper or revising it critically for important intellectual content: all

authors.

All authors gave final approval of the current manuscript version to be published and
agree to be accountable for all aspects of the work in ensuring that questions related
to the accuracy or integrity of any part of the work are appropriately investigated and

resolved.

Author disclosure statement

The authors declare no conflict of interest
Funding statement

This project was funded by the Munich Cluster of Systems Neurology (SyNergy; Project
ID (EXC 2145 /1D 390857198) and the Friedrich-Baur-Foundation (grant # 61/18). Shiqi

Cheng was supported by the China Scholarship Council (grant # 201706820029).

17



References

1. Hyder, A.A., Wunderlich, C.A., Puvanachandra, P., Gururaj, G. and Kobusingye, O.C. (2007).
The impact of traumatic brain injuries: a global perspective. NeuroRehabilitation 22, 341-353.
2. Kassi, A.AY., Mahavadi, A.K., Clavijo, A., Caliz, D., Lee, S.W., Ahmed, A.l., Yokobori, S., Hu, Z.,
Spurlock, M.S., Wasserman, J.M., Rivera, K.N., Nodal, S., Powell, H.R., Di, L., Torres, R., Leung,
LY., Rubiano, A.M., Bullock, R.M. and Gajavelli, S. (2018). Enduring Neuroprotective Effect of
Subacute Neural Stem Cell Transplantation After Penetrating TBI. Frontiers in neurology 9,
1097.

3. Tagliaferri, F., Compagnone, C., Korsic, M., Servadei, F. and Kraus, J. (2006). A systematic
review of brain injury epidemiology in Europe. Acta neurochirurgica 148, 255-268; discussion
268.

4. Trivedi, M.A., Ward, M.A., Hess, T.M., Gale, S.D., Dempsey, R.J., Rowley, H.A. and Johnson,
S.C. (2007). Longitudinal changes in global brain volume between 79 and 409 days after
traumatic brain injury: relationship with duration of coma. J Neurotrauma 24, 766-771.

5. Bendlin, B.B., Ries, M.L., Lazar, M., Alexander, A.L., Dempsey, R.J., Rowley, H.A., Sherman,
J.E. and Johnson, S.C. (2008). Longitudinal changes in patients with traumatic brain injury
assessed with diffusion-tensor and volumetric imaging. Neuroimage 42, 503-514.

6. Sidaros, A., Engberg, A.W., Sidaros, K., Liptrot, M.G., Herning, M., Petersen, P., Paulson, O.B.,
Jernigan, T.L. and Rostrup, E. (2008). Diffusion tensor imaging during recovery from severe
traumatic brain injury and relation to clinical outcome: a longitudinal study. Brain 131, 559-
572.

7. Kumar, A. and Loane, D.). (2012). Neuroinflammation after traumatic brain injury:
opportunities for therapeutic intervention. Brain Behav Immun 26, 1191-1201.

8. Guo, Z., Cupples, L., Kurz, A., Auerbach, S., Volicer, L., Chui, H., Green, R., Sadovnick, A.,
Duara, R. and DeCarli, C. (2000). Head injury and the risk of AD in the MIRAGE study. Neurology
54,1316-1323.

9. Wang, H.-K,, Lin, S.-H., Sung, P-S., Wu, M.-H., Hung, K.-W., Wang, L.-C., Huang, C.-Y,, Lu, K.,
Chen, H.-J. and Tsai, K.-J. (2012). Population based study on patients with traumatic brain injury
suggests increased risk of dementia. J Neurol Neurosurg Psychiatry 83, 1080-1085.

10. Dikmen, S.S., Corrigan, J.D., Levin, H.S., Machamer, J., Stiers, W. and Weisskopf, M.G.
(2009). Cognitive outcome following traumatic brain injury. The Journal of head trauma
rehabilitation 24, 430-438.

11. Himanen, L., Portin, R., Isoniemi, H., Helenius, H., Kurki, T. and Tenovuo, O. (2005).
Cognitive functions in relation to MRI findings 30 years after traumatic brain injury. Brain Inj
19, 93-100.

12. Chauhan, N.B. (2014). Chronic neurodegenerative consequences of traumatic brain injury.
Restor Neurol Neurosci 32, 337-365.

13. Johnson, V.E., Stewart, W., Arena, J.D. and Smith, D.H. (2017). Traumatic Brain Injury as a
Trigger of Neurodegeneration. Adv Neurobiol 15, 383-400.

14. Bryant, R.A., O'Donnell, M.L., Creamer, M., McFarlane, A.C., Clark, C.R. and Silove, D.
(2010). The psychiatric sequelae of traumatic injury. Am. J. Psychiatry 167, 312-320.

18



15. Kim, E., Lauterbach, E.C., Reeve, A., Arciniegas, D.B., Coburn, K.L., Mendez, M.F., Rummans,
T.A. and Coffey, E.C. (2007). Neuropsychiatric complications of traumatic brain injury: a critical
review of the literature (a report by the ANPA Committee on Research). The Journal of
neuropsychiatry and clinical neurosciences 19, 106-127.

16. Perry, D.C., Sturm, V.E., Peterson, M.J., Pieper, C.F., Bullock, T., Boeve, B.F., Miller, B.L.,
Guskiewicz, K.M., Berger, M.S., Kramer, J.H. and Welsh-Bohmer, K.A. (2016). Association of
traumatic brain injury with subsequent neurological and psychiatric disease: a meta-analysis.
J. Neurosurg 124, 511-526.

17. Harrison-Felix, C., Pretz, C., Hommond, F.M., Cuthbert, J.P,, Bell, J., Corrigan, J., Miller, A.C.
and Haarbauer-Krupa, J. (2015). Life Expectancy after Inpatient Rehabilitation for Traumatic
Brain Injury in the United States. J Neurotrauma 32, 1893-1901.

18. Harrison-Felix, C.L., Whiteneck, G.G., Jha, A., DeVivo, M.J., Hammond, F.M. and Hart, D.M.
(2009). Mortality over four decades after traumatic brain injury rehabilitation: a retrospective
cohort study. Arch Phys Med Rehabil 90, 1506-1513.

19. Smith, C., Gentleman, S.M., Leclercq, P.D., Murray, L.S., Griffin, W.S., Graham, D.l. and
Nicoll, J.A. (2013). The neuroinflammatory response in humans after traumatic brain injury.
Neuropathol Appl Neurobiol 39, 654-666.

20. Aungst, S.L., Kabadi, S.V., Thompson, S.M., Stoica, B.A. and Faden, A.l. (2014). Repeated
mild traumatic brain injury causes chronic neuroinflammation, changes in hippocampal
synaptic plasticity, and associated cognitive deficits. J Cereb Blood Flow Metab 34, 1223-1232.
21. Loane, D.J., Kumar, A., Stoica, B.A., Cabatbat, R. and Faden, A.l. (2014). Progressive
neurodegeneration after experimental brain trauma: association with chronic microglial
activation. Journal of Neuropathology & Experimental Neurology 73, 14-29.

22. Mao, X., Terpolilli, N.A., Wehn, A., Chen, S., Hellal, F., Liu, B., Seker, B. and Plesnila, N.
(2019). Progressive histopathological damage occurring up to one year after experimental
traumatic brain injury is associated with cognitive decline and depression-like behavior. J
Neurotrauma.

23. Mouzon, B.C., Bachmeier, C., Ferro, A., Ojo, J.0., Crynen, G., Acker, C.M., Davies, P., Mullan,
M., Stewart, W. and Crawford, F. (2014). Chronic neuropathological and neurobehavioral
changes in a repetitive mild traumatic brain injury model. Annals of neurology 75, 241-254.
24. Campos-Pires, R., Hirnet, T., Valeo, F., Ong, B.E., Radyushkin, K., Aldhoun, J., Saville, J., Edge,
C.J., Franks, N.P,, Thal, S.C. and Dickinson, R. (2019). Xenon improves long-term cognitive
function, reduces neuronal loss and chronic neuroinflammation, and improves survival after
traumatic brain injury in mice. Br J Anaesth 123, 60-73.

25. Bouma, G.J., Muizelaar, J.P., Choi, S.C., Newlon, P.G. and Young, H.F. (1991). Cerebral
circulation and metabolism after severe traumatic brain injury: the elusive role of ischemia.
Journal of neurosurgery 75, 685-693.

26. Coles, J.P.,, Fryer, T.D., Smielewski, P., Chatfield, D.A., Steiner, L.A., Johnston, A.J., Downey,
S.P., Williams, G.B., Aigbirhio, F. and Hutchinson, P.J. (2004). Incidence and mechanisms of
cerebral ischemia in early clinical head injury. Journal of Cerebral Blood Flow & Metabolism
24,202-211.

27. Diringer, M.N., Videen, T.0., Yundt, K., Zazulia, A.R., Aiyagari, V., Dacey, R.G., Grubb, R.L.

19



and Powers, W.J. (2002). Regional cerebrovascular and metabolic effects of hyperventilation
after severe traumatic brain injury. Journal of neurosurgery 96, 103-108.

28. Wemmie, J.A., Askwith, C.C., Lamani, E., Cassell, M.D., Freeman, J.H., Jr. and Welsh, M.J.
(2003). Acid-sensing ion channel 1 is localized in brain regions with high synaptic density and
contributes to fear conditioning. J Neurosci 23, 5496-5502.

29. Li, M., Inoue, K., Branigan, D., Kratzer, E., Hansen, J.C., Chen, J.W., Simon, R.P. and Xiong,
Z.G. (2010). Acid-sensing ion channels in acidosis-induced injury of human brain neurons. J
Cereb Blood Flow Metab 30, 1247-1260.

30. Li, M.H., Leng, T.D., Feng, X.C., Yang, T., Simon, R.P. and Xiong, Z.G. (2016). Modulation of
Acid-sensing lon Channel 1a by Intracellular pH and Its Role in Ischemic Stroke. J Biol Chem
291, 18370-18383.

31. Xiong, Z.G., Chu, X.P. and Simon, R.P. (2006). Ca2+ -permeable acid-sensing ion channels
and ischemic brain injury. ] Membr Biol 209, 59-68.

32. Hanukoglu, 1. (2017). ASIC and ENaC type sodium channels: conformational states and the
structures of the ion selectivity filters. The FEBS journal 284, 525-545.

33. Duan, B., Wang, Y.-Z,, Yang, T.,, Chu, X.-P,, Yu, Y., Huang, Y., Cao, H., Hansen, J., Simon, R.P.
and Zhu, M.X. (2011). Extracellular spermine exacerbates ischemic neuronal injury through
sensitization of ASICla channels to extracellular acidosis. Journal of Neuroscience 31, 2101-
2112.

34. Wemmie, J.A., Chen, J., Askwith, C.C., Hruska-Hageman, A.M., Price, M.P., Nolan, B.C,,
Yoder, P.G., Lamani, E., Hoshi, T. and Freeman Jr, J.H. (2002). The acid-activated ion channel
ASIC contributes to synaptic plasticity, learning, and memory. Neuron 34, 463-477.

35. Askwith, C.C., Wemmie, J.A., Price, M.P., Rokhlina, T. and Welsh, M.J. (2004). Acid-sensing
ion channel 2 (ASIC2) modulates ASIC1 H+-activated currents in hippocampal neurons. Journal
of Biological Chemistry 279, 18296-18305.

36. Lingueglia, E., de Weille, J.R., Bassilana, F., Heurteaux, C., Sakai, H., Waldmann, R. and
Lazdunski, M. (1997). A modulatory subunit of acid sensing ion channels in brain and dorsal
root ganglion cells. Journal of Biological Chemistry 272, 29778-29783.

37. Sherwood, TW., Lee, K.G., Gormley, M.G. and Askwith, C.C. (2011). Heteromeric acid-
sensing ion channels (ASICs) composed of ASIC2b and ASIC1a display novel channel properties
and contribute to acidosis-induced neuronal death. Journal of Neuroscience 31, 9723-9734.
38. Chu, X.-P., Papasian, C.J., Wang, J.Q. and Xiong, Z.-G. (2011). Modulation of acid-sensing
ion channels: molecular mechanisms and therapeutic potential. International journal of
physiology, pathophysiology and pharmacology 3, 288.

39. Chassagnon, |.R., McCarthy, C.A., Chin, Y.K,, Pineda, S.S., Keramidas, A., Mobli, M., Pham,
V., De Silva, T.M., Lynch, JW. Widdop, R.E., Rash, L.D. and King, G.F. (2017). Potent
neuroprotection after stroke afforded by a double-knot spider-venom peptide that inhibits
acid-sensing ion channel 1a. Proc Natl Acad Sci U S A 114, 3750-3755.

40. Xiong, Z.G., Zhu, X.M., Chu, X.P., Minami, M., Hey, J., Wei, W.L., MacDonald, J.F., Wemmie,
J.A., Price, M.P.,, Welsh, M.J. and Simon, R.P. (2004). Neuroprotection in ischemia: blocking
calcium-permeable acid-sensing ion channels. Cell 118, 687-698.

41. Pignataro, G., Cuomo, O., Esposito, E., Sirabella, R., Di Renzo, G. and Annunziato, L. (2011).

20



ASICla contributes to neuroprotection elicited by ischemic preconditioning and
postconditioning. International journal of physiology, pathophysiology and pharmacology 3, 1.
42. Friese, M.A., Craner, M.J., Etzensperger, R., Vergo, S., Wemmie, J.A., Welsh, M.J., Vincent,
A. and Fugger, L. (2007). Acid-sensing ion channel-1 contributes to axonal degeneration in
autoimmune inflammation of the central nervous system. Nat Med 13, 1483-1489.

43. Wong, H.K., Bauer, P.O., Kurosawa, M., Goswami, A., Washizu, C., Machida, Y., Tosaki, A.,
Yamada, M., Knopfel, T., Nakamura, T. and Nukina, N. (2008). Blocking acid-sensing ion channel
1 alleviates Huntington's disease pathology via an ubiquitin-proteasome system-dependent
mechanism. Hum Mol Genet 17, 3223-3235.

44.Yin, T, Lindley, T.E., Albert, GW., Ahmed, R., Schmeiser, P.B., Grady, M.S., Howard, M.A.
and Welsh, M.J. (2013). Loss of Acid sensing ion channel-1a and bicarbonate administration
attenuate the severity of traumatic brain injury. PLoS One 8, e72379.

45. Page, A.)., Brierley, S.M., Martin, C.M., Martinez-Salgado, C., Wemmie, J.A., Brennan, T.J,,
Symonds, E., Omari, T., Lewin, G.R., Welsh, M.J. and Blackshaw, L.A. (2004). The ion channel
ASIC1 contributes to visceral but not cutaneous mechanoreceptor function. Gastroenterology
127, 1739-1747.

46. Trabold, R, Eros, C., Zweckberger, K., Relton, J., Beck, H., Nussberger, J., Muller-Esterl, W.,
Bader, M., Whalley, E. and Plesnila, N. (2010). The role of bradykinin B(1) and B(2) receptors
for secondary brain damage after traumatic brain injury in mice. J Cereb Blood Flow Metab 30,
130-139.

47. Zweckberger, K., Eros, C., Zimmermann, R., Kim, SW., Engel, D. and Plesnila, N. (2006).
Effect of early and delayed decompressive craniectomy on secondary brain damage after
controlled cortical impact in mice. J Neurotrauma 23, 1083-1093.

48. Zweckberger, K., Stoffel, M., Baethmann, A. and Plesnila, N. (2003). Effect of
decompression craniotomy on increase of contusion volume and functional outcome after
controlled cortical impact in mice. J Neurotrauma 20, 1307-1314.

49. Krieg, S.M., Trabold, R. and Plesnila, N. (2017). Time-dependent effects of arginine-
vasopressin V1 receptor inhibition on secondary brain damage after traumatic brain injury.
Journal of neurotrauma 34, 1329-1336.

50. Terpolilli, N.A., Kim, S\W.,, Thal, S.C., Kuebler, W.M. and Plesnila, N. (2013). Inhaled nitric
oxide reduces secondary brain damage after traumatic brain injury in mice. J Cereb Blood Flow
Metab 33, 311-318.

51. Terpolilli, N.A., Kim, S.-W., Thal, S.C., Kuebler, W.M. and Plesnila, N. (2013). Inhaled nitric
oxide reduces secondary brain damage after traumatic brain injury in mice. Journal of Cerebral
Blood Flow & Metabolism 33, 311-318.

52. Terpolilli, N.A., Zweckberger, K., Trabold, R., Schilling, L., Schinzel, R., Tegtmeier, F. and
Plesnila, N. (2009). The novel nitric oxide synthase inhibitor 4-amino-tetrahydro-L-biopterine
prevents brain edema formation and intracranial hypertension following traumatic brain injury
in mice. J Neurotrauma 26, 1963-1975.

53. Can, A., Dao, D.T., Terrillion, C.E., Piantadosi, S.C., Bhat, S. and Gould, T.D. (2012). The tail
suspension test. Journal of visualized experiments : JoVE, e3769.

54. Steru, L., Chermat, R., Thierry, B. and Simon, P. (1985). The tail suspension test: a new

21



method for screening antidepressants in mice. Psychopharmacology 85, 367-370.

55. Rosenfeld, C.S. and Ferguson, S.A. (2014). Barnes maze testing strategies with small and
large rodent models. J Vis Exp, €51194.

56. Mclay, R.N., Freeman, S.M. and Zadina, J.E. (1998). Chronic corticosterone impairs
memory performance in the Barnes maze. Physiology & behavior 63, 933-937.

57. Ghosh, M., Balbi, M., Hellal, F., Dichgans, M., Lindauer, U. and Plesnila, N. (2015). Pericytes
are involved in the pathogenesis of cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy. Annals of neurology 78, 887-900.

58. Rosenzweig, E.S. and Barnes, C.A. (2003). Impact of aging on hippocampal function:
plasticity, network dynamics, and cognition. Progress in neurobiology 69, 143-179.

59. Hicks, R., Smith, D., Lowenstein, D., MARIE, R.S. and MclIntosh, T. (1993). Mild experimental
brain injury in the rat induces cognitive deficits associated with regional neuronal loss in the
hippocampus. Journal of neurotrauma 10, 405-414.

60. Ariza, M., Serra-Grabulosa, J.M., Junque, C., Ramirez, B., Mataro, M., Poca, A., Bargallo, N.
and Sahuquillo, J. (2006). Hippocampal head atrophy after traumatic brain injury.
Neuropsychologia 44, 1956-1961.

61. Jorge, R.E., Acion, L., Starkstein, S.E. and Magnotta, V. (2007). Hippocampal volume and
mood disorders after traumatic brain injury. Biol. Psychiatry 62, 332-338.

62. Rehncrona, S., Rosén, I. and Siesjo, B.K. (1981). Brain lactic acidosis and ischemic cell
damage: 1. Biochemistry and neurophysiology. Journal of Cerebral Blood Flow & Metabolism
1,297-311.

63. Siesjo, B.K. (1988). Acidosis and ischemic brain damage. Neurochem Pathol 9, 31-88.

64. Siesjo, B.K., Katsura, K. and Kristian, T. (1996). Acidosis-related damage. Adv Neurol 71,
209-233; discussion 234-206.

65. Clausen, T., Khaldi, A., Zauner, A., Reinert, M., Doppenberg, E., Menzel, M., Soukup, J.,
Alves, O.L. and Bullock, M.R. (2005). Cerebral acid—base homeostasis after severe traumatic
brain injury. Journal of neurosurgery 103, 597-607.

66. Gupta, A.K., Zygun, D.A., Johnston, A.J., Steiner, L.A., Al-Rawi, P.G., Chatfield, D., Shepherd,
E., Kirkpatrick, P.J., Hutchinson, P.J. and Menon, D.K. (2004). Extracellular brain pH and
outcome following severe traumatic brain injury. Journal of neurotrauma 21, 678-684.

67. Enevoldsen, E.M., Cold, G., Jensen, FT. and Malmros, R. (1976). Dynamic changes in
regional CBF, intraventricular pressure, CSF pH and lactate levels during the acute phase of
head injury. Journal of neurosurgery 44, 191-214.

68. DeSalles, A.A., Kontos, H.A., Becker, D.P,, Yang, M.S., Ward, J.D., Moulton, R., Gruemer,
H.D., Lutz, H., Maset, A.L., Jenkins, L. and et al. (1986). Prognostic significance of ventricular
CSF lactic acidosis in severe head injury. J Neurosurg 65, 615-624.

69. Krishnappa, I.K., Contant, C.F. and Robertson, C.S. (1999). Regional changes in cerebral
extracellular glucose and lactate concentrations following severe cortical impact injury and
secondary ischemia in rats. J Neurotrauma 16, 213-224.

70. Engel, D.C., Mies, G., Terpolilli, N.A., Trabold, R., Loch, A., De Zeeuw, C.I., Weber, J.T., Maas,
A.l. and Plesnila, N. (2008). Changes of cerebral blood flow during the secondary expansion of
a cortical contusion assessed by 14C-iodoantipyrine autoradiography in mice using a non-

22



invasive protocol. J Neurotrauma 25, 739-753.

71. Bouma, G.J. and Muizelaar, J.P. (1992). Cerebral blood flow, cerebral blood volume, and
cerebrovascular reactivity after severe head injury. J Neurotrauma 9 Suppl 1, S333-348.

72. Graham, D.I. and Adams, J.H. (1971). Ischaemic brain damage in fatal head injuries. Lancet
1, 265-266.

73. Desai, M. and Morris, N.A. (2018). Prolonged Post-Traumatic Vasospasm Resulting in
Delayed Cerebral Ischemia After Mild Traumatic Brain Injury. Neurocrit Care 29, 512-518.

74. Al-Mufti, F., Amuluru, K., Changa, A., Lander, M., Patel, N., Wajswol, E., Al-Marsoummi, S.,
Alzubaidi, B., Singh, I.P., Nuoman, R. and Gandhi, C. (2017). Traumatic brain injury and
intracranial hemorrhage-induced cerebral vasospasm: a systematic review. Neurosurg Focus
43, E14.

75. Dreier, J.P. (2011). The role of spreading depression, spreading depolarization and
spreading ischemia in neurological disease. Nat Med 17, 439-447.

76. Hinzman, J.M., Andaluz, N., Shutter, L.A., Okonkwo, D.O., Pahl, C., Strong, A.J., Dreier, J.P.
and Hartings, J.A. (2014). Inverse neurovascular coupling to cortical spreading depolarizations
in severe brain trauma. Brain 137, 2960-2972.

77. Menyhart, A., Zolei-Szenasi, D., Puskas, T., Makra, P., Orsolya, M.T., Szepes, B.E., Toth, R.,
Ivankovits-Kiss, O., Obrenovitch, T.P., Bari, F. and Farkas, E. (2017). Spreading depolarization
remarkably exacerbates ischemia-induced tissue acidosis in the young and aged rat brain. Sci
Rep 7, 1154.

78. Vespa, P., Bergsneider, M., Hattori, N., Wu, H.M., Huang, S.C., Martin, N.A., Glenn, T.C,,
McArthur, D.L. and Hovda, D.A. (2005). Metabolic crisis without brain ischemia is common
after traumatic brain injury: a combined microdialysis and positron emission tomography
study. J Cereb Blood Flow Metab 25, 763-774.

79. Johnston, A.J., Steiner, L.A., Coles, J.P., Chatfield, D.A., Fryer, T.D., Smielewski, P.,
Hutchinson, P.J., O'Connell, M.T., Al-Rawi, P.G., Aigbirihio, F.l., Clark, J.C., Pickard, J.D., Gupta,
A.K. and Menon, D.K. (2005). Effect of cerebral perfusion pressure augmentation on regional
oxygenation and metabolism after head injury. Crit Care Med 33, 189-195; discussion 255-187.
80. Kalimo, H., Rehncrona, S., Soderfeldt, B., Olsson, Y. and Siesjo, B.K. (1981). Brain lactic
acidosis and ischemic cell damage: 2. Histopathology. J Cereb Blood Flow Metab 1, 313-327.
81. Plesnila, N., Haberstok, J., Peters, J., Kolbl, I., Baethmann, A. and Staub, F. (1999). Effect of
lactacidosis on cell volume and intracellular pH of astrocytes. J Neurotrauma 16, 831-841.

82. Ringel, F., Chang, R.C., Staub, F., Baethmann, A. and Plesnila, N. (2000). Contribution of
anion transporters to the acidosis-induced swelling and intracellular acidification of glial cells.
J Neurochem 75, 125-132.

83. Staub, F., Winkler, A., Haberstok, J., Plesnila, N., Peters, J., Chang, R.C., Kempski, O. and
Baethmann, A. (1996). Swelling, intracellular acidosis, and damage of glial cells. Acta
Neurochir Suppl 66, 56-62.

84. Kimelberg, H.K., Barron, K.D., Bourke, R.S., Nelson, L.R. and Cragoe, E.J. (1990). Brain anti-
cytoxic edema agents. Prog Clin Biol Res 361, 363-385.

85. Hillered, L., Smith, M.L. and Siesjo, B.K. (1985). Lactic acidosis and recovery of
mitochondrial function following forebrain ischemia in the rat. J Cereb Blood Flow Metab 5,

23



259-266.

86. Osmakov, D., Andreev, Y.A. and Kozlov, S. (2014). Acid-sensing ion channels and their
modulators. Biochemistry (Moscow) 79, 1528-1545.

87. Gonzalez-Inchauspe, C., Urbano, F.J., Di Guilmi, M.N. and Uchitel, O.D. (2017). Acid-Sensing
lon Channels Activated by Evoked Released Protons Modulate Synaptic Transmission at the
Mouse Calyx of Held Synapse. J Neurosci 37, 2589-2599.

88. Yermolaieva, O., Leonard, A.S., Schnizler, M.K., Abboud, F.M. and Welsh, M.J. (2004).
Extracellular acidosis increases neuronal cell calcium by activating acid-sensing ion channel 1a.
Proc Natl Acad Sci U S A 101, 6752-6757.

89. Wang, J.J,, Liu, F,, Yang, F.,, Wang, Y.Z., Qi, X,, Li, Y., Hu, Q., Zhu, M.X. and Xu, T.L. (2020).
Disruption of auto-inhibition underlies conformational signaling of ASIC1a to induce neuronal
necroptosis. Nat Commun 11, 475.

90. Wang, Y.Z., Wang, J.J., Huang, Y., Liu, F., Zeng, W.Z,, Li, Y., Xiong, Z.G., Zhu, M.X. and Xu, T.L.
(2015). Tissue acidosis induces neuronal necroptosis via ASICla channel independent of its
ionic conduction. Elife 4.

91. Declercq, W., Vanden Berghe, T. and Vandenabeele, P. (2009). RIP kinases at the crossroads
of cell death and survival. Cell 138, 229-232.

92. Degterev, A., Hitomi, J., Germscheid, M., Ch'en, I.L., Korkina, O., Teng, X., Abbott, D., Cuny,
G.D., Yuan, C., Wagner, G., Hedrick, S.M., Gerber, S.A., Lugovskoy, A. and Yuan, J. (2008).
Identification of RIP1 kinase as a specific cellular target of necrostatins. Nat Chem Biol 4, 313-
321.

93. Collins-Praino, L.E., Arulsamy, A., Katharesan, V. and Corrigan, F. (2018). The effect of an
acute systemic inflammatory insult on the chronic effects of a single mild traumatic brain
injury. Behav Brain Res 336, 22-31.

94. Johnson, V.E., Stewart, J.E., Begbie, F.D., Trojanowski, J.Q., Smith, D.H. and Stewart, W.
(2013). Inflammation and white matter degeneration persist for years after a single traumatic
brain injury. Brain 136, 28-42.

95. MacKenzie, J.D., Siddiqi, F., Babb, J.S., Bagley, L.J.,, Mannon, L.J., Sinson, G.P. and Grossman,
R.I. (2002). Brain atrophy in mild or moderate traumatic brain injury: a longitudinal
quantitative analysis. AINR Am J Neuroradiol 23, 1509-1515.

96. Pischiutta, F., Micotti, E., Hay, J.R., Marongiu, |., Sammali, E., Tolomeo, D., Vegliante, G.,
Stocchetti, N., Forloni, G. and De Simoni, M.-G. (2018). Single severe traumatic brain injury
produces progressive pathology with ongoing contralateral white matter damage one year
after injury. Experimental neurology 300, 167-178.

97. Erturk, A., Mentz, S., Stout, E.E., Hedehus, M., Dominguez, S.L., Neumaier, L., Krammer, F.,
Llovera, G., Srinivasan, K., Hansen, D.V., Liesz, A., Scearce-Levie, K.A. and Sheng, M. (2016).
Interfering with the Chronic Immune Response Rescues Chronic Degeneration After Traumatic
Brain Injury. J Neurosci 36, 9962-9975.

98. Ramlackhansingh, A.F., Brooks, D.J., Greenwood, R.)., Bose, S.K., Turkheimer, F.E.,
Kinnunen, K.M., Gentleman, S., Heckemann, R.A., Gunanayagam, K., Gelosa, G. and Sharp, D.J.
(2011). Inflammation after trauma: microglial activation and traumatic brain injury. Ann.
Neurol 70, 374-383.

24



99. Byrnes, K.R., Loane, D.J., Stoica, B.A., Zhang, J. and Faden, A.l. (2012). Delayed mGIuR5
activation limits neuroinflammation and neurodegeneration after traumatic brain injury. J
Neuroinflammation 9, 43.

100. Wang, Y.C,, Li, W.Z., Wu, VY., Yin, YY., Dong, LY., Chen, ZW. and Wu, W.N. (2015). Acid-
sensing ion channel 1la contributes to the effect of extracellular acidosis on NLRP1
inflammasome activation in cortical neurons. J Neuroinflammation 12, 246.

101. de Rivero Vaccari, J.P,, Brand, F,, 3rd, Adamczak, S., Lee, S.W., Perez-Barcena, J., Wang,
M.Y., Bullock, M.R., Dietrich, W.D. and Keane, R.W. (2016). Exosome-mediated inflammasome
signaling after central nervous system injury. ] Neurochem 136 Suppl 1, 39-48.

102. de Rivero Vaccari, J.P., Dietrich, W.D. and Keane, R.W. (2014). Activation and regulation of
cellular inflammasomes: gaps in our knowledge for central nervous system injury. J Cereb
Blood Flow Metab 34, 369-375.

103. de Rivero Vaccari, J.P., Lotocki, G., Alonso, O.F., Bramlett, H.M., Dietrich, W.D. and Keane,
R.W. (2009). Therapeutic neutralization of the NLRP1 inflammasome reduces the innate
immune response and improves histopathology after traumatic brain injury. J Cereb Blood
Flow Metab 29, 1251-1261.

104. Tomura, S., de Rivero Vaccari, J.P., Keane, R.W., Bramlett, H.M. and Dietrich, W.D. (2012).
Effects of therapeutic hypothermia on inflammasome signaling after traumatic brain injury. J
Cereb Blood Flow Metab 32, 1939-1947.

105. Mamet, J., Baron, A., Lazdunski, M. and Voilley, N. (2002). Proinflammatory mediators,
stimulators of sensory neuron excitability via the expression of acid-sensing ion channels. J
Neurosci 22, 10662-10670.

25



26



Body Weight
Beam Walk
Tail Suspension
Barnes Maze
MRI

Brain Edema

Histology

WT

Groups:

Figure 1

3d cCl 1d 3d  7d 14d  60d 90d 180d
r 111 1 T/// ya ? (S

© 00 O O o O @) ©)

@) © © O © O O @)

@) O @)

@) @) @)

© O @ O

O
@)



Percent survival (%)

Body weight (g)

120-
100
I

80 - rmmmsmm-——--—- '
)
ll

60- 'i

40-

-l- WT
204 —*~ Asic1a*"
— AsICla”
0 | 1 1 /,’, 1 1 1
0 2 4 6 850 100 150 200
50-
-O- WT
40- -0~ AsiCla*
-@- Asicla””

30-

20-

10

0 | | | | | | 1 1

0 1 3 7 14 60 90 180

Time after TBI (days)

Figure 2



Figure 3

16 each
Mean +/- SD

n=
*%p<0.01
**

—

| 1 | I I | I
N © B < M N - O

(jeso3ejR3UOD "SA pazZIRWNEL} V %,)
JUSJUOD J3)eMm ulelg

WT ASIC1a”



Time to cross the beam (s)

Number of missteps (n)

1601
140+
120+
100+
801
60
40
20

Figure 4

O WT
-0~ ASIC1a*"
-@- AsIC1a”

**

501

40-

30

20

104

-3 1 3 7 14 60 90 180
Time after TBI (days)

*%*

o WT
-0~ AsIC1a*
-@- Asic1a””

-3 1 3 7 14 60 90 180
Time after TBI (days)



Mobility time (s)

WT

-
3007 1 Asicia”
Bl Asicia”
250-
200- %k %k X %k Xk %k
1 1 1
150-
100 T T T L
50-
0 1 1 |
60 90 180

Time after TBI (days)

Figure 5



ASIC 1a/-

ASIC 1a/-

Latency to goal (s)

Distance to goal (cm)

Figure 6

300~
*
250+ 1
% %
200- 1 1
1504
1004
0
90 180
Time after TBI (days)
300+
I wr
2504 = AS|c1a+/
EE Asicla’

200+
150+
100+
504 |_L| | l
0-

Time after TBI (days)



N~
(<))
S <
= N ©
90 % B O
Ll o~ 7))
g <
[}
1 X #* - Q w\
o' ¢ & *
o - ©
LY - * =
522 g * O
< k= M
¥ - O, ©
XX v g *
£ *
[
-
2 - b 5
© © © ©o o o _ _ _ _
0 n < o0 N - N o w % % ﬁ o
AmEEv 9WN|OA UOISd

-1+ET JISV  -/-BT JISV IM ..BT OISV -,BI OISV

r=0,8266
p < 0.0001

501

T T T T
(=) [=} [=} o
< (5] N -l

ASo0j0o3sIH
AME:; 9WN|OA UoISa

50

40

30

20

10

Lesion volume (mm3) MRI



Figure 8

1M -/+ET JISV -/-BT JISV

T 1 1 1 1 1 1T 1T 1
OO 00000 O0O0OO0O
AOONO NN AN -

1001

(‘yeresnuod %)
o awn|oA jedwesoddiy

AsiCla’~  Asicla”

WT



Iba-1" signal

(integrated density)

Figure 9

Contra (WT) Ipsi (WT)

Ipsi (ASIC1a™")

Contra (ASIC1a'/ )

C
1 Contralateral [ Contralateral
Trauma Trauma
1.5x108- - 1x108-
* % [ | %k %k
— ’3.‘ 8x107— I | | |
I
1x108- €S
53 6x107
* %k v o
— o 2
e O 4x107
5x107 - o
c
= 2x107-
0 |—T—|k 0 R —.ﬁ_
T

WT AsiC1a” w AsiC1a”



Supplemental Figure 1

Non-traumatic hemisphere hippocampus volume (E) = 0.5 mm*(A1/2+...+An/2)
Traumatic hemisphere hippocampus volume (F) = 0.5 mm*(B1/2+...4Bn/2)

Hippocampus volume ratio (ipsilateral/contralateral volume) = F/E*100
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