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Abstract

Despite its prevalence, there are currently zero treatments available for traumatic brain
injuries (TBI). Neuroinflammation is a key aspect of the secondary injury process, but re-
mains poorly understood. Recent work has shown that Type I Interferons, inflammatory
cytokines typically produced in response to viral infection, are present in the post-mortem
brains of human TBI patients. The cyclic GMP-AMP Synthase- Stimulator of Interferon
Genes (cGAS-STING) pathway is one of the primary methods of producing Type I IFNs;
therefore, this work sought to evaluate the role of the cGAS-STING pathway in a murine
controlled cortical impact (CCI) model of TBI. Using cGAS knockout (KO) or STING KO
mice, we show that global loss of either protein results in substantial neuroprotection. One
day after injury, animals have reduced lesion size, cell death, and inflammatory cytokine pro-
duction, as well as reduced motor deficits several days after injury. We also determined that
mitochondrial DNA (mtDNA) is present in the cytosol of injured cortical cells, indicating it
is available to bind cGAS, a cytosolic pattern recognition receptor. To determine whether
brain-resident or peripheral immune cells are responsible for detrimental cGAS-STING sig-
naling after TBI, we utilized bone marrow chimeric animals lacking STING in either the
brain or hematopoietic cells and animals lacking STING specifically in microglia. We found
that both microglia and peripheral immune cells contribute to STING signaling after neu-
rotrauma, and that loss of STING in either cell population is beneficial. Taken together,
this work demonstrates that canonical, cGAS-dependent STING signaling occurs primarily
in microglia and peripheral immune cells, resulting in detrimental neuroinflammatory events
after TBI.
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General Audience Abstract

Traumatic brain injuries (TBI), including concussions and more severe injuries, are a leading
cause of death and disability across the globe; yet, there are no Food and Drug Administra-
tion (FDA) approved treatments. There are two phases in the injury: primary injury, which
is the immediate damage to brain cells upon impact, and secondary injury, which includes
a wide range of cellular processes in the minutes to weeks after injury. Because the primary
injury is so rapid, we utilize safety measures, such as helmets, to limit the severity of the
TBI. The secondary injury, however, occurs over a longer period of time; therefore, this is
where most research is focused for developing potential treatments. Inflammation in the
brain, termed neuroinflammation, is a key part of this secondary injury. While some inflam-
mation is useful for clearance of damaged cells, too much inflammation can cause additional
damage. The goal of this work was to examine how a specific inflammatory pathway, the
cGAS-STING (cyclic GMP-AMP synthase- stimulator of interferon genes) pathway, con-
tributes to neuroinflammation after brain injury.

STING activation by cGAS results in the production of inflammatory proteins called inter-
ferons. These interferons cause additional inflammation that alerts nearby cells to potential
danger. To investigate how STING activation affects brain injury outcome, we used a mouse
model that mimics a moderate TBI. When either the cGAS or STING protein is genetically
removed, animals have smaller injuries and fewer dying cells. These animals also perform
better at motor tasks compared to control animals. Because many different cell types utilize
STING signaling, we next tested which cells are responding in brain injury. We find that
two populations of cells- immune cells living in the brain (termed microglia), and immune
cells circulating in the bloodstream- contribute to the STING response after TBI. Taken
together, these data show that limiting the activity of cGAS or STING may be a potential
treatment for brain injury.
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Chapter 1: Introduction 
!

Introduction 
 

Traumatic brain injury (TBI) is defined as brain dysfunction resulting from an external 
force to the head. These injuries include everything from minor concussions to severe, life-
threatening injuries. An estimated 69 million people sustain TBIs globally each year (Dewan et al. 
2018). While patients suffering from mild TBIs, commonly referred to as concussions, generally 
don't have permanent symptoms, moderate and severe TBIs frequently cause long-term 
complications. In the United States alone, the annual cost of these injuries is nearly $80 billion 
(Seifert 2007), yet there are zero Food and Drug Administration (FDA) approved therapeutics for 
TBI. The goal for this work was to better understand how inflammatory events in the brain 
influence TBI outcome and evaluate whether a specific signaling pathway, termed the cGAS-
STING pathway, may be a therapeutic target. 
     
    TBIs occur in two phases: a primary phase that causes immediate damage to the brain 
tissue, and a secondary injury that occurs over a longer period of time. Neuroinflammation 
(inflammatory events in the brain that occur as a result of the trauma) is a critical component of 
the secondary injury (Simon et al. 2017); thus, characterizing post-traumatic neuroinflammation 
may offer insight into novel therapeutics for TBI. Following injury, microglia, the brain’s resident 
immune cells, produce proteins termed cytokines and recruit immune cells from the circulation to 
help repair the damage. However, these inflammatory events can cause excessive tissue clearance 
that exacerbates the injury. Recent work has shown that interferons, cytokines generally produced 
to combat viral infections, are present in the post-mortem brains of human TBI patients (Frugier 
et al. 2010; Karve et al. 2016). As one of the primary mechanisms for producing interferons, the 
cyclic GMP-AMP synthase- Stimulator of Interferon Genes (cGAS-STING) pathway (Ishikawa 
and Barber 2008) was postulated to play a role in TBI. Indeed, shortly after the discovery of 
interferons in human TBI patients, work by the same group demonstrated that STING is 
upregulated in the brains of human patients and in a mouse model of TBI (Abdullah et al. 2018). 
Additionally, genetic ablation of either STING (Abdullah et al. 2018), the interferon receptor, 
IFNAR (Karve et al. 2016), or interferon-! (Sen et al. 2020; Barrett et al. 2020) reduced tissue 
damage in a mouse model of TBI. Thus, the work presented here sought to build upon this 
knowledge by better characterizing the effects of loss of STING in TBI, as well as evaluate which 
cell types play a role in STING-mediated neuroinflammation.   
     
    Broadly, this work shows that cGAS-STING signaling plays a detrimental role in TBI 
outcome following a mouse model of TBI. Animals lacking cGAS or STING had significantly 
reduced inflammatory protein production, smaller lesion sizes, and reduced cell death (Chapter 3). 
Further, loss of STING in either the brain or peripheral immune cells resulted in reduced cell death 
and immune cell infiltration, indicating that both circulating immune cells and brain-resident 
microglia contribute to this response following TBI (Chapter 4). Together, this work suggests that 
the cGAS-STING pathway may be a therapeutic target for TBI (Chapter 5).   
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Abstract 

The cyclic GMP-AMP Synthase-Stimulator of Interferon Genes (cGAS-STING) pathway 
is a critical innate immune mechanism for detecting the presence of double-stranded DNA 
(dsDNA) and prompting a robust immune response. Canonical cGAS-STING activation occurs 
when cGAS, a predominately cytosolic pattern recognition receptor (PRR), binds viral DNA to 
promote STING activation. Upon STING activation, transcription factors enter the nucleus to 
cause production of Type I interferons (IFNs), inflammatory cytokines whose primary function is 
priming the host for viral infection by producing a number of antiviral interferon stimulated genes 
(ISGs). While the pathway was originally described in viral infection, more recent studies have 
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implicated cGAS-STING signaling as playing a role in a number of different contexts, including 
autoimmune disease, cancer, injury, and neuroinflammatory disease.  

This review focuses on how our understanding of the cGAS-STING pathway has evolved 
over time with an emphasis on the role of STING-mediated neuroinflammation in the nervous 
system. We discuss recent findings on how STING signaling contributes to the pathology of pain, 
traumatic brain injury, and stroke, as well as how mitochondrial DNA may promote STING 
activation in neurodegenerative disease. We conclude by commenting on the current knowledge 
gaps that should be filled before STING can be an effective therapeutic target in 
neuroinflammatory disease. 
 
Discovery of STING  

Interferons were first described in the 1950s as factors released during infection to interfere 
with viral growth (Vilcek 2006; Isaacs and Lindenmann 1957). While three subsets of interferons 
exist (Type I, II, and III), Type I IFNs (primarily IFN! and IFN") are of particular interest because 
nearly all nucleated cells are able to produce and respond to Type I IFNs (McNab et al. 2015). In 
contrast, Type II IFNs (IFN#) are produced predominantly by natural killer (NK) cells during 
infection (Lee and Ashkar 2018), whereas Type III IFNs (IFN$) are produced only at the mucosal 
surfaces (J. H. Zhou et al. 2018), limiting their applicability to other body systems such as the 
peripheral or central nervous systems. While IFNs were originally described for their role in 
infection, it is now known that IFNs are produced in response to a number of different stimuli and 
cause pleiotropic effects. STING was first identified by several different groups (Ishikawa and 
Barber 2008; Zhong et al. 2008; Sun et al. 2009) as a key mediator of the Type I IFN response 
with possible roles in mediating apoptosis (Jin et al. 2008). Initial reports suggested that STING 
functions downstream of the cytosolic RNA sensor RIG-I and showed that knockout (KO) or 
knockdown (KD) of STING resulted in blunted IFN" response to single strand RNA (ssRNA) 
viruses (Ishikawa and Barber 2008; Zhong et al. 2008). Overexpression experiments showed 
increased viral resistance, increased production of IFN", as well as dimerization and translocation 
of the transcription factor, interferon regulatory factor 3 (IRF3), indicating its activation (Ishikawa 
and Barber 2008; Zhong et al. 2008). Tank Binding Kinase 1 (TBK1) was shown to be necessary 
for STING activation (Ishikawa and Barber 2008), likely due to STING phosphorylation by TBK1 
(Zhong et al. 2008). Interestingly, using similar methods the groups reported different cellular 
localizations and mechanisms of action: (Zhong et al. 2008) reported that STING was located in 
the mitochondria, a finding that was also noted by (Jin et al. 2008), and did not see a change in 
NF-%B in overexpression models. In contrast, (Ishikawa and Barber 2008) showed that STING is 
located on the ER, which was also shown by (W. Sun et al. 2009), and is able to induce NF-%B 
expression when overexpressed. Critically, both groups noted that STING plays a role in the Type 
I IFN response to dsDNA (Ishikawa and Barber 2008; Zhong et al. 2008), though the mechanism 
of this response remained unclear. This was further confirmed in a subsequent study which verified 
that loss of STING in mouse embryonic fibroblasts (MEFs) abolished the IFN" response to viral 
DNA or synthetic dsDNA and showed that STING KO mice displayed an extreme susceptibility 
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to herpes simplex virus 1 (HSV-1) infection (Ishikawa, Ma, and Barber 2009). These findings 
prompted further studies to identify an upstream cytosolic DNA sensor that would mediate STING 
activity (Burdette and Vance 2013).  

Following the discovery that STING is able to bind cyclic dinucleotides (Burdette et al. 
2011), it was confirmed that cyclic GMP-AMP (cGAMP) strongly binds STING to promote its 
activation and downstream signaling (Wu et al. 2013). The same group identified cGAMP synthase 
(cGAS), a previously uncharacterized nucleotidyltransferase, as the protein responsible for binding 
DNA and synthesizing cGAMP in vitro (Sun et al. 2013). By generating a cGAS KO mouse, they 
also demonstrated that cGAS and STING were both critical in host defense against HSV-1 in vivo, 
though they did note that some cell types may have compensatory mechanisms for detecting viral 
DNA (X. D. Li et al. 2013).  

The discovery of the cGAS-cGAMP-STING signaling pathway led to a flurry of studies to 
elucidate the structure of these molecules and clarify the specific mechanism of activation. cGAS 
binds the sugar-phosphate backbone of viral dsDNA, resulting in conformational changes that 
catalyze the synthesis of the second messenger cGAMP (Civril et al. 2013; Ablasser et al. 2013; 
X. Zhang et al. 2014; X. Li et al. 2013). Upon its production, cGAMP binds the ligand binding 
domain (LBD) of the ER-resident STING dimer with high affinity (X. Zhang et al. 2013). This 
binding causes a 180° rotation in the LBD that forms a "-sheet “lid” over the ligand binding pocket 
and enables STING oligomerization and translocation to the Golgi (Shang et al. 2019; P. Gao et 
al. 2013). At the Golgi, TBK1 is recruited and activated by STING, resulting in STING 
phosphorylation which facilitates recruitment and phosphorylation of the interferon regulatory 
factor IRF3 (Tanaka and Chen 2012; Dobbs et al. 2015; Mukai et al. 2016; C. Zhang et al. 2019), 
a transcription factor long-known to be crucial for the Type I IFN response (Stetson and Medzhitov 
2006). Phosphorylated IRF3 dimers translocate to the nucleus where they prompt transcription of 
Type I IFNs (Sato et al. 2000). While alterative mechanisms of activation have been proposed 
(Dunphy et al. 2018; Unterholzner and Dunphy 2019), the above is the presently-accepted 
canonical STING signaling mechanism. 
 
STING in Peripheral Viral and Bacterial Infection  

STING was first described as a mediator of the response to cytosolic RNA, specifically 
through its interaction with RIG-I. However, it was quickly determined that STING plays a critical 
role in response to intracellular DNA viruses, though evidence also indicates that cGAS is able to 
detect retroviruses such as human immunodeficiency virus (HIV) (D. Gao et al. 2013). Early work 
in MEFs demonstrated a STING-dependent IFN" response to DNA from adenovirus, HSV-1, and 
HSV-2 (Ishikawa, Ma, and Barber 2009). cGAS-STING signaling has also been shown to be 
activated in response to adenoviruses in human cell lines (Lam and Falck-Pedersen 2014; Lam, 
Stein, and Falck-Pedersen 2014). The role of cGAS-STING in detecting and inhibiting hepatitis B 
virus (HBV) has also been well-studied. STING activation by cGAMP or DMXAA, a STING 
agonist, (Prantner et al. 2012) suppresses HBV replication and increases IFN" production both in 
vitro and in vivo (He et al. 2016; F. Guo et al. 2015). There is also evidence that the viral 
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polymerase, Pol, is able to interact with and prevent STING activation by disrupting its 
ubiquitination (Yinghui Liu et al. 2015). STING ubiquitination facilitates its dimerization, which 
is necessary for TBK1 recruitment (Tsuchida et al. 2010); therefore, this disruption allows HBV 
to counteract the host’s STING-mediated immune response. Furthermore, by packaging its 
genome and producing non-immune stimulatory RNAs, HBV is able to evade detection by cGAS 
in hepatocytes (Lauterbach-Rivière et al. 2020; Verrier et al. 2018). Based on these findings, 
cGAS-STING signaling is now a promising therapeutic target for treating chronic HBV infection 
(Alexopoulou, Vasilieva, and Karayiannis 2020).  

cGAS has been shown to bind a variety of different nucleic acids independent of sequence 
(Civril et al. 2013; L. Sun et al. 2013), so unsurprisingly cGAS-STING signaling has been shown 
to also play a role in the response to a number of bacteria (reviewed extensively in (N. Liu et al. 
2022; Marinho et al. 2017; Guimarães et al. 2021)). Interestingly, the production of IFN" is 
detrimental to clearance of many of these bacterial infections, including Brucella abortus (de 
Almeida et al. 2011) and Listeria monocytogenes (Sauer et al. 2011; Archer, Durack, and Portnoy 
2014; Jin et al. 2013), suggesting the effects of STING signaling are highly context-dependent.  
 
STING in Central Nervous System Infection  
 One of the first reports of STING activity possibly playing a role in the central nervous 
system (CNS) described its interaction with RIG-I when neuroblastoma cells were infected with 
the ssRNA flavivirus, Japanese encephalitis virus (Nazmi et al. 2012). Subsequent studies have 
also implicated STING in restricting CNS spread of other flaviviruses, including West Nile virus 
(Wuertz et al. 2019) and Zika virus (Yuan Liu et al. 2018; Q. Ding et al. 2018). Type I IFN 
signaling in neurons has been shown to be particularly important. Primary neurons lacking the 
Type I IFN receptor, IFNAR, are more susceptible to rabies virus infection (Chopy et al. 2011), 
and IFN" treatment of WT primary neurons reduces replication of vesicular stomatitis virus 
(Trottier, Palian, and Reiss 2005).  

Other work has confirmed a critical role for cGAS-STING signaling in DNA viruses within 
the CNS, most notably herpes simplex virus 1 (HSV-1). It is estimated that 67% of the global 
population harbors HSV-1 virions, yet no cure exists (James et al. 2020). While initial symptoms 
are generally mild, HSV-1 is neurotropic and remains dormant in neuronal tissue until an immune 
stressor stimulates proliferation. Herpes simplex encephalitis (HSE) can be life-threatening, and 
there is increasing evidence that brain-resident HSV-1 contributes to neurodegenerative disease in 
patients both with and without clinical symptoms of the infection (Duarte et al. 2019).  

While it was established early on that STING is critical for host response to HSV-1 
(Ishikawa, Ma, and Barber 2009), it was later shown that STING’s protective role is at least in part 
based on whether virus was introduced directly to the brain or peripherally. STING KO animals 
were highly susceptible to central (intravenous or intracerebral) HSV-1 challenge, whereas 
animals deficient in STING had similar survival as WT animals when challenged peripherally (via 
the cornea) (Parker, Murphy, and Leib 2015), suggesting that CNS, rather than peripheral, STING 
may be particularly beneficial for combatting HSV-1. Other work demonstrated that STING KO 
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mice had increased CNS spread of HSV-1 and showed that microglia are the primary brain cell 
type responsible for the STING-dependent type I IFN response to HSV-1 infection (Reinert et al. 
2016; Katzilieris-Petras et al. 2022). In contrast, others have shown that neuronal IFN signaling is 
critical for restricting HSV-1 production in the brain (Rosato and Leib 2015), and IFN" treatment 
of primary neuronal cultures increases cell survival (Low-Calle, Prada-Arismendy, and 
Castellanos 2014). It is possible that microglia are responsible for STING activation and produce 
IFNs that bind neuronal IFNAR to restrict viral replication. Of note, it has been shown that the 
outcome of cGAS-STING signaling in HSV-1 infection is dose-dependent: When mice or BV2 
microglia-like cells are infected with low doses of HSV-1, a robust Type I IFN response occurs. 
In contrast, when the HSV-1 dose was tripled, immune cells underwent apoptosis (Reinert et al. 
2021). This suggests the immune cells have evolved innate mechanisms for blunting the Type I 
IFN response to prevent excessive tissue damage, a particularly critical mechanism in the brain 
where substantial tissue regeneration does not occur.  

While the host immune system has established ways to maintain a delicate balance of viral-
clearing Type I IFN production and tissue homeostasis, HSV-1 has developed its own mechanisms 
to evade detection (reviewed extensively in (Verzosa et al. 2021)). HSV-1 proteins prevent IFN 
signaling across the entire cGAS-STING pathway by degrading cGAS mRNA (Su and Zheng 
2017), preventing cGAMP production (Huang et al. 2018), and inhibiting TBK1 dimerization (You 
et al. 2019). A number of other proteins have been proposed to be involved in the STING-mediated 
response to HSV-1, including RIG-I (Yiliu Liu et al. 2016), ZDHHC1 (Q. Zhou et al. 2014), and 
NLRP3 (W. Wang et al. 2020), offering additional proteins for HSV-1 to target to limit the immune 
response. Some HSV-1 proteins have been shown to interact with STING to promote its 
deubiquitination (Bodda et al. 2020), thus preventing STING dimerization, or bind STING to 
counteract its activation (Deschamps and Kalamvoki 2017), though the mechanisms of these 
interactions are not entirely clear. Interestingly, HSV-1 has also been shown to stabilize STING 
protein in a cell-type specific manner and export STING and viral mRNA to nearby cells via 
exosomes (Kalamvoki and Roizman 2014; Kalamvoki, Du, and Roizman 2014). Taken together, 
these data suggest a highly complex interplay between various immune modulators and CNS 
viruses that we are only just beginning to understand.  

    
STING in the Peripheral Nervous System 

Nociceptive pain is sensed through peripheral neuro-immune mechanisms. Given that many 
painful stimuli are associated with immune activation, such as in the context of infection, it is 
unsurprising that this connection between immune cells and pain-detecting neurons exists. 
Peripheral sensory neurons (termed nociceptors) detect noxious stimuli, causing action potentials 
that are relayed to the brain via the dorsal horn of the spinal cord (Basbaum et al. 2009). These 
neurons are able to detect stimuli from a variety of sources, such as heat, mechanical damage, or 
by binding cytokines and other factors produced by immune cells (Baral, Udit, and Chiu 2019). 
Furthermore, nociceptors also express their own pattern recognition receptors (PRRs) that allow 
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them to directly detect pathogen- and damage-associated molecular patterns (PAMPs and DAMPs, 
respectively) and activate immune cells (reviewed extensively in (Donnelly, Chen, and Ji 2020)).   

STING was identified as a regulator of nociception (Donnelly et al. 2021). In an elegant and 
thorough study utilizing rodents and non-human primates, Donnelly and colleagues show that 
STING in sensory neurons plays a substantial role in nociception. Mice lacking STING had 
increased pain sensitivity when compared to WT animals, and intrathecal treatment with STING 
agonists produced a dose-dependent reduction in this hypersensitivity. These effects were entirely 
abolished in animals with IFNAR conditionally knocked-out in sensory neurons, confirming that 
the antinociceptive effects of STING activation is mediated by neurons (Donnelly et al. 2021). Of 
translational relevance, treatment with the STING agonist ADU-S100 produced increased cerebral 
spinal fluid (CSF) levels of IFN" and decreased action potential firing of nociceptors in the dorsal 
root ganglia (DRG) of non-human primates, suggesting that targeting STING may be promising 
for treating pain in humans (Donnelly et al. 2021). In a separate study, the same group also showed 
that systemic treatment with STING agonists reduced bone cancer pain and improved locomotor 
function in mice (K. Wang et al. 2021). Together, these studies highlight a novel role for neuronal 
STING in peripheral nociception.  

 
STING in the Central Nervous System 
Expression of STING in the CNS 
 There is currently disagreement about which cell types in the brain express STING. As an 
immune protein, it is logical to assume that microglia have robust STING expression. In fact, many 
studies have shown that microglia are the primary brain cell type expressing STING (Katzilieris-
Petras et al. 2022; Reinert et al. 2016; Fritsch et al. 2022; R. Ding et al. 2022; Peng et al. 2020). 
An RNA-sequencing study in a brain injury model showed that while astrocytes mount a Type I 
IFN response following trauma, the microglial response is significantly larger (Todd et al. 2021). 
RNA sequencing databases also indicate that STING expression is predominately found in 
microglia (Y. Zhang et al. 2014, 2016). However, others have suggested that neurons and 
astrocytes also express STING in high levels (Jeffries and Marriott 2017; Gamdzyk et al. 2020; 
Abdullah et al. 2018; Donnelly et al. 2021). One key problem is that many of these studies rely 
upon immunofluorescence, which may produce non-specific signal. However, even when 
validated in STING KO tissue, studies using the same antibodies have shown different staining 
patterns across cell types in different studies (Chu et al. 2021; Peng et al. 2020), highlighting the 
need for more specific antibodies. Knowledge on the neuronal or glial subtype(s) that STING 
expression may be restricted to is relatively unexplored. Nevertheless, loss of STING either in 
neurons or glial cells both increase ZIKA viral particle replication in Drosophila, indicating it 
functions across many cell types in the brain (Yuan Liu et al. 2018). The use of conditional KO 
animals may help elucidate the roles of STING across CNS cell types and neuronal subtypes in 
different disease and infection paradigms. However, a majority of studies as of yet have restricted 
study to global KO animals.        
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Stroke/Ischemia 
Stroke is the second most common cause of death globally (Johnson et al. 2019) and occurs 

when blood flow to the brain is interrupted due to blood clots or hemorrhage. The alteration of 
blood flow results in regions of ischemia and neuronal excitotoxicity, causing rapid cell death as 
well as longer-term neuroinflammatory events (Jayaraj et al. 2019). Within hours of the event, 
resident microglia and astrocytes are activated, leading to the production of various cytokines and 
chemokines that recruit peripheral immune cells and compromise the integrity of the blood brain 
barrier (BBB) (Jassam et al. 2017; Jayaraj et al. 2019). Phagocytic immune cells attempt to clear 
cell debris and produce additional cytokines to promote a highly inflammatory environment 
(Jayaraj et al. 2019). 
  Neutrophil extracellular traps (NETs) are chromatin-based structures released by 
neutrophils that trap pathogens and promote pro-inflammatory cytokine production 
(Papayannopoulos 2017). NETs have been shown to activate cGAS (Apel et al. 2021) and impact 
vascular remodeling following stroke (Kang et al. 2020). In a murine middle cerebral artery 
occlusion (MCAO) model, cGAS was shown to be upregulated after injury, but this elevation was 
somewhat reduced when NETs were degraded with DNase, suggesting cGAS may be activated by 
binding NETs after stroke (R. Wang et al. 2021). Loss of cGAS also reduced hemorrhage and 
motor deficit after MCAO, whereas activation of STING with cGAMP administration worsened 
outcome (R. Wang et al. 2021). Similarly, pharmaceutical inhibition of cGAS with RU.512 in a 
rat model of neonatal hypoxia-ischemia reduced infarct size (Gamdzyk et al. 2020), and neuronal 
apoptosis and cognitive deficit were reduced when STING was inhibited with C-176 in 
subarachnoid hemorrhage (SAH) (Peng et al. 2020). While microglia shifted towards an 
inflammatory M1-phenotype after MCAO, administration of C-176 resulted in reduced M1 
microglia and increased anti-inflammatory M2 microglia (Kong et al. 2022), suggesting that the 
brain’s inflammatory state is altered by the loss of STING signaling. Of note, mice lacking cGAS 
specifically in microglia showed a significant reduction in lesion size after MCAO (Q. Li et al. 
2020), suggesting that microglia are an important cell type for cGAS-STING signaling after stroke.  

cGAS-STING signaling also appears influence the cell populations that infiltrate the brain 
parenchyma after stroke. In cerebral venous sinus thrombosis (CVST), a less common form of 
stroke that results from impaired venous drainage, mice showed a significant reduction in the 
infiltration of neutrophils when cGAS was inhibited with RU.521 (R. Ding et al. 2022). Despite 
having a significant decrease in monocyte chemoattractant protein 1 (MCP1), the number of 
infiltrating monocytes/macrophages was not significantly altered by the inhibition of cGAS (R. 
Ding et al. 2022). Regardless, inhibition of cGAS-STING signaling may alter the recruitment of 
peripheral immune cells, influencing more chronic aspects of neuroinflammation. Interestingly, 
pre-treatment with the STING agonist, DMXAA, reduced infarct size in a murine MCAO model, 
leading the authors to conclude that activation of STING may be useful as a prophylactic treatment 
(Kundu et al. 2022). Consistently, administration of IFN" before a rabbit model of ischemic stroke 
reduces infarct size (H. Liu et al. 2002). Together, these data strongly support a role for cGAS-
STING signaling in both ischemic and hemorrhagic brain events, but show that the effect of Type 
I IFNs in stroke may be temporally-dependent.    
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cGAS-STING signaling can be activated by cytosolic mitochondrial DNA (mtDNA) (West 
et al. 2015; Rongvaux et al. 2014; White et al. 2014) and nuclear DNA (Yang et al. 2017; Volkman 
et al. 2019); therefore, several groups have sought to determine if self-DNA may be responsible 
for triggering cGAS-STING activation in stroke. Double stranded DNA (dsDNA) has been found 
in the cytosol of brain cells after MCAO (Kong et al. 2022; Q. Li et al. 2020) and CVST (R. Ding 
et al. 2022). While it is challenging to prove whether this DNA is nuclear or mitochondrial in 
origin, these studies suggest that the aberrant accumulation of self-DNA following stroke may 
prompt activation of cGAS-STING-mediated inflammation to facilitate clearance of damaged 
tissue. Taken together, there is substantial evidence for a role of cGAS-STING signaling in stroke 
and related ischemic CNS events. While some evidence suggests that there may be a benefit to 

Table 1: Summary of key findings from studies specifically addressing STING-IFN signaling in 
stroke. References are specific to each row. Boxes where one reference is given indicates all 
information is from that reference. Timepoint is given as days (d) after injury. Studies were performed 
in mice unless otherwise noted. MCAO = middle cerebral artery occlusion; SAH = subarachnoid 
hemorrhage; HI = hypoxia-ischemia; CVST = cerebral venous sinus thrombosis. 
!

12



Chapter 2: Review of Literature 
The Role of STING Signaling in Neuroinflammatory Disease 

prophylactically activating STING in these contexts (Kundu et al. 2022), the majority of the studies 
have found that impairing cGAS-STING signaling by genetic or pharmaceutical measures 
improves outcome in rodent models of stroke (Table 1).  

 
Traumatic Brain Injury 

Traumatic brain injuries (TBIs) are a leading causing of death and disability across the 
globe, affecting 69 million people annually (Dewan et al. 2018). TBI occurs in two phases: primary 
mechanical injury that causes immediate damage to the brain, and secondary injury that occurs 
over the minutes to weeks after injury resulting in exacerbated tissue damage. As a key aspect of 
secondary injury, neuroinflammation is currently one of the most promising targets for therapeutic 
intervention (McKee and Lukens 2016; Jassam et al. 2017). The neuroinflammatory events that 
occur after TBI are remarkably similar to those discussed in the stroke section above.  

There is substantial evidence the role of interferons in TBI and spinal cord injury (SCI). 
While most studies on human patient samples have focused on Type II IFNs (reviewed in (Roselli, 
Chandrasekar, and Morganti-Kossmann 2018)), some evidence does suggest that IFN" is 
upregulated several hours after TBI (Karve et al. 2016). In addition, numerous studies have shown 
an upregulation of Type I IFNs in rodent models of TBI  (Karve et al. 2016; Fritsch et al. 2022; 
Barrett et al. 2020).  

Karve et al. showed that male IFNAR KO mice have significantly reduced lesion size 
acutely after a controlled cortical impact (CCI) model of moderate TBI (Karve et al. 2016). These 
animals also showed reduced pro-inflammatory and increased anti-inflammatory cytokine 
production, as well as increased microglial expression of CD206, a marker for the anti-
inflammatory M2 phenotype. In line with this, another group showed that treatment of primary 
microglia with IFN" caused a shift towards the inflammatory M1 phenotype (Sen et al. 2020). 
However, IFNAR KO mice also showed increased Iba1 and GFAP expression, indicative of 
microgliosis and astrogliosis, respectively (Ito, Fukazawa, and Yoshida 2007; Eng and Ghirnikar 
1994). Despite this, mice that were treated with MAR1, an antibody that blocks IFNAR, had 
smaller lesion sizes up to one-week post-TBI, as well as reduced motor deficit (Karve et al. 2016), 
suggesting that inhibiting Type I IFN signaling is broadly protective. Of note, data from bone 
marrow chimeras utilized in this study also suggest that hematopoietic IFNAR is also responsible 
for driving detrimental IFN singling in TBI (Karve et al. 2016). In contrast to the benefits of 
INFAR KO, another group using female IFNAR KO mice showed that these mice had increased 
macrophage infiltration after axonal injury, which they attributed to increased matrix 
metalloprotease 9 (MMP9) in IFNAR KO animals (Khorooshi and Owens 2010). MMP9 facilitates 
leukocyte recruitment by degrading extracellular matrix (Cabral-Pacheco et al. 2020), and has 
previously been shown to be negatively regulated by Type I IFNs (Stuve et al. 1997); therefore, it 
is possible that uninhibited MMP9 results in increased BBB permeability, allowing increased 
immune cell infiltration.  

In a moderate CCI injury, IFN" KO animals had reduced motor impairment and cognitive 
deficit up to one month after injury, as well as blunted pro-inflammatory cytokine production three 
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days after injury (Barrett et al. 2020). In confirmation of the study by Karve et al., this study also 
utilized an anti-IFNAR antibody (Barrett et al. 2020). Motor skills were improved up to two weeks 
after injury when mice received the antibody, but no difference was seen after one month (Barrett 
et al. 2020). Of note, mRNA for STING and other interferon stimulated genes (ISGs), but not 
cGAS, remained upregulated 60 days after injury (Barrett et al. 2020), suggesting that STING-
mediated neuroinflammation plays a chronic role in TBI. This same group later showed that when 
compared to young animals, aged animals showed elevated cGAS and IFN mRNA expression after 
TBI (Barrett et al. 2021).  

The majority of the studies assessing IFNAR and IFN" in TBI show that loss or inhibition 
of Type I IFN signaling is beneficial; however, other mechanisms for producing Type I IFNs exist. 
Two studies have specifically addressed the effects of loss of cGAS or STING in TBI (Abdullah 
et al. 2018; Fritsch et al. 2022). STING mRNA is elevated in post-mortem human TBI patients, 
which was also seen in a mouse controlled cortical impact (CCI) model (Abdullah et al. 2018). 
STING KO mice showed significant reduction in lesion size and pro-inflammatory cytokines one 
day after injury (Abdullah et al. 2018). In contrast to earlier work showing that IFNAR KO mice 
had increased GFAP and Iba1 reactivity (Karve et al. 2016), STING KO animals had reduced 
GFAP and Iba1 immunofluorescence (Abdullah et al. 2018). Using the same model, we showed 
that cGAS KO and STING KO mice both showed reduced lesion size, cell death, and cytokine 
production one day after injury (Fritsch et al. 2022). Of note, levels of chemokines including MCP1 
and CXCL10, were reduced in KO animals compared to WT, suggesting peripheral immune cell 
infiltration could possibly be reduced (Fritsch et al. 2022). cGAS KO mice showed decreased 
motor deficit, and both cGAS KO and STING KO mice had reduced lesion sizes two weeks after 
injury. Importantly, we also demonstrated that the immune modulator NLRX1 appears to 
negatively regulate STING after brain trauma (Fritsch et al. 2022), a finding that previously had 
only been demonstrated in vitro (H. Guo et al. 2016) and provides an additional potential target 
for therapeutics. Furthermore, we showed that mtDNA is present in the cytosol of injured cells 
acutely after TBI (Fritsch et al. 2022), indicating that cGAS may be activated by the release of 
mtDNA in brain trauma. Given that STING may be activated through cGAS-independent 
mechanisms (Dunphy et al. 2018; Unterholzner and Dunphy 2019), these findings suggest that 
STING signaling in brain injury at least in part depends upon cGAS. cGAS STING double 
knockout mice would be needed to elucidate whether cGAS-independent signaling STING 
occurred during brain injury.  

Taken together, these studies show that STING-IFN signaling is an important aspect of 
neuroinflammation after brain injury. Based on the current literature, a working model of STING-
IFN signaling in stroke and brain injury is proposed (Figure 1). The majority of this work 
demonstrates a detrimental role for the Type I IFN response in TBI (Table 2).  

 
STING Signaling in Neurodegenerative Disease  

Though the exact mechanisms remain unclear, brain trauma is a known risk factor for the 
development of neurodegenerative disease (Graham and Sharp 2019; Smith, Johnson, and Stewart 
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2013). Increasingly, mitochondrial DNA (mtDNA) is being recognized as a DAMP in traumatic 
brain injury (Fritsch et al. 2022; Walko et al. 2014; Kilbaugh et al. 2015). Mitochondrial damage 
and dysfunction are also hallmarks of aging (Jang et al. 2018), and serum mtDNA levels have been 
shown to increase with age, as well as correlate with systemic inflammation (Pinti et al. 2014). 

Table 2: Summary of key findings from studies specifically addressing STING-IFN signaling in brain 
injury. References are specific to each row. Boxes where one reference is given indicates all 
information is from that reference. Timepoint is given as hours (h) or days (d) after injury. Studies 
were performed in mice unless otherwise noted. CCI = controlled cortical impact; STINGgt/gt = 
STING goldenticket KO. 
!
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Furthermore, mitochondrial mutations and alterations in mtDNA are associated with a number of 
different neurodegenerative diseases (Keogh and Chinnery 2015). cGAS, STING, and Type I IFN 
signaling have been implicated in a number of neurodegenerative and aging-related disorders. 
Several recent reviews have covered these relationships (Paul, Snyder, and Bohr 2021; Decout et 
al. 2021; Fryer et al. 2021); therefore, this review will focus on the role of mitochondrial DNA in 
neurodegeneration-related STING-IFN signaling.  
 Huntington’s disease (HD) is a relatively rare, progressive, genetic disease that results from 
CAG repeats in the huntingtin (HTT) gene causing polyglutamine expansions. Chorea is the 
primary symptom for diagnosis, and the basal ganglia is the primary brain region affected 
(Waldvogel et al. 2015). As the disease progresses, other brain regions such as the cerebral cortex 
are affected, and symptoms expand to include more advanced cognitive and behavioral changes 
(Bates et al. 2015; Waldvogel et al. 2015). Unfortunately, most HD patients die within 15-20 years 
of symptom onset (Bates et al. 2015). Mitochondrial dysfunction is prevalent in HD (Y. Wang et 
al. 2021), and a study in a small cohort of patients showed that mtDNA copy number is elevated 
in leukocytes compared to healthy controls, particularly for female patients (J&drak et al. 2017). 
Recently, two groups have shown that cGAS and STING are upregulated in the brains of HD 
patients (Sharma et al. 2020; Jauhari et al. 2020). One study also showed that HD mutant cell lines 
had increased cytosolic mtDNA, leading the authors to conclude that cGAS-STING signaling may 
be activated by the release of mtDNA (Jauhari et al. 2020). Depletion of cGAS in HD mutant cells 
also showed a reduction in inflammation and autophagy (Sharma et al. 2020).  
 Alzheimer’s disease (AD) is the most common cause of dementia, affecting millions of 
patients each year. While the cause of AD is unknown, neuroinflammation, including IFN 
signaling (Gorlé and Vandenbroucke 2019), is believed to play a key role in AD pathology. While 
memory deficit is the most common symptom of AD, the disease is characterized by widespread 
distribution of intracellular neurofibrillary tangles and extracellular amyloid beta plaques, and 
ultimately affects many brain functions (Deture and Dickson 2019). Mitochondria are known to 
be impacted by AD. Next generation sequencing of hippocampal neurons showed a significant 
increase in mtDNA mutations in patients with early stage AD (Hoekstra et al. 2016). Furthermore, 
brain tissue from AD patients have higher levels of oxidized nucleic acids than healthy controls 
(J. Wang et al. 2005), suggesting that mtDNA mutations may be due to increased oxidation in the 
AD brain. The supplementation of the precursor for nicotinamide adenine dinucleotide (NAD+), 
an important coenzyme for mitophagy and DNA repair, has been shown to alter cGAS-STING-
mediated neuroinflammation in AD (Hou et al. 2021). Fibroblasts from AD patients showed that 
mtDNA was released into the cytosol, and increased cortical expression of cGAS and STING was 
noted in a transgenic mouse model of AD (Hou et al. 2021). When an NAD+ precursor was given 
to transgenic AD mice, cGAS and STING expression was reduced (Hou et al. 2021). While the 
alterations in mtDNA appears to be subsequent to other changes in AD, understanding how 
mtDNA is impacted may offer insight into the early neuroinflammatory events in AD.  
 Amyotrophic lateral sclerosis (ALS) is a progressive neuromuscular disorder that affects 
motor neurons. Degeneration of motor neurons in the brain and spinal cord results in muscle 
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atrophy that eventually becomes fatal, with a median survival of three years (Grad et al. 2017). 
Transactive response DNA binding protein 43 (TDP-43) is known to be a pathological protein in 
ALS (Mackenzie and Rademakers 2008). TDP-43 induces mtDNA release into the cytosol by 
opening the mitochondrial permeability transition pore (mPTP) (Yu et al. 2020). This cytosolic 
mtDNA prompts inflammation in a STING dependent manner, which was verified by both genetic 
KO mouse models and pharmaceutical STING inhibition (Yu et al. 2020). Of note, cGAMP is 
elevated in the spinal cords of ALS patients and in a mouse model of ALS (Yu et al. 2020), 
indicating that cGAS is activated in ALS. Further study is needed to confirm the role of cGAS-
STING signaling in ALS to determine if targeting this pathway may help improve motor function.  

Parkinson’s disease (PD) is a highly prevalent neurodegenerative disease that primarily 
involves motor dysfunction due to the loss of dopaminergic neurons in the substantia nigra 
(Pickrell and Youle 2015). The hallmark pathology of surviving neurons is the accumulation of !-
synuclein, which is thought to be harmful to neuronal health (Stefanis 2012). While the cause of 
PD is unknown, mitochondrial dysfunction and mutations in PINK1 and Parkin, proteins involved 

Figure 1: Following stroke or TBI, cGAS-STING signaling in resident microglia is activated, likely at 
least in part due to the presence of mitochondrial DNA. Microglia subsequently produce interferons 
(primarily IFN!) and chemokines that result in infiltration of peripheral immune cells. Once present, 
these immune cells are also activated and produce additional interferons. Interferons produced by all 
cell types can bind both their own and other cells’ IFN receptor, IFNAR, including neurons and 
astrocytes, resulting in increased IFN signaling.    
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in mitophagy, are associated with PD (Valente et al. 2004; Kitada et al. 1998). Mitophagy is the 
selective removal of damaged or unneeded mitochondria, and is known to be altered in aging and 
neurodegenerative disease (Chen, Kroemer, and Kepp 2020). When PINK1 or Parkin KO mice 
were subjected to acute mitochondrial stress via exhaustive exercise, mitophagy was impaired and 
serum concentrations of inflammatory cytokines were elevated (Sliter et al. 2018). Crossing these 
mice with STING KO animals completely abolished the inflammatory phenotype seen after 
mitochondrial stress, indicating that this inflammation is STING-mediated (Sliter et al. 2018). The 
authors hypothesized that the accumulation of damaged mitochondria resulted in mtDNA release 
that activated cGAS-STING signaling to promote inflammation (Sliter et al. 2018). While this 
study utilized an intensive exercise paradigm to induce mitochondrial stress, it remains plausible 
that mtDNA-STING signaling occurs when mitophagy is impaired in PD.  
 
Conclusions and Future Directions 
 STING signaling has been implicated in dozens of protective and pathological functions 
across nearly every organ system. In particular, the role of STING in disease and injury conditions 
has become a growing area of interest, highlighting not just the importance of the STING-IFN 
response, but also the paucity of treatments for countless diseases. Current evidence suggests 
targeting STING signaling either via agonism or inhibition may be beneficial for a number of 
diseases. In fact, several clinical trials have sought to address whether STING agonism is 
beneficial in cancer (Jiang et al. 2020). Unfortunately, the results available so far are disappointing, 
with STING agonists showing little anti-tumor effect in human patients, despite promising pre-
clinical results (Gogoi, Mansouri, and Jin 2020). While any number of factors can cause failures 
in clinical trials, this may in part be due to the newly discovered pro-cancer functions of STING 
(discussed in (Jiang et al. 2020), underscoring how much remains to be understood in STING 
signaling. Several important questions must be addressed before considering STING-based 
therapeutics in neuroinflammatory disease.  

The time course of STING activation and subsequent window for therapeutics must be 
thoroughly characterized for each disease or injury paradigm. For most neurological disorders, the 
aim is to limit inflammatory events that are harmful. However, it is likely that there are critical 
timepoints in which STING activation may be beneficial. Moreover, clarifying whether targeting 
cGAS, STING, IFNs, or another protein involved in this response, such as NLRX1, may be of 
therapeutic benefit will require better understanding of the timing of activation. For example, in 
mouse models of TBI, STING and many ISGs remain upregulated two months post-injury while 
cGAS is unaltered from sham levels (Barrett et al. 2020). At an acute timepoint after TBI, cGAS 
expression was particularly elevated in aged animals compared to young animals (Barrett et al. 
2021), indicating that the magnitude and/or timing of cGAS-STING-IFN signaling may also be 
age-dependent. Though it is clear that STING signaling occurs after TBI and other 
neuroinflammatory events, the temporal dynamics of this response remain unclear.  

There is not yet a consensus on which cell types in the brain express STING. As discussed 
previously, even when using the same reagents, studies by separate groups have concluded 
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different cell types express STING. Additionally, STING is itself has been described as an ISG 
(Ma et al. 2015), therefore it is possible that any cell with even low basal expression has the ability 
to upregulate STING in disease contexts. As we move towards targeted therapeutics, clarifying 
which cell types pharmaceutical interventions must reach is critical.  

The translatability of pharmaceuticals must be properly assessed before considering 
specific drugs for progression to human patients. There are considerable molecular differences 
between murine STING and human STING (Shih, Damm-Ganamet, and Mirzadegan 2018), and 
some agonists for murine STING are ineffective in activating human STING. DMXAA, for 
example, showed excellent promise preclinically but failed in clinical trials due to its specificity 
for murine, but not human STING (Conlon et al. 2013). Rat STING, however, appears to more 
closely mimic how human STING responds to agonists (H. Zhang et al. 2015). Use of multiple 
animal models may be beneficial for assessing STING as a therapeutic target due to these known 
differences. Alternatively, targeting other proteins in the STING pathway, such as NLRX1 (H. 
Guo et al. 2016; Fritsch et al. 2022), may be an option. While there remains much to learn about 
STING, particularly in the context of neuroinflammation, answering these questions will pave the 
way for the use of STING-based therapeutics. 
!
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Background: Inflammation is a significant contributor to neuronal death and dysfunction
following traumatic brain injury (TBI). Recent evidence suggests that interferons may be
a key regulator of this response. Our studies evaluated the role of the Cyclic GMP-AMP
Synthase-Stimulator of Interferon Genes (cGAS-STING) signaling pathway in a murine
model of TBI.

Methods: Male, 8-week old wildtype, STING knockout (�=�), cGAS�=�, and NLRX1�=�

mice were subjected to controlled cortical impact (CCI) or sham injury. Histopathological
evaluation of tissue damage was assessed using non-biased stereology, which was
complemented by analysis at the mRNA and protein level using qPCR and western
blot analysis, respectively.

Results: We found that STING and Type I interferon-stimulated genes were upregulated
after CCI injury in a bi-phasic manner and that loss of cGAS or STING conferred
neuroprotection concomitant with a blunted inflammatory response at 24 h post-
injury. cGAS�=� animals showed reduced motor deficits 4 days after injury (dpi), and
amelioration of tissue damage was seen in both groups of mice up to 14 dpi. Given

Abbreviations: BBB, blood brain barrier; CCI, controlled cortical impact; CDN, cyclic dinucleotide; cGAMP, cyclic
guanosine monophosphate-adenosine monophosphate; cGAS, cyclic GMP-AMP synthase; CNS, central nervous system;
CXCL10, C-X-C motif chemokine ligand 10; DAMP, damage-associated molecular pattern; Drp1, dynamin-related
protein 1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IFIH, interferon-induced helicase C domain-containing
protein; IFIT, interferon-induced proteins with tetratricopeptide repeats; IFN, interferon; IFNAR, interferon alpha/beta
receptor; IL, interleukin; IRF, interferon response factor; ISG, interferon-stimulated gene; JAK-STAT, Janus kinase-signal
transducer and activator of transcription; KO, knock out; MCP-1, monocyte chemoattractant protein 1; MMP, matrix
metalloproteinase; mPTP, mitochondrial permeability transition pore; mtDNA, mitochondrial DNA; NF-kB, nuclear factor
kappa-light-chain-enhancer of activated B cells; NLRX1, NOD-like receptor containing X1; PAMP, pathogen-associated
molecular pattern; PRR, pattern recognition receptor; qPCR, quantitative polymerase chain reaction; RIG-I, retinoic
acid-inducible gene I; ROS, reactive oxygen species; SAVI, STING-associated vasculopathy with onset in infancy; SLE,
systemic lupus erythematosus; STAT, signal transducer and activator of transcription; STING, stimulator of interferon
genes; TBI, traumatic brain injury; TBK1, tank-binding kinase 1; TFAM, transcription factor A, mitochondrial; TLR,
toll-like receptor; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; VEGF, vascular endothelial
growth factor; WT, wildtype.
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that cGAS requires a cytosolic damage- or pathogen-associated molecular pattern
(DAMP/PAMP) to prompt downstream STING signaling, we further demonstrate that
mitochondrial DNA is present in the cytosol after TBI as one possible trigger for this
pathway. Recent reports suggest that the immune modulator NLR containing X1 (NLRX1)
may sequester STING during viral infection. Our findings show that NLRX1 may be an
additional regulator that functions upstream to regulate the cGAS-STING pathway in the
brain.

Conclusions: These findings suggest that the canonical cGAS-STING-mediated Type
I interferon signaling axis is a critical component of neural tissue damage following TBI
and that mtDNA may be a possible trigger in this response.

Keywords: brain injury, inflammation, STING, cGAS, innate immunity

INTRODUCTION

Traumatic brain injury (TBI) is a complex neurological condition
that is a leading cause of death and disability in children and
adults (Roozenbeek et al., 2013; Surgucheva et al., 2014). The
injury occurs in two phases: an initial, acute mechanical injury
resulting from the external force, and secondary injury/cell
death due to complications such as hypoxia, ischemia, and
inflammation (Werner and Engelhard, 2007; Greve and Zink,
2009). While the use of improved safety measures has helped
minimize the severity of the initial impact, little progress has been
made in understanding or treating secondary injuries.

Neuroinflammation is a key mediator of secondary brain
injury; however, anti-inflammatory pharmacological approaches
largely fail in clinical trials (Simon et al., 2017). Interferons (IFNs)
are elevated in post-mortem human TBI samples (IFN-g; Frugier
et al., 2010; Karve et al., 2016) and in experimental TBI murine
models (IFN-a, IFN-b, IFN-g; Lagraoui et al., 2012; Karve
et al., 2016), but their functional role has been understudied
in TBI. Interferons are produced in response to the detection
of pathogen-associated molecular patterns (PAMPs) by pattern
recognition receptors (PRRs; Abe et al., 2019). Upon detection of
pathogenic nucleic acids, PRRs trigger the production of Type I
IFNs to prime both the affected and adjacent cells to neutralize
the pathogen. While a number of Type I IFN subtypes have
been identified, IFN-a and IFN-b are the most well-studied
(Trinchieri, 2010). These IFNs act via binding to the cell surface
complex known as IFN-a/b receptor (IFNAR), resulting in the
expression of IFN-stimulated genes (ISGs) via the JAK-STAT
pathway (Ivashkiv and Donlin, 2014).

The endoplasmic reticulum protein, Stimulator of Interferon
Genes (STING), is known to trigger Type I IFN responses after
being activated by cyclic guanosine monophosphate-adenosine
monophosphate (cGAMP), a second messenger produced by
the DNA sensor, cyclic GMP-AMP synthase (cGAS; Shang
et al., 2019; Zhang et al., 2019). cGAS is able to bind nuclear
and mitochondrial DNA (Sun et al., 2013; West et al., 2015)
to promote STING activation and subsequent translocation of
transcription factors (Seth et al., 2005; Ishikawa and Barber,
2008), resulting in the production of innate immune genes,
including IFNs and ISGs (Barber, 2014).

Previous studies have demonstrated that STING mRNA
is elevated in post-mortem human TBI brain samples, and
genetic loss of STING or IFNAR in murine models of TBI
reduces lesion size and autophagy markers (Karve et al., 2016;
Abdullah et al., 2018). Pharmaceutical inhibition of cGAS, the
upstream mediator of STING, in a murine stroke model reduced
microglial activation and peripheral immune cell infiltration (Li
et al., 2020). Interferon signaling is gaining increasing attention
for its role in mediating progressive damage in TBI (Barrett
et al., 2020; Sen et al., 2020). Taken together, this suggests
that cGAS-STING signaling may represent a novel mechanism
for controlling post-traumatic neuroinflammation; however,
there is evidence of non-canonical, cGAS-independent STING
activation, particularly in response to DNA damage (Dunphy
et al., 2018; Unterholzner and Dunphy, 2019). Because upstream
STING signaling is undefined in the brain, clarifying the
mechanisms of STING activation in the context of inflammation
without a known pathogen is critical for identifying targets for
therapeutic intervention.

In this study, we utilized genetic knockout mouse models
to elucidate the role of the cGAS-STING signaling pathway
after TBI in a preclinical model of controlled cortical impact
(CCI) injury. We report that the ISG response is immediately
upregulated after injury and provide evidence that cytoplasmic
mtDNA is available for cGAS binding in the injured cortex.
In addition to confirming that loss of endogenous STING
is protective (Abdullah et al., 2018), our data suggests that
canonical cGAS-STING signaling is a critical component of
trauma-induced neuroinflammation and tissue damage. We also
uncover in vivo evidence for the first time that nucleotide-
binding oligomerization domain, leucine-rich repeat containing
X1 (NLRX1) abrogates this pathway in the brain. Taken together,
we conclude canonical cGAS-STING signaling plays a significant
role in influencing TBI outcome.

MATERIALS AND METHODS

Animals
All mice were housed in a pathogen-free facility on a 12 h
light/dark cycle at Virginia Tech and provided the standard
rodent diet and water ad libitum. Male CD-1, C57BL/6J
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(wildtype), C57/Bl/6J-TMEM173gt/J (STING�=�; Sauer et al.,
2011), and B6(C)-Cgastm1d(EUCOMM)Hmgu/J (cGAS�=�) mice
were purchased from Jackson Laboratories (Ellsworth, ME,
USA). NLRX1�=� mice were previously described (Allen
et al., 2011). STING�=�, cGAS�=�, and NLRX1�=� mice
were genotyped according to protocols provided by Jackson
Laboratories. All experiments were conducted in accordance
with the NIH Guide for the Care and Use of Laboratory Animals
and under the approval of the Virginia Tech Institutional Animal
Care and Use Committee.

Controlled Cortical Impact (CCI) Injury
Animals were prepared for surgery as previously described
(Brickler et al., 2016). Male CD-1, wildtype, STING�=�,
cGAS�=�, and NLRX1�=� mice aged 8–10 weeks were
anesthetized with an intraperitoneal injection of ketamine
(100 mg/kg) and xylazine (10 mg/kg), then positioned in a
stereotactic frame. Body temperature was continually monitored
via a rectal probe and maintained at 37�C with an autoregulated
heating pad. A 4 mm craniotomy was made with a portable
drill over the right parietal-temporal cortex (�2.5 mm A/P and
2.0 mm lateral from bregma). Moderate CCI was induced with
an eCCI-6.3 device (Custom Design and Fabrication, Richmond,
VA, USA) using a 3 mm impact tip at an angle of 70�, 5.0 m/s
velocity, 2.0 mm impact depth, and 100 ms dwell period (Theus
et al., 2010). The incision was closed with Vetbond tissue
adhesive (3M, St. Paul, MN, USA), and post-surgery animals
received Buprenorphine SR (1 mg/kg, ZooPharm, Windsor, CO,
USA) subcutaneously. Sham animals received a craniotomy only.

Histology and TUNEL Staining
At the indicated times post-CCI injury, mice were anesthetized
by isoflurane (IsoFlor, Zoetis, Parsippany-Troy Hills, NJ, USA)
and euthanized by cervical dislocation. Brains were fresh frozen
on dry ice while embedded in O.C.T. (Tissue-PlusTM O.C.T.
Compound, Fisher HealthCare, Houston, TX, USA). Brains were
coronally sectioned (30 mm thickness) using a cryostat (CryoStar
NX50, Thermo Scientific, Waltham, MA, USA) through the
lesion site (�1.1 to �2.6 mm posterior to bregma). Serial
sections 300 mm apart were stained with Cresyl violet (Electron
Microscopy Sciences, Hatfield, PA, USA).

To identify cells undergoing apoptosis, slides were fixed in
10% formalin (Fisher Chemicals, Pittsburgh, PA) for 5 min,
washed with 1� PBS, permeabilized in 2:1 ethanol:acetic acid
at �20�C for 10 min and 0.4% Triton for 5 min, then
washed with 1� PBS and TUNEL stained according to the
manufacturer’s suggestions (DeadEndTM Fluorometric TUNEL
System, Promega, Madison, WI). Slides were then fixed for 5 min
in 10% formalin, blocked for 30 min in 0.2% Triton, 2% cold
water fish gelatin (Sigma, St. Louis, MO, USA), and stained
for Nissl (1:100, NeuroTraceTM 530/615 Red Fluorescence
Nissl, Invitrogen, Carlsbad, CA, USA). Slides were mounted
with DAPI Fluoromount-G (SouthernBiotech, Birmingham, AL,
USA). Representative confocal images were taken on a Nikon
C2 at 20� magnification using the recommended z-step size.
Maximum intensity projections were created in Nikon NIS-
Elements.

Estimating Lesion Size and TUNEL+/Nissl+

Cells
Lesion volume (mm3) was assessed by a blinded investigator
using StereoInvestigator’s Cavalieri estimator (MicroBrightField,
Williston, VT, USA) and an Olympus BX51TRF motorized
microscope (Olympus America, Center Valley, PA, USA), as
previously described (Theus et al., 2017). Five coronal serial
sections for each animal were spaced 300 mm apart surrounding
the epicenter of injury were stained for Nissl (described above)
and viewed at 4� magnification under brightfield illumination.
A grid (100 mm spacing) was set over the ipsilateral lesion site
and markers were placed over the contused tissue, as identified by
diminished Nissl staining intensity, morphology, and pyknotic
neurons. The contoured area with the section thickness, section
interval, and the number of sections were used by the Cavalieri
program to estimate the volume of contused tissue.

Apoptotic cells (TUNEL+) were counted by a blinded
investigator using five adjacent coronal serial sections (spaced
300 mm apart) with the StereoInvestigator Optical Fractionator
(MicroBrightField, Williston, VT, USA) probe. Approximately
100 randomized sites per animal (grid size: 500 � 500 mm,
counting frame size: 100 � 100 mm) were assessed to identify
TUNEL+ and TUNEL+/Nissl+ cells (apoptotic neurons), and
section thickness was estimated every five sites to improve the
accuracy of the cell count estimation. The number of cells per
contour, average estimated section thickness, section interval,
and the number of sections were used to estimate the number
of cells within the lesion volume.

Real Time qPCR
A 4 � 4 mm section of the injured cortex tissue was micro-
dissected from each animal and immediately submerged in
TRIzolTM Reagent (Invitrogen, Carlsbad, CA, USA). Either sham
surgery animals’ parietal cortices or the contralateral parietal
cortex from injured animals were extracted to serve as the
control. Cortical tissue was mechanically homogenized, lysed,
and extracted with TRIzolTM Reagent (Invitrogen, Carlsbad, CA,
USA) following the manufacturer’s protocol. RNA was reverse
transcribed to cDNA using iScript cDNA Synthesis Kit (Bio-
Rad, Hercules, CA, USA). Reactions containing SYBR Green
PCR Master Mix (Bio-Rad, Hercules, CA, USA), 10–50 ng
of cDNA, and 0.4 mM of each primer set were run on the
CFX96 System (Bio-Rad, Hercules, CA, USA). qPCRs were
performed in technical triplicates for each gene/primer set
(Table 1). Expression levels were normalized to GAPDH and
fold change was determined by the comparative CT method
(Schmittgen and Livak, 2008). Primer efficiency was determined
using a 4-point log concentration curve (Bio-Rad CFX Maestro
software, Hercules, CA, USA).

Western Blot
A 4� 4 mm section of injured cortex tissue was micro-dissected
from each animal, snap- frozen in liquid nitrogen, and stored at
�80oC until use. Extracts were homogenized with a hand-held
mortar/pestle (VWR, Radnor, PA, USA) on ice in RIPA
buffer (Thermo Scientific Pierce Protein Biology, Waltham,
MA, USA) containing proteinase and phosphatase inhibitors
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TABLE 1 | qPCR primers used in experiments.

Gene Forward Seq. (5′ - 3′) Reverse Seq. (5′ - 3′)

IRF7 CAA TTC AGG GGA TCC
AGT TG

AGC ATT GCT GAG GCT
CAC TT

IFIT1 ACC ATG GGA GAG AAT
GCT GAT G

TGT GCA TCC CCA ATG
GGT TC

STAT1 GCG GCA TGC AAC TGG
CAT ATA ACT

ATG CTT CCG TTC CCA
CGT AGA CTT

STAT2 TGA TCT CTA ACA GAC
AGG TGG

CTG CAT TCA CTT CTA AAG
ACT C

IFIT3 ATC ATG ATG GAG GTC
AAC CG

TTG CAC ACC CTG TCT
TCC AT

IFNA4 CTT TCC TCA TGA TCC
TGG TAA TGA T

AAT CCA AAA TCC TTC CTG
TCC TCC

IFNB1 AAC TCC ACC AGC AGA
CAG TG

GGT ACC TTT GCA CCC
TCC AG

RIG-I GAG TAC CAC TTA AAG
CCA GAG

AAT CCA TTT CTT CAG AGC
ATC C

IFIH1 CGG AAG TTG GAG TCA
AAG C

TTT GTT CAG TCT GAG TCA
TGG

IL-10 AGA
CCAAGGTGTCTACAAGGC

TCA TCA TGT ATG CTT CTA
TGC AGT

IL-6 CTA GCT CAG GCT CGT
CAG TTC

CTA GCT CAG GCT CGT
CAG TTC

MCP1 CTA GCT CAG GCT CGT
CAG TTC

CTA GCT CAG GCT CGT
CAG TTC

CXCL10 ATA ACC CCT TGG GAA
GAT GGT G

CTA GCT CAG GCT CGT
CAG TTC

GAPDH ATT GTG TCC GTC GTG
GAT CTG A

AGA TGC CTG CTT CAC
CAC CTT CTT

STING GCC TTC AGA GCT TGA
CTC CA

GTA CAG TCT TCG GCT
CCC TG

ND1 CAG CCT GAC CCA TAG
CCA TA

ATT CTC CTT CTG TCA GGT
CGA A

COX1 AGG CTT CAC CCT AGA
TGA CAC

GTA GCG TCG TGG TAT
TCC TGA A

List of forward and reverse sequences used for qPCR.

(Thermo Scientific Pierce Protein Biology, Waltham, MA, USA).
Homogenates were spun at 4oC at 15,000� g for 15 min and the
supernatant was stored at�80oC until use. Protein quantification
was determined using the DC protein assay kit with BSA
standards (Bio-Rad, Hercules, CA, USA). Fifty milligram of
protein was run on a 4–12 percent NuPage Bis-Tris Gel
(Thermo Fisher Scientific, Waltham, MA, USA) and transferred
onto a PVDF membrane (MilliporeSigma, Burlington, MA,
USA). Primary antibodies were incubated overnight. Primary
antibodies used were p-STING S365, STING, cGAS, histone
H3 (Cell Signaling Technology, Danvers, MA, USA), a-tubulin
(MilliporeSigma, Burlington, MA, USA), Mfn2 (was a kind
gift from Richard Youle’s laboratory), and HMGB1 (R&D
Systems, Minneapolis, MN, USA). Membranes were washed in
1� TBST, and secondary HRP conjugated antibodies (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA) were
incubated at RT for 1 h. Chemiluminescent detection (Thermo
Scientific Pierce Protein Biology, Waltham, MA, USA) was used
to detect a signal with the Bio-Rad ChemiDoc system (Bio-Rad,

Hercules, CA, USA). Relative optical density was determined
with ImageLab software (Bio-Rad, Hercules, CA, USA).

Evans Blue
Twenty-four hours after the CCI injury, the animals received an
intravenous injection of 300 ml Evans blue. After 3 h, animals
were sacrificed, and ipsilateral and contralateral hemispheres
were collected. The distribution of Evans Blue was verified by
opening the thoracic and abdominal cavities. The tissue was
incubated in 500 ml 10% formamide at 55�C for 24 h, then
centrifuged for 4 min at 210� g to pellet the tissue. Absorbance
for each hemisphere was measured in triplicate at 610 nm.

Rotarod
Gross motor function was evaluated by Rotarod (Columbus
Instruments, Columbus, OH, USA) testing from 4 to 14 days
post-TBI. The initial velocity was 5 rpm, with an acceleration
of 0.1 rpm/s. Each animal underwent three trials per day with
a 2 min rest between each trial. The average time of the three
trials was used for analysis. Eight-week-old animals were trained
for four consecutive days with a baseline measurement taken
on the 5th day. Animals underwent sham or CCI surgery, then
rotarod performance was evaluated at 4-, 7-, and 14-days post-
surgery. Each animal’s performance was compared to its baseline
measurement, and average performance for all animals was
reported. After the final day of testing, animals were euthanized
for histology, qPCR, or western blotting as described above.

Cytosolic Fractionation
The cytosolic fraction was extracted as previously reported (West
et al., 2015). Cortical tissue was homogenized in PBS plus
protease and phosphatase inhibitors (Thermo Scientific Pierce
Protein Biology, Waltham, MA, USA). Dissociated tissues were
incubated in the cytosolic extraction buffer containing 150 mM
NaCl, 50 mM HEPES, pH 7.4, and 15–25 mg/ml digitonin (Gold
Biotechnology, St Louis, MO, USA). The homogenates were
incubated end over end for 10 min to allow selective plasma
membrane permeabilization, then centrifuged at 980 g for 3 min
three times to pellet intact cells. Pellets were retained for western
blotting. The supernatant was centrifuged at 17,000 g for 10 min
to pellet any remaining cellular debris. DNA was extracted the
Zymo DNA extraction kit.

MtDNA detection and quantification of cytosolic extracts
were performed by real time PCR as previously published (West
et al., 2015). Ct values obtained for mtDNA abundance for whole
cell extracts served as normalization controls for the mtDNA
values obtained from the cytosolic fractions. It was also used
to ensure there were no hemispheric differences in mtDNA
levels in an individual animal. To prepare extracts, injured and
contralateral tissues were weighed, and 25 mg of tissue was used
for downstream processing. Ten percent of the homogenized
tissue was sampled prior to cytosolic fractionation for whole cell
extracts. Ct values from the ipsilateral cortex were normalized
to that individual animal’s contralateral hemisphere using the
comparative Ct method as whole mtDNA copy number as
the reference.
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Cell Isolations
Murine cells were isolated using the Worthington Dissociation
Kit (Worthington Biochemical Corporation, Lakewood, NJ,
USA) and slight modifications to published protocols (Holt
and Olsen, 2016; Holt et al., 2019). Briefly, WT animals
were deeply anesthetized with a ketamine (500 mg/kg)/xylazine
(10 mg/kg) cocktail and hand perfused with cold PBS to remove
blood. The brain was removed, cortices dissected, and finely
minced in warmed papain with DNase. Tissue was digested
in papain at 37�C for 15 mn for astrocytes and endothelial
cells or 45 min for microglia with gentle inversions every
5 min. For astrocytes and endothelial cells, the solution was
triturated, centrifuged at 300 g for 5 min 4�C, and the pellet
was resuspended in resuspension buffer per the Worthington
protocol to stop the digestion. The dissociated cells were
spun down again, filtered through a 70 mm cell strained with
10 ml 0.5% BSA PBS, then resuspended in 200 ml 0.5% BSA
PBS and microbeads. Oligodendrocytes were removed with
anti-myelin beads, then endothelial cells and astrocytes were
isolated with CD31 and ACSA-2 beads (all microbeads from
Miltenyi Biotec, Auburn, CA, USA), respectively, per published
protocols (Holt and Olsen, 2016; Holt et al., 2019). Microglia:
Microglia were isolated by plating the cells collected following
the Worthington Papain Dissociation System protocol. Cells
were incubated for one hat 37�C and non-adherent cells were
washed off, leaving microglia adherent to the plate. Primary
Neurons: Primary neurons were isolated from P0 mouse pups
per the Worthington Papain Dissociation System protocol
and cultured on poly-d-lysine-coated plates in Neurobasal
Medium with B27 supplement (Gibco, Waltham, MA, USA).
Primary neurons were collected 14 days after plating for
RNA isolation.

Statistical Analysis
Data were analyzed with GraphPad Prism 9 (GraphPad, San
Diego, CA, USA). A Student’s two-tailed t-test was used for
comparison of two experimental groups. One-way or two-way
ANOVA with Tukey’s multiple comparison test were used
for comparison of more than two experimental groups as
appropriate. Differences were considered statistically significant
at p < 0.05. Data reported as mean� SEM. n values are reported
in the figure legends.

RESULTS

CCI Injury Induces a Biphasic ISG
Response in the Damaged Cortex
To provide further insight into how TBI alters inflammatory gene
transcription in a temporal manner, we first sought to broadly
profile changes in cytokines, PRRs, ISGs, IFNs, and transcription
factors that are known to be upregulated by the innate immune
system (Schneider et al., 2014). Cortices from male 8-week
injured mice showed a temporally biphasic increase in mRNA
expression for most (10 of 13) genes tested compared to shams
(Figures 1A–C). Expression of Il-10, MCP-1, RIG-I, CXCL10,
IFIT1, IFIT3, IFNA4, IFNB1, IRF7, and STAT1 was significantly
increased at 2- and 24-h (h) post-injury, which was blunted at

4 h. IFIH1 (also known as MDA5), and STAT2 expression were
unchanged. Furthermore, Il10, MCP1, and Il-6 did not show a
biphasic expression pattern. Of note, the Type I IFNs IFNA4 and
IFNB1 showed a biphasic upregulation after injury.

Previous reports demonstrate neuroprotection in STING�=�

mice after CCI injury (Abdullah et al., 2018). To gain a more
in-depth understanding of the expression pattern of STING,
we assessed mRNA levels at 2, 4, and 24 h in the ipsilateral
parietal cortex (Figure 1D). We find STING is upregulated at all
time points tested but shows the greatest change in expression
at 2 and 4 post-injury (Figure 1D). Interestingly, STING itself
is an ISG and is positively regulated by its own transcription
upon activation (Ma et al., 2015). Taken together, these data
demonstrate a strong innate immune response occurring within
hours after TBI.

CCI Injury Induces the Presence of
Cytosolic Mitochondrial DNA in Damaged
Cortex
Loss of STING (Abdullah et al., 2018), IFNAR (Karve et al.,
2016), or IFNb (Barrett et al., 2020; Sen et al., 2020) function
has been shown to be beneficial in TBI outcome; however,
the mechanism regulating their induction remains unclear. The
canonical STING-cGAS pathway is activated by the binding of
viral nucleic acids found in the cytoplasm (Sun et al., 2013),
resulting in the production of the second messenger cGAMP
which binds and activates STING (Shang et al., 2019; Zhang
et al., 2019). In addition, mitochondrial DNA (mtDNA) can
activate STING in models where mtDNA packaging proteins and
mitochondrial permeability proteins are disrupted genetically
(West et al., 2015; McArthur et al., 2018), and mtDNA is present
in cerebral spinal fluid and serum following TBI (Walko et al.,
2014; Kilbaugh et al., 2015).

To determine whether mtDNA is present in the cytoplasm,
we isolated the cytoplasmic fraction of cells isolated from
the ipsilateral and contralateral cortex. We used primers
that targeted two different locations on the mitochondrial
genome corresponding to the coding region for COX1 and
ND1 (Figure 2A). To ensure that our cytosolic fractions
were enriched, western blotting detected the presence
of the cytosolic protein a-tubulin but showed that the
cytosolic fraction was devoid of the nuclear protein histone
H3 and the outer mitochondrial membrane protein Mfn2
(Figure 2B). Interestingly, we saw a significant elevation
in mtDNA at 2 h (Figure 2C), and 4 h (Figure 2D) post-
injury, which was resolved by 24 h (Figure 2E), indicating
that mtDNA is present in the cytoplasm of the injured
cells. These data correlated with ISG induction at 2 h
post-injury (Figure 1A).

To determine whether cytoplasmic nuclear DNA was also
present, we performed western blotting on cytoplasmic extracts
at 2 h to evaluate the expression of the chromosome-associated
protein nuclear protein high mobility group box protein 1
(HMGB1), whose expression is increased when nuclear DNA
is present in the cytosol (Urbonaviciute et al., 2008; Pisetsky,
2014). cGAS is also more easily bound to and activated by
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FIGURE 1 | The immune response to TBI is biphasic. Cytokine and interferon-stimulated gene (ISG) expression profiled at 2 h (A), 4 h (B), and 24 h (C) after injury
or sham surgery in male CD-1 mice. (D) mRNA expression of STING in the ipsilateral cortex 2, 4, and 24 h after injury or sham surgery. Gene expression was
normalized to GAPDH. n = 5–7 per group. Data presented as mean � SEM. �p < 0.05, ��p < 0.01, ���p < 0.001, ����p < 0.0001. N.S. = not significant.

HMGB1-coated nuclear DNA than DNA in its free form
(Andreeva et al., 2017). We found HMGB1 protein was
present in cytosolic fractions isolated from both contralateral
and ipsilateral hemispheres (Figure 2F); however, ipsilateral
cytoplasmic HMGB1 expression was not increased compared to
contralateral (Figure 2G). This suggests that mtDNA is available
to drive cGAS activation in the damaged cortex after CCI
injury, though alternative DNA sources (including nuclear DNA)
cannot be fully ruled out.

Loss of cGAS-STING Confers
Neuroprotection After CCI Injury
cGAS is necessary for canonical STING activation (Sun
et al., 2013; Wu et al., 2013). To verify this pathway’s
involvement in TBI, we utilized cGAS KO mice (cGAS�=�;
Supplementary Figure 1A) and STING KO (STING�=�;
Supplementary Figure 1B) mice. STING�=� mice displayed
a significant reduction in lesion volume compared to WT
at 1 day post-injury (dpi; Figures 3A,B), confirming prior
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FIGURE 2 | mtDNA is present in the cytosol as a possible trigger for cGAS-STING activation after TBI. (A) Diagram of mtDNA showing primer sets for ND1 and
COX1. (B) Western blot of whole cell lysate (WCL), cell pellet, and isolated cytosol to confirm cytosolic purity. Mitofusin 2 (MFN2) was used to identify mitochondria,
alpha-tubulin was used for detecting cytosol, and histone H3 indicated the nuclear fraction. (C–E) mtDNA was directly detected in the cytosol via qPCR at 2, 4, and
24 h post-TBI. Each animal was normalized to the respective hemisphere’s WCL. (F) Representative western blotting of the DNA-binding protein high mobility group
box protein 1 (HMGB1) in the cytosol 2 h post-TBI. (G) Quantification of HMGB1 western blot normalized to alpha-tubulin. n = 5 per group for all experiments. Data
presented as mean � SEM. *p < 0.05. NS = not significant.

work (Abdullah et al., 2018). Moreover, cGAS�=� mice also
showed significant neuroprotection compared to WT mice
(Figures 3A,B). To determine whether the reduction in lesion
volume was due to increased neuronal survival, we performed
immunodetection of apoptotic neurons by TUNEL staining
(Figure 3C). TUNEL detects nuclear DNA fragmentation, a
hallmark of apoptosis and necrosis (Grasl-Kraupp et al., 1995).
A significant reduction of TUNEL+ cells was detected 24 h
after injury in both cGAS�=� and STING�=� mice (Figure 3D).
Co-labeling with Nissl, an unspecific neuronal marker, showed
the number of apoptotic neurons was significantly reduced in

the ipsilateral cortex of STING�=� mice after injury and trending
toward a significant reduction in cGAS�=� mice (Figure 3E).
Although cGAS/STING deficiency is neuroprotective, no
difference was observed in blood-brain barrier function as seen
by quantifying Evans Blue infiltration in the damaged cortex
compared to contralateral (Figure 3F). Our results suggest that
the cGAS-STING pathway contributes to the neurotoxic effects
induced by CCI injury.

Behavioral impairments have been previously assessed in
IFNb�=� mice after TBI (Barrett et al., 2020), therefore
we sought to provide further confirmation that canonical
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