
Extracellular Mitochondria and Mitochondrial Components Act 
as Damage-Associated Molecular Pattern Molecules in the 
Mouse Brain

Heather M. Wilkins1,2, Scott J. Koppel1,2, Ian W. Weidling2,3, Nairita Roy3, Lauren N. Ryan2, 
John A. Stanford3, and Russell H. Swerdlow1,2,3,4

1Department of Neurology University of Kansas Medical Center, Kansas City, KS, USA

2University of Kansas Alzheimer’s Disease Center, Kansas City, KS, USA

3Department of Molecular and Integrative Physiology, University of Kansas Medical Center, 
Kansas City, KS, USA

4Department of Biochemistry and Molecular Biology, University of Kansas Medical Center, 
Kansas City, KS USA

Abstract

Mitochondria and mitochondrial debris are found in the brain’s extracellular space, and 

extracellular mitochondrial components can act as damage associated molecular pattern (DAMP) 

molecules. To characterize the effects of potential mitochondrial DAMP molecules on 

neuroinflammation, we injected either isolated mitochondria or mitochondrial DNA (mtDNA) into 

hippocampi of C57BL/6 mice and seven days later measured markers of inflammation. Brains 

injected with whole mitochondria showed increased Tnfα and decreased Trem2 mRNA, increased 

GFAP protein, and increased NFκB phosphorylation. Some of these effects were also observed in 

brains injected with mtDNA (decreased Trem2 mRNA, increased GFAP protein, and increased 

NFκB phosphorylation), and mtDNA injection also caused several unique changes including 

increased CSF1R protein and AKT phosphorylation. To further establish the potential relevance of 

this response to Alzheimer’s disease (AD), a brain disorder characterized by neurodegeneration, 

mitochondrial dysfunction, and neuroinflammation we also measured App mRNA, APP protein, 

and Aβ1-42 levels. We found mitochondria (but not mtDNA) injections increased these parameters. 

Our data show that in the mouse brain extracellular mitochondria and its components can induce 

neuroinflammation, extracellular mtDNA or mtDNA-associated proteins can contribute to this 

effect, and mitochondria derived-DAMP molecules can influence AD-associated biomarkers.
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Introduction

Damage associated molecular pattern (DAMP) molecules are endogenously-generated 

molecules that, following extracellular accumulation, initiate inflammation (Matzinger 1994; 

Nakahira et al. 2015). Mitochondria, which derive directly from and in many ways still 

resemble bacteria, contain various DAMP molecules (Galluzzi et al. 2012).

In the brain, mitochondrial DAMP molecules access the extracellular space following 

necrosis, or as part of a recently described transcellular mitophagy pathway (Davis et al. 

2014; Davis and Marsh-Armstrong 2014). We recently hypothesized mitochondrial DAMP 

molecules may contribute to neuroinflammation in Alzheimer’s disease (AD), and in a 

proof-of-principle in vitro study found mitochondrial lysates activated inflammation 

pathways in neuronal and microglial cell lines (Wilkins et al. 2015). Here, we considered 

this hypothesis in an in vivo setting.

Materials and Methods

Mice

The University of Kansas Medical Center’s Institutional Animal Care and Use Committee 

approved these experiments. Male, 4-month-old C57Bl/6 mice from the Jackson Laboratory 

were accommodated to our vivarium for 48 hours, housed on a 12:12 hour light:dark 

schedule, and given ad libitum access to standard chow and water.

Preparation of mitochondria and mitochondrial DNA (mtDNA) fractions

Mice were decapitated and brain mitochondria isolated using a percoll gradient and ultra-

centrifugation (see supplemental material). Mitochondria were rapidly freeze-thawed three 

times. Alternatively, mtDNA was isolated from the mitochondrial fractions as previously 

described (Wilkins et al. 2015).

Stereotactic surgery

Mice were anesthetized using isoflurane (2–5%), and placed in a stereotactic frame with a 

heat source. Burr-holes were placed in the skull over each injection site (injections were 

bilateral) and a 24–30 gauge, dome-tipped needle attached to a microliter syringe was 

lowered to the injection sites in the hippocampal dentate gyri (measurements from bregma –

hippocampus: anterior/posterior –2.5 mm, lateral ±2.0 mm, dorsoventral –1.8 mm) (Paxinos 

2004).

5 μL of mitochondria (containing 10–12 μg of protein), mtDNA (containing 10 μg of 

mtDNA), or saline were injected (per side) over a 10 minute period at a constant rate of 0.5 

μL/minute. The needle was removed one minute following the completion of an injection. 

The contralateral injection was then completed. Seven days post-surgery mice were 

decapitated, and half of each brain was immediately placed in 4% paraformaldehyde/saline, 

while the other half was placed in RNA Later (Ambion) solution and stored at 4°C.
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Quantitative Reverse Transcription PCR (qPCR)

Hippocampal tissue was dissected from the RNA Later-preserved hemisphere. RNA was 

isolated, cDNA synthesized, and qPCR completed as previously described (Wilkins et al. 

2014). mRNA levels were measured using primers to the following: amyloid precursor 

protein (App), C-C motif chemokine ligand 11 (Ccl11), cluster of differentiation molecule 

11b (Cd11B), colony stimulating factor 1 (Csf1), colony stimulating factor receptor 1 

(Csf1r), glial fibrillary acidic protein (Gfap), interleukin 1β (Il1β), interleukin 1 receptor 

(Il1r), triggering receptor expressed on myeloid cells 2 (Trem2), and tumor necrosis factor α 
(Tnfα). Amplification rates of the resultant amplicons were compared to the amplification 

rate of Actin using the ΔΔCT calculation.

Western blots

Cortex was dissected from the RNA Later-preserved tissue and processed as previously 

described (Busciglio et al. 2002; Wilkins et al. 2014). Western blots were completed using 

the following antibodies: AKT/protein kinase B (Cell Signaling, 1:1000), pAKT Ser 473 

(Cell Signaling 1:500), pAKT Thr308 (Cell Signaling, 1:500), actin (Cell Signaling, 

1:2000), APP (Cell Signaling, 1:1000), CSF1R (Cell Signaling, 1:500), glial fibrillary acidic 

protein (GFAP) (Abcam, 1:1000), histone deacetylase 1 (HDAC1, Cell Signaling 1:2000), 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF B) p65 (Cell Signaling, 

1:1000), and pNF B p65-Ser 536 (Abcam, 1:500).

Immunohistochemistry (IHC)

Paraformaldehyde-preserved tissue was prepared, sectioned, stained, and quantified as 

previously described (Wilkins et al. 2014). The following antibodies and reagents were used 

for IHC: GFAP (Abcam 1:500), secondary antibody donkey anti-rabbit AlexaFlour 488 

(Abcam 1:500), and ProLong Gold Antifade reagent with DAPI (ThermoFisher). Image 

analysis was performed with the investigator blinded to the origin of the images.

Beta amyloid (Aβ) enzyme linked immunoabsorbant assays

Two individual rodent-specific Aβ1-42 enzyme linked immunoabsorbant assays (ELISAs) 

were performed. One assay utilized a ThermoFisher mouse endogenous Aβ1-42 ELISA kit, 

and the other a Wako human/rat/mouse high sensitivity endogenous Aβ1-42 ELISA kit. 

Briefly, cortical tissue was homogenized in 8 M guanidine hydrochloride with protease 

inhibitor cocktail (ThermoFisher), and incubated at room temperature while mixing by 

inversion for 4 hours. For both ELISA kits samples were diluted 1:5. Values were 

normalized to protein content.

Statistics

Data were summarized by means and standard errors. To compare means between groups, 

we used one-way ANOVA followed by Fisher’s least signi cant difference (LSD) post hoc 
testing. Statistical tests were performed using SPSS 18.0 (SPSS Inc). P-values less than 0.05 

were considered statistically signi cant. For all comparisons except the ELISAs sample sizes 

were n=12 per group; for the ELISAs sample sizes were n=10 per group.
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Results

Effects of mitochondria and mtDNA on inflammation signaling

The NF B transcription factor influences inflammatory gene expression (Lawrence 2009; 

Tornatore et al. 2012), and although cortex NF B protein levels did not change mitochondrial 

lysate and mtDNA treatments both increased NF B phosphorylation (Figure 1). AKT, which 

phosphorylates NF B, was potentially activated by mtDNA as mtDNA increased AKT 

Ser473 and Thr308 phosphorylation. Mitochondrial lysate increased hippocampal mRNA 

for CSF1R, a cell surface receptor that can activate both AKT and NF B signaling (Hamilton 

1997; Kelley et al. 1999), while mtDNA increased cortex CSF1R protein. Mitochondria 

lysates and mtDNA increased hippocampal Tnfα, reduced Trem2, and did not affect Il1β, 
Il1r, Ccl11, or Csf1 mRNA levels.

Effects of mitochondria and mtDNA on astrocytes and microglia

mtDNA lowered hippocampal Cd11b mRNA expression (Figure 2), although cortex CD11b 

protein was not altered by either treatment. Neither treatment altered the hippocampal Gfap 
mRNA level, mtDNA produced an upward trend in cortical GFAP protein as assessed by 

Western blot, and IHC revealed increased hippocampal GFAP protein.

Effects of mitochondria and mtDNA on APP and Aβ

Mice injected with mitochondrial lysates showed increased App mRNA and APP protein 

levels (Figure 3). These changes were not observed in mtDNA-injected mice. A 

ThermoFisher Aβ1-42 ELISA kit found Aβ1-42 increased with either treatment. Because this 

kit reportedly shows a positive signal in APP knock-out mice (Teich et al. 2013), we also 

used a Wako ELISA kit which showed a trend towards increased Aβ1-42 in mice receiving 

mitochondrial lysates.

Discussion

This study found introducing mitochondria into the brain extracellular space induces 

neuroinflammation. This was demonstrated by the fact that after extracellular mitochondria 

were introduced to hippocampi, hippocampal Tnfα mRNA increased while Trem2 mRNA 

decreased, cortex NFκB phosphorylation increased, and hippocampal GFAP protein 

increased. mtDNA, either directly or through proteins such as TFAM which associate with 

it, contributed to this effect. This was demonstrated by the fact that after extracellular 

mtDNA was introduced to hippocampi, hippocampal Trem2 mRNA decreased, cortex 

CSF1R protein increased, hippocampal GFAP protein increased, cortex NFκB 

phosphorylation increased, and cortex AKT phosphorylation increased.

Mitochondrial components can, therefore, function in the brain as DAMP molecules. 

Multiple mitochondrial components are already known to function as DAMP molecules in 

other tissues and experimental models (Galluzzi et al. 2012; Nakahira et al. 2015). We 

previously showed mitochondrial lysates that contain mtDNA, but not mitochondrial lysates 

from mtDNA-depleted ρ0 cells, activate inflammatory pathways in cultured neuronal and 

microglial cells (Wilkins et al. 2015). Findings from our current in vivo study are consistent 
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with those from the in vitro study, and allow us to extend those observations to the 

mammalian brain.

10–12 μg of total mitochondrial protein were injected in these experiments, versus 10 μg of 

mtDNA. The amount of directly injected mtDNA likely exceeded the amount that was 

introduced when disrupted whole mitochondria were injected. Exposure to disrupted whole 

mitochondria, though, introduces other known mitochondrial DAMP molecules (Wilkins et 

al. 2015). Based on these experiments it is difficult to know which mitochondrial 

components contributed to the observed neuroinflammation response, how much a given 

component contributed, or what amount of a component exceeds its threshold for activating 

a neuroinflammatory response.

Extracellular mitochondria (in lysate form) increased APP expression. This finding is 

consistent with our previous in vitro study (Wilkins et al. 2015). The APP promotor contains 

NFκB binding sites, and we did observe increased NFκB phosphorylation at a site that 

should enhance NFκB activity. Other inflammation-linked transcription factors, including 

AP1 and SP1, as well as cytokines, can also affect APP expression (Forloni et al. 1992; 

Grilli et al. 1995; Theuns and Van Broeckhoven 2000). Further studies to elucidate the 

relationship between mitochondrial DAMP molecules, neuroinflammation, and APP 

expression are warranted.

APP protein can be processed to produce Aβ, and in AD fibrillary Aβ accumulates in the 

brain (at least in the run-up to the clinical phenotype) (Jack et al. 2010). In addition to 

increasing the expression of APP mRNA and protein, extracellular mitochondria appeared to 

also increase cortex Aβ1-42. Because issues of antibody specificity have been raised for at 

least some Aβ ELISA kits (Teich et al. 2013), to enhance the confidence of this observation 

we used two independent ELISA assays. While results obtained from the two ELISA assays 

were not identical, based on considerations from both assays it does seem reasonable to 

conclude that the introduction of extracellular mitochondrial lysate to hippocampi increased 

cortical Aβ1-42.

Altered APP homeostasis and processing does not represent our study’s only potential AD 

tie-in. TREM2 has also been implicated in AD (Guerreiro et al. 2013; Korvatska et al. 2015; 

Wang et al. 2015). In the brain TREM2 is believed to reduce cytokine production and 

promote microglial phagocytosis (Jiang et al. 2016; Turnbull et al. 2006). It was also 

recently shown to play a role in microglial viability and in sensing lipid release, functions 

that are negatively affected by the TREM2 R47H variant that associates with AD (Wang et 

al. 2015). AD transgenic mice, when crossed with Trem2 knock-out mice, show reduced 

microgliosis (Jay et al. 2015). Consistent with this, CD11b, a microglial marker, did not 

increase in our study despite increases in other inflammation markers.

The CSF1R is primarily expressed on central nervous system microglial cells (De Lucia et 

al. 2015) (Rademakers et al. 2012), and it is reasonable to consider whether it may have 

mediated at least some of the inflammatory changes we observed. CSF1R is activated by the 

binding of CSF1, in the presence of or alternatively by IL-34, and is required for microglial 

viability. CSF1R activation enhances AKT signaling (Cioce et al. 2014), which can in turn 
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activate NF B and increase the production of pro-inflammatory cytokines and chemokines 

(Kelley et al. 1999). TREM2 and CSF1R-associated functional pathways also intersect, as 

TREM2 may sustain microglial survival through interactions with CSF1R signaling 

pathways (Elmore et al. 2014; Wang et al. 2015).

Due to the small size of the mouse hippocampus, only mRNA and IHC measurements were 

performed on hippocampus while Western blots utilized cortex protein. This limits our 

ability to infer mRNA-protein correlations, but does argue the effects of mitochondrial 

DAMP molecules are not necessarily neuroanatomically circumscribed. Also, injection 

volumes were relatively large and this could have induced changes. Although we controlled 

for this potential confounding factor by comparing mitochondria lysate/mtDNA injected 

mice to mice injected with an identical volume of vehicle, we did not determine whether 

injection site mechanical damage was comparable across groups. Finally, despite attempts to 

standardize our mitochondrial lysate and mtDNA injections, a quantitative appreciation of 

all of the injection components was beyond the scope of this study. This limits our ability to 

address instances in which one injection type, but not the other, induced a significant change 

in a measured parameter.

Overall, our findings indicate the presence of mitochondria or mitochondrial components 

within the brain’s extracellular space can induce neuroinflammation. More studies are 

needed to determine the contributions of the different mitochondrial DAMP molecules, 

define the mechanisms that mediate their DAMP effects, and quantify the extent to which 

mitochondria or mitochondrial components accumulate in the brain under either physiologic 

or pathologic conditions. In AD, whether extracellular mitochondria or mitochondrial debris 

increase due to neurodegeneration, or as a consequence of mitochondrial dysfunction, and 

consequently increase neuroinflammation remains to be determined. Data generated by these 

experiments are consistent with either of these scenarios.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Aβ amyloid beta

AD Alzheimer’s disease

AKT protein kinase B

APP amyloid precursor protein
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CCL11 C-C motif chemokine 11

CD11b cluster of differentiation 11b

CSF1 colony stimulating factor 1

CSF1R colony stimulating factor receptor 1

DAMP damage associated molecular pattern

GFAP glial fibrillary acidic protein

HDAC1 histone deacetylase 1

HMGB1 high mobility group box protein 1

IL1β interleukin 1 beta

IL1R interleukin 1 receptor

MIB mitochondrial isolation buffer

mtDNA mitochondrial DNA

NFκB nuclear factor κB

pAKT phosphorylated AKT

pNFκB phosphorylated NFκB

TFAM mitochondrial transcription factor A

Tnfα tumor necrosis factor α

TREM2 triggering receptor expressed on myeloid cells 2
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Figure 1. Effects of mitochondria and mtDNA on inflammation signaling
A. Densitometry analysis of pNF B protein normalized to total NF B. B. Densitometry 

analysis of pAKT Ser 473 protein normalized to total AKT. C. Densitometry analysis of 

pAKT Thr 308 protein normalized to total AKT. D. Csf1r mRNA levels. E. Densitometry 

analysis of CSF1R protein normalized to HDAC1. F. Tnfα mRNA levels. G. Trem2 mRNA 

levels. *p<0.05; **p<0.01; #p=0.05. n=12 for all groups.
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Figure 2. Effects of mitochondria and mtDNA on microglia and astrocyte proliferation
A. CD11b mRNA levels. B. Gfap mRNA levels. C. Densitometry analysis of cortical GFAP 

protein normalized to actin. D. Representative blots. E. Mean pixel intensity of GFAP 

obtained from IHC analysis of the dentate gyrus. F. Number of GFAP positive cells per field, 

obtained from IHC analysis of the dentate gyrus. G. Representative IHC images, with scale 

bar of approximately 10 μm. *p<0.05; #One way ANOVA not significant, but for indicated 

group versus vehicle p<0.05 on posthoc LSD testing. n=12 for all groups.
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Figure 3. Effects of mitochondria and mtDNA on APP and Aβ
A. App mRNA levels. B. Densitometry analysis of APP protein normalized to actin. C. 

Representative blots. D. Aβ1-42 levels determined by ThermoFisher ELISA, represented as 

pg/mg. E. Aβ1-42 levels determined by Wako ELISA, represented as pg/mg. *p<0.05; 

**p<0.01; #One way ANOVA not significant, but for indicated group versus vehicle p<0.05 

on posthoc LSD testing. n=12 for each group in (A) and (B), and n=10 for each group in (D) 

and (E).
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