
Rapid mitochondrial dysfunction mediates TNF-alpha-induced 
neurotoxicity

Danielle N. Doll*,§,¶, Stephanie L. Rellick†,§,¶, Taura L. Barr‡,§,¶, Xuefang Ren†,§,¶, and 
James W. Simpkins†,§,¶

*Neurobiology and Anatomy, West Virginia University, Morgantown, West Virginia, USA

†Physiology & Pharmacology, West Virginia University, Morgantown, West Virginia, USA

‡School of Nursing, West Virginia University, Morgantown, West Virginia, USA

§Center for Neuroscience, Morgantown, WV, USA

¶Center for Basic and Translational Stroke Research, Morgantown, WV, USA

Abstract

Tumor necrosis factor alpha (TNF-α) is known to exacerbate ischemic brain injury; however, the 

mechanism is unknown. Previous studies have evaluated the effects of TNF-α on neurons with 

long exposures to high doses of TNF-α, which is not pathophysiologically relevant. We 

characterized the rapid effects of TNF-α on basal respiration, ATP production, and maximal 

respiration using pathophysiologically relevant, post-stroke concentrations of TNF-α. We 

observed a reduction in mitochondrial function as early as 1.5 h after exposure to low doses of 

TNF-α, followed by a decrease in cell viability in HT-22 cells and primary neurons. Subsequently, 

we used the HT-22 cell line to determine the mechanism by which TNF-α causes a rapid and 

profound reduction in mitochondrial function. Pre-treating with TNF-R1 antibody, but not TNF-

R2 antibody, ameliorated the neurotoxic effects of TNF-α, indicating that TNF-α exerts its 

neurotoxic effects through TNF-R1. We observed an increase in caspase 8 activity and a decrease 

in mitochondrial membrane potential after exposure to TNF-α which resulted in a release of 

cytochrome c from the mitochondria into the cytosol. These novel findings indicate for the first 

time that an acute exposure to pathophysiologically relevant concentrations of TNF-α has 

neurotoxic effects mediated by a rapid impairment of mitochondrial function.
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Inflammatory mechanisms play a crucial role in the pathophysiologic processes after the 

onset of ischemic stroke (Vila et al. 2000). Ischemic brain injury is complex, and 

intracellular signaling that regulates innate and adaptive immunity, inflammation, cell death, 

angiogenesis, and repair processes plays an important role in the initiation, progression, and 

resolution of ischemia. Initiation of these critical intracellular regulators occurs through 

rapid cytokine signaling after ischemia, highlighting cytokines as key regulators of stroke 

damage (Hallenbeck 2002). Tumor necrosis factor alpha (TNF-α) is one of many pro-

inflammatory cytokines associated with worsened clinical outcomes after stroke and 

exacerbations of infarct size in pre-clinical models (Nawashiro et al. 1997; Ormstad et al. 

2011). However, our understanding of the pro-inflammatory effects of TNF-α is based 

primarily on studies of its peripheral actions.

TNF-α mRNA increases within 1 h in the ischemic injury core, and the expression of its 

immunoreactive protein increases within 2–6 h after the onset of ischemia in preclinical 

models (Botchkina et al. 1997). TNF-α is increased in the serum of stroke patients between 

6 and 12 h after symptom onset (Liu et al. 1994; Sotgiu et al. 2006). TNF-α signaling occurs 

through the TNF-α receptor (TNF-R), where ligand binding recruits adaptor proteins to a 

core signaling complex allowing for differences in signal transduction depending upon the 

stimulatory pattern (Wallach et al. 2002).

The response to TNF-α is cell type dependent. In bovine and rat oligodendrocytes, TNF-α 

induces apoptosis, while in astrocytes, TNF-α enhances major histocompatibility complex 

class II and intracellular adhesion molecule 1 expression (Chao et al. 1995). In primary 

septo-hippocampal cultures, exposure to 30 ng/mL of TNF-α caused significant cytotoxicity 

but only with the addition of Actinomycin-D (Zhao et al. 2001). When rat primary cortical 

neurons are exposed to 10 ng/mL of TNF-α for 24 h, neurite retraction or formation of 

apoptotic bodies was not observed (Reimann-Philipp et al. 2001). However, in PC12 cells, 

TNF-α was cytotoxic (Reimann-Philipp et al. 2001). While these studies show neurotoxic 

effects of TNF-α, cultured embryonic rat hippocampal, septal, and cortical neurons are 

protected from glucose deprivation-induced injury and excitatory amino acid toxicity by 

exposure to TNF-α (Cheng et al. 1994). Furthermore, TNF-α can induce the expression of 

anti-apoptotic proteins B-cell lymphoma 2 and B-cell lymphoma-extra large (Bcl-xl) in 

hippocampal neurons (Tamatani et al. 1999). These few studies used high concentrations 

and long periods of exposure to TNF-α. Also, there is a single study of adipocytes that used 

high concentrations and 4-day exposures to assess mitochondrial function (Chen et al. 

2010).

In the present study, we tested the hypothesis that acute exposure to TNF-α concentrations 

seen in serum of stroke patients (Lambertsen et al. 2012; Nayak et al. 2012) causes neuronal 

cell death through rapid mitochondrial dysfunction. As such, we characterized the effect of 

acute exposure to low doses of TNF-α in a mouse hippocampal neuronal cell line (HT-22) 

and mouse primary cortical neurons. A rapid and profound mitochondrial dysfunction was 

observed after as little as 1.5 h of exposure to TNF-α which preceded cell death. These 

findings suggest that the damaging effect of TNF-α may be because of the impairment of 

neuronal mitochondrial function.
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Materials and methods

Cell culture

An immortalized mouse hippocampal cell line, HT-22, was cultured in Hyclone Dulbecco’s 

modified Eagle’s medium (DMEM)/high glucose (Fisher Scientific, Waltham, MA, USA) 

with 10% fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA, USA) and 1% 

penicillin/streptomycin (Fisher Scientific). The HT-22 mouse hippocampal neuronal cell 

line was provided by The Salk Institute for Biological Research (La Jolla, CA, USA), and 

cell passages 15–23 were used. When HT-22 cells were at least 80% confluent, the cells 

were trypsinized and spun down at 325.5 × g for 3 min. The cells were counted with 

Nexcelom Bioscience Cellometer AutoT4 (Lawrence, MA, USA). Primary mouse cortical 

neurons were purchased from Life Technologies (Carlsbad, CA, USA) and cultured in 

Neurobasal® Medium supplemented with GlutaMAX™ – I and B-27® supplement (Life 

Technologies).

TNF-α treatment

Recombinant Mouse TNF-α was purchased from R&D Systems (Minneapolis, MN, USA) 

and reconstituted at 50 μg/mL in phosphate-buffered saline (PBS) containing 0.1% bovine 

serum albumin. Dilutions were made in Hyclone DMEM/high glucose with 10% FBS and 

1% penicillin/streptomycin to obtain concentrations of 1, 10, 100, and 1000 pg/mL. The 

media was removed from each well by gentle aspiration. After removing the media, 100 μL 

of Hyclone DMEM/high glucose or the various concentrations of TNF-α were added for 

either 1.5, 3, 6, or 12 h. These time points were chosen based upon the post-stroke increase 

in TNF-α in serum patients and in the brains of animal models (Liu et al. 1994; Botchkina et 

al. 1997; Zaremba and Losy 2001; Intiso et al. 2003). For primary mouse cortical neurons, 

TNF-α at concentrations of 0, 100, and 1000 pg/mL were added for 1.5, 3, 6 and 24 h.

Mitochondrial function assessment

About 15 000 HT-22 cells or 16 000 primary mouse cortical neurons were seeded in a 

XFe96 cell culture microplate. HT-22 cells were treated with 1–1000 pg/mL of TNF-α (six 

replicates per treatment condition) 24 h after seeding. Primary mouse cortical neurons were 

treated with 100 or 1000 pg/mL of TNF-α 3 days after seeding. After treating with TNF-α, 

mitochondrial function was assessed with the XFe 96 Analyzer (Seahorse Bioscience, North 

Billerica, MA, USA) using a Mito Stress test kit at 1.5, 3, 6, and 12 h (HT-22 cells) or 1.5, 3, 

6, and 24 h (primary neurons). Non-mitochondrial-derived oxygen consumption rate (OCR) 

was measured using the first measurement after addition of rotenone and antimycin a. To 

calculate basal respiration, the measurement prior to oligomycin addition was subtracted 

from non-mitochondrial-derived OCR. Proton leak was measured using the third 

measurement after oligomycin injection subtracted from non-mitochondrial-derived OCR. 

ATP production was measured from subtracting proton leak from basal respiration. Maximal 

respiration was calculated using the first measurement after trifluorocarbonylcyanide 

phenylhydrazone (FCCP) injection subtracted from non-mitochondria-derived OCR.
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Cell viability

Cell viability was assessed using Calcein AM (Life Technologies), and reconstituted at 2 

mM in dimethylsulfoxide. About 15 000 HT-22 cells or 16 000 primary mouse cortical 

neurons were seeded in a black-walled clear bottom 96 well plate. HT-22 cells were exposed 

to 1–1000 pg/mL of TNF-α and the primary mouse cortical neurons were treated with 100 

or 1000 pg/mL of TNF-α. After exposure to TNF-α for 1.5, 3, 6, and 12 h (HT-22 cells) or 

1.5, 3, 6, and 24 h (primary neurons), the plate was washed three times with PBS 1X. A total 

of 100 μLof 1 μM Calcein AM was added to the wells. The plate was incubated at 22°C in 

the dark for 30 min. The plate was read using a BioTek Synergy H1 Hybrid reader 

(Winooski, VT, USA).

Flow cytometry

HT-22 cells were grown to 90% confluence, a single cell suspension was made using cell 

dissociation buffer, and the cells were fixed in 10% formaldehyde for 30 min and 

subsequently permeabilized in 70% ethanol for 30 min on ice. To reduce non-specific 

antibody binding, HT-22 cells were blocked in 3% bovine serum albumin in PBS for 15 min 

and subsequently incubated with 1 μg PE anti-mouse CD120a (TNF R Type I/p55) or PE 

anti-mouse CD120b (TNF R Type II/p75) from Biolegend (San Diego, CA, USA). Data 

were acquired by counting 10 000 events and analyzed using FACSCalibur (BD 

Biosciences, San Jose, CA, USA) to determine the presence or absence of TNF-R1 and/or 

TNF-R2.

TNF-R1 or TNF-R2 antibody treatment

HT-22 cells were pre-treated for 1 h with 4, 6, or 8 μg/mL of LEAF™ Purified anti-mouse 

CD120a (TNF R Type I/p55), 4, 6, or 8 μg/mL of LEAF™ Purified anti-mouse CD120b 

(TNF R Type II/ p75), or 8 μg/mL of LEAF™ Purified Armenian Hamster IgG Isotype Ctrl 

from Biolegend. Media was removed and cells were then treated with 100 pg/mL of TNF-α 

for 1.5 h or 3 h. Cell viability was assessed with Calcein AM at both 1.5 and 3 h, and 

mitochondrial basal respiration was assessed with the XFe 96 Analyzer from Seahorse 

Bioscience at 1.5 h.

Caspase 8 and caspase 3/7 activity

Caspase 8 and Caspase3/7 activity was assessed with the Caspase-Glo™ 8 and Caspase-

Glo™ 3/7 assay kits (Promega, Madison, WI, USA) after treating HT-22 cells with 1, 10, 

100, 1000 pg/mL of TNF-α for 1.5 h.

TMRE mitochondrial membrane potential assay

Mitochondrial membrane potential was assayed using a TMRE mitochondrial membrane 

potential assay (Abcam, Cambridge, MA, USA) by addition of 300 nM TMRE and 20 μM 

FCCP after treating HT-22 cells with 1, 10, 100, 1000 pg/mL of TNF-α for 1.5 h.

Cytochrome c release from mitochondria to cytosol

After exposure to 100 or 1000 pg/mL of TNF-α for 3, 6, 12, and 24 h, HT-22 cells were 

fractioned into cytosolic and mitochondrial fractions using the Mitochondrial/Cytosol 

Doll et al. Page 4

J Neurochem. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fractionation Kit (Biovision, Milpitas, CA, USA). The protein concentration of each 

fraction was determined using the Pierce 660 nm protein assay (Thermo Scientific, 

Waltham, MA, USA). Cytochrome c levels in the cytosolic and mitochondrial fractions were 

determined using a rat/mouse cytochrome c Quantikine ELISA (R&D Systems, 

Minneapolis, MN, USA). Percentage release of cytochrome c was calculated using the 

following equation: total cytosolic cytochrome c/(cytosolic + mitochondrial cytochrome c) 

(Tanaka et al. 2004).

Statistical analysis

One-way ANOVA and post hoc analyses (Dunnett or Trend for linear analysis) were used to 

analyze differences among groups using GraphPad Prism 5 software (GraphPad Software, 

La Jolla, CA, USA). Statistical significance was determined at a p < 0.05.

Results

TNF-α caused a decrease in mitochondrial function at 1.5, 3, 6, and 12 h in HT-22 cells

Figure 1 (a, c, e, g) and Figure S1 show the dose-dependent decrease in basal respiration, 

ATP production, and maximal respiration at 1.5, 3, 6, and 12 h of TNF-α exposure. At 1.5 h, 

basal respiration, ATP production, and maximal respiration decreased by approximately 

30%, and 40% at 100 and 1000 pg/mL TNF-α, respectively (Fig. 1a and Figure S1a). At 3 

and 12 h, but not 6 h, the magnitude of the dose-dependent reduction in basal respiration, 

ATP production, and maximal respiration induced by TNF-α was increased (Fig. 1 c, e, g 

and Figure Sb–d).

TNF-α caused a delayed decrease in cell viability in HT-22 cells

Based on our observation of decreased mitochondrial function as early as 1.5 h of TNF-α 

exposure, we determined if the decrease in mitochondrial function preceded cell death. We 

did not observe a significant decrease in cell viability after 1.5 h of exposure to TNF-α (Fig. 

1b). However, cell viability began to decrease after 3 h by approximately 30% at doses of 

100 and 1000 pg/mL of TNF-α (Fig. 1d). Additionally, cell viability decreased significantly 

at 6 and 12 h (Fig. 1f and h). At 6 h, 100 and 1000 pg/mL of TNF-α caused a decrease in 

cell viability of approximately 37%. At 12 h, 10, 100, and 1000 pg/mL caused a decrease in 

cell viability of approximately 50%.

TNF-α caused a rapid decrease in mitochondrial function and a delayed decrease in cell 
viability in mouse primary cortical neurons

To confirm the rapid and profound effects of low doses of TNF-α on mitochondrial function 

was not specific to a transformed cell line, we exposed mouse primary cortical neurons to 

low doses of TNF-α for 1.5, 3, 6, and 24 h. After exposure to 100 pg/mL and 1000 pg/mL of 

TNF-α for 1.5 h, basal respiration was decreased by 48% and 61%, respectively without 

causing cell death (Fig. 2a and b). Acute exposure to low doses of TNF-α did not decrease 

cell viability until 24 h after exposure to 1000 pg/mL of TNF-α (Fig. 2h). Since TNF-α 

rapidly decreases mitochondrial function prior to cell death in both HT-22 cells and mouse 

primary cortical neurons, we used the HT-22 cell line to determine the mechanism by which 

TNF-α rapidly affects mitochondrial function.
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HT-22 cells express TNF-R1 and TNF-R2

It is known that TNF-α mediates its effects through TNF-R1 and TNF-R2. There is 

expression of TNF-R1 on all cell types, while expression of TNF-R2 is primarily on 

hemopoietic and endothelial cells (Maddahi et al. 2011). To determine the expression 

pattern of TNF-α receptors on HT-22 cells, flow cytometry analysis of HT-22 cells with 

antibodies specific for TNF-R1 and TNF-R2 was performed. HT-22 cells expressed both 

TNF-R1 (24.56%) and TNF-R2 (87.17%) under normal culture conditions (Figure S2).

TNF-α exerts its neurotoxic effects through TNF-R1

Pre-treating HT-22 cells with 4, 6, or 8 μg/mL of TNF-R1 antibody for 1 h ameliorated the 

TNF-α induced decrease in mitochondrial basal respiration (Fig. 3a), ATP production, and 

maximal respiration (data not shown) at 1.5 h. As observed in Fig. 1b, TNF-α did not kill 

HT-22 cells at 1.5 h (Fig. 3 b and e). The decrease in cell viability caused by 100 pg/mL of 

TNF-α at 3 h was ameliorated when TNF-R1 was blocked (Fig. 3c). However, when HT-22 

cells were pretreated with 4, 6, or 8 μg/mL of TNF-R2 antibody, the neurotoxic effects of 

TNF-α on mitochondrial basal respiration at 1.5 h (Fig. 3d) or cell viability at 3 h (Fig. 3f) 

was not affected.

TNF-α caused an increase in caspase 8 activity but not caspase 3/7 activity in HT-22 cells

After exposure to 1, 10, 100, 1000 pg/mL of TNF-α for 1.5 h, caspase 8 and caspase 3/7 

activity was assessed with caspase 8 and caspase 3/7 luciferase assays. TNF-α caused a 

dose-dependent increase in caspase 8 activity (Fig. 4a); however, caspase 3/7 activity was 

not affected by TNF-α exposure at this early time (Figure S3). At the highest TNF-α 

concentration of 1000 pg/mL, caspase 8 activity was increased by 46%.

TNF-α caused a decrease in mitochondrial membrane potential in HT-22 cells

Mitochondrial membrane potential dissipation results from the activation of caspases; thus, 

the increase in caspase 8 activity after 1.5 h of exposure to TNF-α led us to hypothesize that 

TNF-α causes mitochondrial membrane potential to decrease as a result of the activation of 

caspase 8. TNF-α exposure for 1.5 h resulted in a significant dose-dependent decrease in 

mitochondrial membrane potential (Fig. 4b), and there was a significant correlation between 

the increase in caspase 8 activity and decrease in mitochondrial membrane potential (Fig. 

4c).

TNF-α induced cytochrome c release from mitochondria in HT-22 cells

After exposure to 100 and 1000 pg/mL of TNF-α for 3, 6, 12, and 24 h, there was a dose-

dependent increase in cytochrome c release from mitochondria (Fig. 5). Exposure to TNF-α 

for 3, 12, and 24 h with 100 and 1000 pg/mL TNF-α resulted in a significant increase in 

cytochrome c release, and after exposure for 6 h only 1000 pg/mL of TNF-α resulted in a 

significant increase in cytochrome c release (p < 0.05).
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Discussion

The present study shows, for the first time, that TNF-α rapidly and profoundly reduces 

neuronal cell mitochondrial function. It is widely accepted that mitochondria play a role in 

neuro-inflammation and neurodegenerative CNS disorders such as multiple sclerosis, 

Alzheimer’s disease, and Parkinson’s disease (Di Filippo et al. 2010). With an insult like 

ischemic stroke, microglia activation occurs, leading to the release of TNF-α along with 

other pro-inflammatory cytokines (Davalos et al. 2005). Pro-inflammatory cytokines can 

activate mitochondria-induced apoptosis leading to cell death (Huang et al. 2005). Our 

findings suggest that TNF-α exposure caused neuronal mitochondrial dysfunction as 

expressed by decreased mitochondrial respiration as early as 1.5 h of exposure. The 

magnitude of the dose-dependent decrease in mitochondrial respiration was increased at 3 

and 12 h but not at 6 h in HT-22 cells. After 6 h of exposure to TNF-α, HT-22 cells appear 

to activate compensatory mechanisms to respond to the mito-toxic effects of TNF-α. 

However, this compensation is not effective in preventing neuronal cell death.

Neurons have a high ATP demand (Zhu et al. 2012), and a temporary reduction in ATP 

production results in a profound decrease in neuronal viability (Simpkins et al. 2010). 

Fiskum et al. (1999) hypothesized that neuronal death that occurs at the core of an infarct 

after ischemia results from the decrease in mitochondrial and glycolytic ATP production. 

TNF-α is known to exacerbate infarct size in pre-clinical models of stroke, and this may be 

because of the profound and rapid decrease in ATP production, caused by TNF-α release in 

the evolving ischemic core.

Although TNF-R2 is primarily expressed on immune cells, and the expression of TNF-R1 is 

constitutive on all cell types, HT-22 cells express both receptors (Maddahi et al. 2011). 

TNF-R2 plays a major role in the lymphoid system and requires membrane-bound TNF-α 

for full activation; thus, we hypothesized that TNF-α affects mitochondrial function through 

TNF-R1 because soluble TNF-α signaling is primarily through TNF-R1 (Wajant et al. 2003; 

Maddahi et al. 2011). Furthermore, there is no correlation between the number of receptors 

present on a cell and the magnitude of the TNF-induced response (Beyaert and Fiers 1994). 

Blocking TNF-R1 ameliorated the neurotoxic effects of TNF-α on mitochondrial respiration 

and cell viability, confirming that TNF-α exerts neurotoxic effects through TNF-R1 not 

TNF-R2. To further understand the neurotoxic mechanisms of TNF-α, we assessed caspase 

8 and caspase 3/7 activity because TNF-α can signal through TNF-R1 and activate caspase 8 

or caspase 3/7 (Baud and Karin 2001; McCoy and Tansey 2008). The activation of caspase 8 

causes mitochondrial-induced apoptosis through the cleavage of Bcl-2-associated X protein 

(BAX) and BH3 interacting-domain death agonist (BID) (Aggarwal 2003; McCoy and 

Tansey 2008). Caspase 8 activity was increased in a dose-dependent manner after exposure 

to TNF-α for 1.5 h; however, caspase 3/7 activity was not affected at this early time. The 

increase in caspase 8 activity led us to hypothesize that mitochondrial membrane potential 

should decrease if caspase 8 is initiating mitochondrial-induced apoptosis (Green and 

Kroemer 2004). The TMRE mitochondrial membrane potential assay showed a significant 

dose-dependent decrease in mitochondrial membrane potential after 1.5 h of TNF-α 

exposure. Furthermore, with a collapse of mitochondrial membrane potential there should be 

an increase in cytochrome c release from the mitochondria, because of the cleavage of BAX 
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and BID (Baud and Karin 2001; Aggarwal 2003; McCoy and Tansey 2008). After exposure 

to 100 pg/mL of TNF-α for 3 and 24 h, there was an 11% and 68% increase in cytochrome c 

release, respectively, from mitochondria. Our observation of a 19.7% decrease in 

mitochondrial membrane potential and the 30% decrease in ATP production at 1.5 h of 

treatment with 100 pg/mL TNF-α indicates that sufficient cytochrome c is released to induce 

apoptosis (Sas et al. 2007). Once cytochrome c is released, cytochrome c interacts with 

apoptotic protease-activating factor-1, procaspase-9, and dATP forming an apoptosome (Sas 

et al. 2007). The formation of the apoptosome allows for the activation of caspase-9, which 

activates procaspase-3, and results in the induction of apoptosis (Sas et al. 2007).

HT-22 cells and primary mouse cortical neurons both showed a rapid mitochondrial 

impairment and subsequent cell death in response to low concentrations of TNF-α. 

However, there was a notable difference between the two cell types in the timing of the 

TNF-α-induced cell death. Whereas HT-22 cells died within 3 h of exposure, primary 

neurons showed cell loss only at 24 h. The reason for this delayed response of primary 

neurons is not clear, but is consistent with the comparative resistance of primary neurons to 

TNF-α in other studies (Reimann-Philipp et al. 2001; Zhao et al. 2001). We suspect, but do 

not have evidence to support, that primary neurons may have inherent defense mechanisms 

that resist the neurotoxic effects of a single cytokine, like TNF-α (Tamatani et al. 1999).

Numerous studies reported an association between increased levels of TNF-α mRNA and 

protein and an exacerbation of ischemic injury (Di Filippo et al. 2010). Administration of 

TNF-α-blocking antibodies or soluble TNF-R1 prior to inducing stroke reduces infarct 

volume (Murakami et al. 2005; Di Filippo et al. 2010). Our findings may provide the 

mechanism of TNF-α exacerbation of stroke damage and shows that TNF-α elicits 

neurotoxic effects by inducing a rapid mitochondrial dysfunction mediated through TNF-R1 

signaling, subsequently activating caspase 8 and leading to the release of cytochrome c.

Current clinical treatment of ischemic stroke concentrates on dissolving and/or removing the 

clot, without much focus on the secondary damage that occurs as part of the inflammatory 

ischemic cascade (Works et al. 2013). Inflammation is known to play a major role in the 

pathophysiology of stroke and progression of damage post-stroke (Vila et al. 2000; Iadecola 

and Anrather 2011). The identification of a new therapeutic to reduce brain damage because 

of inflammation post-stroke would be clinically useful. However, TNF-α has both pro-

apoptotic and anti-apoptotic activities, and both roles are important physiologically 

(Aggarwal 2003). When the expression of TNF-α is profound and prolonged, such as after 

stroke, it has harmful effects (Aggarwal 2003). Thus, understanding the neurotoxic 

mechanism of TNF-α is important to further advance its potential as a therapeutic target.

As with all in vitro studies, our studies have some limitations, and we interpreted our results 

with caution. First, TNF-α was administered at discrete doses (1–1000 pg/mL) for 1.5–24 h. 

Post-stroke concentrations change over time and are elevated in patients within 6 h of 

symptom onset and stay elevated for up to 10 days (Zaremba and Losy 2001; Intiso et al. 

2003). Furthermore, TNF-α mRNA is increased in the ischemic core within 1 h, and TNF-α 

immunoreactive protein is seen within 2–6 h in the brain after middle cerebral artery 

occlusion in preclinical models (Liu et al. 1994; Botchkina et al. 1997). We observed 
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mitochondrial impairment with clinically relevant concentrations of TNF-α over a critical 

time window post-stroke. An additional limitation is the use of cell culture models such as a 

transformed cell line and a primary mouse neuronal culture. Both cell types are models for 

neurons, but do not have astrocytes, microglia, or endothelial cells; thus, the results should 

be taken with caution. In view of the similarity between the two models, we believe we have 

modeled the effects of TNF-α on nerve cells. Finally, we did not evaluate cleavage of BAX 

and BID. We assumed the cleavage occurred because caspase 8 cleaves BAX and BID, 

resulting in cytochrome c release. Our results support that exposure to TNF-α at 1.5 h results 

in an increase in caspase 8 activity, and by 3 h we observed a significant release of 

cytochrome c from the mitochondria into the cytosol.

This study shows, for the first time, a rapid and profound mitochondrial dysfunction in 

neurons with acute exposure to low doses of TNF-α. This neurotoxic effect of TNF-α 

appears to be mediated by TNF-R1, leading to caspase activation, mitochondrial membrane 

potential collapse, and mitochondrial release of cytochrome c. Collectively, these data help 

to elucidate the neurotoxic mechanisms of TNF-α, thereby providing potential targets for 

cytokine-directed therapy for neuroprotection.
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Fig. 1. 
Effects of tumor necrosis factor alpha (TNF-α) on basal respiration and cell viability in 

HT-22 cells. (a) Basal respiration after exposure to TNF-α for 1.5 h. (b) Cell viability after 

exposure to TNF-α for 1.5 h. (c) Basal respiration after exposure to TNF-α for 3 h. (d) Cell 

viability after exposure to TNF-α for 3 h. (e) Basal respiration after exposure to TNF-α for 6 

h. (f) Cell viability after exposure to TNF-α for 6 h. (g) Basal respiration after exposure to 

TNF-α for 12 h. (h) Cell viability after exposure to TNF-α for 12 h. Analysis of variance 

and Dunnett post hoc tests were used to assess significance. *p < 0.05; **p < 0.01; ***p < 

0.001. Depicted are mean + SEM for n = 6/group.
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Fig. 2. 
Effects of tumor necrosis factor alpha (TNF-α) on basal respiration and cell viability in 

mouse primary cortical neurons. (a) Basal respiration after exposure to TNF-α for 1.5 h. (b) 

Cell viability after exposure to TNF-α for 1.5 h. (c) Basal respiration after exposure to TNF-

α for 3 h. (d) Cell viability after exposure to TNF-α for 3 h. (e) Basal respiration after 

exposure to TNF-α for 6 h. (f) Cell viability after exposure to TNF-α for 6 h. (g) Basal 

respiration after exposure to TNF-α for 24 h. (h) Cell viability after exposure to TNF-α for 

24 h. Analysis of variance and Dunnett post hoc tests were used to assess significance. *p < 

0.05; **p<0.01; ***p< 0.001. Depicted are mean + SEM for n = 6/group. When SEM is not 

depicted, it is too small for representation.
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Fig. 3. 
Effects of blocking TNF-α receptor (TNF-R1 or TNF-R2) on TNF-α induced changes in 

mitochondrial basal respiration and cell viability. (a) Effects of TNF-R1 antibody on TNF-α 

induced changes in mitochondrial basal respiration at 1.5 h. (b) Effects of TNF-R1 antibody 

on TNF-α induced changes in cell viability at 1.5 h. (c) Effects of TNF-R1 antibody on 

TNF-α induced changes in cell viability at 3 h. (d) Effects of TNF-R2 antibody on TNF-α 

induced changes in mitochondrial basal respiration at 1.5 h. (e) Effects of TNF-R2 antibody 

on TNF-α induced changes in cell viability at 1.5 h. (f) Effects of TNF-R2 antibody on 

TNF-α induced changes in cell viability at 3 h. Analysis of variance and Dunnett post hoc 

tests were used to assess significance, *p < 0.05, **p < 0.01; ***p < 0.001; ##p < 0.01 ; ###p 

< 0.001; *compared to Vehicle; #compared to 100 pg/mL TNF-α; Depicted are mean + 

SEM for n = 6/group.
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Fig. 4. 
(a) Effects of 1.5 h of exposure to tumor necrosis factor alpha (TNF-α) on caspase 8 

activity. Analysis of variance and Dunnett post hoc tests were used to assess significance, 

***p < 0.001 (b) Effects of 1.5 h of treatment with TNF-α on mitochondrial membrane 

potential. #Indicates analysis of variance with post-test for linear trend found a significant 

dose-dependent decrease in mitochondrial membrane potential, R square = 0.3571, p = 

0.0163 (c) ##Indicates a significant Pearson’s correlation between caspase 8 activity and 

mitochondrial membrane potential. R square = 0.9437, p = 0.086. Depicted are mean + SEM 

for n = 6/group.
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Fig. 5. 
Effects of tumor necrosis factor alpha (TNF-α) on cytochrome c release. (a) Exposure to 

TNF-α for 3 h. (b) Exposure to TNF-α for 6 h. (c) Exposure to TNF-α for 12 h. (d) 

Exposure to TNF-α for 24 h. Analysis of variance and Dunnett post hoc tests were used to 

assess significance. *p < 0.05; **p < 0.01; ***p < 0.001. Depicted are mean + SEM for n = 

6/group. When SEM is not depicted, it is too small for representation.
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