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Abstract 

Mitochondria are sentinel organelles that are impacted by various forms of cellular stress, 

including viral infections. While signaling events associated with mitochondria, including those 

activated by pathogen associated molecular patterns (PAMPs), are widely studied, alterations in 

mitochondrial distribution and changes in mitochondrial dynamics are also beginning to be 

associated with cellular insult. Cells of neuronal origin have been demonstrated to display 
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remarkable alterations in several instances, including neurodegenerative disorders. Venezuelan 

Equine Encephalitis Virus (VEEV) is a New World alphavirus that infects neuronal cells and 

contributes to an encephalitic phenotype. We demonstrate that upon infection by the vaccine 

strain of VEEV (TC-83), astrocytoma cells experience a robust drop in mitochondrial activity, 

which corresponds with an increased accumulation of reactive oxygen species (ROS) in an 

infection-dependent manner. Infection status also corresponds with a prominent perinuclear 

accumulation of mitochondria. Cellular enzymatic machinery, including PINK1 and Parkin, 

appears to be enriched in mitochondrial fractions as compared with uninfected cells, which is 

indicative of mitochondrial damage. Dynamin related protein 1 (Drp1), a protein that is 

associated with mitochondrial fission, demonstrated a modest enrichment in mitochondrial 

fractions of infected cells. Treatment with an inhibitor of mitochondrial fission, Mdivi-1, led to a 

decrease in caspase cleavage, suggesting that mitochondrial fission was likely to contribute to 

apoptosis of infected cells. Finally, our data demonstrate that mitophagy ensues in infected cells. 

In combination, our data suggest that VEEV infection results in significant changes in the 

mitochondrial landscape that may influence pathological outcomes in the infected cell. 
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Introduction  

Venezuelan Equine Encephalitis Virus (VEEV) is a single-stranded RNA virus belonging to the 

genus Alphavirus, family Togaviridae. This New World alphavirus is an emerging infectious 

agent that causes natural outbreaks in many parts of the world.
1--3

 VEEV was weaponized in the 

past and continues to be classified as a bio-threat agent, as well as a category B select agent, 

owing to the retention of stability and infectivity in aerosol form.
4
 New World alphaviruses are 

arboviruses (arthropod-borne viruses) that infect equines and humans. Equines typically develop 

generalized symptoms within 2-5 days of VEEV infection, including fever, tachycardia, 

depression, and anorexia. However, more serious complications, including hyper-excitability and 

encephalitis sometimes occur within 5-10 days of infection, often resulting in death of the animal 

within one week. If humans are infected with VEEV, symptoms appearing within 2-5 days can 

range from febrile, or flu-like symptoms, such as malaise, fever, chills and myalgia, to coma and 

death in ~1% of cases. Currently, no United States Food and Drug Administration (FDA) 

approved vaccines or therapeutics are available as countermeasure strategies for VEEV 

infections. There are two investigational vaccines for VEEV that are offered to at-risk 

personnel.
5
 These include the VEEV TC-83 strain, which is a live-attenuated virus and is known 

to induce a fairly robust primary immune response. The second candidate is VEEV C-84, which 

is a formalin-inactivated vaccine and induces relatively weaker immune responses as compared 

to TC-83. 

Events that occur in the infected host cell, including activation of phospho-signaling events such 

as NFəB signaling cascade, MEK-ERK signaling cascade and the ubiquitin proteasome pathway, 

play important roles in the establishment of a productive infection.
6--8

 Many host proteins have 

been shown to interact with VEEV proteins that critically influence viral multiplication.
9,10

 Thus, 
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multiple lines of evidence allude to the importance of host components in viral multiplication 

and host pathology. 

The role of mitochondrial dynamics during acute viral infections is beginning to be appreciated, 

and the list of viruses that impact mitochondria and innate immune responses is growing. 

Mitochondria are important to many cellular processes, including energy production, aging, 

innate immunity and cell survival.
11--14

 Mitochondrial size, structure and motility influence the 

maintenance of cellular homeostasis, as has been demonstrated in the case of neurodegenerative 

disorders including Parkinsonôs, Alzheimerôs and Huntingtonôs disease.
15,16

 Many viral proteins 

target the mitochondria and interfere with their functionality. The hepatitis B virus (HBV) 

encoded regulatory protein HBV X (HBx) localizes to the mitochondrial membrane where it 

alters membrane potential and elevates the levels of calcium ions and Reactive Oxygen Species 

(ROS), thereby causing damage to the mitochondria and activating latent transcription factors.
17--

20
 Similarly, Hepatitis C virus (HCV), a positive-strand RNA virus in the Flaviviridae family, 

has also been shown to damage the mitochondria in the liver during infection due to an increase 

in ROS resulting in membrane depolarization and dysfunction.
20

 HCV infection also induces a 

perinuclear phenotype, wherein mitochondria cluster in the perinuclear space.
21

 In addition, HCV 

infection and altered mitochondrial dynamics were demonstrated to result in changes to the 

mitochondrial membrane proteome and mitochondrial localization of a host kinase, PINK1, and 

ubiquitin ligase, Parkin.
21,22

 Such alterations in enzymes that can mediate phosphorylation and 

ubiquitination of mitochondrial and associated proteins can influence interactions of 

mitochondria with motor proteins, such as kinesin, that disrupt mitochondrial mobility in neurons 

infected with Herpes simplex virus (HSV). In the case of Human Immunodeficiency Virus 

(HIV), viral protein R (Vpr) is known to associate with the mitochondrial outer membrane, 
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leading to a decrease in expression of mitofusin 2. This induces mitochondrial fragmentation, 

ultimately affecting T lymphocyte viability. Respiratory Syncytial Virus (RSV) encodes a 

nonstructural protein, NS1, that has been shown to interfere with antiviral signaling originating 

from the mitochondria.
23

 The virulence factor of Rift Valley fever virus (RVFV), a non-

structural S protein (NSs), associates with the mitochondria to disrupt the redox balance of the 

cell, leading to apoptosis.
24

 RVFV also encodes a non-structural M protein (NSm) that localizes 

to the mitochondria and has been associated with the onset of apoptosis in infected cells.
25

 

In the case of New World alphaviruses, infection is known to cause lethal outcomes with 

cytopathic effects in cells of neuronal origin.
10,26,27

 There is little information regarding the 

mechanisms that underlie cell death, aside from caspase activation, in a manner that is dependent 

on infection. The field of New World alphaviruses has not, thus far, focused on the mitochondria 

and the influence of infection on mitochondrial dynamics. Our studies initiated with the 

hypothesis that VEEV infection will result in alterations in mitochondrial dynamics and 

disruption of membrane potential. We additionally hypothesized that mitochondrial changes will 

be manifested at the level of intracellular distribution and proteomic composition. To address the 

impact of VEEV infection on the mitochondria of infected cells, we adopted a combination 

strategy that included biochemical analysis of mitochondrial membrane potential and 

mitochondrial composition. We also utilized confocal and electron microscopic methods to study 

the localization of host and viral components to the mitochondria and alterations in 

mitochondrial structure. We utilized the TC-83 virus to study the consequences of infection on 

astrocytoma cells (U87MG cells), as we have demonstrated in the past that TC-83 infection 

induces several innate immune signaling events and leads to death of infected cells.
6,7

 

Cumulatively, our studies indicate that VEEV infection disrupts mitochondrial structure and 
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function. We demonstrate that mitochondrial fission may partially contribute to apoptosis that 

occurs in infected cells. Finally, our data suggest that mitophagy is a consequence of VEEV 

infection in cells that may contribute in an additive manner to the pathology associated with the 

infection. The outcomes of this study will aid in the understanding of the influence of 

mitochondria on disease progression and neuronal outcomes such as death of neurons in VEEV 

infection and in the design of appropriate combinatorial therapeutic strategies that may protect 

neuronal cells. 

Results 

VEEV infection results in loss of mitochondrial membrane potential 

Viruses including HCV, HIV, RSV and RVFV have an impact on mitochondrial function in 

infected cells as reflected by an increase in ROS levels that correlate with infection status.
17--

20,24,28
 ROS and malfunctioning mitochondria are important contributors to apoptosis in these 

infected cells. We hypothesized that VEEV infection would disrupt mitochondrial function which 

would contribute to apoptosis. We have utilized the human astrocytoma cell line, U87MG, as a 

model system to understand mitochondrial events that occur in VEEV infected cells. U87MG 

cells are readily infected by VEEV and display robust viral replication kinetics.
6--8,28--30

 U87MG 

cells were infected with the TC-83 strain of VEEV at increasing multiplicities of infection 

(MOIs). Changes in mitochondrial membrane potential were quantified by labeling active 

mitochondria with TMRE reagent (TetraMethyl Rhodamine, Ethyl ester). The data demonstrated 

that TC-83 infection resulted in a decrease in membrane potential at all time points tested, with 

significant decreases occurring at 6 hpi in the higher MOIs (10 and 20) and at all MOIs tested at 

24 hpi when compared with the respective mock controls (Figure 1A). U87MG cells were 
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infected with RVFV as a virological control (RVFV). It has already been demonstrated that 

RVFV infection of human lung cells leads to increase in ROS and apoptosis.
24
 As it was not 

demonstrated before that RVFV could establish an infection in U87MG cells, we verified that the 

MP-12 strain of RVFV could infect U87MG cells by quantifying infectious titer (Figure 1B). 

This indicates that our virological control can effectively replicate in our U87MG model system. 

Overall, the results illustrated that TC-83 infection of U87MG cells leads to a drop in 

mitochondrial membrane potential in an infectious dose-dependent and time-dependent manner. 

ROS accumulation in cells is a direct reflection of disruption in mitochondrial function. We 

wanted to determine if TC-83 infection results in accumulation of ROS in the infected cells. In 

order to obtain a quantitative assessment of ROS levels in the TC-83 infected cells, we 

conducted an intracellular ROS quantification assay that is based on the oxidation of 2ǋ,7ǋ-

dichlorodihydrofluorescein (DCFH-DA) by ROS. The data indicated significant increases in 

ROS in the TC-83 infected cells as compared to the uninfected cells at all tested MOIs and time 

points (Figure 1C). U87MG cells treated with H2O2 demonstrated a robust accumulation of ROS 

as expected. As an additional control for infection, we determined the abundance of VEEV 

capsid protein at the MOIs tested (Figure 1D). Our results indicate an MOI-dependent and time-

dependent accumulation of VEEV capsid, which can be detected as early as 4hpi in U87MG 

cells infected with an MOI of 10 or 20 and is detectable at all MOIs at 6hpi. Cumulatively, our 

data supported a time-dependent loss of membrane potential and accumulation of ROS in TC-83 

infected cells. 
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Mosquito cells may be less susceptible to mitochondrial dysfunction in the context of TC-83 

infection 

In the context of mosquito-transmitted virus infections, it has been observed that insect cells 

possess distinct mechanisms to regulate ROS levels which actually contribute to decreased 

apoptosis.
31--33
 It is therefore of relevance to determine if VEEV infection will impact insect cells 

and lead to accumulation of ROS in a similar manner as we observed in U87MG cells. We 

studied whether infection of mosquito cells with TC-83 would lead to a disruption of 

mitochondrial function. C6/36 cells and U87MG cells were infected with TC-83 (MOI:10), and 

mitochondrial membrane potential was measured at 6 hpi. Measurement of TMRE fluorescence 

indicated that the mosquito cells did not experience as much of a drop in membrane potential as 

the U87MG cells (Figure 2A). Using the DCFH-DA assay, we measured ROS accumulation in 

the infected C6/36 cell line and determined that unlike the U87MG cell line, there was not a 

significant increase in ROS (Figure 2B). We quantified relative viral load in both the C6/36 cells 

and U87MG cells. While the relative viral load in the C6/36 cells is approximately 1.5 logs lower 

than the U87MG cells at the early 6-hour time point, the cells support a progressive viral 

infection as reflected by the increasing viral load at 24 hpi (Figure 2C). Therefore, our data are 

suggestive of the idea that mosquito cells may be less susceptible to TC-83 infection-induced 

disruption of mitochondrial function in comparison to human cells. 

Mitochondrial distribution is altered in TC-83 infected U87MG cells 

Viral infections, such as those caused by HBV, have been shown to cause a perinuclear 

clustering of mitochondria in an infection-dependent manner.
21
 A similar redistribution of 

mitochondria around the nucleus of infected neurons was demonstrated in the case of HSV 
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infection accompanied by increased concentration of viral tegument proteins around the 

nucleus.
34

 Interestingly, such a perinuclear clustering of mitochondria was also observed in 

fibroblasts obtained from Alzheimerôs patients, suggestive of a relevance to neurodegenerative 

conditions.
35

 We wanted to determine whether TC-83 infection led to alterations in the 

distribution of mitochondria in infected cells. TC-83 infected U87MG cells were processed for 

immunofluorescence analysis using anti-TOMM20 (mitochondrial membrane protein) and anti-

VEEV capsid antibodies. We observed that in the cells positive for VEEV capsid, the 

mitochondria appeared to accumulate around the nucleus (Figure 3A). This was in contrast to the 

filamentous, disperse localization that was evident in the uninfected cells. We determined that 

62% and 69% of infected cells, at 2hpi and 6hpi respectively, displayed the perinuclear 

clustering phenotype (Figure 3B). The fragmented, perinuclear phenotype is shown at higher 

magnification in Figure 3C to contrast the mitochondrial intracellular distribution in the infected 

cells with the tubular network in uninfected cells. As part of this analysis, we observed that the 

VEEV capsid signal partially co-localized with the TOMM20 signal in the perinuclear region, 

suggesting that the viral capsid protein may also be a component of dysfunctional mitochondria 

in TC-83 infected cells (Figure 3D). As an added control, the distribution of VEEV capsid 

protein relevant to the endoplasmic reticulum (ER) was determined using antibodies to calnexin 

(Figure 3E). Our analysis did not reveal any localization of capsid protein in the ER at this time 

point. 

We adopted a biochemical fractionation method to enrich for mitochondrial membranes as an 

alternate strategy to determine VEEV capsid association with mitochondria. U87MG cells were 

infected at increasing MOIs and separated into mitochondrial membrane and cytosolic fractions. 

As expected, TOMM20 was detected in the WCE (lanes 1-3), enriched in the mitochondrial 
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membrane fractions (lanes 4-6) and absent from the cytosolic fraction (lanes 7-9). VEEV capsid 

protein was enriched in the mitochondrial fraction obtained from infected cells with a minor 7% 

increase in the mitochondrial fraction at MOI: 20 versus MOI: 10 (Figure 4B, lanes 5 and 6). 

Thus, microscopic and biochemical fraction methods indicate that intracellular VEEV capsid 

protein could be detected in the mitochondria in TC-83 infected cells. 

PINK1 and Parkin localized in mitochondria in TC-83 infected cells 

Mitochondrial dysfunction, as observed with viral infection such as HBV and neurodegenerative 

disorders, is coincident with re-localization of specific host enzymes to the mitochondria. PINK1 

is a host kinase that localizes to the mitochondria, where it is stabilized in the context of 

mitochondrial dysfunction. Localization of PINK1 in the mitochondria leads to the increased 

retention of Parkin, a ubiquitin ligase, in the mitochondria. Thus, localization of PINK1 and 

Parkin enzymes in the mitochondria are markers of damaged mitochondria that correspond with 

elimination of defective mitochondria by mitophagy.
21,36--38

 We hypothesized that TC-83 

infection will induce re-localization of PINK1 and Parkin to the mitochondria. WCE from all 

samples indicated that TOMM20, PINK1 and Parkin levels were comparable between uninfected 

and infected cells (Figure 5A, lanes 1-3). This suggested that if there were differential 

enrichment of any of these target proteins in the mitochondria of infected cells, it was not the 

result of differential protein expression. We also independently determined that TC-83 infection 

did not result in an increase in the total protein levels of PINK1 and Parkin in infected cells by 

western blot analysis (data not shown). We observed that PINK1 was significantly enriched in 

the mitochondrial membrane fractions (Figures 5A lanes 4-6, and 5B). Additionally, Parkin 

recruitment to the mitochondrial membranes was also increased in infected cells (Figures 5A 

lanes 4-6, and 5B). In contrast to PINK1, Parkin could still be detected in the cytosolic fractions 
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of infected cells (Figure 5A lanes 7-9). We also studied whether PINK1 and Parkin co-localized 

with VEEV capsid in infected cells. Immunofluorescent analysis of infected cells revealed that 

PINK1 co-localized with VEEV capsid in 47% of TC-83 infected cells (Figure 5C), while Parkin 

co-localized with VEEV capsid in 13% of infected cells (Figure 5D). Cumulatively, our 

microscopic and biochemical fractionation studies demonstrated that TC-83 infection resulted in 

re-localization of PINK1 and Parkin to mitochondrial membranes, with a partial co-localization 

of these host proteins with VEEV capsid. 

Increased phosphorylation of Drp1 protein can be detected in infected cells 

An important marker of mitochondrial fission is an increase in phosphorylation of Drp1 protein 

on Serine 616 (pDrp1-Ser616), as demonstrated in HBV infection.
21
 We wanted to determine if 

Drp1 protein displayed phosphorylation of Serine 616 in TC-83 infected cells. Analysis of total 

protein extracts revealed a modest increase in pDrp1-Ser616 in TC-83 infected cells (Figure 6A). 

This increase was noted as early as 2hpi, suggesting that very early changes in mitochondrial 

architecture occur in infected cells. We also wanted to determine if Drp1 phosphorylation was a 

dynamic feature that changed with MOI. To that end, we observed a progressive increase in 

Drp1-Ser616 phosphorylation between MOI: 5 and 10, while at MOI: 20, phosphorylation of 

Drp1 was slightly decreased (Figure 6B). This behavior of phosphorylated residues as noted in 

Figures 6A and 6B is consistent with transient phosphorylation modification of target proteins by 

host kinases, which follow temporal patterns of phosphorylation and dephosphorylation and may 

reflect the possibility of a downward trend in a bell shaped curve. The phosphorylation of Drp1-

Ser616 in infected cells was quantified based on three independent experiments which suggested 

a statistically significant increase in infected cells (Figure 6C). We also studied if any increase in 

mitochondrial localization of pDrp1-Ser616 could be observed in TC-83 infected cells. While no 
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significant difference could be detected in the mitochondrial localization of total Drp1 between 

infected and uninfected cells, there was a modest 51% increase observed in the mitochondrial 

localization of pDrp1-Ser616 in infected cells (Figure 6D, lanes 3-4). 

We hypothesized that the Drp1 localization pattern in infected cells would change in a manner 

that parallels the perinuclear clustering of mitochondria. Using confocal microscopy, we 

observed that in uninfected cells, Drp1 showed a diffuse cytoplasmic localization pattern (Figure 

6E, top panel). In TC-83 infected cells, more Drp1 was localized to the perinuclear regions in a 

pattern similar to TOMM20 (Figure 6E, bottom panels). A similar study was conducted to 

investigate the intracellular distribution of pDrp1-Ser616 (Figure 6F-G). Uninfected cells 

displayed a diffuse pattern of pDrp1-Ser616 similar to total Drp1 in Figure 6E (top panel). In the 

case of TC-83 infected cells, phosphorylated Drp1-Ser616 formed more punctate foci, partially 

co-localizing with VEEV capsid (Figure 6F, bottom panel) and TOMM20 (Figure 6G, bottom 

panel). Thus, our data suggest that TC-83 infection results in an early increase in 

phosphorylation of Drp1 on Serine 616, leading to a modest increase in pDrp1-Ser616 at the 

mitochondrial membrane. This event most likely indicates an increase in mitochondrial fission in 

TC-83 infected cells. 

Mitochondria display structural abnormalities in TC-83 infected cells 

We performed Transmission Electron Microscopy (TEM) analysis of U87MG cells infected with 

TC-83 to determine whether infection could lead to changes in the mitochondrial structure. 

Uninfected cells displayed what appeared to be normal mitochondria with intact internal 

membranes and cristae (Figure 7A). In infected cells, mitochondria displayed a range of 

abnormalities in structure, including partially swollen mitochondria (Figure 7B), internal 
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membrane compacting (Figure 7C) and congregated mitochondria (Figure 7D). In the case of 

internal membrane compacting, we observed membranous structures that had no apparent 

connection to the outer membranes. These compact inner structures, which had a blebbed, 

membrane-like architecture, were not detected in uninfected cells and were larger than traditional 

granules. Collectively, our TEM studies revealed alterations in the structures of mitochondria in 

TC-83 infected cells. 

Mitochondrial fission contributes to apoptosis in TC-83 infected cells 

We questioned whether mitochondrial fission could play a role in the establishment of a 

productive TC-83 infection in U87MG cells. To that end, we tested whether Mdivi-1, an inhibitor 

of mitochondrial fission, had an inhibitory effect on TC-83 multiplication. At concentrations up 

to 10ÕM, Mdivi-1 treatment did not induce U87MG cell death (Figure 8A). To determine if 

Mdivi-1 could inhibit TC-83 multiplication, U87MG cells were pre-treated with Mdivi-1 prior to 

infection. Bortezomib was included as a positive control of TC-83 multiplication inhibition, as 

we previously demonstrated that Bortezomib exerts a robust inhibitory effect.
8
 Our data indicated 

that Mdivi-1, an inhibitor of mitochondrial fission, did not have any inhibitory effect on TC-83 

multiplication (Figure 8B). 

The New and Old World Alphaviruses have previously been reported to increase apoptosis in an 

infection-dependent manner.
39--41
 In the case of VEEV infection, apoptosis is partially mediated 

by an increase in caspase 3/7 cleavage.
29,42,43

 As part of our TEM analysis, we observed 

increased plasma membrane blebbing in TC-83 infected cells, which is consistent with increase 

in apoptosis (Figure 8C).
44
 Therefore, we wanted to test whether an inhibition of mitochondrial 

fission would decrease caspase 3/7 cleavage and thus decrease apoptosis. We then performed a 
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fluorometric analysis of caspase 3/7 cleavage in TC-83 infected cells in the context of Mdivi-1 

treatment (Figure 8D). Doxorubicin (DOX), a robust inducer of caspase 3/7 cleavage, was used 

as a positive control. We observed a statistically significant decrease in caspase cleavage in 

Mdivi-1 treated cells at 16hpi and 24hpi, indicating that mitochondrial fission may, in part, be 

contributing to VEEV-mediated apoptosis. To further investigate apoptosis driven by 

mitochondrial events in the context of TC-83 infection, we probed whole cell lysates from 

infected cells for two phosphorylated members of the B-cell leukemia 2 (Bcl-2) pro-apoptotic 

family: pBad-Ser112 and pBad-Ser136 (Figure 8E). We observed an increase in Bad-Ser136 

phosphorylation at 4hpi, with an apparent bell-curve, MOI-dependent decrease in 

phosphorylation noted at 6hpi (Figure 8E, compare lanes 4-6 and 7-9). We also observed a 

modest increase in Bad-Ser112 phosphorylation at 6hpi (Figure 8E, lanes 7-9). 

Finally, we wanted to evaluate if TC-83 infection would result in increased mitophagy in infected 

cells. We reasoned that with the extent of mitochondrial alterations that we have observed in 

infected cells, including recruitment of PINK1 and the disruption of mitochondrial function, it is 

likely that mitophagy will ensue.
45
 To evaluate if mitochondria go through mitophagy, we used a 

fluorescence-based reporter assay that was previously used to demonstrate that mitophagy occurs 

in HCV infected cells.
22
 This reporter plasmid, pAT016, is a monomeric red fluorescent protein 

(mRFP)-enhanced green fluorescent protein (EGFP) chimeric fluorescence reporter that encodes 

a mitochondrial targeting signal sequence fused in-frame with mRFP and EGFP genes. The 

rationale behind the utility of this plasmid is that EGFP is less stable in the acidic environment of 

the phagosomes that engulf mitochondria than the mRFP. Therefore, in the event that mitophagy 

occurs, the EGFP signal would be lost or attenuated, resulting in only the mRFP signal being 

observed via fluorescent microscopy. Our data indicate a powerful onset of mitophagy with 54% 
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of infected, plasmid expressing cells displaying a remarkable reduction in EGFP fluorescence 

and unaffected mRFP signals (Figure 8F). To quantify relative transfection rates of the plasmid, 

we counted the number of cells that displayed mRFP signal. We determined the average 

transfection efficiency to be 37% in uninfected cells and 39% in infected cells, thus indicating a 

relatively equivalent representation of the reporter plasmid. As part of our TEM studies, we also 

observed instances where mitochondria were enclosed within membranes in infected cells, which 

could be indicative of mitophagy (Figure 8G). Thus, our data cumulatively indicate that 

mitochondrial fission is a preliminary event that subsequently contributes to apoptosis in the 

infected cell without having a direct impact on the establishment of a productive infection. Our 

data also support the potential of mitophagy being a downstream consequence of altered 

mitochondrial dynamics and functionality in TC-83 infected cells. 

Discussion 

New World alphaviruses including VEEV are encephalitic viruses that infect humans as a result 

of bites by infected mosquitoes. In cases where VEEV infection leads to encephalitis, the 

encephalitic outcome is accompanied by death of neurons and supporting cells including 

astrocytes. VEEV infection is well documented to result in cytopathic effects (CPE) in a capsid 

protein-dependent manner. CPE outcomes in alphavirus infected cells may also be a 

consequence of transcriptional and translational inhibition induced by the capsid protein.
10,27

 The 

mitochondria are sentinel organelles involved in many essential cellular functions including 

production of energy, innate immune signaling and deciding cellular fate. Mitochondrial 

membrane potential is a cell type independent indicator of mitochondrial integrity and functional 

competence. In a healthy cell, membrane potential is maintained due to a functional 

mitochondrial respiratory chain and oxidative phosphorylation. As a part of the energy 



 

16 
 

production process, ROS is produced in normal cells as well. However, pathogenic conditions 

that may result in disruption of mitochondrial membrane potential will impact the integrity of the 

electron transport chain and result in an abnormal accumulation of ROS. Thus, a deviation in the 

mitochondrial membrane potential and accumulated ROS are reliable indicators of interruption 

of mitochondrial function. We have observed a decrease in mitochondrial membrane potential 

that is also accompanied by a prominent increase in ROS in human astrocytoma cells infected 

with the TC-83 strain of VEEV (Figure 1). 

Many viral infections including HIV and HSV have been recognized as being causative of 

oxidative stress phenotypes.
46,47

 The observed changes in mitochondrial membrane potential and 

ROS accumulation may be early events that set the stage for apoptosis in VEEV infections 

through the intrinsic pathway. Notably, this phenotype was observed when cells were infected 

with the TC-83 strain of VEEV, which is an attenuated strain provided as a vaccine to at-risk 

personnel. TC-83 is plagued by reactogenicity concerns because it is not approved for public use. 

It may be an important safety consideration to ensure that disruption of mitochondrial function is 

not associated with the reactogenic phenotype. It will also be of interest that the virulent strains 

of VEEV such as Trinidad Donkey (TrD) strain may result in an exaggerated oxidative stress 

with different kinetics in comparison to the TC-83 strain. Such differences in oxidative stress 

mechanisms may be early discriminators of virulence that establish kinetics of host inflammatory 

responses in early stages of post-exposure. 

We observed that the production of ROS and impact of infection on mitochondrial membrane 

potential was lower in mosquito cells when compared to human cells in a manner that 

corresponded with viral load in the infected cell (Figure 2). This data may indicate that mosquito 

cells may be relatively more protected from mitochondrial dysfunction due to VEEV infection 
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when compared to human cells. It has been demonstrated that in the case of flavivirus infections, 

infected insect cells show changes in antioxidant mechanisms that decrease the extent of cell 

death.
31--33

 It has been demonstrated for Dengue virus that infected mosquito cells mounted a 

stronger antioxidant response by synthesizing antioxidant enzymes (elevation of Glutathione S-

transferase activity).
48

 

Mitochondrial distribution in cells and mitochondrial mobility are essential features of healthy 

cells. Neuronal cells in particular are notably impacted by mitochondrial distribution between the 

cell body and axon. Anterograde transport of mitochondria in neurons is mediated by kinesin 

motors on microtubules, while retrograde transport is mediated by dynein motors. In HSV 

infections, it was demonstrated that anterograde transport of mitochondria was disrupted due to 

impaired association of mitochondria with the kinesin motor.
49

 This resulted in severe 

impairment of mitochondrial mobility in an infection-dependent manner. Mitochondrial 

congregation in a perinuclear manner has been indicated to correspond with oxidative stress in 

many neurodegenerative states.
50

 We have observed a prominent perinuclear clustering of 

mitochondria in TC-83 infected cells (Figure 3). In the context of neurons, this will have a direct 

impact on neuronal functionality, which may also contribute to neuronal death and encephalitis 

in VEEV infection. Viral protein localization in infected cells is a well-documented process for 

many viruses that directly influence innate immune responses of the host. An excellent example 

of this phenomenon is RSV nonstructural protein 1 (NS1) which interacted with mitochondrial 

antiviral signaling protein (MAVS) and interrupted RIG-I based signaling.
23

 Rubella virus is an 

RNA virus belonging to the family Togaviridae whose capsid protein localized to the 

mitochondria in a manner based on post translational modification.
51

 During the course of our 

studies on mitochondrial distribution in infected cells, we observed that VEEV capsid partially 
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localized in the mitochondria as confirmed by microscopic and biochemical methodologies 

(Figures 3 and 4). Our preliminary studies have suggested that while transfection of a plasmid 

that encodes VEEV capsid can produce similar phenotypes in astrocytoma cells, the extent of 

mitochondrial dysfunction is lesser than that observed in infected cells, indicating that multiple 

viral components may contribute to the observed mitochondrial events (data not shown). Similar 

outcomes were demonstrated for HCV where the viral core protein was shown to indicate with 

host enzymatic components that localized to mitochondria.
21

 

Of interest to us was the observation that the host kinase PINK1 and ubiquitin ligase Parkin 

localized in mitochondria of infected cells (Figures 5 and 6). PINK1 and Parkin have generated 

significant interest in recent years for their association with mitochondrial dysfunction in 

neurodegeneration. Of direct relevance to mitochondrial motility, PINK1 activity is known to 

phosphorylate Miro, a connecting link between mitochondria and kinesin. In addition, Parkin 

ubiquitinates Miro, which ultimately leads to its degradation. PINK1 is also known to 

phosphorylate Parkin and contribute to its ubiquitination function.
52

 Thus, a combined action of 

phosphorylation and ubiquitination of inherent mitochondrial proteins such as Miro will have a 

direct impact on mitochondrial intracellular distribution.
53,54

 We have recently demonstrated that 

VEEV capsid exists in an ubiquitinated state in U87MG cells.
8
 It would be interesting to 

determine if capsid protein in mitochondria exists in an ubiquitinated state and if such an event is 

mediated by Parkin. Indeed, this has been demonstrated in the case of Rubella virus capsid 

protein, a post-translationally modified viral core protein, specifically the phosphorylated form, 

associated with mitochondrial p32 protein.
51,55

 

Such indications as described thus far usually lead to downstream compensatory mechanisms 

initiated by the host cell, directed towards removing damaged mitochondria. This is an integral 
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part of maintaining cell survival while the host contends with cellular stress. These mechanisms 

may include mitochondrial fission or fusion, in which damaged parts of mitochondria are excised 

and smaller mitochondria fuse to create larger mitochondria.
56,57

 Drp1 is a pivotal protein in 

mediating mitochondrial fission as it has the capacity to constrict mitochondria. In the context of 

HCV infection, it has been demonstrated that mitochondrial localization of phosphorylated form 

of Drp1 protein (Drp1-Ser616) was a prelude to mitochondrial fission.
22

 Not only did we observe 

phosphorylated Drp1 localizing to mitochondrial membranes, but we also noticed that Drp1 was 

redistributed in a manner that mirrored mitochondrial accumulation around the nucleus (Figure 

6). Our observation that phosphorylated Drp1-Ser616 localized to mitochondria in a transient 

manner is suggestive of a dynamic relationship between Drp1 localization, mitochondrial fission 

and VEEV infection. 

Transmission electron microscopic analysis of TC-83 infected cells showed changes in 

mitochondrial structure (Figure 7). In a recent publication on mitochondrial changes induced in 

parvoviral infection, the authors include similar observations on mitochondrial dysfunction 

including drop in membrane potential and accumulation of ROS as we have indicated here. The 

authors provide electron microscopic visuals of abnormal mitochondrial phenotypes that are 

similar to the ones we have included in our results including heterogeneously swollen 

mitochondria, membrane blebbing and disappearance of cristae.
58

 Notably, the authors indicate 

activation of MEK/ERK signaling resulting from mitochondrial dysfunction in Parvovirus 

infection. We have previously demonstrated that VEEV infection leads to robust activation of the 

MEK/ERK signaling cascade, which is important for the virus to establish a productive 

infection.
7
 In the case of HCV infected cells, similar clustering of mitochondria was 
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demonstrated.
59

 In HIV infected cells, mitochondria displayed morphological alterations 

including disappearance of cristae.
60

 

Our studies led us to question whether mitochondrial fission was relevant to viral multiplication. 

Our studies with the inhibitor Mdivi-1 indicated that mitochondrial fission does not contribute to 

viral load in infected cells (Figure 8B). It has been reported that viruses do, in fact, utilize the 

ROS rich environment of infected cells in a manner that may favor aspects of viral multiplication 

including RNA synthesis. In the case of flaviviruses, it was shown that the guanylyltransferase 

activity of NS5 encoded polymerase was enhanced by oxidative conditions.
61

 It remains to be 

determined if there are specific aspects of mitochondrial dysfunction that may be controlled by 

antioxidant treatment, which may have important implications in protecting terminally 

differentiated neurons in the infected host. Our follow up hypothesis was that mitochondrial 

fission may contribute to the ensuing apoptosis in infected cells. Our TEM studies revealed 

cellular morphology that was consistent with exaggerated membrane blebbing and apoptosis. 

When treated with an inhibitor of mitochondrial fission, we observed a statistically significant 

reduction in caspase cleavage, thus adding support to our suggestion that mitochondrial fission 

was a contributor to apoptosis of VEEV-infected cells. 

Mitophagy is a mitochondrial elimination process in which defective mitochondria are enveloped 

in lipid bilayers to form autophagosomes that contain whole mitochondria. Such mitochondrial 

engulfment by the phagosomes leads to selective elimination of damaged mitochondria, thus 

decreasing the mitochondrial dysfunction load as a means of restoring cellular health. We 

observed that mitochondrial alterations in VEEV-infected cells contributed to mitophagic 

elimination of mitochondria. In our TEM images, we also observed that there were multiple 

mitochondria in infected cells that were associated with encircling membranes. 
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Taken together, our data suggest that VEEV infection produces a significant impact on 

mitochondrial dynamics in infected cells. The onset of mitochondrial dysfunction during early 

stages of VEEV infection may set the stage for downstream events that culminate in neuronal 

death. Mitochondrial dysfunction may be associated in a cause and effect manner with 

pronounced alterations to the mitochondrial proteome; a deeper understanding of which will shed 

more light on the mitochondrial influence on disease progression in New World alphavirus 

infections. Notably, mitochondria as a therapeutic target is being explored for different 

neurodegenerative disorders including optic neurodegeneration.
62,63

 Targeted, rationally designed 

combinatorial therapeutic strategies that can target infected cells and deplete viral load while 

rescuing mitochondrial health will be essential steps in ensuring recovery from New World 

alphavirus infections. 

Materials and Methods 

Viruses and Cell Lines 

The live-attenuated virus (TC-83) and C6/36 cells used in this study were obtained from BEI 

Resources. TC-83 attenuation from the fully virulent Trinidad Donkey (TrD) strain has been 

previously characterized.
8,64

 The MP-12 strain of RVFV was obtained by 12 serial passages of 

the virulent ZH548 virus in the presence of 5-fluorouracil, resulting in a total of 25 mutations 

that have been previously characterized.
65,66

 Human astrocytoma cells (U87MG cells) and 

African green monkey kidney cells (Veros) were maintained in DMEM supplemented with 10% 

Fetal Bovine Serum (FBS), 1% Penicillin/Streptomycin, and 1% L-Glutamine at 37°C and 5% 

CO2. 
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Viral Infections  and Plaque Assays 

Cells were seeded in either a 96-well plate or an 8-well chamber slide, at the indicated 

concentration for each assay, in order to attain confluency within 24 hours. The media was 

removed and saved, and thereafter referred to as conditioned media. The cells were infected for 1 

hour to allow for viral adsorption at 37°C, 5% CO2. The viral inoculum was then removed and 

replaced with the conditioned media. The cells were incubated at 37°C, 5% CO2 for the time 

period indicated in each experiment. Plaque assays were performed as previously described.
8
 

TMRE assay 

TMRE is a cell-permeable reagent that preferentially accumulates in active mitochondria. The 

TMRE assay was obtained from Abcam and performed according to manufacturerôs instructions. 

TMRE experimental controls included carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 

(FCCP) (Abcam), a potent mitochondrial oxidative phosphorylation un-coupler, and RVFV, a 

virus previously shown to induce mitochondrial stress.
24

 U87MG cells were seeded in a black 

96-well plate at a density of 10,000 cells per well. Cells were either uninfected (mock), infected 

with TC-83 (MOI: 2, 10 or 20), or infected with MP-12 (MOI: 2). FCCP (50µM) was diluted in 

complete medium and added to mock cells which where incubated at 37°C, 5% CO2 for 15 

minutes. At 2, 4, 6, and 24 hpi, the media was removed and cells were treated with 1µM TMRE 

reagent diluted in complete medium. Cells incubated for 20 minutes at 37°C, 5% CO2 prior to 

reading fluorescence (Ex/Em 549/575 nm) using a DTX 880 multimode detector (Beckman 

Coulter). 
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Intracellular Reactive Oxygen Species Quantitation Assay 

The OxiSelect Intracellular ROS Assay Kit (Cell Bio Labs) was used according to the 

manufacturerôs instructions. This assay utilizes 2ô,7ô-dichlorodihydrofluorescein (DCFH-DA), 

which is rapidly oxidized to the fluorescent DCF that can be measured by spectrophotometric 

methods. U87MG cells were seeded at 10,000 cells per well in a black 96-well plate. The cells 

were then either left uninfected, infected with TC-83 (MOI: 2 or 10), or treated with 100ɛM 

H2O2. Fluorescence intensity (Ex/Em 480/530nm) was measured at 6 and 24 hpi using a DTX 

880 multimode detector (Beckman Coulter). 

Mitochondrial  and Protein Extractions, Western Blotting 

Mitochondrial membrane and cytosolic fractions were obtained using the Mitochondrial 

Extraction Kit for Cultured Cells (Thermo Scientific) according to the manufacturerôs 

instructions. Preparation of whole cell lysates and western blot have been previously described.
6
 

Primary antibodies to VEEV Capsid (BEI Resources), TOMM20 (Abcam), PINK1 (Santa Cruz 

Biotechnology), Parkin (Abcam), pDrp1-Ser616 (Cell Signaling), total Drp1 (Cell Signaling), 

GAPDH (Cell Signaling) and Horseradish Peroxidase (HRP)-conjugated ɓ-actin (Thermo 

Scientific) were used according to the manufacturerôs instructions. Bands of interest were 

quantitated using Quantity One software (Bio-Rad),a ChemiDoc XRS system (Bio-Rad) and 

normalized to ɓ-actin signals. 

Transfections and DNA Constructs 

Transfections were performed using Attractene Transfection Reagent (Qiagen) as per the 

manufacturerôs instructions. The p-mito-mRFP-EGFP plasmid was a kind gift of Dr. Siddiqui 

(University of California, San Diego), which was generated as previously described
67

. 
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Confocal microscopy 

Immunofluorescence assays were performed as previously described.
8
 Paraformaldehyde fixed 

cells were mounted using Fluoromount-G, containing 4ô,6-diamidino-2-phenylindole (DAPI) 

(Southern Biotech) to visualize the nucleus. Fluorescent secondary antibodies labeled with Alexa 

Fluor 488 and 568 (Thermo Fisher) were used to visualize proteins of interest. 

Electron Microscopy 

After infection, samples were washed three times with 0.5M 2-(N-morpholino) ethanesulfonic 

acid (MES) buffer. Subsequently, samples were fixed with 2.5% glutaraldehyde /2% 

paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 2 hours at room temperature. 

The fixative was replaced with a 0.1M cacodylate buffer and samples were post-fixed with 1% 

Osmiumtetroxide (OsO4)/1.5% Potassiumferrocyanide (KFeCN6) for 1 hour. Samples were then 

washed with ultra-pure water three times. Samples were incubated in 1% aqueous uranyl acetate 

for 1 hour, followed by 2 water washes and subsequent dehydration in grades of alcohol (10 min 

each: 50%, 70%, 90%; 2, 10 min washes: 100%). The samples were then treated with 

propyleneoxide for 1 hour and infiltrated in a 1:1 mixture of propyleneoxide and TAAB Epon. 

The following day the samples were embedded in TAAB Epon and polymerized at 60C̄ for 48 

hours. Ultrathin sections (60nm) were cut on a Reichert Ultracut-S microtome, adhered to copper 

grids stained with lead citrate and examined in a JEOL 1200EX Transmission electron 

microscope. Images were recorded with an AMT 2k CCD camera. Mitochondrial images were 

obtained at a magnification of 25,000X, while whole cell images were obtained at a 

magnification of 2,500X. 
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Cell Viability Assay 

Viability for cells treated with Mdivi-1 was determined using the CellTiter Glo assay (Promega). 

Mdivi-1 was dissolved in dimethyl sulfoxide (DMSO) prior to dilution in complete media. 

Treated media was overlaid on U87MG cells in a white-walled 96-well plate, which was 

incubated at 37̄C, 5% CO2 for 24 hours, prior to addition of the CellTiter Glo substrate 

according to the manufacturerôs instructions. Luminescence was determined using the DTX 880 

multimode detector (Beckman Coulter) with an integration time of 100ms/well. 

Caspase 3/7 Glo Assay 

U87MG cells were pre-treated with either 0.1µM Doxorubicin (DOX), 0.1% DMSO, or 10µM 

Mdivi-1 for 2 hours prior to infection with TC-83 at MOI: 10. Caspase activation was measured 

at 10, 16, or 24 hours using the Caspase 3/7 Glo Assay (Promega) according to the 

manufacturerôs protocol. Caspase 3/7 fluorescence values were adjusted for cell survival, as 

determined by CellTiter Glo assay (Promega). Luminescence was determined using the DTX 

880 multimode detector (Beckman Coulter) with an integration time of 100ms/well. 

Statistical Analysis 

Unless otherwise stated, graphs and images are the average of three biologically independent 

experiments. Standard deviations were calculated using Microsoft Excel and represented where 

applicable. Statistical significance was tested by unpaired, two-tailed Studentôs t-test between the 

sample data and time-matched control. The limit for statistical significance was set at P < 0.05, 

unless otherwise indicated. 
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Figure 1: TC-83 infection of U87MG cells resulted in loss of membrane potential and an 

increase in reactive oxygen species. A) TMRE fluorescence analysis of uninfected (mock) and 

TC-83 infected cells indicating increased mitochondrial damage as the result of infection. B) 

Validation of the virological control (RVFV) used in (A). Quantitation of extracellular virus via 

plaque assay indicates successful replication of RVFV in U87MG cells. C) Accumulation of 

ROS detected in infected cells using fluorescent DCFH-DA reagent. Data represents an average 

of two independent experiments performed with triplicate samples. D) Western blot analysis 

from uninfected (mock) and TC-83 infected whole cell lysates, probed for VEEV capsid. ɓ-actin, 

protein-loading control. A, C) * indicates significance between infected and time matched mock 

control. 
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Figure 2. TC-83 infection of C6/36 mosquito cells resulted in no significant loss of 

membrane potential or increase in reactive oxygen species. A) TMRE fluorescence analysis 

of uninfected (mock) and TC-83 infected U87MG cells, and C6/36 mosquito cells indicating no 

increased mitochondrial damage in the C6/36 cell line. * indicates significance between U87MG 

infected and mock fluorescence. B) Non-significant accumulation in ROS detected in infected 

C6/36 cells using DCFH-DA reagent. Data represents an average of two independent 

experiments performed with triplicate samples. C) Extracellular viral titers as determined by 

plaque assay in U87MG and C6/36 cells. 
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Figure 3: VEEV capsid localized in the mitochondria of infected cells. A) Confocal images 

showing the co-localization of VEEV capsid (red) with mitochondrial marker TOMM20 (green). 

B) Cell count summary of perinuclear phenotype observed in panel (A). C) Magnified images of 
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uninfected U87MGs displaying healthy, tubular mitochondria networks, and infected cells 

displaying a perinuclear clustering of mitochondria. D). Confocal images showing perinuclear 

clustering of TOMM20 (green), and partial co-localization with VEEV capsid (red) (see arrow). 

E) Confocal images showing no co-localization between ER marker calnexin (green) and VEEV 

capsid (red). Scale bar indicates 5µm. A, C-E) Nuclei stained with DAPI (blue). A, C-D) Scale 

bars indicate 10µm. 
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Figure 4. VEEV capsid localized to the mitochondrial membranes of infected cells in an 

infection dependent manner. A) Western blot analysis of whole cell extract (WCE) and 

subcellular fractions from uninfected (mock) and TC-83 infected cells. Mitochondrial marker: 

TOMM20; cytosolic marker: GAPDH; ɓ-actin: protein loading control. B) Capsid bands 

intensities analyzed by Quantity One software. Distribution of VEEV capsid in subcellular 

fractions graphed as a percentage of total capsid. * indicates significance between mitochondrial 

and cytosolic quantities. 
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Figure 5: PINK1 and Parkin co-localize in the mitochondrial membrane of TC-83 infected 

cells. A) Western blot analysis of whole cell extract (WCE) and subcellular fractions from 
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uninfected (mock) and TC-83 infected cells. Infection control: capsid; mitochondrial marker: 

TOMM20; cytosolic marker: GAPDH; ɓ-actin: protein loading control. B) PINK1 and Parkin 

mitochondrial membrane band intensities analyzed by Quantity One software. * indicates 

significance between infected and mock PINK1 quantities. C) Confocal images showing co-

localization of PINK1 (green) and VEEV capsid (red). D) Confocal images showing partial co-

localization of Parkin and VEEV capsid (red) C-D) Nuclei stained with DAPI (blue). Scale bars 

indicate 20µm. 
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Figure 6. Increased phosphorylation of Drp1 protein in TC-83 infected cells. A) Western 

blot analysis of time course investigating pDrp1-Ser616 and total Drp1 in uninfected (mock) and 

TC-83 infected cells. B) Western blot analysis of whole cell extracts collected at 2hpi and probed 

for pDrp1-Ser616 and total Drp1. C) pDrp1-Ser616 band intensities from (B). * indicates 


