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CISD1: CDGSH iron-sulfur domain-containing protein 1 

CNS: Central nervous system  
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DAPI: 4’,6-diamidino-2-phenylindole 

DIV: days in vitro 

EFV: Efavirenz, (4S)-6-chloro-4-(cyclopropylethynyl)- 

4-(trifluoromethyl)-2,4-dihydro-1H-3,1-benzoxazin-2-one  

HIV: Human immunodeficiency virus 

JC-1: 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarboctanine iodide   

LC3: microtubule associated protein light chain 3 

LDH: lactate dehydrogenase  

NNRTI: Non-Nucleoside Reverse Transcriptase Inhibitor  

OMM: Outer mitochondrial membrane  

PE: phosphatidylethanolamine 
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Abstract 

Efavirenz (EFV) is a non-nucleoside reverse transcriptase inhibitor in wide use for the treatment 

of HIV infection. Although EFV is generally well tolerated, there is well-documented 

neuropsychiatric toxicity. The toxic effects of EFV in hepatocytes and keratinocytes have been 

linked to mitochondrial perturbations and changes in autophagy. Here, we studied the effect of 

EFV on mitochondria and autophagy in neuronal cell lines and primary neurons. In SH-SY5Y 

cells, EFV induced a drop in ATP production, which coincided with increased autophagy, 

mitochondrial fragmentation, and mitochondrial depolarization. EFV induced mitophagy was 

also detected by colocalization of mitochondria and autophagosomes and use of an outer 

mitochondrial membrane tandem fluorescent vector. Pharmacologic inhibition of autophagy with 

3-methyladenine (3MA) increased the cytotoxic effect of EFV, suggesting that autophagy is 

promoting cell survival. EFV also reduces ATP production in primary neurons, induces 

autophagy, and changes mitochondrial morphology. Overall, EFV is able to acutely induce 

autophagy and mitochondrial changes in neurons. These changes may be involved in the 

mechanism leading to central nervous system toxicity observed in clinical EFV use. 
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Introduction 

HIV infection, in addition to causing a progressive deficiency of the immune system, can cause 

central nervous system (CNS) damage. The damage can range from mild cognitive impairment 

to severe dementia. Advances in HIV treatment have significantly reduced the burden of 

neurocognitive deficiency (Clifford and Ances, 2013). Combination antiretroviral therapy (cART) 

has drastically reduced the morbidity and mortality associated with HIV; however, the disease 

has become a chronic condition requiring long-term antiretroviral treatment (Deeks et al., 2013). 

Chronic cART therapy has highlighted long-term complications which include several CNS side 

effects (Carr and Cooper, 2000). Current HIV treatment combinations normally include a non-

nucleoside reverse transcriptase inhibitor (NNRTI). NNRTIs are highly potent; they can lower 

viral loads and increase patient CD4+ T-cell counts. A NNRTI is usually administered in 

combination with a backbone of two nucleoside analogs (Thompson et al., 2010). Efavirenz 

(EFV) is the most widely used NNRTI and is recommended for use in treatment naïve patients. 

EFV is generally well tolerated but does cause significant CNS side effects including insomnia, 

confusion, agitation, amnesia, euphoria, and vivid dreams (Abers et al., 2014). Adverse CNS 

effects interfere with patient adherence and cause EFV intolerance; however, the etiology of this 

effect is not understood. EFV is CNS penetrable (Letendre, 2011). Therefore, EFV may 

contribute to primary neuronal pathology. In addition, EFV treatment has proinflammatory 

effects (Davidson et al., 2013). Here, we examined the effect of EFV in neuronal cell lines and 

primary neurons. In particular, we investigated the effect of EFV on neuronal mitochondria and 

autophagy.  

 Neuronal mitochondria are essential for growth and survival. Neurons rely on 

mitochondria for ATP production, intracellular Ca2+ homeostasis, synaptic function, and initiation 

of cell death (Lee, 2012). These neuronal functions are all dependent on the coordination of 

mitochondrial fusion and fission, mitochondrial bioenergetic function, and mitochondrial 
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trafficking. Several lines of evidence also suggest perturbations in neuronal mitochondrial 

quality control play a role in human CNS disease (Chaturvedi and Flint Beal, 2013). One of the 

main turnover mechanisms of neuronal mitochondria is through specific autophagy (mitophagy) 

(Rugarli and Langer, 2012). Macroautophagy, here referred to as autophagy, is a cellular 

process responsible for the processing and degradation of cellular proteins and organelles for 

recycling (Choi et al., 2013). The autophagic process is regulated by a highly conserved group 

of autophagy-related proteins. Autophagy can be identified with the PE-conjugated form of LC3 

(light chain 3) (LC3-II) (Klionsky et al., 2012). LC3-II is present in autophagosomes and can be 

visualized microscopically by LC3 puncta. Autophagy inhibitors, including 3-methyladenine 

(3MA), can suppress autophagy through direct inhibition of the phosphatidylinositol 3-kinases 

(Seglen and Gordon, 1982). Other groups have shown EFV induces autophagy and increases 

mitochondrial mass in hepatic cells (Apostolova et al., 2011). In human keratinocytes, EFV 

leads to cell death by the induction of autophagy through p53 (Dong et al., 2013). EFV also 

inhibits mitochondrial complex IV activity in mice (Streck et al., 2011). The bioenergetic effects 

of EFV in neurons has recently been demonstrated (Funes et al., 2014). Because of the critical 

role that autophagy plays in post-mitotic cells, such as neurons (Nixon, 2013), we sought to 

determine the effect of EFV on neuronal autophagy. 

By assessing ATP levels and LDH (lactate dehydrogenase) release in neuronal cell 

lines, we determined that EFV induces an acute drop in ATP production without an increase in 

cell death. This effect corresponds with the induction of autophagy, a change in mitochondrial 

morphology, and mitophagy. In primary neurons, EFV causes a similar drop in ATP levels with 

concurrent mitochondrial fragmentation, perinuclear mitochondrial clustering, and autophagy. 

These results suggest autophagy and mitochondrial changes are involved in the CNS effects 

seen with EFV treatment. 

 
Materials and Methods 
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Chemicals and Cell Lines 

Efavirenz was obtained through the NIH AIDS Reagent Program, Division of AIDS, National 

Institute of Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH). 5 mM 

stock solutions of EFV were made in DMSO and stored at -80°C. CCCP was purchased from 

Tocris (Bristol, UK) and diluted in 95% ethanol. 3-MA (Sigma, St. Louis, MO) was diluted in 

DMSO (5 μM stock). The neuroblastoma cell line SH-SY5Y was obtained from the American 

Type Culture Collection (ATCC, Manassas, VA) and cultured in DMEM/F12 (Life Technologies, 

Grand Island, NY) with 10% FBS and L-glutamine.  

 

ATP Assay 

Cellular ATP levels were measured using the Promega CellTiter Glo Luminescent Assay 

(Madison, WI). 24 hours before the assay, SH-SY5Y cells were seeded in 96-well tissue culture 

plates at 10,000 cells per well in standard DMEM/F12 media. EFV concentrations from 0-50 μM 

were prepared in DMEM/F12 media (US Biological, Salem, MA) with glucose and without 

glucose, supplemented with galactose (Sigma). Glucose-free media was used in all 

mitochondrial toxicity (ATP) assays in order to prevent use of glycolysis for energetic needs and 

to force cells to use oxidative phosphorylation for ATP production (Rodriguez-Enriquez et al., 

2001). Cells were then incubated with EFV for 2 hours (all wells contained 0.1% DMSO), 

followed by the addition of 2x ATP detection reagent for 10 minutes while shaking. 

Luminescence was measured on a FL600 plate reader (Bio-Tek Instruments, Winooski, VT). 

Percentage of vehicle control was calculated by dividing experimental values by vehicle treated 

control wells.  

 

JC-1 Staining 

JC-1 (5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarboctanine iodide) dye (Invitrogen, 

Grand Island, NY) was used as an indicator of mitochondrial membrane potential (Reers et al., 
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1995). Stock solutions of JC-1 (3 mg/ml) were made in DMSO and diluted to a final 

concentration of 3 μg/ml in cell culture media before a 20 min incubation at 37°C. Cells were 

then rinsed twice with warmed media before adding EFV. Media only (negative controls) and 1 

μM CCCP (positive controls) were used to ensure responsiveness of dye to mitochondrial 

depolarization (Fig. 1D-E). Using a Zeiss 710 LSM laser scanning confocal microscope 

equipped with an incubation chamber, live SH-SY5Y cells were excited at 488 nm followed by 

detection of green JC-1 monomers with emission at 520 nm and red JC-1 aggregates with 

emission at 590 nm.  

 

Imaging autophagy and mitochondria in SH-SY5Y cells 

SH-SY5Y cells stably expressing GFP-LC3 (Kabeya et al., 2000) were generated by 

transfection followed by GFP enrichment with flow cytometry. Cells were grown and maintained 

in media containing G418 (400 μg/ml). For mitochondrial imaging, cells were incubated with 

Mitotracker Deep Red FM (Invitrogen) (50 nM) for the last 15 minutes of EFV treatments. Cells 

were then fixed for 20 minutes with 3.7% paraformaldehyde, and coverslips were mounted with 

ProlongGold DAPI (Invitrogen). Slides were imaged on a Zeiss 710 Confocal Laser Scanning 

Microscope at 63x using Zeiss Zen imaging software (Thornwood, NY). An observer blinded to 

treatments counted individual cells containing GFP-LC3 puncta. 

 

Generation of pCISD1-tf Vector 

To make a tandem fluorescence (tf) marker for mitochondria, LC3 was removed from ptf-LC3 

(Kimura et al., 2007) by double digestion with BglII and BamHI followed by ligation without LC3. 

The CISD1 ORF from Origene (Rockville, MD) (Cat #113478) was PCR amplified, digested, gel 

purified, and inserted upstream (N-terminal) to the mRFP-EGFP (tandem fluorescent) cassette. 

pCISD1-tf vector was sequenced in both directions to ensure CISD1 sequence was complete 
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and in-frame. CISD1, mRFP, and EGFP expression were verified by Western blotting and 

immunofluorescence.   

 

LDH Assays  

SH-SY5Y cells were plated at 10,000 cells per well in 96-well tissue culture plates. The next day 

cells were incubated with EFV or 3-MA for the times and doses stated. The Cytotoxicity 

Detection Kit (Roche, Madison, WI) was used, following the standard protocol. After incubation 

with compounds, cell media was removed to a new 96-well plate. LDH detection reagent was 

added followed by incubation, in the dark, for 15 minutes at room temperature. Absorbance at 

490 nM was measured on a FL600 plate reader (Bio-Tek Instruments). LDH percent cytotoxicity 

was calculated as (experimental treatment-DMSO alone)/(1% TritonX100-DMSO alone) x 100. 

Media alone, vehicle alone, and 1% Triton X-100 containing wells were included in each 

experiment; all treatments were done in triplicate with at least two biological replicates.  

  

Rat Striatal Neuron Isolation 

All animal work was done following the NIH Guide for Care and Use of Laboratory Animals 

under UNMC IACUC protocols. Striatal neurons were isolated similarly to previously established 

protocols (Banker and Goslin, 1998). Striatum was microdissected from embryonic day 18 (E18) 

Sprague-Dawley rats (Charles River), rinsed in HBSS, and incubated with 0.5% trypsin for 30 

min. Cells were then rinsed, triturated, resuspended in neuronal media (Neurobasal (Invitrogen) 

supplemented with B27 and L-glutamine), and plated on poly-D lysine and laminin-coated tissue 

culture surfaces or coverslips. Media was replaced 30 min after plating to remove any cellular 

debris. For all assays, cells were plated at a density of 25,000 cells per 12 mm in 24-well plates 

or 1 x 106 cells per well 6-well plates. Media was half-exchanged every three days and at the 

time of treatments. All treatments in neurons were done at day in vitro (DIV) 14.  
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Neuronal Imaging 

At DIV 14, neuronal media was half-exchanged with EFV to the indicated doses. For 

visualization of neuronal mitochondria, CellLight Mitochondria GFP (Invitrogen) was added 24 

hours before treatments. After treatments, neurons on coverslips were rinsed and fixed in 3.7% 

paraformaldehyde. For visualization of LC3 in neurons, cells were fixed, rinsed, and 

permeabilized with 0.1% Triton X-100. Cover slips were then blocked, rinsed, and incubated 

with an anti-LC3 antibody (PM036, 1:1,000, MBL International, Woburn, MA) for 2 hours at room 

temperature followed by incubation with AlexaFluor 488 (A110088, 1:2,000, Invitrogen) for 30 

minutes. Coverslips were mounted with Prolong with DAPI. All images were taken on a Zeiss 

LSM 710 laser scanning confocal microscope using the Zeiss Zen software (Thornwood, NY).  

 

Immunoblotting 

Western blotting was performed as previously described (Purnell and Fox, 2013). Neurons were 

harvested in CellLytic M (Sigma), lysed, sonicated, and centrifuged. Supernatant was quantified 

and equal amounts of protein were loaded onto 4-12% bis-tris gels (Invitrogen). The primary 

antibodies used were: p62 (Cat #PM045, 1:5,000, MBL), LC3 (Cat #PM036, 1:5,000, MBL), 

phospho-4EBP1 (Thr37/46) (Cat #2855 1:2500, Cell Signaling Technology, Danvers, MA), and 

Actin (Cat#A2668, 1:20,000, Sigma). All chemiluminescent images were captured on a 

Carestream ImageStation 4000MM.  

 

Statistical analyses  

Where indicated, experiments were performed in three independent times; values represent 

mean plus standard error of triplicate experiments. Two-tailed p-values <0.05 were considered 

significant. 

 

Results 
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EFV reduces ATP production in SH-SY5Y cells 

Because EFV has shown mitotoxic effects in other cellular systems (Blas-Garcia et al., 2010), 

we assessed absolute levels of ATP in SH-SY5Y neuroblastoma cells after incubation with EFV 

(Fig. 1A). Highly proliferative cell lines often produce much of their ATP through glycolysis. In 

the presence of glucose, these cells can be resistant to known mitotoxins (Swiss and Will, 

2011). Therefore, we utilized both glucose-containing media and glucose-free media with 

galactose to ensure cells utilize oxidative phosphorylation during ATP assays. The effect of EFV 

on ATP levels in glucose-free media was more pronounced (Fig. 1A). This is similar to what is 

seen in SH-SY5Y cells treated with CCCP, a well-characterized mitotoxin (Fig. 1B). This 

suggests that EFV is having a similar mitochondrial effect. At 12.5 μM EFV, a 28 percent drop in 

ATP levels is seen after two hours. Increasing the EFV dose to 25 μM decreases the ATP 

production more than 80 percent. At 50 μM, the ATP level in both the glucose- and galactose-

media is reduced more than 88 percent. This suggests non-mitochondrial cytotoxic mechanisms 

are occurring at this higher concentration (Marroquin et al., 2007).  

 

EFV induces mitochondrial depolarization 

In order to assess if changes mitochondrial ATP production coincide with mitochondrial 

depolarization, SH-SY5Y cells were incubated with JC-1 dye. JC-1 is a widely used indicator of 

mitochondrial polarization (Smiley et al., 1991). When mitochondria are well-polarized, JC-1 

aggregates in mitochondria fluorescing red. In mitochondria with low membrane potential, JC-1 

remains in the monomeric form, which fluoresces green. When SH-SY5Y cells are incubated 

with EFV (5 μM), the number of polarized mitochondria decreases after 30 minutes (Fig. 1C). 

The mitochondria of vehicle (0.1% DMSO) treated cells remain polarized (Fig. 1D). As a positive 

control, CCCP (1 μM) depolarizes SH-SY5Y mitochondria in 5-10 minutes (Fig. 1E).  

 

EFV induces mitochondrial morphology and autophagy changes in SH-SY5Y cells 
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Because of the observed decreases in ATP and mitochondrial depolarization, changes in 

mitochondrial morphology were assessed after EFV. SH-SY5Y cells stably transfected with 

GFP-LC3 (to mark autophagic puncta) were used for these experiments. SH-SY5Y cells without 

EFV exhibited a characteristic mix of various sized elongated mitochondria (Fig. 2A). After 2 

hours of EFV treatment, mitochondria take on spheroid morphology as others have shown in 

depolarized mitochondria (Fig. 2B) (Ding et al., 2012). At 4 and 24 hours, there is extensive 

mitochondrial fragmentation and perinuclear mitochondrial clustering (Fig. 2C-D).  

In addition to mitochondrial morphology, we assessed changes in autophagy after EFV 

treatment. Most SH-SY5Y cells have less than 2 puncta (an indicator of autophagic vesicles) 

per cell before EFV treatment (Fig. 2A, E, and F). At 2 hours, EFV increases the percentage of 

cells with greater than 2 puncta. This does not reach significance and does not change the 

overall number of puncta per cell (Fig. 2B, E, and F). At both 4 and 24 hours of EFV treatment, 

there is a significant increase in the number of puncta per cell (p<0.001) (Fig. 2C-E); the 

number of cells with greater than 2 puncta was also increased at these time points (Figure 2F). 

When the autophagic puncta and mitochondria are overlaid, there is an increased overlap at 4 

and 24 hours, suggesting induction of mitophagy in these cells (Fig. 2C and D insets, white 

arrows).  

 

The outer mitochondrial membrane protein CISD1 localizes to an acidic cellular compartment 

after incubation with EFV  

In order to further investigate EFV induced mitophagy, a vector (pCISD1-tf) was created by 

fusing the integral OMM protein CISD1 (mitoNEET) to the tandem fluorescent mRFP-EGFP 

(monomeric RFP-enhanced GFP) tag. GFP is more sensitive to acidic environments, such as 

the autophagolysosome; therefore, both GFP (green) and RFP (red) will express (yellow) when 

this outer mitochondrial membrane protein is not in the autophagolysosome. In acidic 

environments, like the autophagolysosome, only red will be seen. Before EFV, SH-SY5Y 
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mitochondria have normal elongated shapes with coexpression of GFP and RFP (yellow) (Fig. 

3A). After 2 hours of EFV (5 μM), some mitochondria remain elongated while others become 

punctate (Fig. 3B). Mitochondria become punctate and perinuclear after 4 hours of EFV (Fig. 

3C). In addition, CISD1 is no longer fluorescing green, only red, indicating mitophagy (Fig. 3C, 

white arrows).   

 

Blocking autophagy increases LDH release by SH-SY5Y cells after incubation with EFV 

In order to ensure that the effects of EFV are not due to cell death, release of LDH was 

assessed after 2 and 24 hours of EFV treatment. Further, in order to assess if autophagy is 

acting as a mechanism of survival or death, 3MA was used to block autophagy. After 2 hours, 

EFV alone causes a 10.5% increase in LDH release at 10 μM and 11.3% at 25 μM; 3MA alone 

(5 μM) causes a 6.9% increase in LDH release (Fig. 3D). The combination of 10 μM EFV and 

3MA causes a 20.4% LDH release; 25 μM EFV and 3MA causes a release of 19.3%. At 2 

hours, 50 μM EFV has some cytotoxicity (26%), which is increased to 46% after the addition of 

3MA (Fig. 3D). At 24 hours, there are still relatively low levels of LDH release at 10 μM (11.4%) 

and 25 μM (13.5%); however, the addition of 3MA did not increase LDH release. The effect of 

3MA alone was similar (4.8%) (Fig. 3E).   

 

ATP levels are lowered in primary neurons after incubation with EFV  

In order to confirm these effects translate to primary neurons, EFV was studied in E18 rat 

striatal neurons. As shown in Fig. 4A, doses above 6.25 μM lower ATP levels in these neurons 

at 2 hours. At 12.5 μM, ATP levels are decreased by 25%; at 25 μM, ATP is lowered by 66%. At 

24 hours, higher doses (50 μM) still reduce ATP; however, the effect of 12.5 μM and 25 μM is 

diminished at 24 hours (Fig. 4A). To consider the cytotoxicity caused by EFV in these primary 

neurons, we performed LDH assays in conjunction with the ATP assays shown. At 2 hours, LDH 
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release was no higher than 5.2% for all doses tested (1.5-50 μM) (Fig. 4B). At 24 hours, LDH 

release was less than 3% for all doses less than 50 μM, which had 44% cytotoxicity (Fig. 4B).   

 

EFV induces mitochondrial fragmentation in neurons 

After observing similar changes in ATP to the SH-SY5Y cell line model, we evaluated 

mitochondrial morphology EFV treated neurons. Neurons incubated with DMSO alone (as well 

as untreated neurons) have elaborate, elongated mitochondrial networks (Fig. 4C). After 2 

hours of 100 nM EFV, neuronal mitochondria look similar with some reduced elongation (Fig. 

4D). At both 1 μM and 10 μM, there is extensive mitochondrial fragmentation similar to that 

found in SH-SY5Y cells (Fig. 4E-F).  

 

EFV induces autophagy in rat striatal neurons 

To confirm the induction of autophagy in these primary neurons, we treated E18 rat striatal 

neurons for 2 hours with doses from 0-10 μM EFV. We found a dose-dependent induction of 

autophagy, as demonstrated by increased levels of LC3-II, at all doses above 100 nM (Fig. 5A). 

At doses of 1 μM and 10 μM, there is also decreased p62 (SQSTM1, a protein turned over by 

autophagy) suggesting increased autophagic activity (Bjorkoy et al., 2009). The mTOR kinase is 

a key controller of autophagy; mTOR inactivation by rapamycin induces autophagy in neurons in 

culture and in several animal models (Garelick and Kennedy, 2011). Therefore we next 

examined 4EBP1, one of the main phosphorylation targets of mTOR (Carrera, 2004). After 2 

hours of EFV, we see decreased phosphorylation of 4EBP1 at the mTOR phosphorylation sites 

(Thr37/46). In addition to detection of these autophagic markers by immunoblotting, 

immunofluorescence for LC3 was done to examine the formation of autophagic puncta. DMSO 

treated cells have a diffuse non-punctate LC3 localization (Fig. 5B).  At 10 nM and 100 nM, 

there is increased punctate LC3 staining in the neuronal processes (Fig. 5C-D). At 1 μM and 10 

μM EFV, there is extensive punctate LC3 throughout all of the neuronal processes (Fig. 5 E-F).  
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Discussion 

Understanding the etiology of acute CNS neuropsychiatric adverse effects is vital due to the 

wide use of EFV in cART (Decloedt and Maartens, 2013). Here, we investigated the acute 

effects of EFV on mitochondrial ATP production, mitochondrial morphology, and autophagy in 

SH-SY5Y cells and neurons. The role of abnormal mitochondria in neurodegeneration is 

becoming clearer (Lezi and Swerdlow, 2012). There is significant evidence implicating 

mitochondrial dysfunction in neurodegenerative diseases including Parkinson’s disease, 

Huntington’s disease, Alzheimer’s disease, and amyotrophic lateral sclerosis. As HIV infection 

becomes a chronic disease with increased levels of chronic inflammation (Deeks et al., 2013), it 

may mirror some of the CNS degeneration seen in these diseases. In addition, there are several 

lines of clinical evidence that link changes in mitochondria to neuropsychiatric abnormalities 

(Anglin et al., 2012). We assessed mitochondrial function after EFV exposure with ATP assays 

and visualization of mitochondrial morphology.  

In SH-SY5Y cells, there is an acute drop in ATP levels after 2 hours with EFV (Fig. 1A). 

This drop in ATP production after EFV is attenuated in media containing glucose, where the cell 

can undergo the Crabtree effect (Marroquin et al., 2007; Diaz-Ruiz et al., 2011). This allows the 

cell to bypass the need for oxidative phosphorylation for energy by utilizing the glucose in 

culture media (Diaz-Ruiz et al., 2011). In addition, mitochondrial morphology changes to a 

predominantly spheroid shape after 2 hours of EFV (Fig. 2B). At 4 and 24 hours, mitochondrial 

morphology becomes fragmented; and mitochondria localize to perinuclear regions (Fig. 2C-D). 

This is similar to what has been observed with other neuronal insults (Grohm et al., 2010; 

Kopeikina et al., 2011). 

Concurrent with the observed changes in mitochondria, EFV induces autophagy as seen 

with an increased number of autophagic puncta in stably transfected GFP-LC3 SH-SY5Y cells 

(Fig. 2C-D). These data are in line with the work of several groups demonstrating that 
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mitochondrial dysfunction can lead to autophagy in neuronal models (Vives-Bauza et al., 2010; 

Yu et al., 2011; Cai et al., 2012; Zhang et al., 2013). There is still, however, controversy as to 

whether mitochondrial dysfunction alone is enough to induce autophagy. Further, the link 

between mitochondria and specific autophagy is probably more complicated than has been 

characterized (Sterky et al., 2011; Van Laar et al., 2011; Grenier et al., 2013). Here, it appears 

that the mitochondrial dysfunction is tied to autophagy as mitophagy is observed after exposure 

to EFV. After 4 hours, we observed colocalization of mitochondria and autophagic puncta (Fig. 

2C-D). In addition, we generated a plasmid that expresses the OMM protein CISD1 (mitoNEET) 

with a carboxy-terminal tandem fluorescent tag (mRFP-EGFP), in the same vein utilized for the 

visualization of LC3 (Kimura et al., 2007). Using this plasmid, we also visualized mitophagy after 

4 hours of EFV (Fig. 3C). The physiologic function of autophagy is connected to cellular 

homeostasis and many cell types, including neurons, utilize autophagy as a mechanism of 

survival from cellular stressors (Narendra et al., 2008; Dagda et al., 2009). In this SH-SY5Y 

model, autophagy appears to have prosurvival function as inhibiting autophagy with 3MA adds 

to the small amount of cytotoxicity caused by the EFV treatment alone (Fig. 3D).  

Although SH-SY5Y cells are commonly used to model neurons, we wanted to ensure 

that these results translate directly to primary neurons. In neurons, similar declines in ATP are 

seen after EFV treatments without substantial LDH release (Fig 4.A-B). In addition, extensive 

mitochondrial fragmentation was seen after 2 hours of EFV (Fig. 4E-F). We also found that EFV 

induced autophagy in an mTOR-dependent manner as demonstrated by increased levels of 

LC3-II, decreased p62 levels, and decreased phosphorylation of the mTOR target 4EBP1 (Fig. 

5A).   

As this manuscript was in preparation, another group electronically published results in 

agreement with the work shown here (Funes et al., 2014). They demonstrated altered 

mitochondrial respiration after EFV treatments, in addition to ROS generation and reduced ATP 

levels. Further, they showed a specific phosphorylation of AMP-activated protein kinase in glia. 
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These data, together with the work shown here, strongly suggest a primary mitotoxic effect 

caused by EFV in the CNS, followed by a mitophagic cellular response. 

 The study of EFV in neurons is important due to the chronic nature of antiretroviral 

therapy in HIV-positive patients, the prevalence of EFV in cART regimens, and the clinical CNS 

effects of EFV treatment. Our results support the idea that EFV alters mitochondrial function in 

neurons and can induce autophagy as shown in other cell types. In SH-SY5Y cells, the 

induction of autophagy appears to have a protective role. The observed effects of EFV may help 

to explain some of the mechanisms underlying the acute CNS neuropsychiatric side effects 

seen in EFV treated patients. This work suggests mitochondrial changes and autophagy may, at 

least in part, be responsible for the adverse neuropsychiatric effects observed in patients.  
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Figure Legends 

Figure 1. Effect of EFV on ATP content in SH-SY5Y cells.  

A) The cells were incubated for 2 hours with EFV in glucose-containing or glucose-free-

galactose containing media at stated concentrations (50, 25, 12.5, 6.25, 3.125, and 1.5 μM).  

The level of ATP is given as a percentage of vehicle (DMSO) treated cells. B) Cells were 

incubated with increasing doses of CCCP for 2 hours. C) SH-SY5Y cells were incubated with 

JC-1 dye followed by incubation with EFV (5 μM) for the times indicated. Note: High percentage 

of green mitochondria indicating depolarization. D and E) SH-SY5Y cells were incubated with 

DMSO (no change) or CCCP (rapidly depolarized) for the times indicated. (***p<0.001 

galactose compared with glucose media, 2-way ANOVA followed by Bonferroni’s post-tests). 

 

Figure 2. EFV changes mitochondrial morphology and induces autophagy. 

Immunofluorescent images of mitochondria and LC3 in SH-SY5Y cells incubated with 5 μM EFV 

for the times indicated. Mitochondria were visualized with MitoTracker red, and GFP-LC3 was 

stably transfected. A) SH-SY5Y cells before EFV treatment. B-D) SH-SY5Y cells incubated with 

EFV for the times indicated. Note: The increase in autophagic puncta formation after 4 and 24 

hrs. Arrows (C-D insets): Areas of colocalization of mitochondria and LC3 (mitophagy). E) Total 

number of GFP-LC3 puncta per cell were counted after incubation with EFV for the times 

indicated (n=200 cells). (****p<0.001 compared to untreated cells, 1-way ANOVA, followed by 

Bonferonni’s post-tests). F) Percentage of cells with greater than 2 puncta per cell after EFV 

exposure for the indicated times. (n=200 cells).  

 

Figure 3. Induction of mitophagy by EFV and inhibiting autophagy increases cytotoxicity. 

SH-SY5Y cells were transfected with pCISD1-tf followed by treatment with EFV for the times 

indicated. Immunofluorescent images of live cells were taken in both green and red channels. A) 
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SH-SY5Y cells before treatment. B-C) SH-SY5Y cells after 2 and 4 hrs of EFV treatment. 

Arrows (C): Red only areas indicating mitochondria localized to an acidic cellular compartment, 

such as the autophagolysosome. D) SH-SY5Y cells were treated with EFV (at the doses 

indicated), 3MA (5 μM), or EFV+3MA for 2 hrs followed by LDH assays. E) LDH assay after 24 

hrs of the indicated treatments. (**p<0.01 EFV+3MA compared to EFV or 3MA alone, 2-way 

ANOVA followed by Bonferonni’s post-tests).   

 

Figure 4. ATP production and mitochondrial morphology in rat striatal neurons with EFV. 

A) ATP assay in primary rat striatal neurons treated with 50, 25, 12.5, 6.25, 3.125, and 1.5 μM 

EFV for 2 hrs and 24 hrs. B) LDH assay of rat striatal neurons treated with same doses of EFV 

for 2 hrs and 24 hrs. C-F) Confocal images of primary rat striatal neurons treated with the 

indicated doses of EFV for 2 hours with MitoTracker green for the last 15 minutes of treatment. 

Note: Change of mitochondria to more fragmented morphology. (Bars 10 µm). (*p<0.05, 

**p<0.01, ***p<0.001 compared to vehicle treated neurons (1-way ANOVA, followed Dunnett’s 

post-tests). 

 

Figure 5. EFV induces autophagy in rat striatal neurons 

A) Rat striatal neurons were incubated with the indicated doses of EFV for 2 hrs followed by 

immunoblotting with the indicated antibodies. B-F) Striatal neurons were infected with 

mitochondrial CellLight GFP for 24 hours followed by incubation with the indicated doses of EFV 

for 2 hours. Shown is the immunocytochemistry for LC3.  
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