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Introduction

Human immunodeficiency virus-1 (HIV-1) continues to have a significant impact throughout 

the United States and globally. The introduction of antiretroviral (ARV) therapy (ART) has 

dramatically changed the course of HIV infection, shifting from a life-limiting illness 

characterized by fatal opportunistic infections and malignancies to a chronic disease 

associated with a near-normal life expectancy (FAUCI AND MARSTON 2015). In addition 

to its direct impact on the immune system, HIV affects the central nervous system (CNS) 

leading to a range of neurocognitive dysfunction collectively known as HIV-associated 

neurocognitive disorders (HAND) (SAYLOR et al. 2016). Cross-sectional studies report 

persistence of HAND in approximately 30–50% of ART-treated, HIV+ patients and while 

the prevalence of the most severe form, HIV-associated dementia (HAD), has diminished, 

milder forms of the disease account for the continued prevalence of HAND (HEATON et al. 
2010).

In the post-ART era, the shifting clinical manifestations of HAND are accompanied by 

changes in pathologic observations which have transitioned from a prominent subcortical 

pathology characterized by neuronal loss, astrogliosis, and microgliosis to more subtle 

cortical and hippocampal alterations in synaptic number, functional connectivity, and 

neuroinflammation (SAYLOR et al. 2016). Despite the change in the neuropathology 

observed, white matter alterations and dysfunction continue to persist in HIV+ individuals 

taking ART (LANGFORD et al. 2003; EVERALL et al. 2009; MULLER-OEHRING et al. 
2010; TATE et al. 2010). MRI and diffusion tensor imaging studies have demonstrated 

numerous alterations including thinning of the corpus callosum, reduction in blood flow to 

white matter, and loss of volume from the superior longitudinal fasciculus, superior corona 

radiata, and the internal capsule (HOARE et al. 2010; GONGVATANA et al. 2011; TATE et 
al. 2011; CORREA et al. 2015). Complementing these imaging findings, transcriptome 

analysis of frontal cortex from HAND patients who were virally suppressed through ART 

implicates persistent white matter changes despite viral control (BORJABAD et al. 2010). 

Transcripts critical for oligodendrocyte maturation, myelination, and maintenance, including 

myelin basic protein (MBP), myelin transcription factor 1, and myelin-associated 

oligodendrocyte basic protein (MOBP), were downregulated in patients on ART who were 

also diagnosed with HAND, despite reversal of proinflammatory gene signatures and 

restoration of synaptic gene signatures (BORJABAD et al. 2010). Thus, white matter 

pathologies continue to persist in the post-ART era; however, the mechanism underlying 

these observations is still unclear.

When adhered to, ART suppresses viral replication to undetectable levels in the periphery; 

however, low levels of inflammation and viral reservoirs are known to persist in the CNS. 

Furthermore, ARVs themselves may directly contribute to HAND pathogenesis, including 

the white matter abnormalities that are consistently observed.

Myelin is synthesized by mature oligodendrocytes which are generated from 

oligodendrocyte precursor cells (OPCs) in a well-characterized progression (MILLER 

2002). OPCs, recognized by staining with the A2B5 antibody or expression of NG2 or 

PDGFRα, transition to immature oligodendrocytes expressing galactocerebroside (GalC) 
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and begin to extend actin filaments to elaborate processes (RAFF et al. 1978; RANSCHT et 
al. 1982; RAFF et al. 1983; BANSAL et al. 1989; HART et al. 1989; NISHIYAMA et al. 
1996; BARACSKAY et al. 2007). Upon contact with neurons, these cells upregulate 

expression of myelin proteins including proteolipid protein (PLP) and myelin basic protein 

(MBP, and ultimately ensheath axons with the lipid- and protein-based myelin membrane. 

Our group has previously reported that the ARVs from the protease inhibitor (PI) class, 

ritonavir and lopinavir, inhibit oligodendrocyte maturation in vitro (e.g. reduction in GalC+ 

and MBP+ cells), and ritonavir reduced expression levels of myelin proteins (e.g. cyclic 

nucleoside phosphodiesterase (CNPase) and myelin oligodendrocyte glycoprotein (MOG)) 

in vivo (JENSEN et al. 2015). At present, the mechanisms mediating these effects are 

uncertain, though numerous candidates exist including the integrated stress response (ISR), 

oxidative stress, and organellar stress (AKAY et al. 2012; GANNON et al. 2017; STERN et 
al. 2018). In particular, lysosomal stress has been implicated in Tat- and gp120-mediated 

neuronal toxicity (CHEN et al. 2013; BAE et al. 2014; FIELDS et al. 2015) but the role that 

it may play in ARV-driven oligodendrocyte damage is currently unclear.

Here, we investigated the effects of two PIs, darunavir and saquinavir, on oligodendrocyte 

differentiation in vitro. We observed concentration-dependent inhibition of oligodendrocyte 

maturation and myelin protein production with both darunavir and saquinavir. Furthermore, 

our findings suggest that endolysosomal de-acidification mediates the ability of these ARVs 

to negatively regulate oligodendrocyte differentiation. Together, these data highlight the 

influence of proper endolysosome function during oligodendrocyte maturation and suggest 

that reducing lysosomal pH may provide a valid therapeutic option to prevent 

oligodendrocyte injury.

Materials and Methods

Chemicals and Reagents

The following antibodies used in this study were purchased from the indicated vendors: 

Sigma-Aldrich (St. Louis, MO): alpha-tubulin (α-tubulin; Cat# T5168 RRID: AB_477579) 

propidium iodide (Ca# P4170); BioLegend (San Diego, CA): myelin basic protein (MBP; 

Cat# 808401 RRID:AB_2564741); Invitrogen (Waltham, MA): Lysostracker Red DND-99. 

Additional antibodies were: galactocerebroside (GalC) mouse hybridoma supernatant (GalC 

H8H9) (Ranscht et al., 1982), A2B5 mouse hybridoma supernatant (BARACSKAY et al. 
2007), myelin basic protein (MBP, rat hybridoma supernatant) and proteolipid protein (PLP, 

rat hybridoma supernatant) (kind gifts of Dr. Virginia Lee, University of Pennsylvania, 

Philadelphia, PA).

Preparation of primary rat oligodendrocyte precursor cell cultures

All experiments were performed in accordance with the guidelines set forth by The 

Children’s Hospital of Philadelphia and The University of Pennsylvania Institutional Animal 

Care and Use Committees. Primary rat oligodendrocytes (OPCs) were isolated from brains 

of postnatal day 1 Sprague Dawley rats (Charles River Laboratories, Wilmington, MA 

RRID: RGD_737891) and plated on T75 flasks (JENSEN et al. 2015). We purified the OPCs 

using the “shake-off” method (MCCARTHY AND DE VELLIS 1980). Briefly, once OPCs 
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reached confluency on T75 flaks, they were rotated on an orbital shaker set to 250 rpm and 

incubated overnight at 37°C. The following day, cells were filtered using a 20μm nylon net 

(Merck Millipore, Darmstadt, Germany), followed by centrifugation at 1500 rpm for 5 min 

at 4°C. The supernatant was discarded and the pellet was resuspended in 5 mL Neurobasal 

medium supplemented with B27 and incubated on a bacteriological petri dish for 15 mins at 

37°C and 5% CO2. The supernatant was collected and centrifuged at 1500 rpm for 5 mins at 

4°C. The pellet was resuspended in Neurobasal medium supplemented with B27 and growth 

factors: PDGF (2ng/mL), NT3 (1ng/mL), and FGF (10ng/mL) and plated on 24-well plates 

with coverslips or 10 cm dishes.

Drug Treatments

Primary rat OPCs were grown in 24-well plates with coverslips or in 10 cm dishes, for 

immunocytochemistry or immunoblotting respectively, until they reached approximately 

70% confluency. In order to differentiate OPCs into mature oligodendrocytes, growth 

medium was replaced with differentiation media consisting of 50% DMEM, 50% Ham’s 

F12, Pen/Strep, 2 mM glutamine, 50 μg/mL transferrin, 5 μg/mL putrescine, 3 ng/mL 

progesterone, 2.6 ng/mL selenium, 12.5 μg/mL insulin, 0.5 μg/mL T4, 0.3% glucose, and 10 

ng/mL biotin. At the time of differentiation, cells were treated with vehicle (DMSO), 

saquinavir (500 nM, 2.5 μM, or 5 μM), darunavir (450 nM, 4.5 μm, or 15μM), or ML-SA1 

(20 μM) for 72 hours before staining or protein collection (FEIGENSON et al. 2009).

Immunofluorescence

Primary OPCs were prepared and stained as follows for GalC and MBP. Coverslips were 

removed from wells, rinsed with PBS, and incubated with primary antibody for immature 

oligodendrocyte marker, GalC (1:5 dilution in DMEM/F12) for 30 mins at room 

temperature. Coverslips were rinsed with PBS and incubated in Rhodamine-Red goat anti-

mouse IgG3 secondary antibody (1:200 dilution in DMEM/F12; Jackson ImmunoResearch, 

West Grove, PA) for 30 mins at room temperature. Cells were fixed using 4% 

paraformaldehyde for 10 mins, followed by a blocking/permeabilization step consisting of 

0.5% BSA and 0.1% Triton-X 100 in PBS for 30 mins. Cells were incubated in primary 

antibody for mature oligodendrocyte marker, MBP (1:1 dilution in PBS) for 30 mins at room 

temperature and then incubated in FITC-conjugated goat anti-rat secondary antibody (1:200 

dilution in PBS; Jackson ImmunoResearch, West Grove, PA) for 30 mins at room 

temperature. Lastly, cells were incubated in DAPI (1:10,000 dilution in PBS; Thermo Fisher 

Scientific, Waltham, MA) for 5 mins and mounted on coverslips with Vectashield Antifade 

Mounting Medium (Vector Laboratories, Burlingame, CA). Primary OPCs were prepared 

and stained as follows for A2B5 and propidium iodide: coverslips were removed from wells, 

rinsed with PBS, and incubated with propidium iodide (5 μM in PBS). Coverslips were 

rinsed with PBS and incubated with primary antibody for OPCs, A2B5 (1:1 dilution in 

DMEM/F12) for 30 mins at room temperature. Coverslips were rinsed with PBS and 

incubated in FITC-goat anti-mouse IgM secondary antibody (1:200 dilution in DMEM/F12; 

Jackson ImmunoResearch, West Grove, PA) for 30 mins at room temperature. Coverslips 

were incubated with DAPI and mounted with the same method for GalC and MBP stained 

coverslips. Cells were imaged using a Keyence BZ-X-700 digital fluorescent microscope 

(Keyence Corporation, Itasca, IL) affixed with UV, FITC, Cy3, and Cy5 filters. Images were 
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captured at 40x magnification and were hand-counted to quantify the number of immature 

and mature oligodendrocytes. Specifically, averages were calculated for GalC and MBP 

across 20 fields/coverslip with 2–4 coverslips per treatment condition for each biological 

replicate.

Lysotracker Red analysis

The number of lysosomes was analyzed using 50 nM Lysotracker Red DND-99 (Invitrogen). 

Differentiated OLs were incubated with Lysotracker Red for 30 minutes at 37°C. Cells were 

then stained with GalC antibody and DAPI as mentioned above. Images were acquired on 

DMi8 Leica confocal microscope equipped with a 40x objective (Leica Microsystems, 

Wetzler, Germany) with an additional 2x electronic zoom. Imaging fields were chosen at 

random, 6 fields per coverslip and 2–3 coverslips per condition. Images were analyzed using 

Image-J particle analyzing software.

TUNEL Assay

To assess cells committed to apoptotic death, a TUNEL staining protocol (modified from 

(GAVRIELI et al. 1992) was utilized. Cells were fixed with ice cold methanol for 10 

minutes, washed with PBS, and permeabilized with 0.1% Triton-X 100 and 0.5% BSA in 

PBS for 30 mins. Positive control coverslips were generated during this time by incubating 

in DN buffer (30 mM Trizma base pH 7.2, 140 mM sodium cacodylate, 4 mM magnesium 

chloride, and 0.1 mM dithiothreitol) for 2 mins, followed by DNase (1:200 in DN buffer) for 

10 mins. All coverslips were washed with PBS and then placed in TDT buffer (30 mM 

Trizma base pH 7.2, 140 mM sodium cacodylate, 1 mM cobalt chloride) for 2 mins. Cells 

were incubated for 1 hour at 37°C with TdT and biotin-UTP in TDT buffer (6 μL of each in 

1 mL TDT buffer). After a subsequent PBS wash, cells were placed in TB buffer (300 mM 

sodium chloride, 30 mM sodium citrate) for 15 mins and then 2% BSA solution for 30 mins. 

Finally, cells were incubated with rhodamine-conjugated streptavidin for 20 mins, rinsed in 

PBS, incubated in DAPI for 5 mins, and then mounted on slides with Vectashield. 

Visualization and counting were performed as previously described (GAVRIELI et al. 1992).

Immunoblotting

Whole cell extracts of primary rat oligodendrocyte cultures were prepared with ice cold lysis 

buffer (25 mM Tris (pH 7.4), 10 mM EDTA, 10% SDS, 1% Triton-X 100, 150 mM NaCl 

containing protease and phosphatase inhibitor cocktails (PIs; Roche Diagnostics) followed 

by sonication and centrifugation at 10,000 rpm at 4°C for 30 mins. Protein concentrations 

were determined by spectrophotometer ND-1000 (Thermo Fisher Scientific, Waltham, MA). 

Protein (7.5 μg) was loaded onto a 4–12% Bis-Tris gradient gels for separation. After 

separation, proteins were transferred to Immobilin-FL membranes and blocked in 5% milk 

for 30 mins at room temperature. Membranes were incubated overnight at 4°C with primary 

antibodies in TBS-T and 5% BSA. Primary antibodies to the following antigens were used: 

MBP (SMI-99, 1:1000 dilution), PLP (1:1000 dilution)and a-tubulin (1:10,000 dilution). 

Following three washes in TBS-T, membranes were incubated with corresponding antigen 

specific fluorescent probe-conjugated secondary antibodies (1:10,000 dilution) in TBS-T 

and 5% BSA. Membranes were visualized using an Odyssey Infrared Imaging System 

(LiCOR).). Densitometric analysis of band intensities were conducted using the Odyssey 
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Infrared Imaging System or by Fiji (NIH RRID: SCR_002285). All bands were normalized 

to the loading control as specified in each experiment.

Statistical Analysis

For all experiments, primary OPC cultures prepared from independent litters represent 

independent biological replicates, which were treated with vehicle or drug in the indicated 

combinations. An untreated condition (UT) was also included within each biological 

replicate and all results were normalized to this UT value to account for variability in the 

percentage of differentiation amongst biological replicates. Repeated-measures one-way 

analysis of variance (ANOVA) was used to analyze these data to account for inherent 

correlations present within a single biological replicate. Data were analyzed using GraphPad 

Prism statistical software (version 8.0; RRID: SCR_002798) and were graphically presented 

as fold change or percent total from UT ± SEM with the UT condition represented as a 

dotted line.

Results

The protease inhibitors, darunavir and saquinavir, inhibit oligodendrocyte maturation

Our group has previously demonstrated that ART compounds of the PI class, ritonavir and 

lopinavir, inhibit oligodendrocyte (OL) maturation in vitro (JENSEN et al. 2015). Based on 

these findings, we examined whether other PIs, specifically darunavir (DRV) and saquinavir 

(SQV), exert similar effects on OL differentiation. DRV is the only currently recommended 

frontline PI for adults in the United States, while SQV is part of the preferred second-line 

ART regimens for adults, adolescents, pregnant women, and children (WHO 2016). DRV 

and SQV concentrations were based on reported plasma and cerebrospinal fluid (CSF) levels 

in humans (DRV Cmax = 4.5μM, SQV Cmax = 2.5 μM), as measurements in human brain 

parenchyma have not been performed (VERMEIR et al. 2009).

Using our well-established cell culture model (SEE et al. 2004), OPCs were placed in 

differentiation media and treated with therapeutically relevant concentrations of DRV (450 

nM, 4.5 μM, 15 μM) or SQV (500 nM, 2.5 μM, 5 μM). After 72 hours, cultures were stained 

for lineage specific proteins: A2B5, GalC and MBP for OPCs, immature and mature OLs, 

respectively (RAFF et al. 1978; RANSCHT et al. 1982; BANSAL et al. 1989; 

BARACSKAY et al. 2007). Representative images of treated OLs after 72 hours of 

differentiation demonstrated concentration-dependent decreases in numbers of immature and 

mature OLs in both DRV- and SQV-treated cultures compared with vehicle-treated controls 

(Fig. 1a). Specifically, the number of immature (GalC-positive; Fig. 1b) and mature (MBP-

positive; Fig. 1c) OL cells were decreased in a concentration-dependent manner DRV- and 

SQV-treated cultures. We have represented this in figure 1 as a fold change normalized to the 

UT group and in the figure legend we record percent GalCpositive/DAPI-positive or MBP-

positive/DAPI-positive. These percentages are typical of this well-established model 

(CHEW et al. 2005; FEIGENSON et al. 2009; FEIGENSON et al. 2011; DAI et al. 2014; 

BEYER et al. 2018) and the PI-treated groups have significantly fewer immature and mature 

cell counts than vehicle control groups. Additionally, we observed no differences in DAPI+ 
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cell counts following DRV or SQV treatment compared with the DMSO-treated vehicle 

controls (Total Cell Number; Fig. 1d).

Neither saquinavir nor darunavir induce changes in OPC number or cell death

In order to determine whether the decreases in immature and mature OL numbers following 

SQV or DRV treatment were due to a reduction in OPC maturation or an increase in cell 

death, we examined terminal UTP Nick end labeling (TUNEL) positive cell counts to 

examine apoptotic cell death, and propidium iodide negative cell counts to examine overall 

cell viability. We also stained cells for OPC marker, A2B5 to examine changes in OPC 

number following DRV or SQV treatment. Representative images of treated OLs after 72 

hours of differentiation demonstrated no change in numbers of OPCs and cell viability in 

both DRV- and SQV-treated cultures compared with vehicle-treated controls (Fig. 2a). 

Representative images of treated OLs 72 hours after differentiation displayed no increase in 

TUNEL+ cell counts (Fig. 2b). Specifically, the number of OPCs (A2B5-positive; Fig. 2c) 

remained unchanged in DRV or SQV-treated cultures compared with DMSO-treated vehicle 

controls and there was no significant decrease in cell viability (propidium iodide-negative; 

Fig 2d) in DRV or SQV-treated cultures compared with DMSO-treated vehicle controls. 

Finally, we observed no differences in the number of TUNEL+ cell counts even at the 

highest concentration of DRV or SQV tested when compared with DMSO-treated vehicle 

controls (Fig. 2d). In this assay, DNase was used as a positive control, resulting in a 

significant increase in TUNEL+ cells compared with the DMSO-treated vehicle control (Fig. 

2d).

Saquinavir and darunavir inhibit myelin protein production

Since both SQV- and DRV-treated cultures contained fewer GalC+ and MBP+ cells, we next 

examined whether these drugs altered levels of the key myelin proteins, MBP and PLP. 

Cultures were treated at the time of differentiation, and protein was collected after 72 hours, 

and processed for immunoblot analysis. All three concentrations of DRV (Fig. 3a) and SQV 

(Fig. 3b) resulted in significant decreases in MBP and PLP protein levels compared with 

vehicle-treated controls. These data are consistent with our immunofluorescence 

observations in Figure 1, with fewer MBP+ cells and decreases in MBP and PLP protein 

abundance observed across all concentrations of SQV and DRV.

Darunavir and saquinavir decrease the number of acidic lysosomes and the TRPML1 
agonist, ML-SA1, rescues darunavir and saquinavir-driven inhibition of oligodendrocyte 
maturation

We next aimed to determine whether either SQV- or DRV-mediated inhibition of OL 

differentiation is able to be rescued. While ART drugs are typically classified according to 

their mechanism of action of controlling HIV-1 viral levels, they can also be categorized as 

weak acids or bases. ART drugs that are considered weak bases, including DRV and SQV, 

can accumulate in endolysosomes and induce endolysosomal de-acidification (HUI et al. 
2019). De-acidification of endolysosomes has been associated with neuronal dysfunction in 

several neurodegenerative conditions; however, how this could potentially impact OL 

maturation and function is unknown. Differentiating OLs that were exposed to either DRV 

or SQV and the number of acidic lysosomes were assessed via Lysotracker Red staining. We 
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observed a significant decrease in Lysotracker Red+ puncta at both the medium and highest 

concentrations for DRV and SQV in GalC+ and GalC− cells, demonstrating a reduction in 

the acidity of lysosomes following drug treatment (Fig. 4a–b). Since activation of TRPML1 

channels is known to acidify the endolysosomes (BAE et al. 2014), we co-administered the 

TRPML1 agonist ML-SA1 (20μM) in the absence or presence of either DRV or SQV. We 

performed a dose-response curve of ML-SA1 testing a range of concentrations from 1 to 100 

μM and observed no effect of ML-SA1 by itself on OL maturation or cell viability at these 

concentrations (data not shown). We observed a full recovery of OL differentiation for both 

DRV and SQV (Fig. 4c–e) at the lowest concentration of the ARVs, a partial rescue at the 

medium concentration for DRV-treated cultures, and no effect on the highest concentration 

for either ARV examined (Fig. 4c–e). Together, these data demonstrate that de-acidification 

of endolysosomes by DRV or SQV plays a role in their ability to hinder OL differentiation 

and maturation in vitro.

Discussion

The introduction of ART has changed the landscape of HIV/AIDS, as fewer patients 

progress to AIDS due to controlled viral suppression, thus expanding the lifespan of HIV-

positive individuals. However, regardless of ART adherence HAND still persists; thus, a 

better understanding of the side effects of ART is necessary as patients remain on ART 

regimens for the entirety of their increased lifespans. In particular, white matter alterations 

as measured by diffusion tensor imaging and MRI remain important clinical determinants in 

HIV+ individuals on ART (LANGFORD et al. 2003; EVERALL et al. 2005; MULLER-

OEHRING et al. 2010; TATE et al. 2010; JENSEN et al. 2019).

In the present study, we investigated the effects of ARV class PIs, DRV and SQV, on 

oligodendrocyte maturation. DRV and SQV inhibited oligodendrocyte differentiation 

concentration-dependently. Pharmacological activation of TRMPL1 on endolysosomes with 

ML-SA1 resulted in protection against DRV and SQV-induced oligodendrocyte maturation 

inhibition, in vitro, at low concentrations. The effect of SQV was more concentration-

dependent than that of DRV. SQV at 450 nM induced a 50% decrease in GalC− and MBP-

positive cells, respectively, which is similar to the effect of DRV at 500 nM. Both of the 

physiologically relevant concentrations for SQV (2.5 μM) and DRV (4.5 μM) had similar 

effects decreasing GalC− and MBP-positive cells, respectively by 75%. Interestingly, the 

highest concentration of DRV tested (15 μM) had similar effects on oligodendrocyte 

maturation as the physiologically relevant concentration; whereas, the highest concentration 

of SQV tested dramatically decreased GalC− and MBP- positive cells by 95%. Furthermore, 

the immunoblotting results corroborated the immunocytochemistry as key myelin proteins 

MBP and PLP expression werewere also decreased. Maturing OPCs treated with increasing 

concentrations of DRV or SQV showed no change in number of DAPI+ nuclei or A2B5+ 

cell counts. This is consistent with our well-established model as OPCs do not continue to 

proliferate in differentiation media (FEIGENSON et al. 2009; FEIGENSON et al. 2011). 

Furthermore, cultures treated with increasing concentrations of DRV or SQV displayed no 

increased TUNEL+ cells compared with vehicle-treated controls, indicating that OPCs do 

not have increased dsDNA breaks committing them to the apoptotic cell death cascade. To 

further rule out other cell death mechanisms, we stained cells with propidium iodide and 
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observed no increase in propidium iodide-positive+ cell counts compared with vehicle-

treated controls. Thus, DRV or SQV-treated maturing OPCs are not dying in this in vitro 
model, and the lack of mature cells suggests that OPCs are inhibited from differentiating 

into mature OLs by these protease inhibitors.

These data provide novel, compelling evidence for DRV and SQV-induced oligodendrocyte 

maturation defects. Furthermore, these data add to previous numerous studies showing 

deleterious effects of PIs in vitro, peripherally and within the CNS (LAGATHU et al. 2007; 

ELLIS et al. 2008; CHANDRA et al. 2009; TOUZET AND PHILIPS 2010; MANDA et al. 
2011; BRANDMANN et al. 2012; JENSEN et al. 2015; STERN et al. 2018). These studies 

could be helpful to clinicians when deciding which ARV drug to administer, especially in 

younger patients who are still developing myelin, and might be on ART for decades.

In addition to characterizing the effects of DRV and SQV on oligodendrocyte maturation, 

we identified a potential mechanism that mediates this effect. Both protease inhibitors 

significantly decreased the number of acidic lysosomes via lysotracker red staining, in both 

GalC+ and GalC− cells following the 72 hour differentiation period. Furthermore, we found 

that when co-treating maturing OPCs with DRV or SQV and the TRPML1 agonist ML-SA1, 

oligodendrocyte maturation was rescued fully at the 450 nM and 500 nM concentrations of 

DRV and SQV, respectively. When maturing OPCs were co-treated with the physiologically 

relevant concentrations of DRV and ML-SA1, oligodendrocyte maturation was partially 

rescued. These results suggest that these ARV agents de-acidify endolysosomes in maturing 

OPCs which in turn prevents OPC maturation into an OL and, to our knowledge, is the first 

study to demonstrate the critical role of proper endolysosomal pH in regulating OL 

differentiation. While it is possible that ML-SA1 could also be acting on the related ion 

channels, TRPML2 and TRPML3, RNA-Seq data from the CNS has shown that neither of 

these ion channels are highly expressed throughout the OL lineage (ZHANG et al. 2014). 

And we have not rule out the possibility that the release of ions such as Ca2+ from the 

endolysosomes due to TRPML1 activation has effects elsewhere in the cell that inhibit the 

damage caused by the PIs. These will be addressed in future studies.

While endolysosomes have long been recognized as degradative organelles, they are quickly 

emerging as important signaling hubs that integrate nutrient availability with specialized 

cellular functions (SETTEMBRE et al. 2013). Mutations in key lysosomal signaling 

molecules, RagA or Ragulator component Lamtor4, result in reduced myelination, which is 

rescued by inactivation of the transcription factor EB (TFEB), a master regulator of 

lysosomal biogenesis and autophagy (MEIRELES et al. 2018). Additionally, deficiencies in 

the mobilization of cholesterol from the endolysosome causes delayed myelination at early 

postnatal days or loss of myelin proteins in aged OLs (YU AND LIEBERMAN 2013). Thus, 

it seems likely that disruption to endolysosome function during differentiation would 

negatively impact OPC differentiation, though the downstream consequences of increased 

endolysosomal pH in OPCs are still unclear. Since OPC differentiation relies on the turnover 

and degradation of proteins which become obsolete at the mature OL stage, it is likely that 

the inability of the endolysosome to fuse with the autophagosome due to increased pH could 

interfere with macroautophagy, which is currently being investigated in our laboratory.
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It is probable that other cellular mechanisms are also mediating effects of DRV and SQV, 

specifically the integrated stress response (ISR) and/or oxidative stress. Our group has 

shown evidence for ISR activation in neurons and astrocytes of HAND patients as well as in 

neurons in culture treated with different classes of ARV compounds (LINDL et al. 2007; 

AKAY et al. 2012; GANNON et al. 2017; STERN et al. 2018). Additionally, there is 

evidence for ISR activation in oligodendrocytes in other neuroinflammatory disease models 

such as multiple sclerosis (HUSSIEN et al. 2014; WAY AND POPKO 2016; ROMERO-

RAMIREZ et al. 2017). Furthermore, we have previously shown that the PIs, ritonavir and 

saquinavir, and the NRTI, zidovudine (AZT), evoke the generation of reactive oxygen 

species (ROS) in primary rat cortical neurons leading to death (AKAY et al. 2014). This 

study reported that these ARV drugs induced the endogenous antioxidant response (EAR) 

and that pretreatment with monomethyl fumarate, an activator of the EAR pathway, partially 

blocked neuronal death (AKAY et al. 2014). We have also shown that ARV agents, ritonavir 

and zidovudine, induced ROS production in maturing OPCs, and that ROS are capable of 

halting oligodendrocyte maturation (FRENCH et al. 2009; REID et al. 2012; JENSEN et al. 
2015). It is possible that these additional mechanisms are playing a role in DRV or SQV-

driven inhibition of OL maturation concurrently or downstream of endolysosomal stress.

In summary, these data add to a growing body of evidence that suggest a role for ART-

mediated persistence of HAND. Specifically, these data support a role for ART-mediated 

persistence of myelin abnormalities observed in HAND individuals. Furthermore, we 

implicate endolysosome de-acidification as a potential mediating mechanism in DRV or 

SQV-induced oligodendrocyte maturation defects. In addition to the development of new 

therapeutics with fewer harmful side effects, we must consider adjunctive therapies designed 

to alleviate neuronal dysfunction and preservation of myelin formation and maintenance.

Acknowledgments

We thank the NIH AIDS reagent program for their generous donation of ARVs and the laboratory of Michael 
Robinson at The Children’s Hospital of Philadelphia for the use of the Odyssey Infrared Imaging System.

Funding: This project was supported by the following grants: RO1 MH098742 (KJS and JBG), R21 MH118121 
(JBG and KJS), NIH F31 NS079192 (BKJ), T32 NS007180 (BKJ,), T32 GM008076 (LMR), P30GM100329, 
U54GM115458, R01MH100972, R01MH105329, 2R01NS065957 and 2R01DA032444 (JDG) and the Cellular 
Neuroscience Core of the Institutional Intellectual and Developmental Disabilities Research Core of the Children’s 
Hospital of Philadelphia (HD26979).

References

Akay C, Cooper M, Odeleye A, Jensen BK, White MG et al., 2014 Antiretroviral drugs induce 
oxidative stress and neuronal damage in the central nervous system. J Neurovirol 20: 39–53. 
[PubMed: 24420448] 

Akay C, Lindl KA, Shyam N, Nabet B, Goenaga-Vazquez Y et al., 2012 Activation status of integrated 
stress response pathways in neurones and astrocytes of HIV-associated neurocognitive disorders 
(HAND) cortex. Neuropathol Appl Neurobiol 38: 175–200. [PubMed: 21883374] 

Bae M, Patel N, Xu H, Lee M, Tominaga-Yamanaka K et al., 2014 Activation of TRPML1 clears 
intraneuronal Abeta in preclinical models of HIV infection. J Neurosci 34: 11485–11503. [PubMed: 
25143627] 

Bansal R, Warrington AE, Gard AL, Ranscht B and Pfeiffer SE, 1989 Multiple and novel specificities 
of monoclonal antibodies O1, O4, and R-mAb used in the analysis of oligodendrocyte development. 
J Neurosci Res 24: 548–557. [PubMed: 2600978] 

Festa et al. Page 10

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Baracskay KL, Kidd GJ, Miller RH and Trapp BD, 2007 NG2-positive cells generate A2B5-positive 
oligodendrocyte precursor cells. Glia 55: 1001–1010. [PubMed: 17503442] 

Beyer BA, Fang M, Sadrian B, Montenegro-Burke JR, Plaisted WC et al., 2018 Metabolomics-based 
discovery of a metabolite that enhances oligodendrocyte maturation. Nat Chem Biol 14: 22–28. 
[PubMed: 29131145] 

Borjabad A, Brooks AI and Volsky DJ, 2010 Gene expression profiles of HIV-1-infected glia and 
brain: toward better understanding of the role of astrocytes in HIV-1-associated neurocognitive 
disorders. J Neuroimmune Pharmacol 5: 44–62. [PubMed: 19697136] 

Brandmann M, Tulpule K, Schmidt MM and Dringen R, 2012 The antiretroviral protease inhibitors 
indinavir and nelfinavir stimulate Mrp1-mediated GSH export from cultured brain astrocytes. J 
Neurochem 120: 78–92. [PubMed: 22017299] 

Chandra S, Mondal D and Agrawal KC, 2009 HIV-1 protease inhibitor induced oxidative stress 
suppresses glucose stimulated insulin release: protection with thymoquinone. Exp Biol Med 
(Maywood) 234: 442–453. [PubMed: 19234050] 

Chen X, Hui L, Geiger NH, Haughey NJ and Geiger JD, 2013 Endolysosome involvement in HIV-1 
transactivator protein-induced neuronal amyloid beta production. Neurobiol Aging 34: 2370–2378. 
[PubMed: 23673310] 

Chew LJ, King WC, Kennedy A and Gallo V, 2005 Interferon-gamma inhibits cell cycle exit in 
differentiating oligodendrocyte progenitor cells. Glia 52: 127–143. [PubMed: 15920731] 

Correa DG, Zimmermann N, Doring TM, Wilner NV, Leite SC et al., 2015 Diffusion tensor MR 
imaging of white matter integrity in HIV-positive patients with planning deficit. Neuroradiology 
57: 475–482. [PubMed: 25604843] 

Dai J, Bercury KK and Macklin WB, 2014 Interaction of mTOR and Erk1/2 signaling to regulate 
oligodendrocyte differentiation. Glia 62: 2096–2109. [PubMed: 25060812] 

Ellis RJ, Marquie-Beck J, Delaney P, Alexander T, Clifford DB et al., 2008 Human immunodeficiency 
virus protease inhibitors and risk for peripheral neuropathy. Ann Neurol 64: 566–572. [PubMed: 
19067367] 

Everall I, Vaida F, Khanlou N, Lazzaretto D, Achim C et al., 2009 Cliniconeuropathologic correlates of 
human immunodeficiency virus in the era of antiretroviral therapy. J Neurovirol 15: 360–370. 
[PubMed: 20175693] 

Everall IP, Hansen LA and Masliah E, 2005 The shifting patterns of HIV encephalitis neuropathology. 
Neurotox Res 8: 51–61. [PubMed: 16260385] 

Fauci AS, and Marston HD, 2015 Ending the HIV-AIDS Pandemic--Follow the Science. N Engl J Med 
373: 2197–2199. [PubMed: 26624554] 

Feigenson K, Reid M, See J, Crenshaw EB 3rd and Grinspan JB, 2009 Wnt signaling is sufficient to 
perturb oligodendrocyte maturation. Mol Cell Neurosci 42: 255–265. [PubMed: 19619658] 

Feigenson K, Reid M, See J, Crenshaw IE and Grinspan JB, 2011 Canonical Wnt signalling requires 
the BMP pathway to inhibit oligodendrocyte maturation. ASN Neuro 3: e00061. [PubMed: 
21599637] 

Fields J, Dumaop W, Eleuteri S, Campos S, Serger E et al., 2015 HIV-1 Tat alters neuronal autophagy 
by modulating autophagosome fusion to the lysosome: implications for HIV-associated 
neurocognitive disorders. J Neurosci 35: 1921–1938. [PubMed: 25653352] 

French HM, Reid M, Mamontov P, Simmons RA and Grinspan JB, 2009 Oxidative stress disrupts 
oligodendrocyte maturation. J Neurosci Res 87: 3076–3087. [PubMed: 19479983] 

Gannon PJ, Akay-Espinoza C, Yee AC, Briand LA, Erickson MA et al., 2017 HIV Protease Inhibitors 
Alter Amyloid Precursor Protein Processing via beta-Site Amyloid Precursor Protein Cleaving 
Enzyme-1 Translational Up-Regulation. Am J Pathol 187: 91–109. [PubMed: 27993242] 

Gavrieli Y, Sherman Y and Ben-Sasson SA, 1992 Identification of programmed cell death in situ via 
specific labeling of nuclear DNA fragmentation. J Cell Biol 119: 493–501. [PubMed: 1400587] 

Gongvatana A, Cohen RA, Correia S, Devlin KN, Miles J et al., 2011 Clinical contributors to cerebral 
white matter integrity in HIV-infected individuals. J Neurovirol 17: 477–486. [PubMed: 
21965122] 

Festa et al. Page 11

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hart IK, Richardson WD, Heldin CH, Westermark B and Raff MC, 1989 PDGF receptors on cells of 
the oligodendrocyte-type-2 astrocyte (O-2A) cell lineage. Development 105: 595–603. [PubMed: 
2558873] 

Heaton RK, Clifford DB, Franklin DR Jr., Woods SP, Ake C et al., 2010 HIV-associated 
neurocognitive disorders persist in the era of potent antiretroviral therapy: CHARTER Study. 
Neurology 75: 2087–2096. [PubMed: 21135382] 

Hoare J, Fouche JP, Spottiswoode B, Joska JA, Schoeman R et al., 2010 White matter correlates of 
apathy in HIV-positive subjects: a diffusion tensor imaging study. J Neuropsychiatry Clin Neurosci 
22: 313–320. [PubMed: 20686138] 

Hui L, Ye Y, Soliman ML, Lakpa KL, Miller NM et al., 2019 Antiretroviral Drugs Promote 
Amyloidogenesis by De-Acidifying Endolysosomes. J Neuroimmune Pharmacol.

Hussien Y, Cavener DR and Popko B, 2014 Genetic inactivation of PERK signaling in mouse 
oligodendrocytes: normal developmental myelination with increased susceptibility to 
inflammatory demyelination. Glia 62: 680–691. [PubMed: 24481666] 

Jensen BK, Monnerie H, Mannell MV, Gannon PJ, Espinoza CA et al., 2015 Altered Oligodendrocyte 
Maturation and Myelin Maintenance: The Role of Antiretrovirals in HIV-Associated 
Neurocognitive Disorders. J Neuropathol Exp Neurol 74: 1093–1118. [PubMed: 26469251] 

Jensen BK, Roth LM, Grinspan JB and Jordan-Sciutto KL, 2019 White matter loss and 
oligodendrocyte dysfunction in HIV: A consequence of the infection, the antiretroviral therapy or 
both? Brain Res 1724: 146397. [PubMed: 31442414] 

Lagathu C, Eustace B, Prot M, Frantz D, Gu Y et al., 2007 Some HIV antiretrovirals increase oxidative 
stress and alter chemokine, cytokine or adiponectin production in human adipocytes and 
macrophages. Antivir Ther 12: 489–500. [PubMed: 17668557] 

Langford TD, Letendre SL, Larrea GJ and Masliah E, 2003 Changing patterns in the 
neuropathogenesis of HIV during the HAART era. Brain Pathol 13: 195–210. [PubMed: 
12744473] 

Lindl KA, Akay C, Wang Y, White MG and Jordan-Sciutto KL, 2007 Expression of the endoplasmic 
reticulum stress response marker, BiP, in the central nervous system of HIV-positive individuals. 
Neuropathol Appl Neurobiol 33: 658–669. [PubMed: 17931354] 

Manda KR, Banerjee A, Banks WA and Ercal N, 2011 Highly active antiretroviral therapy drug 
combination induces oxidative stress and mitochondrial dysfunction in immortalized human 
blood-brain barrier endothelial cells. Free Radic Biol Med 50: 801–810. [PubMed: 21193030] 

McCarthy KD, and de Vellis J, 1980 Preparation of separate astroglial and oligodendroglial cell 
cultures from rat cerebral tissue. J Cell Biol 85: 890–902. [PubMed: 6248568] 

Meireles AM, Shen K, Zoupi L, Iyer H, Bouchard EL et al., 2018 The Lysosomal Transcription Factor 
TFEB Represses Myelination Downstream of the Rag-Ragulator Complex. Dev Cell 47: 319–330 
e315. [PubMed: 30399334] 

Miller RH, 2002 Regulation of oligodendrocyte development in the vertebrate CNS. Prog Neurobiol 
67: 451–467. [PubMed: 12385864] 

Muller-Oehring EM, Schulte T, Rosenbloom MJ, Pfefferbaum A and Sullivan EV, 2010 Callosal 
degradation in HIV-1 infection predicts hierarchical perception: a DTI study. Neuropsychologia 
48: 1133–1143. [PubMed: 20018201] 

Nishiyama A, Lin XH, Giese N, Heldin CH and Stallcup WB, 1996 Co-localization of NG2 
proteoglycan and PDGF alpha-receptor on O2A progenitor cells in the developing rat brain. J 
Neurosci Res 43: 299–314. [PubMed: 8714519] 

Raff MC, Abney ER, Cohen J, Lindsay R and Noble M, 1983 Two types of astrocytes in cultures of 
developing rat white matter: differences in morphology, surface gangliosides, and growth 
characteristics. J Neurosci 3: 1289–1300. [PubMed: 6343560] 

Raff MC, Mirsky R, Fields KL, Lisak RP, Dorfman SH et al., 1978 Galactocerebroside is a specific 
cell-surface antigenic marker for oligodendrocytes in culture. Nature 274: 813–816. [PubMed: 
355894] 

Ranscht B, Clapshaw PA, Price J, Noble M and Seifert W, 1982 Development of oligodendrocytes and 
Schwann cells studied with a monoclonal antibody against galactocerebroside. Proc Natl Acad Sci 
U S A 79: 2709–2713. [PubMed: 7045870] 

Festa et al. Page 12

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Reid MV, Murray KA, Marsh ED, Golden JA, Simmons RA et al., 2012 Delayed myelination in an 
intrauterine growth retardation model is mediated by oxidative stress upregulating bone 
morphogenetic protein 4. J Neuropathol Exp Neurol 71: 640–653. [PubMed: 22710965] 

Romero-Ramirez L, Nieto-Sampedro M and Barreda-Manso MA, 2017 Integrated Stress Response as 
a Therapeutic Target for CNS Injuries. Biomed Res Int 2017: 6953156. [PubMed: 28536699] 

Saylor D, Dickens AM, Sacktor N, Haughey N, Slusher B et al., 2016 HIV-associated neurocognitive 
disorder - pathogenesis and prospects for treatment. Nat Rev Neurol 12: 309. [PubMed: 27080521] 

See J, Zhang X, Eraydin N, Mun SB, Mamontov P et al., 2004 Oligodendrocyte maturation is inhibited 
by bone morphogenetic protein. Mol Cell Neurosci 26: 481–492. [PubMed: 15276151] 

Settembre C, Fraldi A, Medina DL and Ballabio A, 2013 Signals from the lysosome: a control centre 
for cellular clearance and energy metabolism. Nat Rev Mol Cell Biol 14: 283–296. [PubMed: 
23609508] 

Stern AL, Ghura S, Gannon PJ, Akay-Espinoza C, Phan JM et al., 2018 BACE1 Mediates HIV-
Associated and Excitotoxic Neuronal Damage Through an APP-Dependent Mechanism. J 
Neurosci 38: 4288–4300. [PubMed: 29632166] 

Tate DF, Conley J, Paul RH, Coop K, Zhang S et al., 2010 Quantitative diffusion tensor imaging 
tractography metrics are associated with cognitive performance among HIV-infected patients. 
Brain Imaging Behav 4: 68–79. [PubMed: 20503115] 

Tate DF, Sampat M, Harezlak J, Fiecas M, Hogan J et al., 2011 Regional areas and widths of the 
midsagittal corpus callosum among HIV-infected patients on stable antiretroviral therapies. J 
Neurovirol 17: 368–379. [PubMed: 21556960] 

Touzet O, and Philips A, 2010 Resveratrol protects against protease inhibitor-induced reactive oxygen 
species production, reticulum stress and lipid raft perturbation. AIDS 24: 1437–1447. [PubMed: 
20539089] 

Vermeir M, Lachau-Durand S, Mannens G, Cuyckens F, van Hoof B et al., 2009 Absorption, 
metabolism, and excretion of darunavir, a new protease inhibitor, administered alone and with low-
dose ritonavir in healthy subjects. Drug Metab Dispos 37: 809–820. [PubMed: 19131522] 

Way SW, and Popko B, 2016 Harnessing the integrated stress response for the treatment of multiple 
sclerosis. Lancet Neurol 15: 434–443. [PubMed: 26873788] 

WHO, 2016 Clinical Guidelines: Antiretroviral Therapy, pp.

Yu T, and Lieberman AP, 2013 Npc1 acting in neurons and glia is essential for the formation and 
maintenance of CNS myelin. PLoS Genet 9: e1003462. [PubMed: 23593041] 

Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze AR et al., 2014 An RNA-sequencing transcriptome 
and splicing database of glia, neurons, and vascular cells of the cerebral cortex. J Neurosci 34: 
11929–11947. [PubMed: 25186741] 

Festa et al. Page 13

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Saquinavir or darunavir treatment reduces oligodendrocyte maturation in a concentration-

dependent manner. a) Representative photomicrographs of primary rat oligodendrocyte 

cultures co-treated with differentiation medium and either saquinavir or darunavir for 72 

hour and stained for GalC, MBP and DAPI; scale bar = 50 μm. b) Quantification of 

immature oligodendrocytes (percent GalC-positive cells). c) Quantification of mature 

oligodendrocytes produced in this same paradigm (percent MBP-positive cells). d) 

Quantification of total cell number (DAPI-positive cells). The following average percent 

GalC+/DAPI+ or MBP+/DAPI+ for each group were typical for this well-established model: 

UT:19.97%; DMSO:17.73%; 450 nM DRV:10.64%; 4.5 μM; DRV:7.74%; 15 μM 

DRV:7.71%. UT:22.99%; DMSO:20.00%; 500 nM SQV:10.26%; 2.5 μM SQV:6.81%; 5 μM 

SQV:3.50%. Repeated Measures Analysis of Variance followed by Dunnett’s post hoc. n = 
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3, independently prepared cultures. #p<0.05, ##p<0.01, ###p<0.001, compared with DMSO 

vehicle
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Fig. 2. 
Neither saquinavir or darunavir alters OPC number or decreases viability. a) Representative 

photomicrographs of primary rat oligodendrocyte cultures co-treated with differentiation 

medium and either saquinavir or darunavir for 72 hour and stained for markers of OPCs 

(A2B5+), and viability (PI−); scale bar = 50 μm. b) Representative photomicrographs of 

primary rat oligodendrocyte cultures co-treated with differentiation medium and either 

saquinavir or darunavir for 72 hour and stained for dsDNA breaks, via the TUNEL assay, 

indicating apopotic cell death. c) Quantification of OPCs (percent A2B5-positive cells) d) 
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Quantification of cell viability (propidium iodide-negative cells). e) Quantification of 

TUNEL-positive cells. DNase was used as a positive control for the TUNEL assay. n = 3, 

independently prepared cultures. Repeated Measures Analysis of Variance followed by 

Dunnett’s post hoc ###p<0.001, ####p<0.0001, compared with DMSO vehicle
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Fig. 3. 
Saquinavir and darunavir reduce expression of myelin basic protein (MBP) and proteolipid 

protein (PLP). OPCs were treated with saquinavir or darunavir at the time of differentiation 

and harvested for protein after 72 hours. a) Representative western blot image for MBP and 

quantification of band intensities normalized to loading control, α-tubulin, and then 

normalized to untreated for oligodendrocyte cultures treated with darunavir. b) 

Representative western blot image for MBP and quantification of band intensities 

normalized to loading control, α-tubulin, and then normalized to untreated for cultures 

treated with saquinavir. c) Representative western blot image for PLP and quantification of 

band intensities normalized to loading control, α-tubulin, and then normalized to untreated 

for oligodendrocyte cultures treated with darunavir. d) Representative western blot image for 

PLP and quantification of band intensities normalized to loading control, α-tubulin, and then 

normalized to untreated for cultures treated with saquinavir. n = 3, independently prepared 
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cultures. Repeated Measures Analysis of Variance followed by Dunnett’s post hoc. #p<0.05, 

##p<0.01, compared with DMSO vehicle
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Fig. 4. 
Darunavir and saquinavir significantly decrease the number of acidic lysosomes in maturing 

OPC cultures. TRMPL1 channel agonist, ML-SA1, partially rescues darunavir- and 

saquinavir-induced inhibition of oligodendrocyte differentiation.a) Representative 

photomicrographs of primary rat oligodendrocyte cultures treated with saquinavir or 

darunavir during an oligodendrocyte differentiation paradigm for 72 hours and labeled with 

lysotracker red and GalC; scale bar = 50 μm. b) Quantification of the number of acidic 

lysosomes in GalC-positive cells and non-Galc+ labeled cells. Two-way Repeated Measures 
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Analysis of Variance followed by Sidak’s post hoc. n = 3, independently prepared cultures. 

##p<0.01, ###p<0.001, compared with DMSO vehicle. c) Representative photomicrographs 

of primary rat oligodendrocyte cultures treated with saquinavir or darunavir during an 

oligodendrocyte differentiation paradigm and co-treated with ML-SA1 (20 μM) for 72 hours 

and labeled with GalC; scale bar = 50 μm. d) Quantification of immature oligodendrocytes 

(percent GalC-positive cells. e) Quantification of mature oligodendrocytes (percent MBP-

positive cells). Repeated Measures Analysis of Variance followed by Sidak’s post hoc. n = 3, 

independently prepared cultures. ###p<0.001, ####p<0.0001, compared with DMSO 

vehicle. *p<0.05, **p<0.01, compared with drug treatment
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