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Myelin pallor in HIV � individuals can occur very early during the disease process. While myelin damage might partly originate from
HIV-induced vascular changes, the timing suggests that myelin and/or oligodendrocytes (OLs) may be directly affected. Histological
(Golgi–Kopsch, electron microscopy) and biochemical studies have revealed an increased occurrence of abnormal OL/myelin morphol-
ogy and dysregulated myelin protein expression in transgenic mice expressing the HIV-1 transactivator of transcription (Tat) protein.
This suggests that viral proteins by themselves might cause OL injury. Since Tat interacts with NMDARs, we hypothesized that activation
of NMDARs and subsequent disruption of cytoplasmic Ca 2� ([Ca 2�]i ) homeostasis might be one cause of white matter injury after HIV
infection. In culture, HIV-1 Tat caused concentration-dependent death of immature OLs, while more mature OLs remained alive but had
reduced myelin-like membranes. Tat also induced [Ca 2�]i increases and Thr-287 autophosphorylation of Ca 2�/calmodulin-dependent
protein kinase II � (CaMKII�) in OLs. Tat-induced [Ca 2�]i was attenuated by the NMDAR antagonist MK801, and also by the AMPA/
kainate receptor antagonist CNQX. Importantly, both MK801 and CNQX blocked Tat-induced death of immature OLs, but only MK801
reversed Tat effects on myelin-like membranes. These results suggest that OLs can be direct targets of HIV proteins released from infected
cells. Although viability and membrane production are both affected by glutamatergic receptor-mediated Ca 2� influx, and possibly the
ensuing CaMKII� activation, the roles of AMPARs and NMDARs appear to be different and dependent on the stage of OL differentiation.
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Introduction
Although combined antiretroviral therapy (cART) dramatically
decreases mortality and neurological deficits, 60% of the HIV-

infected population still experience HIV-associated neurocogni-
tive disorders (HAND; Williams et al., 2009; Power et al., 2012).
Despite viral suppression, infected brain cells, including micro-
glia and astrocytes, continuously express and secrete viral pro-
teins. HIV-1 transactivator of transcription (Tat) is a highly
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Significance Statement

Over 33 million individuals are currently infected by HIV. Among these individuals, �60% develop HIV-associated neurocogni-
tive disorders. Myelin damage and white matter injury have been frequently reported in HIV patients but not extensively studied.
Clinical studies using combined antiretroviral therapy (cART) together with adjunctive “anti-inflammatory” drugs show no
improvement over cART alone, suggesting existence of injury mechanisms in addition to inflammation. In our studies, oligoden-
drocytes exhibited rapid increases in intracellular Ca 2� level upon HIV-1 transactivator of transcription (Tat) exposure. Thus,
immature and mature oligodendrocytes can be direct targets of Tat. Since ionotropic glutamate receptor antagonists can partially
or fully reverse the detrimental effects of Tat, glutamate receptors could be a potential therapeutic target for white matter damage
in HIV patients.
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conserved HIV protein that can be detected in blood (Xiao et al.,
2000), extracellular matrix (Urbinati et al., 2005a), and CSF
(Wang et al., 2014) in HIV� individuals, even with cART
(Johnson et al., 2013). In addition to its essential role in viral
replication and efficient viral gene transcription, Tat has also
been shown to be a toxic factor in the CNS that leads to glial
inflammatory responses (Nath et al., 2000; El-Hage et al.,
2006, 2008a) and neuronal cell death (Zou et al., 2011; Rum-
baugh et al., 2013).

Oligodendrocytes (OLs) are myelinating CNS cells. OL dys-
function can lead to abnormal myelination, impaired neuronal
signaling, and axon degeneration, resulting in serious neurolog-
ical deficits. OLs do not express the CD4 receptor, which is the
main cellular receptor for HIV entry (Sattentau et al., 1986).
However, OLs from postmortem HIV-infected tissues show up-
regulated expression of p53 and BAX (Jayadev et al., 2007), indi-
cating activation of death pathways. Early studies using Tat
transgenic mice showed that OLs exhibit caspase-3 activation and
decreased process length when Tat expression was induced for 7 d
(Hauser et al., 2009), suggesting that Tat may affect OL morphol-
ogy and function in vivo.

OL lineage cells express functional ionotropic glutamate re-
ceptors (iGluRs), including AMPARs and NMDARs, both in vivo
and in vitro (Káradóttir et al., 2005; Salter and Fern, 2005; Micu et
al., 2006; Alix and Fern, 2009). The expression of these receptors
on OLs is highly heterogeneous. Individual cells express different
levels of iGluRs, and the distribution, subunit components, and
downstream signaling pathways of different iGluRs may vary
(Káradóttir et al., 2005; Matute et al., 2006; Micu et al., 2006).
Adding further complexity, iGluR expression in OLs is also de-
velopmentally regulated. AMPARs are expressed at all develop-
mental stages, while NMDARs show later expression (Salter and
Fern, 2005). In addition, the majority of NMDARs expressed on
OLs are clustered on processes and the myelin sheath while
AMPARs are evenly distributed on the cell body (Micu et al.,
2006). Activation of iGluRs results in immature OL death (Deng
et al., 2003; Follett et al., 2004) and myelin disruption (Micu et al.,
2006). Importantly, since OL NMDARs are less susceptible to
Mg 2� blockade (Káradóttir et al., 2005), and OL AMPARs lack
the Ca 2�-impermeable GluR2 subunit (Hollmann and Heine-
mann, 1994; Matute et al., 2002), the level of extracellular gluta-
mate necessary to injure OLs may be much lower than required
for excitotoxic neuronal injury.

Using the Golgi–Kopsch procedure, we observed an increased
occurrence of OLs with aberrant morphology in the corpus cal-
losum and anterior commissure of transgenic mice expressing
HIV-1 Tat. Electron microscopy (EM) also demonstrated dis-
rupted myelin structure in the caudate–putamen. In Western
blots of tissues from the same mice, myelin protein expression
was abnormal. Since Tat-induced activation of iGluRs and result-
ing Ca 2� influx cause neuronal injury (King et al., 2006; Kim et
al., 2008), we hypothesized a similar mechanism for OLs. In-
creased cytoplasmic Ca 2� ([Ca 2�]i) and Ca 2�/calmodulin-
dependent protein kinase II � (CaMKII�) activation occurred in
immature and mature OLs with Tat treatment; both were atten-
uated by NMDAR and AMPA/kainate receptor (AMPA/KAR)
antagonists. Additionally, Tat caused immature OL death and
reduced myelin-like membrane production by mature OLs, both
in a dose-dependent manner. Both effects were blocked by
MK801, while CNQX only blocked immature OL death. Thus,
iGluRs are potential mediators of HIV-induced white matter
(WM) damage through CaMKII� activation. Since these experi-
ments were performed using a highly purified OL culture model,

the effects likely reflect direct actions of Tat, rather than a re-
sponse to Tat-induced inflammation.

Materials and Methods
All experiments involving animals were performed in compliance
with procedures reviewed and approved by the Virginia Common-
wealth University Institutional Animal Care and Use Committee.

Tat transgenic mice and in vivo Tat expression. Experiments used a
transgenic mouse engineered to inducibly express HIV-1IIIB Tat1– 86.
Tat expression is controlled by a tet responsive element, whose acti-
vation is controlled by a reverse tetracycline transactivator (rtTA)
transgene driven by a human glial fibrillary acidic protein (GFAP)
promoter (Hauser et al., 2009; Hahn et al., 2012). Within the CNS, Tat
expression is induced in astroglia by administration of doxycycline
(DOX). HIV transgenic (Tat �) and Tat � control littermates were fed
DOX-containing chow (6 g/kg; Harlan Laboratories) ad libitum to
induce expression of Tat. Both acute and chronic time periods were
chosen for Tat induction to visualize early changes in OL processes
(Golgi impregnation, 7 d) that might precede later myelin changes
(EM, 12 weeks) in Tat � mice. The Tat � mice express rtTA but not Tat
and are a control for possible effects of the foreign transcription
factor. The expression of the rtTA transgene in Tat � mice and rtTA
and Tat transgenes in Tat � mice was confirmed by genotyping. While
our studies were not designed to determine whether defects were
specific to particular regions, we observed OL and myelin injury in
three different CNS regions: caudate–putamen (observed by EM),
corpus callosum (observed by Golgi impregnation), and anterior
commissure (observed by Golgi impregnation).

Oligodendroglial cultures. Primary cultures were prepared from mice
(CD-1, Charles River Laboratory) of both sexes at postnatal day 0 –1
as previously published (Zou et al., 2011). In brief, whole brains were
dissected and minced before being incubated (37°C, 5% CO2) with
2.5 mg/ml trypsin (Sigma-Aldrich) and 0.015 mg/ml DNase (Sigma-
Aldrich) in DMEM (Life Technologies) for 30 min. Tissue was tritu-
rated and resuspended in DMEM supplemented with 10% fetal
bovine serum (Thermo Scientific Hyclone), 6 g/L glucose (Sigma-
Aldrich), sodium bicarbonate, and penicillin/streptomycin (Life
Technologies), filtered through nylon mesh with pore sizes 100 and
40 �m, and then plated in T25 flasks (Corning) precoated with poly-
L-lysine (1 mg/ml; Sigma-Aldrich) at a density of 2 brains/flask.

At day 8, primary glial cultures were put on an orbital shaker (100
rpm, 20 min) to dislodge microglia loosely attached to the culture
surface. Medium was replaced and the flasks were hit sharply against
the table 5–10 times to release as many O2A/glial progenitor cells as
possible. The suspension was panned on a plastic, nontissue culture
dish for 2 h to remove adherent astroglia and microglia. Progenitors
were plated in serum-free medium supplied with 10 ng/ml CNTF
(Peprotech), 5 �g/ml N-acetyl-L-cysteine (Sigma-Aldrich), and 15
nM triiodothyronine (Sigma-Aldrich) on culture surfaces coated with
poly-L-lysine as described above. Medium was changed every 3 d.

Viral protein and receptor antagonist treatments. OL cultures were
treated with HIV-1 Tat1– 86 (clade B, ImmunoDX) at 1, 10, or 100 nM

� MK801 (20 �M; Tocris Bioscience) and CNQX (20 �M; Tocris
Bioscience), at day 2 or 7 after plating the enriched cultures. In se-
lected studies, heat-inactivated Tat1– 86 was used as a control. If the
cells were treated concurrently with Tat and MK801 or CNQX, the
receptor antagonists were added 30 min before Tat.

The concentrations of Tat used in our experiments (1–100 nM) are
a reasonable approximation of titers in HIV-infected brains. The se-
rum Tat concentration in HIV patients is between 2 and 40 ng/ml
(Xiao et al., 2000). Tat has a high affinity for cell-surface proteins
(e.g., heparin sulfate proteoglycan; Liu et al., 2000) and extracellular
cellular matrix components (e.g., glycosaminoglycans; Xiao et al.,
2000). Portions of cells adjacent to productively infected cells may be
subjected to higher levels of Tat within the restricted confine of the
extracellular space. Further, the potency of recombinant Tat, as used
in our experiments, has been reported to be much less than that of
secreted Tat (Li et al., 2008).
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MK801 and CNQX concentrations were chosen to maximally block
the NMDAR and AMPA//KAR, respectively, as previously reported
(Salter and Fern, 2005). Nimodipine (10 �M), dantrolene (10 �M), DL-
threo-�-benzyloxyaspartate (DL-TBOA; 100 �M), RS102895 (10 �M),
SB328437 (10 �M), and the arginyl-glycyl-aspartyl-serine (RGDS) pep-
tide (10 �M; all from Tocris Bioscience) were used when assessing effects
of different inhibitors on Tat-induced [Ca 2�]i change in OLs and were
added 20 min before Tat treatment and Ca 2� imaging.

Time-lapse analysis of individual OLs. Enriched immature OLs were
plated on a 12-well plate at a density of 1.5 � 10 4 cells/well. After Tat �
MK801/CNQX treatment, the plate was transferred to a Heating Insert
M12 (PeCon) and put on the scanning stage of a Zeiss Axio Observer Z1
microscope (Carl Zeiss Microscopy) equipped with an environmental
incubator (PeCon) that keeps a constant temperature (37°C) and CO2

level (5%) during the experimental period. Both the heating insert and
the environmental incubator were prewarmed to 37°C �1 h before the
start of the experiment. For each treatment, �25 OLs were systematically
yet arbitrarily chosen, and repeatedly imaged every hour using an auto-
mated stage controlled by the Zeiss Axiovision 4.8 software (Carl Zeiss).
Viability of cells was confirmed at the end of each experiment using
calcein-acetoxy methylester (calcein-AM; Life Technologies) stain-
ing. Time of cell death was determined by carefully assessing all pre-
selected OLs in hourly digital images, using rigorous morphological
criteria, including but not restricted to (1) loss of phase brightness,
(2) degenerating processes, and (3) involution or fragmentation of
cell soma. Data were analyzed at 4 h intervals and presented as mean
percentage of survival � SEM from �4 individual experiments (n �
4; �25 cells analyzed per treatment, per N). Repeated-measures
ANOVA and post hoc Bonferroni’s test were used to compare whether
differences between treatments were significant ( p � 0.05) or not
significant ( p � 0.05).

Live– dead assay. Cell viability after Tat treatment was confirmed using
the LIVE/DEAD Viability/Cytotoxicity Kit (Life Technologies). To make
the working solution, 20 �l of 2 mM ethidium homodimer-1 (EthD-1)
stock solution and 5 �l of 4 mM calcein-AM stock solution were added to
10 ml of sterile, tissue culture-grade Dulbecco’s modified PBS (D-PBS)
sequentially and vortexed for 20 s. Five hundred microliters of working
solution were added to each well of a sterile 24-well plate. OLs were plated
on 12-mm-diameter German glass coverslips (Chemglass Life Sciences)
and treated with vehicle or 100 nM Tat for 24, 48, and 72 h. After treat-
ment, coverslips were quickly rinsed in D-PBS once and transferred to
individual wells of a 24-well plate to incubate in working solution (30
min, room temperature). Coverslips were then carefully inverted onto a
clean Fisherbrand Superfrost Plus Gold microscope slide (Fisher Scien-
tific) with 10 �l of fresh D-PBS and sealed with clear fingernail polish.
Fluorescent (excitation/emission wavelengths: �495/�515 nm for cal-
cein-AM; �528/�617 nm for EthD-1) and phase images were taken
using a Zeiss Axio Observer Z1 microscope with Zeiss Axiovision 4.8
software (Carl Zeiss). Live or dead cells were defined by green (calcein-
AM) or red (EthD-1) fluorescence, respectively. For each n (individual
experimental group), 20 images were systematically, yet arbitrarily taken
and analyzed, and the relative ratio of live/dead cells was quantified by
numbers of green/red fluorescent pixels using ImageJ software (National
Institutes of Health).

Intracellular calcium assessment. After 2 or 7 d culture, OLs plated on
35 mm glass-bottom culture dishes (MatTek) were loaded with 2.5 �M

fura-2-AM (Life Technologies) for 30 min at 37°C. Cells were washed
twice and incubated in DMEM for another 30 min to ensure de-
esterification of the AM group before transfer to the environmental in-
cubator of the Zeiss Axio Observer microscope. Cytosolic Ca 2�

concentration was assessed using the physiology module of the AxioVi-
sion software. Fura-2-AM was excited at 340 and 380 nm, and emissions
collected at 510 –540 nm. Data were collected every second for the first
90 s, then every 5 s for the next minute, then every 30 s for the rest of the
20 min experimental period. The F340/F380 ratio was converted to
calcium concentration via a standard curve generated using a calcium
calibration buffer kit (Life Technologies). Data were presented as
mean [Ca 2�]i � SEM from �4 individual experiments (�25 cells
analyzed per n).

CM-DiI live staining. Cells from day 8 primary cultures were plated on
35 mm glass-bottom culture dishes (1.5 � 10 4 cells/dish) and incubated
for 6 d in growth medium as described above. Two micrograms per
milliliter of CM-DiI (Life Technologies) was added to the medium, and
cells were incubated for 5 min before being transferred to 4°C for another
15 min. Cells were washed with prewarmed culture medium and placed
back in the incubator. Treatments were applied the next day, before
placement in the stage incubator. Individual OLs were selected as de-
scribed in the repeated-measure paradigm. Fluorescent (excitation,
560/40 nm; emission, 630/75 nm) and phase images were taken at 0, 24,
and 48 h after treatment. The membrane area of individual cells, defined
as the total red fluorescent area surrounding the cell body minus the area
of the cell body (Dennis et al., 2008), was quantified using IPLab imaging
software (BD Biosciences).

Immunostaining. Cells cultured on glass coverslips were fixed with 4%
paraformaldehyde and permeabilized with Triton X-100. Neurons, as-
troglia, microglia, and OLs, were identified with antibodies specific to
microtubule-associated protein 2 (1:1000; Abcam), GFAP (1:1000; Mil-
lipore), ionized calcium-binding adaptor molecule 1 (1:500; Wako
Chemicals), and myelin basic protein (MBP, 1:1000; Abcam), and the O4
monoclonal antibody [grown in our laboratory from hybridoma cells
(Knapp and Hauser, 1996), 1:20], respectively. Antibodies specific to �v
or �3 subunits (1:1000; Abcam) were used to identify integrins on OLs.
Corresponding secondary antibodies were conjugated to Alexa 488 and
594 (1:2000; Life Technologies). Cell nuclei were visualized with Hoechst
33342 dye (1:2000; Life Technologies); coverslips were mounted with
Prolong Gold Antifade reagent (Life Technologies). Images were ac-
quired using a Zeiss LSM 700 laser scanning confocal microscope and
processed using the maximum projection module of Zen 2010 software
(Carl Zeiss) to show cells in their entirety.

Western blotting. Day 2 or 7 OLs were treated with vehicle or Tat for
30 min. Proteins from treated cells were extracted using RIPA buffer
(Sigma-Aldrich) with protease and phosphatase inhibitors (Thermo
Scientific). Striatal tissue from Tat transgenic mice was homogenized
with three strokes (15 s/stroke) in a 2 ml ceramic bead tube (MO BIO
Laboratories) using a Precellys 24 Homogenizer (Bertin Technolo-
gies) before protein extraction using RIPA buffer with protease and
phosphatase inhibitors. The concentration of extracted proteins was
assessed using the BCA assay (Thermo Scientific) before lysates were
mixed at 1:1 ratio with 2� Laemmli buffer (Bio-Rad). Equal amounts
of total protein (5–10 �g) from each sample were loaded on Criterion
4 –20% SDS-polyacrylamide gels (Bio-Rad) and electrophoretically
separated under constant voltage (130 V) for 1.5 h. Proteins were then
transferred onto polyvinylidene difluoride membranes (Bio-Rad)
with constant current (0.6 A, 2 h, 4°C). After transfer, membranes
were blocked in 0.1% casein solution (Bio-Rad; 1 h, room tempera-
ture) before probing with primary antibodies for MBP (1:5000; Ab-
cam), myelin associated glycoprotein (MAG, 1:3000; Abcam),
phospho-CaMKII (1:1000; Abcam), CaMKII� (1:1000; Life Technol-
ogy), and glyceraldehyde 3-phosphate dehydrogenase (1:3000; Ab-
cam) at 4°C overnight. Membranes were incubated with appropriate
IRDye secondary antibodies (1:3000; Li-COR) for 1 h at room tem-
perature, and imaged using an Odyssey Imager (Li-COR). Protein
bands were quantified using Li-COR image studio software. The
phospho-CaMKII antibody binds both phospho-CaMKII� and
phospho-CaMKII�, but not phospho-CaMKII� or phospho-
CaMKII�. Phosphor-CaMKII� (�50 kDa) and phosphor-CaMKII�
(�60 kDa) can be easily identified on the blot by their different sizes.

EM. Tissue processing and EM were performed as previously pub-
lished (Hahn et al., 2012). In brief, Tat � mice fed with DOX-
containing chow for 3 months were perfused with phosphate buffer,
pH 7.4 (Sigma-Aldrich), containing 2% paraformaldehyde and 2%
glutaraldehyde before fixation/staining in 1% osmium tetroxide for
1 h. Fixed tissues were dehydrated through graded ethanols and infil-
trated overnight in Embed 812 (Electron Microscopy Sciences), then
polymerized at 60°C for 2 d. Tissue blocks were sectioned at 600 –700
Å thickness on a Leica EM UC6i ultramicrotome (Leica Microsys-
tems), collected onto formvar-coated grids, and stained with uranyl
acetate (5%) and Reynolds’s lead citrate (Reynolds, 1963). EM images
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were taken on a JEOL JEM-1230 Transmission Electron Microscope
(JEOL USA) at 10,000 –200,000� magnification using a Gatan Ultra-
scan 4000 digital camera with DigitalMicrograph software (Gatan).

Golgi–Kopsch impregnation. Twelve-week-old Tat transgenic mice re-
ceived normal (Tat �) or DOX-containing chow (Tat � and Tat �) for
7 d. A modified Golgi–Kopsch procedure as previously published
(Hauser et al., 1989) was used to randomly impregnate neurons and glia.
In brief, mice were anesthetized by isoflurane inhalation and euthana-
tized by intracardiac perfusion with 2% potassium dichromate and 5%
glutaraldehyde. Whole forebrains were taken out and immersed in per-
fusion solution for 5 d before being rinsed and replaced in aqueous 0.75%
silver nitrate solution for another 5 d. After that, tissues were infiltrated
with graded sucrose solutions containing 0.75% silver nitrate for 24 h
and frozen on dry ice before cutting into 120-�m-thick serial coronal
sections and thaw-mounting onto Superfrost-Plus slides (Fisher). Fluid
to tissue volume ratios were �50:1, and nonmetallic devices were used
throughout. Images of impregnated OLs were taken randomly from cor-
pus callosum and anterior commissure. Impregnated OLs were identi-
fied using strict morphological criteria including small (�10 �m
diameter) cell body, myelin-forming processes aligned parallel to WM
tracts, and appropriate localization. For each experimental condition
(Tat �, Tat � � DOX, and Tat � � DOX), four mice were used (N � 4)
and �40 cells were examined per mouse.

Results
Oligodendrocyte morphology in Tat transgenic mice
Fibrous astrocytes and OLs, the major cell types with cell bodies
in the corpus callosum and anterior commissure, can be easily
distinguished from each other in Golgi–Kopsch-impregnated
sections by their distinct morphologies. Significantly more OLs
with abnormal morphology, including stunted or swollen pro-

cesses, large (several micrometers in diameter), club-like cyto-
plasmic endings, and aberrant cell bodies were noted in Tat�

mice when compared with their Tat� siblings with/without DOX
(Fig. 1).

Ultrastructure of Tat � mice
We next asked whether Tat induction by DOX caused any injury
at the subcellular level in the transgenic mice. EM revealed that
many OLs in Tat� mice had a seemingly normal morphology and
subcellular structure after 3 month DOX induction (Fig. 2A), yet
a subpopulation showed very clear deficits. Enlarged periaxonal
collars with dark cytoplasm were relatively common, potentially
indicating accumulation of periaxonal fluid due to a deficit in
exuding ion/fluid in OLs (Byun and Delpire, 2007; Fig. 2B,C,E).
Myelin splitting was also common and associated with both
normal-appearing axons (Fig. 2C,D,M–P) and with axons exhib-
iting increased axoplasmic density (Fig. 2E). Abnormal membra-
nous structures and membrane inclusions with apparent
periodicity were often observed (Fig. 2D-F,H), indicating poten-
tial deficits in OL membrane turnover. Hypomyelinated axons
(Fig. 2D,N) and myelin membranes without an associated axon
(Fig. 2 J,L) were also noted.

Tat expression leads to downregulated myelin proteins
in vivo
A deficiency in MAG, which mediates axon– glial contact, has
been reported to cause enlarged periaxonal collars (Trapp et al.,
1984; Montag et al., 1994); decreased levels of MBP are often

Figure 1. Tat induces aberrant OL morphology in vivo. Golgi–Kopsch impregnation was used to visualize the structure of OLs in Tat � mice receiving normal chow, and in Tat � and Tat � mice
fed DOX-containing chow for 7 d. A–H, Sample bright-field images are labeled with the genotype and treatment . A–E, The majority of OLs from corpus callosum and anterior commissure of Tat �

mice fed normal or DOX-containing chow show normal morphology. These OLs have small (�10 �m diameter) cell bodies with smooth edges and relatively thick and continuous processes
extending from their cell body to the WM tracts. F–H, Although most OLs in DOX-induced Tat � mice appear normal, a significantly higher percentage had an aberrant phenotype. These OLs
exhibited abnormal varicosities along or at the end of their processes (arrowheads), thin and disrupted processes, and irregular cell bodies (arrows). I, Quantification of OLs with abnormal
morphology in corpus callosum and anterior commissure of Tat � and Tat � mice. In both regions, Tat induction resulted in significantly more OLs with pathological phenotype (*p 	 0.05; 1-way
ANOVA followed by post hoc Bonferroni’s test; n � 4 individual experiments; �40 cells were counted for each n; Scale bar, 10 �m for all images).

Zou et al. • HIV-1 Tat Affects Oligodendroglia via iGluRs J. Neurosci., August 12, 2015 • 35(32):11384 –11398 • 11387



found in transgenic mice with myelin de-
fects (Popko et al., 1987; Imgrund et al.,
2009). We thus examined the expression
level of MAG and MBP in Tat transgenic
mice. Western blots of lysates from stria-
tum showed that Tat� mice exhibit signif-
icantly decreased levels of MAG and MBP
when compared with their Tat� litter-
mates after 3 months of DOX induction
(Fig. 3).

Characterization of OL cultures
We used dissociated murine OL cultures
to study whether the abnormalities of OLs
and myelin in vivo were a direct effect of
Tat or an indirect effect of Tat-induced
inflammation. The percentage of cells ex-
pressing specific neural and glial cell
markers was examined in cultures at 2–10
d after enrichment. Identification of OLs
was made by immunostaining with the O4
antibody, which primarily detects the sul-
fated galactolipid sulfatide. In the CNS,
sulfatide is expressed only by OLs; it is
synthesized by immature, proliferating
OLs and its expression is maintained in
mature cells. As shown in Table 1, 	5% of
cells are positive for cell markers other
than O4 in day 2 and 5 OL cultures. This
ratio increases to 7–10% at day 7 and 10.
Hence, even after 10 d culture, �90% of
cells in our culture are OLs. The majority
of cells that are not O4� are GFAP� as-
trocytes (Table 1).

Dose-dependent effect of Tat on
viability of immature, but not mature,
OLs in vitro
Day 2 and 7 OL cultures were treated with
Tat or vehicle, and imaged hourly for
72 h. At day 2, almost all OLs showed an
immature phenotype, with multiple fine
processes extending from relatively con-
densed, ovoid cell bodies. In addition,
there were no myelin-like membranes ex-
tended from processes (Fig. 4A,B). Over
time, vehicle-treated cells showed signs of
differentiation. The cell body became
much larger with increased cytoplasmic
area (Fig. 4A). The maturing OLs devel-
oped multiple, thick, primary processes
from which emanated an extensive net-
work of thinner processes with large,
myelin-like membrane expansions that
also were O4�. Compared with controls,
the viability of immature OLs was signifi-
cantly decreased in a dose-dependent manner after treatment
with HIV-1 Tat (Fig. 4B,D–G). In addition, OLs surviving after
72 h lacked the extensive network of branching processes and
myelin-like membrane extensions that are typical for healthy OLs
at this age (Fig. 4A). A live/dead assay confirmed that OLs treated
with Tat for 24 –72 h exhibited significantly more EthD-1 stain-
ing and less calcein-AM staining than OLs in vehicle-treated

groups (Fig. 4F,G). On the other hand, Tat treatment had no
effect on the viability of mature OLs (day 7; Fig. 4C,D).

Myelin-like membranes are reduced by Tat exposure
Since Tat did not reduce the viability of mature OLs, we exam-
ined whether it might affect their ability to form myelin-like
membranes. Differentiating OLs in vitro produce characteristic

Figure 2. Ultrastructural examination of caudate–putamen in Tat � mice. A, Even after 3 months of continuous Tat expression,
most OLs show a normal phenotype and subcellular structure (G, Golgi apparatus; RER, rough endoplasmic reticulum). B–P,
Despite this observation, multiple abnormal structures were commonly observed and documented in a subset of Tat-exposed OLs.
These include (1) enlarged periaxonal collars containing dark cytoplasm (B, C, E, black arrows), possibly due to accumulation of
periaxonal fluid; (2) myelin splitting, suggesting a potential deficit of myelin compaction, found both with normal-appearing
axons (M, O, P; C, D, N, arrowheads) and with axons exhibiting abnormally dense cytoplasm (E, arrowhead); (3) abnormal
membranous structures (D, E, white arrows) and myelin-like membrane inclusions with obvious periodicity (F, H ), indicating
potential deficits in OL membrane turnover; (4) hypomyelination, as indicated by axons of similar calibers in the same region
invested with myelin sheaths of different thickness (N, compare axon groups a– c vs a*, b*, c*, respectively; also, in D, note the
axon marked with #, which is unmyelinated, while neighboring axons with similar diameters have normal compact myelin); and
(5) axons with abnormally dense cytoplasm (E, Ax) and myelin membrane in the absence of axon (J, L).
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membranes that are thought to be analogous to myelin mem-
branes in the brain, and which contain all major lipids and pro-
teins found in myelin within the CNS (Dubois-Dalcq et al., 1986;
Knapp et al., 1987; Waggener et al., 2013). OL cultures at day 7
were labeled with CM-DiI before being treated with vehicle or
Tat. Randomly selected cells with the morphology of maturing
OLs were followed using a computer-controlled stage for 48 h;
phase contrast and fluorescent images were taken at 0, 24, and
48 h. Calcein-AM was added to the cultures at the end of exper-
iment to verify cell viability (Fig. 5A). Membrane area per OL, as
indicated by CM-DiI labeling, was calculated using IPLab soft-
ware as previously published (Dennis et al., 2008). In vehicle-
treated cultures, individual OLs showed a �30% increase of
membrane area at 24 h, suggesting new membrane production
along with cell growth. This increased membrane size was main-
tained at 48 h (Fig. 5B). Tat (1 nM) did not have a significant
effect on OL membrane area. However, adding 10 or 100 nM Tat
to the medium significantly decreased OL membrane area at 24 h
(�75% of 0 h), and this decreased membrane size was main-
tained at 48 h (Fig. 5B).

Tat induces Ca 2� influx and CaMKII� activation in both
mature and immature OLs in vitro
Since Tat has been reported to destabilize Ca 2� signaling in neu-
rons (Kim et al., 2008; Perry et al., 2010), astroglia (El-Hage et al.,
2005), and microglia (Sheng et al., 2000; Lokensgard et al., 2001),
we hypothesized that the above-observed effects of Tat on OLs
were mediated by changes in OL [Ca 2�]i. To test this hypothesis,
we first investigated whether Tat induces OL [Ca 2�]i alterations.
Figure 6 shows that Tat caused an increase in [Ca 2�]i in both day
2 and 7 OLs in a dose-dependent manner. The Tat-induced Ca 2�

influx seems to start from distant regions of processes upon Tat
addition to the medium (Fig. 6B,D). When challenged with 100
nM Tat, [Ca 2�]i levels rose to �150 nM in day 2 OLs and �230 nM

in day 7 OLs, and these increased [Ca 2�]i levels were maintained
during a 20 min experimental period (Fig. 6B,D–F). The Tat-
induced [Ca 2�]i increase was dose dependent; with a lower Tat (1
nM) exposure, [Ca 2�]i returned to control level after 5 min (Fig.
6E,F, cyan line). Furthermore, the Tat-induced [Ca 2�]i increase
was completely abolished in Ca 2�-free medium (Fig. 6E,F, blue
line) and greatly attenuated when Tat was heat-inactivated (Fig.
6E,F, black line).

CaMKII� is a molecule central to OL intracellular Ca 2� sig-
naling pathways (Derkach et al., 1999; Bayer and Schulman,
2001; Hudmon and Schulman, 2002) and has been reported to be
important in maturation and myelination (Waggener et al.,
2013). We investigated whether CaMKII� was activated as a con-
sequence of the Tat-induced [Ca 2�]i increase. Both immature
and mature OLs exposed to 100 nM Tat for 30 min showed sig-
nificantly increased levels of CaMKII� Thr-287 autophosphory-
lation, suggesting increased CaMKII� activation (Fig. 7). In
either immature or mature OLs, the expression level of total
CaMKII� was not affected by Tat treatment (data not shown).

Blocking iGluRs attenuates the Tat-induced [Ca 2�]i increases
Interactions between Tat and iGluRs lead to iGluR activation and
Ca 2� influx, which have been reported extensively in neurons
(Haughey et al., 2001; Kim et al., 2008). We therefore examined
whether the Tat-induced Ca 2� influx in OLs is also mediated by
iGluRs. Since iGluR expression and subunit composition is de-
velopmentally regulated and highly heterogeneous (Gallo and
Ghiani, 2000; Itoh et al., 2002; Cavaliere et al., 2012) in OLs, we
first verified the expression of functional iGluRs on our cultured
OLs. In immature, day 2 OLs, NMDA at both 50 and 300 �M

induced a minimum Ca 2� response (Fig. 8A, cyan and blue
lines), while either 50 or 300 �M AMPA induced a significant
Ca 2� influx lasting �20 min (Fig. 8A, yellow and brown lines).
These results are consistent with the fact that the majority of the
iGluRs expressed on immature OL somas are AMPA/KARs
(Gallo and Ghiani, 2000; Itoh et al., 2002). In mature OLs, 50 �M

NMDA invoked a small Ca 2� response (�60 nM) that was signif-
icantly above control levels (�40 nM; Fig. 6B, cyan line vs white
line). A higher NMDA exposure (300 �M) elicited a sharp in-
crease of [Ca 2�]i to a level similar to that induced by Tat (Fig. 8B,
blue line, vs Fig. 6F, red line). This high [Ca 2�]i level came down
to �60 nM within 10 min, but remained significantly higher than
in vehicle-treated OLs. The AMPA responses of mature OLs were
somewhat different. AMPA (50 �M) caused a moderate [Ca 2�]i

increase in mature OLs that recovered within 10 min (Fig. 8B,
yellow line). AMPA (300 �M) induced an initial [Ca 2�]i increase
to �110 nM, which then rose consistently over the 20 min exper-
imental period (Fig. 8B, brown line).

We next examined whether blocking iGluRs affected Tat-
induced [Ca 2�]i changes in OLs. In immature OLs, the [Ca 2�]i

Figure 3. In vivo Tat expression leads to decreased MBP and MAG. Western blot analysis of
tissue lysate from transgenic mice after 3 month Tat induction showed decreased levels of both
MBP and MAG. Protein expression was normalized to glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH; n � 4; values are mean � SEM; *p 	 0.05, t test).

Table 1. Percentage of cells expressing neuron/glial-specific markers at various
times in vitro

O4� GFAP� MAP2� Iba�

Day 2 (n � 4, 372 cells) 98.76 � 0.73% 1.00 � 0.58% 0% 0.24 � 0.24%
Day 5 (n � 4, 413 cells) 96.35 � 0.49% 3.15 � 0.62% 0% 0.50 � 0.29%
Day 7 (n � 4, 396 cells) 93.18 � 0.15% 5.35 � 0.61% 0.25 � 0.25% 1.22 � 0.46%
Day 10 (n � 4, 383 cells) 90.60 � 0.39% 7.31 � 0.37% 0% 2.10 � 0.44%

n, Number of individual cultures; Iba, ionized calcium-binding adaptor molecule 1.
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Figure 4. Survival of Tat-treated OLs. A–C, Sample images of OL cultures treated with vehicle or Tat (100 nM) after 0, 24, 48, and 72 h. A, Immature OLs treated with vehicle grow normally and
differentiate over the 72 h period. At the end of 72 h, cells have complex process networks with myelin-like membranes (Scale bar, 100 �m). B, Immature OLs treated with 100 nM Tat. Both OLs in
the field were healthy at 0 h. One OL was dead after 72 h (white arrow). Although the other OL survived, its process network was greatly reduced. An astrocyte at the lower right corner migrated out
of the field by 24 h. C, A mature OL treated with 100 nM Tat appeared healthy and still maintained a complex process network after 72 h, even though it underwent extensive process reorganization.
The double arrow marks a major process that was retracted. D, OL vulnerability to Tat was dependent on differentiation. Almost all mature OLs (�95%) survived for the 72 h experimental period,
whether they were treated with vehicle or 100 nM Tat. In contrast, survival of immature OLs was significantly reduced by 100 nM Tat, even at 24 h. (*p 	 0.05 vs immature OL controls; 1-way ANOVA
followed by post hoc Bonferroni’s test; n � 4 individual experiments; �25 cells were counted for each n). E, Concentration-dependent effect of Tat on immature OL survival. Immature OLs at day
2 were treated with 1, 10, and 100 nM Tat for 24, 48, and 72 h. Tat (1 nM) shows no obvious effect on OL survival, while 10 nM Tat reduces survival by 10 –15% when compared with controls at 24,
48, and 72 h. The cytotoxic effect of 100 nM Tat is even more significant (22–35% reduction in survival; *p 	 0.05 vs control; #p 	 0.05 vs 10 nM Tat group; 2-way ANOVA followed by post hoc
Bonferroni’s test; n � 4 individual experiments; �40 cells were counted for each n). F, G, The live– dead assay shows that 100 nM Tat significantly increased immature OL death at 24, 48, and 72 h.
F, Corresponding phase and fluorescent images of calcein-AM-labeled (live cells, green) and EthD-1-labeled (dead cells, red) day 2 immature OLs treated with vehicle or 100 nM Tat for 72 h. The
majority of cells in the cultures appeared to shift from green to red with Tat treatment. G, At all time points, 100 nM Tat significantly increased the (Figure legend continues.)
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increase induced by 10 nM Tat was blocked by both MK801 and
CNQX (Fig. 8C,E, yellow line), but [Ca 2�]i increases induced by
100 nM Tat were only reduced to �100 nM (Fig. 8C,E, brown
line). MK801 and CNQX additively inhibited the effect of 100 nM

Tat, but could not block the [Ca 2�]i increase (Fig. 8G, brown
line). The response in mature OLs was different. With 10 nM Tat,
the initial [Ca 2�]i level was significantly attenuated by MK801 or
CNQX, and the [Ca 2�]i level gradually returned to control over 5
min (Fig. 8D,F, yellow line). When MK801 and CNQX were
added together, the effect of 10 nM Tat was blocked (Fig. 8H,
yellow line). In contrast, only MK801 attenuated the initial
[Ca 2�]i rise caused by 100 nM Tat, which was reduced to �90 nM

and maintained at this level over the 20 min experimental period.
With CNQX, [Ca 2�]i levels were reduced only at later time
points (Fig. 8D,F, brown line). MK801 and CNQX together had
no additive effect on 100 nM Tat-induced [Ca 2�]i change in ma-
ture OLs (Fig. 8H, brown line). These results indicated that Tat-
induced [Ca 2�]i changes in OLs were mediated by both NMDAR
and AMPA/KAR activation. Further, since iGluR antagonists (20
�M) did not block [Ca 2�]i changes induced by the higher Tat
concentration (100 nM), Tat may activate iGluRs in a way that
cannot be completely inhibited by MK801/CNQX, or Tat may
interact with other molecules on the surface of OLs that mediate
[Ca 2�]i change.

Blocking alternative, non-iGluR targets has no effect on Tat-
induced increases in [Ca 2�]i

Since Tat-induced [Ca 2�]i increases were not blocked by inhib-
iting iGluRs, we tested a series of alternative Ca 2� modulators.

The Tat-induced OL [Ca 2�]i increase was
abolished in Ca 2�-free medium (Fig.
6E,F). To test whether the initial Ca 2�

influx triggers Ca 2�-induced Ca 2� re-
lease from internal stores, immature/ma-
ture OLs were treated with 10 �M

dantrolene for 20 min before addition of
Tat. This had no effect on Tat-induced
[Ca 2�]i change in OLs. OLs express abun-
dant �v�3 integrin (Fig. 9B), which has
been reported to interact with Tat (Urbi-
nati et al., 2005b, 2012). However, block-
ing integrin with the RGDS inhibitor
peptide had no effect on Tat-induced
[Ca 2�]i increases in immature or mature
OLs (Fig. 9A). Similarly, the L-type
voltage-gated calcium channel blocker
nimodipine (10 �M), CCR2 receptor in-
hibitor RS102895 (10 �M), CCR3 recep-
tor inhibitor SB328437 (10 �M), and
sodium-dependent glutamate trans-
porter inhibitor DL-TBOA (100 �M) all
had no effect on Tat-induced [Ca 2�]i

changes in either immature or mature
OLs (Fig. 9A).

CNQX and MK801 effects on OL survival and
membrane production
Since Tat-induced [Ca 2�]i changes were attenuated by MK801
and/or CNQX, we examined whether blocking iGluRs would also
reverse Tat effects on immature OL survival. Both CNQX and
MK801 (20 �M) reversed the effect of Tat on OL viability at 24,
48, and 72 h. CNQX by itself had no effect on OL viability, while
cells treated with MK801 alone had a significantly higher survival
rate than controls (Fig. 10A). We next tested whether blocking
iGluRs could also reverse the effect of Tat on the area of myelin-
like membranes produced by mature OLs. Neither CNQX nor
MK801 by themselves had any effect on the area of myelin-like
membranes produced by mature OLs at either 24 or 48 h. Expo-
sure to 100 nM Tat significantly decreased the size of the mem-
brane area by �20% after 24 h. This effect was reversed by
MK801, but not by CNQX. Results at 48 h were similar (Fig. 10B).

Discussion
Our findings establish that HIV-1 Tat, through activation of
iGluRs, increases [Ca 2�]i and CaMKII� activation in OLs. In
vivo, transgenic mice with inducible Tat expression had higher
numbers of OLs with an abnormal phenotype in Golgi-
impregnated cells, disturbances in myelin ultrastructure, and de-
creased myelin protein (MBP and MAG) expression. In highly
purified murine OL cultures, the outcome of Tat exposure varied
with the stage of differentiation. At Tat levels that reduced imma-
ture OL survival, mature OLs remained viable despite persistent
elevations in [Ca 2�]i, but had reduced myelin-like membrane
areas.

Effects of Tat in vivo
Although cART suppresses CSF HIV RNA levels to below clin-
ical detection limits (Staprans et al., 1999; Yilmaz et al., 2006),
HAND still occurs in �60% of patients, suggesting that CNS
injury can occur without viral replication. Tat may be an im-
portant mediator of HAND, as it can be produced in the ab-

4

(Figure legend continued.) proportion of red pixels and reduced numbers of green pixels,
indicating less OL survival with Tat and validating the visual observation in F (*p	0.05 number
of red pixels; Tat vs control of same time point; #p 	 0.05, number of green pixels; Tat vs control
of same time point; 1-way ANOVA followed by post hoc Bonferroni’s test; n � 4 individual
experiments; 20 randomly selected images were analyzed for each n).

Figure 5. Tat reduces myelin-like membranes of mature OLs. A, Sample images showing changes in mature OL membrane area
over 48 h. Cells were labeled with 2 �g/ml CM-DiI 1 d before Tat treatment. Phase contrast and fluorescent images of the same cell
were taken at 0, 24, and 48 h. Phase and fluorescent images were merged to better visualize the myelin-like membrane structures.
At the end of the experimental period, cells were labeled with calcein-AM to verify viability (green fluorescence). The yellow
arrowhead indicates an area with an obvious reduction in the area of the cellular processes (loss of red fluorescence) over time. B,
Quantification of the change in membrane area in vehicle and Tat-treated OLs. At both 24 and 48 h, vehicle-treated OLs showed
�25% growth of membrane area. Tat (1 nM) did not have any significant effect on the membrane area when compared with
controls. However, 10 or 100 nM Tat-treated OLs at 24 and 48 h exhibited �20% reductions in membrane area compared
with 0 h (*p 	 0.05, 2-way ANOVA followed by post hoc Bonferroni’s test; n � 4 individual experiments; �25 cells were
counted for each n).
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Figure 6. Tat induces Ca 2� influx in mature and immature OLs. A–D, Sample images showing changes of intracellular Ca 2� concentration over a 20 min period in immature (A, B) and mature
(C, D) OLs treated with vehicle (A, C) or 100 nM Tat (B, D). [Ca 2�]i was assessed by fura-2 AM 380/340 fluorescence ratio and displayed as pseudocolored images generated by Zeiss AxioVision 4.8
software. E, F, Tat induces dose-dependent [Ca 2�]i increases in both immature (E) and mature (F) OLs. This effect is completely abolished in Ca 2�-free medium, and greatly attenuated by heat
inactivation of Tat [vertical dashed line indicates the time point (30 s) when treatment was added *p 	 0.05 vs control; #p 	 0.05, vs 100 nM Tat; 2-way ANOVA followed by post hoc Bonferroni’s
test; n � 4 individual experiments; �7 cells were counted for each n. Scale bar, 50 �m].
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sence of viral replication, and has been shown to be at high
titers in the CSF of cART-controlled patients (Johnson et al.,
2013). Multiple cellular abnormalities have been reported in
Tat transgenic mice, including reactive astrogliosis and micro-
gliosis (Bruce-Keller et al., 2008), elevated caspase-3 activa-
tion in OLs (Hauser et al., 2009), and synaptodendritic injury
(Kim et al., 2003; Fitting et al., 2014), which coincides with
deficits in behavior, including learning and memory (Carey et
al., 2012; Fitting et al., 2013), and cognitive/motor impair-
ments (Hahn et al., 2015). Most studies suggest Tat-induced
inflammation as the predominant cause of CNS injury. How-
ever, controlled trials of cART with adjunctive “anti-infla-
mmatory” agents do not show greater efficacy against HAND
than cART alone (Tan and McArthur, 2012), suggesting neu-
rotoxic effectors in addition to inflammation. Our in vivo
studies showed that Tat caused myelin damage and OL injury,
and we showed direct Tat toxicity to OLs using a highly puri-
fied culture system (�90% OLs) and Tat concentrations that
reasonably approximate titers in HIV-infected brains (see Ma-
terials and Methods).

Tat-induced [Ca 2�]i increases
Tat disrupts Ca 2� homeostasis in astroglia (El-Hage et al.,
2005, 2008b), microglia (Sheng et al., 2000; Lokensgard et al.,
2001), macrophages (Contreras et al., 2005), and neurons
(Haughey and Mattson, 2002; Zhu et al., 2009). We found that
Tat induced a concentration-dependent [Ca 2�]i increase in
both immature and mature OLs. The primary source of Ca 2�

was extracellular, since the [Ca 2�]i increases were abolished in
Ca 2�-free medium. Transient [Ca 2�]i increases occurred at 1
nM Tat with more sustained [Ca 2�]i elevations at 10 –100 nM

Tat. Higher Tat concentrations (�10 nM) may elicit an initial
[Ca 2�]i increase that depolarizes the membrane, leading to
secondary Ca 2� influx via voltage-gated calcium channels.
Such channels are expressed by OLs and activated by cation

influx via glycine receptors and Na �-dependent transporters
(Kirischuk et al., 1995; Belachew et al., 2000). Alternatively,
the [Ca 2�]i increase induced by 1 nM Tat may be below the
threshold required to activate Ca 2�-induced Ca 2� release
from internal Ca 2� stores. Neither the L-type voltage-gated
calcium channel blocker nimodipine nor the ryanodine recep-
tor inhibitor dantrolene affected Tat-induced [Ca 2�]i in-
creases (Fig. 9A), indicating involvement of alternative
molecular targets (see below). Notably, 1 nM Tat does not
affect immature OL viability or mature OL membrane area.
These results strongly suggest the existence of a [Ca 2�]i

threshold above which downstream signaling molecules in-
volved in functional effects, such as CaMKII�, will be
activated.

iGluRs expression on OLs
We found that stage of development was a significant deter-
minant in the OL response to Tat, possibly due to develop-
mentally regulated expression of iGluRs on OLs (Deng et al.,
2003). In OL cultures, AMPA elicited a dose-dependent
[Ca 2�]i increase in immature OLs, while even high NMDA
concentrations elevated [Ca 2�]i minimally (Fig. 6A). Mature
OLs responded to both AMPA and NMDA with prominent
[Ca 2�]i increases. These results are consistent with earlier
studies showing that NMDA-evoked currents were detected in
precursor, immature, and mature OLs isolated from murine
cerebellum and corpus callosum (Káradóttir et al., 2005; Salter
and Fern, 2005). A more recent study by Alix and Fern (2009)
also demonstrated the colocalization of NMDAR NR1 subunit
and CNPase � oligodendroglial processes in postnatal day 10
rat optic nerve. At odds with these reports, De Biase et al.
(2010) assessed gene expression in acutely purified/sorted
CNS cells (Cahoy et al., 2008) and concluded that levels of
NMDARs and AMPARs are high in NG2 � OL progenitors, but
decline markedly with maturation. Different receptor levels
might reflect the effect of isolation procedures, although this
has not been explored.

NMDARs on myelinating OLs in vivo were found clustered
in processes and on myelin (Salter and Fern, 2005; Micu et al.,
2006). Consistent with this localization, the [Ca 2�]i increases
mediated by Tat–NMDAR interactions began at distal pro-
cesses and traveled proximally (Fig. 6). De Biase et al. (2010)
released caged glutamate by UV photolysis in a 100 �m circle
centered on the cell body, and only detected slight NMDA
currents. Glutamate released in this way may be sequestered
by neighboring cells before stimulating NMDARs on more
distal OL processes. It is noteworthy that Ca 2� responses to
AMPA in immature OLs are more homogeneous than in ma-
ture OLs, suggesting a higher variability of AMPAR expression
or a greater diversity in the composition of AMPAR subunits
with maturation, as seen in vivo (Matute et al., 2002; Williams
et al., 2009).

iGluRs mediate Tat-induced [Ca 2�]i increases
It is not surprising that Tat interacts with NMDARs on OLs,
since Tat–NMDAR interactions occur in neurons (King et al.,
2006; Kim et al., 2008; Capone et al., 2013; Rumbaugh et al.,
2013;). However, since NMDA minimally affected [Ca 2�]i in
immature OLs, it was intriguing that Tat-induced [Ca 2�]i in-
creases were attenuated by MK801. Tat and NMDA appear to
interact differently with NMDARs, since Tat–NMDAR inter-
actions cause persistent, rather than transient, [Ca 2�]i in-
creases (Fig. 8; Fitting et al., 2014). CNQX also attenuated the

Figure 7. Tat induces CaMKII� Thr-287 phosphorylation in mature and immature OLs.
Western blot analysis showed that Tat increased the level of CaMKII� Thr-287 phosphorylation
in both immature and mature OLs by 30 min (n �6; values are mean� SEM; *p 	0.05, t test).
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Figure 8. Tat-induced [Ca 2�]i increases in mature and immature OLs are partially reversed by iGluR antagonists. A, B, Expression of functional NMDARs and AMPARs on OLs. A, In immature OLs,
AMPA (at both 50 and 300 �M) causes [Ca 2�]i increases while NMDA responses are minimal. B, In mature OLs, NMDA leads to a dose-dependent [Ca 2�]i increase. AMPA elicits a [Ca 2�]i increase
only at the higher 300 �M concentration, and variability between cells is quite high. C–H, iGluR antagonists attenuate Tat-induced [Ca 2�]i increases in OLs. C, E, G, In immature OLs, MK801 and/or
CNQX blocks the [Ca 2�]i increase induced by 10 nM Tat but only partially inhibits the [Ca 2�]i increase elicited by 100 nM Tat. D, F, H, In mature OLs, the 10 nM Tat-induced [Ca 2�]i increase is similarly
abolished by MK801 and/or CNQX. In contrast, the [Ca 2�]i increase induced by 100 nM Tat is only partially blocked by MK801 and/or CNQX (*p 	 0.05 vs control; #p 	 0.05 vs 100 nM Tat; 2-way
ANOVA followed by post hoc Bonferroni’s test; n � 4 individual experiments; �7 cells were counted per treatment for each n).
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Figure 9. Blocking alternative, non-iGluR targets has no effect on Tat-induced increases in [Ca 2�]i. A, Immature or mature OLs were exposed to nimodipine (L-type voltage-gated calcium
channel inhibitor, 10 �M), dantrolene (ryanodine receptor inhibitor, 10 �M), DL-TBOA (sodium-dependent glutamate transporter inhibitor, 100 �M), RS102895 (CCR2 inhibitor, 10 �M), SB328437
(CCR3 inhibitor, 10 �M), or the RGDS peptide (integrin inhibitor, 10 �M) for 20 min before Tat treatment. None of these inhibitors affected Tat-induced OL [Ca 2�]i increases (*p 	 0.05 vs control;
2-way ANOVA followed by post hoc Bonferroni’s test; n � 3 individual experiments; �7 cells were counted for each n). B, Expression of �V and �3 integrin on O4� and MBP� OLs (scale bar, 50
�m).
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effects of Tat on [Ca 2�]i, which was un-
expected since direct Tat–AMPA/KAR
interactions have never been reported.
In neurons, activation of cytoplasmic
CaMKII recruits AMPARs from intra-
cellular vesicles to cytoplasmic mem-
branes, and increases the likelihood of
channel opening by phosphorylating
Ser-831 of AMPAR GluA1 subunits
(Milstein and Nicoll, 2008; Derkach,
2011; Kristensen et al., 2011). We found
that exposure to Tat leads to phosphor-
ylation and activation of CaMKII� in
OLs (Fig. 7). Since their expression of
the major cytoplasmic Ca 2� binding
protein calbindin is extremely low com-
pared with other CNS cells (Baimbridge
et al., 1992; Zhang et al., 2014), we pro-
pose that Tat–NMDAR interactions
lead to an initial Ca 2� influx that acti-
vates CaMKII�, which then recruits and
phosphorylates AMPARs and raises
[Ca 2�]i levels. Combined MK801 and
CNQX had no additive effect, implicat-
ing additional, non-iGluR cellular com-
ponents in Ca 2� responses to Tat.
Blocking experiments preclude a role
for integrins, chemokine receptors
CCR3 and CCR2, sodium-dependent
glutamate transporters, and ryanodine
receptors in Tat-induced [Ca 2�]i in-
creases (Fig. 9). Similar to neurons (Fit-
ting et al., 2014), Tat-activated
NMDARs might cause Na � influx, re-
versing Na �/Ca 2� exchange and desta-
bilize mitochondrial inner membrane
potential.

Effects of Tat on OL viability and
function
Ca2� influx via AMPA/KARs can activate various death pathways in
OLs (Matute, 2011). AMPAR activation leads to caspase-8 recruit-
ment and Bid truncation, while KAR activation has been linked to
caspase-3 and caspase-9 activation (Sanchez-Gomez et al., 2003;
Matute et al., 2006). We found that CNQX completely reversed Tat-
induced death of immature OLs, implicating activation of AMPA/
KAR-mediated death pathways. Surprisingly, MK801 had a similar
effect, suggesting a requirement for both NMDARs and AMPA/
KARs. This further implicates NMDAR-mediated AMPA/KAR ac-
tivation. Interestingly, MK801 increased baseline survival of
immature OLs, suggesting that some glutamate is released from OLs
injured during the culture process.

Mature OLs remained viable when exposed to Tat, even
when [Ca 2�]i was elevated to a level that resulted in the death
of immature OLs, consistent with a previous finding that
Ca 2�-dependent excitotoxicity decreases with OL maturation
(McDonald et al., 1998; Kavanaugh et al., 2000; Itoh et al.,
2002; Deng et al., 2003). Rumbaugh et al. (2013) have pro-
posed that the peptide Tat31– 61 directly binds the NR1 subunit
resulting in NMDAR activation. In vivo, NMDARs are mainly
clustered on cytoplasmic processes, including the myelin
sheath, and their activation causes process degeneration and
myelin injury (Micu et al., 2006). Consistent with this subcel-

lular distribution of NMDARs, our experiments showed that
Tat-induced [Ca 2�]i increases in mature OLs originate at the
distal processes and/or the peripheral edge of the myelin-like
membranes (Fig. 6D). Importantly, the resultant reduction in
myelin-like membranes can be reversed by MK801, but not
CNQX (Fig. 10), suggesting the membrane retraction/OL in-
jury is mediated by a common mechanism involving NMDAR
activation and Ca 2� influx. It is possible that Ca 2� influx due
to Tat–NMDAR interactions will generate a highly localized
increase in [Ca 2�]i within distal processes/myelin membranes
that leads to local CaMKII� activation (Fig. 7). Waggener et al.
(2013) showed that CaMKII� regulates OL maturation and
CNS myelination by stabilizing the actin cytoskeleton. Our
findings suggest that CaMKII� activation by Tat may also
underlie some myelin damage with HIV infection.

Myelin damage and WM injury in HIV patients have been
attributed to blood– brain barrier damage and to secondary ef-
fects mediated by inflammatory responses. Given the enriched
nature of OL cultures in our studies, and their rapid increases in
[Ca 2�]i upon Tat exposure, we propose that immature and ma-
ture OLs can be direct targets of Tat. Since iGluR antagonists can
partially or fully reverse the detrimental effects of Tat, glutamate
receptors could be a potential therapeutic target for WM damage
in HIV patients.

Figure 10. Effects of iGluR antagonists MK801 and CNQX on Tat-induced functional effects. A, Immature OLs treated with 100
nM Tat exhibit a significantly reduced survival rate at all time points, compared with control. Either 20 �M CNQX or 20 �M MK801
completely reversed the Tat-induced cell death at all time points. CNQX (20 �M) by itself did not change the viability of immature
OLs. On the other hand, at both 48 and 72 h, 20 �M MK801 significantly increased the viability of OLs (*p 	 0.05, less survival vs
control; #p 	 0.05, greater survival vs control; 1-way ANOVA followed by post hoc Bonferroni’s test; n � 4 individual experiments;
�25 cells were counted for each n). B, At both 24 and 48 h, mature OLs treated with 100 nM Tat exhibit a significant, �20%
reduction in total membrane area when compared with 0 h. In contrast, the membrane area of vehicle-treated OLs increased
significantly by �25% at both time points. MK801 (20 �M), but not CNQX (20 �M), reversed the reduction in membrane area
caused by Tat. Neither MK801 nor CNQX by itself had any effect on OL membrane production (*p 	 0.05 vs 0 h; 1-way ANOVA
followed by post hoc Bonferroni’s test; n � 4 individual experiments; �25 cells were counted for each n).
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