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Abstract Combination antiretroviral therapy (CART) has
proven to effectively suppress systemic HIV burden, how-
ever, poor penetration into the central nervous system (CNS)
provides incomplete protection. Although the severity of
HIV-associated neurocognitive disorders (HAND) has been
reduced, neurological disease is expected to exert an in-
creasing burden as HIV-infected patients live longer.
Strategies to enhance penetration of antiretroviral com-
pounds into the CNS could help to control HIV replication
in this reservoir but also carries an increased risk of neuro-
toxicity. Efforts to target antiretroviral compounds to the
CNS will have to balance these risks against the potential
gain. Unfortunately, little information is available on the
actions of antiretroviral compounds in the CNS, particularly
at concentrations that provide effective virus suppression.
The current studies evaluated the direct effects of 15 anti-
retroviral compounds on neurons to begin to provide basic
neurotoxicity data that will serve as a foundation for the
development of dosing and drug selection guidelines. Using
sensitive indices of neural damage, we found a wide range
of toxicities, with median toxic concentrations ranging from
2 to 10,000 ng/ml. Some toxic concentrations overlapped
concentrations currently seen in the CSF but the level of
toxicity was generally modest at clinically relevant concen-
trations. Highest neurotoxicities were associated with aba-
cavir, efavarenz, etravirine, nevaripine, and atazanavir,
while the lowest were with darunavir, emtracitabine, teno-
fovir, and maraviroc. No additive effects were seen with
combinations used clinically. These data provide initial ev-
idence useful for the development of treatment strategies
that might reduce the risk of antiretroviral neurotoxicity.
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Introduction

HIV-1 rapidly enters the central nervous system (CNS) after
infection and establishes a persistent viral reservoir. CNS
HIV infection frequently results in neurological disease
marked by a set of cognitive, motor, and behavioral symp-
toms known as HIV-associated neurocognitive disorders
(HAND) (Antinori et al. 2007). Potent combination antire-
troviral (ARV) therapies have been shown to improve cog-
nition and reduce the prevalence of HIV-associated
Dementia, the most severe form of HAND (Dilley et al.
2005; Sacktor et al. 2001; Saksena and Smit 2005). Recent
studies have shown that mild–moderate neurocognitive
manifestations of HIV infection persist in about 40 % of
patients on treatment (Sacktor et al. 2002; Villa et al. 1996).
In addition, studies indicate that the prevalence of neuro-
cognitive disorders is increasing as patients live longer
(Heaton et al. 2011; Robertson et al. 2007). To control viral
replication in the brain, strategies are under development to
increase the penetration of ARV compounds across the
blood–brain barrier (Bressani et al. 2010; Mahajan et al.
2010; Manda et al. 2010; Prabhakar et al. 2011; Saiyed et
al. 2010). Although these compounds have well described
toxic actions systemically and in the peripheral nervous
system (Bartlett and Lane 2012), little is known about the
toxicity of the compounds to neurons in the CNS. One
recent study reported that cognition improved for up to
96 weeks in a group of immunologically and virologically
stable patients who elected to come off of treatment
(Robertson et al. 2010). These results raised the possibility
that even low concentrations of ARVs that penetrate the
brain may have some detrimental effects. If this is true,
future efforts at delivering higher concentrations of ARVs
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to the CNS will have to take into consideration the potential
adverse effects. Careful studies of the effects of ARV com-
pounds at concentrations required to suppress viral replica-
tion are needed to evaluate this possibility and to guide the
use of compounds that will minimize CNS complications.
To provide a comparative analysis of the neurotoxicity of
ARV compounds, we evaluated the direct effects of 15
different ARV compounds and six different combinations
of ARV compounds on primary cultures of rat neurons.

Methods

Primary cultures of rat forebrain

Fetuses were harvested at E17 from pregnant female Long–
Evans rats, washed with ice cold HEPES-buffered Hank's
balanced salt solution (HBSS) and the brain removed. The
euthanasia and tissue harvest protocols were done in accor-
dance with NIH and institutional guidelines and were ap-
proved by the Institutional Animal Care and Use
Committee. The cortex/hippocampus was dissected from
the brain and cleaned of dura-arachnoid membrane and
visible vessels. The tissue was transferred to a 15-ml tube
containing 5 ml calcium–magnesium free-HBSS + 2.4 U/ml
dispase + 2 U/ml DNase I and incubated for 20–30 min at
37 °C. Tissue was triturated and allowed to settle for 2 min,
and the suspended cells were transferred to a 50-ml culture

tube containing 25 ml of complete medium (Minimum
Essential Medium [MEM] + 10 % fetal bovine serum
[Invitrogen, Certified FBS] + 20 μg/ml gentamicin). The
trituration/collection cycle was repeated until most of the
tissue was dispersed. Dissociated cells were seeded at a
density of 20,000–100,000 cells/cm2 on poly-D-lysine-coat-
ed coverslips or 100,000 cells/cm2 in poly-D-lysine-coated
96-well plates. Cultures were >90 % neurons 3 days after
seeding based on morphology and stain for microtubule-
associated protein-2 (MAP-2). Cultures were fed by 50 %
medium exchange three times a week. Cultures were
allowed to mature normally for 6 days without the use of
mitotic inhibitors.

Antiretroviral compounds

ARV compounds were obtained through the NIH AIDS
Research and Reference Reagent Program, Division of
AIDS, NIAID. Concentrated (1,000×–10,000×) stocks were
made in water (ddC, ddI, AZT, FTC, TDF, 3TC, ATV,
MVC), DMSO (ABC, EFV, NVP, APV, DRV, RTV), or
ethanol (ETV) and diluted in culture medium for use (plasma
therapeutic concentrations in Table 1 were designated as 1X).
Compounds were added to the cultures in concentrations
ranging from 0.01 to 300 μg/ml to investigate the dose re-
sponse of each individual compound. Combinations of com-
pounds were tested using the reported plasma levels for each
drug in the combination (see Table 1).

Table 1 Summary of ARV concentrations in plasma and CSF relative to toxic activity in vitro

Drug Molecular
weight

Max %
MAP-2 loss

% Threshold
TC50

Plasma
concentration
(ng/ml)

CSF
concentration
(ng/ml)

Reference

Abacavir (ABC) 286.3 27.2 2.2 139 (median) 128 (median) Caparelli et al. 2005

2′,3′-Dideoxycytidine (ddC) 211.2 52.5 1065 25.3 (Cmax) 2.1 (Cmax) ddC package insert

2′,3′-Dideoxyinosine (DDI) 236 42.5 18.4 840 (Cmax) 40 (mean Burger et al. 1995;
Hoetelmans et al. 1998

Emtricitabine [(−) FTC] 247.2 47.3 5287 261 (median) 109 (median) Best et al. 2009a

Tenofovir (TDF) 305.2 18 80.9 96 (median) 5 (median) Best et al. 2008

Lamivudine (3TC) 229.3 34.9 193.4 1195 (Cmax) 46 (median) van Praag 2002

Zidovudine (AZT) 267 42.4 1638 635 (Cmax) 38 (median) van Praag 2002

Efavirenz (EFV) 315.7 36.5 199.5 2145 (median) 13.9 (median) Best et al. 2009a

Etravirine (ETR) 435.3 23.1 6.8 875.7 (Cmax) 0.9 (Cmax * 0.001) Kakuda et al 2008

Nevirapine (NVP) 266.3 34.7 151.2 6199 (Cmax) 932 (median) van Praag 2002

Amprenavir (APV) 505.6 29.1 49 2150 (median 25 (median) Letendre et al. 2008

Atazanavir Sulfate (ATV) 802.9 33.5 15.8 1278 (median) 10.3 (median) Best et al. 2009b

Darunavir (DRV) 593.7 17 10452 3930 (median) 34.2 (median) Yilmaz et al. 2009

Ritonavir (RTV) 721 31.4 2375 1400 (Cmax) 23 Liu et al. 2007;
Kravcik et al. 1999

Maraviroc (MVC) 513.7 22 2978 94.9 (median) 3.6 (median) Yilmaz et al. 2009

NRTI nucleoside reverse transcriptase inhibitor, NNRTI non-nucleoside reverse transcriptase inhibitor, PI protease inhibitor, EI entry inhibitor,
MAP-2 microtubule associated protein-2, TC50 median toxic concentration, ND no damage

J. Neurovirol. (2012) 18:388–399 389



ARV challenge

At 6 days in culture, the rat cortical neurons were challenged
for 1 week with one of 15 ARVs at concentrations ranging
from 0.01 to 300 μg/ml to determine single drug toxicities.
At 6 days neurons express extensive synaptophysin immu-
noreactivity and excellent responsiveness to glutamate. The
period from 6 to 13 days represents a time in which the
neurons are healthy and stable providing a solid baseline for
the toxicity studies. Concentrations were chosen to represent
a range of at least one order of magnitude above and below
the therapeutic plasma concentrations used in patients to
suppress HIV replication. A summary of this information
is provided in Table 1. In addition, six combinations of
ARVs currently in the DHHS guidelines were tested to
determine the impact of multiple drugs.

MAP-2 immunostaining for assessment of neuronal loss
and damage

Neurons were identified by MAP-2 immunostaining. Cells
were fixed in ice cold 97 % methanol, 3 % acetic for 10 min
at room temperature and washed in 0.01 M phosphate-
buffered saline (PBS, 3×5 min). Cells were incubated in
blocking buffer containing 3 % normal goat serum in 0.01
PBS for 60 min at room temp. Polyclonal rabbit anti-MAP-2
(Chemicon/Millipore, Bilerica, MA) was then applied at a
dilution of 1:500 in blocking buffer and incubated overnight
at 4 °C. The cells were washed three times in PBS and
incubated in goat anti-rabbit Alexa488 or mouse anti-
rabbit Alexa568 (Molecular Probes/Invitrogen, Carlsbad,
CA) at a dilution of 1:500 for 1 h at room temperature.
Cells were then washed 3×5 min, counterstained with bis-
benzimide (0.5 μM; Sigma, St. Louis, MO) for 20 min in
PBS and washed 2×5 min in PBS. Coverslips were
mounted onto slides with Fluoromount (Southern Biotech,
Birmingham AL) and 96-well plates were filled with 50 %
glycerol solution in PBS.

MAP-2 data analysis

Three or four images were digitally captured from each well
at a magnification of 193× using the MetaMorph™ System.
An intensity threshold was set to highlight the MAP-2
stained neurons and proximal dendrites within each image
while limiting background. The thresholded area was then
measured as a percent of total area. Neuronal damage typ-
ically included beading and pruning of dendrites with a
corresponding decrease in MAP-2 staining. The decrease
in MAP-2+ processes was apparent in intact neurons and
proved to be a very sensitive index of neuronal damage.
However, a caveat of this approach is that the use of sensi-
tive measures also introduces greater error in the

assessments which must be taken into consideration in the
interpretation of the results. The accuracy of estimates from
the data was therefore calculated based on the variation
seen. Data from each image were averaged for each well
within a 96-well plate and then across three to four replicate
experiments from different cultures. Concentration–effect
curves and an estimate of the median toxic concentration
(TC50) were generated from the average data using
Graphpad Prism software. Since some damage (e.g., bead-
ing of dendrites) may not correlate with decreases in MAP-2
stain intensity, we also confirmed damage by quantifying
the extent of beading and by rating the quality of the
neurons on a scale of 1 to 10 (10 being very healthy with
abundant neurons and intact processes, 5 representing abun-
dant, well stained neurons with moderate beading and/or
loss of dendrites and 1 representing an almost complete loss
of MAP-2+ neurons). The bead density correlated well with
the MAP-2 stain intensity values (r00.534±0.036) indicat-
ing that the beading paralleled changes in the density of the
processes. Thus, the independent influence of beading in the
analysis was small. In addition, the qualitative ratings veri-
fied that the MAP-2 quantification matched the visible dam-
age to the neurons. Over the concentrations studied, no
treatments resulted in complete loss of MAP-2 staining.
Thus, the TC50 value reflects the relative potency of the
compound but not the total amount of damage. The maxi-
mum amount of MAP-2 loss or damage was recorded sep-
arately to provide an estimate of the extent of damage.

Correction for DMSO damage

Several of the drugs used were not soluble in aqueous
solutions and were therefore dissolved in DMSO to make
the stock solutions. These stocks were prepared at concen-
trations 1,000 to 10,000 times the therapeutic concentration
to minimize toxicity of the vehicle. However, to provide an
accurate correction for toxicity of the DMSO, a dose re-
sponse curve was run on each plate. The dose–response
curve for both the Metamorph MAP-2 stain measurements
(% threshold) and visual damage assessments are illustrated
in Fig. 1. Values represent mean ± SEM. In addition, the
DMSO dose–response curve for loss of mitochondrial ac-
tivity based on conversion of MTT is shown. In each case,
there was no consistent DMSO toxicity until concentrations
exceeded 0.44 % (log % 0 −0.356, the point at which the
best-fit curve begins to drop). By 4 % there was extensive
loss of MAP-2 stain (52–88 %), neuron integrity and MTT
conversion. Toxicity due to DMSO was subtracted from
each compound at the matched concentration to provide
the best estimate of the toxicity of the compound.
Concentrations with DMSO greater than 1 % (0 value for
log DMSO) were not included in the TC50 calculations.
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Calculation of the toxicity index and toxicity risk

To provide a relevant endpoint, we asked whether the toxic
effects seen in vitro occurred at ARV concentrations
achieved in patients on ARV therapy. The toxicity index
was calculated as the log of the reported therapeutic plasma
concentration divided by the estimated TC10 value from
the data in Fig. 3. A concentration one log lower than
the TC50 was used to provide an estimate of the toxicity
threshold and corresponded to about 10 % loss of the
MAP-2 stain (TC10). A value of 0 was obtained when
the TC10 was equal to the therapeutic plasma concen-
tration in Table 1. Negative values reflect favorable
toxicity profiles while positive values reflect less favor-
able profiles. Toxicity risk was estimated in the same
fashion from current estimates of ARV concentrations in
the CSF. Values greater than or equal to 0 indicate that
concentrations in the CSF under current treatment con-
ditions are in the toxic range.

Antiretroviral compounds and glutamate-induced
changes in intracellular calcium

Neuronal cultures were incubated for 2 days in medium
containing ARV compounds at concentrations that matched
the therapeutic concentrations in plasma. Cells were then
transferred to HEPES-buffered artificial CSF (aCSF: NaCl
137 mM, KCl 5.0 mM, CaCl2 2.3 mM, MgCl2 1.3 mM,
glucose 20 mM, HEPES 10 mM, adjusted pH 7.4 with
NaOH) and pre-loaded with the calcium indicator dye
Fluo-4 NW (1:4 dilution; Molecular Probes/Invitrogen) in

serum-free medium at 37 °C. After 30 min, the coverslip
was transferred to a specialized stage for imaging (Warner
Instruments). Time lapse digital images were captured auto-
matically by the Metamorph system. Three pre-stimulation
images were taken to establish baseline calcium in each
cell. In some experiments, the acute and delayed re-
sponse to glutamate was then measured after the appli-
cation of 10 μM glutamate to the chamber. The increase
in fluorescence intensity was then calculated relative to
the baseline fluorescence for each neuron within the
field to correct for any differences in dye loading or
intrinsic fluorescence. Data from several runs was con-
solidated and the average cellular response and standard
error calculated.

Estimates of mitochondrial membrane potential
with TMRM and MTT

To image changes in mitochondrial membrane potential at
high resolution, neuronal cultures on coverslips at 20,000
cells/cm2 were incubated for 2 days with ARV compounds
and then 100 nM tetramethylrhodamine methyl ester
(TMRM) was added to the medium. Cultures were incubat-
ed for 10 min at 37 °C and the neuronal mitochondria
imaged at 1680× in aCSF using the MetaMorph™ System.
The intensity of stain was measured, averaged across cells
and compared between compounds. Images of the stained
mitochondria were taken to provide an indication of changes
in morphology. Higher throughput analyses for dose–
response studies were conducted using MTT conversion
in 96 well plates at a neuron density of 105 cells/cm2.
Briefly, 10 μl of a 12 mM stock of MTT in PBS was
added to 100 μl of culture medium and the cells were
incubated at 37 °C for 2 h. The medium was then
removed and 50 μl of DMSO added to each well.
After mixing, the plate was incubated at 37 °C for
10 min. The plate was again mixed and the OD of
the solution measured on a plate reader at 540 nm.

Results

Antiretroviral compounds have a wide range of neurotoxic
potencies

Examples of the types of damage seen in neural cultures
treated for 7 days with ARV compounds are illustrated in
Fig. 2. Untreated cultures have large, well stained MAP-2+
neurons (green) with elaborate outgrowth of processes
(Fig. 2a). In general, the ARVs were not highly toxic.
Typical damage included beading (Fig. 2b), simplification
of the dendritic processes (Fig. 2c), and neuronal shrinkage.
The images illustrate changes in response to efavirenz
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Fig. 1 DMSO toxicity dose–response curve. Neuronal toxicity due to
DMSO relative to untreated controls was similar in three different
analyses which measured the area occupied by MAP-2 stained cells
(% threshold), damage scores based on morphology of MAP-2 stained
cells (damage) and results from an MTT assay for mitochondrial
activity. In each case, damage was first apparent after reaching a
concentration of 1 % DMSO (log DMSO00). Values are mean ± SEM
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(Fig. 2b, d) or atazanavir (Fig. 2c) but are representative of
all ARVs. Extensive cell death and damage was only seen at
the highest concentrations of some compounds (Fig. 2d;
efavarenz, 300 μg/ml) and was confounded by the tox-
icity of DMSO. Most cultures showed a combination of
effects (e.g., beading and pruning) which resulted in a
loss of MAP-2 stained processes which could be mea-
sured by a decrease in the area occupied by MAP-2+
cells and processes. The ability of the measures of
MAP-2 staining to track with damage to the neurons
was verified using blinded ratings of the quality of the
neural cultures on a scale of 1–10 (1 0 extensive dam-
age and loss of MAP-2 stain, 10 0 no damage, excellent
stain). The damage ratings closely paralleled the MAP-2
analysis but were generally less sensitive than the quan-
titative measures of MAP-2 density.

The curves in Fig. 3 illustrate the change in total area of
MAP-2+ cells and processes relative to the vehicle-treated
control cultures with increasing concentrations of each com-
pound. To provide a comparison to concentrations present in

vivo, we have included a solid vertical line to indicate the
concentration reported in plasma of patients on therapy.
Concentrations measured in CSF are indicated by the dashed
vertical line. The median toxic concentration (TC50) calculated
from these curves for each compound is summarized in Table 1.
The maximum loss of MAP-2 immunoreactivity is also includ-
ed to indicate the extent of damage since each compound
induced only a partial loss of neuron staining over the concen-
trations tested. The NRTI’s ddC, DDI, FTC and AZT induced
the greatest amount of damage (42–52% loss ofMAP-2). The
NNRTI’s and the protease inhibitors generally produced less
total loss of MAP-2 (17–36 %). DRV, MVC and TDF pro-
duced the least amount of damage (17–22 %). Cell death was
assessed by a semi-automated count of small condensed bis-
benzimide stained nuclei using Metamorph integrated mor-
phometry. The relative number of nuclei consistent with dead
or apoptotic cells ranged from 0.4 % to 2.5 % for the 15
compounds compared to 1.6±0.9 % for vehicle controls. The
highest values (ABC 1.4 %, 3TC 1.7 %, EFV 1.9 % and ATV
2.5 %) were generally consistent with the MAP-2 results but

Fig. 2 Examples of the types of damage seen and measured in neural
cultures treated for 1 week with efavirenz or atazanavir. Neurons were
stained for MAP-2 (green) and counterstained with the nuclear stain,
bisbenzimide (blue). The images illustrate the types of damage that
contribute to toxicity but were not matched for neuron density and do
not necessarily reflect the average extent of damage for the compounds
illustrated since cultures often contained a mix of each type of damage.
a Untreated cultures contained healthy neurons with extensive out-
growth of processes. b Beading of the dendrites was an early sign of
damage and often appeared adjacent to other normal looking neurons

(7 days efavirenz). c Some neurons showed normal cell bodies but had
less extensive elaboration of dendrites relative to matched untreated
cultures (7 days atazanavir). d The most severe damage such as
shrinkage of the neuropil and an extensive loss of dendrites was seen
only at the highest concentrations of some drugs (efavarenz at 30 μg/
ml) and was generally confounded by the presence of high concen-
trations of DMSO. However, similar elements could be seen in many
cultures with less severe overall damage. In each case, the damage
causes a loss of area occupied by MAP-2 stained neurons which could
be quantified to provide a measure of toxic damage in live neurons
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no changes were significantly different from controls and all
were in the range of normal cell death typically seen in these

cultures. Therefore, cell death contributes very little if at all to
the neurotoxicity.
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Fig. 3 Dose–response curves for damage induced by each of 15
different antiretroviral compounds incubated in neural cultures for
1 week (day 6 to day 13). The proportion of total area occupied by
MAP-2 stained neurons and processes relative to untreated control
cultures is plotted versus the log of the drug concentration (ng/ml).
The best-fit sigmoidal curve was determined using Graphpad Prism
software and was used to calculate the median toxic concentration

(TC50) for each compound which is summarized in Table 1. The shape
and midpoint of the curves varied widely between compounds indicat-
ing variable toxic properties. No compound caused a complete loss of
MAP-2 immunoreactivity at the concentrations tested with the loss
ranging from 17 % to 52 %. Solid lines indicate the therapeutic
concentration reported in plasma of HIV patients. Dashed lines indi-
cate the reported concentration in the CSF. Values are mean ± SEM
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Therapeutic concentrations of most ARVs
would be predicted to have moderate neurotoxic activity

To generate a profile of relative toxicities, a toxicity index
was calculated for each compound. To provide a conser-
vative estimate of potential toxicity, we elected to base the
toxicity index on the lowest concentration at which toxic-
ity might begin to develop. A threshold concentration one
log lower than the TC50 was chosen to represent approx-
imately a 10 % drop in the MAP-2 intensity (TC10). The
log transform of the plasma concentration seen in patients
on therapy divided by the TC10 is illustrated in Fig. 4a. A
score of 0 on this scale is obtained when the therapeutic
plasma concentration is equal to the TC10 (the toxic
threshold). Negative scores reflect less neurotoxicity and
positive scores greater neurotoxicity. Based on this analy-
sis, eight compounds (ABC, DDI, 3TC, EFV, ETR, NVP,
APV and ATV) have a relatively high risk of neurotoxic
effects (index 0 1.79–3.11) assuming plasma levels were
achieved in CNS. TDF, AZT, DRV and RTV have a lower
risk of toxicity (index 0 0.58–1.07) and ddC, FTC and
MVC would be predicted to have no significant toxic
effects (index ≤0). To provide an estimate of the potential
risk of toxicity given current values for CSF penetration of
each compound, the TC10 was divided by the reported
CSF concentration for each drug. In this case, values
greater than or equal to 0 indicate that CSF concentrations
are potentially high enough to produce neuronal damage.
Based on this assessment, three compounds (ABC, DDI,
NVP) have a relatively high potential risk (index 0 1.34–
2.76). 3TC, ETR, APV and ATV have some low risk
(index 0 0.12–0.81), whereas ddC, FTC, TDF, EFV,
DRV, RTV and MVC have no predicted risk (index <0).

Combinations of antiretroviral drugs did not have additive
neurotoxic effects

To determine if combination ARV therapy poses an increased
risk of neurotoxicity, we challenged neurons with six different
combinations. The plasma concentration from Table 1 was
used for each compound. The loss of MAP-2 immunoreactiv-
ity after 7 days is summarized in Fig. 5 relative to matched,
untreated cultures. The amount of damage at therapeutic con-
centrations was not extensive suggesting that the combina-
tions did not have additive neurotoxic effects. The greatest
loss of MAP-2 immunoreactivity was seen for the combina-
tion, ATV, RTV, TDF, FTC (28.8 %), followed by DRV, ABC,
3TC (24.6 %), EFV, ABC, 3TC (17.1 %) and NVP, TDF, FTC
(12.5 %). The combinations EFV, TDF, FTC and DRV, TDF,
FTC did not produce significant damage. The density of
neurons/mm2 did not change (range 0 216±8 to 241±12/
mm2) indicating that there was no significant neuronal loss
under these conditions. The low level of cell death was veri-
fied by an analysis of condensed and fragmented bisbenzi-
mide stained nuclei indicative of apoptotic cells. The relative
number of nuclei with apoptotic profiles ranged from 1.55±
0.79 % to 3.01±0.35 % versus 1.15±0.60 % for untreated
cultures. Although no changes were significantly different
from controls, an inverse correlation was seen between
MAP-2 density and apoptotic nuclei (r0−0.766), suggesting
a possible small effect on cell viability.

Different ARV combinations may either sensitize
or desensitize neurons to the toxic actions of glutamate

To evaluate the functional response of neurons after ex-
posure to ARV combinations for 2 days, we challenged
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Fig. 4 Illustration of the estimated toxicity index and toxicity risk for each
of 15 antiretroviral compounds. To reflect the threshold concentration at
which toxicity might first begin to develop, the toxicity index was calcu-
lated as the log of the reported therapeutic plasma concentration divided by
the estimated TC10 value from the data in Fig. 3. a Six compounds had a
toxicity index >2 and three more an index >1 indicating a relatively high
risk of toxic effects from most compounds. AZT, DRV and RTV had a

modest index between 0 and 1 while ddC, FTC and MVC had negative
values indicating a relatively low risk of neural damage at therapeutic
concentrations. b Toxicity risk was estimated in the same fashion from
the current estimates of ARV concentrations in the CSF. ABC, DDI, and
NVP had values >1 (1.34–2.76), indicating significant current risk of
toxicity. APV (0.71) and ATV (0.81) had a low risk of toxicity, whereas
all other compounds had negligible risk of toxicity based on this assessment
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the neurons with a moderate concentation of glutamate
(10 μM) and measured both the acute and delayed intra-
cellular calcium response (Fig. 6). The mean peak calcium
response to glutamate was 508±51 brightness units above
baseline. Drug combinations that produced the greatest
damage (DRV, ABC, 3TC) showed larger acute and
delayed increases in intracellular calcium in response to
glutamate. Combinations with more moderate toxicity
(ATV, RTV, TDF, FTC) showed unaltered acute responses

to glutamate but a significant delayed response. A less
toxic combination (EFV, TDF, FTC) showed a decreased
acute response to glutamate followed by a small delayed
increase. When neural cultures were challenged acutely
with the most toxic combination, DRV, ABC, 3TC, in
the absence of glutamate no change in intracellular calci-
um was seen relative to the aCSF controls. Thus, although
the ARVs alter neuronal responsiveness to excitatory neu-
rotransmission, they have no direct effect on calcium
accumulation.

Toxicity did not correlate with changes in the mitochondrial
membrane potential

Since damage to mitochondria is a known effect of NRTIs
(Kline et al. 2009; Lewis et al. 2006; Moyle 2005; Saitoh
et al. 2007, 2008; Venhoff et al. 2007), we assessed
changes in the mitochondrial membrane potential in re-
sponse to selected ARVs using the dye TMRM and MTT
assays of mitochondrial viability. Two NRTIs (DDI, TDF)
with high toxic potential, one NNRTI (EFV) with moder-
ate toxic activity, one PI with high toxicity (ATV) and one
PI with low toxicity (RTV) were selected for a high
resolution analysis of mitochondria after acute exposure
for 2 days. Examples of the staining with the membrane
potential probe, TMRM, are shown in Fig. 7a. TMRM
intensity was variable, as illustrated by the mean values in
Fig. 7b and the distribution of intensities in Fig. 7c, but no
clear relationship was seen to neurotoxic activity. The
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Fig. 5 Loss of MAP-2 stain in neural cultures treated for 7 days with
one of five different antiretroviral combinations relative to untreated
cultures. The concentration of each drug was matched to the therapeu-
tic plasma concentration in Table 1. Four combinations significantly
decreased the MAP-2 stained area (*p<0.05), although the extent of
damage was moderate with a maximum loss of 31 % of the MAP-2
stained area. Values are mean ± SEM
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Fig. 6 Neuronal calcium responses to a 10 μM glutamate challenge
after incubation in the indicated antiretroviral cocktail for 2 days. The
mean fluorescence of neurons loaded with the calcium indicator dye
Fluo-4 was measured over time. Fluo-4 fluorescence is proportional to
the intracellular calcium concentration. A robust acute response to
glutamate was seen in the control neurons (filled circles) receiving no
antiretroviral treatment followed by a slight rise in the delayed phase.
Pre-treatment of the neurons with the ARV combination ATV, RTV,
TDF, FTC (open squares) resulted in a similar acute and delayed
response. Pre-treatment with the more toxic combination of DRV,

ABC, 3TC (open triangles) resulted in a much greater acute response
followed by a larger delayed accumulation of calcium. The less toxic
combination of EFV, TDF, FTC (open circles) reduced the magnitude
of the acute response to glutamate. Although the net accumulation of
calcium was lower, the rate of accumulation in the delayed phase was
similar to the other ARV combinations. Neurons directly challenged
with the ARV cocktail (DRV, ABC, 3TC; open diamonds) in the
absence of glutamate had no effect on intracellular calcium and were
indistinguishable from aCSF controls
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least toxic compound tested (RTV) had the lowest TMRM
staining whereas NRTIs with relatively high toxicity dis-
played either increased (+74.2 %, DDI) or decreased
(−15.6 %, ATV) staining. Changes in mitochondrial mor-
phology were seen under all treatment conditions. The
morphology changed from the typical long fingerlike
structures to slightly more rounded structures, particularly
within the cell body. Again there was no clear relationship
between mitochondrial morphology and TMRM intensity
or neurotoxicity.

To further evaluate if mitochondrial changes might
emerge with longer treatments, five NRTIs (ddC, ddI,
FTC, TDF, AZT) expected to have effects on mitochondria,
one NNRTI (EFV) and two protease inhibitors (ATV, RTV)
were added to neural cultures at eight different concentra-
tions and incubated for a period of 1 week. The cells were
then tested using the MTT assay as a quantifiable index of
mitochondrial activity and the dose–response relationship
evaluated. None of the conditions showed changes in MTT
conversion in response to ARV treatment at doses up to
10 μg/ml (not shown). MTT tetrazolium product OD values
ranged from 0.185 to 0.203 versus 0.178 to 0.204 for
vehicle-treated cultures and the dose–response curve was
flat (not shown) with the exception of decreases at high
concentrations which could be attributed to the effects of
DMSO (e.g., see Fig. 1).

Discussion

Eradication of HIV from the CNS reservoir has been diffi-
cult due, in part, to the poor penetration of ARV compounds
across the blood–brain barrier. HIV within the CNS contin-
ues to produce damage and is a source of infectious virus
(Schnell et al. 2009, 2010; Smit et al. 2004). Protection of
the brain and elimination of the CNS viral reservoir are high
priorities in the treatment of HIV. As newer compounds and
methods are developed that improve delivery across the
blood–brain barrier, more consideration will have to be
given to potential neurotoxicity. Numerous studies indicate
that long-term HAART treatment is associated with a range
of adverse effects including hepatic steatosis, neuropathy,
cardiomyopathy, pancreatitis, lactic acidosis, ototoxicity,
retinal lesions and possibly lipodystrophy (Bartlett and
Lane 2012). Many of these effects are thought to be associ-
ated with the loss of mitochondrial DNA resulting from
NRTI inhibition of mitochondrial DNA polymerase gamma
(Kakuda 2000). However the mechanisms that give rise to
the damage are not well understood and in some cases
damage to cells does not correlate with mitochondrial
DNA depletion (Kline et al. 2009; Maagaard et al. 2006;
Maagaard and Kvale 2009). Substantial differences in NRTI
toxicity have been noted between different tissues reinforc-
ing the need to examine the direct effects on neural tissue.

Fig. 7 a Examples of cultured neurons stained with the mitochondrial
potential sensitive dye TMRM. Control mitochondria were seen as
brightly stained, long fingerlike structures in the neurons. Treatment
with RTV depleted the mitochondrial membrane potential as indicated
by the low intensity of the TMRM stain. EFV had a small effect on the
intensity of TMRM. DDI induced an increase in the TMRM fluores-
cence indicating an increase in the mitochondrial membrane potential.
Each compound tested caused a slight rounding of the mitochondria.

b Quantification of the average TMRM fluorescence in neurons treated
with different ARVs. All ARVs tested resulted in a significant decrease
in the TMRM fluorescence with the exception of DDI which increased
the fluorescence (*p<0.05). c A frequency analysis illustrating the shift
in the distribution of TMRM intensities for each ARV. Most ARVs
induced a small shift to the left (decrease in mitochondrial membrane
potential). RTV induced the largest shift to the left, whereas DDI
produced a notable shift to the right
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Our in vitro studies provide a comparison of the relative
neurotoxicity of different ARV compounds using measures
of neuronal dysfunction that are sensitive and designed to
reflect the earliest forms of HIV-associated damage. The
studies were optimized to measure direct effects of the
compounds on neurons. However, it is important to note
that this is but one of many possible endpoints that may be
relevant. These studies cannot address the potential impact
of long-term exposure (months to years) or potential inter-
actions in vivo that may affect neurotoxicity. Nevertheless,
these studies begin to provide information on potential risks
associated with CNS penetration of ARVs.

Neurotoxicity of individual ARVs ranged from undetectable
to moderate and was not due to neuron death

No compound was highly toxic but neural damage in the
form of dendritic beading and pruning was a common
observation. This pathology was reflected in the loss of
MAP-2 staining. Since beading and pruning have been
documented under a variety of pathological conditions
(Bellizzi et al. 2005; Greenwood et al. 2007; Takeuchi et
al. 2005), they most likely reflect a general endpoint asso-
ciated with neuronal dysfunction (Greenwood et al. 2007;
Kim et al. 2010; Masliah et al. 1992). Under these in vitro
test conditions, a wide range of median toxic concentrations
(TC50) was seen with a low value of 2.2 ng/ml and high
values of >5 μg/ml (Table 1). The TC50 of ABC, ddI, and
NVP fell within the range of concentrations seen in CSF of
patients on ARV therapy. The median toxic concentration of
ABC, APV, ATV, ddI, EFV, ETR, NVP, RTV, TDF and
3TC, fell within the range of concentrations seen in the
plasma suggesting that they may have significant neurotoxic
effects if present in CNS at therapeutic concentrations. DRV,
FTC, and MVC produced little toxicity at relevant plasma
and CSF concentrations. The ratio of the therapeutic plasma
concentration to the TC10 provided an index of the potential
toxicity at concentrations that would suppress HIV replica-
tion. The TC10 value was used to reflect the earliest drop in
the dose–response curve (approximately a 10 % decrease) in
an effort to provide a conservative estimate of the concen-
tration at which toxicity might begin. Twelve of the com-
pounds were above this theoretical threshold and some
exceeded the threshold by two logs. The range was greater
than three logs indicating considerable variation in the rel-
ative risk. The lower toxicity indices for ddC, FTC, DRV,
RTV and MVC indicate that it may be possible to deliver
therapeutic concentrations of some drugs into the CNS with
minimal relative risk.

The ratio of the CSF concentration of each drug to the
TC10 provided an index of the risk of toxicity based on
current use. The relatively high penetration of ABC and
NVP yielded toxicity risk values much greater than zero

indicating that they may be present in CSF at levels capable
of producing neurotoxicity. DDI, 3TC, APV and ATV also
had scores greater than zero but the predicted amount of
toxicity would be minimal. Even in cases where higher
levels of toxicity were seen, it is noteworthy that the toxic
effects were not due to cell death. The toxic effects associ-
ated with dendrite beading and possibly pruning are likely to
be reversible, raising the possibility that neuroprotective
treatments may be effective in preventing or reversing
ARV-associated damage.

Acute effects of the ARVs on neurons may be unrelated
to effects on mitochondria

Of the few studies that have looked at the effects of ART on
neural tissue. A recent study by Divi et al. (2010) in year-old
patas monkey offspring treated in utero with various NRTIs
showed a 28.8–51.8 % depletion of mitochondrial DNA.
Similar depletion was seen in the liver, suggesting a similar
susceptibility between brain and liver. Most toxicity studies
have focused on the ability of NRTIs to cause a long-term
suppression of mitochondrial DNA through the inhibition of
mitochondrial DNA polymerase gamma. However, these com-
pounds also have effects on the ADP/ATP translocator and
adenylate kinase, suggesting that other effects may contribute
to toxicity (Ciccosanti et al. 2010; Kakuda 2000). Primary
neural cultures limit the ability to do long-term studies but
clearly demonstrate that damage can be seen with exposures
of 2–7 days. Some studies in cell lines have shown that long-
term exposure to NRTIs was necessary to deplete mitochondri-
al DNA and damage cells (Kline et al. 2009), whereas other
studies have shown significant depletion of mitochondrial
DNA in myoblasts and myotubes by ddI (Saitoh et al. 2008)
and human hepatoma cells by various NRTIs (Venhoff et al.
2007) with more modest exposures of 5–25 days. Large tissue
differences in the sensitivity to NRTIs have been reported.
Based on the slow turnover of mitochondrial DNA in neurons
one might expect that they would be less sensitive to the
effects of the NRTIs (Wang et al. 1997). The relatively rapid
appearance of damage within 7 days in our primary neural
cultures and minimal changes in markers of mitochondrial
function suggests that other factors may contribute to toxicity.
This possibility is consistent with in vitro studies of synapto-
somes and isolated mitochondria incubated with CSF achiev-
able concentrations of ddC (6–11 ng/ml) (Opii et al. 2007).
Signs of oxidative stress, release of cytochrome C and a reduc-
tion in anti-apoptotic proteins were apparent within 6 h. Thus,
further analyses of ARV toxicity should explore various poten-
tial mechanisms of action of the ARV compounds.

Damage was not restricted to the NRTIs as the NNRTIs
and PIs also produced damage equal to or greater than the
NRTIs. Less is known about the potential neurotoxicity of
NNRTIs and PIs although both are associated with
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significant side effects. All NNRTIs tested in our studies had
neurotoxic potencies that were comparable to the NRTIs.
This translated to a high toxicity index for all NNRTIs. The
PIs had a wider range of potencies with DRV showing very
low neurotoxic potency relative to APV and ATV. This was
associated with a favorable toxicity index for DRV. RTV
was also less toxic than APV and ATV but slightly more
toxic than DRV. The fusion inhibitor, maraviroc (MVC) had
a relatively low neurotoxic potency and the lowest toxicity
index of all drugs tested. Distinctive differences in the
potential neurotoxicity of various PIs and entry inhibitors
indicate that a rational selection of ARVs may minimize
CNS side effects.

Antiretroviral combinations did not have additive toxic
effects

ARV combinations at estimated plasma concentrations pro-
duced similar types of damage as seen with individual
compounds with little indication of strong additive effects.
In some combinations, compounds with a favorable toxicity
index appeared to offset the deleterious effects of com-
pounds with a high toxicity index. This was seen not only
in the neuronal damage but also in the calcium signaling of
neurons in response to glutamate. This observation is similar
to studies by Venhoff et al. (2007), where TDF and 3TC
attenuated ddI cytotoxicity in human hepatoma cells. These
observations indicate that neurotoxicity may be controlled
not only by selecting compounds based on their individual
properties but also based on interactions between com-
pounds. The ability of the combination of EFV, TDF, FTC
to suppress calcium signaling in response to a glutamate
challenge raises the possibility that particular combinations
could offer some level of protection by reducing the delayed
accumulation of calcium. However, the potential impact of
the acute “protective” effects will not be entirely clear until
we have a better understanding of the toxic mechanisms.

Comparison of ART toxicity to HIV-associated neuronal
damage

While the intent of these studies was to identify potential
toxic interactions of ARVs with neurons using sensitive
measures of neuronal dysfunction, it is important to weigh
the potential benefit against the risks. When compared to
conditions that recapitulate the toxic effects of HIV under
the same culture conditions, the effects of the ARVs are
small. For example, direct effects of the ARVs on calcium
homeostasis are small relative to the large changes follow-
ing exposure of the neurons to conditioned medium from
HIV-treated human monocyte-derived macrophages.

Estimates of the loss of MAP-2 immunoreactivity at
plasma concentrations ranged from approximately 9 % to

28 %. This contrasts with losses of approximately 70 %
under conditions that mimic HIV infection in vitro (unpub-
lished data). Based on these in vitro studies, the risk of
ARV-associated damage in the CNS relative to the risks of
HIV infection would appear to be low.

Conclusions

As we develop new antiviral approaches to target HIV in the
CNS greater attention to strategies that minimize the risk to
neurons will be needed. Our studies indicate that there is a
risk of direct neurotoxic interactions that varies substantially
between compounds and that informed selection of ARVs
and ARV combinations used to target the CNS may mini-
mize adverse effects. While these data begin to identify
potential risks, they should not be viewed as guidelines for
the clinical use of ARVs. Similar studies will need to corre-
late in vitro measures to clinical observations to establish the
validity of the in vitro toxicity measures. In addition, long-
term effects of the compounds may give rise to other forms
of damage and will need to be evaluated. Our ability to
make rational choices for therapies directed to the CNS is
currently limited by a paucity of data on the complex inter-
actions of ARV compounds with neural tissue. Our studies
presented here illustrate that the potential for neural damage
and dysfunction is significant and highlight the need for
further exploration of the mechanism of neurotoxicity of
these compounds individually and in combinations.
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