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Abstract
Many recent studies indicate that dysregulation of autophagy is a common feature of many
neurodegenerative diseases. The HIV-1-associated neurological disorder is an acquired cognitive
and motor disease that includes a severe neurodegenerative dementia. We find that the
neurodegeneration seen in the brain in HIV-1 infection is associated with an inhibition of neuronal
autophagy, leading to neuronal demise. Neurons treated with supernatants from SIV-infected
microglia develop a decrease in autophagy-inducing proteins, a decrease in neuronal autophagy
vesicles, and an increase in sequestosome-1/p62. Examination of brains from HIV-infected
individuals and SIV-infected monkeys reveals signs of autophagy dysregulation, associated,
respectively, with dementia and encephalitis. Excitotoxic and inflammatory factors could inhibit
neuronal autophagy, and stimulation of autophagy with rapamycin prevents such effects. Here we
amplify on these findings, and propose that in the setting of HIV-infection, the decreased neuronal
autophagy sensitizes cells to pro-apoptotic and other damaging mechanisms, leading to neuronal
dysfunction and death. Hence, new therapeutic approaches aimed at boosting neuronal autophagy
are conceivable to treat those suffering from the neurological complications of HIV.
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Inhibition of neuronal autophagy in HIV/SIV infection of the central nervous
system

The mechanism of autophagy has received increased attention in recent years because of its
recognition as a vital arbiter of death/survival decisions in cells and as a critical defense
mechanism in infection, immune surveillance and degenerative states.1–3 Specific attention
is being paid to autophagy in neurodegenerative diseases, where it has been implicated in
mechanisms of neurodegeneration and in some cases in earlier stages of disease pathogenesis.
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4 Many studies have shown that autophagy is a protective mechanism in neurodegenerative
disorders, and that its inhibition is associated with neurodegeneration.5

The HIV-1-associated neurocognitive disorder (HAND),6, also known as neuroAIDS, occurs
in approximately one-third of HIV-1 infected individuals. Symptoms range from minor
difficulties to severe dementia. Although highly active anti-retroviral therapy (HAART) has
led to a decreased incidence of HAND in infected people with access to therapy, people now
live longer following the diagnosis of HAND,7 and the prevalence of HAND may be
increasing.8 The severe form, HIV-associated dementia, is an acquired neurodegenerative
syndrome. Neurons are not infected by HIV-1, but there is compelling evidence that
neurodegeneration results from the production of molecules from activated and infected
macrophages/microglia in the brain,9, 10 that includes a number of inflammatory mediators
such as cytokines, neurotoxic substances such as inducers of oxidative stress, and potentially
injurious viral proteins.11–13 Such glial sources of neurodegeneration, referred to as “non-
cell-autonomous neurodegenerative processes” are becoming increasingly recognized to
extend beyond infectious diseases and may promote to the progression of a variety of
neurodegenerative disorders.14

To examine the potential implication of autophagy in this disorder, we used an in vitro model
of primary rat neuronal cultures treated with supernatants from microglia derived from simian
immunodeficiency virus (SIV)-infected monkeys with encephalitis, an animal model for HIV
dementia,15 and compared autophagy parameters with similar cultures treated with
supernatants from microglia of uninfected monkeys.16 While many of our measures were well
described cellular and biochemical assays, quantifying the autophagic vesicles (AV) in primary
cortical neurons, which have extensive neurites extending from the soma in three-dimensions,
was difficult. To accomplish this, and distinguish between the processes and the soma of a
neuron in the analysis, we utilized laser scanning confocal microscopy and quantitative three-
dimensional (3D) analysis. Briefly, once fluorescent optical sections were obtained, they were
imported into IMARIS software (BitPlane Inc., MN, USA). The IMARIS macro “filament
tracker” was used to automatically outline the GFP-LC3 fluorescence signal in 3D space, define
the spatial location of the cell body and all of its neurites, and create a 3D trace of the neuron.
A very discriminating signal threshold range is then used to define a real signal above
background for precisely outlining and marking positively-labeled vesicles. This range was
used throughout the soma and its processes to determine the number and localization of vesicles
in neurons under different conditions in order to evaluate their potential changes due to
experimental perturbation (Figure 1). While initially the number of AV found, indicative of
active autophagy, was surprising, others also recently report evidence of active autophagy in
neurons.17

Our study demonstrates that the total AV (AV in soma and neurites) number is significantly
depressed after an exposure to the supernatant from SIV-infected microglia. Combined with
additional analyses (decrease in LC3-II and Atg12–Atg5 conjugate levels, increase in
sequestosome-1/p62 levels, and reversibility by rapamycin), our experiments reveal an
impairment of autophagy in treated neurons.16 The decrease in AV is largely due to loss of
AV from the neurites, and is associated with increased neuronal death. We find that such effects
can be mimicked by two molecules: N-methyl-D-aspartic acid (NMDA), which mimics the
neurotransmitter glutamate at a specific subtype of ionotropic glutamate receptor (NMDA
receptor, NMDAR), and tumor necrosis factor alpha (TNF-α); recapitulating the excitotoxic
and pro-inflammatory conditions, respectfully, present in the brain during HIV encephalitis.
Furthermore, examination of brains from HIV-infected individuals with dementia reveals
molecular and histopathological signs of decreased autophagy. In addition to HIV dementia,
we also observe similar signs of anomalous autophagy in brains with SIV encephalitis, which
are absent from nonencephalitic SIV-infected, or uninfected specimens.
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Aggregates of mutant/misfolded proteins are a common finding in many neurodegenerative
diseases. Insight from genetics has revealed that in some cases specific gene mutations result
in direct alteration of the protein itself, whereas in others the mutations result in altered
processing of the protein, both of which can lead to intracellular or extracellular deposition of
the resulting abnormal proteins.18 Along with the ubiquitin-proteasome system, autophagy is
key in removing such mutant molecules, and defects in these systems may thus contribute to
the non-genetic, sporadic versions of neurodegenerative diseases. Whereas deficits in neuronal
autophagy have been postulated to develop in vivo, for example in aging,3 here we find that
products of microglia inhibit autophagy, and are linked to neuronal death.16 In addition to
neuroAIDS, microglia are likely key players in a number of neurodegenerative conditions,19,
20 and we hypothesize that microglia-induced autophagy perturbations may be a more general
mechanism contributing to neurodegeneration.

HIV/SIV effects on neuroblastoma cell lines
Autophagy is altered in a number of virally infected cells, including HIV-1, where HIV-1
infection of CD4+ T-lymphocytes inhibits autophagy.21 Yet the relevance to the current
findings is unclear, since in this study the cells were infected by HIV-1, whereas neurons are
not infectible. However these authors are now assessing the effects of HIV-1 gp120-derived
peptides on the neuroblastoma cell line SK-N-SH, and have hypothesized that there is enhanced
autophagy in HIV dementia.22 We have also utilized a neuroblastoma cell line in our studies
(line SH-SY5Y, a subclone of SK-N-SH). As part of these experiments we examined the effect
of exposure of these cells to supernatant from SIV-infected microglia on the number of AV.
The cells were examined both in their undifferentiated state, as well as following differentiation
with retinoic acid (RA) followed by the phorbol ester 12-O-tetradecanoylphorbol-13-acetate
(TPA), which induces dopaminergic neuronal differentiation.23 In both cases, exposure to the
SIV-infected microglia supernatant significantly enhanced the number of AV per cell (Figure
2).

Although the reason for the difference between the effects on primary neurons and the cell line
is not known, we believe that there are two likely explanations. First, there are, of course, a
large number of differences between neuroblastoma cell lines and primary neurons, and due
to the variable degree to which cell lines replicate the properties of specialized cell types such
as post-mitotic neurons, caution is needed in applying results from such model systems to the
in vivo situation. Although we performed differentiation of the cell line with chemical agents,
there are other means to try to make such cells mimic neurons,24 and an ideal cell line system
to model neurons is still a significant goal in neuroscience research. Second, the primary
neurons we used were cortical glutamatergic neurons. Not only are there a large number of
different neuronal subtypes within the cortex, throughout the different brain regions there are
a large variety of neurons, all of which have their own specialized functions and likely different
responses to damaging agents. Therefore, although we find reduced autophagy in our cortical
neuronal cultures, we cannot rule out distinct responses in other types of neurons such as
dopaminergic primary neurons.

Excitotoxicity, calpain, and the interplay between autophagy and apoptosis
Although our experiments reveal inhibition of autophagy by the SIV-infected microglia
supernatant, the mechanism for this inhibition is still unknown. Nevertheless, it is known that
neuronal excitotoxicity is a major mechanism in HIV dementia, leading to apoptosis.25 We
have reported that the non-competetive NMDA receptor antagonist MK-801 prevents the
nuerotoxicity induced by the SIV-infected microglia supernatants.16 Furthermore, we have
found that a pharmacological inhibitor of calpain had similar neuroprotective effects (Alirezaei
M and Fox HS, unpublished data). Interestingly, calpain is activated and plays a pro-death role
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in HIV-induced neurodegeneration.26, 27 Excitotoxic agents (mimicked in our study by
NMDA treatment) induce Ca2+ influx through glutamate receptors. Ca2+ influx induces calpain
activation, which in turn inhibits autophagy.28 Calpain also plays an important role in
interactions between autophagy and apoptosis.29, 30 Therefore we hypothesize that neuronal
dysfunction and death in HIV infection results from a combination of decreased autophagic
and increased apoptotic and other neuronal damaging mechanisms (Figure 3), emanating from
the glial cells. As illustrated, in addition to the infected microglia, uninfected but stimulated
microglia and astrocytes can also contribute to neuronal injury. Furthermore, such glial factors
can act in the absence of infection, and we suggest that such indirect mechanisms may be active
in other neurodegenerative disorders. We propose that therapies to stimulate autophagy in
neurons can be neuroprotective in neuroAIDS, protecting against pro-apoptotic and other
neurotoxic stimuli.
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Figure 1.
(Top) IMARIS analysis of confocal images of primary neurons, delineating subcellular
structures. Autophagy vesicles (green dots), mitochondria (red dots), and the nucleus (blue)
are shown in this neuron. (Bottom) Flattened confocal images of the neuron shown above,
which has been co-transfected with GFP-LC3 to label AV and DsRed-Mito to label
mitochondria, and reacted with DAPI for nuclear staining.
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Figure 2.
AV counts in undifferentiated (left) and dopaminergic differentiated (RA+TPA) SH-SY5Y
cells (right), treated (Sup), or not (control), with supernatant from SIV-infected microglia. In
both cases, the number of AV is significantly increased (p<0.001, t-test).
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Figure 3.
Schematic illustration of interaction between HIV-infected microglia, other glia, and neurons
in neuroAIDS. HIV-infected microglia, as well as activated/reactive microglia and astrocytes,
produce molecules that lead to a pro-inflammatory and excitotoxic environment, resulting in
an NMDAR-dependent mechanism leading to neuronal injury and death. Glutamate activation
of the NMDAR leads to calcium influx into the neuron, calpain activation, suppression of
autophagy, and enhancement of apoptotic pathways, leading to neuronal demise.
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