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Autophagy, inflammation and neurodegenerative disease
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Abstract

Autophagy is emerging as a central regulator of cellular health and disease and, in the central
nervous system (CNS), this homeostatic process appears to influence synaptic growth and
plasticity. Herein, we review the evidence that dysregulation of autophagy may contribute to
several neurodegenerative diseases of the CNS. Up-regulation of autophagy may prevent, delay or
ameliorate at least some of these disorders, and — based on recent findings from our laboratory —
we speculate that this goal may be achieved using a safe, simple, and inexpensive approach.
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INTRODUCTION

Autophagy is a critical cellular process that involves the sequestration, degradation and
digestion of intracellular components by lysosomes. This process is vital both for metabolic
homeostasis, allowing healthy cells to efficiently remove and recycle cellular constituents,
and for maintenance of cellular integrity, by preventing the accumulation of misfolded
proteins and of damaged organelles [e.g. mitochondria which, when damaged, may release
harmful reactive oxygen species (ROS) into the cytosol]. In recent years it has become clear
that autophagy is a vital arbiter of death/survival decisions in cells, and constitutes a critical
defense against many infections and degenerative states (Kundu and Thompson, 2008;
Levine and Klionsky, 2004; Mizushima et al., 2008; Levine and Kroemer, 2009; Orvedahl
and Levine, 2009). Studies have shown that autophagy in neurons is a protective mechanism
that slows the advance of neurodegenerative disorders, and that its inhibition is associated
with neurodegeneration (Martinez-Vicente and Cuervo, 2007). Perhaps related to this,
autophagy also appears to play an important role in synaptic growth and plasticity, and may
impact learning and memory (Shen and Ganetzky, 2009). Consequently, substantial
attention is being paid to the molecular mechanisms by which autophagy limits
neurodegenerative diseases, to its role in early stages of disease pathogenesis, and to the
development of methods to up-regulate neuronal autophagy for therapeutic benefit
(Rubinsztein et al., 2005). However, when discussing neurodegeneration one should not
consider only the neurons; neuroinflammation — typified by glial cell activation and
lymphocytic infiltration — is a common accompaniment to (and, in some cases, a precipitant
of) neurodegenerative disease, and the effects of these non-neuronal cells can be profound
(Hauser and Oksenberg, 2006).

Herein, we review the significance of autophagy in neurodegenerative disease, highlighting
its possible importance both in infectious neurodegenerative disorders (e.g., HIV-1
associated neurocognitive disorder, HAND) and in immune-mediated neurodegeneration
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[e.g., multiple sclerosis (MS)]. Furthermore, we discuss how autophagy may modulate
neurodegenerative diseases in two ways. First, directly; the level of autophagy within
neurons can be altered — in some cases, in response to soluble factors released from glial
cells or infiltrating lymphocytes — and this can affect neuronal viability. Second, indirectly;
changes in autophagy within CNS-infiltrating lymphocytes may alter the immunopathologic
and neurotoxic potential of those cells.

Infections can alter neuronal autophagy, thereby exacerbating
neurodegenerative disease

HAND is an acquired cognitive and motor disease that includes three categories of disorders
graded by ascending dysfunction: asymptomatic neurocognitive impairment, mild
neurocognitive disorder and the most severe manifestation, HIV-associated dementia
(HAD). At the beginning of the AIDS epidemic, before effective diagnosis and treatments
were available, HAD was commonly observed, primarily in patients with long-term HIV
disease and low CD4* T cell counts. Neuroinflammation, generally termed HIV
encephalitis, often was found in these patients and was characterized by activated microglia,
infiltrating peripheral macrophages, HIV-infected multinucleated giant cells and pronounced
astrocytosis. There is compelling evidence that the above HIV-related neurodegeneration
does not result from virus infection of neurons; rather, other cells within the CNS are
infected, and neural death is caused by molecules that are released from those infected cells.
HIV and SIV can activate and/or infect macrophages/microglia in the brain (Alirezaei et al.,
2008a; Gonzalez-Scarano and Martin-Garcia, 2005; Kaul et al., 2005), and also can infect
microvascular endothelial cells, which represent an additional source of inflammatory
factors (Chaudhuri et al., 2008; Moses et al., 1996). A variety of molecules released from
those cells can have neurotoxic effects, including cytokines, chemokines, inducers of
oxidative stress, and certain viral proteins (Alirezaei et al., 2007; Gonzalez-Scarano and
Martin-Garcia, 2005; Bruce-Keller et al., 2003; Zhang et al., 2003). For example, HIV-1
gp120 has a toxic effect on neuronal primary cells (Alirezaei et al., 2008b). Furthermore,
glial cell dysfunction can indirectly harm neurons. Excessive extracellular accumulation of
the neurotransmitter glutamate has a profoundly excitotoxic effect that is mediated by
increased influx of Ca2*. In the healthy CNS, glutamate is rapidly removed from the
synaptic cleft. This task falls largely to astrocytes, which express glutamate transporters
(GLT-1 and GLAST) that quickly internalize this amino acid, which then is catabolized
within the glial cell. CNS inflammation can cause a functional or numerical deficit in these
transporter molecules and, even in the presence of astrocytosis, this transporter-mediated
uptake of glutamate often is impaired, leading to glutamate excitotoxicity (Lobsiger and
Cleveland, 2007). Thus, inflammatory cells, and pro-inflammatory molecules released by
glial cells, play a role in HIV-related neurodegeneration.

In what way might these neurodegenerative outcomes intersect with neuronal autophagy?
Inflammatory mediators such as nitric oxide (NO) and other ROS have pleiotropic effects,
one of which is their diversion or disruption of autophagic functions (Berliocchi et al., 2007;
Scherz-Shouval and Elazar, 2007; Kiffin et al., 2006). The influx of Ca%*, acting via ROS,
activates caspases and calpains, and calpain activation reduces neuronal autophagy
(Demarchi et al., 2006; Yousefi et al., 2006). It is well-established that deficits in autophagy
in differentiated cells such as neurons can have a profoundly negative impact by, for
example, provoking aggregation or misfolding of proteins, with consequent neurotoxicity
(Alirezaei et al., 2008a; Hara et al., 2006; Komatsu et al., 2006).

Studies of primary neurons have shown that autophagy is down-modulated by soluble

products shed by activated microglia from the brain of an SIV-infected monkey (Alirezaei et
al., 2008a); exposure to microglial supernatant led to a reduction in autophagosome numbers
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within the neurites of cortical neurons, while the number of autophagosomes in the cell
bodies was not significantly altered. This effect was reversed when the cells were treated
with rapamycin, a potent inducer of autophagy. Together with further biochemical analyses
(decrease of Atg12-Atg5 complex and LC3-11 levels, increase of sequestosome-1/p62), these
experiments indicated that microglial products induced a disruption of autophagy in
neuronal cultures (Alirezaei et al., 2008a). The observed disruption in autophagy could be
mimicked using excitotoxic and/or pro-inflammatory molecules such as glutamate and TNF,
both of which are present in the brain during HIV encephalitis (Alirezaei et al., 2008a) or
during neuroinflammation in general. Thus, we propose that, in infectious neurodegenerative
diseases, some of the deleterious changes may result from the inhibition of neuronal
autophagy, driven by neurotoxic soluble mediators that are released as a response to
infection. A cartoon is provided summarizing how these proposed effects may occur during
HIV infection (Figure 1).

Potential impact of neuronal autophagy in non-infectious
neurodegenerative diseases

It is thought that glia-driven neurotoxicity also may be a prominent cause of a variety of
non-infectious neurodegenerative disorders, contributing to both the initiation and
progression of disease (Lobsiger and Cleveland, 2007), and here, too, autophagy appears to
play an important role. Complex interactions between glial cells, extracellular matrix,
neurons, endothelia and host immune cells regulate homeostasis and orchestrate
neuroinflammation and degeneration. These interactions can contribute to disease initiation,
for example, in spinocerebellar ataxia (Custer et al., 2006; Garden et al., 2002; Lobsiger and
Cleveland, 2007). Autophagy has recently been implicated in another non-infectious
neurodegenerative disorder, amyotrophic lateral sclerosis (ALS), a disease in which ~90%
of human cases are sporadic and of unknown etiology (Gal et al., 2009; Hetz et al., 2009). In
the MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) mouse model of Parkinson’s
disease, there is marked microgliosis, and these cells produce a variety of pro-inflammatory
cytokines, as well as inducible nitric oxide synthase (iNOS) (Croisier and Graeber, 2006)
and, as noted above, these ROS can disrupt autophagy. ROS also appear to be involved in
Huntington’s disease (HD), in which iNOS levels are elevated in the human brain (Chen et
al., 2000). Protein aggregation, commonly observed when autophagy is disrupted, is another
characteristic of HD (Davies et al., 1997; Scherzinger et al., 1997) and, in a mouse model of
HD, mutant huntingtin protein accumulated in the nuclei of astrocytes; this was
accompanied by a decrease in glutamate transporter expression, with a parallel increase in
glutamate excitotoxicity (Shin et al., 2005). Minocycline, a semisynthetic tetracycline that
inhibits iINOS, confers protection against several neurodegenerative disorders, including
ALS and Parkinson’s disease (Zhu et al., 2002; Du et al., 2001), and the effect of this drug
on ALS is currently being evaluated in clinical trials (Siciliano et al., 2010). Similarly,
minocycline delays mortality in the mouse model of HD, and the delay is accompanied by
decreased activation of iNOS in the brain (Chen et al., 2000). We propose that the
minocycline-driven reduction in NO and other ROS restores autophagy within the neurons,
limiting the aggregation of proteins, and delaying or preventing irrevocable harm.
Furthermore, others have reported that, in Alzheimer’s disease, there is an accumulation of
neuronal autophagosomes that appears to result from a failure in their fusion with lysosomes
(Cataldo et al., 1996; Nixon et al., 2005). Thus, autophagy may be involved in a variety of
non-infectious neurodegenerative diseases, and we speculate below that changes in neuronal
autophagy also may contribute to multiple sclerosis (MS), a common chronic inflammatory,
demyelinating and neurodegenerative disease of CNS.

MS is a clinically diverse disease that most commonly presents as an episodic disorder, with
phases of clinical disease followed by recovery. This form of MS, called relapsing-remitting
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MS (RRMS), is observed in ~85% of new patients (Heard, 2007). The etiology of MS is
uncertain, and infections may trigger disease exacerbations, but the disease is generally
considered to be autoimmune (Bennett and Stuve, 2009). MS is a demyelinating disease in
which the myelin sheath, a membranous layer that is produced by oligodendrocytes and
surrounds and insulates nerve fibers in the CNS, is destroyed. The resulting white matter
lesions can progress toward permanent tissue injury associated with neuronal loss and
consequent clinical disability (Su et al., 2009). These MS plaques are characterized by
perivascular infiltration of inflammatory mononuclear cells. Activated neuroantigen-reactive
T cells infiltrate the CNS and initiate a local inflammatory response, leading to glial cell
activation with further recruitment of mononuclear cells through production of chemokines
and an increase in blood-brain-barrier permeability. These events are accompanied by
demyelination, axonal injury and cortical neuronal loss (Trapp et al., 1998; Sospedra and
Martin, 2005; Steinman et al., 2002). Innate immune mechanisms involving microglia,
macrophages and astrocytes also have been implicated as pivotal contributors to the disease
process (Noorbakhsh et al., 2006; Tsutsui et al., 2005; Tsutsui et al., 2004). In addition,
recent studies have pointed to active roles for neurons, themselves, in coordinating CD4*
regulatory T cells in the CNS, and thereby modulating neuroinflammation; crosstalk takes
place between neurons and T cells, increasing T cell proliferation and altering cytokine
production (Liu et al., 2006). One of the most widely-used animal models of MS is
experimental autoimmune encephalomyelitis (EAE) and, in both EAE and MS,
lymphocytes, microglia and macrophages release excessive amounts of glutamate
(Steinman, 2000; Werner et al., 2001; Shijie et al., 2009) which, as noted above, can be
neurotoxic. Glutamate can activate the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors that are present on both neurons and oligodendrocytes; AMPA
receptor activation increases the level of intracytosolic Ca2* which, in turn, can be highly
toxic to both neurons (Piani et al., 1991) and oligodendrocytes (McDonald et al., 1998).
Blockade of AMPA receptors using competitive antagonists such as NBQX (2,3-
dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione) can ameliorate the
neurological sequelae of autoimmune encephalomyelitis and, if treatment is begun after the
onset of paralysis, can prevent the clinical relapses that would otherwise occur; this
beneficial effect is not observed using NMDA blockers, suggesting that AMPA receptors
play the key role in this neurological disorder (Smith et al., 2000; Steinman, 2000; Pitt et al.,
2000; Steinman, 1999; Steinman et al., 2002; Steinman and Zamvil, 2005). Glutamate-
driven neurotoxicity can be amplified by the inflammatory molecules that are released by
activated macrophages/microglia, further increasing the influx of Ca2* in neurons. As
described above, the elevated intracellular Ca2* causes mitochondrial damage; this releases
ROS which, in turn, activates caspases and calpains, thereby disrupting autophagy, which
may result in neuronal damage (Manev et al., 1989). In otherwise-healthy cells, damaged
mitochondria are rapidly removed by autophagy, in a process termed mitophagy; mitophagy,
therefore, extinguishes the production of ROS. However, ongoing mitochondrial damage in
combination with a disruption in autophagy / mitophagy may lead to the accumulation of
damaged mitochondria and, therefore, ongoing production of ROS. The affected neuron
finds itself locked in a deleterious loop, in which ROS concentrations increase, further
paralyzing the pathway that normally removes their source, defective mitochondria.
Dysfunctional mitochondria have been identified in MS lesions (as well as in the normal-
appearing white and grey matter) and may be an important determinant of the axonal
dysfunction and degeneration that occurs in this disease (Mahad et al., 2008); it has been
reported that an increased number of damaged mitochondria in demyelinated axons renders
them more vulnerable than myelinated axons to energy deficits (Mahad et al., 2008). A
diagrammatic representation of these changes is presented in Figure 2, using MS as an
example.

Eur J Neurosci. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Alirezaei et al.

Page 5

Autophagy in immune cells may indirectly modulate neurodegenerative

diseases

Above we describe how neuronal viability may be directly altered by autophagy; that is, by
changes in autophagy within the neurons themselves. However, changes in autophagy in
non-neuronal cells also may affect neuronal viability, in this case indirectly. For example, it
is now clear that autophagy has a dramatic effect on the development, proliferation and
maintenance of T and B lymphocytes (Li et al., 2006; Miller et al., 2008; Pua et al., 2007,
Pua and He, 2007), and autophagic signaling can alter a T cell’s apoptotic status thereby
effecting its viability (Yousefi et al., 2006). Lymphocytes, of course, play a key role in
protecting against infections, so one can imagine how changes in lymphocyte autophagy
could impact CNS infection and, thereby, the neurodegenerative consequences thereof.
Furthermore, these cells are central to autoimmune diseases such as MS, and preliminary
studies have shown a correlation between MS disease status and a marker of autophagy in
peripheral T cells. One of many genes involved in autophagy is Atg5, the deletion of which
abrogates autophagy (Kuma et al., 2004). The Atg5 protein also has been implicated in
lymphocyte homeostasis (Miller et al., 2008; Pua et al., 2007; Pua and He, 2007; Yousefi et
al., 2006) and, therefore, we chose to focus on this gene and its product in a recent study of
EAE and of MS tissues (Alirezaei et al., 2009). We found that, in mice suffering from EAE,
there was a strong correlation between Atg5 mRNA levels in peripheral blood cells and the
degree of clinical disability; in addition, increased post-translational modifications of the
Atg5 protein were present in EAE mice (Alirezaei et al., 2009). Furthermore, our studies
suggested a possible role for Atg5 in RRMS. When T cells from patients with active RRMS
(i.e., experiencing a disease exacerbation) were compared to those from RRMS patients in
the quiescent phase, we found that Atg5 mRNA was substantially higher in the former
group. Furthermore, protein lysates from the lesion areas of RRMS brains were analyzed
and, when compared to non-diseased brains, Atg5 protein conjugates were more readily
detected, and immunohistochemical analysis of the RMSS lesions suggested that the
increased Atg5 protein was present in infiltrating CD3* T lymphocytes (Alirezaei et al.,
2009). Taken together, our data suggest that autophagy may be increased in T cells of MS
patients, possibly extending the survival of the potentially-harmful cells and thereby
contributing to disease, as diagrammed in Figure 2, C. Not only T cells, but also B cells and/
or plasma cells, may be involved in MS pathogenesis (Figure 2, D). In the context of
autoimmunity and MS, B cells function as sensors and regulators of the immune response,
which has strengthened the view that B cells and autoantibodies are fundamental for
activating T cells and/or mediating tissue injury (Browning, 2006; Dalakas, 2008a; Dalakas,
2008b; Hasler and Zouali, 2006; Owens et al., 2006; Shlomchik et al., 2001). Recent data
reveal an important role for autophagy in B cell homeostasis; Atg5 is required for the
development and the maintenance of B cells (Miller et al., 2008). Therefore, autophagy
genes might have an impact on the survival of B cells, as well as T cells, in MS or EAE.
Studies have reported an antigen-driven B cell response in the cerebro-spinal fluid (CSF) of
MS patients, which could contribute to the ongoing production of oligoclonal
immunoglobulin in MS CSF, and to the development of secondary lymphoid tissue in brains
of patients with secondary progressive MS (Harp et al., 2007).

We do not argue, herein, that disruption of autophagy is the sole, or even necessarily the
major, pathway that leads to neurodegeneration in infectious and/or autoimmune diseases of
the CNS. Rather, our intent is to highlight the fact that changes in autophagy may contribute
to CNS neurodegeneration and disease, and to demonstrate that this may occur in two
general ways. 1. Autophagy may act independently; failure of autophagy can, in and of
itself, lead to neurodegeneration. 2. Alternatively, autophagy may act in concert with other
potential neurotoxins; this, too, can be divided mechanistically into two subgroups. 2(a). In
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some cases, autophagy may be directly involved in the neurodegeneration; e.g., the
neurotoxic effects of a molecule (e.g., a viral product) may be mediated, in part or in whole,
by its capacity to inhibit autophagy. 2(b). In other cases, autophagy may be indirectly
involved in the neurodegenerative process; e.g., the effects of a potential toxin on a neuron
may be limited or ameliorated by active autophagy within the cell, but any reduction in
autophagy will allow the neurotoxin to drive neurodegenerative change.

Speculation: Might food restriction represent a novel, safe, simple and
inexpensive approach to the prevention and treatment of CNS
neurodegenerative disease

We have argued herein that disruption of the autophagy pathway may cause or exacerbate
the neuronal damage that accrues in infectious and non-infectious neurodegenerative
diseases. As we noted at the outset of this brief review, therapeutic up-regulation of neuronal
autophagy may be beneficial. Consequently, researchers and pharmaceutical companies are
actively pursuing different approaches to induce CNS neuronal autophagy, but these studies
face at least two hurdles: first, the blood brain barrier, which is impervious to many drugs;
and, second, ensuring that any CNS-permeable autophagy-inducing small molecules are
specific for neurons. These concerns may not be insuperable, because some recent studies
have shown that neuronal autophagy can be enhanced using small molecules (Sarkar et al.,
2009; Williams et al., 2008), but another possible problem exists; as is true for all drugs,
there may be undesirable side-effects. Thus, a simple, safe and inexpensive method to up-
regulate CNS neuronal autophagy may be of therapeutic value in the treatment of
neurodegenerative disease. Undoubtedly the safest and simplest means by which to up-
regulate autophagy is food restriction, which is known to induce autophagy in most tissues,
including the peripheral nervous system (PNS). Intuitively, it may seem unlikely that mere
fasting could have any beneficial effect on degenerative neurological disease, but a recent
study in a mouse model of Charcot-Marie-Tooth disease showed that intermittent fasting
increases autophagy in Schwann cells in the PNS, reducing protein aggregation in these cells
and increasing the thickness of myelin sheath (Madorsky et al., 2009). Remarkably, the mice
also showed improved locomotor performance, indicating that fasting can confer clinically-
evident benefits in a genetic neurodegenerative disorder (Madorsky et al., 2009). Thus,
unlikely as it may appear at first blush, we speculate that the same simple approach may
delay, ameliorate, or even prevent some of the CNS neurodegenerative diseases that we
describe above. However, there are two objections to this proposal. First, if intermittent
fasting increases autophagy in autoreactive T cells, this might worsen the related diseases; to
our knowledge, the effects of sporadic fasting on T cells have not yet been evaluated. The
second, and perhaps more important, objection is that autophagy pathways in the brain have
long been considered unresponsive to food restriction (Mizushima et al., 2004). Thus,
current dogma holds that the CNS is an exception to the general rule that fasting induces
autophagy. However, those conclusions were derived from biochemical analyses of extracts
from whole brains; this approach, although valuable, is too broad to identify fasting-induced
changes in autophagy that might occur in a limited number of CNS cells. Recently, we have
used a new approach to challenge this dogma, and have demonstrated that brief (24-48
hour) food restriction can induce neuronal autophagy in the brain; compared to normal-fed
mice, the abundance of autophagosomes increases by 3- to 4-fold after 48 hours of food
restriction (Alirezaei et al., 2010). We employed laser scanning confocal microscopy of 80—
100 um vibratome sections of the brains of mice that express a GFP-tagged version of LC3
(Atg8), a protein that accumulates on the membranes of autophagosomes and is considered
the best marker of these vesicles (Mizushima et al., 2004; Mizushima and Kuma, 2008). As
shown in Figure 3A, autophagosomes are abundant in cortical neurons and Purkinje cells of
mice that have been food-restricted for 48 hours. Furthermore, the activity of mTOR, an
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inhibitor of autophagy, is dramatically reduced in Purkinje cells following food restriction
(Figure 3B). Finally, transmission electron microscopy confirmed the presence of numerous
autophagosomes in Purkinje cells (Figure 3C) from food-restricted mice.

Conclusion

Disruption of autophagy goes hand-in-hand with neurodegeneration, and a cause and effect
relationship between the two may contribute to neuronal damage. For this reason, drug-
induced up-regulation of autophagy is being evaluated in CNS neurodegenerative disorders.
However, we propose that an additional avenue of research should be followed. Preliminary
studies in animal models indicate that up-regulation of autophagy by food restriction leads to
a demonstrable improvement in the signs and symptoms of a PNS neurodegenerative
disease. Our recent demonstration that fasting also affects the CNS, causing a rapid and
profound change in autophagy in cortical neurons and in Purkinje cells, leads us to suggest
that the effects of food restriction should be evaluated in CNS neurodegenerative diseases.
Autophagy is sometimes referred to as cellular cleansing and, as we have previously noted
(Alirezaei et al., 2010), this proposed therapeutic approach provides an attractive parallel
between cellular changes (neuronal “cleansing”) and the more holistic organismal benefits
that are thought, by some, to derive from fasting.
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Figure 1. Summary of proposed mechanism of HIVV-mediated neurodegeneration

HIV-infected cells, in particular infected monocytes/macrophages and CD4" T cells, enter
the CNS by crossing the blood-brain barrier in a process termed diapedesis (A). The
introduction of infection into the CNS leads to the activation of microglia, either directly (by
infection, B) or indirectly (C). These activated microglia produce a variety of cytokines and
chemokines (D) with pleiotropic effects, including the activation of astrocytes (E). This
leads to an increase in astrocyte abundance (astrocytosis) but, despite the increase in cell
numbers, there is a decrease in a key astrocytic function: the resorption of glutamate (F).
The increase in extracellular glutamate, acting via the N-methyl-D-aspartic acid (NMDA)
receptor, can produce an excessive influx of Ca2* into neurons (G) with consequent free-
radical formation (H), leading to Ca?* excitotoxicity (Berliocchi et al., 2007). In addition,
viral proteins shed from infected microglia (I) may have neurotoxic effects that can be
indirect (acting via astrocytes, J) or direct (K). ROS formation also activates intracellular
calpain and, as described in the text, this causes a marked disruption of neuronal autophagy,
with a reduction in the abundance of autophagosomes in neurites (L). This, in turn, leads to
an increase in intra-neuronal protein aggregates (M) and neurodegeneration (N).
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Figure 2. Proposed interactions between inflammation, Ca2+ excitotoxicity, and autophagy in a
non-infectious neurodegenerative disease

During MS, lymphocytes infiltrate into the brain and recognize their antigen, usually
myelin-derived antigen presented by an APC (A). These activated T cells then release pro-
inflammatory cytokines that act on oligodendrocytes (B), leading to the demyelination that
is a hallmark of the disease. This diagram focuses mainly on other events that may be
involved in MS neurodegeneration. Atg5 is an important component of the autophagy
pathway, and its cleavage can switch a cell’s fate from autophagy (and survival) to apoptosis
(and death) (Yousefi et al., 2006). In our recent paper (Alirezaei et al., 2009) we showed
that peripheral blood CD4* T cells of some MS patients contained an elevated level of Atg5,
leading us to speculate that these potentially-pathogenic cells may have prolonged lifespans
(C). B cells and plasma cells, too, have been implicated in MS (D). The pro-inflammatory
mediators that are released by activated lymphocytes and / or microglia (E) can activate
astrocytes (F), reducing their capacity of resorb glutamate (G). The resulting increase in
extracellular glutamate triggers AMPA receptors (H) which leads to an influx of Ca2* into
the neurons (Williams et al., 2008). This initiates a cascade of events including damage to
mitochondria (1), an increase in ROS (J), activation of caspases and calpain, and a decrease
in number of neurite autophagosomes (K). The ultimate outcome is neurodegeneration (L).
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Figure 3. Food restriction induces autophagy in cortical neurons and Purkinje cells

Panel A. Autophagosomes (bright green punctae) in cortical neurons (left) and Purkinje cells
(right) of GFP-LC3 mice after 48 hrs of food restriction. Panel B. Images of cerebellar
sections stained with an antibody specific for phospho-S6RP (red), a protein whose
abundance varies directly with mTOR activity, and inversely with autophagy. GFP-LC3,
which is expressed at high levels in Purkinje cells, is shown in green and nuclei are stained
with Hoechst dye (blue). Purkinje neurons in a normal fed animal (left) have high mTOR
activity (indicating low autophagy) while cells in the 48 hrs food-restricted animal (right)
have low mTOR activity (and, thus, a highly active autophagy pathway). Images were
generated using Imaris software, blended mode (Bitplane, Inc). Panel C. A transmission
electron microscope image of a single Purkinje cell from a 48 hour food-restricted mouse is
shown. Autophagosomes are enclosed in colored boxes, and a higher-magnification image
of each is provided.
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