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Antiapoptotic and Pronecrotic Actions of Neurotrophins
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ABSTRACT

Neurotrophins promote the differentiation, growth, and survival of neurons in the nervous system. Specifi-
cally, neurotrophins promote neuronal survival by interfering with programmed cell death or apoptosis. In
addition to roles of neurotrophins as survival factors, neurotrophins can act as risk factors of neuronal injury
under various pathological conditions. Neurotrophins markedly potentiate neuronal cell necrosis induced by
activation of N-methyl-D-aspartate receptors, deprivation of oxygen and glucose, and free radicals. Moreover,
prolonged exposure to neurotrophins results in widespread neuronal necrosis through free radical-mediated
mechanisms. Whereas cellular and molecular mechanisms underlying antiapoptosis action of neurotrophins
have been well documented, extensive study will be needed to delineate mechanisms for the neurotrophin-
induced neuronal necrosis through activation of Trk tyrosine kinase receptors. Antioxid. Redox Signal. 5, 621-627.

INTRODUCTION

THE NEUROTROPHINS, nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF), neurotrophic fac-
tor (NT)-3, and NT-4/5, are a family of proteins essential for
development and maintenance of the nervous system. Neuro-
trophins are synthesizedin and released from target cells, which
are then bound to two types of cell surface receptors, the Trk
tyrosine kinase receptors and the p75 neurotrophin receptor
(p75NTR), internalized, and retrogradely transported to the
neuronal cell body (for review, see 35). Neurotrophins act as
differentiation, growth, and survival factors through binding
to Trk receptors (for review, see 40). The Trk receptors contain
docking sites, Y490 and Y785, for adaptor proteins that signal
Ras, phosphoinositide 3-kinase (PI3-K), and phospholipase
C-vy (PLCv) to be activated to mediate the neurotrophic func-
tions (40).

Although roles of p75NTR remain largely elusive, p7SNTR
as a member of the tumor necrosis factor receptor superfam-
ily constitutes a low-affinity receptor for neurotrophins and
can mediate apoptosis in sympathetic neurons, hippocampal
neurons, and oligodendrocytes (4, 8, 55). Proapoptosis actions
of p75NTR have been reported in embryonic retina, sympa-

thetic neurons, trigeminal ganglion neurons, and basal fore-
brain cholinergicneurons in vivo (4, 20, 56). Ceramide and the
c-Jun N-terminal kinase pathway have been reported as down-
stream signals underlying p7SNTR-mediated apoptosis (8, 36).

Unfavorable neurotoxic actions of neurotrophins have been
recently discovered. Neurotrophins can enhance and cause
neuronal necrosis, the other form of neuronal death, besides
apoptosis through activation of p75NTR. Trk receptors ap-
pear to mediate the pronecrotic action of neurotrophins. In
this review, we will focus on mechanisms underlying the dark
side of neurotrophins depending upon patterns of neuronal
death, apoptosis and necrosis.

APOPTOSIS AND NECROSIS

Apoptosis and necrosis were originally defined according
to histological and electron microscopic observation of mor-
phological changes in the process of cell death (28). Necrosis
or swelling necrosis is initiated by fulminant cytotoxic injury
that causes the early collapse of plasma membrane while nu-
clear membrane is conserved. This is accompanied by mas-
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sive influx of Ca?*, Na*, Cl1-, and H,O that results in swelling
of the cell body and organelles. Necrosis is also characterized
by scattering condensation of nuclear chromatin. In contrast,
apoptosis is characterized by shrinkage of the cell body and
organelles due to efflux of K+ and water. Margination, aggre-
gation, and condensation of chromatin and collapse of nuclear
membrane are observed in cells undergoing apoptosis. As plasma
membrane integrity is maintained and dying cells are rapidly
ingested by phagocytosis, inflammatory reactions are not ob-
served during apoptosis.

Biochemical, pharmacological, and molecular criteria have
been extensively investigated to define apoptosis. The chro-
matin cleavage at internucleosomal sites (DNA laddering) has
been applied as evidence of apoptosis because it was observed
in thymocytes and lymphoid cell lines undergoing apoptosis
following exposure to glucocorticoid (59). However, DNA lad-
dering is not sufficient to define apoptosis as it has been ob-
served in the process of necrosis (14). Terminal deoxynucleo-
tidyltransferase-mediated dUTP nick end labeling (TUNEL)
stain and fluorescent DNA dyes (e.g., Hoechst dye and pro-
pidium iodide) have been used to reveal cleavage and conden-
sation of chromatin during apoptosis (16). As cells undergo-
ing necrosis are accompanied by DNA fragmentation and
scattering condensation of chromatin, they are also labeled by
TUNEL stain and DNA dyes (48). Thus, caution should be given
to define apoptosis and necrosis by analyzing patterns of DNA
fragmentation and chromatin condensation. Recently, signaling
pathways for induction, propagation, and execution of apop-
tosis have been extensively investigated. These are a group of
cysteine proteases called caspases, members of the tumor necro-
sis factor receptor superfamily, members of the Bcl-2 family,
and the adaptor proteins (for review, see 50).

ANTIAPOPTOTIC ACTIONS OF
NEUROTROPHINS

Neurotrophins promote neuronal survival by preventing the
developmentally programmed cell death or apoptosis in the
nervous system (13). According to neurotrophic hypothesis,
developing neurons extend their axons to target areas and can
undergo further differentiation or degeneration dependent upon
limiting amounts of neurotrophic factors that are released from
the target cells. Thus, administration of neurotrophins promotes
survival and differentiation of cultured neurons, including fore-
brain cholinergic neurons, mesencephalic dopaminergic neu-
rons, and cortical neurons (1, 23, 31).

Trk-mediated signal transduction pathways have been well
established underlying antiapoptosis actions of neurotrophins
(Fig. 1). First, neurotrophins promote neuronal survival through
the Ras signaling pathway. Phosphorylated Y490 binds to the
Shc (Src homologous and collagen) adaptor protein, recruits
Grb2 and the son of sevenless (SOS), and then activates Ras,
which results in subsequent activation of the mitogen-activated
protein kinases (MAPK)/extracellular signal-related kinase
(ERK) pathways (17). The MAPK-activated kinases, p90 ribo-
somal S6 kinases (RSKs), induce phosphorylation of the pro-
apoptotic protein BAD at serine 112 or the transcription fac-
tor cyclic AMP response element-binding protein (CREB) at
serine 133, which prevents neuronal apoptosis (6). Second,
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FIG. 1. Each neurotrophin binds to the appropriate Trk
receptor, which in turn activates two survival pathways:
Ras-mediated activation of MAPK/ERK survival pathway
and PI3-K-mediated activation of Akt survival pathway.
Both survival pathways appear to suppress apoptosis signals
through BAD, caspase-9, and caspase-3.

PI3-K has been suggested as an additional route for antiapop-
totic actions of neurotrophins. PI3-K is activated directly by
interaction with Ras or indirectly by interaction with Grb2-
associated binder-1 (Gab1) docking protein or insulin recep-
tor substrate-1 and -2 (21, 60). Activated PI3-K produces inositol
lipids that induce membrane recruitment of 3-phosphoinosi-
tide-dependent kinase-1 (PDK1) and its substrate, the serine/
threonine protein kinase PKB (known as Akt) (57). Akt acti-
vated by PDK1 prevents apoptosis through phosphorylation
of proapoptotic proteins, including BAD, caspase-9, and Fork-
head, a transcription factor that induces apoptosis by increas-
ing levels of Fas ligand (7).

PRONECROTIC ACTIONS OF
NEUROTROPHINS

Potentiation of NMDA receptor-mediated
excitotoxic necrosis

Glutamate mediates excitatory synaptic transmission through
activation of ionotropic glutamate receptors sensitive to N-
methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA), or kainate. Although this
excitatory transmission mediates normal information process-
ing and neuronal plasticity, it plays a primary role in degener-
ation of neurons and oligodendrocytes in various neurological


http://www.liebertonline.com/action/showImage?doi=10.1089/152308603770310284&iName=master.img-000.png&w=161&h=285

ANTIAPOPTOTIC/PRONECROTIC ACTIONS OF NEUROTROPHINS

diseases, including hypoxic-ischemia, trauma, and neurodegen-
erative diseases (24). Activation of ionotropic glutamate re-
ceptors allows entry of Ca2+ and Na+ through the plasma mem-
brane. The massive entry and accumulation of the cations induce
secondary influx of Cl- and H,0, resulting in marked swelling
of the neuronal cell body within a few hours (9). Transmis-
sion electron microscopy reveals swelling of cytoplasmic or-
ganelles, including mitochondria, and scattering condensation
of nuclear chromatin early in the process of excitotoxicity
(19). Plasma membrane and cytoplasmic organelles are dis-
rupted, but nuclear membrane remains intact. In contrast to
apoptosis (shrinkage necrosis), membrane blebbing is not
observed in the process of excitotoxicity. The morphological
features suggest that neurons undergo necrosis following su-
perfluous activation of NMDA, AMPA, or kainate receptors.
Although DNA ladders, TUNEL-positive neurons, and chro-
matin condensation visible by DNA-binding fluorescence
dyes have been used as evidence of apoptosis in excitotoxic-
ity (3), they are all observed in the process of necrotic cell
death (16, 48). Excitotoxic neuronal necrosis appears to prop-
agate through signal transductiondifferent from oxidative stress
and apoptosis as neither antioxidants nor antiapoptosis agents
(e.g., inhibitors of macromolecule synthesis or growth factors)
prevent excitotoxicity (19).

Controversial results have been reported on effects of neu-
rotrophins against excitotoxicity. NGF and BDNF were shown
to protect cultured hippocampal neurons from NMDA receptor-
mediated excitotoxicity by reducing accumulation of intracel-
lular free calcium (38). BDNF reduced death of cultured cere-
bellar granule cells from exposure to high concentrations of
glutamate (37). Interestingly, pretreatment with BDNF poten-
tiated NMDA receptor-mediated excitotoxicityin cultured hip-
pocampal neurons and cortical neurons (31, 42). Although it
remains to be elucidated how neurotrophins prevent or in-
crease excitotoxic neuronal cell death, a novel hypothesis has
been raised that neurotrophins prevent apoptosis, but potenti-
ate NMDA receptor-mediated neuronal necrosis. In support
of this, low or high doses of NMDA, as well as AMPA and
kainate, induce neuronal cell death exclusively through necro-
sis in mature cortical cell cultures that is evident by electron
microscopic analysis showing swelling of the cell body, irreg-
ularly scattering condensation of nuclear chromatin, and early
collapse of plasma membrane (10). Neurotrophins potentiated
the NMDA-induced neuronal necrosis. It is conceivable that
administration of excitotoxins may induce neuronal apoptosis
under apoptosis-prefering conditions (e.g., immature neurons),
which can be prevented by neurotrophins. Although further
study will be needed to delineate mechanisms underlying the
potentiation effects of neurotrophins on NMDA-induced neu-
ronal cell necrosis, treatment with neurotrophins results in in-
creased expression of NMDA receptor 2A subunit (NR2A)
and neuronal nitric oxide synthase (NOS), which subsequently
enhances Ca2* influx and nitric oxide production, the key me-
diators of NMDA-induced neuronal death (Fig. 2) (22, 47).

Potentiation of oxidative stress-induced
neuronal necrosis
Oxidative stress generally describes a condition in which

cellular antioxidant defenses are inadequate to completely
detoxify the free radicals being generated, due to excessive
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FIG. 2. Binding of neurotrophins to Trk receptors results
in activation of three signaling molecules, Ras, P13-K, and
PLC1, which is likely coupled to transcriptional and trans-
lational regulation of NOS, NADPH oxidase, and NR2A.
Thus, intracellular ROS and Ca?* will be accumulated over
time following treatment with neurotrophins, potentiating or
causing oxidative neuronal cell necrosis or NMDA receptor-
mediated excitotoxic neuronal cell necrosis.

production of reactive oxygen species (ROS), loss of antioxi-
dant defenses, or typically both. A net increase of intracellu-
lar ROS can produce damage to lipids, protein, and DNA and
eventually result in cell death. Several lines of evidence sug-
gest that ROS act as triggers and mediators of apoptosis in
various types of cells. First, ROS are produced in the process
of apoptotic cell death (43). Second, ROS scavengers prevent
apoptosis (33). Third, maneuvers increasing ROS can induce
apoptosis (44). Finally, Bcl-2, the prototypical inhibitor of apop-
tosis as a mammalian protein homologous to C. elegans Ced-
9, can prevent apoptosis and oxidative cell death by inhibiting
formation of lipid peroxide and hydrogen peroxide (27). How-
ever, the central role of ROS as trigger and mediator of apop-
tosis has been challenged by opposing results. Oxidative stress
can produce features of necrosis, as well as apoptosis. Bcl-2
does not protect oxidant-induced cell death in lymphoma cell
lines and MNO9D cells (11, 34). Moreover, apoptosis is induced
in cells cultured in anaerobic conditions following exposure
to staurosporineor interleukin-3 withdrawal, which is prevented
by Bcl-2 (26). Thus, it is conceivable to postulate that ROS
induce apoptosis or necrosis depending on cell types and cir-
cumstances.


http://www.liebertonline.com/action/showImage?doi=10.1089/152308603770310284&iName=master.img-001.png&w=161&h=300

624

The causative role of ROS for apoptosis has been reported
in various populations of neurons (44), mostly turning to DNA
ladders, DNA-binding fluorescence dyes, and the TUNEL
method that do not differentiate apoptosis from necrosis. We
also observed that mature cortical cell cultures exposed to
prooxidants such as Fe2* or buthionine sulfoximine (BSO) re-
vealed DNA ladders, condensation of nuclear chromatin, and
TUNEL-positive neurons (45). However, ultrastructural analy-
sis of ROS-mediated neurotoxicity demonstrated occurrence
of typical necrosis in cortical neurons evident by swelling of
the cell body and mitochondria, scattering condensation of
nuclear chromatin, and fenestration of plasma membrane prior
to nuclear membrane (45). Levels of ROS were slightly increased
in cortical neurons exposed to staurosporine, an agent induc-
ing neuronal cell apoptosis in cortical cell cultures (41). The
resulting neuronal apoptosis was not prevented by adminis-
tration of antioxidants that completely blocked ROS produc-
tion. Thus, ROS induce neuronal death exclusively through
necrosis in mature cortical cell cultures.

Evidence has accumulated that neurotrophins protect neurons
from oxidative stress. Administration of NGF reduces hydro-
gen peroxide-induced death in the PC12 rat pheochromocy-
toma cell line by increasing activity and expression of cata-
lase and glutathione peroxidase (46). BDNF protects cultured
dopaminergicneurons from the neurotoxins 6-hydroxydopamine
and N-methyl-4-phenylpyridinium ion by increasing activity
of glutathione reductase (49). Systemic administration of NGF,
BDNEF, and NT-4/5 reduces oxidative degeneration of striatal
neurons in neonatal rats (30). Sympathetic neurons deprived
of NGF undergo ROS-mediated apoptosis that depends on the
activity of NADPH oxidase (53). Paradoxically, neurotrophins
have been reported to enhance ROS-mediated neuronal death.
Neurotrophins potentiate oxidative neuronal death in cortical
and striatal cell cultures that is induced by administration of
Fet, BSO, or nitric oxide (25, 39). Although it remains to be
elucidated how neurotrophins prevent and potentiate ROS-
mediated neuronal cell death, we have hypothesized that the
opposing effects of neurotrophins depend on patterns of neu-
ronal cell death. In support of this, neurotrophins markedly
potentiate oxidative neuronal death in cortical and striatal cell
cultures that occurs exclusively through necrosis evident by
morphological, biochemical, and pharmacological criteria (18,
39, 58). Further study will be needed to determine whether
neurotrophins prevent the apoptosis component of ROS-induced
neuronal death.

Neurotrophins: direct triggers of neuronal cell
necrosis as prooxidants

Neurotrophins can induce neuronal cell death
exclusively through necrosis.  Extensive evidence indi-
cates that neurotrophins enhance neuronal differentiation and
survival. The neurotrophic activity of neurotrophins has been
demonstrated in central and peripheral neurons that have been
cultured in serum or defined media containing various antioxi-
dants, such as putrescin and selenium (1, 12). When the effects
of neurotrophins have been examined in mixed cultures of neu-
rons and glia in serum-free media lacking antioxidants, contro-
versial results have been observed. In particular, administration
of neurotrophins for 1 day renders neurons highly resistant to
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apoptotic insults, but extremely sensitive to necrotic insults by
excess activation of NMDA receptors or oxidative stress (31).
One striking result stems from widespread neuronal cell death
following prolonged (>2 days) exposure of mixed cortical cell
cultures to BDNE, NT-3, and NT-4/5 (29). The neurotrophin-
induced neuronal death is accompanied by swelling of cytoplasm
and its organelles (e.g., mitochondria), scattering condensation
of nuclear chromatin, and early collapse of plasma membrane
with relatively intact nuclear membrane, suggesting that neuro-
trophins induce direct neuronal death exclusively through necro-
sis. Intrastriatal injections of BDNF in adult rat also cause de-
generation of striatal neurons around the injection site 2 days
later.

ROS mediate neurotrophin-induced neuronal
necrosis (NINN).  Excitotoxicity and oxidative stress com-
prise two major routes for neuronal cell necrosis. Whereas nei-
ther NMDA receptor antagonists nor AMPA/kainate antagonists
blocked NINN, concurrentadministration of antioxidantscom-
pletely blocked NINN. Moreover, the overall level of ROS was
increased within 16 h selectively in cortical neurons following
exposure of cortical cell cultures to BDNF, which was blocked
with inclusion of antioxidants (29). This implies that neuro-
trophins induce direct neuronal death through ROS-mediated
mechanisms. Interestingly, the protein synthesis inhibitor cyclo-
heximide nearly completely blocked ROS production and neu-
ronal necrosis by neurotrophins, suggesting that NINN requires
ongoing macromolecular synthesis.

DNA microarray experiments were performed to screen
putative target genes that would mediate prooxidanteffects of
neurotrophins. As expected, administration of BDNF increased
mRNA expression of proteins associated with differentiation
and proliferation within 8§ h. BDNF also influenced mRNA
expression of proteins that play a role in metabolism, signal
transduction, and endocytosis. Among the BDNF-sensitive
genes, we demonstrated that NADPH oxidase, a prooxidanten-
zyme generating superoxide from oxygen, mediated the proox-
idant and pronecrotic effects of neurotrophins. First, adminis-
tration of BDNF increased mRNA and protein levels of NADPH
oxidase subunits selectively in cortical neurons prior to ROS
production. Second, activation of NADPH oxidase was con-
firmed by translocation of the cytoplasmic subunits, p47-phox
and p67-phox, into the plasma membrane. Consequently, su-
peroxide was produced in neurons exposed to BDNF. Third,
the selective inhibitors of NADPH oxidase, diphenyleneiodo-
nium or 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF),
prevented both ROS production and neuronal cell necrosis
evolving after administration of neurotrophin.

The production of ROS has been observed in various cell
types treated with growth factors, such as platelet-derived
growth factor (PDGF) and epidermal growth factor (EGF), as
well as NGF (2, 32, 52). Effector enzymes of growth factor
receptors have been investigated underlying growth factor-
induced production of ROS. Several lines of evidence suggest
that PI3-K and the small GTP-binding protein Rac (Raclor
Rac2) are required and sufficient for the production of ROS
in various cell types, including phagocytic cells after admin-
istration of PDGF or EGF (3, 51). PI3-K and Rac are also re-
quired for activation of NADPH oxidase (3, 54). Thus, it is
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conceivable to postulate that PI3-K and Rac may act as sig-
naling molecules underlying NADPH oxidase-mediated pro-
duction of ROS by neurotrophins. ROS can then act as media-
tors of neuronal cell necrosis, as well as cell differentiation
and proliferation.

CONCLUDING REMARKS

Neurotrophins enhance neuronal survival by interfering with
programmed cell death or apoptosis in the process of normal
development. The neuroprotectiveeffects of neurotrophinshave
been demonstrated in animal models of neurological diseases,
including Alzheimer’ disease, Parkinson’s disease, amyotrophic
lateral sclerosis, and hypoxic-ischemia. As oxidative stress is
a major cause of neuronal death in the neurological diseases
above, the therapeutic application of neurotrophins should be
compromised with their unwanted effects potentiating and in-
ducing neuronal cell necrosis under certain circumstances. In
particular, it is essential to determine the exact roles of exci-
totoxicity, oxidative stress, and apoptosis to neuronal death in
acute and chronic neurodegenerative diseases and to delin-
eate Trk-dependent signaling and molecular mechanisms un-
derlying antiapoptosis and pronecrosis (e.g., potentiation of
NMDA receptor-mediated excitotoxicity and production of
ROS) effects of neurotrophins.
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ABBREVIATIONS

AMPA, a-amino-3-hydroxy-5-metyl-4-isoxazolepropiaic
acid; BDNF, brain-derived neurotrophic factor; BSO, buthion-
ine sulfoximine; EGE, epidermal growth factor; ERK, extracel-
lular signal-related kinase; MAPK, mitogen-activated protein
kinase; NGF, nerve growth factor; NINN, neurotrophin-induced
neuronal necrosis; NMDA, N-methyl-D-aspartate; NOS, nitric
oxide synthase; NR2A, NMDA receptor 2A subtype; NT, neu-
rotrophic factor; p75NTR, p75 neurotrophin receptor; PDGF,
platelet-derived growth factor; PDK-1, 3-phosphoinositice-de-
pendent kinase-1; PI3-K, phosphoinositide 3-kinase; PLCvy,
phospholipase Cy; ROS, reactive oxygen species; Trk, tyrosine
kinase receptor; TUNEL, terminal deoxynucleotidyltransferase
mediated dUTP nick end labeling.
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