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Redox modulation by S-nitrosylation contributes to
protein misfolding, mitochondrial dynamics, and
neuronal synapticdamage inneurodegenerativediseases

T Nakamura1 and SA Lipton*,1,2

The pathological processes of neurodegenerative disorders such as Alzheimer’s and Parkinson’s diseases engender synaptic
and neuronal cell damage. While mild oxidative and nitrosative (nitric oxide (NO)-related) stress mediates normal neuronal
signaling, excessive accumulation of these free radicals is linked to neuronal cell injury or death. In neurons, N-methyl-D-
aspartate (NMDA) receptor (NMDAR) activation and subsequent Ca2þ influx can induce the generation of NO via neuronal NO
synthase. Emerging evidence has demonstrated that S-nitrosylation, representing covalent reaction of an NO group with a
critical protein thiol, mediates the vast majority of NO signaling. Analogous to phosphorylation and other posttranslational
modifications, S-nitrosylation can regulate the biological activity of many proteins. Here, we discuss recent studies that
implicate neuropathogenic roles of S-nitrosylation in protein misfolding, mitochondrial dysfunction, synaptic injury, and
eventual neuronal loss. Among a growing number of S-nitrosylated proteins that contribute to disease pathogenesis, in this
review we focus on S-nitrosylated protein-disulfide isomerase (forming SNO-PDI) and dynamin-related protein 1 (forming SNO-
Drp1). Furthermore, we describe drugs, such as memantine and newer derivatives of this compound that can prevent both
hyperactivation of extrasynaptic NMDARs as well as downstream pathways that lead to nitrosative stress, synaptic damage, and
neuronal loss.
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Excessive generation of reactive oxygen and nitrogen
species (ROS/RNS), including superoxide anion (O

2
K�) and

nitric oxide (NOK), contributes to neuronal cell injury
and death in neurodegenerative diseases.1–3 Under basal
conditions, mild activation of synaptic N-methyl-D-aspartate
(NMDA)-type glutamate receptors (NMDARs) can result in
physiological ROS and RNS production, which mediate
normal signaling to support neuronal function and survival.
However, under neurodegenerative conditions, overactiva-
tion of extrasynaptic NMDARs causes excessive influx of
Ca2þ ions, generating neurotoxic levels of ROS and RNS
(Figure 1).4 For instance, upon hyperactivation of NMDARs,
NADPH oxidase (NOX) and mitochondrial respiration produce
free radicals, principally superoxide O

2
K�.5 Increased Ca2þ

influx also activates neuronal NO synthase (nNOS) to
generate NO. In addition to nNOS, inducible NOS (iNOS) in
glial cells can produce significant amounts of NO independent
of NMDAR activation. Initially, the biological action of NO
was thought to be mediated principally via guanylate cyclase
activation and cyclic guanosine-30,50-monophosphate

(cGMP) production. However, beginning with our own work
in this area, over the past decade and a half, S-nitrosylation, a
covalent reaction of an NO group with a reactive cysteine thiol
on target proteins, has emerged as the principal mechanism
exerting NO bioactivity.6 The formation of S-nitrosoproteins
(SNO-Ps) generally regulates protein function either allosteri-
cally or by direct modification of an active site cysteine.6,7

Collaboration between the groups of Stuart Lipton and
Jonathan Stamler initially discovered and characterized this
biochemical process on the NMDAR, showing that NO inhibits
excessive NMDAR activity via S-nitrosylation.7 Currently,
nearly a thousand proteins have been identified as SNO-Ps,8

supporting the notion that NO exerts most of its biological
activity via S-nitrosylation, although the specific function of
most of SNO-Ps merits further investigation (Figure 2).
Analogous to phosphorylation, Lipton and Stamler coined
the term ‘S-nitrosylation,’ indicating a biological effect of the
chemical reaction of S-nitrosation.9 Importantly, S-nitrosyl-
ation can mediate either protective or neurotoxic effects
depending on the action of the target protein. Moreover, we
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have very recently shown that transnitrosylation (transfer of
the NO group) between proteins appears to be a prominent
mechanism of NO signaling that is just emerging in
importance.

In recent work, we and others have shown that S-nitrosylation
and subsequent further oxidation of critical cysteine residues can
lead to protein misfolding and mitochondrial dysfunction, both of
which are characteristic features of neurodegenerative dis-
eases. Misfolded proteins form aggregates in many neurode-
generative diseases, and soluble oligomers of these aberrantly
folded proteins are thought to adversely affect cell function by

interfering with normal cellular processes or initiating cell death
signaling pathways.10 As examples, a-synuclein and synphilin-1
in Parkinson’s disease (PD), and amyloid-b (Ab) and tau in
Alzheimer’s disease (AD) form toxic oligomers of non-native
secondary structures. Interestingly, many lines of evidence
suggest that the formation of larger aggregates may be an
attempt of the cell to wall off these toxic proteins.11 In addition,
neurodegenerative brains often manifest mitochondrial dysfunc-
tion, including accumulation of mutations in mitochondrial
DNA, increased generation of ROS, and decreased respiration
activity. These mitochondrial abnormalities may be engendered
from defects in mitochondrial dynamics, which is controlled
by fission and fusion of mitochondria. In this review, we
discuss specific examples highlighting (i) the critical role of
S-nitrosylation of an endoplasmic reticulum (ER) chaperone,
protein-disulfide isomerase (PDI), in accumulation of misfolded
proteins in neurodegenerative diseases (Figure 3),12 and (ii) the
contribution of S-nitrosylated dynamin-related protein 1 (Drp1) to
the pathological fragmentation of mitochondria and consequent
loss of synapses in neurodegenerative disorders (Figure 4).13

Generation of NO in Neuronal Cells

Three subtypes of NOS exist in the nervous system; the
two constitutive forms of NOS – nNOS and endothelial
NOS (eNOS) – take their names from the cell type in which
they were first found, and can be activated by cell Ca2þ . The
name of the third subtype – iNOS – indicates that expression
of the enzyme is induced by acute inflammatory stimuli.
For example, activated glial cells may produce neurotoxic
amounts of NO via iNOS expression in various neurodegen-
erative diseases. All three isoforms are widely distributed in
the brain and possibly involved in the process of neurode-
generation.

In neurons, nNOS is not only enriched in postsynaptic
structures but also localized in the cytoplasm. At synapses,
nNOS and other intracellular signaling molecules are coupled

Figure 1 Excessive stimulation of NMDARs triggers intracellular signaling
pathways leading to synaptic damage and neuronal cell loss. Hyperactivation of
NMDARs by glutamate (Glu) and glycine (Gly) induces excessive Ca2þ influx and
activation of nNOS leading to NO production. Ca2þ signaling also promotes ROS
generation via activation of NADPH oxidase and dysfunctional mitochondria. iNOS,
which is predominantly present in astrocytes, can produce toxic levels of NO,
representing NMDAR-independent NO synthesis. In addition to producing RNS and
ROS, NMDAR/Ca2þ signaling influences the activity of many other proteins
(examples are listed at right), contributing to synaptic dysfunction and neuronal
death

Figure 2 Representative examples of S-nitrosylated proteins that can regulate neuronal function. NO generated in the nervous system modulates the activity of various
proteins via S-nitrosylation (or further oxidation), controlling (a) redox responses, (b) synaptic function, (c) protein quality control, (d) mitochondrial function, (e) transcriptional
regulation, and (f) cell death and injury. Depending on the levels of NO, S-nitrosylation of these proteins can mediate either neuroprotective or neurodestructive pathways
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to NMDARs via PSD-95 protein complexes.14 Upon gluta-
mate stimulation of the NMDAR, Ca2þ enters into the
cytoplasm through the receptor’s ion channel. In conjunction
with the Ca2þ binding protein, calmodulin, Ca2þ influx then
triggers the activation of nNOS to generate NO from the amino
acid L-arginine (Figure 1).11,14 Moderate levels of NO,
produced under physiological conditions, trigger many normal
intracellular signaling pathways. In contrast, overstimulation
of NMDARs and resultant excessive Ca2þ influx promote
pathological signaling, contributing to cell injury and death via
production of toxic amounts of NO and other free radicals, as
well as other enzymatic processes (Figure 1).2,7,15–17 Such
hyperexcitation of NMDARs has a role in a variety of
neurological disorders ranging from acute hypoxic-ischemic
brain injury to chronic neurodegenerative diseases. Severe
overstimulation of excitatory receptors can cause necrotic cell
death, whereas less fulminant or chronic overstimulation can
cause apoptotic or other forms of cell death.16–18 Consistent
with this notion, disruption of either (a) the NMDAR/PSD-95
complex or (b) PSD-95/nNOS interaction decreases gluta-
mate-induced neurotoxicity. These results suggest that the
NMDAR/NO pathway potentially represents a therapeutic
target for a number of neurodegenerative diseases.19,20

In addition to synaptic NMDARs, extrasynaptic sites also
contain functional NMDARs. In general, synaptic NMDAR
activity signals to molecular pathways promoting neuronal
survival, for example, by enhancing transcriptional expression
of antioxidative enzymes.21 Conversely, excessive activation

of extrasynaptic NMDAR mediates molecular pathways that
trigger neurotoxicity associated with protein misfolding
and mitochondrial dysfunction (Figure 5).22 Recently, extra-
synaptic (in addition to synaptic) NMDARs were reported to be
associated with PSD-95,23 consistent with the notion that
nNOS/NO toxicity can have a role in cell death pathways
triggered by extrasynaptic NMDARs.

S-Nitrosylation Signaling Pathways in the Nervous
System

NO participates in cellular signaling pathways that regulate
broad aspects of brain function, including synaptic plasticity,
normal development, and neuronal cell death.15 These effects
were thought to be largely achieved by activation of guanylate
cyclase to form cGMP, but, as mentioned above, emerging
evidence suggests that a more prominent reaction of NO is
S-nitrosylation of regulatory protein thiol groups.4,6,7 S-Nitro-
sylation is the covalent addition of an NO group to a cysteine
thiol/sulfhydryl (RSH or, more properly, thiolate anion, RS�) to
form an S-nitrosothiol derivative (R-SNO). Such regulatory
modifications are broadly found in mammalian, plant, and
even in microbial proteins. One mechanism for the specificity
of S-nitrosylation involves the presence of a SNO motif
adjacent to the target cysteine. We and our colleagues initially
found that a consensus motif of nucleophilic residues
(generally an acid and a base) surrounds a critical cysteine,
increasing the susceptibility of the sulfhydryl to S-nitro-
sylation.6 Recent studies, involving proteomics, bioinformatics,

Figure 3 Possible signaling pathways whereby SNO-PDI contributes to protein
misfolding and neuronal damage. In PD, mitochondrial dysfunction caused by
pesticides, herbicides, or other environmental toxins can trigger NO and ROS
production, possibly via mitochondrial pathways and the NMDAR/Ca2þ

cascade.12,31,94,95 NO produced by NOS reacts with sulfhydryl groups of PDI to
form SNO-PDI, inhibiting its isomerase and chaperone activities. SNO-PDI
formation causes ER stress and a prolonged UPR, and thereby contributes to
neuronal cell injury, in part, by triggering accumulation of misfolded proteins

Figure 4 Possible signaling pathways that S-nitrosylated Drp1 contribute to
excessive mitochondrial fission and synaptic damage. Soluble oligomers of Ab
peptide, thought to be a key mediator in AD pathogenesis, can facilitate neuronal
NO and ROS production in both NMDAR-dependent and -independent manners.96–98

S-Nitrosylation of Drp1 (forming SNO-Drp1) causes excessive mitochondrial
fragmentation in neurodegenerative conditions. Compromised mitochondrial
dynamics may result in the impairment of bioenergetics, and thus contribute to
synaptic damage and eventually neuronal cell death
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and structural analyses, have confirmed this initial finding by
demonstrating that acidic and/or basic amino acids reside
generally within 6–8 Å of the S-nitrosylated cysteine resi-
due.24,25 The process of SNO-P formation is counterbalanced
by denitrosylation via enzymes such as thioredoxin/
thioredoxin reductase, class III alcohol dehydrogenase, PDI,
intracellular glutathione, or other mechanisms.26 Recently, we
and others have reported an additional S-nitrosylation path-
way that requires protein-protein transnitrosylation.27–29

Transnitrosylation reactions may propagate many NO-
mediated cellular signaling pathways via production of either
a denitrosylated protein (by donating an NO moiety to a
second protein), or a SNO-P (by accepting an NO group from
another protein), or both of these processes. As stated above,
accumulating evidence now suggests that S-nitrosylation is
analogous to phosphorylation in regulating the biological
activity of many proteins.6,7,12,30–33 However, the chemistry of
NO remains complex. NO is often a good ‘leaving group’,
resulting in further oxidation of the thiol to a disulfide bond
between neighboring (vicinal) cysteine residues. Alter-
natively, as NO ‘leaves’ for another reaction partner, the
remaining thiol group can react with ROS to yield sulfenic
(-SOH), sulfinic (-SO2H), or sulfonic (-SO3H) acid derivatives
on the cysteine residue of the protein.12,31,34 S-Nitrosylation
may also possibly produce a nitroxyl disulfide, in which the NO
group is shared by proximate cysteine thiols.35

At low (physiological) levels, NO can mediate neuroprotec-
tive functions. For example, our group first identified the
physiological relevance of S-nitrosylation by showing that NO
reacts with the NMDAR to downregulate its excessive activity.
Under excitotoxic conditions, S-nitrosylation of NMDARs can
thus provide neuroprotective affects.7 Specifically, we found
that NO can S-nitrosylate five different cysteine residues
on extracellular domains of NR1 and NR2 subunits of the
NMDAR, but cysteine residue no. 399 (Cys399) on the NR2A
subunit mediates Z90% of the NO’s effect under most
conditions.36 From crystal structure models and electro-

physiological experiments, we further found that S-nitrosyla-
tion of Cys399 may induce a conformational change in the
receptor protein that enhances glutamate and Zn2þ binding to
the receptor. The enhanced binding of glutamate and Zn2þ in
turn causes the receptor to desensitize and, consequently, the
ion channel to close.37 Interestingly, we also found that the
NMDAR becomes more sensitive to inhibition by S-nitro-
sylation, when oxygen tension is lowered to the levels
observed in normal brain (10–20 Torr) as opposed to
ambient air.38 In addition to the NMDAR, activity of other
membrane proteins, including specific subtypes of potassium
channels, sodium channels, and calcium channels, as well
as ryanodine receptors, are regulated by S-nitrosylation
(Figure 2).39–42 In some cases, S-nitrosylation of these ion
channels may contribute to neurodegenerative conditions.

In contrast, high levels of NO are thought to stimulate
neurotoxic pathways. Increased NO rapidly reacts with
superoxide anion, generated from both mitochondrial sources
and non-mitochondrial sources (e.g. NOX), to form the very
toxic product, peroxynitrite (ONOO�).5,7 Moreover, we and
other colleagues have also found that excessive (patho-
physiological) production of oxidative/nitrosative stress
contributes to neuronal cell death through S-nitro-
sylation of a number of targets, including MMP-9, cyclo-
oxygenase-2, N-ethylmaleimide sensitive factor, and GAPDH
(Figure 2).7,32,34,43,44 For instance, Solomon Snyder’s group
has extensively characterized the pathological consequence
of SNO-GAPDH. S-Nitrosylation of GAPDH augments its
binding to Siah, which possesses a nuclear localization signal,
and thus precipitates the translocation of the GAPDH/Siah
complex into the nucleus. In the nucleus, SNO-GAPDH
influences many signaling molecules, such as p300/CBP,
SIRT1, and HDAC2, to initiate apoptotic cascades.27,32,45

Interestingly, a cytosolic protein, GOSPEL, or the monoamine
oxidase inhibitor R-(-)-deprenyl (deprenyl) appeared to exhibit
neuroprotective effects at least in part by inhibiting the
GAPDH-Siah interaction.46,47 Collectively, these studies

Figure 5 ‘UFO’-type neuroprotective drugs, like memantine and NitroMemantine, preferentially block extrasynaptic NMDARs. Physiological synaptic activity of the
NMDAR is required for neurotransmission and neuronal cell survival. In contrast, excessive activation of extrasynaptic NMDARs induces synaptic injury and neuronal loss, and
is often associated with the accumulation of misfolded proteins as well as mitochondrial dysfunction. Conventional NMDAR antagonists, such as MK-801, completely block all
receptor activity, including physiological synaptic activity, and thus result in severe side effects and clinical intolerability. Memantine and the newer NitroMemantine drugs
preferentially block excessive (pathological) extrasynaptic NMDA receptor activity, while relatively sparing normal (physiological) synaptic activity89,90
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suggest a potential contribution of SNO-GAPDH-mediated
neuronal cell death in neurodegenerative disease pathogenesis.

In addition, recent evidence suggests that the presence of
excessive NO-related species may have a significant role in
the mechanism of protein misfolding. However, until recently
little was known regarding the underlying molecular and
pathogenic events whereby NO contributes to the formation of
aggregates such as amyloid plaques in AD or Lewy bodies in
PD. We and others recently presented pathophysiological and
chemical evidence that S-nitrosylation regulates the isomer-
ase and chaperone activities of PDI,12 contributing to protein
misfolding and neurotoxicity in models of neurodegenerative
disorders.

Furthermore, increased nitrosative stress can elicit dys-
function of mitochondrial dynamics (fission and fusion
events), resulting in the generation of excessive mitochondrial
fragmentation.48,49 Although the exact mechanism for this
remains enigmatic, our recent findings have shed light on the
molecular events underlying this relationship, particularly
in AD. Specifically, we have recently discovered (patho)
physiological and chemical evidence that S-nitrosylation
increases the GTPase activity of the mitochondrial fission
protein, Drp1, consequently precipitating mitochondrial frag-
mentation. We found that excessive mitochondrial fragmenta-
tion is triggered in this manner by oligomeric Ab peptide, via
increasing NO production, and results in bioenergetic impair-
ment, synaptic damage, and eventually frank neuronal loss
in models of AD.13

S-Nitrosylated PDI Mediates Protein Misfolding and
Neurotoxicity in Models of Neurodegenerative Diseases

Healthy neurons generally do not accumulate protein aggre-
gates, suggesting that the appearance of such structures is a
response to pathological stresses. Considerable evidence
suggests that misfolded or otherwise abnormal proteins
are produced even in healthy cells. The difference can largely
be accounted by cellular mechanisms for quality control, such
as (1) molecular chaperones that promote proper folding
of proteins and reduce toxic aggregation, (2) the ubiquitin-
proteasome system (UPS) that targets misfolded proteins
for degradation, (3) the unfolded protein response (UPR)
that upregulates ER-resident chaperones to ameliorate the
accumulation of unfolded proteins, and (4) lysosomal-autop-
hagic degradation that is responsible for the removal of large
protein complexes. For instance, a reduction in molecular
chaperone or proteasome activity under pathological condi-
tions can result in deposition and accumulation of aberrant
proteins either within or outside of cells in the brain. In this
manner, several mutations in molecular chaperones or UPS-
associated enzymes are known to contribute to neurodegen-
eration.10 For example, a reduction in proteasome activity has
been reported in the substantia nigra of PD patients,50 and
overexpression of the molecular chaperone HSP70 prevented
neurodegeneration in in vivo animal models of PD.51

Aggregated proteins were first considered to be pathogenic.
Subsequent evidence suggested, however, that macroscopic
aggregates are ‘an attempt’ by the cell to sequester aberrant
proteins, while, in contrast, soluble (micro-) oligomers of such
proteins are the most likely toxic forms.11 Generally, the

molecular quality control machinery of the cell can detoxify
both large and small toxic aggregates; however, it is perhaps
worth noting that excessive or persistent activation of quality
control systems, especially the UPR and autophagy, may
contribute to cell death, in part, via generation of ROS/RNS.

We recently reported that S-nitrosylation of PDI (forming
SNO-PDI) disrupts normal protein folding and its neuro-
protective role, particularly in PD conditions.12 In the ER, PDI
normally facilitates proper protein folding by introducing
disulfide bonds into proteins (oxidation), breaking disulfide
bonds (reduction), and catalyzing thiol/disulfide exchange
(isomerization), thus facilitating disulfide bond formation,
rearrangement reactions, and structural stability of the mature
protein.52 In this regard, PDI also has molecular chaperone
activity capable of stabilizing the correct folding of substrate
proteins. Increased expression of a PDI homologue, PDIp,
in neuronal cells under the conditions mimicking PD, has
suggested the possible contribution of PDIp to neuronal
survival.53 In many neurodegenerative disorders and in
cerebral ischemia, the accumulation of immature and dena-
tured proteins results in ER dysfunction,53 and upregulation of
PDI represents an adaptive response promoting protein
refolding that may offer some degree of neuronal protection.53

We have recently reported that excessive NO, as well as
rotenone exposure, which is known to lead to PD, can lead to
S-nitrosylation of the active-site thiols of PDI, inhibiting its
isomerase and chaperone activities.12 Formation of SNO-PDI
led to accumulation of misfolded and polyubiquitinated
proteins, resulted in prolonged UPR activation, and thus
participated in persistent ER stress. Consequently, S-nitro-
sylation of PDI prevented the ability of PDI to attenuate
neuronal cell death triggered by ER stress, resulted in
misfolded proteins, and contributed to proteasome dysfunc-
tion. Also, we found that PDI was S-nitrosylated in the brains
of virtually all cases of sporadic AD and PD that were available
to us for study. Taken together, these results suggest that
SNO-PDI can mediate protein misfolding and consequently
neuronal cell injury or death (Figure 3).

Interestingly, when misfolding stress is very severe, despite
its well-characterized neuroprotective function, PDI can
trigger caspase-dependent neuronal apoptosis pathways.54

In a recent report, newly discovered inhibitors of PDI revealed
that PDI accumulates at mitochondrial-associated ER mem-
branes, increasing the formation of disulfide-linked Bak
oligomers, thus promoting mitochondrial outer membrane
permeabilization-mediated apoptotic signaling. This finding
suggests that PDI is a bifunctional protein that can protect or
enhance cell death depending on the cellular circumstances.
For instance, PDI can provide a first line of defense by
correcting protein misfolding, but under severe neurodegen-
erative conditions, PDI can contribute to neuronal cell death.54

An alternative view might be that PDI is S-nitrosylated under
conditions of severe ER stress and thus it is the posttransla-
tional modification of PDI that triggers its neurodestructive
role. Further studies therefore are required to investigate
whether SNO-PDI is localized in a mitochondrial fraction and
thus effects this neurotoxic activity of PDI. To date, we have
not found detectable levels of SNO-PDI in normal aged brain,
but only in disease states, suggesting that this posttransla-
tional modification may represent a therapeutically approachable
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target as it apparently occurs only in degenerative condi-
tions.12,30,31 In summary, our findings suggest that
S-nitrosylation of these and similar proteins may represent a
key mechanism contributing to neurodegenerative conditions.

S-Nitrosylation of Drp1 Mediates Mitochondrial Fission
and Neurotoxicity in Cell Models of AD

NO has also been reported to regulate mitochondrial
function. Under physiological conditions, the NO-cGMP
pathway induces mitochondrial biogenesis through peroxi-
some proliferator-activated receptor g coactivator 1a.55 In
contrast, increased nitrosative stress can result in defects in
mitochondrial function. For example, S-nitrosylation affects
mitochondrial respiration by reversibly inhibiting complexes I
and IV,56–58 and formation of a SNO-complex I has been
implicated in PD.59,60 Mitochondria thus compromised will
release ROS, and this in turn could contribute to brain
aging and/or pathological conditions associated with neuro-
degenerative diseases.

Neurons are particularly vulnerable to mitochondrial defects
because they require high levels of energy for maintenance of
synapses, survival, and specialized functions. In models of
PD, pesticides, herbicides, and other environmental toxins,
such as MPTP and rotenone, specifically inhibit mitochon-
drial complex I, generating excessive ROS/RNS, and thus
recapitulating many features of sporadic PD, including
degeneration of dopaminergic neurons, overproduction
and aggregation of a-synuclein, accumulation of Lewy body
intraneuronal inclusions, and impairment of behavioral func-
tions.1,12,30,31,61 Also, in AD models, accumulation of Ab or tau
proteins can induce deficits in the mitochondrial respiratory
pathway.62

In healthy neurons, the physiological processes of mito-
chondrial fission and fusion can counteract mild mitochondrial
defects. For example, mitochondrial biogenesis, an event that
produces new mitochondria as a consequence of mito-
chondrial fission, can provide high concentrations of ATP
at the synapse, preventing a loss of synaptic transmission
and structure.63–65 The fission/fusion machinery proteins are
known to maintain mitochondrial integrity and insure that
new mitochondria are generated at critical locations. These
proteins include Drp1 and Fis1, acting as fission proteins, and
Mitofusin (Mfn) and Opa1, operating as fusion proteins.66

In both familial and sporadic neurodegenerative conditions,
abnormal mitochondria regularly appears in the brain as a
result of dysfunction in the fission/fusion machinery. For
instance, genetic mutations in Mfn2, OPA1, or Drp1 disturb
mitochondrial dynamics, causing neurological defects such as
certain forms of peripheral neuropathy and optic atrophy.67–70

These fission/fusion proteins are widely expressed in
human tissues, but as defects preferentially affect nervous
tissue, clearly neurons are particularly sensitive to mitochon-
drial dysfunction.

Additionally, analyses of autopsy and biopsy samples
reveal that mitochondria isolated from sporadic AD brains
exhibit diminished respiratory capacity,71 and AD neurons
contain a number of mitochondria with fractured cristae.72,73

Moreover, electron-microscopic studies have found an
increase in mitochondrial fragmentation in human AD

brains.74,75 In cell-based models, Ab production results in
the appearance of fragmented and abnormally distributed
mitochondria,48,76 suggesting that Ab (probably in the form
of soluble oligomers) may trigger excessive mitochondrial
fission in AD patients. Pathological forms of tau may also
contribute to mitochondrial fragmentation in AD brains as
expression of caspase-cleaved tau-induced mitochondrial
fission in a calcineurin-dependent manner.77 Finally, it should
be noted that dysfunction in mitochondrial dynamics has been
associated with PD as well as AD, and these findings have
been reviewed in detail elsewhere.78,79

In several neurodegenerative diseases, in particular AD,
synaptic damage in the hippocampus and cerebral cortex is
thought to account for cognitive decline. Emerging evidence
suggests that disruption of mitochondrial distribution and
bioenergetics in synaptic structures, in part due to abnormal
mitochondrial dynamics, can contribute to synaptic loss.80

Additionally, degenerating AD brains contain aberrant accu-
mulations of misfolded, aggregated proteins – Ab and
tau – which can adversely affect neuronal connectivity and
plasticity, and eventually trigger cell death signaling pathways
leading to neurodegeneration. Recently, our group reported
that S-nitrosylation of Drp1 at Cys644 mediates Ab-induced
disruption of mitochondrial dynamics, contributing to synaptic
injury and neuronal damage, as described below.13

Drp1 includes four distinct structural domains: an
N-terminal GTPase domain, a dynamin-like middle domain,
an insert B domain, and a C-terminal GTPase effector domain
(GED) domain. Cys644 resides within the GED of Drp1, which
influences both GTPase activity and oligomer formation
of Drp1.81–83 S-Nitrosylation of Drp1 (forming SNO-Drp1)
induces formation of Drp1 dimers, which function as building
blocks for tetramers and higher order structures of Drp1,
and activates Drp1 GTPase activity; however, we found
that mutation of Cys644 to Ala (C644A) abrogates these
effects of NO.

We further demonstrated that exposure to oligomeric Ab
peptide results in formation of SNO-Drp1 in cell culture
models. Moreover, we and our colleagues have observed that
Drp1 is S-nitrosylated in the brains of virtually all cases of
sporadic AD that we examined.13,75 In order to determine the
consequences of S-nitrosylated Drp1 in neurons, we exposed
cultured cerebrocortical neurons to the physiological NO
donor, S-nitrosocysteine, or to Ab oligomers and found that
both induced SNO-Drp1 formation and led to the accumula-
tion of excessively fragmented mitochondria (Ab was already
known to induce the generation of NO in neurons). Finally, in
response to Ab, SNO-Drp1-induced mitochondrial fragmenta-
tion caused synaptic damage, an early characteristic feature
of AD, and subsequently apoptotic neuronal cell death. Impor-
tantly, blockade of Drp1 nitrosylation (using the Drp1(C644A)
mutant) prevented Ab-mediated mitochondrial fission, synap-
tic loss, and neuronal cell death, suggesting that the post-
translational modification (S-nitrosylation) of Drp1 contributes
to the pathogenesis of AD. Thus, SNO-Drp1 may represent a
potential new therapeutic target for protecting neurons and
their synapses in sporadic AD.

Multiple groups, including our own, have now reported
S-nitrosylation and subsequent activation of dynamin family
members, including Drp1.13,75,84,85 In contrast, a single group
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has recently raised some concerns regarding the work, in
particular related to the ability of S-nitrosylation to influence
formation of dimers or higher order structures of Drp1 and to
increase its GTPase activity.86 It should be noted, however,
that in this contradictory report the authors used recombinant
Drp1 that was already oxidized, and was thus already
maximally dimerized or oligomerized.86 Such artifactual
oxidation can occur, for example, if recombinant protein is
prepared and kept in ambient air for a long period. Importantly,
when a large portion of Drp1 is already oxidized and thus
activated, it would prevent NO/S-nitrosylation from stimulating
Drp1 activity. Under physiological conditions, NO can activate
Drp1 via S-nitrosylation of cysteine 644 because Drp1 exists
in a non-oxidized form (see Nakamura et al. 87 for a detailed
discussion on these topics). Also, the contrary group was able
to show only a small increase in the SNO-Drp1 levels under
AD conditions,86 despite the fact that at least two independent
groups have encountered markedly elevated levels of SNO-
Drp1 in AD brains.13,75 This discrepancy is apparently due to
the very high background observed in the control brains of the
Bossy–Wetzel study. Conceivably, the use of an extremely
large amount of brain lysate could account for such high
background levels of nitrosylation under basal conditions,
preventing them from detecting elevated SNO-Drp1 levels in
AD brains.

Redox-Mediated Posttranslational Modifications may
Mimic the Phenotype Caused by Rare Genetic Mutations
Encoding Mitochondrial Fission and Fusion Proteins

Rare hereditary mutations in the genes encoding mitochon-
drial fission and fusion proteins can cause neurological
diseases, including dominant optic atrophy and Charcot–
Marie Tooth disease. Our recent studies as well as the work of
other groups now suggests that posttranslational redox
modification, such as S-nitrosylation or sulfonation, of these
proteins can contribute to altered mitochondrial dynamics,
protein misfolding, and neuronal dysfunction, in some sense
mimicking or lowering the threshold for the effect of these rare
genetic mutations. It is our feeling that this general mechan-
ism may in fact represent a common etiology for sporadic
cases of many neurodegenerative conditions, which repre-
sent the vast majority of affected patients.

Memantine Provides Neuroprotection Against
NMDAR-Induced Excessive Ca2þ Influx and Oxidative/
Nitrosative Stress in Cell-Based Models

Oxidative and nitrosative stress mediate, at least in part,
glutamate-induced neuronal cell injury and death, and several
antioxidant molecules have been reported to protect neurons
against such assaults.18,88 One mechanism that could
potentially curtail excessive Ca2þ influx, and the resultant
formation of neurotoxic ROS and RNS is inhibition of NMDAR
hyperactivation. However, high-affinity NMDAR antagonists
(e.g. MK-801) block virtually all NMDAR activity, including the
physiological synaptic activity that is required for neuronal
signaling and survival, and therefore are not clinically
tolerated. In contrast, we have demonstrated that the
adamantane derivative, memantine, preferentially blocks

excessive (pathological/extrasynaptic) NMDAR activity while
relatively sparing normal (physiological/synaptic) activity.89,90

Memantine effectively blocks only excessively open channels
through an uncompetitive mechanism of action in conjunction
with a relatively fast off-rate, resulting in relatively low affinity
for the NMDAR. Despite its low affinity for the NMDAR,
memantine is still relatively selective for this receptor. As the
action of an uncompetitive antagonist is contingent upon
previous activation of the receptor by the agonist (i.e.
glutamate), a fixed low dose of memantine blocks higher
concentrations of agonist to a relatively greater degree than
lower concentrations of agonist; hence, in an apparent
paradox, we showed that a given concentration of memantine
provides greater protection when more glutamate is present.
The relatively fast off-rate of memantine is a major contributor
to the drug’s low affinity for the NMDAR as well as its clinical
tolerability because this property insures that once excessive
activity is normalized, the drug will leave the channel and not
disrupt subsequent physiological neurotransmission. Thus,
the critical features of memantine’s mode of action are its
Uncompetitive mechanism and Fast Off-rate, constituting
what we have termed a ‘UFO’ drug – a drug that is present at
its site of inhibitory action only when you need it and then
quickly disappears. A number of studies in vitro and in animal
models of neurodegenerative diseases and stroke have
shown that memantine protects neurons from NMDAR-
mediated excitotoxic damage.91 In light of three successful
human phase 3 clinical trials, the FDA approved memantine
for the treatment of moderate-to-severe AD, and the drug is
being tested in a number of other neurodegenerative
conditions.

Recently, we developed an improved derivative of mem-
antine based upon a combinatorial drug combining meman-
tine and the active moiety of nitroglycerin (–NOx, where x¼ 1
or 2). These new drugs, called NitroMemantines, use meman-
tine to target the NO group to the nitrosylation sites of
the NMDAR.3,92 Because memantine, as an uncompetitive
antagonist preferentially enters overactive NMDAR-coupled
channels, it serves to bring NO directly to the NMDAR where it
helps to curtail excessive activity, while avoiding other
reactions of NO that could potentially be neurodestructive.
Preliminary studies show that NitroMemantines are more
effective neuroprotectants in vitro and in animal models than
memantine and at lower concentrations.3,93 Though much
research remains to be done on these second generation
NitroMemantine drugs, the combination of memantine with
an NO group has created a new improved class of UFO
drugs that should prove to be both clinically tolerated and
neuroprotective.

Conclusions

Excessive production of ROS and RNS is thought to be a
contributing factor to the sporadic forms of neurodegenerative
diseases. NMDAR hyperactivation, protein misfolding, and
mitochondrial dysfunction all contribute to neuronal damage
and synaptic loss via excessive nitrosative and oxidative
stress. Here, we have described a molecular mechanism
involving S-nitrosylation of PDI and Drp1 that links free radical
production, protein misfolding, and abnormal mitochondrial
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dynamics to neuronal cell injury in neurodegenerative
disorders. These findings have important implications for
new drug discovery efforts targeting aberrant S-nitrosylation
pathways, and suggest that elucidation of additional
S-nitrosylation pathways should help us attain a more
complete understanding of the molecular processes involved
in NO-mediated neurodegeneration. Furthermore, our find-
ings highlight the importance of carefully characterizing
SNO-proteins that may become candidate targets for future
treatments of neurological disorders.
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