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Abstract. In spite of tremendous research efforts we have not yet achieved two of our principal therapeutic goals in the
treatment of Parkinson’s disease (PD), to prevent its onward progression and to provide restoration of systems that have
already been damaged by the time of diagnosis. There are many possible reasons for our inability to make progress. One
possibility is that our efforts thus far may not have been directed towards the appropriate cellular compartments. Up until now
research has been largely focused on the loss of neurons in the disease. Thus, neuroprotection approaches have been largely
aimed at blocking mechanisms that lead to destruction of the neuronal cell body. Attempts to provide neurorestoration have
been almost entirely focused on replacement of neurons. We herein review the evidence that the axonal component of diseased
neuronal systems merit more of our attention. Evidence from imaging studies, from postmortem neurochemical studies, and
from genetic animal models suggests that the axons of the dopaminergic system are involved predominantly and early in
PD. Since the mechanisms of axonal destruction are distinct from those of neuron cell body degeneration, a focus on axonal
neurobiology will offer new opportunities for preventing their degeneration. At present these mechanisms remain largely
obscure. However, defining them is likely to offer new opportunities for neuroprotection. In relation to neurorestoration,
while it has been classically believed that neurons of the adult central nervous system are incapable of new axon growth,
recent evidence shows that this is not true for the dopaminergic projection. In conclusion, the neurobiology of axons is likely
to offer many new approaches to protective and restorative therapeutics.

Keywords: Axons, neurodegeneration, autophagy, Wallerian degeneration

INTRODUCTION:
PD AND THE NEUROBIOLOGY OF
AXONS

Parkinson’s disease (PD) has been estimated to
affect over 4 million individuals in 2005 in the five
most populous nations in Western Europe and the
ten most populous nations of the rest of the world.
This number is projected to more than double, to
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about 9 million, by 2030 [1]. In the United States
the economic burden of the disease was estimated
to be $14.4 billion in 2010, with a predicted 1.7-
fold increase in medical costs alone by 2030 [2].
In spite of the social, economic and emotional bur-
dens imposed by this disease we have not yet been
able to provide therapies that either forestall its pro-
gression or provide restoration of damaged neural
systems. This deficiency in available therapeutics per-
sists in spite of decades of intensive studies that have
shed much light on our understanding of the molecu-
lar and genetic aspects of PD and have shown that
a number of cellular mechanisms, such as protein
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clearance, mitochondria failure, programmed cell
death, autophagy and inflammation are likely to con-
tribute to its pathogenesis. In spite of these many
gains, the specific cause of the disease remains
unknown, and this lack of knowledge has undoubt-
edly contributed to our lack of success thus far in
efforts to develop better treatments [3].

In this review we will try to make the case that
another possible reason for our lack of progress in
developing neuroprotective and restorative therapies
for PD is that we have neglected the importance of the
axonal degeneration that occurs. In spite of the evi-
dence, which we shall review, suggesting that axons
are involved early and predominantly, most research
discussions up until now about disease pathogenesis
and experimental therapeutics have focused mainly
on the loss of neurons alone. Thus, in formulating
strategies for neuroprotection, the discussion almost
always is about preventing neuron death. Likewise,
in exploring approaches to restoration in PD, the
focus has been entirely on diverse approaches to
cell replacement with very little consideration being
given to axon growth, pathfinding and target con-
tact. There are a number of possible reasons why
PD research has been so focused on neuronal cell
bodies, perhaps the simplest being that neurons are,
of course, easily observed in postmortem material,
whereas the demonstration of axons requires special
techniques and especially high quality preservation
of the tissue samples. In addition, neuron cell bodies
are much easier to study experimentally both in vitro
and in vivo and consequently we have a more exten-
sive knowledge about the molecular mechanisms of
their survival and death. In the case of cell death
the tremendous amount of information that we have
acquired about the many pathways of programmed
cell death for the most part applies to the neuron soma.
The mechanisms of axon degeneration are largely dis-
tinct from those of programmed cell death and much
less well known [4].

We will review the evidence that axon loss is an
early and predominant feature of PD and likely to be
a retrograde form of degeneration. We will in addition
provide an overview of the different mechanisms of
axonal degeneration which indicate that this process
may occur through a local self-destruction program,
distinct from the events that take place during the
death of the neuronal soma. Based on these obser-
vations, we will suggest that the biology of axons is
more deserving of our attention in trying to under-
stand the pathogenesis of PD and to improve its
treatment.

AXON DEGENERATION IS AN EARLY
AND PREDOMINANT FEATURE OF PD

Evidence from postmortem and imaging studies
in humans

There have been varying estimates in the literature
of how many dopaminergic neurons are lost in the
substantia nigra (SN) by the time the first motor signs
of the disease appear. Estimates as high as 80% have
been made [5], but more often estimates of about 60 to
70% are given [6, 7]. However, the number is likely to
be considerably less. Among three independent quan-
titative morphologic studies there was a remarkable
consistency, with each suggesting about a 30% loss
of SN neurons at the time of onset of motor signs
[8–10] (reviewed in Cheng et al., 2010 [11]).

In contrast, several observations suggest that at
the time of disease onset there is a greater extent of
loss of striatal axon terminal markers. Numerous
imaging studies have examined the relationship
between striatal dopaminergic marker loss and onset
of motor signs. Among those that have used ligands
for the dopamine transporter (DAT) or for the vesic-
ular monoamine transporter (VMAT) (which are
preferable for this purpose [12]), estimates of 50–70%
loss are typical (reviewed in Cheng et al., 2010 [11]).

Kordower at al., have evaluated the integrity of
the nigrostriatal dopamine system in 28 brains from
PD patients at multiple time points following diagno-
sis [13]. Using tyrosine hydroxylase (TH) and DAT
as markers for dopamine function, they showed that
fibers in the dorsal striatum, which underlie motor
function in PD, are only moderately affected at 1
year, more severely affected at 3 years and virtually
absent by years 4–5 and thereafter. The decrease in the
number of TH positive neurons in the SN was highly
variable but robust even at the earlier time points with
a relatively minor loss over the time and with a resid-
ual population of TH positive neurons even decades
after diagnosis. In an earlier study the Kordower lab-
oratory had reported that little difference was seen
between age-matched controls and Hoehn and Yahr
Stage I PD patients in the immunostaining for TH-
positive neurons in the SN, but a severe reduction in
staining of axonal terminal structures in the putamen
was observed in the patient group, indicating an early
involvement of axons [14].

These observations suggesting that about 30% of
SN dopamine neurons and about 50–70% of striatal
dopaminergic terminals are lost by the time of symp-
tom onset are supported by observations in incidental
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Lewy body disease (ILBD). This is a condition in
which many Lewy bodies are observed in postmortem
brains, but the patient was asymptomatic during life.
There is a good consensus that these cases are likely
to represent presymptomatic PD. Among such cases
the loss of SN dopamine neurons was found by Fearn-
ley and Lees to be 27%, just beneath the estimated
threshold of 30% for symptomatic patients [8]. Mea-
surement of striatal TH levels by ELISA in such
patients found a 50% reduction, in keeping with an
estimate of a 50–70% reduction as symptoms appear
[15].

Given the critical role that synuclein plays in the
pathogenesis of PD [16], it is worthwhile to con-
sider what is known about the site of appearance of
synuclein pathology. There has been a great focus
on the appearance of Lewy bodies, which are com-
posed primarily of synuclein, and which typically
are identified in the neuron soma. However, with the
development of new antibodies and staining proto-
cols it has become apparent that synuclein pathology
is abundant in axons [17, 18] and in some studies it
has been identified predominantly in axons. With the
use of a paraffin-embedded tissue blot technique, in
which tissue sections are subjected to digestion, the
greatest abundance of synuclein aggregates is found
in the neuropil, not in cell bodies [19] in dementia
with Lewy bodies (DLB) brains. DLB is believed by
many to be closely related to PD [20]. Furthermore,
these studies show that the preponderance of synu-
clein small aggregates in DLB brains are entrapped
within presynaptic terminals. Thus, there is evidence
that synuclein pathology is abundant in axons and
presynaptic terminals, consistent with the observa-
tion that its normal localization is predominantly in
presynaptic terminals. A role for synuclein pathology
in axonal dysfunction is also supported at the single
fiber level by the observations of Chu and colleagues,
who noted a loss of the axon transport protein kinesin
in axons with positive synuclein phospho-serine 129
immunostaining [14].

While the above cited evidence indicates that axons
are involved early and predominantly in PD, it does
not provide information about the pattern of axonal
involvement; i.e., does it start proximal to the cell
soma and proceed anterograde, or does it begin dis-
tally and proceed retrograde? There have been few
studies attempting to examine this question. Orimo
and colleagues have used the known involvement of
peripheral autonomic neurons and their axons in PD
to explore the timing of events [21]. Based on pat-
terns of synuclein pathology and TH immunostaining

in cardiac sympathetic axons and ganglia in patients
with ILBD, PD, and controls, they concluded that the
disease process begins in the distal axon and proceeds
retrograde.

Evidence from genetic animal models

Many genetic animal models of PD have been cre-
ated and although none of them fulfills all the key
featuresof thedisease,particularlyneurodegenerative
change in the nigrostriatal dopaminergic projection,
mild deficits in dopamine transmission and behavioral
impairments have been identified in some, thereby
providing insight into the pathophysiological changes
that precede actual neurodegeneration [22]. While
these models have been informative for understand-
ing some molecular pathways that may be relevant
to PD [23], because they have not recapitulated the
pathological hallmarks, their implications are limited.
However, more recently, some transgenic and virus-
induced models using more specific gene promoters
and more efficient vector constructs have been able to
recreate some of the cardinal morphological features
of the disease observed in the nigrostriatal dopaminer-
gic system. A number of these models support the idea
that axonopathy is an early feature of PD (Table 1).

Among the models that have used synuclein, either
the wildtype or mutant forms, those using viral vec-
tor transduction of dopamine neurons of the SN have
been the most helpful in delineating the sequence of
pathological events. Chung and colleagues created a
model of synuclein overexpression in SN dopamin-
ergic neurons in the rat by transduction with an AAV
2 vector in which human A53T synuclein expres-
sion was regulated by the neuronal synapsin promoter
[24]. At 4 and 8 weeks following AAV injection
they observed no SN dopamine neuron loss, but at
both time points they identified by TH immunohis-
tochemistry striatal axonal pathology characterized
by dystrophic, swollen neurites. In addition, before
neuron loss occurred there were specific reductions
in axonal anterograde transport proteins. In associa-
tion with these alterations in axon morphology and
proteins, an inflammatory response was identified in
the striatum, but not SN, by the demonstration of
activated microglia.

Using an AAV vector construct containing the
neuron-specific synapsin-1 promoter and a WPRE
enhancer element to drive human synuclein expres-
sion, Decressac and co-investigators were able to
detect important structural and functional impair-
ments in the dopaminergic system [25]. Three weeks
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after virus injection they observed loss of stri-
atal TH-positive axon terminals, the appearance of
synuclein-positive axonal swellings and dystrophic
neurites. These abnormalities occurred when the
mice showed limited dopamine neuron cell loss and
before they displayed any motor deficits. The authors
concluded that the progressive degenerative changes
seen in the transduced dopaminergic neurons over
time support the idea that the synuclein pathology
affects the axons and terminals first and later pro-
gresses to involve the neuronal cell bodies.

Observations in a BAC transgenic mouse model
expressing the human disease-causing LRRK2
(R1441G) mutant indicate that the earliest pathol-
ogy in the dopaminergic system occurs in the axons.
Between 2 to 4 months of age, these mice demonstrate
an axonopathy that is characterized by the presence
of “giant”, polymorphic axonal spheroids (>90 �m3)
observed in the medial forebrain bundle (MFB)
and striatum [26]. These spheroids are packed with
autophagic vacuoles. In addition, these mice show
autophagy in the axoplasm of axons in the MFB and
intra-axonal myelin invagination. At 2 to 4 months,
when these axonal abnormalities appear, there is
a normal number and morphology of dopamine
neuronal cell bodies and dendrites in the SN by light
microscopy and ultrastructural analysis. As they
age, the mutant animals develop progressive motor
deficits and robust signs of axonopathy with the
presence of dystrophic neurites, expression of phos-
phorylated tau, and axonal spheroids in dopaminergic
fibers [27]. Even as they age, these animals show
no decrease in the number of dopamine neurons in
the SN pars compacta (SNpc). The observation that
axonal pathology is the initial abnormality in the SN
dopaminergic system in these transgenic mice sug-
gests that the role of LRRK2 in the biology of axons
may be of primary importance in the pathogenesis
of PD. Further evidence indicates that LRRK2 may
play in role in the development and maintenance of
neurites. Several mutant forms of LRRK2 induced
degeneration of neurites in primary cortical neuron
cultures [28]. Plowey and co-investigators observed
in differentiated SH-SY5Y cells that the G2019S
mutant induced shortening of neurites accompanied
by the activation of autophagy [29].

The gene engrailed1 (En1), encodes a protein that
is expressed in developing and mature dopamine neu-
rons [30, 31] and it has been postulated to be a risk
factor for sporadic PD [32, 33]. Heterozygous null
En1 transgenic mice show progressive degeneration
of the dopaminergic nigrostriatal system at the level

of the axonal terminals several weeks before the loss
of nigral dopaminergic neurons is evident [34]. These
mice show VMAT2 and DAT positive spheroidal dys-
trophic terminals in the striatum as early as postnatal
day 8 and an increase in their number through 4 and
24 weeks. However, the number of TH positive neu-
rons in the SN was normal at 4 weeks and a decrease
of 18% was not observed until 16 weeks. In the
striatum, swollen axons contained autophagic vac-
uoles. In association with these changes, increased
phosphorylation of the kinase mTor and one of its
downstream targets, pS6, were identified. Since mTor
activation negatively regulates autophagy, this com-
bination of findings suggests that either mTor is being
upregulated as a compensatory response to attempt
to maintain axonal integrity, or that the increased
number of autophagic vacuoles is due to diminished
‘throughput’. The latter possibility is suggested by the
diminished amount of LC3, an autophagic marker.

The transcription factor Nurr1 is critical for the
development of dopamine neurons of the midbrain
[35]. In addition, it may play a role as a genetic
risk factor for PD. Mutations in exon 1 of Nurr1
were reported to be associated with PD [36]. While
other investigators were unable to confirm these early
observations [37, 38], more recently a mutation in
the 5’ UTR of the Nurr1 gene has been identified and
shown to reduce Nurr1 mRNA expression in neuronal
cell lines and human brain tissue [39]. Functionally,
the mutation abrogated the ability of Nurr1 to protect
against apoptotic stress. Kadkhodaei and colleagues
have shown that expression of Nurr1 is essential in the
adult brain for the maintenance of the viability of the
SN dopaminergic system [40]. Following conditional
deletion of Nurr1 in SN dopamine neurons in adult
mice, there is a slow, progressive degeneration of the
SN dopaminergic system that predominantly affects
the axons [41]. At 2 months following Nurr1 ablation
there was no loss of SN dopamine neurons, but as
early as 1 and 4 weeks there was diminished expres-
sion of TH, VMAT2 and the DAT in the axons of the
striatum. At 4 months following ablation, there was
a diminished number of axons in the MFB. Thus, as
in the models described above, Nurr1 ablation in the
adult leads to an early and predominant degeneration
of axons.

Another pair of transcription factors that are essen-
tial for the differentiation of dopamine neurons are
Lmx1a and b. Compelling evidence for a role of
these factors in the genetics of PD is lacking [42],
but diminished levels of LMX1B protein expres-
sion have been identified in neuromelanin-containing
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neurons in PD brains [43]. Following conditional
deletion of Lmx1a and b in adult mice results
in the early appearance of striking abnormalities
in dopaminergic terminals; they become enlarged
and filled with autophagic vacuoles. At this time
there is no loss of dopaminergic neurons. Laguna
et al conclude that following Lmx1a and b abla-
tion in adulthood, there is an early disturbance in the
autophagic-lysosomal pathway, associated with axon
terminal pathology long before cell body loss.

Thus, there is evidence from both PD patient stud-
ies and genetic animal models to support the concept
that the degeneration of the dopaminergic system in
PD starts in the axon and synaptic terminals and only
later involves the neuronal cell bodies in the SNpc. It
is important to emphasize that although this evidence
suggests that axons are the first site of degenerative
change, this does not necessarily mean that the pri-
mary disturbance at the molecular level first occurs
in the axons. For example, a primary disturbance at
the nuclear level may result in transcriptional, transla-
tional or trafficking abnormalities that first manifest
as axonal dysfunction and degeneration. The criti-
cal need to focus on axons for both neuroprotective
and restorative therapeutics derives not only from
their early involvement, but also their essential role
in dopamine release in the striatum. A particularly
striking example of the dependence of functional
preservation on the axonal projection is the demon-
stration that intrastriatal GDNF protects axons as well
as cell bodies and preserves behavioral performance,
but intranigral injection preserves only cell bodies
and does not preserve function [44].

DISTURBANCES OF AXON TRANSPORT
IN PD AND MODELS

Axonal transport is an essential process in the main-
tenance of neuronal viability. Anterograde axonal
transport keeps axons and nerve terminals supplied
with proteins, membrane bound-organelles, lipids
and mitochondria, while retrograde axonal transport
mediates the clearance of recycled, misfolded pro-
teins and damaged mitochondria, and the transport of
trophic signaling molecules (see reviews by Maday
et al. [45] and Millecamps and Julien [46]). Therefore,
it is not surprising that impairment of axonal transport
has emerged as a possible common factor in several
neurodegenerative disorders. The unique architecture
of dopamine neurons in the SN, with long, thin and
arborized axons, makes them especially vulnerable

to axonal transport disruption, as discussed in greater
detail below. In PD, synuclein has been proposed to
alter axon transport. Transfection of cultured neu-
rons with PD-associated A30P and A53T mutations,
as well as mutation of serine-129 to mimic perma-
nent phosphorylation, reduces axonal transport of the
protein [47]. Such an effect may increase the propen-
sity of the protein to self-aggregate. As described
above, Chung and collaborators used a recombinant
AAV2 to deliver mutant (A53T) human synuclein
under the synapsin promoter into the rat SN. Four
weeks after injection, and before neuronal death, they
observed in the striatum altered levels of motor pro-
teins involved in axonal transport. While the levels
of anterograde transport motor proteins were dimin-
ished, the levels of retrograde transport motor proteins
were increased. They also observed an imbalance of
cytoskeletal proteins with high levels of actin and
reduced levels of �/� tubulin. Taken together, these
results suggest early impairment of axonal transport
before dopamine neurons loss occurs in the SN [24].
In a human study using postmortem tissue from 16
patients with sporadic PD (10 patients with early PD
and 6 with late PD with no difference in age at the
time of death) and 9 age-matched controls Chu and
co-authors found altered levels of both anterograde
and retrograde motor proteins. Diminished levels of
anterogrademotorproteinsweredetectedduringearly
stages of the disease whereas a reduction in the lev-
els of retrograde motor proteins was observed only at
late PD stages. These data were recapitulated in a rat
modelbasedonviraloverexpressionofmutant(A30P)
human synuclein [14].

Abnormalities of axonal transport have also been
identified in neurotoxin models of PD. 1-Methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) and its
metabolite 1-methyl-4-phenylpyridinium (MPP+)
causemitochondrial impairmentatcomplexI.Morfini
and coinvestigators demonstrated that the injection
of MPP+ into isolated squid axoplasm induced an
increase in dynein-dependent fast retrograde axonal
transport and a decrease in kinesin-mediated fast
anterograde axonal transport of vesicles [48].

Although direct evidence of impairment of axonal
transport associated with LRRK2 mutations is
lacking, BAC-transgenic mice carrying the human
LRRK2(R1441G) mutation exhibit early signs of
axonopathy with giant axonal spheroids with dis-
rupted cytoskeleton and accumulation of autophagic
vacuoles and mitochondria. Moreover, the axons con-
taining these giant axonal spheroids displayed fewer
mitochondria than normal axons. This abnormality
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could be due to a defect at the level of the axon in
mitochondria trafficking, but more study is needed
[26].

UNIQUE MORPHOLOGIC FEATURES
OF THE NIGROSTRIATAL AXONAL
PROJECTION AND SELECTIVE
VULNERABILITY OF SNPC
DOPAMINERGIC NEURONS

It has been suggested that select types of neurons
are more vulnerable in neurodegenerative disorders
based on their axonal morphology. Projection neurons
with long, thin, unmyelinated or poorly myelinated
axons have been proposed to be the most vulner-
able [49]. Dopaminergic neurons of the SNpc are
of this type. Myelination is postulated to diminish
metabolic demands by facilitating transmission of
nerve impulses. Another unique feature of dopamin-
ergic neurons of the SNpc is that they give rise to a
massive striatal terminal arborization with a vast num-
ber of axon terminals providing a dense innervation
to the striatum [50]. Matsuda and colleagues demon-
strated that, in the rat brain, the axonal arbor of a single
SNpc dopamine neuron covered more than 5% of the
total volume of the striatum [50]. Bolam and Pissadaki
have estimated that a single SN dopamine neuron in
the rat gives rise to as many as 245,000 synapses,
whereas, in contrast, a typical globus pallidus pars
externaneuronwill give rise toabout2,000andstriatal
GABA neurons about 5,000 [51]. Thus, an enormous
synapse to cell body ratio seems to be a unique fea-
ture of dopamine neurons in the SNpc, distinguishing
these neurons even from adjacent dopamine neurons
in the ventral tegmental area, which establish fewer
synapses and have much smaller axonal arbors [51].
Bolam and Pissadaki propose that the maintenance of
such a large axonal architecture may put dopamine
neuron under a phenomenal energy demand such that
any disturbance inducing a negative energy balance
might lead to functional failure and, eventually, cell
death [51].

MECHANISMS OF AXON
DEGENERATION

The distinct nature of pathways of neuron soma
and axon destruction

If we hope to utilize the concept that axons are
involved early in PD, and are therefore a prime target

for early neuroprotective intervention, then it is crit-
ical to recognize that the molecular mechanisms of
axon degeneration are separate and distinct from the
canonical pathways of programmed cell death which
mediate destruction of the neuron soma. This distinc-
tion was made years ago by Raff and colleagues [52]
based on their observations that activation of caspase
3 did not occur in a variety of models of axon destruc-
tion [4]. While activation of programmed cell death
pathways can occur in axon destruction in some set-
tings, particularly in the developmental context [53,
54], typically it does not, especially in models in adult
animals [55]. Striking evidence for the distinct nature
of the pathways of cell and axonal destruction derives
from observations in the slow Wallerian degenera-
tion (Wlds) mutant mouse [56]. This mutation arose
spontaneously in C57Bl/6 mice, and it was demon-
strated to cause delayed Wallerian degeneration in
peripheral nerve after axotomy [57]. The mutation
was identified as an 85-kb tandem triplication that
results in a novel chimeric mRNA that encodes for
the N-terminal 70 amino acids of ubiquitination fac-
tor E4B (Ube4B), followed by the complete coding
sequence for the nicotinamide adenine dinucleotide
(NAD) synthesizing enzyme nicotinamide mononu-
cleotide adenylyltransferase 1 (NMNAT1) [58, 59].
These mRNA sequences splice to encode a fusion
protein that does not occur in wildtype mice [60].
Strikingly, the Wlds mutant was shown by Deckwerth
and Johnson to provide protection of axons of sym-
pathetic ganglion neurons following withdrawal of
nerve growth factor in spite of induction of apoptosis
in the cell soma [61], thus dramatically demonstrat-
ing the distinct nature of the pathways of programmed
cell death and those of axon destruction.

Two modes of axon degeneration: Anterograde
and retrograde

In the setting of neurological injury or disease there
are two forms of axon degeneration that can occur:
Anterograde and retrograde [52, 62]. During develop-
ment, degenerative processes of synapse elimination
and axon pruning occur, but they will not be consid-
ered here. Anterograde (or Wallerian) degeneration
occurs after injury to the proximal axon, followed
by degeneration of the axon distal to the site of
injury. The degenerative process is orderly; there is
a breakdown of cytoskeletal elements, swelling of
the mitochondria and fragmentation of the axon [63].
Retrograde degeneration (or ‘dying back’) is char-
acterized by degeneration proceeding from the distal
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axon terminals to the neuron cell body [52, 62]. It has
been identified in neurodegenerative diseases, periph-
eral neuropathies and neuropathies due to neurotoxin
exposure. In the late stages of retrograde axon degen-
eration, the axonal fragmentation looks similar to that
observed in anterograde degeneration, but the molec-
ular basis of the two forms is likely to be distinct, as
discussed below.

Anterograde axon degeneration

A great deal of what we now know about the
molecular basis of axon degeneration derives from
studies of the WldS mutation [60], and most of
that work has been performed in models of antero-
grade degeneration in peripheral nerves. As stated
earlier, the mutation results in the production of a
fusion protein that contains the N-terminal 70 amino
acids of Ube4B, followed by the complete coding
sequence of NMNAT1. Studies based on the selec-
tive expression of transgenic Wlds in Drosophila have
shown that it acts cell-autonomously within neu-
rons to mediate axon protection; when expression is
restricted to glia, the axon protection phenotype is not
observed [64]. Analysis of the effect of expression of
selected regions of the Wlds protein have revealed
that NMNAT1 is capable of recapitulating the Wlds

axon protection phenotype [65, 66]. Wlds appears to
act within the cytoplasm to mediate axon protection,
as elimination of an intrinsic nuclear localization sig-
nal within the NMNAT1 domain enhances it [67].
Babetto and colleagues have further shown that a
mutant form of NMNAT1 with disrupted nuclear tar-
geting and the addition of an axon-targeting peptide
sequence is more potent than Wlds in providing axon
protection [68]. At a subcellular level, the NMNAT
isoform NMNAT3 localizes to mitochondria [69].
The potential significance of this observation is that
Wlds has been shown to suppress the loss of mito-
chondrial motility after axotomy lesion [69].

While a great deal of this experimental work has
been performed in models of anterograde degen-
eration (i.e., classic Wallerian degeneration), some
studies have been performed in models of retrograde
degeneration. There have been mixed results for the
ability of Wlds to protect from degeneration in this
context. Wlds inhibits axon loss and synapse degen-
eration in progressive motor neuronopathy mice
(pmn/pmn), a model of motor neuron disease in which
a ‘dying back’ axonal degeneration occurs [70]. In
gracile axonal dystrophy mice (gad), in which dying
back axon degeneration also occurs, Wlds inhibits the

appearance of axon spheroid pathology [71], which
is often associated with axon degeneration. Neverthe-
less, Wlds did not provide protection in other models
of motor neuron disease or primary spinal atrophy
[60] in which ‘dying back’ is likely to occur.

In relation to PD in particular, Wlds does provide
protection for axons of the SN dopaminergic pro-
jection in models of anterograde degeneration, but it
does not in models of retrograde degeneration. Sajadi
and colleagues reported that Wlds provided protec-
tion in a model of injection of 6-hydroxydopamine
(6OHDA) directly into the MFB. This lesion is made
near the SN and it results in anterograde degenera-
tion of the nigrostriatal projection. However, when
6OHDA was injected into the striatum, a lesion
that produces retrograde degeneration, no protection
was observed [72]. Our laboratory subsequently con-
firmed their observations made with 6OHDA; Wlds

was protective in the 6OHDA MFB (anterograde)
model, but not the intra-striatal (retrograde) model
[73]. To exclude the possibility that the difference
was due to some other aspect of the two lesion
techniques, rather than the anterograde/retrograde
difference, we also examined the ability of Wlds to
protect in two different axotomy models; proximal
and distal MFB axotomies to induce anterograde and
retrograde degeneration, respectively. In these mod-
els as well, Wlds protected from anterograde, but not
retrograde degeneration [73]. We conclude that Wlds

does not have the capacity to inhibit retrograde degen-
eration in the dopaminergic nigrostriatal projection
and other approaches must be sought to develop
axonal neuroprotection in PD, in which ‘dying back’
is likely to occur.

Although we have learned a tremendous amount
about the neurobiology of axon degeneration from
studies of the Wlds mutation, the fusion protein, as a
product of a novel chimeric mRNA, is not normally
expressed in mice, so it does not play a role as an
endogenous regulator of axon integrity. By identifi-
cation of relevant domains in the Wlds protein and
by characterization of the pathways with which they
interact, it will be possible to identify endogenous
regulators. Some progress has been made in the iden-
tification of endogenous regulators of axon integrity
independently of Wlds. Genetic screening for loss of
function mutations that delay axonal degeneration in
D. melanogaster after antennal ablation revealed that
three loss-of-function alleles of dsarm (a Toll-like
receptor adaptor) induced a level of axonal protec-
tion comparable to that of Wlds. Neuroprotection
in D. melanogaster extended to the synapses since
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synaptobrevin expression was detected in synaptic
terminals even 30 days after axotomy [74]. The same
group showed robust axonal protection both in vitro
and in vivo in null mutants for Sarm1, the mouse
ortholog of dsarm. Cultured Sarm1–/– neurons from
the superior cervical ganglia, cortex and dorsal root
ganglia (DRG) exhibited robust axonal protection up
to 72 hours after lesion. Interestingly, DRG explants
were not protected from nerve growth factor depriva-
tion. Studies in vivo showed that Sarm1–/– mutation
strongly preserved axons after sciatic nerve lesion
for at least 14 days before cytoskeleton breakdown
takes place. Most synaptic terminals were also pre-
served at six days after injury. Gerdts and colleagues
independently identified SARM in an RNAi-based
screen of mouse DRG neurons [75] as a regulator of
axon destruction and demonstrated that the SAM and
TIR domains are necessary and sufficient for destruc-
tion. Thus, these motifs offer targets for therapeutic
intervention. Importantly, most of these investiga-
tions were performed in models of peripheral nerve
injury, so the role of Sarm in axon degeneration in the
central nervous system requires further investigation.

Another endogenous mediator of axon degenera-
tion is dual leucine kinase (DLK), a mitogen activated
protein kinase kinase kinase which has, as one of its
downstream targets, c-jun N-terminal kinase (JNK).
JNK has previously been shown to be activated fol-
lowing axonal injury [76]. The absence of DLK
both in vitro and in vivo has been shown to delay
Wallerian degeneration, although its effect is very
modest compared to that of Wlds and Sarm1 [77].
Yang and colleagues have demonstrated a relationship
between Sarm1 and the DLK/JNK signaling pathway
for axon degeneration. Activation of the DLK/JNK
signaling pathway is abolished in Sarm1 null mice.
Furthermore, there is no additivity of phenotype when
components of the DLK/JNK cascade are knocked
down in the Sarm1 null axons, indicating that these
mediators are on the same genetic pathway [78].

Loss of the Phr1 (PAM-Highwire-Rpm-1) E3
ubiquitin ligase in mice has been shown to dra-
matically delay Wallerian degeneration after injury
in several neuronal types including myelinated and
unmyelinated axons, central and peripheral nerves
and sensory and motor terminals [79]. The extent of
axonal protection provided by the absence of PHR1
is similar to that of the loss of Sarm1 and the expres-
sion of Wlds. Interestingly, Babetto and colleagues
find that Phr1 depletion increases the axonal level of
the NMNAT2 isoform, and it is necessary for Phr1-
dependent axon stability.

Retrograde axon degeneration

Despite the importance of axonal retrograde
degeneration in neurodegenerative diseases, such as
PD, little is known about the underlying mechanisms.
As discussed above, much of what we know about the
process of axonal degeneration comes from studies of
anterograde degeneration and the ability of Wlds to
protect axons during this process. However, there are
many examples of Wlds failing to provide protective
effects in models of retrograde degeneration, partic-
ularly in models of motor neuron disease, including
spinal muscular atrophy [80, 81], and amyotrophic
lateral sclerosis [82]. One might raise the possibil-
ity that the failure of Wlds in these instances might
be due to the unique biology of motor neurons; per-
haps they simply do not express essential mediators of
the Wlds effect. However, as outlined previously, we
have shown that although the dopaminergic nigrostri-
atal projection manifests Wlds–mediated protection
in two models of anterograde degeneration (proxi-
mal axotomy and lesion of the MFB with 6OHDA),
it does not demonstrate Wlds–mediated protection in
two models of retrograde degeneration (distal axo-
tomy and lesion of striatal dopaminergic terminals
with 6OHDA), Therefore, although this system is
capable of responding to Wlds in anterograde models,
it provides no protection for retrograde degeneration,
suggesting that different mechanisms are involved
[73].

A number of studies have suggested that retro-
grade axonal degeneration can be suppressed by
inhibition of macroautophagy. We have observed
that AAV2/1 mediated transduction of SN neurons
to induce expression of a constitutively active form
of the survival-signaling kinase myristoylated Akt
(Myr-Akt) suppresses retrograde degeneration of
dopaminergic axons in vivo in two different models
of nigrostriatal axon injury, the intrastriatal injection
of 6OHDA and axotomy of the MFB distal to the SN
[83]. Myr-Akt preserved the number of dopaminergic
axons in the MFB and their structural integrity, since
axonal fragmentation and the appearance of axonal
spheroids were suppressed. In addition, Myr-Akt also
protected nerve terminals, indicated by preserved stri-
atal DAT immunostaining. This ability of Myr-Akt to
protect axons is likely to be mediated by mTor sig-
naling, because it is recapitulated by a constitutively
active form of Rheb, a GTPase that mediates down-
stream effects of Akt by direct activation of mTor.
Transduction of SN neurons with hRheb(S16H), a
mutant resistant to negative regulation by TSC1/2,
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Fig. 1. Each panel shows nigrostriatal axons in the MFB visualized by confocal microscopy in TH-GFP mice. Following deletion of Atg7,
axons of SNpc dopamine neurons are resistant to retrograde axon degeneration. In the absence of AAV Cre injection, Atg7fl/fl:TH-GFP
mice show a loss of MFB dopaminergic axons, and the appearance of axonal spheroid pathology (red arrows) following unilateral 6OHDA
injection. Atg7wt/wt:TH-GFP mice injected with AAV Cre show a similar axon loss and pathology. However, following injection of AAV
Cre, Atg7fl/fl:TH-GFP mice show minimal axon loss and pathology following 6OHDA injection. Atg7fl/fl:TH-GFP mice without AAV Cre
(n = 5) and Atg7wt/wt:TH-GFP mice given AAV Cre (n = 6) show a mean loss of 31 (or 32%) and 32 (or 34%) MFB axons respectively,
whereas Atg7fl/fl:TH-GFP mice treated with AAV Cre (n = 6) show a mean loss of only 5 (or 5%) (p < 0.001, ANOVA).

resulted in a robust increase in the number of neurons
positive for p-4E-BP1, an mTor substrate [83, 84].
The ability of Myr-Akt and hRheb(S16H) to suppress
retrograde axon degeneration by enhanced mTor sig-
naling is likely to be due to the ability of mTor to
suppress macroautophagy. Induction of retrograde
axonal degeneration by either the intrastriatal injec-
tion of 6OHDA or axotomy of the MFB distal to the
SN results in the abundant appearance of autophagic
vacuoles in the neuron soma and in axons. Induced
expression of Myr-Akt or hRheb(S16H) suppresses
their appearance [83]. Furthermore, direct abroga-
tion of macroautophagy by selective deletion of Atg7
in SN dopamine neurons results in a striking resis-
tance of dopamine axons to retrograde degeneration
(Fig. 1). Thus, these studies suggest that the ability
of Myr-Akt to protect axons from retrograde degen-
eration is likely to be due, at least in part, to its ability
to suppress autophagy through mTor signaling [83].

Other studies, based on in vitro models of injury
and both in vitro and in vivo genetic models of PD,
have also implicated macroautophagy as a mediator
of retrograde axonal degeneration. Yang and col-
leagues have shown that both pharmacologic and
genetic disruption of autophagy signaling protects

from retrograde axon degeneration induced by
NGF withdrawal or vinblastine treatment [85]. In
a genetic model of neurite retraction induced by
the expression of the LRRK2(G2019S) mutant in
SH-SY5Y cells, Plowey et al observed an associa-
tion with activation of macroautophagy since RNA
interference-mediated knockdown of Atg7 expres-
sion prevented the neurite degeneration [29].

Studies of spinal cord injury in vivo in rats have
identified increases in autophagy mediators and in
number of autophagic vacuoles in both retrograde and
anterograde axon degeneration following the injury
[86]. Interestingly, expression of unc-51-like kinase
(UNK1), an early mediator of autophagy that is neg-
atively regulated by mTor, was predominantly within
axon retraction bulbs early after injury. A mechanis-
tic role for autophagy in mediating axon degeneration
following traumatic injury is supported by observa-
tions in an optic nerve crush model in which inhibition
of autophagy by 3-methyladenine results in a slower
time course for axon degeneration [87].

It is also noteworthy that macroautophagy fre-
quently accompanies early axonal degeneration
observed in a number of genetic models of PD in vivo.
We have identified accumulation of autophagic
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Fig. 2. Transmission electron microscopic analysis of axonal spheroids in the medial forebrain bundle in the hLRRK2(R1441G) BAC
transgenic mice revealed the presence of giant axonal spheroids containing large numbers of autophagic vacuoles. In A, a thinly myelinated
axon (arrowheads) with well-organized cytoskeletal elements leads into a large spheroid that lacks myelin, contains disorganized cytoskeletal
structures and is packed with autophagic vacuoles. The region in the white box is shown at higher magnification in B. Numerous vacuoles
with double membranes, characteristic of autophagic vacuoles (AV), are observed. Interspersed among them are numerous multilamellar
bodies (MLB).

vacuoles in giant axonal spheroids in the MFB in
BAC transgenic mice carrying the LRRK2(R1441G)
mutation but not in their littermate controls (Fig. 2)
[26]. This abnormality is the first pathology to appear
in these mice. In another LRRK2 transgenic mouse
model expressing the G2019S mutant, Ramonet
and collaborators identified vacuoles with multi-
ple membranes resembling autophagosomes within
regions enriched in axons and synapses and clus-
ters of mitochondria, reminiscent of mitochondria
undergoing autophagocytosis, within neuronal soma
[88]. In the engrailed heterozygous mouse, previ-
ously described, autophagic vacuoles are identified
within dystrophic axons [34]. Thus, macroautophagy
frequently accompanies axonal dystrophy in these
models, but its functional role remains unknown.

CONCLUDING REMARKS

In spite of recent tremendous strides in our under-
standing of PD, particularly its genetic basis, and of
the cellular basis of neurodegeneration, we remain
unable to offer patients truly disease modifying neu-
roprotective therapy. In addition, although we know
that PD patients have already lost about 60% of their
dopamine projection at the time of diagnosis [11],
we remain unable to offer restorative therapies. In
our efforts in the past to develop therapies for these
needs we have largely focused on the loss of neu-
rons in the SN. For example, in efforts to provide
neuroprotection, a number of approaches, including

some clinical trials, have focused on blockade of
the programmed cell death pathways that mediate
destruction of the cell body. In experimental efforts to
provide restoration, the focus has been almost entirely
on cell replacement approaches to correct the loss of
neurons.

However, there is now an emerging consensus that
it is the axons of the dopamine neurons that are
involved initially and predominantly in this disease.
One of the implications of this new concept is that in
the development of neuroprotective therapies, where
it is critical to target early events, it would make more
sense to target mechanisms of axonal destruction.
These mechanisms are now recognized to be different
from those involved in canonical programmed cell
death and the destruction of the cell body. The ‘bad
news’ is that today we know very little about the
patterns of axonal degeneration in the disease. Fur-
thermore, we know very little about the molecular
mechanisms of both anterograde and retrograde axon
degeneration, giving us very little basis for the devel-
opment of new therapeutics. However the ‘good
news’ is that as our understanding of these mech-
anisms grows we will almost certainly be provided
with many potential therapeutic opportunities.

In relation to neurorestoration, we need to consider
the observation that at the time of diagnosis patients
have lost only about 30% of their neurons. Therefore,
rather than replacing cells, it may be more efficient
and effective to restore axons instead. In the past,
the classic notion was that adult neurons in the brain
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are unable to regrow their axons, but we now know
that this is not always true. Efforts to induce new
axon growth in mature neurons by rejuvenating the
pathways that are responsible for axon growth during
development have had substantial success [84, 89].
Thus with a focus on axons we will have available to
us an entirely new approach to restoration in PD, one
that will avoid the many challenges of cell replace-
ment therapies.

In conclusion the biology of axons in the mature
central nervous system, both their mechanisms of
degeneration and their potential for regrowth, offer
many new opportunities for the development of crit-
ical neuroprotective and restorative therapies in PD.
This conclusion is not meant to suggest that neuronal
cell bodies are not important. The cell bodies are
required of course to host new axon growth. Further-
more they provide essential cellular functions related
to nuclear genomic DNA, to support of dendrites and
their arborizations and many others. Our conclusion
is meant only to encourage a better balance – axons,
as well as the cell bodies, are critically important.
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