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Abstract

In spite of tremendous growth in recent years in our knowledge of the molecular basis of

Parkinson's disease and the molecular pathways of cell injury and death, we remain without

therapies that forestall disease progression. While there are many possible explanations for this

lack of success, one is that experimental therapeutics to date have not adequately focused on an

important component of the disease process, that of axon degeneration. It remains unknown what

neuronal compartment, either the soma or the axon, is involved at disease onset, although some

have proposed that it is the axons and their terminals that take the initial brunt of injury.

Nevertheless, this concept has not been formally incorporated into many of the current theories of

disease pathogenesis, and it has not achieved a wide consensus. More importantly, in view of

growing evidence that the molecular mechanisms of axon degeneration are separate and distinct

from the canonical pathways of programmed cell death that mediate soma destruction, the

possibility of early involvement of axons in PD has not been adequately emphasized as a rationale

to explore the neurobiology of axons for novel therapeutic targets. We propose that it is ongoing

degeneration of axons, not cell bodies, that is the primary determinant of clinically apparent

progression of disease, and that future experimental therapeutics intended to forestall disease

progression will benefit from a new focus on the distinct mechanisms of axon degeneration.

Parkinson's disease (PD) has served as the prototypic adult-onset neurodegenerative disorder

for which breakthroughs in experimental therapeutics have provided lasting, clinically

significant improvements in the quality of life. Such was the case for the discovery of

levodopa, and more recently for the discovery that deep brain stimulation is an effective

adjunctive treatment1,2. In spite of these important advances we remain unable to offer

therapies that halt the progression of the disease, and in this crucial respect therapies for PD

are as limited as those for other degenerative neurological disorders. Towards the close of

The Decade of the Brain (1990-2000), hope was expressed that an ability to forestall the

progression of these devastating diseases was not far off3. Yet 10 years later, we seem no

closer to our goal despite a multitude of important advances in our understanding of the

molecular and genetic basis of PD and neuron death. Why has this therapeutic goal been so

resistant to our best efforts? There are many possible reasons why this goal has remained

elusive4. For instance, suboptimal animal models of PD and the complexities of clinical trial

design may deter our ability to identify disease-modifying agents.
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At the molecular level, the discovery that neurodegeneration is a highly regulated cell-

autonomous process of programmed cell death (PCD)5 has fostered hope that true protective

therapies may be within our grasp. It is reasoned that if neurodegeneration is an ordered

process of PCD, then it should be possible to intervene even if the primary insult is

unknown. Indeed, there have been numerous dramatic examples in animal studies of the

prevention of neuron death due even to the most destructive neurotoxins by experimental

blockade of PCD. The striking discordance between these dramatic neuroprotective effects

and the complete failure of anti-apoptotic approaches in human clinical trials4,6 has been

frustrating and baffling. Yet in this discordance there may be clues for a better approach.

In numerous animal studies it has been observed that remarkable protection of cell bodies

achieved by blocking PCD is often not accompanied by protection at the axon level7-10.

This discrepancy was not unexpected, because there is substantial evidence that the

canonical pathways of PCD seem to play a minor role in axon degeneration11,12. The

concept that destruction of the neuron cell body, which is brought about by these pathways,

is a separate and distinct process from the destruction of axons by a process now sometimes

called “programmed axonal death”13 has fairly broad recognition among investigators in cell

death. However, this concept is not widely acknowledged in discussions about experimental

therapeutics. This is somewhat surprising given that many investigators believe that at the

onset of PD the brunt of the pathology is at the level of the axon terminal. Our purpose here

therefore is to propose that mechanisms of axon degeneration merit greater attention in

thinking about neuroprotection in PD.

How Does the Disease Process of PD Propagate within Neurons?

In the course of PD, eventually both axons and cell bodies of neurons degenerate. But in

what cell compartment does this process begin? Does dysfunction begin at the cell soma and

result in a secondary, anterograde degeneration of the axon? Or does dysfunction begin at

the nerve terminal, or within the axon, when the cell soma is healthy, and then later, by a

retrograde process, result in its degeneration? The sequence of events is critical in designing

an approach to neuroprotection, because the earliest possible interventions will prevent the

greatest number of secondary effects, including possibly the degenerative process itself. The

question posed here, asking where the disease begins at the cellular level, is very different

from the question of where it begins in the brain at the regional level. It has been proposed

that PD begins in the regions of the dorsal motor nucleus of the vagus and the olfactory

bulb14. However, this proposal has been controversial15-17 and does not relate directly to the

question of the initial events at the cellular level. In the assessment of evidence relevant to

the cellular compartment where PD begins, we turn mainly to data for the nigro-striatal

dopaminergic system, because it has been most extensively studied in PD. We do not mean

to imply by this focus on dopaminergic systems, however, that they are exclusively involved

in this disease; on the contrary, it has been well known for many years that non-

dopaminergic, non-catecholaminergic and non-motor systems are involved18. However,

conclusions reached about the cellular sequence of events in the nigro-striatal dopamine

system are likely to be relevant to the involvement of other, non-motor systems.

Estimates of SN Neuron Loss at Disease Onset

In most reviews of PD, it is stated that motor signs first appear when about 50% of

substantia nigra (SN) dopamine neurons are lost19,20, although estimates of up to 60 to 70%

have also been proposed21,22. The work most frequently cited for estimates of SN neuron

loss is that of Fearnley and Lees23. Their regression analysis of neuron counts versus

duration of PD indicated that the number of neurons lost at time of symptom onset is 31%,

adjusted for age (Fig 1A). This estimate is compatible with their observation that individuals

with incidental Lewy bodies (ILB), who may represent pre-clinical cases of PD, as discussed
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further below, showed a mean 27% age-adjusted loss of SN pigmented neurons without

manifest motor signs (Fig 1B).

Subsequent quantitative morphologic studies have supported an estimate of about a 30%

loss of SN neurons at the time of onset of motor signs24,25. Using a dissector approach, Ma

and colleagues examined the relationship between total number of pigmented neurons in SN

and duration of disease (Fig 1C). Extrapolation of their linear regression analysis to Time 0

reveals an intercept at about 70% of control values. Performing a density per volume

analysis of SN neurons, Greffard and colleagues likewise found that by either a linear or

exponential regression, there is about a 30% loss at the time of the appearance of motor

signs25. Thus, there is a good consistency in the available data to suggest that the motor

signs of PD appear when there is about a 30% loss of total SN neurons in comparison to

age-matched controls.

Estimates of Striatal Dopamine Terminal Loss at Disease Onset

The work of Bernheimer and colleagues26 is often cited in support of the statement that

Parkinson motor signs first appear when about 80% of striatal or putaminal dopamine is

lost19,22. However, the Bernheimer study does not provide useful information for this

estimate. Only 39 of the 64 patients studied had PD, and among them only 13 had dopamine

measured in brain. There was no analysis of dopamine content as a function of disease

duration, or a regression analysis. The data provided are too few and variable for this

purpose (Fig 2A). Riederer and Wuketich analyzed postmortem data for caudate dopamine

in relation to disease onset27. They studied two cohorts: one consisting of 27 patients with

disease onset at 60 ± 1 years, and a second consisting of 12 patients with onset at 73 ± 1

years. As shown in Figure 2B, extrapolation to time of onset reveals a 68% and 82%

decrease, respectively, in caudate dopamine for these two groups in relation to age-matched

controls.

Postmortem studies of dopamine are subject to concerns about the effects of postmortem

delay. Measurements of vesicular monoamine transporter (VMAT2) binding sites with

tritiated α-dihydrotetrabenazine ([3H]TBZOH) help to address these issues28. Scherman and

colleagues analyzed [3H]TBZOH binding in postmortem caudate in 57 PD patients and 49

controls, and concluded that motor signs become apparent when there is about a 50%

decrease relative to the levels at the average age of disease onset (Fig 2C). In both studies

depicted in Figures 2B, C the data is for the caudate. In the Scherman study, there was a

substantially greater degree of loss in the putamen. Based on the analysis of Kish and

colleagues29 it would be expected that there would be a greater degree of dopamine loss in

putamen, at time of disease onset, than that reported for caudate. Thus, these estimates of

loss of dopaminergic markers in caudate are likely to underestimate total striatal loss.

Additional information about the extent of striatal damage at the time of symptom onset can

be derived from studies of ILB. The concept that patients with ILB, i.e. Lewy bodies in

brain in the absence of clinical parkinsonism or dementia, may represent pre-clinical PD is

supported by the aforementioned study by Fearnley and Lees23. Similar findings were

reported by Ross and colleagues20 who observed a significant 17% decrease in SN neuron

density in ILB brains. In an assessment of ILB brains, Beach and colleagues determined that

the putamen had a 50% reduction in tyrosine hydroxylase (TH) protein30.

While counts of remaining neurons in the SN are not likely to be altered by factors affecting

the quality of postmortem tissue preservation, biochemical assessments are. Concern may

therefore be raised that the greater apparent losses of striatal dopaminergic markers than SN

neurons in these studies may be an artifact due to the analysis of postmortem tissues. It is

therefore worthwhile to consider radioligand imaging analysis of striatal dopaminergic
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markers obtained in vivo. Numerous imaging studies have examined the relationship

between striatal dopaminergic marker loss and onset of motor signs. We will consider only

those studies that have used either a regression analysis with extrapolation to time of disease

onset, or, alternatively, have studied patients with unilateral PD (i.e., Hoehn and Yahr stage

I (HY I)) and have compared the degree of loss for the unaffected side to that of the affected

side (Table). Among these studies, three types of radioligand have been used: [18F] dopa to

assess levodopa metabolism, ligands for the dopamine transporter, or ligands for the

vesicular monoamine transporter (see Nandhagopal et al for review31). Estimates of

dopamine terminal loss at time of disease onset are less for those obtained with [18F] dopa

(20-50% in putamen) than for these obtained with the other ligands (50-70% in putamen). It

has been suggested that compensatory upregulation of aromatic acid decarboxylase may

result in an underestimate of terminal losses by use of [18F] dopa PET31,32. If we therefore

restrict our attention to losses assessed by the other ligands, the estimates of 50 to 70%

correspond fairly well to the estimates of about 50% loss based on the postmortem studies of

[3H]TBZOH (see Fig 2)28, and on measurement of TH protein in patients with ILB30.

In conclusion, assessment of available data suggests that at the time of motor symptom onset

the extent of loss of striatal or putaminal dopaminergic markers exceeds that of SN

dopamine neurons. This conclusion is consistent with observations that, at the time of death,

depending on disease duration, while there has been 60-80% loss of SN dopamine

neurons23,33, there has been a much more profound loss of striatal or putaminal

dopaminergic markers26,28,29. It may still be argued that it is difficult to make comparisons

in this data, due to differences in technique, subregions examined, and consideration of the

effect of age. There is clearly a need to attempt to directly compare extent of axonal

pathology to neuron loss in postmortem PD brain material. A preliminary report suggests

that such a comparison does reveal that striatal dopaminergic axon loss is indeed an early

and predominant feature34. However, based on the limitations of available postmortem data,

it is worthwhile to consider independent evidence of early axon involvement in PD, based

on genetic causes.

Early Axon Involvement in PD: Evidence from Genetic Causes

The discovery of disease-causing mutations in the gene for α-synuclein has had a major

impact on our understanding of the pathogenesis of PD (reviewed in35). The impact was

further amplified when it was discovered that α-synuclein protein is a major component of

Lewy bodies (LBs)36. With the development of sensitive antibodies to α-synuclein, it has

become easier to detect LBs in tissue sections, and they have become a great focus of

attention. The ease of detection of LBs is due not only to the availability of sensitive anti-α-

synuclein antibodies, but also their prominent and distinct intracellular appearance, and their

tendency to cluster in vulnerable nuclear groups. However, the ease of detection of LBs

should not be equated with pathogenic significance. When effort is made to seek α-synuclein

pathology in axons, by use of refined immunohistochemical procedures37 or unique

immunoreagents38,39, it is readily observed. Strikingly, by use of a novel paraffin-embedded

tissue blot technique, in which tissue sections are subjected to pre-digestion, the greatest

abundance of synuclein aggregates is found not in cell bodies, but in the neuropil40 in

dementia with Lewy Body (DLB) brains. Furthermore, these studies show that the

preponderance of α-synuclein small aggregates in DLB brains are entrapped within pre-

synaptic terminals40. Thus, there is evidence that α-synuclein pathology is abundant in

axons and pre-synaptic terminals, consistent with the observation that its normal localization

is predominantly in pre-synaptic terminals.

There have been few studies attempting to determine the sequence of development of

synuclein pathology at the cellular level in neurons. However, Oriomo and colleagues have

exploited the known propensity of PD to affect peripheral autonomic neurons and their
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axons to explore the timing of events41. Based on patterns of α-synuclein pathology and TH

immunostaining in cardiac sympathetic axons and ganglia in patients with ILB, PD and

controls, they conclude that the disease process begins in the distal axon and proceeds

retrograde.

While the discovery of synuclein mutations has had great impact, they are rare. The most

common genetic cause of typical PD are mutations in the gene for leucine rich repeat kinase

2 (LRRK2)42. The recent description of a new BAC transgenic mouse model, created with a

disease-causing human mutant (hLRRK2 (R1441G)) has shed some light on possible early

disease events43. These mice show the development of an age-related hypokinesia by 9-10

months that is reversible by treatment with levodopa. There is no loss of mesencephalic

dopamine neurons (Fig 3A), but pathology is observed in dopaminergic axons. On TH

immunostaining, the axons are fragmented, they are associated with axonal spheroids, and

they form dystrophic neurites43 (Fig 3B). These abnormal axonal features are also observed

by staining for abnormally phosphorylated tau (Fig 3C). Additional evidence supports the

possibility that LRRK2 plays an important role in the regulation of neurite growth and

integrity. MacLeod and colleagues have reported that mutant forms of LRRK2 induce

decreases of neurite length in primary neuron culture 44. Similar observations were made for

the LRRK2(G2019S) mutant in neuronally differentiated neuroblastoma cells 45 and in

primary neurons derived from transgenic mice 46. The molecular basis of these effects is not

known, but of potential interest in this regard is the identification of moesin, and the closely

allied proteins ezrin and radixin, as possible LRRK2 substrates 47. These proteins have been

implicated in the regulation of neurite outgrowth 48. The ability of LRRK2 to regulate the

phosphorylation status of these proteins, and the closely correlated degree of neurite growth,

has been observed in primary cultures 46.

Thus, based on analysis of the predominant site of pathology in PD at its onset, and evidence

from autosomal dominant genetic forms of the disease, it is reasonable to hypothesize that

axon dysfunction may be an early feature of PD.

The Molecular Mechanisms of Neuron Soma and Axon Degeneration are

Distinct

The concept that axons may be involved early in the course of PD is not new; it was

proposed by Hornykiewicz years ago when he suggested that in PD neurodegeneration may

be a dying-back process that begins in the striatal terminals49. Our purpose in re-assessing

the evidence in support of this idea is that only more recently has it become clear that this

concept, most importantly, also implies that different molecular mechanisms may underlie

the onset and motor progression of PD than those that are involved in the destruction of SN

neurons.

Neuron soma degeneration in the absence of axon degeneration: The Wallerian
Degeneration Slow (WldS) Mouse

The most striking evidence that axons can survive even in the presence of destruction of the

neuronal soma derives from observations made in the WldS mouse50. This mutation arose

spontaneously in C57Bl/6 mice, and it was demonstrated to cause delayed Wallerian

degeneration in peripheral nerve after axotomy51. 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 factor E4B (Ube4B), followed by the complete coding

sequence for the nicotinamide adenine dinucleotide (NAD) synthesizing enzyme

nicotinamide mononucleotide adenylyltransferase (NMNAT)52,53. It was shown by

Deckwerth and Johnson54 that axons of sympathetic ganglion neurons derived from WldS
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mice survive following withdrawal of nerve growth factor in spite of induction of apoptosis

in the cell soma (Fig 4A).

The WldS mutation protects axons of many different types of neurons, in diverse species,

from a wide variety of injuries, including toxic peripheral neuropathies55 and genetic

neuropathies56 (and see Coleman13 and Luo and O'Leary57 for reviews). In neurotoxin

models of parkinsonism, the WldS mutation protects dopaminergic axons, but not cell

bodies, from medial forebrain bundle injection of 6-hydroxydopamine (6OHDA)58 (Fig 4B)

and injection of MPTP59.

These observations suggest that with a deeper understanding of the mechanisms underlying

the WldS phenotype, it may be possible to target the molecular pathways of axon

degeneration with therapeutic benefit. It is now clear that enzymatic activity of NMNAT is

necessary, but not sufficient, for axon protection60-63. In addition to its enzymatic activity,

NMNAT appears to require correct cellular targeting. Interestingly, the full protection

phenotype can be observed in experiments with NMNAT3, a mitochondrially-targeted

isoform64-66.

Canonical Pathways of PCD Play a Restricted Role in Axon Degeneration

The concept that important mediators of PCD, such as the caspases, do not play a role in

axon degeneration received considerable support from investigations reported by Finn and

colleagues who noted that caspase-3 is not activated in a variety of models of axon

degeneration11. These negative results are not universal, however; in other contexts a role

for caspases has been identified67-71. Nevertheless, it remains true that experimental

measures intended to block apoptosis commonly prevent cell body, but not axonal,

degeneration. This discordance has been observed with a variety of anti-apoptotic

approaches in a variety of neurotoxin models of parkinsonism in adult rodents7-10,72 and in

a genetic model of motor neuron disease73. Recent work from our laboratory provides a

particularly striking example of this discordance10. Our studies were undertaken to

determine whether the c-jun N-terminal kinases (JNKs) play an essential role in apoptotic

death of SN dopamine neurons. The JNKs play a central role in mitogen-activated protein

kinase (MAPK) apoptotic pathways. These pathways have been widely implicated as

mediators of PCD in neurons (reviewed in Silva74). To assess the role of the JNKs, we

studied mice null for the JNK2 or –3 isoforms, or both, by injection of 6OHDA in the

striatum. Mice homozygous null for both JNK2 and JNK3 were entirely resistant to the

induction of apoptosis in this highly destructive model, and there was a virtually complete

protection of dopamine neuron cell bodies in the SNpc (Fig 5A,B). However, there was no

protection at all of axons in this model of retrograde axonal degeneration (Fig 5C).

In conclusion, there is now abundant evidence, based on diverse experimental approaches,

that the molecular mechanisms of axon degeneration are distinct from those of PCD, and

therefore they should be considered as separate and distinct candidates for a role in

pathogenesis, and as targets for therapeutics.

Axon Degeneration and PD: Implications for Neuroprotection

While our principal focus here has been on the evidence that the earliest cellular locus of

abnormality in PD may be the axons and their terminals, it is also well known that after the

disease has run its course, the brunt of the pathology continues to be at the level of the axons

and their terminals. These observations therefore suggest that throughout the course of the

disease the axons and their terminals are the principal site of pathology. Given also that the

terminals are, of course, the principal site of dopamine release and the essential mediators of

this primary function of SN dopamine neurons, it would follow that it is the progressive
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degeneration of axons and their terminals, and not neuron loss, that is the primary

determinant of clinical progression. If such is the case, then the concept that the mechanisms

of axon and soma degeneration are separate and distinct has implications for both the early

treatment and diagnosis of PD.

Although there is much evidence for a role for PCD in PD75, and although preservation of

neuron cell bodies is essential for the function and prolonged survival of axons, the

protection of cell bodies alone will not be sufficient to prevent clinical deterioration. This

point can perhaps be illustrated by consideration of the failure of the PRECEPT

neuroprotection trial in PD76. This trial examined the ability of a mixed lineage kinase

inhibitor, CEP-1347, to forestall disease progression in early PD. The rationale for the trial

was that blockade of the MAPK signaling pathway by a variety of means, including

administration of CEP-1347, had been shown to block apoptosis and provide

neuroprotection in a variety of PD models (reviewed in Silva74). While there are of course

many possible reasons why the trial failed, as previously reviewed77, an important

possibility is that although blockade of MAPK signaling blocks apoptosis, it does not protect

axons in the mature brain 9,10.

A new emphasis on protecting axons may provide new therapeutic approaches. For example,

we have recently shown, as a proof of principle, that signaling through the Akt-Rheb-mTor

pathway can forestall retrograde axon degeneration in the dopaminergic nigro-striatal

pathway following either neurotoxin or axotomy lesion78 (and submitted).

The emphasis on the neurobiology of axons presented here also has implications for

neurorestorative approaches to the treatment of PD. To date, the approaches that have

received the most emphasis are based on cell replacement. However, these approaches face

many daunting challenges related to cell survival, malignant growth, loss of phenotype,

absence of normal anatomic connectivity and regulation. If the clinical progression of PD is

due first and foremost to axon degeneration, then the wisdom of cell replacement

approaches needs reassessment. At the onset of the disease, an estimated 70% of dopamine

neurons remain, and it is not their number that is limiting, but rather their axonal projections.

Restoration of these projections, by the induction of axon sprouting from the neurons that

remain in situ, rather than implanting new exogenous cells in ectopic locations, would seem

a more practical and effective therapeutic goal. While classically the central nervous system

has been thought to be incapable of axonal re-growth, this not the case. Axon regeneration

can be promoted in the adult central nervous system by PTEN/Akt/mTor signaling79, and

there is preliminary evidence that the same can be achieved in the dopaminergic nigro-

striatal system as well80.

Conclusions

Approaches to experimental therapeutics in PD would benefit from a greater emphasis on

the neurobiology of axons of the central nervous system. This new emphasis will provide

realistic grounds for optimism in efforts to develop neuroprotective approaches. Our

perspective would suggest that at the time of first diagnosis of PD, only 30% or so of

dopamine neurons of the SN have been lost and only 50-60% of their axon terminals. There

is therefore a substantial ‘window of opportunity’ to preserve what remains. Furthermore,

restoration of axon growth in the mature nervous system should not be considered as

unrealistic. We are at very early stages in our understanding of both the mechanisms of axon

degeneration and the potential for axon regrowth in the mature central nervous system.

There will undoubtedly be found many opportunities for future therapeutic targets.
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Fig. 1.

Estimates of loss of SN dopamine neurons at the time of PD symptom onset. (A) Fearnley

and Lees23 examined the number of pigmented neurons in the SN in relation to duration of

symptoms, and performed a regression analysis based on an exponential decline in their

number. They estimated about a 30% total loss, adjusted for age. (B) In keeping with this

estimate, they also found a sub-threshold loss of 27% of these neurons among individuals

with incidental Lewy bodies. (C) A similar estimate can be derived from the data of Ma and

colleagues, based on their dissector counts of pigmented SN neurons24. A linear regression

analysis of their data with extrapolation to time of disease onset yields an estimate of about a

30% loss. (D) Greffard and colleagues performed counts of neurons in the SNpc, and

determined density per unit volume. By either a linear or a negative exponential best fit

analysis, they estimated a 30% loss at the time of symptom onset25.
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Fig. 2.

Estimates of loss of striatal dopamine terminals markers at time of symptom onset. (A) A

graphical representation of the data presented in the oft-cited Bernheimer study to support

the statement that there is an 80% reduction at the time of disease onset26. In the Bernheimer

study, only 13 brains from patients with a diagnosis of PD were subjected to biochemical

analysis. No regression analysis was performed. (B) Reiderer and Wuketich27 measured

caudate dopamine content in two PD cohorts, one with an age of onset at 60 ± 1 years, and a

second at 73 ± 1 years. Back extrapolation indicates a 68% and an 82% decrease,

respectively, in caudate dopamine at the time of onset of disease in the two groups. (C)

Scherman and colleagues analyzed [3H]TBZOH binding to the vesicular monoamine
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transporter in postmortem caudate nucleus of 54 PD patients. Polynomial regression analysis

indicated a loss of 49% of binding sites at time of disease onset.
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Fig. 3.

Axonopathy in hLRRK2(R1441G) BAC transgenic mice. (A) Immunoperoxidase staining

for TH reveals no loss of SN dopamine neurons in the hLRRK2(R1441G) transgenics. (B)

At the single axon level, staining for tyrosine hydroxylase (TH) reveals fragmentation (blue

arrowheads), axonal spheroids (blue arrow), and dystrophic neurites at axon terminals (red

square and inset). (C) Axonal abnormalities in the striatum and piriform cortex of the

transgenic mice are also revealed by immunostaining for phosphorylated tau. Spheroids

(blue arrows) and dystrophic neurites (side panels) similar to those visualized by TH

staining, are observed. (Images adapted from Li et al43).
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Fig. 4.

Studies of the WldS mutant mouse demonstrate that degeneration of neuron cell bodies and

axons is mediated by distinct mechanisms. (A) Deckwerth and Johnson54 demonstrated that

both the cell bodies and the neurites of wild type sympathetic ganglion neurons degenerate

in culture after NGF withdrawal, but only cell bodies of WldS mice degenerate. (B) In a

living mouse model Sajadi et al58 demonstrated that, remarkably, after medial forebrain

bundle 6OHDA lesion, while there has been a substantial loss of neurons in mice of both

genotypes, there is a substantial preservation of axons in WldS. The top panels show loss of

dopamine neurons by immunostaining for TH, and the bottom panels show striatal

dopaminergic innervation by immunostaining for the dopamine transporter.
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Fig. 5.

Resistance of neuron cell bodies, but not axons, to degeneration in JNK null mice. (A) The

intrastriatal 6OHDA neurotoxin model induces apoptosis in SN dopamine neurons in

wildtype mice. A typical example of an apoptotic profile, with characteristic chromatin

clumps, is demonstrated by thionin counterstain in the inset. The homozygous jnk2 and jnk3

single null mutations suppressed apoptosis by 95% and 98%, respectively, and the

homozygous jnk2/3 double null mutations completely abrogated apoptosis. (B) The

homozygous jnk2/3 double null mutations provided virtually complete protection of SN

dopamine neurons. Among wildtype (WT) mice, there was a 63% loss of dopamine neurons,

typical for this model, whereas among jnk2/3 nulls, there was only a 4% decrease. Low
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power photomicrographs of representative TH-immunostained SN sections from wildtype

(top) and jnk2/3 nulls (bottom) following unilateral 6OHDA injection. (C) Homozygous

jnk2/3 double null mice are not resistant to retrograde degeneration of nigrostriatal

dopaminergic axons induced by intrastriatal 6OHDA. Following 6OHDA, there is a virtually

complete loss of TH-positive fiber staining in homozygous jnk2/3 null mice, as in wildtype,

throughout the striatum.
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