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(57) ABSTRACT 

Methods of reducing Wallerian degeneration are disclosed. 
These methods comprise inhibiting expression or activity of a 
mixed lineage kinase such as a dual leucine-Zipper-bearing 
kinase (DLK), inhibiting expression or activity of a molecule 
acting downstream from DLK, such as a c-Jun N-terminal 
kinase (JN K), or a combination thereof. Further disclosed are 
methods of screening candidate compounds for DLK inhibi 
tion activity. These methods comprise providing a neuronal 
culture comprising a plurality of axons; contacting the culture 
With a candidate compound and With an axon degeneration 
triggering agent; and comparing axonal degeneration in the 
culture to a control culture comprising the axon degeneration 
triggering agent but not the candidate compound. 
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METHODS AND COMPOSITIONS FOR 
INHIBITION OF AXONAL DEGENERATION 

BY MODULATION OF THE DLK/JNK 
PATHWAY 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a Divisional of US. Non-provi 
sional application Ser. No. 12/548,411 ?led onAug. 26, 2009 
Which claims priority to US. Provisional Application Ser. 
No. 61/091,976 ?led onAug. 26, 2008. These applications are 
incorporated herein by reference, each in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] The disclosed subject matter Was developed in part 
With Government support under grants NS040745 and 
AG013730 from the National Institutes of Health. The Gov 
ernment has certain rights in the invention. 

INCORPORATION BY REFERENCE OF 
SEQUENCE LISTING 

[0003] The Sequence Listing, Which is a part of the present 
disclosure, includes a computer readable form and a Written 
sequence listing comprising nucleotide and/or amino acid 
sequences. The sequence listing information recorded in 
computer readable form is identical to the Written sequence 
listing. The subject matter of the Sequence Listing is incor 
porated herein by reference in in entirety. 

INTRODUCTION 

[0004] Axon degeneration is a common feature of many 
neurological ailments including mechanical injury, exposure 
to neurotoxins, hereditary neuropathies, glaucoma, and neu 
rodegenerative diseases such asAlZheimer’ s Disease and Par 
kinson’s Disease (Coleman, M. P., et al., Trends Neurosci. 
25:532-537 (2002); Luo, L., et al. Ann. Rev. Neurosci. 28: 
127-156 (2005); Saxena, S., et al., Prog. Neurobiol. 83: 174 
191 (2007)). Axon loss is a direct cause of neurological 
impairment and it also often proceeds and promotes cell body 
dysfunction and death. Despite the diversity of insults that 
lead to axon loss, axons tend to degenerate folloWing a ste 
reotyped progression of morphological changes. This break 
doWn process, termed Wallerian degeneration and ?rst 
described in the 1850s, is hypothesiZed to be an active and 
highly regulated process (Coleman, M., et al. Nat. Rev. Neu 
rosci. 11: 889-898 (2005); Raff, M. C., et al., Science. 296: 
868-871 (2002)). 
[0005] A Wide range of insults appear to trigger a common 
axon self-destruction program. For example, pharmacologi 
cal inhibition of the ubiquitin proteasome system (Zhai, Q., et 
al., Neuron 39: 217-225 (2003); MacInnis, B. L., Mol. Cell 
Neurosci. 3: 430-439 (2005); Hoopfer, E. D., et al., Neuron 
50: 883-895 (2006)), calpain proteases (George, E. B., et. al., 
J. Neurosci. 15: 6445-6452 (1995); Spira, M. E., et al., J. 
Comp. Neurol., 457: 293-112 (2003); Wang, M. S., et al., 
Brain 127: 671-679 (2004); Touma, E., et al., Eur. J. Neurosci. 
26:3368-3381(2007)), and trypsin-like proteases (Ikegami, 
K., et al., Brain Res. 1030: 81-93 (2004)) decrease Wallerian 
degeneration. Preventing rises in Ca2+ can also be protective 
(Stys, P. K., J. Neurol. Sci. 233: 3-13 (2005)). Finally, over 
expression of the chimeric protein Wlds (Mack, T. G., et al., 
Nat. Neurosci. 4:1199-1206 (2001)) and nicotinamide mono 
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nucleotide adenylyltransferase (Nmnat) (Araki, T., et al., Sci 
ence. 305: 1010-1013 (2004)) dramatically delays axon 
degeneration in response to multiple insults. Thus, diverse 
neuronal insults appear to trigger a common self-destruction 
mechanism Within the axon. 

[0006] Wallerian degeneration is conceptually similar to 
but distinct from apoptosis: each appears to be an intrinsic 
process that is primed and Waiting for a triggering stimulus to 
activate the execution phase. Degenerating axons have been 
shoWn to exhibit to microtubule depolymeriZation, altered 
axonal transport, mitochondrial dysfunction, increased reac 
tive oxygen species, phosphatidylserine exposure, membrane 
blebbing, and axon fragmentation (Coleman, M. P., et al., 
Trends Neurosci. 25: 532-537(2002); Luo L., et al., Ann. Rev. 
Neurosci. 28: 127-156 (2005); Saxena S., et al., Prog. Neu 
robiol. 83:174-191 (2007); Coleman, M., Nat. Rev. Neurosci. 
11: 889-898 (2005); Raff, M. C., et al., Science. 296: 868 
871 (2002)). Although many of these pathological changes are 
shared With neuronal apoptosis, the molecular pathWays are 
distinct. A variety of manipulations that block neuronal apo 
ptosis do not prevent. Wallerian degeneration (Finn, J. T., et 
al., J. Neurosci. 20: 1333-1341 (2000); Sagot, Y., et al., J. 
Neurosci. 151 7727-7733 (1995); Whitmore,A.V., et al., Cell 
Death Differ. 10: 260-261 (2003)). 

[0007] Although inhibition of the effectors of neuronal 
apoptosis does not decrease axon degeneration, some 
upstream regulators of these effectors are highly expressed in 
axons and are activated by axonal insults. Such upstream 
regulatory molecules include members of the mixed lineage 
kinase (MLK) family, such as dual leucine-Zipper-bearing 
kinase (DLK). DLK is a mitogen activated protein kinase 
kinase kinase (MAP3 K) involved in axonal transport (Horiu 
chi, D., et al., Curr. Biol. 17: 1311-1317 (2007)), axon path 
?nding (Hirai, S. et al., J. Neurosci. 26: 11992-12002 (2006)), 
neuronal migration (Hirai, S., et al., J. Neurosci. 26: 11992 
12002(2006)), and neuronal apoptosis. DLK activates the 
MAP kinases JN K and/or p38 in a variety of systems (Gallo. 
K. A., et al., Nat. Rev. Mol. Cell Biol. 3: 663-672 (2002)). 
Interestingly, one of DLK’ s doWnstream targets, the mito gen 
activated protein kinase (MAPK) C-Jun N-terminal kinase 
(JNK), is activated locally in axons folloWing injury (Cavalli, 
V., et al., J. Cell Biol. 168: 775-787 (2005)). 

[0008] Many insults, such as trophic WithdraWal and axo 
tomy, can induce both neuronal apoptosis and axon degen 
eration. Axon degeneration can also be triggered by a range of 
insults that are relevant to human disease. Inhibitors of axo 
tomy-induced degeneration often also decrease axon loss in 
mouse models of these diseases, implying that a common 
axon self-destruction pathWay is employed (Coleman, M. P., 
et al., Trends Neurosci. 25: 532-537 (2002); Coleman, M., 
Nat. Rev. Neurosci. 11: 889-898 (2005)). For example, vin 
cristine is a chemotherapeutic drug that inhibits microtubule 
formation, and Whose dose-limiting side effects in patients 
include peripheral neuropathy due to axon degeneration (Ca 
sey, E. B., et al. Brain 96: 69-86 (1973). In cultured DRG 
neurons, applying vincristine triggers an axon degeneration 
that is morphologically similar to that induced by axotomy 
(Wang M. S., et al., J. Neuropathol. Exp. Neurol. 59: 599-606 
(2000)). 
[0009] Methods of reducing, inhibiting, or preventing 
axonal degeneration are thus needed in many situations, such 
as When a subject receives cancer chemotherapy. 
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SUMMARY 

[0010] In vieW of the need for methods for reducing, inhib 
iting, mitigating or preventing axonal degeneration, the 
present inventors have developed methods of treating and 
preventing neuropathies, axonopathies and other conditions 
involving axonal degeneration. 
[0011] In various con?gurations, a neuropathy that 
includes axonal degeneration can be hereditary or congenital. 
In some con?gurations, a neuropathy that includes axonal 
degeneration can be a neuropathy associated With neurode 
generative disease, motor neuron disease, neoplasia, endo 
crine disorder, metabolic disease, nutritional de?ciency, ath 
erosclerosis, an autoimmune disease, mechanical injury, 
chemical or drug-induced injury, thermal injury, radiation 
injury, nerve compression, retinal or optic nerve disorder, 
mitochondrial dysfunction, a progressive dementia demyeli 
nating disease, ischemia, stroke, an infectious disease, or an 
in?ammatory disease. In some con?gurations, the present 
methods can be used to prevent or mitigate axonal degenera 
tion that is induced by a cytotoxic anticancer agent such as, 
Without limitation, vincristine. In some con?gurations, the 
present methods can be used to prevent or mitigate axonal 
degeneration associated With an optic nerve disorder, such as, 
Without limitation, glaucoma, retinal ganglion degeneration, 
optic neuritis, optic degeneration, macular degeneration, 
ischemic optic neuropathy, traumatic injury to the optic 
nerve, hereditary optic neuropathy, metabolic optic neuropa 
thy, neuropathy due to a toxic agent, a neuropathy caused by 
an adverse drug reaction or a neuropathy caused by vitamin 
de?ciency. In some con?gurations, a mitochondrial dysfunc 
tion associated With a neuropathy can be a mitochondrial 
dysfunction resulting from oxidative damage, from one or 
more mutations in mitochondrial proteins encoded either in 
the mitochondrial genome or nuclear genome, from expo sure 
to toxins, and/or from the process of aging. 

[0012] In various aspects of the present teachings, methods 
for reducing, inhibiting, or preventing axonal degeneration 
can comprise methods that reduce activity of one or more 
enZymes of the mixed lineage kinase (MLK) family, such as 
dual leucine-Zipper-bearing kinase (DLK), and/or a doWn 
stream target of DLK, such as a c-Iun N-terminal kinase 
(INK). In various embodiments, methods of present teach 
ings can comprise administering to a mammalian subject in 
need thereof, at least one inhibitor of at least one MLK and/or 
at least one inhibitor of at least one INK, in an amount 
effective to inhibit MLK activity and/or MLK expression 
and/ or INK activity and/or INK expression, in diseased and/ 
or injured neurons and/or supporting cells. In some con?gu 
rations, an MLK can be dual leucine-Zipper-bearing kinase 
(DLK). In some con?gurations, a INK can be INKl, INK2 or 
INK3. In various con?gurations, a neuropathy can comprise 
an axonopathy, such as Wallerian degeneration. 

[0013] In some con?gurations, a INK inhibitor can be a 
selective inhibitor of a c-Iun N-terminal kinase (INK), such 
as SP600215 (Anthra[l,9-cd]pyraZol-6(2H)-one; 1,9-pyra 
Zoloanthrone) (Calbiochem., La Iolla, Calif.). In some alter 
native con?gurations, an inhibitor can be an inhibitory RNA 
such as an siRNA directed against expression of an enZyme 
such as an MLK or a INK. In some con?gurations, an inhibi 

tor can be an inhibitory RNA such as an siRNA directed 
against expression of DLK. In some con?gurations, an inhibi 
tor can be an inhibitory RNA such as an siRNA directed 

against expression of a INK, such as INKl, INK2 or INK3. 
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[0014] In some embodiments, such as When a mammalian 
subject has an optic disorder, methods of the present teach 
ings can comprise intraocular administration of a kinase 
inhibitor to the subject. In various con?gurations, intraocular 
administration can entail administering an enZyme inhibitor 
via a sustained release delivery system, by intravitrial injec 
tion, by eyedrops or by trans-scleral deliver. In various con 
?gurations of the present teachings, a mammalian subject can 
be a human, such as a subject in need of treatment. 

[0015] In various aspects of the present teachings, the 
inventors disclose methods of screening candidate agents 
such as compounds or salts thereof for treating or preventing 
a neuropathy comprising axonal degeneration or axonopathy, 
such as Wallerian degeneration. In various embodiments, 
these methods can comprise contacting, in vitro or in vivo, at 
least one mammalian cell that expresses at least one member 
of the mixed lineage kinase (MLK) family such as dual leu 
cine-Zipper-bearing kinase (DLK) With a candidate agent, 
and detecting a decrease in MLK activity in the cell, such as 
a decrease in DLK activity in the cell. In other embodiments, 
these methods can comprise contacting, in vitro or in vivo, at 
least one mammalian cell that expresses at least one MLK and 
at least one C-Iun N-terminal kinase (INK) With a candidate 
agent, and detecting a decrease in activity of the at least one 
MLK or the at least one INK activity in the cell. 
[0016] In various con?gurations, a mammalian cell of these 
embodiments can be a neuron, such as, Without limitation, a 
dorsal root ganglion neuron. A neuron of these embodiments 
can be from any mammalian source, such as a rodent, includ 
ing a rat or mouse. In addition, in various con?gurations, an 
MLK can be dual leucine-Zipper-bearing kinase (DLK). Fur 
thermore, a INK can be a INKl, a INK2 or a INK3. 

[0017] In some aspects, the present teaching include meth 
ods of screening candidate compounds for activity as inhibi 
tors of activity or expression of at least one mixed lineage 
kinase (MLK) and/ or at least one INK in neurons. In various 
embodiments, these methods comprise administering a can 
didate agent to mammalian neuronal cells in vitro or in vivo, 
producing an axonal injury to the neuronal cells, and detect 
ing a decrease in axonal degeneration of the injured neuronal 
cells. These embodiments can further comprise detecting a 
reduction in activity of an MLK and/or a INK. In various 
con?gurations, an MILK can be a dual leucine-Zipper-bear 
ing kinase (DLK), and a INK can be a INKl, a INK2 or a 
INK3. 

[0018] In some aspects, the present teaching include meth 
ods of screening a candidate compound for activity as an 
inhibitor of axonal degeneration. In various embodiments, 
these methods comprise providing a plurality of Drosophila 
?ies expressing a reporter in olfactory receptor neurons 
(ORN’s), Wherein the ORN’s comprise axons Which extend 
into lobes connected by a commissure; severing one or more 
antennae from the ?ies; administering a candidate compound 
to the ?ies; and scoring the Drosophila for presence or 
absence of the commissure, Whereby the presence of the 
commissure indicates that the compound has activity as an 
inhibitor of axonal degeneration. In various con?gurations, 
the reporter can be a ?uorescent protein, such as, Without 
limitation, a green ?uorescent protein (GFP). 
[0019] In some aspects, the present teaching include meth 
ods of screening a candidate compound for activity as an 
MLK inhibitor. In various con?gurations, these methods 
comprise providing a neuronal culture comprising a plurality 
of axons; contacting the culture With a candidate compound 
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and With an axon degeneration-triggering agent; and compar 
ing axonal degeneration in the culture to a control culture 
comprising the axon degeneration-triggering agent but not 
the candidate compound. 
[0020] In various con?gurations of these methods, the 
MLK inhibitor can be a DLK inhibitor, and a neuronal culture 
can comprise dorsal root ganglion neurons, such as murine 
dorsal root ganglion neurons. Furthermore, in various con 
?gurations, the axon degeneration-triggering agent can be a 
cancer chemotherapeutic, such as, Without limitation, vinc 
ristine. 
[0021] In some aspects, the present teaching include meth 
ods of screening a candidate compound for activity as an 
MLK inhibitor. In various con?gurations, these methods 
comprise providing a neuronal culture comprising a plurality 
of axons; axotomiZing neurons comprised by the culture; 
contacting the culture With a candidate compound; and com 
paring axonal degeneration in the culture to a control culture 
comprising axotomiZed neurons but not the candidate com 
pound. In various con?gurations of these methods, the MLK 
inhibitor can be a DLK inhibitor. A neuronal culture of these 
con?gurations can be a mammalian neuronal culture such as 
a murine neuronal culture. Furthermore, a neuronal culture of 
these aspects can comprise dorsal root ganglion neurons. In 
some con?gurations, contacting a neuronal culture With a 
candidate compound can comprise contacting the culture 
With a candidate compound Within 3 hours after the axoto 
miZing. 
[0022] In some aspects, the present teaching include meth 
ods of treating a cancer. In various con?gurations, these meth 
ods comprise administering to a subject in need of treatment 
a) a chemotherapeutic pharmaceutical and b) an inhibitor of 
an MLK activity and/or expression, an inhibitor of a INK 
activity and/or expression, or a combination thereof, in an 
amount effective to inhibit axonal degeneration. In various 
con?gurations, the MLK activity and/or expression can be 
DLK activity and/or expression, and the INK activity and/or 
expression can be activity and/ or expression of IN Kl, INK2 
and/ or IN K3. In various embodiments of these methods, the 
chemotherapeutic pharmaceutical can be administered in an 
amount greater than the amount administered Without the 
inhibitor of the MLK activity or expression, the inhibitor of 
the INK activity or expression, or a combination thereof. 

[0023] In various con?gurations of these methods, the che 
motherapeutic pharmaceutical can be comprised by a phar 
maceutical composition. In addition, the pharmaceutical 
composition can further comprises an inhibitor of MLK activ 
ity or expression, an inhibitor of INK activity or expression, 
or a combination thereof. A chemotherapeutic pharmaceuti 
cal can be any chemotherapeutic pharmaceutical known to 
skilled artisans, such as, Without limitation, vincristine or 
taxol. In addition, an inhibitor of INK activity can be 
SP600215, and an inhibitor of expression of an MLK can be 
an siRNA against expression at least one MLK. In some 
con?gurations, the MLK can be DLK. In some other con?gu 
rations, the inhibitor of a INK expression can be an siRNA 
against expression of at least one INK, Which can be, Without 
limitation, INKl, INK2 or IN K3. 
[0024] In some aspects, the present teaching include meth 
ods of treating or sloWing progression of a peripheral neur 
opathy. In various embodiments, these methods comprise 
administering to a subject in need of treatment an inhibitor of 
an MLK activity or expression, an inhibitor of IN K activity or 
expression, or a combination thereof, in an amount effective 
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to inhibit axonal degeneration. In various embodiments, an 
inhibitor of an MLK activity or expression can be an inhibitor 
of DLK activity or expression, such as, Without limitation, an 
siRNA against DLK expression. In various embodiments, an 
inhibitor of an INK activity or expression can be an inhibitor 
of activity or expression of INKl, INK2 and/or INK3, such 
as, Without limitation, SP600215. 
[0025] In some aspects, the present teaching include meth 
ods of treating or sloWing progression of a neurodegenerative 
disease. These methods comprise administering to a subject 
in need of treatment, an inhibitor of MLK activity or expres 
sion, an inhibitor of INK activity or expression, or a combi 
nation thereof, in an amount effective to inhibit axonal degen 
eration. In various embodiments, an inhibitor of an MLK 
activity or expression can be an inhibitor of DLK activity or 
expression, such as, Without limitation, an siRNA against 
DLK expression. In various embodiments, an inhibitor of an 
INK activity or expression can be an inhibitor of activity or 
expression of IN Kl, IN K2 and/ or IN K3, such as, Without 
limitation, SP600215. 
[0026] In some aspects, the present teaching include meth 
ods of preserving retinal ganglion cells and/ or vision in a 
subject With glaucoma. In various embodiments, these meth 
ods comprise administering to the subject an effective amount 
of an inhibitor of an MLK activity or expression, an inhibitor 
of a INK activity or expression, or a combination thereof. In 
various con?gurations of these methods, an inhibitor of MLK 
activity or expression can be an inhibitor of DLK activity or 
expression such as an siRNA directed against DLK expres 
sion. In some con?gurations, an inhibitor of INK activity or 
expression can be an inhibitor of activity or expression of 
INKl, IN K2 and/ or INK3, such as INK activity inhibitor 
SP600215, or an siRNA directed against expression of a INK. 
[0027] In some aspects, the present teaching include meth 
ods of protecting axons and/ or neuronal function post injury. 
In various con?gurations, these methods comprise adminis 
tering to a subject post injury, an inhibitor of an MLK activity 
or expression, an inhibitor of INK activity or expression, or a 
combination thereof, in an amount effective to inhibit axonal 
degeneration. In various con?gurations of these methods, an 
inhibitor of MLK activity or expression can be an inhibitor of 
DLK activity or expression such as an siRNA directed against 
expression of all MLK such as DLK. In some con?gurations, 
an inhibitor of INK activity or expression can be an inhibitor 
of activity or expression of IN Kl , INK2 and/ or IN K3 such as 
INK activity inhibitor SP600215, or an siRNA directed 
against expression of a INK. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0028] FIG. 1 illustrates that Wallerian degeneration is 
delayed in Wnd/DLK mutant Drosophila. 
[0029] FIG. 2 illustrates that normal axon degeneration in 
response to axotomy and vincristine requires DLK. 
[0030] FIG. 3 illustrates that inhibition of INK during the 
?rst three hours of axotomy decreases axonal degeneration. 
[0031] FIG. 4 illustrates that DLK mutant mice have 
decreased Wallerian degeneration in vivo. 

DETAILED DESCRIPTION 

[0032] The identi?cation of a signaling pathWay that pro 
motes axon degeneration opens neW avenues for the devel 
opment of therapies aimed at minimizing axon loss and the 
resulting neurological disability. The present inventors have 
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developed methods for mitigating axonopathies that can 
occur in various diseases and injuries, such as optic nerve 
disorders. These methods are based upon inhibition of activ 
ity or inhibition of expression of kinase enzymes that contrib 
ute to the DLK/IN K pathWay in neurons. The methods com 
prise administering to a subject an inhibitor of expression or 
activity of at least one mixed lineage kinase (MLK) family 
member, such as dual leucine-Zipper-bearing kinase and/or 
expression or activity of at least one c-Iun N-terminal kinase 
(INK) such as INK1, INK2 or INK3. 

[0033] In some aspects, an inhibitor can be an inhibitory 
RNA such as a small interfering RNA (siRNA) that inhibits 
expression of a protein component of the DLK/IN K pathWay, 
such as an MLK family member such as dual leucine-Zipper 
bearing kinase (DLK), or a c-Iun N-terminal kinase (INK), 
such as INK1, INK2 or INK3. An siRNA that can be used in 
the methods disclosed herein can have a sequence Which is 
selected and synthesiZed according to methods Well knoWn to 
skilled artisans, or can have a structure that has already been 
shoWn to inhibit kinase activity. In non-limiting example, an 
siRNA canbe an siRNA that inhibits expression of DLK, such 
as a stealth siRNA that inhibits DLK expression (Invitrogen, 
Carlsbad, Calif.) (Plaumann, S., et al., Mol Pharmacol 652 
659, (2008)). In another non-limiting example, an siRNA can 
be an siRNA that inhibits expression of an MLK, such as 
described by Chadee at al. ((Chadee, D. N., et al., Proc. Nat’l. 
Acad. Sci. USA 103: 4463-4468 (2006); Chadee, D. N., et al., 
Nat. Cell Biol. 6: 770-776 (2004)), or available from a sup 
plier such as Dharmacon RNA Technologies (Lafayette, 
Colo.). Some non-limiting examples of RNAi that inhibit 
INK expression include: Ink1/2 siRNA 5'-GAAUGUC 
CUACCUUCUCUA-3' (SEQ ID NO 1); INK 1 pool siRNA 
5'-GGAAAGAACUGAUAUACAA-3' (SEQ ID NO 2) and 
5'-GAAGCAAACGUGACAACAA-3' (SEQ ID NO 3); 
INK2 pool siRNA 5'-CCGUGAACUCGUCCUCUUAAA 
3' (SEQ ID NO 4) and 5'-GUGAUGGACUGGGAAGAAA 
3' (SEQ ID NO 5); INK3 pool siRNA 5'-GAAAGAACU 
UAUCUACAA-3' (SEQ. ID NO 6) and 
5-CCAGUAACAUUGUAGUCAA-3 (SEQ ID NO 7) 
(Bjorkblom, B., et al, I. Biol. Chem. 283: 19704-19713 
(2004). 
[0034] siRNA can be administered to a subject by methods 
knoWn to skilled artisans, for example as set forth in Sohail, 
M., ed., Gene Silencing by RNA Interference: Technology 
and Application, CRC Press LLC, Boca Raton, Fla., 2005; 
Schepers, U., RNA Interference in Practice: Principles, 
Basics, and Methods for Gene Silencing in C. elegans, Droso 
phila, and Mammals, Wiley-VCH Verlag GmbH & Co., 
Weinheim 2005; and Engelke, D., RNA interference (RNAi) 
Nuts & Bolts of RNAi Technology, DNA Press LLC, 2003. 
[0035] The inventors also have developed methods of 
screening for compounds or salts thereof that inhibit MLK 
family kinases such as dual leucine-Zipper-bearing kinase 
(DLK). In various embodiments, these methods can comprise 
contacting, in vitro or in vivo, at least one mammalian cell that 
expresses at least one member of the mixed lineage kinase 
(MLK) family such as dual leucine-Zipper-bearing kinase 
(DLK) With a candidate agent, and detecting a decrease in 
MLK activity in the cell, such as a decrease in DLK activity in 
the cell. A decrease in kinase activity can be detected by any 
kinase assay knoWn to skilled artisans, such as, for example, 
detecting a decrease in incorporation of phosphate into a 
doWnstream target of a kinase, as measured by, for example, 
incorporation of a radioisotope such as 32P. In other embodi 
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ments, these methods can comprise contacting, in vitro or in 
vivo, at least one mammalian cell that expresses at least one 
MLK and at least one C-Iun N-terminal kinase (INK) With a 
candidate agent, and detecting a decrease in activity of the at 
least one MLK or the at least one INK activity in the cell. 
Screening methods can also involve assaying a biological 
response. In various con?gurations, these methods comprise 
providing a neuronal culture comprising a plurality of axons; 
contacting the culture With a candidate compound and With an 
axon degeneration-triggering agent; and comparing axonal 
degeneration in the culture to a control culture comprising the 
axon degeneration-triggering agent but not the candidate 
compound. Axonal degeneration can be observed and quan 
ti?ed using, for example, the methods described in the 
Examples beloW. 
[0036] Axon degeneration is a shared feature of many neu 
ropathological conditions. The protective effects of WldS/ 
Nmnat over-expression and proteasome inhibition indicate 
that there is an intrinsic axon self-destruction program, but 
the components of this program had not been previously 
identi?ed. The present inventors have noW shoWn that the 
MAP3K DLK and its doWnstream MAPK INK are critical 
factors in the axon degeneration program. Genetic deletion of 
Wnd/DLK in ?ies, DLK in mice, and pharmacological inhi 
bition of INK all diminish axotomy-induced Wallerian 
degeneration. Thus, the conceptually and morphologically 
similar but distinct processes of apoptosis and axon degen 
eration share some molecular components. This INK path 
Way acts Within neurons as injured axons commit to degen 
erate, rather than controlling the neuron’s pre-injury 
competence to degenerate or the execution phase of the 
degeneration program. Inhibition of this pathWay also 
decreases axon degeneration in response to the chemothera 
peutic agents such as vincristine, Whose dose-limiting side 
effects include neuropathy, suggesting that a common active 
axon self-destruction program orchestrates axon breakdoWn 

in response to multiple insults. Furthermore, inhibiting Wal 
lerian degeneration through inhibition of the DLK/IN K path 
Way permits the administration of higher doses of such che 
motherapeutic agents. 
[0037] The methods and compositions described herein 
utiliZe laboratory techniques Well knoWn to skilled artisans 
and can be found in laboratory manuals such as Sambrook, I ., 
et al., Molecular Cloning: A Laboratory Manual, 3rd ed. Cold 
Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y., 
2001; Spector, D. L. et al., Cells: A Laboratory Manual, Cold 
Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y., 
1998; HarloW, E., Using Antibodies: A Laboratory Manual, 
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, 
N.Y., 1999; Sullivan, W., et al., Drosophila Protocols, Cold 
Spring Harbor, N.Y., 2000; Sioud, M., ed RiboZymes and 
siRNA Protocols, NeW York, Springer-Verlag, 2004; Sohail, 
M., ed., Gene Silencing by RNA Interference: Technology 
and Application, CRC Press LLC, Boca Raton, Fla., 2005; 
Schepers, U., RNA Interference in Practice: Principles, 
Basics, and Methods for Gene Silencing in C. elegans, Droso 
phila, and Mammals, Wiley-VCH Verlag GmbH & Co., 
Weinheim 2005; and Engelke, D., RNA interference (RNAi) 
Nuts & Bolts of RNAi Technology, DNA Press LLC, 2003. 
Methods of administration of pharmaceuticals and dosage 
regimes, can be determined according to standard principles 
of pharmacology Well knoWn skilled artisans, using methods 
provided h standard reference texts such as Remington: the 
Science and Practice of Pharmacy (Alfonso R. Gennaro ed. 
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19th ed. 1995): Hardman, I. G., et al., Goodman & Gilman’s 
The Pharmacological Basis of Therapeutics, Ninth Edition, 
McGraW-Hill, 1996; and RoWe, R. C., et al., Handbook of 
Pharmaceutical Excipients, Fourth Edition, Pharmaceutical 
Press, 2003. These publications are incorporated herein by 
reference, each in its entirety. 
[0038] As used herein, the singular forms “a”, “an” and 
“the” are intended to include the plural forms as Well, unless 
the context indicates otherwise. The following examples are 
illustrative and are not intended to be limiting to the scope of 
any claim. 

EXAMPLES 

[0039] The folloWing examples are intended to be illustra 
tive and are not intended to be limiting of the scope of any 
claim. 

Example 1 

[0040] This example illustrates that DLK is a component of 
the molecular pathWay that promotes axon degeneration, 
using a Well-established Drosophila axon degeneration 
model (Hoopfer, E. D., et al., Neuron, 50: 883-895 (2006); 
MacDonald, I. M., et al., Neuron. 50: 869-881 (2006)). This 
example further demonstrates that Wallerian degeneration is 
delayed in Wnd/DLK mutant ?ies, and that Wnd is required 
for normal axon degeneration in Drosophila. FIG. 1A pre 
sents non-axotomiZed ORN axons expressing GFP; FIG. 1B 
presents degenerated WT axons 24 hrs. post-axotomy. FIG. 
1C presents Wnd/DLK mutant axons 24 hrs. post-axotomy. 
[0041] In this example, the inventors expressed green ?uo 
rescent protein (GFP) in a subpopulation of olfactory receptor 
neurons (ORNs). ORN cell bodies are located peripherally in 
the antennae, and their axons extend into the brain and terrni 
nate glomeruli of both the ipsilateral and contralateral anten 
nal lobes, Which are connected by a commissure (FIG. 1A). 
To sever these axons and induce axon degeneration, the 
antennae Were surgically removed in this paradigm. Most 
Wild-type axons degenerate Within 24 hours, and this degen 
eration can be delayed by expressing the Wlds (Hoopfer, E. 
D., et al., Neuron, 50: 883-895 (2006)) in the ORNs. The 
degree of degeneration can be scored based on the presence or 
absence of the commissure formed by the ORN axons con 
necting the tWo lobes (Hoopfer, E. D., et at, Neuron, 50: 
883-895 (2006)). In these experiments, mutants in the Droso 
phila ortholog of DLK, Wnd, have substantially diminished 
axon degeneration compared to control ?ies (FIG. 1B,C). The 
commissure Was visible in 4 out of 32 control ?ies and 18 out 
of 27 Wnd/DLK mutant ?ies (Chi-square, p<0.001). Wnd is 
therefore required for normal axon degeneration in Droso 
phila. 

Example 2 

[0042] This Example illustrates that normal axon degenera 
tion in response to injury such as axotomy or a toxic chemical 
such as a cancer chemotherapeutic requires DLK in mamma 
lian neurons. 

[0043] In these experiments, the inventors cultured embry 
onic mouse dorsal root ganglion cells (DRGs) for 14-16 days 
to alloW their axons to radiate from the central core of cell 
bodies before severing the axons With a micro-scalpel. FIG. 2 
shoWs phase contrast images of DRG axons from DLK 
mutants and littermate controls. AxotomiZed DLK mutant 
axons have a 65%+/—3.2% (se) decrease in degeneration 
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index (DI) relative to controls (p<0.0001, n:8 individual 
axotomiZed DRG cultures per condition, t-test). Vincristine 
treatment induces 59%+/—6.3% (se) less DI in DLK mutants 
relative to controls (p<0.002, n:7 DRG cultures per condi 
tion, t-test). As shoWn in FIG. 2, after 24 hours, transected 
Wild-type axons are dramatically degenerated. The initially 
smooth and continuous axonal processes become rough and 
irregular axon fragments. The extent of axon breakdown Was 
quanti?ed by measuring the fraction of axonal area occupied 
by fragmented axons (degeneration index, DI). When cul 
tures from DLK mutants and littermate controls Were axoto 
miZed, degeneration of the mutant axons Was signi?cantly 
diminished (FIG. 2). Because non-neuronal cells are elimi 
nated in this DRG culture system, We concluded that DLK 
must be required Within neurons themselves for the normal 
axon degenerative response. Furthermore, the identi?cation 
of loss-of-function mutants With decreased axon degenera 
tion in both ?ies and mice demonstrates that axon degenera 
tion is an active process driven in pan by an evolutionary 
conserved pathWay that includes DLK/Wnd. 
[0044] To investigate Whether DLK participates in such a 
common pathWay, We assessed the response of DLK mutant 
DRC neurons to vincristine toxicity. In cultured DRG neu 
rons, applying vincristine triggers an axon degeneration that 
is morphologically similar to that induced by axotomy 
(Wang, M. S., et al., I. Neuropathol. Exp. Neurol. 59: 599-606 
(2000)) (FIG. 2). HoWever, the present inventors demonstrate 
that reducing DLK expression or activity protects axons from 
vincristine toxicity, With a signi?cantly decreased degenera 
tive response relative to control axons (FIG. 2). Hence, DLK 
promotes axon degeneration in response to both axotomy and 
neurotoxin exposure. These results indicate that DLK is a 
component of a common axon self-destruction pathWay uti 
liZed by both axotomy- and vincristine-induced axon degen 
eration. 

Example 3 

[0045] This example illustrates that inhibition of INK dur 
ing the ?rst three hours of axotomy decreases axonal degen 
eration. 
[0046] In these experiments, to determine Whether the axon 
degeneration pathWay requires either INK or p38, We used 
pharmacological inhibitors of each MAP kinase in the DRG 
axotomy model. Wild-type DRG cultures Were treated With 
the INK inhibitor SP600215 and the p38 inhibitor SB203580 
starting from 24 hours before axotomy and for the remainder 
of the experiment. 
[0047] Phase contrast images of DRG axons 24 hours post 
axotomy are shoWn in FIG. 3. Unless noted, vehicle and 
inhibitors Were added 24 hours pre-axotomy and left on for 
the duration of the experiment. FIG. 3A: Vehicle (DMSO). 
FIG. 3B: SB203580 (P38 inhibitor). FIG. 3C: SP600215 
(INK inhibitor). FIG. 3D: SP600215 added 24 hr pre-axo 
tomy, and removed just before axotomy. FIG. 3E: SP600215 
added concurrently With axotomy. FIG. 3F: SP600215 added 
3 hours post-axotomy. FIG. 3G: SP600215 added concurrent 
With axotomy and removed 3 hours post-axotomy. Condi 
tions C, E, and G are signi?cantly less degenerated than A 
(p<0.001, ANOVA, posthoc Tukey’s test, n>7 individually 
axotomiZed DRG cultures per condition). 
[0048] Inhibition of INK, but not p38, decreased degenera 
tion of DRG axons folloWing axotomy (FIG. 3B, FIG. C). 
Thus INK, like DLK, is a component of an intrinsic pathWay 
that promotes axon degeneration. 
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[0049] Axon degeneration is hypothesized to comprise at 
least three distinct phasesicompetence to degenerate, much 
of Which is determined transcriptionally before axotomy, 
commitment to degenerate, Which occurs in the substantial 
delay period betWeen injury and axon fragmentation, and the 
execution phase, When axons fragment (Saxena, S., et al., 
Prog. Neurobiol. 83: 174-19 (2007)). IfJNK’s primary role is 
to promote competence to degenerate, for instance by pro 
moting the expression of pro degenerative factors that are 
activated after injury, then INK activity Would be required 
prior to axotomy. We found that this is not the case since 
application of the JNK inhibitor 24 hours prior to axotomy 
folloWed by a Wash just before axotomy is not protective 
(FIG. 3D). In contrast, INK inhibition started concurrently 
With axotomy is protective (FIG. 3E). JN K therefore does not 
control the axon’s pre-injury competence to degenerate, but 
instead it is required in the severed axon itself to promote 
axon degeneration. 

[0050] One hallmark of Wallerian degeneration is the sub 
stantial delay betWeen the onset of axonal injury and the 
initiation of rapid axon breakdown, suggesting that a signal 
ing pathWay commits the axon to a breakdoWn program dur 
ing this delay. To assess Whether INK is involved in the 
commitment or execution phase of axon breakdown, We 
added a INK inhibitor 3 hours after axotomy, Which is 
approximately 12 hours before substantial fragmentation 
begins. We found that inhibiting INK beginning 3 hours post 
axotomy, and continuing for the rest of the experiment in 
order to span the transition to the execution phase, did not 
decrease axon degeneration (FIG. 3F). Thus, INK inhibition 
during the execution phase is not su?icient to decrease degen 
eration. We next investigated if inhibiting INK only during 
the early phase is suf?cient to decrease axon degeneration. 
We found that When the IN K inhibitor is added concurrently 
With the axotomy and then Washed off 3 hours post-axotomy, 
axon degeneration is decreased (FIG. 3G). Thus, inhibition of 
JNK during this early period, the hypothesiZed commitment 
phase, is both necessary and su?icient to decrease axon 
degeneration. 
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Example 4 
[0051] This Example illustrates that DLK mutant mice 
have decreased Wallerian degeneration in vivo. 
[0052] There are many differences betWeen in vitro and in 
vivo models of axon degeneration, and manipulations that 
diminish degeneration in vitro do not alWays shoW the same 
effect in vivo (Conforti, L., et al., Cell Death Differ. 14: 
116-127 (2007)). We therefore investigated Whether DIX 
plays a role in axon degeneration in vivo in mice. Sciatic 
nerve transection is a simple and Well-characterized in vivo 
model of Wallerian degeneration. Most Wild-type axons 
degenerate Within 52 hours post-transection (BeiroWski, B., 
et al., Neurosci. Methods. 134: 23-35 (2004)). 
[0053] FIG. 4 shoWs sciatic nerve cross-sections distal to 
the axotomy stained With Toluidine blue (top roW) or imaged 
by EM (bottom), As shoWn in FIG. 4, 52 hours post-axotomy. 
DLK mutants have 208%+/—22% (se) axons per um2 com 
pared to Wild-type (p<0.007, t-test, n:4 Wild-typo sciatic 
nerves and 5 DLK mutant sciatic nerves). By EM, mitochon 
dria and microtubules are abundant in the axotomiZed DLK 
mutants but not in the axotomiZed Wild-types. In the DLK 
mutants, hoWever, many axons are spared. We ?nd a more 
than tWo-told increase in the number of non-collapsed axonal 
sheaths from sciatic nerve sections of DLK mutants distal to 
the axotomy site. In Wild-type axons distal to the axotomy, 
electron microscopic analysis reveals degenerating myelin 
sheaths, collapsed axonal sheaths, and feW recogniZable 
mitochondria or microtubules in the remaining axons. In the 
DLK mutants, these pathological features are much less 
prominent, With less degeneration of the surrounding myelin 
and many more axons containing mitochondria and microtu 
bules (FIG. 4). The ?nding that DLK is required in vivo for 
normal axon degeneration validates the relevance of our in 
vitro results and demonstrates that the DLK pathWay provides 
a therapeutic target for mitigating axon degeneration. EM 
scale bar:2 pm 
[0054] All publications, patents, patent applications and 
other references cited herein are incorporated by reference in 
their entirety as if each individual publication, patent, patent 
application or other reference Were speci?cally and individu 
ally indicated to be incorporated by reference. 

SEQUENCE LISTING 

<l60> NUMBER OF SEQ ID NOS: 7 

<2lO> SEQ ID NO 1 
<2ll> LENGTH: 19 

<2l3> ORGANISM: Mus musculus 

<400> SEQUENCE: l 

gaauguccua ccuucucua 

<2lO> SEQ ID NO 2 

<2ll> LENGTH: 19 

<2l2> TYPE: RNA 

<2l3> ORGANISM: Mus musculus 

<400> SEQUENCE: 2 

ggaaagaacu gauauacaa 

l9 
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—cont inued 

<2ll> LENGTH: 19 

<2l3> ORGANISM: Mus musculus 

<400> SEQUENCE: 3 

gaagcaaacg ugacaacaa 

<2ll> LENGTH: 21 

<2l3> ORGANISM: Mus musculus 

<400> SEQUENCE: 4 

ccgugaacuc guccucuuaa a 

<2lO> SEQ ID NO 5 
<2ll> LENGTH: 19 

<2l3> ORGANISM: Mus musculus 

<400> SEQUENCE: 5 

gugauggacu gggaagaaa 

<2ll> LENGTH: 19 

<2l3> ORGANISM: Mus musculus 

<400> SEQUENCE: 6 

ggaaagaacu uaucuacaa 

<2ll> LENGTH: 19 

<2l3> ORGANISM: Mus musculus 

<400> SEQUENCE: '7 

ccaguaacau uguagucaa 

19 

21 

19 

What is claimed is: 
1. A method of mitigating a neuropathy in a mammal, the 

method comprising administering to a mammal in need 
thereof, an inhibitor of dual leucine-Zipper-bearing kinase 
activity in an amount effective to inhibit axonal degeneration 
in diseased and/or injured neurons. 

2. A method in accordance With claim 1, Wherein the neu 
ropathy is an axonopathy. 

3. A method in accordance With claim 2, Wherein the axon 
opathy comprises Wallerian degeneration. 

4. A method in accordance With claim 1, Wherein the neu 
ropathy is hereditary or congenital or associated With a neu 
rodegenerative disease, a motor neuron disease, a neoplasia, 
an endocrine disorder, a metabolic disease, a nutritional de? 
ciency, atherosclerosis, an autoimmune disease, a mechanical 
injury, a chemical injury, a drug-induced injury, a thermal 
injury, a radiation injury, a nerve compression, a retinal nerve 
disorder, an optic nerve disorder, a mitochondrial dysfunc 

tion, a progressive dementia demyelinating disease, 
ischemia, stroke, an infectious disease or an in?ammatory 
disease. 

5. A method in accordance With claim 4, Wherein the neu 
ropathy is induced by a cytotoxic anticancer agent. 

6. A method in accordance With claim 4, Wherein the optic 
nerve disorder is selected from the group consisting of glau 
coma, retinal ganglion degeneration, optic neuritis, optic 
degeneration, macular degeneration, ischemic optic neuropa 
thy, traumatic injury to the optic nerve, hereditary optic neu 
ropathy, metabolic optic neuropathy, neuropathy due to a 
toxic agent, neuropathy caused by an adverse drug reaction 
and neuropathy caused by a vitamin de?ciency. 

7. A method in accordance With claim 4, Wherein the 
administering to the mammal comprises intraocular admin 
istering. 


