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Histopathological studies revealed that progressive neuropathies including Alzheimer,
and Prion diseases among others, include accumulations of misfolded proteins
intracellularly, extracellularly, or both. Experimental evidence suggests that among
the accumulated misfolded proteins, small soluble oligomeric conformers represent
the most neurotoxic species. Concomitant phenomena shared by different protein
misfolding diseases includes alterations in phosphorylation-based signaling pathways
synaptic dysfunction, and axonal pathology, but mechanisms linking these pathogenic
features to aggregated neuropathogenic proteins remain unknown. Relevant to this
issue, results from recent work revealed inhibition of fast axonal transport (AT) as a
novel toxic effect elicited by oligomeric forms of amyloid beta and cellular prion protein
PrPC, signature pathological proteins associated with Alzheimer and Prion diseases,
respectively. Interestingly, the toxic effect of these oligomers was fully prevented by
pharmacological inhibitors of casein kinase 2 (CK2), a remarkable discovery with
major implications for the development of pharmacological target-driven therapeutic
intervention for Alzheimer and Prion diseases.

Keywords: fast axonal transport, kinesin-1, casein kinase 2, signaling, synaptic dysfuction, protein misfolding,
prion protein

INTRODUCTION

Adult-onset misfolding diseases are among the most challenging disorders faced by modern
molecular medicine. A pathogenic feature common to these diseases includes the accumulation of
aggregated proteinaceous entities. By mid 20th century, it became clear that protein aggregates were
the culprit of misfolding diseases, including Alzheimer’s (AD) and prion diseases (PrDs) (Hardy
and Selkoe, 2002; Colby and Prusiner, 2011). More recently, the “amyloid cascade hypothesis”
was proposed, suggesting that a cascade of pathological events associated with extracellular
accumulation of amyloid precursor protein (APP) fragments underlies AD (Hardy and Higgins,
1992). This hypothesis was later extended to other misfolding diseases, leading to a modified
hypothesis that included the notion that smaller, oligomeric intraneuronal aggregates may play a

Frontiers in Cellular Neuroscience | www.frontiersin.org 1

July 2019 | Volume 13 | Article 350


https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://doi.org/10.3389/fncel.2019.00350
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fncel.2019.00350
http://crossmark.crossref.org/dialog/?doi=10.3389/fncel.2019.00350&domain=pdf&date_stamp=2019-07-30
https://www.frontiersin.org/articles/10.3389/fncel.2019.00350/full
http://loop.frontiersin.org/people/773376/overview
http://loop.frontiersin.org/people/173968/overview
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Zamponi and Pigino

Inhibition of Fast Axonal Transport

more relevant pathological role in AD and PrDs, (Takahashi
et al, 2002; Forloni et al, 2016; Cline et al, 2018; Ono,
2018). As these disorders associated with small soluble
aggregates (oligomers ranging from 4 to 200 kDa), the term
“oligomeropathies” was coined to emphasize this notion (Forloni
et al, 2016). Still, after many decades of intense research,
mechanisms linking oligomeric protein aggregates to disease
pathogenesis remain elusive.

Synaptic disfunction and axonal pathology are common early
pathological features shared by neurons affected in protein
misfolding diseases (Selkoe, 2002; Senatore et al., 2013; Chiesa,
2015; Soto and Pritzkow, 2018), suggesting that pathological
misfolded proteins, including amyloid beta (AB) and PrPC,
may alter cellular processes critical for synaptic and axonal
function. One such process involves fast axonal transport (AT)
a cellular process crucial for homeostatic maintenance of pre
and postsynaptic compartments underlying functional neuronal
connectivity (Ermolayev et al, 2009a,b; Pigino et al, 2009
Zamponi et al., 2017). In this mini-review, we discuss how two
unrelated pathogenic proteins bearing oligomeric conformation,
amyloid beta (0AB-42) and cellular prion protein (oPrPC), inhibit
AT by altering a common signaling pathways important for AT
regulation. Implications of these in the Conclusion section.

EARLY SYNAPTIC DYSFUNCTION AND
NEURITIC PATHOLOGY IN PROTEIN
MISFOLDING DISEASES

Decades of research revealed neuronal synaptic terminals as
primary targets in many protein misfolded diseases (Jeffrey et al.,
2000; Selkoe, 2002; Conforti et al., 2007; Siskova et al., 2009).
Accordingly, recent studies determined that abnormally folded
tau and oligomeric amyloid beta, hallmarks AD proteins, inhibit
synaptic transmission through a mechanism involving aberrant
activation of the proteins kinases GSK3p and CK2, respectively
(Moreno et al., 2009, 2016). Early synaptic dysfunction and
axonal pathology represent common pathological events to all
these disorders, preceding months or even years before any
signs of overt neuronal cell death (Moreno and Mallucci, 2010;
Adalbert and Coleman, 2013). Cumulative evidence indicates
that deficits in neuronal connectivity associated with synaptic
disfunction and axonal degeneration, rather than the loss of
specific population of vulnerable neurons, underlies the clinical
manifestation of each disease (Chiesa et al., 2005; Brady
and Morfini, 2010; Coleman, 2011). Accordingly, therapeutic
strategies based on preventing neuronal apoptosis failed to alter
the progression of clinical symptoms in different animal models
of protein misfolding diseases, including PrDs, amyotrophic
lateral sclerosis (ALS) and PD (Chiesa et al., 2005; Gould
et al., 2006; Waldmeier et al., 2006). Remarkably, eliminating
cellular prion protein on mice infected with prions that
normally develop the classic prion pathology and clinical signs
of neurodegeneration (Mallucci et al, 2007; White et al,
2008) recovered synaptic dysfunction, which further prevented
neuronal loss (Moreno and Mallucci, 2010). Therefore, the
available information strongly suggests that preserving neuronal

connectivity may represent an effective therapeutic strategy
(Lingor et al, 2012). However, the development of such
approaches requires the knowledge of pathogenic mechanism
underlying loss of neuritic connectivity in all these unrelated
neurological disorders (Luo and O’Leary, 2005; Conforti et al.,
2007; Gerdts et al., 2016).

The development of mouse models for misfolding disorders
was a major breakthrough that allowed an evaluation of
hypothesis-driven disease mechanisms (Suter and Scherer,
2003). However, a major obstacle has been the scarcity of
appropriate experimental systems that allow a direct evaluation
of aggregation-dependent effects of neuropathogenic proteins.
Within this context, the isolated squid axoplasm and squid giant
synapse preparation represents unique experimental systems
(Song et al., 2016). Isolated squid giant axon is independent
of any nuclear or synaptic activity contributions, which cannot
be achieved when working with mammalian neurons either
in vitro or in vivo (Grant et al, 2006; Kanaan et al., 2012;
Song et al., 2016). One putative limitation for the squid giant
axon, as well as other invertebrate model such as Drosophila
melanogaster and Caenorhabditis elegans, could be the state
of conservation on regulatory mechanisms for AT between
mammalian and invertebrate neurons. In this regard, we and
others have shown that every specific axonal activity explored
in the squid Loligo pealeii is conserved from cephalopods to
humans. The Loligo pealeii was a pioneering animal model
that provided fundamental insights into nerve cell excitability
(Schwiening, 2012). Furthermore, it was instrumental for the
discovery of kinesin-1 (Brady, 1985; Vale et al., 1985) and its
regulatory mechanisms (Brady and Morfini, 2017), as well as the
determination of the specific molecular mechanisms involved in
synaptic transmission (Llinas et al., 1980).

OLIGOMERIC FORMS OF Ag-42 AND
PRPC PROMOTE ABERRANT
ACTIVATION OF THE PROTEIN KINASES
GSK3p AND CK2

A common pathological feature displayed by many adult onset
aggregopathies is aberrant patterns of protein phosphorylation,
which indirectly reflects alterations in the activity of
phosphotransferases (Walaas and Greengard, 1991; Baskaran
and Velmurugan, 2018). Cytoskeletal components of the axonal
compartment, including the microtubule-associated protein
tau and neurofilaments, are the most widely reported neuronal
proteins aberrantly phosphorylated in AD and PrDs (Stoothoff
and Johnson, 2005; Holmgren et al., 2012; Rudrabhatla, 2014).

In the last two decades of pharmacological research working
with multiple cellular and animal models, it has become clear
that GSK3-p kinase plays a key role in AD and PrDs pathology
(Llorens-Martin et al., 2014). Significantly, GSK3p activity has
been shown to be abnormally activated by the AD associated
oligomeric AB-42 peptide (0AB-42) and by PrP (Perez et al,
2003; Pigino et al., 2009; Decker et al., 2010; Tang et al., 2012;
Simon et al., 2014). In addition, extracellular fibrillar AB-42 (fAB)
and either extracellular or intracellular 0AB-42 were found to
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FIGURE 1 | Common molecular mechanism of fast axonal transport inhibition
shared by oPrPC and oAB-42. Cellular and pharmacological data determined
that both oPrPC and 0AB-42 induced fast axonal transport inhibition. The
inhibitory mechanism was mediated by the activation of endogenous CK2 and
GSK3B that in turn phosphorylated KLCs. Phosphorylation of KLCs (letter P
on KLCs) promoted the detachment of conventional kinesin from its
transported vesicular cargoes. We and others have shown that CK2 can also
phosphorylate kinesin-1 heavy chains (KHCs) (letter P on KHCs). Based on
our previous results working with KHCs phosphorylation, we predict an
additional mechanism of fast axonal transport inhibition induced by CK2
phosphorylation on KHCs which in turn will promote a reduction of kinesin-1
association to microtubules (MTs).

activate CK2 both in vivo and in vitro (Chauhan et al., 1993;
De Felice et al,, 2009; Pigino et al, 2009; Tang et al., 2012;
Ramser et al., 2013). Making this even more compelling, PrP
reportedly associates with and activates CK2 (Meggio et al.,
2000; Chen et al., 2008; Zamponi et al., 2017). Together these
experimental evidences strongly indicates that 0Ap-42 and oPrP
promote activation of neuronal GSK38 and CK2 kinases (Pigino
et al,, 2009; Zamponi et al., 2017), a discovery bearing major
implications for both AD and PrP pathogenesis.

Since most kinases have many different neuronal substrates,
they could potentially affect a wide variety of cellular processes,
including gene transcription (Whitmarsh, 2007; Thapar and
Denmon, 2013; Gao and Roux, 2015), cytoskeleton organization
(Rudrabhatla, 2014), protein degradation and mitochondrial
function, among others. However, the precise molecular events
linking these processes to synaptic dysfunction and axonal
pathology have yet to be discovered. On the other hand,
we do know AT is a process of utmost importance for
maintaining normal axonal and synaptic function (Gibbs et al.,
2015; Zamponi et al, 2017). In support, loss of function
mutations in specific subunits of kinesin-1 and cytoplasmic
dynein, major motor proteins responsible for the execution of
AT, cause neuropathologies featuring synaptic dysfunction and
axonal pathology early in the course of disease (Reid, 2003;
Brady and Morfini, 2010).

FAST AXONAL TRANSPORT
ALTERATIONS IN ALZHEIMER AND
PRION DISEASES

In the last decade, genetic evidences have shown that alterations
in kinesin and cytoplasmic dynein motor functions underlie

a group of neuropathies (Brady and Morfini, 2010, 2017).
Interestingly, all of these disorders display synaptic dysfunction
and | axonopathy, signature pathogenic events associated with
dying-back degeneration of neurons (Brady and Morfini, 2010).
Although these neuropathies are associated with functional
mutations in molecular motors, it became apparent that many
more adult onset aggregopathies present defects in AT, including
AD, and PrDs (Gibbs et al, 2015; Brady and Morfini, 2017;
Zamponi et al., 2017). However, AT failure in these neuropathies
was a result of alterations in phosphotransferase activities
that regulate kinesin and dynein motor functions, rather than
through mutation-based loss of motor activities (Brady and
Morfini, 2017). Our recent results showed that cellular PrP
can activate endogenous axonal CK2 activity and induce a
dramatic inhibit AT of various membrane-bound organelles
including synaptic vesicles and mitochondria (Zamponi et al.,
2017). Abnormally activated CK2 in turn phosphorylates light
chains subunits of kinesin-1, inducing a dissociation of this
motor protein with its transported cargoes (Figure 1). Consistent
with this molecular mechanism, inhibition of endogenous CK2
activity by specific pharmacological CK2 inhibitors prevented
oPrP-induced AT inhibition in both isolated squid axoplasm
and mammalian neurons (Zamponi et al., 2017). Remarkably,
we and others have shown previously the same mechanism
of AT inhibition induced by the AD related peptide oAB-
42 (Pigino et al, 2009; Tang et al, 2012). These important
discoveries represent a message of hope for the development
of therapies to treat aggregopathies involving compromised
AT. In particular, these insights would be crucial for treating
disorders that are induced by aggregated misfolded proteins
capable of altering phosphotransferases important for regulating
AT, a vitally important neuronal process that sustain normal axon
functions and synaptic activities.

CONCLUSION

For many decades the research on pathological mechanisms
associated to adult onset neurological disorders such as AD
and other aggregopathies, was focused almost exclusively
on preventing neuronal cell death. The development of
animal models, specifically focusing on these devastating
diseases, has helped in the formulation of new hypothesis
driven pathological mechanisms. Many research programs
have developed effective ways of preserving neurons affected
in these animal models, however, little or no progress was
achieved in stopping or slowing the progression of these
diseases. Indeed, cardinal research programs aimed to genetically
prove the direct involvement of apoptosis, a pathological
component of AD, PD, PrD, and ALS, determined that
although apoptosis plays an important role in these diseases,
preserving affected neurons did not prevent the clinical
symptoms or synaptic dysfunction and loss (Chiesa et al., 2005;
Gould et al., 2006).

The discovery that functional mutations in kinesin-1 and
cytoplasmic dynein, the main molecular motors responsible for
neuronal AT, suffice to promote dying back neuropathies was
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a major step forward (Brady and Morfini, 2010). However,
mutations in molecular motors are rare, usually embryonic
lethal, and only account for a small proportion of neurological
disorders. It has become established in recent years, that
deficiencies in AT are associated to a larger group of misfolding
diseases including AD, PD, and PrDs. And, current research
indicates that AT deficiencies observed in these diseases are
induced by altered kinases involved in regulation of AT
(Gibbs et al., 2015; Brady and Morfini, 2017). Altogether, this
molecular and pharmacological information will set the basis for
developing novel target-driven pharmacological interventions
specific for each disease. These interventions will in turn
ameliorate neuronal AT and therefore prevent or slow down
the dying back progression of axonal degeneration and loss
(Brady and Morfini, 2017).

REFERENCES

Adalbert, R., and Coleman, M. P. (2013). Review: axon pathology in age-related
neurodegenerative disorders. Neuropathol. Appl. Neurobiol. 39, 90-108. doi:
10.1111/j.1365-2990.2012.01308.x

Baskaran, R., and Velmurugan, B. K. (2018). Protein phosphatase 2A as therapeutic
targets in various disease models. Life Sci. 210, 40-46. doi: 10.1016/j.1f5.2018.
08.063

Brady, S., and Morfini, G. (2010). A perspective on neuronal cell death signaling
and neurodegeneration. Mol. Neurobiol. 42, 25-31. doi: 10.1007/s12035-010-
8128-2

Brady, S. T. (1985). A novel brain ATPase with properties expected for the fast
axonal transport motor. Nature 317, 73-75. doi: 10.1038/317073a0

Brady, S. T., and Morfini, G. A. (2017). Regulation of motor proteins, axonal
transport deficits and adult-onset neurodegenerative diseases. Neurobiol. Dis.
105, 273-282. doi: 10.1016/j.nbd.2017.04.010

Chauhan, A., Chauhan, V. P., Murakami, N., Brockerhoff, H., and Wisniewski,
H. M. (1993). Amyloid beta-protein stimulates casein kinase I and casein kinase
1T activities. Brain Res. 629, 47-52. doi: 10.1016/0006-8993(93)90479-7

Chen, J., Gao, C,, Shi, Q., Wang, G., Lei, Y., Shan, B., et al. (2008). Casein kinase
1I interacts with prion protein in vitro and forms complex with native prion
protein in vivo. Acta Biochim. Biophys. Sin 40, 1039-1047. doi: 10.1111/j.1745-
7270.2008.00486.x

Chiesa, R. (2015). The elusive role of the prion protein and the mechanism of
toxicity in prion disease. PLoS Pathog. 11:e1004745. doi: 10.1371/journal.ppat.
1004745.

Chiesa, R., Piccardo, P., Dossena, S., Nowoslawski, L., Roth, K. A., Ghetti, B., et al.
(2005). "Bax deletion prevents neuronal loss but not neurological symptoms in
a transgenic model of inherited prion disease. Proc. Natl. Acad. Sci. U.S.A. 102,
238-243. doi: 10.1073/pnas.0406173102

Cline, E. N,, Bicca, M. A,, Viola, K. L., and Klein, W. L. (2018). The amyloid-
beta oligomer hypothesis: beginning of the third decade. J. Alzheimers. Dis. 64,
$567-S610. doi: 10.3233/JAD-179941

Colby, D. W., and Prusiner, S. B. (2011). "Prions."cold spring harb. Perspect. Biol.
3,2006833. doi: 10.1101/cshperspect.a006833

Coleman, M. (2011). Molecular signaling how do axons die? Adv. Genet. 73,
185-217. doi: 10.1016/B978-0-12-380860-8.00005-7

Conforti, L., Adalbert, R., and Coleman, M. P. (2007). Neuronal death: where does
the end begin? Trends Neurosci. 30, 159-166. doi: 10.1016/j.tins.2007.02.004

De Felice, F. G., Vieira, M. N, Bomfim, T. R., Decker, H., Velasco, P. T., Lambert,
M. P,, et al. (2009). "Protection of synapses against Alzheimer’s-linked toxins:
insulin signaling prevents the pathogenic binding of Abeta oligomers."Proc.
Natl. Acad. Sci. U.S.A. 106, 1971-1976. doi: 10.1073/pnas.0809158106

Decker, H., Lo, K. Y., Unger, S. M., Ferreira, S. T., and Silverman, M. A. (2010).
Amyloid-beta peptide oligomers disrupt axonal transport through an NMDA
receptor-dependent mechanism that is mediated by glycogen synthase kinase
3beta in primary cultured hippocampal neurons. J. Neurosci. 30, 9166-9171.
doi: 10.1523/INEUROSCI.1074-10.2010

AUTHOR CONTRIBUTIONS

GP wrote the original manuscript. EZ designed and
draw the figure.

FUNDING

This work was supported by the Alzheimer’s Association
(Grant # NIRGD-11-206379).

ACKNOWLEDGMENTS

The authors thank Brittan Hlista for editing this manuscript.

Ermolayev, V., Cathomen, T., Merk, J., Friedrich, M., Hartig, W., Harms, G. S.,
et al. (2009a). Impaired axonal transport in motor neurons correlates with
clinical prion disease. PLoS Pathog. 5:¢1000558. doi: 10.1371/journal.ppat.10
00558

Ermolayev, V., Friedrich, M., Nozadze, R., Cathomen, T., Klein, M. A., Harms,
G. S, et al. (2009b). "Ultramicroscopy reveals axonal transport impairments
in cortical motor neurons at prion disease."Biophys. J. 96, 3390-3398. doi:
10.1016/j.bp;j.2009.01.032

Forloni, G., Artuso, V., La Vitola, P., and Balducci, C. (2016). Oligomeropathies
and pathogenesis of Alzheimer and Parkinson’s diseases. Mov. Disord. 31,
771-781. doi: 10.1002/mds.26624

Gao, B., and Roux, P. P. (2015). "Translational control by oncogenic signaling
pathways. Biochim. Biophys. Acta 1849, 753-765. doi: 10.1016/j.bbagrm.2014.
11.006

Gerdts, J., Summers, D. W., Milbrandt, J., and DiAntonio, A. (2016). axon
self-destruction: new links among SARM1, MAPKs, and NAD+ metabolism.
Neuron 89, 449-460. doi: 10.1016/j.neuron.2015.12.023

Gibbs, K. L., Greensmith, L., and Schiavo, G. (2015). Regulation of axonal transport
by protein kinases. Trends Biochem. Sci. 40, 597-610. doi: 10.1016/j.tibs.2015.
08.003

Gould, T. W, Buss, R. R,, Vinsant, S., Prevette, D., Sun, W., Knudson, C. M,, et al.
(2006). Complete dissociation of motor neuron death from motor dysfunction
by Bax deletion in a mouse model of ALS. J. Neurosci. 26, 8774-8786.
doi: 10.1523/jneurosci.2315-06.2006

Grant, P, Zheng, Y., and Pant, H. C. (2006). Squid (Loligo pealei) giant fiber system:
a model for studying neurodegeneration and dementia? Biol. Bull. 210, 318-333.
doi: 10.2307/4134568

Hardy, J., and Selkoe, D. J. (2002). The amyloid hypothesis of Alzheimer’s disease:
progress and problems on the road to therapeutics. Science 297, 353-356.
doi: 10.1126/science.1072994

Hardy, J. A., and Higgins, G. A. (1992). Alzheimer’s disease: the amyloid cascade
hypothesis. Science 256, 184-185.

Holmgren, A., Bouhy, D., and Timmerman, V. (2012). Neurofilament
phosphorylation and their proline-directed kinases in health and disease.
J.  Peripher. Nerv. Syst. 17, 365-376. doi: 10.1111/j.1529-8027.2012.
00434.x

Jeffrey, M., Halliday, W. G., Bell, J., Johnston, A. R., MacLeod, N. K,
Ingham, C., et al. (2000). “Synapse loss associated with abnormal PrP
precedes neuronal degeneration in the scrapie-infected murine hippocampus.”
Neuropathol. Appl. Neurobiol. 26, 41-54. doi: 10.1046/j.1365-2990.2000.
00216.x

Kanaan, N. M., Pigino, G. F., Brady, S. T., Lazarov, O., Binder, L. I., and Morfini,
G. A. (2012). Axonal degeneration in Alzheimer’s disease: when signaling
abnormalities meet the axonal transport system. Exp. Neurol. 246, 44-53.
doi: 10.1016/j.expneurol.2012.06.003

Lingor, P., Koch, J. C., Tonges, L., and Bahr, M. (2012). Axonal degeneration as
a therapeutic target in the CNS. Cell Tissue Res. 349, 289-311. doi: 10.1007/
s00441-012-1362-3

Frontiers in Cellular Neuroscience | www.frontiersin.org

July 2019 | Volume 13 | Article 350


https://doi.org/10.1111/j.1365-2990.2012.01308.x
https://doi.org/10.1111/j.1365-2990.2012.01308.x
https://doi.org/10.1016/j.lfs.2018.08.063
https://doi.org/10.1016/j.lfs.2018.08.063
https://doi.org/10.1007/s12035-010-8128-2
https://doi.org/10.1007/s12035-010-8128-2
https://doi.org/10.1038/317073a0
https://doi.org/10.1016/j.nbd.2017.04.010
https://doi.org/10.1016/0006-8993(93)90479-7
https://doi.org/10.1111/j.1745-7270.2008.00486.x
https://doi.org/10.1111/j.1745-7270.2008.00486.x
https://doi.org/10.1371/journal.ppat.1004745.
https://doi.org/10.1371/journal.ppat.1004745.
https://doi.org/10.1073/pnas.0406173102
https://doi.org/10.3233/JAD-179941
https://doi.org/10.1101/cshperspect.a006833
https://doi.org/10.1016/B978-0-12-380860-8.00005-7
https://doi.org/10.1016/j.tins.2007.02.004
https://doi.org/10.1073/pnas.0809158106
https://doi.org/10.1523/JNEUROSCI.1074-10.2010
https://doi.org/10.1371/journal.ppat.1000558
https://doi.org/10.1371/journal.ppat.1000558
https://doi.org/10.1016/j.bpj.2009.01.032
https://doi.org/10.1016/j.bpj.2009.01.032
https://doi.org/10.1002/mds.26624
https://doi.org/10.1016/j.bbagrm.2014.11.006
https://doi.org/10.1016/j.bbagrm.2014.11.006
https://doi.org/10.1016/j.neuron.2015.12.023
https://doi.org/10.1016/j.tibs.2015.08.003
https://doi.org/10.1016/j.tibs.2015.08.003
https://doi.org/10.1523/jneurosci.2315-06.2006
https://doi.org/10.2307/4134568
https://doi.org/10.1126/science.1072994
https://doi.org/10.1111/j.1529-8027.2012.00434.x
https://doi.org/10.1111/j.1529-8027.2012.00434.x
https://doi.org/10.1046/j.1365-2990.2000.00216.x
https://doi.org/10.1046/j.1365-2990.2000.00216.x
https://doi.org/10.1016/j.expneurol.2012.06.003
https://doi.org/10.1007/s00441-012-1362-3
https://doi.org/10.1007/s00441-012-1362-3
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Zamponi and Pigino

Inhibition of Fast Axonal Transport

Llinas, R., Steinberg, I. Z., and Walton, K. (1980). Transmission in the squid giant
synapse: a model based on voltage clamp studies. J. Physiol. 76, 413-418.

Llorens-Martin, M., Jurado, J., Hernandez, F., and Avila, J. (2014). GSK-3beta, a
pivotal kinase in Alzheimer disease. Front. Mol. Neurosci. 7:46. doi: 10.3389/
fnamol.2014.00046

Luo, L., and O’Leary, D. D. (2005). Axon retraction and degeneration in
development and disease. Annu. Rev. Neurosci. 28, 127-156. doi: 10.1146/
annurev.neuro.28.061604.135632

Mallucci, G. R., White, M. D., Farmer, M., Dickinson, A., Khatun, H., Powell, A. D.,
etal. (2007). Targeting cellular prion protein reverses early cognitive deficits and
neurophysiological dysfunction in prion-infected mice. Neuron 53, 325-335.
doi: 10.1016/j.neuron.2007.01.005

Meggio, F., Negro, A., Sarno, S., Ruzzene, M., Bertoli, A., Sorgato, M. C,, et al.
(2000). Bovine prion protein as a modulator of protein kinase CK2. Biochem. J.
352(Pt 1), 191-196. doi: 10.1042/bj3520191

Moreno, H., Morfini, G., Buitrago, L., Ujlaki, G., Choi, S., Yu, E., et al. (2016).
Tau pathology-mediated presynaptic dysfunction. Neuroscience 325, 30-38.
doi: 10.1016/j.neuroscience.2016.03.044

Moreno, H., Yu, E, Pigino, G., Hernandez, A. L, Kim, N., Moreira, J. E,, et al.
(2009). Synaptic transmission block by presynaptic injection of oligomeric
amyloid beta. Proc. Natl. Acad. Sci. U.S.A. 106, 5901-5906. doi: 10.1073/pnas.
0900944106

Moreno, J. A., and Mallucci, G. R. (2010). Dysfunction and recovery of synapses
in prion disease: implications for neurodegeneration. Biochem. Soc. Trans. 38,
482-487. doi: 10.1042/BST0380482

Ono, K. (2018). Alzheimer’s disease as oligomeropathy. Neurochem. Int. 119,
57-70. doi: 10.1016/j.neuint.2017.08.010

Perez, M., Rojo, A. I, Wandosell, F., Diaz-Nido, J., and Avila, J. (2003). Prion
peptide induces neuronal cell death through a pathway involving glycogen
synthase kinase 3. Biochem. J. 372(Pt 1), 129-136. doi: 10.1042/bj2002
1596

Pigino, G., Morfini, G., Atagi, Y., Deshpande, A., Yu, C., Jungbauer, L., et al.
(2009). Disruption of fast axonal transport is a pathogenic mechanism for
intraneuronal amyloid beta. Proc. Natl. Acad. Sci. U.S.A. 106, 5907-5912.
doi: 10.1073/pnas.0901229106

Ramser, E. M., Gan, K. J., Decker, H., Fan, E. Y., Suzuki, M. M., Ferreira, S. T, et al.
(2013). Amyloid-beta oligomers induce tau-independent disruption of BDNF
axonal transport via calcineurin activation in cultured hippocampal neurons.
Mol. Biol. Cell 24, 2494-2505. doi: 10.1091/mbc.E12-12-0858

Reid, E. (2003). Science in motion: common molecular pathological themes emerge
in the hereditary spastic paraplegias. J. Med. Genet. 40, 81-86. doi: 10.1136/jmg.
40.2.81

Rudrabhatla, P. (2014). Regulation cytoskeletal  protein
phosphorylation in neurodegenerative diseases. J. Alzheimers. Dis. 41,
671-684. doi: 10.3233/JAD-130794

Schwiening, C. J. (2012). A brief historical perspective: hodgkin and huxley.
J. Physiol. 590, 2571-2575. doi: 10.1113/jphysiol.2012.230458

Selkoe, D. J. (2002). Alzheimer’s disease is a synaptic failure. Science 298, 789-791.

Senatore, A., Restelli, E., and Chiesa, R. (2013). Synaptic dysfunction in prion
diseases: a trafficking problem? Int. J. Cell Biol. 2013, 543803. doi: 10.1155/2013/
543803

Simon, D., Herva, M. E., Benitez, M. J., Garrido, J. J., Rojo, A. I, Cuadrado, A.,
etal. (2014). Dysfunction of the PI3K-Akt-GSK-3 pathway is a common feature
in cell culture and in vivo models of prion disease. Neuropathol. Appl. Neurobiol.
40, 311-326. doi: 10.1111/nan.12066

Siskova, Z., Page, A., O’Connor, V., and Perry, V. H. (2009). Degenerating
synaptic boutons in prion disease: microglia activation without synaptic

of neuronal

stripping. Am. J. Pathol. 175, 1610-1621. doi:
090372

Song, Y., Kang, M., Morfini, G., and Brady, S. T. (2016). Fast axonal transport in
isolated axoplasm from the squid giant axon. Methods Cell Biol. 131, 331-348.
doi: 10.1016/bs.mcb.2015.07.004

Soto, C., and Pritzkow, S. (2018). Protein misfolding, aggregation, and
conformational strains in neurodegenerative diseases. Nat. Neurosci. 21,
1332-1340. doi: 10.1038/s41593-018-0235-9

Stoothoff, W. H., and Johnson, G. V. (2005). Tau phosphorylation: physiological
and pathological consequences. Biochim. Biophys. Acta 1739, 280-297.
doi: 10.1016/j.bbadis.2004.06.017

Suter, U., and Scherer, S. S. (2003). Disease mechanisms in inherited neuropathies.
Nat. Rev. Neurosci. 4, 714-726. doi: 10.1038/nrn1196

Takahashi, R. H., Milner, T. A,, Li, F., Nam, E. E., Edgar, M. A., Yamaguchi, H.,
et al. (2002). Intraneuronal Alzheimer abeta42 accumulates in multivesicular
bodies and is associated with synaptic pathology. Am. J. Pathol. 161, 1869-1879.
doi: 10.1016/s0002-9440(10)64463-x

Tang, Y., Scott, D. A,, Das, U., Edland, S. D., Radomski, K., Koo, E. H., et al.
(2012). Early and selective impairments in axonal transport kinetics of synaptic
cargoes induced by soluble amyloid beta-protein oligomers. Traffic 13, 681-693.
doi: 10.1111/j.1600-0854.2012.01340.x

Thapar, R., and Denmon, A. P. (2013). Signaling pathways that control mRNA
turnover. Cell. Signal. 25, 1699-1710. doi: 10.1016/j.cellsig.2013.03.026

Vale, R. D, Reese, T. S., and Sheetz, M. P. (1985). Identification of a novel force-
generating protein, kinesin, involved in microtubule-based motility. Cell 42,
39-50. doi: 10.1016/s0092-8674(85)80099-4

Walaas, S. I, and Greengard, P. (1991). Protein phosphorylation and neuronal
function. Pharmacol. Rev. 43, 299-349.

Waldmeier, P., Bozyczko-Coyne, D., Williams, M., and Vaught, J. L. (2006). Recent
clinical failures in Parkinson’s disease with apoptosis inhibitors underline the
need for a paradigm shift in drug discovery for neurodegenerative diseases.
Biochem. Pharmacol. 72, 1197-1206. doi: 10.1016/j.bcp.2006.06.031

White, M. D., Farmer, M., Mirabile, I., Brandner, S., Collinge, J., and Mallucci, G. R.
(2008). Single treatment with RNAi against prion protein rescues early neuronal
dysfunction and prolongs survival in mice with prion disease. Proc. Natl. Acad.
Sci. U.S.A. 105, 10238-10243. doi: 10.1073/pnas.0802759105

Whitmarsh, A. J. (2007). Regulation of gene transcription by mitogen-activated
protein kinase signaling pathways. Biochim. Biophys. Acta 1773, 1285-1298.
doi: 10.1016/j.bbamcr.2006.11.011

Zamponi, E., Buratti, F., Cataldi, G., Caicedo, H. H., Song, Y., Jungbauer, L. M.,
et al. (2017). Prion protein inhibits fast axonal transport through a mechanism
involving casein kinase 2. PLoS One 12:e0188340. doi: 10.1371/journal.pone.
0188340.

10.2353/ajpath.2009.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer, GM, declared a past co-authorship with one of the authors, GP, to
the handling Editor.

Copyright © 2019 Zamponi and Pigino. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org

July 2019 | Volume 13 | Article 350


https://doi.org/10.3389/fnmol.2014.00046
https://doi.org/10.3389/fnmol.2014.00046
https://doi.org/10.1146/annurev.neuro.28.061604.135632
https://doi.org/10.1146/annurev.neuro.28.061604.135632
https://doi.org/10.1016/j.neuron.2007.01.005
https://doi.org/10.1042/bj3520191
https://doi.org/10.1016/j.neuroscience.2016.03.044
https://doi.org/10.1073/pnas.0900944106
https://doi.org/10.1073/pnas.0900944106
https://doi.org/10.1042/BST0380482
https://doi.org/10.1016/j.neuint.2017.08.010
https://doi.org/10.1042/bj20021596
https://doi.org/10.1042/bj20021596
https://doi.org/10.1073/pnas.0901229106
https://doi.org/10.1091/mbc.E12-12-0858
https://doi.org/10.1136/jmg.40.2.81
https://doi.org/10.1136/jmg.40.2.81
https://doi.org/10.3233/JAD-130794
https://doi.org/10.1113/jphysiol.2012.230458
https://doi.org/10.1155/2013/543803
https://doi.org/10.1155/2013/543803
https://doi.org/10.1111/nan.12066
https://doi.org/10.2353/ajpath.2009.090372
https://doi.org/10.2353/ajpath.2009.090372
https://doi.org/10.1016/bs.mcb.2015.07.004
https://doi.org/10.1038/s41593-018-0235-9
https://doi.org/10.1016/j.bbadis.2004.06.017
https://doi.org/10.1038/nrn1196
https://doi.org/10.1016/s0002-9440(10)64463-x
https://doi.org/10.1111/j.1600-0854.2012.01340.x
https://doi.org/10.1016/j.cellsig.2013.03.026
https://doi.org/10.1016/s0092-8674(85)80099-4
https://doi.org/10.1016/j.bcp.2006.06.031
https://doi.org/10.1073/pnas.0802759105
https://doi.org/10.1016/j.bbamcr.2006.11.011
https://doi.org/10.1371/journal.pone.0188340.
https://doi.org/10.1371/journal.pone.0188340.
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Protein Misfolding, Signaling Abnormalities and Altered Fast Axonal Transport: Implications for Alzheimer and Prion Diseases
	Introduction
	Early Synaptic Dysfunction and Neuritic Pathology in Protein Misfolding Diseases
	Oligomeric Forms of Aβ-42 and PrPC Promote Aberrant Activation of the Protein Kinases Gsk3β and Ck2
	Fast Axonal Transport Alterations in Alzheimer and Prion Diseases
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


