VIEWS AND COMMENTARIES

Autophagy 10:4, 710-714; April 2014; © 2014 Landes Bioscience

A new method to measure autophagy flux in the nervous system

Soledad Matus,"** Vicente Valenzuela,>** and Claudio Hetz>>4>*

'Neurounion Biomedical Foundation; Santiago, Chile; “Biomedical Neuroscience Institute; Faculty of Medicine; University of Chile; Santiago, Chile;

Program of Cellular and Molecular Biology; Institute of Biomedical Sciences; University of Chile; Santiago, Chile; “Center for Molecular Studies of the Cell;

Faculty of Medicine; University of Chile; Santiago, Chile; *Department of Immunology and Infectious Diseases; Harvard School of Public Health; Boston, MA USA

Keywords: autophagy flux, LC3,

neurons, and nervous system

Abbreviations: AAV, adeno-associated
virus; LC3, microtubule-associated
protein 1 light chain 3; LC3-11,
microtubule-associated protein 1

light chain 3 lipidated form; ICV,

intracerebroventricular
Submitted: 12/04/2013

Revised: 03/02/2014

Accepted: 03/04/2014
http://dx.doi.org/10.4161/auto.28434

*Correspondence to: Soledad Matus;
Email: soledad.matus@neurounion.com;
Claudio Hetz; Email: chetz@med.uchile.cl

Commentary to: Castillo K, Valenzuela V, Matus
S, Nassif M, Ofate M, Fuentealba Y, Encina G,
Irrazabal T, Parsons G, Court FA, et al. Measure-
ment of autophagy flux in the nervous system in
vivo. Cell Death Dis 2013; 4:e917; PMID:24232093;
http://dx.doi.org/10.1038/cddis.2013.421

710

A;urrent need in the neuroscience
ield is a simple method to monitor
autophagic activity in vivo in neurons.
Until very recently, most reports have
been based on correlative and static
determinations of the expression levels
of autophagy markers in the brain,
generating conflicting interpretations.
Autophagy is a fundamental process
mediating the degradation of diverse
cellular components, including
organelles and protein aggregates at basal
levels, whereas alterations in the process
(i.e., autophagy impairment) operate
as a pathological mechanism driving
neurodegeneration in most prevalent
diseases. We have recently described a
new simple method to deliver and express
an autophagy flux reporter through the
peripheral and central nervous system
of mice by the intracerebroventricular
delivery of adeno-associated viruses
(AAV) into newborn mice. We obtained
a wide expression of a monomeric
tandem mCherry-GFP-LC3  construct
in neurons through the nervous system
and demonstrated efficient and accurate

of LC3 flux after

stimulation of the

measurements
pharmacological
pathway or in disease settings of axonal
damage. Here we discuss the possible
applications of this new method to assess
autophagy activity in neurons in vivo.

Autophagy is a catabolic mechanism
that sequesters cytoplasmatic components
for  lysosomal-mediated  degradation,
inclusions  and

including  protein

damaged organelles.! Autophagy has

a key role in diverse physiological
processes such as adaptation to nutrient

Autophagy

starvation,  embryonic  development,
cell death, energy metabolism, and
antigen  presentation, among other

events (reviewed in ref. 2). Moreover,
autophagy has been highlighted as a key
component of pathological processes such
as cancer, pathogen infection, hypoxia,
and neurodegeneration.! Therefore, the
estimation of the rate of autophagy in a
quantitative manner, especially in in vivo
models,>* has become an essential need in
the field; however, to date this issue has
not been fully solved.

Autophagy, like most biological
processes, is highly dynamic and
regulated, with the peculiarity that the
mediating organelle, the autophagosome,
is newly formed when the process is
activated and then it is cleared after
fusion with lysosomes. The occurrence of
a dynamic ratio between formation and
degradation of these vesicles makes the
measurement of either the activation or
the speed of the process very complex in
a steady-state condition. The autophagy
process different regulatory
steps (induction, initiation, elongation,

includes

lysosomal fusion, and degradation);’ thus,
when the pathway is induced it becomes
important to differentiate if this activation
continues to reach the final degradative
step or if autophagy is inhibited or
attenuated at specific points, leading to an
incomplete autophagic process.®
Detection of MAPILC3 levels
(hereafter LC3) is one of the main
parameters monitored to  measure
autophagy where LC3
conversion into its lipidated form
(LC3-II) by western blot or the presence

of LC3-positive vesicles are mostly used

induction,
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to determine autophagy activation.
However, considering the degradation
of the marker itself or the possible
generation of an incomplete autophagy
process, other approaches are necessary
to monitor the flux of autophagy vesicles
or cargoes.*®

lysosomal inhibitors has been widely

The use of autophagy or

used to evaluate the net flux through the
autophagy pathway in mammals®® In
particular, the use of lysosomal inhibitors
such as bafilomycin A, chloroquine,
or pepstatin A (the latter typically in
combination with leupeptin or E-64), that
promote the accumulation of autophagy
substrates, can be highly toxic and not
recommended for an in vivo approach.
All these analyses are not sufficient by
themselves to assess the process and most
of the time it is necessary to complement
the measurements with laborious electron
microscopy determinations, or an analysis
of long-lived protein degradation that
requires the use of radioisotopes.* Another
tool used to monitor autophagy is the
tandem monomeric mCherry-GFP-LC3
tagged protein, which has been used in in
vitro systems to monitor autophagy flux
through direct fluorescence microscopy.”*
This approach is based in the sensitivity
of the GFP fluorescent signal to acidic
conditions of the lysosome lumen, leading
to its inactivation compared with the
mCherry fluorescence, which is more
stable. Thus, colocalization of GFP and
mCherry fluorescence (yellow puncta)
indicates that the tandem protein is not
localized in compartments fused with
a lysosome (i.e., on the phagophore or
within the autophagosome). In contrast,
detection of the mCherry signal without
GFP (red puncta), indicates that the
protein is located in the autolysosome.
The use of this fusion protein serves
as a method to monitor basal states of
autophagy and the activation of the route
without any potentially toxic inhibitor.
To date, this method is one of the most-
used strategies to monitor autophagy
flux, however, this strategy has not been
successfully developed in a mammalian
system in vivo."®

Although GFP-LC3 transgenic mice
have been used to monitor autophagosome
112 assays to quantify
autophagy flux in neurons in vivo were

content in neurons,
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missing until very recently mostly due
to the low permeability of lysosomal
inhibitors to the blood-brain barrier.
This particularly
because

issue is relevant

autophagy
pharmacological strategies is becoming

stimulation with

an attractive therapeutic strategy for the
treatment of neurodegenerative diseases,
whereas alterations of the pathway are
also reported in pathophysiologies such
as Huntington, Parkinson, and Alzheimer
diseases and amyotrophic lateral sclerosis
(ALS).">5 We recently described a simple
method to deliver the autophagy reporter
mCherry-GFP-LC3 through the central
and peripheral nervous system to quantify
autophagy fluxes in neurons in vivo in
different The

presented in Castillo et al. uses a

settings. methodology
combination of strategies to measure
autophagy flux in the brain, spinal cord,
and sciatic nerves: i) the generation
that allows
stable
expression of transgenes, ii) the use of the

of adeno-associated virus
an extended transduction and

dynamic fluorescent reporter mCherry-
GFP-LC3 and iii) the delivery of the viral
particles using intracerebroventricular
(ICV) injection in newborn animals
(Fig. 1)."* Thisapproach led to awidespread
transduction along the central nervous
cortical

system, including pyramidal

and hippocampal neurons, Purkinje
cells, and motor neurons in the spinal
cord. With this method of AAV delivery,
the cerebellum was the most efficiently
transduced brain region. We also detected
positive fibers in the peripheral nervous
system, specifically at the sciatic nerves.
This method is based on the manual
injection of concentrated AAVs into the
ventricle of newborn mice, which led to the
diffusion of the viral particles through the
cerebrospinal fluid, generating a massive
and global transduction of neurons of
718 The specificity
of the expression was obtained through

the nervous system.

the use of a particular serotype of AAVs,
serotype 2, which has a high tropism for

920 byt it also can transduce

neurons,
oligodendrocytes to a lower extent.”!
Importantly, there are many different AAV
serotypes available that could be used to
transduce other cell types of the nervous
system (Fig. 1A) including astrocytes

(preferably transduced by serotypes 5 and
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822%3), microglia (preferably transduced
by serotype 5*%) and oligodendrocytes
(preferably transduced by serotype 2%%),
and even selective subpopulations of
neurons of the brain.?? These viruses are
not pathogenic, they do not induce an
immune or inflammatory response, they
are maintained as episomal DNA and the
expression of the transgene can last for
months and even years.

Using the approach described in
Figure 1A, the detection of mCherry-GFP-
LC3-positive dots and the measurement
of autophagy flux was reproducible and
sensitive, and LC3 was easily detected
with  different
including direct epifluorescence, confocal

microscopy methods,

microscopy, a super zoom microscope,
and spinning-disk microscopy. Using
this combinatorial strategy, a robust LC3
flux was detected in neurons in vivo in
animals treated with the drug rapamycin
or an MTOR-independent inducer of the
pathway, trehalose. This complementary
approach

autophagic flux in models of mechanical

also allows for following
injury in mice in the spinal cord and sciatic
nerve. The quantifications of LC3 flux
can be done by using manual or automatic
counting of cells responding (percentage
of cells that are positive for LC3 dots),
the amplitude of the response (total dots
per cell in each channel) or autophagy
flux (the ratio between yellow and red
puncta) (Fig. 1B). In addition, just by
measuring total fluorescence of tissue
sections or total fluorescence per cell, we
were able to corroborate the induction of
LC3 flux by the drug treatment regimens
used in the study. This experimental
setting represents the first approach to
monitor the autophagy activity in vivo in
the central nervous system. However, the
analysis was still static because it was based
on the quantification of LC3 puncta in
tissue sections. Real-time measurements
of autophagy vesicle dynamics were
determined (speed of movement) in
explants of dissociated sciatic nerve fibers
(ex vivo) after treatment with rapamycin
or trehalose,'® using regimens we recently
published.?® Thus, the method described
herein can be applied both in vivo and ex
vivo, which makes it a reliable strategy to
be applied in a wide range of experimental

16

conditions."® Another projection in terms
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Figure 1. Schematic representation of the fluorescent reporter viral delivery strategy and the autophagic flux analysis. (A) AAV-mediated delivery of the
autophagy flux reporter mCherry-GFP-LC3 into neonatal mice by intracerebroventricular (ICV) injection. This methodology allows wide transduction
and stable expression of the transgene along the central nervous system, including pyramidal cortical and hippocampal neurons, Purkinje cells, and
motoneurons. This methodology could be used to evaluate the role of autophagy in several pharmacological or genetic models of neurodegenerative
diseases or injury conditions. This experimental strategy would also allow monitoring the effects of drug treatments designed to modulate autophagy
in the central nervous system. Cell type-specific delivery of AAV could also be achieved by using different virus serotypes. (B) LC3 flux quantifications
can be done using different approaches, through either manual or automatic counting of responding cells.

of applications of this method is the
monitoring of autophagy activity in living
animals (i.e., in vivo live microscopy) using
2-photon microscopy in the brain,” which
could conclusively reveal autophagic flux
adding new information about temporal
and spatial aspects of the autophagy
process. Pharmacology could be also used
locally to manipulate autophagy levels in
the brain, making it possible to avoid an
undesirable nonspecific effect of global
and systemic treatments.

This methodology could be used in
any pharmacological or genetic model of
neurodegenerative diseases (Fig. 1), and
also will be useful to assess the effects of
systemic or local treatments with drugs
that modulate autophagy in different cell
types. This method is simple and can be
used by any laboratory since it does not
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require any sophisticated method for
brain injection like stereotaxis,”® and
the AAV particles can be obtained at a
reasonable cost and in large quantities.
In addition, the in vivo model does not
require housing costs of transgenic lines
since any rodent model can be injected
manually with AAVs through an ICV
route. We propose that our combinatorial
strategy represents a significant technical
advantage compared with other in vivo
autophagy flux assays used for peripheral
tissues, such as the measure of the amino
acid exchange at arterious/venous levels at
fed and fasted conditions or treatment of
mice with protease/lysosomal inhibitors.*
Those alternative methods may alter
the activity of the ubiquitin-proteasome
system or lead to massive disturbances of
lysosomal function.?®

Autophagy

our  methodological

To  apply
principles, it is also important to consider
the post-tissue removal process in order
to maintain stable pH conditions and
prevent re-emission of the quenched

GFP this

problem could only underestimate the

fluorescence. ~ However,
experimental results. It is also important
to account for the possible toxicity caused
by the aggregation of overexpressed
especially  considering  red
¥ However, we did not
detect any signs of neuronal loss in the

proteins,
fluorophores.

original characterization of the method.
Besides, in vitro studies have shown
that the mCherry-GFP-LC3 construct
can aggregate after high overexpression,
generating false positive signals. One
alternative is the replacement of mCherry
for a Dendra family member fluorophore
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that conserves the monomeric state and
does not aggregate.’® After irradiation
with a short-wavelength of visible light,
Dendra fluorescent protein undergoes
an irreversible conformational change
and emits red fluorescence that can be
tracked until the activated molecules are
cleared. Dendra2-LC3 has been used
to monitor autophagy flux in cellular
models of Huntington disease.’’ Beside,
as a negative control, a lipidation-deficient
mutant form of LC3 (G120A) could be
used to determine the extent of mCherry-
GFP-LC3 aggregation.

A large number of papers suggest that
impairment of autophagy is critical in the
progression of neurodegenerative diseases.
For this reason, this methodology offers
the possibility to study the net activity
of autophagy in these proteopathies in
most transgenic mouse models of disease
and also allows the testing of therapeutic
strategies to manipulate the pathway.
For example, treatment of mice with
rapamycin provides a protective effect
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