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Abstract
Recent advances indicate that maintaining a balanced level of autophagy is critically important for
neuronal health and function. Pathologic dysregulation of macroautophagy has been implicated in
synaptic dysfunction, cellular stress, and neuronal cell death. Autophagosomes and autolysosomes
are induced in acute and chronic neurological disorders including stroke, brain trauma, neurotoxin
injury, Parkinson’s, Alzheimer’s, Huntington’s, motor neuron, prion, lysosomal storage, and other
neurodegenerative diseases. Compared to other cell types, neuronal autophagy research presents
particular challenges that may be addressed through still evolving techniques. Neuronal function
depends upon maintenance of axons and dendrites (collectively known as neurites) that extend for
great distances from the cell body. Both autophagy and mitochondrial content have been implicated
in regulation of neurite length and function in physiological (plasticity) and pathological remodeling.
Here, we highlight several molecular cell biological and imaging methods to study autophagy and
mitophagy in neuritic and somatic compartments of differentiated neuronal cell lines and primary
neuron cultures, using protocols developed in toxic and genetic models of parkinsonian
neurodegeneration. In addition, mature neurons can be studied using in vivo protocols for modeling
ischemic and traumatic injuries. Future challenges include application of automated computer-
assisted image analysis to the axodendritic tree of individual neurons and improving methods for
measuring neuronal autophagic flux.

1. Introduction
The neuron is the most highly polarized postmitotic cell, consisting of a soma and specialized
axonal and dendritic projections (collectively called neurites) that form networks of arborizing
intercellular synaptic connections. Maintenance of these long neuritic structures is required for
the propagation of electrochemical signals across vast cellular distances. Basal physiological
levels of autophagy play a critical role in maintaining neuronal health, presumably by removing
effete, oxidized, or aggregated proteins and organelles [Reviewed in (Boland and Nixon,
2006; Cherra and Chu, 2008; Ventruti and Cuervo, 2007)], whereas dysregulated autophagy
contributes to neurite degeneration and neuronal cell death, as shown in several in vitro and
in vivo systems (Koike et al., 2008; Plowey et al., 2008; Yang et al., 2007; Yue et al., 2008;
Zhu et al., 2007).

Synaptic/neuritic pathology is a prevalent theme in neurodegenerative diseases [Reviewed in
(Wishart et al., 2006)] and neurite degeneration and remodeling are elicited in acute brain
injuries (Ito et al., 2006). These neuritic pathologies include protein and organelle
accumulation, beading/fragmentation of neurites, and disruption of microtubule networks
involved in axonal transport (Fiala et al., 2007). Neuritic pathologies highlighted by silver
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stains or immunohistochemistry of disease-related proteins include Lewy neurites in
Parkinson/Lewy body diseases (Spillantini et al., 1997), dystrophic neurites in Alzheimer
disease (Nixon, 2007), huntingtin protein in cortical neurites (DiFiglia et al., 1997), amyloid
precursor protein in axonopathy of head trauma (Gentleman et al., 1993), and spongiform
change in prion diseases (Ironside, 1998). Dystrophic neurites, which likely exhibit abnormal
retrograde and anterograde transport, are associated with dysfunctional synapses. Alzheimer
disease brains exhibit decreased synaptic density (Masliah et al., 2001), even in the earliest
stages of clinical disease (Scheff et al., 2006), and inhibition of hippocampal long-term
potentiation has been demonstrated in animal models (Chapman et al. 1999; LaFerla & Oddo
2005; Walsh et al. 2002). Alterations in synaptic morphology are also observed in the basal
ganglia of Parkinson’s disease patients (Lach et al., 1992; Machado-Salas et al., 1990), with
synaptic dysfunction as a prominent feature in models based on mutations in α-synuclein
[Reviewed in (Cookson and van der Brug, 2008)] or PINK1 (Kitada et al., 2007). In models
of Huntington disease, the medium spiny striatal neurons demonstrate abnormal dendritic spine
morphology and electrophysiology (Di Filippo et al., 2007). Synaptic pathology has also been
implicated in models of prion diseases (Chiesa et al., 2005; Clinton et al., 1993; Fournier,
2008; Jeffrey et al., 2000; Kitamoto et al., 1992). As synaptic contacts form the morphological
substrate for neuronal function, neuritic indices of injury should be considered as carefully as
historically emphasized cell death endpoints in studies of neurological diseases.

Unlike other eukaryotic cells, neurons are almost devoid of autophagic vacuoles (AVs) and
lysosomes under basal conditions (Boland and Nixon, 2006). Nevertheless, autophagy has been
implicated in normal physiological neuritic/synaptic function. In the nematode, autophagy
regulates levels of GABAA receptors at inhibitory synapses (Rowland et al., 2006). Autophagy-
deficient knockout mice show severe axonal dystrophy with relative sparing of dendrites (Hara
et al., 2006; Komatsu et al., 2007; Yue et al., 2008). Neuritic differentiation is impaired with
either too much or too little mTOR activity (Zeng and Zhou, 2008), suggesting a possible role
for autophagy in synaptogenesis. There is also evidence that mTOR modulates activity-
dependent synaptic plasticity in the dendrites of hippocampal neurons (Gong et al., 2006),
although the specific role of autophagy was not investigated.

Pathological increases in AVs and lysosomes are observed in Parkinson’s, Alzheimer’s, and
Huntington’s diseases, transmissible spongiform encephalopathies, and in toxicity due to MPP
+, methamphetamine, dopamine and mutations in the familial parkinsonian gene LRRK2 which
encodes leucine rich repeat kinase 2 (Chu et al., 2007; Gomez-Santos et al., 2003; Larsen et
al., 2002; Liberski et al., 2002; Nixon et al., 2005; Orr, 2002; Plowey et al., 2008; Rudnicki
et al., 2008; Zhu et al., 2007). Brain tissue from Parkinson and Lewy body disease patients
display increased mitochondrial autophagy (Zhu et al., 2003). The accumulation of
autophagosomes, often in neurites, is observed following stroke and brain trauma (Adhami et
al., 2006; Lai et al., 2008; Liu et al., 2008). Increased autophagosomes observed in disease
states could also reflect impaired autophagosome clearance, as suggested for Alzheimer and
lysosomal storage diseases (Koike et al., 2005; Nixon et al., 2005). These findings implicate
disruption of the balance between degradative and biosynthetic mechanisms as a key regulator
of neurite remodeling and dysfunction elicited by acute and chronic insults (Cherra and Chu,
2008). In the following sections, we will discuss protocols developed to study neuritic and
somatic autophagy in neuronal cell lines, primary neuron cultures and in vivo models of brain
injury.

2. Studying Neuronal Autophagy In Vitro
2.1. Differentiation of SH-SY5Y neuroblastoma cells

SH-SY5Y is a third-generation cell line cloned from a metastatic neuroblastoma removed from
a 4-year-old girl (Ross et al., 1983). Dividing SH-SY5Y cells have an undifferentiated
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appearance and tend to aggregate in culture. We induce neuron-like differentiation by seeding
and incubating the cells in 10 μM retinoic acid (RA; Sigma, St. Louis, MO, USA). RA induces
a fusiform to triangular soma accompanied by elongation of slender neuritic processes
(Pahlman et al., 1984). Advantages of RA-differentiation include markedly reduced cell
division, and spreading out of differentiated cells uniformly across the culture surface. We
store 1000X aliquots of RA in dimethyl sulfoxide (DMSO; Sigma) at 4 °C. Under these
conditions, RA is stable for about 3 months; with longer storage times, it loses efficacy resulting
in decreased neurite lengths in treated cells. We have also employed a differentiation protocol
involving sequential exposure of cells to RA followed by brain-derived neurotrophic factor
(BDNF) (Encinas et al., 2000). BDNF-differentiated SH-SY5Y cells demonstrate further
elongation of neurites accompanied by increased neuritic branching compared to RA alone.
However, these cultures are more cumbersome to study due to increased neurite overlap
between cells, extension of neurites in and out of the focal plane, and greater variability in
neurite lengths in control differentiated cultures (sometimes requiring piecing together multiple
high-power fields). Consequently, we conduct the majority of our experiments in RA-
differentiated SH-SY5Y cells.

2.1.1. Plating and Differentiation Protocol (Plowey et al., 2008)
1. SH-SY5Y cells are maintained in a humidified incubator with 5% CO2 at 37 °C in

antibiotic-free Dulbecco’s modified Eagle’s medium (DMEM; Lonza, Walkersville,
MD, USA) supplemented with 10% heat-inactivated fetal calf serum, 10–15 mM
HEPES and 2 mM glutamine (Biowhitaker, Walkersville, MD), referred to henceforth
as DMEM/FBS.

2. Culture chambers are seeded on Day 1 at a relatively low density of 5.0 × 104/cm2 in
DMEM/FBS supplemented with 10 μM RA. Uncoated 10-cm2 plastic culture
chambers are used for biochemical analyses and uncoated Lab-Tek II chambered
cover glasses (#1.5 German borosilicate; Nalge Nunc International, Naperville, IL,
USA) for imaging experiments.

3. After 3 days differentiation (Day 4), the media is refreshed and experiments are
initiated. For BDNF-differentiation, the media is changed to serum-free DMEM with
50 ng/ml BDNF and experiments are initiated following an additional two days of
incubation.

Because of reduced proliferation, RA cultures can be maintained for about 10 days and BDNF
cultures for about 12 days at this seeding density. Maximal neurite lengths are reached by 4–
5 days in RA and 2–3 days in BDNF. Because neurite length is maintained in the weeks
following differentiation, these cultures can be used for chronic studies of 2–4 weeks if seeded
at a lower density, although eventually an undifferentiated flat population may overgrow the
plate.

2.2. NIH ImageJ assisted analysis of neurite length and arborization
The length and complexity of the axodendritic arbor in neurons can be markedly altered by
pathological stresses and physiologic activity-dependent remodeling. To analyze the impact
of autophagy on neurites, rapid, reproducible, and unbiased methods for measuring neurite
lengths and branching complexity are desirable. A variety of approaches have been used in
cell culture studies of outgrowth/differentiation (Charych et al., 2006; Dominguez et al.,
2004; Hynds et al., 2002; Price et al., 2006), degeneration/injury (Bilsland et al., 2002), or
dystrophy (Pigino et al., 2001). Imaging methods developed to study neurite outgrowth from
neuronal explants involve counting the number of neurites that extend beyond the
circumference of a circle centered at the explant (Lagreze et al., 2005). However, this method
is not readily translated to studying injury-induced neurite retraction in dispersed neuronal
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cultures, as neuritic processes associated with an individual neuron are not separately
delineable.

Commercial software such as Metamorph (Molecular Devices, Sunny-Vale, CA) and Image
Pro Plus/Express (Media Cybernetics, Silver Springs, MD) have been employed to measure
neurites and branching complexity in primary neurons, which involve manually drawing
polygons around the neurite(s) and soma of neurons to be measured (Gerecke et al., 2004). In
addition, many researchers use NIH ImageJ software for data quantification. Advantages of
ImageJ include the open access nature of its source code, availability of an online manual in
macro programming and maintenance of a large repository of macros available in the public
domain (http://rsb.info.nih.gov/ij/macros/).

In the subsections here, we discuss two protocols that we have developed using the NeuroJ
plug-in for the public access software ImageJ (NIH, Bethesda, MD, USA), along with their
advantages and limitations. Both protocols involve transient transfection of a random subset
of neuronal cells in culture to delineate the neuritic arbor of individual cells. The first involves
intensity-assisted tracing of neurites of individual neurons showing little overlap (Plowey et
al., 2008), and the second reflects our early efforts towards automated measurements that can
be used to analyze more densely transfected cells in a higher throughput manner.

2.2.1. GFP transfection to delineate neuronal cells for quantitative analysis—
Overlap of neuritic processes from multiple cells hampers confident documentation of the
neuritic arbors of individual neurons and differentiated cell lines (Fig. 11.1A). While one
approach may involve plating cells at very low densities, we find that neuronal cells are not
well maintained in the absence of sufficient cellular contacts. In our studies, quantitative
analysis of neuritic extensions of individual cells is made possible by transfection with plasmids
encoding soluble, monomeric GFP to highlight the cell bodies and neuritic arbors. This
approach capitalizes on relatively low transfection efficiencies that neuronal cells exhibit with
cationic lipid-based methods (Lipofectamine 2000; Invitrogen, Carlsbad, CA, USA), allowing
us to achieve adequate spatial resolution between transfected cells for confident image analysis
at plating densities supportive of neuronal health in culture. We routinely use the pEGFP-C1
(Invitrogen) vector (Fig. 11.1B–C). Although pMAX GFP (Amaxa Biosystems) exhibits more
intense fluorescence amenable to low-power analysis, transient expression result in cytosolic
GFP granules in the soma of differentiated cells. These may reflect either aggregation or
accumulation in lysosomes, both of which appear similar by fluorescence microscopy
(Katayama et al., 2008). Thus, we prefer using the pEGFP-C1 plasmid, which remains diffusely
distributed (Katayama et al., 2008; Plowey et al., 2008).

2.2.2. Lipofectamine Transfection Protocol (Plowey et al., 2008; Dagda et al.,
2008)—The following protocol is effective for transient transfection of differentiated or
undifferentiated SH-SY5Y cells with a variety of DNA plasmids (pEGFP-C1, pMAX GFP,
GFP-LC3, GFP-ERK2). See section 2.5.1 for copy ratio considerations when cotransfection
of more than one plasmid is desired, and Section 2.6 for combining with siRNA protocols.

1. Cells should be seeded on 2-well Lab-Tek II chambered cover glasses as described
previously. They can be differentiated prior to or after transfection, and we often
design experiments so that the final days of differentiation occur during the 2–3 day
posttransfection period necessary to allow time for protein expression.

2. We have found that delivery of 1–1.6 μg of DNA/well in a final lipofectamine
concentration of 0.1% is effective at transfecting both SH-SY5Y and primary neurons
without causing measurable injury to the cells. For 4-well chambered slides, 0.5–0.8
μg is used per well.
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For example, 1 μg of high quality DNA (260 nm:280 nm absorbance ratio > 1.5) in
Tris-EDTA is mixed in 100 μl of OptiMEM (Invitrogen), and 1% Lipofectamine is
prepared separately in the same volume of OptiMEM.

3. The Lipofectamine in OptiMEM is incubated for 5 min prior to the addition of the
DNA/OptiMEM. The transfection mixture is then allowed to sit for 20 min at room
temperature prior to being added to the cells.

4. Because the cells are grown in 1-ml volumes, 200 μl of DMEM/FBS is removed, and
replaced with the entire contents of the transfection mixture, distributed in a dropwise
fashion around the well in a spiral pattern. If concurrent RA differentiation is desired,
we reduce the OptiMEM volumes in step 2 to 50 μl each (doubling the initial DNA
and Lipofectamine concentrations) such that 100 μl of total DNA/Lipofectamine/
OptiMEM is added to 900 μl of DMEM/FBS/RA in order to minimize dilution of the
RA.

5. The cells are incubated in the DNA/Lipofectamine/OptiMEM-containing medium for
at least 48 h prior to imaging to allow time for protein expression.

This protocol yields transfection efficiencies of 25%–35% in undifferentiated SH-SY5Y cells,
10% in RA-differentiated cells, and 2%–5% in primary mouse neurons. Forty to fifty random
low-power fields are captured blind to the experimental conditions using an inverted
epifluorescence microscope and images are quantified as described subsequently.

2.2.3. NeuroJ tracing of neurites for quantification of length and branchpoints
—The NeuroJ/ImageJ system provides the ability to measure neurite lengths and branching
with accuracy by manually defining neurites for a small sample size of neurons. The JAVA
source code of NeuroJ allows the user to interactively analyze running averages and statistics
of branch point numbers, neurite lengths and fluorescence intensities during the analysis. We
define maximal neurite length as the length from the hillock to the tip of the most distant
terminal branch, beginning the measurement at the hillock of each primary neurite and selecting
the branch at each branchpoint that would yield the most distant terminal end. For RA-
differentiated SH-SY5Y cells, the majority are unipolar or bipolar. In contrast, BDNF-
differentiated cells are occasionally multipolar and show more elaborate neurite branching.

We employ the NeuroJ extension (Meijering et al., 2004) of NIH ImageJ to rapidly quantify
neurite lengths in our images. This shareware plug-in utilizes an intensity-tracing algorithm
that facilitates measurements of neuritic processes in gray-scale images (Meijering et al.,
2004). This is an important feature that significantly reduces variability between users and
fatigue-related error, as the user needs only to identify the beginning and end of the neurite
rather than attempting to trace the whole structure (Fig. 11.1B). Occasionally, a few extra
mouse clicks may be required to assist the program in spanning regions that are out of focus
or exhibit ambiguous signal intensity.

Neurite branching is another parameter of neurite morphology (Dominguez et al., 2004). We
calculate neurite branchpoint number by summing up the number of times a secondary or
tertiary neurite branch diverges from the longest primary path. Treatment induced modulation
of neurite branchpoints is observed as an index of altered complexity in BDNF-differentiated
SH-SY5Y cells. However, in RA-differentiated cells, neurite branchpoints are relatively few
even under control conditions (Fig. 11.1C). For analysis of more complex primary neurons,
our pEGFP-C1 transfection protocol would also yield images suitable for Sholl analysis of
individual neurons (Gutierrez and Davies, 2007) following creation of a binary mask for each
transfected neuron.
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2.2.4. Semiautomated Measure Neurites macro for high-throughput analysis of
neurites—Whereas NeuroJ-assisted tracing is an excellent method to assess neurite
morphology, this procedure still requires manually defining neurites of individual neurons. We
have been developing alternative methods for measuring the effects of autophagy on neurite
abundance (incorporating both length and complexity), using the automated custom Record
Macro function of ImageJ (Fig. 11.2). We created the Measure Neurites macro, a custom
ImageJ macro for measuring neurite lengths in a high-throughput manner, which is available
for download at the ImageJ website (http://imagejdocu.tudor.lu/author/rkd8/). The macro uses
the Outlines Algorithm component of the Analyze Particles function of ImageJ, an algorithm
used to outline interconnected pixels around the object to be analyzed. Once it is downloaded
from the ImageJ website, the text file should be moved to the macro folder of the ImageJ
program (c:/programs/ImageJ/macro).

The Measure Neurites macro is optimized to measure neurites of GFP transfected,
differentiated SH-SY5Y cells, and primary cortical neurons. However, the macro can be
customized depending on the neuronal population being analyzed by changing the value of the
average soma perimeter (line 34) that is subtracted from the total average cellular perimeter
lengths to obtain average neurite perimeters. In brief, the macro opens up RGB images, splits
them into individual channels, and performs photographic inversion of the green channel. The
macro allows the user time to manually threshold the pixels (set a minimum pixel value for the
structures to be analyzed in a given epifluorescent field) to trace the neurites (Fig. 11.2A–B).
The macro then computes the number of neurites, summation of the areas and perimeters of
soma and neurites, and the average neuritic area and perimeter per epifluorescent field. The
results can be pasted onto an Excel spreadsheet. The summated neurite perimeters for each
image is divided by 2, assuming negligible contributions of neurite thicknesses, to yield the
summed total of neurite lengths, then normalized to the number of cells analyzed in the image
(determined by counting the number of green neurons with DAPI stained nuclei), prior to
statistical analysis.

Prior to running the macro, it is important to set the correct scale of the image being analyzed
using the Set Scale command under the Analyze pull-down menu. The scale is to be assigned
as pixels/μm. It is also important to determine if the average soma perimeter of the cells being
studied is accurately reflected in line 34 of the macro as discussed previously. The quality and
uniformity of the background in the image to be analyzed will determine whether the majority
of neurites will be traced by thresholding. As the macro obtains summated lengths of primary,
secondary, and tertiary neurites, it estimates a higher neurite number compared to manual
identification; although average lengths in RA differentiated, predominantly unipolar SH-
SY5Y cells show only ~1 micron differences when the same set of images is used to directly
compare the two methods. In terms of time efficiency, the Measure Neurites macro is best used
for images with higher neuron densities or complex neuritic arbors because more technical
replicates are required to develop consistent user thresholding. For images with fewer neurons
with minimal overlap, the manual identification method is still faster and more precise.

Although this is still a work in progress, a strength of the macro is that it can be used as a
template for further optimization by modifying the code to fit new conditions. Updates and
detailed instructions on how to use our most current version of the macro will be available on
the website (http://imagejdocu.tudor.lu/author/rkd8/).

2.3. Studying neuritic and somatic autophagy in culture models of Parkinsonian injury
The conversion of cytosolic LC3-I to LC3-II, which is covalently bound to membranes of
AVs,is considered to be the most specific marker of autophagy to date (Klionsky et al.,
2008). As illustrated elsewhere in this volume, the repertoire of available tools used to measure
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autophagy in cells includes counting LC3 puncta, measuring conversion of LC3-I to LC3-II
by western blot, electron microscopy, and lysosomal markers for later stages of maturation.

2.3.1. Fluorescent markers of autophagic vacuoles—Visualization of GFP-LC3
puncta has become popular due to its technical simplicity, convenience, and reliability, though
potential caveats relating to GFP aggregation and/or autophagy induced by transfection-related
injury need to be considered (Klionsky et al., 2008). The average number of GFP-LC3 puncta
per cell is frequently used to quantify autophagic activity in the soma. In neurites, determining
the number of axonal GFP-LC3 puncta per μm length requires high-resolution, high-
magnification epifluorescence imaging, as autophagic puncta in neurites are generally smaller
than those observed in the soma and fluoresce to a lesser degree (Fig. 11.3).

Using the protocol described in section 2.2.1, approximately 10% of RA differentiated SH-
SY5Y cells are transfected with GFP-LC3 using 0.1% lipofectamine in DMEM media
containing 10% fetal bovine serum. If transfection is performed prior to RA differentiation,
25%–35% of differentiated cells will express GFP-LC3. These transfection efficiencies result
in little neuritic overlap between cells, ideal for image-based counting of GFP-LC3 puncta, yet
is sufficient for detection of a GFP-LC3-II shift as a biochemical measure of autophagy in
transfected cells (Plowey et al., 2008) (see sections 2.3.2–2.3.3). In primary cultures, only 2%–
5% of neurons are transfected with GFP-LC3 using Lipofectamine 2000. While this is sufficient
for image analysis of GFP-LC3 puncta and the axodendritic arbor of individual neurons,
transgenic mice or viral transduction methods may be necessary for biochemical studies of
autophagy in genetically altered primary neurons.

We have also constructed stable cell lines of GFP-LC3-expressing SH-SY5Y cells (Dagda et
al., 2008), which can be RA differentiated and maintain the same pattern of autophagic
responses as the parent line. While these cells are useful for somatic studies or biochemical
analysis, they are not as amenable to quantitative image analysis of neuritic autophagy due to
extensive overlap of fluorescent structures. If stable cell lines are used, multiple clones should
be studied, as the stable clones vary with regard to the degree of neuronal versus fibroblastic
versus epithelioid differentiation.

In terms of studying early versus late AVs, combined studies using GFP-LC3 and LC3 N-
terminally fused to monomeric red fluorescent protein (RFP-LC3) may be needed. Neurons
show higher basal levels of RFP-LC3 puncta per cell than seen with GFP-LC3, probably
because the RFP moiety is more stable to lysosomal conditions (Kimura et al., 2007) Other
markers to analyze later stages of autophagy include monodansylcadaverine (MDC) (50 μM
final concentration in media, SIGMA, St. Louis, MO) or Lyso-Tracker Red DND-99 (100
nM, Molecular Probes, Eugene, CA) (also see the chapter by Vázquez and Colombo in volume
452). Briefly, we use the following protocol:

1. 10 mM working stocks of MDC in DMSO is added directly onto cells in medium (50
μM final MDC concentration) and incubated for 30 min at 37°C, 5% CO2.

2. Cells are washed with PBS containing glucose prior to imaging of MDC-labeled
vacuoles.

3. To visualize lysosomes, a 1 mM stock of LysoTracker Red DND-99 in DMSO is
prepared in medium (100 nM, or a 10,000X dilution from 1 mM stocks). The medium
of cells is replaced with medium containing LysoTracker Red DND-99 and cells are
incubated for 30 min at 37 °C in a 5% CO2 tissue culture incubator.

4. The medium is refreshed with DMEM/FBS prior to imaging.
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MDC-labeled structures colocalize with lysosomes but not GFP-LC3 (Munafo and Colombo,
2001), consistent with observations that GFP-LC3 fluorescence is diminished in lysosomal
environments (Kimura et al., 2007). MDC labels a subset of mCherry-LC3 puncta in vivo and
does not label any structures not labeling with mCherry-LC3, indicating specificity for
autolysosomes (Iwai-Kanai et al., 2008). A limitation is that the fluorescence of lysosomal
markers tends to quench rapidly. The combined use of early and late AV markers such as GFP-
LC3 and MDC form a useful complement in studying autophagic maturation (Chu, 2006).

2.3.2. Semiautomated GFP-LC3 macro for measuring autophagy in fluorescent
images (Dagda et al., 2008)—Taking a similar approach that we used previously to create
a MetaMorph journal to analyze the size distribution of MDC-labeled autolysosomes (Zhu et
al., 2007), we have made an NIH ImageJ macro called GFP-LC3 available for download
(http://imagejdocu.tudor.lu/author/rkd8/), which performs automated quantification of the
number and size of GFP-LC3 puncta (Dagda et al., 2008) (Fig. 11.3). It is important to analyze
GFP-LC3 puncta only from high-resolution, high-quality (low autofluorescence) TIFF images
captured at 60X–90X magnification when using this macro. Images captured at 40X
magnification are inadequate, as the decreased resolution of GFP-LC3 puncta in these images
will result in identification of overlapping or clustered puncta as a single large particle by the
macro. This is particularly evident in somatic measures of puncta, where clustering is more
frequent.

Prior to using this macro, it is critical to assign the correct scale (pixels/μm) of the
epifluorescence micrograph images being analyzed, using the Set Scale command found in the
Analyze pull-down menu. The macro has been optimized to measure specific GFP-LC3 puncta
larger than 0.2 but less than 10 μm, a size range that is consistent with phagophores and
autophagosomes while excluding background pixels and potential nuclear GFP fluorescence
from the analysis. The macro performs the following commands:

1. First, the macro allows the user time to select the region of interest or the cell to be
analyzed using the polygon selection tool. The macro then splits the RGB image into
individual channels (blue, green, and red), closes the blue and red channels, and
extracts the green channel to grayscale followed by photographic inversion (GFP
fluorescence converted to black pixels over a white background).

2. The macro will allow the user time to assign the regions of interest to be measured
by manually thresholding for minimal and maximal pixel values using the Threshold
function under the Image pull-down menu, Adjust submenu (Fig. 11.3A–C).
Consistency in the application of thresholding across cells is important. A threshold
value of two standard deviations from the background fluorescence is enough to trace
the majority of GFP-LC3 puncta.

Please note that GFP-LC3 puncta in axons and dendrites must be thresholded and
measured independently of somatic GFP-LC3 puncta for each neuron to be analyzed.
This is due to the fact that GFP-LC3 puncta in neurites are smaller and less bright,
and cannot be detected using thresholds set according to somatic puncta.

3. Once pixels are thresholded, the macro employs the Measure Particles algorithm to
record GFP-LC3 puncta number, area, size (expressed as radii length in μm, calculated
using the formula r = square root (area/π)), and fraction of cellular area occupied by
GFP-LC3 puncta. Results are displayed in the Results window and can be transferred
to an Excel spreadsheet using the copy and paste functions of ImageJ. The macro is
conveniently looped to restart as many times as necessary to allow the user to analyze
multiple neurons in the same field without closing the image being analyzed. This
macro can also be adjusted to quantify number and area occupied by other organelles
such as mitochondria (Dagda et al., 2008).

Chu et al. Page 8

Methods Enzymol. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://imagejdocu.tudor.lu/author/rkd8/


2.3.3. LC3 shift Western blot—As the analysis of LC3 gel shift has been extensively
reviewed (Mizushima and Yoshimori, 2007) (see also the chapter by Kimura et al., in volume
452), this section will focus on highlighting considerations for transfected cells or neurons.
The lipidated form of LC3 (LC3-II) exhibits faster electrophoretic mobility by SDS-PAGE
compared to LC3-I, and the LC3-II/LC3-I ratio is a measure of steady state autophagosome
content in cells. Some suggest that the LC3-II/&beta;-actin ratio may be more reliable, as LC3-
I expression can be transcriptionally regulated and there is variability in how well LC3-I is
recognized by different antibodies (reviewed in (Klionsky et al., 2008)).

Because neurons typically show reduced transfection efficiency compared to other cell types,
analysis of genetic models of neurodegeneration by western blot may be limited to virally
transduced or stable cell lines. In transiently transfected differentiated cell lines, however, a
disease associated mutant protein can be cotransfected with GFP-LC3 (see section 2.5). The
GFP tagged LC3-I and GFP-LC3-II bands can be detected by immunoblotting with a polyclonal
rabbit anti-GFP IgG (1:5000; Invitrogen, Carlsbad, CA) (Plowey et al., 2008). This GFP-LC3-
II shift is a biochemical measure of autophagy in the transfected subpopulation, and is inhibited
by RNAi knockdown of Atg7 (Plowey et al., 2008).

2.3.4. Measurements of autophagic flux—To measure autophagic flux, as compared to
steady-state levels of AVs, LC3-II turnover or GFP-LC3 puncta are measured at different time
points in the presence and absence of bafilomycin A1 (10 nM for SH-SY5Y cells), which
inhibits lysosomal acidification and fusion of autophagosomes with the lysosome, or with cell
permeable lysosomal protease inhibitors E64-D (40 μM for SH-SY5Y cells) and pepstatin (25
μM for SH-SY5Y cells). For in vivo studies of autophagic flux, chloroquine has been employed
to block degradation (Iwai-Kanai et al., 2008). The fraction of AVs that is elevated in response
to the presence of fusion/degradation inhibitors represents an estimate of flux, but the length
of the bafilomycin treatment must be titrated to ensure that the assay is not approaching
saturation under basal control conditions. Autophagic flux in axons and neurites is more
difficult but may be possible using the image-based methods of sections 2.3.1–2.3.2 for
quantifying GFP-LC3 puncta in the presence or absence of degradation inhibitors. The
additional factor of AV trafficking into and out of the region of quantification would also need
to be considered. Clearly, additional methods for studying autophagic flux in neuronal cells
are needed both in vitro and in vivo.

2.4. Methods for measuring mitochondrial autophagy
Mitochondria undergo selective autophagic degradation in a process called mitophagy
(Kissova et al., 2004; Rodriguez-Enriquez et al., 2004). In neurons, autophagy is critical for
the turnover of aged or subtly impaired mitochondria (Kiselyov et al., 2007), whereas
pathological mechanisms may cause excess degradation of neuronal mitochondria (Xue et
al., 2001; Zhu et al., 2007). To measure the effects of environmental or genetic factors on
neuronal mitophagy, one can employ both image-based and biochemical techniques.

2.4.1. Image-based methods for analyzing mitophagy (Dagda et al., 2008)
1. To analyze for mitophagy using GFP-LC3, RA differentiated SH-SY5Y cells are

prepared on uncoated chambered Lab-tek II cover glasses. Cover glasses coated with
100 μg/ml per well of poly-D-lysine (SIGMA, St. Louis, MO) are used to culture
primary neurons.

2. The cultures are transiently transfected with GFP-LC3 (1 μg of DNA in 0.10%
Lipofectamine) in neurobasal media as described in sections 2.2.1 and 2.3.

3. To visualize mitochondria, GFP-LC3 expressing cultures are labeled with 100 nM
MitoTracker Red dye 580 (diluted from 1 mM stocks in DMSO directly into medium
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overlying cells) (Molecular Probes, Eugene, CA) or 200 nM tetramethylrhodamine
methyl ester (TMRM) (mixed into media to create a working stock that is used to
replace the growth media) (Sigma, St. Louis, MO) for at least 30 min in 37 °C, 5%
CO2.

4. The cultures are washed with warm medium prior to imaging mitochondria using an
epifluorescence or laser confocal microscope.

Alternatively, cells can be cotransfected with a mitochondrially targeted monomeric RFP
(mito-RFP) to visualize mitochondria. A word of caution is that transient overexpression of
inner mitochondrial membrane targeted RFP may result in cell injury/increased basal
autophagy/mitophagy in neurons (Dagda & Chu, unpublished observations). Statistical
significance for measuring effects of an environmental or genetic factor on mitophagy can be
achieved by analyzing high quality images captured at a high magnification (60X), taking
images from at least 25 cells per condition (Dagda & Chu, unpublished observations).
Mitophagy in axons is expressed as the percent of GFP-LC3 or RFP-LC3 puncta that colocalize
with mitochondria within a given unit length.

Late stages of mitophagy (mitochondria undergoing lysosomal degradation) are followed by
delivery of mitochondria to lysosomes. To this end, neurons can be colabeled with 250 nM
MitoTracker Green FM dye (Molecular Probes, Eugene, CA) or transiently transfected with
mitochondrially targeted GFP (mito-GFP) to visualize mitochondria and loaded with
LysoTracker Red DND-99 (Molecular Probes, Eugene, CA) to label lysosomes followed by a
wash with warm media. To determine whether lysosomal degradation of mitochondria depends
on autophagy, mitophagy is analyzed in neurons treated with bafilomycin A (cannot be used
with LysoTracker Red) or RNAi targeting the autophagic machinery (Zhu et al., 2007) (See
section 2.6, below). The use of 3-methyladenine (3-MA) to inhibit autophagy is not optimal
for this kind of analysis as not all forms of mitophagy are dependent on Beclin 1/class 3
phosphoinositide 3-kinase signaling (Chu et al., 2007).

2.4.2. Western blot of mitochondrial proteins—Mitophagy can be analyzed by
quantifying cellular levels of mitochondrial proteins by immunoblotting in the presence or
absence of autophagy inhibitors or autophagy-related gene (Atg) RNAi (Dagda et al., 2008).
Depending on the time frame and context of the experiment, mitochondrial biogenesis may or
may not play a confounding role to be considered. For example, a study of the Parkinsonian
toxin MPP+ used immunofluorescence and Western blot analysis of proteins residing in
different compartments of the mitochondria, and the effects of MAP kinase inhibitors were
confirmed using electron microscopy (Zhu et al., 2007). The 60-kDa mitochondrial complex
IV protein and p110 mitochondrial membrane antigen antibodies can also be used to stain
mitochondria in paraffin embedded human brain tissues (Zhu et al., 2003). Intermembrane
space proteins such as cytochrome c or apoptosis inducing factor are less reliable as they are
lost from mitochondria that have undergone permeability transition during apoptosis (Chu et
al., 2005).

2.5. Autophagy in genetic models of Parkinson’s disease
In addition to toxin models of parkinsonian injury (Dagda et al., 2008; Zhu et al., 2007), we
found that autophagy actively contributes to the neurodegenerative phenotype in a genetic
model of Parkinson’s disease based on mutation in the LRRK2 gene (Plowey et al., 2008).
Mutations in LRRK2 have been detected in familial and apparently sporadic cases of
parkinsonism (Kay et al., 2006). The protocols described herein would be generally applicable
to other genetic models of neurological diseases that use transient transfection to achieve
expression of a disease-associated mutant protein.
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2.5.1. Optimizing cotransfection conditions (copy ratio)—To measure autophagy in
mutant-LRRK2 transfected cells, we cotransfect the pEGFP-LC3 plasmid with either the wild
type full-length HA-tagged LRRK2 cDNA subcloned into the pcDNA 3.1 vector backbone or
one of several mutant LRRK2 constructs. Following media refreshment, we modify the basic
transfection protocol in Section 2.2.1 to cotransfect the pEGFP-LC3 and pcDNA3-LRRK2
plasmids in a 1:15 mass ratio (MacLeod et al., 2006) (equivalent to a 1:4 molar ratio) in
OptiMEM medium (Invitrogen) (5% of culture volume) mixed 1:1 with 2% Lipofectamine
prepared separately in the same volume (final lipofectamine concentration of 0.1%). These
conditions yield an overall transfection rate of 10%–15% and a 75%–90% coexpression rate
as determined by immunolabeling for HA and GFP.

2.5.1.1. Visualization of GFP-LC3 and LRRK2 co-transfected cells (Plowey et al.,
2008)

1. Following 2 days of expression after transfection, the cells are briefly and gently
rinsed with warmed Dulbecco’s Phosphate Buffered Saline (DPBS) (Invitrogen).

2. After aspiration of washing medium, 3.9% paraformaldehyde in phosphate buffered
saline [137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4·7H2O, and 1.4 mM
KH2PO4] (PFA) is added to the wells, and the cells are incubated for 20 min at room
temperature.

3. The fixed cells are permeabilized by washing in PBST (PBS containing 0.1% Triton
X-100) for 15 min on a rocker at room temperature.

4. LRRK2-transfected cells are incubated overnight at 4 °C on a rocker table with a mouse
monoclonal HA-tag primary IgG (1:1000 dilution; Covance, Emeryville, CA, USA).
The cells are then brought to room temperature for 30 min, washed 4 times with PBST
for 5 min each, followed by incubation for 1 h at room temperature on a rocker with
a polyclonal Cy3-labeled donkey antimouse IgG (1:1000 dilution; Jackson
Immunolabs).

5. The cells are then washed twice in PBST and twice in PBS. Nuclei are counterstained
in a 1:500 dilution of DAPI in PBS (2.5 mg/ml stock solution in DMSO stored at −20
°C) for 5 min. The cells are then washed 3 times for 5 min each with PBS prior to
imaging. Fifty random 60X objective oil-immersion images of LRRK2-positive cells,
or in the case of vector transfected cells, 50 random images of GFP-LC3 transfected
cells are digitally captured for data analysis.

2.5.2. Quantitative analysis of somatic and neuritic autophagy—The basic methods
of identification and quantification of GFP-LC3 puncta in mutant-LRRK2 cotransfected cells
are similar to the threshold-based ImageJ techniques described for toxin models in section
2.3.2. Because of the diffuse nature of GFP-LC3-I distribution in cells, neurites are well
highlighted in these cells and the brighter puncta are well visualized against this background
(Plowey et al., 2008). Cotransfection of mutant LRRK2 plasmid with pEGFP-C1 is used as a
control to ensure that the mutant plasmid does not induce puncta through aggregation of GFP,
and no protein aggregates are observed by electron microscopy. We find no significant
differences in mean neurite lengths as measured in pEGFP-C1 versus GFP-LC3 transfected
cells.

With mutant LRRK2 expression, we see significant increases in the numbers of AVs per neurite,
the number of AVs per unit length of neurite, the number of AVs per cell body and the percent
cytoplasmic area of the cell body occupied by GFP-LC3-labeled AVs (Plowey et al., 2008).
The latter parameter reflects the observation that somatic AVs are increased in number as well
as size, whereas neuritic AVs are small and increased in number alone. Because only 10% of
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cells express LRRK2 constructs, the standard LC3 mobility shift assay is not sensitive enough
to detect increased autophagy in the transfected cell population among a background of
untransfected cells. However, we use GFP immunoblotting to detect a GFP-LC3 mobility shift
indicative of increased autophagy in LRRK2-co-expressing cells as described in Section 2.3.3.

2.5.3. Special considerations for protein aggregation disease—A recent study
demonstrated that cytosolic protein aggregates can be labeled with GFP-LC3 even in the
absence of progression to autophagy (Kuma et al., 2007). This phenomenon has the potential
to be misinterpreted. Although the authors note differences between transient and stable
transfectants, the phenomenon is most likely related to levels of overexpression or using high
levels of lipofectamine rather than representing an intrinsic advantage of stable lines, which
can be confounded by clonal selection bias for cells equipped to survive chronic expression of
a toxic gene product. As lipofectamine-related GFP-LC3 puncta are typically transient
(Klionsky et al., 2008), including appropriate time-matched transfection controls or
verification of findings using other methods are recommended. Use of lipidation-deficient
mutants of GFP-LC3 (Tanida et al., 2008), or demonstration that the observed increases in
GFP-LC3 puncta are inhibited by siRNA knockdown of core autophagy machinery proteins,
or confirmatory transmission electron microscopy (TEM) studies may be used to verify that
the observed increases in GFP-LC3 puncta correspond to increases in AVs (Plowey et al.,
2008).

2.6. Autophagy modulation using RNA interference against Atg proteins
Because short double-stranded siRNAs are effectively transfected into >90% of differentiated
neuronal cells (Plowey et al., 2008), standard Western blot analysis can be used to assess
efficacy of RNAi knockdown at the time that toxin is administered, or the disease-related genes
are expressed, and for the duration of the injury (Zhu et al., 2007). Note that increased plating
density, higher lipofectamine concentrations and/or use of antibiotics in the maintenance of
cells may all serve to reduce siRNA transfection efficiency, potentially due to enhanced
cytotoxicity. We typically maintain lines under antibiotic-free conditions, as antibiotics can
impair mitochondrial metabolism or mask suboptimal sterile technique, increasing the potential
for mycoplasma contamination. Even when the population of interest reflects a smaller
percentage of randomly distributed cells transfected to initiate injury a few days after RNAi,
as in our study of LRRK2 (G2019S)-induced neurite remodeling, standard western blot analysis
can still be used to assess efficacy of the siRNA. Control experiments using fluorescently
labeled dsRNA confirm that siRNA remains uniformly distributed in >90% of the smaller
population of cells expressing HA-tagged LRRK2 (G2019S) (Plowey et al., 2008). Thus, there
is no evidence of preferential transfection of cells depending upon RNAi status, nor that
subsequent DNA plasmid transfection might affect the stability of the siRNA. Alternatively,
the effects of Atg7 siRNA on autophagy can be monitored specifically in transfected cells by
co-transfecting mutant LRRK2 with GFP-LC3 and following the inhibition of the GFP-LC3-
II shift as described above (Plowey et al., 2008).

Interpretation of 3-MA in the context of neurite remodeling is complex as 3-MA (5 mM)
effectively inhibits Akt phosphorylation, an important neuronal prosurvival factor, as well as
several other death regulatory protein kinases (Xue et al., 1999; Zhu & Chu, unpublished
observation). The DMF or DMSO concentrations necessary to achieve 5–10 mM doses of this
drug that are typically used in autophagy studies must also be considered. Moreover,
phosphoinositide 3-kinase signaling plays an important role in regulating neurite outgrowth
(Kimura et al., 1994), potentially by preventing the inhibition of anterograde axonal transport
by glycogen synthase kinase 3 (Pigino et al., 2003). These effects would confound the analysis
of experiments seeking to inhibit autophagy using pharmacological methods.
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We highlight herein a general timeline for using siRNA to study the role of autophagy during
neurite remodeling induced by transient expression of a disease-causing mutant protein. During
the entire timeline, cells are maintained in 10% fetal bovine serum DMEM containing retinoic
acid (10 μM). Western blot is used to study efficacy of protein knockdown, and the techniques
described previously to confirm reduction of injury-induced neuritic GFP-LC3 puncta, prior
to analysis of neurite length and complexity.

Cells are plated on day 1 in DMEM/FBS/RA, and transfected with siRNA targeting either Atg7
or LC3 using 0.1% lipofectamine on day 2. On day 3, the DMEM/FBS/RA media is refreshed.
On day 4, the insult being studied is applied in DMEM/FBS/RA (e.g., neurotoxin or
transfection with the mutant gene of interest; typically cotransfection with a fluorescent marker
is used to delineate neuritic processes of the transfected subpopulation). On day 6, the cells are
fixed with paraformaldehyde for GFP-LC3 imaging and neurites are measured as described in
sections 2.5.1–2.5.2. The effects of Atg7 knockdown on autophagy are confirmed by
monitoring GFP-LC3 puncta or GFP-LC3 gel shift, while MDC is used to confirm effects of
reduced LC3 expression on autophagy.

2.7. Use of GFP-LC3 transgenic mice for primary neuron culture studies of autophagy
To develop sensitive and specific tools for the detection and quantification of autophagy in
primary cortical neurons, our initial studies employed the classic stimulus of nutrient
deprivation. Primary neurons from rats or mice are cultured using standard methods (Du et
al., 2004). Nutrient deprivation is induced by replacing standard culture media with custom
media lacking D-glucose, sodium pyruvate, L-glutamine, L-glutamate, and L-aspartate, and
without the fatty acid–containing supplement B27 (Gibco). Neurons can be cultured in 96-well
plates for rapid-throughput analysis of the effect of pharmacological or molecular interventions
using the 3-[4,5-dimethyl thiazol]-2,5-diphenyltetrazolium bromide (MTT) assay, on larger
plates or dishes for analysis of proteins by Western blot (Du et al., 2004), or on glass chamber
slide coverslips for immunofluorescence analysis (Zhu et al., 2007). We have used primary
cortical neurons from GFP-LC3+/− transgenic reporter mice, identified at birth using a headset
equipped for epifluorescent illumination, to track dynamic formation of autophagosomes under
conditions of nutrient deprivation and following in vitro stretch-induced traumatic injury (Fig.
11.4). The fluorescent signal can be enhanced using immunolabeling with anti-GFP antibody,
or visualized directly for live cell assays.

3. Studying Brain Autophagy In Vivo
3.1. Models of traumatic brain injury

Although the role for autophagy has yet to be established, it is clear that autophagy is increased
in brains after acute traumatic injury. Upregulation of beclin 1 was reported within injured
hippocampal and cortical neurons after closed head injury in mice (Diskin et al., 2005). We
recently reported increased LC3-II and formation of autophagosomes and secondary lysosomes
after focal traumatic brain injury (TBI) in mice (Lai et al., 2008). In addition, increased
formation of Atg12-5 conjugates is observed after fluid percussion injury in rats (Liu et al.,
2008).

For our studies, adult male C57BL/6J mice are subjected to moderate-severe TBI to the left
parietal cortex using a controlled cortical impact device (Satchell et al., 2003). For
ultrastructural studies, mice are perfused with 2% paraformaldehyde/0.01% glutaraldehyde in
phosphate buffered saline (PBS) and prepared for electron microscopy using standard methods
(Lai et al., 2008). In control mice, ultrastructural evidence for autophagy is rarely detected;
however, observation of normal brain tissue raises an important caveat relevant specifically to
brain tissue. Researchers should be aware that neurites cut in cross section within brain tissues

Chu et al. Page 13

Methods Enzymol. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



often appear as double membrane, organelle and/or vesicle containing, structures (examples
in Figs. 11.5A–B). Autophagosomes can therefore be difficult to discriminate from cell
processes in coronal section with dissolution of intralumenal contents. Identification of true
autophagosomes requires criterion based on size (generally 400–1000 nm in diameter) and lack
of synaptic clefts or myelin sheaths. Location within a larger, clearly defined profile
representing a dendrite or myelinated axon also helps (examples in Figs. 11.5C–D).
Autophagosomes with double membranes containing cellular debris and multilamellar bodies
are readily detectible in the injured cortex, hippocampus, and thalamus 2 h and 24 h after TBI.
Interestingly, after TBI, AVs are most prominent in cell processes and axons, raising the
possibility that autophagy may be involved in axonal damage and/or dendritic pruning (or play
roles in glial processes) after TBI, consistent with autophagy-related neurite degeneration
described in other injuries (Plowey et al., 2008; Yang et al., 2007).

Autophagosomes in brain can be evaluated using confocal immunohistochemistry and
antibodies against LC3. Because current antibodies identify both LC3-I and -II, discrimination
relies on identification of discrete, punctate labeling. Again, the caveat of misidentifying LC3-
I enriched neurites cut in cross-section applies. Nonetheless, using stringent criteria perhaps
with the addition of other labels, such as Fluorojade C, which labels degenerating neurons, one
can track autophagy by immunofluorescence in brain with a reasonable degree of confidence.
The example shown in Fig. 11.5E is an ipsilateral CA3 hippocampal neuron 24 h after TBI in
a postnatal day 17 rat immunostained for LC3 (red) and colabeled with Fluorojade C (green)
and DAPI (blue). Punctate LC3 labeling within degenerating neurons in vulnerable regions
after TBI is suggestive of autophagosome formation, and supports a role for autophagic stress
in acute neurodegenerative diseases such as TBI. Due to fluorescence overlap, biomarkers
other than Fluorojade C are required for colabeling of autophagy in dying or stressed cells
when examining tissues from GFP-LC3 transgenic mice, unless one has access to a microscope
equipped with a spectral analyzer.

One can also use GFP-LC3+/− mice to track autophagy in brain; however, we have found this
to be more complicated than use in vitro. First, the endogenous GFP signal appears less robust
in brain tissue sections (10 micron thick), and typically needs to be enhanced using anti-GFP
immunofluorescence. The second, and perhaps more important reason, is that after TBI the
milieu within injured brain tissue appears to quench the endogenous GFP signal. Shown in Fig.
11.5F–G are coronal brain sections from normal and injured GFP-LC3+/− mice, respectively.
The sections were colabeled using an antibody against GFP (red) to demonstrate that the lack
of green fluorescence was not due to a lack of GFP. The quenching of GFP in injured tissue
may be related either to increased oxidative stress and/or reduced pH, both of which are known
to occur in damaged tissue after TBI.

An LC3 Western gel shift can be used to detect and semiquantify autophagy after TBI. For
Western blot examination of LC3-II after TBI, mice are perfused with ice-cold saline. The left
dorsal hippocampus and overlying cortex are dissected and processed for subcellular
fractionation as described previously (Lai et al., 2008). We find in cultured neurons and after
in vivo TBI that LC3-II is concentrated in the mitochondria-enriched, P2 fraction (Fig. 11.5H).
TBI results in increased LC3-II at 2, 24, and 48 h, peaking at 24 h, versus control mice (Lai
et al., 2008). Similar subfractionation techniques are also used by other investigators to detect
changes in LC3-II and Atg12-5 conjugates in rats after TBI (Liu et al., 2008).

3.1.1. Western blot analysis for LC3-II in vivo (Lai et al., 2008)
1. Animals are anesthetized then transcardially perfused with ice-cold saline.

2. Brains are removed and regions of interest are dissected, placed in microcentrifuge
tubes and homogenized in 10 volumes of lysis buffer (20 mM HEPES-KOH, pH 7.4,
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10 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 250 mM sucrose, 1 μM
DTT, 1 mM PMSF, 2 μg/ml aprotinin).

3. Lysates are centrifuged at 1025×g for 15 min at 4 °C to pellet nuclei (P1). The S1
supernatant fractions are centrifuged at 735×g at 4 °C for 10 min; the resulting
supernatant fractions are further centrifuged at 10,000×g at 4 °C for 15 min to pellet
autophagosomes, mitochondria, and small organelles (P2). Samples are stored at −80
°C in 10% glycerol.

4. Proteins are loaded into 15% acrylamide gels (30 μg/well) and separated
electrophoretically, then transferred to a polyvinyl difluoride membrane overnight.
The transferred membranes are incubated in a 1:1000 dilution of a monoclonal
antibody that recognizes both LC3-I and -II (Clone 51-11; MBL International,
Woburn, MA) at room temperature for 1 h. Membranes are washed in PBS containing
0.1% Tween 20, then incubated in the appropriate secondary antibody (1:3000) for 1
h, incubated in chemiluminescence reagents, and exposed to X-ray film.

5. The relative optical densities for LC3-I and LC3-II can be semiquantified using
standard image analysis. Membranes are stripped and probed for cytochrome oxidase
as a loading control for the P2 subfraction.

3.1.2. Is autophagy increased after TBI in humans?—To begin to address the question,
we performed LC3 and beclin 1 Western blot analysis on brain tissue samples obtained from
5 adult patients resected for management of refractory intracranial hypertension after TBI
(Clark et al., 2008). We also examined control brain tissue from 5 adult patients dying of causes
unrelated to CNS trauma. An LC3 shift could be detected in 4/5 TBI and 3/5 control patients.
Signal intensity for LC3-II was less robust than that observed in cultured neurons or
experimental TBI, perhaps related to the fact that whole-cell lysates were used, since
subfractionated samples were not available. Punctate LC3 labeling consistent with autophagy
was observed immunohistochemically. Autophagy has also been demonstrated in brain tissue
from patients with Parkinson, diffuse Lewy body, Alzheimer, and Creutzfeldt-Jakob diseases
(Anglade et al., 1997; Nixon et al., 2005; Sikorska et al., 2004; Zhu et al., 2003). The data
suggest that autophagy occurs in adult human brain during a variety of diseases, including TBI,
warranting further study.

3.2. Models of ischemic brain injury
Ischemic brain injury is either focal or global. Focal ischemic injury results from occlusion of
one or more cerebral vessels as occurs in stroke. Focal ischemia is further divided into
permanent or temporary. Temporary ischemia occurs when an occluded vessel regains patency
(from thrombolytic therapy or percutaneous manipulation). Global injury is typically the result
of complete cessation of total cerebral circulation as occurs in cardiac arrest, caused by
asphyxia, electrically induced ventricular fibrillation, compression of the great vessels leaving
the heart, or chemical cardiac paralysis using potassium (animal models of cerebral ischemia
are reviewed in Durukan and Tatlisumak, 2007; Ginsberg and Busto, 1989; Kim, 1997;
Traystman, 2003). Total cerebral ischemia secondary to cardiac arrest is an insult shared by
both the brain and other major organs. Thus, cardiac arrest models more closely resemble
clinical events, but important caveats include the need to consider effects of multisystem organ
dysfunction and extracerebral toxins on progression of brain injury.

3.2.1. Autophagy in cerebral hypoxic-ischemic injury—In 1995, Nitatori et al., found
evidence of autophagy using electron microscopy in gerbils treated with temporary bilateral
occlusion of the common carotid arteries. The next contribution to this field did not occur until
10 years later when increased LC3-II was reported following transient middle cerebral artery
occlusion in mice (Degterev et al., 2005) and in a mouse model of neonatal cerebral hypoxic
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ischemia (Zhu et al., 2005, 2006). GFP-LC3 transgenic mice subjected to unilateral common
carotid artery occlusion plus hypoxia (Levine/Vanucci procedure) (Adhami et al., 2006) exhibit
increased immunofluorescence with punctuate redistribution consistent with autophagy,
autophagy-like vacuoles by EM and decreased cytoplasmic LC3-I by Western blot. Rats
exposed to middle cerebral artery occlusion for 90 min (Rami et al., 2008) exhibit increases
in beclin 1 expression at 6–48 h following ischemia by Western blot and
immunohistochemistry, with partial co-localization of caspase-3 and Beclin 1 and LC3
redistribution and colocalization with beclin 1 in ischemic neurons. Our unpublished data
confirm that detection of LC3-II in models of global cerebral ischemia is enhanced by
examination of the P2 fraction as described in section 3.1.1.

3.2.2. Causality, the next frontier of in vivo autophagy studies—The preceding
studies clearly demonstrate that autophagy is invoked following cerebral ischemia. However,
whether autophagy is playing a protective or harmful role cannot be inferred from these studies.
Studies demonstrating that chronic inhibition of constitutive autophagy (e.g., in Atg knockout
mice) creates a neurodegenerative phenotype suggest that inhibition of autophagy might
exacerbate hypoxic ischemic injury. In contrast, other studies show that inhibition of autophagy
may be protective following hypoxic ischemic injury, implicating excessive autophagy as a
mechanism promoting cell death. Neonatal hypoxia-ischemia in mice elicits an increase in
LC3-II (Western blot and immunohistochemistry) and formation of autophagosomes (electron
microscopy) (Koike et al., 2008). As expected, the same insult in Atg7 knockout mice does
not show features of autophagy. More important, the Atg7 knockout mice show dramatically
less neuronal death. Atg7-deficient mice also show decreased caspase-dependent neuronal
death further supporting a link between autophagy and regulation of apoptosis. Thus, at least
in immature rodents, autophagy appears to exacerbate hypoxic-ischemic neuronal cell death.

4. Future Perspectives and Challenges
Evidence supporting a role for autophagy in traumatic, hypoxic-ischemic, and
neurodegenerative brain disorders is just emerging and necessarily incomplete. Additional
tools, such as specific inhibitors of autophagy and better methods to measure autophagic flux
are needed to advance this field. The mechanism of autophagy-dependent regulation of
apoptosis and the relationship of autophagic processes with neurite remodeling, synaptic (dys)
function and regenerative biosynthetic processes will also be important to characterize (Cherra
and Chu, 2008). This is highlighted by the prominence of autophagosomes and dysfunction in
neurites after TBI—an acute neurodegenerative disease—as well as in Alzheimer’s disease
and in neurotoxin and mutant LRRK2-mediated models of Parkinson’s disease. Finally,
improved nonbiased, automated algorithms for image-based quantification of neuritic health
and complexity are needed. The development of new brainbow mice expressing different
fluorophores in adjacent neurons (Livet et al., 2007) coupled with advances in two photon
imaging (St. Croix et al., 2006) may pave the way toward visualizing the axodendritic arbor
of individual neurons for studies of autophagy and neurodegeneration in vivo.
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Figure 11.1.
Using the intensity-tracing algorithm in NIH ImageJ. (A) Phase image of differentiated SH-
SY5Y cells showing extensive overlap of processes making it difficult to determine the end of
a neuritic process (arrowheads) that merges with processes of other cells. Scale: 100 μm.
Transfection of RA/BDNF (B) or RA-differentiated (C) cultures with EGFP-C1 allows
visualization of the neuritic arbors associated with individual neurons. (B) Using the NeuronJ
plug-in for NIH ImageJ, the user clicks at the base of the neurite and as the mouse (cyan X) is
moved toward the distal end, the software automatically follows the subtle curves of the
structure allowing the user to simply move the mouse to the end of the structure without having
to manually trace it. (C) The arrows in the left panel illustrate examples of branch points, and
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as seen on the right, the user has input in deciding whether to end the measurement at the branch
point for primary segment determinations, or select the longer branch to determine the maximal
extent of neurite elongation from the soma. As shown in the data table, individual NeuronJ
tracings can be grouped to obtain summated and average lengths of all traced neurites in a
group. Multiple neurites extending from a single multipolar neuron may be defined as a group
to obtain summated neurite lengths per cell (not shown). The software is compatible with both
Macintosh and PC operating systems (Panel B: Windows XP running ImageJ 1.36b and
NeuronJ 1.1.0; Panel C: MacBook Pro OSX 10.4.11 running ImageJ 1.38X with Java 1.5.0_13
and NeuronJ 1.2.0).
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Figure 11.2.
Using the Measure Neurites macro. The Measure Neurites macro was used to analyze an
epifluorescent micrograph captured at 20X magnification of mouse cortical neurons (7 days
in vitro; DIV7). Mouse primary neurons were seeded at a relatively high density of 1.5 × 105/
cm2 on DIV0, and transiently transfected with GFP on DIV5. RGB images of GFP-expressing
neurons were processed by the Measure Neurites macro at 48 h following transfection. The
green channel was extracted from the RGB image and inverted, so the highly fluorescent pixels
appear black. The image is manually thresholded such that pixels that exceed the threshold
intensity are highlighted in red, while those falling below the threshold remain in greyscale
(A). The macro traces the thresholded neurites using the Outlines algorithm (B) and computes
the number of neurites measured, average neuritic area, and average neuritic perimeter per
image, and the longest neuritic perimeter. Notice that background fluorescence (left side of
panel (A) or regions of neurites that are incompletely thresholded due to low fluorescence or
uneven illumination (right side of panel A) are not traced by the macro and are thus excluded
from the analyses (B). The macro computes average neuritic length by substracting the average
soma perimeter from the average total perimeter (soma plus neurites) divided by the number
of objects being counted to produce summated neuritic perimeters, which can be divided by 2
to approximate neurite lengths. Alternatively, one can normalize neuritic perimeters or lengths
by the number of transfected neurons included in the thresholded image (e.g., GFP neurons
containing DAPI stain).

Chu et al. Page 24

Methods Enzymol. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 11.3.
Features of the GFP-LC3 macro. A representative image of four SH-SY5Y cells transfected
with GFP-LC3 and loaded with MitoTracker dye to label mitochondria. Cells were treated with
6-hydroxydopamine for four hours to induce autophagy (A). The cell of interest is traced using
the polygonal tracing tool of ImageJ for analysis. The green channel is then extracted from the
RGB image and manually thresholded to trace the majority of the somatic GFP-LC3 puncta
(colored red within the grey region of interest (B). The macro then traces the thresholded GFP-
LC3 puncta by employing the Outlines algorithm (C) and computes the total number of GFP-
LC3 puncta analyzed in the field, the average GFP-LC3 puncta size (μm), and percent area
occupied by GFP-LC3 puncta. Notice that cytosolic and nuclear GFP-LC3 fluorescence, and
background pixelation are not thresholded and are therefore excluded from analysis. (D)
Representative neurite of a RA-differentiated SH-SY5Y cell transfected with GFP-LC3. Note
that GFP-LC3 puncta are smaller and less numerous than somatic puncta. (E) The GFP-LC3
macro identifies neuritic GFP-LC3 puncta (colored red) for further analysis as described
earlier.
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Figure 11.4.
Detecting autophagy in neurons during nutrient deprivation and after dynamic stretch-induced
injury in vitro. Primary cortical neurons from GFP-LC3+/−transgenic mice were subjected to
nutrient deprivation (media without glucose, pyruvate, glutamate, glycine, aspartate, or fatty
acids) or dynamic stretch (4.7 psi × 100 ms, ~50% strain). Autophagosomes are identified by
discrete, high fluorescent intensity, punctuate labeling (arrows).
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Figure 11.5.
Detecting autophagy after traumatic brain injury (TBI) in vivo. (A and B) Transmission EM
from naive mice showing double-membrane structures likely representing neurites in cross
section (white arrows). (C and D) Transmission EM from mice 24 h after TBI showing
secondary lysosomes and autophagosomes within axons and dendrites (black arrows). (E)
Confocal immunohistochemical labeling for LC3 (red), Fluorojade C (green) and DAPI (blue)
in a male PND 17 rat 24 h after TBI. Punctate LC3 labeling is shown in a Flurojade-C-positive
neuron in the CA3 hippocampus. (F and G) Immunohistochemical labeling for GFP in GFP-
LC3+/− mice. Note the loss of green fluorescence but retention of immunolabeling for GFP
(red) in the injured region (demarcated by asterisks) from a mouse 24 h after TBI (G) compared
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to the control (F). (H) Western blot for LC3 in brain tissue. LC3-II is enriched in the P2
subfraction vs. the whole cell lysate (C = control, I = injured).
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