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Abstract

An ImageJ JavaScript, AUTOCOUNTER, was
specifically developed to monitor and measure
LC3B-GFP expression in living human astrocy-
toma cells, namely T98G and U373-MG.
Discrete intracellular GFP fluorescent spots
derived from transduction of a Baculovirus
replication-defective vector (BacMam LC3B-
GFP), followed by microscope examinations at
different times. After viral transgene expres-
sion, autophagy was induced by Rapamycin
administration and assayed in ph-p70S6K/
p70S6K and LC3B immunoblotting expression
as well as by electron microscopy examina-
tions. A mutated transgene, defective in LC3B
lipidation, was employed as a negative control
to further exclude fluorescent dots derived
from protein intracellular aggregation. The
ImageJ JavaScript was then employed to eval-
uate and score the dynamics changes of the
number and area of LC3B-GFP puncta per cell
in time course assays and in complex micro-
scope examinations. In conclusion, AUTO-
COUNTER enabled to quantify LC3B-GFP
expression and to monitor dynamics changes
in number and shapes of autophagosomal-like
vesicles: it might therefore represent a suit-
able algorithmic tool for in vitro autophagy
modulation studies.

Introduction

Autophagy is a constitutive, dynamic, bulk
degradation process that is necessary for a
number of processes in living cells.1,2 Besides
these functions, recent studies have revealed

that pro-autophagic drugs constitute a novel
strategy to overcome apoptosis-resistant can-
cers.3 Among these, Glioblastoma multiforme,
the most common and life-threatening primary
central nervous system malignant tumor, is
characterized by resistance to apoptosis, high
proliferation and invasiveness, and poor
response to surgery, radiation, and chemothera-
py-based treatments. In autophagy, the constant
flow of autophagosomes to lysosomes is tightly
regulated by a number of proteins. One of these,
LC3B, initially present in a soluble form in the
cytoplasm (LC3B-I), is converted to a lipidated
form (LC3B-II), sequestered into autophagoso-
mal membranes and finally delivered, along
with autophagosomal cargo, to the lysosome
and degraded. Consequently, the conversion of
LC3B and its turnover can be used as a measure
of the rate of autophagic degradation in cells.4

One of the most frequently used methods to
monitor autophagy in vitro is based on GFP
(Green Fluorescent Protein) expressed as a
fusion protein with LC3B.5 However, this
approach is limited by several issues such as
the subjectivity in counting GFP-positive struc-
tures, the generation of fluorescent intracellu-
lar protein aggregates independent of
autophagy and the possibility of a self-induction
of autophagy by transfection procedures.6 Other
in vitro methods to visualize the autophagic sta-
tus are based on the staining of the growing
cells with acidotropic dyes such as monodansyl-
cadaverine (MDC),7 acridine orange,8

LysoSensor Blue9 and LysoTracker Red,10 and
their subsequent steady-state microscopic visu-
alization. However, the incorporated dyes are
not strictly specific markers for autophago-
somes;11 in addition, problems with non-specif-
ic background staining and meta-stable emis-
sion fluorescent spectra are often reported.12 In
this report, we present an application for quan-
titative analysis of autophagosomes associated
with LC3B-GFP fluorescence expression. We
have experimentally applied and verified this
computer assisted approach in a particular
experimental setup: a well established
Rapamycin-mediated autophagic induction in
two different human glioma cell lines.

Materials and Methods

Human astrocytoma cells
Human astrocytoma established cell lines,

i.e. T98G and U373-MG, provided by ECACC
and previously employed,13 were cultured at
37°C and 5% CO2 atmosphere, using D-MEM
medium supplemented with 10% FBS, 100
units/mL penicillin, 0.1 mg/mL streptomycin,
and 1% L-glutamine (Invitrogen, Carlsbad, CA,
USA).

Autophagy induction and detection
Rapamycin-mediated autophagy induction

was carried out seeding 2×105 cells onto 12-
multiwell plates, 12 h before autophagy-induc-
er addition. Rapamycin (Sigma-Aldrich, St.
Louis, MO, USA), resuspended in DMSO, was
added and incubated for different times at the
following concentrations (0.1, 0.5, and 1 µM).
Protein expression was evaluated with 12%
SDS-PAGE. Protein extracts were quantified
using the Quant-it Protein Assay Kit
(Invitrogen) and then denatured in Laemmli
sample buffer (2% SDS, 6% glycerol, 150 mM
beta-mercaptoethanol, 0.02% bromophenol
blue, and 62.5 mM Tris-HCl pH=6.8). After
electrophoresis, proteins were transferred
onto nitro-cellulose membrane Hybond-C Extra
(GE Healthcare, Waukesha, WI, USA).
Membranes were blocked for 1 h with 8% non-
fat milk in TBS (138 mM NaCl, 20 mM Tris
pH=7.6) containing 0.1% Tween 20 and then
incubated overnight at 4°C with primary anti-
bodies. Species-specific peroxidase-labelled
ECL secondary antibodies (GE Healthcare)
were employed. Protein signals were revealed
using the ECL Advance Western Blotting
Detection Kit (GE Healthcare). The following
primary rabbit polyclonal antibodies were
employed: anti-LC3B, anti-(ph-p70S6 Kinase),
anti-(p70S6 Kinase) (Cell Signalling
Technology Inc., Danvers, MA, USA). Anti-b-
actin was used for an internal control (mouse
monoclonal antibody, Cell Signalling
Technology). Protein expression was quanti-
fied by densitometric analysis with ImageJ
software (http://rsbweb.nih.gov/ij/) according
to the guidelines.

The Premo Autophagy Sensor Kit
(Invitrogen) was employed for autophagosome
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detection, according to the guidelines. Briefly,
T98G and U373-MG cells were transduced with
BacMam LC3B-GFP or with BacMam
LC3B(G120A)-GFP with a multiplicity of infec-
tion (MOI) equal to 30, using 5×103 cells in 96-
multiwell plates. Titration experiments with dif-
ferent MOIs (from 10 to 100) were performed.
At different post-transduction (p.t.) times, an
inverted fluorescence microscope (Eclipse
Nikon TS100) was employed for live cells imag-
ing using 40× magnification. For electron
microscopy analysis, T98G and U373-MG cells
(106) were grown in DMEM medium and treat-
ed with the autophagy inducer Rapamycin (1
µM). At 24 h p.t., cells were harvested by cen-
trifugation at 800 rpm for 3 min and fixed with
2% glutaraldehyde in DMEM, for 2 h at room
temperature. Cells were then rinsed in PBS
(pH=7.2) overnight and post-fixed in 1% aque-
ous OsO4 for 2 h at room temperature. After
that, cells were pre-embedded in 2% agarose in
water, dehydrated in acetone, and finally
embedded in epoxy resin (Electron Microscopy
Sciences, EM-bed812). Ultrathin sections
(50÷60 nm) were collected on formvar-carbon-
coated nickel grids and stained with uranyl
acetate and lead citrate. The specimens were
observed with a Zeiss EM900 transmission elec-
tron microscope (TEM) equipped with a 30 µm
objective aperture and operating at 80 kV.

ImageJ JavaScript
AUTOCOUNTER, a JavaScript implementa-

tion to analyze LC3B-GFP expression dynam-
ics, is based upon ImageJ programming lan-
guage (http://rbsweb.nih.gov/ij/) and is a cus-
tom-made list of ImageJ Java commands with
fine-tuned parameters. This method is quasi-
operator-independent because of i) the opera-
tor’s use of two ImageJ tools (Freehand
Selection, Threshold) and ii) the action of the
operator-independent ImageJ JavaScript
(Supplementary Figures 1 and 2).

Briefly, by means of the Freehand Selection,
the operator draws a red line highlighting the
contour of a fluorescence-positive cell.
Afterward, the operator-independent algorithm
performs the following steps: i) split of the
original RGB (red-green-blue) image into the
three color channels to select the contribution
of the green fluorescence; and ii) subtraction
of the red channel from the green one to better
distinguish the green vesicles/particles and to
better eliminate the background contribution.
Then, the operator refines the vesicle/particle
contrast by means of the Threshold and the
operator-independent algorithm performs the
detection and the measurement of the vesicles
in terms of number and area (default thresh-
olding/segmentation method based on the
IsoData algorithm, Supplementary Figures 1
and 2). AUTOCOUNTER ImageJ JavaScript is
available upon request.
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Figure 1. Rapamycin-treatment induced autophagy in T98G and U373-MG cells.
Immunoblotting and densitometric analysis of the ph-p70S6K, p70S6K and LC3B
expression 24 h p.t. with different Rapamycin concentrations. In densitometric analysis
(values under panels), the protein expression was normalized to b-actin (using ImageJ
software).

Figure 2. Transmission electron microscopy analysis of T98G and U373-MG cells. Cells
were untreated (panels a and b, respectively for T98G and U373-MG cells) or treated
(panels c and d) with the autophagy-inducer Rapamycin (1 µM), harvested at 24 h p.t.,
fixed and stained for ultrastructural visualization at 12,000× magnification with a Zeiss
EM900 TEM. Arrows indicate large intracellular vesicles, likely autophagosomes. Scale
bars: 1 µm.
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Results

Rapamycin-mediated autophagy induction
was performed in T98G and U373-MG cells. In
order to assess the Rapamycin efficacy in
inducing autophagy by blocking the mTOR
pathway, both T98G and U373-MG cells were
initially incubated with different concentra-
tions of Rapamycin (0.1, 0.5, and 1 µM) for 24
h; then, proteins were extracted and subjected
to SDS electrophoresis. mTOR inhibition was
evaluated by immunoblotting measuring ph-
p70S6K/p70S6K ratio, while autophagy induc-
tion by LC3B-I to LC3B-II conversion. As
reported in Figure 1, Rapamycin treatment
resulted in a decrease of ph-p70S6K/p70S6K
ratio; in addition, LC3B-II/BACT ratio
increased in both cell lines, at each concentra-
tion of Rapamycin, suggesting autophagy acti-
vation. A TEM comparative analysis of the
ultrastructural features of T98G and U373-MG
cells, treated with 1 µM Rapamycin, revealed
the presence of large cytoplasmic vacuoles
containing residual digested material.
Importantly, these autophagy-like vesicles
were nearly absent in untreated cells (Figure
2). The Premo Autophagy Sensor was then
employed for autophagy monitoring as follows
T98G and U373-MG cells were seeded onto 96-
multiwell plates at 5×103; after cell attach-
ment, the Premo Autophagy Sensor was added
(MOI=30). After overnight culture, cells were
incubated with Rapamycin (1 µM) as before
and LC3B-GFP expression was time-course
monitored using an inverted fluorescence
microscope (Eclipse Nikon TS100). As a con-
trol, the BacMam LC3B(G120A)-GFP was simi-
larly transduced in T98G and U373-MG cells,
before Rapamycin administration; this muta-
tion prevents the LC3B cleavage and the sub-
sequent lipidation during normal autophagy,
and thus the protein localization remains
cytosolic and diffuse. As reported in Figure 3,
Rapamycin untreated cells, transduced sepa-
rately with wild-type BacMam LC3B-GFP or
with BacMam LC3B(G120A)-GFP, showed, in a
relatively low percentage (5÷10%), a diffuse
cytosolic fluorescence: furthermore, in both
cell lines, about 1% displayed a GFP punctate
expression and, altogether, these patterns
were maintained unaltered for 5 days of cul-
ture. Similarly, Rapamycin treated cells, trans-
duced with BacMam LC3B(G120A)-GFP, gener-
ally displayed a 1÷3% of GFP punctate expres-
sion, independently from the time-course
observation. Differently, the amount of LC3B-
GFP dots per cell was significantly increased
after Rapamycin administration, particularly
from 24 to 48 h p.t. Following treatment with
Chloroquine diphosphate at 30, 60, and 90 µM
for 12 h, T98G and U373-MG cells, previously
transduced with BacMam LC3B-GFP and treat-

ed with Rapamycin (1 µM) as before, exhibit-
ed a marked increase in LC3B-GFP expression,
as expected: however, fluorescent spots are not
clearly defined, resulting in large irregular
shapes (Supplementary Figure 3).

More specifically, to quantify the LC3B-GFP
puncta per cell, in an unsupervised manner, a
particular ImageJ JavaScript was developed. As
summarized in the Materials and Methods sec-
tion and in the Supplementary Figure 1, the
program analysed DIC phase contrast-fluores-
cent photographs: the contours of cells were
drawn by the operator and, after that, the num-
ber of intracellular fluorescent spots (#ves) and
their percent area within the cell area

(Aves/Acell) were calculated. In addition, the dis-
tribution of the fluorescent spots was calculat-
ed classifying their area in custom-defined
classes (e.g., small: 0<C1≤1 µm2; medium:
1<C2≤3 µm2; large: C3>3 µm2).

The program was then applied in fluores-
cent spots calculation of Figure 4: panels a to d
reported the time-course imaging of T98G and
U373-MG cells after LC3B-GFP and 10 µM
Rapamycin administration at 4 h (t1) and 5 h
(t2). As highlighted in Table 1, the mean per-
cent variation of vesicle area [D(Aves/Acell)] in
the time interval t1-t2 sensibly increased in
both cell lines (61.6% and 96.7%, respectively

Original Paper

Figure 3. LC3B-GFP and LC3B(G120A)-GFP expression in Rapamycin treated T98G and
U373-MG cells. T98G and U373-MG cells (5×103) were transduced with LC3B-GFP and
LC3B(G120A)-GFP BacMam viral particles (MOI=30) and, after 12 h, treated or not
with Rapamycin (1 µM). After 24 h of further incubation, cells were analysed using an
inverted fluorescence microscope at 40× magnification. Scale bars: 10 µm.
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for T98G and U373-MG); depending on the cell
line, different trends were reported for the
mean percent variation of number of fluores-
cent vesicles (D#ves) (-22.3% and 40.9%,
respectively for T98G and U373-MG). As
expected, following the time progression,
fusions of fluorescent organelles into larger
ones and de novo generation of small and
medium organelles were scored.

In Figure 5, T98G and U373-MG cells charac-
terized by difficult-to-measure fluorescent pat-
terns were analysed by AUTOCOUNTER: as
reported, the program detected almost all the
fluorescent vesicles with a predominant distri-
bution into small and medium size classes
(Supplementary Table 1).

To further assess if LC3B-GFP scoring was
associated with the modulation of the
autophagy induction, T98G and U373-MG cells
were transduced with LC3B-GFP (5×103 cells
into 96-multiwells and MOI=30, as above) and
then treated with increasing concentrations of
Rapamycin (0.1, 0.5, 5, and 10 µM). As a result,
fluorescent spots were primarily detected at
the highest Rapamycin concentration even
after 2 h p.t. Then, after 24 h p.t., fluorescent
spots were analysed for all assays with AUTO-
COUNTER. As reported in Figure 6, fluorescent
vesicle areas were linearly correlated to the
amount of the autophagy-inducer employed
(correlation coefficient R2=0.9162). Differen -
tly, no significant correlation between the vesi-
cle number and Rapamycin treatments was
obtained (data not shown).

Discussion

Autophagy is a constitutive process in most
cell types and it can be induced by certain stim-
uli such as nutrient starvation, Rapamycin
treatment,14 and infection with pathogens.15,16

Currently, the most commonly used and specif-
ic inducer of autophagy is Rapamycin, which
directly inhibits mTOR in living cells.14,17

Autophagy can be observed by ultrastructur-
al imaging of autophagosomes and other
organelles involved in the process.18,19 Auto -
phagosome membranes are smooth double
membranes that engulf cytoplasmic material
including mitochondria and ribosomes.20

Electron microscopy analysis can be employed
in autophagy qualitative analysis, even if
autophagosomes counting and the measure of
their size can be achieved.12

Besides ultrastructural examinations, one
of the most common imaging methods in
autophagy studies is the visualization of the
recruitment of microtubule-associated protein
1 light chain 3 beta (LC3B) to autophago-
somes, an early step in autophagy that occurs
when the protein is cleaved and lipidated.

Original Paper

Figure 4. Time-course analysis of LC3B-GFP expression in T98G and U373-MG cells.
Cells were transduced with BacMam LC3B-GFP viral particles (MOI=30); after 12 h of
incubation, cells were treated with Rapamycin (10 µM) and analysed at 4 h (t1) and 5 h
(t2) p.t. Recorded DIC images by inverted fluorescence microscope were then analysed in
the variation of number and area of vesicles by AUTOCOUNTER. The overall areas of the
analysed cells were calculated. These results were reported in Table 1, referring to T98G
(panels a and b) and to U373-MG (panels c and d). Scale bars: 10 µm.
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LC3B is modified during the induction of
autophagy through several processing steps
including cleavage by the protease ATG4B to
generate LC3-I, ATG3/7-mediated ligation of
phosphatidylserine or phosphatidylethanola -
mine to generate LC3-II21 and translocation to
the autophagosomal membrane.22 A second
reaction catalyzed by ATG4B removes LC3-II
from the autophagosomal membrane by delipi-
dation. Translocation of LC3B-GFP can be iden-
tified by puncta that appear following engage-
ment of the autophagic response.22

Although the analysis of fluorescent LC3B-
GFP is a useful approach, it is tedious to quan-
tify the autophagy by the manual counting of
the fluorescent puncta. Furthermore, the cells
should also be counted using unbiased proce-
dures such as multispectral imaging flow
cytometry.23-25 Of note, LC3B-GFP can associate
with ubiquitinated protein aggregates referred
to as Aggresome-Like Induced Structures
(ALIS)26,27 and p62 bodies/sequestosomes.28

Therefore, a lipidation-defective LC3 mutant,
where glycine 120 is mutated to alanine, was
employed as a negative control. After transduc-
tion of the mutant and Rapamycin administra-
tions, a very low amount of aggregates, inde-
pendently of autophagy, was scored in both
T98G and U373-MG cells. Similarly, as we have
reported, the transfection protocol itself did
not artifactually induce LC3B-GFP discrete sig-
nals. We have therefore introduced an ImageJ
JavaScript for autophagy evaluation, AUTO-
COUNTER, which resulted less labor intensive
than western blotting and less subjective than
manual counting of autophagic puncta under
fluorescent microscopy examinations. Using
LC3B-GFP-transduced and Rapamycin-stimu-
lated cells, we have showed that the assay can
be used to quantify the autophagy induction
and to follow time-course dynamic changes in
autophagic vesicles formation. This applica-
tion was designed to monitor the autophagy
status through the evaluation of the amount of
puncta per cell as well as their area. In addi-
tion, it was reported that quantified
autophagosome areas, in many cases, correlat-
ed with the rates of protein degradation.29-31

Therefore, the employed surface analysis of
the same target cell in time-course assays may
be informative regarding the specific
autophagic status and its progression. The
ImageJ JavaScript was then assayed in sensi-
tivity and specificity of detection of fluorescent
dots in complex cell panels. The program was
able to detect nearly all vesicle-like spots, pro-
viding also statistics on their sizes. To correct-
ly perform these assays, we have reported that,
before the autophagy induction, the LC3B-GFP
background number of puncta was relatively
low (the frequencies of cells with fluorescent
dots were about 1/100 and 1/150, respectively
for T98G and U373-MG). As a consequence, the

marked increase in LC3B-GFP expression was
mainly associated with induced autophago-
somes against a low background of constitu-
tive autophagy. As extensively reported, the
treatment with the lysosomotropic agent
Chloroquine increased lysosomal pH inhibit-
ing lysosomal fusion with the autophago-
somes: this process interfered with the
autophagic flux producing autophagosomes
accumulation.32 However, in our experiments,
this treatment resulted in an increase of the
overall fluorescence signals, but with a clear

worse geometrical definition of the resulted
intracellular vesicles.

Furthermore, it was not clearly established
if different sizes of LC3B-GFP positive vesicles
correlated with the levels of autophagy.
Therefore, the proposed program was designed
to subdivide, according to the operator’s
requests, the intracellular fluorescent dots into
three micrometric classes (small, medium,
and large area). In addition, as a result of our
assay, the increase in the autophagy-inducer
administration clearly caused an increase of
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Table 1. Time-course analysis of LC3B-GFP expression in T98G and U373-MG cells
(results related to Figure 4, panels a to d).

Time-course* t1 t2

Aves/Acell #ves #ves #ves #ves Aves/Acell #ves #ves #ves #ves

(%) C1 C2 C3 (%) C1 C2 C3

T98G Panel a 2.1 19 15 3 1 3.5 12 4 7 1
T98G Panel b 3.4 13 4 8 1 5.3 12 5 2 5
U373-MG Panel c 1.2 9 5 3 1 3.2 17 11 3 3
U373-MG Panel d 2.0 14 12 2 0 2.6 13 10 3 0
Dt° Dt=t2-t1

D(Aves/Acell) D#ves D#ves C1 �D#ves C2 �D#ves C3

(%) (%)

T98G 61.6 -22.3 -5 -1 2
U373-MG 96.7 40.9 2 0.5 1

*AUTOCOUNTER analysis in time-course imaging of T98G and U373-MG cells after LC3B-GFP and Rapamycin (10 μM) administra-
tion at 4 h (t1) and 5 h (t2). Ratio between vesicle area and cell area (Aves/Acell), number of vesicles (#ves), and number of vesicles
grouped, according to their area, into three defined classes (small: 0<C1≤1 μm2; medium: 1<C2≤3 μm2; large: C3>3 μm2) are report-
ed. °Dynamic change of vesicle pattern in the time interval Dt=t2-t1 in terms of mean percent variation of vesicle area [D(Aves/Acell)],
mean percent variation of number of vesicles (D#ves), and mean variation of number of vesicles in ranges of vesicle area.

Figure 5. Specificity and sensitivity of LC3B-GFP detection by AUTOCOUNTER. T98G
and U373-MG cells were transduced with BacMam LC3B-GFP viral particles (5×103

cells, MOI=30); after 12 h culturing, cells were then treated with Rapamycin (1 µM) and
further incubated for additional 24 h. AUTOCOUNTER analysis was then performed on
a0 and b0 light and fluorescent photograph panels. In panels a1 and b1, the contours of the
cells were drawn by the operator. Then, panels a2 and b2 showed the transformed masks
for vesicles number and area analysis. Scale bars: 10 µm. Size statistics of the GFP scored
vesicles was reported in Supplementary Table 1.
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the overall surface of the autophagic vesicles
rather than of their total number within the
cells. In conclusion, we have developed and
assayed an ImageJ JavaScript specifically
devoted to LC3B-GFP expression analysis in
living human astrocytoma cells: this program
is mainly intended for in vitro studies of

autophagy modulation. In addition, this pro-
gram might be a framework for further refine-
ments such as the possibility to track LC3B-
RFP (Red Fluorescence Protein) vesicle
expression as well as other fluorescence-based
or non-fluorescence-based intracellular sig-
nals in cells of different origins.
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