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The autophagic system is involved in
both bulk degradation of primarily

long-lived cytoplasmic proteins as well as
in selective degradation of cytoplasmic
organelles. Autophagic flux is often
defined as a measure of autophagic degra-
dation activity, and a number of methods
are currently utilized to assess autophagic
flux. However, despite major advances in
measuring various molecular aspects of
the autophagic machinery, we remain less
able to express autophagic flux in a highly
sensitive, robust, and well-quantifiable
manner. Here, we describe a conceptual
framework for defining and measuring
autophagosome flux at the single-cell
level. The concept discussed here is based
on the theoretical framework of metabolic
control analysis, which distinguishes
between the pathway along which there is
a flow of material and the quantitative
measure of this flow. By treating the auto-
phagic system as a multistep pathway
with each step characterized by a particu-
lar rate, we are able to provide a single-cell
fluorescence live-cell imaging-based
approach that describes the accurate
assessment of the complete autophago-
some pool size, the autophagosome flux,
and the transition time required to turn
over the intracellular autophagosome
pool. In doing so, this perspective pro-
vides clarity on whether the system is at
steady state or in a transient state moving
towards a new steady state. It is hoped
that this theoretical account of quantita-
tively measuring autophagosome flux
may contribute towards a new direction
in the field of autophagy, a standardized
approach that allows the establishment of
systematic flux databases of clinically rele-
vant cell and tissue types that serve as
important model systems for human
pathologies.

The autophagic system is involved in
both bulk degradation of primarily long-
lived cytosolic proteins as well as in the
selective degradation of cytoplasmic
organelles. In the past few years the assess-
ment and evaluation of this complete sys-
tem including its dynamics has received
growing attention, as our understanding
of autophagosome turnover and kinetic
behavior has progressed. Autophagic flux
is often defined as a measure of autophagic
degradation activity, and a number of
methods are currently suggested for assess-
ing autophagic flux, many of which infer
whether or not autophagic flux is occur-
ing.1 However, although we have
advanced in the methodological approach
to assess whether or not a change in auto-
phagic flux is occurring, and whether
autophagic flux goes up or down, we
remain less able to express this change in a
sensitive, robust, and well-quantifiable
manner. Moreover, although the develop-
ment of novel reporter assays enabled the
identification of pharmacological regula-
tors of autophagy, highly sensitive assays
that characterize the extent and dynamics
of this regulation quantitatively remain a
challenge in the in vitro, and even more so
the in vivo, environment. Based on the
well-established metabolic control analysis
approach,2,3 where the use of the term
flux has been reserved for the rate of flow
along a metabolic pathway, we describe a
methodological concept that allows the
definition and measurement of autopha-
gosome flux at the single cell level in a sen-
sitive and quantifiable manner. Here, we
treat the autophagic system as a multistep
pathway with each step characterized by a
particular rate. We distinguish between
the vesicular machinery of the autophagic
system, and the cargo that is being
degraded within this system.

Abbreviations: CMA, chaperone-mediated
autophagy; GFP, green fluorescent protein;
J, flux; LC3, microtubule-associated pro-
tein 1 light chain 3; nA, number of autopha-
gosomes; t, transition time; TEM,
transmission electron microscopy.
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Autophagosome flux, the subject of this
paper, is the rate of flow along the vesicu-
lar pathway, whereas substrate clearance
flux is the rate of cargo degradation within
the vesicular system. This distinction
makes it possible not only to describe
whether or not the vesicular part of the
autophagic system is at steady state, but
also to quantitatively assess autophago-
some flux and to calculate the transition
time of the system required to turn over
its autophagosome pool. The concept
described here makes it possible to quan-
tify and to compare treatment interven-
tions or different cellular systems with one
another in terms of change in autophago-
some pool size, autophagosome flux, and
pool size turnover as well as in the respon-
siveness and sensitivity to the treatment
intervention.

We will start with our quantitative def-
inition of autophagosome flux and
describe a methodological concept for
measuring this flux. We will then briefly
describe 3 of the major current and pre-
dominantly used approaches to measuring
autophagic degradation activity, and, by
juxtaposing them against our definition of
autophagosome flux, attempt to indicate
the major inherent challenges to these
techniques. We will then describe a step-
by-step methodology that describes the
accurate assessment of i) the complete
autophagosome pool size, ii) the steady
state, iii) autophagosome flux, and iv) the
transition time. Since our definition of
autophagosome flux requires a dynamic
assessment over time, this conceptual
approach shows how to acquire data that
describe both the existence of a steady
state and the variables that characterize the
steady state, such as the steady-state num-
ber of autophagosomes and the associated
flux in terms of the change in this number
per time per cell. We hope that this
approach will provide a robust tool for
generating numerical data that are sensi-
tive enough to allow us to change flux
incrementally, say by 5%, that allows a
comparison of fluxes and steady states of
different cellular systems, with the benefit
of using data that directly reflect the intra-
cellular autophagosome pool. It is more-
over envisaged that the approach
described here may contribute towards a
standardized means for the establishment

of flux databases of clinically relevant cell
and tissue types that serve as important
model systems for, for example, neurode-
generative disorders, cancer, or heart dis-
ease.4-6 Finally, this concept may lay the
foundation for future control analyses, to
unravel the degree of control as opposed
to regulation that the different steps in the
autophagic pathway exert over the auto-
phagosome flux.

Autophagic Flux: The Rate
of Flow

Autophagic flux is defined as a measure
of autophagic degradation activity.1 This
definition rightfully points to the hallmark
of the meaning of flux, namely the rate of
autophagic degradation. The higher (or
lower) the degradation activity, the higher
(or lower) is the respective rate of degrada-
tion. The systems that are most often uti-
lized to assess autophagic degradation
activity employ a combination of techni-
ques, such as western blot analysis for spe-
cific key proteins, transmission electron
microscopy, and fluorescence microscopy.
These approaches are extremely valuable
in the study of the autophagic pathway
and continue to generate crucial data that
reveal the molecular regulation of the
autophagic machinery. Common to all 3
approaches is the direct or indirect assess-
ment of the presence of autophagosomes
with and without the utilization of suit-
able inhibitors. Upon activation of the
autophagic pathway, the cytosolic, proteo-
lytically processed form of MAP1LC3/
LC3 (microtubule-associated protein 1
light chain 3), termed LC3-I, is lipidated
to form LC3–phosphatidylethanolamine,
LC3-II, which is specifically recruited to
the phagophore membrane. During the
subsequent steps of autophagosome matu-
ration, the LC3-II on the outer surface is
removed through deconjugation, whereas
the LC3-II that is present within the inner
vesicle remains associated with the com-
pleted autophagosome. LC3-II levels
therefore correlate well with autophago-
some number. Unlike in the yeast Saccha-
romyces cerevisae, where the Pho8D60
assay provides a unique and sensitive
means of measuring autophagic flux,7 in
higher eukaryotes LC3 is currently still

one of the few practical and reliable
markers to assess change in autophagic
activity and has thus far been utilized to
probe for autophagic flux. However, this
approach has largely been limited to a “yes
or no” approach, revealing merely whether
flux is occuring or whether autophagic
flux is regulated up or down. Thus far,
this approach may have sufficed for
answering a variety of questions; however,
with the increasing need for exploiting
autophagic modulators in the clinical
environment, it will become necessary to
upregulate or downregulate autophagic
flux in a sensitive and precise manner,
preferably expressed in a percent unit
change of choice for a defined duration.
This asks for a conceptual approach,
which will allow exactly that: to quantify
autophagic flux as a rate. Especially in the
case of neurodegenerative diseases, the
time frames of tuning and maintaining a
precisely defined flux may well lie in the
order of decades. Although various experi-
mental tools are available to measure auto-
phagic activity, such as LC3-II turnover or
SQSTM1/p62 degradation, it remains
challenging to employ these techniques in
a manner that uniformly expresses auto-
phagic flux quantitatively, to report on the
stability of the steady state, to assess the
magnitude of change in autophagic flux,
and to include data on the kinetics
thereof.

Here, we propose a theoretical account
by which the autophagic system is treated
as what it actually is, a multistep pathway
as shown in Figure 1. The text accompa-
nying Figure 1 (Box 1) provides the the-
ory behind the definition of the steady
state and the steady-state autophagic flux.
In addition, it shows that the variables
used to describe the steady state, namely
the number of autophagosomes per cell
and the flux through the autophagic path-
way (number of autophagosomes/cell/
time) can be combined as a ratio to give
the transition time,8 which indicates how
long it takes for the autophagosome pool
to turn over at steady state.

It becomes therefore clear that the
majority of techniques that are at first
described below, all of which are com-
monly used for autophagic flux assess-
ment, are not particularly suitable for
measuring a rate, and are usually not

2088 Volume 10 Issue 11Autophagy



The auto
flow of m
through 
metaboli

Each ind
per cell p
is either 
lysosome

where  
rate ensu
while 

The rate
different

For a ste
regarded
variable e

Steady s
equal: 

The stea
explained
the steps
substrate

The trans
interpret
the pool 

ophagic system
material and t
the pathway.
ic studies, wh

ividual pathw
per �me unit. 

the number
es) consumed

,   and  
ures that it is

 is posi�ve 

s at which th
ial equa�ons:

ady state to b
d as constant 
en��es A, AL 

tate therefor

dy-state flux, 
d in the text, 
s in the pathw
e for the inhib

si�on �me, 
ted as the tur
from zero to 

D

m is a mul�st
the quan�tati
 This use of t
ere metabolic

way step proce
For example,

r of autophag
 in the proces

 are the nu
s a posi�ve qu
since AL is pro

he numbers o
:

be possible, th
(buffered) du
and AA are ze

re also implie
. 

, is therefor
the autophag

way (e.g., step
bited step (her

, of any varia
rnover �me o
its steady-sta

Defining A

tep pathway. 
ive measure o
he term flux

c flux refers to

eeds at a part
, the rate o
gosomes (or 
ss per �me un

umbers of the
uan�ty (since
oduced by ste

of the differen

hose en��es 
ring the �me 

ero, which imp

es that, for th

re numerically
gosome flux ca

2 with bafilom
re the ini�al r

ble en�ty in t
f the en�ty p
te value. 

Autophago

We dis�ngui
of the rate of 
as the rate of

o the rate of f

�cular rate ,
of the step in 
equivalently, 

nit or the num

e respec�ve e
e A and L are 
ep 2). 

nt en��es ch

that are only 
of the experi

plies that the

his linear pat

y equal to an
an be quan�f
mycin A1) and

rate of autoph

he pathway (A
pool in steady

osome Flu

ish between t
this flow in s

f flow along t
low of metabo

, quan�fied b
which an aut
assuming a 

mber of autolys

n��es per ce
consumed in

hange are give

consumed or
iment.  At ste
ir numbers re

thway, the in

ny of the indiv
ied experime

d measuring th
hagosome acc

A, AL, AA) can
y state, which 

ux

the pathway
steady state, w
the pathway i
olites along a 

by the numbe
tophagosome
one-to-one f

sosomes prod

ll. Note that t
 step 2, 

en by the fol

,

r produced (h
ady state the 
main constan

dividual step 

vidual step ra
ntally by com
he ini�al rate 
umula�on). 

n now be defi
is equal to th

along which 
which is calle
is in line with 
metabolic pa

er of en��es p
e fuses with a 
fusion, the n
duced per �m

the above def
and  are 

lowing set of

here P and L) 
e rates of chan
nt over �me: 

 rates are nu

ates at steady
pletely blocki
of accumulat

ned as , a
he �me requi

there is a 
d the flux
its use in 

athway.

processed 
lysosome 
umber of 
e unit: 

fini�on of 
nega�ve, 

f ordinary 

should be 
nge of the 

umerically 

y state. As 
ing one of 
tion in the 

nd can be 
ired to fill 

Figure 1. Defining autophagosome flux. A, autophagosome; AA, amino acids; AL, autolysosome; L, lysosome; P, phagophore; v, rate.
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applied in a manner that would allow the
generation of data points for measuring
the autophagic flux. As generally applied,
they probe for a change in the number of
autophagosomes at a single point in time,
indicating indirectly whether or not there
is autophagic flux occuring and whether
this flux increases or decreases.

Western Blot—Indirect Analysis
of Autophagosome Pool Size

without Suitable Unit and Time
Dimensions

Immunoblotting for endogenous LC3
is one of the crucial functional reporter
assays that can be used to reliably monitor
autophagosome synthesis or degradation,
as LC3 associates with the lumenal and
cytosolic surface of autophagosomes, with
a degree of recycling taking place from the
cytosolic surface.9 However, western blot-
ting poses 2 inherent challenges: First, it
assesses the number of autophagosomes
only indirectly, based on the presence of
LC3-II in the lysate of a whole cell popu-
lation. Second, a minor technical chal-
lenge is that blotting for LC3 often results
in a high background, which makes it dif-
ficult to assess small changes in LC3 pro-
tein levels accurately. Third, and more
important, is the fact that western blot
does not measure a rate. Even with the
concomitant use of compounds such as
bafilomycin A1 or combinations of leu-
peptin and pepstatin that prevent fusion
with the lysosome or inhibit lysosomal
proteases, respectively, at saturating con-
centrations, a method which is now largely
accepted to interpret data on LC3-II
immunoblotting,10 it only indicates
whether an increase in LC3-II immuno-
blot signal reflects enhanced autophago-
some synthesis or is due to decreased
autophagosome degradation. This
approach does not measure autophagic
flux, but whether or not flux is occurring,
increasing or decreasing. Unless the LC3-
II signal is plotted over time during the
bafilomycin A1 treatment, it cannot indi-
cate a rate, as it would lack the time
dimension. Although this kind of assess-
ment, which is also frequently called an
“autophagic flux assay,” indicates the
extent of LC3-II synthesis or

accumulation, it cannot, being based on a
single time point with or without bafilo-
mycin A1, indicate the flux per se, as the
flux is a rate. Similarly, although used as a
valuable additional indicator for measur-
ing autophagic activity,11 the increase in
the amount of the ubiquitin and LC3
binding protein SQSTM1 that accompa-
nies impaired autophagy does not measure
autophagic flux if not plotted over time.

In addition, the above approach pro-
vides little information about whether the
system is at steady state. Currently, steady
state is most often assumed, which may be
a fundamental problem, especially when
perturbing the system metabolically with a
given treatment intervention. To address
these shortcomings, a time-lapse analysis
of both LC3-II and SQSTM1 levels
would be required without any fusion
inhibition; however, this is technically
challenging, labor intensive, and, impor-
tantly, it remains an indirect assessment
because the number and pool size of auto-
phagosomes is not quantified. Western
blot analysis is therefore valuable and suit-
able for answering questions that depend
on measuring the overall change of pro-
tein levels in a whole cell population, but
less suitable for the quantitative measure-
ment of autophagic flux.

Transmission Electron
Microscopy—Partial Analysis
of Autophagosome Pool Size
without a Time Dimension

Microscopy techniques have the
advantage of allowing a direct and quan-
titative assessment of the presence of
autophagosomes in cells and tissues. In
particular, transmission electron micros-
copy (TEM) is considered to be valuable
for confirming the presence of autopha-
gosomes, lysosomes, autolysosomes, or
even endosomes due to its ability to pro-
vide highly resolved ultrastructural infor-
mation. In addition TEM also allows
the morphological evaluation of the
cargo that is present within autophago-
somes, based on the electron density,
homogeneity, and ultrastructure of the
intraorganellar signal. In that way,
details about the nature of autophagy
targets, e.g., bulk cytoplasm, lipophagy

or mitophagy, or pathology such as
cargo recognition impairment (e.g.,
Huntington disease) or myelin lamellae
inclusions can be revealed. In addition,
highly valuable morphometric methods
have been developed that allow the
extraction of numerical data such as
diameter or percent area occupied by
autophagosomes.12 However, TEM
analysis is less suitable for autophagic
flux analysis since the measurement of a
rate would be very difficult; fixation and
embedding requirements associated with
TEM sample processing do not allow
for time-lapse analysis in the same sam-
ple. Although tissues could be collected
at various time points upon treatment
intervention with and without concomi-
tant use of lysosomal protease inhibitors
at saturating concentrations, such an
approach would be extremely time and
labor intensive, as well as costly. Most
importantly, however, it would not
allow direct quantification of dynamic
turnover. Moreover, TEM-based image
analysis is most often restricted to data
derived from a single focal plane, pro-
viding an incomplete reflection of the
autophagosome pool. Three-dimensional
image acquisition would be required to
accurately assess the intracellular auto-
phagosome pool size. TEM-based analy-
sis indicates whether there is a change
in, for example, the autophagosome
number, and it allows an assessment of
whether this change is significant. It
does, however, not provide a quantita-
tive measure of the flux, as it does not
measure the rate at which this change in
number was brought about. TEM acqui-
sition and analysis also does not provide
information as to whether the system is
at steady state. It does provide invaluable
data on intracellular architecture and
organellar ultrastructure of autophago-
somes in context with intra-autophago-
some cargo.

Fluorescence Microscopy—
Potential for the Measurement

of Autophagic Flux and
Autophagosome Pool Size

Fluorescence microscopy techniques,
based on wide-field fluorescence or
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confocal microscopy, fulfill the require-
ments for a quantitative flux analysis as
they allow the measurement of a rate,
and therefore also the flux. By optically
sectioning and projecting the whole
cell, they can also quantify the entities
that participate in the multistep path-
way accurately, such as a complete
count of the number of autophago-
somes (nA) in a single cell. Fluorescence
microscopy is an extremely valuable
tool as it allows the visualization of
LC3-positive structures in living cells
and tissues.13,14 The quantitative assess-
ment of the fluorescence signal of cells
with numerous LC3-positive puncta or
the number of LC3-positive structures
per cell can be assessed accurately at a
single-cell level. However, if not per-
formed over time, the autophagosome
pool size on its own cannot describe
autophagic flux, as it does not describe
the rate of entity turnover. The auto-
phagic flux can be quantified only when
completely blocking one of the steps in
the pathway and measuring the initial
rate of accumulation of the “substrate”
for the inhibited step. Whether or not
there is autophagic flux in the myocar-
dium has successfully been estimated
with the mCherry-LC3 transgenic
mouse model.15 Here, chloroquine was
administered for 4 h via intraperitoneal
injections after which cardiac tissue was
harvested and the surface area of the
fluorescence signal quantified by micros-
copy. The transgenic GFP-LC3 zebra-
fish also proved to be a potentially
useful model for studying autophagic
flux as its transparency enables direct
monitoring of GFP-LC3 puncta by
both wide field fluorescence or confocal
microscopy.16 Here, an indirect indica-
tion for a change in autophagic flux
was given by using lysosomal protease
inhibitors, added to the embryo water.
However, for measuring the flux the
rate of accumulation would have to be
assessed. Fluorescence-based image data
can additionally be strengthened by the
utilization of a mRFP-GFP tandem
fluorescent-tagged LC3, allowing the
concomitant assessment of the total
autophagosome pool size before and
after fusion.17 In this case the pH sensi-
tivity of GFP is exploited, while mRFP

remains stable when in contact with the
acidic lysosomal environment. The
extent of change in colocalization is
thereby indicative of the rate of fusion
between autophagosomes and lyso-
somes.18 However, only an assessment
over time can reveal the rate. Stably
expressing GFP-LC3 cells assessed by
fluorescence activated cell sorting offers
a feasible means of quantifying auto-
phagic activity by plotting the mean or
geometric mean of a given cell popula-
tion on an intensity histogram, normal-
ized to its control signal.19 This
approach takes a large number of cells
into account (usually a minimum of
10,000 events are acquired), and pro-
vides favorable statistical power.
Although the above examples can
potentially quantify flux by measuring
the rate of accumulation, they are
mostly used to infer whether or not
autophagic flux is occuring and whether
this flux increases or decreases.

Autophagic Flux Quantification
Requires an Assessment of a

Rate—for Example, the
Autophagosome Accumulation
Rate after Inhibition of Fusion

All the above described methods are
extremely valuable in their own right, as
they are able to indicate whether or not
there is flux occuring in the system, and
whether the flux increases or decreases,
based on quantifying the change of a sig-
nal with and without fusion inhibition.
However, being based on a single time
point with or without, for example, bafilo-
mycin A1 treatment, they cannot quantify
the flux per se. It is very clear that, from all
the methods discussed above, fluorescence
microscopy has the greatest potential for
measuring both the autophagosome pool
size per cell as well as its change over time.
One of the most direct ways recently
employed to indicate autophagic flux is
based on monitoring the decay of fluores-
cence signal of reporter proteins, using
photoswitchable proteins. This has been
successfully exploited in the context of
macroautophagy,20 chaperone-mediated
autophagy (CMA)21 and the protea-
some,22 and delivered invaluable

information on the kinetics of the system
under study. The primary strength of pho-
toswitchable proteins, such as KFERQ-
PS-CFP2 for CMA or Dendra2-LC3 for
macroautophagy, lies in the assessment of
fluorescence intensity over time, allowing
the determination of half-lives for the spe-
cific protein.20,21

Our concept complements this
approach, allowing the calculation of auto-
phagosome flux, J, based on the time-
dependent change in total autophagosomal
pool size after inhibition of autolysosomal
fusion, as well as the transition time, t,
which, different from an intensity-based
half-life, is derived from the flux and the
total autophagosomal pool size. The transi-
tion time t indicates the time of the system
required to turn over its autophagosome
pool, which provides an additional quan-
tity that can be used to compare across sys-
tems. What is required to make this
measurement? (i) A reliable means of
counting the number of autophagosomes
per cell at multiple points in time under
control conditions, and (ii) distinct treat-
ment conditions that completely block the
fusion step (Fig. 2A, B) (for example, treat-
ment with saturating concentrations of
bafilomycin).23 The change in autophago-
some number, after complete inhibition of
fusion is then plotted over time; the initial
change in nA per time unit (e.g., hour) per
cell is the autophagosome flux.

What Could a Methodological
Approach for Quantitatively

Measuring Autophagosome Flux
Look Like?

First, it would require the measure-
ment of the complete autophagosomal
pool size per cell: all fluorescence image
analysis must be based on z-stack acquisi-
tions, in order to achieve an accurate mea-
sure of the complete intracellular
autophagosome pool size. Hence, this
requires the acquisition of images through
optical sectioning, where a fluorescence
microscope with automated z-stack con-
trol is needed. It is important to minimize
acquisition time so as to avoid autophago-
some movement during the acquisition
process. In principle, the higher the reso-
lution and the better the signal/noise ratio

www.landesbioscience.com 2091Autophagy



of the fluorescent signal, the more accurate
the autophagosome count. Although a
manual “touch count” per mouse click of

autophagosomes can be performed on a
projected stack, an automated count deliv-
ers an accurate count rapidly and

objectively using an open source
ImageJ plug-in based on a modi-
fied watershed algorithm24 or the
‘particle count/analysis’ function.
The parameter size for an image-
based analysis approach should be
optimized (here set to a voxel
dimension of 0.07 for both x and y
for the search parameters) in order
to discern the actual signal from
any background signal, which may
be derived, for example, from cyto-
solic LC3-I (Fig. 2B).

Second, the counting of auto-
phagosomes over time under con-
trol conditions without the
presence of fusion inhibitors is
required to show whether the sys-
tem is at steady state, i.e., when the

rate of change of the variable entity nA,
the number of autophagomes/cell, is zero
(Fig. 3A). It should be noted that autoph-
agy is modulated by metabolic perturba-
tions, nutrient availability and cell
density, and the number of autophago-
somes can therefore change moderately,
especially over prolonged time periods.
Feedback mechanisms that control
MTOR activity, ATP availability, and
amino acid pool size can all have an
impact on autophagic flux.

Third, in order to measure the basal
autophagosome flux, cells are treated with a
saturating concentration of a vacuolar-type
HC-ATPase inhibitor such as bafilomycin
A1,

23 and images acquired at a minimum
of 3–5 time points. The saturating bafilo-
mycin A1 has to be determined by fluores-
cence microscopy for each cell type
separately prior to the flux analysis. Satura-
tion is reached if upon further increase in
inhibitor concentration no further increase
in the initial rate of autophagosome accu-
mulation is observed. The theoretical
Figures 3B, 4A and 4B show how the data
should be plotted. The basal flux, J, is
the initial slope of the progress curve at the
point of inhibition of fusion. Since the
slope provides the information required to
derive the flux, how should the slope be cal-
culated? It is the initial increase post-inhibi-
tion that needs to be carefully monitored
for at least 2 h, but at smaller, i.e. 30 min,
intervals, since only the initial slope reflects
the autophagosome flux (dnA/dnt) given
that other factors like changes in feedback

Figure 2. From a micrograph to a number. (A) Live-cell imaging of mouse embryonic fibroblasts stably
expressing GFP-LC3 reveals accumulation of autophagosomes over time in the presence of bafilomycin A1.
(B) Software solutions exist to assist in automated counting of the complete autophagosome pool. Scale
bar: 20 mm (A) and 10 mm (B).

Figure 3. Generation of progress curves I. (A) Counting of autophagosomes (nA) over time under
control conditions is required to show whether the system is at steady state. (B) The quantitative
measurement of the basal autophagosome flux, J, at steady state expressed as autophagosomes
produced/cell/time. Here the autophagosome pool size differs (nA D 30, left and nA D 5, right),
while the basal flux J D 5 is equal in both systems.

2092 Volume 10 Issue 11Autophagy



mechanisms and protein synthesis will start
taking effect. A major difference from cur-
rently established fluorescence-based meth-
ods lies in this approach to measure the
slope after inhibition with bafilomycin A1,
based on complete pool size analysis.
Hence, flux can now be expressed as the
change in the number of autophagosomes/
cell/time. It is therefore very important to
establish the bafilomycin A1 concentration
that completely inhibits fusion of autopha-
gosomes and lysosomes, i.e. no further
slope increase with increasing inhibitor
concentrations; otherwise a residual flux
through the system will remain and mask
the real flux data. Assessing fluorescence
over time without this intervention and
without focus on the slope post-inhibition
will not provide these data. Note that the
autophagosome flux data, as conceptual-
ized here, should be derived from multiple
cell images to offset inter-cell variability
and cell cycle stage differences for prolifer-
ating cells. Moreover, the total experimen-
tal acquisition time can be matched with
the cell cycle time for cells with a very short
cell cycle time. Basal flux and increased/
decreased flux data can be gathered within
a 3–4 h time frame. After a short acquisi-
tion period to assess the steady state, the
acquisition post inhibition with bafilomy-
cin A1 can be minimized to 1 h, since the
initial slope will provide the information
required to calculate autophagosome flux.
Note that the autophagosome pool size, nA,
is not an indication of autophagosome flux
(J): In Fig. 3B the steady-state autophago-
some pool size differs between cellular sys-
tems (nA D 30 and nA D 5), but the
basal flux J is equal in both (5 autophago-
somes/cell/time). Likewise, in Fig. 4A nA
in both systems is the same, but the flux J
may differ and the extent of this difference
can be calculated. Moreover, as explained
by Figure 4B, this approach not only
measures J, but also shows whether there
actually is a flux. Plotting of the data in
this manner (Fig. 3 and Fig. 4) allows
the expression of the pool size as a rela-
tive difference, when comparing differ-
ent systems or treatment conditions. In
the example provided, the 2 cells are
characterized by a 4-fold difference in
autophagosome pool size (nA D 5 vs
nA D 20), even though both of them
are at steady state (Fig. 3A).

Fourth, the ratio nA/J of the autopha-
gosome pool size and autophagosome flux
is the transition time, t, which should be
calculated to indicate the turnover time of
the autophagosome pool at steady state.8

Figure 5 explains that autophagosome
pool size per se does not indicate its turn-
over time, but rather that both flux and
pool size determine the transition time.
The smaller t, the less time is required to
completely replenish the autophagosome
pool at steady state (Fig. 5). With these
tools to quantitatively measure both the
autophagosome pool, nA, and autophago-
some flux, J, valuable additional informa-
tion about the functional state of the
autophagic system can be gained through
direct comparison of relevant cell types or
treatment interventions, such as the acti-
vation of the formation of autophago-
somes by rapamycin.25 It is important to
note that different cell types, for example

hepatocytes versus neurons, may have i) a
different autophagosome number in basal
state (nA) and ii) a different autophago-
some flux (J) in basal state (dnA/dnt), and
that an increase in the former is by no
means necessarily accompanied by an
increase in the latter. The transition time
t (nA/J) provides a robust measure of the
relationship between autophagosome pool
size and autophagosome flux and will
allow the characterization of different cell
types accordingly. The transition state t
could be of particular importance when
assessing cells with either increased or dys-
functional autophagosome clearance
behavior, such as degenerated neurons,
cardiac myocytes, or cancer cells. When,
for example, evaluating the response of a
system to pharmacological regulators, the
difference between the steady states of the
treated and untreated (basal) system
would be a distinguishing characteristic of

Figure 4. Generation of progress curves II. (A) The autophagosome pool is the same (nA D 5),
while the basal flux J differs for the 2 systems (left J D 15; right J D 5). (B) A system with func-
tional autophagosome synthesis (left) defined by its autophagosome pool size nA D 5 and a non-
zero autophagosome flux J D 15 compared to a completely dysfunctional autophagosome matu-
ration (right) with nA D 5 but no autophagosome flux (J D 0).

www.landesbioscience.com 2093Autophagy



that system. This difference is quantified
by DnA, DJ, and Dt, the changes in auto-
phagosome pool size, flux and transition
time upon intervention.

Concept or Reality?

In order to demonstrate the feasibility
of the proposed conceptual framework,
we performed preliminary experiments
(Fig. S1 and S2), which not only indicate
that the progress curves resemble those
conceptualized in Figures 3 and 4, but
also, that this approach can be easily
implemented experimentally. In our pre-
liminary experiments we tested 4 bafilo-
mycin concentrations (Fig. S1) and chose
400 nM as the concentration required to
completely inhibit fusion. Even 100 nM
seemed to nearly fulfill this requirement,
but with 400 nM we were confident that
fusion was completely inhibited. Under
these conditions the basal flux was mea-
sured to be 54 autophagosomes/cell/h and
steady-state number of autophagosomes
was approximately 45–50 (Fig. S1).
Although an even higher flux seemed to
be obtained at 800 nM, this bafilomycin
A1 concentration clearly showed cytotoxic
effects, leading to the cells shrinking and
detaching from the plate. We also per-
formed a set of preliminary experiments
to measure changes in the autophagosome
flux upon induction of autophagosome

synthesis with rapamycin (Fig. S2). In
these experiments the flux increased from
its basal value of 54 to 135.5 autophago-
somes/cell/h, and the number of autopha-
gosomes doubled from »45–50 to »100.
In addition, these results also show that,
in the observed time frame, a new steady
state is established 2 h after the addition
of rapamycin. Figure S2 shows how nA, J
and, concomitantly, t, change upon
experimental induction of autophagy.
Upon rapamycin treatment, the transition
time decreased from »1 h to 0.74 h. In
order to perform statistical analyses, these
data of course need to be obtained from
multiple cells under multiple experimental
conditions. Maximal autophagic capacities
and response/sensitivity to pharmacologi-
cal regulators may be tested in that way
and values directly compared between dif-
ferent cellular model systems.

Summary and Concluding
Remarks

The autophagic system is a multistep
pathway along which primarily long-lived
proteins are degraded. Although we have
made major methodological advances in
our approaches to dissecting molecular
mechanisms that regulate the autophagic
machinery, the measurement of autopha-
gic flux in a sensitive, robust, and well-
quantifiable manner has remained a

challenge, partly because of different per-
ceptions of what the concept of autopha-
gic flux actually entails. Here we have
provided a conceptual framework for
defining autophagosome flux that is con-
sistent with the concept of metabolic flux,
and described an approach for measuring
it quantitatively. Our conception of the
autophagic pathway is analogous to that
of a metabolic pathway, which consists of
a sequence of steps each characterized by
its own rate. Each step rate is quantified
by the number of entities processed per
cell per time unit. The variable entities
(nA) that participate in the multistep auto-
phagic pathway are the autophagosomes,
the autolysosomes, and the amino acids
(Box 1). The autophagosome flux J is the
rate of flow of the cellular system at steady
state. Autophagosome flux can be quanti-
fied experimentally by completely block-
ing one of the steps in the pathway and
measuring the initial rate of accumulation
in the substrate for the inhibited step,
such as, for example, the rate of autopha-
gosome accumulation upon complete
inhibition of the lysosomal fusion step.
Based on this definition, which has been
utilized in the field of metabolic control
analysis for decades, we provided a theo-
retical account that describes the assess-
ment of i) a complete autophagosome
pool size, ii) autophagosome flux and iii)
the transition time of the autophagosome
pool.

It should be noted that a time lag may
exist between a change in autophagosome
flux and the corresponding change in sub-
strate clearance flux. It also needs to be
taken into account that autophagosome
flux may be different from substrate clear-
ance flux, since cargo import into lyso-
somes can also be facilitated by, for
example, CMA or microautophagy, and
each cargo may have, depending on the
kinetics of the degradative enzymes, its
own cargo-specific clearance flux. The
methodological approach conceptualized
in this paper is only for quantifying auto-
phagosome flux; it measures the autopha-
gosome turnover, which may or may not
be equal to the substrate clearance flux.
This is especially true when the system is
in a transient state where the individual
rates of the autophagosome pathway are
still changing. Whether or not cargo

Figure 5. A comparison of 3 cellular systems that differ in terms of all 3 autophagic steady-state var-
iables: flux J, autophagosome pool size nA, and transition time t.
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degradation flux equals autophagosome
flux at steady state can be assessed by com-
plementing autophagosome flux data with
substrate clearance flux data, for example
by using cargo-specific photoswitchable
proteins such as Dendra2-SQSTM1/p62
or by assessing cycloheximide-induced
cargo decay.26 The rate of degradation of
a particular cargo of course depends on
the activity of a specific set of enzymes; a
decrease in degradative enzyme activity
could lead to the accumulation of a single
cargo without any change in the autopha-
gosome flux. An example is the mutation
in the GLA (galactosidase, alpha) gene
leading to a decreased lysosomal GLA
activity with the resultant cargo (glyco-
sphingolipids) accumulation.27 It should
also be noted that the protein expression
levels of the cargo protein may be affected
over time, and may itself be dependent on
autophagically-generated amino acids.26

Hence, a complementary assessment of
amino acid pool size as well as MTOR
activity state will provide additional infor-
mation contextualizing the autophago-
some flux data.

Based on this method to quantitatively
measure autophagosome flux, valuable
information about the functional state of
the autophagic system can be gained:
direct comparison of relevant cell types in
terms of autophagosome pool size (nA),
basal flux J, as well as the transition time
t D nA/J. Autophagic modulators can
now in principle be used to titrate the
autophagosome flux to a desired value.
The method described here may comple-
ment and strengthen western blot analysis,
TEM, and fusion construct data at
selected time points. This concept may
serve as a tool upon which to expand in
the future with lysosomal and even endo-
somal pool size data and their respective
fluxes, under the inclusion of colocaliza-
tion as well as ratiometric signal data
derived from LC3 tandem fluorescent
constructs or luciferase-based assays.28,29

A systematic implementation of the con-
cept proposed may, however, require the
modification of high-throughput imaging
platforms20,30,31 in order to quantify auto-
phagosome flux by exchanging i) the mea-
sured GFP-LC3 spot intensity for an
autophagosome pool size number, ii) sin-
gle image frames for complete z-stacks, iii)

a 20x objective with a high NA oil immer-
sion-based 60x or 100x objective, and iv)
fixation for a live-cell imaging approach.
It would also be important to contextual-
ize the data with methods that probe for
endogenous markers, to control for over-
expression-derived fluorescent signal. The
concomitant analysis of LC3-II and
SQSTM1/p62 through western blotting
as well as EM-based morphometrics will
therefore be advantageous. The applica-
tion of this concept by using stably trans-
fected mRFP-GFP-LC3 cell lines will
contribute in addition to the stochiometry
of autophagosome, autolysosome, and
lysosome pool size.

This may enable us to generate data
that i) characterize basal autophagosome
flux quantitatively in key cell and tissue
types of clinical/research model relevance,
and ii) characterize deviations in autopha-
gosome flux in cell and tissue types of key
disease states or conditions with cell death
manifestation.32 In addition, it may assist
in the scoring of MTOR-dependent and
-independent autophagy inducers as well
as autophagy inhibitors, in the screening
for pharmacological regulators of autoph-
agy such as the small molecule kinase
inhibitors targeting the class I phosphoi-
nosite 3-kinase-protein kinase B-
MTORC1 axis.31,33 and 34 Finally, this
approach will be required to perform flux-
control analyses, so as to identify the con-
trol over autophagosome flux as opposed
to the homeostatic regulation of the auto-
phagosome pool size.35
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