
Rev iew Ar t ic le

Methods in renal research: Measurement of autophagic flux in the
renal cortex ex vivo
GAVIN C. HIGGINS,1,2 TUONG-VI NGUYEN,2 GEORG RAMM3,4 and MELINDA T. COUGHLAN1,2

1Department of Diabetes, Central Clinical School, 3Membrane Biology Group, Department of Biochemistry and Molecular Biology, and 4Ramaciotti Centre for
Cryo-Electron Microscopy, Monash University, and 2Diabetic Complications, Baker Heart and Diabetes Institute, Melbourne, Victoria, Australia

KEY WORDS:
autophagic flux, autophagosomes, autophagy,
ex vivo, renal cortex.

Correspondence
Associate Professor Melinda T. Coughlan,
Department of Diabetes, Central Clinical
School, Monash University, 99 Commercial Rd,
Melbourne, Victoria 3004, Australia.
Email: melinda.coughlan@monash.edu

Accepted for publication 26 February 2018.
Accepted manuscript online 5 March 2018.

doi: 10.1111/nep.13251

SUMMARY AT A GLANCE

Autophagy is an important mechanism
that maintains cell function. Alterations in
autophagy occur in many renal diseases.
This Methods in Renal Research article
describes a new ex vivo approach to
measure autophagic flux in the renal
cortex. Will provide new insights into how
autophagy is modified in kidney disease.

ABSTRACT:

The role of autophagy in the kidney and many nephrological diseases has
gained prominence in recent years. Much of this research has been focused
on markers of autophagy that are static and reveal little about the state of
this dynamic pathway. Other mechanistic investigations are limited to
in vitro studies, that often provide circumstantial evidence of autophagic
flux. Here we describe a method for measuring autophagic flux ex vivo that
allows more direct observations to be made in situ regarding the state of
autophagic flux within the renal cortex of a single animal.

Autophagy is emerging as a fundamental concept in human

health, aging and age-related diseases. This has been evident

across several pathological settings including neurological

diseases such as Parkinson’s disease and Alzheimer’s dis-

ease1,2; atherosclerosis and other cardiovascular diseases3,4;

and immunological diseases such as mycobacterium tuber-

culosis and Sjögren’s syndrome.4,5 Similarly, autophagy has

been implicated in several manifestations of kidney disease,

both acute6–10 and chronic kidney diseases such as diabetic

nephropathy.11,12 The significance of autophagy and the

role it plays in the development of renal pathology has risen

to prominence in recent years, but few have addressed

changes in autophagic flux in vivo.6–18 Many investigations

have attempted to address perturbations in autophagy activ-

ity without addressing the fundamental question of whether

autophagic flux is altered under the pathological milieu that

is being studied.
While changes in gene and protein expression are useful

in establishing alterations in potential components of the

pathway that regulate renal autophagy, they do not address

overall change at the cellular level. The long-accepted

means of observing autophagic activity is to look at the

modification of LC3-I to LC3-II, with LC3 being an essential

component in the formation of the isolation membrane that

forms the autophagosome. However, modifications to LC3

alone without context can represent many things.19 An

increase in membrane bound LC3-II can be interpreted as

an increase in autophagy activity. Conversely, it can also

represent downstream lysosomal dysfunction resulting in

accumulation of autophagosomes in the cytosol. Likewise, a

decrease in LC3-II can potentially be a sign of decreased
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autophagy activity or it could also be evidence of an

increased clearance rate of autophagosomes from the cyto-

sol. A list of techniques and the advantages and disadvan-

tages are provided in Table 1.
To definitively demonstrate perturbations in autophagy

one needs to measure autophagic flux – the rate of autopha-
gic degradation activity elicited in response to a cellular
stressor. This can only be undertaken where an autophagic
stimulus such as rapamycin and/or inhibitor such as chloro-
quine or bafilomycin A1 is used to modulate autophagy
activity. While there have been many investigations demon-
strating autophagic flux, they have mostly been undertaken
in vitro. More evidence is required of autophagy occurring in

situ to understand its response under various pathological
conditions. That is, evidence provided of early stage forma-
tion of the isolation membrane, complete formation of dou-
ble membrane autophagosomes or early stage formation of
autolysosomes (fusion of an autophagosome with a lyso-
some). Transmission electron microscopy (TEM) is ideally
suited for this level of analysis. The major advantage of TEM
over other techniques is that regions of interest within the
renal cortex such as podocytes, mesangial cells or proximal
tubules can be singled out and analyzed in situ to ascertain a
more relevant indication of autophagic flux than an in vitro

experiment such as monitoring autophagic changes such as
p62/SQSTM1 by multispectral imaging cytometry on iso-
lated cells. While there have been examples of pharmaco-
logical intervention and various knockout models being
used to establish autophagic flux in vivo these studies have
required separate cohorts of animals to be used as control or
intervention models. This Methods in renal research article will

cover how autophagic flux can be measured ex vivo within
the renal cortex from a single animal or clinical sample,
using TEM to obtain a more direct measure of change in
autophagy activity within the renal pathological milieu
in situ.

METHODS

Animals

This protocol has been undertaken on 10-week-old male
mice (C57BL/6 background). While this method has broader
applications in other mammalian systems, some consider-
ations should be given to experimental parameters when
studying autophagy in vivo. There is evidence suggesting that
autophagy activity can be influenced by age, exercise, diet
and sex.20,21 These parameters should be matched between
experimental animals, with sex and age matched-mice
housed together for the same duration and maintained on
the same diet to ensure reproducibility between animals.
These experimental procedures were approved by the Alfred
Medical Research and Education Precinct Animal Ethics
Committee (AMREP AEC).

Materials

Ex vivo autophagic flux experiment

• 3 × Pair of 10 cm curved tissue forceps (Graefe)
• Pair of No. 5 jewellers forceps (Dumont)
• Pair of 9 cm Straight sharp spring scissors (Castroviejo)
• Scalpel

Table 1 Techniques used to measure autophagy activity in situ in the kidney

Technique Advantage Disadvantage References

qPCR Can assist in detecting early cellular changes Is not cell type specific. Does not provide
evidence of autophagic flux

9

Western Immunoblotting Can be used to detect post-translational
modifications and changes in protein
expression.

Is not cell type specific. Requires stimuli/
intervention to determine autophagic flux.

6–14,16,17

Immuno-histochemistry Suitable for studying protein expression
changes within specific regions of the renal
cortex.

Cannot determine post-translational
modifications. It is a static measure, not
suited to measuring autophagic flux, without
intervention.

7–18

Transmission Electron Microscopy Suitable for observing formation of
autophagosomes and autolysosomes in
specific cell types in vivo.

Quantitation requires large number of
images to be scored.

9,12,14,15,17,18

Autophagy specific genetic knockout animal
models

KO models can be used to determine
autophagic flux in vivo.

Inhibition and activation of the autophagic
pathway need to be observed in separate
animal cohorts, introducing potential
heterogeneity between animals.

6,7,10,13,15,16

Pharmacological intervention by IP injecting
rapamycin or chloroquine

Can be used to alter autophagic flux in vivo. Inhibition and activation of the autophagic
pathway needs to be observed in separate
animal cohorts, introducing potential
heterogeneity between animals.

7,14
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• Dulbecco Modified Eagle Medium (DMEM; Low Glucose)
(Gibco/Invitrogen)

• F12 Medium (Gibco/Invitrogen)
• REGM SingleQuots (Lonza)
• 10% Foetal Bovine Serum (FBS)
• L-Glutamine (×100) (Gibco/Invitrogen)
• Penicillin-Streptomycin (×100) (Gibco/Invitrogen)
• Sterile PBS
• Rapamycin (Sigma-Aldrich)
• Bafilomycin A1 (Sigma-Aldrich)
• 24-well cell culture plate
• Class II Biosafety Cabinet

Electron microscopy fixation buffer

• 0.2 M Cacodylate, pH 7.2
• 2.5% Glutaraldehyde
• 2% Paraformaldehyde
• CaCl2
• Distilled H2O

Preparation before performing experiment

• The DMEM and F12 medium needs to be made up 1:1
with 10% FBS, L-glutamine, penicillin-streptomycin and
REGM SingleQuots (excluding the gentamycin or FBS).

• Prepare 500 μM aliquots of rapamycin and 10 μM of Bafi-
lomycin A1 by dissolving both in DMSO, respectively.

• Aliquot 3 × DMEM/F12 medium (volume dependent on
number of samples). The first aliquot will be used as the
untreated control media. The second aliquot will be used
to make up 200 nM Rapamycin. The third aliquot will be
used to prepare 200 nM Rapamycin and 20 nM Bafilo-
mycin A1. Each of these treatments will be aliquoted out
into a 24-well cell culture plate, 1 mL/well of each for
every animal in which renal cortex is being extracted.

• Sterilise × 2 pairs of curved forceps and keep in Class II
Biosafety Cabinet.

SURGICAL PROCEDURES

Preparation of kidney

• Euthanize mouse and remove the kidney and place
directly into ice cold PBS.

• Immediately take chilled kidneys to a Class II Biosafety
Cabinet and using a pair of curved forceps remove each
kidney from the PBS (keeping the kidney moist) and
using a pair of No. 5 forceps carefully decapsulate the
kidney.

• Using a scalpel and a pair of curved forceps carefully
remove the cortex from the kidney, ensuring the medulla
is not disturbed.

• Finely cut up the cortex into pieces smaller than 1 mm in
diameter using a pair of spring scissors.

• Portion the diced up renal cortex across the three treat-
ments (control, rapamycin and rapamycin + bafilomy-
cin A1).

• Once the isolation of all renal cortices is complete, imme-
diately place the 24-well plate into a 37�C humidified
incubator for 2 h.

Sample collection

• Upon completion of 2 h incubation the cell culture plate
should be removed from the 37�C humidified incubator
and placed on ice. It is at this point in the experiment that
the tissue from each well can be apportioned for qPCR,
western immunoblotting or EM fixation etc. If the inten-
tion is to collect samples for qPCR analysis or western
immunoblotting, trizol and/or RIPA buffer or other protein
isolation medium should be prepared, and the incubated
tissue placed in these buffers and extraction performed as
would normally be undertaken on renal cortex.

• For EM fixation, select a couple of 1 mm cubes of renal
cortex and place into 1 mL of the EM fixative, ensuring
not to contaminate the forceps when placing the samples
into the fixative.

Fig. 1 Transmission electron microscopy (TEM) images showing the forma-
tion of autophagosomes within renal proximal tubules of Akita (C57BL/6J)
mice stimulated with rapamycin and bafilomycin A1 ex vivo. (a) Formation of
isolation membrane (denoted by yellow arrows) (×30 000 magnification);
(b) Double-membrane autophagosome (denoted by yellow arrow) (×30 000
magnification – cropped image); (c) Fusion of an autophagosome with a lyso-
some (i.e. autolysosome) (denoted by yellow arrow) (×20 000 magnification);
(d) Late stage autolysosome containing autophagosome (yellow arrow), mito-
chondria (orange arrow) and other cellular debris (×20 000 magnification).
Images taken on a Hitachi H7500 Transmission Electron Microscope.
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• Incubate samples in EM fixative for 1 h, before removing
and replacing the fixative with another 1 mL of EM
fixative.

• Store the samples at 4�C overnight.
• The next day the fixative should be removed and the

samples washed ×3 with 0.2 M cacodylate buffer.
• Standard procedures for osmium fixation and resin-

embedding can be undertaken on the samples in prepara-
tion for TEM imaging.

Identification of autophagic bodies in the renal
cortex

• Subject to the level of enquiry, autophagic flux can be
determined by scoring the TEM images for autophagic
bodies such as early stage isolation membranes, autopha-
gosomes or autolysosomes.

• The formation of an isolation membrane can be difficult
to distinguish in between endoplasmic reticulum. How-
ever, even the early stage isolation membrane should
have the early beginnings of a double-membrane. This
will most likely require magnification of ×20 000 to visu-
alise (Fig. 1a).

• Identification of an autophagosome may require a magni-
fication of ×15–20 000 to observe the double membrane
these vesicles should exhibit (Fig. 1b).

• Autolysosomes may only have a single membrane,
depending on whether the fusion of the autophagosome
and the lysosome is at the early or late stages. Autolyso-
somes can also be identified by the cargo they have
encapsulated, with mitochondria and other cellular debris
identifiable under high powered magnification (Fig. 1c).

Quantitating autophagic flux in the renal cortex
ex vivo

• When measuring autophagic flux within a given field the
number of autophagic bodies need to be scored along
with the surface area of the image that is made up of
cytosol to ensure the number is a true representation of
the area being measured. Areas that include extracellular
space, brush borders for proximal tubules, foot processes
for podocytes and intracellular objects such as nuclei are
excluded when measuring the surface area within a field.

• In order to get a true representation of the kidney being
studied 10–20 images per kidney should be scored.

• Autophagic flux is determined by comparing changes
between the treatment groups – untreated control,

Table 2 Interpretation of outcomes when observing autophagic flux
between two populations of animals or clinical subjects

Treatment Increase in
number of
autophagic
vesicles

Decrease in
number of
autophagic
vesicles

Unchanged
number of
autophagic
vesicles

Control/
Untreated

An increased
number of
vesicles between
one cohort and
another could
represent an
increase or
impairment of
autophagic
activity.

A decreased
number of
vesicles between
one cohort and
another could
also be
interpreted as an
increase or
decrease in
autophagic
activity.

A basal level of
autophagy
activity should
always exist
within viable
cells.Unaltered
numbers of
vesicles between
two samples
unchallenged
does not reveal
the flux capacity
of the system.

Rapamycin Increased
number of
autophagic
vesicles
vs. untreated
sample
represents an
increase in
autophagic flux.

Decreased
number of
autophagic
vesicles
vs. untreated
sample could
suggest an
increase in
clearance of
autophagosomes
from the cytosol.

Unchanged
numbers of
autophagic
vesicles could
suggest that
autophagy is
impaired in the
system being
investigated.

Rapamycin
+
Bafilomycin
A1

Increased
number of
autophagic
vesicles
vs. rapamycin
alone, suggests
that the increase
in autophagic
vesicles in
response to
rapamycin is due
to an increase in
flux and not due
to a downstream
impairment.

Decreased
number of
autophagic
vesicles
vs. rapamycin
alone, suggests
that bafilomycin
A1 has not
completely
impaired
autophagy.

Unchanged
numbers of
autophagic
vesicles with
Bafilomycin A1
present suggest
that autophagy is
not being
stimulated under
the conditions of
the system being
tested.

Fig. 2 Quantitation of autophagic flux in the proximal tubules of the renal
cortex in wild type mice (n = 4 mice). Renal cortex was treated ex vivo
with vehicle (Veh) or Rapamycin and Bafilomycin A1 (Rap+Baf). Autophagic
vacuoles were counted within 10× transmission electron microscopy
(TEM) images per mouse and standardised to surface area. A two-tailed
Student’s t-test was performed to test statistical significance between the
two groups.
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rapamycin and rapamycin + bafilomycin A1. Rapamycin
should stimulate autophagy, thus the number of autopha-
gic bodies should exceed the basal number present in the
untreated control. However, this result can sometimes be
obscured due to high clearance rates by lysosomes. Hence
the need for bafilomycin A1. Rapamycin + Bafilomycin
A1 should yield a higher number of autophagosomes
than the Rapamycin alone, as the autophagosomes will
not be able to fuse with the lysosome and remain within
the cytosol. Interpretation of the various outcomes of the
different treatments are outlined in Table 2. Figure 2
shows mouse renal cortex obtained from wild type mice
incubated with either vehicle (Veh) or Rapamycin + Bafi-
lomycin A1 (Rap+Baf). Note the increase in autophago-
some number per surface area induced by Rapamycin +
Bafilomycin A1.

DISCUSSION OF KEY POINTS

• In the context of studying autophagy in renal pathology it
is important that autophagic flux is established in situ to
ascertain the role this catabolic pathway has in the kid-
ney. It must be challenged through stimulation and inhi-
bition to determine the autophagic response under stress
conditions.

• Ex vivo flux experiments can also help establish whether
there is capacity within the renal cortex to respond to
therapeutic intervention that stimulate autophagy
activity.

• The ex vivo experiment on the renal cortex potentially
offers greater insight into autophagic flux within the
milieu of the pathology being studied. However, it should
not necessarily be viewed as a replacement to in vitro

experimentation depending on the context of the ques-
tion being addressed.

• TEM provides unequivocal evidence of the formation of
autophagic bodies within renal cells of the cortex. It also
allows for a more precise means of stratifying the renal
autophagic response to any pathology or intervention by
observing changes in individual cell types in situ.

• In order for TEM to be used in a quantitative capacity,
images require blind scoring. Moreover, TEM should
always be supplemented by other endpoints (as covered
in Table 1) to eliminate any uncertainty surrounding
scoring bias.
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