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RESEARCH PAPER

A novel transgenic zebrafish line allows for in vivo quantification of autophagic
activity in neurons
Sataree Khuansuwan a, Lisa M. Barnhilla,b, Sizhu Chengc, and Jeff M. Bronsteina,b

aDepartment of Neurology, University of California at Los Angeles, Los Angeles, CA, USA; bMolecular Toxicology Program, University of California at
Los Angeles, Los Angeles, CA, USA; cUCLA Undergraduate Interdepartmental Program for Neuroscience, University of California at Los Angeles, Los
Angeles, CA, USA

ABSTRACT
The pathophysiology of most neurodegenerative diseases includes aberrant accumulation of protein
aggregates. Recent evidence highlights the role of protein degradation pathways in neurodegeneration.
Concurrently, genetic tools have been generated to enable zebrafish, Danio rerio, to be used as an
animal model to study neurodegenerative processes. In addition to optical clarity and fast ex utero
development, the zebrafish brain is relatively small and has conserved structures with its mammalian
counterparts. To take advantage of this model organism and to aid further studies on autophagy and
neurodegeneration, we created a stable transgenic zebrafish line that expresses eGFP-Map1lc3b speci-
fically in post-mitotic neurons under the elavl3 promoter. This line is useful for indirectly monitoring
autophagic activity in neurons in vivo and screening for macroautophagy/autophagy-modulating com-
pounds. We determined the applicability of this transgenic line by modulating and quantifying the
number of autophagosomes via treatment with a known autophagy inducer (rapamycin) and inhibitors
(3-methyladenine, protease inhibitors). Additionally, we proposed an in vivo method for quantifying
rates of autophagosome accumulation, which can be used to infer occurrence of autophagic flux. Last,
we tested two FDA-approved drugs currently undergoing clinical studies for Parkinson disease, isradi-
pine and nilotinib, and found that isradipine did not modulate autophagy, whereas nilotinib induced
both autophagosome number and autophagic flux. It is hoped that others will find this line useful as an
in vivo vertebrate model to find or validate autophagy modulators that might be used to halt the
progression of neurodegenerative diseases.

Abbreviations: 3MA: 3-methyladenine; BafA: bafilomycin A1; dd: dorsal diencephalon; dpf: days post
fertilization; e: eye; eGFP: enhanced green fluorescent protein; Elavl3: ELAV like neuron-specific RNA
binding protein 3; FDA: Food and Drug Administration; hb: habenula; hpt, hours post treatment;
Map1lc3b: microtubule-associated protein 1 light chain 3 beta; nt: neural tube; ot, optic tectum; P/E:
pepstatin A and E64d; PD: Parkinson disease; PMTs: photomultiplier tubes; PTU: 1-phenyl-2-thiourea; Ta:
annealing temperature; Tel, telencephalon
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Introduction

In adult animals, neurons are commonly post-mitotic and
highly polarized with long axons extending from the cell
bodies and terminating in synapses. The energetic demands
and longevity of many types of neurons make them vulnerable
to accumulation of toxic molecules and nutrient depletion,
leading many to posit that neurons are particularly dependent
on protein degradation pathway to maintain survival and
function [1–3]. Macroautophagy (hereafter referred to as
autophagy), a self-degradative process that delivers cytoplas-
mic cargo to the lysosome, is often associated with cells
undergoing starvation or other forms of cellular stress.
However, rather than just being a response to deleterious
conditions, autophagy is a necessary part of cellular, and
particularly neuronal, homeostasis. Indeed, autophagic
machinery has been shown to help regulate the size and
strength of synaptic connections [4] and disruptions of

autophagic function lead to neurodegeneration in mouse
models [5,6]. Furthermore, studies have shown that genetic
mutations in autophagy-lysosomal pathway related genes are
correlated with the development of certain neurodegenerative
diseases that exhibit accumulation of protein aggregates,
including amyotrophic lateral sclerosis, and Parkinson (PD),
Alzheimer, and Huntington diseases [2,7–10]. Blocking
autophagy has also been reported to prevent the degradation
of SNCA [11], the major component of Lewy bodies found in
the post-mortem brains of PD patients. Thus, evidence sug-
gests a link between defective protein degradation process and
neurodegeneration.

Autophagy is characterized by the formation of double-
membraned vesicular structures, known as autophagosomes,
that can contain a variety of cytoplasmic cargo such as
damaged organelles, cellular debris, unwanted macromole-
cules, and potentially toxic protein aggregates. Many of the
molecules involved in nucleation, maturation, and fusion of
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autophagocytic vesicles to the lysosomes have been identified
[12]. Shortly after nucleation, MAP1LC3/LC3 (microtubule
associated protein 1 light chain 3), in its unbound form
(LC3-I), gets conjugated to the lipid phosphatidylethanola-
mine. The lipidated form of LC3 (LC3-II) then becomes
incorporated into the membrane of the phagophore and
remains associated with the autophagosome outer membrane
until it is released from the outer surface by deconjugation;
the LC3-II present inside the autophagosome is degraded and
recycled along with other autophagic contents by lysosomal
enzymes upon fusion of the autophagosome with the lyso-
some [13,14]. Thus, the incorporation of LC3-II into phago-
phores can be used to indirectly monitor autophagic flux. It is
important to point out that an increase in autophagosomes by
itself does not necessarily indicate an increase in flux.
Measuring autophagic flux also requires the use of autophagy
inhibitors.

The creation of green fluorescent protein (GFP)-tagged
versions of LC3 (GFP-LC3) has allowed monitoring of autop-
hagosome formation in living cells [15–17]. Additionally, this
has opened the door to analyzing autophagic flux in intact,
living organisms such as zebrafish embryos, which have dis-
tinct advantages over other model organisms when analyzing
complex and dynamic biological processes. Chiefly among
these are their rapid development, optical clarity, genetic
tractability, and the promise of high throughput screening.
Indeed, He and colleagues have previously established a stable
transgenic zebrafish line expressing eGFP fused to Map1lc3b
(eGFP-Map1lc3b), map1lc3b is the zebrafish homolog of
human MAP1LC3B, under the constitutive promoter, cmv,
that many labs have successfully used to study autophagic
function in zebrafish larvae [18]. In addition to the advantages
described above, the zebrafish brain is relatively small and has
many conserved structures with the mammalian brain [19].

The basal level of autophagic activity is organ and tissue
dependent [15]. As reviewed by Mizushima, regulation of
autophagic activity in neurons appears to be different from
the rest of the body [20]. Thus, to identify compounds that
can modulate autophagic activity in neurons, we created
a novel stable transgenic zebrafish line that expresses eGFP-
Map1lc3b under the elavl3/huc promoter. Elavl3 is expressed
in most neurons and its promoter is well suited to drive
neuronal expression [21,22]. With this transgenic line, we
showed that we could consistently quantify the number of
autophagosomes, as well as measure the rate of autophago-
some accumulation, in neurons. Together, they can infer the
occurrence of autophagic flux, in vivo. After confirming that
we could modulate autophagic activity via treatment with
a known inducer and inhibitors of autophagy, we tested two
FDA-approved drugs currently undergoing clinical trials for
treatment of PD, isradipine and nilotinib. We demonstrated
that isradipine did not modulate autophagic activity while
nilotinib increased both autophagosome number as well as
autophagic flux. Furthermore, this transgenic line should
prove useful as an in vivo vertebrate model to validate novel
autophagy-modulating compounds that have been identified
from previous studies [23–26]. Due to the zebrafish ex utero
development and the optical clarity of the tissues, compounds
to be tested can be directly added to the media and their roles

in autophagy modulation can be quickly assessed. Thus, we
described an exciting new in vivo model to study autophagic
activity in neurons that can also be used as an effective
screening tool for potential therapeutic compounds.

Results

Elavl3-eGFP-Map1lc3b was expressed broadly in the
central nervous system

Elavl3, an mRNA binding protein, is expressed in nearly all
post-mitotic or newly differentiated neurons and is detected
early in zebrafish embryos in the neural tube and parts of the
brain as the somites are forming [21,22]. The expression of
eGFP in our stable elavl3:eGFP:map1lc3b transgenic animals
largely recapitulated that of elavl3 transcript expression
(Figure 1 and [27]). At 1 day post fertilization (dpf), eGFP-
Map1lc3b was enriched in neurons of the neural tube as well
as in the dorsal diencephalon and the developing telencepha-
lon with more diffuse expression in other regions of the
developing brain (Figure 1(a,a’)). By 2 and 3 dpf, eGFP-Map
1lc3b was more prevalent throughout the central nervous
system and was especially noticeable in the habenula and the
optic tectum (Figure 1(b,b’,c,c’)), a region of the mid-brain
containing several types of neurons and glia that functions as
the main visual processing center in teleosts [28]. The expres-
sion of eGFP-Map1lc3b in the central nervous system per-
sisted through at least 5 dpf (Figure 1).

Autophagosomes were detectable and inducible in
mid-brain neurons
We chose the optic tectum region of the zebrafish larvae to
quantify autophagosome numbers due to the characteristics
which make this structure amenable to high resolution ima-
ging via confocal microscopy: easily distinguishable, its size,
its dorsal placement, and the abundant expression of Elavl3-
eGFP-Map1lc3b in this region from 2 dpf to 5 dpf (Figure 1),
the developmental time window after Map1lc3b-II was
detected in zebrafish [18]. We observed distinct eGFP-
positive puncta consistent with those that were previously
characterized as autophagosomes in zebrafish [18] in our
transgenic animals beginning at 3 dpf (Figure 2(a)).

Next, we assessed the induction of autophagosomes in neu-
rons by treating 2 dpf zebrafish larvae with several small
molecules that induce or inhibit different stages of autophagic
machinery for 24 h. At 3 dpf, control larvae had an average of
190.2 ± 9.9 (average ± s.e.m., n = 27) eGFP-Map1lc3b-positive
puncta per 3 z-sections of optic tectum (see Materials and
Methods). This result showed that autophagosome number
can be quantified from our transgenic animals and suggested
that an active basal level of autophagy occur normally in these
neurons. Similar to what others have demonstrated, treatment
with the MTOR inhibitor rapamycin, a potent inducer of
autophagy [29], increased the number of autophagosomes in
the zebrafish optic tectum by 44% (273.8 ± 21.8, n = 23,
p value = 0.0127, Figure 2(b)). Likewise, co-treatment with
inhibitors of lysosomal proteases, pepstatin A and E64d (P/E),
which prevent degradation of autophagic cargo inside autoly-
sosomes including eGFP-Map1lc3b, increased the number of
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autophagosomes by greater than 70% compared to control
larvae (324.1 ± 23.0, n = 27, p value < 0.0001, Figure. 2(b), S1).

An increase in the number of autophagosomes could have
resulted from an increase in autophagosome formation, or
a decrease in autophagosome degradation. Consequently, to
differentiate a potential autophagy modulating compound as an
inducer or inhibitor of autophagic activity, a co-treatment assay
with P/E is often used [30]. When combined with a saturating
dose of P/E (Figure S1), a compound that induces autophagic
activity will cause a synergistic increase in autophagosome num-
bers compared to those treated with P/E alone, while
a compound that inhibits autophagic activity should not. To
determine if our transgenic line is capable of recapitulating this
assay, we co-treated our Elavl3-eGFP-Map1lc3b-overexpressing
embryos with rapamycin and P/E. As expected, this led to
a synergistic increase in the number of autophagosomes. We
saw 127% and 33% significant increases in autophagosome num-
ber relative to control and P/E alone, respectively (432.9 ± 26.4,
n = 19, p values < 0.0001, Figure 2(b)).

We next tested other known inhibitors of autophagic degra-
dative machinery; namely, 3-methyladenine (3MA) and bafilo-
mycin A1 (BafA). In our transgenic animals, 3MA treatment
significantly reduced the average number of autophagosomes by

55% compared to controls (84.6 ± 7.4, n = 21, p value = 0.0007,
Figure 2(b)). Simultaneous treatment with 3MA, rapamycin, and
P/E resulted in no difference in the number of autophagosomes
compared to control larvae (143.9 ± 12.7, n = 13, p value = 0.6771,
Figure 2(b)). Because 3MA inhibits autophagosome formation
by blocking phosphatidylinositol 3-kinase activity [31], which is
involved in the early step of autophagosome formation [32],
these findings provided additional evidence that increased
puncta observed via rapamycin and/or P/E treatment are indeed
autophagosomes that are parts of the autophagy-lysosomal path-
way. When we treated Elavl3-eGFP-Map1lc3b transgenic
embryos with different concentration of BafA, a vacuolar type
H+-ATPase (V-ATPase) inhibitor that neutralizes lysosomal pH
and inhibits autophagosome-lysosome fusion [33], we found
that eGFP-Map1lc3b puncta accumulated very rapidly in a dose-
dependent manner with a saturating dose of 100 nM (Figure S2).

Changes in colocalization of autophagosomes and lysosomes
can be used to estimate autophagic flux [18], we therefore
stained 3-dpf treated Elavl3-eGFP-Map1lc3b-overexpressing
larvae with LysoTracker Red, which labels acidic organelles
such as lysosomes. Accordingly, autolysosomes correspond to
puncta that are positive for both eGFP and LysoTracker Red
(Figure 3(a)). Under basal condition (DMSO treated), we found

Figure 1. eGFP-Map1lc3b in Tg(elavl3:eGFP:map1lc3b)la50016± is expressed throughout the nervous system. (a-e) Dorsal views of representative confocal images of Tg
(elavl3:eGFP:map1lc3b)la50016± embryos/larvae at indicated developmental stages. Some autofluorescence from the skin is visible in (c-e). Scale bars: 100 μm. (a’-e’)
Lateral views of representative reconstructed confocal tile-scan images of Tg(elavl3:eGFP:map1lc3b)la50016± embryos/larvae at the indicated developmental stages.
Dotted lines outline the indicated structures. dd, dorsal diencephalon; e, eye; hb, habenula; nt, neural tube; ot, optic tectum; tel, telencephalon. Scale bars: 500 μm.
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that 21.2 ± 2.2% of eGFP-Map1lc3b-positive puncta were iden-
tified as autolysosomes (n = 50, Figure 3(b)). Treatment with
rapamycin increases the percentage of autolysosomes to
39.2 ± 2.8% (n = 50, p value = 0.0018, Figure 3(b)). In larvae
treated with a saturating dose of P/E (Figure S1), 59.2 ± 2.9% of
eGFP-Map1lc3b-positive puncta were autolysosomes (n = 60,
p value < 0.0001, Figure 3(b)). Together, these observations
further suggested that basal autophagic activity is high in these
neurons. Conversely, 3MA treatment yielded 52.3 ± 2.6% of
eGFP-Map1lc3b-positive puncta as autolysosomes (n = 60,
p value < 0.0001, Figure 3(b)). This was unexpected considering
that formation of new autophagosomes was mostly inhibited
(Figure 2(b)) and we were expecting most of the remaining
autophagosomes to have fused with the lysosomes. Last,
9.5 ± 2.0% of BafA-treated larvae, which should not label
efficiently with LysoTracker Red due to neutralization of lyso-
somal pH, were detected as autolysosomes (n = 40,
p value = 0.2177, Figure 3(b)).

Rates of neuronal autophagosome accumulation were
quantified in vivo

In addition to being useful for elucidating whether a particular
compound has the ability to induce or inhibit autophagic activ-
ity, comparing the numbers of autophagosomes between

samples co-treated with the compound and P/E and samples
treated with P/E alone can also be used to infer the occurrence of
autophagic flux [30]. However, not every compound can be co-
treated with P/E. For example, we found that the combined
treatment with nilotinib and P/E was too toxic. Thus, as an
additional method to assess autophagic flux, we determined
the rates of autophagosome accumulation by utilizing BafA to
inhibit autophagosome-lysosome fusion. In this assay, BafA
requires a very short treatment window (see Materials and
Methods) and thus reduces overall toxicity. Comparing the
rates between controls and treated groups allowed us to observed
how much degradative activity was occurring over a period of
time, as well as determine if autophagic flux was altered.

In our hands, approximately 1000 puncta per 3 sections of
the optic tectum is the limit that can be accurately quantified. In
order to avoid assay saturation, we used data from our BafA
dosage analysis (Figure S2) to determine that 50 nM induces an
appropriate number of puncta for this rate assay (651.6 ± 48.0,
n = 5). We used this assay to determine rates of autophagosome
accumulation resulting from treatment with DMSO (control),
rapamycin, and 3MA. Our results showed that a basal autopha-
gic flux was approximately 5.7 ± 0.6 autophagosomes
per minute (n = 22) and that treatment with rapamycin
increased this rate by greater than 50% to approximately
8.7 ± 0.7 autophagosomes per minute (n = 12, p value = 0.0044,

Figure 2. eGFP-Map1lc3b puncta are induced by rapamycin and P/E, and inhibited by 3-methyladenine treatment. (a) Representative maximum confocal projections
of the optic tectum regions of 3-dpf larvae that underwent indicated treatment for 24 h. Arrowheads indicate examples of puncta. (b) Quantification of the numbers
of eGFP-Map1lc3b-positive puncta in the optic tectum of 3-dpf larvae that underwent the indicated treatment for 24 h; mean ± s.e.m. shown; n ≥ 13 for each group.
Results from BafA-treated groups are reported in Fig. S2.
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Figure 4). To our surprise, we discovered that we were not able
to detect decrease in the rate of autophagosome accumulation
with 3MA treatment (6.1 ± 0.6 autophagosomes per minute,
n = 12, p value = 0.8452, Figure 4). It is possible that we were
able to detect changes in autophagosome accumulation due to
a non-canonical, Becn1/Beclin 1-independent form of autop-
hagy that is unaffected by 3MA treatment [34]. Alternatively,
the number of autophagosomes observed in 3MA-treated larvae
(Figure 2(b)) suggested that the dosage of 3MA used either
allowed for some baseline autophagic activity or allowed the
autophagic activity to recover during the 24-h period.

Isradipine treatment did not affect autophagic machinery

Development of PD symptoms is linked to accumulation of
SNCA/α-synuclein protein in insoluble inclusions called Lewy
bodies [35–37]. These potentially toxic, aggregated form of
SNCA protein are degraded via autophagic machinery in
neurons [11], and enhancing autophagic function is generally
considered to be neuroprotective [38]. Isradipine, an FDA-
approved centrally-acting L-type calcium channel blocker, is
currently under phase III clinical trials for the treatment of
PD [39]. The neuroprotective effect of isradipine is proposed

Figure 3. Colocalization of autophagosomes and lysosomes. (a) Representative confocal z-sections of the optic tectum regions of 3-dpf larvae that underwent the
indicated treatment for 24 h followed by 1 h of LysoTracker Red staining. Arrowheads indicate examples of puncta that are double positive for both eGFP-Map1lc3b
and LysoTracker Red, i.e. autolysosomes. Scale bars: 10 μm. (b) Percentage of eGFP-Map1lc3-positive puncta that colocalize with LysoTracker Red-positive puncta;
mean ± s.e.m. shown; n ≥ 40 for each group. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, p > 0.05 (n.s.), one-way ANOVA with Tukey’s multiple comparison
analysis (GraphPad Prism) .
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to have resulted from ‘rejuvenation’ of neurons via modula-
tion of their pace-making mechanisms [40]. Although the
findings remain unpublished, it has also been suggested that
the neuroprotective effect of isradipine resulted from
increased autophagy, but they never measured autophagic
flux [41]. Furthermore, other calcium channel blockers have
been reported to induce autophagy [18,42].

To determine if isradipine could alter autophagic activity,
we quantified autophagosome numbers and autophagic flux in
the optic tectum of Elavl3-eGFP-Map1lc3b transgenic larvae
treated with isradipine. We found that isradipine treatment did
not significantly alter the number of autophagosomes
(189.2 ± 13.2, n = 22) compared to control larvae
(210.1 ± 11.8, n = 18) (p value = 0.8628, Figure 5(b)).
Additionally, co-treatment of isradipine and P/E did not lead
to synergistic increase in the number of autophagosomes
(305.1 ± 24.3, n = 12) compared to the P/E-treated group
(361.4 ± 29.4, n = 18) (p value = 0.2823, Figure 5(b)). Results
from our rate experiment after BafA treatment also indicated
that isradipine treatment did not alter autophagic flux (DMSO:
5.3 ± 0.6, n = 11; isradipine: 4.0 ± 0.7, n = 12; p value = 0.7192,

Figure 5(c)). To further confirm this finding, we looked at LC3-
II:LC3-I ratios in SK-N-MC neuroblastoma cell culture, which
we showed does express Cav1.2, a subunit of L-type calcium
channel (Figure S3A). Our Western blot analysis demonstrated
that isradipine treatment did not alter LC3-II levels (Figure
S3B), nor did it alter LC3-II:LC3-I ratios (Figure S3C).
Together, these data suggest that isradipine does not alter
autophagic activity in neurons.

Nilotinib induced autophagosome formation and
increased autophagic flux

Nilotinib is a tyrosine kinase inhibitor shown to upregulate
autophagy in hepatocellular carcinoma and hepatic stellate
cell lines [43,44]. In PD animal models, nilotinib reduces
SNCA levels through upregulation of autophagy [45] and
protects against MPTP-induced dopaminergic neuron loss
[46]. This drug is approved by the FDA for treatment of
chronic myeloid leukemia and is currently undergoing phase
II clinical trial studies for treatment of PD (NCT03205488).

Figure 4. Rate of eGFP-Map1lc3b-positive puncta accumulation is higher in rapamycin-treated samples. Rates of eGFP-Map1lc3b-positive puncta accumulation in the
optic tectum of 3-dpf larvae that underwent indicated treatment for 24 h over 60 min were obtained via addition of BafA under the indicated drug treatment (see
Materials and Methods). Mean ± s.e.m. shown; n ≥ 12 for each group. **p < 0.01, p > 0.05 (n.s.), one-way ANOVA with Dunnett’s multiple comparison analysis
(GraphPad Prism) .

Figure 5. Isradipine does not induce autophagosome formation nor alter autophagic flux. (a) Representative maximum confocal projections of the optic tectum
regions of 3-dpf larvae that underwent indicated treatment for 24 h. Scale bars: 10 μm. (b) Quantification of the numbers of eGFP-Map1lc3b-positive puncta in the
optic tectum of 3-dpf larvae that underwent indicated treatment for 24 h; mean ± s.e.m. shown; n ≥ 12 for each group. ****p < 0.0001, *p < 0.05, p > 0.05 (n.s.),
one-way ANOVA with Tukey’s multiple comparison analysis (GraphPad Prism). (c) Quantification of rate of eGFP-Map1lc3b-positive puncta accumulation in the optic
tectum of 3-dpf larvae that underwent indicated treatment for 24 h over 60 min; mean ± s.e.m. shown; n ≥ 11 for each group. p > 0.05 (n.s.), two-tailed unpaired
t test (GraphPad Prism) .
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To determine if nilotinib increases autophagic activity in
our transgenic larvae, we quantified autophagosome numbers
and rate of autophagosome accumulation in the optic tectum
of Elavl3-eGFP-Map1lc3b-expressing larvae treated with nilo-
tinib. Consistent with previous findings, we found that nilo-
tinib treatment did significantly increase the number of
autophagosomes (358.4 ± 26.6, n = 15) compared to control
larvae (170.9 ± 15.2, n = 15) (p value = 0.0463, Figure 6(b)).
As previously mentioned, we found that co-treatment of nilo-
tinib and P/E was too toxic. After 24 h of co-treatment,
zebrafish larvae exhibited opaque heads indicative of cell
death and reduced fluorescence intensity (data not shown).
From this assay, we were not able to conclude whether the
observed increase in autophagosome number was due to
inhibition or induction of autophagy. However, results from
our rate experiment after co-treatment with BafA did indicate
that unlike isradipine, nilotinib treatment increases autopha-
gic flux (DMSO: 3.9 ± 0.6, n = 10; nilotinib: 6.8 ± 1.2, n = 10;
p value = 0.0336, Figure 6(c)). Together, our data further
support the role of nilotinib in increasing autophagic activity
and autophagic flux.

Discussion

Many studies demonstrating the connection between dysregu-
lation of autophagy and neurodegenerative diseases have
emerged in recent years [2,47]. Interest in this topic necessitates
the generation of new tools that will enable researchers to more
quickly assess autophagic activity in neurons in vivo. As an
animal model, zebrafish has many advantages over their verte-
brate model counterparts. Chiefly amongst them are their
transparent embryos that enable in vivo microscopy, ease of
genetic manipulation, and the amenability to aqueous admin-
istration of compounds. Furthermore, zebrafish has been
shown to be useful for studying many neurodegenerative dis-
eases [48–53] and autophagy [54–56]. Indeed, several recent
studies have demonstrated that upregulation of autophagy is
protective in zebrafish models of neurodegeneration [57,58].

A previous study has generated a transgenic zebrafish
model that overexpresses eGFP-Map1lc3b ubiquitously [18].
However, the level of basal autophagy, rate of autophagic
induction, as well as the bioavailability of pharmacological
agents are likely tissue-specific [20]. In fact, Swart et. al.
reported a variation of autophagic markers in different
regions of the mouse brain, suggesting that the level of autop-
hagic activity is also region specific [59]. Thus, in order to
better understand the involvement of autophagy in basic
biology and diseases in neurons, we created the first trans-
genic zebrafish model that overexpresses eGFP-Map1lc3b spe-
cifically in neurons. We validated the usefulness of our line
using known autophagy-modulating compounds, confirmed
that these eGFP-Map1lc3b-positive puncta represent primar-
ily autophagosomes, determined autophagic activity of isradi-
pine and nilotinib, as well as proposed a complementary
method that can be used to infer the occurrence of autophagic
flux.

An increase in autophagosome number could be due to
increased autophagic activity or inhibited degradation. Thus,
it is important to determine the state of autophagic flux. By
taking advantage of the pH sensitivity of GFP, one powerful
method utilized the tandem mRFP-GFP-tagged LC3 to assess
autophagic flux [60]. While useful for mosaic overexpression,
it would be difficult to interpret data resulting from a stable
transgenic line with a similar design. With continuous expres-
sion of mRFP and GFP, discerning between newly made GFP
from GFP that have not been degraded could be problematic.

Another strategy commonly used to determine autophagic
flux compares the number of autophagosomes with and with-
out autophagy inhibitors [30]. In this study, we also found
that strategy to be useful. However, it was not compatible with
every compound. Thus, we proposed and validated a method
that allowed us to determine the rate of autophagosome
accumulation in vivo after blocking fusion with the lysosome,
which can be used as a complementary assay to infer the
occurrence of autophagic flux. The inability to detect decrease
in the rate of autophagosome accumulation with 3MA treat-
ment brought to light a limitation of this assay. Although

Figure 6. Nilotinib induces autophagosome formation and increases autophagic flux. (a) Representative maximum confocal projections of the optic tectum regions of
3-dpf larvae that underwent indicated treatment for 24 h. Scale bars: 10 μm. (b) Quantification of the numbers of eGFP-Map1lc3b-positive puncta in the optic tectum
of 3-dpf larvae that underwent indicated treatment for 24 h; mean ± s.e.m. shown; n = 15 for each group. ****p < 0.0001, two-tailed unpaired t test (GraphPad
Prism). (c) Quantification of rate of eGFP-Map1lc3b-positive puncta accumulation in the optic tectum of 3-dpf larvae that underwent indicated treatment for 24 h
over 60 min; mean ± s.e.m. shown; n = 10 for each group. *p < 0.05, two-tailed unpaired t test (GraphPad Prism).
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useful for identifying inducers of autophagy, this method may
not be sensitive enough to identify inhibitors of autophagy.
Instead of just comparing the rates of autophagosome accu-
mulation between a potential inhibitor and the control, it may
be necessary to compare the rates between a potential inhi-
bitor co-treated with a known inducer and the known inducer
alone. Nonetheless, the combination of assays (i.e. autophago-
some number and rate of autophagosome accumulation)
should be sufficient to differentiate an autophagy-inducing
from autophagy-inhibiting compound.

Although laborious, we found that manual counting was
the most accurate way to quantify the number of autophago-
somes. Results from the co-labeling of eGFP-Map1lc3b and
LysoTracker Red experiments indicated that the analysis soft-
ware may have yielded puncta that were falsely positively, as
well as falsely negatively, labeling as autophagosomes and
autolysosomes. Due to neutralization of lysosomal pH, BafA-
treated larvae should not have been identified as autolyso-
somes. At the dosage and duration used, the presence of
autolysosomes could have resulted from incomplete neutrali-
zation of pH by BafA. Conversely, larvae treated with P/E or
3MA should have demonstrated higher percentage of auto-
lysosomes due to mostly inhibited proteolytic degradation
within autolysosomes or reduced formation of new autopha-
gosomes, respectively. It is very likely that higher percentages
of autolysosomes were not observed due to formation of new
autophagosomes that resulted from recovery after washout of
treatment, which is unavoidable after LysoTracker Red stain-
ing has been performed. Nonetheless, these baselines maybe
acceptable for comparative studies that do not require precise
numbers.

In this study, we determined the number of autophago-
somes per optic tectum because of the characteristics dis-
cussed. However, with higher resolution imaging, we can
foresee this line be used to determine the number of autop-
hagosomes in individual neurons as well. Since we found
manual counting of puncta to be most accurate, looking at
a smaller neuron population would also be less labor inten-
sive. We also believe that this line would be useful in deter-
mining if or how aggregate-prone protein such as SNCA and
MAPT/tau are regulated by autophagic machinery or vice
versa. As more evidence points to increasing autophagy-
lysosomal pathway in providing neuroprotection, we hope
that our in vivo vertebrate model will facilitate researchers
in their search for autophagy modulating compounds that will
halt or stop the progression of neurodegenerative diseases.

Materials and methods

Zebrafish care and maintenance

Zebrafish (Danio rerio) were raised at 28.5°C on a 14 h light-
10 h dark cycle. Embryos and larvae were obtained from
natural mating and staged according to days post fertilization
(dpf). The following lines were used: AB (wild-type), Tg(elavl3:
eGFP:map1lc3b)la50016 (this study). All experiments using
zebrafish were approved by the University of California, Los
Angeles (UCLA) Chancellor’s Animal Research Committee.

Generation of tg(elavl3:eGFP:map1lc3b)la50016
transgenic animals

One-cell staged AB strain zebrafish embryos were injected
with 25 pg of pDestTol2pA2(elavl3:eGFP:map1lc3b) plasmid
(a gift from the Alvaro Sagasti laboratory, UCLA) along with
25 pg of tol2 transposase mRNA [61]. Adults F0 were
screened for germline transmission. F1 embryos expressing
eGFP fused to the N-terminal of Map1lc3b protein (eGFP-
Map1lc3b) governed by the upstream regulator sequences
from elavl3 were raised to adulthood. In total, we identified
3 different alleles for this transgene. The la50016 allele was
selected for further propagation based on expression level and
pattern. The Tg(elavl3:eGFP:map1lc3b)la50016 adults used in
this study have been outcrossed for at least 3 generations and
showed no developmental or adulthood abnormalities (data
not shown).

Drug treatment of zebrafish larvae

Unless otherwise indicated, manually dechorionated 2 dpf Tg
(elavl3:eGFP:map1lc3b)la50016± embryos were incubated
with 1 µM rapamycin (Sigma-Aldrich, R8781), P/E: 10 µg/
mL pepstatin A (Sigma-Aldrich, P5318) and 5 µg/mL E64d
(Enzo Life Sciences, BML-PI107-0005), 10 mM 3-methylade-
nine (3MA; Acros Organics, 379,791,000), 1 µM isradipine
(Sigma-Aldrich, I6658), 10 µM nilotinib (Sigma-Aldrich,
CDS023093), 10–200 nM bafilomycin A1 (BafA; Cayman
Chemical Company, 11,038), or a combination of treatments
as indicated, diluted in E3 buffer (5 mM NaCl, 0.17 mM KCl,
0.33 mM CaCl2, 0.33 mM MgSO4, 10−5% Methylene Blue)
containing 0.003% 1-phenyl-2-thiourea (Acros Organics,
207,250,050) (1xPTU/E3) with a final DMSO concentration
of 0.1% at 28.5°C for 24 h. Typically, less than 15 embryos
were treated in each well of a 6-well plate (Corning, 3506)
containing 5 mL of treatment solution. The control groups
were treated with 0.1% DMSO diluted in 1xPTU/E3 at 28.5°C
for 24 h.

Confocal microscopy and quantification of puncta

A single larva anesthetized with <0.01% tricaine methanesul-
fonate (TRICAINE-S; Western Chemical, MS-222) was
mounted in 1% agarose into a 35/12-mm glass-bottom culture
dish (Warner Instruments, 64–0757). Mounted larvae were
kept at room temperature and in the tricaine methanesulfo-
nate-containing treatment solution during the entire imaging
process. An entire imaging experiment was typically com-
pleted within 1 h after mounting.

For overall dorsal and lateral views of eGFP-Map1lcb3-
positive embryos/larvae (Figure 1), z-stacks of the entire
heads or bodies were acquired using a 488 nM excitation
laser of the Leica SPE confocal microscope (Wertzlar,
Germany) and a 20x dry objective (NA = 0.80). Tile-scan
function was used to acquire z-stacks for lateral views. For
dorsal views used for quantification of puncta, z-stacks of
eGFP-Map1lcb3-positive optic tectum region were acquired
using a 40x oil-immersion objective (NA = 1.15) and
a 488 nM excitation laser line of the Leica SPE confocal
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microscope. Each z-stack was comprised of 13 1024 × 1024
pixels sections with a z-step size of 2 microns (i.e. 24 microns
total per z-stack). Numbers of puncta were quantified from 3
sections from each z-stack. To prevent repeat counting of the
same puncta, sections with 3 z-steps distances from each
other, typically sections 4, 7, and 10, were selected for quanti-
fication. In rare cases that puncta could not be quantified
from those sections due to spontaneous movement of the
larva, adjacent sections were used instead. Fluorescence sig-
nals that were distinguishable from background occupying
more than one pixel were considered puncta. The total num-
ber of puncta from cell bodies-containing regions of both
hemispheres from all 3 sections was counted using Fiji soft-
ware [62] and analyzed with statistical test(s), as indicated.

Lysotracker staining and colocalization analysis

Larvae were incubated in the dark for 1 h with 10µM
LysoTracker Red DND-99 (ThermoFisher Scientific, L7528)
diluted in the treatment solution and then washed several
times in 1xPTU/E3 for 30 min prior to mounting and
imaging.

To determine colocalization of autophagosomes and lyso-
somes, eGFP-Map1lc3b and LysoTracker Red-positive puncta
were acquired using a 63x oil-immersion objective (NA = 1.4)
and 488 nM and 543 nM excitation laser lines of the Leica SP5
confocal microscope, respectively. Emission from both chan-
nels were captured simultaneously, using 2 PMTs. Leica ana-
lysis software (Wertzlar, Germany) was used to quantify
puncta based on roundness and size, as well as identify eGFP-
Map1lc3b-positive puncta that colocalize with LysoTracker
Red-positive puncta.

Quantification of rates of autophagosome accumulation

Puncta accumulation was achieved by blocking autophago-
some-lysosome fusion with the addition of BafA. Larvae (3
dpf) that have been treated with rapamycin, isradipine, niloti-
nib, 3MA, or DMSO (as control) for 24 h prior were separated
into either non-BafA- or BafA-treated groups. For non-BafA-
treated groups, 3-dpf larvae were mounted and imaged at 24 h
post treatment (hpt). For the BafA-treated group, at 24 hpt,
larvae were treated with BafA via direct addition into each well
to reach a final concentration of 50 nM and an additional
0.01% DMSO. After 30 min of BafA treatment, all drugs were
washed out twice with 1xPTU/E3; larvae were then mounted
and imaged at 25 hpt. Typically, an entire imaging experiment
of either group was completed within 30 min after larvae have
been mounted in agarose.

The average numbers of puncta from the non-BafA-treated
groups were used as baselines to determine the changes in
number of autophagosomes from BafA-treated groups. Rates
of autophagosome accumulation were calculated by subtract-
ing the averages of autophagosome numbers of non-BafA-
treated groups from the numbers of autophagosomes from
each sample of BafA-treated groups divided by 60 min, which
was the approximate amount of time that elapsed between the
imaging of each larvae between non-BafA- and BafA-treated
groups.

Cell culture, drug treatment, and protein extraction

The human neuroblastoma cell lines SK-N-MC and SH-SY5Y
were purchased from ATCC (American Type Culture
Collection, HTB-10 and CRL-2266 respectively) and grown
at 37°C and in 5% CO2 in DMEM with 10% FBS and supple-
mented with penicillin (50 I.U./mL) and streptomycin (50 μg/
mL; Gibco/ThermoFisher, 15,140–122). SK-N-MC cells were
adhered in 6-well plates to approximately 85% confluency
prior to drug treatment. All indicated drug treatments were
done in a final volume of 5 mL and incubated with DMSO
vehicle at concentrations equivalent to the treatment wells
(0.1%). After 24 h of drug treatment, cells were briefly rinsed
in PBS before direct lysis in 1xRIPA + protease inhibitors
(80–100 μL/sample). Samples were sonicated briefly on ice
before centrifugation at 11,000 x g for 15 min at 4°C.
Supernatants were transferred to a clean microfuge tube and
protein concentrations were established via BCA assays.

Western blot

Between 25–50 μg of total protein was loaded onto a Bolt 12%
Bis-Tris Plus gel with 1x loading dye and 2-mercaptoethanol
(Sigma-Aldrich, M6250) in a final volume of 25 μL. Samples
were heated at 95°C for 10 min prior to loading. Gel was run
and transferred to nitrocellulose membrane using the XCell-II
blotting system (Life Technologies). Membrane was blocked
in 5% non-fat milk and probed with antibodies. Primary
antibodies used in the study were: Rabbit anti-LC3B (1:1250;
Novus Biologicals, NB100-2220); mouse anti-tubulin
(1:10,000; Sigma-Aldrich, TP026). Secondary antibodies used
in the study were: Biotinylated anti-rabbit (1:2500; Vector
Laboratories, BA1000); HRP-goat anti-mouse (1:10,000;
Invitrogen, 626,520). HRP Streptavidin (1:250; Vector
Laboratories, SA5014) was used to detect biotinylated second-
ary antibody. Blots were developed in chemiluminescent sub-
strate (Pierce ECL Plus; Thermo Scientific, 32,132) and
exposed to film for band visualization. Quantification of
bands was done using the gel analysis feature of ImageJ soft-
ware [63]. For LC3-II:LC3-I ratios, band intensities for both
LC3-I (~17kD) and LC3-II (~15kD) were measured and dis-
played as a ratio.

Reverse transcriptase PCR assay

Total RNA was extracted from SK-N-MC or SH-SY5Y neuro-
blastoma cell culture using TRIzol reagent (Invitrogen,
15,596,026). First-strand cDNA was generated using 1 μg of
total RNA with iScript Reverse Transcription Supermix (Bio-
Rad, 1,708,841) or SuperScript III reverse transcriptase
(Invitrogen, 18,080,400) according to the manufacturers’ proto-
cols. PCR was performed using 2 μL of cDNA from the reverse
transcription reaction diluted 1:5 with 35 rounds of amplifica-
tion at the indicated annealing temperature (Ta) and extension
time of 45 s. The following primers were used for Tbp (TATA
box binding protein): 5ʹ-TGCACAGGAGCCAAGAGTGAA-3ʹ
and 5ʹ-CACATCACAGCTCCCCACCA-3ʹ, Ta = 60°C [64];
Cav1.2: 5ʹ-CTGCAGGTGATGATGAGGTC-3ʹ, 5ʹ-GCGGTGT
TGTTGGCGTTGTT-3ʹ, Ta = 58°C [65]; Cav1.3 (1) 5ʹ-GC
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TGCTGTGGAAGTCTCTGTCAAGC-3ʹ and 5ʹ-TCAGTGATT
CCACCACACACCACGA-3ʹ, Ta = 68°C [66]; Cav1.3 (2) 5ʹ-
ACCCCCACCTGTAGGATCTCTCTCC-3ʹ and 5ʹ-TCCTGA
CACTAGTCGAAGTGGTCGC-3ʹ, Ta = 68°C [66].

Statistical analysis

Statistical analysis was performed using Microsoft Excel or
GraphPad Prism version 7.0d for Mac OS X software. Two-
tailed, unpaired, Student’s t-tests were used to compare
between 2 groups. One-way ANOVA analyses were used for
comparisons among 3 or more groups followed by Tukey’s or
Dunnett’s multiple comparisons tests, as indicated. GraphPad
Prism software was used to generate the graphs shown.
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