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Abstract: Retinoic acid (RA) is commonly used to differentiate SH-SY5Y neuroblastoma
cells. This effect is sustained by a specific modulation of gene transcription, leading
to marked changes in cellular proteins. In this scenario, autophagy may be pivotal in
balancing protein synthesis and degradation. The present study analyzes whether some
autophagy-related proteins and organelles are modified during RA-induced differentiation
of SH-SY5Y cells. RA-induced effects were compared to those induced by starvation. SH-
SY5Y cells were treated with a single dose of 10 uM RA or grown in starvation, for 3 days or
7 days. After treatments, cells were analyzed at light microscopy and transmission electron
microscopy to assess cell morphology and immunostaining for specific markers (nestin,
BIII-tubulin, NeuN) and some autophagy-related proteins (Beclin 1, LC3). We found that
both RA and starvation differentiate SH-SY5Y cells. Specifically, cell differentiation was
concomitant with an increase in autophagy proteins and autophagy-related organelles.
However, the effects of a single dose of 10 uM RA persist for at least 7 days, while prolonged
starvation produces cell degeneration and cell loss. Remarkably, the effects of RA are
modulated in the presence of autophagy inhibitors or stimulators. The present data indicate
that RA-induced differentiation is concomitant with an increased autophagy.

Keywords: ultrastructural morphology; cell morphometry; immunoelectron microscopy;
nestin; NeulN; Beclin 1; LC3; autophagy vacuoles; 3-methiladenine; rapamycin

1. Introduction

The SH-SY5Y neuroblastoma cell line is an immortalized subclone of the parental
neuroblastoma cell line SK-N-SH, which was established in 1970 from a bone marrow
biopsy of a metastatic tissue [1]. As immature neoplastic cells derived from the neural
crests, SH-SY5Y cells retain some properties of undifferentiated stem-like cells, which
is consistent with a high proliferation rate [2]. On the other hand, these cells express
some proteins specific for catecholamine-producing cells, such as tyrosine hydroxylase and
dopamine-p-hydroxylase, which witnesses their catecholamine lineage [3-5]. Therefore,
SH-SY5Y cells are commonly used as in vitro model for catecholamine neurodegeneration
and neurotoxicity [2,6-10].

When cultured under specific medium conditions, SH-SY5Y cells undergo a pheno-
typic shift from undifferentiated neuroblastoma cells into mature neuron-like cells. Such a
shift may be induced by adding retinoic acid (RA) to the cell medium [11,12].
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In fact, RA interacts with two classes of nuclear hormone receptors: the RA receptors
and the retinoic X receptors [13], which belong to the steroid-thyroid—vitamin D super-
family [14,15]. Upon activation by RA, these receptors bind to specific DNA sequences
containing RA response elements and modulate gene expression.

This generates synthesis of new proteins [16,17], some of which promote cell dif-
ferentiation by epigenetic mechanisms [18-21]. For instance, RA increases the effects of
brain-derived neurotrophic factor and nerve growth factor, which seem to participate in
RA-induced cell differentiation [11,19,22,23].

Such a marked variation in gene expression is believed to involve some proteins
which are related to the autophagy pathway [24,25]. In fact, autophagy is an evolutionarily
conserved lysosomal-dependent degradative pathway which is critical for protein and
organelle turn-over [26-31].

In particular, by removing misfolded proteins and damaged organelles, such as mito-
chondria (mitophagy) [32], endoplasmic reticulum (ER, ER-phagy) [33], and Golgi appara-
tus (Golgi-phagy) [26,34-37], autophagy enables the recycling of primary cell components
and preserves cell homeostasis under both physiological and stressful conditions [38-41].

Autophagy also plays a key role in cell development and differentiation [42—49]. It is
involved in various developmental processes, ranging from the oocyte-to-embryo transition
to post-embryonic development, including neuronal development [47,48]. Specifically,
autophagy is essential for the establishment of proper neuronal morphology, connectivity,
and survival [50-55]. Moreover, as post-mitotic and long-lived cells, neurons depend on
autophagy for their entire lifespan [54]. In line with this, defective autophagy is associated
with a variety of neurodevelopmental and neurodegenerative disorders [56—-64].

During autophagy, proteins and organelles are segregated into specialized organelles,
named autophagosomes, which are the hallmark autophagy organelles [65-67]. Autophagy
begins with the formation of the phagophore, an open membranous structure, which
sequesters the cargo targeted for autophagy degradation. Then, the phagophore transforms
into a closed double-membraned vacuole, the autophagosome, which finally fuses with the
lysosome to form the autophagolysosome, where the cargo degradation occurs [67,68].

To validate an intriguing parallelism between an increase in autophagy-related struc-
tures and cell differentiation, in the present study, we assessed concomitantly RA-induced
cell differentiation and a possible increase in some key autophagy proteins and autophagy-
related organelles. The potential concomitancy between cell differentiation and autophagy
perturbation was further validated by measuring cell proteins and organelles following
starvation, which is known to induce autophagy and produce cell differentiation [31,69,70].
Finally, we investigated the effects of the autophagy inhibitor 3-methiladenine (3-MA) and
the autophagy stimulator rapamycin on RA-induced cell differentiation by using light
microscopy and transmission electron microscopy (TEM), which also allows to measure
stoichiometry of autophagy-related proteins in situ within autophagy-related organelles.
Our results show that RA induces neuronal differentiation of SH-SY5Y cells by increasing
specific autophagy proteins and autophagy-related structures.

2. Results
2.1. Retinoic Acid Reduces SH-SY5Y Cell Amounts

Representative pictures of SH-SY5Y cells show that treatment with RA or starvation
for either 3 days or 7 days produces a reduction in cells stained with hematoxylin and

eosin (H&E) compared with controls (Figure 1A). This effect is confirmed by the count of
H&E-stained cells reported in the graph (Figure 1B).
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Figure 1. RA and starvation time-dependently reduce SH-SY5Y cell number. (A) Representative
pictures of SH-SY5Y cells stained with hematoxylin and eosin (H&E) in control conditions and at
3 days or 7 days following treatment with RA or starvation. The graphs report (B) the count of H&E-
stained cells and (C) TB-positive cells in each experimental condition. Ctrl, controls; RA, retinoic acid;
St, starvation. Values are given as mean percentage + S.E.M. from three independent experiments.
* p < 0.05 compared with controls; * p < 0.05 compared with other groups; § p < 0.05 compared with
3 days. Scale bar = 62 um.

To evaluate the contribution of cell death in producing such a reduction in cell number,
SH-SY5Y cells were stained with trypan blue (TB), which stains damaged cells. The
percentage of TB-positive cells following RA or starvation was reported in the graph
(Figure 1C), which shows that RA does not change the percentage of TB-positive cells
compared with controls (Figure 1C). In contrast, starvation, when protracted for 7 days,
causes a significant increase in the percentage of TB-positive cells compared with controls
(Figure 1C).

Interestingly, evaluation of cell proliferation through anti-Ki67 immunofluorescence
shows that RA-treated cells develop a progressive decrease in Ki67 immunostaining. Such
an effect occurs similarly following 3 days and 7 days of starvation. This is shown in the
representative pictures in Figure 2A, while the count of the percentage of Ki67-positive
cells is reported in the graph in Figure 2B.

These data, together with the fact that, after treatment with RA, the amount of TB-
positive cells does not change (Figure 1C), suggest that, in RA-treated cells, the decrease
in cell number may be entirely due to a decrease in the proliferation rate; meanwhile,
following 7 days of starvation, the decrease in cell number is significantly related to altered
cell integrity, which adds on a suppression of cell proliferation.
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Figure 2. RA and starvation time-dependently inhibit SH-SY5Y cell proliferation. (A) Representative
immunofluorescence for the Ki67 protein merged with the fluorescent nuclear dye 4’,6-diamidin-2-
fenilindolo (DAPI) in (a,d) controls and (b,e) following treatment with RA or (c,f) starvation at (a—c)
3 days and (d-f) 7 days. For each experimental condition, inserts correspond to the high magnification
of the squared area showing Ki67 (red, al-f1) and DAPI (blue, a2—£2). (B) The graph reports the count
of Ki67-immunofluorescent cells. Ctrl, controls; RA, retinoic acid; St, starvation. Values are given
as mean percentage + S.E.M. from three independent experiments. # p < 0.05 compared with other
groups; § p < 0.05 compared with 3 days. Scale bars = (a—f) 7 um; (inserts) 4 um.

2.2. Retinoic Acid Changes Cell Shape and Size

The effects of RA and starvation on cell morphology were analyzed in H&E-stained
SH-SY5Y cells.

At 3 days, vehicle-treated (control) cells typically exhibit a stellate shape, due to
multiple short processes. A large hematoxylin-positive nucleus is surrounded by a pale
cytosol (Figure 3A). Following 3 days of RA exposure, cell shape becomes ovoid-like, and
both nucleus and cytosol become intensely stained with hematoxylin. A few filiform cell
processes develop, which are longer in shape compared with those observed in control cells
(Figure 3A). Following 3 days of starvation, cells develop a shape which is reminiscent of
that induced by RA, where the nucleus is intensely stained with hematoxylin and some
filiform cell processes rise from the cell. Differing from RA, the cytosol is less homoge-
neous, since small pale vacuoles are present (Figure 3A). The graphs in Figure 3B-E report
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quantitative measurements of cell morphology, consisting in maximum and minimum
cell diameters (Dmax and Dmin, respectively) (Figure 3B), along with their ratio (polar-
ization index, Figure 3C) and the number and length of the cell processes (Figure 3D,E,
respectively). These data demonstrate that RA and starvation differently affect SH-SY5Y
cell morphology. In fact, at 3 days, starved cells possess a reduced Dmax compared with
controls (Figure 3B); meanwhile, in RA-treated cells, the cell body size is not changed com-
pared with that of controls (Figure 3B). The measure of the polarization index reveals that,
despite the changes in the cell body shape and/or size, neither RA nor starvation modify
this parameter after 3 days of treatment compared with controls (Figure 3C). Moreover, in
RA-treated cells, the number of processes per cell is significantly reduced compared with
both control and starved cells (Figure 3D). As a further effect, although the length of the
longest cell process increases in both starved and RA-treated cells compared with controls,
such an increase is significantly higher in RA-treated cells compared with starved cells
(Figure 3E). These findings show that, at 3 days, RA reduces the number while markedly
increasing the length of cell processes, whereas starvation alters the structure of the cell (at
least concerning H&E staining) and moderately increases the length of the processes.
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Figure 3. Morphological changes induced by RA and starvation in SH-SY5Y cells at 3 days. (A) Rep-
resentative images of hematoxylin and eosin (H&E)-stained cells from controls, RA-treated cells,
or starved cells at 3 days. Arrows indicate some vacuoles within starved cells. The graphs report
the following findings: (B) the maximum and minimum cell body diameters (Dmax and Dmin,
respectively); (C) the polarization index (Dmax/Dmin); (D) the number of cell processes; (E) the
length of the longest cell process. RA, retinoic acid; St, starvation. Values are given as mean + S.E.M.
from n = 100 cells per experimental group obtained in three independent experiments. * p < 0.05
compared with controls; # p < 0.05 compared with other groups. Scale bar = 18 pum.

At 7 days, control cells exhibit morphological features similar to those described at
3 days (Figure 4A). In contrast, both RA-treated cells and starved cells show prominent
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morphological changes. In fact, cells treated for 7 days with RA show an elongated, spindle-
like cell body, where cytosol and nucleus appear homogeneously stained with hematoxylin
(Figure 4A); meanwhile, in starved cells, the cell body is irregular in shape, the cytosol is
vacuolated, and the nucleus is markedly stained with hematoxylin, suggesting the occur-
rence of a condensed chromatin (Figure 4A). Quantitative measurements of cell morphology
demonstrate that RA-treated cells exhibit the highest Dmax and a lower Dmin compared
with controls (Figure 4B), which produces a significant increase in the polarization index
(Figure 4C). In contrast, in starved cells, where both the Dmax and Dmin are significantly
reduced compared with controls (Figure 4B), the polarization index does not change com-
pared with that of the control cells (Figure 4C). When cell processes were measured, we
found that, in RA-treated cells, the reduction in the number of processes per cell and the
increase in the length of the longest cell process persist at 7 days (Figure 4D,E, respectively).
This is in contrast with 7-day-starved cells, where the number of processes per cell remains
unchanged compared with controls (Figure 4D), but the length of the longest cell process is
significantly reduced compared with both RA-treated and control cells (Figure 4E). These
findings indicate that, at this prolonged time point, RA induces a polarized cell body and a
marked elongation of cell process; meanwhile, starvation does not change cell polarization
and produces opposite effects on the cell process.

A Control RA Starvation
> ! g
4 “
A‘ N
. wy
20 7 #
18 i o] 6
16 LN
- 14 gE 5
E
g # g
3 12 eA 1
z 10 2%
S N g 3
th 8 5 B
g s S8
=4 * * s 1
2
ol ol
Dmax Dmin Dmax Dmin Dmax Dmin Controls RA St
Controls RA St
D :s E
60
2 % #
[, @ - 30
83 e
ICRE # sS4
3 23
g2 s
— 8! - 8
= =3 o =
JgE& £ 5%
0.5 Epv;; ) #
g 10
-
0 0l
Controls RA St Controls RA St

Figure 4. Morphological changes induced by RA and starvation in SH-SY5Y cells at 7 days. (A) Rep-
resentative images of hematoxylin and eosin (H&E)-stained cells from controls, RA-treated cells or
starved cells at 7 days. The graphs show the following findings: (B) the maximum and minimum cell
body diameters (Dmax and Dmin, respectively); (C) the polarization index (Dmax/Dmin); (D) the
number of cell processes; (E) the length of the longest cell process. RA, retinoic acid; St, starvation.
Values are given as mean + S.EM. from n = 100 cells per experimental group obtained in three
independent experiments. * p < 0.05 compared to controls;  p < 0.05 compared with all other groups.
Scale bar = 18 um.
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2.3. RA Induces Differentiation of SH-SY5Y Cells Towards a Neuron-Like Phenotype

The effects of RA on the differentiation of SH-SY5Y cells were investigated with light
microscopy through immunofluorescence for specific antigens, namely the stemness protein
nestin and the early and late neuronal markers plII-tubulin and NeuN, respectively.

After 3 days of culture in baseline conditions (control), nestin immunofluorescence is
widespread; meanwhile, at the same time interval following a single dose of RA, nestin
immunofluorescence is suppressed as much as after 3 days of starvation (representative pic-
tures in Figure 5A). The number of nestin-positive cells is indicated the graph in Figure 5B
and reported in Table 1. In detail, after 3 days, the number of nestin-positive cells is reduced
by half in RA-treated cells and starved cells compared with controls.

A Nestin DAPI Merge
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Figure 5. RA and starvation suppress nestin immunofluorescence at 3 days. (A) Representative
pictures of the immunofluorescence for the stemness marker nestin (green), the fluorescence for
the nuclear marker 4’,6-diamidin-2-fenilindolo (DAPI) (blue), and their merge in control cells, RA-
treated cells, and starved cells at 3 days. (B) The graph reports the count of nestin-positive cells. RA,
retinoic acid; St, starvation. Values are given as mean percentage + S.E.M. from three independent
experiments. * p < 0.05 compared to controls. Scale bar = 27 pm.

In contrast, at this time point, BIII-tubulin immunofluorescence appears slightly
modified following RA treatment or starvation compared with controls (Figure 6A). This
is confirmed by the count of BIII-tubulin-positive cells, which is reported in the graph
(Figure 6B) and in Table 1. In detail, these data indicate that the percentage of 3I1I-tubulin-
positive cells slightly, but not significantly, increases either after 3 days of exposure to RA
or following 3 days of starvation compared with control cells.
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Figure 6. RA and starvation do not change BIII-tubulin immunofluorescence at 3 days. (A) Repre-

sentative pictures of the immunofluorescence for the early neuronal marker BIII-tubulin (red), the

fluorescence for the nuclear marker 4’,6-diamidin-2-fenilindolo (DAPI) (blue), and their merge in
control cells, RA-treated cells, and starved cells at 3 days. (B) The graph reports the count of BIII-
tubulin-positive cells. RA, retinoic acid; St, starvation. Values are given as mean percentage &+ S.E.M.

from three independent experiments. Scale bar = 27 pum.

Table 1. Percentage of nestin-, BIII-tubulin-, and NeuN-positive cells following 3 days or 7 days of

retinoic acid (RA) exposure or starvation.

Nestin-Positive Cells (%)

BIII-Tubulin-Positive Cells (%)

NeuN-Positive Cells (%)

3 Days 7 Days 3 Days 7 Days 3 Days 7 Days
96.3 £1.9 820+ 4.1 61.6 £4.2 64.5 £ 4.0 281 +£21 33.5£45
Controls

p=0.9751 p >0.9999 p >0.9999

RA 48.0+3.3 175 £3.0 69.6 &= 3.2 93.7£1.5 65.8 £ 3.4 974 £0.8

p =0.0169 * p =0.2550 p =0.0096 *
. 51.1+£3.2 48.1 £4.6 674+5.0 71.0 £6.2 423 £ 3.6 48.1£5.2
Starvation

p >0.9999 p >0.9999 p >0.9999

* Significant changes.
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Finally, at 3 days, NeuN immunofluorescence is rarely observed within the nuclei of
control cells, whereas it increases after treatment with either RA or starvation (Figure 7A).
The graph in Figure 7B and Table 1 report the count of NeuN-positive cells, which signifi-
cantly increases in both RA-treated cells and starved cells compared with controls.
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Figure 7. RA and starvation increase NeuN immunofluorescence at 3 days. (A) Representative
pictures of the immunofluorescence for the late neuronal marker NeuN (green), the fluorescence
for the nuclear marker 4’,6-diamidin-2-fenilindolo (DAPI) (blue), and their merge in control cells,
RA-treated cells, and starved cells at 3 days. (B) The graph reports the count of NeuN-positive
cells. RA, retinoic acid; St, starvation. Values are given as mean percentage + S.E.M. from three
independent experiments. * p < 0.05 compared with all other groups. Scale bar = 27 pum.

At 7 days, treatment with RA strongly reduces nestin-immunopositive cells (repre-
sentative pictures in Figure 8A, graph in Figure 8B, and Table 1), while increasing both
BIII-tubulin-positive cells (representative pictures in Figure 9A, graph in Figure 9B, and
Table 1) and NeuN-positive cells (representative pictures in Figure 10A, graph in Figure 10B,
and Table 1). In contrast, after 7 days of starvation, despite a reduction in nestin, immunoflu-
orescence is still evident in starved cells compared with controls (representative pictures
in Figure 8A, graph in Figure 8B, and Table 1), llI-tubulin (representative pictures in
Figure 9A, graph in Figure 9B, and Table 1), and NeuN immunofluorescence (representa-
tive pictures in Figure 10A, graph in Figure 10B, and Table 1), are similar to controls.

Table 1 reports the comparison between the percentage of cells, which are immunopos-
itive for each protein at 3 days and at 7 days. These data show that only following exposure
to RA is the immunopositivity for these markers measured at 7 days significantly changed
compared with that measured at 3 days; this indicates that, at least concerning these pheno-
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typic changes, RA is able to induce a time-dependent differentiation of SH-SY5Y cells that
progresses towards a neuron-like phenotype.

A Nestin DAPI Merge
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Nestin-positive cells (%)
= = g
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Figure 8. RA markedly reduces nestin immunofluorescence at 7 days. (A) Representative pictures
of the immunofluorescence for the stemness marker nestin (green), the fluorescence for the nu-
clear marker 4/,6-diamidin-2-fenilindolo (DAPI) (blue), and their merge in control cells, RA-treated
cells, and starved cells at 7 days. (B) The graph reports the count of the nestin-positive cells. RA,
retinoic acid; St, starvation. Values are given as mean percentage + S.E.M. from three independent
experiments. * p < 0.05 compared with all other groups. Scale bar = 27 pum.
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Figure 9. RA markedly increases BIII-tubulin immunofluorescence at 7 days. (A) Representative
pictures of the immunofluorescence for the early neuronal marker BIII-tubulin (red), the fluorescent
nuclear maker 4/,6-diamidin-2-fenilindolo (DAPI) (blue), and their merge in control cells, RA-treated
cells, and starved cells at 7 days. (B) The graph reports the count of BIII-tubulin-positive cells. RA,
retinoic acid; St, starvation. Values are given as mean percentage + S.E.M. from three independent
experiments. ¥ p < 0.05 compared with all other groups. Scale bar = 27 um.
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Figure 10. RA markedly increases NeuN immunofluorescence at 7 days. (A) Representative pictures
of the immunofluorescence for the late neuronal marker NeuN (green), the fluorescent nuclear marker
4/ 6-diamidin-2-fenilindolo (DAPI) (blue), and their merge in control cells, RA-treated cells, and
starved cells at 7 days. (B) The graph reports the count of NeuN-positive cells. RA, retinoic acid;
St, starvation. Values are given as mean percentage £ S.E.M. from three independent experiments.
# p < 0.05 compared with all other groups. Scale bar = 27 um.

2.4. RA Increases the Immunofluorescence for the Autophagy Proteins Beclin 1 and LC3 in
SH-SY5Y Cells

Occurrence of autophagy during neuronal differentiation triggered by RA in SH-SY5Y
cells was initially investigated using immunocytochemistry with light microscopy for
the autophagy proteins Beclin 1 and microtubule-associated protein 1A /1B-light chain
3 (LC3) (Figure 11). In particular, we used primary antibodies directed against the LC3—
phosphatidylethanolamine conjugate (LC3-II), which is the lipidated form of LC3, that
is specifically located on the autophagosome membrane [71,72]. As expected, starvation
significantly increases the immunofluorescence for both Beclin 1 and LC3-II compared
with control conditions and treatment with RA both at 3 days and 7 days (representative
pictures in Figure 11A,B, respectively, and graph in Figure 11C). Following 3 days of
RA treatment, only the immunofluorescence for LC3-II is increased compared with that
of the controls (representative pictures in Figure 11A and graph in Figure 11C), while
prolonging RA exposure until 7 days leads to a significant increase in both Beclin 1 and
LC3-II immunofluorescence compared with controls (representative pictures in Figure 11B
and graph in Figure 11C). Remarkably, at both time intervals, the increase in Beclin 1 and
LC3-II immunofluorescence within starved cells is far in excess compared with that found



Int. J. Mol. Sci. 2025, 26, 1691 13 of 32

in RA-treated cells (representative pictures in Figure 11A,B, respectively, and graph in
Figure 11C). It is notable the occurrence of LC3-II immunofluorescence as “puncta”, which
suggests the vacuolar placement of lipidated LC3.

3 days

Control Starvation

>

Beclin 1/DAPI
=
. . >

LC3-II/DAPI

7 days

Control Starvation

==}

Beclin 1/DAPI

LC3-II/DAPI
=
. . ;P

@

Densitometry
(% of Controls)

. Belnl LC3-I1 Belnl LC3-II Belnl LC3-11 Beln LC3-II Belnl LC3-11 Belnl LC3-11
Controls RA Starvation Controls RA Starvation
3 days 7 days

Figure 11. RA increases Beclin 1 and LC3-II immunofluorescence. (A,B) Representative pictures of
the immunofluorescence for the autophagy proteins Beclin 1 (red) and LC3-II (green) in controls and
following treatment with RA or starvation at (A) 3 days and (B) 7 days. (C) The graph reports the measure
of densitometry. Bclnl, Beclin 1; DAPI, 4/ 6-diamidin-2-fenilindolo; LC3-1I, microtubule-associated protein
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1A/1B-light chain 3 conjugate; RA, retinoic acid. Values are given as mean & S.E.M. from n = 60 cells
per experimental group obtained in three independent experiments. * p < 0.05 compared with all
other groups; § p < 0.05 compared with 3 days. Scale bar = 27 pm.

2.5. RA Induces Autophagy-like Vacuoles in SH-SY5Y Cells

The ultrastructure of SH-SY5Y cells grown in baseline conditions (controls), starvation,
or in the presence of RA for 3 days or 7 days is shown in Figures 12 and 13, respectively.
Specifically, at 3 days, control cells possess a large nucleus surrounded by abundant cytosol,
containing widespread glycogen deposits, with a typical rosette-like conformation. More-
over, a few catecholamine granules are visible within the cytosol along with well-conformed
mitochondria, several rough endoplasmic reticulum membranes, and rare autophagy-like
vacuoles (Figure 12A). Similar ultrastructural features are persistent following 7 days of
culture in control conditions (Figure 13A).

Control

Figure 12. Ultrastructural changes induced by RA and starvation in SH-SY5Y cells at 3 days. Representative
micrographs of (A) a control cell, (B) an RA-treated cell, and (C) a starved cell at 3 days. In the right column,
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the high-magnification pictures correspond to the areas within the frames. Note the abundant
glycogen deposits, which form typical rosette-like aggregates. M, mitochondria; n, nucleolus; N,
nucleus; RA, retinoic acid. Arrowheads, glycogen; arrows, autophagy-like vacuoles; asterisks,
catecholamine granule. Scale bars = (A,C) 1.2 um; (B) 2 um; inserts (A,C) 400 nm; insert (B) 500 nm.

In cells treated with RA for 3 days, nuclei show a dispersed chromatin and a well-
evident nucleolus. Mitochondria and autophagy-like vacuoles are well evident within
the cytosol, where they form perinuclear clusters, intermingled with abundant glycogen
deposits (Figure 12B). These ultrastructural features mostly overlap those observed in
SH-SY5Y cells grown for 3 days in conditions of starvation (Figure 12C).

A - Contgol

Figure 13. Ultrastructural changes induced by RA and starvation in SH-SY5Y cells at 7 days. Repre-
sentative micrographs of (A) a control cell, (B) an RA-treated cell, and (C) a starved cell at 7 days.
On the right column, the high-magnification pictures correspond to the areas within the frames.
Note the presence of a large faint area within a starved cell, where neither organelles nor molec-
ular structures are visible (*). M, mitochondria; n, nucleolus; N, nucleus. Arrowheads, glycogen;
arrows, autophagy-like vacuoles. Scale bars = (A,C) 1.2 um; (B) 1.7 pm; inserts (A,C) 400 nm; insert
(B) 470 nm.
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At 7 days, in RA-treated cells nuclei appear similar to those described at 3 days.
Autophagy-like vacuoles are abundant within the cytosol, where glycogen rosettes are still
evident close to perinuclear clusters of mitochondria (Figure 13B). In contrast, following
7 days of starvation, cells exhibit shrunken and irregularly shaped nuclei. Mitochondria and
autophagy-like vacuoles are scattered throughout a non-homogeneous cytosol (Figure 13C).

The count of autophagy-like vacuoles shows a time-dependent increase in these
organelles within both RA-treated and starved cells compared with controls. Interestingly,
at each time interval, autophagy-like vacuoles counted in starved cells exceed those counted
in RA-treated cells (Figure 14).
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Figure 14. RA induces autophagy-like vacuoles in SH-SY5Y cells. The graph reports the number of
autophagy-like vacuoles counted within the cytosol of control cells, RA-treated cells, and starved
cells at 3 days and 7 days. Ctrl, controls; RA, retinoic acid; St, starvation. Values are given as the
mean + S.E.M. from n = 30 cells per experimental group. # p < 0.05 compared with other groups;
$ p < 0.05 compared with 3 days.

2.6. RA Increases the Key Autophagy Proteins Beclin 1 and LC3 in SH-SY5Y Cells

Immunogold for the autophagy proteins Beclin 1 and LC3 was carried out to visualize
the specific subcellular compartments where these proteins are placed within control cells,
RA-treated cells, and starved cells, at 3 days (Figure 15A) and at 7 days (Figure 15B). In
control cells, both at 3 days and at 7 days, a few Beclin 1 and LC3 immunogold particles are
found scattered in the cytosol, close to vesicles and membranous structures (Figure 15A,B).
At 3 days, a number of Beclin 1 and LC3 particles appear in the cytosol of both RA-
treated and starved cells, along with vacuoles, which are positive for Beclin 1 and /or LC3
(Figure 15A). At 7 days, such features are persistent and apparently increase in both starved
and RA-treated cells (Figure 15B).

The stoichiometric counts of Beclin 1 and LC3 immunogold particles show that, at
3 days, both Beclin 1 (Figure 15C) and LC3 (Figure 15D) are significantly increased in the
cytosol of starved and RA-treated cells compared with controls. This increase appears
more marked in the starved cells, where both these antigens are more abundant than those
counted in RA-treated cells (Figure 15C,D). At this time interval, the number of vacuoles
which are positive for Beclin 1 (Figure 15E) or LC3 (Figure 15F) significantly increases
both after RA treatment and starvation compared with controls. Again, within starved
cells, such an increase is still more pronounced than in RA-treated cells (Figure 15E,F).
Moreover, starved cells show a significant increase even in Beclin 1 and LC3 double-stained
vacuoles compared with both controls and RA-treated cells (Figure 15G). At 7 days, all these
autophagy-related structures further increase within both RA-treated cells and starved cells
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(Figure 15C-G). Remarkably, at this time interval, the increase in such autophagy-related
proteins and organelles is markedly prominent within starved cells.
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Figure 15. RA increases the autophagy-related proteins Beclin 1 and LC3 in SH-SY5Y cells. (A,B) Rep-
resentative micrographs of double immunogold against Beclin 1 (10 nm immunogold particles,
arrows) and LC3 (20 nm immunogold particles, arrowheads) in controls and following RA or starvation
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after 3 days (A) or 7 days (B). The graphs report the counts of the following: (C) cytosolic Beclin
1 immunogold particles; (D) cytosolic LC3 immunogold particles, (E) Beclin 1-positive vacuoles;
(F) LC3-positive vacuoles, (G) double Beclin 1- and LC3-positive vacuoles. Ctrl, controls; LC3,
microtubule-associated protein 1A /1B-light chain 3; RA, retinoic acid; St, starvation; V, autophagy
vacuoles. Values are given as the mean + S.E.M. from 1 = 30 cells per experimental group. * p < 0.05
compared with controls; # p < 0.05 compared with other groups; § p < 0.05 compared with 3 days.
Scale bar = 216 nm.

2.7. Autophagy Is Essential for RA-Induced Differentiation of SH-SY5Y Cells

In order to ascertain whether the activation of autophagy is essential during RA-
induced cell differentiation, we treated SH-SY5Y cells with the autophagy inhibitor 3-MA
or the autophagy stimulator rapamycin and we analyzed the effects of such autophagy
modulators on cell differentiation produced by RA. H&E-stained SH-SY5Y cells treated
with 3-MA for 3 days appear similar to control cells (Figure 16A); meanwhile, cells treated
with rapamycin exhibit a fusiform cell body and a few long cell processes, which are
reminiscent of the typical cell morphology produced by treatment with RA (Figure 16A).
Interestingly, in cells treated with 3-MA + RA, the inhibition of autophagy mostly occludes
the RA-induced morphological changes (Figure 16A), which conversely are enhanced when
the autophagy stimulator rapamycin is administered in combination with RA (Figure 16A).
Measurement of the length of the cell processes, which is powerfully increased by RA,
indicating the acquisition of a neuronal-like phenotype [73], shows that inhibition of
autophagy by 3-MA prevents the RA-induced cell process elongation, while rapamycin by
itself and in combination with RA significantly increases the length of the cell processes
(Figure 16B). After 7 days of treatment, the effects of 3-MA and rapamycin on RA-induced
neuronal-like differentiation described above appear even more evident (Figure 16C,D).

The effects of autophagy modulation on the immunopositivity for specific markers
were also investigated. Specifically, immunofluorescence for nestin and NeuN following
3 days of treatment with RA in the presence of 3-MA or rapamycin is shown in Figure 17.
Briefly, immunofluorescence for nestin appears toned down in the presence of rapamycin,
while it is widespread in the presence of 3-MA (Figure 17A). As reported in the graph
(Figure 17B), the percentage of nestin immunofluorescent cells is decreased in rapamycin-
treated cells compared with controls, while it is similar to controls in 3-MA-treated cells.
Remarkably, a similar trend is measured when the autophagy stimulator or the autophagy
inhibitor are administered in combination with RA (Figure 17B).

Conversely, as shown in the representative Figure 17C, immunofluorescence for NeuN
appears very scattered in the presence of 3-MA, while it is widespread in the presence of
rapamycin. In the graph in Figure 17D the percentage of NeuN-positive cells is reported.
These data show that treatments which stimulate autophagy produce a significant increase
in the amount of NeuN-immunofluorescent cells compared with controls (Figure 17D). In
contrast, after treatments which inhibit autophagy the amount of NeuN-immunofluorescent
cells remains similar to that of controls (Figure 17D).

At 7 days, immunofluorescence for nestin and NeuN shows a very similar trend
(Figure 18). These data indicate that the expression of specific differentiation markers
induced by RA is strictly dependent on the presence of a concomitant ongoing autophagy.
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Figure 16. Autophagy is required for morphological changes induced by RA in SH-SY5Y cells.
(A) Representative images of hematoxylin and eosin (H&E)-stained cells from controls and following
treatment with 3-MA, rapamycin, and RA alone or in combination with 3-MA, rapamycin, and 3-MA
+ rapamycin at 3 days. (B) The graph reports the length of the longest cell process. (C) Representative
images of H&E-stained cells from controls and following treatment with 3-MA, rapamycin, and RA
alone or in combination with 3-MA, rapamycin, and 3-MA + rapamycin at 7 days. (D) The graph
reports the length of the longest cell process. 3-MA, 3-methyladenine; Ctrl, controls; RA, retinoic
acid; Rap, rapamycin. Values are given as mean =+ S.E.M. from n = 50 cells per experimental group
obtained in three independent experiments. * p < 0.05 compared with controls. Scale bars =29 pum.
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Figure 17. Autophagy modulates the effects of RA on nestin and NeuN immunofluorescence at
3 days. (A) Representative pictures of nestin immunofluorescent cells (green) merged with the
fluorescent nuclear marker 4’,6-diamidin-2-fenilindolo (DAPI) (blue), from controls and following
treatment with 3-MA, rapamycin, and RA alone or in combination with 3-MA, rapamycin, and
3-MA + rapamycin. (B) The graph reports the count of the nestin-positive cells. (C) Representative
pictures of NeuN immunofluorescent cells (green) merged with the fluorescent nuclear DAPI (blue),
from controls and following treatment with 3-MA, rapamycin, and RA alone or in combination with
3-MA, rapamycin, and 3-MA + rapamycin. (D) The graph reports the count of the NeuN-positive
cells. 3-MA, 3-methyladenine; Ctrl, controls; RA, retinoic acid; Rap, rapamycin. Values are given
as mean percentage £+ S.E.M. from three independent experiments. * p < 0.05 compared to controls.
Scale bars = 30 um.
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Figure 18. Autophagy modulates the effects of RA on nestin and NeuN immunofluorescence at 7 days.
(A) Representative pictures of nestin immunofluorescent cells (green) merged with the fluorescent
nuclear marker 4’,6-diamidin-2-fenilindolo (DAPI) (blue), from controls and following treatment with
3-MA, rapamycin, and RA alone or in combination with 3-MA, rapamycin, and 3-MA + rapamycin.
(B) The graph reports the count of the nestin-positive cells. (C) Representative pictures of NeuN
immunofluorescent cells (green) merged with the fluorescent nuclear marker DAPI (blue), from
controls and following treatment with 3-MA, rapamycin, and RA alone or in combination with
3-MA, rapamycin, and 3-MA + rapamycin. (D) The graph reports the count of the NeuN-positive
cells. 3-MA, 3-methyladenine; Ctrl, controls; RA, retinoic acid; Rap, rapamycin. Values are given
as mean percentage £+ S.E.M. from three independent experiments. * p < 0.05 compared to controls.
Scale bars = 30 um.
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3. Discussion

In the present study, we demonstrated that RA-induced differentiation of SH-SY5Y
cells is associated with an increase in the key autophagy proteins Beclin 1 and LC3.

Such an RA-induced increase in Beclin 1 and LC3 was documented under both light
immunofluorescence and immunoelectron microscopy. Specifically, the increase in LC3-1I
immunofluorescence following RA witnesses the increase in autophagosomes which repre-
sent the hallmark organelles of an activated autophagy [66]. This was further confirmed
through the stoichiometry of each protein in situ and within autophagy vacuoles, as demon-
strated by TEM. Our findings demonstrate that the effects of RA on cell differentiation are
concomitant with an increase in authentic autophagosomes, which suggests that autophagy
activation may be involved in RA-induced SH-SY5Y cell differentiation.

Specifically, RA at the single dose of 10 uM produced the following findings: (i) reduc-
tion in cell proliferation; (ii) increase in cell polarization; (iv) decrease in nestin immunos-
taining; (v) increase in BIII-tubulin immunostaining; (vi) increase in NeuN immunostaining.
These effects indicate RA-induced cell differentiation and they were found to be concomi-
tant with an increase in key autophagy proteins and autophagy vacuoles.

It is remarkable that both differentiation-related phenomena and autophagy-related
hallmarks were evident already at 3 days and persisted at 7 days following a single dose
of RA.

Similar effects were produced by starvation in SH-SY5Y cells. Specifically, we found
that, in starved cells, the decrease in Ki67-positive cells and the occurrence of a differentiated
cell phenotype were concomitant with the increase in autophagy-related structures. In
fact, starved cells promptly respond to fasting by halting cell proliferation and activating
autophagy [27-31,74-77], which in turn stimulates neuronal differentiation [44,70,78,79].

These effects were mainly evident after 3 days of starvation. When starvation was
prolonged for 7 days, cells show structural and ultrastructural changes, which alter cell
morphology and lose the neuronal-like phenotype, which appears at 3 days. Moreover,
ultrastructural morphology showed that these alterations occurred in cells possessing the
highest amounts of autophagy-related vacuoles and key autophagy proteins.

It is likely that a small autophagy activation, similar to that produced by a single dose
of RA, is effective at inducing cell differentiation, which persists at 7 days without impairing
cell integrity. The detrimental effects of starvation observed at 7 days in differentiated
SH-SY5Y cells are likely to be the consequence of an excess of activation of the autophagy
pathway, since starvation was constantly present during the 7-day time interval. Indeed,
prolonged autophagy activity may deprive cells of essential energy sources necessary for
their survival [31,69,70]. In this way, the differentiation process is impaired by the loss
of cell integrity. In order to better explore such an issue, repeated administration of RA
could be carried out. Again, higher doses of RA could be challenged. Nonetheless, this is
not the purpose of the present study, which aims to analyze the variations in autophagy
proteins and organelles following a dose of RA, which is routinely applied to induce
cell differentiation.

In this respect, these data demonstrate that RA-induced autophagy is closely associated
with RA-induced cell differentiation. In fact, when RA was administered in the presence of
autophagy inhibition, cell differentiation is occluded. This suggests that these RA-induced
effects are ineffective in inducing cell differentiation if autophagy is suppressed. Witnessing
for a role of RA as a powerful autophagy stimulator, the concomitant administration of
rapamycin to induce autophagy does not produce a significant effect.

Phenotypical changes induced by RA in SH-SY5Y cells are widely documented. They
include the enhancement of neurites outgrowth [80-84] and expression of neuronal mark-
ers [22,83,85-88]. These effects are typically attributed to the RA-induced regulation of a
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variety of genes involved in neuronal development [18,89-91]. Anyway, it is worth pointing
out that, in most of these studies, the treatment protocol with RA involved the use of growth
media with different composition [2], different fetal bovine serum (FBS) percentages [83,87],
different glucose concentrations [88], or combined treatments with other differentiating
agents, such as growth factors [22,92]. In our protocol, RA was administered alone to
the growth medium, which, apart from the addition of RA, was identical to that used for
control cells. Therefore, the effects reported here can be uniquely attributed to RA.

The peculiarity of the effects induced by RA in this study may be due to the slight dose
and the short time of exposure (single dose) compared with the drastic and continuous
stimulation achieved following 7 days of starvation.

The most striking morphological effects induced by RA were the marked elongation
of a few (often only one or two) cell processes and the increase in cell polarization. These
features can be considered to be closely related to a differentiated cell phenotype, according
to Cowley and coll. [73]. In this respect, on the basis of such morphological data, we cannot
establish whether cell processes induced by RA are authentic neurites. This intriguing
hypothesis should be challenged only through electrophysiological studies, which may
contribute to further interpretation of these morphological findings. Here, we describe only
morphological variations, which are consistent with those of general cell differentiation.

These RA-induced phenotypical changes were accompanied by an increase in
autophagy-related structures, which remained always lower compared with those pro-
duced by starvation, suggesting that, in cells treated with a single dose of 10 uM RA,
autophagy is slightly activated compared with starved cells. In line with this, ultrastructure
and stoichiometry demonstrate that the increase in autophagy-related structures measured
in starved cells at 7 days was dramatically higher compared with that measured at 3 days
following starvation and at 3 days and 7 days following a single dose of RA.

Finally, the preservation of cell integrity following RA-induced autophagy activation
may be explained by an alternative mechanism, which involves the marked protective effect
of Bcl-2. In fact, RA is a strong inducer of Bcl-2 [93-95], whose overexpression prevents cell
death following an excess of autophagy produced by prolonged starvation [96].

4. Materials and Methods
4.1. Cell Cultures

SH-SY5Y cells line, obtained from the American Type Culture Collection (ATCC,
Rockville, MD, USA), was grown in Ham’s F12 nutrient medium containing 2 mM glu-
tamine (Sigma-Aldrich, St. Louis, MO, USA) and supplemented with 10% heat-inactivated
fetal bovine serum (FBS) and 1% penicillin/streptomycin (Sigma-Aldrich). Cells were kept
in a wet atmosphere with 5% CO; at 37 °C. Experiments were performed when cells were
in the log-phase of growth and at 70% confluence.

Twenty-four hours before the treatments, cells were seeded at different densities,
depending on the specific analysis. For cytochemistry and immunocytochemistry with
light microscopy, 4 x 10* SH-SY5Y cells were seeded on cover slips, which were placed
within 24-well plates, with a final volume of 1 mL/well.

For TEM, 1 x 10° SH-SY5Y cells were seeded in 6-well plates, with a final volume of
2 mL/well.

Following seeding, cells were incubated at 37 °C in 5% CO; for 24 h and then they
were treated with RA or were grown under starvation conditions.

4.2. Cell Treatments and Experimental Design

SH-SY5Y cells were treated with the differentiating agent RA, with a single dose
of 10 uM, which was selected since it is known to induce cell differentiation [2,97]. In
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detail, a stock solution of 1 mM RA (Sigma-Aldrich) was prepared by dissolving 0.3 mg
of RA powder in 1 mL of 100% ethanol. Appropriate aliquots of RA stock solution were
diluted within the cell culture medium to obtain the final treatment solution of 10 uM RA
in 1% ethanol.

Pilot studies carried out to disclose potential effects of 1% ethanol within the basic
medium revealed no differences between cells grown in the medium added with 1%
ethanol and cells grown in the basic medium. Therefore, control cells were exposed to the
basic medium.

To produce starvation, a condition in which autophagy is physiologically activated
as a mechanism of cell survival [26], SH-SY5Y cells were grown in a starvation medium
comprising Ham’s F12 supplemented with 0.25% heat-inactivated FBS (Sigma-Aldrich)
and 1% penicillin/streptomycin (Sigma-Aldrich), and devoid of amino acids.

The involvement of autophagy in cell differentiation induced by RA was investigated
using the autophagy inhibitor 3-MA (Sigma-Aldrich) [98] and the autophagy stimulator
rapamycin (Sigma-Aldrich) [99]. In these experiments, cells were exposed to 10 mM 3-
MA or 100 nM rapamycin, alone or in combination with 10 uM RA, for 3 days or 7 days.
When such autophagy modulators were administered in combination with RA, they were
added to the culture medium 2 h before RA. The treatment doses of both 3-MA and
rapamycin were selected based on previous studies [100-102]. Treatment doses, obtained
by a stock solution of 100 mM 3-MA or 1 mM rapamycin, were diluted in the culture
medium containing 10% dimethyl sulfoxide (DMSO), which was demonstrated to not affect
cell viability [103,104].

Cells were maintained within the specific (treatment or control) medium for 3 days
or 7 days; at this point, cell viability, structural, and ultrastructural morphology and ex-
pression of proteins related to differentiation or autophagy pathway were assessed using
light microscopy. In detail, potential changes in cell proliferation were indirectly inferred
using Ki67 immunopositivity, which labels the cell-cycle-associated proliferating protein
Ki67 [105,106]. The immunopositivity of the following proteins, which are related to cell
differentiation, was also investigated: nestin, as stem-like marker [107]; BIII-tubulin, as an
early (immature) neuronal marker [108,109]; NeuN, as a late neuronal marker, which specif-
ically labels post-mitotic neurons [110]. Moreover, the key autophagy proteins Beclin 1 and
LC3 were analyzed through immunofluorescence. Beclin 1 is a component of the autophagy
initiation complex, and it is located on the pre-vesicular membranous structures which
form phagophores and omegasomes [111-113]. In the following step, the autophagosome
marker LC3 was recruited to the autophagosomal membranes, where it became lipidated
and formed LC3-II [71,72,114].

Finally, these very same autophagy proteins and autophagy-like vacuoles were ana-
lyzed using TEM, which enables quantitative assessments to be made by utilizing in situ
ultrastructural imaging and the stoichiometric immunogold procedure.

4.3. Trypan Blue (TB) Staining and Cell Count

At the end of the treatments, SH-SY5Y cells were collected and centrifuged at 800 g
for 5 min. The cell pellet was suspended in the culture medium and 25 uL of the cell
suspension were added to a 62.5 pL solution containing 1% TB (Sigma-Aldrich) and
37.5 uL phosphate-buffered solution (PBS) for 5 min at room temperature (RT). Ten pL of
this solution was used to carry out the cell count within a Biirker glass chamber under
an Olympus CKX 41 inverted microscope (Olympus Corporation, Tokyo, Japan). Three
independent counts of both TB-positive cells and total cells were carried out. The data
refer to three independent experiments and are given as the mean + S.E.M. percentage of
TB-positive cells out of the total cells.
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4.4. Hematoxylin and Eosin (H&E) Cytochemistry, Cell Count, and Cell Morphometry

Cells were fixed with 4% paraformaldehyde in PBS for 15 min at RT, washed with
PBS, and then stained for a few minutes with hematoxylin solution (Sigma-Aldrich). Hema-
toxylin staining was stopped by washing in running water. Then, cells were stained with
eosin solution for a few seconds (Sigma-Aldrich). Repeated washing with distilled water
was carried out to remove the dye in excess. Cells were dehydrated in increasing alcohol so-
lutions, gently transferred on a slide, clarified in xylene, and covered with dibutylphthalate
polystyrene xylene (DPX) mounting medium (Sigma-Aldrich). H&E-stained cells were ob-
served under the Nikon Eclipse Ni light microscope (Nikon, Tokyo, Japan), equipped with
a digital camera connected to the NIS Elements software (NIS-Elements D 5.30.00-build
1531-64-bit) for image analysis (Nikon, Tokyo, Japan).

To assess the cell number, H&E-stained cells were counted under 20 x magnification
within three microscopic fields, where only distinct cells that were not overlapping could
be detected.

Values are given as the mean percentage + S.E.M. (assuming controls as 100%) of
counts carried out in three independent experiments.

Hé&E-stained cells were also used to measure morphological changes induced by the
treatments (i.e., Dmax and Dmin of the cell body, number of processes per cell, and length
of the longest cell process). In detail, cells were analyzed under the light microscope Nikon
Eclipse Ni light microscope (Nikon) at 40 x magnification and measures were carried out
by using the free software Image ] (National Institutes of Health, NIH, Bethesda, MD,
USA, Version 1.8.0_172). The cell polarization index was obtained by calculating the
Dmax/Dmin. These measures refer to n = 100 cells per experimental group. In experiments
where autophagy was modulated using 3-MA or rapamycin, the measurement of the cell
process was carried out with n = 50 cells per experimental group. Values are given as the
mean =+ S.E.M. from three independent experiments.

4.5. Immunofluorescence

Cell proliferation was analyzed through the mouse monoclonal anti-Ki67 primary
antibodies (Ab-I) (Millipore, Billerica, Burlington, MA, USA). To investigate the effects on
cell differentiation, the following Ab-I-based approaches were used: rabbit polyclonal anti-
nestin Ab-I (Abcam, Cambridge, UK); mouse monoclonal anti-BIII-tubulin Ab-I (Abcam);
mouse monoclonal anti-NeuN Ab-I (Millipore). Finally, to investigate changes in the
specific autophagy-related proteins Beclin 1 and LC3, the mouse anti-Beclin 1 Ab-I (Abcam),
the rabbit anti-LC3 Ab-I (Abcam), and the rabbit LC3-II Ab-I (Abcam) were used.

SH-SY5Y cells were first permeabilized by TritonX 0.1% for 15 min in PBS and then
incubated in a blocking solution containing 10% normal goat serum (NGS) in PBS for
1 h at RT. Then, cells were incubated with the Ab-I solution containing 2% NGS in PBS,
where the Ab-I were diluted as follows: anti-Ki67 Ab-I (1:100), anti-nestin Ab-I (1:200),
anti-BIII-tubulin Ab-I (1:200), anti-NeuN Ab-I (1:100), anti-Beclin 1 Ab-I (1:100), anti-LC3
Ab-I (1:100), and anti-LC3-1I Ab-I (1:50). Cells were kept in the Ab-I solution overnight
at 4 °C. At the end of the incubation, cells were washed out with PBS and the reactions
with the Ab-I were revealed using the appropriate anti-mouse or anti-rabbit fluorescent
secondary antibody (Ab-II), Alexa Fluor 488 (1:200, Life Technologies, Carlsbad, CA, USA)
or Alexa Fluor 546 (1:200, Life Technologies), for 1 h and 30 min at RT. To visualize the
cell nuclei, cells were incubated for 5 min with the nuclear dye 4’,6-diamidin-2-fenilindolo
(DAPI) (Sigma-Aldrich) diluted to 1:1000 in distillated water. All these reactions were
carried out within the well plates. After washing in PBS, the cover slips were gently
pulled out, transferred on a slide, and mounted with the mounting medium, Fluoroshield
(Sigma-Aldrich).
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The cells were observed using the Nikon Eclipse Ni light microscope equipped with
a fluorescent lamp and a digital camera connected to the NIS Elements software (NIS-
Elements D 5.30.00-build 1531-64-bit) for image analysis (Nikon, Tokyo, Japan). All experi-
ments were carried out in triplicate.

For Ki67, nestin, BllI-tubulin, and NeuN immunofluorescence, the percentages of
positive cells out of total cells were counted under the fluorescent microscope at 20x
magnification within three microscopic fields, where only distinct cells that were not
overlapping could be detected.

Values are given as the mean percentage £ S.E.M. of positive cells out of total cells,
which were counted in three independent experiments.

The densitometry of Beclin 1 and LC3-II immunofluorescence was measured using
the software Image ] (NIH, Bethesda, MD, USA, Version 1.8.0_172). In detail, the corrected
total cell fluorescence was quantified according to Marwaha and Sharma 2017 [115], and
values are given as the mean percentage & S.E.M. of the optical density (assuming controls
as 100%) measured in n = 60 cells per experimental group. The data refer to the three
independent experiments.

4.6. Transmission Electron Microscopy

After removing the culture medium, SH-SY5Y cells were fixed in 2.0% paraformalde-
hyde and 0.1% glutaraldehyde in 0.1 M PBS, pH 7.4, for 1 h and 30 min at 4 °C. Cells were
gently scraped from the plate and centrifuged at 10,000 rpm for 10 min to obtain the cell
pellet. After they were washed with PBS, cells were post-fixed in 1% osmium tetroxide
(OsOy) for 1 h at 4 °C. These fixing and post-fixing solutions were validated in previous
studies for immunogold ultrastructural morphometry in order to minimally cover the
antigen epitopes while preserving tissue architecture fairly well [102,116,117]. Then, the
cells were dehydrated in increasing ethanol solutions and finally embedded in epoxy resin.

Ultrathin sections, obtained by cutting samples at the RMC ultramicrotome Power-
Tome X (Boeckler Instruments, Inc., Tucson, AZ, USA), were stained with uranyl acetate
and lead citrate and they were finally examined using the JEOL JEM-100SX TEM (JEOL,
Tokyo, Japan).

4.7. Post-Embedding Immunocytochemistry and Ultrastructural Morphometry

Ultrathin sections were collected on nickel grids and were incubated on droplets of
aqueous sodium metaperiodate for 30 min at RT to remove OsOy.

After washing in PBS, grids were incubated in a blocking solution containing 10%
NGS and 0.2% saponin for 20 min at RT. Then, grids were incubated with the Ab-I solutions
within a humidified chamber overnight, at 4 °C. In detail, these Ab-I solutions contained
mouse anti-Beclin 1 Ab-I (Abcam, diluted 1:80), rabbit anti-LC3 Ab-I (Abcam, diluted 1:50),
0.2% saponin, and 1% NGS in PBS. After washing in PBS, grids were incubated with the Ab-
II solution, containing the Ab-II conjugated with gold particles, 0.2% saponin, and 1% NGS
in PBS for 1 h at RT. In detail, Ab-II against Ab-I anti-LC3 possessed a gold particle diameter
of 20 nm (BB International, Cardiff, UK) and was diluted to 1:50, while Ab-II against Ab-I
anti-Beclin 1 possessed a gold particle diameter of 10 nm (BB International, Cardiff, UK)
and was diluted to 1:80. Negative control sections were incubated with Ab-II only.

Profiting from the ultrastructural imaging and immunogold-based stoichiometry, we
measured the numbers of autophagy-related vacuoles and autophagy proteins Beclin-1
and LC3 during RA treatment or starvation.

To this purpose, grids were analyzed using TEM under 8000 x magnification, which
represents the minimal magnification at which immunogold particles and autophagy-like
vacuoles, identified according to Klionsky et al. [114], can be concomitantly visualized [118].
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In these sections, according to previous studies [102,119], we counted the following:

(i) Number of autophagy-like vacuoles.

(i) Number of anti-Beclin 1 and anti-LC3 immunogold particles placed within the cytosol.
(iii) Number of Beclin 1- or LC3-positive vacuoles.

(iv) Number of Beclin 1 and LC3 double-positive vacuoles.

Values are given as the mean £ S.E.M. per cell from 7 = 30 cells per experimental group.

4.8. Statistical Analysis

All data were compared by using one-way analysis of variance, ANOVA, followed
by Scheffé’s post hoc analysis. The differences between the groups were considered to be
significant when the null hypothesis (Hp) was p < 0.05.

5. Conclusions

The present study provides morphology-based evidence that RA induces neuronal
differentiation of SH-SY5Y cells by increasing specific autophagy proteins and autophagy-
related structures. These RA-induced effects may help to preserve cell integrity and support
the metabolic changes involved in RA-induced differentiation and cell remodeling.

Remarkably, the suppression of the RA-induced changes on cell morphology and
specific differentiation markers, which occurs when autophagy is inhibited, indicates that
autophagy plays an essential role in sustaining such effects of RA on SH-SY5Y cells.

On the other hand, the molecular mechanisms underlying the effects of RA on au-
tophagy pathway remain to be elucidated; they are not the focus of the present study. These
experiments could be the aim of a future study.
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