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Abstract: Caloric restriction is an anti-aging intervention known to extend lifespan in several experimental models, at
least in part, by stimulating autophagy. Caloric restriction increases neuropeptide Y (NPY) in the hypothalamus and plasma
ghrelin, a peripheral gut hormone that acts in hypothalamus to modulate energy homeostasis. NPY and ghrelin have been
shown to be neuroprotective in different brain areas and to induce several physiological modifications similar to those
induced by caloric restriction. However, the effect of NPY and ghrelin in autophagy in cortical neurons is currently not
known. Using a cell culture of rat cortical neurons we investigate the involvement of NPY and ghrelin in caloric restriction-
induced autophagy. We observed that a caloric restriction mimetic cell culture medium stimulates autophagy in rat cortical
neurons and NPY or ghrelin receptor antagonists blocked this effect. On the other hand, exogenous NPY or ghrelin
stimulate autophagy in rat cortical neurons. Moreover, NPY mediates the stimulatory effect of ghrelin on autophagy in rat
cortical neurons. Since autophagy impairment occurs in aging and age-related neurodegenerative diseases, NPY and
ghrelin synergistic effect on autophagy stimulation may suggest a new strategy to delay aging process.

INTRODUCTION lived proteins and organelles and is important for
cellular homeostasis maintenance [14, 15]. It is well
Aging is an age-dependent or age-progressive decline in established that the basal autophagic activity of living
intrinsic physiological functions. Average human life cells decreases with age, contributing to the different
expectancy has increased, and consequently, the aspects of the aging phenotype and to the aggravation of
prevalence of cognitive decline dementia, and detrimental age-related diseases [16, 17]. In fact, several
neurodegenerative diseases. Aging research is now evidences indicate that autophagy impairment is a
focused in finding strategies that increase both lifespan hallmark of aging and neurodegenerative diseases [16,
and healthspan [1]. 18]. The beneficial roles of autophagy in nervous
system are mainly associated with maintaining the
Caloric restriction, reduction of food intake to 30-40 % normal balance between the formation and degradation
below ad libitum intake levels without malnutrition and of cellular proteins as defects in autophagy pathway
retaining the essential nutrients, is one of the most have been linked to neurodegenerative diseases, such as
robust non-pharmacological interventions shown to Alzheimer’s disease, Parkinson’s disease, Huntington’s
extend median and maximum lifespan and delay the disease, transmissible spongiform encephalopathy or
onset of age-related diseases in several species, prion disease and Machado-Joseph disease [19-28].
including fruit flies, rodents and rhesus monkeys [2-11].
Caloric  restriction-induced beneficial effects are Caloric restriction induces a neuroendocrine response
mediated, at least in part, by autophagy activation [9, such as increasing neuropeptide Y (NPY) levels, in the
12-14]. Autophagy is a degradation process of long- arcuate nucleus of the hypothalamus [29-32]. NPY is
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abundantly expressed in numerous brain regions
including hypothalamus, hippocampus and cerebral
cortex [33]. NPY acts through G-coupled protein NPY
receptors, named NPY Yy, Y,, Y4 or Y5 receptors [34].
NPY receptors activation regulates several physiological
functions, such as regulation of food intake, blood
pressure, body temperature, hormone and neuro-
transmitters release, and modulation of pain, sexual
behavior, circadian rhythms, memory processing and
cognition [35]. In addition, NPY receptors activation has
neuroprotective effects in different brain areas and delays
neurodegenerative  diseases, such as Alzheimer’s,
Parkinson’s and Machado-Joseph disease rodent models
[34, 36-38]. Recently, data obtained by our group show
that caloric restriction increases NPY levels in
hypothalamic neurons and NPY, per se, not only induces
autophagy in hypothalamic neurons, but also mediates
caloric restriction-induced autophagy, suggesting that
NPY may mediate caloric restriction effects on auto-
phagy [39, 40]. This effect on other brain regions, such as
the cerebral cortex, was never investigated before.

Caloric restriction also increases the circulating levels
of ghrelin, a peripheral orexigenic hormone synthesized
predominantly in the stomach in response to fasting [41-
43]. Ghrelin has a ubiquitous expression throughout the
body namely in the central nervous system, in
particularly in the hypothalamus and cerebral cortex
[44, 45]. The actions of ghrelin are mediated through
the activation of the G-coupled protein growth hormone
secretagogue type la receptor (GHS-R1a), which also
has a wide tissue distribution [43, 46]. Ghrelin is
involved in the regulation of cardiovascular functions,
bone metabolism and inflammation [47, 48]. Ghrelin is
also involved in memory and learning and has a
neuroprotective effect in neurodegenerative diseases
and ischemic brain injury models [46, 48-52].

Since caloric restriction increases autophagy and both
NPY and ghrelin, the aim of this study was to investigate
whether NPY and ghrelin stimulates autophagy and if
these peptides mediate caloric restriction-induced
autophagy in rat cortical neurons. Understanding how
NPY and ghrelin may act as caloric restriction mimetics
by increasing autophagic clearance in cortical neurons,
provides a new anti-aging mechanisms of caloric
restriction that could be further explored.

RESULTS

Caloric restriction induces autophagy in rat cortical
neurons

To investigate whether caloric restriction regulates
autophagy in rat cortical cortical neurons, we monitored

autophagy in rat cortical neurons exposed to a caloric
restriction mimetic medium (referred as caloric
restriction hereafter) by measuring the protein levels of
the transient autophagosomal membrane-bound form of
LC3B (LC3B-II) and sequestosome 1 (SQSTMI1, also
known as p62), widely used as markers of the
autophagic process [53, 54].

As shown in Figure 1A and B, caloric restriction
increases LC3B puncta immunoreactivity in rat cortical
neurons. While untreated cells (control cells) have a
diffuse LC3B cellular distribution, with few small
LC3B puncta, in caloric restriction-treated cells an
increase in LC3B puncta immunoreactivity was
observed, suggesting an increase in autophagosome
formation and autophagy induction. The levels of
LC3B-II and SQSTM1 were also measured by Western
blotting (Figure 1C). The results show that caloric
restriction  increased ~ LC3B-II  protein  levels
(159.949.1% of control) in rat cortical neurons,
supporting an increase in the number of auto-
phagosomes. However, an increase in LC3B-II levels
and the consequent autophagosome formation does not
guarantee an increase of the autophagic activity [53]. To
rule out the possibility that the increase of LC3B puncta
immunoreactivity was due to an inhibited auto-
phagosome degradation rather than autophagosome
formation, we evaluated endogenous autophagic system
in the presence or absence of an inhibitor of lysosomal
degradation, chloroquine [53-55]. Since LC3B-II and
other autophagic substrates, as is the case of SQSTMI,
are degraded at the final stages of autophagy,
chloroquine treatment will impair their degradation,
leading to the accumulation of both LC3B-II and
SQSTMI. In the presence of chloroquine, we observed
that the increase of LC3B-II induced by caloric
restriction was significantly higher than in cells under
caloric restriction without chloroquine (Figure 1C).
Concomitant with the increase in LC3B-II steady state
levels, caloric restriction decreased SQSTMI1 protein
content in rat cortical neurons (Figure 1D). The
SQSTMI1 levels were higher in cells under caloric
restriction in the presence of chloroquine than in cells
under caloric  restriction  without chloroquine
(132.9+£10.9% of control; Figure 1D), indicating that
lysosomal degradation was inhibited. Altogether, these
results show that caloric restriction increases autophagic
clearance in rat cortical neurons. One of the key
regulators of autophagy is the mechanistic target of
rapamycin (MTOR), a conserved serine/threonine
kinase that suppresses the initiation of the autophagic
process when nutrients, growth factors, and energy are
available [57, 58]. Inhibition of MTOR, therefore,
results in activation of autophagy [57, 58]. MTOR
activity can be assessed by the analysis of MTOR
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phosphorylation at its active site Ser’**®. As shown in Caloric restriction increases NPY and ghrelin

Figure 1E, caloric restriction decreased phospho-MTOR mRNA and protein levels in rat cortical neurons
levels (60.2+6.3% of control), indicating that caloric
restriction induces autophagy in rat cortical neurons Since caloric restriction was shown to increase the
through MTOR inhibition. levels of hypothalamic NPY [28-31] and circulating
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Figure 1. Caloric restriction increases autophagy in rat cortical neurons. Primary rat cortical neurons were
exposed to caloric restriction mimic medium (CR), DMEM low glucose, for 6 h. Untreated cells were used as control
(Ctrl). (A) LC3B puncta immunoreactivity was assessed by immunocytochemistry, as described in Materials and
Methods. Cells were immunolabeled for LC3B (green) and MAP2 (red). Nuclei were stained with Hoechst 33342
(blue). Figures are representative of three independents experiments. Scale bar, 20 uM. (B) Quantification of LC3B
puncta immunoreactivity (green) per cell in each condition (>20 cells per group). ***p<0.001, significantly different
compared to control, as determined by Student’s t test. (C, D and E) Cells were incubated with chloroquine (ChQ,
100 uM), a lysosomal degradation inhibitor, 30 min before caloric restriction medium for 6 h. Whole cell extracts
were assayed for LC3B-Il (C), SQSTM1 (D), phospho-MTOR (p-MTOR) (E) and PB-tubulin (loading control)
immunoreactivity through Western blotting analysis, as described in Materials and Methods. Representative
Western blots for each protein are presented above each respective graph. The results represent the mean + SEM
of, at least, five independents experiments, and are expressed as percentage of control. **¥p<0.01 and ***p<0.001,
significantly different compared to control; ###p<0.001, significantly different from caloric restriction; $$5p<0.001,
significantly different from chloroquine-treated cells, as determined by ANOVA, followed by Bonferroni’s post test.
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ghrelin [39, 41, 42], we next investigated whether
caloric restriction could also regulate the levels of both
peptides in rat cortical neurons. As shown in Figure 2A
and B, caloric restriction mimetic medium increased
both NPY and ghrelin mRNA levels in primary rat
cortical neurons (1.340.1 and 2.140.3 fold increase over
control,  respectively). = Concomitantly, caloric
restriction mimetic medium increased both NPY and
ghrelin protein content in primary rat cortical neurons
(342.3449.0 and 237.5432.3 percentage of control,
respectively; Figure 2C and D).

Caloric restriction stimulates autophagy through
NPY receptors activation

We observed that caloric restriction induces autophagy
in rat cortical neurons and this is accompanied by an
increase in NPY levels. Given that NPY and NPY
receptors are expressed in rat cortical neurons [56], we
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hypothesized that NPY receptors could play a role on
caloric restriction-induced autophagy in rat cortical
neurons. We observed that NPY Y, Y, or Y5 receptor
antagonists inhibited the stimulatory effect of caloric
restriction on autophagy markers: the increase in LC3B-
IT (Figure 3A) and the decrease in SQSTM1 (Figure 3B)
levels. These results suggest that caloric restriction-
induced autophagy in rat cortical neurons is mediated
by NPY Y|, Y, or Y5 receptor activation.

NPY induces autophagy in rat cortical neurons

As the activation of NPY receptors is involved in
caloric  restriction-induced autophagy, we then
investigated the effect of NPY per se on rat cortical
neurons autophagy. We observed that NPY, similarly to
caloric  restriction, increased LC3B  puncta
immunoreactivity (Figure 4A and B) and LC3B-II
steady state levels (129.844.6% of control; Figure 4C)
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Figure 2. Caloric restriction increases NPY and ghrelin levels in rat cortical neurons. Primary rat cortical
neurons were exposed to caloric restriction medium (CR), DMEM low glucose, for 6 h. Cells in neurobasal medium with 2
% B27 supplement were used as control (Ctrl). (A and B) Total RNA was isolated and the transcript levels of NPY and
ghrelin were analyzed by qRT-PCR, as described in Materials and Methods. The results represent the mean + SEM of five
independents experiments and are expressed as the relative amount compared to control. **p<0.01 and ***p<0.001,
significantly different compared to control, as determined by Student’s t test. (C and D) Caloric restriction increased NPY
and ghrelin protein content, determined by Enzyme-Linked Immunosorbent Assays, as described in Material and
Methods. The results represent the mean + SEM of 3-4 independents experiments and are expressed as the relative
amount compared to control. **p<0.01 significantly different compared to control, as determined by Student’s t test.
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in rat cortical neurons. Moreover, in the presence of
chloroquine, the increase in LC3B-II levels was higher
(277.7428.2% of control) than in cells treated with NPY
without chloroquine (Figure 4C). NPY also decreased
SQSTMI1 content in rat cortical neurons (Figure 4D)
and this effect was inhibited in the presence of
chloroquine. Moreover, we observed that NPY Y, Y;
or Ys receptor antagonists inhibited LC3B-II increase
(Figure 4E) and SQSTM1 decrease (Figure 4F) induced
by NPY. Overall, these results show that NPY enhances
autophagic activity in rat cortical neurons, through NPY
Y1, Y, or Y5 receptors activation. As shown in Figure
4G, NPY decreases phospho-MTOR (Ser”**®) levels
(78.443.3% of control) in rat cortical neurons, which
suggest that NPY, similarly to caloric restriction,
induces autophagy through the inhibition of MTOR.

Caloric restriction stimulates autophagy through
ghrelin receptor activation

Since caloric restriction increases ghrelin mRNA and
protein levels in rat cortical neurons (Figure 2B), we
hypothesized that ghrelin, similarly to NPY, could be
involved in caloric restriction-induced autophagy in rat
cortical neurons. As shown in Figure 5A and B, ghrelin

A CR+
Ctrl CR Y,antY,ant Y;ant

receptor (GHS-Rla) antagonist ([D—Lys3]—GHRP—6)
inhibited the increase of LC3B-II and the decrease of
SQSTMI, induced by caloric restriction in rat cortical
neurons. These results suggest that ghrelin receptor
GHS-R1a mediates, in part, caloric restriction-induced
autophagy in rat cortical neurons.

Ghrelin induces autophagy in rat cortical neurons

We next evaluated the effect of ghrelin per se on
autophagy in rat cortical neurons. Similarly to caloric
restriction and NPY, in rat cortical neurons, ghrelin
induced autophagy and autophagosome formation, as
shown by an increase in LC3B puncta immunoreactivity
(Figure 6A), LC3B-II steady state levels (Figure 6B),
and autophagic degradation, as shown by SQSTMI
protein decrease (Figure 6C and D). As expected, the
GHS-R1a receptor blockage with the ghrelin receptor
antagonist ([D—Lys3]—GHRP—6) abolished  ghrelin
stimulatory effects on both autophagic substrates
(Figure 6E and F). Next, we observed that ghrelin
decreased phospho-MTOR levels in rat cortical
neurons, suggesting that ghrelin, similarly to caloric
restriction and NPY, induced autophagy through the
canonical inhibition of MTOR activity (Figure 6G).
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Figure 3. NPY receptor antagonists inhibit the stimulatory effect of caloric restriction on autophagy in rat
cortical neurons. Primary rat cortical neurons were incubated with NPY Y; receptor antagonist BIBP3226 (Y;ant, 1 uM),
NPY Y, receptor antagonist BIIE0246 (Y,ant, 1 uM) or NPY Y receptor antagonist L152,800 (Ysant, 1 uM), 30 min before
caloric restriction medium (CR) for 6 h. Whole cell extracts were assayed for LC3B-Il (A), SQSTM1 (B) and B-tubulin
(loading control) immunoreactivity by Western blotting analysis, as described in Materials and Methods. Representative
Western blots for each protein are presented above each respective graph. The results represent the mean + SEM of, at
least, five independents experiments, and are expressed as percentage of control. ¥*p<0.05 and ***p<0.001, significantly
different compared to control; ”p<0.05, ##p<0.01 and ”#”p<0.001, significantly different from caloric restriction, as
determined by ANOVA, followed by Bonferroni’s post test.
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Figure 4. NPY increases autophagy in rat cortical neurons. Primary rat cortical neurons were exposed to NPY (100 nM) for 6 h.
Untreated cells were used as control (Ctrl). (A) LC3B distribution was assessed by immunocytochemistry assay, as described in
Materials and Methods. Cells were immunolabeled for LC3B (green) and MAP2 (red, neurons). Nuclei were stained with Hoechst
33342 (blue). Figures are representative of three independents experiments. Scale bar, 20 uM. (B) Quantification of the number of
LC3B puncta immunoreactivity (green) per cell in each condition (>20 cells per group). ***p<0.001, significantly different compared
to control, as determined by Student’s t test. (C-G) Cells were incubated with chloroquine (ChQ, 100 pM) (C and D), or with Y;
receptor antagonist BIBP3226 (Y;ant, 1 uM), Y, receptor antagonist BIIE0246 (Y,ant, 1 uM) or Y5 receptor antagonist L152,800 (Ysant,
1 uM) (E and F), 30 min before NPY (100 nM) . Whole cell extracts were assayed for LC3B-Il (C and E), SQSTM1 (D and F), phospho-
MTOR (p-MTOR) (G) and B-tubulin (loading control) immunoreactivity through Western blotting analysis, as described in Materials
and Methods. Representative Western blots for each protein are presented above each respective graph. The results represent the
mean + SEM of, at least, five independents experiments, and are expressed as percentage of control. *p<0.05, **p<0.01 and
***n<0.001, significantly different compared to control; #p<0.05, ##p<0.01 and ###p<0.001, significantly different from NPY treatment;
$$$p<0.001, significantly different from chloroquine-treated cells, as determined by ANOVA, followed by Bonferroni’s post test.
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Figure 5. Ghrelin mediates caloric restriction-induced autophagy in rat cortical neurons. Primary rat
cortical neurons were treated with GHS-R1a receptor antagonist [D—Lysa]—GHRP—6 (GHS-R1a ant, 100 uM) 30 min
before caloric restriction (CR) for 6 h. Whole cell extracts were assayed for LC3B-II (A), SQSTM1 (B) and B-tubulin
(loading control) immunoreactivity through Western blotting analysis, as described in Materials and Methods. The
results represent the mean + SEM of, at least, five independents experiments, and are expressed as percentage of

control. *p<0.05 and ***p<0.001, significantly different compared to control; *p<0.05, #p<0.01 and

#%5<0.001,

significantly different from caloric restriction, as determined by ANOVA, followed Bonferroni’s post test.

Neuropeptide Y regulates, in part, ghrelin-induced
autophagy in rat cortical neurons

As ghrelin regulates NPY expression in hypothalamic
neurons [57], we hypothesized that ghrelin could also
regulate NPY levels in rat cortical neurons. As shown in
Figure 7A and B, ghrelin increased NPY mRNA
(1.94£0.3 fold increase over control) and NPY protein
(165.7423.5 percentage of control) levels in rat cortical
neurons. This interesting observation led us to
hypothesize whether NPY receptors activation through
endogenous NPY could play a role on ghrelin-induced
autophagy in rat cortical neurons. We observed that
NPY Y, Y, or Y5 receptor antagonists significantly
decreased autophagy (LC3B-II increase and SQSTMI
decrease) induced by ghrelin (Figure 7C and D). These
results suggest that ghrelin enhances autophagy in rat
cortical neurons, at least partially, by increasing NPY
levels and consequently NPY receptors activation.

DISCUSSION

In the present study, we show, for the first time, that
NPY and ghrelin mediate autophagy stimulation
induced by caloric restriction in rat cortical neurons.

These results are in agreement to recent studies that
show autophagy induction in primary cortical neurons
upon caloric restriction and in rodent cortical neurons
upon short-term food restriction [58, 59].

Caloric restriction increases NPY in the hypothalamic
neurons and herein we show that caloric restriction also
increases NPY levels also in rat cortical neurons [29,
39]. In addition, we observed that NPY Y, Y; and Y;
receptor antagonists decreased the stimulatory effect of
caloric restriction on autophagy, suggesting that caloric
restriction-induced autophagy is dependent on NPY Y,
Y, or Y5 receptor activation in rat cortical neurons.
Accordingly, we recently showed that caloric restriction
stimulates autophagy in rodent hypothalamic neurons
and the NPY Y, Y, or Y5 receptors antagonists inhibits
this stimulatory effect of caloric restriction in autophagy

[39].

In the present study we showed that exogenous NPY
enhances autophagy in rat cortical neurons through
NPY Y, Y, or Y5 receptor activation. The similarity
between the effects of caloric restriction and NPY on
autophagy in cortical neuronal suggests that NPY
mediates caloric restriction-induced autophagy and may
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Figure 6. Ghrelin induces autophagy in rat cortical neurons. Primary rat cortical neurons were exposed to ghrelin (GHRL, 10 nM)
for 6 h. Untreated cells were used as control (Ctrl). (A) LC3B cellular distribution was assessed by immunocytochemistry assay, as
described in Materials and Methods. Cells were immunolabeled for LC3B (green) and MAP2 (red, neurons). Nuclei were stained with
Hoechst 33342 (blue). Figures are representative of three independents experiments. Scale bar, 20 uM. (B) Quantification of the number
of LC3B puncta immunoreactivity (green) per cell in each condition (>20 cells per group). ***p<0.001, significantly different compared to
control, as determined by Student’s t test. (C-G) Cells were incubated with chloroquine (ChQ, 100 uM), a lysosomal degradation inhibitor
(C and D) or GHS-R1a receptor antagonist [D—Lysa]—GHRP—6 (GHS-R1a ant, 100 uM) (E and F), 30 min before ghrelin (GHRL, 10 nM)
treatment for 6 h. Whole cell extracts were assayed for LC3B-II (C and E), SQSTM1 (D and F), phospho-MTOR (p-MTOR) (G) and B-tubulin
(loading control) immunoreactivity through Western blotting analysis, as described in Materials and Methods. Representative Western
blots for each protein are presented above each respective graph. The results represent the mean + SEM of, at least, five independents
experiments, and are expressed as percentage of control. *p<0.05, **p<0.01 and ***p<0.001, significantly different compared to control;
#p<0.05 and *¥p<0.001, significantly different from ghrelin treatment, as determined by ANOVA, followed Bonferroni’s post test.
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be considered as a caloric restriction mimetic, as
suggested by others [29, 60]. NPY and -caloric
restriction induce similar physiological effects, such as:
hyperphagia, decreased blood glucose levels, reduced
core body temperature and reduced fertility [29]. In
addition, it has been shown that NPY mediates the
antitumorigenic effect of caloric restriction and that

caloric restriction does not increase lifespan of NPY
KO mice, enlightening NPY role as a lifespan and
aging regulator [61, 62]. In fact, in humans, increased
NPY levels may also be correlated with lifespan
benefits, since long-lived female centenarians have
higher NPY plasma levels compared to younger
women [63].

A B
8 25 P £ 2007 *
E [ -
88 20- T 5= T
€ 1 8 5 1504 1
89 > &
© S 1.5+ oc
< Z0
Zo Z &5 1004
€ 2 1.0- 8«
Eo 23
- o~ .
2 o051 g T 50
P g
S 0.0- £ 0-
== Ctrl GHRL Ctrl GHRL
C GHRL + D GHRL +
Ctrl GHRL Y,ant Y,ant Yzant Ctrl GHRL Y,ant Y,ant Yzant
LC3B-| e s SR co s 16 |Da SQSTM1  ™wms s s s s 60 kDa
Lc3Bl 14 kDa

B-Tubulin EESCGEESEESessbans® 50 kDa

150+
*

= #
2 £ 1001 4
éé L] r
i
0o 5o
O
_|v

04 J L

Ctrl GHRL Yjant Y,ant Ysant
GHRL +

SQSTM1/Tubulin

B-Tubulin G R @IS @® 5( LD

Il

Ctrl GHRL Yjant Y,ant Ysant

150+

100+

(% of Control)
(<
<

[

GHRL +

Figure 7. Ghrelin increases NPY content and NPY receptor antagonists block the stimulatory role of ghrelin on
autophagy in rat cortical neurons. Primary rat cortical neuronal cultures were exposed to ghrelin (GHRL, 10 nM) for 6 h.
Untreated cells were used as control (Ctrl). (A) Total RNA was isolated and the transcript levels of NPY were analyzed by gPCR, as
described in Materials and Methods. The results represent the mean + SEM of five independents experiments and are expressed
as the relative amount compared to control. *p<0.05, significantly different compared to control, as determined by Student’s t
test. (B) Ghrelin leads to increased NPY protein content, using an Enzyme-Linked Immunosorbent Assay, as described in Material
and Methods. The results represent the mean + SEM of three independents experiments and are expressed as the relative
amount compared to control. (C and D) Cells were incubated with NPY Y, receptor antagonist BIBP3226 (Y;ant, 1 uM), NPY Y,
receptor antagonist BIIE0246 (Y,ant, 1 uM) or NPY Y5 receptor antagonist L152,800 (Ysant, 1 uM), 30 min before ghrelin (GHRL, 10
nM) treatment for 6 h. Whole cell extracts were assayed for LC3B-Il (C), SQSTM1 (D) and B-tubulin (loading control)
immunoreactivity through Western blotting analysis, as described in Materials and Methods. Representative Western blots for
each protein are presented above each respective graph. The results represent the mean + SEM of, at least, five independents
experiments, and are expressed as percentage of control. *p<0.05 significantly different compared to control; ”p<0.05 and
M"p<0.01, significantly different from ghrelin treatment, as determined by ANOVA, followed by Bonferroni’s post test.
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Aging is associated with attenuated ghrelin signaling
[64, 65]. During aging, caloric restriction produces
health benefits accompanied by enhanced ghrelin and
ghrelin receptor (GHS-R1a) levels [41-43, 66-68]. For
the first time, we show that ghrelin levels rise in rat
cortical neurons upon caloric restriction, and blocking
ghrelin receptor (GHS-R1a), the stimulatory effect of
caloric restriction on autophagy was partially inhibited.
These results suggest that ghrelin signaling may
represent one of the mechanisms activated by caloric
restriction. Moreover, similarly to caloric restriction,
exogenous ghrelin stimulates autophagy in rat cortical
neurons, by GHS-R1a receptor activation. These results
suggest the potential role of ghrelin as a caloric
restriction mimetic. In fact, like caloric restriction,
ghrelin has several beneficial effects of age-related
diseases. Ghrelin is involved in the regulation of
cardiovascular functions (increase of cardiac output,
decrease blood flow, protection against cardiac damage,
anti-apoptotic effects), bone metabolism (increase
osteoblast differentiation and bone mineral density) and
inflammation (suppressing the production of cytokines)
[48]. Ghrelin is also involved in memory and learning
and has a neuroprotective effect in neurodegenerative
diseases and ischemic brain injury models [46, 48, 69].
Indeed, ghrelin is effective in improving cell survival,
reducing infarct size and rescuing memory in these
animal models. Although it has been proposed that
dysfunction of ghrelin signaling, through GHS-R1a
ablation, may be beneficial to age-related obesity and
insulin resistance [70], it has been reported that ghrelin
administration in rodents and humans can possibly
reverse certain characteristics of aging [71-78]. In fact,
a recent study show that increasing ghrelin signalling
ameliorated several age-related disorders and
prolonged survival in several animal models of
human aging, supporting endogenous ghrelin
signalling as an important role in preventing aging-
related diseases and premature death [78]. Ghrelin
and GHS-Rla functions are diverse and the inter-
action between their central and peripheral effects are
complex, raising some controversy regarding ghrelin
physiological versus pharmaco-logical action [79].
The effectiveness of ghrelin in these roles may be
impaired as ghrelin levels decrease with age, perhaps
contributing to other age-related conditions like insulin
resistance and diabetes, reduced fertility, and decreased
performance on cognitive and memory tasks with
advancing age [80, 81]. In addition, ghrelin is already
being used in several clinical trials as a therapeutic
strategy for the treatment of cachexia in chronic heart
failure, cancer, end stage- renal disease or cystic
fibrosis, frailty in elderly, anorexia nervosa, growth
hormone deficient patients and sleep-wake regulation
(e.g. major depression) [82, 83].

The significant overlap between caloric restriction- and
ghrelin-induced physiological processes suggest that
ghrelin may play a role in the beneficial effects of
caloric restriction on health and lifespan. In fact, we
observed that ghrelin increases NPY expression in rat
cortical neurons and NPY Y;, Y, or Ys; subtypes
receptors antagonists inhibited the stimulatory effect of
ghrelin on autophagy. These observations suggest that,
similarly to caloric restriction, NPY also mediates
ghrelin-induced autophagy in rat cortical neurons. The
contribution of NPY in ghrelin effects has been shown
by other on feeding behavior, energy balance, growth
hormone secretion and gastrointestinal motility [45, 57,
84-87].

Cellular metabolic stress underpins the development of
pathological conditions, of which the prevalence
increases dramatically with age. In fact, a decline of
NPY and ghrelin plasma levels in humans correlates
with the increase of age [88-90] and the modulation of
these peptides has been shown to provide
neuroprotection in several neurodegenerative diseases
[46, 91-94].

Overall, the present study shows that NPY and ghrelin
stimulate autophagy and mediate autophagy stimulation
induced by caloric restriction in rat cortical neurons.
Furthermore, NPY mediates, in part, ghrelin-induced
autophagy, which suggests that both peptides have a
synergist effect on autophagy in rat cortical neurons.
Since caloric restriction increases both NPY and ghrelin
levels in cortical neurons, modulation of both peptides
may be considered as a protective mechanism against
impaired cortical neuronal dysfunction. Moreover,
given the difficulty to implement a caloric restriction
regimen, and the fact that autophagy impairment occurs
in aging and age-related neurodegenerative diseases,
NPY and ghrelin synergistic effect on autophagy
stimulation may suggest a new approach for the
improvement of both healthspan and lifespan in aging
societies.

MATERIALS AND METHODS

Animals. Female Wistar rats were purchased from
Charles River Laboratories (L'Arbresle, France). All
experimental procedures were performed in accordance
to the guidelines of the European Community directive
for the use of animals in laboratory (2010/63/EU)
translated to the Portuguese law in 2013 (Decreto-lei
113/2013). The researchers received adequate training
(Felasa-certified course) and certification to perform the
experiments from the Portuguese authorities (Direcgéo
Geral de Veterinaria). The present study is included in a
project approved and financed by the Portuguese
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Science Foundation that approved the animal
experimentation described. CNC — Center for
Neuroscience and Cell Biology — University of Coimbra
animal experimentation board approved the utilization
of animals for this project (reference PTDC/SAU-
FCF/099082/2008).

Primary rat cortical neuronal cultures. Primary rat
cortical neuronal cultures were obtained from cortical
tissue was dissected from rats at embryonic days 18-
19 (E18-19) from female rats of 16-24 weeks of age
and 250-300 g of body weight. The pregnant females
were sacrificed by cervical dislocation and subjected
to caesarean section in order to remove the uterine
horns containing the embryos. The brains were
removed from the skull and cortices were dissected
and meninges thoroughly removed. The cells were
chemically dissociated in the presence of 0.25 %
trypsin (Invitrogen) and 50 ],Lg.mL'1 DNAase I
(Sigma-Aldrich). After the cells were isolated, they
were resuspended in high glucose (4.5 gL™)
Neurobasal medium with 500 pM L-Glutamine, 2 %
B27 supplement, 100 U.mL™ penicillin and 100
pg.mL™" streptomycin (all from Gibco), with no
growth factors, and plated at a density of 1.32x10°
cells.em™ on poly-D-Lysine coated cell culture
plates. Cortical neurons were maintained at 37 °C in
a humidified incubator with 5 % CO»/air for 8 days
and the medium was replaced every fourth day by
aspirating half of the medium from each well and
replacing it with fresh medium.

Experimental conditions. Cells were exposed to nutrient
deprivation to mimic a caloric restriction condition,
Dulbecco’s Modified Eagle Medium (DMEM; Sigma-
Aldrich, St. Louis, MO, USA) low glucose medium (1
gL" glucose, 100 U.mL™ penicillin and 100 pg.mL"
streptomycin, without B27 supplementation), NPY (100
nM; Phoenix Europe GmbH, Karlsruhe, Germany) or
acylated ghrelin (10 nM; Bachem, Bubendorf,
Switzerland). Cells were also exposed to the
lysossomal protein degradation inhibitor, chloroquine
(100 pM; Sigma-Aldrich), NPY receptors selective
antagonists (all at 1 uM; all from Bachem, Bubendorf,
Switzerland; NPY Y, antagonist (BIBP3226), NPY Y,
antagonist (BIIE0246) and NPY Y5 antagonist (L-
152,804)), and/or ghrelin receptor antagonist ([D-Lys’]-
GHRP-6) (100 uM; Tocris Bioscience, Bristol, UK),
added to the cell culture medium 30 min prior to caloric
restriction, NPY or ghrelin treatment for 6 h.

Isolation of total RNA and cDNA synthesis. Total RNA
was isolated using the RNeasy Mini Kit (Qiagen)
according to the manufacturer's instructions. Briefly,
cells were lysed, the total RNA was adsorbed to a silica

matrix, washed with the recommended buffers and
eluted with 30 upL of RNase-free water by
centrifugation. Total RNA amount was quantified by
optical density (OD) measurements using a ND-1000
Nanodrop Spectrophotometer (Thermo Scientific), and
the purity was evaluated by measuring the ratio of OD
at 260 and 280 nm. RNA samples were treated with
RNase-free DNAse (Qiagen) to eliminate any
contamination  with  genomic DNA. Reverse
transcription into cDNA was carried out using the
iScript Select cDNA Synthesis Kit (Bio-Rad) following
the manufacturer's instructions. Briefly, 1 pg of total
RNA from each sample was reverse transcribed into
c¢DNA in a 20 pL reaction containing 1x reaction buffer,
Ix random primers, and 50 wunits of reverse
transcriptase. Reverse transcription reactions were
performed in a thermocycler at 25 °C for 5 min, 42 °C
for 30 min, 85 °C for 5 min, and 4 °C for 5 min. cDNA
samples were then stored at -20 °C until use.

Quantitative real-time polymerase chain reaction
(gPCR). Quantitative real-time PCR was performed in
an 1Q5 thermocycler (Bio-Rad) using 96-well microtiter
plates and the QuantiTect SYBR Green PCR Master
Mix (Qiagen). The primers for the target rat genes
(NPY, NM-012614), (Ghrelin, NM-021669) and the
reference gene (rat HPRT, NM-012583) were pre-
designed and validated by QIAGEN (QuantiTect
Primers, Qiagen). A master mix was prepared for each
primer set, containing the appropriate volume of 2x
QuantiTect SYBR Green PCR Master Mix and 10%
QuantiTectPrimer. For each reaction, 18 puL of master
mix were added to 2 pL of template cDNA. All
reactions were performed in duplicate (two cDNA
reactions per RNA sample) at a final volume of 20 pL
per well. Negative controls were performed without
RNA sample, which was substituted by water. The
reactions were performed according to the
manufacturer's recommendations: 95 °C for 15 min,
followed by 40 cycles at 94 °C for 15 sec, 55 °C for 30
sec and 72 °C for 30 sec. The melting curve protocol
started  immediately after amplification.  The
amplification efficiency for each gene and the threshold
values for threshold cycle determination (Ct) were
determined automatically by the iQs Optical System
Software (Bio-Rad). Relative mRNA quantification was
performed using the ACt method for genes with the
same amplification efficiency. The results are expressed
as the relative amount compared to control.

Determination of NPY and ghrelin protein content.
Samples were assayed for NPY and ghrelin
concentration using an NPY and ghrelin EIA kit
(RayBiotech, Norcross, GA, USA), respectively,
according to manufacturer instructions. Cells were lysed
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with Krebs buffer (132 mM NaCl; 4 mM KCI; 1.4 mM
MgCly; 1 mM CaCly; 10 mM glucose; 10 mM Hepes,
supplemented with 0.001 % Tween 20, pH 7.4). Each
lysate was sonicated 6x 5 sec pulses and centrifuged at
16000xg, for 8 min, at 4 °C. Each supernatant was
collected to a PolySorb™ tube, containing 5 % Tween
20 and 0.03 M EDTA and was stored at -80 °C, until
use. The protein concentration of each sample was
determined by the bicinchoninic acid (BCA) protein
assay (Pierce Biotechnology).

Western blotting. Cells were lysed on ice in RIPA buffer
(50 mM Tris-HCI, pH 7.4; 150 mM NacCl; 5 mM EDTA,;
1 % Triton X-100; 0.5 % deoxycholate; 0.1 % sodium
dodecyl  sulphate (SDS); 200 uM  phenyl-
methylsulphonylfluoride (PMSF); 1 mM dithiothreitol
(DTT), 1 mM Na3VO4; 10 mM NaF), supplemented
with complete mini protease inhibitor cocktail tablet
(Roche). Lysates were incubated for 15 min at 4 °C, and
the insoluble material was pelleted by centrifugation for
10 min at 16,000xg and 4 °C. The protein concentration
of each sample was determined by the bicinchoninic acid
(BCA) protein assay (Pierce Biotechnology). The
samples were denaturated by adding 6x concentrated
sample buffer (0.5 M Tris, 30 % glycerol, 10 % SDS, 0.6
M DTT, 0.012 % bromophenol blue) and heating for 5
min at 95 °C. Samples were stored at -20 °C until use.
Equal amounts of total protein were loaded per lane and
separated by electrophoresis in SDS-PAGE, using 8-12
% gels. The protein samples were then transferred
electrophoretically in CAPS buffer (0.1 M CAPS, pH
11.0; 10 % methanol) to PVDF membranes (Millipore).
After blotting, the membranes were blocked in 5 % non-
fat milk in Tris-buffered saline (137 mM NaCl, 20 mM
Tris—HCI, pH 7.6) containing 0.1 % Tween 20 (TBS-T)
for one hour at room temperature and then incubated
overnight with the primary antibodies at 4 °C. The
primary antibodies used (all at a dilution of 1:1000; Cell
Signaling) were: rabbit polyclonal anti-LC3B, anti-
SQSTM1 and anti-phospho-MTOR (Ser2448). There-
after, the membranes were incubated with an alkaline
phosphatase-linked secondary antibody, specific to rabbit
IgG or mouse IgG in a 1:10000 dilution (GE Healthcare)
Protein immunoreactive bands were visualized by
chemifluorescence using the ECF substrate (GE
Healthcare) in a VersaDoc Imaging System (Bio-Rad)
and the optical density of the bands was quantified with
the Quantity One Software (Bio-Rad). The membranes
were reprobed for B-tubulin immuno-reactivity (1:10000;
Sigma) for equal protein loading control.

Immunocytochemistry. After treatments, cells were
washed with PBS and then fixed with ice-cold 4 %
paraformaldehyde/PBS for 15 min. Cells were
permeabilized with 0.25 % TX-100/PBS for 10 min,

washed in PBS and blocked for one hour blocking in 10
% goat serum/PBS. Cells were incubated with primary
antibodies overnight at 4°C. After incubation, cells were
washed in PBS and incubated for one hour at room
temperature with the respective secondary antibodies.
The nuclei were stained with Hoechst 33342 (2 pg.mL’
' Sigma-Aldrich) during secondary antibody
incubation. The coverslips were washed in PBS and
mounted on glass slides with Dako Fluorescence
Mounting Medium (Dako). The primary antibodies used
were: rabbit anti-LC3B (1:400; Cell Signaling) and
mouse anti-MAP2 (1:500; Sigma-Aldrich). The
secondary antibodies (all at a dilution 1:200; Invitrogen)
used were: Alexa-Fluor 488-conjugated goat anti-rabbit
IgG and Alexa-Fluor 594-conjugated goat anti-mouse
IgG. Cells were analyzed on a Zeiss Axiovert
fluorescence microscope (Carl Zeiss). The procedure was
performed for three independent cell culture preparations.
Quantification of LC3B puncta immuno-reactivity in rat
cortical neurons and imaging procedures using the Fiji
(Fiji is Just ImagelJ) software (National Health Institute)
were performed. The results are expressed as the relative
amount compared with control.

Statistical analysis. Results are expressed as mean =+
standard error of the mean (SEM). Data were analyzed
using one-way analysis of variance (ANOVA) followed
by Bonferroni’s post test, or Student’s unpaired t test
with two-tailed p value, as indicated in figure legends. A
value of p<0.05 was considered significant. Prism 5.0
(GraphPad Software) was used for all statistical analysis.
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