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Abstract Glucagon-like peptide-1 (GLP-1) is an insulino-
tropic peptide with neurotrophic properties, as assessed in
animal cell models. Exendin-4, a GLP-1 analogue, has been
recently approved for the treatment of type 2 diabetes mel-
litus. The aim of this study was to morphologically,
structurally, and functionally characterize the differentiating
actions of exendin-4 using a human neuronal cell model (i.e.,
SH-SY5Y cells). We found that exendin-4 increased the
number of neurites paralleled by dramatic changes in intra-
cellular actin and tubulin distribution. Electrophysiological
analyses showed an increase in cell membrane surface and in
stretch-activated-channels sensitivity, an increased conduc-
tance of Na® channels and amplitude of Ca™™" currents
(T- and L-type), typical of a more mature neuronal pheno-
type. To our knowledge, this is the first demonstration that
exendin-4 promotes neuronal differentiation in human cells.
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Noteworthy, our data support the claimed favorable role of
exendin-4 against diabetic neuropathy as well as against
different neurodegenerative diseases.
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Introduction

Glucagon-like peptide-1 (GLP-1) is a post-translational
cleavage product of the proglucagon gene by the pro-hor-
mone convertase PC1/3 [1, 2]. This peptide is mainly
produced in enteroendocrine L-cells in response to nutrient
ingestion [3, 4] and its most studied effect is related to the
stimulatory action on insulin secretion by pancreatic f-cells
together with the inhibition of gastric emptying [5] and glu-
cagon secretion [6]. However, GLP-1 use as a therapeutic
agent for the treatment of type 2 diabetes mellitus (T2DM) is
impractical because of its extremely short half-life (1.5 min
in rodents and humans) [7]. Exendin-4 is a more stable GLP-1
analog, with a half-life of approximately 4 h in humans [8].
Its synthetic form (i.e., exenatide) was approved by the US
Food and Drug Administration in April 2005 as an adjunctive
therapy to metformin, a sulfonylurea or a thiazolidinedione
for the treatment of T2DM. GLP-1 and exendin-4 bind and
activate the GLP-1 receptor (GLP-1R), a G protein-coupled
receptor that increases intracellular cAMP levels by activat-
ing transmembrane adenylate cyclase [9-11]. Receptors are
located in various tissues including heart, kidney, lungs [12],
and brain, where they are particularly abundant in the para-
ventricular and arcuate nucleus, and in the hypothalamus,
which are key brain regions involved in feeding control [13].
Studies performed in rodents indicated that GLP-1R agonists
reduce short-term food intake when injected -either
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peripherally or into the central nervous system (CNS), and
their repeated injection significantly inhibits not only food
intake but also weight gain [14—18]. Moreover, the thalamus,
brainstem, lateral septum, subfornical organ, area postrema,
cerebral cortex, cerebellum, caudate-putamen, and hippo-
campus express GLP-1R, thus suggesting that GLP-1 may
have further effects in the CNS [19, 20]. As a matter of fact,
GLP-1R-knock-out mice present for instance reduced
learning abilities and are more susceptible to kainic acid-
induced seizures and neuronal degeneration in the hippo-
campus than wild-type mice [21]. Neuroprotective effects of
GLP-1 and exendin-4 have been investigated in several
studies. In cultured rat hippocampal neurons expressing
functional GLP-1R, GLP-1 and exendin-4 effectively protect
against glutamate-induced cell death [22] and against Ap-
and iron-induced apoptosis [23]. Another study demonstrated
that the administration of exendin-4 reduces brain damage
and improves functional outcome in a transient middle
cerebral artery occlusion stroke model [24]. In the same study
it was also shown that exendin-4 treatment protects dopa-
minergic neurons against degeneration, preserves dopamine
levels, and improves motor function in a mouse model of
Parkinson’s disease [24]. The evidence of the neurotrophic
role of GLP-1R agonists has been further supported by the
demonstration of a differentiating effect of GLP-1 and
exendin-4 on rat pheochromocytoma cells (PC12). In this
model, both molecules were able to induce neurite outgrowth
and expression of neuronal markers similar to those induced
by nerve growth factor (NGF) [25]. Despite the encouraging
data obtained both in vivo and in vitro on animal models, to
date no study has yet thoroughly assessed the activity of GLP-
IR agonists on human neuronal cells. Therefore, the aim of
this study was to extensively investigate for the first time in a
human neuronal cell model the role of exendin-4 in pro-
moting neuronal differentiation. To this purpose, SH-SY5Y
neuroblastoma cells were used as the cell model. These cells
are commercially available, can be readily propagated in
vitro, and represent a well-established model for the assess-
ment of cell differentiation [26, 27].

Materials and methods
Cells and treatments

The human neuroblastoma cell line SH-SY5Y (American
Type Culture Collection, Manassas, VA, USA) was cul-
tured in RPMI medium supplemented with 10% FBS,
200 mM L-glutamine, 100 IU/ml penicillin, 100 pg/ml
streptomycin and maintained at 37°C in a humidified
atmosphere (5% CO,/95% air). All the reagents for cell
cultures, LY294002 and U0126 were from Sigma Chemi-
cal Co. (St. Louis, MO, USA). Tissue plastic-ware was

from Bibby Sterilin (Staffordshire, UK). The cells were
seeded in six-well plates, maintained in low serum condi-
tions (RPMI medium supplemented with 2% FBS), and
treated with exendin-4 (300 nM) or with all-trans retinoic
acid (10 uM) (Sigma) for 24 and 48 h.

Real-time RT-PCR and intracellular cAMP
determination

The quantification of GLP-1 receptor, RhoA and Rho-
activated kinase 1 (ROCK1) mRNA was performed by
real-time RT-PCR based on TagMan technologies. Primers
and probe for human GLP-1R were R: 5-GGCCAG
CAGGCGTATTCA-3 F: 5-CCTCCTGCCACAGAC
TTGTTC-3' probe: 5 FAM-CAACCGGACCTT CG-TAM
RA 3'. The mRNA amount of Rho A and ROCKI1 genes
was quantified using the Applied Biosystems TagMan
Gene Expression assays (number Hs00357608_ml and
Hs00178463_m1, respectively). Each measurement was
carried out in triplicate. The mRNA quantitation was based
on the comparative Ct (for cycle threshold) method. Data
were normalized to ribosomal 18S RNA expression and
reported as 2744 [28].

Intracellular cyclic AMP was measured using cAMP-
direct Immuno Assay KIT (Calbiochem) according to the
manufacturer’s instructions. Triplicate SH-SYS5Y cell cul-
tures were treated with 300-nM exendin-4 in the presence
of 0.5 mM isobutylmethylxanthine (IBMX) and harvested
at 2-min intervals after the onset of treatment for a total
period of 30 min. The cAMP concentrations were calcu-
lated on a standard curve generated using serial dilution of
cAMP Standard solution.

Quantification of neurite outgrowth and treatments
with signaling pathway inhibitors

SH-SYS5Y cells, cultured in low serum media as described
above were maintained in control conditions or treated
with exendin-4 0.3 uM or RA 10 uM for 24, 48 and 72 h.
Using phase-contrast microscopy, we evaluated ten ran-
dom fields of cells in order to quantify the number of
neurites. The length of the neurites was measured by the
means of the AxioVision Zeiss program (Zeiss Gottingen,
Germany). Three independent operators scored a total
amount of 100 cells per treatment. For treatments with
signaling pathway inhibitors, a 20-mM stock solution each
of LY294002 and U0126 were prepared in dimethylsulf-
oxide, stored at —20°C and diluted with medium just
before wuse; the final concentrations were 10 uM
LY294002 and 5 uM UO0126. Cells were exposed to
inhibitors with or without exendin-4 (0.3 pM) for 48 h
before neurite evaluation. Data represent the mean £+ SE
of three independent experiments.
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Cell viability assays

Cell viability following exposure to 300-nM exendin-4
and/or 20 and 50 uM H,0, was determined by MTS assay
(Promega Corporation, Madison, WI, USA) and Trypan
Blue dye exclusion test, as described previously [29]. The
results were expressed as mean £ SE of three different
experiments.

Immunofluorescence microscopy

After the treatments, the cells were fixed for 5 min in cold
acetone and then washed in PBS. After blocking unspecific
binding with PBS containing 3% BSA, the cells were
incubated overnight at 4°C with the specific anti-human
monoclonal antibodies anti-tubulin, actin) (Chemicon).
The cells were then incubated with anti-mouse IgG FITC
(fluorescein isothiocyanate) conjugated (Chemicon). Neg-
ative controls were obtained by omitting the primary
antibodies. Samples were evaluated by an epifluorescence
microscope (Nikon) at 100x magnification and imaged by
a HiRes IV digital CCD camera (DTA). Image analysis
was performed by extracting, for each cell image, the
region of interest (ROI) by appropriate software (Image-
Pro Plus). All the experiments were carried out in triplicate.
For immunofluorescence analysis, at least 30 cells per slide
were scored in ten random fields/slide. Fluorescence semi-
quantitative evaluation of the distribution of tubulin was
performed by three different operators for at least ten
fields.

Apoptosis

Apoptosis was evaluated by TUNEL analysis, using the
ApopTag® Fluorescein In Situ Apoptosis Detection Kit
purchased from Chemicon International. Cells were seeded
in coverslips and incubated in the presence or absence of
exendin-4 and H,O, (20 and 50 pM) for 3 h. Samples were
processed following the manufacturer’s instructions.

Western-blot analysis

Samples were kept in lysis buffer [20 mM Tris—HCI,
150 mM NacCl, 0.2 mM EDTA, 0.3% Triton X-100, 1 mM
NazVO,, 1 mM phenylmethylsulfonyl fluoride, 1 pg/ml
leupeptin], supplemented with Complete Protease Inhibitor
Cocktail (Roche Applied Science, Milan, Italy) for 2 h at
0°C. Protein concentration was measured using a Coo-
massie Bio-Rad protein assay kit (Bio-Rad, Hercules, CA,
USA). SDS-PAGE and Western-blot analysis were per-
formed as described previously [30]. The blots obtained
were incubated with anti-Phospho-Cofilin and anti-Cofilin
antibodies (Cell Signaling). The intensities of the

immunoreactive bands were quantified by means of
Quantity One software on a ChemiDoc XRS instrument
(Bio-Rad Labs, Hercules, CA). Each band was normalized
with respect to its corresponding signal stained with
GAPDH (glyceraldehyde 3-phosphate dehydrogenase)
antibody (Sigma). Results are mean = SE of three
experiments.

Electrophysiology

Patch pipettes (3—-7 MQ) made from borosilicate glass
tubing (Harvard Apparatus LTD) using a vertical puller
(Narishige, Tokyo, Japan) were used for whole-cell current-
and voltage-clamp recordings. Recording pipettes were
filled with a solution that contained (mM): 150 CsBr, 5
MgCl,, 10 EGTA, and 10 HEPES, pH 7.2, with KOH.
Coverslips with the adherent cells (control SH-SYSY neu-
roblasts and exendin-4, EXE,- or retinoic acid, RA,-treated
for 48 h SH-SY5Y) were superfused at a rate of
1.8 ml min~" with a physiological bath solution (mM): 150
NaCl, 5 KCl, 2.5 CaCl,, 1 MgCl,, 10 p-glucose and 10
HEPES, pH 7.4 with NaOH. To test the voltage-activated
Na™ channel activity, we used TTX (1 uM). When outward
K™ currents had to be suppressed, experiments were per-
formed in a 20 mM-TEA bath solution (mM): 122.5 NaCl,
2 CaCl,, 20 TEA-OH, and 10 HEPES. Ca?" currents were
recorded in a Na*- and K*-free solution, TEA-Ca>* bath
solution, contained (mM): 10 CaCl,, 145 TEABr, and 10
HEPES. Nifedipine (10 uM) was used to avoid the occur-
rence of the (HVAC) L-type Ca™ currents and Cd*"
(0.8 mM) to block all high-voltage-activated channels,
HVACs, as L- and N-type Ca>" current. The whole-cell
configuration was obtained after gentle application of neg-
ative pressure. Access resistance was continuously
monitored during the experiments. Only those cells in
which access resistance (changes < 10%) was stable were
included in the analysis. Pclamp6 (Axon Instruments,
Foster City, CA) software was used for analysis. The
technique, setup, and electronics are as described in detail
previously [28, 31]. Stretch-activated channel, SAC, sen-
sitivity was evaluated as reported in Formigli et al. [32].
To inactivate mostly of Iy, and I, the holding potential of
—40 mV and a pulse protocol (100 ms long) ranging from
—80to 0 mV in 10-mV increments were applied from a pre-
step to —60 mV. The resting membrane potentials (RMP)
were recorded by switching to the current clamp mode of
the 200 B amplifier. Experiments were performed at 22°C.

Statistical analysis
Results from multiple experiments are expressed as

mean £+ SEM. Significance of differences between means
was tested using Student’s ¢ test. Values of p < 0.05 were
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considered statistically significant. For multiple compari-
sons, one-way ANOVA with repeated measures was
utilized.

Results
SH-SYSY cells express a functional GLP-1R

The presence of GLP-1R was detected in SH-SYSY neu-
roblastoma cells by real-time RT-PCR analysis (274" x
10* = 2.24 4+ 0.015, mean + SE). In order to evaluate the
functionality of the GLP-1R, a time-course analysis of its
activation was performed. Exendin-4 has been shown to
stimulate adenylyl cyclase, leading to an increase in
intracellular cAMP [9]. cAMP was assayed at 2-min
intervals after treatment with 300 nM exendin-4 (Fig. 1).
There was a maximal five-fold increase in cAMP levels
within 4 min after stimulation. These findings demonstrate
the presence of a functionally active GLP-1R on SH-SY5Y
cells.

Exendin-4 induces differentiation of SH-SYS5Y cells

SH-SYS5Y cells were maintained in low serum conditions
or exposed to 300 nM exendin-4. Figure 2a shows a rep-
resentative experiment in which the neurite sprouting
induced by exendin-4 is compared to that induced by ret-
inoic acid (RA), the classical neuronal differentiating agent
for these cells [33], which was used as the control. Daily
quantification of neuritic development was carried out. In
Fig. 2b, the percentage of cells with neurites after 24—48—
72 h of treatment is reported. Both RA and exendin-4
treatment significantly increased the number of cells
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Fig. 1 Intracellular cAMP determination after incubation with exen-
din-4 at different time points. Vertical error bars represent =SE of
three independent experimental values

bearing neurites, whereas the combined treatment with RA
and exendin-4 did not produce additive effects. Exendin-4-
and RA-mediated morphological changes display different
characteristics, as indicated by the fact that the number of

Fig. 2 a Phase-contrast inverted microscopy (40x magnification)
pictures showing the morphology of SH-SY5Y cells before (C) and
after 48-h treatment with exendin-4 (EXE) or with the differentiation
positive control RA. b—d Analysis of the morphological changes
induced by exendin-4 (EXE) (black bars), RA (grey bars) or
EXE + RA (sparse pattern bars) compared to untreated cells (C,
white bars) evaluated at different times (24, 48, and 72 h);
b Percentage of cells bearing neurites; ¢ number of neurites per cell;
d Neurite length (um) * = p < 0.05 versus C; # = p < 0.05 versus
exendin-4, one-way ANOVA test. e Effects of specific signaling
inhibitors on EXE-induced differentiation: percentage of cells bearing
neurites after exposure to EXE with or without the PI-3 K inhibitor
LY294002 or the MAPK/ERK kinase inhibitor U0126. * = p < 0.05
versus C; § = p < 0.05 versus EXE, Student’s 7 test
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Fig. 2 continued

neurites/cell was significantly higher only after exendin-4
treatment, as is shown in Fig. 2c. Moreover, the length of
neurites induced by exendin-4 was markedly shorter than
that of neurites induced by RA, as is reported in Fig. 2d.
Overall, these data suggest that exendin-4 may induce
differentiation in SH-SYS5Y cells by affecting the number
of the neurites rather than their length.

We subsequently evaluated the expression of two
members of the Rho-GTPase family, which are known
regulators of neuronal development [34], by quantitative
real-time RT-PCR. We found that RhoA expression was
significantly reduced both by exendin-4 and RA
[0.4 £ 0.031 and 0.56 £ 0.025, respectively (mean + SE),
versus untreated cells taken as 1, p < 0.05]. A significant
reduction was also observed for ROCKI expression
[0.54 £ 0.05 and 0.57 £ 0.02, respectively (mean + SE),
versus untreated cells taken as 1, p < 0.05].

To evaluate the possible pathways involved in exendin-
4-induced differentiation, we quantified the number of
cells with neurites using the phosphatidylinositol 3-kinase
(PI3-K) inhibitor LY294002, and the mitogen-activated
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protein kinase (MAPK)/extracellular signal-regulated
kinase (ERK) inhibitor U0126. It is known that both the
PI3-K and the MAPK/ERK pathways are involved in GLP-
1R-mediated differentiation of pancreatic f§ cells [35] and
the latter has been associated with neuronal differentiation
of neuronal-derived PC12 cells [36]. Neither LY294002
nor UO0126 altered cell viability in MTS assays (data not
shown), as already reported in SH-SYSY cells [37, 38].
The MAPK/ERK inhibitor did not affect neurite outgrowth,
whereas the PI3-K inhibitor LY294002 completely abol-
ished the differentative process (Fig. 2e), thus suggesting a
role of PI3-K in exendin-4-induced neuritogenesis in this
cell model.

Analysis of cytoskeletal actin and tubulin

Neuronal differentiation is accompanied by profound
morphological alterations, including the elaboration of
dendritic and axonal neurites. The relative requirement for
plasticity in outgrowing neurites versus stabilized axons is
reflected by their cytoskeletal composition. The very first
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morphogenetic event in neurite initiation involves reorga-
nization of both microtubules and filamentous actin.
Therefore, in order to assess the effect of exendin-4 on
neuronal differentiation, we analyzed by immunofluores-
cence microscopy the expression of the cytoskeleton
proteins tubulin and actin, which form microtubules and
microfilaments, respectively (Fig. 3). In a and d, the dis-
tribution of actin and tubulin, respectively, in untreated
cells is shown. Exendin-4 treatment significantly increased
filamentous (F) -actin accumulation and the formation of
cone-like structures (Fig. 3b), whereas RA induced a
weaker modification in actin polymerization (Fig. 3c).
Transcytoplasmatic stress fibers, long and parallel fila-
ments which crossed the cell from end to end, strongly

tubulin

G Cell body Neurites
C +++ +
EXE +++ +++
RA +4+++ ++

Fig. 3 Representative epifluorescence microscope (100x magnifica-
tion) images of actin (left panels) and tubulin (right panels)
distribution in SH-SYS5Y untreated cells (a and d) after treatment
with exendin-4 (EXE) (b and e) or with RA (¢ and f). Semi-
quantitative evaluation of the distribution and intensity of tubulin was
performed by three different operators in at least ten fields (g)

increased in cells treated with exendin-4. Tubulin analysis
revealed the accumulation of microtubules into the neurites
both after exendin-4 and RA treatment (Fig. 3e, f); how-
ever, the effect was more evident in exendin-4-treated
cells, as assessed by a semi-quantitative evaluation of the
distribution and intensity of tubulin (Fig. 3g). These
observations suggest a coordinated polymerization of actin
and tubulin induced by exendin-4, aiming to favor neurite
formation in SH-SYS5Y cells.

Effect of exendin-4 on cofilin phosphorylation status

Cofilin is a member of the cofilin/actin depolymerizing
factor family, which regulates actin filaments turnover and
whose activation is regulated by its phosphorylation status.
We performed a Western-blot analysis for the total and
phosphorylated form of cofilin and we found that the
phosphorylated (i.e., inactive) protein was significantly
increased after 24 h of exendin-4 treatment, indicating that
actin polymerization is paralleled by the inhibition of the
activity of cofilin (Fig. 4a, b). Cofilin is also involved in
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Fig. 4 a Western-blot representative experiment for the expression
of cofilin, phosphorylated (P)-cofilin, and GAPDH proteins, detected
in SH-SYSY cells after 1- or 24-h treatment with exendin-4 (EXE).
b Densitometric analysis of the P-cofilin/cofilin ratio. * = p < 0.05
versus control untreated cells (C), one-way ANOVA test
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apoptosis induction, and we reasoned that its inactivation
induced by exendin-4 might play a role in the previously
described neuroprotective effects of this molecule [39, 40].
In order to determine whether these effects can be also
observed in SH-SYS5Y cells, viability assays were per-
formed in cells exposed to oxidative stress. Treatment with
20 and 50 pM H,O, significantly reduced cell viability.
Noteworthy, overnight pre-incubation with exendin-4 pro-
tected SH-SYSY cells from death, as demonstrated by both
MTS (Fig. 5a) and Trypan Blue dye exclusion test
(Fig. 5b). In addition, apoptosis evaluation was performed
by TUNEL assay. As shown in Fig. 5c, the proportion of
apoptotic cells was significantly greater in the H,O, group
than in the normal control group. However, pre-treatment
with exendin-4 significantly counteracted H,O,-induced
apoptosis. These results extend the neuroprotective actions
of exendin-4 also in a human neuronal cell model.

Effects of exendin-4 and RA on the membrane passive
properties of SH-SYSY cells

The resting membrane potential (RMP), evaluated in cur-
rent-clamp mode in physiological bath solution, was more
depolarized in RA-treated cells (Fig. 6a). The membrane
capacitance (C,), as an estimate of cell-surface area,
quantified in voltage-clamp mode, showed a significant
increase in both exendin-4- and RA-treated cells (Fig. 6b).
The specific resting membrane conductance (G /Cy,),
decreased in exendin-4-treated cells but showed insignifi-
cant increase in RA-treated cells (Fig. 6¢). Thus, both
exendin-4 and RA facilitated the growth of SH-SY5Y cells
but with different actions, since exendin-4 reduced G,,/C,,
and maintained its RMP whereas the contrary was observed
in RA-treated cells.

Effects of exendin-4 and RA on the current density
of stretch-activated channel, Isoc/C,, in SH-SYS5Y

As shown previously, we observed that exendin-4 treat-
ment dramatically increased F-actin accumulation
(Fig. 3b), whereas RA induced a weaker modification in
actin polymerization (Fig. 3c). Considering that it was
reported that actin polymerization and its contractile status
increase the plasma membrane stiffness [41] and, in turn,
increase the Isoc/Cr, [32] we evaluated this latter param-
eter to assess its relation to the different F-actin appearance
in exendin-4 and RA-treated cells. The results clearly
indicate that exendin-4 dramatically increased Isac/Cp
whereas the potentiating effect of RA was significantly
smaller respect to control (control 2.1 £ 0.25, exendin-4
122 £ 25, RA 2.8 £0.75; p <0.005 and p < 0.05,
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Fig. 5 Effect of exendin-4 (EXE) pre-incubation on the viability of
SH-SYSY cells treated with H,O, (20 and 50 puM) as assessed by
MTS (a) and Trypan Blue dye exclusion (b) assays. Data are reported
as mean £ SE. * = p < 0.05 versus control cells (C). ¢ Number of
TUNEL-positive cells/100 cells (mean £ SE of at least ten fields),
detected in SH-SYSY cells after H,O, administration, with or without
pre-treatment with exendin-4. * = p < 0.05 vs. control cells (C), one-
way ANOVA test

respectively, compared to control). Experiments with
GdCl;, a well-known SAC blocker, confirmed that the
recorded currents essentially flowed through SACs
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Fig. 6 Effects of exendin-4 (EXE) and RA on resting membrane
potential and membrane passive properties of SH-SY5Y (a—c). Data
recorded in physiological solution in control condition (Cont) and in
exendin-4- (EXE) and RA-treated cells. a Resting membrane
potential, RMP; b membrane capacitance, Cm; and ¢ membrane
normalized conductance, Gm/Cm. * p < 0.05 versus control vales. In
each experimental condition, data from 25-29 cells are as mean £
ESM. Effects of exendin-4 and RA on ISAC in SH-SY5Y(D-G).
Representative ISAC time course evoked by a pulse protocol 100 ms
long, applied from —60 mV ranging from —80 to 0 mV in 10-mV
increments. d Control cell; e exendin-4 dramatically increased ISAC/
Cm whereas the potentiating effect of RA was significantly smaller (f)
compared to control. g The addition of the SAC blocker GdCl;,
minimized the ionic currents confirming its origin through SACs

(Fig. 6g). In conclusion, the noticeable increase of F-actin
accumulation in exendin-4-treated cells is paralleled by a
strong increase of Isac/Cr,, Whereas RA induced a weaker
action on F-actin accumulation as well as on Igac/Chy,.

Effects of exendin-4 and RA
on the electrophysiological properties
of voltage-dependent ion channels in SH-SY5Y

Based on previous evidence indicating a positive effect of
RA on neuron differentiation [33, 42—44], the effects on the
electrophysiological properties of exendin-4 on SH-SY5Y
cells were assessed and compared with those of RA. In
20-mM TEA solution, untreated cells exhibited Iy, as
shown in a typical experiment displayed in Fig. 7a. The
voltage threshold of Iy, was about —60 mV. The treatment
with exendin-4 definitively increased Iy, amplitude and
this was more consistent in RA-treated cells (Fig. 7b, c).
The normalized I-V plot determined at the current peak
related to all the cells investigated is shown in Fig. 7d. The
maximal current amplitude was recorded at —15 £ 5 mV
in control cells, but it was at —20 £+ 5 mV in exendin-4-
and RA-treated cells (Fig. 7d). The Boltzmann parameters
of the activation and inactivation curves underwent chan-
ges due to exendin-4 and RA treatment (Fig. 7e). The
maximal current to peak and Gy, were increased to a
similar extent with respect to control denoting that the
current density increase was prevalently due to an augment
of the channel conductance. The half voltage activation and
inactivation parameters, V, and V;, were negatively shifted,
respectively, about 5 and 3 mV (exendin-4) and 7 and
4 mV (RA) compared to the control. Moreover, the treat-
ments did not affect the k, values whereas k; decreased
(Fig. 7e; Table 1). In conclusion, exendin-4 and RA
increased the Iy, availability by inducing a slight but sig-
nificant voltage shift of V, and V; and by increasing the
expression and/or conductance of the Na* channels.

To evaluate the presence of functional Ca’t channels, we
used TEA—Ca" bath solution (Fig. 8). In SH-SY5Y cells,
Ca”* channel currents consisted of two major components:
(1) an inward transient and low-voltage-activated current
(T-type Ca®" current, Ic,,T) that was recorded from
—50 mV, and (2) a high-voltage-activated and slow inacti-
vating current (IHVA). The latter was recognized from
—40 mV as a slower decaying current superimposed on the
transient Ic,,T. Activation and inactivation Boltzmann
curves of these two currents agree with T- and HVA-type of
Ca”" channels (Fig. 8h, i). This was confirmed by using
Cd>" and nifedipine, since none of them affected T-type
current (Fig. 8d). Instead, HVA-type was blocked by Cd*™
but not completely by nifedipine, since a small size (about
the 10% respect to control) and slow decaying current was
still observed in nifedipine-treated cells. Accordingly, HVA
currents prevalently consist of nifedipine-sensitive L-type
and a small fraction of other Ca>* currents such as N, P, Q,
and R-types (Fig. 8d). The treatment with exendin-4 and RA
definitely increased Ic, T, and Ic,;, amplitude (Fig. 8a—c)
and this was consistently observed in all the experiments.
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Fig. 7 Effects of exendin-4 (EXE) and RA on voltage-dependent
Na+ channels in SH-SYSY. a Typical Iy, traces recorded in 20-mM
TEA solution in the presence of nifedipine (10 pM, evoked by a pulse
protocol applied from an HP of —80 mV with 1-s step pulses ranging
from —70 to 50 mV in 10-mV steps. The voltage threshold of Iy, was
at —50 mV. b The treatment with exendin-4 increased Iy, amplitude
and this was more consistent in RA-treated cells (¢). In a—c, the
voltage that elicited the maximal Iy, is indicated. d Normalized -V

Table 1 Effect of EXE and RA treatment on Boltzmann parameters of
in SH-SYSY cells

plot determined at the current peak related to all the cells investigated.
Superimposed on the data are Boltzmann fit curves (Eq. 1).
e Normalized Iy, activation and inactivation data in control SH-SYSY
and under exendin-4 or RA treatment with superimposed the related
Boltzmann fit; the Boltzmann curves for activation are obtained from
fits in ¢. The related Boltzmann parameters are reported in Table 1. In
each experimental condition data are from 26 to 43 cells

activation and inactivation curves for Iy, and T- and L-type Ca*" current

Currents  In, Ina Ixa Icar Icar Icar IcaL IcaL IcaL

Param Cont EXE RA Cont EXE RA Cont EXE RA

I/ 1 cont 1+£01 1.3+£02% 1.7 4 0.2%* 1+£01 12+£01*% 12+0.1* 1 1.7 4 02%%° 1.9 4 0.2%*P
G/Geone 1+£01 12+£01*% 13+0.1* 1+£01 13+£0.1*% 1.4+£0.1%%2 1401 1.8+£02%%> 224 02%%32°
Vo,(mV) =30+2 —-35+£2% 37+£2%* 3542 3742 —41 £ 3%2 —18£1 —22 £ 1% —25 £ 2% 1

k, (mV) 8§+ 0.3 9+05 §+1 5706 55+04 54 +£05 74 +£03 7+04 6.4 + 0.5%}
Vi(mV) —-65+2 —68 2% —69 £+ 3% —65+2 =70 +2*% =72 4 2%* -50+£2 554 2% —57 £ 2%%2

ki (mV) 75+£03 65+£03% 6.6+ 04% 45+02 42+03 4 £ 0.2% 75+04 65+£04* 6.6 + 0.4%

* and ** p < 0.05 and <0.01 versus the corresponding control

% p < 0.05 RA versus EXE
b

P < 0.05 Ic,y versus Ic, 1 and Ing. Ip/p cont @nd G/Geop, are, respectively, the rate of peak currents and conductance in treated respect to control

cells. For each current type, I/l con are rates related to the respective control

The normalized I-V plots and the related normalized
Boltzmann curve related to T- and L-type current are shown
in Fig. 8h,i. Again, similar changes to those observed for I,
were induced by exendin-4 and RA in Ca®" currents, such as
an increase in G¢, T and Ge, 1, a shift towards more negative

potential of activation and inactivation V, and V; and a
decrease of k, and k;. Notably, both the increase of the
maximal current amplitude and the conductance of T- and
L-type Ca®" currents were greater than those of Iy, and the
highest increases were those related to L-type Ca>" current.
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Fig. 8 Effects of exendin-4 (EXE) and RA on voltage-dependent
Ca®" channels in SH-SY5Y. Inward Ca*" currents in SH-SY5Y.
Representative ICa traces recorded in TEA-Ca?" solution with TTX
(1 uM) added obtained from SH-SYSY in a control cell (a) and in
exendin-4 (b) or RA (c¢)-treated cells. Current traces elicited from an
HP of —80 mV by depolarizing steps from —70 to 50 mV in 10-mV
increments are shown. I, (o consisted of two major components. The
traces at —50 mV clearly show the presence of a fast-activating and
inactivating transient T-type Ca’" current, Icar (indicated by an
arrow in the —50 mV trace) from —40 mV a high-voltage-activated
and slow inactivating current (ICa,HVA), was recognized as a slower
decaying current superimposed on the transient I, . d Ca®" currents
elicited by a voltage step at —20 mV without (Cont) and in the

Lastly, some Boltzmann parameters were more affected by
RA than by exendin-4 (Table 1).

Discussion

Our goal in this series of experiments was to study the
properties of exendin-4 in terms of neuronal differenti-
ation, using a human cell model (i.e., SH-SYS5Y cells),
which represents a recognized in vitro system for the
assessment of neuronal differentiation [26, 27].

Cont (I'_I')
EXE_I( )
RA (
Cont (L)
Ex (L
RA(L

Normalized I,
| Ju]>ge]

50

-100
Voltage (mV)

presence of nifedipine (10 uM). e-g Ic,r recorded at a holding
potential of —50 mV that inactivate most Ic, yva. h Normalized I-V
plots determined at the current peaks in control and under exendin-4
or RA treatment. The total (tot) Ca>* currents data with superimposed
curves that are the best fit as a sum of two Boltzmann functions; open
symbols represent data of I, 1 obtained in the presence of nifedipine
with superimposed curves that are the best fit of one Boltzmann
function. i Normalized activation and inactivation data for T- and
L-type Ca®* current in control and under exendin-4 or RA treatment
which superimposed the related Boltzmann fit; data and Boltzmann
curves for activation are obtained from fits in h. The related
Boltzmann parameters are reported in Table 1. In each experimental
condition, data are from 22 to 27 cells

Since the GLP1-R is primarily coupled to the adenylate
cyclase pathway via activation of Gs proteins, we have
measured intracellular cAMP levels after exendin-4 treat-
ment in our cell model, demonstrating that the receptor is
functionally active. Differentiating properties of exendin-4
were previously observed for PC12 cells, in which bio-
chemical changes were also found [25]. Here we compared
the effects of exendin-4 to induce neurite extension in SH-
SYS5Y cells by using RA as a positive control. We found
that exendin-4 is able to induce differentiation affecting the
number of neurites present in the cells. Conversely, RA
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appeared to be more effective in increasing the length of
existing neurites. It is widely accepted that members of the
Rho GTPase family are key regulators of actin dynamics
and neuronal development [34]. The molecular analysis of
the expression of Rho A and ROCK1 showed that exendin-
4 treatment, as well as RA-treatment, significantly reduced
the expression of both genes. Rho activation is generally
associated with inhibition of neurite initiation and with
retraction [45] and ROCK has been shown to mediate Rho
actions by arresting cells in a round state or inducing
neurite retraction [34]. Conversely, inactivation of Rho
A/ROCK signaling pathway has been reported to induce
neurite initiation and outgrowth [46]. Thus, our molecular
data are in keeping with the morphological changes that we
observed upon exendin-4 exposure. With regard to the
possible mechanisms underlying the differentiating effects
of exendin-4 in SH-SYS5Y cells, we found that the PI3-K
pathway is involved, whereas the MAPK/ERK pathway
does not appear to play a role, as assessed by using the
specific inhibitors LY294002 and UO0126, respectively.
Admittedly, this issue is worth further future investigation,
in order to fully elucidate all the possible pathways that are
involved.

The initial stages of neuritogenesis are regulated by
mechanisms that involve reorganization of both microtu-
bules and actin microfilaments [47]. Data published in the
literature demonstrated that the initial rapid outgrowth
phases of neuritogenesis are sensitive to the intracellular
delivery of anti-tubulin antisera [48], thus suggesting that
microtubules play important roles in neuronal morpho-
genesis. Our data, obtained by immunofluorescence
microscopy, showed that exendin-4 treatment is effective
in inducing multiple cytoskeletal rearrangements that result
in neurite-like protrusions. By analyzing the expression of
cytoskeletal components, we found that upon exendin-4
exposure, actin is strongly expressed and reorganized in
stress fibers and cone-like structures, whereas this pattern is
less evident both in control and in RA-treated cells. The
effects observed in cells treated with exendin-4 or RA
could reflect a different stage of neuronal differentiation.
During early stages of neuritogenesis actin is polymerized
from globular (G)-actin monomers to generate F-actin
cones [49]. Our data clearly show the presence of visible
actin-rich protrusions that could represent an initial phase
of neuritogenesis. In keeping with these results, the mem-
brane passive properties on the cell-surface area, estimated
by measuring the membrane capacitance, showed a sig-
nificant increase, indicating that the protrusions require the
addition of new membrane surface. Moreover, the elec-
trophysiological experiments confirmed that the noticeable
increase of F-actin polymerization in exendin-4-treated
cells was paralleled by a strong enhancement of the
mechanical-sensitivity by increasing Isac, thus allowing

additional source of Ca”" entry useful for differentiation
and for the Ca®"-dependent soma and neurites growth [50,
51]. Finally, exendin-4 treatment also improved the avail-
ability of voltage-activated Iy, and Ic,t, and to a higher
extent Ic, 1 : the changes of their activation and inactivation
Boltzmann parameters are further indexes of neuronal
differentiation towards more mature cells. Altogether,
these findings suggest that exendin-4 acts as a neuronal
plasticity-promoting agent. A role of GLP-1 in regulating
neuronal differentiation has recently been investigated by
Fisher et al. [52] who hypothesized that postnatal retinal
neurogenesis is regulated by glucagon/GLP-1 and insulin,
where the former might stimulate retinal progenitors to
undergo differentiation.

Interestingly, we found that exendin-4 determined an
increase of the amount of the phosphorylated form of
cofilin. This protein is involved in actin filaments turnover
by severing existing F-actin [53]. Furthermore, it has also
been reported to have a role in apoptosis induction; in fact,
it rapidly translocates to mitochondria upon exposure to
apoptosis-inducing agents, thus allowing cell death to
occur [40]. Both actin-severing and apoptosis-inducing
activities are negatively regulated by phosphorylation [39].
Similarly to cofilin, the actin cytoskeleton itself, besides its
involvement in neurite outgrowth, plays a crucial role in
regulating cell responses to apoptotic signals [54-57].

Previous studies have indicated that exendin-4 possesses
neuroprotective properties [22-24]. Accordingly, here we
found that exendin-4 effectively counteracted H,O,-
induced toxicity, as assessed by both MTS and Trypan
Blue assays, and prevented apoptosis also in SH-SYS5Y
cells. Oxidative stress-induced cell death plays a critical
role for instance in the pathogenesis of neurodegenerative
diseases such as Alzheimer’s disease (AD) and is inti-
mately linked to aging. Accordingly, Perry and Greig
suggested that GLP-1 and its analogs could be considered
as potential novel therapeutic targets for intervention in
AD, as well as in other central and peripheral neurode-
generative conditions [25]. With regard to this point, the
differentiating properties of exendin-4 might be an addi-
tional important issue in favor of a role of exendin-4 in the
treatment of these diseases. In fact, it has been reported that
some substances that possess neurite outgrowth promoting
effects in vitro might be useful for the treatment of neu-
rodegenerative diseases by affecting the reconstruction of
the damaged neural network that is observed in these
conditions [58-60].

Altogether, our study thoroughly investigated for the
first time the differentiating effects of exendin-4 in human
neuronal cells, as assessed by morphological, structural,
and electrophysiological observations. Our findings also
indicated that cofilin might be a common key factor
involved in the differentiating as well as in the



3722

P. Luciani et al.

neuroprotective effects of this molecule. Since neuropathy
represents one of the most debilitating complications of
diabetes, these effects could have a clinical impact in
patients taking this medication. This hypothesis is
supported by the existence of ongoing clinical trials aiming
to assess the effect of exenatide in the nervous system
of diabetic patients (NCT00855439, NCT00747968;
www.clinicaltrials.gov). Furthermore, our original data are
in agreement with previous observations regarding a
potential favorable effect of GLP-1 analogs for the treat-
ment of different neuropathies such as AD [25].
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