‘.\' frontiers

in Cellular Neuroscience

ORIGINAL RESEARCH
published: 15 September 2015
doi: 10.3389/fncel.2015.00364

OPEN ACCESS

Edited by:
Dirk M. Hermann,
University Hospital Essen, Germany

Reviewed by:

Eduardo Sanchez-Mendoza,
Uniklinikum Essen, Germany
Maryam Sardari,

University of Tehran, Iran

*Correspondence:

Rafael Medina,

Unidad de Neurociencias,

Instituto de Estudios

Avanzados (IDEA),

Carretera Nacional Hoyo de la
Puerta-Baruta, Valle de Sartenejas,
Caracas 1015A, Venezuela
medina.sejjas@gmail.com

Received: 03 July 2015
Accepted: 02 September 2015
Published: 15 September 2015

Citation:

Trigos AS, Longart M, Garcia L,
Castillo C, Forsyth P and Medina R
(2015) ProNGF derived from rat
sciatic nerves downregulates neurite
elongation and axon specification in
PC12 cells.

Front. Cell. Neurosci. 9:364.

doi: 10.3389/fncel.2015.00364

CrossMark

ProNGF derived from rat sciatic
nerves downregulates neurite
elongation and axon specification in
PC12 cells

Anna Sofia Trigos "2, Marines Longart’, Lisbeth Garcia’, Cecilia Castillo’,
Patricia Forsyth! and Rafael Medina'*

" Unidad de Neurociencias, Instituto de Estudios Avanzados (IDEA), Caracas, Venezuela, ? Departamento de Biologia Celular,
Universidad Simdn Bolivar (USB), Caracas, Venezuela

Several reports have shown that a sciatic nerve conditioned media (CM) causes
neuronal-like differentiation in PC12 cells. This differentiation is featured by neurite
outgrowth, which are exclusively dendrites, without axon or sodium current induction.
In previous studies, our group reported that the CM supplemented with a generic
inhibitor for tyrosine kinase receptors (k252a) enhanced the CM-induced morphological
differentiation upregulating neurite outgrowth, axonal formation and sodium current
elicitation. Sodium currents were also induced by depletion of endogenous precursor
of nerve growth factorr (proNGF) from the CM (pNGFd-CM). Given that sodium
currents, neurite outgrowth and axon specification are important features of neuronal
differentiation, in the current manuscript, first we investigated if proNGF was hindering
the full PC12 cell neuronal-like differentiation. Second, we studied the effects of
exogenous wild type (pNGFwt) and mutated (pNGFmut) proNGF isoforms over
sodium currents and whether or not their addition to the pNGFd-CM would
prevent sodium current elicitation. Third, we investigated if proNGF was exerting
its negative regulation through the sortilin receptor, and for this, the proNGF action
was blocked with neurotensin (NT), a factor known to compete with proNGF for
sortilin. Thereby, here we show that pNGFd-CM enhanced cell differentiation, cell
proportion with long neurites, total neurite length, induced axonal formation and
sodium current elicitation. Interestingly, treatment of PC12 cells with wild type or
mutated proNGF isoforms elicited sodium currents. Supplementing pNGFd-CM
with pNGFmut reduced 35% the sodium currents. On the other hand, pNGFd-
CM+pNGFwt induced larger sodium currents than pNGFd-CM. Finally, treatments
with CM supplemented with NT showed that sortilin was mediating proNGF negative

Abbreviations: CM, sciatic nerve conditioned media; pNGFd-CM, sciatic nerve conditioned media immunodepleted of
proNGF; NGF, nerve growth factor; ProNGF, precursor of nerve growth factor; pNGFwt, wild type proNGF; pNGFmut,
mutated proNGF; PC12, cell line derived from a rat pheochromocytoma of adrenal medulla; TrK, tropomyosin-related
kinase; TrkA, neurotrophin receptor A; p75N'R, p75 neurotrophin recptor; CNS, central nervous system; PKC, protein
kinase C; PI3K, phosphatidylinositol-3-kinase; SCG, superior cervical ganglion neurons; DRG, dorsal root ganglion neurons;
PPL, poly-L-lysine; %D, percentage of differentiated cells; DWN, differentiated without neurites; DLN, differentiated with
long neurites; DSN, differentiated with short neurites; TLN, total length of neurites; PFA, paraformaldehyde; NGS, normal
goat serum; k252a, generic inhibitor for TrkA, protein kinase C and other kinases; ERK1/2, extracellular-signal-regulated
kinases 1/2; NT, neurotensin.
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regulation, since its blocking induced similar effects than the pNGFd-CM treatment.
Altogether, our results suggest that proNGF within the CM, is one of the main inhibitors
of full neuronal differentiation, acting through sortilin receptor.
Keywords: neuronal differentiation, proNGF, PC12 cells, axons, sortilin, sodium channels, conditioned medium
Introduction activity of proNGF, suggest the idea of multiple roles for this

Early reports have shown that explanted sciatic nerves promote
axonal regrowth in the injured Central Nervous System (CNS;
Benfey and Aguayo, 1982; Sandrock and Matthew, 1987).
Importantly, a sciatic nerve conditioned media (CM), obtained
from the degeneration of rat sciatic nerves in culture, contains
neurotrophic factors that promote differentiation towards a
neuronal-like morphology in PC12 cells (Villegas et al., 1995).
However, other studies have demonstrated that PC12 cell
treatment with this media is unable to generate sodium currents
(Castillo et al., 2001), which is an important requisite for
cell differentiation and polarization (Wada, 2006). Additionally,
voltage-dependent sodium channels are necessary for clustering
of key proteins, such as cell adhesion proteins (ankyrin G,
NrCAM and neurofascin), which help in the structural
stabilization of the axon initial segment (Xu and Shrager, 2005).

Previous reports from our group reported that PC12 cells
treated with CM only developed dendrites (Longart et al,
2009). This, added to the absence of sodium currents and
axons in cells treated with the CM, suggested that this
media is constituted by factors that can either promote
or limit its neurotrophic capability. Partial characterizations
of the CM have shown that it contains neuregulin-1 and
glypican-1, which were involved in the CM neuritogenic
activity. At the same time the actions of some neurotrophic
factors and mature neurotrophins ie., NGF, brain-derived
neurotrophic factor (BDNF), Ciliary neurotrophic factor (CNTF)
and fibroblast growth factors were ruled out (Villegas et al,
1995, 2000; Malavé et al., 2003). Many studies have demonstrated
the role of NGF in neuronal survival and differentiation
(Huang and Reichardt, 2001; Zhou et al., 2004). The signals
mediated by NGF induce rapid axon outgrowth, through a
mechanism dependent of a tightly regulated and localized
activation of phosphatidylinositol 3-kinase (PI3K) in the growth
cones, involving changes in the axonal cytoskeleton (Zhou
et al, 2004). Nevertheless, little is known about the role
of proneurotrophins, like proNGF, in cell differentiation and
how these factors can regulate crucial aspects of neuronal
differentiation, including sodium current generation and axon
development.

ProNGF has been found in a wide variety of tissues, with
high expression in mouse, rat and human CNS, concomitant
with low levels of mature NGF (Fahnestock et al., 2001);
which suggest that proNGF might play important physiological
functions in these tissues, beyond the classical role as a
precursor to produce mature NGF or as a pro-apoptotic molecule
(Lee et al., 2001; Beattie et al., 2002; Domeniconi et al,
2007). The seemingly conflicting reports, about the biological

molecule. Indeed, it was shown that proNGF promotes neurite
outgrowth in a subset of NGF-dependent neurons (superior
cervical ganglion, SCG) by inducing a diffuse growth during
the developmental stage when axons are branching in their
target tissues. This effect was dependent on the p75 receptor
and did not require receptor tyrosine kinase (TrK) activation
(Howard et al., 2013). In other studies, SCG neurons, treated
with cleavage-resistant (mutated proNGF) or wild type proNGF
isoforms, resulted in neuronal survival and promotion of neurite
outgrowth in SCG and PC12 cells (Fahnestock et al., 2004).
Additionally, proNGF can be either neurothrophic (PC12 cells
and sympathetic neurons) or apoptotic (PC12 cells), depending
upon relative levels of its receptors (Masoudi et al., 2009).
On the other hand, studies of the signaling pathways used
by proNGF to exert its neurotrophic role have shown that
this proneurotrophin was able to elicit phosphorylation of
tropomyosin-related kinase A (TrkA) receptor and extracellular-
signal-regulated kinases 1/2 (ERK1/2) in NIH3T3-TrkA and
human embryonic kidney 293 cells (Fahnestock et al.,, 2004;
Clewes et al., 2008).

In previous studies, we showed that, supplementing the CM
with a generic inhibitor for tyrosine kinase receptors (k252a)
caused neuronal-like differentiation with an increase of neurite
outgrowth and length, the induction of axon formation and
sodium current elicitation. In addition, it was shown that various
proNGF isoforms were present in the CM and their removal
by immunoprecipitation (pPNGFd-CM) caused sodium current
elicitation in PCI12 cells (Longart et al., 2009). These results
were already suggesting that proNGF could be involved in the
negative regulation, exerted by the CM, over the neuronal-like
differentiation of the PC12 cells. Given the presence of proNGF
in the CM and the limitations of this medium to accomplish full
morphologycal differentiation, it was very important to further
study how this molecule, within the CM environment, would
modulate neurite outgrowth and cell polarization.

Consequently, in the current manuscript, we investigated if
proNGF in the CM was one of the specific inhibitors of neuronal-
like differentiation, neurite outgrowth and axon specification.
For these experiments we used the modified CM, where
proNGF was immunodepleted (pNGFd-CM). Additionally,
considering that pNGFd-CM induces sodium currents, we
sought to further investigate the effect of exogenous proNGF
isoforms (mutated or wild type) and if reconstitutions of
pNGFd-CM with these exogenous isoforms were able to
reinstate the CM with its inhibitory functions over sodium
currents. Last, given that proNGF and the neuropeptide
neurotensin (NT) bind to the sortilin receptor, and NT
competes with proNGF for binding to sortilin (Nykjaer et al.,
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2004; Domeniconi et al., 2007; Al-Shawi et al., 2008), we
investigated if sortilin was involved in the negative regulation
over the neuronal differentiation exerted by proNGF by
supplementing the CM with NT. Our results suggest that
proNGF within the CM, is one of the main inhibitors of
neuronal differentiation and its neutralization or modulation
are necessary to accomplish a completely functional neuronal
differentiation.

Materials and Methods

Materials

Protein A Sepharose was from GE Healthcare (Buckinghamshire,
UK). Rabbit anti-pan NGF (H-20) antibody was from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Human recombinant
proNGFs, wild type (pNGFwt) and mutated (pNGFmut)
were from Alomone Labs (Jerusalem, Israel). NT was from
Calbiochem (La Jolla, CA, USA). As axonal marker it was used
the mouse anti-phosphorylated neurofilament H antibody (SMI-
35; Covance, Princeton, NJ, USA) and as dendritic marker, the
rabbit anti-MAP2 antibody (Chemicon; Temecula, CA, USA).
The secondary antibodies Goat-anti rabbit Alexa Fluor 594
and goat-anti mouse Alexa Fluor 488 were from Invitrogen
(Carlsbad, CA, USA). DAPI was from Calbiochem (La Jolla, CA,
USA).

Animals

Sciatic nerves were extracted from Sprague-Dawley adult rats
and were used to prepare the CM. Animals were kept and
sacrificed following the regulations of the Instituto de Estudios
Avanzados (IDEA), in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 80-23), revised in 1996. Care was taken to use
the minimal amount of animals and all precautions were taken to
minimize any suffering.

Preparation of CM Immunodepleted of proNGF
Isoforms (pNGFd-CM)

The CM was prepared as previously indicated (Villegas et al.,
1995), with some modifications. Briefly, Sprague-Dawley adult
rats were used to extract the sciatic nerves and prepare the CM.
For this, groups of eight nerves were cultured in 6 ml Dulbecco’s
modified eagle medium (DMEM) without sera during 7 days.
At day 8, the nerves were transferred to new flasks with fresh
serum-free DMEM. CM was collected every 24 h and maintained
at —70°C until use. For cell treatments, the media from days
9, 10 and 11 were pooled together and supplemented with
2.5% fetal bovine serum (FBS) and 1.25% horse serum (HS).
To prepare pNGFd-CM, we followed the procedure previously
reported (Longart et al., 2009). Briefly, aliquots of CM were
pre-absorbed with Protein A Sepharose for 1 h, at room
temperature with constant agitation. The mixture was spun at
2000 rpm for 4 min. The supernatant was incubated overnight
with 4 pg/ml of anti-pan NGF antibody, at 4°C with constant
agitation. This antibody recognizes both mature and immature
NGF isoforms. Next, the mix was incubated with Protein A
Sepharose for 1 h at room temperature and centrifugated at

2000 rpm for 4 min. The Protein A Sepharose pellets, resultant
of the immunoprecipitation, were analyzed by Western blot to
verify the efficacy of the procedure. Additionally, the efficacy of
proNGF removal was measured by the ability of the pNGFd-
CM to induce sodium currents. The supernatant, representing
the pNGFd-CM, was stored at 4°C until its use.

Cell Culture and Treatments
PCI12 cells were grown in DMEM (Dulbecco Modified Eagle’s
Medium; Gibco-Invitrogen, Carlsbad, CA, USA) supplemented
with 10% FBS, 5% HS, 2 mM glutamax (Gibco-Invitrogen,
Carlsbad, CA, USA) and 1% penicillin-streptomycin (Sigma,
St. Louis, MO), in 5% CO, at 37°C. In all experiments, 2
h after seeding, cells were fed with medium containing 2.5%
FBS and 1.25% HS. The culture medium was changed every 3
days. For electrophysiological experiments and morphological
analysis, cells were plated in 24 or 48-well plates, 3000-6000 cells
per well, and cultured with the corresponding treatments. For
immunocytochemistry experiments, cells were cultured on 24
well plates treated with Poly-L-lysine (PLL; 10 mg/ml, Sigma).
All peptides were dissolved in DMEM. The effect of proNGF
isoforms, wild type (pNGFwt) and mutated (pNGFmut),
over sodium currents was measured by electrophysiological
experiments. The proNGF isoforms were tested alone or in
combination with pNGFd-CM. Both isoforms were used at 10
and 100 ng/ml. NT was used at 10 and 40 LM considering that,
concentrations of 10 WM (Domeniconi et al., 2007) and 40 uM
(Nykjaer et al., 2004; Al-Shawi et al., 2008) are enough to block
the effect caused by the binding of proNGF to sortilin.

Morphometric Analyses

Morphometric analyses were carried out on PC12 cells after 10
days of treatment. To define the degree of cell differentiation, two
criteria were considered: the largest cell body diameter and the
neurite length. Cells with cell body diameters greater than 15 pm
and without neurites (or with neurites smaller than 2.5 um), were
considered as differentiated without neurites (DWN). Cells with
at least one neurite with length above 12 pm, were considered
as differentiated with long neurites (DLN). Cells with neurites
between 2.5 and 12 wm, were considered as differentiated with
short neurites (DSN). The average total neurite length per cell
was obtained by adding the length of all neurites (short and
long), divided by the number of cells with neurites, as previously
described (Longart et al., 2009; Garcia et al., 2013).

Cells were visualized with a transmitted light microscope
Axiovert 100 (Carl Zeiss, Jena, Germany) and a dry objective,
32X/1.4. Images were acquired with a digital camera (Nikon
Coolpix 990), using the Nikon View 6 Software (2000). Image
analysis and processing were performed using the Image ]
software (NIH, Bethesda, MD, USA).

Electrophysiology

Sodium currents were measured at 4-7 days of treatment.
Cells were resuspended and plated on cover slips treated with
type 1 collagen (Sigma). Measurements were initiated after 2
h of incubation at 37°C in a 5% CO, atmosphere. Whole-
cell current recordings were performed according to standard
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techniques with a patch-clamp amplifier (Axopatch 200A;
Molecular Devices, Sunnyvale, CA, USA), using an inverted
microscope. Data were acquired with pCLAMP 9.0 software
(Molecular Devices). PC12 cells were voltage-clamped with the
tight-seal whole-cell patch-clamp method (Hamill et al., 1981)
using electrodes with resistance of 2-4 MQ after being filled
with the internal solution. Most capacitive transient currents
were cancelled with the electronic circuitry provided by the
amplifier and leak subtraction was performed using a standard
P/6 protocol. All measurements were performed at 20-21°C.
Sodium (Na™) currents were recorded at a step potential of
—10 mV, steady-state activation was studied using a conventional
two-pulse protocol from a holding potential of —120, from —80
to +60 mV (10 mV, 20 ms steps) with repetition interval of 3 s.
Only cells that looked differentiated, according to the largest
diameter of the cell bodies were used. Cells with visible apparent
Nat currents larger than 100 pA were considered to have sodium
currents. The external solution consisted of: 120 mM NaCl,
2.8 mM KCl, 20 mM TEA-Cl (tetraethylamonium chloride),
2 mM MgCl,, 1 mM CaCl,, 10 mM HEPES and 5 mM glucose,
and pH was adjusted to 7.2 with 25% NaOH. The internal
solution consisted of: 105 mM CsF, 35 mM NaCl, 10 mM EGTA
and 10 mM HEPES, adjusted to pH 7.2 with CsOH.

Immunocytochemistry
PC12 cells were grown on plastic surface (polystyrene) and
incubated with each treatment for 13-14 days. All procedures
were performed at room temperature, unless otherwise indicated.
Cells were fixed with 4% paraformaldehyde (PFA) in PBS for 20
min, washed with PBS and then permeabilized with 0.25% Triton
X-100 in PBS for 10 min. Thereafter, the cells were blocked with
10% normal goat serum (NGS) in PBS for 1 h. Cultures were
incubated with the primary antibodies SMI-35 (1:5000, mouse)
and MAP2 (1:5000, rabbit), diluted in 2% NGS in PBS, overnight
at 4°C, followed by incubation with the secondary antibodies,
anti-rabbit Alexa Fluor 594 (1:300) and anti-mouse Alexa Flour
488 (1:200), during 1 h. DAPI was used to visualize the nucleus.
The neurites with less than 50% of its length labeled with
the axonal marker (SMI-35 antibody) were considered nascent
axons; while the neurites with more than 50% of its length
labeled with the axonal marker, were considered maturing axons.
Cells were observed in an AxioObserver Z.1 fluorescent inverted
microscope (Carl Zeiss, Jena, Germany) with a dry objective,
40X/0.6. Images were acquired with a CCD camera (Photometrix
Cool SNAP HQ2-Photometri, Tucson, AZ, USA). Management
of images was carried out using the Roper Scientific software
with an exposure time within the lineal range. Image analysis
and processing were performed with the Image J software (NIH,
Bethesda, MD, USA). Figures were prepared in Adobe Photoshop
CS5 and minor adjustment of brightness and contrast were
performed.

Statistical Analysis

Values are presented as mean + SEM. For electrophysiological
experiment analysis, differences were evaluated using Kruskal-
Wallis with Dunn’s multiple comparison post test when
nonparametric test were used. For morphometric analysis,

differences were evaluated by two-tailed t-test and one-way
ANOVA with Holm-Sidak’s multiple comparison post test
or Kruskal-Wallis with Dunn’s multiple comparison post test
(GraphPad Prism 5.0, GraphPad Software, San Diego, CA, USA).

Results

Treatment of PC12 Cells with pNGFd-CM
Enhanced Cellular Differentiation Inducing
Neurite Outgrowth and Axon Specification

To evaluate the effect of endogenous proNGF, present in the CM,
on PC12 cell differentiation, proNGF was immunoprecipitated
from the CM (pNGFd-CM). The percentage of differentiated
cells treated with pNGFd-CM (87.01 + 3.76%; n = 4) was
higher that the observed with native CM (70.61 % 2.7%; n = 4;
p < 0.05; Figure 1B) and these two treatments induced higher
percentage of differentiation in comparison with the control
treatment (30.00 £ 2.66%; p < 0.001). PC12 cells treated with
PNGEFd-CM developed neurites which were longer than the ones
developed in cells treated with CM alone (Figures 1A,B). The
quantification showed that the pNGFd-CM caused an increase
in the proportion of cells with long neurites to 48.98 £ 4.31%, in
comparison to 29.16 £ 1.84% observed with the CM (p < 0.01);
while the percentage of cells with short neurites showed no
differences among the three treatments (DMEM = 23.59 =+
1.21%, CM = 34.58 £ 3.67%, pNGFd-CM = 30.56 £ 2.32%;
p > 0.05; Figure 1B). Furthermore, the pNGFd-CM treatment
induced neurite elongation that were evident with the estimation
of total neurite length, which was 30.46 4 2.52 pum, whilst for
the CM the total neurite length was 22.7 & 1.54 pm (p < 0.05;
Figure 1C). Pre-treatment of the CM medium with Protein
A Sepharose did not cause any effect on the percentages of
differentiated cells with long neurites, nor in the neurite length.
There were no visual or numerical differences in any of the
parameters between the treatments with CM and CM pre-
absorbed with Protein A (data not shown).

Our group previously demonstrated that
immunoprecipitation of proNGF isoforms from the CM
was an efficient process, which was shown by Western blot
in previous (Longart et al., 2009) and present work (data not
shown). Additionally, in our previous (Longart et al., 2009) and
present work, we demonstrated that pNGFd-CM promoted the
generation of sodium currents. In consequence, this was another
way to directly test the efficiency of the immunoprecipitation
procedure. On the other hand, there is a relation between
sodium channel expression and neuronal polarization (Wada,
2006). Therefore, immunofluorescence assays were carried out
to evaluate if treatment of PC12 cells with pNGFd-CM induced
axonal formation. As predicted, pNGFd-CM, induced axonal
formation and outgrowth, while it was confirmed that the CM
was only able to produce dendrites. This can be clearly observed
in Figure 2, where with the CM treatment the axonal marker
did not show any specific labeling (Figure 2A, left panels). It
is important to note that we observed that both, the dendritic
and the axonal markers, were expressed in the longer processes
that would become axons, following a gradation. As shown in
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cells

% of differentiated

pNGFd-CM

DMEM CM

pNGFd-CM: n = 1333.

FIGURE 1 | pNGFd-CM increases neurite outgrowth. (A) DIC images of PC12 cells treated with DMEM, CM and pNGFd-CM. Scale bars = 50 um. (B) Graph
bars show the percentages of cell differentiation under different treatments; parameters measured were: total differentiation (whole bars), differentiated cells with long
neurites (white bars), differentiated cells with short neurites (gray bars), and differentiated cells without neurites (hatched bars). For total cell differentiation
experiments, treatment with pNGFd-CM induced larger differentiation than CM (*p < 0.05) and DMEM (**p < 0.001) and these two treatments induced larger
differentiation than DMEM treatment (***p < 0.001). Regarding the effect of the different treatments on the induction of long neurites, pPNGFd-CM, compared to CM,
increased the proportion of long neurites in differentiated cells (**p < 0.01; while the proportion of short neurites were similar between these two treatments

(o > 0.05; two-tailed t-test). Similarly, these two treatments did not show differences in the proportion of short neurites in comparison to DMEM. (C) Graph bars
show the total neurite length in PC12 cells after 10 days of treatment with DMEM, CM and pNGFd-CM. Total neurite length was increased in cells treated with
pNGFd-CM, in comparison to CM (*p < 0.05) and these two treatments induced longer neurites than the DMEM (**p < 0.001; One way ANOVA with Holm-Sidak’s
multiple comparison test). Graph values represent the mean 4+ SEM. N = 3 independent experiments. Total number of cells: DMEM, n = 1569; CM, n = 3120;

pNGFd-CM
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Figure 2A (right panel), the arrowhead points to the proximal
part of a neurite, there the labeling looked more intense for the
dendritic marker. Towards the middle part of the processes,
this dendritic marker started to disappear and the axonal
marker started to show, which is indicated by a yellow-orange
color in the merged panel (bracket). Importantly, the labeling
for the axonal marker looked more intense and defined at
the axon endings, (Figure 2A, arrows). These results show a
pre-polarization stage in the neurites that will become axons, in
PC12 cells. Another observation is that the pNGFd-CM seemed
to induce a major degree of neuronal-like differentiation, with
larger cell bodies and longer neurites, in comparison to the CM.

A more detailed study of axonal formation in cells treated with
native CM showed that this medium generated a low percentage
of cells with axons (1.96 £ 0.60%). These axons were almost
exclusively nascent axons (1.32 £ 0.49%) and only few cells
showed maturing axons (0.65 £ 0.10%; Figure 2B). In contrast
to the low number of axons observed with CM, the cell treatment
with pPNGFd-CM produced an increase of neurites labeled with
the axonal marker (Figure 2B; 7.10 & 0.42%, p < 0.05) and a

higher percentage of cells with nascent axons (5.46 £ 0.45%,
p < 0.01). Finally, the percentage of cells with maturing axons
(1.64 £ 0.03%) in the pPNGFd-CM treatment tended to increase
over the percentage of cells treated with native CM; however,
these differences were not significant (p > 0.05). These results
indicate that the absence of proNGF in the CM, additional to
axonal specification, might promote axonal maturation.

Exogenous proNGF Isoforms Alone or in
Combination with pNGFd-CM Regulate Sodium
Current Elicitation

Previous findings from our laboratory have demonstrated that
the number of cells with sodium currents, as well as their
sodium channel densities, were increased by proNGF removal
from the CM, suggesting an inhibitory role of this molecule
over these parameters (Longart et al., 2009). In this sense,
we investigated the effect of exogenous proNGF isoforms
and studied if supplementing the pNGFd-CM with these
isoforms would reinstate the CM with the original inhibitory
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% with nascent axons
% with maturing axons

% of cells with

FIGURE 2 | pNGFd-CM promotes axonal generation and maturation.
(A) Immunofluorescence images of PC12 cells treated with CM and
pNGFd-CM for 13-14 days. Cells were double labeled with antibodies for
dendrites (MAP 2, red) and axons (SMI35, green). DAPI was used to visualize
the nucleus. Arrowhead point to a neurite proximal part, bracket indicates the
neurite middle part, expressing the dendritic and the axonal markers and
arrows indicate the axons (distal part of the neurites). The insets show
enlargement of the cell parts pointed by arrows. Scale bars = 20 pm.

(B) Graph bars show the percentages of cells with axons (whole bars),
nascent axons (white bars) and maturing axons (hatched bars). Graph values
represent the mean + SEM. **p < 0.01 (two-tailed t-test). Maturing axons
were not different between CM and pNGFd-CM (p > 0.05). N = 3 independent
experiments. Total number of cells: CM, n = 466; pNGFd-CM, n = 291.

properties over the sodium currents. These experiments were
performed using a wild type isoform (pNGFwt) and a
mutated isoform (pNGFmut), which cannot be processed to
its mature form by the protease Furin. As expected, PC12
stimulated with pNGFd-CM, showed an elicitation of sodium
currents, while no sodium currents were observed with CM
stimulation (Figures 3A,B). The proNGF isoforms, pNGFwt
and pNGFmut, increased sodium current densities and their
values were statistically different from the observed with
DMEM or CM (pNGFwt 45.1 + 8.15 pA/pF, p < 0.001
and pNGFmut 40.6 + 7.7 pA/pF, p < 0.01). Interestingly,
stimulation with pNGFd-CM supplemented with pNGFmut
induced sodium current densities that were 35% smaller (42.89 £+
5.6 pA/pF) than those observed with pNGF-CM (65.7 =+
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FIGURE 3 | Effect of exogenous wild type (pNGFwt) and mutated
(PNGFmut) proNGF isoforms tested alone or in combination with
pNGFd-CM, over sodium current induction. (A) Representative sodium
current traces with the different treatments. (B) Graph bars show sodium
channel densities after 4-7 days of treatment. Sodium current densities
elicited by treatment with wt and mut proNGF isoforms were larger than the
induced by CM. Bars represent the mean + SEM. *p < 0.05, **p < 0.01,
**p < 0.001 (non parametric t-test). Number of cells, from the total, with
sodium currents: DMEM, n = 10/26 (38.46%); DMEM+pNGFwt, n = 8/10
(80%); DMEM+ pNGFmut, n = 9/11 (81.82%); CM, n = 13/25 (52%);
pNGFd-CM, n = 12/15 (80.00%); pNGFd-CM+ pNGFwt, n = 7/7 (100%);
PNGFd-CM+ pNGFmut, n = 20/21 (95.24%).

18 pA/pF) but were not significantly different. Surprisingly,
when cells were stimulated with pNGFd-CM supplemented with
pNGFwt isoform, currents were larger (138.3 £ 41 pA/pF,
p < 0.05) than those obtained with pNGFd-CM or pNGFd-
CM supplemented with pNGFmut (Figures 3A,B). Since
there was not numerical difference between 10 or 100
ng/ml treatments with commercial proNGF isoforms (wt and
mut), measurements with both concentrations were pooled
together. Percentage of cells expressing sodium currents
were: 38.46% (DMEM), 52.00% (CM), 80.00% (pNGFwt),
81.82% (pNGFmut), 80.00% (pNGFd-CM), 100% (pNGFd-
CM+pNGFwt) and 95.45% (pNGFd-CM+pNGFmut). Sodium
current density values were: DMEM = 16.19 =+ 3.65 pA/pF and
CM = 15.67 £ 2.14 pA/pF. In general, it was observed a higher
percentage of cells expressing sodium currents in treatments with
the highest current densities, and a lower percentage of cells
expressing sodium currents in treatments with the lowest current
densities.

ProNGF Downregulates Neuronal-Like
Differentiation of PC12 Cells Through the Sortilin
Receptor

Given that NT can compete with proNGF for the binding to the
sortilin receptor (Nykjaer et al., 2004), we incubated PC12 cells
with CM supplemented with NT in an attempt to inhibit proNGF
action by blocking this receptor. If sortilin was mediating the
proNGF effect, thus the addition of NT to the CM should mimic
the effect of depleting proNGF from the CM. Consequently,
treatment with CM supplemented with NT, increased overall
cell differentiation (84.16 £ 2.46%) in comparison to native
CM (70.61 = 2.70%; p +£.0.05; Figures 4A,B). In cells treated
with CM+NT, the percentage of differentiated cells with long
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FIGURE 4 | Blockage of proNGF binding to sortilin with Neurotensin
(NT) induces neurite outgrowth and elongation. (A) DIC images of PC12
cells treated with DMEM+NT and CM+NT. Scale bars = 50 um. (B,C) show
results from PC12 cells after 10 days of treatment with: DMEM, DMEM+NT,
CM, CM+NT and pNGFd-CM. (B) Graph bars show the percentage of cell
differentiation under the indicated treatments, and the measured parameters
were: total differentiation (whole bars), differentiated cells with long neurites
(white bars), short neurites (gray bars) and without neurites (hatched bars).
Treatment with CM+NT increased the percentage of cells with long neurites,
respect to CM alone, without affecting the other parameters. DMEM and
DMEM+NT did not show significant differences in the analyzed parameters.
(C) Graph bars show that treatment with CM+NT did not increase the total
length of neurites (TLN), respect to the CM alone. Bars represent the mean +
SEM. *p < 0.05 (two-tailed t-test). N = 3 independent experiments. Total
number of cells: DMEM, n = 1569; DMEM+NT, n = 653; CM, n = 3120;
CM+NT, n = 1741.

neurites also increased (39.24 £+ 2.10%), in comparison to
CM (30.56 + 2.5%, p £ 0.05). However, the total neurite
length remained similar to the one observed in CM (CM+NT:
23.89 &+ 0.71 pwm, CM: 21.10 % 2.06 pwm; Figure 4C). Control
experiments, where PC12 cells were treated with DMEM and
DMEM+NT showed no statistical differences (p > 0.05), for the
parameters of total cell differentiation (DMEM = 30.00 = 2.66%;
DMEM+NT = 40.55 & 7.50%) and differentiated cells with short
neurites (DMEM = 23.60 + 1.21%; DMEM+NT = 36.85 +
7.28%).

Next, we studied the effect of CM+NT over sodium currents
and found that this treatment also promoted their induction
(Figures 5A,B). Indeed, the sodium current densities elicited
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FIGURE 5 | Blockage of proNGF binding to sortilin with NT promotes
induction of sodium currents in PC12 cells. (A) Representative sodium
current traces with the different treatments. (B) Graph bars show sodium
channel densities after 4-7 days of treatment. CM+NT and pNGFd-CM
treatments increased sodium current in a similar fashion but at the same time
very different from the CM. Bars represent mean + SEM. ***p < 0.001
(Kruskal-Wallis with Dunn’s comparison multiple test). Number of cells, from
the total, with sodium currents: DMEM, n = 10/26 (38.46%); CM, n = 13/25
(52%); pPNGFd-CM, n = 12/15 (80.00%); DMEM+NT, n = 5/9 (55.56%);
CM+NT, n = 23/26 (88.46%). Values for DMEM, CM and pNGFd-CM are the
same shown in Figure 3 and are shown also here to facilitate comparisons.

by the CM+NT treatment (67.77 £ 14.14 pA/pF; Figure 5B)
were similar to those induced by pNGFd-CM treatment
(65.7 £ 18.00 pA/pF; Figure 5B). CM+NT treatment (67.77 £
14.14 pA/pF) was different from CM, (15.67 + 2.14 pA/pF,
p < 0.001) and from DMEM+NT (30.1 % 14.00 pA/pF, p < 0.01).
Percentage of cells expressing sodium currents were: 55.56%
(DMEM+NT) and 88.46% (CM+NT). Values for the percentages
of cells with sodium currents and for the current densities
DMEM, CM, and pNGFd-CM) are the same values for the
results shown in Figure 3. Since there were no differences in the
morphological parameters or in sodium current elicitation, with
the two tested concentrations of NT (10 and 40 | M), these results
were pooled together. Finally, using immunofluorescence we
showed that the CM+NT treatment (Figure 6B), like the pNGFd-
CM treatment, was able to induce axonal formation. Note the
absence of the axonal marker in the CM treatment (Figure 6A).

Discussion

This work demonstrates that proNGF in the CM functions as a
negative regulator of the full neuronal-like differentiation. This
conclusion is supported by two main findings of the present
work and by previous finding showing the proNGF negative
regulation over sodium current induction. In the present work,
first we showed that removal of proNGF from the CM, enhanced
neurite outgrowth and elongation and started axonal formation
in PC12 cells. Second, the negative effect over sodium current
induction and axonal formation is exerted by proNGF through
the sortilin receptor. The role of proNGF on axonal specification
and the involvement of sortilin on axonal specification and
sodium current induction are important findings described here
for the first time. It is important to mention that our current
results support roles for proNGF on neurite outgrowth and
specification that represent a counterparty of its classical roles as
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FIGURE 6 | Blockage of proNGF binding to sortilin with NT promotes axon formation. Panels show immunofluorescence images of PC12 cells treated with
(A) CM and (B) CM+NT for 13-14 days, double labeled with antibodies that recognize dendrites (MAP2, red) and axons (SMI35, green), DAPI was used to visualize
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a precursor to produce mature NGF or as a cell death promoter
(Lee et al., 2001; Beattie et al., 2002; Domeniconi et al., 2007).
The fact that the CM induces morphological differentiation
raises several alternatives for the proNGF function on PC12
cell differentiation. It is possible that proNGF might initiate
neurite outgrowth, although limited, and render an incomplete
morphological and functional differentiation. In support of this,
previous findings from our group demonstrated that specific
inhibition of TrkA and the p75N'™® receptors reduced the
neurite length in CM-treated cells, in comparison with cells
treated only with CM (Longart et al.,, 2009). Considering that
proNGF can interact with sortilin, p75N™® (Nakamura et al.,
2007) and Trk A (Masoudi et al, 2009), it was logical to
consider the involvement of p75N™® or TrkA receptors, over
the initial and limited neuritogenic effect, which would be only
represented by short neurites or dendrites on PC12, caused by
the proNGF present in the native CM. At the same time, the
CM might provide with another mechanism through which the
binding of proNGF to sortilin would avoid the induction of
axonal formation and of sodium currents. Thus, after the initial
differentiation, other molecules are needed to further induce
neurite elongation, to produce axons and sodium currents. This
would explain why, after proNGF immunoprecipitation, the
action of other proteins present in the CM (i.e., neuregulin-
1) could be performed with less restrictions and full functional
cell differentiation could be accomplished. This last assumption
is strongly supported by findings reported by our group,
demonstrating that the activation of neuregulin receptors (ErbB
receptors) was necessary for the acquisition of the neuronal
like-phenotype in PC12 cells. In that work we demonstrated
that specific blocking of ErbB receptors, completely abolished
neurite outgrowth in CM-treated PC12 cells. Blocking of ErbB
receptors also abolished sodium currents induced by CM+k252a
(Garcia et al., 2013). Thus, considering these previous findings
we can claim that neuregulin could be the main responsible
for initiation of the cell differentiation and neuritogenesis, and

that pro-NGF is involved in keeping that initial differentiation
stage.

Additionally, neurite outgrowth, specification
and sodium currents, induced by depletion of proNGF
from the CM (pNGFd-CM) could suggest a disruption of
proNGF/sortilin/p75N™® signaling complex. This is supported
by our present finding, showing that the blockage of sortilin with
NT counteracts proNGF actions, thus showing similar effects
to the observed when proNGF is immunoprecipitated from the
CM. Although, this does not preclude another possibility in
which the immunoprecipitation might deplete several proNGF
isoforms from the CM, which might have different functions.
Additionally, the immunoprecipitation might bring down some
proNGF interacting proteins, that might help to the proNGF
to limit PC12 cell differentiation. Some studies have revealed
inhibitory roles of pro-neurotrophins on differentiation and
polarization, contrary to the effects of their mature counterparts.
Such is the case for proBDNF, which inhibited neurite outgrowth
in basal forebrain cholinergic neurons and reduced dendritic
spine density in hippocampal neurons in a p75N'R -dependent
manner (Koshimizu et al., 2009). More recently, proBDNF was
found to act as a potent collapsing factor for neurites in adult
dorsal root ganglion neurons (DRG) neurons (Sun et al., 2012)
and for growth cones in hippocampal neurons, in both cases
through its binding to p75N™® (Deinhardt et al., 2011). On the
other hand, previous findings have demonstrated that a cleavage-
resistant proNGF isoform promoted survival of mouse SCG
neurons, increased the percentage of process-bearing neurons
in culture (Matus et al., 1986; Fahnestock et al., 2004; Masoudi
et al., 2009) and selectively promoted neurite outgrowth in a
subset of NGF-responsive neurons, through a p75N®-dependent
mechanism (Howard et al., 2013).

Our current findings and previous reports involve the
proNGF in pro-differentiation and anti-differentiation
functions and are in agreement with the versatility in the
cell response elicited by this proneurotrophin, in which

axonal
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the final outcome would depend on the relative levels of
sortilin, TrkA and p75N™® receptors (Nykjaer et al., 2004;
Volosin et al., 2006, 2008; Arnett et al,, 2007; Domeniconi
et al, 2007; Jansen et al, 2007; Masoudi et al., 2009).
Since the proNGF receptor, p75NTR, acts as a co-receptor
for multiple partners, therefore, the presence of different co-
receptors would permit the binding of different ligands, which
can lead to diverse biological outcomes, such as apoptosis,
survival (Lee et al., 2001; Teng et al., 2005; Schecterson and
Bothwell, 2010), process retraction (Deinhardt et al, 2011),
inhibition of axonal formation and sodium current induction
(present work), and these different outcomes would depend
upon the selective activation of distinct signaling mechanisms.
For instance, stimulation of p75N'™® and Trk receptors can
have opposite effects on neurite outgrowth, depending on
the ligand, the levels of these receptors and the type of cell
in which they coexist (Howard et al., 2013); for instance, the
proNGE-p75NTR interaction has been involved in promotion, as
well as in inhibition of axonal growth (Bronfman and Fainzilber,
2004). Immunohistochemistry and electron microscopy revealed
more prominent p75NTR expression in axons than dendrites
(Dougherty and Milner, 1999). Importantly, our present
finding pointing to an inhibitory role of proNGF over axonal
formation, was already suggested in previous work (Longart
et al., 2009); this, together with the evidences showing the role
of p75NTR, suggests a mechanism for axonal inhibition through
this receptor and might explain in part our present results
regarding the inhibition of axonal formation by proNGF. In
addition and as explained above, it is also important to keep in
mind the involvement of sortilin in the downregulation of the
axonal development. The observation of the co-expression of the
axonal and dendritic markers in neurites that would eventually
become axons, is supported by previous findings, which have
also shown the co-existence of the two markers in the neurites
at pre-polarization stages, before the final axon specification
(Matus et al., 1986; Pennypacker et al,, 1991; Longart et al.,
2009; Correa and Longart, 2010). Interestingly, in our previous
work, the axonal final specification was reached when PC12 cells
were treated with CM plus k252, which inhibits tyrosine kinase
receptors (activated by NGF and other neurotrophins) and PKC;
suggesting that other factors and signaling pathways are involved
in the axonal specification and polarity processes (Longart et al.,
2009; Garcia et al., 2013).

To expand our understanding about the precise implication
of proNGF over the limited capability of the CM to promote
a complete neuronal-like differentiation in PC12 cells, it was
important to demonstrate if reconstitution of pNGFd-CM with
exogenous proNGF would modify its activity. It was known from
previous studies that the CM, by itself, was not able to induce
sodium currents in PC12 cells, unless proNGF was eliminated
(Longart et al., 2009); at present, this is the only evidence that
shows a negative regulation exerted by proNGF over sodium
current induction. Thus, we first analyzed the effect of exogenous
proNGF isoforms (wild type and mutated) over sodium current
elicitation. The observation that these exogenous isoforms were
able to induce sodium currents by themselves was unexpected;
especially considering that depletion of endogenous isoforms

from the CM induced sodium currents in PC12 cells. However,
these results can explain why pNGFd-CM supplemented with
pNGFmut, still induced sodium currents. Interestingly, the
current density values of pPNGFmut and pNGFd-CM +pNGFmut
were almost identical, which could explain the sodium currents
in the supplemented treatment. Now, more surprising were the
results showing that treatments with pNGFd-CM supplemented
with pNGFwt, induced larger sodium currents than in the
pNGFd-CM treatment. One possible explanation could be that
these larger sodium currents are the result of adding the sodium
currents induced by pNGFwt plus the currents induced by the
pNGFd-CM.

To further explain these results, it is important to mention
that the concentrations of exogenous proNGF used here (10 and
100 ng/ml) were much higher than those normally found in
biological settings, so this is probably not the cause why sodium
currents still remained with those treatments. Other aspects to
be considered are the structural differences between exogenous
and endogenous isoforms. The exogenous isoforms have no post-
translational modifications, since these are recombinant proteins
expressed in bacteria, with a molecular mass of approximately 25
kDa (Alomone, Jerusalen, Israel). In contrast, the CM contains
several proNGF isoforms ranging from 41-61 kDa (Longart
et al., 2009) which can be suggestive of differentially glycosylated
forms (Fahnestock et al., 2004) and might account for differences
in their functions. Considering that mature NGF is capable
to induce increments on sodium channel densities, neurite
extension and axon formation in PC12 cells (Bouron et al., 1999;
Longartetal., 2009) and that, pro-NGF can be processed by Furin
(Seidah et al., 1996; Urban et al., 2013), thus generation of mature
NGF from exogenous pNGFwt (through Furin), seems to be a
possibility (unpublished results), to explain the persistence of
sodium currents in PC12 cells. On the other hand, the mutated
proNGF (pNGFmut) used in this study had point mutations
that prevented cleavage by Furin; however, considering that this
isoform was still able to induce sodium currents, we cannot rule
out the possibility that pNGFmut could be processed by other
enzymes to render the observed effect. Indeed, other cleavage
sites used by different maturation enzymes have been reported,
such as PACE-4, PC-2 (Pagadala et al., 2006), plasmine (Bruno
and Cuello, 2006) and MMP-7 (Lee et al., 2001). Even though
these results with the exogenous isoforms were unexpected, it is
important to mention that to our knowledge there are not reports
studying the effect of these isoforms over sodium currents, and
this represent another important finding of our study.

Our results were also suggesting the possibility that the
permanent binding of proNGF to sortilin could be involved
in the downregulation of cell differentiation, polarization and
sodium current induction, observed in PC12 cells treated with
native CM. Considering this, previous reports have shown that
the neuropeptide NT can inhibit proNGF activity, by competing
with it for binding to the sortilin receptor (Nykjaer et al., 2004;
Teng et al., 2005; Boules et al., 2006; Volosin et al., 2006;
Domeniconi et al., 2007; Al-Shawi et al., 2008). Consequently, if
sortilin receptor was involved in the proNGF-induced inhibitory
pathway, it was likely that addition of NT to the CM could
block proNGF activity. Precisely, treatment of PC12 cells with
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CM+NT, enhanced the percentage of differentiated cells, induced
the presence of axons and sodium currents. These results strongly
support the idea that proNGF, present in the CM, can be
acting via sortilin, to downregulate PC12 cell differentiation,
polarization and sodium current induction. In consequence,
inhibition of proNGF action by blocking its interaction with
sortilin (using NT), will allow other molecules in the CM to
become available to induce cell differentiation, polarization and
sodium current elicitation.

Further of results improved the
understanding on the intricacies of cell differentiation and
polarization pathways regulated by proNGF. CM+NT treatment
effects on cell differentiation were more discrete than the one
observed with pNGFd-CM, for instance we did not observe
an increase in the total neurite length with respect to the CM.
The latter observations suggest that the affinity of NT for
sortilin is probably lower than the affinity of proNGF for the
p75NTR/sortilin complex in PC12 cells, at least in terms of total
neurite elongation. On the other hand, it is unlikely that the cell
responses to CM+NT were induced solely by the binding of NT
to sortilin; since incubation of PC12 cells with DMEM+NT, did
not affect cell differentiation, neurite length, axonal formation
or sodium current induction. Therefore, we could infer that the
sole occupation of sortilin with NT, did not allow a complete
liberation of the inhibition exerted by proNGF in the CM, as
the one observed with the pNGFd-CM treatment. This could be
explained because; likely NT was not able to completely displace
possible interactions between proNGF, p75N™® and sortilin.
Additionally, we cannot rule out the possibility that NT may
be interfering with the binding of other molecules, present in
the CM, to the sortilin receptor. For example, NT has also been
shown to interfere with the binding of proBDNF to sortilin
(Teng et al., 2005; Fauchais et al., 2008).

Interestingly, this work emphasizes and supports that
proNGF present in the CM exerts an important negative
regulation over key aspects of neuronal differentiation. Thus, it
is feasible to suggest that this proneurotrophin is downregulating
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