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Abstract

Although transferrin (Tf) is a glycoprotein best known for its role in iron delivery, iron-independent functions have also been
reported. Here, we assessed apoTf (aTf) treatment effects on Neuro-2a (N2a) cells, a mouse neuroblastoma cell line which,
once differentiated, shares many properties with neurons, including process outgrowth, expression of selective neuronal
markers, and electrical activity. We first examined the binding of Tf to its receptor (TfR) in our model and verified that,
like neurons, N2a cells can internalize Tf from the culture medium. Next, studies on neuronal developmental parameters
showed that Tf increases N2a survival through a decrease in apoptosis. Additionally, Tf accelerated the morphological devel-
opment of N2a cells by promoting neurite outgrowth. These pro-differentiating effects were also observed in primary cul-
tures of mouse cortical neurons treated with aTf, as neurons matured at a higher rate than controls and showed a
decrease in the expression of early neuronal markers. Further experiments in iron-enriched and iron-deficient media showed
that Tf preserved its pro-differentiation properties in N2a cells, with results hinting at a modulatory role for iron. Moreover,
N2a-microglia co-cultures revealed an increase in IL-10 upon aTf treatment, which may be thought to favor N2a differenti-
ation. Taken together, these findings suggest that Tf reduces cell death and favors the neuronal differentiation process, thus
making Tf a promising candidate to be used in regenerative strategies for neurodegenerative diseases.
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Introduction
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nervous system (CNS), neurons are highly polarized cells
showing axons and dendrites at a mature stage. The polariza-
tion of axons and dendrites underlies neuronal capacity to
integrate and transmit information within the nervous
system (Barnes & Polleux, 2009).

Transferrin (Tf) is a glycoprotein of approximately 80 kDa
which is capable of reversibly binding Fe®* and takes part in
cellular iron uptake with association constant 10%° M™'
(Gkouvatsos et al., 2012). In the CNS, Tf is synthesized by
oligodendrocytes (OLG) and cells of the choroid plexus
(Moos et al., 2007; Morris et al., 1992; Tsutsumi et al.,
1989) and has been shown to influence many cellular pro-
cesses not directly linked with iron metabolism. Neurons
are not able to synthesize Tf but incorporate iron from the
extracellular space via the transferrin receptor (TfR) and the
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divalent metal transporter 1 (DMT1) (Moos & Morgan,
2000).

Regarding OLG, previous work by our laboratory and
others have shown that apotransferrin (aTf) accelerates
oligodendroglial maturation both in vivo (Escobar Cabrera
et al.,1994, 1997; Espinosa de los Monteros et al., 1999; Marta
et al., 2000; Saleh et al., 2003) and in vitro (Paez et al., 2002;
Paez et al., 2004). aTf also prevents iron deficiency-induced hypo-
myelination (Badaracco et al., 2008; Badaracco et al., 2010), stim-
ulates remyelination in the cuprizone model of demyelination
(Adamo et al., 2006), and reduces hypoxic/ischemic white
matter and neuronal damage in rats (Guardia Clausi et al., 2010;
Guardia Clausi et al., 2012). aTf treatment in oligodendroglial pro-
genitor cells (OPC) leads to Tf internalization through clathrin-
mediated endocytosis and subsequent Fyn kinase activation by
a mechanism involving TfR (Perez et al., 2013). Nevertheless,
despite the beneficial effects of aTf on glial cell populations, its
impact on neuronal cells has not been thoroughly assessed.

Neuronal differentiation is a complex process in which the
molecular signals of many hormones and neurotransmitters
are converted into cellular responses and induce morphologi-
cal changes. Neural differentiation processes have wide clin-
ical applications. Stem cell-derived neurons have been
extensively used in the development of cell-based therapies
for the treatment of neurological diseases such as
Parkinson’s disease, Huntington’s disease, and amyotrophic
lateral sclerosis (Adler, 2019). For cell therapy to succeed,
however, grafted neuronal progenitors need to differentiate
into specific types of neurons, which requires proper inputs
from the host environment so that grafted cell activity is suit-
ably regulated (Rossi & Cattaneo, 2002). In addition, these
cells have been used for fundamental neurological studies,
drug-screening platforms, and neurodevelopmental and neu-
rodegenerative disease modeling (Little et al., 1994).

In this context, the goal of the present work was to analyze the
effect of Tf on neurons and determine its impact on neuronal
physiology and differentiation. To these ends, we used
Neuro2a (N2a) cells, a fast-growing cell line established from
a spontaneous tumor in an albino mouse (Olmsted et al.,
1970) which, once induced to differentiate, shares neuronal
properties such as the extension of processes, the expression of
many neuronal markers and the emergence of electrical activity
(Nakamura et al., 2000; Musa & Veenstra, 2003). Differentiation
was also evaluated in primary cultures of cortical neurons fol-
lowing aTf administration to validate the results obtained in
cell line assays. Furthermore, Tf pro-differentiating effects
were assessed in iron-deficient and iron-enriched conditions, as
well as in co-cultures of N2a cells with OPC and microglia.

Materials and Methods

Materials

Triton X-100, paraformaldehyde, human aTf (Cat. #T2252
Sigma Aldrich), dimethyl sulfoxide (DMSO), Hoechst,

5-bromo-2’-deoxyuridine (BrdU), ethidium bromide and dyna-
sore hydrate (Dyn) were obtained from Sigma Aldrich.
Dulbecco’s modified Eagle medium (DMEM/F12 Cat.
#11320033) was from Thermo Fisher Scientific. Fetal calf
serum (FCS) was from Cripion. Rhodamine-phalloidin was
from Molecular Probes (Cat. #R415). Human Tf-Texas Red
(Tf-red) was from Life Technologies (Cat. #P35376). Mowiol
was from Calbiochem. Immun-Blot Polyvinylidenedifluoride
(PVDF) membranes were from BIO-RAD. ECL Plus Western
blot (WB) reagents were from GE Healthcare. Trizol was
from Invitrogen. Oligo(dT) was from Biodynamics. Moloney
murine leukemia virus (MMLV) reverse transcriptase was
from Promega. Antibodies and their corresponding brands are
listed elsewhere. All other reagents were of analytical grade.

Animals

All animal procedures were held following the guidelines
established by the Committee of Bioethics at Facultad de
Farmacia y Bioquimica, Universidad de Buenos Aires
(CICUAL: Exp: 0006360/15; Res: 2429/15). Wistar rats
and C57BL/6 mice were housed under 12-h dark/12-h light
cycles and fed ad libitum.

N2a Cell Cultures

N2a cells were generously provided by Dr. Morelli’s lab at
Instituto Leloir, Buenos Aires, Argentina. Cells were grown
at 37°C and 5% CO, in a humidified atmosphere stove and
amplified in an undifferentiated state in proliferation media,
which consisted of DMEM/F12 supplemented with 10%
FCS. Experiments on cellular response and differentiation
were carried out using differentiation media, which consisted
of DMEM/F12 deprived of FCS, in the presence or absence of
125 uM N®, 2/-O-Dibutyryladenosine 3',5'-cyclic monophos-
phate sodium salt (db-cAMP, Cat. #D0627) with or without
aTf (100 pg/ml, Cat. #T2252 Sigma Aldrich), depending on
the condition. N2a cells were transfected using PEI MAX
40 K (Polyscience,Cat. #NC1038561). DNA/PEI mixtures
were prepared in serum-free DMEM/F12 in a 1 DNA:8 PEI
ratio. Experiments were performed 48 h after plasmid trans-
fection. The EKAREV biosensor was provided by Dr.
Michiyuki Matsuda (Kyoto University, Kyoto, Japan).

Cortical Neuron Primary Cultures

Cortical neuron cultures were prepared from the brains of
mice at postnatal day 2. Briefly, brains were aseptically dis-
sected in DMEM/F12, and meninges were removed and
chemically digested with a solution of trypsin (0.05%, Cat.
#27250018, Gibco) and DNase (0.06%, Cat. #90083,
Gibco) at 37°C for 15 min. Digestion was stopped with
FCS and the suspension was mechanically digested by
repeated passages through a glass pipette. The resulting cell
suspension was transferred to a 15 ml-tube and centrifuged
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at 300g for 5 min. The supernatant was discarded, and the
pellet resuspended in NeuroBasal medium (Cat. #21103049,
Thermo Fisher Scientific) containing 2%B27 (Cat. #17504044,
Thermo Fisher Scientific) and 0.25 mM GlutaMax I (Cat.
#35050061, Thermo Fisher Scientific) without FCS. Cells
were counted and plated onto coverslips previously coated
with poly-L-lysine at a density of 40,000 cells/well. Cells
were kept in a culture stove at 37°C and 5%CO, for 9 or 15
days depending on treatment.

OPC and Microglia Primary Cultures

Primary cultures of microglial cells from newborn Wistar rats
were carried out following McCarthy and de Vellis (1980).
After the removal of meningeal membranes, newborn rat cere-
bral hemispheres were mechanically dissociated in a mixture
of DMEM/F12 (1:1 v/v) containing 20 pg/ml streptomycin
and 20 U/ml penicillin, supplemented with 10% FCS. Cell
suspensions were seeded in 75-cm’poly-L-lysine-coated
tissue culture flasks and incubated at 37°C in 5% CO,, with
medium changes every 3 days. When cells reached conflu-
ence, the microglial subpopulation was obtained after
140 rpm/minute shaking for 1 h. More than 96% of the micro-
glial cells isolated were CDI11b-positive (Cat. #CBL1512,
EMD Milipore). The cell suspension was centrifuged at
300g for 10 min, and the pellet resuspended in DMEM/F12
(1:1 v/v) with 10% FCS. Cells were cultured either on
12-mm coverslips or 30-mm Petri dishes for 24 h.

OPC were separated from astrocytes by orbital agitation at
240 rpm for 16 h. The cell suspension was filtered through
membranes and then centrifuged at 300g for 5 min. The
resulting oligodendroglial cell pellet was resuspended in
glia defined medium without FCS (GDM; Casaccia-
Bonnefil et al., 1996), seeded on poly-L-lysine-coated
covers, and maintained for 2 days in the presence of basic
fibroblast growth factor (b-FGF; Cat. #100-18B, Peprotech),
and platelet-derived growth factor (PDGF; Cat. # 100-13A,
Peprotech) before treatment.

N2a Co-Cultures with OPC and Microglia

To obtain N2a and OPC co-cultures, 15,000 N2a cells were
cultured overnight in DMEM/F12 supplemented with 5%
FCS and added 20,000 OPC the following day. The co-culture
was maintained in GDM with or without aTf (100 pg/ml).
After 2 days, cells were processed for immunocytochemistry.

Table I. The Sequences of the Primers of the RT-PCR.

To obtain N2a and microglia co-cultures, 15,000 N2a cells
were processed as described above and added microglia at a
density of 15,000 cells/cover in DMEM/F12 supplemented
with 10% FCS. After 24 h, the medium was replaced with
DMEM/F12 without aTf. Cells were co-cultured for 2 days
before the addition of aTf (100 pg/ml) and/or lipopolysaccha-
ride (LPS; 10 ng/mL). Cells were processed for immunocyto-
chemistry and the culture medium for ELISA.

RNA Extraction and PCR

N2a RNA was extracted using Trizol® (Cat. # 15596026
Invitrogen-Thermo Fisher Scientific). following the manufac-
turer’s instructions. cDNA was obtained using Oligo(dT) and
MMLV reverse transcriptase following the protocols pro-
vided by the manufacturers. The cDNA was used for PCR
reactions by means of a Veriti Thermal Cycler (Applied
Biosystems). Primers were obtained from IDT and designed
to amplify regions of the Tf and TfR mRNAs; their sequences
are detailed in Table 1.

Protein Extraction and WB

Protein extraction was performed with TOTEX extraction
buffer (20 nM HEPES pH 7.9, 350nMNacCl, 20% glycerol,
1% Igepal, 1 mM MgCl,, and 0.5 nM EGTA) containing a
complete protease inhibitor cocktail (Sigma, complete TM)
and 1 mM sodium orthovanadate to avoid protein dephos-
phorylation. Protein extracts were sonicated and quantified
using Bradford’s assay. Proteins were used for SDS-PAGE
in 12.5% polyacrylamide gels, loading 40 pg of total protein
per lane. Proteins were then transferred onto PVDF mem-
branes previously activated with methanol and afterwards
blocked with 5% (w/v) non-fat dry milk in 0.1% a Tween
PBS solution for 2 h at room temperature. Membranes were
then incubated with primary antibodies overnight at 4°C.
All antibodies were diluted in a 1% FCS, 0.1% Tween TBS
solution. The following primary antibodies were used:
anti-Tf (Cat. # sc-9099, Santa Cruz), anti-CD71 (Cat. #
BD-554889, BD Pharmingen), anti-pERK (Cat. # 9101,
Cell Signaling), anti-ERK (Cat. # sc-154, Santa Cruz),
and anti-GAPDH (Cat. # ab-8245, Abcam). Membranes
were washed and incubated with the corresponding horserad-
ish peroxidase (HRP)-conjugated secondary antibodies
(Jackson ImmunoResearch Laboratories) for 2 h at 37°C.
Immunodetection was performed colorimetrically using

Gene Protein Sequences (5'— 3') Primer Exon
Tfr Transferrin TTCTCATGCTGTTGTGGCTC Forward 7
CAGGTCACAGAGGGTGGAAT Reverse 13
Tfrcl Tf Receptor | GCGAAGTCCAGTGTGGGAACAGGT Forward 10
GTAGCACGGAAGTAGTCTCCACGAG Reverse 17
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0.1% 3,3’-diaminobenzidine in acetate buffer or through
chemiluminescence using ECL Plus WB reagents (Cat. #
32132, Thermo Fisher Scientific). Densitometric analyses
were performed using Scion Image software (Scion
Corporation). Secondary antibodies were used at a concentra-
tion of 1:5,000 for colorimetric detection and 1:10,000 for
chemiluminescent detection.

Coomassie Blue Staining

Cells were stained with Coomassie as described by Mochizuki
and Furukawa (1987). Briefly, N2a cells were cultured on
coverslips at 37°C and 5% CO, for different times and then
fixed with 4% paraformaldehyde in PBS for 20 min at room
temperature. Cells were incubated with a 46.5% Coomassie
Brilliant Blue R-250 solution in methanol (Cat. # 32132,
Sigma-Aldrich), 7% acetic acid, and 46.5% distilled water
for 20 min at room temperature. Cells were rinsed with a
PBS solution several times before being mounted onto glass
slides using Mowiol mounting solution.

Immunocytochemistry

Cells were cultured on coverslips at 37°C and 5% CO, for dif-
ferent times depending on experiments. After fixation with
4% paraformaldehyde in PBS for 20 min at room temperature,
cells were permeabilized and blocked simultaneously with a
1% FCS, 0.01% Triton X-100 in PBS solution for 2 h and
incubated with the corresponding primary antibodies over-
night at 4°C. Coverslips were rinsed and then incubated for
2 h at 37°C with the corresponding fluorescent secondary anti-
bodies. Coverslips were rinsed again and mounted onto glass
slides using Mowiol mounting solution. Primary antibodies
used in the current work were goat anti-Tf (Cat. # sc-9099,
Santa Cruz), mouse anti-CD71 (Cat. # BD-554889, BD
Pharmingen); mouse anti-BrdU (Cat. # 170376001, Roche),
mouse anti-pllI-tubulin (Cat. # ab-14545, Abcam), and
rabbit anti-cleaved-caspase 3 (Cat. # 9664, Cell Signaling).
Cy3-, DyLyght488-, and DyLyght594-conjugated secondary
antibodies were all from Jackson ImmunoResearch
Laboratories.

Tf Uptake Assay

N2a cultures were treated with Tf-red (100 pug/ml) for differ-
ent time periods (0, 2.5, 5, 10, 15, and 30 min) starting at the
beginning of the differentiation condition at 37°C. After being
washed with PBS, cells were fixed with 4% paraformalde-
hyde, and Tf incorporation was quantified by measuring
Tf-red fluorescence. Tf endocytic internalization controls
were evaluated through (i) the same protocol at 4°C or (ii)
the same protocol at 37°C in the presence of 1 uM dynasore
(Dyn; Cat. # D7693, Sigma-Aldrich), an inhibitor of
dynamin-mediated endocytosis.

Spectral FRET

N2A cells expressing the fluorescence resonance energy
transfer (FRET) biosensor EKAREV were seeded in glass-
bottom dishes. Cell imaging was performed on an inverted
LSM 710 (ZEISS) equipped with an automated stage, an incu-
bation chamber, and Definite Focus system. Data acquisition
was performed with ZEN Black 2011 software. Images were
acquired with a C-Apochromat 40 X /1.2 water immersion and
temperature-corrected objective lens at 1,024 x 1,024 pixels,
16 bits, pixel dwell time 3.15 ps, with open pinhole (600 pm).
The emission spectra of fluorescent proteins Cerulean and
Venus were determined using a 405 laser for excitation and
lambda mode for detection using a 32-channel QUASAR
detector arranged with bandwidth channels of 9.7 nm. For
FRET experiments, cells were illuminated with a 30-mW,
405-nm diode laser at 2% laser power (550-650 gain), and
a 405-nm dichroic mirror; emission was collected at 413- to
723-nm wavelengths every 30 s over 30 min. The saturation
level was verified for each image. Phenol red-free DMEM
supplemented with 20 mM HEPES was used for reference
spectra and experiments, and imaging was performed at 37°
C and 5% CO,. Tf was added approximately 2.5 min after
the beginning of the experiment. For lambda FRET experi-
ments, the linear unmixing tool of ZEN Black 2011 software
was used to obtain an image for each fluorophore using the
reference spectra. Image quantification was performed with
Fiji software. After background subtraction, FRET and
donor intensities were measured for single cells for each
time point. The FRET/donor ratio was calculated and normal-
ized to resting levels (before stimulation).

Cytokine Quantification

N2a cells were cultured at a density of 7,000 cells/well in the
presence or absence of microglial cells. Cultures were stimu-
lated through the addition of LPS and/or aTf at a concentra-
tion of 10 ng/ml and 100 pg/ml, respectively. Conditions
were as follows: control without LPS, aTf without LPS,
control with LPS, and aTf with LPS. The presence of interleu-
kin (IL)-1p (MLBOOC, R&D System), IL-6 (M6000B, R&D
System), IL-10 (DY417-5, R&D System), and TNF-«
(MTAOOB, R&D System) was measured in the culture super-
natants after 2 days of treatment using commercially available
ELISA Kkits, following manufacturers’ instructions.

MTT Assay

The MTT (3-(4,5-Dimethylthiazol-2-y1)-2,5-Diphenyltetrazolium
bromide (Cat. #475989, Sigma-Aldrich) assay was performed
following a method previously published by Mosmann (1983).
A sterile solution of MTT (5 mg/ml) was added to each well
and incubated for 2 h at 37°C. The reaction was stopped
with a solution of 10% SDS 0.1 M HCI, and absorbance was
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measured with an Amersham Biotrack TM II Visible Plate
Reader at 570 nm.

Propidium lodide Incorporation Assay

After 2 days of treatment on poly-L-lysine-treated coverslips,
N2a cultures were incubated with a 5 ug/ml propidium iodide
(PI, Cat. # P4170 Sigma-Aldrich) solution for 15 min at 37°C.
After washing with PBS to remove PI excess, cells were taken
alive to an epifluorescence microscope for image acquisition.

BrdU Incorporation Assay

Cells seeded onto coverslips were incubated for 2 days in the
presence or absence of aTf (100 pg/ml). Over the last 3 h of
treatment, cells were incubated with BrdU (Cat. # B5002,
Sigma-Aldrich) at a final concentration of 0.1 mM. Cells
were fixed, permeabilized, and blocked as described above
for the immunocytochemistry protocol. Cells were incubated
overnight with an anti-BrdU primary antibody (1:200, Cat.
#170376001, Roche) and the corresponding secondary anti-
body. Images were acquired, and the rate of BrdU-positive
cells was calculated for the different conditions.

Neurite Outgrowth Assay

N2a cells were seeded at an initial density of 15,000 cells/well
onto coverslips placed on 24-well plates. Cells were left over-
night in DMEM/F12 5% FCS to favor cell adhesion, then
washed twice with sterile PBS to remove serum remnants,
and cultured in DMEM/F12 without FCS, with or without
125 uM db-cAMP. In the treated condition, human aTf was
added to reach a final concentration of 100 ug/ml. All
treated conditions were compared with control conditions per-
formed in parallel in which aTf was not added. Cells were
incubated at 37°C and 5% CO, for 48 h and then processed
for immunocytochemistry assays. To quantify neurite out-
growth parameters, cells were stained with a primary antibody
against PIII-tubulin, a neuronal marker, and rhodamine-
phalloidin, a fluorescent conjugated probe which binds to
F-actin and thus stains the actin cytoskeleton. Then, four neu-
ronal differentiation parameters were measured: (1) the pro-
portion of differentiated cells measured as the ratio of
neurite-bearing cells over total cell nuclei; (2) the average
number of neurites per cell; (3) neurite length; and (4) a dif-
ferentiation score defined as the rate of total neurite length
over total nuclei in a given field (Liu et al., 2014).

Intracellular Iron Quantification by the Colorimetric
Ferrozine Assay
Intracellular iron was quantified as described by Riemer et al.

(2004). Briefly, N2a cells were cultured on coverslips at 37°C
for different treatments and then washed with cold PBS.

Frozen cells (2 h at =20 °C) were lysed by applying 200 pL
50 mM NaOH to each well and incubating for 2 h at room tem-
perature. Then, 200 pL 10 mM HCI and 200 pL iron-releasing
reagent were added (1:1 volumes of 1.4 M HCl and 4.5% (w/v)
KMnOy, in H,0), and wells were sealed with foil and incubated
for 2 h at 60 °C. Finally, 60 pL of the detection reagent
(6.5 mM ferrozine, 6.5 mM neocuproine, 2.5 M ammonium
acetate, and 1M ascorbic acid dissolved in water) was
added, and wells were incubated for 30 min at room tempera-
ture. Absorbance was measured at 550 nm. Iron content was
relativized to protein content in replicate wells.

Microscopy Image Processing

Images were obtained with an Olympus BX-50 epifluores-
cence microscope, and processed, analyzed, and quantified
using Image-Pro Plus Software (Media Cybernetics).

Statistical Analysis

The number of independent values obtained for each experi-
ment is expressed in the corresponding figure. Statistical anal-
ysis was performed using GraphPad Prism 5.00 software.
Data are presented as the mean + standard error of the
mean (SEM). Student’s #-test and one-way analysis of vari-
ance (ANOVA) followed by Dunnett’s comparison test
were used to determine statistical significance; ***p <0.001,
**p <0.01, *p<0.05, ns: non-significant.

Results

N2a Cells Express TfR and are Able to Internalize
Tf from the Culture medium

Our experimental design involved the use of exogenous aTf in
the culture medium. For this reason, the abbreviation aTf will
be used to make reference to the iron-free compound, Tf will
be used when it is not possible to determine whether free iron
is bound in the culture medium, and Tf-red will be used to
describe experiments using Texas red-conjugatedTf. We ana-
lyzed the expression of the key elements in Tf delivery in
mammalian cells, Tf and its receptor TfR, through RT-PCR
and WB. Results showed both TfR and Tf mRNA but only
TfR protein expression in N2a cells in control and treated con-
ditions (Figure 1(A) and (B)). Immunocytochemistry assays
also showed TfR expression in PII-tubulin-positive N2a
cells (Figure 1(C)).

On the basis of TfR expression results, cultures were
treated with Tf-red for different periods ranging from 0O to
30 min to assess Tf internalization. N2a cells effectively inter-
nalized Tf added to the culture medium, showing an increase
as a function of time which became significantly different
from controls after 30 min of incubation. To determine
whether Tf internalization involved an endocytic mechanism,
the assay was also performed at 4°C and in the presence of
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Figure 1. N2a cells express both Tf and TfR mRNA but only the TfR protein. (Panel A) RT-PCR experiments performed on mRNA isolated
from N2a cells in proliferating and differentiating conditions, in the presence or absence of exogenous aTf addition (100 pg/ml). The
subventricular zone (SVZ) of 2-day-old mice, which is known to express both proteins, was used as a positive control. (Panel B) WB analysis
of whole N2a lysates cultured in the same conditions as A and incubated with primary antibodies against Tf, TfR, and B-lll-tubulin. Pure aTf
was used as a positive control. (Panel C) Immunocytochemical assays of differentiated N2a cells labeled with antibodies against p-llI-tubulin
and TfR. Scale bars represent |5 pm for all images in Panel C. Note. aTf = human apoTransferrin; Ctl = control; Diff = differentiation; Prol =
proliferation; SVZ = subventricular zone; Tf = transferrin; TfR = transferrin receptor.

Dyn, an inhibitor of dynamin-1 and dynamin-2 widely used as
a general endocytosis inhibitor. Tf-red internalization was sig-
nificantly reduced in these two conditions, which suggests the
participation of the endocytosis machinery (Figure 2(A)—(D)).
Results regarding N2a capacity to internalize Tf were con-
firmed through WB, which allowed an even earlier detection
of Tf (Figure 2(E)).

As it is well established that Tf incorporation through its
canonical pathway can activate MAPK signaling (Perez
et al., 2013), ERK1/2 activation was assessed in response to
aTf at short times ranging from 0 to 30 min. ERK1/2 activity
evoked by Tf was evaluated at single-cell level using the
EKAREV biosensor. An enhancement was observed in
FRET responses—indicative of an increase in ERK1/2 activ-
ity—with a maximum detected at around 8 min and a return to
basal levels at around 25 min (Figure 2(F)). Moreover, ERK1/
2 phosphorylation assessment through WB revealed time-
dependent phosphorylation, with a peak at 15 min and a
decline afterwards (Figure 2(G)). Both results suggest that
Tf activates the MAPK cascade, reinforcing the notion that
internalization occurs through canonical pathway.

Tf Treatment Promotes Neuronal Survival

As N2a cells do not express endogenous Tf but are capable of
internalizing it, we next evaluated the effects of aTf addition
on different cell parameters. Two conditions were established
to characterize treatment effects on differentiated cells, that is,
with and without the addition of db-cAMP, an analog of cyclic
AMP which has been shown to stimulate N2a differentiation.

Cell survival evaluation through MTT assays showed that
2-day Tf treatment increased N2a metabolic activity both in
the presence and absence of db-cAMP (Figure 3(A)). Given
that this increase in cell survival could be due to a decrease
in cell death, an increase in cell proliferation, or a combination
of both, we next assessed each of these processes separately.
Cell death was analyzed by PI incorporation, a DNA interca-
lating agent which stains dead cells regardless of the death
mechanism involved. Tf was found to reduce cell death
after 2 days in culture both in the presence and absence of
db-cAMP (Figure 3(B)). Furthermore, as cell death may
occur through auto-phagocytosis, necrosis, or apoptosis
(Arya & White, 2015), we next determined the cleaved-
Caspase-3 proportion, a protein which plays a pivotal role
in the execution of apoptosis and is thus used as a marker
of apoptotic events. The proportion of apoptotic cells was sig-
nificantly smaller in the aTf-treated condition than in controls
after 2 days in the presence or absence of db-cAMP
(Figure 3(C)). Finally, and in order to determine Tf effects
on cell proliferation, cultures were treated with BrdU, a syn-
thetic analog of thymidine which can be incorporated into
newly synthesized DNA and can therefore stain newly
divided cells. Results showed unaltered N2a cell proliferation
rates after 2-day Tf treatment (Figure 3(D)).

Tf Promotes Neurite Outgrowth in N2a Cells

As the pro-maturational effects of aTf had been previously
established in the oligodendroglial lineage (Paez et al.,
2002), we further assessed its impact on neurons by
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Figure 2. N2a cells incorporate Tf. (Panel A) Immunofluorescence images of Tf-red incorporation performed in cultures incubated with
Tf-red (100 pg/ml) for time periods ranging from 0 to 30 min. (Panel B) Images of Tf-red incorporation at 4°C and 37°C in the presence or
absence of Dyn, a cell-permeable inhibitor of dynamin, for |5 min. Hoéechst nuclear dye is shown in blue (A and B). Scale bars represent
20 pm for all images in Panels A and B. (Panel C) Quantitation of Tf-red from images shown in A. Tf-red IOD was normalized to total nuclei.
(Panel D) Quantitation of Tf-red from images shown in B. Tf-red |IOD was normalized to total nuclei. (Panel E) WB analysis of Tf
incorporation at different time periods using an anti-Tf antibody. Quantitation is expressed as the Tf/GAPDH ratio. (Panel F) EKAREV
sensor evaluation of ERK /2 activity in N2a cells stimulated with Tf (100 pg/ml) at time 0. The time course of FRET changes was measured at
single-cell level. (Panel G) WB analysis of whole N2a lysates treated with Tf (100 pg/ml) for time periods ranging from 0 to 30 min. ERK
phosphorylation levels were assessed as the pERK/ERK ratio. Bars in C, D, E, and G represent the mean + SEM for two independent
experiments using one-way ANOVA followed by Dunnett’s multiple comparison test. *¥p <0.01, *p <0.05, ns = non-significant. Symbols
above bars indicate significance compared to corresponding control. Note. Dyn = dynasore; GAPDH = glyceraldehyde 3-phosphate
dehydrogenase; IOD = integrated optical density; Tf = human transferrin; Tf-red = human transferrin-Texas Red; FRET = fluorescence
resonance energy transfer.
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Figure 3. Tf increases cell survival, dampens cell death and apoptosis, and does not affect proliferation in N2a cells. (Panel A) MTT assays
on cell viability after 2 days of Tf treatment and 3-h incubation with MTT (0.5 mg/ml). (Panel B) Pl incorporation assays on cell death after 2

days of Tf treatment and 15-min incubation with Pl (0.02 mg/ml). Cells were photographed alive. (Panel C) Representative

immunofluorescence images showing the immunodetection of cleaved-caspase-3 (red) and quantitation analysis. Cleaved-caspase-3 (red)
co-localization with Hoechst (blue) is indicated with arrows. (Panel D) Representative immunofluorescence images showing the
immunodetection of BrdU (red) and quantitation analysis. Hoechst dye is shown in blue. Scale bars represent 40 um for all images in Panels
C and D. Bars in A-D represent the mean + SEM for three independent experiments using Student’s t-tests. ***p <0.001, **p <0.01, *p <

0.05, ns = non-significant. Symbols above bars indicate significance compared to corresponding control. Note. aTf =

human apoTransferrin;

BrdU = 5-bromo-2'-deoxyuridine; Cas-3 cleavage = caspase 3 cleaved; Ctl = control; db-cAMP = N6,2’-O-dibutyryladenosine 3',5'-cyclic
monophosphate sodium salt; MTT = 3-(4,5-dimethylthiazol-2-Y1)-2,5-diphenyltetrazolium bromide.
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measuring neurite outgrowth, a parameter commonly used to
estimate neuronal differentiation. In order to unequivocally
determine Tf effects on maturation, we removed the
db-cAMP conditions from the original experimental design.
The remaining experiments were therefore performed in the
presence or absence of aTf in the culture medium during
differentiation.

The following criteria were established to quantify differ-
entiated N2a cells according to their morphology: neurites
were defined as processes which measured at least twice the
soma diameter, and cells were considered differentiated
when they bore at least one neurite. Additionally, four differ-
entiation parameters were measured: (1) the proportion of
differentiated cells measured as the ratio of neurite-bearing
cells over total cell nuclei; (2) the average number of neurites
per cell; (3) neurite length; and (4) a differentiation score

defined as the rate of total neurite length over total nuclei in
a given field (Liu et al., 2014).

The proportion of neurite-bearing cells was significantly
larger in the Tf condition than in controls, as were the
average number of neurites per cell and the differentiation
score. However, neurite length did not differ between condi-
tions. These results seem to indicate that Tf exerts a pro-
differentiating effect on N2a cells (Figure 4(A) and (B)).
Given that aTf can be loaded with iron before interacting
with its receptor and being internalized by cells, and that
this protein is involved in cellular iron acquisition, we ana-
lyzed intracellular iron concentrations in aTf-treated and
untreated conditions after 2-day culture using a colorimetric
ferrozine-based assay. Results showed significantly higher
levels of intracellular iron in aTf-treated cells than in controls
(Figure 4(C)).
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Figure 4. Tf treatment promotes neurite outgrowth and increases intracellular iron levels. (Panel A) Immunocytochemistry images of N2a
cells after 2 days of Tf treatment and stained with neuronal marker B-lll-tubulin (green) and actin marker phalloidin (red). Neurites are

shown with white arrowheads in merge image. Scale bar represents 40 um for all images in Panel A. (Panel B) Quantitation of four neuronal
differentiation parameters after 2 days of Tf treatment: (1) the proportion of differentiated cells measured as the ratio of neurite-bearing
cells over total cell nuclei; (2) a differentiation score defined as the rate of total neurite length over total nuclei in a given field; (3) neurite
length; and (4) the average number of neurites per cell. (Panel C) Colorimetric ferrozine-based assay on intracellular iron levels after 2 days
of Tf treatment. Bars in B and C represent the mean + SEM for three independent experiments using Student’s t-test. **p <0.01, *p <0.05,
ns = non-significant. Symbols above bars indicate significance compared to corresponding control. Note. aTf = human apoTransferrin; Ctl =

control.
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Iron Modulates Tf Pro-Differentiating Effects
on N2a Cells

As aTf treatment increased the proportion of differentiated
cells and also enhanced intracellular iron concentrations, we
wondered whether N2a differentiation could be explained
by a direct effect of aTf or by iron intracellular accumulation.
To test these alternatives, we cultured cells in either an iron-
deficient or an iron-enriched medium. Iron deficiency was
induced by the addition of deferoxamine (DFO), a potent
iron chelator which renders this ion unavailable to cells;
iron enrichment was induced through the addition of two dif-
ferent iron salts, that is, iron sulfate (FeSO,), which provides
Fe?*, and iron chloride (FeCls), which provides Fe®*.

‘When administered in an iron-deficient medium, Tf was still
able to exert its pro-differentiating effect, but the proportion of
differentiated cells, the differentiation score, and the number of
neurites per cell were significantly lower than those observed
with normal iron levels (Figure 5). When cells were oversup-
plied with iron, Tf exhibited two different effects, depending
on the compound used. In the presence of FeSO, values
were comparable to those obtained with normal iron levels
for all parameters measured (Figure 5). Instead, in the presence
of FeClj, the proportion of differentiated cells and the differen-
tiation score were significantly higher than those obtained in
normal iron levels, both in the presence and absence of Tf.
These results indicate that iron is capable of modulating the
effects of Tf on N2a cells, especially when in a Fe3* state.

Tf Pro-Differentiating Effects are Mediated
by the PI3K-Akt Signaling Pathway

Even if neuronal differentiation is known to involve
PI3K-Akt and MEK/ERK signaling (Eagleson, et al.,
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2016), it is a complex process in which several other signal-
ing pathways may be at play. Moreover, aTf maturational
effects on OLG are mediated by Fyn/MEK/ERK as well as
PI3K/Akt signaling (Perez et al., 2013).To test whether
these two signaling pathways are involved in Tf effects on
N2a cells, we carried out differentiation experiments in the
presence of selective inhibitors of constitutive proteins in
both signaling cascades, that is, MEK inhibitor UO126and
PI3K inhibitor LY294002.

When UO126 was used, differentiation parameters were
not affected; Tf increased the proportion of differentiated
cells, the differentiation score, and the average number of neu-
rites per cell, while neurite length was not affected. These
results suggest that the MEK/ERK pathway is not involved
in aTf effects (Figure 6). In contrast, in the presence of
LY209002, Tf failed to increase the proportion of differenti-
ated cells, the differentiation score, or the average number
of neurites per cell (Figure 6). Therefore, Tf pro-
differentiating effects were lost when the PI3K-Akt pathway
was inhibited, which hints at a critical role for PI3K-Akt sig-
naling in Tf action.

Tf Promotes Cortical Neuron Differentiation

Further assays were carried out to establish whether the pro-
differentiating effects of Tf on N2a cells could be replicated
in primary cultures of mouse cortical neurons. Firstly, we con-
firmed that these cells were able to internalize Tf added to the
culture medium through a Tf-red incorporation assay
(Figure 7(A)). Given that primary culture neurons establish
processes which are much longer and intermingled than
N2a cells, images were more complex to analyze.
Therefore, two new parameters were defined as indicators
of differentiation: the area occupied by doublecortin (DCX),

801 0.44

604 - 11S. 0.3

. WL 85

Neurite lenght (um)
2
Neurites/cell

(=]
(=}
i

0.14

[0 o v g e ey o 0.0-
CtlaTf CtaTf CtlaTf CtlaTf

DFO  FeCl, FeSO, DFO  FeCl

CtlaTf CtlaTf CtlaTf CtlaTf

FeSO,

Figure 5. Tf prodifferentiating effect on N2a cells is modulated by iron. Quantitation of neuronal differentiation parameters (1) the
proportion of differentiated cells measured as the ratio of neurite-bearing cells over total cell nuclei; (2) a differentiation score defined as the
rate of total neurite length over total nuclei in a given field; (3) neurite length; and (4) the average number of neurites per cell in the presence of
normal iron levels (white and grey bars), iron deficiency (DFO, orange bars) or iron surplus (FeCl; and FeSOy, red and purple bars,
respectively). Bars represent the mean + SEM for three independent experiments using one-way ANOVA followed by Dunnett’'s comparison
test. ¥ <0.001, ¥**p <0.01, *p <0.05, ns = non-significant. Symbols above bars indicate significance compared to corresponding control. Note.
aTf = human apoTransferrin; Ctl = control; DFO = deferoxamine; FeCl; = iron (lll) chloride; FeSO4 = iron (ll) sulfate.
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a microtubule-associated protein expressed by immature
neurons, and the proportion of NeuN-positive cells, a
marker of mature neurons.

Studies of cortical neuron cultures revealed a significantly
smaller area covered by DCX-positive processes after 4-day
aTf treatment, although differences were lost after 8-day
treatment (Figure 7(B)). In agreement with this result,
more NeuN-positive cells were found at 4 days, but no dif-
ferences were found 8 days post-treatment (Figure 7(C)).
These results indicate that Tf pro-differentiating effects are
conserved in primary cortical cultures. Also, the temporal
dynamics of marker expression suggests that neuron differ-
entiation is initially accelerated by Tf but reaches a plateau
at longer times.

Tf Does not Affect N2a Maturation in N2a-OPC
Co-Cultures

As OPC is one of the main sources of aTf, the impact of OPC
on neuronal maturation was next assessed in N2a-OPC
co-cultures, with results comparable to those observed in
single N2a cultures. Briefly, the proportion of mature
neurons, the differentiation index, and the number of neurites
per cell increased upon co-culture treatment with aTf, while
the average neurite length was unaltered (Figure 8(A)—(C)).
In addition, the effect of Tf on N2a-OPC co-cultures and
their capacity to express myelin basic protein (MBP) was
evaluated using the area of MBP per cell as an indicator of dif-
ferentiation (Franco et al., 2015; de Faria et al., 2019).
Interestingly, results showed an increase in MBP integrated
optical density (IOD) and area in OPC after aTf treatment
as compared to control co-cultures (Figure 8(D)). Overall,
while aTf affected the maturation of OPC, they exerted no
effects on the maturation of neurons.

Tf Protects N2a Cells Upon Microglial Activation
in N2a-Microglia Co-Cultures

Cytokine analysis in co-cultures of N2a and non-activated
microglia after aTf treatment showed an increase in the synthesis
of IL-10 (Figure 9, grey bars) and a decrease in the synthesis of
TNFa, IL-1, and IL-6 (Figure 9(B)—~(D), grey bars) by micro-
glial cells, although these changes were not statistically signifi-
cant. In contrast, two differences were observed after
microglial activation with LPS (10 ng/mL) as compared to the
basal state; first, the synthesis of all cytokines increased regard-
less of the presence of Tf and, second, the effects produced by Tf
became significant, strengthening the hypothesis that aTf modu-
lates microglia toward an M2 phenotype. Worth pointing out, no
cytokines were detected in any condition in pure N2a cultures.

Finally, cytokine concentration assays in supernatants
from N2a-microglia co-cultures rendered results similar to
those observed in microglial cultures. However, significant
differences were observed upon microglial activation with
LPS (10 ng/mL); cytokine release in the absence of Tf
increased as compared to the basal condition for all the mol-
ecules assayed, with the exception of IL-10. In contrast, LPS
stimulation in the presence of Tf produced a significant
increase in the synthesis of IL-10 and a marked decrease in
IL-1p, IL-6, and TNFa (Figure 9(A)—(D), blue bars).

On the basis of Tf effects on cytokine expression in
N2a-microglia co-cultures, we next evaluated N2a differenti-
ation parameters to determine whether microglial modulation
by Tf has protective effects on neurons (Figure 10(A)).
Microglial activation with LPS reduced both the proportion
of differentiated N2a and the differentiation index as com-
pared to control. In contrast, microglial activation in the pres-
ence of Tf rendered normal differentiation index values
(Figure 10(B)). These results unveil a neuroprotective func-
tion for Tf in the presence of activated microglia.
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Figure 7. Tf treatment promotes neuronal differentiation in primary cultures of cortical neurons. (Panel A) Immunocytochemistry images
of Tf-red incorporation by cortical neurons incubated with Tf-red (100 mg/ml, red) for 15 min. TfR is stained in green. (Panel B)
Immunocytochemistry images of cortical neurons stained with immature neuronal marker DCX (yellow) and quantitation of DCX area after
4 and 8 days of treatment. (Panel C) Immunocytochemistry images of cortical neurons stained with mature neuronal marker NeuN (red)
and quantitation of NeuN™" cells after 4 and 8 days of treatment. Scale bars represent 10 pymin A and 30 pm for all images in panels Band
C. Bars in B and C represent the mean + SEM for three independent experiments using Student’s t-test. **p <0.01, ns = non-significant.
Symbols above bars indicate significance compared to corresponding control. Note. aTf = human apoTransferrin; Ctl = control; DCX =
doublecortin; TfR = transferrin receptor; Tf-red = Human transferrin-Texas Red.
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Figure 8. Tf promotes neuronal differentiation in co-cultures of N2a and oligodendrocyte. (Panel A) Immunocytochemistry images of
co-cultures of N2a cells and OPC labeled with antibodies against neuronal marker B-lll-tubulin (green) and mature oligodendrocyte marker
MBP (red). (Panel B) Insets in A are shown at higher magnification on the right side of each panel. Scale bar in B represents 30 um for all
images in panels A and B. (Panel C) Quantitation of neuronal differentiation parameters (I) the proportion of differentiated cells measured
as the ratio of neurite-bearing cells over total cell nuclei; (2) a differentiation score defined as the rate of total neurite length over total
nuclei in a given field; (3) neurite length; and (4) the average number of neurites per cell in single N2a cultures (white and grey bars) and
co-cultures (yellow bars). (Panel D) Quantitation of MBP IOD and area as oligodendrocyte differentiation parameters in co-cultures of N2a
cells and OPC. Bars represent the mean + SEM for three independent experiments using one-way ANOVA followed by Dunnett’s
comparison test. ¥*p <0.001, **p <0.01, *p» <0.05, ns = non-significant. Symbols above bars indicate significance compared to
corresponding control. Note. aTf = human apoTransferrin; Ctl = control; IOD = integral optical density; MBP = myelin basic protein.

Discussion

In the CNS, Tf is not expressed by neurons but is synthesized
and released to the brain parenchyma by OLG and choroid
plexus (de Arriba Zerpa et al., 2000; Espinosa de los
Monteros et al., 1990). Also, a small proportion of liver-
synthesized Tf crosses the blood-brain barrier (BBB) from
the plasma by transcytosis (Bradbury, 1997; Malecki et al.,
1999). As most mammalian cells, neurons can internalize
Tf-bound iron through TfR, which is expressed on their cellu-
lar membrane (Giometto et al., 1990; Moos, 1996; Ji &
Kosman, 2015). In line with this evidence, our N2a cell cul-
tures incorporated Tf by endocytic mechanisms through
TfR. To our knowledge, this is the first report on the positive
effects of Tf on neuronal cells and suggests that Tf might be a
molecular ligand participating in the crosstalk between OLG
and neurons. In particular, axonal signals may influence mye-
linogenesis, while Tf produced by OLG may provide trophic

support for neurons and promote neurite outgrowth (Marta
et al., 2000, 2003).

ApoTf has been previously characterized by our group as a
pro-differentiating factor in other CNS cell types. An intracra-
nial injection of aTf in young rats was shown to increase mye-
lination (Escobar Cabrera et al., 1994, 1997; Marta et al.,
2000; Saleh et al., 2003), which was later concluded to
result from acceleration in oligodendroglial maturation
(Paez et al., 2002; Garcia et al., 2003). These in vivo effects
were in turn reproduced in vitro in OLG primary cultures
and in cell lines such as N19 and N20.1 (Franco et al.,
2015). Other reports have shown that Tf is not secreted by
immature OLG in vitro. These findings are in stark contrast
with protein expression in hepatocytes and Sertoli cells and
may be attributed to the synthesis of a specific transcript
lacking a signal peptide sequence. These results hint at a func-
tional difference between Tf synthesized in the brain and other
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Figure 9. Tf induces anti-inflammatory responses in co-cultures of N2a and microglial cells. ELISA of A, IL-10, B, TNF-a, C, IL-18, and D,
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after 2 days of Tf treatment (100 pg/mL). Bars in A-D represent the mean + SEM for three independent experiments using one-way
ANOVA followed by Dunnett’s comparison test. **p <0.001, **p <0.01, *» <0.05, ns = non-significant. Symbols above bars indicate
significance compared to corresponding control. Note. aTf = human apoTransferrin; Ctl = control; LPS = lipopolysaccharide.

organs and suggest a specific role, other than iron transport, in
OLG maturation and myelination (de Arriba Zerpa et al.,

2000).

Tf has the capacity to modulate a variety of cellular pro-
cesses ranging from cell survival and differentiation to

metal detoxification and transport (Wang et al., 2016;
Levina et al., 2016). Despite the great body of literature sup-
porting Tf capacity to promote cell cycle progression in
various cellular systems (Brock et al., 1986; Cam et al.,
1989; Djeha et al., 1993), our results show no impact of Tf
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Note. aTf = human apoTransferrin; Ctl = control; LPS = lipopolysaccharide.
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on N2a cell proliferation in culture media lacking FCS.
Moreover, our findings showing that Tf prevented neuronal
death are in agreement with in vivo results obtained in a
hypoxia-ischemia model in mice, where the intranasal admin-
istration of aTf prevented white matter and neuronal damage
and OLG loss (Guardia Clausi et al., 2012). Moreover, the
administration of exogenous aTf has shown neuroprotective
effects in experimental ischemic stroke promoting holoTf
extravasation (De Gregorio-Rocasolano et al., 2018).
Overall, the reduction observed in cell death may be consid-
ered at least partly due to a decrease in apoptosis, which
could also be responsible for increased overall metabolic
activity.

The differentiation of neural tissue has also been studied in
mouse embryonic stem cells. A report by Belovari et al.
(2001) confirmed that Tf single-handedly improved neural
tissue differentiation not only in vitro but also in transplants
of cultured embryos. Both TfR and Tf have been found in
embryonic regions where the neural tube is in progress, and
Tf is also known to be a growth factor for differentiation con-
tributing iron to the embryo (Hoyle et al., 1996).

Regarding the possible molecular mechanisms involved in
Tf-dependent differentiation processes, signaling through the
MAPK cascade has been shown to play a critical role in the
differentiation of various neuronal cell lines (Cowley et al.,
1994; Waetzig & Herdegen, 2003). In our laboratories, treat-
ment of primary cultures of OPC with aTf has revealed TfR
involvement in Fyn kinase activation mechanisms and, in
turn, a key role for Fyn kinase activation in MEK-mediated
transient phosphorylation of ERK1/2 (Perez et al., 2013).
Other reports have linked the differentiating effects observed
in different neuroblastoma cell lines, including N2a, with an
activation of the MAPK cascade. Reports by Chen et al.
(2016) have demonstrated that the inhibition of ERK/
MAPK hinders neurite outgrowth in N2a cells. Moreover,
the forced activation of this cascade rescues cell differentia-
tion, even in the presence of inhibitor stimuli. Sarina et al.
(2013) established that the induction of neurite growth in
PC12 cells in the presence of artemisinin is mediated by
ERK phosphorylation. In agreement with these and other
reports (Chen et al., 2009; Chen et al., 2010; Wang et al.,
2011), our results offer further proof of ERK involvement
in Tf-induced neurite outgrowth. In addition, PI3K inhibition
through 1 Y294002 offset the differentiating effects of Tf, in
line with evidence of PI3K essential role in neuronal polarity
(Shi et al., 2003; Ménager et al., 2004). Furthermore, our
group has previously reported that aTf effects on OLG are
mediated by PI3K/Akt and that TfR endocytosis is fundamen-
tal for triggering signal transduction, which subsequently
spurs differentiation (Perez et al., 2013)

In terms of N2a cell differentiation parameters, we
observed a greater proportion of neurite-bearing cells upon
Tf treatment but, unexpectedly, no significant changes in
average neurite length, which could be due to the fact that
such neurites have reached their maximum potential growth.

These pro-differentiating effects of Tf are again in line with
those described by Sriramoju et al. (2015), who showed
lactoferrin-induced neuroblastoma cell differentiation. The
greater proportion of microtubule-associated protein 2-posi-
tive cells promoted by Tf in primary cultures of cortical
neurons can be interpreted as a higher number of postmitotic,
differentiated cells. Worth pointing out, Marta et al. (2003)
reported an increase in the percentage of myelinated axons
in different areas of the brain such as the corpus callosum
and optic nerve in vivo after an intracranial injection of aTf,
These results allow us to speculate that Tf synthesized by
choroid plexus cells and secreted to the media (Espinosa de
los Monteros et al., 1999) could be incorporated by neuronal
cells, thus inducing their differentiation and generating an
increase in myelin production by OLG to meet axon myelina-
tion demands.

The pro-differentiating effects of Tf on neurons may result
from either an increase in iron transport by Tf, as it has a
major role in brain maturation, or the triggering of intracellu-
lar signals. Indeed, it is well documented that the lack of iron
alters dendritic morphology and blocks communication
between neuronal synapses (Jorgenson et al., 2003; Brunette
et al., 2010). On the other hand, Escobar Cabrera et al.
(1994) postulated that the maturational effect of aTf was inde-
pendent of iron and demonstrated that the administration of
iron-dextran failed to reproduce the effects of aTf. Also,
Rosato-Siri et al. (2010) observed that hypomyelination in
an iron deficiency model was corrected by aTf treatment
when the hematocrit was low, which indicates that iron is
not involved in myelin recovery. Experiments will be
carried out mutating the site of iron binding in Tf to clarify
this point. The second hypothesis has been tested through
the activation of canonical signaling pathways associated to
the endocytosis mechanism mediated by TfR in response to
aTf treatment (Perez et al., 2013; English et al., 2018;
Yarwood et al., 2017). Experiments carried out at low and
high iron concentrations confirmed that iron can partly mod-
ulate the pro-differentiating effects of Tf, while the signal
originated when Tf is internalized by endosomes may also
be involved. If this were the case, and given that Tf affinity
for its receptor increases with iron binding, a larger amount
of iron in the medium could favor its uptake and, as a conse-
quence, trigger intracellular signals. Whether these effects are
mediated by aTf without iron or by the Tf-iron complex
remains to be fully elucidated. However, results obtained in
DFO-treated cultures suggest that both aTf and/or Tf-iron
complexes may take part in pro-differentiating effects.

Microglia are the resident immune cells of the CNS and
represent about 5-12% of total brain cells in healthy condi-
tions. It has been well established that microglial cells are in
close contact with neurons, as well as with OLG and astro-
cytes. Interestingly, it has been demonstrated that IL-10,
which could also be released by microglia, may antagonize
certain functions of IL-1p, TNF-a, and the expression of
iNOS (Park et al., 2006). In addition, IL-10 can also abrogate
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IL-1pB-induced inhibition of glutamate release (Kelly et al.
2011). These data are in agreement with our results
showing an increase in IL-10, which antagonizes TNF-a,
IL-1P, and IL-6 in the presence of Tf and LPS and induces
neuronal differentiation.

It is well known that, in vitro, microglial cells express TfR
and can incorporate Tf added to the medium. Studies by our
group demonstrate that treatment with Tf modifies the micro-
glial response, producing an increase in metabolic activity in
basal, non-LPS stimulated conditions due to cellular prolifer-
ation. Tf in activated microglia produces an even sharper pro-
liferative effect, as a decrease in nitrite release increases their
phagocytic capacity (Carden et al., 2019) and probably
induces an M2 phenotype or an anti-inflammatory profile
associated with regeneration (Cameron & Landreth, 2010).
In this work, cytokine expression profiles showed no differ-
ences between cultures of microglia and co-cultures with
N2a, which is consistent with N2a inability to synthesize cyto-
kines. However, microglial activation with LPS blocked N2a
differentiation in co-culture conditions. Of note, this effect
was offset by Tf, which induced a recovery in N2a differenti-
ating capacity and differentiation index and rendered control
non-LPS-activated values. Even if this work did not address
other potentially neuroprotective cytokines such as TGF-f,
results suggest an important role for Tf in neuroregeneration,
not only by promoting neural cell differentiation, but also by
inducing an increase in IL-10 and modulating microglia
toward an anti-inflammatory phenotype.

Although further studies will determine whether the pro-
differentiating effects are mediated by aTf or Tf-transported
iron, the current findings suggest that Tf reduces neuronal
cell death and favors the differentiation process. Altogether,
our results make Tf a promising candidate to be used in regen-
erative strategies in the context of neurodegenerative diseases.
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