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Abstract

Transferrin (Tf) is a glycoprotein playing a critical role in iron homeostasis and transport and distribution throughout the body and
within tissues and cells. This molecule has been shown to accelerate the process of myelination and remyelination in the central
nervous system (CNS) in vivo and induce oligodendroglial cell maturation in vitro. While the mechanisms involved in oligo-
dendroglial precursor cell (OPC) differentiation have not been fully elucidated yet, our group has previously described the first
molecular events taking place in OPC in response to extracellular Tf. Here, we show the effect of Tf on the different glial cell
populations. We demonstrate that, after a CNS demyelinating injury, Tf can be incorporated by all glial cells—i.e., microglia,
astrocytes, and OPC—and that, acting on microglial cells in vitro, Tf increases microglial proliferation rates and phagocytic
capacity. It may be then speculated that the in vivo correlation of this process could generate a favorable microenvironment for

OPC maturation and remyelination.
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BrdU Bromodeoxyuridine

CcC Corpus callosum

CDl11b Cluster of differentiation 11b (integrin
alpha M)

CNS Central nervous system

CPZ Cuprizone

Ctl Control

CytB Cytochalasin B

EIA Enzyme immunoassays

FCS Fetal calf serum

GFAP Glial fibrillary acidic protein

Griffonia Griffonia simplicifolia isolectin B4

Hoechst bisbenzimide H-33258

HRP Horseradish peroxidase

ICI Intracranial injection
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IL Interleukin

LPS Lipopolysaccharide

MBP Myelin basic protein

MS Multiple sclerosis

MTT Thiazolyl blue tetrazolium bromide

NG2 Neural/glial antigen 2

OLG Oligodendrocyte

OPC Oligodendrocyte precursor cells
PDGFR-« Platelet-derived growth factor receptor-alpha
PFA Paraformaldehyde

PI Propidium iodide

Tf Transferrin

TR Tf receptor 1

TfTR Human Tf conjugated to Texas Red
TNF-o¢ Tumor necrosis factor alpha
Introduction

Microglia are myeloid cells in the central nervous system
(CNS) parenchyma which are regarded as both glial cells
and mononuclear phagocytic cells involved in inflammatory
and immune responses [1, 2] and whose function is to protect
the CNS from injury. Microglial cells also exhibit an impor-
tant role during development and regenerative processes, in-
cluding wrapping and removing damaged cell debris after
brain injury [3, 4], secreting growth factors [5, 6], and engag-
ing in synaptic pruning [7]. However, they are also implicated
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in the pathogenesis of inflammatory demyelinating diseases,
such as multiple sclerosis (MS), via the secretion of toxic
molecules and antigen presentation to lymphocytes [8].
Increased levels of proinflammatory factors such as interleu-
kin (IL)-1, IL-6, tumor necrosis factor alpha (TNF-«), and
other indicators of microglial activation have been correlated
with neurodegenerative diseases including Alzheimer’s dis-
ease and traumatic brain injury [9]. In this context, several
lines of evidence indicate that microglia and their products
can cause neuronal damage [10, 11] by driving a chronic in-
flammatory reaction and thus contribute to the process of neu-
ropathological changes in different neurodegenerative
diseases.

Demyelination involves either in situ microglial activation
and proliferation [12] or, in the case of neuroinflammation, the
recruitment of lymphocytes and monocytes from circulation
[13]. Microglial activation is accompanied by an increase in
the expression of myeloid markers CD11b and ED1 and mor-
phological changes such as cell soma enlargement and process
retraction and shortening. Following these morphological
changes and as a consequence of activation, amoeboid mi-
croglia become round-shaped and exhibit phagocytic capacity
[14].

Microglia can adopt different states of activation depending
on the type, context, and duration of the stimulus, with M1
and M2 representing a wide spectrum of diverse phenotypes
with specific functional significance rather than two different
cell subtypes [8, 15-17]. Although there are many caveats to
the M1/M2 terminology, it nevertheless provides useful terms
to identify different microglia contributions [18, 19]. As the
classic proinflammatory phenotype, M1 microglia are in
charge of removing pathogens by recognizing toll-like recep-
tors and secreting TNF-c, IL-1, IL-6, and oxygen/nitrogen
species [20, 21]. In contrast, phagocytic M2 microglia are
sub-classified into M2a, M2b, or M2c in the absence of in-
flammation [22, 23] and induce a Th2-like response. Key
microglial functions during remyelination include favoring
OPC differentiation, removing myelin debris, and releasing
trophic factors [19, 24, 25]. In other words, the characteristics
adopted by microglia during demyelination and remyelination
are fundamental aspects of successful CNS regeneration
[18, 26].

Over the last decade, there has been a surge of interest in
the study of astrocytes in health and disease. In contrast to
earlier reports describing astrocytes only as stable cells pro-
viding mainly structural and metabolic support and contribut-
ing to the blood-brain barrier, it has now become clear that
astrocytes also carry out a range of homeostatic maintenance
functions [27]. Indeed, in MS lesions, astrocytes exert dual
and paradoxical roles during disease development [28, 29].

Tfis the main Fe>* transporter in the organism and is most-
ly expressed in the liver. Moreover, Tf mRNA expression is
known to increase after birth, which indicates an important

role for Tf in development [30]. Regarding its role in
remyelination strategies, our group has previously reported
that a single intracranial injection (ICI) of apotransferrin
(aTf) in 3-day-old rats increases the expression of diverse
myelin constituents [31-34]. In addition, our in vivo findings
were reproduced in oligodendrocyte (OLG) primary cultures
and in N19 and N20.1 cell lines. These results are in line with
studies showing that aTf regulates myelin basic protein
(MBP) transcription and enhances myelinogenesis in
myelin-deficient rats by synergizing with EGF-1 [35-41].

In this context, the aim of the present work is to evaluate
the effects of aTf treatment on microglial cells to create a
favorable condition that allows OPC differentiation. In vivo
experiments showed that all glial cells incorporate Tf
after a cuprizone (CPZ)-induced demyelinating lesion,
while in vitro assays revealed that the target phenotype
into which microglial cells differentiate is modulated by
Tf, increasing their proliferation rate and phagocytic
capacity.

Materials and Methods
Materials

Human aTf, CPZ, paraformaldehyde (PFA), serum albumin,
poly-L-lysine, tritodothyronine (T3), Triton X-100, and
bisbenzimide H-33258 (Hoechst) were obtained from
Sigma-Aldrich (St Louis, MO, USA). DMEM/F12 and hu-
man Tf conjugated to Texas Red (Tf-TR) were from Life
Technologies (Carlsbad, CA, USA). Fetal calf serum (FCS)
was from Cripion (Sao Paulo, Brazil). Mowiol was from
Calbiochem (Nottingham, UK). Immobilon-P*? (PVDF trans-
fer membrane) was from Millipore (Temecula, CA, USA).
Hyperfine ECL and ECL Plus Western Blotting Detection
Reagents were from GE Healthcare (Buckinghamshire, UK).
All other chemicals were of analytical grade.

Antibodies used were rabbit anti-myelin basic protein
(MBP) (a generous gift from A. Campagnoni-UCLA); mouse
anti-glial fibrillary acidic protein (GFAP; Sigma-Aldrich);
mouse anti-CD11b OX-42 and rabbit anti-NG2 chondroitin
sulfate proteoglycan (Millipore); mouse anti-CNPase and goat
anti-platelet-derived growth factor receptor o (PDGFR-«;
Neuromics, Edina, MN, USA); mouse anti-CD71 OX-26 Tf
receptor (BD Biosciences Pharmingen, San José, CA, USA);
mouse anti-bromodeoxyuridine (BrdU; Roche, Basel,
Switzerland); biotinylated Griffonia simplicifolia lectin 1
isolectin B4 (Vector Laboratories, Burlingame, CA, USA);
and rhodamine phalloidin (Molecular Probes, Invitrogen,
Carlsbad, CA, USA). Horseradish peroxidase (HRP)-, Cy2-,
DyLight 488-, Cy3-, and DyLight 549-conjugated secondary
antibodies were obtained from Jackson ImmunoResearch
Laboratories (West Grove, PA, USA).
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Animal Treatment

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). Newly born
Wistar rats were housed under 12-h light/dark cycles. At
post-natal day 21 (P21), a randomly selected group was fed
a standard powdered rodent chow carefully mixed with 0.6%
CPZ (bis (cyclohexanone)oxaldihydrazone; w/w) during
2 weeks to induce demyelination, while another group was
fed a control diet. At P35, the CPZ group was returned to a
control diet.

Tf Incorporation In Vivo Assays

At P35, animals were administered an ICI of 350 ng aTfin a
volume of 1 pl saline solution [31]. Controls were injected the
same volume of saline solution. Injections were stereotaxical-
ly applied in the corpus callosum (CC) with a glass capillary at
0.25 ul/min during 2 min. Coordinates were 1 mm lateral from
the midline, 2 mm posterior from the bregma, and 2.2 mm
deep from the dura mater [42]. In another set of experiments,
control and demyelinated rats were injected Tf-TR at
P35 using the same coordinates described for aTf injec-
tion. After 24 h, animals were sacrificed, tissue samples
were obtained, and brain slices with positive red signal
(Tf-TR) were processed as described below for Tf in-
corporation analysis in the different CNS glial cells by
confocal microscopy.

Tissue Preparation and Immunohistochemistry

At P35 and P36, animals were anesthetized with 75 mg/kg
ketamine and 10 mg/kg xylazine and perfused through the left
heart ventricle with PBS followed by PFA 4% in PBS. Brains
were carefully removed and fixed overnight in PFA 4% at
4 °C, and later cryoprotected by extensive immersion in
15% and 30% sucrose in PBS at 4 °C. Finally, a set of brain
tissue samples was frozen with freezing spray and stored at —
80 °C until processed, while another set was used to obtain
20-um cryostat tissue sections which were conserved in 50%
glycerol at —20 °C until processed. For floating immunohis-
tochemistry assays, sections were washed in PBS, perme-
abilized with 0.1% Triton X-100 in PBS, and blocked with
5% FCS in PBS. Two different controls were carried out: (a)
no primary antibody control, sample incubated with antibody
solution followed by incubation with corresponding second-
ary antibody; (b) isotype control, tissue incubated with the
same host of the primary antibody in blocking solution
followed by incubation with corresponding secondary anti-
body. For histochemistry assays, brain slices were rinsed three
times in PBS, mounted onto gelatin-treated glass slides, and
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air dried. Sections were blocked in 5% FCS—PBS solution for
2 h, then sequentially exposed to the primary and secondary
antibodies, and finally mounted with Mowiol mounting solu-
tion. Additionally, 20-um brain sections placed directly on
gelatin-treated glass slides. After air drying, sections were
soaked in PBS, dehydrated in 70% ethanol, stained with
0.5% Sudan black in 70% ethanol for 30 min, and, finally,
rinsed with water. Images were observed in fluorescence
Olympus BX50 or a confocal Olympus FV1000 microscope
(Olympus, Tokyo, Japan). Fluorescence microscopy images
were analyzed using Image-Pro Plus 5.5 software (Media
Cybernetics, Rockville, MD, USA), while confocal microsco-
py images were analyzed using Fluoview 2.1 software
(Olympus). Immunohistochemistry for each marker was
performed in triplicate from at least three independent
experiments.

Microglial Primary Cultures

Primary cultures of microglial cells from newborn Wistar rats
were performed according to McCarthy and de Vellis [43].
After removing the 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 poly-L-lysine-coated 75-cm? tis-
sue 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/min shaking during 1 h. More than 96% of the iso-
lated microglial cells were CD11b-positive. Cell suspension
was centrifuged at 300xg for 10 min and the pellet resuspend-
ed in DMEM/F12 (1:1 v/v) with 10% FCS. Cells were cul-
tured either on 12-mm coverslips or 30-mm Petri dishes
during 24 h.

Astroglial Primary Culture

Primary cultures of mixed glial cells were shaken overnight on
an orbital shaker at 250 rpm at 37 °C. The suspended cells
were discarded and attached cells were then detached with
0.25% trypsin after rinsing briefly with 0.2% ethylenedi-
aminetetraacetic acid. Cells were plated in 96-well plates in
DMEM/F12 (1:1 v/v) supplemented with 10% FCS and 1%
penicillin-streptomycin during 1 day. Then, astroglial cells
were treated for 2 days. The culture contained around 85%
GFAP? cells, a specific marker for astrocytes.

Culture Treatment
According to experiments, the microglial or astroglial medium

was changed to DMEM/F12 (1:1 v/v) with 1% FCS after 24 h
in DMEM-F12 supplemented with 10% FCS. Then, cells
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were cultured in basal conditions or activated by 10 ng/ml
lipopolysaccharide (LPS) during different times in the pres-
ence or absence of 100 pg/ml aTf. Microglial cells were also
incubated with 100 pg/ml Tf-TR for 30 min at 37 °C. After
being washed, cells were fixed and Tf incorporation was an-
alyzed by fluorescence microscopy.

Cell Viability Assays

Microglial cells were seeded in 96-well plates and incubated
with 0.5 mg/ml thiazolyl blue tetrazolium bromide (MTT)
substrate for 1 h at 37 °C 5% CO, before the end of treatment.
MTT cleavage to insoluble formazan crystals (mainly by mi-
tochondrial dehydrogenases) is an indirect measure of cell
metabolic activity. After the addition of a 10% SDS 0.1 N
HCI solution, absorbance at 570 nm was measured in
FlexStation equipment.

Cell Death and Nitrite Assays

Microglial cells were exposed to a 100 pg/ml propidium io-
dide (PI) solution for 30 min after treatment and analyzed by
microscopy. Cells incorporating the fluorescent PI dye were
considered dead cells. After microglia treatments, culture me-
dia were collected and total nitrites present in the media were
evaluated following the Griess technique [44]. Briefly, 50 ul
of 6.5 M HCI and 50 pl of 37.5 mM sulphanilic acid were
added to 200 ul of culture media. After 10 min of incubation
at4 °C, 50 ul of 12.5 mM NED was added. After 30 min of
incubation at 4 °C, samples were centrifuged (6700xg) for
10 min at 4 °C. A standard curve was generated with sodium
nitrite with concentrations ranging from 1 to 100 uM.
Absorbance at 540 nm was measured in a spectrophotometer.

Cell Proliferation Assays

BrdU incorporation was evaluated by enzyme immunoassays
(EIA) and immunocytochemistry. BrdU (10 M) was added
to the culture media during treatment in order to label cells in
the S phase. For EIA, cells were incubated with a mouse
antibody anti-BrdU (1:1000) during 1 h at 37 °C in 0.1%
Triton X-100 in PBS with 1% FCS and then with an
anti-mouse antibody conjugated to HRP during 1 h at
37 °C. After washing three times with PBS, the enzymatic
reaction was carried out during 30 min using 3,3',5,5'-
tetramethylbenzidine (TMB) as substrate, and the kinetic
reaction was stopped using 1 M phosphoric acid.
Absorbance at 450 nm was measured in FlexStation
equipment. Immunocytochemical analyses were conducted
as described below.

Phagocytosis Assays

Microglial cells were incubated with Saccharomyces
cerevisiae conjugated with FITC at the end of treatment for
15 min at 37 °C. Two different phagocytosis controls were
carried out: (a) incorporation in the presence of 1 and
10 uM cytochalasin B (Cyt B) for the inhibition of
actin polymerization and (b) temperature variation at
4 °C before yeast-FITC addition and then the assay
done at 4 °C. Phagocytic particles were quantified by
fluorescent microscopy to be expressed as the number
of particles internalized per cell. Nuclei were identified
with Hoechst [45-47].

Immunocytochemistry

Microglial cells were fixed with 4% PFA in PBS for
15 min at room temperature, permeabilized, and blocked
with 5% FCS in 0.01% Triton X-100 PBS solution for
2 h. Cells were then incubated overnight at 4 °C with
the following primary antibodies: anti-MBP, anti-NG2,
anti-PDGFR-«, anti-CD71, Griffonia simplicifolia, anti-
CDl11b, anti-GFAP, anti-BrdU, and rhodamine phalloidin.
Coverslips were then rinsed, incubated for 2 h at room
temperature with the appropriate fluorescent-conjugated
secondary antibodies, and, finally, mounted with
Mowiol solution. Two different controls were carried
out: (a) no primary antibody control, sample incubated
with antibody solution followed by incubation with cor-
responding secondary antibody; (b) isotype control, cells
incubated with the same host of the primary antibody in
blocking solution followed by incubation with corre-
sponding secondary antibody. Images were examined
in an epifluorescence Olympus BX50 microscope or a
confocal Olympus FV1000 microscope. Epifluorescent
images were analyzed with Image-Pro Plus software
(Media Cybernetics) and confocal images were analyzed
using Fluoview 2.1 software (Olympus). Nuclei were
identified with Hoechst to determine the total number
of cells in each slide [48]. Positive cells for each anti-
body were normalized to Hoechst-positive cells in each
condition and quantified using Image-Pro Plus 4.5
software.

Statistical Analysis

Infostat software was used to determine if the data set is nor-
mally distributed. Graph-Pad Prism software was used for
data analysis of three independent experiments. Results are
presented as the mean + SEM. Comparisons were made using
two-way ANOVA, followed by Neuman-Keuls post-tests for
multiple comparisons; ***p < 0.001, **p < 0.01, *p < 0.05; ns
non-significant.
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Results

Tf Cell Targets After CPZ-Induced Demyelination
In Vivo

Brain tissue coronal sections (Fig. 1a) obtained from P35 con-
trol and CPZ-treated rats were used to evaluate demyelination
in the CC. Sudan black and Eriochrome-cyanine R assays
showed lower staining in the CC of CPZ animals, along with
a decrease in CC size as a consequence of demyelination
(Fig. 1b and ¢). The loss of immunoreaction for oligodendrog-
lial markers MBP and CNPase was also observed after CPZ
intoxication (Fig.1d). In addition, astrogliosis was detected
through GFAP expression and microgliosis was observed
through the use of CD11b (Fig.1e).

Animals intoxicated with CPZ were injected Tf-TR in or-
der to determine whether glial cells other than OLG are targets
for Tf incorporation in demyelinated animals. Reconstructed
confocal images of CC revealed that OPC, identified through
PDGFR-«, incorporated Tf in control as well as in
demyelinated rats (Fig. 2a and b). OPC red fluorescence was
concentrated in the intracellular region close to the nucleus, a
characteristic feature of endocytosis. Astrocytes identified

a
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[
P2

P

1 P35, P42
¢
<]

TETR

MBP

Fig. 1 Cuprizone-induced demyelination in vivo. a Schematic
representation of the experimental design and rat brain coronal slice
indicating the area analyzed in the corpus callosum. Histological
analyses of CTL and CPZ animals at P35 using b eriochrome-cyanine
R staining; ¢ Sudan black B staining; d oligodendroglial marker MBP
(red) and CNPase (green) staining; e astroglial marker GFAP (red) and

CPZ

CNPase

CTL

CPZ

200 pm
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through GFAP expression revealed a red punctate mark along
processes in demyelinated animals, which was absent in con-
trol animals (Fig. 2¢ and d). Finally, microglial cells identified
by CDI11b expression were able to incorporate Tf in both
control and demyelinated rats (Fig. 2e and f). Red fluores-
cence was observed in cell processes but particularly cell nu-
clei. As microglia are phagocytic cells, Tf is probably incor-
porated faster than in other glial cells and, once inside the cell,
T£-TR molecules are degraded, which allows their diffusion to
the cell nuclei.

Effects of Tf Treatment on Microglia In Vitro

Microglia primary culture characterization rendered 96.4%
CD11b*/Griffonia® cells identified as microglial cells
(Fig.3a—c), 2.3% NG2*/PDGFR-«* or double positive
cells identified as OPC (Fig. 3d-f), and 1.33% GFAP”*
cells identified as astrocytes (Fig. 3g and h). Griffonia®* cells
were found to express Tf receptor 1 (TfR) (Fig. 4a—c) and to
incorporate Tf-TR (Fig. 4d—f). After Tf-TR incorporation,
immunodetection of type 1 TfR was evaluated again, with
results rendering 99.7% TIR™/T-TR" cells with the punctate
pattern characteristic of the membrane receptor. Red

5 :,i“‘ﬁ:' ==

CTL

CPz

microglial marker CD11b (green) staining. Scale bars, 1000 um for left
images b and ¢, 400 pum for right images b and ¢, 200 um for images d
and e. CD11b: cluster of differentiation 11b (integrin alpha M); CPZ:
cuprizone; CTL: control; GFAP: glial fibrillary acidic protein; ICI:
intracranial injection; MBP: myelin basic protein; Sf: physiological
solution; Tf-TR: Texas red-labeled transferrin
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Fig. 2 Tf-TR incorporation in
glial cells in vivo. Confocal
reconstructions of z-stack images
obtained from CTL and CPZ
animals injected Tf-TR (red) at
P35 and immunostained 24 h later
using a and b oligodendroglial
cell marker PDGFR-« (green); ¢
and d astrocyte marker GFAP
(green); e and f microglial marker
CD11b (green); nuclear staining
using Hoechst (blue). Full-stack
images, x—z (bottom margin box)
and y—z (right margin box) planes
of triple labeling on the selected
yellow line intersections. Scale
bar, 20 pm for all images in the
panel. CD11b: cluster of
differentiation 11b (integrin alpha
M); CPZ: cuprizone; CTL:
control; GFAP: glial fibrillary
acidic protein; PDGFR-«:
platelet-derived growth factor
receptors - alpha; Tf-TR: Texas
red-labeled transferrin

PDGFR-o Tf-TR

GFAP Tf-TR

CD11b Tf-TR

fluorescence corresponding to Tf-TR after 30 min of
treatment was observed in the cell soma, indicating endocytic
incorporation (Fig. 4g—i).

Microglia viability exposed to the different culture condi-
tions was evaluated by the MTT assay after 12, 24 and 48 h of
treatment. The presence of aTf was found to increase cell
viability in basal and LPS-activated culture conditions
(Fig. 5a—c) at all times analyzed. Subsequent studies to

determine the cell mechanisms at play—proliferation or
death—were conducted after 48 h of treatment, as this was
the condition revealing the sharpest increase in cell viability.
Proliferation assays showed a significant increase in BrdU*
cells related to total cells and clear nuclear immunolabeling in
the presence of aTf as compared to control conditions. The
mere presence of aTf increased cell proliferation by 193.44%
related to control, similar to LPS treatment, while LPS
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PDGFR-a NG2 Griffonia CD11b

GFAP

Fig. 3 Culture characterization. Culture purity assessment through
immunocytochemistry using a to b microglial markers Griffonia
simplicifolia (green) and CD11b (red); d to f oligodendroglial cell
markers PDGFR-« (green) and NG2 (red); g and h astrocyte marker
GFAP (red); nuclear staining using Hoechst (blue). Scale bars, 200 um
for images a, b, d, e, and g, 50 pum for images c, f, and h. Images fand h
show fields which contain positive cells which are not representative of its

stimulation in the presence of aTf had synergistic effects on
BrdU incorporation (Fig. 6a and b). In addition, EIA quanti-
fication of the amount of BrdU incorporated revealed signifi-
cant differences which resembled immunocytochemical find-
ings (Fig. 6¢). In turn, cell death evaluated through nuclear PI
incorporation was not affected by aTf treatment but signifi-
cantly increased by LPS as compared to control. Such increase
was abolished when LPS treatment was combined with aTf,
reaching values close to control conditions (Fig. 7a and b).

Effects of Microglial Tf Treatment on Astrocytes

As mentioned above, microglial primary cultures included a
small proportion of other glial cells, which was 1.33% for
astrocytes at the beginning of treatment (Fig. 3i). To assess
the astrocyte population following changes in microglial phe-
notypes upon aTf treatment, we studied the proportion of as-
trocytes after 2 days in the different culture conditions. aTf
treatment did not modify the percentage of GFAP™ cells rela-
tive to total cells in basal conditions (Fig. 8a and b). However,
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I

OPC

percentage in the culture. Images ¢, f, and h show higher magnification
images of insets in a, d, and g, respectively. i Quantification of positive
cells relative to total nuclei. CD11b: cluster of differentiation 11b (integrin
alpha M); GFAP: glial fibrillary acidic protein; Griffonia: Griffonia
simplicifolia isolectin B4; MBP: myelin basic protein; NG2: neural/glial
antigen 2; OPC: oligodendrocyte precursor cells; PDGFR-«: platelet-
derived growth factor receptors-alpha

LPS in the absence of aTf treatment after 2 days showed a
significantly lower percentage of astrocytes, from 8.3% in con-
trol conditions to 2.8% under LPS activation, while the com-
bination of LPS and aTf rendered a GFAP* cell proportion
similar to that of control conditions (Fig. 8c—e). Worth men-
tioning, isolated pure cultures of astrocytes were not sensitive
to stimulation with aTf, LPS or their combination (Fig. 8f).

Effects of Microglial Tf Treatment on OLG

Microglial cultures also included 2.3% OPC at the beginning
of treatment (Fig. 3i). Using the strategy described above, we
evaluated changes produced in OLG by shifts in microglial
phenotypes. Results showed a higher proportion of MBP*
cells, from 3.7% in control conditions to 6.9% in the presence
of aTf for 2 days (Fig. 9a and b). LPS activation produced a
significant decrease of 1.6%inMBP™ cells and their morphol-
ogy during LPS treatment was characteristic of dead cells
(Fig. 9¢). LPS activation combined with aTf produced a return
to normal values (Fig. 9d and e).
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Griffonia TfR

Griffonia Tf-TR

TR Tf-TR

Fig. 4 Tf-TR incorporation and Tf receptor 1 expression in microglial
cells in vitro. Immunocytochemical assays in microglial cultures using a
to ¢ Griffonia (green) and an antibody against Tf receptor 1 (red); d to f
Griffonia (green) and Tf-TR (red); g to i an antibody against Tfreceptor 1
(green) and Tf-TR (red); nuclear staining using Hoechst (blue). Scale

Effects of Tf Treatment on Microglial Phagocytic
Capacity In Vitro

Microglial phagocytic capacity was analyzed using
Saccharomyces cerevisiae labeled with FITC after 48 h of
treatment. Results obtained in cells activated with LPS in the
presence of aTf showed increased phagocytic capacity regard-
ing controls (Fig. 10a—d and 1). Control assays using a 10 uM
dose of Cyt B inhibited phagocytosis but affected cell

100 pm

bars, 100 um for images a, b, d, and e, 25 um for images ¢ and f,
40 pm for images g to i. Merge images ¢ and f show higher
magnification images of insets in b and e. Griffonia: Griffonia
simplicifolia isolectin B4; TfR: Tf receptor 1; Tf-TR: Texas red-labeled
Tf

survival, while 1 puM showed clear phagocytosis inhibition
without affecting cell survival. The second control assay was
done at 4 °C, which decreased cell activity and, hence, cell
phagocytic capacity (Fig.10e—g). Rhodamine-conjugated
phalloidin labeling during assays showed actin cytoskeleton
participation in the phagocytic process, with regions of high
concentration in areas where yeast phagocytosis took place
near the membrane inside the cell, which indicates complete
phagocytosis. Of note, multiple long membrane processes

a b c
200 - 200 *k 250 Rk
= = = sk
: 150 % £ 150 i £ 2004
= 150 o = 150 ok = ok
g5 y = =3 i e —E =
as e o a £ 150
b3 © 1004 b1 © 1004 b @
2= 2= 2 £ 1004
=z = == ==
2 504 2 504 2 s
s S g 30
cil aTf LPS  LPS+aTf cil aTf LPS  LPS+aTf c aTf LPS  LPS+aTf

Fig. 5 Microglial cell viability upon aTf treatment. MTT assays in
microglial cultures after a 12 h, b 24 h, and ¢ 48 h of aTf treatment in
the presence or absence of LPS. Data are presented as the mean + SEM of
three independent experiments using one-way ANOVA followed by

Neuman-Keuls multiple comparison test; ***p <0.001, **p <0.01,
symbols above the bars indicate significance compared to
corresponding control. aTf: human apotransferrin; Ctl: control; LPS:
lipopolysaccharide
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Fig. 6 Microglial cell proliferation upon aTf treatment. a
Immunnofluorescence analysis of BrdU incorporation (green) in
microglial cultures after 48 h of aTf treatment in the presence or
absence of LPS; nuclear staining using Hoechst (blue). Two nearby
BrdU*/Hoechst cells are indicated with arrows. Scale bar, 100 um for
all images in the panel. b Quantification of BrdU" cells relative to total
nuclei; ¢ Quantification of BrdU incorporation by enzyme immunoassays
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(EIA). Data are presented as the mean = SEM of three
independent experiments using one-way ANOVA followed by
Neuman-Keuls multiple comparison test; ***p <0.001, **p <0.01,
*p <0.05, ns non-significant, symbols above the bars indicate
significance compared to corresponding control. aTf: human
apotransferrin; Ctl: control; LPS: lipopolysaccharide; BrdU:
bromodeoxyuridine
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Fig. 7 Microglial cell death upon aTf treatment. a Immunofluorescence
analysis of PI incorporation (red) in microglial cultures after 48 h of aTf
treatment in the presence or absence of LPS; nuclear staining using
Hoechst (blue). PI*/Hoechst cells are indicated with arrows. Scale
bar, 200 pum for all images in the panel. b Quantification of PI*
cells relative to total nuclei. Data are presented as the mean +
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SEM of three independent experiments using one-way ANOVA
followed by Neuman-Keuls multiple comparison test; **p <0.01,
ns non-significant, symbols above the bars indicate significance
compared to corresponding control. aTf: human apotransferrin;
Ctl: control; LPS: lipopolysaccharide; PI: propidium iodide
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Fig. 8 Astrocyte survival upon
aTf treatment of activated
microglia. a to d
Immunocytochemical analyses of
microglial cultures after 48 h of
aTf treatment in the presence or
absence of LPS using astrocyte
marker GFAP (red) and
microglial marker CD11b
(green); nuclear staining using
Hoechst (blue). Images show
fields which contain GFAP* cells
which are not representative of its
percentage in the culture. Scale
bar, 100 pwm for all images. e
Quantification of GFAP* cells
relative to total nuclei. f MTT
assays in pure astroglial cultures
after 48 h of aTf treatment in the
presence or absence of LPS. Data
are presented as the mean + SEM
of three independent experiments
using one-way ANOVA followed
by Neuman-Keuls multiple
comparison test; **p <0.01,

*p <0.05, ns non-significant,
symbols above the bars indicate
significance compared to
corresponding control. aTf:
human apotransferrin; Ctl:

aTf
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were detected between neighboring cells, especially in the
presence of LPS (Fig.10h—k).LPS also produced a significant
increase in nitrite production and release to the culture
medium as compared to control cells (92.28%, p <0.01),
which was again compensated by the presence of aTf
(Fig. 10m).

Discussion

Microglia are the brain-resident cells of the innate immune
system, and their overactivation is associated with neurode-
generative processes. The control of microglial properties
sparks great interest due to the possible therapeutic applica-
tions which contemplate stimulating or inducing the cellular
mechanisms involved in regeneration, applicable to different
pathologies of the CNS [19].

MS is a chronic inflammatory CNS disease which leads to
demyelination and neurodegeneration [19, 49, 50]. After de-
myelination, OPC are recruited to the lesion zone, where
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they differentiate into mature remyelinating OLG. CPZ ad-
ministration is an animal model of MS used in rats and mice
and characterized by massive demyelination, astrogliosis, and
microgliosis [51-53]. This process is spontaneously reversed
when CPZ is withdrawn from the diet, which allows the study
of in vivo repair mechanisms [29, 53-57].

Treatment of CPZ-fed rats with a single ICI of 350 ng aTf
at the time of CPZ withdrawal is known to induce a marked
increase in myelin deposition, which results in significantly
improved remyelination reflected by histological, immunocy-
tochemical, and biochemical parameters [53]. These results
postulate Tf as an active promyelinating agent which
could prove key in the treatment of certain demyelinat-
ing conditions. Positive effects on myelination and
remyelination have allowed us to define aTf as a trophic
factor in the CNS.

Our current results demonstrate that, upon CNS demyelin-
ating injury induced in rats by CPZ, OPC, astrocytes, and
microglia can incorporate Tf. At the same time, in vitro studies
conducted in glial primary cultures show that microglial cells
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Fig. 9 Oligodendroglial survival Ctl

upon aTf treatment of activated
microglia. a to d
Immunocytochemical analyses of
microglial cultures after 48 h of
treatment in the presence or
absence of LPS using
oligodendroglial marker MBP
(red) and microglial marker
CD11b (green); nuclear staining
using Hoechst (blue). Images
show fields which contain
positive cells which are not
representative of its percentage in
the culture. Small MBP™ cell is
indicated with arrow (image C).
Scale bar, 100 pm for all images.
e Quantification of MBP* cells
relative to total nuclei. Data are
presented as the mean = SEM of
two independent experiments
using one-way ANOVA followed
by Neuman-Keuls multiple
comparison test; *p < 0.05, ns
non-significant, symbols above
the bars indicate significance
compared to corresponding
control. aTf: human
apotransferrin; Ctl: control; LPS:
lipopolysaccharide; MBP: myelin
basic protein.

MBP*/nuclei

actually incorporate Tf, express TfR, and undergo significant
changes upon treatment with Tf in the presence of LPS, such
as an increase in proliferation, a sharp expansion in their
phagocytic capacity, and a reduction in NO release to values
similar to control.

The mechanisms underlying remyelination failure in MS
patients are still to be elucidated, although special attention
has been paid to the fact that MS lesions, for example, contain
numerous OPC which have a potential capacity to myelinate
but fail to differentiate into mature OLG. One of the reasons
associated with this failure is the presence of myelin debris in
the lesion area, which contains inhibitors of OPC differentia-
tion [58-60]. In the intact CNS, inhibitors present in myelin
prevent OPC from differentiating in the absence of exposed
axons, which could induce OPC apoptosis [61]. Inhibitor re-
moval from the extracellular space is therefore essential dur-
ing demyelination, in order to prevent interference with the
final differentiation of OPC and consequently with the process
of remyelination [60].

aTf
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Fig. 10 Microglial phagocytic capacity and total nitrite release upon aTf P>
treatment. a—d. Immunocytochemical analyses of phagocytic capacity in
microglial cultures incubated with yeasts Saccharomyces cerevisiae using
FITC (green) for 30 min at 37 °C after 48 h of aTf treatment in the presence
or absence of LPS; nuclear staining using Hoechst (blue). The cell shape
generated by the phagocytic Saccharomyces cerevisiae is indicated with
arrows (images A-D). Scale bar, 100 pm for A-D images. e-g Control
immunocytochemical analysis of phagocytic capacity using Cyt B to
inhibit actin filament polymerization or at 4 °C. Scale bar, 100 pm for
images e—g images. Immunofluorescence analyses of yeast phagocytosis
after 48 h of treatment in h Ctl, i aTf, j LPS, and k aTf+LPS conditions
using yeast-FITC (green) and actin filament marker rthodamine phalloidin
(red). Actin cytoskeleton participation in the phagocytic process is indicated
with arrowheads and long membrane processes are indicated with arrows
(images H-K). Scale bars, 25 pum for images h—k. 1 Quantification of yeasts
incorporated per cell. m Quantification of total nitrites released by microglia
to the culture medium through Griess’ technique after 48 h of treatment.
Data are presented as the mean + SEM of three independent experiments
using two-tailed #test and one-way ANOVA followed by Neuman-Keuls
multiple comparison test; ***p < 0,001, **p<0.01, *p <0.05, ns non-
significant, symbols above the bars indicate significance compared to
corresponding control. Ctl: control; aTf: human apotransferrin; LPS:
lipopolysaccharide; Cyt B: cytochalasin B
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When microglia adopt an M2c phenotype, they recognize
apoptotic cellular material through phosphatidylserine [62] or
TREM2 receptors [63] and produce an anti-inflammatory re-
sponse, releasing TGF-{3 and IL-10, stimulating phagocytosis,
and, thus, taking part in tissue remodeling and repair [18, 64,
65]. Cytokine release might be the first step in the immune
response after CNS lesion for successful restoration, as it may
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contribute to the creation of a favorable environment for re-
generation. Such cytokines attract phagocytes which remove
cell debris from lesions, a turning point between demyelin-
ation and remyelination. In this context, the increase in
microglial phagocytic capacity observed in the current study
upon Tf treatment could be a key event in the generation of a
favorable environment for remyelination after phagocytosis of
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myelin debris [20, 24]. This effect added to the decrease in NO
production observed after the use of Tf in vitro shows that
activated microglial phenotypes behave differently in the pres-
ence or absence of Tf. Furthermore, the reduction in NO
release allows us to speculate that Tf modulates the
activation of microglia toward a remyelination-associated
phenotype, probably M2.

Genome-wide gene expression analysis of microglia from
the CC in the mouse CPZ model has demonstrated the exis-
tence of a remyelination-associated phenotype already at the
onset of demyelination and throughout remyelination [26].
Supporting these findings, recent studies have shown a switch
from M1 to M2 both in resident microglia and in macrophages
derived from the periphery at the initiation of CNS
remyelination [2, 66—69]. Similarly, OLG differentiation has
been shown to increase in vitro with M2-conditioned medium
and to decrease in vivo following the selective depletion of
M2 during remyelination [70].

The current report further shows that OPC incorporate Tf
in vivo both in control and CPZ experimental conditions,
which shows them as target cells for Tf in normal conditions
and during demyelination. These results are in agreement with
the effects described for Tf on in vivo OLG maturation [31,
32,40, 53] and suggest that aTf has a direct maturational effect
on OPC through its internalization. Also, previous results
from our laboratory indicate that Tf stimulation of neural
and OLG proliferation could be related to their capacity of
self-renewal [71]. Furthermore, besides its effects on experi-
mental autoimmune encephalomyelitis progression through
the modulation of iron concentration, which leads to the atten-
uation of reactive microglia and the production of proinflam-
matory mediators, aTf also shows inhibitory effects on IL-2
production in activated T cells [72]. Worth pointing out, an
increase in TfR and ferritin has been detected in MS patients
[73].

The repair process associated with the activation of OPC
after injury is conditioned by important genetic changes. For
example, transcription factors TCF7L2 and SOX2 are
expressed only after tissue injury, conditioning the prolifera-
tion of OPC and the ability of these cells to differentiate [74,
75]. Although the activation mechanisms of OPC are not
completely known, it has been postulated that the first step
for this process is the recognition of tissue injury by innate
immunity, represented by microglia in the CNS.

The activation of microglia induces the release of several
molecules which activate astrocytes by secreting a wide range
of factors capable of modifying injured tissue and thus condi-
tioning the proliferation, migration, and differentiation of
OPC [19, 76]. The role of astrocytes during de- and
remyelination is controversial, and both beneficial and detri-
mental effects have been reported [28, 29]. It has recently been
shown in mice that neuroinflammation mediated by LPS and
ischemia induce two different types of reactive astrocytes

termed A1 and A2. A1 astrocytes induce the death of neurons
and OLG and might be regarded as harmful, while A2 astro-
cytes upregulate many neurotrophic factors and are thus pos-
tulated as protective. Al astrocytes are induced via the secre-
tion of IL-1, TNF-«, and Clq by reactive microglia [77].
These findings allow us to hypothesize that the changes in
microglial phenotypes induced by Tf could also limit the de-
velopment of A1 astrocytes, favoring the development of an
A2 phenotype.

While OPC and microglia express type 1 TfR [78], astro-
cytes lack type 1 TfR expression and have been postulated to
incorporate iron through Tf-TfR-independent mechanisms
[79-82]. Overall, these results indicate that Tf could promote
remyelination in vivo by acting, on the one hand, on different
cell types able to incorporate Tf, a direct mechanism stimulat-
ing OPC maturation and, on the other hand, through uptake by
microglia which indirectly participate in OLG maturation by
modifying the extracellular milieu and making it suitable for
OPC differentiation.

Altogether, our results show the participation of Tf in the
modulation of microglial activation and its effects on astrocytic
and oligodendroglial cell populations in vitro. Our results also
allow us to speculate that this mechanism underlies the effect
of aTf on OLG maturation. In sum, the present work contrib-
utes to the description of the first impact of extracellular Tf on
microglia and provides insights into the favorable microenvi-
ronment generated by aTf for the CNS regeneration process.
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