Mol Neurobiol
DOI 10.1007/s12035-016-0369-2

@ CrossMark

Iron Availability Compromises Not Only Oligodendrocytes
But Also Astrocytes and Microglial Cells

Maria Victoria Rosato-Siri' - Leandro Marziali' - Maria Eugenia Guitart' -
Maria Elvira Badaracco' - Mariana Puntel” - Fernando Pitossi” « J orge Correale® -

Juana Maria Pasquini'

Received: 26 September 2016 / Accepted: 28 December 2016
© Springer Science+Business Media New York 2017

Abstract When disrupted, iron homeostasis negatively impacts
oligodendrocyte (OLG) differentiation and impairs myelination.
To better understand myelin formation and OLG maturation,
in vivo and in vitro studies were conducted to evaluate the effect
of iron deficiency (ID) not only on OLG maturation but also on
astrocytes (AST) and microglial cells (MG). In vivo experiments
in an ID model were carried out to describe maturational events
during OLG and AST development and the reactive profile of
MG during myelination when iron availability is lower than nor-
mal. In turn, in vitro assays were conducted to explore proliferat-
ing and maturational states of each glial cell type derived from
control or ID conditions. Studies targeted NG2, PDGFR«,
CNPAse, CC1, and MBP expression in OLG, GFAP and S100
expression in AST, and CD11b, ED1, and cytokine expression in
MG, as well as BrDU incorporation in the three cell types. Our
results show that ID affected OLG development at early stages,
not only reducing their maturation capacity but also increasing
their proliferation and affecting their morphological complexity.
AST ID proliferated more than control ones and were more im-
mature, much like OLG. Cytokine expression in ID animals
reflected an anti-inflammatory state which probably influenced
OLG maturation. These results show that ID conditions alter all
glial cells and may impact myelin formation, which could be
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regulated by a mechanism involving a cross talk between AST,
MG, and oligodendrocyte progenitors (OPC).
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Introduction

Inhumans, iron deficiency (ID) is a common nutritional condition
whose consequences include neurological disorders and anemia
[1, 2]. These findings suggest that iron acquisition during the
prenatal and postnatal periods is indispensable for normal central
nervous system (CNS) myelination. Oligodendrocytes (OLG),
the primary myelinating and iron-containing cells in the CNS,
require iron as a cofactor for enzymes involved in myelin produc-
tion and maintenance [3], although the specific role of iron and its
underlying mechanisms remain to be elucidated.

ID imposed on developing rats has proven to be a useful
model to understand associated changes in myelin composition,
including a lower relative content of cholesterol and proteolipid
protein (PLP) [4]. Iron also takes part in energy production
through higher rates of mitochondrial oxidative metabolism in
OLG [5], and a correlation has been established between iron
dyshomeostasis and neuropathogenesis [6]. Histochemical stud-
ies have shown that high iron concentrations in OLG play a
particular role in myelin production [7, 8]. In addition, animals
exposed to a gestational ID diet have exhibited hypomyelination
[4], as ID conditions correlate with alterations in the OLG pop-
ulation [8, 9] both in size and myelinating capacity. In turn, the
oligodendrocyte progenitor (OPC) subpopulation expands but
shows poor maturation, with fewer mature OLG (m-OLG) in ID
than in control conditions [10]. OLG iron deposits are also de-
tected in macrophages and astrocytes (AST) in experimental
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autoimmune encephalomyelitis mice [11], which suggests that
macrophages and glial cells other than OLG may participate in
altered iron metabolism in this multiple sclerosis animal model.

ID hypomyelination might also be associated to alterations
in AST and microglial cell (MG) functions, which in turn fail
to support OPC maturation. AST provide iron to MG [12, 13]
which participate in the expression of IL-13 and TNF-«x [14,
15]. These cytokines could either act directly on OPC or stim-
ulate AST for the production of growth factors taking part in
OPC differentiation, such as FGF-2 and IGF-1 [16-18]. IL-1(3
can also induce TGF-o expression by AST, which could di-
rectly contribute to OPC differentiation [19, 20]. Considering
bibliographical evidence available so far, the impaired matu-
ration of ID OLG might be thought of as an intrinsic cell
dysfunction or it may also reflect the unfavorable cell scenario
in which OLG progress to a myelinating state. In addition, it is
possible that ID also leads to functional alterations in MG.
During the early postnatal period, MG are thought to be an
iron source for OLG and have actually been described as iron
capacitors [8], because they accumulate iron prior to
myelination and then decrease iron content as OLG accumu-
late it [21, 22].

Our current in vivo and in vitro findings suggest that
hypomyelination in ID animals could be explained not only
by an arrested immature OLG subpopulation but also by de-
ficiencies in other glial cells, particularly AST maturation and
responsiveness and MG response and cytokine expression,
which further prevent OLG maturation and myelin formation.
Furthermore, our data reveal a blockade of MG pro-
inflammatory profile in ID animals [23]. In vitro data showed
that all glial cells derived from gestational ID pups exhibited
long-lasting effects of iron deprivation and similar features
characterized them in cultures. These observations are also
in agreement with in vivo data showing ID persistent effects
even after 2 weeks of normal diet restoration.

Materials and Methods
Animals

Animal protocols were approved by the Institutional Review
Board at Universidad de Buenos Aires and were in accordance
with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. Wistar rats were housed under
controlled temperature (22 £ 2°C) in an artificially lit animal
room under a 12-h light/dark cycle and fed water and food ad
libitum.

In Vivo Experimental Design

Pregnant Wistar rats were fed a normal diet (C; 40 mg Fe/kg)
or an iron-deficient diet (ID; 4 mg Fe/kg) from gestational day
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five (ES5) until weaning at postnatal day 21 (P21). After
weaning, the offspring was fed a normal diet. The myelination
process was delimited by two time points, P21 and P35. P21
represents an important transition point before the onset of
puberty, which begins during the fourth week of age. Within
our experimental protocol, this time point stands for the peak
of the myelination process, while P35 represents the point of
complete and steady myelination (Scheme 1, upper panel).
Two-way analysis of variance (ANOVA) did not reveal sig-
nificant sex-dependent differences for the parameters ana-
lyzed at the time points selected.

In Vitro Experimental Design

Total brains of PO—1 pups born to rats fed either a normal (C
cultures) or an iron-deficient diet (ID cultures) were used for
primary cultures following the method already described [24].
Brains were dissected and plated on T75 polylysinated flasks
and cultured in Dulbecco’s Modified Eagle’s medium (DMEM)
supplemented with F12 (DMEM/F12) supplemented with 10%
FCS for 14 days. Following the original protocol, MG, OLG,
and AST cells were sequentially obtained by differential centri-
fugation. MG and AST were cultured in DMEM/F12 and 10%
FCS for 24 h. media were changed to DMEM/F12 1% FCS.
MG C and MG ID were treated either with saline solution
(SAL) or LPS (100 ng/ml) [25]. OLG cultures were maintained
in a complete Glial Defined Medium (GDMc) for 24 h previous
to any treatment; cultures were maintained up to 3 or 5div.
Supernatants of AST cultures were assayed in OLG cultures
(AST-conditioned medium) as compared to a nonconditioned
(GDMc). Assays were performed adding equal volumes of
GDMc 2x and the corresponding AST-conditioned supernatant.
5div OLG cultures were used to study differentiation effects. At
4div, AST C and AST ID were treated for 24 h either with SAL
or HO, (50 uM) [26] (AST LPS- or H,O,-challenged, respec-
tively). Cultures were fixed with 30 min methanol at —20°C,
rinsed twice with PBS and stored at —20°C until used and ana-
lyzed by ICC and qRT-PCR techniques. Culture purity was
checked using anti-O4, anti-CD11b, anti-NeuN, and anti-
GFAP antibodies.

Brain Sections

P21 and P35 rats were anesthetized with a ketamine-xylazine
mixture (75-10 mg/kg) and intracardiacally perfused with
phosphate-buffered saline (PBS), pH 7.4, and ice-cold 4% p-
formaldehyde (PFA). Brains were removed, postfixed over-
night at 4°C and then processed as previously described [27].

Eriochrome Cyanine and Sudan Black Staining

Cryostat sections were stained according to Eriochrome cya-
nine [28] or Sudan black [29] protocols.
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Scheme 1 In vivo and in vitro experimental design. Gray bars indicate
the weaning period, during which pregnant rats were fed a normal diet
(C), while yellow bars show iron deficiency diet (ID) (upper panel).
Orange bars indicate that, after weaning, animals were fed a normal
diet. For each experimental condition, siblings were sacrificed at P21 or
P35; brains were then processed for IHC (z = 10) or qRT-PCR analyses
(n = 6). Brains from PO—1 pups born to rats fed either a normal (C
cultures) or an iron-deficient diet (ID cultures) were dissected and
plated on T75 polylysinated flasks and cultured in DMEM/F12
supplemented with 10% FCS for 14 days (lower panel). MG, OLG,
and AST were sequentially obtained as described in the original
method. MG and AST were cultured in DMEM/F12 + 10% FCS for
24 H. media were changed to DMEM/F12 1% FCS. After 4div, MG C

Immunodetection

Immunohistochemistry (IHC) and immunocytochemistry
(ICC) were performed as described in [30]. Primary antibody
specifications were OPC marker anti-NG2 (rabbit) 1:100
(Millipore, Temecula. CA, USA); OPC and pre-OLG (p-
OLG) marker anti-PDGFR« (goat) 1:100 (Neuromics
Antibodies, Edina, CA, USA); m-OLG markers anti-CC1/
APC (mouse) 1:100 (Abcam, Cambridge, MA, USA) and
anti-MBP (rabbit) 1:500, a gift from Dr. A. Campagnoni,
UCLA; p-OLG to m-OLG, anti-O4 (mouse) 1:50, a gift from
Dr. A. Campagnoni, UCLA. AST markers anti-GFAP
(chicken) 1:500 (Neuromics Antibodies, Edina, CA, USA),
anti-S1003 (rabbit) 1:500 (Abcam, Cambridge, MA, USA)
and anti-connexin 43 (CX43, rabbit) 1:400 (Invitrogen,
Camarillo, CA, USA); MG markers anti-CD11b (mouse)
1:100 (Millipore, Temecula, CA, USA) and anti-ED1
(mouse) 1:100 (Abcam, Cambridge, MA, USA); proliferating
state markers anti-BrdU (mouse) 1:500 (Roche, Mannheim,

and MG ID were treated either with SAL or LPS and fixed at 6div. ICC
assay: 6 x 103cells/well, on coverslips placed in a 24-well plate. qRT-
PCR technique: 5 x 105cell/dish. OLG cultures were maintained in a
complete GDMc medium for 24 h previous to any treatment. OLG
were cultured either in a nonconditioned or in a conditioned medium
(GDMc and supernatants of AST cultures, respectively). ICC assay:
2 x 103cells/well, on coverslips placed in 24-well plate. QRT-PCR
technique: 5 x 105cell/dish At 4 div, AST C and AST ID were treated
for 24 h either with SAL or H,O,. ICC assay: 5 x 104cells/well, on
coverslips placed in a 24-well plate. qRT-PCR technique: 7.5 x 105cell/
dish. BrdU pulses (white arrows) were supplied 24 h before fixation.
Culture purity was checked using anti-O4, anti-CD11b, anti-NeuN, and
anti-GFAP antibodies; n = 6 (independent cultures)

Germany) and anti-CXCR4 (mouse) 1:100 (RyD System,
Minneapolis, MN, USA). Corresponding secondary antibod-
ies were purchased from Jackson ImmunoResearch (West
Grove, PA, USA) and were used in a 1:500 dilution (fluores-
cent-conjugated); Hoechst dye was added together with the
secondary antibody solution.

Quantification Strategies: Image ProPlus 5.1 was used
throughout. Mean number of CC1* cells: CC1 immunoreac-
tivity and Hoechst* nuclei were quantified separately; en-
hancement contrasts were set to make sharp images of positive
nuclei and two-spatial filtering was applied: enhancement
(HiGauss; 5 x 5) and edge (variance; 5 x 5). A grid was used
to divide each photograph and the number of nuclei
intersecting the uppermost focal plane was counted (on-focus
nuclei). Image operation tool “Add” was used to discriminate
between the number of nuclei surrounded by CC1 immunore-
active cytoplasm and those devoid of CC1™" reactivity [30].
The average MBP immunodetection was quantified by inte-
grated optical density (IOD). Mean numbers of PDGFR«,
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MBP, 04/ PDGFR«, O4/MBP, and BrdU" cells were deter-
mined using “area and aspect” plugins and “threshold” tool to
determine “positive events.”

BrdU Incorporation

BrdU (10 uM) was added at the beginning of each treatment
and quantified at the corresponding end points (Scheme 1,
lower panel, white arrows). Regarding OLG cultures, the de-
sign was chosen in order to establish the proliferative state ofa
particular cell population at a specific time point (3 and Sdiv).
Therefore, some cells were both NG2* and BrdU*, but no
cells were both MBP* and BrdU™.

Microscopy and Image Analysis

Digital images were acquired with an epifluorescence Olympus
BX50 microscope equipped with a CoolSnap digital camera.

RNA Extraction and Quantitative RT-PCR
Brains from the four primary groups were dissected and the

anterior and posterior regions of the corpus callosum (CC)
were processed separately. RNA was extracted from samples

Table 1  Specific genes analyzed

using Trizol reagent following the manufacturer’s instruc-
tions. cDNA synthesis was performed using 1 pg total RNA
and Moloney Murine Leukemia Virus (M-MLV) reverse tran-
scriptase according to the manufacturer’s instructions
(Promega, Madison, WI, USA). After retro-transcription,
RNA was degraded and cDNA precipitated. Briefly, NaOH
was added to a final concentration of 0.5 M, samples were
incubated at 65°C for 30 min, HEPES solution was added to
neutralize and cDNA was precipitated with ethanol. cDNA
was quantified with the Quant-iT™ OliGreen® ssDNA
Assay Kit following the manufacturer’s instructions.
Specific primer dynamic ranges were performed from 80 to
5 ng cDNA covering 1:2 serial dilutions. Ten nanograms
cDNA was used for each PCR reaction (Stratagene
Mx3005P qPCR System). PCRs were performed as follows:
primers (0.4 uM of the corresponding pair), 1.25 U
Platinum® Taq DNA polymerase, 0.3x SYBR® Green I
Nucleic Acid Gel Stain, 0.05x ROX Reference Dye
(Invitrogen, Camarillo, CA, USA), 0.3 mM dNTPs mix, and
4 mM MgCl,. Cycling parameters: initial 4-min denaturation
step at 94°C, sequential cycles of 30 s at 94°C, 30 s at 60°C,
and 30 s at 72°C. Results were analyzed by the comparative
CT method using Mx Pro-Mx3005P, v 4.10 associated soft-
ware. The specific genes analyzed are summarized in Table 1.

Gene NCBI Ref. Sequence Specific primers
Forward Reverse
PDGFR« platelet-derived growth factor receptor NM_012802.1 GCCACGAAAGAGGT GCCTGATCTGGACG
alpha polypeptide CAAGGA AAGCC
CNPase 2',3'-cyclic nucleotide 3’ NM 012809.2 CTACTTTGGCAAGA  AGAGATGGACAGTT
phosphodiesterase GACCTCC TGAAGGC
GFAP glial fibrillary acidic protein NM_017009 TGCAGGAGTACCAG GGAGGTTGGAGAAA
GATCTAC GTCTGTAC
S100B S100 calcium binding protein B NM 013191.1 ATGTCTTCCATCAG TCTCCATCACTTTG
TATTCAGGG TCCACC
CXCL12 chemokine (C-X-C motif) ligand 12 NM 022177 CGCTCTGCATCAGT  TGAAGGGCACAGTT
GACG TGGAGTG
CXCR4 chemokine (C-X-C motif) receptor 4 NM 022205.3 CCACAGAGTCAGAA GGTCAGCTCTTTAT
TCCTCAAG ATCTGGGAAATG
11-1p interleukin 1 beta NM 031512.2 GGTGCTGATGTACC  TCCATGAGCTTTGT
AGTTGG ACAAGG
11-10 interleukin 10 NM_012854.2 GACGCTGTCATCGA  CCAGTAGATGCCGG
TTTCTCC GTGGTT
TNF o Tumor necrosis factor alfa NM 012675.3 GTAGCCCACGTCGT AAATGGCAAATCGG
AGCAAA CTGACG
IL-6 interleukin 6 NM_012589.2 CTCTCCGCAAGAGA  TCTGACAGTGCATC
CTTCCAG ATCGCT
HPRT1 hypoxanthine phosphoribosyltransferase NM 012583.2 TTCCTCCTCAGACC GGACTGAGGGTCGA
1 (housekeeping gene) GCTTTTC CATGACA
Tbp, 1-3 TATA box binding protein XM_006227980.2XM_008758748.1 ACCGTGAATCTTGG  CCGTGGCTCTCTTA
(housekeeping gene) XM 008758747.1 CTGTAA TTCTCA
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Target gene expression was quantified comparing its efficien-
cy with that of the housekeeping gene [31].

OLG Morphology Analysis

The immature OLG stage was selected by PDGFR«
immunodetection in C and ID cultures. Branching complexity
was evaluated using Sholl analysis [32] and Sholl analysis
plugin for Image] was used following Ferreira et al. [33].
The analysis of concentric circles around the cell body of
PDGFRo" cells rendered five successive rings. The number
of intersections of OLG processes and each ring was then
counted. In particular, primary branches were inferred from
their number in the starting ring. m-OLG were chosen as
MBP" cells. Myelin-like membrane sheaths were outlined in
Image] and the surface area quantified.

Statistical Analysis

For each in vivo experimental group, n = 16 (4 animals from
four different litters). For in vitro experiments, z = 6 (indepen-
dent cultures). The corresponding number of animals per treat-
ment and replicates for consistency is indicated in each figure
legend. Data were subjected to nonparametric tests suitable for
normally distributed populations. Statistical analysis was per-
formed using one-way ANOVA followed by different post-
tests (GraphPad Prism, GraphPad Software Inc., La Jolla, CA,
USA) or ¢ tests when two groups were compared. p values of
the different analyses are provided in the figure legends.

Results

Effects of ID on Myelin, OLG, and AST Differentiation
and MG Activation in Vivo

At P21, Sudan black and Eriochrome staining analyses
showed marked hypomyelination in the CC of the ID group
(Fig. 1a, b), while CC1 IHQ revealed not only a significantly
lower number of m-OLG but also changes in their distribution
pattern when compared to the C group (Fig. 1d, c,
respectively). The characteristic row pattern of consecutive
nuclei within the CC was altered in ID animals (Fig. 1c and
d, high magnifications, white lines), as visualized by shorter
CC17 cell rows or cell gaps among m-OLG (Fig. 1, high
magnifications, white arrows), which suggests that the effects
of nutritional ID on brain iron metabolism are tightly associ-
ated with brain development. At P35, Sudan black and
Eriochrome staining in C and ID animals confirmed the
long-lasting effects of ID on myelin content even after 2 weeks
of normal diet reinstatement (Fig. 2a). Specific OLG markers
(Fig. 2b) [34] were evaluated to elucidate ID impact on differ-
ent stages along the OLG lineage. qRT-PCR analyses of

PDGFR« expression reflected an increase in the OPC/p-
OLG subpopulations in ID animals as compared to C
(Fig. 2c, upper panel). In contrast, CNPAse relative expression
was significantly lower in ID than in C (Fig. 2c, lower panel).
MBP THQ showed similar results regarding abnormal myelin
deposition, which leads to a hypomyelinated state in ID ani-
mals as compared to the C group (Fig. 2d). ID exhibited fewer
cells with CC1* immunoreactivity when compared to C
(Fig. 2e), revealing a smaller m-OLG subpopulation size.

The MG conditions associated with myelination progress
were evaluated and the basal expression levels of IL-1(3 and
IL-10 quantified by qRT-PCR. The CC of C and ID animals
were dissected at P21and, in agreement with data reported in
untreated mice [35], neither M1- nor M2-like phenotypes
were exclusively present in C animals. ID animals showed
no changes in IL-1{3 expression levels but a significant
increment in IL-10 expression (Fig. 3a, left panel). In addition,
the IL- 1(3/IL-10 ratio showed a shift to an anti-inflammatory
profile in ID animals, with values closer to 1 representing an
increment in IL-10 relative expression (Fig. 3a, right panel).
At P35, C and ID animals exhibited similar CD11b* cell ITHQ
(Fig. 3b), although they differed in the morphology of positive
cells, with bulky cell bodies and shorter and thicker
ramifications in ID animals (Fig. 3b, arrowheads) and a
ramified shape in C animals (Fig. 3b, arrows). ED17 cell scat-
tering confirmed the presence of activated MG in ID animals,
in contrast with the C group, which rendered no ED1 THQ
(data not shown).

At P35, GFAP THQ and its mRNA expression levels
quantified by qRT-PCR showed a decrease in ID animals as
compared to C (Fig. 4a, b, right panel, respectively). This
decrease correlated with an increase in S1003 expression
levels (Fig. 4b, left panel).

Effects of ID on Glial Cell Proliferation
and Differentiation in Vitro

As our in vivo findings indicate an arrest in OLG differentiation,
subsequent studies were carried out on ID effects on proliferation.
Previous studies demonstrate that, during ontogenetic
myelination, OLG ID exhibit intrinsic alterations in terms of pro-
liferation and migration. In addition, systemic BrdU supply ren-
ders a larger BrdU™ subpopulation with an anomalous allocation
within de CC of ID animals [ 10]. The present in vitro assays do not
only confirm in vivo data but also expand them. As BrdU incor-
poration takes place only during a proliferative state, a pulse of
BrdU was administered 24 h before fixation to evaluate prolifer-
ation at 3div and the enduring condition at 5div. In addition, dif-
ferent markers within the OLG lineage were used to establish the
maturational state reached by the former proliferative cell
(Fig. 5a). ICC analyses revealed that proliferating cells in ID cul-
tures were mostly committed to the OLG lineage, as evidenced by
NG2* immunostaining (Fig. 5b). PDGFRo mRNA expression
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Fig.1 Myelin and mature OLG at P21. a, b Brain coronal sections of the
CC of C and ID animals, respectively, stained with Sudan black (upper
panels) or Eriochrome cyanine R solution (/ower panels). Images of the
lateral (left frame) and medial part (central frame) of CC. ¢, d CC1 IHQ of
C and ID animals, respectively. CC1* cells quantified using the procedure
described in Fig. 4. Image operation tool “Add” was used to discriminate
between the number of nuclei surrounded by CC1 immunoreactive

levels, characteristic of OPC and p-OLG, were found to be higher
in OLG ID than in OLG C after 3div. After 5div, OLG ID main-
tained increased PDGFR o mRNA levels, while OLG C cultures
showed an expected decrease (Fig. Sc¢). Cellmorphology analyses
using PDGFR " cells at 3div to measure branching complexity
(Fig. 5d) and primary branching (Fig. Se) demonstrated an in-
creased number of branching points and a larger total process
surface in OLG ID. In ID cultures at 5div, m-OLG showed a
reduction not only in complexity, assessed by a diminished
MBP" membrane area (Fig. 6a), but also in the percentage of
positive cells (Fig. 6b). At the same time, OLG C exhibited an
increase in the percentage of cells expressing this mature marker at
the expense of an immature one (Fig. 6b). Altogether, these results
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cytoplasm and those devoid of CC1 reactivity. Quantification of nuclei
surrounded by CCl-immunoreactive cytoplasm (lower panel).
Significant differences found between groups (***p < 0.001) through ¢
test. Scheme shows image location in a representative CC section. n = 10
animals, 4 slices of each animal, 4 randomly selected counting frames of
0.1 mm?slice. Frames 1-4 show high magnifications of central images

indicate that cultured OLG ID maintained an immature profile,
characterized by an increase in the number and complexity of
OPC/p-OLG (PDGFRx) cells and a decrease in m-OLG
(MBP? cells). The in vitro experiments in the present work show
that, in primary cultures kept in normal iron conditions, cells
obtained from gestational iron deprivation pups exhibited long-
lasting ID effects. In this case, the increase in proliferation prob-
ably reflects a compensation mechanism in which the shortage in
m-OLG is made up for with an increase in the subpopulation
which is supposed to mature (OPC/p-OL).

Preliminary experiments showed that the fresh supernatant
of AST ID cultures used as conditioned media for 5div OLG C
and OLG ID cultures did not alter m-OLG proportions as
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Fig. 2 Myelin and mature and immature OLG at P35. a Brain coronal
sections of the CC of C and ID animals stained with Sudan black (central
images) or Eriochrome cyanine R solution (lateral images). b Different
OLG markers evaluated either by qRT-PCR or IHC: PDGFR«, marker of
OPC and p-OLG; CNPase, marker of p-OLG, immature OLG and m-
OLG; CC1 and MBP, exclusive markers of m-OLG. ¢ Expression levels
of PDGFR« and CNPase evaluated by qRT-PCR; values calculated

relative to the housekeeping gene; 1 = 6. d, e Brain coronal sections from
C and ID animals assessed for MBP immunoreactivity and CC1*
cells. MBP quantitation expressed as average 10D (mean + SEM;
arbitrary units, AU). CC1* cells expressed as mean number/100 nuclei.
Significant differences found regarding C (***p < 0.001; **p < 0.01; ns
nonsignificant) through ¢ test. n = 10. Replicates and counting frames as
in Fig. 1
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Fig. 3 Characterization of MG at [ R — E I —]
P21 and P35. a Expression levels 8
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compared to nonconditioned medium (Fig. 6¢). In contrast,
AST C conditioned media significantly reversed the immature
state characteristic of OLG ID in vitro, increasing m-OLG
percentage at the expense of immature OLG (Fig. 6c¢).
Further analyses showed that, after 5div, MG-C-LPS
showed a slightly higher number of BrdU" cells as compared
to C-MG-SAL after 8 h (22.6 = 3.3 and 13.4 + 2.4, respec-
tively), with a wider gap 24 h later (81.5+£3.6 and 19.9 £2.9,
respectively). In turn, MG ID showed similar values between
8-h SAL and 8-h LPS incubations (11.9 + 1.3 and 20.3 + 3.1,
respectively). Although the number of BrdU™ cells was higher
24 h later (61.6 = 2.7), MG-ID-LPS exhibited a poor

Fig. 4 Characterization of AST
at P35. a GFAP IHQ in C and ID
rats. b GFAP and S1003
expression levels quantified by
qRT-PCR in basal conditions in C
and ID animals. Significant
differences found between groups
(***p < 0.001) through ¢ test.
Replicates and counting frames as
in Fig. 1; the framed image shows

proliferation rate, as evidenced by a flattened slope (Fig. 7a).
Cytokine expression levels quantified by qRT-PCR rendered,
after 8-h LPS, an increase in IL-13 and TNFx in MG C as
compared to MG-C-SAL and no changes in IL-10 or IL-6
(Fig. 7b). Worth highlighting, and in agreement with in vivo
findings, no significant differences were observed between
basal culture conditions MG-C-SAL and MG-ID-SAL. In ad-
dition, ID treatment offsets the LPS-mediated increase in IL-
13 (Fig. 7b, left panel) and generated an increase in IL-10
levels (Fig. 7b, right panel). Regarding the evaluation of
AST in basal and activated conditions, AST ID exhibited a
long-lasting proliferating status, as evaluated by BrdU
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Fig. 5 Primary OLG cultures. a OLG were cultured for 3div and 5div,
BrdU was added 24 h before fixation and BrdU™ cells were quantified in
OLG C and OLG ID cultures. Significant differences found between
groups (***p < 0.001) through ¢ test. b NG2 used as marker for neural
precursor in OLG C and OLG ID cultures. ¢ PDGFR« used as a marker
of OPC and p-OLG quantified by qRT-PCR in C and ID cultures.
Significant differences found regarding control condition

incorporation. This phenomenon was associated with an im-
mature stage, which correlated with a decrease in CX43 ex-
pression (Fig. 8a) [36]. AST cultured at high density were also
used to evaluate GFAP and S100f3 profiles, AST C showed a
higher relative basal level of GFAP than AST-ID-SAL
(Fig. 8b, arrows). In contrast, AST-ID-SAL showed an in-
crease in S1003 expression at the expense of GFAP
(Fig. 8b, upper left panel, arrowheads). AST C response to
H,0, was characterized by a shift in marker expression, as
evidenced by an increase in S100f3 and a decrease in GFAP
ICC (Fig. 8b, lower left panel, arrowheads). This shift was not
evident in AST-ID-H,0,, which exhibited the same expres-
sion profile of basal conditions (Fig. 8b, lower right panel,
arrowheads). qRT-PCR assays provided support for ICC ob-
servations, as GFAP expression levels were significantly low-
er in AST ID than in AST C in basal conditions (Fig. 8c, left
panel). AST exposure to H,O, correlated with a shift to a
reactive phenotype in C but not in ID cultures (Fig. 8c,
middle panel). The decrease in the GFAP/S100(3 ratio
reflected this transition in AST-C-H,O, as compared to
AST-C-SAL. The flat slope of AST ID accounts for a nonre-
sponsive status (Fig. 8c, right panel).

In vitro data clearly showed that OLG, AST, and MG de-
rived from gestational ID pups exhibited long-lasting effects

Mean number of primary branches

C ID

(***p < 0.001; *p < 0.05; ns nonsignificant) through Newman-Keuls
multiple comparisons posttest. d Branching complexity evaluated by
Sholl analysis; the X-axis represents the circles around the cell body of
PDGFRo" cells in C and ID cultures. e Primary branches were inferred
from the number of process intersections with the starting circle.
Significant differences found between groups (***p < 0.001) through ¢
test

of iron deprivation, as particular features characterized the
three glial cell ID cultures, even in iron-sufficient medium.
These observations remarkably resemble in vivo data, which
proved that ID effects were evident even after 2 weeks of
normal diet restoration.

Discussion

CNS development can be disrupted by several micronutrient
gestational deficiencies, among which ID appears as the most
prevalent. Furthermore, substantial damage derived from this
gestational deficit cannot actually be reversed by later postna-
tal normal diet reinstatement, which reveals a possibly critical
window of vulnerability during early development [37-40].
ID leads to hypomyelination both in animal models and
humans, with significant neurological sequelae [4, 39,
41-44]. In this context, understanding the role of iron in
myelination and OLG iron acquisition mechanisms and
timing is necessary for effective intervention strategies.
Focusing on development, the present work employed an
ID model which exhibited increased proliferation, altered
morphology, augmented PDGFR« expression, and impaired
OLG maturation when compared to control. At early stages of
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development, previous work by our group has already shown
the relative amount of proliferating PCNA™* cells to be slightly
higher in ID than in controls [45]. In addition, the population
of double positive cells (PCNA*/Oligl* or PCNA*/047) is
also larger in ID conditions, which indicates that most
PCNA™ cells remain in an undifferentiated state. These results
suggest that the availability of precursors is higher in ID
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through Newman-Keuls multiple comparisons posttest. ¢ 5div OLG C
and OLG ID were cultured either a nonconditioned medium (GDMc) or
a conditioned one (AST C and AST ID). The percentage of double
positive cells (O4/PDGFRx or O4/MBP) was determined. Significant
differences found regarding OLG ID cultures (for O4/PDGFR«:
**p < 0.01; for MBP: o0 p < 0.01) through Newman-Keuls multiple
comparisons posttest

groups, in agreement with studies showing pregnancy ID to
affect iron levels in the brain of developing fetuses, disrupting
not only the proliferation of glial precursor cells but also
disturbing the generation of OLG from these precursors
[46]. In addition, Eriochrome cyanine assays in the present
report provide evidence of low brain iron levels in ID animals,
in agreement with recent studies on this technique [47].
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Fig. 7 Primary MG cultures. a MG were cultured for 4div, BrdU was
added at the beginning of each condition (SAL or LPS) and evaluated 8 h
and 24 h later. Linear regressions show MG C and MG ID kinetic
responses to LPS culture conditions. b MG response profile evaluated
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by cytokine expression levels quantified by qRT-PCR. Significant
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nonsignificant) through Newman-Keuls multiple comparisons posttest
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double ICC of GFAP/S1003. ¢ GFAP and S100{3 expression levels

Numerous studies demonstrate the importance of the redox
state as a regulator of the balance between self-renewing di-
vision and differentiation. One of these studies has shown that
progenitors from the optic nerve myelinate relatively early and
are intrinsically responsive to the induction of differentiation,
which appears to be partly regulated by intra-cellular redox
state [48]. Accordingly, our current work shows cells in ID
conditions to exhibit a reduced redox state, as ID cultures were
nonresponsive to H,O,. In addition, the characteristic row
pattern of consecutive nuclei within the CC was altered in
ID animals, as visualized by shorter CC1* cell rows in m-
OLG. These findings support the notion that nutritional ID
effects on brain iron metabolism are tightly associated with
brain development.

Iron availability has been recently reported to exert a wide
range of effects on glial cells other than OLG, both during
development and as a response to injury [12, 19, 49-51]. It
is well-known that AST influence OLG maturation through
the secretion of different growth factors and actively contrib-
ute to efficient OLG differentiation [52]. AST have also been
shown to capture circulating iron and distribute it to other cells
via iron transporter ferroportin [53]. The induction of
lysophosphatidylcholine-driven demyelination in ferroportin-
knockout mice produces a clear decrease in the rate of

quantified by qRT-PCR in basal and challenged conditions. AST
response calculated through GFAP/ S100f3 ratio. Significant differences
found regarding AST-C-Sal (**p < 0.01; ns nonsignificant) through
Newman-Keuls multiple comparisons posttest

remyelination through different mechanisms [19]. In addition,
iron retention in AST could affect their activation state and
cytokine secretion. Cytokines such as TNF-« and IL-1[3 have
been shown to play a direct role in remyelination [17, 54] and
to exert indirect effects by activating other cells within the
CNS to produce growth factors involved in OPC proliferation
and differentiation, such as IGF-1 and FGF-2 [17, 54, 55]. In
contrast, increased iron availability in the CNS at early stages
of development results in significantly increased AST GFAP
expression levels [56].

In our ID model, AST remained in a clearly immature
phenotype, as evidenced by a significant increase in prolifer-
ation, a decrease in CX43 expression and lower GFAP expres-
sion at the expense of S100f3, both in vivo and in vitro.
Hindered AST ID ability to mature could in turn affect the
regulation of OLG differentiation and maturation, thus ham-
pering proper myelination. Interestingly, reactive AST display
a rapid upregulation of CX43, indicating an important role for
the astrocytic response to injury [57], and exogenous iron
increases CX43 expression and phosphorylation in
enterocytes [58]. Overall, these observations support the no-
tion that iron availability modulates CX43 expression and
may consequently influence AST proliferation, migration,
and differentiation [57], which in turn affects OLG. And, as
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Fig. 9 Schematic illustration showing the effects of ID on glial cells.
OPC oligodendroglial precursor cell, m-OLG mature oligodendrocyte,
AST astrocyte, MG microglialcell, PDGFRa platelet-derived growth
factor receptor o« (OPC marker), S/003, GFAP glial fibrillary acidic
protein, CX43 connexin 43 (AST markers). The left panel illustrates the
cross talk involving the three glial cell types during ontogenic
myelination in a C animal. The right panel represents the same cross
talk in an ID animal. Dotted black arrows indicate the changing

our ID animals exhibited CX43 downregulation concurrent
with high AST proliferation but no differentiation, it may be
speculated that low iron conditions promote AST immaturity,
making them unable to participate in OLG differentiation.

During postnatal development, MG represent an important
iron source for OLG. It has been shown that MG accumulate
iron just before myelination and that the decrease in MG iron
load is paralleled by an accumulation of iron in OLG [22].
These findings suggest that MG first accumulate iron and then
release it to developing OPC during myelination, when iron
requirements are maximal for OPC maturation [8]. Studies on
MG iron deprivation demonstrate that an increment in iron
concentrations can affect microglial function by enhancing
their release of inflammatory molecules. Therefore, iron-
loaded LPS-activated MG show increased release of matrix
metalloproteinase-9 [59] and pro-inflammatory cytokines
TNF-«, and IL-1f3 [60], as compared to non-iron-loaded
LPS-activated MG. In addition, both cytokines induce the
synthesis of ferritin, thus contributing to the regulation of iron
metabolism [61]. Interestingly, iron chelator deferroxamine
inhibits LPS-induced MG activation and the production of
pro-inflammatory cytokines [60].

This work further reports differences in MG anti-
inflammatory profile in C and ID animals, both at P21 and
P35. ID was observed not only to prevent LPS-triggered in-
duction of pro-inflammatory cytokines IL-1{3 and TNF« but
also to increase the expression of IL-10, an anti-inflammatory
molecule. IL-13 promotes remyelination in the adult CNS
through the induction of AST and MG/macrophage-derived
IGF-1 [17]. Our results showing a decrease in IL-1{3 in ID
suggest a cross talk between MG and OLG, probably through
the modulation of growth factors involved in the proliferation
and maturation of OPC. Overall, our in vivo and in vitro
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tendencies in glial cell proliferation. Orange arrows indicate cellular
features associated with ID depicted by marker expression. Solid black
arrow indicates diminished number of m-OLG, which leads to
hypomyelination. Blue arrows represent alterations in iron flow
involving glial cells. In sum, low iron availability hampers
environmental glial cell response, particularly AST, preventing iron
delivery to MG and OLG. Overall, ID curbs OLG maturation into m-
OLG through mitigated MG and AST responses

results confirm that gestational ID has profound and long-
lasting effects on glial cells. These events are not
circumscribed to OLG but extend to AST and MG as well,
probably due to the interplay of the different cell types present
in the brain to contribute to proper myelin (Fig. 9). Current
experiments are now focusing on the characterization of the
molecular nature of AST-OLG cross talk in ID conditions, and
on the degree of involvement of glial-restricted precursor cells
(GRPc¢) in the initial outcome of ID.
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