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Development/Plasticity/Repair

Ferritin Stimulates Oligodendrocyte Genesis in the Adult
Spinal Cord and Can Be Transferred from Macrophages to
NG2 Cells In Vivo

David L. Schonberg,"? Evan Z. Goldstein,'> Fatma Rezan Sahinkaya,':> Ping Wei,>* Phillip G. Popovich,>*

and Dana M. McTigue?>>
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Injured CNS tissue often contains elevated iron and its storage protein ferritin, which may exacerbate tissue damage through pro-
oxidative mechanisms. Therefore, therapeutic studies often target iron reduction as a neuroprotective strategy. However, iron may be
crucial for oligodendrocyte replacement and remyelination. For instance, we previously showed that intraspinal toll-like receptor 4
macrophage activation induced the generation of new ferritin-positive oligodendrocytes, and that iron chelation significantly reduced
this oligodendrogenic response. Since macrophages can secrete ferritin, we hypothesize that ferritin is a macrophage-derived signal that
promotes oligodendrogenesis. To test this, we microinjected ferritin into intact adult rat spinal cords. Within 6 h, NG2+ progenitor cells
proliferated and accumulated ferritin. By 3 d, many of these cells had differentiated into new oligodendrocytes. However, acute neuron
and oligodendrocyte toxicity occurred in gray matter. Interestingly, ferritin-positive NG2 cells and macrophages accumulated in the area
of cell loss, revealing that NG2 cells thrive in an environment that is toxic to other CNS cells. To test whether ferritin can be transferred
from macrophages to NG2 cells in vivo, we loaded macrophages with fluorescent ferritin then transplanted them into intact spinal white
matter. Within 3- 6 d, proliferating NG2 cells migrated into the macrophage transplants and accumulated fluorescently labeled ferritin.
These results show that activated macrophages can be an in vivo source of ferritin for NG2 cells, which induces their proliferation and
differentiation into new oligodendrocytes. This work has relevance for conditions in which iron-mediated injury and/or repair likely

occur, such as hemorrhage, stroke, spinal cord injury, aging, Parkinson’s disease, and Alzheimer’s disease.

Introduction

Iron is essential for normal myelin development, and during the
early postnatal period, microglia are thought to be the iron source
for oligodendrocytes. In fact, microglia have been described as
“iron capacitors” (Todorich etal., 2009) because they accumulate
iron before myelination and then decrease iron levels while oli-
godendrocytes simultaneously accumulate iron (Connor et al.,
1995; Cheepsunthorn et al., 1998). Oligodendrocytes, the pri-
mary iron-containing cells in the CNS, require iron as a cofactor
for enzymes involved in myelin production and maintenance
(Pinero and Connor, 2000). However, oligodendrocytes often
accumulate excessive iron levels following trauma or disease,
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which can lead to oxidative damage and cell death (Boullerne et
al., 1999; Kress et al., 2002; Izawa et al., 2010). Indeed, oligoden-
drocyte loss occurs in a variety of CNS insults displaying elevated
iron concentrations, including trauma, ischemia, and excitotox-
icity (McTigue and Tripathi, 2008).

Oligodendrocyte replacement following injury or disease re-
quires that endogenous NG2+ progenitor cells proliferate then
differentiate into mature oligodendrocytes (Nishiyama et al.,
1996; Keirstead and Blakemore, 1997). This process can be
influenced by activated microglia and macrophages, which are
common in sites of CNS pathology and release numerous bio-
active molecules including iron and ferritin (Zhang et al., 2006;
Schonberg et al., 2007; Schonberg and McTigue, 2009). There-
fore, these cells may serve as a source of ferritin-bound iron for
oligodendrocyte progenitors, which need sufficient iron for pro-
liferation and differentiation. In vitro studies have shown that
macrophages actively secrete ferritin, which promotes survival of
oligodendrocyte cultures (Hulet et al., 2000; Zhang et al., 2006;
Todorich et al., 2009). Oligodendrocyte lineage cells express the
H-ferritin receptor Tim-2, and can internalize ferritin through a
clathrin-dependent mechanism (Hulet et al., 2000; Todorich et
al., 2008). Therefore, in CNS pathology, microglia and macro-
phages may play a neuroprotective role by internalizing excess
iron and/or ferritin, which is toxic to CNS parenchyma. Then, as
repair processes begin, these cells may shuttle iron or ferritin to
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NG2 cells, which is used as they proliferate and differentiate into
new oligodendrocytes.

This idea is supported by our previous work which showed
that intraspinal microinjection of LPS, a canonical proinflamma-
tory stimulus acting through the toll-like receptor 4, activated
macrophages, causing them to sequester iron and upregulate fer-
ritin (Schonberg and McTigue, 2009). Seven days later, newly
formed ferritin-positive oligodendrocytes colocalized with these
macrophages; iron chelation in this model significantly reduced
NG2 cell proliferation and formation of new ferritin-positive
oligodendrocytes. Together, these data reveal that microglia/
macrophage-derived iron and/or ferritin are necessary for maxi-
mal oligodendrocyte replacement. Although in vitro data support
this hypothesis, in vivo data demonstrating ferritin effects on
NG2 cells or transfer between macrophages and oligodendrocyte
lineage cells are lacking. Thus, in this study we tested the hypoth-
esis that extracellular ferritin promotes oligodendrocyte genesis
in the adult spinal cord and that iron-bound ferritin can be shut-
tled from intraspinal macrophages to oligodendrocyte progeni-
tor cells in vivo. These data provide novel information on
intercellular interactions within the adult CNS as well as insight
into mechanisms that may be involved in cellular damage and
replacement following CNS injury or disease.

Materials and Methods

General microinjection protocol. All surgical and postoperative care pro-
cedures were performed in accordance with The Ohio State University
Institutional Animal Care and Use Committee. As in previous microin-
jection studies (Schonberg et al., 2007), adult female Sprague Dawley rats
(230-250 g; n = 4/group) were anesthetized with ketamine (80 mg/kg,
i.p.) and xylazine (10 mg/kg, i.p.) and given prophylactic antibiotics
(Gentocin, 5 mg/kg, s.c.). Using an aseptic technique, a laminectomy was
performed to expose the spinal cord at the T8 vertebral level. After re-
moving the dura, a glass micropipette (custom pulled and beveled to an
external tip diameter of 30—40 wm) was inserted 0.7 mm lateral to mid-
line and 1.1 mm ventral to the surface of the spinal cord. A pneumatic
picopump (DKI) was used for all microinjections. Immediately follow-
ing injection, the micropipette was slowly withdrawn and the injection
site was marked with sterile charcoal (Sigma). The musculature sur-
rounding the laminectomy was sutured, the skin was closed with wound
clips, and each rat was given 5 ml of saline before placement in a warmed
recovery cage.

Ferritin microinjections. To determine whether ferritin can directly
promote NG2 cell proliferation and/or differentiation into new oligo-
dendrocytes, 0.5 ul of ferritin (equine spleen ferritin, estimated to have
85% L-ferritin and 15% H-ferritin and an iron content of 7 mg/ml or
12.7%; Sigma) dissolved in sterile saline was microinjected into the spinal
cord white matter near the white matter/gray matter border. Three doses
were tested in pilot studies (0.5, 5, and 50 mg/ml). The higher two doses
showed the most reproducible results and were used for all subsequent
experiments. Animals survived for 6 h or 3 d postinjection (1 = 5-6/
group); an additional set of animals received 50 mg/ml injections and
survived for 1 or 3 h after injection (n = 3—4/group). Spinal cord sections
around the injection site were processed for immunohistochemistry. Ina
different series of experiments, fluorescently tagged ferritin was used to
identify cells internalizing ferritin. To add the fluorescent tag, ferritin was
labeled with DyLight 549 (Pierce), which adds a fluorescent tag to the
ferritin molecule, according to manufacturer’s instructions. To deter-
mine whether neurons, microglia, and/or NG2 cells can internalize fer-
ritin, rats received an intraspinal microinjection as above of prelabeled
ferritin into the lateral gray matter (0.4 mm lateral to midline, 1.0 mm
ventral) and survived for 1, 3, or 6 h (n = 4/group).

Bromodeoxyuridine administration. To label proliferating cells, the
thymidine analog bromodeoxyuridine (BrdU; 20 mg/ml in sterile saline;
Roche Diagnostics) was injected intraperitoneally (50 mg/kg) 15 min
following surgery and then either every 2 h for the 6 h survival group or
daily for the 3 and 6 d survival groups.
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Table 1. Antibody information

Antibody: specificity 1°Concentration  Host species Vendor

A2B5: OPCs 1:1000 Mouse Chemicon

(C1: mature oligodendrocytes  1:1000 Mouse Abcam

NG2: progenitor cells 1:1000 (DAB) 1:100 Mouse Chemicon

(FL)

0x42: (D11b on microgliaand 1:2000 Mouse Serotec
macrophages

BrdU: proliferating cells 1:200 Mouse DSHB

GFAP: astrocytes 1:2000 Mouse Sigma

NeuN: neurons 1:50,000 Mouse Chemicon

Ferritin 1:100 Rabbit Santa Cruz Biotechnology

Tissue processing. At the time of killing, rats were deeply anesthetized
with ketamine and xylazine (1.5X surgery dose above), and then per-
fused transcardially with PBS followed by 250 ml of 4% paraformalde-
hyde in PBS. Spinal cords were removed, postfixed for 2 h at 4°C, and
placed in 0.2 M PB overnight. Tissue was cryoprotected in 30% sucrose at
4°C for 48 h. For tissue embedding, spinal cords were frozen on dry ice
and cut into 4 mm blocks centered on the injection site. After submersion
in OCT compound (Electron Microscopy Sciences), blocks were frozen,
and cross sections were cut at 10 wm on a cryostat and mounted onto
slides. Tissue was stored at —20°C until used.

Immunohistochemistry. Sections were rinsed in 0.1 M PBS and blocked
for nonspecific antigen binding using 4% BSA/0.1% Triton-100/PBS
(BP+) for 1 h. Next, sections were incubated in primary antibody over-
night at 4°C. Sections were rinsed and treated with mouse or rabbit
biotinylated antiserum (horse anti-mouse IgG 1:800 or goat anti-rabbit
IgG 1:4000 in BP+; Vector Laboratories) for 1 h at room temperature.
After rinsing, endogenous peroxidase activity was quenched using a 4:1
solution of methanol/30% hydrogen peroxide for 15 min in the dark.
Sections were then treated with Elite avidin—biotin enzyme complex
(ABC; Vector Laboratories) for 1 h. Visualization of labeling was
achieved using DAB or SG substrates (Vector Laboratories). Sections
were rinsed, dehydrated, and coverslipped with Permount (Fisher Scien-
tific). For BrdU immunohistochemistry, sections were treated with 2N
HCI at 37°C for 25 min before primary antibody incubation. Sections
labeled with CC1 and GFAP antibodies to identify oligodendrocytes and
astrocytes, respectively, were counterstained with methyl green. Sections
labeled with NG2 antibody were counterstained with neutral red.

Immunofluorescence. Sections were rinsed in 0.1 M PBS and blocked for
nonspecific antigen binding using BP+ for 1 h. Next, sections were in-
cubated in primary antibody overnight at 4°C. Sections were rinsed and
treated with Alexa Fluor secondary antibody (1:1000; Invitrogen) for 30
min. To label nuclei, Draq5 (1:3000; Biostatus) was added with second-
ary antibody. For double- and triple-label immunofluorescence, sections
were blocked and treated with primary and secondary antibodies, as above.
After rinses, slides were coverslipped with Immu-Mount (Thermo Scien-
tific). See Table 1 for a summary of antibody information.

Fluorescently conjugated ferritin. DyLight 549 (Pierce) was used to fluo-
rescently label ferritin. Briefly, 40 ul of borate buffer (0.67 M) was added
to 0.5 ml of ferritin in PBS (2 mg/ml; Sigma). The ferritin was then added
to the DyLight Reagent vial, centrifuged, and incubated for 60 min at
room temperature in the dark. After adding a purification resin, the
contents were mixed to ensure uniform suspension and centrifuged for
45 s at 3000 rpm to remove the storage solution. The labeled ferritin was
stored at —20°C.

Fluorescent ferritin-loaded bone marrow-derived macrophage microinjec-
tions. Bone marrow-derived macrophages (BMDM:s) were isolated from
adult rats using a previously published protocol (Longbrake et al., 2007).
Briefly, femurs and tibias were dissected from adult female Sprague Dawley
rats, and bone marrow was flushed with RPMI 1640, 10% FBS (Hyclone),
1% penicillin/streptomycin, 1% HEPES, and 1% Glutamax. Cells were spun
for 5 min, and red blood cells were lysed. After respinning, cells were sus-
pended in supplemented RPMI 1640 (1% penicillin/streptomycin, 1%
HEPES, 1% Glutamax, 0.001% b-mercaptoethanol, and 10% FBS). To drive
the bone marrow cells toward a macrophage phenotype, 20% supernatant
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Ferritin microinjection increased NG2 cell proliferation and total NG2 cell number. A-C, Low-power images of cross sections from the injection site obtained 3 d after injection

immunolabeled for NG2/BrdU (black and brown, respectively). High-power views of boxes are shown in D—F. NG2/BrdU cell numbers (arrows) increased following ferritin injection compared with
vehicle (Veh). No cell loss or tissue disruption was detected in response to vehicle injection. G-1, High-power views of adjacent sections immunolabeled for NG2 and counterstained with neutral red.
J, Quantification of NG2/BrdU double-labeled cells in ipsilateral white matter (WM) and gray matter (GM) at 6 h and 3 d after injection. K, Quantification of total NG2 cell number in WM and GM at
6hand3 dpostinjection. Data represent mean == SEM and are expressed relative to vehicle control numbers. *p << 0.05, **p << 0.01 versus vehicle, which s indicated by dotted line. Scale bars: A-C,

100 em; D-1, 20 pum.

from 1929 fibroblast cell line (that secretes macrophage colony-stimulating
factor) was added to the media. Cells were plated at a density of 1 X 10°
cells/ml in T75 Falcon flasks.

After allowing 6 d to reach maturity, BMDMs were plated into non-
stick Teflon wells (Savillex) and allowed to equilibrate for 24 h. The next
day, BMDMs were treated with LPS (Sigma; 100 ng/ml) and DyLight-
conjugated ferritin at a concentration of 100 ug/ml per well, and were
allowed to incubate for 24 h. Macrophages (2 X 10° cells) loaded with
ferritin were rinsed, spun, and resuspended in 10 ul of sterile PBS. Rats
underwent a laminectomy at the T8-T9 vertebral level (see Materials and
Methods), and 0.5 ul of cells (100,000 BMDMs) were slowly microin-
jected into the lateral funiculus. The pipette remained in place for 5 min
to prevent backflux of the cells, and then the laminectomy site was closed
as described above. Rats survived for 1, 3, or 6 d (n = 3—6/group) after
transplant. At the appropriate time, they underwent intracardiac perfu-
sion and the spinal cords were prepared for immunohistochemistry.

Quantitative analysis. Although the ferritin solution was microinjected
into the white matter, it diffused to the adjacent gray matter and altered
cellular responses therein. Because the overall cell responses were not

identical between white and gray matter, these regions were analyzed
separately. For white matter analysis, standardized sampling boxes (230
wm?) were placed in the dorsal columns and lateral funiculus bordering
the gray matter ipsilateral to the injection site. Cell numbers were aver-
aged for all boxes for each section analyzed. For gray matter counts, all
immunopositive cells were manually counted throughout the right half
of the gray matter (ipsilateral to injection site).

Confocal microscopy (Olympus FV1000 Laser Scanning confocal mi-
croscope) was used to visualize cells double-labeled for CC1/BrdU im-
munofluorescence in thin optical sections (=1 wm) spanning the lesion
sites. A Zeiss Axioskop 2 Plus microscope with a Sony 970 three-chip
color camera was used to analyze nonfluorescent sections, including
quantification of cells immunopositive for NG2, NG2/BrdU, CCl, and
NeuN. For all analyses, data were collected as the number of cells per
square millimeter; to facilitate comparisons across cell types over time, all
data are expressed as a percentage of vehicle control. The criteria for
double-labeled cells included each profile having a well defined border
surrounding an identifiable nucleus. A cell was only considered double
labeled if both criteria were met in the same plane of focus. Each time
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increased in the adjacent gray matter in a
delayed time course relative to white mat-
ter. That is, NG2/BrdU cell numbers were
similar to controls at 6 h (~2 cells/mm?)
but increased significantly by 3 d after in-
jecting either ferritin dose compared with
vehicle (p < 0.01) (Fig. 1 A-F,J). Rats sur-
viving for 3 d had daily BrdU injections,
which led to an average of NG2/BrdU cells
of ~9 cells/mm? in controls compared
with ~38 cells/mm?* in cords receiving ei-
ther dose of ferritin.

As expected with enhanced cell prolif-
eration, there was a concomitant twofold
increase in total NG2 cell numbers by 3 d
in the white matter of the lower dose com-
pared with vehicle (~34 vs ~70 cells/
mm?) and gray matter from both doses
(~80 vs ~130 cells/mm?) (Fig. 1G-I,K).
Ongoing studies examining the effect of

G BrdU+ Oligodendrocytes at 3d H ferritin on oligodendrocyte precursor cell

(OPC) proliferation in vitro using an

. —— QDDj MTT assay (Roche Applied Science) or

Sk —T— 1504 BrdU incorporation suggest that ferritin

s 4001 s can directly promote OPC proliferation

< 3004 < 100+ and differentiation (D. L. Schonberg, E.

o\‘e’ -~ o\‘; Goldstein, and D. M. McTigue, unpub-
/ 504 lished observation).

B / """ 1 Adult NG2 cells are comprised at least

““Wm oM WM GM eh 3d 6h 3d 6h 3d 6h 3d in part of proliferating oligodendrocyte

WM GM WM GM progenitor cells that can differentiate into

oligodendrocytes. Thus, we next asked

Figure 2.  Fenritin microinjection stimulated generation of new oligodendrocytes and increased overall oligodendrocyte num- ~ whether any new oligodendrocytes were

bers. A-C, Single-label and merged confocal images (=1 pm) from a vehicle (Veh) injection site in the white matter 3 d after
injection. Section is labeled for oligodendrocytes (4, CC1; red), proliferating cells (B, BrdU; green), and merged image (C). No new
(i.e., double-labeled) oligodendrocytes are present in this section. D—F, Single-label and merged confocal images (=1 wm) from
a5 mg/mlferritin injection site 3 d after injection and labeled as above. Several new oligodendrocytes (arrows) are present in this
field. Double-labeled cell near top of F is shown at higher power in inset. G, H, The number of BrdU-positive oligodendrocytes (G)
and the total number of oligodendrocytes (H) at 3 d were quantified in ipsilateral white matter (WM) and gray matter (GM). Data
represent mean == SEM and are expressed relative to vehicle control numbers, indicated by dotted line. *p << 0.05, **p < 0.01,

*¥¥1) <0.001 versus vehicle control. Scale bar: (in F) A—F, 20 pm.

point and location (gray matter and white matter) was compared sepa-
rately to its own vehicle control; therefore, differences between groups
were compared using a one-way ANOVA followed by Bonferroni’s post
hoc analysis. When two groups were compared, an unpaired t test was
used. Significance was set at p << 0.05. Statistical analysis and graphs were
generated using Prism 5.0 (GraphPad Software).

Results

Ferritin promotes NG2 cell proliferation and new
oligodendrocyte formation in vivo

To test whether extracellular ferritin can modulate progenitor
proliferation or survival in vivo, we microinjected ferritin (5 or 50
mg/ml) or sterile PBS into intact spinal white matter of adult rats
and quantified NG2 cell proliferation and total NG2 cell number
(Fig. 1A-I). As expected, NG2/BrdU cell numbers were low in
vehicle control spinal cords (~1 cell/mm?). (Note: to facilitate
comparisons across cell types, all controls have been set to 100%
in figures.) By 6 h after ferritin injection, a twofold to threefold
increase in NG2/BrdU cells (~3 cells/mm?) was detected in white
matter injection sites, indicating that cell proliferation was rap-
idly induced by ferritin. NG2/BrdU cell numbers in white matter
returned to naive levels by 3 d (Fig. 1]). NG2 cell proliferation

present 3 d after ferritin injection. For
this, tissue was immunolabeled for BrdU
and CCl, which labels mature oligoden-
drocytes. Since mature oligodendrocytes
present at the time of injection are post-
mitotic, they would not have incorpo-
rated BrdU. Thus, if BrdU-positive
oligodendrocytes were present, they
would have arisen from progenitor cells
that had incorporated BrdU during the cell cycle and then differ-
entiated into oligodendrocytes.

Three days after microinjecting 5 mg/ml ferritin, BrdU-
positive oligodendrocytes were prevalent in the white matter
injection sites, in contrast to vehicle-injected cords where BrdU-
positive oligodendrocytes were rare to absent (Fig. 2 A—F). Quan-
tification revealed an approximate fourfold increase in new
oligodendrocytes in white matter from the low-ferritin-dose
group (p < 0.05) and a nonsignificant rise in gray matter (~28 vs
8 cells/mm? in controls) (Fig. 2G). This increase in new oligoden-
drocytes translated to a 40—60% elevation of total oligodendro-
cytes compared with controls (p < 0.05) (Fig. 2 H). The greater
relative increase in BrdU-positive oligodendrocytes compared
with overall oligodendrocyte numbers may reflect differences in
immunolabeling techniques (fluorescent vs DAB) or there may
have been a small loss of oligodendrocytes in response to the
ferritin, and then these cells were replaced by the newly generated
oligodendrocytes.

In contrast to the lower dose, 50 mg/ml ferritin induced a
nonsignificant doubling of BrdU-positive oligodendrocyte num-
bers by 3 d in white matter with no change in gray matter (Fig.



5378 - J. Neurosci., April 18,2012 - 32(16):5374-5384

2G). Interestingly, the white matter in-
crease occurred on a background of oligo-
dendrocyte toxicity, as the total number
of oligodendrocytes in the white matter
(and gray matter) was significantly re-
duced 6 h after injection (p < 0.01) (Fig.
2 H), but returned to control values by 3 d.
This suggests that the new oligodendro-
cytes generated from progenitor cells over
3 d replaced the oligodendrocytes lost
acutely. In gray matter, total oligodendro-
cyte number remained significantly lower
than controlsat3d (p <0.001) (Fig. 2 H).
Notably, the sections immunolabeled for
oligodendrocytes were double stained
with GFAP for astrocytes. This revealed
that astrocytes were also absent in the ar-
eas of oligodendrocyte loss (data not
shown). Collectively, these data reveal
that oligodendrocyte progenitors are able
to survive, proliferate, and differentiate an
environment that is toxic to their mature
counterparts.

High concentrations of extracellular
ferritin are neurotoxic

Since excess iron can also be toxic to neu-
rons, we quantified neuron numbers in
sections adjacent to those used for oligo-
dendrocyte counts (Fig. 3A—F). Neurons
in the entire ipsilateral gray matter were
counted. Vehicle injections did not alter
neuron number. Elevated extracellular
ferritin, however, was toxic and killed
neurons in a dose-dependent manner.
Low-dose ferritin had little effect on neu-
ron survival at 6 h but induced moderate
neuron loss by 3 d postinjection, at which
time neurons were reduced ~20% com-
pared with controls (p < 0.05) (Fig. 3G).
At this time, neuron loss was detected in ~1.5 mm of tissue
centered on the injection site. In contrast to the delayed loss after
thelow dose, high-dose ferritin rapidly caused ~25% neuron loss
by 6 h, which increased to 40% at 3 d (p < 0.001) (Fig. 3G).
Neuron loss in these spinal cords was present in ~5 mm of tissue
centered on the injection site. Notably, all neuron loss occurred
in the same lateral and ventral horn regions in which oligoden-
drocytes (and astrocytes) were lost and in which proliferating
NG2 cells accumulated.

Figure 3.

Elevated ferritin induces robust microglia and

macrophage activation

We next examined whether microglia and macrophage activa-
tion occurred in the injection site and/or gray matter regions
of cell loss and proliferation (Fig. 4 A-L). Vehicle injection caused
no detectable changes at 6 h or 3 d in microglia, which displayed
a resting, ramified morphology (Fig. 4A, D,G,J). Following ferri-
tin injection, microglia/macrophages assumed an activated
morphology and colocalized with regions of cell genesis and cell
loss. Within 6 h of ferritin injection, small, rounded microglia/
macrophages were prevalent throughout the injection sites of
the low- and high-dose groups, suggesting that microglia were
directly activated by ferritin (Fig. 4 B, C, E, F). By 6 h in gray mat-
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Ferritin injection caused neurotoxicity. Neurons were identified with an antibody against NeuN and counted in the
ipsilateral gray matter. A-C, Low-power views of gray matter 6 h after injection of vehicle (Veh; A), low-dose ferritin (B), or
high-dose ferritin (C). Subtle neuron loss was evident in ventral horn of sections injected 6 h prior with high-dose ferritin (C). D-F,
Low-power views of gray matter 3 d after injection of vehicle (D), low-dose ferritin (E), or high-dose ferritin (F). Between 6 h and
3 d, low-dose ferritin caused ~20% neuron loss; during this same time, neuron loss had progressed in spinal cords receiving
high-dose ferritin. G, Quantification of neurons in ipsilateral gray matter revealed a significant cell loss after microinjecting 5 mg
(20% decrease at 3 d) and 50 mgq of ferritin (25% decrease at 6 h and 40% decrease at 3 d). Data represent mean == SEM and are
expressed relative to vehicle control numbers, indicated by dotted line. *p << 0.05, **p << 0.01, ***p < 0.001 versus vehicle
control. Scale bar: (in D) A—F, 100 um.

ter, considerable microglial/macrophage activation was present
in spinal cords injected with the higher ferritin dose (Fig. 4C).
This was likely due to a combination of direct activation by fer-
ritin and activation subsequent to the neuron and oligodendro-
cyte death that had occurred by 6 h after injection.

By 3 d, activated macrophages had increased in the gray mat-
ter of both groups and directly correlated with the region of on-
going oligodendrocyte and neuron loss (Fig. 4G-L). Thus,
accumulation of extracellular ferritin is associated with micro-
glia/macrophage activation and OPC proliferation and differen-
tiation; however, at high concentrations, these cellular responses
occur concomitant with neuron and oligodendrocyte toxicity.

Ferritin is rapidly internalized by microglia, NG2 cells,
and neurons
To examine the cellular phenotypes directly responsive to ferri-
tin, we added a fluorescent tag to ferritin then microinjected the
fluorescently tagged ferritin (1 mg/ml; the maximal concentra-
tion possible with the kit) into naive spinal cords. Injections were
targeted to the gray matter to examine possible ferritin uptake by
neurons, microglia, and NG2 cells.

At 1 h postinjection, the injected fluorescent ferritin bolus was
visible in the injection site (Fig. 5A). In sections double labeled for
NeuN, we found multiple examples of neurons that were positive
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Ferritin induced robust microglia and macrophage activation, especially in gray matter. A-C, Low-power views of 6 h injection site cross sections immunolabeled for 0x42 to identify

microglia and macrophages from vehicle (Veh; 4), 5 mg/ml ferritin (B), and 50 mg/ml ferritin (C) groups. D—F, High-power views of rectangles in white matter are shown below each low-power
image. Microglia remained as a resting phenotype in vehicle cords while subtle activation noted by morphological change was detected in white matter of both ferritin groups. G-, Low-power view
of 3dinjection site cross sections from vehicle (Veh; G), 5 mg/ml ferritin (H), and 50 mg/ml ferritin (/). J-L, High-power view of rectangles from gray matter are shown below each low-powerimage.
By 3 d, robust microglial and macrophage activation was presentin gray matter regions corresponding to regions of neuron and oligodendrocyte loss. Scale bars: A-C, G-I, 100 um; D-F,

J=1,20 um.

for fluorescent ferritin, which was mainly concentrated in the
nucleus (Fig. 5B). At 3 and 6 h postinjection, ferritin-positive
cellular profiles with neuronal morphology were present, but
they no longer expressed NeuN, suggesting neuron pathology
(data not shown). Expression of the ferritin receptor Tim-2 has
not been described on neurons; thus, it is currently unknown
whether neurons use this receptor or a different mechanism to
internalize ferritin. At least one report suggests that transferrin
receptors, which neurons do express, can internalize ferritin (Li
et al., 2010). However, there is not consensus on this phenome-
non in the field.

To determine whether microglia or NG2 cells also internalize
ferritin, sections were immunolabeled for Ox42 or NG2. Within

1 h of ferritin injection, a low number of microglia had taken up
the fluorescent ferritin, some of which had an activated phago-
cytic profile (Fig. 5C). A small number of NG2 cells had also
internalized ferritin within 1 h of injection (Fig. 5D). Thus, neu-
rons, microglia, and NG2 cells in vivo can rapidly internalize
extracellular ferritin. Oligodendrocyte lineage cells express
Tim-2, the ferritin receptor (Todorich et al., 2008); thus, these
data are consistent with the idea that these cells have the ability to
internalize ferritin.

By 3 d after injection, fluorescent ferritin was no longer visible.
Thus, sections were immunolabeled with cell markers to deter-
mine which cells had elevated intracellular ferritin, either from
the injectate or due to endogenously produced ferritin (Fig. 6 A—
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Figure 5.

Confocal images (=1 wum) of cross sections from spinal cords 1 h after injecting fluorescent ferritin (red) into the gray matter. 4, Low-power view of injection site immunolabeled for

NeuN (green) and Drag5 (blue) revealing bolus of injected fluorescent ferritin in gray matter. B—B”, High-power view of region denoted by boxin A. Neurons (B) were present in region of fluorescent
ferritin (B'). A neuron (arrow) is visible that had internalized the injected ferritin, which distributed though the cytoplasm and nucleus (B”); this was a common finding. (", Single-channel and
merged image of an 0x42-positive macrophage that had internalized the injected ferritin; these cells were rare at this time. D—D", Single-channel and merged Z-stack image of an NG2 cell (arrow)
that internalized the injected ferritin; these fluorescent ferritin-positive cells were also rare at this time but were more common at subsequent times. Scale bars: 4, 100 m; B-B”, 50 um; (-(”,

10 wm; D-D", 20 m.

D). At 3 d postinjection, ferritin-positive neurons were no longer
present, suggesting that neurons with excess ferritin were lost by
3 d. At this time, as shown above, a robust accumulation of acti-
vated macrophages was present in the region of neuron loss. Most
of these macrophages were ferritin positive (Fig. 6A). Inter-
estingly, ferritin-positive NG2 cells appeared to thrive in this
environment, as they closely intermingled with the macro-
phages (Fig. 6C). Microglia and NG2 cells in the white matter
injection site also maintained elevated ferritin levels 3 d after
injection (Fig. 6 B,D).

NG2 cells internalize macrophage-derived ferritin in vivo
As shown above, ferritin-positive NG2 cells were significantly
increased by 3 d in the gray matter. It is possible that the ferritin-
positive macrophages provided a chemotactic signal and served
as a source of iron-containing ferritin for NG2 cells as they do for
erythroid precursors (Leimberg et al., 2008). Indeed, erythroid
precursors depend on macrophage-derived ferritin for differen-
tiation and heme production. Thus, it is possible that macro-
phages play a similar role in the CNS and provide iron-containing
ferritin for oligodendrocyte precursors. To determine whether
macrophage-derived ferritin transfer to OPCs occurs in vivo,
macrophages were preloaded with fluorescent ferritin in vitro
then were microinjected into the intact dorsolateral white matter
of adult rat spinal cords. The transplanted cells were easily iden-
tified in the lateral funiculus after transplantation (Fig. 7A, B).
Within 1 d of transplant, NG2 cell bodies and processes were
in contact with transplanted macrophages at the transplant bor-
der (Fig. 8A,B). Over the next 2 d, NG2 cells began to migrate
deeper into the transplants. At this time, NG2 cells containing
macrophage-derived fluorescent ferritin were detected in all an-
imals (Fig. 8C,D). Thus, NG2 cells internalize macrophage-
derived ferritin in vivo. Similar results were obtained in vitro (data

not shown). Macrophage transplants also induced a proliferative
response in NG2 cells within and around the transplants as BrdU-
positive NG2 cells were detected at 3 d post-transplant (Fig. 8 E).
By 6 d, NG2 cells were completely distributed throughout the
macrophage transplants, suggesting that the macrophages were
chemoattractive for NG2 cells in vivo (Fig. 8 F), which could have
been due to release of ferritin and/or other factors by the activated
macrophages.

Discussion

This work highlights the relationship between NG2 cells and
macrophages in vivo and provides new information on possible
roles of ferritin on oligodendrocyte lineage cell functions. Ferri-
tin, the major iron-containing protein in the body, can sequester
>4000 iron atoms and is well known for its role in intracellular
iron storage. In addition, the heavy-chain ferritin subtype has
antioxidant functions and converts the highly toxic ferrous
(Fe *%) molecule to the less reactive ferric (Fe **) form. Ferritin is
also present in the circulation and delivers iron to the brain, likely
through receptor-mediated transcytosis across CNS blood vessels
(Fisher et al., 2007). Once inside the CNS, ferritin can potentially
move throughout the interstitial fluid through permeable water-
filled channels between the cellular layers (Bradbury, 1997).
Thus, neurons and glia are exposed to ferritin in CSF, the con-
centration of which will rise during vascular leakage, tissue dis-
ruption, or systemic inflammation.

Since ferritin can contain thousands of iron molecules, its role
in iron delivery may be substantial, especially compared with
transferrin, the prototypical iron delivery protein that carries
only two iron atoms. However, if released, the large amount of
iron within ferritin could be dangerous if intraparenchymal fer-
ritin levels become excessive, which is common in regions of CNS
pathology. Many features of injury and disease, such as inflam-
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Figure 6.

Double-labeled confocal images reveal ferritin immunoreactivity (red) in macrophages and NG2 cells at 3 d in gray
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jured CNS, it is important to understand
how these molecules affect indices of cell
death and endogenous repair.

Our data suggest that transfer of ferri-
tin to progenitors from the extracellular
space or macrophages may contribute to
tissue repair by stimulating proliferation
and formation of new oligodendrocytes.
This was especially evident in the white
matter, where NG2 cell proliferation and
oligodendrogenesis were not potentially
confounded by ferritin-induced neuron
death. Since NG2/BrdU cell number dou-
bled within 6 h of ferritin injection (Fig. 1),
ferritin likely acted directly on these cells,
presumably through binding the TIM-2 fer-
ritin receptor and subsequent internaliza-
tion (Todorich et al., 2008). Once inside,
ferritin localized to the cytoplasm and nu-
cleus of NG2 cells, macrophages, and neu-
rons. Intranuclear ferritin has been reported
before and is thought to function as a regu-
lator of gene transcription and to protect
DNA from iron-mediated damage (for re-
view, see Alkhateeb and Connor, 2010).
Once inside the cells, iron likely dissociates
from ferritin (Hulet et al., 2000) and would

matter (GM, *) and white matter (WM) after 50 mq ferritin microinjection. 4, By 3 d postinjection, a dense accumulation of
ferritin-positive macrophages (0x42, green) was present in gray matter in the region of neuron loss. B, Microglia in white matter
injection sites also expressed ferritin at 3 d. C, Section adjacent to A reveals that ferritin-positive NG2 cells (green) closely inter-
mingled with activated macrophages in gray matter. D, Ferritin-positive NG2 cells were present in white matter injection sites 3 d

be free to act as a cofactor with proteins that
regulate the cell cycle. For instance, iron de-
privation studies revealed that iron is neces-

after injection. Scale bar: (in D) A-D, 20 pm.

Figure 7.

injection site. Scale bar: (in B) A, B, 20 m.

mation, oxidative stress, and hemorrhage, cause iron and/or fer-
ritin levels to rise extracellularly and within neurons, microglia,
and macrophages. Not surprisingly, excess ferritin and iron have
been detected in diverse pathologies including spinal cord injury
(Rathore et al., 2008), Huntington’s disease (Simmons et al.,
2007), stroke (Wu et al., 2003), multiple sclerosis (LeVine, 1997;
Hulet et al., 1999), Parkinson’s disease, and aging brains (Sofic et
al., 1988; Jellinger et al., 1990; Benkovic and Connor, 1993; Berg
et al., 2001). Because ferritin and iron are ubiquitous in the in-

In vivo transplants into lateral spinal white matter of Ox42-positive macrophages (green) preloaded in vitro with
fluorescent ferritin (red). Bone marrow-derived macrophages were simultaneously stimulated with LPS (100 ng/ml) and loaded
with fluorescently conjugated ferritin (red; 100 ug/ml) in vitro. After 24 h, ~100,000 cells/ | were transplanted into the lateral
funiculus. 4, B, At 1d () and 3 d (B) after transplant, the bolus of ferritin-loaded macrophages was visible in the white matter

sary for proper expression of cyclins and
Cdks, which are essential for mitosis (Kulp
et al,, 1996; Simonart et al., 2000; Alcantara
et al., 2001). Iron deficiency also stimulates
cell cycle inhibitors such as p21WAF/CIP!
and p27KIPI (Wang et al, 2004; Fu and
Richardson, 2007). Accordingly, Wang et al.
(2004) showed that supplying serum-
starved cells with iron could reverse cell cy-
cle arrest, which has relevance to in vivo
models in which high iron levels may pro-
mote progenitor proliferation. For instance,
iron and ferritin are increased after spinal
cord trauma (Rathore et al., 2008), and we
previously showed robust accumulation of
proliferating NG2 cells in the lesion and le-
sion borders after spinal cord injury
(McTigue et al., 2006; Tripathi and McTigue,
2007). Thus, the presence of elevated iron
and/or ferritin within this region may be a po-
tent stimulus for NG2 cell responses.

Our current data also show that some
dividing progenitors differentiate into
new oligodendrocytes within 3 d of ferri-
tin injection and that these cells replace at least a portion of oli-
godendrocytes killed by excess ferritin. It is possible that as
ferritin accumulates in the cell, elevated iron prompts prolifera-
tion, but that once iron concentration passes a certain threshold,
proliferation ceases and differentiation is initiated. For instance,
studies showed that when proliferating OPCs were exposed to
high levels of iron, the cells stopped dividing and underwent
differentiation (Morath and Mayer-Proschel, 2001). It was pos-
tulated that the mechanism for this transition from a dividing cell
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to a differentiated phenotype was due to
the pro-oxidant properties of iron. Oxida-
tion is known to cause cell cycle arrest by
upregulating cell cycle inhibitors (Russo
et al., 1995; Anderson et al., 1998; Morath
and Mayer-Proschel, 2001). Thus, iron
and ferritin can regulate both prolifera-
tion and differentiation, and further
work is needed to elucidate the exact
mechanisms involved in each process
in vivo.

In our study, elevated ferritin was toxic
to oligodendrocytes, resulting in losses as
early at 6 h after exposure. Compared with
other cells, oligodendrocytes contain low
levels of antioxidants (Thorburne and
Juurlink, 1996), which renders them vul-
nerable to the free radical production that
can accompany a rapid increase in intra-
cellular iron. Neurons at the injection sites
were similarly affected by ferritin-induced
toxicity. Neurons internalized ferritin
within 1 h of injection, and significant
neuron loss occurred by 6 h. Neurons do
not typically express the L-chain of ferri-
tin, which is necessary for long-term iron
mineralization and storage (Connor etal.,
1994). Therefore, if iron was released
from ferritin upon internalization, neu-
rons would have difficulty adequately
storing the excess and would be suscepti-
ble to iron-mediated damage.

To identify cells that directly took up
ferritin, we microinjected fluorescent fer-
ritin into spinal cord gray matter. In addi-
tion to a few NG2 cells and microglia that
internalized ferritin within 1 h of injec-
tion, many examples of neurons contain-
ing fluorescent ferritin were observed.
Thus, neurons may preferentially incor-
porate the injected ferritin within 1-3 h.
At later times, neurons (and oligodendro-
cytes) were lost in the region of ferritin
injection, while there was a concomitant
dense accumulation of macrophages and
NG2 cells, both of which contained ele-
vated ferritin. Their ferritin was possibly
derived from the injected bolus as well as
from dying neurons, as the number of
ferritin-positive macrophages and NG2
cells was much greater at this time com-
pared with earlier time points. Interestingly,
rather than succumb to the high concentra-
tion of extracellular ferritin, NG2 cells were
maintained in the region of cell death, where
they proliferated and intermingled with ac-
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3d post-TP NG2

Figure 8. Endogenous NG2 cells migrate into fluorescent ferritin (red)-loaded macrophage transplants, proliferate, and incor-
porate macrophage-derived ferritin. Macrophage injections into the white matter resulted in a loss of oligodendrocytes and
astrocytes in the transplanted area; therefore, the fluorescence observed can be attributed to the prelabeled macrophages. 4,
Low-power confocal image of transplant injection site immunolabeled for NG2 (green) and counterstained with Drag5 (blue). B,
High-power view of box from A showing NG2 cell (arrow) in close contact with a transplanted macrophage containing fluorescent
ferritin. C, D, By 3 d post-transplant, NG2 cells had infiltrated further into the macrophage transplants, some of which now
contained fluorescent ferritin (arrows), revealing that ferritin was released from macrophages in vivo and taken up by NG2 cells. E,
NG2 cells (blue) within and around transplants contained BrdU-positive (green; arrow) nuclei, indicating that they were prolifer-
ating. Cell indicated by arrow shown at higher power in inset. F, By 6 d post-transplant, NG2 cells (green, arrow) had distributed
throughout the entire region of macrophage transplants. Scale bars: 4, 50 wm; (in F) B—F, 20 pm.

tivated macrophages. Thus, NG2 cells appeared to thrive in regions
of cell death and inflammation.

The increased ferritin in NG2 cells also may have been due to
upregulation of endogenous ferritin synthesis or derived from
ferritin released from activated macrophages. Our data show that
activated macrophages can internalize ferritin, and data from
other laboratories indicate that macrophages release H-ferritin

by exocytosis (Tran et al., 1997; Leimberg et al., 2008). Ferritin
uptake and release from macrophages may occur in a manner
similar to that described for transferrin, which is internalized, the
iron is removed, and then transferrin is recycled back to the cell
membrane and released. Our macrophage transplant study veri-
fies that macrophages can serve as a source of ferritin in vivo.
Indeed, within 3 d of intraspinal injection of ferritin-loaded mac-
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rophages, macrophage-derived fluorescent ferritin was detected
in NG2 cells in all animals tested (n = 3/3). During this time, NG2
cells within and around the macrophages also began to prolifer-
ate, which could be a direct effect of ferritin-derived iron (see
above) and/or the plethora of other macrophage secretory prod-
ucts that can promote migration and proliferation, such as IL-13,
IL-6, CNTF, IGF-1, leukemia inhibitory factor, BDNF, and
Gro-a (Robinson et al., 1998; Hinks and Franklin, 1999; Dougherty
et al., 2000; Herx et al., 2000; Mason et al., 2000; Vela et al., 2002;
Nakanishi et al., 2007).

These data are consistent with results from a previous exper-
iment in our laboratory using a model of intraspinal macrophage
activation (Schonberg et al., 2009). In that study, ferritin-positive
NG2 cells accumulated near a focus of ferritin-expressing acti-
vated macrophages. Within 6 d, proliferating NG2 cells and
ferritin-positive new oligodendrocytes were prevalent in the ac-
tivated macrophage cluster. Collectively, our data imply that in
the adult CNS, microglia and macrophages can function as a
source of iron/ferritin for NG2 cells and that this may be an
important feature of oligodendrocyte replacement in regions of
tissue pathology.

The current data have implications for a wide range of CNS
disorders and injuries. Since excess iron promotes oxidative
injury, focal accumulation of iron/ferritin can contribute to
ongoing cascades of cell death, especially of neurons and oli-
godendrocytes. However, iron and ferritin may also play an im-
portant role in tissue repair as NG2 cells become activated and
begin the process of oligodendrocyte replacement. In light of its
essential role in maintenance of cell physiology and its ability to
cause and exacerbate oxidative injury, it is critical that strategies
be developed that restore iron balance while maintaining its ben-
eficial actions. By doing so, the pathological consequences of
neurological disease may be mitigated and repair mechanisms
enhanced.
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