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ABSTRACT
Our previous studies showed that the intracerebral injection
of apotransferrin (aTf) attenuates white matter damage and
accelerates the remyelination process in a neonatal rat model
of cerebral hypoxia-ischemia (HI) injury. However, the intra-
cerebral injection of aTf might not be practical for clinical
treatments. Therefore, the development of less invasive tech-
niques capable of delivering aTf to the central nervous sys-
tem would clearly aid in its effective clinical use. In this
work, we have determined whether intranasal (iN) adminis-
tration of human aTf provides neuroprotection to the neona-
tal mouse brain following a cerebral hypoxic–ischemic event.
Apotransferrin was infused into the naris of neonatal mice
and the HI insult was induced by right common carotid ar-
tery ligation followed by exposure to low oxygen concentra-
tion. Our results showed that aTf was successfully delivered
into the neonatal HI brain and detected in the olfactory bulb,
forebrain and posterior brain 30 min after inhalation. This
treatment successfully reduced white matter damage, neuro-
nal loss and astrogliosis in different brain regions and
enhanced the proliferation and survival of oligodendroglial
progenitor cells (OPCs) in the subventricular zone and cor-
pus callosum (CC). Additionally, using an in vitro hypoxic
model, we demonstrated that aTf prevents oligodendrocyte
progenitor cell death by promoting their differentiation. In
summary, these data suggest that iN administration of aTf
has the potential to be used for clinical treatment to protect
myelin and to induce remyelination in demyelinating
hypoxic–ischemic events in the neonatal brain. VVC 2012 Wiley

Periodicals, Inc.

INTRODUCTION

Earlier studies from our lab clearly show that apo-
transferrin (aTf) contributes to the differentiation and
maturation of oligodendrocyte progenitor cells (OPCs).
We have demonstrated that this glycoprotein is neces-
sary at multiple stages during OPC development includ-
ing OPC proliferation, migration, and differentiation
(Guardia Clausi et al., 2010; Paez et al., 2002, 2004,

2005). Moreover, exogenous aTf has been shown to pro-
tect the brain against demyelination when injected
directly into the central nervous system (CNS) (Adamo
et al., 2006; Badaracco et al., 2008). In our most recent
paper, we provided direct evidence that an intracerebral
injection of aTf attenuated white matter damage in a
neonatal rat model of cerebral hypoxia–ischemia (HI)
injury (Guardia Clausi et al., 2010). However, the intra-
cerebral injection of aTf might not be practical for clini-
cal purposes. Therefore, the development of less invasive
techniques capable of delivering aTf to the CNS would
clearly aid in its effective clinical use.

A promising way to deliver drugs to the brain is the
nasal route. The olfactory region is the only site of the
body where the CNS is somehow in contact with the exter-
nal environment, due to the presence of the olfactory re-
ceptor neurons, whose axons end in the olfactory bulb.
Hence, a drug administered into the nasal cavity and de-
posited on the olfactory mucosa should have a good
chance to reach the cerebrospinal fluid, upon diffusion
across the mucosa itself. Afterward, the drug could diffuse
into the interstitial fluid and reach the olfactory and/or
trigeminal nerve pathways, or the vascular and lymphatic
pathways, eventually penetrating the brain parenchyma
(Illum, 2004; Thorne and Frey, 2001). Nasal drug delivery
has many advantages from a clinical perspective for its
noninvasiveness, accessibility, and ease of administration.
Recent reports confirm the positive outcome of nose-to-
brain delivery not only for drug molecules with various
molecular weights (Hanson et al., 2009; Yang et al., 2009),
but also for living cells (Danielyan et al., 2009, 2011).

In this work we have investigated the possibility of
using intranasal (iN) administration of aTf to protect
and repair the neonatal white matter after a cerebral HI
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event. Transgenic mice expressing the enhanced green
fluorescent protein under the 20-30-cyclic nucleotide 30-
phosphodiesterase (CNP-EGFP) promoters were used.
These animals provide a convenient fluorescent tag for
OPCs and oligodendrocytes (OLs) in tissue slices (Yuan
et al., 2002). Immediately after the HI insult a group of
10-day-old mice were iN treated with aTf. Human aTf
was detected in all brain areas as soon as half an hour
after a single iN administration. Western blot analysis
showed high human aTf concentrations in different
brain regions including the olfactory bulb, forebrain,
and posterior brain of HI mice. Furthermore, our data
suggest that the iN administration of aTf prevented
white matter damage and OL loss, thus preventing OPC
death by apoptosis and promoting their maturation. In
conclusion, this work is relevant to developing means to
induce neuroprotection and for myelin repair following
cerebral HI in the neonatal brain.

MATERIAL AND METHODS
Intranasal Administration of aTf

Normal 10-day-old (P10) CNP-EGFP mice were placed
on their backs and anesthetized with ketamine (150 mg
kg21) and xylazine (15 mg kg21), and 4 lL of aTf (10 mg
mL21) was given into the right naris using a fine tip. Af-
ter 30 min a second dose of aTf was infused following
the same procedure. In another set of experiments, P10
mice received an iN administration of 2 lL of cytochala-
sine B (0.5 mM), colchicine (0.5 mM) or vehicle (PBS)
and 15 min later aTf was infused as described before.
Brains were removed 30 min after the second dose of
aTf and separated into six parts: right and left olfactory
bulb, right and left forebrain, and right and left poste-
rior brain. The forebrain and posterior brain were sepa-
rated coronally at about bregma level. Brain tissue was
stored at 280�C until further use. Brain concentration
of human aTf was measured using an anti-human Tf
antibody. To verify the penetration of aTf into the HI
mouse brain, the same experiment was conducted in
P10 mice immediately after the HI insult.

Perinatal HI

Cerebral HI was induced in P10 CNP-EGFP mice of
either sex by a permanent unilateral common carotid ar-
tery ligation followed by systemic hypoxia as described
by Ferriero et al., 1996, who adapted the method of Rice
et al. (1981) for mice. Mice were anesthetized with keta-
mine (150 mg kg21) and xylazine (15 mg kg21). Once
they were fully anesthetized, a midline neck incision
was made; the right common carotid artery was isolated
by blunt dissection and then ligated using 5-0 surgical
silk. After 4 h of recovery, the animals were exposed to
60 min of humidified 8% O2 and 92% N2 at 37�C in a
water bath. Control animals were separated from the
dam for the same period of time. Immediately after HI,
a group of animals received iN administration of aTf

and another group received iN administration of saline
solution as described above.

In this study, 47 out of 55 mice survived the HI event.
Five of these mice were sacrificed due to severe weight
loss 4 days after surgery. Four mice were not used for
data analysis due to extended ipsilateral hemispheric at-
rophy. The remaining 38 mice were analyzed at different
ages and 17 mice were used as controls. All experimen-
tal procedures were approved by the University of Bue-
nos Aires Committee of Laboratory Animals and animal
experimentation was in accordance with the National
Institute of Health-Guide for the Care and Use of Labo-
ratory Animals.

Western Blot Analysis

The olfactory bulb, forebrain, and posterior brain from
different experimental conditions were homogenized
using TOTEX lysis buffer. A 100 lg of protein sample
from each structure were boiled for 5 min in Laemmli
buffer containing 4% 2-mercaptoethanol. Proteins were
separated by SDS/PAGE using 10% acrylamide-bisacry-
lamide gels and transferred onto polyvinylidene fluoride
membranes. These were blocked for 2 h in PBS-T (PBS/
0.1% Tween 20) containing 5% FCS, followed by incuba-
tion with anti-aTf (1/1,000, ICN Biomedicals) overnight
at 4�C. Membranes were washed in PBS-T, incubated
for 1 h in horseradishperoxidase-conjugated secondary
antibodies (1/2,000) in blocking buffer, washed in PBS-T
and then developed using 3-30 diaminobenzidine/Niquel/
H2O2 mixture. To confirm equal protein loading of all
lanes, the same blots were reprobed with an anti-actin
antibody. Densitometric analysis of the bands was per-
formed using the Gel-Pro analyzer 4.0.

Brain Section Preparation

Animals were anesthetized with ketamine and xylazine
and perfused through the left ventricle of the heart with
30 mL of PBS followed by a 4% solution of paraformalde-
hyde in PBS. The brains were carefully dissected out and
postfixed in the same solution overnight, followed by thor-
ough washing in PBS and cryoprotection in PBS/30% su-
crose for 24 h. The tissue was then frozen and used for
obtaining 30 lm cryostat coronal sections using a Leica
CM1850 cryotome. The floating sections obtained from
different areas of the brain were kept in PBS/glycerol
(1:1) solution and stored at 220�C until use.

Immunohistochemistry

Floating brain sections were rinsed twice with PBS
(pH 7.4), then again with PBS/0.1% Triton X-100 (only
for cytosolic antigens) and blocked overnight with PBS
containing 5% FCS. For indirect immunofluorescence,
sections were incubated at 4�C with the following anti-
bodies: anti-NG2 and anti-PDGFRa (1/200, Neuromics),
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anti-Nestin (1/100, Neuromics), anti-GFAP-Cy3 (1/800,
Sigma), and anti-cleaved-caspase-3 (1/200, Cell Signal-
ing). Identification of mature OLs was carried out using
anti-MBP (1/400, a generous gift of Dr A.T. Campagnoni,
University of California at Los Angeles) and anti-CC-1
(1/200, Abcam). For BrdU immunostaining, sections
were pretreated in 2 M HCl for 60 min at 37�C followed
by extensive rinses in 0.1 M borate buffer, pH 8.5, and
with PBS/0.1% Triton X-100. Afterward, tissue sections
were blocked and incubated with a mouse monoclonal
anti-BrdU (1/100, Roche). After treatment with primary
antibodies, sections were rinsed with PBS and incubated
for 2 h with the appropriate secondary antibody and 5
lM H€oechst dye at room temperature. Sections were
rinsed again with PBS, carefully placed on glass slides,
dried overnight, and mounted with a fluorescence
mounting medium.

Incorporation of Bromo-Deoxyuridine (BrdU)

Cell proliferation was examined using 5-bromo-2-deox-
yuridine (BrdU, Sigma). For BrdU labeling, mice were
operated at P10 and then given six consecutive intraper-
itoneal injections of BrdU (50 mg kg21) from P14 to P19.
Animals were transcardially perfused on P24 and brain
sections were prepared as described above.

Image Analysis and Quantification

Microscopic evaluation was performed by epifluores-
cence using an Olympus BX50 microscope or confocal
microscopy for colocalization studies. Photographs were
taken with a CoolSnap digital camera. Confocal images
were performed by capturing a series, or stack, of
images focused at regularly placed intervals through the
Z axis of an area of interest. Subsequently, using the
Image J software, a 3D reconstruction and surface plot
graphics were done. Image J software was used for
image analysis. CNP-EGFP positive cells and CNP-
EGFP/caspase3 double positive cells per mm2 were
quantified by integrating data obtained from 100 lm2

fragments throughout the external capsule of the corpus
callosum (CC), striatum, and cortex in three consecutive
sections of the bregma and middle dorsal hippocampus
level. Quantification of CNP-EGFP/BrdU double positive
cells was done in the same way in the external capsule
of the CC and the results were also expressed as the
number of positive cells per mm2. In contrast, integrated
optical density (IOD) of MBP positive staining was eval-
uated in the external capsule of the CC and the cerebral
cortex in three consecutive sections of the bregma and
middle dorsal hippocampus level, subtracting back-
ground staining. Control data were set at an arbitrary
value of 100% immunoreactivity and results were
expressed as a percentage of their own control. GFAP
positive cells were counted in the striatum in 10–12 ran-
domly chosen high power views (100 3 100 lm each) in
three consecutive sections at bregma level and results

were expressed as the number of positive cells per mm2.
For quantification of nestin IOD in the subventricular
zone (SVZ), three consecutive sections at bregma level
were used; the area including positive immunoreactive
cells was manually selected with the appropriate soft-
ware tool and IOD was determined and expressed as a
percentage relative to the control condition. PDGFRa
positive cells were counted in the periventricular area of
the ipsilateral hemispheres in three consecutive sections
at bregma level. Cell counting results were converted
into cells per mm2 using Abercrombie’s correction (Aber-
crombie, 1946) and the mean value was used for repre-
senting one single brain. To evaluate neuronal damage,
coronal sections at bregma level were used. The area of
NeuN staining at the striatum was outlined manually
using image processing tools (NIH Image J software)
and the ratio of the ipsilateral to contralateral NeuN
area was calculated (R 5 IL/CL). Evaluation of neocorti-
cal axonal demyelination was done by CNP-EGFP and b-
III tubulin staining under different experimental condi-
tions. Demyelinated axons were quantified at high mag-
nification confocal photomicrographs randomly selected
from the neocortex of the ipsilateral hemisphere.

Primary Cultures of Cortical Oligodendrocytes

Enriched OLs were prepared as described by Amur-
Umarjee et al. (1993). First, cerebral hemispheres from
1-day-old mice were mechanically dissociated and were
plated on poly-D-lysine-coated flasks in Dulbecco’s modi-
fied Eagle’s medium and Ham’s F12 (1:1vol/vol) (Invi-
trogen), containing 100 lg mL21 gentamycin and supple-
mented with 4 mg mL21 dextrose anhydrous, 3.75 mg
mL21 HEPES buffer, 2.4 mg mL21 sodium bicarbonate,
and 10% fetal bovine serum (FBS) (Omega Scientific).
After 24 h the medium was changed and the cells were
grown in DMEM/F-12 supplemented with insulin (5 lg
mL21), human transferrin (50 lg mL21), sodium selenite
(30 nM), d-Biotin (10 mM), 0.1% BSA (Sigma), 1% horse
serum, and 1% FBS (Omega Scientific). After 9 days,
OPCs were purified from the mixed glial culture by the
differential shaking and adhesion procedure of Suzu-
mura et al. (1984) and allowed to grow on polylysine-
coated coverslips in defined culture media (Agresti et al.,
1996) plus PDGF-AA (10 ng mL21) and bFGF (10 ng
mL21) (Peprotech). The following day (in vitro day 2)
the media was changed and cells were treated with
fresh media, in the presence or absence of human trans-
ferrin (100 lg mL21). Hypoxia was maintained for 12 h
by incubating the cells in a Napco 7001 incubator (Preci-
sion Scientific, Chicago), which contained a humidifying
water pan infused with 5% CO2 and 95% N2 to achieve
the desired concentration of hypoxia.

Caspase-3 Assay

NucView488 Caspase-3 substrate, a novel cell-mem-
brane-permeable fluorogenic caspase substrate designed
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for detecting caspase-3 activity within live cells in real
time, was used in accordance with the manufacturer’s
recommendations (Biotium). One day after plating (in
vitro day 2), OPC primary cultures were incubated in
defined culture media (Agresti et al., 1996) containing
NucView488 Caspase-3 substrate (final concentration 5
lM) in a stage top chamber at 37�C, which was placed
on the stage of a spinning disc confocal inverted micro-
scope (Olympus, IX81-DSU) equipped with a CCD cam-
era (Hamamatsu ORCA-ER). Hypoxia was maintained
during the entire time-lapse experiment (6 h) by incubat-
ing the cells in the microscope stage chamber, which con-
tained a humidifying water pan infused with 5% CO2, 1%
O2, and 94% N2. Fluorescent field images were obtained
with a specific GFP filter at 6-min intervals for a total of
6 h. SlideBook 4.1 software was used to assess apoptotic
cell death by calculating the percentage of Caspase-3 pos-
itive cells in a total of five experiments on four random
fields. Parallel experiments were performed using imma-
ture OLs. Immature OLs were obtained from OPC pri-
mary cultures by growing the cells in a mitogen-free me-
dium (mN2) (Oh et al., 2003) for 4 days. mN2: DMEM/F-
12 supplemented with D-glucose (4.5 g L21), insulin (5 lg
mL21), human transferrin (50 lg mL21), sodium selenite
(30 nM), T3 (15 nM), d-Biotin (10 mM), hydrocortisone
(10 nM), 0.1% BSA, 1% horse serum, and 1% FBS.

Immunocytochemistry

Cells were stained with antibodies for several OL
markers and examined by confocal microscopy. For
Sox2, Sox9, Olig2, CC1, and MBP immunostaining, the
cells were rinsed briefly in PBS and fixed in 4% buffered
paraformaldehyde for 30 min at room temperature. Af-
ter rinsing in PBS, the cells were permeabilized with
0.1% Triton X-100 in PBS for 10 min at room tempera-
ture and then processed for immunocytochemistry fol-
lowing the protocol as outlined by Reyes et al. (2002).
Essentially, fixed cells were incubated in a blocking solu-
tion (5% goat serum in PBS) followed by an overnight
incubation at 4�C with a primary antibody for Sox2
(1:200), Sox9 (1:500), Olig2 (1:500), CC1 (1:300), and
MBP (1:800). Staining with NG2 (1:100) was performed
on live cells without permeabilization for 1 h at room
temperature before fixation. The primary antibodies
were all purchased from Chemicon/Millipore. Cells were
then incubated with the appropriate secondary antibod-
ies (1:200; Jackson) and mounted onto slides with Aqua-
mount (Lerner Laboratories); fluorescent images were
obtained using an Olympus spinning disc confocal micro-
scope. Nuclei were stained with the fluorescent dye
Hoechst 33342 (5 lg mL21 in 1% DMSO) to determine
the total number of cells. Quantitative analysis of the
results was done counting the antigen-positive and
Hoechst-positive cells in 20 randomly selected fields,
which resulted in counts of >2,000 cells for each experi-
mental condition. Counts of antigen-positive cells were
normalized to the counts of total Hoechst-positive cells
for each condition.

Statistics

Statistical analysis was performed using GraphPad
Prism 4.03 software by analysis of variance followed by
Newman–Keuls multiple comparison test. A P < 0.05
was considered statistically significant. Data are given
as the means 6 S.E.M.

RESULTS
Human aTf Diffused into the Neonatal Brain

After Intranasal Administration

To determine whether iN administration of human
aTf reaches the different brain areas and provides neu-
roprotection to the neonatal brain following cerebral HI,
aTf was infused into the right naris of postnatal-day-10
(P10) mice. Two infusions of aTf (10 mg mL21) were
given into the right naris separated by 30 min. Thirty
minutes after the second dose, brains were removed and
separated into six parts: right and left olfactory bulb
(OB), right and left forebrain (FB), and right and left
posterior brain (PB). Experiments were done with or
without a prior HI insult performed by right common ca-
rotid artery ligation followed by exposure to low oxygen
concentration (8%) for 1 h. As shown in Fig. 1A, a high
concentration of aTf was seen in the right OB 30 min af-
ter the second aTf dose in control brains (0.063 6 0.015
lg/100 lg). Human aTf concentration in the right FB
and PB was 0.018 6 0.002 and 0.028 6 0.004 lg/100 lg
protein, respectively, which was about 30 and 40% of
that in the right OB. In the HI group, aTf concentration
in the right OB was similar to that in the control group
1 h post iN administration (0.091 6 0.029 lg/100 lg).
However, 30 min after the second aTf dose the concen-
tration in the right FB and PB was 0.042 6 0.007 and
0.063 6 0.012 lg/100 lg, respectively, which was signifi-
cantly higher than that in the control brains (Fig. 1A).
Additionally, human aTf was also found in the contralat-
eral hemispheres of HI-treated mice (data not shown).
Furthermore, 24 h after the iN administration, aTf was
not detected in either the HI-treated or untreated con-
trol brains (data not shown). It is important to point out
that we found a significant decrease in aTf concentra-
tions in the OB when different cytoskeleton venoms,
such as cytochalasin B and colchicine, were iN-adminis-
tered before aTf (Fig. 1B), which suggests that active
axonal transport is essential for aTf delivery into the
brain.

Intranasal Administration of aTf Reduced Brain
Injury After an HI Incident

Two days after the HI incident (P12), brain coronal
sections were analyzed from all the experimental
groups. Measurements were done in different areas of
the CNS such as cortex, corpus callosum (CC), exter-
nal capsule and striatum (Fig. 2). A loss of CNP-EGFP
positive cells was clearly observed in the ipsilateral
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hemisphere of the untreated HI animals (Fig. 2A).
Interestingly, the decrease in the number of these cells
was significantly lower in HI animals treated with
human aTf (Fig. 2A). Immunohistochemical analysis
for MBP exhibited a similar outcome, with the aTf-
treated mice showing a reduced loss of MBP immuno-
labeling after the HI injury, while the untreated mice
showed a more drastic reduction in MBP immunolabel-
ing after the HI insult (Fig. 2B). Figure 3 shows high
magnification images of the external capsule of the
CC, cerebral cortex, and striatum. The number of
CNP-EGFP was significantly lower in the HI CC com-
pared with control or aTf-treated tissue 2 days post
injury. CNP-EGFP positive cells showed high complex-
ity in controls and aTf-treated animals, but were ei-
ther bipolar or apoptotic in those treated with saline
solution (Fig. 3B).

Two weeks after the cerebral HI (P24), coronal sec-
tions of the CC and cortex showed significantly dimin-
ished immunostaining for MBP in untreated HI mice
(Fig. 4A,B). In contrast, aTf-treated animals displayed
normal MBP levels in both the CC and cortex, suggest-
ing complete remyelination at P24 (Fig. 4A,B). When
CNP-EGFP positive cells were quantitated in the CC,
the same phenomena was observed: untreated HI mice
exhibited 375 6 34 cells mm22, while those treated
with aTf showed 454 6 20 cells mm22 CNP-EGFP
positive cells (Fig. 4C). In addition, we found that

the majority of these CNP-EGFP-expressing cells colo-
calized with CC-1 in all the experimental conditions
(Fig. 4C).

HI encephalopathy in term newborns produces chronic
neurological disability in survivors due to neuronal loss.
Although experimental HI injury in the immature
rodent brain is well established in the literature, the
extent of neuron injury varies with species and strains.
In our model, we found a significant reduction in the
number of striatal neurons 5 days after the HI damage
(57% 6 26% NeuN area loss) and this reduction was sig-
nificantly lower in the HI mice treated with aTf (15% 6
14% NeuN area loss) (Fig. 5A). We were unable to detect
neocortex neurodegeneration using bIII tubulin and
NeuN staining; however, demyelinated axons of neurons
that connect the neocortex with the CC were clearly
seen in the HI mice (8 6 3 demyelinated axons/200
lm2). As expected, aTf treatment protected these axons
against demyelination (3 6 3 demyelinated axons/200
lm2) (Fig. 5B).

It is becoming evident that neuroinflammation plays
an important role in the loss of OLs and neurons after
an HI insult in the preterm brain (Cai et al., 2006;
Carty et al., 2008; Fan et al., 2006). In our model we
noticed a substantial increase in GFAP-positive astro-
cytes 2 days after the HI event (Fig. 6). At P12, we
found an approximate fivefold increase in the number
of GFAP positive cells in the striatum of untreated and

Fig. 1. Western blot analysis of aTf in different brain areas. (A) Pro-
tein lysates of olfactory bulb (OB), frontal (FB), and posterior brain
(PB) were obtained from the right hemisphere of control (Control) and
HI mice treated iN with aTf or saline solution (S). Assays were done 30
min after the second dose of aTf and aTf concentration in each area
was calculated using aTf standards. Concentrations were calculated as
lg of aTf present in each structure per 100 lg of total protein. (n 5 3
HI S; n 5 3 HI aTf, and n 5 3 Control) (B) Western blot analysis of aTf

in protein lysates of OB from mice that received either saline (Control)
or the cytoskeleton venoms, cytochalasin B (CYTO B) or colchicine
(COL) 15 min before the iN administration of aTf (n 5 3 Control; n 5 3
CYTO B, and n 5 3 COL). Values are the means 6 S.E.M of three inde-
pendent experiments. *p < 0.05, ***P < 0.001 vs. respective controls.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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aTf- treated HI animals, with no significant differences
among the two groups (Fig. 6A,C). However, 5 days af-
ter the HI injury (P15) animals treated with aTf
showed a lower number of reactive astrocytes compared
with untreated HI animals (443 6 148 cells mm22 vs.
644 6 258 cells mm22, respectively) (Fig. 6A,C). In
agreement with these data, double immunostaining for
GFAP and S100b at P15 clearly revealed higher num-
bers of reactive astrocytes in the untreated HI group,
probably due to more extended brain damage and de-
myelination (Fig. 6B,C). Finally, 2 weeks after the HI
event (P24), the number of GFAP-expressing cells
decreased in both experimental groups, although in
both cases it was still twice as high as in control ani-
mals (Fig. 6A,C).

Effect of Intranasal Administration of aTf in the
Subventricular Zone

Two days after cerebral HI we found a significant
increase in the number of nestin-positive cells in the

SVZ of brains treated with aTf (Fig. 7A). There was a
1.8-fold increase compared with controls, and a 1.6-fold
increase compared with untreated HI animals (Fig. 7A).
Similarly, we found an increase in nestin positive cells
in both mouse groups compared with control animals at
P15 (Fig. 7A). Although not statistically significant,
there was a tendency for a higher increase in untreated
mice than in those treated with aTf (Fig. 7A), which
suggests that, in the latter condition, the number of cells
expressing nestin in the SVZ had already started to
decrease. Furthermore, our results showed that the nes-
tin positive progenitors found in the HI aTf condition
expressed low levels of GFAP at P12 (30% 6 6%). In
contrast, nestin-positive cells peaked later (P15) in the
HI untreated mice and expressed high levels of GFAP
(66% 6 9%) (Fig. 7A). In Fig. 7B high magnification
images of the lateral wall of the SVZ show PDGFRa/
CNP-EGFP double positive OPCs (arrows) in the HI
mice. Two days after the HI event (P12) the number of
PDGFRa-positive OPCs was higher in mice treated with
aTf than in untreated brains (149 6 105 vs. 367 6 40
cells mm22) (Fig. 7B).

Fig. 2. CNP-EGFP and MBP expression in the brain of HI animals.
(A) Evaluation of CNP-EGFP positive cells at P12. (B) Coronal sections
of the brain were immunostained with anti-MBP at P12 in the different
experimental groups. Scale bar 5 1 mm. (C) Quantification of CNP-
EGFP positive cells in three different brain areas and evaluation of

MBP immunoreactivity by IOD in the external capsule of the CC. Values
are expressed as the means 6 S.E.M of three independent experiments
(n 5 6 HI S; n 5 7 HI aTf; and n 5 5 Control; *P < 0.05, **P < 0.01,
and ***P < 0.001 vs. respective controls). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Fig. 3. Myelin loss post HI injury. (A) CNP-EGFP positive cells in the external capsule of the CC in the
control, untreated and aTf-treated HI mice at P12. Scale bar 5 100 lm. (B) Higher magnification confocal
photomicrographs of representative CNP-EGFP positive cells in the different experimental conditions are
shown. Scale bar 5 10 lm. CC: external capsule of corpus callosum; Cx: cerebral cortex; and St: striatum.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Fig. 4. Remyelination after HI damage. (A) MBP immunoreactivity
and CNP-EGFP positive cells were analyzed in the external capsule of
the CC under different experimental conditions at P24. Colocalization
of both markers is also shown. (B) MBP/CNP-EGFP colocalization was
also evaluated in the cerebral cortex at the same time point. (C) CC-1
immunoreactivity in the external capsule of the CC and its colocaliza-

tion with CNP-EGFP is shown. (D) Values are expressed as the means
6 S.E.M of three independent experiments (n 5 6 HI S; n 5 6 HI aTf;
and n 5 6 Control; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. respec-
tive controls). Scale bar 5 100 lm. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Intranasal Administration of aTf Promoted OPC
Proliferation and Inhibited Apoptotic Cell Death

After HI

OPC proliferation was estimated using immunodetec-
tion of BrdU incorporation. Proliferating OPCs were
identified by immunofluorescence for BrdU and CNP-
EGFP, and the relative number of CNP-EGFP/BrdU-pos-
itive cells was quantified in each experimental group
(Fig. 8). After the HI happening, BrdU was injected
daily from P14 to P19 and animals were sacrificed 2
weeks after the HI injury (P24). Our results show that
cerebral HI induced proliferation of OPCs (Fig. 8). In
the CC the number of CNP-EGFP/BrdU double positive
cells was significantly higher in the ipsilateral brain af-
ter cerebral HI as compared with the sham brain (1.8-
fold increase). As expected, post-treatment with aTf fur-
ther increased (1.5-fold) the number of CNP-EGFP/BrdU
double positive cells as compared with the vehicle-
treated control group (Fig. 8).

Apoptotic cell death was measured using a specific
antibody which detects caspase-3 activity within individ-
ual cells. The number of caspase-3/CNP-EGFP double
positive cells was quantified in the ipsilateral cortex,
striatum, and CC of HI mice at P12 (Fig. 9A). We found
a fourfold increase in the number of caspase-3 positive-
cells in the CC and striatum and a fivefold increase in
the cortex of untreated HI mice (Fig. 9A). In contrast,
the number of apoptotic cells returned to near control

levels in the CC and striatum and decreased signifi-
cantly in the cortex when HI animals were treated with
aTf (1.8-fold decrease as compared with control mice)
(Fig. 9A).

aTf-Treated OPCs are More Resistant to Death by
Apoptosis Under Low Oxygen Concentrations

We also evaluated OL apoptotic cell death in vitro.
For these studies we used a real-time caspase-3 assay
which detects caspase-3 activity within individual living
cells. This assay is bi-functional in the sense that it can
both detect intracellular caspase-3 activity and stain the
cell nucleus, which undergoes morphological changes
during the apoptotic process. Cultured OPCs were incu-
bated in a stage top chamber with 5% CO2 and 1% O2 at
37�C, which was placed on the stage of a spinning disc
confocal inverted microscope. Using this system we fol-
lowed the response of cultured OPCs to a low oxygen
atmosphere (1%) in real-time, as well as the role of aTf
in protecting OPCs during this in vitro hypoxic insult.
Examples of such measurements are shown in Fig. 9B.
Consistent with the preceding results, the combined use
of real time confocal microscopy and the caspase-3 indi-
cator revealed that OPCs displayed a significant
increase in the percentage of caspase-3-positive cells af-
ter 6 h of culture in a low oxygen atmosphere (Fig. 9B).
Parallel experiments performed with hypoxic OPCs

Fig. 5. Neuronal loss after the HI event. (A) Brain sections of the
different experimental conditions were immunostained for NeuN at
P15. Scale bar 5 600 lm. The percentage of NeuN area loss in compari-
son with the contralateral hemisphere for each experimental condition
was quantified. The results are expressed as the means 6 S.E.M of
three independent experiments. (B) High magnification confocal images
from the neocortex showing CNP-EGFP positive OLs and axonal fibers

identified by the anti-b-tubulin III antibody. Scale bar 5 40 lm. The
number of demyelinated axons (arrows) in each experimental condition
was quantified. Values are expressed as the means 6 S.E.M of three in-
dependent experiments (n 5 6 HI S; n 5 7 HI aTf; and n 5 6 Control;
*P < 0.05 vs. respective controls). Cc: corpus callosum; Cx: cortex; St:
striatum; Lv: lateral ventricle.
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grown in the presence/absence of aTf clearly showed a
significant reduction in caspase labeling when aTf was
added to the culture medium (Fig. 9B). Additionally, and
to establish the impact of low oxygen exposure at dis-
tinct stages of OL maturation, OPCs were treated with
aTf and subjected to hypoxic culture conditions after
switching the cells to a mitogen-free medium (mN2).
Under these conditions there was a general decline in
early immunocytochemical markers, such as NG2, and
an increase in intermediate (e.g., 04) and mature (e.g.,
GC, MBP) markers consistent with OPC differentiation
(Paez et al., 2009). Interestingly, in this more mature
OL population subjected to hypoxic culture conditions,
we found no significant differences among experimental
groups (Fig. 9C). These in vitro data suggest that aTf is
effective in protecting immature OLs during a hypoxic
event and reveal that mature OL are more resistant to
apoptotic death under hypoxic culture conditions. In
addition, and under the same experimental conditions,
we found a significant decrease in the number of OPCs

expressing immature markers, such as Sox2 and NG2,
and also an increase in cells expressing OL mature
markers such as CC1 and MBP after 12 h of aTf treat-
ment (Fig. 10A). This effect was much more evident
under low oxygen concentration, which suggests that
aTf further promotes OPC differentiation under hypoxic
culture conditions (Fig. 10B). Moreover, since mature
OL are more resistant to low oxygen concentration,
these results indicate that aTf might be protecting OPCs
against the hypoxic insult by promoting their differen-
tiation.

DISCUSSION
Intranasal Infusion is an Effective Approach

to Delivering aTf into the Brain

The blood–brain barrier presents a major problem in
developing treatment for CNS diseases, as it prevents a
number of potentially therapeutic agents from reaching

Fig. 6. Astrocyte activation in the striatum of HI mice. Coronal sections of the brain were immuno-
stained with anti-GFAP at different time points after cerebral HI in the different experimental groups. Val-
ues are expressed as the means 6 S.E.M of three independent experiments. At least three animals per con-
dition were analyzed; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. respective controls. Scale bar 5 100 lm.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the brain. Apotransferrin, a promising treatment for var-
ious brain injuries has been shown to provide neuropro-
tection to newborn rats (Adamo et al., 2006; Guardia
Clausi et al., 2010). However, delivery to the brain
remains problematic to the use of these agents. The iN
administration of neurotrophic factors and other sub-
stances, including certain hormones, has received
increasing attention in recent years. The olfactory region
provides both extra and intracellular pathways into the
CNS, bypassing the blood–brain barrier. A direct extrac-
ellular pathway between the nasal passages and the
brain was first conclusively demonstrated for horserad-
ish peroxidase (Balin et al., 1986). There are several
reports on successful iN administration of insulin-like
growth factor-1 (IGF-1) in the treatment of various brain
injuries. Results by Thorne and Frey (2001) show that
IGF-1 administered intranasally in rats can reach dis-
tant areas such as the cerebral cortex, the hypothala-
mus, the cerebellum, the brain stem, and the medulla in

concentrations considered to be of therapeutic value. In
addition, iN administration of IGF-1 has been found to
reduce infarct volume and improve neurological function
in adult rats following middle cerebral artery occlusion
(Liu et al., 2001a,b). Moreover, three different neuropep-
tides have been intranasally delivered to human
patients, showing that they bypass the bloodstream
entering the CNS within 30 min (Born et al., 2002).

In the current study, we have shown that aTf was pres-
ent in the right OB, FB, and PB in both the control and
HI animals after iN administration. More important, aTf
concentration was higher in HI animals than in control
mice. Accordingly, it has been reported that a cerebral HI
insult enhances the movement of exogenous compounds
such as IGF-1 into the cerebrum through white matter
tracts and perivascular spaces (Guan et al., 1996).

The mechanisms of protein transport from the nasal
cavity to the brain are not entirely known, although sev-
eral possible pathways have been proposed (Thorne

Fig. 7. Nestin and PDGFr expression in the SVZ. (A) Representa-
tive coronal sections of the dorsolateral SVZ immunostained with anti-
nestin in the different experimental groups 2 days (P12) and 5 days
(P15) after the HI incident. Scale bar 5 100 lm. Insets show nestin/
GFAP colocalization under the different experimental condition. (B)
High magnification confocal images showing PDGFra/CNP-EGFP dou-

ble positive OPCs (arrows) in the lateral wall of the SVZ in untreated
(HI S) and aTf-treated HI mice, 2 days (P12) after HI. Scale bar 5 40
lm. Values are expressed as the means 6 S.E.M of three independent
experiments (n 5 6 HI S; n 5 7 HI aTf; n 5 6 Control; *P < 0.05, **P <
0.01, ***P < 0.001 vs. respective controls).
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et al., 1995). In agreement with previous results (Moos
et al., 2011), our data indicate that anterograde axonal
transport is essential for aTf delivery into the perinatal
mouse brain. Supporting this conclusion, a very low con-
centration of aTf was detected in the OB when cytocha-
lasine B or colchicine was administered before the iN
administration of aTf. Colchicine inhibits microtubule
assembly and reduces axonal transport (Han et al.,
1998; Hastie, 1991) while an intravitreal injection of cy-
tochalasin B has been shown to inhibit neurofilament
axonal transport in optic axons (Jung et al., 2004).

Although our findings demonstrated the potential for
using iN infusion as a novel noninvasive delivery

method to target aTf to the brain, more fundamental
studies are required. Future studies are necessary to
determine the exact transportation route of aTf from the
olfactory region to the brain, its subsequent clearance,
and its possible side effects.

aTf Protects Neonatal White Matter After
an HI Incident.

We have previously reported that a single intracranial
injection of aTf upregulates the expression of diverse
myelin constituents and significantly increases myelin

Fig. 8. OPC proliferation after HI. Four days after the HI injury
(P14) animals received six consecutive BrdU injections from P14 to
P19. Five days later (P24) brain coronal sections from control, HI S,
and HI aTf mice were obtained for BrdU immunodetection. The number
of CNP-EGFP and CNP-EGFP/BrdU double positive cells (arrows) were

evaluated in the external capsule of the CC. Values are expressed as
the means 6 S.E.M of three independent experiments (n 5 6 HI S; n 5
6 HI aTf; and n 5 6 Control; *P < 0.05, **P < 0.01; and ***P < 0.001
vs. respective controls). Scale bar 5 100 lm. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Fig. 9. aTf inhibits apoptotic cell death post HI in vivo and in vitro.
(A) Double positive cells for caspase3 and CNP-EGFP in the ipsilateral
CC, striatum, and cerebral cortex were counted 2 days after (P12) the
HI insult. Values are expressed as the means 6 S.E.M of three inde-
pendent experiments (n 5 6 HI S; n 5 7 HI aTf; and n 5 5 Control; *P
< 0.05, **P < 0.01, and ***P < 0.001 vs. respective controls). (B) Cas-
pase 3 activity in primary cultures of OPCs. Caspase 3 activity was
detected in real-time using NucViewTM 488 substrate as described in
Materials and Methods. Fluorescent field images were obtained with a
specific GFP filter at 6-min intervals for a period of 6 h. Brightfield
images were superimposed to show cell morphology. Representative

images of hypoxic OPCs in the presence or absence of aTf are shown.
Yellow arrowheads designate some apoptotic OPCs (caspase 3-positive
cells). (C) Parallel studies were done in immature OLs. Results in B
and C were expressed as the number of caspase 3-positive cells per
hour or as the total number of caspase 3-positive cells per 6 h. Results
are the means 6 SEM for three independent experiments. *P < 0.05;
**P < 0.01 compared with controls. n (Normoxia1aTf); . (Hypoxia
aTf); m (Hypoxia-aTf); ¤ (Normoxia-aTf). N: Normoxia; H: Hypoxia.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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deposition, especially in areas close to the lateral ven-
tricles in rats (Escobar Cabrera et al., 1994, 1997, 2000;
Marta et al., 2003). This promyelinating effect was also
seen in primary cultures of OLs (Paez et al., 2002), as
well as in N19 and N20.1 cell lines treated with aTf
(Paez et al., 2004). These data were confirmed by other
authors who showed that aTf regulates MBP expression
(Espinosa de los Monteros et al., 1999; Espinosa-Jeffrey
et al., 2002) and that transgenic mice overexpressing
the human Tf gene evidence increased myelination
(Saleh et al., 2003).

We have recently demonstrated that aTf plays a func-
tional role in a model of HI in the neonatal rat brain
(Guardia Clausi et al., 2010). A number of papers have
discussed this matter and a special mention can be
made of that of Back et al. (2006), which supported the
idea that hypoxia inhibits OL maturation, and that caf-

feine administration during postnatal development may
be useful in the prevention of periventricular leukomala-
cia. In contrast, intraventricular administration of insu-
lin-like growth factor-1 after HI rescues OPCs in the
perinatal white matter when given after the insult
(Wood et al., 2007). Results of Fan et al. (2006) show
that minocycline has long-lasting protective effects in
the neonatal rat brain in terms of HI-brain injury.

Similar to previous studies, in this article we have
found that a HI event in the neonatal brain produced
severe demyelination of the CC, cortex, external capsule,
and striatum. Hypomyelination was accompanied by
astrogliosis and apoptotic cell death. Astroglial activa-
tion began to increase 2 days, and peaked 5 days after
the HI event in the striatum. Reactive astrocytes
expressing high levels of S100b, a protein associated
with neurotoxic effects (Yasuda et al, 2004), were also

Fig. 10. aTf promotes OPC maturation under hypoxic culture condi-
tions. (A, B) Enriched OPC cultures from 1-day-old mice were incu-
bated for 12 h in defined culture medium with or without aTf (100 lg
mL21) under normal or hypoxic conditions. After treatment, cells were
fixed and immunostained for several OL markers and the percentage of
positive cells in each experimental condition was analyzed by confocal

microscopy. Results are the means 6 SEM for three independent exper-
iments.*P < 0.05, **P < 0.01, and ***P < 0.001 vs. respective controls.
N: Normoxia; H: Hypoxia. (C) Representative photomicrographs show-
ing NG2; Olig2; Sox2; and CC1 positive cells after 12 h of hypoxia in
the presence or absence of aTf. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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found at different time points post-HI. Furthermore, we
found a significant neuronal loss in the striatum of these
mice 5 days after the HI injury. In contrast, aTf treat-
ment reduced astrogliosis and neuronal loss in the stria-
tum of HI animals and increased the survival of OLs in
the CC, cortex, and striatum at different time points af-
ter the HI event. Histological examination in brain tis-
sue of aTf-treated HI animals revealed a great number
of mature OLs repopulating the CC and cortex, as com-
pared with untreated controls. MBP staining gradually
increased, reaching normal levels at P15. In contrast,
reduced MBP labeling was seen in large areas along the
CC and cortex of nontreated animals during the recov-
ery phase, which reflects irregular recovery of the OL
population and myelin sheath formation after the HI
insult. We also found that the iN administration of aTf
enhanced the proliferation of OPCs in the CC and SVZ
and protected these cells against apoptotic cell death af-
ter the HI incident.

In summary, our data suggest that the iN administra-
tion of aTf has the potential to be used for clinical treat-
ment to protect OLs and neurons and to induce remyeli-
nation in demyelinating HI events. Our findings indicate
aTf might be a potential inducer of myelinating OLs in
the neonatal mouse brain in acute demyelination caused
by HI. More important, this study shows that aTf, when
iN administered, contributes to the differentiation/matu-
ration of OLs and survival of subventricular zone pro-
genitors after demyelination in vivo.

aTf Promotes OPC Maturation and Prevents
Cell Death in Hypoxic Cultures

A major neuropathological feature of preterm HI brain
injury is white matter damage, which manifests itself as
periventricular leukomalacia and diffuse hypomyelina-
tion. White matter damage can result from early OPC
loss and the failure of OPCs to differentiate into mature
OLs (Back et al., 2007; Craig et al., 2003). OPCs pre-
dominate in the immature preterm brain between �23
and 32 weeks gestation and are particularly susceptible
to HI insults during this period (Back et al., 2001; 2007).
Low levels of endogenous antioxidant enzymes in these
early OPCs at least partly contribute to their demise
(Back et al., 1998, 2007; Thorburne and Juurlink, 1996).

At present, our understanding of the influences of hy-
poxia on OPC development is limited. In this work we
have used primary cultures of enriched OPCs to exam-
ine the isolated effects of hypoxia and aTf on OPC devel-
opment. In agreement with our previous reports (Paez
et al., 2002, 2004, 2005), we observed OPC maturation
in the presence of aTf. A significant decrease in the pro-
portion of NG2, Sox2, Sox9, and Olig2-positive cells was
seen after exposure to aTf for 12 h under normal culture
conditions. More importantly, under low oxygen concen-
tration, the prodifferentiation effect of aTf was further
enhanced. Additionally, we found a significant decrease
in the number of apoptotic cells in OPC cultures sub-
jected to hypoxia when aTf was present in the extracel-

lular media, which suggests that aTf prevents OPC
death by apoptosis. These observations are consistent
with our in vivo findings of a reduction in the proportion
of CNP-EGFP/caspase3 double positive cells in the brain
of HI animals treated with aTf. The cellular basis of this
observation is not clear. Yet, since we observe more
mature forms of OLs in the presence of aTf than in its
absence, it is possible that mature OLs are more toler-
ant to hypoxia than immature forms. In this line, Gerst-
ner et al. (2009) have shown that OPCs are more sensi-
tive to excitotoxic and oxidative injury than mature OLs
(Back et al., 1998; Deng et al., 2003; Rosenberg et al.,
2003) and that excitotoxicity plays a key role in a model
of HI injury to developing white matter (Deng et al.,
2004; Follett et al., 2000; Volpe, 2001).

In future studies, it will thus be important to quantify
OL stage-specific subtypes in the brains of developing
animals exposed to hypoxia and aTf, to determine
whether our in vitro observations of premature OPC
maturation are also seen in vivo. Overall, we find that
aTf induces premature maturation of OPCs under
hypoxic conditions. We postulate that premature matu-
ration of OPCs will lead to an increase in the numbers
of myelinating OLs in the brain. As such, premature
OPC maturation induced by aTf may contribute to
remyelination in the developing hypoxic brain.
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