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Abstract FoxN4 (forkhead box N4), which is a transcription
factor involved in developing spinal cord and spinal
neurogenesis, implied important roles in the central nervous
system (CNS). However, its expression and function in the
adult CNS lesion are still unclear. In this study, we established
a spinal cord injury (SCI) model in adult rats and investigated
the expression of FoxN4 in the spinal cord. Western blot
analysis revealed that FoxN4 was present in normal spinal
cord. It gradually increased, peaked at day 3 after SCI, and
then decreased during the following days. Immunohistochem-
istry further confirmed that FoxN4 was expressed at low
levels in gray and white matters in normal condition and
increased after SCI. Double immunofluorescence staining
showed that FoxN4 is located on neurons and astrocytes,
and FoxN4 expression was increased progressively in reactive
astrocytes within the vicinity of the lesion, predominately in
the white matter. In addition, almost all FoxN4-positive cells
also expressed nestin or PCNA. Our data suggested that
FoxN4 might play important roles in CNS pathophysiology
after SCI.

Keywords FoxN4 . Spinal cord injury . Astrocytes . PCNA

Introduction

Spinal cord injury (SCI) is a common neurological disorder
that causes death in children and adults and results in a
significant society burden all over the world (Sekhon and
Fehlings 2001; McDonald and Sadowsky 2002). The injured

spinal cord makes axons fail to regenerate, which limits motor
and autonomic recovery and leads to long-term morbidity
(Miller et al. 2004; Samanta and Kessler 2004; See et al.
2004; Chen and Panchision 2007). The pathology associated
with SCI often involves complex cascade of physiological and
biochemical mechanisms, which eventually cause neuronal
apoptosis and astrocyte proliferation (Choi et al. 2010;
Kwon et al. 2004; White et al. 2010). Astrocytes are the major
glial cell populationmainly responsible for the central nervous
system (CNS) homeostasis (Rivieccio et al. 2005). The astro-
cyte proliferation and astrogliosis after CNS injury result in
the formation of dense astrocytic scar which provide physical
and biochemical barrier to plasticity and regeneration, and
give multiple inhibitory factors which affect functional recov-
ery following SCI (Davies et al. 1996; Silver and Miller
2004). Thus, the study of molecular and cellular mechanisms
in spinal cord recovery after SCI and identification of the
involved proteins will be helpful to the recovery of the injured
spinal cord.

The forkhead/winged helix family is a large family of
transcriptional regulators, which involved in a wide range of
biological processes, such as proliferation, apoptosis, devel-
opment, differentiation, migration, and invasion (Laoukili
et al. 2005; Koo, Muir and Lam 2012). Among these charac-
teristics, forkhead family seems particularly important in cell
differentiation, developmental processes, and neurogenesis in
the CNS (Filosa et al. 1997; Labosky et al. 1997; Herrera et al.
2004; Vargha-Khadem et al. 2005), such as FoxJ1, which is
required for activating a subset of astrocytes that participate in
neurogenesis and gliogenesis in spinal cord injury and in
response to stroke (Jacquet et al. 2009; Meletis et al. 2008;
Carlen et al. 2009). FoxN4 is a member of the forkhead/
winged helix family, which involved in the specification of
amacrine and horizontal cells during retinogenesis (Li et al.
2004). It is expressed in retina, ventral hindbrain, spinal cord,
and dorsal midbrain during neural development. FoxN4
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expression is associated with proliferating progenitor cells in
the retina. FoxN4 modulates the proliferation and destination
of retinal progenitors by activating Dll4–notch signaling path-
way (Luo et al. 2012). Importantly, Gouge et al. demonstrated
that FoxN4 was expressed in the developing spinal cord but a
role has yet to be clarified during spinal neurogenesis (Gouge
et al. 2001) in the CNS. We hypothesized that FoxN4 may be
involved in the pathophysiological and biochemical progres-
sion after SCI, which was associated with the outcome of
neurogenesis after injury.

In the present study, we reported the expression and distri-
bution of FoxN4 after spinal cord injury in rat for the first
time. Our research is conducted to give better insights into the
physiologic functions of FoxN4 and its molecular mecha-
nisms underlying astrocyte proliferation in neurogenesis after
SCI in spinal cord.

Materials and Methods

Animals and Surgery

Male Sprague–Dawley rats (n =48) with an average body
weight of 250 g (220–275 g) were used in this study. The rats
were anesthetized with pentobarbital (50 mg/kg i.p.). Contu-
sion injuries were performed at spinal segment T9 using the
NYU impactor (Gruner 1992). A 10-g, 2.0-mm-diameter rod
was released from 10-cm height onto the exposed spinal cord
(n =42). After SCI, the overlying muscles and skin were
closed in layers with 4–0 silk sutures and staples, respectively.
Animals were allowed to recover on a 30 °C heating pad.
Postoperative treatments included saline (2.0 cc, s.c.) for
rehydration and Baytril (0.3 cc, 22.7 mg/ml, s.c., twice daily)
to prevent urinary tract infection. Bladders were manually
expressed twice daily until reflex bladder emptying returned.
Animals were sacrificed at 6 h, 12 h, 1 day, 3 days, 5 days,
7 days, and 14 days after injury. Sham-operated animals (n =
6) were served as noninjured controls. All surgical interven-
tions and postoperative animal care were carried out in accor-
dance with the Guide for the Care and Use of Laboratory
Animals and were approved by the Chinese National Com-
mittee to the Use of Experimental Animals for Medical Pur-
poses, Jiangsu Branch. All efforts were made to minimize the
number of animals used and their suffering.

Western Blot Analysis

To obtain samples for Western blot, the sham-operated or
injured spinal cords were excised and snap frozen at −70 °C
until use. The portion of spinal cord extending 5 mm rostral
and 5 mm caudal to the injury epicenter was immediately
removed. To prepare lysates, frozen spinal cord samples were
minced with eye scissors in ice. The samples were then

homogenized in lysis buffer (1 % NP-40, 50 mmol/l Tris,
pH 7.5, 5 mmol/l EDTA, 1% SDS, 1 % sodium deoxycholate,
1 % Triton X-100, 1 mmol/l PMSF, 10 mg/ml aprotinin, and
1 mg/ml leupeptin) and clarified by centrifuging for 20 min in
centrifuge at 4 °C. After measured protein concentration with
the Bradford assay (Bio-Rad), the supernatant (50 mg of
protein) was subjected to SDS-polyacrylamide gel electropho-
resis (PAGE). The separated proteins were transferred to a
polyvinylidine difluoridemembrane (Millipore) by a transfer
apparatus at 350 mA for 2.5 h. The membrane was then
blocked with 5 % nonfat milk and incubated with primary
antibody against FoxN4 (anti-rabbit, 1:500; Santa Cruz) or
GAPDH (anti-rabbit, 1:1,000; Santa Cruz). After incubating
with an anti-mouse or anti-rabbit horseradish peroxidase-
conjugated secondary antibody, protein was visualized by
enhanced chemiluminescence system (ECL, Pierce Company,
USA).

Immunohistochemistry

After defined survival times, sham-operated and injured rats
were terminally anesthetized and perfused through the ascend-
ing aorta with saline, followed by 4 % paraformaldehyde.
After perfusion, the sham-operated and injured spinal cords
were removed and post-fixed in the same fixative for 3 h and
then replaced with 20% sucrose for 2–3 days, following 30%
sucrose for 2–3 days. After treatment with sucrose solutions,
the tissues were embedded in O.T.C. compound. Then, 8-μm
frozen cross-sections at two spinal cord levels (2 mm rostral
and caudal to the epicenter of injury) were prepared and
examined. All of the sections were blocked with 10 % goat
serum with 0.3 % Triton X-100 and 1 % (w/v) bovine serum
albumin (BSA) for 2 h at room temperature (RT) and incubat-
ed with anti-FoxN4 antibody (anti-rabbit, 1:100; Santa Cruz)
at 4 °C overnight, followed by incubation in biotinylated
secondary antibody (Vector Laboratories, Burlingame, CA).
Staining was visualized with DAB (Diaminobenzidin, Vector
Laboratories). Cells with strong or moderate brown staining
were counted as positive, cells with no staining were counted
as negative, and cells with weak staining were scored sepa-
rately. For double immunofluorescent staining, sections were
firstly blocked with 10 % normal serum blocking solution
species the same as the secondary antibody, containing 3 %
BSA and 0.1 % Triton X-100 and 0.05 % Tween-20 2 h at RT
in order to avoid nonspecific staining. Then, the sections were
incubated with both rabbit polyclonal primary antibodies for
FoxN4 (1:200; Santa Cruz) and mouse monoclonal antibody
for PCNA (1:100; Santa Cruz) or mouse monoclonal antibody
for nestin (1:100; Santa Cruz) or different markers as follows:
NeuN (neuron marker, 1:600; Millipore) and GFAP (astrocyte
marker, 1:200; Sigma). Briefly, sections were incubated with
both primary antibodies at 4 °C overnight, followed by a
mixture of Cy3- and Cy2-conjugated secondary antibodies
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for 2 h at 4 °C. The stained sections were examined with a
Leica fluorescence microscope (Leica, DM 5000B; Leica
CTR 5000; Germany).

Quantitative Analysis

Cell quantification in the spinal cord was performed according
to the method described by Shen et al. (Shen et al. 2008a) and
Zhang et al. (Zhang et al. 2013). The number of FoxN4-
positive cells in the spinal cord 2 mm caudal to the epicenter
was counted in a 500×500 μm measuring frame. For each
animal, a measure was taken in a section through the dorsal
horn, the lateral funiculus, and the ventral horn. To avoid
counting the same cell in more than one section, we counted
every fifth section (40 μm apart). The cell counts in the three
or four adjacent sections were then used to determine the total
number of FoxN4-positive cells per squared millimeter. Cells
double labeled for FoxN4 and the other phenotypic markers
used in the experiment were quantified. Sections were double
labeled for FoxN4 and for NeuN and GFAP. To identify the
proportion of each phenotype-specific marker-positive cells
expressing FoxN4, a minimum of 200 phenotype-specific
marker-positive cells was counted in both of the gray matter
and white matter on each section, with the exception that only
gray matter was conducted for NeuN. Then, double-labeled
cells for FoxN4 and the phenotype-specific markers were
recorded. Two or three adjacent sections per animal were
sampled 2 mm to the epicenter.

Statistical Analysis

All data were analyzed with Stata 7.0 statistical software. All
values are expressed as means±SEM. One-way ANOVA
followed by the Tukey's post hoc multiple comparison tests

Fig. 1 Expression of the FoxN4 protein after SCI. a Spinal cord seg-
ments were extracted and prepared for Western blotting at various times
after SCI using anti-FoxN4 and anti-GAPDH antibodies. Depicted is a
representative blot from three independent experiments with similar
results. b Quantitative analysis of three Western blots (normalized to
GAPDH) using the NIH Image Analysis System graphically illustrated
an increase in FoxN4 level after SCI in a time-dependent manner. Data in
relative density are expressed as mean±SD. *P <0.05 versus control
group

Fig. 2 Immunohistochemical expression of FoxN4 in adult rat spinal
cord 2 mm rostral to epicenter. Low-power views of cross-sections
immunostained with antibody specific for FoxN4 in control spinal cord
(a) and day 3 after injury (b). Higher-power views in the white matter (c)
and ventral horn (e) of control spinal cord. FoxN4 staining was increased
in the ventral horn (f) and white matter (d) at day 3 after injury. Scale bars
200 μm (a and b) and 20 μm (c–f). g Quantitative analysis of FoxN4-
positive cells/mm2 between control and day 3 after SCI. Asterisk (*)
indicates significant difference at P <0.05 compared with control. Error
bars represent SEM
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was used for statistical analysis. P values less than 0.05 were
considered statistically significant. Each experiment consisted
of at least three replicates per condition.

Results

The Expression Profiles of FoxN4 Following Spinal Cord
Injury by Western Blot Analysis

Western blot was performed to investigate the expression of
FoxN4 after SCI. FoxN4 protein level was low in control

spinal cords, rose at 6 h after SCI and reached a peak at 3 days
(P <0.05), and then gradually decreased to normal level
(Fig. 1). This result demonstrated that FoxN4 might be in-
volved in the process of SCI in a time-dependent manner.

The Staining Changes of FoxN4 in Spinal Cord

To identify the distribution of FoxN4 after SCI, we performed
immunohistochemistry with anti-FoxN4 rabbit polyclonal an-
tibody. As Western blot analysis indicated, FoxN4 has the
highest protein expression at day 3 after SCI, so we chose
day 3 as the time point of injury immunohistochemistry. In the

Fig. 3 Double
immunofluorescence staining for
FoxN4 and cells markers in adult
spinal cord. In the adult rat spinal
cord 2 mm to epicenter at day 3
after SCI, horizontal sections
labeled with FoxN4 (red) and
different phenotype-specific
markers (green), including NeuN
(a–h), GFAP (i–p), and the
colocalization of FoxN4 with
different phenotype-specific
markers, as shown in the control
ventral horn (a–h) and white
matter (i–p). q Quantitative
analysis of different phenotype-
specific markers positive cells
expressing FoxN4 (%) in control
spinal cord and day 3 after SCI.
The changes of FoxN4 expression
after SCI were prominent in
astrocytes. Asterisk (*) indicates
significant difference at P <0.05
compared with control. Error bars
represent SEM. Scale bars: 20 μm
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spinal cord 2 mm caudal to epicenter, FoxN4 was widely
expressed in both the ventral horn and the white matter of
the spinal cord (Fig. 2a–f), regardless of whether the animals
were control or injured. FoxN4was largely up-regulated in the
nuclei after injury. In addition, the number of FoxN4-positive
cells measured between control spinal cords and spinal cords
3 days after injury was consistent with Western blot results
(Fig. 2g).

The Up-regulation of FoxN4 Was Predominant in Astrocytes,
Which Were Largely Proliferated After Injury

To further confirm the cell types expressing FoxN4, double
labeling immunofluorescent staining was performed with two
cell-specific markers: NeuN (marker of neuron, Fig. 3a–h) and
GFAP (marker of astrocyte, Fig. 3i–p). To identify the pro-
portion of neurons and astrocytes expressing FoxN4, a mini-
mum of 200 neurons and astrocytes was counted between
control spinal cords and spinal cords 3 days after SCI (as
described in“Materials and Methods”). FoxN4 was expressed
in both neurons and astrocytes, with relatively low levels of
expression in control spinal cords. At 3 days after injury,
FoxN4 expression was significantly increased in astrocytes
(P <0.05) compared to control spinal cords (Fig. 3q).

FoxN4 Colocalization with PCNA and Nestin in Injured
Spinal Cords

Double labeling immunofluorescence staining not only
showed FoxN4 colocalization with astrocytes (Fig.3g–l) but
also revealed that the number of astrocytes increased both in
size and in complexity of their processes in response to SCI.
Thus, we speculated that FoxN4 may be related to astrocyte

proliferation in the spinal cord after SCI. Studies have proved
that at day 3 post-injury, most reactive astrocytes were PCNA
positive (Shen et al. 2008b; Zhao et al. 2011; Zhang et al.
2013). And other studies have reported that reactive astrocytes
appear as strong expression of GFAP and nestin after SCI
(Eng 1985). In this study, cell proliferation evaluated by
PCNA appeared in many FoxN4-expressing cells at day 3
after injury (Fig. 4a–c). Importantly, we also found that many
FoxN4-positive cells also express nestin (Fig. 4d–f). Collec-
tively, the aforementioned evidences demonstrate the hypoth-
esis that up-regulation of FoxN4 in the spinal cord was con-
comitant with astrocyte proliferation and further suggest that
FoxN4 may be required for the differentiation of adult neural
stem cell which participates in neurogenesis and gives rise to
astrocytes after SCI.

Discussion

Astrocytes are the main cell type involved in spinal cord injury
and becoming reactive and increasing in size that lead to a
reactive phenotype capable of mediating wound healing fol-
lowing central nervous system injury (Wu et al. 2012; Yin
et al. 2012). Astrocytes play very important roles in the
homeostatic functions that directly influence neuronal surviv-
al, tissue integrity, and functional outcome after SCI, and they
often undergo changes in gene expression, cellular hypertro-
phy, cell activation, and proliferation. Over-activation of as-
trocytes may lead to formation of glial scar and secretion of
other chemicals to prevent regeneration after spinal cord inju-
ry (Wu et al. 2012; Bao et al. 2012). After SCI, reactive
astrocytes appear as strong expression of intermediate fila-
ments, such as GFAP and nestin (Eng 1985). In the injured

Fig. 4 FoxN4 colocalization with PCNA and nestin in injured spinal
cords. In adult rat spinal cord 2 mm rostral to epicenter at day 3 after SCI,
horizontal sections labeled with PCNA and FoxN4, the colocalization of

PCNA with FoxN4, are shown in the white matter (a–c ). FoxN4
colocalization with nestin is also shown (d–f). Scale bars: 20 μm
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CNS, reactive astrocytes lead to both beneficial and detrimen-
tal effects on surrounding cells. Reactive astrocytes also play a
crucial role in wound healing and functional recovery after
SCI. At the subacute phase, astrocytes migrate to compact the
lesion, presumably secluding the inflammatory cells to pre-
vent them from spreading into the parenchyma of the spinal
cord (Okada et al. 2006). The reactive astrocytes are ubiqui-
tously present at all sites of CNS pathologies; however, the
molecular mechanisms, functions, and effects of reactive as-
trocytes are poorly understood (Vartak-Sharma and Ghorpade
2012). In this study, following a physical damage of spinal
cord, reactive astrocytes in the vicinity of the damage site
show increased FoxN4 immunoreactivity. And the observa-
tion of FoxN4 colocalizated with GFAP and PCNA in the
white matter after spinal cord injury indicated that the up-
regulated expression of FoxN4 would induce astrocyte prolif-
eration and may be deeply involved in tissue repair and
functional recovery after SCI.

Neural stem/progenitor cells play important roles during
neurogenesis after SCI (McDonald et al. 1999; Pfeifer et al.
2004; Picard-Riera et al. 2004; Horky et al. 2006). Studies
revealed that neural stem/progenitor cells existed around the
central canal of spinal cord in adult mammalian, which pro-
liferated and migrated from the region of the central canal to
white matter after SCI, and then terminally differentiated into
astrocytes (Frisen et al. 1995; Weiss et al. 1996; Mothe and
Tator 2005). It has been reported that reactive astrocytes in
injured adult rat spinal cord may acquire the potential of
neural stem/progenitor cells (Lang et al. 2004). The injured
zone appears a lot of nestin and GFAP double labeled positive
cells, and Nestin has been defined only expressed in cyto-
plasm of neuroepithelial precursor cells (Lendahl et al. 1990;
Sergent-Tanguy et al. 2006), implied neural stem/ progenitor
cells had migrated and reactive astrocytes may have the po-
tential of neural stem/ progenitor cells after SCI. The finding
that neurogenesis induced by injury shows a role in the
process of repairing mammalian spinal cord. Studies have
displayed that FoxN4 was expressed in a subset of p2 progen-
itors in spinal cord and played an important role during spinal
neurogenesis (Gouge et al. 2001; Li et al. 2005). We find that
almost all FoxN4-positive cells also express nestin in white
matter after SCI. Combining these results, it suggests that
FoxN4 may be required for the differentiation of the cells
acting as adult neural stem cells which participate in
neurogenesis and give rise to astrocytes after SCI. These cells
may migrate to the lesion region and compensate for the loss
of neuronal function by stimulation of injury in SCI.

Our study revealed that the expression of FoxN4 was
significantly increased in the rat spinal cord after injury,
which supported the concepts that FoxN4 may be in-
volved in the physiological and the pathological pro-
cesses in injured spinal cord. Our experiment may pro-
vide a novel strategy for treatment of CNS trauma in

the field of neurogenesis. Further studies are needed to
confirm the inherent mechanisms of the role of FoxN4
after SCI.
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