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Abstract
Glial scarring, formed by reactive astrocytes, is one of the
major impediments for regeneration after spinal cord injury
(SCI). Reactive astrocytes become hypertrophic, proliferate
and secrete chondroitin sulphate proteoglycans into the
extracellular matrix (ECM). Many studies have demonstrated
that epidermal growth factor receptors (EGFR) can mediate
astrocyte reactivity after neurotrauma. Previously we showed
that there is crosstalk between nucleolin and EGFR that leads
to increased EGFR activation followed by increased cell
proliferation. Treatment with the nucleolin inhibitor GroA
(AS1411) prevented these effects in vitro and in vivo. In this
study, we hypothesized that similar interactions may mediate

astrogliosis after SCI. Our results demonstrate that nucleolin
and EGFR interaction may play a pivotal role in mediating
astrocyte proliferation and reactivity after SCI. Moreover, we
demonstrate that treatment with GroA reduces EGFR activa-
tion, astrocyte proliferation and chondroitin sulphate proteo-
glycans secretion, therefore promoting axonal regeneration
and sprouting into the lesion site. Our results identify, for the
first time, a role for the interaction between nucleolin and
EGFR in astrocytes after SCI, indicating that nucleolin inhibitor
GroA may be used as a novel treatment after neurotrauma.
Keywords: axonal regeneration, EGFR, glial scar, GroA
(AS1411), nucleolin.
J. Neurochem. (2016) 138, 845–858.

Glial scarring is one of the major impediments for regener-
ation of neuronal axons after neurotrauma. It is formed by
reactive astrocytes that create both physical and biochemical
barriers for regeneration (David and Lacroix 2003; Silver and
Miller 2004). Modulation of astrocyte reactivity, by decreas-
ing their proliferation rate, altering their shape, or reducing
their secretion of axonal growth inhibitory chondroitin
sulphate proteoglycans (CSPGs) after injury, may create a
permissive environment for regeneration. Most CSPGs,
produced after injury, derive from reactive astrocytes around
the injury site (McKeon et al. 1999). Treatments that
decrease astrocyte reactivity, including those that reduce
CSPG secretion, have been demonstrated to improve neurite
growth (Rudge and Silver 1990; Mckeon et al. 1991).
Epidermal growth factor receptor (EGFR), a transmem-

brane receptor tyrosine kinase, regulates basic cellular
functions, including cell proliferation, migration, protein
secretion, differentiation and survival (Prenzel et al. 2001).
During central nervous system (CNS) development, EGFR

mediates neural progenitor cell proliferation and astroglio-
genesis (Reynolds and Weiss 1992; Rabchevsky et al. 1998).
EGFR expression in astrocytes is elevated during rat brain
development and declines when animals reach adulthood.
Thus, in intact adult spinal cord, EGFR levels are low
(Gomez-Pinilla et al. 1988). However, after neurotrauma,
there is a rapid up-regulation of EGFR and its ligands (Ferrer
et al. 1996; Lisovoski et al. 1997; Jin et al. 2002).
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Immediately after spinal cord injury (SCI), EGFR is up-
regulated primarily in astrocytes around the lesion site where
EGFR activation triggers astrocyte reactivity (Liu and
Neufeld 2004; Liu et al. 2006; Li et al. 2011; White et al.
2011). Specifically, EGFR activation mediates the secretion
of growth inhibitory molecules, such as CSPGs at the injury
site (Liu and Neufeld 2004; Koprivica et al. 2005; Smith and
Strunz 2005), which further increases glial scarring and
inhibits axon regeneration through the lesion. It was shown
that treatment with EGFR-specific inhibitors, in animals after
SCI, leads to reduction in glial scar formation and facilitates,
to some extent, axonal regeneration and functional recovery
(Erschbamer et al. 2007; Li et al. 2011, 2014). EGFR plays
an important role in multiple signalling pathways (Gschwind
et al. 2001). Previously we have demonstrated that nucleolin
interacts with EGFR to enhance EGFR activation in various
cancer cell types (Farin et al. 2011a; Schokoroy et al. 2013;
Goldshmit et al. 2014b). Nucleolin is a ubiquitously
expressed phosphoprotein with important functions in ribo-
some biogenesis (Bates et al. 1999; Srivastava and Pollard
1999). Nucleolin regulates cell proliferation and cell growth
(Ugrinova et al. 2007; Storck et al. 2009). Previously, we
have demonstrated a crosstalk between nucleolin and EGFR
that affected receptor activation and led to increased cell
proliferation (Farin et al. 2011b; Schokoroy et al. 2013;
Goldshmit et al. 2014b). Inhibition of nucleolin using GroA
(AS1411), decreased EGF-induced receptor activation and its
downstream signalling pathways and also reduced cell
proliferation (Schokoroy et al. 2013; Goldshmit et al.
2014b). Studies that used cell cycle inhibitors demonstrated
reduced glial cell proliferation, therefore resulted in attenu-
ation of glial scarring, microglia activation and increased
neuronal survival (Koguchi et al. 2002; Kato et al. 2003;
Cernak et al. 2005; Di Giovanni et al. 2005). As nucleolin is
important for cell proliferation and it interacts and activates
EGFR, which also regulates cell proliferation, we decided to
explore the possibility that inhibition of nucleolin by GroA
will reduce astrogliosis and will attenuate glial scarring.
Identifying such mechanisms that regulate cell growth could
be targets for therapeutic intervention. In this study, we
demonstrated that nucleolin is up-regulated in reactive,
proliferating astrocytes at the lesion site. We also demon-
strated that nucleolin interaction with EGFR increases EGFR
activation in astrocytes. Treatment with GroA, a nucleolin
inhibitor, reduced glial scarring and improved neuronal
sprouting.

Materials and methods

Mice

Adult (3–6 months) C57BL/6 (Jackson Laboratory; n = 29 males
and females) and TgN(Thy1-EYFP n = 17 mice females and males
from Dr Dan Frenkel laboratory, Tel Aviv University) (Hirrlinger
et al. 2005). Thy1 is expressed by neuronal projections. All

procedures were approved by the Tel-Aviv University Animal
Ethics Committee in accordance with the requirements of the
National Health and Medical Research Council of Israel (I-15-010).

Spinal cord hemisections

As previously described (Goldshmit et al. 2004), mice (20–30 g)
were anaesthetized with ketamine (100 mg/kg) and xylazine
(16 mg/kg) in phosphate-buffered saline (PBS) injected intraperi-
toneally. The spinal cord was exposed at the low thoracic to high
lumbar area. After laminectomy, a complete left hemisection was
made at T12 and the overlying muscle and skin were sutured. Mice
were randomly assigned to the control-PBS or GroA injection
groups and kept alive for 7 days to 2 months post injury.

GroA application

The aptamer GroA (AS1411) and the inactive oligomer Cro, were
purchased from IDT (Jerusalem, Israel) as unmodified desalted
oligonucleotides (Bates et al. 2009). The oligonucleotides were
reconstituted in Deuterium-depleted water to 1 mM concentration
and incubated at 65°C for 15 min. GroA treatment was performed
by intraperitoneal injection of 4.5 mg/kg in 100 lL PBS (or 4.5 mg/
kg Cro in 100 lL PBS for control mice) every other day for a
maximum of 2 weeks or until termination of experiment. The first
injection was performed 2 h after injury.

Behavioural analyses

Two examiners tested mice weekly 24 h to 5 weeks after SCI. The
testing was done blindly. Horizontal grid walking: After 2 min of
free walking, miss-steps (normalized to total number of steps taken
by the left hind limb) were quantified. Open-field locomotion score:
Evaluated for 3 min using the modified Basso–Beattie–Bresnahan
scoring system of 20 points (Cro n = 7, GroA n = 7) (Li et al.
2006; Goldshmit et al. 2014a).

Immunohistochemistry

Cryostat longitudinal sections (20 lm) of fixed frozen tissue were
stained using standard immunohistochemistry. Primary antibodies
were as follows: rabbit anti-glial fibrillary acidic protein (GFAP)
(1 : 1000; Dako, Carpinteria, CA, USA); mouse anti-GFAP
(1 : 1000; Invitrogen, Carlsbad, CA, USA), mouse anti-CSPG
(1 : 200; Sigma, St Louis, MO, USA); rabbit anti-Ki67 (1 : 400;
Thermo, Scoresby, Australia); rabbit anti p-EGFR (1 : 500; Sigma);
rabbit anti-nucleolin (1 : 500; Sigma). Secondary antibodies were as
follows: Alexa Fluor 488 or 568; 1 : 1000 (Invitrogen). Nuclei were
visualized with 40,6-diamidino-2-phenylindole (DAPI) (Sigma).

A seriesof 20-lm-thick longitudinal sectionswereprepared.Oneach
slide there were at least eight sections from the same spinal cord with
200-lm intervals between them. Tissue included white and greymatter
(at least 10 sections per animal for each antibody; n = 5/group).
Different slides were used for the various immunostaining: We
determined the density of GFAP or CSPG and Ki67 counts. Also,
these sections were used for measuring the intensity of p-EGFR or
nucleolin. DAPI labelling were used to measure the lesion size which
was determined as the border where DAPI density was higher, as
demarcated in the example presented in Fig. 2(a). The area was
measured by Image J. At least 50 different imageswere taken randomly
from all sections from the area at the lesion site up to 500 lm from the
lesion centre using9200 magnification. The lesion size was calculated
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as compared to the control vehicle-treated SCI. Nucleolin fluorescence
intensity images were taken from the contralateral compared to lesion
side. GFAP and CSPGs density staining were taken from the lesion site
only for vehicle and GroA treatment.

GFAP and CSPGs fluorescent density and p-EGFR intensity

measurements

GFAP and CSPGs density were measured in a 200 lm2 grid at the
lesion site (up to 400 lmdistal from the centre line of the lesion) using
Image J software (Wayne Rasband, National Institutes of Health). The
density was the average of at least five boxes per section and 10
sections per spinal cord. The results are presented as the GFAP or
CSPG immunostaining coverage out of the total area. P-EGFR
fluorescence intensity was measured in a 200 lm2 grid at the lesion
site (up to 400 lm distal to the line of the lesion) using Image J
software (Wayne Rasband, National Institutes of Health). To avoid
bias choice of fields, the fields that were taken were 200 lm apart to
any direction and the measurements were performed blindly.

Nucleolin fluorescent intensity in vivo

At least 100 cells/spinal cord that co-express GFAP were measured
at the same exposure at 9400 magnification (from n = 4 different
animals with SCI) as described for p-EGFR fluorescence intensity.
The cell nucleus was demarcated and levels of fluorescence intensity
were measured using Image J software.

Lysates preparation and immunoblot

For protein analysis, spinal cords (3 mm from each side of the
lesion) were homogenized by a polytron homogenizer (Kinematica,
Bohemia, NY, USA) in lysis buffer, 7 days after SCI (50 mM
HEPES pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100,
1 mM EDTA pH 8, 1 mM EGTA pH 8, 1.5 mM MgCl2, 200 lM
Na3VO4, 150 nM aprotinin, 1 lM leupeptin and 500 lM 4-(2-
aminoethyl) benzenesulfonyl fluoride hydrochloride). Protein con-
centration was determined using Bradford assay (Bio-Rad Labora-
tories, Hercules, CA, USA). Equal amount of protein was taken for
each immunoprecipitation or immunoblot. For immunoprecipitation,
monoclonal antibodies (anti-mouse nucleolin 1 : 50; Santa Cruz
Biotechnology, Santa Cruz, CA, USA; anti-mouse PY20; Santa
Cruz Biotechnology) were first coupled to anti-mouse IgG agarose
(Sigma) for 60 min at 4°C, then the proteins in the lysate
supernatant were immunoprecipitated with aliquots of the beads-
antibody complexes for 2 h at 4°C. The immunoprecipitates were
washed with HNTG buffer, resolved by sodium dodecyl sulphate–
polyacrylamide gel electrophoresis through 7.5% gels and elec-
trophoretically transferred to nitrocellulose membrane. For immu-
noblot analysis, equal amounts of protein from each sample were
loaded and resolved by sodium dodecyl sulphate–polyacrylamide
gel electrophoresis through 7.5–10% gels. The gels were elec-
trophoretically transferred to a nitrocellulose membrane. Membranes
were blocked, blotted with the corresponding primary antibodies
(rabbit anti-pEGFR 1 : 1000; Cell Signaling Technology, Beverly,
MA, USA; rabbit anti-EGFR 1 : 2000; Santa Cruz Biotechnology;
rabbit anti-pMAPK 1 : 1000; Cell Signaling Technology; mouse
anti-b actin 1 : 10 000; MP Biomedicals, Petach-Tiqva, Israel)
followed by secondary antibodies linked to horseradish peroxidase.
Immunoreactive bands were detected by chemiluminescence reac-
tion. The protein levels were quantified by a densitometric analysis

of protein bands using the ImageJ software and bands were
normalized compared to the intensity of actin bands. To calculate
the reduction in nucleolin levels compared to the reduction in the
interaction between nucleolin and EGFR following GroA treatment,
the normalized band intensity of treated SCI samples were compared
to non-treated SCI samples. (Results were presented as the
percentage of the control-injured untreated spinal cords).

Quantitation of neurons and regenerating axons

Two months after SCI in TgN (Thy1-EYFP), spinal cords were
removed and post-fixed for 2 h in cold 4% paraformaldehyde (PFA)
followed by 20% sucrose in PBS overnight at 4°C. Longitudinal
(horizontal) serial cryostat sections were cut (50 lm) and slides were
imaged using fluorescence microscopy. Labelled neurons in the grey
matter were counted at 1009 magnification from lesion centre up to
400 lmproximal to the lesion site. Labelled axons in the white matter
were quantified 300 lm proximal to the lesion site at 2009.

Cultured astrocytes

Normal human astrocytes were purchased from ScienCell Research
Laboratories (Carlsbad, CA, USA) (Cat No 1800). Culture medium
consisted of Dulbecco’s modified Eagle’s medium/F12 (Invitrogen)
with 1% B27 and 0.5% N2 supplements (Invitrogen), 2% fetal calf
serum, 100 units/mL penicillin and 100 lg/mL streptomycin.
Culture medium was replaced every third day. Confluent cultures
of human astrocytes were passaged by trypsinization and replating at
a seeding density of 5000 cells/cm2. For analysis of GroA and EGF
treatments, cells were trypsinized and replated into 10 cm culture
dish at density of 1 9 106 cells/plate, the day before the experiment
(Nunc, Danyel Biotec, Rehovot, Israel). Cells were treated with
10 lM Cro or GroA for 48 hr, followed by EGF (100 ng/mL)
treatment for 30 min. Lysates were prepared and immunoprecipi-
tated or immunoblotted as described above.

For immunocytochemistry, cells were plated on coverslips coated
with poly-L-lysine in growing media in six well plates. Cells were
treated with or without GroA or EGF for 24 h and 5-bromo-20-
deoxyuridine (BrdU) was added to the medium for the last 16 h
(50 lM final concentration, Sigma). At the end of experiments the
cells were fixed with 4% PFA for 10 min than pre-treatment with 2M
HCl for 15 min followed by incubation in blocking solution (PBS
containing 0.3% Triton-X and 2% GS) for 1 h. Immunostaining was
performed using mouse anti-BrdU (1 : 400; Roche Molecular
Biochemicals, Indianapolis, IN, USA), Phalloidin-TRITC (0.5 lg/
mL; Sigma), rabbit anti-pEGFR (1 : 1000; Cell Signaling Technol-
ogy) combined with DAPI labelling (Sigma). Secondary antibodies
goat anti-mouse or rabbit Alexa Fluor 488 or 594 (Invitrogen).

BrdU expressing cell counts

All immunopositive BrdU and DAPI labelled cells were counted in
40 random fields/treatment (n = 3 experiments) at 9200 magnifi-
cation. Results are presented as mean � standard deviation of
representative experiments determining %BrdU positive cells out of
the total cell number labelled with DAPI.

p-EGFR fluorescent intensity in vitro

At least 100 cell/treatment were imaged in the same exposure at
91000 magnification (n = 3 experiments). Levels of fluorescent
intensity were measured using Image J software.
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Nucleolin fluorescent intensity in vitro

At least 100 cell/treatment were imaged in the same exposure at91000
magnification (n = 3 experiments). Levels of fluorescent intensity of
nucleolin staining were measured in the cytoplasm and cell membrane
by marking the cell without the nucleus using Image J software.

Cell viability assay

Human astrocyte cells were plated at a density of 2 9 103 cells/well
in a 96 well plate, and treated with or without GroA, Cro or EGF
(100 ng/mL) for 3 days. Cell number was determined by the
methylene blue assay. For this purpose, the cells were fixed with 4%
formaldehyde in PBS for 2 h, then washed once with 0.1 M boric

acid (pH 8.5) and incubated with the DNA-binding dye methylene
blue (1% in boric acid) for 20 min at 25�C. The cells were then
washed and lysed with 0.1 M HCl. Absorbance was measured with
a Tecan Spectrafluor Plus spectrophotometer (Mannedorf, Switzer-
land) at 595 nm. Cell viability was calculated as the fold induction
compared to untreated control cultures.

Scratch-induced migration assay

Normal human astrocytes were seeded at a density of 25 9 104 cells
per well in six-well plates on coverslips coated with poly-L-lysine.
The coverslips were marked with a black marker line on the
opposite side of the seeded cells before seeding. A day later, the

Fig. 1 Nucleolin is highly expressed on astrocytes at the lesion site.

One week after spinal cord injury (SCI) (a) nucleolin (Red) is expressed
in most cells in the spinal cord, including astrocytes (glial fibrillary
acidic protein, GFAP in Green), and up-regulated at the lesion site. (b)

Quantitation of nucleolin immunostaining fluorescent intensity was
measured in cells at the lesion site and in the contralateral (Clt)
uninjured side. Results are mean � standard deviation (n = 4 animals;

***p < 0.001, two-tailed t-test, 95% confidence). (c) Enlargement of
the box in A, showing high nucleolin expression in GFAP-positive cells.
Nucleolin (green) is expressed in neuronal cells expressing NeuN (red)
in adjacent section. (d) Expression of neucleolin in contralateral side is

restricted to the nucleus, where is at the lesion site it was observed

also in the cell body and processes (arrowheads). (e) Expression of
cytoplasmic nucleolin in cultured human astrocytes shows that it is
expressed also close to the cell borders (arrowheads) in human

cultured astrocytes with or without epidermal growth factor (EGF) 300

pre-treatment. Quantitation of fluorescent intensity of nucleolin expres-
sion in the cytoplasm of the cell, results are mean � standard

deviation (at least 100 cells/condition of confocal images at 9630
magnification; ***p < 0.001, two-tailed t-test, 95% confidence). Scale
bar in (a) is 200 lm, in (c) is 25 lm and in (d) is 50 lm and in E in
20 lm.
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cells were treated with GroA and EGF for 5 h and then a scratch
wound was inflicted at each well according to the marker line so all
cells were removed from the line onwards, resulting in half a slide
with cells and half a slide without cells. The wells were washed
twice and fresh treatments were added. Forty-eight hours later, the
cells were fixed (according to the protocol above) and the resulting
scratch was imaged. The number of cells, which migrated beyond
the marker, were counted at three distances: 0–500 lm, 501–
1000 lm and 1001–1500 lm. The results were presented as the
percentage of cells migrated to each distance and calculated as fold
induction compared to control for each distance.

Cell cycle analysis

Normal human astrocytes were seeded at a density of 1 9 105 cells
per well in six-well plates in triplicates. A day later, GroA and EGF
were added for 24 h. After treatment, cells were trypsinized, washed
once with PBS and fixed and permeabilized with cold 0.2% Triton-
X for 5 min on ice. Fixed cells were washed once with PBS, and
RNase A (0.05 mg/mL) and propidium iodide (0.04 mg/mL) were
added. The stained cells were analysed in a fluorescence-activated
cell sorter (FACScan; Becton-Dickinson, Franklin Lakes, NJ, USA)
within 30 min.

Microscopy

Sections were imaged by fluorescence microscopy using an
Axioplan Z1 (Zeiss, Oberkochen, Germany) epifluorescence micro-
scope. Photomicrographs (1300 9 1030 dpi) were obtained with
2.59 and 59 Plan-Neofluar (Zeiss) objectives, and acquired using a

AxioCam (Zeiss) digital camera using AxioVision software (v. 4.4;
Zeiss). For co-localization analyses optical sections were acquired
with the Apotome module and a 409 objective. Images were sized
using Adobe Photoshop 11 and Illustrator 14. The localization of
nucleolin within the cells was determined using confocal micro-
scopy analysis of immunofluorescence intensity, using a Zeiss
LSM510 confocal microscope and Confocal Assistant version 4.02
software and image J software.

Statistical analysis

Significance was evaluated using two-tailed t-test with 95%
confidence when comparing two parameters in data presented in
Figs 1(b), 2(a, d, e and f), 4(a, b, d and f), and 5(b), or one-way
ANOVA followed by the Tukey test for multiple comparisons with
a = 0.001 in Fig. 3(a–d) (*p < 0.05, **p < 0.01, ***p < 0.001).
The non-parametric Mann–Whitney U-test was used to assess
significance of differences in the behavioural analysis (Fig. 5c and
d, *p < 0.05). Data are expressed as mean � standard error of the
mean (SEM) or standard deviation as indicated in the figure legends.

Results

Nucleolin expression is up-regulated in astrocytes at the

lesion site
To determine whether nucleolin regulates astrocytic gliosis
after SCI, we first examined nucleolin expression in
the spinal cord section at the lesion site by

Fig. 2 Glial scarring is reduced in nucleolin
inhibitor-treated mice. One week after spinal
cord injury (SCI) (a) the lesion size at the

injury centre was defined by glial fibrillary
acidic protein (GFAP)
immunohistochemistry and high density

40,6-diamidino-2-phenylindole (DAPI)
expressing cells and calculated as relative
to control vehicle-treated SCI (n = 5 per

group; ***p < 0.001). Doted red line is an
example of demarcation of such an area in
both groups. (b,c) GFAP and Ki67

immunostaining density of vehicle/GroA-
treated animals. An example of the
astrocyte reactivity around the lesion site,
GFAP (green), Ki67 (Red) and DAPI (blue).

(d) Number of Ki67-positive cells was
significantly reduced in GroA-treated mice
(***p < 0.001) and (e) GFAP density (area

coverage of GFAP immunostaining) was
significantly reduced in GroA-treated mice
(***p < 0.001). (f) GFAP protein levels

were significantly reduced in GroA-treated
spinal cords as determined by western blot
analysis (n = 5/group; ***p < 0.001). Scale

bar in (b) is 200 lm and in (a) is 100 lm.

© 2016 International Society for Neurochemistry, J. Neurochem. (2016) 138, 845--858

EGFR and Nucleolin in spinal cord injury 849



immunohistochemistry. Our results demonstrated that
nucleolin is expressed in various cell types throughout the
spinal cord tissue. However, there is a significant elevation in
nucleolin expression in cells around the lesion site (Fig. 1a–
d). At the lesion site, nucleolin expression was observed in
both astrocytes and neuronal cells, as demonstrated by
co-labelling with GFAP (astrocyte marker) and NeuN

(neuronal marker) (Fig. 1c). Quantitation of nucleolin inten-
sity at the lesion site compared to the contralateral uninjured
side (Fig. 1b), shows a significant increase in nucleolin
expression levels in reactive astrocytes. Moreover, the
percentage of nucleolin/GFAP double-positive cells at the
lesion site is significantly higher compared to the contralat-
eral side (59.7 � 9.2 at the lesion site; 25.0 � 11.8 at

Fig. 3 Nucleolin inhibition reduces epidermal growth factor (EGF)
receptor phosphorylation in human astrocytes in vitro. (a) Human
astrocyte cells were treated with 10 lM GroA for 48 h, followed by
EGF (100 ng/mL) treatment for 30 min. Cell lysates were immuno-

precipitated with anti-phosphotyrosine or anti-nucleolin antibodies
and blotted with anti-EGFR. Total cell lysates were immunoblotted
with EGFR, p-MAPK or anti-actin antibodies. Quantitation of bands

intensity presented as mean � standard deviation (n = 6 experi-
ments; *p < 0.05 ***p < 0.001, two-tailed t-test, 95% confidence).
(b) Cells were treated with 10 lM GroA for 48 h, followed by EGF
(100 ng/mL) treatments for 30 min. p-EGFR intensity was measured/

cell from at least 100 cells. Results are mean � standard deviation
(n = 3 experiments; ***p < 0.001, one-way ANOVA). Scale bar in (b)
is 10 lm.
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contralateral side, p < 0.001 n = 4). As opposed to the
contralateral side where nucleolin immunolabelling is
observed only in the cell nucleus, at the lesion site,
nucleolin is observed also in the cytoplasm, plasma
membrane and cell processes of astrocytes (Fig. 1d). To
verify that nucleolin is expressed in the cytoplasm and in
the cell surface, where it can interact with EGFR
intracellular domain, we measured the fluorescence inten-
sity of nucleolin in the cytoplasm using confocal
microscopy analysis of cultured human astrocytes treated
and untreated with EGF. Our results indicate that EGF
enhanced the expression of nucleolin in the cytoplasm and
plasma membrane (Fig. 1e).

GroA treatment reduces astrocyte activation at the site of

injury

GroA (AS1411) is an aptamer that targets cell surface
nucleolin (Dapic et al. 2002; Ireson and Kelland 2006;
Reyes-Reyes et al. 2010). To determine whether nucleolin
inhibition, using GroA treatment, can inhibit glial cell
proliferation and reduce astrogliosis at the lesion site,
animals were treated for 7 days (every other day) with GroA
or vehicle as control. Our results demonstrate that in spinal
cords of animals that were treated with GroA, the lesion site
was significantly smaller compared to the vehicle-treated
controls (Fig. 2a). Moreover, astrocyte reactivity was
reduced at the lesion site, as indicated by the reduced

Fig. 4 Nucleolin inhibitor reduced astrocyte proliferation and migration
in vitro. (a) Viability was tested after 3 days of treatment, using the
methylene blue staining assay. (b) Cell proliferation was assayed after
3 days of treatment by 5-bromo-20-deoxyuridine (BrdU) incorporation.

In each field the number of proliferating cells was counted and
percentage was calculate out of total cells in the field expressing 40,6-
diamidino-2-phenylindole. Results are mean � standard deviation

(n = 3 experiments; **p < 0.01, ***p < 0.001, one-way ANOVA; 20–30

fields were analyzed per treatment/experiment). (c) GroA reduces S
phase in proliferating astrocytes compared to control (FACS; results
are mean � standard deviation (n = 8 experiments; *p < 0.05,
***p < 0.001, one-way ANOVA). (d) GroA reduces astrocyte migration

in a scratch wound assay with and without the presence of epidermal
growth factor (EGF) (Results are mean � standard error (n = 3
experiments; *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA).

Scale bar in (b) is 50 lm.
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number of Ki67-positive cells (Fig. 2b and d) and decreased
GFAP levels (Fig. 2c, e and f) examined by immunohisto-
chemistry and western blot analysis respectively.

The effect of GroA on EGFR phosphorylation and EGFR/

nucleolin interaction
Previously, we have demonstrated a crosstalk between
nucleolin and EGFR in glioblastoma, colon and prostate
cancer cells (Farin et al. 2011b; Schokoroy et al. 2013;
Goldshmit et al. 2014b). As injury to the spinal cord induces
astrocyte proliferation and activation, we hypothesized that
EGFR/nucleolin interaction may regulate glial scar formation
by affecting EGFR signalling. To test the effect of nucleolin
inhibition on EGFR phosphorylation in human astrocytes, we
used GroA treatment. Cells were treated with GroA or
vehicle for 48 h and then treated with or without EGF for
30 min. Cell lysates were subjected to immunoprecipitation
with anti-phosphotyrosine (PY20) or anti-nucleolin antibod-
ies and blotted with anti EGFR antibodies. Our results show
an interaction between EGFR and nucleolin in cultured
astrocytes, as demonstrated by immunoprecipitation of
nucleolin and immunoblot with EGFR (Fig. 3a). Treatment
with GroA for 48 h did not reduce the interaction between
nucleolin and EGFR as neither the levels of nucleolin nor
EGFR changed significantly. However, EGFR phosphoryla-
tion significantly decreased at this time-point (Fig. 3a). In
addition, MAPK activation, a downstream effector to EGFR
pathway, significantly decreased. Furthermore, inhibition of
EGFR activation was confirmed by immunostaining with p-
EGFR antibody (Fig. 3b). These results suggest that the
interaction between the two proteins has a functional role.
Thus, inhibition of cell surface and cytoplasmic nucleolin
may affect its interaction with EGFR and inhibit the receptor
activation. To examine whether this interaction has biolog-
ical consequences, we tested cell viability, proliferation and
migration in the presence or in the absence of GroA and/or
EGF. Three days after GroA and/or EGF treatment, cell
viability was determined by the methylene blue assay. GroA
significantly reduced the number of cells with and without

stimulation with EGF (Fig. 4a). To examine whether the
reduction in cell number results from inhibition of cell
proliferation, as previously described by us in cancer cells
(Farin et al. 2011b; Schokoroy et al. 2013; Goldshmit et al.
2014b), we performed a BrdU incorporation assay with a
20 h BrdU pulse. As shown in Fig. 4(b), GroA significantly
inhibited BrdU incorporation in cells treated and untreated
with EGF. In addition, cell cycle analysis showed that 24 h
of treatment with GroA induced a decrease in S phase. The
combination of treatments showed a decrease as well
(Fig. 4c). These results are in agreement with the decreased
number of cells that incorporated BrdU. Moreover, GroA
treatment also significantly reduced the astrocyte migration
in a scratch wound assay. Treatment with EGF mediated a
longer distance astrocyte migration compared to control,
whereas, GroA significantly reduced cell migration to all
examined distances compared to control, EGF and the
combined treatment of GroA with EGF (Fig. 4d). Therefore,
interfering with the interaction between EGFR and nucleolin,
may implicate astrocyte proliferation and migration.

GroA inhibits EGFR activation and production of CSPGs
in vivo
To examine whether GroA treatment after SCI will inhibit
EGFR activation in a similar way to that observed in cultured
astrocytes, we performed immunoprecipitation using anti-
nucleolin or anti-phosphotyrosine antibodies and lysates
prepared from the spinal cord lesion site, 7 days after injury.
Our results show that GroA treatment significantly reduced
co-precipitation of EGFR with nucleolin, although EGFR
levels themselves remained unaffected by the treatment
(Fig. 5a). In addition, EGFR activation after SCI signifi-
cantly decreased in animals treated with GroA (Fig. 5b).
GroA treatment in vivo inhibited both EGFR interaction with
nucleolin, and nucleolin levels in the tissue. This reduction in
nucleolin levels was not observed in our experiments in vitro.
The discrepancy between the in vivo and the in vitro results
may be because of the time scale differences. GroA treatment
in vitro was for a shorter time compared to GroA treatment

Fig. 5 Nucleolin inhibition reduces epidermal growth factor (EGF)
receptor/nucleolin interaction, EGF*induced phosphorylation and chon-
droitin sulphate proteoglycans (CSPGs) secretion in vivo. One week
after spinal cord injury (SCI) (a) lysates from 3 mm from each side of

lesion were immunoprecipitated with anti-nucleolin antibody and blotted
with anti-EGFR, striped and re-blotted with anti-nucleolin (upper two
panels). Total lysateswere immunoblottedwithEGFR, nucleolin andwith

anti-actin antibodies (lower threepanels).Quantitation of EGFRbound to
nucleolin and total EGFR is presented (n = 5 mice/group; ***p < 0.001,
one-way ANOVA). (b) Lysates from 3 mm from each side of lesion were

immunoprecipitated with anti-phosphotyrosine Ab and blotted with anti-
EGFR. Total lysates were immunoblotted with EGFR and b-actin.
Quantitation of EGFR bound to phosphotyrosine is presented (n = 5

mice; *p < 0.05, two-tailed t-test, 95% confidence). (c) Double

immunostaining of glial fibrillary acidic protein (GFAP) (Red) and p-
EGFR (Green) was performed on sections 1 week after SCI. Lesion site
bottom side in each panel. (c0) High power magnification of represen-
tative co-labelled cells from vehicle-treated SC (d) Quantitation of p-

EGFR fluorescence intensity was measured and results are presented
relative to vehicle treatment. Results are mean � SEM (n = 5 in each
group; ***p < 0.001, two-tailed t-test, 95% confidence). (e) Double

immunostaining of CSPGs (Red) and p-EGFR (Green) was performed
on sections 1 week after SCI. Lesion site bottom side in each panel. (e0)
High power magnification of representative co-labelled cells from

vehicle-treated SC (f) Quantitation of CSPGs density was measured.
Results aremean � SEM (n = 5 in eachgroup; ***p < 0.001, two-tailed
t-test, 95%confidence). Scale bars in (c) and (e) are 200 lm, scale bar in

c0 and e0 right panel high magnification is 25 lm.
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in vivo. In our previous studies, using cancer cells, prolonged
treatment with GroA resulted in reduction in nucleolin levels
as well (Schokoroy et al. 2013). The reduction in nucleolin
levels in vivo induced by GroA was 35.06 + 13.46% and the
reduction in the interaction between nucleolin and EGFR
induced by GroA was 63.16 + 8.58% compared to the
vehicle controls SCI. Therefore, it is plausible that GroA
inhibits EGFR activation via its effect on nucleolin and
EGFR interaction. Using immunostaining with anti phospho-
EGFR and anti-GFAP antibodies, we observed high levels of
activated EGFR in astrocytes after SCI (Fig. 5c), as has
previously been demonstrated in other neurotrauma studies
(Li et al. 2011; Yang et al. 2011). GroA treatment signif-
icantly decreased p-EGFR levels at the lesion site (Fig. 5d),
mainly in astrocytes, as demonstrated by co-localization of p-
EGFR and GFAP (Fig. 5c; high power magnification from
vehicle-treated in c0). Moreover, p-EGFR is co-localized with
CSPGs at the lesion site, and CSPG levels also decreased in
GroA-treated animals (Fig. 5e and f; high power magnifica-
tion from vehicle-treated in e0). These data indicate that
signalling through EGFR/nucleolin interaction mediates
CSPGs production by astrocytes.

GroA treatment induced axonal growth into the lesion site

and improved locomotor function

To examine whether GroA treatment facilitates axonal
regeneration and sprouting as a result of glial scar attenuation,
we treated TgN (Thy1-EYFP) (Hirrlinger et al. 2005) mice
with GroA for the first 2 weeks and examined the lesion site
for axonal sprouting (Fig. 6a and b). Our results show that in
about 44% of the GroA-treated mice, axonal processes were
observed within the lesion site (Fig. 6a, high power magni-
fication of axons at the lesion site in a0). In contrast, there
were no axonal processes observed within the centre of the
lesion site of any of the control animals. Moreover, there
were a significantly fewer axons reaching a 100 lm distance
rostral to the centre of the lesion in control, compared to
GroA-treated animals (Fig. 6a and b; dotted line on the left
of the centre of lesion in A). In addition, more Thy1-
labelled neurons were observed proximal to the lesion site
in GroA-treated animals compared to control (Fig. 6c).
To examine whether GroA treatment can also improve

functional recovery, injured mice were assessed using a
modified Basso–Beattie–Bresnahan scale and grid-walking
assay. GroA-treated mice showed significant functional
improvement 5 weeks after SCI, as assessed by the modified
open-field behaviour test (Li et al. 2006; Goldshmit et al.
2014a) (Fig. 6d). In addition, GroA treatment resulted in a
significant improvement in the ability to walk on a grid
starting from 3 weeks after SCI. SCI-mice treated with GroA
made significantly fewer foot falls and showed greater
weight support with the affected left hind limb (Fig. 6e).
These data demonstrate the relevance of GroA treatment for
improving key behavioural outcomes following SCI.

Discussion

Previous studies have showed that activation of EGFR in
astrocytes at the injury site increases their reactivity, and
therefore mediates glial scar formation (Liu and Neufeld
2004; Li et al. 2011, 2014). We have previously demon-
strated that in glioblastoma, GroA, an aptamer that inhibits
cell surface nucleolin, prevented EGF-induced receptor
activation and its downstream signalling followed by reduced
cell proliferation (Goldshmit et al. 2014b). Thus, we
hypothesized that inhibition of nucleolin/EGFR interaction
may have beneficial effects on the recovery from SCI by
reducing astrogliosis.
It has been previously reported that high expression of

nucleolin is found in neurons and not in astrocytes of intact
human brain in the cerebral cortex or in the cerebellum (Xu
et al. 2012). However, in this study, we found high levels of
nucleolin in cultured human astrocytes, as demonstrated by
immunocytochemistry and western blot analysis in vitro and
by immunohistochemistry of injured mouse spinal cord
tissue in vivo. We also observed low levels of nucleolin
expression in intact spinal cords or away from the lesion site.
This discrepancy may result from a different regions tested,
different antibodies used for the analysis, differences in
tissue processing (Formalin-fixed, paraffin-embedded tissue
compared to PFA-fixed frozen tissue) or from differences
resulting from the species used in these studies (human vs.
mice).
In this study, we showed for the first time that in

astrocytes, nucleolin/EGFR interaction affects receptor acti-
vation, which results in astrocyte proliferation in vivo and
in vitro. Inhibition of this interaction by GroA reduced EGFR
activation, astrocyte proliferation and CSPG secretion,
therefore promoting axonal regeneration and sprouting into
the lesion site and improving functional recovery. Our results
provide the first evidence for the involvement of nucleolin
and EGFR in astrocytes reactivity after SCI in the scar
formation, which makes the nucleolin inhibitor, GroA, a
novel candidate for treatment after such neurotrauma.
Previous studies have demonstrated that inhibition of cell

cycle can protect injured neurons from death, and can reduce
glial proliferation after neurotrauma (Bartek and Lukas 2001;
Kruman et al. 2004; Di Giovanni et al. 2005). We found that
inhibition of nucleolin, which reduced EGFR activation,
contributed efficiently to reduced scar formation through
inhibition of astrocyte proliferation and their reactivity. Our
in vitro experiments suggest that inhibition of nucleolin
reduced astrocyte proliferation and migration independently
of EGFR signalling as well, as GroA inhibited cell prolif-
eration in the absence of EGF. These results may suggest that
other mechanisms also exist. These effects of nucleolin on
cell proliferation may be because of its interactions with
various proteins. Alternatively, nucleolin, which shuttles
between the nucleus, cytoplasm and plasma membrane, may
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Fig. 6 Nucleolin inhibitor mediates axonal regeneration towards the
lesion site and mediated motor improvement. Two months post injury

(a) Thy1-YFP labelled axons in vehicle and GroA-treated mice reach
the lesion and in GroA-treated animals some axons enter the lesion
site. The first dotted line on the left side is 100 lm rostral to the lesion

site. The second dotted line marks the centre of the lesion site. (a0) In
the vehicle-control section, upper panel, high power magnification
image shows few axons (green) reaching the glial scar (red). In GroA-
treated mice, lower panel, the high power magnification image shows

axons (in green) entering the lesion site. (b) Quantitation of traced
axons 300 lm upstream to the lesion shows significantly more axons

in GroA-treated mice (***p < 0.001, vehicle n = 8; GroA n = 9). (c)
Thy1-YFP labelled neurons in vehicle and GroA-treated mice up to

400 lm proximal to lesion centre, quantitation of neurons at this area
shows significantly more neurons in GroA-treated mice
(***p < 0.001, vehicle n = 8; GroA n = 9). GroA improved motor

function after spinal cord injury (SCI) (d) Modified Basso–Beattie–
Bresnahan (mBBB) score (*p < 0.05) improved significantly 5 weeks
after GroA treatment. (e) Grid walking improved significantly 3–
5 weeks after GroA treatment. Results presented as (mean � SEM

*p < 0.05). Scale bars in (a) is 200 lm, in a0 50 lm, scale bar in (c)
is 500 lm.
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transfer cytoplasmic signals between the different intracellu-
lar sites (Srivastava and Pollard 1999; Galzio et al. 2012).
Also, nucleolin activities have been reported to depend on
hormones, such as dexamethasone (Suzuki et al. 1987,
1992), androgen (Tawfic et al. 1994), and other growth
factors besides EGF, such as fibroblast growth factor 2
(Bouche et al. 1994).
After SCI, a gradual process of reactive astrogliosis occurs.

This process displays its importance for initiation of the
repair response by reconstructing the damaged blood-spinal
barrier and therefore limiting the activation of resident
microglia and infiltration of leucocytes. Astrocyte reactivity
levels vary based on the severity of the injury, the time after
injury, and the distance of astrocytes from the lesion site.
Reactive astrocytes release the majority of the pro-inflam-
matory cytokines and CSPGs at the lesion site, creating a
non-permissive environment for neuronal regeneration.
Attenuation of this process immediately after injury may be
important to create better conditions in a later stage (Sandvig
et al., 2004; Silver and Miller 2004). Thus, therapeutic
approaches should be designed to keep the right balance and
target the detrimental effects of astrocyte activation while
harnessing their protective effects. Therefore, in this study,
we examined whether the observed attenuation of gliosis, by
reduction in GFAP and CSPGs expression, could facilitate
neuronal processes growth through the lesion site. We
examined axonal regeneration and sprouting at a later time-
point after SCI, using the TgN(Thy1-EYFP) mice with and
without GroA treatment. Indeed, in GroA-treated animals,
we observed significantly more axonal processes approach-
ing and entering the lesion site. This may suggest that
attenuation of astrocyte reactivity by GroA treatment reduces
the barrier for axons to regenerate and subsequently
improves functional recovery. After spinal hemisection, a
gradual return of locomotor function occurs in mice (Zhang
et al. 1998; Steward et al. 1999), thought to be because of
the activation of central pattern generators (Juvin et al.
2012). As a result of the increased number of surviving
neurons in GroA treatment, it is possible that there are more
surviving neurons that innervate, for example the hip
muscles (found in the region of our hemisection), which
may improve significantly beyond normal recovery. The
effect of the GroA on neuronal survival may explain the
improvement in hip locomotion and weight support as
measured by the behavioural readouts employed.
Overall, the results of this study suggest that inhibition of

nucleolin interaction with EGFR mediates neuroprotective
effects, including attenuation of astrocyte proliferation and
reactivity. GroA, an oligonucleotide aptamer, also known as
AS-1411, is currently tested in Phase II clinical trials as a
potential treatment for cancer (Mongelard and Bouvet 2010;
Shieh et al. 2010). In this study, we provide evidence that
GroA may be a promising therapeutic strategy for neuro-
trauma treatment in its acute and subacute phase as it mainly

affects astrocyte reactivity. It will be interesting in the future
to examine the effect of GroA treatment after SCI in
combination with other drugs known to reduce neuroinflam-
mation or those that influence astrocyte morphology. We
expect that this approach will lead to better regeneration.
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