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1. Introduction

An SCl begins with a traumatic event in
the spine that may cause widespread and
sometimes irreversible changes in the central
nervous system (CNS) [1,2]. The SCI trauma
can be caused by a sudden external physical
injury, or by internal hypoxia, inflammation
or bleeding [1,2], making it difficult to design
preventative treatments. An SCI may destroy
few to almost all descending corticospinal (CS)
and ascending sensory axons traveling through
the site of the injury. As a result, CS axons
are irreversibly injured and cortical activity
dependent on sensory afferents is altered [1-3].
These injuries and changes provoke adaptive
reorganizational events in sensorimotor
neocortices of all mammalian species that

are distant to the injury site [4-7]. Some of
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ACUTE ADAPTIVE RESPONSES
OF CENTRAL SENSORIMOTOR
NEURONS AFTER SPINAL

CORD INJURY

Abstract

Spinal cord injury (SCI) can be a lifelong, devastating condition for both the patient and the caregiver, with

a daunting incidence rate. Still, there are only limited available therapies and the effectiveness of precise
regeneration within the central nervous system is minimal throughout postnatal life. Recently, improved
regeneration after SCl was seen by manipulating a pathway in sensorimotor neocortices that is involved in
phosphorylation of an RNA binding protein (RBP) required for mRNA translation, the Eukaryotic translation
initiation factor 4E (elF4E). Our data identifies rapid molecular alterations of elF4E in the sensorimotor
neocortices 1 and 3 days after a lateral hemisection SCl, used as a model for Brown-Séquard syndrome.

The function of an RBP depends on both its distribution sites within the cell and its phosphorylation states.
Indeed, we found both to be affected after SCI. There was a distinct subcellular redistribution of elF4E and
phosphorylated-elF4E was reduced, indicating that the elF4E’s translation was disrupted. Upon identification
and analysis of the mRNA cargo of elF4E in uninjured sensorimotor neocortices, we found that elF4E binds
both Importin-13 (Ipo13) and Parvalbumin (Pv) mRNAs, indicating a role in their translation. Remarkably, elF4E’s
interaction with both Ipo73 and Pv mRNAs was disrupted 1 and 3 days after SCI, despite preservation of total
Ipo13 and Pv mRNA levels. Finally, we detected a selective loss of expression of both IPO13 and PV proteins

in projection neurons of sensorimotor neocortices, as well as their disrupted dendritic polarity. Since IPO13

is predominantly expressed in neocortical projection neurons and PV in a subset of neocortical interneurons,
these data suggest a strong acute effect of SCI on neocortical microcircuitry. Taken together, these data indicate
that neocortical elF4E and a subset of mRNAs may be rapidly recruited to translational machinery after SCl to
promote adaptive regeneration response of sensorimotor neurons.
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these reorganizational events contribute
to functional recovery, but some may also
provoke erroneous or maladaptive functions,
resulting in chronic pain and/or spasticity
[1,2,8]. Indeed, the impact of SCl can range
from complete or partial paralysis of the body
below the lesion site, to sometimes partial or
complete recovery [1,2]. The incidence of SCI
in the world ranges between 10.4 and 83 cases
per million people per year, depending on
the region analyzed [8-10]. However, in world
regions affected by war, the incidence of SCI
transiently multiplies [10]. Furthermore, care
for people affected by SCI is predominantly
given at home, the cost of which can run into
millions of dollars and is a great strain on the
patient and the caregiver. Moreover, due to
limited capabilities of the CNS for repair, the

effectiveness in precise regeneration after an

SCl throughout postnatal life is minimal [1,2,8].
Therefore, the need to better understand
SCl pathogenesis at a molecular level is even
greater, and novel approaches are needed to
enhance regeneration after SCI.

Recently, molecular manipulations of
sensorimotor neocortices improved functional
plasticity following an SCI [11,12]. These data
indicate that increased understanding of
molecular mechanisms underlying adaptive
responses of sensorimotor neocortices after
an SCI may propel ongoing regenerative
efforts and identify early therapeutic
targets. The sensorimotor neocortex is a six-
layered structure, with each layer having
a specified complexity of projection and
interneuronal  subtypes incorporated in
highly organized microcircuitry. Neocortical

neurons are critically involved in voluntary

268



sensorimotor behavior, social abilities,
learning and memory. Therefore, in the adult,
the disruption of neocortical microcircuitry
and CS axons is often extremely debilitating,
resulting in lifelong disability or even death.
An SCl induces adaptive plastic reorganization

of the primary sensorimotor neocortex, which

indicates  microcircuitry  reorganizational
events [3-7]. Electrophysiological studies
show that SCl produces an immediate

functional reorganization of the neocortex,
while an increase in fMRI signal occurs by the
3rd day after an SCI [3,7]. At the cellular level,
dendritic spine morphology changes were
found as early as 3 days post-SCl, and by 7
days post-SCl their number decreased [13].
Quantifiable changes in the reorganization of
axonal and dendritic processes are expected
to require a longer time interval after the SCI.
For example, hindlimb CS neurons retract,
sprout and incorporate into the sensorimotor
circuits of the unaffected forelimb after several
weeks [4]. Thus, detecting reorganization
of neocortical microcircuitry in a restricted
region less than 3 days after an SCl would be
novel asset to the SCl field.

Temporal reorganizational events in
sensorimotor neocortices depend on changes
in the functional gene expression in many
of their genes following an SCl. In particular,
studies on altered gene expression in
sensorimotor neocortices post-SCl revealed
transcriptional decrease in mRNA expression
of Nogo receptor and its co-receptor LINGO-I,
while BDNF was up-regulated, as early as
day 1 post SCI [7]. In addition, GAD67 mRNA
stayed unchanged [7]. Axotomized CS neurons
post-SCl have also shown decreased mRNA
expression of cytoskeletal proteins such
as tubulin [48]. However, functional gene
expression is controlled not only at the DNA
level, but also at the RNA level, particularly
via RNA-binding proteins (RBPs). RBPs may
guide groups of mRNAs through a sequence
of post-transcriptional

events; including

splicing, nuclear export, stabilization and
translation [14]. Consequently, sufficient levels
of a functional protein can be rapidly produced
for proper cellular events, such as axonal
regeneration attempts after SCl. Thus, the

functional disruption of a neocortical RBP in

the sensorimotor neocortices after an SCl may
affect the functions of many genes. However,
presently very little is known about the role
of RBPs in adaptive changes of sensorimotor
neocortices after an SCl and its potential in
regeneration of CS axons.

Function of an RBP depends on its
phosphorylation states, which were shown
to be strongly affected in lesioned peripheral
neurons after an injury [15]. This data indicate
that RBP-dependent mRNA translation may be
central in acute responses of injured neurons
after SCI. Genetic manipulation of PTEN/Akt/
mTOR pathway in CS neurons improved the
CS regeneration after SCI [12]. Importantly, it
is known that both PTEN/Akt/mTOR signaling
and neuronal activity, which is affected in
sensorimotor neocortices after SC, play a role
in phosphorylation and, thus, in function of
the Eukaryotic translation initiation factor 4E
(elF4E). However, the direct effect of SCl on
elF4E function in sensorimotor neocortices
following SCl is unknown.

Therefore, in current study we examined
in both elF4E's
distribution and its mRNA cargo after SCl in

acute adaptive changes

neurons of sensorimotor neocortices distant
to injury site. We found that lateral hemisection
SCl at T10 (used as a model for Brown-Séquard
syndrome) leads to redistribution and de-
phosphorylation of elF4E, preventing its
binding to target mRNAs, and thus resulting in
aberrant mRNA translational control. Thus, after
SCl, elF4E and a subset of neocortical mRNAs in
sensorimotor neocortices are accessible to be
rapidly recruited to translational machinery to
improve regeneration after SCI.

2. Experimental procedures

2.1 Animals and tissue

All procedures performed are in compliance
with national regulations and UMDNJ-RWJMS
policies and have been approved by the
Institutional Animal Care and Use Committee
and Institutional review board of UMDNJ-
RWJMS. CD-1 and B6 black mice were used.
Brains of 21-60 years old human specimens
without neurological or psychiatric records
were obtained from UMDNJ-RWJMS pathology.
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2.2 Spinal Cord Injury: Mouse Model
for Brown-Séquard Syndrom

All surgeries were performed under aseptic
conditions. 12 adult mice of mixed genetic
backgrounds were subjected to either a
lateral hemisection of the spinal cord at T10
or a sham injury. Under deep anesthesia
(Isoflurane) the mice were placed in a
stereotaxic apparatus (Kopf Instruments, USA),
designed for rodent spinal cord studies. The
apparatus was equipped with non-traumatic
ear bars and a custom-made mask for the
delivery of Isoflurane. The animals were kept
warm throughout the surgical procedures by
a heating pad, filled with circulating water
heated to 370C. The skin over the thoracic
spinal column was shaved and incised; the
muscles were separated and cleared from
vertebral column; and, the thoracic vertebrae
were clamped using a pair of V-notched
vertebral clamps. A small amount of bone
at T10 was removed exposing the spinal
cord. Using a No. 12 (hook-shaped) scalpel, a
lateral hemisection was made. Immediately
following the spinal cord incision, the wound
was sutured and closed in layers. The animals
were returned to fresh, warmed cages for
recovery. The sham-operated mice received
identical treatment to the injured mice except
that they did not receive the spinal cord
incision.

2.3 Behavioral Analysis and

Neurological Assessment

The animals’ locomotor abilities were assesed
1, 2 and 3 days post injury to determine the
effectiveness of our injury paradigm. We
observed our animals in a runway (100 X 6.4 X
10.5 cm). The runway had a “gated start box” at
one end and a dark “goal” or “safety enclosure”
at the other. The floor of the runway was made
of clear Plexiglas. The run from start box to the
goal was 75 cm. A mirror placed underneath
the runway allowed the observer to detect
foot positioning and aided in photographic
documentation. Also, with the runway placed
on a lab bench, toe clearance was easily
observed through the clear viewing wall. We
scored the animals using the conventional
Basso Mouse Scale (BMS) [42-44]. Because the
BMS scale was designed to assess a bilaterally
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symmetrical contusion injury we in addition
we used the Murine Locomotor Components
Scale (MLCS), developed in our laboratory
[45-47]. The MLCS, derived from the salient
features of both the BMS and the earlier BBB
scale [44], allowed user to assess each hindlimb
independently as well as overall walking
ability. As used in this investigation, the MLCS
is a 32-point scale that considers murine
locomotion as a hierarchical organization
(HL) stepping,
coordination, HL weight support, stability/

of components--hindlimb

posture, and balance. In addition, each of these
components are based on subcomponents
(e.g., toe clearance and foot position). Scores for
each of these subcomponents may be summed
to give an overall assessment of the animal’s
locomotor ability; or, they grouped to form a
number of component subscores that may be
used to monitor specific aspects of behavioral
recovery and the assessment of asymmetry
characterized by the hemisection injuries used
in this study.

2.4 Immunocytochemistry

Adult CD-1 and B6 mice were perfused
transcardially with PBS followed by 150 mL
of fresh 4% paraformaldehyde (PFA; pH =
7.4-7.6). Brains were excised and postfixed
in 4% PFA shaking at 4°C overnight and
vibratome sectioned at 70 um. Sections were
then washed 3x in 1x PBS and immersed
into blocking solution (0.3% Triton-X 100;
5% Normal Donkey Serum; 0.1% Glycine
0.1% L-Lysine in 1x PBS) for 1 hour shaking
at room temperature followed by primary
antibody overnight at 4°C shaking. Sections
were washed next day 3x in 1x PBS and
appropriate fluorescent secondary antibodies
(Jackson Immunoresearch) were applied at
room temperature 2 hours shaking. Sections
were washed 3X PBS. DAPI was applied for
10 min before mounting and coverslipping in
Vectashield (Vector Labs Inc.; Cat # H-1000).
Sections were imaged on Olympus Fluoview
FV10i confocal microscope at 10x and 60x. For
human brain section immunostaining, brain
was fixedin 10 % formaldehyde. Medial primary
motor cortex was isolated and vibratome cut
at 70 um. Sections were then washed 3x in
1x PBS and immersed into blocking solution

(0.3% Triton-X 100; 5% Normal Donkey Serum;
0.1% Glycine 0.1% L-Lysine in 1x PBSTween)
for 1 hour shaking at room temperature
followed by primary antibody overnight
at 4°C shaking. Sections were washed next
day 3x in 1x PBS and biotinylated secondary
antibody (Jackson Immunoresearch) was
applied at room temperature, 2 hours shaking.
Following secondary, sections were washed
3x 1x PBS and immersed into Vectastain
elite ABC solution (Vector)

Following three washes in 1x PBS, reaction

for 2 hours.
was visualized by 3,3'-diaminobenzidine
(DAB) Peroxidase Substrate Kit. Sections were
mounted, dehydrated for 5 min in increasing
concentrations of ethanol, 50%, 70%, 90%,
100%, 100% and immersed for 1 hourin xylene.
Finally, sections were covereslipped with
permount (Fisher) and scanned with Aperio
Scanscope. Primary antibodies used in this
study: Chicken anti-myelin basic protein (Aves
Labs; 1:100); Rabbitt anti-elF4E (Cell Signaling;
Cat # 2067S; 1:250 for immuno; 1:1000 for
western blotting); Rabbitt anti-phospho-
HuR (Cell Slgnaling; Cat # 9741S; 1:250);
Goat anti-IPO13 (Santa Cruz Biotechnology;
Cat # sc-68097; 1:250 for immuno); Mouse
anti-parvalbumin (Swant; Cat # 235; 1:1000);
Mouse anti-SMI32 (Sternberger monoclonals;
Cat # SMI-32R; 1:1000).

2.5 RNA Isolation

Contra-lesional sensorimotor neocortices from
Sham operated or SCl operated animals were
excised and RNA was isolated from cortices
using Ambion RNAqueous Midi (AM1911) or
Ambion PARIS kit (AM1921).

2.6RIP

Contra-lesional sensorimotor cortices were
excised from animals. Tissue was subjected to
lysis using MBL RiboCluster Profiler RIP-Chip kit
lysis buffer by incubation on ice for 10 minutes,
pipetting every 2 minutes to homogenize
tissue. Then lysate was centrifuged at 500g for
1 minute to remove debris. Then pull-down
from supernatant was performed using elF4E
RIP-Chip certified antibody (MBL; Cat # RNOO1P)
and corresponding rabbit-IgG control following
protocol from MBL RiboCluster Profiler RIP-
Chip kit (RN1001), except step 34. The 3-hour
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incubation was extended to overnight due to
time constraints. Isolated RNA was stored at
-80°C until RT-PCR or microarray analysis.

2.7 Western blotting
Contra-lesional
were dissected and Ambion PARIS kit
(AM1921) was used to isolate total protein.

sensorimotor neocortices

Lysate was subjected to Invitrogen NuPAGE
western blotting system using 12% Bis-
Tris pre-cast gels. After protein transfer to
nitrocellulose membranes, the membrane
was immersed for 1 hour into 1x PBS with
0.4% Tween, 5% milk, 10% FBS. Primary
antibody was incubated overnight 4°C. Next
morning, after 3x washes in 1x PBS with
0.4% Tween, membrane was incubated with
corresponding secondary antibody (HRP-
Donkey anti-Rabbit;Jackson
Immunoresearch; 1:5000) for 2 hours shaking

conjugated

at room temperature. Membrane was washed
3x in 1x PBS with 0.4% Tween and developed
(Cell
developing reagent. Membrane was imaged

using ChemiGlow Biosciences)

using G:BOX of Syngene.

2.8 Microarray and analysis

RNA precipitates were sent to UMDNJ-
RWJMS transcriptional
be analyzed on Affymetrix Mouse GeneChip

profiling facility to

1.0 ST array. Obtained array data were analyzed
using Partek’s Genome Suite. Genes bound
significantly higher (p < 0.05) by elF4E than by
1gG were considered further. Within these, cut-
off was set at 1.5 fold change. Genes bound to
elF4E were further analyzed using functional
annotation clustering analysis from DAVID
(http://david.abcc.ncifcrf.gov/).

2.9 Real Time Quantitative RT-PCR
Applied Biosystems 1-Step master mix and
Tagman probes were used according to
protocol. Each assay was done in triplicate
and quantitated using delta-delta CT method.
Gapdh was used as a control.

2.10 Statistical analysis

For data analysis t-test was used. p < 0.05
was considered as statistically significant.
In all figures error bars represent standard
deviation.
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3. Results

3.1 Subcellular distribution of elF4E
is disrupted after SCl, but elF4E
protein levels are unchanged

After an SCl, reorganization occurs in all layers

of the sensorimotor neocortex [4-7]. To reveal

changes in elF4E in sensorimotor neocortices

after an SCl, a sham-operated control and a

model of unilateral spinal cord hemisection

at T10 (Brown-Séquard syndrome) were
used (Figure 1; n > 3 for each experimental
condition). After confirmation of the SCI
model efficiency (Figure 1), we examined the
elF4E-protein distribution and expression
levels in sensorimotor neocortices of sham-
operated controls and lateral hemisection

SCl using immunohistochemistry. To analyze

acute changes in mRNA and protein levels

after SCl in vivo, neocortices were examined

1 day post-surgery. Three days post-surgery

examination was additionally performed

to see temporal changes in mRNA levels,
and more importantly, to allow for protein
turnover to assess if new protein synthesis
is disrupted. We found that elF4E-protein
expression in the sensorimotor neocortices of
sham-operated controls and in sensorimotor
neocortices ipsilateral to SCl (ipsi-lesional)
resembled the elF4E-protein expression
pattern from an uninjured animal (Figure 2and
data not shown). Remarkably, in sensorimotor
neocortices contralateral to the SCl (contra-
lesional), the elF4E-protein was redistributed
predominantly to the lower parts of cell body
cytoplasm. The contra-lesional sensorimotor
then subjected to
quantitative RT-PCR (gRT-PCR) analyses to
determine elF4E mRNA levels, and we further

neocortices  were

found elF4E mRNA levels in this same region
to be unchanged (Figure 2). Finally, to further
determine that levels of elF4E did not change
in contra-lesional sensorimotor neocortices,
we performed western blot analysis and
no change was detected in levels of elF4E
protein (Figure 2). Thus, these results indicate
that SCl causes redistribution of elF4E protein
in contra-lesional sensorimotor neocortices,
and this redistribution may jeopardize the
necessary localized translation selectively
within sensorimotor neocortices.

Translational Neuroscience
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Figure 1. Lateral hemisection model of lumbar SCI. (A) Lateral hemisection SCl was induced in right side of the
spinal cord (SCl), while spinal cord of sham operated control (Sham) was intact. (B) Behavioral scoring
(Murine Locomotor Components Scale) showed decreased function of right leg (red) in SCI mice but
not in Sham. The scoring was based on the salient features that constitute rodent walking behavior
over a flat surface. This scoring separates walking into a number of elementary subcomponents that
include foot position, toe clearance, plantar stepping, hind- and forelimb coordination. Scores for each
of these subcomponents were summed to give an overall assessment of the animal’s right and left leg’s
abilities. (C) Immunostaining for myelin basic protein (MBP; red) reveals disrupted right side of the SCI
spinal cord (arrowheads), while spinal cord of sham operated control was intact. TO-PRO-3 iodide (blue)

was used for nuclei.

To ensure that elF4E redistribution was
not an indirect consequence of neocortical
neuronal cell death, as previously reported
[16], we performed TUNEL assay (data not
shown), but no significant increase in cell
death in sensorimotor neocortices after SCI
was seen. In addition, recent findings have
suggested that retrograde cell death in the
corticospinal neurons does not occur in SCI
injury [17]. Collectively, these results suggest
that lateral hemisection SCI does not cause
significant cell death, but may affect the
function of elF4E leading to disrupted mRNA
translation.

3.2 elF4E phosphorylation is decreased
after SCI

RBP distribution and function,

selective  mRNA translations,

such as
depend on
RBP’s phospho-states [14]. Neocortical re-
distribution of elF4E after SCl indicates that
elF4E's
Therefore, to determine elF4E's phospho-
s,
sensorimotor

phospho-states may be altered.

states  after immunohistochemical

analysis  of neocortices
contralateral to SCI site was performed using
specific phospho-elF4E antibody 1 and 3

days post-surgery (Figure 3). We observed

that elF4E phosphorylation is decreased in

contra-lesional sensorimotor neocortices,
but is preserved in ipsi-lesional sensorimotor
neocortices (Figure 3). This selective decrease
in elF4E-phosphorylation suggests that its
mRNA cargo is affected. Taken together, these
data indicate a disruption in elF4E-dependent
local translation during the acute response
of sensorimotor neocortices to SCl that is not

recovered 3 days post-SCl.

3.3 elF4E binds Ipo713 and Pv mRNA
in uninjured adult sensorimotor
neocortices

elF4E is known to bind a cargo of distinct

mRNA transcripts and thus to regulate

their translation rate [18]. This regulation
may be lost after SCI, leading to disruption
of translational events. Therefore, we first
identified the mMRNA cargo of elF4E in
sensorimotor neocortices using the RNA
binding protein immunoprecipitation for
microarray (RIP-Chip) kit (MBL), anti-elF4E
RIP-Chip  certified (MBL)

corresponding 1gG as a negative control

antibody and
(Figure 4). Precipitates were then analyzed
using Affymetrix Mouse GeneChip 1.0 ST
array coupled to bioinormatics analysis using
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Figure 2. elF4E is re-distributed in all projection neurons of sensorimotor neocortices contralateral to the SCl
lesion site, while levels of elF4E mRNA and elF4E protein stay unchanged. (A,B) Representative low
magnification images of elF4E immunostaining showing a localized effect after SCI on elF4E expression
in the contra-lesional sensorimotor neocortex (Nctx), 1 day post-surgery (B). (C-H) High power
magnification of elF4E immunostaining of contra-lesional sensorimotor Nctx reveals subcellular re-
distribution of elF4E. In the sham operated control 1 and 3 days post-surgery, elF4E was found equally
distributed in cytoplasm and in initial parts of dendrites of upper and lower layer projection neurons
(C,F; arrowheads). However, 1 and 3 days after SCI, no elF4E was seen in dendrites, while remaining
elF4E was predominantly found to be lateralized in cell cytoplasm (D,E,G,H; arrowheads). () Quantitative
RT-PCR analysis of contralateral to SCI lesion sensorimotor neocortices revealed no change in elF4E
mRNA levels 1 and 3 days after SCI. (J) Western blot analysis of contra-lesional sensorimotor Nctx reveals
no change in elF4E protein levels 1 day post-SCl.

Partek’s Genome Suite and DAVID (http://
david.abcc.nciferf.gov/). Since overexpression
of neuronal calcium sensor-1 in sensorimotor
neocortices promoted CS regeneration after
SCl, we focused our analysis on a cluster of
mRNAs bound by elF4E that are characterized
by calcium binding region domain (Figure 4)
[11]. Surprisingly, within this cluster, we found
Parvalbumin (Pv) mRNA, which is expressed
in a subpopulation of interneurons [25-27].
Furthermore, given the dynamic changes in
retrograde signaling after an injury [15,19],
we were interested in cluster of MRNAs
whose protein product plays a role in nuclear
import function. Within this cluster, Ipo13
was of particular interest since members of
Importin family of nuclear receptors play a
role in intracellular signaling after an injury
and are involved in plasticity of neurons [20-
22]. Importins also show stimulus-induced
nuclear translocation and response to activity
changes [21,23], allows for translocation of
transcription factors into the nucleus [24], and
thus may convey major intracellular signals to
stabilize sensorimotor dendrites. Additional
HuR and IgG RIPs coupled to qRT-PCR analysis
of mRNA levels of Ipo13 and Pv confirmed
the microarray data. Finally, we determined
if IPO13 and PV proteins co-localize in the
same neurons as elF4E using fluorescent co-
immunohistochemistry. Indeed, we found
that both proteins IPO13 and PV proteins
co-localize with elF4E in sensorimotor
neocortices (Figure 4). These data suggest
that functional elF4E may be necessary for
mRNA translation of both Ipo73 and Pv in
sensorimotor neocortices.

3.4 Levels of IPO-13 and PV-proteins
decreased, but levels of their
mRNA stay unchanged

Since neocortical elF4E-protein distribution and

phosphorylation is affected in sensorimotor

neocortices after SCl, we analyzed the
expression of IPO13-and PV- proteins in this
region in sham-operated control mice and SCI
mice using immunohistochemistry.
IPO13-protein was expressed in all projection
neurons of sensorimotor neocortices in sham-
operated controls (Figure 5). Interestingly
however, 1, 3 and 28 days after SCI, the
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IPO13-protein  expression was selectively
decreased in similar neocortical regions where
elF4E-protein was redistributed and elF4E's
phosphorylation is decreased, i.e. in contra-
lesional sensorimotor neocortices (Figures 2
and 5). PV-protein was expressed in a subset
of interneurons of sensorimotor neocortices of
sham-operated controls as described (Figure 5;
25-27]. Remarkably, the PV-protein expression
was selectively decreased in contra-lesional
sensorimotor neocortices where elF4E- and
IPO13-protein expression were affected after
SCI (Figure 6).

Since elF4E-protein is a translation
initiation factor that binds /po13 and Pv
mRNA and is redistributed after SCI, we
examined temporal changes in levels of
Ipo13 and Pv mRNAs. To do this, we isolated
total RNA from sensorimotor neocortices of
uninjured, sham-operated control mice and
from sensorimotor neocortices contralateral
to the SCl injury site 1 and 3 days post-
surgeries. Unchanged levels of Ipo13 and
Pv mRNA were surprisingly detected in all
sensorimotor neocortices using gRT-PCR
analysis (Figure 7A). Collectively, these data
indicate that elF4E-dependent translation of
Ipo13 and Pv mRNAs is affected.

3.5Ipo13- and Pv- mRNA detached

from elF4E in contra-lesional

sensorimotor neocortices after SCI
The total levels of Ipo13- and Pv mRNAs did not
change after SCl, but their protein levels were
decreased. Therefore, we determined if [po13-
and Pv- mRNA binding to elF4E in contra-
lesional sensorimotor neocortices is disrupted
after SCl. RIP analysis was performed on
contra-lesional sensorimotor neocortices with
elF4E RIP-Chip antibody and corresponding
IgGs at 1 and 3 days post-surgery. Precipitates
from sham-operated control and SCI were
analyzed for levels of Ipo13 and Pv mRNAs by
gRT-PCR (Figure 7B). Remarkably, both Ipo13
and Pv mRNAs were detached from elF4E
already at 1 day after SCl and did not re-attach
by 3rd day post-SCl (Figure 7B). Collectively,
these data suggest that mRNA cargo of
elF4E in sensorimotor neocortices may be
disrupted after SCl, preventing selective mRNA
translation.
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Figure 3. Expression of phospho-elF4E is downregulated after SCl in all projection neurons of contra-lesional
sensorimotor neocortices. (A-C) Representative confocal images of phospho-elF4E immunostaining of
sensorimotor neocortices showing downregulation of phospho-elF4E expression 1 and 3 days after SCI.
In sham operated control 1 and 3 days post-surgery, phospho-elF4E was found equally distributed in
cytoplasm and in initial parts of dendrites of neocortical projection neurons. However, 1 and 3 days after
SCI phospho-elF4E expression was downregulated in most of the contra-lesional sensorimotor neurons.
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Figure 4. elF4E binds Ipo13 and Pv mRNAs. (A) Schematic representation of determination of mRNAs bound to
elF4E. elF4E and bound mRNAs were precipitated from dissected developing neocortices using HuR
RIP-Chip certified antibody and kit. Corresponding IgG was used as negative control. Isolated mRNAs
from elF4E and IgG precipitates were analyzed using Mouse Exon 1.0 ST arrays and PGS. mRNAs that
are bound significantly higher by HuR than IgG were analyzed using functional annotation clustering of
DAVID. We found that elF4E binds Ipo13 and Pv. (B) To confirm the RIP-Chip analysis, quantitative RT-PCR
analysis on additional elF4E RIPs confirmed high binding of both Ipo73 and Pv mRNAs to elF4E, while
elF4E did not bind elF4E mRNA higher than control IgGs. The levels of mRNAs bound were normalized
towards levels of mRNAs bound to control IgGs. (C,D) Immunostaining of adult sensorimotor neocortices
revealed that IPO13 (C; green) and PV (D; green) are co-expressed with elF4E in neocortical neurons of
adult sensorimotor neocortices.
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3.6 Dendritic polarity of projection

IPO13  DAPI neurons of sensorimotor
neocortices is disrupted after SCI

Dendrites of projection neurons in sensorimotor

Sham 1 day SCI

neocortices show a highly polarized
; organization, with one apical dendrite and
Sensorimotor Netx Sensorimotor Nctx several basal dendrites [28,29] (Figure 8). The
dendritic organization of mature neurons can be
disrupted by an axonal injury, aberrant neuronal
activity and/or disrupted mRNA translation
events [28,30,33]. During SCl, both CS and

Sham operated control 1 day SCI 3 day SCI sensory axons are injured and neocortical activity
rapidly changes as a result (71-3). Furthermore,

Importins are known to play a role in retrograde
signaling, and PV interneurons target the initial
segment of an axon of projection neurons. Both
ofthesefunctionsare alsoimportantfor neuronal
dendritic polarity [31,32]. Taken together with

Upper layers

@ =

our results described above, the dendritic

polarity of projection neurons is expected to be

affected after SCI. Therefore, we first examined

F G H the acute effect of SCI on dendritic polarity
of projection neurons in the contra-lesional

sensorimotor neocortices. Immunostaining for

SMI32, a marker for projection neurons, showed

significant disruption of dendritic polarity of

>

Lower layers

the sensorimotor neocortices contralateral to
the SCI site, when compared to sham-operated

controls 1 and 3 days post-surgery (Figure 8).
These data suggest that SCI acutely disrupts
Figure 5. Expression of IPO13-protein is downregulated in all projection neurons of contra-lesional sensorimotor
neocortices. (A,B) Representative low magnification images of /po13 immunostaining demonstrate a
localized effect on IPO13 expression after SCl selectively in contra-lesional sensorimotor neocortex lesional sensorimotor neocortices, which
(Nctx) 1 day after SCI (B), mimicking the effect site on elF4E. (C-H) High power magnification of IPO13
immunostaining of sensorimotor neocortices reveal downregulation of IPO13-protein expression 1
and 3 days after SCI. In the sham-operated control 1 and 3 days post-surgery IPO13 was found equally ~ the alteration in dendritic morphology and
distributed in cytoplasm and in initial parts of dendrites of upper and lower layer projection neurons.
However, 1 and 3 days after SCl no IPO13 was seen in most of the sensorimotor neurons. Interestingly,
rarely a cell can be found to express normal levels of IPO13 (G, arrowhead). reorganization of microcircuitry of contra-

lesional sensorimotor neocortices after SCI.

the dendritic polarity selectively in contra-

does not recover after 3 days. Taken together,

the loss of PV-expression indicate an acute

PV 3.7elF4E is expressed in central

Sham operated control 1 day SCI neurons of human adult primary
motor neocortices

Next, we determined the expression pattern for

A Sensorimotor Nctx B Sensorimotor Nctx

elF4E in adult human sensorimotor neocortices.
To examine this, we immunostained primary
motor and primary sensory neocortices in a
post-mortem sample of 46 year old individual
without any neurological or psychiatric history

(Figure 9). Indeed, the pattern of expression of

) L . . . elF4E is analogous to our observations in mice
Figure 6. Expression of PV-protein is downregulated in interneurons after SCI in contra-lesional sensorimotor

neocortices. (A,B) Representative low magnification images of PV immunostaining show a localized and indicates that elF4E may play a similar role
effect on PV expression after SCl selectively in contra-lesional sensorimotor neocortex (Nctx) 1 day after  jn humans who have suffered an SCI.
SCI (B), mimicking the effect site on elF4E and IPO13.
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4. Discussion

Our goal was to determine the effect of an
SCl on elF4E
neocortices that are distant from the injury

in neurons of sensorimotor

site. In this study, we found that levels of elF4E
did not significantly change, but its subcellular
distribution
disrupted. These data suggest that function
of elF4E is disrupted. Indeed, we found that
binding of distinct mRNAs, such as Ipo13 and

and phosphporylation were

Pv, to elF4E was acutely disrupted after SCI.
Furthermore, total levels of mRNA of both Ipo13
and Pv did not significantly change following
SCl, while their protein was undetectable.
Since we tested acute adaptive changes only
after lateral hemisection SCI at T10, we can
not exclude the possibility that after different
types of SCI or after longer than 3 days post-
SCI periods, IPO13- or PV-proteins will be re-
expressed. Particularly because very often a
spontaneous regeneration is seen after SCl
[1,2].

elF4E, an RBP member of the neocortical
translational machinery, plays an essential
role in the control of the initiation of mMRNA
translation and in the nucleocytoplasmic
export of distinct mRNAs. In particular, elF4E is
crucial for cap-dependent mRNA translations,
which are responsible for recruiting all nuclear
transcribed mRNAs [34]. Both the mRNA and
protein of elF4E are found in dendrites as well
as the cytoplasm [35,36]. Our results show a
spatial re-distribution of this elF4E expression
after SCI in the contra-lesional sensorimotor
neocortices. In addition, these sensorimotor
neocortices have slower spontaneous activity
due to deafferentation [3]. Thus, our finding
of elF4E's re-distribution after SCl is consistent
with a recent report that neuronal activation
promotes redistribution of elF4E in neurons
[35]. elF4E is a major rate-limiting factor during
protein synthesis; therefore, the SCl-triggered
re-distribution of elF4E may jeopardize the
necessarylocal protein translationin neocortical
dendrites. Local protein translation in dendrites
is known to be essential for synaptic plasticity
and is responsive to neuronal activity, which,
in turn, affects the structural and functional
plasticity of the dendrites [36].
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Figure 7. Levels of Ipo13 and Pv mRNA are unchanged, but detached from elF4E after SCI in contra-lesional
sensorimotor neocortices. (A) Quantitative RT-PCR analysis of contra-lesional sensorimotor neocortices
showed no change in Ipo73 mRNA levels 1 and 3 days after SC. (B) elF4E RIP coupled to qRT-PCR showed
decreased binding of both Ipo713 and Pv mRNAs 1 and 3 days after SCI.
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Sham

1 day SCI
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Figure 8. Dendritic polarity of projection neurons of sensorimotor neocortices is disrupted after SCl. (A-F)
Representative confocal images of SMI-32 immunostaining of contra-lesional sensorimotor neocortices
show disrupted polarity of dendrites of neocortical projection neurons 1 and 3 days after SCI.

Phosphorylation states of an RBP determine

its function, such as mRNA translation.

Importantly, phosphoproteins were shown
to be strongly affected in lesioned peripheral
neurons [6]. These data indicate that that RBP-
dependent mRNA translation may be central
in acute responses of injured neurons after SCI.

In addition, it was recently shown that genetic

manipulation of PTEN/Akt/mTOR pathway in CS
neurons improved the CS regeneration after SCI
[71. Both PTEN/Akt/mTOR signaling and neuronal
activity play a role in phosphorylation and,
thus, in the function of Eukaryotic translation
initiation factor 4E (elF4E. Thus, a strong link
may exist between CS axonal regeneration and
proper elF4E function. Recent reports show
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Figure 9. elF4E is expressed in projection neurons of human adult primary motor cortex. Medial part of
human primary motor neocortex, where legs are represented in human motor homunculus, was
immunostained for elF4E. elF4E is expressed in projection neurons of all layers, mimicking the

expression in mice sensorimotor neocortices.

that phosphorylation of elF4E can be regulated
by curcumin [37], a polyphenol derived from
Curcuma longa that is usually used as a food
spice. Beside its effects on elF4E in cancer cells,
curcumin was shown to provide neuroprotection
in the spinal cord and to improve functional
recovery after SCI [38,39]. Relevant to this
study, it is interesting to note that in distinct
type of cancer cells, curcumin increased levels
of phospho-elF4e [37], which we found to be
downregulated in sensorimotor neocortices
after SCl. Therefore, curcumin may promote
some elF4E-dependent events, which are lost
after SCl, indicating its potential as a possible
novel SCI drug that would be both widely
available and affordable. Nevertheless, we found
elFAE phosphorylation to be decreased after SCI,
further indicating that mRNA translation events
are affected acutely post-SCl in contra-lesional
sensorimotor neocortices.

Although neocortical projection neurons
in different neocortical layers share the highly
polarized morphology,
layer has a specific subset of projection

each neocortical

neurons characterized by distinct functions,
transcriptional programs, axonal connections

and dendritic complexities. Critical to the
function of each neocortical neuron is how
it processes polarized synaptic inputs. The
most polarized parts of neocortical projection
neurons will receive input from distant brain
regions, such as thalamus via thalamocortical
axons [28]. Thus, one can reason that loss of
polarity of apical dendrites of neocortical
projection neurons in all layers of sensorimotor
neocortices may also be affected after thalamic
sensory input is disrupted due to SCI.
Reorganizational changes depend on both
the derived stimuli and the internal molecular
programs that bring information from the
membrane of the neuron to the nucleus.
Importins are among the molecules that
show stimulus-induced nuclear translocation
and response to activity changes [21,23].
In particular, Importins may bind a nuclear
(NLS)
cytoplasmic tail of synaptic molecules. This

localization  signal present in the
binding is crucial since it allows Importins
to translocate transcription factors, such
as CREB2,

transcription-dependent forms of neuronal

into the nucleus and induce

plasticity [22-24]. In addition to this synapse-
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to-nucleus translocation during synaptic
plasticity, Importins were shown to bring
signals to the nucleus from injured axons [21].
Thus, Importins may convey major intracellular
signals to stabilize sensorimotor dendrites, like
IPO13in our case. As shown by our experiments,
an SCI induced loss of polarity of projection
neurons in  contra-lesional sensorimotor
neocortices and IPO13-protein expression was
decreased. Thus, alterations in IPO13, or other
Importins, may ultimately lead to permanent
plastic changes of neocortical dendrites and
information processing after SCI.

Furthermore, within interneuronal subtypes,
thalamocortical predominantly
target [39].

These PV expressing interneurons target cell

contacts
PV expressing interneurons
body and axon initial segments, forming so-
called baskets around neocortical projection
neurons, including CS. Surprisingly, these
PV-positive basket cells excite rather than
inhibit postsynaptic neurons [25]. Thus, beside
both retrograde changes in CS neurons and
changes induced via thalamocortical axons
on projection neuron dendrites, an SClI will
also likely induce significant changes in
interneurons and provoke further the activity
dependent dendrite changes of sensorimotor
neocortices [30].

In summary, we have shown that a lateral
hemisection SCl acutely disrupts elF4E in
contra-lesional  sensorimotor  neocortices,
leading to disruption in elF4E function, and
preventing its binding to target mRNAs, such as
Ipo13 and Py, thus resulting in aberrant mRNA
translational control. Therefore, elF4E and a
subset of neocortical mRNAs after SCI may be
rapidly recruited to translational machinery
to induce regeneration. Thus, promoting the
neocortical elF4E-dependent mRNA translation
in sensorimotor neocortices after SClI could
improve the adaptive regeneration efforts of
sensorimotor neurons.
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