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Abstract

A cell membrane spanning peptide was used to increase the concentration of the IKVAV motif within damaged
mouse spinal cord tissue. This peptide was injected directly to the lesion 24 hours after spinal cord compression
injury. Because the membrane-spanning portion of the peptide adheres to tissue upon injection with a long
half-life we hypothesized that the bioactive IKVAV sequence will provide a sustained regenerative signal at the
sight of injury. Five different groups of mice were used and cellular morphology observations were undertaken
using light and electron microscopy. Three surgical control groups: IKVAV, peptide and mannitol; one surgical
treatment group: IKVAV-peptide; and one non-surgical control group: normal, were used in this experiment. In
this study, treatment with IKVAV-peptide after SCI resulted in an increased number of protoplasmic astrocytes,
large active motor neurons, and regeneration of muscle bundles followed by behavioral improvement. In this
paper, we describe the cellular differences between all groups.
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1. Introduction

Spinal cord injury (SCI) is a debilitating condition which initiates complex cellular and molecular interactions
and changes in an attempt to repair the initial tissue damage. These interactions include contributions from
inflammatory cell activation, reactive astrocytes and the production of both growth- promoting and inhibitory
extracellular molecules (Fitch & Silver, 2008). The use of nanostructures in medicine is an emerging field with
the potential to improve a condition or cure diseases. To assess the feasibility of using a peptide-based
nanostructure that increases the concentration of the IKVAV-motif (isoleucine-lysine-valine-alanine-valine) to
facilitate regeneration of damaged spinal tissue, it is necessary to compare cellular changes within the lesion site
with and without treatment. Biological analysis of SCI in mouse models point to both necrotic and apoptotic
mechanisms of cell death after injury (Beattie et al., 2002). Neuronal and glial apoptosis after spinal cord injury
contribute to the neurological dysfunction (Liu et al., 1997).Spinal cord injury results in glial reaction, leading
eventually to the formation of a glial scar. The glial scar that forms following spinal injury is an evolving
structure; different cells arrive and participate in the creation of a final structure that is predominantly astrocytic.
Thus the astrocyte response to injury is referred to as reactive gliosis (more glia) but in fact, in most types of
injury, the actual amount of glial cell division is relatively small and confined to the immediate penumbra
surrounding the lesion core (Eng, Reier, & Houle, 1987; Reier & Houle, 1988; Reier, 1983). Electron
micrographs of neurons in gray matter have shown fragmented nucleus and condense bodies along with
shrunken cell bodies (Liu et al., 1997). Following injury, skeletal muscle atrophy is a key adaptation resulting
from disuse and immobilization in both complete and incomplete SCI. A few weeks post injury, skeletal muscle
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cross-sectional area (CSA) can be as low as 30% to 50% compared with able-bodied controls. Moreover, skeletal
muscle atrophy has been associated with increasing infiltration of intramuscular fat (IMF) (Gorgey & Shepherd,
2010; Wu et al., 2011; Gorgey & Dudley, 2007). Skeletal muscle atrophy results in numerous other health-related
complications (Gorgey & Shepherd, 2010) including: altered body composition (Spungen et al., 2003);
cardiovascular disease (Bauman & Spungen, 2008); osteoporosis (Demirel et al., 1998); and increased incidence
of metabolic syndrome (Nelson et al., 2007).

2. Methods
2.1 Experimental Design

All animal procedures were undertaken in accordance with the Public Health Service Policy on Human Care and
Use of Laboratory Animals. All procedures were approved by the IACUC. Five groups of female Blab-c mice
(10 weeks of age) were used in this study. After hemilaminectomy all groups underwent T12 spinal cord segment
compression dorsoventrally by the application of a 24 g modified aneurysm clip for 1 min (Poon et al., 1976).
Twenty four hours after injury, each group received different treatment: IKVAV-peptide; IKVAV; and peptide
combined with mannitol. For all experiments, the experimenters were kept blind to the identity of the animals.

2.2 Animal Tissue Acquisition and Preparation

On the day 28, animals were euthanized with an overdose of intraperitoneal Beuthanasia-D (Schering-Plough
Animal Health Corp., Union, NJ) and the spinal cords were removed and immediately placed in 2% buffered
formalin. The spinal cords were kept at 4° C overnight and transferred to the Karnovsky fixative (J 1965) before
placing at 4° C for 3 hours. Four sodium cacodylate buffer rinses were done at 30 minute intervals and the
specimens were transferred into osmium tetroxide (OsQO,) for 1 hr at 25° C. The dehydration procedures were
done using 50% acetone, 70% acetone twice and 100% acetone each for 30 minutes respectively. After
dehydration, the spinal cords were infiltrated using acetone: Spurr’s resin mixture (first with a proportion of 3:1
for 30 minutes) following by 1:1 and 1:3 each for one hour and then 100% Spurr’s overnight on a rotator. After
24 hours, each spinal cord was embedded in the flat mound and kept at 63 °© C overnight. Semi-thin sections
(0.5un) were cut using a Sorvall MT2-b for light microscopic observations and then (60nm) ultrathin sections
were cut with a diamond knife and put on 100 mesh copper grids for transmission electron microscopic study
using Philips CM/12 STEM.

2.3 Muscle Preparation

Upper hind limb muscles were dissected from all groups and fixed in 10% buffered formalin and processed
routinely for light microscopic evaluations.

2.4 Neuron and Muscle Size Quantification

The computer software ImageJ was used to measure the neuron and muscle size using their images. We used pm
as a unit for measuring the surface of each neuron and each muscle bundle.

2.5 Protoplasmic Astrocytes Quantification

Astrocytes were counted in 3 fields of each semithin section for each mouse using calibrated ocular lens with
Lattice lines.

3. Results

Light microscopic observations using semi-thin sections revealed that the main morphological difference
between IKVAV-peptide treated mice and other three groups was the size of the motor neurons. It was interesting
to observe that IKVAV-peptide treated mice had neurons even larger than the normal group. In comparison to the
IKVAV-peptide treated group, the other three control groups had smaller than normal neurons with shrunken cell
cytoplasm. Between the three surgical control groups, peptide group had completely shrunken neurons, however,
mannitol and IKVAV both had only very small neurons (Figures 1-2). At the electron microscopic level, a survey
of ultrathin sections revealed that, in the IKVAV-peptide group, all the motor neurons were active consisting of
active cytoplasmic organelles such as extensive rough endoplasmic reticulum (RER), free ribosome, developed
Golgi complex and mitochondria surrounding euchromatic nucleus (Fig. 3B). These ultrastructural
characteristics were similar in appearance to the control untreated group (Normal) (Fig. 3A), however,
IKVAV-peptide treated neurons were much larger and active confirming observations made at the light
microscopic level. In treated control groups, motor neurons were nonactive with shrunken cytoplasm having
dispersed segmented RER and loosely associated nuclear chromatin in their nuclei (Fig. 4). Particularly in all
treated control groups the nuclear membranes were not folded compare with normal and IKVAV-peptide treated
groups (Fig. 3A & B) and the outer nuclear membrane lacked ribosomal attachments in most areas.
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In this experiment, counting the number of protoplasmic astrocytes in each group after 4 weeks of study
demonstrated that the IKVAV-peptide treated mice had more protoplasmic astrocytes surrounding the motor
neurons compared to the normal untreated, mannitol and IKVAV groups. However, the protoplasmic astrocytes
were almost the same in number in both IKVAV-peptide and peptide groups. Observations on the upper hind
limb muscles revealed that in IKVAV-peptide treated group, muscle bundles were thicker in comparison to
IKVAYV, peptide, and mannitol groups but not with normal groups. In addition, the intramuscular fat, which was
also seen between bundles, occupied fewer regions in IKVAV-peptide group than others (Fig. 5).

4. Discussion

In this study, the laminin-derived IKVAV sequence has been incorporated into protoplasmic astrocytes in order to
enhance neural attachment, migration and neurite outgrowth (Kikukawa et al., 1998).To explore the cellular
changes related to this improvement, light and electron microscopic evaluation of neurons, protoplasmic
astrocytes and muscle bundles were undertaken. Findings included that IKVAV-peptide treatment resulted in
neurite reactivation in gray matter, evinced by functional improvement using the modified BBB locomotion
score scale (data not shown) and morphological changes that demonstrated the slow but impressive functional
progress after SCI. Neuronal death is normal during nervous system development but it is an abnormal
consequence of brain and spinal cord injury with two distinct forms of cell death, apoptosis and necrosis
(Mahoney et al., 2005). Microscopic observations of the neurons within the lesion sites produced in this study, is
consistent with other studies, which have described apoptosis and necrotic death after spinal cord injury (Liu et
al., 1997). In the present study, reactivation of neurons with euchromatic nucleus, presence of extensive RER,
free ribosomes and many mitochondria seen in IKVAV-peptide treated group in comparison to other three control
treated groups (IKVAV, peptide, mannitol) was clearly evident. It has been previously observed that the absence
of astrocytes in both white and gray matter results in unsuccessful axon regeneration. The presence of immature
fibrous astrocytes in the white matter and reactive protoplasmic astrocytes in the gray matter of the spinal cord
within the injury site in the early post-injury phase are necessary for axon regeneration (Shibuya, Yamamoto &
Itano, 2009; Kikukawa et al., 1998; Inoue, Kawaguchi, & Kurisu, 1998). Protoplasmic astrocyte enumeration in
the IKVAV-peptide group demonstrated an increased number compared to all groups including the normal
nonsurgical group. This suggests that, in the subacute phase, the existence of astrocytes is necessary for
reactivation of neurons and subsequently regeneration of axons and their absence can markedly exacerbate
neuron and glial cell degeneration. These results are also consistent with other studies (Faulkner et al., 2004;
Okada et al., 2006; Bush et al., 1999; McDonald et al., 1998). Successful spinal cord therapies have been shown
to correlate with reduced atrophy and muscle rebuilding (Mahoney et al., 2005; Adams et al., 2004; Gorgey &
Shepherd, 2010). Both functional improvement was observed in IKVAV-peptide treated mice as well as
confirmation at the microscopic level that revealed increases in the muscle bundle mass and decreased
intramuscular fat.

5. Conclusions

To study the effects of the IKVAV-peptide treatment, a matrix of treatment and control groups of mice were
blinded to investigators to evaluate the effects of this novel nanostructure and assess efficacy under microscopic
and sub-microscopic level. Our findings demonstrate that IKVAV-peptide improves the functional behavior of
cells within spinal cord injury since it promoted neurite reactivation and function. The neurons in IKVAV-peptide
group became more active presumably to compensate for deficits following injury as evinced by more functional
organelles compared to all groups including neurons found in normal spinal cord tissue. Notably, mice in
IKVAV-peptide group showed an improvement in their life quality by being more conscious, active and healthier
than mice in other groups. These findings revealed that a peptide that includes a cell spanning moiety and the
neurite-stimulating motif IKVAV is a unique structure that has the potential to treat and improve the quality of
life among patients with SCI. However, these results are preliminary and this research would benefit from larger
numbers of animals and longer duration to assess a more complete understanding of the applications and
limitations of this technology. Therefore, further investigation is warranted to evaluate the full potential of this
treatment approach in SCI and other conditions where peptide mediated regeneration is possible.
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Figure 1.

Note. (A) Photomicrograph of untreated normal mouse showing a portion of ventral horn of gray matter. A few
relatively large motor neurons with pale nuclei and dark nucleoli (large arrows) can be seen between cellular
processes. Protoplasmic astrocytes are also evident (small arrows). (B) Photomicrograph of IKVAV-+peptide
treated mouse revealing very large active motor neurons (large arrows) surrounded by many nerve fibers (small
arrows). Many protoplasmic astrocytes are visible (smallest arrows). A cross section of spinal canal lining by
large cuboidal cells can also be seen (C). Toluidine Blue X400.
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Figure 2.

Note. (A) In photomicrograph of peptide treated control mouse, most of the motor neurons are atrophied
(arrows). (B) Photomicrograph showing only the gray matter portion of the spinal cord in mannitol treated
control mouse. All motor neurons are again atrophied (arrows). (C) Photomicrograph shows a portion of ventral
horn of gray matter between white matter (WM) from IKVAV treated control mouse. Note the atrophied motor

neurons (arrows). Compare these sections with figures 1A&2B (normal and IKVAV+peptide). Toluidine Blue
X400.
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Figure 3.

Note. Electron micrograph of untreated normal mouse (A). In this micrograph, a protoplasmic astrocyte (PA) can
be seen in close association with a motor neuron (MN). Motor neuron has relatively a large euchromatic nucleus
with prominent dense nucleolus surrounded by small portion of cytoplasm rich in Nissl substances, RER at
arrows and free ribosomes (Circle). A few mitochondria (M) can also be seen. Uranyl acetate and lead citrate
X7100. Electron micrograph of IKVAV+peptide treated mouse (B). Two active motor neurons can be seen, each
with large euchromatic nucleus (N) and prominent electron dense nucleolus. Many cisternac of RER (arrows),
active Golgi complexes (G) and mitochondria (M) are also evident throughout the perikaryon. Note the highly
folded nuclear membranes in both cells. Compared to untreated normal mouse (A), these motor neurons are
much larger. Uranyl acetate and lead citrate X7100.
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Figure 4.

Note. Electron micrograph from peptide treated control mouse (A) shows obviously a shrunken motor neuron
(SMN) with dispersed nuclear chromatin (DNC). Few myelinated nerve fibers (arrows) can also be seen. Uranyl
acetate and lead citrate X7100. Electron micrograph of motor neuron in mannitol treated mouse (B) revealing
another atrophied neuron. The small cytoplasmic portion (SCP) is mostly occupied by degenerated mitochondria
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(M). Uranyl acetate and leas citrate X8800. Electron micrograph of a shrunken motor neuron of IKVAV treated
control mouse (C). Even at this magnification the cellular cytoplasm (CC) is not apparent. Uranyl acetate and
lead citrate X15000. Note the lack of nuclear membrane infolding in all control groups.

Figure 5.

Note. Comparative photomicrographs showing cross sections of the hind limb muscle in different groups, normal
(A), IKVAV+peptide (B), IKVAV (C), mannitol (D), peptide (E) of mice at the same magnification. Note the
presence of thicker bundles in IKVAV+peptide group compared to the other control groups. Blood vessel (BV).
H & E, X400.
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