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Background: Iron oxide nanoparticles (IONPs) can attenuate oxidative stress in a neutral
pH environment in vitro. In combination with an external electromagnetic field, they can also
facilitate axon regeneration. The present study demonstrates the in vivo potential of IONPs to
recover functional deficits in rats with complete spinal cord injury.

Methods: The spinal cord was completely transected at the T11 vertebra in male albino Wistar
rats. Iron oxide nanoparticle solution (25 Lg/mL) embedded in 3% agarose gel was implanted
at the site of transection, which was subsequently exposed to an electromagnetic field (50 Hz,
17.96 T for two hours daily for five weeks).

Results: Locomotor and sensorimotor assessment as well as histological analysis demonstrated
significant functional recovery and a reduction in lesion volume in rats with IONP implantation
and exposure to an electromagnetic field. No collagenous scar was observed and IONPs were
localized intracellularly in the immediate vicinity of the lesion. Further, in vitro experiments
to explore the cytotoxic effects of IONPs showed no effect on cell survival. However, a signifi-
cant decrease in H,0,-mediated oxidative stress was evident in the medium containing [ONPs,
indicating their free radical scavenging properties.

Conclusion: These novel findings indicate a therapeutic role for IONPs in spinal cord injury
and other neurodegenerative disorders mediated by reactive oxygen species.

Keywords: secondary damage, oxidative stress, electromagnetic field, cytotoxicity,

neurodegeneration, pain

Introduction
The primary injury caused by a spinal cord lesion is generally followed by secondary
damage that results in a number of morphological, physiological, and biochemical
changes, including inflammation, excitotoxicity, cavitations, disruption of neurological
pathways, demyelination, and cell death at the site of the lesion.!!> Cyst formation
and robust infiltration of fibroblasts result in formation of fibrous scar tissue that
creates a physical barrier,'>!* preventing any severed axons or collateral branches of
uninjured axons from growing past the area of the lesion. Therefore, reduction in the
formation of fibrous scar tissue or secondary damage is positively correlated with
functional recovery.'>16

Iron oxide nanoparticles (IONPs) have been widely used in medical diagnostics
and therapeutics because of their unique size, magnetic properties, and ability to
interact with a number of biomolecules. They play a vital role in vivo, especially as
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contrast agents in magnetic resonance and in targeted drug
delivery.'”'® More recently, in vitro experiments have dem-
onstrated their potential to promote regeneration and axon
growth, thereby helping to bridge the gap at the injury site.'**!
For this process to occur in vivo, it is necessary for IONPs
to be able to be loaded in neural cells and that they have
negligible cytotoxicity. When internalized, they have been
found to show concentration-dependent and time-dependent
cytotoxicity.?? In cultured murine macrophage cells, IONP
concentrations above 100 pg/mL for 3—6 hours generate
reactive oxygen species leading to cell death. The cytotoxic
effects of IONPs also vary with the pH of the medium.?* They
can enhance H,O,-induced cell damage dramatically through
their peroxidase-like activity in an acidic environment, and
atneutral pH, they catalyze the breakdown of H,O, into H,O
and O,, thereby reducing oxidative stress.**

Retention and accumulation of IONPs in cells can be
enhanced by an external magnetic field (MF), providing
mechanical tensile forces that may cause axonal sprouting.'?
An MF can also magnetize nanoparticles such that their ben-
eficial effects can be focused to the site of injury. An MF can
noninvasively create electric fields in deep underlying struc-
tures, thereby modulating oxidative stress, apoptosis, release
of neurotransmitters, secretion of neurotrophic factors,
and axonal growth.”*! In rat models of spinal cord injury
(SCI), exposure to a low intensity MF results in significant
improvement in locomotor, sensorimotor, and autonomic
function.?*¢ Stimulation of the motor cortex by repetitive
transcranial magnetic stimulation is beneficial, especially
in lower thoracic SCI lesions, because it activates the cen-
tral pattern generator via descending serotonin pathways.?
In vitro, exposure to an MF increases the overall viability
of mouse monoclonal hippocampal HT22 cells and has a
neuroprotective effect against oxidative stressors.

The present study was designed to explore the potential
of IONPs in the functional recovery from SCI in an in vivo
rat model. IONPs embedded in agarose gel were implanted
in a complete SCI rat model at the site of injury and exposed
to an MF for five weeks. Locomotor and sensorimotor behav-
ioral tests were done weekly to monitor the temporal pattern
of recovery, if any. Tissue and cellular localization of the
IONPs was done by Prussian blue staining and transmission
electron microscopy (TEM). The extent and morphology of
the lesion was analyzed in cresyl violet-stained sections. In
a separate in vitro study to elucidate the possible cytotoxic
effects of IONPs, human glioblastoma multiforme (GBM-
U87) cells were incubated with varying concentrations of
IONPs for different time periods. Finally, the effect of IONPs

on viability of the cells following H,O,-induced oxidative
stress was observed.

Materials and methods

TEM characterization of IONPs

IONPs were sourced from Sigma-Aldrich (St Louis, MO,
USA). The characteristics of the IONPs as reported by the
manufacturer were iron (I, III) oxide nanoparticle (Fe,0,)
solution, with 2.5%-3.5% as solid material, concentration
in water; diameter 10—50 nm (hydrodynamic diameter =1%
mean volume); z-average about 30 nm; and particle size
6.5 + 3.0 nm (including iron-oxide-nucleus). TEM was
performed using a Morgagni 268D device (Fei Company,
Amsterdam, The Netherlands). Next, a 10 uL sample was
placed on a carbon-coated copper grid and allowed to dry
for 30 minutes, with the excess liquid being wicked away
with filter paper. Grids were stored in a desiccator prior to
microscopic observation. Likewise, agarose gel containing
IONP solution was also placed on a carbon-coated grid and
the size of the nanoparticles in the samples was determined
using image processing software (Soft Imaging Systems
GmbH, Miinster, Germany).

In vitro experiments

Cell lines and cultures

A GBM-URT7 cell line was obtained from the American Type
Culture Collection (HTB-14, Manassas, VA, USA). This
particular cell line was used for in vitro testing of the toxic-
ity of the nanoparticles because it was of central nervous
system origin, similar to spinal cord tissue. The cells were
cultured in Dulbecco’s Modified Eagle’s Medium (Gibco®,
Life Technologies, Carlsbad, CA, USA) supplemented with
10% (v/v) heat-inactivated fetal bovine serum, 100 U/mL
penicillin, and 100 pg/mL streptomycin at 37°C in a humidi-
fied 5% CO, incubator (BOD Incubator, SANCO, Delhi,
India), and passaged once every 2-3 days.

Cell survival assay

The in vitro cytotoxic effect of varying concentrations of
IONPs was checked at different incubation times by cell
proliferation assay using an XTT cell titer kit (Promega,
Madison, WI, USA). First, 5000 cells were plated in each
well of a 96-well culture plate. After 24 hours, IONPs
were added to the cells at concentrations of 10, 25, 50 and
100 ug/mL in triplicate. The cells were incubated for 24, or
48, or 72 hours, after which an XTT {2,3-bis (2-methoxy-
4-nitro-5-sulfophenyl)-5-[(phenylamino) carbonyl]-2H-
tetrazolium hydroxide} assay was done at each time point
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to check for cell survival. The absorbance of the sample
was measured at 490 nm. In a separate experiment using
the same conditions, a viable cell count was done using
the trypan blue exclusion method to see whether absor-
bance of iron present in the cells can affect absorbance of
formazan orange.

Hydrogen peroxide-induced oxidative stress assay
The autocatalytic and free radical scavenging properties of
the IONPs were further demonstrated in an H,O,-induced
oxidative injury model using a GBM-U87 cell line.
A 10 mM H,0, solution was added for one hour to both
a control culture and a 25 pg/mL IONP-treated culture at
24, 48, and 72 hours. Cell viability was assayed after one
hour of treatment with H,O,, and viable cells were counted
using the trypan blue exclusion method.

Viable cell counts

To determine whether the presence of IONPs had an effect
on cell survival, GBM-US87 cells were cultured in 96-well
plates (Corning Incorporated Life Sciences, Tewksbury,
MA, USA) at a seeding density of 5000 cells/well in
100 uL culture medium and allowed to proliferate for
24 hours. After 24 hours, IONPs were added to the cells at
a concentration of 10, 25, 50, or 100 pug/mL in triplicate
and incubated for 24, 48, or 72 hours. The cells were then
trypsinized and collected. Counting was done using a Neu-
bauer hemocytometer (Hausser Scientific Company, Hor-
sham, PA, USA) and the trypan blue exclusion method to
determine the number of viable cells per mL in each group.
The effect of H,O, on cell viability was also tested. After
24, 48, and 72 hours of treatment with 25 pug/mL IONPs,
10 mM H,O, was added to the control and IONP-treated
cultures. One hour later, viable cells were harvested and
counted at each time point using the trypan blue exclusion
method as described above.

Animals

Adult male Wistar rats (n = 66, weighing 200-250 g) were
obtained from the Central Animal Facility (All India Insti-
tute of Medical Sciences, New Delhi, India), and housed in
a room with controlled temperature (24°C £ 2°C), humid-
ity (60%—-70%), and a light/dark cycle (14 hours light and
10 hours dark). Food and water were available ad libitum.
The study was approved by the animal ethics committee at
the All India Institute of Medical Sciences New Delhi, India.
The rats were divided into four groups, ie, SCI only (SCI,
n = 18), SCI with IONP implantation (NP, n = 15), SCI with

MF exposure (MFE, n=15), and SCI with both IONP implan-
tation and MF exposure (NP + MF, n = 18).

Surgery

The rats were anesthetized using an intraperitoneally admin-
istered mixture of ketamine 60 mg/kg and xylazine 10 mg/
kg. The thoracic area was shaved and cleaned with povidone-
iodine solution and 70% alcohol. An incision extending
from the upper thoracic region to the upper lumbar region
was made, and the spinal cord was transected at the T11
vertebra with the help of microscissors. After transection,
the cavity was explored with a glass seeker to ensure that no
connection existed between the ends of the transected cord.
The skin and underlying tissue was closed in layers with
1-0 silk sutures (Ethicon, non absorbable surgical suture,
Johnson & Johnson Ltd, Mumbai, India), and antibiotic
powder (neosporin antibiotic powder, GlaxoSmithKline
Pharmaceuticals Ltd., Bangalore, India) was applied locally.
During surgery, the body temperature was maintained using
controlled-heating pads (CMA-150, CMA Microdialysis,
North Chelmsford, MA, USA). In the NP and NP + MF
groups, a 2 mm sample of 25 pg/mL IONPs embedded in
3% agarose hydrogel was implanted at the site of injury
during surgery, whereas only gel was implanted in the SCI
and MF groups.?*®

The rats were injected subcutaneously with 5 mL of
saline to prevent dehydration and injected intramuscularly
with gentamicin-cefazolin 20 mg/kg for five days following
surgery.® The urinary bladder was manually evacuated thrice
daily until spontaneous voiding was achieved. General body
condition, ie, food intake, water intake, and body weight,
were recorded daily.

Twenty-four hours following injury, rats in the MF and
NP + MF groups were exposed to an MF (17.96 uT, 50 Hz,
two hours daily) in a specifically designed chamber (All
India Institute of Medical Sciences) for five weeks. Briefly,
the chamber had two pairs of circular coils of equal diameter
(1.0 m) wound on the same cylindrical surface. The current
ratio between the outer and inner pairs of coils was 2.2604
and a simple turn ratio of 9/4/4/9 yielded a uniform MF
of 17.96 uT in the center of the chamber.** The rats were
kept in a Plexiglas enclosure (All India Institute of Medical
Sciences) and placed on the wooden platform in the middle
of the MF chamber.

Assessment of locomotor function
Spontaneous hind limb function was assessed every week
and scored by two observers blinded to treatment group
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using the Basso, Beattie, and Bresnahan locomotor rating
scale.*! The rats were placed in the center of an open field
and their movement was recorded in the camera for four
minutes. The data were scored and analyzed off line as per
the scoring method.

To assess their ability to balance and coordinate stepping,
the rats were placed on a single moving wheel for three trials
per session on three days per week. The wheel was set at a
constant speed of 4 rpm for 300 seconds and the time of fall
was recorded in seconds. Each trial was scored individually
and averaged for a final score per session.*> An intertrial
interval of 300 seconds was set.

Assessment of sensorimotor function
Sensitivity to noxious thermal stimuli was assessed on alter-
nate weeks using the hot plate test. A hot plate analgesia
monitor (Omnitech, Charlotte, NC, USA) surrounded by a
Plexiglas cage was maintained at 52°C £ 1°C using a ther-
mostat. The latency of hind paw withdrawal was recorded
by a timer. The cutoff time was set at 30 seconds to avoid
damage to tissue in the plantar region.®

Assessment of autonomic function

Urinary bladder function was assessed daily according to
the method described by Liebscher, with modifications.*
The four categories used to score urinary bladder function
were as follows: spontaneous evacuation, partial assistance
for evacuation, total assistance for evacuation, and burst-
ing of the bladder. If a rat was unable to evacuate, manual
evacuation was performed three times a day until evacuation
started spontaneously.

Histology

After five weeks, the rats were deeply anesthetized by
intraperitoneal administration of ketamine 70 mg/kg and
transcardially perfused with cold saline (4°C) followed by
4% paraformaldehyde in phosphate-buffered saline 0.1 M
(pH 7.4). The vertebral column with the spinal cord was
isolated from T5 to L5 and post-fixed in the same fixative
for 24 hours at 4°C. A 10 mm long spinal cord tissue block
containing the lesion epicenter was taken and processed for
cryosectioning. Sagittal sections (16 wm) were obtained and
mounted on poly-L-lysine-coated slides.

Alternate sections from the spinal cord tissue of each rat
were stained with cresyl violet using a standard protocol to
assess the extent of the lesion. The total area of lesional dam-
age in these sections was traced using a microscope (Eclipse
801, Nikon, Tokyo, Japan) and measured using NIS Element

software (Nikon). The area marked by dense gliosis, cysts,
or blank (other than where the agarose gel was introduced)
was considered for calculation of the total area damaged.*!
To calculate the total volume of damaged tissue, the total
area of the single section was multiplied with the number
of sections per spinal cord and the thickness of the single
section. Assessments were made by an investigator unaware
of treatment allocation.

Prussian blue iron staining

Tissue sections were stained for iron using Prussian blue
staining to localize the site of the IONPs. Briefly, the frozen
tissue sections were warmed to room temperature and dipped
in distilled water for 10 minutes for rehydration. Hydrated
tissue sections were then dipped in a 1:1 solution of 10%
potassium ferrocyanide (Merck Millipore, Billerica, MA,
USA) and 20% HCI (Merck Millipore) for 15 minutes. The
slides were rinsed for five minutes in distilled water and
counterstained with nuclear fast red. The sections were then
dehydrated in 95% ethanol, 100% ethanol, and xylene (with
two changes each for five minutes), then mounted with DPX
(di-n-butyl phthalate in xylene) medium (Sigma-Aldrich)
and coverslipped.

Masson’s trichrome staining

Masson’s trichrome staining was done to identify the pres-
ence of collagenous connective tissue at the injury site using
an Accustain trichrome stain (Masson’s kit, Catalog number
HT15, Sigma-Aldrich) following the standard procedure
recommended by the manufacturer.

TEM of spinal cord tissue

TEM was done to observe the localization of IONPs in spinal
cord tissue cells in the NP + MF group. TEM specimens were
prepared after sacrificing the rats, with transcardial perfu-
sion, first with cold saline, then with 4% paraformaldehyde
in phosphate-buffered saline 0.1 M (pH 7.4). The spinal
cord tissue containing the lesion epicenter was then fixed in
Karnovsky’s fixative (TAAB Laboratories Equipment Ltd,
Aldermaston, England) and processed using the standard
protocol for TEM. The sections were stained with 2% uranyl
acetate and lead citrate (TAAB Laboratories Equipment Ltd),
and examined by TEM.

Statistical analysis

Statistical analysis was performed using Statistical Package
for Social Sciences version 15 software (SPSS Inc, Chicago,
IL, USA). The data are presented as the mean + standard
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deviation. The data were compared between the groups every
week using one-way analysis of variance or the Kruskal—
Wallis test, with post hoc analysis using the Bonferroni
test or Mann—Whitney U test. Within-group data were
assessed using repeated-measures analysis of variance, and
the Kruskal-Wallis test was used for analysis of the Basso,
Beattie, and Bresnahan scores and Rotarod results. The
overall difference between the groups was analyzed using
the generalized estimating equation. The Student’s #-test was
used to compare the data for cell viability and cell counting
amongst the groups. A P value less than 0.05 was considered
to be statistically significant.

Results

The 66 rats used in this study were allocated to SCI and
NP + MF groups (n = 18 each) or to MF and NP groups
(n =15 each). Eight rats each from the SCI and NP groups,
seven from the MF group, and four from the NP + MF group
were euthanized because of self-biting/mutilation or urinary
tract infection and/or blockage. No significant difference
in preinjury baseline data was observed between the four
treatment groups.

Characterization of IONPs

A TEM micrograph of IONPs is shown in Figure 1A. The
size distribution was determined by measuring the diameters
of IONPs randomly selected from the TEM micrographs.
Although the IONPs became dispersed and aggregated after
embedding in gel, the particle size was almost uniform,

Figure | Transmission electron micrographs of naked IONPs (A) and IONPs
(arrows) in gel (B). Images of GBM-U87 cells in an untreated culture (C) and after
24 hours of incubation with IONPs 25 ug/mL (D).

Note: Arrowhead indicates intracellular localization of IONPs.

Abbreviation: IONPs, iron oxide nanoparticles.

with a spherical shape and an average diameter of 50 nm
(Figure 1B). Photomicrographs of GBM-US87 cells after
24 hours of incubation with IONPs (25 pg/mL) showed
intracellular localization (Figure 1C and D).

In vitro experiments

Cytotoxicity assay

GBM-U87 cells were treated with different concentrations
of IONPs (10, 25, 50, and 100 png/mL). In comparison with
the controls, treated cells did not show any significant dif-
ference in survival (Figure 2A) at different time intervals
(24 hours [P = 0.989], 48 hours [P = 0.739], and 72 hours
[P=0.359]) at any of the concentrations used. Similar results
were obtained by cell counting using the trypan blue exclu-
sion method (Figure 2C). These results suggest that IONPs
do not cause significant cell death even at concentrations as
high as 100 pug/mL.

H,O,-induced oxidative stress assay

The free radical scavenging properties of IONPs were
assessed in vitro using the same cell line as that used to
assess cell viability (ie, GBM-U87). We added 10 mM
H,0, to the control and 25 pg/mL IONP-treated cultures
for one hour and then determined cell viability. A significant
reduction in cell viability was observed after addition of
H,O, (P=0.001 at 24 hours and 48 hours and = 0.0001 at
72 hours, Figure 2B). However, treatment with IONPs sig-
nificantly enhanced cell survival in comparison with H,O,
alone (P = 0.002 at 24 hours, P = 0.004 at 48 hours, and
P=0.003 at 72 hours, Figure 2B). Similar results were found
for cell counting (Figure 2D). These findings demonstrate
the free radical scavenging properties of the IONPs.

General body condition
Post-injury food and water intake decreased in all groups in
comparison with baseline and remained at a lower level dur-
ing the five-week observation period. Within-group analysis
demonstrated a significant increase in food intake (SCI,
F [4, 36] = 126.330, P = 0.0001; MF, F [4, 28] = 37.967,
P =0.0001; NP, F [4, 24] = 91.151, P = 0.0001; NP +
ME F [4, 52]1=132.399, P=0.0001) and water intake (SCI,
F [4, 36] = 169.893, P = 0.0001; MF, F [4, 28] = 45.284,
P =0.0001; NP, F [4, 24] = 289.619, P = 0.0001; NP +
ME F [4, 52] = 143.492, P =0.0001) during the post-injury
days in all groups, suggesting gradual spontaneous recovery
(Table 1).

Analysis of variance showed a significant effect of MF expo-
sure and [ONP implantation on post-injury food and water intake
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Figure 2 In vitro cell viability assay and cell counting with varying concentrations of IONPs (10, 25, 50, and 100 pg/mL) and incubation for 24, 48, and 72 hours (A). There
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Notes: Statistical significance (P < 0.05) is shown by *Control versus IONP, H O., IONP + H.O

272

Abbreviations: IONPs, iron oxide nanoparticles; H,O

,0,, hydrogen peroxide.

(food, F [2, 19] = 6.093, P = 0.009; water, F [2, 19] = 6.923,
P = 0.0006). Post hoc analysis demonstrated a significantly
increased food intake in the NP + MF group from the first
week onwards when compared with the SCI (P =0.0001), NP
(P=0.0001), and MF (P =10.0003) groups, with the MF group
being significantly different from the SCI (P = 0.019) group
only. Recovery of normal water intake was only observed in the
NP + MF group when compared with the SCI (P=0.0001), NP
(P=0.0001), and MF (P = 0.004) groups.

Because post-injury rat body weight varied widely within
each group, the change in body weight from baseline was

*H,0, versus NP + H,O,.

272

calculated for each rat and subjected to statistical analysis.
Following injury until the observation period of five weeks,
a significant decrease (P < 0.001) in body weight was
observed in all the groups in comparison with baseline.
Within each group, body weight started increasing gradually
from post-injury week 4 (SCL F [4, 36] =7.265, P=0.0001;
MFE, F [4, 28] = 4.441, P = 0.007; NP, F [4, 24] = 29.989,
P=0.0001); NP+ MF, (F [4, 52]=30.811, P=0.0001), sug-
gesting spontaneous recovery. However, treatment had a sig-
nificant effect on body weight (F [2, 19] =7.026, P = 0.005).
On post hoc analysis, the decrease in body weight following

submit your manuscript

2264

Dove

International Journal of Nanomedicine 2013:8


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

IONPs and magnetic field exposure promote recovery from spinal injury

>A
v 8¢
$E>| __ __ ____
< 00 oo oo o o o o
>c£2Z| 8888 8888
d
a 8« c o oo c o oo
o 3
— o 3 o o
N o ¥ n
n - o n o — o
THHAH_ LR HH
N <+ o ™M o
Y n o —90 H +H = o
— — NS o0 S
n NANANANCOCANNMm
N L o ¥ O
— MY g 0 O ¥ =
;NN“'. 2—v—~
'H'H_m +H A+
Hemo H2 H o~ o~
O ®0g oA MmN
WO NC NN ®Oo
<« ——AANocAANNMm
3
— = 3 n =
TN ™6 N = =
o M NN A
THHH_HRH
+ + N
N m oy O N~ <
c N YN n =
) O ninoQ = — < o
e~ ) ———AoANANNAN
©
c
o]
O
e - ¢ — o 3
S ©o R ®@oE
2 283 2255
— +l + + H H
S He HoS N in N
Q — QO
c NN OO NVVOo
g ~ ———=0c -=A&d«
c —
[ V]
- |V
2| ¥ s ]
Lla o » INED Sir
° ©o=-S ygANw®!mv
vl e o N O N oMo
21 _-;+|+|_‘:I+|+|+|
c |l H MmN o N MmN
Qo Qo NS ®n 0N
s ; MV mO oo
€ - OV =——0 — = — =
©
[e]
k=]
o
bt <+ " N N 0
> I = [ o = Q
3 e VN~ o o N < m
a2 _ CH2H R4
X|E|® ) 0 o n o N
[] PRI <<+ HoRN H—=mun
c | & 8 Socoao N O ©
o |alam MMM ANOmMm;m™m
2
)
c
&
c —_
.0 <
= >
8 (6]
S Z
a <
"
£ o
2 2
g o
S £
o 73 <+
2 g n
< — Q ~
c gpAsggpAs
S| 2 Py TeEs N T
Ul s g s
513 cSEE+=2SLc
p ~ °Gn.u.n.>on_u_a_
5|0 SHZEZdHZEZ
I P
= ]
N c
5 g
R
¥ > jry
N ° S
k= 1) = £
L 2 29 —
7]
- 19 = [l 2
o |4 5 > >
Qg S 53 s o
[ < 9 0O o v O
= 1> 0O x> 32 > 32

0.671 0.0001 0.0001 0.0001 0.0039 0.0001

P-value (repeated-measures ANOVA)

SCI (n = 10)

0.0001
0.0001
0.007

0.0001

—45.0 £ 17.95
-35.0+7.1

—49.0 + 16.5

-53.0 £ 12.95
—45.0+£9.6

-50.0 + 12.9
~39.3+89
-38.1 +6.5°
~26.4 + 5.7

0.0001

-345+798
-23.0+80
-30.0+ 6.5
-22.1 £5.12

0.0001

Absolute change
in BW from

—40.7 £9.6

NP (n=7)

-30.6 + 8.6
—13.2 £7.0°<

0.0001

-365+74
=21.1 £ 6.0*<

0.0001

-382+6.5°
—26.9 £ 6.]2b¢
0.0001

MF (n = 8)

baseline (g)

NP + MF (n = 14)

P-value (repeated-measures ANOVA)

Notes: Statistical significance (P < 0.05) is shown by; *SCI versus MF, NP, and NP + MF groups; ®°NP versus MF and NP + MF groups; “MF versus NP + MF group.

Abbreviations: ANOVA, analysis of variance; IONPs, iron oxide nanoparticles; Fl, food intake; WI, water intake; BW, body weight; SCI, spinal cord injury group; MF, SCI + magnetic field group; NP, SCI + IONP implantation group; NP

+ MF, SCI + IONP implantation + magnetic field group.

injury and recovery thereafter was significant in both the
MF and NP + MF groups as compared with the SCI group
(P <0.001).

Locomotor function

The Basso, Beattie, and Bresnahan locomotor rating score
decreased significantly (P < 0.0001) from a preinjury
baseline of 21 in all the groups to 0-2 post-injury week 1,
although a gradual but significant improvement in scores
was observed during the post-injury weeks in all the groups
(SCL ¢?=37.87,P=0.0001; MF, ¥>=31.82, P=0.0001; NP,
x?=27.23, P=0.0001; NP + MF, > =56.00, P = 0.0001).
A statistically significant effect of IONP implantation
combined with MF exposure was observed (y> = 224.89,
P =0.0001). In the NP + MF group, there was a significant
(P =0.0001) increase in the scores, in comparison with the
other groups, from post-injury week 1, which was main-
tained throughout the observation period. Basso, Beattie,
and Bresnahan scores were also significantly (P = 0.001)
higher in the MF group in comparison with the SCI and NP
groups, suggesting an improvement in locomotor behavior.
No significant difference was observed between the SCI and
NP groups (P =0.079, Figure 3A).

Although a gradual improvement in stay time using the
Rotarod test was observed in all the groups over the obser-
vation period of five post-injury weeks (SCI, x> = 13.30,
P =0.0001; NP, x> = 13.26, P = 0.010; MF, x> = 11.30,
P =0.023; NP + ME, %?>=50.11, P =0.0001), there was a
significant decrease in the stay time post-injury as compared
with baseline values before injury (P=0.0001). A significant
effect of IONP implantation combined with MF exposure was
observed even at post-injury week 1 in comparison with the
SCI, NP, and MF groups (P = 0.0001). This increase in stay
time was maintained until five weeks, indicating a beneficial
effect of IONP implantation. No significant difference in stay
time was observed between the SCI and NP or MF groups
(P =0.520, Figure 3B).

Sensorimotor function

In comparison with baseline values, hind paw withdrawal
latency in response to thermal stimulation decreased sig-
nificantly (P < 0.001) in all groups post- injury. Although
a gradual increase was observed in all groups over the
post-injury weeks (SCI, F [2, 18] = 26.711, P = 0.0001;
NP, F [2, 12] =25.002, P =0.0001; ME, F [2, 14] = 33.328,
P =0.0001; NP + ME F [2, 26] = 91.769, P = 0.0001),
hind paw withdrawal latency was significantly higher
in the NP + MF group than in the other three groups
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Figure 3 Effect of IONP implantation and MF exposure on mean (+ SD) BBB score (A) and mean (£ SD) time of stay on the moving Rotarod (B). Significant recovery was
observed in both these tests after IONP implantation and MF exposure starting from week | which continued throughout the observation period. Mean (+ SD) hind paw
withdrawal latency (C) and urinary bladder function (D) were also significantly better in the NP + MF group.

Notes: Statistical significance (P < 0.05) is shown by *SCI versus MF, NP, NP + MF groups; °NP versus MF/NP + MF groups; “MF versus NP + MF group.

Abbreviations: BBB, Basso, Beattie, and Bresnahan locomotor rating; IONPs, iron oxide nanoparticles; SD, standard deviation; SCI, spinal cord injury group; MF, SCI +
magnetic field group; NP, SCI + IONP implantation group; NP + MF, SCI + IONP implantation + magnetic field group.

(F [3, 35] = 18.57, P = 0.0001). No significant difference
was observed in hind paw withdrawal latency between the
SCI and MF groups (P = 0.374, Figure 3C).

Autonomic function

Achievement of complete spontaneous voiding of the bladder
also improved on treatment (F [3, 35] =44.38, P=0.0001).
Post hoc analysis revealed that the most rapid recovery
occurred in the NP + MF group (P < 0.001), although the
MEF and NP groups also recovered earlier than the SCI group
(P < 0.001, Figure 3D).

Histology

The injury profiles (the degree of rostral and caudal tissue
loss in relation to the epicenter) were largely symmetrical
and consistent within each group (Figure 4A). The overall
shape of the injuries was ovoid, showing very little/no spar-
ing of tissue near the injury epicenter. However, the total
volume of the lesion differed significantly (F = 129.12,
P=0.0001) between the groups, being least in the NP + MF
group (Figure 5). Few viable motor neurons were evident

in this group at a distance of 1 mm from the epicenter
(Figure 4B).

Further, in the SCI and NP groups, either dense collag-
enous connective tissue with a sieve-like structure or a single
cystic cavity surrounded by a thick layer of collagen was
observed in trichrome-stained sections from the epicenter of
the lesion (Figure 4C), suggesting scar formation. An intense
glial reaction, with polymorphous nuclear leukocytes,
fibroblasts, plasma cells, and edematous cysts, was evident
in the areas rostral and caudal to the scar. Although the col-
lagen was rather diffuse and less dense in the MF group, it
was negligible in the NP + MF group, indicating absence
of scar formation (Figure 4D). However, in the NP + MF
group, most of the lesions had epicenters containing cysts,
leucocytes, macrophages, and glial cells.

Prussian blue staining identified IONPs in the tissues
immediately rostral and caudal to the injury site, which were
found to be more concentrated under the influence of an MF
in the NP + MF group. The nanoparticles formed clusters and
were present on the cell membrane as well as in the cytoplasm
of neurons (Figure 6A—C).
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Figure 4 Histological analysis of lesion site. Representative images of stained sections from each group showing extent of the lesion (A) and presence of viable motor
neurons (arrowhead) (B) in the NP + MF group. Masson’s trichrome staining for collagenous connective tissue (C). Dense collagenous staining was observed in the SCl and
NP groups (D), indicating scar formation; this was significantly less in the MF group and was absent in the NP + MF group.

Notes: Scale bar (A and C) = 1000 um and (B and D) = 100 um.

Abbreviations: IONPs, iron oxide nanoparticles; SCI, spinal cord injury group; MF, SCI + magnetic field group; NP, SCI + IONP implantation group; NP + MF, SCI + IONP
implantation + magnetic field group.

Discussion deficits observed after SCI in rats. The central nervous system
This study demonstrates the beneficial effect of IONPs com-  has a limited ability to regenerate and repair after injury, and
bined with MF exposure in an in vivo rat model of complete  following complete SCI in rats, there is complete paralysis of
SCI. IONP implantation with MF exposure was able to achieve  both hind limbs and loss of all motor and sensory function, as
a significant reduction in the functional and morphological  observed in the present study. These changes are mainly due

20000

16000

12000 -

8000 -
ab,.c

Volume (mm?)

4000

SCI NP MF NP + MF

Figure 5 Mean (£ SD) total tissue damage volume was significantly less in all groups in comparison with the SCI group, but least in the NP + MF group.

Notes: Statistical significance (P < 0.05) is shown by *SCI versus MF, NP, and NP + MF groups; ®NP versus MF and NP + MF groups; “MF versus NP + MF group.
Abbreviations: IONPs, iron oxide nanoparticles; SCI, spinal cord injury group; SD, standard deviation; MF, SCI + magnetic field group; NP, SCI + IONP implantation group;
NP + MF, SCI + IONP implantation + magnetic field group.
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Figure 6 Prussian blue staining for iron (A), showing that IONPs diffused out of the gel and concentrated in tissues near the site of the lesion. This aggregation of IONPs was
high in the presence of MF in the NP + MF group. The arrowhead indicates the location of IONPs inside the motor neurons and axons (B). Transmission electron microscope

images of tissues showed cytoplasmic localization of IONPs (arrows) (C).
Notes: Scale bar (A) = 100 um, (B) = 10 um, and (C) = 500 nm.

Abbreviations: IONPs, iron oxide nanoparticles; SCI, spinal cord injury group; MF, SCI + magnetic field group; NP, SCI + IONP implantation group; NP + MF, SCI + IONP

implantation + magnetic field group.

to the secondary damage induced by the primary injury that
spreads from the epicenter of the injury to the rostral and caudal
areas, leading to formation of a scar.’'? In trichrome-stained
sections, we also observed thick interconnected bundles of
collagenous tissue at the site of the lesion in rats with SCI,
suggesting scar formation. A number of edematous cavities
and inflammatory cells with no tissue sparing was evident at
the site of lesion, extending up to nearly 2 mm in the rostral
and caudal direction, indicating widespread secondary damage.
The severity of this damage in the surviving tissue corre-
lates directly with loss of function following SCI. Thus, the
complete loss of sensory and motor function associated with
deterioration of general condition and bladder dysfunction
during the observation period of five weeks is supported by
the intensity of the histological changes observed.

MF stimulation creates intense rapid electric fields that can
penetrate soft tissue and bone to reach deep nervous structures.
If the current created is of sufficient amplitude and duration
such that depolarization occurs, neural tissue is stimulated.
MF stimulation provides a microenvironment conducive to
neural repair by stimulating release of neurotrophic factors
that promote migration of glial cells to the site of the lesion

and decrease apoptosis after neuronal injury.® Use of an MF in
restoration of locomotion, improving muscle properties, and
promoting osteoporosis is extremely beneficial in SCI.31-334
Bladder control is also restored by functional magnetic
stimulation in animal models of SCI and in patients.***° In the
present study, the locomotor behavior, feeding patterns, and
body weight of SCI rats exposed to an MF showed significant
improvement in comparison with SCI rats not exposed to an
ME. Attainment of bladder control also occurred five days
earlier in the MF group. These results are comparable with
previous reports of repeated low-intensity MF stimulation
in SCI rats and may be mediated by the effects of the MF on
free radical-induced secondary injury or by activation of the
central pattern generator center for locomotion by serotonin
pathways.?®3¢ 5-Hydroxytryptamine has an important role
in modulating the excitability of motor and sensory neurons
in the spinal cord, thereby influencing locomotion and sen-
sorimotor behavior.’'55 Exposure to an MF has been shown
to restore the metabolism, synthesis, and distribution of
5-hydroxytryptamine in the spinal cord and brain.**" In our
study, the lesion volume was significantly reduced by 37% in
the SCI + MF group compared with the SCI group, along with
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minimal collagenous tissue at the site of the lesion, indicating
attenuated scar formation and thereby limitation of secondary
damage. This may also be responsible for the better functional
recovery observed in MF rats. Previous in vitro and in vivo
studies demonstrating facilitation of axonal and neuronal
regeneration, sparing of white matter, reduction in lesion
volume, increased overall cell viability, and a neuroprotec-
tive effect against oxidative stressors following MF exposure
further support our observations in the MF group.2629-34
IONPs are small-scale structures (<100 nm) that can be
used for biomedical and electronic application and for energy
production. Due to their characteristic superparamagnetic and
other physical properties, they have attracted much interest for
application in vivo. IONPs can be taken up easily by neurons or
axons, and along with an ME provide mechanical tension in the
cell membrane, thereby promoting sprout formation and axonal
regeneration in vitro.?*?! The IONPs used in the present study
were localized intracellularly in the neurons lying immediately
rostral or caudal to the epicenter. Following implantation of
IONPs, the rats were exposed to an MF to promote migration

&=

H,0, —> 2[OH]
/\ Recovery
N

Fe,0, —> Fe,0,+FeO

Free radical scavenging
Fe,0,+H,0

2FgO + 2[0H] —> s
/ Free radical generation

2Fe0 + 1120,

from gel to the tissues and invoke tensile forces to initiate axonal
growth. The high density of IONPs found in areas correspond-
ing to the presence of motor neurons and their intracellular
localization suggests the possibility of axonal regeneration.
Moreover, the implanted IONPs were able to concentrate the
MF at the site of lesion, thereby potentiating the effects of
exposure to the MFE. Therefore, the animals exposed to an MF
along with IONPs performed much better than those receiving
only MF or IONPs. As shown in the results, there was signifi-
cantly less loss of body weight, deterioration of feeding, and
improvement in locomotor and sensorimotor behavior in the
NP +MF group even at post-injury week 1. Spontaneous evacu-
ation of the bladder was achieved around 11 days post-injury,
which was much earlier than in any of the other groups. These
effects may also be due to a significant reduction in secondary
damage in the NP + MF group, because there was a decrease in
lesion volume by 58% and trichrome-stained sections showed
a complete absence of collagenous tissue scar.

In vitro studies were carried out to accomplish two
main objectives: firstly, to observe the cytotoxic effects of

| Fe? + 2°0H (H,0,) |

Magnetic field

TTI Fe*+ OH + °OH | <
Triplet product

Triplet-singlet interconversion

2| Fe*+ OH+°OH m,

Singlet product

Figure 7 Proposed mechanism for free radical scavenging by IONPs (A) and interaction of radical pairs with MF (B).

Notes: The presence of mixed valence states for Fe?* and Fe®* in the Fe,O, acts as an antioxidant, enabling the IONPs to scavenge free radicals from the cell. Hydroxyl radical
(°OH) produced from H,O, reacts with an electron donor (Fe*) and results in generation of a pair of radicals (Fe** + “OH + °OH) by electron transfer from Fe?* to °OH.
An external MF affects interconversion between singlet and triplet states of the radical pair. We believe that low frequency MF leads to spin relaxation and favors generation
of a singlet product and prevents generation of oxidative stress by interaction of the triplet product with biomolecules in the cell. Another set of chemical reactions between
the ions in the cell and Fe,O, then appear to be involved in reversing the oxidation state from Fe** to Fe?. We believe that this is indicative of a cyclical regenerative or
autocatalytic reaction on the part of IONPs.

Abbreviations: IONPs, iron oxide nanoparticles; Fe?", ferrous ion; Fe*, ferric ion; MF, magnetic field; Hzoz,
Fe,O,, iron (I1ll) oxide.
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hydrogen peroxide; “OH, hydroxyl ion; °OH, hydroxy! radical;
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IONPs, and secondly, to clarify the role of IONPs in reduc-
ing oxidative stress. We did not observe any cytotoxicity of
IONPs at concentrations up to 100 pg/mL with incubation
for 72 hours. This is in agreement with the literature, which
shows no effect on cell viability at IONP concentrations up
to 200 pg/mL.* The results of the H,0,-induced oxidative
stress assay in the present study clearly indicate that IONPs
have free radical scavenging properties. At 72 hours, only
44% of cells were found to be viable after incubation with
H,0, alone, whereas following incubation with H O, and
IONPs, viability was increased significantly to 75%. We
propose that the presence of the dual valence states of Fe?*
and Fe** in the IONPs enables these particles to act as anti-
oxidants, allowing them to absorb free radicals.”> IONPs
also appear to be involved in reversing the oxidation state
from Fe* to Fe* and vice versa. This suggests that IONPs
can participate in cyclical regenerative or autocatalytic reac-
tions (Figure 7A).

Further, the MF also plays an important role in poten-
tiating the antioxidant effect of IONPs. The mechanism
proposed for this is as follows: free radicals are very reactive
paramagnetic chemical species because they have an odd
number of electrons and consequently unpaired electron
spins, that may be found in one of two spin states, desig-
nated as T or . The radical pair is a short-lived reaction
intermediate. Two radicals formed in tandem may have their
unpaired electron spins either antiparallel (Fe** +-OH + °OH;
T!, a singlet state with zero total electron spin) or parallel
(Fe** +-OH +°OH; TT, a triplet state with unit spin). Because
each electron spin has an associated magnetic moment, the
interconversion and chemical fates of the singlet and triplet
states can be influenced by the internal (field generated by
magnetized IONPs) and external MF.>® The interconver-
sion from a triplet to a singlet state by the MF leads to spin
relaxation, which is a time-dependent process interfering with
the reactive behavior of an excited triplet state (Figure 7B).
Thus, interaction between the triplet state and biomolecules
in cells may be significantly reduced, leading to decreased
generation of free radicals.

Conclusion

The present study reports significant attenuation of behav-
ioral deficits and secondary damage following implantation
of IONPs combined with exposure to an MF in an in vivo
rat model of SCI. The antioxidant properties of the IONPs
along with spin relaxation by MF appears to be the key to the
neuroprotective action of IONPs, that can lead to significant
attenuation of the secondary injury cascade following SCI.
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