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Improved Healing after the
Co-Transplantation of HO-1 and BDNF
Overexpressed Mesenchymal Stem Cells
in the Subacute Spinal Cord Injury of Dogs
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Kwang Rae Jo1, Kyeung Uk Choi1, Taeseong Jung1, Namyul Kim1,
YeonSung Son1, Wan Hee Kim1, and Oh-Kyeong Kweon1

Abstract
Abundant expression of proinflammatory cytokines after a spinal cord injury (SCI) creates an inhibitory microenvironment for
neuroregeneration. The mesenchymal stem cells help to mitigate the inflammation and improve neural growth and survival.
For this purpose, we potentiated the function of adipose-derived mesenchymal stem cells (Ad-MSCs) by transfecting them
with brain-derived neurotrophic factor (BDNF) and heme oxygenase-1 (HO-1), through a lentivirus, to produce BDNF
overexpressed Ad-MSCs (BDNF-MSCs), and HO-1 overexpressed Ad-MSCs (HO-1-MSCs). Sixteen SCI beagle dogs were
randomly assigned into four treatment groups. We injected both HO-1 and BDNF-overexpressed MSCs as a combination
group, to selectively control inflammation and induce neuroregeneration in SCI dogs, and compared this with BDNF-MSCs,
HO-1-MSCs, and GFP-MSCs injected dogs. The groups were compared in terms of improvement in canine Basso, Beattie, and
Bresnahan (cBBB) score during 8 weeks of experimentation. After 8 weeks, spinal cords were harvested and subjected to
western blot analysis, immunofluorescent staining, and hematoxylin and eosin (H&E) staining. The combination group showed
a significant improvement in hindlimb functions, with a higher BBB score, and a robust increase in neuroregeneration, depicted
by a higher expression of Tuj-1, NF-M, and GAP-43 due to a decreased expression of the inflammatory markers interleukin-6
(IL-6) and tumor necrosis factor-a (TNF-a), and an increased expression of interleukin-10 (IL-10) (P � 0.05). H&E staining
showed more reduced intraparenchymal fibrosis in the combination group than in other groups (P � 0.05). It was thus
suggested that the cotransplantation of HO-1 and BDNF-MSCs is more effective in promoting the healing of SCI. HO-1-MSCs
reduce inflammation, which favors BDNF-induced neuroregeneration in SCI of dogs.
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Introduction

Primary spinal cord injury (SCI) inflicts neuronal damage

and vascular disruption in spinal cord tissues. This proceeds

toward a secondary SCI, which, with a series of inflamma-

tory and other pathological events, initiates an expanding

zone of destructed tissue with a concomitant inhibition of

neuroregeneration1,2.

Following SCI, the expression of brain-derived neuro-

trophic factor is increased in astrocytes, microglia, and oli-

godendrocytes3, which is responsible for neuronal survival,

growth, and maturation4. Simultaneously, HO-1 expression

is induced after SCI, both in gray and white matter,

primarily in microglial cells and other glial cells5–7 which

have antioxidant and anti-inflammatory properties8,9,

and attenuate neutrophil infiltration10 and CD-8 T-cell

accumulation11.

Allogenic adipose-derived mesenchymal stem cells (Ad-

MSCs) have been found to induce neuroregeneration and
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neuronal differentiation with improved functional outcomes

in dogs with SCI12. The Ad-MSCs are further potentiated by

lentivirus-mediated gene editing with neurotrophic factors,

for more robust neural regeneration and functional out-

comes13. BDNF-MSCs produce excessive amounts of

BDNF, which promotes neural regeneration by upregulating

neural markers such as Tuj-1, nestin, and NF-M in dogs with

SCI14. Similarly, dogs with SCI showed improved functional

recovery with intrathecal injections of HO-1-MSCs due to a

decreased expression of inflammatory cytokines, such as

TNF-a, IL-6, cyclooxygenase-2 (COX-2) as well as

decreased astrogliosis and augmented neuroregeneration15.

Upon considering the essential role of BDNF and HO-1

in recovering from SCI, we hypothesize that BDNF and

HO-1 selectively control inflammation and induce neuror-

egeneration with more favorable, functional clinical out-

comes. Therefore, we produced and used, in combination,

the two different types of Ad-MSCs highly expressing

BDNF and HO-1.

Materials and Methods

Selection of Animal

The experiment was performed on 16 male dogs between

the ages of 1 and 2 years, with an average weight of 10.5 +
1.56 kg. The dogs were randomly divided into four groups,

comprising four dogs each. The groups were assigned

according to the type of cells used. Combination group –

both BDNF and HO-1 overexpressed Ad-MSCs were used

in combination; BDNF-MSCs group – only BDNF overex-

pressed Ad-MSCs were used; HO-1-MSCs group – only

HO-1 overexpressed Ad-MSCs were used; GFP-MSCs

group – only Ad-MSCs expressing green fluorescent protein

(GFP) were injected at the injury site and were used as a

control. The dogs were kept in accordance with the guide-

lines of the Institute of Laboratory Animal Resources, Seoul

National University, Korea. The research was approved by

the Animal Care and Use Committee of Seoul National

University (SNU-160720-13). All the dogs were clinically

sound and showed no neurological abnormality.

Isolation and Culture of ADSCs

The gluteal subcutaneous fat was aseptically collected from

healthy beagle dog of age 1.5 years, under general anesthe-

sia. The tissues were washed with phosphate buffer saline

(PBS), minced in a six-well plate, and digested with collage-

nase type-1 (1 mg/ml, Sigma-Aldrich, St. Louis, MO, USA),

for 2 h under shaking incubation. The suspension was

strained through a nylon mesh of pore size 100 mm and

centrifuged to obtain the stromal vascular fraction (SVF).

The SVF was resuspended and cultured in commercially

available low-glucose Dulbecco’s modified Eagle’s medium

(DMEM; GenDEPOT, Grand Island, NY, USA), supplemen-

ted with 10% fetal bovine serum (FBS; Gibco BRL, Grand

Island, NY, USA), and 1% penicillin and streptomycin (PS),

for 24 h in a humidified incubator at 37�C and 5% CO2.

After 24 h, the Ad-MSCs were washed with PBS to remove

the cells debris, and the medium was changed. Next time

the medium was changed after an interval of 48 h, until the

cells reached 80–90% confluence. The cells were either

stored or subcultured, and further processed for the

experiment16.

Preparation of Transgenic Lentivirus and Ad-MSCs
Transduction

Ad-MSCs were transduced with lentivirus vectors encoding

GFP, canine BDNF with GFP, or canine HO-1 with GFP,

depending on the group to which the cells belonged. For the

preparation of the edited plasmid with the desired gene, the

canine HO-1 and BDNF genes were cloned by referring to

the Pub-Med database. The genes encoding Flag-tagged

BDNF, HO-1, and GFP were amplified by Phusion DNA

Polymerases with the cDNA of canine peripheral blood

(Thermo Scientific, Pittsburgh, PA, USA). The canine-

specific primer set for BDNF (forward, 50-ATGAC

CATCCTTTTCCTTAC-30; reverse, 30-GATAGAAGGGGA

GAATTACC-50), and HO-1 (forward, 50-GACAGCATGC

CCCAGGAT-30; reverse, 30-TCACAGCCTAAGGAGC

CAGT-50), with restriction enzymes EcoRI and BamHI, were

inserted into a pCDH-EF1-MCS-pA-PGK-copGFP-T2A-Puro

vector (System Biosciences, Mountain View, CA, USA).

Dharmacon Trans-Lentivirus packaging system was used

to prepare the transgenic viruses (GE Healthcare, Lafayette,

CO, USA). First, the HEK293 T cells were cultured in a 100

mm culture plate using a high-glucose medium (DMEM)

containing 10% non-heat-inactivated FBS and 1% PS, until

the cell density of 5.5 � 106 cells in 14 ml was reached. The

suspension of DNA transfer vectors encoding GFP, BDNF,

and HMOX-1, the lentiviral packaging mix (Fisher Scien-

tific Cat #14-432-23) encoding viral proteins Gag-Pol, Rev,

and VSV-G, and CaCl2, was made and added, drop-wise, to

the cultured cells for transfection. The cells were incubated

for 10–16 h at 37�C and 5% CO2. The medium was changed

and the viral particles were collected from the culture

medium after 48 h of incubation. Successful transfection was

confirmed by observing GFP expression during incubation

under a fluorescent microscope. Finally, three types of len-

tiviruses, Lenti-BDNF-GFP, Lenti-HO-1-GFP, and Lenti-

GFP, were obtained for gene delivery into the Ad-MSCs.

The concentration of viral particles was determined accord-

ing to the manufacturer’s guidelines. The MSCs were trans-

duced at passage 1, during 50–60% confluence, by the

lentivirus at MOI ¼ 10017, and were subcultured. The trans-

duced cells were cultured with 3 mg/ml puromycine to get a

higher percentage of transduced stem cells. We obtained

three types of cells: Ad-MSCs overexpressing BDNF

(BDNF-MSCs), Ad-MSCs overexpressing HO-1 (HO-1-

MSCs), and Ad-MSCs expressing only GFP (GFP-MSCs).

The modified stem cells were subcultured up to three

passages and were subsequently used for in vivo study.
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Induction of SCI

The SCI was induced by the balloon compression method

under general anesthesia18. A mini hemi-laminectomy was

performed by creating 3–5 mm hole at the fourth lumbar

vertebral arch (L4) using a high-speed pneumatic burr.

A 6 Fr embolectomy catheter (Sorin, Biomedica, Salugia,

VC, Italy) was inserted and advanced to the cranial margin

of the first lumbar vertebra (L1), using fluoroscopic gui-

dance. The balloon was distended with contrast agent

(Omnipaque, Amersham Health, Carrington Hill, Ireland)

diluted in normal saline (50:50) at a dose rate of 50 ml/kg

body weight. The catheter was removed after 12 h. This

technique was found to be reliable and repeated with satis-

factory outcomes in our previous studies12,14,18–20. As found

by computed tomography, this SCI model occludes 80% of

the spinal canal which inflicts compression injury to the

spinal cord12,18. All the dogs were kept under close super-

vision during the experimental period. Each dog was placed

in a big cage with soft bedding comprising 12 mm thick soft

mats to prevent bed sores. Food and water were provided ad

libitum. Manual bladder compression was performed three

times a day to assist with urination.

Transplantation of Overexpressed Ad-MSCs

After 1 week of SCI, BDNF-MSCs, HO-1-MSCs, and GFP-

MSCs were injected. The injured segment of the spinal cord

at L1 was exposed through dorsal laminectomy, and about 1

� 107 cells diluted in 150 ml PBS were injected 2–3 mm deep

into the spinal cord parenchyma. Three injections of 50 ml

each were made: two at the epicenter and one in the center of

the injured spinal cord segment. The cells were injected

slowly, within an interval of 5 min. In the combination

group, we mixed 5 � 106 BDNF-MSCs with 5 � 106 HO-

1-MSCs to make a full dose of 1�107 cells. After Ad-MSCs

transplantation, the dogs were kept for 8 weeks and observed

for functional improvement.

Behavioral Assessment

All the dogs were evaluated for gait analysis before SCI and

after Ad-MSCs injection. The motor activity was assessed by

19-point scoring system of canine Basso, Beattie, and Bres-

nahan (cBBB)21. All the dogs were observed for improve-

ment in functional recovery on a daily basis, when they were

resting in the cage or set free during cleaning and washing of

the cage. On a weekly basis, the improvement in the cBBB

score was recorded. Each dog was allowed to move freely in

a contained area for 4-5 min to observe improvement in

locomotion, weight-bearing ability, and hindlimb coordina-

tion. The movement of the joints and muscle contraction was

recorded when the dog’s hindquarters were lifted with the

base of the tail while standing, and flexion of the joints was

recorded while the dog was lifted by an attendant. For deep

nociception, the phalanges were pinched with an artery

forceps and the degree of pain perception was evaluated

by the degree of limb protraction, lip licking, vocalization,

and facial expressions. The gait evaluation was performed by

three persons blind to the study and the average values were

presented for each dog and group.

Western Blot Analysis

At the end of the experimental period, each dog was eutha-

nized and the spinal cords were extracted through dorsal

laminectomy, from the twelfth thoracic vertebra (T12) to

the third lumbar vertebra (L3). The spinal cord segments

were immersed for 12 h in 10% sucrose at 4�C, followed by

20% sucrose at 4�C for the next 24 h. The duramater was

carefully removed and the spinal cord segments were

embedded and frozen in the optimal cutting temperature

compound (Rica Biosystems, Richmond, VA, USA). The

spinal cord segments were longitudinally incised into two

equal halves; one half was kept for western blot analysis

and the other half was employed for cryosectioning, for

performing immunofluorescent staining, and histopatholo-

gical assessment.

For western blotting, the entire injured segment of the

spinal cord tissue was properly minced and incubated with

300 ml Ripa Lysis Buffer (Gen Depot,Grand Island, NY,

USA), and 3 ml proteinase inhibitor solution (Gen depot) for

30 min on ice, followed by cold centrifugation (4�C, 10 min,

13,000 rpm). In the case of transgenic cells, for the confir-

mation of successful expression of the transfected gene, the

cells of each treatment group were harvested at 90% con-

fluence from three 150 mm petri dishes, pelleted, incubated

with Ripa Lysis Buffer, and centrifuged (4�C, 10 min,

13,000 rpm). The supernatant was collected and the protein

concentration was determined by the Bradford assay. About

20 mg of protein of each sample was separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE), and electrically transferred to a polyvinyli-

dene difluoride (PVDF) membrane. The membrane was

blocked with 5% skimmed milk for 1 h, followed by over-

night incubation with primary antibodies. The following pri-

mary antibodies were used: for neural markers, Tuj-1

(sc69966, b-III-tubulin, immature neurons), neurofilament

(NF-M, mature neurons, sc-398532), GAP-43 (growth asso-

ciated proteins for neuro-regeneration, ab-12274), GFAP

(astrocytes, sc65343), nestin (neural differentiation, neural

stem cells, ab7695); for inflammatory markers, COX2

(cyclooxygenase-2, sc19999), TNF-a (sc1350), IL-6

(interleukin-6, ab-6672), phosphorylated STAT3 (sc1008

R); for anti-inflammatory markers, IL-10 (interleukin-10,

R&D, MAB7352), HO-1 (ab-13243); and for neurotrophic

factor, BDNF (ab-101747). The membrane was incubated

for 1 h at 4�C with anti-mouse secondary antibody

(ab6728), and anti-rabbit secondary antibody (ab6721). The

b-actin antibody (sc-47778) was used as an internal refer-

ence. Protein bands were visualized using Cyanagen WES-

TAR chemiluminescent substrates (Cyanagen, Bologna BO,
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Italy), through the image quant LAS 4000 mini system (GE

Health Care Biosciences, Uppsala, Sweden).

Immunohistological and Histopathological
Assessments

For immunofluorescent staining, the spinal cord segment

was sliced at 10 mm by the cryomicrotome, at –20�C. The

sections were mounted on silane-coated slides, fixed, and

permeated for 10 min with 0.1% v/v Triton X-100, followed

by an incubation with 1% bovine serum albumin in PBS for

30 min (BSA; Sigma-Aldrich). The slides were incubated

with primary antibodies of neural marker Tuj-1, NF-M,

GFAP, and nestin for 24 h at 4�C. This was followed by

2 h incubation of fluorescein iso-thio-cyanate conjugated

anti-mouse (Alexa flour, ab-150111), and anti-rabbit sec-

ondary antibodies (Flamma 648). DAPI was used to stain

the nuclei, and a coverslip was placed over the sections.

The slides were examined under the microscope (EVOS FL

Imaging System, Stanwood, Washington USA). Cells pos-

itive for specific markers were counted from the five ran-

domly selected areas at the injury site, on a slide, through

the integrated cell counting system in the microscope. The

values were expressed as a percentage representing the

average of each slide, and the relative group.

In order to measure the degree of fibrosis, hemorrhages,

and vacuoles, slides were stained with H&E. The images

were obtained to include the entire injured area of the spinal

cord – that is, rostral, caudal, and middle segments of the

injured spinal cords22. The lesions were measured for degree

of fibrosis by computer-associated image analysis system

(Image-J version 1.37; National Institute of Health,

Bethesda, MS, USA). Average values were presented for

each slide and group.

Statistical Analysis

The data was presented as a mean + standard error (SE). All

experiments were analyzed for the presence of general sig-

nificance among the groups by a nonparametric two-way

analysis of variance (ANOVA), and a post hoc Tukey’s HSD

test was used to analyze the significant difference between

two groups. A Student t test was used to examine the

significantly increased expression of HO-1 and BDNF by

HO-1-MSCs and BDNF-MSCs. OriginPro 8.5 software

(Northampton, MA, USA) was used to analyze the data and

P � 0.05 was taken as a significant value. P value was

expressed together with an F or Q value.

Results

Ad-MSCs transfected with BDNF and HO-1 genes were

successfully expressed, as shown by the expression of GFP

and western blot analysis (Figure 1). Western blot showed

significant increase in the expression of BDNF and HO-1 in

transfected Ad-MSCs, relative to GFP-MSCs (Figure 1(b),

t test *P � 0.05).

Corresponding to the type of cells used in vivo, BDNF

was highly upregulated in the combination and the BDNF-

MSCs groups (two-way ANOVA F ¼ 10.35, *P � 0.05).

Figure 1. Expression of transfected HO-1 and BDNF genes in Ad-MSCs. (a) The densities of HO-1 and BDNF proteins in HO-1-, BDNF-,
and GFP-MSCs. (b) Quantitative data obtained by densitometry showing optical densities (ODs) relative to GFP-MSCs, bar represent
average of three samples and standard error, * indicates significance (P � 0.05). (c) The fluorescence of GFP depicting the successful
expression of a transfected gene.
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The expression of BDNF was not significantly different

between the combination and BDNF-MSCs group; however,

its expression was significantly higher in the BDNF-MSCs

group than in the HO-1-MSCs (q ¼ 7.99, *P � 0.05) and

GFP-MSCs groups (q¼ 10.26, *P� 0.05) (Figure 2). It also

showed upregulation in the HO-1 group compared to the

GFP-MSCs group (q ¼ 8.5, #P � 0.05) (Figure 2). Regard-

ing in vivo expression of HO-1, it was upregulated in com-

bination and HO-1 groups (two-way ANOVA F ¼ 9.55,

*P � 0.05). It was significantly higher in the HO-1-MSCs

group compared to the BDNF (q ¼ 5.73, *P � 0.05) and

GFP-MSCs groups (q ¼ 4.69, *P � 0.05).

Behavioral Assessment

The functional outcomes of the use of modified Ad-MSCs

was assessed using the cBBB score. All the dogs were phy-

sically normal with a cBBB score of 19 before the SCI. After

SCI, the score for all the dogs was zero. The hindquarters of

all the dogs were completely paralyzed, showing no deep

pain. After 1 week of SCI, Ad-MSCs were injected (intrathe-

cal), and at the time most of the dogs exhibited few reflexes.

The cBBB score recorded at the time of Ad-MSCs transplan-

tation was 0.25 + 0.5 for combination, BDNF, and GFP-

MSCs groups, and 0 for the HO-1-MSCs group. During the

course of the experimental period the combination, BDNF,

and HO-1-MSCs groups showed improvement in their BBB

score up to an intermediate stage of improvement – that is,

8–13 – however, the GFP-MSCs group remained in the early

stage of BBB score improvement at 0–7.

After 5 weeks the cBBB score become significantly

different among the groups (two-way ANOVA F ¼ 2.34,

P � 0.05) and remained significant after 6 weeks (two-

way ANOVA F ¼ 5.04, P � 0.05), 7 weeks (two- way

ANOVA F ¼ 13.07, P � 0.05), and 8 weeks (two-way

ANOVA F ¼ 2.34, P � 0.05) (Figure 3). A Tukey’s post

hoc test showed that the cBBB score was significantly

improved by the combination group after 5 weeks (q ¼
4.43, *P � 0.05), 6 weeks (q ¼ 5.34, *P � 0.05), 7 weeks

(q ¼ 8.83, *P � 0.05), and 8 weeks (q ¼ 7.72, *P � 0.05)

compared to the GFP-MSCs group. Compared to the HO-1-

MSCs group, the combination group attained significant

improvement in cBBB score after 7 weeks (q ¼ 4.75,
þP � 0.05) and 8 weeks (q ¼ 5.40, þP � 0.05); compared

to the BDNF-MSCs group it attained a significant level after

8 weeks of transplantation (q ¼ 4.7, %P � 0.05) (Figure 3).

Comparing the BDNF group with the HO-1 group, both

showed similar patterns of improvement in the cBBB score

(q ¼ 0.67, ns) after 8 weeks (Figure 3); comparing the

BDNF-MSCs group with the GFP-MSCs group, a signifi-

cantly higher BBB score was found after 7 (q ¼ 4.75,
$P � 0.05) and 8 weeks (q ¼ 5.33, $P � 0.05). A significant

improvement in the score of the HO-1-MSCs group was seen

after 8 weeks (q ¼ 4.66, #P � 0.05) compared to the GFP-

MSCs group (Figure 3). In the combination group, three out

of four dogs were able to stand and support their body

weight; they were able to support their own body weight

when forced to walk as well, but coordination between the

legs was poor. In the BDNF and HO-1 groups, only one out

of four dogs was able to bear its weight. In the GFP-MSCs

group, the dogs were only able to bear their weight when

support was provided at the tuber coxae. Collectively, the

average BBB score obtained after 8 weeks was 10 + 0.8,

8.5 +1, 8.25 + 1.2, and 6.75 + 0.5 for combination,

BDNF, HO-1, and GFP-MSCs groups respectively. Dogs

that were able to support their body weight showed stronger

limb protraction upon phalangeal pinching; however, no dog

vocalized during the pinching process, which may indicate

spinal reflex action with weak recovery of pain perception.

After SCI, all the dogs failed to urinate voluntarily. At the

end of the experimental period, voluntary urination recov-

ered in two dogs in the combination group, one dog each in

the BDNF and HO-1 groups, and none in the GFP-MSCs

group after 8 weeks of Ad-MSCs injection. Defecation was

normal in all dogs.

Neuroregeneration and Differentiation

The expression of Tuj-1, GAP-43, and NF-M was the highest

in the combination group. A Tukey’s post hoc analysis

Figure 2. In vivo expression of HO-1 and BDNF, 8 weeks after transplantation of HO-1- and BDNF-MSCs. BDNF was highly upregulated in
combination and BDNF groups (*P � 0.05) compared to HO-1 and GFP-MSCs groups, while it was also upregulated in the HO-1 group
compared to the GFP-MSCs group (#P � 0.05). HO-1 was upregulated in combination and HO-1 groups (*P � 0.05).
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showed a significant upregulated expression of Tuj-1

(q ¼ 5.14, *P � 0.05), GAP43 (q ¼ 4.40, *P � 0.05), and

NF-M (q ¼ 4.95, *P � 0.05) in the combination group

compared to other groups (Figure 4). It was the same in the

BDNF and HO-1-MSCs groups; however, compared to

GFP-MSCs, the BDNF and HO-1-MSCs groups showed sig-

nificantly higher expression for Tuj-1 (q ¼ 4.23, #P � 0.05),

GAP-43 (q ¼ 5.39, #P � 0.05), and NF-M (q ¼ 6.52,
#P� 0.05). The expression of nestin, GFAP, and GALC was

the same in the combination group and the BDNF-MSCs

group; however, both groups showed a significantly higher

expression of nestin (q¼ 6.71, *P� 0.05), GFAP (q¼ 5.64,

*P � 0.05), and GALC (q ¼ 5.13, *P � 0.05) compared to

the HO-1-MSCs and GFP-MSCs groups (Figure 4). The

expression of GALC was also higher in the HO-1-MSCs

group than in the GFP-MSCs group (q ¼ 4.38, #P � 0.05).

Collectively, the process of neuroregeneration might be

upregulated in the combination group, evidenced by the

Figure 4. Expression of neural markers. (a) The densities of neural markers. (b) Quantitative data obtained by densitometry showing optical
densities (ODs) relative to GFP-MSCs. The expression of Tuj-1, GAP-43, and NF-M was significantly increased in the combination group
compared to the other groups (*P � 0.05), while it was the same between BDNF and HO-1-MSCs groups, but significantly higher than the
GFP-MSCs group (#P � 0.05). The expression of nestin, GFAP, and GALC was the same in the combination and BDNF groups, but
significantly higher than the HO-1- and GFP-MSCs groups (*P � 0.05). GALC was also significantly higher in the HO-1 group compared
to the GFP-MSCs group (#P� 0.05). The graph represents mean + standard error of four dogs per groups, as determined by densitometry
relative to b-actin.

Figure 3. Changes in BBB score until 8 weeks after transplantation of MSCs. The BBB score of the combination group, BDNF-MSCs group,
and the HO-1-MSCs group was significantly higher. *P � 0.05, combination vs. GFP-MSCs; %P � 0.05, combination vs. BDNF-MSCs;
þP � 0.05, combination vs. HO-1-MSCs; $P � 0.05, BDNF-MSCs vs. GFP-MSCs; #P � 0.05, HO-1-MSCs vs. GFP-MSCs. Each group
represents the average score of four dogs (n ¼ 4).
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highest expression of Tuj-1, GAP-43, and NF-M, since an

equal level of upregulated expression of nestin, GALC, and

GFAP, was found in the combination and BDNF groups

(Figure 4).

Expression of Inflammatory and Anti-Inflammatory
Markers

The expressions of inflammatory markers were significantly

reduced in the combination group. A Tukey’s post hoc anal-

ysis showed that the expression of TNF-a and IL-6 was

significantly reduced in both combination and HO-1-MSCs

groups compared to BDNF-MSCs (q¼ 4.12, *P� 0.05) and

GFP-MSCs (q ¼ 4.27, *P � 0.05) (Figure 5). Additionally,

the expression was not different between the BDNF-MSCs

group and the GFP-MSCs group (q ¼ 1.13, ns). COX-2

represented similar expression within the combination,

BDNF-MSCs, and HO-1-MSCs groups; however, this was

lower than the expression in the GFP-MSCs group (q¼ 6.88,

*P � 0.05).

pSTAT3 was upregulated in the combination and HO-1

groups compared to the BDNF-MSCs and GFP-MSCs

groups (two-way ANOVA F ¼ 10.35, *P � 0.05)

(Figure 5). The combination group showed significantly

higher expression of pSTAT3 compared to BDNF-MSCs

(q ¼ 7.56, *P � 0.05) and GFP-MSCs (q ¼ 7.46,

*P � 0.05). Within the BDNF-MSCs and GFP-MSCs

groups, a higher expression in the BDNF-MSCs group

was evidenced than in the GFP-MSCs group (q ¼ 4.29,

#P � 0.05) (Figure 5). IL-10, as an anti- inflammatory mar-

ker, showed upregulation in both the combination and

HO-1 groups, but remained downregulated in the BDNF and

GFP-MSCs groups (two-way ANOVA, F¼ 9.56, *P� 0.05)

(Figure 5). A significantly higher expression of IL-10 was

observed in the combination group compared to the BDNF-

MSCs group (q ¼ 6.26, *P � 0.05) and GFP-MSCs group

(q ¼ 7.45, *P � 0.05) (Figure 5).

Immunohistochemistry

Immunohistochemistry was performed to evaluate the

expression of neural markers Tuj-1, GFAP, NF-M, and nes-

tin in transplanted MSCs and host cells at the injured seg-

ment of the spinal cord. The transplanted cells survived until

8 weeks. They were evenly distributed in the injured spinal

cord segment. Based upon the presence of GFP expression,

the percentage of live transplanted cells observed after

8 weeks was 14.9 + 5.8%, 11 + 4.36%, 14.1 + 4.65%,

10.89 + 5.28% for combination, BDNF-MSCs, HO-1-

MSCs, and GFP-MSCs groups respectively. No clustering

of the transplanted cells was observed. The cells were found

together with endogenous neurons and glial cells, because

GFP-positive cells shown by green and blue color were

found among the cells that were negative for GFP and pos-

itive for blue and red color of the neural marker.

Regarding the expression of neural markers, we found a

similar pattern of expression, compared to that found in

western blot results. We obtained the highest percentage of

Tuj-1 positive cells, at 16.78 + 2.14%, in the combination

group compared to BDNF-MSCs (q ¼ 5.93, *P � 0.05),

HO-1-MSCs (q ¼ 7.65, *P � 0.05) and GFP-MSCs (q ¼
8.64, *P� 0.05). The percentage value was not significantly

different between the BDNF- and HO-1-MSCs groups, at

10.17 + 3.378% and 7.13 + 2.86%, respectively, although

it was higher than that of the GFP-MSCs group, at 4.34 +
0.30% (q ¼ 5.2 #P � 0.05). The percentage expression of

Figure 5. Expression of inflammatory and anti-inflammatory markers. (a) The densities of inflammatory and anti-inflammatory markers. (b)
Quantitative data obtained by densitometry showing optical densities (OD) relative to GFP-MSCs. The expression of TNF-a and IL-6 was
significantly lower in combination and HO-1-MSCs groups compared to BDNF and GFP-MSCs groups (*P� 0.05). The expression of COX2
was significantly decreased in all combination, BDNF-, and HO-1-MSCs groups compared to the GFP-MSCs group (*P� 0.05). pSTAT3 was
upregulated in both combination and HO-1-MSCs group compared to BDNF- and GFP-MSCs groups (*P � 0.05); its expression was also
higher in the BDNF group compared to the GFP-MSCs group (#P� 0.05). IL-10 was significantly higher in the combination and HO-1 groups
(*P � 0.05) compared to the BDNF and GFP-MSCs groups. The graph represents mean + standard error of four dogs per groups, as
determined by densitometry relative to b-actin.
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GFAP was similarly high in the combination group, at 16.87

+ 3.30% compared to the BDNF group, at 14.25 + 1.21%
(Figure 6). The percentage expression of GFAP in the com-

bination group was higher than that of the HO-1 (q ¼ 5.49,

*P � 0.05) and GFP-MSCs groups (q ¼ 4.22, *P � 0.05), at

4.9 + 2.1% and 8.40 + 5.40%, respectively. The BDNF-

MSCs group showed a similar pattern of expression

for GFAP compared to HO-1-MSCs and GFP-MSCs

(Figure 6(a,b)). In case of NF-M-positive cells, the

percentage was the highest in the combination group, at

13.50 + 5.50% compared to BDNF-MSCs (q ¼ 7.07,

*P � 0.05), HO-1-MSCs (q ¼ 7.23, *P � 0.05), and GFP-

MSCs (q¼ 7.56, *P� 0.05) (Figure 6(a,b)), followed by the

BDNF- and HO-1-MSCs groups, at 9.70 + 1.03% and 7.91

+ 0.30%, respectively compared to the GFP-MSCs group,

at 6.27 + 1.68% (Figure 6(a,b)).

Nestin, as a differentiation and stem cells marker, was

high only in the combination and BDNF-MSCs groups, at

13.07 + 0.47% and 11.33 + 3.23%, respectively. These

values were significantly higher than those of the HO-1

Figure 6. Immunofluorescent staining for the expression of neural markers. (a) images of stained slides. The slides were stained with Tuj-1,
NF-M, GFAP, and nestin as red, and the nucleus was stained with DAPI as blue. Each image represents the four samples per group with a
scale bar of 200 mm. (b) Percentage expression of neural marker positive cells. The percentage of cells positive for Tuj-1 and NF-M was
highest in the combination group, followed by higher percentages in BDNF- and HO-1-MSCs groups compared to the GFP-MSCs group
(*#P � 0.05). While the cells positive for GFAP and nestin were similar between combination and BDNF-MSCs groups, they were higher
than the HO-1- and GFP-MSCs groups (*P � 0.05).
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(q ¼ 6.45, *P � 0.05) and GFP-MSCs groups (q ¼ 6.45,

*P � 0.05), at 3.23 + 1.50%, and 4.80 + 3.10%, respec-

tively (Figure 6(a,b)).

Histopathological Assessment

The injured spinal cord showed atrophy, fibrosis, and

hemorrhages (Figure 7(a)). The degree of fibrosis was sig-

nificantly the lowest in the combination group, compared to

other groups (Figure 7(e)). This was followed by higher

fibrosis in the BDNF and HO-1 groups, although lower

compared to the GFP-MSCs (two-way ANOVA F ¼
10.23, *#P � 0.05) (Figure 7(e)). Based on the visual exam-

ination, the combination group showed a well-organized

parenchymal matrix with very few intervening fibrotic

areas in the healthy area (Figure 7(c,d), arrowheads). The

parenchymal matrix was comparatively less organized in

the BDNF and HO-1-MSCs groups, with more intervening

fibrotic areas in these groups than in the combination

group. More robust fibrosis was observed in the GFP-

MSCs group, with a more distorted parenchymal matrix

(Figure 7(c,d)). More hemorrhagic areas were observed in

the GFP-MSCs group than in the BDNF, HO-1, and com-

bination groups (Figure 7(c,d), arrows).

Discussion

The present study indicates that using the transgenic

Ad-MSCs of different strengths – that is BDNF-MSCs and

HO-1-MSCs in combination – has a more favorable effect on

healing than using the BDNF-MSCs and HO-1-MSCs alone.

The results indicated that anti-inflammatory functions of

HO-1 positively manipulate the microenvironment of the

SCI, which allows the BDNF to promote nerve cell growth

more than the BDNF cells transplanted alone.

Ad-MSCs have been used in SCI dogs with improved

functional recovery due to enhanced neuroregeneration, dif-

ferentiation, and reduced intraparenchymal fibrosis. The

treatment groups had shown higher Olby, modified Tarlov,

and BBB scores with an improvement in conduction

velocities observed through somatosensory evoked

potentials12,18,23,24. Similarly, clinical cases of dogs with a

chronic SCI showed improved Olby score after an intrame-

dullary injection of human dental pulp stem cells and phys-

ical therapy25. We potentiated the usefulness of Ad-MSCs

by transfecting them with BDNF and HO-1 genes, through a

lentivirus that showed successful expression in HO-1-MSCs

and BDNF-MSCs, both in vitro and in vivo. As previously

described, the transfection did not negatively affect the via-

bility and proliferation of both HO-1-MSCs and BDNF-

MSCs26,27. In our previous studies, we found that both

BDNF-MSCs and HO-1-MSCs were more potent than MSCs

in terms of healing of the SCI and improvement in functional

recovery14,15. In the present study we injected both HO-1

and BDNF-MSCs, called the “combination group” and com-

pared it with HO-1-MSC, BDNF-MSC, and GFP-MSC

groups. We found improved functional ability in terms of a

higher cBBB score in the combination group compared

to other groups. This improvement might be due to a favor-

able microenvironment created by the types of cells that

were transplanted.

BDNF is a neurotrophic factor that is responsible for

neuronal survival, growth, and maturation4. HO-1 is a kind

of anti-stress protein that is normally expressed in spinal

cord neurons and induced after an SCI, both in gray and

white matter, primarily in microglial and glial cells5,28 that

reduce inflammation, apoptosis, and oxidative injury29.

Because the pathophysiological events with an expression

of proinflammatory cytokines during SCI create an unfavor-

able microenvironment for the regeneration of injured neu-

rons30, it is desirable to control inflammation to get an

optimum healing effect of BDNF. BDNF-MSCs have been

found to induce regeneration in a contused spinal cord of

mice by upregulating GAP-43 and neuron-specific enolase

positive cells (NSE)31. Similarly, in SCI dogs, BDNF-MSCs

and HO-1-MSCs induce neuroregeneration by upregulating

the expression of Tuj-1, NF-M, and nestin14,15. In the present

study, we found an increase in neuroregeneration in both

HO-1- and BDNF-MSC groups, evidenced by a higher

expression of Tuj-1, GAP-43, and NF-M. In the BDNF

group it was due to the enhanced expression of BDNF by

BDNF-MSCs, which stimulated the neuroregeneration. Sim-

ilar increase in neuroregeneration in the HO-1-MSCs group

is attributed to an upregulation of BDNF in the group. This

happen because HO-1 upregulates the expression of BDNF

by activating ERK and PI3K-AKT pathways32, which sub-

sequently activate the TrkB, PI3K/Akt signaling pathways

for neuroregeneration and survival33. However, we found

more robust neuroregeneration in the combination group,

which might be due to the different contribution of two

different types of cells – that is, the control of inflammation

by HO-1-MSCs and neuroregeneration by BDNF-MSCs.

As previously described, the BDNF-MSCs did not

reduce the expression of inflammatory cytokines in chronic

SCI of dogs, but it was reduced with higher expression of

neural and glial markers when the dogs were intravenously

(IV) injected with Ad-MSCs14. The MSCs injected IV

cause systemic immunomodulation, which affects the

inflammatory status of SCI and promotes healing34. We

also found compatible results, regarding the expression of

TNFa and IL-6 in the combination group. It seems that

BDNF continues its role of nerve growth regardless of the

presence of proinflammatory cytokines, but it is more sig-

nificant when the inflammation is controlled. We got the

highest expression of neural markers in the combination

group with GAP43 than both BDNF and HO-1-MSCs

groups, which represent more favorable neuroregeneration

due to the local anti-inflammatory effect of HO-1-MSCs.

HO-1 mediates the anti-inflammatory effect of IL-10 in

mice19, and confers protection to the hepatic ischemia reper-

fusion injury by inhibiting TNF-a mediated activation of

apoptotic pathways35. IL-10 inhibits the expression of
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Figure 7. Histopathology of spinal cord lesions stained with H&E stain. (a) An injured spinal cord showed fibrosis, atrophy, and hemor-
rhages. (b) Spinal cords sliced at the injured segment. (c) The fibrotic (red and pink) and healthy areas (purple) at the injured spinal cord
section, at low magnification (40�), and (d) at high magnification (100�); scale bar 200 mm. (e) Percentage expression of fibrotic area. There
is fibrosis at the epicenter that covers most of the healthy areas at the injured segment (c). The percentage fibrosis in the combination group
was lower than in the other groups ((e), *P � 0.05), followed by lower fibrosis in BDNF- and HO-1-MSCs groups compared to GFP-MSCs
((e), #P � 0.05). Arrowheads denote fibrotic areas, while arrows indicate hemorrhages. The degree of hemorrhage was lower in combi-
nation, BDNF, and HO-1-MSCs groups compared with the GFP-MSCs group. Each picture (c) and bar (e) represents four samples per
group (n ¼ 4).
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proinflammatory cytokines and pro-apoptotic factors such as

IL-6, TNF-a, etc., which increases nerve tissue sparing and

improves functional recovery36. In the present study, the

expression of inflammatory markers TNF-a and IL6 was

significantly reduced in both combination and HO-1 groups,

which is compatible with the previously reported data of

canine SCI treated with HO-1-MSCs15. We further con-

firmed that the anti-inflammatory effect was due to the upre-

gulation of IL-10. As an anti-inflammatory marker, IL-10

was significantly upregulated in both the combination and

HO-1-MSCs groups, compared to the BDNF and GFP-MSCs

groups, which suppressed the expression of TNF-a and IL-6,

increasing nerve tissue sparing by impeding further progress

into the secondary SCI, and this might be the reason for more

potent action of BDNF in the combination group.

COX2 expression is induced by TNF-a, which further

induces inflammation by regulating prostaglandin

E2 synthesis37. HO-1 overexpression attenuates the

lipopolysaccharide-induced COX2 expression in the mouse

brain38. Additionally, BDNF overexpression suppresses

COX2 expression in a transgenic mice model of Alzhei-

mer’s Disease39. In the present study, COX2 was down-

regulated in the combination, BDNF, and HO-1-MSCs

groups, which confirms the inhibitory effect upon COX2

in dogs with SCI; however, this effect was not observed in

a chronic SCI dog model treated with BDNF-MSCs14. This

may indicate that BDNF-MSCs act differently in control-

ling the expression of COX2 when transplanted in different

stages of SCI.

Previously, both HO-1-MSCs and BDNF-MSCs were

found to reduce the degree of fibrosis and hemorrhages at

the injury site14,19; however, we report a reduction in the

degree of fibrosis, more significantly in the combination

group than in the HO-1- and BDNF-MSCs groups.

As a result of SCI, a blood–brain barrier is disrupted,

which allows the infiltration of leukocytes at the injured

segment of the spinal cord, which together with glial cells

build a glial scar. The glial scar inhibits further injury to the

injured spinal cord segment but it also interferes with the

healing process40. Resident cells in the glial scar produce

copious amounts of inhibitory factors, such as chondroitin

sulfate proteoglycans (CSPG) and matrix metalloprotei-

nases, that inhibit axonal regeneration41. Various experimen-

tal data suggest that inhibiting the glial scar ameliorates the

microenvironment of the injured spinal cord for the growth

of neurofilaments. Various agents such as decorin, hepato-

cyte growth factors, curcumin macrophage colony stimulat-

ing factors, etc. have been experimentally found effective in

reducing the glial scar, with improved functional recovery

and increased gray matter40. There are also conflicting data

available in the support of astrogliosis. Astrocyte scar for-

mation has been found to support the regeneration of corti-

cospinal and serotonergic axons in SCI of rats42. The role of

astrocytes in neuroregeneration is significant because they

inhibit microglial activation and control inflammation43.

We also found a favorable effect of astrocytes on

neuroregeneration, as both GFAP and nestin were equally

upregulated in both the BDNF-MSCs and combination

groups, and neuroregeneration was not affected by astro-

cytes, as evidenced by a higher expression of Tuj-1,

GAP-43, and NF-M.

A challenge during the repair of SCI is the re-myelination

of newly formed neurons, and the neurons that get demyeli-

nated during secondary SCI. Fibroblasts overexpressing

BDNF were found to promote myelination of newly

formed neurons by inducing oligodendrocyte and Schwan

cell proliferation44, and the expression of myelin basic

protein45. The marker specific for oligodendrocytes and

re-myelination, GALC, was upregulated equally in both the

combination and BDNF-MSCs groups, compared to the

HO-1- and GFP-MSCs groups, which may represent a sti-

mulatory effect of BDNF upon re-myelination. GALC was

also upregulated in the HO-1 group compared to GFP-MSCs

group, and this may be due to a higher expression of BDNF

in the HO-1-MSCs group. These results do not comply with

our previous findings, which showed the downregulation of

GALC in both BDNF-MSCs and HO-1-MSCs used in

chronic and subacute SCI models of dogs respectively14,15.

GALC expression was reduced with systemic immunosup-

pression due to MSCs injected IV14; however, the local

immune suppression in the combination group of the present

study did not reduce the expression of GALC, which may

indicate the different behavior of BDNF-MSCs in the

chronic stage of SCI.

Signal transducer and activator of transcription 3

(pSTAT3) is a transcription factor that mediates multiple

pathways related to neuroregeneration and differentiation.

STAT3 activation enhances axonal regeneration and neuro-

protection after an SCI by activating the JAK/STAT3 and

PI3K/AKT/mTOR pathways33,46. STAT3 activation med-

iates the activation of tyrosine kinase-A receptors by BDNF,

which are required for nerve growth and survival47. Pertain-

ing to HO-1 expression, IL-10 induces HO-1 expression by

activating STAT348. In the present study, STAT3 was highly

upregulated in both the combination and HO-1 groups,

which suggests the activation of IL-10/pSTAT3/HO-1, as

well as the pathways associated with neuronal regeneration,

as previously described. STAT3 was also upregulated in the

BDNF group compared to the GFP-MSCs group, which may

indicate the BDNF activation of STAT3 for TrkB signaling,

required for neural regeneration49.

Collectively, we get enhanced neuroregeneration in the

combination group, that is, a higher expression of Tuj-1,

GAP-43, and NF-M, with BDNF-associated benefits of nes-

tin and GFAP expression favored because of the noninhibi-

tory environment created by HO-1-MSCs, by controlling the

expression of TNF-a, IL-6, and COX2. Thus, this could be a

novel strategy to selectively control inflammation and

induce neuroregeneration by using two different types of

MSCs, with good clinical outcomes. We used dogs as an

experimental SCI model because large animals’ experimen-

tal SCI models are considered more appropriate than those of
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rodents in order to translate these studies into human beings.

Because of most of the anatomical and histopathological

similarity with human beings, the studies conducted on dogs

and primates with experimental SCI can be applied in human

beings as well50. The injury pattern of the spinal cord in

dogs, such as naturally occurring intervertebral disk hernia-

tion (IVDH), has a close resemblance with IVDH in humans.

Magnetic resonance imaging showed similar post-traumatic

myelopathies, such as cystic cavities, spinal cord atrophy,

and syringomyelia in dogs and humans due to IVDH51. We

used balloon compression SCI model in dogs, which closely

mimic the contusion or compression caused by IVDH in

dogs and humans52. Therefore, the methodology and tech-

niques used in the present study could have favorable out-

comes for SCI in humans as well. Moreover, it will also help

to investigate more combinations of suitable cell types in the

future, to selectively manipulate various factors for better

clinical outcomes.

Conclusion

From the present study, it can be concluded that HO-1-MSCs

inhibit the expression of inflammatory cytokines, which

establishes a favorable environment for BDNF-induced neu-

roregeneration in dogs with subacute SCI.
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mer S, Dening R, Stein VM, Tipold A. Chronic post-traumatic

intramedullary lesions in dogs, a translational model. PLoS

One. 2017;12(11):e0187746.

52. Cheriyan T, Ryan D, Weinreb J, Cheriyan J, Paul J, Lafage V,

Kirsch T, Errico T. Spinal cord injury models: A review. Spinal

Cord. 2014;52(8):588–595.

Khan et al 1153



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


