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Abstract

Spinal cord injury (SCI) results in permanent loss of motor and sensory function due to 

developmentally-related and injured-induced changes in the extrinsic microenvironment and 

intrinsic neuronal biochemistry that limit plasticity and axonal regeneration. Our long term goal is 

to develop cationic, amphiphilic copolymers (poly (lactide-co-glycolide)-g-polyethylenimine, 

PgP) for combinatorial delivery of therapeutic nucleic acids (TNAs) and drugs targeting these 

different barriers. In this study, we evaluated the ability of PgP to deliver siRNA targeting RhoA, a 

critical signaling pathway activated by multiple extracellular inhibitors of axonal regeneration. 

After generation of rat compression SCI model, PgP/siRhoA polyplexes were locally injected into 

the lesion site. Relative to untreated injury only, PgP/siRhoA polyplexes significantly reduced 

RhoA mRNA and protein expression for up to 4 weeks post-injury. Histological analysis at 4 

weeks post-injury showed that RhoA knockdown was accompanied by reduced apoptosis, cavity 

size, and astrogliosis and increased axonal regeneration within the lesion site. These studies 

demonstrate that PgP is an efficient non-viral delivery carrier for therapeutic siRhoA to the injured 

spinal cord and may be a promising platform for the development of combinatorial TNA/drug 

therapy.

1. Introduction

Functional recovery following spinal cord injury (SCI) is limited by multiple 

developmentally-related and injury-induced mechanisms that restrict plasticity and axonal 

regeneration in the adult central nervous system (CNS). Damaged axons that survive the 
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initial insult and secondary neuronal cell death are confronted with degenerating myelin and 

glial scarring. Three myelin-associated inhibitors (MAIs) have been identified (Nogo-A, 

myelin associated glycoprotein, and oligodendrocyte myelin glycoprotein) that bind to 

neuronal NgR1 and PirB receptors [1-5]. In addition, reactive astrocytes in the glial scar up-

regulate expression of chondroitin sulfate proteoglycans (CSPGs) that bind to PTPsigma, 

leukocyte common antigen-related (LAR) phosphatase, and NgR1/NgR3 [6-8]. The 

signaling pathways of both classes of inhibitors as well as several axon guidance molecules 

converge on the activation of RhoA / Rho kinase (ROCK) [9-12] Subsequent effects on 

downstream targets including myosin light chain, LIM kinase/cofilin, and collapsin response 

mediator protein 2 interfere with cytoskeletal dynamics necessary for axonal growth [13-15]. 

A wide range of therapeutic strategies targeting growth inhibitory ligands, their receptors, 

and Rho/ROCK signaling have been shown to increase axonal regeneration and improve 

functional recovery, including preclinical primate models and initial human clinical trials 

[16-18]. However, the incomplete and variable regenerative response achieved by these 

approaches suggests the existence of additional barriers that restrict regeneration.

Recently, analyses of embryonic CNS neurons, the dorsal root ganglion conditioning lesion 

model, and transcriptomic/proteomic comparisons of PNS/CNS injury response have 

highlighted the importance of intrinsic neuronal biochemistry in determining regenerative 

capacity [19-21]. Relative to adult CNS neurons, these models have identified substantial 

differences in retrograde injury signaling [22], axonal transport [23], microtubule stability/

organization [24], mTOR activation [25, 26], cAMP levels [27], and transcription factor 

expression [26, 28, 29]. One of the most promising intrinsic targets is phosphatase and 

tensin homolog (PTEN) that negatively regulates the Akt and mTOR pathways involved in 

cell survival and metabolism, respectively [30]. However, PTEN deletion alone does not 

elicit a maximal regenerative response and can be significantly enhanced by co-deletion of 

Nogo or suppressor of cytokine signaling 3 (SOCS3), a negative regulator of the Jak/STAT 

signaling pathway activated by some neurotrophic factors [31, 32]. Similarly, improved 

anatomical and functional outcomes have been achieved in several preclinical models using 

two or more treatments to simultaneously activate intrinsic growth capacity and neutralize 

extrinsic growth inhibition [33-35]. Collectively, these studies demonstrate the importance of 

combination therapies in overcoming the complex barriers to regeneration in the adult CNS 

[36-38].

Our long-term goal is to develop neuron-specific, micellar nanotherapeutics for 

combinatorial delivery of siRNA and hydrophobic drugs to the injured CNS. Toward this 

end, we have previously synthesized and characterized a cationic, amphiphilic block co-

polymer, poly (lactide-co-glycolide)-graft-polyethylenimine (PgP) [39]. PgP micelles offer a 

hydrophobic core for solubilization of neuroprotective or neurogenic drugs, while the 

cationic shell can form polyelectrolyte complexes with therapeutic nucleic acids. siRNA 

offers several advantages for neural regeneration applications, including the large number of 

CNS targets therapeutically responsive to knockdown (RhoA, PTEN, SOCS3, etc.), 

specificity, and the ability to design sequences for different targets with minimal change in 

overall physicochemical properties that might affect carrier interactions and delivery 

properties. Previously, we have shown that PgP can efficiently transfect a variety of neural 

cell lines in vitro in the presence of 10 % serum as well as deliver pDNA to the normal rat 
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spinal cord [39]. Using RhoA as a well-established therapeutic target, here we investigate 

the ability of PgP to deliver siRNA (siRhoA) in B35 cells and in a rat compression spinal 

cord injury model. We show that PgP/siRhoA exhibits increased tissue retention time 

relative to naked siRNA after local injection and maintains RhoA knockdown for up to 4 

weeks, resulting in reduced apoptosis and cavitation/astrogliosis and increased axonal 

regeneration relative to untreated SCI animal groups.

2. Materials and Methods

2.1. Materials

Poly (lactide-co-glycolide) (PLGA 4 kDa, 50:50) with a carboxylic end group was 

purchased from Durect Corporation (Pelham, AL). Branched polyethylenimine (bPEI, 25 

kDa), dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS), and heparin sodium 

salt from porcine intestinal mucosa were purchased from Sigma-Aldrich (St. Louis, MO). 

Carbon-coated grid and 0.5 % Ruthenium tetroxide (RuO4) solution were obtained from 

Electron Microscopy Sciences (Electron Microscopy Sciences, PA). The silencer® Pre-

designed siRNA targeting RhoA (ras homolog family member A, NCBI Reference 

Sequence: NM_057132.3, siRhoA) and Silencer Negative Control siRNA (NT-siRNA) were 

purchased from Ambion (Austin, TX). RNeasy plus mini kit and QuantiTect®SYBR Green 

PCR Kit were purchased from Qiagen (Valencia, CA). Protein marker and a molecular 

weight ladder (1kb DNA Ladder) were from Bio-Rad (Hercules, CA). BCA protein assay 

kit, N-PER™ neuronal protein extraction reagent and albumin standard were obtained from 

Thermo Fisher (Rockford, IL). Label IT® siRNA Tracker Intracellular Localization Kit was 

purchased from Mirus (Madison, WI) and ApopTag® Plus In Situ Apoptosis Fluorescein 

Detection Kit from EMD Millipore (Billerica, MA). Dulbecco's Modification of Eagle's 

Medium/Ham's F-12 50/50 mix with L-glutamine (DMEM/F12), 100× stock solution of 

penicillin/streptomycin, and 0.05 % trypsin/0.53 mM EDTA in Hank's Balanced Salt 

Solution were obtained from Mediatech Inc (Manassas, VA) and fetal bovine serum (FBS) 

from Hyclone (Logan, UT). Other reagents were commercial special-grade, used without 

further purification.

2.2. Stability of PgP/siRNA polyplexes by gel retardation assay

Cationic, amphiphilic copolymer PgP (poly(lactide-co-glycolide)–g-polyethylenimine) was 

synthesized using PLGA (4 kDa, 50:50) with a carboxylic end group and branched 

polyethylenimine (bPEI, 25 kDa) as previously described [39]. The formation of stable 

polyplexes was evaluated by gel retardation assay. PgP/siRhoA polyplexes were prepared at 

various N/P ratios in deionized water and incubated for 30 minutes at 37 °C. bPEI/siRhoA 

polyplexes at N/P ratio 5/1 and RNAiMAX/siRhoA prepared according to the 

manufacturer's instructions were included as controls. The polyplexes were loaded on a 2 % 

(w/v) agarose gel and electrophoresed for 90 minutes at 80 V. The gel was stained with 

ethidium bromide (0.5 μg/ml) for 30 minutes and imaged on a UV illuminator (Alpha 

Innotech FluorChem SP imager) to visualize the migration of polyplexes and naked siRhoA.
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2.3. Knockdown efficiency and cytotoxicity of PgP/siRhoA polyplexes in serum condition 
in vitro

B35 neuroblastoma cells (CRL-2754, ATCC, Manassas, VA) were seeded in 24-well plates 

at a density of 8 × 104 cells/well in 10 % serum-supplemented medium. After overnight 

incubation, the cells were washed twice with fresh medium. PgP/siRhoA polyplexes (1μg of 

siRhoA) at N/P ratios ranging from 5/1 to 30/1 were prepared. PgP/NT-siRNA at N/P ratio 

of 30/1, bPEI/siRhoA polyplex at N/P ratio of 5/1, and RNAiMAX/siRhoA prepared 

according to manufacturer's protocol were also included for comparison. Non-transfected 

cells were used as a control. The cells were transfected with polyplexes in medium 

containing 10 % FBS, incubated for 24 hours and then the media containing polyplexes were 

removed and replaced by fresh medium containing 10 % FBS. The cells were incubated an 

additional 48 hours. At 72 hours post-transfection, the cells were lysed and total RNA was 

isolated using RNeasy mini kit. The isolated RNA quality and quantity were evaluated by 

Take 3 using a BioTek synergy microplate reader (BioTek, Synergy HT). Complementary 

DNA (cDNA) was synthesized by reverse transcription reactions with isolated total RNA 

(0.5 μg) using moloney murine leukemia virus (MMLV) reverse transcriptase with oligo 

(dT) primers (RetroScript Kit; Ambion). Real-time PCR was performed using target-specific 

primers (final concentration: 0.5 μM) using SYBR Green PCR kit in a Rotorgene Q thermal 

cycler (Qiagen). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an 

endogenous control. Primers for Rho A: forward primer: 5′-TTC GGA GTC GTC GTC 

TTG AG-3′, reverse primer: 5′-CCA CAA GCT CCA TCA CCA AC -3′. Primers for 

GAPDH: forward primer: 5′- ATG GCC TTC CGT GTT CCT AC-3′; reverse primer: 5′-
AAC TTT GGC ATC GTG GAA GG -3′. The cycle number at which the amplification plot 

crosses the threshold was calculated (CT). Relative mRNA expression levels of RhoA were 

calculated using the 2-ΔΔ Ct method [40]. The minus RT (reverse transcriptase) reactions 

performed on a representative subset of samples demonstrated that genomic DNA 

contamination was not significant (data not shown). Reaction specificities were routinely 

verified by melting curve analysis.

Cytotoxicity of polyplexes in B35 cells was analyzed by MTT assay in parallel experiments. 

At 72 hours post-transfection, media were replaced with fresh DMEM/F12 without serum 

and 250 μl of thiazolyl blue tetrazolium bromide (MTT, Sigma-Aldrich) solution in PBS (2 

mg/ml) was added to each well. Plates were incubated for 4 hours at 37 °C and then washed 

with PBS. The formazan crystals formed by live cells were dissolved in DMSO and 

absorbance was measured at 570 nm. Cell viability (%) was calculated relative to non-

transfected control according to the following equation:

2.4. Characterization and stability of PgP/siRhoA polyplexes

2.4.1. Particle size, ζ-potential, and morphology of PgP/siRhoA polyplexes—
PgP/siRhoA polyplexes at N/P ratio 30/1 were prepared by adding 500 μl (20 μg) of siRhoA 

in nuclease-free water into 500 μl of PgP in nuclease-free water, followed by gentle mixing 
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and incubation for 30 minutes at 37 °C. Poly plex particle size was measured by dynamic 

laser light scattering (DLS) and ζ-potential (ZP) was measured electrophoretically using 

Zeta PALS (Brookhaven Instruments Corp, Holtsville, NY).

The morphology of PgP/siRhoA polyplex at N/P ratio of 30/1 was imaged by transmission 

electron microscopy (TEM, Hitachi H-7600, Tokyo, Japan). Five μl of polyplex solution 

were placed onto a carbon coated copper grid and dried at room temperature. The specimens 

were vapor-stained with 0.5 % Ruthenium tetroxide (RuO4) solution to improve the contrast 

and imaged by TEM at an acceleration voltage of 100 kV and magnifications of ×200×.

2.4.2. Stability of PgP/siRNA polyplexes in the presence of serum—To evaluate 

the stability of PgP/siRhoA polyplexes in the presence of serum, polyplexes prepared at N/P 

ratio of 30/1 were incubated in medium containing 10 % serum at 37 °C. At pre-determined 

time points, polyplexes were evaluated by 2 % (w/v) agarose gel electrophoresis.

2.4.3. Stability of PgP/siRNA polyplexes by heparin competition assay—The 

stability of PgP/siRhoA polyplexes was also evaluated by heparin competition assay. Briefly, 

PgP/siRhoA at N/P ratio 30/1 was incubated with heparin solution at 0-40 heparin/siRNA 

w/w ratio at 37 °C for 30 minutes. Th e samples were immediately analyzed by 2 % (w/v) 

agarose gel electrophoresis. bPEI/siRhoA at N/P ratio of 5/1 was used for comparison.

2.4.4. Shelf-life of PgP/siRNA polyplexes—To evaluate stability during storage, PgP/

siRhoA polyplexes at N/P ratio of 30/1 were stored at 4 °C for 4 weeks. At 1, 2, 3, and 4 

week time points, polyplexes were sampled and analyzed by agarose gel electrophoresis. To 

confirm siRNA integrity after storage, 4 week samples dissociated with heparin (10 w/w 

heparin/siRNA ratio) at 37 °C for 30 minutes were also evaluated.

2.5. Generation of rat compression spinal cord injury model

All surgical procedures and postoperative care were conducted according to NIH guidelines 

for the care and use of laboratory animal (NIH publication No. 86-23, revised 1996) and 

under the supervision of the Clemson University Animal Research Committee (Approved 

animal protocol no. AUP2014-012). The compression SCI was performed as previously 

described by Gwak et al [41]. Briefly, Sprague Dawley rats (male, 200 gm, Charles River) 

were deeply anesthetized with isoflurane gas. Their backs were shaved and prepared with 

betadine solution, chlorhexidine, and sterile water. The T9 spinous processes were identified 

and a 4-cm longitudinal incision over the dorsal mid-thoracic region was made using a #10-

blade scalpel. The T9 spinous processes were removed using orthopedic bone cutter and 

rongeurs and the ligamentum flavum was removed to expose the intervertebral space. A 

vascular clip was inserted through the dorsal T8∼T9 intervertebral space and the spinal cord 

was compressed for 10 minutes. Following injury, the paraspinal muscles were closed with 

4–0 vicryl suture and the skin was closed with 3-0 silk suture. After surgery, animals were 

warmed by heating blanket for recovery. For 2 weeks after surgery, animals received 

antibiotics cefazolin (40 mg/Kg, Hikma Farmaceutic) and analgesic buprenorphine (0.01 

mg/kg, Hospira Inc) and bladders were manually expressed three times daily.
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2.6. Retention and cellular uptake of polyplexes in SCI lesion after local injection

The retention of polyplexes after local injection into SCI lesion site was evaluated using Cy5 

conjugated siRNA (siRNA-Cy5). Rat compression SCI model was generated as described 

above and 10 μl of PgP/siRNA-Cy5 (N/P ratio of 30/1, 10 μg siRNA-Cy5) were prepared 

and injected using a 26G Hamilton syringe (HAMILTON®, Reno, NV, USA) at the lesion 

site. Naked siRNA-Cy5 (10 μg siRNA-Cy5 in 10 μl) was used for comparison. At 6 and 24 

hours post-injection, spinal cords (0.5 cm-long piece from the center of the injury) were 

harvested and imaged by live animal fluorescence imaging system (IVIS Luminar XR, 

Caliper Life Sciences).

To visualize the uptake of PgP/siRNA-Cy5 polyplexes in neuronal cells, the retrieved spinal 

cords were fixed with 4 % paraformaldehyde solution (pH 7.4; Merck, Kenilworth, NJ), 

sectioned longitudinally at 10 μm thickness, and mounted on positively charged glass slides. 

Sections were stained using chick anti-rat neurofilament monoclonal antibody (NF; Abcam, 

Cambridge, MA) followed by Alexa Fluor® 488 conjugated anti-chick IgG (Jackson 

ImmunoResearch Laboratories, Inc., West Baltimore Pike, PA, USA). The stained sections 

were digitally imaged using an inverted epifluorescent microscope (Zeiss Axiovert 200, 

Göttingen, Germany).

2.7. RhoA knockdown efficiency of PgP/siRhoA polyplex in SCI lesion after local injection

To optimize the N/P ratio of PgP/siRhoA polyplexes for RhoA knockdown in rat SCI model, 

PgP/siRhoA polyplexes were prepared at two different N/P ratios (15/1 and 30/1) using 10 

μg of siRhoA and injected into the injured dorsal T9 SCI lesions. PgP/NT-siRNA at an N/P 

ratio of 30/1 (10 μg NT-siRNA), untreated SCI animal group, and sham animal group were 

used as controls. At 1 week post-injection, animals were sacrificed for RT-PCR, western 

blot, and immunohistochemistry (IHC).

For RT-PCR, rats (N=5/group) were sacrificed by CO2 overdose and spinal cords (0.5 cm-

long piece from the center of the injury) were retrieved. Total RNA was purified using 

RNeasy mini kit. RNA quality/quantity was measured and two-step real-time PCR was 

performed with target-specific primers performed as described above (section 2.3.).

For western blot, rats (N=3/group) were sacrificed by CO2 overdose and spinal cords were 

retrieved. The samples were homogenized in N-PER™ neuronal protein extraction reagent 

and the total protein was measured using the BCA protein assay reagent kit. Protein samples 

(50 μg/lane) were electrophoresed in 10 % sodium dodecyl sulfate-polyacrylamide gel and 

transferred onto polyvinylidene fluoride (PVDF) membranes. The membranes were 

incubated with blocking buffer (5 % non-fat dry milk in phosphate buffered saline 

containing 0.1 % Triton X-100 (PBST)) for 1 hour at room temperature and incubated with 

the rabbit anti-RhoA monoclonal antibody (Thermo Fisher Scientific) and mouse anti-β-

actin (Santa Cruz Biotechnology, Dallas, TX) overnight at 4°C. The me mbranes were 

washed and incubated with goat anti-rabbit-HRP (1:2000, Southern Biotech, Birmingham, 

AL) and goat anti-mouse-HRP (1:5000, Southern Biotech) for two hours at room 

temperature. The blots were developed using a Supersignal™ West Pico Chemiluminescent 

Substrate (Thermo Fisher Scientific) and ChemiDoc-IT2 imager (UVP, Upland, CA).

Gwak et al. Page 6

Biomaterials. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



For IHC, rats (N=5/group) were anesthetized by isoflurane gas and sacrificed via cardiac 

perfusion with 4 % paraformaldehyde solution. The retrieved spinal cords were embedded 

into Tissue-Tek® O.C.T compound (Sakura Finetek USA Inc, CA) on liquid nitrogen and 10 

μm thick sections cut longitudinally and mouted on positively charged glass slides. The 

sections were stained using rabbit monoclonal anti-RhoA followed by Cy3-conjugated anti-

rabbit IgG. To evaluate RhoA expression in neurons in the lesion site, sections were double 

immunostained using rabbit monoclonal anti-RhoA and mouse monoclonal anti-beta III 

tublin (2G10, Abcam) followed by Cy3-conjugated anti-rabbit IgG and Alexa Fluor® 488-

conjugated anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc), respectively.

2.8. Effect of RhoA knockdown by PgP/siRhoA polyplex on apoptosis in SCI lesion after 
local injection

To evaluate the effect of RhoA knockdown by PgP/siRhoA polyplex at N/P ratio of 30/1 (10 

μg siRhoA) on apoptosis in SCI lesion site, TUNEL assay was performed at 1 week post-

injury. PgP/NT-siRNA at an N/P ratio of 30/1 (10 μg NT-siRNA) and untreated SCI animal 

group were used for comparison. The sections were stained by using the ApopTag Plus 

Fluorescein In situ Apoptosis Detection kit (Chemicon International. Temecula, CA) and 

nuclei were counterstained by DAPI. To identify apoptotic neurons, sections were double 

immunostained by both TUNEL staining and beta III tublin staining. After imaging, the 

number of total TUNEL positive (+) and beta-III tubulin positive (+) cells were counted 

using ImageJ software program.

2.9. Effect of PgP/siRhoA dosage on RhoA knockdown and axon regeneration after SCI

To evaluate the effect of dose and dosage of polyplex injection on RhoA knockdown and 

axon regeneration, SCI rats were divided into 4 groups as follows; 1) Single injection group: 

PgP/siRhoA polyplex (20 μl, N/P 30/1, siRNA 20 μg) was injected in the injury site after 

SCI injury, 2) Repeat injection: PgP/siRhoA polyplex (10 μl, N/P 30/1, siRNA 10 μg) was 

injected after SCI injury and repeated at one week post-injury, 3) untreated SCI animal 

group, and 4) sham animal group. The animals were sacrificed for RT-PCR at 1, 2, and 4 

weeks post-injury (N=5/group) and for histological analysis at 4 weeks post-injury (N=5/

group).

To measure RhoA mRNA expression, euthanasia, tissue retrieval, and RT-PCR analysis was 

performed as described above (section 2.3.). For histological analysis, rats were euthanized 

at 4 weeks post-injury and spinal cords retrieved, embedded, and sectioned longitudinally at 

10 μm thickness. RhoA knockdown in the lesion site and surrounding tissue was visualized 

by IHC staining using anti-RhoA as described above (section 2.7). Other sections were 

stained with hematoxylin and eosin, imaged, and quantitative measurements of total necrotic 

cavity area performed in ImageJ. To evaluate the effect of RhoA knockdown on astrogliosis 

and axonal regeneration, sections were stained using antibodies against neurofilament for 

neurons (NF; Abcam) and glial fibrillary acidic protein (GFAP, Abcam) for astrocytes 

followed by Cy3-conjugated anti-rabbit IgG and Alexa Fluor® 488-conjugated anti-mouse 

IgG secondary antibody, respectively. Total 15 sections from each group (3 sections/rat, 5 

rats/group) were randomly selected, digitally imaged, and the % neurofilament positive area 
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in the lesion site was calculated and expressed as a percentage of the total necrotic cavity 

area measured from hematoxylin and eosin staining.

2.10. Statistical analysis

Quantitative data are presented as the mean ± standard deviation. Statistical analysis was 

performed by one-way ANOVA with the Least Significant Difference (LSD) method used 

for post-hoc comparisons between subgroups. A p-value less than 0.05 was considered 

significant.

3. Results

3.1. Stability of PgP/siRNA polyplexes by gel retardation assay

To determine the optimal N/P ratio for stable PgP/siRhoA polyplex formation, a gel 

retardation assay was performed. Complete gel retardation was observed for PgP/siRhoA 

polyplexes formed at N/P ratio of 10 or above (Fig 1). This result is consistent with the 

stability of PgP/pDNA polyplexes observed in our previous study [39].

3.2. Knockdown efficiency and cytotoxicity of PgP/siRhoA polyplexes in serum condition 
in vitro

PgP/siRhoA polyplexes at various N/P ratios were prepared and transfected in B35 cells in 

media containing 10 % serum. Knockdown efficiency of PgP/siRhoA polyplexes increased 

with increasing N/P ratio and was significantly higher than that of bPEI (∼6.7 %) at all N/P 

ratios (Fig. 2A). The relative silencing efficiency of PgP/siRhoA at N/P ratio of 30/1 was 

approximately 42 % and was less efficient than that of RNAiMAX/siRhoA (∼62 %). 

However, viability of cells transfected with RNAiMAX/siRhoA was significantly lower than 

the non-transfected control, while viability of cells transfected with PgP/siRhoA polyplexes 

at all N/P ratios was not significantly different (Fig. 2B).

3.3. Characterization and stability of PgP/siRhoA polyplexes

3.3.1. Particle size, ζ-potential, and morphology of PgP/siRhoA polyplexes—
Particle size and zeta potential of PgP/siRNA polyplexes at N/P 30/1 were evaluated in 

preparation for in vivo study. The mean size of PgP/siRNA polyplexes at N/P ratio of 30/1 

was 179 ± 13.94 nm with polydispersity 0.318 ± 0.03 (sFig 1A). PgP completely neutralized 

the negatively charged siRNA and the average zeta potential of PgP/siRhoA polyplexes at 

N/P ratio of 30/1 was 48.52 ± 0.35 mV (sFig 1B). TEM imaging of PgP/siRNA polyplex at 

N/P ratio 30/1 showed discrete spheres with smooth surface morphology without 

aggregation (sFig. 1C).

3.3.2. Stability of PgP/siRNA polyplexes in the presence of serum—The stability 

of PgP/siRhoA polyplexes (N/P 30/1) in serum was evaluated after incubating polyplexes at 

37 °C and gel electrophore sis analysis showed that PgP/siRhoA polyplexes were stable in 

the presence of serum up to 7 days (sFig. 2A), while naked siRNA was undetectable after 30 

minutes (data not shown).

Gwak et al. Page 8

Biomaterials. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.3.3. Stability of PgP/siRNA polyplexes by heparin competition assay—The 

stability of PgP/siRhoA polyplexes was also evaluated by heparin competition assay. PgP/

siRhoA polyplexes (N/P ratio of 30/1) were stable in the presence of up to 2 and dissociated 

at 6 w/w heparin/siRNA ratio, while bPEI/siRhoA polyplexes (N/P ratio of 5/1) were 

dissociated and released siRNA in the presence of 0.6 w/w heparin/siRNA (sFig. 2B).

3.3.4. Shelf-life of PgP/siRNA polyplexes—To evaluate the long-term shelf stability of 

PgP/siRhoA polyplexes, PgP/siRNA (N/P 30/1) were stored at 4 °C. Gel electrophoresis 

anal ysis showed that PgP/siRNA polyplexes were stable up to 4 weeks and intact siRNA 

could be recovered after 4 weeks by heparin treatment (sFig. 2C).

3.4. Retention and cellular uptake of PgP/siRNA-Cy5 polyplexes after local injection in SCI 
lesion

Cy-5 conjugated siRNA (siRNA-Cy5) was used to compare the retention of naked siRNA 

and polyplexes after injection in SCI lesion sites and to confirm polyplex uptake by neuronal 

cells. Both naked siRNA-Cy5 and PgP/siRNA-Cy5 were detected in the lesion site and 

surrounding spinal cord tissue at 6 hours post-injection and the amount (fluorescence 

intensity) of PgP/siRNA-Cy5 was substantially higher (Fig. 3A). At the 24 hour time point, 

PgP/siRNA-Cy5 was still retained at the injection site and surrounding tissue, while naked 

siRNA-Cy5 was no longer detectable. IHC staining of spinal cord sections showed that PgP/

siRNA-Cy5 polyplexes (Red) were co-localized with neurofilament positive cells (Green), 

confirming neuronal uptake of PgP/siRNA-Cy5 (Fig. 3B).

3.5. RhoA knockdown after local injection of PgP/siRhoA in spinal cord injury lesion

To evaluate the effect of polyplex N/P ratio, RhoA knockdown was evaluated one week after 

SCI and injection of PgP/siRhoA polyplexes prepared at N/P ratios of 15/1 and 30/1. RT-

PCR showed that RhoA mRNA expression was significantly increased in the untreated SCI 

and PgP/NT-siRNA treated animal groups relative to the sham animal group (Fig 4A). In 

contrast, RhoA mRNA expression in animal groups treated with PgP/siRhoA polyplexes at 

either N/P ratio was not significantly different relative to the sham control and significantly 

reduced relative to untreated SCI and NT-siRNA treated animal groups. RhoA knockdown 

was also confirmed by western blot and RhoA expression in groups treated with PgP/

siRhoA polyplexes at both N/P ratios was lower than that in untreated SCI and PgP/NT-

siRNA treated animal groups. In contrast to the mRNA analysis, RhoA expression at the 

protein level was substantially lower in the animal group receiving PgP/siRhoA polyplexes 

at N/P ratio of 30/1 relative to the group receiving polyplexes prepared at N/P ratio of 15/1. 

(Fig 4B).

Figure 5A shows representative IHC imaging of RhoA expression in spinal cords from 

various animal groups. In untreated SCI animals, RhoA expression was highly upregulated 

relative to the sham control, while RhoA expression was not substantially increased in 

animals receiving PgP/siRhoA polyplex at N/P ratio of 30/1. RhoA expression was also 

upregulated in PgP/NT-siRNA treated animal group, confirming that the low level of RhoA 

expression in the experimental group was attributable to sequence-specific knockdown.
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Figure 5B shows double IHC staining of RhoA and beta-III tubulin expression. Far fewer 

RhoA +/ beta-III-tubulin + cells were observed in animals receiving injections of PgP/

siRhoA polyplexes than in both PgP/NT-siRNA polyplex and untreated SCI animal groups.

3.6. Effect of RhoA knockdown by PgP/siRhoA polyplexes on apoptosis in SCI lesions

We also evaluated the effect of RhoA knockdown on apoptosis by TUNEL assay at 1 week 

post-injury. Figure 6A shows representative images of total apoptotic cells (TUNEL+) in the 

spinal cord from various animal groups. The % TUNEL+ cells was significantly lower in 

animals receiving PgP/siRhoA polyplexes than both PgP/NT-siRNA and untreated SCI 

animal groups (Fig 6C). Figure 6B shows representative images of the beta-III+ and TUNEL

+ cells. The % of beta-III+/TUNEL+ cells was significantly lower in the PgP/siRhoA group 

than in both PgP/NT-siRNA and untreated SCI animal groups (Fig 6D).

3.7. Effect of PgP/siRhoA dosage on RhoA knockdown and axon regeneration after SCI

We next evaluated RhoA knockdown and axonal regeneration over a 4 week time period and 

compared the efficacy of delivering PgP/siRhoA (N/P: 30/1) as a single one-time 20 μg 

siRhoA dose injected immediately or as two 10 μg siRhoA doses injected immediately and 

at one week post-injury (Fig 7A). Figure 7B shows the relative RhoA mRNA levels in 

various animal groups at 1, 2, and 4 weeks post-injury. In untreated SCI animal group, the 

relative RhoA mRNA level was significantly higher than that in sham animal group at all 

time points. The relative RhoA mRNA level in both treatment groups (single injection and 

repeat injection) was significantly lower than that in untreated SCI animal group and 

reduced to levels approximately equal to those observed in sham animal group.

RhoA knockdown was also observed by IHC in spinal cord harvested from various animal 

groups. Figure 7C shows representative IHC imaging of RhoA in spinal cords harvested at 4 

weeks post-injury. In untreated SCI animals, RhoA expression was highly upregulated, 

while RhoA expression in both treatment groups (single injection and repeat injection) was 

significantly lower relative to untreated SCI animal group.

The effect of RhoA knockdown by both treatment groups (single injection and repeat 

injection) on astrogliosis and axon regeneration was evaluated by double IHC staining of 

GFAP and neurofilament at 4 weeks post-injury (Fig 8A). In untreated SCI animal group, an 

extensive necrotic lesion cavity was formed and substantial reactive astrogliosis was 

observed in the surrounding tissue (Top). In animals receiving both single and repeated 

injections of PgP/siRhoA polyplexes, cavitation and astrogliosis were substantially reduced 

compared to untreated SCI group and axonal regeneration was observed into the lesion site 

(middle: single injection, bottom: repeated injection). In both single and repeat injection 

groups, cavity area was significantly smaller (Fig. 8B) and % neurofilament-positive area 

(Fig. 8C) was significantly higher than that in untreated SCI animal group. Interestingly, 

although RhoA knockdown was similar for both single and repeat injection, delivery of the 

same total dose of PgP/siRhoA polyplexes via repeated injection was much more effective at 

reducing cavitation, stimulating axonal regeneration, and sparing neuronal cells relative to a 

single injection.
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Discussion

Among the wide range of extrinsic and intrinsic mechanisms that limit plasticity and axonal 

regeneration in the adult CNS, a large number involve constitutive or injury-induced 

expression of specific molecules (MAIs, CSPGs, RhoA, PTEN, SOCS3, etc.) that offer 

therapeutic targets for pharmacological inhibition/antagonism. Post-transcriptional gene 

knockdown by RNA interference is a highly specific and efficient approach to lower the 

expression levels of these targets and enhance regenerative capacity. As with all nucleic 

acid-based therapeutics, the key challenge is to overcome extracellular and intracellular 

barriers to delivery.

A large number of studies have successfully used virally-delivered shRNA in SCI models 

[42-45]. Despite their high transfection efficiency, immunogenicity and adverse effects of 

viral vectors in clinical trials create a compelling need for improved non-viral delivery 

systems.[46, 47]. A wide range of cationic lipids and polymers, including PEI, 

polyamidoamine (PAMAM) dendrimers, and poly (β-amino esters) have been evaluated for 

nonviral delivery of pDNA and small RNA therapeutics [48-50]. Currently, only a few 

studies have investigated non-viral delivery of siRNA in spinal cord injury models [51-53], 

non-viral delivery of siRNA in spinal cord injury models [51-53]. Previously, we have 

reported the synthesis of PgP, a micelle forming block copolymer designed for combinatorial 

drug/nucleic acid delivery and demonstrated its capability for in vitro transfection of siRNA 

and pDNA in the presence of serum and pDNA in the uninjured rat spinal cord [39]. Here, 

we investigated the ability of PgP to deliver siRNA targeting RhoA in a rat spinal cord 

compression injury model.

We first evaluated the stability, knockdown efficiency, and cytotoxicity of PgP/siRhoA as a 

function of N/P ratio in vitro. The knockdown efficiency of PgP/siRhoA polyplexes 

increased with increasing N/P ratio and appeared to reach a maximum efficiency at 20/1 and 

30/1. Even though knockdown efficiency using RNAiMAX was higher than using PgP, 

RNAiMAX/siRhoA showed significant cytotoxicity compared to untreated control, while 

PgP/siRhoA did not show significant toxicity. Based on its efficacy and cytocompatibility in 

these and our previous studies [39], we more carefully evaluated the physico-chemical 

properties and stability of PgP/siRhoA polyplex at N/P ratio of 30/1. PgP/siRhoA polyplexes 

exhibited sub-200 nm particle size and positive charge suitable for cellular uptake by 

endocytosis [54]. This polyplex composition was able to provide increased protection from 

serum nucleases and stability in the presence of a competing anionic macromolecule 

(heparin) relative to bPEI, one of the most widely used nonviral vectors. In addition, PgP/

siRhoA could be stably stored for up to 1 month at 4 °C, an important feature for 

commercial and clinical application.

A critical feature of all gene delivery systems is the choice of delivery route and residence 

time at the delivery site. In these studies, we used local injection to directly deliver the 

polyplexes to the spinal cord lesion site. PgP/siRNA-Cy5 polyplexes were retained at the 

injury site up to 24 hours post-injection, while naked siRNA-Cy5 was undetectable after 6 

hours, likely either as a result of degradation or diffusion away from injection site. IHC 

analysis also demonstrated co-localization of the PgP/siRhoA-Cy5 with neurons. To our 
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knowledge, this is the first study to show that polyplexes exhibit increased residence time 

after local injection into spinal cord lesion site relative to naked siRNA. Several studies have 

used intrathecal injection and Otsuku et al reported preferential uptake of chemically-

modified siRNA at the injury site, presumably due to increased penetration in injured tissue 

[51] [55]. In the future, we will investigate the delivery of PgP/siRhoA polyplexes to the 

injured spinal cord by the intrathecal route.

We next examined the in vivo efficacy of PgP/siRhoA using a fixed dose (10 μg siRhoA) and 

two different N/P ratios (15/1 and 30/1). A one-week time point was chosen based upon 

previous studies demonstrating that this corresponded to peak induction/activation of RhoA 

after SCI [56-58]. The effect of SCI on RhoA has varied among these studies, with some 

observing significant increases in mRNA/protein expression and others reporting significant 

increases in activated RhoA without changes in total expression levels. In the present study, 

we observed significant induction of RhoA mRNA expression that was effectively inhibited 

by PgP/siRhoA delivery. Although mRNA expression was modestly lower using PgP/

siRhoA at N/P ratio of 30/1 than 15/1, increased knockdown at 30/1 was more apparent at 

the protein level and the efficacy of this composition was confirmed by western blot and 

histological analysis.

In addition to its inhibitory effects on axonal regeneration, RhoA also plays an important 

role in apoptosis by activating PTEN that subsequently inhibits activation of Akt and its 

downstream signaling cascade that promotes cell survival [59, 60]. Several studies have 

shown that inhibitors of Rho and ROCK prevent apoptosis and secondary neuronal and glial 

cell death in spinal cord and retinal injury models [7, 57, 61, 62]. Consistent with these 

previous observations, our TUNEL assay demonstrated that knockdown by PgP/siRhoA 

polyplexes significantly reduced both total and neuronal cell apoptosis.

After demonstrating successful knockdown by PgP/siRhoA polyplexes at 7 days post-injury, 

we next compared the effect of a fixed dose (20 μg) administered via single or repeated 

injection on RhoA knockdown over a 4 week time course on cavity formation, astrogliosis, 

and axonal regeneration. Even though we observed efficient RhoA knockdown with PgP/

siRhoA polyplexes using 10 μg siRhoA at 1 weeks post-injection, we were not sure that 10 

μg siRNA can achieve long-term knockdown and axon regeneration. In small drug and 

protein delivery, drugs are often repeatedly taken or injected to maintain the therapeutic dose 

and improve the long-term efficacy. For example, Bertrand et. al. found that repeated 

injections of a cell-permeable C3-like RhoA-antagonist significantly increased retinal 

ganglion cell survival in an optic nerve injury model [63]. Therefore, we expected that the 

repeated injection might maintain the drug at a therapeutic dose for a prolonged period of 

time and achieve improved efficacy. Although both single and repeated administration 

significantly reduced RhoA mRNA and protein expression up to 4 weeks, we observed that 

animals treated with repeated injection showed substantially reduced astrogliosis, necrotic 

cavity formation, and improved axonal regeneration relative to those receiving the 

polyplexes through a single administration. One limitation is that our present studies do not 

reveal why repeated administration appears to achieve superior anatomical outcomes despite 

similar efficacy in RhoA knockdown.
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Conclusion

In this study, we demonstrate that the cationic, amphiphilic copolymer PgP can efficiently 

deliver siRhoA to a rat SCI lesion site and knockdown RhoA expression for up to 4 weeks. 

RhoA knockdown by PgP/siRhoA reduces apoptosis, cavitation, and astrogliosis and 

increases axonal regeneration. These results demonstrate that PgP may be a promising 

platform for the development of combinatorial siRNA/drug therapy. In future studies, we 

will further evaluate the effect of siRhoA dose, post-injury administration timing, and 

injection route of PgP/siRhoA polyplexes on axonal regeneration and functional recovery 

after SCI.
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Figure 1. 
Gel retardation assay of PgP/siRhoA polyplexes prepared at varying N/P ratios 

electrophoresed on 2 % agarose gel: 1 kb DNA molecular weight marker (Lane 1), naked 

siRhoA (lane 2), RNAiMAX/siRhoA (lane 3), bPEI/siRhoA at N/P ratio of 5/1 (lane 4), 

PgP/siRhoA prepared at N/P ratios of 5/1, 10/1, 15/1, 20/1, 25/1, and 30/1 (lane 5, 6, 7, 8, 9, 

and 10), and PgP alone (lane 11).
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Figure 2. 
RhoA knockdown efficiency (A) and cell viability (B) after transfection of PgP/siRhoA 

polyplexes prepared at varying N/P ratios in neuroblastoma (B35) cells in media containing 

10 % serum. At 72 hours post-transfection, RhoA expression level was determined by RT-

PCR and cell viability was determined by MTT assay. Data represent the mean ± SEM 

(n=6). *: P<0.05 compared to untreated control.
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Figure 3. 
Retention and cellular uptake of PgP/siRNA-Cy5 polyplexes (N/P ratio of 30/1, 10 μg 

siRNA-Cy5) after local injection in SCI lesion site. (A) Ex vivo fluorescent imaging of PgP/

siRNA-Cy5 in spinal cord injury at 6 and 24 hours post-injection. (B) Visualization of PgP/

siRNA-Cy5 polyplex uptake by neuronal cells in spinal cord lesion site at 24 hours post-

injection. PgP/siRNA-Cy5 polyplex (Red), immunofluorescent staining for neurofilament 

(NF, Green), and DAPI counterstained nuclei (blue). Scale bar indicates 50 μm.
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Figure 4. 
Rho A knockdown efficiency of PgP/siRhoA polyplexes (two N/P ratios: 15/1 and 30/1, 

siRhoA : 10 μg siRhoA) after local injection in SCI lesion site. At 7 days post-injury, 

animals were sacrificed and spinal cord (0.5 cm-long piece from the center of the injury) 

was harvested for RT-PCR and western blot. Control: Sham animal group, SCI: untreated 

SCI animal group, 15/1: PgP/siRhoA polyplexes at N/P ratio of 15/1, 30/1: PgP/siRhoA 

polyplexes at N/P ratio of 30/1, and PgP/NT-siRNA 30/1: PgP/non-targeting-siRNA 

polyplexes at N/P ratio of 30/1, (A) Relative RhoA mRNA level by real-time qRT-PCR. 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an endogenous control. 

*: P<0.05 compared to untreated SCI group, (B) RhoA protein level by western blot. β-actin 

was used as endogenous control.
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Figure 5. 
Immunohistochemical staining for RhoA after local injection of PgP/siRhoA polyplexes 

(N/P ratio of 30/1, siRhoA: 10 μg). At 1 week post-injury, spinal cords were harvested and 

sectioned longitudinally. Untreated SCI and PgP/NT-siRNA polyplexes (N/P ratio 30/1, NT-

siRNA: 10 μg) were used for comparison. (A) IHC staining for RhoA (red), scale bar: 200 

μm. (B) Double-IHC staining for RhoA (red), neuron-specific β-III Tubulin (green) and 

DAPI (blue). Scale bar indicates 50 μm.

Gwak et al. Page 21

Biomaterials. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Effect of RhoA knockdown by PgP/siRhoA polyplexes (N/P ratio 30/1, siRhoA : 10 μg) on 

apoptosis by TUNEL assay. At 7 days post-injury, the spinal cords were harvested and 

sectioned longitudinally and stained by the ApopTag Plus Fluorescein In situ Apoptosis 

Detection kit. Untreated SCI and PgP/NT-siRNA polyplexes (N/P ratio 30/1, NT-siRNA: 10 

μg) were used for comparison. (A) Cell nuclei (DAPI, blue) and TUNEL+ cells (green). 

Scale bar: 100 μm. (B) Double IHC staining for TUNEL+ (green) and beta III tubulin+ (red) 

cells. Scale bar: 50 μm. (C) The % TUNEL-positive cells in untreated SCI and after 

injection of PgP/siRhoA or PgP/NT-siRNA polyplexes was quantified from total 15 different 

sections of spinal cords from each group (3 sections/rat, 5 rats/group). *p < 0.05 compared 

with untreated SCI. (D) The % beta-III tubulin+ cells in total TUNEL+ cells in spinal cord 

lesion site was quantified from total 15 different sections of spinal cords from each group (3 

sections/rat, 5 rats/group). *p < 0.05 compared with untreated SCI.
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Figure 7. 
(A) Experimental design for PgP/siRhoA administration timing and outcome assessment 

over a 4 week time period. Single injection: PgP/siRhoA polyplexes (N/P 30/1, siRhoA 20 

μg) were locally injected in the lesion site immediately after SCI injury. Repeat injection: 

PgP/siRhoA polyplex (N/P 30/1, siRhoA 10 μg/injection) was locally injected in the lesion 

site immediately after SCI injury and at 1 week post-injury. At 1, 2, and 4 weeks post-injury, 

spinal cords (0.5 cm-long piece from the center of the injury) were harvested and RhoA 

knockdown was evaluated by RT-PCR and IHC. (B) RhoA mRNA expression levels 

evaluated by RT-PCR. Sham animal group and untreated SCI group were used as controls 

(n=5/group). GAPDH was used as an endogenous control. *P<0.05 compared to Sham, # 

P<0.05 compared to SCI. (C) Longitudinal sections of SCI lesion sites stained for RhoA 

(red) and cell nuclei (blue, DAPI) at 4 weeks post-injury. Untreated SCI (top), single-

injection (middle), and re-injection (bottom).
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Figure 8. 
Immunohistological assessment of lesion sites 4 weeks after SCI and injection of PgP/

siRhoA polyplexes. (A) Representative images of immunostaining for neurofilament 

(green), GFAP (red), and DAPI (blue) and hematoxylin and eosin staining to measure cavity 

area. Scale bars: 400 μm. Untreated SCI (top) shows an extensive necrotic lesion cavity and 

significant reactive astrogliosis, Single-injection (middle) and re-injection (bottom) animal 

group shows reduced cavitation/astrogliosis and axonal regeneration in the lesion site. (B) 

Quantification of necrotic cavity area (mm2) in the lesion of spinal cord at 4 weeks post-

injection of PgP/siRhoA polyplexes. The cavity area was measured from total 15 different 

sections of spinal cord from each group (3 sections/rat, 5 rats/each group) after hematoxylin 

and eosin staining. *P<0.05 compared to untreated SCI, #P<0.05 compared to single 

injection of PgP/siRhoA polyplexes. (C) Quantification of neurofilament (NF) positive (+) 

axons in the lesion site. The NF positive area in the lesion site was measured from total 15 

different sections of spinal cord from each group (3 sections/rat, 5 rats/each group). The % 

NF positive area was calculated as a percentage of the total necrotic cavity area measured 

from hematoxylin and eosin staining. *P<0.05 compared to untreated SCI, #P<0.05 

compared to single injection of PgP/siRhoA polyplexes.
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