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Rolipram-Loaded Polymeric Micelle Nanoparticle
Reduces Secondary Injury after Rat
Compression Spinal Cord Injury
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Abstract

Among the complex pathophysiological events following spinal cord injury (SCI), one of the most important molecular
level consequences is a dramatic reduction in neuronal cyclic adenosine monophosphate (cAMP) levels. Many studies
shown that rolipram (Rm), a phosphodiesterase IV inhibitor, can protect against secondary cell death, reduce inflammatory
cytokine levels and immune cell infiltration, and increase white matter sparing and functional improvement. Previously, we
developed a polymeric micelle nanoparticle, poly(lactide-co-glycolide)-graft-polyethylenimine (PgP) , for combinatorial
delivery of therapeutic nucleic acids and drugs for SCI repair. In this study, we evaluated PgP as an Rm delivery carrier for
SCI repair. Rolipram’s water solubility was increased ~ 6.8 times in the presence of PgP, indicating drug solubilization in
the micelle hydrophobic core. Using hypoxia as an in vitro SCI model, Rm-loaded PgP (Rm-PgP) restored cAMP levels and
increased neuronal cell survival of cerebellar granular neurons. The potential efficacy of Rm-PgP was evaluated in a rat
compression SCI model. After intraspinal injection, 1,1’-dioctadecyl-3,3,3’,3’-tetramethyl indotricarbocyanine Iodide-loaded
PgP micelles were retained at the injection site for up to 5 days. Finally, we show that a single injection of Rm-PgP
nanoparticles restored cAMP in the SCI lesion site and reduced apoptosis and the inflammatory response. These results
suggest that PgP may offer an efficient and translational approach to delivering Rm as a neuroprotectant following SCI.
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Introduction

SPINAL CORD INJURY (SCI) disrupts axonal pathways, leading
to permanent motor, sensory, and autonomic dysfunction, as
well as chronic pain, respiratory impairment, and loss of bowel
or bladder control."> Several complex pathophysiological mecha-
nisms limit spontaneous recovery following SCI. First, damage
from the initial trauma progressively expands through a process of
secondary injury characterized by free radical production, ex-
citotoxicity, ischemia, and inflammation that lead to further axonal
degeneration, demyelination, and apoptosis.'*~ Secondly, although
some damaged axons form new growth cones, their capacity for
regeneration and target re-innervation is severely limited by growth
inhibitory molecules present in degenerating myelin and the glial
scar and injury-induced and age-related changes in neuronal bio-
chemistry. The only clinical treatments available for SCI are spinal
decompression and the steroidal anti-inflammatory drug methyl-
prednisolone, which has largely been discontinued due to com-
plications and extensive controversy over its efficacy.®’ Currently, a
wide range of treatments targeting neuroprotection or axonal re-
generation are in pre-clinical studies,"*® with the most promising

results commonly obtained using combinatorial therapies simulta-
neously targeting two or more mechanisms of SCI pathophysiology.

Among the molecular consequences of SCI, one of the most im-
portant is a reduction in cyclic adenosine monophosphate (CAMP), a
cytoplasmic second messenger produced by adenylyl cyclase in re-
sponse to numerous extracellular stimuli. cAMP has been implicated
in both neuroprotection and axonal regeneration, making it a partic-
ularly attractive therapeutic target. Cai and colleagues’ first identified
that a developmental transition in the neuronal response to myelin
from growth promotion to growth inhibition coincided with a de-
cline in cAMP levels and that exogenous elevation of cAMP could
overcome myelin-mediated growth inhibition. Elevation of cAMP
also was found to be an important mechanism underlying the
growth response elicited by the peripheral conditioning lesion
model.'® Although not completely elucidated, cAMP signaling
appears to act through independent activation of protein kinase
A (PKA) and EPAC2. PKA signaling through cAMP response
element-binding protein leads to transcriptional activation of
multiple targets including arginase I that support axonal growth, "’
while EPAC2 activates the growth-promoting b-Raf pathway.'?
Interestingly, both PKA and EPAC2 can inhibit Rho activation, a
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critical convergence point in the signaling of multiple extracel-
lular growth inhibitors."?

In addition to exogenous stimuli that activate adenyl cyclase,
cAMP levels are also controlled by a family of degradative en-
zymes, phosphodiesterases (PDEs).'*'> PDE4 is the most pre-
dominantly expressed cAMP-specific PDE in neural tissue'® as
well as in immune cells.'” Therapeutic modulation of cAMP levels
has been primarily pursued through use of the drug rolipram (Rm),
a PDE4 inhibitor that can cross the blood-brain barrier after sys-
temic administration. Rm was initially used primarily in combi-
nation with cell and tissue transplants and shown to contribute to
improved functional recovery in animal injury models. Recently,
studies using Rm alone have reported reduced oligodendrocyte
death,'® reduced inflammatory cytokine levels and immune cell
infiltration,'? increased white matter sparing,”® and functional im-
provement.?' Reduction in caspase 3 activity has been proposed as
a mechanism for the anti-apoptotic activity of Rm.>* Despite its
efficacy in pre-clinical models, there are several challenges with
systemic administration of Rm, including the need for organic sol-
vents to increase its solubility and the potential for side effects when
targeting such a ubiquitous signaling molecule as cAMP.'> 232
Therefore, the development of carriers for efficient delivery of Rm to
the injured spinal cord is required.

The application of nanotechnology in medicine (called ‘‘nano-
medicine’’) has considerable potential to improve healthcare. Re-
cently, polymeric micellar nanoparticles®®>> have proven to be
useful in drug and gene delivery. Amphiphilic block copolymers
spontaneously form micellar nanoparticles in aqueous solutions
composed of a hydrophobic core and hydrophilic shell, capable of
increasing the solubility of hydrophobic drugs. Additionally, in-
corporation of a cationic polymer for the hydrophilic shell allows
the formation of polyelectrolyte complexes with anionic thera-
peutic nucleic acids and can enhance particle stability, increase
association with the cell membrane, and enhance endosomal es-
cape.*73% Therefore, polymeric micelle nanoparticles offer an at-
tractive platform for combinatorial drug and gene delivery.

Our goal is to develop multi-functional polymeric micelle nano-
carriers for combinatorial therapy of multiple therapeutic agents to
promote axonal regeneration and plasticity. To achieve this goal, we
developed a cationic, amphiphilic block copolymer, poly(lactide-
co-glycolide)-graft-polyethylenimine (PgP) that offers three impor-
tant capabilities: 1) electrostatic complexation of therapeutic nucleic
acids with the cationic hydrophilic shell; 2) loading of hydrophobic
drug in the hydrophobic core; and 3) neuron-targeting through sur-
face conjugation of cell-type specific targeting moiety such as li-
gands or antibodies (Fig. 1). In our previous work, we synthesized
PgP and demonstrated its ability to efficiently transfect pGFP and
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small interfering RNA (siRNA) in various neural cell lines and pri-
mary chick forebrain neurons in 10% serum condition in vitro, as
well as in the normal rat spinal cord.>” We also have reported that
PgP can deliver siRNA targeting RhoA to the injured spinal cord and
maintain RhoA knockdown for up to 4 weeks post-injection, reduce
astrogliosis and cavitation, and increase axonal regeneration.*® Here,
we demonstrate that PgP can efficiently load Rm in its hydrophobic
core and Rm-loaded PgP (Rm-PgP) restores cAMP levels, and re-
duces apoptosis and inflammation in the injured spinal cord after
local injection in a rat compression spinal cord injury (SCI) model.

Methods
Materials

Poly(lactide-co-glycolide) (PLGA; 25kDa, 50:50) was purchased
from Durect Corporation (Cupertino, CA). Anhydrous dimethyl-
formamide, N-hydroxysuccinimide, N,N’-dicyclohexylcarbodiimide
(DCC), branched polyethylenimine 25kDa (PEI), deuterium oxide
(D,0), cytosine arabinoside (AraC), laminin, and poly-L-lysine
hydrobromide were obtained from Sigma-Aldrich (St. Louis, MO).
Dialysis tubing (MWCO; 50 kDa) was obtained from Spectrum labs
(Rancho Dominguez, CA). Rm was purchased from LC Labora-
tories (Woburn, MA) and 1,1’-dioctadecyl-3,3,3’,3’-tetramethyl in-
dotricarbocyanine Iodide (DiR) from PromoCell GmbH (Germany).
Lebowitz (L-15) and Basal Medium Eagle (BME) media were ob-
tained from ATCC and Gibco (Life Technologies, Carlsbad, CA),
respectively. DyLight® 488-conjugated goat anti-mouse IgG (H+L)
secondary antibodies were obtained from Fisher Scientific (Wal-
tham, MA). Mouse anti-beta III tubulin (2G10) and goat anti-mouse
Cy3 conjugated IgG antibodies were purchased from Abcam
(Cambridge, MA). Mouse monoclonal anti-macrophage/monocyte
clone ED1 antibodies and the ApopTag® Fluorescein In Situ Apop-
tosis Detection Kit were obtained from EMD Millipore (Darmstadt,
Germany). Mouse monoclonal anti-Bax and rabbit polyclonal anti-
Bcl-2 primary antibodies were obtained from Santa Cruz Bio-
technology (Dallas, TX). The cAMP Parameter Assay ELISA kit was
purchased from R&D Systems (Minneapolis, MN).

Synthesis and characterization of PgP

PgP was synthesized as previously described.®’” Briefly, the
carboxylic end group of PLGA (25kDa, 60 umole) was activated
by (72 pmole) and DCC (72 pmole), and the resulting dicyclohexyl
urea byproduct was removed by filtration. The activated PLGA
solution was added dropwise to the branched polyethylenimine
(bPEL 25kDa, 50 umole) solution over 30 min and allowed to react
for 24 h at room temperature with stirring. PgP was purified by
dialysis against deionized water using a membrane filter (MWCO;
50,000), centrifuged at 5000 rpm for 10 min to remove unreacted
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PLGA precipitate, and lyophilized. The structure of PgP was de-
termined by 'H- NMR (300 MHz, Bruker) using D,O as a solvent.

Rm loading in PgP and stability of Rm-loaded
PgP nanopatticles

Rm was loaded into PgP micelle nanoparticles by the solvent
evaporation method. Briefly, various concentrations of Rm were
prepared in ethanol and 100 uL of each Rm solution was added into
1 mL of PgP solution (1 mg PgP/mL water) solution. The mixture was
sealed and incubated for 4h at room temperature, then the ethanol
was allowed to evaporate overnight. To remove unloaded Rm, the
solutions were filtered using a 0.2 um syringe filter. The amount of
loaded Rm in Rm-PgP solution was measured by high-performance
liquid chromatography (HPLC; Waters, Milford, MA) using Rm
standard curve prepared in dimethylsulfoxide (DMSO). The HPLC
system was composed of Waters 1525 binary HPLC pump, Wa-
ters 2998 photodiode array detector, and a Shodex C18 column
(Showa Denko America, New York, NY). The mobile phase was
water:acetonitrile (60:40). The injection volume was 20 uL. and
run time was 6 min. The loading efficiency was calculated as:

% loading efficiency = amount of Rm loaded/
amount of Rm added x 100.

We also evaluated the stability of Rm-PgP solution. Rm was
loaded into PgP micelle solution as described above and incubated
at 37°C for 6 weeks. Each week, solutions containing Rm-PgP were
sampled and filtered with 0.2 um syringe filter to remove released
precipitated Rm and then Rm amount was measured by HPLC as
described above. The % Rm retained was calculated as:

% Rm remained at given time-point =
(amount of Rm in PgP at given time-point)/
(amount of Rm inPgP at time 0) x 100.

Particle size of Rm-PgP nanoparticles

To evaluate the effect of Rm loading, the particle size of PgP
micellar nanoparticles and Rm-PgP (1 mg Rm loaded in 1 mg/mL
PgP) micellar nanoparticles was measured by dynamic light scat-
tering using a 90 Plus Particle Size Analyzer (Brookhaven Instru-
ments Corporation, Holtzville, NY).

Rat cerebellar granule neurons isolation and culture

Primary cerebellar granule neurons (CGNs) were isolated from
3-day post-natal (P3) Sprague Dawley rat pups. The pups were first
euthanized by decapitation and the cerebella excised and placed
into L-15 dissection medium. The meninges of each cerebella were
removed, the tissue minced, and digested in 0.25% Trypsin in
Hank’s Balanced Salt Solution for 10 min. Full culture medium
(BME with 33 mM D-glucose, potassium chloride 20 mM, gluta-
mine 2 mM, penicillin/streptomycin 50 ug/mL, and 10% fetal bo-
vine serum) with 0.1% DNase was added and the digested tissue
centrifuged at 1100 g for 7 min. After removal of the supernatant
and addition of fresh culture medium, the tissue was triturated with
a fire polished glass Pasteur pipet. The dissociated cells were plated
at 5% 10° cells/mL in 12 well-plates that were previously coated
with 0.1% poly-L-lysine overnight at 37°C followed by 10 ug/mL
laminin solution for 2 h at 37°C. To prevent glial cell contamination
and maintain purity of the CGN culture, half the media volume was
exchanged after 2 days and 1 uM AraC (Sigma Aldrich) added.
Subsequently, half of the media volume was replaced every 2 days
using full media without AraC. After 5 days incubation, the CGN
cultures were used to evaluate the effect of Rm-PgP.
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Effect of Rm-PgP on cAMP and neurite length
of CGNs cultured in hypoxia condition in vitro

To evaluate the effect of Rm-PgP on cAMP level and neuronal
survival in vitro, P3 rat CGNs were cultured in hypoxia condition as
an in vitro spinal injury model. CGNs were cultured under nor-
moxia condition (normal atmosphere with 5% added CO,) for
5 days, then transferred to a hypoxia chamber (StemCell Tech-
nologies) with an atmosphere of 95% N, and 5% CO,. After 24 h
incubation, experimental wells were treated with Rm-PgP (10 ug
Rm/well). Free Rm dissolved in DMSO (Rm-DMSO, 10 ug Rm/
well); PgP without Rm (10 ug PgP/well) was used for comparison,
and untreated CGNs were used as a negative control. The cells were
incubated an additional 24 h in hypoxia condition and then lysed for
measurement of cAMP level or fixed for neurite length evaluation.
CGNs maintained through the culture period under normoxia
condition were used as a positive control.

cAMP measurement

To evaluate the effect of Rm-PgP treatment on the cAMP level
of CGN cells cultured in hypoxia condition, a Mouse/Rat cAMP
Parameter Assay Kit (R&D Systems) was used to evaluate the
cAMP concentration of collected cell lysates according to manu-
facturer’s instructions. Culture medium was replaced with phosphate-
buffered saline (PBS) and CGNs were removed by scraping on ice,
collected, and centrifuged. The PBS supernatant was removed and the
cells re-suspended in 0.1N HCl/cell lysis buffer 5 at approximately
1 %107 cells/100 uL. Following lysis, the samples were centrifuged at
600 g for 10 min to remove cell debris. The supernatant was collected
and neutralized using 1N NaOH prior to 2-fold dilution with Cali-
brator Diluent RD5-55. Streptavidin-coated plates were incubated
with biotinylated mouse monoclonal antibodies to cAMP, washed,
and incubated with cAMP conjugate (CAMP conjugated to horse
radish peroxidase) and sampled for 2h at room temperature. After
washing thoroughly, substrate solution was added and incubated for
30 min. The reaction was halted using an acidic stop solution and then
the absorbance was measured at 450 nm and 570 nm. Optical density
values at 570 nm were subtracted from the values at 450 nm to correct
for background. The cAMP levels from three separate wells were
averaged for each biological replicate (n=3) and data presented as
mean * standard error of the mean (SEM).

Neurite length measurement

CGNs were fixed with ice cold methanol for 5 min and then rinsed
with staining media (PBS with 5% bovine growth serum) and per-
meabilized with 0.1% Triton X solution. The cells were incubated with
monoclonal anti-beta-III tubulin (1:250) for 2h at room temperature,
washed, and incubated for 1h with DyLight® 488-conjugated sec-
ondary antibody (1:250). The wells were then digitally imaged using an
Axiovert 200 inverted epifluorescent microscope (Zeiss). After imag-
ing, the neurite lengths of CGN cells for each group (Rm-PgP, Rm-
DMSO, PgP, untreated in hypoxia, and normoxia) were measured
using Image] software for three biological replicates (n = 3/experiment)
and data presented as mean + SEM.

Generation of rat compression SCI model

All surgical procedures and post-operative care were conducted
according to National Institutes of Health (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 rat clip comprssion SCI model was generated
as previously described by Gwak and colleagues.*® Sprague Dawley
rats (male; 200 g) were anesthetized under isoflurane gas, their backs
shaved, and the surgical sites cleaned with chlorohexidine, betadine
solution, and sterile water. To produce the injury, a 4-cm long
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longitudinal incision was made on the dorsal side over the mid-
thoracic region revealing the spinal column. The T9 spinous process
was identified and removed using orthopedic bone cutters, then the
ligamentum flavum was removed to expose the intervertebral space.
A vascular clip was placed on the dorsal T9 spinal cord and com-
pressed for 10 min. Following injury, the paraspinal muscles were
closed with 4-0 vicryl suture and the skin was closed with surgical
clip. After surgery, animals were warmed by heating blanket for
recovery. Animals received cefazolin (40 mg/kg; Hikma Pharma-
ceuticals) and buprenorphine (0.01 mg/kg; Hospira Inc.) for 2 weeks
after surgery and bladders were manually expressed three times daily.

Retention of locally injected DiR-loaded
PgP in the SCI lesion site

We first evaluated whether the drug-loaded PgP nanoparticles
would remain in the spinal cord injury lesion after local injection or
diffuse away from the injury site. The hydrophobic fluorescent dye
DiR was loaded in the PgP micelle nanoparticle solution for visual-
ization. DiR was dissolved in acetone and then added into a PgP
(1 mg/mL; water) solution (final concentration of 25 ug DiR/mL).
The acetone was evaporated overnight and then the solution was
filtered with a 0.2 um syringe filter to remove precipitated DiR. After
compression SCL, 10 uLL of DiR-PgP solution was injected into the
injury site using a 26 G Hamilton syringe (Hamilton®, Reno, NV). At
2,4, 6,24,72, and 120 h post-injection, the animals were anesthetized
under isoflurane gas and imaged by a live animal fluorescence im-
aging system (IVIS Luminar XR; Caliper Life Sciences). At 2, 6, 24,
72, and 120 h post-imaging, animals were euthanized using carbon
dioxide and the spinal cord was excised (1.5 cm-long piece from the
center of the injury) for ex vivo imaging using an IVIS Luminar XR.

Effect of Rm-PgP on cAMP level
in rat compression SCI model

After spinal cord compression injury, 10 uL. Rm-PgP (10 ug Rm)
was injected immediately after injury into the injured dorsal T9 spinal
cord using a 26-gauge Hamilton syringe. Untreated SCI and sham
animal groups were used as controls. At 1, 2, 3, and 7 days post-
injury, animals were sacrificed with CO, overdose and spinal cords
(0.5cm-long piece from the center of the injury) were harvested,
frozen in liquid nitrogen, and stored at —80°C. For cAMP analysis, the
tissue samples were weighed individually, then homogenized in 0.1N
HCl/lysis buffer 5 solution at a 1/5 (w/v) ratio. The samples were
centrifuged at 10,000 g for 10 min at 4°C and the supernatant was
removed, neutralized with 0.1N NaOH, and then diluted 2-fold with
Diluent RD5-55. Measurement of cAMP concentration was per-
formed in the manner previously described for in vitro samples.

Effect of Rm-PgP on secondary injury
in rat compression SCI model

To evaluate the effect of Rm-PgP treatment on apoptosis in SCI
lesion site, terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) staining was performed using an Apop-
Tag® Plus Fluorescein In Situ Apoptosis Detection Kit. At 3 days after
injury and Rm-PgP injection, the rats were anesthetized by isoflurane
gas and sacrificed by cardiac perfusion with 4% paraformaldehyde in
PBS (pH 7.4). The spinal cords were excised (0.5 cm on either side of
the injury site) and fixed with 4% paraformaldehyde solution. The
fixed tissue was embedded in O.C.T. compound, sectioned longitu-
dinally at 10 um thickness, and mounted onto positively charged glass
slides. Sections approximately 30 yum and 60 um lateral from the le-
sion epicenter (total n=18 sections/group; three rats/group, six sec-
tions/rat) were stained using the ApopTag® Kit and nuclei were
counterstained by 4’,6-diamidino-2-phenylindole (DAPI). Images of
the entire stained sample were captured at 50xusing an AZ100
fluorescent microscope (Nikon Instruments) and the images were
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stitched together using Photoshop software. Additional images were
obtained at 400 x from the lesion epicenter and 2 mm and 4 mm rostral
and caudal from the epicenter. The number of TUNEL and DAPI+
cells were counted for each image area using Photoshop software, and
the percentage of TUNEL+ cells per DAPI+ cells were calculated.
Sham animals and untreated SCI animals were used for comparison.

To further characterize the effect of Rm-PgP treatment on sec-
ondary injury related and apoptosis, immunohistochemical staining
was performed for Bax, a pro-apoptotic marker related to perme-
ability of the mitochondrial membrane and release of cytochrome-c,
and Bcl-2, an anti-apoptotic marker associated with homeostasis
of the mitochondrial membrane. Sections approximately 30 um and
60 um lateral from the lesion epicenter (total n=nine sections/
group; three rats/group, three sections/rat) were incubated with
mouse monoclonal anti-Bax (1:200; sc-23959) and rabbit poly-
clonal anti-Bcl-2 (1:200; sc-492), washed, and incubated with anti-
mouse Cy3-conjugated (1:200; ab97035; Abcam) and AlexaFluor
488 (1:2000, A11008, Life Technologies). Sections were digitally
imaged and the numbers of Bax+ and Bcl-2+ cells were counted and
a ratio of Bcl-2+/Bax+ cells was calculated. Sham animals and
untreated SCI animals were used for comparison.

To evaluate effect of Rm-PgP treatment on the inflammatory re-
sponse in the SCI lesion, immunohistochemical staining for ED1 was
performed on spinal cord sections from 3-day post-injury samples.
Sections approximately 30 um and 60 ym lateral from the lesion epi-
center (total n=18 sections/group; three rats/group, six sections/rat)
were incubated with mouse monoclonal anti-ED1 antibodies (1:200;
MAB1435) for active microglia/macrophages, washed, and incubated
with Cy3-conjugated secondary (1:200; ab97035; Abcam). Sections
were digitally imaged as described above and the number of ED1 and
DAPI+ cells were counted using Photoshop software. Cells were de-
termined as ED1+ when the DAPI stained nucleus was completely
surrounded by ED1 specific staining.

Statistical analysis

Quantitative data are presented as the mean+SEM. The statis-
tical significance was analyzed between groups by a Student’s
t-test. A p value of less than 0.05 was considered significant.

Results
Synthesis and characterization of PgP

The amphiphilic copolymer PgP was synthesized by conjugating
the carboxyl groups of PLGA to the amine groups of bPEI through
amide bonds. Following synthesis and purification, the structure of
PgP was confirmed by 'H-NMR using D,O as a solvent. The peaks
of bPEI backbone -CH,-CH, were observed at 62.4~ 3.5 (m), the
peaks of methyl (-CH3), methylene (-CH,), and methine (-CH) of
PLGA was observed at 61.4~1.6 (d, 3H), 63.9 (s, 2H), and 04.3
(q, 1H), respectively.

Rm loading in PgP micelle nanoparticles

Like many drugs, Rm is relatively hydrophobic and has limited
aqueous solubility (solubility in water: 0.2 mg/mL). We first evalu-
ated the ability of Rm to be loaded into the hydrophobic core of PgP
micelles, increasing its water solubility. As presented in Figure 2, the
amount of Rm loaded in the PgP increased with the amount of Rm
added, ultimately reaching a peak and then decreasing due to pre-
cipitation by supersaturation. The amount of Rm loaded in PgP so-
lution was approximately 1.36+0.042 mg as determined from three
individual loading replicates. This represents about 6.8 times higher
than Rm solubility in water (0.2 mg/mL) indicated by the dashed red
line (Fig. 2A). The Rm loading efficiency was calculated as ap-
proximately 90%. Figure 2B shows the stability of Rm-PgP solution
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FIG. 2. (A) Rolipram (Rm) loading into poly(lactide-co-glycolide)-graft-polyethylenimine (PgP) micelle nanoparticles by the solvent
evaporation method. 100 uLL containing various concentrations of Rm (0-2 mg/mL in ethanol) was added into PgP (1 mg/mL in water)
solution, incubated to allow ethanol evaporation, and filtered to remove free Rm, and the concentration of loaded Rm measured by high-
performance liquid chromatography (HPLC). The maximum water solubility of free Rm is indicated by dashed red line (0.2 mg/mL). (B)
The long-term stability of Rm-PgP incubated at 37°C for 6 weeks. Each week, solutions containing Rm-PgP were sampled and filtered
with 0.2 um syringe filter to remove released precipitated Rm and then Rm amount was measured by HPLC. The % Rm remained was
calculated as: % Rm remained at given time-point=(amount of Rm in PgP at given time-point)/ (amount of Rm in PgP at time 0) x 100.

incubated at 37°C and the Rm-PgP was stable up to 5 weeks and then
started to decrease reaching 63.3% at 6 weeks.

Particle size of Rm-PgP micelle nanoparticles

To evaluate whether Rm loading into PgP affects micelle particle
size, we measured the particle size of PgP and Rm-PgP nanopatrticles.
Rm loading did not change the PgP micellar nanoparticle size and the
mean particle sizes of PgP and Rm-PgP were 123.5+3.5nm with
polydispersity 0.215+0.021 and 121.8+1.9nm with polydispersity
0.279+0.315, respectively.

Rm-PgP increases cAMP levels of CGNs
cultured in hypoxia condition

The cAMP level of CGNs cultured under hypoxia was signifi-
cantly lower than that of CGNs cultured under normoxia conditions
(Fig. 3). In both Rm-PgP and Rm-DMSO treated groups, the cAMP
levels of CGNs were restored to levels not significantly different
from cells cultured in the normoxia condition. We used PgP without
Rm as a mock control to evaluate the effect of PgP alone. Inter-
estingly, PgP alone did not indicate any cytotoxicity, but increased
cAMP level slightly, compared with the untreated hypoxia group.

Bm-PgP increases neurite length of CGNs
cultured in hypoxia condition

Figure 4A shows representative images of CGNs cultured under
normoxia (i) and hypoxia conditions either untreated (ii) or treated
with PgP alone (iii), Rm-PgP (iv), or Rm-DMSO (v). Quantitative
image analysis showed that neurite length was significantly lower
in hypoxia condition relative to normoxia condition, while neurite
length of CGNs treated with Rm-PgP and Rm-DMSO under hypoxia
was not significantly different from the normoxia control (Fig. 4B).

DiR-PgP is retained at SCI lesion site
after local injection

To evaluate the duration of retention of locally injected PgP mi-
cellar nanoparticles in the spinal cord lesion site, the hydrophobic dye

DiR was loaded in PgP nanoparticle solution using the solvent evap-
oration method. Figure 5A shows that DiR was soluble in the PgP
micelle core, while DiR was filtered out in water after filtering with
0.2 um membrane filter due to its low solubility. Figure 5B shows that
injected DiR-PgP nanoparticles were retained at the injection site up to
5 days post-injection. Figure 5C shows that the injected DiR-PgP
nanoparticles retained in excised spinal cord at each time-point.

200
B Normoxia @ Untreated
180 1 B PgP CRm-PgP
‘g 160 A B Rm-DMSO
~
E 140 - i
= 120 +
¢ 100 -
c
S so - .
o
S 60 1
T 40 - '
20 - 7/
_ %
0
Normoxia Hypoxia
FIG. 3. Rolipram-loaded poly(lactide-co-glycolide)-graft-

polyethylenimine (Rm-PgP) increases cyclic adenosine mono-
phosphate (cAMP) levels of cerebellar granular neurons (CGNs)
cultured in hypoxia condition. Rat CGNs were cultured in hypoxia
for 24h and then treated with Rm-PgP (10 ug Rm/well), Rm
dissolved in dimethylsulfoxide (Rm-DMSO, 10 ug Rm/well) and
PgP only (10 ug PgP/well), and cultured an additional 24h in
hypoxia. Untreated CGNs cultured in hypoxia and CGNs cultured
in normoxia was used as negative and positive control, respec-
tively. cAMP levels were measured by enzyme-linked immuno-
sorbent assay. Data presented as meanzstandard error of the
mean (n=9). *p<0.05, compared with normoxia.
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FIG. 4. Rolipram-loaded poly(lactide-co-glycolide)-graft-polyethylenimine (Rm-PgP) increases neurite length of cerebellar granular
neurons (CGNs) cultured in hypoxia condition. Rat CGNs were cultured in hypoxia for 24 h and then treated with Rm-PgP (10 ug Rm/
well), Rm dissolved in dimethylsulfoxide (Rm-DMSO, 10 ug Rm/well) and PgP only (10 ug PgP/well) and cultured an additional 24 h in
hypoxia. Untreated CGNs cultured in hypoxia and CGNs cultured in normoxia was used as negative and positive control, respectively.
CGNs were immunostained for beta-III tubulin and imaged. (A) Representative images for -3 tubulin stained CGNs cultured in (i)
normoxia, and (ii) untreated, (iii) PgP-only treated, (iv) Rm-PgP treated, and (v) Rm-DMSO treated CGNs after culture in hypoxia
condition. Scale bars represent 100 um. (B) Neurite length of CGNs cultured in various conditions. Data presented as mean + standard
error of the mean (n=9). *p <0.05, compared with normoxia. Color image is available online at www.liebertpub.com/neu

Rm-PgP restores cAMP levels after compression SCI injury/Rm-PgP injection. Figure 7A shows representative images of
TUNEL+ cells in the entire stained spinal cord (0.5 cm on either side
of the injury site) captured at 50 X . We observed much less TUNEL +
(apoptotic) cells in the spinal cord of animals treated with Rm-PgP
than in the spinal cord of animals in the untreated group. Figure 7B
shows representative images of TUNEL + cells in the spinal cord
centered on the lesion epicenter and spanning 2 and 4 mm towards the
rostral and caudal ends with 400 x magnification. The % TUNEL+
cells was significantly decreased in Rm-PgP treated animals relative
to untreated SCI animals at all positions (Fig. 7C).

Figure 8A and 8B show representative images of Bax+ and Bcl-
2+ cells, respectively, in the the spinal cord centered on the lesion
epicenter and spanning 2 and 4 mm towards the rostral and caudal

Apoptosis was measured by the terminal deoxynucleotidyl trans-  ends with 400 X magnification. Figure 8C shows the ratio of Bcl-24/
ferase dUTP nick end labeling (TUNEL) assay at the 3-day post- Bax+ cells calculated by number of Bcl-2+ and Bax+ cells

After SCI, cAMP levels measured at all time-points were sig-
nificantly reduced relative to the sham control (Fig. 6). Injection of
Rm-PgP (10 ug Rm/rat) restored cAMP to levels not significantly
different from the sham animal group at 1 and 2 days post-injection.
cAMP levels in animals receiving Rm-PgP decreased at Day 3 and
were significantly lower than the sham control, but still significantly
higher than untreated animals. At Day 7, cAMP levels in untreated
and Rm-PgP-treated animals were not significantly different.

Rm-PgP reduces apoptosis and inflammatory
response after compression SCI
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FIG. 5. Rolipram-loaded poly(lactide-co-glycolide)-graft-polyethylenimine (Rm-PgP) is retained at spinal cord injury lesion site after
local injection. (A) 1,1’-dioctadecyl-3,3,3’,3’-tetramethyl indotricarbocyanine Todide (DiR) loading in PgP solution and water. (B)
Visualization of DiR-PgP nanoparticles by live animal imaging system at 2, 4, 6, 24, 72, and 120 h post-injection. Left: untreated control
animal. Right: DiR-PgP injected animal. (C) Images of spinal cord isolated at 2, 4, 6, 24, 72, and 120 h post-injection. Color image is
available online at www.liebertpub.com/neu
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FIG. 6. Rolipram-loaded poly(lactide-co-glycolide)-graft-

polyethylenimine (Rm-PgP) restores cyclic adenosine monopho-
sphate (CAMP) levels after compression spinal cord injury. Rm-PgP
(10 ug Rm) was injected immediately after clip compression injury
and the spinal cord was harvested at 1, 2, 3, and 7 days post-injection.
cAMP levels were measured by enzyme-linked immunosorbent
assay assay. Sham and untreated spinal cord injury animal groups
were used for comparison. Data presented as mean + standard error
of the mean (n=6). *p<0.05, compared with the sham group,
indicated by the dashed red line. Color image is available online
at www.liebertpub.com/neu
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quantified. We observed that the ratios of Bcl-2+/Bax+ in treated
animal group were significantly higher than those in the untreated
SCI animal group at all positions.

We also evaluated the effect of Rm-PgP administration on the
inflammatory response. Figure 9A shows representative images of
ED1+ cells in the entire stained spinal cord (0.5 cm on either side of
the injury site) captured at 50x. We observed fewer ED1+ activated
microglia and/or infiltrated macrophages in spinal cords from the Rm-
PgP treated group than from the untreated animal group. Figure 9B
shows representative images of ED1+ cells in the spinal cord centered
on the lesion epicenter and spanning 4 mm towards the rostral and
caudal ends captured at 400x. The % ED1+ cells was significantly
decreased in Rm-PgP treated animals at 4 mm rostral and caudal of
the epicenter relative to untreated SCI animals (Fig. 9C).

Discussion

After traumatic injury, further neuronal cell loss occurs due to
ischemia, inflammation, calcium influx, free radical formation, and
glutamate-mediated excitotoxicity. Further, the regenerative capac-
ity of surviving neurons is limited by extracellular growth inhibitors
and deficiencies in biochemical signaling and gene transcription. To
overcome this complex pathophysiology and develop an effective
treatment for SCI, we developed multi-functional polymeric nano-
carrier composed of a cationic, amphiphilic graft copolymer, poly
(lactide-co-glycolide)-graft-polyethylenimine (PgP) for combinato-
rial drug/gene delivery. Previously, we reported the synthesis and
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FIG. 7. Rolipram-loaded poly(lactide-co-glycolide)-graft-polyethylenimine (Rm-PgP) reduces apoptosis after compression spinal
cord injury (SCI). Rm-PgP (10 ug Rm) was injected immediately after clip compression injury. At 3 days post-injection, spinal cords
were explanted, embedded, sectioned, and stained for terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TU-
NEL) + cells (green) and nuclei (blue). Sham and untreated SCI animal groups were used for comparison. (A) Representative images of
TUNEL stained longitudinally sectioned spinal cord (0.5 cm-long piece from the center of the injury). Scale bar indicates 500 um. Top:
sham. Middle: untreated SCI. Bottom: Rm-PgP treated SCI rats. (B) Representative images of TUNEL+ cells in the spinal cord at the
lesion epicenter and 2 and 4 mm rostral and caudal. Scale bar indicates 50 um, Top: sham. Middle: untreated SCI. Bottom: Rm-PgP
treated SCI animals. (C) The % TUNEL+ cells quantified from total 18 different sections of spinal cords from each group (six sections/
rat, three rats/group). *p <0.05, compared with untreated SCI. Color image is available online at www .liebertpub.com/neu
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FIG. 8. Rolipram-loaded poly(lactide-co-glycolide)-graft-polyethylenimine (Rm-PgP) increases the ratio of Bcl-24+/Bax+ cells after
compression spinal cord injury (SCI). Rm-PgP (10 ug Rm) was injected immediately after clip compression injury. At 3 days post-
injection, spinal cords were explanted, embedded, sectioned, and stained for Bax, pro-apototic protein and Bcl-2, anti-apoptotic protein.
Sham and untreated SCI animal groups were used for comparison. Representative images of Bcl-2+ cells (A) and Bax+ cells (B) in the
spinal cord at the lesion epicenter, 2, and 4 mm rostral and caudal. Scale bar indicates 50 yum, Top: sham. Middle: untreated SCI.
Bottom: Rm-PgP treated SCI animals. (C) The ratio of Bcl-2+/Bax+ cells were calculated from a total of nine different sections of spinal
cords from each group (three sections/rat, three rats/group). Sections were digitally imaged and the numbers of Bax+ and Bcl-2 +cells
were counted. *p <0.05, compared with untreated SCI. Color image is available online at www.liebertpub.com/neu

characterization of PgP as a carrier for siRNA and pDNA in vitro in
the presence of serum and pDNA to the native spinal cord.”” We also
have reported that PgP is capable of efficiently delivering siRNA to
knockdown RhoA gene expression in the rat SCI lesion site for up to
4 weeks and increase axonal regeneration.*® Here, we report the
ability of PgP to serve as a rolipram (Rm) delivery carrier in cere-
bellar granular neurons (CGNs) cultured in hypoxia condition
in vitro, as well as in a rat compression spinal cord injury model.

We first examined the loading efficiency of Rm in the hydro-
phobic core of PgP nanoparticles by solvent evaporation method
and the amount of Rm loaded in PgP (1 mg/mL) was about 7 times
higher than Rm’s solubility in water (0.2 mg/mL). The success of
loading Rm within PgP is consistent with the demonstrated per-
formance of amphiphilic micelles for loading of drugs with poor
aqueous solubility.>*~*' We believe that this increased water sol-
ubility of Rm by PgP may increase the opportunity to translate Rm
as a neuroprotectant for SCI without unwanted side effects by or-
ganic solvents, such as DMSO or ethanol.** In our long-term sta-
bility study, we observed that Rm-PgP was stable up to 5 weeks at
37°C. We believe that the increased water solubility without the
need for organic solvent and stability of Rm-PgP are important
features for commercial and clinical application.

We next examined the effect of Rm-PgP on cAMP levels and
neurite length in rat primary cerebellar granular neurons (CGNs)
cultured in hypoxia condition as an in vitro SCI model. We found
that Rm-PgP restored cAMP levels in CGNs cultured in hypoxia to
that of CGNs cultured in normoxia condition and was not signifi-

cantly different from levels attained using free Rm dissolved in
DMSO. We also found that Rm-PgP could restore neurite out-
growth in hypoxia condition to levels not significantly different
than cells cultured under normoxia. We used the PgP-only group as
a mock control to evaluate the effect of polymer alone. Interest-
ingly, PgP alone did not show any cytotoxicity but showed slight
increase of cAMP, as well as neurite length, compared with the
untreated hypoxia group. These results help to confirm the cyto-
compatibility of our PgP as a delivery carrier.

Before evaluating the efficacy of Rm-PgP effect in in vivo SCI
animal model, we questioned whether the injected nanoparticle will
remain in the injection site or diffuse away. Using fluorescent dye-
loaded PgP (DiR-PgP) and live animal imaging, we show that DiR-
PgP are retained at the injected lesion site for up to 5 days after a
single injection. After verifying retention of injected nanoparticle,
Rm-PgP (10 ug Rm/rat, 10 uL. Rm-PgP) was injected in injured spinal
cord and a single injection of Rm-PgP was able to restore cAMP to
levels not significantly different from sham control for up to 2 days
before beginning to decline at 3 days post-injection. These data show
for the first time that locally injected Rm-loaded nanoparticles in the
injured spinal cord can provide prolonged therapeutic effect with
sustained release of the drug. In many other studies, Rm was ad-
ministrated systemically by intravenous or intraperitoneal injection,
or locally by subcutaneously implanted osmotic pumps for at least 1
or 2 weeks after dissolving in DMSO or ethanol. Therefore, we be-
lieve that PgP nanocarrier may increase therapeutic effect of Rm,
as well as patient compliance, because only one single injection of
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FIG. 9. Rolipram-loaded poly(lactide-co-glycolide)-graft-polyethylenimine (Rm-PgP) reduces inflammatory cell accumulation after
compression spinal cord injury (SCI). Rm-PgP (10 ug Rm) was injected immediately after clip compression injury. At 3 days post-injection,
spinal cords were explanted, embedded, sectioned, and stained for ED1+ microglia/macrophages (red) and nuclei (blue). Sham and untreated
SCI animal groups were used for comparison. (A) Representative images of immunostaining for ED1 in longitudinally sectioned spinal cord
(0.5 cm-long piece from the center of the injury). Scale bar indicates 500 um. Top: sham. Middle: untreated SCI. Bottom: Rm-PgP—treated
SCI rats. (B) Representative images of ED1+ cells in the spinal cord at the lesion epicenter, 2 and 4 mm rostral and caudal. Scale bar
indicates 50 um. Top: sham. Middle: untreated SCI. Bottom: Rm-PgP—treated SCI animals. (C) The % ED1+ cells was quantified from a
total of 18 different sections of spinal cords from each group (six sections/rat, three rats/group). *p <0.05, compared with untreated SCIL.

Color image is available online at www.liebertpub.com/neu

Rm-PgP (10 ug Rm) can significantly increase cAMP level up to
5 days, compared with the untreated SCI animal group.

We further evaluated the effect of restored cAMP level in the
injured spinal cord by Rm-PgP on apoptosis and inflammatory
response. We found that Rm-PgP was able to reduce apoptosis
relative to the untreated SCI control group at all positions and the
anti-apopototic activity of Rm-PgP was further confirmed by
the increased ratios of Bcl-2+/Bax+ in the treated group relative to
the untreated group at all positions. We also observed reduced
numbers of ED1+ cells indicative of lower immune cell infiltration/
activation. These results indicate that Rm-PgP treatment reduces
important aspects of secondary injury by significantly reducing cell
death, as well as inflammation, within the injury lesion.

Further studies will include more detailed evaluation of in-
flammatory signaling effects, in addition to demonstrating long-
term functional recovery of treated animals through use of the
Basso, Beattie, and Bresnahan scoring.*® These studies may clarify
whether PgP can be used in the development of an effective
therapeutic for SCI through multi-modal modulation of the injury
micro-environment. The ultimate strength of this polymeric mi-
celle nanotechnology will be its ability to deliver a loaded drug
cargo alongside conjugated therapeutic nucleic acids, and there-
fore future application towards treatment of SCI will be ap-
proached through incorporation of Rm and small interfering RNAs
(siRNAs) against inhibitory molecules such as RhoA*® for the
combinatorial therapy.

Conclusion

In this study, we demonstrate that PgP is a promising carrier for
the hydrophobic drug, rolipram (Rm) to mitigate secondary injury
following SCI. We show that PgP micelle nanoparticle can increase
water solubility of rolipram up to ~ 6.8 times by dissolving rolipram
in the hydrophobic core of PgP micelle. We show that Rm loaded
PgP (Rm-PgP) can restore cAMP levels and increase neurite out-
growth of cerebellar granular neurons (CGNSs) cultured in hypoxia
condition in vitro. The potential efficacy of Rm-PgP was evaluated
in a rat compression SCI model. We found that hydrophobic dye
(DiR) loaded PgP (DiR-PgP) nanoparticles were retained at the
injection site up to 5 days. We also show that a single injection of
Rm-PgP in rat spinal cord lesion site restores cAMP levels and
reduces apoptosis and the inflammatory response in rat SCI com-
pression injury. These results suggest that PgP may offer an efficient
and translational approach to delivering Rm as a neuroprotectant
following SCIL
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