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Abstract

Traumatic peripheral nerve injury (TPNI) represents a major medical problem that results in loss
of motor and sensory function, and in severe cases, limb paralysis and amputation. To date, there
are no effective treatments beyond surgery in selective cases. In repurposing studies, we found that
daily systemic administration of the FDA-approved drug 4-aminopyridine (4-AP) enhanced
functional recovery after acute peripheral nerve injury. This study was aimed at constructing a
novel local delivery system of 4-AP using thermogelling polymers. We optimized a
thermosensitive (4-AP)—poly(lactide-co-glycolide)-&6-poly(ethylene glycol)-6-poly(lactide-co-
glycolide) (PLGA-PEG-PLGA) block copolymer formulation. (4-AP)-PLGA-PEG exhibited
controlled release of 4-AP both /n vitroand in vivo for approximately 3 weeks, with clinically
relevant safe serum levels in animals. Rheological investigation showed that (4-AP)-PLGA-PEG
underwent a solution to gel transition at 32 °C, a physiologically relevant temperature, allowing us
to administer it to an injured limb while subsequently forming an /n situ gel. A single local
administration of (4-AP)-PLGA-PEG remarkably enhanced motor and sensory functional
recovery on post-sciatic nerve crush injury days 1, 3, 7, 14, and 21. Moreover,
immunohistochemical studies of injured nerves treated with (4-AP)-PLGA-PEG demonstrated an
increased expression of neurofilament heavy chain (NF-H) and myelin protein zero (MPZ)
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proteins, two major markers of nerve regeneration. These findings demonstrate that (4-AP)—
PLGA-PEG may be a promising long-acting local therapeutic agent in TPNI, for which no
pharmacologic treatment exists.
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INTRODUCTION

Traumatic peripheral nerve injury (TPNI) is a major health problem occurring in
approximately 3% of all trauma patients.1~3 Most TPNIs result from either acute blunt
trauma, crush, or compression. TPNI can lead to significant loss of function with disability,
which can be permanent or transient depending on the extent of axonal injury. Neuropraxic
lesions which retain axonal continuity and have segmental loss of the myelin sheath can
recover spontaneously. On the other hand, recovery of transected nerves depends on prompt
surgical intervention.*~® Surgical management of these injuries is challenging since
performing surgery too early can harm the potential for spontaneous recovery, while
delaying surgery can miss the time window necessary to intervene.” In addition, although
nerve conduits are materials which can aid in surgical nerve repair, they provide mainly
mechanical support alone.10 There is no standard of care for crush injuries, the most
prevalent TPNI. Thus, there is an unmet need for a pharmacologic agent which can enhance
functional recovery after TPNI.

In repurposing studies, systemic 4-aminopyridine (4-AP) has been shown to enhance
functional recovery after traumatic nerve injury in mice by improving sciatic function index
(SFI) and nerve conduction velocity.11 4-AP is a nonspecific antagonist of voltage-gated
potassium (K,) channels.1? It is approved by the United States Food and Drug
Administration (FDA) for neurodegenerative disorders such as multiple sclerosis, where it
restores impaired impulse propagation and improves walking performance. Demyelination
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of the peripheral nerve exposes outwardly rectifying K, channels, causing loss of potassium
ions and impairment in nerve conduction. Due to the higher density of K, channels in
internodia than at nodes of Ranvier, 4-AP blockage of potassium channels restores and
prolongs action potentials with increased amplitude in demyelinated axons.13

Despite its efficacy, use of systemic 4-AP may garner safety concerns due to unpredictable
blood levels, with high doses causing seizures. More common side effects include sleep
disturbance, nausea, vertigo, and headache. Thus, a local controlled-release formulation
could help mitigate these effects by directly targeting a nerve injury site with improved
efficacy at lower dosages.1* Local delivery of 4-AP is also desirable to improve patient
compliance through a single local injection instead of daily oral dosing. In addition,
repurposing an FDA-approved drug could greatly hasten the translation of our findings into
clinical practice. Based on preliminary data on systemic 4-AP, we sought to develop a
controlled-release formulation which could be locally injected near a nerve injury site and
deliver drug for several weeks.

Recently, block copolymers have emerged as novel biodegradable, thermosensitive drug
delivery systems for controlled release of incorporated small molecules.1>-17 Application of
these delivery systems would be especially relevant in orthopaedic practice where injury
sites are easily identifiable and can be locally targeted. We hypothesized that 4-AP could
interact with amphiphilic polyethylene glycol/polylactic acid-co-glycolic acid (PEG/PLGA),
both FDA-approved, biodegradable, and biocompatible polymers, to promote the release of
4-AP at a controlled rate. To test this hypothesis, we synthesized a PLGA/PEG triblock
copolymer containing 4-AP (Figure 1) and examined its physiochemical and thermogelling
properties. Secondary structure of block copolymer aqueous solutions was examined for the
in vitro release profile of 4-AP. Finally, /n vivo drug release and efficacy of our optimized 4-
AP thermogel were determined. In this study for the first time, we investigated the effects of
a novel long-acting local 4-AP thermogel for the treatment of acute peripheral nerve injury.
We demonstrate that (4-AP)-PLGA-PEG enhances the speed and extent of functional
recovery and promotes remyelination in acutely damaged peripheral nerves.

MATERIALS AND METHODS

Animals.

Male C57BL/6J mice (10 weeks old; Jackson Laboratories, Bar Harbor, Maine) weighing 25
+ 3 g were used in this study. Experimental design and animal protocols were approved by
the Institutional Animal Care and Use Committee (IACUC) at The Pennsylvania State
University College of Medicine.

Block Copolymer Synthesis and Characterization.

Poly-(lactide-co-glycolide)-b6-poly(ethylene glycol)-6-poly(lactide-co-glycolide) (1700—
1500-1700 Da, LA/GA 15:1, 94%:6% LA/GA, PolySciTech) and 4-aminopyridine (4-AP,
Sigma-Aldrich) were used without further purification. 4-AP was incorporated in PLGA-
PEG-PLGA triblock copolymer solution (1x PBS, pH 7.4, polymer concentration: 20 wt
%), stirred at 4 °C until it was completely dissolved, and characterized using proton nuclear
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magnetic resonance (*H NMR) to confirm the composition. Experiments using 1H NMR
were carried out with Bruker Avance Il 600 MHz instrument equipped with a TCI cryo-
probe. Standard presaturation pulse programs from the Bruker pulse sequence library were
used to suppress residual D,O solvent. The samples were prepared at room temperature and
experiments were performed at 25°C.

Rheological Characterization of Block Copolymer Aqueous Solutions.

Small amplitude oscillatory shear experiments were performed in a Discovery Hybrid
Rheometer (DHR-3) from TA Instruments (New Castle, DE, USA). The rheometer was
equipped with a 60 mm diameter stainless steel cone with a truncation gap of 28 4m and 1°
cone angle. The cone was installed in the upper portion of the rheometer, which also hosted
the motor and transducer for both torque and normal forces. The bottom plate was
constituted by a Peltier element used to control the temperature with an accuracy of £0.1 °C.

A typical volume of 1.2 mL of solution was poured onto the bottom plate at 20 °C to
minimize evaporation. The loading was followed by a trimming stage, where the excess
sample was removed before leading the cone to the measuring gap (¢m). Once in the
measuring position, the solution was surrounded by an organic noninteracting oil to avoid
water evaporation. The viscosity of the oil was much lower than that of the aqueous solution
so that the torque signal was largely unaffected by the presence of the oil. Rapid experiments
with no oil at room temperature corroborated the results obtained with oil. Experiments
conformed to previous work.18

The linear viscoelastic limits were probed by means of shear strain amplitude sweep
experiments at 10 rad/s and at the temperature of interest. The range of temperatures
explored was 10-40 °C. A shear strain of 0.03 strain units ensured the linear viscoelastic
regime for the whole temperature window. Temperature sweep tests were all performed at 10
rad/s and 0.03 strain units, from 10 to 40 °C with a heating rate of 0.5 °C/min. The
instrument accounted for thermal expansion of the measuring systems and the resulting
change of gap, which served to ensure a constant measuring gap regardless of the
temperature used in the experiment. The time evolution of the shear response of solutions
was monitored in time sweep experiments where the frequency remained 10 rad/s and the
shear strain remained 0.03 strain units. Frequency sweep experiments were performed at
0.03 strain units, well within the linear viscoelastic regime, at 25 °C and in the range of
frequencies 100-0.1 rad/s.

The monitored rheological functions were: storage modulus G’ (elastic contribution to the
material response), loss modulus G” (viscous contribution to the material response), and
ratio G”/G’, or the loss factor tan(&), with & being the phase shift between the sinusoidal
input exerted by the instrument and the material response output. Tan(6) was used as a
parameter to detect gelation.

In Vitro 4-AP Release from PLGA-PEG-PLGA Hydrogels.

Polymer solutions containing varying concentrations of 4-AP (2, 5, 10 tg/uL) were
transferred to 1.5 mL test tubes and the samples were incubated in a water bath at 37 °C to
convert them to physical hydrogels. Next, PBS (1%, pH 7.4) was added to each test tube as
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release media and the samples were left in the water bath at 37 °C for 30 days. At designated
time points, release media was extracted from the tubes and replaced with the same amount
of fresh PBS to maintain the sink condition. The amount of 4-AP released into the media
was measured with UV-Vis spectrophotometry (Thermo Scientific NanoDrop One
Spectrophotometer) to determine cumulative drug release over time, as in related work.1°
Quantification of amount of drug released was done using a 4-AP standard curve generated
using known concentrations of the drug.

In Vivo Degradation of Thermogel and 4-AP Release in Mice.

Mice (n=9) were given (4-AP)-PLGA-PEG at a body-weight-adjusted dose of 1.4 mg/kg
using thermogel with a 4-AP concentration of 2 1g/44. Blood was retro-orbitally collected at
various time points to sample serum via centrifugation. Serum 4-AP concentration was
determined using high-performance liquid chromatography (HPLC) to ensure that the serum
levels in mice remained within the human tolerable limit of 100 ng/mL.2° Circulating levels
of 4-AP in mouse serum samples were determined using ABSciex 4000 Q Trap mass
spectrometry (MS) coupled with a Waters Acquity ultraperformance liquid chromatography
separation system (UPLC/MS/MS) in the Mass Spectrometry Core Facility. 4-AP-dj, was
used as an internal standard. The multiple reaction monitoring mode was used to analyze
and quantify 4-AP and 4-AP-dj, with the transitions of /7/295 > 78 for 4-AP and 99 > 82 for
4-AP-dj. Quantification of 4-AP used a standard curve constructed by plotting the ratio of
the peak area of 4-AP to the peak area of 4-AP-qj against 4-AP concentration (0.01-20 1/M).
All peaks were integrated and quantified by ABSciex Multiquan 2.1 software (Framingham,
MA).

To assess /n vivo biodegradation of (4-AP)-PLGA-PEG, mice were anesthetized with
intraperitoneal (IP) ketamine (100 mg/kg)/xylazine (10 mg/kg). The sciatic nerves were
surgically exposed at weekly time points to observe location, adherence to the nerve, and
mass of the gel.

Mouse Model of Sciatic Nerve Crush Injury.

Sciatic nerve crush injury was performed as previously described with pressure-gauge-
tethered forceps.?! Briefly, after IP ketamine (100 mg/kg)/xylazine (10 mg/kg) anesthesia,
the right hindlimb was shaved and prepared with alcohol swabs and povidone—iodine
(Betadine). Under a binocular microscope (Model PZMIII, World Precision Instruments), a
lateral skin incision (~2.5 cm) was made along the length of the femur and the sciatic nerve
(SN) was bluntly exposed through the iliotibial band. Crush injury was performed ~3 mm
proximal to the SN trifurcation using calibrated forceps (3.3 mm tip width; 18-1107, Miltex
Instruments, York, PA) for a 30 s duration at a pressure of 4.4 MPa. Skin was closed via
surgical staples and post-operative slow release buprenorphine (0.05 mg/kg) was given
subcutaneously as an analgesic. The experimental animals (7= 5/group) were randomly
assigned to Sham (normal saline, 0.1 mL/mouse, IP), SN crush injury with saline (normal
saline, 0.1 mL/mouse, IP), SN crush injury with systemic 4-AP (4-AP, 2 mg/kg, IP), SN
crush injury with PLGA-PEG vehicle (PLGA-PEG, ~20 /L on sciatic nerve injury site),
and SN crush injury with (4-AP)-PLGA-PEG ((4-AP)-PLGA-PEG, 1.4 mg/kg, ~20 /L on
sciatic nerve injury site) groups. Systemic 4-AP was given IP once daily for 28 days. Local
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administration groups received (4-AP)-PLGA-PEG immediately after crush injury. Post-
injury functional recovery was assessed by walking track analysis (WTA), sensory nerve

testing (SNT), and grip strength testing on days 1, 3, 7, 14, 21, and 28. The animals were
euthanized on post-injury day 28 to harvest sciatic nerves for histological analysis.

Sciatic Function Index (SFI).

To evaluate /n vivo global motor functional recovery, sciatic function index (SFI) was
determined by WTA as previously described.?! Briefly, mice were trained to walk freely
along a 77 by 7 cm corridor lined with paper and individual footprints of the hindlimbs were
obtained before surgery as a baseline and on post-surgery days 1, 3, 7, 14, 21, and 28. At
least three measurable footprints for each hindlimb were obtained. Two blinded observers
measured three footprints per hindlimb with digital calipers. SFI was calculated using three
parameters: (1) toe spread (TS, first to the fifth toe), (2) total print length (PL), and (3)
intermediate toe spread (IT, second to the fourth toe) and the following formula: SFI =
-38.3{(EPL — NPL)/NPL} + 109.5{(ETS - NTS)/NTS} + 13.3{(EIT - NIT)/NIT} - 8.8,
where E is for experimental (injured) and N is for normal (contralateral uninjured) sides.

Hindlimb Grip Strength Test.

A grip strength meter (BIO-GS3, Bioseb-In Vivo Research Instruments, Pinellas Park, FL)
was used to measure hindlimb grip strength.22 Briefly, the mice were restrained by holding
the scruff and base of the tail. Mice were allowed to hold the grid and were gently pulled
along the length of the sensor grid until the grip was released. The force value was recorded
five times per animal to calculate the average grip strength. Attention was paid to minimize
paw injury and habit formation during each trial.

Von Frey Test.

Mice were placed in a transparent polycarbonate chamber (~10 x 10 cm) with a metallic
mesh floor approximately 25 cm above the bench. Animals were acclimatized prior to
testing. SNT was performed as previously described using a von Frey filament unit
(NC12775-08, Touch Test Sensory Evaluators).23-25 Briefly, the filament pressure (1 g
force) was applied to the plantar surface of the hindlimb through the mesh floor and the
animal withdrawing its paw was considered a positive response. The withdrawal reflex of
the hindlimb was recorded five times per animal to calculate the average percent response.

Sciatic Nerve Processing and Immunohistochemical Analysis.

Sciatic nerve processing and immunohistochemical staining were performed as previously
described with slight modification.2> SNs were harvested on post-injury day 28 from the
ipsilateral hindlimbs of mice. Nerves were fixed in 4% paraformaldehyde (PFA) solution
overnight, washed with 70% alcohol, and embedded in paraffin. A microtome (Model
RM2235, Leica, Buffalo Grove, IL) was used to cut serial 5 gm transverse sections from the
paraffin blocks. Tissue sections were deparaffinized and serially rehydrated with xylene and
ethanol and antigen retrieval was performed using 10 mM sodium citrate buffer (pH 6.0).
Permeabilization and nonspecific binding blocking were done using 1% Triton X-100 and
5% goat serum, respectively. Primary antibody staining was performed with anti-NF-H
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(1:1000; NB300-135, Novus Biologicals) and anti-MPZ (1:1000; PZ0, Aves Laboratories)
followed by secondary antibody incubation with Alexa Fluor 488 (1:1000; A11008,
Invitrogen) and Alexa Fluor 647 (1:1000; A21449, Invitrogen). Staining without primary
antibodies served as a control for nonspecific fluorescence. Nuclei were counterstained with
ProLong Gold antifade reagent with DAPI (P36935; Invitrogen) and sections were observed
under a fluorescent microscope (ZEISS Apotome 2). Stained nerve tissues were analyzed
and immunofluorescence intensity was quantified using ImageJ software (National Institutes
of Health, Bethesda, MD).

Feasibility of Local (4-AP)-PLGA-PEG Injection under Ultrasound Guidance.

To verify if (4-AP)-PLGA-PEG could be locally and noninvasively administered to a
targeted nerve injury site, ultrasound guidance was used for local (4-AP)-PLGA-PEG
injection. Briefly, mice (7= 5) were anesthetized with 5% isoflurane in an induction
chamber and fur over their hindlimb was shaved using an animal clipper. Skin was prepped
in an aseptic fashion and the mice were placed on the mouse-handling stage in a prone
position. A Vevo 3100 (Visual Sonics, Canada) microultrasound machine with a 40 MHz
probe was used to image longitudinal sections of the proximal hindlimb. The probe was
manually used to scan the hindlimb proximally and distally to ensure identification of the
sciatic nerve. A 20 G needle was manually inserted into the hindlimb to first confirm its
presence and was then positioned over the sciatic nerve. A 20 gL volume of (4-AP)-PLGA-
PEG was then injected onto the sciatic nerve. Following injection, the sciatic nerve was
surgically exposed to confirm correct anatomic placement and adherence of the gel on the
nerve.

Statistical Analysis.

RESULTS

All the results were expressed as mean + standard error of the mean (SEM). For group
comparison, the statistical differences of mean values were analyzed by least significant
difference (LSD) ttests as well as one-way and two-way analysis of variance (ANOVA). A p
value of less than 0.05 was considered as significant.

Block Copolymer Synthesis and Characterization.

As shown in Figure 2, the NMR spectra of 4-AP are 1H NMR (D,0): 68.02 (d, /= 5.4 Hz),
6.69 (d, J= 5.4 Hz). The spectra of PLGA-PEG are IH NMR (D,0): 3.68 (s), 1.60-1.50
(m),1.46-1.38 (m), 1.31 (d, /= 7.0 Hz). After mixing of 4-AP with PLGA-PEG at room
temperature, the TH NMR (D,0): §7.94 (d, J= 6.4 Hz), 6.83 (d, J= 6.4 Hz), 3.68 (s), 1.46—
1.38 (m), 1.29 (dd, J= 6.8 Hz, 0.8 Hz). The spectra revealed that the chemical shifts of the
mixture showed a significant change corresponding to both aromatic protons of 4-AP from
88.02 to 7.94 and 66.69 to 6.83, respectively. In addition, the PLGA-PEG aliphatic region
was changed from 61.31 to 1.29 after mixing. These findings of chemical shift changes
indicate that the chemical environment changes for 4-AP when mixed with PLGA-PEG.
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Rheological Characterization of Block Copolymer Aqueous Solutions.

Both PLGA-PEG-PLGA and PLGA-PEG-PLGA polymers with 4-AP were soluble in PBS
at room temperature and underwent solution-to-gel (sol—gel) transitions with increasing
temperature. Figure 3A shows the changes in modulus of PLGA-PEG-PLGA and PLGA-
PEG-PLGA polymers with varying concentrations of 4-AP as a function of temperature. At
low or room temperature, the loss modulus G’” was greater than the storage modulus G,
reflecting a solution-free-flowing phase. An abrupt increase in modulus was observed along
with the formation of physical hydrogels as the temperature increased. The sol-gel transition
temperatures ( 7ger), the crossover point of G'* and G’, of PLGA-PEG and 2 g//L (4-AP)-
PLGA-PEG, the concentration used in animals, were 31.3 and 32 °C, respectively (Figure
3A). Tgel increased with increasing 4-AP concentration (Figure 3A). However, despite the
moduli being shifted as concentration increased, all concentrations exhibited gelation, and
the gel windows of the polymers covered body temperature, indicating that the thermogels
were suitable for biomedical applications. To further support this, as shown in Figure 3B, the
loss factor tan(8) was less than 1 for the thermogels at temperatures at or above 32 °C,
indicating solid-like behavior and gel formation at physiologically relevant temperatures. 4-
AP (10 /L) formed a weak gel as indicated by the limited temperature range in which
tan(8) was less than 1. The solution displayed a second crossover point from solid to liquid
behavior, while the other concentrations remained solid at temperatures above 32 °C.

Figure 3C,D shows the change in moduli as a function of time. As observed in Figure 3C,
the sol—gel transition for 2 pg/yL. PLGA-PEG, the concentration used in animals, occurred
in 19 s. Persistence of solid-like behavior was observed after gelation occurred,
demonstrated by the plateau of moduli over time, indicating a strong physical gel. We next
studied the reversibility of gelation in Figure 3D and found that the sol—gel transition was
fully reversible and occurred in 1228 s. This suggests that if 4-AP gel is placed in an
incorrect location, it can be cooled to a liquid and moved elsewhere.

In Vitro 4-AP Release from PLGA-PEG-PLGA Hydrogels.

We evaluated the /n vitro release profiles of 4-AP from PLGA-PEG-PLGA at varying
concentrations (2, 5, 10 wg/4L) to determine if the thermogel could release clinically relevant
doses of 4-AP at a controlled rate. The data in Figure 4 show the cumulative amounts of 4-
AP released over 28 days. The loaded 4-AP on the ug level exhibited a burst release within
the first day followed by a sustained release at a controlled rate up to 28 days for all loaded
4-AP amounts. Specifically, /in vitrorelease of 4-AP from PLGA-PEG hydrogels exhibited
an overall burst biphasic profile.26 Moreover, cumulative release was proportional to total
loaded amount of 4-AP. The average cumulative release amount by day 28 was 69, 78, and
43% for 10, 5, and 2 g/, respectively.

In Vivo Degradation of Thermogel and 4-AP Release in Mice.

Since the initial burst release in drug delivery systems can pose a safety concern if the drug
concentration reaches beyond the toxicity threshold, we ensured that 4-AP serum levels after
thermogel administration were safe even at peak release.28 Serum levels of 4-AP peaked 1 h
after administration and never exceeded the human tolerable limit of 100 ng/mL known to
cause adverse side effects in humans (Figure 5A). Serum 4-AP levels were nearly
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undetectable after 21 days of administration (Figure 5B), indicating that (4-AP)-PLGA-
PEG releases systemically detectable amounts of 4-AP at a sustained rate for approximately
21 days in vivo.

To determine whether the gel was correctly administered to the sciatic nerve, we exposed the
mouse hindlimb to observe the gel location, adherence, and integrity after administration. As
shown in Figure 6, (4-AP)-PLGA-PEG turned opaque when administered to the nerve,
indicating thermogelation. The gel remained directly on the sciatic nerve injury site for over
21 days, although its overall mass decreased due to controlled polymeric degradation. Taken
together with /n vivorelease data, (4-AP)-PLGA-PEG likely releases 4-AP locally for over
21 days, since the polymer is still present on the injury site at this time.

(4-AP)-PLGA-PEG Effect on Peripheral Nerve Functional Recovery.

In previous studies, we have shown that systemic 4-AP administration improves motor
functional recovery after sciatic nerve crush injury.1! The effects of a novel locally
applicable 4-AP thermogel on sciatic nerve crush injury and on motor and sensory outcomes
post-injury required functional evaluation. We found (4-AP)-PLGA-PEG improved post-
injury functional recovery (SFI) on days 1 (-=70.7 vs —89.7), 3 (-55.3 vs =77.7), 7 (-42.2 vs
-79.0), and 14 (-7.8 vs —39.3) compared to saline control (Figure 7A, *p < 0.05). (4-AP)-
PLGA-PEG outperformed systemic treatment at the highest daily dose as well as vehicle
control.

(4-AP)-PLGA-PEG improved grip strength on post-injury days 3 (38.51 vs 25.49 kg), 7
(36.96 vs 24.66 kg), 14 (42.67 vs 29.52 kg), 21 (56.15 vs 28.51 kg), and 28 (62.71 vs 54.56
kg) compared to saline control (Figure 7B, *p < 0.05). Grip strength was also significantly
improved compared to 4-AP systemic and vehicle treatments (Figure 7B). Since grip
strength examines neuromuscular function, this suggests that (4-AP)-PLGA-PEG treatment
improves volitional muscle strength in proportion to improved global motor function as
indicated by SFI following crush injury.2”

To assess the effect of (4-AP)-PLGA-PEG on sensory nerve recovery, we performed von
Frey filament testing. Von Frey filament testing provides a noninvasive assessment of
sensory function and cutaneous sensation by studying paw withdrawal thresholds.28 Similar
to motor functional results, (4-AP)-PLGA-PEG treatment significantly improved the
withdrawal reflex (percent response to filament) as compared to the saline group (Figure
7C,*p < 0.05) on post-injury days 1 (13.33 vs 0%), 3 (36 vs 12%), 7 (68 vs 44%), 14 (100 vs
44%), and 21 (100 vs 88%). (4-AP)-PLGA-PEG also outperformed systemic and vehicle
treatments. These findings demonstrate that (4-AP)-PLGA-PEG can improve sensory nerve
function after crush injury.

Immunohistochemical Analysis of (4-AP)-PLGA—-PEG Effect on Peripheral Nerve
Remyelination.

One of the main properties known to contribute to impulse conduction in nerves is
myelination.2%-31 Following peripheral nerve injury, axonal demyelination coupled with
subsequent remyelination over time has been shown to correlate with injury severity.32 In
addition, the degree of axonal remyelination directly correlates to the degree of functional
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recovery post-injury.32 To determine the effect of 4-AP thermogel on nerve remyelination,
transverse sectioned nerves were stained for neurofilament-H (NF-H), a structural
component of large myelinated axons, and myelin protein zero (MPZ), the most abundant
protein in myelin, using immunohistochemistry.33:34 Significant increases in myelin were
observed by immunofluorescence for both NF-H and MPZ in (4-AP)-PLGA-PEG-treated
nerves compared to saline-treated nerves on post-injury day 28 (Figure 8B,C, *p < 0.05). (4-
AP)-PLGA-PEG-treated nerves contained approximately 2.5-fold more MPZ and 7.3-fold
more NF-H protein in the lesion area than nerves from saline- and vehicle-treated animals.
Although systemic 4-AP treatment significantly increased NF-H and MPZ fluorescence
intensities compared to saline, (4-AP)-PLGA-PEG significantly surpassed this effect.

Feasibility of Local (4-AP)-PLGA-PEG Injection under Ultrasound Guidance.

Ultrasound-guided injections are commonly performed not only in orthopaedics but across
all fields of medicine. We tested whether our thermogel could be locally and noninvasively
administered to a nerve injury site using this common imaging modality. Under ultrasound
guidance, we were able to clearly visualize the mouse sciatic nerve (Figure 9A) and needle
(Figure 9B). We visualized the positioning of the needle directly around the nerve injury site
to inject (4-AP)-PLGA-PEG (Figure 9C). After injection, based on its relative density to
local tissue, (4-AP)-PLGA-PEG could be clearly observed on the sciatic nerve (Figure 9D),
demonstrating the formulation’s clinical utility.

DISCUSSION

This study was undertaken to determine the applicability of a novel locally injectable 4-AP
delivery system, its material and pharmacokinetic characteristics, and its effects on
neuromuscular functional recovery following sciatic nerve crush injury in mice. Here, we
report for the first time that 4-AP can be used as a thermosensitive local therapeutic agent
that promotes motor and sensory functional recovery of the limb with better preservation of
axonal myelination.

Peripheral nerve injury is a substantial clinical problem which lacks satisfactory treatment
options beyond surgery in selected cases. The current treatment of choice for nerve
laceration is microsurgical repair.3> However, there is no standard of care for crush injuries,
which are more numerous and for which full recovery is not guaranteed. Surgery, which is
reserved for settings of complete nerve laceration, is optimally performed early since
delayed repair can be detrimental to motor and sensory recovery.36:37 Nerve conduits can
sometimes assist in surgical repair of lacerations but are ill-suited for the more common
crush injuries.38 An injectable gel, if effective, would be an optimal nonsurgical intervention
for the most common type of peripheral nerve injury clinically encountered. A polymer-
based treatment could also offer a physical guide for axonal regeneration like conduits do,
with the additional benefits of localized controlled drug release and ease of application.3°

Our earlier studies demonstrated the efficacy of daily systemic 4-AP administration in
improving functional recovery after traumatic peripheral nerve injury.1140:41 However,
adverse systemic side effects and potential barriers to patient compliance could make
systemic administration suboptimal. In addition, in nerve injuries where lesions are easily
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identifiable, a locally injectable pharmacologic agent would be ideal to directly target a
nerve injury, minimizing side effects, improving efficacy, and limiting the frequency of drug
administration. Recently, we have shown that transdermal formulation of 4-AP can promote
functional recovery of the limb with better preservation of axonal myelin sheath thickness
and improved nerve conduction after sciatic nerve crush injury.#2 In this study, we found that
a novel thermosensitive and locally injectable formulation of 4-AP enhanced both the speed
and extent of recovery of motor and sensory function after TPNI, analyzed by SFI, grip
strength, and von Frey measurements. Local treatment at a dose well below the systemic
dose resulted in reproducible, clinically relevant improvements in global motor and sensory
functional recovery after sciatic nerve injury. The neuroprotective effect of (4-AP)-PLGA-
PEG was also evident in immunohistochemical evaluation of injured peripheral nerves. Our
findings demonstrated significant increases in two major markers of peripheral nerve
regeneration, NF-H and MPZ, in the late stage of nerve recovery, suggesting its role as a
potential myeloprotective and regenerative agent. These findings are consistent with our
previous studies on the effects of systemic 4-AP in traumatic nerve injury.11

In vitrorelease studies of (4-AP)-PLGA-PEG showed that the formulation could
sustainably release 4-AP for up to 1 month after administration. Pharmacokinetic studies
showed 4-AP serum levels were nearly undetectable by day 21, at total doses to the injury
site far below the systemically tolerable level. Taken together, we believe (4-AP)-PLGA~
PEG releases 4-AP at systemically detectable levels for approximately 3 weeks, after which
the remaining local drug is too low to be detected systemically.

Rheological investigation demonstrated that our delivery system undergoes a liquid to solid
phase transition at temperatures only slightly lower than human body temperature and that,
once formed, the gel remains as a strong matrix over time. Thus, (4-AP)-PLGA-PEG can be
used as an injectable at room temperature, after which it will spontaneously form a gel
around a suspected nerve injury site for controlled-release of 4-AP. We found 10 g9/l to be
the limiting 4-AP concentration in PLGA-PEG, since this concentration exhibited a solid to
liquid crossover point at increasing temperature. This is likely due to hydrolysis of PLGA by
the amino group of 4-AP which hinders gelation at increasing concentrations. Because we
desired a strong gel which would persist over time within a wide temperature window /n
vivo, we chose to use the 2 g/l thermogel in all animal experiments. We also examined
the reversibility of gelation for circumstances when the thermogel may potentially be
misplaced in the body. The reversibility of sol-gel transition suggests that if the gel is placed
in an incorrect location, it can easily be cooled to a liquid.

Since the solution to gel transition of our formulation occurs within a physiologically
relevant temperature window, we sought to prove that we could successfully noninvasively
inject it under ultrasound guidance, a common imaging modality. In humans, ultrasound-
guided injections have been explored extensively and injections of agents including steroids
are routinely performed.#3-47 Even in the small mouse hindlimb, we were able to visualize
the sciatic nerve and successfully inject 4-AP thermogel onto the injury site. It remains to be
seen whether ultrasound-guided injection of our agent in humans is feasible. However, there
are reasons to believe that the larger structures in humans and currently available ultrasound
guidance systems in clinical practice would allow trials without surgical exposure. The
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feasibility of noninvasive 4-AP thermogel injection could be very significant in patients for
several reasons. First, it could reduce or eliminate the need for surgical exposure in cases
where the nerve is not lacerated or for patients who are not surgical candidates. Second, it
would allow for repeated administration of the agent in the outpatient setting or in settings
with limited surgical resources. Thus, the feasibility of ultrasound-guided injection offers
great promise for the translation of (4-AP)-PLGA-PEG into clinical practice.

FDA-approved 4-AP has been utilized for decades to improve nerve conduction in various
neurodegenerative disorders such as multiple sclerosis and myasthenia gravis.*849 In these
disorders, the efficacy of 4-AP is thought to be immediate and attributable to its effects of
improving impulse propagation in demyelinated axons. Our results support this idea in
which a nerve crush injury with predominantly myelin-based dysfunction functionally
improved after (4-AP)-PLGA-PEG administration, suggesting improved nerve conduction.
However, long-term, more sustained 4-AP effects may contribute to the observed results.
Published studies have linked electrical stimulation in peripheral nerve injury to
improvements in axonal remyelination and reinnervation.5%-53 We tested these effects by
assessing functional parameters and myelination markers after 4-AP had been implanted.
The continued functional improvement and remyelination 28 days post-injury observed are
likely not solely attributable to the short-term axonal effects of 4-AP.

Despite the interesting findings with (4-AP)-PLGA-PEG administration, our study has
some limitations. First, we did not quantify myelinated axon counts, axon diameter, or
myelin thickness. Second, we did not perform electrophysiological examination of the
injured nerve before and after (4-AP)-PLGA-PEG treatment or study related muscle
characteristics, although we have published the short-term effects of 4-AP thermogel on
muscle tension recovery in rat and effects of 4-AP on electrodiagnostics.11:>4 Third, we did
not investigate the molecular and cellular mechanism(s) of 4-AP thermogel-induced
improvement of nerve morphology and function. Finally, we studied the more common
crush injury and not the permanent denervation model.%®

In summary, this study was particularly designed to determine the feasibility of (4-AP)-
PLGA-PEG administration and its usefulness in traumatic peripheral nerve injury. /n vitro
characterization demonstrated that our formulation releases 4-AP at a sustained rate for
several weeks and undergoes liquid to solid phase transition at body temperature, offering
promise as a long-acting injectable therapeutic. Consistent with pharmacologic trials and our
studies with systemic and transdermal 4-AP administrations, we observed that the serum
concentration after local (4-AP)-PLGA-PEG administration was dose-dependent and the
maximal peak serum concentration was reached at 60 min.#1:42:56-58 Fynctional and
histological findings demonstrated that 4-AP thermogel is effective in TPNI with significant
positive effects on both motor and sensory functional recovery and nerve remyelination.
Future studies in nerve crush and transection models will be important to demonstrate the
electrophysiological outcomes as well as underlying mechanisms of (4-AP)-PLGA-PEG in
TPNI recovery with injury severity. Our findings may have significant clinical implications
because this formulation can be used to provide sustained local drug delivery directly at the
injury site, without the need for daily oral dosing and associated need for patient
compliance.59:60
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In conclusion, we provide preclinical evidence that (4-AP)-PLGA-PEG has the potential to
be a promising alternative to systemic 4-AP to treat patients with peripheral nerve injury.

Our thermosensitive, controlled-release formulation consists of two FDA-approved,

biodegradable, and biocompatible hydrogels encapsulating an already FDA-approved small

molecule. The translation of this therapeutic for use in regenerating acutely damaged
peripheral nerves could be rapid, and efforts should be made to consider its utility.
Therefore, this study provides the rationale for further investigations to determine the
important mechanistic insights in local 4-AP-induced neuromuscular protection in the

setting of peripheral neuro-trauma with continuity where no medical treatment is currently

available.
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Figure 1.
Schematic representation of a (4-AP)-loaded thermogel as a local controlled-release delivery
system. (A) Chemical structures of 4-AP and PLGA-PEG, respectively. (B) Amphiphilic
polyester—PEG—polyester triblock copolymers self-assemble into micelles in aqueous
solution at room temperature and form a solid gel via cross-links at higher temperature. (C)
4-AP can be incorporated into the triblock copolymer at room temperature and injected into
an animal in liquid phase. Once the formulation reaches body temperature, it forms an in situ
hydrogel for controlled release of 4-AP.
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1H NMR spectra of PLGA-PEG, 4-AP, and (4-AP)-PLGA-PEG. The chemical shifts of the

mixture showed significant change at both aromatic protons of 4-AP from &8.02 to 7.94 and
56.69 to 6.83, respectively, when mixed with PLGA-PEG. In addition, the PLGA-PEG
aliphatic region was changed from 61.31 to 1.29 after mixing.
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PLGA-PEG and 2 g/l (4-AP)-PLGA-PEG were 31.3 and 32 °C, respectively. Gelation
temperature increased with increasing 4-AP concentration. (B) Tan(&) was less than 1,

indicating solid-like behavior, for all concentrations at body temperature except 10 pg//l,

which exhibited a second solid to liquid crossover point at increasing temperature. (C) The
solution to gel (sol—gel) transition of 2 pg/il (4-AP)-PLGA-PEG occurred in 19 s and was
followed by persistence of solid-like behavior over time. (D) The sol-gel transition of 2 g/
UL (4-AP)-PLGA-PEG was fully reversible and occurred in 1228 s.
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Figure 4.
Cumulative in vitro release of 4-AP from PLGA-PEG in PBS (pH 7.4) at 37 °C. PLGA-

PEG carriers exhibited an overall burst biphasic profile with a burst release of 4-AP within 1
day followed by release of a low maintenance dose for approximately 28 days. Cumulative
release was proportional to total loaded amount of 4-AP. Data are expressed as means *
SEM, n = 3/group.
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Figure5.
Pharmacokinetic study of 4-AP serum levels in mice after 2 ug/ul (4-AP)-PLGA-PEG

administration at a 4-AP dose of 1.4 mg/kg. (A) 4-AP serum levels peaked 1 h after
administration and never exceeded the human tolerable limit of 100 ng/mL. (B) 4-AP serum
levels were nearly undetectable by Day 21. Data are expressed as means £ SEM, 7= 9/

group.
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Post-Injection Day 7 Post-Injection Day 14 Post-Injection Day 21

Figure®6.
In vivo biodegradation study of (4-AP)-PLGA-PEG. Pre-injury shows the mouse sciatic

nerve. Post-injury shows the nerve after a moderate crush injury, as depicted by the arrows.
Upon administration on the sciatic nerve post-injury, (4-AP)-PLGA-PEG turns opaque,
indicating thermogelation. On post-injection days 7, 14, and 21, the gel remained directly on
the nerve, although its mass decreased over time due to controlled polymeric degradation.
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Figure 7.
Effects of (4-AP)-PLGA-PEG on motor and sensory functional outcomes. (A) (4-AP)-

PLGA-PEG significantly improved SFI on post-injury days 1, 3, 7, and 14 compared to
saline, PLGA-PEG, and systemic 4-AP groups. (B) (4-AP)-PLGA-PEG significantly
improved grip strength on post-injury days 3, 7, 14, 21, and 28 compared to all other
treatment groups. (C) (4-AP)-PLGA-PEG significantly improved withdrawal reflex
(percent response to filament) as compared to the saline group on post-injury days 1, 3, 7,
14, and 21. Data are expressed as means + SEM, *p < 0.05, **p < 0.01, and ***p < 0.001 vs
saline group, /7= 5/group.
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Figure 8.
Effects of (4-AP)-PLGA-PEG on immunohistochemical markers of nerve regeneration. (A)

Representative transverse sciatic nerve immunofluorescent images of nuclei (DAPI), NF-H,
and MPZ on post-injury day 28. Each image represents nine images from three different
mice. Scale bar: 50 gm; magnification: 20x. (B) Quantification of NF-H integrated density
on post-injury day 28. (4-AP)-PLGA-PEG-treated nerves contained significantly more NF-
H protein in the lesion area than nerves from saline-treated animals. (C) Quantification of
MPZ integrated density on post-injury day 28. (4-AP)-PLGA-PEG-treated nerves contained
significantly more MPZ in the lesion area than nerves from saline-treated animals. Data are
expressed as means + SEM, **p < 0.01 and ***p < 0.001 vs saline group, 7= 3/group.
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Figure9.
(4-AP)-PLGA-PEG injection on the mouse sciatic nerve using small animal

ultrasonography. (A) Longitudinal visualization of the sciatic nerve using the Vevo 3100 40
MHz ultrasound probe. (B) Identification of the 20 G needle with the nerve. (C) Positioning
the needle over the sciatic nerve pre-injection. (D) Visualization of (4-AP)-PLGA-PEG on
the sciatic nerve post-injection.
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