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Peripheral Nerve Repair in Rats Using Composite
Hydrogel-Filled Aligned Nanofiber Conduits
with Incorporated Nerve Growth Factor

Jenny Jin, MD,"?”* Sonja Limburg, MD,"2" Sunil K. Joshi, BA"? Rebeccah Landman, MA,'*2
Michelle Park, BS? Qia Zhang, BA,"? Hubert T. Kim, MD, PhD,? and Alfred C. Kuo, MD, PhD'?

Repair of peripheral nerve defects with current synthetic, tubular nerve conduits generally shows inferior
recovery when compared with using nerve autografts, the current gold standard. We tested the ability of
composite collagen and hyaluronan hydrogels, with and without the nerve growth factor (NGF), to stimulate
neurite extension on a promising aligned, nanofiber poly-L-lactide-co-caprolactone (PLCL) scaffold. In vitro, the
hydrogels significantly increased neurite extension from dorsal root ganglia explants. Consistent with these
results, the addition of hydrogels as luminal fillers within aligned, nanofiber tubular PLCL conduits led to
improved sensory function compared to autograft repair in a critical-size defect in the sciatic nerve in a rat
model. Sensory recovery was assessed 3 and 12 weeks after repair using a withdrawal assay from thermal
stimulation. The addition of hydrogel did not enhance recovery of motor function in the rat model. The NGF led
to dose-dependent improvements in neurite out-growth in vitro, but did not have a significant effect in vivo. In
summary, composite collagen/hyaluronan hydrogels enhanced sensory neurite outgrowth in vitro and sensory
recovery in vivo. The use of such hydrogels as luminal fillers for tubular nerve conduits may therefore be useful

in assisting restoration of protective sensation following peripheral nerve injury.

Introduction

GAP INJURIES IN PERIPHERAL NERVES are currently re-
paired with sensory nerve autograft (the gold standard),
processed nerve allograft, or tubular conduits manufactured
from polyvinyl alcohol, porcine small intestinal submucosa,
type I collagen, polyglycolic acid, or poly (DL-lactide-e-
caprolactone)."™ Due to the limitations of these options,
multiple synthetic tubular conduits have been developed for
segmental peripheral nerve repair. Many of these grafts
have been evaluated in rat sciatic nerve injury models, with
different conduits stimulating varying levels of functional
recovery.”®” We previously demonstrated that a poly(L-
lactide-co-caprolactone) (PLCL) conduit with a longitudinally
aligned, nanofibrous luminal structure supported muscle
mass and isometric force recovery that approached that of
autograft in a rat model® This aligned graft also enhanced
recovery of nerve conduction velocity and compound motor
action potential (CMAP) amplitude compared to randomly
aligned controls.’ Likewise, in vitro, dorsal root ganglia (DRG)
demonstrate longer bidirectional neurite extension when cul-
tured on aligned versus randomly oriented polylactide,

polycaprolactone, polyglycolic acid, agarose, or silk fibroin
scaffolds,'®1* suggesting that longitudinal alignment im-
proves axonal growth irrespective of scaffold material.
When used as luminal fillers within tubular nerve con-
duits, native nerve extracellular matrix (ECM) components
might enhance functional recovery by supporting axonal
outgrowth. For example, in vitro and in vivo studies have
shown that collagen and hyaluronan, two constituents of the
neuronal ECM, improve neuronal sprouting after traumatic
injury. Many studies have verified the potency of collagen
to support neurite growth in conjunction with synthetic
nerve conduits.">?° Tsolated sensory neurons showed a
significantly better axonal guidance on a collagen/poly-e-
caprolactone (PCL) material than on a PCL scaffold alone.?!
Hyaluronic acid is a ubiquitous ECM component that en-
hances peripheral nerve regeneration in vitro and in vivo by
preventing the formation of scars at the repair site and by
creating a hydrated open lattice at the injury site to facilitate
the regeneration of axons.”**> When Schwann cells are en-
capsulated in interpenetrating polymer network hydrogels of
collagen and hyaluronic acid, they not only spread and
proliferate, but they also secrete the nerve growth factor
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2San Francisco Veterans Affairs Medical Center, San Francisco, California.
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NGF) and brain-derived neurotrophic factor.>*?® In-
( P

traluminal delivery of the NGF within synthetic conduits has
previously been shown to improve axonal regeneration of
gap injuries in rat sciatic nerves by improving sensory neu-
ron fiber density, myelination, and Schwann cell migra-
tion.'>?*?” Therefore, in addition to directly supporting
axonal regeneration, ECM luminal fillers might also be used
as carriers to deliver bioactive molecules.

We tested the ability of four different hydrogels made of
collagen with and without unmodified hyaluronan to pro-
mote in vitro neurite outgrowth from murine DRG explants
cultured on an aligned PLCL nanofiber scaffold. We previ-
ously assessed this aligned scaffold in the form of a tubular
conduit for repair of sciatic nerve defects in a rat model.”
Although hyaluronan is frequently crosslinked in tissue-
engineering applications to tune its properties, we chose to
use unmodified hyaluronan to avoid potential steric hin-
drance, toxicity, and decreased biodegradability resulting
from chemical substitution. Since hyaluronan forms a semi-
interpenetrating complex with collagen,” we used a compos-
ite hydrogel of these two molecules. We also assessed whether
this hydrogel could act as a carrier for the NGF in vitro and
in vivo. For the latter case, this hydrogel, either with or without
the NGF, was used as a luminal filler within tubular PLCL
conduits, which were used to repair rat sciatic nerve defects.
Regeneration was assessed using motor and sensory out-
comes. Nerve histomorphometry was also performed.

Materials and Methods
In vitro hydrogel preparation

Four types of hydrogel were prepared from rat-tail type I
collagen (BD, Bedford, MA) and sodium hyaluronate (Su-
partz; Smith & Nephew, Memphis, TN): 2mg/mL collagen
(2C), 4mg/mL collagen (4C), 2mg/mL collagen with 2mg/
mL hyaluronan (2C+2H), and 4mg/mL collagen with
4mg/mL hyaluronan (4C+4H). The lyophilized recombi-
nant human NGF (PeproTech, Rocky Hill, NJ) was recon-
stituted in 0.1% bovine serum albumin to generate a 100 pg/
mL stock solution and added to media (control) or 4C+4H
hydrogel to achieve concentrations of 0, 10, 20, 50, 100, and
500 ng/mL NGF. Ice-cold components were combined in the
following order: 1M phosphate-buffered saline (PBS), 1N
NaOH, water, NGF, sodium hyaluronate, and collagen.

NGF release from the collagen-hyaluronan hydrogel

The 4C +4H hydrogel containing 100ng/mL of the NGF
was prepared as described above. Fifty microliters of hy-
drogel (containing 5ng of NGF) was pipetted into each of 10
individual wells of a 48-well plate (PeproTech, Rocky Hill,
NJ). After gelation at 37°C, the hydrogel was covered with
200 pL. of Dulbecco’s modified Eagle medium/F-12 media
(Mediatech, Grand Island, NY) with 10% fetal bovine serum
(Axenia BioLogix, Dixon, CA), penicillin/streptomycin, and
amphotericin B (UCSF Cell Culture Facility, San Francisco,
CA). The plate was kept in a 37°C /5% CO, incubator. Media
were collected and a new medium was added to each well
after day 1, 2, 3, 4,7, 9, 12, 15, and 20. The collected media
were frozen at —20°C. After collection of the media at day
20, the remaining hydrogel was dispersed in 200 pL of a fresh
medium. The amount of NGF in each of the collected sam-
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ples was determined using a direct enzyme-linked immu-
nosorbent assay (ELISA) kit (PeproTech, Rocky Hill, NJ).

DRG harvest and culture

All animal procedures were approved by the Institutional
Animal Care and Use Committee. DRG explants were har-
vested from 3—4-day-old CD1 mice (Charles River Labora-
tories, Wilmington, MA). Each animal was euthanized by
exposure to inhalational isoflurane (4.5% in air; Baxter
Healthcare Corporation, Deerfield, IL) until respiration was
absent for 5min followed by decapitation. The spinal cord
was exposed using an anterior approach and the vertebral
bodies were removed en bloc. Individual explants were
trimmed of nerve roots and connective tissue and placed on
the longitudinally aligned, nanofibrous surface of a 9 x9-mm
square piece of the previously described PLCL scaffold (Na-
noNerve, Berkeley, CA). Five explants per scaffold and six
scaffolds in total were evaluated per condition. Scaffolds were
placed in the wells of a 24-well cell culture plate and covered
with 1mL of Gibco Neurobasal media plus B27 supplement,
and L-glutamine (Invitrogen, Carlsbad, CA), penicillin/strep-
tomycin, and amphotericin B (UCSF Cell Culture Facility, San
Francisco, CA) and allowed to recover in a 37°C/5% CO,
incubator for 2.5h. After recovery, the medium was removed,
100 puL of hydrogel was added to each scaffold, and the plate
was returned to the incubator to allow gelation. After gelation,
media were layered onto the specimens, and explants were
cultured for 3 days in a 37°C/5% CO, incubator. We chose to
evaluate DRG outgrowth after 3 days for two reasons: (1)
three days provided the maximum time for neurite growth
before the different conditions became too dense to allow
differentiation among experimental groups and (2) after 3
days, the neurites grew off of the scaffold, making it almost
impossible to measure maximum neurite lengths.

Immunofluorescence, imaging, and neurite length

The scaffolds/explants were fixed in buffered zinc for-
malin (Anatech, Battle Creek, MI), permeabilized with 0.2%
Triton X-100, blocked with 5% nonfat milk in PBS, and in-
cubated with a neuronal-specific mouse monoclonal anti-f-
III tubulin antibody (TUJ1; Covance, Berkeley, CA), followed
by the Alexa Fluor 488 goat anti-mouse IgG antibody (In-
vitrogen, Carslbad, CA). Scaffolds were mounted on glass
slides and fluorescent images were taken using a lens with a
2.5xmagnification at 15.1 megapixel resolution (Zeiss
Akioskop 2; Canon EOS Rebel T1i). The neurite length was
used as the primary outcome for assessing DRG explant
growth and was measured using previously validated
methods.'*'*** The neurite length was calculated as an
average of the 10 longest neurites from a total of the 20
longest neurites from each explant. The neurite length was
measured using Image] software (NIH, Bethesda, MD) and
was defined as the straight line distance from the tip of the
neurite to the DRG body.

Preparation of hydrogel-filled conduits for rat sciatic
nerve injury and repair

Aligned nanofiber tubular conduits with 12-mm length x
1.1-mm internal diameter and 200-um wall thickness,’ were
filled with 4C+4H hydrogel, with or without 100ng/mL
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NGF and incubated at 37°C for 1h to allow gelation. Thirty-
six female Lewis rats weighing 200225 grams (Charles River
Laboratories, Wilmington, MA) were randomized to receive
one of four nerve grafts: reversed sciatic nerve autograft
(n=9), empty PLCL conduit (1=9), PLCL conduit filled with
4C+4H (n=9), and PLCL conduit filled with 4C +4H/NGF
(n=9). Sciatic nerve resections and repair were performed as
described previously.® Briefly, rats were anesthetized, the
sciatic trunk was exposed, and a 10-mm segment of nerve
was resected. Given the size of these animals, this is
the longest length of nerve that can be resected and repaired.
The autograft and conduit grafts were sewn into place using
8-0 nylon sutures. The muscle and fascia were closed in
layers. After surgery, rats were pair-caged and housed on a
12-h light/12-h dark cycle with free access to food and water.
Analgesic (buprenorphine) was provided to the animals as
needed.

Sensory testing

A single, blinded investigator evaluated sensory function
recovery at postoperative weeks 3 and 12 by measuring re-
sponses to thermal hyperalgesia on the operated and con-
tralateral hind paws.e’l’32 Each paw was immersed in a 46°C
water bath until signs of discomfort were observed, with a
limit of 15s, and time was recorded. Each rat was tested
twice with a 10-min interval between tests and a 5-min in-
terval between contralateral paws.

Electrophysiology analysis and gastrocnemius
maximum isometric tetanic force

Twelve weeks after surgery, rats were re-anesthetized and
the sciatic nerve was re-exposed. Bilateral nerve conduction
latencies and CMAP amplitudes of the gastrocnemius mus-
cle were recorded, and gastrocnemius muscle mechanical
force testing was performed as previously described.®

Tissue collection and nerve histomorphometry

After muscle mechanical testing, rats were sacrificed and
gastrocnemius muscles were harvested and weighed. The
nerve grafts were removed, fixed overnight, stained with 2%
osmium tetroxide (Sigma-Aldrich, Milwaukee, WI), and
sectioned in 7pum as previously described.® For each graft,
the total number of myelinated axons in the midgraft was
counted by at least two investigators (S.L., S.J., R.L.) and the
mean coefficient of variation was found to be 2.1%. The axon
diameters in a random sample of 10% of each cross section
were measured using Image] software, which would result
in a representative sample.”>>°

Statistical analysis

All in vitro conditions were replicated three times inde-
pendently except for the conditions with the NGF in media
(one trial only). For in vivo testing, we chose muscle tetanic
force as our primary outcome. Assuming a standard devia-
tion of 0.10, we calculated that a sample size of nine rats
in each group was required to detect a 12% difference
(alpha=0.05, beta=0.80) in tetanic force recovery. For data
analysis, we used restricted maximum likelihood methods
for ANOVA with treatment as a fixed factor and trial as a
random factor. All results are reported as means or least
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square means (for experiments with multiple independent
replicates) + standard errors. To account for multiple com-
parisons, the Tukey’s honestly significant difference test was
used for all pairwise comparisons between conditions, with a
statistically significant threshold of p<0.05. For analysis of
the sensory tests, paired t-tests were performed to detect
significant differences (p <0.05) in withdrawal time between
control and operated sides at each time point. All analyses
were performed with JMP 10 (SAS Institute, Inc., Cary, NC).

Results

Kinetics of NGF release from collagen-hyaluronan
hydrogel

To determine the kinetics of NGF release, we loaded a
hydrogel consisting of 4mg/mL collagen and 4mg/mL
hyaluronan (4C +4H) with 100ng/mL of the NGF. NGF re-
lease from this hydrogel was assessed over 20 days of in-
cubation with media at 37°C. ELISA for the NGF was used to
determine the amount of growth factor released into the
media as well as the amount remaining in the hydrogel at the
conclusion of the 20-day incubation. On average, a total of
1.3ng of the 5ng of NGF that was initially loaded into the
hydrogel was recovered from each sample. Twenty percent
(Ing) of the initially loaded NGF was released from the
hydrogel into the media over the first 3 days of incubation.
An additional 6% (0.3 ng) of the loaded NGF was recovered
from day 4 until day 7. After day 7, the additional NGF was
not detectable either in the incubation media or in the re-
maining hydrogel (Fig. 1).

In vitro neurite outgrowth

DRGs were cultured on aligned nanofibrous scaffolds at
37°C for 3 days in both media and hydrogel. Neurite out-
growth occurred in all directions in both media and hydro-
gel. However, the longest neurites always grew parallel to
the longitudinally aligned nanofiber scaffold. Explants em-
bedded in each of the four hydrogels showed greater neurite
extension than explants cultured in media alone (p<0.0001,
Fig. 2). Both of the hyaluronan-containing hydrogels (2C +
2H and 4C+4H) produced longer neurite growth than the
4C hydrogel (p<0.0024), but only 4C+4H showed longer
neurite growth compared to 2C (p=0.027). There was no
difference in neurite growth on 2C and 4C (p=0.5). While
there was not a statistically significant difference (p=0.86)
between the two hyaluronan-containing hydrogels, we chose
the 4C+4H hydrogel for further evaluation with the NGF
because it produced the longest neurite outgrowth. The NGF
stimulated dose-dependent neurite outgrowth when deliv-
ered in either the 4C +4H hydrogel or media alone (Fig. 3).
From 0 to 100ng/mL of NGF, each ascending concentration
produced longer neurite growth in hydrogel (p<0.015). At
500ng/mL of NGF, neurite outgrowth was equivalent to
20ng/mL of the NGF and less than that with the 50 and
100ng/mL NGF concentrations. Neurite growth was sig-
nificantly lower for the NGF in media compared to hydrogel
(p<0.0001 for all concentrations).

In vivo function recovery

Mean body weight in all rats was 213+2 g at the time of
surgery and all rats gained weight steadily with a final mean
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Cumulative NGF release over time
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FIG. 1. Cumulative release of
nerve growth factor (NGF) from
4C+4H hydrogel. Amount of NGF

1.2

0.8
0.6
0.4

0.2

NGF Release from 4C+4H Hydrogel (ng)

0 day 1day 2 days 3 days

Time-points

weight of 245+2g. There were no significant differences
among groups at either time. At surgical re-exposure, all
autograft and conduit repairs grossly showed intact bridging
of the original nerve gap.

Gastrocnemius maximum isometric tetanic force
and gastrocnemius muscle mass

Tetanic force and muscle mass outcomes are reported as
proportions between operated/contralateral sides. There
was no significant difference among the groups for maxi-
mum isometric tetanic force. The percent force recovery was
67%+3% for autograft, 57% 5% for PLCL/4C+4H/NGF,
54%+3% for PLCL/4C+4H, and 52%+6% for the empty
PLCL conduit (p=0.0866). There was a significant difference
between autograft and the conduit groups for muscle mass
(p<0.0001). The wet weight of the gastrocnemius muscles

A
A,B
B,C c
2c 4c

2C+2H 4C+4H
Hydrogel

g 888

g

10 Longest Neurites (pm)
[ £
8 8

g

| D
0 - I .
Scaffold

FIG. 2.

release per time point is graphed.
Means = SEM are shown. On aver-
age, a total of 1.3ng of the 5ng of
NGEF that was initially loaded into
the hydrogel was recovered from
each sample. 20% of the initially
loaded NGF was released from the
hydrogel into the media over the first
3 days of incubation. As evident
from the graph, NGF showed burst
release kinetics. An additional 6%
(0.3ng) of the loaded NGF was re-
covered from day 4 until day 7. After
day 7, additional NGF was not de-
tectable in the incubation media.

4 days 7 days

were 63% 1% for autograft, compared to 51%+3% for both
PLCL/4C+4H and PLCL/4C+4H/NGF groups, and
45%+2% for the empty PLCL conduit. There were no sig-
nificant differences in muscle mass among the conduit

groups. (Fig. 4)

Electrophysiologic studies

There was no statistically significant difference in the
CMAP amplitude among the four groups, although values
were highest in the autograft group: 1.09+0.1V for auto-
graft, 0.73+£0.11V for PLCL/4C+4H/NGF, 0.63+0.06 V for
PLCL/4C+4H, and 0.62+0.07V for PLCL (p<0.14). Am-
plitudes in the operated limb in all four groups were smaller
than amplitudes in the contralateral, unoperated limbs,
which served as internal controls (2.27+0.1V, p<0.0001).
Nerve conduction latency was 1.54+0.05ms for autograft,

Scaffold

Effect of hydrogels on neurite outgrowth from dorsal root ganglia (DRG) explants. (A) Sum of the lengths of the 10

longest neurites from murine DRGs grown under the indicated conditions. DRGs were cultured on aligned nanofiber
scaffolds in all cases. The scaffold group was a control grown in media alone without hydrogel. Hydrogels evaluated include
2mg/mL type I collagen (2C), 4mg/mL collagen (4C), 2mg/mL collagen with 2mg/mL hyaluronan (2C +2H), and 4mg/
mL collagen with 4 mg/mL hyaluronan (4C +4H). Least square means + SEM are shown. Different letters indicate that groups
had significantly different neurite lengths (p<0.05). (B) Representative immunofluorescence images: DRG explants cultured
on aligned nanofiber scaffold alone or with addition of the indicated hydrogels.
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FIG. 3. Effect of NGF on neurite outgrowth from DRG explants. (I) Sum of the lengths of the 10 longest neurites from
murine DRGs grown on aligned nanofiber scaffolds in media (light bars) or 4C+4H hydrogel (dark bars) with the indicated
concentrations of NGF. Least square means = SEM are shown. At all NGF concentrations, neurite outgrowth was significantly
greater for DRGs grown in hydrogel compared to media (p <0.0001). Different letters over the hydrogel groups indicate
significant differences in neurite lengths (p <0.05). (II) Representative immunofluorescence images: DRG explants cultured
on aligned nanofiber scaffolds with NGF. A-D show NGF delivery in media (A: 0ng/mL; B: 20ng/mL; C: 100 ng/mL; D:
500ng/mL). E-H show NGF delivery in 4C+4H hydrogel (E: 0ng/mL; F: 20ng/mL; G: 100ng/mL; H: 500 ng/mL).

1.60£0.07ms for PLCL/4C+4H, 1.65+0.08ms for PLCL, Sensory results
and 1.67£0.07ms for PLCL/4C+4H/NGF. All four were

slower than normal nerve (0.82+0.05ms, p<0.0001), but At 3 weeks, the control limbs withdrew faster from ther-
there was no statistically significant difference in nerve mal stimuli than the operated limbs for all treatment groups.
conduction latency among the four groups (p=0.6, Fig. 4). At 12 weeks, the withdrawal time of the operated limbs was
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FIG. 4. Evaluation of muscle and electrophysiologic recovery. (A) Proportion of gastrocnemius isometric tetanic force in the
operated limb compared to the contralateral side. No statistically significant differences were found among the groups. (B)
Proportion of gastrocnemius muscle mass in the operated limb compared to the contralateral side. Animals repaired with
autograft had significantly (*p<0.0001) greater muscle mass than those repaired with any conduit. (C) Nerve conduction
latency. Conduction was significantly faster in normal, control nerves compared to the four operative groups (*p <0.0001).
There were no statistically significant differences among the operated groups. (D) Compound Muscle Action Potential. The
CMAP amplitudes of the operative legs were significantly smaller than the control legs for all groups (*p <0.0001). There were
no statistically significant differences among the operated groups. Least square means+SEM are shown for A and B.
Means + SEM are shown for C and D. Poly-L-lactide-co-caprolactone (PLCL) indicates animals repaired with empty conduit.
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PLCL

Difference in Withdrawal Time (sec)

N = O B N W B U O N

Autograft PLCL/4C+4H

statistically equivalent to the contralateral limbs for the
PLCL/4C+4H group (p=0.47) and for the PLCL/4C+4H/
NGF group (p=0.31). However, the operated limbs of the
autograft (p=0.004) and PLCL (p=0.021) groups still with-
drew significantly slower than the corresponding un-
operated limbs (Fig. 5).

Nerve histomorphometry

In all groups, axons regenerated through the graft and into
the distal sciatic nerve. There were significantly more axons in
the autograft group compared to the PLCL group (6892+316
axons for autograft and 4690+ 398 for PLCL; p=0.0034). There
was no significant difference in the axon number between the
PLCL/4C+4H (6132+447) and the PLCL/4C+4H/NGF
(5997£394) groups, which also did not differ significantly
from the autograft and PLCL groups (p <0.069, Fig. 6 & Table 1).
There were significant differences in axon diameters among
groups with autograft yielding the largest axons (3.83+0.04 pm)
followed by PLCL/4C+4H/NGF (3.49+0.05um), PLCL/
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FIG. 5. Sensory Recovery. Differ-
ence in withdrawal time from a
46°C water bath between operated
and control limbs. At 3 weeks, the
control limbs withdrew signifi-
cantly faster than the operated
limbs for all four groups

(*p <0.0208). At 12 weeks, the op-
erated limbs withdrew significantly
slower than the control limbs for
the autograft and PLCL (empty
conduit) groups (**p<0.021). The
withdrawal times for the operated
limbs of the two hydrogel groups
were statistically equivalent to the
control limbs at 12 weeks.
Means = SEM are shown.

" 3weeks

W12 weeks

*

PLCL/4C+4H/NGF
4C+4H (3.24+0.1 pm), and PLCL (3.14+0.09 um). Autograft
groups had larger axons than all other groups (p<0.0001
compared to the PLCL and PLCL/4C+4H groups; p=0.012
for the PLCL/4C+4H/NGF group). PLCL/4C+4H/NGF
showed a significant difference versus PLCL (p=0.014), but
not versus PLCL/4C+4H (p=0.09). The difference in the

average axon diameter between PLCL/4C+4H and PLCL
did not reach significance (p=0.8).

Discussion

Functional recovery after segmental peripheral nerve in-
juries continues to be a challenging clinical problem. In this
study, we tested whether composite collagen and hyalur-
onan hydrogels could promote axonal outgrowth on aligned
nanofiber scaffolds both in vitro and in vivo.

The collagen and hyaluronan hydrogels stimulated in vitro
neurite outgrowth from DRG, which are composed of sen-
sory neurons. Consistent with this, sensory recovery was
enhanced at 12 weeks when the hydrogels were used as

FIG. 6. Representative light microscopy
images of sciatic nerve cross sections stained
with 2% osmium tetroxide. (A) Autograft,
(B) PLCL, (C) PLCL/4C+4H, (D) PLCL/
4C+4H/NGEF. Scale bar=10 um, 20 X magni-
fication. Color images available online at
www.liebertpub.com/tea
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TABLE 1. HISTOMORPHOMETRY RESULTS AFTER 12 WEEKS
In vivo Histomorphometry Results
Autograft PLCL PLCL/AC+4H PLCL/4C+4H/NGF
Axon count at 7mm within graft 68921316 4690+ 398 6132 +447 5997 +394
Axon diameter (um) at 7 mm within graft 3.83+0.04 3.14%+0.09 3.24+0.1 3.49+0.05

Means+SEM are shown.
PLCL, poly-L-lactide-co-caprolactone; NGF, nerve growth factor.

luminal fillers within tubular, aligned nanofiber conduits
used to repair segmental, rat sciatic nerve defects. While
limbs repaired with conduit filled with hydrogel withdrew
from thermal stimuli at the same speed as control limbs,
limbs repaired with either autograft or empty conduit
withdrew more slowly than controls.

In vivo autograft repairs led to the highest muscle forces,
highest muscle mass, highest CMAP amplitudes, highest
number of axons within the repaired segments, the highest
axon diameters, and the lowest nerve conduction latencies,
although statistically significant differences were only de-
tected in muscle mass, axon numbers, and axon diameters.
All groups recovered more than 50% of gastrocnemius force,
which clinically could be considered an adequate result and
could possibly even be greater if postoperative rehabilitation
would have been administered, as it is the standard for hu-
mans. The muscle mass ratio between the operated and
contralateral side ranged between 46%—-63%, which is con-
sistent with other reports in the literature, and our findings
for nerve conduction latency and amplitude are in accor-
dance with our other muscle results.”**® The addition of
hydrogel led to improvement in all motor, electrophysio-
logic, and histomorphometric endpoints relative to empty
conduit. However, these differences did not reach statistical
significance. The NGF enhanced neurite outgrowth in vitro,
but did not lead to statistically significant improvements
in vivo.

The ability of collagen, hyaluronan, and NGF to syner-
gistically support neurite survival and growth is supported
by other in vitro studies. Neurons from dissociated chick
DRGs cultured within a 2-hydroxyethylmethacrylate hy-
drogel depended on the collagen, fibronectin, or NGF to
grow.”” Collagen nerve guides with longitudinal alignment
promote in vitro axonal extension from DRGs in concert with
Schwann cell migration.*® Collagen has been combined with
many different ECM components to study the effects of
combinatorial hydrogels, most effective for neuronal or
neuronal stem cell culture.'®* Conduits made of hyaluronic
acid have been shown to facilitate the growth of rat Schwann
cells in vitro.?****! The dose-dependent effect of the NGF
that we observed is also consistent with previously reported
studies, in which, daily NGF injections via a microinjection
port produced dose-dependent effects on axonal regenera-
tion in the rat model. Inhibitory effects were seen at high
levels of NGF beyond 800 pg/uL.*

We chose the rat sciatic nerve as it is the most widely used
model to study peripheral nerve injury and because of its
known accessibility and reasonable size.>*2% In our study, a
segmental gap of 10 mm was the longest possible resection,
because of anatomical restrictions in the female Lewis rats

that we used. We felt that this was sufficient to assess
functional recovery and axonal outgrowth with our chosen
conduit without introducing any tension, and the results of
our study can be compared to previously reported litera-
ture.” Our results suggest that despite limitations to our
chosen 10-mm gap model, it is still successful in evaluating
muscle force and sensory recovery. However, as 10-mm
nerve gaps are seldom considered critical in the rat sciatic
nerve model, the results from the current experiment could
be reconfirmed in rat strains with longer sciatic nerves. An-
imals with nerves long enough to create 15-mm defects***
would be ideal. Such defects were impossible to create in the
rats of our chosen strain, sex, and age. These small animals
were chosen because they do not exhibit autotomy following
sciatic nerve injury.

One limitation of our in vitro model was that we measured
the axonal length rather than the total area of neurite out-
growth. Nonetheless, the mean length of the 10 longest axons
is a well-established method of assessing neuronal out-
growth from DRG explants.'>!2%3

The positive effect of hydrogel on sensory function could
be particularly promising clinically, since recovery of pro-
tective sensation is critically important following peripheral
nerve injury.”” One concern about the use of whole paw
immersion in an isolated sciatic nerve injury model is the
persistence of saphenous nerve sensory innervation of the
dorsal medial paw. However, differences in withdrawal
from whole paw thermal stimulation between the operated
and nonoperated hindlimbs were universally found despite
the presence of intact saphenous nerves. Therefore, in
agreement with multiple other studies,”"***° we believe that
this test is valid for assessing overall sensory recovery after
injury of the rat sciatic nerve. The minimal sensory recovery
seen following autograft repair is in line with another in-
vestigation where at 12 weeks, only 42% of the rats repaired
with autograft showed a response to a thermal stimulus.*®
Further studies should be conducted to explain the poor
outcome of the current gold standard.

Although the collagen/hyaluronan composite supported
neurite outgrowth both in vitro and in vivo, the results of the
NGEF release and the sciatic nerve repair experiments sug-
gest that the hydrogel is not an effective carrier for the NGF.
We observed burst release of the NGF from the collagen/
hyaluronan hydrogel with most release occurring within 3
days. Such findings are similar to the kinetics of release
using several other methods of NGF delivery.” ™ In ad-
dition, we were able to recover only 26% of the NGF that
was initially loaded into our hydrogel, suggesting that the
hydrogel does not prevent degradation of the growth fac-
tor. These factors may explain why the addition of the NGF
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to the hydrogel in vivo did not enhance sciatic nerve re-
covery. In contrast, the initial burst release of NGF would
be consistent with the enhanced DRG outgrowth found in
the 3-day in vitro experiments. Other studies have shown a
total release of NGF ranging from 20%-45% using poly(lac-
tide-co-glycolide) microspheres™ and 50%-91% using NGF-
loaded chitosan microspheres.”® The ideal carrier would allow
long-term release of NGF, while protecting the growth factor
from degradation.

In summary, the addition of a novel composite collagen
and hyaluronan hydrogel luminal filler to an aligned, na-
nofiber tubular nerve conduit allowed improved recovery of
sensory function 3 months after repair compared to nerve
autograft. This combination also led to motor outcomes that
approached, but did not reach, that of autograft repair. Ad-
ditional delivery of bioactive molecules that stimulate motor
and sensory function may lead to a composite nerve conduit
that rivals the performance of autograft without the mor-
bidity of donor nerve harvest.
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