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Neural interfaces are designed to decode motor intent and evoke sensory precepts in amputees. In
peripheral nerves, recording movement intent is challenging because motor axons are only a small
fraction compared to sensory fibers and are heterogeneously mixed particularly at proximal levels. We
previously reported that pain and myelinated axons regenerating through aY-shaped nerve guide with
sealed ends, can be modulated by luminar release of nerve growth factor (NGF) and neurotrophin-3
(NT-3), respectively. Here, we evaluate the differential potency of NGF, glial cell line-derived
neurotrophic factor (GDNF), brain-derived neurotrophic factor (BDNF), pleiotrophin (PTN), and NT-3 in
asymmetrically guiding the regeneration of sensory and motor neurons. We report that, in the absence
of distal target organs, molecular guidance cues can mediate the growth of electrically conductive
fascicles with normal microanatomy. Compared toY-tube compartments with bovine serum albumin
(BSA), GDNF and NGF increased the motor and sensory axon content, respectively. In addition, the
sensory to motor ratio was significantly increased by PTN (12.7:1) when compared to a BDNF + GDNF
choice. The differential content of motor and sensory axons modulated by selective guidance cues may
provide a strategy to better define axon types in peripheral nerve interfaces.

Prosthetic devices have advanced from traditional mechanical hooks performing simple open/close tasks to
anthropomorphic robotic hands capable of complex movements with up to 22 degrees of freedom and equipped
with multiple sensors and embedded controllers for implementing automatic grasp and providing sensory feed-
back™2 Despite such progress, current prostheses are controlled through surface electromyography (EMG) sig-
nals and are operated by visual or surrogate sensory feedback which complicates the use of the robotic limbs and
contributes to the eventual abandonment of these devices due to lack of embodiment®. Decoding motor intent
for robotic limb control and conveying specific sensory modalities from the electronic skin to the user have been
proposed as viable alternatives. Cortical interfaces in individuals with spinal cord injury have shown great prom-
ise in achieving volitional control of a prosthetic limb and eliciting sensory percepts through microstimulation of
the sensory cortex*. However, for limb amputees, peripheral nerve stimulation offers a less invasive alternative
to cortical interfaces and direct access to functional motor and sensory pathways in the residual limb’.

Several electrode configurations have been developed to interface with peripheral nerves, including extraneu-
ral cuffs, intrafascicular electrode arrays, and regenerative based electrodes®’. The external cuff and intrafascicu-
lar electrodes have been used successfully to elicit sensory feedback as well as recording motor intent in amputees.
Typical precepts elicited include digit flexion, constant pressure, natural tapping, and vibration. Variations in
stimulus parameters such as pulse width, amplitude, and frequency modulate the percept type and quality'®-13.
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However, patients also perceived abnormal paresthesia including tingling and burning sensations'®>!4, which
has been related to indiscriminate electrical depolarization of multiple sensory modalities, including pain and
temperature C-fibers, by the different electrodes'. This is due to the fact that axons of similar biophysical charac-
teristics such as the large myelinated proprioceptive and mechanoreceptive fibers or medium myelinated slow and
rapidly adapting mechanoreceptors have overlapping depolarizing thresholds'®. Furthermore, recording selec-
tively from motor axons in somatic nerves is challenging because of the small number of these fibers compared to
sensory axons and their heterogeneous distribution'’.

The ability of transected nerves to regrow through multi-electrode arrays forming regenerative inter-
faces was demonstrated more than 20 years ago'®. Using this approach, we have shown that peripheral nerves
can be directed to grow through an 18-electrode array placed in the lumen of a conduit'®?. This regenera-
tive multi-electrode interface (REMI) records single units as early as 7 days from both motor and sensory
sub-modality axons from animals in which the interfaced nerves are allowed to reinnervate their original target
in the skin and muscle?!. Given the critical role of neurotrophic factors (NTFs) from Schwann cells, muscle and
skin targets, both during early development and post-injury in the adult peripheral nervous system (PNS)?2-24,
we have proposed that such guidance cues can be used in regenerative neural interfaces to influence the selective
interaction of motor and sensory subtype-axons with distinct electrodes.

Motor axons follow chemoattractant gradients of glial cell line-derived neurotrophic factor (GDNF), through
tyrosine kinase Ret and GFRa2 receptors®. They also integrate membrane bound signals like Celsr3/cadherin
in their path toward muscle targets®®?”. Conversely, pain and temperature related sensory fibers are attracted
by gradients of nerve growth factor (NGF), mechanoceptive neurons are influenced by brain-derived neuro-
trophic factor (BDNF), and neurotrophin- 3 (NT-3) is critical for reinnervation of proprioceptive neurons
to muscle spindles?®-32. Furthermore, adding NGF to injured nerves can selectively guide the regeneration of
TrkA nociceptive neurons®**, while NT-3 guides TrkC + proprioceptors®*-*’, and BDNF is known to stimulate
TrkB-mechanoceptive fibers®. Pleiotrophin (PTN), another neurotrophic factor, is also reported to be expressed
in ventral roots after injury and promotes spinal motor neuron regeneration®. Indeed, in the adult PNS, exogenous
NGF effectively guides the regeneration of nociceptive axons into the dorsal spinal cord after dorsal rhizotomy*?
and doubles the ratio of sensory to motor (S/M) axons innervating the NGF-expressing branch in the femoral
nerve bifurcation injury model*.

We have previously reported that compartmentalized delivery of NGF and NT-3 modulates the regenera-
tion of nociceptive and large myelinated axons in dorsal root ganglion (DRG) cultures and amputated periph-
eral nerves in vivo*®. Here, we evaluated the effect of single and combined NTFs in selectively guiding sensory
and motor neurons into separate and closed compartments of a Y-shaped conduit after nerve transection. First,
the effect of individual NTFs was evaluated against that of BSA, a neutral cue, in the other compartment of a
Y-shaped conduit. Second, an in vivo assay was used to evaluate the pathway favored by regenerating axons when
presented with competing choices in the form of different NTFs loaded in opposite compartments. The results
demonstrate that GDNF had a stronger effect than PTN, NT-3, BDNE and NGF to attract motor axons compared
to BSA. Furthermore, the sensory-to-motor (S/M) ratio of regenerated axons was significantly increased in the
PTN loaded side of the Y-conduit compared to the BDNF + GDNF compartment.

Material and Methods

Microencapsulation of Neurotrophic Factors (NTFs). Biodegradable microparticles (MPs) were made
with poly(DL-lactic-co-glycolic acid) (PLGA) using double emulsion as reported previously*'. Briefly, PLGA 50:50
(Lakeshore Biomaterial, St. Louis, MO) was dissolved in dichloromethane (DCM) 200 mg/ml (Sigma-Aldrich,
St. Louis, MO), and mixed with aqueous solutions of human recombinant NGF (7S, 13.5kD; Invitrogen), BDNF
(27kD), NT-3 (13.6kD), GDNF (15kD), or PTN (15.4kD) (20 pug/ml; Prepotech Inc, NJ) or BSA (20 pg/ml; Sigma-
Aldrich, St. Louis, MO). The solutions were added to polyvinyl alcohol (20 mg/ml) and emulsified. The resulting
MPs were freeze-dried for 48 hours and stored at —20°C. Loading efficacy was calculated at 67 £ 5% from release
studies. The particles were evaluated by scanning electron microscope (SEM, Hitachi S-3000 N), and their size dis-
tribution was estimated at 800 nm wavelength using a Zeta Potential Analyzer. Released NGF and PTN into phos-
phate buffer saline solution (PBS) from the MPs were evaluated at 37 °C in a shaker incubator at hourly intervals,
daily for a week, and weekly after that for 4 weeks, and quantified by ELISA (PTN; TSZ ELISA, HU9951) (Fig. 1B).
BSA release was quantified using the BCA assay (Thermo Scientific, Rockford, IL) and read at 562 nm.

DRG Bioactivity Assay. Neonatal (PO - P4) mice (CD1) were used to obtain dorsal root ganglia (DRGs)
and collected in Leibovitz’s L-15 Medium (Sigma-Aldrich, St. Louis, MO). The DRGs were cleaned of connective
tissue and placed in poly-D-lysine (PDL) coated glass-bottom wells suspended in 10 pl of atelomeric chicken
collagen (85% type I, 15% type II; Millipore; Temecula, CA). The explants were incubated at 37 °C with 5% CO,
for 15 minutes to allow gelation before adding 200 ul of Neurobasal A media (Sigma-Aldrich, St. Louis, MO)
supplemented with 2% B27, 0.5% penicillin/streptomycin, and 0.75% L-glutamine. NTF MPs were compared to
recombinant proteins at previously reported physiological concentrations: NGE, BDNF and PTN were tested at
a 100ng/ml, GDNF at 50 ng/ml and N'T-3 at 5ng/ml. The NTFs and NTF-MPs were added 24 hours after plating
the DRGs. Control DRG explants were incubated in BSA-MPs. After 5 days in culture, the DRGs were fixed for
15 minutes in 4% PFA, rinsed and stored at 4°C.

DRG in vitro Immunocytochemistry. Fixed DRGs were permeabilized in 0.5% PBS-Triton x 100 for
5minutes. Non-specific staining was blocked with 4% normal donkey serum for 1 hour, followed by incubation
with a mouse anti-f tubulin III antibody (1:400; Sigma-Aldrich, St. Louis, MO) overnight at 4°C. After rinsing,
the tissue was incubated for 1 hour with a Cy2-conjugated donkey anti mouse antibody (1:400; Sigma-Aldrich, St.
Louis, MO). The stained tissue was imaged on a Zeiss confocal microscope (Zeiss Axioplan 2 LSM 510 META).
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Figure 1. Experimental design. (A) Schematic of Y-conduit containing microparticles with a neurotrophic
factor in one compartment and BSA neutral control in the other. The transected mixed sciatic nerve is placed
in the common arm of the Y-conduit and distal ends are capped with 1.5% agarose. (B) Timeline of the
experimental procedures following implantation. (C) PTN cumulative release curve over 30 day period and
scanning electron microscope of PTN-MP with size ranging from 0.3-1.5 um (inset; Scale bar =3 um). (D)
Compared to control and BSA MP, the average axonal length in neonatal DRGs for PTN and PTN MP was
significantly higher (N = 3/group; One-way ANOVA; F (3, 263) = 33.52; R*=0.2766; ***indicates P <0.001).
Data represented at mean & SEM. (E,F) Representative images of DRGs exposed to PTN and PTN-MP.

Axonal growth was estimated from 3 DRG samples per treatment. Z-stacks were imaged at 20X magnification (20
images each at 15.4 pm slice thickness) and individual axons were traced using Image] software measuring from
the edge of the DRGs to the axon terminals (Fig. ID-F).
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Parameter Value Description

Dpry 7.6 x 10712 m2/s® Diffusivity of PTN in 0.1% collagen

Dggsa 2.2 x 1071144 Diffusivity of BSA in 0.1% collagen

ID 1.5mm Channel internal diameter

L 5mm Channel length

Vinicrochannel 10pl Volume within conduit compartment

Qicroparticle 2pm Diameter of PLGA microparticles

Ty 1.34ng Total amount of releasable PTN in the
compartment

Table 1. Dimension and diffusivity values for protein release from PLGA microparticles in collagen.

Y-tube Conduits.  Poly(ester urethane) was synthesized from polycaprolactone, hexamethylene diisocyanate,
and putrescine, according to reference*?. The poly(ester urethane) Y-shaped tubes were made using Y-shaped
molds made with dental wax (Polysciences Inc., Warrington, PA). The molds were dip coated 20-30 times to
achieve a wall thickness of approximate 0.25 mm in 5% polyurethane/hexafluoro isopropanol solution. The coated
tubes were dried overnight at room temperature, and the dental wax was removed by immersion in hexane. The
Y-tube then was dried in air at room temperature. The Y-conduit common arm measured 5 mm and each of the
two compartments measured 5-7 mm from the bifurcation point, with 1.5 mm ID and total length of 10-12 mm.

Y-tube conduits were disinfected with 70% ethanol followed by UV light irradiation. Collagen type I/III (EMD
Millipore, Billerica, MA) was then used to fill the lumen of the Y-conduit. The common arm was filled with colla-
gen using a 28-gauge insulin syringe up to the bifurcation and allowed to polymerize at 37 °C for 10 minutes. The
“Y” compartments were then filled with 10 uL of NTF-MP or BSA-MP, mixed with collagen, and polymerized at
37°C for 10 minutes before implantation.

Modeling Release of Neurotrophic Factors in Y-shaped conduits. We estimated the amount of
NTF-MPs needed to provide sustained release for 30 days in each compartment of the Y-conduit by modeling the
protein release and diffusion of the NTF-MP as previously reported®. Briefly, finite element analysis (COMSOL,
Inc.) was used to model the NTF concentration and diffusion in the collagen-filled lumen. One compartment
of the Y-conduit was modeled for PTN release and another for BSA, according to the parameters specified in
Table 1. The model considers 2 um diameter PLGA-MP, and assumes no degradation of collagen, and isotropic
protein diffusion. Using this model, we confirmed that separate chemotactic gradients could be established in
both compartments of the Y-conduits in the first 10 days (Fig. 2).

Animal Implantation. Two separate cohorts of adult female Lewis rats were included in this study. In the
first cohort (n = 36), we evaluated the effect of single molecular attractants in five experimental and one control
groups (n=6 each). Experimental groups had Y-conduits with NTF in one compartment (NGE, BDNF, NT-3,
GDNE, and PTN) and BSA in the opposite side while control (+) group had mixed-nerve-cap in both com-
partments (Table 2). The nerve-cap was a 2mm distal segment of the transected sciatic nerve ligated at one
end and sutured to arms of the Y-conduit with the open end facing the lumen. The nerve-cap secretes multi-
ple growth-factors and will have a non-specific effect on axonal regeneration. The sciatic nerve was used as the
non-injured control to determine the baseline number of retrograde traced motor and sensory neurons. The sec-
ond cohort of 60 rats was used to assess the dual molecular guidance in a Y-choice assay in two control and three
experimental groups (n= 12 each): 1) Tibial (motor related) - sural (sensory) nerve-cap targets (positive control),
2) Muscle (motor-related) - Skin (sensory) tissue-cap targets (positive control), 3) BDNF + GDNF — BSA, 4)
BDNF + GDNF — PTN, and 5) BDNF + GDNF — NGFE.

The animals were anesthetized using isoflurane (2-2.5%) in 100% oxygen prior to surgical procedure. The
sciatic nerve was exposed by muscle-sparing incision between the semitendinosus and the bicep femoris muscles
and transected before the trifurcation as described in reference®. The distal portion of the nerve was removed to
avoid trophic effect from the distal nerves and/or end targets. The sciatic nerve was then secured into the prox-
imal arm of the Y-conduits using 9.0 nylon sutures. The distal ends of the Y-tube were capped by adding 1.5%
agarose, placed under the muscle and closed using 4.0 silk suture. The skin was then closed using staples and top-
ical antibiotic ointment was applied. All animals received antibiotic (cephazolin; 5mg/kg, IM) and pain control
(sustained release Buprenorphine; 0.1 mg/kg, SC) treatment post-surgery. All animal procedures were approved
by the Institutional Animal Care and Use Committees (IACUC) of the University of Texas at Arlington and The
University of Texas at Dallas, in accordance to the NIH Guide for the Care and Use of laboratory Animals.

Retrograde Labeling of Motor and Sensory Neurons and Quantification. Retrograde labeling
from the distal end of the fascicles that regenerated into each of the Y-conduit compartments was used to trace the
axon sub-types to its origin in the spinal cord and DRG. Briefly, the Y-tube was re-exposed 45 days-post implanta-
tion. With the Y-tube in place, sterile Vaseline was used to make a reservoir at the distal end of the Y-tube arm and
injected at the bifurcation site to prevent leakage of the retrograde label into the common arm. Thereafter, 5uL
of 4% fluorogold (FG, Fluorochrome LLC, Denver, CO) was added to one arm and 5 uL of 10% fluororuby (FR,
Fluorochrome LLC, Denver, CO) to the other arm of the exposed nerve for 1 hour. The Y-tube was then placed
back under the muscle and closed using resorbable sutures and the skin stapled. The skin surface was coated with
antibiotic ointment and the animal was given antibiotics (cephazolin; 5 mg/kg, IM) and pain control (sustained
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Figure 2. Diffusion of PLGA microparticles loaded with NTF and BSA over a 30 day time period. At Day
1 there is a burst release followed by a gradient formation in the subsequent days. The top compartment
represents PTN-MP release and BSA-MP release in the bottom compartment. Arrow heads indicate the
approximate position of nerve regeneration.

1 BDNF BSA 6

1 GDNF BSA 6

1 NT-3 BSA 6 Effect of individual Neurotrophic factors

1 PTN BSA 6 against neutral guidance cue BSA

1 NGF BSA 6

1 Nerve-cap Nerve-cap 6

2 BDNF + GDNF BSA 12

2 BDNF + GDNF PTN 12

5 BDNE + GDNE NGE 2 Effect of C(_)mbmatonal Neurotrophic factors
in a Y-choice assay

2 Tibial Sural 12

2 Muscle-cap Skin-cap 12

Table 2. Experimental groups for single and combination neurotrophic factors in a Y-choice assay.

release Buprenorphine; 0.1 mg/kg, SC) treatment post-surgery. The neuronal cell bodies of the regenerated axons
were visualized in the ventral spinal cord and DRG. FG tracing labeled 953 4 30.2 motor and 6914 + 603.9 sen-
sory axons in the non-injured sciatic control nerves, with an estimated tracing efficiency of 60% for VMNs and
66% for somatic DRG neurons from a total 1600 VMN and 10,500 DRG neurons respectively*>*”. In contrast, FR
labeling showed inefficient uptake compared to FG and therefore was omitted from the study.

Compound Nerve Action Potential (CNAP) Measurements. Seven days following the retrograde
labeling procedure, the implant site was surgically reopened while the animal was anesthetized. The sciatic nerve
and its regenerated arms were exposed, carefully freed from surrounding connective tissue, and a Parafilm® tape
was placed underneath the nerves to ensure electrical isolation. The sciatic nerve was gently placed on a bipolar
hook microelectrode (FHC Inc., Bowdoin, ME) close to the pelvic foramen for stimulation. A second pair of hook
electrodes was used to record evoked CNAP responses distally from the individual regenerated arms. Mineral
oil covered the contact between the electrodes and the nerve. The sciatic nerve was stimulated with 30 us wide
biphasic pulses 2 Hz frequency for about 2 min duration using a A-M Systems (Sequim, WA) optically isolated
instrument (model 2100). The CNAP from each regenerated arm of the Y-conduit was recorded in response to
supra-maximal stimulation amplitude, i.e. three times the threshold to activate onset-response, in a bandwidth
of 3-5000 Hz and a 20x gain preamplifier using Omniplex Data Acquisition System (Plexon Inc., Dallas, TX). For
offline time-synchronization, a copy of the stimulation output was directly fed into the data acquisition system.
The recorded data was analyzed offline using MATLAB. A composite CNAP response was generated
from individual responses of 200-300 stimulation pulses using the Stimuli-triggered Averaging (STA) process.
Briefly, signals were extracted in time-windows including data 50 ms post and 15 ms prior to stimulus, overlapped
and averaged to form a STA-CNAP waveform. Evoked peak responses were defined as an increase in amplitude
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larger than 10% from the baseline noise level which ranged from —0.003 to +-0.003 mV. The peak latency was
calculated by measuring duration between the positive phase of the stimulation pulse to the maximum amplitude
of the individual peaks. The corresponding conduction velocities were obtained by dividing the distance (range
of 15-25 mm) between the stimulating and recording electrodes over peak latencies. The area under curve for
each peak was calculated from onset of the peak to the trough using the “trapz” inbuilt MATLAB’s mathematical
function, which approximates the integral using the trapezoidal method.

Animal perfusion and tissue preparation. Animals were sacrificed by overdose injection of sodium
pentobarbital (120 mg/kg, IP) and transcardially perfused with 4% paraformaldehyde (PFA). The regenerated
Y-nerve were harvested and post fixed in 4% PFA/2.5% glutaraldehyde in 0.1 M Cacodylate buffer for electron
microscopy (EM). The spinal cord and the L4 and L5 Dorsal root ganglion were isolated, post fixed and cryo-
protected in 30% sucrose prior to OCT embedding for cryosectioning. Sagittal sections were obtained at 20 um
thickness and DRG cross sections at 10 um thickness. The sections were mounted onto glass slides serially and
stored at —20 C until used.

Quantification of retrograde labeled motor and sensory neurons.  All slides were rinsed in PBS to
remove the OCT and treated for lipofuscin reduction by incubating the tissue in 750 uM cupric sulfate/50 mM
ammonium acetate for 40 minutes as reported elsewhere*3. The tissue was then rinsed in PBS and cover-slipped
using immuno-mount (Fisher Scientific, Waltham, MA). The FG+ and FR+ cells in the spinal cord and DRG
were identified with a Zeiss fluorescence microscope using a wide band ultraviolet (UV) excitation filter. To
prevent double counting, only positive retrograde labeled cells with a distinct nucleolus were included. Positively
labeled DRG were also counted and the area was analyzed using the analyze-particle option of Image J, process-
ing software. The DRG soma area was categorized into small (<300 pm?), medium (300-700 pm?), and large
(<700pum?). Labeled cell quantification was corrected by accounting for section thickness and split nuclei count
using methods described by Abercrombie®.

Electron microscopy morphometry analysis. A subset of groups (nerve-cap control, GNDE, NGF, PTN,
BDNF + GDNF and respective BSA compartments) were processed for EM (n =3 animals per group; 3 random
areas were imaged; 100-300 axons per area) to evaluate the axon type composition and myelination. The fixed
tissue was embedded in resin and sectioned at 1 pm thickness using an ultra-microtome. The thin sections were
stained with toluidine blue and photographed. Osmium stained sections were visualized using a JEOL LEM 1200
EX II microscope. Three fields of view per section with an area of 1520 um? were imaged (4000x magnification)
and analyzed for the number of unmyelinated and myelinated axons, fiber (axon + myelin) diameter, axon diam-
eter, and g-ratio using Image J software.

Statistical analysis. The groups were compared using one-way ANOVA and Bonferroni’s ad-hoc multiple
comparison test between the compartments of the Y-conduits using Prism 6 software (GraphPad Software Inc.).
A p <0.05 was considered statistically significant. The data is presented as the mean = standard error of the mean.

Data availability. The data that support the findings of this study are available from the corresponding
author upon reasonable request.

Disclaimer. The mention of commercial products, their sources, or their use in connection with mate-
rial reported herein is not to be construed as either an actual or implied endorsement of such products by the
Department of Health and Human Services.

Results

Functional splitting of transected peripheral nerves.  Gross evaluation of the regenerated nerves into
the Y-shaped conduits 45 days after implantation confirmed that the injured nerves extended along the 5 mm
common arm, and bifurcated into two similar size branches (4-5mm long; Fig. 3A). The overall nerve growth
into the two compartments was comparable in size (550 pm OD), filled 73.8 £19.3% of the cross-sectional area
(Fig. 3B), and elongated up to the agarose-capped end. Histological analysis confirmed the formation of perineu-
rium and endoneurium in all groups. Qualitative evaluation of axonal composition in Toluidine-stained sections
showed similar axonal growth among all groups. A cross-section of a nerve regenerated towards PTN (Fig. 3C) or
BSA in the same Y-conduit is provided as a representative result (Fig. 3D).

Ninety-seven percent of the split fascicles showed an evoked compound action potential, and only 3% had
limited axonal growth and no CNAP response. Conduction velocity (CV) was calculated from the latencies of the
peaks based on the distance from the stimulating and recording bipolar electrodes (Fig. 4A). Using 3X threshold
potentials (1.5-3.0 V; Fig. 4B), slow (<5m/s), medium (5-30m/s), and fast (>30m/s) conducting CNAPs were
evoked (Fig. 4C). The median responses were medium to fast in Y-tubes with GDNF (16.4 m/s), PTN (26.6 m/s),
NT-3 (27.9m/s), BDNF (18.9m/s), and NGF (17.0 m/s), compared to nerve-caps (22.3 m/s) and averaged BSA
(20.1 m/s). Quantification of the median peak areas showed small (NGF; 0.7 a.u.), medium (NT-3; 2.3, GDNF;
2.2, BDNF; 3.8 a.u.) and large (PTN; 6.0) peaks compared to nerve-caps (6.9 a.u.) and BSA (4.4 a.u.), demonstrat-
ing that the split fascicles are electrically conductive and providing some indication of the differential effect of the
growth factors.

GDNF increased the regeneration of both motor and sensory neurons, while NGF and PTN
differentially influence sensory-axon regeneration. The number of ventral motor neurons that regen-
erated into the separated Y-conduit compartments in non-injured controls was approximately 1000, i.e. 62.5% of
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Figure 3. Comparable Y-split nerve regeneration using neurotrophic factor loaded microparticles (NTF-MP)
with no distal targets. (A,B) Representative image of a regenerated Y-nerve and similar nerve fascicle diameter.
(C,D) Toluidine stained semi thin sections for the BSA arm and PTN arm show perineurium and endoneurium
formation with myelinated axons. Data represented as mean &= SEM; N = 3-6 animals/group.

the expected 1600 total population (Fig. 5A,B). Injured nerves attached to Y-conduits with nerve-caps as targets
showed an even distribution of VMNs into both compartments (424 £ 176.4 and 400.3 + 377.8). Conversely,
when neurotrophic factors were used as distal targets, the different guidance cues significantly influenced the
number of motor neurons innervating the two compartments (ANOVA: P <0.05; F (6, 19) =8.824; R*=0.74).
PTN (101.3 £ 34.38), NGF (162.5 £ 20.5), and NT-3 (160.0 £ 54.5) only attracted approximately 30% of the motor
neurons. In sharp contrast, those growing into BDNF (388.5 £295.8), and GDNF (476.6 £ 242.6) compartments,
were comparable to the nerve-caps. GDNF specifically attracted significantly more motor neurons than BSA in
the other compartment of the same conduit (133.7 £33.9; P <0.05).

Quantification of the traced sensory neurons in the DRG of non-injured sciatic nerve controls showed
6914 4 603.9 FG+ cells. This number was reduced and highly variable in the compartments of Y-conduits with
nerve-cap targets (1883 = 1042 and 1658 £ 1353; Fig. 5C,D). Both GDNF (1819 4 1987) and BDNF (1540 £ 1176)
attracted similar number of DRG sensory neurons compared to nerve-cap. These numbers were reduced in those
growing towards NGF (929 4 485.7), PTN (753.5+456.9), and NT-3 (306.8 £ 362.9). To determine the effect of
neurotrophic factors on sensory subtype regeneration, the DRG neurons were also evaluated based on perikaryal
area (Fig. 5F-H). However, no statistically significant difference was observed between the small, medium, and
large DRG neurons attracted by each of the neurotrophic factors loaded compartment.

The sensory-to-motor ratio for each type of treatment was estimated to be 7.3 & 0.8 in non-injured sciatic
nerves, which decreased slightly in Y-shaped conduits with nerve-cap controls (5.5+4.0 and 4.4 4 1.2) presuma-
bly due to the decreased sensory neuron regeneration following injury (Fig. 5E)*. The GDNF-compartment had
the lowest sensory-to-motor ratio (3.1 & 2.1) while the PTN compartment had the highest (9.2 £ 5.8) amongst
all neurotrophic factor than BSA treatments and nerve-cap controls, but did not reach statistical significance.
The sensory-to-motor ratios of compartments with NGF and GDNF, when compared to their respective BSA
compartments, showed no significant effect. Together, these results suggest that specific neurotrophic factors can
influence the axonal composition of split fascicles using a Y-conduit.

Electron microscopy evaluation of the regenerated fascicles showed normal myelinated and unmyelinated
axonal composition (Fig. 6) in all treatment groups. Large myelinated axons were evident in the nerve-caps and
less abundant in the NTF treatments, and the myelin thickness appears to be similar among all the groups. The
number of unmyelinated axons are more evident in the NGF treatment compared to the other NTF groups.
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Figure 4. Regenerated split fascicles are electrically conductive. (A) Setup for measuring Compound Nerve
Action Potential (CNAP). Bipolar hook electrodes provided stimulus pulses and the response recorded distally
from the Y-split regenerated nerve fascicles. (B) Representative STA-CNAP waveform showing the stimulus
artifact followed by fast, medium, and slow peak-responses. (C) Individual CNAP peaks with Conduction
Velocity evoked by each treatment. The dotted lines indicate slow, medium, and fast responses from conducting
fibers. (D) Corresponding individual area under the curve (AUC). Black bars represent the median evoked
response per treatment. (N = 3-6 animals/group; data represents evoked CNAPs).

The data implies that axonal composition is differentially affected by the NTF treatments. Quantification of the
fibers types revealed a significant effect by the NTF treatment in unmyelinated axon count (one-way ANOVA;
P <0.0001; F (7, 48) =7.986; R*=0.538) (Fig. 7A). The NGF compartment (118.1 = 44.1) had significantly higher
number of unmyelinated axon count compared to BSA (66.3 4-26.8). GDNF and PTN showed no difference in
number of unmyelinated axon count when compared to their adjacent BSA compartment. The number of myeli-
nated axons did not change significantly among the groups. Comparison of myelin thickness and fiber diameter
between the experimental groups showed no difference (Supplementary Fig. S1).

Specific guidance molecules can be used to differentially modulate the sensory and motor
axons into separate regenerative chambers. Next, we tested the effect of presenting combination
molecular guidance cues in separate compartments of the Y-choice assay (Fig. 8). As expected large myeli-
nated axons were evident in the tibial and muscle-cap compartments compared to sural and skin-cap targets.
The BDNF + GDNF when combined in one compartment and compared with BSA in the other showed a clear
increase in the large myelinated axons. This effect was less evident when BDNF 4+ GDNF was used against PTN
and NGF in the other compartments. Quantification of axon morphology and composition revealed that the
skin tissue had a significant effect using a one-way ANOVA (P <0.0001; F (9, 58) = 8.195; R*=0.560) (Fig. 9A).
The regenerated nerve fascicle with the skin-cap showed significantly higher number of unmyelinated axon
(240.0 £ 56.3) than the muscle-cap (123.4 £+ 42.3). However, compartments with tibial-nerve or muscle-cap
did not show the expected increase in the total number of myelinated axons (Fig. 9B). The number of myeli-
nated axons in the sural-nerve (28.7 £ 15.7) and BSA (39.0 £ 7.6) compartment was significantly higher com-
pared to the tibial-nerve (13.2 4 3.5) and BDNF + GDNF (22.6 £7.9) compartment respectively (One-way
ANOVA; P<0.01; F (9, 58) =3.604; R?=0.36) (Fig. 9B). When fiber diameter was considered, there was a sig-
nificant difference between the tibial- and sural-nerve group and the BDNF + GDNF and BSA compartment
(One-way ANOVA; P <0.0001; F (9, 58) = 18.89; R?=0.75) (Fig. 9C). The fiber diameter of BDNF + GDNF
(3.61 4 0.78 um) group was significantly higher compared to BSA (2.60 £ 0.57 pm) compartment, and compara-
ble to the natural motor-related target of tibial-nerve (3.67 4-0.38). The smaller diameter axons showed higher
myelination with g-ratios 0.4 to 0.7, while the larger axons were thinly myelinated with g-ratios of 0.7 to 0.9.
(Fig. 9D,E). Comparison of g-ratio and axon diameter of the BDNF + GDNF target with BSA and PTN revealed
two distinct effects. A shift to the left in the myelinated axon diameter was observed in the BDNF + GDNF-PTN
group (Fig. 9E,F) compared to the BDNF + GDNE-BSA (Fig. 9C,D).

SCIENTIFICREPORTS |7: 14323 | DOI:10.1038/541598-017-14331-x 8


http://S1

: O

gsoo * o .
£ 700
)
Z 600
o
3 500
=
+ 400
2
L 300
o
* 200
100
. St E
3 (<} (<] b < w < L < 2z < » <
£ o z z =
FSS 28 58 5§58 ¢28 538
Y Y Y Y Y Y
D 80004 ,
70001
6000+
£ 5000-
DRG Cell Size 3 35001
P z
OLarge gaooo- °
Py 2 2500
©) Medium 4
N @ 20001
© Small 81500_ .
b
10001 q .
5004
NA NA NA
o T Ll B v g
I3 & « & g« L <« B g 2o«
gY 28 §8 58 58 =2
| Y Yy Yy

14

NA

Bsa

Sensory/Motor Ratio
S
Sonr 1T
o]
G s
4
>

Bsa
Bsa

_<

1600 Small 1600 + Medium

g 800

# of FG+ DRG Neurons

[
H

Bsay E
Ly 2
Bsal 2

:
Ty YUY Y TPV
Figure 5. The effect of single guidance cues on the regeneration of motor and sensory neurons. (A) Schematic
of the longitudinal section of the ventral spinal cord showing fluorogold positive cells (white arrows) (B)
Quantification of FG+ cell in each of the split Y-nerve. GDNF had a significantly higher number of regenerated
motor neurons compared to BSA. (C) Schematic of DRG soma size distribution and representative image of
fluorogold positive cells of varying size. (D) Quantification of the total number of FG+ sensory neurons. (E)
Single guidance cues did not significantly alter the sensory to motor ratio. (F-H) Distribution of small to large
sensory neuron soma sizes showed no difference between the neurotrophic factor loaded microparticles and
BSA loaded microparticles. Data represented as mean £ SEM. (*P < 0.05). NA represents groups with failed
retrograde tracing using FluoroRuby. (N = 3-6 animals/group).

Py T
5 I
a o aQ

NGrg
NGe

Retrograde labeling of the implants with Y-choice assay showed no specific preferential motor enrichment
in the motor-mixed tibial nerve (207.0 £ 120.8 VMN) compared to the sensory sural nerve (204.5 £ 159.5)
(Fig. 10A). In contrast, the muscle-cap attracted slightly more motor neurons (288.4 & 172.8) when compared
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N

Figure 6. EM of the regenerated split Y-nerve fascicles showing normal axonal morphology with apparent large
myelinated axons in the nerve-caps. Medium size axons in the GDNFE, PTN, BSAs, whereas NGF shows higher
density of unmyelinated axons. Large and unmyelinated axons are represented by * and (red arrow) respectively.
Scale bar =10 um.

to the skin-cap (142.4 & 71.67) without reaching statistical significance. The BDNF + GDNF compartments had
increased number of motor neurons for all experimental groups versus PTN, NGE, or BSA control, however, the
increase was not statistically significant by a one-ANOVA.

The total number of regenerated sensory neurons showed no significant difference among any of the treat-
ments (Fig. 10B). A one-way ANOVA (P <0.05; F (9, 31) = 3.269; R?=0.49) revealed a significant effect in the
comparison of sensory-to-motor (S/M) ratios across groups (Fig. 10C). The tibial-sural choice had comparable
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Figure 7. Influence of single NTFs on axon morphology for (A) Unmyelinated axonal and (B) myelinated
axon count. Data represented as mean + SEM. n = number of sampled EM pictures per group. (*P <0.05,
P < 0,0001).

S/M ratios of 9.3 £ 3.1 and 9.7 & 3.6 respectively. As expected the skin-cap and the NGF groups show an increased
ratio compared to the muscle-cap and BDNF 4 GDNF counterpart, albeit not statistically significant. However,
when BDNF 4+ GDNF was presented along with PTN, the S/M ratio increased significantly in the PTN branch
to 12.7 £ 0.9, suggesting this combination would be optimal in asymmetrically modulating the sensory to motor
ratio.

Discussion
Interfacing the damaged nerve in amputees in order to record motor intent and selectively stimulate distinct
sensory-axons remains to be a significant challenge, despite the somatotopic organization in nerves®'. Arguably,
this is because most nerves are composed of a mixed number of motor, sensory, and autonomic axons. In the rat,
the sciatic nerve has only 1,600 motor efferent axons from an approximated population of 27,000 axons, while
17,200 are sensory afferents and 8,200 are autonomic*. Thus, the probability of recording single units from motor
axons (P = 0.059) or evoking specific sensory modalities is very low compared to that of interfacing with the
large population of mixed sensory axons (P = 0.637). This study evaluated the possibility of using nerve growth
factors to selectively attract specific subsets of neurons to distinct chambers to modulate the S/M ratio. Such
modulated and guided axonal regrowth could improve the possibility of motor-intent recording and specific
sensory stimulation.

Injured nerves are guided across an injury site by growth factors released by the distal nerve stump®>->. If
a muscle or skin choice is present, spinal motor neurons will preferentially regenerate towards a muscle target.
However, if the muscle target is unavailable, the motor neurons will grow towards the skin®. This path recog-
nition is known to be mediated by growth factors upregulated by Schwann cells in the distal nerve stump?>°.
Exogenous administration of these growth factors can be used to effectively guide the regenerating axons. NGE,
when expressed in a distal cutaneous branch of the femoral nerve, selectively guides pain fibers across a bifur-
cation point and increases the S/M ratio®. This strategy has also proven effective in guiding injured adult pain
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Figure 8. Representative SEM images of dual neurotrophic factors for motor (tibial, muscle-cap, and

BDNF + GDNF) and sensory (sural, skin-cap, PTN, and NFG) targets showing normal axonal morphological
composition. Large and unmyelinated axons are represented by * and (red arrow) respectively. Scale
bar=10um.

fibers to re-innervate the spinal cord by expressing NGF in the dorsal horn after rhizotomy®’”. Our previous work
extended these observations by demonstrating that injured axons can be guided to capped compartments in the
arms of a Y-conduit, isolating the effects of neurotrophic factors to the growing axons*. In that study, we showed
that compartmentalized diffusion of NGF and NT-3 differentially directed the regeneration CGRP + nociceptive
and N-52 + large diameter axons (both sensory and motor).

SCIENTIFICREPORTS |7: 14323 | DOI:10.1038/541598-017-14331-x 12



www.nature.com/scientificreports/

@
o
S
*
*
*

Unmyelinated B7) ~ Myelinated Cs o

- »n N w

o =3 o =3

2 8 & 8
Fiber Diameter (um)

#of Axons / Area (um?)
s
S

a
S
-

°
PTN.
DNF
NG

Mus,
BDNF4gp,
BDNF4,

Tibia)

_<

Mus

_<

BDNFigpy,
<
BDNFigpy,
<
BDNFyg,
=

Y

D 10 ve..:, BDNF+GDNF
**‘*ﬁ *%;%gk ¥ Fx #Fi *
0.81 ,iag #ieh ¥,
*iKy K *f*

Y I
[y
e X
©o.4

0.2 0.2

0.0 0.0

0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Diameter (um) Diameter (um) PTN
F o, BDNF+GDNF G
oSt F P
0.8 g+ 0.8
* "

006 * 206
g0 % 2
bt e
€04 ©04

0.2 0.2

0.0 0.0

0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Diameter (um) Diameter (um)

Figure 9. Morphological analysis of dual neurotrophic factors in split Y-nerve regeneration. (A,B)
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Here, we further demonstrate that using exogenous neurotrophic factors in vivo, the mixed rat sciatic nerve
can be differentially guided into functional fascicles with normal microanatomy. When nerve-cap control seg-
ments were used distally in the arms of the Y-conduit, the number of motor neurons divided efficiently and sym-
metrically into two fascicles each with 50% of the motor and 29% of the sensory neurons compared to the total
population in non-injured animals. The disproportional reduction in the number of DRG neurons compared to
the uninjured controls is in agreement with expected cell death in this population after injury>. The addition of
GDNF into one of the compartments mediated the regeneration of motor population to levels comparable to the
nerve-cap and increased the number of sensory neurons. The effect on the sensory axons can be attributed to the
increased expression of GDNF receptors GFRa-1 and Ret in the large diameter neurons, and of GFRa-3 in the
small diameter sensory neurons after injury®. Compared to BSA compartments, GDNF significantly increased
the total number of motor neurons 3.7 fold, confirming the its ability to modulate the motor content of regener-
ated nerves. In contrast, neither NGF and PTN showed a significant effect on attracting motor neurons.

With respect to sensory axons, NGF was more effective in enticing nerve growth, as the number of unmy-
elinated axons in the regenerated fascicle was significantly increased compared to PTN or GDNE. This effect
was specific, and is consistent with axonal sprouting rather than axonal guidance, which has been recognized in

SCIENTIFICREPORTS |7: 14323 | DOI:10.1038/541598-017-14331-x 13



www.nature.com/scientificreports/

A 600- B 3soo1 .
v 3000
2500 -
2 500- ) .
g . g 2000
[ 4004 . (]
b3 -4
§ 300 §1500- a
2 5 o
+ v
2 2001 & 10001 7/3 , o
5 s . °
* 1001 * 500 % :
/
0- o %

(@)

. *
181 * [
16
141 °

N

A

77

7

Sensory/Motor Ratio
S

%

Wi

Sura)

o o
g g
& £
o
& 3

w w

z z

a I

[ [

i i £

E} = = H
s Q Q Q
Q Q @

Figure 10. Effect of NTF combination on motor and sensory neuron regeneration. (A) FG+ motor neurons
were quantified from the ventral spinal cord and (B) sensory neurons from the DRG. (C) The sensory to motor
ratio of the FG+ cells. Data represented as mean + SEM. (N = 3-6 animals/group; *P <0.05).

S

_<

injured nerves™. The observation that PTN, a known motor neuron growth factor*>*, did not influence the num-
ber of motor neurons, but rather significantly increase the S/M ratio was unexpected. However, PTN is known
to be up-regulated in the DRG satellite cells, Schwann cells, macrophages, and endothelial cells, which express
the anaplastic lymphoma kinase (ALK) PTN receptor in the distal portion of the nerve after injury?. It is also
reported that TrkA + nociceptor neurons express the ALK receptor®. Moreover, PTN can significantly enhance
regeneration of myelinated axons across a nerve graft in adult rats, and this effect can be blocked by an ALK anti-
body, suggesting that ALK is the receptor responsible for PTN’s neurotrophic activity®. Together, these results
provide support for the use of GDNF in modulating the number of motor axons and of PTN in influencing sen-
sory neurons in their path for separate compartments.

Evaluation of motor neuron regeneration using two different target tissues in the Y-choice assay revealed that
the tibial-sural and muscle-skin-cap are comparable. However, in the NTF groups, BDNF + GDNF doubled the
number of motor neurons compared to those growing into PTN and NGF compartments. Consistently, the fiber
diameter was found to be significantly larger in the BDNF 4+ GDNF compared to BSA. Conversely, the S/M ratio
was significantly increased in the PTN compartment. Previously, the BDNF + GDNF combination has been used
in other studies to increase the number of regenerated motor neurons®'. However, this is the first study to show
an in vivo Y-choice assay between BDNF + GDNF and PTN to differentially modulate the axonal content in those
chambers. We noted that the total number of neurons growing into the different compartments using multiple
growth factors was reduced approximately by 60% compared to the single growth factor treatments. We interpret
this as an indication that the higher concentration of microparticles might have presented a physical barrier for
nerve regeneration. We have recently developed a method to produce sustained gradients using polymeric coils
in the lumen of micro channels to address this issue**. Future studies will implement NTFs delivery methods with
open lumen for maximal nerve growth.

While this study was successful in modulating the sensory-to-motor ratio of neurons in specific compart-
ments, we had expected NGE, BDNE and NT-3 to increase the regeneration of small, medium, and larger diame-
ter sensory neurons respectively. However, the level of resolution on retrograde-traced sensory subtypes was not
definitive. In our samples, FG masked the calcitonin gene-related peptide (CGRP) marker and thus confirmation
of specific sensory subtypes was not obtained. Ideally, molecular guidance cues would be utilized to differentially
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control the number of rapid adapting (RA) and slow adapting (SA) fibers in a Y-choice nerve conduit in order to
encode for specific functions such as form, texture, grip control/motion detection, tool manipulation, and hand
conformation®. Given the results in this study, the goal of achieving regenerative control of mechanoceptive fib-
ers seems feasible, but not trivial. It is possible that the addition of selective molecular inhibitors could improve
this current strategy. Molecular repellents play a crucial role in creating patterns of somatosensory innervation by
restricting growth cone extension and branching®. Chemorepellents such as Semaphorins are known to restrict
the path of nociceptive regenerating axons both during development and in the adult spinal cord®-%¢. Recently,
the combination of NGF and Sema3A was used in the spinal cord, where NGF attracted TrkA + pain fibers into
the dorsal horn after rhizotomy, and simultaneous expression of Sema3A in the ventral horn restricted neurite
extension into that area®. Strategies combining attractive and repulsive cues therefore could be utilized to refine
axon guidance into separate recording and stimulating compartments. In addition to NTFs, neural cell adhesion
molecules such as the polysialic acid, N-CAM, L1 and N-cadherin are known to be essential for proper motor
axon guidance®.

Together this data demonstrates that transected mixed nerves can be regenerated to form fascicles with dif-
ferential content of motor and sensory axons. However, several limitations remain: First, evaluations were con-
ducted after 45-days and longer studies are needed to confirm axonal stability over time. Second, future studies
should include the testing of Y-shaped REMIs, equipped with multi-electrode arrays to confirm the advantage
of molecular guidance in increasing the probability of recording from motor axons and evoking specific sensa-
tions from regenerated sensory fascicles. Third, this study was performed in rodents, and given the anatomical
differences with higher vertebrate species, further testing is needed to confirm that similar results can be obtained
in non-human primates and fully determine the feasibility of this molecular guidance approach for peripheral
neural interfacing.

In summary, molecular guidance offers a new approach, which can be added to a comprehensive strategy to
obtain directed axonal regeneration in nerve repair, or as a method to influence the axon type content in regen-
erative neural interfacing.

References
1. Farrell, T. R. & Weir, R. E The optimal controller delay for myoelectric prostheses. IEEE Trans. Neural Syst. Rehabil. Eng. 15, 111-8
(2007).
2. Cipriani, C., Controzzi, M. & Carrozza, M. C. The SmartHand transradial prosthesis. J. Neuroeng. Rehabil. 8,29 (2011).
3. Tyler, D. J. Neural interfaces for somatosensory feedback: bringing life to a prosthesis. Curr. Opin. Neurol. 28, 574-581 (2015).
4. Collinger, J. L. et al. High-performance neuroprosthetic control by an individual with tetraplegia. Lancet 381, 557-64 (2013).
5. Flesher, S. N. et al. Intracortical microstimulation of human somatosensory cortex. Sci. Transl. Medicne 1-11 https://doi.
org/10.1126/scitranslmed.aaf8083 (2016).
6. Tabot, G. A. et al. Restoring the sense of touch with a prosthetic hand through a brain interface. Proc. Natl. Acad. Sci. USA 110,
18279-84 (2013).
7. Dhillon, G. S., Lawrence, S. M., Hutchinson, D. T. & Horch, K. W. Residual function in peripheral nerve stumps of amputees:
implications for neural control of artificial limbs. J. Hand Surg. Am. 29, 605-15-8 (2004).
8. Kim, Y. & Romero-Ortega, M. I. Material considerations for peripheral nerve interfacing. MRS Bull. 37, 573-580 (2012).
9. Navarro, X. et al. A critical review of interfaces with the peripheral nervous system for the control of neuroprostheses and hybrid
bionic systems. J. Peripher. Nerv. Syst. 10, 229-58 (2005).
10. Tan, D. W. et al. A neural interface provides long-term stable natural touch perception. Sci. Transl. Med. 6, 257-138 (2014).
11. Graczyk, E. L. et al. The neural basis of perceived intensity in natural and artificial touch (accepted). Sci. Transl. Med. 142, 1-11
(2016).
12. Raspopovic, S. et al. Restoring natural sensory feedback in real-time bidirectional hand prostheses. Sci. Transl. Med. 6, 222ral9
(2014).
13. Oddo, C. M. et al. Intraneural stimulation elicits discrimination of textural features by artificial fingertip in intact and amputee
humans. Elife 5, 1-27 (2016).
14. Davis, T. S. et al. Restoring motor control and sensory feedback in people with upper extremity amputations using arrays of 96
microelectrodes implanted in the median and ulnar nerves. J. Neural Eng. 13, 36001 (2016).
15. Grill, W. M. & Mortimer, J. T. The effect of stimulus pulse duration on selectivity of neural stimulation. IEEE Trans. Biomed. Eng. 43,
161-6 (1996).
16. Grill, W. M., Norman, S. E. & Bellamkonda, R. V. Implanted neural interfaces: biochallenges and engineered solutions. Annu. Rev.
Biomed. Eng. 11, 1-24 (2009).
17. Delgado-Martinez, I., Badia, J., Pascual-Font, A., Rodriguez-Baeza, A. & Navarro, X. Fascicular Topography of the Human Median
Nerve for Neuroprosthetic Surgery. Front. Neurosci. 10, 286 (2016).
18. del Valle, J. & Navarro, X. Interfaces with the peripheral nerve for the control of neuroprostheses. International review of neurobiology
109, (Elsevier Inc., 2013).
19. Garde, K., Keefer, E., Botterman, B., Galvan, P. & Romero, M. I. Early interfaced neural activity from chronic amputated nerves.
Front. Neuroeng. 2, 5 (2009).
20. Seifert, J. L. et al. Normal molecular repair mechanisms in regenerative peripheral nerve interfaces allow recording of early spike
activity despite immature myelination. IEEE Trans. Neural Syst. Rehabil. Eng. 20, 220-227 (2012).
21. Desai, V. H. et al. Chronic Sensory - Motor Activity in Behaving Animals using Regenerative Multi - electrode Interfaces. 36th Annu.
Int. Conf. IEEE Eng. Med. Biol. Soc. 1973-1976 (2014).
22. Hoke, A. et al. Schwann cells express motor and sensory phenotypes that regulate axon regeneration. J. Neurosci. 26, 9646-55 (2006).
23. Brushart, T. M. et al. Schwann cell phenotype is regulated by axon modality and central-peripheral location, and persists in vitro.
Exp. Neurol. 247,272-81 (2013).
24. Hsieh, J.-H. et al. Patterns of target tissue reinnervation and trophic factor expression after nerve grafting. Plast. Reconstr. Surg. 131,
989-1000 (2013).
25. Young, H. M., Anderson, R. B. & Anderson, C. R. Guidance cues involved in the development of the peripheral autonomic nervous
system. Auton. Neurosci. 112, 1-14 (2004).
26. Dudanova, I, Gatto, G. & Klein, R. GDNF acts as a chemoattractant to support ephrina-induced repulsion of limb motor axons.
Curr. Biol. 20, 2150-2156 (2010).
27. Chai, G. et al. Celsr3 is required in motor neurons to steer their axons in the hindlimb. Nat. Neurosci. 17, 1171-9 (2014).
28. Wood, M. D. et al. GDNF released from microspheres enhances nerve regeneration after delayed repair. Muscle Nerve 46, 122-4
(2012).

SCIENTIFICREPORTS |7: 14323 | DOI:10.1038/541598-017-14331-x 15


http://dx.doi.org/10.1126/scitranslmed.aaf8083
http://dx.doi.org/10.1126/scitranslmed.aaf8083

www.nature.com/scientificreports/

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

47.
48.

49.
. Schmalbruch, H. Loss of sensory neurons after sciatic nerve section in the rat. Anat. Rec. 219, 323-329 (1987).
51.
52.

53.
54.

55.
56.
57.
58.
59.

60.

68.

Gordon, T., Sulaiman, O. & Boyd, J. G. Experimental strategies to promote functional recovery after peripheral nerve injuries. J.
Peripher. Nerv. Syst. 8,236-50 (2003).

Boyd, J. G. & Gordon, T. A dose-dependent facilitation and inhibition of peripheral nerve regeneration by brain-derived
neurotrophic factor. Eur. J. Neurosci. 15, 613-26 (2002).

Fine, E. G., Decosterd, 1., Papaloizos, M., Zurn, A. D. & Aebischer, P. GDNF and NGF released by synthetic guidance channels
support sciatic nerve regeneration across a long gap. Eur. J. Neurosci. 15, 589-601 (2002).

Bartkowska, K., Turlejski, K. & Djavadian, R. L. Neurotrophins and their receptors in early development of the mammalian nervous
system. Acta Neurobiol. Exp. (Wars). 70, 454-467 (2010).

Romero, M. I, Rangappa, N., Garry, M. G. & Smith, G. M. Functional regeneration of chronically injured sensory afferents into adult
spinal cord after neurotrophin gene therapy. J. Neurosci. 21, 8408-16 (2001).

Hu, X., Cai, ], Yang, J. & Smith, G. M. Sensory axon targeting is increased by NGF gene therapy within the lesioned adult femoral
nerve. Exp. Neurol. 223, 153-65 (2010).

Oakley, R. A. et al. Neurotrophin-3 promotes the differentiation of muscle spindle afferents in the absence of peripheral targets. J.
Neurosci. 17, 4262-74 (1997).

Kucera, J., Fan, G., Jaenisch, R., Linnarsson, S. & Ernfors, P. Dependence of developing group Ia afferents on neurotrophin-3. J.
Comp. Neurol. 363, 307-320 (1995).

de Nooij, J. C., Doobar, S. & Jessell, T. M. Etv1 inactivation reveals proprioceptor subclasses that reflect the level of NT3 expression
in muscle targets. Neuron 77, 1055-68 (2013).

Carroll, P, Lewin, G. R., Koltzenburg, M., Toyka, K. V. & Thoenen, H. A role for BDNF in mechanosensation. Nat. Neurosci. 1, 42-46
(1998).

Mi, R., Chen, W. & Hoke, A. Pleiotrophin is a neurotrophic factor for spinal motor neurons. Proc. Natl. Acad. Sci. USA 104, 4664-9
(2007).

Lotfi, P, Garde, K., Chouhan, A. K., Bengali, E. & Romero-Ortega, M. I. Modality-specific axonal regeneration: toward selective
regenerative neural interfaces. Front. Neuroeng. 4, 11 (2011).

Dawood, A. E. et al. VEGF Release in Multiluminal Hydrogels Directs Angiogenesis from Adult Vasculatureln Vitro. Cardiovasc.
Eng. Technol. 2,173-185 (2011).

Punnakitikashem, P, Truong, D., Menon, J. U., Nguyen, K. T. & Hong, Y. Electrospun biodegradable elastic polyurethane scaffolds
with dipyridamole release for small diameter vascular grafts. Acta Biomater. 10, 4618-28 (2014).

Alsmadi, N. Z. et al. Coiled polymeric growth factor gradients for multi-luminal neural chemotaxis. Brain Res. 1619, 72-83
(2015).

Ramanujan, S. et al. Diffusion and convection in collagen gels: implications for transport in the tumor interstitium. Biophys. J. 83,
1650-1660 (2002).

Vasudevan, S., Yan, J.-G., Zhang, L.-L., Matloub, H. S. & Cheng, J. J. A rat model for long-gap peripheral nerve reconstruction. Plast.
Reconstr. Surg. 132, 871-6 (2013).

Swett, J. E., Torigoe, Y., Elie, V. R., Bourassa, C. M. & Miller, P. G. Sensory neurons of the rat sciatic nerve. Exp. Neurol. 114, 82-103
(1991).

Schmalbruch, H. Fiber composition of the rat sciatic nerve. Anat. Rec. (1986).

Schnell, S. A, Staines, W. A. & Wessendorf, M. W. Reduction of Lipofuscin-like Autofluorescence in Fluorescently Labeled Tissue.
J. Histochem. Cytochem. 47, 719-730 (1999).

Abercrombie, M. Estimation of nuclear population from microtome sections. Anat. Rec. (1946).

Weber, D. J., Friesen, R. & Miller, L. E. Interfacing the somatosensory system to restore touch and proprioception: essential
considerations. J. Mot. Behav. 44, 403-18 (2012).

Abernethy, D. A, Rud, A. & Thomas, P. K. Neurotropic influence of the distal stump of transected peripheral nerve on axonal
regeneration: absence of topographic specificity in adult nerve. J. Anat. 180(Pt 3), 395-400 (1992).

Lundborg, G. Tissue Specificity in Nerve Regeneration. J. Plast. Reconstr. Surg. 20, 279-283 (1986).

Politis, M. J., Ederle, K. & Spencer, P. S. Tropism in nerve regeneration in vivo. Attraction of regenerating axons by diffusible factors
derived from cells in distal nerve stumps of transected peripheral nerves. Brain Res. 253, 1-12 (1982).

Jerregérd, H., Nyberg, T. & Hildebrand, C. Sorting of regenerating rat sciatic nerve fibers with target-derived molecules. Exp. Neurol.
169, 298-306 (2001).

Uschold, T., Robinson, G. A. & Madison, R. D. Motor neuron regeneration accuracy: Balancing trophic influences between pathways
and end-organs. Exp. Neurol. 205, 250-256 (2007).

Romero, M. L. et al. Extensive sprouting of sensory afferents and hyperalgesia induced by conditional expression of nerve growth
factor in the adult spinal cord. J. Neurosci. 20, 4435-45 (2000).

Allodi, I, Udina, E. & Navarro, X. Specificity of peripheral nerve regeneration: interactions at the axon level. Prog. Neurobiol. 98,
16-37 (2012).

Gallo, G. & Letourneau, P. C. Localized sources of neurotrophins initiate axon collateral sprouting. J. Neurosci. 18, 5403-5414
(1998).

Degoutin, J., Brunet-de Carvalho, N., Cifuentes-Diaz, C. & Vigny, M. ALK (Anaplastic Lymphoma Kinase) expression in DRG
neurons and its involvement in neuron-Schwann cells interaction. Eur. J. Neurosci. 29, 275-86 (2009).

. Boyd, J. G. & Gordon, T. Glial cell line-derived neurotrophic factor and brain-derived neurotrophic factor sustain the axonal

regeneration of chronically axotomized motoneurons in vivo. Exp. Neurol. 183, 610-619 (2003).

. Brushart, T. Nerve Repair. (Oxford University Press, Inc., 2011).

. Wang, F, Julien, D. P. & Sagasti, A. Somatosensory peripheral axon guidance and morphogenesis. 7, 388-394 (2013).

. Dickson, B. J. Molecular mechanisms of axon guidance. Science 298, 1959-64 (2002).

. Kaselis, A., Treinys, R., Vosyliute, R. & Satkauskas, S. DRG axon elongation and growth cone collapse rate induced by Sema3A are

differently dependent on NGF concentration. Cell. Mol. Neurobiol. 34, 289-296 (2014).

. Tessier-Lavigne, M. & Goodman, C. S. The Molecular Biology of Axon Guidance. Science (80-.). 274, 1123-1133 (1996).
. Tang, X.-Q,, Tanelian, D. L. & Smith, G. M. Semaphorin3A inhibits nerve growth factor-induced sprouting of nociceptive afferents

in adult rat spinal cord. J. Neurosci. 24, 819-27 (2004).
Franz, C. K. Polysialylated Neural Cell Adhesion Molecule Is Necessary for Selective Targeting of Regenerating Motor Neurons. J.
Neurosci. 25,2081-2091 (2005).

Acknowledgements

We thank Danh Truong, Nang Su Iwin Myint, Maritza Hernandez, Elaine Ramirez, Ashlesha Deshmukh, and
Michael Tran for their assistance. This work was sponsored by the Defense Advanced Research Projects Agency
(DARPA) Microsystems Technology Office (MTO), under the auspices of Dr. Jack W. Judy as part of the Reliable
Neural Technology Program, through the Space and Naval Warfare Systems Command (SPAWAR) Systems
Center (SSC). Grant no. N66001-11-1-4408 and N66001-11-C-4168. Additional support by NSF CAREER grant
#1554835 (Y.H.)

SCIENTIFICREPORTS |7: 14323 | DOI:10.1038/541598-017-14331-x 16



www.nature.com/scientificreports/

Author Contributions

S.A. and M.LR. designed the research, analyzed the data, and wrote the manuscript along with V.D. S.A,, J.C,,
and S.V. carried out the surgical implantations. N.A. and A.K. fabricated and tested the PLGA microparticles
encapsulated with growth factors. L.P. and S.A. modeled Y-tube release of neurotrophic factor loaded with
microparticles. Y.H. and C.X. manufactured the Y-tube conduits. S.A., D.H.N., and M.T. performed the retrograde
labeling, tissue harvest, and analysis. V.D., S.A., and E.K. conducted the electrophysiological experiments
and analysis.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-14331-x.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

MM | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 14323 | DOI:10.1038/541598-017-14331-x 17


http://dx.doi.org/10.1038/s41598-017-14331-x
http://creativecommons.org/licenses/by/4.0/

	Asymmetric Sensory-Motor Regeneration of Transected Peripheral Nerves Using Molecular Guidance Cues

	Material and Methods

	Microencapsulation of Neurotrophic Factors (NTFs). 
	DRG Bioactivity Assay. 
	DRG in vitro Immunocytochemistry. 
	Y-tube Conduits. 
	Modeling Release of Neurotrophic Factors in Y-shaped conduits. 
	Animal Implantation. 
	Retrograde Labeling of Motor and Sensory Neurons and Quantification. 
	Compound Nerve Action Potential (CNAP) Measurements. 
	Animal perfusion and tissue preparation. 
	Quantification of retrograde labeled motor and sensory neurons. 
	Electron microscopy morphometry analysis. 
	Statistical analysis. 
	Data availability. 
	Disclaimer. 

	Results

	Functional splitting of transected peripheral nerves. 
	GDNF increased the regeneration of both motor and sensory neurons, while NGF and PTN differentially influence sensory-axon  ...
	Specific guidance molecules can be used to differentially modulate the sensory and motor axons into separate regenerative c ...

	Discussion

	Acknowledgements

	Figure 1 Experimental design.
	Figure 2 Diffusion of PLGA microparticles loaded with NTF and BSA over a 30 day time period.
	Figure 3 Comparable Y-split nerve regeneration using neurotrophic factor loaded microparticles (NTF-MP) with no distal targets.
	Figure 4 Regenerated split fascicles are electrically conductive.
	Figure 5 The effect of single guidance cues on the regeneration of motor and sensory neurons.
	Figure 6 EM of the regenerated split Y-nerve fascicles showing normal axonal morphology with apparent large myelinated axons in the nerve-caps.
	Figure 7 Influence of single NTFs on axon morphology for (A) Unmyelinated axonal and (B) myelinated axon count.
	Figure 8 Representative SEM images of dual neurotrophic factors for motor (tibial, muscle-cap, and BDNF + GDNF) and sensory (sural, skin-cap, PTN, and NFG) targets showing normal axonal morphological composition.
	Figure 9 Morphological analysis of dual neurotrophic factors in split Y-nerve regeneration.
	Figure 10 Effect of NTF combination on motor and sensory neuron regeneration.
	Table 1 Dimension and diffusivity values for protein release from PLGA microparticles in collagen.
	Table 2 Experimental groups for single and combination neurotrophic factors in a Y-choice assay.




