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Abstract
Increasing evidence suggests that the improper synaptic reconnection of regenerating axons is a
significant cause of incomplete functional recovery following peripheral nerve injury. In this
study, we evaluate the use of collagen hydrogels functionalized with two peptide glycomimetics of
naturally occurring carbohydrates—polysialic acid (PSA) and human natural killer cell epitope
epitope (HNK-1)—that have been independently shown to encourage nerve regeneration and
axonal targeting. Our novel biomaterial was used to bridge a critical gap size (5 mm) in a mouse
femoral nerve injury model. Functional recovery was assessed using gait and hind limb extension,
and was significantly better in all glycomimetic peptide-coupled collagen conditions versus non-
functional scrambled peptide-coupled collagen, native collagen, and saline controls. Analysis of
cross-sections of the regenerated nerve demonstrated that hydrogels coupled with the PSA
glycomimetic, but not HNK, had significant increases in the number of myelinated axons over
controls. Conversely, hydrogels coupled with HNK, but not PSA, showed improvement in
myelination. Additionally, significantly more correctly projecting motoneurons were observed in
groups containing coupled HNK-1 mimicking peptide, but not PSA mimicking peptide. Given the
distinct morphological outcomes between the two glycomimetics, our study indicates that the
enhancement of recovery following peripheral nerve injury induced by PSA- and HNK-
functionalized collagen hydrogels likely occurs through distinct mechanisms.
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1. Introduction
Despite significant progress in encouraging the regrowth of peripheral nervous system
(PNS) axons across large gap sizes, functional outcomes remain substantially sub-optimal.
Research and development of regenerative strategies have primarily addressed means of
preventing unwanted ingrowth of fibrous scar tissue, providing mechanical and trophic
support for neural components, and presenting structural cues for longitudinally oriented
neurite outgrowth [1,2]. Each of these approaches attempts to overcome obstacles in the
injury microenvironment that are largely viewed as the primary sources of functional failure.
There is now increasing evidence to suggest that the malrouted reinnervation of neurites
towards inappropriate targets also contributes to poor functional outcome [3] as well as
muscle weakness, lifelong pain, and inappropriate reflex arcs [4]. Although many of the
incorrect neural circuits are pruned during the regeneration process, their growth is
effectively wasted. Despite the potential benefits of improving the quality of end target rein-
nervation following PNS injury, regenerative strategies that specifically address axon
targeting are rare.

Growth cones respond to many local cues that regulate axonal guidance and targeting during
development. Though not as well studied, the post-PNS injury microenvironment can also
direct regenerating axons. One particularly interesting example is a phenomenon known as
preferential motor reinnervation (PMR), which has been shown to increase the efficiency of
synaptic reconnection of motor axons. Immediately following injury, proximal neurites
grow randomly towards the distal end connecting with both motor and sensory targets.
However, as reinnervation continues, the number of motor axons connecting with their
appropriate motor targets increases [5–8]. Although the mechanisms that govern PMR are
not clearly understood, it is generally accepted that trophic factors, including recognition
molecules, that can be expressed locally in the spinal cord and very distally from the injury
site are largely involved.

Two glycans, polysialic acid (PSA) and an epitope first discovered on human natural killer
cells (HNK-1), have been implicated in acceleration of regrowth and PMR following nerve
damage. Franz et al. demonstrated that the level of expression of PSA dramatically increases
in motoneurons following nerve injury compared to that from uninjured-motoneurons. When
this upregulation is enzymatically interrupted following injury, PMR is significantly
inhibited [9]. Among myelinating Schwann cells, HNK-1 is predominantly expressed on
those that are associated with motor axons, implicating the modality specific role of this
glycan in the PNS [10,11]. Martini et al. demonstrated that the presence of HNK-1 increases
moto-neuron outgrowth, but does not affect sensory neuron outgrowth invitro [12]. Further,
following injury, only myelinating Schwann cells that had been previously associated with
motor axons re-express HNK-1. Sensory-associated Schwann cells do not produce the
glycan even after prolonged exposure to motor axons [11]. Eberhardt et al. showed that
electrical stimulation of damaged femoral nerves in the PNS increased HNK-1 expression,
which correlated to an increase in muscle reinnervation and functional recovery [13].

Despite their functional roles, difficulties in synthesis and/or poor stability in vivo have
limited the therapeutic use of glycans. Alternative strategies to upregulate these molecules
following injury, such as electrical stimulation of nerve stumps and implantation of
genetically modified cells, have yielded promising results [13–16]. However, the likelihood
of their clinical translation is limited. Recent advances in analytic techniques have allowed
the discovery of glycomimetic peptides, which provides new opportunities to exploit this
class of therapeutic targets. These molecular mimics generally retain the functionality of
their carbohydrate counterparts, with the added potential benefits of ease of production,
increased stability, and reduced cost [17,18].
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Recently, peptide mimics of PSA and HNK-1 have been isolated using phage display
screening [19,20]. These glycomimetics have been used successfully in small gap repair of
peripheral nerve injury when presented in soluble form in both mouse [21,22] and non-
human primate models [23], but their use in more challenging injury models requires
increasing the lifetime of their presentation. To this end, we have coupled the glycomimetics
to a type I collagen backbone, thereby providing well-controlled, sustained presentation of
these cues. Collagen hydrogels provide a useful intraluminal filling as collagen is easily
modified, resorbable, and porous. Further, cells can stably bind to collagen via integrins,
which leads to regeneration-conducive rearrangements of cellular activities via signal
transduction and cytoskeletal functions. Collagen alone has previously been shown to be
efficacious in improving regeneration following peripheral nerve injury [24,25]. In its
hydrogel form, collagen provides a highly controlled environment for nerve cells to grow by
providing both mechanical and biological support for neuritogenesis [26]. In a previous
study, we confirmed the in vitro bioactivity of type I collagen hydrogels that were
functionalized with PSA and HNK-1 glycomimetics and showed that the molecules retain
their modality specific responses towards neural cells after conjugation [27].

Herein, we evaluate the utility of the glycomimetic peptide-coupled collagen for critical gap
peripheral nerve injuries. We use the femoral nerve injury model (FNI) with a critical gap
size of 5 mm, which exceeds the previously used gap size of 2 mm. The FNI model, first
introduced by Brushart to understand the mechanism of PMR [5–7], is a particularly well-
suited experimental paradigm to study morphological and functional measures of recovery.
The femoral nerve begins as a mixed nerve containing sensory and motor axons, and then
bifurcates into the sensory saphenous branch and the motor/sensory quadriceps branch. This
modality-exclusive branching allows for evaluation of the targeting efficiency, as the
bifurcation provides an anatomical decision point for regenerating motor axons; correctly
targeting motor axons must choose the quadriceps branch. Thus, in addition to standard
scores of morphological and functional recovery, we can evaluate PMR using retrograde
labeling techniques (Fig. 1).

2. Methods
2.1. Functionalization of collagen

From sequences identified previously as functional glycomimetics [19,20], one linear
glycomimetic peptide was selected for HNK-1 (FLHTRLFV, MW: 1032.24) and for PSA
(SSVTAWTTG, MW: 908.97). A scrambled version of the HNK-1 peptide (TVFHFRLL)
served as a control. All peptides were acquired from a commercial vendor (Genscript,
Piscataway, NJ).

Peptides were covalently conjugated onto oligomeric type I collagen using the
heterobifunctional crosslinker 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) as
previously described [28]. Briefly, fetal calf type I collagen (EPC, Owensville, MO) was
reconstituted to 3 mg/ml in 0.02 N acetic acid to make an oligomeric collagen solution. To
activate carboxyl groups, 2 mg of peptide were dissolved in 2 ml of MES buffer (Fluka)
containing 1 mM EDC (Pierce) and reacted for 15 min at 37 °C. Following this incubation,
the activated peptide was added to 5 ml oligomeric collagen solution and rotated overnight
at 4 °C. The peptide/collagen solution was dialyzed overnight to remove unattached peptide
with two dialyzate changes. Finally, the purified solution was lyophilized and reconstituted
to 3 mg/ml in 0.02 N acetic acid. In a previous study using this conjugation technique, we
confirmed that the resulting coupling efficiency is between 50 and 60%, which translates to
200–240 μg of coupled peptide per ml collagen. Additionally, the grafting process does not
significantly change the mechanical properties, fiber diameter, or fiber density of the
hydrogel [28].
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2.2. Preparation of conduits
Collagen hydrogels at 2.0 mg/ml were prepared as previously described [29]. Native or
functionalized oligomeric collagen solutions at 3 mg/ml were neutralized on ice using
solutions in the following ratios: 2% 1 M Hepes (Fluka), 14% 0.1 N NaOH, 10% 10X
Minimum Essential Medium (Sigma), 5.2% M199 (Sigma), 0.1% penicillin/streptomycin (P/
S; Sigma), 1% L-glutamine (L-glut; Sigma), 67.7% native or peptide-functionalized
collagen. The final concentration of coupled peptide within the hydrogel was between 130
and 160 μg per ml collagen, which was similar to the effective doses given in solution in
previous in vivo studies [21,22]. (For simplicity, hydrogels coupled with the HNK-1
glycomimetic peptide are referred to as HNK-coupled hydrogels, and hydrogels coupled
with the PSA glycomimetic peptide are referred to as PSA-coupled hydrogels.) For
composite PSA/HNK-coupled hydrogels containing both of the glycomimetics, 33.85% of
each of the HNK- and PSA-coupled collagen solutions were neutralized using the
formulation above. Glycomimetic peptide-coupled hydrogels refers to the hydrogels coupled
with PSA, HNK, or PSA/HNK.

Polyethylene (PE) tubes (0.6 mm ID/1 mm OD) were pre-cut to a 5.5 mm length and UV
sterilized. Native and functionalized collagen solutions were injected in excess to ensure
complete void filling into PE tubes using a 22 gauge syringe. The tubes were incubated at 37
°C to allow self-assembly of the hydrogel. Control tubes were filled with a sterile PBS
solution immediately prior to implantation.

2.3. Animals and surgical procedure
All procedures were conducted in accordance with approved protocols from the Institutional
Animal Care and Use Committee (IACUC). Ten week old C57/B6 female mice (Taconic
Farms) were heavily anesthetized by intraperitoneal injections of a ketamine (80 mg/kg) and
xylazine (12 mg/mg) mixture. The surgical area was shaved and cleaned with a Betadine
scrub and alcohol. The left femoral nerve was exposed, and a nerve transection was
performed at a distance about 3 mm proximal to the bifurcation of the nerve. The cut ends of
the nerve were inserted into the pre-filled PE tube fixed with single epineural 10-0 nylon
stitches (Ethicon) so that a 5 mm gap was present between the proximal and distal stump.
The incised skin was closed with wound clips, which were then removed one week post-
surgery.

2.4. Measures of functional recovery
Injury to the femoral nerve proximal to the point of bifurcation deinnervates the quadriceps
muscle. During gait, the quadriceps muscle maintains knee extension in single support
phases thereby allowing the contralateral leg to swing forward. Given this distinct
biomechanical role, Irintchev et al. [27] developed an approach to quantify the kinematic
effects of this type of injury. We used two of Irintchev’s defined parameters to evaluate
functional recovery: the foot base angle (FBA) and the protraction limb ratio (PLR).

2.4.1. Foot base angle—Following femoral nerve injury, impaired bending of the knee
results in plantar flexion of the ankle joint during load bearing movements. With the
classical beam-walk test, this response can be quantified by measuring the angle at which
the sole of the hindpaw meets the surface when the contralateral leg is lifted, termed the foot
base angle (FBA) [30]. As shown in Fig. 2, during complete load bearing movements, the
hindpaw is externally rotated in the transverse plane in intact animals. However, one week
following injury, the hindpaw is externally rotated due to a loss in quadriceps innervation.
Animals (n = 10–12 per experimental condition) were trained to walk across a 1 m long
wooden beam towards their home cage. Mice were filmed from the rear using a high speed
camera (A602fc, Basler) prior to injury and at 1, 8, 12, and 15 weeks following injury. The
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locomotion videos were analyzed using single frame motion analysis (SFMA) using
SimiMotion (SIMI Reality Motion Systems). The FBA was measured at a specific stage of
the gait cycle where the contralateral leg was at its highest point, which is when the injured
leg bears the most weight. The FBA was determined by dividing the left hind sole into two
halves and measuring the angle of that line with the horizontal.

2.4.2. Protraction limb ratio—The protraction limb ratio (PLR) is measured using a
pencil grip test and provides analysis of voluntary movement and proprioceptive ability that
is more dependent on supraspinal control compared to gait. Additionally, these pursuits do
not require weight support. At weeks 0, 1, 8, and 15, a subset of animals (n = 6–7 per
experimental condition) were held by their tail and allowed to grab a pencil fixed vertically
below them with their forelimbs. The hind limbs will alternate between flexion and
extension in an attempt to grab the pencil tip. As shown in Fig. 2, frames during the
extension phase were used to measure the PLR, defined as the distance between the anus
and the longest digit on the paw [30]. Before injury, limb extension is symmetric and the
ratio of the extension for the right/left hind limb is approximately 1. After injury, this ratio
increases due to the inability for the injured hind limb to extend completely. As successful
regeneration proceeds, the ratio approaches unity once again.

2.4.3. Recovery index calculation—The recovery index (RI) was used as a relative
score of functional recovery normalized to the week one FBA or PLR. The RI was
calculated as a percent using the following equation:

where Xpre, Xden, Xreinn were the values of the FBA or PLR prior to injury, one week
following transaction, and at 15 weeks post injury, respectively [30].

2.5. Retrograde labeling and analysis
Fifteen weeks post-injury, a subset of mice underwent a secondary surgery to introduce
retrograde labels into the branches of the femoral nerve (Fig. 1). Under ketamine/xylazine-
induced anesthesia (see above), the left femoral nerve was exposed. The quadriceps and
saphenous branches were transected approximately 5 mm distal to the point of bifurcation.
Two fluorescent retrograde tracers were applied in crystal form to the proximal nerve
stumps: 10,000 MW dextran labeled with Alexa Fluor 488 in the saphenous branch, and
10,000 MW dextran labeled with Alexa Fluor 546 in the quadriceps branch (Invitrogen).
After 30 min, excess dye was removed, nerve stumps were rinsed with PBS, and the incision
was closed with wound clips. The labels were allowed to passively traverse back into the
spinal cord for one week. Animals were then heavily anaesthetized and perfused through the
left ventricle with 4% paraformaldehyde. The lumbar spinal cord was removed and post-
fixed overnight in 4% paraformaldehyde and then immersed in a 20% sucrose-saline
solution. The entire lumbar enlargement was then serially sectioned transversely at a
thickness of 50 μm. All labeled motoneurons fell within a stack of approximately 40 serial
cross-sections, and each of these sections generally contained 1–5 retrograde-labeled
motoneurons. To prevent double-counting of labeled motoneurons, sections spaced 250 μm
apart were examined (between 7 and 10 serial cross-sections per animal) with an inverted
epifluorescence microscope (Olympus IX81) for labeled motoneurons using a 20X
objective. Labeled motoneurons were only visible in the ventral horn, the motoneuron rich
region of the spinal cord. The number of correctly targeted, Alexa Fluor 546+ motoneurons
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and the number of incorrectly targeted, Alexa Fluor 488+ motoneurons were counted for
each animal.

2.6. Histomorphometry of regenerated nerve
In addition to the lumbar spinal cord, the implanted conduits were also removed post-
sacrifice. Samples were post fixed overnight in 4% paraformaldehyde and then immersed in
a 20% sucrose-saline solution. A 2 mm segment from the middle of the regenerated nerve
was treated with 1% osmium tetroxide solution in 0.1 M sodium cacodylate buffer for 1 h at
room temperature. Osmium fixed samples were then dehydrated, embedded in an epoxy
resin, and cut into 1 μm-thick cross-sections. Sections were counter-stained with 1%
toluidine blue in 1% borax in distilled water to enhance contrast. Composite images were
captured in bright field using a 100X oil immersion objective. Excised nerves with
preserved epineurial sheaths (n = 8–10 per experimental condition) were used to manually
count the number of myelinated axons per regenerated nerve cross-section using Image J
(NIH). These samples were also used to calculate the percent nerve tissue regeneration by
dividing the area of nerve tissue regeneration by the total tissue area. The area of nerve
tissue regeneration was defined as the fascicular area containing myelinated axons. Within a
subset of these nerves (n = 6 per experimental condition), for each myelinated axon, the
mean orthogonal diameter of the axon and of the fiber (axon + myelin sheath) was
measured. The mean orthogonal diameter was defined as the average of the length the
longest axis of the axon and the perpendicular of that line. The g-ratio, a measure of the
quality of myelination, was then calculated as the ratio of the axon-to-fiber diameter. The g-
ratio scores were then binned with respect to axon size using a 1 μm bin size [31].

2.7. Statistical analysis
The study was designed to allow comparison of saline and hydrogel treated conditions,
glycomimetic peptide-coupled and non-glycomimetic treated conditions, and within
glycomimetic peptide-coupled treated conditions. Variance analysis using a one-way
ANOVA was used followed by post-hoc planned comparisons with Tukey’s test.
Differences were considered significant at p < 0.05.

3. Results
3.1. Functional recovery

3.1.1. Foot base angle (FBA)—Injury to the femoral nerve results in abnormal external
rotation of the hindpaw, which can be quantified using the FBA (Fig. 2). Prior to injury, the
FBA did not differ significantly among groups, and was approximately 68° (Fig. 3A). One
week post-injury, this angle increased to approximately 99°, and was again not significantly
different among groups. At eight, twelve, and fifteen weeks post-injury, the angle for all
collagen hydrogel treated groups decreased towards the original values, and significantly
outperformed saline treated groups (p < 0.0001 for all weeks). Glycomimetic peptide-
coupled collagen outperformed native and scrambled peptide-coupled collagen at all
measured time points (p = 0.00141, p < 0.0001, and p = 0.00011, respectively). However, no
significant differences were found among the glycomimetic peptide-coupled groups or
between native and scrambled peptide-coupled collagen at any of these time points.

The recovery index (RI) was used to normalize the degree of functional recovery to the
injury at week one (Fig. 3B). At eight, twelve, and fifteen weeks post-injury, the RI for
collagen hydrogel treated groups was significantly greater than for saline treated groups (p =
0.00017, p = 0.00023, and p < 0.0001, respectively). Within hydrogel treated groups, the RI
for glycomimetic peptide-coupled collagen was significantly greater than for native and
scrambled peptide-coupled collagen (p = 0.00518, p = 0.0006, and p < 0.0001, respectively).
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At eight weeks post-injury, no significant differences in the RI were noted between
scrambled peptide- and glycomimetic peptide-coupled groups. However at twelve and
fifteen weeks, glycomimetic peptide-coupled collagen significantly outperformed scrambled
peptide-coupled collagen (p = 0.02321 and p = 0.00197, respectively). Once again, no
significant differences were found among glycomimetic peptide-coupled groups or between
native and scrambled peptide-coupled groups at any of these time points.

3.1.2. Protraction limb ratio (PLR)—The PLR quantifies the animal’s ability to grasp a
stationary item fixed below it. More so than ground locomotion, these target-reaching,
voluntary movements are generally dependent on supra-spinal and proprioceptive
involvement. Following femoral nerve injury, the quadriceps cannot fully extend the knee,
which results in an impaired ability to complete this pursuit (Fig. 2). The ipsilateral and
contralateral extensions are compared to generate the PLR.

The PLR increased from approximately 1.0 pre-injury to approximately 1.45 post-injury,
with no statistically significant differences among the treatment groups (Fig. 4A). At eight
and fifteen weeks post injury, the PLR for saline groups was significantly higher than for
hydrogel treated groups (p = 0.00121 and p < 0.0001, respectively). However, there were no
statistically significant differences noted at either of these time points among collagen
hydrogel treated groups. Based on the RI (Fig. 4B), collagen hydrogel treated groups
outperformed saline treated animals at eight and fifteen weeks post-injury (p = 0.00119 and
p < 0.0001, respectively). No significant differences were found among glycomimetic
peptide-coupled groups or between native and scrambled peptide-coupled groups at either
eight or fifteen weeks post-injury.

3.2. Morphological analysis
Histological evaluation of osmium tetroxide stained nerve cross-sections showed myelinated
axons in all hydrogel treated groups. However, 4 out of 11 saline treated animals had few
(<5) to no distinguishable axons (Fig. 5A–B). As shown in Fig. 5C, statistical analysis of
axon numbers revealed significantly more axons in hydrogel treated groups than saline (p =
0.00106). Within hydrogel conditions, PSA-coupled hydrogels contained significantly more
axons than hydrogels without the coupled PSA mimicking peptide (p = 0.0153). HNK-
coupled hydrogels did not show significant differences in axon count when compared to
hydrogels without the coupled HNK-1 mimicking peptide. As shown in Fig. 5D, all
hydrogel treated conditions had a greater percent of regeneration compared to saline treated
animals (p = 0.01705). There were no statistically significant differences in percentage of
nerve regeneration among hydrogel treated groups.

The distribution of myelin within regenerated nerves was analyzed by quantifying the g-
ratio, which is the ratio of the axon-to-fiber diameter (Fig. 6). A smaller g-ratio represents an
increase in the amount of myelin surrounding the axon. G-ratios were binned with respect to
axon size and then tested for statistical significance. In general, HNK-coupled hydrogels
yielded the smallest g-ratio while other hydrogels did not differ significantly across axon
sizes. For simplicity, the discussion below is restricted to HNK-coupled hydrogels. For a
complete statistical analysis of groups tested, the reader is referred to Supplementary Table
1.

Within axons up to 4 μm in diameter, HNK-coupled hydrogels yielded significantly lower
g-ratios when compared to all other injury conditions (p < 0.01). Between 4 and 5 μm,
HNK-coupled hydrogels had significantly lower g-ratios than all other hydrogel treated
groups but were not statistically significant different from saline treated nerves or intact,
unoperated nerves (p < 0.01). Finally, nerves treated with HNK-coupled hydrogels were not
significantly different than other regenerated nerves for axons larger than 5 μm. For these
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larger axons (>5 μm), intact nerves yielded significantly lower g-ratios compared to all
regenerated nerves (p < 0.0001). Notably, mean g-ratios of all regenerated nerves fell
between 0.6 and 0.8, which has been shown to be physiologically healthy values for nerve
conduction [32].

3.3. Retrograde labeling
To assess the effect of the coupled glycomimetics on targeting efficiency, different
fluorescently tagged retrograde labels were introduced into the quadriceps and saphenous
branch 15 weeks post injury (Fig. 1). One week following introduction of the dyes, animals
were sacrificed and spinal cords were excised for motoneuron counts (Fig. 7A). Statistical
evaluation of motoneuron counts revealed significantly more correctly labeled motoneurons
in hydrogel treated groups versus saline (p = 0.01341; Fig. 7B). Within hydrogel-treated
groups, HNK-coupled hydrogels contained significantly more correctly labeled motoneurons
than hydrogels without the HNK-1 mimicking peptide (p = 0.02). No significant differences
were noted between hydrogels with or without the coupled PSA mimicking peptide. No
statistically significant differences were found between conditions with regard to numbers of
incorrectly labeled motoneurons or the total number of labeled motoneurons (correct and
incorrect).

4. Discussion
Despite the innate regenerative potential of the PNS, functional recovery remains
incomplete with increasing severity of injury. This has been attributed to a number of
reasons including the local inflammatory response, ingrowth of fibrous scar tissue, lack of
mechanical support for emerging neurites, and more recently the malrouted regrowth of
axons. We have previously shown that covalent conjugation of glycomimetic HNK-1 and
PSA peptides to type I collagen results in neural cell type-specific responses in vitro [27].
Given these unique, modality-defined effects, we investigated the potential for glycomimetic
functionalized collagen to promote axonal regeneration and targeting in a challenging, 5 mm
gap size femoral nerve injury model. While these peptides have previously been shown to be
efficacious in smaller gap sizes [22,23,33], this is the first successful study utilizing the
peptide mimics within a critical gap.

Following implantation of a polyethylene tube filled with glycomimetic functionalized
collagen after injury, we observed significant improvement in functional and morphological
recovery as summarized in Table 1. These positive effects are due to the structural similarity
between the glycomimetic peptides and their respective carbohydrate epitope. Previous
studies have shown that the peptides have specific binding affinity for anti-PSA and anti-
HNK-1 antibodies [19,20,33]. Additionally, the scrambled peptide-coupled collagen did not
elicit any more benefit than native collagen, which also indicates that these effects are
sequence specific.

4.1. Utility of the femoral nerve injury model
The femoral nerve injury paradigm was used to test the in vivo efficacy of our modified
collagen hydrogels, as it is particularly well suited to assess functional and morphological
recovery [34]. Although the sciatic nerve model is most widely used for peripheral nerve
injury, it has been criticized as having limited reliability in quantifying functional recovery.
In the sciatic model, a single behavior is generally used to represent the relative
contributions of numerous muscles affected by sciatic nerve transection. Further, return of
function is often measured using ink prints of the hindpaw. This approach is frequently
difficult to interpret due to smearing, incomplete steps, and self-mutilation which limit the
precision of this paradigm [35–37]. In contrast, the femoral model allows for objective,
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sensitive measurement of quadriceps reinnervation over the course of regeneration using
FBA and PLR scores.

Perhaps the most interesting use of the femoral nerve paradigm stems from its unique
anatomy that allows for quantitative evaluation of motoneuron targeting. Near the inguinal
ligament, the mixed femoral nerve divides into two branches of similar diameters - the
sensory saphenous branch and the mixed quadriceps branch (Fig. 1). If the femoral nerve is
injured prior to the point of bifurcation, regenerating motor axons have equal opportunity to
grow into the incorrect saphenous branch or the correct quadriceps branch. When PMR
occurs, more motor axons will be located in the correct pathway as assessed with retrograde
labeling. Collectively, the model allows for insights into the mechanisms underlying motor
axon targeting and evaluation of methods to improve its propensity of occurring.

4.2. Collagen as an intraluminal filler
The present study demonstrates that native and grafted collagen hydrogels provide
significant functional and morphological benefits compared to saline filled conduits. These
findings are in agreement with increasing evidence that suggests that a nerve guidance
conduit for longer, clinically relevant gap sizes will likely involve optimization of the inner
lumen in addition to improving the chemistry of the outer tube [38]. The intraluminal filling
serves to replace the fibrin cable which often fails to form in the case of larger injuries [39].
In doing so, the matrix provides a supportive substrate for the ingrowth of Schwann cells
and regenerating axons [40].

4.3. Glycomimetic functionalized collagen hydrogels
The greatest overall improvement in functional and morphological recovery was observed in
groups treated with glycomimetic peptide-functionalized collagen. By covalent conjugation
of the glycomimetics to the collagen backbone, it is possible that peptidase-mediated
degradation is limited and time of local availability is increased. Further, since PSA and
HNK-1 glycans in their native configuration are tethered to the extracellular matrix or
presented on the cell surface in vivo, the mode of presentation may be more physiologically
relevant when compared to administration in their soluble forms.

Functional recovery was assessed using two methods: the FBA and PLR. When measured
using the FBA, glycomimetic peptide-coupled hydrogels significantly outperformed non-
glycomimetic peptide-coupled hydrogels. On the other hand, there were no significant
differences noted between any of the hydrogel treated groups when measured using the
PLR. The differences in functional outcomes between these two tests are likely related to the
importance of quadriceps reinnervation in the successful completion of the task. The PLR is
a non-weight bearing pursuit and therefore may not have adequate sensitivity to negotiate
differences in quadriceps function between treatment groups. Additionally, other muscles
involved in lower limb extension, including the biceps femoris, may provide compensation
during the reaching pursuit. The FBA quantifies changes during the stance phase of the gait
cycle where the affected quadriceps muscle bears body weight. Other muscle groups would
provide minimal compensation as the quadriceps is solely responsible for the knee
extension. The functional scores at eight weeks post injury provide evidence that the FBA
may be a more appropriate metric to assess changes in quadriceps rein-nervation. Whereas
the PLR RI scores for the hydrogel treated groups were between 60 and 80%, the FBA RI
scores for the FBA were between 20 and 40%. It is unlikely that at this time point the
quadriceps has up to 80% successful reinnervation as suggested by the PLR scores.
However, it should be noted that the PLR may provide an early screening tool to assess
quadriceps reinnervation.
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Although both PSA- and HNK-coupled hydrogels resulted in similar functional recovery,
the morphological outcomes indicate that distinct cellular mechanisms may be involved
(Table 1). Mice treated with PSA-coupled collagen had significantly higher axon counts,
whereas mice treated with HNK-coupled collagen showed increased myelin and motor axon
targeting compared to saline and other hydrogel-treated conditions. The different outcomes
in the morphological parameters add evidence that the mode of action of the peptides is
likely related to their functions as glycan homologs.

Following peripheral nerve injury, axons will extend several exploratory collateral sprouts
towards distal nerve branches. Franz et al. have demonstrated that PSA is an important
determinant of this phenomenon [9]. PSA is generally found tethered to the neural cell
adhesion molecule (NCAM), and has been suggested to promote axon regrowth by sterically
limiting heterophilic and homophilic NCAM interactions [41]. When enzymatically
removed or genetically interrupted, PSA-deficient mice have significantly reduced axon
numbers within regenerated nerve cables [9]. These findings are in agreement with our
results, which show an increase in axon count in nerves treated with PSA-coupled collagen.
The differences in axon count are not related to an increase in the area of regeneration, but
reflect an increase in the density of axonal sprouts. Since the total number of labeled
motoneurons was not significantly different between hydrogel treated groups, it is likely that
the increase in axon count reflects an increase in collateral sprouts and not an increase in
motoneurons. Thus, these axonal projections likely create more chances for the regenerating
axons to reach their appropriate target and may account for an increase in locomotor
recovery. We did not observe improvement in axonal targeting underlying PMR with PSA,
which is consistent with previous work from Mehanna et al. [21].

The increased myelin production resulting from incorporation of the HNK-1 mimicking
peptide is also in agreement with studies on the function of its glycan counterpart. In the
canine, HNK-1 was recently found to be associated with myelinating Schwann cells with
limited-to-no expression on non-myelinating Schwann cells, which supports the view that
the glycan is related to myelin production [42]. Interestingly, Simova et al. demonstrated
that soluble administration of the HNK-1 mimicking peptide resulted in an increase in
HNK-1 expression in the quadriceps branch of the injured mouse femoral and an increase in
myelin thickness [22]. Although evaluating changes in myelin production as a function of
axon phenotype was beyond the scope of this study, future work will explore if introduction
of HNK-coupled hydrogels differentially affects myelination of motor versus sensory axons.

The targeting results with HNK-coupled collagen are in agreement with previous results in
the 2 mm gap paradigm in mouse and monkey where the peptide was presented in
solubilized form [22,23]. In vivo, HNK-1 has an unusual, highly specific expression pattern
on mouse motor-associated Schwann cells [11], and its expression is increased following
administration of the peptide [22]. This may lead to a more permissive environment for
proliferating Schwann cells and regenerating motor axons and ‘prime’ them for other
downstream trophic cues. More specifically, recent evidence has suggested that the HNK-1
glycan causes activation of the receptor for the advanced glycation end products (RAGE)
through its interaction with HMGB1 (amphoterin). The activation of this pathway leads to
increased neurite outgrowth and survival, and impairment of RAGE signaling significantly
reduces nerve regeneration [43–45]. Other molecular mechanisms underlying the observed
effects could be due to the ability of HNK-1 to bind to laminin [46].

Given these distinct responses, using a combination of the two glycomimetics could
potentially provide synergistic benefit. In this study, however, we did not see any significant
increase in functional or morphological improvement from presentation of both of these
cues simultaneously. We speculate that this may be due to an inadequate concentration of
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the conjugated peptides. To maintain equal total peptide concentration between coupled
collagen conditions, the PSA/HNK-coupled hydrogels were made in 50/50 ratios. Future
work will evaluate varied concentrations of PSA/HNK-coupled hydrogels to find optimal
concentrations using in vitro methods. The ratios which elicit maximal benefit can then be
translated to in vivo use. It is also possible that functional recovery was maximized for this
time point or this model. Thus, future work will evaluate the performance of the materials in
larger animals, later time points, and other nerve injury models. In addition to peptide
grafting, collagen is amenable to other higher order modifications including gradient
generation [47] and longitudinal fiber alignment [48,49]. Future studies will evaluate the
benefit of introducing structural and haptotactic anisotropy to our biomaterial.

5. Conclusion
The peptide glycomimetics of PSA and HNK-1 represent interesting target molecules to
improve the efficiency of synaptic reconnection. In this study, the efficacy of glycomimetic-
functionalized collagen hydrogels as a strategy for repair following peripheral nerve injury
(PNI) is described. Although both PSA- and HNK-coupled hydrogels encouraged functional
recovery following femoral nerve transection, the distinct morphological outcomes indicate
the peptides likely function through different mechanisms related to their glycan homolog.
Specifically, PSA-coupled collagen improved axon number, whereas HNK-coupled collagen
improved motoneuron targeting and myelination of axons. Collectively, this study represents
a biomaterial approach at improving the efficiency of synaptic reconnection and functional
recovery following PNI.
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Fig. 1.
Schematic of femoral nerve injury model. The femoral nerve bifurcates into the quadriceps
branch, which is innervated by motor and sensory axons, and the saphenous branch, which is
innervated by only sensory axons. At week 0, the intact nerve was transected 3 mm proximal
to the point of bifurcation and a prefilled nerve guidance conduit (NGC) was sutured in
place with an imposed 5 mm gap. At 15 weeks post injury, retrograde labels were introduced
into the branches 5 mm distal to the point of bifurcation to evaluate if regenerating motor
axons selected the correct branch. One week later, the animal was sacrificed and the
regenerated nerve and spinal cord were excised. An asterisk (*) signifies weeks in which
animals were filmed to assess functional recovery.
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Fig. 2.
Single frame motion analysis. Representative single frames extracted from high-speed
videos where individual frames were used to assess effective quadriceps function at specific
points within each movement cycle. (A–B): The foot base angle (FBA) was measured at the
point where the ipsilateral leg is at its highest point. (C–D) The protraction limb ratio (PLR)
was measured when there is complete vertical extension towards the fixed object below.
Measurements are taken prior to injury (A, C) and periodically during the first 15 weeks
following injury (B, D).
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Fig. 3.
Functional evaluation of quadriceps reinnervation as assessed using foot base angle (FBA).
(A) Evaluation of FBA measurements over time revealed significantly reduced angles at
weeks 8, 12, and 15 between collagen and saline treated groups, and between glycomimetic
peptide-coupled and non-glycomimetic peptide-coupled groups. No statistical differences
were found among groups treated with glycomimetic peptide-coupled collagen or between
and native collagen and scrambled peptide-coupled groups at any of these time points. (B)
When FBA measurements were normalized to the extent of injury at week 1 using the
recovery index, statistically significant differences are seen at weeks 8, 12, and 15 between
collagen and saline treated groups. No statistical differences were found among
glycomimetic treated groups or between native and scrambled peptide-coupled groups at any
of these time point. An asterisk (*) signifies statistically significant differences verses saline
when compared to its respective time point. A double asterisk (**) signifies statistically
significant differences versus saline, native, and scrambled peptide-coupled collagen when
compared to its respective time point. Means are reported +/− standard error. Differences
were considered significant at p < 0.05 using one-way analysis of variance.
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Fig. 4.
Functional evaluation of quadriceps branch reinnervation as assessed using protraction limb
ratio (PLR). Evaluation of PLR measurements over time (A) and after normalizing to the
extent of injury using the recovery index (B) revealed statistically significant differences at
weeks 8 and 15 between collagen and saline treated groups as signified by an asterisk (*).
However, no significant differences were found among collagen treated groups at either 8 or
15 weeks post injury. Means are reported +/− standard error. Differences were considered
significant at p < 0.05 using one-way analysis of variance.
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Fig. 5.
Histomorphometry of regenerated nerve. Representative images of osmium tetroxide stained
saline (A) and glycomimetic peptide-coupled collagen (B) treated cross-sections from the
middle of regenerated nerves at 16 weeks post-injury. (C) Evaluation of myelinated axon
number revealed significantly more axons in collagen hydrogel verses saline treated groups,
and between PSA containing hydrogels and non-PSA containing hydrogels. (D) Grafts with
collagen hydrogels yielded a significantly greater percentage of nerve regeneration
compared to saline treated animals. No statistical differences were noted between collagen
treated groups. An asterisk (*) signifies statistically significant differences when compared
to saline. A double asterisk (**) signifies statistically significant differences when compared
to native, scrambled peptide-coupled, and HNK-coupled groups. Means are reported +/−
standard error. Differences were considered significant at p < 0.05 using one-way analysis of
variance. Scale bar represents 200 μm.

Masand et al. Page 19

Biomaterials. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Effect of HNK-coupled hydrogels on g-ratio distribution in femoral nerve cross-sections.
Measured g-ratios were binned with respect to axon size. Each bin was tested for statistical
significance using a one-way ANOVA. Small caliber axons (<1 μm) treated with HNK-
coupled hydrogels yield significantly lower g-ratios compared to all other groups (**).
Axons between 1 and 4 μm in diameter yielded significantly lower g-ratios in HNK-coupled
collagen treated nerves compared to both intact and regenerated nerves (***). Axons
between 4 and 5 μm in diameter yielded significantly lower g-ratios than other collagen-
treated groups, but not saline-treated or intact nerves (*). No significant differences were
found with inclusion of HNK-coupled hydrogels for large caliber axons (>5 μm). Means are
reported +/− standard error. Differences were considered significant at p < 0.05 using one-
way analysis of variance.
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Fig. 7.
Analysis of retrogradely-labeled motoneurons. (A) Representative optical slice of correctly
(red) and incorrectly (green) labeled motoneuronal cell bodies in cross-sections from spinal
cords within the lumbar enlargement. Inset shows that fluorescently tagged retrograde labels
were restricted to the motoneuron-rich ventral horn ipsilateral to the injured side. Longer
exposure times were used to enhance autofluoresence in order to visualize the spinal cord
structure in the inset. The higher magnification image shows distinguishable cell bodies used
for motoneuron counts. Scale bars represent 100 μm. (B) Statistical analysis revealed
significantly more correctly labeled motoneurons in all collagen-treated versus saline treated
groups. Within hydrogel-treated conditions, groups containing coupled HNK-1 peptide
resulted in significantly more correctly labeled motoneurons than groups without coupled
HNK. No statistically significant differences were found between PSA and non-PSA
containing collagen-treated animals, number of incorrectly labeled motoneurons, and total
number of motoneurons. An asterisk (*) represents statistically significant differences
compared to saline treated groups in number of correctly labeled motoneurons. A double
asterisk (**) represents statistically significant differences of HNK- and PSA/HNK-coupled
hydrogels compared to saline, native, scrambled peptide-coupled, and PSA-coupled in
number of correctly projecting motoneurons. Means are reported +/− standard error.
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Differences were considered significant at p < 0.05 using one-way analysis of variance. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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