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Abstract

Strategies using neural stem cells (NSCs) to aid regeneration following spinal cord injury (SCI) 

show much promise, but challenges remain regarding implementation and efficacy. In this work, 

we explored the use of an NSC-seeded scaffold consisting of covalently immobilized interferon-γ 
and rat NSCs within a hydrogel matrix (methacrylamide chitosan). We placed the scaffolds within 

the subcutaneous environment of rats, allowing them to incubate for 4 weeks in order to prime 

them for regeneration prior to being transplanted into a right lateral hemisection SCI model in the 

same animal. We found that subcutaneous priming reduced the lineage commitment of 

encapsulated NSCs, as observed by increased nestin expression and decreased NeuN expression. 

When combined with intracellular σ peptide administration (which reduces inhibition from the 

glial scar), subcutaneous maturation improved functional outcomes, which were assessed by BBB 

score and quantitative gait parameters (fore and hind limb duty factor imbalance, right and left 

paw placement accuracy). Although we did not observe any direct reconnection of the transplanted 

cells with the host tissue, we did observe neurofilament fibers extending from the host tissue into 

the scaffold. Importantly, the mechanism for improved functional outcomes is likely an increase in 

trophic support from subcutaneously maturing the scaffold, which is enhanced by the 

administration of ISP.
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1. Introduction

Following traumatic spinal cord injury (SCI), a permanent disruption in the arrangement, 

type, and number of cells at the injury site drives sensory and motor deficits.[1] Importantly, 

the endogenous repair response fails to generate any new neurons and functional losses 

below the damaged region persist indefinitely.[2] This is exacerbated by a variety of 

secondary injury processes, including the formation of a glial scar which surrounds the 
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primary lesion and restricts growth of endogenous axons into the lesion cavity.[3] The goal 

of SCI therapies is to restore function to the patient. This may be accomplished through 

strategies that take advantage of the remaining neural circuits (e.g., locomotor training[4, 5] 

and/or epidural stimulation[6, 7]) or reduce the inhibitory microenvironment which restricts 

host axonal regrowth (e.g., intracellular σ peptide, ISP,[8] a membrane-permeable mimic of 

the protein tyrosine phosphatase σ wedge domain, which relieves chondroitin sulfate 

proteoglycan-mediated inhibition.). However, in moderate to severe cases of SCI, these 

approaches fail to fully restore function to pre-injury levels.

Due to the insufficient host cellular response, delivering exogenous neural stem cells (NSCs) 

is a promising strategy to restore function through the generation of new cell populations 

and neuronal connections.[9] NSC grafts have shown great promise to provide local trophic 

support[10] or extend processes into the host tissue[11] over remarkable distances (25 mm).
[12] Despite these promising findings, a treatment that effectively guides the behavior of 

NSCs to functionally regenerate and replace damaged tissue is elusive. We previously 

proposed that this could be accomplished via guided neuronal lineage specification from 

NSCs exposed to immobilized interferon-γ (IFN-γ, which is neurogenic).[13, 14] We 

immobilized IFN-γ to methacrylamide chitosan (MAC, which forms a photocrosslinkable 

and cell-supportive hydrogel[15]) and formed NSC-seeded scaffolds by mixing IFN-γ 
immobilized-MAC with photoreactive laminin (to allow NSCs to interact with MAC) and 

NSCs.[16] We chose MAC because, in addition to being photocrosslinkable, it allows for the 

facile attachment of functional groups at primary amines and is similar in structure to 

hyaluronan, a component of native spinal cord extracellular matrix.[13] However, we found 

that this approach, when applied directly to the spinal cord immediately following injury, did 

not result in improved function.[16] Considering that NSC grafts show improved tissue-level 

integration after extended periods of maturation in the spinal cord,[17] and maturing tissue 

grafts in the subcutaneous environment has been used to develop grafts in other tissues,[18] 

we investigated the approach of subcutaneously maturing spinal cord grafts. We have found 

that maturing NSC-seeded scaffolds in the subcutaneous environment for 4 wks resulted in 

the expression of regionally appropriate,[19] CNS-specific developmental markers.[20] This 

led us to propose a treatment paradigm wherein NSC-seeded scaffolds, formed from MAC 

and containing covalently immobilized IFN-γ, could be primed for regeneration via 

maturation in the subcutaneous environment prior to transplantation into an injured spinal 

cord.

Here, we present an investigation of this approach to treat a subacute (2 wks post-injury) 

T10 right lateral hemisection in rats (Figure 1). This injury model was chosen as the most 

straightforward model to accommodate a biomaterial scaffold and to allow for comparison 

with previous work.[16, 21] We applied these scaffolds to the injury site and evaluated 

locomotor recovery via BBB score and an open source, quantitative gait analysis technique 

(GAITOR[22, 23]). We confirmed our findings by examining retrotrade tracer uptake. Finally, 

we provided insights into the tissue-level integration of the graft and spinal cord by 

investigating the amount of remaining implanted cells, their lineage distribution, and 

whether or not host axons were able to extend from the remaining tissue into the scaffold.
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2. Results

2.1. Functional data show benefits of subcutaneously maturing NSC-seeded scaffolds

Given the chaotic cell response to SCI, using tissue engineering/regenerative medicine to 

generate new neuronal connections and guide cell behavior along pro-regenerative pathways 

is an important goal. Our previous work has shown that immobilized IFN-γ stimulates 

neuronal differentiation of NSCs:[13, 14, 20, 24, 25, 26] however, we found that application of 

NSC-seeded scaffolds formed from MAC with immobilized IFN-γ directly to the spinal 

cord without any maturation failed to generate functional improvements.[16] Furthermore, 

subcutaneously maturing these NSC-seeded scaffolds with immobilized IFN-γ may prime 

them for regeneration.[20] Lastly, reducing inhibition from the glial scar contributes to 

functional recovery[8] by enabling the regeneration of host axons. Thus, we sought to 

combine these two ideas (subcutaneous maturation and ISP administration) and test this 

approach in a rat hemisection model of SCI. Our hypothesis was that subcutaneously 

maturing NSC-seeded scaffolds while reducing inhibitory cues from the surrounding scar 

(via ISP) would improve locomotor function over time. We evaluated this hypothesis along 

two scientific, testable questions: first, does subcutaneous maturation (SubQ) improve 

locomotor function compared to a no treatment control, and second, is this improved by 

ISP?

A repeated measures ANOVA of the BBB scores (Figure 2 shows NSC-seeded scaffolds, see 

Figure A.8 for control groups) reveals interesting contributions from each factor (see section 

5.15 for the full experimental design and analysis): on their own, NSCs (p < 0.0001) and ISP 

(p = 0.0004) were significant, but SubQ (p = 0.982) was not. This makes sense, as we 

expected that maturing the scaffolds subcutaneously would have an effect on the NSCs, not 

the scaffold material itself. Indeed, this is supported by the data: NSCs*SubQ (p = 0.0005) 

was significant. Additionally, NSCs*SubQ*ISP was significant (p = 0.0224), suggesting that 

there is a benefit to combining all the factors together.

We found that combining subcutaneously matured NSC-seeded scaffolds with ISP 

administration improved BBB scores vs. a no treatment control (Figure 2), beginning at wk 

6. In fact, it was the only treatment that we studied to do so. Comparing the effects of 

subcutaneous maturation with and without ISP administration yields interesting 

observations. First, maturing an empty scaffold within the subcutaneous environment 

imparts no benefits beyond a normal, non-matured scaffold (Figure A.8). Second, 

implementing subcutaneous maturation without ISP administration did yield some benefits, 

but these were not enough to be statistically significant (p > 0.05). Likewise, when 

administering ISP to an animal receiving an empty scaffold, it made no difference whether 

that scaffold was subcutaneously matured or not (Figure A.8).

The gait parameters measured via GAITOR illuminate some interesting underlying trends. 

Since our injury model affected right hindlimb locomotion, we studied how much time the 

animals spent on their right hindpaw vs. left (hindlimb duty factor imbalance, Figure 3B), 

and how accurately they could place their right hindpaw (right paw placement accuracy, 

Figure 3C). Figure 3 shows the results for the NSC-seeded scaffolds, while control groups 

can be found in Figure A.9. We found that, as expected, our injury caused all the rats to 
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spend more time on their left hindpaw (negative DF imbalance) and place their right 

hindpaw less accurately (positive residual). A repeated measures ANOVA of these 

parameters over time yields the following conclusions: for hindlimb duty factor imbalance, 

NSCs (p < 0.0001) and NSCs*SubQ*ISP (p = 0.0384) were significant. For right paw 

placement accuracy, NSCs (p < 0.0001), ISP (p = 0.0147), and NSCs*SubQ*ISP (p = 

0.0244) were significant.

Comparing individual groups shows similar trends to BBB score, but with additional groups 

showing differences vs. the no treatment control. Without ISP administration, maturing 

NSC-scaffolds in the subcutaneous environment reduced hindlimb duty factor imbalance vs. 

negative control (Figure 3B) beginning at week 8. NSC-seeded scaffolds without 

subcutaneous maturation reduced imbalance, but not enough to be statistically different from 

the control (p > 0.05), indicating the role that the subcutaneous environment plays in 

improving the efficacy of this approach. Subcutaneous maturation had no effect on empty 

scaffolds, showing that the subcutaneous environment affects primarily NSCs, not the 

scaffold material (Figure A.9). Interestingly, with ISP administration, both types of NSC-

seeded scaffolds (subcutaneously matured and not matured) reduced imbalance vs. the 

negative control, although subcutaneous maturation showed benefits at an earlier timepoint. 

The recovery of paw placement accuracy (Figure 3C) followed an interesting trend: without 

ISP administration, both types of NSC-seeded scaffolds improved accuracy, although again, 

subcutaneous maturation showed improvements more quickly. The tracing results show that 

at week 16, both groups receiving subcutaneously matured scaffolds (with and without ISP) 

were significantly different from the no treatment control (Figure A.11).

2.2. Subcutaneous maturation does not affect the number of remaining cells

We next sought to determine whether there was a difference in the number of surviving GFP

+ cells remaining in the scaffold after 16 wks. We collected 10 μm longitudinal sections 

(from the top down) and counted the number of GFP+ cells in each. After taking the average 

across all sections, we found that there were no significant differences between the 4 NSC 

groups (p > 0.05, Figure 4). We also noticed that there was some heterogeneity in the 

number of GFP+ cells per section, as can be seen in Figure 4E and qualitatively in Figures 5 

— 7. Additionally, we did not see substantial migration of GFP+ cells into the surrounding 

tissue, obvious reconnection, or GFP+ neurite extension into the host, as others have seen.
[11, 12, 17, 27]

2.3. Subcutaneous maturation increases nestin expression and decreases NeuN 
expression

NSCs are known to increase host axon regrowth via secreted factors following SCI;[9] this 

effect may be reduced as they differentiate into mature lineages.[10] Thus, we sought to 

determine whether the improvements in function from subcutaneous maturation correlated 

with changes in mature (NeuN, Figure 5) vs. immature (nestin, Figure 6) marker expression. 

We found that subcutaneous maturation decreased the percentage of GFP+ cells expressing 

NeuN, a marker for neuronal nuclei (p < 0.001) from approx. 55% to 40% (Figure 5E). ISP 

had no effect on NeuN expression. We also observed some host (i.e., GFP-) NeuN+ cells 

within the scaffold, especially within the ISP groups (indicated by arrows in Figure 5A–D) 
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— this hints at a possible combination of trophic effects from subcutaneous maturation and 

ISP administration increasing host neuronal outgrowth into the scaffold. However, we did 

not see any evidence of robust reconnection spanning the entire length of the scaffold. 

Within the scaffold, the NeuN+ and GFP+ (or both) cells were not evenly distributed and 

tended to appear in clumps. We also did not see normal NeuN+ morphologies within the 

scaffolds, either from GFP+ or host cells. Figure 5G + I show the morphologies of NeuN+ 

cells within the scaffold in detail, while F + H show morphologies of NeuN+ cells within the 

spinal cord, bordering the lesion. We saw large amounts of NeuN+ cells with normal 

morphologies on the border of the scaffolds (in particular, Figure 5F), but where these cells 

appeared in the scaffold their morphology was much more compact. We did not see any RIP 

(a marker for oligodendrocytes) expression within the scaffold (data not shown).

We also found that subcutaneous maturation increased the percentage of GFP+ cells 

expressing nestin (a neural precursor marker) from approx. 20% to 30% (Figure 6E). Again, 

ISP had no effect. Interestingly, we also saw aligned nestin/GFP+ fibers running through the 

scaffold in the subQ+/ISP+/NSC+ group (arrows in I). As nestin is an immature marker, it is 

possible that at longer timepoints this phenomenon would become widespread and neuronal 

reconnection would emerge, as has been observed by others.[17] This may contribute to the 

increased recovery observed in this group. We did occasionally observe similar fibers 

throughout the scaffolds in the other NSC groups, but they were neither as prominent nor as 

long, echoing the modest recovery observed in those groups in the gait and retrograde 

tracing analyses. Lastly, we saw pronounced ellipsoid clusters of nestin/GFP+ cells in both 

subQ+/NSC+ groups, with and without ISP. We have observed these before upon 

subcutaneous maturation of these scaffolds.[20] They are reminiscent of neural tubes, a 

hallmark of early central nervous system development. We have previously investigated this 

finding in more detail and found that the cells also adopted a regionally-appropriate HOX 

expression profile[19] which may relate to improved trophic support. Future studies will 

investigate the secretome of the NSCs within each scaffold and investigate the role of 

regional identity. As the secretome of undifferentiated NSCs provides trophic support to 

specific populations of host neurons,[10] it is likely that the benefits of subcutaneous 

maturation were realized by increased trophic support to the proper host neurons, as evinced 

by the prevalence of nestin/GFP+ cell clusters in these groups.

2.4. Robust neurofilament expression at the periphery of the scaffold is augmented by 
subcutaneous maturation and ISP administration

Finally, we aimed to determine if any of the treatments affected integration of the scaffold 

with the host tissue (Figure 7). In all groups, we observed neurofilament (NF) expression 

within the scaffold near the tissue border. The NF+ fibers aligned themselves with the 

scaffold. In many cases (e.g., Figure 7A), the scaffold was not aligned with the orientation of 

the tissue, so neurite outgrowth changed direction at the scaffold/spinal cord border, 

highlighting the importance of scaffold alignment. Scaffold alignment did not affect 

functional outcomes, as there was no trend between different treatments. The 

microarchitecture of spinal cord scaffolds has been shown to influence axonal alignment,
[28, 29] as regrowing axons align strongly with channels inside spinal cord implants. This 
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influence of channels within our subcutaneously matured NSC-seeded scaffolds will be 

investigated in future studies.

3. Discussion

The focus of the current study was on evaluating a novel approach to combine different 

tissue engineering/regenerative medicine approaches and determine whether this approach 

would improve functional and histological outcome measures following a SCI in rats. We 

hypothesized that subcutaneously maturing NSC-seeded scaffolds while reducing inhibitory 

cues from the surrounding scar (via ISP) would improve locomotor function over time. 

Overall, the functional results (BBB score, gait analysis, and tracing) confirm our 

hypothesis, and point to a possible mechanism for recovery. In all functional tests, 

subcutaneously maturing NSC-seeded scaffolds while administering ISP improved outcomes 

vs. a negative control. However, examining retrograde tracer uptake and hindlimb duty 

factor imbalance (more sensitive measures) shows that implanting the same scaffolds 

without ISP improved outcomes as well. Additionally, paw placement accuracy indicated 

that even NSC-seeded scaffolds without SubQ or ISP improved outcomes. In short, for 

functional metrics, the introduction of NSCs into the scaffolds improved outcomes, 

subcutaneous maturation improved outcomes further, and adding ISP improved outcomes 

further still. We have previously investigated non-subcutaneously matured, NSC-seeded 

scaffolds in a similar injury model (administered acutely following T8 hemisection, without 

ISP administration).[16] As here, we found that they did not improve BBB scores. However, 

they did improve histological outcomes. The addition of more sensitive functional outcomes 

in the present study provides further support for the notion that NSC-seeded scaffolds on 

their own, without subcutaneous maturation, provide a modest contribution towards 

functional regeneration. Altogether, the functional data suggested that they indirectly 

contributed to recovery, rather than directly differentiating into functional phenotypes and 

reconnecting damaged neural pathways. Additionally, as we didn’t observe improvements 

until week 6, the mechanism is likely trophic, rather than protective, with each individual 

component (NSCs, SubQ, ISP) contributing support. Thus, we next wanted to examine the 

amount of GFP+ (exogenous) cells remaining within the lesion, their lineage distribution, 

and whether there was integration between the scaffold and surrounding tissue.

The histological outcome measures indicated a lack of migration and reconnection between 

the cells in the scaffold and the spinal cord. This finding may be due to the number of cells 

or our chosen timepoint — both variables will be studied in more detail in future 

experiments. Low tissue-level integration of implanted cells, coupled with the observed 

functional benefits, again provides evidence for an indirect contribution of our system to 

recovery. Since the number of remaining cells (along with, qualitatively, their distribution 

and morphology) did not vary between treatments, we next investigated whether there were 

phenotypical differences between GFP+ cells which were affected by subcutaneous 

maturation.

Together with the functional improvements and changes in phenotype from subcutaneous 

maturation, two findings further support the mechanism of indirect trophic support: first, 

groups with NSCs showed more robust NF expression within the scaffold than groups 
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without NSCs. Second, we did not observe substantial co-expression of NF and GFP within 

any of the scaffolds. NF expression within the scaffold was also enhanced by both 

subcutaneous maturation (in groups with NSCs) and ISP administration. This is similar to 

previous reports where ISP increased host neurofilament expression in a contusion injury 

model[8] and provides additional evidence for the role of ISP as increasing the efficacy of 

trophic support provided by subcutaneously matured, NSC-seeded scaffolds. Indeed, if host 

axonal regeneration due to trophic effects from NSCs was primarily responsible for 

functional improvements, it stands to reason that ISP administration would improve this by 

reducing the inhibition from the glial scar surrounding the lesion. The benefits of combining 

multiple treatments together is a common finding within the SCI literature (e.g., the 

inclusion of locomotor training[30] and epidural stimulation),[6] and it appears likely that 

combinatorial approaches, rather than a single “magic bullet[31] therapy, will revolutionize 

clinical SCI treatment. Further modifications will need to be made to the current approach as 

it is investigated further and developed for clinical translation. Alternative sources of NSCs 

and adjustments to the timing of subcutaneous implantation will likely be critical steps. The 

development of a bank for organ donor human NSCs has begun and their safety has been 

demonstrated, including in SCI models.[32, 33, 34] In addition, the implantation of tissue 

grafts into the subcutaneous space as an in vivo bioreactor has been applied clinically[18] 

(e.g., craniotomy graft storage[35, 36]).

Overall, it is becoming apparent that indirect trophic support is a major driver of benefits in 

many applications of stem cell therapy. This is prominent in the mesenchymal stem cell 

(MSC) literature, as MSCs have been shown to primarily improve function through 

influencing the microenvironment via secreted factors,[37] rather than differentiating into 

mature, functional tissue (some have even suggested renaming MSCs as “medicinal 

signaling cells).[38] Our present study adds to this growing body of literature.

Functional regeneration via the trophic effects of unguided stem cell therapy is clearly 

sufficient for the regeneration of certain injuries,[39] but SCI presents a unique challenge. 

Due to the limited innate capacity for regeneration in the adult CNS and the dense, complex 

nature of spinal cord microarchitecture, simply encouraging host regeneration is effective 

but unlikely to be enough. Indeed, as seen here, improving the trophic support of NSCs by 

subcutaneous maturation improved function but not to the level of healthy tissue (Figures 

A.8 and A.9). The surviving host cells will need to be directly augmented with functional, 

exogenous replacements, while a material scaffolding provides guidance and protection. Our 

observation of aligned nestin/GFP+ fibers within the scaffold, in addition to robust NF 

expression at the periphery, suggest that we can likely enhance the ability of this system to 

directly contribute to recovery by increasing the number of implanted cells, extending the 

recovery time, and adding locomotor training. The direct replacement of damaged tissue 

from NSCs may be within reach, and we can move closer to that goal by continuing to study 

new techniques for guiding NSC behavior, such as priming them for regeneration within the 

subcutaneous environment.
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4. Conclusions

We found that maturing NSC-seeded scaffolds (formed from MAC and containing 

immobilized IFN-γ) within the subcutaneous environment improved locomotor function 

over a period of 16 weeks. A statistical analysis of various functional tests (BBB score, gait 

analysis, retrograde tracer uptake) indicated that NSCs, subcutaneous maturation, and the 

administration of ISP to reduce glial inhibition combined to improve recovery. Tissue-level 

examination via IHC indicated that recovery was likely accomplished through indirect, 

trophic support from NSCs. Subcutaneous maturation appeared to enhance this effect by 

encouraging delivered NSCs to remain undifferentiated (increased nestin and decreased 

NeuN expression) and assemble into neural tube-like clusters, while ISP reduced inhibition, 

allowing host axons to re-grow across the lesion (strong NF staining at the interface between 

scaffold and intact spinal cord). We found that the combination of subcutaneous maturation 

and ISP increased the prevalence of aligned nestin+ fibers from the implanted cells within 

the scaffold, indicating a potential avenue for direct integration of our scaffold with the 

intact cord.

5. Experimental Section

5.1. Isolation and culture of NSCs

All procedures involving animals were approved by the University of Akron Institutional 

Animal Care and Use Committee. We isolated NSCs from the subven-tricular zone of 7 wk 

old female GFP+ Fisher 344 rats (strain: F344-Tg(UBCEGFP)F455, Rat Resource and 

Research Center, University of Missouri) as previously described.[13, 24] We expanded them 

in suspension culture using growth medium: neurobasal medium, 2 mM L-glutamine, 100 

μg/mL penicillin-streptomycin, B27 supplement (all Thermo Fisher Scientific), 20 ng/mL 

epidermal growth factor (Sigma-Alrdich), 20 ng/mL basic fibroblast growth factor 

(Peprotech), and 2 μg/mL heparin (Sigma-Aldrich). We used passage 5 NSCs for scaffold 

formation.

5.2. Synthesis of scaffold components

We synthesized MAC[13, 15, 24] using chitosan (Mycodev, 200 kDa, 84% deacetylation) and 

methacrylic anhydride (Sigma-Aldrich), and lyophilized (Labconco FreeZone 4.5) it before 

use. We then synthesized MAC-DIBO using dibenzocyclooctyne-N-hydroxysuccinimide 

ester (Click Chemistry Tools) as described in.[13] We produced, extracted, and purified 

azide-tagged interferon-γ as previously described.[13, 40, 41] We synthesized photo-reactive 

laminin as previously described[20] to add CNS-specific attachment ligands.[25] We prepared 

the photoinitiator solution by dissolving IRG-2959 (Sigma-Aldrich) at 1 wt% in DI water.

5.3. Spinal cord scaffold construction

The spinal cord scaffolds consisted of a soft MAC hydrogel within an outer conduit of 

MAC, similar to previous reports.[16, 20] To form them, we first synthesized the outer MAC 

conduits, then prepared the hydrogel solution, and finally filled the conduits with hydrogel 

and photocrosslinked them. We cultured the scaffolds overnight in growth medium before 
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implanting into subcutaneous tissue. All scaffolds in this study contained immobilized IFN-

γ.

Outer MAC conduit: we made hollow MAC tubes similar to previously reported 

techniques.[20, 42] Briefly, we dissolved MAC at 3 wt% in DI water before mixing it with an 

equal volume of 200 proof ethanol at 4 °C for 1 h. We then added 75 μL acetic anhydride 

(EMD) per 5 mL MAC:EtOH solution and immediately added it to a mold.[20] We then let 

the tube air dry overnight at RT, rehydrated it in DI water, washed 3x with DI water, and cut 

the long tube of MAC into 1 cm long tubes. We sterilized the tubes in 70% EtOH overnight, 

and then washed them in DI water before proceeding.

Internal hydrogel: We dissolved lyophilized MAC-DIBO in DI water to form a 3 wt% 

solution, and autoclaved it prior to use. The final hydrogel included the following 

components: photo-reactive laminin (50 μg per g final hydrogel solution), photoinitiator 

(final concentration 0.2 wt%), azide-tagged IFN-γ (600 ng/g final solution), and NSCs in 

growth medium (3 × 106 cells/g final solution, chosen based on prior work).[16, 20] For the 

no NSC groups, we added growth medium without NSCs. We adjusted the final volume with 

10X PBS to obtain a 2 wt% solution of MAC-DIBO. To form the solution, we first added an 

appropriate amount of IFN-γ and 10X PBS to the 3 wt% MAC-DIBO solution and allowed 

it to react for 1h at 4 °C (enabling immobilization of IFN-γ via strain-promoted click). We 

then added the remaining components and mixed the solution in a dual asymmetric 

centrifugal mixer (1.5 m, 1500 RPM; SpeedMixer DAC 150 FVZ, Hauschild Engineering).

Final scaffold construction: We placed the individual MAC tubes into 24 well plates. 

Into each tube, we pipetted 150–200 μL of hydrogel solution. We then crosslinked them via 

UV light exposure (23 mW/cm2 for 40s, IntelliRay 400, UVitron). We then added NSC 

growth media and cultured the scaffolds overnight (37 °C, 5% CO2) with 2 media changes.

5.4. Subcutaneous implantation of spinal cord scaffolds

All surgical procedures were performed aseptically. For groups receiving subcutaneously 

matured scaffolds, we implanted them for maturation as previously described, [19, 20] with 

minor modifications. Briefly, we anesthetized (via isoflurane) the animals (8 wk old female 

Fisher 344, Envigo) and prepped the surgical site. We made 1 incision in the thoracic region 

(approx. T5, 3–5 cm left of the midline) and implanted 2 scaffolds (in the same incision, for 

redundancy) per rat in a pocket of subcutaneous tissue. After closing the incision with 

Michel clips, we allowed the animals to recover, administering carprofen (3 days post-op, 5 

mg/kg) as an analgesic. We started with 8 animals per group. Following subcutaneous 

implantation of the scaffolds, we allowed the rats to recover for 2 wks (Figure 1) before 

proceeding with the hemisection injury. For the duration of this study, all rats were housed 

with cage mates.

5.5. Hemisection SCI model

We performed the hemisection similar to previous reports.[16] After anesthetizing (via 

isoflurane) the rats (10 wk old female Fisher 344, Envigo) and preparing the surgical site, we 

made an incision along the midline. We then exposed the dorsal processes from T8-T11 and 
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exposed the spinal cord under T10 via laminectomy. For injury animals (all groups aside 

from laminectomy only), we performed a right lateral hemisection at T10 with a #11 scalpel 

blade, removing 2 mm of the cord and taking care to ensure that no neuronal connections 

remained on the right side. We controlled bleeding as necessary using Gelfoam (Pfizer). 

After achieving hemostasis, we closed the muscle with 4–0 Vicryl (Ethicon) sutures and the 

skin with Michel clips. We provided subcutaneous carprofen as an analgesic (3 days post-op, 

5 mg/kg), along with subcutaneous saline (5, 5, 4, 3, 2 mL/rat/day, respectively, over 5 days 

post-op). We expressed bladders twice daily until the normal reflex returned, monitoring for 

signs of bladder infection. In cases of bladder infection (1/80 rats total), we administered 

enrofloxacin (10 mg/kg, twice daily subcutaneously) for 1 week. Any rats which rapidly lost 

weight, failed to regain normal voiding reflex after 4 wks, or showed signs of persistent 

infection were euthanized (7 rats total, resulting in n = 7 or 8 for functional outcome 

measures). We allowed the rats to recover for 2 wks prior to implantation (non-

subcutaneously matured scaffolds) or transplantation (groups with subcutaneously matured 

scaffolds) surgeries (Figure 1). Importantly, a laminectomy only group (Figure A.8) showed 

no deficits (BBB = 21), indicating that our surgical technique did not cause unintended 

injury.

5.6. ISP administration

We administered ISP (synthesized by GenScript) to ISP+ groups as previously described.[8] 

We prepared a 5 μM solution in sterile DMSO:saline (1:20) and injected 500 μL 

subcutaneously, once daily. ISP administration began 1 day post-op and continued 

throughout the duration of the study.

5.7. Creation of MAC films

In order to hold the scaffolds in place following placement into the lesion site, we drew 

inspiration from previously published reports[43] and used a thin film made of dried MAC. 

To prepare it, we dissolved MAC at 2 wt% in DI water, autoclaved it, and poured it onto a 

sterile sheet of polytetrafluoroethylene (autoclaved). We allowed this to dry overnight in a 

laminar flow hood and then peeled the MAC film from the surface. We kept the films sterile 

until use.

5.8. Placement of scaffolds into lesion

After allowing the animals to recover for 2 wks following their hemisection, we inserted 

(either via transplantation for the subcutaneously matured groups, or implantation for the 

remaining groups) the scaffolds into the spinal cord lesion. First, we anesthetized (via 

isoflurane) the animals and prepared the surgical site. We then reopened the incision from 

the injury surgery and located T10. Carefully, we removed scar tissue until the entire lesion 

was clearly visible. We controlled bleeding as necessary using Gelfoam (Pfizer). For the 

subcutaneously matured scaffolds, we reopened the pocket into which the scaffolds were 

implanted 4 weeks prior located by massaging the skin until the scaffold was located, 

removed them, and carefully cut one of the scaffolds to match the hemisection geometry 

(i.e., into a half-cylinder). We qualitatively observed that the scaffolds had largely 

maintained their starting geometry and gross mechanical properties. We did not observe any 

degradation or erosion of the outer MAC conduit. For the non-subcutaneously matured 
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groups, we removed the scaffold from the 24 well plate and cut it to match the hemisection 

geometry. Next, we carefully placed the scaffold into the lesion and held it in place with a 

small, circular piece of MAC film (prepared as described above). Finally, we sutured the 

muscle closed with 4–0 Vicryl and closed the skin with Michel clips. The animals recovered 

as described above, with the same analgesia and saline administration. None of the animals 

which had previously regained bladder function lost it following this surgery, and no rats 

experienced additional complications. We monitored recovery for 16 wks following scaffold 

placement.

5.9. BBB testing

BBB analysis was performed as described in.[44] Briefly, 2 trained observers watched each 

rat explore an open-field arena for 4 minutes. One of the experimenters recorded the 

observations of both. We collected scores weekly.

5.10. Gait analysis

To obtain quantitative data regarding locomotor recovery following their injury, we used an 

open-source gait technique: gait analysis instrumentation and technology optimized for 

rodents (GAITOR). Details regarding the equipment, procedure, and data analysis can be 

found in.[22, 21] Briefly, we took high-speed footage of each rat walking back and forth 

across a closed arena (5–7 videos per rat) at 2 wk intervals, beginning at 4 wks following 

scaffold insertion. We analyzed this footage via automated gait analysis through hues and 

areas (AGATHA, a software component of GAITOR) and extracted spatial (i.e., where they 

placed each paw) and temporal (i.e., when each placement occurred, and for how long) 

information. We then used this information to calculate relevant gait parameters: duty factor 

(how long each paw is in contact with the floor, expressed as % of total gait cycle) and paw 

placement accuracy (distance between ipsilateral fore and hindpaw centroids). Here, we 

report duty factor imbalance (right duty factor — left duty factor) for fore and hindlimb 

pairs, and paw placement accuracy for left and right limb pairs. As paw placement accuracy 

is dependent on walking speed, we calculated its residual (vs. a pool of nave data collected 

from age- and weight-matched Fisher 344s). As before,[21] our injury model affected 

hindlimb duty factor imbalance and right paw placement accuracy, but not forelimb duty 

factor imbalance or left paw placement accuracy. Thus, we use hindlimb duty factor 

imbalance and right paw placement accuracy as measures of locomotor recovery following 

injury and report forelimb duty factor imbalance and left paw placement accuracy as 

supporting data (Figure A.10) to show that our injury model was specific for right hindlimb 

control.

5.11. Retrograde tracer administration

We performed retrograde tracing (FluoroGold, FluoroChrome) as described in[16, 45] with no 

deviations. We administered the tracer at wk 15 and allowed the rats to recover for 1 wk 

before sacrifice.
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5.12. Tissue preparation for tracer and IHC analysis

At 16 wks post scaffold placement, we euthanized the rats (after terminal anesthetization) 

via paraformaldehyde (PFA, 4% in PBS) perfusion. We then carefully explanted the entire 

spinal cord and post-fixed them in 4% PFA at 4 °C overnight. Next, we separated the cord 

into two segments: first, T8-T13 (containing the lesion and scaffold) was separated from the 

cord and placed into 70% EtOH for paraffin embedding and sectioning (used in IHC 

analysis). Second, T5-T8 was separated from the cord, placed into 0.2 M phosphate buffer at 

4 °C overnight, and then transferred to 30% sucrose for 3 days (also 4 °C) prior to 

cryosectioning and tracer analysis.

5.13. Retrograde tracer analysis

We analyzed the retrograde tracer uptake of all animals (n = 7 or 8). Segments for tracer 

analysis were embedded in OCT Compound (Tissue-Tek) and stored at −80 °C until 

cryosectioning (Leica CM 1850). We collected 25 μm cross sections from T5-T8 and imaged 

(DAPI channel, using identical acquisition settings) each section (Olympus IX81) to 

determine relative tracer intensity as follows: we applied an identical threshold to each 

image and counted the total number of bright (above the threshold) pixels within a region of 

interest (consistently-sized) on each side of the cord (left and right). We then took the ratio 

of right/left, controlling for overall uptake of tracer between each animal. This analysis was 

automated in MATLAB (Mathworks).

5.14. IHC analysis

For IHC analysis, we chose 4 rats (out of 8 total) from each group at random. We embedded 

spinal cords in paraffin and sectioned them longitudinally (top-down, 10 μm sections). We 

deparaffined each slide by immersion in the following solutions, in order: 100% xylenes 

(Fisher) for 5 min (2x), 100% ethanol (Fisher) for 3 min (2x) 95% ethanol for 3 min, and 

then 70% ethanol for 3 min, followed by rinsing in cold tap water. We performed heat-

induced antigen retrieval by autoclaving the slides for 10m in tris-EDTA buffer (10 mM tris 

base, 1mM EDTA, 0.05% Tween-20, pH 9.0 - all Sigma) prior to staining. We conducted 

IHC as previously described,[13, 20] with the following primary antibodies: RIP (DSHB, 1:5 

dilution), nestin (DSHB, 1:20 dilution), neurofilament (Millipore, 1:400 dilution), and NeuN 

(Millipore, 1:500 dilution). For secondary antibodies, we used either Cy3-conjugated anti-

rabbit (Millipore, 1:400 dilution) or Cy5-conjugated anti-mouse (SCBT, 1:50 dilution). 

Images were collected on an Olympus FV1000 confocal microscope. To count the total 

number of GFP+ cells in each section, we collected images of the gel at 10X magnification 

in random locations throughout the gel. We then manually applied a threshold and used the 

analyze particles feature within ImageJ. To determine the distribution of GFP+ cell lineage 

(% NeuN+ and nestin+), we collected images within the gel at 20X in random locations and 

manually counted the number of GFP+ cells and the number of NeuN or nestin+/GFP+ 

cells. n = 4 was used for all IHC analyes.

5.15. Experimental design and statistical analysis

Our primary hypothesis was that subcutaneous maturation combined with ISP would 

improve locomotor recovery over a period of 16 weeks following placement of scaffolds into 
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the lesion when compared to a no treatment control. For measurements conducted over time 

(BBB score, gait parameters), we tested this hypothesis using a repeated measures analysis 

of variance (ANOVA, time as within-subjects variable) with Tukey’s post-hoc. For endpoint 

measurements (retrograde tracing, IHC) we tested it using an ANOVA with Tukey’s post-
hoc. For the repeated measures tests, groups which were significantly different from the no 

treatment control at each timepoint are indicated by various symbols (&, etc.) as indicated in 

each legend. For the ANOVAs, we indicated significant differences using letters (groups not 

sharing a letter are different) or *, as indicated on each graph and within the figure caption. 

For all tests, p < 0.05 was considered to be significant. Statistical analysis was conducted in 

either MATLAB (MathWorks), SAS 9.4 (SAS Institute), or GraphPad Prism 6 (GraphPad 

Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We have developed a methodology for synthesizing spinal cord bridges, 

consisting of a polysaccharide-based hydrogel, an immobilized engineered 

protein to specify stem cell differentiation, and neural stem cells, to aid in 

regeneration

• We report an approach to mature these bridges within the subcutaneous tissue 

prior to transplantation into injured rat spinal cords to improve integration and 

functional outcomes, which we confirmed via histology

• Priming spinal cord bridges in the subcutaneous environment is a relatively 

understudied approach, one which we show has the potential to improve their 

regenerative capacity
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Figure 1: 
Overview of current study. First, we formed NSC-seeded scaffolds from MAC and 

immobilized IFN-γ. We implanted them into subcutaneous tissue (in the thoracic region) 

and allowed them to mature for 4 weeks total (weeks −4 to 0). Two weeks later (week −2), 

we performed a right lateral T10 hemisection. We allowed the rats to recover for 2 weeks 

before transplanting the scaffolds from the subcutaneous environment (or implanting them 

directly for non-matured controls, week 0). We then monitored locomotor recovery over 16 

weeks before performing tissue-level analyses (week 16).
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Figure 2: 
Subcutaneous maturation in combination with ISP administration contributes to improved 

BBB scores. Without ISP, we found that subcutaneously maturing NSC-seeded scaffolds 

improved scores, but without statistical significance vs. the no treatment control (p > 0.05). 

Likewise, implanting non-matured scaffolds improved recovery, but not to the level of the 

subcutaneously matured NSC scaffolds. With ISP and subcutaneous maturation together, we 

observed a statistically significant improvement vs. no treatment control beginning at week 6 

(p < 0.05). All data points are mean ± SEM, n = 7 or 8. Symbols (^) indicate which groups 

are statistically different from the no treatment control at each week. Significance 

determined by repeated measures ANOVA (α = 0.05, time is within-subjects variable) and 

Tukey’s post-hoc. Red dots on timeline indicate collection of BBB data.
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Figure 3: 
Subcutaneous maturation, ISP administration, and NSCs all contributed to improved gait 

parameters as measured by GAITOR.[22, 21] A: Brief schematic of the procedure for 

collecting gait data. More details on the arena used to collect videos and software used to 

extract gait data can be found in ref.[22] Note the distance in overlap between right and left 

paws - this is reflected in paw distance residual. B: Hindlimb duty factor imbalance results. 

A negative value indicates that the left limb dominates. With ISP administration, both NSC-

seeded scaffolds (with and without maturation) improved outcomes vs. control. C: Right 

paw placement accuracy results. The results are presented as velocity-weighted residuals. 

Without ISP administration, both NSC-seeded scaffolds improved outcomes vs. control, 

although subcutaneous maturation showed benefits at an earlier timepoint. Similarly, with 

ISP administration, both types of NSC-seeded scaffold improved outcomes as well, but the 

groups that received subcutaneously matured scaffolds showed improvements at an earlier 

timepoint. All data points are mean SEM, n = 7 or 8. Symbols (e.g., ^, see figure legend) 

indicate which groups are statistically different ± from the no treatment control at each 

week. Significance determined by repeated measures ANOVA (α = 0.05, time is within-

subjects variable) and Tukey’s post-hoc. Purple dots on timeline indicate collection of gait 

data.
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Figure 4: 
Neither subcutaneous maturation nor ISP administration a ects the number of remaining 

implanted cells. A-D: Images show similar numbers, distributions, and morphologies of 

implanted cells, with one key difference — the ellipsoid clusters of cells reflective of 

subcutaneous maturation seen in C + D. E: Quantifying the number of GFP+ cells remaining 

confirmed our observations. Scale bars = 500 μm. Data are presented as scatter plots, n = 4. 

n.s. indicates p > 0.05, ANOVA.
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Figure 5: 
Subcutaneous maturation, but not ISP, decreases neuronal differentiation of implanted cells. 

A-D: Comparing the number of NeuN/GFP+ (yellow) cells between the non-matured (A+B) 

and the subcutaneously matured (C+D) groups shows more NeuN+/GFP+ cells in the non-

matured groups (arrows), indicating greater lineage commitment. In the ISP+ groups, NeuN 

expression from GFP- (host) cells can be observed at the interface between the scaffold and 

the tissue (arrows), which is mostly absent in the ISP- groups. D: The ellipsoid clusters of 

cells were again observed in the subcutaneous groups, primarily without NeuN expression 

(arrow). Scale bars = 500 μm, boxes show location of zoom. E: Quantification of NeuN 

expression from GFP+ cells confirmed our observations. Data are presented as scatter plots, 

n = 4. ** indicates p < 0.001, ANOVA with Tukey’s post-hoc, α = 0.05. F-I: Zoomed-in 

versions of A-D.
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Figure 6: 
Subcutaneous maturation, but not ISP, increases nestin expression from implanted cells. A-D 

We observed clear differences in the number of nestin/GFP+ (yellow) cells between groups 

receiving subcutaneous maturation vs. non-matured groups. Characteristic cell morphologies 

can be seen in all groups. Scale bars = 500 μm, boxes show location of zoom. E: 

Quantification of nestin expression from GFP+ cells confirmed our observations. Data are 

presented as scatter plots, n = 4. ** indicates p < 0.001, ANOVA with Tukey’s post-hoc, α = 

0.05. F-I: Zoomed-in versions of A D. Importantly, aligned, nestin+ fibers can be seen in the 

group receiving subcutaneously matured NSC-seeded scaffolds with ISP (arrows), indicating 

a possible explanation for that group’s increased BBB scores. These fibers were 

occasionally seen in the other groups, but not as consistently and without alignment.
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Figure 7: 
Subcutaneous maturation with ISP administration increases neurofilament staining within 

the scaffolds. Magnified views of the interface between sca old and tissue can be seen in 

insets within each image, indicated by a box and lines showing the zoom location. In all 

groups (A-H), some neurofilament staining was observed at the interface between the 

scaffold and the spinal cord, with NF+ fibers typically following the contours of the scaffold. 

As with the functional results, maturating empty scaffolds did not have an effect (A vs. E), 

while administering ISP to groups with empty scaffolds improved NF staining modestly (B 

+ F vs. A + E). All groups receiving NSCs showed GFP+ cells within the scaffold: few had 

migrated into the surrounding cord. Importantly, the group receiving subcutaneously 

matured, NSC-seeded scaffolds with ISP treatment showed robust, aligned NF+ fibers 

throughout the scaffold (more detail in magnified inset). While these fibers failed to 

reconnect across the entire scaffold, they are similar in morphology and location to the 

nestin+ fibers observed in Figure 5, and do not co-stain for GFP. Scale bars = 500 μm.
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