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Abstract

Introduction—Treatments for patients with cauda equina injury are limited.

Methods—In this study, we first used retrograde labeling to determine the relative contributions 

of cauda equina motor neurons to intrinsic and extrinsic rat tail muscles. Next, we transected 

cauda equina ventral roots and proceeded to bridge the proximal and distal stumps with either a 

type I collagen scaffold coated in laminin (CL) or a collagen-laminin scaffold that was also seeded 

with Schwann cells (CLSC). Regeneration was assessed by way of serial retrograde labeling.

Results—After accounting for the axonal contributions to intrinsic vs extrinsic tail muscles, we 

noted a higher degree of double labeling in the CLSC group (58.0 ± 39.6%) as compared to the CL 

group (27.8 ± 16.0%; p = 0.02), but not the control group (33.5 ± 18.2%; p = 0.10).

Discussion—Our findings demonstrate the feasibility of using Schwann cell seeded collagen-

laminin scaffolds in cauda equina injury repair.
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Introduction

Traumatic injury to the cauda equina results in a devastating clinical syndrome for patients 

and presents a formidable challenge to the physicians charged with treating it.1,2 The 

spontaneous regeneration of injured axons is dependent upon the degree of crush at the 

injury site and, in the event that the nerve root has undergone a loss of continuity, the extent 

of the gap between proximal and distal nerve root stumps.3,4 Intradural repair allows the 

surgeon to minimize the injury site gap, optimize the alignment of proximal and distal 

stumps, and manipulate the environment at the lesion into one more conducive to axonal 
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regeneration through the implantation of grafts, scaffolds, anti-scarring compounds, or other 

growth-promoting agents. However, given the prognostic uncertainty that surrounds many 

cauda equina injuries and the paucity of established treatments, attempts at intradural repair 

of injured nerve roots are exceptionally rare.5,6 A more common approach involves spinal 

stabilization and decompression of the canal space.7–11 With the poor prognosis for 

spontaneous recovery of neurologic function, intradural repair of nerve roots could become a 

clinical option in more severe cases of cauda equina injury, provided that technical and 

surgical barriers can be overcome.

To this end, our laboratory has been working toward a treatment paradigm using a novel rat 

model of cauda equina injury.12–14 In this study, we describe the relative axonal 

contributions to intrinsic and extrinsic tail muscles, identify regenerating axons innervating 

the intrinsic tail muscles, and examine the stimulatory effect of scaffolds on axonal regrowth 

after cauda equina injury.

Materials and Methods

Experiment 1: Motor neuron targets and counts

Surgical procedures and serial retrograde labeling—All experimental protocols 

described in this paper were approved by the Animal Care and Use Committee of Upstate 

Medical University, following the guidelines and provisions of the Association for 

Assessment and Accreditation of Laboratory Animal Care. Eight adult female Fischer 344/

DuCl rats (3 – 5 months age; Charles River; Hamilton, MA) were used in the first 

experiment.

Detailed surgical methods are described in the Supplemental Material section. Supplemental 

Figure 1 is a schematic depiction of the serial retrograde labeling for motor neuron 

localization. For caudales nerve labeling, the dorsal caudales nerve (DCN), which runs 

medially to the extensor caudae lateralis muscle, was exposed and cut, and the proximal 

stump was bathed for 10 minutes in a small foil container filled with Gelfoam soaked in 

True Blue (TB; Invitrogen) retrograde tracer. The ventral caudales nerve (VCN) was 

exposed at the same vertebral level by dissecting between the transverse processes of the 

coccygeal vertebrae and gently pulling the nerve through the opening with a small hook. The 

VCN was cut and labeled with TB as previously described. The entire procedure was 

repeated on the opposite side such that all four caudales nerves were transected and labeled 

with TB.

One week after the caudales nerve labeling, single ventral roots were labeled in the same 

animals. The general protocol used to identify and transect cauda equina ventral roots has 

been described previously12, and is outlined in the Supplemental Materials section. Once a 

ventral root was identified, it was cut. The proximal stump of the transected nerve root was 

bathed for 10 minutes in a small foil container filled with Gelfoam soaked in fluoro-ruby 

(FR; Invitrogen; N=8). In some animals, we identified and labeled a second ventral root with 

fluoro-emerald (FE; Invitrogen; N=4) to increase the number of ventral roots labeled.
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Tissue processing and microscopy—One week after ventral root labeling, rats were 

sacrificed and transcardially perfused with saline followed by paraformaldehyde. Spinal 

cords were dissected out, placed in 10% sucrose for cryoprotection, and embedded in OCT 

compound. The entire width of the caudal spinal cord was serially sectioned from dorsal to 

ventral in longitudinal serial frozen sections (from T12 and below; 50 μm thick), mounted 

onto glass slides, washed in PBS, and coverslipped using Prolong Gold antifade reagent.

Images of fluorescently labeled sections and neuronal somata were captured using a Zeiss 

Axio Imager A.1 microscope (Carl Zeiss, Germany) with standard fluorescent filters, a Zeiss 

AxioCam MRm camera (Carl Zeiss, Germany), and Axiovision software (Version 4.8.2.0, 

Carl Zeiss Microimaging). Labeled somata were counted on every serial section, allowing 

for an examination of the entire caudal spinal cord for each animal. Cells were not counted 

unless there was a full cell profile with a nucleus visible; fragments of cells were not 

counted (additional details in Supplemental Materials).15

Data analysis—Variables of interest included the number of single labeled cells, FR+ or 

FE+, and the number of double labeled cells (i.e., FR+TB+ or FE+TB+) observed in the 

ventral horn of the spinal cord. The percentage of double labeled motor neurons was 

calculated by multiplying ratios of double labeled cells to total FR+ or FE+ cells by 100. All 

data are presented as mean ± standard deviation.

Experiment 2: Axonal repair and regeneration

Schwann cell isolation—Schwann cells were isolated from the sciatic nerve explants 

from three-day-old Fischer 344/DuCl rat pups (N=20 from two litters; Charles River; 

Wilmington, MA) and purified to at least 97% purity prior to implantation, as determined by 

S-100 and Krox 20 labeling combined with DAPI (Supplemental Figure 2 showing Krox 20 

+ DAPI). Schwann cells were seeded onto the collagen-laminin scaffolds and used in the 

repair of a subset of animals (CLSC) immediately after transecting a ventral root and 

labeling it with TB.

Collagen-laminin scaffolds—Bovine type I collagen foam (ACE Surgical Supply, Inc., 

Brockton, MA) was cut into 3mm × 3mm × 3mm segments (henceforth referred to as 

scaffolds) and kept in dilute laminin for 24 hours. Schwann cells (200,000 of purified cells) 

were added to each scaffold (referred to as seeded); scaffolds without cells (unseeded) were 

used as controls. Seeded and unseeded scaffolds were incubated in Schwann cell culture 

media for two days, after which they were washed three times in PBS prior to implantation. 

Successful attachment of Schwann cells was confirmed in a subset of scaffolds by DAPI 

labeling of cell nuclei present in the scaffold (data not shown). Schwann cell death was not 

formally assessed, though no chromosomal condensation or nuclear shape change suggestive 

of apoptosis was noted on scaffold imaging.

Ventral root labeling and repair—The basic experimental paradigm used in this 

experiment is depicted in Supplemental Figure 3. Twenty adult female Fischer 344/DuCl 

rats (3 – 5 months age; Charles River; Hamilton, MA) were used. The protocol used to 

identify and transect cauda equina ventral roots was the same as that described above. 
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Following transection, the proximal stump of the transected nerve root was bathed for 10 

minutes in a small foil container filled with Gelfoam soaked in True Blue (TB; Invitrogen) 

retrograde tracer. The distal stump was turned perpendicularly to one side of the nerve root, 

so we could easily find it prior to repair.

Nerve root repair was not performed in the injury control group (group NR; N=8). For the 

experimental groups, the repair procedure involved placing a Schwann cell seeded (group 

CLSC, N=6) or unseeded (group CL, N=6) scaffold into the lesion site, such that the 

scaffold bridged a 3 mm gap between the ends of the distal and proximal stumps. The 

perineurium of each stump was tacked to either end of the scaffold with fibrin glue.

Retrograde labeling of caudales nerves—Eight weeks after the initial injury and 

repair, the caudales nerves were surgically exposed one at a time at the base of the tail, cut, 

and bathed in fluoro-ruby tracer (FR; Invitrogen) as previously described. Axons that 

regenerated across the injury site and through the caudales nerves to the tail base would be 

double labeled with both TB and FR, while non-regenerated neurons would only be labeled 

with TB (Supplemental Figure 3A). This double labeling approach has been used to confirm 

regeneration in a number of peripheral nerve injury studies.16–18

Animal sacrifice and tissue processing—One week after FR labeling, rats were 

sacrificed and transcardially perfused with saline and paraformaldehyde. Spinal cords were 

dissected out, placed in 10% sucrose, and refrigerated for at least 48 hours before being 

embedded and frozen in OCT compound. Longitudinal or cross-sectional serial sections of 

50 μm were mounted onto glass slides, washed in PBS, and coverslipped using Prolong Gold 

antifade reagent prior to microscopy.

Data analysis—Images of fluorescently labeled sections and cells were captured as 

described above. Cell counts were performed by two blinded, independent investigators who 

were not informed of the treatment group. A cell was considered double labeled if it showed 

co-localization of FR and TB. As in the first experiment, the total number of cells counted 

was halved for each animal per the Abercrombie method (Supplemental Material), and this 

number was used in our analysis under the conservative assumption that, on average, each 

cell would be visible on two adjacent serial sections.

The percentage of double labeled cells in each group was calculated by dividing the number 

of double labeled cells by the number of TB+ cells and averaging these results across 

animals. Since the axons of the labeled somata could feasibly take one of two possible 

trajectories prior to the Fluoro-ruby labeling point (i.e., extrinsic-bound or intrinsic-bound), 

we also used the upper bound of this estimate of intrinsic-bound motor neurons to calculate 

a corrected percentage of double labeled cells (i.e., the percentage of double labeled cells 

divided by the ratio of intrinsic-bound motor neurons). Retrograde labeling data were 

compared across groups using one-way ANOVA with Tukey’s post hoc tests for multiple 

pairwise comparisons. All data are presented as mean ± standard deviation.
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Results

1: Motor neuron targets and counts

Motor neuron localization—There were 399 ± 206 motor neurons labeled with TB 

following exposure of their axons within the caudales nerve at the base of the tail. These 

motor neurons innervated intrinsic tail muscles, thereby making up only a subset of all 

motor neuron axons innervating muscles controlling tail movements. That is, this TB+ 

sample did not innervate muscles originating from thoracic and lumbar vertebrae and acting 

on the tail via their long tendons (tail extrinsic muscles).14 The TB labeled population of 

motor neurons was found bilaterally across multiple neurological levels (Figure 1A) and was 

positioned more medially in the ventral horn (265 ± 67 μm from the spinal cord midline) 

compared to FR+ or FE+ motor neurons (362 ± 98 μm from midline; Figure 1B). The 

medial localization of labeled cells is consistent with canonical neuroanatomical 

observations of motor neurons, validating the notion that we were observing motor neurons 

in the spinal cord.19,20 In those animals in which two adjacent ventral roots were labeled, we 

observed a clear segmental delineation between FR+ and FE+ neurons, indicating that there 

was minimal spatial overlap in these motor neurons over adjacent neurological levels. In 

both this and the second experiment, we did not observe an appreciable difference in cross-

sectional size of the cell somata across experimental groups when measured on a random 

sample of specimens, although volumetric analysis was not performed.

Double labeling of motor neurons—Figure 1 shows 94 FE+ motor neurons (Figure 

1B; 1D) and 29 double labeled neurons (Figure 1C; 1F). Total cell counts for FR+ and FE+ 

motor neurons are depicted in Figure 1G. In the FR-labeled spinal cords (N=6), we observed 

56 7 31 FR+ neurons and 21 ± 14 FR+TB+ (42 ± 16%). While FR labeling was originally 

performed in 8 animals, the tissue from two animals was poorly processed and therefore 

excluded from analysis. In the FE-labeled cords (N=4), we observed 75 ± 40 FE+ motor 

neurons and 22 ± 20 FE+TB+ neurons (29 ± 11%). Averaging cell count data across all 

animals, 36 ± 15% of FR+ or FE+ motor neurons were also labeled with TB. Once again, 

this percentage of double labeled cells represents the subset of motor neurons that form a 

single ventral root and contribute axons to the intrinsic tail muscles. For the purposes of 

experiments, these motor neurons give rise to axons that would be available for retrograde 

labeling at the second time-point in the axonal repair and regeneration component of this 

study. The upper bound of this last measure (51%) was thus used as a conservative 

correction factor to arrive at a more accurate value of the total number of potential motor 

neurons that might regenerate axons beyond the point of ventral root transection, as the 

remaining ventral root axons would have branched off to innervate extrinsic tail muscles and 

could not have been accounted for with retrograde labeling.

2: Axonal repair and regeneration

Retrograde labeling of regenerating axons—Representative micrographs of 

longitudinally cut spinal cords from treated animals are depicted in Figure 2. In panels C–F, 

TB+ motor neurons span the medial-lateral axis of the ventral horn, while the FR+ motor 

neurons labeled after axonal transection at the base of the tail reside more medially. Total 

counts of TB+ motor neurons were as follows: injury repair control group (NR: 139 ± 117), 
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acellular scaffold treatment (CL: 192 ± 137), and cellular scaffold treatment (CLSC: 194 

± 143; Figure 3A; p = 0.71). Comparison of double labeled cell counts, indicative of axonal 

regeneration, across groups was also not statistically significant (Figure 3A; NR: 23 

± 28;CL: 30 ± 25; CLSC: 62 ± 54; p = 0.16).

However, when the percentage of double labeled cells was averaged across animals and 

corrected for those axons that had branched off to extrinsic tail muscles prior to the 

secondary labeling point, this difference was significant (F = 4.78, p = 0.02; Figure 3B). Post 

hoc tests revealed that double labeling in the CLSC group (double labeled: 29.6 ± 20.2%; 

double labeled & corrected: 58.0 ± 39.6%) was significantly higher than that observed in the 

CL group (double labeled: 14.2 ± 8.2%; double labeled & corrected: 27.8 ± 16.0%; p = 

0.02), though not significantly higher than that observed in the NR group (double labeled: 

17.1 ± 9.3%; double labeled & corrected: 33.5 ± 18.2%; p = 0.10).

Discussion

Innervation of intrinsic and extrinsic tail muscles

The extrinsic tail muscles lie very close to the spine and are innervated by numerous 

neurological levels via several small nerve branches arising from spinal nerve rami and the 

caudales nerves.14 Since the distal axonal projections of the sacrococcygeal ventral roots are 

so dispersed, it is difficult to assess axonal regeneration using “classical” serial retrograde 

labeling techniques, which are usually employed at two sites along a larger nerve with few 

branches.16,17,21 We found that 36 ± 15% of rat sacrococcygeal ventral root axons innervate 

the intrinsic tail muscles, and used the upper bound of this percentage (51%) as a correction 

factor for employment of a modified version of this classical serial retrograde labeling 

technique. Presumably, a similar percentage of double labeled cells could be ascertained by 

applying the classical labeling approach with all of the distal projection. However, this is not 

feasible experimentally, as more nerve branches would have to be exposed and cut prior to 

the required survival period in which tracer transport occurs, causing unnecessary distress 

for the animal and a higher potential for spurious labeling secondary to unintended tracer 

spread.22–24

We also noted that “intrinsic-bound” cells were medially located in the ventral horn of the 

spinal cord. The longitudinal, columnar organization of motor neurons in the spinal cord was 

described almost 150 years ago,19 though these columns were later subdivided into medial 

and lateral zones based on the muscle groups that they innervate.20 Based on stimulation 

studies conducted by our group,14 it is likely that motor neurons labeled with only FR or FE 

in the first experiment innervate the rat’s extrinsic tail muscles.

In general, we observed lower cell counts with ventral root labeling as compared to our 

earlier reports of ventral root axon counts using neurofilament imaging, where an average of 

approximately 200 axons were observed in healthy S3, S4, and Co1 ventral roots.13 This 

was likely due to both methodological differences in axonal tracer uptake versus 

immunohistochemical staining, and the use of conservative correction methods related to 

cell counting.
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Strategies for repair of transected ventral roots

In peripheral nerve, microsurgical techniques facilitate the suturing of the connective tissue 

within the proximal and distal stumps, which optimizes the alignment of individual nerve 

fascicles. Compared to peripheral nerves, the fascicular pattern of nerve roots is less 

complex.25 However, because nerve roots within the cauda equina lack an epineurium (i.e., 

the connective tissue around peripheral nerves),26,27 directly repairing nerve roots with 

suture is difficult, if not impossible. Fibrin glue may be beneficial in cases where a limited 

gap between stumps exists.6 However, high tensile forces have been shown to hinder 

neuronal regeneration,28–30 and nerve root stumps are prone to retraction after transection. 

Alternatively, graft repair offers some degree of flexibility should a wider gap exist after 

injury or should an extensive amount of damaged neural tissue need to be surgically 

removed. While the autograft is still considered the best option, artificial grafts are 

improving,31 and have the added advantage of being customizable for a specific nerve injury. 

Furthermore, by circumventing the need for an additional surgery, the use of artificial grafts 

does not put the patient at risk for neuroma formation at the harvest site, a phenomenon that 

occurs in approximately 10% of all patients undergoing autograft transfer.32

Schwann cell seeded collagen-laminin scaffolds

Numerous animal studies have successfully used collagen to repair peripheral nerves,33–35 to 

the extent that FDA-approved collagen guidance channels are currently being used for 

repairing peripheral nerves in human patients with inter-stump gaps of up to 3 cm.36–38 The 

combination of collagen I with laminin has been shown to result in improved neurite 

outgrowth in vitro39,40 and in vivo,41,42 although our results using acellular collagen-laminin 

grafts failed to show improved regeneration. In our study, however, Schwann cell seeded 

collagen scaffolds produced a much more robust regenerative effect; roughly two times that 

of acellular scaffolds. Schwann cells are major producers of neurotrophic factors 43,44 and 

have been shown to greatly promote axonal regeneration.45–49 The success of Schwann cell 

seeded guidance channels has been frequently cited in studies involving injured peripheral 

nerves,50–57 and one study in the primate cauda equina.58 In this last study, implantation of 

autologous Schwann cells within an acrylonitrile vinyl chloride copolymer guidance channel 

yielded positive stimulus-evoked EMG results and regrowth across the injury site in three 

out of eight nerve roots.58 However, guidance channel collapse was observed with equal 

frequency.58 Indeed, surgical implantation constraints and channel collapse led us to 

abandon the guidance channel approach in the rat cauda equina in earlier experiments (data 

not shown). Using fibrin glue in conjunction with the scaffolds in the present study, we were 

also able to avoid the difficulties associated with surgically “threading” the nerve root ends 

into a guidance channel.

Limitations

This study has several limitations in addition to the potential tracer-associated issues 

discussed above. First, only anatomical assays were used to assess regeneration. Techniques 

that evaluate nerve function and animal behavior would be useful in future studies. Second, 

we did not assess the accuracy of regeneration. It is possible that some of the axons destined 

for intrinsic muscles of the tail did indeed regenerate but were misdirected to extrinsic 

Mackenzie et al. Page 7

Muscle Nerve. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



muscle targets prior to labeling with FR. Of course, this might be balanced by misdirected 

regeneration from extrinsic (originally) to intrinsic muscle targets. Third, some double 

labeling was observed in the NR group, which may reflect spontaneous regeneration without 

intervention in these animals. While the injury site gap was 3 mm for treated animals, nerve 

root stumps were reflected away from each other in the NR group, making growth into the 

distal stump unlikely, but not impossible. The number of double labeled cells in the spinal 

cords of NR animals was especially high after correcting for axons “lost” to extrinsic tail 

muscles prior to the site of secondary labeling. Again, this may be due to unintentional 

spread of TB in the intradural space.

Another limitation is that we could not identify the exact site of nerve root repair 9 weeks 

later, due to excessive scar tissue formation, hence we could not directly quantify axonal 

regeneration within repaired roots. Fluorescent graft substrates or other tissue labeling 

techniques may be used in future studies to facilitate identification of the injured area during 

microscopy.

This study utilized Fischer 344/DuCl rats to show the feasibility of the transplantation 

approach in a model lacking genetic heterogeneity. A similar transplant approach may 

someday be available for human patients through a Schwann cell “donor bank.” 

Alternatively, assuming the continued development of more rapid in vitro methods of cell 

expansion, patients with cauda equina injury could be treated with artificial nerve grafts 

seeded with their own cells. This latter approach would be more conducive for maintaining 

the reactive Schwann cell phenotype that has been shown to facilitate axonal 

regeneration.50,59,60

Summary

In conclusion, our results demonstrate the feasibility of using Schwann cell seeded collagen-

laminin scaffolds to repair transected ventral roots in a rat model of cauda equina injury. The 

restricted operational space around the rat cauda equina and small caliber of nerve roots 

(approximately 120–300 μm in diameter) should be taken into account when considering 

therapies for nerve root repair, as the larger operative space available in larger animal models 

and human patients affords the use of modified repair strategies, which could potentially 

result in a higher degree of regeneration. Future studies employing behavioral and 

electrophysiological assays to assess the degree of functional regeneration to muscle targets 

are needed to corroborate the findings from this study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Longitudinal spinal cord section with True Blue, fluoro-emerald, and double labeled 
motor neurons (Experiment 1)
(A, D) Multiple motor neurons spanning multiple neurological levels were labeled 

bilaterally in the spinal cord after introduction of True Blue (TB) at the caudales nerves. (B, 

E) Fluoro-emerald (FE) labeling in the spinal cord following application of tracer at a single 

cut ventral root. (C, F) Double-labeled motor neurons (white arrows) comprised 

approximately one-third of the total FE-labeled population and were more medially located. 

Scale bars = 200 μm. (G) The four left-most bars represent averages for different tracers and 

tracer combinations. The two right-most bars represent merged averages. On average, 32% 

of motor neurons were double-labeled with either fluoro-ruby (FR+) and True Blue (TB+) or 

fluoro-emerald (FE+) and TB (36 ± 15% subject-weighted). Relatively fewer FR+ motor 

neurons were observed compared to FE+ neurons, though sample sizes were relatively small 

(FR-labeled spinal cords; N=6; FE-labeled spinal cords; N=4).
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Figure 2. Longitudinal spinal cord sections with True Blue, fluoro-ruby, and double labeled 
motor neurons (Experiment 2)
A–B) Longitudinal spinal cord sections for (A) a CL animal and (B) a CLSC animal. 

Dashed lines demarcate gray matter-white matter boundaries. While the incidence of double 

labeling was 15.7% in the CL group, the image in (A) illustrates a complete lack of double 

labeling, which was occasionally observed. Scale bars = 200 μm. (D–F) Cross-sections at the 

S4 level from a rat in the CLSC group. (D) Injured (TB+; arrows), (E) spared (FR+ only; 

“s”), and regenerated (double-labeled FR+TB+; “r”) motor neurons in the ventral horn (C). 

Scale bar = 20 μm.
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Figure 3. Quantitative comparison of double labeled motor neurons across groups (Experiment 
2)
(A) True Blue (TB) labeling was slightly lower in no-repair (NR) animals and double 

labeling (DL) was slightly higher in animals treated with cellular scaffolds (CLSC), though 

these differences were not statistically significant. In general, motor neuron counts were 

variable across animals in all groups. (B) The percentage of double labeled cells was 

calculated for each group. These data were corrected to account for axons that had branched 

off to innervate extrinsic muscle targets prior to the point of secondary labeling. A group 

effect was noted for these corrected percentages with the CLSC group being significantly 

different from animals treated with unseeded collagen-laminin scaffolds (CL). Error bars 

reflect standard deviations across animals for each group. * p < 0.05.
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