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Abstract

We propose that double transgenic thyl-CFP(23)/S100-GFP mice whose Schwann cells
constitutively express green fluorescent protein (GFP) and axons express cyan fluorescent protein
(CFP) can be used to serially evaluate the temporal relationship between nerve regeneration and
Schwann cell migration through acellular nerve grafts. Thyl-CFP(23)/S100-GFP and S100-GFP
mice received non-fluorescing cold preserved nerve allografts from immunologically disparate
donors. In vivo fluorescent imaging of these grafts was then performed at multiple points. The
transected sciatic nerve was reconstructed with a 1 cm nerve allograft harvested from a Balb-C mouse
and acellularized via 7 weeks of cold preservation prior to transplantation. The presence of
regenerated axons and migrating Schwann cells was confirmed with confocal and electron
microscopy on fixed tissue. Schwann cells migrated into the acellular graft (163 + 15 intensity units)
from both proximal and distal stumps, and bridged the whole graft within 10 days (388 + 107 intensity
units in the central 4-6 mm segment). Nerve regeneration lagged behind Schwann cell migration with
5 or 6 axons imaged traversing the proximal 4 mm of the graft under confocal microcopy within 10
days, and up to 21 labeled axons crossing the distal coaptation site by 15 days. Corroborative electron
and light microscopy 5 mm into the graft demonstrated relatively narrow diameter myelinated (431
+31) and unmyelinated (64+9) axons by 28 but not 10 days. Live imaging of the double-transgenic
thy1-CFP(23)/S100-GFP murine line enabled serial assessment of Schwann cell-axonal
relationships in traumatic nerve injuries reconstructed with acellular nerve allografts.
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Introduction

Static imaging, the mainstay for evaluating regenerating nerves after traumatic injury is limited
by its inefficiency and inability to capture the dynamism of nerve regeneration and Schwann
cell (SC) migration. Static imaging modalities including light or electron microscopy,
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immunohistochemistry, and retrograde labeling are resource intensive since they mandate the
sacrifice of numerous experimental animals at multiple time points to characterize
regeneration. Due to discrepant processing techniques, the application of one technique often
precludes the use of the other techniques on the same specimen further increasing the number
of experimental animals required to obtain quantitative data (Myckatyn, et al., 2004). Further,
none of these techniques, in isolation, sufficiently evaluates all of the parameters of
regeneration such as rate, pathway sampling, and discrimination of motor versus sensory axons
(Redett, et al., 2005,Witzel, et al., 2005). Characterization of regeneration following traumatic
nerve injury in experimental models requires a technique capable of quantifying regenerating
axons and migrating SCs over time in the same mouse to complement, if not replace, existing
static imaging techniques.

Axons and SCs constitutively expressing a fluorescent reporter are key to an evolving
methodology designed to track migratory and regenerative processes over time. Recent
advances in molecular neurobiology provide us with transgenic mice expressing genes
encoding fluorescent proteins under neuron-specific or SC-specific promoters. Thyl-CFP
(23) mice, previously used to study axonal retraction in developing and maturing motor
endplates express cyan fluorescent protein (CFP) in all motor, and many sensory axons (Feng,
et al., 2000,Walsh and Lichtman, 2003). S100-GFP mice are distinguished by SCs that are
labeled with green fluorescent protein (GFP) under the control of transcriptional regulatory
sequences of the human S100B gene (Zuo, et al., 2004). A double transgenic thyl-CFP(23)/
S100-GFP line is referred to in an article reviewing the behavior of terminal SCs (Kang, et al.,
2003), but this work is not intended to evaluate regeneration through nerve grafts following
traumatic injury. The relationships between SCs and axons during nerve regeneration are of
particular interest to clinicians that reconstruct traumatic nerve injuries with grafts.

To advance the study of nerve regeneration and SC-axonal relationships, new models enabling
longitudinal imaging of SCs and axons both within the nerve fiber and at the neuromuscular
junction are needed. We previously report that mice expressing enhanced yellow fluorescent
protein in their axons (hThyl-EYFP) can be serially imaged after traumatic nerve injury but
do not provide methods for quantifying regeneration, or use confocal microscopy, and do not
simultaneously image SC migration (Myckatyn, et al., 2004). In this paper we compare the
rates of SC migration and axonal regeneration into cold preserved, acellular allografts used to
reconstruct a sciatic nerve transection injury in live thyl-CFP(23)/S100-GFP transgenic mice.
We hypothesize that the thyl-CFP(23)/S100-GFP murine model can be used for serial,
quantitative analysis of SC migration and axonal regeneration to study injured nerves repaired
with acellularized nerve grafts.

Material and Methods

Transgenic mice

Heterozygous thy1-CFP(23) mice (Jackson, ME) were bred to homozygous S100-GFP mice
(“Kosmos” line: gift from Dr. W. Thompson, Austin, TX now commercially available through
Jackson, ME). All SCs were diffusely labeled with GFP and the axons of 50% of the progeny
were also labeled with CFP. We confirmed integration of the GFP transgene in the S100-
GFP line visually by GFP expression in retinal glial cells and cutaneous Langerhans cells
(Zuo, et al., 2004). CFP transgene incorporation was confirmed in this heterozygous line using
quantitative PCR on DNA extracts from mouse tail using the CFP primers provided by Jackson
(forward, CTAGGCCACAGAATTGAAAGATCT-; reverse ,
GTAGGTGGAAATTCTAGCATCATCC). The mice were maintained in a central animal
housing facility, and all described procedures were performed according to protocols approved
by the Division of Comparative Medicine at the Washington University School of Medicine.
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Cold preservation of nerve allografts

SC migration and axonal regeneration was studied in interposed, 7 weeks cold preserved
allografts, which are immunologically inert (Fox, et al., 2005) and devoid of fluorescing
cellular material (Myckatyn, et al., 2004). Aliquots of University of Wisconsin solution (15
ml; NPBI International BV, Emmer Compascuum, The Netherlands) with penicillin G
(200,000 U/L), regular insulin (40 U/L), and dexamethasone (16 mg/L) were dispensed into
sterile petri dishes. 1.5 cm sciatic nerves from Balb/C mice were transferred into solution
directly after harvest and maintained at 4°C for 7 weeks to eliminate any viable antigenic cells
(Fox, et al., 2005).

Surgical procedure

The eighteen mice used for this experiment included thy1-CFP(23)/S100-GFP (n=4) and S-100
GFP (n=8) transgenic mice which received nerve allografts and Balb/C mice (n=6) that donated
allografts. Animals were anesthetized with a subcutaneous injection of ketamine (75 mg/kg)
and medetomidine (100 mg/kg). A skin incision was made parallel and 2 mm posterior to the
femur and the sciatic nerve exposed with microsurgical technique to include the sciatic notch
proximally and its trifurcation to tibial, peroneal, and sural nerves distally. The sciatic nerve
was transected and a 1.0 cm cold preserved nerve allograft from a Balb/C mouse interposed
between the transected ends in a reversed orientation with 11-0 microsutures. Imaging was
performed, muscle and skin closed in layers with 6-0 and 8-0 nylon sutures (Ethicon, NJ) and
mice recovered with Antisedan (Novartis, Canada) on a warming pad.

Live imaging

We serially imaged the nerve grafts at the time of surgery, and 5, 10, 15, and 28 days later
using a fluorescence-enabled dissecting microscope (Nikon SMZ 1500 with Applied Scientific
Instrumentation Z-stage) (Myckatyn, et al., 2004). To facilitate live imaging, mice were re-
anesthetized and the grafted sciatic nerve re-exposed and imaged with the fluorescent
dissecting microscope. Images were recorded with a CoolSNAP-ES cooled CCD camera
(Photometrics, Tucson, AZ) utilizing MetaMorph version 6.2 (Universal Imaging Corporation,
Downingtown, PA) image acquisition software. Specimens were evaluated under GFP (488
nm: SCs) and CFP (450nm: axons) fluorescent cubes, and imaged with a monochromatic CCD
and MetaMorph. Images were initially standardized in terms of magnification (40x), exposure
time (200 ms), and orientation. The relationship between exposure time and image fluorescent
intensity was also standardized to Evicomposite (Evident Technologies, Troy, NY), polymer
resin embedded with quantum dots (EviDots) that emitted stable nanocrystalline fluorescence
at a wavelength of 493nm.

GFP and CFP fluorescent intensity along the length of the nerve graft was quantified using the
“line scanning” technique described below. Following image acquisition, the wound was
irrigated with saline, closed with 8-0 nylon in muscle and 6-0 nylon in skin and animals
recovered.

Line scanning

A line was drawn to bisect the digitized, 12-bit, monochromatic image of the host nerve and
interposed graft thus enabling us to plot distance along the scanning line on the x-axis and the
assigned grey-scale value corresponding to fluorescent intensity (0-4095 units) on the y-axis
(Fig. 1A-E). Callibrated images of the 1 cm nerve graft were subdivided into five distinct 2
mm segments and mean pixel intensity for GFP fluorescence calculated and plotted against
the region of the graft represented by the x-axis (Fig. 1E). This provided a relative assessment
of the extent of GFP- labeled SC migration.
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Non-biased stereology and morphometric evaluation of electron microscopy

Nerves were harvested 10 and 28 days following engraftment and embedded in Araldite 502
resin to evaluate the density of reinnervating myelinated and unmyelinated fibers. The mid-
graft, 5 mm from the suture line was evaluated in 10 and 28 day old grafts. 90 nm sections of
nerve grafts were then sectioned with an LKB Il microtome and stained with uranyl acetate
and lead citrate. For each time point, 15 ultramicrographs were taken with a Zeiss 902 electron
microscope (Zeiss Instruments, Chicago, IL) at 4360x magnification, scanned at 400 dots per
inch resolution (Epson Perfection 4870 scanner) and evaluated with MicroBright Field Stereo
Investigator software (MBF Bioscience Stereolnvestigator version 7.0, Williston, Vermont).
Using the fractionator technique, a four ray 2D vertical nucleator probe was used to evaluate
the number and area of unmyelinated axons in the scanned micrographs. The sampling frame
grid, calculated by the software to avoid sampling error, was set to 80 um?2. Axon area (a =
12), where a was the area estimation and | was the length of intercept (Gundersen, 1988), and
diameter (d = 2I) were calculated. Binary image analysis of the same electron micrographs
using 1A32 software (Leco, St. Joseph, Michigan) was used to calculate the total number of
myelinated fibers and their areas and widths as previously described (Brenner, et al., 2004).
Stereologic and morphometric data was then imported to Prism (Version 4.0, GraphPad
Software Inc.) to calculate frequency distribution while statistical analysis was performed in
Statistica Version 7.1 (StatSoft). A Student-Newman-Keuls test was performed post-hoc
following a one-way analysis of variance on image intensity of the graft segments at the various
time points.

Immunohistochemistry

Upon sacrifice, mice were anesthetized, and perfused transcardially with heparinized 0.01 M
phosphate buffered solution (PBS) followed by 4% paraformaldehyde in 0.1 M PBS. The
allografts and the tibialis anterior and extensor digitorum longus muscles were harvested and
postfixed for one hour. Nerve allografts designated for sectioning were frozen in OCT
compound at —80 °C while the remaining nerve and muscle specimens were evaluated as whole
mounts. Sections were blocked with 5% normal goat serum and diluted with 0.3% Triton-X
in PBS for one hour. To confirm the phenotype of GFP-expressing cells, SCs were co-labeled
with rabbit polyclonal anti-S100 antibody diluted 1: 100 (DAKO, Carpinteria, CA) and
macrophages labeled with rat monoclonal anti-F4/80 antibody diluted 1: 100 (Serotec, Oxford,
UK). The specimens were incubated overnight at 4°C. Secondary antibodies were diluted 1:500
and included Cy3-conjugated goat anti-rabbit antibody diluted for S100 and Cy3-conjugated
donkey anti-rat antibody diluted for F4/80 labeled-macrophages (Jackson ImmunoResearch,
West Grove, PA). To label muscle fiber motor endplates, whole mounts of tibialis anterior
were soaked for 30 minutes in a solution containing Alexa 594 conjugated to alpha-
bungarotoxin (BTX; Molecular Probes, Eugene, OR) at a 1:100 dilution.

Sectioned nerves and muscle whole mounts were evaluated with a spectral scanning laser
confocal microscope and FV10-ASW software (Fluo View FVV1000, Olympus Corporation,
Japan). Confocal images were standardized in terms of sensitivity of the photomultiplier tube,
laser voltage, and gain. To distinguish CFP fluorescence from GFP fluorescence, lambda
scanning, performed by modulating the slit in front of the diffraction grating in front of the
photomultiplier tube was performed. Fluorescent emissions were detected over a 5 nm
wavelength range in 2 nm incremental steps through an overall emission range of 465 nm to
580 nm. Emission profiles for CFP and GFP were then plotted and a spectral deconvolution
algorithm using FVV10-ASW software employed to differentiate these fluorophores and assign
different channels to them.
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Digital unmixing of Schwann cells from macrophages

Results

The S100-GFP line was chosen because SCs are nearly exclusively labeled in nerve tissue
relative to other reported founder lines where a far greater percentage of macrophages are also
labeled (Zuo, et al., 2004). To further distinguish SCs from macrophages, calibrated confocal
images saved in greyscale format were assessed using Leco 1A32 software. The few
macrophages that expressed GFP had a hypodense cytoplasm and sponge-like morphology and
were co-labeled with anti-F4/80 antibody. These cells were digitally isolated and assigned a
distinct bit-plane. Thresholding was then applied to numerous images using a pixel density of
36 (0-255 scale), which was specific to all SCs but not macrophages. A Boolean logic was then
applied to these SCs to eliminate macrophages. The remaining isolated SCs were then assigned
a second distinct bitplane and maintenance of their distinct spindle-shaped morphology
confirmed. Area and density measurements were then performed on the bitplanes assigned to
SCs and macrophages (Brenner, et al., 2004,Nichols, et al., 2004).

In Vivo Imaging of Schwann Cell Migration and Axonal Regeneration

By direct observation, the nerve grafts appeared black, with no GFP expression by SCs (Fig.
1A) or CFP expression by axons at the time of engraftment. Significant changes in fluorescent
intensity, however, were noted over the following 10 days (Fig. 1B-E). Background
fluorescence was measured at 158 +23 intensity units with minimal variation along the graft
(Fig. 1E). Five days later, 1-2 mm of SC migration was noted infiltrating the proximal and
distal graft (Fig. 2A) and axons had regenerated along the proximal 1-2 mm of the graft. CFP-
expression was attenuated distal to the graft consistent with Wallerian degeneration (Fig. 2B).
GFP expression continued to increase throughout the graft from 5to 10 days (Fig. 2C). Analysis
of z-series image stacks was necessary to identify 2 or 3 axons regenerating along the surface
of the proximal 4, but not 5 mm of the graft within 10 days of surgery (Fig. 2D). GFP expression
became progressively brighter 15 days after surgery (Fig. 1E and Fig. 2E), and at least 5 axons
traversed the entire graft surface by 15 days when image stacks were analyzed (Fig. 2F). GFP
expression was most intense in the central graft (4-6 mm segment) 28 days after surgery (Fig.
1E). The central segment (4-6 mm) was significantly brighter (991+153 units) than the
proximal (0-2 mm; 681+173) and the distal (8-10 mm; 571+185) segments at the 28 day time
point (p<0.01), and all segments at the 28 day time point were significantly brighter than the
preceding (15 day) time point (p<0.05). By serial fluorescent imaging, it was clear that SCs
repopulated the 1 cm cold preserved allografts more rapidly than the majority of axons did.

Confocal Imaging of Nerve Grafts and Neuromuscular Junctions

Some overlap between the emission profiles of CFP and GFP made it difficult to discriminate
between axons and SCs with in vivo analysis alone. To corroborate and further quantify data
obtained from live imaging we performed confocal and electron microscopy, non-biased
stereology, and histomorphometry on perfused specimens. Confocal imaging confirmed
minimal migration of GFP-labeled SCs 5 days post-engraftment (Fig. 3A), but within 10 days,
migrating SCs traversed the entire 1 cm graft (Figs. 3B&C), becoming more confluent 15 days
later (Figs. 3D&E). Axonal regeneration lagged behind SC migration. In some specimens,
axons were noted crossing 1-2 mm past the proximal suture line at 5 days (Fig. 4A), and 5 or
6 axons traversed a maximum of 4 mm of the graft at 10 days (Fig. 2B). By 15 days, axons
were noted in every segment of the nerve graft (Fig. 4C). A large number of axons, too densely
clustered to count in a longitudinal orientation were noted in the proximal graft (Fig. 4D), and
the mid-graft was also densely populated (Fig. 4E). In the distal graft, individual axons could
be discriminated and up to 21 axons approached (Fig. 4F) and traversed (Fig. 4G) the distal
suture line. Significant Wallerian degeneration, characterized by the presence of ovoid bodies
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(Feng, et al., 2000,Pan, et al., 2003), were still present in the injured nerve distal to the graft
15 days after surgery (Fig. 4G).

Confocal imaging of neuromuscular junctions in whole mounts of tibialis anterior and extensor
digitorum longus muscles demonstrated our ability to simultaneously image SCs, axons, and
motor endplates in fixed specimens. Each BT X-labeled motor endplate was associated with a
single CFP-labeled axon (Fig. 4H&I). Terminal SCs assumed a rounder morphology than the
spindle-shaped SCs associated with axons. There were 2-3 terminal SCs per motor endplate,
and these were usually positioned opposite to where the CFP-labeled axons entered the synaptic
cleft (Fig. 41). Serial imaging of motor endplates in living mice did not provide useful data in
this model since repeat exposures of the deep surface of the tibilais anterior muscle caused
significant scar formation that impaired clear, reproducible imaging.

Histomorphometry and Non-Biased Stereologic Assessment of Nerve Cross Sections

Evaluation of cross sections through the center (5 mm) of the nerve graft confirmed the absence
of unmyelinated and myelinated axons 10 days after surgery (Fig. 5A), but a few denervated
SCs and degenerating myelin was noted (Fig. 5B). Robust regeneration through the center of
the graft was confirmed 28 days after surgery (Fig. C-F). By 28 days, the mean number of
unmyelinated axons per Remak bundle was 1.7 + 0.4 with a range of 1 to 6 unmyelinated axons
per SC. Unmyelinated (64+9) and myelinated axons (431+31) were noted. Myelinating SCs
(Fig. 5C), were characterized by a double basement membrane basal lamina (Fig. 5D).. There
was a tendency towards relatively small diameter unmyelinated axons as 82% were <2um (Fig.
5E) and 90% of myelinated axons were <4 um (Fig. 5F).

Distinguishing Schwann cells from macrophages

At high magnification, multiple spindle-shaped host SCs were observed. To confirm their
lineage, the constitutively labeled SCs were co-labeled with anti-S100 immunostaining (Fig.
6A&B). Most constitutively labeled SCs were double-labeled, but some GFP-labeled cells
maintained a disparate sponge-like morphology with decreased fluorescent intensity, and were
not co-labeled with S100 (Fig. 6C). These sponge-like cells were co-labeled with anti-F4/80
immunostaining, suggesting that they were macrophages or macrophages that had
phagocytosed GFP-labeled host SCs (Fig. 6D).

Macrophages represented 9.4 + 5.5% of the constitutively labeled cells that had migrated into
cold preserved nerve allografts, or 6.7 + 1.1% of the field area (Fig. 7A-D). SCs represented
the remaining GFP-labeled cells. Only the minority of macrophages were labeled with GFP
since, by immunohistochemistry, many macrophages labeled with F4/80 were not
constitutively labeled with GFP. Qualitatively, SCs were also considerably brighter than
macrophages, and this was confirmed by calculating fluorescent intensity in regions of interest
in macrophages and comparing this intensity to SCs (Fig. 7C). Specifically, macrophages were
31.1 + 7.3% as bright as peripheral SCs.

Discussion

Using previously described advances in live imaging and transgenic techniques, we present a
novel method for the independent and serial study of SC migration and axonal regeneration in
a surgically-relevant nerve graft model (Feng, et al., 2000,Nguyen, et al., 2002,Pan, et al.,
2003). We indirectly monitored constitutively-labeled axons and SCs by evaluating the rate of
change of fluorescent intensity over various components of the nerve graft. Moreover, the rate
of regeneration was not uniform enabling us to distinguish and track the course of a few sentinel,
rapidly regenerating axons that were not clearly identified proximally due to overlap with more
slowly regenerating fibers. Freshly cold preserved, acellular nerve allografts were noted to
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have 163£15 units of background intensity based on a 0-4095 unit scale for 12-bit images. Ten
days post-engraftment, 388+107 intensity units were noted in the central 4-6 mm segment of
the nerve allograft when the GFP filter was applied, representing a significant (p<0.05) increase
in SC-derived signal intensity. Signal intensity continued to increase significantly (p<0.05)
along the entire graft up to the 28 day experimental endpoint. While SCs had bridged the 1 cm
graft within 10 days, at the same time only a few axons had traversed the proximal 4 mm. By
15 days, up to 21 axons were noted by confocal microscopy to have crossed the distal
neurorrhaphy site and were encountered by persistent Wallerian degeneration. While no axons
were noted during cross-sectional assessment of myelinated and unmyelinated axons at the 5
mm mid-portion of the graft at 10 days, a few denervatd SCs were observed. By 28 days, 431
* 31 myelinated and 64 £9 unmyelinated axons were noted by morphometric assessment of
midgraft cross-sections. These axons were still relatively immature as evidenced by a leftward
shift towards small diameter unmyelinated and myelinated axons (Fig. SE&5F) and relatively
few axons per Remak bundle (1.7 + 0.4, range: 1 to 6 axons/bundle) relative to uninjured sciatic
nerves (Taveggia, et al., 2005).

Surgically reconstructed nerves present a number of unique challenges for live fluorescent
imaging not encountered in developmental or crush injury models (Myckatyn, et al.,
2004,Nguyen, et al., 2002,Walsh and Lichtman, 2003). In the mouse, only large nerves like
the sciatic and its branches are amenable to surgical manipulation (Myckatyn and MacKinnon,
2004). The lower magnification required to image the entire sciatic nerve affords increased
depth of field and shorter imaging times, but compromises resolution. Alternatively, highly
magnified images require the generation of numerous z-stacks to accommodate depth of field
and a narrower field of view that is complicated by motion artifact, desiccation of the nerve,
and prolonged anesthesia (Myckatyn, et al., 2004).

It is unclear whether the processes associated with nerve regeneration after traumatic nerve
injuries recapitulate those of developing nerves. During development, the axon-based ligand
Type Il Neuregulin-1 (NRG-1) binds ErbB family receptors to provide a critical maturation
signal to neural crest cells (Garratt, et al., 2000,Jessen and Mirsky, 2005) that is also
instrumental in SC proliferation, survival (Dong, et al., 1995), migration (Lyons, et al.,
2005), and myelin regulation (Taveggia, et al., 2005) (Michailov, et al., 2004). Both intact and
injured axons rely upon the paracrine trophic support afforded them by local SCs (Hayworth,
et al., 2006,Mirsky, et al., 2002,Yin, et al., 2001,Zhu, et al., 2003), but following traumatic
nerve injury, axons can traverse short distances through acellular synthetic conduits (Ahmed,
et al., 2003,Hadlock, et al., 1998,Mosahebi, et al., 2003), vein grafts (Chiu and Strauch,
1990, Tseng, et al., 2003,Ulkur, et al., 2003,Weber and Mackinnon, 2005), and muscle tissue
without clear evidence of SC support (Fornaro, et al., 2001,Varejao, et al., 2003). Moreover,
denervated but mature SCs can survive for prolonged periods without axon-based signals
before reinnervation occurs (Dedkov, et al., 2002,Sulaiman and Gordon, 2002,Sulaiman, et al.,
2002). These observations suggest that alternative signaling programs or diffusible factors may
support restoration of nerve regeneration and normal SC-axonal relationships following nerve
injury (Snider, et al., 2002).

SCs traverse the graft within 10 days, migrating from both proximal and distal coaptation sites
and within 28 days, GFP-expression is maximal in the central component of the graft. This
finding is most likely due to the cumulative effect of both proximally and distally migrated
SCs meeting in the center of the graft, thus creating an additive effect on GFP pixel intensity.
By live imaging, an increased density of blood vessels, confirmed by real time visualization
of transilluminated erythrocytes passing through the larger vascular arbors was also noted. This
finding, most prominent at the proximal and distal graft coaptation sites but not the graft center
15 days after surgery, may have also been related to scar tissue in response to suture material
and surgical microtrauma. Nerve grafts are affected by both an intrinsic blood supply
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originating from the vaso nervorum of the host nerve that preferentially revascularizes the graft
edges as seen at the 15 day timepoint, as well as an extrinsic blood supply providing a more
uniform distribution of blood supply to the entire graft (Best, et al., 1999,Best, et al.,
1999,Breidenbach and Terzis, 1986,Hobson, 2002,Lundborg, 1988,0zcan, etal., 1991,Seckel,
etal., 1986, Terzis, et al., 1995). A modest inflammatory reaction related to surgical repair and
the presence of suture material at both the proximal and distal coaptations also contributes to
increased vascularity. Non-fluorescing blood vessels obscure underlying migrating SCs,
causing a reduction in measured fluorescent emission and pixel intensity.

Several factors merit careful consideration in the analysis of our data. In Zuo et al.'s (2004)
original description of S100-GFP mice, GFP was noted not only in SCs but also dendritic cells
(Langerhan's cells), astrocytes, central microglia, and in lower levels in adipocytes (Zuo, et al.,
2004). A few macrophages also expressed GFP in this line (Zuo, et al., 2004), although this
finding was almost imperceptible in uninjured nerves. Macrophage recruitment is increased in
traumatized nerves, and so we expected that there would be a concomitant increase in the
absolute number of macrophages expressing GFP in our nerve graft reconstructions (Dailey,
etal., 1998,Perry, etal., 1987,Reichert, et al., 1994). The in vivo imaging presented herein does
not have sufficient resolution to distinguish macrophages from SCs morphologically.
Therefore, we used immunohistochemistry and confocal microscopy on fixed specimens to
determine what percentage of GFP expression came from contaminating macrophages instead
of SCs. Based on bit-plane analysis, only 10% of the forms expressing GFP were shown to be
macrophages, and were only 30% as bright as SCs, suggesting that ~3% of the total fluorescent
intensity was attributable to macrophages. Based on this quantitative analysis, we surmised
that only a small (~3%) percentage of the GFP intensity noted with live imaging was
attributable to macrophages and that the remainder resulted from SC migration. Macrophages
can be further distinguished from SCs based on staining characteristics and a sponge-like
morphology that is clearly different from the spindle shape of SCs.

Other factors affect data acquisition in this model of SC migration and nerve regeneration.
Serial imaging provides an indirect measure of axonal regeneration but relies upon assessment
of fixed cross-sections to provide direct quantification. In addition to motion artifact, a number
of factors affect the intensity of the image captured by the digital camera during live imaging.
These parameters include background light, the setting of the camera, the region within the
camera's field of view where the image is captured, the strength of the fluorescent light source,
and degree of chromophore expression within the cells of interest. In order to account for these
variables we now use Evicomposite Quantum Dot Composites to provide stable fluorescent
emissions at 493 nm. Since the degree of emission is always constant from the quantum dot
composite, we can standardize our imaging emission data under various imaging conditions,
and over time, to this constant fluorescent output. Finally, endplate reinnervation cannot be
serially assessed in the relatively large nerves of adult mice that are amenable to surgical
manipulation. These muscles are innervated on their deep surface, and must be everted to
facilitate imaging. This eversion disrupts normal muscle function and physiology and leads to
excessive scar tissue that compromises the clarity of further imaging.

The thy1-CFP(23)/S100-GFP and GFP-S100 transgenic mouse lines are powerful tools for
peripheral nerve research. They will prove to be useful tools for morphologically and
quantitatively studying the behavior and relationships of SCs and axons particularly in vivo.
The live imaging system continues to evolve, and quantitative methodologies that correlate
with fixed specimens have now been established.
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Fig 1.

A. Representative sample of a 7 week cold preserved nerve allograft from a non-fluorescing
Balb/C mouse transplanted into an S100-GFP mouse (n=8). Initially (t=0), there was no
fluorescent emission within the graft, and it appeared black with low pixel intensity as noted
by the red line scan. B. Five days later, fluorescent intensity had increased in the proximal and
distal graft relative to the graft center represented by the green line. C. By 10 days, fluorescent
intensity was noted throughout the graft as measured by the light blue line. D. A representative
graph which quantifies fluorescent intensity for this particular mouse at t=0 days (red), t=5
days (green) and t=10 days (light blue) along the 10 mm long graft. A5. Twelve bit digitized
images of the cold preserved nerve grafts are then divided into 2 mm segments and mean pixel
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intensity (0-4095) from these segments calculated up to 28 days post-engraftment. * The
proximal and distal edges of the graft are significantly brighter 5 days after engraftment
(p<0.05). ** At 28 days, all graft segments are significantly brighter than at 15 days (p<0.05).
*** At 28 days, the central segment of the graft is significantly brighter than the graft edges
(p<0.01).
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Fig 2.

A. Live image 5 days post-engraftment with SCs pseudocolored green. B. Axons are
pseudocolored blue. C. Live image 10 days post-engraftment shows that GFP-labeled SCs are
present throughout the graft. D. Axons have not yet reached the mid-graft level. The distal-
most axons are marked by the yellow arrow at 4 mm. E. By 15 days, the graft demonstrates
increased intensity and confluence of GFP-labeling. F. Axons have traversed the length of the
graft (D2).
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Fig 3.

A. Confocal microscopy was performed on additional fixed specimens (n=4) to provide higher
resolution and confirm findings performed with live fluorescent microscopy. Five days post-
engraftment, very few SCs cross the sutured proximal coaptation marked in red. B. By 10 days,
SCs are noted throughout the graft as shown in this montage. C. A magnified view at 10 days
suggests robust SC proliferation at the proximal coaptation site. D. By 15 days SC distribution
is more uniform in both the proximal component of the graft, E. and in the mid-graft.
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A
4 mm

Fig 4.

A. Minimal nerve regeneration is noted at 5 days. B. Axons have traveled up to 4 mm into the
graft by 10 days. C. Axons have traversed the graft by 15 days with progressively fewer axons
noted from proximally to distally as demonstrated in the following magnified panels. D.
Regeneration through the proximal graft. E. Regeneration at the mid-graft level. F.
Regeneration through the distal graft. G. Regeneration past the distal graft suture line. Multiple
ovoid bodies remain in the distal injured nerve signifying ongoing Wallerian degeneration.
White arrowheads identify regenerating axons. H&I. To visualize the motor endplates of the
tibialis anterior, the muscle must be everted thus precluding reliable serial imaging.
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Fig 5.

A. Electron micrograph of central graft cross-section 10 days after surgery confirms the absence
of viable axons although SCs (SC), migrating into the acellular allografts are noted. B. A
magnified view of the inset from panel A. reveals degenerated myelin (DM) and no viable
axons. C. By 28 days, both myelinated and unmyelinated axons are noted. D. By 28 days,
however, intact, myelinated axons are noted and an intact basal lamina (BL), characterized by
double basement membranes are seen in this magnified inset from panel C.. E. Quantification
and stratification of unmyelinated axons according to width reveals a strong bias towards small
diameter axons (82% < 2 um). F. Similarly, only 1% of axons were >5 pm in diameter 28 days
after surgery.
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Fig 6.

Al. Middle of a cold preserved nerve allograft 28 days after harvest, perfusion, and laser
scanning confocal microscopy. In this view, only constitutive GFP expression is shown. SCs
are long, and spindle-shaped. A2. To confirm presence of GFP-labeled SCs, anti-S100 antibody
was applied to label the membranes of SCs shown here as magenta-labeled cells. A3. The
presence of CFP-labeled axons is confirmed. A4. Merged figure confirms colocalization of
constitutive GFP-expression and anti-S100 antibody marked with Cy3-conjugated secondary
antibody to confirm that spindle-shaped forms are SCs. B. Magnified view confirms
colocalization and demonstrates that axons are intimately associated with SCs. C1. Some of
the GFP-labeled forms, however, are known to be macrophages and assume a sponge-like,
rather than a spindle-shaped morphology. C2. Anti F4/80 labels the membranes of a few
macrophages within the same specimen, and C3. Colocalization of constitutive GFP-
expression and anti-F4/80 labeling confirms that sponge-like forms are macrophages. D. Some
macrophages are only labeled with F4/80 (*)while others are colocalized with constitutive GFP
expression (**).All scale bars 100 um.
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A. Digitized images obtained through confocal microscopy are imported into Leco
metallurgical software. Based on morphology and confirmed through immunohistochemistry,
the macrophages and SCs are independently isolated (single pink macrophage and green SC
are identified here). B. These cell types are each assigned a bitplane and pseudocolor to enable
digital isolation. Here, the macrophages are blue and SCs turquoise. C. The mean pixel intensity
of macrophages and SCs are independently measured, and D., the percentage of the total viewed
field occupied by SCs compared to macrophages calculated. SCs are more abundant and more
strongly express GFP than macrophages. Scale bars 100 um.

Exp Neurol. Author manuscript; available in PMC 2008 September 1.



