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The use of human Schwann cells (SCs) in transplantation to 
promote regeneration in central and peripheral neural tis- 
sues must be preceded by efforts to define the factors that 
regulate their functional expression. Adult-derived human 
SCs can be isolated and purified in culture, but the culture 
conditions that allow their full differentiation have not yet 
been defined. We tested the functional capacity of these 
cells to enhance axonal regeneration and myelinate regen- 
erating axons in vivo by transplanting them into the damaged 
PNS of an immune-deficient rat. SCs were purified from 
human peripheral nerve obtained from organ donors. Semi- 
permeable guidance channels were filled with a 30% Ma- 
trigel containing solution with or without human SCs sus- 
pended at a density of 80 x IO6 cells/ml. Channels were 
implanted within an 8 mm gap of the transected sciatic nerve 
of nude female rats for a period of 4 weeks. Survival of the 
transplanted human SCs was established by dissociating 
nerve explants taken from the regenerated cable (after first 
placing them in culture for 5 d) and staining individual cells 
for a primate-specific NGF receptor (PNGFr) and SlOO. Only 
one-half of the SlOO-positive cells stained for the PNGFr, 
which indicated that the regenerated cable contained an 
approximately equal number of human and rat (host) SCs. 
The presence of some human myelin segments was con- 
firmed by immune staining with an HNK-1 antibody that spe- 
cifically labels human but not rat myelin. The majority of the 
myelin segments in the regenerated cable, however, were 
produced by the rat SCs. The number of myelinated axons 
and the cross-sectional area of the cable were significantly 
greater in channels seeded with human SCs when compared 
to channels containing the diluted Matrigel solution alone. 
We conclude that purified cultured human SCs can survive 
and substantially enhance axonal regeneration when trans- 
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planted into the injured PNS of an immune-deficient rat. Some 
of the transplanted human SCs are capable of myelinating 
regenerating rat axons but are less successful than the host 
scs. 

[Key words: human Schwann cells, NGF receptor, myelin- 
ated axons, HNK- 1, nerve regeneration, polymeric tube] 

For almost a century, it has been known that the peripheral 
nerve microenvironment promotes nerve fiber regeneration (for 
review, see Ramon y Cajal, 1928). More recently, modem neu- 
roanatomical methods have allowed a clear demonstration that 
this microenvironment is also conducive to CNS axonal regen- 
eration (David and Aguayo, 198 1). Viable Schwann cells (SCs) 
appear to be a prerequisite for successful regeneration to occur 
in the CNS (Kromer and Cornbrooks, 1987), as freeze-dried 
grafts devoid of SCs do not engender axon growth (Smith and 
Stevenson, 1986; Berry et al., 1988). Similarly, when SCs are 
not permitted to comigrate with regenerating peripheral nerve 
axons into an acellular peripheral nerve graft (Hall, 1986b), 
axonal elongation is significantly impeded. SCs have been shown 
to have a number of roles in promoting axonal regeneration. 
These include the synthesis ofat least three neurotrophic factors: 
NGF (Heumann et al., 1987), brain-derived neurotrophic factor 
(Acheson et al., 199 l), and ciliary neurotrophic factor (Friedman 
et al., 1992); the reexpression of receptors for certain neurotro- 
phins (Taniuchi et al., 1986); the elaboration of cell adhesion 
molecules (Daniloff et al., 1986; Martini and Schachner, 1986); 
and the synthesis of basement membrane components (Bunge 
and Bunge, 1983). 

Considering the importance of the cellular component of the 
peripheral nerve microenvironment, the construction of a cel- 
lular prosthesis consisting of human SCs could conceivably have 
several therapeutic applications. These would include trans- 
plantation of such a prosthesis into areas of damaged spinal 
cord (Pain0 and Bunge, 1991; Xu et al., 1992) in an effort to 
influence regeneration of interrupted central axons. In addition, 
the repair of complex peripheral nerve injuries could be sim- 
plified. In those cases in which the gap length that needs to be 
bridged is long or the geometry of the proximal or distal stumps 
complex, a cellular prosthesis could be used as an alternative 
to multiple autografts (Millesi, 1990). 

Certain of the techniques required to prepare an autologous 
cellular prosthesis from human peripheral nerve have recently 
been described. Morrissey et al. (199 1 a) have reported a novel 
method of isolating and purifying SCs from adult peripheral 
nerve. As large numbers of the patient’s own cells would be 
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required to create such a prosthesis, an autotransplantation par- 
adigm is dependent upon being able to expand these cells in 
culture with mitogens without transformation and have them 
retain their functional (i.e., myelination) capabilities. Rutkowski 
et al. (1992) have recently described tissue culture studies on 
human SCs that identifies a combination of mitogens that in- 
creases DNA synthesis in these cells. 

The ability of adult derived rat SCs to myelinate dorsal root 
ganglion (DRG) axons in culture has been well described (Mor- 
rissey et al., 199 la). However, adult-derived human SCs will 
associate but fail to myelinate either rat- or human-derived 
DRG axons (Morrissey et al., 199 1 b) using similar defined cul- 
ture conditions. The human SCs’ inability to function under 
these conditions may be due to an intrinsic defect of human 
SCs that have been isolated in this manner or may be due to 
the restrictions of the imposed culture conditions. These culture 
conditions are sufficient to support full function of rat but not 
the human SCs. 

This inability to obtain full human SC function in culture is 
in contrast to observations made on the transplantation of hu- 
man peripheral nerves into rodent hosts. Aguayo et al. (1977, 
1978, 1979) have presented evidence that SCs from human 
xenografts are capable of myelinating regenerating peripheral 
axons from mice that have been immunosuppressed by injec- 
tions of antilymphocytic serum. Since it has been suggested that 
human SCs introduced as xenografts are capable of myelinating 
rodent axons, we devised an in vivo study to determine if this 
functional capacity is retained after purifying and culturing SCs 
from adult human peripheral nerve. 

Some of our observations have been published in abstract 
form (Levi et al., 1992). 

Materials and Methods 
Preparation of purified human SC cultures. Human peripheral nerves 
were obtained from organ donors by the transplant procurement team 
of the University of Miami School of Medicine. The nerves were used 
for subsequent study if the donors had a negative serology for infectious 
agents and if their past medical history was negative for any diseases 
predisposing to a peripheral neuropathy. The nerves (phrenic, inter- 
costal, or lumbosacral plexus) were harvested within 30 min of aortic 
clamping and stored in RPM1 (GIBCO Laboratories, Grand Island, NY) 
at 4°C for no more than 24 hr. Each peripheral nerve was prepared for 
culture according to the protocol of Morrissey et al. (199 la). This in- 
cludes washing the nerve three times in Liebovitz’s L15 (GIBCO), strip- 
ping the epineurium of the nerve, and removing individual fascicles 
from the remaining perineurium. The individual fascicles were then cut 
into l-mm-long explants and 12-15 explants were then placed in 35 
mm culture dishes. The prepared nerves were kept in a humidified 
atmosphere with 5% CO, and the medium was replaced two times per 
week with Dulbecco’s Modified Eagle’s Medium (DMEM; GIBCO) with 
10% fetal calf serum (FCS: Hvclone Laboratories. Loran. UT). The 
individual explants were transplanted to new dishes after ‘a confluent 
monolayer of predominantly fibroblasts had been generated as an out- 
growth. This occurred in approximately 7-14 d. After three to five 
transplantations, the nerve explants were largely depleted of fibroblasts 
and they were then dissociated according to the protocol of Pleasure et 
al. (1986). 

Multiple explants (45-60) were pooled and placed in l-2 ml of an 
enzyme cocktail consisting of 1.25 U/ml dispase (Boehringer Mannheim 
Biochemicals Germany), 0.05% collagenase (Worthington Biochemi- 
cals Corp., Freehold, NJ), and 15% FCS in DMEM. The explants were 
left in enzyme overnight and gently triturated the following morning 
with a straight glass borosilicate pipette until individual explants could 
no longer be recognized. The cells were then washed in L15 and 10% 
FCS and plated on 100 mm culture dishes coated with 200 pg/rnl poly- 
L-lysine (PLL; Sigma, St. Louis, MO). 

Characterization ofdissociated SCs in culture. On the day the semi- 
permeable guidance channels were filled with the purified human SCs, 

a small fraction of the dissociated cells were seeded on Aclar (Allied 
Signal, Pottsville, PA) minidishes coated with ammoniated collagen 
(Kleitman et al., 199 1). The next day the cells were immunostained in 
the living state with a monoclonal antibody to a primate-specific NGF 
receptor (PNGFr; American Type Culture Collection, Rockville, MD; 
HB 8737) to assess Schwann cell purity. After blocking with 10% normal 
goat serum (NGS), the PNGFr antibody (tissue culture supernatant) was 
applied for 45 min. Cells were then incubated with a fluorescein goat 
anti-mouse secondary antibody (1: 100; Cappel Organon, Teknika Corp., 
West Chester, PA) for 45 min. The culture was fixed with a 4% para- 
formaldehyde in 0.1 M PO, buffer for 10 min and then mounted on 
glass slides using a glycerol/phosphate-buffered saline solution (Citifluor 
Ltd., London) containing 5 FM Hoechst dye (Hoechst 33342, Sigma). 
The Hoechst dye binds DNA and was used to image all the nuclei within 
the culture under the fluorescence microscope. Human Schwann cells 
were identified as they were PNGFr positive and Hoechst positive; 
fibroblasts appeared as polymorphic flat cells that were Hoechst positive 
but PNGFr negative. 

The immunoreactivity of the dissociated cultured human SC prep- 
aration to the mouse monoclonal antibody HNK-1 (anti-Leu 7; Becton 
Dickinson Inc., San Jose, CA) was tested both in the live and permea- 
bilized, fixed state. Live cultures were first blocked with 10% NGS, and 
then incubated with HNK-1 (undiluted) for 45 min. The fluorescein 
goat anti-mouse secondary (1:lOO) was also applied for 45 min, and 
then the cells were fixed with 4% paraformaldehyde in phosphate buffer. 
To assess the immunoreactivity in the fixed permeabilized state, the 
cells were first exposed to 4% paraformaldehyde for 10 min followed 
by 0.03% Triton X- 100 in 4% paraformaldehyde for 10 min. The block- 
ing solution, the HNK- 1 antibody, and fluorescein goat anti-mouse were 
then applied as described above. 

Filling, implantation, and retrieval of the guidance channels. PAN/ 
PVC (60:40 polyacrylonitrile/vinylchloride) tubes were manufactured 
according to the technique of Cabasso (1980) and Aebischer et al. (199 1). 
The semipermeable tubes had an internal diameter of 1.12 mm and a 
wall thickness of 0.126 mm, and contained pores within the walls that 
provided a barrier to molecules greater than 50,000 Da molecular weight. 
The channels were cleaned prior to filling according to the protocol of 
Aebischer et al. (1988). 

The dissociated cells were lifted off the PLL-coated culture plates after 
rinsing twice with Ca*+/Mg*+-free Hanks’ Balanced Salt Solution (HBSS; 
GIBCO) and exposing them to trypsin (0.05%) and EDTA (0.02%) 
(Sigma) in HBSS for 5-10 min at 37°C. The cells were collected and 
rinsed twice in L15 and 10% FCS. Cells were counted on a hemocy- 
tometer, and then diluted into a calculated volume of Matrigel (Col- 
laborative Research Inc., Bedford, MA) : DMEM (M/D), in a ratio of 
30:70 (v/v), so that the final cellular concentration would equal 80 x 
lo6 cells/ml [M/D + HSC (human SCs)]. Control channels contained 
only M/D in a similar volumetric ratio of 30:70. The M/D matrix, with 
or without cells, was kept at 4°C to facilitate gentle aspiration of the 
preparation into tubing that had been ligated to a blunted #21 needle 
attached to a 5 cc syringe. One-centimeter segments of the filled tube 
were cut and then capped with PAN/PVC copolymer glue. The filled 
channels were kent in DMEM containing nenicillin/strentomvcin (50 
U/ml and 50 &ml, respectively) overnight at 37°C. - . . 

To characterize the arrangement of the Schwann cells within the filled 
channels, some cell filled tubes were kept in culture for 24 hr at 37°C 
in DMEM containing penicillin/streptomycin. The tubes were then fixed 
in 3% paraformaldehyde and 2.5% glutaraldehyde, osmicated in 2% 
OsO,, dehydrated in graded ethanols, critical point dried, and then 
sprayed with gold. The preparation was then viewed with a JEOL 35 
scanning electron microscope. 

Athymic female nude rats (Taconic, Germantown, NY) weighing 135- 
2 10 gm were handled and maintained according to NIH guidelines for 
the care and use of laboratory animals. They were anesthetized with 
pentobarbital (Nembutal) at a dosage of 27.1 mg/kg. Their sciatic nerve 
was exposed using a muscle-splitting incision of the posterolateral thigh 
musculature. A 5-6 mm segment of the sciatic nerve was removed at 
midthigh, resulting in an 8 mm gap. This was repaired by introducing 
the proximal and distal stumps of the transected sciatic nerve 1 mm 
within the openings (after removing the caps) of either end of the matrix 
filled channel and anchoring them to the tube with a single 10-O nylon 
(S & T) suture. The wound was then closed in layers. The rats were 
quarantined in rooms containing HEPA filters and fed autoclaved food 
and water ad libitum. All animals were maintained for 4 weeks. Rats 
whose grafts were analyzed for cellular content using cell culture tech- 
niques or grafts analyzed by immunostaining frozen sections were killed 
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Figure 1. Schematic diagram demonstrating the technique of isolating 
and culturing SCs from the regenerated cable and the proximal/distal 
stumps 4 weeks postimplantation (see Materials and Methods). 

by administering a deep anesthetic of pentobarbital and removing the 
grafts, including the proximal and distal stumps, without perfusing the 
animals. Rats whose grafts were analyzed morphometrically were also 
deeply anesthetized and then perfused transcardially at a pressure of 
120-l 40 mm Hg, with normal saline followed by a solution containing 
4% paraformaldehyde and 1 .O% glutaraldehyde in 0.1 M phosphate 
buffer. 

Evaluation of the cellular content of regenerated cables from channels 
implanted with human SCs, and the proximal and distal stumps of the 
repaired sciatic nerve. The implants (M/D + HSC, n = 8) including 
approximately 5 mm of the proximal and distal stumps (Fig. 1) were 
retrieved under sterile conditions from the operated animals after 4 
weeks and rinsed three times in L15. The guidance channel was re- 
moved, exposing the regenerated cable within. The middle 7-8 mm of 
the cable was sharply transected and the epineurium-like sheath was 
removed. The regenerated cable was then cut into 1 mm2 explants and 
placed on collagen-coated Aclar mini dishes. Similarly, 5 mm segments 
of the proximal and distal stumps were taken at least 1 mm away from 
the entry of these segments into the guidance channel. Their epineurium 
was also removed, and the explants were placed in culture for 5 d to 
allow for upregulation of the SC nerve growth factor receptor (Taniuchi 
et al., 1988). Cultures were fed DMEM containing 10% FCS every 2 d. 
After 5 d, individual culture groups were then placed in the enzyme 
cocktail overnight and dissociated (see above) the following day using 
a flame-narrowed borosilicate pipette (0.5 mm). The cells were then 
washed twice in L15 containing 10% FCS and replated on collagen- 
coated Aclar minidishes. 

The next day, double immunostaining was done on both nondisso- 
ciated explants and cells from the dissociated explants. Initially the 
cultures were stained in the living state for the PNGFr for 45 min. In 
certain cases, an antibody recognizing the rat NGFr-2 17c (undiluted 
tissue culture supematant)-but not the human NGFr was utilized. This 
was followed by a fluorescein-conjugated goat anti-mouse antibody. The 
cells were then fixed in 4% paraformaldehyde and then permeabilized 
in 4% paraformaldehyde containing 0.03% Triton-X 100. After reblock- 
ing the preparation with the 10% NGS in 0.1 M phosphate buffer, the 
cultures were incubated with anti-S 100 antibody ( 1: 100; Dakopatts, 
Glostmp, Denmark) for 45 min, washed with L15, and then incubated 
with a rhodamine-conjugated goat anti-rabbit secondary antibody (1: 
50; Cappel/Organon) for 35 min. The cultures were then mounted on 
slides with a drop of Citifluor containing Hoechst dye. In each disso- 
ciated cell group, 20 random fields that contained cells were counted 
for human SCs (SlOO+, PNGFr+), rat SCs (SlOO+, PNGFr-), and fi- 
broblasts and other cells (SIOO-, PNGFr-). 

Immunostaining of frozen sections of control nerves and regenerated 
cables. Implanted channels (M/D, n = 7; M/D + HSC, n = 7) were 
retrieved from the operated animals and placed immediately in Lipshaw 
embedding medium and frozen to - 80°C. Cross- and longitudinal sec- 
tions (7-12 pm thick) of the implant were cut using a cryostat and 
mounted on PLL-coated glass slides. To immunostain, sections were 
warmed briefly to room temperature and then exposed to 100% alcohol 
for 1 min. The sections were then blocked with a solution containing 

Figure 2. Characterization of a preparation of dissociated human SCs. 
A, Cells dissociated from human peripheral nerve explants prior to 
implantation immunostained with PNGFr. B, The same field viewed 
with a Hoechst filter demonstrates that most cells are PNGFr positive, 
indicating a high SC purity. Fibroblasts (*) have a large, rounded nucleus, 
but do not stain with PNGFr. C, Same field viewed in phase shows that 
a large proportion ofthe human SCs contain phase refractile intracellular 
inclusions (arrow). Scale bar, 50 Wm. 

10% NGS for 20 min. The HNK-1 antibody (undiluted, tissue reagent) 
was then applied for 16 hr at 4°C. The secondary antibody (fluorescein- 
conjugated goat anti-mouse) was applied for 45 min at 37°C. Sections 
were then mounted with Citifluor containing Hoechst dye. The PO an- 
tibody (1:300) when used as the primary antibody was similarly applied, 
but a rhodamine-conjugated goat anti-rabbit (1:50) would then be used 
as a secondary antibody. Adult human peripheral nerve and nude rat 
sciatic nerves that served as controls were prepared in an identical 
manner. 

Morphometric analysis of the regenerated cable. Implants (n = 14) 
retrieved from animals to be analyzed morphometrically were tran- 
sected at their midpoint and then postfixed overnight at 4°C in 4% 
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Fgure 3. Characterization of cells taken from the regenerated cables. A, Five-day-old explants from the regenerated cable dissociated, immu- 
nostained with PNGFr, and viewed with a fluorescein filter. B, The same field viewed with a rhodamine filter identifies SlOO-positive cells, some 
of which colocalize with PNGFr immunostaining (double arrows) and indicate human-derived SCs. The smaller bipolar cells (sing/e arrow) that 
stain only with SlOO represent rat SCs. Scale bar, 50 pm. 

paraformaldehyde and 0.5% glutaraldehyde in 0.1 M phosphate buffer. 
The nerves were then washed three times in 0.15 M phosphate buffer, 
osmicated for 1 hr in 1% osmium tetroxide in 0.1 M phosphate buffer, 
dehydrated in graded ethanols, exposed to propylene oxide twice for 1 
hr each, and then embedded in an Epon resin (Electron Microscopy 
Sciences, Fort Washington, PA). The resulting blocks were cut using a 
microtome so that semithin sections were obtained from points of the 
regenerated cable 2, 4, 6, and 8 mm distal to the proximal suture. The 
sections were stained with toluidine blue and the number of myelinated 
axons and cable surface area were calculated with the aid of a grid at 
630 x magnification. 

In several cases ultrathin sections were taken from cable midpoints, 
counterstained with lead citrate and uranyl acetate and viewed on a 
Philips Electronic Instruments, Inc. (Mahwah, NJ), model 300 trans- 
mission electron microscope (TEM). The number of unmyelinated ax- 
ons within the regenerated cables from both groups was estimated in 
the following manner. Cables to be analyzed from each group [M/D (n 
= 3) vs M/D + HSC (n = 3)] were selected on the basis that they 
represented those being closest to the group mean of myelinated axons 
counted by light microscopy. A ratio of unmyelinated axons to myelin- 
ated axons (Jenq and Coggeshall, 1986b) was calculated by counting 
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Figure 4. Distribution of human SCs, rat SCs, fibroblasts, and other 
cells in dissociated 5-d-old explants of cultures from the regenerated 
cable, and the proximal and distal stumps of the repaired nude rat sciatic 
nerve (n = 8). Data represent means + SEM. 

axons from photographs of 10 random areas of the cable midpoints at 
a magnification of 5800 x using the TEM. The average number of un- 
myelinated axons at the cable midpoint in both groups was then ap- 
proximated by multiplying this ratio by the known number of myelin- 
ated axons previouslv counted on toluidine blue-stained sections at the 
same level.- 

Statistical analysis. All data are presented as the means + SEM. The 
data were subjected to a mixed-design analysis of variance (ANOVA) 
using a one between [M/D alone vs M/D + HSC (80 x lo6 cells/ml)] 
and one repeated measure [i.e., distances (2, 4, 6, 8 mm)]. A commer- 
cially available software program, STATISTICA (StatSoft Inc., Tulsa, OK), 
was used for all statistical analysis. 

Results 
Human SC cultures 
The age of human donors ranged from 3 to 63 years (n = 9), 
with a mean age of 26.7. The purity of human SCs obtained 
from each donor, as determined by the proportion of cells that 
stained positively for PNGFr, ranged from 88 to 96%, with a 
mean of 9 1.8% (Fig. 2A,B). When on a collagen-coated sub- 
stratum, most of the human SCs cells had a spindle-shaped 
appearance but some displayed multiple processes. They tended 
to be larger than similarly prepared SCs obtained from rat pe- 
ripheral nerve. Another striking difference between the rat and 
human SCs in culture was the presence within a large proportion 
of the human SCs of many phase refractile intracellular inclu- 
sions (Fig. 2C). These inclusions were rounded and tended to 
be located in the perinuclear region of the human SCs. 

Longitudinally arranged cables of cells were seen in scanning 
electron micrographs of channels seeded with human SCs ob- 
served after 24 hr in culture (data not shown). This phenomenon 
of syneresis leading to formation of a central cable of aligned 
SCs was very similar to the rat SC cables illustrated by Gutnard 
et al. (1992). 

Evaluation of the cellular content of regenerated cables from 
channels implanted with human SCs, and the proximal and 
distal stumps of the repaired sciatic nerve 

Human SCs could be readily identified from explants of the 
regenerated cable as they stained for both PNGFr and SIOO 
(Fig. 3A,B). The rat SCs also stained for Sl 00, but not PNGFr. 
The intensity of S 100 staining in the rat SCs was relatively less 
than that in human SCs. The rat SCs also tended to be smaller 
and more rounded than the human SCs. Some cells from the 
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Fzgure 5. Cross section of normal human peripheral nerve (A, D), normal adult athymic nude rat sciatic nerve (B, E), and purified, dissociated, 
permeabilized human SCs in culture (C, F) immunostained with the HNK-1 antibody (A-C) and viewed with phase optics (D-F). Human myelin 
lamellae stain diffusely (A, D) with the HNK-I antibody whereas rat peripheral nerve (B, E) myelin fails to stain with the HNK-1 antibody. 
Permeabilized human SCs contain phase refractile intracellular inclusions (F, arrow) that stain intensely with the HNK-1 antibody (C, arrow). 
Scale bar, 50 Wm. 

dissociated explants of the regenerative cable were also stained 
for 217~ and SIOO (data not shown) to confirm the migration 
of rat SCs to this location. An analysis of the cellular distribution 
of rat and human SCs in regenerated cables obtained after 4 
weeks indicated that approximately half of the SCs in the cable 
were of human origin (Fig. 4). 

An occasional human SC could be identified in the proximal 
or distal stump of the repaired nude rat sciatic nerve, but, there 
was essentially no migration of the human SCs from the implant 
to these adjacent areas (Fig. 4). 

HNK-I staining of adult human and rat peripheral nerves, 
dissociated human SCs, and the regenerated cable 

Immunostaining of cross sections of adult human peripheral 
nerve with the HNK-1 antibody results in diffuse staining of 
the myelin lamellae (Fig. 54,D). HNK- 1 is a specific marker of 
human myelin, as this antibody fails to stain rat myelin on 
similarly prepared cross sections of nude rat sciatic nerve (Fig. 
SB,E). 

The majority of dissociated human SCs on a collagen-coated 
surface immunostained in the living state show no HNK- 1 sur- 
face staining (data not shown). If the cells are first permeabilized 
and then stained with HNK- 1, the intracellular inclusions seen 
in phase colocalize with intense HNK-1 staining (Fig. 5C,F). 
As the HNK-1 antibody diffusely stains human myelin, this 
suggests that these inclusions represent myelin debris ingested 
by the human SCs during the period of Wallerian degeneration 
in vitro. Similarly prepared dissociated rat SCs that have been 
permeabilized and stained for the HNK- 1 antibody do not show 
any staining of the few intracellular inclusions that they contain. 

This further suggests that HNK-1 can be used to label human 
myelin specifically and is an aid in identifying human SCs con- 
taining myelin debris. 

Longitudinal sections stained for HNK- 1 demonstrate some 
areas of parallel linear staining, as well as areas of dense focal 
circular staining (Fig. 6A,C). In Figure 6C, the more intense 
double linear staining represents a human myelin segment that 
is indented by the SC nucleus. The contribution of human my- 
elin to the total myelin within the regenerated cable (Fig. 6A) 
is small, as a consecutive longitudinal section stained with PO 
(Fig. 6B) contains numerous myelin segments. Some ofthe areas 
of intense focal circular staining (Fig. 6A, C) seen in longitudinal 
sections likely represents myelin debris within human SCs that 
was present within the cells prior to their transplantation into 
the channel. Channels filled only with M/D contained exclu- 
sively rat myelin synthesized by rat SCs that had migrated in 
with regenerating rat axons (Fig. 60). These channels were com- 
pletely HNK- 1 negative (Fig. 60’). 

Electron micrographs of the regenerative cable midpoint 

The presence of HNK- l-positive myelin debris within human 
SCs in culture prior to transplantation and similar-appearing, 
nonlinear, HNK- l-positive staining in longitudinal and cross 
sections ofthe regenerated cable led us to look for SCs containing 
myelin debris in electron micrographs. Although SCs with my- 
elin debris were not abundant, there were cells with such debris 
that could be seen either ensheathing or forming myelin seg- 
ments around regenerating rat axons (Fig. 7A-C). In electron 
micrographs of implants that contained the M/D matrix alone 
(in which only rat SCs would be present within the regenerated 



Figure 6. Photomicrographs of longitudinal sections of regenerated cables (24 mm from the proximal stump) from guidance channels that 
contained human SCs (M/D + HSC, A-C) or the M/D matrix alone (D/D’). The cables have been immunostained with either the HNK- 1 (A, C, 
D’) or the PO (B, D) antibody. The regenerated cables occupy the mid-portion of the guidance channel (gc). A and B, Human myelin consists of 
only a fraction of the total myelin present within the regenerated cable. C, Higher magnification of the area within arrows in A demonstrates human 
myelin segments that appear as parallel linear staining. One myelin segment is indented by its SC nucleus (*). Arrow points to intense HNK-l- 
positive myelin debris. D/D’, Longitudinal section of a regenerated cable that initially contained only M/D. The cable contains PO-positive myelin 
sheaths (0) but was completely HNK- 1 negative (D ‘). The border of the guidance channel is shown by arrows. Scale bars: A, B, and D/D’, 100 rm; 
C, 10 fim. 

cable), we failed to identify any SCs with myelin debris. This rounded by a distinct epineurium. There was no microfasci- 
provides further evidence suggesting that the transplanted hu- culation. In both groups there were areas where the M/D matrix 
man SCs are capable of ensheathing and myelinating rat axons. could still be seen. There were significantly more myelinated 

Morphometric analysis of regenerated cables in the presence 
axons (p < 0.001) throughout the entire length of the tube in 
implants containing human SCs when compared to those im- 

and absence of human SCs plants with the M/D matrix alone (Figs. U-D, 9A). Thus, at 
The regenerated cable in both groups consisted of numerous the end of 4 weeks the midpoint of cables containing M/D and 
myelinated (Fig. &4-D) and unmyelinated axons (Table 1) sur- the human SCs seeded at a density of 80 x lo6 cells/ml con- 
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Fimre 7. Electron microaranhs of SCs Dresumed to be of human origin containing myelin debris (curvedarrow) either ensheathing (A) or myelinating 
(B: C) regenerating rat ax&s. Scale bars, 1 lrn. 

tained approximately 3000 myelinated axons. This figure com- 
pares favorably with the number (2500) of myelinated axons 
seen in Fisher rats at the midpoint of regenerated cables when 
80 x lo6 syngeneic SCs had been implanted (Guenard et al., 
1992). However, our nude rats contained the implants for a 
period of 4 weeks rather than the 3 week end-point of the pre- 
vious study. This number must be also compared to the ap- 
proximately 8000 myelinated axons in an uninjured rat sciatic 
nerve (Jenq et al., 1986). An estimate of the number of un- 
myelinated axons in both groups was made based on the de- 
termination of a ratio of the number of unmyelinated to my- 
elinated axons at the cable midpoint. This ratio was similar in 
both groups (Table l), and consequently the total number of 
unmyelinated axons was greater in channels that received the 
human SCs, as these channels also contained more myelinated 
axons than the M/D matrix-alone group. There was one implant 
in the M/D-alone group that contained no cable despite his- 
tological confirmation of the presence of both the proximal and 
distal stumps within the entry and exit of the guidance channel. 
This implant was not included in the M/D matrix-alone group 
calculations of the myelinated axon number or cable cross-sec- 
tional area. 

The cross-sectional area of the cables throughout their entire 
length was also significantly greater (p < 0.01) in channels that 
received the human SCs (Fig. 8A,B, 9B), compared to the M/D 
matrix-alone channels. 

Discussion 
Using an antibody (Ross et al., 1984) to the low-affinity com- 
ponent of the PNGFr, we established that cultured human SCs 
are capable of surviving when transplanted into the injured 
peripheral nerve of the immune-deficient rat. The primate NGF 
receptor has been cloned and its primary amino acid sequence 
deduced (Johnson et al., 1987). Although the antibody (PNGFr; 
Ross et al., 1984) will specifically bind to the primate and not 
the rodent low-affinity NGF receptor, the primate and the rodent 
NGF receptor have similar molecular weights (-75 kDa) and 
affinities to ‘251-NGF (Taniuchi et al., 1986; Johnson et al., 
1987). The similar binding properties of both human and rat 
NGF receptor to Y-NGF (isolated from mouse submandibular 

gland) would support the idea that the ability of the NGFr to 
bind NGF is conserved between species and that the transplant- 
ed human SCs should be capable of presenting neurotrophins 
within the NGF family to regenerating rat axons (Taniuchi et 
al., 1986). 

In contradistinction to the observations of Aguayo et al. (1976, 
1979) who found that there is little migration of host SCs into 
peripheral nerve grafts, we found a significant migration of the 
host rat SCs into our implants. This may reflect the differences 
in the physical properties of the two transplantation paradigms. 
Peripheral nerve grafts that contain bands of Btingner replete 
with SCs in basal lamina tubes likely impede further migration 
of host SCs. On the other hand, our implants that contain SCs 
organized in a longitudinal array (Guenard et al., 1992) within 
the M/D matrix occupy only a portion of the internal diameter 
of the tube and could permit rapid migration of host SCs and 
axons. There was essentially no migration of the transplanted 
human SCs into the proximal or distal stumps of the host. 
Labeled rat SCs introduced into a gap within the transected rat 
sciatic nerve have also been demonstrated not to migrate into 
the host proximal or distal stumps (Feltri et al., 1992). The 

Table 1. Estimation of the number of unmyelinated axons within 
regenerated cables at their midpoint 

M/D 

MA 

M/D + HSC 

UMA:MA UMA:MA EST 
ratio EST UMA MA ratio UMA 

1209 7.3 8826 3014 3.71 11,182 
1629 3.28 5343 3330 3.39 11,289 
1732 3.15 5456 2566 4.84 12,419 

4.57 6542 3.98 11,630 
Myelinated axon number represents the total number of myehnated axons counted 
on tolmdine blue-stained semithin cross sections at the cable midpoint. The UMA: 
A ratio was determined by counting numbers of unmyelinated versus myelinated 
axons by TEM at same level (see Matenals and Methods). The esttmated number 
of UMA was calculated by multtplymg MA by the UMAMA ratio. M/D, Matrigel : 
DMEM in a ratio of 30:70 (v/v); HSC, human Schwann cells; MA, myehnated 
axons; UMA:MA ratio, unmyelmated to myehnated axon ratio; EST UMA, es- 
timated unmyelinated axon number. 
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Agure 8. Light micrographs of cross sections of regenerated cables at their midpoint stained with toluidine blue. Guidance channels contained 
either M/D (A, C) or M/D + HSC (80 x 1 O6 cells/ml) (B. D) prior to implantation. A distinct epineurial-like structure surrounds the regenerative 
cables (A, B) in both groups. The cross-sectional cable surface area and the number of myelinated axons are greater in regenerative cables that 
contained human SCs within the channel prior to transplantation. Arrow in C points to cell-free area representing residual M/D matrix. Scale bars: 
A and B, 50 pm; C and D, 10 pm. 

presence of host SCs within the native matrix of the nerve trunk 
in these areas could best explain this phenomenon. 

The human anti-MAG (myelin-associated glycoprotein) 
M-protein, an antibody present in some patients with a de- 
myelinating peripheral neuropathy and an IgM monoclonal 
gammopathy, and the HNK-1 antibody are closely related in 
their antigen specificity (Latov et al., 1988; Burger et al., 1992). 
Immune staining of electroblots of homogenates of peripheral 
nerve with either the M protein or HNK- 1 (O’Shannessy et al., 
1985; Ilyas et al., 1986) reveals distinct differences between 
species (human vs rat). HNK- 1 binds to a carbohydrate deter- 
minant that is shared by a number of glycoproteins and gly- 
colipids that are present in human peripheral nerve myelin. 
HNK- 1 as well as the M-protein will recognize human PO (Bol- 
lensen and Schachner, 1987; van den Berg et.al., 1990; Field et 
al., 1992) and human MAG (McGarry, 1983; Nobile-Orazio et 
al., 1983). It will also recognize two glycosphingolipids con- 
taining sulfated glucuronic acid that are present in human mye- 

lin but are found only at considerably lower concentrations in 
rat myelin (Ilyas et al., 1986; Kohriyama et al., 1987). HNK-1 
immunostaining of human peripheral nerve will stain all myelin 
sheaths without any reported staining of rat peripheral nerve 
(Schuller-Petrovic, 1983). Our control sections of human and 
rat peripheral nerve confirm that the HNK- 1 antibody will spe- 
cifically recognize human but not rat myelin sheaths. 

Using the HNK- 1 antibody we were able to identify definite 
human myelin segments within the regenerated cable. There 
were no human myelin segments within either the proximal or 
distal stumps of the rat nerve, which is consistent with the lack 
of PNGFr-positive human SCs in these areas. The number of 
PO-positive myelin segments greatly outnumbered the HNK- l- 
positive segments on any cross- or longitudinal section (Fig. 
6AJ). This indicated that despite an approximately equal num- 
ber of human and rat SCs in the implant (as determined by the 
culture techniques described above) at 4 weeks, the rat SCs were 
far more successful in myelinating the regenerating rat axons. 
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In addition HNK-l-positive myelin segments were never de- 
tected in the distal quarter of the regenerated cable despite the 
presence of myelin throughout the cable. Since axons are only 
arriving at the distal stump between the second to third week 
(Williams et al., 1983) this suggests that a longer period of 
axonal contact may be necessary to induce the human SCs to 
myelinate when compared to the host rat SCs. This is also 
consistent with the findings of Aguayo et al. (1979) who found 
that a mature myelin structure took much longer to develop in 
human xenografts compared to mouse allografts. As suggested 
by the above authors, this may be due to true species differences 
in the speed of myelination, or the “peculiar axon-SC inter- 
actions in the xenografted nerves.” 
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A conspicuous feature of dissociated human SCs obtained 
from adult peripheral nerve is the presence of large amounts of 
intracellular debris in some cells. The phase refractile qualities 
of this debris and the fact that the explants undergo “Wallerian 
degeneration” while in culture lead us to believe that they rep- 
resent ingested myelin. As similarly prepared rat SCs contain 
much less debris, we have speculated that while in culture the 
human SCs do not contain sufficient quantities of the necessary 
enzymatic machinery to process the ingested myelin rapidly. 
When human SCs are permeabilized, the myelin debris within 
them stains intensely with the HNK- 1 antibody. Similarly pre- 
pared rat SCs do not stain, further supporting the view that the 
HNK- 1 antibody specifically recognizes human myelin. When 
channels containing only M/D were transplanted, the regener- 
ated cables were completely HNK- 1 negative despite the pres- 
ence of rat myelin as demonstrated by the presence of PO stain- 
ing. This further supports the view that the HNK-1 antibody 
specifically recognizes human myelin within the regenerated ca- 
bles containing the human SCs. 
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It has long been recognized (Reich, 1903) that with advancing 
age, SCs within human peripheral nerves accumulate meta- 
chromatic granules (r granules). These granules are located in 
the cytoplasm of SCs in a perinuclear location and tend to occur 
within in the large myelinated fibers. These granules are also 
found in the peripheral nerves of dogs and goats, but are absent 
in the rat, rabbit, guinea pig, and fish (Noback, 1953; Leibowitz 
et al., 1983). They are felt to be secondary lysosomes (Weller 
and Herzog, 1970) which contain undigested myelin (Noback, 
1953). Leibowitz et al. (1983) have shown that the human anti- 
MAG M-protein has a higher affinity to these partially processed 
myelin fragments than to the native myelin itself. Since HNK- 
l-positive intracellular inclusions are present in our cultured 
human SCs, we believe that the r granules within the native 
aging human nerve represent the same histological and im- 
munological end-points of “dysfunctional” myelin degradation, 
which appear to be to some extent species specific. 
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Figure 9. The number of myelinated axons (p < 0.001) (A) and cross- 
sectional area (p < 0.01) (B) of regenerated cables 2, 4, 6, and 8 mm 
from proximal stumps was significantly greater in channels containing 
human SCs (n = 6) when compared to channels containing the M/D 
matrix alone (n = 7). Data represent the means ? SEM. MTG, Matrigel. 

As myelin debris is present within the human SCs prior to 
their transplantation into the semipermeable guidance channels, 
and this myelin stains with the HNK-1 antibody, it is critical 
for us to distinguish between this “old” partially processed my- 
elin and any “new” human myelin that has formed around 
regenerating rat axons. Longitudinal sections of the regenerated 
cable provide the best opportunity to distinguish between these 
two possibilities. In these sections we see two types of HNK-1 
staining: one type is relatively small, focal staining that we be- 
lieve represents myelin debris within human SCs, and the other 
is parallel linear stripes, which represents newly synthesized 
human myelin encircling rat axons. 

after injury. In mice that received sciatic nerve autografts (Hall, 
1986a), myelin debris is seen only in the occasional macrophage 
within the autograft 1 month after repair. Similarly, TEMs of 
regenerated cables of transplanted rat SCs (Guenard et al., 1992) 
or the controls in our study containing M/D alone (and hence 
only rat SCs), we never found large fragments of myelin debris. 
Therefore, one can suspect that fragments of human myelin 
debris, which in our longitudinal sections are seen as focal HNK- 1 
staining, will be seen within SCs present in our regenerative 
cables when examined at the electron microscopic level. Myelin 
debris, although not frequent, can be seen in SCs that are as- 
sociating with or myelinating rat axons. We feel that this is an 
indirect way of identifying human SCs and provides further 
supportive evidence for the functional capabilities of human 
SCs in this experimental paradigm. 

It is unusual for rodent SCs to contain myelin debris 4 weeks In both the M/D and the M/D + HSC groups there were 
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more axons in the proximal portions of the regenerative cable 
than at the distal end. The presence of significantly more my- 
elinated axons throughout the entire length of the cable in the 
presence of the added human SCs indicates that they strongly 
promote axonal regeneration. The addition of constituents of 
the PNS within tubes to enhance regeneration has been a goal 
in devising alternative methods for the repair of damaged pe- 
ripheral nerves pursued by several groups. Previous reports have 
demonstrated that insertion of isolated segments of peripheral 
nerve within or at the end (Jenq and Coggeshall, 1986a,b) of 
silicone chambers can enhance axonal regeneration. Initial at- 
tempts to introduce populations of cells cultured from the PNS 
into tubes (Shine et al., 1985) have also been successful in pro- 
moting regeneration even in the absence of a distal stump. How- 
ever, these cultures consisted of a mixed population of cells 
(neurons, SCs, and fibroblasts) and therefore the exact role of 
each cell type’s contribution to the regenerative process could 
not be evaluated. The recent ability to obtain large populations 
of purified SCs from adult peripheral nerve (Morrissey et al., 
199 1 a) has been followed by the demonstration that SCs isolated 
from their native matrix can enhance axonal regeneration when 
presented within a matrix to the regenerating PNS (GuCnard et 
al., 1992). The addition of humoral factors such as NGF (Rich 
et al., 1989), acidic fibroblast growth factor (Cordeiro et’al., 
1989), or basic fibroblast growth factor (Danielsen et al., 1988) 
within the lumen of impermeable channels has also been shown 
to enhance early regenerative events. They may act directly on 
neurons or indirectly through non-neuronal cells. The addition 
of factors that enhance axonal regeneration may be a useful 
adjunct to increase regeneration further through SC-seeded guid- 
ance channels. 

This study has established that human SCs isolated from 
peripheral nerve are capable of myelination. This finding to- 
gether with the recent ability to produce a mitotically active 
population of human SCs in culture clearly opens the possibility 
of using an autotransplantation paradigm for the repair of hu- 
man central and peripheral nerve injuries. We are pursuing a 
number of issues that still need to be addressed before such an 
autotransplantation paradigm could be used clinically. These 
include the following questions. Why do human SCs perform 
relatively poorly compared to the rat SCs in myelinating regen- 
erating rat axons? Can the purity of populations of human SCs 
be maintained during mitogenic expansion by modifying exist- 
ing techniques? Will human SCs expanded in culture retain their 
ability to promote regeneration and myelinate regenerating rat 
axons? Finally, will these human SCs retain normal growth 
characteristics (and not form tumors when transplanted) after 
expansion on mitogens? 
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