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Neurotrophin-3 Gradients Established by Lentiviral Gene
Delivery Promote Short-Distance Axonal Bridging beyond
Cellular Grafts in the Injured Spinal Cord

Laura Taylor,' Leonard Jones,' Mark H. Tuszynski,* and Armin Blesch'
Department of Neurosciences, University of California, San Diego, La Jolla, California 92093, and 2Veterans Administration Medical Center, San Diego,
California 92165

Neurotrophic factor delivery to sites of spinal cord injury (SCI) promotes axon growth into but not beyond lesion sites. We tested the
hypothesis that sustained growth factor gradients beyond regions of SCI will promote significant axonal bridging into and beyond
lesions. Adult rats underwent C3 lesions to transect ascending dorsal column sensory axons, and autologous bone marrow stromal cells
were grafted into the lesion to provide a cellular bridge for growth into the injured region. Concurrently, lentiviral vectors expressing
neurotrophin-3 (NT-3) or green fluorescent protein (GFP) (controls) were injected into the host cord rostral to the lesion to promote axon
extension beyond the graft/lesion. Four weeks later, NT-3 gradients beyond the lesion were detectable by ELISA in animals that received
NT-3-expressing lentiviral vectors, with highest average NT-3 levels located near the rostral vector injection site. Significantly more
ascending sensory axons extended into tissue rostral to the lesion site in animals injected with NT-3 vectors compared with GFP vectors,
but only if the zone of NT-3 vector transduction extended continuously from the injection site to the graft; any “gap” in NT-3 expression
from the graft to rostral tissue resulted in axon bridging failure. Despite axon bridging beyond the lesion, regenerating axons did not
continue to grow over very long distances, even in the presence of a continuing growth factor gradient beyond the lesion. These findings
indicate that a localized and continuous gradient of NT-3 can achieve axonal bridging beyond the glial scar, but growth for longer

distances is not sustainable simply with a trophic stimulus.
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Introduction

After spinal cord injury (SCI) in adult mammals, axons do not
regenerate and essential neuronal connections are permanently
lost. The failure of injured axons to regenerate results from a
combination of factors, including a lack of permissive growth
substrates within lesion sites, the presence of inhibitory mole-
cules that impair axonal outgrowth (Filbin, 2003; Silver and
Miller, 2004), lack of neurotrophic support (Tuszynski et al.,
1996; Bradbury et al., 1999; Liu et al., 1999a), and the failure of
CNS neurons to maximally activate cellular growth programs
after injury (Snider et al., 2002). However, the application of
neurotrophic factors, such as the neurotrophins, to injured axons
or neuronal cell bodies can promote the survival and growth of
adult neurons after injury (Schnell et al., 1994; Tetzlaff et al.,
1994; Xu et al., 1995; Grill et al., 1997a; Kobayashi et al., 1997; Ye
and Houle, 1997; Jakeman et al., 1998; Liu et al., 1999b; Blits et al.,
2000; Ramer et al., 2000; Bamber et al., 2001; Coumans et al.,
2001; Himes et al., 2001; Lu et al., 2001; Plunet et al., 2002),
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suggesting that the regenerative capacity of adult CNS neurons
may be enhanced.

The transplantation of genetically modified cells expressing
neurotrophic factors to lesion sites has been investigated as one
means to augment axonal regeneration after SCI (Menei et al.,
1998; Tuszynski et al., 2002; Ruitenberg et al., 2003; Blesch et al.,
2004; Lu et al., 2005). Cells transplanted into lesion sites can
provide a permissive substrate for axonal extension through le-
sioned areas and, when transduced to overexpress growth factors,
can also provide neurotrophic support for growing axons. Al-
though this approach generates relatively robust axonal growth
into lesion sites, axons rarely exit the graft to reinnervate the
distal host spinal cord. The lack of true axonal bridging after
growth factor delivery solely within spinal cord lesion sites is in
fact predicted by the observation that axons extend down gradi-
ents of diffusible molecules. For example, during nervous system
developmentand in models of regeneration, growth cones extend
along gradients of diffusible chemoattractive or repulsive factors
(Tessier-Lavigne, 1994). Several studies indicate that neurotro-
phins and other diffusible proteins may provide such guidance
cues for embryonic and regenerating axons (Letourneau, 1978;
Gundersen and Barrett, 1979; Gallo et al., 1997; Paves and
Saarma, 1997; Ringstedt et al., 1997; Houweling et al., 1998;
Zhang et al., 1998; Kirik et al., 2000; Romero et al., 2001; Tucker
et al., 2001; Dontchev and Letourneau, 2002; Zhou et al., 2003;
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Figure 1.  Schematicillustrating experimental design. Adult rats underwent dorsal column
wire knife lesions at (3 to transect ascending sensory axons (inset). Autologous bone marrow
stromal cells (either naive or modified in vitro to express NT-3) were grafted into the lesion site,
and lentiviral vectors expressing NT-3 or GFP (control) were injected into the spinal cord 2.5 mm
rostral to the lesion site. After 4 weeks, animals were killed for ELISA or ascending sensory axons
were traced by injection of CTB into the sciatic nerve, and animals were killed 3 d later for
histology.

Genc et al., 2004; Tessarollo et al., 2004). Thus, provision of neu-
rotrophic factors both within and beyond a lesion site could es-
tablish an extended gradient enabling axons to grow not only
into, but also beyond, cellular grafts in lesion sites.

We have shown previously that transected ascending sensory
axons extensively penetrate cellular grafts expressing
neurotrophin-3 (NT-3) but that axons do not grow beyond le-
sion sites (Lu et al., 2003). In addition, if single injections of NT-3
protein within and beyond lesion sites are combined with cAMP
administration, axons will bridge beyond the lesion (Lu et al.,
2004). In the present study, we examined whether provision of
continuous, high levels of NT-3 by lentiviral-mediated delivery
beyond alesion site would promote axonal bridging. We find that
axons indeed bridge beyond the lesion if provided a continuous
gradient of NT-3 but that long-distance growth is not supported.

Materials and Methods

Production of lentiviral vectors. The vector pLV (Pfeifer et al., 2002) was
used to construct NT-3-secreting and control [green fluorescent protein
(GFP)-expressing] vectors (Fig. 1). The NT-3 lentiviral vector was con-
structed by cloning the complete human NT-3 ¢cDNA plus Kozak con-
sensus sequence into the BarmHI and EcoRI sites of the vector pIRES2—
EGFP (Clontech, Palo Alto, CA). The resulting plasmid was digested with
Nhel and BsrGI to excise the fragment containing huNT-3-IRES-EGFP.
This fragment was cloned into the Nhel and BsrGI sites of the vector
pLV-GEP, thereby replacing the GFP cassette. NT-3 or GFP expression
was driven by the cytomegalovirus/B-actin hybrid promoter (CAG)
(Niwa et al., 1991).

Third-generation lentiviral vector plasmids with a split genome pack-
aging system were used for the production of human immunodeficiency
virus (HIV) vectors. In vitro and in vivo, transgene expression was initi-
ated from the CAG promoter within 48 h. Vesicular stomatitis virus
glycoprotein G (VSV-G) pseudotyped lentivirus was generated by tran-
sient cotransfection of a vector construct (15 ug) with the VSV-G-
expressing construct pMDG (5 ug) and the packaging construct (10 ug)
into HEK293T cells, as described previously (Naldini et al., 1996; Blesch,
2004). High-titer stocks of HIV vectors were prepared by ultracentrifu-
gation. Titers of GFP-expressing virus were determined by infection of
HEK293T cells using serial dilutions. After 48 h, GFP-expressing colonies
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Table 1. Experimental groups

Lentiviral vector injected  Anatomical
Groups  Cellsinlesionsite  rostral to lesion analysis ELISA
1 MSC-NT-3 Lenti—NT-3 n=11 n==6
2 MSC Lenti-NT-3 n=10 n==6
3 MSC-NT-3 Lenti—GFP n=23 n==6
4 MSC Lenti—GFP n=38 n==6
5 MSC-NT-3 No lentivirus n==6
6 MSC No lentivirus n=>5
7 No lesion No lentivirus n=4 n=3

Animals were divided into four groups (groups 1—4) based on the type of cells grafted to the lesion site and the type
of lentiviral vector injected. Cellular grafts consisted of MSC or MSC—NT-3. Lentiviral vectors expressed either GFP or
NT-3 and GFP. Animals were used for ELISA or immunocytochemical analysis. Two additional groups of animals
(groups 5, 6) received MSC or MSC—NT-3 grafts, but no lentivirus injection, and were used to determine levels of NT-3
in dissected graft segments by ELISA. A final group of animals (group 7) remained unlesioned, received no graft cells
or lentivirus injection, and was used as an immunohistochemical control to identify normal CTB labeling or to
determine NT-3 levels in naive spinal cord.

were quantified for each dilution to determine infectious units (IU) per
milliliter. Vector stocks were also assayed for p24 antigen levels using an
HIV-1 p24-specific ELISA kit (DuPont, Billerica, MA) as described pre-
viously (Naldini et al., 1996). NT-3 vector preparations contained 112—
134 pg/ml p24 and 4 X 107 to 1.5 X 10® TU/ml. Control vector prepa-
rations contained 95-112 pg/ml p24 and 1-5 X 10® TU/ml.

Isolation of marrow stromal cells to be used as graft cells. Rat primary
marrow stromal cells (MSCs) were isolated according to the method of
Azizi etal. (1998). Briefly, Fischer 344 adult female rats were anesthetized
with a combination (2 ml/kg) of ketamine (25 mg/ml), xylazine (1.3
mg/ml), and acepromazine (0.25 mg/ml) and decapitated, and tibias and
femurs were dissected. After removing the end of each bone, 5 ml of
a-MEM (Invitrogen, Carlsbad, CA) was injected into the central canal of
the bone to extrude marrow. Cells were cultured in a-MEM (Invitrogen)
supplemented with 20% fetal bovine serum and antibiotics. Nonadher-
ent cells were removed after 24 h. Cells were passaged twice and either
frozen or transduced with Moloney murine leukemia virus-based retro-
viral vectors for the expression of NT-3. Before grafting, cells were
thawed and cultured in the same media as above.

Transduction of marrow stromal cells with retroviral vectors before graft-
ing. Syngenic MSCs were genetically modified to produce and secrete
human NT-3 using a stable PA317 retrovirus producer cell line as de-
scribed previously (Grill et al., 1997a). Conditioned media from pro-
ducer cultures were used to infect MSCs, and transduced cells were se-
lected for G418 resistance (100 wg/ml) for 11 d. After selection, cells were
grown to confluency, and 24 h supernatants were collected for ELISA
analysis of NT-3 protein expression (NT-3 Emax ImmunoAssay System;
Promega, Madison, WI). Transduced MSCs produced ~165 ng of NT-
3/10° cells per 24 h.

Bromodeoxyuridine-labeling of marrow stromal cells in vitro. MSCs
were cultured in media containing 2 um bromodeoxyuridine (BrdU) for
72 h before surgery, with media exchanged every 24 h. Before collection
for surgery, cells were washed three times with PBS, isolated by
trypsinization followed by centrifugation, and then washed an additional
time in 10 ml of PBS.

Animal subjects. Adult female Fischer 344 rats (n = 79) weighing 150—
200 g were used. Institutional, National Institutes of Health (NIH), and
Society for Neuroscience guidelines on animal care were followed. Ani-
mals were divided into groups based on the type of cells grafted to the
lesion site and the type of lentiviral vector received (Table 1, Fig. 1). Graft
cells were either naive marrow stromal cells (MSC) or marrow stromal
cells transduced in vitro to express NT-3 (MSC-NT-3). Lentiviral vectors
expressed either GFP only (Lenti-GFP), or NT-3 plus GFP [with GFP
expressed from an internal ribosome entry site (Lenti-NT-3)] (supple-
mental Fig. 1, available at www.jneurosci.org as supplemental material).
Additional unlesioned animals without graft or lentivirus injections
served as controls for immunolabeling or ELISA.

Lesion surgery and vector injections. Animals underwent a laminectomy
at spinal level C2/C3. Dorsal column lesions were made at the caudal
aspect of C3 using a David Kopf Instruments (Tujunga, CA) microwire
device (Fig. 1). After fixation in a spinal stereotaxic unit, a small dural
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incision was made. The wire knife was lowered into the spinal cord to a
depth of 1.1 mm ventral to the dorsal cord surface and 1.1 mm to the left
of the midline. The tip of the wire knife was extruded, forming a 2.25-
mm-wide arc that was raised to the dorsal surface of the cord, transecting
the dorsal funiculus including the ascending (sensory) and descending
(corticospinal) axon tracts. To ensure complete axotomy of the entire
dorsal column, spinal tissue was compressed against the microwire knife
surface using a microaspiration pipette until all visible white matter was
transected.

Immediately after the lesion, 2 ul (~75,000 cells/ul) of MSC or MSC—
NT-3 were injected through a small hole in the dura mater into the lesion
space. Cells were injected using a pulled glass micropipette attached to a
Picospritzer II (General Valve, Fairfield, NJ). Lentiviral vectors (2.5 ul)
were injected superficially through pulled glass capillaries 2.5 mm rostral
to the lesion site into the spinal cord midline at a depth of 0.5 and 1 mm
(1.25 plat each depth), ata rate of 1 ul/min. Pipettes were left in place for
1 min after the injection and were then slowly withdrawn. Overlying
muscle layers were sutured and the skin was stapled. Animals were killed
after 4 weeks.

Transganglionic labeling of ascending sensory projections. Animals used
for histological analysis (n = 41) received injections of cholera toxin B
(CTB) (1%, 2 wl; List Biologic, Campbell, CA) into the right and left
sciatic nerves 3 d before death to label ascending sensory projections.

Measurement of in vivo gradients of NT-3 generated by lentiviral gene
delivery. The ability of lentiviral vectors expressing NT-3 to establish
trophic factor gradients within and beyond sites of SCI were examined in
the groups indicated in Table 1. Production of NT-3 protein was mea-
sured in transverse segments of spinal cords or dissected graft tissue using
an NT-3-specific ELISA. Four weeks after lesion/injection, animals re-
ceived an overdose of anesthesia and were transcardially perfused with 50
ml of ice-cold 0.1 M PBS. To obtain isolated graft tissue, the graft region
was dissected from the surrounding spinal cord and immediately frozen.
An equivalent region of tissue from the dorsal half of the spinal cord was
dissected from intact animals. To obtain transverse spinal cord segments,
the spinal cord was rapidly dissected and the lesion center was located
under a dissection microscope. A 7-mm-long section of spinal cord,
extending 5 mm rostral and 2 mm caudal to the lesion center, was care-
fully and rapidly dissected and immediately frozen. Spinal cords were
embedded into TBS Tissue Freezing Media (Triangle Biomedical Sci-
ences. Durham, NC) on dry ice. A cryostat was used to cut spinal cords
into 100-um-thick transverse sections, which were pooled into 1 mm
segments (10 adjacent 100 wm segments) for ELISA.

The 1 mm segments, dissected graft tissue, or intact spinal cord seg-
ments were weighed, lysed by sonication in lysis buffer (40 ul/mg tissue)
containing protease inhibitors (1 mm phenylmethylsulfonyl fluoride)
and a protease inhibitor cocktail (Roche Diagnostics, Mannheim, Ger-
many), centrifuged 10 min at 14,000 rpm at 4°C, and used for NT-3
ELISA according to the instructions of the manufacturer (NT-3 Emax
ImmunoAssay System; Promega). For transverse segments, overall levels
of NT-3 were compared between the four groups by repeated-measures
ANOVA, followed by Fisher’s post hoc test. Levels of NT-3 in different 1
mm segments within a group were also compared by Fisher’s post hoc
tests. For dissected graft tissue and intact spinal cord analyses, groups
were compared by ANOVA, followed by Fisher’s post hoc test. A signifi-
cance criterion of p < 0.05 was used for all statistical tests.

Immunohistochemical analysis of spinal cord and brainstem sections.
Animals used for immunolabeling were transcardially perfused with 100
ml of cold PBS, followed by 300 ml of 4% paraformaldehyde in phos-
phate buffer. Spinal cords and brainstems were removed, postfixed over-
night in 4% paraformaldehyde, and cryoprotected in 0.1 M phosphate
buffer containing 30% sucrose at 4°C. For spinal cords, tissue was
blocked in TBS Tissue Freezing Media (Triangle Biomedical Sciences) on
dry ice, and sagittal sections were cut at 35 wm intervals with a cryostat.
Every seventh section was immediately mounted on glass slides for Nissl
staining. For brainstems, blocked tissue was cut in the coronal plane at 40
pm thickness, and every ninth section was immediately mounted for
Nissl staining.

Spinal cord sections were triple labeled for CTB using streptavidin—
HRP light-level immunohistochemistry, followed by GFP and glial fibril-
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lary acidic protein (GFAP) fluorescent immunolabeling. The following
immunocytochemical markers were used: goat anti-CTB (1:80,000; List
Biologic) to detect ascending sensory axons; GFAP (monoclonal, 1:1000;
Chemicon, Temecula, CA) to label astrocytes; and rabbit anti-GFP (1:
750; Invitrogen) to label vector-transduced cells. Immunocytochemical
labeling for CTB was performed first with streptavidin-HRP-based light-
level immunohistochemistry using free-floating sections in the following
protocol: (1) overnight incubation in primary antibodies at 4°C; (2)
incubation for 1 h with biotinylated secondary antibodies (1:200; Vector
Laboratories, Burlingame, CA) at room temperature; (3) 1 h incubation
with avidin-biotinylated peroxidase complex (1:150; Vector Elite kit;
Vector Laboratories) at room temperature; and (4) treatment for 4 min
with 0.05% solution of 3,3’-diaminobenzidine, 0.01% H,0,, and 0.04%
nickel chloride at room temperature. Fluorescence immunohistochem-
istry for GFP and GFAP was then performed on the same sections ac-
cording to the following protocol: (1) overnight incubation in primary
antibody; and then (2) 2.5 h incubation with fluorescent-conjugated
secondary antibodies (donkey anti-rabbit Alexa-488 at 1:150; donkey
anti-mouse Alexa 594 at 1:200; Invitrogen). Brainstem sections were
immunolabeled for CTB using the same streptavidin-HRP-based light-
level procedure as described above for spinal cord. Labeled sections were
mounted and coverslipped with Cytoseal 60 mounting media (Richard
Allen Scientific, Kalamazoo, MI).

Quantification of axonal profiles distal to the lesion. To determine the
number of CTB-labeled axons that extended beyond the dorsal column
lesion site, one-of-seven 35 wm sagittal spinal cord sections triple labeled
for CTB, GFAP, and GFP were examined under fluorescence and trans-
mission light microscopy by an observer blinded to group identity. GFAP
labeling of astrocytes was used to identify the lesion boundary. The ros-
tral lesion border was defined as the region in which GFAP-labeled as-
trocytic cell bodies were found rostral to the lesion. Because this border
was often irregular, a dorsoventral line representing the lesion edge was
defined as the most rostral extent of the lesion site.

A calibrated reticle eyepiece was used to delineate regions 0-250, 250 —
500, and 500-1000 wm rostral to the defined dorsoventral line, and
CTB-labeled axonal profiles were quantified in each region at 200X and
400X magnification. Axons found in GFAP-labeled areas that were cau-
dal to the defined dorsoventral line were counted and included in the
number of profiles from 0-250 wm from the lesion. The distance from
the rostral lesion border to the first GFP-expressing cell (indicating the
limit of the zone of lentiviral vector transduction) in the rostral spinal
cord was also measured. For animals in which the zone of vector trans-
duction was within 100 wm of the lesion border, the average number of
axonal profiles in each region, 0-250, 250-500, and 5001000 wm from
the lesion edge, was compared between the four treatment groups by
ANOVA, followed by Fisher’s post hoc analysis, using a significance cri-
terion of p < 0.05. To identify in greater detail the position of axons
within the first 500 wm distance from the rostral graft/host interface, an
additional sagittal spinal cord series was analyzed as described above,
except that axon numbers within 50 wm segments, rather than 250 um
segments, were quantified rostral to the GFAP border.

Quantification of axonal density and GFP labeling in cell grafts. In a
series of sagittal sections consisting of every seventh 35-um-thick sec-
tion, two sections containing the most axon-dense grafts were selected
for analysis by an observer blinded to group identity. For each section,
200X magnification photomicrographs indicating (1) GFAP labeling
surrounding the lesion site, (2) CTB-labeled axonal profiles, and (3)
GFP-labeled cells within the lesion site were obtained using Magnafire
software (version 2.0; Karl Storz Imaging, Goleta, CA). Identical light,
microscope, and camera settings were used for all image acquisition pro-
cedures. Using NIH Image] software (version Image] 1.33u; Wayne
Rasband, NIH, Bethesda, MD), light-level images indicating CTB-
labeled axonal profiles were converted to black and white binary images
using appropriate threshold settings such that axonal profiles appeared
black and background appeared white. Nonspecific labeling of objects
other than axons, such as artifactual spots resulting from tissue process-
ing, was edited from images as described previously (Lu et al., 2005).
Area-matched fluorescent photographs of GFAP labeling were used to
outline the graft/lesion area, and outlines were superimposed onto
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binary-converted light-level images. NIH Image] software was then used
to measure black pixels per total pixels in the outlined graft area. In the
same sections, an equivalent procedure was used to measure the density
of GFP-labeled cells within the GFAP-defined lesion border.

Evaluation of lesion completeness. Incomplete lesions would result in
CTB labeling of the nucleus gracilis in the causal medulla. In all subjects,
the medulla was sectioned coronally at 40 wm intervals, and every ninth
section was labeled for CTB. Using transmission light microscopy and
200X and 400X magnification, an examiner blinded to group identity
determined whether axons or terminals were evident. Four intact ani-
mals underwent CTB injections of both sciatic nerves as positive controls
for medullary labeling.

Assessment of survival and differentiation of grafted marrow stromal
cells. To examine whether grafted, BrdU-labeled MSCs survived in the
lesion site, one-of-seven spinal cord sections were labeled for BrdU
(sheep anti-BrdU, 1:250; Abcam, Cambridge, MA) in animals that re-
ceived BrdU-labeled graft cells according to the HRP-based light-level
procedure described above. To test whether BrdU-labeled MSCs differ-
entiated into cells of a neural lineage, double immunolabeling was per-
formed using the neural markers neuronal-specific nuclear protein
(NeuN), GFAP, and ionized calcium binding adapter molecule (Iba) (for
neurons, astrocytes, and macrophages/microglia, respectively) per estab-
lished protocols (Yang et al., 2006). The following primary antibodies
were used: BrdU (sheep, 1:200), NeuN (monoclonal, 1:250; Chemicon),
GFAP (1:1000; Chemicon), or Ibal (rabbit, 1:1500; Wako, Richmond,
VA). Representative sections from each experimental group were exam-
ined using thin-plane scanning confocal microscopy, and putatively
double-labeled cells were reconstructed in x—y, y—x, and x—z planes.

Results
Injections of lentiviral vectors establish a rostrocaudal
gradient of NT-3 in the injured spinal cord
We tested the ability of lentiviral vectors expressing NT-3 to es-
tablish trophic factor gradients within and beyond sites of SCI
using the experimental model illustrated in Figure 1. Lentiviral
vectors expressed NT-3 and GFP (Lenti—-NT-3) or GFP alone
(Lenti—-GFP) in controls (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). To determine whether
exogenous NT-3 formed a gradient beyond spinal cord lesion
sites, NT-3 levels were quantified by ELISA in transverse spinal
cord segments in four experimental groups (Table 1, groups
1-4). ELISA indicated that overall NT-3 protein levels were
higher in subjects that received Lenti-NT-3 injections (Fig. 2A)
compared with subjects that received Lenti—-GFP injections
(repeated-measures ANOVA, p < 0.001; Fisher’s post hoc analy-
sis, p < 0.01). In animals that received Lenti-NT-3 injections,
gradients of NT-3 were present distal to the lesion site. Peak NT-3
levels were detected in transverse spinal cord segments contain-
ing the lentiviral vector injection site (125 * 50 and 96 = 21 ng/g,
groups 1 and 2, respectively) and progressively diminished as a
function of distance from the injection site toward the lesion.
Animals that received Lenti—GFP injections did not show rostro-
caudal gradients but exhibited consistently low levels of NT-3 in
spinal cord segments distal to the lesion site (~0.4 ng/g). These
levels are similar to those reported previously in intact rat spinal
cord (~0.6 ng/g) (Tokumine et al., 2003) and to those we mea-
sured in intact spinal cord (see below). In the two groups that
received Lenti—~GFP injections, animals that received MSC-NT-3
grafts exhibited twofold higher levels of NT-3 in the two spinal
cord segments that included the lesion area than animals that
received MSC grafts (Fig. 2B). These levels were substantially
exceeded in Lenti-NT-3-injected animals.

The above analysis did not directly measure NT-3 levels
within grafts because 1 mm spinal cord segments contained both
graft and surrounding host spinal cord. To accurately measure
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Figure2. Injection of NT-3-expressing lentiviral vectors establishes a gradient of NT-3 in the

injured spinal cord. A, Four weeks after lesion and vector injection, spinal cords were sectioned
into 1 mm segments as shown schematically on the x-axis. ELISA of individual T mm segments
indicated that, in animals that received Lenti—NT-3 vector injections but not Lenti—GFP injec-
tions, a gradient of NT-3 was established rostral to the lesion site. For groups that received
Lenti—NT-3 vector injections, asterisks indicate differences in NT-3 levels between the vector
injection site (3 mm segment) and other segments in the same treatment group ( p << 0.001,
repeated-measures ANOVA; *p << 0.05, **p << 0.01, Fisher's post hoc test). Values are mean =+
SEM. B, Total NT-3 levels in the two spinal cord segments containing the graft/lesion site, and
surrounding host tissue (1and —1mm), were greatly increased in animals that received Lenti—
NT-3 vectors compared with Lenti—GFP vectors. In animals that received Lenti—GFP vectors,
expression of NT-3 by genetically modified MSC grafts was evident as a twofold increase in total
NT-3 detected in the 1and —1 mm spinal cord segments. Note that these measures include all
host tissue within the spinal cord surrounding the lesion site, diluting amounts of NT-3 pro-
duced by NT-3-secreting MSCs in the lesion site. C, Levels of NT-3 were also measured in grafts
specifically dissected from the lesion site, undiluted by surrounding host tissue. ELISA on this
specific MSC graft tissue showed significantly higher levels of NT-3 in MSC—NT-3 grafted ani-
mals compared with MSC grafted animals or intact spinal cord ( p << 0.01, ANOVA; *p < 0.05,
Fisher's post hoc test).

levels of NT-3 encountered by axons within the graft environ-
ment, ELISA was performed on dissected grafts in separate
groups of animals (Table 1). After 4 weeks, MSC-NT-3 grafts
produced significantly higher levels of NT-3 compared with the
intact spinal cord and MSC grafts lacking NT-3 expression (Fig.
2C), indicating that MSC-NT-3 graft cells expressed supraphysi-
ological levels of NT-3 for the duration of the experiment. Levels
of NT-3 in MSC-NT-3 grafts (4 ng/g) were fivefold lower than
levels of NT-3 in rostral spinal cord segments taken from animals
that received Lenti—-NT-3 injections (>20 ng/g). Thus, NT-3 lev-
els generated by Lenti-NT-3 vectors were high enough that the
presence of NT-3-expressing graft cells did not affect the forma-
tion of a rostral gradient. In contrast, levels of NT-3 in rostral
spinal cord segments from Lenti—-GFP-injected animals (0.4
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Lentiviral NT-3 gene transfer combined
with marrow stromal cell grafts support
bridging axonal regeneration across
spinal cord lesion sites

We examined whether lentivirally gener-
ated NT-3 gradients would support

Figure 3.
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ng/g) were lower than those measured in MSC-NT-3 grafts. Al-
together, these data indicate that injection of lentiviral vectors
expressing NT-3 can establish a successively increasing neurotro-
phic factor gradient away from the lesion site that is not achieved
if NT-3 is expressed only by graft cells.
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Figure 4.  Quantification of CTB-labeled axonal profiles rostral to and within the lesion.

Animals that received MSC-NT-3 graft cells combined with Lenti—NT-3 injections exhibited
significantly more axonal profiles beyond the astrocyte-defined lesion border than animals
from any other group (4) and significantly higher axonal density within the lesion border than
animals that received Lenti—GFP injections (B) (ANOVA; *p << 0.05, Fisher's post hoc analysis).
Values are mean == SEM. IR, Immunoreactivity. ** p < 0.01.

Ascending sensory axons extend beyond the graft/lesion site toward NT-3 vector-transduced cells. Triple immuno-
labeling for GFP to label NT-3 vector-transduced cells (4), GFAP to indicate the extent of the lesion/graft site (B), and CTB to label
ascending sensory axons (€) in a sagittally cut spinal cord 4 weeks after MSC—NT-3 cell grafting and Lenti—NT-3 injection. A’~(’,
Higher magnification of the rostral host/graft interface shows axons (C’; arrows) growing into GFAP-rich regions beyond the
lesion site (B") in which vector-transduced cells express NT-3 (4”). D, E, High magnification of red and blue boxed areas in Cand
€', respectively. F, G, Higher magpnification of boxed regions in D and E demonstrate the association of (TB-labeled axons
(pseudocolored purple) with Lenti—NT-3 vector-transduced cells expressing the GFP reporter (green). Arrows in A-Cand dashed
linesin A"~C" indicate the graft/astrocyte border. Rostral is to the left, and dorsal to the top. Scale bars: A-C, 200 m; A"~C’, 100

growth of transected ascending sensory
axons into and beyond a dorsal column
lesion site. CTB-labeled ascending sensory
axons were observed beyond the astrocyte-
defined lesion border only in animals re-
ceiving injections of Lenti-NT-3 vectors
rostral to the lesion site (Fig. 3A-C). In
addition, high-magnification images of
CTB-labeled axons demonstrated that ax-
ons topographically associated with re-
gions of NT-3-expressing vector-
transduced cells (Fig. 3D-G).

Axons extending beyond the lesion site
appeared to be regenerating rather than
spared axons or axons that had circum-
vented the lesion site based on several ob-
servations. First, the morphology of axons
extending beyond the lesion site was circu-
itous and their course was nonlinear, un-
like intact axons. Second, axons bridged
beyond the lesion border at all dorsoven-
tral levels of the grafts, not only at the dor-
sal or ventralmost aspect in which spared
axons might reside (Steward et al., 2003)
(supplemental Fig. 2, available at www.
jneurosci.org as supplemental material).
Third, no CTB-labeled axonal profiles
were observed ventral to the lesion site or
in lateral unlesioned portions of the spinal
cord. Fourth, sectioning of the medulla
through the entire extent of the nucleus
gracilis indicated an absence of CTB-labeled axons in all lesioned
subjects, confirming that lesions were complete. In contrast, CTB
injections in four intact rats (Table 1) showed the typical distri-
bution of CTB label in the nucleus gracilis (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material).

We quantified bridging axons and axon density within cellular
grafts in animal subjects in which the zone of vector transduction
was within 100 wm of the rostral lesion border (Fig. 4) (supple-
mental Fig. 4, available at www.jneurosci.org as supplemental
material). Both groups of animals that received lentiviral vectors
expressing NT-3 exhibited axons emerging rostrally from the
MSC graft, whereas animals that received control Lenti—GFP vec-
tors exhibited minimal to no axon growth beyond the graft (Fig.
4A). Statistically significant differences in axon bridging com-
pared with control Lenti-GFP-injected animals were observed
for up to 500 wm in subjects that received Lenti—-NT-3 vector
injections combined with MSC-NT-3 graft cells. In addition,
more axons were observed at the 0—250 wm distance in this group
than in the group that received naive MSC graft cells combined
with Lenti-NT-3 vectors.

Within the graft, axon density was increased by the presence of
MSC-NT-3 graft cells and to an even greater degree by injection
of Lenti-NT-3 vectors rostrally (Fig. 4 B). Lenti—-NT-3 vector in-
jections combined with MSC-NT-3 graft cells resulted in the
highest axon density, significantly higher than both groups that
received Lenti-GFP vectors. Among animals that received
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Lenti—GFP vectors, subjects with MSC-
NT-3 grafts exhibited a ninefold increase
in graft axon density compared with sub-
jects that received naive MSC grafts (Fig.
4 B), indicating that graft cell expression of
NT-3 increases axonal penetration of
grafts. Consistent with previous data (Lu
etal., 2003), axon density was significantly
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higher in MSC-NT-3 grafts than in MSC
grafts when only Lenti—-GFP groups were

compared (p = 0.01). Nissl staining and
immunohistochemical detection of BrdU-
prelabeled MSCs indicated that MSC and
MSC-NT-3 cells survived and integrated
at the lesion site (supplemental Fig. 5,
available at www.jneurosci.org as supple-
mental material). Double labeling for
BrdU and neural markers indicated that
graft cells did not differentiate into cells of
neural lineage.

Regenerating axons extend and turn
toward local sources of NT-3

We observed axon extension beyond the
lesion site only when Lenti-NT-3 vectors =
diffused the entire 2.5 mm distance from

the rostral injection site to the lesion/graft

site (13 of 21 Lenti-NT-3-injected ani-

vttt PR

mals). In these subjects, Lenti-NT-3- |CTB
transduced cells were evident within 100
pm of the host/lesion border (Fig. 5A-C).  Figures.

In the majority of these animals, some vec-
tor transduction of cells within the graft
was also observed, but the extent of this
transduction did not differ between Lenti—
NT-3-injected groups (based on analysis
of GFP density in grafts; p = 0.34). When
Lenti—NT-3 vector failed to diffuse to the
lesion border, axons were not observed be-
yond the lesion site (Fig. 5D,E). Control Lenti—-GFP-injected
groups exhibited only rare axons extending beyond the graft,
regardless of the distance of Lenti—-GFP transduction from the
lesion site (Fig. 5F—H ). These results suggest that the ability of
sensory axons to extend beyond a lesion site is highly sensitive to
local availability of NT-3.

When we compared expression of the GFP reporter gene in
Lenti-NT-3-injected animals with the topography of sensory
axon growth distal to the lesion, axon extension was closely asso-
ciated with regions of NT-3 expression. For example, when vec-
tor distribution was restricted to specific subregions of the dorsal
columns rostral to the lesion site, axonal profiles preferentially
extended into these regions (Figs. 5, 6). Thus, regenerating dorsal
column sensory axons exhibit specific in vivo extension and di-
rectional growth toward local sources of growth factors, similar
to findings of in vitro“turning assays” characterizing axonal re-
sponses to diffusible molecules (Gundersen and Barrett, 1979;
Paves and Saarma, 1997).

Regenerating sensory axons do not extend for long distances
despite the presence of extended NT-3 gradients

The preceding data indicate that regenerating sensory axons re-
quire immediate spatial availability of NT-3 adjacent to lesion/
graft sites to emerge from the inhospitable host/lesion interface,

Axonal growth beyond the lesion site occurred only when lentivirus-mediated NT-3 expression was located within
100 um of the lesion border. Tripleimmunolabeling for GFP (), CTB (B), and GFAP (€) shows that, in subjects exhibiting bridging
axons, Lenti—NT-3-transduced cells (expressing the reporter GFP) were evident within 100 um of the host/lesion border. Boxesin
Bindicate regions of high axon density rostral to the lesion site (Lenti—NT-3/MSC treatment group). When the zone of Lenti—NT-3
transduction was distant from the lesion site (D), bridging axons were not observed (E) (Lenti—NT-3/MSC treatment group). F-H,
In animals injected with Lenti—GFP, axons did not extend beyond the graft, regardless of the distance between Lenti—GFP
transduction and the lesion site (Lenti—GFP/MSC—NT-3 treatment group). Rostral is to the left, and dorsal to the top. Scale bars:
A-C, 140 pwm; D, E, 210 pum; F-H, 100 pem.

and that regenerating axons will extend preferentially into local
regions expressing NT-3. Although this indicates that sensory
axons are sensitive to NT-3 and exhibit directional growth to-
ward NT-3 sources, axons nonetheless did not continue to grow
along the extended gradients of NT-3 that were established in the
spinal cord rostral to the lesion. Indeed, the number of axons
bridging 200 wm beyond the rostral lesion site was approximately
half the number of axons crossing the rostral lesion interface, and
this number was further reduced twofold at a distance of 300 wm
(supplemental Fig. 4, available at www.jneurosci.org as supple-
mental material). The maximum distance of axon growth in an-
imals receiving Lenti—-NT-3 vector was 1000 um beyond the le-
sion, whereas a continuing gradient of NT-3 extended beyond
this point for an additional 1-1.5 mm (as indicated by ELISA)
(Fig. 2). Instead of continuing growth rostrally, axons sprouted
locally, creating a dense network of axonal profiles on reaching a
region of high NT-3 expression rostral to the lesion (Fig. 6).

Discussion

The present findings demonstrate sensory axon sensitivity to lo-
cal availability of growth factors after injury to the CNS. This
sensitivity allows axons to emerge from cellular grafts placed in
lesion sites. Axons exhibit specific association with local sources
of NT-3, such that growth is dependent on spatial distributions of
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Figure6. Thetopography of sensory axon bridging beyond the lesion site corresponds to the
location of NT-3 lentiviral transduction. A, CTB-labeled axons (box) crossing the lesion extend
beyond the lesion border (arrows), toward the region of dorsal column white matter in which
cells have been transduced by Lenti—NT-3 vectors (B; arrowheads). €, Axons can be traced from
the main (TB-labeled tract at the caudal end of the lesion site, across the lesion site, and beyond
the graft/host interface (dotted lines). D, On reaching areas of high NT-3 expression distal to a
lesion site (outlined by dashed lines), axons (E; pseudocolored red) sprout locally. These axons
do not extend for long distances within NT-3-expressing tissue. Scale bars: 4, B, 200 um; €, 140
wm; E, F,100 wm

NT-3 expression beyond a lesion site. Although this growth par-
allels some features of in vitro turning assays that have shown
growth cone or neurite extension toward diffusible chemotropic
gradients (Letourneau, 1978; Gundersen and Barrett, 1979; Ming
et al.,, 1997; Paves and Saarma, 1997; Genc et al., 2004), the
growth we observed in vivo cannot be identified as strictly “che-
motropic” in nature because axons failed to follow gradients of
NT-3 that extended for long distances beyond the lesion cavity.
Although axons did emerge from MSC grafts in both groups
of animals that received Lenti—-NT-3 vectors, axon growth be-
yond lesion sites was significantly greater when NT-3 delivery
occurred within and rostral to the graft. The functional signifi-
cance of NT-3 expression by MSCs in the graft is uncertain but
may have helped initiate the regenerative response by providing a
source of NT-3 located immediately adjacent to the injured sen-
sory axons at the distal host—graft interface. In addition, NT-3-
secreting MSCs in the lesion cavity actively express NT-3 at the
time of grafting, whereas gene expression from injected lentiviral
vectors becomes detectable no sooner than 24—48 h after trans-
duction (Baekelandt et al., 2002). For these reasons, NT-3-
expressing MSCs may have enhanced recruitment of axons into
the lesion site, increasing the number of axons in position to
respond to the NT-3 delivered at more rostral sites. In support of
this hypothesis, MSC-NT-3 grafts promoted ninefold more ax-
onal growth into lesion sites than MSC grafts in control animals
that received Lenti—~GFP vectors. Alternatively, the greater axon
growth in animals that received Lenti—-NT-3/MSC-NT-3 treat-
ment could have resulted from superior Lenti—-NT-3 vector dif-
fusion into the lesion/graft site compared with the Lenti-NT-3/
MSC group. However, quantification of GFP density in the
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lesion/graft site showed no difference between these groups, ar-
guing against this possibility.

Axon growth extended beyond the lesion site in animals that
received Lenti-NT-3 vectors but did not continue for long dis-
tances despite the presence of NT-3 gradients in the rostral spinal
cord. There are several potential explanations for the lack of long-
distance extension. Inhibitory molecules beyond the injured re-
gion create an environment that is nonpermissive for axonal ex-
tension over long distances. Inhibition related to the presence of
astrocytes (McKeon et al., 1991), the extracellular matrix (Silver
and Miller, 2004), and multiple myelin-associated molecules
(Filbin, 2003) may counteract the stimulating influence of
growth factors and terminate what might otherwise be continu-
ing growth along a gradient of NT-3. Higher concentrations of
NT-3 might overcome these inhibitory influences (Forander et
al., 1994). Also, stimulatory factors other than NT-3 may be
present in the immediate environment surrounding the lesion
site that diminish as distance from the injury increases, thereby
depleting the extending axon of a necessary stimulus to support
long-distance growth. For example, macrophages accumulating
around a lesion may constitute a local but not extended source of
diffusible factors to support growth (Yin et al., 2003, 2006).

Alternatively, NT-3 may provide only very short-distance cues
for axon growth or in fact signal termination of growth in certain
situations, as suggested by studies of nervous system develop-
ment (Ernfors and Persson, 1991; Chen and Frank, 1999; Tucker
et al., 2001; Ma et al., 2002; Mori et al., 2002; Genc et al., 2004).
Previous experiments indicate that, during development, DRG
axon navigation toward peripheral targets involves dynamic
changes in NT-3 expression, such that NT-3 levels are increased
in regions in which axon tips are growing and decreased in these
same regions as axons grow distally. Eventually, NT-3 expression
is restricted to final target tissues (Farinas et al., 1996). Thus,
sustained NT-3 expression, such as that generated by lentiviral
expression, might represent saturating levels that send a
“stop” signal for axon growth. A mechanism for decreasing
NT-3 expression as axons reach one spatial location may be
necessary to allow continued growth into more distant loca-
tions. Finally, although we detected an overall rostrocaudal
NT-3 gradient by ELISA, lentivirus-transduced cells express-
ing NT-3 may create local microgradients of NT-3 as diffusion
occurs. It is therefore possible that axons extend along micro-
gradients for short distances and are unable to detect a more
extended gradient.

We recently reported that the combination of NT-3 protein
beyond a lesion site, together with augmentation of cAMP levels
in the sensory neuronal soma, promoted longer-distance axonal
growth than observed in the present study (Lu et al., 2004). This
is notable because the magnitude and persistence of NT-3 deliv-
ery beyond the lesion site achieved in the current study likely
exceeded by several-fold the amount of NT-3 delivered in our
previous study, wherein 1 g of NT-3 protein was injected rostral
to the lesion site at a single time point. However, the previous
study achieved greater distances of sensory axonal growth, with
axon extension over a 2 mm distance beyond the lesion cavity to
the site of rostral NT-3 injection. However, the density of axon
growth within regions of NT-3 delivery in the present study was
higher than we observed in the previous study. This suggests that
c¢AMP and NT-3 may fundamentally differ in their effects on the
growth of injured axons in the adult CNS. Whereas cAMP may
alter the intrinsic ability of adult axons to elongate, possibly by
upregulating expression of growth-related genes or impairing re-
sponses to inhibitory environmental molecules (Gao et al., 2003),
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NT-3 may act at a more local and terminal level, inducing axonal
sprouting and termination (Cafferty et al., 2001). Indeed, the
morphology of axons extending densely into regions of NT-3
expression in the present study was fine and highly varicose, sug-
gesting potential attempts to locate neuronal targets. Alterna-
tively, as indicated in the preceding paragraph, the greater
amounts of NT-3 delivered in the present study may simply have
constituted saturating levels of growth factors to the extending
axons, overwhelming the ability of the axon to sense a continued
gradient.

The effects of NT-3 observed in the present study raise the
possibility that the sole administration of this or other trophic
factors at and beyond the injury site may not achieve the goal
of long-distance axonal growth after SCI. If the biological role
of the growth factor is indeed to provide a recognition signal
for target reinnervation rather than a long-distance growth
signal, a modified strategy would be required to promote sub-
stantial long-distance axonal regeneration. Combinatorial ap-
proaches to facilitate regeneration might be optimal, wherein
nontropic agents recruit and stimulate the elongation of suf-
ficient numbers of axons over biologically meaningful dis-
tances to reach an intended target, and trophic factors are
administered into the specific target to induce elaboration of
terminals and enhance target reinnervation. Future studies
can be designed to test these possibilities.
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