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We subjected rats to either partial midcervical or complete upper thoracic spinal cord transections and examined whether combinatorial
treatments support motor axonal regeneration into and beyond the lesion. Subjects received cAMP injections into brainstem reticular
motor neurons to stimulate their endogenous growth state, bone marrow stromal cell grafts in lesion sites to provide permissive matrices
for axonal growth, and brain-derived neurotrophic factor gradients beyond the lesion to stimulate distal growth of motor axons. Findings
were compared with several control groups. Combinatorial treatment generated motor axon regeneration beyond both C5 hemisection
and T3 complete transection sites. Yet despite formation of synapses with neurons below the lesion, motor outcomes worsened after
partial cervical lesions and spasticity worsened after complete transection. These findings highlight the complexity of spinal cord repair
and the need for additional control and shaping of axonal regeneration.

Introduction
Numerous mechanisms limit axonal regeneration in the adult CNS,
including factors both in the lesioned environment and intrinsic to
the injured neuron. Environmental mechanisms limiting axonal re-
generation include a lack of formation of growth-permissive matri-
ces in the lesion site, an absence of growth factor production in
appropriate temporal and spatial gradients to stimulate growth, and
the presence of numerous inhibitory molecules associated with my-
elin and the extracellular matrix (He and Koprivica, 2004; Buchli and
Schwab, 2005; Fawcett, 2006; Fitch and Silver, 2008). In addition, the
centrally injured adult neuron fails to upregulate intrinsic sets of
regeneration-associated genes to initiate and sustain regeneration
(Filbin, 2006; Kadoya et al., 2009; Sun et al., 2011).

Recently, we and others have reported regeneration of central
axons using experimental strategies that target several of these
neural mechanisms simultaneously (Lu et al., 2004; Pearse et al.,
2004; Houle et al., 2006; Alto et al., 2009; Kadoya et al., 2009;
Alilain et al., 2011; Bonner et al., 2011). For example, the provi-
sion of a supportive matrix in a spinal cord injury (SCI) site, a
growth factor gradient within and beyond the injury, and activa-
tion of intrinsic neuronal growth programs by cAMP injections
or peripheral nerve conditioning lesions, support sensory axonal

regeneration beyond SCI sites (Lu et al., 2004). Indeed, these
approaches are successful when administered 1 year after the
original injury (Kadoya et al., 2009). Moreover, growth factors
can be used in combination with other strategies to guide regen-
erating sensory axons into correct targets beyond the lesion site
(Alto et al., 2009).

Despite these recent successes in models of partial SCI, axonal
regeneration and functional recovery after complete spinal cord
transection remain an unattained goal of the field. This is partic-
ularly important because the majority of human injuries are se-
vere in extent (“ASIA A”), resulting in complete and permanent
loss of function below the lesion (Fawcett et al., 2007). Following
complete spinal cord transection, spared axons are not available
to contribute to the plasticity and recovery of function that can
occur after partial injuries (Bareyre et al., 2004; Courtine et al.,
2008; Rosenzweig et al., 2010). While previous studies have re-
ported regeneration and functional recovery after complete tho-
racic transection (Cheng et al., 1996; Ramón-Cueto et al., 2000),
efforts at replication have not succeeded (Levi et al., 2002; Stew-
ard et al., 2006). A recent study reported that postnatal deletion of
the tumor suppressor gene, PTEN (phosphatase tensin ho-
molog), resulted in corticospinal axonal regeneration after “com-
plete crush” of the spinal cord (Liu et al., 2010), but this lesion
could spare small bridges of host tissue.

Given the recent success of combinatorial strategies in achiev-
ing sensory and respiratory motor axonal regeneration after par-
tial SCI (Alilain et al., 2011), and the need to examine therapies in
the most clinically relevant models, we tested the hypothesis that
combinatorial therapies would promote motor axonal regenera-
tion in the extraordinarily challenging model of complete spinal
cord transection. We now report brainstem motor axonal regen-
eration and synapse formation after both T3 complete and C5
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partial spinal cord transection. Yet despite motor axon regener-
ation beyond the lesion site, functional outcomes actually
worsen, highlighting the need for additional control and shaping
of the regenerative response.

Materials and Methods
Methods summary
The ability of combinatorial treatment strategies to influence motor ax-
onal growth and regeneration was examined in two models of spinal cord
injury in Fischer 344 rats: C5 lateral hemisection (N � 60 rats) in which
the complete lateral half of the spinal cord was transected, and complete
T3 transection (N � 14 rats). The C5 hemisection model was first used to
establish which elements of a combinatorial therapy were required to
support brainstem motor axon bridging, and accordingly incorporated
extensive control groups; the optimal approach from this model was then
tested in the model of complete T3 spinal cord transection (see Fig. 1). In
all cases, subjects survived 3 months after injury.

Five groups of animals were studied in the C5 hemisection model. In
Group 1, Full combination treatment subjects received a syngenic bone
marrow stromal cell (MSC) graft in the lesion site, gradients of BDNF
within and beyond the lesion site, and cAMP injections into the brains-
tem (N � 12). BDNF was administered in the graft using genetically
engineering MSCs (Lu et al., 2005); BDNF was administered caudal to
the lesion site using injections of viral vectors expressing BDNF, 1.5 and
2.5 mm caudal to the lesion site (see below, Detailed methods). cAMP
was administered directly into the reticular motor nucleus of the pons
(pontine gigantocellular reticular nucleus) using a pulled glass micropi-
pette, injecting 0.5 �l of a 25 mM solution over 5 min (Jin et al., 2002). In
Group 2, BDNF treatment subjects received BDNF-expressing MSC
grafts in the lesion site and BDNF viral vector injections caudal to the
lesion. Vehicle rather than cAMP was injected into the pontine reticular
nucleus (N � 12). In Group 3, cAMP treatment subjects received cAMP
injections into the pontine reticular nucleus, BDNF-expressing cell grafts
in the lesion site, but no BDNF-expressing viral vectors beyond the lesion
(N � 12). In Group 4, lesioned controls received a lesion only and no
other interventions (N � 12). In Group 5, full treatment without graft
subjects received cAMP injections into the pontine reticular nucleus, and
injections of viral vectors expressing BDNF 1.5 and 2.5 mm caudal to the
lesion site, but did not receive cells into the lesion site (N � 12). This
group controlled for the possibility that cAMP and/or BDNF expression
would promote sprouting or synaptic rearrangements of spared host
axons sprouting across the spinal cord midline to influence outcomes.

As will be shown below, results of C5 hemisection studies indicated
that full combination treatment achieved significantly greater motor ax-
onal bridging beyond the lesion site compared with any other group.
Accordingly, in the severe model of T3 complete transection, one group
received full combination treatment (N � 8), as described above. A
second, lesioned control group received lesions and no other interven-
tion (N � 6).

Detailed methods
Cell culture
Primary MSCs were isolated from adult Fischer 344 female rats according
to the method of Azizi et al. (1998) and cultured as described previously
(Lu et al., 2005). The cells were then transduced with retroviral vectors
expressing either brain-derived neurotrophic factor (BDNF) or jellyfish
green fluorescent protein (GFP) reporter gene at passage 1 or 2 as de-
scribed previously (Lu et al., 2005). Two-site ELISA measured quantities
of BDNF secreted by BDNF-transduced MSCs: these cells secreted 45.7 �
3 ng of BDNF per 10 6 cells per day into the conditioned medium,
whereas GFP-transduced or naive cells produced undetectable amounts
of BDNF. BDNF- or GFP-expressing MSCs were harvested and im-
planted in vivo as described below.

Production of lentiviral and adenoassociated viral vectors
Lentiviral vectors expressing either enhanced GFP or human BDNF were
produced according to the method of Taylor et al. (2006). Briefly, the
chicken �-actin promoter/CMV enhancer (CAG) hybrid was used to

express BDNF and GFP. Titers of GFP-expressing virus were determined
by infection of HEK293T cells using serial dilutions. Vector stocks were
assayed for p24 antigen levels using an HIV-1 p24-specific ELISA kit
(DuPont). Virus preparations containing 150 –200 �g/ml p24 and 1–5 �
10 8 IU/ml were used. Adenoassociated viral 2 (AAV2) vectors carrying
either GFP or BDNF genes were purchased from the Gene Therapy Cen-
ter, University of North Carolina at Chapel Hill (Chapel Hill, NC). AAV2
vectors were generated using a triple transfection protocol and purified
using a sequential process of nuclei isolation, density gradient centrifu-
gation. Vectors were titered by dot-blot and diluted to 10 12 vector ge-
nomes (vg)/ml for in vivo use.

Surgery
A total of 85 adult female Fischer 344 rats (150 –200 g) were subjects of
this study. NIH guidelines for laboratory animal care and safety were
followed. Animals were randomly divided into groups described above.
An average of six animals underwent lesions and treatment per day,
typically drawn from three different groups to randomize the order in
which groups entered the study. All animals were enrolled and surgeries
were performed in the C5 hemisection experiments over a 5 week period
(N � 60 animals). Animal enrollment and lesions for the T3 transection
experiments were performed over a 5 d period (N � 14 animals). Sur-
geons were blinded to the identity of the type of vector injected below the
lesion (BDNF vs GFP), and the substance injected into the brainstem
(cAMP vs vehicle). To make lateral C5 hemisection lesions, the right
hemicord was removed using iridectomy scissors and microaspiration,
with visual verification to ensure complete transection ventrally and lat-
erally. Five microliters of BDNF-expressing MSCs, 75,000 cells/�l, were
injected through a glass micropipette into the lateral hemisection site
after completing the lesion. T3 complete transections were made simi-
larly, except that the T3 spinal cord was transected bilaterally. Seven
microliters of BDNF-expressing MSCs were transplanted into the lesion
site. For cAMP injections, 2 �l of 25 mM dibutyryl-cAMP were injected
into either the right (C5 hemisection) or right and left (T3 complete
transection) gigantocellular pontine reticular nuclei using a glass mi-
cropipette in four sites per side as follows: site 1: AP, �11 mm; lateral, 0.8
mm; depth, 7.3 mm; site 2: AP, �12.5 mm; lateral, 0.8 mm; depth, 7.3
mm; site 3: AP, �11 mm; lateral, 0.8 mm; depth, 8.2 mm; site 4: AP,
�12.5 mm; lateral, 0.8 mm; depth, 8.2 mm (Jin et al., 2002). Injections
were placed 5 d before spinal cord lesions, to amplify intrinsic neuronal
growth state (Neumann et al., 2002; Qiu et al., 2002). Control subjects
received injections of PBS using the same techniques. For in vivo growth
factor gene delivery, viral vectors expressing BDNF were injected 1.5 and
2.5 mm caudal to the lesion site, targeting ventral gray matter (see Fig.
1 A). In previous studies, we found that lentiviral vectors nearly exclu-
sively infect glia in the spinal cord (Taylor et al., 2006; Kadoya et al.,
2009), and AAV2 vectors exclusively infect neurons (see Fig. 1 F, G), con-
sistent with previous reports (Peel et al., 1997). A combination of lenti-
viral injection 1.5 mm caudal to the lesion site and AAV2 vector 2.5 mm
caudal to the lesion site maximizes the distance over which motor axons
regenerated compared with exclusive AAV2 vector injections; accord-
ingly, we injected lenti-BDNF 1.5 mm and AAV2-BDNF 2.5 mm caudal
to the lesion site. Two microliters of virus solution were injected into
each site targeting host ventral gray matter (coordinates, 0.7 mm lateral
to midline; depth, 1.5 and 2 mm) using a pulled glass pipette connected
to a PicoSpritzer delivering 20 nl/pulse. Three weeks before killing, 2 �l of
10% biotin dextran amine (BDA) (10,000 MW; D1956; Invitrogen)
tracer was injected into the right gigantocellular reticular nuclear (0.5 �l
/site) using the coordinates of cAMP injections.

Histology and immunolabeling
Three months after lesions, animals were transcardially perfused with 4%
paraformaldehyde and an 8 mm length of spinal cord was entirely sec-
tioned horizontally through its dorsal-to-ventral axis on a cryostat set at
30 �m thickness; the center of the block corresponded to the center of the
lesion site. Every sixth section was Nissl stained and remaining sections
were serially collected into 24-well plates for immunocytochemistry. Sec-
tions were processed free-floating in nets to minimize section damage
during gentle incubations and washes. For visualization of BDA-labeled
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reticulospinal motor axons at the light-
microscopic level, every sixth section was la-
beled with avidin– biotinylated peroxidase
complex (1:100; Elite kit; Vector Laboratories)
as described previously (Lu et al., 2005). To
study interactions between BDA-labeled re-
ticulospinal axons and AAV2 or lentiviral vec-
tor transduced neurons and glia expressing
BDNF, BDA labeling (Vector brown) was
combined with BDNF immunolabeling [poly-
clonal antibody at 1:1000 from University of
Chicago (Chicago, IL) with Vector blue for vi-
sualization] using VECTASTAIN multiple an-
tigen labeling kit (Vector Laboratories). To
examine association of BDA-labeled reticu-
lospinal tract axons with host neural cells,
BDA, GFP, and GFAP triple-fluorescent im-
munolabeling was performed, or GFP and
GFAP double-fluorescent labeling were per-
formed subsequently in the same sections follow-
ing light level BDA labeling using streptavidin-
conjugated Alexa 594 (Invitrogen) and
antibodies against GFP (1:1500; polyclonal from
Invitrogen) and GFAP (1:1500; monoclonal
from Millipore) incubated overnight at 4°C. Af-
ter washes, sections were incubated with Alexa
488 and Alexa 647 fluorophore-conjugated sec-
ondary antibodies for 2.5 h at room temperature
(1:300; Invitrogen). To detect synapse formation
by regenerating reticulospinal axons with host
motor neurons, we performed triple-fluorescent
immunolabeling for BDA, synaptophysin (1:
1000; monoclonal from Millipore), and vesicular
glutamate transporter 1 (VGlut1) (1:5000; poly-
clonal from Millipore); or BDA, synaptophysin,
and choline acetyltransferase (ChAT) (1:250;
polyclonal from Millipore). To assess myelina-
tion of regenerating axons, labeling was per-
formed for BDA and myelin-associated
glycoprotein (MAG) (1:1000; monoclonal from
Millipore) or myelin basic protein (MBP) (1:200;
polyclonal from Millipore). Triple-fluorescent
immunolabeling was also performed for sero-
tonin (5-HT) (1:10,000; polyclonal from Immu-
noStar), GFP, and GFAP to examine serotonergic
axon regeneration and interaction with host neu-
ral cells.

Axon quantification
Reticulospinal axons that penetrated into
grafts and crossed beyond the graft/lesion in-
terface were quantified in every subject in a se-
ries of one-in-six BDA-labeled sections. Using a 10� ocular with a
calibrated grid and a 20� objective (200� total), axons crossing the
dorsal-ventral axis of the spinal cord were quantified in 250, 500, 1000,
2000, and 3000 �m beyond the caudal graft/lesion border. The host/
lesion boundary was identified under phase contrast optics as a distinct
change in cellular morphology from sheets of smaller, rounded cells
within grafts to neurons and white matter bundles in host spinal cord
beyond the lesion. In addition, GFAP labeling identified the graft/host
interface in each animal (see Figs. 1C, 2 A–C). Myelination of BDA-
labeled reticulospinal axons was quantified 3 mm above the lesion,
within the lesion site, and 0.5 mm caudal to the lesion site in MAG- and
MBP-labeled sections using high-resolution confocal miscroscopy. A
minimum of 100 axons per subject was examined and recorded, and the
frequency of myelination was expressed as the percentage of total axons
examined. All quantification was performed by an observer blinded to
group identity using coded slides. The code was broken upon completion
of quantification.

Electron microscopy was performed according to the methods of
Knott et al. (2009). Briefly, two rats with T3 complete transections that
received combinatorial treatment were perfused with 4% paraformalde-
hyde and 0.25% glutaraldehyde (survival time, 3 months). Vibratome
sections were cut at 40 �m thickness and processed for light-level obser-
vation of BDA using DAB and nickel chloride. Regions of the host spinal
cord containing BDA-labeled axons beyond the lesion were then micro-
scopically dissected and postfixed with 1% osmium tetroxide, dehy-
drated, embedded in Durcupan resin. These samples were sectioned at 60
nm thickness using an ultramicrotome. Individual BDA-labeled axons or
axonal terminals were located and assessed using an FEI 200KV Sphera
microscope at the University of California at San Diego CryoElectron
Microscopy Core Facility.

Functional analysis
In all studies, animals were handled and acclimated to the functional
apparatus for 2 weeks before testing. For C5 hemisection studies, animals
were assessed on grid walk, platform locomotion, and forelimb groom-

Figure 1. Experimental model, T3 complete transection and graft morphology, and transduction of spinal cord cells by Lenti-
BDNF or AAV2-BDNF vectors. A, Experimental model showing cAMP injection into reticular nucleus, graft of MSCs expressing BDNF
into a T3 complete transection site, and injection of Lenti-BDNF and AAV2-BDNF viral vectors 1.5 and 2.5 mm caudal to the lesion.
B, Nissl staining of a horizontal spinal cord section showing completeness of T3 transection lesion (Les). The inset indicates level of
horizontal section. C, The completeness of T3 transection lesion (Les) is indicated by GFAP fluorescent immunolabeling (Fig. 8). D,
A Nissl-stained section shows excellent survival of MSC graft and filling of lesion cavity. E, Higher magnification view from the
boxed area of D showing excellent integration of MSC graft. The dashed lines indicate host (h)/graft (g) interface. F, Lentiviral
vectors (Lenti-BDNF-GFP) transduced mostly glia (GFAP-labeled astrocytes, red) (inset shows colocalization). G, AAV2 vectors
expressing BDNF-transduced cells with morphological features of neurons (inset). Scale bars: B–D, 400 �m; E, 120 �m; F, G,
600 �m.
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ing tasks (Basso et al., 1996; Gensel et al., 2006; Sandrow et al., 2008).
Baseline scores were established before lesion and were measured weekly
for 3 months after lesion.

Grid walk task. Footfalls were measured as animals walked on a 38
cm 2 plastic-coated wire mesh field containing 3 cm 2 openings, in 2
min test sessions recorded on video (Sandrow et al., 2008). Each
forepaw was scored for the total number of steps and the total number
of missteps. The total number of steps and missteps were added to-
gether to obtain the total number of placements. The percentage

injured right forepaw correct placement was
calculated by dividing the number of steps by
the total number of placements (steps plus
missteps).

Grooming task. Forelimb grooming function
was examined using a scoring system modified
by Gensel et al. (2006). Briefly, cool tap water
was applied to the animal’s head and back with
soft gauze, and grooming activity was recorded
with a video camera. Subjects were scored for
the regions of the head contacted by each fore-
paw during grooming, as reported previously
(Gensel et al., 2006). The grooming scoring
system is as follows: 0, the animal was unable to
contact any part of the face or head; 1, the ani-
mal’s forepaw touched the underside of the
chin and/or the mouth area; 2, the animal’s
forepaw contacted the area between the nose
and the eyes, but not the eyes; 3, the animal’s
forepaw contacted the eyes and the area up to,
but not including, the front of the ears; 4, the
animal’s forepaw contacted the front but not
the back of the ears; 5, the animal’s forepaw
contacted the area of the head behind the ears.
Performance was reported as score on the le-
sioned versus the intact side (right score/left
score).

Kinematics. Hip and forepaw movements
during voluntary locomotion on a platform
were measured. Rats walked through a Plexi-
glas tunnel to encourage walking in a two-
dimensional plane and to maintain constancy of
distance from subject to camera. Movements
were filmed with two horizontal cameras (right
and left sides) and tracked using a combination of
Datapac 5 (Run Technologies) and Simi Motion
(SIMI Reality Motion Systems) software.
Simi Motion was used to calculate the dis-
tance between the hips and forepaws
throughout walking episodes, and Datapac
was used to measure step trajectories. Kine-
matic data were taken from the middle of
walking episodes. For T3 complete transec-
tion studies, function was assessed on the
Beattie–Basso–Bresnahan (BBB) 21-point
hindlimb locomotor rating scale by two ob-
servers blinded to group identity, as previ-
ously described (Basso et al., 1996). To assess
whether any differences in function were at-
tributable to host axons regenerating into
and beyond the graft, after the final day of
testing, rats underwent spinal cord retran-
section at the rostral graft/host interface, and
were reassessed in a final behavioral session
1 d later. If functional improvement was due
to axonal bridging, we would expect functional
improvements to be abolished after retransec-
tion; if, however, functional improvement was
due to trophic factor secretion from grafts or
BDNF injected beyond the lesion site, functional
improvement could be unaffected by the lesion.

When results of the preceding studies became evident, we performed
S2 complete transections in a set of nine additional rats to assess spastic-
ity; this model is the only semiquantitative model of this disorder, an
important sequel of spinal cord injury (Bennett et al., 2004; Murray et al.,
2010). Under sodium pentobarbital (58.5 mg/kg) and sterile conditions,
a laminectomy was performed at L2 to expose the S2 spinal cord. Under
a surgical microscope, the spinal cord was transected with visual verifi-
cation of lesion completeness ventrally and laterally. One microliter of

Figure 2. Motor axonal regeneration beyond spinal cord lesion sites. Transected reticulospinal motor axons regenerate into and
beyond C5 hemisection lesion site after combinatorial treatment with cAMP, a cell graft in the lesion site, and BDNF gradients
beyond the lesion. A, Triple label for BDA-labeled reticulospinal axons (red), host astrocytes (GFAP, blue), and host cells expressing
BDNF (green, also expressing GFP) in a horizontal section at low magnification. Main reticulospinal tract approaches lesion (Les)
from left side, extends into BDNF-expressing MSC graft, and some axons regenerate beyond the graft as highlighted in next panels.
The arrows indicate viral vector injection sites (IS). B–D, Higher magnification from the boxed area in A showing axon regeneration
(red) into MSC graft (B), and axon crossing beyond lesion/graft site into caudal host tissue (C, D). The axons are present caudal to
graft only in regions of BDNF expression (green). The dashed lines in B indicate rostral host (h)/lesion (Les) interface and in C–E
indicate caudal lesion/host interface. E, Growth of presumably bridging axons (red) into caudal host tissue is exclusively in regions
of BDNF expression (green). F, The association of regenerating axons with BDNF expression is also revealed by double light-level
immunolabeling for BDNF (dark blue) and BDA (brown): BDA-labeled reticulospinal axons regenerate into the lesion/graft (g) site
and extend into caudal host (h) spinal cord gray matter expressing BDNF. The graft is outlined by the dashed lines. G, High
magnification of the boxed area from F shows BDA-labeled axons crossing caudal graft/host interface (dashed lines). H, I, Higher
magnification from boxed areas of G show clusters of BDA-labeled reticulospinal axons (brown, arrowheads) closely associating
with BDNF-expressing host neurons (dark blue). Scale bars: A, 530 �m; B–E, 95 �m; F, 280 �m; G, 50 �m; H, I, 20 �m.
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AAV2-BDNF (2 � 10 12 vg/ml; n � 5) or, in controls, AAV2-GFP (2.5 �
10 12 vg/ml; n � 4) was slowly injected into the S2 spinal cord below the
transection, as described above. Four weeks later, spasticity was assessed:
with rats in a Plexiglas tube and tail protruding from one end (free to
hang vertically), the tail was stimulated with a brief standardized stretch/
rub maneuver as previously described (Bennett et al., 2004). The degree
of subsequent coiling of the tail was rated on a graded 5-point scale
(Bennett et al., 2004) as follows: 0, only slight tail flick in response to
stretch, and otherwise unresponsive to stimulation or touch; 1, weak
flexion coiling of the tip of the tail in response to stretch/rub (90° and
lasting only �1 s), little or no muscle tone, no clonus, no response to light
touch of skin or hairs; 2, moderate flexion coiling of the whole tail in
response to stretch rub, with maximum excursions of 90 –180°, lasting

�3 s each; 3, strong flexor direction coiling spasms of whole tail in
response to stretch/rub, with maximum excursions of 180 –360° in the tip
of the tail and lasting 3–10 s each; repeated flexion spasms (coiling) and
clonus lasting �10 min after stretch/rub; hypertonus; very sensitive to
light touch and withdrawal to even touch of a single hair; 4, similar to
previous rating (3), but with extensor as well as flexor coiling spasms and
responses to stretch/rub, so that the tail often obtained an S-shape with
the proximal portion flexing under the rat, and the distal portion extend-
ing in the opposite direction; also, greater clonus, hypertonus, and side-
to-side whipping present. Following scoring, a decimal was added to
reflect the duration and intensity of the spasm. For functional testing,
observations were made by two individuals who were different from the
surgeons and were blinded to group identity, and scores were averaged
for subsequent statistical analysis.

Figure 3. Reticulospinal axon growth in controls: quantification. BDA light-level immuno-
labeling in four experimental groups. A, B, Lesioned control: Axons do not penetrate the lesion
cavity in the absence of a cell graft, and few axons are present at the caudal lesion/host interface
(B) (higher magnification of A). C, D, Combination treatment: Reticulospinal axons robustly
regenerate into the marrow stromal cell graft in the lesion site and appear to cross the distal
graft/host interface (D). The dashed lines indicate host (h)/graft (g) interface. E, F, BDNF treat-
ment: Axons also penetrate marrow stromal cell graft in lesion site (E) and appear to emerge
distally (F ). cAMP was not injected into pons; number of axons regenerating beyond lesion is
reduced compared with combination treatment, quantified in I. G, H, cAMP treatment: Axons
penetrate graft in lesion site (G), but do not appear to regenerate beyond lesion (H ). BDNF was
not provided. Scale bars: A, C, E, G, 300 �m; B, D, F, H, 60 �m. I, Quantification of number of
BDA-labeled axons crossing a vertical line placed 250 �m beyond distal graft/host interface
reveals significant overall group differences (ANOVA, p � 0.01). Significantly greater numbers
of axons regenerate beyond graft in combination group (COMB) than all other groups ( post hoc
Fisher’s compared with BDNF group, p � 0.05; compared with each other group, **p � 0.01).
BDNF treatment alone also differs from other groups ( †p � 0.05 in each case). Error bars
indicate SEM.

Figure 4. Motor outcomes worsen in BDNF recipients. Functional outcomes were measured
on three tasks after C5 hemisection: grid walking, grooming, and gait kinematics. A, Functional
outcomes on the grid-walking task are worse than lesioned controls in each group that received
BDNF (COMB and BDNF). Lesioned groups lacking BDNF below the lesion exhibited significant
improvement of right forelimb placement over time [multivariate ANOVA (MANOVA) repeated
measures, between groups, p � 0.0001; time, p � 0.0001; time by group, p � 0.001; *p �
0.05; ***p � 0.001; N � 12 each group] [the asterisk (*) in COMB dataset indicates significant
difference between COMB and LES group]. B, Similar recovery patterns, and deficits in recovery
in BDNF recipients, were observed in forelimb use on the grooming task (MANOVA with re-
peated measures, between groups, p � 0.01; time, p � 0.23; time by group, p � 0.05; *p �
0.05, **p � 0.01, ***p � 0.001). C, Kinematic analysis of forepaw placement during locomo-
tion shows significant reduction in distance from right forepaw to hip in the combination treat-
ment group (COMB) compared with the lesion-only control (LES) (***p � 0.001). There are no
significant differences in the intact left forepaw, 12 weeks after injury. Error bars indicate SEM.
D, Examples of a typical right forepaw step trajectory relative to ipsilateral hip position (blue
square) in an intact (baseline), lesion-only (LES), and combinatorial treatment (COMB) subjects.
There is less joint excursion and reduced overall recovery in step trajectory in the treatment
group, likely reflecting spasticity. E, Static images and tracings (below) of joints from video
illustrating the right forepaw (arrow) in a retroflexed, grasp posture in a COMB-treated subject,
compared with a nongrasp posture in a LES control.
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Statistics
Multiple-group comparisons were assessed by ANOVA with a signifi-
cance criterion of 95%. Post hoc differences were tested by Fisher’s least-
square difference. When two groups were being compared, differences
were assessed by two-tailed Student’s t test. Observers were blinded to
group identity in all assessments, as noted above.

Results
Graft survival and gene expression
In all grafted subjects in both C5 hemisection and T3 transection
groups, marrow stromal cells survived well and filled the lesion
cavity (Fig. 1D,E). Cystic cavitation occurred in nongrafted con-
trols (Fig. 1B,C). Gene expression continued throughout the 3
month experimental period, evidenced both by expression of the
GFP reporter (Figs. 1F, 2A,C,E) and BDNF (Figs. 1G, 2F–I)
within ventral gray matter below lesion. BDA-labeled host reticu-
lospinal axons in both C5 and T3 injury models grew into the

lesion site only among subjects that received marrow stromal cell
grafts (Figs. 2, 3, 5).

C5 hemisection model: combinatorial treatments promote
regeneration of brainstem motor axons into and beyond
lesion sites
The greatest degree of regeneration of brainstem reticulospi-
nal motor axons into and beyond the lesion site after C5 he-
misection occurred among subjects that received full
combinatorial therapy with a cell bridge in the lesion site,
BDNF expression within and below the lesion site, and cAMP
injection into the brainstem (ANOVA, p � 0.05; Figs. 2, 3;
quantified in Fig. 3I ). While subjects that received BDNF
treatment alone also exhibited some bridging axons, combi-
natorially treated animals exhibited 60% more axons regener-

Figure 5. Combinatorial treatments promote motor axonal regeneration beyond sites of
complete spinal cord transection. A combination of cAMP and BDNF supports reticulospinal
motor axon regeneration beyond T3 complete transection. A, Overview of complete transection
site (horizontal section) showing BDA-labeled reticulospinal axons approaching lesion site (left
side), regenerating into graft (g), and regenerating beyond lesion into caudal host (h) spinal
cord. IS, Injection sites of BDNF-expressing vectors. B, Higher magnification of indicated region
from A, demonstrating BDA-labeled reticulospinal axons crossing caudal graft/host interface
(dashed lines) into distal spinal cord. C, Axons regenerate beyond lesion site only into regions
that express BDNF, indicated by GFP reporter gene expression in the same section shown in B.
GFAP labeling, Red. D, E, Clusters of bridging axons (D) and axons with varicosities (E) can be
found up to 4 mm caudal to lesion site in host cord, in regions of BDNF expression. Scale bars: A,
600 �m; B, C, 88 �m; D, 44 �m; E, 15 �m. F, Quantification of axons bridging across T3
complete transection after combinatorial treatment (n � 6). The number of axons crossing a
virtual line 250, 500, 1000, 2000, and 3000 �m beyond the lesion site was quantified. Axons are
not detectable beyond the lesion in controls with lesions alone (N � 6). Error bars indicate SEM.

Figure 6. Regenerating reticulospinal axons extend through glial scars and form distal syn-
apses after T3 complete transection. A, BDA and CS56 double immunolabeling in a horizontal
section demonstrates that BDA-labeled reticulospinal axons bridge through regions of chon-
droitin sulfate proteoglycan labeling (CS56 antibody), at caudal graft (g)/host (h) interface
(dashed lines) 3 months after T3 complete transection. B–D, Higher magnification view of the
boxed area from A shows merged (B) and individual channels (C, D). E, Two millimeters caudal
to T3 complete transection, BDA-labeled reticulospinal axons (red) colocalize with the presyn-
aptic marker synaptophysin (SYN) (green), confirmed in xz and yz plane reconstructions. A
sample putative synapse in the bottom right corner of the panel (arrow) is shown in the inset. F,
Regenerating reticulospinal axons (red) express VGlut1 (green) in juxtaposition to a motor
neuron labeled for ChAT (blue), suggesting that regenerating axons resume expression of an
appropriate, excitatory neurotransmitter. G, H, Immunoelectron microscopy confirms that re-
generating, BDA-containing reticulospinal axons (R, dark reaction product of BDA) form syn-
apses (arrows) with that host dendrites located 2 mm below the lesion. Scale bars: A, 125 �m;
B–D, 32 �m; E, 2 �m; F, 1.8 �m; G, 150 nm; H, 50 nm.
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ating beyond the lesion ( p � 0.001, post hoc Fisher’s compared
with full combination treatment).

Axon bundles crossed the caudal host/graft interface in com-
bination treatment and BDNF-treated animals, and extended to-
ward regions of peak BDNF expression (Fig. 2). Indeed, axons did
not bridge beyond the distal host/graft interface unless BDNF
gene expression from viral vector injections extended immedi-
ately up to the caudal host/graft interface, indicated by GFP re-
porter expression (Fig. 2A,C,E) and BDNF immunolabeling
(Fig. 2F–I). Moreover, bridging axons were only present within
regions of BDNF expression (Fig. 2), indicating that bridging
motor axons follow chemotropic gradients of growth factors.
BDA-labeled axons extending caudal to the graft often exhibited
circuitous trajectories and emerged from all regions of grafts,
rather than only the most ventral or dorsal aspects of the lesion
site where spared axons might be located. These observations
support the probability that the observed axonal profiles repre-
sented newly regenerated rather than spared axons.

Functional assessment was performed at intervals of 1, 3, 6, 9,
and 12 weeks after injury in C5 hemisection lesion subjects. No-
tably, all groups that received BDNF treatment within and below
the lesion exhibited significantly worse functional outcomes than
control-lesioned rats, despite the presence of axons regenerating

below the lesion in treated versus control subjects (p � 0.05
ANOVA, post hoc Fisher’s comparing BDNF-treated subjects to
lesioned controls, p � 0.05; Fig. 4). Qualitative assessment of
limb tone in all BDNF-treated subjects revealed spasticity on
range of motion of the lesioned side; this finding was confirmed
quantitatively in subjects with complete spinal transections (be-
low). Moreover, BDNF-treated subjects exhibited spontaneous
clonic limb movements of the affected forelimbs and hindlimbs
upon limb placement onto a flat surface, suggesting activated
local spinal reflex activity, similar to that observed in humans
after spinal cord injury (Hubli et al., 2011).

Histological sectioning of the brainstem confirmed that
cAMP injections were accurately targeted to paragigantocellular
pontine nucleus reticular neurons, and that injections did not
cause damage (data not shown).

While brainstem reticulospinal motor axons regenerated be-
low the caudal lesion/host interface (Figs. 2, 3), it remains possi-
ble that reticulospinal axons on the contralateral, intact side of
the spinal cord decussated below the lesion site and entered the
graft from below the lesion site, traveling in a caudal-to-rostral
direction rather than truly bridging beyond the lesion site from
rostral levels. This is unlikely because the density of BDA-labeled
reticulospinal axons was greater within the graft than caudal to
the graft. Nonetheless, proof of motor axonal regeneration into
and beyond the lesion site requires complete spinal cord transec-
tion. We accordingly next tested whether the optimal full combi-
nation treatment identified in the C5 hemisection model would
achieve axonal regeneration into and beyond a site of complete

Figure 7. Combinatorial treatments promote serotonergic motor axonal regeneration be-
yond sites of T3 complete transection. A, Low magnification of a horizontal spinal cord section
showing 5-HT-labeled raphespinal axons (red) approaching the lesion from the rostral (left)
side, regenerating into the graft in the lesion site, and beyond. The dashed lines indicate rostral
and caudal interfaces. The inset is GFAP label showing lesion site. B, Higher magnification of the
boxed area from A, demonstrating raphespinal axons crossing caudal graft (g)/host (h) inter-
face (dashed lines). C, Same section as B now labeled for GFAP (red as pseudocolor) to show
lesion border and GFP expression: serotonergic axons regenerate only into regions expressing
BDNF. D–G, Clusters of serotonergic axons regenerating up to 4 mm caudal to lesion site. Scale
bars: A, 800 �m; B–E, 64 �m; F, G, 20 �m.

Figure 8. Completeness of T3 complete transection. GFAP immunolabeling from a series of
every sixth horizontal section demonstrates completeness of T3 complete transection from
ventral through dorsal spinal cord. Scale bar, 125 �m.
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T3 transection. Comparison was made to control rats that under-
went T3 transection alone.

T3 complete transection: combinatorial treatments promote
bridging regeneration of brainstem motor axons
Subjects that received full combination treatment with cell grafts,
cAMP injections into the pontine reticular nucleus, and growth
factor gradients within and beyond the lesion site, exhibited ax-
onal regeneration across sites of complete thoracic spinal cord
transection. Growth of some axons continued for up to 4 mm
caudal to the distal border of the lesion, reaching the caudal site of
growth factor injection, as shown and quantified in Figure 5.
Regenerating axons crossed glial interfaces and sites of chondroitin
sulfate proteoglycan deposition (CS56 label; Fig. 6) to penetrate the
host spinal cord beyond the lesion. Again, axons bridged beyond the
lesion only when regions of growth factor expression immediately
abutted the graft/lesion site (indicated by expression of the reporter
gene GFP; Fig. 5C). Furthermore, the regeneration of host axons
was entirely restricted to regions of BDNF expression, indicating
that regenerating axons exhibit chemotropic attraction and guid-
ance to the growth factor.

BDA-labeled reticulospinal axons regenerated beyond the le-
sion site into regions of � motor neuronal cell bodies (labeled
with choline acetyltransferase; Fig. 6F). These regenerating axons
colocalized with the presynaptic marker synaptophysin on high-
resolution confocal imaging, indicating likely formation of syn-
apses (Fig. 6E). Moreover, these regenerating reticulospinal
axons expressed VGlut1, suggesting formation of appropriate ex-
citatory synapses (Fig. 6F). Synapse formation by regenerating
brainstem motor axons was confirmed on ultrastructural analy-
sis, with BDA-dense reticulospinal axon terminals forming syn-
apses with host dendrites (Fig. 6G,H).

Raphespinal projections to the spinal cord modulate spinal
motor activity (Sillar et al., 1995), and these axons have previ-
ously been reported to exhibit sensitivity to BDNF (Xu et al.,
1995; Jin et al., 2000; Lu et al., 2003). We accordingly examined
responses of raphespinal axons to combination therapies using
serotonin immunolabeling. As observed with reticulospinal pro-
jections, raphespinal axons regenerated across sites of complete
T3 transections (Fig. 7). 5-HT-labeled axons clearly crossed the
caudal graft/host interface (Fig. 7), and the density of bridging
axons progressively diminished over greater distances beyond the
lesion site, indicating that the 5-HT label was not merely detect-
ing a possible resident spinal cord population of serotonergic
neurons. Axons were present up to 4 mm caudal to the graft/host
interface, but not beyond, corresponding to the most caudal site
of growth factor expression.

Serial sectioning of the spinal cord established lesion com-
pleteness in all subjects (Fig. 8). Moreover, regenerating axons
exited from the midportions of grafts, not merely from the most
ventral, lateral, or dorsal aspects of the lesion site where spared
axons might be located and mistaken for regenerating axons.
Finally, regenerating axons exhibited circuitous trajectories and
irregular morphologies, suggesting newly regenerating axons
rather than spared axons. This evidence strongly supports the
conclusion that true axonal bridging across sites of complete spi-
nal cord transection can be achieved after complete spinal cord
injury.

Myelination of regenerating motor axons
In sensory systems, we have found that axons regenerating rostral
to a high cervical lesion site do not become remyelinated (Alto et
al., 2009), a finding that may limit functional recovery. In the

present experiments, the relevance of remyelination depends on
the regenerating axonal system: serotonergic axons in the spinal
cord are normally sparsely myelinated if at all (Basbaum et al.,
1988), whereas reticulospinal axons are predominantly myelin-
ated (Loy et al., 2002). Yet reticulospinal axons normally lose
their myelin sheaths upon reaching neuronal targets in spinal
gray matter, a finding we confirmed in this experiment using
double labeling for MAG or MBP and BDA-labeled reticulospi-
nal axons above the lesion site (Fig. 9A,B): 81 � 1.5% of BDA-
labeled axons in white matter 3 mm above the lesion were
myelinated, whereas only 8.2 � 0.8% of BDA-labeled axons in
gray matter 3 mm above the lesion were myelinated. Thus, while
remyelination of regenerating reticulospinal axons within the
graft may be necessary to recapitulate the preinjury state, it need
not be the case that reticulospinal axons must be myelinated
upon penetrating host gray matter below the lesion where poten-
tial target neurons are present. Double labeling for regenerating
axons and myelin showed that reticulospinal axons were indeed
frequently remyelinated within grafts in the lesion site (71.7 �
4.6% of sampled axons; Fig. 9C,E) but were not myelinated in
host gray matter beyond the lesion (Fig. 9D). Host Schwann cells
have previously been shown to migrate into lesion sites and to
remyelinate regenerating axons in cell grafts (Jones et al., 2003;
Lu et al., 2005; Alto et al., 2009).

Functional outcomes
Locomotor outcomes were assessed on the BBB scale after com-
plete T3 transection (Basso et al., 1996). Combination-treated

Figure 9. Myelination of regenerating axons. Intact reticulospinal axons in white matter (A)
are normally myelinated (arrows) but lose their myelin sheaths upon entering gray matter (B).
BDA (red) and MBP (green) double labeling is shown. C, Upon regenerating into a marrow
stromal cell graft in the lesion cavity, most axons are remyelinated (MAG label, arrows) by
Schwann cells migrating into the lesion site (Jones et al., 2003; Lu et al., 2005; Alto et al., 2009).
D, Reticulospinal axons that regenerate beyond the T3 complete transection site, into gray
matter, are not myelinated and resemble gray matter axon terminals on intact animals, as seen
in B. E, Higher magnification image of a myelinated axon in a graft (arrow points to a node of
Ranvier). Scale bars: A, 7 �m; B, D, 6 �m; C, 12 �m; E, 2.5 �m.
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subjects exhibited significant improve-
ments in the BBB scale compared with
controls (p � 0.05; Fig. 10A); however, all
treated animals exhibited readily detect-
able lower limb spasticity, reflected as re-
sistance to passive range of motion of the
lower limbs, particularly in extensor mus-
cles. Subjects also exhibited spontaneous
clonic movements of the hindlimbs upon
contact with a flat surface, as observed in
subjects with C5 hemisections (above).
Importantly, spinal retransection after re-
covery in the treated group failed to sig-
nificantly reduce BBB scores (Fig. 10A);
moreover, lower limb spasticity and
clonic movements on contact placement
persisted. These findings suggest that hy-
peractivity of local spinal circuitry within
the spinal cord below the transection site
generated higher BBB scores in the treated
group. Thus, assessment of functional ef-
fects of motor axons regenerating below
the lesion site was potentially masked by
activation of spinal reflex activity and
spasticity, an effect likely due to persistent
BDNF expression (Boulenguez et al.,
2010). We confirmed that BDNF induces
spasticity in a validated, quantitative
model of lower limb spasticity (Murray et
al., 2010). To assess spasticity, nine addi-
tional rats underwent S2 complete spinal
cord transection and injection of AAV2-
BDNF (n � 5) into the spinal cord caudal to the lesion, and were
compared with control subjects with AAV2-GFP injections (n �
4). BDNF-treated subjects exhibited significantly greater spastic-
ity in tail muscles compared with controls (p � 0.001; Fig. 10B).

Discussion
This study demonstrates that combined targeting of multiple
mechanisms ordinarily limiting axonal regeneration can pro-
mote motor axonal regeneration, even in the extraordinarily
challenging model of complete spinal cord transection. Spinal
cord injury studies frequently avoid complete spinal cord tran-
section: while it is the gold standard to provide evidence of axonal
regeneration, it is extremely difficult to overcome the barriers of
reactive glia, inhibitory extracellular matrix, and inhibitory adult
white matter to achieve axonal regeneration beyond the lesion. In
the present study, we find that combinations of cell bridges in the
lesion site, growth factor gradients beyond the lesion, and stim-
ulation of the intrinsic growth state of the neuron by cAMP in-
jection support axonal regeneration into the lesion site and
beyond. Importantly, we fail to see the same amount of regener-
ation unless each of these mechanisms that individually contrib-
utes to the failure of central axonal regeneration is targeted
(Schwab and Bartholdi, 1996; Alto et al., 2009; Kadoya et al.,
2009). Several lines of evidence support the observation that ax-
ons have regenerated in this study: (1) regenerating axons emerge
from the midportions of the graft in the lesion site, where spared
axons are unlikely to be located; (2) axons exhibit irregular tra-
jectories, often with abrupt turns, rather than existing in tightly
linear bundles typical of spared axons; (3) axons course through
host gray matter that largely lacks the inhibitory molecules of
adult CNS myelin; (4) axons are present only in regions of growth

factor expression, a distribution that would not be predicted with
axon sparing; and (5) serial sections demonstrate lesion com-
pleteness. The complete transection model, performed accu-
rately, excludes the possibility that axonal sparing or
neuroprotection results in improved anatomical or functional
outcomes.

Yet despite motor axonal bridging beyond sites of spinal cord
injury, functional outcomes in this study were worse after partial
lesions, and spasticity worsened after complete transection.
These “paradoxical” findings highlight the complexity of efforts
to reconstruct injured adult neural circuitry. Regenerating motor
axons in this study formed synapses, demonstrated both by high-
resolution confocal microscopy and ultrastructural analysis. In-
deed, these regenerating axons formed synapses in target regions
containing motor neurons and dendrites. Several mechanisms
may account for worsened outcomes. First, BDNF induces syn-
aptic plasticity both in the brain and after spinal cord injury
(Figurov et al., 1996; Stoop and Poo, 1996; Jakeman et al., 1998;
Boulenguez et al., 2010). In the spinal cord, these effects could
generate spasticity and reflex hyperactivity. Transient growth fac-
tor expression for a time period sufficient to promote axonal
growth, following by discontinuation of growth factor expression
(Blesch and Tuszynski, 2007), could reduce spasticity. Second,
adverse functional outcomes may have resulted from formation
of contacts by regenerating axons with inappropriate target neu-
rons or inappropriate regions of the dendritic/somal compart-
ment. Regenerating axons followed the topography of growth
factor expression, and improvement in functional outcomes
might require restriction of regenerating axonal connectivity to
specific subsets of cells or subregions of dendritic architecture
(Tang et al., 2007). Retrograde targeting methods would be one

Figure 10. Functional outcomes after T3 complete transection and combinatorial therapy. Functional outcomes were mea-
sured on the BBB scale and in a spasticity model. A, BBB testing shows significantly higher scores in hindlimb locomotion among
subjects that received combinatorial treatment (COMB) compared with lesioned controls (Student’s t test, ***p � 0.0001), 3
months after injury. However, retransection (arrow) at the rostral interface of graft and host failed to reduce locomotor recovery
when assessed 1 d later, indicating a likely trophic factor effect of the graft rather than a functional benefit from axonal bridging.
Values are mean � SEM. B, A validated model of spasticity (Bennett et al., 2004) indicates greater tail spasticity among BDNF
recipients. Beginning with tail rest (I, IV), stimulation leads to a marked extension (II) followed by a prolonged flexion coil (III) in
BDNF-treated rats, whereas only a moderate flexion is seen in control rats (V). AAV2-BDNF administration significantly increases
tail spasticity compared with lesioned controls (**p � 0.001; VI).
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means of achieving cell-specific neuronal growth factor expres-
sion (Fortun et al., 2009; Hollis et al., 2010), but the challenge of
limiting growth factor expression to subregions of the dendritic
tree would be substantially more difficult. Third, axonal regener-
ation may require interaction with specific rehabilitation strate-
gies (García-Alías et al., 2009; Takeoka et al., 2011), approaches
that will be tested in future studies.

Our findings that interventions promoting CNS plasticity can
worsen functional outcomes are consistent with some previous
studies. Takeoka et al. (2011) reported that grafts of olfactory
ensheathing cells suppressed locomotor outcomes after spinal
cord injury, because locomotion “paradoxically” improved when
spinal cords were retransected several months after the original
lesion/graft. A study by Basso et al. (1996) shed light on the exis-
tence of spontaneous plasticity that can occur in intrinsic spinal
circuitry below lesions: rats underwent severe spinal cord contu-
sions, followed 7 weeks later by complete transection; animals
with these staged lesions demonstrated better functional out-
comes than animals with initially complete transections. Numer-
ous other studies confirm the existence of adaptive plasticity after
spinal cord injury (Weidner et al., 2001; Bareyre et al., 2004;
Courtine et al., 2008; Rosenzweig et al., 2010). Even complete
transection is associated with a limited degree of adaptive plastic-
ity and functional improvement due to reorganization of intrin-
sic circuits below the lesion (Basso et al., 1996), and these circuits
can be further modified or “trained” by rehabilitation strategies
(Harkema, 2001). Experimental interventions to enhance axonal
plasticity can hypothetically interfere with adaptive plasticity, re-
sulting in worsened outcomes.

In conclusion, we report axonal regeneration beyond the ex-
traordinarily challenging model of complete spinal cord transec-
tion site using methods that simultaneously target multiple
neural mechanisms responsible for regeneration failure. Yet, de-
spite the presence of regenerating reticulospinal and raphespinal
axons, functional measures worsen. These findings highlight the
complexity of reconstructing the injured spinal cord, and the
need to further control and shape axonal regeneration or increase
the absolute number of regenerating axons. Most likely, im-
proved functional outcomes resulting from axonal regeneration
will require advances in each of these mechanisms.
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