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It is well established that long, descending axons of the adult mammalian spinal cord do not regenerate after a spinal cord injury (SCI).
These axons do not regenerate because they do not mount an adequate regenerative response and growth is inhibited at the injury site by
growth cone collapsing molecules, such as chondroitin sulfate proteoglycans (CSPGs). However, whether axons of axotomized spinal
interneurons regenerate through the inhibitory environment of an SCI site remains unknown. Here, we show that cut axons from adult
mammalian spinal interneurons can regenerate through an SCI site and form new synaptic connections in vivo. Using morphological and
immunohistochemical analyses, we found that after a midsagittal transection of the adult feline spinal cord, axons of propriospinal
commissural interneurons can grow across the lesion despite a close proximity of their growth cones to CSPGs. Furthermore, using
immunohistochemical and electrophysiological analyses, we found that the regenerated axons conduct action potentials and form
functional synaptic connections with motoneurons, thus providing new circuits that cross the transected commissures. Our results show
that interneurons of the adult mammalian spinal cord are capable of spontaneous regeneration after injury and suggest that
elucidating the mechanisms that allow these axons to regenerate may lead to useful new therapeutic strategies for restoring
function after injury to the adult CNS.

Introduction
After injury to the nervous system, functional regeneration oc-
curs when cut axons form growth cones, which elongate and
navigate through or around the injury site, and form functional
synaptic connections with appropriate targets. However, it is
widely accepted that axons of the adult mammalian CNS are not
capable of spontaneous functional regeneration after injury
(Ramon y Cajal, 1959; Yiu and He, 2006). Regeneration fails
partly because cut CNS axons do not typically acquire the appro-
priate proteins for growth cone formation and extension (Plunet
et al., 2002). In addition, the few axons that do form growth cones
are faced with the formidable barrier of navigating through the
glial scar at the injury site. Glial scars contain growth inhibitory
molecules such as chondroitin sulfate proteoglycans (CSPGs),
myelin-derived inhibitory proteins, and repulsive guidance mol-
ecules (Silver and Miller, 2004; Harel and Strittmatter, 2006; Yiu
and He, 2006).

Although the poor regenerative response and inhibitory ef-
fects of the injured CNS are formidable barriers, they can be
overcome. For example, conditioning stimuli enhance central re-
generation of sensory axons (Richardson and Issa, 1984; Neumann

and Woolf, 1999; Lu et al., 2004). Also, cleaving the active regions
of inhibitory molecules (Bradbury et al., 2002) or using antibod-
ies to block their action (Schnell and Schwab, 1990; Bregman et
al., 1995) promotes regeneration. These studies show that certain
classes of CNS neurons are capable of regenerating axons through
or around a CNS injury site, but only with the aid of interventions
that promote regeneration.

The goal of this study was to reexamine the ability of transected
axons of CNS neurons to form functional connections in the ab-
sence of therapeutic interventions. This reexamination was based
on observations of axons arising from spinal interneurons. Pre-
vious studies have shown that spinal interneurons survive well
after axotomy caused by contusion spinal cord injury (SCI)
(Conta and Stelzner, 2004) and, after midsagittal spinal transac-
tions, axotomized spinal interneurons develop axon-like pro-
cesses that cross the midline (Fenrich et al., 2007). In addition,
the axons of spinal interneurons also have a remarkable capacity
for the formation of new collateral branches that circumvent injury
sites after partial SCIs (Bareyre et al., 2004; Courtine et al., 2008).
However, although these studies speak to the abilities of spinal
interneuron axons to sprout after SCI, they do not directly exam-
ine whether spinal interneuron axons are capable of spontaneous
functional regeneration through an injury site. We therefore
asked two fundamental questions: (1) Do spinal interneuron ax-
ons regenerate through an inhibitory environment in the absence
of therapeutic interventions? and, if yes, (2) Do these regenerated
axons form functional synaptic connections?

We examined propriospinal commissural interneurons (PCIs)
and found that axotomized PCI axons regenerate through SCI
lesion sites that contain dense deposits of inhibitory CSPGs. In

Received Feb. 22, 2009; revised Aug. 4, 2009; accepted Aug. 20, 2009.
This work was supported by the Canadian Institutes for Health Research (MOP-79299). K.K.F. was supported by

a Trevor C. Holland Fellowship, a Dr. Robert John Wilson Fellowship, and an Ontario Graduate Scholarship. We thank
Rebecca Cranham for help with animal care, surgeries, and data acquisition; and Monica Neuber-Hess for help in
conducting the experiments. We are most grateful to Steven Montague, Anirhuda Garg, and Laura Gedge for
constructive and helpful feedback during revisions of this manuscript.

Correspondence should be addressed to Keith K. Fenrich, Department of Physiology, Queen’s University, King-
ston, Ontario, Canada, K7L 3N6. E-mail: keith@biomed.queensu.ca.

DOI:10.1523/JNEUROSCI.0897-09.2009
Copyright © 2009 Society for Neuroscience 0270-6474/09/2912145-14$15.00/0

The Journal of Neuroscience, September 30, 2009 • 29(39):12145–12158 • 12145



addition, regenerated PCI axons were found to evoke inhibitory
or excitatory postsynaptic potentials (PSPs) in motoneurons that
typically receive input from PCIs. Our findings reveal, to our
knowledge for the first time, that axons of spinal interneurons are
capable of spontaneous functional regeneration after SCI.

Materials and Methods
Surgeries
All surgical and animal care protocols for these experiments were ap-
proved by the Queen’s University Animal Care Committee and were
consistent with the guidelines established by the Canadian Council of
Animal Care. All surgical procedures were performed on adult cats (�11
months of age) under deep general anesthesia using either isoflurane
(recovery experiments) or sodium pentobarbital (terminal experi-
ments). Surgical procedures, peripheral nerve stimulation protocols, and
postoperative care procedures were identical to those used in previous
experiments (Fenrich et al., 2007). Briefly, for the recovery surgeries, the
animal was anesthetized, and the dorsal C2 and C3 vertebrae were ex-
posed and removed to access the C3 segment. The animal was suspended
from a stereotaxic frame, the C3 nerves innervating the dorsal neck muscles
biventer cervicis and complexus (BCCM) were isolated and mounted on
stimulating electrodes, and the dura was resected to expose the dorsal
surface of the spinal cord. We located the spinal midline in two ways.
First, we recorded from antidromically activated BCCM motoneurons
on both sides of the spinal cord. The point midway between the BCCM
motoneuron pools was used as a marker for the position of the ventral
midline. Second, we removed the arachnoid and pia matter to expose the
dorsal median sulcus. The sulcus was used as a marker for the dorsal
midline of the spinal cord. In nearly all experiments, the positions of the
markers for the dorsal and ventral midlines were identical, and the scalpel
blade was aligned to the center of the dorsal medial sulcus. However, on
the occasions in which the positions of the markers for the dorsal and
ventral midlines did not match (i.e., the spinal cord was slightly twisted),
the point midway between the two was taken as the midline. We con-
firmed that all lesions transected the midline through the central canal
after the terminal experiments (see below). The lesion protocol has pre-
viously been described in detail (Fenrich et al., 2007) and was performed
using a specially designed double-edged scalpel blade that was mounted
to a motorized microdrive. Briefly, the knife was inserted to a depth of at
least 5 mm (the most ventral aspect of the ventral horns is �4 mm below
the dorsal surface of the spinal cord at C3) (supplemental Fig. 1, available
at www.jneurosci.org as supplemental material). The knife was advanced
rostrally for a distance of 4 or 6 mm, returned to its starting position, and
advanced rostrally again for a distance of 4 or 6 mm. Most of the lesions
were 4 mm long. In one experiment in which the intended length of the
lesion was 4 mm, the blade was moved only 3.5 mm rostrocaudally
because of a shorter laminectomy. Two animals received 6 mm lesions.

Animals were divided into three groups based on the time between
lesion and terminal experiments; these groups were called “0 d,” “7 d,”
and “56 –72 d” experiments. The 0 d animals were control experiments,
and we proceeded to the terminal experiment immediately after the spi-
nal lesion. Postoperative pain was controlled with buprenorphine
(0.005– 0.01 mg/kg, s.c.; every 6 h or as required) and/or Metacam (1
drop orally; per day as required). For the terminal experiment, the ani-
mals were anesthetized, the dorsal surface of the spinal cord was exposed
from C1 to C5, and the cat was suspended in a stereotaxic frame. The
nerves innervating C2–C4 BCCM, C2 and C3 splenius, and trapezius
muscles were mounted on stimulating electrodes. To eliminate move-
ment of the spinal cord in response to peripheral nerve stimulation, the
animals were paralyzed with gallamine triethiodide (2.5–5 mg/kg/h, i.v.;
Sigma) and ventilated with a respirator. Respiratory-related movements
were minimized by unilateral or bilateral pnemothoraces.

Injections of Neurobiotin
We stained PCIs with multiple iontophoretic injections of Neurobiotin
into the extracellular space of the ventral horn as described previously
(Fenrich et al., 2007). Briefly, Neurobiotin was injected twice in each
electrode track. The first injection was 200 �m dorsal of the BCCM
motoneuron pool, and the second was 800 �m dorsal of the BCCM

motoneuron pool (supplemental Fig. 1, available at www.jneurosci.org
as supplemental material). Each injection was made using 5 �A positive
pulses with a 10 s on/off duty cycle for a total of 90 s. The first electrode
track used to inject Neurobiotin was aligned with the rostrocaudal posi-
tion of the most caudal stimulating electrode (see below). For most of the
experiments, the electrode tracks used to inject Neurobiotin were 1 mm
apart in the rostrocaudal axis and were located at the same rostrocaudal
level as the lesion, as well as regions rostral and caudal to the lesion
(compare Fig. 1 A). In two experiments, the electrode tracks used to inject
Neurobiotin were 250 �m apart in the rostrocaudal axis and were re-
stricted to a 1 mm zone within the rostrocaudal confines of the lesion.
These injection parameters yielded �10 –20 well stained neurons, per
injection, within a sphere of �700 �m in diameter. Not all of these
neurons were PCIs. However, only PCIs were examined in this study. The
methods used to identify PCIs are described below. After completion of
the electrophysiological recordings, the cats were perfused, and the spinal
cords were collected as described previously (Fenrich et al., 2007).

Electrophysiology
General methods. In each animal, we conducted one of two types of
electrophysiological experiments. The first type focused on extracellular
recordings of antidromically identified PCIs and are called “antidromic”
experiments. The second type focused on intracellular recordings of PSPs
evoked by stimulation of PCIs and are called “orthodromic” experi-
ments. For all electrophysiological experiments, the nerves innervating
the dorsal neck muscles BCCM, splenius, and trapezius were isolated and
mounted on stimulating electrodes. PCIs were activated orthodromically
or antidromically via electrical stimuli delivered by glass insulated tung-
sten electrodes (FHC). Four stimulating electrodes were spaced 2.5 mm
apart along the rostrocaudal axis in the antidromic experiments, and six
stimulating electrodes were spaced 1 mm apart along the rostrocaudal
axis in the orthodromic experiments. The tungsten electrodes were low-
ered into the ventral horn beside the lesion site, and recordings of anti-
dromic field potentials evoked by stimulation of the nerves supplying
dorsal neck muscles were used to guide the placement of each stimulating
electrode to regions in the ventral horn that contain the somata and axon
collaterals of PCIs (Bolton et al., 1991; Sugiuchi et al., 1992, 1995). The
position of the stimulating electrodes was verified histologically. To en-
sure that the electrophysiological, anatomical, and immunohistochemi-
cal data were in register, the rostrocaudal location of the most caudal
stimulating electrode was used as a reference for positioning all of the
electrophysiological and Neurobiotin electrode tracks. The shrinkage of
the tissue caused by histological processing was taken into account for all
alignment procedures (see below, Microscopy and image analysis). We
used a Datawave DT 300 (Datawave Technologies) to collect the electro-
physiological recordings and SciWorks software (version 4.1; Datawave
Technologies) to display and analyze the electrophysiological recordings.

Antidromic experiments. We recorded antidromically activated PCIs
using glass micropipettes (tip diameter, 1.3–2.0 �m) filled with 2.0 M

KCl, pH 8.0. We searched for antidromically activated PCIs using a pre-
cise grid of electrode tracks. Briefly, for each track, the recording elec-
trode was lowered at a 6° angle pointing medially to �2000 �m dorsal of
the motoneuron pools (based on the depth of the motoneuron field
potentials recorded in the previous track or the first Neurobiotin injec-
tion). From this depth, the recording electrode was lowered in steps of 20
�m. At every step along the track, we recorded the responses to sequen-
tial stimuli delivered to the tungsten electrodes. These stimuli consisted
of negative, constant current pulses, 200 �s long (DS3 isolated constant
current stimulator; Digitimer). The search for antidromically activated
PCIs continued to a depth of �4000 �m or until antidromic field poten-
tials were observed after stimulation of the nerves supplying BBCM. Each
subsequent track was 150 �m rostral from the previous track and 150 �m
medial or lateral to optimize the magnitude of the BCCM field potentials.
Antidromically activated PCIs were identified based on the following
criteria: (1) a consistent response to every stimulus pulse; (2) a constant
latency; (3) all or nothing at stimulus strengths near threshold; and (4)
the peak-to-peak amplitude of the antidromic response was greater than
twice the amplitude of the baseline noise. Based on previous studies
(Shinoda et al., 1976), we chose a maximum stimulus of 95 �A to mini-
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mize current spread and exclude the possibility of activating contralateral
axons. Stimulus thresholds for antidromic activation of PCIs ranged
from 4.5 to 92 �A.

Orthodromic experiments. Intracellular recordings were obtained using
glass micropipettes (tip diameters, 1.3–1.8 �m) filled with 2.0 M KCl, pH
8.0. We recorded from three types of neurons: (1) antidromically iden-
tified motoneurons; (2) other motoneurons; and (3) interneurons. An-
tidromically identified motoneurons had antidromic action potentials
evoked by stimulation of nerves supplying dorsal neck muscles. Other
motoneurons were located deep within the ventral horn and had action
potentials with the same size and shape of typical action potentials of
identified cervical motoneurons, but no antidromic action potentials
were evoked by stimulation of nerves supplying dorsal neck muscles.
Interneurons were located dorsal to the motoneurons, had narrower
action potentials than typical cervical motoneurons, and were not anti-
dromically activated by stimulation of nerves supplying dorsal neck mus-
cles. We tested for PSP responses from each of the stimulating electrodes
for all impaled neurons that had a stable membrane potential of at least
�35 mV. Based on previous studies (Stoney et al., 1968), we chose a
maximum stimulus of 60 �A to minimize current spread and exclude the
possibility of activating axons rostral or caudal of the lesion zone. Stim-
ulus thresholds to evoke PSPs ranged from 10 to 60 �A.

Histology
All spinal cords were processed for immunohistochemical evaluation as
described previously (Fenrich et al., 2007). Briefly, Neurobiotin was vi-
sualized with streptavidin conjugated to Alexa-488 (1:100; Invitrogen).
Primary antibodies raised against the following antigens were used:
MAP2a/b (1:10,000; mAB AP-20; Millipore Bioscience Research Re-
agents), CSPG (1:250; mAB CS-56; Sigma), and synaptophysin (1:1000;
polyclonal anti-synaptophysin-2; Invitrogen). Secondary antibodies
were conjugated with one of the following fluorochromes: 7-amino-4-
methylcoumarin (AMCA), Cy3, and Cy5 (Jackson ImmunoResearch).

Microscopy and image analysis
Images were captured using an Olympus BX60 fluorescent microscope
equipped with a computer-driven stage-controller and a monochrome
CCD camera (Retiga EXi; QImaging). Tiled images were acquired, sur-
veys (see below) were made using a 20� [0.5 numerical aperture (NA)]
objective, and reconstructions (see below) were made using 40� (0.75
NA) and 60� (0.95 NA) objectives. The distribution of Neurobiotin,
CSPG, and MAP2a/b labeling on each tissue section was determined
from tiled images that captured the entire tissue section and was analyzed
using Image-Pro Plus (version 6.2; Media Cybernetics).

Evaluation of the extent of the lesion using MAP2a/b staining of dendrites
at the midline. We used the absence of MAP2a/b-labeled dendrites at the
midline as a marker for the extent and location of the midline lesions. The
steps for determining the distribution of MAP2a/b along the midline as
well as the consistency and validity of this approach are described in
Results. We analyzed all serial sections that included tissue from the
ventral tip of the ventral horn to the dorsal tip of the dorsal horn. If there
were MAP2a/b-positive dendrites that crossed the midline in any of the
serial sections, these regions were considered “unlesioned,” and any
Neurobiotin-labeled axons that crossed these zones were defined as un-
injured, whereas any region without any MAP2a/b-positive dendrites
throughout the entire dorsoventral extent of the spinal cord was consid-
ered “lesioned.” The position of the lesion was aligned with the Neuro-
biotin injections, and the length of the lesion was corrected for tissue
shrinkage according to the spacing of the Neurobiotin injections. These
lesion parameters were used for all subsequent anatomical, immunohis-
tochemical, and electrophysiological analyses. All experiments described
here had lesions that transected the midline and penetrated ventrally to a
minimum depth that corresponded to the ventral tips of the adjacent
ventral horns.

In one 56 –72 d experiment, three isolated MAP2a/b-labeled dendrites
were found at different rostrocaudal locations and projected a short way
across the midline. Since there were no other indicators that the lesion
was incomplete, we attributed the presence of these dendrites to den-
dritic regeneration, and they were excluded in the evaluation of the lesion

site parameters. The exclusion of these dendrites did not affect our gen-
eral findings or our conclusions.

Surveys and reconstructions of Neurobiotin-labeled processes. We exam-
ined the processes labeled with Neurobiotin in two ways. Only processes
that were well stained with Neurobiotin were used for both types of
analyses. The first analysis was based on computer-based drawings of
Neurobiotin-labeled processes located in the ventromedial funiculi
along the midline. However, in the contralateral spinal cord, PCI axons
project rostrally and/or caudally. For the surveys, we were interested in
where processes cross the midline. Therefore, to avoid contaminating the
surveys with the rostral and caudal projections of PCIs, only processes
with predominantly mediolateral trajectories were included in the sur-
veys. Each tissue section was examined independently, and no attempt
was made to reconnect processes that were cut by histological sections.
We refer to this method as a “survey.” In contrast, reconstructions of
Neurobiotin-labeled processes linked the processes cut by histological
sectioning as they were followed from section to section. Thus, we could
trace the three-dimensional trajectory taken by the process from the
midline to the soma from which it originated. Both types of analyses were
made using Neurolucida neuron tracing software (version 5.0; Micro-
BrightField). All surveys and reconstructions were corrected for tissue
shrinkage as described above.

Surveys of Neurobiotin-stained processes at or near the midline were
based on multiple tissue sections and were used to determine the rostro-
caudal location of all Neurobiotin-stained processes that crossed the
midline. All tissue sections with Neurobiotin-stained processes that
crossed the midline were examined in each experiment (range, 8 –26
sections per animal; average, 15 sections across all animals). The drawing
of each survey began by tracing Neurobiotin-stained processes along and
near the midline in a section, followed by tracing the outline of the tissue
section. A composite of the individually traced tissue sections was com-
piled by overlaying the tracings and were aligned according to the out-
lines of the tissue section. These surveys show the distribution of
Neurobiotin-stained processes at or near the midline for the entire dor-
soventral extent of the spinal cord.

Neurobiotin injections stained a variety of neurons, including PCIs.
Therefore, all reconstructions began by following Neurobiotin-labeled
axons that projected toward the midline. Only those axons that could be
traced back to a soma in the adjacent gray matter were considered to arise
from PCIs, and only reconstructions of PCIs were included in this study.
All reconstructions began with a thorough search of the lesion site for
processes that crossed the midline or approached the midline from the
injection sites. For 0 d experiments, reconstructions began at the cut axon
terminals near the lesion (i.e., retraction bulbs). For 7 d and 56 –72 d
experiments, all reconstructions began at a growth cone in the lesion site
or at a process that crossed the midline within the lesion. Reconstructions
thus provided a detailed morphological representation of PCI axons and
their somata and the locations of these axons and somata and immuno-
histochemical markers.

Quantitative analysis of CSPG labeling. We measured the average in-
tensity of CSPG labeling within regions of interest (ROIs) at the lesion
site and lateral white matter for all experiments. All images of CSPG
labeling were collected using the same acquisition settings and exposure
times. For this analysis, we used a secondary antibody conjugated to
AMCA to visualize the distribution of CSGP and Vectashield as a mount-
ing medium. However, Vectashield caused a faint blue autofluorescence.
To reduce the incidence of false-positive CSPG labeling, the magnitude
of the blue autofluorescence caused by Vectashield (as measured in re-
gions immediately adjacent to each tissue section) was subtracted from
the blue fluorescence measured in the ROIs. There was no difference
between the relative intensity of CSPG labeling using this method com-
pared with similar measures based on tissue that was mounted with a
mounting medium that does not autofluoresce blue (Citifluor) or after
bleaching the blue autofluorescence of the Vectashield (data not shown).

In the 0 d experiments, all tissue sections that had retraction bulbs
were analyzed for CSPG intensity. In the 7 d experiments, all tissue sec-
tions that had growth cones near the lesion were analyzed for CSPG
intensity. In the 56 –72 d experiments, all tissue sections that had growth
cones near the lesion or axons crossing the lesion site were analyzed for
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CSPG intensity. The rostrocaudal locations of the ROIs were determined
by the rostrocaudal location of the lesion, and the width of the ROIs was
set at 390 �m.

Within ROIs, there were often regions without spinal tissue (i.e., tissue
voids) or regions with autofluorescent dust particles (see Fig. 5). Tissue
voids were easily detected by the absence of fluorescence regardless of
which fluorochrome was examined. Tissue voids were traced using the
images of Neurobiotin-labeled processes. Dust particles are defined as
intensely fluorescent regions that are not in the same focal plane as the
tissue (i.e., are between either the tissue and the slide or the tissue and the
coverslip). Both tissue voids and dust particles were excluded from the re-
gions used for measurements of CSPG intensity.

Quantitative analysis of synaptophysin labeling. To determine the distribu-
tion of synaptophysin within the boutons of uninjured and regenerated PCI
axon collaterals, images of the Neurobiotin and synaptophysin labeling
were acquired at multiple focal planes with a 60� (0.95 NA) objective.
The focal plane of each set of images was controlled by a computer-
driven stage-controller, and each focal plane was separated by 1 �m.
Neurobiotin-stained swellings were defined as boutons if their diameter
was at least twice that of the parent shaft (Grande et al., 2005).
Synaptophysin-positive boutons were those with punctate synaptophy-
sin labeling that was colocalized to the bouton when viewed in the x- and
y-axes and at least two adjacent focal planes when viewed in the z-axis.
Synaptophysin-negative boutons were those with no synaptophysin la-
beling. These criteria assume that the fluorescence generated by synap-
tophysin in synapses adjacent to Neurobiotin-stained boutons does not
“spread” into the volume of tissue occupied by the bouton. To test this
assumption, we examined the registration of objects viewed with the
same filter sets used to image Neurobiotin and synaptophysin, using
4-�m-diameter TetraSpecs fluorescent microspheres (Invitrogen). The
red and green fluorescence emitted by the TetraSpecs were colocalized to
within 1 pixel (0.2 � 0.2 �m) in the x- and y-axes and to within one focal
plane in the z-axes (data not shown). Thus, our assumption was justified.

Statistics
Statistical significance was determined using the Kruskal-Wallis one-way
ANOVA, the Mann–Whitney U test, or the Kolmogorov–Smirnov test
(Systat; SPSS). The specific tests used for each evaluation are described in
the figure legends.

Results
PCI axons are cut by a midsagittal spinal lesion
The axons of PCIs were cut at the point where they cross the
midline with a midsagittal cut of the spinal cord at C3 (Fig. 1A).
This study had three postaxotomy intervals. Animals who had
received a midline transection several hours before fixation were
called 0 d experiments, and animals that received a midline tran-
section 7 d or 56 –72 d before fixation were called 7 d and 56 –72
d experiments, respectively. The approximate locations of the
midline lesions were easily identified on serial horizontal sections
that contained gray matter. These sections had a longitudinal
hole running along the midline in 0 d experiments, dense CSPG
labeling along the midline in the 7 d and 56 –72 d experiments
(see below), and a consistent lack of MAP2a/b-labeled dendrites
at the midline in all experiments (see below). Since the absence of
MAP2a/b at the midline is the only consistent feature of the lesion
site for all postaxotomy intervals, we used the absence of MAP2a/
b-labeled dendrites at the midline as a marker for the lesion.
However, since studies of this sort are susceptible to false-positive
conclusions of regeneration (Steward et al., 2003), we determined
whether the absence of MAP2a/b dendrites at the midline is an
accurate indicator of the extent and position of the spinal lesions
regardless of the postinjury interval.

To test this, we first examined whether the midsagittal tran-
section protocol cuts PCI axons at the midline in the 0 d and 7 d
experiments. During these experiments, Neurobiotin was in-
jected into the extracellular space of the ventral horn at the same

rostrocaudal level of the lesion. We constructed surveys (see Ma-
terials and Methods) of the Neurobiotin-stained processes at the
midline from these experiments to examine the distribution of pro-
cesses along the midline (Fig. 1B,C). At both 0 d (n � 3) and 7 d
(n � 3) after injury, there were no Neurobiotin-stained processes
that crossed the midline within a zone that was equivalent to the
intended length of the transection (3.5 or 4 mm). PCI axons and
dendrites from a variety of cells cross the spinal midline from the
ventral commissure to the anterior median fissure (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).
Since dendrites cross the midline throughout the entire dorsal
ventral extent through which PCI axons cross the midline, we
determined whether regions along the midline without MAP2a/
b-labeled dendrites match the regions where Neurobiotin-
stained processes are also absent. The lesioned zones were defined
by those regions without any midline MAP2a/b labeling as ob-
served in all of the serial sections. We first determined the rostral
edge of the lesion. For each section, the MAP2a/b-labeled den-
drite that crossed the midline just rostral to the zone without
MAP2a/b dendrites was identified. The rostrocaudal position of
this dendrite was measured relative to the rostrocaudal location
of a predetermined Neurobiotin injection site (Fig. 1E,F). These
steps were repeated for all serial sections that included tissue from
the ventral tip of the ventral horn to the dorsal tip of the dorsal
horn. The position of the most caudal dendrite based on all these
sections was defined as the rostral edge of the lesion. This process
was repeated to determine the caudal edge of the lesion, except
the most rostral dendrite at the edge of the lesion was used to
define the caudal edge. This method for defining the extent of the
lesion yielded the smallest region without MAP2a/b-labeled den-
drites along the midline (Fig. 1G).

We compared the distribution of Neurobiotin-stained axons
at the midline with the distribution of MAP2a/b-labeled den-
drites at the midline for all 0 d and 7 d experiments. This analysis
consistently indicated that midline regions without MAP2a/b la-
beling (Fig. 1B,C, red lines overlaid on surveys) do not have
spared axons and midline regions with MAP2a/b labeling have
intact axons. These data indicate that the midline regions without
MAP2a/b dendrites provide an accurate measure of the rostro-
caudal extent of the transection for the 0 d and 7 d experiments.

For the 56–72 d experiments, we collected surveys of Neurobiotin-
stained processes located at the midline (Fig. 1D) (n � 8) and
determined the rostral-to-caudal region lacking MAP2a/b-
stained dendrites as described for the 0 d and 7 d experiments. To
determine whether the absence of MAP2a/b dendrites at the mid-
line is a valid indicator of the location and extent of where PCI
axons were cut along the midline at later postinjury times, we
compared the lengths of the regions without MAP2a/b from the
different postaxotomy times. There were no significant differ-
ences between the average rostral-to-caudal length of these re-
gions at 0, 7, and 56 –72 d after injury ( p � 0.05, Kruskal-Wallis
one-way ANOVA; data not shown). Together with the other ob-
servations, the regions lacking MAP2a/b-immunoreactive den-
drites at the midline are an accurate indicator of both the extent
and location of where commissural axons were cut from 0 to 72 d
after lesion.

PCI axons regenerate through the lesion site
The large numbers of Neurobiotin-stained processes that crossed
the midline at the site of the lesion (Fig. 1D) suggest that transected
axons from PCIs have regenerated through the injury site by
56 –72 d after lesion. However, these observations do not provide
morphological information regarding the path followed by indi-
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vidual axons, and therefore we could not differentiate between
regenerated axons and collaterals that may have emerged from
uninjured axons near the lesion. Therefore, we traced the path
followed by axons that projected toward or through the midline
lesion site.

At 0 d after injury, although the surveys showed that there
were many Neurobiotin-stained processes that projected toward
the lesioned midline, we had no evidence of regeneration across
the lesion site (Fig. 1B). To confirm that the Neurobiotin-stained
processes that approached the midline were the cut axons of PCIs,
we performed reconstructions of these Neurobiotin-stained pro-
cesses (Fig. 2A). All of these processes had morphological fea-
tures that were consistent with axons (e.g., did not taper en route
from the soma). None of these axons crossed the midline lesion
(n � 0 of 39), all had bulbous terminals (Fig. 2A), and all were

traced to somata in the adjacent gray matter. A detailed exami-
nation of the other processes emerging from the somata revealed
no other axons (i.e., all of the processes were dendrites as defined
by rapid tapering and acute angle branching) and were therefore
considered axotomized PCIs. We also performed reconstructions
of Neurobiotin-stained processes that approached the midline
for all 7 d experiments. All of the processes had morphological
features typical of axons and were traced to somata in the adja-
cent gray mater. These somata had no other axons and were
therefore considered axotomized PCIs. One of the PCI axons in
the 7 d experiments crossed the midline lesion (n � 1 of 27;
reconstruction not shown). The main axon of this PCI was traced
to an abrupt bulbous termination in the contralateral ventral
medial funiculus and did not enter the gray matter. All other
reconstructed axons from 7 d experiments terminated before or

Figure 1. Morphological characteristics of midsagittal lesions observed at different postinjury intervals. A, Schematic of the C3 spinal cord as viewed in the horizontal plane, showing a midline
lesion (red line) and PCI axotomy. Green asterisks indicate the location of Neurobiotin injections. Stim, Stimulation. B–D, Representative surveys of Neurobiotin-stained processes at the midline for
0 d (B), 7 d (C), and 72 d (D) experiments. Neurobiotin processes are shown in black. Red lines indicate regions at the midline where crossing axons were transected as determined by the distribution
of MAP2a/b-labeled dendrites near the midline. The hatched area in the right gray matter of D indicates damaged gray matter (see Results, Regenerated PCI axons conduct action potentials). Green
asterisks indicate the location of Neurobiotin injections. Scale bar, 1 mm. E, Tiled images of MAP2a/b labeling in the white matter, gray matter, and along the midline (including the lesion site) of
a representative section from a 0 d experiment. Scale bar, 1 mm. F, Enlarged view of the rostral edge of the lesion shown in E. The top panel shows MAP2a/b labeling, and the bottom panel shows
a Neurobiotin injection site in the corresponding region. The horizontal edge of the � symbol indicates the rostral boundary that separates a rostral region that contained midline MAP2a/b-
immunoreactive dendrites from a caudal region where MAP2a/b-immunoreactive dendrites did not cross the midline on this section. Scale bar, 0.5 mm. G, Schematic description of the methods used
to determine the extent and location of the lesion based on analysis of MAP2a/b labeling at the midline of multiple serial tissue sections. The horizontal edge of the � and � symbols indicate the
rostrocaudal boundaries, respectively, that separated midline regions with and without MAP2a/b-immunoreactive dendrites. Each symbol shows the boundary for an individual tissue
section. The most caudal � across from injection 6 defines the rostral edge of the lesion, and the most rostral � across from injection 2 defines the caudal edge of the lesion. WM, White
matter; GM, Gray matter.
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within the lesion site (Fig. 2B). The termi-
nals of these PCI axons varied in complex-
ity; from a simple swelling at the end of the
axon, to structures with many branches,
tortuousities, and varicosities. These ter-
minals were called growth cones.

At 56 –72 d after injury, there were
many Neurobiotin-stained processes that
crossed the lesion site according to our
surveys of Neurobiotin-stained processes
(Fig. 1D). Thirty-three of these processes
within the lesion site were followed to so-
mata in the adjacent gray matter, and all
had morphological features typical of ax-
ons (Fig. 2C). Although several of these
axons had fine collaterals that branched
off of the main shaft (see below), the main
shaft did not bifurcate en route to the
soma as would be expected if the regener-
ated axons were collateral branches of a
main axon that projected elsewhere. A de-
tailed examination of the other processes
emerging from the somata revealed no
other axons. Thus, we concluded that
the processes at the lesioned midline
were extensions of the cut PCI axons
that had regenerated subsequent to the
injury and were not collaterals from un-
injured axons.

Of the 33 axons described above, 26
traversed the lesion and entered the con-
tralateral ventromedial funiculus (Fig.
2C) (data collected from four animals;
n � 7, 3, 15, and 1, respectively). Ten of
these axons crossed the midline lesion in
the caudal third of the lesion, nine crossed
in the middle third of the lesion, and the
remaining seven crossed in the rostral
third of the lesion (supplemental Fig. 2,
available at www.jneurosci.org as supple-
mental material). Thus, the location at
which regenerating axons crossed the le-
sioned midline appeared to be indepen-
dent of their position relative to the lesion.
This wide distribution along the rostro-
caudal length of the lesion was also a fea-
ture of the 15 axons that were examined in
one experiment. In the contralateral cord,
most of these axons projected rostrally
and/or caudally with a gradual ventral
progression and formed collaterals in the contralateral ventral
horn. These morphological features are typical for cervical PCI
axons (see below and Sugiuchi et al., 1992, 1995). It should be
noted that the ratio of 26 to 33 is likely an overestimate of the
proportion of PCI axons that regenerate into the contralateral
spinal cord. All of the reconstructions began at or near the mid-
line, and we therefore excluded axons that may have retracted to
the soma or axons from PCIs that died because of the injury. The
reconstructed PCI axons that did not cross the midline lesion
ended in growth cones near the midline (Fig. 2C). Axons that
terminated in growth cones of the 56 –72 d experiments tended to
have fewer branches and swellings and were longer with more
tortuous trajectories than axons with growth cones of 7 d exper-

iments. These axons may account, in part, for the high density of
Neurobiotin processes near the midline lesion in the 56 –72 d
experiments (compare Fig. 1D).

As seen in the 0 d and 7 d experiments, in the 56–72 d experi-
ments, axons crossing the lesion site were not detected in certain parts
of the lesions (supplemental Fig. 2, available at www.jneurosci.
org as supplemental material). Lesioned zones without regener-
ated PCI axons in the 56 –72 d experiments were always
immediately adjacent to regions that had very little electrophys-
iological activity (i.e., few or no spontaneous or injury discharges;
see below, Regenerated PCI axons conduct action potentials),
very few Neurobiotin-labeled somata, no MAP2a/b labeling, and
strong CSPG labeling (supplemental Fig. 3, available at www.

Figure 2. PCIs regenerate through the lesion site after axotomy. A–C, Top, Mosaic images of axotomized PCIs stained with
Neurobiotin. Bottom, Reconstructions of the PCIs shown in the top panels (black, axons; blue, somata). A, PCI axon 0 d after
axotomy. The mosaic (n � 4 images from 3 serial sections) shows a typical bulbous terminal (arrow). The reconstruction indicates
the location of the bulbous terminal relative to midline lesion. Scale bars, 200 �m. B, PCI axon 7 d after axotomy. The mosaic (n �
8 images from 4 serial sections) shows a complex growth cone (arrow). The reconstruction indicates the location of growth cone
relative to midline lesion. Scale bars, 200 �m. C, PCI axons 72 d after axotomy. The mosaic (n � 40 images from 16 serial sections)
shows a representative PCI axon that crosses the midline lesion (red line) and forms collaterals (left and inset). The arrowhead
indicates the location of the soma of the axon that regenerated across the lesion site. The arrow indicates the location where the
main axon bifurcated and continued rostrally and caudally. These branches are not shown for clarity. The reconstruction also shows
a PCI axon that did not regenerate across the midline lesion and terminated in a growth cone (asterisk). Scale bars: mosaic and
reconstruction, 200 �m; inset, 25 �m.
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jneurosci.org as supplemental material). We presume that these
regions were severely compromised by the midline lesion (i.e.,
vascular or compressive damage) (Fig. 1D, hatched area; supple-
mental Fig. 3, starred arrow, available at www.jneurosci.org as
supplemental material) and that few neurons survived to regen-
erate from these regions. Similar regions were observed in the 0 d
and 7 d experiments and were always associated with a lack of
antidromically activated PCIs, similar Neurobiotin and MAP2a/b
staining characteristics, and little electrophysiological activity
(data not shown).

To compare the morphologies of uninjured and regenerated
PCI axons, we reconstructed uninjured PCI axons (n � 23) from
0 d experiments. These axons were located rostral and caudal of
the lesion sites. As described above, the reconstructions started at
the midline and followed the axon to its soma of origin (Fig. 3A).
We also traced each of these axons for several hundred microme-
ters en route to their terminations in the contralateral spinal cord.
Uninjured PCI axons typically projected dorsally and medially
from the soma and crossed the midline in the ventral commis-
sure. In the contralateral cord, the axons projected rostrally, cau-
dally, or bifurcated and projected both rostrally and caudally
(data not shown). Other studies have shown that uninjured PCI
axons typically project rostrally and/or caudally for several milli-
meters in the contralateral ventral funiculus and send collaterals
into the adjacent ventral horn throughout their length (Sugiuchi

et al., 1992, 1995). We also compared the
rostrocaudal location of PCI somata rela-
tive to the location at which their axons
cross the midline (Fig. 3B), the axon di-
ameter at the midline (Fig. 3C), and the
length of the axon from the soma to the
midline (Fig. 3D). The characteristics of
regenerated PCI axons tended to be more
variable than uninjured PCI axons. The
average axon length from the soma to the
point at which it crosses the midline was
significantly longer for regenerated axons
than intact axons ( p � 0.05) (Fig. 3D).
Also, several regenerated axons (n � 4 of
23) formed collaterals before crossing the
midline, whereas the uninjured axons had
none.

These results indicate that PCI axons
regenerate through the lesion site between
7 and 56 –72 d after injury and that regen-
erated PCI axons are morphologically
similar to intact PCI axons.

PCI axons rarely regenerate rostral or
caudal to the lesion site
Although the data shown in the previous
sections indicate that the axons of PCIs
regenerate through the lesion sites, these
data do not preclude the possibility that
some regenerating PCI axons followed a
circuitous route whereby they projected
rostrally or caudally and skirted the lesion
(Fig. 4A, diagram, bottom cell). There-
fore, to determine whether cut PCI axons
cross the midline rostral or caudal of the
lesion site, we performed two 56 d exper-
iments as outlined in Figure 4A, in which
the Neurobiotin injections were restricted

to gray matter adjacent to the lesion. Because of extensive scar-
ring on the dorsal surface of the spinal, it is not possible to use
anatomical markers as a means of accurately determining the
rostrocaudal location of the lesion at 8 –10 weeks after axotomy.
Therefore, to increase the probability of restricting the Neurobi-
otin injections to within the rostrocaudal confines of the lesion,
the lesions in these experiments were 6 mm long in the rostro-
caudal plane. Neurobiotin injections were made 250 �m apart in
the rostrocaudal plane and were restricted to a 1 mm zone of gray
matter adjacent to the lesion.

In one experiment, all of the Neurobiotin injections were well
within the rostrocaudal confines of the lesion (Fig. 4B). Many
Neurobiotin-stained processes were observed at the midline
within the lesion site and across the lesion site contralateral of the
Neurobiotin injections. One process crossed the midline �1 mm
rostral of the lesion site. The presence of this axon rules out the
possibility that the absence of axons rostral or caudal to the lesion
is attributable to the inability of the axons to transport Neurobi-
otin for long distances. In the experiment shown in Figure 4C, the
rostral three injections were within or very close to damaged gray
matter and therefore stained very few cells. The most caudal Neu-
robiotin injection was immediately adjacent to the caudal edge of
the lesion and was therefore in a location that contained a com-
bination of axotomized and uninjured PCIs (compare Fig. 3A).
Despite the positioning of the injections in this experiment, many

Figure 3. Regenerated PCI axons are morphologically similar to uninjured PCI axons. A, Reconstructions of intact (left; n � 24;
13 were derived from one animal, and the remaining were based on data collected in a second animal) and regenerated (right; n �
26) PCI axons that crossed the midline (reconstructions continue in contralateral spinal cord but have been truncated for clarity).
The reconstructions are shown in the horizontal plane and are aligned rostrocaudally to the point at which each axon crossed the
midline. Reconstructions in black show the PCI axons with the most rostral and caudal somata relative to the location at which their
axons crossed the midline. The parameters used for calculating the transition zones of the ‘antidromic’ experiments (see Results,
Regenerated PCI axons conduct action potentials) are shown on the right of the uninjured reconstructions. Scale bars, 1 mm.
B, C, Quantification of the morphological parameters of intact and regenerated PCI axons. B, Box plot showing the rostral-to-caudal
difference between the locations of PCI somata relative to the location at which their axons crossed the midline. C, Box plot showing
the diameter of PCI axons measured at the midline. D, Box plot showing the length of the axon between the PCI somata and the
location at which their axons crossed the midline (*p � 0.05, Kolmogorov–Smirnov test).
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Neurobiotin-stained processes were ob-
served at the midline within the lesion site
and across the lesion site contralateral of
the Neurobiotin injections. Also in this
experiment, one process crossed the mid-
line �1 mm caudal of the lesion site. In
both experiments, all of the Neurobiotin-
stained processes that crossed the midline
had morphological features typical of ax-
ons and were not MAP2a/b immunoreac-
tive, thus indicating that these processes
were likely regenerated axons. The exper-
iments shown in Figure 4 indicate that the
vast majority of regenerating PCI axons
grow through the lesion site rather than
rostral or caudal of the lesion site.

PCI axons regenerate through a CSPG-
rich environment
Given the ability of some PCI axons to
grow through the lesion site after axo-
tomy, we next determined whether the le-
sion site contained inhibitory molecules.
We tested for the presence of CSPGs at the
lesion site, since previous studies have
shown that CSPGs cause growth cone stalling (Tom et al., 2004)
and regeneration failure (McKeon et al., 1991). In addition, since
CSPGs within the glial scar are produced by reactive astrocytes,
the distribution of intense CSPG may be considered a rough
estimate of the distribution of reactive astrocytes. This is consis-
tent with Davies et al. (1999), who showed consistent overlap
between CSPG and GFAP labeling after dorsal hemisections in
the rat spinal cord. The distribution of CSPGs in the midline at
each postinjury interval had a distinct labeling pattern. At 0 d,
there was little or no CSPG staining at the lesion site (Fig. 5A). At
7 d (Fig. 5B) and 56 –72 d (Fig. 5C) after injury, CSPG labeling
was clearly visible throughout the rostrocaudal extent of the mid-
line lesion and extended several hundred micrometers lateral. At
7 d after injury, the CSPG labeling formed “tube-like” structures
throughout the lesion site (Fig. 5, compare B, F). By 56 –72 d after
injury, CSPG labeling was more uniform and either formed a
“ring-like” pattern around the lesion or filled the center of the
lesion (Fig. 5, compare C, G).

The presence of CSPGs at the lesion site in the 7 d experi-
ments, before regeneration, and in the 56 –72 d experiments, after
regeneration, suggests that PCI axons regenerate through an in-
hibitory environment. To confirm that CSPG was upregulated
before regeneration, the average density of CSPG labeling was
quantified. The amount of CSPG labeling in the lesion site was
compared with the amount of CSPG labeling in the lateral white
matter (excluding regions without tissue and autofluorescent
dust particles; see Materials and Methods) (Fig. 5D). We found
that there was significantly more CSPG at the midline lesion site
than the lateral white matter in the 7 d and 56 –72 d experiments
( p � 0.05) (Fig. 5E). However, there was no difference between
the density of the CSPG labeling at the lesion site and lateral white
matter in 0 d experiments. This indicates that CSPGs are typically
expressed at low levels in the intact spinal cord but are upregu-
lated by 7 d after the lesion and maintained at the injury site for at
least 72 d after a midline spinal lesion. We also examined the
CSPG labeling adjacent to the growth cones of the 7 d experi-
ments and the regenerated PCI axons of the 56 –72 d experi-
ments. We found that the growth cones in 7 d experiments were

closely apposed to the CSPG labeled tube-like structures (Fig. 5F)
and that all of the regenerated axons of the 56 –72 d experiments
crossed regions of dense CSPG labeling (Fig. 5G). These results
show that midline lesions contain molecules that potently inhibit
regenerating axons and that PCI growth cones are in close asso-
ciation with these molecules while crossing the lesion site.

Regenerated PCI axons conduct action potentials
Since the conduction of action potentials is an inherent require-
ment for functional regeneration, we tested the ability of regen-
erated PCI axons to conduct action potentials. PCIs were
activated antidromically by stimulation through an array of
stimulating electrodes in the contralateral spinal cord (Fig.
6 A). Antidromic responses of stimulated PCIs were recorded
extracellularly (Fig. 6B). These electrophysiological experiments
were performed in the same animals that were used for the studies
of Neurobiotin-labeled processes, the distribution of MAP2a/b
dendrites, and the distribution of CSPG (0 d, n � 3 animals; 7 d,
n � 3 animals; 56 –72 d, n � 3 animals). Based on histological
analysis of the lesion, the gray matter was divided into three ros-
trocaudal zones: gray matter that contained uninjured PCIs (un-
injured zone), transition gray matter (transition zone), and gray
matter that contained axotomized PCIs (lesioned zone) (Fig.
6A). Recordings were made in all three zones. Transition zones
were devised to reduce the possibility of recording antidromic
responses from uninjured PCIs and attributing them to regener-
ated PCI axons. The transitions zones thus contain a mixture of
PCI somata, whose axons were cut by the midline lesion and
those whose axons were not cut by the lesion. The extent of the
transition zones were based on the rostral-to-caudal trajectory
followed by axons of uninjured PCIs en route from their somata
to the midline. As shown in Figure 3A, the maximum caudal
distance traveled by PCI axons before crossing the midline was
138 �m. The maximum rostral distance traveled by PCI axons
before crossing the midline was 760 �m. To these distances,
we added 100 �m (50 �m rostral and 50 �m caudal) to ac-
count for the spread of extracellularly recorded antidromic
action potentials (based on the recordings from antidromi-

Figure 4. PCIs regenerate through the lesion site rather than rostral or caudal to the lesion site. A, Schematic of the experimen-
tal design to detect PCI axons that regenerate through the lesion (top cell) and those that regenerate rostral or caudal (bottom cell)
of the lesion. Green asterisks indicate the location of Neurobiotin injections. B, C, Surveys of Neurobiotin-stained processes at the
midline for two 56 d experiments. Neurobiotin processes are shown in black. Red lines indicate regions at the midline where
crossing axons were transected as determined by the distribution of MAP2a/b-labeled dendrites near the midline. Hatched areas
in gray matter indicate damaged gray matter (see Results, Regenerated PCI axons conduct action potentials). Scale bar, 1 mm. GM,
Gray matter; WM, white matter.
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cally activated PCIs; data not shown) (Fig. 3A). Thus, the total
length of the transition zone was almost 1000 �m. These zones
were aligned with the rostral and caudal borders of the lesions
(Fig. 6 A, triangular zones), as defined by the MAP2a/b
labeling.

At 0 and 7 d after injury, multiple antidromically activated
PCIs were recorded in most electrode tracks within the uninjured
zones. Fewer PCIs were recorded in the transition zones, and none
were recorded in the lesioned zones (Fig. 6C). At 56 –72 d after
injury, we also identified multiple antidromically activated PCIs
recorded in most electrode tracks within the uninjured zone and,
similar to the experiments at 0 to 7 d after injury, fewer anti-
dromically activated PCIs were recorded in the transition zones.
In contrast, by 56 –72 d after injury, antidromically activated
PCIs were recorded in the lesioned zones (Fig. 6C). These cells
were observed in all three experiments, with n � 9, 4, and 5,
respectively. Collectively with the data indicating that nearly all

cut PCI axons regenerate through the lesion site rather than
around the lesion site (compare Fig. 4), nearly all of these anti-
dromic responses may be attributed to the conduction of action
potentials by axons that crossed the lesion site. There were no
significant differences ( p � 0.05) (Fig. 6D) between the latencies
of antidromic responses recorded from PCIs in all three zones.
Data from all of the antidromic experiments were grouped, and
the frequency of recording antidromically activated PCIs per
electrode track for each of the zones was compared across survival
times. We found that there were significantly more antidromi-
cally activated PCIs within the lesioned zones of 56 –72 d exper-
iments than 0 d and 7 d experiments ( p � 0.001) (Fig. 6E). We
also observed that the lesioned zones with antidromically acti-
vated PCIs corresponded to regions with regenerated axons that
crossed the lesion site. Together with the survey and reconstruc-
tion data, the results shown in this section indicate that regener-
ated PCI axons conduct action potentials through the lesion site

Figure 5. PCI axons regenerate through an environment containing CSGP immunoreactivity. A–C, Representative tiled images of CSPG labeling at the lesion site and surrounding areas at 0 d (A),
7 d (B), and 65 d (C) after lesion. Red rectangles represent the ROIs for analysis of the density of CSPG labeling in the lesion site for that tissue section; green rectangles represent the ROIs for analysis
of the density of CSPG labeling in the lateral white matter for that tissue section. Scale bars, 1 mm. D, Enlarged images of the lesion site shown in A (intensity increased for the purposes of illustration).
Green areas show the regions without tissue (left) and regions of dust particles (right). These areas were excluded from the analysis of CSPG density. Scale bar, 0.5 mm. E, Bar graphs showing the
average density of CSPG labeling per animal (n � 3 for 0 d experiment; n � 3 for 7 d experiment; n � 8 for 56 –72 d experiment). Values represent means � SEM (*p � 0.05, Mann–Whitney U
test). F, Representative example of a PCI growth cone at 7 d after lesion and its close apposition with CSPG labeling. Scale bar, 100 �m. G, Representative example of regenerated PCI axons that cross
the midline lesion at 72 d after lesion. The lesion was densely labeled for CSPG. Scale bar, 100 �m. WM, White matter; GM, gray matter.
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and provide a qualitative index of the fre-
quency of axons that had regenerated
through the lesion site.

As seen in the 0 d and 7 d experiments,
in the 56 –72 d experiments, antidromi-
cally activated PCIs were not detected in
many electrode tracts in the lesion zones
(Fig. 6C, rostral part of lesion in 72 d ex-
periment). These regions containing the
tracks without antidromically activated
PCIs often corresponded to the gray mat-
ter regions that were damaged by the mid-
line lesion as described (see above, PCI
axons regenerate through the lesion site).

Bouton-like structures on regenerated
PCI axons contain synaptophysin
We next tested whether regenerated PCI
axons form putative synaptic connections.
Figure 7 compares the distribution of syn-
aptophysin, a synaptic vesicle marker, in
boutons of intact and regenerating PCI
axons. All of the boutons assigned to the
“intact” group arose from reconstructed
axons that crossed the midline well rostral
or caudal of the lesion site, whereas bou-
tons assigned to the “regenerating” group
arose from reconstructed axons that
crossed the midline through the lesion
site. All of the boutons were located in the
ventral horn contralateral to their somata
and were examined 56 –72 d after injury.
Synaptophysin labeling in en passant and
terminal boutons on collaterals from un-
injured PCIs was restricted to punctate
zones (Fig. 7A) (131 boutons were exam-
ined in three animals; n � 48, 32, and 51
per animal). Many boutons of regener-
ated PCI axons also had a similar punctate
distribution of synaptophysin (Fig. 7B)
(126 boutons were examined in two ani-
mals; n � 83 and 43 per animal); however,
a lower proportion of the regenerated
boutons contained synaptophysin com-
pared with uninjured boutons (Fig. 7C).
There were no differences in the occur-
rence of synaptophysin-negative boutons
examined in different animals. These data
indicate that many of the boutons of re-
generated PCI axons may be capable of
synaptic transmission.

Stimulation of PCI axons evokes PSPs
in motoneurons
We then tested whether regenerated PCI
axons evoke PSPs at 56 –72 d after injury.
Neurons were impaled, and we recorded
monosynaptic PSPs evoked by stimuli de-
livered to regions that contained PCIs in
the contralateral cord (Fig. 8A). Data were collected from four of
the five animals that were used for reconstructions and from
analysis of CSPG and synaptophysin distributions (see previous
sections). Data from one animal were excluded because the stim-

ulating electrodes were discovered to lie outside the lesion zone
after histological processing. Similar to the experiments in which
antidromically activated PCI action potentials were recorded, the
spinal cord was divided into uninjured, transition, and lesioned

Figure 6. Regenerated PCI axons conduct action potentials. A, Schematic of the experimental setup for recording antidromic
responses of stimulated PCIs and locations of uninjured, transition, and lesioned zones. B, Representative extracellular recordings
of antidromically activated PCIs from uninjured, transition, and lesion zones of the gray matter. There is an average of 10 sweeps
per trace. C, Representative diagrams of the rostrocaudal distributions of antidromically activated PCIs in the uninjured, transition,
and lesioned zones at different postlesion time intervals. Multiple filled symbols arranged in a horizontal row indicate the number
of PCIs recorded in the electrode track at that rostrocaudal position. Scale bar, 1 mm. D, Histograms showing the latencies of
antidromically activated PCIs recorded in the uninjured, transition, and lesioned zones. There was no significant difference be-
tween the latencies in the uninjured and transition zones at different postlesion times (Kolmogorov–Smirnov test, p � 0.05).
These latencies were therefore combined. E, Bar graphs showing the average number of antidromically activated PCIs recorded per
electrode track in the intact, transition, and lesion zones for all 0, 7, and 56 –72 d antidromic experiments. Values represent
means � SEM (*p � 0.001, comparison between the 56 –72 d lesion zone and 0 and 7 d lesion zones intervals, using Kruskal-
Wallis one-way ANOVA and post hoc analysis using Mann–Whitney U test with Bonferroni correction).
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zones (see above, Regenerated PCI axons conduct action potentials).
However, unlike the antidromic experiments, the stimulating elec-
trodes (rather than the recording electrodes) were assigned to one
of these zones. As a consequence, the transition zones were
lengthened by 250 �m. This change was designed to take into
account the current spread from stimulating electrodes (Stoney
et al., 1968). The distance that current spreads from stimulating
electrodes is much larger than the spread of extracellularly re-
corded antidromic action potentials (compare Fig. 6A, 50 �m).

We recorded from antidromically identified motoneurons,
other motoneurons that were not antidromically identified, and
interneurons (n � 37, 8, and 11, respectively; see Materials and
Methods for the criteria of each neuron type). PSPs were evoked
after stimulation of the uninjured, transition, and lesioned zones
and had latencies ranging from 0.56 to 3.73 ms (Fig. 8B). The
distribution of latencies of PSPs evoked from stimuli delivered to
the uninjured zones had two peaks. The midpoint between these
peaks corresponded to 1.3 ms. The first peak is a short-latency
group and is typically ascribed to monosynaptic connections, the
second peak is a long-latency group and is typically ascribed to
multisynaptic connections, and the midpoint between the peaks
is considered the upper limit for monosynaptic latencies (cf.
Sugiuchi et al., 1995). All of these PSPs had a constant latency
�1.3 ms and reliably followed high-frequency stimulus trains
(�250 Hz).

Monosynaptic PSPs evoked by stimuli delivered to the unin-
jured and transition zones were recorded in 36 and 25, respec-
tively, of the 58 neurons examined (Fig. 8C). Monosynaptic PSPs
evoked by stimulation of the lesioned zones were recorded in six
of these neurons (Fig. 8D) (n � 2 excitatory PSPs; n � 4 inhibi-
tory PSPs). On an experiment-by-experiment basis, the number
of neurons with monosynaptic PSPs evoked by stimuli in the
lesioned zones was 2, 3, 1, and 0. All neurons that received mono-
synaptic input from PCIs in the lesioned zones were motoneu-
rons (n � 4 antidromically identified motoneurons; n � 2

motoneurons not antidromically identified). These motoneu-
rons also received monosynaptic and/or multisynaptic connec-
tions from PCIs in the transition and intact zones.

The probability of evoking a monosynaptic PSP was calcu-
lated for each of the stimulus zones (Fig. 8E). To account for
differences between the number of stimulating electrodes for any
given zone (compare Fig. 8A), the probability of recording a
monosynaptic PSP was weighted by the number of stimulating
electrodes in each region. We found that the probability of evok-
ing PSPs was highest after stimulation of the uninjured zone,
lowest after stimulation of the lesioned zone, and intermediate
after stimulation of the transition zone. This pattern is consistent
with the decreasing frequency of antidromically activated PCIs in
the respective zones for the 56 –72 d experiments (Fig. 6F). To-
gether, these data indicate that some motoneurons receive
monosynaptic connections from regenerated PCIs and that re-
generated PCIs form connections with neurons that typically re-
ceive connections from uninjured PCIs.

Discussion
After SCI, the spontaneous sprouting of spinal interneuron axons
plays an important role in restoring function by increasing syn-
aptic connections within existing spinal circuits and forming new
spinal circuits around the injury site (Bareyre et al., 2004; Cour-
tine et al., 2008). Here, we show that spinal interneuron axons are
also capable of spontaneously regenerating through the inhibi-
tory environment of the injury site and forming functional syn-
aptic connections with appropriate neural targets.

Regeneration despite inhibition
To our knowledge, this is the first study to describe a class of adult
mammalian CNS neurons that can spontaneously regenerate
through an environment that would typically be considered
highly inhibitory (i.e., contains CSPGs). This raises the question,
What allows PCI axons to grow in an environment where all

Figure 7. Boutons of regenerated PCI axons contain synaptophysin. A, B, Representative images of boutons from uninjured (A) and regenerated (B) PCI axons that were stained with Neurobiotin
and labeled for synaptophysin. Scale bars, 10 �m. The orientation of the top images is such that rostral is up ( y-axis) and medial is right (x-axis). The bottom images were generated by rotating parts
of the top images 90° about the x-axis. The regions of the top images that were rotated to generate the bottom images are indicated on the overlays. A, Distribution of synaptophysin labeling in three
boutons from an intact PCI axon (arrows). All boutons contained synaptophysin. The bottom images consist of nine focal planes (z-axis). Each focal plane is 1 �m thick. B, Distribution of
synaptophysin labeling in boutons from a regenerated PCI axon. Two of the three boutons (indicated by the arrows) contained synaptophysin. Synaptophysin was not visible in the other bouton
(indicated by the arrowheads; not shown in the rotated image of the bottom panels). The bottom images consists of seven focal planes (z-axis). Each focal plane is 1 �m thick. C, Bar graphs showing
the proportion of boutons with synaptophysin labeling from intact (n � 131 boutons) and regenerated (Regen; n � 126 boutons) PCI axons.
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other known CNS axons fail to grow?
There are several strategies PCI axons may
use to grow despite a close interaction
with an inhibitory environment.

First, it is possible that PCI axons are
not inhibited by inhibitory molecules.
This is conceivable since some popula-
tions of axons are better than others at
growing in inhibitory environments (Snow
and Letourneau, 1992; Inman and Steward,
2003). Inhibitory molecules prevent growth
cone progression primarily through acti-
vation of the RhoA-ROCK pathway
(Winton et al., 2002; Monnier et al., 2003;
Yiu and He, 2006; Conrad et al., 2007),
which disrupts the regulation of the actin
cytoskeleton (Maekawa et al., 1999). It is
therefore possible that the RhoA-ROCK
pathway is not activated in regenera-
ting PCI axons in response to inhibitory
environments.

It is also possible that PCI axons may
have an unusual capacity for growth,
which supersedes the inhibitory effects of
CSPGs. Proximal axotomies are linked to
altered expression of growth-associated
proteins such as GAP-43, �-tubulins, and
neurofilament-m (Fernandes et al., 1999)
and are associated with increased axonal
growth capacity(Richardson et al., 1984).
We have previously shown that PCIs are
proximally axotomized and express GAP-43
after a midline lesion (Fenrich et al.,
2007). GAP-43 expression is often used as
an indicator of axonal regenerative capac-
ity and is associated with actin stabiliza-
tion within growth cones (Denny, 2006).
These data support the idea that proxi-
mally axotomized PCI axons may over-
come an inhibitory environment.

Another strategy may be that PCI growth
cones are highly adept at “path finding.” In
vitro, adult growth cones have dynamic
structures that protrude and retract along
gradients of CSPGs (Tom et al., 2004). At 7 d
after lesion, the distribution of CSPGs at the
lesion site is not uniform, and PCI growth
cones tend to have multiple branches, vari-
cosities, and tortuous trajectories. Many of
the branches of PCI growth cones are in
close apposition with dense CSPG labeling,
whereas other branches are within zones of
relatively low CSPG labeling. Given this ar-
rangement, it is possible that PCI growth
cones extend multiple branches to seek
out regions with less inhibitory molecules.
Branches that project to regions of little in-
hibition remain viable, whereas branches
that extend to regions of dense inhibition
collapse and retract. Repetition of this
process would allow growth cones to ex-
tend beyond highly inhibitory regions
of the injury site.

Figure 8. Regenerated PCI axons form functional synaptic connections. A, Schematic of the position of stimulating (Stim) electrodes
relative to the lesion and intracellular recordings. The stimulating electrodes are colored according to the zone in which they are
located: light gray, uninjured zones; medium gray, transition zones; dark gray, lesioned zones. B, Histograms showing the
latencies of PSPs evoked by stimuli delivered to uninjured, transition, and lesioned zones. C, D, Representative examples of
monosynaptic PSPs recorded in motoneurons, in response to stimulation of the uninjured (C) and lesioned (D) zones. Top
traces show inhibitory monosynaptic PSPs in response to a single stimulus. Middle traces show PSPs in response to three
consecutive stimuli (500 Hz) delivered to the same electrode used to evoke the responses shown in the top traces. Bottom
traces show the responses recorded extracellularly to the motoneuron somata (same stimulus parameters as for the middle
traces). There is an average of 25 sweeps per trace. E, Bar graph showing the probability of evoking a PSP from stimuli
delivered to the uninjured, transition, and lesioned zones. The probabilities were weighted to account for the number of
stimulating electrodes in each zone for each experiment. WM, White matter; GM, gray matter.
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To gain an understanding of how PCI axons regenerate, it will
be vital to study whether PCI axons use any one or a combination
of these strategies to navigate the inhibitory environment of the
injury site. In particular, a description of how the molecular
pathways associated with growth cone extension and collapse
are affected and controlled in PCI axons is a crucial step for
understanding how PCI axons react to inhibitory environments.
Also, since some PCI axons did not regenerate through the lesion
site, to fully understand PCI axon regeneration, it is important to
determine what advantage some PCI axons have for regenerating
over those that do not regenerate.

Crossing the midline
Guidance of spinal axons across the midline is one of the most
complex and extensively studied processes of neural develop-
ment. Our data show that, despite many potential neural targets
ipsilateral of the lesion site, regenerated PCI axons cross the le-
sioned midline to form synaptic connections with contralateral
neurons. This implies that regenerating PCI axons are guided
toward and across the lesioned midline.

During development, spinal axons that cross the midline are
initially attracted to guidance proteins released at the ventral
midline, but these axons switch their attraction to repulsion once
they have crossed the midline; this switch promotes growth be-
yond the midline and prevents recrossing the midline. Guidance
proteins from the midline include netrin-1 (Serafini et al., 1996),
slits (Brose et al., 1999; Kidd et al., 1999), and Sonic hedgehog
(Shh) (Charron et al., 2003). All of these guidance proteins are
upregulated at or near the injury site after SCI (Chen et al., 2005;
Wehrle et al., 2005). Together, it is tempting to speculate that
lesions restricted to the midline lead to the release of guidance
molecules from within the lesion site, thus mimicking the medio-
lateral distribution of these molecules during development.

When presented with an appropriate distribution of guidance
molecules at the midline, axons must first be attracted toward
then repelled by these guidance molecules to cross the midline.
Before crossing, developing axons express the receptors DCC
(Deleted in colorectal cancer) (KeinoMasu et al., 1996), Robo3.1
(Chen et al., 2008), and Boc (biregional Cdon-binding protein)
(Okada et al., 2006), which are known to attract the axons toward
netrin-1, slit, and Shh, respectively. At the midline, developing
axons express the “repulsion” receptors UNC-5 (Hong et al.,
1999), Robo3.2 and Robo1/2 (Chen et al., 2008), and Hip (Bouri-
kas et al., 2005), which leads to repulsion of developing axons
away from netrin-1, slit, and Shh, respectively. Our data shows
that cut PCI axons recapitulate their original growth trajectories
by regenerating across the midline. However, after axotomy, ax-
ons that are typically restricted to one side of the spinal cord can
also sprout new collaterals that cross midline (Bareyre et al., 2004;
Courtine et al., 2008). This suggests that there may be an inherent
ability for certain populations of cut axons to respond to guid-
ance cues and cross the midline. Low et al. (2008) have shown
that cut rubrospinal axons respond to netrin-1 after SCI. How-
ever, the study by Low et al. (2008) showed that netrin-1 inhibits
rubrospinal axon growth rather than guide axons across the mid-
line. Together, these data indicate that, in response to injury,
some axons may respond to guidance molecules in a way that
allows them to cross the midline, whereas others are inhibited by
these molecules.

Synaptic connections with appropriate targets
Our data shows that regenerated PCI axons have collaterals that
project to the contralateral ventral gray matter, similar to intact

PCI axons. In addition, we found that regenerated PCI axons
form synaptic connections with motoneurons that receive input
from intact PCI axons (Sugiuchi et al., 1992, 1995). Although we
cannot preclude the possibility that some regenerated PCI axons
form aberrant connections, our results indicate that regenerating
PCI axons form connections with appropriate targets once they
have crossed the lesion site. How PCIs are guided to their appropri-
ate targets and form connections with these targets is unknown. One
possible mechanism is by forming surplus connections and re-
taining only those that are functionally appropriate. For instance,
in response to partial spinal lesions, spinal interneurons form a
surplus of new synaptic connections within a few weeks of injury,
but many of these new connections retract within several weeks
of their formation, and only the connections that contribute to
functional recovery remain (Bareyre et al., 2004). It has been
speculated that the functionally relevant connections are main-
tained through activity-dependent stabilization of appropriate
connections (Bareyre et al., 2004). It is possible that surplus con-
nections are formed by regenerating PCI axons and these connec-
tions are pruned over time. Currently, we cannot determine
whether significant pruning has occurred, since this study has
only one postaxotomy interval with collaterals from regenerated
PCI axons (56 –72 d).

Significance for spinal injuries
Previously it was believed that adult mammalian CNS axons were
incapable of regeneration through an inhibitory injury site in the
absence of therapeutic interventions. Our results show that not
all regenerative attempts after CNS lesions are futile and that at
least some spinal interneurons are capable of spontaneous func-
tional regeneration across inhibitory lesions. After partial SCIs, in
addition to the plasticity of their axons, spinal interneurons also
receive new connections from axotomized corticospinal axons.
Spinal interneurons thus act as “relays” for injured corticospinal
signals around spinal lesions (Bareyre et al., 2004; Courtine et al.,
2008). Although we could not test whether PCIs with regenerated
axons receive new inputs after a midline lesion, one might spec-
ulate that they may also serve as relays through spinal lesions by
receiving new inputs from cut axons that cannot regenerate.

This study shows that spinal commissural interneurons can
regenerate after SCI. Resolving the molecular mechanisms that
allow PCI axons to grow through an inhibitory environment and
to find appropriate targets will prove an important tool for devis-
ing new therapeutic strategies for enhancing regeneration of
other descending and ascending spinal axons after SCIs.
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