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There is continuing controversy about whether the cells of origin of the corticospinal tract (CST) undergo retrograde cell death after
spinal cord injury (SCI). All previous attempts to assess this have used imaging and/or histological techniques to assess upper motoneu-
rons in the cerebral cortex. Here, we address the question in a novel way by assessing Wallerian degeneration and axon numbers in the
medullary pyramid of Sprague Dawley rats after both acute SCI, either at cervical level 5 (C5) or thoracic level 9 (T9), and chronic SCI at
T9. Our findings demonstrate that only a fraction of a percentage of the total axons in the medullary pyramid exhibit any sign of
degeneration at any time after SCI—no more so than in uninjured control rats. Moreover, design-based counts of myelinated axons
revealed no decrease in axon number in the medullary pyramid after SCI, regardless of injury level, severity, or time after injury. Spinal
cord-injured rats had fewer myelinated axons in the medullary pyramid at 1 year after injury than aged matched controls, suggesting that
injury may affect ongoing myelination of axons during aging. We conclude that SCI does not cause death of the CST cell bodies in the
cortex; therefore, therapeutic strategies aimed at promoting axon regeneration of the CST in the spinal cord do not require a separate
intervention to prevent retrograde degeneration of upper motoneurons in the cortex.

Introduction
Before the advent of retrograde tracing, cells of origin for fiber
tracts were discovered by cutting axons and looking for cells that
displayed signs of retrograde degeneration, specifically chroma-
tolysis (Nissl, 1892). The cells of origin of the corticospinal tract
(CST) were first identified in this way (Holmes and May, 1909),
and since then, there has been continuing debate about whether
corticospinal neurons die as a result of axotomy. Within the con-
text of developing therapies to promote axon regeneration and
recovery after spinal cord injury (SCI), this is a crucial question
that needs a definitive answer. Many therapies currently being
explored aim to enhance axon regeneration at the lesion site
(Thuret et al., 2006). Such therapies require, however, that the
cells of origin of CST axons in the motor cortex survive, because
when a cell body dies, the axon dies as well (Carlson et al., 2000,
2001), which would make therapeutic interventions to induce
axon regeneration futile. Numerous studies have addressed this
question by assessing changes in the motor cortex after injury,
with conclusions ranging from no cell death to extensive retro-
grade degeneration. Assessments have included counts of neu-
rons in the cortex (Feringa and Vahlsing, 1985; Giehl and

Tetzlaff, 1996; Hammond et al., 1999; Bonatz et al., 2000; Hains et
al., 2003; Klapka et al., 2005), changes in gene expression in the
cell bodies (Kost-Mikucki and Oblinger, 1991; Mikucki and
Oblinger, 1991; Kost and Oblinger, 1993; Mason et al., 2003),
changes in forelimb representation (Schmidlin et al., 2004, 2005),
assessment of motor responses after stimulation in the cortex
(Piecharka et al., 2005), shrinkage of the cell bodies (Holmes and
May, 1909; Kalil and Schneider, 1975; Ganchrow and Bernstein,
1985; Merline and Kalil, 1990; Wannier et al., 2005), chromatol-
ysis (Holmes and May, 1909; Lassek, 1942; Bodian, 1946), and
activation of cell death markers (Hains et al., 2003; Lee et al.,
2004). There have also been reports of no response to injury
(Mason et al., 2003; Crawley et al., 2004). One of the difficulties in
all of these analyses is that the assessments were performed over
widespread areas of the cerebral cortex and did not involve quan-
titative assessment techniques that take into account changes in
neuron size (i.e., unbiased sampling and counting). Based on
these considerations, the present study takes a different ap-
proach—analyzing the axons of the CST in the one site that they
are found in a single, definable tract, the medullary pyramid.
Essentially all CST axons travel through the medullary pyramid
en route to the spinal cord. If CST cell bodies die after SCI, their
axons must die too, which should be detectable as Wallerian
degeneration of the axons [called indirect Wallerian degenera-
tion (van Gehuchten, 1903)] and time-dependent decreases in
axon number in the medullary pyramid.

Materials and Methods
Animal use and care
All procedures were approved by the Institutional Animal Care and Use
Committee at the University of California, Irvine, in compliance with the
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National Institutes of Health guidelines. All animals used for this study
were Sprague Dawley outbred rats (Harlan Laboratories), maintained on
a 12 h light/dark cycle at 25°C. For surgery, animals were anesthetized
with an intraperitoneal injection of ketamine and xylazine (100 and 10
mg/kg, respectively; Western Medical Supply). Postoperatively, animals
received subcutaneous injections of 10 ml of 0.9% saline, 0.5 mg/kg
Baytril, and 0.01 mg/kg buprenorphine, and were kept warm on an iso-
thermic pad until mobile and alert. After injury, animals received saline
and Baytril for 10 consecutive days or until animals were killed for anal-
ysis, and buprenorphine was given for 7 consecutive days. For SCI ani-
mals, bladders were manually expressed twice per day for the duration of
the experiments.

Injury paradigms
Thoracic vertebral level 9 dorsal funiculus lesion. To assess CST axon de-
generation after axotomy at a site relatively distal to the cells of origin in
the cortex, young male rats (150 –175 g at time of surgery) received a
dorsal funiculus (DF) lesion at thoracic vertebral level 9 (T9), using
ophthalmic microscissors (World Precision Instruments; 7 cm long,
curved 3 mm blades, 0.1 mm tips). This injury paradigm bilaterally
transects the dorsal CST and has been described previously (Neumann
and Woolf, 1999; Hains et al., 2003). The completeness of the injury was
verified using an operating microscope; the muscles were sutured in
layers, and the skin was closed with wound clips. This injury causes
paralysis of the hindlimbs, and only transient bladder impairment during
the first day after surgery, and did not affect normal eating, drinking, or
grooming. Animals were allowed to survive for either 1 week (n � 16) or
4 weeks (n � 7) after injury.

Cervical vertebral level 5 lateral hemisection lesion. To assess axon de-
generation after axotomy at a site relatively proximal to the cells of origin
in the cortex, adult female rats (225–250 g at time of surgery) received a
right lateral hemisection lesion (Hx) at cervical vertebral level 5 (C5)
using a Moria microknife (FST catalog #7040A; Fine Science Tools). This
injury paradigm unilaterally transects the crossed dorsal and dorsolateral
and uncrossed ventral components of the CST and has been described
previously (Anderson et al., 2005). The completeness of the injury was
verified using an operating microscope; the muscles were sutured in
layers, and the skin was closed with wound clips. This injury causes
paralysis of the forearm and paw ipsilateral to the injury, with partial
ipsilateral hindlimb paralysis, and transient bladder impairment for the
first day after surgery. Eating and drinking were not impaired; however,
grooming was predominantly with the left forelimb. Animals were al-
lowed to survive for either 1 week (n � 8) or 3 weeks (n � 8) after injury.

Retrograde tracing. Immediately after both the T9 DF and C5 Hx injury
paradigms, the majority of animals received a 0.5 � 0.5 � 0.5 mm piece
of Gelfoam (Pfizer) impregnated with 5 �l of 4% (w/v in 0.9% saline)
Fluorogold (FG) (Fluorochrome) placed into the injury site (FG animals:
T9 DF 1 week, n � 16; 4 weeks, n � 7; C5 Hx 1 week, n � 8; 3 weeks, n �
1; no FG animals: C5 Hx 3 weeks, n � 5).

T9 contusions. To assess CST axon degeneration in a more severe, and
clinically relevant injury paradigm (Bresnahan et al., 1991), we took ad-
vantage of a colony of rats that had received contusion injuries �1 year
previously. These animals were part of a colony of spinal cord-injured
rats that had been maintained specifically to allow experiments on rats
with chronic spinal cord injuries. The adult female rats (225–250 g at
time of surgery) received moderate contusive injuries at T9, using the
Infinite Horizon (IH) Impactor equipped with a 2.5-mm-diameter im-
pactor probe (Precision Systems and Instrumentation). The vertebral
column was stabilized by clamping the vertebrae immediately rostral and
caudal to the exposed spinal cord with stabilizing forceps. The force of
the impact to the spinal cord was set at either 200 or 250 kdyn. The
completeness of the injury was verified using an operating microscope;
the muscles were sutured in layers, and the skin closed with wound clips.
Animals were assessed for locomotor recovery after injury using the
Basso, Beattie, and Breshnahan (BBB) scale for locomotor recovery
(Basso et al., 1995), a 21-point scale that rates locomotor function, with 0
being complete paralysis, and 21, normal locomotion. Nine rats were
selected from the chronically injured colony that received moderate con-
tusions (200 –250 kDa) and exhibited BBB scores ranging from 10 to 11

at 1 year. This severity of injury ranges from occasional weight supported
plantar steps without coordination of the forelimbs and hindlimbs (FLs–
HLs), to frequent weight supported plantar steps without coordination
of the FLs–HLs (Basso et al., 1995). Another group of young female rats
(3 months of age; n � 5) received moderate contusion injuries and were
killed 3 weeks after injury.

Axon degeneration controls. To assess the nature and extent of axonal
degeneration in the medullary pyramid after destruction of cortical mo-
toneurons, tissue from animals from a previous study (Strong et al.,
2009) was used. Briefly, the right sensorimotor cortex was removed by
aspiration in adult female rats (225–250 g). After injury, the scalp was
sutured. This injury impairs motor function of the contralateral forepaw,
described previously (Strong et al., 2009). Animals were allowed to sur-
vive for 4 (n � 6) or 11 weeks (n � 5) after injury. CST axons project
exclusively within the ipsilateral medullary pyramid, so the contralateral
pyramid from the 4 week time point that contains axons from the unin-
jured side of the cortex served as an intraanimal control for axon counts
(n � 6).

CST tract tracing. To determine the distribution of CST axons in the
medullary pyramid to accurately define the area of the pyramidal tract for
axon counts, adult female rats (225–250 g at time of surgery) received
unilateral cortical injections of the anterograde tracer biotin-conjugated
dextran amine (BDA), 10,000 molecular weight (mini-ruby-BDA; In-
vitrogen) using a 10 �l Hamilton microsyringe fitted with a pulled glass
micropipette. BDA was injected into six sites in the sensorimotor cortex
of one hemisphere at coordinates of 2.5 and 1.5 mm lateral from the
midline, either at bregma or 1 mm rostral and caudal. The detailed pro-
cedure has been described previously (Anderson et al., 2005; Strong et al.,
2009). Because BDA is conjugated to mini-ruby, the tracer can be visu-
alized by fluorescence microscopy in sections without any additional
staining (see Fig. 1 A). Rats were killed humanely either 5 d after injec-
tions (n � 2) for assessment of labeled myelinated and unmyelinated
axons in the pyramid, or 21 d after injection (n � 5). These cases were
also used to assess Wallerian degeneration in the medullary pyramid
after partial injury to the cortex caused by multiple penetrations of
the injection micropipette. A separate set of animals from a previous
study (Strong et al., 2009) that had received unilateral cortical ablation
injuries also received BDA injections into the contralateral cortex 21 d
before the end of the experiment (n � 5). These animals were used to
quantify axon degeneration associated with minimal cortical damage
from these injections.

Uninjured controls. Adult female rats were used as uninjured, unoper-
ated controls for comparison of axon counts. Animals were killed hu-
manely as age-matched controls both for acute (8 –12 weeks; n � 5) and
chronic (1 year; n � 5) time points.

Perfusions
At the end of each experiment, animals received an intraperitoneal injec-
tion of Euthasol (195 mg/ml pentobarbital sodium and 25 mg/ml phe-
nytoin sodium; Delmarva Laboratories) and were transcardially perfused
with either 4% paraformaldehyde in 0.1 M PBS, pH 7.4, for light micro-
scope analysis, or 2% glutaraldehyde/2% paraformaldehyde (0.1 M caco-
dylate buffer, 4 mM magnesium sulfate, 2 mM calcium chloride) for
electron microscope (EM) analysis.

Histology
Brains and spinal cords were dissected and postfixed in 4% paraformal-
dehyde in 0.1 M PBS, pH 7.4. Brainstems were prepared for embedding in
plastic as described below. Forebrains and spinal cords were cryopro-
tected in 30 and 27% sucrose, respectively, frozen in TissueTek OCT
(VWR International), and stored at �80°C until they were sectioned.
Pyramids from animals that received BDA and were perfused for EM
analysis were sectioned coronally into 100 �m vibratome sections and
stained for BDA labeling using an avidin– biotin system combined with a
peroxidase/DAB (diaminobenzidine)-nickel reaction (Vector Laborato-
ries) before resin embedding.

Resin embedding. The brainstem was blocked by hand into 1 mm coro-
nal blocks, and the block containing the main part of the pyramid (see
Fig. 1C,D, site 3) was embedded in resin. Tissue was rinsed in 0.1 M
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cacodylate buffer (Electron Microscopy Sciences) overnight and again
for 15 min the next day. The blocks were postfixed with 1% osmium
tetroxide (Electron Microscopy Sciences) in 0.1 M cacodylate buffer for
1 h, rinsed in double distilled H2O (ddH2O) and en bloc stained with
0.1% uranyl acetate (Electron Microscopy Sciences) in ddH2O. Blocks
were then rinsed in ddH2O two times for 10 min each time, dehydrated in
increasing concentrations of ethanol (70, 85, 95, 100, 100%) for 10 min
each, and then in propylene oxide (intermediate solvent; Electron Mi-
croscopy Sciences) two times for 10 min each time. Tissue blocks were
then incubated in propylene oxide/Spurr’s resin (1:1 mix) for 1 h, and
then in Spurr’s resin (Electron Microscopy Sciences) overnight. The
blocks were put in a fresh change of resin in BEEM capsules (Electron
Microscopy Sciences) the next day and polymerized overnight at 60°C.

Sectioning. Frozen brains and spinal cords were sectioned into 20 �m
sections on a MICROM HM505 NP Series cryostat set at �20°C. Brains
were sectioned coronally, maintaining serial order, and sections were
stored in PBS with 0.02% sodium azide in sterile 48-well plates at 4°C
until processing. Spinal cords were sectioned into 20 �m sagittal and
horizontal sections for T9 dorsal funiculus lesions and C5 hemisections,
respectively, and directly mounted onto Fisherbrand Superfrost Plus
glass slides (Thermo Fisher Scientific) and allowed to dry overnight at
room temperature, and either stained immediately, or stored at �80°C
until stained for lesion verification. Medullary pyramids embedded in
resin were sectioned into 1 �m coronal sections using a Leica Ultracut
UCT ultramicrotome (Leica Microsystems) and stained with toluidine
blue O (Sigma-Aldrich; catalog #198161) (1% toluidine blue and 2%
sodium borate in ddH2O) at 60°C for 3 min, and mounted onto Fisher-
brand Superfrost Plus slides and coverslipped.

Samples from rats with unilateral cortical lesions, as well as uninjured
controls, were also prepared for electron microscopy. Pyramids were
embedded in resin, and ultrathin sections of 60 nm thickness were cut
using a Leica Ultracut UCT ultramicrotome, mounted on copper grids,
stained with uranyl acetate and lead citrate, and viewed on a JEOL 1400
transmission electron microscope. Images were captured using a Gatan
Digital camera.

Lesion verification. Sections through lesion sites were mounted in serial
order, and one section every 100 �m was stained for hemotoxylin and
eosin (H&E) for assessing lesion size. Slides were washed in PBS three
times for 5 min each time, and then dehydrated in increasing concentra-
tions of ethanol for 2 min each (70, 95, 100, 100%), defatted in xylene for
5 min, and rehydrated in decreasing concentrations of ethanol for 2 min
each (100, 100, 95, 70%). Slides were then rinsed in tap water twice,
stained with hemotoxylin for 5 min, rinsed in tap water, dipped in acid
alcohol, rinsed in tap water, dipped several times in ammonia water, and
rinsed in tap water. Slides were then rinsed in 95% ethanol for 2 min, and
stained with eosin for 15 s, dehydrated in 95 and 100% ethanol for 2 min
each, defatted in xylenes three times for 3 min each, and then cover-
slipped with DPX mounting media (Sigma-Aldrich) and viewed under a
bright-field microscope.

Microscopy and axon quantification
Images were captured on an Olympus AX-80 microscope (Olympus)
using MagnaFire SP2.1B software (Optronics Software). To define the
location of the CST axons in the pyramid, BDA-mini ruby was visualized
using the fluorescence of the conjugated mini-ruby (see Fig. 1 A).

Total myelinated axon counts. Toluidine blue-stained plastic sections
were used to count the total number of myelinated axons in the medul-
lary pyramid (see Fig. 1 B). This was estimated by systematic random
sampling (SRS) and the fractionator counting technique using the Stereo
Investigator system (MicroBrightField; version 7.003 software; MBF Bio-
science). Axon counts were performed blind with respect to injury par-
adigms and controls. The cross-sectional area of the medullary pyramid
was determined by tracing its outlines at 20� magnification. Myelinated
axons were then counted at high magnification (100� under oil immer-
sion) in 5 � 5 �m fractionator grids (25 �m 2) at a total of 25 sampling
sites throughout the pyramid on each side. Because CST axons project
longitudinally through the pyramid, the same sampling strategy can be
used as for a nerve bundle; any single cross section will contain all the
axons that project longitudinally through the medullary pyramid (see

Fig. 1C,D). The following equation was used to estimate the total number
of myelinated axons per side in the pyramid: Total axons � [(NS �
AS) � AP], where NS is the average number of axons per sampling site,
AS is the area of each sampling site (25 �m 2), and AP is the area of the
pyramid.

Degenerating axon counts. Toluidine blue-stained plastic sections were
used to count degenerating axons; counts were performed blind with
respect to injury paradigms and controls. The entire cross section of the
medullary pyramid was scanned at high magnification (120�, under oil
immersion) to count the total number of axons displaying degenerative
changes. The main criterion for classifying an axon as degenerating was a
dark dense cytoplasm (Griffin et al., 1995; Rosenbluth, 1995); supple-
mental indicators included myelin breakdown and demyelination
(Rosenbluth, 1995). For cases with cortical lesions where the number of
axons displaying degenerative changes was too high to count using this
method, the SRS method with fractionator counting (described above)
was used, with uninjured controls counted in the same fashion to correct
for between group comparisons using the two different counting meth-
ods (direct counting vs SRS counting). It is important to note here that
direct counting through the microscope allowed focusing up and down,
which allowed a better assessment of the morphology of the axons. In
contrast, with the SRS method, counts are made from the computer
screen, which decreases the resolution of the image.

Assessment of axonal atrophy. To assess possible axon atrophy, we mea-
sured the cross-sectional area of axons in the pyramid using the same
toluidine blue-stained plastic sections described above, a technique that
has been shown previously to be a measure of axonal atrophy after injury
(Gold et al., 1992). High-magnification images (120�, under oil immer-
sion) of pyramids were obtained and assessed using NIH ImageJ (image
processing and analysis). Representative samples from C5 hemisection (3
weeks; n � 2), T9 contusions (3 weeks, n � 1; 1 year, n � 2), and
uninjured controls (8 –12 weeks, n � 2; 1 year, n � 1) were assessed for
axonal atrophy. A total of three images per side (lateral, middle, medial)
was taken for each pyramid (see Fig. 8 A), with three sampling sites as-
sessed per image, for a total of nine sites. Axons at each site were assessed
in 5 � 5 �m fractionator grids (25 �m 2), and only axons within the
accepted boundaries of the grid were analyzed for area. Using ImageJ, the
perimeters of axons within the sampling area were traced, including
the myelin sheath.

Quantification of BDA-labeled axons. Electron microscope images of
axons in the pyramid of animals 5 d after cortical BDA injections (n � 2)
were quantified to determine whether unmyelinated axons originate in
the sensorimotor cortex. Images were taken from the center of the pyra-
mid and quantified based on electron density indicative of positive BDA
labeling. BDA-labeled myelinated and unmyelinated axons were counted
in each sample site.

Statistical analysis
Data were analyzed for statistical significance between time points, injury
type, and controls using a one-way ANOVA with Bonferroni’s multiple-
comparison test for post hoc analysis using Prism 4 for Macintosh.
Graphs are plotted as the average from each group tested, with the error
bars representing the SD.

Results
Quantitative assessment of myelinated axons in the
medullary pyramid
CST axons that project from the sensorimotor cortex to the spinal
cord pass through the ventral medulla in the pyramid (Kuypers,
1981). Thus, for purposes of axon counting, the pyramid can be
considered as a nerve bundle with defined boundaries. The ven-
tral and lateral boundaries of the medullary pyramid are obvious,
but the dorsal boundary with the ventral medulla is less so. To
define the boundaries of the CST in the medullary pyramid, CST
axons were labeled by injecting mini-ruby-BDA into the sensori-
motor cortex of one hemisphere (Fig. 1A). The region occupied
by BDA-labeled axons was used as a guide to define the region
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of interest in the toluidine blue-stained plastic cross sections
for axon counts (Fig. 1 B).

One issue for the quantitative analysis was to determine
whether small differences in the rostrocaudal location of the sam-
ple cross section through the medullary pyramid would affect
axon counts. To assess this, sample sections were taken at 1200
�m intervals starting from the caudal portion of the pons to the
border between the medulla and the spinal cord where the de-
cussation occurs (a total of six sampling sites) (Fig. 1C). Counts
of myelinated axons were performed at each site (Fig. 1D). There
were no significant differences in myelinated axon number be-
tween any of the five rostral sampling sites, although axon num-
ber was slightly higher in the rostral-most site. This may be
explained by corticonuclear fibers leaving the pyramid as this
does correspond to the region where the facial nucleus and nu-
cleus ambiguous are located near the pons–medulla border
(Zimmerman et al., 1964; Reh and Kalil, 1981; Wiesendanger,
1981; FitzGerald et al., 2007). Fewer axons were present at the
caudal site (site 6), which is just rostral to the pyramidal decussa-
tion ( p � 0.001); this is probably a reflection of the fact that CST
axons are beginning to leave the pyramid to ascend dorsally and
cross over before joining the dorsal CST in the spinal cord. Given
the consistency of axon counts in different rostrocaudal loca-
tions, subsequent analyses were performed by taking the 1 mm
block from approximately site 3.

Validation of approach: CST axon degeneration in the
medullary pyramid after cortical lesions
Death of cortical neurons after direct trauma will cause Wallerian
degeneration of CST axons throughout their course. To validate

the use of the medullary pyramid as a
sampling site, medullary pyramids were
assessed for degenerating and intact axons
after varying degrees of direct cortical in-
jury (complete ablation and more limited
damage caused by six injections of BDA
for tract tracing).

At 4 weeks after cortical ablations that
extended from 0.5– 4 mm lateral to the
midline and 4 and 4.5 mm rostral and
caudal to bregma (Fig. 2C), large numbers
of axons in the medullary pyramid exhib-
ited classical signs of Wallerian degenera-
tion characterized by darkly stained
axoplasm, breakdown of myelin, and sub-
sequent demyelination (Figs. 3B,D, 4B).
Wallerian degeneration was still promi-
nent 11 weeks after cortical ablation (Fig.
5B). Previous studies (Strong et al., 2009)
have shown that these cortical lesions suc-
cessfully ablated the region in the sensori-
motor cortex that contains the cells of
origin of CST that project to lumbar seg-
ments as verified by the elimination of
neurons labeled by Fluorogold after injec-
tions into the lumbar spinal cord. Degen-
erating axons were also evident in the
medullary pyramid in animals that re-
ceived injections of BDA-mini-ruby into
the sensorimotor cortex (data not shown)
(see counts below), although fewer were
degenerating than after cortical ablations.
This suggests that this method of assessing

degeneration is sensitive to even a small amount of damage to the
cortex.

Assessment of the area of the pyramid after cortical injuries
demonstrates that, 11 weeks after cortical ablation, there is a
significant decrease in the area of the pyramid ( p � 0.01) by
�30% from the uninjured controls (Fig. 3E). This confirms
previous studies in which cortical ablation lesions led to a
time-dependent decrease in pyramid area, and our time point
of 11 weeks with 30% shrinkage confirms what has been
shown at that time point (Dunkerley and Duncan, 1969).
However, this only explains a decrease in the area of the pyr-
amid and cannot definitively conclude whether this shrinkage
is caused by a loss of axons or a breakdown of the structure of
the pyramid.

SRS-based counts of the axons (Fig. 3F) revealed no significant
difference in total axon numbers (intact and degenerating) between
uninjured controls (72,380.25 � 9430.44) when compared with the
cortical injections (67,277.01 � 8956.30; 92.95 � 12.37% of total) or
cortical ablation at 4 weeks (60,334.72 � 9558.45; 83.36 � 13.21% of
total) after injury. Thus, degenerating axons are not rapidly re-
moved. There were significantly fewer total axons in the medul-
lary pyramids at 11 weeks (51,682.81 � 12,486.26; 71.40 �
17.25% of total; p � 0.05), and this decrease appears to correlate
with the shrinkage of the pyramid. As expected, there were fewer
non-degenerating axons after cortical ablation compared with
uninjured controls (uninjured, 68,891.30 � 9977.36, 95.18 �
13.78% of total; 4 weeks after ablation, 38,265.82 � 7725.77,
52.87 � 10.67% of total, p � 0.001; 11 weeks after ablation,
34,950.83 � 8904.11, 48.29 � 12.30% of total, p � 0.001). There
were also fewer non-degenerating axons in rats with cortical in-

Figure 1. Development of axon counting method. A, Anterograde tract tracing with BDA-mini-ruby to outline the border of CST
axons in the pyramid. B, Toluidine blue-stained plastic sections of the pyramid with the region of CST axons outlined to define the
area of the pyramid for axon counts. C, Ventral view of rat brain to illustrate the sampling strategy of counting axons in the pyramid.
A total of six sampling sites were assessed in 1200 �m intervals for quality control counts of total axons from the rostral-most
region where axons enter the pyramid (site 1) to the caudal-most region where axons begin to decussate into the spinal cord (site
6). D, Quantification of axon counts, with total axons per section on the y-axis shows no significant difference between sites 1 and
5; however, there is a significant decrease in total axons at site 6 ( p � 0.001), where the axons begin to decussate. All axon counts
for the remainder of the study were taken from site 3 (sampling area). Scale bar: A, B, 200 �m; C, 1 mm. Data are mean � SD.
***p � 0.001.
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jections (55,932.38 � 12,326.47; 77.28 � 17.03% of total in con-
trol rats), but this difference was not statistically significant.

It is noteworthy that complete ablation of the sensorimotor
cortex led to the loss of only �50% of the axons in the medullary
pyramid by 11 weeks, suggesting that �50% of the myelinated
axons in the pyramid come from areas other than the sensorimo-
tor cortex. This is consistent with previous studies (Miller, 1987)
(see Discussion).

Counts revealed abundant degenerating axons 4 and 11 weeks
after ablation (11,456.77 � 3368.15, 15.83 � 4.65% of total;
10,838.02 � 1661.20, 14.97 � 2.30% of total); however, these two
time points were not significantly different from each other. The
number of degenerating axons after cortical ablation was signif-
icantly higher than what was seen after BDA injections ( p � 0.01
and p � 0.001, respectively; 4085.13 � 3144.52; 5.64 � 4.34% of
total).

SRS-based assessments of the medullary pyramids from unin-
jured controls did reveal a small and variable number of possibly

degenerating axons (550.77 � 507.04; 0.76 � 0.70% of total).
However, counts of the same samples using direct microscopic
evaluation yielded values for degenerating axons that were ap-
proximately two orders of magnitude lower; we feel the lower
counts are more accurate given the increased resolution of
morphology when the tissue is examined at high power
through the microscope. Importantly, even the higher number
of possibly degenerating axons from SRS-based analyses rep-
resents only a fraction of a percentage of the total. A caveat is
that there may also be false positives in the counts of from
animals with cortical lesions that would not be scored as de-
generating if the counts were done by direct microscopic vi-
sualization. However, the degree of degeneration that is seen
with SRS-based counting is proportional to the amount of
damage in the cortex.

Thus, even with the differences between SRS-based and direct
counts, it is clear that degenerating axons are easy to detect in
the pyramid when present after a cortical lesion, validating the

Figure 2. Lesion verification. A–I, Representative images for lesions from cortical ablations (Cx) (A–C), T9 DF lesions (D–F ), and C5 Hx (G–I ). A, D, G, Schematic diagrams for each injury paradigm
to illustrate the extent of CST that is to be targeted for each injury, where A illustrates ablation of the right sensorimotor cortex to remove the CST cell bodies as a positive degeneration control. D
illustrates bilateral transection of the dorsal CST at T9, and G illustrates unilateral transection of the crossed dorsal, dorsolateral, and uncrossed ventral CST. B, E, H, Representative dorsal view images
of the lesions after perfusion and dissection to confirm location of each lesion. C, F, I, Representative 20 �m sections of lesion sites after hematoxylin and eosin (H&E) for lesion verification. C, Cx
lesions assessed in coronal sections successfully ablated the majority of the sensorimotor cortex in all animals tested. F, T9 DF in sagittal sections demonstrated that this injury consistently transected
the entire dorsal column, extending laterally between the dorsal horn on each side, and ventrally past the central canal for complete bilateral transection of the dorsal CST. Gelfoam was present in
some of the lesion sites because of retrograde tracing at the time of injury. I, C5 Hx horizontal sections confirmed these lesions were all complete in the dorsal CST on the right side of the spinal cord,
and the majority of them were also complete in the dorsolateral CST and uncrossed ventral CST, with some lesions affecting the contralateral side of the spinal cord. Scale bars: B, E, H, 2 mm; C, F,
I, 500 �m.
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approach for assessing CST axon degeneration after spinal
cord injury.

Absence of degeneration of CST axons after bilateral dorsal
funiculus lesion at T9
A previous study reported the retrograde degeneration of �20%
of cortical motoneurons in young male rats after a T9 DF injury
(Hains et al., 2003). Cortical motoneurons exhibited signs of cell
death (caspase activation) by 1 week, and there was a 20% de-
crease in the number of retrogradely labeled cortical motoneu-
rons by 4 weeks. If 20% of the cortical motoneurons die, then
20% of the axons in the medullary pyramid will also die, which
should be detectable as Wallerian degeneration and by decreases
in the number of intact axons.

Surprisingly, however, we detected essentially no sign of de-
generating axons in the medullary pyramid 1 week after DF le-
sions at T9 that ablated the dorsal column bilaterally, with the
lesion extending ventrally into the gray matter past the central
canal, and laterally into the dorsal horn (for an example of the
lesion, see Fig. 2F). Based on the results of Hains et al. (2003),
there should be extensive retrograde degeneration, but CST ax-
ons in the medullary pyramid appeared entirely normal (Fig. 4C).
Degenerating axons were also not seen at 4 weeks after injury
(Fig. 4D), by which time Hains et al. (2003) report substantial
loss of retrogradely labeled cortical motoneurons (Hains et al.,
2003). At both 1 and 4 weeks, a very small number of axons
stained darkly enough that it could not be excluded that they were
degenerating, but no axons exhibited definitive signs of degener-
ation (dark axoplasm, separation of myelin, and myelin unravel-
ing). Moreover, the number of axons with dark cytoplasm
(possibly degenerating) was no higher than in uninjured control
rats (see quantitative analysis below).

Quantitative analysis of pyramidal tract axons by high magni-
fication microscopic scanning after the T9 DF at 1 and 4 weeks
after injury confirmed the absence of degenerating axons. Only a
tiny fraction of the total axons in the pyramid were scored as

possibly degenerating at either 1 week (6.7 � 4.2; 0.0108 �
0.0066% of total) or 4 weeks after injury (4.8 � 2.6; 0.0075 �
0.0040% of total) (Fig. 6C). Approximately the same number of
possibly degenerating axons were seen in the pyramids from un-
injured controls (3.63 � 1.4; 0.0058 � 0.0021% of total) (Fig.
6C). The values from injured and control rats did not differ
significantly.

SRS-based counts of total axons also revealed no axon loss at
either time point (1 week, 65,851.86 � 6461.02; 4 weeks,
63,912.89 � 7527.20) (Fig. 6E) compared with uninjured con-
trols (62,978.35 � 7283.65) (Fig. 6E). These results exclude the
possibility that axons that die as a result of retrograde degenera-
tion of the cell body are removed quickly and thus are not
counted as degenerating. This is also confirmed by the fact that
the area of the pyramid does not change significantly after injury
(uninjured, 313,106.33 � 45,693.33; 1 week, 296,602.88 �
33,129.22; 4 weeks, 320,737.64 � 50,309.90) (Fig. 6A). The lack
of axonal degeneration or axon loss indicates that the cell bodies
of pyramidal tract axons do not die after DF lesions at T9, at least
up to 4 weeks after SCI.

Absence of degeneration of CST axons after lateral
hemisections at C5
Given the lack of detectable Wallerian degeneration or axon loss
after DF lesions at T9, it was of interest to assess the consequences
of a lesion that was more complete (that is, destroyed a greater
proportion of CST axons at the injury level) and more proximal
to the cell bodies (which would be expected to cause a greater
degree of retrograde degeneration than a more distal injury) (Liu,
1955; Beresford, 1965). Lateral hemisections are more complete
than DF lesions in that they destroy the main contingent of CST
axons in the dorsal funiculus as well as CST axons in the dorso-
lateral and ventral CST, albeit unilaterally. Additionally, a lesion
at C5 is much more proximal to the cell bodies than a lesion at T9.

Lesions at C5 were variable in extent (Fig. 7A,C; supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).

Figure 3. Identifying degenerating axons. A, B, Light micrographs (100�) of toluidine blue-stained plastic sections from pyramids in healthy, uninjured animals (A) compared with degenerating
axons seen after a cortical ablation (Cx) lesion (B). C, D, Electron micrographs (2500�) of pyramid axons in uninjured (C) compared with cortical ablation (D). Healthy axons display clear axoplasm
with a continuous myelin ring (A, C), which is confirmed at higher magnification to demonstrate the integrity of the neurofilaments and microtubules in the axoplasm (D). Axons that display
degenerative changes show darkly stained axoplasm and breakdown of the myelin sheath (B, black arrows), which is also confirmed at high magnification showing degeneration of the axoplasm
components and myelin breakdown (D, red asterisks). The graphs in E and F demonstrate that we can quantify a significant loss of axons in the pyramid, both by shrinkage of the whole pyramid by
11 weeks after Cx lesion ( p � 0.01) (E), as well as a significant loss of total ( p � 0.05) and healthy axons ( p � 0.001), corresponding to a significant increase in degenerating axons ( p � 0.001)
after Cx lesions (F ). Scale bars: A, B, 10 �m; C, D, 2 �m. Data are mean � SD. ***p � 0.001, **p � 0.01, *p � 0.05.
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Lesions were reconstructed by assessing horizontal sections
through the lesion site at 100 �m intervals and representing these
on schematic cross sections. In the reconstructed images, lesions
in different animals are shown in gray superimposing images
from different animals. In this way, the darkest shade of gray
indicates the areas damaged in all animals; the lightest shade of
gray illustrates the area damaged in one animal only (supplemen-
tal Fig. 1, gray area, available at www.jneurosci.org as supplemen-
tal material). The quantitative analyses were limited to cases in
which lesions extended to the midline so as to completely destroy
the ipsilateral dorsal CST (Fig. 2 I) (1 week, n � 8; 3 weeks, n � 6)
and also included cases in which lesions extended over to the
contralateral side. For axon counts after C5 hemisections, data

are organized into three categories: lesioned side refers to the
pyramids contralateral to the hemisection containing damaged
axons from the crossed dorsal and dorsolateral CST; unlesioned
side refers to the pyramids ipsilateral to the hemisection that
include mainly undamaged axons, but also includes axons of the
uncrossed ventral CST and axons affected by over-hemisections;
uninjured refers to control animals with no lesions.

Even though lesions were predominantly unilateral, the pyra-
mid on the side contralateral to the lesion that would contain the
majority of the injured axons (lesioned side) was indistinguish-
able from the side where there are mostly uninjured axons that
served as an internal control (unlesioned), both qualitatively and
quantitatively. Importantly, however, the sides were distinguish-
able based on the presence of degenerating axons lateral to the
pyramid indicating Wallerian degeneration of spinothalamic and
spinoreticular axons (Fig. 4H); degenerating axons were present
only ipsilateral to the lesion (compare with Fig. 4G). This internal
control again confirms that Wallerian degeneration can be de-
tected in these sections when present.

Histologically, CST axons in the medullary pyramid appeared
entirely normal, at both 1 week (Fig. 4E) and 3 weeks after C5
hemisections (Fig. 4F). This was true whether the C5 hemisec-
tion injury was limited to one side, or extended over the mid-
line to affect the contralateral spinal cord (for analysis of the
relationship between lesion size and axon counts, see supple-
mental Fig. 2, available at www.jneurosci.org as supplemental
material). There was no significant difference in the area of the
pyramid at 1 week (lesioned, 316,825.40 � 33,210.00 �m 2; un-
lesioned, 307,191.10 � 36,433.09 �m 2) or 3 weeks (lesioned,
294,301.13 � 37,521.80 �m2; unlesioned, 292,127.25 � 41,377.14
�m2) after injury compared with uninjured controls (Fig. 7B), and
counts by high magnification microscopic scanning again re-
vealed only a fraction of a percentage of the total that exhibited
possible signs of degeneration in either pyramid at 1 week (le-
sioned, 4.25 � 2.76, 0.0067 � 0.0044% of total; unlesioned,

Figure 4. Histological assessment of myelinated axons in the pyramid after acute transec-
tion SCI. A, B, Representative sections of toluidine blue-stained plastic sections (100�) to
assess axon health and morphology after injury. Uninjured (A), healthy axons have clear axo-
plasm and a continuous myelin ring, whereas degenerating axons, seen after cortical ablation
lesion (B) causes significant amounts of detectable degeneration, have darkly stained axoplasm
and myelin degradation (black arrow). G, H, Light micrographs (120�) of toluidine blue-
stained plastic sections from the brainstem to show integrity of the ascending spinothalamic
tract (STT) lateral to the pyramid in uninjured (G) and degenerating (H ) axons after Hx SCI,
which induces Wallerian degeneration (black arrowheads). The axons in the pyramid after a T9
DF lesion, 1 week (C) and 4 weeks (D), as well as after a C5 Hx injury, 1 week (E) and 3 weeks (F ),
did not result in significant degeneration such as the Cx lesion. There are a few axons that
exhibit degenerative changes (C, red arrow) and are quantified in Figures 6 and 7, respec-
tively. Scale bars, 10 �m (for all panels); (in F ) A–F, images taken at 100�; (in H ) G, H,
images taken at 120�.

Figure 5. Histological assessment of myelinated axons in the pyramid after contusive and
chronic SCI. Representative sections of toluidine blue-stained plastic sections to assess axon
health and morphology after a more severe type of injury at chronic time points. Uninjured
animals aged 1 year (A) have healthy axons with clear axoplasm and a continuous myelin ring,
compared with cortical lesion positive controls displaying widespread axon degeneration (B,
black arrows). The axons in the pyramid after a T9 contusion both at 3 weeks (C) and even up to
1 year (D) after injury do not show any detectable signs of degeneration to suggest their cell
bodies had died as a result of the injury. Scale bar, 10 �m.
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5.38 � 3.70, 0.0085 � 0.0059% of total) (Fig. 7D) or 3 weeks
(lesioned, 5.38 � 2.56, 0.0085 � 0.0041% of total; unlesioned,
5.25 � 1.75, 0.0083 � 0.0028% of total) (Fig. 7D) after injury.

Also consistent with the results after T9 DF lesions, SRS-based
counts of total axons revealed no axon loss between sides after C5
lateral hemisections at either the 1 week (lesioned, 65,153.84 �
6325.85; unlesioned, 64,248.77 � 9677.55) or 3 week time points
(lesioned, 59,943.57 � 10,033.38; unlesioned, 60,939.77 �
6865.39) (Fig. 7D). Thus, even when the injury to CST axons
occurs more proximal to the cell bodies in the cervical region,
axons in the medullary pyramid exhibit no signs of degeneration
and there is no indication of axon loss, indicating that cortical
motoneurons have not died at least up to 3 weeks after injury.

SCI does not cause delayed degeneration of CST axons in the
pyramid but may affect age-dependent myelination
Axons must die eventually after death of the cell body, but it is
possible that the degeneration of the axon as a result of retrograde
cell death takes longer than the Wallerian degeneration that oc-
curs after physical destruction of the cell body or physical sepa-
ration of the distal axon from the cell body. Accordingly, we

assessed whether there was evidence of axon degeneration or
axon loss in the medullary pyramid 1 year after moderate contu-
sion injuries at T9, which completely destroy the dorsal funiculus
in the same way as a DF transection.

Again, there were only a few axons in the medullary pyramid
that exhibited any sign of Wallerian degeneration in the rats with
chronic T9 contusion injuries (Fig. 5D) compared with their age-
matched controls (Fig. 5A). Interestingly, counts did reveal that,
at 1 year after a T9 contusion, the number of possibly degenerat-
ing (19.31 � 9.26; 0.024 � 0.012% of total) axons in the medul-
lary pyramid is significantly greater than the number of possibly
degenerating axons 3 weeks after a DF lesion in young adult rats
(5.13 � 1.64; 0.006 � 0.002% of total; p � 0.001) (Fig. 6D).
Uninjured aged control rats also had a greater number of axons in
the medullary pyramid exhibiting signs of degeneration (11.50 �
1.91; 0.014 � 0.002% of total), suggesting that these signs of
degeneration are attributable to aging, and not the spinal cord
injury (Fig. 6D). It is important to emphasize, however, that even
in aged rats, degenerating axons represent only a fraction of a
percentage of the total axons in the pyramid.

Interestingly, counts revealed that the older, uninjured con-
trol rats also have significantly more total myelinated axons (Fig.
6F) in the medullary pyramid (80,374.2 � 6829.9) than the
younger, uninjured controls (62,949.7 � 8419.7; p � 0.001). Ad-
ditionally, rats that had received moderate T9 contusion injuries
1 year previously had significantly fewer myelinated axons
(71,638.1 � 10,151.0; p � 0.05) after injury, compared with the
older uninjured controls. However, there was no difference in
total myelinated axons compared with the younger, uninjured
controls, or between 3 weeks (67,593.6 � 14,960.0) and 1 year
after contusion injury (see above). This is also confirmed in the
measures of total area of the pyramid, which does not change signif-
icantly after injury (uninjured, 1 year: 355,583.2 � 52,596.2; T9 con-
tusion, 3 weeks: 309,511.5 � 37,491.0; T9 contusion, 1 year:
347,553.3 � 45,643.6) (Fig. 6B).

Together, these data suggest that there is no loss of myelinated
axons after moderate contusion injuries, but the injury may re-
duce an age-dependent increase in the number of myelinated
axons that would otherwise occur (Leenen et al., 1989).

Can retrograde atrophy be detected by analyses of the
medullary pyramid?
Although there was no evidence of axon degeneration in the pyr-
amid after SCI, previous studies have reported atrophy and
shrinkage of the cell bodies of cortical motoneurons (Holmes
and May, 1909; Lassek, 1942; Kalil and Schneider, 1975; Barron and
Dentinger, 1979; Ganchrow and Bernstein, 1985; Ramirez and
Kalil, 1985; Barron et al., 1988; Merline and Kalil, 1990; Tseng
and Prince, 1996). Accordingly, it was of interest to determine
whether it was possible to detect atrophy of CST axons in the
pyramid. To assess this, we measured the cross-sectional area of a
sample of CST axons (for the sampling strategy, see Fig. 8A). A
particularly useful comparison is between the axons ipsilateral
(unlesioned) and contralateral (lesioned) to a C5 hemisection
injury because the unilateral injury provides an internal control.
Cases that were completely unilateral (n � 2) for the C5 hemisec-
tion at 3 weeks were used for internal comparison of lesioned versus
unlesioned axons. There was no difference in average axon diameter
between the two sides 3 weeks after a cervical hemisection injury
indicating no detectable atrophy (Fig. 8B). Indeed, there was not
only no statistical difference; the means were almost identical.

Similar assessments revealed no differences in the cross-
sectional area of CST axons between uninjured young versus

Figure 6. Quantification of axon degeneration in the pyramid after acute and chronic SCI.
Quantification of the area (A, B) of the medullary pyramid, as well as degenerating (C, D) and
total myelinated axons (E, F ) after either acute (A, C, E) or chronic (B, D, F ) SCI, compared with
age-matched controls. Neither level nor time after injury has a significant affect on axons in the
pyramid at the acute time points between 1 and 4 weeks after T9 DF injuries in the spinal cord.
This is demonstrated by the fact that there is no shrinkage of the pyramid after injury (A) or any
quantifiable signs of degenerating axons (C) or loss of axons (E) at these shorter survival time
periods. Additionally, contusive SCI does not cause a significant amount of pyramid shrinkage,
even up to 1 year after injury (B). There are significantly more degenerating axons 1 year after
injury ( p � 0.001), but this is only a fraction of a percentage of the total axons in the pyramid
(D), and may be explained by the fact that there are significantly more total axons in the
uninjured aged animals ( p�0.001) compared with their younger counterparts (F ). There is no
significant difference between the young uninjured control and either the 3 week or 1 year time
points after SCI; however, there is a significant decrease in total myelinated axons at 1 year
compared with the 1-year-old control ( p � 0.05), but not compared with the younger SCI time
point, suggesting that axons are not lost over time as a result of injury, but that the increase in
axon number is affected by SCI (F ). Data are mean � SD. ***p � 0.001, *p � 0.05.
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age-matched rats with T9 contusion inju-
ries 3 weeks after contusion (Fig. 8C).
Interestingly, however, axonal cross-
sectional area was less in rats that received
T9 contusions 1 year previously compared
with age-matched controls (Fig. 8C). The
values from 1-year-old uninjured control
rats were also significantly higher than the
values from animals 3 weeks after hemisec-
tion. None of the other comparisons were
statistically significant, however (Fig. 8C),
including the trend for increased axon area
in the old versus young uninjured rats—a
phenomenon that has previously been re-
ported for axons in dorsal roots (Rao and
Krinke, 1983).

Together, these results reveal that there
are no detectable changes in axon size
during the time that cortical motoneu-
rons exhibit retrograde atrophy after SCI,
but SCI may affect age-related changes in
axon size that otherwise occur.

Could spinal cord lesions lead to a
selective death of unmyelinated axons
and sparing of myelinated axons?
One possible explanation for the absence
of degeneration of myelinated axons is
that cortical motoneurons that die after
spinal cord injury project via unmyeli-
nated axons. This is highly unlikely in
principle because cells that have been
reported to exhibit caspase staining are
large neurons in layer V. Nevertheless, to
rule out this possibility, we assessed whether
a significant number of CST axons (identi-
fied by BDA tracing) were unmyelinated.
EM analyses after BDA tract-tracing injec-
tions into the sensorimotor cortex
revealed that the vast majority of BDA-
labeled axons in the pyramid are myelinated (Fig. 9C). There
were very few electron-dense processes that we conservatively
classified as labeled unmyelinated axons because they appeared
to contain neurofilaments and microtubules, but definitive
identification of these as unmyelinated axons was difficult
because the BDA labeling obscured the cytoplasm. Even in-
cluding these questionable elements, the number of labeled unmy-
elinated axons was low (16.9 � 9.3 labeled myelinated axons/275
�m2 vs 0.7 � 1.1 labeled unmyelinated axons/275 �m2).

Discussion
Given the long-standing controversy over whether there is retro-
grade cell death of the CST after SCI, the present study aimed to
resolve this matter definitively in a novel way, by assessing CST
axons in the medullary pyramid. Our results reveal that there is
no degeneration of CST axons or axon loss in the medullary
pyramid, even in situations that have previously been reported to
cause extensive retrograde degeneration of cortical motoneurons
(Hains et al., 2003). Thus, cortical motoneurons and their axons
in the medullary pyramid survive the injury to the distal axon after
various types of spinal cord injury. The important implication is that
interventions to promote regeneration of the CST do not require
separate manipulations to preserve the cells of origin in the cortex.

It should be noted that we undertook this study with the ex-
pectation that retrograde degeneration did occur and that it
would be possible to easily detect and rigorously quantify CST
axon degeneration in the medullary pyramid. Thus, our results
were as surprising to us as they are likely to be to the field.

Assessment of CST axon degeneration
Our assessment of CST axon degeneration in the medullary pyr-
amid is based on the assumption that axons of neurons that die as
a result of retrograde degeneration would exhibit degenerative
changes similar to what are seen during Wallerian degeneration
(condensation of the axonal cytoplasm, dark staining in toluidine
blue-stained plastic sections, and eventually myelin fragmenta-
tion). There has been speculation about this issue after SCI in
primates (Davison, 1937; Lassek, 1942), but no definitive evi-
dence has been reported to our knowledge. Wallerian degenera-
tion of an axon occurs after disconnection of the axon from its
respective cell body (Waller, 1850) and has been reported exten-
sively in the distal segment of the axon after injury (Ramon y
Cajal, 1928; Raff et al., 2002). Based on the rapid onset of degen-
erative changes in axons after damage to the cell body (Ranson,
1914; Dunkerley and Duncan, 1969; Beirowski et al., 2004;
Coleman, 2005), time points of 1, 3, and 4 weeks after injury

Figure 7. Effect of lesion extent on axon degeneration in the medullary pyramid. A, C, Lesions at C5 were reconstructed by
assessing horizontal sections through the lesion epicenter at 100 �m intervals and representing these on schematic cross sections.
Shown are 1 week (A) and 3 week (C) survival. B, D, Quantification of area, degenerating axons, and total axons in the medullary
pyramid after unilateral lesions to the spinal cord demonstrating that the extent of the lesion does not have a significant effect in
either the area of the pyramid (B) or axon degeneration as measured by both total axons as well as axons displaying degenerative
changes (D). There is no significant effect of lesion size on axons either in the pyramid affected by the lesions (black bars, lesioned),
or the side unaffected by the lesion (gray bars, unlesioned), compared with each other and with uninjured controls (green bars,
uninjured). The average lesion size was determined by multiplying the reconstructed images in Adobe Photoshop to show the
areas of the spinal cord that were mostly affected across all the animals. The gray scale under each reconstruction depicts the
variability in the lesion sizes, withdarkerregionsrepresentingco-incidenceof lesionarea,showninA and C.Thedarkestgrayindicatesthe
area damaged in all animals; the lightest indicates the area damaged in only one animal. Scale bar, 500 �m. Data are mean � SD.

11524 • J. Neurosci., August 25, 2010 • 30(34):11516 –11528 Nielson et al. • Corticospinal Motoneurons Survive SCI



should be sufficient to detect degenerative changes in axons
caused by retrograde degeneration of the cell body. Our control ex-
periments involving aspiration lesions of the cortex reveal that CST
axons exhibit Wallerian degeneration that is easily detectable by the
techniques used here, confirming what has been seen in previous
studies (Ranson, 1914; Dunkerley and Duncan, 1969).

Axon degeneration has also been reported after nontrau-
matic death of neurons in the CNS, for example, after death of
neurons in the medial habenula caused by systemic adminis-
tration of nicotine, causing axon degeneration in the fasciculus
retroflexus (Carlson et al., 2000, 2001). Similarly, excitotoxic
death of neurons is followed by Wallerian degeneration of their
axons, which is easily detectable using selective silver impregna-
tion techniques (Schmued et al., 1995; Schauwecker et al., 2000;
Schauwecker, 2002; Benkovic et al., 2004), the methods of which
have been described previously (Fink and Heimer, 1967; Beltra-
mino et al., 1993; de Olmos et al., 1994). It remains possible,
however, that retrograde degeneration of a neuronal cell body
would lead to degeneration of the axon in a way that would not be
detectable by the techniques used here (i.e., something other than
condensation and dark staining of the axonal cytoplasm). It is also
possible that the axons of cell bodies undergoing apoptosis may have
an independent mechanism of degeneration than the cell
body, which was suggested after cell culture studies in mice
expressing the “slow Wallerian degeneration” (Wld s) allele
(Deckwerth and Johnson, 1994).

Counts of healthy axons
If retrograde degeneration of cortical mo-
toneurons occurs in a way that does not
lead to detectable degenerative changes in
the axons, counts of healthy axons would
still reveal loss of axons in the pyramid
proportional to the number of cortical
motoneurons that died. For example,
Hains et al. (2003) reported a loss of 20%
of the CST cell bodies 1 week after a T9 DF
SCI. Our counting technique would cer-
tainly detect this because counts reveal
significant axon loss in the medullary
pyramid after either complete aspira-
tion of the sensorimotor cortex, or after
the more limited damage caused by in-
jections for tract tracing. Previous pub-
lished counts of healthy axons in the
pyramid have ranged from 73,000 when
assessed by light microscopy (Lassek and
Rasmussen, 1940), up to 103,000–150,000
when assessed by electron-microscopic
counts (Leenen et al., 1985, 1989; Gorgels,
1990). Our counts are consistent with the
previous counts based on light microscopy.

It is noteworthy that, after complete
aspiration of the sensorimotor cortex,
which destroys all of the cells of origin of
the CST that are retrogradely labeled by
Fluorogold injections into the spinal cord
(Strong et al., 2009), approximately one-
half of the axons in the medullary pyramid
survived. Previous studies have also noted
that a significant proportion of the axons
in the pyramid remained healthy after
large cortical ablations in rats (Ranson,
1914; Dunkerley and Duncan, 1969). This

indicates that axons in the medullary pyramid originate in part
from areas other than the sensorimotor cortex. Early studies
speculated that these surviving axons might be originating from a
subcortical region (Ranson, 1914) such as the lentiform nucleus
(Swank, 1936). More recent studies suggest a cortical origin, how-
ever, based on retrograde labeling of neurons in posterior parietal,
rostral occipital, anterior cingulate, and prefrontal cortex after injec-
tions of the retrograde tracer HRP at C5/6 in rats (Miller, 1987).

One other body of literature deserves note: Brodal and Wal-
berg (1952) do report the presence of degenerating axons in the
medullary pyramid after spinal cord injuries in cats based on
silver staining (the Glees method). Their speculation was that the
axons might be from ascending sensory systems. This issue was
further explored, but not resolved in later studies (Brodal and
Walberg, 1982), which also contains an excellent discussion of
the evidence for indirect Wallerian degeneration. Although we
did not detect evidence of degenerative changes in axons after
spinal cord injury, it is possible that a small number of axons do
undergo some sort of degenerative change that would be detected
using selective silver impregnation.

Could new axons grow into the medullary pyramid to replace
ones that degenerate?
One possible alternative explanation for the lack of any detectable
loss of myelinated axons in the medullary pyramid is that new
axons grow in at the same time that others degenerate. In this

Figure 8. Assessment of axonal atrophy in the medullary pyramid. A, Sampling strategy of axons in the pyramid, shown at low
magnification in toluidine blue-stained plastic sections (10�). Both sides of the pyramid were assessed at high magnification of
120� (sampling size illustrated in black boxes). Three sites per side were assessed, lateral, middle, and medial in the pyramid both
for contralateral and ipsilateral sides. At each sampling site, three sites were used to measure axon area using fractionator
sampling, and quantified using ImageJ. B, C, Quantification of axon area in the pyramids after C5 Hx with 3 week survival, and T9
contusion with both 3 week and 1 year survival, compared with uninjured age-matched controls. B, Lesioned (gray checkered bar)
and unlesioned (black bar) pyramids within the same animal after a C5 Hx results in no significant difference between axon area
between sides. C, Axon area is significantly decreased 3 weeks after a C5 Hx ( p � 0.05), and 1 year after a T9 contusion ( p �
0.001), compared with the 1-year-old uninjured control; however, all other comparisons are not significantly different from each
other. Scale bar, 200 �m. Data are mean � SD. *p � 0.05, ***p � 0.001.
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regard, recent studies have revealed that,
after C3/4 lateral hemisections, there are
increased numbers of ipsilateral CST pro-
jections at cervical levels (Ghosh et al.,
2009). Similarly, after T9 dorsal hemisec-
tions, there are increases in CST projec-
tions in segments rostral to the injury
(Ghosh et al., 2010). These increases in
CST axons could conceivably involve
growth of new axons from the cortex, but
the evidence is more consistent with local
sprouting within the spinal cord. Also,
given the lack of change in axon numbers,
some axons would have to degenerate as
others grow in, and we see no evidence for
such degeneration. Finally, new axons
that grew in would have to be myelinated
to be counted in our assessments, and
there was no evidence of new myelin
(which would be evident as a thinner than
normal myelin sheath). Taking everything
together, the possibility of axon degener-
ation and compensatory new axon in-
growth into the pyramid seems highly
unlikely.

Could retrograde degeneration involve
only a subset of cortical motoneurons
that project via unmyelinated axons?
The fact that there was no detectable loss
of myelinated axons after SCI could be ex-
plained if the previously reported retro-
grade degeneration involved only a subset
of cortical motoneurons whose axons
were unmyelinated. This seems highly unlikely, because the ret-
rograde degeneration reported by Hains et al. (2003) appeared to
involve neurons of all sizes including the largest neurons in layer
V, whose axons are likely to be large and myelinated. Also, our
data reveal very few labeled unmyelinated axons after BDA injec-
tions into the sensorimotor cortex.

Is age-dependent myelination disrupted by SCI?
Our data from uninjured controls reveal higher numbers of my-
elinated axons in older rats compared with young adults. This
confirms previous studies showing an increase in myelinated
axons in the pyramid between 2 and 14 months of age (Leenen
et al., 1989). In contrast, the numbers of myelinated axons in
rats with 1-year-old contusion injuries (�15 months of age) were
not higher than in young adult rats (�3 months of age). We
speculate that spinal cord injuries may somehow impede the age-
dependent increase in myelination that would normally occur.
Mechanisms underlying this reduction in myelination remain to
be elucidated.

Comparison of results in different rat strains
Our study definitively establishes that cortical motoneurons do
not die after SCI in Sprague Dawley rats, despite previous reports
suggesting cortical motoneuron degeneration (Hains et al., 2003;
Lee et al., 2004). Some other previous studies of retrograde
changes in cortical motoneurons have involved different strains,
however. For example, one study of cortical motoneurons after
T8/9 injuries in Wistar rats reports a 30% loss of cortical mo-
toneurons, which was reduced by suppressing scar formation at

the lesion site (Klapka et al., 2005). Another study involving lo-
cally bred isogenic female rats derived from Wistar rats reports a
substantial decrease (93%) in the number of neurons that were
retrogradely labeled after tracer injections rostral to a lesion
made 1 year previously (Feringa and Vahlsing, 1985). The
decrease in labeling in this situation could be attributable to
reduced uptake because of retraction of amputated axons at
the level of the injury (Pallini et al., 1988), but it cannot be
excluded that cortical motoneurons do die after SCI in strains
or species other than Sprague Dawley rats.

Implications for regenerative therapy
If there were in fact a 20% loss of the CST after the first week after
injury, this would suggest a critical need for therapeutic interven-
tion in a very narrow time window for there to be any hope of
promoting regeneration of damaged CST axons in the spinal
cord. Our results provide conclusive evidence, however, that
there is minimal if any degeneration of the CST after various
types of spinal cord injury. These data eliminate from consider-
ation what was previously thought to be an important therapeu-
tic target. In our view, eliminating a potential therapeutic target is
of high significance because it allows research efforts and re-
sources to be directed in other, more fruitful directions.
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