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Adaptations in Glutamate and Glycine Content within the
Lumbar Spinal Cord Are Associated with the Generation of
Novel Gait Patterns in Rats following Neonatal Spinal Cord
Transection
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After spinal cord transection, the generation of stepping depends on neurotransmitter systems entirely contained within the local lumbar
spinal cord. Glutamate and glycine likely play important roles, but surprisingly little is known about how the content of these two key
neurotransmitters changes to achieve weight-bearing stepping after spinal cord injury. We studied the levels of glutamate and glycine in
the lumbar spinal cord of spinally transected rats. Rats (n � 48) received spinal cord transection at 5 days of age, and 4 weeks later half
were trained to step using a robotic treadmill system and the remaining half were untrained controls. Analyses of glutamate and glycine
content via high-performance liquid chromatography showed training significantly raised the levels of both neurotransmitters in the
lumbar spinal cord beyond normal. The levels of both neurotransmitters were significantly correlated with the ability to perform
independent stepping during training. Glutamate and glycine levels were not significantly different between Untrained and Normal rats
or between Trained and Untrained rats. There was a trend for higher expression of VGLUT1 and GLYT2 around motor neurons in Trained
versus Untrained rats based on immunohistochemical analyses. Training improved the ability to generate stepping at a range of weight
support levels, but normal stepping characteristics were not restored. These findings suggested that the remodeling of the lumbar spinal
circuitry in Trained spinally transected rats involved adaptations in the glutamatergic and glycinergic neurotransmitter systems. These
adaptations may contribute to the generation of novel gait patterns following complete spinal cord transection.

Introduction
Animals can generate full weight-bearing hindlimb stepping even
after a complete transection of the spinal cord. Because spinal
transection eliminates serotonergic and noradrenergic descend-
ing fibers, other neurotransmitters found within the local lumbar
spinal cord circuitry play more significant roles in locomotion
(Giroux et al., 2003). Recent findings indicated that training rats
that received spinal cord transections as neonates restored a nor-
mal balance of excitatory and inhibitory synapses on motor neu-
rons (Ichiyama et al., 2011). These findings suggested that the
levels of excitatory and inhibitory neurotransmitters within the
lumbar spinal cord circuitry were critical for stepping, but to date
only the levels of GABA have been shown to be modulated by
locomotor training in adult spinally transected (ST) cats (Tilla-
karatne et al., 2002). Glutamate and glycine play vital roles within

the mammalian lumbar spinal cord circuits that control locomo-
tion (Kiehn, 2006). Glutamate mediates excitatory neurotrans-
mission used for neuronal activation and for rhythm generation,
but also for providing excitatory drive to central pattern genera-
tor (Kiehn et al., 2008). Glycine mediates inhibitory neurotrans-
mission that is necessary for maintaining interlimb and intralimb
coordination (Kiehn, 2006). Based on pharmacological studies,
the recovery of stepping in adult ST cats involved changes in both
neurotransmitter systems (de Leon et al., 1999; Giroux et al.,
2003). However, how the levels of glutamate and glycine in the
lumbar spinal cord were changed by training and whether these
changes affected weight-bearing stepping have not yet been
examined.

In the present study, we examined the effects of weight-
supported treadmill training on glutamate and glycine levels in
the lumbar spinal cord of rats that received spinal cord transec-
tions as neonates. A robotic device was used to train the rats and
to test stepping at challenging weight-support levels. We used
high-performance liquid chromatography (HPLC) to analyze
glutamate and glycine levels within the lumbar spinal cord. HPLC
provides a sensitive measurement of the concentration of neuro-
chemicals within nervous tissue and has been used to measure
exercise-induced changes in glutamate and glycine levels in the
lumbar spinal cord of intact rats (Skup et al., 2007). We also
performed immunohistochemical analyses of the glutamate and
glycine vesicular transporters, VGLUT1 and GLYT2. Previous
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HPLC studies have reported that glutamate and glycine levels at
or near the injury site immediately drop after spinal cord in-
jury (Demediuk et al., 1989; Diaz-Ruiz et al., 2007). Although
long-term changes were not examined, these findings suggested
that depressed levels of glutamate and glycine may impact the
ability to generate stepping. We hypothesized that long-term
training would restore normal levels of glutamate and glycine in
the lumbar spinal cord, thereby facilitating locomotor recovery.
Contrary to this hypothesis, training raised the concentration of
both neurotransmitters beyond normal, and the best-stepping
trained rats had the greatest glutamate and glycine levels. Train-
ing improved stepping but resulted in a pattern of hindlimb lo-
comotion that did not resemble the normal pattern. The present
findings suggested that abnormally high levels of glutamate and
glycine within the lumbar spinal cord circuitry contributed to
novel gait patterns in trained ST rats.

Materials and Methods
Experimental design. The design of the experiment is described in Figure
1. A total of 48 female Sprague Dawley rats received a complete midtho-
racic spinal cord transection at 5 d of age. Four weeks after surgery,
baseline locomotor testing was performed using a robotic treadmill sys-
tem. The occurrence of the baseline test will be referred to as Week 0. The
rats were then distributed into two groups, Trained and Untrained,
which were used in three different experiments. To examine the effects of
training on glutamate and glycine content in the lumbar spinal cord,
Trained (n � 8) and Untrained rats (n � 8) were killed at Week 6 (i.e., 6
weeks after baseline testing) and their spinal cords were removed and
processed for HPLC (see HPLC in Fig. 1). To examine the cellular ex-
pression of glycine and glutamate, Trained (n � 5) and Untrained (n �
5) rats were killed by perfusion at Week 4 and the spinal cords were
removed and processed for immunohistochemistry (see VGLUT1,
GLYT2 in Fig. 1). To examine the effects of training on kinematic char-
acteristics of stepping, Trained (n � 11) and Untrained (n � 11) rats under-
went a final locomotor test at Week 4 (see HINDLIMB KINEMATICS in
Fig. 1). The rats in the HPLC and immunohistochemistry experi-
ments were not retested before the terminal experiment to avoid any
training effects on glutamate and glycine due to testing. However, in the
HPLC experiment, locomotor performance of the Trained rats was
scored during each training session. Data from additional intact rats were
included for comparisons to normal stepping (n � 9) and normal levels
of glutamate and glycine (n � 4). All procedures were performed in

accordance with the Institutional Animal Care
and Use Committee at California State Univer-
sity, Los Angeles, CA.

Spinal cord transection procedure. Spinal
cord transection procedures were performed
under aseptic conditions as described previ-
ously (Cha et al., 2007). Briefly, 5-d-old pups
were anesthetized using an isoflurane gas
chamber (VetEquip V-10 Mobile). A skin inci-
sion was made over the midthoracic vertebrae,
and the overlying fascia and muscles were re-
tracted to expose the dorsal surface of the ver-
tebrae. A partial laminectomy was performed
at the midthoracic level, and then the spinal
cord was lifted gently using fine forceps and
completely transected using microscissors.
Small cotton balls were used to produce a 2–3
mm cavity and to verify the completeness of
the transection. Gel foam was inserted into the
cavity and the incision was closed using 5.0
Ethilon suture. After surgery, the rat pups were
allowed to fully recover in a warm incubator
(80°C) and regain consciousness before being
returned to their respective dams.

The pups were weaned 3 weeks postsurgery
and each cage housed two to three pups under

standard conditions of humidity, temperature, and 12 h light/dark cycle.
After weaning, the rats were weighed daily and the bladders and colons
were monitored twice a day. The rats had access to food and water ad
libitum.

Robotic treadmill training, testing, and analyses. A detailed description
of the robotic device (Rodent Robot 3000, Robomedica) has been re-
ported previously (Cha et al., 2007). In short, the device is comprised of
two lightweight robotic arms, a body weight support system, and a vari-
able speed treadmill. The robotic arms were secured around the hindlimb
via neoprene cuffs wrapped around the ankles. The amount of load im-
posed on the hindlimbs was adjusted through the computer-controlled
body weight support system to provide 75–95% weight support, and the
speed of walking was set at 8 cm�s �1. During training, customized soft-
ware was used to count the number of steps. A step was defined as ankle
movements that displaced the robotic arm by � 10 mm in the forward,
horizontal direction. The number of steps was displayed on a computer
monitor in real time, and a training session was completed once the rats
reached 1000 steps (total combined for both left and right hindlimbs).
Typically, the duration of training episodes was �20 min. If the rats were
unable to perform independent stepping, the trainers provided manual
assistance to move the hindlimbs. To assess the ability to perform inde-
pendent stepping during training, a three-point scoring system was used.
An inability to step without assistance throughout the training session
received a 0 score. Independent stepping for less than half of the required
1000 steps received a score of 1. Independent stepping for greater than
half of the 1000 steps received a score of 2. Independent stepping for all of
the 1000 steps received a score of 3.

During testing, the ability to perform unassisted bipedal, hindlimb
stepping on the treadmill (8 cm�s�1) was assessed at 95, 85, and 75%
body weight support levels. An 85% weight support level was an optimal
level for stepping, whereas 95 and 75% are high and low amounts of
weight support, respectively, that challenge the ability of the ST rats to
generate stepping (Timoszyk et al., 2005). Data were also collected from
Normal rats after the rats were acclimated to stepping in the robotic
system at 85% weight support. Ankle movements were recorded by the
robotic device for 30 s at each weight support and the data were stored on
a computer. The trainers did not assist stepping during testing. If the rats
were unable to perform stepping and the hindlimbs dragged for 10 s, the
trainers repositioned the rats by lifting the rats and placing their hind-
paws on the treadmill. Analyses of ankle position were performed as
described previously (Cha et al., 2007). Briefly, the start and end for each
locomotor movement were detected based on horizontal and vertical
velocities of the robotic arm. This allowed for comprehensive analyses of

Figure 1. Experimental design (see Materials and Methods). Trained and Untrained rats that received neonatal spinally cord
transection were used in three experiments: (1) HPLC to measure glutamate and glycine levels; (2) immunohistochemical exper-
iments for VGLUT1 and GLYT2 expression; and (3) hindlimb kinematic analyses. Asterisk (*) denotes that Normal rats were also
included for the HPLC experiment (n � 4) and for the kinematic analyses experiment (n � 9).
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locomotor movements during testing (i.e., 2436 and 2818 total locomo-
tor movements in the Untrained and Trained rats, respectively). Step
height was defined as the distance between the maximum and minimum
vertical positions of the ankle during a step. Step length was defined as the
horizontal distance traveled during forward ankle movement. Swing and
stance duration were the intervals of time during forward and backward
movement, respectively. Measurement of the height of the ankle during
swing was used to distinguish weight-bearing steps from nonweight-
bearing (i.e., dragging) steps. Based on our previous studies (Heng and de
Leon, 2009), steps in which the ankle was raised �10 mm were defined as
weight-bearing steps. The percentage of weight-bearing steps was calcu-
lated by dividing the number of weight-bearing steps by the total number
of locomotor movements detected by the robotic arms (�100%). The
coordination of left and right hindlimb movements was measured as
described previously (de Leon et al., 2004). The amount of time that the
left and right ankles moved in an alternating pattern during 30 s of testing
was calculated based on the direction of velocities during stepping. Al-
ternating movements were defined as left and right ankle velocities that
were opposite in direction.

HPLC analysis. The rats were anesthetized using isoflurane, the head
was decapitated, and the brain and lumbar spinal cord were immediately
dissected and weighed. For the Trained rats, the terminal experiment
occurred within 2 h after the completion of the last training (Skup et al.,
2007). This time frame was chosen to avoid acute effects due to training
on amino acid levels (Walwyn et al., 1999). Ice was used to keep the
tissues cool during dissection. The tissues were immediately homoge-
nized in 10� ice-cold 85% methanol to deproteinate and inactivate the
protein (Diaz-Ruiz et al., 2007). Samples were centrifuged at 5000 � g for
15 min at 4°C and supernatants were stored at �80°C until ready for
chromatographic analysis. Samples were resolved on a Zorbax Eclipse
AAA 4.6 � 150 mm, 5 �m column (Agilent Technologies) using the
manufacturer’s instructions for offline precolumn derivatization. A 2.5
�l volume of borate buffer (0.4 N, pH 10.2) and 0.5 �l of the sample were
mixed and allowed to react for half a minute and then derivatized by 0.5
�l of ortho-phthalaldehyde (OPA). After mixing, 32 �l of water was
added and the solution was mixed before 0.5 �l aliquots were injected
into the stationary phase. A binary mobile phase of (A) 40 mM sodium
dihydrogen phosphate monohydrate, pH 7.8, and (B) 45 acetonitrile:45
methanol:10 water was used under linear gradient conditions (Solvent B:
57% at 18.1 min, 100% at 18.6 –22.3 min and 0% at 23.2–26 min). Chro-
matographic analyses were carried out using Agilent Technologies 1100
HPLC system in quadruplicate. Pure glutamate and glycine were used as
external standards measured in triplicate. Reagent grade amino acid
standards and sodium dihydrogen phosphate monohydrate were pur-
chased from Sigma-Aldrich. HPLC grade acetonitrile, methanol, and
water were obtained from Fisher Scientific, while HPLC grade borate
buffer and OPA were procured from Agilent Technologies.

Immunohistochemical experiments. One day after the final training ses-
sion, the ST rats were anesthetized with isoflurane and then underwent
transcardial perfusion (4% paraformaldehyde), and the spinal cords
were dissected, blocked, and cut into 30 �m sections as described previ-
ously(Tillakaratne et al., 2002). Two immunohistochemical experiments
were performed. One experiment was performed with VGLUT1 and
HSP27 antibodies and another experiment with GLYT2 and HSP27 an-
tibodies. HSP27 was used to label motor neurons in the ventral horn
(Plumier et al., 1997). For each experiment, the tissue sections from all
groups were processed simultaneously in a single experiment. The con-
ditions for all procedures were identical for all the sections in every
group. The spinal cord sections from the L2-L5 region (3–5 sections/rat)
were washed and then transferred to a blocking solution of 3% normal
donkey serum (NDS). Spinal cord sections were then transferred into
96-well plates and incubated overnight with one primary antibody (i.e.,
guinea pig VGLUT1 antibody at 1:1000 or guinea pig GLYT2 antibody at
1:1000) followed by an overnight incubation with the other primary
antibody (goat HSP27 antibody at 1:500). Afterward, the spinal sections
were washed, blocked in 3% NDS, and then incubated for 1 h in anti-goat
secondary antibody (rhodamine at 1:200) and anti-guinea pig secondary
antibody (FITC at 1:200). The spinal cord sections were transferred to

glass slides, air dried, and coverslipped with VectaShield (Vector Labo-
ratories) with DAPI staining.

Microscopic imaging and analyses. For analyses of labeling, microscopic
images were acquired using an Olympus FluoViewTM FV500 confocal
laser scanning microscope (100� magnification). All images were ac-
quired on one day under the same conditions and settings. Images of
HSP27-positive motor neurons in Lamina IX were acquired. Six optical
slices (5 �m thick) were scanned through each motor neuron. We deter-
mined from pilot experiments that 5 �m thickness was ideal. VGLUT1
and GLYT2 labeling were found primarily on the perimeter of motor
neurons. Simple PCI 6 software (Compix) was used to analyze VGLUT1
and GLYT2 labeling based on a technique developed by Macias et al. for
analyzing labeling around motor neurons (Macias et al., 2009). Using the
closed polygon object drawing tool, an outline was generated that ex-
tended just beyond the perimeter of HSP27-labeled motor neurons. The
area of VGLUT1 and GLYT2 labeling 2 �m beyond and 2 �m inside the
perimeter of the motor neuron was measured after background signal
was eliminated (based on a control section with secondary antibody
only). These areas were then normalized to motor neuron area (VGLUT1
or GLYT2 area/motor neuron area). All analyses were performed using
the Simple PCI 6 software (Compix).

Data analysis. One-way ANOVA was used to analyze all differences
between the Trained, Untrained, and Normal groups. Post hoc compar-
isons between pairs of groups was performed using Tukey test. Correla-
tions between amino acid content and stepping performance during
training were analyzed using Pearson’s correlation with significance test.
Due to variability in day-to-day performance, the average locomotor
performance during the entire 6 weeks of training was calculated for
these correlations instead of using performance data from a single day.
Kinematic measurements that were expressed as a percentage of normal
values were statistically compared to normal using a one-sample t test. All
statistical analyses were performed using SPSS.

Results
Abnormally high glutamate and glycine levels in the lumbar
spinal cord were correlated with the ability to perform
independent stepping
Based on HPLC, the concentration of glutamate and glycine in
the lumbar spinal cord was significantly greater in the Trained ST
rats relative to Normal (compare Trained to Normal in Fig. 2A).
The concentrations in the Untrained rats was not significantly
different from those in Normal rats (compare Untrained to Nor-
mal in Fig. 2A). The concentration of glutamate and glycine in
the lumbar spinal cord was not significantly different between the
Trained and Untrained rats (compare Trained to Untrained in
Fig. 2A).

The average locomotor scores over the 6 weeks of training
were calculated for each Trained rat (Table 1). The best rats were
capable of independent stepping for at least half of the training
session (see R6, R17, R29, and R26 in Table 1), whereas the re-
maining rats required assistance from the trainers for most of the
training session (see R37, R36, R1, and R34 in Table 1). Gluta-
mate and glycine levels were positively correlated with the aver-
age locomotor score, and these correlations were highly
significant (Fig. 2B,C; test of significance for Pearson’s correla-
tion coefficient, p � 0.01). The greatest levels of glutamate and
glycine were found in the best performing rats whereas the worst
performing rats had the lowest levels of glutamate and glycine
(Fig. 2B,C). Unlike the lumbar spinal cord, the cortical levels of
glutamate and glycine were not correlated with locomotor scores
(Fig. 2D).

Expression of VGLUT1 and GLYT2 around motor neurons in
trained and untrained rats
VGLUT1 and GLYT2 labeling was found throughout the ventral
horn in the lumbar spinal cord as described previously (Kitzman,
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2007; Landry et al., 2004) (Fig. 3A,D). VGLUT1 and GLYT2 label-
ing was found around HSP27-positive motor neurons in both the
Untrained (Fig. 3B,E) and Trained rats (Fig. 3C,F). Quantitative
analysis was performed to compare the amounts of VGLUT1 and
GLYT2 labeling around HSP27-labeled motor neurons. The average
number of motor neurons that was analyzed was not significantly
different between the Trained and Untrained groups (e.g., Trained,
50.0 � 11.1; Untrained, 49.8 � 6.2). The average area of VGLUT1
labeling relative to motor neuron area (VGLUT1 area/motor
neuron area) was 0.08 � 0.03 in the Untrained group and 0.14 �
0.02 in the Trained rats group. This difference approached statistical
significance (p � 0.07). The average area of GLYT2 labeling relative
to motor neuron area (GLYT2 area/motor neuron area) was 0.02 �
0.01 and 0.16 � 0.04 in Untrained and Trained rats, respectively.
This difference also approached statistical significance (p � 0.06).

Training improved stepping but did not
restore normal stepping characteristics
The robotic device recorded ankle trajec-
tory during stepping (see Fig. 4A,C, Ankle
trajectory inset) and differentiated weight-
bearing from nonweight-bearing loco-
motor movements (Fig. 4 A, C, Ankle
horizontal displacement, arrows). The total
number of locomotor movements (weight
bearing plus nonweight bearing) was not
significantly different between the Trained
and Untrained rats at Week 0 (Untrained,
120 � 12; Trained, 139 � 18) or Week 4
(Untrained, 111 � 21; Trained: 117 � 14).
The Trained rats performed a significantly
greater percentage of weight-bearing steps
than the Untrained rats at Week 4 during
testing at the 95% and 75% weight support
levels (Fig. 4D, compare Untrained versus
Trained, 95% and 75%). The gap in step-
ping was largest at the 95% weight support
level where the Trained rats performed
twice as many steps as the Untrained rats
(Fig. 4D, compare Untrained versus
Trained, 95%). No difference in weight-
bearing steps was found during baseline
testing (Fig. 4B, compare Untrained vs
Trained). Overall, a significantly smaller
percentage of weight-bearing steps was per-
formed at 95% than the other weight sup-
port levels (Fig. 4B,D, compare 95% with
85% and 75%).

We compared stepping characteristics in the Untrained and
Trained ST rats to stepping in Normal rats that had been accli-
mated to stepping at 85% weight support in the robotic system
(see Fig. 5). At Week 0 and Week 4, the ankle in the ST rats moved
along an elliptical trajectory that did not follow the Normal ankle
trajectory patterns (Fig. 5A,B, compare thick and thin lines with
dashed line). At Week 4, the ankle trajectory in the Trained rats
was larger than the one in the Untrained rats (Fig. 5B, compare
thick and thin lines), and this was supported by the kinematic
analyses (Fig. B, see Area and Length). Cycle period was not sig-
nificantly different from Normal at Week 0 and Week 4 (Fig.
5A,B, see CP). No differences in swing and stance duration were
found (data not shown).

To assess the coordination of the left and right hindlimb
movements, the amount of time that the ankles moved in an
alternating pattern (i.e., opposite directions) instead of a syn-
chronous pattern (i.e., same direction) was calculated. The ST
rats performed less alternating movements than Normal rats
(Fig. 5A,B, see Lt-Rt). At Week 0, no difference was found be-
tween Trained and Untrained rats (Fig. 5A, Lt-Rt). At Week 4, the
amount of time in which alternating movements occurred in the
Trained rats was significantly greater than that in the Untrained
rats (Fig. 5B, see Lt-Rt).

Discussion
To summarize, we examined the effects of treadmill training in
rats that received spinal cord transections as neonates. Training
increased the amount of glutamate and glycine in the lumbar
spinal cord beyond normal levels. The levels of these two key
neurotransmitters were significantly correlated with stepping
performance during training. There was a trend for greater expres-

Figure 2. HPLC-measured glutamate and glycine levels in the lumbar spinal cord. A, Glutamate and glycine levels in Normal
(gray), Untrained ST rats (white) and Trained ST rats (black). Asterisks ** and * indicate significant difference from Normal at p �
0.01 and p � 0.05 levels, respectively. B, C, The correlation of glutamate (B) and glycine (C) levels in the lumbar spinal cord and
locomotor score during training (see Table 1 for details) are shown. D, Correlation of glutamate (squares) and glycine (triangles)
levels in the cortex and locomotor score during training. Pearson correlation coefficients are shown on each plot in B, C, and D.
Asterisks ** indicate significant correlation at p � 0.01 level.

Table 1. Average locomotor scores during six weeks of training in ST rats

Rat number Average locomotor score (mean � SE)

R6 1.9 � 0.1
R17 1.7 � 0.2
R29 1.5 � 0.1
R26 1.2 � 0.1
R37 0.96 � 0.1
R36 0.95 � 0.1
R1 0.77 � 0.2
R34 0.69 � 0.1

Locomotor performance during daily training sessions was scored using a 0 –3 scale that assessed their ability to
perform independent stepping without assistance by the trainers to move the hindlimbs: 0, No independent step-
ping; 1, independent stepping less than half of the 1000 steps; 2, independent stepping greater than half of the 1000
steps; 3, independent stepping for all of 1000 steps. The average locomotor score was calculated over 30 training
sessions (5 sessions per week for 6 weeks) for each rat.
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Figure 4. Comparison of hindlimb treadmill stepping in Untrained and Trained ST rats. A, C, Horizontal ankle movements recorded by the robotic device and the corresponding ankle
trajectory are shown for representative Untrained (A) and Trained (C) rats. Arrows in the horizontal ankle movement indicate forward movements detected by the robotic device. Black
arrows indicate weight-bearing steps whereas white arrows indicate nonweight-bearing movements. The vertical and horizontal calibration bars in the ankle trajectory are both 20 mm.
The data were collected during 30 s of testing at 95% weight support at Week 4. B, D, The percentage of steps that were weight bearing (WB) during testing at Week 0 (B) and Week 4
(D) is shown for Untrained (white) and Trained (black) rats. The data are from tests at 95%, 85%, and 75% weight support levels. The data shown are averages (n � 11 for each group).
Asterisks (*) indicates significant difference between Trained and Untrained ( p � 0.05). The numbers 75 and 85 on the 95% bar indicate significant difference between 95% and the 75%
and 85% body weight support levels, respectively ( p � 0.05).

Figure 3. Expression of VGLUT1 and GLYT2 in lumbar spinal cord. A, VGLUT1 (green) expression in the ventral horn of the lumbar spinal cord in a Trained rat. Motor neurons were labeled with
HSP27 (red). B, C, VGLUT1 expression (green) around HSP27-labeled motor neurons is shown in a representative Untrained (B) and Trained (C) ST rat, respectively. D, GLYT2 (green) expression in the
ventral horn of the lumbar spinal cord in a Trained rat. Motor neurons were labeled with HSP27 (red). E, F, GLYT2 expression (green) around HSP27-labeled motor neurons is shown in a representative
Untrained (E) and Trained (F ) ST rat respectively.
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sion of the glutamate and glycine vesicular transporters, VGLUT1
and GLYT2, around motor neurons in the Trained versus Untrained
rats. The ability to generate alternating, hindlimb stepping at a range
of weight support levels was improved by training, but training did
not restore normal characteristics of stepping.

Role of glutamate in initiating locomotion after spinal
cord transection
Spinal cord transection results in a loss of nearly all monoaminer-
gic neurotransmitter content in the lumbar spinal cord (Magnus-
son, 1973). To generate stepping, the lumbar spinal cord circuitry
must adapt to the loss of the primary neurotransmitters responsible
for activating the locomotor generating circuitry. For example,
recent evidence indicates remarkable changes in serotonergic re-
ceptor function after transection in adult rats such that these
receptors can impact locomotion even in the absence of neu-
rotransmitter (Murray et al., 2010), and a similar phenomenon
may occur in noradrenergic receptors (Rank et al., 2011). Com-
pensatory changes in neurotransmitter systems contained within
the spinal circuitry likely also occur, but this has only been dem-
onstrated for the inhibitory neurotransmitter, GABA, in adult
ST cats (Tillakaratne et al., 2002). Glutamate is the major
excitatory neurotransmitter used by interneurons in the lum-
bar spinal cord circuitry. It is well known that glutamate is essen-
tial for intrinsic rhythm generating capability, but it also
functions in the initiation of locomotion by providing extrinsic
drive to the central pattern generator (Kiehn, 2006). Although no
other studies have measured glutamate levels in trained ST ani-
mals, findings from previous studies suggested a change in the
“pharmacology of locomotion” after spinal cord transection
in adult cats (Giroux et al., 2003). Administration of the
glutamate receptor antagonist, APV (DL-2-amino-5-phospho-
novalerate) completely abolished locomotion in spinal cats (�4
weeks postspinal) but did not prevent stepping in normal cats
(Giroux et al., 2003). Assuming glutamate receptor expression
was unchanged after spinal cord transection (Krenz and Weaver,
1998), the abnormally high levels of glutamate were consistent

with the development of an enhanced glu-
tamatergic drive. It is interesting to note
that in intact rats, treadmill training did
not raise HPLC-measured glutamate lev-
els in the lumbar spinal cord (Skup et al.,
2007). Thus, it appeared that spinally
transected animals primarily relied on
glutamatergic excitation to drive the cen-
tral pattern generator (CPG), whereas
normal animals used pathways involving
multiple neurotransmitter systems.

The initiation of locomotion in spinal
animals was dependent on sensory affer-
ents from hindlimbs (Rossignol et al.,
2008; Courtine et al., 2009; Norton and
Mushahwar, 2010). Consistent with these
findings, Trained rats in the present study
became more responsive to load-related
afferent feedback and were better able to
use this sensory information to generate
successful stepping. Although not signifi-
cant, there was a trend for VGLUT1,
which specifically labels primary afferent
terminals (Alvarez et al., 2004), to increase
around motor neurons in the ventral
horn. Together, these findings suggested

that an increase in sensory terminals containing glutamate en-
hanced sensory drive to lumbar spinal cord neurons that were
involved in locomotion. This conclusion is consistent with re-
ported enhanced transmission at synapses between sensory neu-
rons and motor neurons in adult ST rats (Lavrov et al., 2006; Côté
et al., 2011) and in neonatal ST rats (Petruska et al., 2007).

Another possibility was that a rise in glutamate levels occurred
within interneurons that comprised the central pattern genera-
tor. Our analyses of VGLUT1 expression did not include in-
terneurons; thus, we can only speculate on whether increased
glutamate facilitated rhythm generation. Two findings in the Un-
trained rats were relevant here. First, the Untrained rats were
capable of producing rhythmic hindlimb locomotor movements
on the treadmill. Indeed, the number of locomotor movements
(weight bearing plus nonweight bearing) performed by the
Trained and Untrained rats was statistically similar. Second, the
lumbar spinal cords in the Untrained rats contained normal con-
centrations of glutamate. These findings supported the conclu-
sion that normal levels of glutamate were sufficient for central
pattern generator function in the ST rat. Further studies, how-
ever, will be necessary to determine whether the effect of training
was to enhance glutamate synapses that were critical for rhythm
generation.

Training-enhanced glycinergic inhibition after spinal cord
transection
The increased glycine levels suggested that training enhanced gly-
cinergic inhibition and that this adaptation was beneficial for
successful weight-bearing stepping. This finding was not consis-
tent with previous findings suggesting that glycinergic and
GABAergic inhibition decreased in trained adult ST cats (de Leon
et al., 1999; Tillakaratne et al., 2002). The discrepancy may be
related to differences in the age of spinal transection in our study
versus previous studies. It is well known that neonatal spinally
transected animals recovered better hindlimb function than the
adult transected animals (Weber and Stelzner, 1977). After spinal
cord transection in adults, inhibition in the lumbar spinal circuits

Figure 5. Average ankle trajectories during hindlimb treadmill stepping in Normal and ST rats. A, B, The average trajectory of
the ankle for the Untrained (thin line) and Trained (thick line) ST rats is shown for Week 0 (A) and Week 4 (B), respectively. Normal
ankle trajectory is also shown (dashed line). The average trajectory for each group was calculated from 11 Untrained, 11 Trained,
and 9 Normal rats (during 30 s of stepping at 85% weight support for each rat). Bar plots comparing kinematic characteristics
between Untrained (UT, white) and Trained (T, black) are shown. Averages are shown (n � 11 Untrained; n � 11 Trained) and are
expressed as a percentage of Normal values (100%). Area, Length, and Height of step cycle trajectory are shown. Lt-Rt is a measure
of the alternating movements between the left (Lt) and right (Rt) hindlimbs. CP is cycle period. The asterisks ** and * indicate
significant difference from Normal at the p � 0.01 and p � 0.05 levels, respectively. Significant differences between Untrained
and Trained groups are indicated by the lines and asterisks (*) above the bars ( p � 0.05).
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increased above normal, and this contributed to an overall de-
pression of hindlimb movements (Robinson and Goldberger,
1986). In contrast, the level of excitation within the lumbar spinal
circuitry rose after a spinal cord transection was performed in
neonatal rats (Norreel et al., 2003). This was accompanied by a
change in hindlimb coordination from the normal left–right al-
ternating pattern to more synchronous activity (Norreel et al.,
2003). Locomotor training, then, may have a differential effect on
the spinal circuitry of the adult versus the neonatal transected
animal. Unlike the adult transected animal, training in neonatal
transected animals increased glycine levels, perhaps limiting the
enhanced excitability within the lumbar spinal cord circuitry.
The increased glycine concentration and improved hindlimb co-
ordination observed in the Trained rats was consistent with this
interpretation.

On the other hand, a recent study in neonatally spinally tran-
sected rats found that treadmill training reduced inhibitory in-
puts to motor neurons (Ichiyama et al., 2011). In this study,
ultrastructural analyses of terminals were used to identify the
inhibitory inputs. This would appear to contradict the VGLUT1
and GLYT2 data in the present study, which suggested that both
excitatory and inhibitory inputs were enhanced. However, it is
difficult to draw any concrete conclusions regarding the net effect
of these VGLUT1 and GLYT2 inputs on motor neuron activity
levels. VGLUT1 and GLYT2 only provide an indirect measure of
glutamate and glycine neurotransmitters. Other studies have re-
ported that training increased the overall amount of inputs to
motor neurons in ST rats, but whether these inputs were excit-
atory or inhibitory was unknown (Macias et al., 2009; de Leon et
al., 2011). The expression of various neurotransmitter receptors
on the motor neuron membrane will also be a critical factor in
determining overall activity, but little is known about how recep-
tors are modulated in ST animals by treadmill training (Khristy et
al., 2009). At this point, the bulk of the data indicates that the
effects of training were to increase the excitability of motor neu-
rons, a conclusion that is supported by electrophysiological stud-
ies (Petruska et al., 2007; Côté et al., 2011). Clearly, further
studies are necessary to understand the roles that the various
neurotransmitters, glutamate, glycine, and GABA, and their re-
spective receptors play in shaping motor neuronal activity. It will
also be important to continue examining the unique responses to
injury in the neonatal nervous system. The neurochemical mech-
anisms that facilitate functional recovery are likely to be different
after a neonatal injury than in adults. This has important ramifi-
cations for emerging locomotor therapies that are focused on
pediatric spinal cord injured patients (Behrman et al., 2008).

Remodeled spinal circuitry for locomotion
The locomotor generating circuitry within the lumbar spinal cir-
cuitry is profoundly changed after a complete spinal cord tran-
section. Altered physiological, anatomical, and biochemical
properties contribute to a new synaptic milieu (Edgerton et al.,
1997), as some connections (i.e., supraspinal) are lost and other,
remaining connections adapt (Rossignol et al., 2004). The pres-
ent findings support these ideas, suggesting that abnormal levels
of glutamate and glycine developed within the lumbar spinal cord
and contributed to learning novel gait patterns. What emerged
from all of these changes was a remodeled circuitry capable of
accomplishing locomotion even in the absence of connections to
the brain (Rossignol et al., 2008; Courtine et al., 2009; Norton and
Mushahwar, 2010). Given the remarkable ability of the spinal
cord to adapt, it will be important from a clinical standpoint to
identify which changes, neurochemical and otherwise, will have

the greatest benefit for recovery. This may lead to more effective
locomotor training strategies, the development of new strategies,
or perhaps combinations of therapies that stimulate plasticity
required for stepping.
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