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Misprojections Are Necessary for Bilateral Voluntary
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In this study, we took advantage of the reported role of EphA4 in determining the contralateral spinal projection of the corticospinal tract
(CST) to investigate the effects of ipsilateral misprojections on voluntary movements and stereotypic locomotion. Null EphA4 mutations
produce robust ipsilateral CST misprojections, resulting in bilateral corticospinal tracts. We hypothesize that a unilateral voluntary limb
movement, not a stereotypic locomotor movement, will become a bilateral movement in EphA4 knock-out mice with a bilateral CST.
However, in EphA4 full knock-outs, spinal interneurons also develop bilateral misprojections. Aberrant bilateral spinal circuits could
thus transform unilateral corticospinal control signals into bilateral movements. We therefore studied mice with conditional forebrain
deletion of the EphA4 gene under control by Emx1, a gene expressed in the forebrain that affects the developing CST but spares brainstem
motor pathways and spinal motor circuits. We examined two conditional knock-outs targeting forebrain EphA4 during performance of
stereotypic locomotion and voluntary movement: adaptive locomotion over obstacles and exploratory reaching. We found that the
conditional knock-outs used alternate stepping, not hopping, during overground locomotion, suggesting normal central pattern gener-
ator function and supporting our hypothesis of minimal CST involvement in the moment-to-moment control of stereotypic locomotion.
In contrast, the conditional knock-outs showed bilateral voluntary movements under conditions when single limb movements are
normally produced and, as a basis for this aberrant control, developed a bilateral motor map in motor cortex that is driven by the aberrant
ipsilateral CST misprojections. Therefore, a specific change in CST connectivity is associated with and explains a change in voluntary
movement.
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Introduction
Genetic tools are used to investigate the circuits driving motor
behavior. Gene ablation studies have produced spinal interneu-
ron development impairments that lead to distinctive locomotor
phenotypes in maturity. Locomotor circuit development, for ex-
ample, depends on the axon guidance molecule ephrinB3 and its
receptor, EphA4. In spinal cord, ephrinB3 is a midline axon re-

pellant protein (Kullander et al., 2001b). Elimination of eph-
rinB3, EphA4, or the adapter protein �2-Chimaerin results in
aberrant bilaterally projecting spinal interneurons (Kullander et
al., 2001a; Yokoyama et al., 2001; Kullander et al., 2003; Beg et al.,
2007; Iwasato et al., 2007; Wegmeyer et al., 2007; Asante et al.,
2010), many of which are central pattern generator (CPG) com-
ponents (Kiehn and Butt, 2003). Instead of an alternating gait
during overground and treadmill locomotion, null mutants have
a hopping gait (Akay et al., 2006). This is consistent with the
obligatory involvement of CPGs in stereotypic limb locomotion
that, after developing an aberrant bilateral organization, gains an
aberrant bilateral motor function.

Goal-directed voluntary movements, which are neither ste-
reotypic nor repetitive, have only begun to be a focus of genetic
studies. Voluntary movements, which depend on supraspinal
control, particularly the motor cortex and corticospinal tract
(CST; Alstermark and Isa, 2012), are produced by limb kinematic
changes that adaptively meet task demands (Ghez et al., 1991).
Whereas the CST’s involvement in voluntary control is well
known, there is little evidence for how the pattern of CST spinal
cord projections influences an individual’s capability to perform
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voluntary movements. In this study, we took advantage of the
role of EphA4 in determining the contralateral spinal projection
of the CST. Null mutations of EphA4 produce robust ipsilateral
CST misprojections, resulting in bilateral CSTs (Dottori et al.,
1998; Coonan et al., 2001; Beg et al., 2007; Wegmeyer et al., 2007),
as does forebrain EphA4 deletion (Paixao et al., 2013). We hy-
pothesize that a unilateral voluntary limb movement, not a
stereotypic locomotor movement, will become a bilateral move-
ment in EphA4 knock-out mice with a bilateral CST. Because
spinal interneurons also develop bilateral misprojections in
EphA4 full knock-outs (Kiehn and Butt, 2003; Paixao et al.,
2013), aberrant bilateral spinal circuits could transform unilat-
eral corticospinal signals into bilateral movements. We therefore
studied mice with conditional forebrain deletion of the EphA4
gene under control by Emx1, a gene expressed in the forebrain
that affects the developing CST but spares brainstem motor path-
ways and spinal motor circuits.

We examined two conditional knock-outs targeting forebrain
EphA4 (Filosa et al., 2009; Herrmann et al., 2010) during perfor-
mance of voluntary movement, including adaptive locomotion
over obstacles and exploratory reaching and stereotypic locomo-
tion. We report that the conditional knock-outs used alternate
stepping, not hopping, during overground locomotion, suggest-
ing normal CPG function and supporting our hypothesis of min-
imal CST involvement in producing stereotypic locomotion. In
contrast, the conditional knock-outs showed bilateral voluntary
movements and, as a basis for aberrant control, developed a
bilateral motor map in motor cortex driven by aberrant ipsi-
lateral CST misprojections. Therefore, a specific change in
CST connectivity is associated with and explains a change in
voluntary movement.

Materials and Methods
Procedures and animal care
All procedures and animal care were approved by the Institutional Ani-
mal Care and Use Committees of City College of the City University of
New York, the New York State Psychiatric Institute, Columbia Univer-
sity, in accordance with the European Community Council Directive of
24 November 1986 (86/609/EEC) and were approved by the ethics com-
mittee in charge of animal experimentation at the Regierung von Ober-
bayern (number 552-1-54-2531-24-10).

Mice
Experiments were conducted on adult male and female mice. Five animal
groups were used: (1) A conditional knock-out of EphA4 in which both
EphA4 alleles are conditionally excised under the control of the Emx1
promoter, which is expressed in the forebrain (Gorski et al., 2002; re-
ferred to as Emx1-Cre;EphA4 tm2Kldr, Filosa et al., 2009). This mouse was
provided as a heterozygous line by one of the authors (K.K.). Heterozy-
gous founders were bred and the homozygous offspring were identified
through tail DNA PCR protocols. (2) A control for Emx1-Cre;
EphA4 tm2Kldr mice in which there is no conditional deletion (referred to
as EphA4 tm2Kldr). (3) Another conditional knock-out of EphA4 in which
one EphA4 allele is conditionally excised under the control of the Emx1
promoter and the other is deleted (referred to as Emx1-Cre;
EphA4 tm1Bzh; Filosa et al., 2009; Herrmann et al., 2010; Paixao et al.,
2013). (4) A control for the Emx1-EphA4 tm1Bzh mice in which there is
deletion of one allele and no conditional deletion of the second (referred
to as EphA4 tm1Bzh). (5) C5BL/6 wild-type (WT) mice, which were pur-
chased from The Jackson laboratory.

We compared performance of both conditional knock-outs in a series
of behavioral tasks (overground locomotion, stereotypic treadmill loco-
motion, adaptive locomotion over obstacles, and exploratory reaching
behavior) and electrophysiological assessments of the motor cortex. CST
tracing was conducted in the Emx1-Cre;EphA4 tm2Kldr mouse only. The
CST has been traced in the Emx1-Cre;EphA4 tm1Bzh (Paixao et al., 2013).

Data from the conditional EphA4 knock-out mice were compared with
WT and/or their nonconditionally deleted controls, which might have
altered EphA4 expression.

Anatomical tracing
For corticospinal axon tracing in Emx1-Cre;EphA4 tm2Kldr mice (n � 5
for knock-out and n � 5 for WT), we adapted with minor changes our
published protocol (Asante and Martin, 2013). Surgery was performed
under general anesthesia with a mixture of ketamine/xylazine (100
mg/10 mg/kg, i.p). The animals were placed in a stereotaxic frame (Kopf
Instruments) and body temperature was maintained at 37°C by a warm-
ing plate (Physitemp TCAT-2LV; Kopf Instruments). Mice were admin-
istrated an analgesic (Rimadyl, 5 mg/kg, s.c). The motor cortex was
exposed by craniotomy, and a total of 600 nl (200 nl � 3 injections
separated by 400 �m) of 10% biotinylated dextran amine (BDA; 10,000
MW; Molecular Probes) was injected unilaterally in the forelimb area.
The locations were, from bregma: AP � 0.4 mm; ML � 1.2, 1.6, 2; DV �
0.8. The injections were made using a pulled glass pipette with a tip
diameter of �20 �m and a micropump injector (UMP3; World Preci-
sion Instruments) at a speed of 3 nl/s. After injection, the pipette was kept
in place for an additional 5 min to avoid leakage of containing solution.

To retrogradely trace brainstem spinal-projecting neurons and spinal
interneurons, we exposed the caudal cervical and rostral thoracic verte-
brae following standard aseptic surgical procedures (cervical spinal cord:
n � 5 for knock-out Emx1-Cre;EphA4 tm2Kldr and n � 5 for WT; lumbar
spinal cord: n � 5 for knock-out and n � 5 for WT; n � 3 for control
EphA4 tm2Kldr). We used the long spinous process of the second thoracic
vertebra (T2) as a reliable landmark and to fixate the vertebral column.
The T2 process was slightly elevated and gently stretched caudally to
flatten the curvature of the cervical spine to provide better exposure and
to facilitate intraspinal injection. After the spinal surgical procedures, 300
nl of the retrograde tracer dextran tetramethylrhodamine (RDA; 3000
MW; Invitrogen) was infused unilaterally at 500 �m from the midline
and 500 �m below the pia mater through a 34 ga beveled needle (UMP3;
World Precision Instruments) at an injection rate of 2 nl/s. After the
injection, the needle was kept in place for an additional 3 min to avoid
leakage of tracer. Similar procedures were followed to retrogradely label
brainstem and spinal interneuron projections in lumbar spinal cord in-
jection. We used the first lumbar vertebra (L1) as a landmark. The dura
was exposed between the Th13 and L1 vertebrae. After spinal injections,
mice were removed from fixation and the wound was closed by approx-
imating the paraspinal muscles and suturing the skin.

For CST anterograde tracing (n � 5 in each group), mice were killed
after 2 weeks by an overdose of anesthetic followed by perfusion with 4%
paraformaldehyde. Frozen coronal sections of spinal cord and brain (40
�m) were cut for visualization of BDA-labeled CST fibers projections.
Free-floating sections were incubated at room temperature for 1 h in
incubating buffer (0.1 M PBS with 3% donkey serum) containing ExtrA-
vidin Cy3 (1:3000; Sigma). After rinsing, sections were mounted on
gelatin-coated slides, air dried overnight, and cover slipped.

For retrograde tracing, 3–5 d after injection, animals were adminis-
tered an anesthetic overdose and tissue removed, as with the anterograde
studies. Frozen horizontal sections (40 �m) of spinal cord were cut for
visualization of RDA-labeled spinal interneurons. Coronal sections (40
�m) of the brainstem were cut to visualize the red nuclei and reticular
formation nuclei.

Electrophysiology procedures
Intracortical stimulation of motor cortex. For motor cortex (M1) stimula-
tion experiments, we used similar parameters to a previous stimulation
study of cortical control of adaptive locomotion in the mice (Asante et al.,
2010). Briefly, we used tungsten microelectrodes (Microprobe; 0.1 M�
impedance, 0.081 mm shaft diameter, 1–2 �m tip diameter) and elec-
trode penetrations were made perpendicular to the pial surface at the
depths 0.8 –1.0 mm. In all animals, the stimulated region was identical:
between 0.0 and 2.4 mm lateral to bregma and up to 2 mm rostral to
bregma. Stimuli (45 ms duration train, 330 Hz, 0.2 ms biphasic; every 2 s)
were delivered using a constant current stimulator (Model 2100; A-M
Systems). The threshold was defined as the lowest current that produced
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a contralateral motor effect. Maximal current of 100 �A was used. If no
response was evoked at or below 100 �A, the site was considered
nonresponsive.

Electromyography recordings. We recorded responses evoked from the
biceps bilaterally using percutaneous Ni-chrome wire electrodes (dein-
sulated 1 mm from the tip) in response to motor cortex stimulation.
Electromyography (EMG) recordings were made with a differential AC
amplifier with low- and high-pass filtration (Model 1700; A-M Systems).
EMG recording wires were inserted using a 27 ga hypodermic needle
guide. We recorded differentially, with two wire electrodes within each
muscle and a separate ground. We verified adequacy of EMG recording
and muscle placement by noting increased EMG activity with passive
elbow extension. Because we recorded from the two hemispheres in each
animal, we were able to verify that the absence of an ipsilateral response
was not due to an inferior recording, because the same EMG electrodes
were also used to record a contralateral-evoked response.

EMG signals were acquired using an analog-to-digital converter
(CED) and processed using the program Signal (version 5.01; CED).
Averages of rectified EMG were generated from each animal and then
group averages were computed for all animals within each group. To
further quantify results, we developed a laterality index that corre-
sponded to the integrated ipsilateral EMG value divided by the integrated
contralateral EMG value for EMG averages for each animal (Paixao et al.,
2013). For each cortical stimulation site, the time window we used for
integration of EMG responses was the same for the ipsilateral and con-
tralateral responses. The time window varied for each animal depending
on the latency and form of the response. Strongly contralateral responses
have a laterality index that is close to zero and bilateral responses, close to
one.

Anatomical data acquisition and analysis
For anterograde tracing, images were acquired on a Nikon inverted mi-
croscope under identical conditions of magnification, illumination, and
exposure to minimize variability. Images were converted to black and
white format in Adobe Photoshop and underwent a digital analysis using
a selective threshold adjustment to highlight only BDA-labeled axons, as
in our previous studies (Tan et al., 2012; Asante and Martin, 2013). These
images were then used to determine changes in ipsilateral and contralat-
eral CST fibers projections in WT and Emx1-Cre;EphA4 tm2Kldr mice.
Axon distributions within the gray matter were analyzed in five trans-
verse sections for each mouse. Digital analysis of individual sections were
corrected for orientation and aligned with one another according to
fiduciary marks (intersection between the gray matter above the central
canal and the dorsal median septum). Photoshop TIFF files of individual
sections of the spinal gray matter were skeletonized using ImageJ before
export and analyzed using custom programs written in MATLAB (The
MathWorks), as described previously (Friel et al., 2012). Skeletonization
reduces the width of all labeled axons to 1 pixel and thus allows our
measurements to accurately represent local axon length and density not
axon diameter. For analysis, TIFF files of individual sections of the spinal
gray matter were divided into 80 � 80 �m 2 regions of interest (ROIs).
For each ROI, we computed the mean density of BDA-labeled axons (i.e.,
the number of pixels). A matrix of mean axon density was generated in
MATLAB that preserved the mediolateral and dorsoventral dimensions
of the distribution of CST fibers labeled in the gray matter. In this study,
the mediolateral distributions of CST labeling were generated for indi-
vidual animals and then averaged for all animals within each group. To
normalize for differences in the size of the gray matter across animals, all
graphs were interpolated to 100 points between the contralateral and
ipsilateral borders of the cervical gray matter.

Our anatomical data were corrected for the variability in tracing dif-
ferences between animals by using an ROI within the CST in the ventral
dorsal columns. Using the program Neurolucida (MBF Bioscience), we
counted the number of BDA-labeled axons within a 25 � 25 �m 2 ROI
contralateral to the cortical injection side. We divided individual section
data (number of BDA-labeled axons of contralateral and ipsilateral gray
matter) by the average of the estimated number of dorsal column axons
per animal. The average of each animal was then divided by the average of
the group to generate the correction factor. To analyze CST laterality, we

first quantified the total number of the CST-labeled axons within the gray
matter. We divided the number of BDA-labeled axons measured on the
ipsilateral side by the total number of BDA-labeled axons in the gray
matter.

For retrograde tracing, images (4 – 6 sections/animal) were acquired
using an Olympus BX60 microscope. Labeled spinal neurons were
counted within the forelimb enlargement (C7/C8) or, for the lumbar
injections, in the lumbar enlargement (L2/L3). For both conditions, con-
tralateral and ipsilateral positive spinal neurons (6 sections per animal)
were counted �2 mm from the injection site into a 600 � 400 �m 2 ROI.
Retrogradely labeled neurons were counted in the red nucleus and in
reticular nuclei. Dark-field microscopy was used to aid in identification
of nuclear regions.

Training and behavioral testing
We focused on performance in two voluntary motor tasks: exploratory
reaching (Schallert et al., 2000; Starkey et al., 2005) and adaptive loco-
motion over obstacles mounted on a treadmill (Drew et al., 2008; Asante
et al., 2010). Adaptive locomotion was compared with stereotypic over-
ground locomotion and unobstructed treadmill locomotion. We also
screened for impairments in the sticky tape test to assess somatic sensory-
guided forelimb movements and grid walking and the ability to coordi-
nate limb placement during spontaneous locomotion (Starkey et al.,
2005). The Emx1-Cre;EphA4 tm1Bzh mice and their floxed controls
(EphA4 tm1Bzh) were studied in Munich, Uppsala, and New York; the
Emx1-Cre;EphA4 tm2Kldr mice, their floxed controls (EphA4 tm2Kldr), and
WT mice were studied in New York. Performance was videotaped and
analyzed by manual inspection using the program iMovie (Apple) on a
frame-by-frame basis for the presence of alternate stepping or hopping
during locomotion and unilateral or bilateral reaching. For analyses,
experimenters were blinded to genotype group.

Locomotor behavior. Treadmill adaptive locomotion was performed at
3 treadmill speeds (6 cm/s; 9 cm/s; 17 cm/s) and at 2 obstacle heights (0.5
cm and 1.0 cm), as described previously (Asante et al., 2010). For com-
parison, locomotor behavior was compared during stereotypic over
ground locomotion when the treadmill belt was stationary and unob-
structed treadmill locomotion (at the same speeds as for adaptive
locomotion).

Reaching exploratory behavior. We assessed skilled forelimb reaching
by placing the mouse in a clear glass cylinder (Pyrex, 25 � 18 cm diam-
eter). The mouse was allowed to acclimate for 2 min in the testing envi-
ronment before recording movements. When placed in the cylinder,
motivated mice engage in exploratory behavior and reach to contact the
wall with their forepaws. Some mice that displayed less motivation to
reach the wall were fed after testing. To facilitate movements toward the
cylinder wall, a food pellet was suspended from the top of the cylinder.
After each session, we recorded the number of independent wall contacts
observed for the right, left, and both forelimbs simultaneously. We col-
lected 30 reaching movements for each session.

Sticky tape test. We applied a 0.3 � 0.2 cm piece of adhesive tape to the
midline of the nose of each mouse and the mouse was placed in the
testing chamber. The stimulus provokes the mouse to bring its paws
toward the tape and remove it from the nose. The testing period was
conducted over a 15–30 min period and the number of independent and
simultaneous forelimb movements was recorded. A total of 30 swiping
movements were analyzed.

Grid walking. We assessed skilled walking on a grid floor (19 � 19 cm 2,
0.8 � 0.8 cm 2 grid squares) placed above a glass surface. Before video
recording, the mouse was allowed to traverse the grid floor freely for 2
min. The mouse was filmed from below over a 15 min time period and
the number of errors made with the forelimbs was scored. A forelimb
placement error was counted when the paw slipped through the grid
opening. A total number of 30 step cycles (alternating steps or hops) were
scored.

Western blotting
Dissection of motor cortex and cervical spinal cord. Animals were admin-
istered an overdose of anesthesia and the brain and spinal cord were
removed and submerged in ice-cold artificial CSF (ACSF) within 2 min.
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We placed the brain and spinal cord on a microscope slide (75 � 50 � 1
mm) containing 2.5-cm-diameter Whatman filter paper dampened with
ACSF. The slide was placed on an ice-cold metal plate to ensure that the
tissue remained cold. We dissected the frontal cortices and the cervical
spinal cord from the remaining tissue. Frontal cortex and spinal tissue
samples were either used immediately or collected in dry ice and stored at
�80°C for later use.

Protein extraction and blots analysis. Tissues were extracted from mu-
tants and control mice and homogenized in ice-cold MAP kinase buffer
containing the following (in mM): 20 Tris-HCl, pH 7.4, 20 NaCl, 1 EDTA,
1 EGTA, 20 NaF, 25 �-glycerophosphate, 5 sodium pyrophosphate plus
1% Triton X-100 and supplemented with a protease inhibitor mixture
containing 1 mM PMSF, 1 mM Na3VO4, 1 mM DTT, 2 �g/ml aprotinin, 2
�g/ml leupeptin, and 2 �g/ml pepstatin. Concentrations were estimated
with the Bio-Rad protein assay reagent and following the microassay
procedure. Thirty micrograms of protein per sample were separated by
SDS-PAGE and transferred onto a nitrocellulose membrane (Bio-Rad).
Proteins were probed by immunoblotting with the primary antibodies
actin mouse monoclonal antibody (1:10,000, ab3280; Abcam) and
EphA4 mouse monoclonal antibody (A1:5000, anti-EphA4/Sek; BD Bio-
sciences) and the secondary antibody: peroxidase-goat anti-mouse IgG
(1:50,000; Life Technologies). Immunodetection was performed using
SuperSignal West Pico Chemiluminescent Substrates (Thermo Scien-
tific). Western blots were quantified using ImageJ software. Optical den-
sity values were normalized to actin signal. For EphA4, the band at 130
kDa was quantified and, for actin, the band at 42 kDa was quantified.

Genotyping
Emx1-Cre;EphA4 tm1Bzh mice (and their floxed controls, EphA4 tm1Bzh)
were genotyped as described previously (Paixao et al., 2013). We geno-
typed Emx1-Cre;EphA4 tm2Kldr (and their floxed controls, EphA4 tm2Kldr;
Filosa et al., 2009) at postnatal day 10 by PCR using Cre forward (ACG
AGT GAT GAG GTT CGC AAG A), Cre reverse (ACC GAC GAT GAA
GCA TGT TTA G), EphA4 loxp forward (GGG CGC ACA GTA ATT
TTC TT) and EphA4 loxp reverse primers (ATC ACG TTG CAC ACC
TGG TA; Eurofins MWG operon; Integrated DNA Technologies).

Statistical analysis
All statistical tests were performed with GraphPad Prism software ver-
sion 5.0. Parametric tests were used whenever possible; nonparametric
tests were used when n � 10. Intergroup comparisons were tested with
either a one-way-ANOVA with group as the independent factor and
Bonferroni post hoc analysis (for parametric data) or with the Kruskal–
Wallis test and Dunns post hoc analysis (for nonparametric data). Com-
parison between two groups was evaluated by either using a t test or the
Mann–Whitney analysis. All data are presented as the mean 	 SEM. p �
0.05 was considered statistically significant.

Results
Overview of experiments
All experiments were conducted on Emx1-Cre;EphA4 tm2Kldr

mice. First, we determined the reduction in cortical EphA4 pro-
tein levels produced by conditional forebrain gene deletion. Next,
we used a sensitive retrograde anatomical assay to verify the ab-
sence of changes in the laterality of brainstem descending and
spinal motor circuits. On this background of changes selective for
the corticospinal system, we examined the differential effects on
bilateral forelimb voluntary and stereotypic locomotor move-
ments. Finally, we assessed ipsilateral CST misprojections and the
motor cortex representation of muscle activation and forelimb
movement. Additional selected experiments were conducted on a
second conditional EphA4 knock-out mouse (Emx1-Cre;
EphA4 tm1Bzh), including Western blot, behavioral, and motor
cortex electrophysiology, to further our understand of the inter-
play between EphA4 protein levels in motor cortex in the produc-
tion of bilateral voluntary movements and the laterality of the
motor cortex motor representation. CST tracing was not per-

formed in the Emx1-Cre;EphA4 tm1Bzh mice because this has been
reported previously (Paixao et al., 2013).

Changes in EphA4 protein levels after conditional
gene ablation
We investigated EphA4 expression in the motor cortex and the
cervical spinal cord from conditional knock-out and WT mice
using Western blot analysis. Motor cortex lysates from the con-
ditional knock-out Emx1-Cre;EphA4 tm2Kldr mice (Fig. 1A) ex-
pressed a significantly lower amount of EphA4 protein than WT
mice (Fig. 1C). Comparison with Emx1-Cre;EphA4 tm1Bzh mice
(Fig. 1A) revealed a significantly larger reduction in EphA4 pro-
tein levels in the Emx1-Cre;EphA4 tm2Kldr mice (Fig. 1D). In con-
trast to the large reduction in EphA4 protein levels in cortex
(Emx1-Cre;EphA4 tm2Kldr mice, 86%; Emx1-Cre;EphA4 tm1Bzh

mice, 74%), there was a much smaller reduction in the cervical
spinal cord (Emx1-Cre;EphA4 tm2Kldr mice, 26%; Emx1-Cre;
EphA4 tm1Bzh mice, 25%; Fig. 1B,E) that was not significant (one-
way ANOVA, Kruskal–Wallis test, p � 0.232). The spinal
reduction might reflect the substantial reduction in EphA4 pro-
tein in CST axons in the cervical dorsal columns or the loss of
EphA4 in spinal neurons showing ectopic expression of Emx1
(Galley and Clowry, 2010). Further evidence that conditional
gene deletion did not significantly affect spinal EphA4 protein
levels comes from anatomical analysis of the cervical spinal cord
structure. It has been reported that EphA4 full mutants have a
shallow dorsal column and an expanded dorsoventral midline
extent of lamina 10 (Kullander et al., 2001b). This morphological
change was quantified as the distance between the dorsal spinal
cord surface and the base of the dorsal column divided by the
distance between the dorsal spinal cord surface and the central
canal (Paixao et al., 2013). This measure did not change in the
Emx1-Cre;EphA4 tm1Bzh and EphA4 tm1Bzh (ratio � 0.9 for both
groups; Paixao et al., 2013), but was somewhat smaller in the
Emx1-Cre;EphA4 tm2Kldr mice than in WT and control mice
(Emx1-Cre;EphA4 tm2Kldr � 0.77 	 0.03; WT mice � 0.91 	
0.009; EphA4 tm2Kldr mice � 0.91 	 0.01, Kruskal–Wallis test, p �
0.008). For comparison, EphA4 elimination in the spinal cord
(Lbx1-EphA4 KO) or the full EphA4 KO results in a substantial
and consistent morphological change (Lbx1KO � 0.45; full
KO � 0.5; Paixao et al. (2013)).

We investigated EphA4 expression in a separate cohort of
control mice: WT mice, EphA4 tm2Kldr mice without conditional
deletion, and EphA4 tm1Bzh mice in which there is deletion of one
allele and no conditional deletion of the second. For these con-
trols, there were no significant differences in protein levels in
cortex between the EphA4 tm2Kldr and WT mice (Mann–Whitney
test, p � 0.23) or between the two conditional mutants (Mann–
Whitney test, p � 0.1) or between the two mutants and WT mice
in the cervical spinal cord (n � 3– 4; Kruskal–Wallis test, p �
0.41). To summarize, in the conditional knock-out mice we
found substantial and differential EphA4 reductions in cortex but
no significant change in the spinal cord. The small and insignifi-
cant EphA4 reduction in the cervical spinal cord did not correlate
with a morphological change in the cord as there were no EphA4
differences between the two conditional knock-out mice, but
there was a small morphological difference in the Emx1-Cre;
EphA4 tm2Kldr mice.

Characterization of conditional EphA4 ablation
As described previously, complete elimination of EphA4 in the
spinal cord results in misprojection of the axons of spinal in-
terneurons(Kullander et al., 2003; Butt et al., 2005; Paixao et al.,
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2013). To determine whether this occurred after conditional
EphA4 elimination in the forebrain, we used retrograde labeling
to examine differences in intraspinal projections of spinal in-
terneurons in Emx1-Cre;EphA4 tm2Kldr and WT mice. We unilat-
erally injected a fluorescent tracer (rhodamine-dextran amine)
into the C8 segment and verified postmortem that there was no
spread of tracer across the midline (Fig. 2A). Counts of the num-
ber of ipsilateral- and contralateral-labeled interneurons revealed
no significant differences between the mutant and wild-type mice
(Fig. 2D). In a separate cohort of mice, we injected tracer into
L2/L3 and again found no significant differences in the number of
ipsilateral and contralateral interneurons in the Emx1-Cre;
EphA4 tm2Kldr and wild-type mice (Mann–Whitney test, p �
0.27).

To determine whether EphA4 elimination in the forebrain
affected the laterality of brainstem neurons with axons that de-
scend to the cervical spinal cord, we compared the number of
retrogradely labeled neurons in the red nucleus and pontomed-
ullary reticular formation in Emx1-Cre;EphA4 tm2Kldr and wild-
type mice after C8 tracer injection (Fig. 2B,C,E,F). Knock-out
and WT mice showed similar and strong contralateral labeling of
neurons in the red nucleus (Fig. 2B,E). Whereas labeled neurons
in the pontomedullary reticular formation of WT mice have a
bilateral distribution, there were no significant differences with
Emx1-Cre;EphA4 tm2Kldr mice (Fig. 2C,F). We also compared the
numbers of ipsilateral and contralateral rubrospinal and reticu-
lospinal neurons projecting to L2/L3 and there were no differ-
ences. The small and insignificant reduction in spinal EphA4 in
Emx1-Cre;EphA4 tm2Kldr mice was not associated with changes in
the laterality of spinal interneurons or brainstem descending pro-
jection neurons. This suggests that conditional gene ablation af-
fected cortical not brainstem or spinal motor pathways.

Effects of conditional forebrain EphA4 elimination on
stereotypic locomotor and voluntary forelimb motor
behaviors
We next compared motor performance in the two knock-out
mice with control mice. For overground, unobstructed treadmill,
and obstructed treadmill locomotion, we examined the occur-
rence of alternate stepping and hopping. We defined hopping as
a simultaneous lift and landing of both forelimbs and/or hind
limbs. During overground locomotion (Fig. 3A), there were no
differences between conditional knock-out mice and WT mice:
all stepped with their forelimbs nearly 100% of the time. During
unobstructed treadmill locomotion (at a treadmill speed of 17
cm/s; Fig. 3B), the results showed a significant group effect be-
cause the Emx1-Cre;EphA4 tm2Kldr mice showed a small percent-
age of forelimb hopping for the same treadmill speed. We also
examined hindlimb movements during overground locomotion
and found no significant difference in the percentage of stepping
versus hopping (n � 6 –10, p � 0.08, F � 2.9, one-way ANOVA).
During unobstructed treadmill locomotion, Emx1-Cre;
EphA4 tm2Kldr mice (n � 15) showed a small percentage of hop-
ping compared with WT (n � 10) and Emx1-Cre;EphA4 tm1Bzh

mice (n � 6; p � 0.0001, F � 17.7, one-way ANOVA, Bonferroni
posttest, p � 0.05). Whereas quantitative analyses of overground
and unobstructed treadmill locomotion are based on assessment
of 30 locomotor cycles (i.e., steps and hops) per session, we
screened �2 h of video recordings in each mouse (n � 63 h total
for combined knock-outs, controls, and WT). When forelimb
hopping was observed (Fig. 3B), it was sporadic. Whereas we
cannot rule out subtle circuit changes, our biochemical, retro-
grade interneuron, and behavioral findings suggest that forebrain
elimination of EphA4 does not significantly affect development
and action of spinal locomotor circuits.

Figure 1. Conditional elimination of EphA4 in the forebrain but not the cervical spinal cord. Immunoblotting analysis of motor cortex lysates shows decreased levels of EphA4 expression between
wild-type and the two EphA4 conditional mutants (A), but minimal reductions in the cervical spinal cord (B). Lanes show data from individual mice (A, B). EphA4 was localized at 130 kDa and actin
was localized between molecular weight markers at 55 and 35 kDa. Exposure times for gels were as follows: motor cortex EphA4, 20 s; actin, 6 s; cervical spinal cord, 60 s, actin, 6 s. C–E, Bars plot ratio
of mean (	SE) EphA4 and Actin protein levels for each group (n � 4 –5 mice/group). There is a significant reduction of EphA4 protein level in the motor cortex of homozygous Emx1-Cre;
EphA4 tm2Kldr compared with WT (C; p � 0.029, Mann–Whitney test). This reduction is more pronounced in the Emx1-Cre;EphA4 tm2Kldr than the Emx1-Cre;EphA4 tm1Bzh mutant (D; p � 0.028,
Mann–Whitney test). Immunoblotting analysis from cervical spinal cord lysates showed similar protein level in wild-type and two EphA4 conditional mutants ( p � 0.232, Kruskal–Wallis test,
Dunn’s posttest: p 
 0.05; n � 4/group).
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Both conditional knock-outs revealed consistent and signifi-
cant increases in hopping in obstructed treadmill locomotion
compared with their respective controls (Fig. 3C,D). Perfor-
mance was assessed at two obstacle heights and three treadmill
velocities; only data for the 1 cm obstacle height are shown. For
the Emx1-Cre;EphA4 tm1Bzh mice, there was a significant increase
(approximately a doubling) in the hopping rate for the forelimbs
compared with controls (EphA4 tm1Bzh). The Emx1-Cre;
EphA4 tm2Kldr mice further showed a doubling in hopping over
the Emx1-Cre;EphA4 tm1Bzh mice. Neither conditional knock-out
nor their respective controls showed differences between tread-
mill velocities. Further, the Emx1-Cre;EphA4 tm2Kldr mice
showed a significant increase in hopping over EphA4 tm2Kldr con-
trols and WT mice (p � 0.0001, one-way ANOVA; Fig. 3D).

Hindlimb hopping was similarly and significantly increased in
both conditional knock-out mice, but not in controls and WT
mice (Emx1-Cre;EphA4 tm1Bzh vs EphA4 tm1Bzh: F � 9.12, p �
0.003, with no differences between treadmill velocities, F � 0.2,
p � 0.82; Emx1-Cre;EphA4 tm2Kldr vs WT: F � 204.8,p � 0.0001;
no differences between treadmill velocities, F � 0.24, p � 0.78;
Emx1-Cre;EphA4 tm1Bzh vs Emx1-Cre;EphA4 tm2Kldr: F � 18.53;
p � 0.0001; Emx1-Cre;EphA4 tm2Kldr vs EphA4 tm2Kldr: p �
0.0001, one-way ANOVA, Bonferroni’s posttest: WT vs
EphA4 tm2Kldr, p 
 0.05, WT vs Emx1-Cre;EphA4 tm2Kldr, p �
0.05).

Exploratory reaching (Fig. 3E) revealed that Emx1-Cre;
EphA4 tm2Kldr mice reached with both forelimbs significantly
more than WT mice, which used more single forelimb move-
ments. Surprisingly, we found no significant difference between
Emx1-Cre;EphA4 tm1Bzh and WT mice. Further, there were no
significant differences in the other forelimb behavioral tests ex-
amined (sticky tape test or grid walking), suggesting no substan-

tial impairment in motor coordination or somatic sensory-
motor integration in these mice. Our findings show that mice
carrying either allele demonstrate bilateral voluntary control, but
that the Emx1-Cre;EphA4 tm2Kldr mice express a stronger bilateral
motor phenotype than the Emx1-Cre;EphA4 tm1Bzh mice.

Bilateral cervical CST terminations
To determine the relationship between the occurrence of CST
ipsilateral misprojections, hopping during obstructed locomo-
tion, and bilateral exploratory reaching movements, we exam-
ined the laterality of CST projections. We recently showed that
Emx1-Cre;EphA4 tm1Bzh mice have robust ipsilateral CST mis-
projections (Paixao et al., 2013). Here, we injected anterograde
tracer unilaterally into the motor cortex of Emx1-Cre;
EphA4 tm2Kldr mice and followed the descending projection to the
spinal cord. Figure 4 shows representative examples of descend-
ing cortical projections in WT (Fig. 4A,C,E) and Emx1-Cre;
EphA4 tm2Kldr (Fig. 4B,D,F) mice. As expected, unilateral motor
cortex tracer injections in the Emx1-Cre;EphA4 tm2Kldr mice la-
beled axons in the ipsilateral pyramid (Fig. 4B), a predominantly
contralateral projection to the red nucleus (data not shown), and
a bilateral projection to the pontomedullary reticular formation
(Fig. 4B, white arrows mark labeled axons bilaterally into the
ventral medulla). This is similar to the WT mice (Fig. 4A), which
suggests that the loss of EphA4 in the descending cortical projec-
tion did not affect the laterality of the corticobulbar projections.
Robust ipsilateral spinal terminations can be seen in the mutant
(Fig. 4D), but not the wild-type mouse (Fig. 4C). The CST ipsi-
lateral misprojection is due to axonal recrossing in the spinal
cord, because the descending cortical projection from one hemi-
sphere is restricted to the medullary pyramid on the same side

Figure 2. Laterality of spinal interneurons and brainstem neurons in Emx1-Cre;EphA4 tm2Kldr mice. A, Overlapping dark-field and fluorescence images of the cervical spinal cord for a represen-
tative WT mouse highlighting the site of unilateral RDA injection and the labeling observed in the ipsilateral and contralateral C7/C8 segments. B, C, Similar to A, but for retrogradely labeled neurons
in the red nucleus and medullary reticular formation. Rubrospinal neurons (B) are located contralateral to the spinal injection site, whereas reticulospinal neurons are located bilaterally (C). White
lines mark the midline (A, C) and the border of the red nuclei (B); calibrations: 500 �m. D–F, Mean percentage (	SE) of labeled ipsilateral and contralateral neurons (n � 4 mice/group) revealed
no significant differences between Emx1-Cre;EphA4 tm2Kldr and WT mice at all three levels (Mann–Whitney test, cervical cord: p � 0.23; rubrospinal neurons: p � 0.2; reticulospinal neurons,
contralateral and ipsilateral: p � 0.63).
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and we did not note more ipsilateral descending CST projections
in the white matter (data not shown).

We quantified CST labeling, correcting for tracer efficiency in
each animal (see Materials and Methods), using two approaches.
First, we plotted the total amount of CST labeling in the con-
tralateral and ipsilateral gray matter from the lateral contralateral
to the lateral ipsilateral gray matter border (Fig. 4E,F). Whereas
there was a larger amount of contralateral CST labeling than in
wild-type mice, suggestive of a role for EphA4 in axon refine-
ment, comparison revealed no significant difference (p � 0.31).
In contrast, there was a clear and significant (p � 0.016) differ-
ence in the amount of ipsilateral labeling. In the second approach,
we determined the ratio of ipsilateral projections to the sum of
contralateral plus ipsilateral projections, similar to what was
done for Emx1-Cre;EphA4 tm1Bzh mice (Paixao et al., 2013). La-
beled CST axons were assayed within the entire gray matter on
either side of the central canal (see Materials and Methods).
There were significantly more ipsilateral CST axons in the gray
matter of the Emx1-Cre;EphA4 tm2Kldr than WT mice (ipsilater-
ality index for knock-out mice � 0.29 	 0.03 and WT mice �
0.12 	 0.02, p � 0.008, Mann–Whitney test, n � 5 mice/group).
The Emx1-Cre;EphA4 tm2Kldr mice had 2.4 times more ipsilateral
CST projections than WT mice. Therefore, conditional ablation

Figure 3. Effects of conditional elimination of EphA4 in the forebrain on forelimb move-
ments during locomotion and exploratory reaching. A, B, Stacked histograms of forelimb loco-
motor behavior. During overground locomotion (A), both mutant mice (n � 6 –10) and WT
mice (n � 10) step with their forelimbs nearly 100% of the time ( p � 0.30, F � 1.27, one-way
ANOVA, Bonferroni’s posttest p 
 0.05). During unobstructed treadmill locomotion (B), Emx1-
Cre;EphA4 tm2Kldr mice (n � 15) only showed a slight but significant percentage of hopping
compared with WT (n � 10) and Emx1-Cre;EphA4 tm1Bzh mice (n � 6; one-way ANOVA, p �
0.003, F � 7.4; Bonferroni’s posttest p � 0.05). C, D, Mean percent (	SE) forelimb hopping
during adaptive locomotion. Data for three 3 treadmill speeds (6 cm/s; 10 cm/s; 17 cm/s) and
one obstacle height (1.0 cm) are plotted (EphA4 tm1Bzh, n � 18; Emx1-Cre;EphA4 tm1Bzh, n �
18; WT, n � 10; Emx1-Cre;EphA4 tm2Kldr, n � 15). There was a significant increase in hopping
between conditional mutant groups and their respective controls: Emx1-Cre;EphA4 tm1Bzh,F �
8.8, p � 0.004, no differences between treadmill velocities (F � 0.08, p � 0.092); Emx1-Cre;
EphA4 tm2Kldr, F �117, p �0.0001, no differences between treadmill velocities, F �0.02, p �
0.098. In addition, the Emx1-Cre;EphA4 tm2Kldr mice showed a significant increase in hopping
over EphA4 tm2Kldr controls (17 cm/s; 1 cm; forelimb: WT mean � 1.5%	0.74%; EphA4 tm2Kldr

mean � 2 	 2%, Emx1-Cre;EphA4 tm2Kldr: mean � 47.2%	5.9%, p � 0.0001, one-way
ANOVA, Bonferroni’s posttest revealed no difference between WT and EphA4 tm2Kldr, p 
 0.05).
E, Histograms of forelimb reaching exploratory behavior. There was no statistically difference
between WT and Emx1-Cre;EphA4 tm1Bzh mice (n � 6; p 
 0.05). In contrast, Emx1-Cre;
EphA4 tm2Kldr mice (n � 10) showed a significant use of both forelimbs when reaching the wall
of the cylinder compared with WT (n � 11; one-way ANOVA, p � 0.0001, F � 66.9; Bonferroni
posttest, p � 0.05). The schematic shows a diagram of a mouse in the reaching cylinder.

Figure 4. Bilateral CST terminations into cervical spinal cord in Emx1-Cre;EphA4 tm2Kldr con-
ditional mutant mice. A, B, BDA-labeled axons in the medullary pyramid of WT (A) and Emx1-
Cre;EphA4 tm2Kldr (B) mice (calibration, 500 �m). Arrows point to corticoreticular projections to
the ipsilateral and contralateral reticular formation in both mice (WT and Emx1-Cre;
EphA4 tm2Kldr). C, D, Confocal images of BDA-labeled axons in the cervical enlargement (C7/C8)
after unilateral injections of anterograde tracer BDA into the M1 (C, WT; D, Emx1-Cre;
EphA4 tm2Kldr). Each image is a z-stack of 13 images (1 �m optical slices; calibration 50 �m).
Note the extensive ipsilateral CST terminations in the Emx1-Cre;EphA4 tm2Kldr mouse (D) and
very sparse ipsilateral CST terminations in WT (C). The insets in C and D show similar CST labeling
in the ventral dorsal column of each mouse. E, F, Mediolateral distributions of mean axon
density from the left to the right borders of the contralateral and ipsilateral gray matter in the
WT (E) and Emx1-Cre;EphA4 tm2Kldr mice (F ). Each graph plots the average CST density of axon
terminations in Emx1-Cre;EphA4 tm2Kldr (F ) and WT mice (E); light-shading plots 	 SEM. The
arrows indicate the midline. There was a significant difference in the amount of ipsilateral, but
not contralateral, labeling in the two groups (Mann–Whitney test, ipsilateral, p � 0.016;
contralateral, p � 0.31).
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of EphA4 in cortex resulted in robust aberrant ipsilateral CST
projections.

M1 motor-evoked effects parallel bilateral CST
We next determined whether motor cortex stimulation in the
Emx1-Cre;EphA4 tm2Kldr mice is effective in evoking ipsilateral
EMG responses. We have shown previously that motor cortex
stimulation in Emx1-Cre;EphA4 tm1Bzh mice evokes bilateral
muscle responses (Paixao et al., 2013). Here, we used intracortical
microstimulation (ICMS) to activate M1 motor circuits in Emx1-
Cre;EphA4 tm2Kldr mice. We stimulated sites in M1 that produced
forelimb flexion at threshold and evoked a contralateral biceps
brachii muscle contraction at threshold and determined whether
there was concurrent activation of the ipsilateral biceps muscle.
Results in the Emx1-Cre;EphA4 tm2Kldr mice were compared with
controls (Emx1-Cre;EphA4 tm2Kldr: n � 5 mice, 7 hemispheres, 26
stimulation sites; EphA4 tm2Kldr: n � 5 mice, 7 hemispheres, n �
27 sites). Ensemble averages of rectified EMG responses for the
Emx1-Cre;EphA4 tm2Kldr mice were strongly bilateral compared
with contralateral responses in the EphA4 tm2Kldr mice (Fig. 5A–
D). The amplitude of the ipsilateral response in the Emx1-Cre;
EphA4 tm2Kldr mice was, on average, comparable to that of the
contralateral response. The mean laterality index for each group
(integrated ipsilateral EMG value/integrated contralateral EMG
value; Fig. 5E) was substantially and significantly higher in Emx1-
Cre;EphA4 tm2Kldr than the control EphA4 tm2Kldr mice. To com-
pare Emx1-Cre;EphA4 tm2Kldr and Emx1-Cre;EphA4 tm1Bzh mice,
we reanalyzed data from Paixao et al. (2013). The cumulative
distributions of the laterality indices for the two mice are signif-
icantly different; the Emx1-Cre;EphA4 tm2Kldr mice show a shift
in the distribution to the right (Fig. 5F, solid arrow). These dif-
ferences in ipsilateral response size were not accompanied by
differences in response latency, determined by the lag time be-
tween the contralateral and ipsilateral responses at each stimula-
tion site (ipsilateral latency � contralateral latency). This
measure was between 1 and 2 ms and did not show any difference
between groups, suggesting similarities in the underlying circuits
(Emx1-Cre;EphA4 tm2Kldr: 1.8 ms 	 1.2; Emx1-Cre;EphA4 tm1Bzh:
1.9 	 1.4; EphA4 tm1Bzh: 1.1 	 1.4; EphA4 tm2Kldr: 1.6 	 1.1;
Kruskal–Wallis test, p � 0.97, Dunn’s posttest, p 
 0.05). These
findings show that Emx1-Cre;EphA4 tm2Kldr mice have strong
connections with ipsilateral muscles (biceps brachii) and that
these are stronger than what was previously reported for the
Emx1-Cre;EphA4 tm1Bzh mice.

M1 mirror joint sites
To further explore the stronger bilateral motor phenotype seen in
the Emx1-Cre;EphA4 tm2Kldr compared with the Emx1-Cre;
EphA4 tm1Bzh mice, we used ICMS to determine the cortical rep-
resentation of bilateral forelimb movements at the same joint.
We systematically stimulated 25 sites within the motor cortex, a
region that comprised most of the caudal forelimb area and parts
of the vibrissal and hindlimb areas. Stimulation of the vibrissal
and hindlimb areas that adjoined the fore limb area served to
define the boundaries of the forelimb region that we studied sys-
tematically. We identified those sites within the forelimb area
where the ipsilateral and contralateral evoked forelimb responses
were obtained at the same current threshold and the same fore-
limb movement at the same joint was evoked bilaterally. We
termed these sites “mirror sites.” Whereas nearly all sites in
Emx1-Cre;EphA4 tm2Kldr mice evoked mirror movements (color
in plots shows the percentage of mirror sites at the stimulation
site), Emx1-Cre;EphA4 tm1Bzh mice showed more varied re-

sponses (Fig. 6A,B). Emx1-Cre;EphA4 tm1Bzh mice had signifi-
cantly fewer mirror sites than Emx1-Cre;EphA4 tm2Kldr mice (Fig.
6A–C). There were no mirror sites in the controls. Our findings
demonstrate a strong bilateral representation of forelimb move-
ment in motor cortex in the conditional knock-out mice. Fur-
thermore, the Emx1-Cre;EphA4 tm2Kldr mice have a significantly
greater bilateral movement representation than Emx1-Cre;
EphA4 tm1Bzh mice, providing an explanation for why the Emx1-
Cre;EphA4 tm2Kldr mice have a stronger bilateral voluntary motor
phenotype.

Discussion
We studied cortical control of voluntary movement in mice with
a selective and characteristic change in CST organization. By
conditional forebrain ablation of the EphA4 gene, the CST is
transformed from a motor system that is functionally and
anatomically mainly contralateral to a bilateral system. With the
mutation, motor control signals transmitted by the CST convert
from predominantly contralateral to bilateral. Importantly, the

Figure 5. M1 stimulation-evoked bilateral forelimb response in EphA4 conditional mutant
mice. A–D, Ensemble EMG averages from contralateral and ipsilateral biceps muscles in re-
sponse to threshold cortical stimulation in Emx1-Cre;EphA4 tm2Kldr (A, C) and EphA4 tm2Kldr con-
trols (B, D). Each histogram plots the average of rectified EMG responses in each group. E,
Average laterality index (integrated ipsilateral EMG value divided by integrated contralateral
EMG value) for each group. The EMG data show a robust bilateral motor response in Emx1-Cre;
EphA4 tm2Kldr and contralateral responses in the controls (Mann–Whitney test, p � 0.0012). F,
Cumulative distribution of laterality index for each mutant mouse. The figure plots cumulative
distribution functions of laterality indices across our sample of 26 recorded motor cortex sites in
the Emx1-Cre;EphA4 tm2Kldr (solid line) and 20 recorded sites in the Emx1-Cre;EphA4 tm1Bzh mice
(dashed line). The arrows indicate the distribution means, which are significantly different
(Emx1-Cre;EphA4 tm1Bzh: mean � 0.7 	 0.13, Emx1-Cre;EphA4 tm2Kldr: mean � 1.2 	 0.17; t
test, p � 0.032; data reanalyzed from Paixão et al., 2013) and the distribution for the Emx1-
Cre;EphA4 tm2Kldr mice is shifted to the right.
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genetic manipulation spares other motor systems, including spi-
nal motor circuits that are known to be sensitive to EphA4 reduc-
tion. Our results show that when the ipsilateral CST is sufficiently
strong, which is determined by the interplay between the ipsilat-
eral CST misprojections and the bilateral cortical motor repre-
sentation, a “bilateral signature” is imprinted upon voluntary
movements, but not upon stereotypic locomotion.

Determinants of the extent of ipsilateral CST misprojections
The density of ipsilateral CST misprojections is key to the bilat-
eral movement representation in the motor cortex and bilateral
voluntary movements. Present and previous findings suggest that
ipsilateral CST misprojections depend largely on lower EphA4
levels in motor cortex, which reduce forward signaling during
development and thus augment spinal CST axon decussation
(Dottori et al., 1998). Whereas there may be some postnatal elim-
ination of ipsilateral CST terminations, a process shown to be
activity dependent (Martin et al., 2009), a substantial number of
ipsilateral spinal projections remains and this provides the sub-
strate for the physiological and functional changes. Whereas we
do not understand why there were lower EphA4 protein levels in
the motor cortex of the Emx1-Cre;EphA4 tm2Kldr than the Emx1-
Cre;EphA4 tm1Bzh mice, it suggests that there was a greater pro-
portion of corticospinal neurons without EphA4 compared with
neurons that still express EphA4. This would lead to a greater loss
of EphA4 forward signaling in CST axons during development
and a stronger bilateral voluntary motor phenotype in the Emx1-
Cre;EphA4 tm2Kldr mice. The lack of changes in spinal EphA4
level, the laterality of spinal interneuron projections, the lack of
overground hopping, and the similarity in latency and form of
cortical evoked responses all point to no substantive change in
segmental circuits due to the conditional EphA4 elimination in
the Emx1-Cre;EphA4 tm2Kldr mice. Nevertheless, we cannot rule
out that a small subcortical reduction in EphA4 could contribute
to the bilateral voluntary motor phenotype. The differential CST
EphA4 levels not only help to inform the motor findings in the
two knock-outs, but may also provide insight into the regulation
of spinal CST axon crossing and connections with spinal in-

terneurons in WT animals. If cortical
EphA4 levels are regionally determined in
motor cortex, as other Eph receptors and
ephrins are involved in shaping visual
system connections (McLaughlin and
O’Leary, 2005), then proximal muscle
representations with greater bilateral con-
trol functions could develop more bilat-
eral spinal projections than distal muscle
representations serving more individu-
ated control. Targeting of CST axons to
spinal interneurons serving proximal or
distal control (Asante and Martin, 2013),
both contralaterally and ipsilaterally,
could be guided by differential expression
of EphA4 ligands (e.g., EphrinB3) in in-
terneurons, as shown for lateral motoneu-
rons and their limb targets (Kania and
Jessell, 2003).

Cortical EphA4 ablation, bilateral
voluntary movements, and the central
motor representation
During adaptive locomotion, there is a
single-cycle modification of stepping and

elbow flexion is increased to raise the paw over the obstacle,
without major changes in the trajectory or the pattern or timing
of muscle activity (Drew, 1993; Lavoie et al., 1995; Friel et al.,
2007; Asante et al., 2010). To step appropriately, the animal must
coordinate its pace with treadmill speed and obstacle location
and scale paw height with obstacle height. Navigating over the
obstacle thus requires supraspinal control. This trajectory modi-
fication, which is guided by vision/vibrissal information, is ac-
companied by modulation of the activity of motor cortex and
pyramidal tract neurons controlling elbow flexors (Drew et al.,
2008). The first limb to step over the obstacle, termed the lead
limb, is controlled by contralateral frontoparietal circuits (Lajoie
et al., 2010). The trailing limb over the obstacle can be controlled
redundantly by feedforward and/or leading limb feedback sig-
nals. We hypothesize that, after EphA4 elimination in cortex,
contralateral control of the leading limb becomes bilateral
(hop), thereby obviating subsequent trailing limb control.

With a further reduction in EphA4 in cortex in the Emx1-Cre;
EphA4 tm2Kldr mice, there is a higher incidence of hopping over
the obstacle and increased mirror reaching compared with
Emx1-Cre;EphA4 tm1Bzh mice. Differences in behavioral con-
straints and spinal circuit features for the two tasks help establish
a lower threshold for evoking bilateral CST control of adaptive
locomotion than reaching. Adaptive locomotion may be more
vulnerable to bilateral CST control than reaching, because the
two forelimbs normally are bilaterally coordinated during loco-
motion, albeit with an alternating phase dependence (Kiehn,
2006). Further, adaptive locomotion likely recruits spinal CPG
circuits that normally have bilateral connections; for example,
spinal commissural interneurons (Kiehn and Butt, 2003) and
spinal partition and midline cholinergic cells (Zagoraiou et al.,
2009; Enjin et al., 2010; Huang et al., 2000), which receive direct
CST contacts (Chakrabarty et al., 2009) and have a bilateral sub-
population (Stepien et al., 2010). CST engagement of either of
these neurons may confer a strong vulnerability to bilaterally
yoked movements in both conditional knock-outs. In contrast,
the threshold for evoking bilateral reaching is much higher. Fore-
limb use during reaching normally is strongly independent. In

Figure 6. Mirror site representations at threshold in EphA4 conditional knock-out mice. Color maps plot the occurrence of
evoked mirror movements at each of the motor cortex stimulation sites in Emx1-Cre;EphA4 tm1Bzh (A) and Emx1-Cre;EphA4 tm2Kldr

mice (B). The color represents a spectrum, from a high (maroon and red) to a low (blue) percentage of mirror sites. No mirror sites
were found in the WT at the threshold. Whereas nearly all sites in Emx1-Cre;EphA4 tm2Kldr mice evoked mirror movements,
Emx1-Cre;EphA4 tm1Bzh mice showed more varied responses. Bar graphs in C plot the average (n�4 –5 mice/group; n�25 motor
cortex sites within each of 17 hemispheres) of the percentage of sites from which the microstimulation evoked a mirror response.
There was a significantly higher percentage of mirror sites in Emx1-Cre;EphA4 tm2Kldr mice (dark gray bar) than in Emx1-Cre;
EphA4 tm1Bzh mice (light gray bar; one-way ANOVA, p � 0.0001, F � 94; p � 0.05, Bonferroni post hoc test).
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humans, despite the presence of a ipsilateral CST projections
to the cervical spinal cord (Schoen, 1964), mirror movements
are not normally expressed in maturity. Mirror movements are
observed in humans (and animals) when there are strong, reac-
tive ipsilateral projections from the undamaged side, after unilat-
eral motor cortex/CST damage (Woods and Teuber, 1978;
Tsuboi et al., 2010). Mirror movements and bilateral motor unit
synchrony are also observed in several genetic conditions in hu-
mans with very strong bilateral CST spinal projections (Farmer et
al., 1990; Mayston et al., 1997).

For cats and monkeys, targeted reaching in the context of
food-taking recruits unilateral propriospinal and segmental net-
works (Alstermark and Isa, 2012) that may have a minimal in-
volvement in stereotypic locomotion (Alstermark and Kümmel,
1990). A homologous class of propriospinal neuron receiving
CST input has not been identified in the mouse (Alstermark and
Ogawa, 2004). Because the laterality of the rubrospinal and re-
ticulospinal systems, both of which are engaged in adaptive loco-
motion and reaching (Rho et al., 1999; Matsuyama et al., 2004),
remains unchanged, the incidence of aberrant bilateral voluntary
movement may scale inversely with cortical EphA4 levels.

Substantial loss of EphA4 in motor cortex resulted in estab-
lishment of a bilateral motor representation. With lower EphA4
levels comes a stronger bilateral voluntary motor cortex pheno-
type, which includes substantially larger ipsilateral biceps EMG
responses. Comparison of the present data with our recent find-
ings (Paixao et al., 2013) shows that the structure of the contralat-
eral and ipsilateral muscle responses (latency and form) evoked
by motor cortex stimulation in the two conditional knock-out
mice are identical. This suggests that the initial muscle response
evoked by motor cortex stimulation is driven by activation of a
strongly bilateral CST that contacts predominantly ipsilateral-
projecting spinal interneurons. This similarity in the structure of
the evoked response further suggests that the spinal circuits
transducing cortical signals are not substantially different from
WT mice.

Bilateral CST without bilateral stereotypic locomotion
Hopping in the conditional EphA4 knock-outs is associated with
adaptive, not stereotypic, overground locomotion, whereas hop-
ping in EphA4 null mutants is consistently present during over-
ground locomotion (Akay et al., 2006). Hopping occurs during
both stereotypic and adaptive locomotion over obstacles in
�-2Chimaerin full knock-outs (Beg et al., 2007; Asante et al.,
2010). Our present findings suggest that hopping during over-
ground locomotion in the null mutants depends on spinal in-
terneuron, not CST bilateral, miswiring. This is consistent both
with the substantial increase in aberrant ipsilateral projections of
spinal interneurons (Butt et al., 2005) and in vitro demonstration
of synchronous motor output without cerebral input (Kullander
et al., 2003). Retrograde labeling of spinal interneurons in the
adult Emx1-Cre;EphA4 tm2Kldr mouse did not reveal ipsilateral
interneuron misprojections, further supporting selective CST in-
volvement.

The role of motor cortex and the CST in stereotypic locomo-
tion is not well understood. Motor cortex neurons, even pyrami-
dal tract neurons, modulate their activity during stereotypic
locomotion (Beloozerova et al., 2003; Drew et al., 2004) and it is
not known whether this activity is driven by limb afferent feed-
back or feedforward descending control. Conversely, inactiva-
tion and lesion of motor cortex/CST has a minimal effect on
stereotypic locomotion (Beloozerova and Sirota, 1993; Asante et
al., 2010). Importantly, neither knock-out mouse displayed hop-

ping during overground locomotion, when CPGs are recruited.
Hopping over the obstacle in the EphA4 conditional knock-outs
is not determined by engagement of locomotor CPG circuits, but
by the presence of the obstacle. Selective hopping during adaptive
locomotion further stresses that the motor cortex and CST do not
exert substantive moment-to-moment regulation of the trajec-
tory and pace of stereotypic locomotion. This does not mean that
the corticospinal system is not engaged during stereotypic loco-
motion. The fact that the motor cortex is capable of resetting the
CPG during locomotion by curtailing stance and promoting
swing (Rho et al., 1999) and that its activity modulates with loco-
motor accuracy demands (Stout and Beloozerova, 2013) suggest
that it is poised to adaptively modify stereotypic locomotion in
response to task constraints.
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