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Abstract The descending corticospinal (CS) projection
has been considered a key element for motor control,
which results from direct and indirect modulation of spinal
cord pre-motor interneurons in the intermediate gray matter
of the spinal cord, which, in turn, influences motoneurons
in the ventral horn. The CS tract (CST) is also involved in a
selective and complex modulation of sensory information
in the dorsal horn. However, little is known about the
spinal network engaged by the CST and the organization of
CS projections that may encode different cortical outputs to
the spinal cord. This study addresses the issue of whether
the CS system exerts parallel control on different spinal
networks, which together participate in sensorimotor inte-
gration. Here, we show that in the adult rat, two different
and partially intermingled CS neurons in the sensorimotor
cortex activate, with different time latencies, distinct spinal
cord neurons located in the dorsal horn and intermediate
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zone of the same segment. The fact that different popula-
tions of CS neurons project in a segregated manner sug-
gests that CST is composed of subsystems controlling
different spinal cord circuits that modulate motor outputs
and sensory inputs in a coordinated manner.
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Abbreviations

CST  Corticospinal tract

CS Corticospinal

PAD Primary afferent depolarization
EFPs Evoked field potentials

SD Standard deviation

M1 Primary motor cortex

S1 Primary somatosensory cortex
M2 Secondary motor cortex
S2 Secondary somatosensory cortex

HL Hind limb
FL Fore limb

Introduction

The corticospinal (CS) tract is a complex multifunctional
system present in all mammals (Lemon and Griffiths 2005;
Lemon 2008). The CS descending projection in different
species plays a major role in voluntary motor control,
which results from direct and indirect modulation of spinal
cord pre-motor interneurons (Jankowska et al. 1976; Porter
and Lemon 1993; Maier et al. 1998; Edgley et al. 2004;
Maeda et al. 2016). This system is also involved in a
selective and complex modulation of sensory information
(Eguibar et al. 1994; Lomeli et al. 1998; Moreno-Lopez
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et al. 2013), which is important for the proper execution of
volitive movements (Hultborn et al. 1987a, b; Seki et al.
2003; Fink et al. 2014).

In different species from rodents to primates, the role of
the CS pathway in motor control, especially in the control
of fine movement, is well established (Lawrence and
Kuypers 1968; Porter and Lemon 1993; Maier et al. 1998;
Nakajima et al. 2000; Lemon 2008). The motor execution
driven by the CS projection could be due to direct modu-
lation of ventral horn motoneurons which, in turn, drive
muscle activity (Rathelot and Strick 2009; Griffin et al.
2015); or due to indirect modulation of the motoneuron
activity mainly via pre-motor interneurons (Alstermark and
Pettersson 2014; Bourane et al. 2015).

In addition, several areas of sensorimotor cortex exert
primary afferent depolarization (PAD) in muscular and
cutaneous afferent fibers (Carpenter et al. 1963; Andersen
et al. 1964; Abdelmoumene et al. 1970; Rudomin et al.
1986; Rojas-Piloni et al. 2010; Moreno-Lopez et al. 2013).
This CS modulation of primary sensory afferents is very
selective (Eguibar et al. 1994; Lomeli et al. 1998), indi-
cating that sensory information with a common source may
be uncoupled, which is relevant for motor control and
proper execution of movements (Nelson 1996). Moreover,
sensory inputs are modulated during voluntary movement
in non-human primates (Seki et al. 2003) as well as in
humans (Hultborn et al. 1987a, b), and recently, it was
demonstrated that the performance of skilled voluntary
movements is determined by GABAergic interneurons
responsible for segmental presynaptic inhibition (Fink et al.
2014).

CST originates from multiple motor and somatosensory
cortices (Galea and Darian-Smith 1994; Ullan and Artieda
1981; Miller 1987; Lemon 2008) and their axons terminate
in all gray matter of the spinal cord (Armand 1982);
however, in rodents and marsupials, the influence of the CS
projections on the spinal gray matter is exerted largely
through interneurons in the sensory dorsal horn. However,
the CS fiber terminations in the gray matter of carnivores
are denser in ventral zones, contacting interneurons of the
lamina VIIL. In primates, CS terminals reach motoneuron
cell columns (lamina IX), indicating that CS terminations
are closer to motor output, the higher the species is on a
phylogenetic scale; for review, see (Schieber 2007; Wel-
niarz et al. 2016). Hence, descriptions of the CS system in
rodents are not necessarily applicable to the primates due to
several crucial differences between species. Yet, the neu-
ronal networks underlying direct interactions between
sensory and motor functions in the spinal cord are begin-
ning to be unraveled (Bourane et al. 2015), although little is
known about the organization of CS projections, the
intracortical microcircuitry, and the synaptic interactions in

@ Springer

the sensorimotor cortex that may encode different cortical
outputs to the spinal cord.

The purpose of the present study was to evaluate if the
CST is composed of segregated subsystems controlling
different spinal cord circuits. The functional segregation of
the CS system has long been suggested (for review, see
Lemon and Griffiths 2005), but has never been conclu-
sively shown. Here, we report that in the rat, different CS
neurons activate with a different time latency, distinct
dorsal horn, and intermediate zone neurons of the same
segment of the spinal cord. This segregation supports the
idea of a functional compartmentalization among layer 5
output corticospinal neurons.

Materials and methods

All procedures were carried out in accordance with the
recommendations of the National Institutes of Health
Guide for the Care and Use of Experimental Animals and
were approved by the local Animal Research Committee of
the Instituto de Neurobiologia at Universidad Nacional
Auténoma de México. Male Wistar rats were used for this
study. All the animals were housed individually in a tem-
perature-controlled (24 °C) colony room and maintained
on a 12-h/12-h light/dark cycle (lights on at 7:00 a.m.).
Food and water were provided ad libitum.

Electrophysiological recording and stimulation

For electrophysiological experiments, 57 rats were used.
Rats (280-300 g) were anesthetized with urethane (1.4 g/kg,
i.p.). A cannula was inserted into the trachea to provide
artificial ventilation. End-tidal CO, concentration was con-
tinually measured by means of a capnograph monitor (Sur-
givet VT90041), and tidal air volume was adjusted to have a
stable CO, concentration of 4.5%. The electrocardiogram
was monitored during the experiment, and the core temper-
ature was kept at 37 °C by means of a heating pad. During the
experiment, the depth of the anesthesia was evaluated by tail
and toe pinch reflexes. In case of reflex observed, an addi-
tional dose of 10% of the initial dose of urethane was
administered to assure the acceptable depth of anesthesia.
The rats were fixed in a stereotaxic apparatus (Narishige SR-
6R) and secured in a spinal cord unit frame (Narishige STS-
B), thus fixing vertebrae to improve stability at the recording
site. A laminectomy was performed to expose spinal cord
segments L3-L5 or C4-C6, and the surface of the exposed
spinal cord was irrigated with saline solution.

Intraspinal cortical evoked field potentials (EFPs) were
recorded with glass micropipettes filled with 1.2 M NaCl
(tip diameter, 1.0-2.5 um; 1.2-1.7 MQ). EFPs were
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recorded with the preamplifier filters set to a bandwidth of
0.3 Hz-10 kHz. During the experiment, all recordings
were digitalized and stored for further processing. EFPs
were recorded at different depths (100-um intervals) in
four parallel tracks separated by 500 pm. At each depth,
averaged EFPs (n = 16 trials) produced by contralateral
cortical stimulation were obtained. The stimulation elec-
trodes were placed in the center of the sensorimotor cortex
where the CS cells projecting to the lumbar (3 mm from
the midline and —2.5 mm posterior to Bregma) or cervical
(5 mm from the midline and —1 mm posterior to Bregma)
spinal cord are located (Condes-Lara et al. 2007; Rojas-
Piloni et al. 2010; Paxinos and Watson 1998). To avoid
damage to the corticospinal cells, the stimulation elec-
trodes were placed at the superficial border of the inner
pyramidal cell layer (1000 pm below the cortical surface).
Cortical stimulation consisted in trains of pulses (pulse
duration 0.1 ms, inter stimulus interval 1 ms, 100-300
pA); a single cortical stimulus evokes negligible spinal
cord responses, then the number of stimuli of the stimu-
lation train was determined increasing the number of pulses
until the intraspinal EFP reaches a maximal amplitude.
Usually, trains of five pulses were used (Supplementary
Fig. 1). To compare the EFPs recorded at different depths,
the amplitudes of the EFPs in each experiment were
measured at the same latency using as a reference the time
in which we observed the maximal negativity of the EFP
with maximal amplitude. In this way, at each recording
depth, the amplitude of the averaged EFPs was measured
with a fixed latency after the last cortical stimulus. Isopo-
tential contours were plotted with amplitude values for
each location using a linear interpolation on a set of X, Y,
and Z triplets of the matrix. Then, the isopotential contours
for the cortical EFPs were superimposed on the metric
plane of the images of spinal cord atlas (Sengul 2013).

Single-unit extracellular recordings were recorded at
lumbar L3-L5 segments by means of glass micropipettes
filled with 1.2 M NaCl (5-10 MQ), and the neuronal
responses produced by contralateral cortical or neuronal
receptive field (RF) electrical stimulation were analyzed.
The extent of each neuron’s RF was mapped by a series of
manual stimulations applied with a Von Frey Filament
(0.07 g). Then, the RF electrical stimulation was applied by
means of two fine subdermal electrodes, connected to a
stimulus isolator unit, inserted into the center of particular
somatic RF for each recorded neuron. This stimulation
consisted of single pulses of 1-ms duration at 0.5 Hz with
intensities starting at 10 pA and increasing until a thresh-
old was reached for each cell.

In addition, in 15 experiments, extracellular recordings
from CS neurons projecting to lumbar segments were
performed in the sensorimotor cortex with glass micro-
pipettes filled with 1.2-M NaCl (5-10 MQ). To identify the

CS neurons, a concentric bipolar stimulating electrode
(MicroProbes CEA 200) was placed in the contralateral
CST (dorsal funiculus at L4 level). Antidromic spike
responses, evoked by stimulation of the contralateral CST,
were tested with single, 0.1-ms square pulse with intensi-
ties starting at 100 pA and increasing until a threshold was
reached for each cell, but never exceeding 300 pA. When a
stable cell recording was obtained, the following criteria
were used to establish the antidromic characteristic of the
cell responses: a constant threshold and latency, the ability
to follow a stimulus train of 333 Hz and a collision of the
orthodromic spikes with antidromic evoked spikes. We
used the spontaneous action potentials of sensorimotor
cortex recorded neurons to trigger the electrical stimulation
CST with a variable delay. Systematically changing the
delay between the spontaneous spikes and CST stimulation
allowed us to measure the critical period in which collision
between spontaneous and evoked action potentials occurs.
Neurons that did not satisfy these criteria were excluded,
because they were activated by synaptic interactions.

Fluorescent labeling of CS neurons

To analyze the distribution of CS neurons projecting to
different areas of the same spinal cord segment, neuronal
tracers were used. Hence, adult (P50-P55, n = 6) rats of
both sexes were anesthetized with a ketamine/xylazine
mixture (70/6 mg/kg, i.p.) and fixed on a stereotaxic frame
(Kopf Instruments 900LS). A laminectomy was performed,
followed by an incision of the dura to expose cervical (C4—
C5) or lumbar L3-L4 spinal cord segments. Cholera toxin
subunit b recombinant conjugated with Alexa 488 and 594
(Molecular Probes; 1 mg/mL in PBS) were injected into
the dorsal horn and intermediate zone of same segment
(cholera toxin-488 in the dorsal horn and -594 for the
intermediate zone) of the spinal cord. For the cervical
segments, the dorsal horn injections were made 850 pum
lateral to the midline, and the tip of the pipette was set at a
depth of 400 um. The cervical intermediate zone injections
were made 700 pum lateral to the midline, and the tip of the
pipette was set at 1300-pm depth. Lumbar segments
injections were made 700 pm lateral to the midline for the
dorsal horn and at 300 pum depth. The lumbar intermediate
zone injections were made 600 um lateral to the midline,
and the tip of the pipette was set at 1100 um depth. To
perform discrete tracer injections, graduated glass micro-
pipettes (BLAUBRAND® intraMARK) with a tip diameter
between 10 and 25 um were coupled to a pneumatic
picopump (PV830, WPI). Before each injection, tip
diameter of the micropipette was measured, and the pres-
sure and pulse duration were calibrated to adjust the
amount injected. Usually, discrete injections (30-50 nL)
were obtained using pressure pulses of 200 ms at 20 PSIL.
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After each injection, the pipette tip was kept for 3 min
before removal. The wound was then closed with absorb-
able sutures.

Five days after the injections, the animals were deeply
anesthetized (pentobarbital 45 mg/kg i.p.) and perfused
through the heart with phosphate buffer 0.1 M, followed by
paraformaldehyde (4% in 0.1-M phosphate buffer, pH 7.4).
The brains and spinal cord were removed and stored
overnight in vials containing the same fixative.

Image acquisition and analysis

Parasagittal brains and the tangential spinal cord sections
were cut in a vibratome (Leica VT1200S) at 50-pm inter-
vals. Only the experiments in which the injections were
completely separated and located in the dorsal horn and
intermediate zone of the same spinal segment were ana-
lyzed (Supplementary Fig. 2). The size of the injection
sites was estimated automatically using the ImageJ soft-
ware (V 1.50i) measuring the periphery of the zone stained
with the tracer in the center of each injection and com-
puting the transversal area. In this way, we only analyzed
the experiments in which the size of the injections in the
dorsal horn and intermediate zone was equivalent. Mosaic
images (resolution 1.023 pm/pixel) of the sections con-
taining the fluorescent retrograde-labeled cells were
obtained in a fluorescence microscope (Zeiss AXIO Ima-
ger.Z1) attached to a digital camera (AxioCam MRm, 1.3
MP) using the appropriate filters (GFP for Alexa 488 and
Rhodamine for Alexa 594) and acquired with a 10x
objective (ZEISS Plan-APOCHROMAT, NA 0.45). Addi-
tional detailed images (resolution 0.66 pm/pixel) were
acquired with a confocal microscope (Zeiss 780 LSM)
using an objective LD PCI Plan-Apochromat 25x/0.8 Imm
Korr DIC M27.

To better visualize the spatial distribution of the labeled
neurons, the mosaic images were superimposed with the
magnetic resonance imaging (MRI) atlas of the rat brain
(Papp et al. 2014). This T2*-weighted atlas has isometric
resolution of 39 pum, which allowed the visualization of
parasagittal slices similar to the mosaics (Supplementary
video 1). The histological mosaics were manually aligned
with the MRI volume by selecting shared and clearly vis-
ible anatomical landmarks and using a linear transforma-
tion, as implemented in Amira version 5.6 (FEI, Hillsboro,
OR, USA). Once the mosaic images were aligned with the
atlas, the positions of the CS neuronal somas were labeled
(Supplementary video 1). In this way, a 3D map of the CS
neurons was obtained (Supplementary video 2). To com-
pute relative neuron density, the soma distributions were
obtained in 250 x 250-pum steps for the tangential plane,
and vertical density profiles were computed in 50-pm steps
along the vertical axes.

@ Springer

Fig. 1 Different populations of spinal cord neurons are activated by
the CST. a Experimental design. The RF stimulation electrodes were
located ipsilaterally to spinal cord recording, whereas cortical
stimulation electrode was located contralateral to spinal recording.
b Intraspinal EFP evoked by contralateral sensorimotor cortex
stimulation showing early and late components. ¢ Example of unitary
extracellular electrophysiological response (red trace) of a spinal cord
neuron produced by sensorimotor cortex stimulation and peristimulus
time histogram computed for 16 consecutive spiking responses.
d Same as ¢ but for another neuron with a longer latency response.
Notice that short and long-latency spiking responses can be associated
with the early and late components of the EFP, respectively.
e Averaged peristimulus time histogram produced by cortical
stimulation computed for 18 neurons with short (black bars) and 10
long (gray bars) latency responses. Red and green lines are the
Gaussian fits for both histograms. The upper bars show the time
distribution of the evoked action potentials of the neurons with short
(red) and long (green) latency responses (*p < 0.0001, Mann—
Whitney U). f, g Example of spiking responses evoked by electric
stimulation of the receptive field (RF) (represented in the inset paw
drawing) and peristimulus time histograms of the same neurons
recorded in ¢ and d. h Averaged peristimulus time histogram
produced by RF stimulation computed for the same neurons in
e. i Relationship between mean activation latency (n = 16 consec-
utive responses) of the first evoked action potential, produced by
cortical stimulation, and the SD of this latencies for 28 recorded
neurons. Clustering analysis reveals two populations of neurons with
different latencies; covariance matrices are represented as confidence
ellipsoids. Asterisks in data points indicate the neurons illustrated in
cand d

Statistics

All the recorded EFPs were averaged (1624 sweeps) and
analyzed off line with the Clamfit software (pPCLAMP 10.0,
Molecular Devices). Statistical analyses were computed
using nonparametric tests. The amplitudes of the control
EFPs were compared using a Wilcoxon test. For multiple
comparisons, a Kruskall-Wallis ANOVA and Friedman
test were performed. The distribution of action potentials of
spinal cord neurons, which occurred following cortical
stimulation, was compared by means of a clustering anal-
ysis using a gaussian mixture model. The fraction (CS cells
projecting to dorsal or intermediate zones divided by the
total number of CS labeled cells) was compared with the
Mann—Whitney U test. Differences were considered sig-
nificant starting at p = 0.05.

Results
Spinal neurons driven by CS projection

To characterize the segmental neurons that are modulated
by CS projections, single-unit recordings were performed
in the lumbar dorsal horn (L3-L4). Twenty-eight neurons
responding to cortical stimulation were recorded in 22
experiments. The delay, number, and frequency of spikes
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were highly variable from neuron to neuron. To draw out
different response profiles, we analyzed the distribution of
spike times after cortical stimulation (times of all the
spikes evoked by cortical stimulation) from the 28 neurons
altogether during the 80 ms following the last stimulus of
cortical stimulation. This distribution was clearly not nor-
mal (Shapiro-Wilk normality test, W = 0.91654,
p < 2.2e—16). It was best fitted by a sum of two gaussian
functions (Fig. le), using R package ‘mixtools’ (Benaglia
et al. 2009). This analysis suggests two response profiles: a
first population highly synchronized, with a standard
deviation (SD) of the spike times after cortical stimulation
of 3.6 ms; the second is poorly synchronized, with an SD
of the spike times after cortical stimulation of 14.7 ms.
Furthermore, clustering analysis using a gaussian mixture
model taking into account the activation latency of the first
evoked action potential after last cortical stimulus and the
SD of this latencies, we classified two classes of neurons
(Fig. 1i): those with a short activation latency (average
latency from the last stimuli to the first evoked action
potential 19.0 £ 0.3 ms; recording depth
282.1 & 37.6 um; n = 18) and those with long activation
latency (average latency 34.5 + 0.7 ms; recording depth
353 4+ 40.3 um; n = 10). The latencies of the responses
were statistically different in the two groups (p < 0.0001,
Mann—Whitney U test). Interestingly, both types of neurons
showed cutaneous RF (Fig. 1f-h). The RF were small and,
when activated by electric stimulation, had low activation
thresholds (10-100 pA). The latency of activation after
cutaneous electrical stimulation (28.9 & 2.4 ms) indicates
that these neurons also receive information from AP fibers
(Fig. 1h). No differences were observed in the mean
number of action potentials evoked to RF stimulation
between both (short and long activation latency after cor-
tical stimulation) classes of neurons. These results indicate
that in the spinal cord neurons, there is synaptic conver-
gence of CS projections and low-threshold sensory primary
afferents.

To analyze the distribution of spinal cord -cells
responding to cortical stimulation within the spinal cord,
the spinal EFP was analyzed. In both cervical and lumbar
enlargements, the intraspinal cortically evoked EFP
showed two components with different latencies. For the
cervical segments, the short-latency response had a maxi-
mal negativity at 11.2 & 0.8 ms and the long-latency
response at 38.5 £ 0.1 ms (n = 6) after cortical stimula-
tion. For EFP recorded at lumbar segments, the latencies
were 21.9 £ 0.1 and 48.3 + 0.3 ms (n = 7). The cervical
EFP was more complex than lumbar, and commonly, the
short-latency component exhibited two bumps. To analyze
the intraspinal location of the interneurons activated by
cortical stimulation, the EFP was recorded at different
depths, every 100 pm, in four parallel tracts. As can be
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Fig. 2 Map of intraspinal EFP driven by CST stimulation. a Aver-
aged EFP produced by cortical stimulation recorded in cervical
segment C4. The dashed lines represent the magnitude of the short-
(red) and long- (green) latency components. b Drawing of the
cervical segment C4 superimposed with the mean isopotential
contours for the intraspinal EFP short-latency responses produced
by cortical stimulation. The amplitude of the short-latency responses
was measured as indicated by the red dashed lines in a. ¢ The same as
b but for the EFP long-latency responses produced by cortical
stimulation (measured as indicated by green dashed lines in a). The
isopotential contours are superposed on the metric plane of the spinal
cord outline drawn from the histological images obtained from the
spinal cord atlas (Sengul 2013). Asterisk in the drawings bellow
represents the zone in which the illustrated recordings were
performed d—f, same as a—c but for the lumbar EFPs

observed in Fig. 2, each EFP component (short and long
latency) had its maximum amplitude in very different loci
within the gray matter. Hence, in both cervical and lumbar
segments, maximal negativity of the short-latency com-
ponent of the EFP was located more superficially (laminae
II-IV) than the one of the long-latency component (deep
lamina V-VII) (Fig. 2). Moreover, the intraspinal depths in
which the short-latency components show a maximal
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amplitude (525 £ 160 pm for lumbar and 450 + 189 pum
for cervical) are significantly more superficial than the
depths which long-latency components (1225 £ 149 pm
for lumbar and 900 &£ 129 um for cervical) are largest
(p < 0.05, Student ¢ test).

In three experiments, we investigated if a direct CS
connection produces both components of the intraspinal
EFP (Fig. 3). Indeed, both components of intraspinal EFP
evoked by cortical stimulation were reduced significantly
after pyramidal tract electrolytic lesions (DC current 10
pA, 10s): the long-latency peak was reduced
75.4 = 9.7%, and the short-latency peak 57.6 & 7.5% with

respect to control (p =0.0002 and p = 0.0004,
A Cervical Lumbar
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|0.02 mV

20 ms

lesion

®
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Fig. 3 Intraspinal EFPs evoked by cortical stimulation are sup-
pressed after pyramidal tract lesions. a Averaged intraspinal EFPs
evoked by contralateral cortical stimulation recorded simultaneously
in cervical (CS5) (left trace) and lumbar (L4) (right trace) segments
before electrolytic lesion of the ipsilateral pyramidal tract at the
medullary level. b Same as a but after pyramidal tract lesion in the
same experiment. ¢ Schematic drawings showing the extension of
the electrolytic lesions in three different experiments. d Absolute
amplitudes of the short-latency intraspinal EFP (indicated by the red
arrows) before and after the lesion produced in the pyramidal tract
(the bars represent mean £+ SE). e The same as ¢ but for long-
latency component EFP (green arrows). Asterisk p < 0.005, Mann—
Whitney U

respectively, Mann—Whitney U test). None of our experi-
ments revealed a complete lesion of the pyramids, the
degree of the lesion was 62.5 + 3.9% (n = 3). However,
the latency of the remaining EFPs after lesion did not
change and we never observed a reduction in the amplitude
of the EFPs when the lesion was produced outside the
pyramidal tract, indicating that an intact CST is necessary
for both the short- and long-latency spinal EFP.

We investigated if short- and long-latency neuronal
spinal cord responses evoked by cortical stimulation are
produced by the activation of CS cells with different con-
duction velocity. Then, we performed single-unit recording
of CS neurons in S1 hind-limb area as well as in M1, and
evoked antidromic spikes by stimulating the lumbar spinal
dorsal funiculus (Fig. 4a, b). In this way, the measured
conduction times computed for 28 CS neurons recorded in
15 experiments was not unimodal (Hartigans’ dip test,
D = 0.078571, p = 0.1688). Moreover, using a gaussian
mixture model, the distribution of the conduction time, and
recording depths, it was best fitted by a sum of two
Gaussian functions with conduction time averages in 17.1
and 35.8 ms (Fig. 4e). The estimated conduction velocities
ranged from 2 to 8 m/s (distance 9.5 cm). These velocities
are in the same range as the ones calculated for the spinal
EFP evoked by cortical stimulation: for the cervical EFP,
the calculated conduction velocity for the short and long-
latency EFP is, respectively, 6.5 £ 0.2 and 1.2 £ 0.01 m/s
(n = 6), and similarly, for the lumbar EFP, they are,
respectively, 5.1 + 0.06 and 2.2 £ 0.06 m/s (n = 7). This
result suggests that the short- and long-latency neuronal
responses recorded in the spinal cord could be due to
activation of CS neurons with different conduction veloc-
ities and located at different depths bellow cortical surface.
Thus, to know if different populations of neurons project to
different zones of the same segment of the spinal cord,
retrograde neuronal tracing experiments were performed.

Distribution of CS neurons projecting to dorsal
and intermediate zone

Electrophysiological results suggest that different popula-
tions of CS neurons project to dorso-ventral positions
within the spinal cord. To confirm this idea, we injected
into the same spinal cord segment of two different neuronal
tracers: cholera toxin conjugated with Alexa 488 and 594
(Conte et al. 2009), respectively, injected in the interme-
diate zone and dorsal horn. Five days after injection, the
animals were perfused for histological processing of the
brain and spinal cord. The distribution of CS cells was
analyzed only in the experiments (3 for lumbar and 3 for
cervical segments) in which both injection sites were
located in the same spinal cord segment, and the spread of
the tracers was completely separated, including the gray
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Fig. 4 Antidromic identification of CS neurons. a Experimental
setup. b Representative electrophysiological antidromic responses
evoked by contralateral dorsal funiculus stimulation at lumbar level
L4. The traces occurred in a sequential manner. The first trace shows
five superimposed recordings of a corticospinal cell in which the
evoked action potential appears with a fixed latency (19 ms) after the
stimulus artifact (represented by the vertical line and circle). The
second trace shows the collision test when the preceding orthodromic
action potential occurs below the antidromic latency (see “Materials
and methods”). The asterisks indicate the point at which the

matter dorsal horn (laminae I-V) and the intermediate zone
(Laminae VII). In addition, to obtain a 3D representation of
the CS neuron density, the histological mosaic images were
aligned with the MRI images (Fig. 5d; Supplementary
videos 1 and 2).

In rodents, the CS neurons are widely distributed in the
cerebral cortex (Ullan and Artieda 1981; Kamiyama et al.
2015) in the areas corresponding to the primary sensory
cortex (S1), primary motor cortex (M1), the rostral part of
secondary motor cortex (M2), and the secondary sensory
cortex (S2). Here, we found that the relative contribution of
cortical territories in which CS neurons are located is as
follows: M1 269 £+ 3.6%, S1 495+ 6.7%, M2
4.6 & 2.1%, and S2 18.8 £+ 9.7%. However, the CS neu-
rons projecting to the intermediate zone tend to be local-
ized in rostral areas, and those projecting to the dorsal horn
are found in the caudal part of the cortex, including S2.
Moreover, in the sensorimotor cortex (areas S1FL and M1),
the two cell populations are intermingled (Fig. 6a).
Something similar was observed in the CS cells projecting
to the lumbar enlargement (L3-L4); nevertheless, the dis-
tribution of the cells was restricted mainly to the areas
corresponding to medial part of M1 and hind limb Sl
(Fig. 6b). No CS neurons projecting to lumbar segments
were located in S2.

All the CS cells projecting to the dorsal horn and
intermediate zone were located intermingled in layer 5.
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antidromic response would have occurred. The third trace shows that
when the orthodromic action potential occurs above the antidromic
latency, the collision of antidromic response does not occur.
¢ Frequency distribution of the conduction times of all (n = 28) the
CS cells recorded. d Distribution of recording depths of CS identified
cells. e Gaussian mixture distribution fitting. The scale of X (conduc-
tion time) and Y (recording depth) axes corresponds to the scale of
¢ and d. Individual data for all recorded neurons are indicated in
circles

However, in M1 and S1, cells projecting to cervical
intermediate zone were located deeper than CS neurons
projecting to dorsal horn (Fig. 7). No differences were
observed among S1 CS neurons projecting to lumbar seg-
ments, or among S2 or M2 CS neurons (Mann—Whitney
U). In addition, the soma size of the cells projecting to the
dorsal horn (17.4 £ 2.4 pm) and the cells projecting to
deeper laminae (17.1 & 2.1 um) is not statistically differ-
ent. Soma size of the pyramidal CS neurons reported herein
is in the same range as the size reported previously for the
subcortical projection neurons of the rat somatosensory
cortex (Killackey et al. 1989).

Although the injection site areas of the dorsal horn
(0.14 £ 8.8 x 10> mm? n = 3) and intermediate zone
(0.14 £ 0.012 mm?; n = 3) at cervical segments and the
areas of the dorsal horn (0.11 £ 7.2 x 107° mm% n = 3)
and intermediate zone (0.14 £ 3.9 x 1073 mmz; n=23)at
lumbar segments show a similar size (p > 0.5, Mann—
Whitney U) (Supplementary Fig. 2), the total number of S1
CS neurons projecting to the cervical dorsal horn was
larger than the number of S1 CS cells projecting to cervical
intermediate zone (Table 1). Furthermore, in M1, there are
more neurons projecting to intermediate zone than to the
dorsal horn in both cervical and lumbar segments. The
same was observed in M2; however, no CS cells projecting
to lumbar segments were observed in M2. In line with the
electrophysiological results, the number of double-labeled
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Fig. 5 Identification of retrogradely labeled CS cells projecting to the
cervical dorsal horn and intermediate zone. a Photomicrography of
the injection sites of the retrograde tracers (cholera toxin subunit B
conjugated with Alexa 488 in green and Alexa 594 in red) into the
contralateral dorsal horn and intermediate zone of cervical segment
C4 in one experiment. b Schematic representation of a sagittal brain
slice showing the location of the cortical areas that are the origin of
the corticospinal tract (S2 not shown). ¢ Mosaic photomicrograph of a
single 50 um parasagittal section of the sensorimotor cortex from the
same experiment. The photomicrography was taken from the area

cells was only 3.9 £ 1.1% for cervical and 2.1 &+ 1.4% for
lumbar segments (Table 1), indicating that segregated
populations of CS neurons project to different gray matter
laminae of the same spinal cord segment.

Discussion

Here, we show functional and anatomical evidence sup-
porting the diversity of the CST. The results obtained,
using the neuronal tracers and the bimodal distribution of
antidromic conduction time observed in CS neurons,

Lateral 2.4 mm

indicated by the dashed square in b. d Detailed image of the area
indicated in dashed square in ¢, showing some cells projecting to the
superficial laminae of the contralateral dorsal horn (red) and
intermediate zone (green). e Parasagittal view of the MRI atlas
(Papp et al. 2014), onto which the labeled cells identified in the
histological slices (¢) were superimposed. f 3D representation of the
rat brain showing the landmarks with the location of the same
corticospinal labeled neurons in the horizontal plane. Scale bars
500 pm in a, ¢ and 50 pm in d

strongly suggest that at least two groups of CS neurons
project in a segregated manner to the same segment of the
spinal cord: one group projects to the dorsal horn, while the
other projects to the intermediate zone. Moreover, the two
groups of CS cells activate, with a distinct time latency, a
different population of segmental neurons located in the
dorsal horn, and intermediate gray matter, indicating that
the CST is composed of subsystems controlling different
spinal cord circuits that could modulate motor outputs and
sensory inputs in a coordinated manner.

Despite the use of very small injections of retrograde
tracers, and in agreement with the previous observations
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Fig. 6 Distribution maps of CS neurons projecting to dorsal horn and
intermediate zone. a Averaged relative density representation maps
(n = 3 animals) in the horizontal plane of the CS neurons projecting
to the cervical (C4-C5), dorsal horn (DH red), and intermediate zone
(IZ green). Neuron density is expressed as the mean number of
retrograde-labeled neurons neurons/voxel (250 pm3). The merged
maps show the location of the cortical areas of M2, M1, SI1FL
(primary somatosensory fore limb), SIHL (primary somatosensory
hind limb), and S2 cortices. Notice that there are three clusters of
cells: a cluster located in M2 with cells projecting mainly to the
intermediate zone; a second cluster in M1-S1 with both types of cells,
which appear intermingled; a cluster in S2 with only CS cells
projecting to the dorsal horn. b Same as a (n = 3 animals) but for CS
neurons projecting to lumbar (L4) segment

(Ullan and Artieda 1981), we show an extensive distribu-
tion of CS neurons in different areas. The CS cells pro-
jecting to lumbar segments were distributed principally in
S1HL and M1 of the sensorimotor cortex. However, CS
neurons projecting to the cervical enlargement show a
more complex distribution and were located in M1, M2,
S1FL, and S2 (Fig. 6). Although there are some differences
between species (Armand 1982), CST axons in rodents
terminate in all gray matter of the spinal cord (Casale et al.
1988). Interestingly, between segments C3-C7, the CS
projections are denser (Akintunde and Buxton 1992), and
at C4-C5, the motoneurons innervating the majority of the
muscles of the proximal and distal fore limb important for
fine movements are located (Tosolini and Morris 2012).
Moreover, microstimulation of those segments evoke
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highly functional movements of the rat fore limb (Sunshine
et al. 2013), indicating an overlap between corticospinal
inputs and motor outputs to the fore limb. In agreement
with the results reported here, in the upper cervical cord,
the projections of primary and secondary somatosensory
cortices ramify extensively in the most dorsal and lateral
regions of the spinal cord, while the motor cortices project
more ventrally (Suter and Shepherd 2015). We only ana-
lyzed the experiment in which injection sites were com-
pletely separated (Supplementary Fig. 2); however, some
overlap could happen, even though it is not evident. In fact,
when the injection of the tracers showed evident overlap-
ping, we observed a large proportion of cells with both
tracers (data not shown), indicating that the existence of
double-labeled cells is due to some overlap of the tracers in
the injection sites. In addition, it is shown that there is a
clear segregation of some CS neurons after closely placed
spinal injections. Nevertheless, as has been reported for the
cortical neurons projecting to the dorsal column nuclei,
which are closely located but segregated in cortex (Marti-
nez-Lorenzana et al. 2001), we cannot discard that some of
the segregation found in CS neurons might also be due to
the uneven location of somatotopical representations along
the rostrocaudal and dorso-ventral dimensions of the cord.

Early and late components of corticospinal neuronal
responses

The conduction times measured in the anterograde spiking
responses of the first evoked action potential after last
cortical stimulus were 19.0 & 0.3 ms for short-latency
cells, and those with long activation latency were
34.5 £ 0.7 ms. These latencies are slightly higher than the
retrograde conduction times. Differences could be
explained, because the anterograde latency is the sum of
the conduction time and the synaptic delays (1-2 ms), yet
antidromic responses lack synaptic interactions, therefore,
yielding retrograde conduction times always shorter than
the anterograde latencies.

Although the soma size between the CS neurons pro-
jecting to different laminae of the spinal cord is very
similar, the difference in the latency for the CST to activate
superficial and deeper spinal cord neurons could be
explained by the conduction velocities of CS neurons.
Comparing the distributions of the activation latencies of
the spinal cord neurons responding to cortical stimulation
(Fig. le) and conduction times of CS cells (Fig. 4c, e), it is
possible to assume that populations with different con-
duction velocities produce short- and long-latency
intraspinal responses. In this way, based on the delay
between cortical stimulation and intraspinal EFP, and
assuming a direct connection, the early EFP component of
the dorsal horn suggests the involvement of CS neurons
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Fig. 7 CS neurons projecting to
different spinal cord areas are
intermingled in layer 5b of
sensorimotor cortex. a Coronal
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Table 1 Relative number of neurons projecting to dorsal horn (DH)
and intermediate zone (IZ) in primary (S1) and secondary (S2)
somatosensory, as well as primary (M1) and secondary (M2) motor
cortices

% Ml M2 S1 S2
Cervical (n = 3)

DH 349 + 135 29.1 £247 759 4+ 132 100 £+ 0.0

1Z 62.1 =132 709 £247 214 +115 -

Double 29+ 14 - 25+ 1.8 -
Lumbar (n = 3)

DH 40.2 £ 3.6 - 443 £ 9.7 -

1Z 549 + 32 - 53.6 + 102 -

Double 4.8 £2.0 - 21+ 14 -

Data are expressed as mean £ SE computed in six experiments (3 for
cervical and 3 for lumbar injections)

Relative number of CS neurons projecting to the spinal cord

conducting at 1.2 £ 0.01 m/s for the cervical cord, and at
2.2 £+ 0.06 m/s for the lumbar cord (mean 1.7 m/s) (dis-
tance between stimulation and recording electrodes cervi-
cal 4.5-5.5 cm; lumbar 9.5-10.5 cm). Similarly, the late
component of the EFP recorded in deeper laminae suggests
the involvement of CS neurons conducting at 6.5 £ 0.2 m/
s for the cervical cord, and at 5.1 & 0.06 m/s for the
lumbar cord (mean 5.8 m/s). When directly measured, the
conduction velocity of CS neurons varied between 2 and
8 m/s, suggesting that, indeed, both the short- and the long-
latency EFP response could be due to a direct, CS inner-
vation. The fastest descending fibers reported in the rat
conduct at around 20 m/s (mean 9-13 m/s) (Mediratta and
Nicoll 1983; Stewart et al. 1990; Babalian et al. 1993;
Baker et al. 2001). However, estimates based on the fiber
diameter of rat pyramidal neurons (0.5-1 pm) (Dunkerley
and Duncan 1969; Leenen et al. 1985; Joosten and Gribnau
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1988) result on lower conduction velocities, in the range of
2.4-6 m/s (Towe and Harding 1970), which agrees with the
estimates reported here. The conduction times of the anti-
dromic action potentials recorded in CS neurons show a
clear bimodal distribution (Fig. 4c—e). In the sample of CS
neurons recorded here, the minority of the cells show a
slow conduction velocity. Nevertheless, it is possible that
the neurons with higher conduction times, projecting to
deeper laminae of the spinal cord and which are generally
in the minority, could be missing from this sample.

Both short- and long-latency intraspinal responses sig-
nificantly decreased after CST lesion (Fig. 3), indicating
definitely that both travel by direct CST. However, EFPs
were not entirely abolished, which could be due to the
incomplete lesion of the pyramids or to the participation of
other descending pathways like the reticulospinal or
rubrospinal. Moreover, the differences between the early
and late components of EFP could involve interactions
produced by loops between different areas, some of them
projecting to the spinal cord, like cortico-rubrospinal and
cortico-reticulospinal (Mediratta and Nicoll 1983; Canedo
1997; Alstermark et al. 2004; Suter and Shepherd 2015).
Nevertheless, we cannot exclude that the EFP late com-
ponent is generated by segmental interactions produced by
intraspinal collateral branches from CS axons, which it is
known are extending widely in the rostrocaudal axis and
have very slow conduction velocities (Shinoda et al. 1986).
In any case, timing differences in the CS control over
different spinal gray matter regions could be important
during voluntary movement. In this way, CS and other
descending systems inhibit “sensory noise”, resulting in an
increase in the motoneuron signal-to-noise ratio, and hence
augmenting the efficacy of motor commands (Seki et al.
2003). Thus, timing differences between dorsal vs. ventral
descending commands may be important during motor
execution.

Spinal neurons driven by CST

Our results suggest that the cortex has diverse outputs via
the CST, modulating in a segregated manner different
classes of spinal cord neuronal circuits which, together,
participate in sensorimotor integration. Spinal motor neu-
rons are directly contacted by specialized subdivision of
the primates CS system, phylogenetically and ontogeneti-
cally new and originating in a particular zone of the M1
named New M1 (Griffin et al. 2015). This subsystem is
particularly important for high precision and manipulatory
skills involving independent finger movements. However,
an indirect connection of corticospinal cells to motoneu-
rons, through pre-motor interneurons, has been also
observed both in primates (Lemon 2008) and in the mouse
(Alstermark et al. 2004). In addition, the CST directly
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modulates segmental interneurons involved in sensory
feedback, such that the interneurons responsible for PAD
are directly activated by cortex stimulation (Carpenter et al.
1963). Moreover, Clarke’s column neurons (dsC), which
form the dorsal spinocerebellar tract and receive proprio-
ceptive-sensory inputs, are directly activated by the CST
and indirectly inhibited by glycinergic and GABAergic
inputs from interneurons activated by CS fibers. Thus, the
CST exerts presynaptic inhibitory control over a complex
interneuronal system mediating the transmission from the
synaptic terminals of primary afferent fibers to spinocere-
bellar neurons (Hantman and Jessell 2010). Furthermore,
the segmental interneurons expressing the nuclear orphan
receptor (RORa) also integrate sensory inputs from cuta-
neous, low-threshold mechanoreceptors, and descending
signals from the cortex; this suggests the CST participates
in modulating sensory information for the proper execution
of voluntary movements (Bourane et al. 2015). Thus, our
results raise the possibility that the cortex segregates sev-
eral commands through different subpopulations of CS
neurons, which may drive distinct populations of segmental
inhibitory or excitatory interneurons like RORa (Bourane
et al. 2015) and dSC pre-motor interneurons (Hantman and
Jessell 2010), PAD-mediating interneurons (Rudomin and
Schmidt 1999), or even other unexplored types.

Functional implications

The distribution profiles for the CS neurons shown here
reveal that in M1, the cells projecting to the cervical dorsal
horn tend to occupy the superficial portion of layer 5b,
while the cells projecting to the cervical intermediate zone
are located deeper within this layer (Fig. 7). Laminar dif-
ferences in other layer 5b pyramidal neurons projecting
subcortically have been observed. For example, the loca-
tion of corticotectal cells is more superficial than that of
corticotrigeminal neurons (Killackey et al. 1989). In fact,
layer 5b pyramidal neurons projecting subcortically are an
extremely diverse and heterogeneous population. In addi-
tion to the spinal cord, they project to several other struc-
tures like the posteromedial thalamic nucleus, superior
colliculus, pontine nucleus, red nucleus, and striatum
(Killackey et al. 1989; Jones and Wise 1977; Akintunde
and Buxton 1992; Hattox and Nelson 2007; Groh et al.
2010). Moreover, despite the fact that in the sensorimotor
cortex, all layer 5 neurons projecting to different targets are
intermingled, they form segregated classes of neurons
projecting mainly individually to the subcortical structures
(Akintunde and Buxton 1992) and have electrophysiolog-
ical (Hattox and Nelson 2007) and morphological (Kil-
lackey et al. 1989) characteristics that distinguish each
class. All these targets are associated with different aspects
of sensorimotor control, suggesting that these differential
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projections could have functional relevance. In fact, the
idea of segregated classes of different projection neurons
has also been proposed by Shepherd (2013) in the context
of corticostriatal connections.

The segregation of CS cells projecting to the dorsal vs.
ventral aspects of the rat spinal cord shown here is analo-
gous to what has been reported in primates, in which CST
projections from M1 conspicuously avoid the dorsal horn
(Coulter and Jones 1977). It is self-evident that some
characteristic features, such as the skilled fore-limb control
associated with bipedalism, are the product of specializa-
tions of the CS system, like corticomotoneuronal connec-
tions from the primary motor cortex. In contrast, other
sensorimotor patterns have proven to be extremely suc-
cessful, shaped by natural selection over extended periods
of time. For example, the CS projections to the dorsal horn,
exerting a control on sensory inputs from somatosensory
cortices, are found in all mammals (Lemon and Griffiths
2005). Within this phylogenetic point of view, the fact that
different populations of CS neurons project in a segregated
manner in rats suggests that also in other species, the CST
is composed of subsystems controlling different spinal cord
circuits that modulate motor outputs and sensory inputs in a
coordinated manner. This implies a functional and hierar-
chical organization among output neurons of CS layer 5
involved in the cortical circuits implicated in different
aspects of motor control, and ultimately, in behavior.
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