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Behavior is derived from the configuration of synaptic connectivity among functionally diverse neurons. Fine motor behavior is absent at
birth in most mammals but gradually emerges during subsequent postnatal corticospinal system maturation; the nature of circuit
development and reorganization during this period has been largely unexplored. We investigated connectivity and synaptic signaling
among functionally distinct corticospinal populations in Fischer 344 rats from postnatal day 18 through 75 using retrograde tracer
injections into specific spinal cord segments associated with distinct aspects of forelimb function. Primary motor cortex slices were
prepared enabling simultaneous patch-clamp recordings of up to four labeled corticospinal neurons and testing of 3489 potential
synaptic connections. We find that, in immature animals, local connectivity is biased toward corticospinal neurons projecting to the same
spinal cord segment; this within-population connectivity significantly decreases through maturation until connection frequency is
similar between neurons projecting to the same (within-population) or different (across-population) spinal segments. Concomitantly,
postnatal maturation is associated with a significant reduction in synaptic efficacy over time and an increase in intrinsic neuronal
excitability, altering how excitation is effectively transmitted across recurrent corticospinal networks. Collectively, the postnatal emer-
gence of fine motor control is associated with a relative broadening of connectivity between functionally diverse cortical motor neurons
and changes in synaptic properties that could enable the emergence of smaller independent networks, enabling fine motor movement.
These changes in synaptic patterning and physiological function provide a basis for the increased capabilities of the mature versus
developing brain.
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Introduction
At birth, synaptic circuitry of the cortex is diffuse, nonspecific,
and overlapping (Goldman-Rakic, 1987; Katz and Callaway,
1992; Innocenti and Price, 2005), with axonal/dendritic pattern-
ing established by such factors as gene expression, clonal lineage,
and environmental guidance cues (Katz and Shatz, 1996; Yu et al.,
2009; Yu et al., 2012). This initial configuration can differ greatly
from the mature pattern of synaptic connectivity (Huberman et
al., 2008; Ohtsuki et al., 2012; Ko et al., 2013). Consequently,
most animals are born with limited abilities that advance as syn-
aptic circuitry is refined over time. In the rat motor system, for
example, fine motor movements are absent at birth and do not

emerge for several weeks, closely corresponding to the develop-
ment of the corticospinal system of the primary motor cortex
(M1) (Lawrence and Hopkins, 1976; Martin, 2005).

Although the development of corticospinal projections within
the spinal cord is well documented (Gribnau et al., 1986; Stan-
field, 1992; Meng et al., 2004), little is known with regard to how
local network properties within M1 evolve during maturation of
the motor system. In adulthood, layer 5 corticospinal neurons of
the motor cortex are essential for fine motor control (Whishaw et
al., 1993; Piecharka et al., 2005; Anderson et al., 2007; Lemon,
2008; Rosenzweig et al., 2010; Wahl et al., 2014), and the pattern
of corticospinal interconnectivity is selectively altered following
changes to the motor repertoire (Biane et al., 2012). Moreover,
corticospinal neurons exhibit changes in dendritic morphology,
spine dynamics, and representational motor maps within M1
during the acquisition of new motor skills (Nudo et al., 1996;
Kleim et al., 1998; Conner et al., 2005; Xu et al., 2009; Yang et al.,
2009; Wang et al., 2011; Fu et al., 2012).

Modification of corticospinal circuitry within M1 is likely crit-
ical for the emergence of fine motor behavior during postnatal
maturation. Indeed, progressive changes in representational mo-
tor maps during early life (Chakrabarty and Martin, 2000; Young
et al., 2012) suggest that network and cell-intrinsic properties of
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corticospinal neurons undergo considerable change during de-
velopment. Broad changes in dendritic morphology and spine
dynamics among layer 5 neurons during development further
indicate that the reorganization of corticospinal circuitry may
enable fine motor performance (Eayrs and Goodhead, 1959;
Markus and Petit, 1987; Zuo et al., 2005).

We hypothesized that the emergence of fine motor behavior
will be accompanied by increases in connectivity between func-
tionally diverse cortical motor neurons, enabling coordination of
movement across joints. We examined changes in intrinsic cir-
cuitry among corticospinal neurons during the time frame of
postnatal fine motor development to elucidate neural modifica-
tions associated with the emergence of fine motor behavior. We
used two subpopulations of corticospinal neurons that project to
different levels of the spinal cord and appear to be associated with
distinct forelimb behaviors (Brichta et al., 1987; Callister et al., 1987;
McKenna et al., 2000; Wang et al., 2011; Tosolini and Morris, 2012).
This use of distinct corticospinal subpopulations allowed us to probe
the evolving nature of recurrent corticospinal interactions within
and across subpopulations during development.

Materials and Methods
Injection of distinct retrograde tracers into the C4 and C8 spinal cord
segments predominantly labels discrete populations of layer 5 cortico-
spinal neurons. In rats, colocalization is observed in a minority of L5
corticospinal neurons when distinct retrograde tracers are injected at the
C3 and C7 spinal segments (Akintunde and Buxton, 1992; Wang et al.,
2011); such double-labeled neurons were excluded from the current
study. This segregation of corticospinal projection patterns is also ob-
served in primates, whereby colocalization of retrograde tracers from
upper (C2–C4) and lower (C7–T1) spinal segments is �4% in cortico-
spinal projections arising from primary motor cortex (He et al., 1993).
Because these corticospinal innervation patterns are established soon
after birth (Stanfield, 1992; O’Leary and Koester, 1993; Curfs et al., 1994),
these dissociable populations can be stably examined over the course of
motor system development.

As weight and age are directly related over the time points currently
examined, age was reliably estimated via body weight growth curves
provided by the animal supplier (Harlan Laboratories). At the earliest
time point currently investigated [at 20 g or postnatal day 18 (P18)], the
efficacy of M1 to activate muscles is low (Meng et al., 2004; Young et al.,
2012), and, as such the cortical contribution to movement is likely min-
imal. Correspondingly, fine motor behaviors have yet to emerge, al-
though basic motor behaviors associated with the brainstem motor
system (e.g., righting, climbing, and rearing with support) are present
(Altman and Sudarshan, 1975; Martin, 2005). Accordingly, we recorded
from animals across a continuum of ages beginning at 20 g (P18) and
continuing through 250 g (�P75). To address whether there was a de-
velopmental change in the synaptic organization of recurrent corticospi-
nal subnetworks, we categorized animals as “immature” or “mature,”
with 125 g (�P45) as a cutoff. P45 was considered mature because cor-
tical dendrites and spinal innervation patterns have attained their adult
form at this time point (O’Leary and Koester, 1993; Curfs et al., 1994;
Kamiyama et al., 2006), and the dynamics of dendritic spine growth and
elimination have plateaued near adult levels (Markus and Petit, 1987;
Kamiyama et al., 2006). Further, representational motor maps have
largely stabilized (Young et al., 2012), and rats are capable of performing and
learning fine motor behaviors (Markus and Petit, 1987; Young et al., 2012).

Neuronal labeling. A total of 175 male Fischer 344 rats were the subjects
of this study, with physiological recordings occurring between 20 and
250 g (P18 and P75). Twenty-three animals were recorded in the time
period of 18 –30 d (21– 60 g); 41 animals in the time period of 31– 45 d
(61–125 g); 74 animals in the time period of 46 – 60 d (126 –185 g); and 26
animals in the time period of 61–75 d (186 –250 g). Eleven animals were
used exclusively for assessing retrograde labeling.

All procedures and animal care adhered to the American Association
for the Accreditation of Laboratory Animal Care; the Society for Neuro-

science; and institutional guidelines for experimental animal health,
safety, and comfort. Animals were anesthetized with a cocktail (2 ml/kg)
containing ketamine (25 mg/ml), xylazine (1.3 mg/ml), and aceproma-
zine (0.25 mg/ml). To label corticospinal neurons projecting to the C8
cervical spinal cord, the overlying dura between C7 and T1 was resected
and a glass micropipette (tip �40 �m) containing red or green fluores-
cent latex microspheres (Lumafluor) was inserted into the dorsal horn of
spinal cord (Wang et al., 2011). Using a Picospritzer II (General Valve),
�350 nl of fluorescent latex microspheres was injected into each side of
the spinal cord (Fig. 1). To label corticospinal neurons projecting to the
upper cervical spinal cord, the same procedure was repeated between C3 and
C4 spinal vertebra, using a different colored dye (green or red) than that used
for C8 injections. In all cases, tracer diffusion was assessed postmortem in 50
�m coronal slices of the spinal cord (Fig. 1C). Animals with tracer diffusion
into the dorsal columns were excluded from further study.

Histology. To assess retrograde labeling of corticospinal neurons, a
total of 11 animals received injections of retrograde tracer, as described
above. Injections were performed at P20 (n � 4), P45 (n � 5), or P80
(n � 2). Two weeks following injections, animals were deeply anesthe-
tized with a 25 mg/ml ketamine, 1.3 mg/ml xylazine, and 0.25 mg/ml
acepromazine cocktail, and transcardially perfused with 250 ml of cold
PBS, pH 7.4, followed by 250 ml of cold 4% paraformaldehyde in 0.1 M

phosphate buffer. Brains were extracted, postfixed for 2 h in the same
fixative, and cryoprotected in 0.1 M phosphate buffer containing 30%
sucrose for 96 h at 4°C. Coronal sections (50 �m) were cut on a freezing
sliding microtome and stored in tissue cryoprotectant solution (TCS) at
4°C. Confocal images were captured using 5 �m z-stacks using an Olym-
pus Fluoview FV1000 camera to ensure neuronal localization of the la-
beled objects. Various criteria were used to identify labeled cells,
including morphology, size, and signal versus background. Stereological
methods were not used due to our interest in whether the proportion,
and not the absolute number, of double-labeled cells changed with ani-
mal age. Cells were manually counted, and three or more sections were
analyzed per hemisphere for each subject.

Electrophysiological slice preparation. Three to 12 days following tracer
injection, rats were anesthetized and perfused for 3 min with ice-cold,
oxygenated, modified sucrose artificial CSF (ACSF) containing the fol-
lowing (in mM): 75 NaCl, 2.5 KCl, 3.3 MgSO4, 0.5 CaCl2, 1NaH2PO4,
26.2 NaHCO3, 22 glucose, 52.6 sucrose, 10 HEPES, 10 choline chloride, 1
pyruvate, and 1 L-ascorbic acid, at �300 mOsm/L and pH 7.4. The brain
was rapidly dissected and 330-�m-thick slices spanning the motor cortex
were cut at 15° anterior to the mid-coronal plane to match the projection
pattern of layer 5 corticospinal neurons (Wang et al., 2011). Cortical
slices were cut and collected in ice-cold, oxygenated, modified sucrose
ACSF. Slices were transferred to an interface chamber containing the
same modified sucrose ACSF solution and incubated at 34°C for 30 min.
Slices were then held at room temperature (23°C) in the interface cham-
ber for at least 45 min before initiating recordings. Recordings were made
in a submersion-type recording chamber and perfused with oxygenated
ACSF containing the following (in mM): 119 NaCl, 2.5 KCl, 1.3 MgCl2,
2.5 CaCl2, 1.3 NaH2PO4, 26.0 NaHCO3, and 20 glucose (�300 mOsm/L)
at 23°C at a rate of 2–3 ml/min.

Electrophysiology. All recordings were performed within the caudal
forelimb area of the primary motor cortex. Neurons were selected based
on emission spectra (red or green), reflecting tracers injected at either the
C8 or C4 spinal segment; individual cells expressing both red and green
retrograde tracers were not used, so that analyses could be focused on
cortical neurons predominantly terminating in C8 or C4 spinal cord
segments. These were then visualized under infrared differential interfer-
ence contrast videomicroscopy (BX-51 scope and Rolera XR digital cam-
era, Olympus). Whole-cell voltage and current-clamp recordings were
made at room temperature using pulled patch pipettes (4 –7 M�) filled
with internal solution containing the following (in mM): 150
K-gluconate, 1.5 MgCl2, 5.0 HEPES, 1 EGTA, 10 phosphocreatine, 2.0
ATP, and 0.3 GTP. Postsynaptic data were analyzed exclusively from cells
with a resting membrane potential of less than or equal to �50 mV, with
a drift of �6 mV over the entire recording period, with access resistance
of �35 M�, with the ability to evoke multiple spikes with a �60 mV peak
amplitude from threshold. Series resistance was not compensated but
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was continuously monitored via negative voltage steps. In a minority of
cell pairs (�15%), the “presynaptic” neuron was fired in cell-attached
mode. Numerous properties reflective of cell health remained stable
across the ages examined, including resting membrane potential, input
resistance, and spiking properties, suggesting slice health was compara-
ble across recording sessions.

Data acquisition and analysis. Whole-cell patch-clamp recordings were
obtained using Multiclamp 700B patch amplifiers (Molecular Devices),
and data were analyzed using pClamp 10 software (Molecular Devices).
To characterize basic membrane properties, a series of hyperpolarizing
and depolarizing current steps were applied for 500 ms in 10 – 45 pA
increments at 5 s intervals. The action potential threshold was deter-
mined for the first spike at the lowest level of depolarizing current re-
quired to evoke at least one spike. Action potential spike measurements
were taken from the first action potential on the first sweep to reach the
threshold. Spike height was measured as the peak membrane voltage
relative to threshold, and half-width was measured at the half amplitude
of the action potential. Input resistance was determined from the slope of
the linear regression taken through the voltage– current relationship in
the hyperpolarizing range.

To determine connectivity among C4- and C8-projecting cell popula-
tions, simultaneous whole-cell recordings were made in up to four ret-
rogradely labeled cells. In many cases, a recorded cell in one pipette was
replaced with a new cell while keeping the other patched cells intact.
Repeating this procedure allowed us to test many (up to 11) synaptic
partners for a particular cell, although the mean (�SD) number of tested
synaptic partners per cell was 3.7 � 2.1. The distribution of C4- and
C8-projecting cells, which are almost entirely intermingled across the
primary motor cortex (Wang et al., 2011), enabled all types of paired
recordings to be obtained within a single field (C4 ¡ C4, C8 ¡ C8, C4 ¡
C8, and C8 ¡ C4). “Within-population” cell pairs are defined as cell pairs
where both neurons terminated in the same spinal cord segment (i.e., C4¡
C4 and C8 ¡ C8). “Across-population” cell pairs consist of neurons each
projecting to a different segment (C4 ¡ C8 and C8 ¡ C4; Fig. 1F).

Data were collected from cells �25 �m below the cutting plane of the
slice surface (mean � SD cell depth from slice surface � 66 � 25 �m).

Connectivity was determined by evoking paired action potentials spaced
50 ms apart in the presynaptic cell while monitoring responses in post-
synaptic cells held at �65 mV in voltage clamp. Presynaptic action po-
tentials were evoked by a 7 ms depolarizing current injection of 2 nA (up
to 10 nA in cell-attached recordings). Individual sweeps were separated
by 5 s. A cell pair was considered connected if the postsynaptic cell dis-
played a monotonic rise and decay characteristic of EPSCs that was of
appropriate onset latency (�3 ms) and was repeatable across presynaptic
stimulation trials.

The responses to 30 to �100 evoked action potentials were measured
for each paired recording. In connected cell pairs, the failure rate was
calculated as the percentage of single trials in which the postsynaptic peak
current was �2 SDs below baseline current noise. All traces were manu-
ally inspected for signal consistency, including monotonic rise and decay,
and reliable onset latency. Postsynaptic response amplitude was calcu-
lated as the averaged current over a 1.5 ms time window of peak response
current compared with baseline, which was defined as the average cur-
rent in a 17 ms window before presynaptic firing. Response potency,
latency, rise time, decay time, and half-width were calculated using only
traces where a postsynaptic response was detected (failures omitted).
Response latency was measured from the peak of the presynaptic
spike to the onset of the EPSC. Rise time was calculated as the time
between 20% and 80% of peak EPSC amplitude. Decay time was
calculated as the time between 80% and 20% of peak EPSC amplitude.
For paired-pulse analysis, the peak response to each pulse was aver-
aged over all trials (i.e., failures were not omitted), and the average
response of the second response was divided by that of the first pulse.
To preserve the relative differences in magnitude for ratios above and
below a value of 1, the logarithm of each ratio was used for statistical
comparisons.

Current–spike relationship and medium afterhyperpolarization
(AHP) were measured in cells requiring less than �150 pA to hold at a
membrane potential of �65 mV. AHP was calculated in cells for which a
300 pA depolarizing current delivered for 500 ms evoked at least four
spikes. Reported p values reflect the main effect of training for a two-way

Figure 1. Experimental overview. A, Retrograde tracer injections at levels C4 and C8 of the spinal cord enabled the identification of distinct corticospinal projection populations originating in layer
5 motor cortex. B, Labeled cells were targeted for in vitro whole-cell patch clamp of up to four neurons simultaneously in animals aged P18 through P75. C, Tracer injections targeted the dorsal horn
and intermediate zone (indicated by arrow) and did not inadvertently spread into the corticospinal tract. D, All recorded cells displayed a regular spiking pattern to suprathreshold current injections
(blue trace, 200 pA current injection; black trace, 400 pA). E, Quadruple recordings exhibiting an excitatory response in a single postsynaptic neuron. F, Sample configuration of within- and
across-population connections.
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ANOVA (independent variable 1 � training; independent variable 2 �
number of spikes elicited by current injection).

Statistical comparisons were performed using JMP software, version
10.0 (SAS Institute Inc.). Comparisons of connectivity were made using
Fisher’s exact test. Pairwise comparisons used Student’s t test unless oth-
erwise noted (e.g., Wilcoxon test for synaptic potency comparisons).
Linear regression analysis was used for all comparisons where both vari-
ables were continuous (e.g., synaptic failure rate by body weight). The
significance level was set at 0.05. In text, data values are presented as the
mean � SD.

Results
Corticospinal excitatory interconnectivity diminishes
during maturation
Corticospinal neurons exhibited a significant reduction over
postnatal development in the total number of excitatory inter-
connections (�125 g: 61 connections detected/1256 connections
tested; �125 g: 69 connections detected/2213 connections tested;
p � 0.02, Fisher’s exact test). Notably, all of the reduction in
excitatory connectivity occurred among cell pairs projecting to
identical spinal segments (i.e., within-population cell pairs). In-
deed, interconnectivity within the C4-projecting and the C8-
projecting populations exhibited significant reductions in
excitatory interconnectivity upon reaching maturity (C4 ¡ C4:
p � 0.02; C8 ¡ C8: p � 0.02; Fisher’s exact test; Fig. 2A). Thus,
the reduction in within-population connectivity during matura-
tion was not due to changes within a specific projecting popula-
tion but appears to be a general property of motor cortex
development. In contrast, connection probability across neuro-
nal populations (i.e., neurons projecting to different spinal cord
segments; interconnections between C8-projecting and C4-
projecting layer 5 cortical neurons) did not change (C4 ¡ C8:
p � 1.0; C8 ¡ C4: p � 0.64; Fig. 2A). Logistical regression anal-
ysis confirmed that within-population connectivity was reduced
as animals aged (p � 0.01), whereas across-population connec-
tivity was stable (p � 0.7; Fig. 2B). These findings suggest that
early cortical development biases the formation of excitatory
connections to pools of neurons projecting to similar spinal cord
segments, and this within-population connectivity is refined as
maturation occurs.

The preceding changes could not be attributed to differences
in intersomatic distance or depth of recorded cells below the slice
surface. The average distance between recorded cell pairs in-
creased with age, as would be expected as the brain increases in
size, from 126 to 137 �m, and this increase was similar for both
within- and across-population cell pairs (Fig. 3A). The average
depth of recorded cells below the slice surface changed by only 3
�m when comparing immature (�125 g) and adult (�125 g)
animals (68 vs 65 �m, respectively; Fig. 3B).

We also assessed whether corticospinal axons expanded or
reduced the number of spinal segments to which they projected
as a function of developmental age, since the extent of their ter-
minations could influence the interpretation of intracortical con-
nectivity data. To accomplish this, we compared retrogradely
labeled neurons in the motor cortex of animals that received
retrograde tracer injections into C4 and C8 spinal segments at
developmental days P20, P45, and P80. Across these time points,
there was no difference in the proportion of layer 5 corticospinal
neurons that were double labeled for both retrograde tracers (p �
0.9, ANOVA; Fig. 4), indicating that axon terminals did not pro-
portionately expand or contract their projections across spinal
segments over these postnatal time periods.

Synaptic efficacy diminishes during maturation
In connected cell pairs, we analyzed unitary EPSCs (uEPSCs) to
examine whether neurons alter their synaptic properties upon
maturation. We found no significant differences between within-
and across-population groups in immature animals (�125 g) for
any of the uEPSC responses measured, including failure rate (p �
0.15, t test), synaptic potency (p � 0.18, Wilcoxon test), paired-
pulse ratio (p � 0.15, t test), onset latency (p � 0.98, t test), rise
time (p � 0.34, t test), and decay time (p � 0.15, t test). Similarly,
uEPSC response properties did not differ when comparing
within- and across-population cell pairs in mature animals
weighing �125 g (p � 0.05). Together, these results indicate that
synaptic signaling is comparable between cells that project to the
same or differing spinal segments. Thus, we pooled within- and
across-population responses to determine whether there was an
overall change in synaptic transmission as a function of age (Fig.
5). Notably, failure rate, paired-pulse ratio, and uEPSC coeffi-
cient of variation all significantly increased with age (p � 0.01,
p � 0.01, and p � 0.05, respectively; linear regression). These
findings indicate a reduction in presynaptic release probability as
animals mature. Notably, the variance in all cases was relatively
large, leading to weak coefficient of determination (R 2) values
(Fig. 5). Such a large variance suggests that corticospinal synapses
are highly variable, and remain capable of substantial modifica-
tion throughout development and into adulthood. Synaptic po-
tency trended toward decreasing with age (p � 0.08); however,
this was driven by a minority of responses with exceptionally high
amplitudes in young animals (sixfold greater than the mean; Fig.
5D). Other measured response properties did not vary with age
(Fig. 5), including onset latency (p � 0.83), rise time (p � 0.17),
and decay time (p � 0.22).

Intrinsic excitability increases during maturation
Although changes to intrinsic neuronal properties have been well
documented during early development (P0 –P20; McCormick
and Prince, 1987; Connors, 1994; Kasper et al., 1994; Zhang,
2004; Etherington and Williams, 2011), less is known about how
properties are altered through postnatal development into matu-
rity. With respect to the corticospinal system, changes from P20
and beyond may be of particular importance, as skilled motor
behavior does not emerge until maturity (Martin, 2005). There-
fore, alterations beyond the juvenile period are likely important
for the evolution of fine motor control. We find that several
properties related to neuronal excitability are altered during late
development, beyond P20 (Fig. 6). Action potential threshold
(p � 0.01; Fig. 6A) and afterhyperpolarization amplitude (p �
0.001; Fig. 6B) both decrease with age. Additionally, spike fre-
quency in response to depolarizing current injections increases
with age (p � 0.01; Fig. 6C). Thus, the intrinsic excitability of
corticospinal neurons increases as the motor system matures.

We did not find progressive differences with age for resting
membrane potential (p � 0.37), input resistance (p � 0.37), or
for the spiking parameters of action potential half-width (p �
0.21) and spike height (p � 0.22; data not shown). Although such
measures are known to change during development, these mod-
ifications occur mostly before the age ranges examined in the
current study (McCormick and Prince, 1987; Kasper et al., 1994;
Zhang, 2004).

Discussion
Connection probability between cortical neurons is associated
with numerous factors, including intersomatic distance, laminar
position, intrinsic electrophysiological properties, efferent
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target structures, animal age, and the functional relationship
of neurons (Thomson et al., 2002; Markram et al., 2004; Ban-
nister, 2005; Yoshimura et al., 2005; Morishima and Kawagu-
chi, 2006; Brown and Hestrin, 2009; Lefort et al., 2009;
Anderson et al., 2010; Ko et al., 2011, 2013; Kiritani et al.,
2012; Kaneko, 2013; Ueta et al., 2013). How developmental
changes in synaptic patterning and transmission support the
expression of mature behavior, however, is still unresolved.

We now examine changes in corticospinal circuitry during the
developmental time frame coinciding with the emergence of
fine motor behavior. We find that, before maturation at P45,
neuronal connectivity is more frequent between cells targeting
the same spinal cord segment (within-population connectiv-
ity) versus different spinal segments (across-population
connectivity); within-population connectivity is gradually re-
duced as the circuitry matures, until within- and across-

Figure 2. Age-related reductions of within-population connectivity occur among both C4 –C4 and C8 –C8 cell pairs. A, Both C4 –C4 and C8 –C8 cell pairs exhibit a significant reduction in
connection probability in maturity. Thus, elevated within-population connectivity appears to be a general property of the postnatal corticospinal system. Across-population connectivity did not
change with age for either cell pair group (C4 –C8 or C8 –C4). The difference in connection probability between C4 –C4 and C8 –C8 cell pairs in developing (0 –125 g) animals was not significant ( p�
0.14, Fisher’s exact test). Purple bars, 0 –125 g; green bars, �125 g. B, Connection probability, binned in 50 g animal weight increments, shows a progressive decline of connection probability
specifically for within-population cell pairs (C4 –C4 and C8 –C8). Reported p values are based on logistic regression of connection probability over the entire (unbinned) weight range. proj,
Projecting; pop, population.
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population connectivity are of uniform probability in
adulthood. Accompanying this rearrangement of synaptic cir-
cuitry is a general reduction in synaptic efficacy and an in-
crease in intrinsic excitability.

Developmental alterations in recurrent corticospinal
circuitry
The overrepresentation of within-population synaptic coupling
in immature animals (�P45) demonstrates that connectivity is
initially favored between corticospinal neurons terminating
within the same spinal segment. Such innate connectivity among
anatomically, and presumably functionally, related neurons

would almost certainly confer an advantage for the initial devel-
opment of motor behavior. For example, during the time frame
of our earliest recordings (�P20), corticospinal input to the
spinal cord is relatively weak, as spinal terminals are not fully
developed (Meng et al., 2004; Martin, 2005). Thus, increased
interconnectivity during development (�P45) may serve to am-
plify descending signals by stimulating concerted activity among
large corticospinal ensembles to generate cortically mediated
movement. Nevertheless, many of these initial connections, such
as coupling between corticospinal neurons controlling separate
muscle pools that may be irrelevant for, or even interfere with,
functional behaviors, may prove excessive or even counterpro-

Figure 3. Intersomatic distance and depth of recorded neurons. A, B, Dots symbolize the intersomatic distance between corticospinal neurons in which synaptic connectivity was assessed (A) and
corticospinal depth below the cutting surface for individual neurons belonging to within-population (blue) or across-population (red) cell pairs (B). Note: an individual cell can belong to both cell pair
groups, as in a C8-projecting cell that was tested for connectivity with another C8-projecting cell (within population) as well as with a C4-projecting cell (across population). The distance between
cell pairs increased with weight similarly for within- and across-population groups. The depth of recorded cells showed a marginal, though significant, tendency to decrease with weight for
within-population neurons. Overlapping data are signified by increasing color intensity. Lines and shaded area indicate linear line of fit and 95% confidence of fit, respectively.

Figure 4. The proportion of layer 5 corticospinal neurons with axon collaterals in both C4 and C8 segments does not change with age. A, Layer 5 of M1 caudal forelimb area shows intermingling
of both C4-projecting (green) and C8-projecting (red) corticospinal neurons. A considerable minority of cells simultaneously expressed both retrograde tracers (yellow), presumably reflecting cells
with collateral branches in both C4 and C8 segments of the spinal cord. Scale bar, 50 �m. B, C, Single-channel images of corticospinal neurons within the white box in A. Arrowheads denote
double-labeled cells. D, The proportion of double-labeled cells was unaltered with age ( p � 0.9). Only single-labeled neurons were targeted for electrophysiological recordings.
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ductive. Only after these excessive connections are eliminated can
fine motor control emerge, as evidenced by the progressive reduc-
tion in connectivity as animals mature. Reduced interconnectiv-
ity may also generate a greater number of independent
networks, supporting enhanced fractionation and resolution
of movement. In addition, the comparatively expanding role
of across-population connections may be significant for the
emergence of complex, multijoint behaviors during matura-
tion (see below).

Whether the initial levels of across-population connectivity
reflect random synaptic sampling or organized assembly remains
to be determined. Moreover, some fraction of across-population
cell pairs may in fact be within-population cell pairs due to axon
collaterals that terminate in overlapping spinal segments (e.g.,
C4- and C8-projecting neurons with mutual collaterals in seg-
ment C6). Indeed, a minority of retrogradely labeled layer 5
corticospinal neurons contained both retrograde tracers that
were injected into C4 and C8 across all ages examined, dem-
onstrating the presence of axonal collaterals traversing both
C4 and C8 spinal segments; we recorded only from single-
labeled neurons to focus on functionally distinct neuronal
populations.

Functional segregation of corticospinal subpopulations
projecting to distinct spinal segments
In rats, the C8 spinal cord segment primarily contains lower mo-
tor neurons that activate muscles controlling distal forelimb
movements of the wrist and digits (McKenna et al., 2000; Toso-
lini and Morris, 2012). Lower motor neuron pools located in the
C4 spinal segment are principally associated with the control of
proximal forelimb, shoulder, and neck musculature (Brichta et
al., 1987; Callister et al., 1987). The extent to which these largely
segregated pools of lower motor neurons, associated with unique
aspects of motor function, are controlled by distinct populations
of corticospinal cells is unknown. While retrograde tracing stud-
ies in rats and primates have consistently indicated that only a
minority of corticospinal projections collateralize across upper
and lower cervical spinal segments (Akintunde and Buxton,
1992; He et al., 1993; Wang et al., 2011), electrophysiological
studies in cats have suggested that individual corticospinal neurons
may collateralize more widely across cervical spinal segments (Shi-
noda et al., 1986). In addition, corticospinal projections in rats do
not terminate directly on lower motor neurons but communicate
with lower motor neuron pools through polysynaptic connec-
tions, including propriospinal, reticulospinal, and intersegmen-

Figure 5. Presynaptic release probability decreases among recurrent corticospinal connections as the motor system matures. A–C, Failure rate (A), paired-pulse ratio (B), and uEPSC coefficient of variation
(CoV; C) all showed a tendency to increase with age, suggesting a change in presynaptic function. However, note the large variability of these features, indicating that corticospinal inputs show wide functional
variance and remain highly modifiable in adulthood. E, F, Other features, including response onset latency (E) and 20 – 80% of rise time (F ), showed no change with maturation.
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tal interneurons (Alstermark et al., 2004; Isa et al., 2007). Recent
studies have supported a clear functional distinction between
corticospinal neurons retrogradely labeled from the C8 spinal
segment relative to those labeled from the C4 spinal segment: in
response to skilled grasp training, a task that is associated specif-
ically with the refinement of outputs controlling distal but not
proximal forelimb movements (Kleim et al., 1998; Wang et al.,
2011), corticospinal neurons specifically back-labeled from the
C8 spinal segment elaborate numerous structural changes, in-
cluding significant increases in spine density and dendritic com-
plexity. In contrast, corticospinal neurons retrogradely labeled
from the C4 spinal segment exhibit no structural change with
skilled grasp training (Wang et al., 2011). These latter findings
suggest a clear functional distinction between corticospinal pop-
ulations projecting to the C8 or C4 spinal segments, indicating
that C8-projecting cells may predominantly be involved with dis-
tal forelimb control.

Developmental changes in synaptic efficacy and intrinsic
excitability
Unitary EPSC properties did not differ for within- or across-
population cell pairs, suggesting that synaptic function is similar
regardless of projection target similarity between individual
neurons. We did, however, find a global trend for decreased pre-
synaptic release probability as the motor system developed, con-

sistent with findings for other neural populations and cortical
regions (Reyes and Sakmann, 1999; Frick et al., 2007; Etherington
and Williams, 2011; Ko et al., 2013). Furthermore, intrinsic ex-
citability increased with age. These results are indicative of a de-
velopmental switch in how information is transferred between
neurons: whereas single action potentials can more effectively
transmit excitation in immature animals, mature circuits are
more likely to rely on sustained activation for effective transmis-
sion. These different modes of signaling may promote different
functions. For example, enhanced synaptic efficacy early on may
be important for establishing and stabilizing nascent synapses
(Feldmeyer and Radnikow, 2009). Over time, however, this rela-
tively large synaptic strength could hinder fine motor control by
allowing excessive synaptic connections to influence postsynap-
tic activity. For example, globally reducing synaptic strength
would decrease the ability of functionally unrelated neurons to
induce undesirable activity in recurrent targets, thereby decreas-
ing noise within the motor system and destabilizing synapses
between functionally disparate cell pairs via Hebbian or spike
timing-dependent plasticity.

Complex, multijoint behavior and the progressive loss of
within-population connectivity
That the age-related reduction in corticospinal neuron connec-
tivity was restricted to cell pairs projecting to the same spinal cord

Figure 6. Intrinsic excitability increases over the course of development. A, B, Spike threshold (A) and peak medium AHP (B) decreased with age (note negative scale for medium AHP). C, Spiking
activity increased with age, as shown by the age-related increase in action potentials elicited in response to a 500 ms depolarizing current injection of 350 pA. D, Furthermore, spiking activity was
increased over multiple current injection levels for adult (125	 g: green) vs immature (0 –125 g: purple) animals (repeated-measures ANOVA).
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segment is intriguing and suggests that the role of within-
population networks decreases over the time frame examined.
Indeed, many connections among neighboring cortical neurons
present during development might not be functionally beneficial
in adulthood and would be lost with increasing experience-
dependent plasticity (Katz and Callaway, 1992; Ko et al., 2013).
Similarly, motor experience may drive reorganization of prelim-
inary corticospinal networks when animals begin to engage in
complex motor behaviors that require coordination not just
among a particular muscle group, but across multiple body parts/
spinal segments. This view is supported by intracortical micro-
stimulation (ICMS) studies of M1: as the motor system develops
and animals engage in complex movements, cortical stimulation
increasingly evokes movement about multiple joints, instead of a
single joint (Chakrabarty and Martin, 2000; Graziano et al., 2002;
Martin et al., 2005; Ramanathan et al., 2006; Graziano, 2008). Be-
cause ICMS output is highly dependent on local signaling within M1
(Jacobs and Donoghue, 1991; Hess and Donoghue, 1994), this in-
crease in multijoint representations may reflect an expanding role of
across-population connections during maturation.

Conclusions
The results of this study show that the emergence of fine motor
behavior coincides with several alterations within the network of
corticospinal neurons in primary motor cortex. A progressive
reduction in neuronal interconnectivity as maturity is reached
may increase the number of independent corticospinal networks,
thereby enabling greater fractionation of motor behavior, and
allowing neurons with similar output to segregate into separate
functional networks encoding distinct motor behaviors. This reor-
ganization is likely experience dependent, and may be augmented by
decreased synaptic efficacy ensuring that only functionally related
cell pairs remain connected. Additionally, increased excitability pro-
motes sustained activation of corticospinal neurons, amplifying de-
scending signals and facilitating cortical control of movement.
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(2011) Functional specificity of local synaptic connections in neocortical
networks. Nature 473:87–91. CrossRef Medline

Ko H, Cossell L, Baragli C, Antolik J, Clopath C, Hofer SB, Mrsic-Flogel TD
(2013) The emergence of functional microcircuits in visual cortex. Na-
ture 496:96 –100. CrossRef Medline

Lawrence DG, Hopkins DA (1976) The development of motor control in
the rhesus monkey: evidence concerning the role of corticomotoneuronal
connections. Brain 99:235–254. CrossRef Medline

Lefort S, Tomm C, Floyd Sarria JC, Petersen CC (2009) The excitatory neu-
ronal network of the C2 barrel column in mouse primary somatosensory
cortex. Neuron 61:301–316. CrossRef Medline

Lemon RN (2008) Descending pathways in motor control. Annu Rev Neu-
rosci 31:195–218. CrossRef Medline

Markram H, Toledo-Rodriguez M, Wang Y, Gupta A, Silberberg G, Wu C
(2004) Internurons of the neocortical inhibitory system. Nat Rev Neuro-
sci 5:793– 807. CrossRef Medline

Markus EJ, Petit TL (1987) Neocortical synaptogenesis, aging, and behav-
ior: lifespan development in the motor-sensory system of the rat. Exp
Neurol 96:262–278. CrossRef Medline

Martin JH (2005) The corticospinal system: from development to motor
control. Neuroscientist 11:161–173. CrossRef Medline

Martin JH, Engber D, Meng Z (2005) Effect of forelimb use on postnatal
development of the forelimb motor representation in primary motor
cortex of the cat. J Neurophysiol 93:2822–2831. CrossRef Medline

McCormick DA, Prince DA (1987) Post-natal development of electrophys-
iological properties of rat cerebral cortical pyramidal neurones. J Physiol
393:743–762. CrossRef Medline

McKenna JE, Prusky GT, Whishaw IQ (2000) Cervical motoneuron topog-
raphy reflects the proximodistal organization of muscles and movements
of the rat forelimb: a retrograde carbocyanine dye analysis. J Comp Neu-
rol 419:286 –296. CrossRef Medline

Meng Z, Li Q, Martin JH (2004) The transition from development to motor
control function in the corticospinal system. J Neurosci 24:605– 614.
CrossRef Medline

Morishima M, Kawaguchi Y (2006) Recurrent connection patterns of cor-
ticostriatal pyramidal cells in frontal cortex. J Neurosci 26:4394 – 4405.
CrossRef Medline

Nudo RJ, Milliken GW, Jenkins WM, Merzenich MM (1996) Use-
dependent alterations of movement representations in primary motor
cortex of adult squirrel monkeys. J Neurosci 16:785– 807. Medline

Ohtsuki G, Nishiyama M, Yoshida T, Murakami T, Histed M, Lois C, Ohki K
(2012) Similarity of visual selectivity among clonally related neurons in
visual cortex. Neuron 75:65–72. CrossRef Medline

O’Leary DD, Koester SE (1993) Development of projection neuron types,
axon pathways, and patterned connections of the mammalian cortex.
Neuron 10:991–1006. CrossRef Medline

Piecharka DM, Kleim JA, Whishaw IQ (2005) Limits on recovery in the
corticospinal tract of the rat: partial lesions impair skilled reaching and
the topographic representation of the forelimb in motor cortex. Brain Res
Bull 66:203–211. CrossRef Medline

Ramanathan D, Conner JM, Tuszynski MH (2006) A form of motor cortical

plasticity that correlates with recovery of function after brain injury. Proc
Natl Acad Sci U S A 103:11370 –11375. CrossRef Medline

Reyes A, Sakmann B (1999) Developmental switch in the short-term mod-
ification of unitary EPSPs evoked in layer 2/3 and layer 5 pyramidal neu-
rons of rat neocortex. J Neurosci 19:3827–3835. Medline

Rosenzweig ES, Courtine G, Jindrich DL, Brock JH, Ferguson AR, Strand SC,
Nout YS, Roy RR, Miller DM, Beattie MS, Havton LA, Bresnahan JC,
Edgerton VR, Tuszynski MH (2010) Extensive spontaneous plasticity of
corticospinal projections after primate spinal cord injury. Nat Neurosci
13:1505–1510. CrossRef Medline

Shinoda Y, Yamaguchi T, Futami T (1986) Multiple axon collaterals of sin-
gle corticospinal axons in the cat spinal cord. J Neurophysiol 55:425– 448.
Medline

Stanfield BB (1992) The development of the corticospinal projection. Prog
Neurobiol 38:169 –202. CrossRef Medline

Thomson AM, Bannister AP, Mercer A, Morris OT (2002) Target and tem-
poral pattern selection at neocortical synapses. Philos Trans R Soc Lond B
Biol Sci 357:1781–1791. CrossRef Medline

Tosolini AP, Morris R (2012) Spatial characterization of the motor neuron
columns supplying the rat forelimb. Neuroscience 200:19 –30. CrossRef
Medline

Ueta Y, Hirai Y, Otsuka T, Kawaguchi Y (2013) Direction- and distance-
dependent interareal connectivity of pyramidal cell subpopulations in the
rat frontal cortex. Front Neural Circuits 7:164. CrossRef Medline

Wahl AS, Omlor W, Rubio JC, Chen JL, Zheng H, Schröter A, Gullo M,
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