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Recurrent synaptic connections between neighboring neurons are a key feature of mammalian cortex, accounting for the vast majority of
cortical inputs. Although computational models indicate that reorganization of recurrent connectivity is a primary driver of experience-
dependent cortical tuning, the true biological features of recurrent network plasticity are not well identified. Indeed, whether rewiring of
connections between cortical neurons occurs during behavioral training, as is widely predicted, remains unknown. Here, we probe M1
recurrent circuits following motor training in adult male rats and find robust synaptic reorganization among functionally related layer 5
neurons, resulting in a 2.5-fold increase in recurrent connection probability. This reorganization is specific to the neuronal subpopula-
tion most relevant for executing the trained motor skill, and behavioral performance was impaired following targeted molecular inhibi-
tion of this subpopulation. In contrast, recurrent connectivity is unaffected among neighboring layer 5 neurons largely unrelated to the
trained behavior. Training-related corticospinal cells also express increased excitability following training. These findings establish the
presence of selective modifications in recurrent cortical networks in adulthood following training.
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Introduction
Within neocortex, local connections between neighboring neurons
represent the predominant source of synaptic input (Binzegger et al.,
2004; Douglas and Martin, 2004). During development, recurrent
cortical networks undergo extensive reorganization, with con-
nectivity becoming progressively biased toward functionally re-

lated neuronal ensembles (Ko et al., 2013; Biane et al., 2015). In
adulthood, recurrent connections are hypothesized to generate
stable neural activity patterns (i.e., attractor states) from inputs
that are often noisy and variable, accomplishing this transforma-
tion by amplifying inputs (Li et al., 2013a,b; Lien and Scanziani,
2013; Reinhold et al., 2015), restoring signals embedded in noise
(Douglas and Martin, 2007), implementing “winner-take-all”
processing of competing inputs (Douglas et al., 1995), and/or
fostering sustained patterns of neural activity (Vogels et al.,
2005). Accordingly, experience-dependent tuning of recurrent
connectivity is thought to play a fundamental role in the stabili-
zation of spatiotemporal activity patterns. In the context of
skilled motor behavior, such stabilization of activity patterns ac-
companies training (Peters et al., 2014), and may in turn provide
a means for automating complex motor sequences (Laje and
Buonomano, 2013). Yet to date, in vivo data confirming the ex-
istence of modifications to recurrent connections during training
are lacking. Consequently, it is unknown whether motor experi-
ence indeed generates reorganization of recurrent synaptic wir-
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Significance Statement

Recurrent synaptic connections between neighboring neurons are characteristic of cortical architecture, and modifications to
these circuits are thought to underlie in part learning in the adult brain. We now show that there are robust changes in recurrent
connections in the rat motor cortex upon training on a novel motor task. Motor training results in a 2.5-fold increase in recurrent
connectivity, but only within the neuronal subpopulation most relevant for executing the new motor behavior; recurrent connec-
tivity is unaffected among adjoining neurons that do not execute the trained behavior. These findings demonstrate selective
reorganization of recurrent synaptic connections in the adult neocortex following novel motor experience, and illuminate funda-
mental properties of cortical function and plasticity.
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ing between neighboring cortical cells, and whether such rewiring
preferentially engages neuronal subpopulations most relevant to
the trained behavior, as might be predicted.

To examine these questions, we leveraged the ability to iden-
tify subpopulations of corticospinal neurons associated with
highly specific motor functions within the motor cortex (M1) of
adult rats (Anderson et al., 2010; Morishima et al., 2011; Wang et
al., 2011; Biane et al., 2015). Ex vivo whole-cell recordings were
used to examine: (1) whether adult adaptations in recurrent con-
nectivity accompany skilled motor training, and (2) whether any
network modifications preferentially affect the neuronal subpop-
ulation most relevant for controlling the trained motor skill. Our
results demonstrate that recurrent connectivity is augmented fol-
lowing novel motor experience. This increase was specific to the
neuronal subpopulation most relevant for the trained motor be-
havior, whereas neighboring neurons unrelated to the trained
behavior exhibited no change in overall recurrent synaptic orga-
nization. Furthermore, intrinsic excitability is also selectively
modified within the task-related subpopulation following train-
ing. We confirm that the projection-specific subpopulation dis-
playing increased connectivity is necessary for performance of
the skilled motor behavior by globally inhibiting this subpopula-
tion during task performance. These findings demonstrate that
recurrent connections show robust and selective reorganization
in the adult neocortex following novel motor experience.

Materials and Methods
Neuronal labeling. All procedures and animal care adhered to American
Association for the Accreditation of Laboratory Animal Care and insti-
tutional guidelines for experimental animal health, safety, and comfort.
Male F344 rats, weighing �85 g (approximately postnatal day P35), were
anesthetized with a mixture (2 ml/kg) containing ketamine (25 mg/ml),
xylazine (1.3 mg/ml), and acepromazine (0.25 mg/ml). In rats, the C8
spinal cord segment contains lower motor neurons that activate muscles
controlling distal forelimb movements required for grasping (McKenna
et al., 2000; Tosolini and Morris, 2012). Lower motor neuron pools
located in the C4 spinal segment are associated with control of proximal
forelimb, shoulder, and neck musculature (Callister et al., 1987; McK-
enna et al., 2000; Tosolini and Morris, 2012). To label corticospinal neu-
rons projecting to the C8 cervical spinal cord, the overlying dura between
C7 and T1 was resected and a glass micropipette (tip � 40 �m) contain-
ing red or green fluorescent latex microspheres (Lumafluor) was inserted
into the dorsal horn of spinal cord (depth 0.75 mm, 0.55 mm lateral to
midline). Using a Picospritzer II (General Valve), �350 nl of fluorescent
latex microspheres was injected into each side of the spinal cord. 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. Animals with tracer diffusion into the dorsal columns
were excluded from further study. In total, 12 animals were excluded,
whereas 137 were included for analysis. Because the exact tracer (red or
green) injected into C4 or C8 was counterbalanced and varied from
animal to animal, the experimenter was blind to the specific projection
target of a labeled cortical cell during recording.

Histology. Histological procedures followed those previously de-
scribed (Biane et al., 2014). Animals were deeply anesthetized and tran-
scardially perfused with 250 ml cold PBS, pH 7.4, followed by 250 ml of
cold 4% PFA in 0.1 M phosphate buffer. Brains were extracted, postfixed
overnight in the same fixative, then cryoprotected in 0.1 M phosphate
buffer containing 30% sucrose for at least 72 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 until processed for immunohisto-
chemistry.

To immunolabel hM4D(Gi)-mCherry, free-floating sections were
washed in TBS and permeabilized with 0.25% Triton X-100. Nonspecific

labeling was blocked with 5% donkey serum. Sections were incubated for
72 h at 4°C in in rabbit anti-RFP antibody (Abcam; catalog #AB34771;
RRID:AB_777699) diluted 1:2500 in TBS, 0.25% Triton X-100, and 5%
donkey serum. Following primary antibody incubation, sections were
incubated in biotin-conjugated donkey anti-rabbit IgG (1:200; Vector
Laboratories). Amplification of mCherry signal was achieved via tyra-
mide signal amplification (PerkinElmer), after which sections were
washed in TBS and incubated in AlexaFluor-594-conjugated streptavidin
(Invitrogen) diluted 1:200 for 3 h at 4°C. Sections were again washed,
mounted on glass slides, and coverslipped in Fluoromount-G (Southern
Biotechnology).

Slice preparation. One to five days following completion of training,
rats were anesthetized and perfused for 3 min with ice-cold, oxygenated,
modified sucrose ACSF containing the following (in mM): 75 NaCl, 2.5
KCl, 3.3 MgSO4, 0.5 CaCl2, 1 NaH2PO4, 26.2 NaHCO3, 22 glucose, 52.6
sucrose, 10 HEPES, 10 choline chloride, 1 pyruvate, 1 L-ascorbic acid
(�300 mOsml, 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 apical dendrite projection pattern of layer 5
corticospinal neurons. Cortical slices were cut and collected in ice-cold, ox-
ygenated, modified sucrose ACSF. Slices were transferred to an interface
chamber containing the same modified sucrose ACSF solution and incu-
bated at 34°C for 30 min. Slices were then held at room temperature (23°C)
in the interface chamber for at least 40 min before initiating recordings.
Recordings were made in a submersion-type recording chamber and per-
fused 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, 20 glucose
(�300 mOsml) at 23°C at a rate of 2–3 ml/min. Postnatal age at time of
recording was 56 � 2 d, an age where the motor system has fully matured
(Markus and Petit, 1987; Biane et al., 2015).

Experimental design and analysis
Skilled grasp training. At approximate age P39, animals began skilled
reach training as described previously (Conner et al., 2003, 2005, 2010).
Briefly, animals were first acclimated to the experimenter and testing
chamber for a total of 5 d before initiating reaching. Animals were
weighed, and food restriction was initiated 2 d before initiating reaching.
Animals were required to reach through a small opening to obtain a
single 45 mg sucrose pellet (Test Diets) located on an indented platform
�2 cm beyond the reaching chamber. Reach training was performed
across 10 consecutive days, and animals performed 40 – 60 reaching trials
per day. A trial was defined as an extension of the forepaw beyond the
chamber façade toward the pellet-containing platform. A successful trial
was scored if animals successfully retrieved the pellet. Grasping accuracy
was scored as the total number of successful trials divided by the total
number of trials. To control for potential effects due to food restriction,
handling, or exposure to a novel food (reward pellets), control animals
were similarly food restricted, handled, spent an equal amount of time in
the reaching chamber, and consumed an equal number of reward pellets
as did reach-trained animals. However, controls were manually fed re-
ward pellets with forceps, thus not allowing the animal to reach for or
grasp reward pellets.

Grid walk. Foot falls were measured as animals walked on a 1600 cm 2

wire grid containing 6 cm 2 openings, in 6 – 8 min test sessions captured
on video (Grill et al., 1997). Forepaws were scored for the total number of
foot placements (correctly positioning foot on wire mesh) and total
number of foot falls (misplacement of foot resulting in the foot dropping
below the grid). The number of placements and foot falls were summed
to give the total number of steps. Percentage of foot falls was calculated by
dividing the total number of foot falls by total number of steps.

Electrophysiology. All recordings were performed within the cortical
hemisphere contralateral to the preferred reaching paw during training.
In the case of untrained animals, the hemisphere recorded was selected
randomly. The experimenter conducting slice recordings was blinded to
the training status of the animal being recorded. Neurons were selected
based on emission spectra (red or green, reflecting tracers injected at
either the C8 or C4 spinal segment) and then visualized under infrared
differential interference contrast videomicroscopy (Olympus BX-51 scope
and Rolera XR digital camera). Whole-cell voltage and current-clamp re-
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cordings 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 ��55 mV, with drift �6 mV over the entire
recording period, with access resistance �35 M�, with the ability to evoke
multiple spikes with �60 mV peak amplitude from threshold, and with a
holding current of ��500 pA to keep the cell at a holding potential of �65
mV. Basic membrane properties are reported only for cells whose holding
current was ��150 pA. Series resistance was not compensated but was
continuously monitored via negative voltage steps. In a minority of cell pairs
(�15%), the “presynaptic” neuron was fired in cell-attached mode and was
not reciprocally tested for synaptic input.

Synaptic connectivity. Whole-cell patch-clamp recordings were ob-
tained using Multiclamp 700B patch amplifiers (Molecular Devices) and
data analyzed using pClamp 10 software (Molecular Devices). To deter-
mine connectivity among C4- and C8-projecting cell populations, simul-
taneous whole-cell recordings were made in groups of 2– 4 retrogradely
labeled cells. The distribution of C4- and C8-projecting cells, which are
almost entirely intermingled across the forelimb region of primary mo-
tor 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).
Data were collected from cells �30 �m below the slice surface (mean �
SD � 67 � 26 �m). Connectivity was determined by evoking action
potentials in a presynaptic cell while monitoring responses in postsynap-
tic cells held at �65 mV in voltage clamp. Presynaptic action potentials
were evoked by a 7 ms depolarizing current injection of 2 nA. Individual
sweeps were separated by 5 s.

The responses to 30 –50 evoked action potentials were measured for
each paired recording. Connectivity was inferred if the average peak
response in the postsynaptic cell was �2 SD above noise. In connected
cell pairs, failure rate was calculated as the percentage of single trials in
which the postsynaptic peak current was �2 SD below baseline current
noise. All traces were manually inspected for signal consistency, includ-
ing monotonic rise and decay and reliable onset latency. Postsynaptic
response amplitude was calculated as the averaged current over a 1.5 ms
time window of peak response current compared with baseline, which
was defined as the average current in a 5 ms window before presynaptic
firing. Response potency was calculated using only traces where a post-
synaptic response was detected (failures omitted). Response latency was
measured from the peak of the presynaptic spike to the onset of EPSC (onset
was defined as 10% of peak signal). Rise time was calculated as the time
between 20% and 80% peak EPSC amplitude. During offline processing, a
minority (�10%) of connections were detected with the postsynaptic cell in
current clamp, with no voltage-clamp traces obtained. Postsynaptic proper-
ties of potency, rise time, and decay time for these cells are not included in the
dataset. 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 first response was divided by that to second pulse. To preserve the
relative differences in magnitude for ratios �1 and �1, the logarithm of each
ratio was used for statistical comparisons.

Reciprocal analysis. In a randomly connected network with connection
probability pc and total number of reciprocally tested cell pairs N, the
expected number of unconnected pairs is N(1 � pc)

2. The expected
number of unidirectionally connected pairs is 2 N 	 pc(1 � pc), and the
expected number of reciprocally connected pairs is N 	 pc

2 (Song et al.,
2005). To test for overrepresentation of reciprocally connected cell pairs,
10,000 iterations were simulated for Monte Carlo analysis.

Intrinsic excitability. To characterize basic membrane properties, a se-
ries of hyperpolarizing and depolarizing current steps were applied for
500 ms in 10 –50 pA increments at 5 s intervals. Rheobase was determined
as the lowest level of depolarizing current required to evoke a spike.
Action potential spike measurements were taken from the first action
potential on the first sweep to reach threshold. Spike threshold was de-
fined at the time point where the first derivative � 10 mV/ms. Spike height
was measured as the overall peak membrane voltage, and half-width was
measured at the half-amplitude of the action potential. Input resistance (Rin)
was determined from the slope of the linear regression taken through the
voltage–current relationship in the hyperpolarizing range.

Maximum afterhyperpolarization (AHP) was calculated as the maxi-
mum hyperpolarization relative to action potential threshold following
depolarizing current injection that evoked a single spike. Additionally,
AHP was alternatively calculated in cells for which a 300 pA depolarizing
current delivered for 500 ms evoked at least 4 spikes. Reported p values
reflect the main effect of training for a two-way ANOVA (IV1 � training;
IV2 � number of spikes elicited by current injection).

Neuronal inhibition. Neonatal rats (age P3) received pressure injec-
tions (0.5 �l/min) of a viral mixture of adeno-associated virus (AAV)
serotypes 2, 5, and 8, all containing an hSyn-DIO-hM4D(Gi)-mCherry
construct (University of North Carolina Vector Core). Anesthesia was
induced via hypothermia. Injections were targeted to the caudal forelimb
region of M1, where C4- and C8-projecting neurons are spatially inter-
mingled (Wang et al., 2011). For the L2-projecting group, injections were
targeted to the hindlimb region of M1. Animals received two, 300 nl
injections per hemisphere, at a depth of 700 �m. Subsequent spinal cord
injections of 400 nl of AAV9-CaMKII-CRE (University of Pennsylvania
Vector Core) at age �P35 followed surgical procedures as outlined for
neuronal labeling. Spinal cord injections at L2 required a laminectomy of
the T12 vertebra. An additional, positive control group received four 300
nl injections/hemisphere of a non–CRE-dependent AAV8 hSyn-
hM4D(Gi)-mCherry (University of North Carolina Vector Core) di-
rectly into the caudal forelimb region of M1 at age 20 d. Injections were
made at 2 depths/site at 1400 and 600 �m. In total, 23 animals were
included for these experiments (C8 � 9, C4 � 7, L2 � 5, M1 � 2). For
neuronal inhibition experiments, intraperitoneal injections containing
either clozapine-n-oxide (CNO, 5 mg/kg; Tocris Bioscience) or saline
vehicle were delivered 45 min before testing. Animals were subsequently
tested as normal (see above).

Experimental design and statistical analysis. In total, 160 animals (av-
erage age 56 � 2 d, all male) were included: 137 for connectivity exami-
nations and 23 for cell inhibition. The large number of animals for the
connectivity study was necessary given the difficulty in obtaining paired
recordings in adult animals, combined with the low connectivity rate
among neurons. An average of 24.6 connections were tested for each
animal.

Statistical comparisons were performed using JMP software, version
11.0 (SAS Institute). Comparisons of connection frequency were made
using Fisher’s exact test. Unless otherwise noted, pairwise comparisons
were made using Student’s t test or Wilcoxon test for normal and non-
normally distributed data. Normality was assessed by applying a fitted
normal to each dataset and assessing goodness of fit. Significant p value
was set at 0.05. In-text data values are presented as the mean � SD.

Results
Identification of task-related cortical neurons
We used previously established methods for identifying individ-
ual neurons of the motor cortex that are associated with perfor-
mance of a skilled grasping behavior (Wang et al., 2011, 2016).
Labeling of individual corticospinal neurons of layer 5 motor
cortex (M1) that control either the proximal or distal forelimb
can be achieved by injection of different colored retrograde latex
microspheres into dorsal gray matter of cervical level 8 (C8) spi-
nal segment that controls distal forelimb muscles for skilled
grasping, or cervical level 4 (C4) spinal segment that controls
proximal muscles for shoulder movements (Callister et al., 1987;
McKenna et al., 2000; Wang et al., 2011; Tosolini and Morris,
2012). We previously demonstrated that this approach identifies
a specific subpopulation of layer 5 neurons within M1 that ex-
hibit increased spine density and augmented thalamocortical
(TC) input as a function of skilled motor grasp training; these
modifications are restricted to the C8-projecting motor neuronal
population that is activated when performing a skilled grasping
task (Wang et al., 2011; Biane et al., 2016). In contrast, C4-
projecting motor neurons in layer 5, which control upper fore-
limb musculature but not the distal digits involved in performing
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skilled grasping, undergo no changes in structure or thalamic
input following training.

Recurrent connection probability is increased specifically
within the task-related subpopulation of layer 5 neurons
following training
To investigate whether recurrent synaptic circuitry is altered by
motor experience in adulthood, and whether these changes are
specific for cells most relevant to the trained behavior, we exam-
ined interconnectivity across neurons with distinct relevance for
the skilled forelimb grasping task. Rats first received injections of
different retrograde tracers into the C8 and C4 spinal segments to
label subsets of layer 5 corticospinal neurons that were relevant
(C8-projecting) or not essential (C4-projecting) for skilled grasp-
ing (Fig. 1A). Following an 8 d recovery period, rats underwent
skilled grasp training over 10 consecutive days (Fig. 1B,C), dur-
ing which animals learned to refine control of distal forelimb
musculature to retrieve a remote sugar pellet with a single fore-
paw (Conner et al., 2003; Kargo and Nitz, 2003; Gharbawie and
Whishaw, 2006). During training, performance improved from a
baseline of 38 � 13% grasping success to 72 � 10% on the final
day of training (mean � SD; repeated-measures ANOVA,
F(9,1111) � 1102, p � 0.001; Fig. 1C). Within 5 d of completing
training, cortical slices of M1 were prepared and up to four C8-
and C4-projecting corticospinal neurons were targeted for simul-
taneous whole-cell recordings (Fig. 1D,E). Targeting these
unique subpopulations of layer 5 neurons for paired intercellular
recordings in cortical slices enabled the identification of circuit-
level changes associated with training, including potential mod-
ifications in recurrent connectivity, synaptic properties, and
intrinsic physiological properties. In total, 3366 connections were
tested in 137 animals of average age 56 � 2 d.

Skilled-grasp training resulted in a 2.5-fold increase in recur-
rent connectivity among the task-related subnetwork of layer 5
neurons projecting to C8 (C8¡C8; Fisher’s exact test, p � 0.003;
Fig. 1F). In contrast, recurrent connectivity among layer 5 neurons
associated with control of more proximal forelimb musculature un-
necessary for grasping was unchanged (C4¡C4; p � 0.721; Fig. 1F).
This increase in recurrent connectivity among C8-projecting neu-
rons was highly specific, as excitatory connections across different
subpopulations of neurons (C8¡C4 or C4¡C8) did not change
significantly (p � 0.323 and p � 1.0, respectively; Fig. 1F). Thus,
motor training is associated with a selective increase in recurrent
connectivity among task-related pyramidal neurons.

These results were not driven by depth of recorded cells from
the slice surface or the distance between cells (Fig. 1G). Overall,
total intersomatic distance had no effect on connection probabil-
ity at distances of 0 –100 �m (logistic analysis, p � 0.893). At
distances �100 �m, the rate of excitatory connectivity dimin-
ished with distance (p � 0.001). Further, consistent with previ-
ous reports (Song et al., 2005; Fino and Yuste, 2011), connection
probability was not significantly related to cell depth below the
slice surface (logistic analysis, p � 0.499).

As has been previously shown for layer 5 neurons in cortex
(Song et al., 2005; Perin et al., 2011), reciprocally (i.e., bidirec-
tionally) connected cell pairs were overrepresented compared
with that expected from a randomly connected network (overall
pc � 0.038; expected rate of reciprocal connectivity � pc

2 �
0.0015; actual rate � 0.0115; Monte Carlo simulation test for
overrepresentation, p � 0.001). The rate of reciprocal connectiv-
ity did not differ between all cell pair groups (Pearson’s � 2 test �
0.681, p � 0.878). Additionally, the rate of reciprocal connectiv-
ity between C8-projecting cell pairs did not change following
training (untrained � 0.01, trained � 0.015; Fisher’s exact test,
p � 0.531), suggesting that new functional connections following
training were not biased toward forming reciprocal associations,
nor did they preferentially connect cell pairs with a preexisting,
unidirectional connection before learning.

Recurrent synaptic properties are largely unchanged
following skilled motor training
It has been previously shown that TC synapses onto C8-projecting
corticospinal neurons undergo potentiation following motor skill
training (Biane et al., 2016). To test whether experience-dependent
potentiation also occurs at recurrent synapses, we examined synaptic
transmission among recurrent C8¡C8 networks before and after
training. However, unitary EPSC (uEPSC) amplitude, potency, fail-
ure rate, coefficient of variation, and paired-pulse ratio showed little
change as a function of training (failure rate: binomial distribution
test; all others: Wilcoxon rank sum test; Fig. 2; for exact p values, see
Table 1). Notably, synaptic properties displayed considerable vari-
ability in their values, particularly for uEPSC amplitude. We thus
tested whether the distributions of C8-C8 response amplitude dif-
fered across trained and untrained animals but found that these were
not significantly different (Kolmogorov–Smirnov test, p � 0.797).
Furthermore, all remaining cell-pair groups (C4¡C4, C4¡C8,
C8¡C4) displayed no significant differences in recurrent syn-
aptic properties after skilled grasp training (Table 1). These

Table 1. Excitatory postsynaptic response propertiesa

C4¡ C4 C8¡ C8 C4¡ C8 C8¡ C4

Untrained Trained Untrained Trained Untrained Trained Untrained Trained

Failure rate 0.51 � 0.26
(n � 22)

0.45 � 0.17
(n � 12) p � 0.48

0.33 � 0.19
(n � 12)

0.45 � 0.21
(n � 32) p � 0.1

0.48 � 0.27
(n � 14)

0.39 � 0.25
(n � 10) p � 0.38

0.31 � 0.26
(n � 14)

0.43 � 0.23
(n � 13) p � 0.21

Onset latency (ms) 3.1 � 1.4
(n � 22)

2.6 � 1.2
(n � 12) p � 0.39

2.4 � 0.8
(n � 12)

2.4 � 0.8
(n � 32) p � 0.9

2.9 � 1.7
(n � 14)

3.0 � 1.1
(n � 10) p � 0.97

2.4 � 0.8
(n � 14)

2.9 � 1
(n � 13) p � 0.14

Median potency (pA) �6.2 � 6.9
(n � 20)

�6.9 � 2.6
(n � 11) p � 0.81

�8.2 � 1.8
(n � 12)

�6.5 � 5.5
(n � 32) p � 0.22

�5.1 � 5.7
(n � 13)

�7.5 � 3.2
(n � 9) p � 0.32

�8.1 � 3.6
(n � 12)

�5.9 � 4
(n � 12) p � 0.09

Coefficient of variation 1 � 1.3
(n � 20)

1 � 0.5
(n � 11) p � 0.36

0.9 � 0.7
(n � 12)

0.9 � 0.8
(n � 32) p � 0.91

1.3 � 0.9
(n � 13)

0.9 � 1.1
(n � 9) p � 0.53

0.7 � 1.7
(n � 12)

1.0 � 0.9
(n � 12) p � 0.63

Rise time (ms) 2.1 � 0.7
(n � 20)

2.4 � 0.9
(n � 11) p � 0.21

2.1 � 0.6
(n � 12)

1.9 � 0.6
(n � 32) p � 0.42

1.9 � 0.7
(n � 13)

2.4 � 0.9
(n � 9) p � 0.2

2.1 � 0.6
(n � 12)

2.4 � 1.6
(n � 12) p � 0.6

Decay time (ms) 17.6 � 11.5
(n � 20)

19 � 9.6
(n � 11) p � 0.74

17.3 � 5.5
(n � 12)

14.9 � 4.9
(n � 32) p � 0.22

15.9 � 6.9
(n � 13)

18 � 5.7
(n � 9) p � 0.48

15 � 6.2
(n � 12)

13.2 � 6
(n � 12) p � 0.42

aData are mean � SD. p values reflect comparisons of trained versus untrained conditions within each cell-pair group.
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Figure 1. Recurrent connectivity is selectively increased following skilled grasp training among the task-related, C8-projecting corticospinal subpopulation. Top, Experimental timeline. A, Spinal
cord cervical level 8 (C8) contains motor neurons that project to and control distal forelimb musculature, whereas level C4 controls proximal forelimb musculature, including neck and shoulder. At
age 35 d, injections of different colored retrograde tracers were made at C8 and C4. B, C, Following retrograde bead injection, animals were trained 10 d in the skilled grasp motor task, showing
significant increases in grasping accuracy over this period. D, To assess synaptic connectivity, brain slices containing the forelimb area of M1 contralateral to the preferred grasping paw were
prepared, and retrogradely labeled layer 5 corticospinal neurons were targeted for whole-cell patch-clamp recording. E, Sample quadruple recording trace showing cell pairs that are (Pre-Post 1) or
are not (Pre-Post 2,3) synaptically connected. F, Following grasp training, there is a 2.5-fold increase in interconnectivity among C8-projecting corticospinal (Figure legend continues.)
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results indicate that unitary synaptic inputs between corticospi-
nal neurons are functionally similar before and after training.
Consequently, distinct neural pathways (i.e., TC vs recurrent)
exhibit specialized mechanisms of plasticity following motor
experience.

Intrinsic excitability is increased specifically within the task-
related subpopulation following learning
Previous studies have reported increases in neuronal excitability
across more generalized cell populations as a consequence of
novel experience (Disterhoft et al., 1986; Oh et al., 2003; Murphy
et al., 2004). Based on these prior studies, we postulated that
skilled forelimb grasp training also alters intrinsic excitability,
and further hypothesized that excitation would be biased toward
the trained, behaviorally relevant movement via augmented ex-
citability within the C8-projecting network. Indeed, a significant
increase in spiking in response to depolarizing current injection
was observed in C8-projecting cells in trained versus untrained
animals (repeated-measures ANOVA: F(1,73) � 10.84, p � 0.002;
Fig. 3A). A reduction of the AHP current was also observed in the
C8-projecting population of trained animals (t test, t(59) � 2.12,
p � 0.038; Fig. 3D,F). Reduced AHP current has been shown to

be associated with increased spiking (Faber and Sah, 2007), al-
though AHP and spiking data in the current study were collected
from distinct cells. Moreover, the rheobase trended toward a sig-
nificant reduction in trained versus untrained C8-projecting cells
(Wilcoxon Rank Sum test, z � 1.86, p � 0.062). C4-projecting
cells, in marked contrast, exhibited no significant changes in AHP
(Fig. 3D,F) or spike threshold (Wilcoxon Rank Sum test, z �
0.88, p � 0.373) following training (Table 2). Accordingly, intrin-
sic spiking behavior in the C4-projecting subpopulation was un-
affected by learning (repeated-measures ANOVA, F(1,51) � 0.3,
p � 0.584; Fig. 3B).

Population-specific inhibition of C8-projecting cells
selectively impairs grasping accuracy
To further corroborate the functional relevance of C8-projecting
corticospinal neurons to skilled forelimb grasping, we used the de-
signer receptor exclusively activated by designer drug (DREADD)
inhibitory receptor system to reversibly inactivate these neurons
during task performance. By way of a two-step Cre-combi-
natorial viral system (Fig. 4A,B), expression of the DREADD
inhibitory receptor hM4D(Gi) (Urban and Roth, 2015) was se-
lectively targeted to corticospinal neurons projecting to one of
three spinal cord levels: C8, C4, or, as a negative control group,
lumbar level 2 (L2), which is associated with control of the
hindlimb (Callister et al., 1987; McKenna et al., 2000; Tosolini
and Morris, 2012). Using this technique, DREADD expression
was restricted to large pyramidal cells of layer 5 within the motor
cortex, consistent with exclusive labeling of corticospinal neu-
rons (Fig. 4B). Application of the DREADD ligand CNO (7 �M

CNO) to ex vivo slices containing hM4D(Gi)-expressing cortico-
spinal neurons confirmed effective neuronal inhibition: neurons

4

(Figure legend continued.) neurons (i.e., among the network of neurons that generate the
skilled grasping behavior). In contrast, there is no change in connectivity within the C4-
projecting network that is uninvolved in skilled grasp performance. Further, across-network
connectivity (C4¡C8 or C8¡C4) does not change significantly with skilled motor training.
These findings indicate that changes in neuronal connectivity in response to new motor expe-
rience are specific to the trained network. G, Total intersomatic distance between the soma of
recorded cell pairs did not differ between cell pair groups or training conditions. Vertical lines �
median; horizontal lines � box plot whiskers. **p � 0.01.

Figure 2. uEPSC response properties of C8-C8 cell pairs do not differ in trained and untrained animals. A, Synaptically connected C8-projecting cells and superimposed postsynaptic traces in
response to single action potentials. Red trace represents cumulative average of all responses with failures removed (uEPSC potency). B–G, uEPSC response properties for synaptically connected
C8-projecting neurons were highly variable and not significantly different between trained and untrained conditions. Box plots define quartiles (outliers omitted). B, C, Clustered data points are
expanded for clarity.
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exhibited distinct membrane hyperpolarization together with a
loss of spontaneous spiking during CNO exposure (Fig. 4C).

Following 10 d of skilled grasp training, grasping performance
was assessed while selectively inhibiting one of these distinct cor-
ticospinal subpopulations. Selective inhibition of C8-projecting

corticospinal neurons with CNO (5 mg/kg) resulted in significant
reductions in skilled grasping performance (t test against 0, t(8) �
3.48, p � 0.008; Fig. 4D), indicating that these projections are
essential in performing skilled grasping. Washout of CNO re-
sulted in complete reversal of the reaching deficit. Conversely,

Figure 3. Increased intrinsic neuronal excitability in task-relevant neurons following skilled motor learning. A, C8-projecting neurons from trained animals show greater spiking frequency to 500
ms depolarizing current injections compared with C8-projecting cells in untrained animals (repeated-measures ANOVA: F(1,73) � 10.84, p � 0.002). B, Current-spike relationship did not differ
between C4 trained versus untrained cells (F(1,51) � 0.3, p � 0.584). C, Sample corticospinal response to injection of a 300 pA depolarizing square pulse. The afterhyperpolarization (AHP) is
measured with respect to predepolarization baseline (dashed blue line). D, AHP values in response to a 300 pA, 500 ms current injection are significantly lower in trained animals within the
C8-projecting group (two-way ANOVA, p � 0.023). Variables � number of spikes and training condition. Error bars indicate SEM. E, AHP was also assessed following a solitary evoked action
potential, with AHP amplitude measured with respect to spike threshold. F, Using this methodology, AHP was similarly lower in trained animals within the C8-projecting subpopulation (t test,
t(59) � 2.12, p � 0.038). *p � 0 .05.

Table 2. Neurophysiological properties of C4- and C8-projecting corticospinal populationsa

C4-projecting C8-projecting

Untrained (n � 60) Trained (n � 40) Untrained (n � 45) Trained (n � 55)

Resting Vm (mV) �67.4 � 2.3 �67.6 � 2.1 p � 0.62 �67.2 � 1.8 �67.2 � 2.2 p � 0.92
Holding pA at �65mV Vm �12.3 � 43 �18.5 � 52 p � 0.57 �27.9 � 63 �16.5 � 37 p � 0.38
Rin (M�) 79.6 � 20 77 � 24 p � 0.44 72 � 13.5 76.4 � 20 p � 0.31
Spike threshold (mV) �42.8 � 4 �44.3 � 4.2 p � 0.09 �42.4 � 5 �42.9 � 4.6 p � 0.66
Rheobase (pA) 141 � 72 146 � 56 p � 0.7 160 � 77 131 � 68 p � 0.062
Spike half-width (ms) 2.32 � 0.4 2.38 � 0.4 p � 0.57 2.26 � 0.4 2.36 � 0.4 p � 0.26
Spike height from threshold (mV) 79 � 6.7 79.2 � 5.9 p � 0.62 78.5 � 9.1 78.1 � 7.3 p � 0.73
aData are mean � SD. p values reflect comparisons of trained versus untrained conditions within each cell-pair group. For spike threshold, rheobase, spike half-width, and spike height, the membrane holding potential was normalized at
�65 mV across cells via current injection.
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selective inhibition of C4- or lumbar level 2 (L2)-projecting cor-
ticospinal subpopulations had no effect on grasping performance
(C4: p � 0.927; L2: p � 0.962; Fig. 4D), indicating that these
projections are not essential in skilled grasping. We further tested
whether the C8 projection pathway is crucial for an unskilled motor
behavior, the grid walk task (Krisa et al., 2012). Selective inhibition of
C8-projecting neurons did not impair performance on this test ver-
sus baseline (paired t test, t(5) � 0.59, p � 0.578; Fig. 4E), indicating
that gross motor function of the forelimbs remained intact. These
findings identify an essential role for C8-projecting corticospinal
neurons in the performance of the skilled grasping behavior, and
further support that changes in recurrent connectivity preferentially
affect the projection subpopulation most relevant for executing the
trained motor behavior.

Although hM4D(Gi)-expressing cells were completely silenced
in the presence of CNO ex vivo, it is likely that activity is suppressed,
rather than completely silenced, in vivo. This suggests that perturba-
tion of normal network activity may be sufficient to impair motor
performance, which is consistent with neurophysiological studies
showing that fine motor behavior is associated with precisely coor-
dinated network dynamics (Schieber, 2002; Kargo and Nitz, 2003,
2004; Peters et al., 2014).

Discussion
Theoretical models suggest that reorganization of recurrent net-
works exerts a pivotal role in the acquisition, refinement, and
stabilization of new motor skills (Alvarez and Squire, 1994;
Douglas and Martin, 2007; Laje and Buonomano, 2013). Indeed,
motor training is accompanied by modifications in movement-
related firing, neural synchrony, and stabilization of spatiotem-
poral activity patterns (Schieber, 2002; Kargo and Nitz, 2004;
Komiyama et al., 2010; Huber et al., 2012; Masamizu et al., 2014;

Peters et al., 2014), functions that are likely enhanced by modifi-
cations in recurrent connectivity. Although evidence indicates
that motor training elicits the formation of new synaptic contacts
within M1 (Xu et al., 2009; Yang et al., 2009; Hayashi-Takagi et
al., 2015), the identity of these synaptic partners and their rela-
tionship to the trained behavior are largely unknown. We now
show that reorganization of recurrent cortical inputs accompa-
nies the acquisition and stabilization of skilled motor behavior,
and that this reorganization is specific to the subpopulation of
neurons most relevant for executing the trained behavior. These
findings provide specific mechanisms that may contribute to
training-associated alterations in neural dynamics. For example,
augmented recurrent connectivity across functionally related
cells, in conjunction with greater intrinsic excitability, could pro-
mote both greater and more synchronous activity of task-related
neuronal ensembles (Schieber, 2002; Komiyama et al., 2010; Hu-
ber et al., 2012; Peters et al., 2014) while also reducing response
variability across trials (Kargo and Nitz, 2004; Peters et al., 2014).

In addition to recurrent connections, layer 5 neurons in M1 re-
ceive long-range afferent input from regions, including transcallosal
M1, premotor areas, somatosensory cortex, and sensory/motor thal-
amus (Hooks et al., 2013; Suter and Shepherd, 2015). We have pre-
viously shown that skilled grasp training augments the synaptic
strength of TC inputs impinging on training-related corticospinal
neurons (the TC-C8 pathway) (Biane et al., 2016). Specifically, we
found that quantal amplitude (i.e., the postsynaptic response to the
release of a single presynaptic vesicle) was selectively increased
within the TC-C8 pathway following training. In contrast, the cur-
rent study suggests that the number of synaptic contacts, and not
individual synaptic strength, is augmented in recurrent corticospinal
networks following training, demonstrating that synaptic mecha-

Figure 4. Selective inhibition of C8-projecting corticospinal neurons impairs performance of the learned skilled grasping behavior. Top, Timeline for targeted cell inhibition. A, At 3 d postnatal,
injections of cre-dependent virus expressing hM4D(Gi) were targeted to M1. At age 25 d, the same animals received spinal cord injections of cre-expressing virus at one of three spinal cord locations:
C8, C4, or L2. B, Cortical expression of hM4D(Gi) was specific to layer 5 motor cortex. Inset, Individual layer 5 pyramidal cell expressing hM4D(Gi). Scale bar, 400 �m. C, Whole-cell slice recordings
demonstrated CNO-induced hyperpolarization � 5 mV in hM4D(Gi)-expressing neurons (n � 5/5). Neighboring layer 5 neurons not expressing hM4D(Gi) did not show hyperpolarization in the
presence of CNO (n � 0/5). Gray bars represent CNO application. D, Animals underwent 10 d of training on the skilled grasping task, which required animals to retrieve a 45 mg sugar pellet with a
single forepaw. Pellet retrieval was impaired in the presence of CNO (5 mg/kg) versus vehicle in animals expressing hM4D(Gi) in C8-projecting cells. In contrast, performance was unaffected by CNO
in animals with hM4D(Gi) expression in corticospinal neurons largely unrelated to grasping (C4-projecting), or negative control animals with hM4D(Gi) expression in neurons controlling the hind
limbs (L2-projecting). Animals receiving injections of non– cre-dependent hM4D(Gi) virus directly into M1 were predictably impaired in the presence of CNO (n: C8 � 9, C4 � 7, L2 � 5, M1 � 2).
Error bars � SEM. E, Unlike the fine motor refinements required for acquisition of the skilled grasping task, the grid walk is an unskilled motor task that does not require training of motor outputs controlled
by the motor cortex. Accordingly, inhibition of the C8-projecting corticospinal subpopulation (n � 6; CNO � 5 mg/kg) did not impair grid walk performance ( p � 0.578). Error bars � SEM.
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nisms of experience-dependent cortical plasticity vary across differ-
ent network domains in adulthood, even in response to the same
stimulus (skilled grasp training).

While the observed increase in recurrent connectivity could
be in part due to an unmasking of latent, or “silent,” synaptic
connections between C8-projecting neurons, the data do not
support this scenario for several reasons. First, presynaptic re-
lease probability and uEPSC amplitude did not increase with
training, as might be expected if training-related strengthening of
synapses contributed to the detection of hidden connections. To
further examine this issue, however, we determined the coeffi-
cient of variation for uEPSC amplitude (Table 1), which is nega-
tively correlated to release probability. The advantage of this
approach is that it includes all stimulation trials and hence does
not rely on a potentially arbitrary selection of synaptic failures versus
successes. Again, the coefficient of variation was not significantly
different before and after training. That training induces an increase
in the overall number of recurrent synaptic contacts among C8-
projecting neurons is further supported by studies demonstrating
that spinogenesis in M1 accompanies grasp training (Kleim et al.,
2002; Xu et al., 2009; Fu et al., 2012), specifically within the C8-
projecting subpopulation (Wang et al., 2011). Finally, latent connec-
tions in the form of silent synapses are largely absent in the adult
rodent cortex (Isaac et al., 1997; Rumpel et al., 1998; Barnes and
Finnerty, 2010; Funahashi et al., 2013), indicating that “AMPAfica-
tion” of silent synapses is unlikely to have contributed to the in-
creased connectivity reported here following training.

In recent years, plasticity of intrinsic neuronal properties has
become increasingly recognized as a prominent mechanism of
learning and memory (Titley et al., 2017). Increased intrinsic
excitability has been observed following learning across multiple
cell types and brain regions (Titley et al., 2017), and enhancing or
suppressing intrinsic excitability can facilitate or inhibit behav-
ioral learning, respectively (Deyo et al., 1989; McKay et al., 2012).
Such findings have led to a growing sense that the neural basis of
learning and memory resides not only at the synaptic level, but
also with plasticity spanning the neuronal unit as a whole.

In addition to changes in network connectivity, we also iden-
tified an increase in intrinsic excitability specifically within the
training-related subpopulation of neurons, as well as a reduction
of the medium AHP current. Because intrinsic excitability is aug-
mented in layer 5 motor cortex neurons in an activity-dependent
manner (Paz et al., 2009), the observed change in intrinsic excitabil-
ity may be driven by increased excitatory synaptic input, both local
and long-range, which boosts the activity of C8-projecting neurons.
Conversely, it is also possible that heightened excitability is driving
the increase in recurrent connectivity. For example, small-
conductance calcium-activated potassium (SK) channels, which
mediate the medium AHP signal (Lape and Nistri, 2000; Faber and
Sah, 2007), have been implicated in dendritic excitability and synap-
tic plasticity (Faber and Sah, 2007), and may thus enhance the for-
mation of recurrent connections between task-related neurons (Sah
and Bekkers, 1996; Daoudal and Debanne, 2003; Silva et al., 2009;
Zhou et al., 2009). Questions of whether plasticity of excitability and
synaptic input are interdependent, the directionality of these
changes, and whether specific synaptic pathways are involved (i.e.,
local vs long-range) should be explored further.

The present study has sought to identify and characterize
experience-dependent changes in recurrent wiring among func-
tionally defined subpopulations in adult mammalian cortex.
Whether the observed changes in connectivity are a feature of
learning or are induced by the repeated use of trained muscula-
ture is unknown. However, motor learning is accompanied by

robust spinogenesis in M1 (Kleim et al., 2002; Xu et al., 2009;
Yang et al., 2009; Wang et al., 2011; Fu et al., 2012), and unselec-
tive ablation of dendritic spines formed during learning impairs
subsequent recall of the associated motor memory (Hayashi-
Takagi et al., 2015). On the other hand, increased motor activity
in the absence of motor skill learning also augments dendritic
spine numbers within M1, albeit to a significantly lesser extent
compared with when such activity is accompanied by learning
(Kleim et al., 2002; Wang et al., 2011). Notably, training did not
affect connectivity within the C4-projecting subpopulation,
which controls upper forelimb musculature that is likewise en-
gaged, but not refined, during training. Nor was connectivity
between C4- and C8-projecting cells modified with training. To-
gether, these data indicate that the observed changes within the
training-related C8-projecting subpopulation are unlikely to be
solely due to activity. Delineating the precise contribution of the
observed changes to learning awaits the ability to selectively ab-
late recurrent synapses forged during training.

In total, the present results demonstrate experience-dependent
reorganization of recurrent circuits in the adult motor cortex.
Although our examination was confined to layer 5 corticospinal
neurons of the motor cortex, theoretical and computational
models suggest that targeted reorganization of recurrent net-
works is likely to be a general property of cortex. Indeed, whisker-
trimming paradigms in rodents have shown reorganization of
recurrent synaptic circuitry in barrel cortex (Cheetham et al.,
2007; Albieri et al., 2015). The extent of which these results fur-
ther generalize across different cell types and brain regions should
be the focus of future experimental inquiry.
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