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Primary motor cortex (M1) undergoes protracted development in mammals, functioning initially as a sensory structure.

Throughout the first postnatal week in rats, M1 is strongly activated by self-generated forelimb movements—especially by the

twitches that occur during active sleep. Here, we quantify the kinematic features of forelimb movements to reveal receptive-

field properties of individual units within the forelimb region of M1. At postnatal day 8 (P8), nearly all units were strongly

modulated by movement amplitude, especially during active sleep. By P12, only a minority of units continued to exhibit am-

plitude tuning, regardless of behavioral state. At both ages, movement direction also modulated M1 activity, though to a

lesser extent. Finally, at P12, M1 population-level activity became more sparse and decorrelated, along with a substantial

alteration in the statistical distribution of M1 responses to limb movements. These findings reveal a transition toward a

more complex and informationally rich representation of movement long before M1 develops its motor functionality.
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Significance Statement

Primary motor cortex (M1) plays a fundamental role in the generation of voluntary movements and motor learning in adults.

In early development, however, M1 functions as a prototypical sensory structure. Here, we demonstrate in infant rats that M1

codes for the kinematics of self-generated limb movements long before M1 develops its capacity to drive movements them-

selves. Moreover, we identify a key transition during the second postnatal week in which M1 activity becomes more informa-

tionally complex. Together, these findings further delineate the complex developmental path by which M1 develops its

sensory functions in support of its later-emerging motor capacities.

Introduction
Despite its name, primary motor cortex (M1) also processes and
integrates sensory input (Asanuma, 1981; Hatsopoulos and
Suminski, 2011; Omrani et al., 2016). The sensory-processing
capabilities of M1 are especially evident in early development
before it plays a clear role in the production of movement: in kit-
tens and rat pups, M1 functions as a prototypical sensory struc-
ture (Bruce and Tatton, 1980; Chakrabarty and Martin, 2000,
2005), with substantial increases in M1 activity occurring after
self-generated movements have occurred (An et al., 2014; Tiriac
et al., 2014; Dooley and Blumberg, 2018). Motor outflow from
M1 emerges gradually: electrical stimulation of M1 begins to
reliably produce movement at postnatal day 25 (P25) to P35
(Young et al., 2012; Singleton et al., 2021; but see An et al.,

2014). At earlier ages, self-generated movements appear to
rely on brainstem structures, including the red nucleus (Del
Rio-Bermudez et al., 2015). Given the somatotopic alignment
between the early sensory map of M1 and its later motor
map, it seems clear that the former provides a structural
foundation for the latter (Chakrabarty and Martin, 2005;
Dooley and Blumberg, 2018). This structural foundation
may subsequently serve as a �ground truth� reference by
which emerging motor outflow is directed to its correct effer-
ent target.

In early development, self-generated movements and the
sensory feedback that arises from those movements (i.e.,
reafference) are modulated by behavioral state. During wake
(W) movements are typically continuous and sustained,
involve many muscles within and across limbs, and occur
against a background of high muscle tone; in contrast, the
myoclonic twitches of active sleep (AS) are characteristically
brief, entail discrete activation of individual limb muscles,
and occur against a background of muscle atonia. Moreover,
twitch-related reafference triggers high-fidelity propriocep-
tive input to sensorimotor structures across the neuraxis,
including M1 (for review, see Blumberg et al., 2020). By
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comparison, before P11, reafference arising from wake
movements is inhibited early in the processing stream
(Tiriac and Blumberg, 2016; Dooley and Blumberg, 2018),
perhaps to prevent a saturated reafferent signal from mu-
ddying developing sensory representations. Given these
unique features of twitching and the fact that cortical devel-
opment is an activity-dependent process (Katz and Shatz,
1996; Blankenship and Feller, 2010; Ackman et al., 2012), we
have proposed that twitches help to establish and refine M1�s
somatotopically precise sensory map (Dooley and Blumberg,
2018).

In adult monkeys, motor activity in M1 is correlated with
movement amplitude (Ashe and Georgopoulos, 1994). In P5
rats, we recently found that neural activity in primary somato-
sensory cortex (S1) is similarly correlated with the amplitude of
whisker movements (Dooley et al., 2020). Because M1 initially
functions as a sensory structure, we predicted that it also codes
for movement amplitude. To test this prediction, we tracked the
trajectory of limb movements with machine vision tools (Mathis
et al., 2018; Nath et al., 2019) while simultaneously recording
extracellular activity in the forelimb region of M1. As predicted,
we demonstrate that M1 activity at P8 is robustly tuned to the
amplitude of forelimb movements during active sleep, but not
wake. Moreover, nearly all M1 units exhibit similar amplitude-
tuning curves, leading to a repetitive�and thus, redundant�
coding of movement amplitude. In contrast, at P12, only a
minority of M1 units exhibit amplitude tuning, regardless of
sleep�wake state. M1 units also exhibit sensitivity to movement
direction at both ages, though to a lesser extent. Measures of
�background� activity (occurring in the absence of movements),
sparsity, and entropy increase dramatically by P12, indicating a
key transition from discontinuous to continuous activity and
increasing the informational content of M1 activity. Indeed,
redundant �all-or-nothing� reafferent responses across units are
common at P8 and rare at P12, further increasing the informa-
tional content of M1 activity. Altogether, these results highlight
multiple transitional features in M1�s developmental cascade
from an exclusively sensory structure to one that will ultimately
integrate sensorimotor information to organize motor outflow
and support motor learning (Kawai et al., 2015; Heindorf et al.,
2018).

Materials and Methods
All experiments were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals

(NIH Publication No. 80�23) and were approved by the Institutional
Animal Care and Use Committee of the University of Iowa.

Subjects. Sprague Dawley Norway rats (Rattus norvegicus) were used
at P8�P9 (hereafter referred to as P8; n= 8; body weight, 18.8 6 0.4 g)
and P12�P13 (hereafter referred to as P12; n=8; body weight, 30.6 6 0.7
g). Equal numbers of males and females were used, and all subjects were
selected from separate litters. Animals were housed in standard labora-
tory cages (48! 20! 26 cm) on a 12 h light/dark cycle, with food and
water available ad libitum. The day of birth was considered P0, and lit-
ters were culled to eight pups by P3.

Surgery. As described previously (Blumberg et al., 2015; Dooley
and Blumberg, 2018), a pup with a visible milk band was removed
from the litter and anesthetized with isoflurane gas (3�5%; Phoenix
Pharmaceuticals). A custom-made bipolar hook electrode (diame-
ter, 0.002 inch; epoxy coated; California Fine Wire) was inserted
into the nuchal muscle for state determination. Carprofen (5mg/kg,
s.c.; Putney) was administered as an anti-inflammatory analgesic.
After removing the skin above the skull, an analgesic was applied
topically (bupivacaine; Pfizer). The skull was dried with bleach.

Vetbond (3M) was applied to the skin around the skull, and a head
plate (Neurotar) was secured to the skull using cyanoacrylate
adhesive.

A trephine drill bit (1.8 mm; Fine Science Tools) was used to drill a
hole into the skull above the left forelimb representation of M1 (1.0 mm
anterior to bregma, 2.2�2.5 mm lateral from the sagittal suture). Two
smaller holes were drilled distally to the recording site for insertion of a
thermocouple and reference/ground electrode. A small amount of pea-
nut oil was applied over the recording site to prevent drying of the corti-
cal tissue. Surgical procedures lasted ; 15min.

The pup was then secured to a custom-made head-restraint appara-
tus inside a Faraday cage, with the torso of the animal supported on a
narrow platform. Brain temperature was monitored using a fine-wire
thermocouple (Omega Engineering) distal to the M1 recording site. The
pup was allowed to recover from anesthesia and acclimate for at least 1
h. The 1 h recording period did not begin until brain temperature was
36�37LC and the pup was cycling regularly between sleep and wake.

Electrophysiological recordings. The nuchal EMG electrode was
connected to a Lab Rat LR-10 Acquisition System (Tucker-Davis
Technologies). The EMG signal was sampled at ; 1.5 kHz and high-pass
filtered at 300Hz. A 16-channel silicon depth electrode (Model A4x4-3
mm-100�125-177-A16; NeuroNexus) was coated in fluorescent Dil
(Vybrant Dil Cell-Labeling Solution, Thermo Fisher Scientific) before
insertion. The electrode was inserted 600�1000mm (i.e., layers V�VI)
into the forelimb region of M1, angled 6L medially (Dooley and
Blumberg, 2018). A chlorinated Ag/Ag-Cl wire (diameter, 0.25 mm;
Medwire) was inserted distal to the M1 recording site, serving as both a
reference and a ground. The neural signal was sampled at ; 25 kHz, with
a high-pass filter (0.1Hz) and a harmonic notch filter (60, 120, and
180Hz) applied.

Electrode placement in the forelimb region of M1 was confirmed by
manually stimulating the forelimb and observing exafferent neural activ-
ity. [Because forelimb stimulation also triggers activity in primary soma-
tosensory cortex, histology was performed to further confirm electrode
placement in M1 (see below).] Neural activity fromM1 was recorded for
1 h using SynapseLite (Tucker-Davis Technologies) while the animal
cycled between sleep and wake states.

Video data collection. To digitally reconstruct forelimb movements
in three dimensions, video of the forelimb was recorded from front and
side camera angles using two Blackfly-S cameras (TELEDYNE FLIR).
Video was collected in SpinView (TELEDYNE FLIR) at 100 frames/s,
with a 3000 ms exposure time and 720! 540 pixel resolution. The two
cameras were hardwired to acquire frames synchronously and were initi-
ated using a common software trigger.

The synchronization of video and electrophysiological data was
ensured by using an external time-locking stimulus. A red LED con-
trolled by SynapseLite (Tucker-Davis Technologies) was set to pulse ev-
ery 3 s for a duration of 20ms. The LED was positioned to be in view of
both cameras. Each video was analyzed frame by frame with custom
MATLAB scripts to ensure an equal number of frames between LED
pulses. Although infrequent, when the number of frames between pulses
was less than expected, the video was adjusted by duplicating and insert-
ing one adjacent frame at that time point so as to preserve timing across
the recording. Thus, all videos were ensured to be time locked to the
electrophysiological data within 10ms.

Histology. At the end of the recording period, the pup was killed with
ketamine/xylazine (10:1; . 0.08mg/kg) and perfused with 0.1 M PBS, fol-
lowed by 4% paraformaldehyde. The brain was extracted and postfixed
in 4% paraformaldehyde for at least 24 h and was transferred to a 30%
sucrose solution 24�48 h before sectioning.

To confirm the location of the electrode within the forelimb region
of M1, the left cortical hemisphere was dissected from the subcortical tis-
sue and flattened between two glass slides (separated using two pennies)
for 5�10min. Small weights (10 g) applied light pressure to the top glass
slide. The flattened cortex was sectioned tangentially to the pial surface.
A freezing microtome (Leica Microsystems) was used to section the cor-
tex (80 mm sections). Free-floating sections were imaged at 2.5! using a
fluorescent microscope and digital camera (Leica Microsystems) to mark
the location of the DiI.
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forelimb twitch and wake movement was visually confirmed by the ex-
perimenter to identify and discard false positives.

For the analysis of movement amplitude, the forelimb position was
summed across the x-, y-, and z-dimensions using the Pythagorean theo-
rem. The peak amplitude was measured as the difference between the
point of maximum displacement (using a shared time point for each
dimension) and the median baseline position from"0.5 to 0 s before the
initiation of a twitch or wake movement. Because twitch amplitude fol-
lows an exponential distribution (see Fig. 3A), movements were sorted
into logarithmic bins of 0�1, 1�2, 2�4, 4�8, and 8�16 mm.

For the analysis of movement direction, the forelimb position was
transformed into polar coordinates along the rostral�caudal and
medial�lateral axes (see Fig. 5A). Movements were sorted into anterior�
posterior or medial�lateral bins. Because wake movements occur during
sustained bouts of continuous activity and regularly involve multidirec-
tional trajectories, they could not be analyzed for direction tuning in
M1.

Spike sorting. SynapseLite files were converted to binary files using
custom MATLAB scripts and sorted with Kilosort (Pachitariu et al.,
2016). Briefly, the 16 channels of neural data were whitened (covariance-
standardized) and bandpass filtered (300�5000Hz) before spike detec-
tion. Next, template matching was implemented to sort the event wave-
forms into clusters. The first-pass spike detection threshold was set to 6
SDs below the mean and the second-pass threshold was set to 5 SDs
below the mean. The minimum allowable firing rate was set to 0.01
spikes/s (sps), and the bin size for template detection was set to 656,000
sample points for P8 animals and 262,400 sample points for P12 animals
( ; 27 s and 11 s, respectively). All other Kilosort parameters were left at
their default values.

Clusters were visualized and sorted in Phy2 (Rossant and Harris,
2013). Putative single units (hereafter referred to as �single units�) were
defined as having (1) spike waveforms that reliably fit within a well iso-
lated waveform template, (2) a distribution along seven principal com-
ponents that was absent of clear outliers, and (3) an autocorrelogram
with a decreased firing rate at time lag 0 (indicative of the refractory pe-
riod of a single unit). Clusters meeting the first two criteria but not the
third were considered multiunits. Any cluster with a waveform template
indicative of electrical noise, a significantly low firing rate ( , 0.01 sps),
or amplitude drift across the recording period was discarded.

In total, 37 single units and 180 multiunits were isolated at P8, and
106 single units and 144 multiunits were isolated at P12. In preliminary
analyses, multiunits showed parsimonious results with single units and
thus were combined in all analyses (217 and 250 combined units at P8
and P12, respectively). Both single units and unique multiunit clusters
are hereafter referred to as �individual units.�

Spindle bursts. As described previously (Dooley et al., 2020), the neu-
ral signal was bandpass filtered at 5�40Hz with a stopband attenuation
of "60dB and a 1 Hz transition gap. A Hilbert transformation was
applied to the filtered waveform, and spindle burst onset was defined as
the first point at which the waveform amplitude exceeded the median
plus 2 SDs. Spindle bursts were defined as having a minimum duration
of 150ms.

Data shuffling. Two shuffling procedures were used to approximate
the null hypotheses in (1) kinematic analyses and (2) population-activity
analyses. First, for all kinematic analyses (see Figs. 3, 4, 5, 7C,D), twitches
and wake movements were randomly selected in proportion to the num-
ber of movements used in the main analysis. One hundred analyses were
performed using randomly selected forelimb movements, and the 99%
confidence interval was computed to approximate the distribution of the
null hypothesis. For example, see Figure 4A, in which twitches were ran-
domly selected (i.e., amplitude was ignored, but direction was controlled
for) and analyzed 100 times, and the 99% confidence interval was taken
to obtain the shuffled data.

Second, for all population�activity analyses (i.e., see Figs. 6, 7B), the
interspike intervals of each spike train were resampled and used to create
shuffled spike trains. This procedure conserves the overall firing rate and
temporal dynamics of each unit (Perkel et al., 1967; Rivlin-Etzion et al.,
2006). Analyses using the resampled spike trains were repeated 100 times,
and the 99% confidence interval computed to obtain the shuffled data.

Population analyses. The onset of movement periods was defined as
the onset of twitches and wake movements described above. The offset
of each movement period was defined as the time point 250ms after the
displacement of the forelimb returned below the threshold for detection
(described above) for the first time. Therefore, each movement period
was followed by 250ms to account for reafference arising from each
movement. The onset of nonmovement periods was defined as the offset
of movement periods, and therefore were preceded by 250ms of quies-
cence in the limb. The offset of the nonmovement periods was defined
as the initiation of the next movement. All nonmovement periods
, 250ms and all periods that overlapped were discarded from analysis
( , 2% of the duration of any recording).

Sparsity was defined according to Rolls and Tovee (1995) as follows:
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where n represents the number of forelimb movements of a given pup
and ri represents the firing rate of a given unit from 0 to 250ms after the
ith forelimb movement. Entropy (of a discrete random variable) was
defined according to the study by Shannon (1948), as follows:
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where n represents the number of possible states for a unit (based on its
firing rate) and pðxÞ represents the probability distribution of a given
unit in that state. Firing rate data were discretized according to proce-
dures outlined in the study by Timme and Lapish (2018). Briefly, the fir-
ing rate of a unit was calculated in 250 ms time windows, and each
window was assigned to one of three possible states based on a uniform-
width binning of the firing rate distribution.

For correlation analyses, movement and nonmovement periods were
broken down into 250 ms time windows and a Pearson correlation coef-
ficient of the firing rate was computed across time windows for every
possible unit�unit pair. All Pearson coefficients for an animal were aver-
aged together before comparison between P8 and P12.

�Population response� was defined as the percentage of all units
of a given pup that were �responsive� to a given forelimb movement.
A unit was considered responsive if its firing rate significantly
increased (i.e., above the 95% confidence interval of baseline firing
rate) after a forelimb movement; otherwise, a unit was considered
unresponsive.

Statistical analysis. All data were tested for normality using the
Shapiro�Wilk test, for equal variance using Levene�s test (for between-
subjects variables), and for sphericity using Mauchly�s test (for
within-subjects variables with greater than two groups) before anal-
ysis. In analyses in which the variance between groups was not
equal, a pooled error term was not used when generating simple
main effects and post hoc tests. In analyses in which sphericity was
violated, a Huynh�Feldt correction was applied to the degrees of
freedom. Probabilities and r

2 values were arc-sin transformed before
analysis. The mean and SEM are used throughout as measures of
central tendency and dispersion, respectively.

All analyses were performed as independent t tests, or two- or three-
way mixed-design ANOVAs. Simple main effects were only tested if the
interaction term was significant. In all two- and three-way ANOVAs, an
adjusted partial h 2 was used as an estimate of effect size that corrects for
positive bias because of sampling variability (Mordkoff, 2019). For all t

tests and one-way ANOVAs, an adjusted h 2 estimate of effect size was
reported.

Data availability. Raw data (action potential time stamps, behavioral
event time stamps, and forelimb position time series) will be made avail-
able on request. Select custom MATLAB scripts used here can be found
on Github (https://github.com/rglanz/Glanz_et_al._2021). Additional
scripts and data used will be made available on request.
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Results
To characterize the relationship between movement kinematics
and M1 activity, we tracked forelimb movements in three dimen-
sions for 1 h using two high-speed (100 frames/s) cameras ori-
ented perpendicularly to each other (Fig. 1A). The trajectory of
forelimb movements was quantified using DLC, a machine-
vision tool for behavioral analysis (Mathis et al., 2018; Nath et al.,
2019). At the same time, we performed extracellular recordings
in the contralateral forelimb region of M1 (Fig. 1B,C). Because
preliminary analyses indicated similar results for single units and
multiunits, all units were analyzed together. Figure 1D depicts
representative behavioral and electrophysiological data collected
at each age; most striking is the transition from discontinuous to
continuous unit activity from P8 to P12 (Movies 1, 2).

M1 activity is strongly modulated by behavioral state
Over the 60 min recording periods, P8 and P12 rats spent
57.4 6 3.2% and 44.8 6 7.6% of the time in active sleep, respec-
tively (t(14) =1.51, p=0.153, adjusted ĥ 2 = 0.140; Fig. 2A). Twitches
occurred significantly more frequently than wake movements at
both ages (P8: F(1,7) =92.08, p , 0.001, adjusted ĥ 2 = 0.859; P12:
F(1,7) =7.11, p=0.018, adjusted ĥ 2 = 0.289; Fig. 2B). The relative
abundance of active sleep and twitches, especially at P8, provides
ample opportunity for reafference from twitching limbs to drive
M1 activity.

Consistent with previous reports (Tiriac and Blumberg, 2016;
Dooley and Blumberg, 2018), we found here at P8 that twitches
drove relatively more M1 activity than did wake movements
(Fig. 2C). This state dependence in reafferent activity was signifi-
cant across age (F(1,14) = 30.16, p , 0.001, adjusted ĥ 2

p
= 0.660).

Compared with previous studies that relied on EMG recordings
in a single limb muscle to detect movement (Tiriac et al., 2014;
Tiriac and Blumberg, 2016; Dooley and Blumberg, 2018), the
video-based method used here substantially increased the num-
ber of twitches and wake movements that could be detected
across the entire limb. As a consequence, at P8 we now reliably
detected more M1 activation in response to wake movements
than previously reported (Tiriac and Blumberg, 2016; Dooley
and Blumberg, 2018); nonetheless, reafferent responses to
twitches were still larger than they were to wake movements.

M1 units are tuned to movement amplitude at P8
Asmentioned above, we recently reported in P5 rats that whisker
movement amplitude reliably predicts activity in S1 barrel cortex
(Dooley et al., 2020). Accordingly, we hypothesized here that M1
similarly codes for limb movement amplitude during the sensory
stage of its development. To test this hypothesis, the amplitude
of forelimb twitches and wake movements was aggregated across
three dimensions and compared with reafferent responses in M1.
To avoid potential bias, equal numbers of anterior/posterior and
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Figure 2. Twitch and wake movements trigger reafferent responses in M1. A, Mean
(6 SEM) percentage of time spent in active sleep at P8 (white) and P12 (gray). Black dots
show values for individual pups. B, Mean (6 SEM) rate of forelimb movements for twitches
during active sleep (blue) and movements during wake (red) at P8 (left) and P12 (right).
Gray lines show values for individual pups. Asterisks denote significant difference between
twitches and wake movements (p , 0.05). C, Peristimulus time histograms of mean firing
rate of M1 units in relation to twitches (blue) and wake movements (red) at P8 (left) and
P12 (right). Asterisks denote significant difference between responses to twitches and wake
movements (p , 0.05).

Movie 1. Relationship between forelimb twitching (left) and unit activity in the contralat-
eral forelimb region of M1 (top right) in a P8 rat. Limb movement was tracked using
DeepLabCut and visualized in MATLAB (bottom right). Each row in the M1 record represents
1 of 26 simultaneously recorded units; each unit is associated with a distinct audible tone.
Note the discontinuous pattern of M1 activity at this age. [View online]

Movie 2. Same as for Movie 1 except for 31 M1 units in a P12 rat. Note the continuous
pattern of M1 activity at this age. [View online]
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medial/lateral movements were selected at random for these
analyses. Finally, movement velocity and acceleration were
highly correlated with movement amplitude and thus were not
analyzed further (Pearson�s r, 0.71�0.98; data not shown).

We found that the amplitude of forelimb twitches was expo-
nentially distributed at P8 and P12, with small twitches being
more frequent than large twitches (Fig. 3A). In contrast, the am-
plitude of wake movements followed a positively skewed normal
distribution. To account for the exponential distribution of
twitches, forelimb movements were sorted into logarithmically
scaled amplitude bins from 20 to 24 mm (i.e., 1�16 mm).
Whereas small forelimb movements resulted primarily in the dis-
placement of the distal forelimb (i.e., wrist and digits; Fig. 3B,
top), large forelimb movements resulted in greater displacement
of the proximal forelimb (i.e., forearm and elbow). At P8,
twitches of increasing amplitude triggered increasing unit activa-
tion in M1 (Fig. 3B, bottom). This amplitude tuning was not
observed for wake movements at P8, or for twitches or wake
movements at P12.

The relationship between movement amplitude and response
strength�defined as the difference the mean firing rate 0�
250ms after a movement and the mean baseline firing rate deter-
mined at "3 to "2 s before a movement�is quantified in Figure
4A. At P8, response strength significantly increased with respect
to increasing twitch amplitude, but not wake movement ampli-
tude (F(1,216) = 250.27, p , 0.001, adjusted ĥ 2 = 0.535). This was
not the case at P12 (F(1,249) = 0.42, p= 0.520, adjusted ĥ 2 ,
0.001).

Although wake movements at P8, and all movements at P12,
did not show a significant relationship with amplitude when
averaged across units, it is still possible that some individual units
were tuned to movement amplitude. To characterize the rela-
tionship between movement amplitude and response strength on
a unit-by-unit basis, the response strength of each unit was fit to
a logarithmic model with respect to movement amplitude (Fig.
4B). A logarithmic model was chosen based on the relationship
between twitch amplitude and response strength observed at P8.
Both the slope and the goodness of fit (r2) of the model were
used to assess the relationship of each unit with movement am-
plitude. In Figure 4C, the r

2 value and slope of the model for
each M1 unit are shown. A minimum r

2 value of 0.75 was chosen
to consider an individual unit to be tuned to movement ampli-
tude. At P8, the vast majority of M1 units showed positive tuning
to amplitude, with r

2 values . 0.75 and slopes that exceeded
the 99% confidence interval of shuffled data. In contrast, for
wake movements at P8 and all movements at P12, only a frac-
tion of M1 units met these criteria, and some units even dis-
played negative relationships with amplitude (i.e., negative
tuning).

As shown in the stacked plots in Figure 4D, nearly all M1
units at P8 exhibited a positive tuning to twitch amplitude (posi-
tive, 91.7%; negative, 0%), indicating highly redundant responses
across units. In contrast, at P8, far fewer units exhibited ampli-
tude tuning to wake movements (positive, 30.9%; negative,
4.2%). At P12, relatively few units exhibited tuning to twitch am-
plitude (positive, 14.0%; negative, 3.2%) or wake movement am-
plitude (positive, 29.6%; negative, 9.2%), indicating a reduction
in response redundancy across units. Finally, to confirm that
these findings were not driven by an arbitrary selection of an r

2

threshold of 0.75, we repeated these tests using thresholds of 0.50
and 0.90 and found the same pattern of results (data not shown).

When positively and negatively tuned units are considered
separately, only twitches showed an age-related change in tuning

strength: small twitches (0�2 mm) at P12 were better able than
small twitches at P8 to drive M1 activity (F(1.31,291.02) = 10.01,
p= 0.001, adjusted ĥ 2 = 0.039; Fig. 4E). In contrast, amplitude
tuning for wake movements did not change with age for either
positively or negatively tuned units. Such a finding indicates that
M1 is better able to detect small twitches, but not wake move-
ments, at P12.

In summary, these findings extend previous reports (Tiriac
and Blumberg, 2016; Dooley and Blumberg, 2018) by showing
that forelimb twitches in early development differentially trigger
M1 activity across a range of movement amplitudes. This is the
first demonstration of amplitude coding in infant M1 and is con-
sistent with similar findings in S1 barrel cortex (Dooley et al.,
2020).

M1 units are sensitive to movement direction
We next analyzed M1 activity as a function of twitch direction.
(Because wake movements occur in prolonged bouts with multi-
ple changes in direction, they could not be included in this
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analysis.) Twitch direction was analyzed separately along the
following two dimensions: anterior�posterior and medial�
lateral (Fig. 5A). Because the pup�s limbs dangled freely in
our testing environment, forelimb twitches nearly always
traveled in a pendular motion (i.e., with dorsal, not ventral,

displacement). Thus, the dorsal�ventral dimension did not
provide unique information about twitch direction and was
therefore not analyzed. Again, to avoid potential bias, we
ensured that twitches in each direction had identical ampli-
tude distributions.

BA

C

Twitches

Wake movements

0 .25 .50 .75 1 0 .25 .50 .75 1

30

0

-15

15

15

30

0

-15

Sl
op

e 
(s

ps
/m

m
)

Sl
op

e 
(s

ps
/m

m
)

P8 P12

P8 P12

1 2 4 8 16 1 2 4 8 16

Re
sp

on
se

 st
re

ng
th

 (s
ps

)

0

6

3

9

12

Movement
amplitude (mm)

Movement
amplitude (mm)

*

Movement
amplitude (mm)

Movement
amplitude (mm)

*
*

Re
sp

on
se

 st
re

ng
th

 (s
ps

)

Positively tuned units

1 2 4 8 16

-4

4

8

12

0

1 2 4 8 16

Negatively tuned units

P8 Twitches
P12 Twitches

P8 Wake movements
P12 Wake movements

E

D

0

25

100

75

50

P8 P12

Twitches Wake
movements

Twitches Wake
movements

Pe
rc

en
ta

ge
 o

f a
ll 

un
its

+

+
+ +

–
–

–

Movement
amplitude (mm)

Model

y = 11.1 * 

Observed

1 2 4 8 16
0

4

8

12

16

Re
sp

on
se

 st
re

ng
th

 (s
ps

)

Figure 4. Individual-unit analysis of amplitude tuning in M1. A, Mean (6 SEM) response strength (Dfiring rate in relation to baseline) for twitches (blue) and wake movements (red) for all
M1 units at P8 (left) and P12 (right). The right edge of each amplitude bin is labeled on the x-axis. Color-coded shaded regions indicate 99% confidence intervals based on shuffled data.
Asterisk indicates significant difference between twitches and wake movements at P8 (p , 0.05). B, Representative example of the relationship of an individual M1 unit between response
strength and movement amplitude at P8, and its fit to a logarithmic model. The observed data (blue solid line) and model data (black dashed line) are shown alongside the 99% confidence
interval based on shuffled data (blue shaded region). The slope of the model (11.1 sps/mm) indicates the magnitude of the relationship between response strength and movement amplitude,
and the r2 value (0.96) represents the goodness of fit to the logarithmic function. C, Applying the method in B to all M1 units, the slope and r2 value for each unit is shown for twitches (blue)
and wake movements (red) at P8 and P12. The gray-shaded horizontal lines represent the 99% confidence intervals based on shuffled data, and the dashed vertical lines represent an r2 thresh-
old of 0.75. The shaded green regions to the right of the 0.75 threshold show units that are positively (slope . 0) and negatively (slope , 0) correlated with movement amplitude. D, Based
on the r2 threshold of 0.75 used in C, stacked plots show the percentage of units at P8 and P12 that are positively tuned to movement amplitude for twitches (dark blue) and wake movements
(dark red), negatively tuned for twitches (light blue) and wake movements (light red), or not tuned (white). E, As in A, the mean (6 SEM) response strength is shown as a function of move-
ment amplitude. Solid and dashed blue lines denote P8 and P12 twitches, respectively; solid and dashed red lines denote P8 and P12 wake movements, respectively. Positively and negatively
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Forelimb twitches occurred in all direc-
tions relative to the resting position of the
limb (Fig. 5B), but were most likely to
travel anteriorly at P8 and anteriorly and
medially at P12. In any direction, twitches
produced similar responses in M1 units at
both P8 and P12 (Fig. 5C). However, as
shown in Figure 5D, the average response
strength at P8 was significantly lower for
anterior compared with posterior twitches
(F(1,216) = 51.05, p , 0.001, adjusted ĥ 2 =
0.187) and medial compared with lateral
twitches (F(1,216) =53.75, p , 0.001, adjusted
ĥ 2 = 0.195). At P12, there was a small but
statistically significant difference in response
strength between anterior and posterior
twitches (F(1,249) =9.80, p=0.002, adjusted
ĥ 2 = 0.034), but not between medial and
lateral twitches (F(1,249) =0.28, p=0.599,
adjusted ĥ 2 , 0.001).

Again, the trends in direction-related
response strength, averaged across all
units, may have obscured the direction
tuning of individual units. Accordingly,
the direction tuning of individual units
was assessed by measuring the difference
in response strength between anterior/pos-
terior and medial/lateral twitches. At P8,
individual units tended to be responsive to
twitches that traveled posteriorly and later-
ally (Fig. 5E). By P12, receptive fields were
more uniformly distributed across all four
direction combinations. Indeed, at P8, the
majority of units were tuned to posterior
rather than anterior movements (69.6%
and 24.0%, respectively) and to lateral
rather than medial movements (73.3% and
22.1%, respectively; Fig. 5F). At P12, how-
ever, direction tuning was more evenly
distributed (range, 38.4�49.2%). Thus, as
with amplitude tuning, there was an age-
related reduction among M1 units in the
redundancy of direction tuning.

Sparse background activity emerges at
P12
Thus far, we have focused on the correlation
between movement kinematics and the fir-
ing rate of individual units. However, the ac-
tivity across units (i.e., population spiking
activity) also undergoes a marked develop-
mental shift: population activity shifts from discontinuous at P8 to
continuous at P12 (Fig. 6A). To characterize this change in popula-
tion activity, we draw a distinction between movement-related ac-
tivity�M1 activity occurring during and immediately after (i.e.,
within 250ms) limb movements�and background activity�M1
activity occurring during periods in which limb movements are
absent.

To characterize the change in population spiking activity
between P8 and P12, we first characterized four periods during
each recording session: (1) movement periods during active sleep
(i.e., periods of twitches); (2) nonmovement periods during
active sleep; (3) movement periods during active wake (i.e.,

periods of wake movements); and (4) nonmovement periods
during wake (Fig. 6B). Pups at both ages spent a greater percent-
age of time in nonmovement periods (P8: AS= 39.9%,
W=36.1%; P12: AS= 39.5%, W=47.4%) than in movement
periods (P8: AS= 17.0%, W=7.0%; P12: AS= 5.2%, W=8.0%).
As shown in Figure 6C, movement-related population activity
was significantly higher during active sleep than wake
(F(1,14) = 53.97, p , 0.001, adjusted ĥ 2

p
= 0.779), and this state

difference did not change between P8 and P12 (F(1,14) = 0.22,
p= 0.644, adjusted ĥ 2

p
, 0.001). Conversely, background popu-

lation activity was not only higher during active sleep compared
with wake (F(1,14) = 47.31, p , 0.001, adjusted ĥ 2

p
= 0.756), but

exhibited a threefold to fourfold increase between P8 and P12
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(F(1,14) = 39.21, p , 0.001, adjusted ĥ 2
p
= 0.718). Thus, the

increase in the population spiking activity of M1 between P8 and
P12 occurred almost entirely during nonmovement periods.

Next, we asked whether the patterning of M1 population ac-
tivity changed between P8 and P12. We first measured the
change in sparsity (the degree to which action potentials are uni-
formly distributed across time) and entropy (the informational
capacity available given the patterning of activity) from P8 to
P12. Importantly, sparsity and entropy interact to efficiently encode
sensory features in cortical networks (Barranca et al., 2014). Indeed,
across M1 units, both sparsity and entropy increased significantly
between P8 and P12 (sparsity: t(10.89) = 5.97, p , 0.001, adjusted
ĥ 2 = 0.744; entropy: t(14) =4.71, p , 0.001, adjusted ĥ 2 = 0.585;
Fig. 6D,E).

To assess whether the increase in uniform background activ-
ity affected population dynamics in M1, we computed unit-by-
unit correlations of activity during each of the four periods

outlined above. Figure 6F shows correlation matrices for repre-
sentative pups at P8 and P12 during active sleep (blue) and wake
(red) movement periods. Movement-related activity, but not
background activity, was significantly more correlated during
active sleep than wake (F(1,14) = 28.02, p , 0.001, adjusted ĥ 2

p
=

0.643; Fig. 6G). Moreover, movement-related activity was signifi-
cantly less correlated at P12 than at P8 (F(1,14) = 91.97, p , 0.001,
adjusted ĥ 2

p
= 0.859), as was background activity (F(1,14) = 53.41,

p , 0.001, adjusted ĥ 2
p
= 0.777). This decorrelation of population

activity further indicates a transition toward sparse�and there-
fore less redundant�M1 activity at P12. Although population
activity was significantly less correlated at P12, the observed cor-
relations were still stronger than expected (i.e., compared with
shuffled data). In other words, population spiking activity at P12
continued to exhibit an organized temporal structure.

Next, we sought to characterize the population-level activity
of M1 units in response to forelimb movements. For each given
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movement, an M1 unit was considered responsive if its firing
rate increased significantly (i.e., exceeded the 95% confidence
interval) relative to its baseline firing rate. If this threshold was
not reached, the M1 unit was considered �unresponsive� to that
particular movement. For each limb movement, then, the per-
centage of responsive M1 units�the population response�was
calculated (Fig. 7A). Figure 7B plots the mean percentage of fore-
limb movements across pups (y-axis) that triggered a given pop-
ulation response (x-axis).

At P8, a plurality (20�30%) of forelimb movements during
sleep and wake triggered only a small percentage of M1 units
(Fig. 7B, left). Also, twitches, but not wake movements, regularly
triggered activity ( ; 10% of responses) in nearly all M1 units. As
a consequence, population responses at P8 followed a near-expo-
nential distribution, with �all-or-nothing� responses occurring
frequently�especially in response to forelimb twitches.

At P12, the distributions of the population responses to
twitches and wake movements changed substantially (Fig. 7B,
right). Overall, forelimb movements at this age tended to trigger
activity in approximately half of the M1 units, resulting in an
approximately normal distribution. Indeed, all eight of the P12
rats�but only two of the eight P8 rats�exhibited normal

distributions of their population responses (data not shown).
Population responses were significantly larger for twitches than
wake movements, but this effect was smaller than that of age (P8
vs P12: F(3.51,49.15) = 26.93, p , 0.001, adjusted ĥ 2

p
= 0.607; AS vs

W: F(1,14) = 4.63, p=0.049, adjusted ĥ 2
p
= 0.194). Furthermore,

the distributions of population responses shifted as �all-or-noth-
ing� responses (i.e., , 10% or . 90% of units responding)
decreased from 26.9% at P8 to just 1.4% at P12. In other words,
M1 population responses became substantially less redundant by
P12.

We next determined whether movement kinematics predict
M1 population responses. As shown in Figure 7C, the population
response increased significantly as a function of movement am-
plitude at both ages, but the state-dependence of this relationship
was stronger at P8 (F(1,7) = 22.06, p , 0.001, adjusted ĥ 2 = 0.571)
than at P12 (F(1,7) = 9.37, p=0.008, adjusted ĥ 2 = 0.357). Overall,
larger movements drove more activity within and across M1
units, especially during active sleep at P8.

In contrast with movement amplitude, twitch direction was
not significantly related to population response at either age (an-
terior vs posterior: F(1,14) = 2.26, p= 0.155, adjusted ĥ 2

p
= 0.078;

medial vs lateral: F(1,14) = 2.70, p=0.123, adjusted ĥ 2
p
= 0.101;
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Fig. 7D). This finding mirrors the small (though significant) dif-
ferences in direction tuning observed in individual M1 units at
P8.

In summary, we found that M1 background activity increased
sharply between P8 and P12, and that all population activity
became sparser and more decorrelated across these ages. Also,
population responses became less sensitive to movement ampli-
tude at P12, and at the same time displayed a substantially differ-
ent statistical distribution (i.e., normal vs exponential) in
response to self-generated movements.

Kinematic tuning is not mediated by spindle bursts
Spindle bursts are brief thalamocortical oscillations (10�20Hz;
Fig. 8A,B) that are thought to contribute to early cortical devel-
opment (Hanganu et al., 2006; Tolner et al., 2012; Yang et al.,
2013; Dooley et al., 2020). Because spindle bursts are readily de-
tectable at P8 but not P12 (Shen and Colonnese, 2016), they could
potentially mediate the effect of twitch amplitude on M1 activity
at that earlier age. Indeed, spindle bursts were more likely to occur
during active sleep than during wake (t(7) = 2.94, p=0.022,
adjusted ĥ 2 = 0.489; Fig. 8C). However, whereas twitches and
wake movements occurred at a rate of 28.3 6 4.6 and 11.7 6
1.2min"1, respectively, spindle bursts occurred at a rate of
4.0 6 0.7min"1 during active sleep and 2.5 6 0.4min"1 during
wake. Consequently, only a small percentage of forelimb move-
ments (10.0 6 1.4%) occurred within 6 0.5 s of a spindle burst.

We determined the response strength within individual M1
units triggered on forelimb movements that did not occur within
6 0.5 s of a spindle burst as a function of movement amplitude
(Fig. 8D) and movement direction (Fig. 8E); response strength
was largely unchanged compared with the earlier analyses for
movement amplitude (Fig. 4A) and movement direction (Fig.
5D). M1 activity across units (population response) was similarly
unaffected when triggered only on forelimb movements that did
not occur within 6 0.5 s of a spindle burst (Fig. 8F). Altogether,
these findings indicate that the kinematic properties of M1 units
observed at P8, and the shift in kinematic properties at P12, are
not mediated by spindle bursts.

Discussion
We have demonstrated here in sleeping P8 rats that the process-
ing of reafference in M1 is sensitive to the kinematic features of
twitches�especially twitch amplitude. This is the first such dem-
onstration of rate coding of movement amplitude in M1.
Recently, in P5 rats, we similarly found that larger whisker
twitches more strongly drive neural activity in S1 barrel cortex
(Dooley et al., 2020). Although spontaneous activity also occurs
in the developing retina (Hanganu et al., 2006; Ackman et al.,
2012) and cochlea (Tritsch et al., 2007), it is not known whether
this activity produces rate-coded responses in visual and auditory
cortex, respectively.
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Figure 8. Kinematic tuning is not mediated by spindle bursts. A, Representative data from a P8 rat. From top to bottom: a trace of the local field potential (LFP) in M1, including the onset
of a spindle burst denoted with a black arrow; a filtered (5–40 Hz) LFP trace (red); unit activity in M1, with each row denoting a different unit and each vertical tick denoting an action poten-
tial; a trace of forelimb displacement (black), with twitches and wake movements denoted by blue and red arrows, respectively. B, Time–frequency spectrogram of LFP activity in M1, averaged
across all P8 rats. The analysis was triggered on the onset of detected spindle bursts. C, The rate of spindle bursts during active sleep (blue bar) and wake (red bar), as well as the overall rate
(white bar) is shown for P8 rats. Gray lines show the values for individual pups. Asterisk denotes significance difference between sleep and wake (p , 0.05). D, Same as in Figure 4A, but trig-
gered only on movements that did not occur within 6 0.5 s of a spindle burst. E, Same as in Figure 5D, but triggered only on twitches that did not occur within 6 0.5 s of a spindle burst. F,
Same as in Figure 7B, but triggered only on movements that did not occur within 6 0.5 s of a spindle burst.
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It is not clear whether M1 amplitude coding indicates tuning
to the position of the forelimb in space per se, or simply tuning
to the muscles that produce forelimb movements. For example,
it is possible that larger forelimb movements tend to be produced
by larger forelimb muscles (e.g., those at the shoulder), conse-
quently triggering stronger reafferent activation of M1. If this
were the case, one might expect that individual units would
respond selectively to twitches of either large or small muscles
(and thus either large or small movements). On the contrary, we
found at P8 that individual units were responsive across a range
of movement amplitudes. This observation suggests that each
unit is not tuned to a specific muscle, but rather to movement
amplitude across the entire limb.

Interestingly, once reafferent activity is conveyed to M1, it is
modulated in a state-dependent manner that, again, resembles
the state-dependent modulation found in S1 barrel cortex
(Dooley et al., 2020). In fact, although equally sized forelimb
twitches and wake movements are presumably similar in terms
of their patterns of forelimb muscle activation, twitches nonethe-
less produce substantially greater M1 activation (Fig. 2C). This
state-dependent amplitude tuning was particularly clear at the
level of individual units: of the 217 units recorded from at P8,
91% were tuned to twitch amplitude and 62% were tuned exclu-
sively to twitch amplitude (data not shown).

At P8, nearly all M1 units were sensitive to twitch direction
(Fig. 5). Assuming that twitches in different directions are caused
by recruitment of different combinations of muscles, this finding
suggests that M1 neurons at P8 are sensitive to the combination
of forelimb muscles producing each twitch. However, EMG
recordings of each forelimb muscle would be necessary to accu-
rately assess the contributions of each muscle to M1 activity at
this age. Notably, twitches with uncommon characteristics (e.g.,
large twitches, posterior/lateral twitches) produced the most unit
activity, suggesting that neural activity in M1 is biased toward
the detection of these twitches at P8. Thus, it may be that self-
generated movements with relatively rare kinematic properties
are amplified so as to ensure their continued representation in
the forelimb region of M1. This issue could be explored further
by monitoring the development of M1 tuning parameters in
response to experimental manipulation of twitch amplitude or
direction.

We also found that the informational content provided to M1
by twitch reafference increased from P8 to P12. At P8, amplitude
and direction tuning were uniformly distributed across M1 units:
91% of units were tuned to twitch amplitude (Fig. 4D) and 70�
73% of units were tuned to a single twitch direction (Fig. 5F).
Thus, when considering all units together, the kinematic infor-
mation about twitches was represented redundantly within M1.
Redundancy decreased by P12: the number of amplitude-tuned
units decreased to just 17% of all units, and at most 49% of
units were tuned to a single direction. This decrease in re-
dundancy, along with the increased responses of M1 units
to small twitches at P12 (Fig. 4E), indicates an increase in
informational content provided by twitches at P12.
Therefore, whereas the system at P8 seems to prioritize the
detection of self-generated movements, the system at P12
seems to prioritize the most efficient and informative repre-
sentation of those movements.

Finally, spindle bursts, a predominant thalamocortical oscilla-
tion in neonatal rats (Hanganu et al., 2006; Tolner et al., 2012;
Yang et al., 2013; Dooley et al., 2020), were too infrequent at P8
to mediate the observed effects of movement amplitude and
direction on M1 activity (Fig. 8C). Only 10% of forelimb

movements coincided with spindle bursts, and exclusion of those
movements from analysis did not alter the M1 response profiles
(Fig. 8D–F). Although one proposed role for spindle bursts is to
strengthen developing thalamocortical circuitry (Tolner et al.,
2012; Yang et al., 2013; Murata and Colonnese, 2016), it is
unclear how spindle bursts, compared with spiking activity
alone, are contributing to this process at P8. However, because
the rate of spindle bursts peaks during the first postnatal week
and decreases thereafter (Hanganu et al., 2006; Yang et al., 2009;
Shen and Colonnese, 2016), P8 may be beyond the age for prop-
erly identifying the functional contributions of spindle bursts to
M1 development.

Population activity in developing M1
At P8, population-level activity in M1 is discontinuous, occur-
ring primarily in discrete, correlated bursts of unit activity sepa-
rated by periods of silence (Fig. 6A). Neural activity in S1
(Golshani et al., 2009; van der Bourg et al., 2017) and primary
visual cortex (V1; Rochefort et al., 2009; Riyahi et al., 2021) is
similarly discontinuous at this age. It has been hypothesized that
discontinuous activity helps to maximize the detection of sponta-
neous peripheral activity (Colonnese and Phillips, 2018), thereby
aiding in the activity-dependent development of sensory net-
works (Katz and Shatz, 1996; Blankenship and Feller, 2010;
Ackman et al., 2012).

At P12, however, correlated activity disappears as background
activity, sparsity (a measure of the uniform distribution of action
potentials), and entropy (a measure of informational capacity)
increase. Such sparsification of cortical activity in M1 also occurs
at approximately P12 in S1 (Golshani et al., 2009; van der Bourg
et al., 2017) and V1 (Rochefort et al., 2009; Riyahi et al., 2021).
Sparsification of cortical activity is timed contemporaneously
with the sudden emergence of local cortical inhibition (Ben-Ari
et al., 2007; Colonnese, 2014; Dooley and Blumberg, 2018).
Moreover, recent modeling studies suggest that developmental
changes to the balance of inhibitory and excitatory processes in
cortex contribute to the sparsification of cortical activity at P12
(Rahmati et al., 2017; Romagnoni et al., 2020). Finally, given that
inhibitory interneurons strongly modulate cortical sensory proc-
essing in adulthood (Wood et al., 2017; Azim and Seki, 2019),
the development of inhibition in M1 may explain the develop-
mental reduction in redundant tuning properties observed here
at P12.

It is possible that the onset of sparsification in M1 depends on
the prior development of the forelimb representation of M1 via
sensory experience (i.e., reafference). Consequently, perturbing
early sensory experience may disrupt the onset of sparsification
in M1. Indeed, in neonatal mice, dark rearing (an example of
sensory deprivation) delays sparsification in V1 by 2�3 d
(Rochefort et al., 2009); in contrast, whisker plucking in neonatal
mice does not delay sparsification in S1 barrel cortex (Golshani
et al., 2009). Given such conflicting results, more work is needed
to clarify the conditions under which cortical sparsification is
affected by early sensory experience.

Surprisingly, the distribution of the M1 population response
to forelimb movements shifted from an approximately exponen-
tial to an approximately normal distribution over just 4 d (Fig.
7B). This shift in response distributions meant that M1 at P12
was less likely to exhibit an all-or-none response to a forelimb
movement and more likely to exhibit a response comprising
approximately half of the M1 units. This absence of redundant
population responses at P12 implies that forelimb movements
provide more informational content to M1 at this age. This new
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phase in M1 development in which reafferent input is more reli-
ably detected and more informationally dense may serve to
improve the effectiveness of M1�s sensory map as a reference for
its later-developing motor map.

Conclusion
The increase in variability in kinematic coding and robust
changes to population-level activity shown here foreshadows M1
functioning in adulthood: adult M1 neurons are exquisitely ver-
satile and heterogeneous, with each neuron able to simultane-
ously represent multiple kinematic (as well as temporal) features
of movement in both Cartesian and body-centered reference
frames (Wu and Hatsopoulos, 2006; Churchland and Shenoy,
2007; Hatsopoulos et al., 2007). The complexity of M1 activity in
adulthood is partially supported by sparse coding�in which
complex sensory input is reflected in precise, energetically effi-
cient responses (Olshausen and Field, 2004). The transition to
more complex sensory coding at P12, then, signifies an impor-
tant transition toward the development of complex network
properties, such as sparse coding, that will eventually enable M1
to produce complex movements and participate in motor learn-
ing (Kawai et al., 2015; Heindorf et al., 2018).
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