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Abstract In developing rats, behavioral state exerts a profound modulatory influence on neural
activity throughout the sensorimotor system, including primary motor cortex (M1). We hypothesized
that similar state-dependent modulation occurs in prefrontal cortical areas with which M1 forms
functional connections. Here, using 8- and 12-day-old rats cycling freely between sleep and wake,
we record neural activity in M1, secondary motor cortex (M2), and medial prefrontal cortex (mPFC).
At both ages in all three areas, neural activity increased during active sleep (AS) compared with
wake. Also, regardless of behavioral state, neural activity in all three areas increased during periods
when limbs were moving. The movement-related activity in M2 and mPFC, like that in M1, is driven
by sensory feedback. Our results, which diverge from those of previous studies using anesthetized
pups, demonstrate that AS-dependent modulation and sensory responsivity extend to prefrontal
cortex. These findings expand the range of possible factors shaping the activity-dependent develop-
ment of higher-order cortical areas.

Editor's evaluation

This manuscript examines neural activity in several cortical areas (such as the primary and secondary
motor cortex and the medial prefrontal cortex) across sleep-wake states and under anesthesia. The
quality of the recordings in infant rats is excellent, evidence is solid, and results are important in the
field of research into the role of active sleep in the neuronal and circuit mechanisms of early cortical
development. Some of the findings presented and the hypothesis developed are novel, and some
should hopefully prompt future developmental studies to look at sleep as an essential component
that cannot be replaced by using anesthetics.

Introduction
The functional development of cerebral cortex is a sinuous and often surprising process, even for
those structures with the most transparent of adult functions. Consider primary motor cortex (M1),
whose name reflects its well-established role in adult motor control: In early development, M1 does
not contribute to motor control at all, but instead functions exclusively as a sensory structure (Bruce
et al., 1980; Chakrabarty and Martin, 2005; Young et al., 2012, Tiriac et al., 2014; Dooley and
Blumberg, 2018, Singleton et al., 2021). The early-emerging somatosensory map in M1 provides the
foundation upon which its later-emerging motor map is built (Dooley and Blumberg, 2018).
Another surprising aspect of M1 in early development is that its activity is modulated by behavioral
state, in particular active sleep (AS, or REM sleep). In infant rats, this modulation reflects AS-depen-
dent increases in neural activity that are enhanced by limb movements during AS, called twitches, that
discretely and preferentially trigger sensory feedback to M1 (Dooley and Blumberg, 2018; Glanz
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et al., 2021). Importantly, AS-dependent modulation of activity is not unique to M1 but is seen in
many developing sensorimotor structures (Blumberg, 2015; Blumberg et al., 2020). Given that AS
predominates in early life (Jouvet-Mounier et al., 1969, Gramsbergen et al., 1970), it has been
posited that this sleep state plays an outsized role in typical and atypical development (Blumberg
et al., 2022).

That sleep so profoundly modulates neural activity in developing sensorimotor structures raises
the possibility that it also modulates activity in cortical areas that are directly or indirectly influenced
by sensorimotor input, including higher-order areas like prefrontal cortex. Of particular interest here
are two areas with which M1 forms connections: secondary motor cortex (M2) and medial prefrontal
cortex (mPFC) (Van Eden et al., 1992, Bedwell et al., 2014; Bedwell et al., 2017). As its name
implies, M2 has a particularly close functional and anatomical connection with M1: It integrates multi-
modal sensory cues for motor planning and modulates M1 activity during goal-directed action (Yin,
2009; Omlor et al., 2019, Barthas and Kwan, 2017, Morandell and Huber, 2017; Wang et al.,
2020). Like M1, M2 develops a somatotopic map, further highlighting its dependence on sensory
input (Yin, 2009; Kunori and Takashima, 2016, Omlor et al., 2019; Barthas and Kwan, 2017; Chen
et al., 2017, Singleton et al., 2021). Thus, we hypothesize that, in infant rats, M2 is similar to M1 with
respect to sensory responsiveness and modulation by behavioral state.

In contrast with M1 and M2, mPFC in adults is not closely associated with sensorimotor functions,
but rather with cognitive processes such as decision-making and attention (Tanji and Hoshi, 2001;
Tanji and Hoshi, 2008; Miller et al., 2002, Barbas and Zikopoulos, 2007, Euston et al., 2012).
In infant rats, it is not known whether behavioral state modulates activity in mPFC, nor is it known
whether mPFC processes sensory input. In fact, it has been theorized that prefrontal cortex, including
mPFC, develops its unique higher-order functions precisely because it develops independently of
sensory input (Johnson et al., 2015).

What is currently known about functional development in mPFC derives primarily from neural
recordings from rat pups under urethane anesthesia (Brockmann et al., 2011, Bitzenhofer et al.,
2015). Although urethane precludes natural sleep-wake cycles, it does not prevent expression of
spindle bursts in mPFC (Brockmann et al., 2011). Spindle bursts are brief thalamocortical oscillations
that, in primary sensory areas, are closely associated with the processing of sensory stimuli (Khazipov
et al., 2004; Hanganu et al., 2007, Dooley et al., 2020). In the mPFC of urethanized pups, however,
spindle bursts appear to occur spontaneously. Here, we determine if this is also the case in unanesthe-
tized pups—as well as test the hypothesis that the infant mPFC, like M1, is modulated by behavioral
state.

Using unanesthetized rats at postnatal days (P) 8 and P12, we find that M2 and mPFC exhibit state-
dependent modulation such that neural firing rates are highest during AS, especially during periods
of twitching. We also find that neurons in M2 and mPFC respond to sensory input arising from limb
movements that are self-generated (i.e., reafference) or other-generated (i.e., exafference). Finally, to
explain discrepancies between the present findings and those reported earlier, we show that urethane
administration at P8 prevents expression of behavioral state and brain-behavior relations. Altogether,
these findings demonstrate that previously documented effects of behavioral state and sensory expe-
rience on somatosensory activity in M1 extend to M2 and mPFC, thus pointing toward new directions
for conceptualizing activity-dependent development of higher-order cortical areas.

Results

We recorded extracellular unit activity in M1, M2, and mPFC in head-fixed rats at P8 and P12
(Figure 1A). For each pup, dual recordings were performed first in the forelimb regions of M1 and
M2 (also referred to as the caudal and rostral forelimb areas, respectively) for 40 min, followed by 50
manual stimulations of the forelimb contralateral to the recording sites. Next, the M2 electrode was
repositioned in mPFC and the recording and stimulation procedure was repeated but now with dual
recordings in M1 and mPFC. Electrode locations in M1, M2, and mPFC were confirmed histologically
(Figure 1B). At P8, we collected eight M1-M2 recordings (107 M1 units, 118 M2 units) and eight
M1-mPFC recordings (117 M1 units; 103 mPFC units); at P12 we collected nine M1-M2 recordings
(217 M1 units; 204 M2 units) and eight M1-mPFC recordings (222 M1 units; 179 mPFC units). Neural
activity, electromyographic (EMG) activity in the nuchal and biceps muscles, and high-speed video
(100 frames/s) were recorded as pups cycled between sleep and wake (Figure 1C, D). As expected
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Figure 1. Representative neural activity in M1, M2, and mPFC in P8 and P12 rats. (A) lllustration showing the surface locations of M1 (blue), M2
(magenta), and mPFC (gold). These color codes are used in all other figures. (B) From left to right, illustrations of coronal sections of M1, M2, and mPFC
beneath corresponding brightfield coronal sections that show a fluorescent electrode track in each area. (C) Representative 20-s segments of data from
paired recordings in M1 and M2 at P8 (left) and P12 (right) across behavioral states. For each record from the top, data are presented as follows: M2

Figure 1 continued on next page
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Figure 1 continued

local field potential (LFP) (magenta trace), M2 unit activity (magenta ticks), M1 LFP (blue trace), M1 unit activity (blue ticks), forelimb movement, and
nuchal electromyography (EMG). Bottom row: Behavioral states marked as active sleep (dark gray) or wake (light gray). (D) Same as in C, but for paired
recordings in M1 and mPFC (mPFC LFP, gold trace; mPFC unit activity, gold ticks).

(Dooley et al., 2021, Glanz et al., 2021, Gémez et al., 2021), pups spent more time in AS than
wake at P8 (AS: 57.7 + 2.5%; wake: 30.9 + 1.9%) and P12 (AS: 44.0 + 3.6%; wake: 39.3 + 3.5%). Also,
the transition from discontinuous cortical activity at P8 to continuous activity at P12 was evident in
all three areas, as described previously in primary somatosensory, motor, and visual cortex (Golshani
et al., 2009; Rochefort et al., 2009; van der Bourg et al., 2017, Glanz et al., 2021; Riyahi et al.,
2021).

Neural activity in M2 and mPFC is modulated by behavioral state

At P8, representative recordings in M1, M2, and mPFC illustrate substantial and often abrupt increases
in neural activity during AS (Figure 2A). In each area, the mean firing rate was significantly higher during
AS than wake (tys > 4.38, ps < 0.003, Cohen’s Ds > 1.55; Figure 2B; see Figure 2—figure supplement
1 for data from representative recordings). State-dependent modulation of cortical activity continued
through P12 (Figure 2C); once again, the mean firing rate in each area was significantly higher during
AS than wake (t;_gs > 3.17, ps < 0.016, Cohen’s Ds > 1.12, Figure 2D). Similarly, at P8, the rate of
spindle bursts was higher during AS than wake for all three areas (t;s > 3.805, ps < 0.007, Cohen's Ds
> 1.35; Figure 3) and were associated with increases in unit activity (Figure 3—figure supplement 1).
(Spindle bursts were not analyzed at P12 as they are not clearly discernable at this age.) Thus, like M1,
neural activity in M2 and mPFC is modulated at both ages in a state-dependent manner.

Neural activity in M2 and mPFC increases during periods of self-
generated movement

In infant rats, AS-dependent increases in M1 activity correspond with periods of limb movement (e.g.,
Glanz et al., 2021). Thus, we next determined whether the same is true for M2 and mPFC (Figure 4A).
At both ages, the mean firing rate in each area increased significantly during periods of movement
(Figure 4B). For all cases, repeated-measures analyses of variance (ANOVAs) revealed significant main
effects of behavioral state (Fy ;s > 16.90, ps < 0.005, 7,% > 0.71) and movement (F; ;.55 > 6.83, ps <
0.035, 7,%s > 0.49). None of the state X movement interactions was significant (F; ;_gs < 5.35), except
for one of the M1 tests at P8 (F,, = 6.11, p = 0.043, 5,2 = 0.47).

For each of the eight repeated-measures ANOVAs across P8 and P12, four planned comparisons
were conducted to compare firing rates within behavioral state across movement conditions and
within movement conditions across behavioral state (Figure 4B, C). Of the 32 planned comparisons,
31 were significant (t;_gs = 3.51, ps < 0.01, Cohen’s Ds > 1.24). The general pattern was for firing rates
to be highest during AS-related periods of movement (i.e., twitching), intermediate during periods of
AS-related periods of no movement and wake-related periods of movement, and lowest during wake-
related periods of no movement.

In summary, at P8 and P12, neural activity in M1, M2, and mPFC reflects the interactive effects
of behavioral state and movement. Given that all three areas exhibited similar movement-related
increases in activity and that M1 is known to respond to movement-related sensory feedback (Dooley
and Blumberg, 2018; Gémez et al., 2021), we determined next whether M2 and mPFC are also
responsive to sensory input.

Neurons in M2 and mPFC respond to sensory input

We quantified neural responses in M1, M2, and mPFC to forelimb twitches, wake movements, and
stimulations (Figure 5A). As expected (and in M1, consistent with previous results; Tiriac et al., 2014,
Dooley and Blumberg, 2018; Glanz et al., 2021; Gémez et al., 2021), units in M1 and M2 at both
ages responded to sensory input arising from twitches, wake movements, and stimulations; surpris-
ingly, so did units in mPFC. The percentage of responsive units in all three areas varied by age and
event type. At P8, M1 generally exhibited the highest percentage of responsive units, followed by M2
and then mPFC (t;s > 4.44, ps < 0.003, Cohen'’s Ds > 1.57; Figure 5B). Mean M2 responsiveness was
60.9 = 10.2% for twitches, 46.5 = 11.9% for wake movements, and 36.7 + 9.1% for stimulations; for
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Figure 2. State-dependent unit activity in M1, M2, and mPFC in P8 and P12 rats. (A) Representative 10-min segments of data from a P8 rat showing
mean firing rate (2-s bins) in relation to active sleep (dark gray) and wake (light gray). Top: Units in M1 and M2. Bottom: Units in M1 and mPFC. (B) Top:
Mean firing rates for M1 and M2 units during active sleep (AS) and wake (W). Bottom: Mean firing rates for M1 and mPFC units during AS and wake.
Mean firing rates for individual pups are shown as gray lines. Means * standard error of the mean (SEM). Asterisks denote significant difference between

Figure 2 continued on next page
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Figure 2 continued

states, p < 0.025. (C) Same as in A, but for a P12 rat. (D) Same as in B, but for P12 rats. (For M2, the values for one data pair exceed 8 spikes/s and are not
shown.)

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. State-dependent activity of individual units in M1, M2, and mPFC.

mPFC, these values were 37.8 = 8.0%, 20.6 = 7.5%, and 9.4 + 5.5%, respectively. At P12, responsive-
ness declined to low levels in all three areas, but M1 was still more responsive than M2 or mPFC (t;_gs
>3.13, ps £ 0.017, Cohen’s Ds > 1.11; Figure 5C).

Regardless of the mean responsiveness of a cortical area at a given age, when units were responsive
they exhibited response profiles (i.e., perievent time histograms, PETHSs) that were strikingly similar to
each other. These profiles indicate sensory responding because the peaks in activity occurred after the
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Figure 3. State-dependent spindle-burst activity in M1, M2, and mPFC in P8 rats. (A) Left column: Representative 50-s segment of local field potential
(LFP) data showing spindle bursts in the spectrogram for a paired M1 (top) and M2 (bottom) recording across active sleep (dark gray) and wake (light
gray). Right column: Same as for left column, but for a paired M1 (top) and mPFC (bottom) recording. (B) lllustration to show method for detecting
spindle bursts and calculating their amplitude and duration. Spindle bursts were defined when the median LFP amplitude exceeded, for at least 100
ms, an established threshold (horizontal dashed lines). (C) Bar graphs showing mean spindle-burst rate in M1, M2, and mPFC during active sleep (AS)
and wake (W). Mean firing rates for individual pups are shown as gray lines. Means + standard error of the mean (SEM). Asterisks denote significant
difference between states, p < 0.025.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Unit activity associated with spindle bursts in M1, M2, and mPFC.
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Figure 4. Movement-dependent unit activity in M1, M2, and mPFC in P8 and P12 rats. (A) Representative 20-s segment of data showing unit activity
(blue ticks), movement data (black trace), movement periods (green blocks), movement-detection threshold (horizontal dotted line), and behavioral
state. (B) Bar graphs showing mean firing rates for neurons in M1, M2, and mPFC during periods of movement (Mvt) or no movement (No Mvt) across
active sleep (AS) and wake (W). Mean firing rates for individual pups are shown as gray circles. Means + standard error of the mean (SEM). Brackets
denote significant difference between groups, p < 0.0125. (C) Same as in B, but for P12.
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Figure 5. M1, M2, and mPFC neural responses to sensory input in P8 and P12 rats. (A) Methodology for determining sensory responsiveness of
individual units. Left: Perievent time histogram (PETH) of unit firing rate (blue line) relative to a sensory event, showing the baseline window (BLW) and
response window (RW). Event onset denoted by dotted line at T.. Middle: Bar graph showing mean unit activity during the BLW and RW, response
threshold (dotted line), and the threshold calculation. Right: Stacked plot showing the percentage of units that exceeded the response threshold (blue)

Figure 5 continued on next page
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and percentage of units that did not (gray). (B) Stacked plots showing mean percentage of responsive (colored) and unresponsive (gray) units across
pups at P8. Top: Data from M1 (blue) and M2 (magenta) recordings. Bottom: Data from M1 (blue) and mPFC (gold) recordings. Means + standard error
of the mean (SEM). Asterisks denote significant difference between cortical areas, p < 0.017. PETHs to the right of each stacked plot show normalized
unit firing rates for responsive units only in each cortical area. (C) Same as in B, but at P12.

movement or stimulation (Figure 5B, C). Such response profiles were observed even when responsive
units were rare (e.g., mPFC at P12).

To assess whether M1, M2, and mPFC were similarly activated by sensory events, we next measured
each area's activation rate to compare the reliability with which each area responded to sensory
events. The activation rate was defined as the percentage of twitches, wake movements, or stimula-
tions for which at least 30% of responsive units in the area showed an increase in activity (Figure 6A);
this threshold was chosen based on prior study of population responses in M1 to self-generated
movements at P8 and P12 (Glanz et al., 2021). At P8, M2 and mPFC showed mean activation rates
that were similar to those in M1 (t;s < 2.28) (Figure 6B), with one exception: mPFC had a significantly
lower mean activation rate than M1 for stimulations (t; = 5.91, p < 0.001, Cohen’s D = 2.09). At P12,
mean activation rates in M2 and M1 were also similar (tgs < 2.53) (Figure 6C); for mPFC, the mean
activation rate for twitches was similar to that for M1 (t; = 1.73), but mean activation rates were
significantly lower in mPFC for wake movements and stimulations (tys > 4.06, ps < 0.005, Cohen’s Ds
> 1.43). Thus, whereas M1 and M2 had comparable activation rates to all three kinds of sensory events
at both ages, mPFC was generally less responsive than M1.

Spindle bursts in all three areas were associated with sensory events. In M1 and M2, spindle bursts
were significantly more likely to occur following twitches, wake movements, and stimulations when
compared to shuffled data (t;s > 5.79; ps < 0.001; Cohen’s Ds > 0.93) (Figure 6—figure supplement
1). Likewise, spindle bursts in mPFC reliably followed wake movements and stimulations (tys > 4.27,
ps < 0.004; Cohen’s Ds > 1.00), though not twitches (t; = 2.16). In most cases, sensory events were
equally likely to trigger spindle bursts across areas, with the exception of twitches for M2 and stimu-
lations for mPFC (tys > 3.51, ps < 0.01, Cohen'’s Ds > 1.24).

Finally, the fact that M1, M2, and mPFC all exhibited sensory responses at these ages led us
to consider the sources of this sensory input, as done previously for M1 and primary somatosen-
sory cortex (S1; Gémez et al., 2021). Specifically, we performed analyses to determine if sensory
input is conveyed in parallel to these structures or serially between them (e.g., from M1 to M2).
However, unlike with M1 and S1, this analysis yielded a null result: Individual sensory events did not
reliably trigger contemporaneous unit activity in M1 and M2, or M1 and mPFC above chance (data not
shown). This result suggests that the pathways through which sensory input reaches M2 and mPFC are
distinct from those that reach M1 and S1, and presently remain unknown.

In summary, as found previously in M1, both M2 and mPFC respond to sensory input in early devel-
opment with increases in spiking activity and spindle bursts.

Urethane anesthesia suppresses behavior and neural activity in M1 and
mPFC

The prefrontal activity described thus far does not resemble that reported previously in urethanized
pups (Brockmann et al., 2011; Bitzenhofer et al., 2015, Chini et al., 2019). To determine whether
the use of urethane accounts for this disparity, we recorded M1 and mPFC activity in an additional set
of P8 rats (n = 6/group) before and after administration of urethane (1.0 mg/g b.w. SC) or sterile saline.

Urethane administration produced rapid and dramatic effects on behavior and neural activity
(Figure 7A). Before urethane injection, pups cycled between sleep and wake, as evidenced by alter-
nating periods of high and low muscle tone accompanied by bouts of wake movements and twitches,
respectively. In contrast, urethane (but not saline) injection produced muscle atonia (with occasional
spasmodic increases in muscle tone) and suppressed limb movements, thus precluding identifica-
tion of sleep-wake states. Compared with saline, urethane injection produced significant percentage
decreases in limb movements (urethane: —87.14 + 6.75%, t5 = 11.90, p < 0.001, Cohen’s D = 4.86;
saline: +10.84 + 5.84%, ts = 1.00). Of the limb movements that remained after urethane, most
occurred during brief whole-body spasms; twitch-like movements were rarely observed.

Goémez et al. elife 2023;12:e82103. DOI: https://doi.org/10.7554/eLife.82103 9 of 24


https://doi.org/10.7554/eLife.82103

e Llfe Research article

Neuroscience

A

Mean Event Response Individual Event Responses
All Events Event 1 Event 2 Event 3

Responsive units A ﬁ

Unresponsive units A

(@) ( % (o) ()
Event 1 response  Event 2 response Event 3 response  Activation rate

Percent responsive > 30%: 80% of units 20% of units 40% of units

v X v, = 667%

B Activation Rate by Area Activation Rate by Area
100~ 100~ *
2 2
c M1 2 M1
c 50- < 50-
P8 5> M2 g ° MPFC
2 2
< <
TW|tch Wake  Stim TW|tch Wake  Stim
100- 100- * *
2 2
c M1 e M1
P12 § M2 g mPFC
2 2
< 0- < 0-
Twitch Wake  Stim Twitch  Wake  Stim

Figure 6. Response rates of M1, M2, and mPFC to sensory events in P8 and P12 rats. (A) Methodology for determining the activation rate of cortical
areas to sensory events. Left: lllustration of responsive (orange) and unresponsive (gray) units within an area. Right: lllustration of activity of responsive
neurons (opaque) to individual sensory events. For each of the three sensory events indicated, the percentage of responsive units is determined. Based
on the percentage of events that exceeds threshold (>30%; check marks), the activation rate is calculated. (B) Activation rates in M1, M2, and mPFC at
P8 to twitches (Twitch), wake movements (Wake), and stimulations (Stim). Left: Bar graphs showing percentage of sensory events that evoked a response
in M1 and M2. Right: Same as at left, but for M1 and mPFC. Mean activation rates for individual pups are shown as gray lines. Means + standard error of
the mean (SEM). Asterisks denote significant difference between areas, p < 0.017. (C) Same as in B, but at P12.

The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. Spindle bursts rates in M1, M2, and mPFC in response to sensory events in P8 rats.
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Figure 7. Urethane anesthesia suppresses unit activity in M1 and mPFC in P8 rats. (A) Representative 20-s segments of data from recordings in M1

and mPFC before (left) and after (right) injection of urethane (1.0 mg/g b.w.). For each record from the top, data are presented as follows: mPFC

local field potential (LFP) (gold trace), mPFC unit activity (gold ticks), M1 LFP (blue trace), M1 unit activity (blue ticks), forelimb movement, and nuchal
electromyography (EMG). (B) Representative 75-min segment of data showing mean unit firing rate (in 2-s bins) in M1 (blue) and mPFC (gold) before and
after injection of urethane (vertical dashed line). (C) Bar graphs showing mean firing rates of neurons across pups in M1 (left) and mPFC (right) during

the pre-injection (Pre) and post-injection (Post) periods for the urethane (UR) and saline (SAL) groups. Mean firing rates for individual pups are shown

as gray circles. Means * standard error of the mean (SEM). (D) Left: Survivor plots of pooled interspike intervals (ISls) for M1 units during the pre- and
post-injection periods for pups in the urethane (solid blue line) and saline (dashed blue line). Right: Same as at left but for mPFC during the pre-injection
(dark gold) and post-injection (light gold) periods. Asterisks denote significant difference (p < 0.025) between urethane and saline groups for IS| values at
the bottom fifth percentile (dashed horizontal lines).

Figure 7 continued on next page
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Figure 7 continued
The online version of this article includes the following figure supplement(s) for figure 7:

Figure supplement 1. Urethane anesthesia reduces the rate of spindle bursts in M1 and mPFC in P8 rats.

Urethane administration also disrupted neural activity in M1 and mPFC (Figure 7A, B), causing
reductions in firing rate of over 85% (Figure 7C). Mean reductions in firing rate were significant for
both M1 (t,0 = 3.83, p = 0.003, Cohen’s D = 2.21) and mPFC (t40 = 5.01, p < 0.001, Cohen'’s D = 2.94).
Urethane also dramatically and significantly reduced the mean rate of spindle bursts in the two areas
(tags = 3.18, ps < 0.01, Cohen’s Ds > 1.83) (Figure 7—figure supplement 1).

Urethane also changed the temporal patterning of neural activity (Figure 7A). In the absence of
urethane, neural activity in both areas exhibited the discontinuous pattern characteristic of cortical
activity at P8 (Golshani et al., 2009, van der Bourg et al., 2017; Glanz et al., 2021). In contrast,
urethane injection produced a burst-suppression pattern that is characteristic of general anesthesia
as well as coma, hypothermia, and neonatal trauma (Grigg-Damberger et al., 1989; Steriade et al.,
1994; Hellstrom-Westas et al., 2006, Shanker et al., 2021). This pattern, comprising population
bursts separated by periods of relative silence lasting 10 s or longer, is illustrated by survivor plots
of interspike intervals (ISls) (Figure 7D): In both areas, whereas the pre-injection S| distributions for
urethane and saline are indistinguishable, the post-injection distributions for the urethane group devi-
ates substantially from the saline group, especially for longer ISls where the pronounced shoulders in
the plots, indicative of inter-burst silence, are evident. For the bottom fifth percentile of ISls, we found
a significant difference between urethane and saline groups during the post-injection period in both
M1 and mPFC (tgs > 3.36; ps < 0.007; Cohen'’s Ds > 1.94), but not during the pre-injection period (tss
< 1.64).

In summary, urethane anesthesia at P8 eradicates sleep-wake cycling, suppresses behavior, and
produces atypical neural activity.

Discussion

We demonstrate here in P8 and P12 rats that neurons in two prefrontal areas—M2 and mPFC—exhibit
state-dependent neural activity and responsivity to somatosensory stimuli. First, at both ages, neural
activity in M2 and mPFC increases specifically during AS, similar to previous findings at these ages in
M1 and S1 (Tiriac et al., 2014; Dooley et al., 2020; Glanz et al., 2021). Second, we find that neurons
in M2 and mPFC respond to reafference arising from twitches and wake movements, and exafference
arising from manual stimulation, with the proportion of responsive neurons generally being highest in
M1 and decreasing across M2 and mPFC. Finally, we show that urethane thwarts accurate assessments
of brain—-behavior relations in developing cortex by suppressing neural activity and abolishing sleep-
wake states, thus explaining discrepancies between the present and previous findings. Altogether,
these results highlight the potential importance of sleep and sensory experience for the functional
development of prefrontal cortex.

Prefrontal cortex is most active during sleep

In developing rats, AS modulates spiking and oscillatory activity in M1 and S1 (Blumberg et al., 2020;
Dooley et al., 2020; Glanz et al., 2021), findings that we now extend to M2 and mPFC. Neural
activity in these two areas was highest during movement-related periods of AS, but it was also higher
during AS than wake even in the absence of movement. These findings suggest that state-dependent
neuromodulation is a general feature of infant cortical activity. Although neuromodulators like acetyl-
choline and serotonin, respectively, influence early cortical activity (Hanganu et al., 2007; Janiesch
et al., 2011) and development (Kolk and Rakic, 2022), it is not yet known whether these and other
neuromodulators are released in a state-dependent fashion, as is known to occur in adults (Lee and
Dan, 2012; Jones, 2020).

Prefrontal cortex responds to sensory input

Sensory experience in early life scaffolds developing sensory and sensorimotor systems, providing
information about the growing body and the world it inhabits (Blumberg, 2015). Notably, recent
evidence from the visual system of both rodents and primates suggests that how sensory input reaches
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cortex is fundamentally different in infants and adults. In adults, sensory information flows through a
hierarchical network, from primary cortical areas to higher-order cortical areas. But, in the developing
visual system, both primary and higher-order visual areas receive parallel sensory input directly from
thalamus (Warner et al., 2012; Murakami et al., 2022). Likewise, in the developing sensorimotor
system, both M1 and S1 receive parallel sensory input (Dooley and Blumberg, 2018; Gémez et al.,
2021). This ascending sensory input to M1 and S1 may refine somatotopy and connectivity within
and between these cortical areas, thus laying a foundation for their further development, including
the later emergence of M1's motor functionality (Dooley and Blumberg, 2018, Gémez et al., 2021).

M2 is a higher-order sensorimotor area with a somatotopic representation, though its organization
is coarser than M1's (Mohammed and Jain, 2014; Mohammed and Jain, 2016). Thus, it is perhaps
not surprising that we found that M2 units, like those in M1, exhibit short-latency sensory responses to
self- and other-generated forelimb movements. In contrast, mPFC does not exhibit somatotopic orga-
nization. Indeed, it has been theorized that the development of higher-order functions in prefrontal
cortex derives in part from its relative independence from sensory input, relying instead on intrinsic (or
spontaneous) neural activity (Johnson et al., 2015; Johnson et al., 2021, Werchan and Amso, 2017).
Thus, it was surprising to find that mPFC units exhibit short-latency sensory responses with profiles
that are nearly identical with those in M1 and M2 (Figure 5B, C).

The similar response profiles in M1, M2, and mPFC imply that the sensory events were triggered
by the same subcortical source, as is the case with M1 and S1 at these ages (Gémez et al., 2021).
However, our attempts to identify this source yielded null results. Thus, the source of M2 and mPFC's
short-latency sensory responses in early development remains unknown, and likely differs from the
source for M1 and S1. Moving forward, future studies may need to combine precise stimulation of
ascending pathways with recordings in M2 and mPFC.

Across M1, M2, and mPFC, we observed a declining proportion of sensory-responsive units, with
the highest proportion in M1 and the lowest in mPFC. Importantly, because mPFC is not somato-
topically organized, by testing only forelimb sensory input it is likely that we are underestimating
the proportion of mPFC units that respond to somatosensory input. Thus, the decreasing sensory
responsiveness across M1, M2, and mPFC likely reflects their decreasing somatotopic homogeneity
(Figure 8; Asanuma and Mackel, 1989; Bedwell et al., 2014; Barthas and Kwan, 2017).

Further, there is no reason to believe that sensory responses in the developing mPFC are exclusive
to the somatosensory system. In adults, mPFC receives multimodal inputs (Hoover and Vertes, 2007,
Bedwell et al., 2014) and is responsive to auditory stimuli arriving from the posterior medial thalamic
nucleus (Martin-Cortecero and Nufez, 2016). Accordingly, we expect neurons in developing mPFC
to respond to somatosensory input from other parts of the body, as well as visual, auditory, olfactory,
and gustatory input. Thus, whereas unimodal sensory input to primary sensory areas enables the
development of somatotopic homogeneity, multimodal sensory input to prefrontal cortex may enable
the development of functional heterogeneity.

Urethane abolishes brain-behavior relations

Until now, developmental investigations of rat prefrontal cortex were conducted in urethanized pups
(Brockmann et al., 2011, Bitzenhofer et al., 2015). Although urethane is known to alter neural
activity and behavior (Dyer and Rigdon, 1987; Simons et al., 1992, Sorrenti et al., 2021), prior
studies have discounted the significance of these affects. In fact, it has been claimed that urethane

M1 M2 mPFC

Functional

Sensory heterogeneity

homogeneity

Figure 8. Summary illustration of sensory and functional gradients across M1, M2, and mPFC. Somatotopic
organization (red) is more homogeneous in M1 than in M2 and mPFC. In contrast, functional organization
(lavender) is more heterogeneous in mPFC than in M2 and M1.
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mimics natural sleep in infant and adult rodents (Clement et al., 2008; Pagliardini et al., 2013,
Bitzenhofer et al., 2015).

The present findings cannot be reconciled with these claims. Despite using a light dose in P8 rats,
urethane eradicated natural sleep-wake states and profoundly suppressed neural activity and limb
movements. Also, firing rates and oscillatory activity in M1 and mPFC exhibited a burst-suppression
pattern that is not observed in healthy unanesthetized pups (Grigg-Damberger et al., 1989; Steriade
et al., 1994; Hellstrém-Westas et al., 2006; lyer et al., 2014; Shanker et al., 2021). Finally, we were
unable to assess the effects of urethane on the sensitivity of mPFC to reafferent and exafferent stimuli
because, respectively, urethane suppressed self-generated movements and exafferent processing was
nearly absent even in unanesthetized pups.

Thus, as is increasingly appreciated in adults (Akeju and Brown, 2017, Mondino et al., 2022),
anesthesia in infants is not a suitable proxy for natural sleep or sleep-related neural activity. Nor is it
compatible with the goal of understanding brain-behavior relations in early development. Accord-
ingly, extreme caution is warranted when interpreting results from anesthetized infant animals.

Conclusions

Consistent with previous findings in sensorimotor cortex, we find that behavioral states and sensory
experiences influence neural activity in developing PFC. These findings raise the possibility that the
development of prefrontal cortex is influenced by more than intrinsic activity alone and that—similar
to the discovery of the sensory foundations of ‘motor cortex’ (Chakrabarty and Martin, 2005;
Dooley and Blumberg, 2018; Glanz et al., 2021; Singleton et al., 2021)—the early activity in PFC
may not be related in obvious ways to its higher-order functions in adults. Thus, we propose that
state-dependent modulation and sensory responsiveness are general features of developing cortex.
In other words, the early functional development of primary and higher-order cortical areas may be
more similar than currently appreciated.

Finally, although the similarities and differences between rodent and primate PFC have been
debated for decades (Preuss, 1995; Uylings et al., 2003; Barthas and Kwan, 2017; Carlén, 2017,
Laubach et al., 2018), there is still no consensus regarding the extent to which non-primates have
cortical areas homologous to primate PFC. When defining PFC, different researchers variously empha-
size anatomical connectivity and functional criteria, resulting in terminological confusion. For example,
in rodents, M2 goes by many names and may perhaps be considered part of mPFC (Barthas and
Kwan, 2017). The current study does not resolve these issues and was not designed to do so, but
does suggest that a developmental-comparative approach will prove useful for clarifying PFC’s evolu-
tionary and functional history, as it has for other cortical domains (Krubitzer and Dooley, 2013).

Materials and methods

Source or reference Identifiers Additional information

Strain, strain background
(Rattus norvegicus)

Sprague-Dawley Norway Rats Envigo

Commercial assay or kit

Viybrant Dil Cell-Labeling Solution Life Technologies

Cat #: V22885

Chemical compound, drug

3,3-Diaminobenzidine
Tetrahydrochloride (DAB)

Spectrum TCI-D0078-5G

Chemical compound, drug

Isoflurane Phoenix Pharmaceuticals  Item #: 0010250 3-5%

Chemical compound, drug

Ketamine hydrochloride

10:1 with xylazine (cocktail:

Akorn Animal Health NDC: 59399-114-10 >0.08 mg/kg, IP)

Chemical compound, drug

1:10 with ketamine (cocktail:

Lloyd Laboratories sc-362949Rx >0.08 mg/kg, IP)

Chemical compound, drug Catalase from bovine liver Sigma-Aldrich C9322
Chemical compound, drug Cytochrome c from equine heart Sigma-Aldrich C2506
Chemical compound, drug Carprofen Putney #200-522 0.1 mg/kg

Continued on next page
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or resource Designation Source or reference Identifiers Additional information
Chemical compound, drug Bupivacaine Pfizer NDC 0409-1162-19 0.25%

Chemical compound, drug Urethane Sigma-Aldrich CAS #: 51-79-6 1.0 mg/g b.w.

Software, algorithm MATLAB, version 2020a Mathworks RRID: SCR_001622

Software, algorithm

Spike2, version 8

Cambridge Electronic
Design

RRID: SCR_000903

Software, algorithm Adobe lllustrator Adobe RRID:SCR_010279

Software, algorithm Adobe Photoshop Adobe RRID:SCR_014199
https://www.flir.com/products/

Software, algorithm Spinview FLIR spinnaker-sdk/
https://github.com/
Mouseland/Kilosort;

Software, algorithm Kilosort Marius Pachitariu Pachitariu, 2023
https://github.com/cortex-

The Cortical Processing lab/phy; Rossant and Harris,
Software, algorithm Phy2 Laboratory at UCL 2022
Software, algorithm SPSS IBM RRID:SCR_019096

Software, algorithm

https://www.tdt.com/
Tucker Davis Technologies component/synapse-software/

Other

3M https://www.3m.com/ Tissue adhesive

Experimental animals
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 Institu-
tional Animal Care and Use Committee of the University of lowa (protocol # 0021955).
Sprague-Dawley rats at P8-9 (hereafter ‘P8’; body weight: 20.76 = 1.77 g) and P12-P13 (hereafter
‘P12’; body weight: 30.74 + 2.16 g) were used. Pups were born to dams housed in standard laboratory
cages (48 x 20 x 26 cm) with a 12-hr light/dark cycle. Food and water were available ad libitum. The
day of birth was considered PO and litters were culled to eight pups by P3. To protect against litter
effects, pups selected from the same litter were always assigned to different experimental groups
(Abbey and Howard, 1973; Lazic and Essioux, 2013). In addition, pups were randomly assigned to
experimental groups.

Experiment 1: Recordings in unanesthetized pups
In Experiment 1, we recorded M1, M2, and mPFC activity from unanesthetized rats at P8 and P12.

Experimental procedure
Surgical preparation

Surgery was performed using established methods (Blumberg et al., 2015; Glanz et al., 2021).
Briefly, on the day of recording a pup of healthy weight and with a visible milk-band was removed
from the litter, anesthetized with isoflurane (3.5-5%, Phoenix Pharmaceuticals, Burlingame, CA), and
placed on a heating pad. Bipolar electrodes (California Fine Wire, Grover Beach, CA) were inserted
into the nuchal muscle and left and right forelimb muscles (biceps brachii) and secured with collo-
dion. An anti-inflammatory agent (Carprofen, 0.1 mg/kg SC; Putney, Portland, ME) was administered
and the torso of the pup was wrapped in soft surgical tape. The scalp was sterilized with iodine and
ethanol, and a portion of the scalp was removed to reveal the skull; a topical analgesic (bupivacaine,
0.25%,; Pfizer, New Work, NY) was applied to the skull surface and surrounding skin, and then a veter-
inary adhesive (Vetbond; 3M, St. Paul, MN) was used to secure the skin to the skull. A steel head-fix
(Neurotar, Helsinki, Finland) was attached to the skull using super glue (Loctite; Henkel Corporation,

Goémez et al. elife 2023;12:e82103. DOI: https://doi.org/10.7554/eLife.82103 15 of 24


https://doi.org/10.7554/eLife.82103
https://identifiers.org/RRID/RRID:SCR_001622
https://identifiers.org/RRID/RRID:SCR_000903
https://identifiers.org/RRID/RRID:SCR_010279
https://identifiers.org/RRID/RRID:SCR_014199
https://www.flir.com/products/spinnaker-sdk/
https://www.flir.com/products/spinnaker-sdk/
https://github.com/MouseLand/Kilosort
https://github.com/MouseLand/Kilosort
https://github.com/cortex-lab/phy
https://github.com/cortex-lab/phy
https://identifiers.org/RRID/RRID:SCR_019096
https://www.tdt.com/component/synapse-software/
https://www.tdt.com/component/synapse-software/
https://www.3m.com/

e Llfe Research article

Neuroscience

Westlake, OH) and dried with accelerant (INSTA-SET, Bob Smith Industries, Atascadero, CA). The pup
was secured in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA) and, under isoflurane anes-
thesia, a steel trephine (1.8 mm; Fine Science Tools, Foster City, CA) was used to drill openings in the
skull over forelimb M1 (all coordinates from bregma; P8: +1.0 mm rostrocaudal (RC), 1.8 mm medio-
lateral (ML); P12: +1.0 mm RC, 1.8-2.0 mm ML), forelimb M2 (P8 and 12: +2.0 mm RC, 1.0 mm ML),
and mPFC (P8 and P12: +1.8 mm RC, 0.5 mm ML). The pup was then transported to the recording
rig, where it recovered for at least 1 hr. Recording began only after regular sleep-wake cycles were
observed and intracranial temperature reached 36°C.

Data acquisition

Neurophysiological and EMG data were collected using a data acquisition system (Tucker-Davis Tech-
nologies, Gainsville, FL) with sampling rates of approximately 25 and 1.5 kHz, respectively. Neural
data were collected simultaneously from two cortical locations using 16-site, 3 or 5 mm silicon-iridium
electrodes (A1x16-3 mm-100-177-A16 or A1x16-5 mm-100-177-A16; NeuroNexus, Ann Arbor, Ml).
Before insertion, electrodes were coated with a fluorescent dye (Dil; Invitrogen, Waltham, MA) for
later confirmation of placement. A chlorinated silver wire (0.25 mm in diameter; Medwire, Mt. Vernon,
NY) was inserted into occipital cortex and used as both reference and ground. Neural data were
recorded and visualized using Synapse software (Tucker-Davis Technologies). Video was collected
using a BlackFly-S camera (100 fps) and SpinView software (FLIR Integrated Systems, Wilsonville, OR).
To enable synchronization of the video and electrophysiological records, an LED was positioned within
the camera frame and was programmed to flash once every 3 s (Dooley et al., 2021).

Experimental design

We performed two sequential recordings in 10 pups at P8 (five female) and 14 pups at P12 (seven
female). We first recorded activity from the forelimb regions of M1 and M2. Electrodes were inserted
into the target sites and allowed to settle for at least 10 min. To confirm electrode placements in
the forelimb region of both areas before recording began, the experimenter used a cotton-tipped
dowel to move the contralateral forelimb while monitoring neural activity. If forelimb-related activity
was not detected during the first electrode placement (a rare occurrence), the electrode was with-
drawn, repositioned, and lowered again; electrodes were never repositioned more than twice. Video
and neurophysiological data were recorded for 40 min as the pup cycled freely between sleep and
wake. This period was followed by 50 manual stimulations of the right forelimb (as described above),
delivered approximately 2-3 s apart. Upon completion of the stimulation protocol, the electrode in
M2 was carefully withdrawn, coated again with Dil, and reinserted into mPFC (the M1 electrode was
not disturbed). After the electrode settled in mPFC for at least 10 min, we again recorded video and
neurophysiological data for 40 min, followed by 50 stimulations of the right forelimb. In total, the
M1-M2 dataset consisted of eight recordings at P8 and nine at P12; the M1-mPFC dataset consisted
of eight recordings at P8 and eight at P12.

Data analysis
Processing of neurophysiological data

Neurophysiological data were filtered for unit activity (bandpass: 300-5000 Hz) and converted into
binary files. Templates for putative spikes were extracted using Kilosort (Pachitariu et al., 2016) and
visualized using Phy2 (Rossant and Harris, 2022), as previously (Dooley et al., 2021; Glanz et al.,
2021, Gémez et al., 2021). Spike waveforms and autocorrelations were used to identify single units
and multiunits. Preliminary analyses were performed to confirm that the activity profiles of single units
and multiunits did not differ in any systematic way. Thus, all subsequent analyses were conducted using
both single-unit and multiunit activity (hereafter ‘units’ or ‘unit activity’). To obtain local field potentials
(LFPs), neurophysiological data were downsampled to ~1000 Hz, smoothed (0.005 s), and converted
into binary files. Spike-time and LFP data were imported into MATLAB for analysis. To extract spindle
bursts, LFP signals were bandpass filtered at 10-20 Hz (stopband attenuation: ——60 dB; transition
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gap: 1 Hz) and the phase and amplitude of the filtered signal were calculated using a Hilbert trans-
form (Glanz et al., 2021). Spindle bursts were defined as events for which the waveform amplitude
exceeded, for at least 100 ms, the median amplitude plus two standard deviations of the baseline
amplitude. Spindle-burst onset was determined using previously described methods (Dooley et al.,
2020).

Analysis of behavioral state

Motor activity and behavioral state were assessed visually using video and corroborated with EMG.
We used custom-written MATLAB scripts to detect frame-by-frame changes in pixel intensity within
user-defined regions of interest (Dooley et al., 2021). We selected two regions, one encompassing the
right forelimb and the other encompassing the entire body, to allow detection of movement periods.
Movements were represented as changes in pixel intensity across time. We then imported movement,
neurophysiological, and EMG data into Spike2 (Cambridge Electronic Design, Cambridge, UK).

Recording data were separated into periods of AS and wake. AS was defined by the presence of
myoclonic twitches occurring against a background of nuchal muscle atonia. Twitches appear as brief,
jerky limb movements and as sharp spikes in the EMG record. Wake was defined by the presence
of increased nuchal muscle tone relative to AS, most commonly initiated by and containing large-
amplitude movements of multiple limbs (Del Rio-Bermudez et al., 2020; Glanz et al., 2021). Periods
of behavioral quiescence that were not defined as AS or wake were examined but not included in the
present analyses. Behavioral state was always scored blind to neural activity.

To quantify differences in firing rate across AS and wake, for each unit we calculated the mean
firing rate over the duration of each state; we then calculated mean firing rate across units within each
brain area for each pup. At P8, we also assessed whether the occurrence of spindle bursts was state
dependent. For each area in each animal, we determined the mean rate of spindle bursts during AS
and wake, and then calculated the mean rates across pups. Spectrograms of oscillatory activity were
generated using the sonogram function in Spike2. (This analysis was not performed at P12 because
spindle bursts are not clearly discernable at this age.)

To delineate differences between state- and movement-dependent changes in firing rate in M1,
M2, and mPFC, we calculated the mean firing rate in each area during periods of movement. Move-
ment and non-movement periods were extracted using custom MATLAB scripts from whole-body
movement data (derived from video as described above). The onset of a movement period occurred
when movement data exceeded a threshold value of 3x greater than baseline for at least 250 ms; the
offset of a movement period occurred when movement data decreased below threshold. Movement
and non-movement periods were categorized as to whether they occurred during AS or wake. Mean
firing rates were calculated for each unit during the following conditions: AS with movement, AS with
no movement, wake with movement, and wake with no movement. We determined the mean firing
rate across units within an area and then the mean rate across pups.

Analysis of sensory activity

We analyzed neural activity in M1, M2, and mPFC in response to twitches, wake movements, and
stimulations (hereafter referred to collectively as ‘sensory events’). First, we scored twitches of the
right forelimb during AS. The onset of a twitch was defined as the first video frame showing move-
ment. When a bout of rapid twitching was detected, the first twitch in the bout was always scored;
subsequent twitches in the bout were also scored if they could be clearly distinguished from the
previous twitch (e.g., by a change in movement direction). We also scored individual forelimb wake
movements; because wake movements typically occur as bouts of long continuous sequences, only
the first limb movement in a bout was scored. The onset time of each forelimb stimulation was scored
as the first video frame in which the dowel touched the forelimb. Sensory events were also always
scored blind to neural activity.

To determine whether units in M1, M2, and mPFC were responsive to sensory input, we constructed
PETHSs for unit activity triggered on sensory events. We calculated PETHs in spikes/s for each unit,
triggered on sensory events (window = 1's, offset = 0.5 s, bin size = 10 ms). We then defined a base-
line window (BLW; —500 to —200 ms before the event) and a sensory-response window (RW; 0-200
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ms after the event) and calculated the mean firing rate within each window. If the firing rate during
the RW was greater than the mean baseline firing rate plus 2x the standard deviation of the baseline
value (Xpw > XpLw + 2 * opLw), the unit was categorized as ‘responsive’. Using only responsive units,
we again calculated average PETHSs within each structure and normalized the data to the maximum
value within each PETH.

To assess the reliability of neural responses to sensory events, we examined the activation rate,
defined as the percentage of events to which each area responded. Again, using only responsive
units, we examined the activity of each unit before and after each sensory event, using the same
BLW as above but increasing the RW to 0-300 ms after the event so that the window durations were
equal. For a given unit within a cortical area, if the summed unit activity within the RW exceeded a
threshold defined as 1.5x the summed unit activity within the BLW (3> RW > 1.5 x > BLW), the unit
was categorized as having an event response. When more than 30% of recorded units within a cortical
area exceeded this threshold, it was determined that the area as a whole for that pup was activated
(Glanz et al., 2021). If a pup had no responsive units in a given area, that area’s activation rate was
set to zero.

Finally, to assess whether spindle bursts are associated with sensory events in M1, M2, and mPFC,
we calculated the probability that a spindle burst was preceded by a sensory event for each area.
First, for each spindle burst, we defined a window of time spanning 500 ms before the spindle burst
onset. If a sensory event occurred within that window, we inferred that the sensory event triggered the
spindle burst. We then divided the number of spindle bursts preceded by a sensory event by the total
number of spindle bursts to derive a probability for that behavioral state or stimulation period. Prob-
abilities were calculated for each area in each animal, and then averaged across animals. To establish
the probability that a spindle burst was preceded by a sensory event due to chance, we performed
100 random reshuffles of sensory-event and spindle-burst onset times within a behavioral state or
stimulation period. We used the mean probability of these 100 reshuffles to derive the expected
(chance) probability for each type of sensory event. We then compared the expected and observed
probabilities to determine whether spindle bursts were reliably preceded by sensory events. Finally,
we compared spindle-event probabilities across areas to determine if the reliability of a sensory event
preceding a spindle was similar across areas.

Experiment 2: Recordings in urethanized pups
In Experiment 2, we used P8 rats to assess the effects of urethane anesthesia on behavior and neural
activity in M1 and mPFC.

Experimental procedure
Surgical preparation

Surgical preparation. Pups were prepared for neurophysiological recording as in Experiment 1, with
one exception: After securing EMG electrodes, a small (1-mm) incision was made in the skin near the
base of the tail and surgical-grade silicon tubing (inner diameter: 0.020 in; outer diameter: 0.037 in;
SAl Infusion Technologies, Lake Villa, IL) was secured subcutaneously with veterinary adhesive.

Data acquisition
Neurophysiological and video data were acquired as in Experiment 1.

Experimental design

We recorded from P8 rats before and after injection of urethane (n = 7) or saline (n = 6). We recorded
baseline video and neurophysiological data for 30 min while pups cycled between sleep and wake,
followed by 50 stimulations of the right forelimb as in Experiment 1. We then infused urethane
(1.0 mg/g b.w.; Sigma-Aldrich, St. Louis, MO) or an equivalent volume of sterile saline (Fresenius
Kabi, Bad Homburg, Germany) through the implanted cannula. This procedure minimized disruption
of the pup and allowed for uninterrupted recording of data. Also, subcutaneous infusion of urethane
produces a comparable level of surgical anesthesia as intraperitoneal injection and reduces the like-
lihood of organ puncture (Maggi and Meli, 1986; Field and Lang, 1988; Matsuura and Downie,
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2000). We waited at least 10 min for the drug to take effect, after which data were again recorded for
30 min followed by 50 stimulations of the right forelimb. One pup was excluded from analysis due to
the complete loss of neural activity after urethane administration.

Data analysis
Processing of neurophysiological and video data

Neurophysiological and video data were processed as in Experiment 1. However, because sleep-wake
states were eradicated in the urethanized pups, they were not scored and analyzed.

Analysis of changes in movement quantity

We compared the effects of urethane and saline administration on movement based on pixel-change
data derived from video, as in Experiment 1. For each pup, we visualized the smoothed (0.01 s) whole-
body movement data in Spike2 to determine the baseline level of activity. Baseline movement activity
was based on the mean pixel change across five 1-s windows during which no movement occurred.
Then, in MATLAB, we summed the movement data (in pixel intensity changes per frame) separately
during the pre- and post-injection periods; for each period, we performed a baseline subtraction. The
sums of the movement data in the pre- and post-injection periods were divided by the total duration
of each period. Next, for each pup we calculated the percentage change in movement between the
pre- and post-injection periods. Finally, we calculated the mean percentage change across pups for
each experimental group.

Analysis of changes in firing rate

We calculated the mean firing rate of each unit in M1 and mPFC during the pre- and post-injection
periods. For each pup, we calculated mean unit firing rate within each area, and then calculated mean
firing rates for each area across pups in the two experimental groups.

Analysis of ISls
For each pup, we calculated the bottom fifth percentile of ISls during the pre- and post-injection
periods for the two experimental groups.

Analysis of changes in spindle-burst activity

We identified spindle bursts from LFP data as described in Experiment 1, using the pre-injection
period to calculate the baseline LFP amplitude. The rate of spindle bursts was calculated for the pre-
and post-injection periods.

Histology

At the end of each experiment, pups were overdosed with ketamine—xylazine (>0.08 mg/kg, intra-
peritoneal) and perfused transcardially with phosphate-buffered saline (PBS, 1 M) followed by 4%
paraformaldehyde (PFA). The brain was extracted and fixed for at least 24 hr in PFA and 48 hr in
phosphate-buffered sucrose. Brain tissue was sliced coronally (80 pm) using a freezing microtome
(Leica Biosystems, Wetlzar, Germany) and tissue was wet-mounted to locate the electrode tracks
using fluorescence microscopy (x2.5-5 magnification; Leica Microsystems). Sections were placed in
well plates and stained for cytochrome oxidase (CO) to visualize cortical layers. Well plates were filled
with CO solution (catalase, cytochrome C, DAB, phosphate-buffered H,O, and DiH,0) and sections
were allowed to develop in solution for 3-6 hr on a heating pad (Dooley et al., 2021). Sections were
then rinsed with PBS, slide-mounted, and allowed to dry for 48 hr; slides were then placed in citrus
clearing solution for 5 min, after which they were cover-slipped with dibutylphthalate polystyrene
xylene (DPX) mounting medium. Cover-slipped slides were allowed to dry for at least 24 hr. Fluores-
cent and brightfield images (at x2.5-5 magnification) were imported into Adobe lllustrator (San Jose,
CA) and electrode tracks were reconstructed. CO-stained slides were used to determine the border
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between S1 and M1 (using layer 4 as a boundary). We demarcated mPFC and M2 based on the struc-
ture and orientation of cortical layers and with the aid of brain atlases (Paxinos and Watson, 2009;
Khazipov et al., 2015).

Statistical analyses

All statistical analyses were performed in SPSS (IBM) and MATLAB. Probabilities and percentages
were arcsine transformed before statistical testing to correct for edge effects. For all tests, a was set
to 0.05, unless otherwise specified; when appropriate, the Bonferroni correction procedure was used.
A Shapiro-Wilk test was used to assess normality. We tested for significance using repeated-measures
ANOVA and paired and unpaired t tests. Means are reported with their standard error (SEM). We
report effect sizes for ANOVA as partial eta square (17,%) and for t tests as Cohen'’s D.
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Data availability

Whenever possible, individual data points are represented within a figure. Raw data (including
timestamps of action potentials, oscillatory events, behavioral events, and behavioral states) have
been uploaded to Dryad (https://doi.org/10.5061/dryad.18931zd1w). Select custom MATLAB
scripts are available on Github (https://github.com/lexjgomez/Gomez_et_al_2023, (copy archived at
swh:1:rev:53d289b76363d841590cb78182402175c997887d)).

The following dataset was generated:

Author(s) Year Dataset title Dataset URL Database and Identifier
Gomez L, Dooley J, 2022 Activity in developing https://dx.doi.org/ Dryad Digital Repository,
Blumberg M prefrontal cortex is shaped 10.5061/dryad. 10.5061/dryad.18931zd 1w
by sleep and sensory 18931zd1w
experience
References

Abbey H, Howard E. 1973. Statistical procedure in developmental studies on species with multiple offspring.
Developmental Psychobiology 6:329-335. DOI: https://doi.org/10.1002/dev.420060406, PMID: 4793362

Akeju O, Brown EN. 2017. Neural oscillations demonstrate that general anesthesia and sedative states are
neurophysiologically distinct from sleep. Current Opinion in Neurobiology 44:178-185. DOI: https://doi.org/
10.1016/j.conb.2017.04.011, PMID: 28544930

Asanuma H, Mackel R. 1989. Direct and indirect sensory input pathways to the motor cortex; its structure and
function in relation to learning of motor skills. The Japanese Journal of Physiology 39:1-19. DOI: https://doi.
org/10.2170/jjphysiol.39.1

Barbas H, Zikopoulos B. 2007. The prefrontal cortex and flexible behavior. The Neuroscientist 13:532-545. DOI:
https://doi.org/10.1177/1073858407301369, PMID: 17901261

Barthas F, Kwan AC. 2017. Secondary motor cortex: where “ sensory ” meets “ motor ” in the rodent frontal
cortex. Trends in Neurosciences 40:181-193. DOI: https://doi.org/10.1016/].tins.2016.11.006, PMID:
28012708

Bedwell SA, Billett EE, Crofts JJ, Tinsley CJ. 2014. The topology of connections between rat prefrontal, motor
and sensory cortices. Frontiers in Systems Neuroscience 8:177. DOI: https://doi.org/10.3389/fnsys.2014.00177,
PMID: 25278850

Bedwell SA, Billett EE, Crofts JJ, Tinsley CJ. 2017. Differences in anatomical connections across distinct areas in
the rodent prefrontal cortex. The European Journal of Neuroscience 45:859-873. DOI: https://doi.org/10.
1111/ejn.13521, PMID: 28083963

Bitzenhofer SH, Sieben K, Siebert KD, Spehr M, Hanganu-Opatz IL. 2015. Oscillatory activity in developing
prefrontal networks results from theta-gamma-modulated synaptic inputs. Cell Reports 11:486-497. DOI:
https://doi.org/10.1016/j.celrep.2015.03.031, PMID: 25865885

Blumberg MS. 2015. Developing sensorimotor systems in our sleep. Current Directions in Psychological Science
24:32-37. DOI: https://doi.org/10.1177/0963721414551362, PMID: 25937709

Blumberg MS, Sokoloff G, Tiriac A, Del Rio-Bermudez C. 2015. A valuable and promising method for recording
brain activity in behaving newborn rodents. Developmental Psychobiology 57:506-517. DOI: https://doi.org/
10.1002/dev.21305, PMID: 25864710

Blumberg MS, Dooley JC, Sokoloff G. 2020. The developing brain revealed during sleep. Current Opinion in
Physiology 15:14-22. DOI: https://doi.org/10.1016/j.cophys.2019.11.002, PMID: 32864534

Blumberg M.S, Dooley JC, Tiriac A. 2022. Sleep, plasticity, and sensory neurodevelopment. Neuron 110:3230-
3242. DOI: https://doi.org/10.1016/j.neuron.2022.08.005, PMID: 36084653

Brockmann MD, P&schel B, Cichon N, Hanganu-Opatz IL. 2011. Coupled oscillations mediate directed
interactions between prefrontal cortex and hippocampus of the neonatal rat. Neuron 71:332-347. DOI: https://
doi.org/10.1016/j.neuron.2011.05.041, PMID: 21791291

Bruce IC, Tatton WG, Playfair T, Unit N, Hospital TW. 1980. Sequential output-input maturation of kitten motor
cortex. Experimental Brain Research 39:411-419. DOI: https://doi.org/10.1007/BF00239305, PMID: 7398833

Carlén M. 2017. What constitutes the prefrontal cortex? Science 358:478-482. DOI: https://doi.org/10.1126/
science.aan8868, PMID: 29074767

Chakrabarty S, Martin JH. 2005. Motor but not sensory representation in motor cortex depends on postsynaptic
activity during development and in maturity. Journal of Neurophysiology 94:3192-3198. DOI: https://doi.org/
10.1152/jn.00424.2005, PMID: 16033940

Chen TW, Li N, Daie K, Svoboda K. 2017. A map of anticipatory activity in mouse motor cortex. Neuron
94:866-879.. DOI: https://doi.org/10.1016/j.neuron.2017.05.005, PMID: 28521137

Chini M, Gretenkord S, Kostka JK, Pépplau JA, Cornelissen L, Berde CB, Hanganu-Opatz IL, Bitzenhofer SH.
2019. Neural correlates of anesthesia in newborn mice and humans. Frontiers in Neural Circuits 13:38. DOI:
https://doi.org/10.3389/fncir.2019.00038, PMID: 31191258

Goémez et al. elife 2023;12:e82103. DOI: https://doi.org/10.7554/eLife.82103 21 of 24


https://doi.org/10.7554/eLife.82103
https://doi.org/10.5061/dryad.18931zd1w
https://github.com/lexjgomez/Gomez_et_al_2023
https://archive.softwareheritage.org/swh:1:dir:4f3c7b8d39abd184658c217ad28699a79628c71f;origin=https://github.com/lexjgomez/Gomez_et_al_2023;visit=swh:1:snp:630af6f754ed183322b737e929ac5bd7a1f24664;anchor=swh:1:rev:53d289b76363d841590cb78182402175c997887d
https://dx.doi.org/10.5061/dryad.18931zd1w
https://dx.doi.org/10.5061/dryad.18931zd1w
https://dx.doi.org/10.5061/dryad.18931zd1w
https://doi.org/10.1002/dev.420060406
http://www.ncbi.nlm.nih.gov/pubmed/4793362
https://doi.org/10.1016/j.conb.2017.04.011
https://doi.org/10.1016/j.conb.2017.04.011
http://www.ncbi.nlm.nih.gov/pubmed/28544930
https://doi.org/10.2170/jjphysiol.39.1
https://doi.org/10.2170/jjphysiol.39.1
https://doi.org/10.1177/1073858407301369
http://www.ncbi.nlm.nih.gov/pubmed/17901261
https://doi.org/10.1016/j.tins.2016.11.006
http://www.ncbi.nlm.nih.gov/pubmed/28012708
https://doi.org/10.3389/fnsys.2014.00177
http://www.ncbi.nlm.nih.gov/pubmed/25278850
https://doi.org/10.1111/ejn.13521
https://doi.org/10.1111/ejn.13521
http://www.ncbi.nlm.nih.gov/pubmed/28083963
https://doi.org/10.1016/j.celrep.2015.03.031
http://www.ncbi.nlm.nih.gov/pubmed/25865885
https://doi.org/10.1177/0963721414551362
http://www.ncbi.nlm.nih.gov/pubmed/25937709
https://doi.org/10.1002/dev.21305
https://doi.org/10.1002/dev.21305
http://www.ncbi.nlm.nih.gov/pubmed/25864710
https://doi.org/10.1016/j.cophys.2019.11.002
http://www.ncbi.nlm.nih.gov/pubmed/32864534
https://doi.org/10.1016/j.neuron.2022.08.005
http://www.ncbi.nlm.nih.gov/pubmed/36084653
https://doi.org/10.1016/j.neuron.2011.05.041
https://doi.org/10.1016/j.neuron.2011.05.041
http://www.ncbi.nlm.nih.gov/pubmed/21791291
https://doi.org/10.1007/BF00239305
http://www.ncbi.nlm.nih.gov/pubmed/7398833
https://doi.org/10.1126/science.aan8868
https://doi.org/10.1126/science.aan8868
http://www.ncbi.nlm.nih.gov/pubmed/29074767
https://doi.org/10.1152/jn.00424.2005
https://doi.org/10.1152/jn.00424.2005
http://www.ncbi.nlm.nih.gov/pubmed/16033940
https://doi.org/10.1016/j.neuron.2017.05.005
http://www.ncbi.nlm.nih.gov/pubmed/28521137
https://doi.org/10.3389/fncir.2019.00038
http://www.ncbi.nlm.nih.gov/pubmed/31191258

e Llfe Research article

Neuroscience

Clement EA, Richard A, Thwaites M, Ailon J, Peters S, Dickson CT. 2008. Cyclic and sleep-like spontaneous
alternations of brain state under urethane anaesthesia. PLOS ONE 3:€2004. DOI: https://doi.org/10.1371/
journal.pone.0002004, PMID: 18414674

Del Rio-Bermudez C, Kim J, Sokoloff G, Blumberg MS. 2020. Active sleep promotes coherent oscillatory activity
in the cortico-hippocampal system of infant rats. Cerebral Cortex 30:2070-2082. DOI: https://doi.org/10.1093/
cercor/bhz223, PMID: 31922194

Dooley JC, Blumberg MS. 2018. Developmental “awakening” of primary motor cortex to the sensory
consequences of movement. elLife 7:e41841. DOI: https://doi.org/10.7554/eLife.41841, PMID: 30574868

Dooley JC, Glanz RM, Sokoloff G, Blumberg MS. 2020. Self-generated whisker movements drive state-
dependent sensory input to developing barrel cortex. Current Biology 30:2404-2410. DOI: https://doi.org/10.
1016/j.cub.2020.04.045, PMID: 32413304

Dooley JC, Sokoloff G, Blumberg MS. 2021. Movements during sleep reveal the developmental emergence of a
cerebellar-dependent internal model in motor thalamus. Current Biology 31:5501-5511. DOI: https://doi.org/
10.1016/j.cub.2021.10.014, PMID: 34727521

Dyer RS, Rigdon GC. 1987. Urethane affects the rat visual system at subanesthetic doses. Physiology & Behavior
41:327-330. DOI: https://doi.org/10.1016/0031-9384(87)90396-9, PMID: 3432386

Euston DR, Gruber AJ, McNaughton BL. 2012. The role of medial prefrontal cortex in memory and decision
making. Neuron 76:1057-1070. DOI: https://doi.org/10.1016/j.neuron.2012.12.002, PMID: 23259943

Field KJ, Lang CM. 1988. Hazards of urethane (ethyl carbamate): A review of the literature. Laboratory Animals
22:255-262. DOI: https://doi.org/10.1258/002367788780746331, PMID: 3050270

Glanz RM, Dooley JC, Sokoloff G, Blumberg MS. 2021. Sensory coding of limb kinematics in motor cortex across
a key developmental transition. The Journal of Neuroscience 41:6905-6918. DOI: https://doi.org/10.1523/
JNEUROSCI.0921-21.2021, PMID: 34281990

Golshani P, Gongalves JT, Khoshkhoo S, Mostany R, Smirnakis S, Portera-Cailliau C. 2009. Internally mediated
developmental desynchronization of neocortical network activity. The Journal of Neuroscience 29:10890-
10899. DOI: https://doi.org/10.1523/JNEUROSCI.2012-09.2009, PMID: 19726647

Gémez LJ, Dooley JC, Sokoloff G, Blumberg MS. 2021. Parallel and serial sensory processing in developing
primary somatosensory and motor cortex. The Journal of Neuroscience 41:3418-3431. DOI: https://doi.org/10.
1523/JNEUROSCI.2614-20.2021, PMID: 33622773

Gramsbergen A, Schwartze P, Prechtl HFR. 1970. The postnatal development of behavioral states in the rat.
Developmental Psychobiology 3:267-280. DOI: https://doi.org/10.1002/dev.420030407, PMID: 5527425

Grigg-Damberger MM, Coker SB, Halsey CL, Anderson CL. 1989. Neonatal burst suppression: its
developmental significance. Pediatric Neurology 5:84-92. DOI: https://doi.org/10.1016/0887-8994(89)90032-5,
PMID: 2469427

Hanganu IL, Staiger JF, Ben-Ari Y, Khazipov R. 2007. Cholinergic modulation of spindle bursts in the neonatal rat
visual cortex in vivo. The Journal of Neuroscience 27:5694-5705. DOI: https://doi.org/10.1523/JNEUROSCI.
5233-06.2007, PMID: 17522314

Hellstrom-Westas L, Rosén |, de Vries LS, Greisen G. 2006. Amplitude-integrated EEG classification and
interpretation in preterm and term infants. NeoReviews 7:e76-e87. DOI: https://doi.org/10.1542/neo.7-2-e76

Hoover WB, Vertes RP. 2007. Anatomical analysis of afferent projections to the medial prefrontal cortex in the
rat. Brain Structure & Function 212:149-179. DOI: https://doi.org/10.1007/s00429-007-0150-4, PMID:
17717690

lyer KK, Roberts JA, Metséranta M, Finnigan S, Breakspear M, Vanhatalo S. 2014. Novel features of early burst
suppression predict outcome after birth asphyxia. Annals of Clinical and Translational Neurology 1:209-214.
DOI: https://doi.org/10.1002/acn3.32, PMID: 25356399

Janiesch PC, Kriiger HS, Péschel B, Hanganu-Opatz IL. 2011. Cholinergic control in developing prefrontal-
hippocampal networks. The Journal of Neuroscience 31:17955-17970. DOI: https://doi.org/10.1523/
JNEUROSCI.2644-11.2011, PMID: 22159110

Johnson MH, Jones EJH, Gliga T. 2015. Brain adaptation and alternative developmental trajectories.
Development and Psychopathology 27:425-442. DOI: https://doi.org/10.1017/50954579415000073, PMID:
25997763

Johnson MH, Charman T, Pickles A, Jones EJH. 2021. Annual research review: anterior modifiers in the
emergence of neurodevelopmental disorders (amend) -A systems neuroscience approach to common
developmental disorders. Journal of Child Psychology and Psychiatry, and Allied Disciplines 62:610-630. DOI:
https://doi.org/10.1111/jcpp.13372, PMID: 33432656

Jones BE. 2020. Arousal and sleep circuits. Neuropsychopharmacology 45:6-20. DOI: https://doi.org/10.1038/
s41386-019-0444-2, PMID: 31216564

Jouvet-Mounier D, Astic L, Lacote D. 1969. Ontogenesis of the states of sleep in rat, cat, and guinea pig during
the first postnatal month. Developmental Psychobiology 2:216-239. DOI: https://doi.org/10.1002/dev.
420020407, PMID: 5527153

Khazipov R, Sirota A, Leinekugel X, Holmes GL, Ben-Ari Y, Buzséki G. 2004. Early motor activity drives spindle
bursts in the developing somatosensory cortex. Nature 432:758-761. DOI: https://doi.org/10.1038/
nature03132, PMID: 15592414

Khazipov R, Zaynutdinova D, Ogievetsky E, Valeeva G, Mitrukhina O, Manent JB, Represa A. 2015. Atlas of the
postnatal rat brain in stereotaxic coordinates. Frontiers in Neuroanatomy 9:161. DOI: https://doi.org/10.3389/
fnana.2015.00161, PMID: 26778970

Goémez et al. elife 2023;12:e82103. DOI: https://doi.org/10.7554/eLife.82103 22 of 24


https://doi.org/10.7554/eLife.82103
https://doi.org/10.1371/journal.pone.0002004
https://doi.org/10.1371/journal.pone.0002004
http://www.ncbi.nlm.nih.gov/pubmed/18414674
https://doi.org/10.1093/cercor/bhz223
https://doi.org/10.1093/cercor/bhz223
http://www.ncbi.nlm.nih.gov/pubmed/31922194
https://doi.org/10.7554/eLife.41841
http://www.ncbi.nlm.nih.gov/pubmed/30574868
https://doi.org/10.1016/j.cub.2020.04.045
https://doi.org/10.1016/j.cub.2020.04.045
http://www.ncbi.nlm.nih.gov/pubmed/32413304
https://doi.org/10.1016/j.cub.2021.10.014
https://doi.org/10.1016/j.cub.2021.10.014
http://www.ncbi.nlm.nih.gov/pubmed/34727521
https://doi.org/10.1016/0031-9384(87)90396-9
http://www.ncbi.nlm.nih.gov/pubmed/3432386
https://doi.org/10.1016/j.neuron.2012.12.002
http://www.ncbi.nlm.nih.gov/pubmed/23259943
https://doi.org/10.1258/002367788780746331
http://www.ncbi.nlm.nih.gov/pubmed/3050270
https://doi.org/10.1523/JNEUROSCI.0921-21.2021
https://doi.org/10.1523/JNEUROSCI.0921-21.2021
http://www.ncbi.nlm.nih.gov/pubmed/34281990
https://doi.org/10.1523/JNEUROSCI.2012-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19726647
https://doi.org/10.1523/JNEUROSCI.2614-20.2021
https://doi.org/10.1523/JNEUROSCI.2614-20.2021
http://www.ncbi.nlm.nih.gov/pubmed/33622773
https://doi.org/10.1002/dev.420030407
http://www.ncbi.nlm.nih.gov/pubmed/5527425
https://doi.org/10.1016/0887-8994(89)90032-5
http://www.ncbi.nlm.nih.gov/pubmed/2469427
https://doi.org/10.1523/JNEUROSCI.5233-06.2007
https://doi.org/10.1523/JNEUROSCI.5233-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17522314
https://doi.org/10.1542/neo.7-2-e76
https://doi.org/10.1007/s00429-007-0150-4
http://www.ncbi.nlm.nih.gov/pubmed/17717690
https://doi.org/10.1002/acn3.32
http://www.ncbi.nlm.nih.gov/pubmed/25356399
https://doi.org/10.1523/JNEUROSCI.2644-11.2011
https://doi.org/10.1523/JNEUROSCI.2644-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22159110
https://doi.org/10.1017/S0954579415000073
http://www.ncbi.nlm.nih.gov/pubmed/25997763
https://doi.org/10.1111/jcpp.13372
http://www.ncbi.nlm.nih.gov/pubmed/33432656
https://doi.org/10.1038/s41386-019-0444-2
https://doi.org/10.1038/s41386-019-0444-2
http://www.ncbi.nlm.nih.gov/pubmed/31216564
https://doi.org/10.1002/dev.420020407
https://doi.org/10.1002/dev.420020407
http://www.ncbi.nlm.nih.gov/pubmed/5527153
https://doi.org/10.1038/nature03132
https://doi.org/10.1038/nature03132
http://www.ncbi.nlm.nih.gov/pubmed/15592414
https://doi.org/10.3389/fnana.2015.00161
https://doi.org/10.3389/fnana.2015.00161
http://www.ncbi.nlm.nih.gov/pubmed/26778970

e Llfe Research article

Neuroscience

Kolk SM, Rakic P. 2022. Development of prefrontal cortex. Neuropsychopharmacology 47:41-57. DOI: https://
doi.org/10.1038/s41386-021-01137-9, PMID: 34645980

Krubitzer L, Dooley JC. 2013. Cortical plasticity within and across lifetimes: how can development inform us
about phenotypic transformations? Frontiers in Human Neuroscience 7:1-14. DOI: https://doi.org/10.3389/
fnhum.2013.00620, PMID: 24130524

Kunori N, Takashima I. 2016. High-order motor cortex in rats receives somatosensory inputs from the primary
motor cortex via cortico-cortical pathways. The European Journal of Neuroscience 44:2925-2934. DOI: https://
doi.org/10.1111/ejn.13427, PMID: 27717064

Laubach M, Amarante LM, Swanson K, White SR. 2018. What, if anything, is rodent prefrontal cortex? ENeuro
5:eNeuro . DOI: https://doi.org/10.1523/ENEURO.0315-18.2018, PMID: 30406193

Lazic SE, Essioux L. 2013. Improving basic and translational science by accounting for litter-to-litter variation in
animal models. BMC Neuroscience 14:1-11. DOI: https://doi.org/10.1186/1471-2202-14-37, PMID:
23522086

Lee SH, Dan Y. 2012. Neuromodulation of brain states. Neuron 76:209-222. DOI: https://doi.org/10.1016/].
neuron.2012.09.012, PMID: 23040816

Maggi CA, Meli A. 1986. Suitability of urethane anesthesia for physiopharmacological investigations in various
systems. Part 1: General considerations. Experientia 42:109-114. DOI: https://doi.org/10.1007/BF01952426,
PMID: 2868911

Martin-Cortecero J, Nufiez A. 2016. Sensory responses in the medial prefrontal cortex of anesthetized rats,
implications for sensory processing. Neuroscience 339:109-123. DOI: https://doi.org/10.1016/j.neuroscience.
2016.09.045, PMID: 27702646

Matsuura S, Downie JW. 2000. Effect of anesthetics on reflex micturition in the chronic cannula-implanted rat.
Neurourology and Urodynamics 19:87-99. DOI: https://doi.org/10.1002/(sici)1520-6777(2000)19:1<87::aid-
nau9>3.0.co;2-o, PMID: 10602250

Miller EK, Freedman DJ, Wallis JD. 2002. The prefrontal cortex: categories, concepts and cognition.
Philosophical Transactions of the Royal Society of London. Series B, Biological Sciences 357:1123-1136. DOI:
https://doi.org/10.1098/rstb.2002.1099, PMID: 12217179

Mohammed H, Jain N. 2014. Two whisker motor areas in the rat cortex: evidence from thalamocortical
connections. The Journal of Comparative Neurology 522:528-545. DOI: https://doi.org/10.1002/cne.23424,
PMID: 23853077

Mohammed H, Jain N. 2016. Ipsilateral cortical inputs to the rostral and caudal motor areas in rats. The Journal
of Comparative Neurology 524:3104-3123. DOI: https://doi.org/10.1002/cne.24011, PMID: 27037503

Mondino A, Gonzélez J, Li D, Mateos D, Osorio L, Cavelli M, Castro-Nin JP, Serantes D, Costa A, Vanini G,
Mashour GA, Torterolo P. 2022. Urethane anaesthesia exhibits neurophysiological correlates of
unconsciousness and is distinct from sleep. The European Journal of Neuroscience 1:ejn.15690. DOI: https://
doi.org/10.1111/ejn.15690, PMID: 35545450

Morandell K, Huber D. 2017. The role of forelimb motor cortex areas in goal directed action in mice. Scientific
Reports 7:15759. DOI: https://doi.org/10.1038/s41598-017-15835-2, PMID: 29150620

Murakami T, Matsui T, Uemura M, Ohki K. 2022. Modular strategy for development of the hierarchical visual
network in mice. Nature 608:578-585. DOI: https://doi.org/10.1038/541586-022-05045-w, PMID: 35922512

Omlor W, Wahl A-S, Sipila P, Litcke H, Laurenczy B, Chen I-W, Sumanovski LT, van 't Hoff M, Bethge P, Voigt FF,
Schwab ME, Helmchen F. 2019. Context-Dependent limb movement encoding in neuronal populations of
motor cortex. Nature Communications 10:4812. DOI: https://doi.org/10.1038/s41467-019-12670-z, PMID:
31645554

Pachitariu M, Steinmetz N, Kadir S, Carandini M, Harris K. 2016. Fast and accurate spike sorting of high-channel
count probes with kilosort. Advances in Neural Information Processing Systems 4455-4466.

Pachitariu M. 2023. Mouseland. 8c24581. GitHub. https://github.com/Mouseland/Kilosort

Pagliardini S, Funk GD, Dickson CT. 2013. Breathing and brain state: urethane anesthesia as a model for natural
sleep. Respiratory Physiology & Neurobiology 188:324-332. DOI: https://doi.org/10.1016/].resp.2013.05.035,
PMID: 23751523

Paxinos G, Watson C. 2009. The Rat Brain in Stereotaxic Coordinates. 6th ed. Elsevier Inc.

Preuss TM. 1995. Do rats have prefrontal cortex? the rose-woolsey-akert program reconsidered. Journal of
Cognitive Neuroscience 7:1-24. DOI: https://doi.org/10.1162/jocn.1995.7.1.1, PMID: 23961750

Riyahi P, Phillips MA, Colonnese MT. 2021. Input-independent homeostasis of developing thalamocortical
activity. ENeuro 8:eNeuro . DOI: https://doi.org/10.1523/ENEURO.0184-21.2021, PMID: 33947688

Rochefort NL, Garaschuk O, Milos RI, Narushima M, Marandi N, Pichler B, Kovalchuk Y, Konnerth A. 2009.
Sparsification of neuronal activity in the visual cortex at eye-opening. PNAS 106:15049-15054. DOI: https://
doi.org/10.1073/pnas.0907660106, PMID: 19706480

Rossant C, Harris KD. 2022. Phy. 8166fbe. GitHub. https://github.com/cortex-lab/phy

Shanker A, Abel JH, Schamberg G, Brown EN. 2021. Etiology of burst suppression EEG patterns. Frontiers in
Psychology 12:673529. DOI: https://doi.org/10.3389/fpsyg.2021.673529, PMID: 34177731

Simons DJ, Carvell GE, Hershey AE, Bryant DP. 1992. Responses of barrel cortex neurons in awake rats and
effects of urethane anesthesia. Experimental Brain Research 91:259-272. DOI: https://doi.org/10.1007/
BF00231659, PMID: 1459228

Singleton AC, Brown AR, Teskey GC. 2021. Development and plasticity of complex movement representations.
Journal of Neurophysiology 125:628-637. DOI: https://doi.org/10.1152/jn.00531.2020, PMID: 33471611

Goémez et al. elife 2023;12:e82103. DOI: https://doi.org/10.7554/eLife.82103 23 of 24


https://doi.org/10.7554/eLife.82103
https://doi.org/10.1038/s41386-021-01137-9
https://doi.org/10.1038/s41386-021-01137-9
http://www.ncbi.nlm.nih.gov/pubmed/34645980
https://doi.org/10.3389/fnhum.2013.00620
https://doi.org/10.3389/fnhum.2013.00620
http://www.ncbi.nlm.nih.gov/pubmed/24130524
https://doi.org/10.1111/ejn.13427
https://doi.org/10.1111/ejn.13427
http://www.ncbi.nlm.nih.gov/pubmed/27717064
https://doi.org/10.1523/ENEURO.0315-18.2018
http://www.ncbi.nlm.nih.gov/pubmed/30406193
https://doi.org/10.1186/1471-2202-14-37
http://www.ncbi.nlm.nih.gov/pubmed/23522086
https://doi.org/10.1016/j.neuron.2012.09.012
https://doi.org/10.1016/j.neuron.2012.09.012
http://www.ncbi.nlm.nih.gov/pubmed/23040816
https://doi.org/10.1007/BF01952426
http://www.ncbi.nlm.nih.gov/pubmed/2868911
https://doi.org/10.1016/j.neuroscience.2016.09.045
https://doi.org/10.1016/j.neuroscience.2016.09.045
http://www.ncbi.nlm.nih.gov/pubmed/27702646
https://doi.org/10.1002/(sici)1520-6777(2000)19:1<87::aid-nau9>3.0.co;2-o
https://doi.org/10.1002/(sici)1520-6777(2000)19:1<87::aid-nau9>3.0.co;2-o
http://www.ncbi.nlm.nih.gov/pubmed/10602250
https://doi.org/10.1098/rstb.2002.1099
http://www.ncbi.nlm.nih.gov/pubmed/12217179
https://doi.org/10.1002/cne.23424
http://www.ncbi.nlm.nih.gov/pubmed/23853077
https://doi.org/10.1002/cne.24011
http://www.ncbi.nlm.nih.gov/pubmed/27037503
https://doi.org/10.1111/ejn.15690
https://doi.org/10.1111/ejn.15690
http://www.ncbi.nlm.nih.gov/pubmed/35545450
https://doi.org/10.1038/s41598-017-15835-2
http://www.ncbi.nlm.nih.gov/pubmed/29150620
https://doi.org/10.1038/s41586-022-05045-w
http://www.ncbi.nlm.nih.gov/pubmed/35922512
https://doi.org/10.1038/s41467-019-12670-z
http://www.ncbi.nlm.nih.gov/pubmed/31645554
https://github.com/MouseLand/Kilosort
https://doi.org/10.1016/j.resp.2013.05.035
http://www.ncbi.nlm.nih.gov/pubmed/23751523
https://doi.org/10.1162/jocn.1995.7.1.1
http://www.ncbi.nlm.nih.gov/pubmed/23961750
https://doi.org/10.1523/ENEURO.0184-21.2021
http://www.ncbi.nlm.nih.gov/pubmed/33947688
https://doi.org/10.1073/pnas.0907660106
https://doi.org/10.1073/pnas.0907660106
http://www.ncbi.nlm.nih.gov/pubmed/19706480
https://github.com/cortex-lab/phy
https://doi.org/10.3389/fpsyg.2021.673529
http://www.ncbi.nlm.nih.gov/pubmed/34177731
https://doi.org/10.1007/BF00231659
https://doi.org/10.1007/BF00231659
http://www.ncbi.nlm.nih.gov/pubmed/1459228
https://doi.org/10.1152/jn.00531.2020
http://www.ncbi.nlm.nih.gov/pubmed/33471611

e Llfe Research article

Neuroscience

Sorrenti V, Cecchetto C, Maschietto M, Fortinguerra S, Buriani A, Vassanelli S. 2021. Understanding the effects
of anesthesia on cortical electrophysiological recordings: a scoping review. International Journal of Molecular
Sciences 22:1-24. DOI: https://doi.org/10.3390/ijms22031286, PMID: 33525470

Steriade M, Amzica F, Contreras D. 1994. Cortical and thalamic cellular correlates of electroencephalographic
burst-suppression. Electroencephalography and Clinical Neurophysiology 90:1-16. DOI: https://doi.org/10.
1016/0013-4694(94)90108-2, PMID: 7509269

Tanji J, Hoshi E. 2001. Behavioral planning in the prefrontal cortex. Current Opinion in Neurobiology 11:164—
170. DOI: https://doi.org/10.1016/s0959-4388(00)00192-6, PMID: 11301235

Tanji J, Hoshi E. 2008. Role of the lateral prefrontal cortex in executive behavioral control. Physiological Reviews
88:37-57. DOI: https://doi.org/10.1152/physrev.00014.2007, PMID: 18195082

Tiriac A, Del Rio-Bermudez C, Blumberg MS. 2014. Self-Generated movements with “ unexpected " sensory
consequences. Current Biology 24:2136-2141. DOI: https://doi.org/10.1016/j.cub.2014.07.053, PMID:
25131675

Uylings HBM, Groenewegen HJ, Kolb B. 2003. Do rats have a prefrontal cortex? Behavioural Brain Research
146:3-17. DOI: https://doi.org/10.1016/j.bbr.2003.09.028, PMID: 14643455

van der Bourg A, Yang JW, Reyes-Puerta V, Laurenczy B, Wieckhorst M, Stiittgen MC, Luhmann HJ, Helmchen F.
2017. Layer-specific refinement of sensory coding in developing mouse barrel cortex. Cerebral Cortex
27:4835-4850. DOI: https://doi.org/10.1093/cercor/bhw280, PMID: 27620976

Van Eden CG, Lamme VAF, Uylings HBM. 1992. Heterotopic cortical afferents to the medial prefrontal cortex in
the rat. A combined retrograde and anterograde tracer study. The European Journal of Neuroscience 4:77-97.
DOI: https://doi.org/10.1111/j.1460-9568.1992.tb00111.x, PMID: 12106444

Wang TY, Liu J, Yao H. 2020. Control of adaptive action selection by secondary motor cortex during flexible
visual categorization. elLife 9:e54474. DOI: https://doi.org/10.7554/elife.54474, PMID: 32579113

Warner CE, Kwan WC, Bourne JA. 2012. The early maturation of visual cortical area MT is dependent on input
from the retinorecipient medial portion of the inferior pulvinar. The Journal of Neuroscience 32:17073-17085.
DOI: https://doi.org/10.1523/JNEUROSCI.3269-12.2012, PMID: 23197701

Werchan DM, Amso D. 2017. A novel ecological account of prefrontal cortex functional development.
Psychological Review 124:720-739. DOI: https://doi.org/10.1037/rev0000078, PMID: 29106267

Yin HH. 2009. The role of the murine motor cortex in action duration and order. Frontiers in Integrative
Neuroscience 3:23. DOI: https://doi.org/10.3389/neuro.07.023.2009, PMID: 19847323

Young NA, Vuong J, Teskey GC. 2012. Development of motor maps in rats and their modulation by experience.
Journal of Neurophysiology 108:1309-1317. DOI: https://doi.org/10.1152/jn.01045.2011, PMID: 22723681

Goémez et al. elife 2023;12:e82103. DOI: https://doi.org/10.7554/eLife.82103 24 of 24


https://doi.org/10.7554/eLife.82103
https://doi.org/10.3390/ijms22031286
http://www.ncbi.nlm.nih.gov/pubmed/33525470
https://doi.org/10.1016/0013-4694(94)90108-2
https://doi.org/10.1016/0013-4694(94)90108-2
http://www.ncbi.nlm.nih.gov/pubmed/7509269
https://doi.org/10.1016/s0959-4388(00)00192-6
http://www.ncbi.nlm.nih.gov/pubmed/11301235
https://doi.org/10.1152/physrev.00014.2007
http://www.ncbi.nlm.nih.gov/pubmed/18195082
https://doi.org/10.1016/j.cub.2014.07.053
http://www.ncbi.nlm.nih.gov/pubmed/25131675
https://doi.org/10.1016/j.bbr.2003.09.028
http://www.ncbi.nlm.nih.gov/pubmed/14643455
https://doi.org/10.1093/cercor/bhw280
http://www.ncbi.nlm.nih.gov/pubmed/27620976
https://doi.org/10.1111/j.1460-9568.1992.tb00111.x
http://www.ncbi.nlm.nih.gov/pubmed/12106444
https://doi.org/10.7554/eLife.54474
http://www.ncbi.nlm.nih.gov/pubmed/32579113
https://doi.org/10.1523/JNEUROSCI.3269-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23197701
https://doi.org/10.1037/rev0000078
http://www.ncbi.nlm.nih.gov/pubmed/29106267
https://doi.org/10.3389/neuro.07.023.2009
http://www.ncbi.nlm.nih.gov/pubmed/19847323
https://doi.org/10.1152/jn.01045.2011
http://www.ncbi.nlm.nih.gov/pubmed/22723681

	Activity in developing prefrontal cortex is shaped by sleep and sensory experience
	Editor's evaluation
	Introduction
	Results
	Neural activity in M2 and mPFC is modulated by behavioral state
	Neural activity in M2 and mPFC increases during periods of self-generated movement
	Neurons in M2 and mPFC respond to sensory input
	Urethane anesthesia suppresses behavior and neural activity in M1 and mPFC

	Discussion
	Prefrontal cortex is most active during sleep
	Prefrontal cortex responds to sensory input
	Urethane abolishes brain–behavior relations
	Conclusions

	Materials and methods
	Experimental animals
	Experiment 1: Recordings in unanesthetized pups
	Experimental procedure
	Surgical preparation

	Data acquisition

	Experimental design


	Data analysis
	Processing of neurophysiological data

	Analysis of behavioral state

	Analysis of sensory activity



	Experiment 2: Recordings in urethanized pups
	Experimental procedure
	Surgical preparation

	Data acquisition
	Experimental design


	Data analysis
	Processing of neurophysiological and video data

	Analysis of changes in movement quantity

	Analysis of changes in firing rate

	Analysis of ISIs
	Analysis of changes in spindle-burst activity



	Histology
	Statistical analyses

	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Decision letter and Author response

	Additional files
	Supplementary files

	References


