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Abstract

Active sleep (AS) provides a unique developmental context for synchronizing neural activity within and between cortical
and subcortical structures. In week-old rats, sensory feedback from myoclonic twitches, the phasic motor activity that
characterizes AS, promotes coherent theta oscillations (4-8 Hz) in the hippocampus and red nucleus, a midbrain motor
structure. Sensory feedback from twitches also triggers rhythmic activity in sensorimotor cortex in the form of spindle
bursts, which are brief oscillatory events composed of rhythmic components in the theta, alpha/beta (8-20 Hz), and beta2
(20-30 Hz) bands. Here we ask whether one or more of these spindle-burst components are communicated from
sensorimotor cortex to hippocampus. By recording simultaneously from whisker barrel cortex and dorsal hippocampus in
8-day-old rats, we show that AS, but not other behavioral states, promotes cortico-hippocampal coherence specifically in
the beta2 band. By cutting the infraorbital nerve to prevent the conveyance of sensory feedback from whisker twitches,
cortical-hippocampal beta2 coherence during AS was substantially reduced. These results demonstrate the necessity of

sensory input, particularly during AS, for coordinating rhythmic activity between these two developing forebrain structures.
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Introduction

In the infant and adult nervous system, coupled neural oscilla-
tions support the efficient transfer of information across distant
but functionally related networks (Buzsaki and Draughn 2004;
Uhlhaas and Singer 2010; Brockmann et al. 2011; Fujisawa and
Buzsdki 2011; Hartung et al. 2016a). In the developing sensori-
motor system, neural oscillations are largely triggered by input
from the sensory periphery (Khazipov et al. 2004; An et al. 2014;
Tiriac et al. 2014; Akhmetshina et al. 2016; Del Rio-Bermudez
et al. 2017). The sources of sensory input to the developing
sensorimotor system include passive stimulation from exter-
nal sources (i.e., exafference) and sensory feedback from self-
generated movements (i.e., reafference; Khazipov et al. 2004;
An et al. 2014, Tiriac et al. 2014; Del Rio-Bermudez et al. 2015;

Akhmetshina et al. 2016; Tiriac and Blumberg 2016; Dooley and
Blumberg 2018; Mukherjee et al. 2018).

Reafference can arise from wake movements or from
myoclonic twitches, which occur abundantly and exclusively
during active sleep (AS or REM sleep). Importantly, reafference
from twitches triggers cascades of neural activity throughout
the sensorimotor system at ages when wake-related move-
ments largely fail to do so (Blumberg et al. 2013; Blumberg
2015; Tiriac and Blumberg 2016; Dooley and Blumberg 2018); this
twitch-triggered activity includes neural oscillations (for review,
see Del Rio-Bermudez and Blumberg 2018). Because oscillations
assist in such neurodevelopmental processes as neuronal
differentiation and migration, apoptosis, and somatotopic map
formation (Khazipov and Luhmann 2006; Hanganu-Opatz 2010;
Kilb et al. 2011; Blanquie et al. 2017a, 2017b), twitch-related
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oscillatory activity is poised to contribute to the activity-
dependent development of sensorimotor networks (Khazipov
et al. 2004; Blumberg et al. 2013; Del Rio-Bermudez and Blumberg
2018).

Given the effects of twitch-related reafference on neural
activity within individual sensorimotor structures, we hypothe-
sized that twitches also promote oscillatory coupling across dis-
tant structures. Indeed, we previously demonstrated coherent,
twitch-related theta-band (4-8 Hz) activity in the hippocampus
and red nucleus (Del Rio-Bermudez et al. 2017). Here, we test the
hypothesis that twitches play a causal role in such coupling, this
time focusing on the network comprising the cortical whisker
“barrel” field (S1-BF) and hippocampus. We focus on this net-
work because 1) previous studies in rat pups have demonstrated
that both barrel cortex (McVea et al. 2012; Tiriac et al. 2012;
Akhmetshina et al. 2016) and hippocampus (Mohns and Blum-
berg 2008, 2010; Del Rio-Bermudez et al. 2017) exhibit twitch-
related activity and 2) it is relatively easy to eliminate sensory
feedback in the whisker system (Tiriac et al. 2012; Akhmetshina
et al. 2016).

In the developing barrel cortex, sensory inputs drive two
distinct patterns of oscillatory activity: spindle bursts (which
exhibit a dominant frequency of ~ 15 Hz but comprise oscilla-
tions from 4 to 30 Hz) and early gamma oscillations (30-50 Hz;
Akhmetshina et al. 2016; Luhmann and Khazipov 2018). In the
developing hippocampus, twitches are associated with bursts
of oscillatory activity at theta, beta, and gamma frequencies
(Mohns and Blumberg 2008; Del Rio-Bermudez et al. 2017), and
twitch-related activity in sensorimotor cortex is conveyed to
the hippocampus via entorhinal cortex (Mohns and Blumberg
2010). All together, these findings suggest that twitches are well-
suited to promote the flow of information through the cortico-
hippocampal network.

Here, we show that unlike periods of active wake and
behavioral quiescence (BQ), AS-related whisker twitches drive
oscillatory coupling between barrel cortex and the CA1 area in
hippocampus (Hipp CA1). Moreover, we find that twitches
promote coupling specifically at beta2 frequencies (i.e., 20-
30 Hz). To assess causality, we eliminated sensory feedback
from the whiskers by transecting the infraorbital nerve (ION)
and, by doing so, significantly and specifically reduced beta2
coherence during AS. Altogether, our findings demonstrate that
AS-related sensory processing provides a critical context for
the expression of functional connectivity within the developing
cortico-hippocampal system.

Methods
Subjects

A total of 26 male and female Sprague-Dawley Norway rats
(Rattus norvegicus) at postnatal day (P) 7-9 (hereafter P8) were
used. Mothers and litters were housed in standard laboratory
cages (48 x 20 x 26 cm). Animals were maintained on a 12:12
light-dark schedule with lights on at 07:00 h and with water and
food available ad libitum. Litters were culled to eight pups at
P3. Littermates were never assigned to the same experimental
group. All experiments were conducted in accordance with the
National Institutes of Health (NIH) 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 lowa.
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Surgery

A pup with a visible milkband was prepared for neuro-
physiological recording using previously described methods
(Blumberg et al. 2015). Briefly, under 2-5% isoflurane anesthesia,
a stainless-steel head-fix apparatus was glued to the skull with
cyanoacrylate adhesive gel. Bipolar electromyographic (EMG)
electrodes (50 pm diameter; California Fine Wire, Grover Beach,
CA) were implanted bilaterally into the nuchal muscle and in
the maxillolabialis muscle contralateral to the neural recording
sites. The surgical procedure lasted 15-20 min. After surgery,
the pup was transferred to an incubator and maintained at
thermoneutrality (35°C) for 1 h to recover. The pup was briefly
anesthetized again to drill holes in the skull under stereotaxic
guidance (David Kopf Instruments, Tujunga, CA) to allow for
later insertion of electrodes into S1-BF (coordinates in relation
to bregma, anteroposterior (AP): —1.5 mm; mediolateral (ML)
+4.5 mm,; dorsoventral (DV) —0.5 to —0.9 mm; 15° lateral angle)
and Hipp CA1 (coordinates in relation to bregma, AP: —2 mm; ML:
+1.5 mm; DV: -2 to —2.5 mm; 15° latero-frontal angle). Two addi-
tional holes were drilled: one in frontal cortex for insertion of a
thermocouple and the other in lateral visual cortex, contralat-
eral to the recording sites, for insertion of a chlorinated silver
ground wire (which was also used as the reference electrode).

General Procedure and Neurophysiological Recordings

The pup was transferred to a testing chamber where its head
was fixed within a stereotaxic apparatus and its torso was
secured to a narrow platform with limbs dangling freely on each
side. A fine-wire thermocouple (Omega Engineering, Stamford,
CT) was inserted into the frontal cortex to monitor brain temper-
ature, which was maintained at 36-37 °C throughout the record-
ing session. Neural data were acquired using 16-channel silicon
depth electrodes (NeuroNexus, Ann Arbor, MI; A4 x 4-3 mm-100-
177) connected to a data acquisition system (Tucker-Davis Tech-
nologies, Alachua, FL). Neural and EMG signals were sampled
at 25 and 1 kHz, respectively. Before insertion, electrodes were
coated with fluorescent Dil (Vybrant Dil Cell-Labeling Solution;
Life Technologies, Grand Island, NY) for subsequent histological
verification of placement.

Spontaneous and Evoked Activity in S1-BF
and Hippocampus

A total of 14 pups were tested for spontaneous and evoked
activity in S1-BF and Hipp CA1l. Each pup was acclimated in
the stereotaxic apparatus for at least 90 min, by which time it
was cycling between sleep and wake. Before recording began
and to assess electrode placement, we confirmed that stimula-
tion of the whiskers yielded consistent S1-BF neural responses.
Stimuli consisted of brief air puffs delivered to the vibrissae
contralateral to the neural recording sites. Air puffs were deliv-
ered through a flat-end needle attached to a plastic tube placed
approximately 1 cm away from the whisker pad. Stimulus dura-
tion (50 ms) and pressure (10-15 psi) were controlled using a
solenoid valve connected to a pulse stimulator (A-M Systems,
Sequim, WA). Using this procedure, air puffs reliably resulted in
a forward deflection of the whiskers. After sensory responses
were confirmed, spontaneous activity in S1-BF and Hipp CA1l
was recorded for at least 30 min, which at this age is sufficient
to capture dozens of sleep-wake transitions and hundreds of
twitches (Blumberg et al. 2004, 2005). During this time, the exper-
imenter (blind to the electrophysiological recording on the com-
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puter screen) scored the pup’s wake movements and twitches
using computer key presses. At the end of the session, neural
responses to sensory stimulation of the whiskers were system-
atically assessed: Air puffs were delivered for 10 min (interstim-
ulus interval =5 s, yielding ~ 120 air puffs per recording session)
and the onset of each stimulus was registered on the computer.

Transection of the Infraorbital Nerve

Twelve additional pups (n=6 per group) were used to assess
the effects of ION transection on the role of twitches in the
functional connectivity between S1-BF and Hipp CA1l. Each pup
was prepared for testing as described above. In addition, the
ION was exposed and visualized using a small retraction hook.
Transections of the ION were performed using small scissors at
the level of the infraorbital foramen. Sham operations involved
exposure and manipulation of the nerve without cutting it.
After a postsurgery recovery period of at least 1 h, the pup was
transferred to a stereotaxic apparatus, and neural activity in
both S1-BF and Hipp CA1 was recorded over a period of 30 min
as described above.

Histology

After testing, the pup was overdosed with ketamine/xylazine
(0.08 mg/g IP) and perfused transcardially with phosphate-
buffered saline and 4% paraformaldehyde. The brain was sliced
coronally at 80 pm using a freezing microtome (Leica Microsys-
tems, Buffalo Grove, IL). Electrode locations were visualized
at x2.5-5 magnification using a fluorescent microscope and
digital camera (Leica Microsystems). Following fluorescent
photography, cortical sections were stained for cytochrome
oxidase (CO), which has been shown in rats as young as P5
to reliably delineate primary sensory areas (Seelke et al. 2012).
Briefly, cytochrome c (3 mg per 10 mL solution), catalase (2 mg
per 10 mL solution; Sigma-Aldrich), and 3,3’-diaminobenzidine
tetrahydrochloride (5 mg per 10 mL solution; Spectrum) were
dissolved in a 1:1 solution of phosphate-buffered distilled water.
Sections were developed in well plates on a shaker table at
35-40 °C for 3-6 h. Sections were then washed and mounted.

Quantification and Statistical Analysis

All analyses and statistical tests of neural data were performed
using custom-written MATLAB routines (MathWorks, Natick,
MA), Spike2 software (Cambridge Electronic Design), and SPSS
(IBM, Armonk, NY). Data were tested for normality using the
Kolmogorov-Smirnov test. When data were not normally dis-
tributed, nonparametric tests were used. Alpha was set at 0.05
for all analyses, unless otherwise stated; when appropriate,
the Bonferroni correction procedure was used. Group data are
presented as mean + standard error (SE).

Behavioral State

Using EMG signals and manually scored behavior, the assess-
ment of behavioral state was conducted using methods
previously described (Blumberg et al. 2015; Del Rio-Bermudez
et al. 2016). AS was defined by the presence of myoclonic
twitches against a background of muscle atonia. Active wake
(AW) was defined by the presence of high-amplitude limb
movements against a background of high muscle tone. Finally,
BQ was defined as the period between the end of active wake
and the beginning of active sleep when muscle tone is low (for

at least 1 s), there is an absence of spiking activity in the EMG,
and there are no twitches. This period can also be referred to
as quiet sleep; however, because cortical slow waves are not
evident until P11 (Seelke and Blumberg 2008), it is not possible
at P8 to definitively distinguish between quiet wake and quiet
sleep. Accordingly, the state is designated here as BQ.

Spike Sorting

The neurophysiological record was band-pass filtered (500-
5000 Hz). Spike sorting was performed using template matching
and principal component analyses in Spike2. Waveforms differ-
ing from the template by more than 3.5 standard deviations were
considered outliers and were excluded from further analysis
(Sokoloff et al. 2015). Because it was necessary to lower the
electrodes using a fronto-lateral angle, the electrode shanks
in S1-BF were not perpendicular to the cortical surface. This
made it difficult to determine the layer-specific location of each
electrode site. Thus, we pooled the units for analysis.

State-Dependent Firing Rates

For each recorded neuron in S1-BF and Hipp CA1, we determined
mean firing rates across AS, AW, and BQ. On rare occasions
(<10%), units exhibiting firing rates exceeding 2.5 times the
standard deviation within a behavioral state were treated as
outliers and were excluded from analysis. Average firing rates
for each behavioral state within either structure were averaged
across units in all pups. Wilcoxon matched-pairs signed-ranks
test were used to compare firing rates across behavioral states
in both structures.

State-Dependent LFP Power Spectrum

For all local field potential (LFP)-related analyses, one channel
per pup from each structure was randomly selected. LFP signals
were down-sampled to 500 kHz, and a DC-remove filter (time
constant: 0.1 s) was applied. Power spectra were calculated
using a 500-ms Hanning window (bin size: 1.9 Hz) in Spike2.
For time-normalization and subsequent statistical comparisons,
the spectral power density values in each bin were divided by
the total duration of the file comprising data for each behav-
ioral state. LFP power within each structure was normalized to
the maximal power within the 4-50-Hz frequency range across
behavioral states. State-dependent differences in LFP power
were calculated using repeated-measures ANOVA with power
in each frequency range—theta, alpha/beta, beta2, and slow
gamma (sgamma: 30-50 Hz)—as the repeated measure.

Twitch-Related and Sensory-Evoked Neural Activity

The temporal relationship between whisker twitches and unit
activity in the S1-BF and Hipp CA1 was examined. First, for
each unit, we generated perievent histograms (10-ms bins, 1-
s windows) using whisker twitches as trigger events. Statisti-
cal significance was calculated by jittering twitch events 1000
times within a 500-ms window using PatternJitter (Harrison and
Geman 2009; Amarasingham et al. 2012) implemented in MAT-
LAB. Briefly, Patternjitter is a resampling method that analyzes
the statistical structure of spike trains by randomizing patterns
of successive events while preserving their overall “firing” struc-
ture and short-range statistics. Next, we generated upper and
lower acceptance bands for each event correlation (P <0.05 for
each band; Amarasingham et al. 2012). Only units that exceeded
the significance threshold were used to construct twitch cor-
relations in each structure. Data were normalized within each
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individual correlation, smoothed using a 10-ms time constant,
and averaged across pups.

To examine twitch-related responses in the LFP, we first
looked at LFP power immediately following twitches (500-
ms post-twitch window). Individual twitch-triggered time-
frequency spectrograms were generated using a complex
Morlet wavelet. To create the Morlet wavelet, the frequency
band of interest (4-50 Hz) was divided into 30 bins, and the
temporal resolution of the wavelet was determined using 2-
3 cycles. Twitch-triggered LFP waveforms within the beta2
range were calculated as follows: First, raw neural signals
were filtered using a 20-30 Hz finite impulse response (FIR)
band-pass filter. Next, the signal was converted using root
mean square (time constant: 0.1 s). Using whisker twitches as
trigger events, waveform averages of beta2 activity for both
structures within the same pup were calculated using a peri-
twitch window of 1 s. To assess the temporal relation between
twitch-triggered beta2 oscillations in S1-BF and Hipp CA1l, we
calculated the latency between twitch onset and peak response
in the beta2 oscillation for each structure. Average latencies
for each structure were averaged across pups. To calculate
statistical differences between peak latencies, we used paired t
tests.

Multiunit activity and LFP responses to sensory stimulation
of the whiskers were calculated using the methods described
above. LFP data from three pups were excluded from analysis
due to noise in the signal during whisker stimulation.

Coherence and PLI

For coherence analyses, data across the three behavioral states
(AS, AW, and BQ) were segmented into 2-s bins, and coher-
ence values were calculated for each bin and averaged within
each state using custom-written MATLAB scripts. Coherence
was calculated from cross-spectral density using the following
formula:

SV Xi () YE(f)

b diilaaidils

where C(f) represents the complex-valued coherence, X;(f) and
Y;(f) are the Fourier transforms of the signals X and Y for the
data segment i at frequency f, and * indicates the complex
conjugate.

Each signal was convolved using a complex Morlet wavelet.
The Morlet wavelet was created as follows: The frequency band
of interest (4-50 Hz) was divided into 50 bins and the temporal
resolution of the wavelet was determined using 4-8 cycles.
To calculate state-dependent differences in coherence, we
performed repeated-measure ANOVA with average coherence
within each frequency band across behavioral states. Twitch-
triggered coherence values (500-ms post-twitch window) from
real data were compared with twitch-triggered coherence
calculated with shuffled data. For this, we used a bootstrap-
shuffle method applied to the Hipp CA1 LFP; in each iteration
(n=1000), we selected a random point on the LFP and switched
the 2-s segments on either side of that point (Del Rio-Bermudez
et al. 2017). To determine the contribution of twitches to the
observed coherence in the beta2 band, we calculated the ratio of
theta and beta2 coherence during AS and 500 ms after twitches.
Theta/beta?2 ratios of original and shuffled data were compared
using independent-samples t tests.

cff) =

| 2073

To assess the possibility that oscillatory coupling was not due
to volume conduction from a common source, we calculated
the phase lag index (PLI) between AS-related beta2 oscillations
in S1-BF and Hipp CAl. PLI measures the asymmetry of the
distribution of phase differences between two oscillatory signals
at a given frequency and detects the partial contribution of
volume conduction to coherence measures (Stam et al. 2007).
First, we filtered the LFP signals in both structures using an FIR
filter (20-30 Hz). PLI was then calculated using the following
formula:

PLI = |(sign [A¢ (te)])]

where A¢(ty) represents the phase differences of a time series.
This index ranges between 0 and 1, where 0 indicates that there
is no lag between the phase of two oscillations at a particular
frequency (thus possibly reflecting volume conduction from a
common source) and 1 indicates a constant phase difference
between the two oscillations. PLI values for each pup were
statistically tested against the null hypothesis (PLI=0) using
one-sample t tests. It should be noted that zero-phase lag syn-
chronization for oscillations in distant brain areas does not nec-
essarily rule out functional connectivity between two structures
(Vicente et al. 2008; Gollo et al. 2014).

Effects of Transection of the Infraorbital Nerve
We assessed whether ION transection affected sleep times and
twitching rates. Total time spent in AS and twitch rates (number
of whisker twitches per unit time in AS) were calculated for
each pup and averaged across pups in the same experimental
group (Nerve Cut and Sham). Next, we calculated firing rates
for each unit in S1-BF and Hipp CA1 across behavioral states
and averaged them for each experimental group. Twitch-related
unit activity was analyzed as described above, and the percent-
age of significant twitch-related units in each structure was
compared across experimental groups using chi-squared tests.
Changes in LFP power after ION transection were calculated
as follows: First, normalized power within each frequency of
interest was extracted from the power spectrum for each behav-
ioral state. Next, the percent increase in LFP power during AS
was compared with BQ. Statistical differences between exper-
imental groups were compared using independent-sample t
tests for each frequency band. Finally, coherence values between
LFP signals in S1-BF and Hipp CA1 across behavioral states
and following twitches for each frequency band were calcu-
lated as described above and compared between groups using
independent-samples t tests. Based on our initial finding that
oscillatory coherence between S1-BF and Hipp CA1 was specif-
ically promoted at beta2 frequency and to minimize variations
in the signal across groups, we selected for further analysis the
LFP channel in S1-BF with maximal beta2 frequency power and
the first LFP channel in Hipp CA1 that was dorsal to the location
of the reversal potential (i.e., stratum pyramidale).

For all within-subject effects in repeated-measures anal-
yses, Greenhouse-Geisser corrections were applied when the
assumption of sphericity of the data was violated.

Results

Neural Activity Increases During AS in the Neonatal
Cortico-Hippocampal System

We recorded extracellular activity simultaneously in S1-BF and
Hipp CA1l in P8 rats (n=14). Histology confirmed electrode
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Figure 1. Neural activity in the cortico-hippocampal system across behavioral states at P8. (A) Illustration depicting simultaneous electrode placements in the S1
barrel field (S1-BF) and CA1 region of hippocampus and, at right, corresponding CO-stained coronal sections for a representative pup. DG: dentate gyrus; CPU: caudate-
putamen. (B) Representative data in a P8 rat showing manually scored sleep and wake behavior (wake movements: horizontal red line; twitches: red ticks), raw LFP,
time-frequency spectrograms, and unit activity (S1-BF, red traces; Hipp CA1, purple traces), and whisker and forelimb EMGs.

placements in both structures (Fig.1A). Activity in both
structures was most prominent during AS, including the
presence of spindle bursts in S1-BF (Fig. 1B). Spindle bursts
were heterogeneous, with oscillatory components in the theta,
alpha/beta, beta2, and sgamma bands (Fig. S1A-C), consistent
with previous reports in visual and somatosensory cortices
(Hanganu et al. 2007; Yang et al. 2016). In addition, as previously
described (Alhbeck et al. 2018), oscillatory bursts in Hipp CA1l
were similarly heterogeneous, with the dominant frequency
in the theta band along with irregular, lower-amplitude
components in the beta and sgamma bands (Fig. S1D-F).

Firing rates in S1-BF were significantly higher in AS than in
AW and BQ (n= 117 units; Ps < 0.001; Fig. 2A, top). Similarly, firing
rates in Hipp CA1 (n=90 units) were significantly higher in AS
than in AW and BQ (Ps <0.001; Fig. 2A, bottom). LFP power was
also highest during AS in both structures (Fig. 2B). Specifically,
in S1-BF, power in the theta (F(;5155) =13.2, P <0.005), beta2
(F2,26) =40.6, P <0.001), and sgamma (F(;,¢ =24.6, P <0.001)
bands was significantly higher in AS than in AW or BQ
(Ps <0.05; Fig.2C, top); alpha/beta power was significantly
higher only in relation to BQ (F(z2¢ =9.2, P <0.005; pairwise
comparison P <0.001). In Hipp CAl, power in the alpha/beta
(Frais7)=19.2, P<0.001), beta2 (F1162 =38.8, P<0.001),
and sgamma (F(15,154)=43.06, P<0.001) bands was signifi-
cantly higher in AS than in AW or BQ (Ps <0.005, Fig.2C,
bottom).

We next asked whether AS-related neural activity in this
network is specifically related to whisker twitches. As shown
in Figure 3, twitches were associated with increases in single-
unit and LFP activity in both S1-BF and Hipp CA1. Figure 3A
shows representative (left) and averaged (right) twitch-related
responses in the two structures. In S1-BF and Hipp CAl,
27.3% (32/117) and 11.1% (10/90) of recorded units, respectively,
exhibited significant increases in firing rates in response to
whisker twitches (Ps <0.05), with twitch-related unit activity
exhibiting shorter latencies in S1-BF (76+10 ms) than in
Hipp CAl (178+30 ms; tyg)=-3.6, P <0.005). Spectrograms
in Figure 3B illustrate the brevity of LFP bursts in both
structures across frequency bands in response to whisker
twitches.

Whisker Twitches During AS Promote Coherent
Oscillations in the Cortico-Hippocampal
Whisker System

Having shown thus far that beta2 activity increases signifi-
cantly in both S1-BF and Hipp CA1 during AS, we next deter-
mined whether beta2 coherence across the two structures also
increases during AS. Indeed, beta2 coherence was significantly
greater in AS than in AW or BQ (F(y 26 = 16.2, P < 0.001); this was
also true for the sgamma band (F(y,26) = 8.0, P < 0.005; Fig. 4A,B).
The only other significant effect involved increased alpha/beta
coherence in BQ in relation to AW (F(;26)=5.8, P <0.01). More-
over, PLI values for beta2 coupling during AS were significantly
different from zero (0.097 £0.001; t(;3) =47.9, P < 0.001), suggest-
ing that the observed coherence was not due to volume conduc-
tion from a common source (Stam et al. 2007).

We next determined whether increased beta2 coherence dur-
ing AS was specifically related to whisker twitches. Although
coherence in the post-twitch period was reduced overall in com-
parison with AS (Fig. 4C), post-twitch coherence was selectively
enhanced in the beta2 band. This selectivity is evident from
the beta2/theta coherence ratio, which was significantly greater
during post-twitch periods as compared with AS (F(113=7.0,
P <0.05) or shuffled data (F(; 13 = 5.1, P < 0.05; Fig. 4D).

The mean twitch-triggered beta2 waveform in S1-BF
exhibited a narrower, shorter-latency peak than that in Hipp
CA1l (Fig. 4E); moreover, peak latencies were shorter in S1-BF
than in Hipp CA1 (mean latency: 71.1+10.9 vs. 106.9+10.1 ms;
te) = —2.3,P < 0.05; Fig. 4F). Along with the unit-related latencies
described above, these observations are consistent with
previous findings in infant (Mohns and Blumberg 2010) and
adult (Pereira et al. 2007) rats showing that sensory feedback
from whiskers is conveyed from sensory cortex to hippocampus.

Because exafferent stimulation is also a potent driver of
neural activity in the neonatal sensorimotor system (Tiriac
et al. 2014; Del Rio-Bermudez et al. 2015; Akhmetshina et al.
2016), we also determined whether manual stimulation of
the whiskers elicits similar coherence patterns to those
observed after whisker twitches (Fig. S2A). In response to
contralateral whisker stimulation, we observed brief increases
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in single-unit and LFP activity in both S1-BF and Hipp CA1l
(Fig. S2B). Specifically, 71.7% of S2-BF units (84/117) and 14.4%
of hippocampal units (13/90) exhibited significant increases
in firing rate after whisker stimulation (Ps <0.05; Fig. S2C).
Power spectra in S1-BF and Hipp CA1l immediately after
stimulation were similar to the spectra observed for AS and
twitching, with peaks in the theta, alpha/beta, and beta2
frequency bands (Fig. S2D). Finally, coherence analyses revealed

a significant peak at beta2 frequency in relation to shuffled
data (t(o0) =4, P <0.005; Fig. S2E). Although we observed marked
increases in beta2 activity in response to whisker stimulation
in both structures (Fig. S2F), their latencies in relation to
stimulus onset were not significantly different. Overall, these
data support the notion that both exafferent and reafferent
signals effectively activate developing sensorimotor circuits
(Akhmetshina et al. 2016).
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Coherent Beta2 Oscillations in the
Cortico-Hippocampal Whisker System Rely on Sensory
Feedback From Twitches

To assess the causal role of twitching in promoting beta2
coherence in S1-BF and Hipp CA1l, we transected or sham-
transected the contralateral ION in P8 rats (n=6 per group;
Fig. 5A). ION transections did not affect the mean amount
of time spent in AS or whisker twitching rates in relation
to shams (Fig.5B). In contrast, ION transections produced
significant state-dependent reductions in S1-BF firing rates
(Ps <0.001; Fig. S3A) and in the percentage of twitch-related
units (x2(1, N=107)=19.8, P <0.0001; Fig. S3B). Also, although
LFP power spectra for the two structures were similar in the
two experimental groups across behavioral states (Fig. S3C,E),
ION transections produced a selective reduction in cortical
beta2 power during AS (t(;g) = —2.3, P <0.05; Fig. S3D); no power
reductions were observed in Hipp CA1 (Fig. S3F).

Along with the reduction in cortical beta2 power during
AS, transection of the ION had a profound effect on cortico-
hippocampal coherence. Specifically, in the transected pups,
coherence during AS was significantly reduced in both the beta2
(tao)=—3.9, P <0.005) and sgamma (t(;g)=—2.4, P <0.05) bands
(Fig. 5C).In addition, as shown in Figure 5D, twitch-related coher-
ence after ION transection was markedly reduced only in the
beta2 band (tq=-2.8, P<0.2). In contrast, ION transection
did not significantly affect coherence during AW or BQ in any
frequency band (Ps > 0.05; Fig. 5E,F).

Discussion

We have proposed that AS provides a unique developmental
context for synchronizing neural activity within and between
cortical and subcortical structures (Del Rio-Bermudez and Blum-
berg 2018). Previously, recording from hippocampus and red
nucleus, we showed that the two structures are maximally
coherent during AS in the theta band (Del Rio-Bermudez et al.
2017). Here, recording from hippocampus and barrel cortex, we
show that these two structures are maximally coherent during
AS in the beta2 band. In addition, by transecting the nerve that
conveys sensory feedback from the whiskers to barrel cortex,
we specifically eliminated beta2 coherence between the two
structures. Our results indicate that AS—and particularly AS-
related twitching—promotes oscillatory coupling in the cortico-
hippocampal system.

We propose that this early coupling lays a foundation for the
contributions of this system to such later-emerging adult capac-
ities as spatial navigation and context representation (Pereira
et al. 2007; Igarashi et al. 2014).

Sleep-Dependent Neural Activity in the Developing
Cortico-Hippocampal System

Early oscillatory activity is thought to play a fundamental role
in the development of the nervous system (Khazipov et al. 2004;
Khazipov and Luhmann 2006; Hanganu-Opatz 2010; Brockmann
et al. 2011; McVea et al. 2012; Benders et al. 2015; Wikstrom
et al. 2015; Yang et al. 2016; Hartung et al. 2016b; Del Rio-Ber-
mudez et al. 2017; Lebedeva et al. 2017; Valeeva et al. 2018; Del
Rio-Bermudez and Blumberg 2018). Based on studies using in
vitro preparations or anesthetized rat pups in vivo, one might
conclude that the functional value of coherent activity is inde-
pendent of behavioral state. In contrast, we have advocated

for the critical importance of sleep-wake states for properly
assessing neural activity and functional connectivity at these
early ages (Del Rio-Bermudez et al. 2017; Del Rio-Bermudez and
Blumberg 2018). Moreover, when behavioral state is taken into
account, it is clear that oscillations in developing cortical and
subcortical sensorimotor networks preferentially occur during
AS (Lahtinen et al. 2002; Mohns and Blumberg 2008, 2010; Tiriac
etal.2014; Del Rio-Bermudez et al. 2017). Here, in agreement with
previous studies in the somatosensory cortex (Tiriac et al. 2014;
Tiriac and Blumberg 2016) and hippocampus (Lahtinen et al.
2002; Mohns and Blumberg 2008; Del Rio-Bermudez et al. 2017) of
neonatal rats, we found that firing rates and LFP power in barrel
cortex and hippocampus are highest during AS. In addition,
oscillatory coupling between the two structures is substantially
greater during AS.

AS-related increases in cortical and hippocampal activity
could be explained by several factors. For example, neurotrans-
mitter dynamics vary across behavioral states, giving rise to
different levels and patterns of neural activity. In the cortico-
hippocampal system, AS is associated with the increased release
of acetylcholine (Marrosu et al. 1995; Teles-Grilo Ruivo et al.
2017). Cholinergic inputs contribute to various neurodevelop-
mental processes in cortical and hippocampal networks, includ-
ing synaptic plasticity and apoptosis (Lipton and Kater 1989;
Pugh and Margiotta 2000; Maggi et al. 2003). They also mod-
ulate oscillatory activity in developing networks. For example,
in the visual cortex during the first postnatal week, blockade
of muscarinic receptors in vivo decreases spindle burst activity
(Hanganu et al. 2007). Conversely, in vitro administration of
carbachol (a cholinergic receptor agonist) in the neonatal S1-BF
induces transient oscillations at 10-30 Hz (Kilb and Luhmann
2003).

Due to a gating mechanism within the caudal medulla that
persists through P11 (Dooley and Blumberg 2018), sensory feed-
back from wake-related movements is not conveyed to such
downstream structures as sensorimotor cortex (Tiriac et al. 2014;
Tiriac and Blumberg 2016; Dooley and Blumberg 2018) and hip-
pocampus (Del Rio-Bermudez et al. 2017). This gating mecha-
nism appears to preclude oscillatory coupling during wake, as
shown here and in a previous study (Del Rio-Bermudez et al.
2017).

Disruption of Sensory Feedback Blocks AS-Dependent
Oscillatory Coupling Between Barrel Cortex
and Hippocampus

Blocking whisker-related reafference with transections of
the ION exerted differential effects in barrel cortex and
hippocampus. In barrel cortex, nerve transections caused a
marked decrease of firing rates during AS and AW, states
characterized by the presence of whisker movements. During
AS, we also observed a selective reduction of cortical oscillations
in the beta2 band, emphasizing the role of sensory feedback
in the generation of these oscillations. On the other hand,
nerve transections did not markedly affect hippocampal
activity, perhaps because the neonatal hippocampus receives
projections from a wide array of inputs (Mohns and Blumberg
2008, 2010; Del Rio-Bermudez et al. 2017; Valeeva et al. 2018).
Thus, disrupting sensory input within a single modality seems
not to be sufficient to affect overall hippocampal activity.
Regardless, in the absence of sensory input from the whiskers,
the oscillatory coupling between barrel cortex and hippocampus
that normally occurs during AS was blocked.
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Disruption of peripheral sensory input decreases oscillatory
events and firing rates in the developing spinal cord (Inacio
et al. 2016), sensory thalamus (Tiriac et al. 2012), and cortex
(Khazipov and Luhmann 2006; Yang et al. 2016). These studies
typically report an approximately 50% reduction in neural activ-
ity after peripheral sensory blockade, leading to the conclusion
that sensory input is not necessary for the remaining 50% of
activity. However, the effect of sensory blockade on higher-order
aspects of neural activity was not previously examined. Our
results demonstrate that blockade of sensory feedback not only
reduces local neural activity in a state-dependent manner, but
also impairs the coupling of neural activity across a developing
sensorimotor network.

Anatomical Pathways Supporting Synchronization of
Sensory-Dependent Neural Activity in Barrel Cortex
and Hippocampus

In processing sensory information from the external environ-
ment, the adult hippocampus constructs and updates spatial
representations of the environment (Moser et al. 2017) and mod-
ulates sensory-guided motor behavior and navigation (Bland
and Oddie 2001). In rats and other rodents, such sensory infor-
mation is largely provided by the whisker system.

Whisker-related sensory signals reach hippocampal CA1 via
cortical inputs from barrel cortex (Pereira et al. 2007; Mohns and
Blumberg 2010; Itskov et al. 2011). Consistent with our results,
Pereira et al. (2007) showed that electrical stimulation of the
ION and mechanical stimulation of the whiskers in adult rats
trigger responses in hippocampal CA1 neurons with signifi-
cantly longer latencies and wider response curves than those
in barrel cortex; pharmacological inactivation of barrel cortex
decreased these sensory-evoked responses in hippocampal CA1.
Similarly, in the hippocampus of week-old rats, reafferent and
exafferent responses follow cortical responses and depend upon
an intact anatomical connection with sensory cortex (Mohns
and Blumberg 2010).

Peripheral sensory inputs to hippocampal CA1 from sensory
cortex are conveyed through the perirhinal and entorhinal cor-
tices (Vinogradova 2001; Pereira et al. 2007; Mohns and Blum-
berg 2010; Bellistri et al. 2013; Valeeva et al. 2018). If twitch-
related responses in hippocampal CA1 are transferred from bar-
rel cortex through these pathways, one might expect twitches
to drive similar neural responses in sites along the S1-to-CA1l
pathway. Indeed, a recent study in rat pups demonstrated that
sensory feedback from self-generated movements synchronizes
network activity in the medial entorhinal cortex and hippocam-
pus (Valeeva et al. 2018). Movement-evoked bursts of unit activ-
ity in the medial entorhinal cortex that preceded hippocampal
activity were accompanied by increased LFP power in the beta-
gamma frequency range. These LFP responses in the medial
entorhinal cortex are consistent with our finding that sensory
inputs drive beta2 oscillations in barrel cortex that are then
conveyed to the hippocampus via entorhinal cortex.

Interestingly, the activity-dependent anatomical and func-
tional development of the hippocampal-entorhinal system fol-
lows a linear sequence that mimics this natural flow of infor-
mation from the cortex to the hippocampus—starting in layer
II of medial entorhinal cortex and sequentially propagating
along the CA3-CA1l-dentate gyrus-subiculum pathway and then
back to deeper layers of entorhinal cortex (Donato et al. 2017).
Collectively, the present results suggest that sensory feedback
from twitches during AS provide the necessary excitatory inputs
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to activate the S1-to-CA1l pathway, thus orchestrating the emer-
gence of coordinated activity and promoting activity-dependent
plasticity in this network.

Beta2 Oscillations in the Infant and Adult
Cortico-Hippocampal Network

The present results indicate that early cortico-hippocampal
oscillatory coherence during AS and in response to sensory
stimulation is most notably expressed in the beta2 band. Beta2
oscillations have been previously described in vivo in the
sensory cortex and hippocampus of adult (Baker 2007; Martin
etal. 2007; Berke et al. 2008; Franga et al. 2014; Igarashi et al. 2014;
Rangel et al. 2015; Vinck et al. 2016) and neonatal (Lahtinen et al.
2002; Luhmann and Khazipov 2018; Valeeva et al. 2018) rodents.

Cortical beta2 oscillations can be elicited by olfactory (Mar-
tin et al. 2007) and whisker stimulation (Hamada et al. 1999).
From a functional perspective, cortical beta oscillations engage
motor and sensory networks and are thought to support cortico-
muscular coherence and sensorimotor integration (Baker 2007).
Hippocampal beta2 oscillations can also be elicited by external
stimuli, such as task-relevant reward cues (Rangel et al. 2015). In
the mouse hippocampus, 20-30 Hz oscillations in hippocampal
CA1 have been observed during exploration of novel contexts
and objects, and are likely involved in the initial encoding and
representation of new environments and unexpected sensory
stimuli (Berke et al. 2008; Grossberg 2009; Franca et al. 2014).

In adult rats, maximal oscillatory coherence between the
entorhinal cortex and hippocampal CA1 occurs at 20-40 Hz. This
activity correlates positively with behavioral performance in a
spatial associative memory task (Igarashi et al. 2014). In addition,
oscillatory coupling between barrel cortex and hippocampal CA1
during locomotion also peaks at these frequencies, suggesting
that beta oscillations synchronize activity between cortical and
hippocampal networks during movement (Vinck et al. 2016).

Finally, the present findings are consistent with a previous
report showing a 20-30 Hz rhythm during AS in the neonatal
rat hippocampus (Lahtinen et al. 2002). They also provide the
first evidence that AS-dependent beta2 oscillations promote
oscillatory coupling between sensory cortex and hippocampus
in early development.

Conclusions

Early oscillatory activity plays important roles in the devel-
opment of the nervous system. In the sensorimotor cortex of
neonatal rats, the amount of oscillatory activity affects the
rate of apoptosis, a key contributor to the development and
refinement of neural networks (Lebedeva et al. 2017; Blanquie
et al. 2017b). In premature human infants, the prevalence of
cortical oscillations is related to subsequent brain growth and
cognitive development (Benders et al. 2015; Wikstrom et al.
2015). In addition, coordinated or synchronous patterns of early
electrical activity between distant but functionally related neu-
ral structures is a hallmark of emerging network connectivity
(Uhlhaas et al. 2010; Brockmann et al. 2011; Hartung et al. 2016b;
Del Rio-Bermudez et al. 2017; Del Rio-Bermudez and Blumberg
2018; Valeeva et al. 2018; Gretenkord et al. 2019).

Here we have demonstrated that the expression and syn-
chronization of early oscillatory activity in the sensorimotor
system relies heavily on AS-related sensory input. Consequently,
any condition that disrupts sleep or sensory processing could
be detrimental to the typical development of local circuits and
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long-range connectivity. In the whisker system of rat pups, for
instance, early sensory deprivation leads to anatomical and
functional alterations of the barrel cortex and results in behav-
ioral impairments that can persist into adulthood (Simons and
Land 1987; Fox 1992; Crocker-Buque et al. 2015). In addition,
in adult rodents, sleep deprivation alters synaptic plasticity in
sensorimotor cortex, hippocampus, and cerebellum (Sei et al.
2000; Abel et al. 2013; Li et al. 2017). Thus, to the extent that sleep
and sleep-related sensory processing contribute to the typical
development of the sensorimotor system, disrupted sleep may
cause or exacerbate the sensorimotor deficits that characterize
a variety of neurodevelopmental disorders, including autism
(Nebel et al. 2012; Whyatt and Craig 2013).
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Figure S1. Oscillatory bursts in S1-BF and Hipp CA1 are composed of multiple frequency
bands. (A) Representative spindle burst during AS recorded from S1-BF in a P8 rat. Depicted is
the raw LFP (red trace) and corresponding filtered signals (theta, alpha/beta, beta2, and
sgamma), unit activity (black tick marks), and whisker EMG (black trace) in response to a whisker
twitch. (B) Time-frequency spectrogram for the raw LFP signal in (A) denoted by the dashed
rectangle. (C) Power spectra corresponding to three representative spindle bursts recorded from
S1-BF. (D) Representative oscillatory burst in Hipp CAL during AS in a P8 rat. All the signals
depicted here are the same as those in (A). (E) Time-frequency spectrogram for the raw LFP
signal in (D) denoted by the dashed rectangle. (F) Power spectra corresponding to three
representative bursts recorded from Hipp CAL.
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Figure S2. Exafferent stimulation of the whiskers triggers neural responses in S1-BF and
Hipp CA1 at P8. (A) lllustration depicting whisker stimulation using air puffs and simultaneous
recordings of S1-BF and Hipp CAl in a P8 rat. (B) Representative data depicting raw LFP activity,
corresponding time-frequency spectrogram, and unit activity in response to whisker stimulation in
S1-BF (top, red traces) and Hipp CA1 (bottom, purple traces) in a P8 rat. Green tick marks denote
stimulus onset. (C) Representative perievent histograms (10-ms bins) for spike activity in relation
to whisker stimulation in S1-BF (red, top) and Hipp CAl (purple, bottom) in a P8 rat. Vertical
dashed lines indicate stimulus onset. Upper and lower acceptance bands (p < 0.05) are indicated
by blue lines. Right: Same as in (left) for normalized pooled data across all units that exhibited
significant stimulus-related activity (p < 0.05) in S1-BF (n = 84 units) and Hipp CA1 (n = 13 units).
(D) Mean normalized power spectra for LFP activity following whisker stimulation (500-ms
window) for S1-BF (top) and Hipp CAl (bottom). Shaded area indicates SE. Vertical line in
spectrograms denotes whisker twitch onset. (E) Mean LFP-LFP coherence spectra between S1-
BF and Hipp CA1 following whisker stimulation (pink) and for shuffled data (black) Shaded area
indicates SE. (F) Mean normalized stimulation-triggered LFP power (beta2; 20-30 Hz; root mean
square) pooled across subjects for S1-BF (red) and Hipp CA1 (purple). Dotted lines indicate SE.
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Figure S3. Effects of ION transection on spontaneous neural activity in S1-BF and Hipp
CA1l. (A) Mean (+SE) firing rates in S1-BF (top) and Hipp CA1 (bottom) in the Sham (blue) and
Cut (orange) groups across behavioral states (AS, AW, BQ). * significant difference from Cut
group within a behavioral state (p < 0.001). # significant difference from AW and BQ within the
same experimental group (p < 0.001). t significant difference from BQ within the same
experimental group (p < 0.001). (B) Stacked plots indicating percentage of all units in S1-BF (top)
and Hipp CA1 (bottom) that were significantly twitch-related in the Sham (blue) and Cut (orange)
groups. The percentage of twitch-related units in S1-BF was significantly lower (x? (1, N = 107) =
19.8, p < 0.0001) in the Cut group (9.5%, 6/63 units) than in the Sham group (47.7%, 21/44 units).
In Hipp CA1, 2.2% of units (1/46) were responsive to whisker twitches in the Cut group, as
compared with 12.9% of units (4/31) in the Sham group (x2 (1, N=77) = 3.4, p = 0.06. * significant
difference from Cut group, p < 0.0001. (C) Mean power spectra of LFP activity in S1-BF during
AS (blue), AW (orange), and BQ (green) in the Sham (left) and Cut (right) groups. Shaded area
represents SE. (D) Mean (+ SE) percent change in LFP power in S1-BF during AS in relation to
BQ across frequency bands in the Sham (blue) and Cut (orange) groups. * significant difference
from Cut group, p < 0.05. (H) Same as in (G) but for Hipp CA1 activity. (E) Same as in (C) but for
LFP activity in Hipp CAL. (F) Same as in (D) but for LFP power in Hipp CAL.
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