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Summary

Neuronal oscillations comprise a fundamental mechanism by which distant neural structures
establish and express functional connectivity. Long-range functional connectivity between the
hippocampus and other forebrain structures is enabled by theta oscillations. Here we show for the
first time that the infant rat red nucleus (RN)—a brainstem sensorimotor structure— exhibits theta
(4-7 Hz) oscillations restricted primarily to periods of active (REM) sleep. At postnatal day (P) 8,
theta is expressed as brief bursts immediately following myoclonic twitches; by P12, theta
oscillations are expressed continuously across bouts of active sleep. Simultaneous recordings from
the hippocampus and RN at P12 show that theta oscillations in both structures are coherent, co-
modulated, and mutually interactive during active sleep. Critically, at P12, inactivation of the
medial septum eliminates theta in both structures. The developmental emergence of theta-
dependent functional coupling between the hippocampus and RN parallels that between the
hippocampus and prefrontal cortex. Accordingly, disruptions in the early expression of theta could
underlie the cognitive and sensorimotor deficits associated with neurodevelopmental disorders
such as autism and schizophrenia.
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Introduction

Results

Sleep is the predominant behavioral state in early development [1-4]. Of the two primary
sub-states of sleep, active sleep (AS, or REM sleep) occurs at its highest rates in the
perinatal period and has long been considered a critical contributor to early brain
development [4,5]. In addition, myoclonic twitching is a prominent phasic component of AS
that triggers patterned neural activity throughout the neuraxis and, by doing so, can
contribute to the experience-dependent development of sensorimotor networks [6-9].

We recently showed that the newborn red nucleus (RN) is an important site for sensorimotor
integration [10]. Specifically, in week-old rats, the RN is not only involved in the generation
of wake movements and AS-related twitching, but also processes sensory feedback from
moving limbs in a somatotopic fashion. Importantly, the RN is functionally connected with
many other sensorimotor structures, including the cerebellum [11,12], sensorimotor cortex
[13], and hippocampus [14-16]. Although the hippocampus is most typically associated with
spatial memory and navigation [17], it has also long been considered a sensorimotor
structure [18,19]. According to the sensorimotor integration model of hippocampal function,
the hippocampus interacts with the RN in a bidirectional manner to enable sensorimotor
integration during motor performance [14,20]. The neural mechanisms that establish and
maintain this long-range connectivity between hippocampus and RN have not been
elucidated.

As demonstrated primarily in the adult [21-23] and infant [24-27] forebrain, long-range
functional connectivity is maintained via synchronized neural oscillations, particularly at
low frequencies including theta (4-10 Hz). In adults, oscillations in the theta band support
functional connectivity in the hippocampus and associated networks during sensorimotor
processing in humans [28] and rats [29]. Here we address the hypothesis that the infant
hippocampus establishes long-range functional connectivity with the RN through
synchronized theta oscillations. We record extracellular activity in P8 and P12 rats cycling
freely between sleep and wakefulness; we chose these ages because they mark an abrupt
transition in the development of hippocampal theta [30] as well as neural activity in the RN
and associated structures [12]. We demonstrate for the first time that the RN exhibits robust
theta activity during AS. Moreover, by P12, AS-related theta oscillations in the hippocampus
and RN are coherent, comodulated, and mutually interactive. Finally, pharmacological
inactivation of the medial septum (MS), an established generator of hippocampal theta,
blocks AS- but not twitch-related theta in both the hippocampus and RN. These findings
highlight the importance of behavioral state for the differential expression of functional
connectivity in the developing nervous system. They also lay a foundation for understanding
how neural oscillations contribute to the emergence of long-range functional connectivity
linking cortical and brainstem networks.

The infant RN exhibits state- and twitch-dependent theta oscillations

We first characterized developmental patterns of oscillatory activity in the RN using data
from a previous study [12]. At P8 (n = 11), the local field potential (LFP) in the RN
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exhibited short, discontinuous bursts of oscillatory activity (Figure 1A). These bursts
occurred predominantly at theta frequency (4-7 Hz) and within periods of AS. In contrast,
theta activity at P12 (n = 11) was continuous during periods of AS (Figure 1B). This rapid
developmental transition from discontinuous to continuous oscillatory activity in the RN is
similar to that observed in forebrain areas such as prefrontal cortex [24], sensorimotor cortex
[31], and hippocampus [24,30]. Quantitative analyses of theta power revealed a significant
main effect of Behavioral State (F(2, 409) = 4.9, p < 0.02) as well as an Age x Behavioral State
interaction (F(2, 40) = 14.6, p < 0.001); theta power at P12 was significantly higher during
AS in relation to the other behavioral states (post hoc pairwise comparisons, ps < 0.002;
Figure 1C, D).

Sensory feedback (i.e., reafference) from myoclonic twitches is a potent driver of RN
activity at P8 and P12 [10,12]. Thus, we next asked whether the brief theta oscillations
observed during AS at P8 were attributable to twitch-related reafference. Individual twitch-
triggered spectrograms and LFP waveforms of theta activity, pooled across all pups (n = 11),
indicate that twitch-related reafference triggered brief theta oscillations (p < .01; Figure 2A).
Surprisingly, at P12 and against a background of continuous theta oscillations (n = 11),
twitch-related reafference continued to trigger increased theta power (p < .01; Figure 2B).
This transition between P8 and P12 from brief, twitch-related theta bursts to continuous, AS-
related oscillations in the RN mirrors previous findings in the hippocampus [30].

Theta oscillations in the hippocampus and RN are tightly coupled during AS at P12

We next asked whether the continuous theta oscillations in the hippocampus and RN, first
observed at P12, are temporally coupled, thus indicating functional connectivity between
these two structures. To address this question, we performed simultaneous extracellular
recordings in the RN and hippocampal CAL (n = 19; Figure 3A). As expected, continuous
theta oscillations in the hippocampus and RN were most prominently expressed during AS
(Figure 3B). Theta power was higher for periods of AS in both the hippocampus (Figure 3C,
F(1.4,25.9) = 31.3, p < 0.001, correction: Greenhouse-Geisser) and RN (Figure 3D; F(1 4,26.1)
=19.8, p < 0.001, correction: Greenhouse-Geisser) in relation to active wake (AW) and
behavioral quiescence (BQ; post hoc pairwise comparisons, ps < 0.001).

It should be noted that the theta-frequency peak observed here at P12 (5 Hz) is lower than
that reported in the hippocampus of adult rats during AS (typically 8 Hz; Montgomery et al.,
2008). The frequency peak found here at P12 is consistent with the finding of a progressive
increase in theta frequency across age from ~5.5 Hz at P16 to ~7.5 Hz by P28 [33].

We next assessed the coherence of hippocampal and RN theta oscillations across the three
behavioral states (Figure 4A). Coherence spectra revealed that coupling in the theta-
frequency range was significantly greater during AS (Figure 4B; F(; 36) = 47.2, p < 0.001)
than during AW or BQ (ps < 0.001). To characterize the strength and directionality of
information flow between the hippocampus and RN during AS, we next performed Granger
causality analysis [34,35] (Figure 4C). This analysis was performed on LFP pairs from all
19 pups, from which we identified 9 pups that exhibited (i) significant Granger values (ps <
0.01) and (ii) clear Granger value peaks within theta frequency. From these pups, the
average pattern comprised a substantial hippocampus—RN peak and a smaller RN
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hippocampal peak. These results are consistent with the sensorimotor integration model of
hippocampal function [14,20], which posits bidirectional communication between the
hippocampus and RN.

Having established functional connectivity in the theta band between the hippocampus and
RN, we next assessed whether theta oscillations are temporally associated with spiking
activity in the two structures. Hippocampal spiking activity was highly coherent with
hippocampal LFP in the theta-frequency range during AS (F(1.1,39.4) = 17.2, p < 0.004,
correction: Greenhouse-Geisser) as compared with AW and BQ (post hoc pairwise
comparisons, ps < 0.004; Figure S1A). In contrast, theta-related spike-LFP coherence in the
RN was negligible (Figure S1B). Visual examination of the RN data, however, suggested
that spiking activity increases substantially during periods of increased theta amplitude (e.g.,
see Figure S2B). Therefore, we next examined the temporal fluctuations in theta amplitude
before testing the hypothesis that spike-LFP coherence in the RN is enhanced during periods
of high-amplitude theta.

Comodulation of theta amplitude in the hippocampus and RN at P12

We defined high-amplitude theta as continuous theta oscillations with at least three cycles
that exceeded the baseline amplitude by 1.5 SDs; all other periods were designated as low-
amplitude theta (Figure 5A). As expected, this method yielded two distinct categories of AS-
related theta in the hippocampus (F(1,18) = 32.1, p < 0.001) and RN (F(1,18) = 84.7, p <
0.001; Figure 5B). High-amplitude theta during AS was often closely associated with
periods of abundant myoclonic twitching (Figure 5A); indeed, rates of twitching in the
forelimb were significantly higher during periods of high-amplitude theta in both the
hippocampus (F(1,18) = 16.5, p < 0.002) and RN (F(q,1g) = 26.2, p < 0.001; Figure 5C).
Cross-correlations between theta-filtered LFPs in the hippocampus and RN during AS
indicated robust synchrony and coherent amplitude modulation (i.e., comodulation; Figure
5D, left; mean lag for pooled data: 10 £ 9 ms); cross-correlations coefficients were
significantly higher in relation to shuffled data (41g) = 10.1, p < 0.001; Figure 5D, right).

Theta oscillations modulate spiking activity in the hippocampus and RN at P12

Having characterized fluctuations in theta amplitude across AS, we next returned to the
hypothesis that spike-LFP coherence is specifically enhanced during periods of high-
amplitude theta. To test this hypothesis, we produced spike-LFP coherence spectra restricted
to periods of high-amplitude theta and selected those units showing clear peaks within the
theta-frequency range (see Methods). For these pairs, and in comparison to entire bouts of
AS, spike-LFP coherence was significantly greater during periods of high-amplitude theta in
the hippocampus (F(1 23) = 10.8, p < 0.004; Figure 5E) and RN (F1 23) = 29.5, p < 0.001;
Figure 5F).

In addition to spike-LFP coherence, hippocampal and RN units were phase-locked to local
theta oscillations during periods of high-amplitude theta. Examples of phase-locked spiking
activity are shown for the hippocampus (Figure 5G, left) and RN (Figure 5H, left). In total,
significant phase-locking was found in 79% of the hippocampal neurons and 61% of the RN
neurons (ps < 0.01). Moreover, phase locking was significantly higher during periods of
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high-amplitude theta in both the hippocampus (F 1 25y = 9.8, p < 0.005, Figure 5G, right) and
RN (F(1,35) = 14.9, p < 0.001; Figure 5H, right). These results suggest that theta oscillations
in the developing hippocampus and RN modulate neuronal activity during AS, especially
during periods of high-amplitude theta.

Spike-LFP coherence and phase locking within the RN suggest that theta oscillations are
locally expressed rather than being volume conducted from a nearby structure. We further
addressed this issue of local generation in a subset of P12 subjects (n = 5) by retracting the
electrode to locations dorsal to the RN and performing additional recordings (Figure S2A).
As shown for a representative subject (Figure S2B), theta power during AS was equally high
in the two sites within the RN—where spiking activity was also present—and decreased at
sites approximately 2 mm dorsal to the RN. This pattern of decrease in theta power was
found in the theta ratios averaged across all five subjects (Figure S2C). Interestingly, the
retention of high theta ratios in the region immediately dorsal to the RN could reflect RN-
like activity in nearby premotor nuclei within the so-called mesodienchaphalic junction [36].

Inactivation of the medial septum blocks theta in the hippocampus and RN at P12

The findings presented thus far suggest that theta oscillations in the hippocampus and RN
share a common neural generator. The medial septal area, including medial septum (MS)
and diagonal band of Broca (DBB), is known to generate hippocampal theta in adult [37]
and neonatal [24] rats. To determine whether it also generates theta in the RN, we compared
hippocampal and RN activity at P12 before and after pharmacological inactivation of the MS
(Figure 6A,B). These inactivations were performed in a subset of the subjects described
above (n = 6 in each group) by infusing 0.1 ul of the GABA receptor agonist muscimol
(1.6 mM) or saline [38].

The LFPs and time-frequency spectrograms for one representative subject are shown in
Figure 6C; in both the hippocampus and RN, theta oscillations during AS were markedly
reduced after MS inactivation. These reductions are equally clear in the averaged power
spectra in Figure 6D. With respect to theta power across the two structures, there was a
significant main effect of Pre/Post (Hipp: F(1,10) = 9.3, p < 0.02; RN: F(1,19) = 9.9, p = 0.01)
as well as a significant Group x Pre/Post interaction (Hipp: F(1,10) = 13.4, p < 0.005; RN:
F@,10) = 8.7, p < 0.02). Post hoc tests revealed significant decreases in theta power after MS
inactivation for the hippocampus (p < 0.02; Figure 6D, top) and RN (p = 0.01; Figure 6D,
bottom). Importantly, MS inactivation had no effect on the expression of AS or twitching
(Table S1). Thus, the MS specifically modulates the expression of AS-related theta in both
the hippocampus and RN without affecting the expression of sleep or twitching.

In addition to inputs from the forebrain, the RN receives a prominent input from the deep
cerebellar nuclei (DCN) [11,39]. In a previous study that used similar methods in P12 rats
(Figure S3A), we found that inactivation of the DCN reduced firing rates in the RN during
AS by 40-50% [12]. We returned to these data to ask whether DCN inactivation had any
effect on the expression of theta in the RN. We found that it did not (Figure S3B), thus
providing further evidence that RN theta is specifically tied to the septo-hippocampal
system.
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Finally, spiking activity in both the hippocampus and RN [10,12,30] increases in response to
twitching; in the hippocampus, twitch-related reafference is conveyed from the sensorimotor
cortex [40]. This raises the possibility that twitch-triggered activation of theta bursts within
the hippocampus and RN occur independently of septal influence. Indeed, inactivation of the
MS at P12 blocked AS-related—but not twitch-related—theta in both the hippocampus and
RN (all p < 0.05; Figure 7). Moreover, in the absence of septal input, twitch-triggered theta
activity at P12 now mirrored the discontinuous theta-burst pattern observed here at P8 in the
RN (see Figure 2A) and previously in the hippocampus [30].

Discussion

We have discovered in infant rats the presence of continuous theta oscillations in the RN, a
premotor brainstem structure that plays an outsized role in controlling newborn behavior
[10,41]. These theta oscillations emerged rapidly toward the end of the second postnatal
week and were expressed predominantly during AS. By recording simultaneously from the
RN and hippocampus at P12, we found that theta in the two structures was coherent and
comodulated during AS, indicating close functional and state-dependent coupling between
them. Finally, by inactivating the MS—a structure k nown to generate hippocampal theta—
we found that theta is lost in both the hippocampus and RN. Although it has been proposed
that theta oscillations in the hippocampus contribute to its functional connectivity with
brainstem motor nuclei [20], the possibility of oscillatory coupling among these structures
had not been considered.

The transition from discontinuous to continuous oscillatory activity

During AS, theta oscillations in the RN are expressed at P8 as discontinuous bursts and
transition to continuous oscillations by P12; this transition from discontinuous to continuous
theta is identical to that observed in the hippocampus [30]. Similar oscillatory transitions
have been reported in the rat cerebral cortex at the beginning of the second postnatal week
[7,24,27,30,31] and in human infants toward the end of the third trimester [27,42,43]. In rats,
these transitions coincide with abrupt increases in single-unit firing rates in the RN [12],
cerebellum [12,44], sensorimotor cortex [31], and hippocampus [30]. Moreover, the rapidity
with which these transitions occur suggest that these ages define a sensitive period for brain
development [44].

The emergence of hippocampal theta bursts at P8 [30] coincides with the rapid proliferation
of perisomatic interneuronal synapses [45] and the emergence of parvalbumin-
immunoreactive GABAergic neurons in the MS and hippocampus [46,47]; both contribute to
theta production [48,49]. Like the hippocampus, the rodent RN contains a well-characterized
subpopulation of GABAergic interneurons, including parvalbumin-immunoreactive cells
[50,51]. In addition, the density of GABAergic receptors in the rat RN peaks around P10
[52], just before the emergence of continuous theta. The similarities in the developmental
timing of theta in the RN and hippocampus, as well as similarities in the emergence of
GABAergic networks, suggest that theta in both structures is generated through similar
mechanisms.
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As illustrated in Figure S4, continuous theta in the RN could arise through a number of
different pathways. Specifically, RN theta could arise independently of the hippocampus
through direct or indirect input from the septal area, including the MS and the DBB [53], or
through an indirect projections from the hippocampus, perhaps through the zona incerta
[53,54] or the lateral septum and hypothalamus [53,55].

from twitches triggers a third type of theta activity

At P8, discontinuous theta bursts in the RN were predominantly expressed immediately after
forelimb twitches, suggesting reafferent activation. Bursts of oscillatory activity can
contribute to a variety of developmental processes, including synapse formation, cell
differentiation and migration [27], and map formation and refinement [25]. Importantly, the
close temporal association between twitching and brief bursts of cortical [7,31] and
hippocampal [30] activity inspired the hypothesis that twitch-related reafference contributes
to the development of these forebrain networks [6,7,9]. The present findings extend these
ideas to brainstem structures like the RN [10]. To the extent that increases in LFP power
reflect enhanced neuronal synchrony [56], twitch-triggered increases in theta power may
reflect greater network synchronization in the rubro-hippocampal system.

In the adult hippocampus, two types of theta oscillations have been identified, based in part
on their behavioral correlates [57]: Type 1 or movement-related, theta, and type 2 or
immobility-related theta. Moreover, whereas type 1 theta occurs during periods of “phasic
AS” (defined by the presence of phasic events, including twitches), and type 2 theta occurs
during “tonic AS” [58]. At P12 during AS, hippocampal theta exhibited characteristics that
correspond with types 1 and 2, and inactivation of the MS suppressed both of them, as
occurs in adults [59]. Strikingly, we found the same pattern of results in the P12 RN.

During AS, Type 1 theta is identified only with periods surrounding phasic activity and has
not been specifically associated with reafference from twitches. In contrast, as noted above,
inactivation of the MS at P12 suppressed both types of theta while sparing the expression of
twitch-triggered theta bursts; this suggests that reafferent theta is conveyed via non-septal
pathways (see Figure S4). This finding raises the possibility that twitch-reafferent theta in
adults is present but masked, as previously proposed in relation to twitch-reafferent spindle-
burst activity in sensorimotor cortex [60]. Accordingly, we propose that twitch-reafferent
theta constitutes a distinct—type 3—category of theta. Th e pathways conveying twitch-
related reafference to the RN likely bypass the cerebellum [12] and involve direct
spinorubral projections [61]; on the other hand, the pathway to the hippocampus likely
passes first through somatosensory cortex [40].

The rubro-hippocampal network and its role in sensorimotor integration

In adults, functional connectivity between the hippocampus and RN is thought to enable
motor behavior that adjusts adaptively to sensory input [14,20]. For example, both the
hippocampus and RN are necessary for the acquisition and expression of trace eyeblink
conditioning [16,62], and theta oscillations appear important for synchronizing the
hippocampus and cerebellum to enhance this learning [63]; this opens the possibility that
theta oscillations in the RN also participate in this system-wide synchronization within
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learning contexts. In addition, the role of hippocampal theta in modulating locomotor speed
in mice [64] may be mediated by subcortical premotor structures such as the RN. Theta-
dependent functional connectivity could also contribute to the acquisition and consolidation
of skilled forelimb movements, which are highly dependent on the RN [65].

Functional connectivity in developing networks: Beyond the “resting state”

Although AS is a relatively prominent behavioral state in early infancy [1-4], investigations
of functional connectivity in infants have largely focused on the so-called “resting state,” on
periods of slow-wave sleep, or under anesthetic conditions that suppress normal sleep-wake
cycles [66]. Given the hypothesized role of AS in brain development [1,4-6], one might
expect network interactions to be very different during this sleep state; indeed, in adults, AS
specifically enhances theta-dependent synchrony in hippocampal networks [32,67] and,
moreover, AS-related theta appears to be causally related to hippocampal-dependent
memory consolidation [68]. Here, using infant rats, we found that the state of AS permits the
expression of theta-dependent functional connectivity between the hippocampus and RN,
perhaps driving activity-dependent developmental plasticity at ages when wake-related
expression of hippocampal-dependent learning has yet to emerge [69]. Importantly, given
that theta oscillations in the developing hippocampal system are preferentially expressed
during AS, we suggest that—under normal conditions— the state of AS promotes maximal
theta-dependent coupling among structures within the hippocampal network (including the
prefrontal cortex, [24]).

We did not see evidence of prominent theta during periods of wake-related movements, as
occurs in the adult hippocampus [57]. Although it is possible that wake-related theta
develops later, our head-fix method is incompatible with the expression of the kinds of wake
behaviors (e.g., running, rearing, jumping) that accompany theta in adults. However, even in
unrestrained rats, these wake behaviors are relatively infrequent at P12 [70], especially
compared with AS.

Disrupted functional connectivity in neurodevelopmental disorders

Aberrant long-range connectivity occurs in such neurodevelopmental disorders as
schizophrenia [71], autism [72], and ADHD [73]. Although investigations in these domains
have focused largely on the cortical networks that subserve cognitive and social functions
[26], it is important to acknowledge that many neurodevelopmental disorders also entail
substantial sensorimotor deficits. For example, autism not only comprises cognitive and
social deficits, but also deficits in motor control [74] and sensorimotor integration [75]. In
addition, autism entails aberrant functional connectivity between cerebral cortex and
subcortical networks involved in sensorimotor processing, including the cerebellum [76] and
striatum [77]. Moreover, in children with autism, functional connectivity is specifically
affected in the theta band [78].

As recently shown in the hippocampal-prefrontal system in a mouse model of schizophrenia,
abnormal connectivity was detected very early in development before cognitive deficits were
apparent [79]. In a similar vein, the current findings suggest that impaired functional
connectivity in the rubro-hippocampal network may predict and contribute to sensorimotor
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deficits; such impairments could be caused by a number of factors, including sleep
disruption. Accordingly, further research into the oscillatory dynamics and state-dependent
modulation of forebrain-brainstem networks has the potential to reveal common neural
processes underlying the emergence of the cognitive and sensorimotor deficits of
neurodevelopmental disorders.

Star Methods

Contact for reagent and resource sharing

Further information and requests for resources may be directed to, and will be fulfilled by
the Lead Contact, Mark Blumberg (mark-blumberg@uiowa.edu).

Experimental models and subject details

A total of 41 male and female Sprague-Dawley Norway rats (Rattus norvegicus) at P7-9 (n =
11; hereafter designated as P8) and P11-13 (n = 30; hereafter designated as P12) were used.
Whereas multiunit data from the RN-only recordings in the P8 and P12 subjects were
published previously [12], the LFP data were newly analyzed for this study; all of the dual-
recording data in the P12 subjects were collected for this study. With minor exceptions, the
methods and equipment used in the two studies are identical. For all experiments, 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 0700 h and with water and food
available ad /ibitum. Litters were culled to eight pups within three days of birth. 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.

Method details

Surgery—As previously described [80], a pup with a visible milk band was removed from
the litter on the day of testing. Under 2-5% isoflurane anesthesia, stainless steel bipolar hook
electrodes (50 um diameter, California Fine Wire, Grover Beach, CA) were implanted into
the forelimb and nuchal muscles. A ground wire was implanted transdermally on the back.
After exposure and cleaning of the skull, a custom-built head-fix was attached to the skull
with cyanoacrylate adhesive. The pup was allowed to recover for 1 h in a humidified
incubator maintained at 35-36 °C. The pup was then briefly anesthetized again and secured
in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA), where small holes were
drilled in the skull for later insertion of a recording electrode into the RN (coordinates
relative to bregma; P8: AP = —4.8 to -5.0 mm; ML = 0.4 to 0.6 mm,; dorsoventral (DV), 4.3
to 4.8 mm; P12: AP, 5.3 to -5.5 mm; ML, +0.4 to 0.6 mm; DV, -5.0 to -5.5 mm) or CAl
region of hippocampus (P12: AP, -2 mm; ML, £1.5 mm; DV, -2 to -2.5 mm; 15° lateral ang
le), or a microsyringe into the medial septum (P12: AP, +1.5 mm; ML, £1.3-1.5 mm; DV,
-4.5 to 5 mm; 20° lateral angle). Two additional holes were drilled, one above the visual
cortex (contralateral to the hippocampal and RN recording sites) for insertion of a ground
wire (which was also used as the reference electrode), and a second in frontal cortex for
insertion of a thermocouple.
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General Procedure—Following surgery, pups were transferred to a stereotaxic apparatus
where the animal's torso was secured to a platform; the limbs were allowed to dangle freely.
To monitor brain temperature, a fine-wire thermocouple was inserted into the cerebral cortex
(Omega Engineering, Stamford, CT). Brain temperature was maintained at 36-37 °C
throughout all experiments. The EMG bipolar electrodes were connected to a differential
amplifier (A-M Systems, Carlsborg, WA, Tucker-Davis Technologies, Alachua, FL). A
stainless steel ground electrode (0.25 mm diameter; Medwire, Mt. Vernon, NY) was inserted
into the cerebral cortex. Testing began after a 1-h acclimation period but not before
organized sleep-wake cycles were observed.

Neurophysiological Recordings—Neural data were acquired using 16-channel silicon
depth electrodes or 4-channel linear probes (NeuroNexus, Ann Arbor, MI; A1x16-
Poly2-5mm-50-177; A1x16-10mm-100-177; Q1x4-10mm-50-177) connected to a data
acquisition system (Cambridge Electronic Design, Cambridge, UK; Tucker-Davis
Technologies). Neural and EMG signals were sampled at 25 kHz and 1 kHz, respectively.
Before insertion of electrodes into the brain, the recording electrode was coated with
fluorescent Dil (Vybrant Dil Cell-Labeling Solution; Life Technologies, Grand Island, NY)
for subsequent histological verification of placement. During each recording session as the
pup's sleep and wake behavior were manually scored by an experimenter blind to the
electrophysiological record.

Pharmacological Inactivation of the Medial Septum—To assess the effects of
pharmacological inactivation of the medial septum on spontaneous hippocampal and RN
activity at P12, we first recorded spontaneous activity in the RN and hippocampus over a
baseline period of 30 min. Then, a 0.5 pl microsyringe (Hamilton, Reno, NV) was lowered
stereotaxically into the medial septum (see coordinates above). Pups received a 0.1 pl
infusion into the medial septum of either fluorophore-conjugated muscimol (MUS, N = 6;
ThermoFisher Scientific; 1.6 mM, dissolved in 40% dimethyl sulfoxide) or 0.9% saline
(SAL, N =6) at a rate of 0.1 pl/min. After a 15-min period to allow for drug diffusion, the
30-min post-infusion recording session began [12,81]. This infusion/recording protocol is
similar to that used previously to assess the effect of inactivating the deep cerebellar nuclei
(DCN; coordinates for microsyringe placement at P12: AP, -3.7 mm; ML, +3 mm; DV, -3.2
mm; 20° lateral angle) on RN activity [12].

Histology—After testing, the pup was overdosed with ketamine/xylazine (0.08 mg/g i.p.)
and perfused transcardially with phosphate-buffered saline and 4% paraformaldehyde. The
brain was sliced coronally at 80 pm using a freezing microtome (Leica Microsystems,
Buffalo Grove, IL). Electrode locations and drug diffusion were visualized at 2.5-5%
magnification using a fluorescent microscope and digital camera (Leica Microsystems).
Sections were subsequently stained with cresyl violet and electrode placements and infusion
sites were confirmed.

Quantification and Statistical Analysis—All analyses and statistical tests for neural
data were performed using custom-written Matlab routines (MathWorks, Natick, MA),
Spike2 software (Cambridge Electronic Design), and SPSS (IBM, Armonk, NY). Alpha was
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set at 0.05 for all analyses, unless otherwise stated. When repeated-measures analysis of
variance (ANOVA) was performed, post hoc pairwise comparisons were performed using
the Bonferroni correction procedure. Reported group data are always mean + standard error
(SE).

Behavioral State—As described previously [80], EMG signals and behavioral scoring
were used to identify behavioral states. Active wake (AW) was defined as periods
characterized by high-amplitude limb movements against a background of elevated muscle
tone. Active sleep (AS) was defined by the presence of myoclonic twitches against a
background of muscle atonia [3,82]. Twitches were identified electrographically as spikes in
the EMG record with amplitudes at least 3x larger than background atonia. Behavioral
quiescence (BQ) was defined as periods of low muscle tone, an absence of spiking activity
in the EMG, and behaviorally confirmed absence of overt movement. Such periods typically
occurred between bouts of AW and AS and were required to last at least 1 s [12].

Spike Sorting—After data acquisition, recordings were band-pass filtered (500-5000 Hz)
for identification of multi-unit activity (MUA) and subsequent spike sorting. As described
previously [83], spike sorting was performed using template matching and principal
component analysis in Spike2. We excluded waveforms as outliers when they were larger
than 3.5 SDs from the mean of a given template.

LFP Power Spectrum and Theta Ratios—For all LFP-related analyses, one LFP
channel from each structure per pup was selected. Selection of the LFP channel was based
on electrode placement within hippocampus or RN as well as maximum theta power during
AS. Power spectra were calculated from the down-sampled LFP (1 kHz) using a 2-s
Hanning window 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 behavioral state (see above). Theta ratios were calculated as
follows: For each LFP channel and behavioral state, raw power values within theta
frequency (4-7 Hz) were summed and divided by the summed raw power at 12-15 Hz; this
method served to normalize values of theta power. State-dependent differences in theta ratios
were calculated using repeated-measures ANOVA with theta ratio as the dependent variable.
When data from two age groups were analyzed, state-dependent differences in theta ratio
were calculated using a repeated-measures factorial ANOVA with age group (P8, P12) as the
between-subjects factor and behavioral state (AW, BQ, AS) as the repeated-measures factor.

Twitch-Related LFP Activity—To generate individual twitch-triggered time-frequency
spectrograms, the LFP signals around forelimb twitches (peri-twitch window = 1 s) were
convolved using a complex Morlet wavelet. The Morlet wavelet was created as follows: the
frequency band of interest (0-20 Hz) was divided into 30 bins, and the temporal resolution of
the wavelet was established using a minimum of 2 and a maximum of 3 cycles. Twitch-
triggered LFP theta power was calculated as follows: First, raw neural signals were filtered
using a 4-7 Hz band-pass filter (1R, Butterworth, 29 order). Next, the signal was converted
using root mean square (RMS; time constant = 0.1 s). Then, data from all pups within each
age or experimental group were concatenated into one file. Using forelimb twitches as
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trigger events, waveform averages of theta activity were calculated in Spike2 (peri-twitch
window = 2 s); we tested statistical significance by jittering twitch events 1000 times (jitter
window = 1000 ms) using the interval jitter parameter settings within PatternJitter [84,85] in
Matlab. We corrected for multiple comparisons using an established method [84]; this
method produces upper acceptance bands to establish statistical significance for each
waveform average. For analyses of twitch-related activity before and after inactivation of the
medial septum (see below), we similarly created waveform averages and power spectra, both
triggered on forelimb twitches and using a 2-s peri-twitch window.

LFP-LFP and Spike-LFP Coherence—LFP-LFP and Spike-LFP coherence analyses
were conducted using one LFP per pup and neural structure, based on the criteria described
above. Using custom-written Matlab codes, coherence analyses were calculated from cross-
spectral density. Each signal was convolved using a complex Morlet wavelet. The Morlet
wavelet was created as follows: the frequency band of interest (0-20 Hz) was divided into 50
bins, and the temporal resolution of the wavelet was established using a minimum of 4 and a
maximum of 8 cycles. To calculate state-dependent differences in coherence, we performed
repeated-measure ANOVAS for each structure with behavioral state (AW, BQ, or AS) as the
repeated measure and average coherence within the theta range (4-7 Hz) as the dependent
variable. Differences in spike-LFP coherence across theta conditions during AS were
calculated as follows: First, we selected those spike-LFP pairs that exhibited a coherence
peak within the theta frequency range (4-7 Hz) for periods of high-amplitude theta (see
below). Then, we calculated statistical differences across theta amplitude conditions using
repeated-measures ANOVAS, with coherence values within the theta-frequency range as the
dependent variable.

Granger Causality—Wiener-Granger causality analyses were conducted using the same
LFPs per pup and neural structure selected above. The linear regression model used in this
analysis aimed to calculate, for two structures, the prediction error for a current LFP data
point in one structure based on past LFP data points in the other structure. Hipp—RN and
RN—Hipp prediction errors were calculated using a function adapted from the BSMART
toolbox [35,86]. The LFP data across the entire session for each pup were divided into
sequential 2-s segments to provide a sufficient number of samples for Granger analysis.
Statistical significance for Granger causality was assessed against a null-hypothesis baseline
distribution [24,87] generated using a bootstrap-shuffle (n = 100 shuffles) in which the 2-s
segments of hippocampal and RN LFP data were randomly paired. The same calculation
was conducted with 3-s temporal segments to confirm that the obtained results were not
sensitive to the chosen segment size. For those pups that exhibited significant Granger values
(hippocampus—RN or RN—hippocampus) during AS, we performed related-samples t tests
using peak Granger value as the dependent variable to assess differences in strength between
the two directions.

LFP Cross-Correlation—The amount of temporal synchrony between hippocampal and
RN theta oscillations (4-7 Hz) was measured by cross-correlating the two band-pass-filtered
LFP signals (bin resolution = 1 ms). Cross-correlation analyses were conducted using the
same LFPs per pup and neural structure selected above. The hippocampal signal was always
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the driving signal. For this analysis, entire bouts of AS were divided into 2-s segments to
compute average theta power.

The correlation coefficient in each calculation was compared with the value produced using
a bootstrap-shuffle method (n = 1000) applied to the hippocampal LFP; for this method, in
each iteration we selected a random point on the LFP and switched the 2-s segments on
either side of that point. To verify that the current results were not obtained by chance, the
same calculations were performed using different segment sizes (1-s and 5-s segments); the
results with different temporal segments were not quantitatively or qualitatively different.
Differences between original and shuffled data were calculated using independent-samples t
tests with the cross-correlation coefficient as the dependent variable.

Phase Locking—Theta phases were calculated by applying the Hilbert transform to the
band-pass-filtered theta rhythms in the hippocampus or RN [88]. Rayleigh's tests were used
to determine whether MUA signals were significantly phase-locked to the theta (4-7 Hz)
oscillation [69,89]. For this test, a phase estimate was first assigned to each spike time and a
phase histogram (20 degree/bin) was generated for each MUA signal. Next, the phase-
locking value (PLV) was calculated to quantify the amount of phase-locking [90,91]. Z-
transformed PLVs were calculated by using a bootstrap-shuffle method (n = 1000); for this
method, in each iteration we selected a random point on the LFP and switched the segments
on either side of that point. If both Rayleigh's test and the Z-transformed PLV were
statistically significant for a given MUA signal, the MUA signal was regarded as
significantly phase-locked to the theta rhythm for that structure. We calculated statistical
differences across theta amplitude conditions using repeated-measures ANOVA, with PLVs
within the theta-frequency range as the dependent variable.

Inactivation of the Medial Septum—To assess the effect of medial septum inactivation
on sleep measures, we calculated mean time spent in AS and mean twitching rates during
the pre- and post-infusion recording periods. Twitching rates were calculated by dividing the
total number of twitches in each muscle group (forelimb, nuchal) by total time spent in AS.
To assess statistical differences in these sleep measures, we performed independent pairwise
comparisons (pre- vs. post-inactivation) using the Wilcoxon matched-pairs signed-ranks
tests. Effects of medial septum inactivation on theta activity during AS were statistically
evaluated using a 2 x 2 repeated-measures factorial ANOVA with experimental group (MUS
or SAL) as the between-subjects factor and time (Pre or Post) as the repeated-measures
factor. For this analysis, theta ratios in each structure (see above) were used as the dependent
variables. The same analytical approach was adopted to evaluate the effects of inactivation
of the deep cerebellar nuclei (DCN) on oscillatory activity in the RN; this last analysis was
performed using data from a previously published study [12].

Supplementary Material
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Figure 1. The infant RN exhibits AS-dependent theta oscillations
(A) Left: Representative data in a P8 rat depicting sleep and wake behavior (wake

movements: horizontal red line; twitches: red ticks; manually scored), RN LFP (blue traces),
and forelimb and nuchal EMGs (black traces) across behavioral states. Right: Representative
time-frequency spectrogram and associated EMG activity at P8 as pup cycles in and out of
AS.

(B) Same as in (A) but at P12.

(C) Mean power spectra of LFP activity in the RN of P8 (11 pups, dashed lines) and P12 (n
= 11 pups, continuous lines) rats during AW (red), BQ (green), and AS (blue).

(D) Mean (+ SE) theta ratio for P8 and P12 rats during AW, BQ, and AS. Asterisk indicates
significant difference from other behavioral states at P12, p < 0.002.
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Figure 2. Myoclonic twitches trigger theta oscillations in the RN
(A) Left: Twitch-triggered time-frequency spectrogram for a representative P8 rat (108

forelimb twitches). Above the spectrogram is a representative LFP signal (4-7 Hz) from the
same pup in response to a single forelimb twitch. Right: Mean twitch-triggered LFP power
(4-7 Hz, root mean square) pooled across subjects (11 pups; 2,292 forelimb twitches).
Horizontal dashed line denotes upper acceptance band, p < 0.01.

(B) Left: Same as in (A) but at P12 (147 forelimb twitches). Right: Same as in (A) but at
P12 (11 pups; 1,054 forelimb twitches).
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Figure 3. The hippocampus and RN exhibit similar state-dependent theta activity at P12
(A) llustration depicting electrode placements in the dorsal hippocampus and RN.

(B) Representative data from a P12 rat showing sleep and wake behavior (wake movements:
horizontal red line; twitches: red ticks; manually scored), simultaneously recorded LFP
activity in the hippocampus (purple traces) and RN (red traces), and forelimb and nuchal
EMGs (black traces) across behavioral states.

(C) Mean LFP power spectra and mean (+ SE) theta ratios in the hippocampus at P12 (19
pups) during AW (red), BQ (green), and AS (blue). Asterisk denotes significant difference
from other behavioral states, p < 0.001.

(D) Same as in (C) but for RN.

See also Figure S2 and Figure S4.
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Figure 4. Theta oscillations in the hippocampus and RN at P12 are coherent and mutually
interactive during AS

(A) Representative theta-filtered LFPs (4-7 Hz) in the hippocampus (purple trace) and RN
(red trace) in a P12 rat across behavioral states.

(B) Left: Mean LFP-LFP coherence spectra between hippocampus and RN (19 pups, 19 LFP
pairs) during AW (red), BQ (green), and AS (blue). Shaded gray area indicates theta-
frequency range. Right: Mean (+ SE) theta coherence across behavioral states. Asterisk
denotes significant difference from AW and BQ, p < 0.001. Hashtag indicates significant
difference from AW, p < 0.05.

(C) Left: Mean Granger causality spectra for pups exhibiting significant bidirectional
interactions between hippocampus and RN (p < 0.01; 9 pups, 9 LFP pairs). Right: Mean (+
SE) peak Granger causality value within theta-frequency range (9 pups, 9 LFP pairs). See
also Figure S4.
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Figure 5. Comodulation of theta in the hippocampus and RN during AS at P12
(A) Representative data in a P12 rat depicting simultaneously recorded theta-filtered LFPs

(4-7 Hz) in the hippocampus (purple trace) and RN (red trace), and forelimb and nuchal
EMGs (black traces).

(B) Mean (+ SE) theta power in the hippocampus (purple bars) and RN (red bars) during
periods of high- and low-amplitude theta (19 pups). Asterisks denote significant difference
from low-amplitude theta values, p < 0.001.

(C) Same as in (B) but for twitching rate.

(D) Left: Representative cross-correlogram between theta-filtered LFPs in the hippocampus
and RN of a P12 rat. Dashed line denotes threshold for statistical significance, p <.01.
Right: Mean (+ SE) LFP cross-correlation coefficients between hippocampus and RN for
actual and shuffled data (19 pups, 19 LFP pairs). Asterisk denotes significant difference, p <
0.001.

(E) Left: Averaged hippocampal spike-LFP coherence spectra during entire periods of AS
(gray line) and periods of AS with high-amplitude theta (blue line; 27 spike-LFP pairs).
Shaded gray area indicates theta-frequency range. Right: Mean (+ SE) spike-LFP coherence
within the theta-frequency range. Asterisk denotes significant difference, p < 0.004.

(F) Same as in (E) but for RN spike-LFP coherence (27 spike-LFP pairs).

(G) Left: Representative example of significant phase-locked spiking activity in the
hippocampus. Right: Mean phase-locking values within the theta-frequency range during
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entire periods of AS (gray bar) and periods of AS with high-amplitude theta (blue bar; 27
spike-LFP pairs). Asterisk denotes significant difference, p < 0.005.

(H) Same as in (G) but for RN phase-locking (36 spike-LFP pairs).

See also Figure S1 and Figure S4.

Curr Biol. Author manuscript; available in PMC 2018 May 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rio-Bermudez et al. Page 25

A Recording electrode B
Hippocampus
Recording electrode
Red Nucleus I Pre _MUS/SAL Infusion Drug Diffusion  Post
I (30 min) (1 min) (15 min) (30 min)

Microsyringe

A RN - .

A ) ;
{J\\__,j_/ LL
Hi
PRE POST 00 PP S
Hipp
e A AAAAA/ *‘IWK s My a —MUSPRE 2
ot (VY y VWD ety e —MUSPOST @
WP AN : F === SAL PRE z
@y SNV |\.-""u’u T At r\._l‘\\‘,‘l FO: %50' ae SAL POST ;g‘ ,f
o x [
=~ 08 e . |
z | . i Pre Post Pre Post
g ¢ [ MUS  SAL
2 i o
2 o 0 5 10 15 20
Frequency (Hz)
RN RN
12- 10-
{Raw]
: i 2 |
e fi A r | AARAD A b ]
|+?H_|J.w\-\-’“ YYVVUY 3 l LA
=
- #*
% 6~ 2 e
; a1
0_ -

Pre Post Pre Post
MUS SAL

Frequency (Hz)

Frequency (Hz)

Figure 6. Pharmacological inactivation of the medial septum (MS) blocks theta oscillations in
both the hippocampus and RN at P12

(A) llustration depicting electrode placements in the hippocampus and RN and
microsyringe placement in the MS.

(B) Experimental timeline and representative coronal Nissl-stained brain section (left) and
corresponding section showing diffusion of fluorescent muscimol in the MS (right). LV =
lateral ventricle; ac = anterior commissure.

(C) Representative dual LFP recordings during AS in a P12 rat from the hippocampus
(purple traces) and RN (red traces) and corresponding time-frequency spectrograms. (D)
Left: Averaged LFP power spectra during AS in the hippocampus (top) and RN (bottom)
before (Pre) and after (Post) infusion of either muscimol (MUS; 6 pups) or saline (SAL; 6
pups) into the MS. Right: Mean (+ SE) theta ratios during AS in the hippocampus (top) and
RN (bottom) before and after infusion of muscimol or saline into the MS. Asterisks indicate
significant difference from Pre, p < 0.02.

See also Figure S3, Figure S4, and Table S1.
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Figure 7. Twitch-triggered theta oscillations are preserved in the hippocampus and RN after
pharmacological inactivation of the medial septum (MS) at P12

(A) Left: Averaged LFP power spectra in the hippocampus (top) and RN (bottom) across
periods of AS (blue lines) and periods around twitches (red lines) across P12 subjects (6
pups) before infusion of muscimol into the MS. Right: Mean twitch-triggered LFP power
(4-7 Hz, root mean square) for the hippocampus (top) and RN (bottom) pooled across
subjects (6 pups; 256 forelimb twitches). Horizontal dashed lines denote upper acceptance
bands, p < 0.05.

(B) Same as in (A) but after infusion of muscimol into the MS. Data for mean twitch-
triggered LFP power are from 305 forelimb twitches pooled across six pups.

See also Figure S4.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Vybrant Dil Cell-Labeling Solution

Life Technologies

Cat #: V22885

Muscimol, BODIPY ® TMR-X Conjugate

ThermoFisher

Cat #: M23400

Cresyl violet acetate

MP Biomedicals

Cat #: 02150727

Isoflurane Phoenix Pharmaceuticals N/A
Ketamine hydrochloride (VetaKet ®) Akorn Animal Health N/A
Xylazine (AnaSed ®) Lloyd Laboratories N/A

Paraformaldehyde Alfa Aesar Cat #: AA-A11313-22
Experimental Models: Organisms/Strains

Sprague-Dawley Norway rats Envigo RRID:RGD_10401918
Software and Algorithms

MATLAB v 2015b Mathworks RRID:SCR_001622

Spike2 Software

Cambridge Electronic Design

RRID:SCR_000903

SPSS Statistics

IBM

RRID:SCR_002865

BSMART toolbox

[35]

http://www.brain-smart.org/

Other

Stereotaxic apparatus

David Kopf Instruments

Model: 900

Freezing microtome

Leica

Model: SM2000 R

Fluorescent microscope/camera

Leica

Model: DMLS/DFC300FX

Stainless steel EMG wire

California Fine Wire

Cat #: M408090

Microsyringe Hamilton REF: 65457-02
Cambridge Electronic Design recording system | Cambridge Electronic Design | N/A
Digital Tucker-Davis recording system Tucker-Davis Technologies N/A

Recording electrodes

NeuroNexus

Models: A1x16-Poly2-5mm-50-177;
Al1x16-10mm-100-177; Q1x4-10mm-50-177
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