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«El sueño de la razón produce monstruos»  

«The sleep of Reason produces monsters» 

- Francisco de Goya (Caprichos, 1799)  
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ABSTRACT 

 

Early sensory experiences play a critical role in the activity-dependent 

development of the sensorimotor system. The sources of sensory input to the 

neonatal nervous system involve external stimulation (exafference) and 

sensory feedback arising from self-generated movements (reafference). In the 

perinatal period, reafference from twitches of the limbs and facial muscles 

during active (REM) sleep is a powerful driver of neural activity across the entire 

neuraxis. Thus, sleep-related twitches are thought to contribute to the activity-

dependent development of sensorimotor networks. In this dissertation, we first 

aimed to identify a motor pathway for the generation of twitching. Using 

newborn rats at postnatal day (P) 8, we provide evidence that the red nucleus 

(RN; source of the rubrospinal tract) is involved in the production of twitching. 

In addition, we show that reafference from twitches drives neural activity in the 

RN, therefore suggesting that the RN is an important site for sensorimotor 

integration. Also, in the RN of P8 rats, twitch-related reafference triggers theta 

(4–7 Hz) oscillations. By P12, theta oscillations are expressed continuously and 

exclusively across bouts of active sleep. Synchronized neuronal oscillations 

comprise a fundamental mechanism by which distant neural structures 

establish and express functional connectivity. Thus, we next hypothesized that 

sleep-dependent theta oscillatory activity enables the expression of network 

connectivity between the RN and associated neural networks, such as the 

hippocampus. Simultaneous recordings from the hippocampus and RN at P12 
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show that theta oscillations in both structures are synchronized, co-modulated, 

and mutually interactive exclusively during active sleep. Lastly, we test the 

hypothesis that twitches drive synchronized oscillatory activity across 

functionally related sensory structures at early ages when the occurrence of 

oscillations largely depends on sensory input. Focusing on the cortico-

hippocampal network at P8, we demonstrate that, unlike periods of wake-

related movements or behavioral quiescence, twitching promotes coupled 

oscillatory activity at Beta2 frequency (~20-30 Hz). Altogether, the findings in 

this dissertation suggest that one of the functions of active sleep in early infancy 

is to provide a context for sensorimotor processing and for synchronizing 

activity within and between forebrain and brainstem structures. Consequently, 

any condition or manipulation that restricts active sleep can deprive the infant 

animal of substantial sensory experience, potentially resulting in atypical 

developmental trajectories.  
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PUBLIC ABSTRACT  

 

Infant animals spend the majority of their time asleep and most of that sleep 

time comprises active (or REM) sleep. One of the defining features of neonatal 

active sleep is the presence of abundant, fast, and jerky movements of the 

limbs and facial muscles; these movements are called myoclonic twitches. Why 

do neonates twitch so much in their sleep? It turns out that sensory feedback 

from twitches drive substantial neural activity throughout the sensorimotor 

system, thereby contributing to its development. However, the neural pathways 

that support the generation of twitching in early development have remained 

largely unknown. Here we show for the first time that the newborn rat red 

nucleus—a motor structure in the brainstem—is not only involved in twitch 

production but also processes sensory feedback from twitches. We also show 

that active sleep and twitches promote the generation of neuronal oscillations 

in the infant RN and associated networks, including the hippocampus and 

sensorimotor cortex. This is important because neuronal oscillations enable 

communication between distant but functionally related brain areas. Our 

findings indicate that early communication between these areas is restricted to 

periods of active sleep and are also promoted by twitching. Because active 

sleep is so important for enabling early communication between brain areas, 

sleep restriction or deprivation at early ages could negatively affect brain 

development.  
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CHAPTER 1: INTRODUCTION 

 

A notable feature of sleep across the animal kingdom is its disproportionate 

abundance in early development. The newborns of all species studied thus far –

from humans to fruit flies—sleep more than adults [1–6]. Why do neonates sleep 

so much? The observation that human infants spend 50% of their sleep time in 

active sleep (AS, or REM sleep) inspired the so-called ontogenetic hypothesis 

[1,7]. The ontogenetic hypothesis argues that early in development—when sleep 

is the predominant behavioral state—vigorous activity arising from brainstem 

structures during AS ensures that the developing brain receives substantial neural 

stimulation. The ontogenetic hypothesis rests on the notion that such stimulation 

during AS plays a fundamental role in the early activity-dependent development of 

the nervous system, as primarily demonstrated thus far in the visual system of 

kittens [8,9]. The hypothesized role of AS in brain development, however, likely 

extends beyond the visual system. 

 

Active sleep, twitching, and the development of the sensorimotor system 

The functional and anatomical development of the sensorimotor system heavily 

relies on early sensory experiences [10–12]. In the perinatal period, sensory 

stimulation can arise from both external sensory stimulation (i.e., exafference) and 

from sensory feedback from self-generated movements (i.e., reafference) [13]. 

Importantly, the opportunities for reafferent stimulation in the developing 

sensorimotor system are not restricted to period of wakefulness. In infant 
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mammals, AS is characterized by the presence of abundant, discrete, and jerky 

movements of the limbs and facial muscles. Traditionally, these jerky movements 

during sleep (also known as myoclonic twitches) have been largely ignored by the 

scientific community, or considered a mere byproduct of a dreaming brain [14]. 

However, research over the last ten years suggests otherwise: Sleep twitches may 

play a critical role in the activity-dependent development of the sensorimotor 

system. Specifically, in newborn rats, reafference from twitches is a potent driver 

of early neural activity across the entire neuraxis, including the spinal cord [15,16], 

thalamus [17], sensorimotor cortex [18–22], hippocampus [23,24], and cerebellum 

[25–27].  

Twitches are ideally suited for the efficient transmission of peripheral 

sensory feedback [14]. First, unlike wake-related movements, which involve high-

amplitude movements and recruit many muscles at once, twitches result from the 

activation of individual muscles and rarely occur simultaneously with other twitches 

[28]. The discrete nature of twitches is ideal for establishing a one-to-one 

relationship between the muscle and the sensory neurons that process information 

from a particular part of the body. Second, because they occur during AS, twitches 

occur against a background of low muscle tone. In this context, the signal-to-noise 

ratio is higher than during periods of active wakefulness (i.e., there is less sensory 

information reaching the brain simultaneously). Consequently, reafferent signals 

from twitches are easier to detect than those that arise from wake movements. 

Finally, the state of AS provides a neurochemical context that promotes and 

enables neural plasticity [29].  
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A motor pathway for twitching during active sleep 

The established role of twitches in driving early neural activity contrasts with how 

little we know about the neural pathways that contribute to their generation. 

Experimental evidence in fetal and neonatal rats indicates that the generation of 

twitching does not rely on cortical or forebrain motor systems. Specifically, spinal 

transections [28], decerebrations [30], and neural recordings [31,32] indicate that 

twitching is first controlled by spinal generators that gradually come under the 

control of mesopontine circuits. The mesopontine area contains structures that 

generate AS [33–36], which in turn are thought to produce twitching by modulating 

premotor nuclei in the brainstem. Early work in adult cats [37,38] and a recent study 

in adult mice [39] have identified the red nucleus (RN) as a premotor nucleus 

involved in twitch production.  

The RN, located in the ventromedial mesencephalon and a source of the 

rubrospinal tract (RST), contains a large number of primarily glutamatergic neurons  

[40]. The RN supports a variety of motor abilities, including the regulation of muscle 

tone [41], skilled limb movements [42], and over-ground locomotion [43]. The role 

of the RN in motor control is particularly important in early infancy before 

corticospinal connections have fully developed [44].  

Electrophysiological recordings in adult cats during AS revealed phasic 

increases of RN activity that correlated with twitches of the eye muscles (i.e., rapid 

eye movements, or REMs) [37,38]. In addition, pharmacological inactivation of the 
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adult cat RN markedly decreased twitching rates [38], and electrical stimulation of 

these neurons produced twitch-like contractions of the muscles in the contralateral 

limbs and facial muscles [45]. In adult mice, chemogenetic stimulation of 

glutamatergic neurons in the RN during AS increased twitching rates [39].  

In Chapter 2, we tested the hypothesis that the RN contributes to the 

generation of twitching in early development. To tackle this question, we first 

recorded spontaneous extracellular activity in the RN of week-old rats during sleep 

and wake states. In support of a role of the RN in the generation of twitches, we 

found that RN neurons fire phasically before the onset of twitches. Interestingly, 

we also found that a subpopulation of neurons in the RN fires exclusively after 

twitch onset, suggesting processing of twitch-related sensory feedback. In 

addition, pharmacological inactivation of the RN caused a marked decrease in the 

occurrence of twitching during active sleep. Altogether, the data presented in 

Chapter 2 not only indicate that twitching in early development is generated by the 

RN, but also that the RN is an important site for sensorimotor integration in the 

developing brain. 

 

The red nucleus as a hub for sensorimotor integration 

The RN has been traditionally studied in the context of motor control [42–44,46]. 

However, the RN of rats [47], cats [48,49], monkeys [50,51], turtles [52], and 

humans [53]  also responds to peripheral sensory stimuli. This observation has led 

to the hypothesis that RN neurons use sensory feedback from self-generated 

movements to modulate ongoing motor commands [54].  
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 The rat RN is well integrated with a variety of sensorimotor networks that 

span both cortical and subcortical structures, including the spinal cord [40,55], 

midbrain\ and brainstem nuclei [37,41], hypothalamus [56], cerebellum [57], 

somatosensory cortex [58], motor cortex [59], and hippocampus [60]. Indeed, 

functional communication between the RN and the aforementioned structures 

assists in a variety of motor and cognitive skills. For example, the projections from 

the deep cerebellar nuclei to the RN support the execution of cerebellar-dependent 

learned motor responses [61]. In addition, connectivity between motor cortex and 

RN supports the initiation and control of skilled movements, especially those 

involving the forelimbs [62,63]. Lastly, it has been proposed that functional 

communication between the RN and hippocampus contributes to spatial navigation 

in adult rats [54,60].  

In light of the results described in Chapter 2, the production of twitching by 

the RN and the processing of twitch-related feedback in the hippocampus and 

related structures may contribute to the early activity-dependent development of 

functionally connected neural networks that support such important functions as 

skilled motor behavior, spatial navigation, and motor learning. 

 

Wiring the sensorimotor system during sleep: A role for AS-dependent 

neural oscillations in promoting early network connectivity 

As discussed above, sensory feedback from twitches during AS drives substantial 

neural activity in developing sensorimotor structures. Twitch-related sensory 

responses are expressed in the form of increased neuronal firing rates or increased 
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oscillatory activity. Neural oscillations are the result of synchronized dendritic 

activity within large populations of neurons and exhibit specific spatiotemporal 

features depending on brain area, behavioral state, and age. In early development, 

neural oscillations contribute to a variety of neurodevelopmental processes, 

including synapse formation, neuronal differentiation and migration, apoptosis, and 

the refinement of topographic maps [64–70]. Importantly, coupled (or 

synchronized) oscillatory activity across neuronal structures is also a hallmark of 

long-range functional connectivity in both infants and adults [71–75]. 

 As described in Chapter 3, we discovered that the infant RN exhibits state- 

and twitch-dependent oscillatory activity in the theta frequency band (~4-7 Hz). 

The expression of brief theta bursts by the end of the first postnatal week was 

associated with twitching during AS. By the end of the second postnatal week, 

theta oscillations were continuously expressed throughout AS bouts. At both ages, 

the expression of theta activity was markedly reduced or suppressed during 

periods of quiescence and during wake-related movements. This finding was 

surprising for several reasons. First, to our knowledge, this was the first 

demonstration of state-dependent oscillatory activity in a brainstem motor nucleus 

like the RN. Second, the developmental trajectory of theta oscillations between the 

first and second postnatal week mimics previous findings from our laboratory in the 

developing hippocampus [23]. Given the aforementioned role of coupled oscillatory 

activity in establishing connectivity between brain areas, we next sought to address 

whether theta oscillations in the developing RN and hippocampus are temporally 

coupled. Our results indicate that highly synchronized theta activity between these 
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structures is preferentially expressed during periods of AS, highlighting the role of 

sleep in the early expression of network connectivity between brainstem and 

forebrain sensorimotor structures.  

 In Chapter 4, we review the existing literature supporting the role of active 

sleep and twitching in the expression of early neural oscillations. We propose the 

hypothesis that twitching drives coupled oscillatory activity between developing 

sensorimotor structures at early ages when oscillations are highly dependent on 

sensory input. Finally, the experiments in Chapter 5 are aimed to test this 

hypothesis in the cortico-hippocampal system.  

In summary, the studies described in this dissertation identify the RN as an 

important brain structure for the generation of twitching during AS in early 

development. In addition, we show that sensory feedback from twitches drives 

early neural oscillations in the RN and associated neural networks, including the 

hippocampus. Finally, our data indicate that twitching and AS provide a unique 

context for the emergence and expression of coupled oscillatory activity between 

functionally related cortical and subcortical sensorimotor networks. Altogether, our 

findings highlight the importance of AS for the development of the sensorimotor 

system. Because sensory feedback from twitching is a major source of stimulation 

to the neonatal brain and enables the expression of network connectivity, sleep 

restriction or deprivation may be an important factor driving atypical developmental 

trajectories in many neurodevelopmental disorders.  
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CHAPTER 2: SENSORIMOTOR PROCESSING IN THE NEWBORN RAT RED 

NUCLEUS DURING ACTIVE SLEEP 

 

INTRODUCTION 

 

The infant nervous system must adjust rapidly to changes in the biomechanical 

properties of limbs within the context of a continually changing body. One important 

contributor to this process occurs during wakefulness as infants learn about the 

relationship between self-generated movements and the associated sensory 

feedback (i.e., reafference) arising from them [76–78]. 

But self-generated movements are not restricted to periods of wakefulness. 

On the contrary, twitching of the limbs during active (or REM) sleep is among the 

most abundant of all newborn behaviors [1–3]. Twitches are discrete events that 

occur against a background of muscle atonia, thereby facilitating high-fidelity 

transmission of reafference related to the biomechanical properties of limbs [79]. 

Indeed, twitch-related reafference drives neural activity in structures across the 

neuraxis, including the spinal cord [16], thalamus [17], cerebellum [27], 

hippocampus [23], somatosensory cortex [17,20], and motor cortex [18]. Finally, 

reafferent signals from twitching limbs are processed differently from those 

associated with wake movements, further indicating that twitches are ideally suited 

to contribute to activity-dependent development of the sensorimotor system [18]. 

In contrast, we know little about the motor systems responsible for twitching. 

Spinal transections [28], decerebrations [30], and neural recordings [31,32] in fetal 
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and neonatal rats suggest that spinal generators of twitching gradually come under 

the control of mesopontine circuits. The mesopontine area contains nuclei that are 

involved in REM sleep generation [33–36]  and are presumed to produce twitching 

via brainstem premotor nuclei. The red nucleus (RN) is one such nucleus, having 

been identified in adult mice and cats as a source of twitch-related motor outflow 

[38,39]. The RN is the source of the rubrospinal tract (RST) [40] and plays an 

important role in the regulation of muscle tone [41], skilled limb movements [42], 

and over-ground locomotion [43]. The role of the RN in motor control is particularly 

important in early infancy before corticospinal connections have fully developed 

[44].  

In the present study we recorded spontaneous and evoked neural activity 

in the RN and selectively inhibited it in week-old rats to test the hypothesis that the 

RN is involved in the generation of twitches early in development. Based on 

findings that the RN also processes sensory information [80], we further 

hypothesized that RN neurons receive reafference from sleep-related twitches. 

The present study identifies for the first time the RN as a generator of twitching in 

infancy. Notably, the processing of reafferent neural signals in the RN during 

twitching suggests that twitches contribute to sensorimotor integration and 

somatotopic organization within the red nucleus and associated neural structures 

[60]. 
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METHODS 

 

All experiments were conducted in accordance with the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 80-

23) and were approved by the Institutional Animal Care and Use Committee of the 

University of Iowa. 

 

Subjects 

A total of 16 7- to 8-day-old male and female Sprague-Dawley rats from 14 litters 

were used. If littermates were used, they were always assigned to different 

experimental conditions. Litters were culled to 8 pups within 3 days after birth. 

Mothers and their litters were housed in laboratory cages (48 x 20 x 26 cm) where 

food and water were available ad libitum. Animals were maintained on a 12:12 

light-dark cycle (lights on 0700 h). 

 

Spontaneous and evoked activity in the red nucleus 

Surgery. Eight Pups were prepared using methods described previously [32]. 

Briefly, under 2-5% isoflurane anesthesia, a custom-built stainless steel head-fix 

apparatus was glued to the skull with cyanoacrylate adhesive gel. Bipolar EMG 

electrodes (50 µm diameter; California Fine Wire, Grover Beach, CA) were 

implanted into the nuchal muscle, the gastrocnemius muscle of the hindlimb, and 

the triceps brachii muscle of the forelimb contralateral to the neural recording site. 

After surgery, pups were transferred to an incubator and maintained at 
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thermoneutrality (35ºC) for 1 h to recover. After being secured in a stereotaxic 

apparatus (David Kopf Instruments, Tujunga, CA), the pup was briefly 

anesthetized again and a small hole was drilled in the skull to allow for later 

insertion of the electrode into the RN (coordinates in relation to bregma: AP: -4.8-

5.0 mm; ML: ±0.4 mm; DV: 4.3-4.5 mm). Two additional holes were drilled at a 

location distant from the first one for subsequent insertion of a ground wire and a 

thermocouple to monitor brain temperature.  

Procedure. As described previously [32], electrophysiological recordings 

were conducted in a stereotaxic apparatus with the animal’s torso secured to a 

platform and the tail and limbs dangling freely (Figure 1A). Brain temperature was 

monitored using a fine-wire thermocouple (Omega Engineering, Stamford, CT) 

and maintained at 36-37ºC. A 90-min acclimation period allowed pups sufficient 

time to begin exhibiting organized sleep-wake cycles. 

The EMG bipolar electrodes were connected to a differential amplifier (A-M 

Systems, Carlsborg, WA; amplification: 10,000x; filter setting: 300-5000 Hz). 

Recordings of multiunit activity (MUA) in the RN were acquired using 16-channel 

silicon depth electrodes (100 µm vertical separation between recording sites; 

NeuroNexus, Ann Arbor, MI), with impedances ranging from 1-4 MΩ, connected to 

a data acquisition system (Tucker-Davis Technologies, Alachua, FL) that amplified 

(10,000x) and filtered the signals. MUA signals were filtered using a 500-5000 Hz 

band-pass filter and a 60 Hz notch filter. Neural and EMG signals were recorded 

at sampling rates of 12.5 kHz and 1 kHz, respectively, using a digital interface and 

Spike2 software (Cambridge Electronic Design, Cambridge, UK). Before insertion 
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into the brain, the tip of the electrode was dipped in fluorescent DiI (InvitrogenLife 

Technologies, Carlsbad, CA) for subsequent histological confirmation of the 

recording sites. A Ag/AgCl ground electrode (Medwire, Mt. Vernon, NY, 0.25 mm 

diameter) was placed in the contralateral occipital cortex.  

Before recording spontaneous activity in the RN, we determined whether 

stimulation of the contralateral forelimb yielded consistent RN responses in at least 

one recording channel; this test served to confirm electrode placement within an 

RN region specifically related to forelimb processing. To perform these forelimb 

stimulations, a fine paintbrush was used to gently flex the forelimb at the elbow 

[81]. When consistent evoked responses were confirmed, spontaneous RN and 

EMG activity during sleep and wakefulness were recorded continuously over a 30-

min session. During the recording session, the experimenter scored the pup’s 

wake movements and twitches using computer key presses that registered events 

in synchrony with the electrophysiological record [32]. 

At the end of the 30-min recording of spontaneous activity, the experimenter 

systematically assessed RN responses to peripheral exafferent stimulation of the 

forelimb. Stimulations were repeated for 10 min with interstimulus intervals of 5-10 

s. The experimenter marked each stimulus event using a computer key press.  

 Data analysis. Spike2 software (Cambridge Electronic Design, Cambridge, 

UK) was used for spike sorting using previously described methods (Sokoloff et 

al., 2014). Waveforms that exceeded 3.5 standard deviations from the mean were 

not analyzed further. After spike sorting was complete, burst analyses were 
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performed using a script written for Spike2. Based on the distributions of interspike 

intervals (ISIs), complex spikes were defined as burst events with ISIs ≤ 8 ms 

(Figure 1C). All non-complex-spike events were defined as simple spikes.  

Periods of sleep and wakefulness were identified using previously 

described methods [23,27,32,81]. Briefly, EMG records were rectified and five 1-s 

EMG segments each of atonia and high tone were used to calculate mean 

amplitude of the EMG signal. Then, the midpoint between the two was used to 

determine a threshold for defining behavioral state. Active wake was defined by 

the presence of high-amplitude limb movements against a background of high 

nuchal muscle tone and active sleep was defined by the presence of twitches 

against a background of muscle atonia [3,82]. Myoclonic twitches were defined 

electrographically as EMG events that exceeded at least three times the mean 

EMG baseline during atonia [23,27,81]. 

The temporal relationship between forelimb twitches and unit activity was 

examined as follows. First, for each individual channel with unit activity and using 

twitches as trigger events, we produced perievent histograms using the “event 

correlation” function in Spike2. These analyses were performed independently for 

complex and simple spikes using 10-ms bins and 1-s windows. To test for 

statistical significance of each event correlation, we jittered twitch events 1000 

times within a 1 s window using PatternJitter [83,84] implemented in MatLab. We 

corrected for multiple comparisons using the method of Amarasingham and 

colleagues [84]. This method generates upper and lower confidence bands for 

each event correlation. Alpha was set at 0.01 for all tests.  
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To determine whether neural activity preceded or followed twitches, we 

identified the first time bin in each event correlation that surpassed the established 

99% upper threshold for statistical significance. Next, based on this identification, 

we classified simple and complex spikes as twitch preceding or twitch following. 

Finally, we pooled data for simple and complex spikes across pups within each 

category and performed event correlations and statistical tests as described 

above.  

We next determined the temporal relationship between RN activity and 

wake-related movements. Because there were relatively few wake movements in 

our records, it was not possible to perform jitter analyses on event correlations for 

individual units. Therefore, we analyzed wake-related unit activity using the pooled 

populations of twitch-preceding and twitch-following simple and complex spikes 

identified above. We first determined the onset of forelimb movements during wake 

bouts. We defined movement onset on the basis of the EMG signal surpassing an 

established threshold (i.e., at least 3x the value of EMG baseline during atonia for 

at least 1 s); movement offset occurred when the EMG signal passed below the 

threshold. Next, we produced wake-movement-triggered perievent histograms and 

performed jitter analyses on the pooled data as described above. Because wake 

movements are longer in duration than twitches, we used 50-ms bins and   2-s 

windows.  

To assess RN topography, we identified those units that exhibited 

significant forelimb-related twitch-preceding or twitch-following activity. We then 

repeated the event correlation analyses described above for each of these units, 
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but now using nuchal or hindlimb twitches as triggers. Next, for each available unit, 

we used event correlations and jitter analysis to determine whether unit activity 

exhibited a significant relationship with forelimb, nuchal, or hindlimb twitches 

(defined as having #1 significant bin in its perievent histogram). We then used 

independent X2 tests (SPSS) to assess differences in the percentage of units that 

were twitch-related between muscle groups. Finally, to help interpret these 

relationships, we performed event correlations to determine the temporal 

relationships between muscle groups (bin size, 10 ms; window size, 1 s). For this 

last analysis, we only examined those subjects for which all three EMGs were 

available (N = 5). 

To analyze unit activity in response to forelimb stimulation, perievent 

histograms were constructed as described above using 10-ms bins and 1-s 

windows. For each unit, the first 30 stimulations were analyzed and perievent 

histograms were triggered on the stimulation-related onset of forelimb EMG 

activity. Statistical significance was again tested using the jittering method 

described above. 

 

Effect of pharmacological inactivation of the RN on motor behavior during 

sleep and wake  

Surgery. Eight head-fixed pups were used in this experiment. All surgical 

procedures were similar to those described for the first experiment. After recovery 

from surgery, they were placed in the stereotaxic apparatus in a thermoneutral 
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environment acclimated until they exhibited organized sleep-wake cycles. For this 

experiment, EMG bipolar electrodes were inserted into the nuchal muscle and both 

triceps brachii of the forelimbs.  

Procedure. After the 90-min acclimation period in the stereotaxic apparatus, 

baseline activity was recorded for 30 min (see Figure 6A). The needle of a 0.5 µL 

microsyringe (Hamilton, Reno, NV) was dipped in fluorescent DiI (for subsequent 

histological confirmation of the infusion site) and lowered stereotaxically into the 

RN. Pups (N =4 per group) received a 0.1 µL unilateral infusion into the left or right 

RN of either a drug cocktail composed of the GABAA receptor agonist muscimol, 

the GABAB receptor agonist baclofen, and the glycine receptor agonist β-alanine 

(Sigma-Aldrich, St. Louis, MO; all drugs at 10 mM, dissolved in 0.9% physiological 

saline) or physiological saline (VEH; 0.9 %). (The infusion volume needed to target 

the RN in its entirety was determined previously in several additional pups using a 

microsyringe filled with either fluorescently tagged muscimol or DiI diluted in 

saline.) Cocktail or vehicle solutions were infused at a rate of 0.1 µL/min. A 40-min 

post-infusion period allowed for diffusion of the solution and acclimation of the pup 

prior to the final 30-min recording session. Behavior and EMG activity were 

monitored continuously over the entire experimental session.  

Our choice of GABA and glycine agonists was based on previous studies in 

rats showing that the inhibitory effects of GABA in the rat RN are mediated by both 

GABAA and GABAB (but not GABAC) receptors [85]. Additionally, glycine receptors 

have been found in the rat RN [86] and linked to inhibitory effects in the adult cat 

[87] and mouse [88]. Finally, combined pharmacological manipulation of GABAA, 



www.manaraa.com

17 
 

GABAB, and glycine receptors has been used in trigeminal motoneurons to 

modulate twitching of the masseter muscle in adult rats [89]. 

Data analysis. Periods of active sleep for each pup were identified for pre- 

and post-infusion recordings. To assess the effect of the drug infusion in the time 

spent in active sleep, a 2 x 2 repeated-measures factorial analysis of variance 

(ANOVA; SPSS, IBM, Armonk, NY) with the experimental group (Cocktail or VEH) 

as the between-subjects factor and time (Pre- or Post-infusion) as the repeated-

measures factor was performed using the time in active sleep as the dependent 

variable.  

To calculate twitching rates, the total number of forelimb twitches for each 

pup was divided by the total time in active sleep (defined as the period from the 

first twitch within a sleep bout to the onset of the next wake bout [82]). The total 

number of wake-related forelimb movements in each session was also quantified 

using the EMG record. To assess the effect of the experimental manipulation, we 

performed a 2 x 2 repeated-measures factorial analysis of variance (ANOVA; 

SPSS, IBM, Armonk, NY) with experimental group (Cocktail or VEH) as the 

between-subjects factor and time (Pre- or Post-infusion) as the repeated-

measures factor. Rate of twitching and number of wake-related movements were 

the dependent variables. To assess the temporal patterns of forelimb twitching 

before and after RN inactivation, we determined all inter-twitch intervals (ITIs) 

during active sleep and then estimated the survival function for each ITI. For the 

survival test, group and time were used as independent factors for both ipsilateral 

and contralateral forelimb activity, and a generalized Wilcoxon test (Breslow, 
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SPSS) was used to determine differences in the survival distribution of ITIs for the 

different sessions in each group. Alpha was set at 0.05. 

 

Histology 

At the end of each experiment, pups were overdosed with sodium pentobarbital 

(1.5 mg/g) and perfused transcardially with phosphate-buffered saline followed by 

4% paraformaldehyde. Coronal brain sections were sliced (80 µm sections) using 

a freezing microtome (Leica Microsystems, Buffalo Grove, IL). Electrode and 

microsyringe placements within the RN were verified by visualizing the DiI tract at 

2.5-5X magnification using a fluorescent microscope (Leica Microsystems, Buffalo 

Grove, IL). Subsequent staining with cresyl violet was used for further confirmation 

of electrode or microsyringe placement in the RN. 

 

RESULTS 

 

Evoked and spontaneous activity in the red nucleus 

Extracellular neuronal activity in the RN was recorded from 8 P7-8 pups yielding a 

total of 27 units (range: 2-5 units per pup). Histology confirmed that electrodes 

were located in the RN (Figure 1B,1C). Figure 1C illustrates the relationship 

between RN activity and twitching in the contralateral forelimb. In addition to single 

spikes of activity with ISIs >8 ms, designated here as simple spikes, RN activity 

was also characterized by short bursts of activity that we designated as complex 

spikes [90]. Complex spikes were composed of 2-11 individual action potentials 



www.manaraa.com

19 
 

with ISIs of 2-8 ms (M = 2.4 ms; SD = 0.9 ms). It should be noted that the complex 

spikes described here have very similar characteristics to the bursts previously 

described as being well suited for efficient transmission of neural information [90]. 

Evoked activity in the RN. Contralateral forelimb stimulation triggered 

sensory responses at a minimum of one electrode site per pup, and in 19 of 27 

units overall (70.3%). Figure 2A depicts, for a representative RN unit, the 

relationship between forelimb stimulation and neural activity. Across all units that 

were responsive to exafference, RN activity increased significantly shortly after 

stimulation (p < 0.01) with a mean latency of 39 ± 5 ms (N = 19; Fig. 2A, right). In 

contrast, stimulation of the contralateral hindlimb and ipsilateral forelimb did not 

trigger reliable neural activity in the units analyzed here. 

Spontaneous activity in the RN. Figure 2B shows, for a representative RN 

unit, the relationship between spontaneous sleep–wake cycling and neural activity. 

During spontaneous cycling, and regardless of behavioral state, the RN neuron is 

phasically active during contralateral forelimb movements. Whereas short trains of 

activity predominated during bouts of active sleep, activity accompanying wake-

related movements was longer in duration and consisted of sustained tonic firing 

that terminated shortly before movement offset (Fig. 2B). When the pups were not 

actively moving their limbs, RN activity was substantially reduced and often absent 

(Figs. 1C, 2B). 

The temporal relationship between unit activity in the RN and contralateral 

forelimb twitches revealed three clear subpopulation of neurons: (1) neurons that 
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fired before movement onset, (2) neurons that fired after movement onset, and (3) 

neurons that did not show any significant relationship with contralateral forelimb 

movements. Unit activity from neurons in the last group (N = 5) was excluded from 

further analysis. Across all units that significantly increased their firing rates before 

twitch onset, they did so with a mean latency of 22 ± 3 ms for complex spikes (N 

= 16) and 30 ± 5 ms for simple spikes (N = 14; Fig. 3, top row). It should be noted 

that both complex and simple spike activity in this group also exhibited a 

significant, discrete peak of activity shortly after twitch onset. For those units that 

increased their firing rates only after twitch onset, they did so with a mean latency 

of 80 ± 16 ms for complex spikes (N = 6) and 91 ± 15 ms for simple spikes (N = 8; 

Fig. 3, bottom row). Across all units that consistently fired before the onset of 

forelimb twitches, firing rates increased significantly before contralateral forelimb 

wake movements with a mean latency of 50 ± 17 ms for complex spike activity      

(N = 16; Fig. 4, top left) and 55 # 8 ms for simple spikes (N = 14; Fig. 4, top right). 

The group of neurons that fired predominantly after wake movement onset showed 

a mean (± SEM) latency of 208 ± 46 ms for both complex spikes (N = 6; Fig. 4, 

bottom left) and 118 ± 35 ms for simple spikes (N = 8; Fig. 4, bottom right). Finally, 

as the above analyses suggest, we found that complex and simple spikes were 

equally likely to be associated with twitches as with wake-related movements. 
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Topographic organization of the RN 

For each of the forelimb units that exhibited significant twitch-preceding or twitch-

following activity (Fig. 3), we repeated the analyses using nuchal and hindlimb 

twitches as triggers (Fig. 5A). In general, whereas forelimb twitches were 

associated with substantial twitch-preceding and twitch-following activity for both 

complex and simple spikes, only preceding-activity for the nuchal muscle exhibited 

a clear twitch-related pattern. Next, across all units with available EMG records, 

we determined whether they exhibited significant twitch-related activity profiles. 

Figure 5B presents the percentage of units exhibiting significant twitch-related 

activity (i.e., twitch-preceding or twitch-following) for each muscle group. For both 

complex and simple spikes, there was a strong topographic relationship between 

unit activity and forelimb twitching, a weaker relationship with nuchal twitching, and 

an even weaker relationship with hindlimb twitching. The differences in the 

percentage of significant twitch-related units were statistically significant (forelimb 

vs nuchal: complex spikes, X2 (1,54) = 5.3, p < 0.03; simple spikes, X2 (1,54) = 9.4, p 

< 0.01; forelimb vs hindlimb: complex spikes, X2 (1,45) = 18.3, p < 0.001; simple 

spikes, X2 (1,45) = 10.6, p < 0.002). The preceding data (see Fig. 5A, B) suggest 

that the forelimb and nuchal muscles are more functionally integrated (or less 

differentiated) than the forelimb and hindlimb muscles. To examine this possibility, 

we cross-correlated twitch events for the forelimb, nuchal, and hindlimb muscles 

for those subjects with EMG records from all three muscle groups (Fig. 5C). 

Consistent with the above suggestion, this analysis revealed a stronger 

relationship between the forelimb and nuchal muscles than between the forelimb 
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and hindlimb muscles. Finally, in one P8 rat (Fig. 5D), we recorded from an RN 

unit that responded preferentially to twitches of the contralateral forelimb, and from 

another unit (located (200 μm ventral to the first) that responded preferentially to 

twitches of the contralateral hindlimb; neither unit responded strongly to twitches 

of the nuchal muscle. 

 

Effect of pharmacological inactivation of the red nucleus on motor behavior 

during sleep and wake 

To assess the causal role of the infant RN in the production of twitches, we 

selectively inactivated the RN by infusing a cocktail of GABAA, GABAB, and glycine 

receptor agonists. For all pups after the experiment, the placement of the 

microsyringe was histologically verified as being located within the RN.  

Pups infused with vehicle continued to cycle regularly between sleep and 

wake (Fig. 6A). In contrast, all four pups infused with the cocktail exhibited an acute 

reaction characterized by elevated muscle tone and behavioral activation 

averaging 20.9 ± 5.3 min (Fig. 6A). During this period, isolated twitches against a 

background of high muscle tone were sometimes observed. After the 30 min post-

infusion acclimation period, the acute response had subsided and organized 

sleep–wake cycles resumed. Comparisons of mean duration of active sleep (VEH 

Pre: 1150.5 ± 147.8 s; VEH Post: 1228.3 ± 110.6 s; Cocktail Pre: 1040.2 ± 113.6 

s; Cocktail Post: 1276.5 ± 86.2 s), mean number of wake bouts (VEH Pre: 28.7 ± 

3.6; VEH Post: 29.0 ± 4.2; Cocktail Pre: 25.0 ± 4.1; Cocktail Post: 21.7 ± 5.1), and 



www.manaraa.com

23 
 

mean length of sleep–wake cycles (VEH Pre: 63.3 ± 7.7 s; VEH Post: 65.8 ±        

10.3 s; Cocktail Pre: 67.9 ± 8.5 s; Cocktail Post: 75.2 ± 14.8 s) indicated no 

significant main effects or interactions (all p > 0.05). 

Cocktail infusion markedly decreased twitching rates during active sleep in 

both the ipsilateral and contralateral forelimbs (Fig. 6B, top row). We found 

significant main effects of Pre/Post (ipsilateral: F(1,6) = 11.93, p < 0.02, η2 = 0.30: 

contralateral: F(1,6) = 6.59, p < 0.05, η2 = 0.19) as well as a Group x Pre/Post 

interaction (ipsilateral: F(1,6) = 6.82, p < 0.05, η2 = 0.17; contralateral: F(1,6) = 11.41, 

p < 0.02, η2 = 0.33; all medium-to-large effect sizes, as indicated by η2). In contrast, 

rates of twitching in the vehicle-infused pups did not change after infusion for both 

the contralateral and ipsilateral forelimbs. Next, we determined whether the 

temporal patterning of twitching was altered by cocktail infusion (Fig. 6B, bottom 

row). Log-survivor analysis revealed that longer ITIs were more prominent after 

drug infusion (contralateral: X2 (1,4) = 196.96, p < 0.001; ipsilateral: X2 (1,4) = 164.99, 

p < 0.001). This effect was not present in the vehicle group, where ITIs remained 

constant between the preinfusion and postinfusion sessions. As expected, the total 

number of wake-related forelimb movements decreased over the 30 min 

postinfusion recording session. Specifically, the total number of forelimb wake 

movements during the preinfusion session (contralateral: 70 ± 11.24; ipsilateral: 

61.5 ± 12.06) was less than during the postinfusion session (contralateral: 25 ± 

4.05; ipsilateral: 27.75 ± 5.18). There was a significant main effect of Pre/Post 

(contralateral: F(1,6) = 16.54, p < 0.01, η2 = 0.26; ipsilateral: F(1,6) = 13.44, p < 0.02, 

η2 = 0.26), as well as a Pre/Post ! Group interaction (contralateral: F(1,6) = 9.13, p 
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< 0.03, η2 = 0.19; ipsilateral: F(1,6) = 11.42, p < 0.05, η2 = 0.18). It is also important 

to note that forelimb wake movements after inactivation were noticeably weaker 

and generally shorter in duration than those in the baseline or exhibited by intact 

pups. 

 

DISCUSSION 

 

Sensory feedback arising from myoclonic twitches is thought to play an important 

role in driving early sensorimotor development [16,17,20,23,27,81]. With the 

exception of several studies in adult cats and mice [38,39], the neural pathways 

and mechanisms involved in the generation of twitches have remained unclear. 

The present findings show for the first time that the infant RN, traditionally 

considered a motor structure [42,43], contributes to the production of twitching and 

also receives sensory feedback from self-generated movements in a somatotopic 

manner.  

 

The role of the RN in the production of twitches during active sleep 

Previous work in perinatal rats suggests that the spinal circuits that generate 

twitching progressively come under the control of supraspinal circuits [28,30,31]. 

In adult animals, one mesopontine nucleus, the sublaterodorsal tegmental nucleus 

(SLD), plays an important role in producing muscle atonia during active sleep [92]. 

However, because the SLD does not produce twitching, other candidate nuclei 
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within the mesopontine region have been postulated to be twitch generators, 

including the laterodorsal tegmental nucleus, the pedunculopontine tegmental 

nucleus, and the RN [31,92]. 

With regard to the RN, RN activity in adult cats increases phasically during 

periods of sleep-related twitching and electrolytic lesions of the RN cause a 

generalized impairment in twitching that lasts only for several days [38]. More 

recently, pharmacogenetic stimulation of the RN in adult mice was shown to 

increase sleep-related twitching of the masseter muscle [39]. Here, using infant 

rats, we also demonstrate a causal role for the RN in twitching. Specifically, we 

found many RN neurons that increased their activity before the onset of 

contralateral forelimb twitches, and pharmacological inactivation of the RN using 

combined GABAA, GABAB, and glycine receptor agonism substantially reduced the 

occurrence of twitching. Conversely, combined antagonism of these receptors at 

trigeminal motoneurons increased twitching of the masseter muscle in adult rats 

[89]. Importantly, RN inactivation did not abolish twitching completely, most likely 

due to the use of a unilateral procedure. In addition, spared twitches could reflect 

the contributions of other supraspinal [30,38,92] as well as spinal [79] neural 

circuits. 

RN inactivation reduced twitching in both the contralateral and ipsilateral 

forelimbs. Even though the most prominent rubrospinal projections are 

contralateral [40], ipsilateral projections have been identified in adult cats [93,94]. 

Thus, the bilateral effect on twitching observed here could be due to functional 

bilateral rubrospinal projections. 
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During the period immediately following RN inactivation, we observed an 

acute motor response consisting of increased muscle tone and limb movements 

that lasted 10-20 min. We suggest that this increase in motor activity is the result 

of a sudden loss of RN activation of gamma motoneurons of muscle spindles [95]. 

With a sudden loss of this fusimotor activation, muscle spindles would contract, 

thus reporting an apparent loss of muscle tone and thereby triggering a 

compensatory motor response. We emphasize, however, that after this acute 

response, pups resumed organized sleep-wake cycling that were characterized by 

decreased rates of twitching. 

 

Processing reafferent feedback to the red nucleus 

The latencies for twitch-related reafference for complex and simple spikes ranged 

from 10 to 150 ms, suggesting more than one source of feedback from the 

periphery to the RN. Shorter-latency responses could be due to direct spinorubral 

connections, as previously reported in cats [80,96]. Regarding the longer-latency 

responses, twitch-related sensory feedback activates the infant rat cerebellum 

[27], after which it could be conveyed from the deep cerebellar nuclei (DCN) to the 

RN [57,97]. We have observed such direct DCN projections to the RN in week-old 

rats using the retrograde tracer Fluorogold (data not shown).  

In previous studies when recording from such structures as hippocampus, 

thalamus, and motor cortex [17,23,81], we routinely failed to observe substantial 

neural activity in association with wake-related movements. In contrast, and as 
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expected given the RN’s established role in motor production, we observed high 

levels of neural activity during wakefulness (see Figure 2B). Upon closer 

examination, we also found a subset of RN neurons exhibiting substantial wake-

related reafferent activity, a pattern that we have not previously documented (see 

Figures 3 and 4). This finding suggests that corollary discharge mechanisms do 

not gate or cancel wake-related reafference to the RN as they appear to do in the 

previously studied structures [81]. 

 

Anatomical considerations 

Despite the well-established anatomical distinction between magnocellular (RNm) 

and parvocellular (RNp) aspects of the RN in species including cats, monkeys, and 

humans [40], the boundaries between them are unclear in the rat [98]. Our 

histological data indicate that we recorded from anterior and posterior aspects of 

the RN, which are associated with the RNp and RNm, respectively. If so, then it 

may be that cells in both divisions drive motor-related signals to the spinal cord in 

infant rats, as suggested in adult cats [99]. However, the contribution of the RNp 

to motor outflow is controversial [100].  

 

Twitch-related activity in the RN as a framework for developmental 

investigations of sensorimotor integration 

Although the RN has been predominantly investigated with regard to its motor 

functions [42,43], exafferent stimulation of the limbs of adult cats and turtles 
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activates neurons in the RN in a somatotopic manner [49]. Here, for the first time, 

we demonstrate that sensory feedback arising from self-generated movements 

during active sleep drives RN activity in a somatotopic fashion. For example, in 

one P8 rat (Figure 6), we recorded from an RN unit that responded preferentially 

to twitches of the contralateral forelimb, and another nearby unit that responded 

preferentially to twitches of the contralateral hindlimb; neither unit responded 

strongly to twitches of the nuchal muscle. Thus, early in development, twitching 

provides somatotopically precise feedback to the RN that could be essential for 

map formation and/or refinement in this structure [44,48].  

 The RN is well integrated with other structures that process sensory and 

motor information, including the deep cerebellar nuclei [57,97], motor cortex [59], 

somatosensory cortex [58], and hippocampus [60]. Figure 7 provides a schematic 

representation of how the RN forms hierarchically organized sensorimotor loops 

with these structures [101]. These loops comprise descending (e.g., RST) and 

ascending (e.g., spinocerebellar pathway) connections. Importantly, the role of the 

RN in producing twitches and the substantial convergence of twitch-related 

feedback to the RN from multiple structures suggests that it is an important site of 

sensorimotor integration.  

Figure 7 also suggests that the RN is a foundational structure for the 

development of multiple sensorimotor brain networks. As but one example, 

activation of the RN in adult rats drives theta oscillations in the hippocampus via 

the medial septum [60], in support of the sensorimotor integration model of 

hippocampal function [54]. Importantly, in infant rats, twitch-related feedback 
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drives hippocampal theta activity as soon as it emerges at P8 [23] and twitch-

related feedback also drives hippocampal activity via the somatosensory cortex 

[24]. Thus, the production of twitching by the RN and the processing of twitch-

related feedback in the hippocampus and related structures may contribute to the 

early development of functionally connected neural networks that support such 

important functions as spatial navigation [102].   
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Figure 1. Recording neural activity in the RN. A, Illustration of a head-fixed rat 

pup in the recording apparatus. B, Reconstruction of electrode placements (blue 

vertical lines) within the RN in three successive coronal sections for all pups in the 

study (N = 8). C, Left, Coronal brain section stained with cresyl violet. Red vertical 

line is the trace of the DiI-coated electrode positioned through the RN. Middle, 

Representative recordings of MUA in the RN from three successive electrode sites 

(top traces) and EMG recordings from the contralateral forelimb (bottom trace). 

The unit activity contained within the dashed box is magnified at right to reveal a 

burst of action potentials with ISIs ≤8 ms, defined here as a complex spike. PAG, 

Periaqueductal gray; 3N, oculomotor nucleus; IV, fourth ventricle; M, medial; V, 

ventral. 
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Figure 2. Evoked and spontaneous activity in the RN during sleep and 

wakefulness. A, Left, Representative recordings from the RN showing evoked 

sorted unit activity and MUA in response to contralateral forelimb stimulation 

(arrows). Right, Perievent histogram depicting mean firing rates of RN neurons in 

relation to contralateral forelimb stimulation. Data were pooled across all subjects 

(N = 8) and units (N = 19). Upper and lower confidence bands (p < 0.01 for each 

band) are indicated by the black and white dashed lines, respectively. Vertical 

dashed line corresponds to stimulation onset determined using forelimb EMG 

activity. B, Representative data depicting spontaneous behavior (vertical ticks, 

twitches; horizontal lines, wake movements), MUA, and contralateral forelimb and 

nuchal EMG activity during active sleep (left) and wake (right). 
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Figure 3. Patterns of twitch-related complex and simple spike activity in the 

RN. Perievent histograms for complex spikes (left) and simple spikes (right) in 

relation to contralateral forelimb twitches. Top row, Data pooled across all units 

with increases in neural activity that significantly preceded twitches. Bottom row, 

Data pooled across all units that significantly increased activity following twitches. 

Vertical dashed lines correspond to twitch onset. Number of units included in each 

analysis is indicated in each plot. Upper and lower confidence bands (p < 0.01 for 

each band)are indicated by the black and white dashed lines, respectively. 
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Figure 4. Patterns of wake-movement-related complex and simple spike 

activity in the RN. Perievent histograms for complex spikes (left) and simple 

spikes (right) in relation to the onset of the first forelimb movement during a bout 

of wakefulness. Top row, Data pooled across all units that significantly preceded 

forelimb movements. Bottom row, Data pooled across all units that significantly 

followed forelimb movements. Vertical dashed lines correspond to movement 

onset. Number of units included in each analysis is indicated in each plot. Upper 

and lower confidence bands (p < 0.01 for each band) are indicated by the black 

and white dashed lines, respectively. 
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Figure 5. Somatotopic organization of twitch-related activity in the RN. A, 

Perievent histograms depicting unit activity in relation to contralateral nuchal (left) 

and hindlimb (right) twitches. Each histogram was created using pooled data from 

units that exhibited significant activity in relation to forelimb twitches (see Fig. 3). 

Vertical dashed lines correspond to twitch onset. Number of units included in each 

analysis is indicated in each plot. Upper and lower confidence bands (p < 0.01 for 

each band) are indicated by the black and white dashed lines, respectively. B, 

Percentage of units exhibiting significant or nonsignificant twitch-related activity for 
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each muscle group. C, Perievent histograms showing the number of nuchal (left) 

and hindlimb (right) twitches in relation to forelimb twitches for those subjects with 

EMG data from all three muscle groups (N = 5). D, Perievent line histograms 

relating activity in two adjacent units to twitches in the contralateral forelimb muscle 

(red), contralateral nuchal muscle (green), and hindlimb muscle (blue). Vertical 

dashed lines correspond to twitch onset. Asterisks indicate significant peaks in unit 

firing rate, p < 0.01. 
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Figure 6. Effects of pharmacological inhibition of the RN on sleep-related 

twitching. A, Top, Timeline depicting the phases of the experiment before (Pre) 

and after (Post) infusion of a cocktail consisting of GABAA, GABAB, and glycine 

receptor agonists or vehicle. Bottom, Representative samples of forelimb and 

nuchal EMG activity and behavior (twitching, vertical ticks; wake movements, 

horizontal lines) during the Pre, Acclimation, and Post periods. B, Top row, Mean 

rate of twitching per unit time in active sleep before and after infusion of the vehicle 

or cocktail for the forelimb ipsilateral (left) and contralateral (right) to the infusion. 



www.manaraa.com

37 
 

Asterisks indicate significant differences, p < 0.05. Bottom row, Log-survivor plots 

of ITIs before and after vehicle or cocktail infusions for the forelimb ipsilateral (left) 

and contralateral (right) to the infusion. Asterisks indicate significant Pre/Post 

differences for the Cocktail group, p < 0.001.   
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Figure 7. Sensorimotor loops associated with twitch-related activity in the 

RN. Several sensorimotor loops are illustrated, including the loop comprising the 

RN and its efferent and afferent connections to the spinal cord (red), as well as the 

loops that contain the cerebellum (blue), somatosensory cortex (yellow), and 

hippocampus (green). The dashed green line represents a hypothetical direct or 

indirect connection from the hippocampus to the RN. See text for details.   
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CHAPTER 3: THETA OSCILLATIONS DURING ACTIVE SLEEP 

SYNCHRONIZE THE DEVELOPING RUBRO-HIPPOCAMPAL 

SENSORIMOTOR NETWORK  

 

INTRODUCTION 

 

Sleep is the predominant behavioral state in early development [1–3,103]. 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 [8,103]. 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 [16,79,104,105].  

In chapter 2, we showed that the newborn red nucleus (RN) is an important 

site for sensorimotor integration [47]. 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 [25,57], sensorimotor cortex [59], and 

hippocampus [60,106,107]. Although the hippocampus is most typically associated 

with spatial memory and navigation [108], it has also long been considered a 

sensorimotor structure [109,110]. According to the sensorimotor integration model 
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of hippocampal function, the hippocampus interacts with the RN in a bidirectional 

manner to enable sensorimotor integration during motor performance [54,60]. 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 [74,75,111] and infant [64,66,71,72] 

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 [112] and rats 

[113]. 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 [23] as well as neural 

activity in the RN and associated structures [25]. 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 
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understanding how neural oscillations contribute to the emergence of long-range 

functional connectivity linking cortical and brainstem networks.  

 

METHODS 

 

Subjects 

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 [25], 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 libitum. 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 Iowa. 
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Surgery 

The surgical protocol used here is described in detail in Chapter 2. After the initial 

surgery, 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 CA1 region of hippocampus (P12; AP: 

−2 mm; ML: ±1.5 mm; DV: -2 to -2.5 mm; 15° lateral angle), 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. 

 

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 
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began after a 1-h acclimation period but not before organized sleep-wake cycles 

were observed.  

 

Neurophysiological Recordings 

Neural data were acquired using similar methods than those described in Chapter 

2. Here we used 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). Neural and EMG signals were sampled at 25 kHz and 1 kHz, 

respectively. 

 

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 

μl microsyringe (Hamilton, Reno, NV) was lowered stereotaxically into the medial 

septum (see coordinates above). Pups received a 0.1 μl 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 μl/min. After a 15-min period to allow for drug diffusion, the 30-

min post-infusion recording session began [25,114]. 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 [25]. 
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Histology 

Electrode location and drug diffusion were confirmed using the same methods 

described in Chapter 2.  

 

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 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 [115], 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 
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overt movement. Such periods typically occurred  between bouts of AW and AS 

and were required to last at least 1 s [25].  

 

Spike Sorting 

As described in Chapter 2, 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) 



www.manaraa.com

46 
 

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 (IIR, Butterworth, 2nd 

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 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 

[83,84] 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. 
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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 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 
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structure. HippRN and RNHipp prediction errors were calculated using a 

function adapted from the BSMART toolbox [116,117]. 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 

[71,118] 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 (hippocampusRN or RNhippocampus) 

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 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 
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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 [119]. Rayleigh’s tests were used 

to determine whether MUA signals were significantly phase-locked to the theta (4-

7 Hz) oscillation [120,121]. 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 [122,123]. 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.  
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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 [25]. 

 

RESULTS 

 

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 [25]. At P8 (n = 11), the local field potential (LFP) in the 

RN exhibited short, discontinuous bursts of oscillatory activity (Figure 8A). These 

bursts occurred predominantly at theta frequency (4-7 Hz) and within periods of 
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AS. In contrast, theta activity at P12 (n = 11) was continuous during periods of AS 

(Figure 8B). 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 [71], sensorimotor cortex [81], and hippocampus [23,71]. 

Quantitative analyses of theta power revealed a significant main effect of 

Behavioral State (F(2, 40) = 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 8C, D).  

Sensory feedback (i.e., reafference) from myoclonic twitches is a potent 

driver of RN activity at P8 and P12 [25,47]. 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 9A). 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 9B). 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 [23]. 
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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 CA1 (n = 19; 

Figure 10A). As expected, continuous theta oscillations in the hippocampus and 

RN were most prominently expressed during AS (Figure 10B). Theta power was 

higher for periods of AS in both the hippocampus (Figure 10C, F(1.4,25.9) = 31.3, p < 

0.001, correction: Greenhouse-Geisser) and RN (Figure 10D; 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 [125]. 

We next assessed the coherence of hippocampal and RN theta oscillations 

across the three behavioral states (Figure 11A). Coherence spectra revealed that 

coupling in the theta-frequency range was significantly greater during AS (Figure 

11B; F(2,36) = 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 [117,126] (Figure 
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11C). 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 hippocampusRN peak and a smaller 

RNhippocampal peak. These results are consistent with the sensorimotor 

integration model of hippocampal function [54,60], 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 
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designated as low-amplitude theta (Figure 12A). 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 12B). High-amplitude theta during 

AS was often closely associated with periods of abundant myoclonic twitching 

(Figure 12A); 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(1,18) = 26.2, p < 0.001; Figure 12C). Cross-correlations between 

theta-filtered LFPs in the hippocampus and RN during AS indicated robust 

synchrony and coherent amplitude modulation (i.e., comodulation; Figure 12D, left; 

mean lag for pooled data: 10 + 9 ms); cross-correlations coefficients were 

significantly higher in relation to shuffled data (t(18) = 10.1, p < 0.001; Figure 12D, 

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 12E) and RN (F(1,23) = 29.5, p < 0.001; Figure 12F).  
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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 12G, left) 

and RN (Figure 12H, 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 high-amplitude theta in 

both the hippocampus (F(1,25) = 9.8, p < 0.005, Figure 12G, right) and RN (F(1,35) = 

14.9, p < 0.001; Figure 12H, 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 [127].  
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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 [128] and neonatal [71] 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 13A,B). These 

inactivations were performed in a subset of the subjects described above (n = 6 in 

each group) by infusing 0.1 μl of the GABAA receptor agonist muscimol (1.6 mM) 

or saline [129].  

The LFPs and time-frequency spectrograms for one representative subject 

are shown in Figure 13C; 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 13D. 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(1,10) = 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(1,10) = 8.7, p < 

0.02). Post hoc tests revealed significant decreases in theta power after MS 

inactivation for the hippocampus (p < 0.02; Figure 13D, top) and RN (p = 0.01; 

Figure 13D, bottom). Importantly, MS inactivation had no effect on the expression 

of AS or twitching (Table 1). Thus, the MS specifically modulates the expression 

of AS-related theta in both the hippocampus and RN without affecting the 
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expression of sleep or twitching.  

In addition to inputs from the forebrain, the RN receives a prominent input 

from the deep cerebellar nuclei (DCN) [57,97]. 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% [25]. 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. 

Finally, spiking activity in both the hippocampus and RN [23,25,47] 

increases in response to twitching; in the hippocampus, twitch-related reafference 

is conveyed from the sensorimotor cortex [24]. 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 14). 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 9A) and previously in the hippocampus [23]. 

 

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 
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newborn behavior [44,47]. 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 known 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 [54], 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 

[23]. Similar oscillatory transitions have been reported in the rat cerebral cortex at 

the beginning of the second postnatal week [23,64,71,81,104] and in human 

infants toward the end of the third trimester [64,130,131]. In rats, these transitions 

coincide with abrupt increases in single-unit firing rates in the RN [25], cerebellum 

[25,26], sensorimotor cortex [81], and hippocampus [23]. Moreover, the rapidity 

with which these transitions occur suggest that these ages define a sensitive 

period for brain development [26].  
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The emergence of hippocampal theta bursts at P8 [23] coincides with the 

rapid proliferation of perisomatic interneuronal synapses [132] and the emergence 

of parvalbumin-immunoreactive GABAergic neurons in the MS and hippocampus 

[133,134]; both contribute to theta production [135,136]. Like the hippocampus, the 

rodent RN contains a well-characterized subpopulation of GABAergic 

interneurons, including parvalbumin-immunoreactive cells [137,138]. In addition, 

the density of GABAergic receptors in the rat RN peaks around P10 [139], 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. 

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 [56], or through an indirect projections from the hippocampus, 

perhaps through the zona incerta [56,140] or the lateral septum and hypothalamus 

[56,141].  

 

Reafference 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, 
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including synapse formation, cell differentiation and migration [64], and map 

formation and refinement [66]. Importantly, the close temporal association 

between twitching and brief bursts of cortical [81,104] and hippocampal [23] activity 

inspired the hypothesis that twitch-related reafference contributes to the 

development of these forebrain networks [79,104,105]. The present findings 

extend these ideas to brainstem structures like the RN [47]. To the extent that 

increases in LFP power reflect enhanced neuronal synchrony [142], 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 [143]: 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”  [144]. 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 

[145]. 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 
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masked, as previously proposed in relation to twitch-reafferent spindle-burst 

activity in sensorimotor cortex [146]. Accordingly, we propose that twitch-reafferent 

theta constitutes a distinct—type 3—category of theta. The pathways conveying 

twitch-related reafference to the RN likely bypass the cerebellum [25] and involve 

direct spinorubral projections [147]; on the other hand, the pathway to the 

hippocampus likely passes first through somatosensory cortex [24].  

 

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 [54,60]. For 

example, both the hippocampus and RN are necessary for the acquisition and 

expression of trace eyeblink conditioning [107,148], and theta oscillations appear 

important for synchronizing the hippocampus and cerebellum to enhance this 

learning [149]; this opens the possibility that theta oscillations in the RN also 

participate in this system-wide synchronization within learning contexts. In 

addition, the role of hippocampal theta in modulating locomotor speed in mice [150] 

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 [46].  
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Functional connectivity in developing networks: Beyond the “resting state” 

Although AS is a relatively prominent behavioral state in early infancy [1–3,103], 

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 [151]. Given the hypothesized 

role of AS in brain development [1,8,79,103], 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 

[124,152] and, moreover, AS-related theta appears to be causally related to 

hippocampal-dependent memory consolidation [153]. 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 [121]. 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, [71]). 

We did not see evidence of prominent theta during periods of wake-related 

movements, as occurs in the adult hippocampus [143]. 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 
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accompany theta in adults. However, even in unrestrained rats, these wake 

behaviors are relatively infrequent at P12 [154], especially compared with AS. 

 

Disrupted functional connectivity in neurodevelopmental disorders 

Aberrant long-range connectivity occurs in such neurodevelopmental disorders as 

schizophrenia [155], autism [156], and ADHD [157]. Although investigations in 

these domains have focused largely on the cortical networks that subserve 

cognitive and social functions [72], 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 [158] and sensorimotor integration [159]. In addition, autism entails 

aberrant functional connectivity between cerebral cortex and subcortical networks 

involved in sensorimotor processing, including the cerebellum [160] and striatum 

[161]. Moreover, in children with autism, functional connectivity is specifically 

affected in the theta band [162].  

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 [163]. In a similar vein, the current findings 

suggest that impaired functional connectivity in the rubro-hippocampal network 

may predict and contribute to sensorimotor 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 
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forebrain-brainstem networks has the potential to reveal common neural 

processes underlying the emergence of the cognitive and sensorimotor deficits of 

neurodevelopmental disorders.  
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Figure 8. 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 
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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 9. 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 10. The hippocampus and RN exhibit similar state-dependent theta 

activity at P12.  (A) Illustration 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). * 

significant difference from other behavioral states, p < 0.001.  (D) Same as in (C) 

but for RN. See also Figure S2 and Figure S3. 
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Figure 11. 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. * 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 12. 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). * 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 (+ 
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SE) LFP cross-correlation coefficients between hippocampus and RN for actual 

and shuffled data (19 pups, 19 LFP pairs). * 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. * 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 entire periods of AS (gray bar) and periods of AS with high-amplitude theta 

(blue bar; 27 spike-LFP pairs). * 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.  
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Figure 13. Pharmacological inactivation of the medial septum (MS) blocks 

theta oscillations in both the hippocampus and RN at P12.  (A) Illustration 

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 
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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 1. 
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Figure 14. 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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Figure S1. State-dependent spike-LFP coherence in the hippocampus and RN 

at P12. (A) Left: Averaged hippocampal spike-LFP coherence spectra during 

periods of AW (red), BQ (green), and AS (blue; 34 spike-LFP pairs). Shaded gray 

area denotes the theta-frequency range (4-7 Hz). Right: Mean (+ SE) spike-LFP 

coherence within the theta-frequency range. * significant difference from other 

behavioral states, p < 0.004. (B) Same as in (A) but for RN spike-LFP coherence 

spectra (59 spike-LFP pairs). * significant difference from other behavioral states, 

p < 0.05.  
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Figure S2. Theta power during AS decreases with distance from the RN. (A) 

Nissl-stained coronal section depicting reconstruction of two placements of the 

same electrode (black bars) within a single recording session in a P12 rat. 

Recording sites are color-coded. (B) Representative theta-filtered LFPs (4-7 Hz) 

and MUA (500-5000 Hz) associated by color with the electrode placements in (A). 

Dashed line separates two independent recordings in the same pup. (C) Mean 

theta ratios (n=5 subjects) calculated across AS periods for each of 16 recording 

sites at two adjacent electrode locations within and dorsal to the RN. 
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Figure S3. Pharmacological inactivation of the deep cerebellar nuclei (DCN) 

does not affect theta oscillations in the RN at P12. (A) Experimental timeline for 

the infusion of muscimol (MUS) or saline (SAL) into the DCN and subsequent RN 

recording. (B) Left: Averaged LFP power spectra during AS in the RN before (Pre) 

and after (Post) infusion of either muscimol (6 pups) or saline (6 pups) into the 

DCN. Right: Mean (+ SE) theta ratios during AS before and after infusion of 

muscimol or saline into the DCN. n.s = not significant. 
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Figure S4. Diagram illustrating possible pathways involved in the production 

of AS- and twitch-related theta oscillations in the hippocampus and RN. The 

figure distinguishes between continuous AS-related theta (blue) and discontinuous 

twitch-triggered theta (red). Dotted lines denote more complex pathways that have 

yet to be fully characterized. See text for discussion. 
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           MUSCIMOL SALINE 

                   Pre Post Pre Post 

Time (s) in active sleep 

                     360  (±78) 463.9 (±68) 376 (±127) 433.6 (±175) 

Twitching rates (twitches/s) 

Nuchal 0.2 (±0.04) 0.15 (±0.02) 0.16 (±0.01) 0.18 (±0.02) 

Forelimb 0.1 (±0.02) 0.11 (±0.01) 0.1 (±0.02) 0.1 (±0.03) 

 

Table 1. Medial septum inactivation does not affect active sleep times or 
twitching rates in P12 rats. Mean total time spent in active sleep and twitching 

rates in the forelimb and nuchal muscles before (Pre) and after (Post) infusion of 

muscimol or saline into the medial septum in P12 rats. Each recording session 

lasted 30 min. Values are mean (±SE). 
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CHAPTER 4: ACTIVE SLEEP PROMOTES FUNCTIONAL CONNECTIVITY IN 
DEVELOPING SENSORIMOTOR NETWORKS 

 

Complex behavioral and cognitive skills are supported by precisely timed 

interactions between distant neural networks. These long-range interactions 

depend on the temporal coupling of neural oscillations, or brain rhythms [75,142]. 

Neural oscillations are the result of synchronized activity within large populations 

of neurons and exhibit specific spatiotemporal features depending on brain area, 

behavioral state, and age.  

The functional roles of neural oscillations have been predominantly 

examined in the adult forebrain, although brain rhythms are present throughout the 

neuraxis and emerge in early development [15,23,64,71–73,81,104,164–170]. In 

the cerebral cortex of humans and rodents, the earliest neural activity is 

characterized by the presence of brief oscillatory bursts interposed with periods of 

silence; this pattern of fragmented activity is referred to as discontinuous. Although 

different from the continuous oscillatory patterns of adults, these early oscillations 

appear to have important functions for the development of the nervous system 

[64–67]. In addition, temporal coupling or coactivation of brief oscillatory events is 

indicative of connectivity among functionally related neural structures [64,71–

73,171].  

Early oscillatory dynamics in rats have often been described using in vitro 

preparations or under anesthetic conditions in vivo that preclude the normal 

expression of sleep-wake cycles. Based on such studies, one might conclude that 
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the expression of brain rhythms is independent of experience or behavioral state. 

Within the developing sensorimotor system, however, early neural oscillations are 

largely triggered by sensory input arising from external stimulation (exafference) 

or sensory feedback arising from self-generated movements (reafference) [13,73].  

The opportunities for reafferent stimulation in the developing sensorimotor 

system are not restricted to periods of wakefulness. In the perinatal period when 

sleep is the predominant behavioral state, myoclonic twitching during active sleep 

is one of the most abundant of all behaviors [1–3]. Twitches are brief, discrete jerky 

movements that occur against a background of muscle atonia and are generated 

by brainstem motor structures, including the red nucleus [38,47]. Unlike wake-

related movements, twitches are ideally suited for the efficient transmission of 

peripheral sensory feedback and provide a major source of neural activation to the 

infant’s plastic brain (for review, see [79,102]). Moreover, sensory feedback from 

twitches reliably triggers synchronized neural oscillations across the neuraxis, 

suggesting that these oscillations also contribute to the development of long-range 

network connectivity. More broadly, independently of twitching, active sleep may 

provide a context that promotes functional connectivity in the sensorimotor system 

including, as shown in Chapter 3 in 12-day-old rats, highly synchronized oscillatory 

activity between the hippocampus and red nucleus [73]. 

These and other findings regarding active sleep and the early expression of 

coupled oscillatory activity have important methodological and clinical implications. 

From a methodological perspective, any testing condition (e.g., anesthesia) that 

interferes with the normal expression of sleep-wake cycles will also interfere with 
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the normal expression of oscillatory activity. From a clinical standpoint, disruption 

or deprivation of active sleep in early infancy is likely to interfere with the typical 

development of network interactions in the sensorimotor system; indeed, 

prolonged disruptions of perinatal sleep may help to explain the sensorimotor 

deficits that characterize such neurodevelopmental disorders as autism and 

schizophrenia.  

 

Synchronized oscillations orchestrate the development of neuronal 

networks 

Early oscillatory activity in vivo has been most extensively—but not exclusively 

[15,73]—described in the cortex and hippocampus [23,64,71,72,81,131,164,166–

168,170,172,173]. In these forebrain structures, fragmented oscillatory activity is 

thought to assist in the development of local neuronal networks, with effects on 

synapse formation, neuronal differentiation and migration, programmed cell death 

(apoptosis), and formation and refinement of topographic maps [64–70].  

During the first postnatal week in rats, sensory feedback from whiskers 

drives two distinct oscillatory patterns of activity in the whisker “barrel” cortex: 

spindle bursts (5-30 Hz with components in the theta, alpha, and beta bands) and 

early gamma oscillations (EGOs; 30-50 Hz) [167,174]. Both spindle bursts and 

EGOs originate in cortical layer 4 and are highly dependent on thalamic input. 

Between birth and 3 days of age, spindle bursts and EGOs are both enabled by 

gap junctions; by the end of the first postnatal week, such oscillatory patterns are 

primarily generated by glutamatergic currents and involve the recruitment of 
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cortical interneurons. In the hippocampus by the end of the first postnatal week, 

brief oscillatory events at theta (4-14 Hz) and gamma (~20-100 Hz) frequencies 

become apparent [23,168], likely reflecting the proliferation of hippocampal 

interneurons [132]. In addition, the emergence of theta oscillations reflects the 

strengthening of cholinergic and GABAergic projections from the medial 

septum[133].  

Perhaps the most direct, causal evidence for a role of oscillations in brain 

development comes from studies assessing their involvement in apoptosis [65,69]. 

Apoptosis is the physiological process through which neurons and other cells die. 

This death is a normal process that complements the over-production of neurons 

that characterizes early development; accordingly, apoptosis is a key contributor 

to the anatomical and functional development of the nervous system [175]. 

Notably, in rat pups, oscillatory activity appears to determine the rate of apoptosis 

in sensorimotor cortex [65]. Specifically, area-specific levels of neuronal activity 

inversely correlate with the number of apoptotic neurons detected in local 

networks. Importantly, selective manipulation of neuronal activity affects the rate 

of apoptosis in sensory and motor cortices. In support of this finding, the amount 

of alcohol-induced suppression of early oscillatory bursts correlates with the 

amount of apoptosis detected in somatosensory cortex [69]. These findings 

demonstrate that alteration of oscillatory activity in early development is 

detrimental to typical cortical development and can mediate the detrimental effects 

associated with early exposure to teratogens. These findings may have 

translational value: In premature human infants, the amount of early oscillatory 
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cortical activity correlates with subsequent brain growth [176] and later mental 

development [177]. 

As noted above, most of our knowledge about early brain oscillations in vivo 

comes from studies that have not examined oscillatory dynamics across the sleep-

wake cycle. When behavioral state is taken into consideration, it is evident that 

neural oscillations in the developing sensorimotor system are predominantly 

expressed during active sleep [23,73,81,173].  

 

Spontaneous motor activity during active sleep drives early oscillatory 

activity within local cortical and subcortical sensorimotor networks 

Rodents rely heavily on the whisker system to navigate and explore their world 

[178]. For this reason, the whisker system has proven extremely valuable for 

understanding how complex sensorimotor systems develop [17,179]. In rat pups, 

deprivation of whisker-related sensory experience during sensitive periods—

including the first postnatal week—disrupts anatomical and functional 

development of whisker-related brain areas, including somatosensory cortex [10–

12]. Such studies demonstrate how typical development of this system relies 

heavily on sensory experience.  

In developing brain areas that process whisker-related sensory information 

(such as the ventral posterolateral thalamus and barrel cortex), twitching of the 

whiskers during active sleep is a prominent source of sensory experience [17]. 

Sensory feedback from twitching elsewhere in the body, such as the limbs, drives 
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neural activity in somatotopically related brain areas (i.e., areas that specifically 

map to parts of the body; see Table 2 and Figure 1). In rat pups through the first 

two postnatal weeks, twitches drive oscillatory events with distinct spatiotemporal 

features depending on the brain area. For example, in the newborn rat 

sensorimotor cortex, twitch-related reafference triggers spindle bursts [19,81,104]. 

Spindle bursts are thought to contribute to the anatomical and functional 

development of the cortex [68,174,180,181]. Although spindle bursts can be 

generated endogenously, their occurrence decreases threefold (i.e., only ~30% of 

spindles remain) in the absence of peripheral sensory input [104]. Moreover, the 

occurrence of spindle bursts in intact rat pups is markedly higher during periods of 

twitching in relation to wakefulness [19,81]. In the neonatal rat hippocampus, 

periods of twitching are also associated with the emergence and maximal 

expression of two prominent rhythms that synchronize hippocampal networks: 

theta and gamma [23,73,173]. All together, these results highlight the contribution 

of active sleep and twitch-related sensory feedback to the generation of early 

oscillatory activity within local circuits in the neonatal cortex and hippocampus. 

As illustrated in Table 2, the role of twitch-related sensory feedback in the 

generation of brain rhythms is not restricted to cortical and hippocampal circuits. 

Using rat pups, we showed that the red nucleus, a brainstem structure that plays 

an important role in the production of infant motor behavior [47], exhibits theta 

oscillations predominantly during active sleep [73]. Indeed, in 8-day-old rats, brief, 

discontinuous theta oscillations were most prominently associated with twitches. 

Just four days later, theta oscillations in the red nucleus were expressed 
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continuously during active sleep while also exhibiting enhanced amplitude during 

periods of twitching. The discovery of state-dependent theta oscillations in the 

developing brainstem raises a host of new questions. For example, do oscillations 

play a similar developmental role in the brainstem as they do in the forebrain? 

What are the mechanisms that promote sleep-dependent oscillations in the 

brainstem? What cognitive and behavioral functions are supported by oscillatory 

coupling between brainstem and forebrain areas? These and other questions can 

be answered now that we have overcome the technical barriers to recording brain 

activity in the neonatal brainstem [115].  

 

Oscillations during active sleep promote neuronal synchrony across distant 

sensorimotor structures in early development 

So far, we have discussed the role of twitching during active sleep in the generation 

of early oscillatory activity within local sensorimotor networks. In addition, coupled 

oscillatory activity across neuronal structures is a hallmark of long-range functional 

connectivity in both the infant and adult nervous system [71–75]. In the developing 

prefrontal-hippocampal network, for instance, synchronized oscillatory activity in 

the ventral hippocampus drives oscillatory activity in prefrontal cortex [71]. 

Because twitches drive precisely timed oscillatory activity across the neuraxis, 

including the hippocampus (Figure 1), twitching may optimize the probability of 

early synchronization of sensorimotor networks during active sleep. Indeed, even 

within the neonatal spinal cord, reafference from spontaneous self-generated 

movements (including wake-related movements and twitches) coordinates 
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neuronal activity between motor and sensory zones [15,16]. Dorsal rhizotomy, 

which prevents sensory input to the spinal cord, uncouples this neural activity, thus 

demonstrating a role for early sensory feedback in neuronal synchrony in 

intrasegmental spinal circuits [15]. Such disruptions of spinal processing can have 

functional consequences; for example, genetically altered newborn mice that lack 

muscle spindles—which provide proprioceptive input to the spinal cord—fail to 

develop the monosynaptic stretch reflex [182].  

Future research will assess the relative role of twitch-related sensory 

feedback in the coupling of oscillatory activity in higher-order sensorimotor 

networks. For example, twitch-related activation of hippocampal circuits depends 

on sensory input from somatosensory cortex via entorhinal pathways [24]. In 

support of a role for twitching in promoting such cortico-hippocampal 

communication, twitching of the whiskers during active sleep specifically promotes 

oscillatory coupling between barrel cortex and dorsal CA1 in hippocampus [183]. 

Figure 2 provides a representative example of the oscillatory dynamics in the barrel 

field and hippocampus of an 8-day-old rat following whisker twitches during active 

sleep. As shown in Figure 2A, sensory feedback from whisker twitches reliably 

triggers 20-30 Hz oscillations in both structures. Spectral coherence (a measure 

of synchrony) across behavioral states reveals enhanced cortico-hippocampal 

synchrony at 20-30 Hz following twitches but not during active wake (AW) or 

behavioral quiescence (BQ; Figure 2B).  

Independent of twitching, the state of active sleep facilitates the emergence 

and expression of early functional connectivity in the sensorimotor system. Using 
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P11-13 rats, we addressed this question by characterizing state-dependent 

oscillatory coupling between the red nucleus and the hippocampus [73]. When 

continuous theta oscillations in the red nucleus emerged around P11, they were 

coherent (i.e., synchronous) and co-modulated (i.e., their amplitudes vary in 

lockstep) with theta oscillations in the hippocampus. Crucially, synchronization of 

theta rhythms between the hippocampus and red nucleus occurred almost 

exclusively during periods of active sleep; twitching enhanced the amplitude of 

these oscillations. Whereas pharmacological inactivation of the medial septum 

abolished sleep-dependent theta activity in both structures, twitch-dependent theta 

was still preserved, suggesting that these two forms of theta arise from two 

independent pathways. Altogether, these results indicate that active sleep is 

necessary for the expression of functional connectivity upon the emergence of 

continuous oscillatory activity in networks involving both forebrain and brainstem 

structures. 

 

State-dependent functional connectivity and the origins of 

neurodevelopmental disorders 

Aberrant network connectivity can be detected very early in development and 

appears to presage cognitive and sensorimotor impairments [184]. In humans, 

atypical connectivity patterns are present in individuals diagnosed with ADHD 

[157], autism [156], and schizophrenia [155].  
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Importantly, connectivity and neural synchrony in healthy infants and adults 

varies across the sleep-wake cycle [73,124,185,186]. Unfortunately, the majority 

of studies assessing early functional connectivity in neurodevelopmental disorders 

have not examined state-dependent network interactions. When behavioral state 

is taken into account, however, it becomes clear that sleep affects the expression 

of synchronized oscillatory activity in young and adult individuals diagnosed with 

autism [187,188]. Thus, analyses of state-dependent connectivity may provide 

novel insights into the etiology and mechanisms underlying a variety of 

neurocognitive symptoms, and could be used as an early marker for atypical 

development [189].  

 

A causal role of active-sleep disruption in atypical development 

Early perturbations to the sensorimotor system, specifically during sensitive 

periods, can trigger irreversible developmental consequences [10–12]. Given the 

role of active sleep in brain development, early active-sleep disruption or 

deprivation can be one such perturbation. Consistent with this idea, sleep 

deprivation affects synaptic plasticity in such sensorimotor structures as motor 

cortex [190], hippocampus [29], and cerebellum [191]. In addition, because 

sensory feedback from twitching is a major source of stimulation to the neonatal 

brain, active sleep restriction or deprivation can be also conceptualized as a form 

of sensory deprivation during critical periods for brain development. If active sleep 

indeed contributes to the early expression of coupled oscillatory activity between 

distant sensorimotor structures, active-sleep restriction may underlie the 
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sensorimotor deficits present in a variety of neurodevelopmental disorders. 

Indeed, decreased active sleep is a prevalent symptom in neurodevelopmental 

disorders characterized by sensorimotor deficits, including autism, Rett Syndrome, 

Fragile X Syndrome, Angelman Syndrome, Williams Syndrome, and Down 

Syndrome [192]. 

 

Conclusions and future directions 

Synchronized neural oscillations are a hallmark of coordinated activity in 

developing and adult cortical and subcortical networks [64,66,71–75,166]. We 

have reviewed evidence here that one of the functions of active sleep in early 

infancy is to facilitate the expression of neuronal oscillations and oscillatory 

coupling in the sensorimotor system. Specifically, the evidence thus far indicates 

that sensory feedback from sleep-related twitches drives precisely timed 

oscillatory activity across the sensorimotor system, thereby contributing to that 

system’s activity-dependent development.  

Until now, the importance of active sleep in development and plasticity has 

been supported by showing the negative impact of sleep deprivation [8,103]. The 

methods used to deprive animals of sleep, however, often entail nonspecific side-

effects that make it difficult to identify the specific contributions of sleep to 

developmental outcomes. Also, the motor centers that generate twitching in early 

development also support wake-related movements [47]; because methods that 

disable these motor structures affect all motor activity, they cannot distinguish the 

relative contributions of twitching to brain development. Recent methodological 
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advances with optogenetics, however, now enable the rapid expression of opsins 

during the first two postnatal weeks, which allows direct manipulation of neonatal 

networks with high temporal precision and cell specificity [193,194]. In addition, as 

recently demonstrated in adult mice [153], optogenetics can be used to selectively 

manipulate active-sleep-dependent oscillations and assess their specific roles in 

behavior and cognition. Accordingly, it may soon be possible to selectively 

enhance or block sensory input and motor output to evaluate the role of twitch-

related reafference in the activity-dependent development of sensorimotor 

structures.  
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Figure 15. Diagram illustrating anatomical pathways conveying twitch-related 

sensory feedback in neonatal rats. A twitch of the forelimb is generated in the 

red nucleus during active sleep. Sensory feedback (or reafference) from the twitch 

causes a cascade of precisely timed neural responses in sensorimotor structures 

across the neuraxis, including spinal cord, red nucleus, sensorimotor cortex, and 

hippocampus. Through repeated activation of these structures, twitches provide a 

unique opportunity for the synchronization of oscillatory activity. See text for further 

discussion.  
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Figure 16. Twitches during active sleep promote coherent oscillations in 

developing sensorimotor networks. A: Representative twitch-triggered time-

frequency spectrogram in the barrel field of somatosensory cortex (S1-BF, top) 

and hippocampal CA1 (Hipp CA1, bottom) of an 8-day-old rat. Note the increase 

in power at ~25 Hz in both structures after twitch onset. B: Representative 

coherence spectra between S1-BF and Hipp CA1 following twitches during active 

sleep (restricted to the 500-ms period after twitch onset; blue), active wake (AW; 

orange), and behavioral quiescence (BQ; green).   
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Area Species Age MUA Oscillatory Events (LFP/EEG) Refs. 
    Event Features Description  

Cortex       
Somatosensory  
cortex 
 

Rat P1-12 Twitch-following 
Somatotopic  

Spindle Burst 
~5-30 Hz 
0.1-3 s. 

Twitch-following 
Somatotopic  
 

[19–
22,24,81,169] 
 

 Human PCA 
29-31 

N/A Delta Brush 
~8-25 Hz 
1-2 s. 

Twitch-following  
Somatotopic  

[195] 

Primary motor  
cortex 
 

Rat P4-12 Twitch-following 
Somatotopic 
AS-On 

Spindle Burst  
~5-30 Hz 

Twitch-following  
Somatotopic  
AS-On  

[81,196] 
 
 

    Gamma oscillation 
~30-40 Hz 
0.1-0.3 s. 

Twitch-following [196] 

Hippocampus       
CA1 Rat P1-9 Twitch-following 

Twitch-active 
AS-On 

Theta oscillation 
(>P7) 

~4-14 Hz 

Twitch-following 
Twitch-active 
 

[23,24] 

    Gamma oscillation 
~ 20-100 Hz 

Twitch-active 

  
 

P11-
13 

 Theta 
(continuous) 
~4-14 Hz; 4-7 
Hz 

Twitch-following 
Twitch-active 
AS-On 

[23,73] 

DG Rat P1-12 Twitch-following 
Twitch-active 
AS-On 

Theta oscillation 
~4-14 Hz 

Twitch-following 
Twitch-active 
 

[23] 

    Gamma oscillation 
~20-100 Hz 

Twitch-following 
Twitch-active 

Cerebellum       
Cortex (Purkinje 
Cell) 

Rat P4-
P12 

Twitch-following 
AS-On 

?  N/A [26,27] 

Interposed Nucleus Rat P8-13 Twitch-following 
Somatotopic 

? N/A [25] 

Thalamus       
Somatosensory  Rat P1-8 Twitch-following 

Somatotopic 
? N/A [81,104] 

Midbrain/Brainstem        
Red Nucleus Rat P7-9 Twitch-following 

Twitch-preceding 
Somatotopic 

Theta oscillation 
~4-7 Hz 

Twitch-following 
 

[25,47,73] 

  P11-
13 

“ “ 
 

Theta 
(continuous) 
~4-7 Hz 

Twitch-active 
Twitch-following 
AS-On 

[73] 

External cuneate Rat  Twitch-following 
Somatotopic 
AS-On 

? N/A [19] 

Medulla (Gi, LC) Rat P6-10 Twitch-active 
AS-On 

? N/A  

Spinal Cord       
 Rat 

 
P5-17 Twitch-following 

Twitch-preceding 
Somatotopic 

Negative 
deflection 
<1 Hz 

Twitch-following 
Somatotopic 

[15,16] 

 

Table 2. Twitch-related neural activity in the developing nervous system.  
MUA = multi-unit activity; LFP = local field potential; EEG = electroencephalogram; 

P = postnatal day; PCA = post-conceptional age (in weeks); CA = cornus amonius; 

DG = dentate gyrus; Gi: nucleus gigantocellularis; LC: locus coeruleus. * this study 
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also uses voltage-sensitive dye imaging. Twitch-following: neural activity increases 

immediately after twitch events. Twitch-active: neural activity increases during 

periods of twitching. Twitch-preceding: neural activity increases immediately 

before twitch events. AS-On: Neural activity increases during active sleep in 

relation to other behavioral states. N/A = not applicable. 
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CHAPTER 5: SENSORY AND STATE-DEPENDENT CORTICO-
HIPPOCAMPAL COMMUNICATION IN NEONATAL RATS 

 

INTRODUCTION 

 

In Chapter 4, we reviewed the existing evidence supporting the role of 

twitch-related reafference in the generation of neural oscillations in cortical and 

subcortical developing networks. Neural oscillations assist in such 

neurodevelopmental processes as neuronal differentiation and migration, 

apoptosis, and somatotopic map formation [66–72]. In addition, early functional 

connectivity is expressed via coupled or synchronized oscillatory activity [64,71–

73,171]. Thus, we hypothesized that twitch-related oscillatory activity is not only 

important for the development of local ensembles, but also affords the opportunity 

for oscillatory coupling across distant sensorimotor structures, thereby promoting 

early functional connectivity [197].  

In the present study, we test this hypothesis in sensory “barrel” cortex and 

hippocampus. Previous investigations in rat pups already demonstrated that both 

sensory cortex (including the barrel cortex) [17,20,198] and hippocampus 

[23,24,73] exhibit twitch-related responses. Importantly, twitch-related activity in 

the hippocampus is largely driven by the sensorimotor cortex via entorhinal 

pathways [24]. These findings indicate that in early development, the cortico-

hippocampal ensemble is anatomically connected, and twitches promote the early 

flow of information within this network. However, the state-dependent oscillatory 
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dynamics between the developing cortex and hippocampus have remained 

unknown.  

Here we show in week-old rats that, unlike periods of active wakefulness or 

behavioral quiescence, whisker twitches during active sleep drive oscillatory 

coupling between barrel cortex and the CA1 area in the hippocampus; this coupling 

was specifically supported by beta2 (20-30 Hz) oscillations. These findings indicate 

that twitching during active sleep enables cortico-hippocampal communication in 

early postnatal development.  

 

METHODS 

 

Subjects 

A total of 16 male and female Sprague-Dawley Norway rats (Rattus norvegicus) at 

P7-9 (hereafter designated as 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 0700 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 Iowa. 
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Surgery 

The details for the surgical procedures used here were described in Chapter 2. 

After the initial surgery, small holes were drilled in the skull for later insertion of a 

recording electrode into the “barrel field” of somatosensory cortex (S1BF; 

coordinates relative to bregma: AP: −1.5 mm; ML:  ±4.5 mm; DV: -0.5 to -0.9 mm; 

15° lateral angle) and CA1 region of hippocampus (AP: −2 mm; ML: ±1.5 mm; DV: 

-2 to -2.5 mm; 15° laterofrontal angle). Two additional holes were drilled, one 

above the visual cortex (contralateral to the 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. 

 

General Procedure and Neurophysiological Recordings 

The general procedure for neurophysiological recording used here was described 

in detail in Chapter 3. Neural data were acquired using 16-channel silicon depth 

electrodes (NeuroNexus, Ann Arbor, MI; A4x4-3mm-100-177) connected to a data 

acquisition system (Tucker-Davis Technologies). Neural and EMG signals were 

sampled at 25 kHz and 1 kHz, respectively.   

 

Spontaneous and Evoked Activity in S1BF and Hippocampus 

Before recording spontaneous activity in S1BF and hippocampus and to confirm 

electrode placement, we determined whether stimulation of the whiskers yielded 

consistent S1BF responses. Stimuli consisted of brief 50-ms air puffs (with 

pressure of 10-15 psi) delivered to the vibrissa contralateral to the neural recording 
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sites. Air puffs were delivered through a flat-end needle attached to a plastic tube. 

Stimulus duration and pressure we controlled using a solenoid valve controlled by 

a pulse stimulator (A-M Systems; Sequim, WA). After sensory responses were 

confirmed, spontaneous activity in S1BF and hippocampus were recorded for at 

least 30 min.  

 

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 µm using a freezing microtome (Leica 

Microsystems, Buffalo Grove, IL). Electrode locations and drug diffusion were 

visualized at 2.5–5X 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 

developing rats as young as P5 to reliably delineate primary sensory areas [199]. 

Briefly, cytochrome c (3mg per 10mL solution), catalase (2 mg per 10mL solution; 

Sigma-Aldrich) and 3,3'-diaminobenzidine tetrahydrochloride (DAB; 5 mg per 

10mL solution; Spectrum) were dissolved in a 1:1 dilution of PB-H2O and distilled 

water. Sections were developed in well plates on a shaker table at 35-40° C for 3-

6 hours. Sections were then washed and mounted. 
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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). Alpha was 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 and the 

Bonferroni correction procedure was applied. Group data are always presented as 

mean ± standard error (SE). 

 

Behavioral State 

The assessment of behavioral state was conducted using methods describe in 

Chapter 3.  

 

Spike Sorting 

Spike sorting was conducting using the methods already described in Chapter 2.   

 

State-dependent firing rates 

For each recorded neuron in S1BF or CA1, we determined mean firing rates across 

behavioral states (AW, AS, BQ). On rare occasions, units were excluded when 

firing rates exceeded 2.5 times the standard deviation within a behavioral state. 

Average firing rates for each behavioral state within either structure were pooled 

across units in all pups. Statistical significance was calculated using repeated-

measures ANOVAs with behavioral state as the repeated measure.  
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State-Dependent LFP Power Spectrum  

For all LFP-related analyses, one LFP channel from each structure per pup was 

selected. For all subsequent analyses, LFP signals were down-sampled to 500 

kHz and a DC-remove filter (time constant: 1 s) was applied. Selection of the LFP 

channel was based on electrode placement within S1BF or hippocampus CA1. 

Power spectra were calculated using a 500-ms 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. 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: 4-8 Hz; alpha: 8-13 

Hz; beta2: 20-30 Hz; slow gamma: 30-50 Hz) across behavioral states as the 

repeated measure.  

 

Twitch-Related Neural Activity 

Spikes. For each individual unit recorded from either S1BF or hippocampus, using 

whisker twitches as trigger events, we generated perievent histograms (10-ms 

bins, 1-s windows). To test for statistical significance, we jittered twitch events 

1,000 times within a 500-ms window using PatternJitter [83,84]. To correct for 

multiple comparisons, we generated upper and lower acceptance bands for each 

correlation (p < 0.01 for each band; [84]). Units in each structure that crossed the 

established threshold were pooled for further analysis. Next, firing rates around 
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twitch events for each unit were normalized to the bin exhibiting the highest firing 

rate and averaged across all units. For visualization purposes, histograms were 

smoothed (time constant: 10 ms).  

 

LFP. To generate individual twitch-triggered time-frequency spectrograms, we 

used the methods described in Chapter 3. Twitch-triggered LFP waveforms within 

the Beta2 range were calculated as follows: First, raw neural signals were filtered 

using a 20-30 Hz FIR band-pass filter. Next, the signal was converted using root 

mean square (RMS; 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 barrel cortex and 

hippocampus, we first calculated the latency between twitch onset and peak 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 a paired t-test.  

 

Coherence 

LFP-LFP coherence analyses were conducted using one LFP per pup and neural 

structure, based on histological confirmation of recording sites. 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 was divided into 
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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 with average 

coherence within each frequency range (theta: 4-8 Hz; alpha: 8-13 Hz; beta2: 20-

30 Hz; slow gamma: 30-50 Hz) across behavioral states as the repeated measure.  

 

RESULTS 

 

Barrel cortex and hippocampus exhibit state- and twitch-dependent activity 

We first recorded extracellular neuronal activity simultaneously in S1BF (n = 119 

units) and Hipp CA1 (n = 83 units) from P7-9 pups (hereafter designated as P8; n 

= 16). Histology confirmed electrode placement in both structures (Figure 1A). 

Recordings began after confirming that exafferent stimulation of the whiskers (see 

Methods) evoked consistent neural responses in at least one electrode channel in 

S1BF.  

Figure 1B illustrates, for a representative pup, LFP and single-unit activity 

across behavioral states in S1BF and Hipp CA1. We observed state-dependent 

modulation of single-unit and oscillatory activity in both structures. In S1BF, firing 

rates were significantly higher during AS than AW, which was in turn higher than 

BQ (Figure 2A, top; F(2, 236) = 56.8, ps < 0.001). In Hipp CA1, neurons also 

increased their firing rates during AS in relation to AW and BQ (Figure 2A, bottom; 
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F(2, 164) = 44.5, ps < 0.001); unlike S1BF, firing rates in Hipp CA1 were higher for 

BQ than AW (ps < 0.001).  

Next, we asked whether sensory feedback from whisker twitches drove unit 

activity during AS in both structures. We first determined whether individual 

neurons in S1BF and Hipp CA1 exhibited statistically significant responses to 

whisker twitches. Figure 2B (left) shows, for representative neurons in S1BF (top) 

and Hipp CA1 (bottom) from the same pup, increased firing rates following whisker 

twitches during AS. Next, we averaged twitch-related activity in all neurons that 

significantly increased their firing rates after twitch onset in S1BF (n = 33; 27.7% 

of units, p < 0.01) or Hipp CA1 (n = 10; 12.04%, p < 0.01). As shown in Figure 2B 

(right), twitch-related activity in S1BF exhibited shorter latencies (76 ± 10 ms) than 

those in Hipp CA1 (178 ± 30 ms). Unlike twitch-related response curves in S1BF, 

which were precisely timed and tuned, twitch-related response curves in Hipp CA1 

were broader and more variable in their timing.  

As with unit activity, we also found that oscillatory activity in both structures 

was predominantly expressed during periods of twitching during AS. Figure 2C 

shows, for a representative pup, twitch-related LFP activity in S1BF (top) and Hipp 

CA1 (bottom). Power spectra averaged across pups (n = 16) in both structures 

revealed that the temporal window immediately following twitches of the whiskers 

during AS was associated with an increase in the theta (4-8 Hz; S1BF: F(2, 27.4) = 

16.63, p < 0.001; Hipp CA1: F(2, 30) = 8.42, p < 0.01), alpha (8-13 Hz; S1BF: F(2, 26.5) 

= 19.34, p < 0.001; Hipp CA1: F(2, 23.9) = 15.50, p < 0.001), beta2 (20-30 Hz; S1BF: 
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F(2, 26.4) = 65.23, p < 0.001; Hipp CA1: F(2, 30) = 43.75, p < 0.001), and sgamma (30-

50 Hz; S1BF: F(2, 27.2) = 34.7, p < 0.001; Hipp CA1: F(2, 30) = 44.89) frequencies in 

relation to AW and BQ (Figure 2D; all ps < 0.01). Thus, twitching during AS drives 

oscillatory activity in the neonatal barrel cortex and hippocampus. 

 

Sensory feedback from whisker twitches drives oscillatory coherence 

between barrel cortex and hippocampus  

To test whether twitches promote the expression of coupled oscillatory activity 

between S1BF and Hipp CA1, we performed spectral coherence analyses 

[71,73,184]. As shown in Figure 3A, periods of twitching were associated with the 

highest levels of coherence between S1BF and Hipp CA1 (Figure 3A; F(2, 30) = 4.16, 

p < 0.05) as compared with AW or BQ (ps < 0.05). Specifically, even though 

whisker twitches triggered oscillatory responses across frequency bands in both 

structures, twitch-related coherence was promoted at beta2 (20-30 Hz) frequency 

(Figure 3B, p < 0.05). Taking coherence as a measure of functional connectivity, 

our results indicate that twitching during AS facilitates early connectivity between 

sensory cortex and hippocampus. 

 We next sought to determine the directionality of information carried by 

beta2 oscillations between S1BF and Hipp CA1. Twitch-evoked LFP waveforms of 

beta2 activity revealed that LFP responses in S1BF were shorter in latency (mean 

latency: 66.6 ± 10 ms) and exhibited a more tuned, narrower peak than LFP 

responses in the hippocampus (mean latency: 98.1 ± 10.1 ms; Figure 3D; t(15) = 

2.8, p < 0.13; Figure 3D). In agreement with previous findings in the developing 
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cortico-hippocampal network [24], this finding suggests that twitches drive 

hippocampal activity via cortical circuits, most likely involving projections from the 

somatosensory cortex to the entorhinal and perirhinal cortices [24].  

 

DISCUSSION 

 

The temporal synchronization or coupling of neural oscillations supports important 

cognitive and behavioral abilities in adult animals [75,111,142,152,200] and 

indicates early functional connectivity in infancy [64,71–73,171] . Because twitches 

during AS drive precisely timed oscillatory activity in developing sensorimotor 

structures [197], we hypothesized that twitching enables oscillatory coupling in 

early development. Here we tested this hypothesis in the network comprising 

barrel cortex (S1BF) and CA1 area of hippocampus (Hipp CA1). Our results 

indicate that sensory feedback from whisker twitches during AS drives oscillatory 

activity in both networks. Importantly, oscillatory synchrony between barrel cortex 

and hippocampus in the beta2 frequency band (20-30 Hz) was higher for periods 

immediately following twitches compared with AW or BQ. Thus, twitching and AS 

appear to promote network connectivity within the newborn cortico-hippocampal 

network.  
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Whisker twitches during AS drive neural activity in the newborn barrel cortex 

and hippocampus 

Bidirectional communication between the adult cortex and hippocampus support 

important behavioral and cognitive abilities, including memory formation and 

consolidation [201], processing of temporal and spatial information [202,203], and 

navigation [202,204]. In rats and mice, interactions between barrel cortex and 

hippocampus are of special interest because rodents use tactile information from 

whiskers to form spatial representations and efficiently navigate their environment 

[205]. Consequently, sensory feedback from whiskers reliably triggers neural 

activity in the adult barrel cortex, which is further conveyed to the hippocampus via 

entorhinal pathways [206,207].  

 The nature and functions of cortico-hippocampal interactions in the early 

postnatal period are less understood. In early development, sensory feedback from 

twitches during AS is a prominent driver of neuronal activity in both barrel cortex 

[17,22,24] and hippocampus [23,24,73]. Importantly, twitch-related activity in the 

hippocampus is largely dependent on projections from the somatosensory cortex, 

indicating that twitches promote the flow of information between these two 

structures [24]. These findings further suggest that sensory feedback from twitches 

contribute to the early activity-dependent development of these local networks and 

enable the earliest form of cortico-hippocampal connectivity.  

 Consistent with previous results, we found that firing rates in both S1BF and 

Hipp CA1 were higher during AS than AW or BQ. A subpopulation of neurons in 
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both S1BF and Hipp CA1 increased their firing rates in response to twitches of the 

whiskers during AS. Twitch-related response curves for unit activity in S1BF were 

more tuned and had less variability in latencies than those in Hipp CA1, where we 

observed a much broader response with variable latencies across pups. Unlike 

S1BF, which exhibits very specific somatotopy and exclusively processes sensory 

feedback from whiskers, the broadness and high variability of twitch-related 

responses in Hipp CA1 can be attributed to its lack of somatotopic organization. 

Indeed, activity in the neonatal hippocampus can be driven by twitches elsewhere 

in the body, including nuchal muscle and limbs [23,24,73]. 

 Sensory feedback from twitches triggered oscillatory activity in the theta, 

alpha, beta2, and sgamma frequency bands in both S1BF and Hipp CA1. This 

result indicates that AS and twitching provide an unique context for the expression 

of early oscillations and suggests that AS plays a key role in those 

neurodevelopmental processes that rely on early oscillatory activity, such as 

programmed cell death [181].   

 

Twitch-dependent oscillatory synchrony between barrel cortex and 

hippocampus 

Far from being an epiphenomenon of “immature” neural activity, the temporal 

coupling of neural oscillations in the early postnatal period is thought to enable 

early network communication [64,71–73,171]; and can presage cognitive and 

behavioral deficits at later stages in development [184]. Here we found that 

oscillatory coupling between S1BF and Hipp CA1 reached maximal levels after 
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whisker twitches during AS, as compared with periods of AW or BQ. Even though 

we observed significant increases in LFP power across frequency bands following 

whisker twitches in both structures, twitch-dependent oscillatory coherence was 

specifically enhanced in the beta2 band. However, this coherence resembled that 

occurring after passive stimulation of the whiskers (data not shown). Nonetheless, 

although reafference and exafference trigger similar patterns of oscillatory 

coupling between cortex and hippocampus, the predominance of active sleep and 

twitching in early infancy ensures that this coupling will occur on a regular basis.  

 Previous findings in the adult [206] and neonatal [24] cortico-hippocampal 

system demonstrated that reafferent and exafferent responses reach the 

hippocampus via the somatosensory cortex-enthorinal cortex pathway. Latencies 

for exafferent and reafferent responses in the somatosensory cortex are 

significantly shorter than in the hippocampus. In addition, lesions of the 

somatosensory cortex or downstream pathways to the hippocampal formation (i.e., 

enthorinal and perirhinal cortices) disrupt sensory processing in the hippocampus. 

Consistent with these results, we found that peak latencies for twitch-related beta2 

oscillations in the cortex preceded peak responses in the hippocampus by ~60 ms, 

suggesting that sensory feedback from twitches is first processed in S1BF before 

being conveyed to the hippocampus. This sequential, repetitive activation of 

cortico-hippocampal circuits provides a unique opportunity for synaptic plasticity 

and strengthening of connectivity in this network.  
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Beta2 oscillations in the cortico-hippocampal system 

Beta2 oscillations (also known as fast beta, slow gamma, or beta/gamma 

oscillations) are commonly defined as being within the ~ 20-40 Hz frequency band 

and are present in hippocampal and cortical networks. In the barrel cortex of adult 

rodents, beta2 oscillations precede exploratory whisker movements but also can 

be triggered by whisker-related exafference and reafference [208], suggesting that 

they play a role in sensorimotor integration. In the hippocampus, NMDA-dependent 

transient beta2 oscillations emerge during touch-guided behavior [209], during 

exploratory navigation in novel environments [210,211], and during goal-directed 

behavior in response to reward-related stimuli [212]. Thus, the putative functions 

of such oscillatory patterns in the hippocampus are diverse in nature and involve 

the formation of spatial and physical representations of the environment [209,210], 

novelty detection [211] and hippocampal-related modulation of motivated behavior 

[212]. Importantly, oscillatory coupling between the adult cortex and hippocampus 

is also mediated by beta2 oscillations. In the network comprised by the entorhinal 

cortex (which conveys information from cortical sensory areas to the hippocampal 

formation) and CA1, beta2 coherent oscillations support functional connectivity 

during memory encoding and retrieval in a stimulus-guided spatial navigation task 

[213]. Our coherence results show that in early development, twitch-related 

sensory processing during AS triggers similar patterns of beta2-dependent cortico-

hippocampal connectivity that are associated with complex behavioral and 

cognitive skills in adulthood.  
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Active sleep, acetylcholine, and beta oscillations: a window on 

developmental plasticity 

During AS, cholinergic inputs from the basal forebrain release acetylcholine (ACh) 

in cortex and hippocampus [214]. In addition, sensory stimulation is associated 

with ACh release in both structures [215]. Our finding that beta2 oscillations are 

enhanced during AS-related twitching is consistent with the convergence of state- 

and sensory-dependent release of ACh in the cortico-hippocampal system. In the 

neonatal sensory cortex in vitro, beta oscillations can be elicited after bath 

application of carbachol, a cholinergic agonist. The necessity of cholinergic input 

for the generation of beta2 oscillations in the hippocampus in vivo is still a matter 

of debate, but ACh release induces beta2 oscillations in hippocampal slices [220]. 

Because ACh induces synaptic plasticity and coordinates neuronal population 

activity [216–218], AS and twitching provide a unique neurochemical context for 

the emergence and strengthening of newly formed connections between distant 

but functionally related networks in the early postnatal period.  
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Figure 17. Dual recordings in S1BF and Hipp CA1 in P8 rats. (A) Illustration 

depicting electrode placements in S1BF and Hipp CA1. (B) Representative data 

from a P8 rat showing sleep and wake behavior, LFP (raw signal and 

corresponding time-frequency spectrograms) and unit activity in the barrel cortex 

(S1-BF; red traces) and CA1 region of hippocampus (Hipp CA1; purple traces), 

and whisker and nuchal EMGs (black traces) across behavioral states.  
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Figure 18. State- and twitch-dependent neural activity in S1BF and Hipp CA1 

at P8.  (A) Mean firing rates across behavioral states for neurons in S1BF (n = 119, 
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top) and Hipp CA1 (n = 83, bottom). * significant difference from AW and BQ (p < 

0.001). # significant difference from BQ (p < 0.001). (B) Left: Representative 

perievent histograms (10-ms bins) for spike activity in relation to whisker twitches 

in the S1BF (top) and Hipp CA1 (bottom) of a P8 rat. Vertical dashed lines denote 

twitch onset. Upper and lower acceptance bands (p <0.01 for each band) are 

indicated by dashed lines. Right: Perievent histograms for normalized spike activity 

in relation to whisker twitches averaged across all significant twitch-related units in 

S1BF (n = 33, top) and Hipp CA1 (n = 10, bottom). (C) Twitch triggered time-

frequency spectrograms for a representative P8 rat in S1BF (top) and Hipp CA1 

(bottom). (D) Mean normalized power spectra of LFP activity in S1BF (n = 16, top) 

and Hipp CA1 (n = 16, bottom) after twitches during active sleep (AS, blue; post-

twitch window: 500 ms), active wake (AW, orange) and behavioral quiescence 

(BQ, green). Shaded area indicates +SEM. *  significant difference from AW and 

BQ, p < 0.01.   
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Figure 19. Twitching during active sleep promotes LFP coherence between 

S1BF and Hipp CA1. (A) Mean LFP-LFP coherence spectra between S1BF and 

Hipp CA1 (16 pups, 16 LFP pairs) after whisker twitches during active sleep (AS; 

post-twitch window: 500 ms, blue), active wake (AW; orange) and behavioral 

quiescence (BQ, green). Shaded area indicates SEM. (B) Mean LFP-LFP 

coherence between S1BF and Hipp CA1 for different frequency bands. * significant 

difference from other behavioral states, p < 0.05. (D) Normalized twitch-triggered 

LFP signals (20-30 Hz, root mean square) in S1BF (red) and Hipp CA1 (purple) 

averaged across pups (n = 16). Vertical dashed line indicates whisker twitch onset. 

Shaded area denotes +SEM. (E) Mean peak latency from twitch onset from the 

data shown in (D) for S1 (red) and Hipp CA1 (purple). * significant difference, p < 

0.01.  
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CHAPTER 6: OVERVIEW AND SGNIFICANCE OF RESEARCH 

 

The development of the sensorimotor system relies on early sensory experiences 

[10–12]. Because sensory feedback from twitching during AS robustly activates 

neuronal networks across the neuraxis, it has been proposed that twitching 

contributes to the activity-dependent development of the sensorimotor system 

[14,79,102]. However, the motor pathways contributing to the production of 

twitching in early infancy have remained largely unknown. The data presented in 

Chapter 2 demonstrate that the newborn rat RN is involved in the generation of 

twitching and processes twitch-related sensory feedback. Thus, we proposed that 

the RN is an important site for sensorimotor processing in early development. 

Indeed, the RN is anatomically and functionally connected with a variety of 

sensorimotor networks, including the spinal cord [40,55], midbrain and brainstem 

nuclei [37,41], hypothalamus [56], cerebellum [57], somatosensory cortex [58], 

motor cortex [59], and hippocampus [60].  However, the specific conditions and 

mechanisms supporting communication between the infant RN and the 

aforementioned sensorimotor networks have remained unexplored.  

In the nervous system of adult and developing animals, functionally related 

structures establish neuronal communication via synchronized or coupled 

oscillatory activity [71–75]. In Chapter 3, we show for the first time that neuronal 

oscillatory activity in the RN is dominated by theta oscillations (~4-7 Hz). By the 

end of the first postnatal week, RN theta was expressed in brief oscillatory bursts 

associated with twitching during AS. By the end of the second postnatal week, RN 
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theta was expressed continuously throughout bouts of AS. At both ages, oscillatory 

activity in the RN was markedly reduced or suppressed during periods of 

quiescence or wakefulness. Importantly, the oscillatory dynamics in the developing 

RN resemble those previously reported in the developing hippocampus [23]. Thus, 

we next asked whether theta oscillations in the RN and hippocampus are 

temporally coupled and whether such coupling depends on AS. The results 

described in Chapter 3 confirm that AS promotes oscillatory coupling between the 

RN and hippocampus by the end of the second postnatal week. Interestingly, the 

amplitude of theta oscillations in both structures was enhanced during periods of 

twitching. This observation inspired the hypothesis (further elaborated in Chapter 

4) that sensory feedback from twitches drives early network connectivity at ages 

when oscillatory activity largely depends on sensory stimulation.  

 In Chapter 5, we show that sensory feedback from twitches of the whiskers 

trigger oscillatory synchrony at ~ 20-30 Hz between the barrel cortex and the CA1 

area in the hippocampus by the end of the first postnatal week. Importantly, 

coupled oscillatory activity between cortex and hippocampus was suppressed 

during periods of wakefulness or behavioral quiescence. This finding supports the 

hypothesis presented in Chapter 4—that AS and twitching provide a unique 

context for the emergence and expression of functional connectivity in the 

sensorimotor system.  

Altogether, the findings presented in this dissertation have important 

methodological and clinical implications. Even though AS is maximally expressed 

in early life and is relatively prominent in the perinatal period [1–6], investigations 



www.manaraa.com

118 
 

of early functional connectivity have largely ignored how networks interact in this 

behavioral state. For example, human studies have focused on quiet (non-REM) 

sleep or on the so-called “resting state.” Moroever, studies using infant animals 

have explored network interactions under anesthetic conditions that suppress the 

normal expression of sleep and wake behaviors. If AS in early infancy is indeed a 

period of heightened neural activity [1,7], one should expect that network 

interactions during AS are different from those occurring during other behavioral 

states. The data presented in this dissertation demonstrate that early connectivity 

in the sensorimotor system is promoted during AS. In light of these results, we 

argue that a meaningful analysis of functional connectivity in early development 

must take into account state-dependent differences in network interactions.  

Connectivity patterns during sleep also reveal the expression of atypical 

synchronized oscillatory activity in young and adult individuals diagnosed with 

neurodevelopmental disorders characterized by sensorimotor deficits, as in autism 

[187,188]. Thus, analyses of state-dependent connectivity may provide novel 

insights into the etiology and mechanisms underlying a variety of such disorders 

and could perhaps also be used as an early marker for atypical development [189]. 

Finally, the data presented in this dissertation highlight how sensory 

feedback from twitching is a major source of stimulation to cortical and subcortical 

structures and facilitates network interactions within the developing sensorimotor 

system. Consequently, any environmental or pathological condition that results in 

sleep restriction or deprivation can be conceptualized as a form of sensory 

deprivation. Because sensory experience plays a fundamental role in the activity-
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dependent development of the sensorimotor system [10–12], decreased sleep 

during sensitive periods of brain development may cause sensorimotor and 

cognitive deficits later in life. In that regard, decreased sleep is a symptom in a 

variety of neurodevelopmental sensorimotor disorders [192].  
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