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Allan Rechtschaffen, a pioneering sleep researcher, once stated “if sleep does not serve an absolute vital 

function, then it is the biggest mistake the evolutionary process ever made […]” (Rechtschaffen, 1971). 

Indeed, the fact that sleep occurs in all, carefully examined, animal species suggests that it evolved early and 

serves an important purpose (Rattenborg and Amlaner, 2010; Blumberg and Rattenborg, 2017; Nath et al., 

2017). Moreover, the fact that sleep persists, even though animals are vulnerable to predation during sleep, 

further underscores its importance (Lima et al., 2005). 

 Sleep is a behavioral state that still holds a number of unanswered questions. How did sleep evolve 

in the different taxonomic groups (Amlaner et al., 2009)? What are the underlying mechanisms causing 

variation in sleep-related brain activity across taxa (Rattenborg et al., 2011)? Why do we need sleep and is 

the function of sleep the same across different types of animals? Finally, is sleep essential (Cirelli and Tononi, 

2008; Siegel, 2009; Lesku et al., 2012; Rattenborg et al., 2016; Geissmann et al., 2019)? 

 

What is sleep? 

Sleep is a behavioral state characterized by reduced responsiveness to stimuli. However, in contrast to other 

sleep-like states, such as hibernation, sleep is rapidly reversible following sufficient stimulation (Amlaner et 

al., 2009). Sleep is usually accompanied by immobility, although cetaceans (Lyamin et al., 2008) and some 

types of seals (Lyamin et al., 2018) can swim, and great frigatebirds can fly (Rattenborg et al., 2016) while 

partially asleep. The reduction of responsiveness makes sleep a potentially dangerous state in natural 

environments (Lima et al., 2005). Although there is little evidence of sleeping animals getting eaten, they 

seek safe sleeping sites and when forced to sleep in vulnerable situations they resort to more vigilant forms 

of sleep (e.g. Rattenborg et al., 1999; Tisdale et al., 2018). Sleep behavior is associated with pronounced 

changes in brain activity, though the nature of these changes varies across taxa, with some even exhibiting 

two types of sleep (Rattenborg et al., 2011; Blumberg and Rattenborg, 2017; Libourel et al., 2018). Lastly, 

sleep is homeostatically regulated, meaning that sleep amount and/or intensity increases and decreases as a 

function of prior time spent awake and asleep, respectively (Tobler, 2005). 

 

Mammalian sleep states 

To date the majority of sleep research has been conducted in mammals. Mammals display two distinct types 

of sleep, rapid eye-movement (REM) and non-rapid eye-movement (NREM) sleep. NREM sleep is 

characterized by high voltage, low-frequency EEG (electroencephalogram) activity (i.e. slow-waves), typically 

quantified as slow-wave activity (SWA, 0.5-4.0 Hz spectral power density) (Tobler, 2005). Slow-waves reflect 

the synchronous slow (<1 Hz) oscillation, or alternation, of neocortical neuronal membrane potentials 

(Steriade et al., 1993; Timofeev et al., 2001; Destexhe and Contreras, 2006; Volgushev et al., 2011). The 
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amount of SWA is positively correlated with arousal threshold (i.e. an animal is harder to awaken when SWA 

is high), and is therefore used as a proxy for sleep intensity (Neckelmann and Ursin, 1993). In addition, SWA 

increases and decreases as a function of time spend awake and in NREM sleep, respectively, and thus 

reflects homeostatically regulated processes (Tobler, 2005). Moreover, neocortical regions used more 

extensively during prior wakefulness show a greater increase in NREM sleep SWA indicating that SWA is 

homeostatically regulated in a local, use-dependent manner (Vyazovskiy et al., 2000; Huber et al., 2004; 

Yasuda et al., 2005; Cajochen et al., 2008; Hanlon et al., 2009; Landsness et al., 2009).  

In contrast, during REM sleep the EEG shows an activated pattern that is similar to the pattern 

observed during wakefulness (i.e. low-voltage, high-frequency EEG activity). Though intra-cortical recordings 

of mice recently revealed that slow-waves, a rhythm characteristic of NREM sleep, can also occur in layer 4 

of the primary sensory cortices during REM sleep (Funk et al., 2016). REM sleep is distinguished from 

wakefulness by elevated arousal thresholds, skeletal muscle atonia, rapid eye-movements under closed 

eyelids and muscle twitches (Zepelin et al., 2005; Amlaner et al., 2009). In addition, thermoregulation is 

suspended during REM sleep (Heller, 2005).  

 

Neuronal activity during the different mammalian sleep states 

Intracellular recordings of the brain activity underlying the different mammalian sleep states show that  

contrary to REM sleep and wakefulness, in which neurons stay in a depolarized state, NREM sleep is 

characterized by a slow alternation between a depolarized ‘up-state’ and a hyperpolarized ‘down-state’ 

(Steriade et al., 1993; Timofeev et al., 2001; Destexhe and Contreras, 2006; Volgushev et al., 2011). The 

depolarized state is characterized by action potentials occurring at a rate comparable to wakefulness. In 

contrast, the hyperpolarized state is characterized by the absence of action potentials (i.e. neuronal 

quiescence). Corticocortical and thalamocortical connections coordinate the alteration of membrane 

potentials of large groups of neurons (Sanchez-Vives and McCormick, 2000;  Steriade, 2006; Crunelli and 

Hughes, 2010; Poulet et al., 2012; David et al., 2013; Lemieux et al., 2014; Crunelli, 2015). This results in 

large-scale, slow network oscillations detectable as slow-waves in EEG and local field potential (LFP) 

recordings (Buzsaki et al., 2012), which propagate horizontally across the neocortex (Massimini et al., 2004; 

Murphy et al., 2009; Nir et al., 2011).  

In mammals, both the thalamus and specific layers of the neocortex (i.e. layer 4 and 5 which both 

receive thalamic input [Chauvette et al., 2010; Constantinople and Bruno; 2013]) have been implicated in the 

genesis of NREM sleep-related slow-waves (Crunelli and Hughes, 2010; Timofeev and Chauvette, 2011; 

Lemieux et al., 2014; Capone et al., 2017). While the neocortex is capable of generating slow-wave activity 

by itself, via recurrent excitatory and inhibitory intracortical interactions (Sanchez-Vives and McCormick, 

2000; Timofeev, 2000; Shu et al., 2003; Maclean et al., 2005; Rudolph et al., 2007; Csercsa et al., 2010), the 

1
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thalamus actively contributes to the generation of the slow oscillations characteristic of NREM sleep 

(Crunelli and Hughes, 2010; Lemieux et al., 2014). Although slow-waves occur in the neocortex several hours 

after thalamectomy, they are initially suppressed (Lemieux et al., 2014), suggesting that thalamic input is 

required for the normal expression of slow-waves (Crunelli and Hughes, 2010; Timofeev and Chauvette, 

2011). Furthermore, the fact that in naturally sleeping cats slow-wave up-states appear first within the 

neocortical layer 5 (Chauvette et al., 2010), a layer that along with layer 4 receives thalamic input (Crunelli 

and Hughes, 2010; Timofeev and Chauvette, 2011; Lemieux et al., 2014), before propagating vertically within 

a column to layer 4 and the supragranular layers of the neocortex (Chauvette et al., 2010; Constantinople 

and Bruno, 2013; Capone et al., 2017), also suggests that the thalamus plays an important role in the genesis 

of slow-waves. In contrast to the intra-columnar propagation of slow-wave up-states, the layer-specific 

horizontal propagation of up-states has not been examined in naturally sleeping mammals (Sanchez-Vives 

and McCormick, 2000; Luczak et al., 2007; Sakata et al., 2009; Chauvette et al., 2011; Wester and Contreras, 

2012; Reyes-Puerta et al., 2015; Capone et al., 2017). Determining how neuronal activity, like slow-waves, 

flows through the brain during sleep is important for understanding the role this brain activity might play in 

the function(s) of sleep. 

In addition to slow-waves, thalamocortical spindles are a hallmark of mammalian NREM sleep. 

Spindles are brief bursts of waxing and waning (12-14 Hz in humans) oscillations detectable in the EEG 

(reviewed in De Gennaro and Ferrara, 2003). Under the influence of neocortical slow-waves (Sirota et al., 

2003; Steriade, 2006), sleep spindles are generated by the reticular nucleus of the thalamus (TRN) (Steriade, 

2006) and can be recorded in other thalamic nuclei such as the lateral geniculate nucleus (LGN) in cats 

(Contreras and Steriade, 1996). Spindles are relayed to the neocortex via thalamocortical projections 

(reviewed in Lüthi, 2014), where they subsequently occur during the upstate of the slow oscillation 

(Destexhe et al., 1999; Steriade, 1999, 2006; Mölle, 2002; Csercsa et al., 2010; Staresina et al., 2015; 

Latchoumane et al., 2017). 

Besides the above described sleep-related brain rhythms in the neocortex and thalamus, the 

mammalian hippocampus also shows state-dependent changes in activity. During waking locomotion and 

REM sleep, the mammalian hippocampus shows a pronounced theta rhythm (6-9 Hz in rodents) (Buzsaki, 

2002). Conversely, during NREM sleep, hippocampal LFP shows an irregular slow-wave pattern occasionally 

interrupted by high-amplitude sharp-waves, accompanied by low-amplitude, high-frequency (150-200 Hz) 

waves, called sharp-wave ripples (SWRs) (Sirota et al., 2003; Steriade, 2006; Colgin, 2011; Staresina et al., 

2015; Latchoumane et al., 2017). SWRs also occur during awake consummatory behaviors such as 

immobility, feeding and grooming (Buzsaki et al., 1983; Ylinen et al., 1995; reviewed in Buzsaki, 2015). 

If and how the above described sleep-related brain activity patterns are involved in the function(s) of 

sleep is a current topic of examination. 
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The function(s) of the different sleep states 

Although several hypotheses for the function(s) of sleep have been proposed (Steriade, 2006; Diekelmann 

and Born, 2010; Rattenborg et al., 2011; Born and Wilhelm, 2012; Chauvette et al., 2012; Rasch and Born, 

2013; Tononi and Cirelli, 2014; Staresina et al., 2015; Latchoumane et al., 2017), its exact purpose and the 

roles of the different sleep states remains actively debated. Besides functions in behavior (e.g. sleep could 

act as an immobilizer to prevent an animal from being active during unfavorable times of day [Lima et al., 

2005; Siegel, 2009]) and physiology (e.g. energy conservation [Schmidt, 2014] and immune system 

regulation [Opp, 2009]), most of the recent theories propose a central role of sleep in supporting the central 

nervous system. For example, sleep is thought to play an essential role in the recovery, maintenance and 

plasticity of nerve cells and neuronal networks (reviewed in Benington and Frank, 2003; Xie et al., 2013; Zada 

et al., 2019). In the end, these processes are thought to be fundamental in supporting the brain’s working 

mechanisms in alertness, information processing, information storage and behavioral control (reviewed in 

Benington and Frank, 2003; Rattenborg et al., 2017). In light of the scope of this thesis, I will discuss the 

plasticity and memory function of sleep in more detail. 

That sleep is, among other things, important for the consolidation of different types of memories, 

such as contextual (i.e. emotional, social, spatial, or temporal circumstances related to a certain event) and 

declarative (i.e. memory for episodes and facts) memories, is widely accepted (reviewed in Diekelmann and 

Born, 2010; Born and Wilhelm, 2012; Rasch and Born, 2013; Voster and Born, 2015). However, how different 

sleep states and associated brain rhythms might play a role in processing the different types of memories is 

still a topic of debate.  

 

Synaptic homeostasis during NREM sleep 

The ‘synaptic homeostasis hypothesis’ or SHY states that NREM sleep slow-waves play a role in regulating 

the synaptic weight of the brain at an adaptive level (Tononi and Cirelli, 2003, 2006, 2014; De Vivo et al., 

2017). During wakefulness there is an increase in synaptic weight (i.e. strength and number of synapses) due 

to synaptic potentiation in cortical circuits (Vyazovskiy et al., 2008). If left unchecked this increase would 

lead to synaptic stress, including an increasing demand for energy and a reduction of the ability to learn 

(Tononi and Cirelli, 2014). Synaptic weight accumulated during wakefulness is thought to increase 

synchronization of slow oscillations, resulting in the increase in SWA observed during NREM sleep following 

periods of wakefulness. Slow-waves, in turn, are thought to play a role in global synaptic downscaling (i.e. 

reducing synaptic weight) during sleep, via a process called synaptic depression (Tononi and Cirelli, 2003, 

2006, 2014; De Vivo et al., 2017). In addition, synaptic depression induced by slow-waves is also thought to 

cause weaker synapses to drop out, resulting in an increase in the signal-to-noise ratio and associated 

1
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memory improvement following sleep. By renormalizing synaptic weight during sleep, the ability to acquire 

new information is preserved and the amount of energy needed to operate the neocortex is decreased. 

Synaptic homeostasis may represent a fundamental function of sleep (Tononi and Cirelli, 2014; De Vivo et 

al., 2017) as sleep also has similar effects on synapses in drosophila (Donlea et al., 2009; Bushey et al., 2011; 

Donlea et al., 2011). 

 

NREM sleep-related memory consolidation 

In contrast to SHY, which proposes that slow-waves weaken synapses, other lines of research suggest that 

slow-waves reactivate and thereby strengthen synaptic connections, resulting in improvements in memory. 

Such reactivation might occur locally within neocortical circuits or across larger neuronal systems involved in 

the initial encoding of a memory (Yang et al., 2014; Havekes et al., 2015, 2016). At a systems level, slow-

waves have been implicated in orchestrating the ‘transfer’ of memories from the hippocampus to the 

neocortex for long-term storage and integration with preexisting information (Born and Wilhelm, 2012). 

According to the Standard Model of memory consolidation during wakefulness, the hippocampus receives 

input from multiple neocortical regions which are involved in the initial encoding of waking experiences 

(Alvarez and Squire, 1994; Squire and Alvarez, 1995). The hippocampus then binds this information into a 

short-term memory trace available for recall (Morris et al., 2003; Eichenbaum, 2004; Preston and 

Eichenbaum, 2013) and later reactivation during NREM sleep (reviewed in Diekelmann and Born, 2010; 

Rattenborg et al., 2011; Born and Wilhelm, 2012; Rasch and Born, 2013). During NREM sleep, reactivation of 

a memory trace in the hippocampus and neocortex is thought to strengthen the neocortical representation 

of a memory and its integration with preexisting, long-term memory traces in the neocortex (i.e. systems 

consolidation). This process leads to recall of information becoming progressively less dependent on the 

hippocampus and more dependent upon the neocortex over time; i.e. the memory is effectively ‘transferred’ 

from the hippocampus to the neocortex (Diekelmann and Born, 2010; Rattenborg et al., 2011; Born and 

Wilhelm, 2012; Rasch and Born, 2013; Staresina et al., 2015; Latchoumane et al., 2017).  

 

The role of brain rhythms in the systems level consolidation during mammalian NREM sleep 

The ‘transfer’ of information from the hippocampus to the neocortex has been suggested to rely on 

interacting neuronal rhythms (i.e. cortical slow-waves occurring in conjunction with hippocampal sharp-

wave ripples (SWRs) and thalamocortical spindles) between these regions (Marshall and Born, 2007; Colgin 

and Moser, 2010; Diekelmann and Born, 2010; Rattenborg et al., 2011; Born and Wilhelm, 2012; Staresina et 

al., 2015; Latchoumane et al., 2017). The prefrontal cortex (PFC) may play a central role in this process via 

various connections (Preston and Eichenbaum, 2013). The up (depolarizing) and down (hyperpolarizing) 
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transition of slow oscillations generated by the PFC drive both thalamic spindles and hippocampal sharp-

wave ripples (reviewed in Marshall and Born, 2007). The systematic interaction of all three of these rhythms 

is thought to be required for the coordinated neuronal reactivation of memories (Sirota et al., 2003; 

Steriade, 2006; Colgin, 2011; Staresina et al., 2015). The excitable up-state of the neocortical slow-wave 

coincides with thalamocortical spindles and hippocampal sharp-waves ripples (Staresine et al., 2015; 

Latchoumane et al., 2017). Hippocampal sharp-wave ripples, which accompany the neural memory 

reactivation in the hippocampus, then nest into the excitable troughs of the spindle oscillation (Clemens et 

al., 2007; Siapas and Wilson, 1998; Sirota et al., 2003; Staresina et al., 2015; Latchoumane et al., 2017). The 

fine-tuned phase-locking of these rhythms is thereby thought to strengthen the cortical representation of 

the memory during sleep (Clemens et al., 2007; Siapas and Wilson, 1998; Sirota et al., 2003; Staresina et al., 

2015; Latchoumane et al., 2017). 

 

Mammalian REM sleep function(s) 

The functional role of REM sleep remains an open question, though this sleep state is hypothesized to also 

serve an important biological purpose (Peever and Fuller, 2017). Over the last two decades considerable 

insights into the possible function(s) of REM sleep have been obtained. According to the ontogenetic 

hypothesis (Roffwarg et al., 1966), REM sleep, prominent early in the life of altricial mammals, promotes 

brain and musculature development (reviewed in Blumberg, 2010; Blumberg and Rattenborg, 2017). 

Multiple studies have suggested that REM sleep early in life is indeed important for brain development 

(Frank and Heller, 2003; Blumberg and Seelke, 2010; Blumberg, 2015). REM sleep later in life, like NREM 

sleep, is proposed to function to facilitate the formation and consolidation of certain types of memory 
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memory consolidation. In conclusion, the variety of brain rhythms occurring during both NREM and REM 

sleep serve a multitude of important roles in the maintenance and waking performance of the mammalian 

brain. It is, however, less clear whether these brain rhythms and functions also occur in other animals with 

similar sleep states.  

 

Avian sleep 

Avian NREM and REM sleep states 

Our understanding of sleep-related brain rhythms and their underlying network properties is still limited and 

based almost solely on recordings from a few mammalian species. Interestingly, birds exhibit two sleep 

states that are in most respects similar to mammalian NREM and REM sleep. Avian NREM sleep, also known 

as slow-wave sleep (SWS), is characterized by an increase in EEG SWA relative to wakefulness. Episodes of 

NREM sleep typically last less than one minute (Amlaner and Ball, 1994). Avian NREM sleep is, similar to 

mammals, homeostatically regulated and increases in SWA can occur locally in the brain in response to prior 

waking activation (Rattenborg et al., 2009; Lesku et al., 2011). In several avian orders, it has been observed 

that birds sometimes keep one eye open during NREM (reviewed in Rattenborg et al., 2000; Rattenborg et 

al., 2019). Unilateral eye closure is associated with an interhemispheric asymmetry in SWA, wherein the 

hemisphere contralateral to the open eye shows less SWA during NREM sleep than the hemisphere 

connected to the closed eye (Rattenborg et al., 2000; Rattenborg et al., 2019). In some species, such as 

pigeons, the degree of interhemispheric asymmetry is minimal (Rattenborg et al., 2001), whereas in others it 

can surpass the threshold used to define unihemispheric sleep in marine mammals (Rattenborg et al., 2016). 

Birds appear to utilize asymmetric or unihemispheric sleep to visually monitor their surroundings for 

predators (Rattenborg et al., 1999). In addition, frigatebirds utilize this form of sleep in flight, seemingly to 

keep an eye on where they are going while sleeping on the wing (Rattenborg et al., 2016; Rattenborg et al., 

2017). 

In contrast to NREM sleep, avian REM sleep is characterized by a wake-like, low-amplitude, high-

frequency EEG pattern. This type of sleep is often accompanied by, as the name predicts, rapid eye 

movements under closed eyelids, twitches of the bill and wings, and head dropping (Dewasmes et al., 1985; 

Rattenborg and Amlaner, 2010). The dropping of the head apparently reflects a partial loss of muscle tone, 

although for unexplained reasons this is rarely reflected in electromyography (EMG) recordings of the neck 

musculature (Dewasmes et al., 1985; reviewed in Rattenborg et al., 2019). In addition, like in mammals, 

thermoregulation is suspended during REM sleep (Heller et al., 1983). Each REM sleep period typically lasts 

less than 10 seconds (Rattenborg and Amlaner, 2010). REM sleep episodes alternate with NREM sleep 

episodes throughout sleep, usually becoming more frequent towards the end of the major sleep period (Low 

et al., 2008; Martinez-Gonzalez et al., 2008). As in altricial mammals, the amount of time spent in REM sleep 
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is the highest in young altricial birds before gradually declining to adult levels (Scriba et al., 2013). Lastly, as 

in mammals, REM sleep increases following sleep deprivation in birds (Tobler and Borbély, 1988; Martinez-

Gonzalez et al., 2008; Newman et al., 2008).  

The electrophysiological pattern observed during wakefulness, NREM and REM sleep in birds are 

remarkably similar to those in mammals, though some potentially important differences exist (reviewed in 

Rattenborg et al., 2011). As noted above, during NREM sleep, the avian EEG shows mammalian-like, 

homeostatically regulated slow-waves (Reiner et al., 2001; Martinez-Gonzalez et al., 2008; Lesku et al., 

2011). However, NREM sleep-related thalamocortical spindles seem to be absent in birds (Ookawa and 

Gotoh, 1965; Ookawa, 1967; Ookawa and Kadono, 1968; Hishikawa et al., 1969; Ookawa, 1972; Van Twyver 

and Allison, 1972; Walker and Berger, 1972; Šušić and Kovačevć, 1973; Dewasmes et al., 1985; Ayala-

Guerrero et al., 1988; Ayala-Guerrero and Vasconcelos-Dueñas, 1988; Tobler and Borbély, 1988; Ayala-

Guerrero, 1989; Zepelin et al., 1998; Ayala-Guerrero et al., 2003; Szymczak et al., 1993; Rattenborg et al., 

2004; Low et al., 2008, Martinez-Gonzalez et al., 2008). In addition, hippocampal sharp-wave ripples have 

not been detected in birds during NREM sleep (Ookawa and Gotoh, 1965; Van Twyver and Allison, 1972; 

Sugihara and Gotoh, 1973; Szymczak, 1987; Fuchs et al., 2006; Martinez-Gonzalez et al., 2008; Dos Santos et 

al., 2009). SWRs have also not been reported from hippocampal recordings from pigeons while awake and 

immobile (Siegel et al., 2000; Rattenborg et al., 2011), a state associated with SWRs in rodents (Buzsáki, 

2015). Furthermore, a distinct hippocampal theta rhythm has not been observed during REM sleep in birds 

(Berger and Walker, 1972; Van Twyver and Allison, 1972; Sugihara and Gotoh, 1973; Šušić and Kovačevć, 

1973; Szymczak, 1987; Siegel et al., 2000; Ookawa, 2004; Fuchs et al., 2006; Martinez-Gonzalez et al., 2008; 

Dos Santos et al., 2009), and the evidence for a theta rhythm during wakefulness remains equivocal (Siegel 

et al., 2000; Rattenborg et al., 2011). Notably, the theta activity reported in awake pigeons occurred while 

the birds were immobile (Siegel et al., 2000), rather than when actively moving around as in rodents, raising 

the possibility that such activity reflects a transitional (“drowsy”) state between wakefulness and NREM 

sleep (Rattenborg et al., 2011). Further work is needed to reveal the underlying mechanisms that account for 

these differences in brain activity observed during avian and mammalian wakefulness, NREM sleep, and REM 

sleep.    

 

Avian brain organization  

The similarities and differences in mammalian and avian sleep states and sleep-related neurophysiology may 

be related to differences in brain organization in mammals and birds. The cytoarchitecture of the avian 

“cortex”, for instance, shows pronounced differences compared to the mammalian neocortex (Medina and 

Reiner, 2000). Though the avian brain is composed of pallial neurons homologous to the neocortical (pallial) 

neurons (reviewed in Nomura and Izawa, 2017; Briscoe and Ragsdale, 2018), it lacks the six-layered 
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neocortex found in mammals. Instead, the neurons are arranged in a nuclear manner forming the two main 

structures of the avian brain, namely the hyperpallium (Medina and Reiner, 2000; Jarvis et al., 2005), and the 

dorsal ventricular ridge (DVR) (Jarvis et al., 2005, 2009), a structure that is also present in non-avian reptiles 

(reviewed in Kaas, 2017). The hyperpallium is shaped like a bulge (or “Wulst”) on the dorsal surface of the 

brain that overlies the DVR. During development, neurons that give rise to the dorsal part of the mammalian 

neocortex give rise to the hyperpallium in birds (Puelles et al., 2017). However, whereas the dorsal part of 

the neocortex processes various types of information, most of the hyperpallium processes visual information 

received from the thalamofugal pathway, and therefore is considered homologous to the primary visual 

cortex in mammals (Medina and Reiner, 2000; Reiner et al., 2004; Jarvis et al., 2005). Despite this 

developmental and partial functional homology, the hyperpallium lacks the neocortical laminar 

cytoarchitecture consisting of pyramidal cells with apical dendrites spanning multiple layers. Instead, the 

hyperpallium is organized in “pseudo-layers” composed of small, densely packed stellate neurons (Olkowicz 

et al., 2016) interconnected via axonal projections (Medina and Reiner, 2000; Briscoe and Ragsdale, 2018). 

[Although the neurons in the hyperpallium are not arranged in a cortical manner, they are homologues to 

the neurons found in the mammalian neocortex (Briscoe and Ragsdale, 2018). As a result, I will refer to the 

hyperpallium as being cortical hereafter.] From dorso-medial to ventro-lateral (e.g. in pigeons), the 

hyperpallium is made up of the following “pseudo-layers”: the hyperpallium apicale (HA), interstitial nucleus 

of HA (IHA), hyperpallium intercalatum (HI), hyperpallium densocellulare (HD) (Atoji et al., 2018). IHA is, 

similar to layer 4 of the neocortex, the primary recipient of visual input from a part of the thalamus called 

the dorsal part of the lateral geniculate nucleus (LGN, the avian nucleus geniculatus lateralis pars dosalis 

(GLd)) (Karten et al., 1973; Watanabe et al., 1983; Wild, 1987; Ng et al., 2010). HI and, to a lesser extent, HD 

also obtain some input from the GLd (Atoji et al., 2018). [Currently a strict boundary between IHA and HI is 

poorly defined in the posterior hyperpallium (Karten and Hodos, 1967), and therefore will be referred to 

collectively as IHA/HI hereafter.] Parts of both HA and HD are reciprocally connected to the hippocampus 

(Shanahan et al., 2013; Atoji et al., 2018). The hippocampus is formed by the medial pallial zone in the avian 

brain and is seen as the functional homologue of the mammalian hippocampus (reviewed in Colombo and 

Broadbent, 2000). The avian hippocampus is involved in encoding spatial information (reviewed in 

Rattenborg et al., 2011; Mayer et al., 2013; Striedter, 2016). Underlying the hippocampus and hyperpallium 

is the DVR, which includes the (ventral) mesopallium, nidopallium, entopallium and acropallium. The 

mesopallium and nidopallium include neocortex-like association regions involved in various types of memory 

(reviewed in Rattenborg et al., 2011; Vorster and Born, 2015; Nomura and Izawa, 2017). A part of the 

mesopallium is involved in secondary auditory processing (Mello et al., 1992; Mello and Clayton, 1994) and 

serves a role in the memory of the tutor’s song used for song learning in songbirds (Bolhuis et al., 2000; 

Bolhuis et al., 2001; Terpstra et al., 2004; Phan et al., 2006; London and Clayton, 2008; Gobes et al., 2010) as 
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well as shorter-term forms of memory (Beckers and Gahr, 2012). The caudal medial nidopallium (NCM) 

receives auditory input (Wild et al., 1993; Reiner et al., 2004) and is involved in auditory memory (Chew et 

al., 1996). The most caudal and lateral part of the nidopallium (i.e. NCL), on the other hand, is involved in 

higher-order multimodel processing and executive functions, like decision-making and, and is thus thought 

to be the functional analogue of the mammalian PFC (Güntürkün, 2005a, b; Kirsch et al., 2008; Herold et al., 

2011; Nieder, 2017). Different from the hippocampus-medial PFC connection in mammals, however, both 

direct and indirect connections between NCL and the avian hippocampus are absent or limited (Kröner and 

Güntürkün, 1999; Atoji and Wild, 2006; Rattenborg and Martinez-Gonzalez, 2011; Rattenborg et al., 2011; 

Shanahan et al., 2013). 

The differences in brain organization and sleep-related brain activity observed between mammals 

and birds may be mechanistically and functionally interrelated. Notably, the apparent absence of 

thalamocortical spindles and hippocampal SWRs in birds, suggests that birds either do not process 

hippocampal information at a systems level or that they do so, but via other mechanisms (reviewed in 

Rattenborg et al., 2011). The limited connectivity between the avian hippocampus and DVR (Kröner and 

Gunturkun, 1999; Atoji and Wild 2006; Shanahan et al., 2013), a heterogeneous region involved in various 

forms of memory, that includes the avian analogue to the mammalian PFC, suggests that the avian 

hippocampus does not interact directly with these regions at a systems level (Rattenborg and Martinez-

Gonzalez, 2011; Rattenborg et al., 2011). Perhaps consistent with this difference in neuroanatomy, in 

contrast to mammals, there is no evidence for the recall of memories initially stored in the avian 

hippocampus becoming dependent on non-hippocampal regions over time (reviewed in Rattenborg et al., 

2011). Consequently, it is conceivable that if birds do not ‘transfer’ hippocampal memories, they have little 

need for the rhythms implicated in this process in mammals (reviewed in Rattenborg et al., 2011).  

Despite these differences, sleep in birds has been implicated in two types of developmental learning, 

namely filial imprinting in chicks (Horn et al., 2001; Jackson et al., 2008; Stickgold, 2008) and song learning in 

finches (reviewed in Margoliash and Schmidt, 2010), and is suggested to play a role in processing auditory 

memories in adult starlings (Brawn et al., 2010, 2018). Though neither of these involve hippocampal 

memories, it is conceivable that sleep also facilitates hippocampal-dependent memory processing in birds 

via, for instance, replay within the avian hippocampus during sleep without those memories being 

‘transferred' out of the hippocampus (reviewed in Rattenborg et al., 2011). Whether one or more sleep-

related brain rhythms play a role in avian sleep-dependent memory consolidation is unknown. 

 

Caveats in our knowledge on sleep-related brain activity in birds  

Overall, the basic properties of avian slow-waves and other sleep-related oscillations are poorly studied and 

thus many open questions remain. Where do avian slow-waves originate? What is the role of the thalamus 
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in the generation of slow-waves? Do slow-waves, as in mammals, propagate through the avian brain? Were 

thalamocortical spindles and hippocampal SWRs somehow missed in previous studies, or are they truly 

absent in birds? If these brain rhythms are missing in birds, what are the functional implications of such 

differences between mammals and birds? Answering these basic, yet fundamental, questions about avian 

sleep, is an essential first step toward revealing the general principles that brains use to process information 

during sleep.    

 

Scope of this thesis     

Though the function of sleep is still actively debated, current models suggest that the various brain rhythms 

occurring throughout the mammalian brain during sleep form an oscillatory network thought to be involved 

in the processing of information acquired during wakefulness (Diekelmann and Born, 2010; Rattenborg et al., 

2011; Born and Wilhelm, 2012; Tononi and Cirelli, 2014). In contrast, virtually nothing is known about how 

the avian brain operates as a system during sleep and how this compares to what is known in mammals. In 

addition, avian sleep has been implicated in memory consolidation, e.g. imprinting (Horn et al, 2001; Jackson 

et al., 2008; Stickgold, 2008), song learning (reviewed in Margoliash and Schmidt, 2010) and in auditory 

memories (Brawn et al., 2010), but the existence and role of rhythms like thalamocortical spindles and 

hippocampal SWRs has not been studied in depth so far (reviewed in Rattenborg et al., 2011). Here I 

investigated the neurophysiology of avian NREM and REM sleep, using intra-cortical recordings made with 

high-density electrode probes in anesthetized and naturally sleeping birds. I aimed to characterize the 

thalamocortical and hippocampal network activity underlying NREM and REM sleep in birds in order to 

deepen our understanding of the mechanisms and functions of avian sleep-related brain activity.     

To gain a first insight into the intra-cortical activity of the avian “cortex” or hyperpallium, I examined 

the isoflurane induced slow-wave activity in the zebra finch (Taeniopygia guttata) using high-density 

electrode probes (chapter 2). I showed that hyperpallial slow-waves propagate as complex three-

dimensional plumes of neuronal activity (both LFP’s and multi-unit activity (MUA’s)) through the 

anesthetized avian brain.  

In the next experiment (chapter 3), I asked whether these traveling waves also occur during natural 

NREM sleep and from where in the brain they originate. In order to record intra-cortical brain activity in 

naturally sleeping birds using the same high-density electrode probes connected to a transmitter, I opted to 

use a larger sized bird, namely the pigeon (Columba livia). Subsequently, I studied activity in the visual 

hyperpallium (the avian counterpart of the mammalian primary visual cortex) and thalamus during NREM 

and REM sleep. I showed that slow-waves during avian NREM sleep show spatio-temporal and propagation 

properties similar to mammals. Furthermore, the initiation and propagation of slow-waves primarily 

occurred in the thalamic input layers of the hyperpallium, suggesting thalamic involvement in avian cortical 
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slow-waves. Sleep spindles were not found in the pigeon’s visual hyperpallium or in the thalamus during 

NREM sleep, or after treatment with a NREM sleep inducing dose of diazepam, a benzodiazepine known to 

increase activity in the spindle frequency range in mammals. Together these results suggest that functions 

attributed to spindles in mammals might occur via different mechanisms in birds. 

In the following experiment (chapter 4), I used the implanted pigeons from the previous study 

(chapter 3) to compare the neurophysiology of NREM sleep and isoflurane induced anesthesia using a 

within-bird design. Comparing the underlying intra-cortical dynamics during these two recordings conditions, 

I revealed that, although slow-waves are more pronounced under isoflurane anesthesia, the spatio-temporal 

pattern of propagation across cortical layers implicates the involvement of thalamic input during both 

isoflurane anesthesia and NREM sleep. Because isoflurane anesthesia is often used to mimic NREM sleep 

brain activity, the results of this comparative study showed that, as in a number of mammals, brain activity 

in pigeons anesthetized with isoflurane is likely generated by the same underlying mechanisms. 

Nevertheless, I also showed that differences between isoflurane anesthesia and NREM sleep, such as the 

appearance of suppression periods, higher coherence, and increased high-frequency activity, should be 

considered when interpreting data from neurophysiological recording made under this type of anesthesia. 

In addition to studying the hyperpallium and thalamus, I examined the isoflurane induced slow-wave 

oscillatory activity in the zebra finch hippocampus and nidopallial regions, including NCL (“avian PFC”), which 

are part of the system thought to be involved in memory consolidation during mammalian sleep (chapter 5). 

I showed that slow-waves in the nidopallial regions, caudal medial nidopallium (NCM) and caudolateral 

nidopallium (NCL), propagate as waves of neuronal activity, similar to those found in the hyperpallium. In 

contrast, the hippocampus displays gamma activity, but not slow-waves or sharp-wave ripples. Together 

these results suggest that neuronal activity in the avian hippocampus differs from that described in 

mammals during NREM sleep, suggesting that hippocampal memories are processed differently during sleep 

in birds and mammals. 

In chapter 6 I discuss the characteristics of intra-cortical activity during avian NREM and REM sleep, 

the involvement of the thalamus and the potential role of the examined brain areas/rhythms in memory 

consolidation during sleep in birds. 
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Chapter 2 

 

Plumes of neuronal activity propagate in three dimensions 
through the nuclear avian brain 
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Abstract  

In mammals, the slow-oscillations of neuronal membrane potentials (reflected in the electroencephalogram 

as high-amplitude, slow-waves), which occur during non-rapid eye movement sleep and anesthesia, 

propagate across the neocortex largely as two-dimensional traveling waves. However, it remains unknown if 

the traveling nature of slow-waves is unique to the laminar cytoarchitecture and associated computational 

properties of the neocortex. We demonstrate that local field potential slow-waves and correlated multiunit 

activity propagate as complex three-dimensional plumes of neuronal activity through the avian brain, owing 
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rapid eye movement (NREM) sleep and some types of anesthesia is the focus of several hypotheses for the 

function of sleep (Steriade, 2006; Massimini et al., 2009; Chauvette et al., 2012). The term ‘slow-oscillation’ 

is in wide-spread use even though the interval between down-states is variable and individual cycles of the 

slow-oscillation originate from different neocortical locations (Massimini et al., 2004; Vyazovskiy et al, 2009; 
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Hangya et al., 2011; Nir et al., 2011; Volgushev et al., 2011; Luczak et al., 2012; Mohajerani et al., 2013; Stroh 

et al., 2013), raising the possibility that they are involved in processing spatially distributed information 

(Ermentrout and Kleinfeld, 2001; Diekelmann and Born, 2010) via processes such as spike timing-dependent 

plasticity (Caporale and Dan, 2008). However, it remains unknown whether the traveling nature of slow-

oscillations reflects a feature unique to the laminar cytoarchitecture and associated computational 

properties of the neocortex (Wester and Contreras, 2012) or a more general aspect of sleep-related 

neuronal activity.  

To distinguish between these alternatives, we studied brain activity in birds, the only non-

mammalian group known to exhibit slow-oscillations (Reiner et al., 2001) and associated EEG slow-waves 

comparable to those observed in mammals during NREM sleep (Lesku et al., 2011, Lesku and Rattenborg, 

2014). This similarity between mammals and birds is particularly interesting because unlike the laminar 

mammalian neocortex, neurons in the avian forebrain are arranged in a largely nuclear manner (Wang et al., 

2010). Specifically, the hyperpallium, a region developmentally homologous and functionally similar to the 

mammalian primary visual and somatosensory/motor cortices (Medina and Reiner, 2000; Keary et al., 2010), 

lacks the laminar arrangement of neurons, including pyramidal neurons with long trans-layer apical 

dendrites found in the six-layered mammalian neocortex and in the three-layered dorsal cortex of the 

closest living reptilian relatives to birds (Medina and Reiner, 2000). Instead, the hyperpallium is composed of 

long flat nuclei stacked one on top of the other running along the dorsal-medial-anterior surface of the 

brain, each of which is composed of stellate neurons with short spiny dendrites and axonal projections 

within and between nuclei (Watanabe et al., 1983; Medina and Reiner, 2000). Interestingly, this 

cytoarchitecture is even found within high-order association regions in the avian brain (that is, mesopallium 

and nidopallium) involved in orchestrating complex cognitive tasks, in some cases comparable to those 

performed by primates (Kirsch et al., 2008).  

We recorded intracerebral potentials in the zebra finch (Taeniopygia guttata) hyperpallium and 

nidopallium to evaluate whether traveling slow-waves are unique to mammals, or are shared with birds 

irrespective of fundamental differences in cytoarchitectonic organization. 

 

Materials and methods 

Experimental Design 

Animals 

Thirteen adult (>90-day-old) female zebra finches were used in this study. The birds were reared in a colony 

and housed in an aviary with other adult zebra finches. All procedures were performed under systemic 

anesthesia under supervision of the institutional Tierschutzbeauftragte, in accordance with German laws and 

regulations (Tierschutzgesetz, §4, Absatz 3 and §§8b, 9 Absatz 2, Satz 2). 
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Recordings 

After the birds were anesthetized with isoflurane vaporized in oxygen (induction, 3%; maintenance, 1.0 to 

1.25%), meloxicam (0.3 mg/kg; intramuscular injection) was administered for systemic analgesia. The head 

was fixed in a stereotaxic frame while the body rested on a heating pad to maintain body temperature. The 

angle of the head was 0 to 20°, except for one bird (Bird 13, caudomedial nidopallium, NCM) where it was 

45°. After 20 minutes, the skull was exposed and a rectangular craniotomy was performed overlying the 

multi-electrode probe insertion point. An incision was made in the dura to allow for insertion of the probe. 

In most birds (n = 11) we recorded from the hyperpallium, 3.8 to 6.6 mm rostral, and centered around 0.9 to 

2.3 mm lateral, from the bifurcation of the midsagittal sinus. In seven birds the probe was inserted 

horizontally, and in four birds sagittally. In six birds we recorded from the right hemisphere, and in five from 

the left hemisphere. Additionally, we recorded in two birds from within the caudal nidopallium (NC), a 

forebrain region that is maximally distant from the hyperpallium, one in the caudolateral nidopallium (NCL; 

1.1 mm rostral, centered around 4.7 mm lateral) and the other one in the NCM (0.9 mm rostral, centered 

around 1.3 mm lateral).  

To record neural activity, we used 64-channel silicon based multi-electrode probes (NeuroNexus 

Technologies, Ann Arbor, MI, USA; a8 × 8 to 5 mm 200-200-413). These had eight parallel shanks (thickness: 

15 μm, inter-shank spacing, 200 μm), each with eight iridium electrode sites (site surface, 413 μm2; inter-site 

spacing 200 μm), so that the 8 × 8 square matrix of electrode sites extended over an area 1,400 × 1,400 μm. 

 Initially, the tips of the probe shanks were positioned just above the brain surface to verify visually 

(magnification 60×) that the head was fixed well and did not move due to breathing or the heartbeat. The 

probe was then lowered in small steps to a position where the deepest shank reached its recording depth. In 

the hyperpallium, this was a depth of between 1,470 μm and 1,700 μm below the brain surface. This way, 

most electrode sites were situated in the hyperpallial nuclei (primarily the hyperpallium apicale, the most 

dorsal and thick nucleus), with the top-most sites just beneath the brain surface, while some of the deepest 

electrode sites were situated in the underlying mesopallium (Figure 1A). In the caudal nidopallium, recording 

depth was slightly deeper (2,400 μm in NCL and 1,920 μm in NCM). Recordings started 30 minutes after the 

probe was in place, and lasted 10 minutes in each bird.  

Recorded signals were referenced to a silver wire under the scalp over the cerebellum and buffered 

by head stage preamplifiers (10× gain; MPA32I; Multi Channel Systems, Reutlingen, Germany) before 

amplification with a multichannel amplifier (250× gain; bandpass filters 0.1 to 5,000 Hz; PGA64; Multi 

Channel Systems, Austin, TX, USA). The amplified and filtered signals were digitized with a sampling 

frequency of 14 kHz and 16-bit resolution (NI9205; National Instruments), and stored on disk in HDF5 files 

(The HDF Group, 2000-2014).  
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At the end of the recording session, birds were sacrificed by increasing the level of isoflurane to 5%, 

after which the brain was removed and frozen for histology to determine electrode site placements (Beckers 

and Gahr, 2010). 

 

 
 
Figure 1. High-density recording methods. (A) Location of the 64-channel silicon multi-electrode probe. An 8 × 8 electrode grid with 
200 μminter-site spacing extends over a 1,400 × 1,400 μm plane in the hyperpallium. Probes were inserted horizontally (red plane) 
or sagitally (yellow plane).The horizontal plane is orthogonal to the sagittal plane and is shown as a thin line in the sagittal brain 
section. The orientation of horizontal electrode grids is always depicted so that the medial side is on the left and the anterior side 
(that is, brain surface) is on top; sagittal grids are depicted so that the caudal side is on the left and the anterior side (that is, brain 
surface) is on top. Together, horizontal and sagittal recordings provide insight into the three-dimensional spatial extent of activity 
propagation patterns. Thalamic input to the hyperpallium (H), which is where most recordings were performed (N = 11 birds), 
terminates primarily in the interstitial part of hyperpallium apicale (IHA), a thin region underlying the rest of hyperpallium apicale 
(HA) and overlying the hyperpallium densocellulare (HD). Output projections from the HA course medially over the surface of the 
brain before descending down the septomesencephalic tract. The hyperpallium overlies and is interconnected with the mesopallium 
(M) and nidopallium (N), large nuclear structures composed of similar stellate neurons, involved in high-order cognitive processes 
comparable to those performed by the neocortex (Kirsch et al., 2008). Two additional recordings were performed in caudal 
nidopallium (NC; N = 2 birds). (B) Raw intracerebral signals were recorded and off-line filtered to a signal containing local field 
potentials (LFP, 0.1 to 350 Hz), and to a signal containing multiunit action potentials (MUA, 0.5 to 5 kHz). To obtain a signal that 
corresponds to the level of multiunit action potential firing, the MUA signal was rectified and decimated (analogue multiunit activity, 
AMUA). 
 

Analysis 

Data analyses 

Analyses were performed using the scientific computing package SciPy, version 0.10 (Jones et al., 2001-

2014). Recorded electrophysiological signals were filtered to high-frequency signals (0.5 to 5 kHz) containing 

action potentials, and low-frequency signals (0.1 to 350 Hz) containing LFP. The action potential signals were 

subsequently rectified so that their amplitude reflects the level of multiunit action potential firing in the 

vicinity of the electrode site (AMUA).  

Correlation coefficients reported in the text were calculated using decimated (sampling rate 1.4 kHz) 

and normalized signals, and were based on full recordings. The correlation coefficient between two signals 

was defined as the absolute value of their cross-correlation function at τ=0, that is, without a time lag. Mean 

between-site correlation coefficients are based on the mean of all possible site pairs (n = 64 × 63 = 4032). n-

Values were in practice slightly lower because some sites were excluded (median 2 out of 64 sites per 

recording) because they were situated just above the brain surface or contained recording artifacts. Mean 

correlations between LFP and AMUA signals were based on the mean of all possible within-site cross-

correlations.  
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AMUA plume propagation analyses (Figure 2E, F, Figure 4) were based on normalized cross-

correlation functions, with time-lag, τ, ranging from −50 to +50 ms, in 1-ms time steps, for each identified 

plume (based on LFP signals, see below).  

Temporospatial propagation of LFP plumes across the 8 × 8 recording electrode matrix was 

quantified using a different methodology (for example, Figure 2G). We identified a plume as a continuous 

episode with a duration of at least 20 ms where LFP levels are always lower than −0.25 mV at any three or 

more electrode sites. The number of plumes identified this way is dependent on the exact threshold that is 

chosen because weaker plumes may be missed, but using different thresholds (−0.20 mV and −0.30 mV) did 

not result in a qualitative change of the results reported here. The center of each plume (that is, its spatial 

mean) was determined at 1-ms intervals by calculating a weighted average of the spatial coordinates of sub-

threshold sites (that is, <−0.25 mV), with their absolute potential as a weighting factor. The resulting 

temporal series of plume center locations is called a traveling plume “trajectory”. The median number of 

trajectories that were found in the 10-minute recordings was 697 (range: 232 to 969). 

 

Anatomy 

Before implantation, the multi-electrode probes were coated with the fluorescent dye DiI for anatomical 

registration with histological sections. Frozen brains were cut into 25 μm sections using a freezing 

microtome and mounted on glass slides. Sections were fixed in 4% formaldehyde solution in phosphate 

buffered saline, and then DAPI-stained. Fluorescence microscopy was used to verify probe location in 11 of 

13 birds. 

 

Videos 

Supplementary videos were rendered by low-pass filtering LFP and AMUA signals at 100 Hz and decimating 

them in the time domain with factors 560 (for real-time speed), 56 (for 0.1× speed), or 22 (for 0.04× speed) 

to obtain video-compatible sampling rates of 25 Hz.  

 

Results and Discussion 

Analogue multiunit activity (AMUA) and LFP were recorded using a 64-channel silicon multi-electrode probe 

inserted into the hyperpallium (Figure 1A, B) and caudal nidopallium of adult female zebra finches 

anesthetized with 1 to 1.25% isoflurane (Beckers and Gahr, 2010; Beckers and Gahr, 2012), an anesthetic 

that activates normal sleep promoting regions in the mammalian (Moore et al., 2012) and fly (Kottler et al., 

2013) brain. Except in a thin layer just below the surface of the brain, hyperpallial LFP oscillations consist of 

negatively peaked signals (Figure 2A, B). In contrast, the corresponding potentials near the surface of the 

brain are often positively peaked (Figure 2B-D). Similar intra-hyperpallial phase reversals have also been  
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Figure 2. Propagating slow-waves in the zebra finch forebrain. (A) This is an expanded five-second recording showing the temporal 
pattern of local field potential (LFP) and analogue multiunit activity (AMUA) (Bird 6, horizontal plane, and electrode site column 6, 
row 4 from Figure 2B). (B) The same five-second example as in Figure 2A as recorded across the 8 × 8 grid of electrode sites, showing 
that oscillations appear to be globally distributed. (C) Detail of the LFP and AMUA peak indicated with two asterisks in Figure 2B, 
showing that peak activity occurs at slightly different times in different sites. (D) This is the same peak event as in Figure 2C, now 
visualized in a sequence of image plots, where each image has 8 × 8 pixels corresponding to the 8 × 8 grid of electrode sites, and 
where pixel color and gray levels correspond to LFP and AMUA magnitudes. The peak of the waveform plots in Figure 2C now 
appears as a propagating plume of activity. (E) The AMUA time lag of peak activity for three sites, each relative to the other sites, 
expressed in an 8 × 8 matrix of image pixels that correspond to the site positions in the electrode grid. Time lags are calculated as the 
lag of maximum cross-correlation, with cross-correlation lags ranging from −50 to +50 ms. See text for more explanation. (F) The 
mean lag of an electrode site relative to the other sites (mean of n = 63). Each pixel is the mean of the values as shown in an 8 × 8 
matrix in Figure 2E. (G) LFP plume propagation across the grid is tracked by calculating the spatial average of the plume in 1-ms 
intervals, based on sites with a potential < −0.25 mV. Cross hairs indicate plume spatial average for a selection of 12 1-ms time 
intervals. 
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observed in visually evoked potentials in anesthetized zebra finches (Bredenkötter and Bischof, 1990). Unlike 

the mammalian neocortex, wherein long apical dendrites extending toward the surface of the brain are 

thought to give rise to similar phase reversals (Da Silva, 2010), there are no known neuronal asymmetries 

(that is, apical dendrites) that might cause these positively peaked potentials in finches, other than output 

axons projecting across the surface of the hyperpallium to the septomesencephalic tract (Watanabe et al., 

1983). Nonetheless, these oscillations are likely the basis for slow-waves recorded from epidural EEG 

electrodes during NREM sleep in finches and other birds (Low et al., 2008).  

At a time scale of seconds, LFP patterns appear visually similar between most electrode sites (Figure 

2B), even distant ones, and are strongly correlated (for negatively peaked sites mean between-site 

correlation coefficients range from 0.72 to 0.92; median 0.84; N = 11 birds), giving the impression that 

oscillations are near-synchronous across brain regions and thus globally organized. As is the case in the 

mammalian neocortex (Destexhe et al., 1999; Dehghani et al., 2012), at most of these sites negative LFP 

peaks coincide with bursts of action potential activity (mean correlation coefficients between LFP and AMUA 

signals range from 0.38 to 0.60; median 0.50, N = 11 birds). Sites with positive LFP peaks near the surface are 

less likely to be associated with strong action potential firing in the same recording site (Figure S1). 

At shorter time-scales of tens to hundreds of milliseconds, however, single oscillations do not appear 

as near-synchronous and globally distributed. For example, Figure 2C zooms in on a single LFP peak from 

Figure 2B, and shows that the peak occurs at slightly different times across the electrode grid, such that it 

occurs first at sites in the bottom right corner and then later at sites in the top half of the grid. Although it is 

possible to see such shifting of activity peaks in traditional waveform plots, the temporospatial dynamics are 

better visualized in sequences of image plots, especially when viewed as videos (see Video S1, Video S2, 

Video S3, Video S4, Video S5, Video S6, Video S7, Video S8, Video S9). Figure 2D shows in a sequence of 

image plots that the traveling “peak” event in Figure 2C is a spatially localized plume of field and action 

potentials that propagates fast across the electrode grid (Video S1). The fact that the LFP plume co-occurs 

with action potential firing (AMUA) suggests that it reflects local neurophysiological activity, rather than 

activity volume-conducted from a remote source.  

We compiled videos from all of our recordings from the hyperpallium (N = 11 birds), and all of them 

show propagating local plumes of local field and action potential activity, such as seen in Figure 2D. 

Nonetheless, dynamic patterns of activity are generally variable across different plumes, even within the 

same bird. Figure 3A (Video S2) shows in a different bird a plume that propagates to the surface of the brain, 

but in the same recording plumes can be seen propagating in different directions: a complex example is 

provided in Figure 3B (Video S3), where a plume of activity propagates in a right (lateral) to left (medial) 

direction before briefly dissipating. 
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with action potential firing (AMUA) suggests that it reflects local neurophysiological activity, rather than 

activity volume-conducted from a remote source.  

We compiled videos from all of our recordings from the hyperpallium (N = 11 birds), and all of them 

show propagating local plumes of local field and action potential activity, such as seen in Figure 2D. 

Nonetheless, dynamic patterns of activity are generally variable across different plumes, even within the 

same bird. Figure 3A (Video S2) shows in a different bird a plume that propagates to the surface of the brain, 

but in the same recording plumes can be seen propagating in different directions: a complex example is 

provided in Figure 3B (Video S3), where a plume of activity propagates in a right (lateral) to left (medial) 

direction before briefly dissipating. 

33 
 

 
 

Figure 3. Examples of propagating plumes. (A) A plume in the hyperpallium of Bird 5 that sweeps across the grid in a similar direction 
as the plume in Figure 2 from Bird 6, but in a shorter time span. (B) In the same recording of Bird 5, plumes can propagate in 
different directions, and in complex ways. (C) A propagating plume in caudomedial nidopallium (NCM), a forebrain region that is 
distant from the hyperpallium, where most recordings in this study were performed. (D) A propagating plume in caudolateral 
nidopallium (NCL), a forebrain region that is maximally distant from the hyperpallium. This plume was recorded 3.5 mm lateral from 
that in NCM (in different birds). 
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The activity then strengthens again near the lower center of the array and expands outward as a circle of 

activity. Propagation of plumes is not confined within a two-dimensional layer, as they can travel over 

considerable distances in variable directions, including diametrically opposite ones, both within orthogonally 

placed electrode grids (horizontal and sagittal planes), and relative to the plane of the stacked hyperpallial 

nuclei. As can be seen in the movies (Video S1, Video S2, Video S3, Video S4, Video S5, Video S6, Video S7, 

Video S8, and Video S9) and Figure S2, plume propagation velocity across the 2-D electrode grid is variable. 

However, given that plumes have complex changing shapes and their 3-D trajectories may impinge upon the 

2-D electrode grid at variable angles, it is not generally possible to estimate plume propagation velocity from 

translation velocity across the grid. Thus, whether or not plume propagation velocity is variable remains an 

open question. Furthermore, it is unclear how the propagation speed of avian plumes compares with that of 

two-dimensional slow-waves in the mammalian neocortex (Massimini et al., 2004; Volgushev et al., 2011; 

Stroh et al., 2013). 

 Although we focus on the hyperpallium in the current study, we wondered whether propagating 

plume activity occurs outside the hyperpallium. To address this question, we added two recordings (N = 2 

birds) to our dataset, one in caudolateral nidopallium (NCL) and the other one in caudomedial nidopallium 

(NCM), which are forebrain regions that are maximally distant from the hyperpallium (Figure 1A). As in the 

hyperpallium, both recordings consist of prominent propagating plumes of local field and action potential 

activity (examples Figure 3C, D; Videos S4 and Video S5), suggesting that this is a general feature of the avian 

pallium.  

Despite the large variability in propagation patterns that we observed in the videos of all recordings 

(Video S6, Video S7, Video S8, Video S9 provide representative examples), there appear to be some 

recurrent patterns within recordings and a bias in overall directionality. Although the full complexity of 

plumes is not yet understood, and probably is too high to be meaningfully expressed in a low-dimensional 

set of statistics, we reasoned that non-randomness of propagation patterns may be revealed by investigating 

two directionality characteristics of plumes.  

First, to identify systematic time delays in AMUA activity between each electrode site and all other 

electrode sites, we calculated the maxima of normalized cross-correlation functions for each identified 

plume in every recording. Illustrating this process for the propagating plume shown in Figure 2C, D, Figure 2E 

visualizes for three electrode sites the lags of AMUA peak activity at those sites relative to all other sites, 

which are color coded in pixels arranged according to the spatial distribution of sites in the electrode grid. 

AMUA at site 63 is leading with respect to the other sites, such that the maximum cross-correlation is 

achieved later, overall, as the distance to other electrode sites increases. The lag of site 35 is intermediate 

relative to that of the other sites, being delayed with respect to sites in the lower right quadrant, but leading 

with respect to sites in the upper left quadrant of the grid. Site 14 is delayed with respect to most other 
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sites, maximally so relative to sites in the lower right quadrant. The information in each of these image plots 

is then averaged to a single value that expresses the mean lag of the corresponding site relative to other 

sites, and these mean values are visualized in a new image plot (Figure 2F). Note that the spatial distribution 

of site activity lag is consistent with the direction of the AMUA plume propagation visible in Figure 2D. To 

determine whether or not there is a systematic directionality in plume propagation overall, we calculated 

electrode site lag matrices for all identified plumes in all recordings, and averaged the result over plumes 

within recordings (10 minutes duration). An example is given for Bird 5 in Figure 4A, which shows that there 

is underlying structure in propagation dynamics, with plume action potential activity propagating more often 

from the bottom-right (posterior-lateral) corner of the grid to the top-left (anterior-medial) corner. The 

smooth distribution of time lags over space is consistent with the traveling propagation dynamics. Mean lag 

maps of recordings in the other birds (Figure 4B) show that in the hyperpallium activity of deeper (posterior) 

recording sites tends to lead with respect to anterior sites toward the surface of the brain, even though 

there is variability between birds in the exact spatial distribution of time lags. As such, at least some 

hyperpallial plumes may originate from the underlying mesopallium and/or nidopallium. Finally, as described 

for propagating slow-waves in the mammalian neocortex (Murphy et al., 2009; Mohajerani et al., 2013), in 

general terms, the overall directional bias in hyperpallial plume propagation is parallel to the predominant 

orientation of myelinated axons in the zebra finch hyperpallium (Karten et al., 2013); although, as noted 

above, individual plumes often propagate orthogonal to this axonal orientation.  

Because they are based on normalized cross-correlation functions, lag maps of AMUA plumes 

capture differences in the timing of oscillation events across the electrode grid, but not their magnitudes. In 

a second analysis approach we therefore aimed to capture overall propagation directions of predominant 

concentrations of neural activity based on LFP. LFP fields are less localized than are action potential fields 

and, therefore, better reflect the magnitude of neural activity in our recordings. We identified, at 1-ms 

intervals, plumes of LFP in the electrode grid that were stronger (that is, more negative) than a threshold 

criterion of −250 mV, and tracked the changes of their spatial mean in time (see example, Figure 2G). Plumes 

propagate in variable trajectories within recordings, both in orthogonal horizontal and sagittal planes (Figure 

5A). For each plume, we expressed the net movement across the plane of the electrode grid as a mean 

vector (Figure 5B). Group mean vectors per recording have significantly non-random directions (Rayleigh-

tests; P<0.001) in every recording (N = 11), with an overall tendency for plumes in the hyperpallium to travel 

anteriorly, toward the surface of the brain (Figure 5C).  

 

2



36 
 

 
 

Figure 4. Directional structure in action potential propagation. Time lags of maximum between-electrode site cross-correlation of 
analogue multiunit activity (AMUA) signals show that despite the diversity of patterns in action potential activity propagation visible 
in the recording videos, there is directional structure in action potential plume propagation patterns. (A) This is an example of mean 
between-electrode time lags in the recording of Bird 5 (horizontal recording in the hyperpallium, H). Means are calculated over 
identified plumes (N = 712 plumes in Bird 5). Each subplot in the 8 × 8 matrix of image plots corresponds to an electrode site with the 
matrix arrangement of subplots corresponding to the locations of electrodes on the multi-electrode probe; cf. Figure 1A. Subplots 
are images in which the color of pixels represents the lag in milliseconds of the maximum cross-correlation between that particular 
site and each of the 63 other electrode sites (see Figure 2E and main text). (B) For every bird, the mean time lag of each electrode 
site with all other sites is shown (cf. Figure 2F). 
 

 
 

Figure 5. Traveling LFP plume trajectories. LFP plume mean location was determined in 1-ms time steps (see Experimental 
Procedures and Figure 2G). (A) LFP plumes can originate in different locations and travel along variable trajectories. Two examples 
from the same recording are given for each of the two orthogonal recording planes in the hyperpallium: horizontal (red) and sagittal 
(yellow; multi-electrode orientations are the same as in Figure 1A). (B) The net plume propagation along the two orthogonal axes of 
the multi-electrode array was calculated for every LFP plume in a recording; shown are two recordings from different birds. Every 
gray dot corresponds to one plume. Plume propagation is variable, but not completely random. The mean net LFP plume movement 
is indicated as a black arrow. (C) Mean net LFP peak movement vectors in the hyperpallium (one recording per bird; N = 11) 
illustrating the non-random nature of slow-wave propagation: plumes tend to propagate toward the surface of the brain. 
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Our experimental animals were anesthetized, not sleeping spontaneously. In mammals, some kinds 

of anesthesia, including isoflurane, activate normal sleep promoting regions in the hypothalamus (Moore et 

al., 2012), induce slow oscillatory brain activity resembling that occurring during spontaneous NREM sleep 

(Steriade, 2006; Chauvette et al., 2011), and are a well-established method for studying the intracerebral 

neurophysiological aspects of NREM sleep. Moreover, recent studies suggest that anesthesia may serve a 

functional role for the brain similar to that of sleep (Nelson et al., 2010). Importantly, mammalian slow-

oscillations have been shown to travel both during anesthesia and NREM sleep (Massimini et al., 2004; 

Murphy et al., 2009; Mohajerani et al., 2010; Chauvette et al., 2011; Hangya et al., 2011; Nir et al., 2011; 

Volgushev et al., 2011; Luczak et al., 2012; Mohajerani et al., 2013; Stroh et al., 2013). For these collective 

reasons, we therefore think that the isoflurane-induced slow-oscillatory patterns of brain activity reported 

here are likely to be comparable to those of a freely sleeping animal. Indeed, the spectral power distribution 

recorded under isoflurane (Figure S3) is similar to that recorded in the EEG during natural NREM sleep in 

zebra finches (Low et al., 2008).  

As in the laminar mammalian neocortex, slow-waves propagate through the nuclear avian brain. 

Thus, an important insight from our findings is that the propagating nature of slow-waves during NREM 

sleep and anesthesia does not reflect a neural phenomenon that is unique to mammals, or that depends 

upon uniquely mammalian cortical cytoarchitecture or computational properties. Rather, propagating slow-

waves reflect a more general type of sleep-related neural activity. Propagating slow-waves may have 

evolved independently in birds and mammals, perhaps for functional reasons, despite their differing cortical 

cytoarchitectures, or it may represent an ancestral trait. Although visually evoked propagating two-

dimensional waves have been described in the visual cortex of anesthetized turtles (Prechtl et al., 2000), it 

remains unclear whether the cortex of non-avian reptiles generates slow-oscillations during sleep 

(Rattenborg, 2007).  

Although the presence of traveling slow-waves in avian and mammalian brain structures is highly 

interesting from a comparative viewpoint, and may be linked in terms of function (Lesku et al., 2011), we do 

not suggest they are necessarily identical phenomena. Three-hundred million years of separation is a long 

time even by evolutionary standards, and it would be surprising if this was not in any way reflected in the 

exact phenomenology of traveling slow-waves, especially given the known differences in cytoarchitecture. 

Nevertheless, we believe that, as in comparative work in general, differences may be as informative as 

similarities. Although the overall phenomenology and frequency content of EEG slow-waves during NREM 

sleep and anesthesia in birds and mammals appear similar, our recordings show that during apparent up-

states there are often multiple sharp LFP peaks and AMUA bursts, each of which corresponds to a 

propagating plume. In mammals, each cycle of a traveling slow-wave (that is, an EEG peak) is thought to 

reflect one up-state, spreading from a site of origin to neighboring regions. Given the limited data on trans-
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membrane potentials during NREM sleep or anesthesia in birds, it is not possible to say whether multiple 

plumes arise and propagate during a single up-state or whether one propagating plume corresponds to one 

short up-state; although the former seems more likely given the single report of slow-oscillations in birds 

(Reiner et al., 2001) and the duration of avian EEG slow-waves. Furthermore, it is difficult to conclude 

whether or not the situation of multiple-propagating-plumes-per-presumed-up-state that we find in birds is 

different from the one-traveling-wave-per-up-state situation described in mammals. High-frequency activity 

occurring during up-states in anesthetized cats is correlated across neurons spaced <0.3 mm apart 

(Volgushev et al., 2011), but poorly correlated across neurons spaced 4 mm apart. Although propagation of 

this fast activity between close neurons has not been examined to our knowledge, it is conceivable that such 

activity correlates and propagates on fine spatial scales similar to that examined here in birds. Additional 

studies in mammals and birds employing similar methods are needed to determine whether the propagation 

of higher frequency activity during apparent up-states is unique to birds.  

While the propagating nature of slow-waves is shared by mammals and birds, the geometry of 

propagation differs between the two. In mammals, although slow-waves may engage different layers of the 

neocortex at slightly different times (Sakata and Harris, 2009; Chauvette et al., 2010; Wester and Contreras, 

2012), propagation occurs primarily parallel to the layers of the neocortex. In contrast, in birds, slow-waves 

propagate as complex plumes of action and local field potential activity. While this difference is undoubtedly 

linked to the nuclear versus laminar arrangement of neurons in birds and mammals, respectively, it may also 

confer such neural cytoarchitecture with different computational properties.  

Depending on the actual function of propagating slow-waves, the three-dimensional nature of 

plumes in the avian brain may have broader implications for understanding the evolution of the nuclear 

pallial structures subserving complex cognition in birds. While the propagating nature of slow-waves in 

general may simply be an epiphenomenon of excitable interconnected neurons (Wu et al., 2008), it may also 

play a role in processing information on a systems level. In the former case, while propagation per se may 

not serve a function, the slow-oscillation may be involved in processes occurring at the local level (Massimini 

et al., 2009; Lesku et al., 2011; Nir et al., 2011; Vyazovskiy and Harris, 2013). In the latter case, the 

propagating aspect of slow-waves may be involved in the successive reactivation and consolidation of recent 

memory traces (Chauvette et al., 2011), and/or their transfer and integration with older memories 

(Diekelmann and Born, 2010). If correct, then the spatial dynamics of wave propagation may shape the 

nature of information processing (Rubino et al., 2006). In mammals, propagation occurs primarily parallel to 

the layers of the neocortex, restricting communication to two dimensions. In contrast, the nuclear 

arrangement of neurons in the avian brain and associated three-dimensional propagation of waves may 

confer greater degrees of computational freedom. Albeit speculative, such potential benefits may explain in 

part why birds 1) evolutionarily “replaced” the laminar dorsal cortex present in their reptilian ancestors with 
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the nuclear hyperpallium, and 2) elaborated extensively upon pre-existing nuclear structures in the reptilian 

dorsal ventricular ridge to form the mesopallium and nidopallium, large nuclear structures that orchestrate 

complex cognitive abilities comparable to those orchestrated by high-order association regions in the 

laminar mammalian neocortex (Kirsch et al., 2008).  

Finally, our findings may have implications for the interpretation of sleep-related neuronal activity in 

the song system of sleeping zebra finches, a prominent model for investigating sleep’s role in memory 

consolidation (Shank and Margoliash, 2009). In anesthetized and spontaneously sleeping male finches, 

neurons in nuclei of the forebrain song system exhibit spontaneous bursts of activity (Dave and Margoliash, 

2000; Graber et al., 2013). Bursts in one nuclei often precede bursts in another distantly located nuclei, 

raising the possibility that this sequential activity is involved in processing song-related information 

(Hahnloser et al., 2006; Hahnloser and Fee, 2007). As such, it would be interesting to determine whether this 

activity is part of larger plumes of activity propagating in the surrounding forebrain, or whether this activity 

propagates via dedicated pathways unaffected by surrounding plumes of activity. 

 

Conclusions 

We demonstrate that slow-waves propagate as complex three-dimensional plumes of neuronal activity in 

the nuclear avian brain. These findings indicate that the propagating nature of slow-waves during NREM 

sleep and anesthesia does not reflect a neural phenomenon that is unique to mammals, or that depends 

upon uniquely mammalian cortical cytoarchitecture or computational properties. As such, efforts to 

understand the mechanisms responsible for propagating waves should not focus on lamination, per se, but 

rather on traits shared by mammalian and avian brains. In this regard, our findings refine our understanding 

of the neocortex. In addition, the three-dimensional nature of propagating plumes raises the intriguing 

possibility that such activity reflects computational processes that contributed to the evolution and 

elaboration of nuclear structures and associated complex cognition in birds. More generally, the presence of 

mammalian-like activity in the avian brain, despite differences in neuronal cytoarchitecture, suggests that 

the apparent absence of similar sleep-related activity in prominent invertebrate models of sleep, such as 

Drosophila melanogaster (van Alphen et al., 2013), cannot be simply attributed to their lack of a neocortex. 

Rather, such animals may lack neuronal properties (for example, slow-oscillations) involved in performing 

sleep functions shared by mammals and birds. 
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Supplementary figures 

 
Figure S1. Electrode sites with positive local field potential (LFP) peaks near the brain surface are not usually associated with strong 
analogue multiunit activity (AMUA) peaks in the same recording site, suggesting the absence of neurons with action potential firing 
at these sites. To quantitatively verify this observation we calculated for every site (N = 811 sites in 13 birds) the skewness of its LFP 
signal, which is negative for negatively peaked signals and positive for positively peaked signals, and the kurtosis of its AMUA signal, 
which is a measure for its peakedness. Signals with stronger action potential firing have higher kurtosis. A plot of AMUA kurtosis 
against LFP skewness shows that sites with negatively peaked LFP signals overall have much stronger action potential firing. The 
difference in kurtosis between sites with negatively peaked LFP (median kurtosis: 32.9; N = 716) and positively peaked LFP (median 
kurtosis: 2.3; N = 95) is highly significant (Mann–Whitney-U test; u = 11,657, p <0.001). Kurtosis is calculated as excess kurtosis, so 
that the kurtosis of a normal distribution equals zero. 
 

 
 
Figure S2. Distribution of the translation speed of local field potential (LFP) plumes centers across the 2-D electrode gird in Bird 5 
(horizontal hyperpallial recording). Across birds, the mean speed ranged from 0.023 to 0.040 m/s (mean +/− SEM: 0.031+/− 0.002, N 
= 7 birds) in the horizontal plane, and from 0.021 to 0.027 m/s (mean +/− SEM: 0.024 +/− 0.002, N = 4 birds) in the sagittal plane. The 
speed differences between recordings from horizontal and sagittal planes are not statistically significant (t = 2.2, p = 0.06). The mean 
speed in the caudomedial nidopallium (NCM) (N = 1) and caudolateral nidopallium (NCL) (N = 1) recordings was 0.038 and 0.029, 
respectively. Plume speed was determined by calculating the LFP center (that is, spatial mean, see Methods) translation speed in 1-
ms time steps (cf. Figure 2G), and taking the average per plume. Note that translation speed across the 2-D electrode grid does not 
necessarily correspond to the plume propagation speed through the brain, because plumes may have complex 3-D temporospatial 
dynamics and impinge upon the 2-D electrode grid at unknown angles. 
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Figure S3. Mean spectral power density of the local field potential (LFP) signals recorded in the hyperpallium shows a peak at 0.45 
Hz. The mean (+/− SEM) was calculated over the power spectra from all hyperpallium recordings (N = 11 birds), selecting the same 
channel near the center of the electrode array. Power spectra were calculated using Welch’s method, using 10-s time windows and 
99% overlap. 
 

Supplementary video legends 

Supplementary videos can be accessed online at: 

https://bmcbiol.biomedcentral.com/articles/10.1186/1741-7007-12-16 

Video S1. Video of the image sequence shown in Figure 2D.  

 

Video S2. Video of the image sequence shown in Figure 3A.  

 

Video S3. Video of the image sequence shown in Figure 3B.  

 

Video S4. Video of the image sequence shown in Figure 3C.  

 

Video S5. Video of the image sequence shown in Figure 3D.  

 

Video S6. Longer example of temporospatial slow-wave patterns in Bird 5. The multi-electrode probe is 

situated in a horizontal plane in the hyperpallium (cf. Figure 1A).  

 

Video S7. Longer example of temporospatial slow-wave patterns in Bird 9. The multi-electrode probe is 

situated in a horizontal plane in the hyperpallium (cf. Figure 1A).  
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Video S8. Longer example of temporospatial slow-wave patterns in Bird 1. The multi-electrode probe is 

situated in a sagittal plane in the hyperpallium (cf. Figure 1A).  

 

Video S9. Longer example of temporospatial slow-wave patterns in Bird 12. The multi-electrode probe is 

situated in a horizontal plane in caudolateral nidopallium (NCL), a forebrain region that is almost maximally 

distant from the hyperpallium.  
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Chapter 3 

 

Intra-“cortical” activity during avian non-REM and REM sleep: 
variant and invariant traits between birds and mammals 
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Abstract  

Several mammalian-based theories propose that the varying patterns of neuronal activity occurring in 

wakefulness and sleep reflect different modes of information processing. Neocortical slow-waves, 

hippocampal sharp-wave ripples, and thalamocortical spindles occurring during mammalian non rapid eye-

movement (NREM) sleep are proposed to play a role in systems-level memory consolidation. Birds show 

similar NREM and REM (rapid eye-movement) sleep stages to mammals; however, it is unclear whether all 

neurophysiological rhythms implicated in mammalian memory consolidation are also present. Moreover, it 

is unknown whether the propagation of slow-waves described in the mammalian neocortex occurs in the 

avian “cortex” during natural NREM sleep. We used a 32-channel silicon probe connected to a transmitter to 

make intracerebral recordings of the visual hyperpallium and thalamus in naturally sleeping pigeons 

(Columba livia). As in the mammalian neocortex, slow-waves during NREM sleep propagated through the 

hyperpallium. Propagation primarily occurred in the thalamic input layers of the hyperpallium, regions that 

also showed the greatest slow-wave activity (SWA). Spindles were not detected in both the visual 

hyperpallium, including regions receiving thalamic input, and thalamus, using a recording method that 

readily detects spindles in mammals. Interestingly, during REM sleep fast gamma bursts in the hyperpallium 

(when present) were restricted to the thalamic input layers. In addition, unlike mice, the decrease in SWA 

from NREM to REM sleep was the greatest in these layers. Taken together, these variant and invariant 

neurophysiological aspects of avian and mammalian sleep suggest that there may be associated mechanistic 

and functional similarities and differences between avian and mammalian sleep. 

 

Significance statement  

Intra-cortical recordings have systematically characterized the neurophysiology of non-rapid eye-movement 

(NREM) and rapid eye-movement (REM) sleep in mammals, but not birds. In our intra-“cortical” recordings 

of the primary visual “cortex” (hyperpallium) of pigeons during NREM sleep, slow-waves usually appear first 

in thalamic input layers, as in mammals, and propagate within these layers, suggesting a common role for 

thalamic input in the genesis of slow-waves. Nonetheless, thalamocortical spindles were not detected in the 

hyperpallium or thalamus. Moreover, REM sleep-related changes in thalamic input layer slow-waves differed 

from the primary visual cortex of mice. The similarities and differences in thalamocortical network activity 

between mammals and birds during NREM and REM sleep could inform our understanding of the 

mechanisms and functions of mammalian sleep-related brain activity. 

 

Introduction  

Shifting from wakefulness to sleep is marked by distinct changes in neuronal activity in the mammalian 

neocortex. During non-rapid eye-movement (NREM) sleep, the slow (<1 Hz) alternation in neuronal 
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membrane potentials between hyperpolarized down-states with neuronal quiescence and depolarized up-

states with action potentials gives rise to slow-waves in local field potential (LFP) and electroencephalogram 

(EEG) recordings (Steriade et al., 1993), which propagate horizontally across the neocortex (Massimini et al., 

2004; Murphy et al., 2009; Nir et al., 2011). Interestingly, although REM sleep is traditionally characterized 

by EEG activation, intra-cortical recordings of mice recently revealed that slow-waves also occur in layer 4 of 

the primary sensory cortices during REM sleep (Funk et al., 2016).  

The functions of slow-waves and their propagation remain unresolved (Muller et al., 2018). Slow-

waves occurring during NREM sleep have been implicated in various forms of synaptic scaling (Chauvette et 

al., 2012; Tononi and Cirelli, 2014). Slow-waves occurring in conjunction with thalamocortical spindles and 

hippocampal sharp-wave ripples (SWRs) are also thought to be involved in the systems-level processing of 

hippocampal-dependent memories in mammals (Colgin and Moser, 2010; Diekelmann and Born, 2010; Born 

and Wilhelm, 2012; Staresina et al., 2015; Latchoumane et al., 2017). The propagation of slow-waves, per se, 

may be involved in processing information across neocortical areas via spike-timing-dependent plasticity 

(Ermentrout and Kleinfeld, 2001; Massinini et al., 2004; Caporale and Dan, 2008; Muller et al., 2018). Finally, 

it has been proposed that slow-waves occurring in the thalamic input layer of primary sensory cortices of 

mice during REM sleep gate sensory input to the neocortex during this otherwise activated brain state (Funk 

et al., 2016).  

Determining how neuronal activity flows through the neocortex during NREM sleep is essential for 

understanding sleep’s role in processing information. Both the neocortex and thalamus have been 

implicated in the genesis of slow-waves occurring during NREM sleep (Crunelli and Hughes, 2010; Timofeev 

and Chauvette, 2011; Lemieux et al., 2014). In naturally sleeping cats, up-states appear first within layer 5 

(Chauvette et al., 2010), a layer that along with layer 4 receives thalamic input (Constantinople and Bruno, 

2013), and then propagate vertically within a column to layer 4 and the supragranular layers (Chauvette et 

al., 2010; Constantinople and Bruno, 2013; Capone et al., 2017). In contrast to the intra-columnar 

propagation of up-states, the layer-specific horizontal propagation of up-states has not been examined in 

naturally sleeping mammals (Sanchez-Vives and McCormick, 2003; Luczak et al., 2007; Sakata and Harris, 

2009; Chauvette et al., 2011; Wester and Contreras, 2012; Reyes-Puerta et al., 2015; Capone et al., 2017). 

Our understanding of the network properties underlying slow-waves and their propagation is limited 

and based almost exclusively on intra-cortical recordings from a few mammalian species. Interestingly, birds 

exhibit mammalian-like, homeostatically regulated EEG slow-waves during NREM sleep (Lesku et al., 2011), 

even though the cytoarchitecture of the avian “cortex” differs from that of the mammalian neocortex 

(Medina and Reiner, 2000). During development, the dorsal part of the pallium gives rise to the neocortex in 

mammals and the hyperpallium in birds (Puelles et al., 2017). Although most of the hyperpallium is 

homologous to the primary visual cortex in mammals (Medina and Reiner, 2000; Reiner et al., 2004; Jarvis et 
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al., 2005), it lacks the neocortical laminar cytoarchitecture consisting of pyramidal cells with apical dendrites 

spanning multiple layers. Instead, the hyperpallium is composed of small, densely packed stellate neurons 

(Olkowicz et al., 2016) organized in “pseudo-layers”, interconnected via axonal projections (Medina and 

Reiner, 2000). From dorsomedial to ventrolateral the hyperpallium consists of the hyperpallium apicale (HA), 

interstitial nucleus of the HA (IHA), hyperpallium intercalatum (HI), and hyperpallium densocellulare (HD) 

(Atoji et al., 2018). Like layer 4 of the neocortex, IHA is the primary recipient of visual input from the dorsal 

part of the lateral geniculate nucleus (LGN, avian nucleus geniculatus lateralis pars dorsalis [GLd]) (Karten et 

al., 1973; Watanabe et al., 1983; Wild, 1987; Ng et al., 2010); although HI and, to a lesser extent, HD also 

receive some input from the GLd (Atoji et al., 2018). (The exact boundary between IHA and HI is poorly 

defined in the posterior hyperpallium (Karten and Hodos, 1967), and therefore will be referred to collectively 

as IHA/HI hereafter.) IHA/HI and, to a lesser extent, HD, project to HA, of which the superficial part is the 

main extra-telencephalic output region of the hyperpallium (Reiner and Karten, 1983; Shanahan et al., 2013; 

Atoji et al., 2018). The presence of slow-waves in the avian hyperpallium ̶ a “cortical” structure sharing some, 

but not all cytoarchitectonic traits with the mammalian neocortex ̶ provides a unique opportunity to gain 

comparative insight into the mechanisms and functions of slow-waves and their propagation. Hence, in this 

study we characterized the spatiotemporal properties of slow-waves in the avian hyperpallium during 

natural NREM and REM sleep. In addition, we examined the hyperpallial and thalamic recordings for the 

existence of sleep spindles, which have not been detected in earlier EEG recordings in birds (Rattenborg et 

al., 2011).  

 

Materials and methods  

Experimental Design 

Animals 

Nine adult pigeons (Columba livia; four females and five males) were used in this study. Birds were reared 

and housed in a breeding aviary. Preceding the start of the electrophysiological procedure, birds were taken 

from the colony and housed in a room with recording aviaries (12 h:12 h light:dark cycle, aviary dimensions: 

length = 2 m, width = 1 m, height = 2 m). All procedures were performed in accordance with German laws 

and regulations on animal experiments, and were approved by the Government of Upper Bavaria, according 

to the Tierschutzgesetz, approval number 55.2-1-54-2532-126-2013. 

 

Surgery  

Prior to surgery, birds received an injection of Diazepam (2mg/kg) into the breast muscle. Ten minutes later, 

they were anesthetized with isoflurane gas vaporized in oxygen (induction: 3%-4% and maintenance: 1.5%-

3.5%). Subsequently, the bird’s head was fixed in a custom-built stereotaxic frame (i.e. two ear bars and bill 
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clamp). The head (i.e. the mouth bar) was angled downward 25° relative to the horizontal axis of the ear bar 

of the stereotaxic frame. The bird’s body temperature was maintained around 40˚C with a heat pad. Body 

temperature was checked continuously with a thermometer (Thermalert TH5, Physitemp Instruments Inc., 

Clifton, NJ, USA) placed underneath the bird’s abdomen. To prevent dehydration during the surgery, a 

subcutaneous injection of saline (0.7-0.9 ml NaCl 0.9% in sterile water) was administered into the neck. Prior 

to performing a midline incision, head feathers were clipped and Lidocaine gel (2%, as analgesia) was applied 

to the skin. An initial small window was made in the first layer of the skull to expose the bifurcation point of 

the midsagittal sinus which served as a coordinate zero point. In the second skull layer, two small holes were 

made over the left and right side of the cerebellum for later insertion of the ground and reference wires. A 

second craniotomy was made on the right side, overlaying the probe insertion site in order to target either 

the posterior visual hyperpallium or the thalamus. Probe implants in the posterior visual hyperpallium (N = 

5) were placed between 6800 and 7050 µm anterior, between 1250 and 1600 µm lateral and in the thalamus 

(N = 4) between 6250 and 6400 µm anterior, between 2600 and 2900 µm lateral. Due to the use of a smaller 

size pigeon (Tippler) compared to the birds in the Karten and Hodos atlas (Karten and Hodos, 1967), these 

coordinates resulted in probe placements in areas histologically comparable with atlas coordinates A10.50 

(hyperpallium; including the lower part of HA, IHA/HI and the top part of HD) and A6.50 (thalamus; including 

the LGN; avian GLd; and the nucleus rotundus, a thalamic nucleus that is part of the tectofugal visual 

pathway (Karten and Hodos, 1967; Engelage and Bischof, 1993); Figure 1A  & Figure S1). An incision was 

made in the dura for the coronal probe insertion. Preceding probe insertion, multiple small holes (dental 

acrylic anchor points) were drilled in the first layer of the skull surrounding the insertion side. Additionally 

the skull surrounding the holes and craniotomies was prepared using Clearfil SE Bond 2 (Kuraray Co., Ltd) for 

later dental acrylic attachment. The positioning of the probe was completed using a micromanipulator. The 

precise positioning of the probe depended on avoidance of blood vessels on top of the brain. The probe was 

slowly lowered, until all 32 channels were inside the brain (posterior visual hyperpallium: top row of 

electrode sites approximately 700 µm underneath brain surface and thalamus: top row approximately 8500 

µm underneath the brain surface). After the probe was in position, the exposed brain and protruding probe 

shanks were covered using Kwik-Sil (World Precision Instruments). Next, the ground and reference wires 

were placed between the skull and the dura overlaying the cerebellum. Dental acrylic (Tetric EvoFlow, 

Ivoclar Vivadent) was used to secure the electrode and connector to the skull. Finally, the skin was sutured 

around the base of the dental acrylic. In addition, Lidocaine gel (as analgesia) was applied to the wound, and 

an intramuscular injection of Meloxicam (2mg/kg) and a subcutaneous injection of saline (0.7-0.9 ml) were 

administered, before letting the pigeon wake up from the anesthesia. 

 

 

3



48 
 

Natural sleep recordings 

After the pigeon had fully awoken from the surgery, the wireless head stage (Multi Channel Systems, 

Reutlingen, Germany) was attached and the bird was brought back to the aviary. The birds quickly resumed 

normal behavior including feeding and flying to and from their perch. Recordings were made during the first 

night and at least 1 week later. Neuronal activity was recorded using 32-channel silicon-based multi-

electrode probes (NeuroNexus Technologies, Ann Arbor, MI: hyperpallium, a4x8-5 mm-200-400-177 and 

thalamus, a2x16-10 mm-100-500-177) attached to a CM32 connector. The hyperpallium probe consisted of 

four parallel shanks (shank thickness, 15 μm) separated by 400 μm, each holding 8 recording sites (site 

surface, 177 μm2) spaced 200 μm apart. The resulting matrix of 4 x 8 recording sites thus extended over 

1200x1400 μm allowing for the simultaneous recordings of the lower part of HA, IHA/HI and the top part of 

HD (Karten and Hodos, 1967). The thalamic probe consisted of two parallel shanks (shank thickness, 50 μm) 

separated by 500 μm, each holding 16 recording sites (site surface, 177 μm2) spaced 100 μm apart. The 

resulting matrix of 2 x 16 recording sites thus extended over 500x1500 μm, allowing for simultaneous 

recording of the LGN (avian GLd) and the nucleus rotundus. For both probes, the 32 channels were 

referenced to a wire under the skull and over the cerebellum. The probe’s Omnetics connector was attached 

to a wireless head stage with integrated amplifier (W32, 0.1 Hz-5 kHz bandwidth, 16 bits resolution, 5 kHz 

sampling rate per channel, 12.5 mV input voltage range; Multi Channel Systems, Reutlingen, Germany). The 

head stage was powered by a 900 mAh battery (LiPol Battery Co., Ltd) which was attached to the birds’ back 

with a Velcro strip glued to trimmed feathers. The amplified and digitized signal was sent to a wireless 

receiver, which in turn was connected to the USB interface board and a data acquisition computer with 

MC_Rack software (Multi Channel Systems, Reutlingen, Germany). Before the start of each recording 

session, the battery was placed on the bird’s back and attached to the head stage. Brain activity was 

recorded in naturally sleeping pigeons from lights off till lights on (i.e. 12 consecutive hours).  

 

Diazepam injection  

An additional experiment using diazepam was performed in an attempt to pharmacologically induce sleep 

spindles. First the birds (N = 3 hyperpallium implant and N = 3 thalamic implant) were habituated to sit and 

nap in a wooden recording chamber (length = 79 cm, width = 60 cm, height = 60 cm) (Martinez-Gonzalez et 

al., 2008) for 2 h in the morning (starting two hours after lights on) on 2 consecutive days. The experiment 

consisted of two experimental days separated by 48 h. Using a balanced design, each bird was randomly 

assigned to a treatment order, either receiving a diazepam injection on the first day and a saline injection on 

the third day or vice versa. On the morning of the experiment the bird was equipped with a transmitter and 

battery, and placed in the recording chamber with water and food. Brain activity was recorded for 2 h, 

before diazepam (7mg/kg) or saline (equal volume to the diazepam injection) was injected into the breast 
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muscle. The bird was subsequently placed back into the chamber and recorded for another 3 h (i.e. until the 

overt behavioral effects of diazepam had worn off). The birds were video recorded throughout the 

experiments. 

 

Anatomy  

Prior to implantation, the electrode probes were coated with the fluorescent dye DiI (DiIC 18(3), Invitrogen) 

for anatomical registration with histological sections. At the end of the study, the brain was removed and 

frozen for histology to determine probe placement. Frozen brains were cut into 20 µm serial coronal 

sections using a freezing microtome and mounted on glass slides. Subsequently, 4′,6-diamidino-2-

phenylindole (DAPI) and Nissl staining was applied. Fluorescence microscopy (Leica) was used to verify probe 

location in all birds.   

 

Analysis 

Natural sleep scoring  

For each bird, a full night recording, at least one week post-surgery, was analyzed. From this recording, 2 h 

of “early” night sleep (i.e. 1 h after lights off) and 2 h “late” night sleep (i.e. 2 h before lights on) was 

extracted. Within these recordings one representative channel, near the center of the array, was chosen for 

sleep scoring. Raw data of the selected channel was offline low-pass filtered at 100 Hz and down-sampled at 

200 Hz using MC_Rack software (Multi Channel Systems, Reutlingen, Germany). Subsequently, sleep stages 

were manually scored by visual inspection of the LFP signal using Somnologica (Embla Sleep Diagnostics) and 

the video recordings, in order to differentiate sleep stages and exclude (movement) artifacts. Rather than 

using scoring epochs, sleep stages were scored from the start until the end of each bout of each state. In 

both the hyperpallial and thalamic recordings, wake was characterized by low-amplitude, high-frequency LFP 

signals in combination with waking behaviors; NREM sleep by high-amplitude, low-frequency LFP signals and 

immobility; and REM sleep by low-amplitude, high-frequency LFP activity in combination with REM sleep 

behaviors (e.g. eye closure and head drops). In addition, for two birds, the same scoring procedure was 

performed for the recording of the first night after surgery, to assess the development of very slow artifacts 

encountered in later recordings. Power below 1.5 Hz increased during the first postoperative week and, 

unlike higher frequency slow-waves (>2 Hz), had an irregular distribution across the array. Activity below 1.5 

Hz likely reflects an artifact resulting from the development of gliosis around the electrodes (Luan et al., 

2017). To remove this activity, a 1.5 Hz high-pass filter was applied to the signals. 
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Figure 1. Recording method: (A) Schematic and histological example of the location of the 32-channel silicon electrode probe. Probes 
were inserted horizontally in either the hyperpallium (N = 5 birds) or the thalamus (N = 4 birds). The exact probe location for each 
bird is depicted in Supplementary Figure S1. The orientation of the electrode grid (red) is always depicted with the medial side to the 
left and the surface of the brain on top. The hyperpallium (top) primarily receives input from the GLd (mammalian LGN) to the 
interstitial part of hyperpallium apicale and the hyperpallium intercalatum (IHA/HI, collectively). The underlying hyperpallium 
densocellulare (HD) receives relatively little input from the GLd. The hyperpallium overlies and is interconnected with the dorsal and 
ventral mesopallium (MD/MV) and nidopallium (N). The avian thalamus (bottom) includes the nucleus rotundus (Rt), which projects 
to the entopallium (E), and the GLd (gray) of which several parts project to IHA/HI. (B) Raw signals (gray) were filtered to a signal 
containing local field potentials (LFP, 1.5- 200 Hz; blue) and to a signal containing multiunit action potentials (MUA, high-pass filtered 
at 350 Hz). In addition, the MUA signal was rectified and decimated to obtain an analogue multiunit activity (AMUA; black) signal. 
The left panel shows an NREM sleep episode, with increased AMUA occurring during negative waves corresponding to up-states, 
followed by REM sleep. The right panel shows an example of NREM sleep followed by wake. Both REM sleep and wake states show a 
continuous action potential firing pattern compared to NREM sleep. DLL = nucleus dorsolateralis anterior thalami pars lateralis, GLv = 
nucleus geniculatus lateralis pars ventralis, HA = hyperpallium apicale, LFM = lamina frontalis suprema, LFS = lamina frontalis 
superior, LH = lamina hyperstriatica, LMD = lamina medullaris dorsalis, LSt = striatum laterale, MSt = striatum mediale, SPC = nucleus 
superficialis parvocellularis, SpRt = nucleus suprarotundus, TrO = tractus opticus. 
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Filtering  

All electrophysiological raw data were filtered and analyzed in Python, version 2.7, using signal analysis and 

array computation functionality of the scientific computing packages NumPy (Van Der Walt et al., 2011), 

version 1.10.3, and SciPy (Jones et al., 2001-2018), version 0.17.0. Raw recordings were band-pass filtered 

(finite impulse response filter) from 1.5 to 200 Hz to yield LFP signals, and high-pass filtered at 350 Hz to 

yield action potential activity. Action potential signals were subsequently rectified, resulting in an analog 

multiunit activity (AMUA) signal that reflects the level of multiunit action potential firing in the vicinity of the 

electrode site (Figure 1B). Signals were then decimated to a sampling rate of 1000 Hz to facilitate the 

calculation of correlation coefficients and visualization. 

 

Slow-wave analysis  

The following analyses were performed on the filtered signals (excluding [movement] artifacts and broken 

electrode sites) following, with some exceptions, the method previously described in Beckers et al. (2014). In 

addition, as no differences were found between signals recorded from male and female pigeons, birds 

implanted in the same region (i.e. hyperpallium vs. thalamus) were grouped together for the following 

analyses.  

Initial inspection of the LFP and AMUA signal was done by creating waveform plots of each 2 h 

recording including color coding of each sleep stage. To examine whether the LFP signal during each sleep 

stages on a specific site coincided with spiking activity on the same channel, the mean correlation coefficient 

between LFP and a smoothed (low-pass filtered at 1000 Hz) version of the AMUA signal was calculated, 

when sites showed strong action potentials (Figure 1B).  

Temporospatial propagation of LFP slow-waves across the recording electrode matrix was quantified 

to examine traveling wave activity (Beckers et al., 2014). In short, at 1 ms intervals, LFP waves in the 

electrode grid that were stronger (i.e. more negative) than the threshold criterion of −125 µV were 

identified, and the changes of their spatial mean in time were tracked. The median number of traveling wave 

“trajectories” that were found in the 2 h hyperpallium recordings was 14659 (range: 6770 to 25691). The 

overall periodicity of LFP during NREM sleep was determined for each 2h recording, based on the lag of the 

first positive peak at t greater than 0 in the mean autocorrelation function. Although the LFP signal during 

NREM sleep in the thalamus showed clear slow-waves, the overall lower amplitude of the slow-waves and 

the spatial configuration of recording sites (relatively large distance between the two probe shanks) made 

the recording data unsuitable for 2D wave propagation analysis (data not shown). 

Videos illustrating the slow-wave patterns were rendered from the band-pass filtered LFP signal (1.5-

200 Hz) in either real-time or slowed down 25x and 50x, in order to capture individual traveling patterns.  
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State-specific spectral analysis  

Power spectral density (PSD) was calculated (using Welch’s method; 0.5 Hz bin size) for all episodes of 

NREM/REM/wake (duration >4 sec, without wake interruptions) within each 2 h sleep recording. Then mean 

PSD for each state was calculated for each recording site for each bird. In addition, mean slow-wave activity 

(SWA; power in 1.5-4.5 Hz band) was calculated for NREM and REM sleep for each bird. 

 

Statistics  

Statistical analysis was performed in R (version 3.4.4). Unless noted otherwise, all values are the mean ± SD. 

 

Results  

We recorded electrical activity from the pigeons’ visual hyperpallium and thalamus, including parts of the 

dorsal part of the LGN and nucleus rotundus, during natural NREM and REM sleep, using a high-density 

electrode array connected to a telemetric system (Figure 1).  

 

NREM sleep slow-waves 

During NREM sleep, slow-waves occurred across all LFP recording sites, but had the highest amplitude in 

electrode sites corresponding to IHA/HI based on stereotaxic coordinates and histology (Figure 2A and 2B). 

The hyperpallial slow-waves had a periodicity of 2.2 Hz ± 0.09 Hz (N = 4 birds; Figure 2C). In all birds, slow-

waves propagate through the hyperpallium during natural NREM sleep. This is most readily apparent when 

slow-wave LFPs are plotted in a time series of images where pixels represent electrode sites and electrical 

potential is coded in color (Figure 2D and 3, Supplementary Figure S2 and Supplementary Video S1). 

Moreover, tracing the trajectories of the center of gravity of propagating slow-waves shows that slow-waves 

often occur first along the diagonal of the recording plane (Figure 2E and Supplementary Figure S3), 

corresponding to IHA/HI. In addition, the net movement of each slow-wave across the plane of the electrode 

grid was expressed as a mean vector (Figure 2E and Supplementary Figure S4). Group mean vectors for both 

positive and negative slow-waves have significantly nonrandom directions (Rayleigh-tests; p < 0.001) in every 

recording (N = 10 2 h recordings from 4 birds), with an overall tendency for slow-waves to travel towards the 

surface of the brain (Supplementary Figure S3 and S4). Overall, slow-waves primarily propagate within 

IHA/HI, but they also propagate to the overlying lower part of HA and to a lesser extent to the underlying top 

part of HD. In rare cases, slow-waves occurred first or exclusively in regions other than IHA/HI (Figure 3; e.g. 

frame 210).  
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Figure 2. Slow-waves in the hyperpallium: (A) Five-second example of LFPs recorded on the 4 x 8 grid of electrode sites, showing a 
global distribution of oscillations during natural NREM sleep (recorded the night after implantation). (B) Mean slow-wave activity 
(SWA; 1.5-4.5 Hz; N = 4 birds) over all episodes of NREM and REM sleep. SWA during NREM sleep is the highest in the diagonal of the 
recording array. The same part also shows the highest decrease in SWA during REM sleep. (C) Average autocorrelation of all 32 
channels of one bird (top) and of one channel (from the middle of the array) for each bird (N = 4; bottom, different dotted lines 
correspond to different birds) comparing early and late night NREM sleep. The mean lag between the first positive peak (t = 0) and 
the second positive peak is on average 460 ms, indicating that the LFP waves on the same electrode site follow a periodicity of 
approximately 2.2 Hz. (D) Red underlined episode of Figure 2A is visualized in a sequence of image plots where pixels represent 
electrode sites and electrical potential is coded in color. (E) Wave trajectories along the array (left; N = 50 random waves; plus sign 
depicts electrode sites). Net wave propagation (right) was calculated for every LFP wave in a 2 h recording of the same bird; shown 
are negative (red dots; i.e. up-state), positive waves (blue dots; i.e. down-state) and mean propagation direction (black dot). 

3



54 
 

 
Figure 3. Examples of propagating slow-waves: Two more examples from the same recording as Figure 2D depicting different 
propagation patterns. LFP activity often initiates at different points along the diagonal of the recording plane, corresponding to 
IHA/HI, and propagates mostly within the diagonal. Rare activity initiated outside of the electrode array propagates across HA and 
HD, but is often not found on the diagonal sites in these cases. 
 

AMUA was only present shortly after the implantation. Although AMUA was visible on several recording 

sites, only two electrode sites in two birds showed AMUA that was strongly differentiated from the 

background activity. Nonetheless, in these recordings and electrode sites, there is a clear relationship 

between unit activity and LFP slow-waves during NREM sleep, with increased AMUA occurring during 
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negative waves, presumably corresponding to up-states (Figure 1B). The mean correlation coefficient 

between LFP and AMUA in full recordings of these sites during “early” and “late” NREM sleep is -0.45 and -

0.42, respectively (N = 2 birds). This is similar to the correlation between LFP and AMUA of slow-waves in 

anesthetized zebra finches (Beckers et al., 2014). In addition, this high correlation of sites that had strong 

AMUA shows that local neurons are part of the system that generates the LFP signal we observed. 

 

 
Figure 4. Absence of sleep spindles in the hyperpallium and thalamus during NREM sleep: Both hyperpallium (top left) and thalamus 
(top right) example spectrograms lack an elevated power band in the sleep spindle range (6-15 Hz). Mean power spectral density 
(PSD) over all birds and all episodes of NREM sleep, REM sleep, and wake, separately for hyperpallium (bottom left) and thalamus 
(bottom right) recordings. Each state shows a power frequency distribution typical for pigeon sleep (Martinez-Gonzalez et al., 2008); 
however, no bump in the spindle frequency range is visible during NREM sleep in either of the two brain regions. This is consistent 
with visual inspection of individual recordings sites and birds (Supplementary Figure S5).  
 

NREM sleep spindles 

NREM sleep spindles were not detected during visual inspection of the waveform and spectrogram plots for 

all NREM sleep episodes in each 2 h recording. In addition, PSD analysis of LFP did not reveal a distinct peak 
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in power between 6 and 15 Hz, corresponding to spindles in mammals (Voirin et al., 2014), in any of the 

hyperpallial layers during early or late NREM sleep (Figure 4). In fact, the only distinct power peaks 

correspond to SWA. Also, no sleep spindles were detected in the dorsal part of the LGN, which projects to 

IHA/HI, during NREM sleep. Spindles were also not detected in the nucleus rotundus (Figure 4). In addition, 

although diazepam induced instability and NREM sleep (total time spent in NREM sleep during diazepam 

treatment increased by 1.8-5.5 times in the hyperpallium (N = 3 birds) and 1.9-2.1 times in the thalamic (N = 

3 birds) recordings when compared to the saline treatment), we did not find an increase in spindle power, in 

comparison to spontaneous NREM sleep, in the hyperpallium or the thalamus (Figure 5). Nonetheless, 

diazepam augmented SWA in all of the three birds with a hyperpallial implant, but suppressed SWA in only 

one of the three birds with a thalamic implant (Figure 5). 

 

 
Figure 5. Effect of diazepam on LFP spectral power: For each bird, the PSD of diazepam treatment was subtracted from the PSD of 
the saline treatment to visualize the effect of diazepam on the LFP spectral power in the slow-wave and spindle range in the 
hyperpallium (left) and thalamus (right). Different line styles reflect data from different birds. 
 

REM sleep  

Although the percentage of time spent in NREM sleep decreased only slightly overnight (“early” vs. “late” 

night: hyperpallium = 79.9% vs. 74.5% [N = 5 birds], thalamus = 78.3% vs 76.7% [N = 4 birds] time spent in 

NREM sleep), the percentage of time spent in REM sleep increased as the night progressed (“early” vs. “late” 

night: hyperpallium = 7.0% vs. 14.2%, thalamus = 10.2% vs. 15.7% time spend in REM sleep), which is 

consistent with results from previous studies on sleep in pigeons (Martinez-Gonzalez et al., 2008). REM sleep 

episodes were typically short (“early” vs. “late” night: hyperpallium [4.8 ± 2.7 s vs. 7.5 ± 5.4 s], thalamus [5.1 

± 3.1 s vs. 5.8 ± 7.3s]).  

During REM sleep, action potential firing (AMUA) in the hyperpallium became visually more 

continuous relative to preceding NREM sleep and was similar to that during wakefulness (Figure 1B). SWA 

decreased across all recording sites, with the greatest reduction in SWA occurring in IHA/HI (Figure 2B), the 
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region with the greatest SWA during NREM sleep. In addition, in two birds, visual inspection of spectrograms 

and power spectral analysis revealed an increase of fast gamma rhythm (approximately 70-90 Hz) during 

both early and late night REM sleep episodes occurring in IHA/HI (Figure 6). Gamma was not present in all 

REM sleep episodes or, when it did occur, throughout an entire episode. The bursts of gamma could occur at 

any point (early, middle or late) within a REM sleep episode. 

 
Figure 6. Fast gamma during REM sleep: Pronounced examples from two different birds (top vs. bottom grid) of fast gamma 
oscillations (around 70-90 Hz) on the diagonal recording sites, corresponding to the thalamo-recipient layer IHA/HI, during a REM 
sleep episode (in-between two NREM sleep episodes) indicated with the white dashed lines. Each panel represents an electrode site 
of the 4 x 8 grid. Electrode sites, during the same REM episode, but without fast gamma are indicated with continuous grey lines. 

3



58 
 

Discussion  

Previously, our understanding of how brain activity changes during NREM and REM sleep in birds was 

primarily based on EEG recordings from the hyperpallium. These studies revealed several similarities with 

mammalian sleep (e.g. homeostatically regulated slow-waves during NREM sleep and EEG activation during 

REM sleep), as well as some differences, such as the absence of thalamocortical spindles (Ayala-Guerrero et 

al., 2003; Low et al., 2008; Martinez-Gonzalez et al., 2008; Rattenborg et al., 2011). Using intra-“cortical” 

high-density electrode arrays in naturally sleeping pigeons, we characterized the spatiotemporal properties 

of slow-waves in the avian hyperpallium during NREM and REM sleep.  

 

Traveling slow-waves during NREM sleep 

Our intra-“cortical” recordings of pigeons revealed that slow-waves propagate through the hyperpallium 

during natural NREM sleep. Interestingly, whereas slow-wave up-states in the mammalian neocortex usually 

appear first in the thalamo-recipient layer 5 and then propagate vertically within a column to layer 4 and the 

supragranular layers (Chauvette et al., 2010; Constantinople and Bruno, 2013; Capone et al., 2017), slow-

waves in the hyperpallium predominantly initiate in IHA/HI, the avian analog of the neocortical layer 4, and 

then propagate to the overlaying HA, a “pseudo-layer” of which the superficial part is thought to be 

analogous to layer 5 of the mammalian neocortex based on its similar extra-telencephalic projections to the 

thalamus, striatum and brainstem (Medina and Reiner, 2000). Nonetheless, in both mammals and birds 

initiation of slow-waves is largely thalamo-recipient layer specific. In addition, the propagation of slow-waves 

parallel to the hyperpallial pseudo-layers also occurs primarily within IHA/HI. Here, a direct comparison with 

the horizontal propagation of slow-waves in the mammalian neocortex is hindered by the absence of 

comparable data from naturally sleeping mammals. Nonetheless, most slice and anesthesia studies of the 

neocortex suggest that layer 5 plays a dominant role in the horizontal propagation of slow-waves (Sanchez-

Vives et al., 2000; Luczak et al., 2007; Sakata and Harris, 2009; Wester and Contreras, 2012; Reyes-Puerta et 

al., 2015; Fiáth et al., 2016a,b; Capone et al., 2017). In general, propagating slow-waves in the hyperpallium 

may be involved in functions attributed to slow-waves propagating through the mammalian neocortex. 

These include, the successive reactivation and consolidation of recent memory traces (Chauvette et al., 

2012), and/or their relocation and incorporation with older memories (Diekelmann and Born, 2010).  

 

Absence of sleep spindles during NREM sleep 

Sleep spindles were not found in the avian visual hyperpallium or in the thalamus during NREM sleep. 

Furthermore, diazepam, a benzodiazepine known to increase activity in the spindle frequency range in 

humans (Borbély et al., 1983) and rats (Lancel et al., 1994, 1996), did not change spindle frequency power in 

the hyperpallium or thalamus, even though the dose used induced locomotor instability followed by NREM 
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sleep. Interestingly, although diazepam did not increase power in the spindle range, it did increase SWA in 

the hyperpallium, a response opposite to that observed in the neocortex (Tobler et al., 2001; Kopp et al., 

2003, 2004). Our results suggest that, at least within the visual hyperpallium, functions attributed to spindles 

in mammals, such as memory consolidation, might occur via different mechanisms in birds (Rattenborg et 

al., 2011). Additional studies are needed to determine whether sleep spindles occur in other regions of the 

avian brain. 

 

Avian REM sleep 

As in mammals (Timofeev et al., 2001), during REM sleep, AMUA in the hyperpallium increased relative to 

preceding NREM sleep and SWA decreased across all hyperpallial recording sites. However, the largest 

decrease in SWA occurred in IHA/HI, the region with the greatest SWA during NREM sleep. Interestingly, this 

is opposite to the pattern observed during REM sleep in mice wherein slow-waves persist in layer 4 of 

primary sensory cortices, including the primary visual cortex (Funk et al., 2016), the mammalian analogue of 

the visual hyperpallium. Although it is unknown whether these divergent findings in pigeons and mice are 

representative of all birds and mammals, respectively, the results from pigeons indicate that the occurrence 

of slow-waves in primary sensory input layers is not a universal phenomenon in animals with REM sleep.  

In addition, in two birds, distinct bursts of gamma with peak power around 70-90 Hz occurred 

exclusively during episodes of REM sleep. Interestingly, these bursts were restricted to IHA/HI, where SWA 

was the greatest during NREM sleep. Previous studies of the sleep-related EEG power spectrum in birds only 

focused on frequencies less than 25-30 Hz (Szymczak et al., 1996; Jones et al., 2008; Martinez-Gonzalez et 

al., 2008; Lesku et al., 2011) or less than 50-55 Hz (Low et al., 2008; Scriba et al., 2013); in the later, gamma 

(30-55 Hz) was higher in REM sleep in adult zebra finches (Taeniopygia guttata (Low et al., 2008)), but not in 

barn owl nestlings (Tyto alba (Scriba et al., 2013)). This difference may be related to the species, age, or 

recording methods employed (epidural versus subcutaneous electrodes, respectively). In addition, if gamma 

is primarily present in IHA/HI, the distance between the EEG electrodes and this region might explain this 

difference. The fact that only two of the five hyperpallial recordings in the present study showed gamma 

bursts also suggests that there is spatial heterogeneity in the production of gamma within the hyperpallium. 

Additional research is needed to determine the exact region generating gamma and its functional 

relationship to gamma reported during REM sleep in rodents (Franken et al., 1994; Maloney et al., 1997; 

Brankačk et al., 2010) and humans (Llinás and Ribary, 1993; Mann et al., 1993). 

 

Implications and future perspectives 

Collectively, our intra-“cortical” recordings of naturally sleeping pigeons revealed both invariant and variant 

traits between birds and mammals. Although slow-waves propagate through the hyperpallium and 
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neocortex during NREM sleep, the layer-specific contribution to propagation differed between mammals and 

birds. Despite this difference, in both cases the leading layer is known to receive thalamic input, suggesting a 

common role for the thalamus in the genesis of slow-waves. Although slow-waves were also detected in the 

thalamic nuclei examined, dual thalamic/hyperpallial recordings are needed to further characterize 

thalamocortical interactions in birds. Interestingly, unlike mammals, spindles were not detected in the 

hyperpallium or thalamus of pigeons, even following administration of a pharmacological compound known 

to augment spindling in mammals. The absence of spindles seemingly poses a challenge for the mammalian-

based hypothesis that the phase-locking of spindles with neocortical slow-waves and hippocampal SWRs 

(Staresina et al., 2015) plays a role in the systems-level processing of hippocampal memories, involving the 

“transfer” of information initially encoded in the hippocampus to the neocortex for long-term storage and 

integration with preexisting information (Rubino et al., 2006; Diekelmann and Born, 2010; Chauvette et al., 

2012; Dudai et al., 2015). However, limited interconnectivity between the avian hippocampus and brain 

regions analogous to the neocortex (Shanahan et al., 2013), the absence of evidence for memory transfer 

out of the avian hippocampus, and the apparent absence of hippocampal SWRs in birds, all suggest that the 

avian and mammalian hippocampi process information in a different manner (Rattenborg et al., 2011; Ditz et 

al., 2015). In this respect, the absence of spindles in birds is consistent with their proposed role in processing 

hippocampal information in mammals (Gais et al., 2002; Tamminen et al., 2013; Latchoumane et al., 2017). 

Nonetheless, the presence of propagating slow-waves in birds, despite the lack of spindles and SWRs, 

indicates that slow-waves also likely serve functions unrelated to hippocampal memory transfer in birds and 

mammals. Notably, the fact that SWA is homeostatically regulated in a local, use-dependent manner in 

mammals and birds (Huber et al., 2004; Lesku et al., 2011; Rattenborg et al., 2012) suggests that slow-waves 

play a role in cellular and synaptic maintenance (Vyazovskiy and Harris, 2013; Tononi and Cirelli, 2014) 

and/or the processing of information on a local scale (Huber et al., 2004; Chauvette et al., 2012). 

Finally, it is important to note that as our study only tapped into small portions of the avian brain, 

and it is conceivable that other regions developmentally and functionally homologous to portions of the 

neocortex might exhibit patterns of brain activity unlike those described in the hyperpallium. In the future, it 

will also be important to examine activity throughout the thalamus, including the thalamic reticular nucleus, 

which is involved in the genesis of mammalian spindles via the thalamocortical loop (Contreras et al., 

1997a,b; Destexhe et al., 1999). Although thalamocortical loops exist in birds, including reciprocal 

projections between the hyperpallium and thalamus (Karten et al., 1973; Miceli et al., 1987; Watanabe, 

1987; Wild and Williams, 2000; Miceli et al., 2008), their influence over thalamic activity has not been 

examined. Finally, a systems-level approach that simultaneously taps into multiple regions, including all 

“pseudo-layers” of the hyperpallium, the thalamus and the hippocampus, is needed to determine if and how 

activity in the avian brain coordinates the processing of information across regions and the extent to which 
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this differs from mammals (Voster and Born, 2015). This comparative approach holds the promise of 

revealing overriding principles that might not be readily apparent using a strictly mammalian approach to 

understanding the functions of sleep-related brain activity. 
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Supplementary figures 

 

 
 

Figure S1. Location of the 32-channel silicon electrode probe for each bird: Using the histological photos, wherein the tracts of the 
probe shanks (often running at a slightly different angle from the angle of the cutting plane) were visible, the probe tracts were 
reconstructed by observing multiple adjacent sections and following the fluorescent dye the shanks left behind. The orientation of 
the electrode grid (red) is always depicted with the medial side to the left and the surface of the brain on top. Abbreviations: nucleus 
dorsolateralis anterior thalami pars lateralis (DLL), entopallium (E), lateral geniculate nucleus (GLd, mammalian LGN), nucleus 
geniculatus lateralis pars ventralis (GLv), hyperpallium apicale (HA), hyperpallium densocellulare (HD), interstitial part of 
hyperpallium apicale and the hyperpallium intercalatum (IHA/HI, collectively), lamina frontalis suprema (LFM), lamina frontalis 
superior (LFS), lamina hyperstriatica (LH), lamina medullaris dorsalis (LMD), striatum laterale (LSt), dorsal mesopallium (MD), 
striatum mediale (MSt), ventral mesopallium (MV), nidopallium (N), nucleus rotundus (Rt), nucleus superficialis parvocellularis (SPC), 
nucleus suprarotundus (SpRt), tractus opticus (TrO). 
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Figure S2. Slow-wave propagation: Example of slow-wave propagation in the hyperpallium, recorded the night after implantation 
(top) and at least a week after implantation (bottom) in the same bird. Overall propagation patterns are the same, though a week 
after implantation some electrode sites were broken or showed very slow artifact, and were thus removed from the analysis (shown 
in white).   

3



64 
 

 
 

Figure S3. Slow-wave trajectories in the hyperpallium: Wave trajectories along the array (N = 50 random waves; plus sign depicts 
electrode sites) for birds (N = 4) implanted in the same region; shown are negative (red dots; i.e. up-state) and positive waves (blue 
dots; i.e. down-state) during 2 h early and late night recordings. 
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Figure S4. Slow-wave propagation direction: Net wave propagation was calculated for every LFP wave in a 2 h recording of the same 
birds as in Supplementary Figure S3; shown are negative (red dots; i.e. up-state), positive waves (blue dots; i.e. down-state) and 
mean propagation direction (black dot). 
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Figure S5. Absence of sleep spindles during NREM sleep: Mean PSD for early (solid line) and late (dotted line) recordings, separate 
for each electrode site in the 4 x 8 grid in the hyperpallium (left) and the 2 x 16 grid in the thalamus (right) recordings. No distinct 
bump in the spindle frequency range (6-15 Hz) could be detected on individual sites in either the hyperpallium or the thalamus. 
 

Supplementary video legend 

Supplementary video can be accessed online at: 

https://academic.oup.com/sleep/article-abstract/42/2/zsy230/5195213 
 
Video S1. Video (slowed down 25x) of the image sequence shown in Figure 2D. 
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Chapter 4 

 

Neurophysiology of avian sleep: comparing natural sleep and 
isoflurane anesthesia 
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Abstract  

Propagating slow-waves in electroencephalogram (EEG) or local field potential (LFP) recordings occur during 

non-rapid eye-movement (NREM) sleep in both mammals and birds. Moreover, in both, input from the 

thalamus is thought to contribute to the genesis of NREM sleep slow-waves. Interestingly, the general 

features of slow-waves are also found under isoflurane anesthesia. However, it is unclear to what extent 

these slow-waves reflect the same processes as those giving rise to NREM sleep slow-waves. Similar slow-

wave spatio-temporal properties during NREM sleep and isoflurane anesthesia would suggest that both 

types of slow-waves are based on related processes. We used a 32-channel silicon probe connected to a 

transmitter to make intra-cortical recordings of the visual hyperpallium in naturally sleeping and isoflurane 

anesthetized pigeons (Columba livia) using a within-bird design. Under anesthesia, the amplitude of LFP 

slow-waves was higher when compared to NREM sleep. Spectral power density across all frequencies (1.5–

100Hz) was also elevated. In addition, slow-wave coherence between electrode sites was higher under 

anesthesia, indicating higher synchrony when compared to NREM sleep. Nonetheless, the spatial distribution 

of slow-waves under anesthesia was more comparable to NREM sleep than to wake or REM sleep. Similar to 

NREM sleep, slow-wave propagation under anesthesia mainly occurred in the thalamic input layers of the 

hyperpallium, regions which also showed the greatest slow-wave power during both recording conditions. 

This suggests that the thalamus could be involved in the genesis of slow-waves under both conditions. Taken 

together, although slow-waves under isoflurane anesthesia are stronger, they share spatio-temporal activity 

characteristics with slow-waves during NREM sleep. 

 

Introduction  

In mammals, non-rapid eye-movement (NREM) sleep is characterized by the slow alternation in neuronal 

membrane potentials between hyperpolarized down-states with neuronal quiescence and depolarized up-

states with action potentials, which gives rise to slow-waves (0.5–4.5Hz) in local field potential (LFP) and 

electroencephalogram (EEG) recordings (Steriade et al., 1993c) that propagate horizontally across the 

neocortex (Massimini et al., 2004; Murphy et al., 2009; Nir et al., 2011). Our understanding of the 

neurophysiology of slow-waves is mostly based on EEG, LFP, and intracellular recordings performed under 

anesthesia. Previous experiments on rats and cats anesthetized with urethane or ketamine–xylazine 

revealed slow cortical activity similar to that found during NREM sleep (Steriade et al., 1993a,b,c; Contreras 

and Steriade, 1995; Haider et al., 2006, 2007; Volgushev et al., 2006; Hasenstaub et al., 2007; Luczak et al., 

2007; Chauvette et al., 2010, 2011; Sharma et al., 2010). Under higher doses of anesthesia, this slow cortical 

activity occurs in bursts that alternate with low-amplitude periods of suppressed activity (i.e., burst 

suppression; Swank and Watson, 1949; Amzica, 2015). Although slow-waves during NREM sleep and 

anesthesia appear visually similar, a quantitative comparison in cats revealed multiple distinct features 
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between the two brain states (Chauvette et al., 2011). Anesthesia (urethane and/or ketamine-xylazine) 

induced slow-waves were more rhythmic (i.e., intervals between slow-waves became more regular) and 

occurred more synchronously across cortical areas than during NREM sleep (Steriade et al., 1993c; Wolansky 

et al., 2006; Clement et al., 2008; Chauvette et al., 2011). Overall slow-wave amplitude was higher under 

anesthesia and area specific differences in slow-wave amplitude observed during NREM sleep were reduced 

under anesthesia (Chauvette et al., 2011). In addition, while power in the slow/delta (0.1–4Hz) and spindle 

(8–14Hz) frequency ranges decreased, the power in the gamma band (30–100Hz) increased. Finally, 

anesthesia increased the duration of the hyperpolarization periods of slow-waves when compared to NREM 

sleep (Chauvette et al., 2011).  

In addition to investigating the spectral differences occurring under anesthesia, several studies have 

also examined the layer-specific aspects and propagation of slow-waves under anesthesia and NREM sleep, 

although a direct comparison between conditions is lacking. In both anesthetized and naturally sleeping cats, 

for instance, similar intra-columnar propagation patterns are found with slow-wave up-states that appear 

first within layer 5 (Chauvette et al., 2010), a layer that together with layer 4 receives thalamic input 

(Constantinople and Bruno, 2013), and then propagate vertically within a column to layer 4 and the 

supragranular layers (Chauvette et al., 2010; Constantinople and Bruno, 2013; Capone et al., 2017; Fiáth et 

al., 2018). Contrary to the intra-columnar propagation of up-states examined during NREM sleep and 

anesthesia, the layer-specific horizontal propagation of up-states has only been examined in vivo in 

anesthetized rodents (Luczak et al., 2007; Sakata and Harris, 2009; Reyes-Puerta et al., 2015).  

At present, our understanding of the network properties underlying slow-waves and their 

propagation under NREM sleep and anesthesia is limited to the few mammalian studies described above. 

Interestingly, birds exhibit mammalian-like, homeostatically regulated EEG slow-waves during NREM sleep 

(Lesku et al., 2011), even though the cytoarchitecture of the avian “cortex” or hyperpallium differs from that 

of the mammalian neocortex (Medina and Reiner, 2000). Although most of the hyperpallium is considered 

homologous to the primary visual cortex in mammals (Medina and Reiner, 2000; Reiner et al., 2004; Jarvis et 

al., 2005), it lacks the neocortical laminar cytoarchitecture consisting of pyramidal cells with apical dendrites 

spanning multiple layers. Instead it is composed of small, densely packed stellate neurons (Olkowicz et al., 

2016) arranged in “pseudo-layers” separated by cell-free laminae, and connected to each other via axonal 

projections (Medina and Reiner, 2000; Briscoe and Ragsdale, 2018). Although the neuronal cell types in the 

avian hyperpallium are not organized in a cortical manner, they are homologs to the neurons that make up 

the mammalian neocortex (Briscoe and Ragsdale, 2018). Consequently, we will refer to the hyperpallium as 

being cortical hereafter. Starting dorsomedially, the hyperpallium is made up of the hyperpallium apicale 

(HA), interstitial nucleus of the HA (IHA), hyperpallium intercalatum (HI), and hyperpallium densocellulare 

(HD) (Atoji et al., 2018). Similar to layer 4 of the neocortex, IHA is the primary recipient of visual input from 
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the dorsal part of the lateral geniculate nucleus [LGN, avian nucleus geniculatus lateralis pars dorsalis (GLd)] 

(Karten et al., 1973; Watanabe et al., 1983; Wild, 1987; Ng et al., 2010); though HI and, to a lesser extent, HD 

also receive some input from the GLd. The exact boundary between IHA and HI is poorly defined in the 

posterior hyperpallium (Karten and Hodos, 1967), and therefore will be referred to collectively as IHA/HI 

hereafter. Despite the differences in underlying cytoarchitecture, slow-waves during avian NREM sleep show 

spatio-temporal and propagation properties similar to those found in mammals (Van Der Meij et al., 2019). 

Moreover, the initiation and propagation of slow-waves primarily occurs in the thalamic input layers of the 

hyperpallium (i.e., IHA/HI), regions which also show the greatest slow-wave activity (SWA; power in 1.5–

4.5Hz band) during NREM sleep (Van Der Meij et al., 2019), suggesting thalamic involvement in avian cortical 

slow-waves. Alternatively, neuronal or network properties intrinsic to these regions may account for their 

greater propensity to initiate slow-waves.  

Few studies have examined sleep-related brain activity in birds under anesthesia. The burst 

suppression pattern has been observed in chickens anesthetized with pentobarbital (Ookawa and Gotoh, 

1965; Kadono et al., 1967; Ookawa and Takenaka, 1967; Ookawa, 1972), and zebra finches, chickens, and 

pigeons anesthetized with isoflurane (Beckers et al., 2014; Mcilhone et al., 2014; Tisdale et al., 2018). 

However, as no direct comparison of LFP slow-waves occurring during anesthesia and NREM sleep has been 

conducted across the hyperpallial pseudo-layers, the question remains to what extent slow-waves under 

anesthesia are comparable to NREM sleep slow-waves. Consequently, we performed intra-cortical 

recordings covering all pseudo-layers of the visual hyperpallium (including pseudo-layers with and without 

direct thalamic input) in the same naturally sleeping and isoflurane-anesthetized pigeons. 

 

Materials and methods  

Experimental Design 

Animals 

Four adult pigeons (Columba livia; two females and two males), implanted for our previous study (Van Der 

Meij et al., 2019), were used in this study. We chose to work on pigeons, rather than other birds, due to (1) 

their ability to carry the recording equipment, (2) the availability of a stereotaxic brain atlas (Karten and 

Hodos, 1967) and extensive neuroanatomical work on this species (Shanahan et al., 2013), and (3) the use of 

pigeons in earlier work on avian sleep (Van Twyver and Allison, 1972; Walker and Berger, 1972; Tobler and 

Borbely, 1988; Martinez- Gonzalez et al., 2008). Birds were reared and housed in a breeding aviary. 

Preceding the start of the electrophysiological procedure, the birds were taken from the colony and housed 

in pairs in a room with recording aviaries (12 h:12 h light: dark cycle, aviary dimensions: length = 2m, width = 

1m, height = 2m). All procedures were performed in accordance with German laws and regulations on 
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animal experiments, and were approved by the Government of Upper Bavaria, according to the 

Tierschutzgesetz, approval number 55.2-1-54-2532-126-2013. 

 

Surgery 

Prior to surgery, birds received an injection of diazepam (2 mg/kg) into the breast muscle after which they 

were anesthetized with isoflurane gas vaporized in oxygen (induction: 3 to 4% and maintenance: 1.5 to 

3.5%). Next, the bird’s head was fixed in a custom-built stereotaxic frame (i.e., two ear bars and bill clamp) 

of which the line from the axis of the ear and mouth bar was angled downward 25° relative to the horizontal 

axis of the stereotaxic frame. The bird’s body temperature was maintained around 40°C with a heat pad and 

checked continuously with a thermometer (Thermalert TH5, Physitemp Instruments Inc., Clifton, NJ) placed 

underneath the bird’s abdomen. To prevent dehydration during the surgery, a subcutaneous injection of 

saline (0.7–0.9ml NaCl 0.9% in sterile water) was administered into the neck. Prior to performing a midline 

incision, head feathers were clipped and Lidocaine gel (2%, as analgesia) was applied to the skin. An initial 

small window was made in the first layer of the skull to expose the bifurcation point of the mid-sagittal sinus 

which served as the medial-lateral and anterior-posterior coordinate zero point. In the second skull layer, 
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was applied to the wound and an intramuscular injection of meloxicam (2mg/kg) was administered. Finally, 

the bird received a subcutaneous injection of saline (0.7–0.9 ml). 

 

Natural sleep recordings 

After the pigeon had fully awoken from the surgery, the wireless head stage (Multi Channel Systems, 

Reutlingen, Germany) was attached and the bird was brought back to the aviary. The birds quickly resumed 

normal behavior including feeding and flying to and from their perch. Natural sleep recordings were made at 

least 1 week later and reported in Van Der Meij et al. (2019). In short, neuronal activity was recorded using a 

32-channel silicon-based multi-electrode probe (a4 × 8–5 mm-200-400-177, NeuroNexus Technologies, Ann 

Arbor, MI). The probe consisted of four parallel shanks (shank thickness, 15 μm) separated by 400 μm, each 

holding 8 recording sites (site surface, 177 μm2) spaced 200 μm apart. The resulting matrix of 4 × 8 recording 

sites thus extended over 1200 ×1400 μm allowing for the simultaneous recordings of HA, IHA/HI, and HD. 

The probe was referenced to a wire under the skull placed over the cerebellum. The probe’s Omnetics 

connector was attached to a wireless head stage with integrated amplifier (W32, 0.1 Hz−5 kHz bandwidth, 1 

bits resolution, 5 kHz sampling rate per channel, 12.5 mV input voltage range, Multi-Channel Systems, 

Reutlingen, Germany). The head stage was powered by a 900 mAh battery (LiPol Battery Co., Ltd) which was 

attached to the birds’ back with a Velcro strip glued to trimmed feathers. The amplified and digitized signal 

was sent to a wireless receiver, which in turn was connected to the USB interface board and a data 

acquisition computer with MC_Rack software (Multi Channel Systems, Reutlingen, Germany). Before the 

start of each recording session, the battery was placed on the bird’s back and attached to the head stage. 

Neural activity was recorded in natural sleeping pigeons from lights off till lights on (i.e., 12 consecutive 

hours). The birds were video recorded throughout the night. 

 

Isoflurane anesthesia recordings 

Following the first full night of natural sleep recording (i.e., starting at least 1 week after surgery) the bird 

was recorded under different levels of isoflurane gas anesthesia according to the following protocol. On the 

day of recording, birds were food deprived from noon onwards in order to minimize vomiting during and 

after anesthesia recordings. Then in the evening, birds were taken out of the aviary at lights out (i.e., the 

same time as the natural sleep recordings would start), equipped with a battery on the back to power the 

head stage, and were transported to the surgical room. Birds were anesthetized with isoflurane gas 

vaporized in oxygen (induction: 3–4%, the same professionally calibrated vaporizer was used for all birds). 

Subsequently, the bird’s head was fixed in a custom-built stereotaxic frame (i.e., two ear bars). The bird’s 

body temperature was maintained around 40°C with a heat pad which was only turned on between 

recordings to minimize electrical noise on the recordings. Peripheral body temperature was checked 



72 
 

was applied to the wound and an intramuscular injection of meloxicam (2mg/kg) was administered. Finally, 

the bird received a subcutaneous injection of saline (0.7–0.9 ml). 

 

Natural sleep recordings 

After the pigeon had fully awoken from the surgery, the wireless head stage (Multi Channel Systems, 

Reutlingen, Germany) was attached and the bird was brought back to the aviary. The birds quickly resumed 

normal behavior including feeding and flying to and from their perch. Natural sleep recordings were made at 

least 1 week later and reported in Van Der Meij et al. (2019). In short, neuronal activity was recorded using a 

32-channel silicon-based multi-electrode probe (a4 × 8–5 mm-200-400-177, NeuroNexus Technologies, Ann 

Arbor, MI). The probe consisted of four parallel shanks (shank thickness, 15 μm) separated by 400 μm, each 

holding 8 recording sites (site surface, 177 μm2) spaced 200 μm apart. The resulting matrix of 4 × 8 recording 

sites thus extended over 1200 ×1400 μm allowing for the simultaneous recordings of HA, IHA/HI, and HD. 

The probe was referenced to a wire under the skull placed over the cerebellum. The probe’s Omnetics 

connector was attached to a wireless head stage with integrated amplifier (W32, 0.1 Hz−5 kHz bandwidth, 1 

bits resolution, 5 kHz sampling rate per channel, 12.5 mV input voltage range, Multi-Channel Systems, 

Reutlingen, Germany). The head stage was powered by a 900 mAh battery (LiPol Battery Co., Ltd) which was 

attached to the birds’ back with a Velcro strip glued to trimmed feathers. The amplified and digitized signal 

was sent to a wireless receiver, which in turn was connected to the USB interface board and a data 

acquisition computer with MC_Rack software (Multi Channel Systems, Reutlingen, Germany). Before the 

start of each recording session, the battery was placed on the bird’s back and attached to the head stage. 

Neural activity was recorded in natural sleeping pigeons from lights off till lights on (i.e., 12 consecutive 

hours). The birds were video recorded throughout the night. 

 

Isoflurane anesthesia recordings 

Following the first full night of natural sleep recording (i.e., starting at least 1 week after surgery) the bird 

was recorded under different levels of isoflurane gas anesthesia according to the following protocol. On the 

day of recording, birds were food deprived from noon onwards in order to minimize vomiting during and 

after anesthesia recordings. Then in the evening, birds were taken out of the aviary at lights out (i.e., the 

same time as the natural sleep recordings would start), equipped with a battery on the back to power the 

head stage, and were transported to the surgical room. Birds were anesthetized with isoflurane gas 

vaporized in oxygen (induction: 3–4%, the same professionally calibrated vaporizer was used for all birds). 

Subsequently, the bird’s head was fixed in a custom-built stereotaxic frame (i.e., two ear bars). The bird’s 

body temperature was maintained around 40°C with a heat pad which was only turned on between 

recordings to minimize electrical noise on the recordings. Peripheral body temperature was checked 

73 
 

continuously by a thermometer (Thermalert TH5, Physitemp Instruments Inc., Clifton, NJ) placed underneath 

the bird’s abdomen. All anesthesia recordings were done under dim light and with the experimenter in the 

surgical room in order to keep an eye on the bird. Starting from the induction level (3 or 4% isoflurane), and 

going down 0.5% per step, 5min recordings were made for every isoflurane level. Between each change of 

isoflurane level, a 5 to 10min break from recording was taken, during which the heating pad was turned on 

and time was giving to reach the new anesthesia level. When the minimum level of isoflurane anesthesia 

required to keep the bird anesthetized (i.e., 1.5%; at lower isoflurane levels, the birds showed signs of 

arousing such as eye opening and postural changes) was reached and the recording at this level was 

completed, the isoflurane level was turned back to the induction level for one last high level anesthesia 

recording. At the end of the recording session, the isoflurane was turned off and the pigeon was allowed to 

wake up from the anesthesia. After the pigeon had fully awoken, the battery was detached and the bird was 

returned to the aviary. The bird’s behavior was monitored during the next hour to check for complete 

recovery from the anesthesia. The birds quickly resumed normal behavior including feeding and flying to and 

from their perch. 

 

Anatomy 

Prior to implantation, the electrode probes were coated with the fluorescent dye DiI (DiIC 18(3), Invitrogen) 

for anatomical registration with histological sections. At the end of the study, the brain was removed and 

frozen for histology to determine probe placement. Frozen brains were cut into 20μm serial coronal sections 

using a freezing microtome and mounted on glass slides. Subsequently, DAPI (4′,6-diamidino-2-phenylindole) 

and Nissl staining was applied. Fluorescence microscopy (Leica) was used to verify probe location in all birds.  

 

Analysis 

Signal filtering 

Raw recordings were band-pass filtered (finite impulse response filter) from 1.5 to 200Hz to yield LFP signals, 

and high-pass filtered at 350Hz to yield action potential activity. Based on the analysis in our earlier work 

(Van Der Meij et al., 2019), a substantial part of the power below 1.5Hz increased during the first post-

operative week and, unlike higher frequency slow-waves (>2Hz), had an irregular distribution across the 

recording array. Activity below 1.5Hz probably reflects an artifact resulting from the development of gliosis 

around the electrodes (Luan et al., 2017). Hence, to remove this activity, a 1.5Hz high-pass filter was applied 

to the signals. As the earlier NREM sleep recordings made before the onset of this artifact showed that 

hyperpallial slow-wave power peaks around 2Hz in pigeons (Van Der Meij et al., 2019), the filter applied in 

this study did not interfere with the slow-wave analysis. Unit activity was only present within the first few 
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days after implantation (Van Der Meij et al., 2019) and could thus not be analyzed in the recordings used in 

this study, which were made at least one week after surgery. 

 

Natural sleep scoring 

For each bird a full night recording, at least 1 week post-surgery, was analyzed. From this recording, 2 h of 

“early” night sleep (i.e., 1 h after lights off) and 2 h “late” night sleep (i.e., 2 h before lights on) was 

extracted. Within these recordings one representative channel, near the center of the array, was chosen for 

sleep scoring. Raw data of the selected channel was offline low-pass filtered at 100Hz and down-sampled to 

200Hz using MC_Rack software (Multi Channel Systems, Reutlingen, Germany). Subsequently, sleep states 

were manually scored by visual inspection of the LFP signal using SomnologicaTM (Embla Sleep Diagnostics) 

and the video recordings, in order to differentiate sleep states and exclude (movement) artifacts. Rather 

than using scoring epochs, sleep states were scored from the start until the end of each bout of each state. 

As in previous studies (Martinez-Gonzalez et al., 2008; Lesku et al., 2011), wake was characterized by low 

amplitude, high frequency LFP signals in combination with waking behaviors; REM sleep by low amplitude, 

high frequency LFP activity in combination with REM sleep behaviors (e.g., eye closure and head drops); and 

NREM sleep by immobility accompanied by high amplitude, low frequency (≤4.0 Hz) LFP signals, which had 

approximately twice the amplitude of alert wakefulness. 

 

Anesthesia scoring 

The same electrode site as used for the natural sleep scoring was chosen for the anesthesia scoring. Slow-

wave episodes and periods of suppression were manually scored from the start until the end of each bout by 

visual inspection of the LFP signal using RemlogicTM (Embla Sleep Diagnostics). As not all birds could be 

recorded at all isoflurane levels, we only analyzed the levels which were present for all birds (i.e., 1.5 to 

3.0%).  

 

Slow-wave analysis 

The following analyses were performed on the filtered signals (excluding artifacts and broken electrodes 

sites) following, with some exceptions, the method previously described in Beckers et al. (2014); Van Der 

Meij et al. (2019).  

Initial visual inspection of the LFP signal was performed by creating waveform plots and 

spectrograms of each natural sleep and anesthesia recording, in order to directly compare activity during 

wake, REM,NREM, and isoflurane anesthesia. For visualization, spectrograms were calculated following a 

multitaper approach (Thomson, 1982; Prerau et al., 2017), using the “multi_taper_psd” function of the 
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Python (version 3.6) Nitime toolbox (version 0.72) with a bandwidth parameter of 2Hz and 0.5 s window 

duration, with time steps of 10 ms.  

Spatio-temporal propagation of LFP slow-waves across the 2D-plane of the recording electrode 

matrix was quantified to examine traveling wave activity (Beckers et al., 2014; Van Der Meij et al., 2019). In 

short, at 1-ms intervals, LFP waves in the electrode grid that were stronger (i.e., more negative) than the 

threshold criterion (individual-dependent between −85 and −150mV) were identified as negative waves, and 

the changes of their spatial mean in time were tracked. The median number of negative traveling wave 

“trajectories” that were found in the 2-h NREM sleep recordings was 16609 (range: 14044 to 25691). The 

median number of negative traveling wave “trajectories” that were found in the lowest anesthesia (1.5% 

isoflurane; 5min recording duration) recordings was 648 (range: 502 to 892). To identify and track positive 

traveling waves the same procedure was followed by selecting LFP waves stronger (i.e., more positive) than 

the threshold criterion (individual-dependent between 85 and 150 mV).  

Videos illustrating the slow-wave patterns were rendered from the band-pass filtered LFP signal (1.5 

to 200Hz) in either real-time or 25x slowed down, in order to capture individual traveling patterns. 

 

Spectral analysis 

Power spectral density (PSD) was calculated (using Welch’s method; 10.0Hz bin size) for all episodes of 

NREM sleep (without wake interruptions) within each 2 h natural sleep (i.e., early and late sleep) recording 

and for all episodes of anesthesia slow-waves and suppression, separately, within each isoflurane level 

recording. Then, mean PSD for NREM sleep, and isoflurane bursts and suppression was calculated for each 

recording site for each bird. From this, the mean integral power in the 1.5–5Hz (slow-wave activity; SWA), 5–

25Hz and 25–100Hz (gamma) band was calculated for NREM sleep and slow-wave episodes recorded under 

the four different isoflurane levels. Given that apparent gliosis around the probes recording sites induced 

slow artifacts, we were not able to assess frequencies below 1.5Hz. The relatively large bin size and selected 

frequency bands in the above mentioned analysis were selected because of the short duration of the slow-

wave episodes under the higher isoflurane anesthesia levels, which sets a limit to the length of the window 

size for spectral analysis. 

 

Coherence 

Coherence between all possible electrode site pairs was calculated (using Welch’s method; 10.0Hz bin size) 

for all NREM sleep episodes and slow-wave episodes under anesthesia to examine both global coherence, 

and coherence between neighboring and distant sites. All coherence calculations were done using the 

scipy.signal toolbox in Python where coherence is defined as: Cxy = abs(Pxy)∗∗2/(Pxx∗Pyy), with Pxx and Pyy 
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being power spectral density estimates of x and y, and Pxy being the cross spectral density estimate of x and 

y. 

 

Statistics 

Statistical analyses were performed in R (version 3.4.4) with the libraries lme4 and lmerTest. Unless noted 

otherwise, statistical tests were carried out using linear mixed models (LMM), combining early and late 

NREM sleep, with bird identity as a random factor and isoflurane level as a fixed factor. All numerical values 

are the mean ± SD, unless otherwise stated. 

 

Results  

We recorded electrical activity from the visual hyperpallium of pigeons, during wake, REM, and NREM sleep, 

and different levels (1.5, 2.0, 2.5, and 3.0%) of isoflurane anesthesia, using a high-density electrode array 

connected to a telemetric system. The use of a within-bird design allowed us to compare LFP recordings 

from the same region in the same bird under natural sleep states and isoflurane anesthesia conditions. 

 

Comparing brain activity during isoflurane anesthesia and natural wake/sleep states 

Visual inspection of waveforms and accompanying spectrograms of the LFP activity recorded within the 

same bird during wake, REM, NREM sleep, and isoflurane anesthesia (examples in Figure 1) confirms that 

LFP activity found under isoflurane anesthesia predominantly consists of slow-waves that appear similar in 

power distribution to those that are characteristic of NREM sleep and that are much weaker or absent 

during wake or REM sleep. 

 

Slow-wave characteristics are altered under isoflurane anesthesia 

At all levels of isoflurane anesthesia, LFP slow-waves occurred across all recording sites and, as in NREM 

sleep, had the highest amplitude at the electrode sites corresponding to the thalamo-recipient IHA/HI (based 

on the stereotaxic coordinates and histology; also see Van Der Meij et al. (2019) (Figures 2A,C). However, 

under anesthesia, the overall slow-wave waveform had a more “spiky” wave pattern with sharp negative 

peaks when compared to NREM sleep (Figures 2B,C). Furthermore, waveforms from recordings made under 

increasing isoflurane levels showed an increase in suppression period duration (LMM; estimate = 0.67337, 

std. error = 0.09531, p = 5.64e-06, duration log-transformed, Supplementary Figure S1A). The duration of 

suppression periods within each isoflurane recording level was stable. Moreover, there was no difference in 

suppression duration at 3% isoflurane anesthesia measured at the beginning of the recordings session 

compared to the end of the recording session (Supplementary Figure S1B). 
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Figure 1. Comparison of power spectral density during wake, rapid eye-movement (REM) sleep, non-rapid eye-movement (NREM) 
sleep, and low (1.5%) isoflurane anesthesia: For each state a 10 s example waveform (bottom) is plotted with accompanying 
spectrogram (top). 
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Figure 2. Slow-waves in the hyperpallium during non-rapid eye-movement (NREM) sleep and different levels of isoflurane 
anesthesia: (A) Location of the 32-channel silicon probe. Probes were inserted horizontally in the visual hyperpallium (N = 4 birds). 
The orientation of the electrode grid (red) is depicted with the medial side to the left and the surface of the brain on top. E, 
entopallium; HA, hyperpallium apicale; HD, hyperpallium densocellulare; HI, hyperpallium intercalatum; IHA, interstitial part of 
hyperpallium apicale; LaM, lamina mesopallialis; LFM, lamina frontalis suprema; LFS, lamina frontalis superior; LMD, lamina 
medullaris dorsalis; LSt, striatum laterale; MD/MV, dorsal and ventral mesopallium; MSt, striatum mediale; N, nidopallium. Figure is 
reproduced from Van Der Meij et al. (2019) by permission of Oxford University Press. (B) Five-seconds local field potential (LFP) 
recording examples from the same electrode site during NREM sleep and the four different levels of isoflurane anesthesia. Each row 
of waveform plots depicts the recording from a different bird (Bird 1-4). Using the same scale for all recording conditions reveals the 
larger amplitude of the LFP signal during isoflurane recordings. Additionally, LFPs under higher levels of isoflurane show more “spiky” 
slow-wave episodes interrupted by increasingly longer periods of suppression. (C) Five-seconds LFP example recorded from the 4 × 8 
electrode array, showing the distribution of oscillations during NREM sleep (left) and under 1.5% (middle) and 3% (right) isoflurane 
anesthesia. The red underlined episodes in each waveform are shown in more detail in Figures 7A–C. 
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Differences in spectral composition of slow-waves under isoflurane anesthesia 

LFPs recorded in the same bird showed clear slow-waves during both NREM sleep and isoflurane anesthesia, 

but spectral analysis revealed some differences. When compared to NREM sleep (mean negative amplitude 

= −0.33mV, range: −0.08 to −1.04mV), the amplitude of the negative component of LFPs was significantly 

lower during anesthesia (mean negative amplitude = −0.57mV, range: −0.11 to −1.32mV; log-transformed 

LMM, estimate = 2.5e−02, std. error = 6.4e−04, p < 2e−16, Figures 1, 2B,C). Nonetheless, area specific 

differences in amplitude observed between IHA/HI and HA/HD during NREM sleep, was sustained under 

isoflurane anesthesia (Figure 2C). In addition, higher power spectral density (PSD) levels were found in all 

frequency bins under isoflurane anesthesia (Figure 3A). Specifically, PSD in the slow-wave frequency range 

(i.e., 1.5– 5Hz) was significantly higher under low (1.5%) isoflurane anesthesia compared to NREM sleep 

(LMM, estimate = −1.0e−3, std. error = 1.1e−4, p = 7.5e−4). As some of the waveform plots depicting 

suppression states showed a low amplitude LFP signal, a PSD analysis was also performed on the suppression 

states. PSD in all frequency bands was lower than during NREM sleep. However, there was still considerably 

more power in the 1.5–5Hz range than in the higher frequency ranges.  

Comparing the mean power ratio in the frequency bands 1.5–5Hz (SWA; slow-wave activity), 5–25Hz 

and 25–100Hz (gamma) over all slow-wave periods from all birds (N = 4) during NREM sleep and different 

levels of anesthesia, we found that the power was higher in all examined bands during isoflurane anesthesia 

compared to NREM sleep. In addition, comparing the power ratio in each examined frequency range under 

increasing levels of isoflurane revealed that the largest increase in power under anesthesia occurred in the 

5–25Hz and 25–100Hz band (Figure 3B). The power in the slow-wave activity range (i.e., 1.5–5Hz) did not 

change with increasing anesthesia levels (Figure 3B). Looking at the spatial distribution of SWA power over 

the electrode grid, we found that the same electrode sites (i.e., the ones placed in IHA/HI) that showed the 

highest SWA during NREM sleep also showed the highest SWA under isoflurane anesthesia (Figure 4). 

 

Slow-wave coherence increased under isoflurane anesthesia 

Comparing the waveforms of LFP slow-waves under NREM sleep and different anesthesia levels suggested 

that slow-waves appear to be more spatially synchronized between electrode recording sites during 

anesthesia. To quantify this, we calculated the mean coherence in the 1.5–5Hz frequency band between 

sites over all LFP slow-wave events per NREM sleep and low (1.5%) anesthesia recordings. Mean coherence 

between sites during NREM sleep is 0.49 (range: 0.39 to 0.65) while during low anesthesia it is 0.8 (range: 

0.67 to 0.85). We additionally examined coherence between electrode sites as a function of distance 

between sites and state (i.e., NREM sleep and anesthesia levels). Coherence was significantly higher under 

all anesthesia levels when compared to NREM sleep (LMM; estimate = 0.21578, std. error = 0.05694, p = 
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0.0289, Figure 5), and coherence overall decreased as distance between sites increased (slope = −0.127883, 

p ≤ 2e−16). 

 

 
Figure 3. Differences in spectral composition of slow-waves under isoflurane anesthesia: (A) Mean power source density (PSD) over 
all birds and all episodes of non-rapid eye-movement (NREM) sleep (i.e., early and late NREM sleep combined) or all slow-wave 
episodes under different levels of isoflurane anesthesia. Each condition shows a power frequency distribution typical for pigeon 
sleep (Martinez-Gonzalez et al., 2008); however, PSD of slow-wave episodes under all levels of isoflurane is higher in all frequency 
bands when compared to NREM sleep. (B) Mean power ratio in the 1.5–5Hz (slow-wave activity), 5–25Hz and 25–100Hz (gamma) 
bands was calculated over the mean of all slow-wave episodes from all birds (N = 4) during NREM sleep and different levels of 
isoflurane anesthesia. Power in all examined bands was higher during isoflurane anesthesia when compared to NREM sleep (i.e., 
stipulated line at y-axes = 1). The largest increase in power under increasing levels of isoflurane anesthesia occurred in the 25–100Hz 
band. 
 
 



80 
 

0.0289, Figure 5), and coherence overall decreased as distance between sites increased (slope = −0.127883, 

p ≤ 2e−16). 

 

 
Figure 3. Differences in spectral composition of slow-waves under isoflurane anesthesia: (A) Mean power source density (PSD) over 
all birds and all episodes of non-rapid eye-movement (NREM) sleep (i.e., early and late NREM sleep combined) or all slow-wave 
episodes under different levels of isoflurane anesthesia. Each condition shows a power frequency distribution typical for pigeon 
sleep (Martinez-Gonzalez et al., 2008); however, PSD of slow-wave episodes under all levels of isoflurane is higher in all frequency 
bands when compared to NREM sleep. (B) Mean power ratio in the 1.5–5Hz (slow-wave activity), 5–25Hz and 25–100Hz (gamma) 
bands was calculated over the mean of all slow-wave episodes from all birds (N = 4) during NREM sleep and different levels of 
isoflurane anesthesia. Power in all examined bands was higher during isoflurane anesthesia when compared to NREM sleep (i.e., 
stipulated line at y-axes = 1). The largest increase in power under increasing levels of isoflurane anesthesia occurred in the 25–100Hz 
band. 
 
 

81 
 

 
Figure 4.  Slow-wave activity (SWA) during both non-rapid eye-movement (NREM) sleep and isoflurane anesthesia: Mean SWA (1.5 
5Hz power; N = 4 birds) over all episodes of wake, rapid eye-movement (REM) sleep, NREM sleep, and low (1.5%) isoflurane 
episodes. SWA during NREM sleep and low anesthesia is the highest in the diagonal of the recording array (i.e., on the electrode sites 
that were placed in IHA/HI, the thalamic input layer). Image plots of SWA activity under 2.0, 2.5, and 3.0% isoflurane anesthesia 
showed the same pattern as the 1.5% anesthesia image plot (data not shown). 
 
 

 
 

Figure 5. Coherence between neighboring and distance sites during NREM sleep and isoflurane anesthesia: Mean coherence (dots; 
whiskers are SD) in the 1.5–5Hz frequency band decreases with increasing distance between electrode sites. Nonetheless, coherence 
is significantly higher under all levels of isoflurane anesthesia (1.5% isoflurane shown here; comparable results for higher isoflurane 
levels) compared to NREM sleep. 
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Comparable slow-wave propagation under isoflurane anesthesia 

At a time scale of seconds, during both NREM sleep and anesthesia recordings, the LFP waveforms appear 

the same across the array (Figure 6A), almost as if the oscillations occur near synchronously across the 

different “pseudo-layers.” However, at the time scale of tens of milliseconds, and zooming in on a single LFP 

peak from Figure 6A, shows that this peak occurs at slightly different times across the electrode grid (Figure 

6B) with the activity peak shifting later along the diagonal of the array. In general, like NREM sleep, LFP slow-

waves under isoflurane anesthesia primarily propagate along the IHA/HI, with occasional propagation to the 

overlying HA and, to a lesser extent, the underlying HD. This is also evident when slow-wave LFPs across the 

electrode matrix are plotted in a time series of image plots (Figures 7A–C, Supplementary Figure S2 and 

Supplementary Videos 1–3). Moreover, tracing the trajectories of the center of gravity of propagating slow-

waves shows that slow-waves under anesthesia, as during NREM sleep, often occur first along the diagonal 

of the recording plane, corresponding to IHA/HI (Figures 6C, 8A and Supplementary Figures S3A, B). When 

the net movement of each slow-wave across the plane of the electrode grid was expressed as a mean vector, 

the group mean vectors for both positive and negative component of LFP slow-waves showed significantly 

non-random directions (Rayleigh tests; p < 0.001) in every recording (N = 8, 2 h natural sleep recordings and 

N = 16, 5min anesthesia recordings at four different levels from 4 birds). The mean group vectors under low 

(1.5%) isoflurane anesthesia show small, non-significant differences in direction (paired t-tests: df = 3, p > 

0.1) from the mean group vectors under NREM sleep (black dots in Figure 8B). Nonetheless, mean vector 

length for positive slow-waves under both NREM sleep (0.39 ± 0.25mm) and low (1.5%) isoflurane 

anesthesia (0.48 ± 0.28mm) is not significantly different (paired t-test: df = 3, p = 0.09) and mean vector 

length for negative waves under NREM sleep (0.36 ± 0.23mm) and low (1.5%) isoflurane anesthesia (0.53 ± 

0.28mm) showed a slight, but significant difference (paired t-test: df = 3, p = 0.01) while there remains large 

variation in the direction of individual slow-waves (Figure 8B).  

The alternation of slow-waves and suppression periods under isoflurane anesthesia, compared to 

the almost continuous slow-wave pattern during NREM sleep, allowed us to investigate which component 

(i.e., negative or positive) of the LFP leads during slow-wave propagation under anesthesia. Superimposition 

of waveform plots of the first slow-wave after a suppression period (alignment based on scored start time of 

each single slow-wave period) showed that, during low (1.5%) anesthesia, a positive component of the field 

leads with respect to the negative component (Figure 9). 
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Figure 6.  Propagating slow-waves during anesthesia: (A) A 2 s waveform example recorded during high (3.0%) isoflurane anesthesia, 
showing that oscillations appear to be globally distributed across the recording array. (B) Detail of the LFP peak indicated with a red 
asterisk in (A), showing that peak activity actually occurs at slightly different times in different sites, especially along the diagonal of 
the recording plane, corresponding to IHA/HI. Gray bars depict the negative component of the wave and are centered on the 
negative peak of the site indicated with a red asterisk in (A). (C) LFP peak propagation across the grid is tracked by calculating the 
center of gravity of the propagating slow-wave in 1-ms intervals, based on sites with a potential < −0.15 mV. 
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Figure 7. Propagation of slow-waves during non-rapid eye-movement (NREM) sleep and isoflurane anesthesia: The red underlined 
episodes in Figure 2C are visualized in a sequence of image plots where pixels represent electrode sites and electrical potential is 
coded in color. Slow-wave propagation patterns during (A) NREM sleep and, (B,C) 1.5 and 3.0% isoflurane anesthesia. LFP (local field 
potential) activity generally initiates along the diagonal of the recording plane, corresponding to IHA/HI, and propagates mostly 
within the diagonal under all recording conditions. LFP voltage scale differs across subfigures (A–C). 
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Figure 8. Slow-wave trajectories and propagation direction: (A) Wave trajectories along the 2D-plane of the recording array (N = 50 
random waves; plus signs depict electrode sites) during non-rapid eye-movement (NREM) sleep (the early night results shown here 
and comparable to late night results) and under 1.5% isoflurane anesthesia. (B) Net wave propagation (in mm) was calculated for 
every local field potential (LFP) slow-wave in a 2 h recording of NREM sleep (the early night results shown here and comparable to 
the late night results) and 5 min 1.5% isoflurane anesthesia recording from the same bird. Shown are negative (red dots), positive 
waves (blue dots) and mean propagation direction (black dot). Each row of graphs depicts the results of a different bird (N = 4). 
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Figure 9. Leading positive component of local field potential (LFP) slow-waves during isoflurane anesthesia: For each bird (different 
rows) the start of each slow-wave episode after a suppression period during different isoflurane levels was plotted (gray lines, mean 
in red). Slow-waves after a period of suppression start with a positive component followed by a sharp negative component. 
 

DISCUSSION 

Our understanding of the similarities and differences between slow-waves occurring under different types of 

anesthesia and NREM sleep has been primarily based on EEG, LFP, and intracellular recordings in cats 

(Steriade et al., 1993a,b,c; Chauvette et al., 2011). Based on those studies, anesthesia is now a well-

established method for studying the cortical dynamics of slow-waves when experiments in freely behaving 

animals are technically impossible. Given that birds show similar sleep states to mammals, anesthesia is also 

used in avian sleep research (Beckers et al., 2014). Moreover, anesthesia (often isoflurane) is used in other 

fields, such as the neuroscience of birdsong (e.g., Beckers and Gahr, 2012; Menardy et al., 2014). Although 
there is EEG evidence for parallels between NREM sleep and isoflurane anesthesia in birds (Tisdale et al., 

2018), a comparison of the underlying intra-cortical brain activity has been lacking. Using intra-cortical high-

density electrode array recordings from the same naturally sleeping and isoflurane anesthetized pigeons, we 
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characterized and compared the spatio-temporal properties of slow-waves in the avian hyperpallium 

occurring during both states. 
 

Effects of Isoflurane Anesthesia on Slow-Waves 

Our intra-cortical recordings of pigeons revealed that slow-waves occur at all isoflurane anesthesia levels 

examined, although the duration of slow-wave episodes becomes shorter and the periods of suppression 

between them become longer, as the level increases. Slow-waves under isoflurane anesthesia are more 

similar in spatial power distribution to NREM sleep than to wake or REM sleep. In addition, as in NREM sleep, 

slow-waves under anesthesia propagate through the hyperpallium following the same spatio-temporal 

patterns including primary slow-wave initiation and propagation in the thalamic input layer IHA/HI. 

Interestingly, the analysis of the first slow-wave after isoflurane induced periods of suppression revealed 

that slow-waves under anesthesia have a leading positive component followed by a negative component. 

Although this might reflect a dipole passing the 2D-plane of the array, three dimensional recordings during 

NREM sleep and intra-cellular recordings are needed to fully understand the spatial distribution of positive 

and negative fields.  

Despite the similarities between slow-waves occurring during NREM sleep and isoflurane anesthesia, 

a number of differences were observed. First, under anesthesia, periods of suppression emerged in between 

slow-waves. The time spent in suppression increased with increasing anesthesia levels, a finding that has 

also previously been reported in rats and chickens anesthetized with isoflurane (Murrell et al., 2008; 

Mcilhone et al., 2014). Consequently, brain activity during the lowest level of isoflurane (i.e., 1.5%) possible 

to measure from in this study most closely resembles NREM sleep. The low amplitude activity visible during 

some episodes of suppression states are of unknown origin but might be caused by local processes, artifacts 

on the recordings sites or volume conduction from multiple, dispersed sources further away in the same 

hemisphere or from the left hemisphere, as slow-waves (i.e., burst state) can occur asynchronously between 

hemispheres (Rattenborg and Amlaner, 2010; Tisdale et al., 2018). Second, the LFP negative peak amplitude 

was significantly larger (i.e., more negative) during anesthesia when compared to NREM sleep. Third, PSD 

significantly increased in all examined frequency bands (1.5–100 Hz) under isoflurane anesthesia, with the 

highest increase taking place in the 5–25 and 25–100 Hz bands. Nonetheless, the power spatial distribution 

in the slow-wave frequency band (i.e., 1.5–5 Hz) under low (1.5%) isoflurane anesthesia is more comparable 

to NREM sleep than to wake and REM sleep, suggesting that slow-waves during isoflurane anesthesia are 

similar, though stronger, than slow-waves under NREM sleep. This finding is in agreement with a recent EEG 

study in pigeons (Tisdale et al., 2018). Interestingly, cats anesthetized with ketamine-xylazine exhibit lower 

power in the low frequencies (0.1–4 Hz and 8–14 Hz) when compared to NREM sleep (Chauvette et al., 

2011). Whether this difference in power spectra is due to the use of different anesthetics, or to the species 
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examined, will need to be determined in future studies. Lastly, slow-wave coherence between electrode 

sites was higher under all levels of anesthesia when compared to NREM sleep. Interestingly, higher 

coherence in the slow-wave frequency range during anesthesia compared to NREM sleep was also found in 

cats anesthetized with ketamine-xylazine (Chauvette et al., 2011). Additional studies will have to determine 

whether increased coherence in the slow-wave frequency range is a common feature of anesthetics  

 

Conclusion, Implications, and Future Perspectives 

To our knowledge, this is the first direct comparison of intracortical brain activity during wake, NREM sleep, 

and REM sleep, and different levels of isoflurane anesthesia in birds. We opted for isoflurane in this study as 

this is a common anesthetic used in lab studies examining the neurophysiology of avian sleep (e.g., Beckers 

et al., 2014, Tisdale et al., 2018) and the neurological correlates of bird song (e.g., Beckers and Gahr, 2012; 

Menardy et al., 2014). Nonetheless, future research should consider examining other anesthetics (Zhang et 

al., 2015). Furthermore, as read-outs of vaporizer output levels of anesthesia could be imprecise, future 

experiments should monitor the blood level of the anesthetic. Nonetheless, this initial study demonstrates 

that, as in a number of mammals, slow-waves in pigeons anesthetized with isoflurane are similar in some 

respects to those occurring during NREM sleep. In particular, the primary propagation pattern of LFP slow-

waves along the IHA/HI, a layer receiving thalamic input, under isoflurane anesthesia and during NREM sleep 

could indicate thalamic involvement in the genesis of cortical slow-waves during both states. Nonetheless, 

periods of suppression, higher coherence, and increased high-frequency activity, clearly distinguished 

isoflurane anesthesia from NREM sleep. These considerable differences might be important to take into 

consideration when attempting to interpret data from studies utilizing anesthesia in neurophysiological 

experiments. 
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Supplementary figures 

 
Supplementary Figure S1. Progression of suppression durations at the different isoflurane levels: (A) Mean suppression duration 
(black dot, standard error bars in grey) becomes longer with increasing anesthesia level. (B) Normalized suppression duration per 
isoflurane level (colored circles) and per bird (different graphs). Duration of suppression episodes was stable within each isoflurane 
recording level. Moreover, there was no difference between suppression duration at 3% isoflurane anesthesia measured at the 
beginning of the recording session (blue circles) compared to the ending of the recording session (black circles; i.e. turning back to 
3% after recording at 1.5%). Note that differences in circles plotted along the x-axis are due to slight variation in recordings duration 
per level and bird. 
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Supplementary Figure S2. High temporal resolution (2 ms) plots of propagating slow-waves during low (1.5%) and high (3.0%) 
isoflurane anesthesia depicted in figure 7B (frame 320-380) and 7C (frame 650-670), respectively. Similar to NREM sleep, the local 
field potential (LFP) activity under anesthesia generally initiates along the diagonal of the recording plane, corresponding to IHA/HI, 
and propagates mostly within this diagonal.  
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Supplementary Figure S3. Slow-wave trajectories and propagation direction during higher isoflurane levels: (A) Wave trajectories 
along the 2D-plane of the recording array (N = 50 or less random waves; plus signs depict electrode sites) under 2.0%, 2.5% and 3.0% 
isoflurane anesthesia, which are comparable to the trajectory plots depicted in Figure 8A. (B) Net wave propagation (in mm) was 
calculated for every local field potential (LFP) slow-wave in a five minute isoflurane anesthesia recording (2.0%, 2.5% and 3.0%, 
respectively) from the same birds as depicted in Figure 8B. Shown are negative (red dots), positive waves (blue dots) and mean 
propagation direction (black dot). Each row of graphs depicts the results of a different bird (N = 4).  

 

Supplementary video legends 

Supplementary videos can be accessed online at: 

https://www.frontiersin.org/articles/10.3389/fnins.2019.00262/full 

 

Video S1. Video (slowed down 25x) of the image sequence shown in Figure 7A. Slow-wave propagation 

pattern during natural NREM sleep. 

 

Video S2. Video (slowed down 25x) of the image sequence shown in Figure 7B. Slow-wave propagation 

pattern under 1.5% isoflurane anesthesia. 

 

Video S3. Video (slowed down 25x) of the image sequence shown in Figure 7C. Slow-wave propagation 

pattern under 3.0% isoflurane anesthesia. 
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Chapter 5 

 

Divergent neuronal activity patterns in the avian hippocampus 

and nidopallium 
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Abstract  

Sleep-related brain activity occurring during non-rapid eye-movement (NREM) sleep is proposed to play a 

role in processing information acquired during wakefulness. During mammalian NREM sleep, the transfer of 

information from the hippocampus to the neocortex is thought to be mediated by neocortical slow-waves 

and their interaction with thalamocortical spindles and hippocampal sharp-wave ripples (SWRs). In birds, 

brain regions composed of pallial neurons homologous to neocortical (pallial) neurons, also generate slow-

waves during NREM sleep, but little is known about sleep-related activity in the hippocampus and its 

possible relationship to activity in other pallial regions. We recorded local field potentials (LFP) and analogue 

multi-unit activity (AMUA) using a 64-channel silicon multi-electrode probe simultaneously inserted into the 

hippocampus and medial part of the nidopallium (i.e. caudal medial nidopallium; NCM) or separately into 

the caudolateral nidopallium (NCL) of adult female zebra finches (Taeniopygia guttata) anesthetized with 

isoflurane, an anaesthetic known to induce NREM sleep-like slow-waves. We show that slow-waves in NCM 

and NCL propagate as waves of neuronal activity. In contrast, the hippocampus does not show slow-waves, 

nor sharp-wave ripples, but instead displays localized gamma activity. In conclusion, neuronal activity in the 

avian hippocampus differs from that described in mammals during NREM sleep, suggesting that 

hippocampal memories are processed differently during sleep in birds and mammals. 

 

Introduction  

Sleep occurs in all investigated animal species, suggesting that it evolved early and serves an important 

purpose (Blumberg, 2017; Nath et al., 2017). In mammals, the shift from wakefulness to sleep is associated 

with distinct changes in neuronal activity in the neocortex. Non-rapid eye-movement (NREM) sleep is 

characterized by the slow (<1 Hz) oscillation, or alternation, in neuronal membrane potentials between 

hyperpolarized down-states with neuronal quiescence and depolarized up-states with action potentials, 

giving rise to slow-waves (0.5-4.5 Hz) in local field potential (LFP) and electroencephalogram (EEG) 

recordings (Steriade et al., 1993)  that propagate across the neocortex (Massimini et al., 2004; Murphy et al., 

2009; Nir et al., 2011). Despite several hypotheses for the function of NREM sleep, its exact purpose remains 

actively debated (Steriade, 2006; Diekelmann & Born, 2010; Rattenborg et al., 2011; Born & Wilhelm, 2012; 

Chauvette et al., 2012; Rasch & Born, 2013; Genzel et al., 2014; Tononi & Cirelli, 2014; Staresina et al., 2015; 

Latchoumane et al., 2017). One line of research suggests that the brain rhythms occurring during NREM 

sleep are involved in processing information acquired during wakefulness (Marshall & Born, 2007; Colgin & 

Moser, 2010; Diekelmann & Born, 2010; Born & Wilhelm, 2012; Staresina et al., 2015; Latchoumane et al., 

2017). In particular, slow-waves occurring during NREM sleep are proposed to play a role in sleep-related 

memory consolidation (Steriade, 2006; Massimini et al., 2009; Chauvette et al., 2012). 
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recordings (Steriade et al., 1993)  that propagate across the neocortex (Massimini et al., 2004; Murphy et al., 

2009; Nir et al., 2011). Despite several hypotheses for the function of NREM sleep, its exact purpose remains 

actively debated (Steriade, 2006; Diekelmann & Born, 2010; Rattenborg et al., 2011; Born & Wilhelm, 2012; 

Chauvette et al., 2012; Rasch & Born, 2013; Genzel et al., 2014; Tononi & Cirelli, 2014; Staresina et al., 2015; 

Latchoumane et al., 2017). One line of research suggests that the brain rhythms occurring during NREM 

sleep are involved in processing information acquired during wakefulness (Marshall & Born, 2007; Colgin & 

Moser, 2010; Diekelmann & Born, 2010; Born & Wilhelm, 2012; Staresina et al., 2015; Latchoumane et al., 

2017). In particular, slow-waves occurring during NREM sleep are proposed to play a role in sleep-related 

memory consolidation (Steriade, 2006; Massimini et al., 2009; Chauvette et al., 2012). 
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According to a prominent mammalian-based theory, slow-waves coordinate the transfer of 

information, temporarily stored in the hippocampus, to the neocortex for long term storage and integration 

with preexisting memories (reviewed in Marshall & Born, 2007). During mammalian NREM sleep, 

hippocampal memory transfer is thought to be mediated by the reactivation of memories in the 

hippocampus and neocortex during co-occurring hippocampal sharp-wave ripples (SWRs; high-amplitude 

sharp waves accompanied by low-amplitude 150-200 Hz waves), thalamocortical spindles, and neocortical 

slow-waves (Sirota et al., 2003; Steriade, 2006; Diekelmann & Born, 2010; Colgin, 2011; Rattenborg et al., 

2011; Staresina et al., 2015; Latchoumane et al., 2017). In particular, slow-waves originating in the prefrontal 

cortex (PFC) are thought to play a prominent role in coordinating thalamocortical spindles and hippocampal 

SWRs (reviewed in Marshall & Born, 2007). It is furthermore hypothesized that the traveling nature of slow-

waves may play a role in the reactivation and consolidation of memories (Chauvette et al., 2012) via 

processes such as spike timing-dependent plasticity (Caporale & Dan, 2008). In humans, slow-waves tend to 

occur first in frontal regions and then propagate toward the medial temporal lobe, including the 

hippocampus (Nir et al., 2011), although it is unknown whether this propagation plays a role in hippocampal 

memory transfer.  

Interestingly, birds exhibit slow-waves (Reiner et al., 2001) similar to those occurring during 

mammalian NREM sleep (Lesku et al., 2011; Rattenborg et al., 2011; Van Der Meij et al., 2019a). In addition, 

as in mammals (Massimini et al., 2004; Murphy et al., 2009; Nir et al., 2011), avian slow-waves propagate as 

traveling waves (Van Der Meij et al., 2019a). However, in contrast to mammals, thalamocortical spindles 

seem to be absent in birds (Van Der Meij et al., 2019a). In addition, SWRs were not reported in hippocampal 

recordings of pigeons while awake and immobile (Siegel et al., 2000; Rattenborg et al., 2011) when SWRs are 

also known to occur in rats (Buzsaki, 2015). Moreover, the few studies that examined hippocampal activity 

during avian sleep, failed to detect SWRs during NREM sleep (Ookawa & Gotoh, 1965; Van Twyver & Allison, 

1972; Sugihara & Gotoh, 1973; Szymczak, 1987; Fuchs et al., 2006; Martinez-Gonzalez et al., 2008; Dos 

Santos et al., 2009), or a mammal-like theta rhythm during REM sleep (Berger & Walker, 1972; Van Twyver & 

Allison, 1972; Sugihara & Gotoh, 1973; Susic & Kovacevic, 1973; Szymczak, 1987; Siegel et al., 2000; Ookawa, 

2004; Fuchs et al., 2006; Martinez-Gonzalez et al., 2008; Dos Santos et al., 2009). Instead, the avian 

hippocampus showed slow-wave or activated patterns similar to those occurring in neocortical-like 

structures during NREM and REM sleep, respectively (reviewed in Rattenborg et al., 2011). However, due to 

the absence of unit recordings, it is unclear whether the field potentials recorded from the avian 

hippocampus reflect intrinsically generated activity or volume conduction from nearby structures. Clearly, 

further work is needed to characterize sleep-related hippocampal activity in birds and the extent to which it 

differs from that described in mammals. 
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In the current study, we recorded extracellular potentials in the zebra finch (Taeniopygia guttata) 

hippocampus and adjacent nidopallium, a neocortex-like pallial structure that includes the avian analogue of 

the mammalian PFC, the caudolateral nidopallium (NCL) (Güntürkün, 2005b; a; Kirsch et al., 2008; Herold et 

al., 2011), to explore the propagation pattern of slow-waves in these regions, and to compare neuronal 

activity between the hippocampus and nidopallium. The recordings were performed under isoflurane, an 

anesthetic that activates NREM sleep promoting neurons in the mammalian hypothalamus (Moore et al., 

2012; Jiang-Xie et al., 2019), and induces slow-waves in zebra finches (Beckers et al., 2014) and in pigeons 

with propagation patterns similar to those occurring during spontaneous NREM sleep (Van Der Meij et al., 

2019b). 

 

Materials and Methods 

Experimental design 

Animals  

Ten adult (>90-day-old) female zebra finches (Taeniopygia guttata) were used in this study. Birds were 

reared in a colony and housed in an aviary with other adult zebra finches of both sexes. Birds were taken 

from the colony shortly before the electrophysiological procedure started. All procedures were performed 

under systemic anesthesia under supervision of the institutional Tierschutzbeauftragte, in accordance with 

German laws and regulations (Tierschutzgesetz, §4, Abs. 3 and §§8b, 9 Abs. 2, Satz 2). 

 

Surgery 

Birds were anesthetized with isoflurane gas vaporized in oxygen (induction: 3% and maintenance:  1 to 

1.7%). Subsequently, the bird’s head was fixed in a custom-built stereotaxic frame (i.e. two ear bars and one 

screw at beak level) of which the line from the axis of the ear and mouth bar was angled downward 45° 

relative to the horizontal bar of the stereotaxic frame. The bird’s body temperature was maintained with a 

heating pad. Prior to performing a midline incision, head feathers were clipped and lidocaine creme (2%, as 

analgesia) was applied to the skin. An initial rectangular craniotomy was made to expose the bifurcation 

point of the mid-sagittal sinus (i.e. to serve as a coordinate zero point) and a second window overlaid the 

probe insertion site. An incision was made in the dura to accommodate coronal probe insertion. The 

positioning of the probe was completed using a micromanipulator and the precise positioning of the probe 

depended on avoidance of blood vessels on top of the brain. Prior to implantation, the tips of the probe 

shanks were positioned directly above the brain surface to visually verify (i.e. through 60x microscope 

magnification) that the brain did not move due to breathing or heartbeat. The probe was then slowly 

lowered, until all 64 channels were inside the brain, with sites on the top row positioned just underneath the 
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brain surface. Subsequently, ground and reference wires were placed, between the skin and scalp, above the 

cerebellum. 

 

Recordings 

Prior to recording, a grounded metal net was placed over the setup in order to minimize electrical 

disturbance of the recordings due to surrounding equipment. Recordings started 30 minutes after probe 

insertion and lasted 10 minutes each. Neuronal activity was recorded using a 64-channel silicon-based multi-

electrode probe (a8x8-5 mm200-200-413 or a8x8-5 mm200-200-177, NeuroNexus Technologies, Ann Arbor, 

MI, USA). The probe consisted of eight parallel shanks (shank thickness, 15 μm) separated by 200 μm, each 

holding 8 recording sites (site surface, 413 μm2 (N = 8) or 177 μm2 (N = 2)) spaced 200 μm apart. The 

resulting matrix of 8x8 recording sites thus extended over 1400x1400 μm. The 64 channels, referenced to a 

platinum wire near the cerebellum, were buffered by a head stage preamplifier (gain of 10x; MPA32I, Multi 

Channel Systems, Reutlingen, Germany). A second amplification (gain of 200x) was achieved with a 

multichannel amplifier (fixed band-pass filters 0.1-5000 Hz; PGA64, Multi Channel Systems, Reutlingen, 

Germany), resulting in a total amplification of 2000 times. Amplified and filtered signals were digitized (at 14 

kHz, 16 bits resolution; NI9205, National Instruments, Munich, Germany) and stored on a personal 

computer.  

In six birds, recordings were made from the hippocampus (Hp) and underlying caudal medial nidopallium 

(NCM), 0.5 to 1.5 mm anterior, and centered around 0.1 to 0.7 mm lateral, from the bifurcation point of the 

mid-sagittal sinus and at a depth of between 1540 to 2125 µm below the brain surface. Two birds were used 

to record from the dorsolateral cortical area (CDL) and medial part of the caudolateral nidopallium (NCL), 1.9 

to 2.4 mm anterior, centered around 1.6 to 1.9 mm lateral and at a depth of 1440 to 2100 µm. Additionally, 

two birds were used to record from the lateral part of NCL, 1.6 to 2.7 mm anterior, centered around 2.6 mm 

lateral and at a depth of 1440 to 1950 µm. Recordings from two birds, one NCM and one medial NCL, were 

briefly reported on in Beckers et al. (2014). For each recording location, half of the birds were recorded from 

the left hemisphere and in the other half of the birds from the right hemisphere (Figures 1A & 6A).  

At the end of the recording session, the brain was removed and frozen for histology to determine probe 

placement (Beckers & Gahr, 2010; 2012; Beckers et al., 2014). 

 

Anatomy 

Before positioning the electrode array, the probe was coated with the fluorescent dye DiI (DiIC 18(3), 

Invitrogen) for anatomical registration with histological sections. Using a cryostat, brain slices (thickness, 20 

μm) were made and mounted on glass slides. Sections were fixed in 4% formaldehyde solution in phosphate-
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buffered saline and then DAPI-stained (4′,6-diamidino-2-phenylindole). The tract of the DiI-labelled shanks 

was detected using a fluorescence microscope (Leica). 

 

Analysis 

Signal filtering 

All electrophysiological raw data were filtered and analyzed in Python, version 2.7, using signal analysis and 

array computation functionality of the scientific computing packages NumPy, version 1.10.3, and SciPy, 

version 0.17.0. Raw recordings were low-pass filtered at 200 Hz to yield LFP signals, and high-pass filtered at 

350 Hz to yield action potential activity. Multi-unit activity (MUA) signals were rectified and decimated to a 

sampling rate of 1 kHz, yielding analog multi-unit amplitude signals (AMUA), which reflect the amount of 

action potential firing of a local population of neurons close to the electrode site. 

 

Slow-wave analysis 

The following analyses were performed on the filtered signals (excluding artifacts) following, with some 

exceptions, the method previously described in Beckers et al., 2014 and Van Der Meij et al., 2019a,b. Initial 

visual inspection of the LFP/AMUA signal was performed by creating waveform plots, raster plots of AMUA 

and spectrograms for each selected recording per bird. For visualization, spectrograms were calculated 

following a multi-taper approach (Thomson, 1982; Prerau et al., 2017), using the ‘multi_taper_psd’ function 

of the Python (version 2.7) Nitime toolbox (version 0.72) with a bandwidth parameter of 2 Hz and 0.5 s 

window duration, with time steps of 10 ms. 

Spatial-temporal propagation of LFP waves across the 2D recording plane was quantified using the method 

describe in Beckers et al., 2014 and Van Der Meij et al., 2019a,b. In short, at 1-ms intervals, LFP waves in the 

electrode grid that were stronger (i.e. more negative) than the threshold criterion (-0.125 mV) were 

identified as negative waves, and the changes of their spatial mean over time were tracked. The resulting 

temporal series of a wave’s center locations is defined as a traveling wave “trajectory”. The median number 

of negative trajectories found in the 10-minute recordings from NCM was 874 (range: 787 to 1645) and from 

NCL was 973 (range: 695 to 1298). To identify and track positive traveling waves, a similar procedure was 

followed by selecting LFP waves stronger (i.e. more positive) than the threshold criterion (0.125 mV). 

To capture individual traveling patterns, videos illustrating the slow-wave patterns were rendered from the 

filtered LFP signal (0.1 to 200 Hz) and AMUA (>350 Hz) in either real-time or 50x slowed down. 

 

Hippocampal sharp-wave analysis  

Identification of potential hippocampal sharp-waves was based on visual inspection of LFP waveform plots of 

complete recordings, in 5-s episodes. We defined a hippocampal sharp-wave as a sharp negative deflection 
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at a hippocampal site that crosses a threshold of -0.125 mV, and that does not correspond to similar, but 

larger, negative deflections occurring outside the hippocampus. 

 

Spectral analysis  

Power spectral density (PSD) was calculated (using Welch’s method; 1.0 Hz bin size) to investigate the signal 

power distribution over different frequencies on specific electrode sites.  

 

Coherence 

LFP and AMUA (low-pass filtered at 75 Hz) coherence between all possible electrode site pairs was 

calculated (using Welch’s method; 1.0 Hz bin size) for one selected recording per bird (i.e. the recording that 

had all electrode sites implanted and was similar in depth to the selected recordings of the other birds 

analyzed) to examine coherence within and between NCM and hippocampus. All coherence calculations 

were performed using the scipy.signal toolbox in Python where coherence is defined as: Cxy = 

abs(Pxy)**2/(Pxx*Pyy), with Pxx and Pyy being power spectral density estimates of x and y, and Pxy being 

the cross spectral density estimate of x and y. 

 

Statistics  

All statistical tests reported were performed using R (version 3.4.4) with the libraries lme4 and lmerTest. 

Unless noted otherwise, statistical tests were carried out using linear mixed models (LMM), with bird 

identity as a random factor, and site pairs and distance between sites as fixed factors. All numerical values 

are the mean±SD, unless otherwise stated. 

  

Results 

We recorded electrical activity from the hippocampus and nidopallial regions of female zebra finches, under 

low isoflurane anesthesia, using a high-density electrode array. Simultaneous recordings from the 

hippocampus and the underlying nidopallium (Figure 1A) allowed us to compare LFP and AMUA activity 

between these two regions. 

 

Slow-waves in the nidopallium but not in the hippocampus 

Both the hippocampus and nidopallium exhibited overall substantial LFP and AMUA. In NCM and NCL, AMUA 

patterns were clearly related to LFP slow-waves (i.e. alternation between action potential firing at negative 

LFP deflections and neuronal quiescence at positive LFP deflections; Figures 1B & 6B). In contrast, in the 

hippocampus AMUA was characterized by continuous spiking activity (Figure 1C) unrelated to LFP slow-

waves in this region (Figures 1B & 2A).  
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Figure 1. Slow-waves in the hippocampus and nidopallium during low isoflurane anesthesia: (A) Location of the 64-channel silicon 
probe inserted simultaneously in the hippocampus (Hp) and caudal medial nidopallium (NCM). The orientation of the electrode grid 
(yellow) is depicted with the medial side to the left and the surface of the brain on top. Abbreviations: area parahippocampalis 
(APH), cerebellum (Cb), caudolateral nidopallium (NCL). (B) Five-second local field potential (LFP) and analogue multiunit activity 
(AMUA) example recorded from the 8x8 electrode array, showing the distribution of oscillations under low (1.1%) isoflurane 
anesthesia. Recordings made in the hippocampus are highlighted by grey boxes. (C) Zoomed in example of AMUA in the 
hippocampus showing the continuous spiking activity in this region compared to the more isolated spikes observed in the NCM (see 
insert). 
 
Mean AMUA power and mean LFP power in the 0-5 Hz range was significantly higher in the nidopallium 

(NCM and NCL) than in hippocampus (AMUA LMM: estimate = 1.4122, std. error = 0.3145, t = 4.491, p = 

0.003; LFP LMM: estimate = 0.8767, std. error = 0.1852, t = 4.735, p = 0.003, N = 10 birds; Figure 3). Visual 

inspection of waveform plots of LFP activity in the six birds for which we had concurrent recordings in NCM 
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and hippocampus revealed that slow-waves almost always appeared stronger in NCM (e.g. see Figure 1B, 2B, 

7C). To quantify this, we divided every recording in consecutive 10-s epochs and compared power between 

regions for every epoch: in five out of the six birds, mean LFP power in the 0-5 Hz range was always higher in 

NCM than in hippocampus (100% of 60 epochs in each animal). In one bird, with relatively low LFP power in 

both regions, mean LFP power was more often, but not always, higher in NCM (73% of 60 epochs). In five 

out of the six birds, mean AMUA power in the 0-5 Hz range was consistently higher in NCM than in 

hippocampus (100% of 60 epochs in each animal). In the remaining bird, mean AMUA power was almost 

always higher in NCM (95% of 60 epochs). 

Visually, negative deflections of LFP slow-waves (i.e. the depolarized state) concur with AMUA on the 

same recording site in NCM and NCL, but not in hippocampus (Figures 1B, 2A & 6BC). Coherence analyses 

support these observations quantitatively: in the 0-5 Hz frequency band, mean coherence between LFP and 

AMUA signals from the same recording site was relatively high in NCM (mean = 0.305; range = 0.085 to 

0.576; N = 6 birds) and in NCL (mean = 0.324; range = 0.243 to 0.425; N = 4 birds), but low in hippocampus 

(mean = 0.006; range = 0.001 to 0.021; N = 6 birds). LFP from hippocampal sites showed significantly higher 

coherence with AMUA from distant sites in NCM (mean = 0.178; range = 0.052 to 0.318; N = 6 birds) than 

with AMUA from the same site in hippocampus (LMM: estimate = -0.172, std. error = 0.05, t = 3.421, p = 

0.002, N = 6 birds).  Consequently, hippocampal LFP slow-waves likely reflect volume conduction from the 

NCM. 

AMUA in the slow-wave range had high coherence with AMUA of other sites within NCM (mean = 

0.163; range = 0.003 to 0.658) and within NCL (mean = 0.13; range = 0.001 to 0. 468), but not within 

hippocampus (mean = 0.014; range = 0.001 to 0.105), or between NCM and hippocampus (mean = 0.005; 

range = 0.001 to 0.083; Figure 4 & Supplementary Figure 1). In the 0-5 Hz frequency band, between site 

AMUA-AMUA coherence was significantly higher in NCM than in hippocampus (LMM: estimate = 3.3087, std. 

error = 0.1999, t = 16.552, p < 2e-16, N = 6 birds). AMUA-AMUA coherence between hippocampus and NCM 

was significantly lower than coherence within each region (LMM: estimate = -0.6354, std. error = 0.1973, t = 

-3.221, p = 0.0014, N = 6 birds). Site distance was also a significant factor explaining variation in between site 

AMUA-AMUA coherence in the 0-5 Hz band, i.e. the coherence decreased significantly with distance 

between sites (LMM: estimate = -0.7371, std. error = 0.1982, t = -3.719, p < 0.001, N = 10 birds). 

Taken together, these results show the presence of strong AMUA activity at slow-wave frequencies 

in the nidopallium (NCM and NCL). This activity is coherent over larger distances (hundreds of micrometers) 

within these regions, with coherence decreasing with distance. The hippocampus lacks appreciable AMUA 

slow-wave activity. The little LFP slow-wave activity in the hippocampus has lower power than in NCM and is 

coherent with AMUA in NCM, suggesting their source is in NCM. 
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Figure 2. Coordinated local field potential and spiking activity in the NCM, but not in the hippocampus: (A) Five-second LFP example 
from a caudal medial nidopallium (NCM) recording site combined with a plot of LFP in color scale (from negative in red to positive in 
blue) and superimposed firing activity in gray scale (from low in transparent to high in black) at all sites of the recording array placed 
in the hippocampus (Hp) and in the NCM. Each depolarization and hyperpolarization in the LFP is connected to unit activity and 
neuronal quiescence, respectively, in the NCM; unit activity in the hippocampus was continuous and independent of slow-wave 
phase. Note that the electrodes in the plot are ordered per region, from left to right and from top to bottom of the array. (B) Five-
second AMUA firing activity and power spectral density in the hippocampus (top) and NCM (bottom). 
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Figure 3. Slow-wave power in the hippocampus and nidopallium: Both mean AMUA power and mean LFP power (N = 10 birds) in the 
0-5 Hz range were significantly higher in the nidopallium (NCM and NCL) than in hippocampus. Shaded areas depict standard 
deviation. 
 

 
Figure 4. AMUA coherence between neighboring and distant sites: Mean coherence in the 0-5 Hz frequency band for the same bird 
as depicted in Figures 1 and 2, showing high coherence between sites within NCM, but not within the hippocampus or between NCM 
and the hippocampus. 
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Figure 5. Examples of propagating slow-waves in NCM, but not the hippocampus: (A,B) Two examples from different birds, where 
pixel color and gray levels correspond to LFP and AMUA magnitudes, depicting different propagation patterns within NCM. LFP 
activity often initiates at different points within NCM and co-occurs with firing activity (AMUA) suggesting that it reflects local 
neurophysiological activity, rather than activity volume-conducted from a remote source.  Note LFP voltage scale differs between the 
subfigures. 
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Traveling slow-waves in the nidopallium  

Similar to activity in the avian hyperpallium (Beckers et al., 2014; Van Der Meij et al., 2019a,b), AMUA 

occurring during the apparent up-state of slow oscillations propagates through the nidopallium (both NCM 

and NCL), but not the hippocampus. This is most evident when LFPs and AMUA across the electrode matrix 

are plotted in a time series of image plots (Figure 5, 6D & Supplementary Video 1-3). Figure 5 and 6D show a 

wave propagating across the electrode array in NCM and NCL, respectively. The finding that each LFP slow-

wave coincides with AMUA suggests that the traveling aspect of these LFP waves reflect consecutive, local 

neurophysiological activation, instead of volume conduction from a distant source. LFP slow-waves can 

initiate at different locations across the recording plane and are found to move along variable trajectories, 

even within the same bird (Supplementary Figure 2A). Within this large variability in wave trajectories, 

however, we observed some reoccurring patterns and a bias in overall directionality. When the net 

movement of each slow-wave across the plane of the electrode grid was expressed as a mean vector, the 

group mean vectors for both the positive and negative component of LFP slow-waves showed significantly 

non-random directions (Rayleigh-tests; p<0.001) in every recording (N = 12 NCM recordings and N = 8 NCL 

recordings from 10 birds). Mean vector length for positive and negative LFP slow-waves in NCM (positive vs. 

negative waves: 0.35±0.29mm vs. 0.46±0.33mm) and NCL (positive vs. negative waves: 0.31±0.28mm vs. 

0.53±0.34mm) is relatively similar while there remains large variation in the direction of individual slow-

waves (Supplementary figure 2B). Overall, there is a tendency of slow-waves in NCM to travel medially and 

waves in NCL to travel towards the surface of the brain (Supplementary Figure 2B). 

 

Gamma activity in parts of the avian hippocampus 

As earlier studies using EEG-measurements did not report the existence of sharp-wave ripples (SWRs) in the 

avian hippocampus, we examined our recordings of the hippocampus first for the presence of sharp-waves 

(i.e. sharp negative deflections that are larger inside than outside hippocampus). We found none; however, 

spectrograms (example in Figure 2B) did show some power in the ripple frequency band (150-200 Hz). In two 

birds, the waveforms and PSD analysis revealed a continuous gamma rhythm (between 30-80 Hz) in the 

hippocampus (Figure 7). Gamma was not present on all hippocampal recording sites and when it did occur, it 

was only found at the medial parts of the hippocampus and was not present in recordings from the more 

laterally placed dorsolateral cortical area (CDL), a region which overlays the NCL and is reciprocally 

connected to the hippocampus (Shanahan et al., 2013).  
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Figure 6. Neuronal activity in the NCL during low isoflurane anesthesia: (A) Location of the 64-channel silicon probe inserted 
horizontally in the caudolateral nidopallium (NCL). The orientation of the electrode grid (orange) is depicted with the medial side to 
the right and the surface of the brain on top. Abbreviations: area parahippocampalis (APH), cerebellum (Cb), dorsolateral cortical 
area (CDL), hippocampus (Hp), caudal medial nidopallium (NCM). (B) Five-second local field potential (LFP) and analogue multiunit 
activity (AMUA) example recorded from the 8x8 electrode array, showing the distribution of oscillations under low (1.1%) isoflurane 
anesthesia in NCL. (C) The same five-second LFP example from a NCL recording site as in 6B combined with a plot of the firing activity 
at all sites of the recording array placed in the NCL and CDL. Each depolarization and hyperpolarization in the LFP is connected to unit 
activity and neuronal quiescence, respectively, in the NCL. In contrast, the overlying CDL sites do not show synchronized unit activity 
(i.e. lines with continuous firing or lack of firing). Note that the electrodes in the plot are ordered from left to right and from top to 
bottom of the array. (D) LFP activity co-occurs with firing activity (AMUA) and forms a propagating slow-wave in NCL similar to that 
observed in NCM. 
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Figure 7. Gamma activity in the hippocampus: (A) A two-second example of local field potential (LFP) and analogue multiunit activity 
(AMUA) recorded from NCM (black) and hippocampus (Hp; blue) showing gamma activity in the hippocampus, but not in NCM. (B) 
AMUA power spectral density (PSD) of four example channels showing that some parts of the hippocampus generate gamma activity 
(electrode 12 and 20) while others do not (electrode 29). In addition, none of the hippocampal sites show elevated power in the 
slow-wave frequency range. In contrast, the NCM site (electrode 34) shows high power in the slow-wave, but not in the gamma 
frequency range. (C) AMUA PSD in the slow-wave (0-5 Hz; top) and gamma (25-100 Hz; bottom) frequency range depicted on the 
recording grid showing the separation of NCM sites with high power in the slow-wave activity range and hippocampus sites with high 
power in the gamma range. Numbered electrodes are the same as depicted in 7B. 
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Discussion  

Slow-waves occurring during mammalian NREM sleep are proposed to be involved in memory transfer 

between the hippocampus and neocortex. The avian nidopallium, a high-order association brain region 

analogous to parts of the mammalian neocortex, is divided, among other regions, into NCM and NCL. We 

made use of the fact that the avian hippocampal complex overlays portions of the nidopallium to make 

simultaneous recordings of the hippocampus and underlying NCM, as well as of the CDL (an area which is 

reciprocally connected to the hippocampus) and the underlying NCL, with the aim of characterizing the 

neuronal activity patterns within and between these regions.  

 

Propagating slow-waves in the avian nidopallium, but not in the hippocampus 

We demonstrate that isoflurane anesthesia-induced slow-waves propagate through the zebra finch 

nidopallial regions, NCM and NCL, as waves of neuronal activity (i.e. LFP and related AMUA), similar to the 

findings in our earlier studies on the pigeon hyperpallium during NREM sleep (Van Der Meij et al., 2019a; b). 

In mammals, neocortical slow-waves propagate to and infiltrate the hippocampus (Wolansky et al., 2006; Nir 

et al., 2011). In conjunction with other potential mechanisms for coordinating the reactivation of 

information in the neocortex and hippocampus (Sirota et al., 2003), traveling slow-waves may play a role in 

the processing of hippocampal memories during sleep in mammals. In contrast to mammals, propagating 

slow-waves recorded in the nidopallium of anesthetized zebra finches did not infiltrate the hippocampus as 

waves of neuronal activity. Instead, the hippocampus showed high frequency AMUA and LFP gamma activity 

in some electrode sites, and only low amplitude LFP slow-waves were observed in the hippocampus and 

CDL. The presence of low amplitude LFP slow-waves in the hippocampus is in line with previous EEG 

recording in birds (Sugihara & Gotoh, 1973). However, the lack of slow-wave related AMUA in the 

hippocampus and the correspondence between the weak LFP slow-waves in the hippocampus and AMUA in 

the nidopallium, strongly suggests that the LFP slow-waves observed in the hippocampus in this and earlier 

studies are most likely caused by volume conduction, probably originating from the underlying nidopallium. 

 

Absence of sharp-waves in the avian hippocampus 

In contrast to mammals, hippocampal sharp-wave ripples (SWRs) have not been reported in EEG and LFP 

recording of birds during NREM sleep (Ookawa & Gotoh, 1965; Van Twyver & Allison, 1972; Sugihara & 

Gotoh, 1973; Szymczak, 1987; Fuchs et al., 2006; Martinez-Gonzalez et al., 2008; Dos Santos et al., 2009) or 

quiet wakefulness (Siegel et al., 2000). Though hippocampal SWRs in mammals can be recorded under 

urethane (in combination with ketamine/xylazine) anesthesia (Isomura et al., 2006) and sharp-wave-like 

oscillations are found under deep (~2%) isoflurane anesthesia (Lustig et al., 2016), we did not detect the 

sharp-wave component of the sharp-wave ripple complex in the zebra finch’s hippocampus during isoflurane 
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anesthesia. Overall, the mammalian sharp-wave criterion of high amplitude, sharp deflections originating in 

the hippocampus was not met as waves in the zebra finch hippocampus are smaller (volume conducted) 

versions of the slow-waves that were found in the nidopallium. Whether the absence of hippocampal sharp-

waves in our recordings is due to either the type or level of anesthesia used in this study, or reflects the 

actual lack of SWRs in the avian hippocampus during NREM sleep, would require additional natural sleep 

recordings. In addition, without the detection of hippocampal sharp-waves it is difficult to examine the 

existence of ripples in the avian hippocampus in the same way as is done in mammals (i.e. by first identifying 

the sharp wave and then filtering in the ripple frequency band). Though some power was found in the ripple 

frequency range, albeit lower than the power in the gamma range, it is unknown whether this reflects the 

same processes giving rise to hippocampal ripples in mammals. Although not all parts of the avian 

hippocampus were covered in this study, we did examine the dorsomedial (DM) region which is proposed to 

be homologues to the mammalian Ammon’s horn (cornu ammonis, CA) (Atoji, 2007), a region known to 

exhibit both the sharp-wave and ripple components of SWRs (Buzsáki, 1986; Buzsáki, 1989; Sirota & Buzsáki, 

2005; Ulanovsky & Moss, 2007).  

SWRs are proposed to play a role in mammalian hippocampal memory transfer (Diekelmann & Born, 

2010), either through a direct connection with the medial PFC or indirectly, via the entorhinal cortex (EC) 

and its connections with other high-order association regions (Lavenex & Amaral, 2000). Considering that 

direct and indirect connections between the hippocampus and many higher order regions in the avian brain, 

such as the NCL (analogous to the mammalian PFC) and the mesopallium, are limited or absent  (Kröner & 

Güntürkün, 1999; Atoji & Wild, 2006; Rattenborg & Martinez-Gonzalez, 2011; Rattenborg et al., 2011; 

Shanahan et al., 2013), birds might have no need for synchronizing activity between the hippocampus and 

the pallium, and therefore no need for hippocampal SWRs (reviewed in Rattenborg et al., 2011). 

Nonetheless, additional recordings spanning the avian hippocampus and taking place during spontaneous 

NREM sleep are needed to determine whether the avian hippocampus generates SWRs. 

In two birds, distinct gamma activity with peak power around 30-80 Hz occurred exclusively in the 

hippocampus. The fact that only two of the six hippocampal recordings in the present study showed gamma 

suggests that there is spatial heterogeneity in the production of gamma within the hippocampus. These 

findings are in line with previous hippocampal slice recordings made from the domestic chick (Gallus gallus 

domesticus) (Dheerendra et al., 2018). Additional research is needed to determine the exact region and 

micro-circuitry of the hippocampus that generates gamma.  

 

Is avian systems consolidation possible? 

The apparent absence of rhythms implicated in hippocampal memory transfer in mammals may be related 

to differences in neuroanatomy between mammals and birds. The avian brain includes a hippocampal 
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formation involved in encoding spatial information (reviewed in Rattenborg et al., 2011; Mayer et al., 2013; 

Striedter, 2016), and neocortex-like association pallial regions (mesopallium and nidopallium) involved in 

other forms of memory (reviewed in Rattenborg et al., 2011; Vorster & Born, 2015; Nomura & Izawa, 2017). 

For example, part of the mesopallium is involved in secondary auditory processing (Mello et al., 1992; Mello 

& Clayton, 1994) and has been suggested to be involved in the memory of the tutor’s song used for song 

learning in songbirds (Bolhuis et al., 2000; Bolhuis et al., 2001; Terpstra et al., 2004; Phan et al., 2006; 

London & Clayton, 2008; Gobes et al., 2010) as well as shorter-term forms of memory (Beckers & Gahr, 

2012). The nidopallium is, among other regions, divided into NCM and NCL. Interestingly, whereas the NCM 

receives auditory input (Wild et al., 1993; Reiner et al., 2004) and serves a role in auditory memory (Chew et 

al., 1996), the NCL is involved in executive functions, such as decision-making and higher-order multimodal 

processing, and is proposed to be analogous to the mammalian prefrontal cortex (Güntürkün, 2005b; a; 

Kirsch et al., 2008; Herold et al., 2011; Nieder, 2017). However, while the mammalian hippocampus and 

medial PFC are connected (Jay & Witter, 1991; Hoover & Vertes, 2007), a direct connection between the 

avian hippocampus and the NCL has not been found in birds (Kröner & Güntürkün, 1999; Atoji & Wild, 2006; 

Rattenborg & Martinez-Gonzalez, 2011; Rattenborg et al., 2011; Shanahan et al., 2013). Moreover, 

connections between the hippocampal formation and several other association regions are limited in birds 

(reviewed in Rattenborg et al., 2011). Although, these differences in neuroanatomy and neurophysiology 

suggest that mammals and birds process memories in a different manner during sleep, neuronal activity in 

the hippocampus and pallium could be coordinated via indirect connections and brain rhythms other than 

SWRs and spindles. One example could be the hyperpallium dorsale (HD), a frontal region which conveys 

information to NCL and is reciprocally connected to the hippocampus (Kröner & Güntürkün, 1999; Atoji & 

Wild, 2006; Rattenborg et al., 2011; Shanahan et al., 2013). However, our findings show that there is a lack 

of AMUA activity coherence between the hippocampus and NCM. Moreover, although we were unable to 

obtain simultaneous recordings from the hippocampus and NCL, in our recordings activity in the NCL 

resembled that of the NCM rather than the hippocampus. Together, these results suggest that the 

hippocampus and nidopallium do not work as a coordinated system during sleep, at least not using similar 

neural rhythms (i.e. slow-waves and SWRs) proposed to be involved in mammalian systems consolidation.  

 

Conclusions, implications and future directions 

Our findings may have implications for the transferability of the mammalian-based memory consolidation 

theory to the processing of hippocampal memories in birds. Combining the facts that 1) there appears to be 

no direct connection between the avian hippocampus and NCL, 2) mammal-like hippocampal SWRs and 

thalamocortical spindles appear to be absent, and 3) there was no evidence of slow-waves occurring in the 

hippocampus, suggest that the manner in which the avian hippocampus processes information may be 
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fundamentally different from that of mammals during NREM sleep. In addition, even though the avian 

hippocampus is involved in storing certain types of information (e.g. spatial memories), there is no evidence 

for hippocampal memories being transferred to other brain regions (reviewed in Rattenborg et al., 2011). 

Systems level consolidation could, nonetheless, take place between non-hippocampal/pallial regions like the 

hyper-, meso- and nidopallium (Jackson et al., 2008; Vorster & Born, 2015), though it is unknown whether 

slow-waves or other rhythms play a role in this process. Regardless of whether birds transfer memories 

during sleep, slow-waves might be involved in strengthening memories locally within pallial circuits 

(Timofeev & Chauvette, 2017). This could either occur via reactivation during high frequency activity (80-200 

Hz) occurring in the neocortex during slow-wave up-states (Grenier et al., 2001) or via slow-wave induced 

synaptic downscaling which is thought to increase memory through increasing the signal-to-noise ratio in 

local circuits (Tononi & Cirelli, 2014). A local role for slow-waves in processing memories is supported by the 

fact that slow-wave activity (SWA) is regulated in a local use-dependent manner in mammals (Huber et al., 

2004) and birds (Lesku et al., 2011).   

The birds in this study were anesthetized, not naturally sleeping during the recordings. In mammals, 

some kinds of anesthesia, including isoflurane, are known to activate normal sleep promoting regions in the 

hypothalamus (Moore et al., 2012; Jiang-Xie et al., 2019), and to induce slow-oscillatory brain activity similar 

to that occurring during NREM sleep (Steriade, 2006; Chauvette et al., 2011). Importantly, mammalian slow-

waves have been shown to travel both under anesthesia and NREM sleep (Massimini et al., 2004; Murphy et 

al., 2009; Chauvette et al., 2011; Nir et al., 2011; Volgushev et al., 2011). In addition, we recently showed 

that slow-waves occurring in the pigeons’ hyperpallium under isoflurane anesthesia travel in a similar 

manner to those occurring spontaneously during NREM sleep (Van Der Meij et al., 2019b). Nonetheless, 

simultaneous recordings of the hippocampal formation, additional sub-regions of the nidopallium and other 

brain regions need to be evaluated during spontaneous sleep before concluding that a fundamental 

difference exists between how mammals and birds process hippocampal memories during sleep. 

In conclusion, we demonstrate that slow-waves (LFP and related AMUA) in the avian nidopallial 

regions, NCM and NCL, propagate as waves of neuronal activity. In contrast, slow-waves did not occur in the 

hippocampus and we did not find evidence of hippocampal sharp-waves in birds. Taken together, these 

results suggest that neuronal activity in the avian hippocampus during NREM sleep differs from that 

described in mammals. Hence, future studies will be needed to determine if and how memories initially 

stored in the hippocampus and other regions are processed during avian sleep at both the local and system 

level. 
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Supplementary figures 

 
Supplementary Figure 1. AMUA coherence between neighboring and distant sites in NCM and NCL: (Top) Mean coherence in the 0-5 
Hz frequency band for recordings made in the hippocampus/NCM (N = 4; bird 1 is depicted in Figure 4 and bird 10 did not have 
strong enough AMUA for this visualization analysis, likely due to smaller electrode sites used in this bird). (Bottom) Mean coherence 
in the 0-5 Hz frequency band for recordings made in the NCL (N = 4), showing that, similar to the NCM recordings, the NCL shows 
high coherence between sites within NCL, but not within the overlying CDL or within the CDL. Recordings were made from the right 
(bird 2, 5, 7 and 9) and left (bird 3, 4, 6 and 8) hemisphere. 
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Supplementary Figure 2. Slow-wave trajectories and propagation direction in NCM and NCL: (A) Wave trajectories along the 2D-
plane of the recording array (N = 50 random waves; plus signs depict electrode sites) under isoflurane anesthesia for each bird (N = 
10). (B) Net wave propagation (in mm) was calculated for every local field potential (LFP) slow-wave in one ten minute isoflurane 
anesthesia recording per bird. Shown are negative (red dots), positive waves (blue dots) and mean propagation direction (black dot). 
Recordings were made from the right (bird 1, 2, 5, 7 and 9) and left (bird 3, 4, 6, 8 and 10) hemisphere.   
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Chapter 6 

 

General discussion   
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From an evolutionary perspective sleep is a fascinating behavioral state, as it is a time when organisms are 

not fulfilling important activities like feeding and mating. Moreover, it is a state which places an organism in 

a vulnerable position due to decreased sensory awareness (Lima et al., 2005). Hence sleep undoubtedly 

serves an important function that cannot be omitted, but what this function or possible functions might be is 

still actively debated. Despite differences in neuroanatomy, mammals and birds exhibit sleep states that are 

in most respects similar (reviewed in Rattenborg et al., 2011). Hence, examining the similarities and 

differences in neuronal mechanisms underlying mammalian and avian sleep could help to shed light onto the 

topic of sleep function. In this thesis, I have explored the neuronal activity underlying avian NREM and REM 

sleep. Using multi-electrode depth probes in anesthetized or naturally sleeping birds (i.e. via a wireless 

recording technique), I was able to record sleep-related brain activity in various brain regions which are 

proposed to play a role in memory consolidation during sleep. Here, I will discuss the similarities and 

differences between mammalian and avian sleep-related neuronal activity and the implications these new 

findings may have for transferring the mammalian-based systems memory consolidation theory to birds.  

 

Neuronal activity underlying avian NREM and REM sleep 

Our current understanding of sleep-related brain activity patterns and their underlying network properties is 

still limited and based mostly on recordings from mammals. Birds exhibit similar sleep states (i.e. NREM and 

REM sleep), despite marked differences in brain organization, raising the question whether information is 

processed at the systems level in birds in the same manner as in mammals (reviewed in Rattenborg et al., 

2011). Consequently, examining sleep-related brain activity at the systems level in birds provides an 

opportunity to test models first proposed in mammals, and to reveal fundamental principles that inform our 

understanding of mammalian sleep that might otherwise remain obscure using a strictly mammalian-based 

approach. Though sleep-related brain activity in birds has been studied before using EEG (e.g. Ayala-

Guerrero et al., 2003; Low et al., 2008; Martinez-Gonzalez et al., 2008; Lesku et al., 2011; Tisdale et al., 

2017), a systems level approach would call for a recording technique that allows for more localized 

measurements and can tap into the deeper regions of the avian brain. The research, described in the four 

chapters of this thesis, was conducted using depth electrode array recordings in order to record from various 

shallow and deep brain regions under anesthesia and during natural sleep. The use of electrode arrays also 

provided the opportunity to examine the variation of brain activity patterns occurring across multiple, 

neighboring regions at the same time and thus made a comparison between avian and mammalian sleep-

related neuronal activity possible.   
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provided the opportunity to examine the variation of brain activity patterns occurring across multiple, 

neighboring regions at the same time and thus made a comparison between avian and mammalian sleep-

related neuronal activity possible.   
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Avian NREM sleep and related brain activity 

Traveling slow-waves in birds  

One of the most prominent brain rhythms occurring during both mammalian and avian NREM sleep are slow 

oscillations or slow-waves. Though the existence of NREM sleep-related slow-waves in birds has been shown 

before using EEG recordings (Martinez-Gonzalez et al., 2008; Lesku et al., 2011; Lesku & Rattenborg 2014), 

virtually nothing is known about where these EEG slow-waves originate or if and how they travel through the 

avian brain. In chapter 2, I show for the first time that isoflurane-induced slow-waves propagate as complex 

three-dimensional waves of neuronal activity through the nuclear avian hyperpallium. The propagating 

nature of neocortical slow-waves has also been shown in mammals under anesthesia and during NREM sleep 

(Massimini et al., 2004; Murphy et al., 2009; Chauvette et al., 2010; Nir et al., 2011; Constantinople and 

Bruno, 2013; Capone et al., 2017; Fiáth et al., 2018). However, the fact that birds show similar propagating 

slow-waves, despite the lack of a laminar organization of the hyperpallium (i.e. the avian “cortex”), 

demonstrates that the traveling nature of slow-waves does not reflect a neuronal phenomenon that is 

unique to mammals, or that depends upon the layered cytoarchitecture of the mammalian neocortex. 

Moreover, it indicates that slow-waves likely do not serve a function unique to mammals or their neocortical 

organization, but rather are involved in performing more general sleep function(s) shared by mammals and 

birds. 

Based on the findings in chapter 2 it was of interest to examine neuronal activity in naturally sleeping 

birds. Not only to investigate whether slow-waves also travel during natural NREM sleep, but also to 

examine other brain rhythms occurring during NREM sleep which may not occur during recordings made 

under anesthesia. To this end, I combined chronically implanted depth electrode arrays, similar to those 

used for the acute recordings in chapter 2, with a wireless recordings system. In chapter 3, I first show that 

slow-waves during avian NREM sleep propagate through the hyperpallium. In addition, the initiation and 

propagation of slow-waves is largely specific to the thalamo-recipient region of the hyperpallium. Though 

the initiation of slow-waves in the thalamo-recipient region of the hyperpallium is in line with findings in 

mammals, a direct comparison with the horizontal propagation of slow-waves in the mammalian neocortex 

is not possible due to the absence of comparable data from naturally sleeping mammals. Overall, as the 

leading region (i.e. IHA/HI in birds and layer 4/5 in mammals) is known to receive thalamic input, these 

findings suggest a common role for the thalamus in the genesis of slow-waves in both mammals and birds. 

An alternative explanation could be that the neuronal or network properties intrinsic to IHA/HI in birds may 

account for their greater propensity to initiate slow-waves. Although slow-waves were also detected in the 

avian thalamic nuclei examined separately in chapter 3, dual thalamic/hyperpallial recordings are needed to 

further characterize thalamocortical interactions in birds. 
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In chapter 4, using a within-bird design, I show that slow-waves under isoflurane anesthesia share 

spatio-temporal activity characteristics with slow-waves during NREM sleep. Although there are some 

differences in the spectral composition of the LFPs recorded under these two recording conditions, the 

results of this study indicate that isoflurane anesthesia activates some of the same mechanisms that give rise 

to slow-waves during NREM sleep. With this knowledge in mind, I simultaneously recorded from two 

additional brain regions, the hippocampus and nidopallium, using zebra finches (Taeniopygia guttata) 

anesthetized with isoflurane in order to describe sleep-related brain activity occurring in these regions 

(chapter 5). In chapter 5, I demonstrate the presence of traveling slow-waves in the avian nidopallium - a 

high-order association brain region analogous to parts of the mammalian neocortex - similar to the traveling 

slow-waves recorded in the pigeon (Columba livia) hyperpallium during NREM sleep (chapter 3) and under 

isoflurane anesthesia (chapter 4). The avian hippocampus, on the other hand, showed weak slow-waves 

during anesthesia. However, upon further inspection, these weak hippocampal LFP slow-waves 

corresponded with unit activity in the nidopallium, but not the hippocampus, which strongly suggests that 

the LFP slow-waves observed in the avian hippocampus are most likely caused by volume conduction, 

probably originating from the underlying nidopallium. The lack of slow-waves in the avian hippocampus is in 

contrast with findings in mammals where neocortical slow-waves propagate to and infiltrate the 

hippocampus during NREM sleep (Wolansky et al., 2006; Nir et al., 2011). This difference is especially 

interesting as traveling slow-waves are proposed to play a role in the processing of hippocampal memories 

during sleep in mammals (Caporale & Dan, 2008; Chauvette et al., 2012). 

 

Absence of thalamocortical spindles and hippocampal sharp-wave ripples in birds 

Two other rhythms implicated in the memory function of sleep, thalamocortical spindles and hippocampal 

sharp-wave ripples, have thus far not been reported in birds (see General Introduction). As these rhythms 

might appear in deeper structures or more locally, one explanation could be that they have been missed in 

previous EEG recordings. Using depth electrodes, a technique that was able to record these rhythms in 

mammals, I aimed to resolve the long-standing question of the presence of these brain rhythms in birds 

during sleep.  

In chapter 3, I show that sleep spindles could not be found in the avian visual hyperpallium or in the 

thalamus, two regions where spindles are present in mammals during NREM sleep (reviewed in Rattenborg 

et al., 2011). Moreover, diazepam, a benzodiazepine known to increase activity in the spindle frequency 

range in humans (Borbély et al., 1983) and rats (Lancel et al., 1994, 1996), did not change spindle frequency 

power in the hyperpallium or thalamus, though the dose used did induce locomotor instability followed by 

NREM sleep. These results thus suggest that, at least within the visual hyperpallium, functions attributed to 

spindles in mammals, such as memory consolidation, might occur via different mechanisms in birds 
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(reviewed in Rattenborg et al., 2011). Additional studies are, however, needed to determine whether sleep 

spindles occur in other regions of the avian brain. 

Besides sleep spindles, hippocampal sharp-wave ripples (SWRs) are also proposed to play a role in 

mammalian hippocampal memory transfer (Diekelmann and Born, 2010), either through a direct connection 

with the medial PFC or indirectly, via the entorhinal cortex (EC) and its connections with other high-order 

association regions (Lavenex and Amaral, 2000). In birds, however, both direct and indirect connections 

between the hippocampus and many higher order regions in the avian brain, such as the NCL (caudolateral 

nidopallium; analogous to the mammalian PFC) and the mesopallium, are limited or absent (Kröner and 

Güntürkün, 1999; Atoji and Wild, 2006; Rattenborg and Martinez-Gonzalez, 2011; Rattenborg et al., 2011; 

Shanahan et al., 2013). For that reason it is possible that birds might have no need for synchronizing activity 

between the hippocampus and the pallium, and therefore no need for hippocampal SWRs (reviewed in 

Rattenborg et al., 2011). Indeed, previous studies did not report SWRs in EEG and LFP recordings of birds 

during NREM sleep (Ookawa and Gotoh, 1965; Van Twyver and Allison, 1972; Sugihara and Gotoh, 1973; 

Szymczak, 1987; Fuchs et al., 2006; Martinez-Gonzalez et al., 2008; Dos Santos et al., 2009) or quiet 

wakefulness (Siegel et al., 2000). In line with those earlier reports, I also show an absence of SWRs in 

hippocampal recordings made in zebra finches during isoflurane anesthesia (chapter 5). Though it is 

debatable whether these results are due to the use of anesthesia in this study, I did examine the 

dorsomedial (DM) region of the avian hippocampus which is proposed to be homologues to the mammalian 

Ammon’s horn (cornu ammonis, CA) (Atoji, 2007), a region known to exhibit both the sharp-wave and ripple 

components of SWRs in mammals (Buzsáki, 1986; Buzsáki, 1989; Sirota and Buzsáki, 2005; Ulanovsky and 

Moss, 2007). Furthermore, hippocampal SWRs in mammals can be recorded under urethane (in combination 

with ketamine/xylazine) anesthesia (Isomura et al., 2006) and sharp-wave-like oscillations are found under 

deep (~2%) isoflurane anesthesia (Lustig et al., 2016), indicating that SWRs, if they exist in birds, could also 

be recorded under anesthesia. Nonetheless, additional recordings spanning the avian hippocampus and 

taking place during spontaneous NREM sleep are needed to determine whether the avian hippocampus 

generates SWRs. 

 

Brain rhythms during avian REM sleep 

In chapter 3, I was able to also examine brain activity during REM sleep in pigeons. As in mammals, avian 

REM sleep is characterized by an activated (i.e. high-frequency, low-amplitude) LFP pattern and increased 

unit activity in the hyperpallium relative to preceding NREM sleep. Furthermore, slow-wave activity (SWA) 

decreases across the hyperpallium during REM sleep, with the greatest decrease taking place in the thalamo-

recipient IHA/HI, the region which shows the greatest SWA during NREM sleep. This is particularly 

interesting in the light of recent observations made during REM sleep in mice wherein slow-waves persisted 
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in the thalamo-recipient layer 4 of primary sensory cortices, including the primary visual cortex (Funk et al., 

2016), the mammalian homologue of the visual hyperpallium. It is, however, unknown whether these 

opposing findings in pigeons and mice are representative of all birds and mammals, respectively. 

Nonetheless, the results from pigeons described in chapter 3 indicate that the occurrence of slow-waves in 

primary sensory input layers is not a universal phenomenon in animals with REM sleep. 

Besides a mammalian-like pattern of brain activation, REM sleep recordings in pigeons revealed 

localized, thalamo-recipient region specific (i.e. IHA/HI) gamma activity during REM sleep. REM sleep-related 

gamma activity has previously been shown in rodents (Franken et al., 1994; Maloney et al., 1997; Brankačk 

et al., 2010) and humans (Llinás et al., 1993; Mann et al., 1993), and has been suggested to play a role in 

memory consolidation (reviewed in Colgin, 2011). Interestingly, there seems to be spatial heterogeneity to 

the gamma I observed within the hyperpallium, as only two of the five hyperpallial recordings showed 

gamma bursts. Therefore, additional research will be needed to determine the exact region generating 

gamma in birds and its functional relationship to gamma reported during REM sleep in rodents and humans. 

Finally, it is worth noting that the discovery of REM sleep-related gamma activity shows that the neuronal 

cytoarchitecture of the hyperpallium is capable of generating oscillations detectable in LFP recordings that 

are even faster than spindles, indicating that if avian sleep spindles exist, they could also be recorded using 

LFP recordings in birds. 

The hippocampal theta rhythm present during REM sleep in mammals is implicated in the processing 

of emotional (reviewed in Goldstein and Walker, 2014), spatial (e.g. Winson, 1978; Poe et al., 2000; 

Montgomery et al., 2008) and contextual (reviewed in Rattenborg et al., 2011; Boyce et al., 2016) memories. 

The few studies that examined hippocampal activity during avian sleep, however, failed to detect a mammal-

like theta rhythm during REM sleep (Berger and Walker, 1972; Van Twyver and Allison, 1972; Sugihara and 

Gotoh, 1973; Šušić and Kovačevć, 1973; Szymczak, 1987; Siegel et al., 2000; Ookawa, 2004; Fuchs et al., 

2006; Martinez-Gonzalez et al., 2008; Dos Santos et al., 2009). As the hippocampal recordings described in 

chapter 5 were made under isoflurane anesthesia, an anesthetic which, unlike urethane (Clement et al., 

2008), does not generate REM sleep-like brain activity, I am unable to add to the results of the above 

mentioned studies. Future recordings, preferably by means of multi-electrode arrays, of the avian 

hippocampus should be done under natural REM sleep conditions to unravel potential differences between 

mammalian and avian brain rhythms, like theta, and their potential role(s) in the memory function of REM 

sleep. 

 

The role of sleep in memory consolidation – a bird-brain view   

Sleep-related brain activity occurring during NREM and REM sleep is proposed to play a role in processing 

information acquired during wakefulness. Several mammalian-based theories propose that during NREM 
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sleep, the transfer of information from the hippocampus to the neocortex is mediated by neocortical slow-

waves and their interaction with thalamocortical spindles and hippocampal SWRs. Previous research has 

shown that in birds, brain regions, composed of pallial neurons homologous to neocortical (pallial) neurons, 

also display slow-waves during NREM sleep. Until now, however, it was unclear where these slow-waves are 

generated, and if, like mammals, slow-waves propagate through the avian brain. In addition, the existence of 

thalamocortical spindles was uncertain and little was known about sleep-related activity in the 

hippocampus, and its possible relationship to activity in other pallial regions. The studies described in this 

thesis show that, as in mammals, traveling slow-waves can be found in most of the avian pallium. Though, 

unlike mammals, slow-waves appear not to be present in the avian hippocampus. Moreover, the apparent 

absence of two of the rhythms (i.e. thalamocortical spindles and hippocampal SWRs), implicated in 

hippocampal memory transfer in mammals, as shown in chapters 3 and 5, questions whether hippocampal 

memory consolidation takes place during avian sleep. One explanation could be that the absence of these 

rhythms might be related to the differences in neuroanatomy between mammals and birds. Indeed, the 

results discussed in chapter 5 of this thesis suggest that the hippocampus and nidopallium do not work as a 

coordinated system during sleep, at least not using similar neural rhythms (i.e. slow-waves and SWRs) 

proposed to be involved in mammalian systems consolidation. Moreover, combined with the apparent 

absence of thalamocortical spindles shown in chapter 3, these results seem to suggest that the manner in 

which the avian hippocampus processes information may be fundamentally different from that of mammals 

during NREM sleep. This would fit with the fact that, even though the avian hippocampus is involved in 

storing certain types of information (e.g. spatial memories), there is so far no evidence for hippocampal 

memories being transferred to other brain regions (reviewed in Rattenborg et al., 2011). 

Interestingly, though the thalamic input region of the hyperpallium (i.e. IHA/HI) appears to not 

display spindles during NREM sleep and the avian hippocampus does not generate slow-waves or sharp-

wave ripples under isoflurane anesthesia, both structures instead showed pronounced gamma activity 

during REM and NREM sleep, respectively. Though additional research is needed to determine the exact 

region and micro-circuitry of IHA/HI and the hippocampus that generates gamma, it will be of interest to 

examine the potential role, if any, of this rhythm in the memory function of sleep in birds. 

 

Conclusions and future perspectives 

Taken together, the results in this thesis suggest that birds and mammals process memories differently 

during sleep. Systems level consolidation in birds could, nonetheless, take place between non-

hippocampal/pallial regions like the hyper-, meso- and nidopallium (Jackson et al., 2008; Vorster and Born, 

2015). It will be the task of future research to examine if and how (traveling) slow-waves or other rhythms 

play a role in this potential process. Regardless of whether birds transfer memories during sleep, slow-waves 
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might be involved in strengthening memories locally within pallial circuits (Timofeev and Chauvette, 2017), 

either via reactivation during fast activity occurring during the up-states of the slow oscillations (Grenier et 

al., 2001) or via slow-wave induced synaptic downscaling which is thought to increase memory through 

increasing the signal-to-noise ratio in local circuits (Tononi and Cirelli, 2014). The potential for a local role for 

slow-waves in processing memories is supported by the fact that slow-wave activity (SWA) is regulated in a 

local use-dependent manner in the mammalian neocortex (Huber et al., 2004) and avian hyperpallium (Lesku 

et al., 2011). 

In conclusion, though the studies described in this thesis only tap into a small portion of the avian 

brain, I was nonetheless able to uncover various variant and invariant traits between mammalian and avian 

sleep neurophysiology. For future research on this topic, simultaneous recordings from the thalamus and 

hyperpallium, hippocampus and NCL, and other pallial regions, including between different pallial regions, 

during natural sleep will be required to reveal the underlying organizational principles of avian memory 

consolidation during NREM and REM sleep. Moreover, sleep-related brain activity in relation to daytime 

experiences or specific memory tasks should be tested in order to fully understand how the avian brain 

functions during both wakefulness and sleep.  
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Nederlandse samenvatting  
 
Slaap is een toestand van verminderde activiteit waarin een dier minder reageert op stimuli van buitenaf, 

maar toch snel gewekt kan worden door voldoende stimulatie. Slaap wordt verder gekenmerkt door 

veranderingen in hersenactiviteit ten opzichte van waak. Het feit dat slaap voorkomt bij alle tot nog toe 

onderzochte dieren wijst erop dat slaap vroegtijdig in de evolutie is ontstaan en een belangrijke functie in 

het dierlijk leven vervult. Desalniettemin zijn er nog grote en belangrijke vragen over slaap. Hoe is slaap 

geëvolueerd in de verschillende taxonomische groepen? Waarom slapen we en is de functie van slaap 

hetzelfde voor alle dieren? En misschien nog wel belangrijker, is slapen essentieel of zouden we ook zonder 

kunnen? 

 

Slaap bij zoogdieren 

Bij zoogdieren zijn twee verschillende slaapstadia te onderscheiden, namelijk ‘rapid eye-movement’ (REM) 

slaap en ‘non-rapid eye-movement’ (NREM) slaap. NREM-slaap wordt gekenmerkt door sterke, langzame 

(i.e. laag-frequente) hersengolven, zichtbaar op een elektro-encefalogram (EEG), die zich over de neocortex 

verspreiden. De totale hoeveelheid activiteit aan langzame hersengolven hangt samen met de 

slaapintensiteit, wat betekent dat een dier moeilijker wakker te krijgen is wanneer er tijdens NREM-slaap 

een hoge activiteit aan langzame hersengolven is. Verder zijn er gedurende NREM-slaap in specifieke 

gedeeltes van het brein nog andere karakteristieke elektrofysiologische verschijnselen te onderscheiden. In 

de thalamus en neocortex, bijvoorbeeld, komen zogenaamde ‘sleep spindles’ voor en in de hippocampus 

worden zogeheten ‘sharp-wave ripples’ waargenomen. REM-slaap daarentegen wordt gekenmerkt door een 

EEG-patroon met minder sterke, snellere (i.e. hoog-frequente) golven, dat lijkt op dat van waak. Het 

onderscheid tussen waak en REM-slaap wordt dan ook gemaakt op basis van gedragingen die specifiek zijn 

voor REM-slaap zoals een verhoogde ontwakingsdrempel, spierverslapping, snelle oogbewegingen bij 

gesloten oogleden en zenuwtrekkingen. Ook gedurende REM-slaap zijn, afhankelijk van de plaats in het 

brein, verschillen in elektrofysiologische verschijnselen waar te nemen. Zo onderscheidt de hippocampus 

zich van andere gebieden door een opvallend theta-ritme. Een belangrijk onderwerp binnen het 

slaaponderzoek is of en hoe deze verschillende slaapgerelateerde hersenactiviteitpatronen een rol spelen in 

de functie van slaap. 

 

De functie(s) van slaap 

Ondanks een verscheidenheid aan hypothesen, is er tot nog toe geen consensus over de exacte functie(s) 

van slaap en de rol die de twee verschillende slaapstadia daarin spelen. Over het algemeen wordt 

aangenomen dat slaap onder andere een rol speelt in de verwerking van informatie die is opgedaan 
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gedurende waak, en dus belangrijk is voor het geheugen. Hoe de verschillende slaapstadia en de 

bijbehorende hersenactiviteit een rol spelen in de verschillende vormen van geheugen is echter nog 

onduidelijk. Eén van de theorieën gaat ervan uit dat er een samenspel van verschillende neurofysiologische 

verschijnselen tussen neocortex en hippocampus nodig is voor het ‘verplaatsen’ van informatie van het 

kortetermijngeheugen in de hippocampus naar het langetermijngeheugen in de neocortex. De langzame 

hersengolven die tijdens NREM-slaap voorkomen in de neocortex werken samen met ‘sleep spindles’ in de 

neocortex/thalamus en ‘sharp-wave ripples’ in de hippocampus om informatie in het kortetermijngeheugen 

te reactiveren en te ‘verplaatsen’ naar het langetermijngeheugen. Naast de rol van NREM-slaap in de 

verwerking van informatie wordt ook aan REM-slaap een rol in geheugen toegeschreven. Het is tot nog toe 

onduidelijk in hoeverre deze neurofysiologische verschijnselen en functies ook voorkomen bij andere dieren.  

 

Slaap bij vogels 

Bij vogels zijn dezelfde twee slaapstadia, NREM- en REM-slaap, te onderscheiden als bij zoogdieren. Hoewel 

er al verschillende overeenkomsten in de eigenschappen van deze slaapstadia tussen vogels en zoogdieren 

bekend zijn, is de neurofysiologie van slaap bij vogels nog maar zeer beperkt onderzocht. In dit proefschrift 

onderzoek ik daarom met behulp van moderne en geavanceerde elektrofysiologische technieken 

hersengolven tijdens NREM- en REM-slaap bij vogels. Het doel is om deze te kunnen vergelijken met die van 

mensen en andere dieren om zo uiteindelijk een beter begrip te krijgen van de functies van de verschillende 

hersengolven en hoe deze samenhangen met de architectuur van het brein. 

In hoofdstuk 2 laat ik zien dat bij zebravinken (Taenopygia guttata) langzame hersengolven meestal 

sterk gelokaliseerd zijn en zich ruimtelijk snel verspreiden door het hyperpallium (i.e. het equivalent van een 

deel van de neocortex bij zoogdieren). Ik heb deze langzame golven gemeten terwijl de vogels onder 

isofluraananesthesie waren. Dit anestheticum grijpt aan op hersenkernen die bij zoogdieren NREM-slaap 

bevorderen en wordt dus gebruikt om zulke golven artificieel op te wekken. Uit de resultaten blijkt dat de 

manier waarop langzame golven zich door het vogelbrein bewegen, lijkt op wat bij zoogdieren gedurende 

NREM-slaap is beschreven, maar dan met meer vrijheidsgraden, waarschijnlijk door verschillen in neurale 

architectuur. 

Om te onderzoeken of de resultaten van hoofdstuk 2 niet toe te schrijven zijn aan het feit dat de 

metingen onder anesthesie zijn uitgevoerd in plaats van gedurende natuurlijk slaap, meet ik in hoofdstuk 3 

de elektrische hersenactiviteit bij duiven (Columba livia) gedurende NREM-slaap. Door middel van een 

combinatie van elektrofysiologische metingen en een telemetrisch opnamesysteem kon ik de 

neurofysiologische kenmerken van zowel NREM- als REM-slaap bij duiven meten. Naast de bevestiging van 

langzame hersengolven, die zich door het hyperpallium bewegen tijdens NREM-slaap, toon ik ook aan dat 

deze golven, net als bij zoogdieren, over het algemeen eerst voorkomen in het gedeelte van het 
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gedurende waak, en dus belangrijk is voor het geheugen. Hoe de verschillende slaapstadia en de 

bijbehorende hersenactiviteit een rol spelen in de verschillende vormen van geheugen is echter nog 

onduidelijk. Eén van de theorieën gaat ervan uit dat er een samenspel van verschillende neurofysiologische 

verschijnselen tussen neocortex en hippocampus nodig is voor het ‘verplaatsen’ van informatie van het 

kortetermijngeheugen in de hippocampus naar het langetermijngeheugen in de neocortex. De langzame 

hersengolven die tijdens NREM-slaap voorkomen in de neocortex werken samen met ‘sleep spindles’ in de 

neocortex/thalamus en ‘sharp-wave ripples’ in de hippocampus om informatie in het kortetermijngeheugen 

te reactiveren en te ‘verplaatsen’ naar het langetermijngeheugen. Naast de rol van NREM-slaap in de 

verwerking van informatie wordt ook aan REM-slaap een rol in geheugen toegeschreven. Het is tot nog toe 

onduidelijk in hoeverre deze neurofysiologische verschijnselen en functies ook voorkomen bij andere dieren.  

 

Slaap bij vogels 

Bij vogels zijn dezelfde twee slaapstadia, NREM- en REM-slaap, te onderscheiden als bij zoogdieren. Hoewel 

er al verschillende overeenkomsten in de eigenschappen van deze slaapstadia tussen vogels en zoogdieren 

bekend zijn, is de neurofysiologie van slaap bij vogels nog maar zeer beperkt onderzocht. In dit proefschrift 

onderzoek ik daarom met behulp van moderne en geavanceerde elektrofysiologische technieken 

hersengolven tijdens NREM- en REM-slaap bij vogels. Het doel is om deze te kunnen vergelijken met die van 

mensen en andere dieren om zo uiteindelijk een beter begrip te krijgen van de functies van de verschillende 

hersengolven en hoe deze samenhangen met de architectuur van het brein. 

In hoofdstuk 2 laat ik zien dat bij zebravinken (Taenopygia guttata) langzame hersengolven meestal 

sterk gelokaliseerd zijn en zich ruimtelijk snel verspreiden door het hyperpallium (i.e. het equivalent van een 

deel van de neocortex bij zoogdieren). Ik heb deze langzame golven gemeten terwijl de vogels onder 

isofluraananesthesie waren. Dit anestheticum grijpt aan op hersenkernen die bij zoogdieren NREM-slaap 

bevorderen en wordt dus gebruikt om zulke golven artificieel op te wekken. Uit de resultaten blijkt dat de 

manier waarop langzame golven zich door het vogelbrein bewegen, lijkt op wat bij zoogdieren gedurende 

NREM-slaap is beschreven, maar dan met meer vrijheidsgraden, waarschijnlijk door verschillen in neurale 

architectuur. 

Om te onderzoeken of de resultaten van hoofdstuk 2 niet toe te schrijven zijn aan het feit dat de 

metingen onder anesthesie zijn uitgevoerd in plaats van gedurende natuurlijk slaap, meet ik in hoofdstuk 3 

de elektrische hersenactiviteit bij duiven (Columba livia) gedurende NREM-slaap. Door middel van een 

combinatie van elektrofysiologische metingen en een telemetrisch opnamesysteem kon ik de 

neurofysiologische kenmerken van zowel NREM- als REM-slaap bij duiven meten. Naast de bevestiging van 

langzame hersengolven, die zich door het hyperpallium bewegen tijdens NREM-slaap, toon ik ook aan dat 

deze golven, net als bij zoogdieren, over het algemeen eerst voorkomen in het gedeelte van het 
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hyperpallium dat input krijgt vanuit de thalamus. Dit resultaat suggereert dan ook dat de thalamus, bij zowel 

zoogdieren als vogels, een rol speelt in de totstandkoming van langzame hersengolven gedurende NREM-

slaap. Een ander prominent kenmerk van NREM-slaap bij zoogdieren, de zogenaamde ‘sleep spindles’, werd 

niet gevonden in zowel het hyperpallium als in de thalamus van de duiven. Dit resultaat kan erop duiden dat 

de functies die aan ‘sleep spindles’ bij zoogdieren zijn toegeschreven, bij vogels via andere mechanismen 

plaatvinden. 

In hoofdstuk 4 toon ik rechtstreeks aan dat langzame hersengolven, gemeten onder 

isofluraananesthesie, spatiotemporele activiteit vertonen die lijken op de langzame hersengolven die tijdens 

NREM-slaap voorkomen, hoewel er ook verschillen in spectrale compositie zichtbaar zijn. Naar aanleiding 

van deze resultaten heb ik in hoofdstuk 5 de slaapgerelateerde activiteit onder isofluraananesthesie in twee 

additionele hersengebieden, namelijk de hippocampus en het nidopallium, onderzocht. Beide 

hersengebieden worden in verband gebracht met de geheugenfunctie van slaap. Ik laat in dit hoofdstuk zien 

dat in zebravinken langzame golven wel in het nidopallium, een hersengebied analoog aan delen van de 

neocortex bij zoogdieren, voorkomen maar niet in de hippocampus. De langzame golven in het nidopallium 

verspreiden zich net zoals de golven beschreven in het hyperpallium. De bij zoogdieren beschreven ‘sharp-

wave ripples’, die tijdens NREM-slaap voorkomen in de hippocampus, werden niet gevonden in de 

zebravinkhippocampus. De resultaten van hoofdstuk 5 suggereren dan ook dat de neurofysiologische 

activiteit in hippocampus van vogels anders is dan dat beschreven is bij zoogdieren gedurende NREM-slaap. 

Dit kan er dus op duiden dat herinneringen, opgeslagen in de hippocampus, bij vogels op een andere manier 

verwerkt worden tijdens slaap dan bij zoogdieren. 

Naast NREM-slaap heb ik ook hersenactiviteit tijdens REM-slaap onderzocht. In hoofdstuk 3 beschrijf 

ik dat REM-slaapgerelateerde hersenactiviteit bij vogels gelijkenissen vertoont met wat beschreven is bij 

zoogdieren. Zo wordt REM-slaap elektrofysiologisch gekarakteriseerd door een laag voltage en hoge 

frequenties, en is er in bepaalde delen van het hyperpallium gamma-activiteit te meten. REM-

slaapgerelateerde gamma bij vogels is interessant omdat deze hersenactiviteit bij zoogdieren gelinkt wordt 

aan de geheugenfunctie van slaap. Naast de overeenkomsten zijn er ook verschillen te vinden in aan REM-

slaap gerelateerde neurofysiologische verschijnselen tussen zoogdieren en vogels. Theta-activiteit, die bij 

zoogdieren tijdens REM-slaap in de hippocampus gemeten kan worden en gelinkt is aan bepaalde vormen 

van geheugen, is bijvoorbeeld tot dusver niet beschreven bij vogels tijdens dit slaapstadium.  

 

De rol van slaap bij het consolideren van geheugen 

De aan NREM- en REM-slaap gerelateerde hersenactiviteit wordt verondersteld een rol te spelen in het 

verwerken van informatie die is opgedaan gedurende waak. De voornamelijk op zoogdieronderzoek 

gebaseerde theorieën gaan ervan uit dat tijdens NREM-slaap het ‘verplaatsen’ van informatie van het 
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kortetermijngeheugen in de hippocampus naar het langetermijngeheugen in de neocortex mogelijk gemaakt 

wordt door een samenspel van drie verschillende ritmes in de hersenen, namelijk langzame golven in de 

neocortex, ‘sleep spindles’ in de thalamus en neocortex, en ‘sharp-wave ripples’ in de hippocampus. Eerder 

onderzoek bij vogels heeft al uitgewezen dat hersengebieden die homoloog zijn aan de neocortex ook 

langzame golven laten zien tijdens NREM-slaap. Tot nog toe was het echter niet duidelijk waar die golven 

gegenereerd werden en of ze zich, net zoals bij zoogdieren, verplaatsen door het vogelbrein. Daarnaast was 

er onzekerheid over het bestaan van ‘sleep spindles’ bij vogels en was er weinig bekend over de 

slaapgerelateerde neurofysiologische activiteit in de hippocampus en de mogelijke interacties met activiteit 

in andere delen van het pallium. 

De studies in dit proefschrift laten zien dat, net zoals bij zoogdieren, bij vogels langzame golven zich 

verspreiden door het pallium en mogelijk hun oorsprong hebben in de thalamus. In tegenstelling tot 

zoogdieren zijn deze golven niet aanwezig in de hippocampus. Door de afwezigheid van de twee andere 

ritmes, waarvan gedacht wordt dat ze belangrijk zijn voor het consolideren van het geheugen tijdens NREM-

slaap, namelijk ‘sleep spindles’ in de thalamus/neocortex en ‘sharp-wave ripples’ in de hippocampus, zoals 

beschreven in hoofdstuk 3 en 5, is het onduidelijk hoe slaapgerelateerde consolidatie van het geheugen 

plaatsvindt bij vogels. De resultaten suggereren dat de manier waarop de hippocampus bij vogels informatie 

verwerkt tijdens NREM-slaap fundamenteel verschilt van hoe zoogdieren dat doen. 

 

Conclusies 

Met het onderzoek beschreven in dit proefschrift heb ik geprobeerd om de neurofysiologische kenmerken 

van NREM- en REM-slaap bij vogels te karakteriseren om zo tot een beter inzicht te komen in de 

mechanismen en de functies van slaapgerelateerde hersenactiviteit bij vogels. Ondanks het feit dat ik maar 

een relatief klein deel van het vogelbrein heb kunnen onderzoeken, ben ik toch in staat geweest om zowel 

opvallende overeenkomsten als verschillen in slaapgerelateerde hersenactiviteit tussen zoogdieren en vogels 

aan te tonen. Toekomstig onderzoek zal zich moeten richten op gelijktijdige metingen van verschillende 

hersengebieden, zoals de thalamus en hyperpallium, de hippocampus en andere gebieden in het pallium, en 

tussen verschillende gebieden binnen het pallium van het vogelbrein tijdens natuurlijke slaap om een beter 

begrip te krijgen van de onderliggende mechanismen die ten grondslag liggen aan de consolidatie van 

geheugen bij vogels. Daarnaast is het van belang om hersenactiviteit tijdens slaap te onderzoeken in relatie 

tot specifieke gebeurtenissen of geheugentaken tijdens waak. Dit om een zo volledig mogelijk inzicht te 

krijgen in de wijze waarop het vogelbrein functioneert tijdens waak en slaap. 
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