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Abstract 

The neuronal pathways used by general anaesthetics in order to cause loss of consciousness 

(LOC) are unknown. There is conflicting evidence as to whether anaesthetics exert their 

effects cortically or subcortically, possibly via sleep promoting pathways. Studies 

investigating the mechanisms underlying both natural sleep and anaesthetic-induced LOC 

have converged on the thalamus and neocortex, with their respective roles in instigating LOC 

being unclear.  

In this thesis, local field potentials were recorded from multiple thalamic and cortical nuclei 

in rats during transitions into natural sleep and anaesthetic-induced LOC using propofol and 

dexmedetomidine. Morlet wavelet analysis was used to visualise the time varying power 

spectra with high temporal resolution. Whilst anaesthetic specific changes occurred, 

reductions in frequency and increases in power within the 10-64Hz range of oscillations were 

observed occurring at, or immediately preceding, transitions into natural sleep and 

anaesthetic-induced LOC. These changes occurred within the central medial thalamus 

(CMT), a higher-order thalamic nucleus, prior to both the neocortex and a primary thalamic 

nucleus during transitions into natural sleep and propofol-induced LOC. For 

dexmedetomidine-induced LOC, these changes occurred simultaneously in all nuclei. 

However, following dexmedetomidine administration, a delta (1-4Hz) oscillation was 

induced. This oscillation reduced in frequency abruptly at the LOC point, accompanied by a 

sudden phase change between the CMT and all other nuclei. These results are in agreement 

with natural sleep and anaesthetic-induced LOC being initiated subcortically, with the CMT 

acting as a key mediator. Additionally, phase and spectral similarities between 

dexmedetomidine anaesthesia and natural sleep are consistent with dexmedetomidine 

utilising sleep pathways, whilst propofol only exhibits sleep-like characteristics during the 

recovery phase.  

Finally, a prototype device developed in-house capable of wirelessly transmitting six 

electrophysiological signals for 25 hours from rats is characterised. Further development for 

recording from unrestrained mice is outlined. 
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1.1 Consciousness: A Fundamental Question in Neuroscience 

Consciousness is one of the great unsolved mysteries in science and philosophy, its 

definition, neurobiological basis, and the reasons for its reversible loss in the form of natural 

sleep and general anaesthesia are all the subject of continuous research and debate.  

Consciousness has only recently warranted investigations from a scientific standpoint, having 

been a primarily philosophical study for centuries (Seth, 2010). How consciousness is defined 

could provoke endless discussion, given that different degrees of consciousness exist. One 

framework suggests that primary consciousness is the ability to combine sensory information 

with motor activity and long term memory in order to construct a multimodal depiction of the 

present upon which instantaneous and intentional action can be undertaken, whereas a limited 

number of animals possess higher-order conscious characteristics such as a narrative 

recollection of personal history, future plans (unrelated to the immediate environment), and 

consciousness of self (Edelman, 2003). This begs the surprising question as to whether 

animals possessing primary consciousness are truly conscious; with the scientific community 

recently declaring so, as signified by the 2012 Cambridge Declaration on Consciousness 

(Low, 2012) and experimental work (Mashour and Alkire, 2013). Thus, the definition for 

primary consciousness will be used as the definition of consciousness for this thesis. 

One question central to the scientific study of consciousness is identifying the minimum set 

of brain structures and the nature of their interactions required firstly for consciousness, and 

secondly the neuronal correlates of a specific conscious experience, termed the neural 

correlates of consciousness (Crick and Koch, 1990). These are two separate fundamental 

questions that are being studied in different ways. Neural correlates of consciousness are 

typically examined via investigation of the visual system responding to a stimulus (Rees et 
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al., 2002), whereas neural correlates of the level of consciousness (e.g. conscious vs 

unconscious or awake vs asleep) have predominately used neuroimaging techniques to study 

the whole brain in order to identify the basic set of structures and their interactions required 

for a basic level of consciousness sufficient to react to external stimuli, without any stimuli 

being present at that time, to exist. This typically consists of using neuroimaging techniques 

to identify the brain areas showing differences in metabolism and functional connectivity 

across consciousness transitions from wake to natural sleep (Hofle et al., 1997) and 

anaesthetic-induced loss of consciousness (LOC) (Hofle et al., 1997, Langsjo et al., 2012, 

Lewis et al., 2012). Additionally, data from clinical patients suffering from disorders of 

consciousness following traumatic brain injury (Giacino et al., 2014), provide some insights. 

The results of these studies have typically converged on an interconnected set of structures 

thought to facilitate consciousness, the thalamus and cortex. Current thinking (Alkire, 2008) 

and research (Ferrarelli et al., 2010, Imas et al., 2005) suggest that the mechanism underlying 

the unconscious state is the inability of information to transfer between different cortical 

nuclei, termed a loss of functional cortical connectivity. The extent to which this is mediated 

by the thalamus is debated (Fuller et al., 2011, Sherman et al., 2006), with 

electrophysiological recordings attempting to identify the temporal relationship between 

thalamic and cortical nuclei across LOC producing contradictory results (Gervasoni et al., 

2004, Hwang et al., 2010, Magnin et al., 2010, Velly et al., 2007). 

In this thesis an in vivo electrophysiological investigation has been undertaken attempting to 

clarify the temporal dynamics between the thalamus and cortex across loss of consciousness 

transitions. This study records from primary and higher-order thalamocortical circuits during 

both transitions into natural sleep and anaesthetic-induced LOC in order to discover whether 

the mechanism underlying LOC is conserved across the two types of transition, thus 
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indicating whether general anaesthetics, whose effects on neural networks are relatively 

unknown (Franks, 2008), induce their effects by acting upon endogenous sleep promoting 

neuronal pathways. This introductory chapter will firstly introduce the historical background 

surrounding mechanisms of anaesthetic action, before discussing sleep pathways and their 

possible modulation by anaesthetics. Following this, current methods of measuring brain 

activity and the oscillatory aspects of the thalamocortical system will be introduced before 

describing the proposed thalamocortical mechanism underlying the unconscious state. 
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1.2 General Anaesthetics 

Although the use of general anaesthetics is commonplace in modern medicine, the discovery 

of the ability to perform surgical procedures without the patient having conscious perception 

of pain was of enormous consequence for the time. Prior to the first widely reported use of an 

anaesthetic, ether, in 1846 by Dr William Morton (Bigelow, 1846), surgery was an 

unpleasant procedure of last resort, causing great pain and distress to the patient, with the 

surgeon having to operate with great speed. The scope of possible procedures was limited and 

mortality rates were high. The introduction of anaesthesia coupled with the development of 

antisepsis by Lister in the 1860’s, enabled more complex surgeries to occur on an immobile 

patient with less emphasis on speed and a greater chance of survival. Over time, through 

clinical experience, general anaesthesia has evolved into an extremely safe practice, with 

anaesthetists being able to choose the most suitable form of anaesthesia from a range of 

anaesthetics that have evolved over the past 168 years (Wilkinson, 2014). Despite this wealth 

of clinical experience, how anaesthetics exert their actions on the central nervous system in 

order to cause LOC is not fully understood.  

In the decades following 1846, the wide variety of structural and chemical differences 

between substances exhibiting anaesthetic properties resulted in scientists looking for a 

shared characteristic that could then be attributable to a mechanism of action (Weir, 2006). At 

the beginning of the 20
th

 century two scientists in Germany and Switzerland, Meyer and 

Overton, independently reported that the potency of an anaesthetic directly correlated with its 

oil/water partition coefficient (Meyer, 1899, Overton, 1901). This held true for a large 

number of anaesthetics, and thus led to the hypothesis that anaesthetics exert their effects on 

the lipid bilayer that constituted the cell membrane of nerves. The striking correlation 

between anaesthetic potency and oil/water partition coefficient made this hypothesis difficult 
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to dismiss for a number of years, despite a number of exceptions. For example 

octaflouropropane (Miller et al., 1972), and the fact that increasing the solubility of long 

chain alcohols and alkanes through the addition of additional groups onto homologous chains 

does not increase their anaesthetic potency beyond a certain point, known as “cut-off” 

(Mullins, 1954). Additionally, attempts to explain how direct anaesthetic action on lipid 

bilayers caused loss of consciousness faltered. By the late 70’s, there were four differing lipid 

based theories; anaesthetics increased lipid bilayer fluidity, anaesthetics induce a solid to 

liquid phase change within the bilayers, anaesthetics increase the lipid bilayer membrane 

dimensions and anaesthetics induce an increase in the cation permeability of lipid bilayers. 

Upon examining these theories on an individual basis several shortcomings were identified. 

Evidence supporting these theories typically examined lipid bilayers under the influence of 

anaesthetic doses that were of little clinical relevance and a number of proposed changes to 

the properties of lipid bilayers caused by anaesthetics, could also be induced by subtle 

changes of temperature, which can occur naturally within the animal without causing it to 

lose consciousness (Franks and Lieb, 1982). Most importantly these theories did not fully 

explain how the proposed changes in the lipid bilayers resulted in a dysfunctional membrane 

protein, which was the agreed end result of all theories (Franks, 2006). During the same 

period, a number of experiments had started to investigate the action of anaesthetics directly 

on proteins, and the first conclusive demonstration came in 1984 by Franks and Lieb, who 

discovered that the light output of an isolated pure protein, firefly luciferase, could be 

inhibited by a range of anaesthetics. The concentrations required to inhibit 50% of the 

luciferase were near identical to the ED50 (median effective dose) concentrations causing 

LOC in animals. Additionally, it was reported that the anaesthetics tested competed with the 

substrate molecule, luciferin, thus leading to the suggestion that anaesthetics not only act on 

receptors, but that their action involves competing with endogenous ligands for binding to the 
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receptor (Franks and Lieb, 1984). Following this, research into anaesthetic actions on 

proteins focussed on identifying which protein targets are responsible for loss of 

consciousness (Franks and Lieb, 1994), whilst the discovery that the stereoisomers of 

isoflurane, despite having the same effects on pure lipid bilayers (Franks and Lieb, 1991), 

had differing anaesthetic potencies both in vivo (Harris et al., 1992) and in vitro (Franks and 

Lieb, 1991), cast further doubt on lipid based theories. 

Currently, anaesthetics have been shown to exert effects on a limited number of receptors and 

channels, the most studied of which is the GABAA (γ-aminobutyric acid type A) receptor. 

Additionally, NMDA (N-methyl D-aspartate) receptors and two-pore-domain potassium 

channels (2PK) have been identified as anaesthetic targets (Rudolph and Antkowiak, 2004, 

Franks, 2008). 

GABAA receptors have been thought of as anaesthetic targets since the late 1970’s 

(Macdonald and Barker, 1978). The receptors are found throughout the CNS and with the 

exception of xenon (de Sousa et al., 2000), butane and cyclopropane, the effects of 

endogenous GABA on GABAA receptors are enhanced by almost all anaesthetics, resulting in 

additional GABA-induced chloride ion influx into the cell. At higher anaesthetic 

concentrations, direct activation of the GABAA receptor occurs. The receptor consists of five 

subunits, and 19 possible receptor subunits have been identified. Within the brain 60% of all 

GABAA subunits comprise of α1β2γ2 subunits, 15% consist of α2β3γ2 and 10-15% consists 

of α3βnγ2 (Rudolph and Antkowiak, 2004). The development of genetic engineering 

techniques allow the use of gene knockout, knock in and point mutations to explore the 

relative role of each subunit with regards to anaesthetic sensitivity. Although knockouts are 

not considered universally successful due to possible compensatory mechanisms (Rudolph 
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and Mohler, 2004) δ subunit knockout mice exhibit reduced sleep time in response to 

neurosteroids alphaxalone and pregnanolone, but not other anaesthetics (Mihalek et al., 

1999). β3 subunit knockout mice attenuated the ability of enflurane and halothane to remove 

response to noxious stimuli, an indicator of a surgical plane of anaesthesia being reached, 

whilst the sleep time measured with etomidate and midazolam was also reduced (Quinlan et 

al., 1998). Point mutations on the α subunit reduce the effects of volatile anaesthetics, but 

have little effect on intravenous agents (Krasowski et al., 1998), whilst mutations on the β 

subunit have been shown in vivo to reduce the ability of propofol, etomidate (Reynolds et al., 

2003, Jurd et al., 2002) and pentobarbital (Zeller et al., 2007) to induce loss of righting reflex 

(LORR), which is the accepted rodent correlate of LOC. Finally mice with a double knock-in 

in the α1 subunit displayed an unchanged GABA sensitivity yet reductions are observed in the 

ability of the volatile anaesthetics, isoflurane and enflurane, to induce LORR in mice (Sonner 

et al., 2007). 

NMDA receptors and 2PK channels are also anaesthetic targets, although the contribution of 

these to anaesthetic-induced LOC are less well characterised. 2PK channels, first identified in 

the pond snail (Franks and Lieb, 1988), were subsequently shown to exhibit sensitivity to 

volatile anaesthetics in mammals (Goldstein et al., 2001). 2PK channels function in 

homomeric or heteromeric dimers, and there are 15 subunits within the mammalian branch of 

this family (Goldstein et al., 2005). Of these subunits, five are opened by volatile 

anaesthetics, although their sensitivity to differing anaesthetics varies across classes. They are 

TREK1, TREK2, TASK1, TASK3 and TRESK. In contrast, 2PK channels have not been 

observed to exhibit sensitivity to any clinically relevant intravenous anaesthetic (Franks, 

2008). Opening of 2PK channels by anaesthetics typically results in inhibition of the cell 

(Sirois et al., 2000, Ries and Puil, 1999), although whether excitation or inhibition occurs 
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following the opening of presynaptic 2PK channels (Westphalen et al., 2007) is dependent on 

the nature of the synapse. 

In general knockouts of anaesthetic sensitive 2PK channels in mice reduce sensitivity to 

halogenated anaesthetics (Lazarenko et al., 2010, Heurteaux et al., 2004). However, level of 

reduction in anaesthetic sensitivity observed in vivo is dependent on the subunit type knocked 

out and the halogenated anaesthetic used (Chae et al., 2010, Lazarenko et al., 2010). The in 

vivo level of subtype and anaesthetic specific reductions in sensitivity are assessed by testing 

at different behavioural endpoints. These endpoints are: a reduction in locomotion during 

sedation, LORR, or loss of response to noxious stimuli. Not all knockout experiments test 

across all three behavioural endpoints, thus complete subtype knockout data tested across a 

range of anaesthetics is lacking (for review see (Steinberg et al., in press)).  

NMDA receptors, located both presynaptically and postsynaptically at glutamate synapses 

are also anaesthetic targets (Flohr et al., 1998). The receptor consists of four subunits, two 

compulsory NR1 subunits and two of four NR2 subtypes or two NR3 subtypes, thus it is the 

combination of NR2 and NR3 subunits that are the determinants of the receptors functional 

heterogeneity (Paoletti et al., 2013). Inhalational anaesthetics have been reported to inhibit 

NMDA receptors (de Sousa et al., 2000). The anaesthetic gas xenon, is currently of particular 

interest as it exerts its neuroprotective effects at the NMDA receptor (Harris et al., 2013). 

Mutations of both the NR1 and NR2A subunit reduce the anaesthetic sensitivity of the 

NMDA receptor although like manipulations of GABAA and 2PK receptors, the effects vary 

for different anaesthetic agents (Ogata et al., 2006),. At high concentrations, selective NMDA 

antagonists will cause sedation and LOC (Carter, 1995), however at these concentrations 

antagonist selectivity may be removed (Lingenhöhl and Pozza, 1998). Thus, whilst NMDA 
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receptor antagonism has a role to play in exerting the effects of xenon and to a lesser extent, 

other volatile anaesthetics, LOC is induced by additional effects on other molecular targets 

(Franks, 2008). 

Despite advances in the understanding of molecular and cellular mechanisms of anaesthetic 

action, how anaesthetics exert their effects on neuronal pathways is unknown. Knowledge of 

receptor locations provide clues as to which neuronal pathways are affected, yet further 

investigation is required to confirm which pathways are involved in LOC and whether these 

pathways are endogenous sleep pathways within the brain. Proposed neuronal pathways 

underlying sleep and the possible pathways of general anaesthesia are discussed in the 

following chapter. 
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1.3 Endogenous Sleep Pathways  

The neuronal pathways regulating sleep are located within the brainstem and hypothalamus. 

The reciprocal interactions between wake promoting, NREM sleep promoting and REM 

promoting nuclei within these areas are thought to govern transitions between wake and sleep 

states. Wake and NREM sleep promoting networks are outlined below and reviewed in full 

by Saper et al. (2010).  

Wake promoting networks are located within the midbrain and were first reported by 

Moruzzi and Magoun (1949), who described desynchronisation of the electroencephalogram 

(EEG), which correlates with behavioural alertness, being elicited following an electrical 

stimulation of this area in drowsy or lightly anaesthetised cats. This area contains a whole 

host of nuclei that release arousal promoting neurotransmitters into the forebrain and 

typically fire most actively in the waking animal. There are cholinergic projections from the 

pedunculopontine (PPN) and laterodorsal tegmental nucleus (LDT) (Satoh and Fibiger, 1986, 

Hallanger et al., 1987), noradrenergic projections from the locus coeruleus (LC) (Aston-Jones 

and Bloom, 1981), serotonergic projections from both dorsal (DRN) and median raphe nuclei 

(MRN) (Kocsis et al., 2006), dopaminergic neurons from the periaqueductal gray matter (Lu 

et al., 2006), histaminergic neurons from the tuberomammilliary nucleus (TMN) within the 

hypothalamus (Panula et al., 1989) and a glutamatergic set of projections from the 

precoeruleus (PC) and parabrachial (PB) nuclei (Saper and Loewy, 1980), whose importance 

in the maintenance of arousal was unknown at the time of the review but has recently been 

highlighted (Fuller et al., 2011). 

NREM (non-rapid eye movement) sleep promoting nuclei are located within the preoptic area 

(POA) of the hypothalamus and basal forebrain. A population of neurons within the 
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ventrolateral preoptic nucleus (VLPO) fire more rapidly during sleep than wakefulness 

(Szymusiak et al., 1998). VLPO contains inhibitory GABAergic and galaninergic projections 

to the TMN as well as other nuclei of the ascending arousal system including the, LC, raphe 

nuclei and PB nucleus. Reciprocal projections from these areas are also observed (Chou et 

al., 2002, Lu et al., 2006). The area surrounding VLPO also contains selective galaninergic 

projections to the DRN and LC (Sherin et al., 1998). Another well studied nuclei that exhibits 

increased firing during sleep is the median preoptic nucleus (MnPO) (Suntsova et al., 2002). 

Unlike VLPO neurons, which fire at sleep onset (Takahashi et al., 2009), elevated cFOS 

expression during sleep deprivation suggests that MnPO neurons fire prior to sleep and have 

a role in increasing sleep pressure (Gvilia et al., 2006). MnPO provides dense innervation of 

VLPO and although reciprocal projections to the brainstem arousal nuclei are observed 

(Saper and Levisohn, 1983, Uschakov et al., 2007), the nature of MnPO-brainstem arousal 

interactions is unknown (Saper et al., 2010). 

The observation that VLPO neurons are inhibited by neurotransmitters emanating from 

brainstem arousal nuclei, namely acetylcholine, norepinephrine, dopamine and serotonin 

(Gallopin et al., 2004, Gallopin et al., 2000), has led to the hypothesis that mutual inhibition 

between NREM sleep promoting and wake promoting nuclei controls switching between 

behavioural states- the Flip-Flop switch. Under this hypothesis, asymmetric inhibition will 

lead to rapid transitions between wake and sleep states, a characteristic favourable for 

survival in wild animals (Saper et al., 2010).  

In order to investigate to what extent anaesthetics can cause LOC exhibiting all features of a 

systemic dose through solely exerting their effects on these wake and NREM active nuclei; 

manipulation of individual brainstem targets, relevant to the molecular targets of the 
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respective anaesthetic has been undertaken via localised injection. The most notable example 

of this is probing the noradrenergic system through administration of dexmedetomidine into 

the LC. Systemically administered dexmedetomidine induces a sleep like state from which 

waking can be induced with sufficient stimulus (Kamibayashi and Maze, 2000). An 

enantiomer of medetomidine, dexmedetomidine is an α2- adrenergic receptor family agonist 

(Virtanen et al., 1988), of which, the α2A receptor is thought to be responsible for mediating 

its sedative and hypnotic effects (Lakhlani et al., 1997). The receptor exhibits the highest 

levels of expression within the LC (Wang et al., 1996), the largest source of brain 

noradrenaline (Foote et al., 1983). LC neurons are known to stop firing at the onset of NREM 

(Takahashi et al., 2010) and inhibition of LC neurons using locally administered 

dexmedetomidine causes LORR in rats (Correa-Sales et al., 1992). Systemic doses of 

dexmedetomidine have also been observed to cause effects upstream of the LC that are also 

observed during NREM sleep such as increases and decreases in c-Fos expression within the 

VLPO and TMN respectively (Nelson et al., 2003) and similar EEG (Bol et al., 1997), 

suggesting that dexmedetomidine causes LOC via an endogenous sleep pathway.  

In contrast to this, despite progress on the molecular level with GABAA receptors, it is not 

known how anaesthetics that exert their effects on these receptors act on the level of neuronal 

networks. For example, although injection of pentobarbital into an area within the brainstem, 

the mesopontine tegmentum, causes LORR in rats (Devor and Zalkind, 2001), the EEG 

recorded resembled sleep but did not contain spindle features that are stereotypical of 

pentobarbital recordings (Contreras et al., 1997). Thus, effects of systemic pentobarbital 

administration are not limited to the mesopontine tegmental area. Additionally, different 

anaesthetics appear to target GABAA receptors with different subunit compositions, which, 

while assumed to be ubiquitous, have varying distributions throughout the brain (Uusi-Oukari 
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and Korpi, 2010). Thus anaesthetics acting upon GABAA receptors may still exert effects on 

different pathways. Another example of an anaesthetic that exerts effects on GABAA 

receptors is propofol, however the EEG spectra exhibited by this anaesthetic is markedly 

different from that of pentobarbital and NREM sleep (Purdon et al., 2013), and experimental 

evidence has suggested that this anaesthetic induces LOC via preferential actions within the 

cortex as opposed to subcortically (Velly et al., 2007).  
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1.4 Studying The Brain: Neuroimaging And in vivo Electrophysiology Techniques 

Experiments seeking to study the neuronal pathways involved in sleep and anaesthesia utilise 

two primary techniques, neuroimaging and in vivo electrophysiology.  

Current neuroimaging experiments use blood-oxygen-level dependent functional magnetic 

resonance imaging (BOLD-fMRI) as opposed to previous nuclear techniques such as positron 

emission tomography (PET), as it is non-invasive and provides greater spatial and temporal 

resolution (Duyn, 2012). This technique measures the increase in blood flow supplying the 

oxygen required for increased neuronal activity, thought to correlate with both excitatory and 

inhibitory synaptic transmission. Thus, the exact nature of the underlying neuronal activity 

cannot be deduced using fMRI (Logothetis, 2008). Despite this BOLD-fMRI is an excellent 

tool for investigating the entire brain with excellent spatial resolution of up to 2mm (Shmuel 

et al., 2007). Identifying by correlation, the brain regions functionally involved in task 

evoked and resting brain activity. Correlation (Pearsons product moment correlation 

coefficient), can be calculated between all parts of the brain divided up into volumetric units 

called voxels. However to do this between each voxel is computationally intensive and 

produces vast quantities of data that would require additional analysis. Instead, the 

correlations are calculated between a selection of voxels known as a seed region, and the rest 

of the brain. The seed region is typically a relevant and specific anatomical feature, thus, 

changing correlations between the seed region and other parts of the brain across transitions 

in consciousness are used to identify relevant changes in functional connectivity. However, a 

change in correlation does not imply causation, and further analysis in the form of granger 

analysis, graph analysis or dynamic causal modelling is required in order to identify the 

nature of the relationship between two brain areas showing high levels of correlation (Duyn, 

2012). 
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Despite BOLD-fMRI enabling the identification of changes in functional connectivity within 

the entire brain, in addition to the inability to identify the exact nature of the underlying 

neural activity there are also other practical drawbacks. The temporal resolution of fMRI is 

limited to 2.3 – 5 seconds (de Zwart et al., 2005) and the subject must remain immobile 

during the scan to avoid artefacts. Owing to the noise generated by MRI equipment, it can be 

difficult to induce natural sleep transitions. These factors and the prohibitive cost make MRI 

unsuitable for lab based experimentation involving consciousness transitions. 

In vivo electrophysiological techniques measure the electrical activity of the brain on multiple 

scales, from global measurements such as the electroencephalogram (EEG) to single neuron 

(single-unit) recording. The advantage of using electrophysiological techniques is that the 

cellular mechanisms underlying the measurement are reasonably well understood. With its 

first reported use in humans published by Hans Berger in 1929 (Berger, 1929), EEG is the 

measurement of an oscillating potential taken from electrodes placed on the scalp. This 

voltage with respect to a ground reference is a measurement of the fluctuating extracellular 

field at the recording electrode. This extracellular field is comprised of all superimposed 

transmembrane currents, the largest source of which is synaptic activity (Buzsaki et al., 

2012). The amplitude of this measured voltage is reliant on two main factors, the spatial 

orientation of the contributing neurons, and the synchrony of their contributions to the 

extracellular field. In laminar structures, the current sources and sinks are respectively 

clustered, thus giving large measured potentials in comparison to neuron clusters with a 

random spatial orientation (Linden et al., 2011). The level of synchrony, typically brought 

about by large scale network oscillations, is also directly causal to the amplitude of the 

potential measured (Buzsaki et al., 2012). It is the frequency of these network oscillations, 

which strongly correlate with differing behavioural states of the subject that is of interest 
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when using the EEG, or other extracellular recording techniques. These frequency bands will 

be discussed in Section 1.5.  

With the temporal resolution of the EEG being of the millisecond scale, it is excellent for 

identifying changes occurring across consciousness transitions. However, the spatial 

resolution of EEG is poor. When using a single recording electrode measuring the potential 

against ground, the measurement is effectively a summation of global activity across the 

cortex (Buzsaki et al., 2012). Whilst useful for identifying behavioural states, EEG cannot be 

used for the study of individual nuclei within the cortex or subcortically. Current EEG 

techniques use multiple electrodes that are closely spaced in order to attempt to overcome 

this, and electrocorticograms (ECoG) place these electrodes below the distortion inducing 

skull, and have an improved spatial resolution of <5mm, in high density configurations 

(Blakely et al., 2008). 

In order to probe the extracellular currents subcortically, an electrode, typically in the form of 

a single high-impedance tungsten microwire, is inserted into the relevant structure, known as 

the local field potential (LFP). Recent data suggests that the LFP not only records local 

extracellular potentials, but volume conducted potentials from up to a centimetre away 

(Kajikawa and Schroeder, 2011a). Eradication of volume conducted potentials, which are 

also prevalent in EEG recordings, can be achieved by using a minimum of three closely 

spaced electrodes, and calculation of the second spatial derivative, called Current Source 

Density (CSD) analysis (Mitzdorf, 1985). However the extra instrumentation required makes 

this approach impractical for recording from multiple sites. A reasonable compromise that 

eradicates the majority of volume conducted potentials (Mitzdorf, 1985) is to use the first 
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spatial derivative, obtained by using closely spaced bipolar electrodes (Bollimunta et al., 

2008). 

Further techniques such as multi and single-unit recording can measure the occurrence of 

action potentials within small numbers of, or single neurons, and thus are the most direct 

measurements of neural activity. However, recordings from each area are normally 

performed with multi electrode arrays sampled at 25 kHz (Vyazovskiy et al., 2011), which, 

with the size of the recording arrays and current technology, places a limitation on the ability 

to record from multiple cortical and subcortical sites on a freely moving rodent. 

Each neuroimaging and in-vivo electrophysiology technique has its own benefits and 

drawbacks. BOLD- fMRI is an excellent technique for examining the brain and implicating 

groups of nuclei in consciousness, but has practical limitations and gives little information 

with regards to the underlying neural activity. Extracellular potential recordings such as EEG, 

ECoG, and LFP exhibit well characterised oscillation features in response to the conscious 

state of the subject and under general anaesthesia, and can record from a limited number of 

cortical and subcortical sites simultaneously, but are not a direct measurement of neuronal 

firing and do not have the spatial reach of BOLD-fMRI. Lastly, single-unit recordings 

provide the most precise depiction of neural activity, but there are practical issues 

surrounding simultaneous recording from multiple subcortical and cortical sites. Given that 

extracellular oscillations are excellent markers of sleep and general anaesthesia, the next 

chapter will examine the thalamocortical system, a set of nuclei that generate these 

oscillations and are implicated in the maintenance and breakdown of consciousness.  
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1.5 The Thalamocortical System: Oscillations during Sleep and Anaesthesia 

The main oscillations observed during sleep and general anaesthesia arise from the 

thalamocortical loop. The thalamocortical loop in its most basic form is a continuous 

feedback loop consisting of thalamus, cerebral cortex and reticular thalamus. There are 

reciprocal glutamatergic projections between thalamus and cortex, with both ascending 

thalamic and descending cortical projections branching to the reticular thalamus. The 

reticular thalamus in turn provides GABAergic input to the thalamus. Each of these three 

nuclei contain neurons that oscillate at an intrinsic rate, with their interactions governing the 

appearance of relevant frequencies being observed in the EEG at different times of sleep and 

under most general anaesthetics (Steriade, 2006). The main oscillations are the slow 

oscillation (0-1Hz), the delta oscillation (1-4Hz) and spindles (7-14Hz), which will now be 

discussed in turn. 

The slow oscillation is observed during natural sleep and under propofol, ketamine-xylazine 

and urethane anaesthesia (Massimini et al., 2004, Ni Mhuircheartaigh et al., 2013, Steriade et 

al., 1993b) Power within the slow oscillation band was originally attributed to the delta 

oscillation until the work of Steriade in the early 1990’s demonstrating a distinct low 

frequency oscillation exhibited by neocortical neurons in anaesthetised cats (Steriade et al., 

1993b). This oscillation consists of a distinct up (depolarised) state consisting of neuronal 

firing followed by down (hyperpolarised) states marked by quiescence. During the initial 

observations of the slow oscillation, additional recordings were undertaken of neurons within 

the reticular thalamus and thalamus where slow oscillations were observed and in the case of 

the reticular neurons, correlated with slow oscillations recorded from cortical EEG (Steriade 

et al., 1993a). However, following an additional in-vivo thalamic lesioning study published 

concurrently with the initial neocortical recordings, where bilateral thalamic lesions failed to 
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suppress the appearance of the slow oscillation within the EEG (Steriade et al., 1993c), 

subsequent research focussed on identifying an underlying cortical mechanism. 

Spontaneously occurring slow oscillations have been observed in isolated cortical slabs, with 

the frequency of these oscillations increasing with the size of the isolated slab, consistent 

with the concept that the up states resulted from the summation of spontaneous EPSPs 

(excitatory postsynaptic potentials)  being sufficient to generate an action potential within an 

individual neuron which then induced firing throughout the network (Timofeev et al., 2000). 

Despite the demonstration of this mechanism, in vivo observations of slow oscillations during 

sleep and anaesthesia differ to those seen within this isolated preparation (Crunelli and 

Hughes, 2010). In vivo up states observed within thalamic nuclei have been shown to precede 

cortical up states (Contreras and Steriade, 1995) and hyperpolarisation of thalamic neurons 

that exhibit slow oscillations upon metabatropic glutamate receptor (mGLUR) activation 

produce increases in frequency in line with those observed within the EEG during deepening 

sleep or anaesthesia (Zhu et al., 2006). Thus, the role of the thalamus in the in vivo generation 

of these rhythms has recently come back under scrutiny. Two separate studies within 

anaesthetised and naturally sleeping animals show that pharmacological or physical block of 

ascending thalamic projections to the cortex drastically reduce the slow oscillation frequency 

(David et al., 2013, Lemieux et al., 2014). Additionally, within one of the studies optogenetic 

stimulation of thalamocortical neurons at frequencies below 1.5Hz entrains the observed slow 

oscillation within the EEG (David et al., 2013). 

Delta oscillations are 1-4Hz oscillations observed within the EEG during NREM sleep. As 

sleep progresses following the transition from wake, spindle oscillations become less 

prevalent and are replaced by delta oscillations (Steriade et al., 1993a). Both thalamic and 
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cortical generators of the delta oscillation exist. Thalamic relay neurons can exhibit a 

continuous delta oscillation at sufficiently hyperpolarized membrane potentials. At membrane 

potentials less than -55mV, an inward rectifying current (Ih) consisting of sodium and 

potassium ions is activated, which in turn depolarises the neuron sufficiently to activate low 

threshold calcium currents (It) generating low threshold spikes and action potentials 

(McCormick and Pape, 1990b). Subsequent re-hyperpolarisation of the neuron occurs due to 

Ih being inactivated, and the refractory period of the It (Jahnsen and Llinas, 1984a), thus 

generating an invariant burst-firing rhythmicity in the delta range of frequencies. Distinct 

neocortical delta rhythms have been also observed within frontal and parietal, but not primary 

sensory areas of isolated rat neocortex. This oscillation was generated within layer 5 fast 

spiking interneurons and intrinsic bursting neurons under low cholinergic and dopaminergic 

tones characteristic of NREM sleep (Carracedo et al., 2013). Thus, the appearance of delta 

oscillations within the EEG, nested within the up state of the slow oscillation, is likely due to 

the interaction between intrinsic thalamic and cortical delta oscillation generators, although 

the in vivo relationship between these oscillators is unclear (Contreras and Steriade, 1995, 

Steriade, 2006) . 

Spindles are 7-14Hz oscillations observed during the early stages of NREM sleep. Nested on 

the up state of the slow oscillation (Molle et al., 2002), these oscillations ‘wax and wane’ 

occurring every 3 to 10 seconds and lasting 1 to 3 seconds within the EEG (Steriade et al., 

1993a), and are thought to arise from thalamoreticular interactions. The isolated reticular 

nucleus has been shown to generate spindles (Steriade et al., 1987), and spindle rhythmicity 

is abolished within thalamic and cortical areas deprived of reticular inputs (Steriade et al., 

1985). Thus, the 7-14Hz low threshold spike bursts occurring within reticular neurons cause 

hyperpolarisation of thalamic relay neurons via GABAergic afferents, resulting in the firing 
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of rebound bursts due to de-inactivation of the low threshold calcium
 
current (Ih) (Bentivoglio 

and Spreafico, 1988). These bursts propagate to the cortex, where the rhythmic EPSPs are 

observed within the EEG, before waning during the down state. Although, the primary 

generation point of spindles is within the reticular thalamus, afferents from cortical areas 

instigate synchronised spindle generation during the beginning of the up state of the slow 

oscillation (Contreras et al., 1997, Steriade, 2006). It must be noted however even during the 

early stages of NREM sleep that a spindle is not instigated for every up state, reflected by the 

temporal dynamics of spindles within the EEG (Molle et al., 2002). 

There are two other oscillations within the EEG that are present during the wake state, and 

are worth mentioning. The first oscillation is the theta oscillation (5-9Hz), present during 

REM (rapid eye movement) sleep and locomotor activities, thought to be generated within a 

medial septal- hippocampal pathway. The function of this oscillation is not fully understood, 

but it has been implicated as having a role in spatial memory and other processes involving 

the hippocampus (for reviews see (Buzsaki, 2002, Colgin, 2013)). Within studies of natural 

sleep in rodents, the robustness of the theta oscillation within the EEG is used to accurately 

score wake and transitions into natural sleep, marked by a reduction in the theta/delta ratio 

and a reduction in the amplitude of the electromyogram (EMG), a measure of muscle tone 

(Costa-Miserachs et al., 2003).  

The other oscillation is the gamma oscillation, a spontaneous oscillation of around 40Hz in 

frequency induced following the presentation of a stimulus in both frontal and somatosensory 

areas (Friedman-Hill et al., 2000, Bouyer et al., 1981). As information can be encoded by the 

phase within the gamma cycle at which an individual neuron fires (Fries et al., 2007), phase 

synchronisation between cortical areas, demonstrated in the LFP between parietal and 
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visual/motor cortices in awake cats (Roelfsema et al., 1997), indicates a role in conscious 

perception, with the strength of local synchronisation having a role in selective attention 

(Womelsdorf et al., 2006, Womelsdorf and Fries, 2007). GABAA receptor mediated 

inhibition is thought to underlie the generation of gamma oscillations within two proposed 

cortical models, a self-synchronising network consisting of solely inhibitory interneurons and 

a reciprocal network consisting of excitatory pyramidal and inhibitory interneurons (Buzsaki 

and Wang, 2012). However, gamma oscillations have also been observed in other areas of the 

brain, the hippocampus, thalamus, and brainstem areas (Bragin et al., 1995, Simon et al., 

2010, Kezunovic et al., 2012).  
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1.6 The Thalamocortical System: Anatomy  

The neocortex, which forms a large part of the cerebral cortex, facilitates a whole range of 

processes necessary for consciousness; by integrating external sensory information and 

generating resulting motor commands through processes involving conscious thought and 

knowledge of language. The thalamus has traditionally been thought of as a pure relay to the 

cortex, with nuclei within the thalamus transmitting sensory information to defined 

neocortical areas. The only sensory circuit that does not use a thalamocortical pathway is 

olfaction (Sherman et al., 2006). However, evolving knowledge of input afferents to and 

projections from thalamic nuclei, have led to a range of additional functions, including 

facilitation of long range cortical information transfer (Sherman, 2012), being identified. This 

has resulted in the classification of thalamic nuclei into first or higher-order groups (Guillery 

and Sherman, 2011). 

First-order thalamic nuclei comprise the traditional relays of sensory information to the 

cortex, receiving afferent sensory information and relaying them via a class 1 glutamatergic 

projection innervating layers 4-6 in the relevant primary cortices (Viaene et al., 2011b). 

These class 1 projections, formally known as drivers (Sherman, 2012), typically account for 

the main information transmission. Following cortical processing in the primary region, 

information is transferred to higher-order cortical regions followed by premotor/motor areas. 

This can be done by a corticocortical pathway that consists of reciprocal projections (De 

Pasquale and Sherman, 2011) or an asymmetric corticothalamocortical route that utilises 

higher-order thalamic nuclei.  

Higher-order thalamic nuclei are distinguished by the fact that their class 1 inputs project 

from the primary cortices, typically layer 5 (Reichova and Sherman, 2004). This in turn is 
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projected to the relevant higher-order cortical nucleus. In addition, the higher-order thalamic 

nucleus also projects back to all layers of the primary cortical area (Viaene et al., 2011a), 

however the nature of this projection is a class 2 projection, formally known as a modulator.  

As the former name implies, these cells do not carry the information to be relayed, but can 

modulate the level of transmission from primary areas. This class of glutamatergic cell has 

distinct properties from Class 1 cells (Sherman and Guillery, 1998), and also forms 

corticothalamic projections from layer 6 in both first and higher-order thalamocortical 

circuits. The role of the higher-order nuclei in communication between differing cortical 

areas has been highlighted by Theyal et al (2010) who demonstrated that the class 1 

corticothalamocortical pathway from the barrel field of the primary somatosensory cortex 

(S1BF) could drive activity within the secondary somatosensory cortex (S2), via the posterior 

medial nucleus of the thalamus, following interruption of the direct cortical pathway. Given 

that this route forms a second pathway for cortical communication, the nature of this 

information transfer is debated, however information transfer via the corticothalamocortical 

pathway contains additional motor information, carried by branches to spinal cord motor 

centres. Additionally the thalamic relay neurons can be modulated by GABAergic inputs 

from local interneurons and the reticular thalamus, thus allowing modulation of the 

information transmission, not possible within the corticocortical pathway (Sherman and 

Guillery, 2011).  

In comparison to first-order thalamic nuclei, the ratio of class 2 inputs in comparison to class 

1 inputs has been shown to be significantly larger in higher-order thalamic nuclei (Wang et 

al., 2002). Additionally, higher-order relays have been shown to receive selective 

GABAergic input from the zona incerta (Bartho et al., 2002) , selective dopaminergic inputs 
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(Sanchez-Gonzalez et al., 2005) , and respond differently to cholinergic input (Mooney et al., 

2004), in comparison to first-order relays. These additional modulatory inputs imply that the 

higher-order thalamic nuclei have a more modulatory role in long range cortical information 

transfer, rather than simply facilitating the relay of a duplicate copy of the information sent 

via the corticocortical pathway. One possibility is that these nuclei modulate the synchrony 

between different cortical areas, facilitating the transmission of information requiring 

immediate attention (Saalmann et al., 2012) 

The intralaminar and midline nuclei are a distinct subgroup of higher-order thalamic nuclei. 

Discovered by Dempsey and Morison via electrical stimulation as being able to modulate 

global cortical activity (Morison and Dempsey, 1941), these nuclei were originally described 

as projecting cortically in a nonspecific manner, and formed part of the ascending reticular 

activating system (Moruzzi and Magoun, 1949). Despite having now been shown to project 

to distinct circuits primarily within the prefrontal and motor cortices, their importance as 

having a key role in arousal and cognition remains (Van der Werf et al., 2002). These nuclei 

receive dense innervation from a number of modulatory brainstem centres implicated in 

arousal (Krout et al., 2002), the nuclei of the reticular formation (the brainstem nuclei 

forming part of the reticular activating system) as well as the locus coeruleus (LC), dorsal 

raphe (DR), pedunculopontine (PPN) and laterodorsal tegmental (LDT), brainstem arousal 

nuclei discussed in Section 1.3. 

Crucially, lesioning and manipulation of distinct intralaminar and midline nuclei including 

the centromedian (CM) and central medial thalamus in humans and rodents (CMT) has direct 

effects on levels of consciousness. The CM, a midline nucleus located within the posterior 

intralaminar nuclei, is implicated in the gating attentional effort during visual motor tasks 
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(Schiff et al., 2013), and degeneration has been observed during Parkinson’s disease 

(Henderson et al., 2000). Neuronal loss within the CM and a midline nuclei located within the 

anterior intralaminar nuclei, the CMT) is observed in humans with vegetative state on the 

Glasgow coma scale, whilst lesions of other midline intralaminar nuclei are observed with 

patients exhibiting moderate or severe disabilities on this scale (Maxwell et al., 2006). Finally 

bilateral deep brain stimulation targeting the anterior intralaminar nuclei has been observed to 

improve the behavioural responsiveness of an individual within a minimally conscious state 

(Schiff et al., 2007). In rats, sevoflurane induced LORR can be reversed via administration of 

nicotine or a potassium channel inhibitor directly into the CMT (Alkire et al., 2007, Alkire et 

al., 2009, Lioudyno et al., 2013). Administration of GABAA agonist piperidine-4-sulfonic 

acid into the CMT at concentrations well below the systemic dose induces LORR (Miller and 

Ferrendelli, 1990), also replicated in unpublished experimentation within this lab using 

muscimol. The projections of the CMT in rats have been recently investigated, characterised 

by two subdivisions. In terms of cortical projections, the anterior subdivision of the CMT 

targets the medial anterior regions of the cortex, most specifically the anterior cingulate 

cortex and medial agranular cortex, whilst the posterior subdivision targets anterior lateral 

regions (Vertes et al., 2012). These prefrontal areas are associated with executive functioning 

across species, providing a level of cognition required for a range of complex behaviours 

such as attentional selection, resistance to interference, monitoring, behavioural inhibition, 

task switching, planning, decision making and maintenance of working memory (reviewed by 

(Dalley et al., 2004)). This experimental and anatomical data implicates the CMT as having 

an important role in arousal by facilitating higher-order cognitive processes. Although one 

striking study contradicts this, where near complete lesioning of the thalamus had no 

behavioural nor an EEG effect in rats (Fuller et al., 2011). 
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Figure 1.6.1 Diagram of Thalamocortical Anatomy. Displayed are the first and second order thalamocortical 

loops of the somatosensory system, a higher order thalamocortical loop involving the CMT, and the projections 

between them. 

Figure 1.6.1 summarises the thalamocortical anatomy presented within this chapter. 

Displayed are the interconnected first and second-order thalamocortical loops of the 

somatosensory system, consisting of the ventrobasal complex of the thalamus and the barrel 

field of the primary somatosensory cortex, and the posteromedial complex of the thalamus 

and the secondary somatosensory cortex respectively (Viaene et al., 2011b, Viaene et al., 

2011a, Sherman, 2012, Theyel et al., 2010, Brett-Green et al., 2004). These structures are 

concerned with relay of sensory information from the vibrissae via the trigeminal complex 
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(Jones and Diamond, 1995). Long range cortical connectivity between the S1 barrel cortex 

and the cingulate cortex (Zakiewicz et al., 2014), provides a potential link between this 

system and the higher-order intralaminar thalamic nuclei; as the cingulate receives input to all 

layers from the CMT (Vertes et al., 2012), which is in turn is modulated by the brainstem 

nuclei (Krout et al., 2002). It is of note that the cingulate does not contain layer IV (Vogt et 

al., 2004), which is typically implicated in the receipt of sensory information from the 

thalamus (Miller, 2003). 



INTRODUCTION 

42 

 

1.7 Mechanisms Underlying Consciousness, Sleep and General Anaesthesia  

The current leading mechanistic description of the unconscious state involves two 

observations. Firstly, an absence of spontaneous oscillations is observed, replaced by 

synchronised global oscillations within the EEG. Secondly, experimental evidence suggests 

that cortical integration is disrupted (Alkire et al., 2008). 

Aside from the aforementioned stereotypic and temporally invariant oscillations of sleep, the 

slow oscillation, delta and spindles, a notable example highlighting the absence of 

spontaneous oscillations is burst suppression observed during deep anaesthesia and coma. 

This consists of a near isoelectric EEG (suppression) being interrupted periodically by large 

voltage activity (bursts). These bursts occur synchronously across the scalp EEG and as 

general anaesthesia deepens, the ratio between the time spent in suppression and bursting 

increases (Ching et al., 2012). This neuronal quiescence has obvious implications for 

information transfer and whilst the bursting can be elicited by mechanical, auditory and 

visual stimuli, its transient, global nature suggests that it is stereotypic and unlikely to 

produce a conscious percept (Alkire et al., 2008). 

Loss of cortical integration is the reduction in functional connectivity (or long range 

information transfer) between distant cortical areas. During anaesthetic-induced LOC, EEG 

coherence in the gamma range of frequencies is disrupted across hemispheres and between 

anterior and posterior regions in humans (John and Prichep, 2005) and coherence reduces in 

evoked gamma oscillations between anterior and posterior regions in rats in a concentration 

dependent manner (Imas et al., 2006). This reduction in gamma coherence occurs in a 

specific manner, with the information flow from higher-order cortical nuclei back to  primary 

cortices disrupted (Imas et al., 2005). Neuroimaging data also suggests a reduction in 
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functional connectivity between cortical areas occurring during propofol and 

dexmedetomidine anaesthesia (Langsjo et al., 2012, Boveroux et al., 2010). This theory is 

further supported by recent data which uses transcranial magnetic stimulation (TMS) to 

induce a localised cortical activation, before observing the subsequent spread of this 

activation across the brain using high density EEG and CSD analysis. During wakefulness, 

aside from the local activation, subsequent activation was observed spreading into connected 

brain regions away from the local site. In contrast, during NREM sleep, although the 

localised activation is greater it does not propagate to connected brain regions and dissipates 

rapidly (Massimini et al., 2005). The same properties are also observed under midazolam 

anaesthesia (Ferrarelli et al., 2010), xenon and propofol anaesthesia (Casali et al., 2013), and 

within vegetative patients (Rosanova et al., 2012). 

As this observation is conserved across sleep, anaesthetic and pathological states, explaining 

the underlying mechanism causing loss of functional cortical connectivity is of great interest 

and revolves around the respective roles of the thalamus and cortex; does the thalamus 

modulate cortical activity, or vice versa?  

Evidence that modulation of thalamic nuclei can control arousal and clinical evidence that 

thalamic lesions within humans cause disruptions to consciousness has been described in 

Section 1.4. Although most neuroimaging studies consistently report a reduction in both 

cortical and thalamic metabolism across transitions into unconsciousness (Portas et al., 2000, 

Kaisti et al., 2002, Alkire et al., 1995). Subsequent increases during awakening from 

anaesthetics reveal that the restoration occurs in a bottom up manner, with minimal cortical 

reactivation (Langsjo et al., 2012). Additionally, recent neuroimaging studies undertaken 

during transitions into NREM sleep and propofol anaesthesia observe a selective reduction in 
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functional connectivity between higher-order thalamic nuclei and their respective cortical 

areas (Liu et al., 2013, Picchioni et al., 2014). Despite this neuroimaging evidence, 

corticothalamic pathways have been implicated in exerting effects on the thalamus under 

anaesthesia (Vahle-Hinz et al., 2007, Nakakimura et al., 1988). Additionally, 

electrophysiological attempts to identify the temporal relationship between cortical and 

thalamic regions during transitions into the unconscious state have produced varying and 

contrary results. Under propofol and sevoflurane anaesthesia in patients with Parkinson’s, 

changes within the cortical EEG, measured using dimensional activation (a measure of signal 

complexity that is reduced during unconsciousness), as well as spectral changes in the delta 

(0.5-3Hz) and beta (13.25-30Hz) frequencies, occurred at the LOC point. In contrast changes 

were not observed until several minutes after LOC within an LFP electrode recording from 

the subthalamic nucleus, which provided a surrogate measure for thalamic activity (Velly et 

al., 2007). In contrast to this, recordings from the medial pulvinar nucleus of the thalamus 

exhibit both spectral and dimensional activation changes that precede those of the cortex by 

several minutes within epileptic patients during transitions into NREM sleep (Magnin et al., 

2010). Finally experiments within rodents recording from the ventrobasal complex of the 

thalamus (VB) and barrel cortex, a well-known primary thalamocortical circuit responsible 

for the relay of sensory information from the vibrissae, conclude that simultaneous changes in 

both nuclei occur during wake-NREM sleep transitions and ketamine-xylazine anaesthesia 

(Gervasoni et al., 2004, Hwang et al., 2010).  

Clarifying these conflicting results and integrating them with proposed mechanisms of 

anaesthetic action forms one of the main motivations for this work. 
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1.8 Project Aims 

The aim of this project is to record LFPs from the first and higher-order thalamocortical 

circuits across wake-NREM transitions, propofol and dexmedetomidine LORR. This is in 

order to investigate the relationship between thalamus and cortex during transitions into 

unconsciousness, observing whether temporal differences between thalamus, cortex or first 

and higher-order circuits exist and aiming to reconcile contrasting data from past 

experiments. Analysis of the data will also seek to identify similarities in the LFP recordings 

that might indicate that anaesthetics exert their effects on endogenous sleep pathways, or that 

a common mechanism underlies transitions into the unconscious state.  

This will be achieved by recording from bipolar electrodes chronically implanted within 

freely moving rats using a Neurologger, a miniature device for the recording of 

electrophysiological signals. The nuclei to be recorded from are the ventrobasal complex of 

the thalamus and barrel cortex representative of a first-order thalamocortical circuit, and the 

central medial thalamus and cingulate cortex, representative of a higher-order thalamocortical 

circuit, as displayed in Figure 1.6.1. ECoG and EMG electrodes will also be used where 

necessary. The data will be analysed using continuous wavelet transforms and cross wavelet 

transforms in order to obtain a high degree of temporal resolution, as well as identify network 

dynamics between the nuclei.  

The project was initially started by Thom Gent (2011), and continued by myself with the 

assistance of Qianzi Yang and Susan Parker. The data presented here are currently in press, 

with a proof copy of the publication included in the Appendix. 
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2 Methods and Materials 
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2.1 Animal Welfare 

Sprague Dawley male rats weighing 300-360gr were housed individually and exposed to a 

12hr light:dark cycle. Surgical procedures and experiments were performed under the United 

Kingdom Home Office Animal Procedures Act (1986) with local ethical approval. Surgical 

procedures were undertaken observing best practices in aseptic technique, anaesthesia and 

analgesia. Rodents experienced a recovery period of at least seven days following delivery to 

the facility and each experiment or surgical procedure. In total 22 rats were used, of which, 

13 were used for more than one experiment (sleep, propofol or dexmedetomidine). 
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2.2 Surgical Methods 

General practice for the surgical procedures described below consisted of 30 minutes of 

premedication with 5mg/Kg SC enrofloxacin (Baytril, Bayer AG, Leverkusen, Germany) and 

15mcg/Kg SC buprenorphine (Temgesic, RB Pharmaceuticals LTD, Slough, UK). Under 

isoflurane anaesthesia (IsoFlo, Abbott Laborotories, Abbott Park, US-IL), the incision sites 

were shaved and prepared using 1% Povidone Iodine solution (Vetasept, Animalcare LTD, 

York, UK), with the animal located away from the surgical area. Depth of anaesthesia was 

assessed using the hind limb reflex, before the rat was relocated to the surgical area with 

maintenance of body temperature achieved using temperature regulating heat pads (Harvard 

Apparatus LTD, Edenbridge, UK). Sterility of the procedure was ensured using autoclaved 

instruments and implantables, and the use of sterile drapes. Following surgery the animal was 

left to recover in a temperature controlled environment before being returned to its cage. 

Post-operative treatment typically consisted of three days of 5mg/Kg/day p.o. enrofloxacin 

and 15mcg/Kg SC buprenorphine administered 12 hourly as required. 

2.2.1 Indwelling Jugular Vein Catheter 

In order to reliably deliver anaesthetics intravenously a permanently indwelling catheter was 

implanted into the right jugular vein of the animal. Following the premedication and 

induction process described, the rat was placed on its back, with isoflurane anaesthesia being 

maintained via a coaxial bain circuit (Harvard Apparatus LTD, Edenbridge, UK). A ~2cm 

anteroposterior stab incision was made above the right clavicle over the jugular vein. Blunt 

dissection of the subcutaneous tissue was performed in order to extract 1 cm of the right 

jugular vein onto a spatula. The vessel was punctured with a 25 gauge needle, and a 31 gauge 

stainless steel guide wire (MicroGroup, Medway, US-MA) inserted into the vein. After the 

tip of the guide wire entered the right atrium of the heart, a 9.5cm PTFE catheter (England 
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Adtech Polymer Engineering Ltd, Stroud, UK) was fed over the guide wire and into the right 

atrium before the guide wire was withdrawn and the catheter aspirated and flushed with 10 

I.U/ml Heparin Sodium solution (Wockhardt UK Limited, Wrexham, UK). The catheter was 

then sutured in place using non-absorbable suture (Ethilon, Ethicon Endo-Surgery (Europe) 

GmBH, Norderstedt, Germany), before the incision was covered with a sterile swab and the 

animal rotated onto its front. A second ~3cm anteroposterior stab incision was then made 

behind the right scapula and using blunt dissection with curved forceps, the free end of the 

catheter was fed over the shoulder such that it protruded from the second incision site. At this 

point, 5mm of a shortened and blunted 25 gauge needle was inserted into the catheter and a 

luer-lock injection cap (Infusion Concepts, Sowerby Bridge, UK) screwed onto the needle. 

Following aspiration and flushing of the complete assembly the needle and injection cap 

assembly was sutured to the underlying spinotrapezius/latissimus dorsi muscles using non-

absorbable suture fed through holes made in the luer connector of the needle. Finally, the two 

incision sites were closed using absorbable suture, (Coated Vicryl, Ethicon Endo-Surgery 

(Europe) GmBH, Norderstedt, Germany).  

2.2.2 Surgical Implantation of LFP, ECoG and EMG Electrodes 

Following recovery from catheterisation the rat underwent stereotaxic surgery to implant the 

electrodes required for in vivo electrophysiological measurements. Following premedication 

and induction a square section of the rat’s head extending from between the eyes to between 

the ears was prepared before the rat was mounted to a stereotaxic frame (Stoelting Co, Wood 

Dale, US-IL) using ear bars with isoflurane anaesthesia maintained via an inhalational mask 

integrated into the frame. The prepared square section of skin was then removed using a 

scalpel and fine tweezers before the periosteum was removed using sterile cotton buds. With 

the sutures exposed, the positions of bregma and lambda were recorded and the drilling 
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coordinates for the relevant electrodes (Figure 2.2.1) calculated using a rat brain atlas 

(Paxinos and Watson, 2005). Holes were drilled into the skull using a drill mounted to a 

frame arm (Stoelting Co, Wood Dale, US-IL) before the bipolar local field potential 

electrodes,  with 125µm tip separation  (WE3ST11.0F5, Microprobes, Gaithersburg, US-

MD), were inserted to the relevant depth and secured to the skull with polycarboxylate 

cement (Henry Schein Dental, Gillingham, UK) and/or ECoG screws (J I Morris Company, 

Southbridge, US-MA) screwed into the skull such that the tip contacted the dura mater. EMG 

wires (Cooner Wire Company, Chatsworth, US-CA) were implanted into the spinotrapezius 

muscles of the neck by firstly threading the wire through a 21 gauge needle and forming a 

hook at the end. This needle was then fed under the posterior section of the incision, 

puncturing the trapezius muscle, before being withdrawn leaving the EMG wire embedded 

within. Finally the LFP, EMG and ECoG wires were soldered to a seven pin header (Harwin 

plc Europe, Portsmouth, UK), which is in turn mounted onto to a rectangular PCB plate 

(Figure 2.3.2) Owing to the number of recording electrodes, up to 3 headers and 

Neurologgers were used. Following soldering, the wound was closed and the electrodes, 

wiring and header/PCB assembly secured in place using dental cement (Orthoresin, Densply 

Intrnational, York, US-PA). The co-ordinates for the bipolar electrodes and ECoG screws are 

recorded in Figure 2.2.1. 
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LFP electrodes 
Co-ordinate w.r.t. Bregma 

AP ML DV 

Central Medial Thalamus 

(CMT) 
-3.2 0.0 -6.5 

Cingulate Cortex 

(CING) 
3.0 -0.8 -2.3 

Ventrobasal Complex 

(VB) 
-3.4 -3.0 -6.0 

Barrel Cortex 

(BARR) 
-2.5 -5.0 -3.0 

 

ECoG electrodes AP ML 

Ground 7.0 1.0 

Reference -6.3 2.0 

1 2.0 2.0 

2 -10.3 0.0 

Figure 2.2.1 Coordinates of the LFP and ECoG recording sites. Derived from Paxinos and Watson (2005) 
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2.3 Neurologger 

2.3.1 Introduction and Specification 

The Neurologger (Figure 2.3.1) is a miniature device for recording in vivo 

electrophysiological signals designed and produced by Alexei Vyssotski (University of 

Zurich, Switzerland). Weighing approximately 3.4 grams including battery holder and 

batteries, it is detachable and can simultaneously sample, digitise and store in memory 4 

signal channels with two references at sampling rates of 200Hz, with 10 bit ADC resolution, 

for 33 hours. The advantage of this system over traditional tethered systems is that the animal 

is relatively uninhibited and can roam its home cage during sleep studies, thus removing 

stress related artefacts. Although other telemetry devices are available that continuously 

stream data via a wireless link; these typically require further surgery to permanently implant 

the device within the animal’s abdomen (Weiergraber et al., 2005). The advantage of the 

Neurologger being detachable is that with the number of devices available being limited on 

cost, multiple animals can be recorded from across a series of different experiments, within a 

short period of time. (Also see Section 8.1). 

Feature Specification 

Number of channels: 4 with 2 ref. inputs 

ADC resolution: 10 bit 

Input range: ± 500 µV 

Size:  22x15x5 mm 

Total weight: 3.42gr 

Battery life time: 33hrs 

256MB memory data filling time: 62hrs 

Figure 2.3.1 Neurologger specification. Adapted from Vyssotski (2014). 
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2.3.2 Device Mounting  

The Neurologgers were attached to the animal using the implanted 7 pin headers, one header 

per Neurologger, prior to the commencement of experiments. Mechanical artefacts can arise 

from the movement of the Neurologger relative to the header. In order to prevent this, the 

Neurologgers were fixed in place using two acrylic screws. On the animal the headers were 

mounted to a rectangular PCB plate with two holes drilled in the posterior corners. Once the 

Neurologgers were connected to their respective headers, the screws were fed through holes 

in the Neurologger battery holders and the PCB plate, securing the Neurologgers in place. 

The PCB plates and Neurologger battery holders were produced in-house by Susan Parker. 

The PCB plate/header assembly and a typical 2 Neurologger setup are shown in Figure 2.3.2. 

 

Figure 2.3.2 Header and Neurologger setup. The 7 pin header was mounted on a rectangular PCB base plate 

with a segregated ground plane. The area denoted by the upper arrow is fixed within the dental cement during 

surgery (A). Once the Neurologger was mounted holes on the battery holder were aligned with holes on the PCB 

plate (B). Mounting headers to both sides of the PCB plate enabled two Neurologgers to be fixed in place (C). 
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2.3.3 Use of Multiple Neurologgers 

For the majority of experiments, at least two Neurologgers were required. To ensure 

simultaneous recordings from both devices, the Neurologgers were connected to a common 

on/off switch. However, to test and align the data correctly, for each recording featuring a 

different Neurologger pair, calibration was undertaken using a circuit that elicited a pulse 

across all channels simultaneously, shown in Figure 2.3.3. Neurologger pairs were attached to 

the device and pulses elicited by the device at multiple time points within a 12 hour 

calibration period. This enabled the identification of potential start up time differences 

between the loggers as well as any minute sampling rate differences. All Neurologger pairs 

exhibited a start-up time difference of 0.015 seconds and sampling differences remained 

consistent across the recording period. The Neurologger pair exhibiting the greatest sampling 

difference had a sampling difference of 1 in 118416 samples. This meant that once the data 

sets were correctly aligned, the maximum time that could be analysed without the 

Neurologgers going out of sync by 0.005 seconds was approximately 592 seconds, well 

above the typical phase analysis time of 60 seconds. 
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Figure 2.3.3 Pulse box circuitry and elicited pulse traces. Synchronous pulses were evoked across all 

Neurologger channels (A) by the circuit in (B). Multiple Neurologgers were attached to the modified potential 

divider circuit (B), and the pulses aligned for calibration purposes. 
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2.4 Experiments 

2.4.1 Loss of Righting Reflex Protocol 

Loss of Righting Reflex (LORR) is used as a surrogate measure of consciousness in rodents 

with the EC50 (half maximal effective concentration) values for LORR corresponding well 

with the EC50 values for LOC in humans (Franks, 2008). Thus, the righting reflex of the rat 

was assessed during anaesthetic infusion experiments by forcing the rat to continually right 

itself within a 15cm plexiglass tube rotating at 3 RPM. After the Neurologgers are fitted, 

switched on and the infusion line connected to the catheter using a 23 gauge needle inserted 

into the injection port, the animal was left to acclimatise to the tube, which rotates for a 

minimum of 5 minutes prior to the commencement of drug infusion. Anaesthetic agents 

Propofol (Propoven, Fresenius Kabi LTD, Cheshire, UK) or Dexmedetomidine (Tocris 

Bioscience, Bristol, UK) were administered using a syringe pump (Harvard Apparatus LTD, 

Edenbridge, UK), with concentrations and infusion rates outlined in Figure 2.4.1. LORR was 

scored as the point at which all four paws of the rat left the surface of the tube as it rolled 

onto its side, with no attempt at righting made. At this point the infusion was stopped for 

most experiments and the animal left undisturbed, with the waking (recovery of spontaneous 

movement) and regain of righting reflex points recorded.  

Anaesthetic Concentration Infusion Rate 

Dexmedetomidine 20µg/ml 20µg/Kg/min 

Propofol 10mg/ml 10mg/kg/min 

Figure 2.4.1 Anaesthetic concentration and infusion rates used in LORR experiments. 
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2.4.2 Recording of Natural Sleep  

In order to record transitions into natural sleep, the animal was fitted with Neurologgers and 

returned to its home cage at least two hours prior to the lights-on phase. Recordings typically 

lasted 15 hours before the Neurologgers were removed for the downloading of data. The 

behavioural state of the animal throughout the lights-on phase was assessed following the 

experiment using a sleep scoring algorithm (described in Section 2.5.1) on recorded 

LFP/ECoG and EMG data. 
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2.5 Data Analysis 

2.5.1 Sleep Scoring 

Following sleep experiments, the downloaded data was displayed in Spike2 (Cambridge 

Electronic Design Limited, Cambridge, UK) and the behavioural state of the rat identified 

using a script based upon the work of Costa Miserachs et al (2003). The script uses 5 second 

segments of ECoG and EMG to score the behaviour of the animal into 3 behavioural states; 

Wake, NREM and REM sleep. In the first step, the delta (0.5-4Hz) and theta (6-10Hz) 

content of the ECoG and magnitude of the EMG was used to score the majority of epochs 

along the following guidelines. Segments with an intermediate theta/delta ratio and large 

EMG power were scored as Wake, a low theta/delta ratio and low EMG amplitude as NREM 

sleep and segments with a large theta delta ratio and minimal EMG power scored as REM 

sleep. Statistics (mean and standard deviation), of the theta/delta ratio, delta power and EMG 

power were then calculated for each of the three states in order to score segments that could 

not be scored initially. This enables the identification and scoring of wake periods containing 

artefacts, and REM and NREM periods that fail the initial arbitrary criteria, but are close to 

the statistical values calculated for these states from the constituent data. 

Twenty second epochs were then constructed from each set of four consecutive 5s segments, 

determined by the most prevalent state. Epochs which contained no prevalent state were 

initially scored as Doubt before a final reassignment of these epochs was undertaken by 

comparing how the epoch content compared to the state scored in the previous epoch. After 

this final refinement 10 ±1% (n=12) of epochs were still scored as Doubt. This may have 

caused problems with circadian studies, but is of limited consequence for these experiments. 

The segment error was only 1.7 ±1% and only periods of data free of any doubt were chosen 

for the wake-NREM transitions and steady state periods analysed. 
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2.5.2 Continuous Wavelet Transform 

In order to visualise changes in frequency and power within the LFP signal with high 

temporal resolution, the continuous wavelet transform (CWT) (Torrence and Compo, 1998) 

was calculated using a modified version of scripts by Aslek Grinsted (2004) in MATLAB 

(MathWorks, Cambridge, UK). The creation of the CWT involves the convolution of the LFP 

signal (𝑥(𝑡)) with a mother wavelet (𝜑(𝑠, 𝜏)): 

𝑊(𝑠, 𝜏) = 𝑥(𝑡) ∗  𝜑(𝑠, 𝜏) 

The wavelet chosen is the Morlet wavelet, which is a plane wave modulated by a Gaussian 

function, In order to satisfy the admissibility criterion, the mother wavelet must have zero 

mean and be localised in time and frequency space (Torrence and Compo, 1998), thus for the 

mother wavelet shown below 𝜔0 = 6.  

𝜑0 (
𝑡

𝑠
) = 𝜋

−1
4 𝑒𝑖𝜔0𝑡/𝑠𝑒−(

𝑡
𝑠

)
2

/2
 

By varying the wavelet scale (s) (analogous to period) of the mother wavelet, and translating 

along the time axis, a time varying amplitude value is created for each scale and time point 

(τ). The wavelet power is defined as the square of this value. 

𝑊𝑥(𝑠, 𝜏) =
1

√𝑠
∫ 𝑥(𝑡)𝜑0

∗ (
𝑡 − 𝜏

𝑠
) 𝑑𝑡

∞

−∞

 

𝑃𝑜𝑤𝑒𝑟 =  |𝑊𝑥(𝑠, 𝜏)|2 
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This method provides advantages over the traditional Fast Fourier Transform, which has a 

frequency resolution proportional to the time sampled. For our data sampled at 200Hz (𝑓𝑠), in 

order to obtain a frequency resolution better than 0.5Hz (𝑑𝑓) restricts the time resolution to 2 

seconds (National-Instruments, 2008). 

∆𝑓 =
1

∆𝑡
=

𝑓𝑠

𝑁
 

𝑁 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 

0.5 >
200

𝑁
 

𝑁 > 400 

∴ ∆𝑡 > 2𝑠 

In contrast the frequency and time resolution of the CWT is dependent on the target 

frequency (𝑓𝑖) being analysed. The frequency resolution improves and the time resolution 

decreases as the target frequency reduces (Kijewski and Kareem, 2003). 

∆𝑓𝑖 =
𝑓𝑖

2𝜋√2𝑓0

 

∆𝑡𝑖 =
𝑓0

𝑓𝑖√2
 

𝑤ℎ𝑒𝑟𝑒 𝜔0 = 6 = 2𝜋𝑓𝑜 

For a 2 Hz target frequency this corresponds to ∆𝑓2𝐻𝑧 = 0.24Hz and ∆𝑡2𝐻𝑧 = 0.34s. 
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An additional advantage of the CWT is the ability to define features within the data that are 

not attributable to a background noise source. In this case, a Fourier red noise background 

spectrum for N points is calculated using a lag-1 autoregressive process (Torrence and 

Compo, 1998): 

𝑃𝑘 =  
1 − 𝛼2

1 + 𝛼2 − 2𝛼cos (2𝜋𝑘 𝑁⁄ )
 

where 𝛼 is the lag-1 autocorrelation, k is the fourier frequency index. For a normally 

distributed time series 𝑥(𝑡) with a variance σ
2
, the magnitude of the Fourier transform will be 

Chi squared distributed with two degrees of freedom 𝜒2
2. Thus the distribution for the local 

wavelet power spectrum is (Torrence and Compo, 1998): 

|𝑊𝑥(𝑠)|2

𝜎2
⇒

1

2
𝑃𝑘𝜒2

2 

By using the appropriate background spectrum (red noise), and by choosing an appropriate 

confidence level for the chi-square distribution of 95%; the 95% confidence interval  can be 

calculated for the local red noise power spectrum at each wavelet scale (s). By identifying 

where the wavelet power exceeds the upper bound of the red noise 95% confidence interval, 

the data exhibiting 95% confidence above the red noise background could be obtained. All of 

the data presented in the following results chapters exceed the 95% confidence level. 
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2.5.3 Cross Wavelet Transform 

Information from the CWT’s of two LFP recordings can also be combined in a process called 

the Cross Wavelet Transform (XWT) in order to identify the covariant power of the two 

signals at each scale (s) and time (τ) (Grinsted et al., 2004). 

𝑊𝑥
𝑋𝑌(𝑠, 𝜏) = 𝑊𝑥

𝑋(𝑠, 𝜏)𝑊𝑥
𝑌∗(𝑠, 𝜏) 

𝑃𝑜𝑤𝑒𝑟 =  |𝑊𝑥
𝑋𝑌(𝑠, 𝜏)| 

Additionally the phase relationship between the two LFP’s can be deduced by taking the 

complex argument of the result. 

𝜃(𝑠, 𝜏) = 𝑡𝑎𝑛−1 (
ℑ(𝑊𝑥

𝑋𝑌(𝑠, 𝜏))

ℜ(𝑊𝑥
𝑋𝑌(𝑠, 𝜏))

) 

Changes in phase across behavioural endpoints may suggest underlying changes in 

connectivity between nuclei corresponding to those timepoints. As with the CWT, the 95% 

confidence level of the XWT can be compared with a red noise distribution given by 

(Grinsted et al., 2004) 

|𝑊𝑥
𝑋(𝑠, 𝜏)𝑊𝑥

𝑌∗(𝑠, 𝜏)|

𝜎𝑋𝜎𝑌
⇒

𝑍𝑣(𝑝)

2
√𝑃𝑘

𝑋𝑃𝑘
𝑌 

where 𝑍𝑣(𝑝) is the confidence level associated with probability 𝑝 for the probability density 

function defined by the square root of two chi-squared distributions. Once again only XWT 

power and phase data exhibiting 95% confidence was used for analysis in the results section. 
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2.6 Verification of LFP Electrode Positions 

Following the completion of all experiments, histological slices of the brain were prepared, 

so that the location of the LFP electrodes could be verified. The majority of the histology was 

performed by Qianzi Yang. Under terminal (100mg/Kg) Ketamine (Ketaset, Zoetis, Florham 

Park, US-NJ) and (20mg/Kg) Xylazine (Rompun, Bayer AG, Leverkusen, Germany) 

anaesthesia (i.p.) and after loss of hind limb reflex, the rat was placed onto its back and a 

medio-lateral incision was made across the diaphragm. Using scissors the ribs were cut 

through on both sides of the midline and peeled back to expose the heart. The left ventricle 

was pierced using a blunted 16 gauge needle, which was then held in place using forceps. 

Initially 150 ml of Phosphate Buffered Saline (PBS) was administered through the needle at a 

rate of 15ml/min with an incision made in the right atrium to allow drainage. Following this 

200ml of 4% Paraformaldehyde (PFA) was perfused before the brain was removed from the 

skull and allowed to rest for 24 hours in 50ml of the 4% PFA solution before being 

dehydrated in 30% sucrose solution. Finally, the brain was frozen in dry ice before 50 µm 

coronal sections were sliced using a cryostat, mounted onto glass slides and examined under 

a microscope. Electrode tracts were located and the most ventral point of the tract, 

corresponding to the electrode tips, recorded and compared to the target using the Paxinos 

Rat Brain Atlas (2005) Representative histological sections and recorded tip locations are 

shown in Figure 2.6.1. 
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Figure 2.6.1 Verification of LFP Electrode Positions. Electrode positions for the experimental group of 

animals (A) and representative sections (B) 
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2.7 Verification of LFP Recording Method 

As discussed in Section 1.4, Bipolar LFP electrodes have been deemed to record changes in 

the extracellular field across small distances. In the experiments performed, the two 

electrodes with the closest spacing were the CMT and VB, with an electrode tip separation of 

3mm. Figure 2.7.1 shows traces from the four electrodes in a single animal under 

dexmedetomidine anaesthesia. With little similarity between the CMT and VB traces, it can 

be concluded that for the purposes of the following experiments, that the LFP’s recorded 

were sufficiently local. 

 

Figure 2.7.1 Example LFP recording. Raw LFP traces from a single animal under dexmedetomidine 

anaesthesia. The pair of LFP electrodes with the smallest distance between them, the CMT and VB, showed 

minimal common features thus indicating that the LFP’s recorded over a sufficiently local volume for these 

experiments. 
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3 Characterisation of Natural Sleep  
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3.1 Comparison of Sleep Scoring with ECoG And LFP Electrodes 

In order to reduce the number of recording electrodes per animal, it could prove useful to 

substitute the ECoG screws, which are predominately used for the purposes of sleep scoring, 

with an appropriate LFP electrode. In order to investigate this, animals equipped with all four 

LFP electrodes and ECoG/EMG electrodes underwent a standard overnight sleep recording. 

Following this, scoring of the animals behavioural state was undertaken with each LFP 

electrode and a common EMG channel. Each 5 second segment scored was compared to the 

corresponding segment scored with the frontal ECoG electrode, the percentage agreement 

between the LFP scoring and ECoG scoring is shown in Figure 3.1.1. 

 

Figure 3.1.1 Comparison of LFP and ECoG sleep scoring. (n=3) Percentage of epochs scored correctly with 

LFP electrodes versus an ECoG benchmark. The data is split into the behavioural states scored by the algorithm. 

With 91 ± 2 % of wake states scored correctly, and 92 ± 1 % of NREM states scored correctly, the CMT LFP 

proved the most accurate. None of the LFP’s are able to score REM sleep accurately. Error bars indicate SEM. 



CHARACTERISATION OF NATURAL SLEEP 

68 

 

Figure 3.1.1 shows that with 91 ± 2 % of wake states scored correctly, and 92 ± 1 % of 

NREM states scored correctly, the CMT LFP proved the most accurate surrogate electrode 

for performing sleep scoring. None of the LFP electrodes were able to score REM sleep 

accurately.  
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3.2 Analysing Wake-NREM Transitions Using a Standardised Method 

 
Figure 3.2.1 Wake-NREM transition: Representative EMG data and ECoG/LFP wavelets. At the Wake- 

NREM transition EMG tone decreases abruptly, and changes occur in the ECoG and all four nuclei. During 

NREM onset, prior to the establishment of global delta oscillations, spectral changes occurred in the CMT and 

ECoG, whereas silence was observed in the cingulate, VB and in most cases the barrel. Areas in white represent 

omitted data that do not exceed the 95% confidence level for the local red noise background. 
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Figure 3.2.1 shows a typical Wake-NREM transition with the sleep scoring, EMG, ECoG and 

LFP recordings from the four nuclei. During the wake state, the theta oscillation can be 

observed globally, as well as sporadic power that varies in frequency around 32Hz. At the 

scored Wake to NREM transition the EMG tone abruptly reduces and is accompanied by a 

profound change in the ECoG and LFP recordings. The CMT and ECoG exhibit a breakup of 

the continuous theta oscillation and a sudden reduction in frequency and increase in power of 

the high frequency component. Relative silence is apparent in the cingulate, VB and most 

barrel recordings. This state, henceforth labelled NREM onset, lasted for approximately 10-

15 seconds before the establishment of a global delta oscillation characteristic of NREM 

sleep in rats (Gervasoni et al., 2004) (Also see Section 3.5) 

The wake- NREM transition (Figure 3.2.1) exhibits changes in 3 distinct frequency bands, 

dynamic changes in a high frequency band between 10 and 64 Hz and changes in the delta (1-

4Hz) and theta (5-9Hz) bands. The methods of analysis described below in conjunction with 

the reporting of the results for the wake-NREM transition will form the basis for all analysis 

used within the thesis. 
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3.3 Wake-NREM: Changes within the 10-64Hz band of frequencies 

In order to characterise the apparent change in the high frequency band of oscillations during 

the Wake-NREM transition period, the CWT of each nuclei was analysed in order to identify 

the frequency exhibiting the largest power at each time point within the 10-64Hz range. To 

prevent effects at the frequency boundaries, the frequency identified had to exhibit a peak in 

power i.e. adjacent frequencies had lower power values. The corresponding frequency and 

normalised power values for each individual animal were then plotted against time. The 

power values were normalised between animals by taking the ratio between the power for the 

second concerned, and the maximum power value for one second obtained for the recording 

period. Averages (n=9) are displayed in Figure 3.3.1. 
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Figure 3.3.1 Wake-NREM 10-64Hz average frequency and power graphs. (n=9) Average peak power & 

frequency at peak power in the 10-64Hz band during Wake-NREM transitions. A general reduction in frequency 

occurs from ~40Hz to~20Hz across the transition accompanied by an increase in relative power. Changes within 

the CMT and ECoG occur more abruptly than the other nuclei, with changes in the CMT occurring first. 
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General trends in the 10-64Hz range of frequencies across the wake-NREM transition were 

for the frequency to reduce in all nuclei from ~40Hz to ~20Hz, with an accompanying 

increase in power (Figure 3.3.1). Most notably the transitions within the ECoG and CMT 

occurred rather abruptly and coincided with the NREM onset point, with the changes in the 

CMT appearing to occur prior to the ECoG. In contrast to this, changes within the other 

nuclei appeared to occur several seconds after the NREM onset point, mirroring the changes 

observed in Figure 3.2.1.  

The power and frequency vs time graphs in Figure 3.3.1 also exhibit a line of best fit for each 

graph, fitted in Origin (OriginLab Corporation, Northampton, US-MA) using a Hill Curve 

(Hill1) fitting function and Levenberg-Marquardt algorithm. 

𝑦 = 𝑆𝑡𝑎𝑟𝑡 + (𝐸𝑛𝑑 − 𝑆𝑡𝑎𝑟𝑡)
𝑥𝑛

𝑘𝑛 + 𝑥𝑛
 

 
Figure 3.3.2 Sample Hill curve and formula. k is the x value at the half maximum point on the curve. 
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In order to characterise the difference in transition timing between the CMT and the other 

nuclei reported in Figure 3.3.1, lines of best fit were plotted onto individual recordings using 

Hill curves and the value at the half time of the transition, k, was obtained. Average half-

times for each of the nuclei are displayed in Figure 3.3.3 for both power and frequency. With 

respect to the NREM onset point the average half-times (n=9) are ECoG: +3.03 ±1.2s, CMT: 

-1.95 ±2.4s, cingulate: +7.93 ±5.5s, VB: +4.89 ±1.5s and barrel: +8.69 ±4.4s for frequency 

and ECoG: +8.72 ±3.8s, CMT: +1.67 ±1.1s, cingulate: +15.12 ±5.5s, VB: +12.40s ±3.2s and 

barrel: +12.80 ±3.2s for power. Thus, changes in the CMT precede those within the ECoG 

and LFP and occur closest to NREM onset, with changes in the three remaining LFPs 

occurring several seconds after the transition. P values were obtained using paired Student’s 

two-tailed t-tests with respect to the CMT and suggest a statistically significant lead of the 

CMT in all cases except against ECoG power. Finally, it is interesting to note that the 

changes in frequency appear to precede the increases in power for all nuclei.  
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Figure 3.3.3 Wake-NREM 10-64Hz average frequency and power half-times. (n=9) Changes in the CMT 

precede all other nuclei. P values are paired, two-tailed Student’s t-tests with respect to the CMT. Error bars 

indicate SEM. 
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3.4 Theta and Delta Power during Wake-NREM Transitions 

 

Figure 3.4.1 Wake and NREM average theta and delta power. (n=9) In NREM there is an increase in both 

theta and delta power in comparison to Wake, however the theta/delta ratio is considerably reduced. Error bars 

indicate SEM 

The other two power bands that show characteristic changes in power across the wake to 

NREM transition are the theta (5-9Hz) and delta (1-4Hz) range of frequencies. In order to 

characterise these changes, a normalised power value for each of the frequency bands was 

calculated for the wake state and the NREM state. To do this for an individual recording, a 

CWT encompassing the wake–NREM transition was first produced, before the power per 

second was calculated for each of the two frequency bands, using the time periods 

corresponding to the relevant state. The NREM period was chosen to be well after the NREM 

onset point. The power per second values for the theta and delta bands were then normalised 
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against the total power per second from 0.5-128Hz during NREM. This period and range of 

frequencies for normalisation was chosen as the NREM period showed the most consistency 

across the four LFP electrodes, with no risk of movement artefacts or observable changes 

across time (See last 20s of Figure 3.2.1 and Figure 3.5.1). These normalised power were 

then averaged across animals (n=9) in order to create the bar charts shown in Figure 3.4.1, 

which shows that the transition from wake to NREM involves an increase in both theta and 

delta power. However during the wake period there is a high theta/delta ratio exhibited within 

all nuclei, which is greatly reduced in NREM. Additionally examination of the Wake-NREM 

wavelets (Figure 3.2.1) suggests that the power within the theta band during NREM sleep is 

not from the same narrowband continuous oscillation exhibited during wake. 
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3.5 NREM Sleep: Phase Relationship within the Delta Band 

 

Figure 3.5.1 NREM sleep: Representative LFP wavelets. A typical example of the CWT’s exhibited during 

NREM sleep, featuring globally occurring temporally sporadic delta oscillations of high power. Other higher 

frequency oscillations can also be observed globally, and are more prevalent in the first-order nuclei. Areas in 

white represent omitted data that do not exceed the 95% confidence level for the local red noise background. 
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The CWT’s of NREM sleep for all nuclei exhibit temporally sporadic oscillations of high 

power within a wide range in frequencies in the delta range (Figure 3.5.1). In addition to this, 

power attributable to higher frequency oscillations in the theta band and above 10Hz were 

also evident, as highlighted previously by Figure 3.3.3 and Figure 3.4.1. Another method of 

analysis involves identifying the delta frequency exhibiting the largest peak power for each 

recording, before averaging across the data set. This results in values of 2.74 ±0.2Hz for the 

CMT, 2.39 ±0.3Hz for the cingulate, 2.78 ±0.3Hz for the VB and 2.95 ±0.2Hz for the barrel 

(n=9). Using this method, no statistically significant difference in the frequency exhibiting 

peak delta power was observed between the nuclei. For this method of recording and 

analysis, significant power was not observed in the sub-1Hz range of frequencies across both 

ECoG and the four LFP nuclei. 

In order to characterise the relationship within the delta range of frequencies between the 4 

nuclei during NREM sleep, the XWT was used in order to establish the phase relationships 

between the CMT and cingulate, cingulate and barrel, VB and barrel, the CMT and VB. 

These pairings were used in order to identify the phase relationships in the first and higher-

order thalamocortical loops, and between the first and higher-order thalamic and cortical 

nuclei. Additionally the phase relationships between the CMT and barrel, and VB and 

cingulate were calculated and are shown in order to check the phase relationships across all 

of the nuclei for consistency. 

For each animal, the phase information from the 1-4Hz band of frequencies was compiled 

from multiple periods of NREM sleep totalling at least 3 minutes for each electrode pair. As 

well as calculating an average value from this constituent data, polar histograms were used in 

order to graphically depict the dispersion of phases for the entire period. The phase 
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relationships between the six combinations exhibit a distribution of phases grouped around a 

single average value, a characteristic which will be referred to as phase locking. Figure 3.5.2 

shows the phases attributable to an individual animal represented with the grey shaded area. 

The average phase angle for the animals used (n=9), is denoted by the red arrow with the 

error bar representing the standard error of the mean. The thalamocortical relationships 

exhibit a phase difference of 112 ±11
o 

between the higher-order pair, the CMT-cingulate, and 

77 ±19
o
 between the first-order pair, the VB-barrel. In contrast the cortical pair, the cingulate-

barrel are in phase at 354 ±13
o
 and the thalamic pair, the CMT-VB are in phase at 359 ±8

o
. 

As can be seen by the CMT-barrel and VB-cingulate values of 64 ±15
o
 and 68 ±28

o
 

respectively, the phase averages calculated are self-consistent; the phase relationship between 

any nuclei pair can be correctly calculated using any combination of nuclei pairings. 
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Figure 3.5.2 Delta frequency phase relationships during NREM sleep. (n=9) Phase histograms from a 

representative animal (grey shaded area) with average angles for the group represented by the red arrow. Error 

bars indicate SEM. The thalamic nuclei exhibit a phase advantage over cortical nuclei, whilst the thalamic and 

cortical pairs are in phase with each other. 
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3.6 Fixing of LFP Electrode Polarities  

Although all electrodes were implanted using an identical protocol, the possibility existed 

that the two poles of the same electrode may, in different animals, be oriented differently 

with respect to the electric dipole within the nuclei. Thus, the polarity of the electrode may be 

reversed in one animal in comparison to another, which results in a phase value difference for 

the same electrode pair of 180
o
. This occurred in a small number of animals, and in order to 

overcome this, the phase relationship in the delta range of frequencies during steady state 

NREM sleep was used as a control. The polarities of the electrodes were oriented such that 

the higher frequency oscillations were nested on the peaks of the slower frequency 

oscillations, resulting in phase values that were in agreement between animals. Once the 

orientation of electrodes had been decided for each animal, this orientation was then fixed for 

phase experiments involving dexmedetomidine and propofol anaesthesia. 
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4 Characterisation of Dexmedetomidine 

Anaesthesia 
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4.1 Dexmedetomidine LORR 

 

Figure 4.1.1 Dexmedetomidine LORR: Representative EMG data and LFP wavelets. Prior to LORR, high 

delta power was exhibited in all nuclei bar the VB. An abrupt reduction in EMG tone and reduction in delta 

frequency occurs at the LORR point. In addition to this, changes appear to occur in the high frequency 

components of the wavelets, a sudden change in frequency can be seen in the CMT, VB and barrel at LORR. 

Areas in white represent omitted data that do not exceed the 95% confidence level for the local red noise 

background. 
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Rats placed within the rotating tube and infused with 20µg/Kg/min Dexmedetomidine lost 

righting reflex after 116 ±14s (n=7). The period of sedation prior to LORR was marked by 

the establishment of a prominent continuous delta oscillation within the CMT, cingulate and 

barrel (Figure 4.1.1). At LORR, a sudden loss in EMG power occurred and the frequency of 

the continuous delta oscillation abruptly reduced. Additionally changes in the 10-64Hz band 

of oscillations can clearly be seen within the CMT, VB and barrel occurring at LORR.  
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4.2 Dexmedetomidine LORR: Changes in the 10-64Hz Band of Frequencies 

 

Figure 4.2.1 Dexmedetomidine LORR 10-64Hz average frequency and power graphs. (n=7) Average peak 

power & frequency at peak power in the 10-64Hz band across dexmedetomidine LORR. A Wake period, prior 

to infusion is also included. Dexmedetomidine has an effect on frequency and power prior to LORR. However 

in a similar fashion to the Wake to NREM transition, the LORR point is marked by an increase in power and 

decrease in frequency from ~40 to ~20Hz. However these changes all appear to occur simultaneously across the 

nuclei, and the changes in frequency are more sudden than changes in power, and occur just prior to LORR. 
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A change in the high frequency (10-64Hz) component of the CWT’s occurred in all nuclei 

both prior to and across LORR (Figure 4.2.1). Figure 4.2.1 also includes a section of wake 

data prior to the infusion of dexmedetomidine where the animal is continuously righting itself 

in the rotating cylinder. During this period the frequency of the identified peaks averages 

40Hz and exhibits the lowest normalised power. Following the infusion of dexmedetomidine, 

but prior to LORR, the average frequency reduces slightly to ~35Hz and an increase in 

relative power occurs across all nuclei. In a similar fashion to the Wake to NREM transitions 

(Figure 3.3.1), a further reduction in frequency and increase in power occurs at the point of 

dexmedetomidine LORR. The frequency reduction occurs simultaneously across all nuclei 

across a short period of time just prior to LORR. In contrast the power increase is, on 

average, gradual across the whole LORR period, again with no observable differences 

between the nuclei.  

 

Figure 4.2.2 Dexmedetomidine LORR 10-64Hz average frequency half-times. (n=7) The average frequency 

half-times occur prior to LORR in all nuclei with no significant difference in timing between them. 
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Attempting to characterise the relative timing of the power increase, by fitting hill curves to 

the individual recordings as previously described, did not work owing to the inconsistency of 

the individual recordings. However, the individual frequency transitions could be fitted on a 

more consistent basis. Thus the average half-times for the frequency reduction were 

calculated and are displayed in Figure 4.2.2. With respect to LORR these are CMT: -3.57 

±0.9s, cingulate: -2.16 ±3.6s, VB: -4.67 ±2.4s and barrel: -5.04 ±1.1s. The average half-times 

in all nuclei occur prior to LORR with no significant difference between them. Large 

standard errors, particularly for the cingulate and VB highlight the variability of the 

constituent data. 
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4.3 Theta and Delta Power during Dexmedetomidine LORR 

 

Figure 4.3.1 Wake and dexmedetomidine average theta and delta power. (n=7) During wake the delta 

power is minimal or has a large standard error attributable to it, whereas power within the theta band is small but 

more consistent across the nuclei. Following dexmedetomidine LORR the delta band contained a larger 

proportion of total power, with an accompanying increase in power within the theta band. Error bars indicate 

SEM. 

The changes in theta and delta power between the wake period and dexmedetomidine 

anaesthesia are characterised in Figure 4.3.1 (n=7). During the wake period prior to drug 

infusion, there is minimal power within the delta range of frequencies with the exception of 

the CMT and barrel, whose average values feature large standard errors. There is also power 

within the theta band, which is more consistent across the four nuclei. Following 

dexmedetomidine LORR there is a large increase in delta power in all four nuclei such that 
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the delta oscillation contains up to half of the total power within the 0.5-128Hz spectrum. 

There is also a modest increase in power within the theta range of frequencies. 

One of the main characteristics of the dexmedetomidine LORR period is the establishment of 

a high power, continuous, narrow band delta oscillation prior to LORR (Figure 4.1.1). The 

average frequency of the peak power of this oscillation was 2.87 ±0.2Hz in the CMT, 2.62 

±0.2Hz in the cingulate, 2.92 ±0.2 in the barrel (n=7). The appearance of continuous delta 

power within the VB was not present in 2 animals, but averaged 2.67 ±0.3Hz for the 

remainder. At LORR the delta oscillation abruptly reduced in frequency. The magnitude of 

the reduction was of the order of 0.5Hz; 0.51 ±0.2Hz in the CMT, 0.44 ±0.2Hz in the 

cingulate, 0.57 ±0.2Hz in the barrel and 0.60 ±0.45Hz in the VB. Using one sample Student’s 

two-tailed t-tests, all of the nuclei except for the VB exhibited a statistically significant 

reduction in frequency at the p=0.05 level (Figure 4.3.2)  

 

Figure 4.3.2 Dexmedetomidine Delta Frequency And Reduction across LORR. (n=7) Average peak delta 

frequency in each nuclei prior to LORR (white bars) and the magnitude of the delta frequency reduction at 

LORR (grey bars). The average delta frequency prior to LORR is ~2.5-3Hz. At LORR this reduces by ~0.5Hz. 

Stars represent significant changes in frequency at p<0.05 using a one sample Student’s two-tailed t-tests. Only 

the VB does not exhibit a significant change in frequency at LORR. Error bars indicate SEM. 
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The appearance of prominent delta oscillations prior to dexmedetomidine induced LORR and 

the sudden reduction in frequency occurring at LORR warranted further investigation using 

the XWT. Using the thalamocortical, thalamothalamic and corticocortical pairings used for 

the NREM phase analysis, the phase relationships between the nuclei within the delta range 

of frequencies were analysed for two periods of ten seconds either side of the loss of righting 

reflex point, in order to observe whether a change in phase between the nuclei accompanied 

the observed change in frequency across LORR. 

Figure 4.3.3 shows an example of the pre and post LORR phase relationships, shown by the 

grey shaded areas, and the averages for the experimental group (n=7), given by the red 

arrows with error bars representing the standard errors. In the two periods phase locked 

relationships exist between all nuclei pairs. Prior to LORR, the thalamocortical relationships 

were CMT-cingulate: 136 ±26˚ and VB-barrel: 100 ±34˚, with the corticocortical and 

thalamothalamic relationships in phase; cingulate-barrel: 348 ±27˚ and CMT-VB: 15 ±19˚. 

For completeness the other phase relationships were CMT-barrel: 90 ±20˚ and VB-cingulate: 

126 ±13˚. At LORR the phase relationships involving the CMT all reduce in phase by 30-60˚. 

The new phase relationships were CMT-cingulate: 89 ±18˚, CMT-VB: 318 ±18˚ and CMT-

barrel: 61 ±21˚. p values, shown in Figure 4.3.3 are from paired, two-tailed Student’s t-tests 

between the phase before and after LORR and suggest high levels of significance.  
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Figure 4.3.3 Delta frequency phase relationships across dexmedetomidine LORR. (n=7) A comparison of 

phase angles for the 10 second periods immediately prior to and following dexmedetomidine LORR. Polar 

histograms from an individual animal are displayed by the grey shaded areas and the group averages denoted by 

red arrows. A reduction in phase angle occurs between the CMT and Cingulate, and the CMT and VB at LORR. 

No other pair displays a phase shift. This implicates the relationship between the CMT and the other nuclei 

changing at the LORR point. p values are from paired t tests between the phase before and after LORR, and are 

shown where significant differences occurred. Error bars indicate SEM. 
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4.4 Comparison of Dexmedetomidine Anaesthesia and NREM Sleep 

 

Figure 4.4.1 Dexmedetomidine anaesthesia: Representative LFP wavelets. In all 4 wavelets there appears to 

be a high-power delta oscillation of around 2Hz. However, there is also power in the theta band and high 

frequencies. This occurs to a lesser extent within the CMT, with the cingulate only exhibiting large power 

continuously at 2Hz. Areas in white represent omitted data that do not exceed the 95% confidence level for the 

local red noise background. 
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Figure 4.4.1 shows typical wavelets observed during steady state dexmedetomidine 

anaesthesia. These all exhibit large delta power at around 2Hz. Noticeably the first-order 

nuclei and CMT exhibit power in the theta band, the cingulate contains the highest power 

within the delta band and exhibits minimal power within the theta range. This has previously 

been characterised in Sections 4.2 and 4.3, and although subtle differences exist, the range of 

frequencies exhibited during dexmedetomidine anaesthesia is similar to NREM sleep (Figure 

3.4.1 and Figure 4.3.1). The more continuous and larger delta power (Figure 4.4.1 & Figure 

3.5.1) during dexmedetomidine anaesthesia seems to be the main difference between the two 

states.  
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 Dexmedetomidine Anaesthesia NREM 

 Before LORR After LORR  

CMT - CING 136 ± 26˚ 89 ± 18˚ 112 ± 11˚ 

VB - BARR 100 ± 34˚
 

91 ± 32˚ 77 ± 19˚ 

CING - BARR 348 ± 27˚ 338 ± 23˚ 354 ± 13˚ 

CMT - VB 15 ± 19˚ 318 ± 18˚ 359 ± 8˚ 

CMT - BARR 90 ± 20˚ 61 ± 21˚ 64 ± 15˚ 

VB - CING 126 ± 13˚ 112 ± 29˚ 68 ± 28˚ 

Figure 4.4.2 Delta band phase comparison between dexmedetomidine and NREM sleep. The two states 

exhibit similar phase relationships. 

Further examination of the phase relationships in the delta range, highlights the similarity 

between dexmedetomidine and NREM sleep. Figure 4.4.2 contains all of the average phases 

calculated across the dexmedetomidine LORR period and NREM sleep Here it can be seen 

that the phase relationships are similar between the two states, with the thalamic nuclei 

exhibiting a phase advancement of roughly 90
o 

over the cortical nuclei and the 

thalamothalamic and corticocortical relationships being in phase. Although there is no 

connectivity between the CMT and VB, CMT and barrel and the VB and cingulate, these are 

listed such that the consistency of results can be confirmed. 
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5 Characterisation of Propofol Anaesthesia 
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5.1 Propofol LORR 

 

Figure 5.1.1 Propofol LORR: Representative EMG data and LFP wavelets. Approximately 25s prior to 

LORR an increase in high frequency oscillations are observed at ~40Hz. These oscillations appear to increase in 

power and reduce in frequency approaching LORR. At LORR the EMG loses tone and the high frequency 

oscillations stabilise at approximately 20Hz. Additionally, a continuous oscillation of approximately 8 Hz 

appears globally. This oscillation appears to be unrelated to the theta oscillation, which is absent immediately 

prior to LORR. Areas in white represent omitted data that do not exceed the 95% confidence level for the local 

red noise background. 
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Rats placed within the rotating tube were infused with propofol at (10mg/Kg/min) and lost 

righting reflex after 48 ±3s (n=11). The LFP’s (Figure 5.1.1), all show similar behaviour 

across this transition, approximately 25s prior to LORR, the high frequency oscillations 

began to increase in power and reduce in frequency, from approximately 40Hz to ~20Hz at 

the loss of righting reflex point. At LORR, an abrupt reduction in muscle tone occurred, and 

the now 20 Hz oscillations stabilised in frequency and power. Strikingly a high power 

oscillation of approximately 8 Hz in frequency was established at the LORR point, unrelated 

to the theta oscillation, which was absent immediately prior to LORR. 
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5.2 Propofol LORR: Changes in the 10-64Hz Band of Frequencies 

The average frequency and power vs time graphs for the identified peak power in the 10-

64Hz band of frequencies is shown in Figure 5.2.1 (n=11). Here it can be seen that in all 

nuclei, there is an average frequency that oscillates around 40Hz until roughly 25 seconds 

prior to LORR, where this frequency reduces at a near constant rate to 20Hz at LORR. 

Following LORR the frequency stabilises at just below 20Hz, with much less variation in 

average frequency from second to second. The power increase noted in the wavelets (Figure 

5.1.1) is confirmed in Figure 5.2.1, which shows the power in the cingulate, barrel and VB 

increasing from a low stable baseline, commencing approximately 25 seconds before LORR 

and stabilising immediately prior to LORR, where the subsequent power values display a 

higher variability from second to second. A different relationship with respect to time is 

observed with the CMT, although the period prior to LORR involves a low power baseline 

followed by an increase in power commencing approximately 25 seconds prior to LORR, the 

increase in power is much greater, forming a peak at LORR. Following LORR the power 

decreases to a relative level similar to the other nuclei before remaining constant. 
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Figure 5.2.1 Propofol LORR 10-64Hz average frequency and power graphs. (n=11) Average peak power & 

frequency at peak power in the 10-64Hz band across propofol LORR. A reduction in frequency occurs from 

~40Hz to ~20Hz in all nuclei, commencing ~25 seconds prior to LORR and stabilising at LORR. This is 

accompanied by an increase in relative power, again commencing prior to LORR and stabilising just prior to the 

transition point. In contrast to the other nuclei, the power within the CMT rises to a much larger relative power 

at the transition point, before reducing and stabilising at a lower level. 
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With the power within the CMT showing a characteristically different shape, both on average 

(Figure 5.2.1) and with individual recordings, the line of best fit for power was plotted using 

a modified function combining a Hill1 curve with a Gaussian (Figure 5.2.2). This enabled the 

calculation of the half-times for the CMT power. Once again, in order to characterise any 

temporal differences between the nuclei, half-times for the frequency reduction and power 

increase were calculated for individual recordings, with the results shown in Figure 5.2.3. 

𝑦 = 𝐶 + (𝐵 − 𝐶) ∗  
𝑥𝑛

(𝑘𝑛 + 𝑥𝑛)
+ (𝐴 − 𝐶) ∗ 𝑒

−(𝑥−𝑡0)2

2𝜎2   

 

Figure 5.2.2 Example Hill + Gaussian curve. Used to fit the CMT power data, A is the Gaussian height, B the 

Hill1 curve height, C the baseline, t0 the Gaussian peak position, k is the Hill1 time at half maximum, σ the 

Gaussian standard deviation and n the Hill coefficient. 
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Figure 5.2.3 Propofol LORR 10-64Hz average frequency and power half-times. (n=11) Half-times for both 

frequency and power occur prior to the LORR point in all nuclei. Changes in the CMT precede all other nuclei. 

P values are paired, two-tailed Student’s t-tests with respect to the CMT. Error bars are standard errors. 
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The average half-time value for each of the nuclei is shown in Figure 5.2.3, which clearly 

shows that the frequency half-times for the higher-order thalamocortical nuclei, precede the 

first-order nuclei. These are -11.46 ±1.4s for the CMT, -10.76 ±1.7s for the cingulate, -7.87 

±1.5s for the VB and -5.72 ±1.3s for the barrel. Using paired students two-tailed t-tests, a 

significant difference was identified between the half-time values for the CMT and the first-

order nuclei, but not the cingulate cortex. The time at half maximum power for the CMT 

(Figure 5.2.3), also precedes all other nuclei. The half time value for the CMT is 16.27 ±1.7s 

prior to LORR in contrast to 9.15 ±1.5s, 9.01 ±3.7s and 8.81 ±2.4s prior to LORR in the 

cingulate, VB and barrel respectively. Using paired Student’s two-tailed t-tests on the 

constituent data confirmed that the difference between the CMT and each of the other nuclei 

were significant at the p<0.05 level.  
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5.3 Theta and Delta Power during Propofol LORR 

In addition to the changes observed in the high frequency oscillations at LORR, a prominent 

increase in power occurred in the theta range of frequencies, although this is unlikely to be a 

manifestation of the theta oscillation, which was absent immediately prior to LORR (Figure 

5.1.1). Additionally, following propofol LORR, increases in delta power were temporally 

sporadic and large increases occurred in some animals, but not in others.  

 

Figure 5.3.1 Wake and Propofol average theta and delta power. (n=11) Average theta and delta power 

during wake and following propofol LORR. It can be seen that there is a large, global, increase in theta power 

following LORR and a modest increase in delta power. Unlike dexmedetomidine and NREM sleep, during 

propofol anaesthesia the theta band contains more power than the delta band in all nuclei. Error bars indicate 

SEM 
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In order to characterise this, power in the theta and delta bands were calculated using the 

method outlined in Section 3.4 for a period of wake and a period of 10 seconds following 

LORR, before being averaged (n=11). The results, shown in Figure 5.3.1, confirm a large 

increase in power in all nuclei across LORR in the theta band and a modest increase in delta 

power. Unlike dexmedetomidine and NREM sleep, the power within the theta band is greater 

than that within the delta band in all nuclei. 

As an increase in delta power does occur following propofol LORR. An attempt was made to 

characterise the phase relationship within the delta band of frequencies. However, this phase 

relationship did not appear to remain consistent across time. Figure 5.3.2 shows an example 

of phase within the delta band changing across time following propofol LORR.  

 

Figure 5.3.2 Example of phase variability following propofol LORR. Here, 45 seconds of CMT-CING data 

in two consecutive segments following LORR is compared, showing a random distribution of phases. 
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5.4 Surgical Levels of Propofol Anaesthesia Result in Burst Suppression 

 

Figure 5.4.1 Propofol LOHLR: representative LFP wavelets. Representative LFP’s during transitions from 

wake to surgical levels of propofol anaesthesia, indicated by Loss of Hind Limb Reflex (LOHLR). Following 

LORR the power below 10Hz decreases until burst suppression, global bursts of high frequency power, 

interspersed by silence, occurs. The interburst frequency reduces to a minimum at the LOHLR point. Areas in 

white represent omitted data that do not exceed the 95% confidence level for the local red noise background. 
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In a variant of the propofol LORR protocol carried out in a small number of animals, an 

infusion of propofol at 5mg/kg/min continued past LORR until the hind limb reflex of the 

animal, a widely used test of anaesthetic depth used during rodent surgery, was lost (Loss of 

Hind Limb Reflex- LOHLR). The hind limb reflex was assessed every 15 seconds 

commencing one minute after LORR and the propofol infusion stopped at the LOHLR point. 

LFP recordings from the four nuclei are displayed in Figure 5.4.1. As the anaesthetic depth 

increases, the power below 10Hz reduces in all of the nuclei. Above 10Hz, the continuous 

high frequency oscillations described previously appear to become more intermittent with 

increasing anaesthetic depth, until discrete broadband bursts of high frequency can be 

observed. The interburst frequency decreases to a minimum at the LOHLR point, where the 

infusion of propofol was halted. Following this, a subsequent increase in the interburst 

frequency and the re-establishment of power below 10Hz occurred. This restoration appeared 

to occur much earlier within the cingulate, VB and barrel nuclei in comparison to the CMT. 

The recovery phase in investigated further in Section 5.5. 
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5.5 Recovery from Propofol Anaesthesia Involves A NREM Sleep-Like Period 

 

Figure 5.5.1 Recovery from Propofol LOHLR: representative LFP wavelets. During recovery from 

propofol LOHLR a stage involving global low-frequency delta oscillations resembling NREM sleep occurs 

during the recovery phase. The oscillation is disrupted when the animal moves a paw (~750s), although RORR 

does not occur until several minutes later. Areas in white represent omitted data that do not exceed the 95% 

confidence level for the local red noise background. 
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A complete recording from a propofol LOHLR experiment is displayed in Figure 5.5.1 where 

it can be seen that following LOHLR, the recovery of power across the entire spectrum 

occurs rapidly in the cingulate, barrel and VB in contrast to the CMT. When power is 

regained within the CMT, it contains a low frequency delta oscillation resembling NREM 

sleep which is also established within the other nuclei. This global NREM sleep-like phase 

typically lasts for several minutes until the animal makes its first spontaneous movements. 

Whilst undisturbed, the animal may rouse briefly a number of times, indicated by 

spontaneous whisker and paw movements, before fully regaining righting reflex, as shown in 

Figure 5.5.1. These periods between movements also appear to have similarities with NREM 

sleep, with global sporadically occurring delta. At the wake point it is interesting to note that 

in addition to the reestablishment of the theta oscillation within the thalamic nuclei, the 

frequency of oscillations within the 10-64Hz range of frequencies abruptly increases in all 

nuclei. 

In order to further compare the NREM like period observed with previously characterised 

NREM sleep, 90s of phase within the delta band was extracted for comparison from each 

recording. Owing to a lack of recordings including the VB electrode, only the phases 

calculated between the CMT, cingulate and barrel nuclei are displayed in Figure 5.5.2 (n=5). 

Firstly, the phase during the 90s period exhibits phase locking, unlike the 90s period 

following propofol LORR described in Section 5.3. Additionally the average phase angles 

between the CMT and cingulate, cingulate and barrel and CMT and barrel are similar to those 

reported during NREM sleep (Section 3.5). This indicates that during unstimulated recovery 

from surgical doses of propofol, a transition occurs from the propofol induced state into a 

natural sleep-like state, before the animal regains righting reflex. 
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Figure 5.5.2 Delta phase relationships during recovery from propofol LOHLR. (n=5) Phase were obtained 

during the NREM like stage during propofol recovery, and resemble those observed during NREM sleep. The 

grey shaded area is from 90s of data from one animal, whilst averages are indicated by red arrows. Error bars 

indicate SEM. 
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6 Discussion 
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6.1 Overview 

In this series of experiments simultaneous recordings of ECoG, LFP and EMG data were 

obtained from freely moving animals during transitions into natural sleep or anaesthetic 

induced LORR using dexmedetomidine, an α2 adrenergic receptor agonist and propofol, 

which exerts its effects on GABAA receptors. Four recording sites were chosen; the VB and 

barrel cortex and the CMT and cingulate cortex, representative of both first-order and higher-

order thalamocortical circuits respectively. Data collected were then analysed offline using a 

combination of continuous wavelet and cross wavelet transforms in order to obtain high 

degrees of temporal resolution.  

The experiments were performed in order to gain insight into the mechanisms disrupting 

consciousness and the similarities between natural sleep and the reversible loss of 

consciousness induced by anaesthetics. Firstly, although it is widely believed that a loss of 

long range cortical connectivity and the inability to sustain spontaneous neuronal firing 

results in the unconscious state, there is little agreement as to whether thalamic deactivation 

instigates this state or occurs as a result of it (Alkire et al., 2008). Secondly, although the 

understanding of anaesthetic effects at the molecular level is progressing rapidly, relatively 

little is known as to how these effects cause sufficient changes at the level of neuronal 

networks to cause reversible loss of consciousness (Franks, 2008). Finally, are the neuronal 

pathways harnessed by anaesthetics similar to those used during natural sleep, and to what 

extent are the two states; anaesthetic induced LOC and NREM sleep, similar? 

The majority of previous experiments within the field have been performed using imaging 

techniques or EEG recordings resulting in temporal and spatial compromises respectively. 

Although imaging studies are extremely useful at identifying differences in neuronal activity 



DISCUSSION 

113 

 

between the wake, sedated and unconscious state (Liu et al., 2013, Langsjo et al., 2012); they 

lack sufficient temporal resolution to identify which of the observed nuclei are important at 

the point of LOC. Additionally, data from EEG and LFP studies that do record from the 

thalamus do not distinguish between the differing orders of thalamocortical circuits and 

report conflicting results (Gervasoni et al., 2004, Magnin et al., 2010, Velly et al., 2007).  

In brief, our results indicate that common changes, a reduction in frequency exhibiting peak 

power and an increase in power, occur in the band of frequencies from 10-64Hz under 

anaesthetic-induced LORR and wake-NREM transitions. In both propofol LORR and wake-

NREM transitions, these changes occur in the CMT before the other nuclei. In the case of 

dexmedetomidine anaesthesia, although the high frequency changes occur simultaneously, 

the phase relationship within the delta band of frequencies observed between the CMT and 

other nuclei abruptly change at LORR. These data suggest that the higher-order thalamic 

nuclei play an important role in initiating natural sleep and general anaesthesia.  

Despite some aforementioned similarities, the LFP signatures of propofol and 

dexmedetomidine during LORR experiments showed characteristic differences in both 

spectral content and temporal progression, consistent with the concept that anaesthetics with 

differing molecular targets could exert effects on different neuronal pathways. In contrast 

dexmedetomidine anaesthesia and NREM sleep were found to share common features in 

terms of temporal progression at the LOC point, spectral content and phase relationships. The 

following will examine these conclusions in further detail by discussing each experiment 

separately, before providing some concluding remarks. 
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6.2 Transitions into Natural Sleep 

An attempt was made to investigate whether the number of recording electrodes per animal 

could be reduced by scoring its behavioural state with an appropriate LFP electrode, thus 

negating the need for multiple ECoG electrodes. The CMT had the highest percentage 

agreement with the standard ECoG scoring method, correct for over 90% of wake and NREM 

states. Given that the ECoG data consists of a bipolar montage of cortical activity, one might 

expect that one of the cortical LFPs would’ve been more appropriate. However, it appears 

that local field potentials recorded from the cingulate and barrel cortices do not match the 

frequency spectra exhibited by the ECoG as closely as the CMT. A lack of wake accuracy 

can be explained by the lack of continuous high power theta power observable in cortical 

LFP recordings (Figure 3.2.1), which has also been reported in previous LFP recordings from 

the cingulate cortex (Remondes and Wilson, 2013). In contrast, none of the nuclei were able 

to score REM sleep with great accuracy, with the highest percentage agreement of roughly 

25% achieved using the CMT electrode. 

 It is established that within rats the continuous type 1 theta oscillations observed in the EEG 

during waking and REM sleep are hippocampally generated (Buzsaki, 2002). Despite the 

CMT having projections to and from a wide variety of cortical and subcortical structures 

(Van der Werf et al., 2002), there are no direct projections to the hippocampus proper from 

the CMT (Vertes et al., 2012), and although there is evidence of weak axonal projections 

from CA1 to midline thalamic nuclei, no projections were recorded within the CMT 

(Cenquizca and Swanson, 2006). However the CMT does form projections to the perirhinal 

and to a lesser extent entorhinal cortices (Vertes et al., 2012). These nuclei form part of the 

parahippocampal region (van Strien et al., 2009) from which parasubicular and presubicular 

projections terminate within the anterior thalamic nuclei (Aggleton et al., 2010) with 
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presubiclar projections also terminating within the CMT in cats (Kaitz and Robertson, 1981). 

Thus the appearance of continuous theta within the CMT during wake is most likely due to a 

hippocampal pathway that is disrupted during natural sleep. 

Wake to NREM transitions were typified by a unique period, starting at and immediately 

following the transition point, called NREM onset, which was characterised by the CMT LFP 

recordings displaying an abrupt reduction in frequency and increase in power of the 

oscillation exhibiting peak power within the 10-64Hz range of frequencies. In contrast, these 

changes were not fully established in the other LFP recordings until several seconds after 

NREM onset. Following this period, which lasted roughly 10-15 seconds, thalamocortical 

oscillations typical of NREM sleep, such as the delta oscillation, were established 

simultaneously in all LFP’s.  

This temporal progression indicates that the higher-order thalamic nuclei are involved in the 

regulation of cortical arousal and transitions into NREM sleep. This is in agreement with a 

wide variety of experimental data. As well as recordings of single neurons in intralaminar 

thalamic nuclei by Glenn and Steriade (1982) showing that cortical arousal can be directly 

maintained via cortically projecting intralaminar neurons; fMRI data comparing connectivity 

between the centromedian thalamic nucleus and the neocortex in humans identified 

significant reductions in functional connectivity from wakefulness to NREM sleep (Picchioni 

et al., 2014). A first-order thalamocortical loop, the lateral geniculate nucleus of the thalamus 

and calcarine cortex, was used as a control and showed no such changes, thus highlighting 

that the changes in functional connectivity between the thalamus and neocortex were specific 

to the higher-order circuits. Direct comparison with two aforementioned in vivo LFP/EEG 

studies of transitions into sleep also yield similarities. Magnin et al. (2010) recorded from the 
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medial pulvinar nucleus of the thalamus in conjunction with ECoG of humans, and noted that 

thalamic deactivation precedes that of the cerebral cortex by several minutes. The medial 

pulvinar nucleus, whilst not an anterior midline thalamic nuclei by definition, is regarded as a 

higher-order thalamic nucleus, important for corticocortical communication (Sherman, 2007) 

and with diverse projections suggesting a possible role in integrating different types of 

sensory information with motor movements in primates (Cappe et al., 2009). Additionally, 

the time difference of several minutes between thalamic and subsequent cortical changes 

reported by Magnin, might be reconciled with the differences of a few seconds reported here 

by taking species differences into account. For example, establishment of slow wave sleep, 

akin to the NREM sleep reported in our results, has been reported to occur several minutes 

after sleep onset in humans (Aeschbach and Borbely, 1993), whilst transitions from the 

waking state to slow wave sleep in other rodents (mice) have been characterised on the 

second scale (Takahashi et al., 2010). Finally, one other experimental recording of LFP data 

during transitions into sleep from the same first-order thalamocortical loop studied here, the 

VB and barrel cortex in rats, also concluded that changes occurring across the wake to 

NREM transition occur simultaneously for these nuclei (Gervasoni et al., 2004). Thus, it is 

crucial to discern between first and higher-order thalamocortical nuclei when discussing the 

temporal dynamics of the thalamocortical system during transitions into natural sleep. 

The observation that changes in the LFP of higher-order thalamic nuclei occur prior to the 

neocortex during transitions into natural sleep is also consistent with current hypotheses 

proposing sub-cortical interplay between wake active and sleep active circuits regulating 

control of waking and sleep (Saper et al., 2010). There are a number of brainstem nuclei that 

project to the intralaminar nuclei of the thalamus (Krout et al., 2002) and exhibit increased 

firing rates during the wake state (for review see (Saper et al., 2010)). Of these nuclei, the 
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Locus Coeruleus (LC), is known to exhibit significantly reduced firing rates a few seconds 

prior to sleep onset, determined in this case by measurement of cortical eeg in mice 

(Takahashi et al., 2010, Takahashi et al., 2006). This is in contrast with measured sleep active 

nuclei in the basal forebrain and pre-optic area of the hypothalamus, whose firing rates only 

increase after the reductions in activity of the aforementioned wake active nuclei (Takahashi 

et al., 2010, Takahashi et al., 2009). Additionally, only the LC neurons were observed to have 

increased firing rates prior to the reverse transition from NREM sleep to wake. However, it 

cannot definitively be said that only the wake active brainstem nuclei such as the LC wholly 

mediate wake-NREM transitions. Another nucleus, the median pre optic nucleus (MnPO), 

contains sleep active neurons that fire in advance of sleep (Suntsova et al., 2002). 

Additionally, this nuclei projects to the LC (Uschakov et al., 2007), although it is not known 

whether these projections consist of the sleep active neurons or not (Saper et al., 2010), nor is 

there any direct comparison of the temporal relationship between changes in the wake active 

LC firing and the sleep active MnPO neuronal firing at transitions into natural sleep. 

Nevertheless, the possibility exists that the reduction in ascending wake active input from 

brainstem nuclei, such as the LC, into the higher-order thalamic nuclei, specifically the 

anterior midline intralaminar nuclei, possibly mediated by sleep active hypothalamic nuclei 

such as the MnPO, affects the ability of those higher-order nuclei to perform their primary 

role of integrating and facilitating corticocortical communication (Sherman and Guillery, 

2011). The result of which is a break up in functional connectivity between different parts of 

the cortex, a proposed mechanism underlying a lack of consciousness (Alkire et al., 2008), 

supported by experimental data during natural sleep (Massimini et al., 2005). Thus, the 

involvement of the higher-order thalamic nuclei, highlighted by the data reported here, 

provide a potential link between the changes in brainstem and hypothalamic firing thought to 
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regulate transitions into sleep (Saper et al., 2010) and the functional description of the 

unconscious state (Alkire et al., 2008).  
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6.3 Dexmedetomidine  

Experiments with dexmedetomidine, an α2 adrenergic agonist, were performed with loss of 

righting reflex (LORR) serving as the rodent correlate for human unconsciousness. In a 

similar fashion to transitions into NREM sleep, high frequency oscillations of 40Hz were 

observed to reduce in frequency to around 20Hz and increase in power across the LORR 

point, although in this case the abrupt transition in frequency and more gradual increase in 

power occurred simultaneously across LORR in both thalamic and cortical nuclei. 

Interestingly, prior to LORR, the LFP’s of both thalamic and cortical nuclei contained a 

continuous delta oscillation of high power, these oscillations also simultaneously and 

abruptly reduce in frequency at loss of righting reflex, from ~3 Hz to ~2Hz. No temporal 

progression between the nuclei was observable across this period. However analysis of the 

phase relationships in the delta range of frequencies between the four LFPs revealed that 

thalamic signals preceded those from the cortex by ~90 degrees, with both cortical and 

thalamic recordings in phase prior to LORR. At LORR, simultaneous to the drop in delta 

frequency, the phase advancement between the CMT and all other nuclei reduces by roughly 

45 degrees. Apart from this phase change involving the CMT at LORR, all nuclei appeared to 

behave in a similar manner. Thus, an attempt will be made to explain the significance of this 

change with respect to LORR. 

A discrete drop in delta frequency accompanied by a change in phase between the CMT and 

other nuclei, marked dexmedetomidine LORR. These effects need to be explained within the 

context of dexmedetomidine anaesthesia. Dexmedetomidine exerts its sedative effects via the 

α2A receptor (Lakhlani et al., 1997) and can cause LORR in rats in a dose dependent fashion 

via direct administration into the LC (Correa-Sales et al., 1992). Dose dependent inhibitions 

of LC neurons have also been reported in vitro (Chiu et al., 1995). As postulated with NREM 
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transitions, inhibition of LC firing could result in a reduction of noradrenergic input to the 

CMT. This would have a direct effect on the delta oscillations which arise from a rebound 

bursting caused by the hyperpolarisation of thalamic relay neurons. Hyperpolarisation of the 

neurons results in the activation of the inwardly rectifying Ih current (McCormick and Pape, 

1990b), which is upregulated by noradrenergic action on β adrenoceptors (McCormick and 

Pape, 1990a). This potentiation of the Ih current has effects on the interburst frequency, which 

is increased and when upregulated sufficiently will disrupt the delta oscillation (Yue and 

Huguenard, 2001). In this case, downregulation, brought about by a reduction in 

noradrenergic input to the thalamus following dexmedetomidine administration, as 

hypothesised here, increases the likelihood of the establishment of the delta oscillation with a 

direct relationship between noradrenaline concentration and delta frequency (Yue and 

Huguenard, 2001).  

Hypothetically, one might expect that in our experiments, the increasing concentration of 

dexmedetomidine, which induces a concentration-dependent reduction in LC firing (Chiu et 

al., 1995), would be depicted by a more continuous reduction in delta frequency. However, 

the delta frequency observed prior to LORR is stable with an abrupt reduction only occurring 

at LORR. This can be explained by the work of Yue and Huguenard (2001) using in vitro 

recordings of rat VB neurons. At high levels of noradrenaline (1µM), the delta oscillation 

was nearly abolished, but exhibited a frequency of 3.1Hz, lower levels of noradrenaline 

produced more robust delta oscillations with a slightly lower frequency of ~2.9Hz with the 

0.1µM and 0.3µM concentrations exhibiting near indistinguishable delta frequencies. 

However without noradrenaline, the delta frequency was ~2.6Hz. In the results reported here, 

a well-established delta oscillation was observable prior to LORR, which suddenly reduced at 

LORR. Thus, the CMT may be going from a slowly reducing amount of low noradrenergic 
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input, to no noradrenergic input, consistent with a reduction and cessation of LC firing due to 

inhibition by dexmedetomidine. 

Whilst the reduction in delta frequency can be explained by the reduction in noradrenergic 

input to the CMT explained above, the change in phase relationship, which highlights the 

CMT as changing in its connectivity with the other nuclei, requires explanation. Thalamic-

specific reductions in phase advancement in relation to the cortical LFP have previously been 

reported to correlate with reductions in frequency. Additionally the higher-order, but not 

primary, thalamic nuclei exhibit a phase advancement proportional to the number of spikes 

per burst (Slezia et al., 2011). Thus, a change in phase of the CMT, but not the VB, can occur 

with respect to other nuclei. Whether this phase change is functionally significant for LORR, 

or happens as a consequence of it also requires examination. The phase of a single neuron 

firing with respect to the LFP is a proposed method of information encoding (Fries et al., 

2007). Additionally, although tonic firing has traditionally been focused on as a method of 

thalamocortical information transfer, there is also a potential role for burst firing as well, 

which has been observed to be more prevalent in higher-order than first-order thalamic nuclei 

in awake rhesus monkeys (Ramcharan et al., 2005) , although the nature of information is less 

certain given the prevalence of burst firing during sleep (Sherman, 2001). Despite this, the 

phase change accompanying the reduction in delta frequency during LORR specific to the 

higher-order thalamic nuclei may play a role in disrupting their ability to facilitate 

information transfer via a corticothalomocortical pathway. 

Finally, steady state dexmedetomidine anaesthesia and NREM sleep share spectral and (delta 

specific) phase similarities. Given the proposed role of the brainstem nuclei in instigating the 

transition in both, this is not hugely surprising. Dexmedetomidine has long been thought of as 
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being able to induce a sleep like state owing to the ability to rouse patients from sedation 

(Venn and Grounds, 2001) and the similarity between dexmedetomidine EEG and the EEG of 

natural sleep (Huupponen et al., 2008). Additionally the effects of dexmedetomidine in the 

LC have been reported to cause downstream effects in VLPO and the TMN similar to those 

observed during sleep (Nelson et al., 2003). The LFP data presented here concurs with these 

ideas. 
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6.4 Propofol  

During propofol LORR experiments, the most prominent features of the LFP recordings were 

the increase in power and decrease in frequency of an oscillation in the 10-64Hz range of 

frequencies. These changes in power and frequency occurred over a very different timescale 

in comparison to NREM sleep and dexmedetomidine LORR; commencing ~25 seconds prior 

to LORR and progressing in a continuous manner. The frequency of the identified peak 

power stabilised at the LORR point and was preceded marginally by stabilisation of the 

power. The exception was the CMT, which exhibited a peak in power at the LORR point 

before decreasing to a constant relative power value in line with the other nuclei. Crucially, 

examination of the temporal progression of the power increase identified changes in the CMT 

preceding those within the other nuclei. With frequency, changes within the CMT preceded 

all other nuclei except for the cingulate, which was not deemed significant under paired 

Student’s t-tests. With changes in the gamma band of frequencies occurring prior to LORR, 

an explanation of these changes, particularly with reference to the CMT will be discussed 

under that the presumption that these changes underlie LORR. 

Firstly, although intrinsic gamma oscillations can occur within the cortex (Whittington et al., 

2011), and despite the CMT and Cingulate reducing in frequency simultaneously, the delayed 

changes observed within the barrel cortex precludes direct action by propofol on the cortex as 

a primary explanation for the gamma frequency reduction (Angel and LeBeau, 1992). As 

previously described, propofol exhibits its effects on GABAA receptors. With multiple 

GABAergic projections from inhibitory centres in the POA of the hypothalamus to the 

arousal centres in the brainstem (Saper et al., 2010), one potential target of propofol could be 

at the GABAergic synapses projecting onto the brainstem arousal nuclei, inhibiting them 

(Brown et al., 2011). Bilateral injections of endogenous GABAA enhancers (pentobarbital) 
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and direct agonists (muscimol) into the mesopontine tegmental anaesthesia area (MPTA), a 

brainstem region, caused reversible and deep anaesthesia, with sleep like EEG (Devor and 

Zalkind, 2001). The MPTA contains projections to other brainstem arousal nuclei and the 

intralaminar thalamic nuclei including the CMT (Sukhotinsky et al., 2007) .  

Gamma oscillations have been induced in an intralaminar thalamic nucleus (the 

parafascicular nucleus), which when maximally depolarised, averages 31.5 Hz in developing 

rats, with the trend suggesting that this frequency increases with age. As the level of 

depolarisation decreases in these neurons so does the average gamma frequency exhibited 

(Kezunovic et al., 2012). These oscillations could be driven by ascending cholinergic input 

from the brainstem nuclei such as the Pedunculopontine Nucleus (PPN) (Simon et al., 2010), 

shown to exhibit gamma oscillations during waking and REM sleep and minimal firing in 

other states (Datta and Siwek, 2002). Like other gamma oscillation generating networks, such 

as those within the neocortex (Economo and White, 2012), the frequency of gamma 

oscillations within the PPN also correlate with the degree of depolarisation (Simon et al., 

2010). Additionally, with in vivo high frequency activity (>10Hz) in cortical LFPs being 

removed by thalamic inactivation (Lemieux et al., 2014), the changes observed within the 

cingulate cortex could be partially driven by the effects of propofol on the brainstem coupled 

with effects on intralaminar thalamic nuclei. Thus causing a simultaneous reduction in 

gamma oscillation frequency in the PPN, its downstream target, the intralaminar nuclei of the 

thalamus such as the CMT, and owing to a reduction in arousal from diffuse projections from 

both brainstem nuclei, (Mesulam et al., 1983) more specific projections from intralaminar 

thalamic nuclei (Vertes et al., 2012) and the effects on cortical GABAergic interneurons 

(Markram et al., 2004), the cingulate cortex.  
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The unique power vs time behaviour displayed by the CMT can be also be explained by the 

simultaneous changes in frequency described above. With dense innervation of the CMT 

from the brainstem, as well as reciprocal connectivity with the cingulate cortex (Van der 

Werf et al., 2002), the CMT LFP can measure synchronised input from both nuclei. The 

convergence of frequencies within the cortical and subcortical structures could thus result in a 

high power resonance observed within the CMT LFP. The reduction in power following 

LORR could be as a result of complete inhibition and cessation of firing of the brainstem 

nuclei, such as the PPN, which is already known to cease firing during transitions from wake 

to natural sleep (Datta and Siwek, 2002).  

At the point of LORR a continuous oscillation of high power at ~8Hz is established in all 

LFP’s. This alpha rhythm is observed in EEG propofol studies in humans (Feshchenko et al., 

2004) and the basis of both the occipital alpha and propofol induced alpha oscillation is 

thought to result from thalamocortical interactions (Ching et al., 2010, Hughes and Crunelli, 

2005). Similar to occipital alpha rhythms observed in the primary thalamocortical circuits of 

cats (Chatila et al., 1993) and dogs (da Silva et al., 1973). Propofol-induced alpha rhythms 

were observed within both cortical and thalamic LFP’s. The alpha rhythm establishes itself at 

the point of LORR and at the reported LOC point in humans (Purdon et al., 2013) and thus 

thalamocortical coherence of the alpha rhythm has been proposed as a mechanism underlying 

the unconscious state by removing the ability of the thalamus to relay sensory information to 

the cortex (Ching et al., 2010). This is plausible, but it is important to separate this functional 

description of unconsciousness, with the changes in the high frequency oscillations (10-

64Hz) that appear to precede LORR and the appearance of the alpha oscillation. 
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Alpha oscillations observed within the waking state arise within a subset of thalamocortical 

(TC) neurons, that exhibit burst firing behaviour occurring at depolarised membrane 

potentials (>-55mV) (Hughes et al., 2004), called high threshold bursting thalamocortical 

neurons (HTC). These bursts are also mediated by T-type calcium channels (Jahnsen and 

Llinas, 1984b) which are responsible for the low threshold calcium spikes observed during 

delta oscillations. Crucially, low threshold spikes and bursting at delta frequencies only occur 

in TC cells with hyperpolarised membrane potentials (< -65mV) (Coulter et al., 1989, 

McCormick and Pape, 1990b). As the reduction in gamma frequency prior to LORR suggests 

hyperpolarisation of the same neurons, and the conscious, occipital alpha rhythms are 

diminished under propofol anaesthesia (Purdon et al., 2013), another mechanism for the 

generation of alpha oscillations at hyperpolarised membrane potentials is required. A model 

by Vijayan et al (2013), explains the reduction of occipital alpha by hyperpolarising the HTC 

neurons below their operating window. Crucially, the model also hypothesises the emergence 

of alpha oscillations within hyperpolarised TC cells. The potentiation of GABAA and its 

hyperpolarising effects result in a reverberation between TC cells and cells within the 

reticular thalamus (RE); hyperpolarisation induced burst firing (due to It and Ih currents) 

induce RE spiking, which in effect hyperpolarises and thus re-induces burst firing in TC cells 

at alpha frequencies. Additionally, input to cortical areas by ascending TC neurons, helps to 

reinforce the thalamic reverberation with alpha instigated within the cortex by GABAA 

potentiation of interneurons. Thus, providing a potential explanation for the high power of the 

alpha oscillation observed in our LFP data. This mechanism may also explain why the power 

within the delta band of frequencies was temporally sporadic post LORR and did not exhibit 

phase locking between the nuclei, unlike NREM sleep and dexmedetomidine. Additionally, 

unlike previous studies (Ni Mhuircheartaigh et al., 2013, Purdon et al., 2013), we were unable 

to observe power in the <1Hz band of frequencies following propofol LORR.  
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Prolonged infusion of propofol up to the point of loss of hind limb reflex (LOHLR), 

indicating the establishment of a surgical plane of anaesthesia within rats, coincided with the 

establishment of global burst-suppression activity within the LFP, a commonly seen feature 

during deep anaesthesia, but not observed during natural sleep (Brown et al., 2010). 

Interestingly, recovery from LOHLR without any stimulation of the rat was marked by a 

period that exhibited similar spectra and phase locked delta oscillations to those observed 

during NREM sleep. Cases of propofol emergence delirium in adults are well-characterised 

(Thomson and Knight, 1988) but statistically of lower occurrence under propofol anaesthesia, 

than inhalational methods (Lepouse et al., 2006). Both doses of propofol administered 

continuously during sevoflurane anaesthesia and as a bolus following sevoflurane anaesthesia 

(before emergence) were effective against emergence delirium in children. As administration 

of dexmedetomidine had similar effects (for review see (Dahmani et al., 2010)), and reduced 

emergence agitation is attributable to recovery from a sleep like state (Martin et al., 2014). It 

is probable that propofol administration reduces the occurrence of emergence delirium by 

inducing a sleep-like period prior to emergence.  
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6.5 Lack of Sub 1Hz Power within Recordings 

Slow (<1Hz) oscillations are hallmarks of both sleep (Crunelli and Hughes, 2010) and 

propofol anaesthesia (Lewis et al., 2012). However, power within this band was not observed 

in either ECoG recordings or LFP data in any experiment. 

In the case of ECoG recordings, we used a bipolar montage ECoG configuration, recording 

the fluctuations in potential between the frontal and parietal cortices. In hindsight, this limited 

our ability to observe oscillations occurring synchronously across the cortex (Amzica and 

Steriade, 2002). Although slow oscillations are observed to propagate across the cortex 

(Massimini et al., 2004), the speed of propagation is high (1.2-7.0m/sec), thus slow 

oscillations are observed near simultaneously at different ECoG screw locations and are not 

represented within the differential recording. 

Slow oscillations are cortically generated (Timofeev et al., 2000), however we did not 

observe these within our cortical LFP recordings. The two poles of the bipolar electrodes 

record a potential generated across the cortical layers. This is possible due to a reversal in 

polarity from deep layers in comparison to superficial cortical layers and has been 

demonstrated through LFP recordings from individual layers. This property is preserved 

across the slow (Chauvette et al., 2010), neocortical delta (Carracedo et al., 2013) and evoked 

potentials (Kajikawa and Schroeder, 2011b). Thus it is more likely that the high pass -3dB 

frequency of the Neurologger, of 1 Hz (Robledo, 2008), impinges on the ability to record 

slow oscillations of significant power. 

  



 

129 

 

 

7 Conclusions 
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The results reported here clearly implicate the CMT, a higher-order anterior intralaminar 

midline nucleus of the thalamus, as having a role in both anaesthetic induced and natural 

transitions into the unconscious state. For both wake-NREM sleep transitions and propofol 

LORR, changes within the LFP of this nucleus preceded the other nuclei recorded, the 

cingulate cortex, barrel cortex and ventrobasal complex of the thalamus, whereas with 

dexmedetomidine LORR, an abrupt change in phase relationship across LORR implicated the 

CMT. The conclusion that the CMT, and higher-order anterior midline thalamic nuclei have a 

role in the maintenance and breakdown of consciousness supports a number of experiments 

involving natural sleep (Picchioni et al., 2014), propofol (Liu et al., 2013), dexmedetomidine 

(Langsjo et al., 2012), sevoflurane (Alkire et al., 2007) and clinical observations (Giacino et 

al., 2014). Given that the higher-order thalamic nuclei are thought to facilitate long range 

cortical communication (Sherman et al., 2006), with the anterior midline nuclei having 

important interactions with cortical areas related to attention, orienting and memory 

(Saalmann, 2014). Our data would indicate that a loss of functional connectivity between 

higher-order cortical areas involved in integrating multimodal sensory information, a 

mechanism underlying unconsciousness (Alkire, 2008), could be mediated by changes in the 

intralaminar thalamic nuclei, thus disrupting a proposed consciousness network involving the 

cortical regions involved in higher-order function and the intralaminar thalamus (Hudetz, 

2012). 

As observation of the cortical LFP’s did not reveal any unique or temporally advanced 

behaviour over the natural sleep and anaesthetic-induced LORR experiments, it was deemed 

that the changes in CMT behaviour are instigated subcortically, supporting proposed actions 

of dexmedetomidine (Nelson et al., 2003), and GABAergic agents on brainstem nuclei (Devor 
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and Zalkind, 2001), with transitions into natural sleep being regulated by interactions 

between the brainstem and nuclei of the hypothalamus (Saper et al., 2010). 

Our experimental results with the primary thalamocortical loops, where cortical and thalamic 

changes occur synchronously, are in agreement with previous results recording from the 

ventrobasal complex of the thalamus and barrel cortex in rodents across natural sleep 

(Gervasoni et al., 2004) and ketamine/xylazine (Hwang et al., 2010). Additionally some 

primary circuits have been reported to continue relaying external stimuli following 

anaesthetic induced LOC (Liu et al., 2012), further highlighting differences with higher-order 

thalamic nuclei across consciousness transitions.  

Another common feature across the anaesthetic induced LORR and wake-NREM 

experiments was the reduction in gamma frequency from ~40 - ~20Hz across the transition 

point. In the two transitions showing temporal differences between the CMT and the other 

nuclei, propofol LORR and the wake-NREM transition, the temporal differences were 

characterised via observation of changes in the gamma frequency band. Gamma oscillations 

have been implicated in processes relating to arousal and attention (Engel and Singer, 2001) 

and have been proposed as a prerequisite for consciousness (Crick and Koch, 1990, John and 

Prichep, 2005). Although gamma power above 30Hz is observed during NREM sleep and 

some anaesthetics (Vanderwolf, 2000), research suggests that it is the gamma synchrony 

across cortical areas that is indicative of the conscious state of the subject and not the 

presence or lack of power (Hwang et al., 2013, Imas et al., 2005, John et al., 2001). 

Gamma oscillations within the cortex are removed following the ablation of thalamic 

afferents in an in-vivo system (Lemieux et al., 2014). As the intralaminar thalamic nuclei 
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have also been implicated in modulating attention in the awake state (Kinomura et al., 1996), 

and during tasks requiring attentional effort changes within the gamma band are specifically 

observed within these nuclei (Schiff et al., 2013). Our results would suggest that disruptions 

to cortical gamma synchrony may be mediated by the higher-order thalamic nuclei across 

loss of consciousness transitions. 

Another observation from this study is the similarity between dexmedetomidine anaesthesia 

and NREM sleep, due to dexmedetomidine exerting its effects on a shared neuronal pathway. 

However, propofol anaesthesia exhibited different spectral and phase characteristics 

following LORR and at LOHLR, indicating that GABAA agonists do not solely exert their 

effects on sleep promoting pathways. It was interesting to note that following propofol 

anaesthesia of surgical depth, a sleep like state occurred during the recovery period. With 

emergence related delirium reduced in patients administered propofol and dexmedetomidine 

in contrast to sevoflurane (Dahmani et al., 2010, Lepouse et al., 2006). It is likely that this 

reduction is attributable to emergence from the sleep-like state as opposed to anaesthesia. A 

concept recently confirmed (Martin et al., 2014). 

Future work is required in order to evaluate the main hypotheses generated by the results of 

experiments presented within this thesis. The first avenue is to probe the relationship between 

the brainstem nuclei and the central medial thalamus across wake-NREM transitions and 

anaesthetic-induced LORR in order to confirm that the proposed brainstem mechanisms of 

transitions into natural sleep (Saper et al., 2010) and anaesthetic-induced LOC (Devor and 

Zalkind, 2001, Nelson et al., 2003) exert their effects via higher-order intralaminar nuclei 

such as the CMT. The second set of experiments should examine the phase relationship 

within the gamma range of frequencies between the CMT and the multiple rat equivalents of 
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cortical areas (posterior cingulate cortex, medial prefrontal cortex, anterior cingulate cortex, 

lateral parietal cortex) that make up a commonly proposed consciousness network in humans 

(Alkire et al., 2008, Hudetz, 2012). This would investigate the extent to which gamma 

oscillation synchrony is a true correlate of the level of consciousness and whether the level of 

synchrony is controlled by the intralaminar nuclei. With the current set of data, analysis of 

the CMT and cingulate can be performed as a preliminary investigation. Finally, a short 

series of experiments examining recovery from sevoflurane anaesthesia should be 

undertaken. Based on our limited experimental data, the hypothesis behind these experiments 

is that the recurring natural sleep-like period during dexmedetomidine anaesthesia and during 

recovery from surgical levels of propofol anaesthesia results in a comparative lack of 

emergence agitation/delirium in comparison to sevoflurane, which exhibits rapid onset and 

recovery characteristics (Behne et al., 1999). Thus, the aim of this experiment is to 

investigate the factors affecting the erratic appearance of a sleep-like state during recovery 

period following a surgical plane of sevoflurane anaesthesia, recently reported to reduce 

emergence delirium in children (Martin et al., 2014). 

This series of experiments has successfully recorded simultaneous local field potentials from 

two cortical and two thalamic regions representing first-order and higher-order 

thalamocortical loops in freely moving rats across wake to natural sleep transitions and 

anaesthetic-induced LORR. We have been able to conclude that a temporal progression exists 

during propofol LORR and wake-NREM transitions and that the changes observed under 

dexmedetomidine LORR also converge on the same nucleus, the CMT, as behaving in a 

unique manner in comparison to the other nuclei. Additionally we have been able to confirm 

the validity of, and explain vastly differing results from previous work in other laboratories 

(Gervasoni et al., 2004, Hwang et al., 2010, Magnin et al., 2010). If the experiment were to 
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be repeated, one area that could be improved is the filtering profile of the Neurologgers, 

identified as having a first-order high pass filter with a -3dB point at 1Hz (Robledo, 2008). 

This would enable us to unequivocally observe whether the bipolar LFP electrodes could 

record sub-1Hz oscillations during natural sleep and propofol as reported previously 

(Massimini et al., 2004, Ni Mhuircheartaigh et al., 2013). It is to this end, as well as the 

desire to improve the reliability of the current recording equipment, that development of a 

miniature device for wireless transmission of electrophysiological signals is being undertaken 

in-house as explained in the self-contained Section 8. 

  



 

135 

 

 

8  DatenSender - Rodent EEG & EMG 

Acquisition System  
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8.1 Introduction and Principles of EEG Instrumentation 

Recording EEG and LFP from small rodents is commonplace within laboratories. As outlined 

in Chapter 2.5.1, the measurements of muscle tone (EMG) and EEG change in a well 

characterised manner according to the behavioural state of the rodent. Thus, these recordings 

are commonly used during circadian and sleep-wake studies in order to score the rodent’s 

sleep pattern (Pang et al., 2009). As in this thesis, recordings of EEG and more specifically 

LFP are also used to understand the underlying neuronal behaviour occurring during 

observed behaviours and transitions between conscious states. All of these experiments 

typically involve the simultaneous recording of multiple EEG/LFP/EMG channels which 

requires complex instrumentation, something made all the more difficult by the physical 

constraints imposed when recording from rodents.  

In order to record from an individual EEG/LFP electrode, the following process is applied to 

the signal. Firstly the signal requires amplification, as the input signal from EEG/LFP usually 

exhibits peak to peak amplitude in the millivolt range. This is typically done using a 

differential amplifier, and thus the resulting signal is the difference between the recording 

signal and ground or a reference electrode amplified by a chosen factor (typically 1000). 

Following this the signal is the band pass filtered, with a typical band pass having -3dB 

points at 0.1-125Hz. The high pass -3dB point needs to be as low as possible in order to 

observe the slow oscillation, but prevent the observation of changes in direct current over 

time. The low pass boundary depends on the experiments; circadian studies rarely observe 

changes outside of the 0.1-30Hz band yet studies in the gamma band observe typical 

frequencies of up to 90 Hz (Buzsaki and Wang, 2012). Following amplification and filtering 

modern EEG systems typically digitise the signal using an analogue to digital convertor 
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(ADC) with a minimum sampling frequency given by the Nyquist rate for the low pass -3dB 

frequency. The data is then stored in memory or sent to a receiving computer for analysis. 

Attempts to create the most suitable instrumentation for recording from rodents has led to the 

emergence of three main methods, tethered, implantable, and detachable head mounted 

systems, each with differing benefits and drawbacks in terms of experimental limitations and 

signal quality. 

Tethered systems place minimal instrumentation on the rodents head; instead signal leads are 

suspended vertically from the top of the recording area and are connected to the head of the 

rodent during the experiment. The tether typically hangs from a swivelling arm and 

commutator system, such that the movement of the rodent is as unimpeded as possible 

(Bertram et al., 1997). In some systems amplification occurs on the head of the rodent to 

minimise artefacts generated within the tether (Pinnacle Technology, 2014). However, the 

majority of the required instrumentation is located outside of the recording area, thus this 

instrumentation can be as large and as heavy as required and several stages of amplification, 

signal filtering and processing can be undertaken before the data is sent directly to a 

computer for observation, storage and analysis. The major disadvantage of this system is that 

there is still restriction of the rodents head motion and overall movement via the tether. 

Restraint stress has been reported to cause a variety of negative physiological and 

behavioural effects (Kramer and Kinter, 2003). Additionally, behavioural studies using 

rotating tubes to assess LORR or within an extended recording arena such as a T maze, 

cannot be undertaken without significant modification of this recording method.  

In contrast, implantable systems pose minimal behavioural impairment during recording. 

These devices, which for mice typically weigh less than 4 grams (Lapray et al., 2008), are 
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implanted into the abdomen of the rodent, with the leads to the skull electrodes routed 

subcutaneously (Weiergraber et al., 2005). During experiments the device is activated and 

transmits data to a receiving station via radio transmission. Except for the additional surgical 

procedure, other drawbacks of these devices arise from the volume constraints associated 

with abdominal implantation, typically restricted to under 2cc in mice (Lapray et al., 2008). 

Thus, mice specific devices typically only record from 2 EEG channels and do not feature 

induction charging, limiting the use of the device and experimental rodent to the battery life 

of 1.5 months (Data Sciences International, 2014). Additionally, with the device only being 

able to record from the rodent in which it is implanted, it is less cost efficient than detachable 

methods.  

The final method of EEG recording is the detachable head mounted device, attached to the 

rodent at the commencement of an experiment via a connector that is surgically implanted 

onto the rodents skull during electrode implantation. In order to prevent stress artefacts from 

the weight and device size, dummy devices are attached to the rodent several days prior to the 

recording for acclimatisation (Zecharia et al., 2012). Like implantable telemetry methods, this 

allows the rodent a relatively free range of movement within the recording arena. In 

experiments where the physical recording time from the rodent is short, and the frequency of 

recording limited, for example anaesthetic-induced LORR experiments; a large set of 

experimental rodents can be consecutively recorded from using a single device. 

In mice, head mounted devices are weight limited to ~3 grams. One of the best examples of 

this type of device is the Neurologger (see Section 2.3), a device measuring 22x15mm and 

weighing 3.4grams including battery holder and batteries. The Neurologger is able to record 

from 4 EEG channels with two references, and is powered by replaceable two zinc-air cells 
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providing a stated 33 hours of battery life (Vyssotski, 2014), although with no inbuilt low 

battery protection, the use of the Neurologger within this lab is limited to a maximum of 30 

hours.. The compromise with this device is that the data is stored within flash memory as 

opposed to wirelessly transmitted, and requires downloading following each experiment. The 

main drawback with this method of data acquisition is that there is no physical way of 

checking the integrity of the data and correcting poor recordings during the experiment itself. 

Failed recordings are problematic as the animal typically requires a rest period of 7 days 

before repeating the experiment or the experiment was undertaken at a defined time point and 

cannot be repeated.  
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8.2 Project outline and responsibilities 

The aim of this project is to produce a detachable head mounted EEG and EMG recording 

device for use on rodents. The end device should have the following capabilities; firstly it 

must weigh less than 3 grams and have an appropriate size for use on mice. It should have a 

recording setup of equal to the current Neurologgers- a minimum of 4 channels and 2 

references and the device should be capable of saving the data within local storage, 

transmitting it wirelessly to an external system, or both, for a minimum of 48 hours. This 

additional wireless capability should also enable interactive control and monitoring on 

demand via computer. Finally the interface must be usable without the experimenter needing 

any specialist knowledge of the technical aspects of the device.  

The first stage was to produce a slightly larger prototype on a single printed circuit board 

(PCB), in order to test the selected analogue electronics configuration and integrate this with 

the development on the digital electronics side (the programming of a microcontroller). We 

are coming towards the end of this stage. Given that there are no major circuit or component 

changes currently envisaged, the final device will use the same integrated circuit components 

supplied in smaller packages, and the PCB routing will made more efficient to reduce size 

and weight. 

This project is led by Susan Parker, who specified the components, tested them using 

simulation tools, and designed and built the first stage prototype. My role was to liaise with 

Susan during the definition phase of the project from a laboratory based perspective, having 

developed a crude proof of principle device previously. Following this we both carried out 

development of the software for the microcontroller and tested the prototype device. 
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8.3 Prototype device overview 

 

Figure 8.3.1 Prototype DatenSender and circuit block diagram. Photographs of prototype  DatenSender (A), 

Panel (B) is a circuit block diagram for the prototype, showing the constituent analogue and digital electronics. 

Figures provided by Susan Parker 

The first prototype, shown in Figure 8.3.1, measures 34mm x 22mm and weighs 3.42 grams 

excluding, and 5 grams with, batteries. It is powered by two 1.4V size 13 zinc air batteries, 

which are ~0.3gr heavier than the current batteries, but contain more charge. Panel B depicts 

the system components on the PCB. The analogue front end receives 6 input channels as well 

as a ground signal, following filtering and amplification the data is digitised by a 12-bit ADC 
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on-board a EFM32 Leopard Gecko 32-bit ARM microcontroller (EFM32LG990F256, Silicon 

Labs, Austin, USA-TX) and can be stored in flash memory or sent via an infrared data 

association (IrDA) transceiver. Other circuits on the board include a micro USB interface, a 

serial wire debug (SWD) interface for programming, as well as the voltage regulation 

circuitry regulating power from button cells. 

The analogue front end consists of 6 identical input channels designed for signals of 

±1.26mV peak to peak amplitude, utilising two operational amplifier (op-amp) stages, which 

provide a combined amplification of 54dB and a band pass filtering with -3dB points of 0.15-

250Hz. The low pass filter is second order, through the use of two consecutive first-order 

resistor capacitor (R-C) circuits whilst capacitive coupling between the two op-amp stages 

provides the high pass filter. The circuitry for a single channel and a gain and frequency 

response simulation is shown in Figure 8.3.2. Instead of hardwiring a differential stage, this 

configuration allows flexibility with the reference configurations and the differential 

calculation either being done within the microcontroller or in software prior to analysis. 
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Figure 8.3.2 DatenSender single channel circuit and simulation. A single channel of the analogue front end 

with two filtering and gain stages is shown along with the DC offset circuitry (A). Simulation data showing the 

input voltage (green) and gain and frequency response stages is shown in (B). The colour of the lines correspond 

to the coloured arrows in (A), indicating the first (blue) and second (red) gain and filtering stages. 

On the digital electronics side initial development occurred using Atollic TrueSTUDIO for 

ARM (Atollic AB, Jönköping, Sweden) for code development, in conjunction with the 

EFM32 Leopard Gecko starter kit (EFMLG32-STK3600, Silicon Labs, Austin, USA-TX.). 
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Once running, the code was ported onto the prototype device using SEGGER J-Link EDU 

(SEGGER Microcontroller GmbH & Co. KG, Hilden, Germany) and the SWD interface.  

At this stage the microcontroller has been programmed to sample from each of the inputs at a 

frequency of 192Hz using a 12-bit ADC, providing 1 in 4096 level voltage resolution. Once 

sampled, the data is encoded using ASCII characters before being output to the on-board 

IrDA transceiver (Vishay TFBS4711-TT1, Vishay Components, Magarpatta City, India) 

sending single 10 bit messages. This is received by an IrDA receiving station (Microchip 

MCP2120 developer board, Microchip Technology Inc, Chandler, USA-AZ), which transmits 

to a PC via a serial (RS232) connection. RealTerm (http://realterm.sourceforge.net) is being 

used to store the incoming data into text for offline analysis, which currently consists of a 

conversion in excel into numeric data, followed by analysis using the labs standard tools. The 

system is outlined in Figure 8.3.3. 



DATENSENDER - RODENT EEG & EMG ACQUISITION SYSTEM 

145 

 

 

Figure 8.3.3 Flowchart showing the DatenSender system constituents. Flow of the EEG information is 

signified by the hollow arrows whilst system processes are indicated by the standard arrows. 

In order to manage the power consumption of the microcontroller, a low power mode, Energy 

Mode 2 (EM2) is implemented between sample cycles, keeping a low power 32kHz crystal 

oscillator and its associated real time clock (RTC) running whilst all other processes are 

dormant. A 192Hz interrupt running on the RTC is used instigate a sample cycle with the 

microcontroller back in its highest performance setting, Energy Mode 0 (EM0), with Energy 

Mode 1 (EM1) implemented during each ADC data acquisition and EM2 reselected 

following IrDA transmission. To quantify the effect this has EM0 runs at 5.06mA for ~24% 

of the total run time, with EM1 used for ~6% at 1.2mA, whilst the remainder is run under 

EM2, rated at 1.1 µA (Silicon Labs, 2014).  
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8.4 Prototype characterisation 

8.4.1 Signal quality 

 

Figure 8.4.1 Neurologger and  DatenSender Signal to Noise ratio comparison. Power spectra of 8Hz 

recordings in the NeuroLogger (NL) and DatenSender (DS). In the DS recording the 16Hz peak is a signal 

generator harmonic of the 8Hz oscillation in the FFT.  

In order to test signal quality an 8Hz peak to peak sinusoid produced by a signal generator 

(TTi TG2000, Thurlby Thandar Instruments Limited, Huntingdon, UK) connected to a 

potential divider, was used to compare the signal to noise ratio (SNR) of the DatenSender and 

Neurologger. The Fast Fourier Transforms (FFT) of the recordings in Figure 8.4.1 show that 
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the power within the noise is attenuated evenly across all frequencies with the DatenSender at 

~-90dB, the power of the noise attenuates from ~-60dB to ~-80dB as frequency increases 

with the Neurologger. The 16Hz harmonic within the DatenSender FFT may be present 

within the Neurologger data, but masked by the increased noise at that frequency. Using the 

signal to noise ratio function in MATLAB, which ignores the first 6 harmonics, the calculated 

SNR for the DatenSender was 48.53dB and 40.17dB for the Neurologger. One minor 

observation was that with the DatenSender the peak power was observed at 8.0625Hz, 

meaning that real time clock oscillator or sampling rate calibration is required when the final 

sampling rate is chosen. 

8.4.2 Battery Performance 

To test the battery performance with the current configuration the supply voltage was 

monitored by the microcontroller for each sample cycle. Once the voltage level fell below 2 

volts, the microcontroller was shut down by being placed into shutoff mode (Energy Mode 

4). This monitoring will remain on the device, in order to protect the flash memory when it is 

implemented, as insufficient voltage supply can permanently damage the storage array, 

rendering the memory unusable (Hung-Wei et al., 2011). This function is not on the 

Neurologger which requires careful battery management. With constant IrDA streaming of 

the data, and a total of 8 ADC inputs sampled at 192Hz, the total time before shutdown was 

25hrs 9 minutes using 2 Duracell DA13 batteries rated at 290mAh each. In comparison the 

Neurologger can run for ~ 50 Hours on equivalent batteries. However, the DatenSender code 

has not yet been fully optimised for energy efficiency. For example we are currently 

sampling from all 8 ADC input channels, with an LED flash to indicate correct operation and 

a supply voltage check within each sample. In future versions we will reduce this by 

sampling and transmitting 4 channels differentially, the same configuration as the 
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Neurologger, and only flashing the LED and performing supply voltage tests periodically. 

Optimising the code for this purpose would have a large effect on battery life, as currently the 

digital electronics draw current in the milliamp range, whilst the analogue circuits draw 

~100µA.  

Additionally the need to continuously stream the data will be limited to short behavioural 

studies typically of less than 2 hours in duration. On the final device, for longer studies, once 

the data integrity has been confirmed via IrDA streaming, the IrDA stream can be halted via a 

command sent from the PC and the data stored onto flash memory, which is expected to 

reduce power consumption. For example to write at current data rates to the flash memory 

draws ~14µA, whereas IrDA consumes a theoretical maximum of 10.8mA (Micron 

Technology, 2012, Vishay Semiconductors, 2010). 

8.4.3 Test Recordings from anaesthetised rats. 

Following bench top characterisation, ECoG recordings from isoflurane and 

dexmedetomidine-anaesthetised rats were undertaken. The ECoG recordings are displayed in 

Figure 8.4.2 with representative Neurologger recordings, taken from a different set of 

experiments, but under the same experimental conditions. The isoflurane recordings using the 

Neurologger were provided by Ed Harding. An increase in sub-1Hz power in the isoflurane 

recordings is observed. As a power increase in this frequency range is not observable in the 

dexmedetomidine recordings, and the results in Section 8.4.1 suggest that there is little noise 

at low frequencies, this power increase is biological, which is expected owing to the differing 

high-pass filter characteristics of the DatenSender. Overall, the DatenSender and Neurologger 

data are similar for a variety of differing experimental situations and waveforms, burst-
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suppression under isoflurane anaesthesia, subsequent recovery, and steady state 

dexmedetomidine anaesthesia.  
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Figure 8.4.2 DatenSender vs Neurologger data comparison. ECoG recordings from the  DatenSender with 

representative Neurologger recordings from separate sessions. Aside from some additional power at low 

frequencies under isoflurane. DatenSender recordings are comparable to those from the Neurologger. Power 

exhibiting 95% significance above the red noise background is within the black outlines. Isoflurane Neurologger 

recordings courtesy of Ed Harding.  
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8.5  Current Status and Future Development 

Currently, the DatenSender prototype can record EEG signals and wirelessly transmit them to 

a PC using IrDA. The raw signal with a maximum amplitude of 1.26mV peak to peak, 

undergoes an initial amplification and filtering stage with a gain of 500 and band pass of 

0.15-250Hz (-3dB points). Digitisation and IrDA transmission occurs at 192Hz and the 

current battery life of the device is 25 hours, which is promising given the current lack of 

optimisation. The data recorded exhibits a signal to noise ratio of 48.53dB in comparison to 

40.17dB with the Neurologger. Additionally the noise recorded on the DatenSender is 

attenuated evenly across all frequencies, whilst the noise recorded by the Neurologger 

attenuates as the frequency increases. ECoG recordings in rats under isoflurane and 

dexmedetomidine anaesthesia with the DatenSender are indistinguishable from recordings 

made by the Neurologger, with the exception of increased biological power at sub-1Hz 

frequencies attributable to the lower high pass cut-off frequency. Thus, the signals recorded 

and transmitted are suitable for the intended application. Further development is now needed 

to finalise the device specification and produce a system appropriate for recording from mice. 

Firstly, at a total weight of 5 grams and plan size of 34mm x 22mm, the current prototype is 

too large to record from mice, but can be used to record from rats. In order to do this, further 

development of the IrDA transceiver setup on the PC side is required, multiple IrDA 

acquisition transceivers will need to be placed within the recording area, such that line of 

sight with the IrDA transceiver on the device is maintained at all times. The process of 

integrating the data together when it is received from multiple acquisition points should be 

simple through time stamping the incoming data as it is received, and using code to merge the 

data accordingly, however experimentation is required in order to identify the number of 
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IrDA acquisition points required, and where they are best placed within the possible 

recording areas, the home cage or rotating tube.  

The next stage is to find a suitable configuration in order to hit the battery life, weight and 

size targets. The weight and size of the device will depend on its final hardware 

configuration, which in turn is dependent on the progress made with the optimisation of 

battery life through improving the current microcontroller software. The first stage in 

improving the software will be to implement the differential ADC mode as a user 

configurable option, in order to reduce the number of ADC conversions per sample to 4 from 

the current 8. A subsequent reduction in the amount of data streamed via IrDA will result, 

further prolonging the battery life. Additionally, the on board red LED pulses, to signify 

device operation, and supply voltage checks, will be implemented such that they occur every 

few seconds, instead of every sample. 

Battery life is also heavily dependent on the sampling rate of the device. High sampling rates 

of 200Hz or above are preferred, so that the device is capable of measuring the gamma range 

of frequencies, typically between 30-90Hz (Buzsaki and Wang, 2012). The sampling rate 

should also set the upper limit for the low pass filter, which at its maximum should be half 

the sampling rate. Sampling at frequencies greater than double the low pass -3dB frequency 

reduces the possibility of aliasing artefacts (National Instruments, 2006), although the 

possibility of aliasing with ECoG/LFP signals is alleviated by their 1/f
n
 power distribution 

(Buzsaki et al., 2012). Thus, if in vivo experimentation to be undertaken can confirm that that 

aliasing artefacts do not occur, the sampling rate could be made user adjustable such that 

lower rates can be used in order to maximise battery life. At these lower sampling rates, the 

ability to record gamma oscillations may be compromised. However given that these long 
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recordings of over 24 hours are typically used for sleep scoring, which relies on the 

observance of frequencies below 10Hz (Chapter 2.5.1), this should be of little consequence.  

Should the battery life target be met satisfactorily, the USB connectivity and flash memory 

capability could be sacrificed in order to minimise the size and weight of the final device, 

however, having these features means that the device can run in a standalone mode without 

requiring equipment for IrDA acquisition, act as a backup if the IrDA link were to fail, or can 

be used to prolong the battery life as flash is predicted to be less energy intensive. 

Additionally the design currently being drafted for the final device contains these elements, 

and is projected to be of comparable size and weight to the Neurologger. 
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